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Drug-endobiotic interactions (DEIs) arise when xenobiotics affect the biosynthesis, metabolism, and transportation
of endobiotics, which alter endobiotics homeostasis. Their clinical significance depends on the role of specific
endobiotics in health and disease conditions. Bilirubin and bile acids are crucial endobiotics primarily metabolized
by UGT1A1 and UGT1A3 enzymes. Inhibition of these enzymes by xenobiotic drugs may result in DEIs, and the
current study aims to investigate this research question. Zafirlukast was identified as a pan-inhibitor for UGT1Al
and UGT1A3 isoforms, while its inhibitory potential was verified using ezetimibe, a common substrate for UGT1A1/
UGT1A3. Further, serum bilirubin and plasma bile acids were compared after 7 days of exposure to Zafirlukast
with vehicle control. Serum bilirubin concentrations were not altered, while the concentrations of chenodeoxycholic
acid and cholic acid reduced significantly, and deoxycholic acid, glycodeoxycholic acid, taurodeoxycholic acid,
and tauro-o/B-muricholic acid levels remained unaffected. These changes in bile acid levels may be attributed to
the biosynthetic feedback or metabolic feedforward mechanisms. These results reveal that inhibition of UGT1A1/
UGT1A3 enzymes by xenobiotics may potentially alter the homeostasis of bile acids and may result in clinically

significant DEIs.

INTRODUCTION

Drug transporters and drug metabolizing enzymes play
a key role in the biotransformation and excretion of xenobiotics.
They are also vital in maintaining the homeostasis of endobiotics
in the body by regulating the transportation and metabolism
of the endobiotics [1-3]. Uridine 5-diphospho-glucuronosyl
transferases (UGTs) are a class of phase-2 metabolising
enzymes that catalyse the transfer of glucuronic acid from
uridine 5'-diphospho-glucuronic acid to their substrates. UGTs
are responsible for eliminating the majority of endobiotics and
xenobiotics by the glucuronidation pathway. The endobiotics
glucuronidated by different UGTs include catecholamines such
as serotonin and dopamine; steroidal hormones like estradiol,
progesterone, testosterone, androsterone, aldosterone, estrone,
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estriol; corticosteroids like cortisol; and retinoids and bile acids
[4-7]. Modulation of UGTs (via inhibition or induction) by any
drug can significantly affect the homeostasis of endobiotics which
are eliminated by glucuronidation. This can potentially lead to
drug-endobiotic interactions (DEIs). Some of these interactions
can be detrimental to the safety of the patient receiving the drug.
A classic example of this type of DEI is between atazanavir and
bilirubin. In this case, atazanavir inhibits UGT1A1 (an enzyme
that metabolises bilirubin by glucuronidation), resulting in
increased bilirubin levels in the blood and eventually leading
to hyperbilirubinemia in patients receiving atazanavir [8].
Another example is the interaction between phenytoin and
thyroxine hormone. Thyroxine is essential for the development
of the brain. It is metabolized by a glucuronidation reaction by
UGT1ALl isoform and UGT1A3, 1A8, and 1A10. Phenytoin is an
anticonvulsant drug used in the treatment of seizures. Phenytoin
is reported to cause the induction of UGT1A1 enzymes. It was
reported that administration of phenytoin in children suffering
from seizures/epilepsy showed an increased risk of developing
neurotoxicity due to the decreased levels of thyroxine. This
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is due to the rapid metabolism of thyroxine by the UGT1ALl
enzymes, induced by phenytoin, causing a significant decrease
in thyroxine levels and, thereby, neurotoxicity [9,10]. Therefore,
induction or inhibition of UGTs can accordingly result in a
decrease or increase in the plasma levels of endobiotics which are
metabolised by UGTs. However, the clinical impact of change in
the plasma concentration of an endobiotic due to the modulation
of UGTs is dependent on the physiological role played by that
endobiotic. Hence, a case-by-case analysis should be done to
understand and evaluate such drug-endobiotic interactions.
Preclinical assessment in laboratory animals can provide critical
information on such interactions as studies in human volunteers,
especially patients are necessary before making any decision.

The inhibitory effect of hepatic and intestinal
UGT enzymes is not yet studied, although they mediate
glucuronidation of endogenous bile acids and bilirubin [11-13].
Bile acids auto-regulate their own transport and metabolism
and also maintain metabolic homeostasis via nuclear receptors.
Disruption of this homeostasis can contribute to a wide range
of gastrointestinal and liver diseases such as cholestasis,
MASH (Metabolic Dysfunction-Associated Steatohepatitis)
hepatocellular carcinoma, and irritable bowel syndrome [ 14,15].
Interestingly, the current use of bile acids like chenodeoxycholic
acid and ursodeoxycholic acid as active drugs in the treatment of
liver diseases further imparts the significance of their functional
role in the pathophysiological and disease conditions [16]. In
the current study, we aimed to investigate the effect of UGT
inhibition on bilirubin and bile acid homeostasis in the rat model.
We evaluated Zafirlukast as a common UGT1A1/UGT1A3
inhibitor in vitro and confirmed its inhibitory potential in rats
by studying the change in disposition of ezetimibe, (a UGT1A1
and UGT1A3 substrate) The effect of inhibition of UGT1AL1
and UGT1A3 on the systemic concentrations of bilirubin and
bile acids in rats was investigated to understand DEIs.

MATERIALS AND METHODS

Chemicals and reagents

Zafirlukast, ezetimibe, and telmisartan reference
compounds were procured from TCI Chemicals, India.
Ezetimibe-glucuronide was obtained from Clearsynth,
India. Tris-hydrochloride, magnesium chloride (MgCl,),
polysorbate 80, dimethyl sulfoxide (DMSO), and dipotassium
cthylenediamine tetraacetate (K,EDTA) were purchased from
SRL Chemicals, Hyderabad, India. Alamethicin and UDPGA
were purchased from Sigma Aldrich Chemicals Pvt. Ltd,
India. Formic acid, purified water (mass spectroscopy grade),
and solvents (acetonitrile and methanol) were obtained from
Biosolve India Limited, India. Bilirubin (Total & Direct) kit
was purchased from Erba®Mannheim, Mumbai, India. Human
liver microsomes were purchased from GIBCO, Thermo
Scientific (MA, USA). Rat-pooled plasma and male SD rats
were obtained from Hylasco Biotechnology Private Limited,
Hyderabad, India.

Preparation of reagents

50 mM Tris-HCI (pH adjusted to 7.4) was prepared in
LC-MS grade water. Aqueous solutions of MgCl, and UDPGA

cofactor were prepared at 100 mM concentrations separately,
using the above buffer as the diluent. Alamethicin solution at a
strength of 5 mg/ml was prepared using ethanol as the diluent.
For the in vitro studies, different concentrations of Zafirlukast
and ezetimibe were prepared using DMSO as solvent.

In vitro studies

Ezetimibe enzyme kinetics parameters (S, /K/K  and
V ..) were evaluated in human liver microsomes, adopting
previously reported methods with slight modifications [17].
The assay conditions, including protein concentration and time
of incubation, were optimized. The final incubation mixture
(100 pl) consisted of HLM (0.25 mg/ml), 5 mM UDPGA, 50
mM Tris-HCI buffer (pH 7.4), alamethicin (10 pg/ml), MgCl,
(5 mM), and different concentrations of ezetimibe (0.073—
53.33 uM). Briefly, the incubation mixture sufficient for
triplicate reactions was prepared with Tris buffer, magnesium
chloride, HLM, and alamethicin and then incubated on ice for
15 minutes. Then 94 pl of this mixture was added to each
well of a 96-well plate, and | pl of different concentrations
of ezetimibe (0.073-53.33 uM) was added, gently vortexed,
and incubated in a water bath temperature maintained at 37°C
for 5 minutes. Finally, 5 ul of UDPGA (pre-warmed at 37°C)
was added to each well and incubated for 10 minutes at 37°C.
To the reaction mixture, 0.3 ml of ice-cold quenching solvent
(acetonitrile consisting of internal standard (telmisartan), 100
ng/ml) was added to terminate the reaction, and the plate was
kept on a mixmate for 10 minutes at 900 rpm and subjected
to centrifugation at 4,000 rpm for 20 minutes. The clear
supernatant was separated and analyzed by mass spectrometry
(UHPLC-MS/MS) to determine the concentration of ezetimibe
glucuronide in the samples. The data from the enzyme kinetics
data was analyzed using GraphPad Prism. Kinetic behavior
was determined by fitting the data into Michaelis-Menten,
substrate inhibition, and allosteric sigmoidal equations to
determine the most appropriate model based on the goodness
of fit and the various statistical parameters. The reaction rate
constant (K /S, /K) and maximum reaction velocity (V )
were determined from the identified kinetic model. The study
was conducted in triplicates, and the values are reported as
mean + SD. The following equations were used to analyze the
enzyme kinetics data.

Vil

max

V= ————— Equation. 1 (Michaelis-Menten kinetics)

K + [S]
) Y, ulS]
(K, +[SD (1 +[SD)/K)

Inhibition kinetics)

Vmav[S]n
) = ——————— Equation. 3 (Allosteric Sigmoidal kinetics)

((S5,)" + [S1"

[V = velocity, [S] = substrate concentration, V
= maximum reaction velocity, S;) or K = concentration of
substrate at half of . ¥k = inhibition constant, and » =Hill
coefficient].

Equation. 2 (Substrate
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The inhibitory potential of Zafirlukast on the
glucuronidation of ezetimibe mediated by UGT enzymes
was tested in HLM to determine its half-maximal inhibitory
concentration (IC, ). Enzyme inhibition studies were performed
in the final incubation mixture (100 pl) containing 50 mM Tris
buffer, 5 mM magnesium chloride, 10 pg/ml alamethicin,
1 uM substrate, different concentrations (0.247-540 uM)
of inhibitor, HLM at 0.25 mg/ml concentration, and 5 mM
UDPGA. All reactions were carried out in a 96-deep well plate.
A sufficient amount of master mix consisting of Tris buffer,
MgCl,, alamethicin, and HLM was kept on ice for 15 minutes.
The substrate was then added to the master mix to yield a
concentration accounting for 1 pM and mixed gently. 94.5 ul
of this mixture was transferred to each well of the incubation
plate, and 0.5 pl of different strengths of the test items was
transferred to the respective labeled wells. The reaction mixture
was pre-incubated in a shaking water bath for 5 minutes at
a set temperature of 37°C. Then, the pre-warmed UDPGA
solution of 5 ul was added to each well of the incubation plate
and continued the incubation for another 10 minutes. After
incubation, the reaction was stopped by adding 300 pl ofice-cold
quenching solvent (acetonitrile consisting of internal standard
(telmisartan), 100 ng/ml), and the plate was kept on a mixmate
at 900 rpm for 10 minutes and subjected to centrifugation at
4,000 rpm for 20 minutes. The clear supernatant was collected
and analyzed by UHPLC-MS/MS. DMSO was used as a vehicle
control. One well in each replicate without a cofactor was used
to represent the total substrate concentration at the end of
incubation, which was used in the calculation of the percentage
substrate remaining at each inhibitor concentration. Data was
analyzed using GraphPad Prism by non-linear regression using
the Hill equation. IC, values were reported as mean + standard
deviation of replicates.

In vivo drug-drug interaction (DDI) study

The DDI studies were conducted in male SD rats
to assess the potential of Zafirlukast in inhibiting the UGT-
mediated metabolic clearance of ezetimibe. Prior approval was
obtained from the institutional animal ethical committee (IAEC)
of BITS Pilani Hyderabad Campus (Approval number: BITS/
TAEC/2022/38) for the in vivo study protocol. The study was
performed as per the guidelines prescribed by the Committee
for Control and Supervision of Experiments on Animals
(CCSEA), India. Male SD rats (7-8 weeks of age) weighing
between 200-250 g were obtained and kept in quarantine
for 7 days under standard laboratory air and light conditions.
The rats were housed in polypropylene cages (3/cage), with
facilities for food and water ad /ibitum. Controlled temperature
(22°C £ 1°C) and % RH (50% = 10%) were maintained, and
approximately 12 hours of dark and 12 hours of light cycles
were followed. Animals were kept on an overnight fasting
before the oral dosing of drugs used in the study. Rats were
divided into three groups viz., Group-I (Ezetimibe), Group-II
(Zafirlukast), and Group-III (Ezetimibe + Zafirlukast) (n = 3).
The Group-I animals were administered ezetimibe (substrate)
only, Group-II animals received Zafirlukast (inhibitor) only,
while Group-IIT animals were co-administered ezetimibe with
zafirlukast (substrate + inhibitor). Formulations of drugs for

oral dosing were freshly prepared in DMSO (2%), polysorbate
80 (2%), and purified water (96%) before dosing. Both the
substrate and inhibitor were given at 10 mg/kg and 5 ml/kg of
dose and dose volume, respectively, by oral gavage. Group-I
and Group-II animals were given blank vehicle formulations
to match the dose volumes to that of the combination group
(blank vehicle doses were administered after administering the
drug doses to each group). Blood was sampled by retro-orbital
under slight isoflurane anesthesia at 0.25, 0.5, 1, 2, 4, 6, 8, and
24 hours post-dosing from each animal into an anticoagulant
(200 mM K_EDTA at 2% concentration in blood) containing
centrifuge tubes and kept on an ice bath until processing.
Plasma was harvested by centrifuging at 10,000 rpm for 10
minutes, temperature set at 4°C, and stored in a freezer (—80°C)
till further use.

In vivo drug-endobiotic interaction study

The effect of UGTIAI/UGTIA3 inhibition by
Zafirlukast on the plasma levels of bile acids was assessed in
male SD rats. Prior approval for the in vivo study protocol was
obtained from the IAEC of BITS Pilani Hyderabad Campus
(Approval number: BITS-IAEC-2023-17) and in accordance
with CCSEA, India. Male SD rats were maintained, as
mentioned in the above section. Animals were grouped into
vehicle control and treatment groups, each group containing six
animals (n = 6). Aqueous solution of Zafirlukast was prepared
using DMSO (2%), polysorbate 80 (2%), and purified water
(96%). The drug (Zafirlukast) was administered at 10 mg/kg
and 5 ml/kg of dose and dose volume, respectively, using oral
gavage, while only the blank formulation (without the drug)
was administered at 5 ml/kg to the vehicle control group.
Respective formulations (blank or Zafirlukast formulation)
were administered for 7 days once daily. Following the last
dose on day 7, blood samples were collected by retro-orbital
under slight isoflurane anesthesia at 0.25, 0.5, 1, 2, 4, 8, and
24 hours from each animal into centrifuge tubes containing an
anticoagulant (200 mM K,EDTA at 2% v/v concentration in
blood). The centrifuge tubes containing the blood samples were
stored at 4°C. The blood samples were centrifuged at 10,000
rpm for 10 minutes at 4°C to separate the plasma. The collected
plasma was stored in a freezer (set at a temperature of —80°C)
until analysis.

Instrumentation and bioanalysis

UHPLC-MS/MS (SCIEX QTRAP® 4500 mass
spectrophotometer, SCIEX, MA, USA) (Nexera 40D-XS
Liquid chromatography, Shimadzu Corporation, Kyoto, Japan)
was employed to quantify ezetimibe, ezetimibe-glucuronide,
zafirlukast, and bile acids in the samples obtained from in vitro
and in vivo studies. Analyst 1.7 version software was used to
acquire and integrate the chromatograms obtained during the
sample analysis. Protein precipitation was the sample preparation
method for in vitro and in vivo samples. Negative electrospray
ionization was applied during the analysis. Calibration curves
were constructed in the range of 0.25-2000 ng/ml (0.25,
0.5, 1, 2, 10, 50, 200, 550, 800, 1,600, and 2,000 ng/ml) for
ezetimibe, 2-8,000 ng/ml (2, 10, 50, 200, 500, 800, 900, 1,000,
2,000, 4,000, and 8,000 ng/ml) for ezetimibe-glucuronide and
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1-1,000 ng/ml (1, 2, 10, 50, 200, 500, 800, 900, and 1,000
ng/ml) for Zafirlukast and, the method linearity was assessed
by performing the least-square linear regression analysis of
observed concentrations versus the nominal concentrations
of the analyte for the calibration curve samples with 1/x?
weighting factor. The chromatographic separation of ezetimibe
and ezetimibe glucuronide was achieved on the Kinetex polar
C18 column (4.6 x 50 mm, 2.6 um) (Phenomenex, Hyderabad,
India). The chromatography of Zafirlukast was developed using
a Cortecs C8 column (2.1 x 50 mm, 2.7um) (Waters India
Private Limited, Bangalore, India). The combination of 10 mM
ammonium formate in water (mobile phase A) and acetonitrile
with 0.1% formic acid (mobile phase B) was pumped at a
flow rate of 0.6 ml/minute using the gradient program: 0.00
minutes—10% B, 0.80 minutes—90% B, 1.60 minutes—
90%B, 1.61 minutes—10% B, 3.00 minutes—10% B. and 2
ul of final sample was injected into the instrument (extracted
plasma samples of Zafirlukast were diluted to 50-folds and
submitted for analysis). The column oven and the autosampler
were maintained at 40°C and 15°C, respectively. UHPLC-MS/
MS details of ezetimibe, ezetimibe-glucuronide, Zafirlukast,
and IS were given in Table S1 (supplementary data), and their
respective analytes, IS, and blank chromatograms were shown
in Figure Sla—e (supplementary data).

The previously developed and validated bioanalytical
method was used for quantifying cholic acid chenodeoxycholic
acid (CDCA), deoxycholic acid (DCA), glycodeoxycholic
acid (GDCA), taurodeoxycholic acid (TDCA), tauro-alpha-
muricholic acid (Ta-MCA), and tauro-beta-muricholic acid
(TB-MCA) in the plasma samples [18]. Protein precipitation
was used to extract plasma bile acids. The reported method
was developed in a calibration range of 1-1,000 ng/ml for
each of the bile acids. The complete details of the sample
preparation, method development, chromatographic and mass
spectrometric conditions, and method validation with the
results are discussed in our reported paper [18]. The serum
bilirubin levels were measured by collecting the blood samples
from all the animals at 0.5 hours after dosing on day- 7 from
all animals. The serum bilirubin content was measured in the
samples using the biochemical analysis. Bilirubin glucuronide
directly reacts with sulphodiazonium salt and forms coloured
azobilirubin, which can be measured by a colorimetric method
using a spectrophotometer. Serum total and direct bilirubin
were measured by using an Erba®Mannheim kit (BLT00011),
and the assay was performed as per the instructions provided by
the manufacturer.

Pharmacokinetic analysis

Phoenix WinNonlin® software (Version 8.3) was
used to calculate the pharmacokinetic parameters using non-
compartmental model analysis.

Statistical analysis

The effect of Zafirlukast on the systemic levels of the
seven bile acids (CA, CDCA, DCA, GDCA, TDCA, Ta-MCA,
and TP-MCA) was assessed by comparing the mean AUC
of plasma concentration time course profile of each bile acid

in control and treatment animals. The AUC_, values of each

bile acid obtained in the pharmacokinetic study were expressed
as mean + standard deviation observed in six rats. An unpaired
t-test, at a 5% level of significance, was used to analyze the
statistical difference in the ‘AUC_,, > of plasma concentration
time course profile of each bile acid in both groups. GraphPad
Prism software (version 6, GraphPad Software Inc., CA, USA)
was used to perform the statistical analysis of the data obtained

in the study.
RESULTS

In vitro studies

Enzyme kinetics parameters (K /S, /K and V| ) were
determined, and the profiles were evaluated based on goodness
of fit and Eadie-Hofstee plots. Ezetimibe-f-D-glucuronide
formation rate was used to assess ezetimibe metabolism by HLM.
The glucuronidation conjugation of ezetimibe in HLM was found
to follow SI kinetics. The Michaelis-Menten constant (K ), and
maximum reaction velocity (V_ ) values were determined as
13.23 + 2.37 uM and 14,275 £ 1,633 ng/minute/mg protein,
respectively. Since ezetimibe followed SI kinetics (from the
Eadie-Hofstee plot), the inhibition constant (K) was calculated,
and the value of ‘K.’ was found to be 67.49 + 17.56 uM.

The inhibitory potential of Zafirlukast on ezetimibe
glucuronidation was determined in HLM. At ezetimibe
concentrations corresponding to less than 5-fold below its

m value, Zafirlukast showed inhibition of glucuronidation
of ezetimibe with the IC,, value of 16.41 + 3.65 uM. Both
the enzyme kinetics and inhibition profiles are illustrated in
Figure 1.

In vivo drug-drug interaction study

Mean plasma concentration-time profiles for a single
oral dose of ezetimibe or Zafirlukast alone and co-administration
of ezetimibe and Zafirlukast are illustrated in Figures 2 and 3.
The pharmacokinetic parameters, suchas T, C_ , AUC .,
and AUC__ for both groups were reported in Table 1. Ezetimibe
rapidly reached the maximum concentration within 0.25 hours
inboth cases. Theratio of C  /AUCdetermined from the plasma
time course profiles of ezetimibe when administered alone and
in combination with Zafirlukast was 0.29 and 0.43, respectively.
However, there was no difference in the pharmacokinetic
profile of Zafirlukast when co-administered with ezetimibe. The
pharmacokinetic parameters, such as T, C , AUC . and
AUC,  for both groups were reported in Table 1. Zafirlukast
reached the maximum concentration within 0.5 hours in both
cases. The C__ and AUC ,  values of Zafirlukast were similar
in both cases. The mean plasma time course profiles obtained
following a single oral dose of Zafirlukast alone and co-
administration of ezetimibe and Zafirlukast are illustrated in

Figure 3.

In vivo drug-endobiotic interaction study

A statistically significant reduction was observed in the
plasma exposure (expressed in terms of AUCO_2 ) of CA and CDCA
by 71.46% (p = 0.014) and 92.05% (p < 0.0001), respectively, in the
treatment group compared to vehicle control animals. Statistically, no
difference (p > 0.05) was observed in the plasma exposure of DCA,
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Figure 1. UGT-mediated enzyme kinetics profile of ezetimibe (A) and respective Eadie-Hofstee plot (B);
and UGT inhibition potential of Zafirlukast on ezetimibe glucuronidation (C) in HLM. Each data point
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Table 1. Pharmacokinetic parameters of ezetimibe obtained following oral administration of ezetimibe and co-administration
of ezetimibe and Zafirlukast, and Pharmacokinetic parameters of Zafirlukast following oral administration of Zafirlukast and
co-administration of Zafirlukast and ezetimibe in male SD rats.

Pharmacokinetic parameter Ezetimibe Ezetimibe + Zafirlukast
T, (hour)’ 0.25 0.25
C,.., (ng/mly 3.28+0.97 11.43 £2.67
AUC, ... (ngxhour/ml)’ 11.33+2.43 26.49+4.13
AUC, , (ngxhour/ml)’ 14.12+0.92 29.34+ 7.02
Pharmacokinetic parameter Zafirlukast Zafirlukast + Ezetimibe
T, (hour)! 0.5 0.5
C,., (ng/mly 7,903.99 +101.23 8,353.53 +122.67
AUC, .. (ngxhour/ml)’ 63,796.54 + 1,547.32 58,764.50 + 3,024.74
AUC,  (ngxhour/mly’ 63,800.36 + 1,250.25 59,746.77+ 4,106.15

“T,.. is represented as the median of three independent (n = 3) observations. “Data is represented as mean + SD of three independent (n = 3)
observations.

CA CDCA DCA GDCA
80000 60000 3000 1500 ns
e —
3 60000 ) G ns L) |
£ £ 40000 E 2000 i £ 1000
£ £ H E
5 40000. S S S
£ £ £ £
Q * L 20000 © 1000 Q50
2 2000 ‘__—:l E; Kxk 2 2
. [~
> > ¥ N
& & S & & & & &
o°& <« <.°& & 3 & s < .%Q.
& <& & S
TDCA T-alpha MCA T-beta MCA Bilirubin
1500 4000 1500 025 ns
ns l
-~ o o ns = 020
£ 1000 E I E 1000 . s I
£ £ £ o0
2 g 00 2 s E
£ —_— £ £
g s S S -1 0.0
2 2 1000 2 -
T 0- 0 T
> & S & & & & &
& & & & & & & &
§ R 5 R S R & R
& & < & & & < &

Figure 4. Area under the plasma concentration vs time curve of seven bile acids and serum bilirubin concentrations
in vehicle control and treatment animals after 7 days exposure to Zafirlukast in male SD rats (n = 6). ns—Statistically
no significant difference between control and treatment values (p > 0.05)

* — Statistically significant difference between control and treatment values (0.01<p < 0.05)
*** _ Statistically significant difference between control and treatment values (p < 0.0001).

Table 2. Serum concentrations of bilirubin and area under the curve of seven plasma bile acids in
control and treatment male SD rats (n = 6).

Analyte PK Parameter Vehicle Zafirlukast
Bilirubin C, , (mg/dl) 0.16 £0.06 0.19£0.10™
CA 50,158 + 13,160 14,316 + 6,969*
CDCA 51,088 + 4,468 4,062 + 1,715%**
DCA 2,593 + 340 1,540 £ 804
GDCA AUC,,,, (ngxhour/ml) 1,025 + 629 975 + 659
TDCA 567 £ 129 1,020 + 303
To-MCA 1,886 + 707 2,662 £ 663"
TBR-MCA 766 + 356 541 + 162

C, 5, — Concentration of bilirubin in samples collected at 0.5 hours on day 7 in control and treatment groups. AUC
,an —Area under the plasma time course profile of a bile acid (Control and treatment animals). The data presented is
mean =+ standard deviation (n = 6). ns — Statistically no significant difference between control and treatment values
(p > 0.05); * — Statistically significant difference between before and after treatment values (0.01<p < 0.05)

*** Statistically more significant difference (p < 0.0001).
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GDCA, Ta-MCA, and Tp-MCA. Interestingly, the plasma levels of
TDCA increased by 79.99%, but without statistical significance.
While the systemic levels of bilirubin were unaffected in the treatment
group compared to control animals. Effects of Zafirlukast on systemic
exposure to the mentioned bile acids and bilirubin are shown in
Figure 4 and Table 2.

DISCUSSION

The UGT-mediated DEIs are attracting more interest in
the pharmaceutical industry due to their beneficial or detrimental
roles in health and disease conditions [19]. Investigating such DEIs
helps unravel key mechanisms in pathophysiology or deepen the
understanding of endobiotic response upon xenobiotic exposure [20].
Bile acids not only regulate their own metabolism but also determine
the fate of other endogenous molecules, which can lead to significant
clinical outcomes [20]. As a result, either UGT inhibition or induction
plays crucial roles in the homeostasis of different endobiotics and
their subsequent implications in disease modification. It is, therefore,
essential to study the effects of xenobiotic drugs on these UGT
mechanisms to ensure the safety and non-specific pharmacological
profiles of drugs.

In particular, some of the drug transporters and
drug metabolizing enzymes are specifically involved in the
metabolism and transportation of endogenous bile acids [11].
Xenobiotic receptors, such as the Pregnane X receptor (PXR),
constitutive androstane receptor (CAR), and aryl hydrocarbon
receptor (AHR), are a few such receptors involved in such
processes. Modulation (either activation or inhibition) of the
xenobiotic receptors (PXR, CAR, AhR, and FXR) can affect
the gene expression of drug transporters and drug metabolizing
enzymes, whichcan, inturn, affectthe pharmacokinetic properties
of xenobiotics and/or endobiotics that are substrates for such
enzymes/transporters [21,22]. These xenobiotic receptors are
modulated by a variety of endogenous and exogenous ligands
and environmental chemicals [23]. Bile acids, by binding to
their nuclear receptors, regulate lipid, glucose, and energy
homeostasis and are involved in inflammation, cell proliferation,
and immunomodulatory effects. Moreover, gastrointestinal and
hepatic diseases are intertwined with altered bile acid profiles
[15,24]. Despite the clinical significance, the effect of inhibition
of UGT metabolism of bile acids has not yet been studied. In
the current research work, we studied the effect of a pan-UGT
inhibitor (Zafirlukast) on the plasma levels of seven bile acids
following oral dose administration of the drug for 7 consecutive
days in rats and compared with vehicle control animals. In
addition to the bile acids, bilirubin (endogenous UGTI1A1
substrate) was also measured. In accordance with the theoretical
principles, the concentration of a substrate should increase when
its metabolic enzyme(s) are inhibited. This correlation was not
observed; instead, completely opposite results were observed
for CA and CDCA, which is an interesting finding in this work.
The reason for this could be the feedforward mechanism for
UGT enzymes that are involved in the glucuronidation of these
selected bile acids (i.e., CA and CDCA). This assumption is
further supported by the reported literature that activation of
FXR by both endogenous and exogenous agonists resulted in
the induction of the UGT1A3 enzyme [25]. UGT1A3 catalyzes
the glucuronidation of bile acids such as CA and CDCA at the

carbon-24 position of carboxylic acid to form their respective
acyl-glucuronides.

In general, inhibition of UGT1A3 in the intestine and
liver results in an increase in the plasma concentration of CA
and CDCA. These unconjugated bile acids are also reported to
act as endogenous FXR agonists. Activation of FXR by these
endogenous bile acids leads to the feedback mechanism for bile
acid synthesis. Briefly, in the feedback mechanism, binding of
these unconjugated bile acids to FXR leads to the release of
fibroblast growth factor 15/19 (FGF15/19) in the intestine, and
enters the liver via portal circulation and inhibits the CYP7A1
enzyme (a rate-limiting enzyme in bile acid synthesis). In
addition, activation of FXR in the liver results in the release of
a short heterodimer partner, which also inhibits CYP7A1. This
feedback mechanism inhibits the bile acid biosynthesis from
cholesterol in the liver. Therefore, such a feedback mechanism
is possibly attributed to the reduced bile acid levels after
UGT1A3 inhibition by Zafirlukast [12,26].

Furthermore, literature reports suggest that activation
of FXR also leads to the induction of UGT1A enzymes. This
can result in increased levels of UGT1A3 (which is part of
the UGT1A isozymes), which is involved in the metabolic
clearance of CA and CDCA by glucuronidation conjugation,
thereby decreasing their plasma levels. This could be a second
possible reason for the overall decrease in the plasma levels of
these two unconjugated bile acids. This mechanism is called
the feedforward mechanism [27,28]. Therefore, both the bile
acid-FXR-mediated feedback mechanism (inhibition of bile
acid synthesis) and feedforward mechanism (induction of UGT
enzymes) may be responsible for the overall reduction in the
plasma levels of CA and CDCA. Overall, the changes in the
bile acid profiles after 7 days of exposure to Zafirlukast seem
to be mediated by the involvement of FXR-mediated UGT
expression and activity. Hence, FXR plays a major role in
the regulation of bile acid homeostasis by either feedback or
feedforward mechanisms.

Bilirubin is a well-noted specific substrate for the
UGT1A1 isoform, and its inhibition should lead to increased
levels of bilirubin that should result in hyperbilirubinemia in rats.
Inhibition of UGT1A1 by Zafirlukast could not alter the bilirubin
levels. Mahmoud et al. [29] reported similar results when they
studied the effect of multi-dose administration of Zafirlukast (at a
dose of 80 mg/kg every 24 hours for 10 days) on bilirubin levels
in the hepatic ischemia perfusion rat model. They did not find any
significant effect on the plasma bilirubin levels [29]. Moreover,
bilirubin was reported to regulate its own metabolism by
induction of UGT1A1 expression [30]. FXR agonists like UDCA,
obeticholic acid, and GW4064 induce intestinal UGT1A1 by
direct or indirect regulation [31]. In addition to FXR, other
nuclear receptors or nuclear factors like PXR, CAR, AhR, Nrf2,
and PPARa also regulate UGTIAI transcription [32]. Direct
binding of Zafirlukast to these receptors or factors may also affect
the expression of UGTs. Zafirlukast was found to inhibit UGT
enzymes in a substrate-specific manner, i.e., the UGT inhibitory
potential is dependent on the substrate being used in the reaction.
This substrate-specific inhibition might also be a possible reason
for the unaltered bilirubin levels after zafirlukast exposure in rats
[33]. In addition, the time of zafirlukast exposure (7 days only)
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may not be sufficient to exert significant changes in the bilirubin
levels in rats. The inhibition or induction potential of xenobiotics
on UGT1A1 or UGTIA3 enzymes has to be evaluated at the
preclinical stage to avoid DEIs between drug molecules and
bilirubin or bile acids. In addition, zafirlukast is a cysteinyl
leukotriene receptor 1 antagonist, thiol isomerase inhibitor, and
modulator of human soluble epoxide hydrolase, farnesoid X
receptor, and peroxisome proliferator-activated receptor-gamma
receptors. This off-target action of zafirlukast may potentially
contribute to the observed results [34-36]. This is the first study
to examine the UGT inhibition effect on systemic levels of bile
acids in rats. Since UGTs are involved in the glucuronidation
of important endogenous molecules like thyroxine, oestrogen,
androgens, bilirubin, and bile acids, changes in their levels due to
altered metabolism by xenobiotics can cause clinically significant
outcomes in the patients under their treatment. Preference should
be given to such research, at least for important disease-modifying
endobiotic homeostasis at the drug discovery and development
phase. This could preferentially predict or prevent adverse
reactions mediated by drugs during clinical studies of drug
development. Thus, appropriate labeling or dose adjustments can
be made prior to marketing the drug products.

CONCLUSION

In conclusion, in vitro and in vivo results confirmed
that Zafirlukast was capable of inhibiting UGT1A1/UGT1A3
enzymes and can be used as a research tool in further applications
where UGT inhibition is required to explore key mechanisms in
xenobiotic metabolism or disease conditions. We examined the
effect of UGT1A1/UGT1A3 enzyme inhibition by Zafirlukast
(a pan-UGT inhibitor) on the systemic levels of bilirubin and
seven bile acids in a rat model. Once-daily dosing of Zafirlukast
for 7 days altered the plasma levels of some bile acids. The
concentrations of CA and CDCA were reduced significantly in
plasma. However, the plasma levels of DCA, GDCA, TDCA,
and To/B-MCA remained unaffected. Interestingly, the serum
bilirubin was not affected even though Zafirlukast is a potent
UGTI1AL inhibitor. These results indicate that either inhibition
or induction of UGTs by drug candidates may potentially alter
the levels of bile acids, which can result in clinically significant
outcomes. Therefore, it is important to evaluate such kinds of
DEIs to understand the effect of drugs on the metabolic fate and
homeostasis of endogenous molecules.
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