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Abbreviations

AKR, aldo-keto reductase; CBR1, carbonyl reductase 1; CO,, carbon dioxide;

CYP, cytochrome P450; DMF, dimethylformamide; DMSO, dimethyl sulfoxide;

ER, endoplasmic reticulum; HHEP, human hepatocyte; HLM, human liver microsomes;
HPLC, high performance liquid chromatography; 113-HSD1, 11B-hydroxysteroid
dehydrogenase 1; 113-HSD2, 11B-hydroxysteroid dehydrogenase 2; hr-113-HSDI,
human recombinant 11p3-hydroxysteroid dehydrogenase 1; IDA, information-dependent
acquisition; IS, internal standard; LC, liquid chromatography; LC-MS/MS, liquid
chromatographic-tandem mass spectrometry; LOQ, lower limit of quantitation;

MS, mass spectrometry; NAD", nicotinamide adenine dinucleotide; NADP",
nicotinamide adenine dinucleotide phosphate; NNK, nicotine-derived nitrosamine ketone;
NADPH, nicotinamide adenine dinucleotide phosphate hydrogen; NNK, nicotine-derived
nitrosamine ketone; PBPK, physiological based pharmacokinetic; RAF, relative activity

factor; REF, relative expression factor; SRM, selected reaction monitoring; TOF, time-

of-flight.
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Abstract

11B-hydroxysteroid dehydrogenase 1 (113-HSD1) is mainly distributed in the human
liver with no detectable levels in the intestine or kidney based on a newly developed
proteomic approach. 11B-HSDI is mostly membrane bound and retained in the liver
microsomal faction. Inter-individual variability of 113-HSD1 is relatively low with
about a three-fold difference. A significant correlation was not observed between various
demographic variables (ethnicity, gender, age, weight, smoking, and alcohol use) and
11B-HSDI1 protein expression or activity based on data from thirty-one donors. PF-
915275 has been identified as a selective 113-HSDI1 inhibitor with minimal effects on
carbonyl reductase 1 and major cytochrome P450 enzymes. 113-HSD1 has been shown,
for the first time, to be involved in doxorubicin metabolism accounting for approximately

30% of doxorubicinol formation in human hepatocytes.
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1. Introduction

11B-hydroxysteroid dehydrogenase 1 (113-HSD1) belongs to the short-chain
dehydrogenase/reductase superfamily. It is the only well-known microsomal enzyme that
plays a significant role in metabolizing drugs containing carbonyls. 113-HSD1 acts as a
NADPH-dependent reductase in intact cells, but is a bidirectional enzyme capable of both
reductase (reduction) and dehydrogenase (oxidation) reactions in microsomes depending
on the presence of the appropriate cofactors (NADPH for reduction or NADP" for
oxidation, Figure 1). The difference between 113-HSD1 activity in intact cells and
microsomes is likely due to the accessibility of relevant cofactors to the enzyme. 11f3-
HSD1 has a pivotal physiological role in transforming cortisone to cortisol (a stress
hormone) that subsequently activates glucocorticoid receptors (Figure 1). 113-HSD2, on
the other hand, is a unidirectional dehydrogenase that converts active cortisol to inactive
cortisone. 113-HSDI is a glycosylated protein that anchors at the luminal side of the
endoplasmic reticulum via an N-terminal transmembrane domain. As NADPH is
impermeable through the endoplasmic reticulum membrane, co-localization and
interaction between 113-HSD1 and hexose-6-phosphate dehydrogenase provides a direct
supply of NADPH for the reductase activity (Dzyakanchuk Anna et al., 2009). 1183-
HSD1 is involved in the metabolism of a number of clinically important drugs, such as
benfluron, bupropion, ketoprofen, metyrapone, oracin, prednisolone and triadimefon, as
well as certain toxicants (e.g., NNK, nicotine-derived nitrosamine ketone) (Molnari and
Myers, 2012; Skarydova and Wsol, 2012; Malatkova and Wsol, 2014). Selective
inhibitors of 11B3-HSD1 are promising agents for the treatment of type 2 diabetes and

cardiovascular disease (Wang, 2006; Hale and Wang, 2008; Anderson and Walker,

5
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2013). The X-ray single crystal structure of 113-HSD1 has been solved, which aids the
structure-based design of potent and selective inhibitors (Hosfield et al., 2005; Julian et
al., 2008). 11B-HSDI1 is expressed mainly in the liver, but is also found in female
reproductive tissues such as the placenta and ovaries (http://www.proteinatlas.org/).
Studies have shown the upregulation of 113-HSDI in the pharyngeal mucosa and
placentas of smokers; but, the increase observed might be too small to lead to functional
impact (Gronau et al., 2002; Huuskonen et al., 2008; Malatkova and Wsol, 2014). Since
11B-HSDI has significant functional overlap with a number of cytosolic reductases, such
as carbonyl reductase 1 (CBR1) and aldo-keto reductases (AKRs), protein abundance
data can provide useful insights on its contribution to clearance relative to other
reductases. In this study, a proteomic approach has been developed and applied to
quantify 113-HSD1 in human tissues for major clearance organs including liver,
intestine, and kidney to better understand the tissue distribution of the enzyme at the
protein level and its impact on drug clearance. To the best of our knowledge, this is the
first proteomic approach to quantify 113-HSDI1 at the protein level in human tissues.
Inter-individual variability was also evaluated using human liver microsomes from thirty-
one donors with diverse histories of tobacco and alcohol use to examine the potential for
demographic effects on 113-HSD1 expression and activity. Relative expression factor
(REF) and relative activity factor (RAF) were established to predict the contribution of
11B-HSDI to clearance using human recombinant 113-HSDI1 (hr-113-HSD1). The 11p3-
HSD1 protein quantification data and tissue distribution information can help to
understand hepatic and non-hepatic contribution of the enzyme and to develop PBPK

(physiological based pharmacokinetic) models for 113-HSD1-mediated clearance. The
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involvement of 113-HSD1 to doxorubicin (Adriamycin) metabolism was investigated.
Doxorubicin is one of the most cost effective and widely used anti-cancer drugs (Hofman
et al., 2015). The cardio-toxic metabolite, doxorubicinol, is thought to be formed mostly
by CBR1 with minor contributions from AKRs (Kassner et al., 2008). In this study we
demonstrate, for the first time, the role of 113-HSD1 in metabolizing doxorubicin to

generate the metabolite doxorubicinol.
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2. Materials and Methods

2.1. Materials

Pools of 3-12 donors (both male and female) of human intestine (prepared from duodenal
and jejunal tissues), kidney cytosols and microsomes, and human liver microsomes of
thirty-one individual donors were obtained from Xenotech (Kansas City, KS). The
pooled human liver microsomes (50 donors of both male and female) and cynomolgus
monkey intestine microsomes (338 donors of both male and female, used as a control
matrix) were purchased from Corning (Tewksbury, MA). Human liver cytosols (16
donors of both male and female) and cryopreserved human hepatocytes (Lot # DCM, 10
donors) were from BioreclamationIVT (Baltimore, MD). hr-113-HSD1 was from
OriGene Technologies (Catalog# TP312093, Lot # 021617, Rockville, MD) and Cayman
Chemical (Catalog # 10007815, Lot # 0486950, Ann Arbor, MI). Stable isotope-labeled
(purity >95% and isotopic purity >99%) peptides used as internal standards (IS) and
standard peptides were purchased from New England Peptide (Gardner, MA). Peptide
purity was determined by the vendor using HPLC-UV and identified by MS (mass
spectrometry) analysis. Amino acid analysis was also performed by the vendor to
determine net peptide content. Concentrations of synthesized peptides were corrected by
purity data for quantitation. Rapigest SF was from Waters (Milford, MA) and MS-grade
trypsin was purchased from Thermo Scientific (Guilford, CT). Cortisone, cortisol,
doxorubicin, doxorubicinol and PF-915275 (CAS# 857290-04-1, N-(6-Amino-2-
pyridinyl)-4'-cyano[ 1,1'-biphenyl]-4-sulfonamide) (Siu et al., 2009) were from Pfizer
Global Material Management (Groton, CT). Iodoacetamide, dithiothretol, and other

chemicals were from Sigma-Aldrich (St. Louis, MO) unless specified otherwise.
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2.2. Peptide Mapping and Selection

2.2.1. Sample Preparation for Peptide Mapping and Selection

Peptide mapping and selection experiments were initially performed with 0.4 mg protein
of pooled human liver microsomes (HLM) and hr-113-HSD1 protein standards. The
samples were prepared using methods described previously (Hua et al., 2017). Briefly,
the samples were mixed with 4 volumes of 50 mM ammonium bicarbonate buffer (pH
8.5) containing 0.1% Rapigest SF in a 1-mL 96-well LoBind plate (Eppendorf,
Hauppauge, NY) and heated at ~80 °C for 5 minutes in a water bath (VWR, Radnor,
PA). The proteins were reduced by 5 mM dithiothreitol at 37 °C for 30 minutes followed
by incubation with 10 mM iodoacetamide for 30 minutes in the dark. The final solution
was incubated with trypsin at 20:1 (protein/trypsin) ratio overnight at 37 °C under mild
agitation. The tryptic peptide solution was acidified to pH<2 with formic acid and
transferred to a clean 1-mL 96-well LoBind plate followed by brief centrifugation.

Acetonitrile (20 pL) was added to the samples and the final organic solvent was 5%.

2.2.2. LC-MS/MS Methods for Peptide Mapping and Selection

The LC-MS/MS methods for peptide mapping using information-dependent acquisition
(IDA) and SWATH™ are summarized in Supplemental Material (Tables 1s and 2s).
Briefly, 20 pL of the digested samples were injected onto a BEH C18 column (XBridge
130A, 100 x 2.1 mm, 2.5 um; Waters, Milford, MA) by the CTC PAL autosampler (Leap
Technologies, Carrboro, NC). A triple Time-Of-Flight (TOF) 6600 mass spectrometer

(Sciex, Toronto, Canada) was used for data acquisition. An IDA experiment was first
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performed to provide peptide identification using ProteinPilot™ Software 5.0 (Sciex,
Toronto, Canada) with the Paragon database search algorithm (proteome library:
Uniprot Homo sampiens, updated on 2015/02). Both biological modifications and amino
acid substitutions were searched in “Thorough” mode. The samples were then subjected
to SWATH™ acquisition on the same LC-triple TOF MS instrument. The resulting
protein pilot.group file from IDA acquisition was used to generate the ion library to guide
SWATH™ data processing. The digested samples were re-injected on an API 5500
(Sciex, Toronto, Canada) triple quadrupole MS in SRM (selected reaction monitoring)
mode to evaluate the quantitation performance the peptides. Five peptides
VLGLIDTETAMK, AVSGIVHMQAAPK, VIVTGASK, EYSVSR and FALDGFFSSIR
(abbreviated as VLG, AVS, VIV, EYS and FAL, hereafter) were initially selected as
probe peptides. Selection criteria for surrogate peptides were similar to those described
previously (Balogh et al., 2013). High amino acid sequence coverage was achieved for
hr-11B-HSD1 (81%) and HLM (53%) with a confidence level cutoff > 95%. The light
and 1sotopic stable-labeled peptide standards were synthesized (Table 4) and used for
further evaluation of stability, measurement accuracy and digestion efficiency. Final LC
(liquid chromatography) separation and SRM conditions on triple quadrupole MS were
fine-tuned with synthesized standards and are summarized in Supplemental Material

(Table 3s) and Table 1.

2.3. Evaluation of Peptides and Optimization of Digestion Efficiency

2.3.1. Accuracy and Stability Evaluation

10

202 ‘02 Yok |\ UO SfeUINOL 1 3dSY e Io'seuIno fiadse: puup wolj pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 19, 2018 as DOI: 10.1124/dmd.118.081083
This article has not been copyedited and formatted. The final version may differ from this version.

DMD#81083

The stability of the five selected peptides was evaluated in the presence and absence of
HLM. In the stability experiments without HLM, 20 pL of combined peptide solution (1
uM each) in four replicates was used instead of HLM and incubated for 3, 5, 9, and 16
hours using the procedure described in the section Sample Preparation for Peptide
Mapping and Selection. To evaluate peptide stability in HLM, HLM (0.4 mg total
protein) was spiked with 5 pL of combined peptide solution (16 uM each of the five
peptides) in four replicates and incubated using the same procedure as described above
for 3, 5,9, and 16 hours. HLM (0.4 mg protein) samples without peptides were also
processed in parallel and used as baseline. Calibration curves were prepared by spiking
combined peptide solution into digested control matrix (cynomolgus monkey intestine
microsomes). Calibration curve preparation details are described in the section Sample
Preparation for 11-HSD1 Quantitation. Quantification was performed against peptide
calibration curves. Measurement accuracy for the spiked peptides was calculated by
dividing the concentrations of the peptides in the spiked samples after subtracting the

baseline by the nominal concentrations.

Since the final samples were acidified to below pH 2 after digestion and there is a wait
time before injection for LC-MS/MS analysis, peptide stability was evaluated using these
conditions. The digested control matrix was spiked with 10 uL of 1 uM combined
solution of five peptides and acidified with formic acid to pH < 2. The solution was
stored at room temperature in an autosampler and sampled at 0, 9, 30, and 34 hours in

triplicate. The combined solution (10 uL) of five isotope-labeled peptides at 0.25 uM

11
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each was added to the samples before injection and used as internal standard (IS). Peak

area ratio between analyte and IS was used for stability evaluation.

2.3.2. Digestion Efficiency

To obtain optimal trypsin digestion efficiency, digestion time was evaluated with pooled
HLM (0.4 mg protein) in four replicates using the same procedure as described in the
section Sample Preparation for Peptide Mapping and Selection for 3, 5, 9, and 16 hours.
Calibration curves were prepared by spiking combined peptide solution into the digested
control matrix. The details of preparing calibration curves are described in the section
Sample Preparation for 11-HSD1 Quantitation. Results (pmol/mg protein) of individual

peptides were calculated using the standard curves.

2.4. Sample Preparation for 11-HSD1 Quantitation

For quantitation, samples containing 0.4 mg protein were processed in triplicate using the
same procedure as described in Sample Preparation for Peptide Mapping and Selection.
The samples were tryptic digested for 9 hours. Pooled monkey intestine microsomes were
used as control matrix for calibration curves. Stock solutions (200 uM) of standard
peptides and stable isotope-labeled peptides were individually prepared in
dimethylformamide (DMF). For calibration curves, the combined standard solutions of
the peptides were prepared in the range of 0.010 to 30 uM in 1:1 DMF/water. 10 pL of
calibration standards were spiked into the digested control matrix and 10 pL of the
combined IS at 0.25 pM in the same diluent were spiked into all the digested samples

(except double blanks) after acidification. The standard curve quantitation range is

12
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equivalent to 0.25 to 750 pmol/mg protein, assuming complete digestion of 113-HSD1 in

the sample matrix.

2.5. LC-MS/MS SRM Sample Analysis

LC-triple quadrupole MS in SRM mode was used to optimize digestion efficiency,
evaluate peptide stability, and determine final 113-HSD1 concentration in sample matrix.
Autosampler and LC-MS/MS methods are summarized in Supplemental Material (Table
3s) and Table 1. Analysis of the SRM data was performed using MultiQuant™ Software

2.1 (Sciex, Toronto, Canada).

2.6. Measurement of 11~-HSD1 Activity in Different Matrices

Cortisone to cortisol formation was used as an 113-HSD1 specific reaction to evaluate
enzyme activity in human intestine, kidney and liver microsomes (0.75 mg/mL) and
cytosols (1 mg/mL), and hr-113-HSDI (10 pg/mL) at 1 uM. The final dimethyl sulfoxide
(DMSO) concentration was 0.03% and NADPH cofactor was 1.4 mM. The solution was
incubated at 37°C for 1 h in a heating block (Boekel Scientific, Feasterville-Trevose,
PA). At appropriate time points, an aliquot of solution was removed and quenched with
cold acetonitrile containing IS. Cortisol metabolite formation was quantified using LC-
MS/MS via a standard curve. Intrinsic clearance was calculated based on the rate of
cortisol metabolite formation. Duplicates or triplicates were used for each study. The LC
mobile phases were as follows: (a) 0.1% formic acid in water and (b) 0.1% formic acid in
acetonitrile. The solvent gradient was: 95% (a)/5% (b) for 0.3 min, 5% (a)/ 95% (b) from

0.3 to 1.30 min and held until 2.3 min, 95% (a)/5% (b) from 2.3 min to 2.31 min. The

13
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compounds were eluted from the column (Acquity C18, 1.7 pm, 2.1 mm x 50 mm;
Waters, Milford, MA) at a flow rate of 0.5 mL/min. Samples (10 pL) were injected using
a CTC PAL autosampler (Leap Technologies, San Diego, CA) for analysis. Shimadzu
HPLC AD30 pumps (Columbia, MD) connected to an AB Sciex (Foster City, CA) 5500
triple quadrupole mass spectrometer equipped with a TurbolonSpray source were used.
Analyst 1.6.2 software (Applied Biosystems, Foster City, CA) was used for data
collection, processing, and analysis. The IS for LC-MS/MS quantification was
terfenadine. The MS conditions at positive ion SRM mode are: cortisol Q1 363.2, Q3

121.2, DP 60, CE 60 and terfenadine Q1 472.2, Q3 436.3, DP 60, CE 60.

2.7. Evaluation of the Role of 115-HSD1 in Doxorubicin Metabolism

Doxorubicin (100 uM) was incubated with hr-113-HSD1 (100 pg/mL, from both
Cayman Chemical and OriGene Technologies) with final DMSO concentration of 1%
and NADPH cofactor of 1.4 mM at 37 °C for 1 h in a heating block in duplicate. Samples
without the addition of NADPH were used as negative controls. At appropriate time
points, an aliquot of solution was removed and quenched with cold acetonitrile

containing IS. Doxorubicinol reduction metabolite formation was quantified using LC-

MS/MS in positive ion SRM mode with Q1 546, Q3 363, DP 60, CE 30.

2.8. Evaluation of Concentration and Selectivity for 113-HSDI Inhibitor PF-915275
The inhibitory concentration of 113-HSD1 inhibitor, PF-915275, was determined in
cryopreserved human hepatocytes at 0.5 million cells/mL using cortisone as a substrate (1

puM) and via monitoring cortisol formation (see above for LC-MS/MS conditions).

14
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Detailed protocols on cytochrome P450 (CYP) selectivity determination have been
reported previously(Yang et al., 2016). Briefly, human hepatocytes (0.5 million
cells/mL) were incubated with PF-915275 at 1 uM in the presence of probe substrates at
1 uM. The following specific substrate reactions were monitored with and without 11[3-
HSD1 inhibitor PF-915275 at 1 uM to evaluate the selectivity against several CYPs:
phenacetin (1A2) to acetaminophen, bupropion (2B6) to OH-bupropion, paclitaxel (2C8)
to 6a-OH-paclitaxel, diclofenac (2C9) to 4'-OH-diclofenac, S-mephenytoin (2C19) to 4'-
OH-S-mephenytoin, dextromethorphan (2D6) to dextrorphan, and midazolam (3A) to 1'-
OH-midazolam. Metabolite formation was monitored over one hour and used to
calculate % inhibition of the enzymes. Selectivity of PF-915275 (1 uM) against CBR1
was conducted using doxorubicin as a substrate (1 pM) in hr-CBR1 (human recombinant
CBR1, 10 pg/mL) and monitored for the formation of doxorubicinol over a one-hour
incubation. Because a specific CRB1 substrate reaction is currently not available, hr-

CBR1 was used to evaluate PF-915275 selectivity against CBR1.

2.9. Determination of 115-HSD1 Contribution to Doxorubicin Metabolism
Doxorubicin (1 uM) was incubated with cryopreserved human hepatocytes at 0.5 or 2
million cells/mL with and without the presence of 113-HSDI inhibitor PF-915275 at 1
pM. The incubation was done at 37 °C in a CO; incubator (5% C0O,/95% air) with 75%
relative humidity on an orbital shaker (VWR, Radnor, NJ) at 150 rpm for 4 hours. At
various time points, samples were taken and quenched with cold acetonitrile containing
IS. The solution was centrifuged and the supernatant was transferred to a clean plate and

injected to LC-MS/MS for analysis. Doxorubicinol metabolite formation was used to

15
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evaluate the contribution of 113-HSDI1 to doxorubicin reduction (see above for MS
conditions). Percent inhibition was calculated using the initial slope of the doxorubicinol
metabolite formation curve with and without the inhibitor. The studies of 113-HSD1
contribution to doxorubicin reduction were performed on five different days in duplicate

and the average of all the data was reported.

16
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3. Results

This is the first study reporting 113-HSD1 protein expression in human intestine, kidney
and liver using a newly developed proteomic approach. The selection criteria for the
surrogate peptides for protein quantification include that they are unique within the
human proteome, have 6-20 amino acid residues, and have no known post-translational
modifications, single nucleotide polymorphisms, labile amino acids or missed cleavage
sites. Five surrogate peptides meeting the criteria were selected for further evaluation of
stability and digestion efficiency (Table 1). Peptide amounts (in pmol/mg protein) at
different time points were quantitated using calibration curves to evaluate stability and
digestion efficiency. It is important to use the quantified amount instead of MS response
for these evaluations as the MS response indicates only the relative stability or
completeness of digestion rather than the absolute amount. Peptide bonds can be cleaved
with a wide range of rates during digestion and the ability of enzymes to cleave different
scissible bonds varies (Slechtova et al., 2015), even when the reaction time is sufficient.
The stability of the five selected peptides under tryptic digestion conditions were
examined in the presence and absence of HLM. The results showed that all five peptides
were stable without HLM for at least 16 hours with 90 - 110% remaining (Table 4s in
Supplemental Material). These data suggest that the peptides had good chemical stable
and no significant observable loss. In the presence of HLM, all the peptides had stability
> 87% at 9 hours with the exception of FLA (Table 5s in Supplemental Material). FLA
had 40% remaining at 9 hours and was too unstable to be used as a surrogate peptide for

quantitation.

17

202 ‘02 Yok |\ UO SfeUINOL 1 3dSY e Io'seuIno fiadse: puup wolj pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on April 19, 2018 as DOI: 10.1124/dmd.118.081083
This article has not been copyedited and formatted. The final version may differ from this version.

DMD#81083

Ideally, the concentration for each of the cleaved peptides should be the same after
digestion is complete. However, due to different cleavage rates, accessibility of scissible
bonds, chemical/physical peptide stability, etc., the peptide concentrations detected by
LC-MS/MS after digestion are often different and the peptides providing the highest
concentration should be used as surrogate peptides for protein quantitation. For the
digested samples of 113-HSD1, the peptide concentrations for VLG, EYS, and FLA were
significantly lower than for AVS and VIV (Figure 2). VLG had the lowest digestion
efficiency and was not suitable as a surrogate peptide even though it demonstrated good
stability. FAL decreased significantly after 5 hours due to instability. EYS concentration
increased over the 16 hour digestion period. It offered attractive properties as a surrogate
peptide for quantitation but longer digestion times (>16 hrs) would be needed. AVS and
VIV had the highest measured concentrations with comparable results at both 9 and 16
hours of digestion. Both demonstrated acceptable stability during the digestion process (>
87% remaining after 9 hours) and were therefore selected as surrogate peptides for
quantitation. Overall, the 9 hour digestion period offered the maximum efficiency for the
AVS and VIV peptides and was used for subsequent sample preparation (Figure 2).
Stability under autosample storage conditions was also examined at room temperature in
solution with pH <2. AVS and VIV were both stable over 34 hours (<5% change, data
not shown), suggesting the lack of instability concerns for these peptides stored in the

autosampler prior to analysis.

11B-HSDI1 protein abundance was measured in both cytosols and microsomes of human

intestine, kidney, and liver using both AVS and VIV peptides (Table 2). The two
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surrogate peptides showed linear response over the concentration range of 0.25 to 750
pmol/protein. In control matrix (cynomolgus monkey intestine microsomes), no
interference peak was found for AVS and the signals were less than 20% of the LOQ
(lower limit of quantitation) for VIV. These data suggested that 113-HSD1 was not
present in human intestine and kidney, while high abundance was found in HLM with 62
pmol/mg protein for a pooled lot of fifty donors. Only trace amounts were detected in
liver cytosol (3.5 pmol/mg protein), a result potentially due to contamination from the
microsomal fraction during fractionation of the liver samples. For the three clearance
organs examined, 113-HSD1 appears to only be expressed in liver with a significant
amount as a membrane bound protein. 113-HSD1 abundance in HLM from thirty-one
donors was also quantified to explore inter-individual variability and demographic effects
(Table 2). 11B-HSDI protein amounts ranged from 36-109 pmol/mg protein suggesting
relatively small inter-individual variability of approximately 3-fold. The demographic
information (e.g., ethnicity, gender, age, weight, smoking, and alcohol use) of the
individual liver donors is included in the Supplemental Material (Table 6s). Using a
variety of exploratory statistical analyses, e.g., t-test, 1-way ANOVA, both simple and
multiple regressions, we did not obtain robust evidence of statistically significant effects
between the demographic variables and 113-HSD1 abundance or intrinsic clearance
(results not shown). For hr-113-HSDI1, the amounts were 4161 and 5686 pmol/mg
protein for the materials from OriGene Technologies and Cayman Chemical,
respectively. The REF values based on both lots of hr-113-HSD1 are summarized in

Table 3.
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11B-HSD1 catalytic activity was measured using cortisone as a substrate and monitored
for cortisol metabolite formation. The rate of cortisol formation is summarized in Table
2. The intrinsic clearance values range from 8.7 to 30 uL/min/mg in pooled or individual
HLM donors. The intrinsic clearance in human hepatocytes was also determined to be
6.2+0.22 pL/min/million cells or 15.6+0.55 mL/min/kg, an estimate comparable to the
scaled HLM value in the pooled lot (HLM/102), i.e., 21.5 mL/min/kg. The inter-
individual variability of 113-HSD1 based on functional activity of cortisone reduction is
approximately 3-fold, a relatively small value and in line with those based on protein
expression. The 11B-HSDI1 activity of the hr-113-HSD1 is 3642 pL/min/mg for the
OriGene Technologies lot and 236 pL/min/mg for the Cayman Chemical lot. Even
though the protein levels are similar for both vendors, the 113-HSDI activity is 15-fold
higher for the material from OriGene Technologies relative to Cayman Chemical. The
correlation between 11B-HSD1 protein abundance and activity was poor (R* =0.066,
Figure 3A) when using HLM data only, a result potentially due to a narrow data range (~
3-fold). However, with the addition of HLC (human liver cytosol) and hr-113-HSDI1
data, in an effort to increase the spread of these data over multiple log units, 113-HSD1
protein abundance and activity now appear correlated (R*=0.82, Figure 3B). The RAF
values based on both lots of hr-113-HSD1 and both HLM and HHEP are summarized in

Table 3.

With our improved understanding of tissue distribution, the contribution of 113-HSD1 to
the formation of the doxorubicinol metabolite from doxorubicin was investigated.

Doxorubicinol metabolite formulation was reported in the literature to be mostly
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mediated by CBR1 with minor contribution from AKRs (Kassner et al., 2008).
Incubation of doxorubicin with hr-113-HSD1 from Cayman Chemical indicated
doxorubicinol metabolite formation (Figure 4). Formation of doxorubicinol metabolite
was also observed using hr-113-HSD1 from OriGene Technology (data not shown),
suggesting for the first time that 113-HSDI is involved in the metabolism of doxorubicin
to the metabolite doxorubicinol. These results were further verified using HHEP by
monitoring doxorubicinol metabolite formation with and without 113-HSD1 inhibitor
PF-915275. PF-915275 has been reported to be a highly potent inhibitor for 113-HSD1
(Siu et al., 2009). The selectivity of PF-915275 against a variety of CYPs and CBR1 was
evaluated using HHEP (Figure 5). PF-915275 at 1 uM was not only a potent inhibitor of
11B-HSD1 (89%) but was also selective against CBR1 and the major CYPs with only a
minor inhibition of CYP2C19 (29%). The contribution of 113-HSD1 to doxorubicinol
formation was 29% + 7.9% based on metabolite formation in HHEP with and without
inhibitor PF-915275 (Table 4). Because doxorubicin does not have significant turnover
in human hepatocytes, the intrinsic clearance is not measurable. Therefore, REF and
RAF approaches or metabolite formation rate were not applied to estimate the percent

contribution to clearance by 113-HSDI.
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Discussion

This paper reported the first study to quantify 113-HSD1 levels using a newly developed
proteomic approach. Tissue distribution of 113-HSD1 is predominately in the human
liver microsomal fraction with a moderate concentration (60 pmol/mg protein) similar to
CYP2C9 (72 pmol/mg protein) in the liver (SIMCYP® database). 11B-HSD1 was not
detectable in the intestine and kidney, indicating the critical physiological role for this
enzyme in the liver for conversion of cortisone to cortisol. The inter-individual
variability of 113-HSD1 was approximately 3-fold based on both protein levels and
enzymatic activity. This variability is quite small suggesting that the enzyme is highly
regulated, a hypothesis consistent with the important physiological function of the
enzyme in converting inactive cortisone to active cortisol, a stress hormone known to
activate glucocorticoid receptors. Due to the relatively narrow protein distribution of
11B-HSD1 in the liver for the individual donors, the correlation between protein amount
and enzyme activity was not observed. But, when the distribution range is increased by
adding HLC and hr-11B-HSD1 data, a correlation was observed between protein
expression and 11B-HSDI activity. Various available demographic factors, such as
ethnicity, gender, age, weight, smoking, and alcohol use, did not appear to impact 11p3-
HSD1 activity based on this study, although the sample size was relatively small and the
sample demographic distribution was not evenly balanced or represented in the various
groups. Tobacco use has been reported to up-regulate 113-HSD1 expression in the
pharyngeal mucosa and placentas of smokers, though no functional changes have been
observed (Gronau et al., 2002; Huuskonen et al., 2008; Malatkova and Wsol, 2014). The

impact of smoking on liver 113-HSD1 levels has not been reported. In this study,
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significant statistical differences were not observed between smokers and non-smokers
using either 11B3-HSD1 protein expression or activity. The protein quantification and
activity data are useful to estimate the contribution of the enzyme to clearance though
REF and RAF values when selective inhibitors are not available. This approach is not
applied to the doxorubicin case in this study due to no significant turnover of the parent
in the in vitro systems. Tissue abundance information is beneficial for development of

PBPK models to predict human pharmacokinetics and drug-drug interaction potential.

Doxorubicin is one of the most effective chemotherapeutic agents and it has become the
“gold standard” for the treatment of various cancers, such as haematological
(lymphomas) and solid breast, ovarian, lung and liver tumors (Hofman et al., 2015).
Almost 60% children diagnosed with cancer receive anthracyclines (e.g., doxorubicin) as
part of their treatment(Voeller et al., 2015). However, its effectiveness is limited by a
cumulative dose-dependent cardio-toxicity that can result in irreversible heart failure
(Volkova and Russell, 2011). Several mechanisms have been proposed for doxorubicin
toxicity. One mechanism is that the metabolite from doxorubincin reduction, i.e.,
doxorubicinol, induces heart failure(Olson et al., 1988; Forrest and Gonzalez, 2000;
Forrest et al., 2000; Miura et al., 2013), a mechanism that has also been shown to cause
resistance in tumors (Hofman et al., 2015). The reductases involved in this
biotransformation have been shown to be mainly mediated by CBR1 and AKRs (Kassner
et al., 2008; Bains et al., 2010). Inhibitors of CBR1 are currently being developed to
improve the therapeutic index of doxorubincin by decreasing the formation of the

doxorubicinol metabolite (Hu et al., 2015; Shi and Di, 2017). We demonstrated for the
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first time in this study that 113-HSD1 is also involved in catalyzing the conversion of
doxorubincin to doxorubicinol and that it is a significant pathway accounting for
approximately 30% of doxorubicinol formation. The functional redundancy of
reductases (CBR1, AKRs, 113-HSD1) provides multiple pathways to enhance the chance
for elimination of the intrinsically reactive ketones and aldehydes (Shi and Di, 2017).
Selective inhibitor of 113-HSD1, PF-915275, has also been identified in this study,
which enables the determination of the enzyme contribution to metabolism. Owing to the
advances and availability of the recombinant enzyme and the selective inhibitor, we were
able to discover new clearance pathway for doxorubicin, which has been on the market

for more than 40 years and is one of the most widely prescribed anticancer drugs.
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Legend for Figures

Figure 1. Interconversion between cortisone and cortisol catalyzed by 113-HSD1 and
11B-HSD2. In intact cells, 113-HSD1 metabolizes cortisone to cortisol using NADPH
and generates NADP". In microsomes, 113-HSDI1 catalyzes the bidirectional reaction
depending on the cofactors available. In the presence of NADPH, 113-HSD1 reduces
cortisone to cortisol. In the presence of NADP", 113-HSD1 oxidizes cortisol to
cortisone. 11B-HSD2 is a unidirectional enzyme that oxidizes cortisol to cortisone using
NAD' cofactor and generates NADH.

Figure 2. Digestion Efficiency of 113-HSD1 in Human Liver Microsomes.

Figure 3. Protein Abundance and Intrinsic Clearance Correlation for 11B3-HSD1. (A)
Data from HLM only; (B) Data includes HLM, HLC and hr-113-HSD1 enzyme.
Figure 4. Formation of Doxorubicinol in hr- 113-HSD1 With and Without NADPH

Figure 5. 11B3-HSD1 Inhibitor PF-915275 Selectivity Against CYP and CBR1 Enzymes
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Table 1. MS Method for Peptide Analysis using SRM Acquisition

Mass Sciex API-5500-Electrospray (+)

Spectrometer pray

Data collection | Analyst 1.6, MultiQuant 2.1.

software/version

Ion source 650 °C

temperature

IonSpray 5000 V

voltage

Declustering 80V

potential

Dwell time 20 ms
H2N-VLGLIDTETAMK-OH m/z 645.9— m/z 1078.5 (20 eV)*
H2N-AVSGIVHMQAAPK-OH | m/z 436.9— m/z 569.9 (20 eV)°
H2N-VIVTGASK-OH m/z 387.8— m/z 562.5 (22 eV)*
H2N-EYSVSR-OH m/z 370.8— m/z 448.4 (25 eV)°

SMR transitions | H2N-FALDGFFSSIR-OH m/z 630.3— m/z 928.4 (23 eV)*

(and collisional *"p T GLIDTETAMKA-OH

energy settings) (IS)* m/z 649.9— m/z 1086.5 (20 eV)*
H2N-AVSGIVHMQAAPK"- c
OH (IS) * m/z 439.6— m/z 573.9 (20 eV)
H2N-VIVTGASK"-OH (IS)* m/z 391.8— m/z 570.5 (22 eV)*
H2N-EYSVSRA-OH (IS)° m/z 375.8— m/z 458.4 (25 eV)°

- /\_

bHZN FALDGFFSSIR"-OH (IS) m/z 635.3— m/z 938.4 (23 eV)"

% K"--Internal standard peptides were labeled at C-terminal arginine
(K)=(>C)eH14("N),0, (mass shift+8)

b. RA__Internal standard peptides were labeled at C-terminal arginine
(R)=("*C)eH 4("*N)40, (mass shift+10)

¢ Collision energy
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Table 2. 113-HSD1 Protein Abundance in Individual/Pooled Human Liver,

Intestine, and Kidney Cytosols and Microsomes (n=3)

11B-HSDI1 Protein Concentration (pmol/mg protein) + SD * o
: - ; Intrinsic clearance
Tissues/Lot Based on AVS peptide Based on VIV peptide Average based on both (wL/min/mg)
probe probe AVS and VIV
Pooled HIC <LOQ" <LOQ <LOQ ND
Pooled HIM <LOQ <LOQ <LOQ ND
Pooled HKC <LOQ <LOQ <LOQ 0.1 £0.04
Pooled HKM <LOQ <LOQ <LOQ 02+0.11
Pooled HLC 3.06+0.07 4.09+0.13 3.47+0.09 0.5+0.12
Pooled HLM/102 50.7+6.7 72.7+8.6 61.7+7.6 22.8+0.075°¢
HLM/262 75.8+123 96.4+73 86.1+9.8 17513
HLM/375 30.4+04 443 +£0.6 373+0.5 19.8+3.2
HLM/377 326+0.6 484+£22 405+14 155+£2.0
HLM/380 67.5+1.1 89.9+3.2 78.7+2.1 259+2.1
HLM/384 603+25 88.0+0.6 742+15 21.5+22
HLM/402 41.0+3.0 57.8+4.1 494 +£3.6 235+23
HLM/403 447+£4.5 54.1+5.0 494 +4.7 871+15
HLM/405 37.8+45 50.7+6.8 443+5.6 16.7+2.7
HLM/406 29.0+4.6 43.6+5.5 36.3+5.0 16.4+12
HLM/418 59.4+8.7 82.1+11.5 70.8+10.1 26.5+0.66
HLM/421 97.6+9.0 122+ 13 109 £ 11 22.7+0.49
HLM/439 59.9+3.1 81.3+10.5 70.6 + 6.4 22.8+1.8
HLM/448 38.6+3.4 53.8+1.8 462+1.2 15.2+0.50
HLM/467 31.6+1.1 412+15 364+13 13.7+£0.55
HLM/469 492+6.3 729+58 61.0+6.0 16.2+0.55
HLM/486 73.0+2.0 92.4+26 82.7+2.0 20.0 £ 0.44
HLM/494 54.1+3.9 69.3+7.0 61.7+5.5 18.1+£0.37
HLM/499 46.0+ 1.6 649+19 55.5+1.6 18.8+1.9
HLM/508 514+9.0 742+98 62.8+9.4 16.6 £0.78
HLM/510 347+12 51.3+3.1 43.0+2.1 15.7+0.38
HLM/512 479+23 63.6+1.7 55.8+1.6 26.5+0.75
HLM/523 51.5+5.6 69.0 + 8.9 603+72 19.5+0.31
HLM/532 58.9+7.5 77.1+£92 68.0+8.4 233+1.1
HLM/535 41.0+7.1 56.9+94 49.0+ 8.3 23.6+£0.21
HLM/552 83.5+16.4 104 + 18 93.6+17.1 17.3+£0.41
HLM/556 49.0+£6.8 72.0+6.6 60.5+£6.2 20.9 £0.85
HLM/566 389+ 11.1 539+89 46.4+10.0 299+0.11
HLM/573 68.1 +4.4 84.0+79 76.0+6.1 203+1.2
HLM/751 64.0+6.9 84.4+77 742+73 184+1.5
HLM/838 554+ 6.8 76.5+8.1 65.9+74 16.8 £3.5
HLM/843 77.1+£11.2 104+ 19 90.7+15.2 15.3+£0.34
Human recombinant
11B-HSDI (OriGene) 4600 + 130 3723 £224 4161 £ 176 3642 +37
Human recombinant
11B-HSD1 (Cayman) 6490 + 646 4882 £453 5686 + 539 236+21

*: Data generated from 3 replicates of each sample
P: LOQ is 0.25 pmol/mg protein

¢: Intrinsic clearance in human hepatocytes is determined to be 6.2+0.22 uL/min/million cells or 15.6+0.55

mL/min/kg, a value comparable to scaled HLM data, i.e., 21.5 mL/min/kg.
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Table 3. RAF and REF Values for Human Recombinant 113-HSD1

Human recombinant 113-HSD1 | RAF based on human | RAF based on human REF based on
Vendor, Lot liver microsomes hepatocytes human liver microsomes
OriGene, Lot # 021617 0.0063 0.0045 0.015
Cayman, Lot # 0486950 0.097 0.070 0.011
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Table 4. Percent Inhibition of Doxorubicinol Formation in Human Hepatocytes

Using Selective 113-HSD1 Inhibitor PF-915275

Experiments Cell Density % Inhibition of
(Million Cells/mL) Doxorubicinol Formation
1 2 29
2 2 28
3 0.5 27
4 0.5 41
5 2 19
Average and Standard 29+£79

Deviation
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Figure 1.
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Area Ratio of Doxorobicinol Formation
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