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Abstract
The pharmacokinetics of diclofenac were investigated following single oral doses of 10 mg/kg to chimeric liver human-
ized and murinized FRG and C57BL/6 mice. In addition, the metabolism and excretion were investigated in chimeric liver 
humanized and murinized FRG mice. Diclofenac reached maximum blood concentrations of 2.43 ± 0.9 µg/mL (n = 3) at 
0.25 h post-dose with an AUC​inf of 3.67 µg h/mL and an effective half-life of 0.86 h (n = 2). In the murinized animals, maxi-
mum blood concentrations were determined as 3.86 ± 2.31 µg/mL at 0.25 h post-dose with an AUC​inf of 4.94 ± 2.93 µg h/
mL and a half-life of 0.52 ± 0.03 h (n = 3). In C57BL/6J mice, mean peak blood concentrations of 2.31 ± 0.53 µg/mL were 
seen 0.25 h post-dose with a mean AUC​inf of 2.10 ± 0.49 µg h/mL and a half-life of 0.51 ± 0.49 h (n = 3). Analysis of blood 
indicated only trace quantities of drug-related material in chimeric humanized and murinized FRG mice. Metabolic profil-
ing of urine, bile and faecal extracts revealed a complex pattern of metabolites for both humanized and murinized animals 
with, in addition to unchanged parent drug, a variety of hydroxylated and conjugated metabolites detected. The profiles in 
humanized mice were different to those of both murinized and wild-type animals, e.g., a higher proportion of the dose was 
detected in the form of acyl glucuronide metabolites and much reduced amounts as taurine conjugates. Comparison of the 
metabolic profiles obtained from the present study with previously published data from C57BL/6J mice and humans revealed 
a greater, though not complete, match between chimeric humanized mice and humans, such that the liver humanized FRG 
model may represent a model for assessing the biotransformation of such compounds in humans.
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Introduction

Despite its relatively infrequent occurrence, drug-induced 
liver injury (DILI) is the leading cause of acute liver injury 
in the US (Kola and Lanhis 2004; Waring et al. 2015). 
Although much of the DILI observed is due to acetami-
nophen overdose, nonsteroidal anti-inflammatory drugs 
(NSAIDs), estimated to be used by more than 1% of the US 
population on a daily basis (Lichtenstein et al. 1995), are 
also seen as a common cause of hepatotoxicity. Hepatocel-
lular injury is the most common pattern seen with NSAID 
hepatotoxicity and diclofenac (DCF) is the most frequently 
implicated agent (Schmeltzer et al. 2016). Serious liver 
injury has been reported to occur in 6.3 per 100,000 DCF 
users (de Abajo et al. 2004). DCF was introduced in the 
UK in 1979 and, despite the potential for DILI, is avail-
able without prescription as a generic drug in a number of 
formulations.
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There are several metabolic pathways which have been 
implicated in DCF-related DILI in man, chiefly reactive 
quinone-imine intermediates generated via CYP450 metab-
olism (predominantly CYP2C) that can form adducts with 
cellular macromolecules unless detoxified via reaction with 
glutathione (Tang et al. 1999; Zhou et al. 2009). Alterna-
tively, conjugation of the carboxylic acid moiety of DCF 
(and its metabolites) to form acyl glucuronides (DCF-AG) 
results in a metabolite which can form protein adducts by 
a variety of mechanisms (Boelsterli 2003), and it has been 
suggested that this can also cause toxicity. The underly-
ing mechanisms and the determinants of susceptibility to 
DCF-induced DILI remain poorly defined. One proposed 
mechanism, in addition to simple damage caused by reac-
tion with cellular macromolecules, is the hapten hypothesis 
(Park et al. 1987), a widely accepted theory to explain DILI 
that suggests that these adverse drug reactions are mediated 
by an adaptive immune response (Uetrecht 2003). Autoan-
tibodies have been detected both in patients who developed 
DILI after exposure to DCF and those who did not (Aithal 
et al. 2004). Experimental support for the hapten hypothesis 
is incomplete, and an animal model of liver injury and the 
involvement of antibodies or sensitized T cells (i.e., an adap-
tive immune response) has not emerged so far (Shaw et al. 
2010). There is also evidence linking DCF with impaired 
mitochondrial function or induced mitochondrial permeabi-
lization (Boelsterli and Lim 2007; Petrescu and Tarba 1997; 
Bort et al. 1999; Masubuchi et al. 2002; Gomez-Lechon et al. 
2003a, b; Lim et al. 2006). However, it is important to note 
that mitochondrial dysfunction can be induced by a number 
of independent factors such as concurrent xenobiotic expo-
sure, hypoxia, or inflammation (Shaw et al. 2010). Genetic 
polymorphisms in pro- or anti-inflammatory cytokines or in 
anti-apoptotic proteins could also render individuals more 
susceptible to DILI involving DCF, where patients who 
developed hepatotoxicity were more likely to have poly-
morphisms in IL-10 or IL-4 expression (Aithal et al. 2004). 
Furthermore, genetic polymorphisms in drug metabolizing 
enzymes (CYP2C8, UGT2B7, GST), and hepato-canalicular 
transporters (MRP2, MRP4) have been shown to play a role 
in the metabolism and disposition of DCF (Daly et al. 2007; 
Martinez et al. 2007; Reid et al. 2003). More recent results 
support the fact that several hepatic and renal transporters 
may play an important role in the distribution and elimina-
tion of DCF-AG (Zhang et al. 2016) and multifactorial path-
ways by which DCF-AG can act as a direct contributor to 
toxicity following DCF administration have been proposed 
(Scialis and Manautou 2016).

DILI remains a major clinical problem and poses con-
siderable challenges and associated costs for drug develop-
ment. Although the incidence for a particular drug may be 
very low, the outcome of DILI can be serious. Unfortunately, 
prediction has remained poor (both for patients at risk and 

for new chemical entities) (Boelsterli and Lim 2007). Chi-
meric liver humanized mouse models, where human hepat-
ocytes have been reported to replace > 90% of the murine 
hepatocytes, have been shown to have a value for various 
applications in drug metabolism and toxicity (Kamimura 
et al. 2010; Strom et al. 2010; Scheer and Wilson 2016). 
Our hypothesis for undertaking the studies described here 
is that the metabolism of DCF by chimeric humanized and 
murinized FRG mice would show a similar pattern to that 
observed in vivo in human and mouse, respectively, and 
could, therefore, be of use as a model to study DCF-related 
human DILI. To assess this hypothesis, the metabolite pro-
files of DCF in chimeric humanized and murinized FRG 
mice were compared with those previously described for 
normal C57BL/6J mice (Sarda et al. 2012, 2014) and the 
published data for humans (Willis et al. 1976; Riess et al. 
1978; Stierlin et al. 1979; Stierlin and Faigle 1979; Faigle 
et al. 1988; Degen et al. 1988; Poon et al. 2001; Zhang et al. 
2016).

Materials and methods

Chemicals

Diclofenac was purchased from Selleck Chemicals LLC 
(supplied by Absource Diagnostics GmbH, Munich, Ger-
many) and used as supplied. Diclofenac acyl glucuronide 
standard was synthesized in house at AstraZeneca (Alderley 
Park, UK). 4′-hydroxydiclofenac and 5-hydroxydiclofenac 
were purchased from Santa Cruz Biotechnology Inc. (Dallas, 
Texas, USA) and 2-(2-nitro-4-trifluoro-methylbenzoyl)1,3-
cyclohexedione (NTBC) was supplied by Yecuris (Tualatin, 
OR, USA). Tolbutamide, ammonium acetate and formic acid 
were purchased from Sigma-Aldrich (Dorset, UK) and leu-
cine enkephalin was supplied by Waters Ltd (Elstree, UK). 
Analytical grade acetonitrile containing 0.1% formic acid, 
along with unmodified acetonitrile and methanol, was sup-
plied by Fisher Scientific UK Ltd (Loughborough, UK).

Animal studies

All animal procedures were performed in accordance with 
Annex III of the Directive 2010/63/EU applying to national 
specific regulations as specified in the German law on ani-
mal protection. The PK of DCF in C57BL/6J mice was 
investigated in three male mice, 8 weeks of age, supplied by 
Charles River Laboratories (Sulzfeld, Germany). The PK 
and the routes, rate of excretion and metabolic fate of DCF 
were investigated in seven male chimeric humanized mice 
(HuFRG™) and seven male chimeric murinized mice (Mu-
FRG™) (30 g), (FRG KO/C57BL/6J) [Yecuris (Tualatin, 
OR, USA)]. Following receipt, the mice were group housed 
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in cages of up to 3 and maintained under a 12 h light/dark 
cycle with free access to food and water, and conditions 
where temperature and humidity were controlled. The Hu-
FRG™ and Mu-FRG™ animals were initially maintained 
on NTBC for 7 days, then removed from NTBC for 4 weeks 
prior to the first dose, according to the Yecuris protocol. 
Before commencing the study, a blood sample (25 µL) was 
taken via the tail vein from each of the humanized mice to 
assess the human serum albumin (HSA) concentrations, and 
to ensure that the humanization of the liver was at least ca. 
90% according to the Yecuris protocol. Animals were rand-
omized according to body weight, and extent of humaniza-
tion and then allocated to dosing groups. Groups of two Hu-
FRG™ and Mu-FRG™ mice received dose vehicle (water) 
whilst each of five Hu-FRG™ and Mu-FRG™ and three 
C57BL/6J mice were administered DCF, at a nominal dose 
of 10 mg/kg, as a solution in water by oral gavage. Three ani-
mals from the Hu-FRG™, Mu-FRG™ and C57BL/6J groups 
were taken for the determination of the PK of DCF. Whole 
blood (20 µL) was collected pre-dose, and 0.25, 0.5, 1, 2, 4, 
6 and 8 h post-dose from the tail vein into Minivette POCT 
K-EDTA-coated capillaries and then transferred to 96-well 
plates, pre-prepared with 20 µL purified water containing 
0.2% v/v phosphoric acid (to prevent the hydrolysis/rear-
rangement of acyl glucuronides), as soon as possible after 
collection. Gall bladders were taken from this PK group 
upon sacrifice at 8 h post-dose. The remaining two animals 
from the Hu-FRG™ and MuFRG™ groups were used to 
investigate the metabolite profile of DCF. The animals were 
placed individually in metabolic cages. Urine and faeces 
for metabolite profiling from animals dosed with DCF were 
collected, over dry ice to ensure sample stability, over 0–8 h 
and 8–24 h time periods. Urine and faeces from animals 
dosed with vehicle were collected over dry ice over a 24-h 
period, and used as controls for metabolite identification. 
Samples were frozen as soon as possible after collection on 
dry ice and stored at − 80 °C until analysis. After the final 
sampling time point (8 h post-dose for the PK group, 24 h 
post-dose for the metabolite profiling group), the animals 
were anaesthetized by isoflurane inhalation and sacrificed by 
exsanguination. One aliquot, of up to 500 µL, of Li-Heparin-
plasma was obtained from the terminal bleed (in addition to 
the microsampling probe). The gall bladder was removed 
and stored at − 80 °C until analysis.

Determination of humanization by ELISA

The level of humanization of each Hu-FRG™ mouse was 
estimated by measuring human albumin in mouse plasma 
using ELISA (Serum Albumin Human, Abcam # ab179887) 
according to the manufacturer’s protocol. The same assay 
was performed on terminal plasma samples to assess 

continuance of liver humanization during the study. The 
results are available in the supplementary data (Table S1).

Quantitative analysis of diclofenac in blood

Sample preparation

Aliquots of diluted blood (40 µL) and diluted control blood 
spiked with DCF to provide calibration (30, 100, 300, 1000, 
3000, 10,000 ng/mL) and QC samples (40, 400, 4000 ng/
mL), were extracted by the addition of five volumes (v/v) of 
cold acidified acetonitrile (ACN) containing 200 nM tolbuta-
mide as an internal analysis standard, mixed vigorously and 
centrifuged (4566g, 20 min) and diluted 1:2 (v/v) with water.

Sample analysis

Analysis of DCF in blood was performed by UHPLC–MS/
MS using reversed-phase chromatography with a rapid gra-
dient (1.3 min) on a BEH C18 column (Waters Ltd, Elstree, 
UK). Mass spectrometric analyses were conducted on an 
API 6500 triple quadrupole instrument (AB Sciex UK Ltd, 
Warrington, UK) operating in negative ion electrospray ioni-
zation (ESI) and multiple reaction monitoring modes (opti-
mized transition for DCF was 294 > 250, with declustering 
potential DP − 8 V, entrance potential EP − 10 V, collision 
energy CE − 15 V, and collision exit potential CXP − 20 V). 
Non-optimized transitions corresponding to expected metab-
olites of DCF were also analyzed simultaneously. The instru-
ment was controlled, and data acquired and processed by 
Analyst™ v.1.6.2 (AB Sciex UK Ltd, Warrington, UK). 
Instrument performance (chromatography and response of 
standards) was assessed before and after sample batch injec-
tion to ensure system suitability.

Blood pharmacokinetics

Phoenix WinNonlin 6.4 (Pharsight, Mountain View, CA) 
was used to generate PK parameter estimates using non-
compartmental analysis. Peak (observed) blood concentra-
tions (Cmax) and AUC​inf, as determined by the linear trap-
ezoidal rule were determined per animal and presented as 
the mean (n = 3 for C57BL/6J mice, n = 3 for Mu-FRG™ 
mice). For Hu-FRG™ mice, one mouse was terminated 4 h 
after dosing, so AUC​inf and t1/2 are reported as the average 
of n = 2.

Metabolite profiling and identification

Sample preparation

In addition to PK analysis, metabolite profiles were deter-
mined using aliquots of diluted blood (40 µL) obtained from 
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animals pre-dose and 1, 2 and 4 h post-dose. Samples were 
extracted by the addition of four volumes (v/v) of ACN, with 
vigorous mixing, and centrifugation (4566g, 20 min) fol-
lowed by dilution with 1:1 (v/v) with water. Urine samples 
obtained for metabolite profiling were pooled by dose group 
according to weight of urine collected, for each time range 
(0–8 h and 8–24 h for dosed animals, 0–24 h for vehicle 
animals). Pooled urine samples were centrifuged (20,800g, 
5 min) to remove particulates. Gall bladders, removed at 
8 h and 24 h, from dosed animals were extracted with eight 
volumes (w/v) of ACN, mixed vigorously, and sonicated for 
30 min. The supernatants were pooled by dose group accord-
ing to weight of gall bladder, centrifuged (20,800g, 5 min) to 
remove particulates and diluted 1:1 (v/v) with water.

Faeces samples were extracted twice with three volumes 
(w/v) of MeOH:H2O 1:1 (v/v) and then with three volumes 
(w/v) of MeOH [with centrifugation (4566g, 20 min) after 
each extraction and removal of the supernatant]. Aliquots 
of the combined supernatants from each sample (0–8 and 
8–24 h for dosed animals, 0–24 h for vehicle only mice) 
were pooled by dose group according to the weight of faeces 
collected and then evaporated from ca. 1 to ca. 200 µL under 
a stream of dry nitrogen at ambient temperature.

Sample analysis

Metabolite profiles and identities were obtained using a 
reversed-phase gradient HPLC–QTOF–MS/MS method 
that had been developed previously to resolve DCF and its 
murine metabolites (Sarda et al. 2012). Briefly, 50 µL ali-
quots of samples were separated on a Hypersil Gold C18 
column (Fisher Scientific UK Ltd, Loughborough, UK) 
with a SecurityGuard C18, 3-µm precolumn filtre (Phe-
nomenex Inc., Macclesfield, UK) and eluted over 60 min. 
The post-column eluent was monitored by both a photodiode 
array detector (Waters Ltd, Elstree, UK) (210,400 nm at 20 
spectra/s) and a Xevo G2 Q-Tof mass spectrometer (Waters 
Ltd, Wilmslow, UK) operated in positive ion ESI mode. The 
capillary voltage was set to + 500 V, sampling cone to 25 V 
and extraction cone to 4 V. The source temperature was set to 
150 °C, desolvation temperature to 500 °C, the cone gas flow 
was set to 50 L/h, and the desolvation gas flow to 1000 L/h. 
Mass spectrometric data were collected in resolution mode, 
in centroid data format, with a scan time of 1 s and a scan 
range of 50–1200 Th at a nominal resolution of 30,000. Full 
scan and product ion mass spectra were acquired simultane-
ously by HPLC–QTOF–MSE. Collision energy was applied 
over a ramp of 20–40 eV for each product ion scan. The 
instrument was controlled and data acquired by MassLynx™ 
v.4.1 (Waters Ltd, Wilmslow, UK). Full scan and product 
ion mass spectra were interrogated by extracting chromato-
grams of potential metabolites using MassLynx™ v.4.1 from 
the raw data. Representative extracted ion spectra of DCF 

and its metabolites are available in the supplementary data 
(Fig. S1). Comparison was also made with samples from 
the appropriate control group (or taken pre-dose) to mini-
mize the potential for false positives from endogenous com-
pounds. The mass spectrometer was calibrated with sodium 
formate (5 mM) in positive ion mode, and further aligned 
using an internal lock mass of 2 ng/mL leucine-enkephalin 
([M + H]+ 556.2771 Th) infused at 10 µL/min and scanned 
for 1 s every 57 s. Instrument performance (chromatogra-
phy, response and mass accuracy of standards) was assessed 
before and after sample batch injection to ensure data qual-
ity. The measured mass accuracy for standards was less than 
5 ppm.

Results

Clinical signs and degree of humanization

Plasma HSA concentrations were measured at > 4 mg/mL 
in the humanized mice, consistent with the animals being 
> 90% humanized on days 24 and 29 after removal of NTBC 
diet. One animal in the Hu-FRG™ mouse group was termi-
nated 4 h after DCF dosing. There were no other clinical 
observations with all animals behaving normally following 
oral administration of either vehicle or DCF at 10 mg/kg.

Pharmacokinetics of diclofenac

The blood concentration versus time profiles for DCF in 
the Hu-FRG™, Mu-FRG™ and C57BL/6J mice are shown 
in Fig.  1. After administration of the single oral dose 
(10 mg/kg) of DCF to Hu-FRG™ mice, the drug was rap-
idly absorbed, with mean peak blood concentrations of 
2.43 ± 0.92 µg/mL being reached at approximately 0.25 h 
post-dose. Good, but variable, exposure was achieved with 
the mean AUC​inf determined as 3.67 µg h/mL (n = 2) and 
a mean effective half-life of 0.86 h (n = 2): profiles were 
indicative of enterohepatic recycling. Similarly following 
oral dosing of DCF to Mu-FRG™ mice rapid absorption 
was also seen, with mean peak blood concentrations of 
3.86 ± 2.31 µg/mL being reached at approximately 0.25 h 
post-dose. Similar exposure to that seen for the Hu-FRG™ 
mice was achieved with the mean AUC​inf for DCF deter-
mined as 4.94 ± 2.93  µg  h/mL and a mean half-life of 
0.52 ± 0.03 h (n = 3). Evidence of enterohepatic recycling 
was observed in only one Mu-FRG™ animal.

Following oral dosing of DCF to wild-type C57BL/6J 
mice (n = 3) mean peak observed blood concentrations of 
2.31 ± 0.53 µg/mL were reached at approximately 0.25 h 
post-dose. Compared to the Mu-FRG™ mice, exposure of 
the C57BL/6J mice was less than twofold, with the mean 
AUC​inf determined as 2.10 ± 0.49 µg h/mL and a mean 
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half-life of 0.51 ± 0.49 h (n = 3). No evidence of entero-
hepatic recycling was observed. By way of comparison of 
healthy male (n = 6) and female human volunteers (n = 7), 
when DCF was administered as a single 50 mg dose, peak 
plasma concentrations were achieved at 2.5 ± 1.1 and 
1.25 ± 0.58 h post-dose in female and male subjects, respec-
tively (Willis et al. 1976; Zhang et al. 2016). An apparent 
mean terminal half-life for DCF of 1.8 ± 2.1 h was observed 
in female subjects (Willis et al. 1976) but no data were 
presented for male subjects. The PK properties of DCF in 
Hu-FRG™, Mu-FRG™, wild-type C57BL/6J mice, and in 
healthy male and female subjects are compared in Table 1. 
Enterohepatic recycling was not observable in the human PK 
profiles (data not shown).

Diclofenac in blood

Only trace quantities of drug-related material were detected 
in the blood of animals at 24-h post-dose. Thus, DCF itself 
and the DCF-AG conjugate (M44) were detected in the 

blood of both Hu-FRG™ and Mu-FRG™ mice whilst the 
taurine conjugate (M48) was only observed in the blood of 
Mu-FRG™ mice.

Diclofenac and metabolites in urine

The LC–MS profiles observed for the 0–8  h (data not 
shown) and 8–24 h urine samples (Fig. 2a) were similar for 
Hu-FRG™ mice. The same observation was made for the 
Mu-FRG™ mice (Fig. 2b). The chromatographic and mass 
spectrometric properties of these metabolites are provided 
in Table 2. A full summary table of HPLC and mass spec-
trometric data obtained for DCF and its metabolites in both 
Hu-FRG™ and Mu-FRG™ mouse urine, faeces, bile and 
blood is provided in the supplementary data (Table S2). In 
the absence of authentic standards, it was not possible to 
quantify the amounts of each metabolite produced and, as 
a result only a qualitative comparison between Hu-FRG™ 
and Mu-FRG™ mice could be reported.

Fig. 1   Blood concentration–time profiles for diclofenac following single oral administration at 10 mg/kg to (a) Hu-FRG™ mice (n = 3), (b) to 
Mu-FRG™ mice (n = 3) and (c) C57BL/6J mice (n = 3). Symbols represent concentration–time profiles from individual animals

Table 1   Pharmacokinetic parameters for diclofenac in C57BL/6J mice, Mu-FRG™ mice, HuFRG™ mice, and in healthy human male and 
female subjects

Values are mean ± SD unless otherwise stated
a Data taken from Willis et al. 1976. Seven subjects received a single 50 mg oral dose of diclofenac sodium (enteric-coated tablet). Using the 
mean weight of the subjects (62.3 ± 8.4 kg), the dose can be calculated as 0.80 mg/kg
b Data taken from Zhang et al. 2016. Six subjects received a single-dose administration of 50 mg of Voltaflam (diclofenac potassium, Novartis 
(India) Ltd., Mumbai, India). Using a nominal weight of 70 kg, the dose can be calculated as 0.71 mg/kg. ND, no data were provided for the t1/2
c Calculated using n = 2 mice (one mouse was terminated 4 h after dosing)
d Effective half-life was calculated due to evidence of enterohepatic recycling

Blood Hu-FRG™ mice Blood Mu-
FRG™ mice

Blood C57BL/6J mice Plasma healthy 
female subjectsa

Plasma healthy 
male subjectsb

Dose (mg/kg) 10 10 10 0.80 0.71
Cmax (µg/mL) 2.43 ± 0.92 3.86 ± 2.31 2.31 ± 0.53 2.0 ± 0.7 0.91 ± 0.16
Tmax (h) 0.25 0.25 0.25 2.5 ± 1.1 1.25 ± 0.58
AUC​inf (µg h/mL) 3.67c 4.94 ± 2.93 2.10 ± 0.49 1.67 ± 0.44 1.20 ± 0.19
t1/2 (h) 0.86c,d 0.52 ± 0.03 0.51 ± 0.49 1.8 ± 2.1 ND
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Extensive metabolism was observed in Hu-FRG™ mice 
(Fig. 2a), dominated by the signal for the DCF-AG conjugate 
(M44), and hydroxy-glucuronide (M35) accompanied by 
smaller amounts of minor transacylated glucuronides (M47). 
Unchanged DCF was also detected (possibly in part derived 
from hydrolysis of DCF-AG conjugates) whilst the LC–MS 
profiles also showed a large number of less intense signals 
corresponding to a range of hydroxylated, lactamized and 
glucuronidated metabolites with small amounts of taurine 
conjugates, hydroxymethyl metabolites (M7 and M11) and 
a riboside (M18) also present.

Extensive metabolism also occurred in Mu-FRG™ mice 
(Fig. 2b), dominated by the signal for the DCF-AG conju-
gate (M44), accompanied by large amounts of direct tau-
rine conjugates (M48). Unchanged DCF was also detected 

(again potentially in part derived from hydrolysis of acyl 
glucuronide conjugates) whilst the LC–MS profiles also 
showed, as seen with the Hu-FRG™ mice, a range of 
less intense signals for various hydroxylated metabolites. 
For C57BL/6J mice (Sarda et al. 2012), the relative sig-
nals for the hydroxyglucuronide (M3) and taurine (M48) 
metabolites appeared more intense compared to those 
seen for Mu-FRG™ mice in the present study (Table 4). 
A hydroxy-ribose conjugate (M18) was observed in the 
urine of Hu-FRG™, Mu-FRG™ and C57BL/6J mice 
(Tables 2, 4). This metabolite corresponds to the putative 
hydroxy-riboside (denoted M15) observed in C57BL/6J 
mice following a single oral dose of [14C]-DCF at 10 mg/
kg previously reported as a novel conjugation by Sarda 
et al. (2012) following analysis of urine and faeces. In 

Murinized Mouse Urine DCF 24 h pool

Time
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Fig. 2   LC–QTOF–MS profiles of diclofenac and its most abundant metabolites in urine 8–24 h following single oral administration of 10 mg/kg 
diclofenac to a Hu-FRG™ mice and b Mu-FRG™ mice
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Table 2   Summary of HPLC and mass spectrometric data obtained for diclofenac and selected (major and differentiating) metabolites detected in 
Hu-FRG™ and Mu-FRG™ mouse urine, faeces, bile and blood

Peak ID tR (min) Assignment Elemental composi-
tion [M + H]+

Theoretical m/z 
(35Cl/12C isotope 
[M + H]+)

Δm [observed-
theoretical m/z] 
(mDa) Hu-FRG™

Δm [observed-
theoretical m/z] 
(mDa) Mu-
FRG™

Presence in 
biofluids

P 42.4 Diclofenac C14H12Cl2N1O2 296.0240 + 0.1 0.0 U, B, F, P
M2 7.3 Dihydroxy C14H12Cl2N1O4 328.0138 + 0.8 ND U, B
M3 8.2 Hydroxy glucu-

ronide
C20H20Cl2N1O9 488.0510 + 0.9 − 0.3 U, B

M5 9.8 Hydroxy glucu-
ronide

C20H20Cl2N1O9 488.0510 + 0.6 – U, B

M7 11.4 Hydroxy-methoxy C15H14Cl2N1O4 342.0294 − 1.3 – U
M8 13.0 Hydroxy glucu-

ronide
C20H20Cl2N1O9 488.0510 + 0.2 − 0.4 U, B

M9 13.7 Hydroxy glucose C20H22Cl2N1O8 474.0717 0.0 + 0.8 U, B
M10 14.5 Hydroxy glucu-

ronide
C20H20Cl2N1O9 488.0510 + 1.3 − 0.2 U

M11 15.0 Hydroxy-methoxy C15H14Cl2N1O4 342.0294 − 0.5 – U
M12 15.4 Hydroxy mercap-

turate
C19H19Cl2N2O6S 473.0335 + 0.5 + 0.1 U, B

M13 16.1 Hydroxy 
glucuronide, 
indolinone

C20H18Cl2N1O8 470.0404 + 0.3 0.0 U, B

M15 17.0 Dihydroxy C14H12Cl2N1O4 328.0138 + 0.2 + 0.1 U, B
M16 17.9 Hydroxy C14H12Cl2N1O3 312.0189 + 0.3 + 0.8 U
M17 18.4 Dihydroxy C14H12Cl2N1O4 328.0138 + 0.1 – U
M18 18.4 Hydroxy ribose C19H20Cl2N1O7 444.0611 + 0.4 + 0.2 U
M19 18.7 Hydroxy-

deschloro, 
cysteine

C17H18Cl1N2O5S 397.0619 0.0 – U, B

M21 19.9 Hydroxy-
deschloro, 
cysteine

C17H18Cl1N2O5S 397.0619 + 0.5 – U

M24 22.4 Hydroxy glucu-
ronide

C20H20Cl2N1O9 488.0510 + 0.8 – U

M25 22.6 Hydroxy glucu-
ronide

C20H20Cl2N1O9 488.0510 + 0.3 – U

M26 23.2 Deschloro, 
cysteine

C17H18Cl2N2O4S 381.0670 – − 0.1 U

M27 24.6 Hydroxy 
glucuronide, 
indolinone

C20H18Cl2N1O8 470.0404 + 0.2 + 0.2 U

M28 24.8 Hydroxy glucuro-
nide, indolinone 
(Na+)

C20H17Cl2N1O8Na 492.0223 0.0 + 0.1 U

M29 26.2 Hydroxy cysteine C17H17Cl2N2O5S 431.0230 + 0.3 − 0.5 U
M33 28.6 Hydroxy glucuro-

nide (Na+)
C20H19Cl2N1O9Na 510.0329 + 0.3 – U,B

M34 29.2 Hydroxy C14H12Cl2N1O3 312.0189 + 0.3 + 0.4 U, B
M35 29.7 Hydroxy glucu-

ronide (Na+)
C20H19Cl2N1O9Na 510.0329 − 0.2 0.0 U, B, F

M36 31.7 Hydroxy C14H12Cl2N1O3 312.0189 0.0 0.2 U, B
M37 32.0 Hydroxy C14H12Cl2N1O3 312.0189 − 0.2 0.0 U
M38 32.0 Acyl glucuronide C20H20Cl2N1O8 472.0560 − 0.5 + 0.2 U
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the present study, M18 was only found in urine and not 
faeces or bile.

Also detected in the urine of Hu-FRG™ mice were minor 
metabolites assigned as cysteine conjugates of hydroxy-
deschloro intermediates (M19 and M21) which were not 
observed for either the Mu-FRG™ mice, or in the previous 
study in C57BL/6J animals. In the urine of Mu-FRG™ mice, 
a deschloro-cysteinyl metabolite (M26) was observed, whilst 
in samples from both Mu-FRG™ and Hu-FRG™ mice a 
hydroxyl-cysteinyl metabolite (M29) was detected. Glu-
tathione-derived metabolites of this type were not reported 
by Sarda et al. (2012) in the urine of C57BL/6J mice.

Metabolite profiles of diclofenac in bile

The LC–MS profiles observed for the 8-h bile samples 
from both Hu-FRG™ and MuFRG™ mice (Fig. 3) showed 
the presence of a number of hydroxylated and conjugated 
metabolites of DCF. The biliary metabolite profile for the 
Hu-FRG™ mice was dominated by the ether glucuronide 
(M3, M5, M8) and hydroxyglucuronide (M35) conjugates, 
dihydroxy-DCF (M15) and an unassigned conjugate (M42), 
with the cysteine conjugate of a hydroxy-deschloro inter-
mediate (M19) also present. Other metabolites included 
the lactamized indolinone forms of the hydroxyglucuronide 
conjugates (M27/28), hydroxyglucuronides (M32/33) and 

hydroxy-DCF (M34). Unchanged DCF was also detected 
(possibly in part derived from hydrolysis of the DCF-AG).

The biliary profile of the Mu-FRG™ mice was dominated 
by hydroxy-glucuronide conjugates (M3, M8), the DCF-AG 
(M44) and taurine conjugates (M48). Other metabolites 
detected in bile included the hydroxy-mercapturate (M12), 
hydroxyglucuronide indolinone (M27/28), hydroxy-DCF 
(M34) and hydroxyglucuronide (M35). Unchanged DCF 
was also detected (again, in part possibly resulting from the 
hydrolysis of the DCF-AG). In the bile samples obtained at 
24 h post-dose, from both types of chimeric mice (metabo-
lite profiles not shown), only the ether glucuronide conju-
gates (M3, M8) were detected and these were present only 
in trace quantities. Metabolite information is summarized 
in Table 2.

Metabolite profiles of diclofenac in faecal extracts

The LC–MS profiles observed for the faecal extract (8–24 h) 
from both male Hu-FRG™ and Mu-FRG™ mice (Fig. 4) 
showed small amounts of DCF present. In addition, extracts 
from the faeces of Hu-FRG™ mice contained hydroxy-DCF 
(M34) and an unassigned conjugate (M42) which were not 
present in Mu-FRG™ mice. Additionally, Mu-FRG™ mouse 
faecal extracts contained taurine (M48), hydroxy-taurine 
(M40, M41) and hydroxy-glucuronide (M24/25) metabolites 

Table 2   (continued)

Peak ID tR (min) Assignment Elemental composi-
tion [M + H]+

Theoretical m/z 
(35Cl/12C isotope 
[M + H]+)

Δm [observed-
theoretical m/z] 
(mDa) Hu-FRG™

Δm [observed-
theoretical m/z] 
(mDa) Mu-
FRG™

Presence in 
biofluids

M39 31.5–33.8 Transacylated 
hydroxy glucu-
ronide (cluster)

C20H20Cl2N1O9 488.0510 0.0 − 0.1 U, B

M40 33.2 Hydroxy taurine C16H17Cl2N2O5S 419.0230 + 2.3 − 0.1 U, F
M41 36.6 Hydroxy taurine C16H17Cl2N2O5S 419.0230 + 1.1 − 0.2 U
M42 37.4 Unassigned con-

jugate
ND 470.0340 ND - U, B, F

M43 38.7 Acyl glucuronide 
(Na+)

C20H19Cl2N1O8Na 494.0380 + 0.5 + 0.4 U

M44 39.6 Acyl glucuronide 
(Na+)

C20H19Cl2N1O8Na 494.0380 + 0.1 + 1.0 U, B, P

M45 40.6 Acyl glucuronide C20H20Cl2N1O8 472.0560 + 0.2 + 0.8 U
M47 42.4–43.3 Transacylated 

glucuronides 
(cluster)

C20H20Cl2N1O8 472.0560 + 0.1 − 1.0 U, B

M48 46.0 Taurine C16H17Cl2N2O4S 403.0281 − 0.1 − 0.2 U, B, F, P

Metabolites found in both humanized and murinized mice are in bold. Those found only in humanized mice are in normal font, and those found 
only in murinized mice are in italic font. The complete list of metabolites is available in the supplementary data (Table S2)
Metabolite detected in biofluid
U urine, B bile, F faeces, B blood, ND not determined
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which were absent from the faecal extracts of the Hu-FRG™ 
mice.

Discussion

The present studies reveal the complexity of the metabolic 
fate of DCF in both Hu-FRG™ and Mu-FRG™ mice, 
involving a broad range of oxidative functionalization 
reactions and glucuronide, taurine and glutathione con-
jugations as summarized in Tables 2 and 3, and depicted 
in Figs. 2, 3, 4, 5 and 6. Some of these metabolites have 
already been reported as common to both humans and 
C57BL/6J mice and, as expected, the excreta of both the 
chimeric Hu-FRG™ and Mu-FRG™ mice shared a number 

of metabolites (to facilitate comparison these metabolite 
profiles are summarized in a “heat”, or “met”, “map” in 
Table 4). In all three types of mouse model (wild type, Hu-
FRG™ and Mu-FRG™) and humans, the “universally” 
detected metabolites included hydroxy (M34, M36, M37), 
dihydroxy (M15), hydroxy-glucuronides (M3, M8, M35), 
AG (M44) and transacylated glucuronides of DCF (e.g., 
M47). However, it is also clear that the Mu-FRG™ mice, 
which had been repopulated with hepatocytes derived 
from C57BL/6J mice, whilst producing many of the same 
metabolites, were not (based on the results of Sarda et al. 
2012, 2014) equivalent to the C57BL/6J animals but also 
produced some metabolites seen in the profiles of the 
Hu-FRG™ mice. Similar observations were made when 
comparing the metabolism of lumiracoxib in Hu-FRG™, 
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Fig. 3   LC–QTOF–MS profiles of diclofenac and its most abundant 
metabolites in bile 8 h following single oral administration of 10 mg/
kg diclofenac to a Hu-FRG™ mice and b Mu-FRG™ mice. The Mu-

FRG™ bile sample suffered from poor chromatography. Due to lim-
ited sample volume the analysis could not be repeated
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Mu-FRG™, C57BL/6J mice and humans (Dickie et  al. 
2017). Such a result may reflect either “strain” differences, 
gene expression changes in Mu-FRG™ mice compared 

to wild-type animals, or perhaps extrahepatic “murine” 
metabolism in, e.g., the gut or kidney [although previous 
studies in hepatic reductase null (HRN) mice suggest that 
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Fig. 4   LC–QTOF–MS profiles of diclofenac and its most abundant metabolites in faeces 8–24 h following single oral administration of 10 mg/
kg diclofenac to a Hu-FRG™ mice and b Mu-FRG™ mice

Table 3   Summary of peak 
heights for direct taurine 
conjugates (M48) and 
hydroxytaurines (M40 and 
M41) detected in Hu-FRG™ 
and Mu-FRG™ mouse urine, 
faeces, bile and blood at 8 and 
24 h after dosing

Peak heights Taurine M48 
46.0 min

OH Taurine M40 
33.2 min

OH Tau-
rine M41 
36.6 min

Mu-FRG™ 8 h 9.97E+05 6.68E+04 7.53E+04
Mu-FRG™ 24 h 1.12E+06 6.77E+04 1.04E+05
Hu-FRG™ 8 h 1.40E+04 2.24E+03 1.15E+03
Hu-FRG™ 24 h 2.58E+04 3.40E+03 1.46E+03
Ratio 8 h Mu-FRG™/Hu-FRG™ 71 30 65
Ratio 24 h Mu-FRG™/Hu-FRG™ 43 20 71
Mean ratio Mu-FRG™/Hu-FRG™ 57 25 68
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hepatic metabolism predominates in the mouse (Pickup 
et al. 2012)].

Major metabolites in both Mu-FRG™ and C57BL/6J 
mice were the taurine conjugates (M40, M41 and M48), 

which were also detected in much less amounts in the Hu-
FRG™ mice (Table 4). In comparing taurine conjugation 
between Hu-FRG™ and Mu-FRG™ mice, the mean ratio 
was found to be above 57:1 in favour of the murinized mice 

Table 4    Comparison of diclofenac and selected (major and differentiating) metabolites observed in excreta from human ADME studies (and 
from a human in vitro study), the present study with Hu-FRG™ and Mu-FRG™ mice, and wild-type C57BL/6J mice

++++ detected 5 × 105; +++ detected > 105; ++ detected > 104; + detected > 103, in the present study, or equivalent relative measures in the 
human and mouse studies; – not reported/below level of detection
a Single metabolite observed in a human or mouse study may correspond to one or more metabolites observed in the present study
b Sarda et al. (2012)
c Sarda et al. (2014)

Peak ID Assignment Human Hu-FRG™ Mu-FRG™ C57BL/6Jb,c

P Diclofenac In vivo Stierlin and Faigle (1979) +++ +++ ++
M2 Dihydroxy ++ + –
M3 Hydroxy glucuronide In vitro Kumar et al. (2002) +++ +++ ++++
M5 Hydroxy glucuronide In vitro Kumar et al. (2002) ++ – –
M7 Hydroxy-methoxy In vivo Faigle et al. (1988) + – –
M8 Hydroxy glucuronide In vitro Kumar et al. (2002) +++ +++ +++
M9 Hydroxy glucose ++ +++ +++
M10 Hydroxy glucuronide In vitro Kumar et al. (2002) + ++ –
M11 Hydroxy-methoxy In vivo Faigle et al. (1988) ++ – –
M12 Hydroxy mercapturate In vivo Poon et al. (2001) ++ ++ –
M13 Hydroxy glucuronide, indolinone ++ ++ –
M15 Dihydroxy In vivo Stierlin and Faigle (1979) +++ + +
M16 Hydroxy In vivo Stierlin and Faigle (1979) ++ + –
M17 Dihydroxy ++ – –
M18 Hydroxy ribose + + +
M19 Hydroxy-deschloro, cysteine ++ – –
M21 Hydroxy-deschloro, cysteine ++ – –
M24 Hydroxy glucuronide ++ – –
M25 Hydroxy glucuronide ++ – –
M26 Deschloro, cysteine – + –
M27 Hydroxy glucuronide, indolinone ++ + –
M28 Hydroxy glucuronide, indolinone +++ +++ +
M29 Hydroxy cysteine + ++ –
M33 Hydroxy glucuronide ++ – –
M34 Hydroxy In vivo Stierlin and Faigle (1979) +++ + ++
M35 Hydroxy glucuronide +++ ++ +
M36 Hydroxy In vivo Stierlin and Faigle (1979) +++ ++ ++a

M37 Hydroxy In vivo Stierlin and Faigle (1979) +++ ++
M38 Acyl glucuronide In vitro Kumar et al. (2002) +++ ++ –
M39 Transacylated hydroxy glucuronide (cluster) +++ + +
M40 Hydroxy taurine + + ++
M41 Hydroxy taurine + ++ ++
M42 Unassigned conjugate ++ – –
M43 Acyl glucuronide In vitro Kumar et al. (2002) +++ ++ –
M44 Acyl glucuronide (Na+) In vitro Kumar et al. (2002) ++++ ++++ ++a

M45 Acyl glucuronide In vitro Kumar et al. (2002) + ++ –
M47 Transacylated glucuronides (cluster) In vitro Kumar et al. (2002) +++ ++ +
M48 Taurine + +++ ++++
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for the direct taurine conjugate, whilst for the hydroxy 
taurine metabolites the ratio was 25–68:1 in favour of the 
murinized mice (Table 3). Given the propensity for taurine 
conjugation in the mouse, the detection of taurine conjugates 
following administration of DCF to Hu-FRG™ mice may be 
due to the residual murine hepatocytes in the liver of these 
chimeric animals. This apparent “mouse-specific” produc-
tion of taurine conjugates from carboxylic acid-containing 
drugs such as DCF and lumiracoxib (and their metabolites) 
(Dickie et al. 2017) may, therefore, represent a “biomarker” 
of the residual mouse-specific xenobiotic metabolism due 
to the remaining mouse hepatocytes present in the liver of 
the Hu-FRG™ mice.

In terms of pharmacokinetics, the exposure of DCF in 
C57BL/6J, Mu-FRG™ and Hu-FRG™ mice was similar. 
There was, however, evidence of enterohepatic recycling 
in the PK profiles for DCF in Hu-FRG™ mice (Fig. 1a) 
but not in the majority of the Mu-FRG™ mice (Fig. 1b) or 
C57BL/6J mice (Fig. 1c). Studies in humans [e.g., Schnei-
der et al. (1990)] described the biliary excretion of small 
amounts (1–9%) of unchanged DCF.

In the present study, there was strong evidence for the for-
mation of transacylated products (M38, M43, M45) from the 
1-β-O-acyl glucuronide of DCF (M44) and this is consistent 
with previous work with C57BL/6J mice (Sarda et al. 2012, 
2014). The detection of DCF-AG and related compounds 
may be significant in terms of the generation of reactive 
metabolites, given the ability of these acyl glucuronides 
to react with proteins (Kretz-Rommel and Boelsterli 1993, 
1994; Hargus et al. 1994; Le and Franklin 1997; Boelsterli 
2003). Indeed, a recent investigation (Hammond et  al. 
2014) has demonstrated the presence of a complex pattern 
of adducts to HSA in samples derived from patients, with 
various combinations of N-acylations and AG glycations 
characterized. The production of the DCF-AG is also signifi-
cant for intestinal toxicity, as opposed to DILI, as hydrolysis 
back to the aglycone, catalyzed by bacterial glucuronidases 
produced by the gut microbiota, has been shown to cause 
DCF-induced enteropathy in mice (LoGuidice et al. 2012).

The metabolite profiles obtained from the Mu-FRG™ and 
Hu-FRG™ mice also revealed the presence of cysteinyl and 
N-acetylcysteinyl (mercapturate) metabolites, presumably 
the result of the further metabolism of glutathione conju-
gates, often associated with reactive metabolite-related tox-
icity. A number of these appear to have resulted from the 
metabolic dechlorination of DCF, with the pattern seemingly 
dependent on the nature of the hepatocytes used to repopu-
late the livers. Specifically, the hydroxy-deschloro-cysteinyl 
conjugates (M19 and M21) were only observed in Hu-
FRG™ mice whilst the deschloro-cysteinyl conjugate (M26) 
was only detected in Mu-FRG™ mice [but not C57BL/6J 
mice (Sarda et al. 2012, 2014)]. The hydroxy-mercapturate 
conjugate (M12) was observed in urine and bile of both 

Hu-FRG™ and Mu-FRG™ mice (but not C57BL/6J mice 
(Sarda et al. 2012, 2014)) and has previously been detected 
as a result of in vitro studies using human liver microsomes 
(Kumar et al. 2002). Similarly, the hydroxy-cysteine metabo-
lite (M29) was observed in the urine of both Hu-FRG™ 
and Mu-FRG™ mice. The formation of these cysteinyl and 
mercapturate conjugates provides evidence for potential tox-
icity and was observed at different intensities in the present 
study in both Hu-FRG™ and Mu-FRG™ mice. The presence 
of mercapturate and cysteine conjugates (M12, M26 and 
M29) in Mu-FRG™ mice was surprising because although 
such metabolites have been observed in the urine of rats and 
humans treated with DCF (Poon et al. 2001), they were not 
detected in studies on C57BL/6J mice (Sarda et al. 2012).

The Hu-FRG™ mice produced a number of human-
specific metabolites that had previously been found in vitro 
(Kumar et al. 2002), but which were less abundant in Mu-
FRG™, such as the hydroxy-glucuronides (M5, M24, M25, 
M33), cysteine conjugates (M19, M21), DCF-hydroxy glu-
curonide (M35) and an unassigned conjugate (M42). One 
minor metabolite, hydroxy-methoxy-DCF (M7 and M11) 
(Tables 2, 4) was observed in Hu-FRG™ urine and may 
correspond to “metabolite VI” (Faigle et al. 1988; Degen 
et  al. 1988) which was found to accumulate in human 
plasma and was also observed in human urine, albeit only 
in small amounts (ca. 1% dose). The same metabolite was 
also observed in the plasma of chimeric, liver humanized, 
TK-NOG mice (Kamimura et al. 2010). In the present study, 
the presence of metabolites M7 and M11 only appeared in 
urine of Hu-FRG™ mice and were not observed in blood at 
this dose. Overall, there were nevertheless significant quali-
tative differences in the metabolite profiles between the vari-
ous models, including evidence of unique metabolites for 
the Hu-FRG™ animals. The metabolic fate of DCF in Hu-
FRG™ mice using LC–MS did, however, share some com-
monality with those of chimeric Mu-FRG™ and wild-type 
C57BL/6J mice (with the Mu-FRG™ profiles somewhat 
intermediate between the C57BL/6J and Hu-FRG™ mice).

Differences were also observed between the metabolism 
of DCF in Hu-FRG™ mice and that reported for studies in 
humans (see Table 4). Determining if these novel metabo-
lites detected in the profiles obtained for the Hu-FRG™ 
accurately recapitulate human metabolism is complicated by 
the fact that the studies performed to understand the metabo-
lism of DCF in humans were performed over 30 years ago. 
It is, therefore, perhaps unsurprising that a number of minor 
metabolites of DCF were detected in Hu-FRG™ mice that 
have not been reported for humans (Table 4). Moreover, 
some of the differences observed were associated with a 
range of novel and relatively minor compounds found in the 
present study in mice rather than the major known human 
metabolites. This suggests that the reinvestigation of the 
human in vivo biotransformation of DCF, using modern 
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techniques, might both improve our understanding of the 
human metabolism of the drug and, if these novel minor 
metabolites were shown to be present, validate further the 
predictive capabilities of the Hu-FRG™ mice. The charac-
terisation of the biotransformation of DCF in humans using 
modern LC–MS-based technologies has, to date, not yet 
been undertaken.

With respect to the DILI, associated with DCF, both the 
acyl glucuronide and oxidative metabolic routes have been 
advanced as hypothetical mechanisms in the formation of 
reactive metabolites, and subsequent covalent binding to 
proteins detected in both in vitro or in vivo studies (Park 
et al. 1987; Tang et al. 1999; Boelsterli 2003; Uetrecht 2003; 
Aithal et al. 2004; Zhou et al. 2009; Shaw et al. 2010; Pickup 
et al. 2012; Hammond et al. 2014). The combination of 
much higher production of acyl glucuronides together with 
the detection of a “human-specific” pattern of glutathione-
derived conjugates in the Hu-FRG™ mouse in this study 
suggests that this model may have some value in the inves-
tigation of in vivo mechanisms of DCF-related human DILI.
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