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Abstract

Objective: Aldo-keto reductase 1C3 (AKR1C3) has been postulated to be involved in androgen, progesterone, and estrogen metabolism. Aldo-
keto reductase 1C3 inhibition has been proposed for treatment of endometriosis and polycystic ovary syndrome. Clinical biomarkers of target
engagement, which can greatly facilitate drug development, have not yet been described for AKR1C3 inhibitors. Here, we analyzed
pharmacodynamic data from a phase 1 study with a new selective AKR1C3 inhibitor, BAY1128688, to identify response biomarkers and
assess effects on ovarian function.

Design: In a multiple-ascending-dose placebo-controlled study, 33 postmenopausal women received BAY 1128688 (3, 30, or 90 mg once daily or
60 mg twice daily) or placebo for 14 days. Eighteen premenopausal women received 60 mg BAY 1128688 once or twice daily for 28 days.
Methods: \We measured 17 serum steroids by liquid chromatography—-tandem mass spectrometry, alongside analysis of pharmacokinetics,
menstrual cyclicity, and safety parameters.

Results: In both study populations, we observed substantial, dose-dependent increases in circulating concentrations of the inactive androgen
metabolite androsterone and minor increases in circulating etiocholanolone and dihydrotestosterone concentrations. In premenopausal
women, androsterone concentrations increased 2.95-fold on average (95% confidence interval: 0.35-3.55) during once- or twice-daily
treatment. Note, no concomitant changes in serum 17B-estradiol and progesterone were observed, and menstrual cyclicity and ovarian
function were not altered by the treatment.

Conclusions: Serum androsterone was identified as a robust response biomarker for AKR1C3 inhibitor treatment in women. Aldo-keto reductase
1C3 inhibitor administration for 4 weeks did not affect ovarian function.
ClinicalTrials.gov Identifier: NCT02434640; EudraCT Number: 2014-005298-36

Keywords: endometriosis, polycystic ovary syndrome, ovulation, menstrual cycle, ovary, steroid metabolism, androgens, androsterone, randomized clinical
trial

Significance

This manuscript is the first to describe effects of AKR1C3 inhibition on steroidogenesis in healthy premenopausal and post-
menopausal women. We identified circulating concentrations of the androgen metabolite androsterone as a key pharmaco-
dynamic biomarker for AKR1C3 inhibition. This novel finding is expected to help clinical development of drugs targeting
AKR1C3, which have been proposed to be of potential benefit to women with endometriosis or polycystic ovary syndrome.
In addition, we show for the first time that AKR1C3 inhibition does not disrupt ovarian function in healthy premenopausal
women as documented by unchanged circulating estrogens and progesterone and normal menstrual cycle dynamics, which
we assessed by an innovative combined sparse-dense sampling approach around the luteinizing hormone peak.
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Introduction

The enzyme aldo-keto reductase 1C3 (AKR1C3) or
17B-hydroxysteroid dehydrogenase type S is of critical im-
portance for androgen activation in humans (Figure 1). A
key role for AKR1C3 has been postulated in the production
of androgens in men with castration-resistant prostate cancer’
and in women with polycystic ovary syndrome (PCOS).>* In
addition to androgen activation, AKR1C3 has also been impli-
cated in progesterone metabolism and estrogen biosynthesis;
and it plays a role in prostaglandin synthesis,>* suggesting
it as a possible drug target in endometriosis,”® a condition
characterized by altered endometrial steroidogenesis and
inflammation.

Endometriosis and PCOS each affect up to 10-15% of
women of reproductive age. Treatment options, however,
are currently limited. Thus, developing AKR1C3 inhibitors
as therapies for these conditions would address urgent clinical
needs. The development of such therapies would be greatly fa-
cilitated if response biomarkers indicative of effective in vivo
AKR1C3 inhibition could be identified. One approach to
detect target engagement biomarkers is the systematic investi-
gation of the effects of AKR1C3 inhibition on steroid metab-
olism. A previous study in men with castration-resistant
prostate cancer employing the AKR1C3 inhibitor ASP9521°
provided only limited information regarding response bio-
markers. In vivo effects of AKR1C3 inhibitors in women
have not been reported yet, to our knowledge.

Here, we report results of a phase 1 study with the novel se-
lective AKR1C3 inhibitor BAY1128688 in healthy premeno-
pausal and postmenopausal women. BAY1128688, which is
the result of a rational drug design approach starting from
natural ligand, strongly inhibits human AKR1C3 activity
(ICs0: 1.4 nM; measured by quantification of coumberol for-
mation from coumberone at a coumberone concentration of
0.3 umol/L [Km];'®!! details in Section S1.1) but shows no
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inhibition of AKR1C1, AKR1C2, and AKR1C4 at concentra-
tions up to 10 pM.” The development of BAY1128688 was
terminated due to hepatotoxicity observed in a phase 2 study
of BAY1128688.'> The hepatotoxicity is assumed to be
due to off-target effects of the drug.'® Therefore, it is not preclud-
ing AKR1C3 as a target for the treatment of endometriosis as
Rizner and Penning point out in the above-referenced review.®

In the phase 1 study presented here, we carried out a de-
tailed analysis of steroid biosynthesis and metabolism employ-
ing multisteroid profiling by liquid chromatography-tandem
mass spectrometry (LC-MS/MS), alongside a detailed assess-
ment of menstrual cycle parameters in the participating
healthy premenopausal women.

Participants and methods

The study was conducted in compliance with the Declaration of
Helsinki. The protocol for this study was approved by the rele-
vant independent ethics committees (lead ethics committee:
Landesamt fiir Gesundheit und Soziales, Ethik-Kommission
des Landes Berlin, Germany) and competent authority
(Bundesinstitut  fur Arzneimittel und Medizinprodukte
[BfArM], Germany) before the start of the study. The clinical
parts of the study were conducted at three clinical research fa-
cilities in Germany in 2015 and completed in 2016. All partic-
ipants gave their written informed consent before entry into the
study. The study was registered with clinicalTrials.gov
(NCT02434640) and EudraCT (2014-005298-36).

Study population

This was a study in healthy premenopausal and postmenopausal
women. To be eligible, a woman had to be healthy and have a
body mass index of >18 and <30 kg/m?. Participating women
had to fulfill the published inclusion/exclusion criteria
(NCT02434640). Key criteria are described below.

20alpha-hydroxy-
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Figure 1. Steroid metabolism pathways: Expected effects of treatment with an AKR1C3 inhibitor. (1) Progesterone is a substrate of AKR1C3 (and other
enzymes); AKR1C3 (and AKR1C1) reduces progesterone to 20a-hydroxyprogesterone.®'*? Increased progesterone concentrations are expected upon
treatment with an AKR1C3 inhibitor. (2) Androstenedione is a substrate of AKR1C3. Conversion to testosterone is expected to be reduced during
treatment with an AKR1C3 inhibitor.2"*3 (3) Estrone (E1) is a substrate of AKR1C3 (and other enzymes). A reduction in E2 concentrations and an increase
in E1 concentrations are expected upon treatment with an AKR1C3 inhibitor.®" (4) 11-Deoxycorticosterone is inactivated by AKR1C3.3* This effect—
which is outside the focus of this paper—is mentioned only for completeness. Orange boxes: analytes included in the AbsolutelDQ Stero17 kit. Gray

boxes: other metabolites in the pathway.
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Postmenopausal women had to be between 45 and 68 years
of age (inclusive) and to be nonsmokers for >3 months.
Their postmenopausal status had to be confirmed by medical
history (natural menopause >12 months before the first
administration of study medication, surgical menopause by bi-
lateral oophorectomy >3 months before the first administra-
tion of study medication, or hysterectomy) and by serum
follicle-stimulating hormone (FSH) level (>40 U/L).

Premenopausal women had to be between 18 and 48 years
of age (inclusive), be sterilized by tubal ligation, have com-
pleted at least three menstrual cycles since delivery, abortion,
or lactation, if applicable, be nonsmokers or light smokers
(<10 cigarettes/day), and to have their pretreatment cycle as-
sessed as ovulatory based on serum hormone levels (progester-
one >5 nmol/L [1.57 ug/L]; 17B-estradiol [E2] >100 pmol/L
[27.2 pg/mL]) and urinary estrone-3-glucuronide (E3G) signal
on the ClearBlue Fertility Monitor (SPD Swiss Precision
Diagnostics GmbH, Geneva, Switzerland).

Study design, treatments, and procedures

This was a two-part ascending-dose safety and pharmacoki-
netic (PK)/pharmacodynamic (PD) study.

Part A of this early clinical phase 1 study, which focused on
safety endpoints, was conducted in postmenopausal women as
a randomized, double-blind, placebo-controlled, combined
ascending single-/multiple-dose study with three dose levels
of BAY1128688 (30 mg once daily [QD], 90 mg QD, and
60 mg twice daily [BID] over 14 days) (Figure 2A). In addition,
independent of the dose-escalation protocol, a new tablet for-
mulation of BAY1128688 (3 mg QD) was studied to charac-
terize its PK properties. Nine participants per dose step
(seven on active drug and two on placebo) were included.

Part B, which focused on PD endpoints, was conducted in
premenopausal women as an open-label, intraindividual-
comparison multiple-dose study with two dose levels (60 mg
BAY1128688 QD and 60 mg BAY1128688 BID over 28
days) and no placebo control (Figure 2B). In both study parts,
progression to the next higher dose level followed evaluation
of safety and tolerability data collected at the previous level.
Dosing in part B started after evaluation of the relevant safety
and PK data collected in part A.

Both part A and part B comprised four study periods each.
In both parts, blood samples for PK, PD, and safety analyses
were taken as specified in Figure 2A and B.

In part A, the screening and randomization period was fol-
lowed by treatment period 1 with single-dose administration
of the study medication, treatment period 2 with multiple-
dose administration over 14 days, and finally follow-up.

In part B, the screening period was followed by a pretreat-
ment cycle, a 28-day treatment period, and follow-up. In the
pretreatment cycle, hormonal changes over one menstrual
cycle were evaluated, and evidence of ovulation was obtained.
Treatment with BAY1128688 started on the fourth day of
menstrual bleeding in the first or second menstrual cycle (after
pretreatment) and was continued for 28 days in total. During
both the pretreatment and the on-treatment menstrual cycle,
ovarian activity was monitored by regular transvaginal ultra-
sound examinations and hormone measurements (Figure 2B).
To detect the luteinizing hormone (LH) peak, the participants
tested their urine LH levels every day using the abovemen-
tioned ClearBlue Fertility Monitor. Around the time of the
LH peak, blood samples for hormone measurement were
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taken daily, otherwise only on every second or third day (com-
bined sparse-dense sampling approach). The participants were
also asked to document drug intake and any uterine bleedings
and spotting in a diary, starting with the pretreatment cycle
and ending with the follow-up visit.

Pharmacodynamic evaluations

Multiplex LC-MS/MS by means of a commercially available,
validated assay (AbsoluteIDQ Sterol7 Kit, Biocrates Life
Sciences AG, Innsbruck, Austria)'* was used to simultaneous-
ly quantify 17 steroids in serum, including analytes previously
described as substrates or products of AKR1C3 (Figure 1). In
addition, various eicosanoids (including prostaglandins) and
polyunsaturated fatty acids were simultaneously determined
in plasma using the LC-MS/MS-based assay described by
Unterwurzacher et al.'’

Assessments of ovarian function (part B) included transva-
ginal ultrasound examinations, measurements of follicle
diameter and endometrial thickness, classification of ovarian
activity using Hoogland scores,'® and evaluation of the bleed-
ing pattern based on participants’ daily self-assessments of the
maximum bleeding intensity.

Pharmacokinetic evaluations

The concentrations of BAY1128688 and its less active main
metabolite BAY1107202 (M-7) in plasma were determined
using a validated LC-MS/MS method (details in Section
1.2.1; performance parameters in Table S1). Based on
concentration-time data, standard noncompartmental PK pa-
rameters were calculated for both analytes (details in Section
1.2.2). In addition, a population pharmacokinetic (popPK)
model and a population pharmacokinetic/pharmacodynamic
(popPK/PD) model were developed for BAY1128688 and
the time course of bilirubin in serum, respectively (details in
Section S1.2.3).

Safety assessments

General safety assessments: Safety was assessed in all study
participants based on adverse event (AE) reporting, vital signs,
electrocardiograms, standard clinical laboratory tests (hema-
tology, serum chemistry including liver function tests, and
urinalysis). The primary safety endpoint was the number
and severity of treatment-emergent AEs (TEAEs).
Exploratory biomarkers for renal safety: See Section S1.3.

Statistical analysis

For data analysis, the software package SAS v9.2 and v9.4
(SAS Institute Inc., Cary, NC, USA) and R v3.1.2 (R Core
Team 2013) were used. Graphs were prepared using Prism
v8.02.2 (GraphPad Software, San Diego, CA, USA).

All participants who received at least one dose of the study
medication were included in the safety analyses; all partici-
pants who completed the study without protocol violations af-
fecting the validity of PD analysis (or PK analysis) were
included in the PD analyses (or PK analyses if they received
BAY1128688). All participants treated with placebo were
pooled.

All data were analyzed by descriptive statistical methods.
Pharmacodynamic values below the lower limit of quantita-
tion were excluded from analysis.
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Figure 2. Study design and procedures. (A) Blood samples for PK analyses of BAY 1128688 and its metabolite BAY1107202 (M-7) in plasma were
collected predose and 0.25,0.5,1,1.5,2, 3, 4,6, 8,12,24,48,72,96, 120, 144, 192, 264, and 336 h of postdose in period 1 and—using the same sampling
schedule until 192 h of postdose—on day 14 and following in period 2. Blood samples for PD analyses (steroid assay, eicosanoid assay, additional
hormones, and prostaglandin metabolites within pathway) were taken at 0, 2, 4, 8, 12, 24, and 48 h after dosing on day 1 period 1 and on day 14 in period 2
and—following the same sampling schedule, also on day —1 before Period 1. Additionally, predose samples for PK and PD analyses were taken at
predefined intervals in period 2. Safety monitoring included evaluation of AE reports, measurement of vital signs, electrocardiograms, and clinical
laboratory tests. Independent of the three-step dose-escalation procedure (30 mg QD, 90 mg QD, and 60 mg BID), the PK of 3 mg BAY 1128688 given in
the form of three new 1 mg tablets was studied using the same protocol. (B) The pretreatment cycle started with the onset of menstrual bleeding and
ended with the onset of the next menstrual bleeding. The treatment period started on day 4 after the onset of menstrual bleeding (cycle day 4). The
duration of treatment was 28 days, irrespective of subsequent menstrual bleedings. Pretreatment cycle and treatment period could be separated by up to
2 menstrual cycles. Samples for PD analyses (steroid assay, eicosanoid assay, additional hormones, and prostaglandin metabolites within pathway, FSH,
and LH) were taken at 3- to 4-day intervals on scheduled visits, on visits introduced through urinary E3G increases (high-fertility days), on the first days of
menstrual bleeding before starting treatment and at the end of treatment. Samples for PK analyses of BAY 1128688 and its metabolite BAY 1107202 (M-7)
in plasma were collected on any day between D15 and D28 of the treatment period, following the same sampling schedule as in part A of the study. BAY,
BAY1128688; BID, twice daily; C..., day ... of menstrual cycle; D..., d... day within cycle or period; E3G, estrone-3-glucuronide; LH, luteinizing hormone;
PD, pharmacodynamic; PK, pharmacokinetic; QD, once daily; TVU, transvaginal ultrasound. *The washout between single-dose administration in period 1
and the first dose in period 2 was 14-28 days.
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Table 1. Demographic data and smoking history.
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Dose group® Age (years) BMI (kg/m?) Smoking history
N Arith. mean Range Arith. mean SD Never/former/current

Part A (postmenopausal women) 3 mg QD S 57.0 52-64 23.3 4.42 4/1/-
30 mg QD 7 56.6 52-60 24.6 1.91 4/3/-
60 mg BID 7 61.7 52-68 24.2 1.69 4/3/-
90 mg QD 7 62.3 57-67 24.1 2.43 5/21/-
Placebo 7 62.3 59-67 25.9 2.11 4/3/-

Total 33 60.2 52-68 24.5 2.52 21/12/-
Part B (premenopausal women) 60 mg QD 9 40.4 32-48 24.6 2.61 4/1/4
60 mg BID 9 38.4 32-46 23.4 3.02 1/4/4
Total 18 39.4 32-48 24.0 2.81 5/5/8

Abbreviations: BID, twice daily; BMI, body mass index; N, number of participants; QD, once daily; SD, standard deviation.
*mg specifications refer to the doses of BAY1128688 administered (single doses).

For steroid data from part A, ratios between postdose meas-
urements and baseline—defined as the last measurement be-
fore drug administration in the respective period—were
calculated to determine fold increases or decreases.

The steroid data obtained in part B, ie, in premenopausal
women, were summarized with LH-peak-adjusted areas under
the concentration-time curves (AUC). The steroid AUCs were
calculated for the intervals from day 5 before the LH peak to
day 10 after the peak of each cycle, the interval during which
the data density was highest. In case no values were available
for these time points/visits, the interval limits were replaced by
the median of all earlier or later visits, respectively.

Differences in steroid levels between cycles (pretreatment
vs. treatment, part B) were assessed using a linear mixed effect
model where the subject was included as random factor to ac-
commodate for differences in the average steroid levels of each
woman. The model equation reads:

Yo =p0+ p1Cc + S + ecs

where Y, is the AUC for the steroid of subject s in cycle ¢ (pre-
treatment and treatment), S is the random subject effect, and C
is the fixed cycle effect. 0 and p1 are intercept and coefficient
for modeling the impact of the cycle. ¢ is the residual error of
the measurement. The random subject effects S; are modeled
by a normal distribution.

All statistical analyses were exploratory.

Results

Participants and procedures

In total, 100 healthy postmenopausal women and 52 healthy
premenopausal women were screened for this study. We
randomized 51 women (33 postmenopausal and 18 premeno-
pausal), and all received study medication, completed the
study as planned, and were included in the safety and bio-
marker/PD analyses; all participants who received active
drug were included in the PK analyses (subject disposition in
Figure S1) (supplementary tables and figures are provided in
Section S2.1 and S2.2, respectively). All participants were
White. Their characteristics were well balanced with no not-
able differences between dose groups (Table 1).

Pharmacodynamics
In our study, serum concentrations of the inactive androgen
metabolite androsterone increased in a dose-dependent man-

ner in postmenopausal women receiving the novel AKR1C3
inhibitor BAY1128688 at dosages between 30 mg QD and

60 mg BID for 14 days, and they were also substantially
increased in premenopausal women receiving 60 mg
BAY1128688 QD or BID for 28 days. No or less pronounced
increases in serum androsterone were observed after single-
dose administration. We also observed slight increases in the
inactive androgen metabolite etiocholanolone and the active
androgen So-dihydrotestosterone (DHT), both of which
were much less pronounced than the increase in androsterone
(Figure 3 and Table S2).

In premenopausal women, the switch from sparse blood sam-
pling during early follicular phase to dense sampling around the
LH peak was successful as illustrated in Figure 4A. The com-
bined sparse-dense, LH-peak-centered blood sampling scheme,
where the participants monitored their urine LH levels using
an at-home test, was applied to minimize the burden caused
by repeated blood draws. The LH-peak-adjusted AUCs (day
—5 to day +10 relative to LH peak) for serum androsterone
markedly increased during the treatment cycle compared to
the pretreatment cycle (Table 2; point estimate for mean fold
change from baseline [90% confidence interval {CI}]: 2.95
[0.35-3.55]; P=.019). Treatment-related increases in serum
androsterone concentrations were seen in each individual par-
ticipant; however, the degree of the increase varied considerably
between participants (Figure 4B and C).

There were also minor increases (fold change < 2) within the
reference range in circulating etiocholanolone and DHT con-
centrations (Table 2). Serum testosterone appeared to slightly
decrease in the treatment cycle compared with the pretreat-
ment cycle.

Of note, there were no systematic changes in serum E2
and progesterone concentrations upon treatment with
BAY1128688 as illustrated in Figure S2. In keeping with this,
menstrual cyclicity and ovarian function in the premenopausal
participants were not altered by the treatment, as illustrated in
Figure 5. All participants had an ovulatory pretreatment cycle.
During the treatment cycle (28 days of BAY1128688), most
participants (14 of 18 participants) had a Hoogland score of
6, indicative of normal ovulation (Figure S3). Among the
remaining four participants, two participants did not ovulate
in the treatment cycle and two participants could not attend
the transvaginal ultrasound examination; however, their on-
treatment hormonal profiles were indicative of ovulation.

Systemic measurements of eicosanoids (including prosta-
glandins) and polyunsaturated fatty acids showed broad vari-
ability within and between participants (data not shown).
There was no obvious impact of AKR1C3 inhibition on any
of the prostaglandins investigated.
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Figure 3. Steroid assays: Change-from-baseline versus time curves for selected analytes (means and standard deviations) (postmenopausal women,
14-day treatment period, and 5-day follow-up). The treatment history (14 days on treatment and 5-day follow-up without treatment) is depicted below the
x-axes at the bottom of the picture. Changes from baseline were calculated as the ratio between the value at time X and the last value before
administration of the first dose of BAY1128688 in period 2. The x-axis shows the time after the first dose in period 2 in days. For clarity, only the predose
value is presented for days on which multiple samples were taken. NB: The analysis of intraday profiles did not reveal any circadian effects on steroid
levels. For number of valid values per time point, see Table S2. The change-from-baseline versus time curves for estradiol and estrone are not presented
here because these data sets contained too many invalid values and values below the detection limit. BID, twice daily; QD, once daily.

Pharmacokinetics

An overview of the PK parameters of BAY1128688 and its
main metabolite M-7 determined in plasma after single-dose
and multiple-dose administration of BAY1128688 is given
in Table S3.

Following multiple-dose administration to postmenopausal
women, the exposure of BAY1128688 (AUC[0-24] multiple-dose)
increased roughly dose proportionally, whereas C,,,,, seemed
to increase slightly supra-proportionally within the tested

dose range (Figure 6). With repeated QD administration, mi-
nor to moderate accumulation of BAY1128688 was observed
(accumulation indices [RAAUC] between 1.23 and 1.61).
With repeated BID administration, accumulation was slightly
more pronounced (RAAUC=2.32). Linearity indices (Ryn)
around 1 (0.94-1.28) indicate that the steady-state PK is pre-
dictable from single-dose data. The time courses of the mean
Cirough concentrations indicate that PK steady-state conditions
were reached after about 4-8 days of treatment in all dose
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Table 2. Steroid assay: Changes from baseline in LH-peak-adjusted AUCs (premenopausal women receiving 60 mg BAY 1128688 once or twice daily over

28 days).
Analyte Pretreatment cycle Treatment period Mixed linear model X-fold change from baseline

AUC AUC AUC SE  AdjPvalue Median Mean 1 N

(nmol/d) (nmol/d) difference
(nmol/d)

11-Deoxycorticosterone 1.89 1.61 -0.308 0.118 .365 0.87 0.88 (0.78-0.98) 14
11-Deoxycortisol 5.96 4.84 -0.953 0.672 1 0.79 0.85 (0.70-1.00) 14
17alpha-Hydroxyprogesterone 47.5 42.5 -5.20 1.90 285 0.87 0.88 (0.79-0.96) 14
Aldosterone 3.16 3.17 0.0041 0.279 1 0.94 1.05 (0.87-1.22) 14
Androstenedione 51.5 51.1 -0.312 2.49 1 0.98 0.99 (0.91-1.07) 14
Androsterone 7.03 20.6 13.5 3.24 .019 2.42 2.95 (0.35-3.55) 14
Corticosterone 106 90.6 -17.7 16.7 1 0.95 0.98 (0.78-1.19) 14
Cortisol 4577 4102 -407 397 1 0.92 0.95 (0.85-1.04) 14
Cortisone 914 859 -55.6 33.4 1 0.92 0.94 (0.88-1.01) 14
Dehydroepiandrosterone 153 130 -23.3 7.83 182 0.78 0.83 (0.75-0.91) 14
Dehydroepiandrosterone sulfate 60526 69510 9524 4386 .833 1.12 111 (1.01-1.21) 14
Dihydrotestosterone 6.69 10.2 3.49 0.438 <.001 1.53 1.52 (1.41-1.63) 14
Estradiol 6.79 7.29 0.343 0.444 1 1.12 1.06 (0.94-1.18) 14
Estrone 3.84 4.02 0.139 0.226 1 1.08 1.05 (0.94-1.15) 14
Etiocholanolone 3.52 7.01 3.47 0.891 .036 1.70 1.96 (1.66-2.27) 13
Progesterone 258 213 -50.6 19.9 416 0.90 0.84 (0.70-0.98) 14
Testosterone 10.9 9.45 -1.43 0.484 191 0.87 0.86 (0.78-0.94) 14

Data are sorted alphabetically; P values are Bonferroni-Holm adjusted.

Abbreviations: AUC, area under the concentration-time curve (day —5 to day +10 relative to the LH peak determined by the investigator); CI, 90% confidence
interval; LH, luteinizing hormone; N, number of participants; SE, standard error.

groups (data on file at Bayer AG). The metabolic ratio (M-7 to
parent compound) was low at steady state in all dose groups
(0.115-0.136).

Largely similar multiple-dose PK parameters were obtained
in premenopausal women.

Safety results

In total, 41 of 51 participants (80%) were affected by TEAEs.
All TEAEs were of mild or moderate intensity and nonserious;
and none of the AEs led to premature discontinuation of treat-
ment with the study drug. The most common TEAEs in partic-
ipants receiving BAY1128688 were (with decreasing total
frequency) headache, nausea, increased serum bilirubin, vom-
iting, nasopharyngitis, and decreased appetite (Table S4). In
the majority of instances, these TEAEs were classified as study
drug related (with the exception of nasopharyngitis).
Headache, increased serum bilirubin, and decreased appetite
were reported only for participants receiving BAY1128688.
A detailed overview of all TEAE:s is given in Table SS5.
Dose-dependent reversible increases from baseline in total
serum bilirubin concentrations were mostly observed not
only in postmenopausal participants (Figure 7A) but also in
one premenopausal participant who received 60 mg
BAY1128688 once daily (Table S5). However, at the highest
dose of 60 mg BID increases in serum bilirubin were noted
as AEs in five of seven (71%) postmenopausal women versus
none of the premenopausal participants receiving the same
dosage. Increases in mean and median total serum bilirubin
were observed in postmenopausal women during 2 weeks of
treatment at doses of 90 mg QD and 60 mg BID but not at
30 and 3mg QD, with maximum median increases of
2.2-fold median baseline values with 90 mg QD over baseline
at day 6 of treatment (individual maximum increase around
2.3-fold upper limit of normal [ULN] at day 6) and with max-
imum median increases of 2.8-fold median baseline values
with 60 mg BID over baseline at day 6 of treatment (individual

maximum increase around 1.2-fold ULN at day 13). The in-
creases in serum bilirubin were modest in all participants, ie,
below 1.50-fold above the ULN. Only in two participants,
one postmenopausal woman (90 mg QD), whom the investi-
gator knew to have a predisposition for elevated bilirubin lev-
els, and one premenopausal woman (60 mg QD), a more
pronounced increase was observed (up to 2.31-fold and
1.53-fold, respectively, above the ULN). Of note, no concomi-
tant changes in liver enzymes (transaminases; alkaline phos-
phatase) were detected in any of the participants.
Exploratory biomarkers did not show any early signs of kid-
ney damage (Section S2.4).

Population pharmacokinetic/pharmacodynamic
modeling of bilirubin

A popPK/PD model based on the popPK model for
BAY1128688 described in Section S2.3 was inferred to de-
scribe serum bilirubin concentrations from part A. For this
purpose, a turnover model was used in which the bilirubin
concentration (A,) was modeled under the influence of the
plasma concentration of BAY1128688 (C,) via an E,,, sub-
model:

da, Ca A
dt C4+ECso ) 0

In this model, ki, and k. refer to the bilirubin first-order rate
constants for liver to plasma influx and elimination from plas-
ma, respectively, and ECsg refers to half of BAY1128688 plas-
ma concentration at which the maximum bilirubin serum
concentration is observed.

A dose-stratified visual predictive check for participants
from part A confirmed the quality of the developed popPK/
PD model. In a second step, it was evaluated whether
popPK/PD model from part A was capable of predicting the
bilirubin data observed in premenopausal, tubal-ligated

= kin - k()ut : (1 -
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women part B. It was found that the random effect parameters
of the model needed to be reestimated to improve individual
fits and account for the larger variability in bilirubin concen-
trations observed in these women. Fixed effect parameters
were not altered.

The two popPK/PD models were subsequently used for in
silico clinical trial simulations to evaluate whether serum bili-
rubin concentrations would exceed the 2-fold of the ULN in
postmenopausal or premenopausal, tubal-ligated women
when given 60 mg of BAY1128688 QD or BID. The simula-
tions revealed that 60 mg BID dosing in postmenopausal
women would lead to bilirubin concentrations in which the
90% CI of the median would not exceed the 1.5-ULN. In pre-
menopausal women, 60 mg QD dosing would lead to scenario
in which the 90% CI of the maximum simulated concentration
would stay below 2-ULN and the 90% CI of the simulated me-
dian would remain below the ULN (Figure 7B). A 60 mg BID
dosing regimen in these women would lead to a scenario in
which the 90% CI of the maximum simulated concentration
would always include both ULN and 2-ULN, whereas the
90% CI of the simulated median would remain below the
ULN (Figure 7C).

These modeling results were supportive for further explor-
ation of the investigated BAY1128688 doses and dosing regi-
mens in future clinical trials with patients (eg, trial
NCT03373422).

Discussion

This manuscript is the first to describe effects of AKR1C3 in-
hibition on a panel of steroids in women, which facilitated the

identification of serum androsterone as a robust in vivo re-
sponse biomarker in healthy premenopausal and postmeno-
pausal women. We also show for the first time that
AKR1C3 inhibition does not disrupt ovarian function in
healthy premenopausal women as documented by unchanged
circulating sex steroid concentrations and normal menstrual
cycle dynamics, assessed by an innovative combined sparse-
dense sampling approach around the LH peak.

In our study, serum androsterone concentrations increased
in a dose-dependent manner in postmenopausal women re-
ceiving the novel AKR1C3 inhibitor BAY1128688 at dosages
between 30 mg QD and 60 mg BID, and they were also sub-
stantially increased in premenopausal women receiving
60 mg BAY1128688 QD or BID for 28 days. A dose of 30
mg of BAY1128688 translates into exposures corresponding
to in vitro ICso coverage for enzymatic activity of human
AKR1C3. No or less pronounced increases were observed
after single-dose administration and multiple-dose adminis-
tration of 3 mg QD.

In our study, circulating pretreatment concentrations of the
inactive androgen metabolite androsterone (Sa-androsterone)
in participating premenopausal women were in the range
previously observed in healthy premenopausal women by
Ke et al.'” (Table S6). The on-treatment values (60 mg
BAY1128688 QD or BID) were also mostly within that range,
but in single cases, they were considerably increased above
that reference range (maximum: 6.36 nmol/L). Systemic ef-
fects of increased levels of androsterone in the range observed
in our study are not to be expected as androsterone is a precur-
sor steroid, which can be activated, but exerts only little, if
any, androgenic activity itself.
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We also saw marked, although less robust, increases in the
inactive androgen metabolite etiocholanolone (also known as
5B-androsterone) and the active androgen DHT. No marked
changes were observed for the other steroids measured; testoster-
one appeared to slightly decrease during the treatment cycle.

The observed increases in DHT concentrations can be re-
garded as minor from the clinical point of view. The circulat-
ing DHT concentrations determined in the participating
premenopausal women prior to and during treatment were
largely within the range reported by Shiraishi et al.'® for
healthy premenopausal women (follicular phase) and the
range reported by Mezzullo et al.'” for healthy pre- and meno-
pausal women (Table S6).

European Journal of Endocrinology, 2023, Vol. 189, No. 1

Figure 8 provides a visual summary of the main findings of
our study regarding the impact of AKR1C3 inhibition on in
vivo androgen biosynthesis and metabolism. AKR1C3 has a
critical role in androgen activation, converting androstene-
dione to testosterone, So-androstanedione to DHT and also
So-androsterone to So-androstanediol. Accordingly, it is ex-
pected that these three conversions will be blocked by
AKR1C3 inhibition. In our study, we observed a marked in-
crease in androsterone, likely reflecting the conversion of
androstenedione to So-androstanedione and eventually to
androsterone in the presence of AKR1C3 inhibition
(Figure 8). The pronounced increase in androsterone con-
trasted with the comparably only minor increase in etiochola-
nolone, reflective of 5B-reduction of androstenedione. It is
tempting to speculate that reduction in the activity of the
androgen-activating enzyme AKR1C3 may prompt a counter-
regulatory upregulation in the androgen-activating
So-reductase activity conveyed by SRDSA1 and SRDSA2
genes. The same speculated change may also have contributed
to the observed minor increase in DHT by slightly increasing
conversion of testosterone to DHT. An upregulation of
Sa-reductase type 1 activity would also increase steroid flow
into the alternative pathway to DHT?" through increased con-
version of progesterone and 17-hydroxy-progesterone to their
So-reduced metabolites (Figure 8), which would result in a fur-
ther increase in Sa-androsterone. However, our study is lim-
ited by the fact that the multisteroid profiling assay did not
comprise intermediates of the alternative DHT pathway other
than androsterone.

Similarly, in this study, we did not measure the 11-oxygenated
androgens, which have been proposed to play a major role in fe-
male androgen homeostasis®'*** and androgen excess in women
with PCOS.** The impact of AKR1C3 inhibition on the
11-oxygenated androgen pathway can be safely assumed to be
much more pronounced than that on the classic androgen path-
way, as Karl Storbeck’s group has shown that AKR1C3 has a
strong substrate preference for 11-ketoandrostenedione over
androstenedione.”*

Of note, we did not observe any changes in systemic estro-
gens and progesterone with AKR1C3 inhibitor treatment.
This may indicate that the potential role of AKR1C3 in pro-
gesterone metabolism and estrogen activation is only minor
when investigated in vivo.

Adding to this, we present substantial evidence that ovarian
function and menstrual cyclicity were not affected by
AKR1C3 inhibition. The Hoogland score,'® which was initial-
ly developed to evaluate inhibition of ovulation by hormonal
contraceptives, was used to inform about the presence of ovu-
latory events in the ovary and confirmed ovulation for 14/18
participants in the treatment cycle (two participants not evalu-
able and two participants anovulatory). The hormonal fluctu-
ations of E2, progesterone, LH, and FSH were in line with the
expectations of normal ovulatory cycles®® for 16/18 partici-
pants. It cannot be excluded that the absence of an ovulation
in two participants during treatment (age 44 and 46 years;
ovulatory in pretreatment cycle) could be related to AKR1C3
inhibition; however, anovulatory cycles are not uncommon.
Prior et al.*® report an anovulation rate of 37% for clinically
normal menstrual cycles in women from 20 to 49.9 years of age.

The focus of this publication was on circulating PD bio-
markers as they will be easier to evaluate in clinical studies
than tissue-based biomarkers. Effects of AKR1C3 inhibition
and resulting changes in local metabolic turnover of steroids
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(androgens, estrogen, or progesterone) in the endometrium
and endometrial lesions®”*? as well as other target tissues of
interest, such as adipose tissue, remain a topic for future
studies.

An additional innovative aspect of this study was that bur-
den on the study participants was minimized without loss of
information. This was achieved by (1) using a multiplex
LC-MS/MS assay minimizing blood volume requirements for
steroid analyses and (2) through the combined sparse/dense
sampling regimen for assessment of cyclic sex hormonal
changes in premenopausal women. Participants monitored
themselves for the occurrence of the LH peak by means of a

urine fertility monitor with dense sampling selectively imple-
mented around the time of the LH peak only.

In this phase 1 study in healthy female participants, 2 or 4
weeks of treatment with the AKR1C3 inhibitor BAY1128688
was safe and well tolerated with no serious or severe AEs or
AEs leading to termination of treatment. In particular, the ob-
served increases in serum bilirubin were not accompanied by
any increase in alanine or aspartate aminotransferase that
would indicate hepatotoxicity.

The findings observed in a phase 2 study with
BAY128688 in premenopausal women with endometriosis
(ClinicalTrials.gov identifier: NCT03373422; Eudra CT
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number: 2017-000244-18)'? (increases in serum bilirubin
and hepatotoxicity) are described elsewhere.'® Briefly,
BAY 1128688 was identified in vitro as inhibitor of the organic
anion transporting polypeptide (OATP) 1B1/3 transporters,
which facilitate uptake of bilirubin into the hepatocyte.
Inhibition of OATPs might be causal for the increases in serum
bilirubin observed in the present phase 1 study after 2 or 4
weeks of treatment; ie, these increases are assumed not to be
caused by AKR1C3 inhibition but to represent an off-target ac-
tivity. The hepatotoxicity observed in the phase 2 study after
more than 8 weeks of treatment is also believed to be an off-
target effect.

The PK of the new AKR1C3 inhibitor BAY1128688 was
comprehensively characterized in both premenopausal and
postmenopausal women in this study. Overall, the PK of
BAY1128688 appeared to be similar in premenopausal and
postmenopausal women. No relevant change in the PK of
BAY1128688 was observed between single- and multiple-dose
administration, indicating the predictability of steady-state PK
of BAY1128688 from single-dose PK data and the absence of
time-dependent PKs. The developed popPK/PD model was
used to explore potential BAY1128688 doses and dosing regi-
mens and associated exposures with regard to anticipated bili-
rubin increases in serum. The observed data were supportive for
further exploration of the investigated doses in future clinical
trials in patients using both QD and BID administration.

In conclusion, we identified serum androsterone as a robust
PD response biomarker for in vivo AKR1C3 inhibition in
women. Such a biomarker can be expected to facilitate clinical
development of AKR1C3 inhibiting drugs. We also docu-
mented that AKR1C3 inhibition did not interfere with physio-
logical ovarian function in vivo.

Future studies should explore the androgen metabolome
even more comprehensively, particularly considering the
11-oxygenated androgens, and investigate how AKR1C3 in-
hibition impacts on androgen homeostasis in women with an-
drogen excess, namely, PCOS. Recent studies have shown that
increased AKR1C3 expression and activity in adipose tissue
drives androgen production and subsequently insulin resist-
ance and lipotoxicity.”*>*° Therefore, AKR1C3 inhibition
might represent a promising treatment approach in mitigating
both androgen excess and metabolic dysfunction in women
with a PCOS, a prevalent condition for which no specific treat-
ment exists to date.
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