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The pharmacokinetics and metabolism of lumiracoxib were studied, after administration of single
10 mg/kg oral doses to chimeric liver-humanized and murinized FRG mice. In the chimeric humanized
mice, lumiracoxib reached peak observed concentrations in the blood of 1.10 ± 0.08 lg/mL at
0.25–0.5 h post-dose with an AUCinf of 1.74 ± 0.52 lg h/mL and an effective half-life for the drug of
1.42 ± 0.72 h (n = 3). In the case of the murinized animals peak observed concentrations in the blood were
determined as 1.15 ± 0.08 lg/mL at 0.25 h post-dose with an AUCinf of 1.94 ± 0.22 lg h/mL and an effec-
tive half-life of 1.28 ± 0.02 h (n = 3). Analysis of blood indicated only the presence of unchanged lumira-
coxib. Metabolic profiling 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 hydrox-
ylated and conjugated metabolites detected. The profiles obtained in humanized mice were different
compared to murinized animals with e.g., a higher proportion of the dose detected in the form of acyl
glucuronide metabolites and much reduced amounts of 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 useful approach to assessing the biotransformation of
such compounds in humans.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

It is widely acknowledged that drug-induced liver injury (DILI)
remains a significant cause of attrition in drug discovery [1,2] and a
leading cause of acute liver injury in patients that can lead to
‘‘Black Box” warnings or drug withdrawals [3–5]. That unexpected
failures in the clinic due to DILI still occur despite extensive in vitro
and in vivo preclinical safety testing are a potent reminder of the
need for better predictive models that translate to humans. A
relatively recent example of DILI leading to drug withdrawal is pro-
vided by lumiracoxib, [2-(2-chloro-6-fluorophenyl)-amino-5-met
hylbenzeneacetic acid] (Prexige), developed as a selective COX-2
inhibitor for use in the treatment of osteoarthritis, rheumatoid
arthritis and acute pain [6,7]. The drug was removed from the mar-
ket in most countries after cases of serious liver reactions that
included 14 cases of acute liver failure, two deaths, and three liver
transplants [8]. Whilst the majority of these only occurred after
several months of treatment with lumiracoxib, early presentations
were also noted. Many cases involved daily doses exceeding
100 mg, but severe DILI was also reported in those patients who
were prescribed 100 mg/day [9,10]. Clues to the cause of this tox-
icity may have been provided by studies which showed that the
drug was bioactivated by peroxidases and human liver micro-
somes, forming multiple quinone-imine intermediates and
glutathione (GSH) adducts indicating the potential for GSH deple-
tion, covalent binding to proteins and oxidative stress etc. [11]. In a
recent study in C57bl/6J mice a number of differences between
human and murine metabolism of the drug were noted together
with some similarities, and there was no evidence of bioactivation.
G mice,
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This result suggests that the mouse does not provide an appropri-
ate model for the metabolism and potentially the safety evaluation
of lumiracoxib [12]. As a relatively recently developed drug, the
withdrawal of lumiracoxib as a result of unexpected DILI, despite
having had the benefit of the latest preclinical safety evaluation
protocols, provides an eloquent testimony to the need for models
(in vitro and in vivo) that translate more accurately to humans.
One new model that promises to provide better predictions of
human liver-based metabolism (and possible toxicity) is the
‘‘chimeric” liver-humanized mouse, where human hepatocytes
replace 90 % or more of the murine hepatocytes [13–16]. For exam-
ple, if the liver toxicity observed in patients was the result of hep-
atic bioactivation of lumiracoxib, and if chimeric humanized mice
accurately reflect metabolism in humans, studies in such mice
might have alerted investigators to the potential for hepatotoxic-
ity. Here the pharmacokinetics (PK) and metabolite profile of
lumiracoxib in chimeric humanized and murinized FRG mice are
described over 24 h following oral administration at 10 mg/kg,
and compared to our previous study in normal C57bl/6J mice [12].
2. Materials and methods

2.1. Chemicals

Lumiracoxib was purchased from Selleck Chemicals LLC (sup-
plied by Absource Diagnostics GmbH, Munich, Germany). 2-(2-nit
ro-4-trifluoro-methylbenzoyl)1,3-cyclohexedione (NTBC) was sup-
plied by Yecuris (Tualatin, OR, USA). Tolbutamide, ammonium
acetate and formic acid were purchased from Sigma-Aldrich (Dor-
set, UK) and leucine enkephalin was supplied by Waters Ltd
(Elstree, UK). Analytical grade acetonitrile containing 0.1% formic
acid, along with unmodified acetonitrile and methanol, were sup-
plied by Fisher Scientific UK Ltd (Loughborough, UK).
2.2. Animal studies

All animal procedures were performed in accordance with
Annex III of the Directive 2010/63/EU applying to national specific
regulations such as the German law on animal protection. The PK
and the routes, rate of excretion and metabolic fate of lumiracoxib
were investigated in 7 male chimeric humanized mice (Hu-FRGTM)
and 7 male chimeric murinized mice (Mu-FRGTM) (30 g), (FRG KO/
C57bl/6) (Yecuris (Tualatin, OR, USA)). Following receipt the mice
were group housed 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
animals were initially maintained on 2-(2-nitro-4-trifluoro-methyl
benzoyl)-1,3-cyclohexedione (NTBC) for 7 days, then removed
from NBTC for 4 weeks prior to the first dose, according to the
Yecuris protocol. Before commencing the study a blood sample
(25 mL) was taken via the tail vein from each of the humanized
mice in order to assess the human albumin concentrations, to
ensure that the humanization of the liver was at least ca. 90%
according to the Yecuris protocol. Animals were randomized
according to body weight and extent of humanization 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 was administered lumiracoxib at a nominal dose of
10 mg/kg as a solution in water by oral gavage. Three animals from
each group were taken for the determination of the PK of lumira-
coxib. Whole blood (20 mL) 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 mL purified water containing 0.2% v/v phos-
phoric acid, as soon as possible after collection. Gall bladders were
Please cite this article in press as: A.P. Dickie et al., The pharmacokinetics and m
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taken from this PK group upon sacrifice at 8 h post-dose. The
remaining two animals were used to investigate the metabolite
profile of lumiracoxib. The animals were placed individually in
metabolic cages. Urine and faeces for metabolite profiling from
animals dosed with lumiracoxib 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 iden-
tification. Samples were frozen as soon as possible after collection
on dry ice and stored frozen 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 ani-
mals were sacrificed by isoflurane inhalation and exsanguination.
One aliquot of up to 500 ml of Li-Heparin-plasma was collected
(in addition to the microsampling probe). The gall bladder was
removed and stored at �80 �C until analysis. In addition, from each
animal, small pieces from the left lateral lobe of the liver and a
small piece from kidney were weighed and snap frozen at �80 �C
into individual Eppendorf tubes as soon as possible after collection.

2.3. Determination of humanization by ELISA

The level of humanization of each mouse was estimated by
measuring human albumin in mouse plasma using ELISA (Serum
Albumin Human, Abcam # ab179887) according to the manufac-
turer’s protocol. The same assay was performed on terminal
plasma samples to assess continuance of liver humanization dur-
ing the study.

2.4. Quantitative analysis of lumiracoxib in blood

2.4.1. Sample preparation
Aliquots of diluted blood (40 mL) and diluted blood spiked to

provide calibration and QC samples were extracted by the addition
of 5 volumes (v/v) of cold acidified acetonitrile (ACN) containing
200 nM tolbutamide as an internal analysis standard, mixed vigor-
ously and centrifuged (4566g, 20 min) and diluted 1:2 (v/v) with
water. A standard curve was prepared at 6 concentrations over
the range 30–10,000 ng/mL with QC samples at 3 concentrations
over the range 40–4000 ng/mL.

2.4.2. Sample analysis
Analysis of lumiracoxib in blood was performed as described

previously (see [12] for details). Briefly, UHPLC-MS/MS using
reversed-phase (RP) chromatography with a rapid gradient
(1.3 min) was performed 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, Warring-
ton, UK) operating in negative ion electrospray ionisation (ESI) and
multiple reaction monitoring modes (MRM) (optimised transition
for lumiracoxib was 292 > 248, with declustering potential DP
�30 V, entrance potential EP �10 V, collision energy CE �17 V,
and collision exit potential CXP �10 V). Non-optimised transitions
corresponding to expected metabolites of lumiracoxib were also
analysed simultaneously. The instrument was controlled, and data
acquired and processed by AnalystTM v.1.6 (AB Sciex UK Ltd, War-
rington, UK). Instrument performance (chromatography and
response of standards) was assessed before and after sample batch
injection to ensure system suitability.

2.4.3. Blood pharmacokinetics
Phoenix WinNonlin 6.4 (Pharsight, Mountain View, CA)

was used to generate PK parameter estimates using non-
compartmental analysis. Peak (observed) blood concentrations
(Cmax) and AUCinf, as determined by the linear trapezoidal rule
etabolism of lumiracoxib in chimeric humanized and murinized FRG mice,
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were determined per animal and presented as the mean (n = 2 for
humanized mice, n = 3 for murinized mice).

2.5. Metabolite profiling and identification

2.5.1. Sample preparation
In addition to PK analysis, metabolite profiles were determined

using aliquots of diluted blood (40 mL) obtained from animals pre-
dose and 1, 2 and 4 h post-dose. Samples were extracted by the
addition of 4 volumes (v/v) of ACN, vigorous mixing and centrifu-
gation (4566g, 20 min) followed 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 ani-
mals). 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 8 volumes (w/v) of ACN, mixed vigorously and son-
icated for 30 min. The supernatants were pooled by dose group
according to weight of gall bladder, centrifuged (20,800g, 5 min)
to remove particulates and diluted 1:1 (v/v) with water.

Faeces was extracted twice with 3 volumes (w/v) of MeOH:H2O
1:1 (v/v) and then with 3 volumes (w/v) of MeOH (with centrifuga-
tion (4566g, 20 min) after each extraction and removal of the
supernatant). Aliquots of the combined supernatants from each
sample (0–8 h 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 mL to ca. 200 mL
under a stream of dry nitrogen at ambient temperature.

2.5.2. Sample analysis
Metabolite profiles and identities were obtained using a 60 min

reversed-phase gradient HPLC-QTOF-MS/MS method that had been
Fig. 1. Blood concentration-time profiles for lumiracoxib following single oral adminis
Symbols represent concentration-time profiles from individual animals.

Table 1
Pharmacokinetic parameters for lumiracoxib in C57bl/6, Mu-FRGTM and Hu-FRGTM mice, an

Blood C57bl/6 mice* Blood Mu-FRGTM mice

Dose (mg/kg) 10 10
Cmax (mg/ml) 1.26 ± 0.51 1.15 ± 0.08
tmax (h) 0.5 (0.5–1.0) 0.25
AUCinf (mg.h/mL) 3.48 ± 1.09 1.94 ± 0.22
t1/2 (h) 1.50 ± 0.30 1.28 ± 0.02

Values are mean ± S.D., except for tmax which are median (range).
* Data taken from [12].
** Four subjects received a single 400-mg oral dose of [14C]-lumiracoxib. Using the mean
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developed previously to resolve diclofenac and its murine metabo-
lites [17] and that had recently been applied to lumiracoxib [12]
for all of the above sample types. Briefly, 50 lL aliquots of samples
were separated on a Hypersil Gold C18 column (Fisher Scientific
UK Ltd, Loughborough, UK) with a SecurityGuard C18, 3 lm pre-
column filter (Phenomenex Inc., Macclesfield, UK) and eluted over
60 min. The post-column eluent was monitored by both a photo-
diode array detector (Waters Ltd, Elstree, UK) (monitoring from
210–400 nm at 20 spectra/s) and a Xevo G2 Q-Tof mass spectrom-
eter (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 spectromet-
ric 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 simultaneously 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 MassLynxTM v.4.1
(Waters Ltd, Wilmslow, UK). Full scan and product ion mass spec-
tra were interrogated by extracting chromatograms of potential
metabolites using MassLynxTM v.4.1 from the raw data. Comparison
was also made with samples from the appropriate control group
(or taken pre-dose) to minimise the potential for false positives
from endogenous compounds. 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 mL/min
and scanned for 1 s every 57 s. Instrument performance (chro-
matography, response and mass accuracy of standards) was
assessed before and after sample batch injection to ensure data
quality. The measured mass accuracy for standards was less than
5 ppm.
tration at 10 mg/kg to (a) Hu-FRGTM mice (n = 3) and (b) to Mu-FRGTM mice (n = 3).

d [14C]-lumiracoxib in plasma in healthy male subjects.

Blood Hu-FRGTM mice Plasma healthy male subjects **

10 5.09a

1.10 ± 0.08 7.28 ± 1.39
0.25 (0.25–0.5) 4.0 (2.5–4.0)
1.74 ± 0.52 48.4 ± 6.12
1.42 ± 0.72 6.54 ± 1.43

weight of the subjects (78.6 ± 8.8 kg), the dose can be calculated as 5.09 mg/kg [18].

etabolism of lumiracoxib in chimeric humanized and murinized FRG mice,
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3. Results

3.1. Clinical signs and degree of humanization

There were no clinical observations with all animals behaving
normally following oral administration of either vehicle or lumira-
coxib at 10 mg/kg. Measurement of human serum albumin (HSA)
concentrations in the plasma of the humanized animals indicated
that these were >4 mg/mL, consistent with the animals being
>90% humanized on days 24 and 29 after removal of NTBC diet.

3.2. Pharmacokinetics of lumiracoxib

The blood concentration versus time profiles for lumiracoxib in
the three Hu-FRGTM and three Mu-FRGTM mice are shown in
Fig. 1a and b. After administration of the single oral dose (10mg/kg)
of lumiracoxib to Hu-FRGTM mice the drug was rapidly absorbed,
with mean peak blood concentrations of 1.10 ± 0.08 mg/mL being
reached at approximately 0.25 h (0.25–0.5) post-dose. Good, but
variable, exposure was achieved with the mean AUCinf determined
as 1.74 ± 0.52 mg h/mL and an apparent mean effective half-life of
1.42 ± 0.72 h (n = 3). Similarly following oral dosing of lumiracoxib
(10 mg/kg) to Mu-FRGTM mice rapid absorption was also seen, with
mean peak blood concentrations of 1.15 ± 0.08 mg/mL being
reached at approximately 0.25 h post-dose. Similar exposure to
that seen for the Hu-FRGTM mice was achieved with the mean
AUCinf determined as 1.94 ± 0.22 mg h/mL and an apparent mean
effective half-life of 1.28 ± 0.02 h (n = 3). In wild type C57bl/6J mice
Fig. 2. LC-QTOF-MS profiles of lumiracoxib and its most abundant metabolites in urine
FRGTM mice and (b) male Mu-FRGTM mice.
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(n = 3) mean peak blood concentrations of ca. 1.3 mg/mL were
achieved approximately 0.5 h post-dose (Dickie et al., 2016). In this
strain of mouse good, but variable, exposure was achieved with the
mean AUCinf determined as ca. 3.5 mg h/mL and an apparent mean
plasma terminal half-life of approximately 1.5 h [12]. By way of
comparison to healthy human volunteers (n = 4) when lumiracoxib
was administered as a single 400 mg dose (ca. 5 mg/kg) peak
plasma concentrations were achieved at ca. 4 h post-dose with
an apparent mean terminal half-life of ca. 6.5 h [18]. The PK prop-
erties of lumiracoxib in wild type C57bl/6J mice [12], Hu-FRGTM and
Mu-FRGTM animals and [14C]-lumiracoxib in healthy male subjects
[18] are compared to those generated in C57bl/6J mice in the pre-
sent study in Table 1.

3.3. Lumiracoxib in blood

The only drug-related compound detected in the blood of ani-
mals at 24 h post-dose was lumiracoxib itself in trace quantities.

3.4. Lumiracoxib and metabolites in urine

The LC–MS profiles observed for the 0–8 h urine samples from
both Hu-FRGTM and Mu-FRGTM mice (Fig. 2a and b) showed the pres-
ence of unchanged lumiracoxib but also extensive metabolism to a
number of oxidised and conjugated metabolites. In the absence of
authentic standards it was not possible to quantify the amounts of
each produced, although a qualitative comparison between Hu-
FRGTM and Mu-FRGTM mice was possible. The urinary metabolite
0–8 h following single oral administration of 10 mg/kg lumiracoxib to (a) male Hu-

etabolism of lumiracoxib in chimeric humanized and murinized FRG mice,
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profiles for both the 8–24 h (data not shown) and 0–8 h collection
periods for the Hu-FRGTM mice were similar and dominated by the
signal for the acyl glucuronide conjugate M11C, (accompanied by
smaller amounts of minor transacylated glucuronides such as
Table 2
Summary of HPLC and mass spectrometric data obtained for lumiracoxib and its metabol

Peak ID tR (min) Assignment Elemental
composition [M+H]+

P 44.5 Lumiracoxib C15H14N1O2Cl1F1
M1 9.7 40-OH glucuronide C21H22N1O9Cl1F1
M1A 7.4 40-OH, 5-COOH C15H12N1O5Cl1F1
M1B 7.8 40-OH, 5-COOH

indolinone
glucuronide

C21H18N1O10Cl1F1

M1C 7.9 OH, 5-COOH C15H12N1O5Cl1F1
M1D 8.1 OH, 5-COOH

indolinone
glucuronide

C21H18N1O10Cl1F1

M1E 11.3 5-COOH
glucuronide
(MNa+)

C21H19N1O10Cl1F1N

M1F 12.5 5-COOH
glucuronide
(MNa+)

C21H19N1O10Cl1F1N

M2 15.5 40 ,5 dihydroxy C15H14N1O4Cl1F1
M2A 16.8 Unassigned 5-

COOH indolinone
conjugate

C15H10N1O3Cl1F1

M2B 19.2 5-COOH
indolinone
glucuronide
(MNa+)

C21H17N1O9Cl1F1N

M3 20.8 Unassigned OH
indolinone
conjugate (MNa+)

N/A

M4 21.5 5-COOH C15H12N1O4Cl1F1
M4A 21.0 OH indolinone C15H12N1O2Cl1F1
M4B 22.7 OH indolinone C15H12N1O2Cl1F1
M5 25.8 OH indolinone

glucuronide
C21H20N1O8Cl1F1

M6 26.9 5-OH C15H14N1O3Cl1F1
M6A 27.0 OH indolinone

glucuronide
(MNa+)

C21H19N1O8Cl1F1N

M7 27.6 5-OH indolinone
glucuronide

C21H20N1O8Cl1F1

M7A 28.0 OH indolinone
glucuronide

C21H20N1O8Cl1F1

M7B 28.6 5-COOH
indolinone

C15H10N1O3Cl1F1

M7C 28.6 OH indolinone
glucuronide

C21H20N1O8Cl1F1

M8 29.6 40-OH indolinone
glucuronide

C21H20N1O8Cl1F1

M8A 30.6 OH indolinone
glucuronide
(MNa+)

C21H19N1O8Cl1F1N

M9 31.9 40-OH C15H14N1O3Cl1F1
M9A 32.4 OH acyl

glucuronide
(MNa+)

C21H21N1O9Cl1F1N

M9C 34.3–35.5 (cluster) OH acyl
glucuronide

C21H22N1O9Cl1F1

M10A 36.1 Benzyl, acyl
glucuronide
(MNa+)

C20H19N1O8ClF1Na1

M11 37.0 OH indolinone C15H12N1O2Cl1F1
M11A 40.4 Acyl glucuronide

(MNa+)
C21H20N1O8Cl1F1N

M11B 40.8 Acyl glucuronide
(MNa+)

C21H20N1O8Cl1F1N

M11C 41.8 1b-O-acyl
glucuronide

C21H21N1O8Cl1F1

Please cite this article in press as: A.P. Dickie et al., The pharmacokinetics and m
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M11A/B). Unchanged lumiracoxib was also detected (possibly in
part derived from hydrolysis of the acyl glucuronide) whilst the
LC-MS profiles also showed a large number of less intense signals
corresponding to a range of hydroxylated, lactamized and
ites in Hu-FRGTM mouse urine, bile and faeces.

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

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

Dm [observed-
theoretical
m/z] (mDa)

294.0692 294.0699 +0.7
486.0962 486.0964 +0.2
340.0383 340.0391 +0.8
498.0598 498.0606 +0.8

340.0383 340.0392 +0.9
498.0598 498.0599 +0.1

a1 522.0573 522.0570 �0.3

a1 522.0573 522.0570 �0.3

326.0590 326.0595 +0.5
306.0328 306.0343 +1.5

a1 504.0468 504.0459 �1.1

N/A 477.0659 N/A

324.0433 324.0446 +1.3
292.0535 292.0524 �1.1
292.0535 292.0542 +0.7
468.0856 468.0855 �0.1

310.0641 310.0643 +0.2
a1 490.0675 490.0673 �0.2

468.0856 468.0856 0.0

468.0856 468.0862 +0.6

306.0328 306.0319 �0.9

490.0675 490.0676 +0.1

468.0856 468.0851 �0.5

a1 490.0675 490.0680 +0.5

310.0641 310.0643 +0.2
a1 508.0781 508.0786 +0.5

486.0962 486.0959 �0.3

478.0675 478.0691 +1.6

292.0535 292.0546 +1.1
a1 492.0832 492.0840 +0.8

a1 492.0832 492.0824 �0.8

470.1012 470.1007 �0.5

etabolism of lumiracoxib in chimeric humanized and murinized FRG mice,
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glucuronidated metabolites. The LC–MS profiles for the 0–8 h urine
samples are shown in Fig. 2a. The chromatographic and mass spec-
trometric properties of these metabolites are provided in Table 2.

In the case of the Mu-FRGTM mice, the most abundant peaks in
addition to unchanged parent compound were the 40-hydroxy
ether glucuronide (M1) conjugate, an unassigned hydroxy-
indolinone metabolite (M3) and the acyl glucuronide M11C (and
its transacylation products (M11A/B) (see Fig. 2b). A large number
of oxidised metabolites were also present, including the ring
oxidised 40-hydroxy metabolite M9 (and its ether glucuronide
conjugate M1), hydroxylation of the 5-methyl group (M6), and a
40, 5-dihydroxylated metabolite (M2). As well as the 40-hydroxy-
glucuronide, hydroxy-glucuronides of the indolinone were also
seen (M4C, M5/5A, M6A, M7/7A/7C, M8/8A). These are assumed
to be derived from 40- and 5-hydroxy metabolites due to the preva-
lence of hydroxylation at these positions. However, for the
hydroxy-indolinone metabolites these assignments, based on lim-
ited fragmentation data, were not conclusive. In contrast to Hu-
FRGTM mice several taurine conjugates were also detected in the
urine of Mu-FRGTM, including that of the 40- or 5-hydroxylated
Table 3
Summary of HPLC and mass spectrometric data obtained for lumiracoxib and its metabol

Peak
ID

tR (min) Assignment Elemental composition
[M+H]+

T
is

P 44.6 Lumiracoxib C15H14N1O2Cl1F1 2
M1 9.7 40-OH glucuronide C21H22N1O9Cl1F1 4
M1C 8.0 OH, 5-COOH C15H12N1O5Cl1F1 3
M1G 13.2 Unassigned 5-COOH

conjugate
C15H12N1O4Cl1F1 3

M1H 14.3 Unassigned OH conjugate
(MNa+)

N/A N

M2 15.6 40 ,5 dihydroxy- C15H14N1O4Cl1F1 3
M2A 16.9 Unassigned 5-COOH

indolinone conjugate
C15H10N1O3Cl1F1 3

M2B 19.2 5-COOH indolinone
glucuronide (MNa+)

C21H17N1O9Cl1F1Na1 5

M3 21.0 Unassigned OH indolinone
conjugate (MNa+)

N/A N

M4A 20.4 OH indolinone C15H12N1O2Cl1F1 2
M4B 22.8 OH indolinone C15H12N1O2Cl1F1 2
M4C 23.5 OH indolinone glucuronide C21H20N1O8Cl1F1 4
M4D 25.7 Unassigned OH indolinone

conjugate
N/A N

M5 25.9 OH indolinone glucuronide C21H20N1O8Cl1F1 4
M5A 26.6 OH indolinone glucuronide C21H20N1O8Cl1F1 4
M6A 27.0 OH indolinone glucuronide

(MNa+)
C21H19N1O8Cl1F1Na1 4

M6 27.2 5-OH C15H14N1O3Cl1F1 3
M7 27.7 5-OH indolinone

glucuronide
C21H20N1O8Cl1F1 4

M7A 28.1 OH indolinone glucuronide C21H20N1O8Cl1F1 4
M7B 28.6 5-COOH indolinone C15H10N1O3Cl1F1 3
M8 29.7 40-OH indolinone

glucuronide
C21H20N1O8Cl1F1 4

M8A 30.8 OH indolinone glucuronide
(MNa+)

C21H19N1O8Cl1F1Na1 4

M9 32.0 40-OH C15H14N1O3Cl1F1 3
M9A 32.5 OH acyl glucuronide (MNa+) C21H21N1O9Cl1F1Na1 5
M9B 34.4 Unassigned OH indolinone

conjugate (MNa+)
N/A N

M9C 34.4–35.4
(cluster)

OH acyl glucuronide C21H22N1O9Cl1F1 4

M10 35.9 OH taurine C17H19N2O5Cl1F1S1 4
M10A 36.2 Benzyl, acyl glucuronide

(MNa+)
C20H19N1O8ClF1Na1 4

M11 37.0 OH indolinone C15H12N1O2Cl1F1 2
M11A 40.6 Acyl glucuronide (MNa+) C21H20N1O8Cl1F1Na1 4
M11B 40.9 Acyl glucuronide (MNa+) C21H20N1O8Cl1F1Na1 4
M11C 41.9 1b-O-acyl glucuronide C21H21N1O8Cl1F1 4
M12 42.1 Benzyl, taurine C16H17N2O4Cl1F1S1 3
M13 47.9 Taurine C17H19N2O4Cl1F1S1 4
M13A 49.5 Unassigned conjugate N/A N
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metabolite (M10), a side-chain shortened benzyl metabolite
(M12) and the taurine conjugate of lumiracoxib itself (M13). The
8–24 h urine also contained a similar range and abundance of
metabolites based on signal response (data not shown).

From these results it would appear that the humanized mouse
produced a number of metabolites not seen in wild type mouse,
notably the acyl glucuronide conjugate (M11C), and with some
similarities to the profile seen in humans [18]. Interestingly, mur-
inized mice shared similarities with both wild type and humanized
mice, exhibiting 40-hydroxy-ether glucuronide (M1) and acyl glu-
curonide (M11C) conjugates as principal urinary metabolites.

For comparison, the major metabolites detected in the urine of
C57bl/6J mice (based on signal intensity) after dosing with lumira-
coxib were the 40-hydroxy ether glucuronide conjugate (M1),
40,5-dihydroxylated lumiracoxib (M2), an unassigned hydroxy-
indolinone (previously thought to be a taurine conjugate) metabo-
lite (M3) and 5-hydroxylumiracoxib (via oxidative metabolism of
the methyl group) (M6) [12]. The metabolite information is pro-
vided in Table 3, including a comparison with the wild-type mouse
study [12] and the human volunteer study [18].
ites in Mu-FRGTM mouse urine, bile and faeces.

heoretical m/z (35Cl/12C
otope [M+H]+)

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

Dm [observed-
theoretical m/z] (mDa)

94.0692 294.0694 +0.2
86.0962 486.0965 +0.3
40.0383 340.0397 +1.4
24.0433 324.0438 +0.5

/A 493.0616 N/A

26.0590 326.0602 +0.7
06.0328 306.0334 +0.6

04.0468 504.0462 �0.6

/A 477.0658 N/A

92.0535 292.0530 �0.5
92.0535 292.0535 0.0
68.0856 468.0855 �0.1
/A 414.1046 N/A

68.0856 468.0864 +0.8
68.0856 468.0854 �0.2
90.0675 490.0686 +1.1

10.0641 310.0653 +1.2
68.0856 468.0854 �0.2

68.0856 468.0855 �0.1
06.0328 306.0338 +1.0
68.0856 468.0853 �0.3

90.0675 490.0674 �0.1

10.0641 310.0645 +0.4
08.0781 508.0786 +0.5
/A 494.0992 N/A

86.0962 486.0981 +2.9

17.0682 417.0662 �2.0
78.0675 478.0699 +2.4

92.0535 292.0538 +0.3
92.0832 492.0844 +1.2
92.0832 492.0835 +0.3
70.1012 470.1020 +0.8
87.0576 387.0577 +0.1
01.0733 401.0732 �0.1
/A 470.0708 N/A
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3.5. Metabolite profiles of lumiracoxib in bile

The LC–MS profiles observed for the 8 h bile samples from both
male Hu-FRGTM and Mu-FRGTM mice (Fig. 3) showed the presence of
a number of oxidised and conjugated metabolites. The biliary
metabolite profile for the Hu-FRGTM mice was dominated by the
40-hydroxy ether glucuronide conjugate (M1), whereas the Mu-
FRGTM mice contained hydroxyl-lactam metabolites (M3, M4A/B)
in addition to the 40-hydroxy ether glucuronide conjugate (M1).
The metabolite information is provided in Tables 2 and 3. Metabo-
lite profiles (not shown) for the bile samples obtained at 24 h post-
dose from the humanized mice contained only traces of 40-hydroxy
ether glucuronide conjugate, whereas those for the murinized mice
also contained traces of the hydroxy lactammetabolites in addition
to the 40-hydroxy ether glucuronide conjugate.
3.6. Metabolite profiles of lumiracoxib in faecal extracts

Faecal extracts produced a less rich metabolic profile for
lumiracoxib than either urine or bile. The profiles from both Hu-
FRGTM and Mu-FRGTM mice for 0–8 h contained only the presence
of low concentrations of unchanged parent and are therefore not
presented. The 8–24 h faecal metabolite profile from Mu-FRGTM

mice (Fig. 4b) contained the 40,5-dihydroxy and 5-carboxy-
metabolites (M2 and M4 respectively), together with lumiracoxib
itself. The metabolites contained in the profile obtained from the
8–24 h faecal extract for the Hu-FRGTM mice (Fig. 4a) contained a
relatively strong signal for unchanged lumiracoxib peak, the
Fig. 3. LC-QTOF-MS profiles of lumiracoxib and its most abundant metabolites in bile 8
Mu-FRGTM male mice.
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further oxidised 40-hydroxy, 5-carboxy metabolite (M1A), and 5-
carboxy lactam (M1F) plus the two metabolites (M2, M4) seen in
murinized faeces. These results are summarized in Tables 2 and
3 and illustrated in Fig. 4.
4. Discussion

The present studies reveal the complexity of the metabolic fate
of lumiracoxib in both humanized Hu-FRGTM and Mu-FRGTM mice,
involving a broad range of oxidative functionalization reactions,
lactamizations and conjugations as summarized in Tables 2 and 3
and depicted in Figs. 5 and 6. Some of these metabolites were
already reported as common to both humans and C57bl/6J mice
[18,12] and, as expected, the excreta of both the chimeric Hu-
FRGTM and Mu-FRGTM mice shared a number of metabolites (to facil-
itate comparison these metabolite profiles are summarized in a
heat map, or ‘‘Metmap” in Table 4). Indeed, in all three types of
mouse models and humans, in addition to lumiracoxib, the ‘‘uni-
versally” detected metabolites included the 40-, 5- mono- (M9,
M6) and 40,5-di- (M2)-hydroxylated metabolites, the product of
the subsequent oxidation of the 50-hydroxy metabolite to the car-
boxylic acid (M4), a lactamized hydroxy-indolinone (M11) and the
40-hydroxy indolinone glucuronide (M8).

In general, the metabolites detected in the chimeric Hu-FRGTM

animals showed a good correspondence with all of the major
metabolites previously found in humans, with the exception of
the sulfate conjugates of a hydroxylated carboxylic acid (H2) and
its lactam (H4/H6), and a number of 4-OH, 5-COOH indolinone-
h following single oral administration of 10 mg/kg lumiracoxib to a) Hu-FRGTM or b)
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related metabolites (H8, H12, H13), which were not detected in
any of the mouse samples examined. Some of the observed differ-
ences between humans and Mu-FRGTM mice would seem to reflect a
greater degree of conjugation by the Hu-FRGTM animals removing
metabolites, e.g., the 40-OH, 5-COOH lactam (H8), by glucuronida-
tion (M1B). The reason for the absence of sulfate metabolites in
samples derived from the humanized mice Hu-FRGTM mice is not
clear. However, it is quite possible that the origin of the sulfate
conjugates in humans was both species-specific and extrahepatic
and, as only the liver of the Hu-FRGTM was humanized such a
metabolite would not readily be formed. Interestingly, from the
point of view of extrahepatic metabolism, when the AUC for
lumiracoxib in the C57bl/6J wild type animals is compared to that
of the FRGTM mice it is seen to be ca. 2-fold higher than that of
either strain of chimeric mice whereas the terminal half- life of
the drug was similar for all strains (see Table 1). If the assumption
is made that the fraction of the dose absorbed was the same for
both C57bl/6J and FRGTM mice, the lower exposure of the latter to
lumiracoxib is more likely to be due to higher clearance through
first pass metabolism during absorption through the gut wall, per-
haps as a result of enzyme induction but, as this was not measured,
this is clearly speculative. In terms of unique mouse metabolites it
is perhaps noteworthy that both Mu-FRGTM and C57bl/6J mice pro-
duced a range of taurine conjugates (M10, M12, M13), none of
which were seen in either the human radiolabelled study or Hu-
FRGTM mice.

The intramolecular cyclisation of lumiracoxib metabolites,
with concurrent lactam formation to give a range of indolinones,
resulted in the production of a large number of structures, many
Fig. 4. LC-QTOF-MS profiles of lumiracoxib and its most abundant metabolites in faeces 8
b) Mu-FRGTM male mice.
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of which went on to be further transformed by conjugation to
e.g., glucuronides (or sulfates in man). It has been suggested that
this type of metabolic reaction, which has also been noted for
the structurally-related NSAID diclofenac, occurs via the dehy-
dration of the carboxylic acid and intramolecular lactam forma-
tion [19,20]. The involvement of S-acyl-CoA-thioester (also
required for amino acid conjugations such as those with e.g.,
taurine as seen here) in indolinone formation has also been sug-
gested [21]. In the case of diclofenac, indolinone formation has
also been shown to occur in aqueous solution under appropriate
conditions [19] as well in biological fluids (e.g., rat urine [22]
and bile [21]).

Conversion of lumiracoxib to indolinones has been described
also in in vitro incubations with human liver microsomes [11].
The Mu-FRGTM mice produced the most prolific range of metabo-
lites, including some unique conjugates (e.g., M1G, M1H, M5A,
M9B and M13A) whilst others were shared with both Hu-FRGTM

and C57bl/6J mice, such as the side chain shortened benzyl
metabolite as either taurine (C57bl/6J mice) or glucuronide (Hu-
FRGTM animals) conjugates. This decarboxylation reaction, which
has been suggested as a potential means of forming reactive
metabolites, has also been observed for diclofenac [23]. Interest-
ingly, in the same way that we have suggested above that taurine
conjugation may represent a mouse liver-specific biotransforma-
tion, the small amount of the side-chain shortened
benzyl-metabolite, detected here as the glucuronide, in the
Hu-FRGTM mice, but not (to date) in humans, may well provide
complementary information on aspects of residual mouse-
specific oxidative metabolism.
24 h following single oral administration of 10 mg/kg lumiracoxib to a) Hu-FRGTM or
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Fig. 5. Proposed metabolic pathway of lumiracoxib in Hu-FRGTM mice. Principal metabolites are designated with large bold font. Metabolites found in Hu-FRGTM mice but not
in Mu-FRGTM mice are designated with italic font.

Fig. 6. Proposed metabolic pathway of lumiracoxib in Mu-FRGTM mice. Principal metabolites are designated with large bold font. Metabolites found in Mu-FRGTM mice but not
in Hu-FRGTM mice are designated with italic font.
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Table 4
Comparison of lumiracoxib and its metabolites observed in excreta from a human ADME study [18], the present study with Hu-
FRGTM and Mu-FRGTM mice, and wild type C57bl/6J mice [12].

Peak 
ID

Assignment Human # Hu-FRG™ Mu-FRG™ C57bl/6J ##

P Lumiracoxib ++++ +++ +++ ++

M1 4’-OH glucuronide - ++ ++++ ++++

M1A 4’-OH, 5-COOH ++++* ++ - -

M1B 4’-OH, 5-COOH indolinone glucuronide +* ++ - -

M1C OH, 5-COOH +++* ++ + -

M1D OH, 5-COOH indolinone glucuronide +* ++ - -

M1E 5-COOH glucuronide ++* +++ - -

M1F 5-COOH glucuronide ++* + - -

H2 5-COOH, 4'-OH sulfate ++ - - -

H4/H6 5-COOH indolinone, 4'-OH sulfate ++ - - -

M1G Unassigned 5-COOH conjugate - - ++ -

M1H Unassigned OH conjugate - - +++ -

M2 4’,5 dihydroxy + ++ ++ +++

H8 4’-OH, 5-COOH indolinone +++ - - -

M2A Unassigned 5-COOH indolinone 
conjugate

- ++ + -

M2B 5-COOH indolinone glucuronide +++ + ++ -

M3 Unassigned OH indolinone conjugate - ++ ++++ ++++

M4 5-COOH ++++ + + ++

H12 4'-OH, 5-COOH indolinone, unassigned 
OH

+ - - -

H13 4'-OH, 5-COOH indolinone, unassigned 
OH glucuronide

+ - - -

M4A OH indolinone - + + -

M4B OH indolinone - ++ +++ -

M4C OH indolinone glucuronide - - ++ -

M4D Unassigned OH indolinone conjugate - - +++ -

M5 OH indolinone glucuronide - ++ +++ ++

M5A OH indolinone glucuronide - - ++ -

M6 5-OH +++ +++ +++ ++++

M6A OH indolinone glucuronide - ++ + -

M7 5-OH indolinone glucuronide - +++ + +

M7A OH indolinone glucuronide - ++ ++ -

M7B 5-COOH indolinone +++ + ++ -

M7C OH indolinone glucuronide - + - -

M8 4’-OH indolinone glucuronide + ++ ++ ++

M8A OH indolinone glucuronide - ++ ++ -

M9 4’-OH +++ ++ +++ +++

M9A OH acyl glucuronide - ++ ++ -

M9B Unassigned OH indolinone conjugate - - + -

M9C OH acyl glucuronide - ++ ++ -

M10 OH taurine - - + ++

M10A Benzyl, acyl glucuronide - + + -

M11 OH indolinone +++ + + ++

M11A Acyl glucuronide - ++ ++ -

M11B Acyl glucuronide - + + -

M11C 1β-O-acyl glucuronide + ++++ ++++ -

M12 Benzyl, taurine - - + ++

M13 Taurine - - ++ ++

M13A Unassigned conjugate - - + -

Key: ++++ 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, * single metabolite observed in
the human study may correspond to one or more metabolites observed in the present study. # [18], ## [12].
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It has been postulated that the hepatotoxicity seen for lumira-
coxib in humans, as a result of which the drug was largely with-
drawn from therapeutic use, resulted from the formation of
reactive metabolites of the type observed for the structurally
related drug diclofenac [e.g., 24–27]. Indeed Li et al. [8] showed
that rat and human liver microsomes, as well as human hepato-
cytes, were capable of the in vitro biotransformation of the drug
via a CYP2C9-mediated reaction to two N-acetylcysteinyl (NAC)
conjugates (mercapturates). The structures of these mercapturates
corresponded to 30-NAC-40-hydroxy lumiracoxib and the defluori-
nated 40hydroxy-60-NAC-desfluoro lumiracoxib (metabolic dehalo-
genation has also been reported in vitro for diclofenac [28]).
However, neither of the two mercapturates (or structurally related
metabolites) was detected in either the human radiolabelled meta-
bolism study [18] nor in our own recent study in the C57bl/6J
mouse [12]. Similarly, despite careful investigation of the urine,
bile and faecal extract samples we detected no trace of these
metabolites, nor evidence for metabolic defluorination, in the
samples obtained from either the Hu-FRGTM or Mu-FRGTM mice in
the present study. In the absence of evidence for reactive metabo-
lites resulting from oxidative metabolism in these in vivo studies,
and assuming that the toxicity of lumiracoxib observed in humans
was the result of metabolic bioactivation, a potential candidate is
the formation of chemically reactive acyl glucuronide conjugates.
Acyl glucuronides have long been associated with drugs that cause
DILI [29,30] and, at physiological pH, can undergo both hydrolysis
and transacylation with the concomitant formation of stable
adducts to proteins via a number of mechanisms [31]. In this study,
the urinary profiles of the Hu-FRGTM mice were dominated by the
lumiracoxib acyl glucuronide (M11C), with smaller amounts of the
transacylated glucuronides such as M11A/B) also present. Whilst
little is known concerning the reactivity of the lumiracoxib acyl
glucuronide a number of investigations have shown covalent mod-
ification of proteins due to the acyl glucuronide of the structural
analogue diclofenac. Thus, in studies in the rat using an anti-
diclofenac antibody, diclofenac-modified proteins were detected
on the canalicular membranes [32]. The formation of these adducts
required functional Mrp2 to be present and was attributed to
diclofenac acyl glucuronide. In addition, the acyl glucuronide of
the NSAID zomepirac has been shown to form an adduct to rat
dipeptidyl peptidase IV (DPP IV) that was identified (in vitro and
in liver extracts) via immunoblotting [33]. The presence of this
adduct suggested that DPP IV was one of the proteins covalently
modified during the biliary excretion of the drug, and similar bind-
ing to DPP IV in rat liver has also been shown for diclofenac [34].
Evidence has also been reported for circulating drug-modified
HSA in samples derived from patients who were administered
diclofenac, where ‘‘at least a fraction of these modifications” was
ascribed to the reactivity of the acyl glucuronide [35].

In comparing and contrasting the various metabolite profiles
seen in the two varieties of chimeric mice and the C57bl/6J animals
with respect to lumiracoxib metabolism in humans, as shown in
both the mass chromatograms and summarized in the ‘‘Metmap”
provided by Table 4, it is clear that there is a greater degree of sim-
ilarity between the chimeric Hu-FRGTM mice and humans than for
either the wild type or Mu-FRGTM mice. However, it is also clear that
the Mu-FRGTM mice, whilst producing many of the same metabo-
lites, were not equivalent to the C57bl/6J animals but also pro-
duced some metabolites seen in the profiles of the Hu-FRGTM, as
well as revealing a number of unique metabolites such as e.g.,
M1G (an unassigned 5-COOH conjugate) and M1H (an unassigned
OH conjugate) (see Table 3).

The differences between the Mu-FRGTM and wild type C57bl/6J
mice on the one hand, and the similarities between the Mu-FRGTM

and Hu-FRGTM chimeric mice on the other are intriguing and beget
a number of questions. It may well be that the generation of the
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FRGTM mouse (extraction, culturing and transplantation of the
mouse) has resulted in an increased induction of extrahepatic
enzymes, particularly in the gut wall, as suggested by the apparent
lower oral AUC for the drug in both types of chimeric mouse.

However, there are, based on the LC–MS metabolite profiles
determined here for the Hu-FRGTM and Mu-FRGTM mice clear quali-
tative differences between the two types of chimeric animal in
the amounts of common, chimeric mouse-specific metabolites pro-
duced. Clearly, further investigations are warranted to determine
the extent of extrahepatic metabolism of lumiracoxib in the mouse
in order to shed light on these questions.

Determination of the metabolic fate of lumiracoxib in liver chi-
meric Hu-FRGTM mice using LC–MS indicates that the former pro-
vides a metabolic profile that recapitulates the human
metabolism of the drugmore faithfully than either Mu-FRGTM chimeric
or wild type C57bl/6J mice. Simply, in terms of metabolites pro-
duced, the Mu-FRGTM appeared to be somewhat intermediate
between the C57bl/6J mouse and the Hu-FRGTM chimera, but there
were also significant qualitative differences. Despite careful inter-
rogation of the LC–MS data, neither defluorinated metabolites
nor metabolites indicative of the formation of reactive metabolites,
such as mercapturates, were detected in either blood or the excreta
of either the Hu-FRGTM or Mu-FRGTM mice in the present study, as
was the case in our previous study in the C57bl/6J mouse [12].
Overall, whilst some differences were observed between the meta-
bolism of lumiracoxib in Hu-FRGTM chimeric mice and that in
humans, these were relatively minor and, as a result, may offer a
more useful predictive model for human metabolism than other
preclinical species.
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