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Abstract

Although the United States and Europe have shifted to the prescription use of diclofenac due

to several serious incidences of cardiotoxicity, it is one of the most commonly used over-the-
counter (OTC) medicine in major parts of the world. We elucidated the quantitative and tissue-
specific contribution of uridine diphosphate-glucuronosyltransferases 17 (UGT2B17) in diclofenac
metabolism and pharmacokinetics. UGT2B17 is one of most deleted genes in humans with the
gene deletion frequency ranging from ~20% in Caucasians to 90% in Japanese. The human
intestinal and liver microsomes isolated from the high-UGT2B17 expressing individuals showed
21- and 4-fold greater rate of diclofenac glucuronide (DG) formation than in the null-UGT2B17
carriers, respectively. The greater contribution of intestinal UGT2B17 was confirmed by a strong
correlation (R=0.78, p<0.001) between UGT2B17 abundance and DG formation in individual
intestinal microsomes (n=14). However, because UGT2B17 is a minor UGT isoform in the liver,
DG formation rate correlated better with the expression of UGT2B7. The proteomics-informed
physiologically-based pharmacokinetic model explains the reported higher exposure of diclofenac
in females consistent with ~3-fold lower expression of UGT2B17. Similarly, our predictions also
corroborate with the reported higher exposure and lower standard clinical dose of diclofenac in
Japanese population. Therefore, UGT2B17 mediated metabolism of oral diclofenac is a concern,
especially in the developing countries where it is still used as an OTC drug. The ontogeny

data of UGTs in human hepatocytes can be utilized in developing PBPK models for predicting
pharmacokinetics in pediatric population.

Introduction

Uridine 5’-diphospho-glucuronosyltransferase 2B17 (UGT2B17) is an important enzyme
that metabolizes drugs and steroids and exhibits high inter-individual variability in its
expression and activity. Hepatic UGT2B17 expression varies by more than 3000-fold, and
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the copy number variation (CNV), single nucleotide polymorphisms (SNPs), age, and sex
are associated with its activity as well as with mMRNA and protein expression.! UGT2B17
is sparsely expressed in children below 9 yr, and males express 3-fold higher UGT2B17
protein than females.! Interestingly, the frequency of UGT2B17 gene deletion varies
greatly across populations, with 25% to 90% frequency in Caucasians versus Japanese,
respectively.2 Although UGT2B17 variability contributes to inconsistent pharmacokinetics
(PK) or efficacy of clinically important newer drugs such as verinurad, belzutifan, and
vorinostat,3-3 the role of UGT2B17 is not well studied for drugs developed before 2010.
One of the possible reasons for the lack of investigations on UGT2B17 is its low expression
in the liver relative to other UGT isoforms (e.g., UGT2B7, UGT2B4, and UGT2B15) in
abundance. Recent studies including proteomics data from our laboratory revealed that
UGT2B17 expression is abundant in the intestine contributing to more than 50% of the
total intestinal UGTs in the expressors of UGT2B17.5 The high intestinal expression

of UGT2B17 has been linked to the extensive and variable first-pass metabolism of its
substrates. For instance, MK-7246, an investigational drug for asthma, showed 25-fold
higher plasma exposure (AUC) in individuals with UGT2B17 gene deletion (*2/*2) as
compared to those with the reference allele (*1/*1), however, the plasma half-life showed
no change confirming an extensive first-pass metabolism.” These data suggest that the
quantitative role of UGT2B17 variability on the PK of its substrates should be investigated,
especially if they are orally administered.

Here, we estimated the quantitative contribution of UGT2B17 variability on diclofenac
metabolism and PK. Diclofenac is one of the top 100 prescribed medicines of non-steroidal
anti-inflammatory drug (NSAID) category, with over 10 million prescriptions annually in
the United States for rheumatoid arthritis, osteoarthritis, ankylosing spondylitis, mild to
moderate pain, inflammation, swelling, and acute gouty arthritis.8 Diclofenac is used either
orally as tablets or capsules (38%) or topically (48%).° Although diclofenac is effective

in managing pain and inflammation, its safety and tolerability are the key concerns due to
the side effects such as ulceration, bleeding, and upper perforation of gastrointestinal (Gl),
cardiovascular (CV), and nephrotoxicity.19 In particular, serious incidences of cardiotoxicity
of diclofenac were observed in multiple clinical investigations between 2005-2013 which
resulted in a major shift in its use from over-the-counter (OTC) to prescription.11 12
Interestingly, the cardiotoxicity risk of diclofenac is similar to another NSAID, rofecoxib®?
which was withdrawn from the market after the toxicity reports.14 The regulatory agencies
also released an advisory for the use of diclofenac and contraindicated in patients with
various heart problems such as congestive heart failure (CHF), ischemic heart disease (IHD),
and cerebrovascular disease (CVD).10 Recently, an increased risk of acute kidney injury
with rhabdomyolysis has also been reported in patients receiving lipid-lowering agents along
with diclofenac.® Unfortunately, diclofenac is still used OTC in other countries such as
India, China, Russia, Australia, Italy, and African countries.16-19 Diclofenac glucuronide
(DG) is the major circulating metabolite of the drug,2? it is known that UGT2B17

can metabolize diclofenac along with UGT2B7, UGT2B4, UGT1A3, and UGT1A9.21. 22
However, the quantitative contribution of UGT2B17 in the intestinal and hepatic metabolism
of diclofenac has not been characterized. We hypothesized that the higher intestinal
UGT2B17 abundance can lead to a greater contribution of UGT2B17 variability to
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diclofenac bioavailability and PK. We first confirmed the UGT isoforms involved in

DG formation. Second, we determined the effect of UGT2B17 variability on diclofenac
glucuronidation in well-characterized human liver and intestinal microsomes (HLM and
HIM, respectively), followed by the estimation of the tissue-specific fraction of diclofenac
glucuronidation (fguc) by UGT2B17. To confirm the role of UGT2B17 in intestinal
metabolism, the correlation of diclofenac metabolizing UGTs with DG formation was tested
in individual HIM. The effect of age on DG formation and UGTSs involved in diclofenac
metabolism was also investigated in pediatric hepatocytes using quantitative proteomics and
in vitro activity assay. Finally, proteomics-informed physiologically-based pharmacokinetic
(PBPK) modeling was employed to characterize the effect of UGT2B17 gene deletion, sex,
and age on diclofenac PK. The mechanistic in vitro data and proteomics-informed PBPK
modeling presented here elucidated the potential role of UGT2B17 variability in diclofenac
oral PK and highlighted a greater risk of cardiotoxicity in UGT2B17 poor metabolizers.

Material and Methods

Chemicals and reagents

Diclofenac, alamethicin, UDP-glucuronic acid (UDPGA), magnesium chloride (MgCly),
and mono- and di-basic potassium phosphate were purchased from Sigma-Aldrich (St.
Louis, MO). Ammonium bicarbonate (ABC) (98% pure), bovine serum albumin (BSA),
dithiothreitol (DTT), iodoacetamide (IAA), and trypsin were obtained from Thermo Fisher
Scientific (Rockford, IL). The deuterated testosterone glucuronide (TG-d3) standard was
obtained from Cerilliant Corporation (Round Rock, TX). Recombinant human UGT (rUGT)
enzymes were purchased from Corning Life Sciences (Riverfront, NY). Individually
genotyped HLM samples were from our previous study,® procured from the University of
Washington School of Pharmacy Liver Bank (Seattle, WA). Individual HIM samples and
human pediatric cryopreserved hepatocytes (n=50), hepatocyte thawing (HT) media, and
hepatocyte incubation (HI) media were provided by BiolVT (Westbury, NY) (Table S1).
Synthetic light peptides with amino acid analysis and their corresponding stable-isotope
labeled (SIL) forms were purchased from New England Peptides (Boston, MA) and Thermo
Fisher Scientific (Rockford, IL), respectively.

In vitro characterization of diclofenac glucuronidation

Diclofenac glucuronidation assay in recombinant human UGT enzymes—
Eleven recombinant human UGT enzymes (rUGT1A1, rUGT1A3, rUGT1A4, rUGT1AG,
rUGT1A9, rUGT1A10, rUGT2B4, rUGT2B7, rUGT2B10, rUGT2B15, and rUGT2B17)
were tested for their potential to metabolize diclofenac to its glucuronide. Briefly, 10 pg of
rUGT protein was added to a potassium phosphate buffer (100 mM, pH 7.4) containing 5
mM MgCl,, 0.01% BSA, and 0.1 mg/ml of alamethicin. After 15 min of pretreatment on
ice, the reaction was initiated by adding diclofenac (10 pM, final concentration) and 2.5 mM
UDPGA. The incubations were performed for 45 min (37 °C) at 300 rpm in triplicates. The
reaction was quenched with two times the volume of ice-cold acetonitrile containing TG-d3
as the internal standard. The sample was centrifuged at 10,000 x g for 5 min (4 °C) and the
supernatant was transferred to an LC vial.
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Diclofenac glucuronidation activity assay in HIM and HLM—The diclofenac
glucuronidation Kinetic assay was carried out in individual HIM and HLM with known
UGT2B17 abundance in triplicates.23 Briefly, 10 ug of microsomal protein was added to a
100 mM potassium phosphate buffer (pH 7.4) containing 5 mM MgCl,, 0.01% BSA, and
0.1 mg/ml of alamethicin. After 15 min of pretreatment on ice, the reaction was initiated
by adding diclofenac (1.5 to 1000 pM, final concentration range) and 2.5 mM UDPGA
followed by incubation for 30 min at 37 °C with gentle shaking at 300 rpm. The reaction
was quenched with two times the volume of ice-cold acetonitrile containing TG-d3. The
samples were centrifuged at 8000 x g for 5 min (4 °C) and the supernatant was transferred
to an LC vial for analysis by LC-MS/MS. Similarly, the diclofenac glucuronidation activity
assay was also tested in 14 individual adult HIM samples using a single concentration

of diclofenac (100 uM). Other assay conditions were similar as described for the enzyme
Kinetic assay.

Diclofenac glucuronidation activity assay in pediatric hepatocytes—DG
formation activity was also assessed in cryopreserved pediatric hepatocytes. Briefly,
hepatocytes were thawed and suspended according to a previously defined protocol.8 The
hepatocyte vial was completely immersed into a 37 °C water bath for 90-120 s and poured
gently into the pre-warmed HT medium in a 10 ml conical tube, mixed gently by inverting
the tube, and centrifuged at 50 x g for 5 min at room temperature. The supernatant was
decanted and the cell pellet was resuspended in 3 ml of HT medium. Hepatocytes were
counted using the trypan-blue exclusion method using Auto T4 cellometer (Nexcelom
Bioscience, Lawrence, MA) and a suspension of 1 million cells per ml was made in HI
media. The reaction was initiated by adding 5 pl diclofenac (12 mM) in 300 pl of hepatocyte
suspension in 12-well plates. The reactions were performed in triplicates, and the DG
formation was monitored after quenching the reaction with two times the volume of ice-cold
acetonitrile containing TG-d3 as the internal standard by LC-MS.

LC-MS/MS analysis of diclofenac glucuronide (DG)—DG was analyzed on Xevo-
TQ-XS MS (Waters, Milford, MA), coupled with standard electrospray ionization (ESI)
source, microflow LC and Acquity UPLC HSS T3 column (100A, 1.8 pm, 1 mm x 100
mm). The LC parameters included 50 uL/min flow rate and 1 pL injection volume. Mobile
phase A (water with 0.1% formic acid) and B (acetonitrile with 0.1% formic acid) were
used and the following gradient program was applied: 0.0-0.5 min (10% B), 0.5-3.0 min
(10% to 30% B), 3.0-4.5 min (30% to 95% B), and 4.5-8.0 min (95% B), followed by
2.0-min equilibration with 10% B. The mass spectrometer was set to the positive ion (ESI*)
mode with cone voltage (CV) of 30 V. The MRM transitions for DG and TG-d3 were m/z
472.05— 296.0, 250.01 (collision energy (CE), 25 eV) and m/z 468.2— 97.1, 109.1 (CE, 40
eV), respectively.

The enzyme kinetic parameters, i.e., Michaelis-Menten constant (K,,,) and the maximum
glucuronidation rate (Vmax) Were calculated using Eg. 1 in GraphPad Prism v. 8.4.3.
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Where, Y is the rate of DG formation (peak area or response/min/mg protein) and X is
diclofenac concentration. The Akaike information criterion (AIC) was used to check the
goodness of model fit for UGT2B17 kinetics data, which was also evaluated by visual
inspection, 95% confidence intervals (CIs) of the parameter estimates, and residual plots
with baseline.

UGT protein quantification in HIM, HLM, rUGTSs, and pediatric hepatocytes—
We quantified UGTs involved in DG formation (UGT1A3, UGT1A9, UGT2B4, UGT2B7,
and UGT2B17) in HLM, HIM, rUGT enzymes, and hepatocyte homogenate using an
optimized targeted LC-MS/MS approach.24 25 Briefly, 80 uL protein sample containing
either 80 g total protein of HLM, HIM, and rUGTs or 1 million pediatric hepatocytes

was mixed with 30 pL ammonium bicarbonate (100 mM) and 20 uL BSA (0.02 mg/ml).
The samples were denatured at 95 °C for 10 min with 10 pL of 250 mM DTT with gentle
shaking at 300 rpm. After cooling for 10 min at room temperature, samples were alkylated
in the dark for 30 min with 10 pL of 100 mM IAA. The samples were precipitated with
ice-cold acetone (1 mL) and incubated at —80 °C for 1 hr before centrifugation at 16,000

X g (4 °C) for 10 min. Five hundred uL of ice-cold methanol was added to the samples to
remove residual acetone and centrifuged at 16,000 x g (4 °C) for 10 min. The pellet was
dried at room temperature for 30 min and resuspended in 60 UL ammonium bicarbonate
buffer (50 mM, pH 7.8). Twenty WL of trypsin (protein: trypsin ratio, approximately 50:1)
was added to the reconstituted protein samples and digested for 16 hr at 37 °C. The reaction
was stopped by adding 5 pL of 0.5 percent formic acid in water, and the sample was vortex
mixed and centrifuged at 8000 x g for 5 min. The supernatant was mixed with a cocktail

of SIL peptide internal standard (IS) (Table S2) and transferred to an LC vial. The data
was collected on an M-class Waters UPLC system with a Waters Xevo® TQ-XS microflow
LC-MS/MS instrument connected to a standard ESI source, with optimized parameters
shown in Table S3. The proteolytic peptides were separated on a standard HSS T3 C18
column (1.8 um, 1.0 x 100 mm). A list of proteotypic peptides and their corresponding SIL
peptides is provided in Table S2.

Calculation of the fractional metabolism of diclofenac by UGT enzymes (fgiuc)
—The fyy,c 0f UGT2B17 for DG formation in the high-, average-, and null-UGT2B17
expressors was estimated using Eqs. 2—4. Where Viyax, expressors Vmax, average, and

Vmax, deletion indicate maximum diclofenac formation rates in the high-, average-, and
null-UGT2B17 expressors, respectively. The protein abundance of UGT2B17 in the high
and average expressors was obtained from our previous study.!

l max, expressor I max, deletion

Eq. 2

fgluc.ucrzsw = vV
max, expressor
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Vmax deletion
eluc, non — = Eq. 3
s -verzan V ax.expressor d
7 _ Viexespressor T UGT2B17 abundance in average expressor a4
sl average = UGT2B17 abundance in high expressor &

Protein-activity correlation in individual HIM and pediatric hepatocytes

The correlation between DG formation rate (response/min/mg protein) versus UGT2B7

and UGT2B17 abundance (pmol/mg protein) was evaluated using Pearson correlation

in HLM. Similarly, in pediatric hepatocytes, the correlation of DG formation rate (per
min/mg protein) versus UGT1A3, UGT1A9, UGT2B4, UGT2B7, and UGT2B17 abundance
(pmol/mg protein) was tested using Pearson correlation and visualized using hierarchical
clustering and heatmap.

Proteomics-informed PBPK model development of diclofenac in the adult population

A PBPK model of diclofenac was developed using Simcyp software (version 21, Certara,
NY) (Figure S1). The system-dependent parameters (e.g., organ weight, body composition,
and blood flow rates) were inbuilt into the software, whereas drug-dependent parameters
were added from the literature (Table S4). The intravenous diclofenac full PBPK disposition
model was developed and validated using published diclofenac clinical studies.28: 27 The
tissue plasma partition coefficient was predicted using Poulin and Theil method. The steady-
state volume of distribution (Vgs) was predicted using logP and Kp scalar values (ratio of
the drug concentration in tissue and plasma), which were adjusted to fit the observed in vivo
clinical data in adults reported by Willis et al. Diclofenac is an extensively metabolized

drug by CYP and UGT enzymes, hence only these metabolic pathways of diclofenac
clearance were considered. The intrinsic clearance (Cl;,;) was retrospectively calculated
from the reported clinical data (Table S4). In particular, the fractional contributions of CYP
versus UGT-mediated metabolism of diclofenac was first estimated in average population
from the reported metabolite levels excreted in the urine. The CYP-mediated metabolism
was assigned to be CYP2C9 mediated, whereas DG formation was assumed to be mainly
mediated by UGT2B7 and UGT2B17. f;, values for UGT2B7 and UGT2B17 were estimated
based on in vitro kinetics and protein abundance data (Eqs. 2—4). The first-order oral
absorption model was developed using absorption parameters such as fraction dose absorbed
(fy), absorption rate constant (ky), and lag time. Simulations were conducted at two
diclofenac dose strengths (50-75 mg) to match the available clinical data. To ensure that

the reported clinical values for diclofenac fell within the 51 and 95™ percentiles of the
acceptance range, the simulated mean plasma concentration-time profile was compared

to the reported clinical data.28-30 The predicted/observed ratio was calculated for the PK
endpoints, i.e., AUC and Cp;,x, With the acceptance criteria of 0.5-2-fold.

We also developed the UGT2B17 ontogeny-informed pediatric PBPK model using Simcyp
to predict the effect of age-dependent UGT2B17 variability on diclofenac PK. The
UGT2B17 mediated Cl;,; value was extrapolated from adults to different pediatric age
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groups (neonates-adolescents) based on the UGT2B17 protein abundance from our previous
study. 1 The pediatric simulated data were compared to the reported in vivo clinical data,
and visual inspections were performed to ensure that the reported clinical data were within
the predicted 5 and 95™ confidence intervals for diclofenac plasma concentrations (Figure
$2).31.32 The mean PK parameter predicted/observed ratio was calculated with the 0.5-2-
fold acceptance threshold.

Diclofenac clinical PK data were curated from the literature 24-30 and digitized using the
GetData Graph Digitizer (http://www.getdata-graph-digitizer.com/index.php).

The potential effect of copy number variation (CNV), sex, and age on diclofenac
bioavailability

The validated intravenous and oral adult PBPK models were used to predict the effect of
CNV and sex, whereas the oral pediatric PBPK model was used to predict the impact of

age on diclofenac PK. In this exercise, only the UGT2B17 Cl;,; was changed based on
UGT2B17 abundance in the high- and null-expressors, men versus women, and various
pediatric age ranges.! The predicted AUC and plasma clearance of diclofenac was estimated
in adults and pediatric populations after oral administration.

Statistical analysis

Results

The DG formation and UGT abundance differences across age groups were evaluated using
the Kruskal-Wallis followed by the Dunn multiple-comparison tests.

UGT isoforms involved in diclofenac glucuronidation

The UGT abundance normalized rate of DG formation in the recombinant system revealed
a predominant role of UGT2B17 in diclofenac metabolism (Figure 1A). The rate of DG
formation in rUGT2B4, rUGT1A3, rUGT2B7, and rUGT1A9 was ~ 21-, 10-, 4-, and

1.5- fold lower than in rUGT2B17 incubation. DG formation was not detected in the in
vitro incubations containing rUGT1AL, rUGT1A4, rUGT1A6, rUGT1A10, rUGT2B10, and
ruGT2B15.

Enzyme kinetic parameters of diclofenac in the high and null-UGT2B17 expressing HLM

and HIM

The protein abundance of UGT2B17 was 8.5 and 21.6 pmol/mg protein in the high-
expressor HLM and HIM, respectively, whereas the levels of other UGTs in both the high-
and null-UGT2B17 expressors were comparable (Figure S3). These data suggest that in

the UGT2B17 high expressors, the protein abundance normalized activity of UGT2B17
towards DG formation in the intestine is ~ 10-fold higher as compared to the UGT2B7
activity. Consistent with the protein abundance data, the Vax Values of DG formation in
the high- versus null-UGT2B17-expressing HLM and HIM were 4 and 21-fold, respectively
(Figures 1B and 1C). The K, values of DG formation were higher by up to 4-fold in the
high UGT2B17 expressor versus null-expressor due to the involvement of other UGTSs in
the null-expressors (Table 1, Figures 1B and 1C). Although only apparent K, values are
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reported, the higher affinity of other UGTs suggests that these enzymes could be saturated in
the intestine, leading to potential greater contribution of UGT2B17.

Tissue-specific fractional glucuronidation (fgyc) of diclofenac by UGT2B17 in the liver and

intestine

Diclofenac tissue-specific fyyc by UGT2B17 was estimated by comparing the activity data
between the high- and null-UGT2B17 expressors. UGT2B17 fgjyc was 95% and 76% in the
high-expressing HIM and HLM, respectively, whereas in the average expressors, the fjyc
values were 92% and 24%, respectively (Figure 1D). The greater contribution of UGT2B17
in DG formation in the intestine versus liver suggest that UGT2B17 genetic variability
mainly affect the oral bioavailability of diclofenac.

Correlation of DG formation with UGT abundance in individual HIM and hepatocytes

The rate of DG formation was compared with the protein abundance of UGTs in HIM

and pediatric hepatocytes. In HIM, the rate of DG formation showed a stronger correlation
with UGT2B17 (R=0.78, p<0.001) as compared to UGT2B7 (R=0.56, p<0.05) (Figure 2A).
Whereas the hierarchical cluster heatmap of the pediatric hepatocyte data showed a strong
correlation of DG formation activity with the abundance of UGT2B7 (R=0.65, p<0.0001)
followed by UGT2B4 (R=0.59, p<0.001). Although we could only detect UGT2B17 levels
in three pediatric hepatocytes, the DG formation showed a positive trend of correlation
(R=0.27, p>0.05). UGT1A3 and UGT1A9 abundance showed no correlation with DG
formation (Figure 2B).

Effect of age on DG formation rate and UGT abundance in hepatocytes

In pediatric hepatocytes, the DG formation rate was increased from neonates to infants,
early-childhood, middle-childhood, and adolescents by 1.5, 3, 6, and 4-fold, respectively
(Figure 3A). Similarly, as compared to neonates, the abundance of UGT2B7 was increased
by 10, 13, 15, and 16-fold from infants to early-childhood, middle-childhood, and
adolescents, respectively (Figures 3B and 3C). Age-dependent changes in UGT2B4 levels
were moderate (within 2.5-fold). Consistent with our previous data, only three out of fifty
pediatric hepatocytes showed UGT2B17 expression (Figure 3D).

Proteomics-informed diclofenac PBPK model predictions

The predicted plasma concentrations of diclofenac after intravenous and oral dosing (50-75
mg) were comparable to the observed data in adults and pediatric populations (Figures 4A
and 4B). The observed diclofenac clinical data fell within 90% confidence intervals of the
predicted plasma concentrations and the mean predicted/observed PK parameters (AUC,
Cmax: and CL) were within 2-fold (Table 2).

Consistent with the tissue-specific UGT2B17 ), values (Figure 1D), the poor intestinal
glucuronidation of diclofenac in the null-expressors was associated with 8-fold higher
predicted bioavailability of diclofenac as compared to the high-expressors, whereas the
effect of UGT2B17 deletion on the plasma concentration of diclofenac after intravenous
administered was only ~2-fold (Figure 5A). Similarly, oral pharmacokinetics of diclofenac
was affected by sex-dependent differences in UGT2B17 abundance, where the predicted
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diclofenac AUC was ~66% higher in females than males after oral administration (Figure
5B). Based on UGT2B17 ontogeny data, we predicted 43-fold higher diclofenac AUC in
neonates compared to adults (Figure 5C). Similarly, the estimated fraction gut-escaped (7)
is higher in the null (%=0.96) versus high (%=0.37) UGT2B17 expressors (Figure 5D).

Discussion

UGT2B17 is one of most polymorphic genes in humans with the frequency of gene deletion
carriers ranging from ~20% in Caucasians to 90% in Japanese populations.2 Further,

the expression of UGT2B17 is ~3-fold lower in females than males and this enzyme is
scarcely expressed in children below 9 years of age.? Although the FDA recommends
screening new chemical entities (NCE) for their potential metabolism by UGTs, UGT2B17
remained an underappreciated enzyme.® Notably, the role of UGT2B17 in drug metabolism
is not well characterized for drugs developed before 2010. Recently, we have characterized
UGT2B17 abundance in the human intestine and found that its abundance is ~5-fold higher
in the intestinal segments as compared to the liver, which indicates its role in first-pass
metabolism.8 This suggests that UGT2B17 substrates are more prone to variable and
unpredictable clinical PK as evident by the data from Phase I trials of MK-72467 and
PT2385 (a novel hypoxia-inducible factor 2a. inhibitor).33 UGT2B17 is also associated with
the metabolism, PK, efficacy, or toxicity of clinically important drugs such as vorinostat,
belzutifan, asciminib, and exemestane.* 2 34-36 Taken together, UGT2B17 may have been
associated with clinical trial failure, variable PK, or toxicity of its substrates but remained
unnoticed. To avoid variable clinical PK, drug developers should ideally rule out the
liability of UGT2B17 mediated glucuronidation for their compounds in the early stages

of drug discovery. This can be accomplished first by conducting a reaction phenotyping
study using recombinant human UGT2B17 enzyme. Second, an in vitro assay involving
the intestinal and hepatic microsomes with known UGT2B17 genotypes (deletion versus
expressors) will provide an accurate estimate of UGT2B17 £, as illustrated for diclofenac
in this study. If both Phase | and Phase Il enzymes are involved in drug metabolism, such
studies can be performed in hepatocytes and intestinal cell models with known UGT2B17
genotypes. If an investigational UGT2B17 substrate drug is moved into clinical trial phases,
a PBPK model can be used to assess the impact of UGT2B17 population variability?

and if necessary, a precision clinical trial approach3’ can ensure the predictable PK and
safety. Because UGT1B17 expression is also regulated by non-genetic factors? 3839 3
phenotypic biomarker method can be used for stratifying subjects during clinical trials.

We have previously*? established such clinical UGT2B17 biomarker, i.e., the urinary

ratio of testosterone glucuronide to androsterone glucuronide (TG/AG). Further, UGT2B17
variability associated with the race (e.g., Asian versus Caucasian) and sex! should be
considered if an investigational UGT2B17 substrate drug is moved into clinical stages. We
also recommend that high UGT2B17 may be noted in the regulatory guidelines to ensure
safe and effective clinical trials of UGT2B17 substrate drugs.

Diclofenac is one of most commonly used NSAIDs, which is still used OTC in many
countries, particularly in Asian population where UGT2B17 gene deletion frequency is
60-90%. Our in vitro data and in vitro to in vivo translation experiments indicate that
UGT2B17 is the major contributor in the intestinal metabolism of diclofenac (>80%
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contribution). In fact, the variable bioavailability (60-90%),%! greater AUC28: 42 and, higher
risk of cardiotoxicity in womenl2 43 is explained by our data. Similarly, our data explain
~3-fold higher AUC of diclofenac and the requirement of 3-fold reduced dose in Japanese
population.28-30. 44 \We explored for the first time the potential role of UGT2B17 in the first-
pass metabolism of diclofenac. Our protein abundance normalized in vitro UGT screening
data confirmed that UGT2B17 is most efficient in DG formation followed by UGT1A9>
UGT2B7> UGT1AS3, and UGT2B4 (Figure 1A). We also assessed the DG formation rates
in HLM and HIM with known UGT2B17 levels, confirmed the significant role of UGT2B17
(Figures 1B and 1C). Consistent with the higher expression of UGT2B17 in the intestine, we
found that UGT2B17 efficiently metabolize diclofenac in the intestine. Whereas, despite
only 2-3-fold lower expression than UGT2B17 (Figure S3), UGT2B7 activity towards

DG formation in the intestine was 21-fold lower (Figure 1). Thus, UGT2B17 plays a

major role in the intestinal first-pass metabolism of diclofenac and could be one of the
factors of variable diclofenac bioavailability.2645Although diclofenac PBPK model shown
in this study is a preliminary attempt to demonstrate the extreme scenario, the model
predicted up to 8-fold higher AUC in the UGT2B17 null- versus high-expressors after oral
dose. Because the lack of clinical validation, our PBPK model should not be used for
prospective PK predictions. Nevertheless, the model findings are hypothesis-generating for
developing a systematic prospective clinical study to investigate the effect of UGT2B17
gene deletion on diclofenac PK. The higher and variable expression of UGT2B17 in the
intestinal segments could also lead to variable intestinal tissue concentration resulting in
variable intestinal toxicity in the null- versus high-UGT2B17 expressors. Thus, UGT2B17
high expressors may experience lower enterocyte concentration due to higher UGT2B17
metabolism, compared to the null-expressors. Because UGT2B?7 is less abundant in the
small intestine, UGT2B17 mediated glucuronidation is the major pathway of diclofenac
glucuronidation in the intestine.

Interestingly, the standard dose of diclofenac tablet in Japan is 15- 25 mg, which is less than
its dose (50-150 mg) in the US,46: 47 which correlates with 90% gene-deletion frequency in
the Japanese population as compared to 20% frequency in Caucasians. Diclofenac is also
administered as a suppository formulation, however, with a high abundance of UGT2B17 in
the colon,® diclofenac suppository would likely be susceptible to a greater effect of variable
UGT2B17. We also quantified the ontogeny of diclofenac metabolizing UGTs using a large
cohort (n=50) of human hepatocytes for the first time. These data are highly applicable

to developing pediatric PBPK models for prospective PK prediction in this vulnerable
population, where clinical trials are often not conducted. Since UGT2B17 is sparsely
expressed in children below 9 years, the pediatric population may experience higher plasma
concentrations of diclofenac. Diclofenac use is associated with anaphylactic reactions in the
pediatric population.#8 Our pediatric hepatocytes activity assay showed lesser DG formation
in kids below 6 yr compared to 12-18 yr (Figure 3A). Unlike reported microsomal datal,
which are prone to variability due to differential enrichment of endoplasmic reticulum and
contamination of mitochondrial and cytosolic proteins, the hepatocyte data were generated
using direct cell homogenate in this study. Therefore, the ontogeny data presented here
likely represent true age-dependent biological variability without any confounding effect of
the sample preparation.
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Diclofenac poses a serious risk of cardiotoxicity, which led to the contraindications and
warnings for its recommended use by the US FDA and EMA. In addition, hepatotoxicity is
also associated with diclofenac use, which is manifested with necrosis cholestatic hepatitis
by oxidative stress and mitochondrial damage due to the covalent binding of DG to
cellular proteins.*® Sex-dependent differences have been reported in cardiotoxicity and
hepatotoxicity of diclofenac, with higher incidences of toxicity in women.12: 43,50, 51 Banks
et al. reported that out of 180 cases of diclofenac adverse events, 79% were female.>2

Our previous study showed UGT2B17 abundance is ~3-fold lower in women than men,?
which correlated with ~66% higher predicted plasma concentration in women than men
after oral administration of diclofenac, which in turn can explain the higher incidences of
diclofenac toxicity in women. However, systematic clinical studies on diclofenac in male
versus females are warranted to validate the preliminary PBPK model predictions.

We and others have previously shown that UGT2B17 can be inhibited by drugs and natural
products. This suggests that oral administration of UGT2B17 inhibitors such as imatinib®
can influence the metabolism of diclofenac, potentially leading to its higher exposure and
toxicity. The elevated risk of acute kidney injury with rhabdomyolysis has been recently
reported in patients taking lipid-lowering agents with diclofenac.>3 The mechanism of this
DDl is unknown, but similar inhibition of CYP2C8 by gemfibrozil glucuronide leading DDI
with statins,>* DG is also metabolized by CYP2C8%° and has a potential to cause a similar
DDI. Further, in vitro and in vivo studies are warranted to evaluate the DDI and toxicity of
diclofenac with statins.

In conclusion, we observed that UGT2B17 is the primary enzyme responsible for diclofenac
glucuronidation in the intestine, and variability in UGT2B17 abundance leads to differences
in DG formation rate. We predicted a significant effect of UGT2B17 CNV, sex, and age on
the intestinal metabolism of diclofenac. The findings from this study can be used to develop
a mechanistic understanding of UGT2B17-mediated variability in the PK of its substrate
drugs. In particular, considering its cardiotoxicity and high frequency of poor UGT2B17
metabolizers in Asian population, the OTC use of diclofenac should be evaluated for its
safety. In this direction, the proteomics-informed PBPK model developed in this study can
serve a hypothesis-generating purpose to develop prospective clinical trials of diclofenac to
evaluate its oral PK and safety in poor UGT2B17 metabolizers. Overall, our study provides
crucial direction for clinical researchers to perform prospective clinical studies to further
establish links between UGT2B17 polymorphisms and diclofenac toxicity, efficacy, and
pharmacokinetics.
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Study Highlights
What is the current knowledge on the topic?

UDP-glucuronosyltransferase 2B17 (UGT2B17) shows high interindividual variability
in its activity and expression in humans due to factors such as copy humber variation
(CNV), single nucleotide polymorphisms (SNPs), age, and sex. UGT2B17 is sparsely
expressed in children below 9 yr and males express 3-fold higher UGT2B17 protein than
females.

What question did this study address?

We characterized the quantitative and tissue-specific contribution of the polymorphic
UGT2B17 in the metabolism and pharmacokinetics of diclofenac after oral
administration.

What does this study add to our knowledge?

The mechanistic in vitro data and proteomics-informed modeling elucidated the potential
role of UGT2B17 population variability on diclofenac oral pharmacokinetics. The study
highlights a greater risk of cardiotoxicity in UGT2B17 poor metabolizers.

How might this change clinical pharmacology or translational science?

The hypothesis-generating data from this study can be used to develop clinical studies
of diclofenac to evaluate its oral pharmacokinetics and safety in poor UGT2B17
metabolizers, which when validated in clinic may provide directions for precision
pharmacotherapy of diclofenac.
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Figure 1. Diclofenac glucuronide (DG) formation in recombinant human UGT enzymes (rUGTS),
human liver microsomes (HLM), and human intestinal microsomes (HIM).

DG formation by individual rUGTs (A). Effect of UGT2B17 deletion on DG formation
kinetics in the high (open circle) and null (solid triangle) UGT2B17-expressing HLM (B)
and HIM (C), respectively. Data represent the mean + SD of triplicate experiments. The
estimated tissue-specific fraction glucuronidated (#yyc) by UGT2B17 versus other UGTs in
human HLM and HIM (D) representing the high- and average- UGT2B17 expressors.
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Figure 2.
Hierarchical cluster heatmap representing correlations of diclofenac glucuronide (DG)

formation, protein abundance of UGT isoforms involved in DG formation (2B7, 2B4, 2B17,
1A3, and 1A9), and age in individual human intestinal microsomes (HIM, N=14; A) and
pediatric hepatocytes (N=50; B). The correlations were evaluated by Pearson correlation
analysis.
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Figure 3.
Ontogeny of diclofenac glucuronide (DG) formation (A) and the protein abundance

of UGT2B7 (B), UGT2B4 (C), and UGT2B17 (D) in pediatric cryopreserved human
hepatocytes (N= 50). The violin (truncated) plots indicate the range, median, and 25" to
75t percentiles of protein abundance values. The data were compared across different age
groups by Kruskal Wallis test. *, **, and *** indicate p values of <0.05, <0.001, and <
0.0001, respectively.
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Figure 4.
PBPK model predicted versus clinically observed plasma concentration-time profiles of

diclofenac after iv doses (A) and PO doses in adults (B.). The PBPK model predicted mean
plasma concentrations from individual trials are shown by colored lines with 5% and 95%
confidence intervals (grey and black outer lines). The observed data are shown by filled
circles.22-26
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Figure 5.

The potential effect of UGT2B17 copy number variation (A), sex (B), and age (C) on
diclofenac pharmacokinetics. The estimated fraction of drug-eliminating gut metabolism (7g;
D) shows significant intestinal first-pass metabolism in the high UGT2B17 expressors.
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Table 1:

Diclofenac glucuronide formation kinetic parameters in HLM and HIM with known UGT2B17 protein
abundance

UGT2B17 abundance (pmol/mg protein) Km (UM) Vmax (response/min/mg protein)
8.5 86.85 (51.75-145.4) 193.2 (166.6-225.6)
HLM 0 22.35 (13.7-35.63) 47.18 (41.89-52.86)
21.6 96.10 (72.09-127.4) 51.04 (46.74-55.75)
HIM 0 48.79(31.51-75.38) 2.33 (2.05-2.64)
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Table 2:

Page 22

Predicted versus observed?4-28 mean AUC, Cpax and clearancevalues of diclofenac in adults after iv and oral

doses
Drug Age (yr) Sex Dosing regimen Ratio
AUC (mg/L*h) CL (L/h)
20-22 Female Single iv dose, 50 mg 0.88 1.16
30-minute iv infusion, 75 mg 1.08 0.97
Diclofenac =18 Mixed
Single iv dose, 75 mg 1.05 0.99
AUC (mg/L*h) Cmax (mg/L)
20-31 Male 1.40 1.23
20-44 Mixed Single oral dose, 50 mg 1.19 0.83
18.45 Mixed 1.23 0.81
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