
Vol.:(0123456789)

Drugs in R&D (2023) 23:221–237 
https://doi.org/10.1007/s40268-023-00427-5

ORIGINAL RESEARCH ARTICLE

Hepatotoxicity of AKR1C3 Inhibitor BAY1128688: Findings 
from an Early Terminated Phase IIa Trial for the Treatment 
of Endometriosis

Jan Hilpert1   · Esther Groettrup‑Wolfers1   · Hristiyan Kosturski2 · Laura Bennett3 · Catriona L. K. Barnes3 · 
Kerstin Gude1   · Isabella Gashaw1   · Stefanie Reif1 · Thomas Steger‑Hartmann1 · Christian Scheerans1 · 
Alexander Solms1   · Antje Rottmann1 · Guangping Mao1 · Charles Chapron4 

Accepted: 28 May 2023 / Published online: 9 July 2023 
© The Author(s) 2023

Abstract
Introduction  BAY1128688 is a selective inhibitor of aldo-keto reductase family 1 member C3 (AKR1C3), an enzyme impli-
cated in the pathology of endometriosis and other disorders. In vivo animal studies suggested a potential therapeutic applica-
tion of BAY1128688 in treating endometriosis. Early clinical studies in healthy volunteers supported the start of phase IIa.
Objective  This manuscript reports the results of a clinical trial (AKRENDO1) assessing the effects of BAY1128688 in adult 
premenopausal women with endometriosis-related pain symptoms over a 12-week treatment period.
Methods  Participants in this placebo-controlled, multicenter phase IIa clinical trial (NCT03373422) were randomized into 
one of five BAY1128688 treatment groups: 3 mg once daily (OD), 10 mg OD, 30 mg OD, 30 mg twice daily (BID), 60 mg 
BID; or a placebo group. The efficacy, safety, and tolerability of BAY1128688 were investigated.
Results  Dose-/exposure-dependent hepatotoxicity was observed following BAY1128688 treatment, characterized by eleva-
tions in serum alanine transferase (ALT) occurring at around 12 weeks of treatment and prompting premature trial termina-
tion. The reduced number of valid trial completers precludes conclusions regarding treatment efficacy. The pharmacokinetics 
and pharmacodynamics of BAY1128688 among participants with endometriosis were comparable with those previously 
found in healthy volunteers and were not predictive of the subsequent ALT elevations observed.
Conclusions  The hepatotoxicity of BAY1128688 observed in AKRENDO1 was not predicted by animal studies nor by stud-
ies in healthy volunteers. However, in vitro interactions of BAY1128688 with bile salt transporters indicated a potential risk 
factor for hepatotoxicity at higher doses. This highlights the importance of in vitro mechanistic and transporter interaction 
studies in the assessment of hepatoxicity risk and suggests further mechanistic understanding is required.
Clinical Trial Registration  NCT03373422 (date registered: November 23, 2017)
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Key Points 

The doses of the AKR1C3 inhibitor BAY1128688 tested 
in this trial reached the anticipated plasma exposure 
range and the pharmacodynamics (such as increased 
androsterone) in the patients with endometriosis were 
comparable with those observed in healthy volunteers 
over a period of 4 weeks.

Dose-/exposure-dependent hepatotoxicity was observed 
following treatment with the AKR1C3 inhibitor 
BAY1128688 with characteristic clustering around the 
12-week time point, although no hepatotoxicity had been 
observed in animal toxicology studies.

The absence of predictivity by the animal toxicology 
studies and by the short-term clinical studies in healthy 
volunteers in identifying potential effects in the human 
liver emphasizes the additional value of in vitro mecha-
nistic and transporter interaction studies for the assess-
ment of risk of hepatoxicity with continuous treatment 
(such as bile acid transporter interactions).

1  Introduction

1.1 � Hypothesized Role of the Enzyme AKR1C3 
in Disease Pathology

The aldo-keto reductase family 1 member C3 (AKR1C3; 
also known as 17β-hydroxysteroid dehydrogenase type 5) 
is a steroidogenic enzyme that plays a central role in intra-
tissue steroid and prostaglandin synthesis, both of which 
are of high relevance in many pathological processes [1, 2]. 
AKR1C3 is therefore implicated in the pathophysiology of 
a number of malignancies and endocrine disorders, such as 
castration-resistant prostate cancer, polycystic ovarian syn-
drome, and endometriosis, making it a potential target for 
the treatment of these diseases [2].

1.2 � Rationale for Testing AKR1C3 Inhibitors 
as Treatments for Patients with Endometriosis

Endometriosis is a chronic, benign, estrogen-dependent, 
gynecological inflammatory disease affecting women of 
reproductive age [3–6]. Pathologically, the disease is defined 
by the presence of ectopic endometrial tissue. It is charac-
terized by chronic, non-menstrual pelvic pain, dysmenor-
rhea, and dyspareunia; is often associated with subfertility 

or infertility; and may substantially impact quality of life 
[3, 4, 6–8].

AKR1C3 is expressed in the human endometrium and 
has been found to be upregulated in endometriotic tissue [9]. 
Increased AKR1C3 expression has been postulated to trigger 
the estrogen-dependent proliferation of lesions through ster-
oid biosynthesis and to induce local inflammation through 
prostaglandin synthase activity [1]. Preclinical pharmacol-
ogy studies in the marmoset monkey (Callithrix jacchus) 
endometriosis model showed that treatment with ARK1C3 
inhibitor BAY1128688 reduced endometriotic lesions 
when compared with the vehicle group [10]. Furthermore, 
data from the animal study showed that ovarian cyclicity 
remained unchanged after treatment with BAY1128688 [10]. 
Inhibition of AKR1C3 may therefore be a promising treat-
ment option for endometriosis in women that need to or want 
to avoid the suppression of ovarian function that accompa-
nies other endometriosis treatments.

1.3 � Selectivity of the AKR1C3 Inhibitor BAY1128688

BAY1128688 is a potent AKR1C3 (in vitro 50% inhibi-
tory concentration [IC50] < 2 nM in a biochemical assay) 
inhibitor identified in a compound optimization program. 
BAY1128688 exhibited no relevant agonism or antagonism 
at the following nuclear hormone receptors (estrogen, andro-
gen, progesterone receptor) [10]. In addition, BAY1128688 
was screened preclinically and found to have no relevant 
activity against a range of related enzymes, namely recom-
binant human AKR1C enzymes (1C1, 1C2, 1C4) and 
AKR1D1. Specificity was also tested in a panel towards 
134 human targets including G protein-coupled and nuclear 
receptors, ion channels, transporters, and enzymes, and no 
relevant interactions were identified. However, interactions 
of BAY1128688 with transporters involved in bile acid 
metabolism have been detected. Analyses performed prior to 
conducting the clinical study are reported in this manuscript. 
Additional investigations performed after study conduct had 
been completed, including modeling using DILIsym® (Sim-
ulations Plus, Durham, NC, USA), are reported separately 
[11].

1.4 � In Vitro Characterization of the Interaction 
Potential of the AKR1C3 Inhibitor BAY1128688 
Relevant to Liver Function

In vitro data generated prior to start of the clinical trials in 
patients showed that BAY1128688 could potentially inhibit 
the activity of bile salt transporters (e.g., bile salt export 
pump [BSEP]) as well as bilirubin-metabolizing enzymes 
and transporters (e.g., UDP-glucuronosyltransferase 1A1 
[UGT1A1], multidrug resistance-associated protein 2 
[MRP2]) and organic anion-transporting polypeptides 
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1B1/3 [OATP1B1/3]) in a dose-dependent manner (Online 
Resource 1, Online Resource 2, see electronic supplemen-
tary material [ESM]).

1.5 � Toxicological Characterization of the AKR1C3 
Inhibitor BAY1128688 in Rats and Cynomolgus 
Monkeys

The initial characterization of the safety profile of 
BAY1128688, including determination of exposure levels, 
dose–response relationship, target organs of toxicity, and 
reversibility of effects, was carried out in repeat-dose in vivo 
toxicity studies according to ICH guidelines [Bayer data on 
file]. Rats (Rattus norvegicus, Wistar strain) and female 
cynomolgus macaque monkeys (Macaca fascicularis) were 
dosed for 4 and 13 weeks. No hepatotoxicity was observed 
up to the highest tested dose of 70 mg/kg BAY1128688 in 
female rats and 40 mg/kg BAY1128688 in female mon-
keys dosed over 13 weeks. These doses correspond to an 
approximately 21-fold (rat) and 16-fold (monkey) higher 
systemic exposure (by the area under the unbound concen-
tration–time curve at steady state over 24 h, AUC[0–24]ss,u) 
than the anticipated human exposure at the maximum clini-
cal dose of 60 mg twice daily (BID). Some adaptive changes, 
including increases in total serum bilirubin, increased liver 
weight, and microscopic findings in the liver (e.g., promi-
nent bile ducts, hepatocellular hypertrophy) were observed 
in both primate and rat studies. However, all changes were 
reversible and occurred at exposures that were higher than 
the maximum expected human exposure. Thus, the in vivo 
preclinical investigations provided no evidence for poten-
tial drug-induced liver toxicity with BAY1128688 at the 
selected doses for human clinical trials.

1.6 � Hepatic Safety of the AKR1C3 Inhibitor 
BAY1128688, Pharmacodynamic Biomarker, 
and Ovarian Function in a Multiple‑Dose Phase 
I Study

In a multiple-dose phase I study conducted and published 
prior to the one reported here, healthy pre- and postmeno-
pausal women were exposed to doses of up to 60 mg BID 
BAY1128688 for up to 4 weeks [12]. Increases in mean and 
median total serum bilirubin were observed in postmeno-
pausal women after 2 weeks of treatment at doses of 90 mg 
once daily (OD) and 60 mg BID, but not at 30 mg and 3 mg 
OD. These increases in total serum bilirubin were not associ-
ated with symptoms and were isolated, i.e., no increases in 
alanine aminotransferase (ALT) or aspartate transaminase 
(AST) were observed. Maximum median total serum bili-
rubin increases of 2.2-fold at day 6 of treatment relative to 
baseline values were observed in the 90 mg OD dose group 
(individual maximum increase around 2.3-fold upper limit 

of normal [ULN] at day 6). In the 60 mg BID dose group, 
maximum median increases of 2.8-fold at day 6 of treat-
ment relative to baseline values were observed (individual 
maximum increase around 1.2-fold ULN at day 13). This 
dataset was used to derive a population-based pharmacoki-
netic/pharmacodynamic (PK/PD) model which predicted 
that increases in total serum bilirubin would not exceed 
2.5-fold ULN.

In order to assess whether BAY1128688 had an effect 
on bile acid metabolism, an exploratory evaluation of bile 
acids was conducted, which did not indicate any influence 
of BAY1128688 on bile acid metabolism.

AKR1C3 has been described to convert various sub-
strates in androgen metabolism, including androsterone 
[13]. A dose-dependent increase in serum androsterone 
was observed during the administration of multiple doses 
of BAY1128688 in the phase I study. Accordingly, these 
increases in serum androsterone have been postulated as 
a pharmacodynamic biomarker of target engagement with 
AKR1C3 [12].

In a small cohort of healthy premenopausal women 
exposed to up to 60 mg BID of BAY1128688 for 28 days, 
clinical data also demonstrated that normal ovarian cycles 
were maintained [12].

1.7 � Summary

Results from preclinical pharmacology studies suggested 
that AKR1C3 inhibition by BAY1128688 may be an effec-
tive treatment for endometriosis that does not affect systemic 
endogenous sex hormones or ovulation (the latter also con-
firmed clinically). Initial in vitro data showed that there was 
a potential for BAY1128688 to inhibit bile salt transport 
through hepatocyte and bilirubin metabolism and transport 
in a dose-dependent manner. However, there were no signs 
of liver toxicity based on animal toxicology studies after 
up to 13 weeks of treatment and no clinical signs during 4 
weeks of treatment in humans (see Online Resource 3 in the 
ESM for a full summary of risk factors for drug-induced 
liver injury [DILI] from preclinical studies).

Here we report findings from AKRENDO1, an explora-
tory phase IIa trial that investigated the dose–response rela-
tionship, safety, and tolerability of BAY1128688 in adult 
premenopausal women with endometriosis-related pain 
symptoms over a 12-week treatment period.

2 � Methods

2.1 � Study Design

AKRENDO1 was a randomized, double-blind, parallel 
group, placebo-controlled, multicenter phase IIa clinical 
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trial (ClinicalTrials.gov identifier: NCT03373422) con-
ducted from November 30, 2017 to October 22, 2018, at 
69 sites in 13 European countries.

The primary objective was to explore the dose–response 
relationship of different doses of BAY1128688 relative to 
a placebo in the treatment of endometriosis-related pain 
symptoms over a 12-week treatment period. The second-
ary objective was to assess the safety and tolerability of 
BAY1128688 over this period. Exploratory objectives 
included the assessment of menstrual bleeding patterns 
and health-related quality of life, as well as further inves-
tigation of the pharmacokinetics and biomarker endpoints 
of BAY1128688.

The inclusion criteria were adult (≥18 years) women with 
confirmed endometriosis (confirmed either visually during 
surgical procedures within 10 years or confirmed via imag-
ing within 12 months prior to screening) who met defined 
pain criteria but were otherwise in good general health. The 
defined pain criteria were a visual analog scale (VAS) score 
of at least 40 mm on a scale between 0 and 100 mm for 
participants not on hormonal treatment and at least 30 for 
participants on hormonal treatment at visit 1 (pre-screening); 
at least 24 daily diary entries in the endometriosis symp-
toms diary (ESD) [14], a multi-item patient-related outcome 
(PRO) instrument designed to assess the patient’s experi-
ence of endometriosis symptoms by rating symptoms on 
a scale from 0 to 10; and a total ‘worst pain’ score of at 
least 98 using the ESD’s numerical rating scale (NRS) over 
the screening period (pre-randomization). Exclusion crite-
ria included pregnant or lactating women and those with 
risks related to bilirubin metabolism, liver function, and 
hyperandrogenemia.

It was planned to randomize 120 participants, with a 
planned 84 participants valid for primary efficacy analysis. 
Eligible participants were randomized (via an interactive 
voice/web-response system) in an imbalanced fashion into 
one of six treatment groups: 3 mg OD (n = 10 planned par-
ticipants for randomization/n = 7 planned participants valid 
for primary efficacy analysis), 10 mg OD (n = 30/n = 21), 
30 mg OD (n = 10/n = 7), 30 mg BID (n = 10/n = 7), 60 mg 
BID (n = 30/n = 21), and placebo (n = 30/n = 21).

The screening visit was carried out at visit 1, with ran-
domization to the treatment groups at visit 2 and start of 
treatment at visit 3. Monitoring during the treatment period 
was carried out at visit 4 on day 10 of treatment ± 4 days, 
visit 5 on day 28 ± 4 days, and visit 6 on day 56 ± 4 days. 
Visit 7 was the end-of-treatment (EoT) visit, scheduled at 
12 weeks or day 84 ± 4 days of treatment, or as soon as 
possible after the last dose of the study drug if a subject 
discontinued the study drug prematurely. An additional visit 
7a was introduced as a result of study termination for safety 
monitoring and occurred 14 days ± 4 days after EoT. The 
end of study took place at visit 8, 6 weeks (42 days ± 4 days) 

after treatment completion. The overall study design and 
visit scheduling are shown in Fig. 1.

Based on preclinical in vivo and clinical phase I data dos-
ages, 3 mg OD and 10 mg OD were not expected to be asso-
ciated with increases in total serum bilirubin concentrations 
and were judged to have the potential to be efficacious [10, 
12]. Higher dose groups (30 mg OD, 30 mg BID, and 60 mg 
BID) were selected to cover the in vitro 50% inhibitory con-
centration (IC50) and 80% inhibitory concentration (IC80) 
of BAY1128688 for the inhibition of the AKR1C3 enzyme, 
using plasma-free trough concentrations (Ctrough, unbound). To 
maximize Ctrough and reduce maximum concentration (Cmax), 
doses of 120 mg and 60 mg were split into two administra-
tions (2 doses of 60 mg and 30 mg, respectively).

2.2 � Efficacy and Safety

Efficacy was assessed using PRO measures and responses 
to electronic diary questionnaires and included an ESD for 
the daily assessment of symptoms, including endometrio-
sis pain (NRS scale from 0 to 10), vaginal bleeding, and 
trial drug and other pain medication use; an endometriosis 
impact scale for the weekly assessment of the effects of pri-
mary endometriosis symptoms on participants’ lives (i.e., 
pain); and VAS (0–100 mm) for endometriosis-associated 
pelvic pain (EAPP) with a 4-week recall. The primary effi-
cacy variable was absolute change in the mean weekly pain, 
comparing the 7 days with the worst EAPP from baseline 
(the last 28 days before visit 3) with the last 28 days before 
visit 7. This was measured on the NRS of the ESD. Safety 
was assessed by monitoring the incidence of adverse events, 
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Fig. 1   Study design and visit schedule. *Menstrual bleeding is 
defined as 2 consecutive days with more than spotting. Day 1 of the 
menstrual cycle is defined as the first of the 2 consecutive days with 
more than spotting. NOTE that additional visit 7a 2 weeks after end 
of treatment was introduced as a result of study termination for safety 
monitoring. BID twice daily, EoT end of treatment, EoS end of study, 
OD once daily, SoT start of treatment, V visit, W week
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serious adverse events, and treatment-emergent adverse 
events (TEAEs). Adverse events of special interest were the 
worsening of EAPP, increases in total serum bilirubin, and 
increases in liver laboratory values.

The work-up of all cases of suspected liver injury was 
performed in accordance with FDA 2009 Drug-Induced 
Liver Injury (DILI) Guidelines [15]. The severity of liver 
injury was defined using the DILI Expert Working Group 
Severity Criteria [16]. The causality of any liver injury was 
assessed according to the Roussel Uclaf Causality Assess-
ment Method (RUCAM) criteria described by Danan and 
Benichou in 1993 [17]. The nature of any liver injury (hepa-
tocellular, cholestatic, or mixed) was determined based on 
the ratio of liver test abnormalities (r-value, defined as serum 
ALT/ULN divided by serum alkaline phosphatase [AP]/
ULN) [18].

2.3 � Population Pharmacokinetic and Exposure–
Response Analyses

An exploratory population pharmacokinetic (popPK) 
analysis of BAY1128688 and an exposure–response (ER) 
analysis were conducted. PopPK modeling was performed 
via non-linear mixed-effects modeling methods applied in 
NONMEM® (ICON plc, Dublin, Ireland; version 7.3). For 
the ER analysis, treatment-emergent increases in ALT con-
centration > 2 × ULN were analyzed as binary events; no 
relevant increase in ALT concentrations versus ALT con-
centrations elevated above 2 × ULN for at least one time 
point after baseline. ER modeling was performed using the 
software R (version 3.2.5).

2.4 � Pharmacodynamics

Pharmacodynamic biomarker serum androsterone was 
measured at all visits except visit 2 throughout the study. 
Steroid analyses, including the measuring of androsterone 
levels, were conducted using 500-µL serum samples and the 
AbsoluteIDQ® Stero 17 kit (Biocrates, Innsbruck, Austria) 
[19]. The kinetics of the pharmacodynamic response to 
AKR1C3 inhibition was assessed over time in all partici-
pants as well as the subset of 50 completers with complete 
datasets for the 12 weeks of treatment.

2.5 � Biomarker Sub‑Study

This exploratory biomarker sub-study was conducted using 
the dataset of patients who had completed 12 weeks of treat-
ment (‘completers’, n = 50). Standard liver safety labora-
tory parameters (ALT, AST, total serum bilirubin, and the 
international normalized ratio [INR]), a panel of 22 bio-
markers (including 15 plasma bile acids, total bile acids, and 
6 biomarkers described to predict DILI events, see Online 

Resource 4 in the ESM), and the pharmacodynamic bio-
marker androsterone were measured at all visits except visit 
2.

The analyses aimed to determine:

(a)	 if there were associations between standard liver safety 
laboratory parameters measured during the study with 
the panel of 22 biomarkers and the pharmacodynamic 
biomarker androsterone. Specifically, it was determined 
whether the concentration of these biomarkers was cor-
related (Spearman’s rank correlation) with liver safety 
parameters measured at time points from visit 3 to visit 
8.

(b)	 the predictive value of a panel of the 22 biomarkers 
described above and androsterone (measured prior to 
the ALT increase occurrence) in identifying patients 
who experienced increases in ALT > 2 × ULN after 
12 weeks of treatment or thereafter. Specifically, differ-
ences in biomarker concentrations between completers 
who experienced increases in ALT > 2 × ULN at visit 
7 or thereafter and completers who did not experience 
an increase in ALT were assessed (using equal variance 
t-tests). Hence, the time points prior to increases in 
ALT > 2 × ULN (visit 3–6) were used in this analysis. 
Biomarker data from visits 7 and 8 were also assessed, 
despite not being of predictive value.

The six biomarkers described as carrying potential in 
detecting DILI risk prior to observed ALT/AST increases 
were selected based on the recommendations listed in cor-
responding letters of support issued by the FDA and EMA 
in 2016 resulting from the IMI SAFE-T consortium (Online 
Resource 4, see ESM) [20, 21].

Analysis of the above-mentioned six biomarkers 
described to predict DILI events was conducted at SYNLAB 
using 500-µL serum samples (SYNLAB, Berlin, Germany).

Plasma bile acids and total bile acids were analyzed in 
200-µL plasma samples using liquid chromatography with 
tandem mass spectrometry (Biocrates, Innsbruck, Austria) 
[22].

For further methodology details, refer to Online Resource 
5 in the ESM.

3 � Results

Of the 230 total participants screened, 141 were randomized 
into one of the six treatment groups. Twenty participants 
did not receive BAY1128688 or the placebo due to early 
termination. Thus, 121 participants underwent treatment, of 
whom 90 were exposed to BAY1128688 and 31 received the 
placebo (Fig. 2). Demographics and baseline characteristics 
were similar between treatment groups (Table 1).
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The trial was terminated prematurely due to clinical 
indications of hepatotoxicity. Of the 121 participants who 
received BAY1128688 or the placebo, 71 (58.7%) discontin-
ued treatment prematurely, primarily (60/71 patients) due to 

the sponsor’s decision to terminate the trial (Fig. 2). Seven 
participants discontinued due to TEAEs (placebo: worsening 
of EAPP in 1 participant; BAY1128688: depression or mood 
changes in 3 participants, gastrointestinal AEs, vertigo, and 
ocular icterus in 1 participant each). There was one discon-
tinuation due to lack of efficacy, one due to protocol devia-
tion, and two participants withdrew from the study. Of the 50 
participants (41.3%) who completed 12 weeks of treatment, 
45 were valid for primary efficacy analysis.

3.1 � Efficacy

Because of the early termination, the AKRENDO1 study has 
insufficient power to assess the efficacy of BAY1128688, 
that is, the ability of BAY1128688 to reduce or prevent 
EAPP could not be properly assessed, as a minimum of 
84 evaluable participants were required for efficacy eval-
uations. Accordingly, no inferential statistical analyses 
were performed and therefore no final conclusions can be 
derived regarding the efficacy of the AKR1C3 inhibitor 
BAY1128688 in patients with endometriosis. Changes in 
EAPP from baseline to the end of treatment are shown in 
Online Resource 6 (see ESM).

3.2 � Overall Safety

Safety analyses were conducted using data from all partici-
pants who received at least one dose of BAY1128688.

Overall, at least one TEAE was reported in 71 of the 
121 participants (58.7%). In the dose groups receiving 

60 mg BID
N = 7

30 mg OD
N = 2

10 mg OD
N = 6

placebo
N = 5

60 mg BID
N = 11

(40.7%)

30 mg BID
N = 4

(36.4%)

30 mg OD
N = 5

(50.0%)

10 mg OD
N =14

(45.2%)

3 mg OD
N = 4

(36.4%)

placebo
N = 12
(38.7%)

60 mg BID
N = 16
(59.3%)

30 mg BID
N = 7

(63.6%)

30 mg OD
N = 5

(50.0%)

10 mg OD
N =17

(54.8%)

3 mg OD
N = 7

(63.6%)

placebo
N = 19
(61.3%)

60 mg BID
N = 27

30 mg BID
N = 11

30 mg OD
N = 10

10 mg OD
N = 31

3 mg OD
N = 11

placebo
N = 31

60 mg BID
N = 34

30 mg BID
N = 11

30 mg OD
N = 12

10 mg OD
N = 37

3 mg OD
N = 11

placebo
N = 36

Completed treatment N = 50 (41.3%)

Withdrew prematurely N = 71 (58.7%)

Subjects treated N = 121 (100%)

Study drug never administered N = 20

Subjects randomized N = 141

Did not complete screening N = 89

Subjects enrolled N = 230

Fig. 2   Participant flowchart. 3 mg OD, 10 mg OD, 30 mg OD, 30 mg 
BID, and 60  mg BID refer to active dose groups of BAY1128688. 
BID twice daily, OD once daily

Table 1   Baseline demographics

BID twice daily, BMI body mass index, OD once daily, SD standard deviation

Participants Placebo
n = 31

BAY1128688 Total
N = 121

3 mg OD
n = 11

10 mg OD
n = 31

30 mg OD
n = 10

30 mg BID
n = 11

60 mg BID
n = 27

Age at baseline (years)
 Mean (SD) 31.4 (5.7) 32.5 (9.2) 32.7 (6.1) 32.9 (4.9) 33.5 (5.4) 31.3 (7.3) 32.1 (6.4)

Race, n (%)
 White 31 (100) 11 (100) 30 (96.8) 10 (100) 11 (100) 26 (96.3) 119 (98.3)
 Multiple or other 0 0 1 (3.2) 0 0 1 (3.7) 2 (1.6)

Baseline BMI (kg/m2)
 Mean (SD) 25.1 (4.0) 23.4 (5.4) 23.3 (2.5) 23.2 (4.0) 24.2 (4.0) 22.9 (3.5) 23.8 (3.9)

Alcohol use, n (%)
 Abstinent 10 (32.3) 2 (18.2) 6 (19.4) 1 (10.0) 4 (36.4) 9 (33.3) 32 (26.4)
 Light 17 (54.8) 9 (81.8) 24 (77.4) 6 (60.0) 7 (63.6) 17 (63.0) 80 (66.1)
 Moderate 4 (12.9) 0 1 (3.2) 3 (30.0) 0 1 (3.7) 9 (7.4)

Tobacco use, n (%)
 Never 16 (51.6) 8 (72.7) 20 (64.5) 4 (40.0) 10 (90.9) 14 (51.9) 72 (59.5)
 Former 7 (22.6) 1 (9.1) 3 (9.7) 2 (20.0) 0 3 (11.1) 16 (13.2)
 Current 8 (25.8) 2 (18.2) 8 (25.8) 4 (40.0) 1 (9.1) 10 (37.0) 33 (27.3)
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BAY1128688, TEAEs were reported in 32.3% (10 mg OD) 
to 90.0% (30 mg OD) of participants. There was no appar-
ent dose dependency in the number of TEAEs reported 
(Table 2). In the placebo group, TEAEs were reported in 
64.5% of participants. TEAEs that were considered by 
the investigator to be study-drug–related were reported in 
9.7% (10 mg OD) to 51.9% (60 mg BID) of participants 
in the BAY1128688 treatment groups (with no apparent 
dose dependency) and in 29.0% for participants receiv-
ing the placebo. Overall, seven participants (5.8%) dis-
continued treatment because of TEAEs, with five of the 
seven having received the highest or second-highest dose 
of BAY1128688 (dose-dependency). Across all treatment 
groups, the majority of participants had TEAEs of either 
mild or moderate intensity (as rated by the investigator). 
Severe TEAEs were reported in 12 participants (9.9%), 
six of whom were in the 60 mg BID group, none in the 
30 mg BID group, three in the 30 mg OD group, one in 
the 10 mg OD group, one in the 3 mg OD group, and two 
in the placebo group.

A total of six treatment-emergent serious adverse events 
(SAEs) were reported in five participants, all of which 
occurred after cessation of treatment. There were two 
events of surgical endometriosis ablation (n = 1 in the 
placebo group; n = 1 in the 3 mg OD group), three events 
related to liver disorders in two patients (events ‘DILI’ 
and ‘Hepatic enzyme increased’ in the same patient in 
the 30 mg OD group, and event ‘Hepatitis’ in the 60 mg 
BID group), and one event of peritoneal hemorrhage (in 
the 30 mg OD group). Four out of the six SAEs were con-
sidered trial-drug–related by the investigator (one event 
of endometriosis ablation and the three events related to 
liver disorders).

3.3 � Hepatic Safety

A structured analysis of the number of participants with 
treatment-emergent laboratory abnormalities for ALT, AST, 
bilirubin, and INR over time was conducted (Table 3). Ten 
participants had increased ALT > 2 × ULN and eight of 
these had increased ALT > 3 × ULN. In seven of these eight 
cases, the increase in ALT was first observed at visit 7 or 
thereafter, that is, there was a characteristic clustering of 
increases in ALT detected at the 12-week time point and in 
follow-up visits (Fig. 3). The initial increases in ALT were 
typically followed by further increases in transaminases over 
approximately 4 weeks following the end of treatment. Res-
toration of normal ALT levels took up to 3 months (Fig. 3 
and Online Resource 7 and 8, see ESM).

Serum total bilirubin increased in a dose-dependent man-
ner, with initial onset during the first 4 weeks of treatment 
(Fig. 4). The mean and median total, direct, and indirect 
bilirubin levels increased to a similar extent (approximately 
2- to 3-fold increase relative to baseline) (Online Resource 
9, see ESM). These findings were in line with the popula-
tion-based PK/PD model derived from results of the mul-
tiple-dose phase I study in healthy volunteers, which had 
predicted increases in total serum bilirubin not exceeding 
2.5 × ULN (see Sect. 1.6). Values started to normalize dur-
ing treatment towards week 12.

In three participants, the increase in total bilirubin during 
treatment exceeded the level of 2 × ULN. In one of these 
cases, total bilirubin increased concurrently with an increase 
in ALT >3 × ULN around the 12-week time point, therefore 
fulfilling Hy’s law criteria [15, 23] (patient on 30 mg OD, 
see case 1 described below). In the other two cases (both 
in the 60 mg BID group), no concurrent increases in ALT 

Table 2   Summary of adverse events

AE adverse event, BID twice daily, OD once daily, SAE serious adverse event, TEAE treatment-emergent adverse event, TESAE treatment-emer-
gent serious adverse event

Number (%) of participants with AEs Placebo 
n = 31
(100%)

BAY1128688 Total 
N = 121
(100%)3 mg OD 

n = 11
(100%)

10 mg OD 
n = 31
(100%)

30 mg OD 
n = 10
(100%)

30 mg BID 
n = 11
(100%)

60 mg BID 
n = 27
(100%)

Any AE 24 (77.4) 8 (72.7) 16 (51.6) 9 (90.0) 7 (63.6) 23 (85.2) 87 (71.9)
Any TEAE 20 (64.5) 5 (45.5) 10 (32.3) 9 (90.0) 6 (54.5) 21 (77.8) 71 (58.7)
 Study-drug-related TEAE 9 (29.0) 4 (36.4) 3 (9.7) 4 (40.0) 2 (18.2) 14 (51.9) 36 (29.8)
 Procedure-related TEAE 0 0 0 0 0 2 (7.4) 2 (1.7)

Any SAE 1 (3.2) 1 (9.1) 0 2 (20.0) 0 1 (3.7) 5 (4.1)
 Any TESAE 1 (3.2) 1 (9.1) 0 2 (20.0) 0 1 (3.7) 5 (4.1)
 Study-drug-related SAE 1 (3.2) 0 0 1 (10.0) 0 1 (3.7) 3 (2.5)
 SAE related to procedure 0 0 0 0 0 0 0

Discontinuation due to TEAE 1 (3.2) 0 1 (3.2) 0 2 (18.2) 3 (11.1) 7 (5.8)
Discontinuation due to TESAE 0 0 0 0 0 0 0
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above the threshold of 2 × ULN were observed. One of these 
two participants had normal baseline ALT values, with the 
increase occurring from day 12 of treatment and remain-
ing at an increased level for 54 days of ongoing treatment. 

ALT values returned to normal after the end of treatment. 
The other participant exhibited borderline high normal base-
line values, and her total bilirubin levels increased rapidly 
after the start of treatment, reaching 4.3 × ULN on day 34. 

Table 3   Participants with treatment-emergent laboratory abnormalities relating to ALT, AST, bilirubin, and INR

ALT alanine aminotransferase, AST aspartate aminotransferase, BID twice daily, INR international normalized ratio, OD once daily, ULN upper 
limit of normal
a Percentages refer to the total sample size per treatment group (i.e., n)
b Only the largest value per participant was considered, such that a participant was only counted once, in the highest category. All individuals 
with AST > 2 × ULN were also observed to have ALT > 2 × ULN. The case of bilirubin > 2 × ULN in the 30 mg OD group refers to the par-
ticipant described as ‘case 1’ (see Section 3.3) and was found to also have > 2 × ULN for ALT and AST. In contrast, the two participants in the 
60 mg BID group with bilirubin > 2 × ULN demonstrated isolated increases of bilirubin only (i.e., no increase in ALT or AST)

Laboratory variable Placebo 
n = 31
(100%)

BAY1128688 Total 
N = 121
(100%)3 mg OD 

n = 11
(100%)

10 mg OD 
n = 31
(100%)

30 mg OD 
n = 10
(100%)

30 mg BID 
n = 11
(100%)

60 mg BID 
n = 27
(100%)

ALT, U/L; n (%)a

 Total number of participants with > 2 × ULN 0 0 1 (3.2) 3 (30.0) 0 6 (22.2) 10 (8.3)
 > 2 × ULN and ≤3 × ULNb 0 0 1 (3.2) 0 0 1 (3.7) 2 (1.7)
 > 3 × ULN and ≤5 × ULNb 0 0 0 2 (20.0) 0 3 (11.1) 5 (4.1)
 > 5 × ULN and ≤8 × ULNb 0 0 0 0 0 1 (3.7) 1 (0.8)
 > 8 × ULNb 0 0 0 1 (10.0) 0 1 (3.7) 2 (1.7)

AST, U/L; n (%)a

 Total number of participants with > 2 × ULN 0 0 0 1 (10.0) 0 3 (11.1) 4 (3.3)
 > 3 × ULN and ≤5 × ULNb 0 0 0 0 0 2 (7.4) 2 (1.7)
 > 8 × ULNb 0 0 0 1 (10.0) 0 1 (3.7) 2 (1.7)

Bilirubin in serum, mg/dL; n (%)a

 > 2 × ULN 0 0 0 1 (10.0) 0 2 (7.4) 3 (2.5)

Fig. 3   ALT values in par-
ticipants with ALT > 3-fold the 
ULN. Only participants whose 
maximum value between the 
start of treatment and the end 
of the study exceeds 3 × ULN 
are included here. Lower and 
upper black horizontal lines 
correspond to 2 × ULN and 
3 × ULN, respectively. Gray 
vertical dotted line corresponds 
to planned EoT visit at day 
84 ± 4 days of treatment. ALT 
alanine aminotransferase, EoT 
end-of-treatment visit, ULN 
upper limit of normal
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A concomitant ocular icterus led to the discontinuation of 
treatment in this case. Total bilirubin normalized thereafter.

Increases in serum bilirubin exhibited dynamic char-
acteristics different from those seen in the ALT increases 
described above, and hence may be facilitated by a different 
mechanism (see Table 4 and Discussion Sect. 4).

Three participants had an ALT increase > 5 × ULN, 
meeting international criteria for liver injury [16] (Table 3).

Case 1: The participant was randomized into the 30 mg 
OD dose group and exhibited the following serious adverse 
events: ‘drug-induced liver injury’ and ‘hepatic enzyme 

increased’ (MedDRA-preferred terms). Assessment revealed 
a probable severe DILI (according to the RUCAM diagnostic 
scale [17]), with increased INR and increased total serum 
bilirubin > 2 × ULN, in combination with up to 76 × ULN 
increases in ALT (Online Resource 7, see ESM). This was 
detected at the regular EoT visit following 12 weeks of treat-
ment. Case 1 was identified as hepatocellular liver injury 
[18] and fulfilled the criteria of Hy’s law [15, 23]. ALT 
and AST increased between weeks 8 and 12 and continued 
to increase after the end of treatment, peaking at around 5 
weeks post-treatment, ALT and AST levels then normalized 

Fig. 4   Total serum bilirubin change from baseline at each visit in 
completers of 12 weeks of treatment. Placebo: N  =  12; 3  mg OD: 
N = 4; 10 mg OD: N = 14; 30 mg OD: N = 5; 30 mg BID: N = 4; 
60 mg BID: N = 11 Day 1 was the SoT visit (visit 3). The EoT visit 
(visit 7) was scheduled after 84 days of treatment ± 4 days. The visits 
at days 10, 28, and 56 also had a leeway of ± 4 days. aBaseline is 

the last available measurement before the start of treatment (either the 
measurement taken at visit 3 [labelled ‘Day 1 SoT’ in this figure] or, 
if that is not available, the measurement taken at visit 1[screening]). 
BID twice daily, EoT end of treatment, OD once daily, SoT start of 
treatment

Table 4   Observations from the AKRENDO1 study, supporting the hypothesis that differing mechanisms lead to isolated increases in serum bili-
rubin and hepatotoxicity in humans

ALT alanine aminotransferase, BSEP bile salt export pump, MRP2 multidrug resistance-associated protein 2, OATP organic anion-transporting 
polypeptides

Observation Timing Dose-dependency Predictive value of animal 
toxicology studies

Hypothesis

Isolated increase in serum 
bilirubin (total, direct, 
and indirect)

Within days/2 weeks of 
exposure to BAY1128688 
with tendency towards 
normalization at visit 
after 12 weeks of treat-
ment

Directly correlated with 
exposure

Observed in cynomol-
gus monkey animal 
toxicology study with 
BAY1128688

Result of BAY1128688-
mediated inhibition of 
transporters facilitat-
ing uptake and efflux 
of bilirubin to/from 
hepatocytes (e.g., via 
OATP1B1 and MRP2)

Increase in liver transami-
nases up to liver injury

>8 weeks of exposure to 
BAY1128688

Risk increased with 
dose, but extent of ALT 
increase/liver injury not 
directly correlated with 
exposure

Not observed in cynomol-
gus monkey animal 
toxicology study with 
BAY1128688

Result of BAY1128688-
mediated inhibition of 
transporters facilitating 
exit/export of bile acids/
salts from the hepato-
cyte (e.g., via BSEP)
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(Fig. 3, Online Resource 7, see ESM). Total serum bilirubin 
did not increase until after 12 weeks of exposure, also peak-
ing around 5 weeks post-treatment. The patient developed 
additional clinical symptoms (malaise, nausea, vomiting, 
pain below the right side of the rib cage, fatigue, constipa-
tion, scleral icterus, and weight loss), requiring hospitali-
zation. The patient recovered from the event. Alternative 
explanations for liver injury were excluded. The serious 
adverse event was assessed by the investigator as severe and 
related to the study drug. The sponsor assessed the event as 
related to the study drug.

Case 2: Another participant (in the 60 mg BID dose 
group) with ALT > 5 × ULN exhibited the serious adverse 
event ‘hepatitis’ and was assessed as having possible 
(according to the RUCAM diagnostic scale) mild hepato-
cellular DILI (Fig. 3, Online Resource 8, see ESM). Total 
bilirubin increased during the first 8 weeks to 1.6 × ULN 
without accompanying increases in ALT or AST. Between 
weeks 8–12 of treatment, ALT and AST increased but total 
bilirubin decreased. As with Case 1, ALT and AST contin-
ued to increase after cessation of treatment, peaking around 
2 weeks post-treatment (ALT: 32 × ULN). Alternative expla-
nations for liver injury were excluded. The patient remained 
asymptomatic, and the event resolved. The investigator and 
the sponsor assessed the serious adverse event of hepatitis 
as related to the study drug.

Case 3: A third participant (in the 60 mg BID dose group) 
exhibited ALT > 5 × ULN and the non-serious adverse event 
‘transaminases increased’ after 12 weeks of treatment. Mild 
liver injury (peak ALT 7.1 × ULN) was detected after early 
termination. However, according to RUCAM criteria, this 
was classified as not related to the study drug (mainly based 
on negative dechallenge, i.e., ALT remained mildly elevated 
(< 3 × ULN) for 2.5 months after termination of the study 
drug). Alternative explanations for liver injury were partly 
excluded. The patient remained asymptomatic, and the event 
resolved.

Taking the above-described findings together, the spon-
sor considered the likelihood that the observed liver injuries 
and ALT increases were related to the study drug to be “near 
certain”; this assessment was confirmed by an external hepa-
tologist with special expertise in the field of DILI [Watkins 
P, personal communication, 2018]. The continued increases 
in ALT long after treatment termination were interpreted 
by the external hepatologist to most likely reflect an adap-
tive immune response [Watkins P, personal communication, 
2018].

In light of case 1 and case 2, the sponsor concluded that 
the benefit–risk balance was no longer enough to justify the 
continuation of AKRENDO1 and decided to terminate the 
study early. After trial termination, participants were closely 
monitored for emerging increases in various liver param-
eters. Unscheduled visits took place for those participants 

under close liver monitoring after findings of increased 
transaminases until normalization or at least a substantial 
decrease in liver enzymes was observed.

3.4 � Population Pharmacokinetic Modeling 
and Exposure–Response Analysis for Increases 
in ALT

Pharmacokinetic analyses were conducted using data 
from all participants who received at least one dose of 
BAY1128688 and had at least one measurable plasma con-
centration post-dose.

BAY1128688 pharmacokinetic data from this study could 
be adequately described using a one compartment model 
with interindividual variability quantified on oral clearance 
and on relative bioavailability. Differences in relative bio-
availability between 3 mg OD and other BAY1128688 doses 
were identified by an increase of 35% (95% confidence inter-
val, 11–59) relative to all doses >3 mg.

The studied doses reached the anticipated BAY1128688 
plasma exposure range, with the average being approxi-
mately 2-fold higher than expected based on previous pop-
ulation pharmacokinetic modeling using pharmacokinetic 
data from the healthy volunteer phase I studies [12].

In addition, ER modeling was undertaken to assess 
the probability of ALT levels exceeding 2 × ULN during 
BAY1128688 treatment (Fig. 5). The individual area values 
under the BAY1128688 concentration–time curve at a steady 
state over 24 h (AUC[0–24]ss) were estimated based on the 
popPK model for the 10 participants with increased ALT 
concentrations > 2 × ULN and 80 participants with normal 
ALT concentrations. The ER of ALT concentrations was 
characterized by fitting a binary response variable (increased 
ALT > 2 × ULN vs normal ALT concentration on treat-
ment) versus the BAY1128688 AUC[0–24]ss by means of an 
Emax-model, parametrized by the maximum effect that can be 
attributed to the drug (Emax) model, exposure AUC[0–24]ss 
that produces half of Emax (EAUC​50). A baseline rate (E0) of 
3.2% was derived from the placebo arm (although one out of 
31 participants had increased ALT > 2 × ULN at baseline).

A significant relationship, indicating increasing risk for 
increased ALT > 2 × ULN with increasing BAY1128688 
plasma exposure, was identified (p-value < 0.01). However, 
EAUC​50 and Emax could not be identified reliably based on 
the limited number of subjects in the study and the low num-
ber of observed events, leading to a relative high uncertainty 
in risk prediction (Fig 5).

3.5 � Pharmacodynamics

To perform pharmacodynamic analyses, data from the 50 
completers were used. Additionally, data for all participants 
who received at least one dose of BAY1128688 or placebo 
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and had at least one measurable serum androsterone were 
included in analyses.

Serum concentrations of the pharmacodynamic bio-
marker androsterone increased dose-dependently from visit 
4 onwards in all completers, yielding a complete data set 
covering 12 weeks of treatment (Fig. 6, Online Resource 10, 
see ESM). No changes in the cyclicity of sex hormones were 

detected among the completers. Both findings confirm prior 
observations in a previously conducted healthy volunteer 
phase I study [12].

3.6 � Biomarker Sub‑Study

Twenty-two exploratory biomarkers (15 plasma bile acids, 
total bile acids, and 6 biomarkers) previously described as 
potential predictors of DILI events (see Online Resource 4 in 
the ESM), as well as androsterone, were tested to determine 
whether they a) were associated with liver safety param-
eters (ALT, AST, total serum bilirubin, and INR) or b) could 
predict increases of ALT > 2 × ULN observed at visit 7 or 
thereafter.

3.6.1 � Associations of 22 Exploratory Biomarkers 
and Androsterone with Liver Safety Parameters 
from Visit 3 to Visit 8

The subset of completers (n = 50) was used for this analysis.
This biomarker sub-study investigated whether serum/

plasma concentrations of the 22 exploratory biomarkers 
and androsterone at visits 3–8 were associated with liver 
safety parameters (ALT, AST, total bilirubin, and INR) at 
visit 7 or thereafter. In summary, few of the biomarkers 

3mg OD

100010010

AUC(0-24)SS (µg.h/L)

Placebo

Pr
ob

ab
ilit

y 
of

 in
cr

ea
se

d 
AL

T 
le

ve
l

1.
00

0.
75

0.
25

0.
00

0.
50

10mg OD
30mg OD

60mg BID
30mg BID

increased
ALT

normal
ALT

Fig. 5   Exposure–response analysis for increase in ALT (ALT > 
2-fold ULN). Exposure–response relationship of daily steady-state 
AUC [AUC(0–24)ss] and increased ALT level > 2  ×  ULN during 
the course of treatment. Single dots represent each participant of 
the study with (symbols above ‘1.00’, top end of graph) or without 
(symbols below ‘0.00’, at lower part of graph) increased ALT level 
> 2 × ULN versus its model-predicted daily steady-state AUC. The 
black squares and horizontal bars represent observed ‘increased ALT 
(> 2  ×  ULN) rate’ and range of exposure in the different exposure 
quartiles. Solid red line (red shaded area) represents Emax-model fit 

(95% confidence band). Dots and horizontal bars at bottom of graph 
indicate median and range of exposure within respective treatment 
group. Color of symbols and bars represent the treatment group. 
Note, in the placebo group, 1 out of 31 participants included in this 
analysis had increased ALT level > 2 × ULN (at baseline). ALT ala-
nine aminotransferase, AUC(0–24)ss steady-state area under the con-
centration–time curve for 24 h, BID twice daily, Emax maximum effect 
that can be attributed to the drug, ER exposure–response, OD once 
daily, ULN upper limit of normal

Fig. 6   Ratio of mean androsterone values from baseline at each visit 
(for the subset of 50 participants who completed the study). Baseline 
is the last available measurement before the start of treatment (either 
the measurement taken at visit 3 (start of treatment) or, if that is not 
available, the measurement taken at visit 1 (screening). BID twice 
daily, OD once daily
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investigated were significantly associated with these liver 
safety parameters at visit 7 or thereafter. Of the 1560 asso-
ciation tests performed, only six were significant after cor-
rection for multiple testing (false discovery rate [FDR]-
adjusted p-value < 0.05), described in Online Resource 
5, see ESM. Specifically, macrophage colony-stimulating 
factor receptor 1 (MCSFR) at visit 3 (2 h post-dose) and 
at visit 5 was significantly and positively correlated with 
ALT at visit 8 (FDR-adjusted p-value = 3.209e-2, ρ = 0.469, 
FDR-adjusted p-value = 1.358e–2, ρ = 0.470, respectively). 
Glutamate dehydrogenase (GLDH) at visit 5 was positively 
correlated with both AST and ALT at visit 8 (FDR-adjusted 
p-value = 1.145e–2, ρ = 0.744, and FDR-adjusted p-value 
= 1.145e–2, ρ = 0.733, respectively). Androsterone at visit 
6 was positively correlated with total bilirubin at visits 7 
and 8 (FDR-adjusted p-value = 3.184e-2 and ρ = 0.454 and 
FDR-adjusted p-value = 7.231e–3, ρ = 0.523, respectively).

The results were subsequently explored at a relaxed sig-
nificance threshold of unadjusted p-value < 0.05. While few 
results were statistically significant even at this threshold, 
some trends were observed. MCSFR was positively corre-
lated with ALT and/or AST in almost all time point compari-
sons. These correlations were significant (unadjusted p-value 
< 0.05) at several time points, with the highest observed cor-
relation coefficient being ρ = 0.47. Of the bile acids, very 
few significant correlations were identified. Taurolithocholic 
acid was significantly and positively correlated with AST, 
ALT, and total bilirubin (unadjusted p-value < 0.05, ρ > 
0.3) at visit 7 and visit 8 at multiple time points; this was 
most notable in correlation tests involving data from visit 3. 
Glycocholic acid was positively correlated with AST in all 
time point comparisons and this relationship was significant 
(unadjusted p-value < 0.05) in three of these comparisons.

In conclusion, associations between selected biomarkers 
and liver safety parameters could be confirmed, but none 
were consistently related among all time point comparisons 
and/or did not reach statistical significance after correction 
for multiple testing.

3.6.2 � Predictive Value of a Panel of 22 Biomarkers 
and Androsterone for Increases in ALT > 2 × ULN 
After 12 Weeks of Treatment and Thereafter

This biomarker sub-study investigated whether serum con-
centrations of the 22 exploratory biomarkers at visits 3–6 
could predict events of ALT > 2 × ULN identified at visit 
7 and thereafter. Biomarker data at visits 7 and 8 were also 
assessed, despite not being of predictive value.

Data from completers with ALT increases > 2 × ULN 
at visit 7 or thereafter were compared with those of com-
pleters that did not exhibit such ALT increases. One par-
ticipant who completed 12 weeks of treatment exhibited 
an increase in ALT before visit 7 and hence was assigned 

to the non-affected group of completers. There were five 
participants with increases in ALT > 2 × ULN at visit 7 
and a further two participants with increases in ALT > 
2 × ULN detected after visit 7. Please note that two partici-
pants listed in Table 3 with treatment-emergent increases in 
ALT > 2 × ULN were excluded from these analyses because 
they did not complete the 12 weeks of treatment. The five 
participants were compared with those 45 completers who 
did not experience an increase in ALT > 2 × ULN at visit 
7 (n = 45), and then all seven participants were compared 
with the 43 completers who did not experience an increase 
in ALT > 2 × ULN at visit 7 or thereafter (n = 43).

Serum androsterone concentration did not significantly 
vary between the seven participants with ALT > 2 × ULN at 
visit 7 or thereafter and the 43 other participants at any time 
point except for a single instance (visit 6, p-value < 0.05).

None of the six potentially predictive biomarkers investi-
gated would have been able to predict the increases in ALT 
detected after 12 weeks of treatment or thereafter prior to 
week 12 (visit 7). Further details can be found in Online 
Resource 5, see ESM.

Micro-RNA (miR)-122, caspase-cleaved cytokeratin 18 
(ccCK 18), GLDH, cytokeratin 18 (CK 18), and MCSFR 
levels observed at visits 7 and 8 were significantly different 
between the seven participants with ALT > 2 × ULN at visit 
7 or thereafter and the other 43 participants (FDR-adjusted 
p-value < 0.05). These differences between the two partici-
pant groups were expected considering the increases in ALT 
concentration at these time points. Full details are given in 
Online Resource 5, see ESM.

There were no significant associations with ALT > 
2 × ULN involving bile acids at FDR-adjusted p-value < 
0.05. At a less stringent significance threshold (unadjusted 
p-value < 0.05), higher plasma concentrations of selected 
bile acids (glycocholic acid, taurolithocholic acid, and hyo-
deoxycholic acid) were observed among the seven partici-
pants with ALT > 2 × ULN at visit 7 or thereafter when 
compared with the other 43 participants.

4 � Discussion

The AKRENDO1 trial was designed to assess the 
dose–response relationship of five different oral doses of 
the AKR1C3 inhibitor BAY1128688 relative to a placebo 
in the treatment of endometriosis-related pain. AKRENDO1 
was prematurely terminated following the detection of hepa-
tocellular drug-induced liver injury in two participants, one 
of which fulfilled Hy’s law criteria [15, 23]. The detection of 
these liver injuries indicated a safety profile that precludes 
further clinical development of BAY1128688. The limited 
number of completers reduced the statistical power of any 
analyses using data from AKRENDO1, thus preventing the 
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application of any inferential statistics. Hence, no conclu-
sions around the efficacy of BAY1128688 could be drawn.

The comparatively high incidence of observations of ALT 
increase >3 × ULN in eight of the 90 participants treated 
with BAY1128688, in combination with the latency at which 
ALT increases, were observed relative to termination of 
treatment (this pattern was observed in seven of the eight 
participants that exhibited ALT >3 × ULN) and led to the 
assumption that BAY1128688 has the potential to be hepa-
totoxic. No hepatotoxicity was observed until after 8 weeks 
of exposure in all dose groups, in line with the previously 
performed 4-week multiple-dose phase I trial [12].

Two—believed to be separate—effects on liver function 
were observed and are described below and in Table 4.

(1) Early elevations in total serum bilirubin as well as 
direct and indirect bilirubin were dose-related. They were 
not associated with elevations in serum aminotransferases 
(Fig. 3) and were accordingly described as ‘isolated’. All 
three measures of bilirubin appeared to peak between weeks 
1 and 8 before declining towards baseline at 12 weeks of 
treatment (see Fig. 4 and Online Resource 7 in the ESM). 
Bilirubin levels had not reached baseline by the end of the 
12-week period.

In the prior preclinical 13-week monkey study, the 
observed elevations in serum bilirubin (total, conjugated, 
and unconjugated) were reversible, trending towards normal-
ization as treatment progressed (see Sect. 1.5). Early isolated 
elevations in serum bilirubin had also been witnessed in a 
preceding healthy volunteer study (see Sect. 1.6). A popu-
lation PK/PD model using data from the healthy volunteer 
study predicted concentration-dependent increases in serum 
total bilirubin up to approximately 2 × ULN, similar to the 
results observed in this study.

(2) Late elevations in serum ALT occurred after more 
than 8 weeks of treatment (Fig. 3) and peaked several weeks 
post-treatment. Late ALT elevation was less clearly dose-/
exposure-related than early elevations in serum total bili-
rubin, but the probability of elevated ALT increased sig-
nificantly with increased exposure to BAY1128688. ALT 
increases have been observed in the 30 mg OD (n = 10) and 
the 60 mg BID (n = 27) groups, but not in the dose group in 
between (30 mg BID; n = 11). The fact that, despite the oth-
erwise apparent dose–response relationship, no cases have 
been detected in the 30 mg twice daily group is considered 
a chance finding due to small sample size and exposures 
overlapping between dose groups.

These increases in ALT did not coincide with increases in 
bilirubin levels, except in the most severe case (case 1, the 
Hy’s law case described in Sect. 3.3) of delayed increases 
in serum aminotransferases, in which liver injury was asso-
ciated with an accompanying rise in serum total bilirubin. 
Increases in serum ALT were not observed in the animal 
toxicology study (see Sect. 1.5).

In conclusion, the nature of serum bilirubin increases dif-
fered from that seen in ALT increases, and hence may be 
underpinned by a different mechanism.

The inhibition of the human transporter OATP1B1 has 
been described as a potential cause of mild hyperbiliru-
binemia via the blocking of bilirubin uptake into hepato-
cytes [24]. MRP2 function has also been implicated as a 
potential cause of mild hyperbilirubinemia as it facilitates 
the excretion of bilirubin from hepatocytes into the bile 
[25]. Human genetic evidence exists (OATP1B1/1B3 defi-
ciency—Rotor syndrome; MRP2 deficiency—Dubin-John-
son syndrome) that supports both hypotheses. There were no 
signs of increased bilirubin production (hemolysis) in this 
study, nor are we aware of any literature describing a role 
of AKR1C3 in the metabolism of bilirubin. Accordingly, it 
is hypothesized that the potential of BAY1128688 to inhibit 
OATP1B1 and MRP2 (see Online Resource 1 in the ESM 
and section 1.4) plays a key role in the isolated cases of 
hyperbilirubinemia and increases direct and indirect serum 
bilirubin levels, as observed in participants within the first 8 
weeks of AKRENDO1. In addition, the inhibitory potency 
of BAY1128688 to UGT1A1 (see Online Resource 2 in the 
ESM), which is also involved in bilirubin metabolism, could 
also contribute but is considered of minor clinical relevance. 
No other human UGTs involved in bile salt metabolism are 
inhibited by BAY128688 in vitro.

BAY1128688 also has the potential to inhibit the bile salt 
export pump (BSEP; Online Resource 2, see ESM), an aden-
osine triphosphate (ATP) binding cassette (ABC)-transporter 
claimed to be responsible for the excretion of bile salts from 
hepatocytes into the bile. Inhibition of bile salt transport is 
thought to increase hepatotoxicity risk and hence may play 
a role in the ALT increases observed in AKRENDO1 [26]. 
This has also been incorporated into computational models 
used in the prediction of hepatotoxicity [27].

DILI caused by intracellular hepatic bile salt accumula-
tion may be clinically represented as hepatocellular injury, 
resulting in a liver chemistry profile reflecting substantial 
hepatocyte death (i.e., prominent elevations in serum ami-
notransferases with minimal elevation in serum AP and bili-
rubin) [28]. The findings described below support but can-
not ultimately prove the hypothesis that the hepatotoxicity 
observed in AKRENDO1 was the result of the intrahepatic 
accumulation of bile salts/bile acids due to the inhibition 
of transporters involved in hepatocyte bile salts/bile acid 
secretion by the AKR1C3 inhibitor BAY1128688 (for an 
overview see Online Resource 1 in the ESM).

•	 The pattern of hepatotoxicity associated with intrahepatic 
bile salt/bile acid accumulation accompanied by minimal 
increases in serum AP observed in this trial (cases 1 and 
2) is consistent with hepatocellular liver injury [28].
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•	 Higher plasma concentrations of selected bile acids 
(glycocholic acid, taurolithocholic acid, hyodeoxy-
cholic acid) were observed among patients with ALT > 
2 × ULN after 12 weeks, compared with patients not 
showing ALT > 2 × ULN. In addition, increases in 
selected (e.g., tauro-conjugated) plasma bile acids at the 
start of treatment that lasted until week 8 were found to 
be associated with increases in serum ALT and/or AST 
at week 12 and post-treatment (see Sect. 3.6 and Online 
Resource 10 in the ESM for details). However, both find-
ings lacked statistical strength (e.g., the associations were 
not statistically significant after correcting for multiple 
testing). Taken together, these findings may indicate a 
delay before bile salts-/bile acid-mediated toxicity (due 
to elevated bile salts/bile acid concentrations) becomes 
apparent in hepatocytes.

•	 Signs of hepatotoxicity were absent in animal toxicology 
studies, which are typically known for their weak accu-
racy in predicting hepatotoxicity in humans, particularly 
relating to intrahepatic bile salt/bile acid accumulation. 
This absence reflects the variable sensitivity of different 
animal species to the modulation of bile salt content in 
hepatocytes [28].

Taking into consideration the possible risk factors for 
DILI according to the relevant compound characteristics 
(potential to inhibit transporters including bile salt trans-
porters and other mediators of bile acid metabolism such as 
BSEP, see ESM, Online Resources 1–3) [24, 28, 29], hepa-
totoxicity observed after >8 weeks of treatment suggests an 
‘off-target’ effect of the AKR1C3 inhibitor BAY1128688. 
The most likely cause is the inhibition of intrahepatic bile 
acids/bile salt transporters, resulting in the observed DILI 
[30].

Increasing exposure to the AKR1C3 inhibitor 
BAY1128688 was found to be associated with increased risk 
of elevated ALT and DILI. While increasing BAY1128688 
exposure results in a greater inhibition of AKR1C3, as 
indicated by increases in the pharmacodynamic biomarker 
androsterone, it also results in the greater inhibition of bile 
acid/bile salt transporters. Hence, information regarding 
BAY1128688 exposure alone does not allow the separation 
of on- and off-target effects.

The inhibition of human steroid 5β-reductase AKR1D1 
has been discussed as a potential off-target effect of 
BAY1128688 that could contribute to or cause the hepa-
totoxicity observed in AKRENDO1 by interfering with 
bile acid synthesis [9]. The AKR1D1 enzyme generates all 
5β-reduced dihydrosteroid metabolites for C19-, C21-, and 
C27-steroids (i.e., androgens, glucocorticoids, and bile acids 
or oxysterols) and accordingly is involved in steroid hor-
mone inactivation and bile acid synthesis. BAY1128688 was 
screened preclinically for activity not only against a range 

of related enzymes including recombinant human AKR1C 
enzymes (1C1, 1C2, 1C4) but also against human AKR1D1. 
Using cortisone as a model substrate, BAY1128688 was 
found to inhibit human AKR1D1 activity by 11% at a con-
centration of 100 µM (Bayer AG, data on file). Accord-
ingly, it is unlikely that the observed hepatotoxicity of 
BAY1128688 is related to an off-target effect on AKR1D1.

The inhibitory effect of BAY1128688 on bile salt trans-
porters could lead to alterations in bile acid homeostasis and 
the accumulation of toxic bile acids in the hepatocytes [30]. 
Increased concentrations of conjugated bile acids in plasma 
are potentially monitorable mechanism-based biomarkers of 
transport protein inhibition in the liver (in particular, BSEP 
inhibition) in vivo [28, 31]. Although the fraction unbound 
of BAY1128688 in human plasma is very low, leading to 
an unbound maximum steady-state concentration in human 
plasma of < 0.1 µM after 60 mg BID application, the total 
concentration in human plasma is approximately 10 µM 
[12]. Therefore, the increase of selected bile acids (known 
to be substrates of BSEP [32]) may have been caused by 
total BAY1128688 concentrations above the in vitro IC50 
value of 3.6 µM for BSEP inhibition [Online Resource 1, see 
ESM]. In our AKRENDO1 trial, individual bile acid levels 
were increased at isolated ‘early’ time points suggesting a 
mechanistic link, however, the strength of the association 
was insufficient to allow consistent prediction of DILI events 
based on bile acid increases (total and/or individual). While 
in this specific case bile acid measurements were of lim-
ited value for prediction of increases in ALT, we continue 
to consider bile acid measurements as generally useful for 
monitoring and mechanistic understanding.

Multiple serum biomarkers were suggested to have prog-
nostic value in predicting DILI or severe outcomes [21, 33]. 
However, none of the six potentially predictive biomark-
ers nor any of the bile acids investigated would have been 
able to consistently predict the increases in ALT detected 
after 12 weeks of treatment or thereafter prior to week 12 of 
treatment (visit 7). Moreover, increases in androsterone, the 
pharmacodynamic biomarker of AKR1C3 inhibition, were 
not associated with increases in ALT.

The observed trends in circulating MCSFR (macrophage 
colony-stimulating factor receptor 1) are of particular note. 
MCSFR has been described as a predictive biomarker in 
the context of analyses of serum ALT increases observed 
in patients exposed to the anticoagulant ximelagatran [34]. 
Another result of note in the development of BAY1128688 
is the lack of hepatotoxicity signals in animal toxicology 
studies. MCSFR is the receptor for CSF-1, a cytokine that 
controls the proliferation, differentiation, and function of 
macrophages. Increases in (shed) plasma-derived MCSFR 
have been proposed as an indicator of macrophage activa-
tion. Hence, a role of macrophages in the inflammatory 
response associated with drug-induced liver injury has been 
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hypothesized [35]. However, while associations between 
increased systemic MCSFR and ALT were detected consist-
ently across a range of time points (visits), these associations 
were not statistically significant after correction for multiple 
testing.

This clinical trial highlights the limitations of in vivo 
testing in predicting DILI in long-term toxicity studies, 
as an interaction of BAY1128688 with bile salt transport 
proteins (including BSEP) was observed in vitro without 
any clear evidence of hepatotoxicity having been observed 
in preclinical animal studies. In the 13-week animal study, 
total, conjugated, and unconjugated serum bilirubin levels 
were transiently increased, but concomitant increases in liver 
enzymes or microscopic liver findings were not seen. Pre-
clinical in vivo testing cannot accurately predict DILI result-
ing from bile acid homeostasis alterations as animal studies 
do not specifically investigate the mechanism of transport 
inhibition-related hepatotoxicity [36–38]. In addition, dif-
ferences in bile salt metabolism and the tolerability of bile 
salt accumulation between humans and animals means liver 
toxicity risk can be difficult to predict [39, 40].

5 � Conclusion

The AKRENDO1 trial, which aimed to assess the effi-
cacy and safety of the AKR1C3 inhibitor BAY1128688 
as a potential treatment for endometriosis-related pain 
symptoms, was prematurely terminated by the sponsor 
due to cases of hepatotoxicity. The pharmacodynamics of 
BAY1128688 observed in AKRENDO1 (such as increases 
in androsterone and bilirubin) were comparable with those 
found in a previously conducted, healthy volunteer, 4-week 
study. However, as indicated by preclinical studies [9, 10], 
AKR1C3 inhibition remains a potentially valid therapeu-
tic approach to treating hormone-dependent malignancies 
and endocrine disorders characterized by AKR1C3 over-
expression, including endometriosis and polycystic ovary 
syndrome [2]. The development of other drugs that target 
AKR1C3 and are not associated with risks of hepatotoxicity 
may allow for treatment of diseases proposed to benefit from 
AKR1C3 inhibition.

The absence of hepatotoxicity indicators in prior animal 
toxicity studies highlights the importance of in vitro mecha-
nistic studies in identifying potential DILI risks related to 
drug exposure in humans. Further investigations into the 
mechanisms behind the hepatotoxicity observed in this 
study have been performed using a Quantitative Systems 
Toxicology modeling tool, including DILIsym® (Simula-
tions Plus, Durham, NC, USA) [41], to evaluate the safety 
of BAY1128688 relative to drug exposure and the activity of 
hepatotoxic mechanisms including mitochondrial dysfunc-
tion, oxidative stress, and bile acid accumulation [11].
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