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ABSTRACT

In the present work, in vivo transporter knockout (KO) mouse
models were used to characterize the disposition of diclofenac
(DCF) and its primary metabolites following a single subtoxic dose in
mice lacking breast cancer resistance protein (Bcrp) or multidrug
resistance-associated protein (Mrp)3. The results indicate that Bcrp
acts as a canalicular efflux mediator for DCF, as wild-type (WT) mice
had biliary excretion values that were 2.2- to 2.6-fold greater than
Bcrp KO mice, although DCF plasma levels were not affected. The
loss of Berp resulted in a 1.8- to 3.2-fold increase of diclofenac acyl
glucuronide (DCF-AG) plasma concentrations in KO animals com-
pared with WT mice, while the biliary excretion of DCF-AG increased
1.4-fold in WT versus KO mice. Furthermore, Mrp3 was found to

mediate the basolateral transport of DCF-AG, but not DCF or 4'-
hydroxy diclofenac. WT mice had DCF-AG plasma concentrations
7.0- to 8.6-fold higher than Mrp3 KO animals; however, there were
no changes in biliary excretion of DCF-AG. Vesicular transport
experiments with human MRP3 demonstrated that MRP3 is able to
transport DCF-AG via low- and high-affinity binding sites. The low-
affinity MRP3 transport had a V,,,,x and K,,, of 1770 pmol/min/mg
and 98.2 uM, respectively, while the high-affinity V,,.x and K,
parameters were estimated to be 71.9 pmol/min/mg and 1.78 uM,
respectively. In summary, we offer evidence that the disposition of
DCF-AG can be affected by both Berp and Mrp3, and these findings
may be applicable to humans.

Introduction

The nonsteroidal anti-inflammatory drug diclofenac (DCF) is used
to treat arthritis and pain management. Its primary mechanism of action
is to inhibit the metabolism of arachidonic acid by cyclooxygenase
(COX) enzymes, COX-1 and COX-2, into proinflammatory mediators
(Menassé et al., 1978). The pharmacokinetics of DCF have been extensively
characterized in human and animal models. It has been shown that
rodents, nonhuman primates, and humans generate hydroxylated
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metabolites, whereas glucuronide conjugates are the primary metabo-
lites observed in the bile of dogs and rats (Stierlin and Faigle, 1979;
Stierlin et al., 1979). In humans receiving DCF as either an intravenous
or oral dose, 65% of the dose is excreted in the urine, and the remaining
35% is eliminated in feces (Riess et al., 1978).

The metabolic profile of DCF has likewise been carefully profiled,
and only a small portion of DCF is eliminated as unchanged parent
compound (Stierlin and Faigle, 1979; Stierlin et al., 1979). DCF is
metabolized in vivo into a variety of hydroxylated and conjugated
metabolites (Bort et al., 1999; Tang et al., 1999; King et al., 2001;
Kenny et al., 2004). A multitude of major and minor metabolites
have also been detected, and most of their structures have been
elucidated (Pickup et al., 2012; Sarda et al., 2012). Nearly 100% of
DCEF is absorbed after an oral dose due, in part, to the high passive
uptake of DCF, categorizing it as an extended clearance classifi-
cation system class 1A compound (Varma et al., 2015). The
extensive absorption leads to a large fraction of the dose entering
the portal circulation, resulting in significant hepatic first-pass
metabolism involving phase I and phase Il enzymes. There is a need
to better understand the role that transporters possibly play in DCF
clearance.

The liver contains numerous uptake and efflux transporters that
are exclusively localized to either the basolateral membrane or the
(apical) canalicular domain (Giacomini et al., 2010). Uptake and
efflux transporters are expressed on the basolateral membrane and

ABBREVIATIONS: ABCC, ATP-binding cassette transporter family C; BCRP, breast cancer resistance protein; COX, cyclooxygenase; DCF,
diclofenac; DCF-AG, diclofenac acyl glucuronide; GSH, glutathione; KO, knockout; LC-MS/MS, liquid chromatography-tandem mass
spectrometry; MOPS, 3-(N-morpholino)propanesulfonic acid; MRP, multidrug resistance-associated protein; OH-DCF, 4’-hydroxy diclofenac;

UDPGA, uridine 5'-diphosphoglucuronic acid; WT, wild-type.
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modulate the transport of endogenous as well as xenobiotic compounds
from blood into the liver and vice versa. Other efflux transporters are
expressed on the canalicular domains of hepatocytes and serve to excrete
substrates into the bile canaliculi, whereupon biliary flow carries the
substrates into the common bile duct, which drains into the duodenal
region of the small intestine. Sinusoidal transporter—mediated efflux
results in substrates entering the blood, often leading to excretion into
the urine. The interplay of these transporters can result in extensive
elimination and reuptake of substances, prolonging their residence time
in the body (Roberts et al., 2002).

The efflux transporters have broad substrate affinity. The multi-
drug resistance-associated proteins [MRPs; encoded by ABCCx (ATP-
binding cassette transporter family C) genes] transport endogenous
substances such as organic anions, bile salts, glutathione, and steroids, as
well as xenobiotics and their conjugated metabolites. For example,
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MRP3 (encoded by ABCC3) was observed to transport acetaminophen
glucuronide, estradiol-17-8-glucuronide, leukotriene C4, and morphine-
3-glucuronide (Hirohashi et al., 1999; Manautou et al., 2005; Zelcer
et al.,, 2005). Breast cancer resistance protein (BCRP; encoded by
ABCG2) transports substrates such as estrone-3-sulfate, methotrex-
ate, and SN-38, which is the pharmacologically active metabolite of
irinotecan (Kawabata et al., 2001; Vlaming et al., 2009). MRP2 overlaps
with the aforementioned transporters and can mediate the excretion of
pravastatin, carboxydichlorofluorescein, as well as 4-methylumbelliferone
conjugated metabolites (Zamek-Gliszczynski et al., 2006a; Elsby
etal., 2011).

Experiments with rats that contain a mutated Mrp2 provided evidence
that this transporter had a role in the elimination of diclofenac acyl
glucuronide (DCF-AG) from the liver into bile (Seitz et al., 1998). This
finding was particularly impactful as it was one of the first reports to
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Fig. 1. Plasma concentrations and biliary excretion rates of DCF, OH-DCF, and DCF-AG in C57 WT and C57 Berp KO mice after 3-mg/kg-DCF dose. Pharmacokinetics of
DCEF and its metabolites in Berp KO (O) and WT (@) mice after a single intra-arterial dose of 3 mg/kg DCF. (A-C) Plasma concentration profiles for DCF (A), OH-DCF (B),
and DCF-AG (C) at discrete time points. (D—F) Biliary excretion profiles for DCF (D), OH-DCF (E), and DCF-AG (F). Biliary flow was captured in 15-minute intervals. All
data are expressed as the mean = S.E.M. for five to six subjects/group. *P < 0.05; **P < 0.01; ***P < 0.001 vs. WT.



1082 Scialis et al.

A DCF D DCF

10003, 7 T 1003, wt

%_ 0 Berp-null §_ 10 Berp-null

=2 1 =]

s 3

® 1005° ¢ g 104

2 ) I . 3

g ] s s @ 5 )

g . LI 3 5 i

S 104 ] 5 14 5

© E =2 E .

£ ] ] 5

s | g

& 1 T T T T 1 E 0.1 T T T T 1
0 20 40 60 80 100 0 20 40 60 80 100

Time (min) Time (min)

B OH-DCF E OH-DCF

. 10034 w7 T 1003, wt

%_ 10 Berp-null _g_ 10 Berp-null

= 1 =]

S =

s =

5 105 £ 104

= E = ]

g o = i g

g | ] S

5 0§ ¥ [ § 3 b g ]

[&] 14* G 14 5

g ] i S .

G o

g g

04 ; : : . . @ 04 . . ; ‘ ;
0 20 40 60 80 100 0 20 40 60 80 100

Time (min) Time (min)

C DCF-AG F DCF-AG

. 10034 w7 10003, 7

%_ 10 Berp-null E 19  Berp-null

= =]

s 2

s =

T 104 o 2 1004

= E c

c 1 o . - 3

S ] = 8 : g s

2t & =

<] } E 3 ® o~ ®

g ] I w 3 o

* 04 : . . ] - . . : : .
0 20 40 60 80 100 0 20 40 60 80 100

Time (min)

Time (min)

Fig. 2. Plasma concentrations and biliary excretion rates of DCF, OH-DCF, and DCF-AG in C57 WT and C57 Berp KO mice after 10-mg/kg-DCF dose. Pharmacokinetics
of DCF and its metabolites in WT (O) and Berp KO (@) mice after a single intra-arterial dose of 10 mg/kg DCF. (A—C) Plasma concentration profiles for DCF (A), OH-DCF
(B), and DCF-AG (C) at discrete time points. (D-F) Biliary excretion profiles for DCF (D), OH-DCF (E), and DCF-AG (F).

ascribe the importance of transporters in mediating toxicity from
DCF exposure. In that study, rats lacking Mrp2 had significantly
lower intestinal injury after DCF dosing compared with rats with
functional Mrp2. Thus, exploration of other efflux transporters that
may efflux DCF or its metabolites is warranted to enhance un-
derstanding of how DCF clearance by transporters can modulate its
kinetics and toxicity.

The purpose of the current work was to identify other efflux transporters
that are responsible for mediating the disposition of either DCF or its
primary metabolites. To accomplish this goal, mouse transporter knockout
models in which either Berp or Mrp3 was genetically deleted were used.
The selection of Berp and Mrp3 would allow insight into how a major
canalicular (in addition to Mrp2) or a basolateral transporter, respectively,
can potentially impact the dispositional profile of DCF or its conjugated
metabolites. Furthermore, the affinity of DCF and its metabolites for
human MRP3 was also investigated via in vitro assays with commercial
vesicles.

Materials and Methods

Chemicals and Reagents. Alamethicin, AMP, ATP, DCF, formic acid,
indomethacin (used as the internal standard), KCl, MgCl,, 3-(N-morpholino)
propanesulfonic acid (MOPS), NADPH, 4'-hydroxy diclofenac (OH-DCF), Tris-
HCI, and uridine 5'-diphosphoglucuronic acid (UDPGA) were purchased from
Sigma-Aldrich Corporation (St. Louis, MO). DCF-AG was purchased from
Toronto Research Chemicals Incorporated (Toronto, Canada). Solutol HS 15 was
provided by the BASF Corporation (Florham Park, NJ). MRP2 and MRP3
vesicles were purchased from GenoMembrane Corporation (Kanazawa, Japan).
All liquid chromatography—tandem mass spectrometry (LC-MS/MS) solvents
were of high analytical grade and were purchased from Burdick & Jackson
(Muskegon, MI).

Animals. Wild-type FVB mice were purchased from Charles River (Wil-
mington, MA). Mrp3-null mice of FVB 129/0Ola background were provided by
Dr. Piet Borst (Netherlands Cancer Institute, Amsterdam, Netherlands). Wild-type
C57BL/6 mice and Berp-null mice having a C57BL/6 background were obtained
from Taconic (Rensselaer, NY). Mice were housed in an American Animal
Associations Laboratory Animal Care—accredited facility of the University of
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Kansas Medical Center under a standard temperature-, light-, and humidity-
controlled environment. Mice had free access to Laboratory Rodent Chow 8604
(Harlan, Madison, WI) and drinking water. All animal studies were performed in
accordance with the Guide for the Care and Use of Laboratory Animals using
protocols reviewed and approved by the local Institutional Animal Care and Use
Committee of the University of Kansas Medical Center (Kansas City, KS).

In Vivo Studies. Male 2- to 4-month-old FVB 129/Ola wild-type (WT), FVB
129/0la Mrp3 knockout (KO), C57BL/6 WT, and C57BL/6 Berp KO mice were
anesthetized as detailed earlier (Scialis et al., 2015). The mice received a single intra-
arterial dose of 3 or 10 mg/kg DCF in 10:90 (v/v) Solutol HS 15:0.9% saline at
adosing volume of 10 ml/kg. Bile was collected in 15-minute intervals from —15 to
0, 0-15, 15-30, 3045, 45-60, 60-75, and 75-90 minutes post administration.
Blood samples were collected into heparinized tubes at 2, 7.5, 22.5, 37.5, 52.5, 67.5,
and 90 minutes after administration. At the conclusion of the study (90 minutes post
administration), mice were euthanized, and livers were harvested. Samples were
subsequently processed and stored as previously described (Scialis et al., 2015).

Bioanalytical Analysis. Bile and plasma were prepared as previously reported
(Scialis et al., 2015). Samples and standards were vigorously vortex mixed and
centrifuged at 1000g for 15 minutes and 5°C. An aliquot of supernatant (200 ul)
was removed, evaporated, and reconstituted with mobile phase prior to injecting
10 ul onto the LC-MS/MS system.

In Vitro Metabolism. Untreated livers from three male FVB (WT and KO)
and C57 (WT and KO) mice were homogenized using a Dounce Teflon
homogenizer in ice-cold Tris-HCL buffer (50 mM Tris, 15.4 mM KCl, 2 mM
EDTA) in aratio of 4 parts buffer to 1 part liver. The homogenate was centrifuged
at 9000g for 30 minutes and 4°C, and the S9 supernatant fraction was removed,
separated into aliquots, and kept frozen at —80°C. The S9 fraction was analyzed
for protein content using a Pierce BCA kit (Thermo Fisher Scientific Inc., Grand
Island, NY) following the manufacturer’s recommendations. Incubation reactions
were conducted in duplicate in the presence of increasing DCF concentrations.
The reaction mixture consisted of DCF, 0.1 M phosphate buffer (pH 7.4) at 37°C,
1 mg/ml S9 protein, 10 wg/ml alamethicin, 1 mM glutathione (GSH), 5 mM
MgCl,, 1 mM NADPH, and 1 mM UDPGA. Incubations without cofactors
(NADPH, MgCl,, UDPGA) served as the control. The total incubation volume
was 300 ul, and the reaction mixture was open to air. Aliquots of 50 ul were taken
at 0, 7.5, 15, 30, and 45 minutes; immediately quenched with 200 ul of ice-cold
solvent B; and kept on ice. At the end of the experiment, samples were mixed with
50 ul of internal standard, and 200 ul of the mixture was removed to be
evaporated to dryness under N, at 40°C. The resulting residue was reconstituted in
200 w1 0f 90:10 (v/v) solvents A:B, vigorously vortex mixed, and injected onto the
LC-MS/MS. The samples were monitored for the disappearance of DCF. The
LC-MS/MS response (DCF peak area/internal standard peak area) was converted
to percentage remaining, with O minutes serving as 100%. All percentage values
were log transformed and plotted against incubation time to yield an elimination
rate (k) that was derived from the slope of the resulting line. The elimination rate
was converted into an apparent half-life using the following formula:

In(2
tyy = —(k' (1)

—

The initial enzyme velocity was calculated using the following equation:

1 ml incubation

S 2
12 (min) x[8] mg of S9 protein @

vo =1In(2) x

where v is expressed as picomoles per minute per milligram, and [S] is the DCF
substrate concentration (micromolar). The kinetic parameters K, and V., were
then calculated by plotting v, as a function of [S].

In Vitro Transport. Commercially available MRP2 and MRP3 inside-out
vesicles were quickly thawed from storage and placed on ice. Incubation reactions
consisted of uptake buffer at pH 7.0 (50 mM MOPS-Tris, 70 mM KCl, and
7.5 mM MgCl,), 25 ug of vesicle protein, 5 mM AMP or ATP, and 2.5 mM GSH.
After a 5-minute preincubation period of reaction mixture, incubations were
commenced by addition of various concentrations of DCF-AG. Incubations were
conducted at 37°C in a total volume of 75 ul. Reactions were quenched by the
addition of 100 ul of ice-cold stopping buffer (40 mM MOPS-Tris and 70 mM
KCl), and the quenched mixtures were quickly transferred to a 96-well glass-fiber
filter plate (EMD Millipore, Billerica, MA). The filter plate was subjected to
vacuum filtration followed by five rapid washes of 100 ul/well ice-cold stopping
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buffer. The filter plate was allowed to completely dry before extraction of
samples. DCF-AG was extracted by filling each well of the filter plate with 200 ul
of 80:20 (v/v) methanol:0.1% formic acid in water. Plates were shaken for
15 minutes on ice, and the filtrate was collected via centrifugation at 3000g for
10 minutes and 4°C. The filtrate was evaporated to dryness under warm N, at 40°
C. The resulting residue was reconstituted with 200 ul of 90:10 (v/v) solvents A:
B, vigorously vortex mixed, and injected onto the LC-MS/MS. The accumulation
of DCF-AG was quantified against a standard curve, and the uptake data were
expressed as pmol normalized to mg vesicle protein.

LC-MS/MS Method. Chromatographic separation of analytes was performed
using methodology detailed in our earlier work (Scialis et al., 2015). Concen-
trations of analytes in the samples were determined by comparing the peak area
ratios to those in the standard curve using a linear regression model. The criterion
of acceptance for standards was defined as +20% of the nominal concentration.

Statistical Analysis. Data are expressed as the mean = S.E.M. P values
=0.05 were considered as statistically significant. Statistical analysis of data
was performed using R version 3.2.1 (R Core Team, 2015). Two groups were
compared by Student’s 7 test, and multiple groups were compared by an analysis
of variance followed by Tukey’s post hoc test. GraphPad Prism version 6.0
(GraphPad Software Incorporated, La Jolla, CA) was used to calculate kinetic
parameters (V. and Ky,).

Results

In Vivo Studies. Plasma concentrations of DCF and OH-DCF in C57
WT and C57 Berp KO mice receiving 3 mg/kg DCF were nearly equal
(Fig. 1, A and B), whereas KO animals had, on average, 1.8-fold higher
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Fig. 3. Terminal liver concentrations of DCF, OH-DCF, and DCF-AG in C57 WT
and C57 Berp KO mice after 3- (A) or 10-mg/kg-DCF dose (B). Hepatic
concentrations of DCF, OH-DCF, and DCF-AG in KO ([J) and WT (H) mice were
determined 90 minutes after DCF administration. Data are expressed as the
mean = S.E.M. for five to six subjects/group. N.D., XXX.



1084

DCF-AG plasma levels compared with WT (Fig. 1C). Biliary excretion
of DCF was 2.2-fold higher in WT animals relative to KO (Fig. 1D).
OH-DCEF biliary levels were relatively unchanged between WT and
KO mice (Fig. 1E), although the biliary excretion of DCF-AG in WT
was 1.4-fold greater than in KO mice at 90 minutes after DCF
administration (Fig. 1F). The trends observed at the 3-mg/kg dose
were also evident following administration of 10 mg/kg DCF. DCF
and OH-DCF plasma concentrations were approximately equal in
WT and Berp KO mice (Fig. 2, A and B), whereas the DCF-AG KO
plasma concentrations were increased 3.2-fold compared with WT
mice (Fig. 2C). Biliary excretion of DCF was, on average, 60% lower
in KO mice compared with WT mice (Fig. 2D). The biliary excretion
of OH-DCF and DCF-AG was decreased in KO mice relative to WT
mice (Fig. 2, E and F). Analysis of whole liver collected 90 minutes
after 3 or 10 mg/kg DCF showed no significant differences between
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the concentrations of DCF or OH-DCF, whereas DCF-AG was not
detected in the samples (Fig. 3, A-C).

The plasma concentrations of DCF and its metabolites in FVB WT
and FVB Mrp3 KO animals are shown in Figs. 4 and 5. With the
3-mg/kg dose of DCF, only minor differences in plasma concen-
trations of DCF and OH-DCF were observed (Fig. 4, A and B).
Strikingly, there was an 84% decrease in the plasma concentrations
of DCF-AG in Mrp3-null mice compared with WT mice (Fig. 4C).
With regards to biliary excretion, all three analytes had similar
concentrations between Mrp3-null and WT mice (Fig. 4, D-F). The
10-mg/kg data for the FVB mice produced similar plasma profiles of
DCF and OH-DCF in Mrp3-null and WT mice (Fig. 5, A and B).
DCF-AG plasma concentrations in KO mice were 85% lower than
the concentrations observed in WT mice (Fig. 5C). Biliary excretion
of DCF, OH-DCF, and DCF-AG was similar between WT and Mrp3-null
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Fig. 4. Plasma concentrations and biliary excretion rates of DCF, OH-DCF, and DCF-AG in FVB WT and FVB Mrp3 KO mice after 3-mg/kg-DCF dose. Pharmacokinetics
of DCF and its metabolites in KO (O) and Mrp3 WT (@) mice after a single intra-arterial dose of 3 mg/kg DCF. (A—C) Plasma concentration profiles for DCF (A), OH-DCF
(B), and DCF-AG (C) at discrete time points. (D-F) Biliary excretion profiles for DCF (D), OH-DCF (E), and DCF-AG (F). Each value represents the mean * S.E.M. of six

to seven subjects/group.
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Fig. 5. Plasma concentrations and biliary excretion rates of DCF, OH-DCF, and DCF-AG in FVB WT and FVB Mrp3 KO mice after 10-mg/kg-DCF dose. Pharmacokinetics
of DCF and its metabolites in WT (O) and Mrp3 KO (®) mice after a single intra-arterial dose of 10 mg/kg DCF. (A-C) Plasma concentration profiles for DCF (A),
OH-DCF (B), and DCF-AG (C) at discrete time points. (D-F) Biliary excretion profiles for DCF (D), OH-DCF (E), and DCF-AG (F).

mice after a 10-mg/kg dose (Fig. 5, D-F), although OH-DCF began to
show a slight increase in KO biliary output relative to WT. Liver
concentrations were determined 90 minutes post administration and were
found to be similar between the genotypes, and this was true for the 3- and
10-mg/kg doses (Fig. 6).

The pharmacokinetics of DCF at each dose for all genotypes is
summarized in Table 1. Considering the short duration (90 minutes) of
the studies, only Cy, AUC_gas» and #,,, were calculated because other
pharmacokinetic parameters, such as clearance and volume of distribu-
tion, would require a longer time course for an accurate estimation. The
data show that the relative half-lives of DCF at each dose for each
genotype were comparable, with the exception of the 10-mg/kg Mrp3 KO
mice that had a #,, of 52.9 = 9.8 minutes, which was slightly elevated
compared with the rest of the dosing groups. The overall exposure of
DCEF, as assessed by AUC_g,5; normalized by dose, further demonstrated
that the absorption and distribution of DCF were fairly alike.

Metabolite Identification. To account for metabolism of DCF that
extended beyond generation of OH-DCF and DCF-AG, bile from WT
and Mrp3 KO mice was pooled from a number of animals, extracted
with organic solvent, and infused onto the LC-MS/MS. Spectra from
100 to 1000 atomic mass units were acquired in both the positive ion and
negative ion mode and compared between genotypes. The WT spectra
were subtracted from KO spectra, and the resulting signals were
analyzed for traces of DCF metabolites. As shown in Fig. 7, several
metabolites possessing an isotopic distribution similar to DCF were
identified (for reference, DCF-AG is shown in Fig. 7C). The masses
of the primary peaks were compared using MetabolitePilot software
(Framingham, MA). Structures of the proposed biliary metabolites are
shown in Fig. 8. M1 and M2 are the hydroxylated metabolites, whereas
M3 is DCF-AG. M4 is positively identified, based on product
ion fragmentation, as hydroxy diclofenac acyl glucuronide (Fig. 7D);
however, no distinction as to whether it was a 5- or 4'-OH was made.



Fig. 7F. M9’s structure is hypothesized based on the finding by
Waldon et al. (2010) of a singly hydroxylated diclofenac glutathione
adduct that was reported to have an m/z of 615. The structure of M8, the
profile of which is indicated by Fig. 7E, is uncertain because its mass
does not match up to typical combinations.

In Vitro Metabolism. To determine whether the two strains of mice
have similar metabolic capacity, S9 fraction was generated by pooling
naive liver homogenates from several WT or KO mice. S9 was chosen
for metabolic studies to afford a system capable of multiple bio-
transformation pathways (Wu and McKown, 2004). The range of DCF
was selected to cover the plasma concentrations that were observed
in the in vivo studies. Conditions for the assay were based on the work
by Fisher et al. (2000) to promote phase II metabolism. Incubations
conducted in the presence of cofactors (e.g., GSH and UDPGA) required
for phase II metabolism showed that the background-matched strains
(e.g., C57 WT and C57 Berp KO) had indistinguishable profiles (Fig. 9).
The metabolic data were analyzed to determine relevant kinetic
parameters, and these values are summarized in Table 2. C57 WT and
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Fig. 6. Terminal liver concentrations of DCF, OH-DCF, and DCF-AG in FVB WT
and FVB Mrp3 KO mice after 3- (A) or 10-mg/kg-DCF dose (B). Hepatic
concentrations of DCF, OH-DCF, and DCF-AG in KO ([J) and WT (H) mice
were determined 90 minutes after DCF administration. Data are expressed as the
mean * S.E.M. for six to seven subjects/group.

M6, a taurine conjugate, corresponds to the peak shown in Fig. 7A.
M3 exactly matches the profile of the DCF-AG synthetic standard,
whereas M4 and M6 have the same m/z as reported for hydroxy
diclofenac acyl glucuronide and DCF-Taurine, respectively, in the
literature (Sarda et al., 2012). M7, a possible S-cysteine conjugate,
matches the profile observed in Fig. 7B. M9, a dihydroxylated
glutathione adduct, is putatively identified as the peak shown in

Berp KO mice had apparent V., values of 846 £ 31 and 882 * 26
pmol/min/mg, respectively, whereas the K, values were 69.3 * 4.3
and 82.4 = 1.1 uM, respectively. Likewise, the V., data for FVB
WT and Mrp3 KO mice were 734 = 32 and 696 = 79 pmol/min/mg,
respectively, and the K, parameters were determined to be 44.3 = 3.5
and 43.3 = 9.0 uM, respectively. From the V., and K, data, the
intrinsic metabolic clearances were calculated with the following
equation:

Vma\x
Kin

CLim = (3)
The resulting intrinsic uptake clearance values for C57 WT and Berp KO
were 12.2 and 10.7 pl/min/kg, respectively, whereas those for FVB WT
and Mrp3 KO were 16.7 and 16.4 wl/min/mg, respectively.

In Vitro Transport of DCF-AG with Human MRP2 and MRP3.
The mouse models indicate that Mrp3 can mediate the efflux of DCF-
AG in vivo; therefore, the next objective was to determine the interaction
of DCF-AG with human MRP3. As rodent Mrp2 was previously shown
to modulate DCF-AG toxicity (Seitz et al., 1998), human MRP2 was
also examined for DCF-AG affinity. MRP2 and MRP3 inside-out
vesicles were assessed for DCF-AG transport (Fig. 10). The uptake of
DCF-AG into MRP2- and MRP3-containing vesicles was found to be
ATP- and time-dependent. Having established an optimal incubation
time for further studies, vesicles were incubated for 5 minutes in the
presence of various DCF-AG concentrations. The concentration-

TABLE 1
Summary of DCF pharmacokinetic parameters in plasma of WT and KO mice after a single 3- or 10-mg/kg-DCF dose

Parameters of Cy, t;5, and AUCy._s; were calculated using noncompartmental analysis. Each value represents the mean * S.E.M. of five to seven subjects/group.

Genotype Co tin AUCo.qast
uM min uM x min
3 mg/kg
C57 WT 57.8 = 6.0 312 = 4.0 1050 = 50
C57 BCRP KO 46.0 £ 5.1 27.8 = 3.6 1020 = 80
10 mg/kg
C57 WT 132 £ 8 30.5 = 3.1 3420 £ 290
C57 BCRP KO 201 * 44 335 25 3570 £ 340
3 mg/kg
FVB WT 514 £5.1 24.0 = 4.1 862 * 86
FVB Mrp3 KO 412 £33 375 *+92 1110 = 130
10 mg/kg
FVB WT 178 = 16 37.8 £ 5.6 4220 = 420
FVB Mrp3 KO 172 £ 13 529 =98 4770 = 280

AUC_ast» from time O to the last measurable concentration.
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Fig. 7. Mass spectral identification of major DCF conjugated metabolites excreted in bile. Bile from WT and Mrp3 KO mice were pooled, extracted with organic solvent,
and infused onto a mass spectrometer. The infusion was then scanned across a range of masses for which multiple acquisitions were made to determine masses of putative
metabolites. The WT spectral profile was subtracted from the KO profile, resulting in a range of masses (i.e., metabolites) that can be considered to be in excess in KO
compared with WT. DCF taurine conjugate (A), DCF cysteine conjugate (B), DCF-AG (C), either 4'- or 5-hydroxy diclofenac acyl glucuronide (D), unknown DCF conjugate

(E), and di-hydroxy-DCF glutathione (F). cps, counts per second; MCA, XXX.

dependent uptake of DCF-AG by MRP2 and MRP3 was determined to
be saturable (Fig. 11). The Eadie-Hofstee plot for MRP2 uptake suggests
an allosteric sigmoidal interaction; hence, the ATP-dependent data were
fit using this model. MRP3 uptake of DCF-AG, when graphed using an
Eadie-Hofstee plot, indicated a biphasic profile. Therefore, MRP3 data
were fit using a two-K;;, model. The results of the model outputs for
MRP2 and MRP3 are summarized in Table 3. The V,,.x and K, for
MRP2 vesicular uptake of DCF-AG were determined to be 130 pmol/
min/mg and 50.5 uM, respectively, yielding a transporter intrinsic
clearance (using eq. 3) of 2.58 ul/min/mg. Analysis of MRP3 kinetics
led to identification of a possible low-affinity and high-affinity binding

site for DCF-AG transport. The low-affinity V.« and K, for MRP3
were 170 pmol/min/mg and 98.2 uM, respectively, with a transporter
clearance of 2.37 ul/min/mg for the low-affinity site. The high-affinity
Vimax and Ky, parameters were estimated to be 71.9 pmol/min/mg and
1.78 uM, respectively, and the high-affinity transporter clearance was
calculated to be 40.3 ul/min/mg.

Discussion

The intention of the present work was to investigate the impact of
efflux transporters on DCF. Studies in Transport Deficient (TR")— rats
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Fig. 8. Structures of DCF metabolites based on biliary MS/MS infusion data. M1 and M2 are hydroxylated metabolites (OH-DCF) that have the same parental mass as M4
and M5 [hydroxy diclofenac acyl glucuronide (OH-DCF-AG)], which can be generated from M1, M2, or M3 (DCF-AG). DCF can also be conjugated to M6 (taurine
conjugate), M7 (cysteine conjugate), and M9 (di-hydroxy glutathione conjugate), which were identified in spectral scans. The structure of M8 has not been elucidated;

however, it appears to have a negative ion mode mass (m/z) of 572. CYP, cytochrome P450; CYS, cysteine; GST, glutathione S-transferase; TAU, taurine; UGT, uridine
5’-diphospho-glucuronosyltransferase.
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Fig. 9. In vitro metabolism of DCF using hepatic S9 fraction from C57 and FVB
mice. Pooled S9 fraction was prepared from C57 WT and C57 Berp KO (A) and
FVB WT and FVB Mrp3 KO mice (B). Incubations consisted of 1 mg/ml S9 protein
and were conducted at 37°C. Cofactors (e.g., GSH and UDPGA) were added to
permit phase II metabolism. Initial incubations were conducted in duplicate at 0, 7.5,
15, 30, and 45 minutes, and the responses at each concentration were used to
generate a velocity for the corresponding concentration. The results indicate the two
WT and KO pairings (i.e., FVB and C57) have nearly equal intrinsic metabolic
capacity. Each data point represents the velocity for a given concentration from two
separate studies.

that have a spontaneous mutation of the Abcc2 gene and lack Mrp2
demonstrated that these mutants are resistant to intestinal injury
compared with nonmutant rats (Kitamura et al., 1990; Seitz et al.,
1998). Although intestinal injury in the TR — rats was significantly
less than in nonmutants, gastrointestinal damage was not completely
abolished due to COX inhibition by DCF. The mechanism of the
decreased injury stems from the reduced biliary translocation of reactive
intermediates, such as DCF-AG, from the hepatocyte into the bile
canaliculi (Seitz and Boelsterli, 1998; Seitz et al., 1998; Atchison et al.,
2000). Last, administration of bile containing DCF-AG directly into the
intestinal lumen of TR — rats resulted in formation of ulcers and intestinal
injury with the argument that DCF-AG, as a reactive metabolite, was
mediating the toxicity (Seitz and Boelsterli, 1998).

The DCF doses were set to 3 and 10 mg/kg to establish linearity and not
saturate either metabolism or transport pathways. Metabolic saturation
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Fig. 10. Time-dependent transport of DCF-AG by MRP2 and MRP3 using inside-
out vesicles. DCF-AG was incubated with vesicles in the presence of 5 mM AMP
(O) or 5 mM ATP (@) at 37°C. (A) Uptake of 10 uM DCF-AG by MRP2. (B)
Uptake of 1 uM DCF-AG by MRP3. The dotted lines in both plots represent the
nonlinear fit of DCF-AG active uptake and were determined by subtracting the AMP
values (background and passive uptake) from the ATP response. Each data point
reflects the mean = the S.E.M. for n = 3 measurements per time point.

was thought to have occurred at a 75-mg/kg-DCF dose that was associated
with toxicity in Mrp3-null mice (Scialis et al., 2015). Additionally, since
DCF is a known hepatotoxicant and transporter inhibitor, the selected
doses permitted pharmacokinetic analysis while limiting DCF exposure
that may contribute to animal toxicity or inhibition of transporter function.
Data from two subtoxic doses of DCF indicate that Bcrp and Mrp3 are
both able to transport DCF and its metabolites. Bcrp KO mice had less
biliary excretion of DCF than WT mice after a 3- or 10-mg/kg dose of
DCEF (Figs. 1D and 2D). The reduction in biliary excretion of DCF in the
KO mice did not alter the DCF plasma concentration or the liver
concentrations in the Berp KO mice. Berp-null mice had higher DCF-AG
plasma concentrations compared with WT mice (Figs. 1C and 2C), and the
Berp KO mice also exhibited a decrease in the biliary excretion
of DCF-AG (Figs. 1F and 2F). Our hypothesis for the increase in plasma
DCF-AG in Berp-null mice is that decreased Bcrp-mediated biliary
excretion of DCF led to further hepatic glucuronidation of DCF to
DCEF-AG, which was then excreted out of the liver into blood via Mrp3.
Taken together, these results indicate that Berp does play a role, in vivo, in
the biliary excretion of DCF and DCF-AG.
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TABLE 2 MRP2
Summary of in vitro DCF metabolism in mouse models 150 -
Metabolic parameters were determined using S9 fraction from FVB and C57 strains of mice
that were WT or KO for Mrp3. Data represent the mean = S.E.M. from two separate studies. a
2 120- t
Genotype Vinax Kmn Metabolic CL;y, ‘.‘E— 200
pmol/min/mg uM ul/min/mg __g 90 e
C57 WT 846 = 31 69.3 =43 12.2 ©° E
C57 KO 882 = 26 824 + 1.1 107 £ £ 120
FVB WT 734 = 32 443 + 35 16.7 = 60+ 3 80
FVB KO 696 £ 79 433 £9.0 16.4 g g
o] S 40
CL;y,, intrinsic uptake clearance. 2 30
= %.o 02 04 06 08 1.0 1.2
vIS (uL/min/mg)
Lagas et al. (2009) reported Berp transport of DCF using transfected 0 T T ‘ T T B
MDCK cells in a transwell format wherein murine Berp exhibited greater 0 150 300 450 600 750 900
DCEF transport compared with human BCRP. Curiously, a follow-up study Concentration (uM)
by Lagas et al. (2010) with an in vivo Berp knockout mouse model from B MRP3
an FVB background contradicted their in vitro data in that Berp-null 250 -
mice had 1.2-fold (not statistically significant) more biliary DCF
compared with WT. In contrast, we observed that Berp-null mice had 55
55%—62% less biliary excretion of DCF compared with WT mice. The __E_ 200+
authors acknowledge a disconnect between their in vitro and in vivo .S 350
data, yet there was no rationale given for the divergent results. DCF-AG § 150 - B 200
WT plasma concentrations in the Lagas in vivo study were modestly higher g g 150 L
without statistical significance, in contrast to the present data that reflect Q. 100- %5
1.8- and 3.2-fold higher plasma concentrations in KO mice relative to WT e E 1001 *
mice (Figs. 1C and 2C). The Lagas study did indicate biliary DCF-AG =~ & > 50 =
levels were 52% lower in Berp KO mice compared with WT mice; g' 50 0 : . e
however, only a single time point and dose were used for the comparison. In 0 f6: 12 "6 23 30 30
contrast, we report plasma and bile profiles over a greater span of time and at 04 T ‘ T T i ("'ur."i""mg) |
two doses, giving more power to make dispositional characterizations. 0 50 100 150 200 250 300

We report that Mrp3 is responsible for the in vivo transport of DCF-
AG. This key outcome was observed in the plasma profiles at each
subtoxic dose, for which Mrp3-null mice had 86%—-88% lower DCF-AG
plasma concentrations compared with WT mice (Figs. 4C and 5D). In
the same Lagas et al. (2010) publication referenced previously, Mrp3-
null mice had approximately 50% lower DCF-AG plasma concen-
trations (at 60 minutes) compared with WT mice; hence, our data are
confirmatory. Whereas Bcrp deletion led to altered disposition of plasma
and biliary profiles for DCF and DCF-AG, Mrp3 deletion only affected
DCF-AG basolateral transport with no changes to DCF-AG biliary
output (Figs. 4F and 5F) or in hepatic levels of DCF-AG (Fig. 6). These
observations are consistent with our 75-mg/kg-DCF toxicokinetic data
(Scialis et al., 2015). One might have anticipated an increase in hepatic
accumulation or biliary excretion of DCF-AG in Mrp3 KO mice given
the prior reports of increased biliary excretion of 4-methylumbelliferyl
glucuronide and acetaminophen glucuronide in Mrp3-null mice (Man-
autou et al., 2005; Zamek-Gliszczynski et al., 2006b). A precedent for
decreased hepatic elimination without concomitant increase in hepatic
accumulation was observed by Lagas et al. (2010), for which deletion of
Mrp2 in mice resulted in an 8-fold elevation in plasma DCF-AG
compared with WT mice; however, the hepatic concentrations of
DCF-AG were the same between WT and Mrp2-null mice. DCF-AG
is inherently unstable at physiologic pH, for which we have observed
a half-life of approximately 90 minutes at 37°C (Supplemental Fig. 1).
The aqueous half-life determined in our laboratory supports the position
that DCF-AG would possess sufficient stability in bile during our
15-minute collection interval to quantify potential differences in biliary
excretion between WT and KO mice. There remains a possibility that
DCF-AG may have undergone further metabolism in Mrp3 KO mice,
potentially explaining the lack of hepatic accumulation or biliary
elimination. Nonetheless, we believe the lack of difference between

Concentration (UM)

Fig. 11. Determination of the concentration-dependent transporter kinetics of MRP2
and MRP3 for DCF-AG. MRP2 and MRP3 vesicles were incubated with increasing
concentrations of DCF-AG in the presence of 5 mM AMP or ATP for 5 minutes at
37°C. AMP response was subtracted from ATP, and the resulting data were fit to
determine kinetic parameters. (A) MRP2 data were fit according to an allosteric
sigmoidal model that yielded an apparent Hill slope of 2.2. (Inset) Eadie-Hofstee
plot. (B) MRP3 data were fit according to a two-K,, indicating the presence of high-
affinity and low-affinity binding sites. (Inset) Eadie-Hofstee plot. Each data point
reflects the mean = S.E.M. for n = 3 measurements per concentration.

WT and Mrp3-null mice in biliary DCF-AG is a bona fide outcome
rather than an artifact.

The two mouse strains were evaluated for their intrinsic metabolic
capacity to metabolize DCF using S9 fraction. S9 was chosen as the
modality for this assessment due to the presence of microsomal and
cytosolic enzymes (Lu, 2014). The results from in vitro metabolism
studies suggest that the C57 and FVB mice have a similar metabolic
capacity to metabolize DCF (Fig. 9). From these data, it can be inferred
that deletion of transporters did not result in any compensatory changes
to enzymatic (phase I and phase II) activity. Therefore, changes in the
biliary excretion or plasma dispositional profiles are reflective of
diminished transporter capacity, due to selective genetic deletion,
rather than innate differences in metabolic competency.

The bile from WT and KO mice was examined by LC-MS/MS to
quantify biliary elimination and determine if additional metabolites of
DCEF were present. The biliary concentrations of DCF-AG were 10-fold
greater than DCF and OH-DCF, and the amount of DCF-AG excreted
in bile accounted for nearly 12% of the administered dose of DCF. A
diclofenac taurine conjugate (designated as M6 in Fig. 8) was also
detected and found to have a signal intensity (Fig. 7A) nearly equal to


http://dmd.aspetjournals.org/lookup/suppl/doi:10.1124/dmd.119.086603/-/DC1

Transporter Efflux of Diclofenac and Its Metabolites

TABLE 3
Summary of MRP2 and MRP3 vesicle kinetic studies for DCF-AG

MRP?2 had single-K,, transport affinity for DCF-AG, whereas MRP3 demonstrated biphasic
kinetics. Intrinsic transporter clearance (V,,,/K,,) for MRP2 and the low-affinity MRP3
clearance was comparable. In contrast, the high-affinity MRP3 efflux clearance was over an
order of magnitude greater than that of MRP2.

Transporter Vinax Ky Transport CL;;,
pmol/min/mg M ul/min/mg
MRP2 130 50.5 2.58
MRP3 (low affinity) 170 98.2 2.37
MRP3 (high affinity) 71.9 1.78 40.3

CL;,, intrinsic uptake clearance.

DCF-AG (Fig. 7C). The diclofenac taurine<<space>(DCF-TAU) re-
sponse suggests that taurine conjugation may be as dominant of
a metabolic process as glucuronidation. Taurine conjugates of DCF in
mice and dogs were previously reported, furthering the notion that
taurine conjugation constitutes a significant clearance mechanism (Riess
et al., 1978; Stierlin et al., 1979; Pickup et al., 2012; Sarda et al., 2012).
Taurine conjugation is an important detoxification step because the
amide formed results in a more stable chemical structure compared with
the ester bond that is present in DCF-AG (Montalbetti and Falque, 2005;
Choudhary and Raines, 2011). Another biliary metabolite of high
intensity observed at m/z of 572 was categorized as M7 (Fig. 8). The
structure of M7 remains to be elucidated; however, it may be similar to
a glutathione adduct that was described by Yu et al. (2005). The
significance of the spectral scans and identification of other conjugated
metabolites implies that the portion of DCF-AG which was not excreted
into plasma was putatively converted into other metabolites that were
ultimately transported into bile.

With data demonstrating in vivo DCF-AG transport in rodents,
studies were performed to assess the affinity of DCF-AG to be
transported by human MRP2 and MRP3. Prior studies with MRP2
and MRP3 vesicles have been conducted; however, these analyses were
carried out under nonphysiologic conditions such as pH 6 and the
absence of glutathione, which is thought to enhance MRP function
(Zaman et al., 1995; Zhang et al., 2016). Our study corrects for such
conditions by performing experiments at pH 7 in the presence of
glutathione positioning our data as more reflective of the intracellular
enviroment that DCF-AG would be exposed to in vivo.. The present
results indicate that DCF-AG is a substrate of MRP2 (Fig. 10A), and that
transport by MRP?2 is saturable (Fig. 11A). The affinity of DCF-AG for
MRP2 was relatively weak, as ATP-dependent transport was 1.5- to 2.0-
fold greater than AMP responses. Furthermore, the activity of MRP2 for
DCF-AG appears to have an element of allosteric modulation, evident
by a Hill slope estimate of 2.2. The Eadie-Hofstee plot for MRP2 is in
agreement with an allosteric effect (Hutzler and Tracy, 2002). The
allosterism is a function of MRP2 having multiple binding sites (Zelcer
et al., 2003). Similar to DCF-AG, estradiol glucuronide was demon-
strated to be transported with cooperative binding by human MRP2
vesicles, as it had a Hill slope of 2.4 (Elsby et al., 2011; Li et al., 2011).
MRP3-mediated transport of DCF-AG was determined to be biphasic
with a high-affinity and low-affinity binding site (Fig. 11B). Whereas the
dynamic response by MRP2 was low, MRP3 had a maximal fold ratio
(ATP/AMP) of 37 at the low end of the concentration range, while
the minimal ratio was 1.5-fold at the highest tested concentration. The
intrinsic transporter clearance of the high-affinity site indicated that
DCF-AG can be transported by MRP3 to a greater degree at low
DCF-AG concentrations compared with MRP2 (Table 3).

Overall, these data indicate Berp can translocate DCF and DCF-AG
from hepatocytes, and that Mrp3 is involved in the basolateral efflux of
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DCF-AG from liver. A limitation of our study was the inability to collect
urine due to the anesthetization of the mice and short duration of the time
course for sample collection. Had urine been collected, it is possible that
Bcerp-KO mice would have less DCF eliminated in urine given that Berp
is apically expressed in renal proximal tubule cells. Nevertheless, our
bile and plasma data offer substantial evidence on the transporter
interplay affecting DCF and DCF-AG disposition. The deletion of Berp
not only diminished biliary DCF-AG efflux but also resulted in
increased plasma DCF-AG concentrations. Despite the profound differ-
ences in DCF-AG plasma concentrations between WT and KO, there
was no effect on DCF-AG biliary clearance. Human MRP3, in an in vitro
assay, also appeared able to transport DCF-AG. Based on the in vitro
MRP3 vesicle assay and the in vivo Mrp3 KO studys, it is highly likely
that MRP3 transports DCF-AG in vivo in humans. It has previously been
shown that a C24-T polymorphism in MRP2, which causes reduced
expression, was linked to higher risk of hepatotoxicity in patients
receiving DCF (Daly et al., 2007). As MRP2 is known to transport
DFC-AG, the increased toxicity in human MRP2 polymorphs was
likely driven by attenuated biliary elimination of the reactive DCF-AG.
Consequently, investigations into human MRP3 polymorphisms are
warranted to ascertain the extent to which patients may experience
dispositional changes to MRP3 substrates.
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