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Abstract
The highly selective, covalent Bruton’s tyrosine kinase inhibitor evobrutinib is under 
investigation for treatment of patients with multiple sclerosis (MS). Early clinical 
studies in healthy participants and patients with relapsing MS indicated that evobru-
tinib is well- tolerated and effective. We undertook a mass balance study in six men 
who received a single 75- mg oral dose of evobrutinib containing ~ 3.6 MBq (100 μCi) 
14C- evobrutinib, to determine the absorption, metabolic pathways, and routes of ex-
cretion of evobrutinib. The primary objectives of this phase I study (NCT03725072) 
were to (1) determine the rates and routes of total radioactivity excretion, includ-
ing the mass balance of total drug- related radioactivity in urine and feces, (2) as-
sess the pharmacokinetics (PKs) of total radioactivity in blood and plasma, and (3) 
characterize the plasma PKs of evobrutinib. Exploratory end points included identi-
fying and quantifying evobrutinib and its metabolites in plasma and excreta (urine 
and feces) and exploring key biotransformation pathways and clearance mechanisms. 
Evobrutinib was primarily eliminated in feces (arithmetic mean percentage, SD, 71.0, 
2.1) and, to a lesser extent, in urine (20.6, 2.0), with most of the total radioactivity 
(85.3%) excreted in the first 72  h after administration. No unchanged evobrutinib 
was detected in excreta. Evobrutinib was rapidly absorbed and substantially me-
tabolized upon absorption. Only one major metabolite M463- 2 (MSC2430422) was 
identified in plasma above the 10% of total drug exposure threshold, which classi-
fies M463- 2 (MSC2430422) as a major metabolite according to the US Food and 
Drug Administration (FDA; metabolites in safety testing [MIST]) and the European 
Medicines Agency (EMA; International Conference on Harmonization [ICH] M3). 
These results support further development of evobrutinib and may help inform sub-
sequent investigations.
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INTRODUCTION

Multiple sclerosis (MS) is commonly diagnosed during early 
adulthood, at an average age of 30  years.1 Early onset and 
the chronic, progressively incapacitating nature of the disease 
mean high costs to patients, families, and society.2 Disability 
progression3- 5 and relapse frequency6 erode patients’ quality of 
life. Finding an effective treatment can also be challenging due 
to the highly heterogeneous presentation of MS and the vari-
able evolution in the clinical course of the disease, which re-
quires treatment adjustments.7 Treatment- switching is frequent 
in MS, typically because of a lack of sustained efficacy, result-
ing relapse,8- 10 intolerance to therapy, or adverse events.11

At the cellular level, relapsing MS is characterized by 
blood– brain barrier disruption and inflammation caused 
by T cells, B cells, and myeloid cells infiltrating the central 
nervous system (CNS), where autoreactive T cells are reacti-
vated through local antigen presentation with activated CNS- 
resident microglia and astrocytes.12,13 Bruton’s tyrosine kinase 
(BTK) has an important role in the development and function 
of immune cells, including B cells and myeloid cells,14 and is 
a key mediator of B cell and myeloid cell signaling.15,16

Evobrutinib is an orally administered, highly selective, co-
valent BTK inhibitor17 currently under investigation for treat-
ment of MS. In clinical studies with healthy participants and 
patients with relapsing MS, evobrutinib was well- tolerated 
and effective.18,19

In a first- in- human, phase I, double- blind, dose- escalation 
study, healthy participants were randomized to receive evobruti-
nib (25, 50, 100, 200, 350, or 500 mg) or placebo as a single dose, 

or evobrutinib 25, 75, or 200 mg or placebo once daily (q.d.) for 
14 days.18 Treatment- emergent adverse events (TEAEs) were 
reported in nine participants (25%) after single- dosing and in 13 
(48.1%) after multiple- dosing. Most TEAEs were mild, with no 
dose- dependency with respect to frequency or type of TEAE. 
Absorption was rapid, with a time to reach maximum plasma 
concentration (Tmax) of ~ 0.5 h, a short half- life of ~ 2 h, and 
pharmacokinetics (PKs) were dose- proportional, with no accu-
mulation or time- dependency with repeat dosing.18 BTK occu-
pancy was dose- dependent, with maximum occupancy (>90%) 
reached within ~ 4 h after single evobrutinib doses of greater 
than or equal to 200 mg; an occupancy of greater than 50% was 
observed at 96 h with doses of greater than or equal to 100 mg. 
Full BTK occupancy in healthy participants was achieved with 
25 mg evobrutinib after multiple daily dosing.18

In a phase II, randomized, double- blind study, 267 patients 
with relapsing MS received evobrutinib 25 or 75 mg q.d., 75 mg 
twice daily (b.i.d.), or placebo, or open- label dimethyl fumarate 
as reference treatment.19 Evobrutinib 75 mg q.d. and b.i.d. sig-
nificantly reduced the total number of gadolinium- enhancing 
lesions on T1- weighted magnetic resonance imaging over 
24 weeks versus placebo. At week 24, evobrutinib 75 mg q.d. 
and b.i.d. also showed evidence of reduced annualized relapse 
rate, an effect that was sustained at week 48 and maintained 
further, at 108 weeks in the open- label study extension.20 The 
majority of TEAEs in this study were mild or moderate.19

An in vitro study investigating the metabolism of evobru-
tinib in rat and human hepatocytes determined that evobru-
tinib was metabolized into 23 different metabolites.21 There 
were species- related metabolic differences with the main 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Multiple sclerosis (MS) is associated with a high frequency of relapse and a need for 
effective therapies. The pathogenesis of MS is driven by the proinflammatory action 
of B cells and myeloid cells. The highly selective, covalent Bruton’s tyrosine kinase 
(BTK) inhibitor evobrutinib targets both B cells and myeloid cells and is therefore 
under investigation as a treatment for autoimmune diseases, including MS.
WHAT QUESTION DID THIS STUDY ADDRESS?
This phase I human mass balance study was conducted to better understand the 
absorption, metabolic pathways, and routes of excretion of a single oral dose of  
14C- radiolabeled evobrutinib in healthy male participants.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
This study provides a better understanding of the drug disposition and pharmacoki-
netic (PK) characteristics of evobrutinib and a comprehensive characterization of its 
metabolites in human participants.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
The PK characteristics and metabolic pathways of evobrutinib elucidated in this study 
support the further investigation of a promising BTK inhibitor for the treatment of 
patients with MS.
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metabolite in human hepatocytes identified as evobrutinib- 
diol, whereas in rat hepatocytes the most abundant metabo-
lite was hydroxyl- evobrutinib.21

To better understand these clinical properties, drug dispo-
sition, and PK characteristics of evobrutinib, we conducted 
a mass balance study to evaluate the absorption, metabolic 
pathways, and routes of excretion of evobrutinib in healthy 
male participants after administration of a single 75- mg oral 
dose of 14C- radiolabeled evobrutinib.

METHODS

Study participants

Eligible participants were men, 18– 55  years, with body 
weight 50– 120  kg, and body mass index (BMI) of 19.0– 
30.0 kg/m2, who were healthy based on comprehensive clini-
cal assessments. Study inclusion/exclusion criteria are in the 
Supplementary Material. All participants provided written in-
formed consent before initiation of study. The study protocol 
and consent forms were approved by the Independent Ethics 
Committee of Evaluation of Ethics in Biomedical Research, 
Assen, The Netherlands. The study was conducted in accord-
ance with the principles of the Declaration of Helsinki and in 
compliance with the International Council for Harmonization 
E6 Guideline for Good Clinical Practice.

Study design

This was a phase I, open- label, single- dose study 
(NCT03725072) to determine the absorption, metabolism, 
and routes of excretion of 14C- radiolabeled evobrutinib. 
Following eligibility screening, participants were admitted to 

the study center on day −1. The study phase was from day 1 
up to a maximum of day 35, with final assessments up to day 
37 depending on participant status (Figure 1).

On the morning of day 1 (evobrutinib dosing day), partici-
pants underwent predose safety evaluations and provided blood, 
urine, and feces for PK assessments. Serial blood samples for de-
termination of clinical laboratory variables and PK assessments 
were collected throughout the study. TEAEs, clinical laboratory 
variables, electrocardiograms, and vital signs were also assessed 
throughout the study. A final assessment of each participant took 
place 1– 2 days after discharge from the study center.

Recovery of radioactivity in excreta was monitored daily 
throughout the study. Participants with a recovery of radio-
activity greater than or equal to 90% on day 8 were released 
from the study, those with a recovery rate less than 90% re-
mained in the study center for up to 6 additional days, until 
a recovery rate of greater than or equal to 90% was obtained.

Study medication

Participants received a single 75- mg oral dose of evobru-
tinib as a 30 ml solution from a glass drinking bottle. The 
bottle was rinsed twice (50  ml each) and the additional 
fluid was also taken by the participant. This single 75- mg 
oral dose contained in total ~ 3.6 MBq (~100 μCi) of 14C- 
evobrutinib. The structural formula of 14C- evobrutinib is 
shown in Figure 2.

Dosimetry assessment to calculate 
radiation burden

The effective radiation burden after a single oral dose of 
3.6 MBq (~ 100 μCi) of 14C- evobrutinib was calculated by 

F I G U R E  1  Study design. *If, on the morning of day 8, recovery of radioactivity in excreta was greater than or equal to 90% of the dose, 
the participant was to be released from the study at the discretion of the Principal Investigator or delegate (in agreement with the Sponsor). If 
radioactivity recovery was less than 90% on the morning of day 8, the participant was required to remain in the study center until radioactivity 
recovery in excreta was greater than or equal to 90%, which could require an additional in- house period of up to 6 days. During the study, no 
patient was required to remain in the study center past day 10. **On day 14 (13 days after dosing), any remaining participants could be released 
irrespective of radioactivity recovery but could be asked to return to the study center for one or more conditional follow- up visits planned for days 
17, 21, 28, and 35

Eligibility 
screening

Time (Days)

-28 to -2

Final 
assessment

10 (up to 37)

Admi�ed to 
study center

Oral 
dosing

Assessment and monitoring

Condi�onal ambulatory visits

-1 1 2 to 8 (up to 14)* 28

In-clinic period

Study interven�on period

17 21 35**
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dosimetry assessment. Calculations were based on previ-
ous excretion and PK data for evobrutinib and quantitative 
tissue distribution studies performed on mice, and on data 
from additional preclinical and clinical studies, assum-
ing a worst- case absorbed fraction of 1.0. According to 
these calculations, a single oral dose of 3.6  MBq of 14C- 
evobrutinib carries an estimated effective radiation burden 
of ~ 0.02 mSv, which is below the effective dose considered 
trivial and well acceptable (0.1 mSv) for investigations in 
human participants.22

Study objectives

The primary objectives were to (1) determine the rates and 
routes of excretion of total radioactivity, including mass bal-
ance of total evobrutinib- related radioactivity in urine and 
feces, (2) assess the PK of total radioactivity in blood and 
plasma, and (3) characterize the plasma PKs of evobrutinib. 
An exploratory endpoint was to identify and quantify evo-
brutinib and its metabolites in excreta (urine and feces) and 
plasma to investigate key biotransformation pathways and 
clearance mechanisms in humans.

Sample collection

The collection schedule for whole blood, plasma, urine, and 
feces is shown in Tables S1 and S2.

Liquid scintillation counting of total 
radioactivity

Total radioactivity in whole blood, plasma, urine, and feces 
samples were determined by liquid scintillation counting 
(LSC). Scintillation cocktail was directly spiked into plasma 
and urine samples. Whole blood samples were solubilized 
and decolorized before addition of the scintillation cocktail. 
Feces samples were homogenized with weight equivalents 
of water, dried, and combusted with an absorber agent for 
trapping carbon dioxide. At the end of the combustion cycle, 
the absorber was mixed with scintillant cocktail. All scintil-
lation counting using either low level or normal count modes 
was carried out in duplicate using a Tri- Carb 3100 TR liquid 
scintillation analyzer (Perkin Elmer, Waltham, MA, USA) 
in compliance with analytical procedures validated by PRA 
Health Sciences.

Bioanalysis of evobrutinib

Bioanalysis of total plasma concentrations of unlabeled evo-
brutinib was performed by Nuvisan (Grafing, Germany) by 
validated liquid chromatography– mass spectrometry (LC- 
MS/MS). In brief, the isotopically labeled internal standard 
[2H]- MSC2364447C was added to 100 µL K2EDTA plasma. 
Evobrutinib was extracted with 500 µL ethyl acetate, then 
gently mixed. Samples were centrifuged, 200 µL aliquots of 
the upper organic phase were transferred, evaporated to dry-
ness (15 min, 40℃), and reconstituted in 300 µL acetonitrile/
water (3+7, V/V). An aliquot of 10 µl was injected onto an 
Acquity BEH C18 column (2.1 × 50 mm; 1.7 µm; Waters, 
Milford, MA, USA). Separation was carried out using a mo-
bile phase gradient (eluent A: 10 mM ammonium formate 
buffer; eluent B: acetonitrile) with a flow rate of 0.8  ml/
min. Detection was performed in positive ionization mode 
on an AB Sciex 5500 triple quadrupole mass spectrometer 
(AB Sciex, Framingham, MA, USA) with selected reaction 
monitoring (m/z 430.2 to 279.0 for evobrutinib and 433.2 
to 279.0 for its deuterated internal standard). The lower 
limit of quantification (LLOQ) was 0.600  ng/ml and the 
calibration standard responses were linear over the range 
between 0.600 and 600 ng/ml using a weighted (1/x2) linear 
regression.

Metabolite profiling and identification

Metabolite profiling and identification was performed by 
ultra- performance liquid chromatography- high- resolution 
mass spectrometry (UPLC- HR- MS; Acquity UPLC and 
Xevo G2- XS QTof (quadrupole time- of- flight) mass 

F I G U R E  2  Structure of 14C- evobrutinib. *Denotes the position 
of the radiolabel. The material is ring labeled, with an average of one 
carbon- 14 per molecule
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spectrometer; Waters) and simultaneously the eluent was 
fractionated (CTC HTS PAL Fraction Collector; Axel 
Semrau, Sprockhövel, Germany) with a collection interval 
of 7 s for each well. Radioactivity in the fractions was deter-
mined off- line by microplate scintillation counting using the 
Topcount NXT counter (Perkin Elmer, Waltham, MA, USA) 
and the radio- chromatograms were recompiled from those 
data using Laura 4.1 software (Lablogic, Sheffield, UK).

For urine and feces, metabolites were identified in a sin-
gle pooled sample per matrix and participant that covered at 
least 90% of the total radioactivity of the respective matrix 
excreted. Intervals with low radioactivity were not used for 
generation of the pooled samples, to avoid dilution and to 
increase the signal- to- noise ratio of the respective chromato-
grams. For plasma, metabolites were identified in individual 
samples (at 1, 2, 4, 8, 12, and 24 h). Plasma samples were 
analyzed after an exhaustive extraction process using ethanol 
and acetonitrile in multiple steps, processed by gentle evapo-
ration under nitrogen flow (37°C), and redissolved in ACN/
MeOH/water (1+1+8, V/V/V) for injection. Feces sample 
pools were extracted as followed: first with an n- hexane wash 
step to degrease the samples, followed by stepwise extraction 
with EtOH (2×), ACN/water (1+1, V/V), and ACN/water/
formic acid (FA) (49+49+2, V/V/V; 2×). Urine sample pools 
were directly injected without extraction after evaporation 
under nitrogen (37°C) and re- dissolution in ACN/MeOH/
water (1+1+8, V/V/V). Extraction process and efficiency 
was checked in all samples by LSC counting of the final pre-
cipitate after solubilization (by Solvable), homogenization 
(using Ultra- Turrax) and de- colorization (by hydrogen per-
oxide). These values (as percentage of total radioactivity in 
the sample) are reported as “nonextractable radioactivity” in 
plasma and feces.

Pharmacokinetic assessments

The following PK parameters were assessed: (1) total radio-
activity recovery, percentage excretion in urine and feces, 
clearance of parent, and total radioactivity in urine and feces; 
(2) whole blood and plasma total radioactivity, maximum 
concentration (Cmax), Tmax, terminal half- life (t1/2), and area 
under the curve (AUC); and (3) evobrutinib plasma Cmax, 
Tmax, AUC, t1/2, apparent volume of distribution during the 
terminal phase (Vz/F), and apparent plasma clearance of evo-
brutinib (CL/F).

Calculations and statistical analyses

All PK parameters for total radioactivity, evobrutinib, and its 
metabolites were calculated using noncompartmental meth-
ods with Phoenix WinNonlin 8.1 (Certara, Sheffield, UK), 

based on the actual sampling times. Results for all param-
eters were reported using descriptive statistics. Individual 
plasma and whole- blood concentrations for total radioactiv-
ity (by LSC) and individual plasma concentrations for evo-
brutinib (by validated LC- MS/MS), and 14C- evobrutinib and 
its metabolites (by metabolite profiling) were reported with 
descriptive statistics using the nominal sampling times for all 
time points. Similarly, individual urine and feces concentra-
tions for total radioactivity, 14C- evobrutinib, and its metabo-
lites (by metabolite profiling) were reported with descriptive 
statistics using the nominal sampling times for all time inter-
vals. Excretion of total radioactivity was calculated based on 
the administered radioactive dose and the relative amount of 
radioactivity recovered in urine and feces. All participants 
who received a dose of evobrutinib were included in the PK 
analysis set.

RESULTS

Study participants

In total, 19 healthy men were screened. Six were eligible for 
inclusion, dosed with evobrutinib, and completed per proto-
col. They were of mean (SD) age of 31 (8) years, with a body 
weight of 85.0 (14.45) kg, and BMI 24.3 (3.39) kg/m2. There 
were no clinically relevant findings in medical history or pre-
vious medications.

Mass balance of 14C- evobrutinib

Recovery criteria for the collection of radioactivity were met 
for all participants on day 7 (168 h after dosing); for one par-
ticipant, collection of urine and feces was prolonged until day 
8 (192 h). Mass balance was achieved within 168 h after a 
single oral 75- mg dose of 14C- evobrutinib with a mean total 
radioactivity recovery of 91.6% (range 90.1– 92.8%). The 
majority of radioactivity was excreted in feces (71.0%) and 
less in urine (20.6%). Individual total recovery ranged from 
69.2 to 74.1% in feces and from 18.6 to 23.1% in urine. No 
unchanged evobrutinib was recovered from urine or feces 
(Figure  3). The majority of radioactivity (85.3%) was ex-
creted within 72 h after evobrutinib administration.

Total radioactivity and evobrutinib 
concentrations in systemic circulation

Total radioactivity in plasma was detected at the first sam-
pling time, 0.25  h postdose, in all participants and was 
close to or below the LLOQ (9.91 ng eq/ml [30 dpm/ml]) of 
the plasma LSC method in samples from 48 to 192 h. The 



   | 2425MASS BALANCE OF EVOBRUTINIB

individual maximum total radioactivity concentration in 
plasma ranged from 740 to 1445 ng eq/ml and was observed 
0.25– 1- h postdose.

Evobrutinib in plasma was detected at the first sampling 
time point after evobrutinib administration (0.25 h postdose) 
for all participants and was quantifiable up to 8 h in five par-
ticipants and up to 12  h in one participant. The individual 
maximum evobrutinib plasma concentration ranged from 181 
to 465 ng/ml and was observed 0.25– 0.50 h postdose.

The mean concentration– time profile for evobrutinib in 
plasma rapidly declined with little differentiation between 
distribution and elimination phases (Figure  4a and b). In 
contrast, the mean concentration– time profiles for total ra-
dioactivity in plasma and whole blood displayed a slower 
elimination phase. Although total radioactivity concentra-
tions in blood and plasma decreased in a similar manner, the 
mean blood to plasma ratios of total radioactivity increased 
from 0.6 at 0.25 h to 1.6 at 72 and 96 h postdose.

Pharmacokinetic parameters

The Cmax of total radioactivity in plasma was approxi-
mately threefold higher than that for evobrutinib in plasma 
(Table 1). The whole blood to plasma ratio for mean Cmax of 
total radioactivity was ~ 0.6. Plasma AUC0– 24 and AUC0– t 
for evobrutinib represented 13% and 10% of the correspond-
ing AUC total radioactivity in plasma at those time points, 
respectively, indicating extensive metabolism. Absorption 
was rapid with a median Tmax of 0.5 h for total radioactivity 
in whole blood and plasma, as well as evobrutinib in plasma 
(Table 1). The geometric mean t1/2 of evobrutinib, at 1.33 h, 
was short relative to the t1/2 for total radioactivity, as shown 
in the concentration– time profiles. The t1/2 of the prolonged 
elimination phase for total radioactivity (~ 102 h in plasma 
and 290 h in whole blood) was too long relative to the PK 
sampling duration to be reliably estimated.

Metabolite profiling and identification

Chemical structures of 40 phase I and 18 phase II metabolites 
of evobrutinib were fully or partially elucidated. The phase 

F I G U R E  3  Cumulative total radioactivity excreted in urine and 
feces, and total radioactivity recovery. Values are arithmetic mean 
with SD
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I reactions that occurred were single and multiple oxygena-
tions, hydroxylation, and further oxidation to the ketone, de-
hydrogenation, reduction, cleavage of either the acrylamide, 
or the piperidine together with the acrylamide moiety, and 
oxidative piperidine ring opening. Phase II metabolites were 
formed by glucuronidation, sulfation, N- acetylation, and 
cysteine- , cysteinylglycine- , or N- acetyl cysteine- conjugation 
of the acrylamide moiety. All metabolites elucidated were 
more polar than evobrutinib. Biotransformation of evobru-
tinib to form the major metabolite, M463- 2 (MSC2430422) 
is shown in Figure 5. A comprehensive investigation of the 
metabolism of evobrutinib is ongoing.

Metabolites in plasma

A total of 24 metabolites were detected and elucidated in 
plasma (Figure  6). Fourteen of these were formed by oxi-
dations and 10 by conjugation. The most abundant plasma 
metabolite, M463- 2 (MSC2430422), which was presumably 
formed by epoxidation and hydrolysis of the acrylamide 
moiety, was observed up to 8 h after evobrutinib adminis-
tration in all six participants and attained its Cmax after 1 h. 
Concentrations of M463- 2 (MSC2430422) ranged from 92.8 
to 210  ng eq/ml at Cmax. The geometric mean AUC0– 24 of 
the metabolite relative to total radioactivity and evobrutinib 

T A B L E  1  Summary of PK parameters in whole blood and plasma following a single 75- mg oral dose of 14C- radiolabeled evobrutinib

Parameter

Evobrutinib Total radioactivity

Plasma Plasma Whole blood

Cmax, ng (eq)/ml, GM (GM CV, %)a 321 (33.5) 1047 (22.8) 623 (25.5)

AUC0– 24h, ng (eq) h/ml, GM (GM CV, %)a 378 (19.4) 2805 (14.8) 2001 (9.9)

AUC0- t, ng (eq) h/ml, GM (GM CV, %)a 375 (19.4) 3915 (32.7) 4944 (13.6)

Tmax, h, median (min, max) 0.50 (0.25, 0.55) 0.50 (0.25, 1.00) 0.50 (0.25, 1.00)

T1/2, h, GM (GM CV, %) 1.33 (27.9) NCb NCb 

CL/F, L/h, GM (GM CV, %) 199 (19.4) – – 

Vz/F, L, GM (GM CV, %) 381 (33.9) – – 

Abbreviations: AUC0- 24, area under the plasma/whole blood concentration– time curve from time zero (dosing) to 24 h after dosing of unchanged drug or radioactivity; 
AUC0- t, area under the plasma/whole blood concentration– time curve from time zero (dosing) to the last sampling time at which the concentration is at or above 
the lower limit of quantification of unchanged drug or radioactivity; CL/F, apparent total body clearance of drug from plasma following oral administration; Cmax, 
maximum observed concentration of unchanged drug or radioactivity; GM, geometric mean; GM CV, geometric coefficient of variation; NC, not calculated; 
PK, pharmacokinetic; Tmax, time to reach the maximum observed concentration of unchanged drug or radioactivity; T1/2, terminal half- life of unchanged drug or 
radioactivity; Vz/F, apparent volume of distribution of drug during the terminal phase following oral administration.
ang eq/ml for total radioactivity (by liquid scintillation counting) and ng/mL for evobrutinib (by validated LC- MS/MS method).
bDid not meet acceptable diagnostic criteria.

F I G U R E  5  Proposed metabolism of evobrutinib to its major metabolite in healthy humans
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was 14.9% and 202.5%, respectively. Each of the other cir-
culating metabolites was below 10% of the total radioac-
tivity AUC0– 24. No single metabolite other than M463- 2 
(MSC2430422) exceeded 100% of the evobrutinib (par-
ent) AUC0– 24. The geometric mean AUC0– 24 of nonextract-
able radioactivity relative to total radioactivity AUC0– 24, at 
1085  h٠ng eq/ml, was 40.9%. Nonextractable radioactivity 
was determined after exhaustive extraction procedures, as 
detailed in the Methods section. Plasma samples after 48 h 
were not analyzed further as total radioactivity was too low 
(<23.1 ng eq/ml [70 dpm/ml]) to facilitate investigation of 
radioactive drug- related material.

Metabolites in urine

In urine, between 17.2% and 21.8% of the radioactive dose 
was excreted within 24  h after evobrutinib administration. 
Unchanged evobrutinib was not detected in any of the urine 
metabolite profiles. In total, 41 metabolites were detected 
and elucidated in urine (Figure 6). Twenty- nine of these were 
formed by oxidations and 12 by conjugation. The most abun-
dant metabolites excreted that did not arise from a cluster of 

coeluting metabolites were M445- 3 (formed by hydroxyla-
tion; 1.22– 2.32% of the administered dose) and M374 (cleav-
age of the piperidine and acrylamide moiety, hydroxylation, 
and sulfation; 1.53– 1.94% of the administered dose).

The most prominent coeluting metabolites were M525 
(oxygenation and sulfation) together with M447- 2 (reduction 
and oxygenation) comprising 1.42– 2.34% of the administered 
dose, and an additional alternating metabolite cluster com-
prising M463- 2 (MSC2430422), M445- 1 (hydroxylation), 
M463- 6 (oxidative ring opening of piperidine moiety and ox-
ygenation), M608- 1 (epoxidation and N- acetyl cysteine con-
jugation of acrylamide moiety), M459 (double oxygenation 
and further oxidation to the ketone on piperidine moiety), and 
M389 (cleavage of acrylamide moiety with oxygenation and 
further oxidation to ketone on piperidine moiety) comprising 
2.03– 3.34% of the administered dose.

Metabolites in feces

In feces, 66.4– 73.5% of the radioactive dose was excreted 
within 96  h after administration. Unchanged evobrutinib 
was not detected. In total, 30 metabolites were detected and 

F I G U R E  6  Proposed metabolic pathway of evobrutinib in humans. Identified metabolites and their occurrence in the corresponding matrices: 
plasma, urine, and feces. The thickness of lines is indicative of the relative importance of the metabolic pathways, as deduced from concentrations 
of circulating metabolites at their maximum plasma concentration (Cmax). Note that due to the high number of metabolites found, not all 
metabolites identified in the present study are displayed. Acetyl, acetylation; Conj, conjugation; Cys, cysteine; CysGly, cysteinyl glycine; Dehydro, 
dehydrogenation; F, feces; Gluc, glucuronidation; NAcCys, N- acetyl cysteine; Oxid, oxidation; P, plasma; Sulf, sulfation; U, urine
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elucidated in feces, with 26 formed by oxidations, three by 
conjugation, and one by cleavage of the acrylamide moiety 
(Figure  6). M463- 2 (MSC2430422; 6.18– 9.28% of the ad-
ministered dose) was identified as the main fecal metabolite, 
followed (in rank order of the amount excreted) by M445- 1 
(3.67– 8.14% of the administered dose), M479- 3 (epoxida-
tion and hydrolysis of acrylamide moiety and hydroxylation; 
1.27– 5.92% of the administered dose), M445- 3 (2.74– 5.05% 
of the administered dose), M481 (double hydroxylation of 
acrylamide moiety and oxidative piperidine ring opening; 
1.31– 2.96% of the administered dose), M375 (MSC2401046; 
1.58– 2.40% of the administered dose), and M463- 6 (1.45– 
2.17% of the administered dose). Moreover, an alternating 
cluster of M461- 11 (double oxygenation), M479- 16 (multi-
ple oxygenation), M447- 3 (reduction of acrylamide moiety 
and oxygenation), M461- 3 (epoxidation and hydrolysis of 
acrylamide and dehydrogenation of piperidine moiety), and 
M445- 7 (oxygenation) was observed in the fecal samples ac-
counting for 1.53– 5.01% of the administered dose. The coe-
luting metabolites M461- 8 (double oxygenation), M477- 1 
(double hydroxylation of piperidine moiety and hydroxy-
lation), and M463- 1 (oxidative ring opening of piperidine 
moiety and hydroxylation) represented 1.58– 3.01% of the 
administered dose.

Safety

In total, four (67%) participants experienced an adverse event 
(AE) following the single dose of 14C- evobrutinib. There 
were no serious AEs, deaths, or withdrawals. AEs reported 
were oropharyngeal pain (2 participants), nausea, headache, 
epistaxis, and nasopharyngitis (1 participant each). All AEs 
were mild and not considered study treatment related.

DISCUSSION

This mass balance study investigated the absorption, metab-
olism, and excretion routes of a single 75- mg oral dose of 
14C- radiolabeled evobrutinib in six healthy male participants. 
Evobrutinib metabolites in plasma and eliminated in urine 
and feces were also evaluated and characterized for compre-
hensive understanding of the metabolic pathways of evobru-
tinib in humans.

Most of the administered radioactivity (mean of 85.3%) 
was excreted within 72 h after dosing. Greater than 90% was 
recovered from two participants within 96 h (mean of 89.7%), 
and a mean of 91.6% was recovered from all participants 
within 168 h. Total radioactivity was eliminated primarily in 
feces (71.0%) and to a lesser extent in urine (20.6%). No un-
changed evobrutinib was detected in urine or feces. Similar 
results were reported for ibrutinib, which, in 2013, was 

designated as a BTK inhibitor breakthrough therapy for treat-
ment of refractory mantle cell lymphoma that received accel-
erated approval for treatment of chronic leukemia.23 In the 
mass balance study with 14C- radiolabeled ibrutinib, a struc-
turally related BTK inhibitor, 88.5% of total radioactivity was 
excreted within the first 168 h following dosing.23 As in our 
study, most radioactivity was excreted in feces (80.6%), the 
majority within 48 h. Much less (7.8%) radioactivity was ex-
creted in urine, mostly within 24 h.23

The Cmax for total radioactivity was threefold higher than 
the Cmax for evobrutinib, which demonstrated that evobruti-
nib was rapidly and substantially metabolized upon absorp-
tion. Evobrutinib also was extensively metabolized, with the 
parent drug comprising only 10– 13% of the total radioac-
tivity plasma exposure (AUC) following a single dose. The 
absorption of evobrutinib was rapid, with a median Tmax for 
both total radioactivity in whole blood and plasma, and for 
evobrutinib in plasma, of 0.5  h, as expected following ad-
ministration of evobrutinib as a single oral dose in solution. 
A similar rapid absorption of evobrutinib was also seen in a 
placebo- controlled study of 48 healthy participants who re-
ceived single oral doses (25– 500 mg) in solution, in which 
the Cmax of evobrutinib was found within a median of 0.5– 1 h 
after administration for all dose cohorts.18 The short evo-
brutinib half- life of 1.33  h in our study is also consistent 
with the half- life of 1.8– 2.6 h for the 25– 200 mg doses re-
ported in this previous study. The main metabolite, M463- 2 
(MSC2430422), shows similar PK characteristics (Tmax: 1 h; 
mean half- life: 2.4 h) and is not active on BTK (Merck data 
on file). Therefore, it is not relevant for the pharmacodynamic 
effect of evobrutinib, as reported previously.18,24,25

Evobrutinib metabolites and nonextractable radioactivity 
were eliminated more slowly than evobrutinib from plasma. 
However, because the majority of the administered dose was 
recovered in urine and feces within 72 h postdose, a relatively 
small percentage of the dose accounted for the prolonged 
detection of metabolites and nonextractable radioactivity in 
plasma. The nonextractable radioactivity in plasma, which 
was measured after an exhaustive extraction process, was not 
unexpected due to the acrylamide moiety. Similar results have 
been reported for other covalent BTK inhibitors (ibrutinib23) 
and targeted covalent inhibitors (pyrotinib,26 osimertinib,27 
and neratinib28) where binding to albumin was described as 
a common feature for the Michael acceptor moiety. On this 
basis, we would therefore presume that the evobrutinib non-
extractable radioactivity was similarly bound to protein.

Comprehensive metabolite profiling in this study al-
lowed us to propose a metabolic pathway for evobrutinib. A 
total of 58 metabolites, mainly formed by oxidations, were 
identified in urine, feces, and plasma. Of these, 24 were de-
tected and elucidated in plasma, indicating that evobrutinib 
is extensively metabolized. Only one metabolite, M463- 2 
(MSC2430422), was considered major. This was the main 
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fecal metabolite, eliminated at less than 10% of the adminis-
tered dose. All other metabolites were excreted individually 
below 6.4% of the administered dose. No unchanged evobru-
tinib was detected in urine or feces. Further investigation of 
the metabolic pathway of evobrutinib that will provide more 
detailed information on these metabolites is currently being 
undertaken and will be reported separately.

As this study was conducted in healthy male participants, 
the results may not extrapolate to women or patients with 
MS. However, there is no evidence to suggest PK differ-
ences between these groups in the ongoing clinical studies 
of evobrutinib.

In summary, the results of this study advance our under-
standing of the PK and metabolic pathways of the highly selec-
tive, covalent BTK inhibitor evobrutinib and can help inform 
its further investigation. Studies to date suggest that evobru-
tinib has the potential to become a valuable treatment option 
for patients with a highly heterogeneous and variable dis-
ease, such as MS. Two phase III randomized controlled trials 
(NCT04338022 and NCT04338061) evaluating the efficacy 
and safety of evobrutinib in relapsing MS commenced in 2020.
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