DMD Fast Forward. Published on March 16, 2023 as DOI: 10.1124/dmd.122.001113
This article has not been copyedited and formatted. The final version may differ from this version.

Characterization of Enzymes Involved in Nintedanib Metabolism in Humans

Shimon Nakashima'*, Rei Sato'*, Tatsuki Fukami'*, Takashi Kudo®, Shiori Hashiba', Gaku
Morinaga®, Masataka Nakano!?, Eva Ludwig-Schwellinger?, Akiko Matsui®, Naoki Ishiguro®,

Thomas Ebner*, and Miki Nakajima'*

'Drug Metabolism and Toxicology, Faculty of Pharmaceutical Sciences, and

2WPI Nano Life Science Institute (WPI-NanoLSI), Kanazawa University, Kanazawa, Japan
3Department of Pharmacokinetics and Nonclinical Safety, Nippon Boehringer Ingelheim Co.,
Ltd., Hyogo, Japan

*Department of Drug Metabolism and Pharmacokinetics, Boehringer Ingelheim Pharma

GmbH & Co KG, Biberach, Germany

*These authors equally contributed to this work.

20z ‘6 [Udy Uo SRUINOr | TdSY e Bi0'seuInofisdse"puwp Wolj papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 16, 2023 as DOI: 10.1124/dmd.122.001113
This article has not been copyedited and formatted. The final version may differ from this version.

Running title: Metabolic enzymes in nintedanib metabolism

To whom all correspondence should be sent:
Miki Nakajima, Ph.D.

Drug Metabolism and Toxicology

Faculty of Pharmaceutical Sciences
Kanazawa University

Kakuma-machi, Kanazawa 920-1192, Japan

E-mail: nmiki@p.kanazawa-u.ac.jp

Number of text pages: 29

Number of tables: 4

Number of figures: 7

Number of references: 51

Number of words in abstract: 250 words
Number of words in introduction: 603 words

Number of words in discussion: 1,277 words

Abbreviations

AADAC, Arylacetamide deacetylase; ABHD10, o/ Hydrolase domain containing 10; APEH,
Acylamino peptide hydrolase; BNPP, Bis (p-nitrophenyl) phosphate; CES, Carboxylesterase;
DFP, Diisopropyl fluorophosphate; DMSO, Dimethyl sulfoxide; EGCg, Epigallocatechin
gallate; GI, gastronintestinal tract; HLC, Human liver cytosol; HLM, Human liver
microsomes; HLH, Human liver homogenate; PMSF, Phenylmethylsulfonyl fluoride; PON,

Paraoxonase; SA, D-Saccharic acid 1,4-lactone monohydrate; S9, Supernatant 9,000g

20z ‘6 [Udy Uo SRUINOr | TdSY e Bi0'seuInofisdse"puwp Wolj papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 16, 2023 as DOI: 10.1124/dmd.122.001113
This article has not been copyedited and formatted. The final version may differ from this version.

Abstract

Nintedanib, which is used to treat idiopathic pulmonary fibrosis and non-small cell lung
cancer, is metabolized to a pharmacologically inactive carboxylate derivative, BIBF1202, via
hydrolysis and subsequently by glucuronidation to BIBF1202 acyl-glucuronide (BIBF1202-
Q). Since BIBF1202-G contains an ester bond, it can be hydrolytically cleaved to BIBF1202.
In this study, we sought to characterize these metabolic reactions in the human liver and
intestine. Nintedanib hydrolysis was detected in human liver microsomes (HLM) (CLint: 102.8
+ 18.9 uL/min/mg protein) but not in small intestinal preparations. CES1 was suggested to be
responsible for nintedanib hydrolysis according to experiments using recombinant hydrolases
and hydrolase inhibitors as well as proteomic correlation analysis using 25 individual HLM.
BIBF1202 glucuronidation in HLM (3.6 + 0.3 pL/min/mg protein) was higher than that in
human intestinal microsomes (1.5 = 0.06 pL/min/mg protein). UGT1A1 and gastrointestinal
UGT1A7, UGT1AS8, and UGT1A10 were able to mediate BIBF1202 glucuronidation. The
impact of UGT1A1 on glucuronidation was supported by the finding that liver microsomes
from subjects homozygous for the UGT1A1* 28 allele showed significantly lower activity than
those from subjects carrying the wild-type UGT1AL allele. Interestingly, BIBF1202-G was
converted to BIBF1202 in HLS9 at 70-fold higher rates than the rates of BIBF1202
glucuronidation. An inhibition study and proteomic correlation analysis suggested that [3-
glucuronidase is responsible for hepatic BIBF1202-G deglucuronidation. In conclusion, the
major metabolic reactions of nintedanib in the human liver and intestine were quantitatively
and thoroughly elucidated. This information could be helpful to understand the inter- and

intraindividual variability in the efficacy of nintedanib.

Keywords: Nintedanib, hydrolysis, CES1, UGT1A1, deglucuronidation
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Significance Statement

To our knowledge, this is the first study to characterize the enzymes responsible for each step
of nintedanib metabolism in the human body. We found that B-glucuronidase may contribute

to BIBF1202-G deglucuronidation.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a prototype of chronic, progressive, and fibrotic
lethal lung disease of unknown cause; IPF is a debilitating lifetime-limiting condition with a
median survival ranging from 2.5 to 3.5 years (Richeldi et al., 2017; Raghu et al., 2015).
Nintedanib, which inhibits vascular endothelial growth factor receptor, platelet-derived
growth factor receptor, and fibroblast growth factor receptor, is used for the treatment of IPF.
In addition, nintedanib is also used in various countries for the treatment of non-small cell
lung cancer. Although its therapeutic efficacy has been proven, several adverse events,
including diarrhea and hepatic dysfunction, the mechanisms of which have not been
elucidated, have been reported in some cases (Azuma et al., 2016).

Metabolism is the major pathway of nintedanib clearance. The predominant nintedanib
metabolic pathways are hydrolysis to the pharmacologically inactive carboxylate derivative
BIBF1202 and subsequent glucuronidation to BIBF1202 acyl-glucuronide (BIBF1202-G)
(Stopfer et al., 2011). After oral administration of 200 mg nintedanib to cancer patients, the
dose-normalized AUCo-12 values of nintedanib, BIBF1202, and BIBF1202-G were 0.819,
1.08, and 1.64 (ng/mL-h)/mg, respectively (FDA Center for Drug Evaluation and Research,
2014). Nintedanib, BIBF1202, and BIBF1202-G are excreted in feces at concentrations of
19.9%, 58.4%, and 0.1% of the initial dose within 72 h after oral administration, respectively
(Wind et al., 2019). The data suggest that BIBF1202-G is likely deglucuronidated to
BIBF1202 in the gut. Overall, it was reported that nintedanib undergoes rapid and extensive
first-pass metabolism (Wind et al., 2019).

Several hydrolases are involved in drug metabolism, viz. carboxylesterase (CES) 1,
CES2, and arylacetamide deacetylase (AADAC), and have been well characterized (Fukami
et al., 2022). CES1 tends to target compounds with relatively large acyl groups, whereas
CES2 and AADAC tend to target compounds with relatively small acyl groups (Fukami et al.,
2015). Therefore, the hydrolysis of nintedanib is expected to be catalyzed by CES1 given the

large size of its acyl group, but the responsible enzyme remains to be identified. Paraoxonase
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(PON) isoforms (PON1, PON2, and PON3), which are expressed not only in the liver but also
in the plasma, are also able to hydrolyze some drugs, including pilocarpine and simvastatin
(Hioki et al., 2011, Draganov et al., 2005). Whether nintedanib is hydrolyzed by PON
isoforms in plasma has not been investigated.

For subsequent metabolism, i.e., glucuronidation, Wind et al. (2019) reported that
UGTI1A1, UGT1A7, UGT1AS, and UGT1A10 catalyze the formation of BIBF1202-G from
BIBF1202. UGT1A1 is expressed in the liver and small intestine, whereas UGT1A7,
UGT1AS, and UGT1A10 are expressed in the intestine but not in the liver. It is unknown
whether the liver or intestine shows higher metabolic clearance with respect to BIBF1202
glucuronidation. Although glucuronidation is generally recognized as a detoxification
process, the glucuronidation of compounds with a carboxylic acid to acyl-glucuronides is
considered to be associated with overt toxicity in some cases. This toxicity occurs because
some acyl-glucuronides are chemically unstable and reactive and can covalently bind to
cellular proteins (Bailey et al., 2003). Interestingly, acyl-glucuronides can be converted to
corresponding carboxylic compounds by not only gut flora but also enzymes expressed in
human tissues. For example, it is known that acyl-glucuronides of valproic acid and
mycophenolic acid are hydrolyzed to corresponding carboxylic compounds by acylpeptide
hydrolase (APEH) (Suzuki et al., 2010) and o/p hydrolase domain containing 10 (ABHD10)
(Iwamura et al., 2012) in the human liver, respectively. However, it remains to be elucidated
whether BIBF1202-G is hydrolyzed to BIBF1202 by enzyme(s) expressed in human tissues.

In this study, we aimed to characterize the hydrolysis, glucuronidation, and
deglucuronidation reactions of nintedanib in the human liver and intestine, to identify the

enzymes responsible for each metabolic step.
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Materials and Methods

Materials. Nintedanib, BIBF1202, and BIBF1202-glucuronide (BIBF1202-G) were supplied
by Boehringer Ingelheim Pharma GmbH and Co. KG (Ingelheim, Germany). Diisopropyl
fluorophosphate (DFP), phenylmethylsulfonyl fluoride (PMSF), 5,5’-dithiobis (2-nitrobenzoic
acid) (DTNB), and epigallocatechin 3-gallate (EGCg) were purchased from FUJIFILM Wako
Pure Chemical (Osaka, Japan). Bis(p-nitrophenyl) phosphate (BNPP), D-saccharic acid 1,4-
lactone (SA), uridine 5’-diphosphate-glucuronic acid (UDPGA), alamethicin, and fenofibrate
were purchased from Sigma—Aldrich (St. Louis, MO). Fenofibric acid was purchased from
Toronto Research Chemicals (Toronto, Canada). Pooled human liver microsomes (HLM) (n =
50), pooled human liver cytosol (HLC) (n = 150), pooled human 9,000 g supernatant (S9) (n
= 150), and human UGT1A1, UGT1A7, UGT1AS8, UGT1A10, UGT2B4, and UGT2B10
Supersomes (recombinant UGTs expressed in baculovirus-infected insect cells) were obtained
from Corning (Corning, NY). A mouse anti-human p-glucuronidase antibody (sc-374629)
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Recombinant human
AADAC, CES1, CES2, PON1, PON2, and PON3 were expressed in baculovirus-infected
insect cells, and mock transfections were conducted as previously described (Fukami et al.,
2010, Watanabe et al., 2010, Hioki et al., 2011). A pooled human plasma sample (n = 68) was
purchased from George King Biomedical (Overland Park, KS). All the other chemicals and

solvents were of the highest grade commercially available.

Preparation of microsomes from individual human liver samples and UGT1A1*28
genotyping. Human liver samples from 30 donors (20 Caucasian donors, 5 Hispanic donors,
1 Black donor, and 4 Asian donors) were supplied by the National Disease Research
Interchange (Philadelphia, PA) through the Human and Animal Bridging Research
Organization (Chiba, Japan). Samples used in each analysis are shown in Supplemental Table
1. The use of human livers was approved by the Ethics Committee of Kanazawa University

(Kanazawa, Japan). Microsomal fractions were prepared according to our previous report
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(Kobayashi et al., 2012). Human liver homogenates (HLH) were previously prepared
(Hashizume et al., 2021). Genomic DNA was extracted from human livers using a Puregene
DNA isolation kit (Gentra Systems, Minneapolis, MN) according to the manufacturer's
protocols. UGT1A1* 28 genotyping was performed by PCR-single strand conformation

polymorphism as described previously (Yamanaka et al., 2005).

Measurement of nintedanib hydrolase activity. Nintedanib hydrolase activity was
measured as follows: a typical reaction mixture (final volume of 200 pL) contained 100 mM
potassium phosphate buffer (pH 7.4) and enzyme sources (HLM, HLC, HIM, or recombinant
human CES1, CES2, and AADAC: 0.04 mg/mL; recombinant human PON1, PON2, or
PON3: 0.5 mg/mL; human plasma: 2.5 pL). Upon measuring nintedanib hydrolase activity by
PON, 1 mM CacClz, which is required for PON to exert their activities, was also added. The
incubation time and protein concentration were set to be within the linearity for metabolite
formation. The reactions were started by adding nintedanib at a final concentration of 20 pM
after a 2-min preincubation at 37 °C. Nintedanib was dissolved in 5% acetonitrile, and the
final concentration of acetonitrile in the reaction mixture was 0.1%. After a 10-min
incubation, the reaction was stopped by adding 100 pL of ice-cold acetonitrile. After the
removal of the proteins by centrifugation at 20,400 x g for 5 min, a 50-pL portion of the
supernatant was subjected to high-performance liquid chromatography (HPLC), which
consisted of an L-7200 autosampler (Hitachi, Tokyo, Japan), an L-7100 pump (Hitachi), an L-
7405 UV detector (Hitachi), and a D-2500 Chromato-Integrator (Hitachi). The column used
was a Mightysil RP-18 GP (5-um particle size, 4.6 mm i.d. X 150 mm; Kanto Chemical,
Tokyo, Japan). The eluent was monitored at 395 nm with a noise-base clean Uni-3 (Union,
Gunma, Japan), which can reduce the noise by the integration of the output and increase the
signal by 3-fold by the differentiation of the output and by 5-fold by further amplification
with an internal amplifier, resulting in a maximum 15-fold amplification of the signal. The
column temperature was set to 35 °C, and the flow rate was 1.0 mL/min. The mobile phases

were (A) 100 mM ammonium acetate (pH 8.8) and (B) methanol. The elution conditions were
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as follows: 40%—-50% B (0—10 min), 50%-95% B (10—15 min), 95% B (15-19 min), 95-40%
B (19-20 min), and 40% B (20-22 min). The quantification of BIBF1202 was performed by

comparing the HPLC peak area with that of an authentic standard.

Inhibition of nintedanib hydrolase activity. Nintedanib hydrolase activity in HLM was
measured in the presence of hydrolase inhibitors or some drugs that may be used in
combination with nintedanib. The inhibitors used were PMSF (a general inhibitor of serine
hydrolases except for AADAC) (Shimizu et al., 2014), BNPP and DFP (general inhibitors of
CESs) (Iwamura et al., 2012), telmisartan (a specific inhibitor of CES2) (Shimizu et al.,
2014), and EGCg (a specific inhibitor of AADAC) (Yasuda et al., 2021). Simvastatin,
clofibrate, and probucol (antihyperlipidemia drugs), estriol and raloxifene (antiosteoporosis
drugs), and enalapril, nifedipine, and carvedilol (antihypertension drugs), which are drugs that
may be used in combination with nintedanib, were also used. The final concentration of these
inhibitors was set to 100 uM, except for telmisartan and EGCg (50 uM). EGCg was dissolved
in distilled water, and the remaining reagents were dissolved in DMSQO. The control activities
were determined in the presence or absence of 1% DMSO. The activities were measured as

described above.

Measurement of fenofibrate hydrolase activity in HLM. Hydrolase activities against
fenofibrate, which is a selective CES1 substrate, in individual HLM samples were determined
as described in our previous study (Fukami et al., 2015) with slight modifications. The final

concentrations of HLM and fenofibrate were 0.05 mg/mL and 5 uM, respectively.

Measurement of BIBF1202 glucuronidation. BIBF1202 glucuronosyltransferase activity
was measured as follows: a typical reaction mixture (final volume of 200 puL) contained 30
pM BIBF1202, 100 mM HEPES (pH 6.5), enzyme sources (0.2 mg/mL HLM, HIM, HLH,
HLS9, or recombinant human UGT1A1, UGT1A7, UGT1AS8, UGT1A10, UGT2B4, and

UGT2B10), 10 mM MgClz, 5 mM UDPGA, and 50 pg/mL alamethicin. The incubation time
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and protein concentration were set to be within the linearity for metabolite formation. The
reactions were started by adding UDPGA after a 2-min preincubation at 37 °C. BIBF1202
was dissolved in 10 mM HCI, and the final concentration of HCI in the reaction mixture was
100 uM. After a 30-min incubation, the reaction was stopped by adding 100 uL of ice-cold
acetonitrile. After the removal of the proteins by centrifugation at 13,000 x g for 20 min, a 50-
pL portion of the supernatant was subjected to HPLC. The mobile phases were (A) 100 mM
ammonium acetate (pH 4.5) and (B) acetonitrile. The elution conditions were as follows: 5%
B (0-0.5 min), 5-20% B (0.5-0.6 min), 20-35% B (0.6—7 min), 35%-90% B (7-9 min), 90%
B (9-9.9 min), and 90-5% B (9.9-10 min). The other HPLC conditions were the same as
described above. The quantification of BIBF1202-G was performed by comparing the HPLC

peak area with that of an authentic standard.

Measurement of BIBF1202-G deglucuronidation. BIBF1202-G deglucuronidation was
measured as follows: a typical reaction mixture (final volume of 200 pL) contained 100 mM
HEPES (pH 6.5) and enzyme sources (0.2 mg/mL HLM, HIM, or HLS9). The incubation
time and protein concentration were set to be within the linearity for metabolite formation.
The reactions were started by adding BIBF1202-G after a 2-min preincubation at 37 °C.
BIBF1202-G was dissolved in DMSO. The final concentration of DMSO was 1%. After a 60-
min incubation, the reaction was stopped by adding 100 pL of ice-cold acetonitrile. After the
removal of the proteins by centrifugation at 13,000 x g for 20 min, a 50-uL portion of the
supernatant was subjected to HPLC. The conditions for the detection of BIBF1202 were the
same as described above. The quantification of BIBF1202 was performed by comparing the
HPLC peak area with that of an authentic standard. Because BIBF1202-G is partially
hydrolyzed in a nonenzymatic manner, the content of BIBF1202 in the mixture incubated
without the enzyme source was subtracted from that with the enzyme source. The fraction of

the nonenzymatically formed BIBF1202-G was approximately 15%

10
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Inhibition of BIBF1202-G deglucuronidation. BIBF1202-G deglucuronidation by HLS9
was measured in the presence of SA (a B-glucuronidase inhibitor) (Awolade et al., 2020),
DTNB (an ABHD10 and APEH inhibitor) (Iwamura et al., 2012, Suzuki et al., 2010), PMSF
and BNPP (ABHD10 inhibitors) (Iwamura et al., 2012), or DFP (an APEH inhibitor) (Suzuki
et al., 2010). The control activities were determined in the presence or absence of 1% DMSO.

BIBF1202-G deglucuronidation was determined by HPLC as described above.

SDS-PAGE and Western blotting analysis. SDS-polyacrylamide gel electrophoresis
(PAGE) and Western blotting analysis were performed to measure B-glucuronidase levels.
Individual HLM samples (50 ng) were separated by 10% SDS—PAGE and transferred to
polyvinylidene difluoride membranes (Millipore, Billerica, MA). The applied protein amount
was within the linear range. After blocking with Odyssey blocking buffer for 1 h, the
membranes were incubated with a 1:100 dilution of a mouse anti-human -glucuronidase
antibody for 12 h at room temperature and the corresponding fluorescent dye-conjugated
secondary antibody. An Odyssey Infrared Imaging system (LI-COR Biosciences) was used
for detection. This analysis was performed in the linear range of band intensity with respect to

the protein level.

Kinetic analyses. The substrate concentrations were set as follows: 5 to 100 M nintedanib
and 1 to 200 uM BIBF1202 or BIBF1202-G. The kinetic parameters were calculated based on
a curve fitted using a computer program designed for nonlinear regression analysis (GraphPad
Prism version 5.0; GraphPad Software, San Diego, CA). The following equations were used:
. . : Vimax % [S]
Michaelis—Menten equation: V =——"——

Km + [S]

Vmax

ClLint=

m
Vmax x Sn

Ss + 8"

Hill equation: V =

11
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CL Vmax (n—l)
max — —n X 17/~
So  n(n-1)l/n

where V is the velocity of the reaction, S is the substrate concentration, Km is the Michaelis—
Menten constant, Sso is the substrate concentration showing the half-Vimax, n is the Hill

coefficient and Vmax is the maximum velocity.

Estimation of tissue clearance rates based on in vitro data. In vivo clearance was estimated

using in vitro clearance data according to the following equation (Obach et al., 1997; Soars et

al., 2002):

Microsomal protein Tissue
CL =CLin X ) (mg/g) X —— (g/kg)
Tissue Body weight

where CLint is an in vitro clearance value, the microsomal proteins/tissue in the human liver
and intestine are 45 and 3 mg/g, respectively, and tissue/body weights in liver and intestine

are 20 and 30 g/kg, respectively (Soars et al., 2002).

Correlation analysis between activity and protein expression level in HLM. Relative
levels of proteins in microsomal fractions of 25 individual HLM samples were
comprehensively evaluated by LC-MS-based untargeted proteomics in our recent study
(Kudo et al., in revision). Quantity of each protein was determined from summed abundance
of multiple peptides shown in Supplemental Table 2. The enzymes showing a positive
correlation among nintedanib hydrolysis, BIBF1202 glucuronidation, or BIBF1202-G

deglucuronidation in 25 individual HLM samples were analyzed.

Statistical analyses. The correlation analyses were performed using the Spearman rank
method. The significance between two groups was determined by Student’s t-test. The
difference in the BIBF1202 glucuronidations in carriers and noncarrier of UGT1A1* 28 was
analyzed by Mann-Whitney U-test. A value of P < (0.05 was considered statistically

significant.

12
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Results

Nintedanib hydrolase activity in human tissue preparations and that of recombinant
human hydrolases. Nintedanib hydrolase activities of HLM, HLC, HIM, and plasma were
measured at a substrate concentration of 20 uM. As shown in Fig. 1A, the activity of HLM
(1.64 £ 0.03 nmol/min/mg protein) was 2.6-fold higher than that of HLC (0.64 £ 0.05
nmol/min/mg protein). BIBF1202 formation was not observed in experiments using HIM and
plasma. In the kinetic analysis, the maximum activities of HLM and HLC were observed at 30
UM substrate concentration, and the activities decreased at higher substrate concentrations
(Figs. 1B and C). Since the observed enzymatic reaction rate data did not fit the equation
describing substrate inhibition enzyme kinetics, the apparent kinetic parameters were
estimated using the Michaelis—Menten kinetic equation with activities up to 30 uM substrate
concentrations. The Km values of HLM and HLC were 32.7 + 5.5 pM and 20.9 £ 1.5 uM,
respectively. The Vmax value of HLM (3.30 + 0.28 nmol/min/mg protein) was higher than that
of HLC (1.24 £ 0.12 nmol/min/mg protein) (Table 1). Thus, it was demonstrated that
nintedanib hydrolysis is mainly catalyzed by microsomal enzyme(s) in the liver.

Next, nintedanib hydrolase activities of recombinant CES1, CES2, AADAC, PONI,
PON2, and PON3 were measured at a substrate concentration of 20 uM, which was close to
the observed Km values of HLM and HLC. As shown in Fig. 1D, only CES1 showed
substantial activity. In the kinetic analysis, the maximum activity of recombinant CES1 was
detected at 30 pM substrate concentration, and the activity decreased at higher substrate
concentrations. Since the kinetics of CES1 did not fit the equation for substrate inhibition
enzyme kinetics, the apparent kinetic parameters were estimated as described above. The Km
value of recombinant human CES1 was 33.5 £ 6.8 uM (Fig. 1E, Table 1), which was close to
those of HLM and HLC. Based on these findings, it was suggested that nintedanib is
hydrolyzed by CESI1 in the liver because CESI1 is expressed in the liver but not in the
gastrointestinal tract and plasma (Imai, 2006), and CES1 is localized to the endoplasmic

reticulum rather than in the cytosol (Fukami et al., 2008).
13
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Inhibition of nintedanib hydrolase activity in HLM. Inhibition experiments using various
hydrolase inhibitors were performed to confirm the responsibility of CES1 for nintedanib
hydrolysis in the human liver (Fig. 2A). Hydrolysis of nintedanib by HLM was completely
inhibited by PMSF, BNPP, and DFP and was potently inhibited by digitonin but not by
telmisartan. These results supported that nintedanib hydrolysis is catalyzed by CESI.
Interestingly, the activity was significantly increased (2.7-fold) by EGCg.

To examine potential drug—drug interactions, the potencies of 9 drugs that are used to treat
hypertension, osteoporosis, or dyslipidemia in inhibiting nintedanib hydrolysis were
examined, considering the possibility that they may be used in combination with nintedanib.
At concentrations of 100 uM, nifedipine and carvedilol inhibited nintedanib hydrolysis by
80%, and simvastatin, clofibrate, estriol, and raloxifene moderately inhibited nintedanib
hydrolysis by 25-60% (Fig. 2B). Nintedanib hydrolysis was not inhibited by probucol or

enalapril.

Correlation between hydrolase activities for nintedanib and fenofibrate in a panel of 25
individual HLM samples. To further confirm the role of CES1 in nintedanib hydrolysis,
correlation analysis between the hydrolase activities for nintedanib and fenofibrate, which is a
specific substrate for CES1, was performed using 25 individual HLM samples. Nintedanib
and fenofibrate hydrolysis was not observed in two HLM samples, although substantial
protein expression of CES1 was confirmed by Western blotting (data not shown), suggesting
that these samples may have loss-of-function mutations in the CESL gene. Among the
remaining samples, 23-fold and 10-fold interindividual differences in nintedanib and
fenofibrate hydrolase activities, respectively, were observed. A significant positive correlation
(r=0.844, P <0.001) was observed between these activities (Fig. 3), suggesting the

responsibility of CES1 for nintedanib hydrolysis.
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Kinetic analyses of BIBF1202 glucuronidation by liver and intestinal microsomes or by
recombinant human UGT isoforms (rUGTSs). The catalytic activities for BIBF1202
glucuronidation by HLM and HIM were compared. The activities of HLM and HIM fitted to
the Hill equation (Figs. 4A, and B, Table 2). HLM and HIM showed similar So values (33.2 +
4.5 and 32.0 £ 2.6 uM, respectively), and HLM showed a significantly (P < 0.001) higher
Vmax value (118.1 + 3.4 pmol/min/mg) than HIM (46.9 + 1.3 pmol/min/mg). By scaling up,
the estimated in vivo clearance of BIBF1202 glucuronidation in the liver and intestine were
3,291.5 + 294.1 pL/min/kg body weight and 132.3 + 5.4 pL/min/kg body weight,
respectively, indicating that hepatic glucuronidation could largely contribute to the formation
of BIBF1202-G in the body.

UGTI1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A9, UGT2B7, UGT2B10, UGT2BI15,
and UGT2B17 are expressed in various organs, including the liver and intestine (Khatri et al.,
2019, Li et al., 2020). UGT2B4 and UGT2B10 are expressed in the liver but not in the
intestine, whereas UGT1A7, UGT1AS8, and UGT1A10 are expressed in the intestine but not
in the liver. UGT1A1, UGT1A7, UGT1AS, and UGT1A10 catalyze the formation of
BIBF1202-G, whereas UGT1A3, UGT1A4, UGT1A6, UGT1A9, UGT2B7, and UGT2B15
are not involved in this process (Wind et al., 2019). In this study, we characterized the
kinetics of BIBF1202 glucuronidation by UGT1A1, UGT1A7, UGT1AS, and UGT1A10,
evaluating whether UGT2B4 and UGT2B10, which were not evaluated in a previous study,
actively participate in BIBF1202 glucuronidation. The kinetics of BIBF1202 glucuronidation
by tUGT1A1, rtUGT1A7, and rtUGT1A10 followed the Hill equation, and those of BIBF1202
glucuronidation by rtUGT1AS8 followed the standard Michaelis—Menten equation (Figs. 4C-F,
Table 2). rtUGT1A7 had the lowest Sso value (21.0 £2.4 uM), whereas rtUGT1AS8 had the
highest Km value (272.8 +£39.7 uM). rUGT1A1 had a significantly higher Vmax value (92.6 £
2.3 pmol/min/mg protein) than rtUGT1A7 (3.3 £+ 0.3 pmol/min/mg protein), TUGT1AS8 (10.3 +
3.7 pmol/min/mg protein) and rtUGT1A10 (15.0 £ 0.6 pmol/min/mg protein), resulting in
rUGTI1AT1 having the highest CLint value (2.5 + 0.04 uL/min/mg protein, Table 2). rtUGT2B4

and rUGT2B10 did not show any activity for BIBF1202 glucuronidation (data not shown).
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Considering that UGT1A7, UGT1AS, and UGT1A10 are not expressed in the liver, these

results suggested that UGT1A1 mainly catalyzes BIBF1202 glucuronidation in humans.

Effects of the UGT1A1*28 allele on BIBF1202 glucuronidation. It is well known that the
UGT1A1* 28 allele, which harbors an insertion of a dinucleotide (TA) in the (TA)sTAA
element in the UGT1AL promoter, results in lower UGT1A1 protein expression (Bosma et al.,
1995). The frequencies of the UGT1AL* 28 allele in Asian, African, and Caucasian
populations were reported to be 16.0%, 45.7%, and 38.7%, respectively (Burchell et al.,
1999). We investigated the impact of UGT1A1* 28 on BIBF1202-G formation using 24
human liver samples, and genotyping was performed on these samples. Of the 24 samples, 7
samples were from noncarriers of the UGT1A1* 28 allele, and 12 and 5 samples were from
subjects who were heterozygous and homozygous for the UGT1AL1* 28 allele, respectively. As
shown in Fig. 5, BIBF1202 glucuronidation in subjects who were homozygous for
UGT1A1*28 (3.45 £ 2.39 pmol/min/mg protein) was significantly (P < 0.05) lower than that
in noncarriers and subjects who were heterozygous for UGT1A1*28 (10.85 + 11.88
pmol/min/mg protein). Thus, it was revealed that mutation in the UGT1A1 promoter region is

a critical factor that decreases BIBF1202 glucuronidation.

Deglucuronidation of BIBF1202-G by HLM, HLC, and HLS9. BIBF1202-G is an acyl-
glucuronide with a glycosidic ester bond in its chemical structure. We investigated whether
BIBF1202-G could be deglucuronidated in the human liver. The deglucuronidation rates of 20
uM BIBF1202-G by HLM (267.6 + 21.9 pmol/min/mg protein), HLC (341.8 + 49.1
pmol/min/mg protein), and HLS9 (299.3 + 19.9 pmol/min/mg protein) were similar (Fig. 6A).
According to the kinetic analysis, deglucuronidation by HLS9 linearly increased up to a
substrate concentration of 200 uM. The CLint calculated from the initial slope was 10.5 + 2.0
pL/min/mg protein (Fig. 6B, Table 3), and the value was 70-fold higher than that of

BIBF1202 glucuronidation by HLS9 (0.15 £ 0.01 pL/min/mg protein). Given the high CLint of
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BIBF1202-G deglucuronidation, the in vitro BIBF1202 glucuronidation by HLM or HIM may

be underestimated.

Inhibition and correlation analyses to identify the enzyme responsible for the
deglucuronidation of BIBF1202-G. To identify the enzyme that catalyzes BIBF1202-G
deglucuronidation in the human liver, inhibition analysis using various hydrolase inhibitors
was performed. BIBF1202-G deglucuronidation by HLS9 was substantially inhibited by SA
but not by DTNB, PMSF, BNPP, or DFP (Fig. 6C), suggesting that B-glucuronidase is
responsible for BIBF1202-G deglucuronidation. Human B-glucuronidase is a sole isoform
belonging to glycosyl hydrolase family 2 (Henrissat, 1991) and an acid hydrolase (Sperker et
al., 1997). We investigated whether BIBF1202-G deglucuronidation was correlated with [3-
glucuronidase protein levels in human liver samples. Two and one bands were detected at
approximately 75 and 60 kDa, respectively (Fig. 6D) by Western blotting using an anti-f3-
glucuronidase antibody. A similar phenomenon was reported with the data of Gehrmann et al.
(1994), who showed the band pattern of recombinant human p-glucuronidase, and data of
Sperker et al. (1997), who showed the band pattern of B-glucuronidase in human liver
homogenate samples (Sperker et al. 1997), and it was consistent with the fact that molecular
weight of B-glucuronidase is 64 or 76—78 kDa (Awolade et al., 2020). Following the report by
Sperker et al. (1997), the sum of the intensities of these three bands was considered to be the
B-glucuronidase protein level, and these data were subjected to correlation analysis. As shown
in Supplemental Fig. 1, we confirmed the positive correlation (r = 0.90, P < 0.001) between
the B-glucuronidase protein levels and the degree of 4-methylumbelliferyl-p- D-glucuronide
(4-MUGQG) deglucuronidation, which is known to be catalyzed by B-glucuronidase (Sperker et
al., 1996). The B-glucuronidase protein levels were moderately correlated with BIBF1202-G
deglucuronidations (r = 0.37, P =0.075) (Fig. 6D). The results suggest that B-glucuronidase

may partly be involved in the deglucuronidation of BIBF1202-G.
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Proteomic analyses using a panel of 25 individual HLM. Recently, we demonstrated that
untargeted proteomics and subsequent correlation analysis with enzyme activity using a panel
of human liver samples is a useful approach to identify the responsible enzymes that are
involved in processes (Kudo et al., in revision). We applied this approach, by using 25
individual HLM samples, to three metabolic reactions, namely, nintedanib hydrolysis,
BIBF1202 glucuronidation, and BIBF1202-G deglucuronidation. Among the 4,457 proteins
quantified in untargeted proteomics, 541 and 1,837 proteins were classified by EC
classification as hydrolases (EC 3) and transferases (EC 2), respectively. The hydrolase that
showed the highest correlation coefficient (r = 0.80) with nintedanib hydrolase activity was
CES1 (Table 4, Fig. 7A). The transferase that showed the highest correlation coefficient (r =
0.96) with BIBF1202 glucuronidation was UGT1A1 (Table 4, Fig. 7B). Thus, correlation
analyses using proteomics data also revealed that CES1 and UGT1A1 are responsible for
nintedanib hydrolysis and BIBF1202 glucuronidation in the human liver, respectively. The
hydrolase (EC 3) that showed the highest correlation efficiency (r = 0.70) with BIBF1202-G
deglucuronidation was neutrophil elastase (ELANE). Although there are no reports regarding
the inhibitory effects of SA on ELANE activity, it has been reported that the degradation of
laminin catalyzed by neutrophile elastase in neutrophil fraction was inhibited by 10 pM DFP
(Heck et al., 1990). As shown in Fig. 6C, the deglucuronidation of BIBF1202-G was not
inhibited by DFP; therefore, the involvement of neutrophil elastase in the deglucuronidation
of BIBF1202-G can be denied. Among the top 10 hydrolases, B-glucuronidase is the only
enzyme known to be inhibited by SA, to the best of our knowledge. Collectively, -
glucuronidase is a responsible enzyme for BIBF1202-G deglucuronidation, although the
involvement of other enzymes cannot be denied. It has been reported that -glucuronidase
forms a homotetramer to exert activity (Matsuura et al., 2011). Therefore, the mild correlation
(P =0.65) would be due to the low efficiency of tetramer formation or the small

interindividual differences in the B-glucuronidase expression level.

18

20z ‘6 [Udy Uo SRUINOr | TdSY e Bi0'seuInofisdse"puwp Wolj papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 16, 2023 as DOI: 10.1124/dmd.122.001113
This article has not been copyedited and formatted. The final version may differ from this version.

Discussion

The first goal of our investigation of nintedanib metabolism was to identify the enzyme(s)
responsible for nintedanib hydrolysis. We found that CES1 is the responsible enzyme that
mediates nintedanib hydrolysis according to studies using recombinant drug-metabolizing
hydrolases (Fig. 1), inhibition analyses (Fig. 2), and correlation analyses using individual
HLM samples (Fig. 3). The nintedanib hydrolase activity was observed not only in HLM but
also in HLC (Fig. 1), which is consistent with our previous report about the hydrolysis of
imidapril, a CES1 substrate (Fukami et al., 2008). Interestingly, in the inhibition analysis,
nintedanib hydrolase activity was significantly increased by EGCg, which is a potent and
specific inhibitor of AADAC (Yasuda et al., 2021). Some drug-metabolizing enzymes,
including P450s, were inhibited by EGCg (Muto et al., 2001, Misaka et al., 2013, Satoh et al.,
2016), but there are no reports showing the heteroactivation of drug-metabolizing enzymes by
EGCg. We previously reported that the hydrolase activity for fenofibrate, a specific substrate
for CES1, in HLM was not altered by EGCg (Yasuda et al., 2021); therefore, it is intriguing
that the effects of EGCg on CES1 activity vary between substrates.

It has been reported that the average age of onset of IPF is 70.0 £ 9.0 years (Natsuizaka et
al., 2014). In addition, the risk of hypertension, osteoporosis, and dyslipidemia increases with
age. Considering their possible use in combination with nintedanib, some drugs that are used
in the clinical treatment of these diseases were examined at a fixed concentration of 100 uM
in order to determine their potential inhibitory effects on nintedanib hydrolase activity.
Although our previous report revealed that simvastatin, estriol, and raloxifene strongly
inhibited the p-nitrophenyl acetate hydrolysis catalyzed by CES1 (Shimizu et al., 2014), these
compounds did not potently inhibit nintedanib hydrolase activity in this study (Fig. 2B). The
difference could be due to the higher affinity of nintedanib for CES1 (Km value, 33.5 £ 6.8
pM) than p-nitrophenyl acetate (Km value, 150.8 = 17.8 pM) (Fukami et al., 2010). The ratio
of the area under the curve (AUC) in the presence and absence of inhibitor (AUCi/AUC),

which is calculated by 1 + [1]/Ki, is frequently used for prediction of in vivo drug—drug
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interactions, where [I] is the hepatic concentration of inhibitor and Ki is the inhibition
constant. The [I] value could be calculated as linlet, u, max, the maximum value of the
unbound concentration at the inlet to the liver, according to Ito et al. (1998), and this results in
in 0.34 and 0.18 uM of nifedipine and carvedilol, respectively. The I Cso values of nifedipine
and carvedilol in nintedanib hydrolysis by HLM were approximately 20 and 30 pM,
respectively (data not shown). In general, Ki values are estimated by 1Cso/2 for competitive
inhibition, whereas they are estimated by 1Cso for uncompetitive or non-competitive inhibition
(Draper et al., 1997; Niwa et al., 2005). 1Cso/2 values were applied as Ki values because the
AUC1/AUC values are higher if smaller Ki values are used. Even though, the AUCiI/AUC
values were at most 1.03 and 1.01 for nifedipine and carvedilol, respectively; therefore, these
drugs are not expected to affect the pharmacokinetics of nintedanib.

According to the scaling-up analysis of in vitro clearance, the in vivo clearance of
BIBF1202 by glucuronidation in the human liver (3,291.5 £ 294.1 pL/min/kg body weight)
was much higher than that in the intestine (132.3 + 5.4 pL/min/kg body weight), indicating
that BIBF1202 glucuronidation occurs predominantly in the liver (Table 2). Taken together,
the metabolic conversion of nintedanib by hydrolysis and the subsequent glucuronidation
predominantly occurred in the liver. It has been reported that BIBF1202 glucuronidation is
catalyzed by UGT1A1, UGT1A7, UGT1AS, and UGT1A10 (Wind et al., 2019). Since
UGTI1A7, UGT1AS, and UGT1A10 are specifically expressed in the gastrointestinal tract
(Tukey and Strassburg, 2001, Radominska-Pandya et al., 1998), the contributions of these
UGT isoforms to the glucuronidation of BIBF1202 in the human body would be low.
BIBF1202 glucuronidation by HLM from subjects who are homozygous for the UGT1A1*28
allele was significantly lower than that by HLM from noncarriers and subjects who are
heterozygous for UGT1A1* 28 (Fig. 6), which is the major reason for the low glucuronidation
abilities of UGT1A1 substrates such as bilirubin (Fisher et al., 2000), estradiol (Gagné et al.,
2002), and SN-38 (Paoluzzi et al., 2004). Furthermore, BIBF1202 glucuronidation was

strongly correlated with UGT1A1 protein level or estradiol glucuronidation (Fig. 7 and
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Supplemental Fig. 2). These results suggested that UGT1A1 is a responsible enzyme for
glucuronidation of BIBF1202.

Interestingly, we found that in HLS9, the CLint value of BIBF1202-G deglucuronidation
was 70-fold higher than that of BIBF1202 glucuronidation (Table 3). Therefore, BIBF1202
glucuronidation by HLM or HIM (Table 2) may be underestimated due to the
deglucuronidation of BIBF1202-G. Our laboratory previously revealed that mycophenolic
acyl-glucuronide was efficiently deglucuronidated by human /B hydrolase domain containing
10 (ABHD10), which suppressed the formation of mycophenolic acyl-glucuronide (Iwamura
et al., 2012). Suzuki et al. (2010) reported that valproic acid acyl-glucuronide was
deglucuronidated by APEH in humans. These authors claimed that the decreased plasma
concentration of valproic acid after the coadministration of meropenem in dogs could be due
to the inhibition of the APEH-mediated deglucuronidation of valproic acid glucuronide by
meropenem (Suzuki et al., 2016). We compared the deglucuronidation of BIBF1202-G by
HLM, HLC, and HLS9 to predict the enzyme responsible for the deglucuronidation of
BIBF1202-G because the subcellular localization of enzymes known to catalyze the
deglucuronidation reaction is different, viz. cytosol for APEH; mitochondria and cytosol for
ABHD10; and endoplasmic reticulum and lysosomes for B-glucuronidase (Awolade et al.,
2020). According to our experimental data, HLM, HLC, and HLS9 showed similar rates of
BIBF1202-G deglucuronidation (Fig. 6A). Therefore, we could not surmise, from these data,
the enzyme responsible for BIBF1202-G deglucuronidation. An inhibition study using SA and
correlation analysis between -glucuronidase protein levels and BIBF1202-G
deglucuronidation in a panel of 25 individual HLM samples (Figs. 6 and 7) suggested a
responsibility of hepatic B-glucuronidase for BIBF1202-G deglucuronidation. This is also
corroborated by a significant correlation between BIBF1202-G deglucuronidation and 4-
MUG deglucuronidation (Supplemental Fig. 2). The BIBF1202-G deglucuronidation at pH
6.5 was higher than that at pH 7.4 (data not shown), which was partly supported by a previous
report that the optimal pH of B-glucuronidase is ~4.5 (Awolade et al., 2020). Nintedanib is

mainly eliminated via biliary excretion, resulting in 93.4% recovery in feces within 120 h

21

20z ‘6 [Udy Uo SRUINOr | TdSY e Bi0'seuInofisdse"puwp Wolj papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 16, 2023 as DOI: 10.1124/dmd.122.001113
This article has not been copyedited and formatted. The final version may differ from this version.

after oral administration. Since BIBF1202-G is rarely detected in feces, B-glucuronidase in the
gut flora may also catalyze the deglucuronidation of BIBF1202- G.

It is known that acyl-glucuronides can covalently bind to proteins and that such adducts
may cause adverse reactions (Bailey et al., 2003). Relating to seminal work by Benet et al.
(1993), Sawamura et al. (2010) reported that the half-lives of acyl-glucuronides in potassium
phosphate buffer (pH 7.4) can be an index of toxicity; the half-lives of acyl-glucuronides, the
parent drugs of which are classified into the "safe" group, were longer than 7.2 hr, whereas
those, the parent drugs of which are classified into the "warning" group, were shorter than 3.2
h. It has been reported that the half-life of BIBF1202-G in 0.1 M phosphate buffer (pH 7.4) is
10.5 hr, revealing that BIBF1202-G is relatively stable (Stopfer et al., 2011) and is unlikely to
cause toxicity based on potential covalent binding to protein.

In conclusion, we thoroughly characterized the biochemistry and enzymology of the
major pathways of nintedanib metabolism in humans. We showed that CESI1 is responsible
for the hydrolysis of nintedanib, UGT1A1 is responsible for the subsequent glucuronidation,
and the formed acyl-glucuronide is efficiently hydrolyzed in the human liver mainly by -
glucuronidase. The findings in this study would be useful to interpret the interindividual

differences in the pharmacokinetics of nintedanib.
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Data Availability

The proteomics data used in this study are openly available in the ProteomeXchange
Consortium (http://www. protemexchange.org/, PXD038055) via the POST partner repository
(http://jpostdb.org, JPST001523). All other data presented are contained within the

manuscript/supplemental data.
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Figure legends

Fig. 1. Nintedanib hydrolase activities by human tissues and recombinant human hydrolases.
(A) Nintedanib hydrolase activities by human liver or intestine preparations (0.04 mg/mL)
and plasma (10 pL/mL) were measured at 20 uM substrate concentration. (B, C) Kinetic
analyses of nintedanib hydrolase activity by (B) HLM and (C) HLC were performed at a
range of 5 to 100 uM of nintedanib. (D) Nintedanib hydrolase activity by recombinant human
hydrolases (0.04 mg/mL) was measured at 20 pM substrate concentration. (E) Kinetic
analysis of nintedanib hydrolase activity by recombinant CES1 was performed at a range of 5
to 100 uM of nintedanib. Each column and point represent the mean + SD of triplicate

determinations. ND: Not detectable.

Fig. 2. Inhibitory effects of hydrolase inhibitors and clinically used drugs on nintedanib
hydrolase activity in HLM. Inhibitory effects of some hydrolase inhibitors (A) or clinically
used drugs (B) on nintedanib hydrolase activity were evaluated at 20 pM substrate
concentration. The final concentration of inhibitors was set to be 100 pM, except for
telmisartan and EGCg (50 uM). Each column represents the mean + SD of triplicate

determinations. ND: Not detectable.

Fig. 3. Correlation analysis between nintedanib and fenofibrate hydrolase activities in a panel
of 24 individual HLM samples. Nintedanib hydrolase activity was measured at 20 pM
nintedanib. Fenofibrate hydrolase activity was measured at 5 pM fenofibrate. Each point

represents the mean of duplicate determinations.

Fig. 4. Kinetic analyses for BIBF1202 glucuronidation by human liver or intestine
microsomes and recombinant human UGT isoforms. The activities were measured using (A)

pooled HLM, (B) pooled HIM, (C) recombinant UGT1A1, (D) UGT1A7, (E) UGT1AS, and
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(F) UGT1A10 at a range of 5 to 200 uM of BIBF1202. Each point represents the mean + SD

of triplicate determinations.

Fig. 5. Effects of the UGT1A1* 28 allele on BIBF1202 glucuronidation by HLM. The
BIBF1202-G deglucuronidation was determined at 30 pM substrate concentration. Each point
represents the mean of duplicate determinations. The difference in the BIBF1202

glucuronidations between carriers and noncarrier of UGT1A1* 28 was analyzed by Mann-

Whitney U-test. "P < 0.05.

Fig. 6. Involvement of B-glucuronidase in BIBF1202-G deglucuronidation in the human liver.
(A) BIBF1202-G deglucuronidation by pooled HLM, HLC, and HLS9 was measured at 20
UM substrate concentration. (B) Kinetic analyses of BIBF1202-G deglucuronidation by
pooled HLS9 was performed at a range of 5 to 200 uM of BIBF1202-G. (C) Inhibitory effects
of various inhibitors of hydrolases on BIBF1202-G deglucuronidation by HLS9. Each column
or point represents the mean + SD of triplicate determinations. ***P < 0.001 compared with
control. (D) Correlation analysis between BIBF1202-G deglucuronidation and -
glucuronidase protein levels in a panel of 24 individual HLM samples. The BIBF1202-G
deglucuronidation was determined at 20 uM substrate concentration. 3-Glucuronidase protein
levels determined by Western blotting are represented as relative levels to the sample with the

lowest expression level. Each point represents the mean of duplicate determinations.

Fig. 7. Correlation analyses between relative protein levels determined by untargeted
proteomics and enzyme activities in a panel of 25 individual HLM samples. The protein
levels of (A) CES1, (B) UGT1A1 or (C) B-glucuronidase determined by untargeted
proteomics are represented as relative levels to the sample with the lowest expression levels.
The peptide sequences used to quantify CES1, UGT1A1 and B-glucuronidase are shown in

Supplemental Table 2. Nintedanib hydrolase activity, BIBF1202 glucuronidation, and
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BIBF1202-G deglucuronidation were measured at 20 uM, 30 uM, and 20 uM substrate

concentrations, respectively.
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Table 1. Kinetic parameters of nintedanib hydrolysis by HLM, HLC, and recombinant CES1.

Enzyme Km Vmax ClLint
uM nmol/min/mg pL/min/mg
HLM 32.7+5.5 3.30+0.28 102.8 +18.9
HLC 209+ 1.5 1.24+0.12 59.3+2.6
Recombinant CES1 33.5+6.8 1.67+0.28 499+1.8
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Table 2. Kinetic parameters of BIBF1202 glucuronidation by HLM, HIM,
rUGT1AL, rUGT1A7, rUGTI1AS, or rtUGT1A10.

Enzyme Km or Sso n Vmax ClLint

uM pmol/min/mg pL/min/mg
HLM 332+45 219 118.1+3.4 3.6+0.3"
HIM 32.0+2.6 2.02 469+1.3 1.5+0.06
rUGTI1A1 37.6 £0.07 2.12 92.6+2.3 2.5+0.04
rUGT1A7 21.0+£2.4 1.89 33+0.3 0.2+0.02
rUGTIAS 272.8 £39.7 - 10.3+3.7 0.04 +0.003
rUGTI1A10 347+1.9 1.98 15.0+£0.6 0.4 +0.002

*P < 0.001, kinetic parameters by HLM were compared with those by HIM by
Student’s t-test.
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Table 3. Kinetic parameters of BIBF1202 glucuronidation and
deglucuronidation by HLS9.

Reaction Km Vmax ClLint
uM pmol/min/mg pL/min/mg
Glucuronidation 324+34 48+0.2 0.15+0.01
Deglucuronidation® NA NA 10.5+2.0

2K m and Vmax values were not calculated. CLint was calculated with the initial

slope of the velocity versus substrate concentration. NA: Not applicable.
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Table 4. Candidate responsible enzyme for nintedanib hydrolysis, BIBF1202-glucuronidation or
BIBF1202-G deglucuronidation

RANK Gene name Protein name R
Nintednaib hydrolysis EC classification: Hydrolase (521)
1 CESI1 Liver carboxylesterase 1 0.73
2 GANAB Neutral alpha-glucosidase AB 0.69
3 GGT7 Glutathione hydrolase 7 0.68
4 F2 Prothrombin 0.67
5 ENTPDS Ectonucleoside triphosphate diphosphohydrolase 5 0.67
6 PONI1 Serum paraoxonase/arylesterase 1 0.67
7 PLA2GA4C Cytosolic phospholipase A2 gamma 0.66
8 INPP5K Inositol polyphosphate 5-phosphatase K 0.66
9 MANBA Beta-mannosidase 0.65
10 PON3 Serum paraoxonase/lactonase 3 0.63
BIBF1202 glucuronidation EC classification: Transferase (1837)
1 UGTI1AI UDP-glucuronosyltransferase 1-1 0.97
2 RNF139 E3 ubiquitin-protein ligase RNF139 0.82
3 UGTI1A6 UDP-glucuronosyltransferase 1-6 0.8
4 UGT2B4 UDP-glucuronosyltransferase 2B4 0.76
5 DPYI9L1 Probable C-mannosyltransferase DPY19L1 0.75
6 CHST7 Carbohydrate sulfotransferase 7 0.74
7 POGLUT2 Protein O-glucosyltransferase 2 0.73
8 METTL7A Methyltransferase-like protein 7A 0.73
9 UGGTI1 UDP-glucose:glycoprotein glucosyltransferase 1 0.73
10 UGTI1A9 UDP-glucuronosyltransferase 1-9 0.7
BIBF1202-G deglucuronidation EC classification: Hydrolase (521)
1 ELANE Neutrophil elastase 0.70
2 POLDI DNA polymerase delta catalytic subunit 0.69
3 SCPEP1 Retinoid-inducible serine carboxypeptidase 0.67
4 LACTB2 Endoribonuclease LACTB2 0.66
5 GUSB B-glucuronidase 0.65
6 MTMRI Myotubularin-related protein 1 0.63
7 NAGLU Alpha-N-acetylglucosaminidase 0.59
8 GLBI [-galactosidase 0.54
9 PSMB6 Proteasome subunit beta type-6 0.52
10 MMP8 Neutrophil collagenase 0.50
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Fig. 7
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