In vivoand I n vitro M etabolic Studies of Anabolic Steroids

InauguralDissertation
to obtain the academic degree
Doctor rerum naturalium (Dr. rer. nat.)

submitted to the Department of Biology, Chemistry, Pharmacy
of Freie UniversitSt Berlin

by
Lingyu Liu
2023






Research of the prasestudy was conducted from 20ail 2023under supervision of

Prof. Dr. Maria Kristina Parr at the Institute of Pharmacy of the Freie UniversitSt Berlin.

1stReviewer: Prof. Dr. Maria Kristina Parr
2"d Reviewer:Prof. Dr.Matthias Bureik

Date of Defense29.02.2024






Acknowledgements I

Acknowledgements

First of all, I would like to thank my supervisor Prof. Dr. Maria Kristina Parr, for the
opportunity to work on the interesting topiéseedomin my work, andadvice during
difficult times.

I would like to thank ProfDr. Matthias Bureik for the encouragemenand the
valuablesuggestiongn my researchl am glad to have you in my thesis jury

I would like to thankDr. Annekathrin Martina KeilerDr. Alexander Froschauer, and
Prof. Dr. Oliver Zierau for the nice Baboration on the interesting research topics.

| would like to thank Prof. Dr. Francesco Boand Dr. Xavier de la Torrefor the
wonderful GEQTORMS data and thank Dr. Nils Sciterfor helping me with th&IMR
analysis

Thanks to Prof. Dr. Burkhard Kleuder allowing meto work in his lab and providg
cell sourceandthanksto his research groupspeciallyDr. Christian Zoschk@ndMs.
Carola Kapferfor their patient technical guidance.

Thanks to Dr. Felix Bredendiek for aiding in KETOFMS/MS analysis, Dr. Steffen
Loke for the patient guidance of chemical synthesis, MisdMaxi Wenzel for the
tedhnique support.

| would like tothank all former and current members of the group of Prof, Parr
especiallyFan, YananGinevra, Jakob, and Yafor your kind helpand the great tinge
spent together.

I would like to thank Chia Scholarship Council fohe financial support of my PhD
study.

| am verygratefulto all the friends | met in BerlinThank you for the wonderful years
we spent together aradl the preciousmemories.

Last but not least, would like to express my gratitude tmy parents and my sister,
for theirunconditionalove and endlessupport Even if they are thousands of miles away,

their company always warms my heart in difficult moments.






Table of Contents 11

Table of Contents

[
1

2!
3!

41

FY o] o] =2V = 11 o] o = V!
1 (oo 13 o [ o 1
1.1 DOPING 1IN SPOITS....uieiiiiiiiie ettt e e e e e e eaaa e e e eenes 1u
O ] (=] 0] o £ 2!
1.2.3 Human Steroid Hormones and Steroidogenesis..............c......... 2!
1.2.2 ENdogenous ANAIrOgENS. .......ccuuuuuuuieeeeiiiemmiiiseeeeeenii e e eeeannnnes 6!
1.2.3 EX0Qenous ANArOgENS. .....ccuuuuiieiiiiiiiiieee ettt eeee e 7!
1.3 Steroid Analysis in Doping CONtrol...........couuuiiiiiiiiieei e 1
1.4 In vitro andIn vivo Models for Metabolism Studies................ccccevveveeees 13
1.4.1 Isolated Recombinant ENZymes..........ccccciiiiiiiveeiiieiiin e 14
1.4.2 Human Skin Cell Model.............cooeiiiiiiiiei e 15
1.4.3 Fish Embryo Model..........ooouuiiiiiiiie e 15
| 10 T PP 17
Materials and MethOdsS...........ooiiiiiii i e 19
Tt L = = 4 = 1 19
1 2 /=3 g o o £ 22
3.2.1 Synthesis of Reference Materials.............ccccooveviieeeieeiiieneeennnn. 22
3.2.2 Isolated Recombinant Enzyme Incubations.................ccovvveeeees 26!
3.2.3 Invitro Incubations in Human Skin Cells............ccccoovivvivieeennn. 27
3.2.4 Invivolncubatons in Fish Embryo Model................coooviiieennn. 28
3.2.83 GCEI-MS ANAIYSIS....ccoiiiiiiieiiiii e 29
3.2.8 GCEI-QTORMS ANAIYSIS......ciceeiiiieeiiiieeeeieeeee e ee e e e 29
3.2.7 LC-ESFQTOFRMS ANAIYSIS.....iieeiieeeiiie e ieeee e e e 29
3.2.8 HPLC PUrfiCatiON......ccuuiiiiii e eeeec e eeeee e 30
3.2.9 Nuclear Magnetic RESONANCE...........coevvvvieiiiieei e e Kl
ReSUItS and DISCUSSION........iiiiiiieeieie e eiies e e e e e et e e e et e e eenneeeeeeannaeeeees 32
4.1 Synthesis of Reference Materials............cccoviiiiiiecii i 32
4.1.1 Synthess of 3/3",4! ,5! -THCLT (13a, 13b) and!33",4! ,5! -
THCLMT (14, 14D)..... i 32
4.1.2 Synthesis of B/3"-DHCLT (17a, 17b) and!33"-DHCLMT (18a,
IR o) PP 38
4.2 Isolated Recombinant Enzyme INCubations..............ocoovvviimmiiiinneeeeennns 40
4.3 In vitro Biotransformation of Androgens by Human Fibroblasts and
[T = 11 010103V (=2 PP PRSP PPPSOY 41
4.3.1 Metabolite DeteCtion............coevviiiiiiiiiieeee e 47
4.3.2 Comparison of Metabolic Pathways..............cccccoeiiiieenniiiiinnnnnn. 50

4.3.3 Metabolic Characteristics in Humé&ibroblasts and KeratinocyteS2



\Y Tableof Contents

4.4 In vivoBiotransformation in Fish Embryo Model..................vieeenn. 53
4.4.1 Evaluation of Medaka Embryo Modelrtugh Metabolite Analysis for
VD ettt e e e e e 53
4.4.2 Biotransformation of PCs]-Testosterone and Methyltestosterone in
Medaka Embryo Model............coooeiiiiiiiiiiie 62
51 Summary and OULIOOK.............uiiiiiiiiiii e 67
6! Zusammenfassung und AuSBliCK ..., 70
A = (] (=] o =PSRRI £ |
81 LISE Of FIQUIES. ... i e e e eees ou
S IS o 1= o] = P 100
O o 01 PP 105

111 Independence DeCIaration..........couuuuiieiiiieiiii et 132



Abbreviations

I!  Abbreviations

17 -OHP

17" -OHPREG
3,4 5 -THCLT
3,4 5 -THCLMT
3,5 -THMD
3!,5"-THMD

3! -DHCLT

3! -DHCLMT
3",41 5 -THCLT
3,41 5 -THCLMT
3",5-THMD
3',5"-THMD
3"-DHCLT
3'-DHCLMT
3"-HSD

5! Adiol

5! -DHMD
5"-DHMD
S!-DHT
5"-DHT
5"-MSL

#°-diol

AAF

AAS

AdR

Adx

AED

AKR

ASOIF

CLT

17! -Hydroxy-pregn4-ene3,20dione

3",17 -Dihydroxy-pregn5-ene-20-one

4! -Chloro-5! -andostane3! ,17"-diol

4! -Chlora-17! -methyt5! -androstanes! ,17'-diol
17! -Methyl-5! -androst1-ene-3! ,17" -diol

17! -Methyl-5" -androstl-ere-3! ,17'-diol
4-Chloroandrosté-ene3! ,17' -diol

4-Chloro-17' -methylandrosé4-ene3! ,17'-diol

4! -Chloro-5! -androstang™,17' -diol

4! -Chlora-17! -methyt5! -androstane”,17' -diol
17! -Methyl-5! -androstl-ene-3",17' -diol

17! -Methyl5" -androstl-ere-3",17" -diol
4-Chloroandrosté-ene3",17' -diol

4-Chloro-17' -methylandros#-ene3",17"-diol
3"-Hydroxysteroid dehydrogenaséf* isomerase
Androstanedio(5! -Androstaned! ,17'-diol)
17'-Hydroxy-17! -methy}5! -androstl-ene-3-one
17'-Hydroxy-17! -methy}t5" -androstl-ere-3-one
17'-Hydroxy-5! -androstar-one
17'-Hydroxy-5" -androstar3-one
5"-Mestanolong17'-Hydroxy-17! -methyt5" -androstaa-3-one)
5-Androstenedio{Androst5-ene3",17" -diol)
Adverse Analytical Finding
AnabolicAndrogenic Steroisl

Adrenodoxin reductase

Adrenodoxin
Androstenedion€Androst4-ene3,17-dione)
Aldo-KetoReductase

Association of Summer Olympic International Federations

Clostebol(4-Chloro-17" -hydroxyandrosé-ene 3-one)



Vi

Abbreviations

CLMT

Code
CPR
CYP
DHCMT

DHEA
DHEA-ds
DMP

dpf

El

E2

EA

EIC

Etio
FLFII
GC-EI-MS

GC-EI-QTORMS

GC-MS(/MS)
HSD

ISTD

l0C

ISL
LC-ES-QTORMS

LC-ESFMS

LC-MS(/MS)
MD

Methylclostebol4-Chloro-17" -hydroxy-17! -methylandrosd-
ene3-one, CLMT)

World Anti-Doping Code

Cytochrome P450 reductase

Cytochrome P450
Dehydrochloromethyltestostero(d Chloro-17" -hydroxy-17! -
methylandrostal,4-dien-3-one)
Dehydroepiandrosteron{8" -Hydroxyandrosb-ene-17-one)
Dehydroepiandrosterorg2,3,4,4,6ds

DessMartin periodinane

Day postfertilization
Estrone(3-Hydroxyestral,3,5(10jtrien-17-one)
Estradiol(Estral,3,5(10jtriene 3,17 -diol)
Epiandrosteroné3" -Hydroxy-5! -androstarl 7-one)
Extracted ion chromatogram

Etiocholanolone (B-Hydroxy-5"-androstarl7-one)
Female leukophor&ee

GasChromatography couplédaly Electronlonizationto Single
QuadrupoleMassSpectrometry

GasChromatography coupléday Electron lonizatioro
Quadrupole Timef-Flight-Mass Spectrometry
GasChromatographyTandem Mass Spectrometry
Hydroxysteroid dehydrogenase

Internal standard

International Olympic Committee

International Standard for LaboratorigfsWADA
High-Performance Liquid Chromatography couplbsd
Electrospray loniationto Quadrupole Timef-Flight-Mass
Spectrometry

High-Performancé.iquid Chromatography coupldaly
Electrospray lonizatioto Mass Spectrometry

Liquid Chromatography (Tandem) Mass Spectrometry
Metandienoné17" -Hydroxy-17! -methylandrost.,4-dien-3-

one)



Abbreviations Vi

MSL Mestanolong17'-Hydroxy-17! -methyt5! -androstaa-3-one)

MSTFA N-MethykN-(trimethylsilyl)-trifluoroacetamide

MT 17" -Methyltestosteron€l 7' -Hydroxy-17' -methylandros#é-ere-
3-one)

NMR Nuclear Magneti Resonance Spectroscopy

NUS Nonuniform sampling

OH-MD Hydroxy-metandienone

PREG Pregnenolon€3" -Hydroxy-pregr5-ene20-one)

P4 Progesteron@regn4-ene3,20-dione)

rt Room temperature

RT Retention time

SDR ShortChain Dehydrogenase Redus#a

SRD5A Steroid % -Reductase

T Testosteron€l 7' -Hydroxyandrosé-ene3-one)

T-ds Testosterond 6, 16, 17d3

TD Technical Documents

THMT Tetrahydromethyltestosterone

T™MS Trimethylsilyl

UGT Uridine Diphosphoglucuronosylransferase

WADA World Anti-Doping Agency






Introduction 1

1! Introduction
1.1! Doping in Sports

The term Odoping® commonly refers to the upeobibitedperformanceenhancing
substances in competitive sports. The history of doping behavior can be traced back to
ancient times, wher&reek athletes were known to experiment with special diets and
stimulants to gain an advantage in spftis In the modern age, the problem of drug
misuse in sports was first tackled by the International Olympic Comn{itt#®) in the
1960s, and the Medical Commission was establighd867 to address the medical and
ethical aspects of doping in sports. With the purpose of harmonizing the international
antidoping effortsthe World AntiDoping Agency (WADA) was founded in 199, 3].

The three main elements in World Adioping Program are: (1) The World Anti
Doping Code (Code), (2) International Standards and Technical DocuffBjtand @)

Models of Best Practice and Guidelines. The Code provides the fundamental and
universal document in human sports doping control, which harmonizes ogirtig

policies, rules and regulations within sport organizations and among public authorities
aroundthe world. The Code gives a comprehensive definition of OdopingO, which is Othe
occurrence of one or more of the ahdiping rule violations set forth in Article 2.1
through Article 2.11 of the Coddd]. The definition can be mainly specified as the
presence of prohibited substances in a specimen; and the use or attempted use of a
prohibited substamcor a methodl4, 5]. By establishing a universal standard, the Code
aims to ensure fair and clean competition, protiee health and rights of athletes, and
preserve the integrity of spd#].

The International @ndards are responsible for harmonizing the technical and
operation parts within antloping programs among aatoping organizationg4]. As a
mandatory International Standard, the Prohibited List is updated anr@llyit
Oindicates what substances and methods are prohibited in sport and VarseligD iST
subdivided by categories, identifying which substances and methods are prohibited at all
times (in and outof-competition), in the compeitin only, as well as in some cases, just
in particular sport$6]. The substances and methods covenethe prohibited list are
shown inTable 1, in which sections S1, S4, S5, and S9 comprise stefbiisthesis
focuses on the metabolism of anabolic androgenic steroids (AKS)known aanabolic

sterads, which belong to the section SMore details concerning AAS will be discussed
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in chapter1.2. As defined in the Codg7], a report identifying Othe presenof a
prohibitedsubstance or itsnetabolites omarkers or evidence of these of aprohibited
methodO in a sample is calkt/erseanalyticalfinding (AAF).

Table 1. Groups of the Prohibited List 2023 of WADA

. o vited in Particul
Prohibited at Al Times Prohlbltt_eq in Prohibited in Particular
Competition Sports
SONonapproved substances S6 Stimulants P1 Betablockers
S1Anabolic agents S7Narcotics
i h f I
S2Peptide hormones, growt _ act.ors, S8Cannabinoids
Substances relatedsubstances, and mimetics
S3Beta2 agonists S9Glucocorticoids

S4Hormone and metabolic modulators

S5Diuretics and masking agents

M1 Manipulation of blood and blood

components
Methods M2 Chemical and physicahanipulation
M3 Gene and cell doping
1.2! Steroids

1.2.2'Human Steroid Hormonesand Steroidogenesis

Steroidhormones are small lipophilarganic moleculethat play a substantial role in
maintaining proper physiological functionimgthin the body{8]. They can be broadly
categorized into two main classes: corticosteyaathd sex steroids. Corticosteroids,
including mineralocorticoids and glucocorticoids, are involved in maintaining water and
electrolyte balance (mineralocorticoids) and regulating metabolism, immune responses,
and stress responses (glucocorticoids). Soisls, such as progestogens, estrogens, and
androgens, are essential for sexual differentiation, reproduction, and the development of
secondary sexual characteristies10]. The core structure of steroigscalled gonane,
whose structureonsists ofL7 carbon atoms connected viitfiour rings labeledsA, B,

C, and D. Among tlee rings A, B, and C are cyclohexane rings, while ring D is
cyclopentang11]. The backbne of endogenous corticosteroids and progestogems is
pregnane structure withlZarbon atoms. Endogenous androgens share a core structure
known as androstane, which consists of 19 carbon atoms. Estrogens, on the other hand,
have an estrane backbone vatlC18 structure. The three backbones for the main classes

of steroids are shown figure 1.
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Figure 1: Backbones of&): pregnanewith exemplary numbering of carbon atoms {Cl9) and rigs (AD),
(b): estrane, ¢): androstane

The major enzymes responsible for steroidogenesis include cytochrome P450 enzymes
(CYPs) and hydroxysteroid dehydrogenases (H$1)

CYPsare asuperfamily ofenzyme containing a heme cofactor and, therefore, are
hemoproteins. They can catalyze a variety of reactions, such as hydroxpationand
S-dealkylation, sulfoxidation, epoxidation, deamination, dehalogenation, peroxidation,
and N-oxide reduction13, 14]. In this way they contribute to the transformation of
lipophilic drugs into more hydrophilic drug metabolifd$]. In humansthere are57
functional P450¢$14, 16]. Most of the human CYPs, e.g. CYP1A2, CYP2B6, CYP2A6,
CYP2C8, CYP2C9, CYP2E1, CYP2D6, and CYP3A4, are primarily located in the liver
and have been studied intensively due to their importance in drug metafddljsm

CYPs are primarilyocatedeitheron the cytoplasmic side of the endoplasmic reticulum
or on the matrix side of the inner mitochondrial membi{d& In order to catalyze redox
reactionsCYPsrely on electron transfer proteitisattransfer electrons fronmé cofactor
nicotinamide adenine dinucleotide phosphate (NADPH) to the heme iron atom of the
CYP. In the endoplasmic reticulurthere is a single electron transfer partner, cytochrome
P450 reductas@CPR) whereasn mitochondria, there is a short electtoemsfer chain
encompassing adrenodoxin (Adx) and adrenodoxin reductase (BdEJ]. The main
CYP steroidogenicenzymes are !"#$%&$'()"*+ CYP11B1 (11-hydroxylase) and
CYP11B2 (aldosterone synthase) along with microsomal CYP17AXHyidroxylase,
17,20lyase), CYP19A1 (aromatase), and CYR2121-hydroxylase)]19].

HSDs belong to two major superfamilies, gim@rt-chain dehydrogenaseeductases
(SDRs)and the ald&keto reductases (AKRsJhey have the ability to catalypesitional
and stereospecific reactions oxo- or hydroxysubstituents on the steroid nucleus and
sidechairs. The HSDs can exist in pseudquilibrium states, allowing them to function
preferentially as either NADPHependent ketosteroid reductasessdlAD'-dependent
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hydroxysteroid oxidases. This is attributed to their affinity to thEactors NADH/NAD
or NADPH/NADP" [20, 21]. The specific cdactor preference can vary among different
HSD isoforms and tissues, resulting in differences in their catalytic activities and
regulation. Human HSDs inthe SDR family include 3-HSD (3"-hydroxysteroid
dehydrogenask?* isomerasg(type land type 2 11'-HSD (type 1 and type 2andall
17'-HSD isoformsin addition to type $20, 22]. Among thesethe 3-HSD isoenzymes
areresponsible for the oxidation and isomerizatior ®B"-hydroxysteroid precursors
into ! 4-3-ketosterails, thus playing an essential role in the formation of active steroid
hormoneq 23, 24]. In humans, the expssion of the type 1"3HSD was observed in
placenta and peripheral tissue$iereashe type2 isoenzyme is predominantly expressed
in the adrenal gland, ovary, and teg28]. 17'-HSD cancatalyzeeitherthe stereospecific
reduction of the 1-’ketone groupproducingpotent ligands for the estrogen and androgen
receptor or the oxidation of the 1#hydroxyl group therebyreducingthe availability of
ligandsfor the same receptof82, 25|.

HumanHSDs inAKR family includefour isoforms[26] corresponthg to AKR1C1
(20! (3! )-HSD), AKR1C2 (type 3 B-HSD), AKR1C3 (type 2 BHSD/type 5 17-HSD),
and AKR1C4(type 1 3-HSD) [27, 28]. In the human bodythesefour AKR1C enzymes
are widely expressed in various tissURNA expression analysis indicates tA®R1C1
is highly expressed in the liver, mammary gland, and bwdirie it is expressed dwer
levels in the prostat, testis, adrenal gland, and utef@8]. AKR1C2is more widely
expressed and is found in tbheain, kidney, liver, lung, placenta, and te$88, 31].
AKR1C3 is expressed in many endocrine organs sut¢hegzrostate, adrenals, breast,
and uteru$32, 33|, whereasAKR1C4 is expressed exclusively in the lif80, 34]. The
four isoforms exhibit both I3HSD and 3-HSD activities to varying degred84],
catalyzing the reduction of-&o group to B- or 3'-hydroxy. The main HSDs
responsible for steroidogenesis atet8SD (! >*isomeraseand 17-HSD enzymes

The simplified biosynthetic pathway of endogenous steroids is depictadure 2.
The biosynthesis of steroid hormones starts with the conversion of cholesterol {cholest
5-en3"-0l) to pregnenolone (3hydroxy-pregn5-ene-20-one, PREQ through side
chain cleavage catalyzeg KYP11Al. Subsequently, progesterone (prégme3,20
dione, P4 is formed by 3-HSD from pregnenolone. CYP17Al catalyzes the
hydroxylation of pregnenolone and progesterone to result ircahespondingl?! -
hydroxysteroids (3,17 -dihydroxy-pregn5-ene-20-one, 17! -OHPREG 17! -hydroxy
pregn4d-ene3,20dione, 17! -OHP). P4 and 17-OHP are subsequentlyconvertedby
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CYP21A2 as well aseither CYP11B2 or CYP11Blto vyield the minerale or
glucocorticoids respectively The weak androgens dehydroepiandrosterone (3
hydroxyandrosb-ere-17-one, DHEA) and androstenedione (andrdstne3,17-dione,

AED) are formed from the 17hydroxyderivatives of pregnenolone and progesterone
catalyzed by CYP17AL1 vids 17,20 lyase activity. A subsequent reductiortioé 17-oxo

group inDHEA or AED by 17'-HSD leads to the formation &androsenediol (androst
5-ene3",17'-diol, #°-diol) or testosterone (17hydroxyandros#é-ene-3-one, T). The
conversion of androgens into estrogens is catalyzed by the aromatase (CYP19A1l),
resulting in the formation of estrone-ifgdroxyestral,3,5(10jtrien-17-one, E1) and
estiadiol (estral,3,5(10)triene3,17'-diol, E2) from AED andT, respectively8, 12, 35].

Cholesterol
\ CYP11A1
) Yo cypizat [ 17-nsD "
CYP17A1 on ] .. )
g T gl g e gl
PREG 17! -OHPREG DHEA »5.diol
I 31 -HSD J 31-HSD | 31-HSD | 31 -HSD
O, o 0 OH
CYP17A1 ‘o4 CYP17AL 171-HSD
17 -OHP AED T
\ CYP21A2 \ CYP21A2 ‘ CYP19A1 \ CYP19A1

o OH
CYP11B2 \ CYP11B1 0’ 171-HSD
| e T ook
El E2

| Mineralo andglucocorticoids|

Figure 2: The simplified biosynthetic pathway of endogenous steroids starting from cholesterol. Proge e6eGs:
P4, 17" -OHPREG and 17! -OHP, androgensDHEA, AED, " 5-diol and T; estrogen:E1 and E2; partially adapted
from[8, 12, 35-37]
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1.2.2Endogenous Androgens

T is the pincipal secreted androgen and is mainly produced in the Leydig cells of the
testes in males, whereas smaller amounts are synthesized by the ovaries and the adrenal
glands in femalef38, 39]. The metabolism of T has been extensively investigatei/o
andin vitro [38, 40-45].

In humansT undergoebothphase | and phase Il metabolism. The phase | metabolism
mainly includesoxidation and reduction at positions 3 or 17, hydrogenation alable
bond, as well as hydroxylatiat various positionsyith differentenzymesuch afKRs
(AKR1Cs subfamily, AKR1D1,) steroid 5-reductase (SRD5A)46], and CYPs[47]
being involved AKR1D1 is the only known human steroid 'Sreductase and is
responsible for theNADPH-dependenteductionof the 4,5double bondin steroids,
yielding the corresponding 5"-hydrogenated produst [48]. This enzyme is
predominantly expressed in the lijd®, 50]. In contraststeroid 3 -reductaseatalyzes
the NADPHdependenstereospecificeduction of 4,5double bonds in steroidesulting
in the formation of b-hydrogenated product¥here are three main isoforms, however,
only isoforms 1(SRD5A1)and 2(SRD5A2)function as genuine steroid Heductases
whereassoform 3 GRD5A3) appears to exhibit only minimal steroidogenia&ductase
activity [8]. In the human body, the type | isoform is widely distributed, with high
expressia in the hair follicle, the sebaceous glands of the skin, and the liver, whereas the
type Il isoform is primarily found iandrogerdependent tissugsuch as the prostate, the
epididymis and the seminal vesiclg¢sl, 52]. In phase II metabolism] and its
metabolites are mainly conjugated with glucuronic acid or sulfiateactions catalyzed
by uridine diphosphoglucuronosydansferases (UGT®) sulfotransferase respectively
[38]. Thisthesisprimarily focuses on phase | metabolism.

In human metabolisng! -reductase catalyzes the formation of the potent androgen
17'-hydroxy-5! -androstar8-one (5! -DHT) from T [53], while the steroid '5reductase
leads to the production of the inactive' 1droxy-5" -androstar3-one (5-DHT) [42,

54]. The reduction of -®xo groups in 5-DHT and 5-DHT results in the formation of
androstanediol (5androstane! ,17'-diol, 5! Adiol), 5'-androstand! ,17"-diol, and
5! -androstang”,17' -diol. Combined with AKRL.Cs as well as !5 and 5 -reductases,
17'-HSD enzymesontribute tahe formation othe metaboliteAED, androsterone (3
hydroxy-5! -androstaril7-one), etiocholanolone (3hydroxy-5"-androstarl7-ong
Etio), epiandrosterone (3hydroxy-5! -androstarl7-one EA) [38, 55]. SeveralCYP
enzymea (CYP3A4, 3A5, 2B6, 2C8, 2C19, and 3Aahe responsible foF hydroxylaton
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at positiondl, 2, 6, 11, 15, or 147, 56, 57]. Moreover,additionalmetabolits originating
from dehydrogenation of GB have been observedhis reactiormight alsobe catalyzed

by CYP3A4[58, 59]. However, the excretion of hydroxylated metabolites into human
urine is found to be extremely l0f38]. The positions of potential phase | metabolic
reactions fofT are shown irFigure 3.

Figure 3: Possible positins of metabolism reactions férin humans; blue: hydrogenation catalyzed by steroid 5
or S#reductases; red: oxidations or reductions catalyzed by AKR1Cs; green: hydroxylation catalyzed by CYPs
orange: dehydrogenation

1.2.3lExogenousAndrogens

AAS are a large group of molecules including endogenous androgens, shichsas
well as synthetic compounds similar in chemical structurk. tbhese substances have
been widely misused for muscle building and enhancemegerédrmance in sports for
decades. As described ahapter 1.1, AAS belong to substance group S1 OAnabolic
AgentsO of WADAOs prohibited list and have been the most frequently detected class of
substances WADA accredited laboratoriesnce 2003Figure 4).

©
T

o)
o
]

]
]
]

% of Anabolic Agents AAF withnin all AAFs
) N
o <)
] ]
]

Figure 4: AAFs of AAS in relation to the total amount of AAFs of all groups between 2003 and 2021 by WADA
accredited laboratorie§60-78]



8 Introduction

Similar to T, AAS possess both anabolic and androgenic properties. The androgenic
actions are mainly related to the development and maintenancenafyand secondary
sexual characteristics, whereas the anabolic actions include pngrpdtein synthesis
and muscle growth, enhancing nitrogen retention, and stimuleytigropoiesi$39, 79
83.

In particular,their ability to promote muscle growth through anabolic effects is the
main reason for theimisuse by athletes in sport8AS can also shorterh¢ recovery
period after intense and prolonged physical activity due to the eifiemtythropoiesis.
Additionally, they can stimulate an aggressive and determined attitude, mhictve
beneficial in sports involving physical contact with oppongd®. ConsequentlyAAS
are extensivg used insports that require significant muscle mass and strength, such as
weightlifting, boxing, and cycling, as well as in sports where increased nsisetn
enhane an athlete's speed potential, such as rugby and sprint. According to the findings
by WADA in disciplines of the Association of Summer Olympic International
Federationd ASOIF), weightlifting consistently reports the highest number of AAFs
relatedto OAnholic AgentsO. In addition to weightlifting, theisuse of AAS is also
frequently detected in athletics, cycling, football, rugby, and bopAg Moreover, the
use of AAS is also popular among recreational athletes and the general population due to
their ability to enhane athletic performace and physical appearanddiese substances
are commonly categorized as performarasel imagesnhancing drugs.

However, due to their androgenic propertiesntimise of AAS can lead to significant
side effects, includinghepatotoxicity, cardiovasculachanges, reproductive and
endocrine disturbances, dermatological, and psychiatric eff€gscifically AAS
misusein men may cause infertility, azoospermia, testicular atrophy, and gynecomastia,
whereas women may experience excessive body hair growtistnoe irregularityand
virilization![39, 79]. Additionally, the misuse of AASni adolescentsmay reduce body

strength due tpremature epiphyseal closure of the growth plates in the long [@Hées
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Esterification

Removalof 19-methyl group ‘

Methylation ‘ 18 O H
Introductionof C1,2 11 7 = Alkylation
doublebond ‘ \

Attachment of various
groups or replacement ofe———— 2
C-2 by oxygen

Halogenation

Figure 5: Main chemical modifications of AAS derived frénRed arrow: the first type enables depot activity; blue
arrows: the second type confers oral activity; green arrows: the third type hinders the aatioatand reduces 5
reduction

With the aim of enhancing anabolic effects, maximizing bioavailabipgimizing
pharmacokineticgand preventing estrogenic side effects, most of the exogenous AAS are
synthesized via structural modifications af [9, 81, 85 86]. These chemical
modifications are mainly classified into three types based on the potential effects
(Figure 5). The first type is esterification of the"tydroxy group, which improves the
suitability of T for intramuscular or oral administration and provides a sustagledse
effect. Methylation of position @ and alkylation of position-@7 producehe secad
type, which prevents the deactivation by figss metabolism in the liver andnfers
better oral actiuty to the steroids[39, 87]. The third type involves reducinthe
metabolism of AAS, including hindering aromatization or reducingegluction, which
can be achieved through dehydrogenation o2Caoupling of various groups atZ;
replacement of @ with an oxygen atom, removal a@he 19-metyl group, and
halogenatia on position 482, 88, 89]. Despite numerous attets to achieve selectivity
for anabolic effects over androgenic effects, these efforts have not been successful. All
anabolic steroids exhibit a certain degree of androgenic activity.

In this work, the focus was mainlyon five exogeneous AASFgure 6): 17 -
methyltestosterone (17hydroxy-17! -methylandros#é-ene3-one, MT), metandienone
(17" -hydroxy-17! -methylandrostl,4-dien-3-one, MD), clostebol (€hloro17'-
hydroxyandrosé-ene3-one, CLT), methylclostebol {dhloro-17'-hydroxy-17! -
methylandrosté-ene3-one, CLMT), and dehydrochloromethyltestosteronech{bro-
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17'-hydroxy-17! -methylandrostal,4-dien-3-one, DHCMT). All structures are derived
from T through specific modifications, including the addition of &-féthyl group,
formation of a 1,2louble bond, and introduction of achlloro substituent. All five steroid
compounds are included in WADA's Prohibited L[t MD hasbeenone of the most
commonly detected anabolic steroiéfsglure 7), especially after the year 2006, when a
newly introduced metabolite improved detect[®d]. DHCMT has been misused for
doping in 1980s by East German athld@y, with the number of AAFs reaching its
peak in 2013. Although not as widely misused as MD and DHCMT, MT and CLT have
been consistently detected in doping control since 2003. CLMT was #ypdidded to

the prohibited list only in 202[®].

OH

Cl Cl
CLT CLMT DHCMT

Figure 6: Chemical strgtures ofT, MT, MD, CLT, CLMT, andDHCMT

2021} E—— — ] MT
2020~ I————
2019 I B MD
208} B CLT
2017 I
2016 I 0 CLMT
205 BN DHCMT
2014
203
B 20112 1 ——————— —
2 o —————
20O} —————
2000 I——
2008 ——
2007 ——
20064 ——
2005~ I—
2004 I—
2003 T—
1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

Adverse analytical findings

Figure 7: AAFs of MT, MD, CLT, CLMT, and DHCMT between 2003 and [BIR78]
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In general, the metabolism of exogenous AAS follows similar prirgifsethat of
endogenous AAS, such @gas described ichapterl.2.2), underging phase | angbhase
Il metabolism inthe human body. This serves to inactivate the drugs and facilitate their
elimination from the bodyin humanphase | metabolisrof the five focused AASthey
may all undergo A-ring reduction, 3-keto reduction, Breduction, as wél as
hydroxylation in various positions (positions 6, 11, 12, 16, 18, or 20 in MD; positions 2,
4, 6, or 20 in MT; positions 6, 11, or 16 in CLT; positions 6, 12, 16, or 20 in DHCMT).
Additionally, hydrogenation of ,2-double bond can occur in MD and DHCMT, while
oxidation of C67 can take place ithe metabolism of MD and MT17-Epimerization
and Dring rearrangement have been commonly observed in the metabolismh-of 17
methyl steroids, such as MD, MT, and DHCN92-94]. Notably, both reactions are
involved withtheurinary degradation of 1#sulfate metaboli®with a17! -methyl group.

The removal of the I7sulfate group esults in the formation of a stabilized cation,
subsequently undergoing various eliminations or substitutions. As a result, different
compounds are generateduch as BEring rearrangement products, -8r-17,17%
dimethyl analogs, as well as the correspogdiiepimer[95, 96].

AAS have also been used in clinical practice since the 1PM)s Apart from
androgen replacement therapy, AAS also play a role in the treatment of short stature,
hereditary angioedema, chronic kidney disease, osteoporosis in postmenopausal women,
inoperable breast cancer, the humanmunodeficiency virus (HIV)/ acquired
immunodeficiency syndrome (AlDSssociated wasting syndronsarcopeniaand for
diseases characterized by a negative nitrogen bdland®(. Currently, only a limited
number of AAS have been approved for therapeutic use by regulatory authorities for
specific medical conditions. For example preparations are commonly used to treat
hypogonadism in men arate also approed for the treatment of perimenopause and
menopause symptoms in womgk01, 107. Additionally, CLT is also therapeutically

applied to improve wound healing or treat skin lesjds.

1.3! Steroid Analysis in Doping Control

The International Standardorf Laboratories (ISL) is a mandatory International
Standard within the World Anboping Program. It aims to ensure that WADA
accredited laboratories provide valid test results based on reliable evidence and to
promote consistency in the analysis of sampléneTD complement the ISL by outlining
specific technical requirements or procedural is§lie4.
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The analysis and detectionmihibited compounds doping control is performed by
WADA -accredited laboratories according to the [MD5. Most of these analyses are
conducted using urine specimens as the matrix. Currentlyptii@e screening of AAS
and their metabolites includes taeralysisof the unconjugated excreted fraction aoid
the conjugated fraction (glucuronides or sulfafgd€)6-109.

The analysisof the unconjugated fractiors usually performed after enzymatic
hydrolysis using -glucuronidaseAfter liquid-liquid extraction or solid phase extraction
of the deconjugated steroids from the matrix, the extracts are analyzed directly by liquid
chromatographytandem mass spectroatry (LCG-MS(/MS)) or by gas chromatography
(tandem mass spectrometry (GKIS(/MS)) after derivatization. Compared to 1C
MS(/MS), GGMS(/MS) is the more commonly used technique for AAS control, as the
majority of AAS and their metabolitegepooly ionizedin LC-MS/MS [5, 36].

The derivatization technique for steroids introduced by Donike laid the foundation for
comprehensive steroid profiling in doping contf@D9 110 andhas become a routine
method for tracéevel analysis of steroids to improve chromatographic as well as mass
spectrometric properties of analytes in -GIS analysis[111]. The derivatizationis
generally performedsing two different derivatizatiomethods prior to GC separation
resulting in theformation of pefTMS (derivatization with catalyst) or mono/Bi$1S
(derivatization without catalyst) derivativgg9, 57]. Per-TMS derivati\atizationcan be
achieved thouglthe mixture ofN-methytN-trimethylsilyltrifluoroacetamide (MSTFA)
with ammonium iodide (NH) and ethaneibl or dithioerythritol This process results in
the generation of the highly reactive trimethyliodosilane (TMIS), which fanrstu
through the reaction of iodide with MSTFAhe hydroxy and oxo groups steroids are
converted into corresponding TM$hets and enetthers, respectively, which enhances
the sensitivity of the analyt¢36, 117. In contrast, drivatization using MSTFA without
catalystyieldsonly TMS ethers of sterically unhindered hydroxy gro{ds3 57].

The silylation of steroid derivatives increases their volatility and thermal stattility,
ensuring robust detection by @@S [113. Additionally, the reduction in polarity
achieved through silylation allows for better chromatographic behavior by minimizing
undesirablenonspecific column adsorption and therefore improves the chromatography
results[114].

In recent years, methods based orNMS(/MS) have beemore and more applied in
the direct determination of intaphase Il metabolite of AAS, such as glucuronides or
sulfate conjugate$115117]. In comparison to GBIS(/MS) methods that involve
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deconjugation of analytes, direct analysispbase I metabolites by L®IS(/MS)
enables easier sample preparation procedures, as no hydrolysis is perfornaed and
additional derivatization step is not necessarily ne¢8gld

1.4! In vitro and In vivo Models for Metabolism Studies

Due to their widespread use in enhancing athletic performance and medical,therapy
the metabolism of AAS has been extensivielestigded for decadewia both in vivo
andin vitro studies Most anabolic steroids undergo extensive metabolic transformations
and are rarely excreted unchanged in aons{118. In dopingcontrol studies, the
determination of the prohibited compounds is achieved by detecting appropriate markers.
These markers can be either the pareompound itself, and/or one or more of its
metaboliteg[58]. Moreover,dthough a number of compounds have been extensively
studied, such as MD, there isntmued interest in identifying new metabolites that have
the potential to extend the detection window in-doping control studies. Therefore,
metabolic studies oAAS are crucial forenhancingdoping detectiorand also foresult
interpretation in futier nvestigations of AAS metabolism

In metabolic research on anabolic steroids, various models aragaustedly their
metabolism and effects. Human administration is considered the most relevant approach
as it directly reflects human physiology ando@sse, enabling the evaluation of complex
interactions and factordlowever, ethical considerations can impose limitations on
conducting studies involving human subjects. The WADA research ethics policy
mandates that all projects submitted for funding mgalen appropriate and adequate
ethics review according to international stand@fid®]. ThelSL, specifically the Code
of Ethics (Annex A), explicitly states that OThe Laboratories and ABP Laboratories shall
follow the Helsinki Declaration and any applicable national standards as they relate to the
involvement of human subjects iesearch104].

However, due to the consideratioresgarding the potential risks and impacts on
participants, laboratories may face difficulties in obtaining ethics approval. The Helsinki
Declaration developed by The World Medical Association is widely recognized as a
crucial ethical guideline for medicaésearch involving human subjectghereasantr
doping research differs from traditional medical research in various aspects, including its
objectives, assessment of risks and benefits, identification of vulnerable populations, and
pretrial scientific reqirementg120. For example, as doping athletes are continuously

motivated to use novel substances to evade the existing laws (legal and sports), research
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involving nonapproved substances with limited safety information is inevitable to
develop methods for detectidi2l]. However, this makes it more challengifay
researchers to obtain ethical approval.

In addition animal models can also be an alternative choicenfeivo studies, such
as rodents (mice, rats), dogs or pigs. These models allow for reproducing physiological
conditions and provide indig into the systemic response to anabolic sterbidaever,
animal testing is strictly regulated in the European Uniamd any experimental
procedures involving the treatment of animals require approval from the responsible
governing animal welfare authty. With the aim of improving the treatment of research
animals while advancing the quality of scientific and medical research and testing, the
principle of 3Rs (replacement, reduction, and refinement) was originally introduced by
Russell and Burch in B9[122. These principles promote the usalbérnative methods
to animal testing whenever possible, the reduction of the number of animals used, and the
refinement of experimental procedures to minimize any potential suffering or distress
[127.

This chapter provides essential background information on various possibilities to
perform metabat studies witha special focus om vitro andin vivo methods relevant
to this work, includinghein vivofish embryo model anoh vitro human skin cell model

used for investigating the metabolism of anabolic steroids.

1.4.11solated Recombinant Enzymes

Metabolic studies using isolated recombinant enzymes are straightforwardfaallow
the investigation of specific metabolic pathways and pevaluable insightsnto the
function and regulation of enzymes involved in metabolism.

In general, the aomercially available recombinant enzymes are pure enough to ensure
a controlled and welllefined reactionfor studying the enzymesO function and allow
researchers to focus solely on their catalytic activity without interference from other
cellular components. The kinetic studies in isolated enzymes can provide valuable
information about substrate specificity, affinity, and reaction rates. This helps in
understanding the enzymesO role in specific metabolic pathways and their contribution to
various physiological processebloreover, compared tm vivo studies orwhole-cell
biotransformationhuman liver microsomes, organoids, isolatedscetc, the enzyme

incubation assay is more convenient to handle and the results can be obtained faster.
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In this work, isolated recombinant enzymes from the AKR1C subfamily were used to
investigate the catalytic mechanism involwedhe stereoselectivity of -&eto reduction.
This may provide the knowledge required to interpret the metabolic pathways occurring
inthehuman body.

1.4.22Human Skin Cell Model

As the largest organ ime human body, the main function of the skin is to protect the
body from pathogens and prevent water loss. Due to its unique properties, the skin is an
ideal target for the application of eostic and pharmaceutical products. In particular, it
allows for various modes of drug administration, including epidermal, deandl
transdermal routes, which can hapninimize the risk of adverse effects associated with
systemic application. Moreovigargeting the skin can bypass the hepaticfiesss effect,
thereby enhancing the efficacy of certain medicatigh®3. Several androgen
preparations designed for transdermal application are available in the therapeutic drug
market.

The human skin is composed of threain layers: epidermis, dermis, and hypodermis
(also known as subcutaneous tissue). Keratinocytes and fibroblasts are the main cellular
components of the epidermis and dermis, respectively, and their metabolic activities are
crucial forthe proper functio of the skinMore specifically, keratinocytes are involved
in the formation ofthe skin barrier andhe regulation of immune responses in the
cutaneous environment. They are commonly used in assessing skin metabolism due to
their abundance and accessipiin human tissue samples. Fibroblasts are responsible for
producing and maintaining the extracellular matrix, which provides structural support to
the skin and contributes to its elasticity and strefi2d]. In vitro skin cell models enable
controlled investigation of specific metabolic processes, providing valuable insights into
the distinctive characteristics of steroid metabolism in the skin and pdldrpotential
to contributeto the screening of topically applied compounds for doping purposes.

It has beerprevioudy established that humageratinocytes and fibroblasts exhibit
enzyme activities of I5reductase3! -HSD, and 17-HSD [123 125, which play a
crucial role in the phase | metabolism of AAS.

1.4.3Fish Embryo Model

Fish have gained increasing attention in recent years as valuable models for

biotransformation studies, especially zebrafiSar{io rerio), as in large parts genome
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organization ad physiology are comparable between husremd teleoss [126. The
zebrafish water tank model was even tested as amnative model for metabolism
studies of dopingelated compoundsThis is attributedto the small size, rapid
development, transparent embryos, and particularly genetic similaritiesbrafishto
humans. The sequencing of the zebrafish genome hasa@é\vkat approximately 70%

of human genes have a corresponding ortholog in zebfash128. According to the

EU Directive 2010/63/EU on the protection of animals used for scientific purposes, the
earliest life stages of animals, such as fish embryos, are not defined as protected and do
not fall under the regulatory frameworks for animal expenta@on. Therefore, no
specific approval is required for conducting experiments with fish embogdsre
hatching[129-131]]. Like zebrafish JapaneseedakaOryzias latipe¥ is also one of the
commonly used fish models in biomedical research. There are 104 conserved syntenic
segments shared betwemedakaand humans, which involve at least three orthologous
gene pairs in the datagas?.

Sexspecific models can provide valle insights into sexdependent effects on
steroid metabolism. In mammals, the sktermining gene Sry, located on the Y
chromosome, plays auxial role in initiating the development of the male phenotype
[133. Females typically have two identical sex chromosomes (XX), whereas males
possess two difrent sex chromosomes (XY). In contrast to mammals, the sex
determination in many fish species, includingriedakais labile and can be determined
either chromosomally or by environmental fac{d34. Monosex populations, offspring
with only one sex, can be produced by experimentally produced YY or XX males
interbreeding with normal femal¢$33. This provides opportunésfor investigations
sexdependent metabolic studidoreover, in the female leukopheiree (A_FII) strain,
the sex of male embryos can be identified early anddestructively by observing the
presence of malassociated leucophores using fluorescence microscopy2(4tdurs

post fertilization)135.
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2!  Aims

Given the extensive metabolic reactions that may odollowing the administration
of AAS and the continued emergence atw designer steroids comprehensive
understandingf steroid metabolisiis crucialfor the development of effectivdetection
methodsin doping control researciAppropriate modek are necessaryior metabolic
studies which can provide insights into the investigations of metabolic pathways that
may occur inthehuman body duing the excretion of the doping compountlse aim of
this work is to investigate the metabolism of AAS using various metabolic models,
including isolated recombinant enzymes, human skin @alid, medaka fish embryos
which maycontribute to the enhancenteof detection of misused AAS doping control
analysis.

The sequence dhe Acring reduction in MD has beeextensivelyinvestigatedin
previousresearchbased on the excreted metaboli{®8, 136 137]. Enzymereactions
with members othe AKR1s subfamily(AKR1C2, AKR1C3, AKR1C4, ath AKR1D1)
allow for the investigation of specific reduction reactarithin the Acring. Thishelps to
propose a rational order of reduction and provide valuable insiglg into the
characterization of stereoselective metabolism catalyzed by AKRICAKRLD1

AAS like T and CLTjn addition to beingnisusel as doping agents, are also employed
for therapeutic purposesuch as in the topical treatment lofpogonadisn{101] and
various skin diseasg403. Transdermal administration is an effective route of drug
delivery due to its convenient, controlled, and patfaendly nature.However, in
contrast to the extensive investigations of metabolic studies in the liver, limited
knowlede is available for cutaneous metabolistherefore, the metabolic studies of
AAS in human skin cellold significancenot onlyfor doping control research but also
for drug development processd@® gain a comprehensive insight into anabolic steroid
metalmlism in humanskin cell models(keratinocytesor fibroblasts) six structurally
relatedAAS compoundsT, MD, MT, CLT, DHCMT, andCLMT wereselected as model
substances

Althoughin vitro modelsare valuable for understandingetabolic pathways and are
relatively easy to manipulatdhey may have limitations in terms of the range of reactions
that occur within a specific modélommon modelsisedfor in vivo biotransformation

studies such agodents, dogs apigs, as well aghe moststraightforwardway, human
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administrationall face ethical concernb this studyMD wasused as a model substance
to assessvhether the medaka embryo model is an alternativeangnal test model to
study humanlike metabolisn. Moreover, to further investigate the phase | metabolic
patterns of AASn themedaka embryo modél,3,413Cs-Testosterong*3Cs]-T) and MT
were use@s substrates

These investigations allow for the identification of potential biomarkers or met&sbolit
andmay contributeto thedevelopnent ofmore sensitive and specific detection methods,
as well asto the pharmacokinetic and pharmacodynamic evaluation of new drugs in
developmentMoreover, the metabolic knowledge gained from known compounds can
alsocontribute to the interpretation of analytical results obtained from designer drugs and

aid in targeting doping athletes.
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3! Material s and Methods

3.1 Materials

Table 2: Steroids and reference matesal

17'-Hydroxy-5! -androstarB-one

Steraloids (Newport, RI, USA)

17'-Hydroxy-5" -androstar3-one

Steraloids (Newport, RI, USA)

17'-Hydroxy-17! -methyt5! -
androstarB-one

Tokyo Chemical Industry Co., Ltd (Toky
Japan)

17'-Hydroxy-17! -methy}t5" -androst
1-ere-3-one

In house synthesized

Tokyo Chemical Industry Co., Ltd (Toky

diol

17! -Methyltestosterone Japan) Sigma Aldrich (Taufkirchen
Germany)
17! -Methyl-5! -androstand! , 17" - National Measurement Institute (Nor

Ryde, Australia)

17! -Methyl-5! -androstane” ,17' -
diol

In house syntisized

17! -Methyl-5" -androstane! ,17' -
diol

National Measurement
Ryde, Australia)

Institute  (Nof

17! -Methyl-5" -androstang" ,17' -
diol

In house synthesized

4-Chloro-3! -hydroxy-androst4-ene-
17-one

Australian National Measurement Institu
(North Ryde Australia)

Androst4-ene3,17-dione

51 -Androstane3! 17" -diol Steraloids (Newport, RI, USA) or T(
(Tokyo, Japan)

6" -Hydroxy-metandienone In house synthesized
Steraloids (Newport, RI, USA) or T(

(Tokyo, Japan)

Clostebol

Steraloids (Wilton, USA)

Dehydrochloromethyltestosterone

Cohnchem Scientific Co., Ltd (Derby, UK

Etiocholanolone

Steraloids (Newport, RI, USA)

Metandienone

LGC Standards (Wesel, Germany)

Methylclostebol

in house synthesized

Testosterone

Sigma Aldrich (Taufkirchen, Germany)

Tesbsteronel6, 16, 17ds

Sigma Aldrich (Taufkirchen, Germany)

Testosterongds] glucuronide

TRC (North York, USA)

2,3,413Cs-Testosterone

Sigma Aldrich (Taufkirchen, Germany)
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Table 3: Solvents, @agents, and materials

Acetone

VWR (Dresden, Germany)

Acetonitrile (LC-MS grade

Fisher (Schwerte, Germany)

Acetonitrile(HPLC grade)

VWR (Dresden, Germany)

Ammonium iodide

Sigma Aldrich (Taufkirchen, Germany)

Acetic acidglacial

VWR (Darmstadt, Germamn

DessMartin periodinane

Sigma Aldrich (Taufkirchen, Germany)

Dichloromethane

Fisher Scientific (Loughborough, Unitg

Kingdom)

Dulbeccdd modified Eaglé
medium high glucose (DMEM)

SigmaAldrich (St. Louis, MO, USA)

Dulbeccd® phosphate buffered
saine (DPBS)

SigmaAldrich (St. Louis, MO, USA)

Epilife medium

Thermo Fisher Scientific Life Technologi
GmbH (Darmstadt, Germany)

Ethanethiol

Sigma Aldrich (Taufkirchen, Germany)

Ethanolabsolut

ChemSolute (Renningen, Germany)

Ethyl acetate

VWR (Dresda&, Germany)

Fetal bovine serum (FBS)

SigmaAldrich (St. Louis, MO, USA)

Formic acid(LC-MS gradé

Sigma Aldrich (Taufkirchen, Germany)

Formic acid (p.a.)

Merck (Darmstadt, Germany)

Helium

Air liquide (DYsseldorf, Germany)

Human keratinocyte
supplement (HKGS, 100X)

growt

Thermo Fisher Scientific Life Technologi
GmbH (Darmstadt, Germany)

Human recombinant enzyn .

AKR1C2 Cusabio (Houston, TX, USA)

Human recombinant enzyn| Novus Bologicals Europe (Abingdon, Unitg
AKR1C3 Kingdom)

Human recombinant enzyn : .

AKR1C4 MyBioSource (San Diego, CA, USA)
Human recombinant enzyn : .

AKR1D1 MyBioSource (San Diego, CA, USA)

Hydrochloric acid

Fisher (Schwerte, Germany)

Hydrogen peroxide 30 %

SigmaAldrich (Taufkirchen, Germany)

L-Glutamine

SigmaAldrich (St. Louis, MO, USA)
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Methanol (HPLCgrade)

Fisher Scientific (Loughborough,
Kingdom)

Unite

Methanol (MS quality)

Fisher (Schwerte, Germany)

Methanol (p.a.)

VWR (Dresden, Germany)

MilliQ water

Millipore S.p.A., Milano, Italy

NADPH regenerating system soluti
A and solution B

Corning Gentest (Woburn, MA, USA)

n-Hexane

VWR (Darmstadt, Germany)

"-Glucuronidase fromEscherichia
coli (>140 U/mL)

Roche Diagnostics (Mannheim, Germany)

N-Methyl-N-trimethylsilyl-
trifluoroacetamide (MSTFA)

Chemische Fabrik Karl Bucher (Waldstettg

Germany)

Nitrogen

Air liquide (DYsseldorf, Germany)

Penicillin/streptomycin

SigmaAldrich (St. Louis, MO, USA)

Phosphate buffered saline (PBS,
0.5 M, pH 7.4)

Corning Gentest (Woburn MA, USA)

Potassium carbonate

Merck (Darmstadt, Germany)

Potassium dihydrogen phosphat

Merck (Darmstadt, Germany)

Potassium hydroxide

Ferak Berlin GmbH (Berlin, Germany)

Potassium hydrogencarbonate

Sigma Aldrich (Taufkirchen, Germany)

Sodium borohydride

Merck (Darmstadt, Germany)

Sodium chloride

Sigma Aldrich (Taufkirchen, Germany)

Sodium hydrogen carbonate

Merck (Darmstadt, Germany)

Sodium hydroxide

Sigma Aldrich (Taufkirchen, Germany)

Sodium sulfate

Merck (Darmstadt, Germany)

Sulfuric acid 96 %

Merck (Darmstadt, Germany)

t-Butyl methyl ether (TBME)

Carl Roth (Darmstadt, Germany)

TrypsinEDTA solution

SigmaAldrich (St. Louis, MO, USA)

Zinc powder (< 4%m)

Merck (Darmstadt, Germany)
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3.2! Methods
3.2.1Synthesis of Reference Materials

Due to the structural similarities, the reference compodheshloro-5! -androstane
3%17'-diols (3! ,4! ,5! -THCLT, 13a; 3',4!,5 -THCLT, 13b) and 4-chloroandrosd-
ene3%l 7' -diols (3! -DHCLT, 17g 3'-DHCLT, 17b) for CLT metabolitesas well as -
chloro-17! -methyt5! -androstang%l 7' -diols (3! ,4! ,5! -THCLMT, 14 3',4' /5 -
THCLMT, 14b) and 4chloro-17' -methylandros#é-ene3%l7' -diols (3! -DHCLMT,
18a 3'-DHCLMT, 18b) for CLMT metabolites were synthesized through identical
reaction steps but with different starting materials. The methods used for the synthesis
were adapted from dail®a et al, Kratenaet al, and SchSnzer and DoniKel8 13§

139. Thesynthesis of compoundsa 17b, 183 and18bis illustrated inFigure 8. The
chemical structures afompounds involvedh the synthesis are shown Trable 43 in

Annex.

3a/d4a=5a

3b/4b = 5§ 6b 6a) c

“n, n T
5 e, e, e,
07 : Hi ¢ 5 f d HO"
Cl cl
11 9

af
7
12 l ¢ 10 8
OH OH
:
HO" Y- HO” -
aft et
13a,R=H 13b,R=H
14a, R = CH, 14b, R = CH,4

Figure 8: Reaction scheme for! 4hloro-5! -androstane3$17#-diol (13a,13b) and 4 -chloro-17' -methyi5! -
androstane3$ 17#diol (14a, 14b) steroids: (a) Zn, AcOH, reflux; (b)28,, HCO,H, CH,Cl,, rt, 6 h; (c) concHCI,
CHCls, rt, 30 min; (d) DMP, CKCl,, rt, 1 h; (e) KOH, MeOH, rt; (f) NaBHrt, 1 h Thisfigureis adapted from my
published papef14Q

Synthesis of &,4a,50¢-THCLT (13a) and 3p,4a,50-THCLT (13b)

To a boiling solution ofAED (1; 2 g, 6.98 mmol) in glacial acetic acid (121),
12.0g of zinc dust were added in portions over 10 min, after which the reaction was

complete. The sugpsion was filtered, the retentate was washed with glacial acetic acid
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and the combined filtrates were evaporated to dryness. Afterwards, the residue was re
dissolved in water (400 mL) and extracted with diethyl ether (3 X 400 Title).organic

layers weravashed with 10% ag. NaHG@ X 400mL) and water (3 X 400 mL), dried

over NaSQy and evaporated to dryness to give a white crystalline solid (1.77 @)
composed of an isomeric mixture&if- (3a) and 5 -androst3-en-17-one @b).

A stirred solution of the olefin mixtui@aand3b (1.77 g) in dichloromethane (26 mL)
was treated with 30% hydrogen peroxide (1.3 mL) and 100% formic acid (1.2 mL) for 6
hours at room temperature (rt). After ditut with methanol (26@1L) and basification
with ag. NaOH (IM), the solution was neutralized with ag. HCIM}. Methanol was
reduced by evaporation, then the residue was diluted with water (100 mL), and finally
extracted with dichloromethane (3 X 100 mLhe combined organic layers were washed
with 10% ag. NaHC® (2 X 100mL) and water (100 mL), dried over p&0O; and
evaporated to dryness to give 1@8f a mixture of epoxide$b§, 5b). Afterwards, the
crude product was purified by HPLC fractionatioet@ls in chapter 3.2.8) collectifzg
as pure compound.

Epoxide5a (94 mg) was dissolved in chloroform (1.7 mL). Concentrated HCI (37%,
700%L, 829.08%g, 8.41 mmol) was added dropwise and the resulting biphasic mixture
was stirred vigorously. After 30 mites, the solution was transferred to a separatory
funnel and the phases were separated. The aqueous phase was diluted with water (10 mL),
extracted with CECl, (3 X 15 mL) and the pooled organic phases were washed with
saturated NaHCg»solution (2 X 20 rh) and brine ¢aturated NaCl solutig20 mL). The
extracts were dried over b&Q; and evaporated to dryness to give 105.4 mg of crude
product 7).

The crude product (105.4 mg) was dissolved in GEl, (3.5mL). To this solution,
Des&£Martin periodinanel®MP, 185.5 mg) was added in portions oveniil. After 1h,
the reaction was quenched by adding an aqueoi&Osolution and saturated NaHGO
The biphasic system was separated. The aqueous phase was diluted with watgr (10
and extracted with CiLI> (3 X 20 mL). The combined organic phases were washed with
water and dried over N8Qs. The crude produ&obtainedafter evaporation (104.6 mg)
was used in the next step without further purification. It was dissolved in methanol
(10.46mL), and a 10% aaprous solution of KOH (188L) was added dropwise dt The
solution was stirred for Bin after the complete addition, followed by the addition of
acetic acid (7%L) to neutralize. After evaporation, the resulting white precipitate was
dissolved in water/CkCl> (10mL/15 mL) and after shaking, the aqueous phase was
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again extracted with CI€l> (3 X 20mL). The pooled organic phases were washed with
saturated NaHCgsolution (20mL) and 20mL of brine Thereafterthe organic phases
were dried over N&Q;, yielding 94.8 mg of crude produti.

Substancell was dissolved in methanok8 (3.5 mL, 9:1, v/v), andNaBH4 was
added. The solution was stirred for ®h at ambient temperature. After thanol was
evaporated, the aqueous phase was diluted with water (10 mL) and extracted Mith CH
(3 X 25 mb). The combined organic phases were washed with water (2 X 25 mL) and
dried over NaSQu, yielding a mixture of crude product$3ga 13b). Afterwards the
product was purified by column chromatographydailjel 60, 460 mm x 2@m, particle
size 63- 200 um), using hexane/ethyl acetate (3/2) followed by HPLC fractionation
(details in chapter 3.2.8).

Synthesis of &,4a,50-THCLMT (14a) and 3p,40,5a-THCLMT
(14b)

To a boiling solution of MTZ; 2 g, 6.61mmol) in glacial acetic acid (120 mL), zinc
dust (12.0g) was added in portions during 10 min after which the reaction was complete.
The zinc suspension was filtered, the zinc was washed with glacial acetic acid and the
filtrate was evaporated to dryne§he residue was diluted with water (400 mL) and
extracted with diethyl ether (3 X 400 mL). The combined organic layers were washed
with 10% aq. NaHC®(3 X 400mL) and water (3 X 400 mL), dried over # and
evaporated to dryness to give a white crystalsolid (1.89 g) composed of an isomeric
mixture of 3 -olefin (4a) and 5 -olefin (4b).

The olefin mixturedaand4b (1.89 g) was dissolved in dichloromethane (28 mL) and
treated with 30% hydrogen peroxide (1.4 mL) and 100% formic acid (1.26 mL) and
stirred for 6 hours at ambient temperature. After dilution with methanol (280 mL) and
basification with agq. NaOH (1 M), the solution was neutralized with aq. HCI (1 M).
Methanol was reduced by evaporation, then the residue was diluted with water (100 mL),
andfinally extracted with dichloromethane (3 X 100 mL). The extracts were washed with
10% aqg. NaHC®(2 X 100 mL) and water (100 mL), dried over.S8@4 and evaporated
to dryness to give 2.04 g of a mixture of epoxidias §b). Afterwards, the crude product
was purified by HPLC fractionatiofetails in chapter 3.2.8) collect6a.

Epoxide6a (140 mg) was dissolved in chloroform (2.5 mL). Concentrated HCI (37%,
140%L) was added dropwise and the resulting biphasic mixture was stirred vigorously.
After 30min the solution was transferred to a separatory funnel and the phases were
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separated. The aqueous phase was diluted with water (10 mL) and extracted@ith CH
(3 X 15mL). The pooled organic phases were washed with saturated Nasé@on

(20 mL) and brie (20mL). The extracts were dried over 4$&% and evaporated to
dryness to give 168.6 mg of crude prod@)t (

The crude produd@ (154.4 mg) was dissolved in GEl, (10.7 ml). To this solution,

DMP (271.9 mg) was added pottions over 15 minutes. After 1 hour, the reaction was
guenched with aqueous pRO; solution and saturated NaHGOrhe biphasic system

was separated and the aqueous phase was diluted with water (10 mL) and extracted with
CH,Cl, (3 X 20mL). The pooled orgsic phases were washed with water (2 X 20 mL)

and dried over N&Qu. The crude product after evaporation (161.0 mg) was used in the
next step without further purification.

To the crude produdiO (161.0 mg) dissolved in methanol (16.1 mL), a 10% solution
of KOH (279%$L) was added dropwise and the resulting mixture was stirred for 5 min.
Then, the solution was neutralized with acetic acid (§ILp After evaporation, the
resulting white precipitate was dissolved in waterfCH (15mL/20mL), and after
shakirg, the aqueous phase was again extracted witlCgkb X 20 mL) The extracts
were washed with saturated NaH£$0lution (30 mL) and brine (30 mL). After drying
over NaSQy, 154.2 mg of crude produt® were obtained.

To substancé?2 dissolved in metham20 (5 mL, 9:1, v/v) NaBH4 was added and
the resulting mixture was stirred for 60 mirnratAfterwards, methanol was evaporated,
then the aqueous phase was diluted with watem{)0and extracted with C}€l, (4 X
20 mL). The pooled organic phases were washed with water (2 X 25 mL) and dried over
NaSQs. The mixture of crude productddq, 14b) was obtained after evaporation to
dryness. Afterwards, the product was purified by column chromatography (silica gel 60,
460mm x 20 mm, particle size 63200 um), using hexane/ethyl acetate (3:2;) v
followed by HPLC fractionatioifdetails in chapter 3.2.8)
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Synthesis of 3a/3p-DHCLT (17a, 17b) and 3u/3p-DHCLMT (18a,
18b)

17b, R=H

Figure 9: Reaction schenter 4-chloroandrost4-ene3%17#diol (173 17h) and 4chloro-17! -methylandrost-ene
3%,17+diol (183 18h) steroids: (a) NaBH4, 1t, 1.ihisfigureis adapted from my published pageAq

For the synthesis of the epimeric-BHCLT (178 and 3-DHCLT (17b), CLT (15
(1 mg) was dissolved in methanod®i(1 mL, 9:1, v/v) antNaBH4 was addedFigure 9).
The reaction mixture was stirred for 80n & ambient temperature. After reducing
methanol by evaporation, the aqueous phase was diluted with watgj éhd extracted
with diethyl ethef2 X 2 mL). In analogy to the synthesis of compoufi@aand17b, 1
mg of CLMT (16) was used as starting matériastead of CLT {5), resulting in the
formation of the two isomericl 3DHCLMT (18a) and 3-DHCLMT (18b).

3.2.2lsolated Recombinant Enzyme Incubations

The enzyme incubatioassaystared with the preparation of a reaction mixture
consistingof 172 $L of 0.1 M phosphate buffeP@S, pH 7.4) 12.5 uL of NADPH
regenerating system solution A5 pL of solution Band3 pL of substrate solutiofMD,
17'-hydroxy-17! -methyt5! -androstl-ene-3-one (5! -DHMD), or 17'-hydroxy-17! -
methyt5" -androstl-ene-3-one(5"-DHMD) (1 mg/mL in methanol). MD was incubated
with AKR1D1 or AKR1C2, while5!-DHMD or 5"-DHMD were incubated with
AKR1C2, AKR1C3, or AKR1C4, respectivelpfter 5 minutesof prancubation aB7 jC,
the reaction waitiated by addingthe correspondingnzyme (AKR1C2, AKR1C3,
AKR1C4,0or AKR1D1) containing $g of protein After incubating for 24 hours at 37 iC,
the reaction wastoppeddy adding 20GL cold acetonitrile A control sample (negiae)

without any enzyme was prepared for every comppwhére the volume dheenzyme
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was substituted by PBS 0.1 Mn internal standard(T, 1 uL, 1 mg/mL in methanol)
was addegbrior to the extraction step

After adding 1 mL oPBS(0.1 M), the extraction ofte samplesvasperformedwith
2 mL of TBME. After evaporatiorof the organic phas¢he residue was either deriizad
with TMIS reagent (MSTFAH4l/ethanethiol, 1000:2:3,/w/v) by heating for 20 min at
75 jC and injected into thgaschromatography coupled ®ectronionization tosingle

guadrupolemassspectrometry GC-EI-MS) (details in chapteB.25).

3.2.3 In vitro Incubations in Human Skin Cells

Human dermal fibroblasts and human keratinocytes were isolatedttiedioreskin
(from the medically indicated circumcision of boys yountpan 10years).Cells were
provided by Prof. Dr. Burkhard KleuserOs group (Dept. of Biology, Chemistry, and
Pharmacy, Freie UniversitSt Berlin, Berlin, German@pnsidering the potential
variability in metabolic capabilities among different donors, hurfibroblasts or
keratinocytes used in this study were from three donespectivelyKeratinocytes were
cultivated in epilife medium supplemented with 1% (v/v) concentrated (100x) growth
supplement (HKGS). Fibroblasts were cultivated in DMEM supplemewtedL% (v/v)
L-glutamine, 1% (v/v) penicillin/streptomycin, and 7.5% (v/v) FBS. Cglassage 2)
from three different donors were grown under standard conditions (5¥38C@)[123.

Cells were grown to confluence in the presence ail2growth medium in évell
platesand were incubated with T, MD, MT, CLT, DHCMT, or CLMT M) for 24 h.
Incubationswithout substrates or cellsene preparedas negative contral$/edia were
collected and extracted by liquiduid extraction with 4nL TBME twice after the
addition of inernal standard AL (testosterond6, 16, 17d; (T-d;), 1 mg/mL). After
centrifugation, the organic layers were combined, transferred to fresh tubes and
evaporated to dryness. The combined extracts were derivatized with TMIS reagent
(MSTFA/NH4l/ethanethiol, 1000:2:3/w/v) by heating for 2@nin at 75;C and measured
by GGEI-MS and gas chromatographycoupled byelectron ionization toquadrupole
time-of-flight mass spectrometry GC-EI-QTOFRMS) (details in chapteB.2.6) The
metabolites were identified by comparison of retention time (RT) and mass spictra

those ofreference materials.
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3.2.4n vivo Incubations in Fish Embryo Model

Two independentexperiments were performed with fish embryé&st, a pilot
experiment was conducted @ssessthe correlation of metabolite production with
incubation time, substrate concentrati@md the sexes of embryoBo test for sex
specific effects, in addition to the embryos of mixed sexes (streihYHNI, [133),
embryos of FLFII were used duo the fact that their genotypic sex can be identified by
the presence of leucophores in male embryos aftiely8 of developmeriti4]]. In this
experimentmedakaembryos were exposed fraime morula stage onwards for 10yda
with either 10 uM or 5uM MD or with 0.1% DMSO (solvent controlpubsequently,
medakaembryos were incubated with 10 uM MD for 48 h from 6 tod&ys
postfertilization (dpf) due tothe results obtained from the pilot experimditte second
experimeninvolved the incubation ofmedakaembryos with10 $M or 20 pM[*3Cg]-T
and MTfor 48 hfrom 5 to 7dpf. Incubations without substrates were prepared as negative
controls.Moreover, totest the effect of bacteria present in the incubation systethe
metadolism,medaka embryos were then exposed under sterile conditions to MT through
autoclavation of the embry@aring medium and/or sterilization of the choridine
embryo incubatios for two independent experimentaere done in Technische
UniversitS Dresien by Leonie Hobohm antbhannes Bergleiter under the supervision
of Alexander Froschauer

For the extractionf media samplesptl mL of supernatant, 1 mL of phosphate buffer
(pH 6.5), 50 pL of'-glucuronidase and the internal standardrPSMD incubation:
100$L of T-[ds] glucuronide(10 pg/mL); [*3C5]-T and MTincubation,50 $L of T-[ds]
glucuronide (10 pg/mLandor dehydroepiandrosterofi®2,3,4,4,6ds (DHEA-dgs), 10
pug/mL) was added, the mixture wakubated for 1 h at 58C. After hydrolysis, 6670
mg of solid buffer carbonate/bicarbonate was added, and Jiquid extraction was
carried out twice with3 mL of TBME. After centrifugation, the organic layer was
combined and transferréato acleancontainer After evaporation, the residue was either
derivatized with TMIS reagent (MSTFA/NHethanethiol, 1000:2:3,/w/v) by heating
for 20 min at 75 jC and injected into the (EGMS (details in chapter 3.2.55C-QTOF
EI-MS (details in chapter 3.2)60r reconstituted in methanol for EGTORESIFMS/MS
(details in chapter 3.2.@nalysis.
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3.2.5GC-EI-MS Analysis

The GC-EI-MS analysis of the samples was performed on an Agilent 7890A gas
chromatographic system coupled to an Agilent 5975 C inert mass seldetactor with
the following parameters for the analysis of the intermediates and products: Agilent HP1
(17 m, 0.2 mmid, 0.11 pm), carrier gas: heliam mL/min, constant flonoven program:
183 jC, +3 jC/min to 232 C, +40 jC/ min to 310 jC, hold fomin, injection volume:
2 pL, split 10:1, injection temperature: 300 jC, electron ionizatid 70 eV, full scan
mode from 40 to 750 Da.

3.2.60GC-EI-QTOF-MS Analysis

High-resolution accurate mass analyses were perfotmesigas chromatograjh
system coupl@ to atime-of-flight mass spectromstr(GC-QTORMS) 7890B/7250
(Agilent Technologies, Milano, Italy), equipped with an AgilentlHEdlumn (17m,
0.20mm; 0.11um) with helium as carrier gd¢¢ mL/min, constant flow)The injection
was performed in split ode with a 1:10 ratio at 280 jC applying an injection volume of
2 L. The oven temperature was programmedrasi@L50;C, ramped with + 5QC/min
to 240;C (0 min), + 3jC/min to 266;C (0 min), further + 5GC/min to 320;C (3 min
hold). Electron ionizabn (EI) was performed at #V with data acquisition in full scan
mode (m/z 50 to 750).

3.2.7"LC-ESI-QTOF-MS Analysis

Untargetedhigh-resolutionaccurate mass analysis for the investigation of potential
MD metabolitesvasperformed on an Agilent 6550i QToF (Agmt Technologies, Santa
Clara, USA) coupled to a 1290 Infinity I HPLC system (Agilent Technologies,
Waldbronn Germany. The systm was equipped with an Agilent ZORBAX Eclipse Plus
PhenyiHexyl column (3.0& 100 mm; 1.8 um particle size). Column temperature was
controlled and held at 30 {C. Water (eluent AOHFOOH, 99.9:0.1y/v) and acetonitrile
(eluent B, ACN: FOOH 99.9:0.1/v) were used as eluents. The gradient program started
with 2% eluent B increasing linear to 55% in 3 min, then to 95% im#&51.5 min hold
and 0.2 min back to 2%. The flow rate of 0.550 mL/min resulted in a run time of 8.20
min and 1.30 min for the caton equilibration. Aliquots of 1.0 puL were injected into the
system.

The mass spectrometer was operated in auto MS/MS mode using positive ionization
(ESI). Mass range for MS spectra was betwe€nl100 andm/z1000 (2 spectra/ sec),
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MS?spectra were colided betweem/z50 andm/z 1000 (3 spectra/sec). Permanently
performed mass axis calibration and a high resolution (> 10,000) achieved high mass
accuracy. Drying gas flow was set to 11 mL/min at 200 jC, sheath gas flowrtb/friin

at 375 iC, nebulizer pssure to 35 psi N capillary voltage to 3500 \and the nozzle

voltage to 500 V.

3.2.8HPLC Purification

The purification of the synthesized reference steroids was performed by
semipreparative HPLC using an Agilent 1260 Infinity Quaternary HPLC systemecoupl
to an Agilent Infinity 1260 diode array detector (Agilent Technologies GmbH,
Waldbronn, Germany). Chromatographic separation was achieved on a Hypersil ODS
C18 column (pore size: 120 «, 250 mm length, rhén ID, 5 um particle size, Thermo
Scientific, Sclwverte, Germany).

3a,40-Epoxy-5a-androstan-17-one (5a) and 3u,4a-Epoxy-17a-
methyl-5a-androstan-17-one (6a)

Isocratic elution was accomplished at a flow rate of 3 mL/min using acetonitrile:water
(7:3,v/v) as mobile phas&he injection volume was 0.5 mwjth a sample concentration
of 10 mg/mL for a mixture of compounds and5b, and 9mg/mL for a mixture of
compoundssa and6b. The UV signal was monitored at 1@. Individual fractions
containing5a were collected between 11:82.55 min, whereas fraots containinga
were collected betweel8.6414.69 min.The corresponding fractions of each compound

were combined before evaporation.

4a-Chloro-5a-androstane-3§,17p-diols (13a, 13b)

An isocratic run with solvent compositioacetonitrile:water(50:50, v/v) was
performedThe flow rate was 3.7 mL/mihe column temperature was set to 35 jC, and
the injection volume was 0.3 mL, with a sdmponcentration of 508g/mL for product
containing compoundl3a or 2.5 mg/mL for substance containirigb (after pre
purification by column chromatography, details ahapter 3.2)J1 The selected
wavelength for UV detection was 194 nindividual fractons of 13a or 13b were
collected between 16.88.00 min or between 15.406.40 min, respectively. The

corresponding fractions of each compound were combined before evaporation.
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4a-Chloro-17e-methyl-5a-androstane-3§,17p-diols (14a, 14b)

The separation was performetth solvent compositiowater (A) and acetonitrile (B)
at a flow rate of 3.7 mL/min. The following gradient pattern was used: 53%BnjQ
89% B (24min), 95% B (25min), and 95% B (30 min). The injection volume wasrals
with a sample concentration of 5 mg/mL for a mixture contaitwagand14b (after pre
purification by column chromatography, details in chapter 3.Zi¢ UV signal was
monitored at 194 nm. Indidual fractions ofl4a or 14b were collected between 12:51
13.35 min or betweehl.67%12.40min, respectively. The corresponding fractions of each

compound were combined before evaporation.

3.2.9Nuclear Magnetic Resonance

The nuclear magnetic resonance (NMRperxxments were performed on a Bruker
BioSpin (Karlsruhe, Germany) Avance NEO 500 MHz spectrometer equipped with a
nitrogencooled (prodigy BBFO) 5 mm probe or amAvance |1l 600 MHz spectrometer
equipped with a triple resonance QCl 5 mm cryogenic prabeexperiments were
recorded applying neaniform sampling (NUS) in case of COSY, edited HSQC, NOESY,
and HMBC spectra. Chemical shifts are reported' irvalues (ppm) relative to
tetramethylsilane. Analytes were dissolved in deuterated chloroform ¢CD@¢ NMR
analysis was performed by Dr. Nils Schis¢Eriedrich Schiller University Jena).
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4! Results and Discussion

4.1! Synthesis of Reference Materials

4.1.1Synthesis of3a/3p,4a,5¢-THCLT (13a, 13b) and
30/3p,4a,5¢-THCLMT (14a, 14b)

The two pairs of 4,5! -diasteeomers 13a 13b, and14a, 14b) with fully reduced A
ring derived from CLTor CLMT were synthesizedsing analogous sigtep reactionas
describedn chapter 3.2.1According toKratenaet al [139, the 3! ,4",5! -derivatives
were obtaineds the main productsy opening of 5-epoxides withhydrochloric acid
The subsequent oxidation of the-Bydroxy group and the epimerization of position 4
were achieved using DMP and potassium hydroxide, respectively, to givie-tidodo-

5! -androstarB-one intermediats (11, 12) [139. The following reduction of the-8xo
group with NaBH4 mainly resultsin the 3-isomers, while the @xo group almost
exclusively yields the I7hydroxy isomer, which is in line with literature repdrid8
142. The retention time of the perTMS derivatives of thetwo pairs of 4,5!-
diastereomeraregiven inTable 4. After purification, further structure confirmation was

achieed by 1D and 2ENMR analysis. Assignments are providedable 5.

Table4: Retention times, molecular ions {}lat 70 eV, and mass difference to exact mass of synthesized reference
compoundsl3a 13k 14a 14h 17a 17b, 183 and18b as perTMS derivativegGC-EI-QTORMS). This table is
adapted from my published pagésQ

RT Exact mass  Accurate Am/z

No. Assignment

g [min] [m/z] mass[m/z] [ppm]
13a 4! -Chlorg5! -androstane! ,17'-diol 5.03 470.2798 470.2777 -4.47
13b 4! -Chlorg5! -androstang", 17" -diol 5.67 470.2798 470.2799 0.21

14a 41 -Chloro-17! -methyt5! -androstané! ,17'-diol 5.60 484.2954 484.2941 -2.68
14b 4! -Chloro-17! -methyt5! -androstang” , 17" -diol 6.47 484.2954 484.2947 -1.45
17a 4-Chloroandros#-ene3! ,17' -diol 4.62 468.2641 468.2636 -1.07
17b 4-Chloroandros#-ene3",17" -diol 5.20 468.2641 468.2612 -6.19
18a 4-Chloro-17! -methylandrosé-ene3! ,17' -diol 5.16 482.2798 482.2769 -6.01

18b 4-Chloro-17! -methylandrosé-ene 3",17'-diol 5.88 482.2798 482.2761 -7.67




Results and Discussion 33

Table5: *H and*3C NMR chemical shifts 8f ,4! ,5! -THCLT(134), 3#,4! ,5! -THCLT(13b), 3! ,4! ,5! -THCLMT(144),
and3#,4! 5! -THCLMT (14b) in CDCk, %n ppm Thistableis adapted from my published papésQ

3!,4! 51 -THCLT (139 3",4! 51 -THCLT (13b) 3!,4! 51 -THCLMT (14a) 3",4! 5l -THCLMT (14b)

'C "H 'C "H 'C "H 'C "H
1 31.34 1+":1.39 35.80 1:1.03 31.35 1+":1.39 35.81 1:1.03
- ":1.70 - "171
2 27.48 1:1.86 28.65 1:1.91 27.51 1:1.86 28.65 1:1.91
":1.66 ":1.50 ":1.66 ":1.50
3 69.94 ":3.94 76.35 1:3.46 69.94 ":3.94 76.35 1:3.46
4 69.91 ":4.02 72.21 ":3.70 69.91 ":4.02 72.22 ":3.70
5 46.14 1:1.67 51.65 1:1.20 46.16 1:1.68 51.67 1:1.21
6 24.45 1:1.86 24.59 1:1.98 24.50 1:1.86 24.66 1:1.99
":1.08 ":1.10 ":1.08 "111
7 31.07 1:0.79 31.08 1:0.77 31.24 1:0.80 31.25 1:0.77
" 1.67 ":1.69 ":1.68 "171
8 35.20 ":1.32 35.02 ":1.31 36.05 ":1.36 35.84 ":1.35
9 54.33 1:0.73 54.47 1:0.63 54.25 1:0.72 54.36 1:0.61

10 39.32 - 38.83 - 39.33 - 38.85 -
11 20.48 1:1.51 20.73 1:1.49 20.54 1:1.52 20.78 1:1.51
":1.18 "1 1.22 ":1.19 "1 1.22
12 36.65 1:0.98 36.65 1:0.98 31.62 1:1.19 31.62 1:1.19
" 172 " 1.73 " 141 ":1.42

13 42.88 - 42.96 - 45.43 - 45.50 -
14 50.97 1:0.87 50.90 1:0.86 50.63 1:1.10 50.57 1:1.08
15 23.32 1:1.52 23.35 1:1.52 23.20 1:1.50 23.22 1:1.50
":1.18 ":1.19 " 117 ":1.19
16 30.56 1:1.99 30.57 1:1.99 39.01 1:1.66 39.02 1:1.66
":1.35 ":1.36 " 172 " 1.73

17 81.89 1:3.56 81.87 1:3.56 81.69 - 81.66 -

18 11.17 0.66 11.17 0.66 14.01 0.78 14.01 0.78
19 12.46 0.78 13.21 0.79 12.46 0.80 13.21 0.80

20 - - - - 25.88 1.14 25.83 1.14
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Figure 10: Normalized EI mass spectra (GQTOFRMS) of TMS derivativesof (a) 3!,4! 5 -THCLT (13a
[M] ¥=470.2777 mass error-4.47 ppm, RT 5.03 mi}y (b) 3#4! ,5 -THCLT (13h [M]¥=470.2799 mass error
0.21ppm,RT 5.67 mipat 70 eV Thisfigureis adapted from my published pajésQ

As expected, all diastereomers revealed very similar mass spedtra.mass spectra
of TMS-derivatized3! ,4! ,5! -THCLT (13a) and3",4! ,5! -THCLT (13b) (Figure 10),
the molecular ion m/z 470 shows a very low abundanable 6 andTable 7 show all
fragmentsand their corresponding mass errfarscompoundd.3aand13b, respectively,
which are discussed in this sectiddoth spectradisplay ions at mz 455, m/z 380,
m/z 365, and n¥ 275, corresponding to the fragments caused by losses of methyl group
and/or TMSOH from the molecule. All these fragments show the typical isotopic
signature of Gtontaining ions. The elimination of hydrochloric acid and TMSOH from
the molecule leads to m434 and m/z 344, respectively, with no-i§€btopic pattern.
Combined with theadditionallosses of methyl group and/or TMSOHetfragments
m/z 419, m/z 329, and m/239were producedyhichare less abundant in compoukfb
compared tol3a The abundat fragment at m/z 255 is proposed to result from the
cleavage of a TMSO radicad addition tothe losses of hydrochloric acid and TMSOH.
The ion at m/z 129 corresponds to the typigaing fragmentwith a 17-hydroxy group

[143.
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Table 6: Postulated fragment&xact masses, accurate masseass errors'(m/z) for3! ,4! 5! -THCLT (139 (GC
EI-QTORMS). Thistableis adapted from my published papédq

Postulated fragment Exact mass [m/z] Accurate mas [m/z] Am/z [ppm]
[M]¥* 470.2798 470.2777 -4.47
[M-CHg]* 455.2563 455.2545 -3.95
[M-HCIJ* 434.3031 434.3013 -4.14
[M-CHs-HCI]* 419.2796 419.2781 -3.58
[M-HCI-TMSOHJ** 344.2530 344.2523 -2.03
[M-HCI-TMSOH-CH;3]* 329.2295 329.2295 0.00
[M-HCI-TMSOH-TMSOJ* 255.2107 255.2110 1.18
[M-TMSOHTJ* 380.2297 380.2287 -2.63
[M-CHs-TMSOH]J* 365.2062 365.2057 -1.37
[M-CHz-2xTMSOHY 275.1561 275.1573 4.36
[M-HCI-2xTMSOH-CHg]* 239.1794 239.1797 1.25
[CeH1z0SI] 129.0730 129.0729 -0.77
[TMS]* 73.0468 73.0470 2.74

Table 7. Postulated fragmentgxact masses, accurate masseass errors'(m/z) for3#4! 5! -THCLT (13b) (GC-
EI-QTORMS). Thistableis adapted from my published papédQq

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M]¥* 470.2798 470.2799 0.21
[M-CHs]* 455.2563 455.2572 1.98
[M-HCI* 434.3031 434.3041 2.30
[M-CHz-HCI]* 419.2796 419.2802 1.43
[M-HCI-TMSOHJ** 344.2530 344.2535 1.45
[M-HCI-TMSOH-CH;z]* 329.2295 329.2301 1.82
[M-HCI-TMSOH-TMSOT* 255.21@0 255.2120 5.09
[M-TMSOHJ** 380.2297 380.2309 3.16
[M-CHs-TMSOH]J* 365.2062 365.2077 4.11
[M-CHz-2xTMSOHY 275.1561 275.1573 4.36
[M-HCI-2xTMSOH-CHg]* 239.1794 239.1801 2.93
[CeH130SiT 129.0730 129.0735 3.87

[TMS]* 73.0468 73.0474 8.21
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Figure 11: Normalized EI mass spectra (GQTORMS) of TMS derivativesf (a) 3!,4! 5! -THCLMT (14a
[M] ¥=484.2941 mass error-2.68 ppm,RT 5.60 mijy (b) 3#4! 5! -THCLMT (14b [M]*" =484.2947 mass
error -1.45ppm,RT 6.47 mihat 70 eV Thisfigureis adapted from my published pajj@4d

Analogously, in the mass spectra df-e¢hloro-17! -methyt5! -androstang%l 7" -
diols (14a 14b), a very low abundant molecular ion (m/z 484) was observed. The mass
spectra of compoursd4aandl4bare displayed ifigure 11. Table 8 andTable 9 show
all fragmentsand their corresponding mass errdos compoundsl4a and 14b,
respectively, which are discussed in this secfidre base peak m/z 143, achieved as a
D-ring fragment, is the indicator of the presence of amgthyl group in
trimethylsilylated 17hydroxysteroids[144]. In comparison to the mass spectra of
compoundsl3a and 13b, most of the fragments are incremented by 14 Da due to the
additional methyl group in position 17 in compouddsiand14b. The losses of methyl
group and TMSOH from the molecular ion lead to m/z 469 and m/z 379. The fragment
m/z 394 is generated by the loss of TMSOH from the molecule. The very low abundant
ions m/z 448 and m/z 358, are suggested to originate from the cleavage of hydrochloric
acid aml TMSOH from the molecular ion. The additional elimination of a methyl group
and TMSOH yields m/z 343 and m/z 253. Similar to the fragment m/z 255 in compounds
13aand 13b, the corresponding fragment in compoudds and 14b incremented by
14 Da due to th@resence athe17! -methylgroup yielding the abundant ion at n#289.
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Table 8: Postulated fragmentgxact masses, accurate masseass errors'(m/z) for3! ,4! 5! -THCLMT (149 (GG
EI-QTORMS). Thistableis adapted from my published papédq

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M]¥* 484.2954 484.2941 -2.68
[M-CHs]* 469.2719 469.2715 -0.85
[M-HCIJ* 448.3187 448.3170 -3.79
[M-HCI-TMSOHJ** 358.2686 358.2683 -0.84
[M-HCI-TMSOH-CH;z]* 343.2452 343.2448 -1.17
[M-HCI-TMSOH-TMSOJ" 269.2264 269.2264 0.00
[M-TMSOHTJ* 394.2453 394.2444 -2.28
[M-CHs-TMSOH]J* 379.2218 379.2216 -0.53
[M-HCI-TMSOH-CH;s]* 253.1951 253.1950 -0.39
[C7H1:0Si 143.0887 143.0888 0.70
[TMS]* 73.0468 73.0469 1.37

Table 9: Postulated fragments, exact masses, accurate mamass errors'(m/z) for 3,4! ,5' -THCLMT (@4b) (GC
EI-QTORMS) Thistableis adapted from my published papédQq

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M]¥* 484.2954 484.2947 -1.45
[M-CHs]* 469.2719 469.2720 0.21
[M-HCIJ* 448.3187 448.3162 -5.58
[M-HCI-TMSOHJ** 358.2686 358.2681 -1.40
[M-HCI-TMSOH-CH;3]* 343.2452 343.2448 -1.17
[M-HCI-TMSOH-TMSOT" 269.2264 269.2269 1.86
[M-TMSOHJ** 3942453 394.2450 -0.76
[M-CHs-TMSOH]J* 379.2218 379.2216 -0.53
[M-HCI-2xTMSOH-CHg]* 253.1951 253.1947 -1.58
[C7H1:0Si 143.0887 143.0891 2.80
[TMS]* 73.0468 73.0470 2.74

NMR data confirmed the structure assignments. NOE correlation gfl@kith ( -4
suggests that H and CH-19 were cofacial and-oriented, whereas the cross signal of
H-5 and H9! in NOESY spectra confirms that®land H9! were cofacially -oriented
[145. The gsereochemistryat C3in compoundsl3a and 14a was deduced from the
multiplicity of H-3 (13a ' H3 = 3.94 ppm, q, J = 2.9 H24a: ' H3 = 3.94 ppm, q, J =
2.9Hz) representing coupling constants of3ely with H2eq, H2ax, and H4ax. This
substantiated the orientation of3 and established the dwydroxy configuration. In
contrast, the multiplicity of F8 in 13b and 14b (13b: 'H3 = 3.46 ppm, ddd, J =
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11.6/9.3/5.3 Hz14b: ' H3 = 3.46 ppm, ddd, J = 11.5/9.3/5.3 Hz) showed thd-axial
coupling with H4ax and H2ax and the axis¢équatorial coupling with F2eq[146. This
indicates the axial orientation of-81, thus confirming the "3hydraxy configuration.
This assignment is also confirmed by NOE correlation-@f hvith H-1! and H5! .

4.1.2Synthesis of3a/3p-DHCLT (17a, 17b) and 3/3p-DHCLMT
(18a, 18b)

The reduction of the-Bxo-group starting from CLT or CLMT yieldecbrresponding
diastereomes of 3hydroxy analogsi(7a, 17b, 18a, 18b) as previously describgd1§.
The proposed stereochemistry of the structures was assigned according to the known
stereoskectivity of the reductions with the"dsomers as the major producis/g:17b,
3I'-OH:3'-0OH, 7:93;18a:180, 3! -OH:3"-OH, 8:92). The assignment is also supported
by the elution order; TMS derivatives df-Bydroxyandros#é-enes elute later than their
3! andogs[142. The retention timeof the TMS derivatives of thisur compomdsare
given inTable 4.
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Figure 12: NormalizedEl mass spectra (GQTORMS) of TMS derivativesf (a)3! -DHCLT (173 [M]*=468.2636
mass error-1.07ppm,RT 4.62 mi}y (b) 3#=DHCLT (17b, [M]*=468.2612 mass error-6.19ppm,RT 5.20 mih at
70eV. Thisfigureis adapted from my published pagpédQq

The molecular ion of TM&lerivatizel compoundsl7a and 17b is m/z 468 (hass
spectain Figure 12). However, it shows a very low abundance at 707&kble 10 and

Table 20 (Annex)show all fragmentand their corresponding mass erf@rscompounds
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17aand17b, respectively, which are discussed in this secfidve dominant fragment
m/z 433 is proposed to result frdire elimination of a chlorine radicpl47. With the
additional losses of the TMSOH groupetions m/z 343 and m/z 25&re generated
The elimination of methyl group and/or TMSOH group from the molecularesuited
in the formation of the fragment ions m/z 453, m/z 378, m/z 363, m/zv#Ti8h is

substantiated by the ®otopic signature.

Table10: Postulated fragment&xact masses, accurate masseass errors'(m/z) for3! -DHCLT (178) (GGEI-
QTORMS). Thistableis adapted from my published papédd

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]

[M]¥* 468.2641 468.2636 -1.07
[M-CHg]* 453.2406 453.2392 -3.09
[M-CIJ* 433.2953 433.2942 -2.54
[M-CI-TMSOHJ* 343.2452 343.2442 -291
[M-CI-2xTMSOHJ* 253.1951 253.1948 -1.18
[M-TMSOHTJ* 378.2140 378.2147 1.85
[M-CHs-TMSOHTJ 363.1905 363.1902 -0.83
[M-CHz-2xTMSOHY 273.1405 273.1417 4.39

[CeH1z0SI] 129.0730 129.0717 -10.07
[TMS]* 73.0468 73.0467 -1.37
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Figure 13: Normalized EI mass spectra (GQTORMS) of TMS derivativeof (a) 3!-DHCLMT (183
[M] ¥=482.2769 mass error-6.01ppm, RT 5.16 mijy and (b) 3=DHCLMT (18b, [M]*¥=482.2761 mass
error -7.67ppm,RT 5.88 mihat 70 eV Thisfigureis adapted from my published papadQ
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Similarly, pertrimethylsilylated compound8aand18b also show an extremely low
abundant molecular ion m/z 48&hdss specirin Figure 13). Table 11 and Table 21
(Annex) show all fragmenisnd their corresponding mass errfanscompoundd 8aand
18b, respectively, which are discussed in this secfidre most abundant and typical
fragments are m/z 447 and m/z 357, indicating the elimination of the chlorine radical and
the cleavage of TMSOH, respectively. The ion at m/z 267 represents an additional loss
of TMSOH. The fragments at m/z 467, m/z 392, m/z 377, and m/z 287 result from the
losses of methyl group and/or TMSOH from the molecule. The ion at m/z 143 is a typical

D-ring fragment for 1#hydroxylated and Liethylated compound447].

Table1l: Postulated fragmentgxact masses, accurate masseass errors'(m/z) for3! -DHCLMT (18a) (GC-EI-
QTORMYS). Thistableis adapted from my published papérQ

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M]¥* 482.2798 482.2769 -6.01
[M-CHa]* 467.2563 467.2566 0.64
[M-CIJ* 447.3109 447.3107 -0.45
[M-CI-TMSOHJ* 357.2608 357.2611 0.84
[M-CI-2xTMSOHJ* 267.2107 267.2108 0.37
[M-TMSOHTJ* 392.2297 392.2311 3.57
[M-CHs-TMSOH]J* 377.2062 377.2062 0.00
[M-CHz-2xTMSOHY 287.1561 287.1582 7.31
[C7H1:0SiT 143.0887 143.0886 -0.70
[TMS]* 73.0468 73.0470 2.74

4.2! Isolated Recombinant Enzyme Incubations

In vitro studies with isolated enzymes AKRIBKR1C4 and AKR1D1 were
performed to investigate theWnhg metabolism oMD as described inhapter 3.2.1The
metabolites obtained from the incubation were analyzed byeE@S and GCEI-
QTORMS after perTMS derivatization (detailed method inchapter 3.2.5and
chapter3.2.6, respectively

The biotransformizon of MD with AKR1D1 resulted in the formation 6f-DHMD,
which wasconfirmed bycomparison withreference materigmass spectra iRigure 34
in Annex), whereasliere are no metabolites of MD detectethmAKR1C2 incubatios.
The chromatogram of metabolite detected afi€R1D1 incubation withMD is shown

in Figure 14. The postulated fragmentnd their corresponding massrorsfor the
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metabolite 5p-DHMD are available in Table 22 (Annex). To further investigate the
metabolic mechanism of 3-oxo group reduction by AKRICs, the diastereomers 5a-
DHMD and 5B-DHMD were incubated with AKRI1C2, AKRI1C3, and AKRIC4,
respectively. Varying metabolic capacities were observed among different enzymes. The
incubations of AKR1C2 and AKR1C4 showed similar metabolic profiles, in which two
diastereomers resulting from the 3-oxo reduction for each substrate were detected. In
contrast, biotransformation of Sa-DHMD or 5-DHMD with AKR1C3 only produced
one metabolite. For example, the chromatograms of metabolites detected after AKR1C4
incubation with Sa-DHMD or 5B-DHMD are displayed in Figure 15 The
chromatograms of the sample extracts obtained from AKRI1C2 or AKR1C3 incubations
with 5a-DHMD or 5B-DHMD are available in Figure 35 and Figure 36 in Annex,

respectively.

5B-DHMD
11.81

9.5 10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15 15.5
Counts vs. Acquisition Time (min)

Figure 14: Extracted ion chromatogram (EIC) in GEI-MS (m/z 143) ch sample obtained after enzyme incubation
of AKRD1 with MD, showinds! -DHMD (RT11.81min) as peiTMS derivative
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Figure 15: EICs in GGEI-MS (m/z 143) of samples obtained after enzyme incubatigkk R% with (a) 8 -DHMD,
showing tentatively assigned,3! -THMD (RT 13563 min), 5! -DHMD (RT 1474 min), tentativelyassigneds#, 5 -
THMD (RT 1483 min), and MT(ISTD, RT 5.91min) as pesTMS derivatives; (b)%DHMD, showings#DHMD,
(RT 1180min), 3!, 5% THMD (RT 1303 min), tentatively assigned#, 5% THMD (RT 1348 min), and MT (ISTD, RT
15.90min) as pefTMS derivatives

The metabolite detected all 5'-DHMD incubations, was identified as !I-fnethyt
5"-androstl-ene3! ,17'-diol (3! ,5"-THMD) by the comparison of retention time and
mass spectra with those of authentic mateffagure 16 and Figure 37 (Anney).
However, the standard references for the other isomers are not available. Due to the fact
that the four metabolites exhibit highly similar mass spectra, the information obtained
from fragmentation analysis based on mass spectra alone isfficest to infer the
structures. Among the other three metabolitek;héthyt5" -androstl-ene3",17" -diol
(3",5"-THMD) was tentatively identified as the second metabolite resulting ffom 5
DHMD metabolism, in addition to the previously identified= -THMD. However, this
metabolite was only detected in AKR1C2 and AKR1C4 incubations. To deduce the
stereochemistry of the two metabolites in theCBAMD incubation, the elution order
was compared with that of fandrostl-ene3d! ,17'-diol and % -androstl-ene-3",17' -
diol reported in previous studge4§. It is assumed thatély may have the same elution
order due to their structural similarity. Therefore, it is proposed thiairiEthyt5! -
androstl-ene3! ,17'-diol (3! ,5!' -THMD) elutes earlier than 17methylt5! -androstl-
ened",17'-diol (3",5! -THMD). This assumption is suppodéy the fact that!35"-
THMD and 3,5"'-THMD elute in the same order a%-&ndrostl-ene3! ,17'-diol and
5"-androstl-ene3",17"-diol. However, the structures still need further confirmation
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with authentic reference materials. Similar to the two metabgiteduced by'5DHMD
metabolism, the I3isomer, i.e., B,5' -THMD, was detected in all enzyme incubations
with 5! -DHMD, whereas 3,5 -THMD was only present in AKR1C2 and AKR1C4
incubations. The retention times of the-p@&S derivatives of the four diasemers are

displayed inTable 23 (Annex).
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Figure 16: NormalizedEl mass spectra (GQTORMS) of TMS derivativesf (a) tentativelyassigned! ,5! -THMD
(IM] ¥'=448.3201 mass error 3.1ppm,RT4.49min) detected in the incubation of AKR1C4 VEthDHMD, (b)3! 5%
;r%z S/[M] ¥=448.3201 mass error3.12ppm,RT4.32min), formed bythe incubation of AKR1C4 wig#-DHMD,

As mentioned above, the four diastereomers showedsiriar mass spectra ith
only slight differenceskor examplethe mass spectra of 3! -THMD and 3 ,5'-THMD
are displayed irrigure 16, while the mass spectra of,8! -THMD and 3,5"'-THMD
are available in Figure 38 and Figure 39 in Annex. Table 12, Table 24 (Annex),
Table 13, andTable 25 (Annex)show all fragmentand their corresponding mass errors
for 3,5 -THMD, 3",5! -THMD, 3! ,5"-THMD, and 3,5"'-THMD, respectively, which
are discussed in this sectidn.the mass spectra tife fourTMS-derivatized compounds
with the molecular ion m/z 44&eyall show ionsat m/z 433[M-CHs]*), m/z 358([M -
TMSOHJ*), m/z 343([M-CHz-TMSOH]*), m/z 268([M-2xTMSOHJ*, and m/z 253
([IM-CHs-2xTMSOHT"), indicating thdragments resulting from thesses of ¥Ckhand/or
TMSOH from the molecule. Thiens atm/z 143and m/z 130 arthetypical fragments
of 17-methyl steroidsiesulting fromD-ring cleavag¢11Z. The fragment m/z 196 in the
mass spectra of'sisomerq3! ,5'-THMD and 3 ,5'-THMD) can be allocated to the A/B
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ring, corresponding to the fragment m/z 1i®&45"-DHMD that is common to steroids
with a ene3-oxo structurg¢149. However, this fragment was absent in the mass spectra
of 5! -isomerg(3! ,5! -THMD and 3,5! -THMD). Insteadthe fragment m/z 18&an also

be assigned to the fragment of the enolizeding.

Table 12: Posulated fragments, mass errorsni/z) forthe metabolitetentatively assigned & ,5!' -THMD, formed
bythe incubation of AKR1C4 withi -DHMD (GC-EI-QTORMYS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M]¥* 448.3187 4483201 3.12
[M-CHa]* 433.2953 433.2964 2.54
[M-TMSOHJ* 358.2686 358.2701 4.19
[M-CHs-TMSOH]* 343.2452 343.2463 3.20
[M-2XTMSOHF* 268.2186 268.2189 1.12
[M-CHz-2xTMSOHY 253.1951 253.1958 2.76
[C10H17OSI 181.1043 181.1045 1.10
[C7H1:0SiT 143.0887 143.0896 6.29
[TMS]* 73.0468 73.0475 9.58

Table 13 Postulated fragmentgxact masses, accurate masseass errors'(m/z) forthe metabolite3! ,5#-THMD,
formed bythe incubation of AKR1C4 wi#-DHMD (GCG-EI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M]¥* 448.3187 448.3201 3.12
[M-CHs]* 433.2953 433.2972 4.39
[M-TMSOHJ* 358.2686 358.2706 5.58
[M-CHs-TMSOH]* 343.2452 343.2471 5.54
[M-2XTMSOHJF* 268.2186 268.2197 4.10
[M-CHz-2xTMSOHY 253.1951 253.1962 4.34
[C11H200SIT 196.1278 196.1283 2.55
[C7H1:0SiT 143.0887 143.0898 7.69
[TMS]* 73.0468 73.0477 12.32

According to previous studies; Emetabolites are the predominant metabolitedDf
in humans. This may be attributed to the presendbent,2-double bond, which was
considered to inhibit the activity of &reductas¢b, 150. In this study, the conversion of
MD into 5'-reduced metabolite (i,&5"-DHMD) catalyzed by AKR1D1 showed a very
high efficiency, almost all d¥ID was successfully reduced by AKR1D1.
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The AKR1C subfamily membersexhibit varyingdegrees of preference fol -BiISD
and 3-HSD activities[34]. As stresed by Steckelbroecst al, when using! -DHT as
a substrate for3-oxo reduction, AKR1C1 primarily functimas a 3-HSD with
subsidiary B-HSD activity. AKR1C2 acts as a highly efficient and almost excludive 3
HSD. AKR1C3exhibits weak B/3"-HSD activity, and AKR1C4 is considered to be an
efficient 3 -HSD with subsidiary 3-HSD activity [34]. However,the results obtained
from the incubationseemto indicatea differentpreference to some exteihe relative
peak area (peak area of the substance in correlation to the complete peak area of all
detected substances (substrate and metabolites for each incubation)) aftéoooith
the internal standard (M was used to compare the results, as shovgure 17. The
biotransformatiosof thetwo substrateS! - or 5"-DHMD by the three isoforms exhileid
similar patters. However thesethree isoforms showed different preferesice 3! - and
3"-HSD activity. AKR1C2 and AKR1C4xhibitedboth 3 -HSD and 3-HSD activiies
for these two substratewhereasAKR1C3 exclusivdy showed3! -HSD activity.
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(substrate and metabolites for each incubatiamGGEI-MS analysis
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The sequence of the-ng reductionin 1,4dien-3-one steroids has been discussed
before based on the metabolites detected from human administration F3diE36
137. It has been proposed that the reduction of theng in MD starts from
hydrogenation of the 4,8ouble bond, followed by reduction of th@8o group. The last
step is hydrognation of the 1;2louble bond.

The absence of metabolites in the MD incubation with AKR1C2 suggests-oat 3
group reduction may not occur in the presence of both-@dyble bond and C4&ouble
bond. In contrast, the occurrence eb>® reduction irb! - and 5-DHMD indicates that
it can occur in the presence of GH@uble bond but after hydrogenation of Gdduble
bond. It has been reported that the reduction-oing in steroids with a-4ne3-one
structure initiates from reduction of C4gbuble bond, implying that ®xo group
reduction can only occur in the absence of &héble bond[28]. Furthermore, &
stressed by Loket al,, if the C1,2double bond was reduced before the Gihible bond,
5! -metabolitesvould bedetected asrinaly metaboliteof MD. However,according to
previous studiesthis is not the casgd3]. Yet, the order of @xo reduction and
hydrogenation of C1;Aouble bondremains upertain The presence of"5reduced
metabolite (i.e., 5DHMD) only suggesthat hydrogenation of C4&ouble bond can
occur before that of C1;@ouble bondwhich is supportto some extertty the absence
of metabolites with 4€ne3-one or only 3-oxo structurs in previous studieg93].
Therefore, the results obtained from this stpdytially support thesequence of Aing
reductionthat alignswith previous postulation®3, 136 137]. The proposed sequence

of A-ring reduction is displayed irigure 18.

N

KR1D1

foes zjé foo

H

AKR1C2 AKR1C2 AKR1C2 AKR1C2
AKRIC3 AKR1C4 AKR1C3 AKR1C4
AKR1C4 AKR1C4

Figure 18: Proposed sequence ofriag reduction
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4.3! In vitro Biotransformation of Androgens by Human
Fibroblasts and Keratinocytes

4.3.1'Metabolite Detection

Growth media samples following the exposure of human fibroblasts and keratinocytes
with T, MD, MT, CLT, DHCMT, and CLMTwere analyzed by GEI-MS and GCEI-
QTORMS after perTMS derivatization. The metabolites were identified by the
comparison of retention times and mass spectra with either commercially available
authentic materials or ihouse synthesized references. The incubation of human
fibroblasts and keratinoog$ with amabolic steroids shares a very similar metabolic
pattern, although the abundance of metabolites produced by each cell type varied to some
extent This will be discussed ichapter 4.3.3After the incubation,only reduced
metabolites and oxidizedetabolites were detected in the sample extracts reduced
metabolites dominatindgHowever, no metabolites were detected from MD and DHCMT.

In sample extracts from T incubation,-BHT and 3 Adiol wereidentified bythe
comparisonof the retention tira and mass spectrwith those ofreferencematerials
(Figure 40 and Figure 41 in AnneX. Table 26 and Table 27 in Annex display the
postulated fragmentand their corresponding mass errfos these two metabolites
However, 5! Adiol was only observed in some of the T incubation samplssan
example, Figure 19 shows a typical chromatogram of the samples obtained after
incubation of T with keratinocyte®oth metaboliteshave beerreported in previous
research conducted in human skin cgllg5 151, 157. The result is consistent with
previous findings in keratinocytes and fibroblasts that were isolated from breast or genital
skin, wherel can be principally converted to the potent derivativéDBIT [151, 153.
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Figure 19: Overlay ofEICs of samples obtained after incubation of human keratinocytes with T, showing metabolites
5I'Adiol (RT 3.94 min; EIC m/z 241.1951 + 0.5000) &eDHT (RT 4.50min; EIC m/z 434.303% 0.5000 as per
TMS derivativesThis figure is dapted from my published pagd4q
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Similar to T incubation, the!5reduced metabolitel 7' -hydroxy-17' -methyt5! -
androstaa-3-one(mestanoloneyISL), was detected in MT incubation and confirmed by
comparison with the reference mate(iigure 42in Annex. Table 28 (Annex)displays
the postulaed fragmentsand their corresponding mass errtos the metabolite MSL
Figure 20 shows theGC-EI-MS chromatogram of thesample extracs after MT
incubation.This metabolite was not reported as a metabolite after MT administration
before[93, 94, 118 137, 154158. However, no skin cell incubation or transdermal
administration of MT was performehllloreover, the two main urinary metabolites of MT
in humans [118, 17! -methyt5! -androstand! , 17" -diol (35! -
tetrahydromethyltestosteror@ 5! -THMT) and 17! -methyt5" -androstanes! ,17'-diol
(3!'5"-THMT), were absent from the sample extracts. The observed differences are likely
due to the rapid reduction of theo8o growp after the 4,5louble bond reduction in the
human body compared to the skin cell incubal®@#). Despitethe presnce of3! -HSD
enzymesas been reported imuman skin cellf123 125, thar activities inskincellsare
lower comparedo the liver,wheretheseenzymes are predominantly expresgz@i34].
Therefore, it is possible th#te amount of théully reduced metabolites &y be todow

to be detected.
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Figure 20: EIC of metabolites detectedter incubation of human keratinocytes with MT (EIC m/z 448.3183000,
showing metabolit®SL(RT 5.12 min) as pefMS derivativeThis figure is adagd from my published papgt4Q
After CLT incubation3!-DHCLT, 3"-DHCLT, 3!,4! /5 -THCLT and 3",4! ,5! -
THCLT were identified by comparison with synthesized referenides mass spectra of
these four metabolites are availalieFigure 43, Figure 44, Figure 45, andFigure 46
in Annex.The postulated fragmenasid thé correspondingnass errorare available in
Table 29, Table 30, Table 31, andTable 32 in Annex The typical chromatogram tie
sample extracts after CLT incubatisrdisplayed irFigure 21. An additional signal was

assigned to +hloro-3! -hydroxyandros#é-ene-17-one by comparison with the
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commercially available referen¢€igure 47 in Annex. Table 33 (Annex) showsthe
postulatedragmentsand their corresponding mass errétswever, it was not traceable

in all samples due to its very low abundantkis compoundwas found as the main
metabolite of CLTafter human oral administration and transdermal administrpta®)

118. The metabolite3! -DHCLT was first reported ag metabolite of CLT in cattle in
1994[159. A metabolite with a fully reduced-Ang was first reported in cattle after
intramuscular administtion of CLT acetate, but its stereochemical structure was not
clearly determined16(]. Later, excretion studies identifiededhloro-5%androstane
3%17'-diol-3%sulfate as a phase Il metabolite in human ufit@&l]. However, the
stereochemical strtre remained undefined due to the lack of authentic matByal.
transfer of the findings reported inhere, reasonable assignments will be possible and
structure confirmation of the urinary metabolites will be achieved in future stuilies.
contrast to théindings of de la Torreet al through human transdermal administration
[103, where 5"-reduced metaboligewere predominant, only '5metabolites were

detected in this study.
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Figure 21: Overlay of EICs of metabolites detectedfter incubation of human keratinocytes with CLT, showing
metabolites £hloro-3! -hydroxy-androst4-ere-17-one (RT 4.48 minEIC m/z466.2485+ 0.5000, 3! -DHCLT (RT

4.63min EICm/z 433.2953 + 0.50Q(! 4! ,5! -THCLT (RT 5.02 mirEIC m/z455.2563 + 0.50003#DHCLT (RT
5.20 min EIC m/z 433.2953 + 0.500Cand 34! ,5! -THCLT(RT 5.64min; EIC m/z 455.2563 + 0.50p@s perTMS
derivatives This figure is adapted from my published padetq

Analogous to CLT3! -DHCLMT, 3"-DHCLMT, 3! ,4! ,5! -THCLMT, and3",4! ,5! -
THCLMT were detected in CLMTincubation, and confirmed by comparison with
synthesized reference$he mass spectra of these four metabolites are available in
Figure 48, Figure 49, Figure 50, andFigure 51in Annex.The postulated fragmerasid
their corresponding mass erraise available inTable 34, Table 35, Table 36, and
Table 37 in Annex The typical chromatogram of sample extracts of CLMT incubation

is shown inFigure 22. Limited datas availableregarding the metabolism of CLMT, with
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only a few studies witmicrobiota[162 163 and onein vivo study in uPA”*-SCID
chimeric mousd164]. Although CLMT has been misuséd the early 1970s by East
German athletes, information on the metabolic studidsnited "#$% 4-Chloro-17! -
methylandrosté-ene3%l7'-diol, the active substance in the supplement Promagnon,
was reported as a metabolite in UPACID chimeric mouse urine after CLMT
administration164]. No fully reduced metabolitgse., THCLMT) havebeenreported

before.
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Figure 22: Overlay of EICs of metabolites detectedfter incubation of human keratinocytes with CLMT, showing
metabolites B-DHCLMT (RT 5.16 minEIC m/z 357.2608 + 0.50p03 ,4! ,5!-THCLMT (RT 5.59 minEIC
m/z469.2719 + 0.5000 3#-DHCLMT (RT 5.89 minEIC m/z 357.2608 + 0.50p0and 34! 5! -THCLMT (RT
6.46min; EIC m/z 469.2719 + 0.50D@s perTMS derivativesThis figure is adapted from my published papdet(

4.3.22Comparison of Metabolic Pathways

According to the results obtained in this study, it was observed that the sequences of
A-ring reduction among these six steroids in human skin cells are differentdrade=
characteristics of chemical structures.

As stressed inrngvious studies, the-dne3-one steroids typically follow the order
startingwith reduction otthe4,5double bond followed by reduction tife 3-oxo group
[28]. Moreover as discussed in chapter 4sgroids witha 1,4-dien-3-onestructureseem
to follow the same sequence asede3-one steroids, with the 1,2double bond
undergoing additional reduction at the last step of then@ reduction93, 137]. This
finding is also partially supported bythe studies conducted with isolated reconamt
AKR1C2-4 enzymes, where thedXo reduction did not take place in MD, whereas it
occurred in 5- and 5-DHMD. This indicates that the presence of Cdgrible bond may
hinder the3-oxo reduction

The metabolism of T, MD, and MT in this study is cetent with the proposed
metabolic sequence.! DHT and MSL were produced from T and MT incubation,
respectively, through the! Eeduction catalyzed by sterefd -reductasg166. This is
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subsequently followed by reduction of th@ group in 5-DHT by 3 -HSD resulting
in 5! Adiol (Figure 23).

In contrast to T and MTno metabolites were detected in the incubation of MD with
either keratinocytes or fibroblasthis may be attributed titnve factthatthe first step of
A-ring reduction i.e., the reduction dhe C4,5double bond, did not take place in MD
incubationas in T and MTincubationslIt has been proposed that the preseoica 1,2
double bond inhibits the activity off Heductasd5, 150. This assumption is strongly
supportedby the absenceof 5!-metabolites after oral administration of M[93].
Moreover,the absence of'5reduced metabolites in all sample extragisstantiatesa
limited or negligible role of 5-reductase in the metabolism by human skin célss is
in line with the previous findings in human skin mod&lse expression of!5reductase
(SRD5A1 and SRD5A2has been reported in both human foreskin keratinocytes and
fibroblasts[123 125. In contrast the 5-reductase (AKR1D1) is most abundantly
expressed in the livgA9, 50] and has not been reported in human skin cElierefore,
no further Aring reduction occurs in MD in the mence of the C4,5 double bond,
resulting in no detectable metabolites in MD incubations.

Conversely, the compounds with a chlorine group at position 4, CLT and CLMT,
undergo a different metabolic sequence compared to T and MT. As describetSnzer
et d., the chlorine atom at-@ might inhibit5! - and 5 -reductase to some degidd.g.

The production of the metabolit&/3"-DHCLT and 3! /3"-DHCLMT from CLT and
CLMT, respectively, implies that thedo group can beeducedn the presence of the
C4,5-double bond, which is in line with the statementsSeSnzeet al [5, 11§. It is
proposed that the subsequent reduction of theldble bond leads to corresponding
fully reduced metabolite3! /3",4! ,5! -THCLT and3! /3" ,4! ,5! -THCLMT (Figure 23).

According to thesequenc@roposed by Loket al, the 3 -reductionmay take place
after the reduction of the tdbuble bond in DHCMT, followed by the reduction of the
3-0xo groud 167], whereas the"sreduction can occur in the presence ofdo2ble bond.
However, the specific enzyme responsible for catalyzingd@ible bond reduction in
humans remains unclear, and the data obtained in the study reported inhere underline that
there is no evidence to support its expression in human skinloehls. presence of CL,2
double bond, hydrogenation of the 4lduble bond catalyzed by Seductase di not
occur in DHCMT incubations, as also observed in MD incubations. Consequently, this
hindered the reduction of theaXo group, resulting in naonetabolites detected in
DHCMT incubations.
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a OH OH
G’ Steroid %-reductase G’ 31-HSD G’
¢} B HO R

b OH OH
G’ Steroid 3-reductase G’
LT EReOL
31-HSD HO" HO™ ™
OH cl a

o ‘0 , ‘0

Figure 23: Proposed Aing reduction sequence of (a) T and (b) CLT

4.3 .3'Metabolic Characteristics in Human Fibroblasts and
Keratinocytes

Fibroblastsor keratinocytes used in this study were from three domespectively
The metabolites produced by cells from different dorexsibited similar metabolite
patterns, albeit with slight differences in their quantities. Furthermore, it seems that the
two types of cells showed different metabolic capabilities based on the chemical
structuresThe difference observed betwe#roblasts and keratinotgs may due to the
varying levels of enzyme expressidior examplejt has been reported that the mRNA
expression of SRD5A1 wdsundin both foreskin keratinocytes and fibroblasts, while
SRD5A2 was only detectable in fibroblakl23 125. Based on the results, the metabolic
conversion levels of compounds with a chlorine group at position 4 appear tghbky sli
higher in keratinocytedVith the exception of compour8i,4! ,5! -THCLT, the relative
peak area of metabolit@-DHCLT, 3'-DHCLT, 3 ,4! 5! -THCLT, 3 -DHCLMT, 3"-
DHCLMT, 3!,4! ,51-THCLMT, and 3,4! ,5-THCLMT detected in keratinocyte
incubation was 4:81.8, 2.1, 12.1, 4.9, 3.2-, and2.3-fold higher than in fibroblasts,
respectively(Figure 24). In contrast, compounds lacking the chlorine group tend to
produce a higher level of metabolites in fibradis. More specifically, the relative peak
area of metaboliteS! -DHT andMSL detected in fibroblast incubation was found to be
3.0- and 5.4fold higher than in keratinocytes, respectively.
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Figure 24: The peak area(relative to the internal standardT{ds)) of metabolites detémd in fibroblasts and
keratinocytes incubated with (a)(EIC m/z 434)(b) MT(EIC m/z 143)(c) CLT(EIC m/z 433 and m/z 25%nd (d)
CLMT (EIC m/z357 and m/z 143meant SD; n= 3), in GGEI-MSanalysis This figure is adapted from my published

pape [14Q

4.4! In vivo Biotransformation in Fish Embryo Model

To investigate whethemedakaembryos might be an alternative, rammal test
model to study humalike meabolism,the anabolic steroid MD was used asnodel
substanceThe results of MD metabolism and the discussion concerning the usability of
the medakaembryo model as an adequate model are presented in the folldveiptgr
4.4.1.

To further investigatehe metabolic characteristics of anabolic steroidh@medaka
embryo model[*3Cs]-T and MT were used in the following studyhe metabolic patterns
of two compounds imedakaembryos are presenteddhapter4.4.2.

4.4 .1Evaluation of Medaka Embryo Model through Metabolite
Analysis for MD

Sample extrastobtained frommedakaembryo incubation with MD erediluted and
analyzed by LEESI-MS/MS directly, or by GC-EI-QTOFRMS after derivatization The
results obtained show that the embryos produced ¥&lDrmetabolies. Those were
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postulated to be three mohgdroxylation metabolites, including " éydroxy
metandienone 6 OH-MD, M1), tentatively 180HMD (M2), tentatively 160-MD
(M3), as well as one reduced metabolite3HMD (M4).

In the pilotexperimenta peak ofmetabolic capacity washownafter day 8  dpf),
which did not change until hatching. Frofndpf, the reduced metabolite was detected,
whereas the hydroxylated metabolitgere observedrom 8 dpf. During the 10 day
incubation periodno sexdependent dlierences in metabolite pattern were observed
Developmental malformati@were observed for the exposition to 8 MD, while a
significant elevation of the heart beat was also present in #mbgyosexposed to the
lower dosg10$M) for 8 days.Therefore, an incubation from 6 to 8 days of development
was established as standard proteath strain drR.YHNI.

In LC-ESI-MS analysis,all four metabolites were detected after the incubation
Figure 25showsatypical chromatogram of the samples obtained after incubation of MD
with themedakaembryos. e structure oM1 was identified by comparison of the data
obtained in extracted samples with authentic reference mafEnaletention time ath
product ion mass speatn of M1 matched with those from authentic material of
6"OH-MD. The mass spectra dfll and its reference compound are available in
Figure 26 and Figure 52 (Annex), respectively The postulated fragmentnd their
corresponding mass errofgr M1 are displayed inTable 14. M4 can be tentatively
identified as 5-DHMD or 5'-DHMD by the comprison of the retention timeith that
of reference materialsélowever,due to the similarity of the product ion specaraong
5! -DHMD, 5"-DHMD, andM4, the stereochemistry #te C5 position ofiM4 cannot be
confirmed based on the EESIMS/MS analysis Figure 53 (AnneX displays the
product ion spectrum @fl4. Due to the lack of authentic materials, the structur@g2of
andM3 canonly be postulated based on the fragmentadiwalysis of their producon
spectra.The retention times of tlse four metabolitesin LC-ESI-MS are given in
Table 38 (Annex)
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Figure 25: Overlay of EICs (LC-ESFQTORMS)of a sample obtained afterday incubation omedakambryos with

10 pM MD. 6#0H-MD (M1, RT 4.7 min; EIC m/z 317.2111 + 0.5000monehydroxy MD #12, RT 5.22 minEIC
m/z 317.2111 + 0.50p0monehydroxy MD M3, RT 5.8 min; EIC m/z317.2111 + 0.5000T-ds (internal standard,
ISTD, RT 6.38min; EIC m/z 292.2350 + 0.50p0noncereduced MD(M4, RT 6.97min; EIC m/z 303.2319 + 0.50R0
This figure and the following figures and tables in chapter 4.4vk baen publishedmaterial from:Lingyu Liu,
Medaka embryos as a model for metabolism of anabtdroids, Archives of Toxicology, published [2022], [Springer]
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Figure 26. Product ion spectrg LC-ESFQTORMS/MS)of (@) 6#OH-MD (M1, [M+H] *=3172112 mass error
0.32ppm,RT 4.71 mik (b) monehydroxy MD M2, [M+H] *=317.2100 mass error3.47ppm,RT 5.22 mij and(c)
monchydroxy MD M3, [M+H] *=317.2105 mass error-1.89ppm, RT 5.34 mij formed bymedakaembryos
incubated with 1QuM MD, collision energy 23.1 eMhisfigure is adapted from my published pap&6g
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MetabolitesM1, M2, and M3 have the same molecular iom/z 317, suggesting a
hydroxylation with respect tMD. Figure 26 shows the product ion spectraMi, M2,
and M3 obtained by LEESIMS/MS. Table 14, Table 15, and Table 16 show all
fragmentsand their corresponding mass errfaisM1, M2, andM3, respectively, which
are discussed in thigstion. The fragmentions atm/z299 and 281 were found in all the
product ion spectra of these three metabolites, representing water losses from the
molecular ion withm/z317. The ions am/z121, 147, 171and 173 were commonly
observed and discussed foydroxylated MD metabolites in literatuf#69-171], which
were also detected in the product ion spectrislbf M2, andM3. The 1,4dien3-one
structure was iddified by the product ionm/z121 andm/z147[172 173. According
to SchSnzeet al, the fragment am/z 121 is proposed to result from fissions 6CC
bonds between C67 and C9C10[173. However, two different product ions at nominal
masam/z147 were obsenegein M2 andM3. As proposed by heviset al and Pozet al,
m/z147.0793 obtained from3 is suggested to result from the ,B-, and Grings of
1,4-dien-3-one steroids by fissions of the linkages betweeh ahdC-7, G8 and C9,
and G11 and G12, while the fragment an/z147.1152 fromM2 is generated from -C
and Dring [172 174). This indicates that the inta&,4-dien-3-one structure has been
substantiated in the structure of metaboliks

Table 14: Postulated fragmentsxact masses, accurate ssasmass errors'{m/z) forM1, LG-ESFMS/MS Thistable
is adapted from my published papé6g

Postulated fragment ~ Exact mass [m/z] Accurate mass [m/z] Mass error [ppm]  Rings involved

[M+H]* 317.2111 317.2112 0.32 A-B-C-D
[M+H-H.0]* 299.2006 299.2012 2.01 A-B-C-D
[M+H-2H,0]* 281.1900 281.1897 -1.07 A-B-C-D
[M+H-3H,0]* 263.1794 263.1793 -0.38 A-B-C-D
[M+H-H,O-74 Dal* 225.1274 225.1269 -2.22 A-B-C
[C12H130]* 173.0961 173.0960 -0.58 A-B
[C12H11OT* 171.0804 171.0800 -2.34 A-B
[C1oH110T* 147.0804 147.0802 -1.36 A-B

[CeHO]* 121.0648 121.0640 -6.61 A
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Table 15: Postulated fragmentsxact masses, accurate massesss erres (' m/z) forM2, LG-ESFMS/MS Thistable
is adapted from my published papé6g

Postulated fragment  Exact mass [m/z] Accurate mass [m/z] Mass error [ppm] Rings involved
[M+H]* 317.2111 317.2100 -3.47 A-B-C-D
[M+H-H,0O]* 299.2006 299.1978 -9.36 A-B-C-D
[M+H-2H,0]* 281.1900 281.1877 -8.18 A-B-C-D
[M+H-H,O-CHOJ* 269.1900 269.1878 -8.17 A-B-C-D
[C12H130T" 173.0961 173.0952 -5.20 A-B
[C12H11OT* 1710804 171.0786 -10.52 A-B
[C11H1g]* 147.1168 147.1152 -10.88 C-D
[CsHoO]* 121.0648 121.0630 -14.87 A

Table 16: Postulated fragmentsxact masses, accurate massesss errors'{m/z) forM3, LG-ESFMS/MS Thistable
is adapted from my published papé6g

Postulated fragment  Exact mass [m/z] Accurate mass [m/z] Mass error [ppm] Rings involved

[M+H]* 317.2111 317.2105 -1.89 A-B-C-D
[M+H-H.0]* 299.2006 299.1989 -5.68 A-B-C-D
[M+H-2H,0]* 281.1900 281.1890 -3.56 A-B-C-D

[C16H150]" 227.14%9 227.1427 -1.32 A-B-C
[C12H130]" 173.0961 173.0951 -5.78 A-B
[C12H110T* 171.0804 171.0793 -6.43 A-B
[C1oH110T* 147.0804 147.0793 -7.48 A-B
[CeHO]* 121.0648 121.0638 -8.26 A

As proposed by Musharrat al, the product ion aim/z225 of M1 wasgeneratd
owing to the loss of 5Ba from the Bring and two water lossém thequasi molecular
ion [M+H]*, containingA-, B-, and Cring. The hydroxy group at position 6 was
eliminated in this proce4d70. The similar fragment was obxed in the product ion
spectrum oM3, which is shifted towards m/z 227 (+2)D&his is alson consistent with
the postulation tha¥13 remairs the intact 1,4dien-3-one structure as MDI'herefore, ti
is assumed that the additional hydroxy grouMa8fis located irthe Dring.

In the product ion spectrum dfl2 the fragmention m/z 269 is proposed to be
generated due to the neutral lossopimaldehyde (30 Da) froitthe molecular ion with an
additional loss of wateindicating the presence of a hydroxtgld methyl residue in the
structure ofM2 [173. Given thatM2 keeps the caerved structure dhe D-ring with
respect to MD, the position of the hydpeatedmethyl residue cabe assumed at C18 or

C19. However, a comparison of spectra and retention time with authentic reference
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material is necessary for the ultimate confirmatiorthe future(level 1 confidence
according td179).
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Figure 27. Overlay of EICs in GG-EI-QTORMS after TMIS derivatization showirfijve main products after -2lay
incubation ofmedakaembryos with 1@M MD. 5-DHMD (M4, RT 3.99 minEIC m/z 446.3031 + 0.50ASTD
(T-ds, RT4.70min; EIC m/z 435.3063 + 0.50D06#0OH-MD (M1, RT 6.45 minEIC m/z532.321% 0.5000, mone
hydroxy MD M2, RT 6.51 minEIC m/z532.3219 + 0.5000monehydroxy MD M3, RT 7.46 minEIC m/z532.3219
+ 0.5000. Thisfigureis adapted from my published papé&6§

Table 17: Per-TMS derivatives of metabolites detected in samples obtained -afégridcubation of medaka embryos
with 10puM MD by GG-EI-QTORMS Thistableis adapted from my published pap&6§

e e oy Mo e ssomen
1 [C26H460-Siz] ¥ 446.3031 446.3038 1.57 3.99 5"-DHMD (M4)
2 [C26H5205Sis] ¥ 532.3219 532.3237 3.38 6.45 6" OH-MD (M1)
3 [C2oH5205Sis]¥* 532.3219 532.3228 1.69 6.51 180HMD" (M2)
4 [C2eH5205Si3] ¥* 532.3219 532.3231 2.25 7.46 160HMD" (M3)

* Tentative assignment.

To have more fragmentation information the monehydroxylated metabolites, and
to further confirm the stereochemistry of the @54, additional GC-EI-QTORMS
analysis was performeéigure 27 shows theGC-EI-QTORMS chromatogram (EICSs)
after TMIS derivatization of the produci&he retention times of metabolites detected in
GC-EI-QTORMS are displayed iable 17. The moleculaion of metaboliteat3.99min
is m/z446, which was identified as"SDHMD (i.e., M4) after the comparison of the
retention time and mass spectra with those of reference mafEiiaire 34 and
Figure 54 in AnneX. Table 39 (Annex) displaysthe postulated fragmentand their
corresponding mass errofkhis is alsaon accordance with the results published before
[38, 93], which report that almost all of the reduced metaéslitroduced froriviD show

ab"-stereochemistry structure.
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Figure 28: NormalizedEl mass spectra (GQTORMS) of TMS derivative®f (a) monehydroxy MD W2,
[M] ¥=532.3239 mass error3.76ppm,RT 6.51min) and f) monehydroxy MD M3, [M] ¥=532.3231 mass error
2.25ppm, RT 7.46 mil formed bymedakaembryos incubated with @M MD. This figure is adapted from my
published papef16§

Table 18 Postulated fragmentgxact masses, accurate masseass errors '(m/z) for TMSderivative ofmone
hydroxy MD M2), GG-EI-QTORMS. Thistableis adapted from my published papé&68

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Mass error [ppm]
[M]¥ 532.3219 532.3239 3.76
[M-CHs]* 517.2984 517.3002 3.48
[M-TMSOHTJ* 442.2718 442.2711 -1.58
[M-CHx-TMSOJ* 429.2645 429.2643 -0.47
[M-CHz-2XxTMSOHY 337.1982 337.1988 1.78
[M-CHx-TMSO-TMSOHJ* 339.2139 339.2148 2.65
[TMS]* 73.0468 73.0471 4.11

GC-EI-QTORMS analysis also showed three mdnalroxylated metabolites formed
by medaka embryos. The molecular iom$z532) of trisTMS-OH-MD derivatives were
identified. The metabolite at 6.45 min was assignédXdyy comparison with authentic
reference materigimass spectrin Figure 55 in AnneX. Table 40 (Annex) shows all
postulated fragmentmnd their corresponding mass errfansM1. The mass spectrum of
the metabolite at 6.54in is displayed irFigure 28. Table 18 shows all fagmentsand
their corresponding mass errdos this metabolit€RT 6.51min), which are discussed in
this section. The fragment ions atm/z 517 (M-CHs]*), and m/z337
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([M-CHs-2xTMSOHYT") are generated by the losses¥@H and/or TMSOH from the
molecule.Notably, an exclusive fragment/z429 was observed in the mass spectrum of
this metabolite (RT 6.51 min), which is correlated to the characteristic loss of
TMS-O-CH,¥(103 Da) from the molecular iom(z532) discussed for steroids bearing a

hydroxymethylgroup [176]. This is followed by a loss of TMSOH (90 Da) yielding
m/z339[177]. The fragmenin/z206 is suggested to arise from the cleavage of the C9
C10 and C*C8 bonds, comprising the-Ang and the C6 and C7 carbdi¥ g, which
indicates the unaltered 1gden3-one structure after enolization byneans of
trimethylsilylation[111]. This fragment was found for both metabolites at %1 and
7.46min. This substantiates an intact structure -ocdd Bring derived fronMD in both
analytes. Moreover, the mass spectrum ofntleéaboliteat 6.5 min is in line with that

of 180HMD previously reported by Paret al [177], providing level 2 confidence in
identification. Hence, this metabolite (RT 6.51nnivas postulated to be 18EMD
(M2). However, the confirmation of its structure still needs further comparison with

reference material in the future.

Table19: Postulated fragmentsgxact masses, accurate masseass errors '(m/z) for TMSdeilivative ofmone
hydroxy MD M3), GGEI-QTORMS. Thistableis adapted from my published papé&68

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Mass error [ppm]
[M]¥* 532.3219 532.3231 2.25
[M-CHs]* 517.2984 517.2989 0.97
[M-TMSOHTJ* 442.2718 442.2714 -0.90
[M-CHs-TMSOH]J* 427.2483 427.2499 3.74
[M-CHz-2xTMSOHY 337.1982 337.1990 2.37
[TMS]* 73.0468 73.0470 2.74

The mass spectrum of the metabolite at 7.46 igufe 28) shows ions amn/z427
([IM-CH3-TMSOH]*Y) andm/z337 (M-CHs-2xTMSOHYT), indicating the losses of two
TMSOH and¥CH, from the molecular ionTable 19 shows all fragmentand their
corresponding mass errdis this metabolit€d RT 7.46min), which are discussed in this
section.The ion aim/z299 is proposed to result from the loss efilly [179. Therefore,
the combination of fragment ioms/z206 andm/z299 represents a conserved structure
of A-, B-, and Cring derived fromMD. The fragment iom/z231 is proposed to originate
from the cleavage of the-bBing, which is incremented by 88 Da from the typical fragment
of 17-methyl steroids an/z143 due to the additional hydroxy group in theily [177].
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This supports the assumption that the hydroxy group in this metabolite (Rmin}s
located at the Bing. Accordingly, its mass spectrum is consistent with that of 2640H
reported in the literaturfd 77].

In combination with the data from LESIFMS/MS, the metabolite at 61 min was
allocated tdM12, tentatively assigned as 18@WHD, while the metabolite at 7.46 mimas
proposed to correspond M3, which was postulated to be 16#D. However, for
ultimate confirmation of the structures, but also stereochemical assignment of
16-hydroxylation, comparison with authentic reference materials is necesdaryher
investgatiors.

Since the first detection of MD in human urine samples in 198DHEVID has been
one of theMD target metabolites investigated in routine doping anal$8d. The other
three metabolites generated by thedakaembryos are also known to be excreted in
humans.5"-DHMD was first found after MD administration in human urine in 1991
[136. While 160HMD was first detected as a phase | metabolite in horse urine in 1992,
administration studies identified 16GWD and 180HMD as human urinaryMD
metabolites latef177, 181]. Although full confirmation of the two morAaydroxylated
metabolitesM2 and M3 was not possible due tihe lackof reference materisl the
comparison of the data obtanh with previous results allows fire showrpostulation
[177]. Thus, level 2 confidence in identification is achieved.

In the past few years, a couple of stgdievestigated the zebrafisBgnio rerio) asa
species to model human metabolism of different dopatated compound classes (e.g.,
anabolic steroids, stimulants, cannabimimetics, secretago@i@g)128 187. The
so-called zebrafish water tank model seems to be a promising model for metabolis
studies. As this model uses adult zebrafish, every compound treatment repaasent
animal experiment and therefore needs approval by responsible governing animal welfare
authorities. In contrast, thmedakaembryo model investigated in the present stigsdy
nonanimal in vivo test system for which no approval is requir€dirthermore, n
comparison toin vitro metabolic models, the medaka embryo model allows for
simultaneous analysis of biotransformation and potential toxiBaged on thaimilar
outoomes with human administration studies, medaka embryos may serve as an
alternative model to identify potential metabolites for human biotransformation of
dopingrelevant compounds.

Further studies are necessary to substantiate the usability aetlekaembryo as a

model for human biotransformation. Still, strong expertise and facilities are a prerequisite



62 Results and Discussion

to address this topic but if proven, this modely contribute to redung and replamg
animal experiments as defined by the 3R principle of animdiareelBesids this, in
contrast to the zebrafismedakaoffers another interesting feature that genotypic sex can
be easily identified, which might be of interest for future studibss part ofthe study
includes material previously publishefls one ofthe authors, | have the right to reuse
the article in whole or in part ithis thesis(Lingyu Liu, Medaka embryos as a model for

metabolism of anabolic steroids, Archives of Toxicology, published [2022], [Springer])

[169.

4.4 .2Biotransformation of [13C3]-Testosteroneand
Methyltestosterone in Medaka Embryo Model

As described earlieflT and MT possess very similar structures with the additional
17" -methyl group in MTThus, themetabolic patterns of these two compoundaéuaka
embryosarecompared and discussed.

There are no significant sespecific or substrate concentration differences in
metabolite production. In all cases, the same metabolites were producedyigthosight
differences in amounts.

The sample extracts were analyzed3s¢EI-MS. Figure 29 shows the chromatogram
of the sample obtained after medaka embryo incubation #@{T in GGMS analysis.
The metabolism of'fC3]-T in the medaka embryo model mainly involved hydrogenation
of the 4,5double bond, reduction at position 3, and oxidation of thybifoxy group.
The biotransformation df3Cs]-T mainly resulted in the formation afix metabolies,
including four monereduced metabolites, i,e['3C3]-5"-DHT (mass spectrum in
Figure 56in Annex) [*3Cg]-Etio (mass spectrum iRigure 57 in Annex) and[**Cs]-EA
(mass spectrum iRigure 58in Annex), [3C3]-5! -DHT (mass spectrum iRigure 59in
Annex), one dehydrogenated metabolftéCs]-AED (mass spectrum ifrigure 60 in
Annex), as well as onenidentifiedhydroxylated metaboliténass spectrum iRigure 61
in Annex) The identification of metabolites was achieved by the comparisatesition
times and mass spectra obtained from sample extveiths nonlabeled authentic
reference material§he retention timeof the pefTMS derivatives of thenetabolitesare
given inTable 41 (Annex). The proposed metabolic pathway is showifrigure 30. It
has been recognized theend AED are interconvertiblén vivo [42]. This mayexplain
the high amount oAED detected after incubatioAs described by SchSnzsfral, Etio



Resilts and Discussion 63

and EA are the mai excreted metabolites detected in routine urine samples for drug

testing[38].
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Figure 29: Overlay of EICs in GG-EI-MS after TMIS derivatization showing seven main products &ftday
incubation ofmedakaembryos witf*3C;]-T: [13C5]-5#DHT (RT 9.8(min; EIC m/z 437, DHEA-ds (ISTD, RT 12.17
min; EIC m/z 438, [13C4]-Etio (RT 11.03 minEIC m/z 43Y, [13Cs]-EA (RT 12.35 minEIC m/z 437, [13C;]-5! -DHT
(RT 12.99 mIinEIC m/z 437, [*3C;5]-AED (13.26 minEIC m/z 433, and[*3C;]-hydroxylated product (udentified
RT 16.54 minEIC m/z 52}
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Figure 30: Proposedpathway of['3Cs]-T metabolism inmedakaembryos; the dotted arrows indicate that the
compounds were not detected in the incubatioometiakaembryos with[*3C;]-T; AD, androstanedione5(-
androstane3,17dione); 5-AD, 5#-androstanediones{-androstane3, 1 7-dione)

Figure 31 displays the chromatogram of the sample obtained after medaka embryo
incubation with MT inGC-EI-MS analysis.Similar to [3C3]-T, A-ring reductions were
also observed in MT incubatioHowe\er, no oxidation reaction occurred at position 17
due to the presence of Ikethyl. The biotransformation of MT in medaka embryos

resulted in the formation dive metabolites includingtwo monereduced metabolige
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17'-hydroxy-17! -methyt5" -androstag-3-one  (5-mestanolone 5'-MSL) (mass
spectrum inFigure 62 in Annex)andMSL (mass spectrum iRigure 66 in Annex) as
well as three dreducedmetabolites, 3",5! -THMT (mass spectrum ifrigure 65 in
Annex), 3! ,5"-THMT (mass spectrum iRigure 64 in Annex), and 3/6%THMT (mass
spectrum irFigure 63in Annex) Due to the lowlevel abundance and the close retention
time of 3,5 -THMT and 3,5"-THMT, the confirmation of thestereochemistry of
3YB%THMT is not possible Other compounds were identified by thengmarison of
retention time and mass speattztained from sample extracts with reference materials.
No hydroxylated metabolites were obsenmredVIT incubation.The metabolites were
identified by comparisowith authentic reference material.,5'-THMT is one of the
main metabolites of MTmonitored by doping control laboratories andas along
detectionwindow [93, 183]. The retention time of the pefTMS derivatives of the
metabolitesare given in Table 42 (Annex). The main proposed metabolic pathway is

shown inFigure 32
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Figure 31: GC-EI-MS chromatogram (EIC m/z 143) after TMIS derivatization showing seven main produc® after
dayincubation ofmedakaembryos with MT.#MSL (RT 11.60 min), DHE& (ISTD, RT 12.20 minB$5$THMT
(RT 12.58 min)3! ,5#THMT (RT 12.76 min)3#,5' -THMT (RT 14.52 min), MSL (14.78 min), akid (RT 15.45 min)
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Figure 32 Main proposed pathway of MT metabolismmiadakeembryos

In contrast to the medaka embryo incubations wWibD, there are veryfew
hydroxylation reactions occting with [*3Cs]-T and MT.This may be attributed tthe
formation of tissues and orgaatdifferentdevelopmenstageof medaka embryo§he
liver as the main metabolizing organ is formedws=n day 2 and 4 of embryonic
developmen{184, but it is not known when the full metabolic capacity is established.
As stressed ichapter 4.4.1,hte hydroxyhted metabolgs of MD first appearediuring
the incubation from 6 t8 dpf, however, the exposure BfC3]-T and MT was performed
from 5 to7 dpf. Based on the metabolites detected afterincubatiors, the dominant
enzymes involvedn the metabolic reactions includgeroid 3/5"-reductases3! /3"-
HSDsas well as 17-HSD. As discussed ichapter 4.2 andhapter 4.3.2steroidswith a
4-ene3-onestructurehave been considered wodergoa sequential reductionatalyzed
by steroid5! - or 5'- reductases to producé-5or 5'-dihydrosteroidsfollowed bythe 3-
0xo reduction to produce a series of isomeric tetrahydroste[@i]s The absence of
metabolites with4-ene3! /" -hydroxy structure substantiate the consistencyof the
reduction sequence observed in this study with the prevesesarcHindings. Among
the four ismneric tetrahydrametabolites,3",5!' - and 3 ,5"-isomers are the main
metabolites detected in bdtiCs]-T and MT incubation&igure 33. However,the fully
reduced metabolites of MT mostly detected in humans!d&ie BHMT and 3 5"-THMT
[118. According to Steckelbroedst al, AKR1C subfamilymemberdispay different
preferences fothe stereoselectivity of -®xo group reductiofi34], which has also been
supported P the enzyme incubation studies in chapter 4.2 to some eXtereforethe
differences in THMT diastereocisomers observedniedaka embryoncubationsand
human urinary samplesay be due to the varyirgvels of AKR1Cs enzyme expression.
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Figure 33: The peak area(relative to the internal standard (DHEd#s; EIC m/z 438 (GC-EI-MS) of (a) EA(EIC
m/z437)and Etio(EIC m/z437)detected in sample extracts obtained aftelag incubation of medaka embryos (strain
d-rR.YHNI) with 20puM [*3C5]-T, (b) 35! -THMT (EIC m/z 143nd 3 ,5%THMT (EIC m/z 143)letected in sample
extracts obtained after-@ay incubation of medaka embryos (stramnRIYHNI) with 20uM MT, two technical
replicatesunder fully sterile conditions

Moreover,it is worthy to note thatompoundswvith a1,2-double bond were detected
in bothincubations which is not common in the metabolism of T and Mee is no
known enzymein humansthat catalyzs this dehydrogenatiorreaction while many
bacteria species possess enzyme systems responsitég¢algeng this reactionsuch as
the strairRhodococcus erythl85 186. It isunclearwhetherthis reaction was catalyzed
by the embryos arontaminatingpacteria. Thereforenedakaembryos were then exposed
under sterile condins to MT through autoclavation of the embingaring medium
and/or sterilization of the chorioim the sample extracts obtained from timeubation
after both medium and embryo sterilization, MD was not detectablmost of the
sampleswith the excepon of onesample However, the repetitionf the experimerd
showedconsistent results, in whid!iD was absenin all samplesin contrastMD was
detectedo varying degresin sample®btained from the incubation after the sterilization
of either the eroryos or the rearing mediurnithis may be attributed to the uncertaaat
of the amounts and activity of the bacteria among different incubafltmes.results
indicate thathe dehydrogenation ahe 1,2-double bond was moskely catalyzed by
contaminatiig bacteriafrom either the embryos or the rearing medium.

Although the presence of bacteria in the incubation systagresult in the formation
of C1,2dehydrogenategroducts the main metabolites detected after the incubation
under varying degrees desility areidentical with only slight differences iabundance
However, b obtain consistent resultsn further studies it is necessaryto conduct

experimentsinder sterile conditions
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5! Summary and Outlook

The knowledge of drug metabolism is fundamaé for scientific fields where a
comprehensive understanding of steroid metabolism is of high relevaokelimgbut
not only limited to antidoping studies, endocrinology, forensic toxicology, and safety
assessment in drug developmértiis work concetrates on the metabolism afiabolic
androgenic steroidA@AS) in bothin vivo andin vitro models, with a specific focus on
the AAS compounddgestosterone (T)metandienoneMD), methyltestosteroneMT),
clostebol CLT), dehydrochloromethyltestosteron®HCMT), and methylclostebol
(CLMT) due to theirstructural similaries It introduces new alternative modefer
studying AAS metabolismand provides valuable knowledge on metabolic properties
based on chemical structural characterisoéfering thepossibility for the enhancement
of AAS detection.

Firstly, in order to have a deep understanding of thiaé reduction inMD, isolated
enzyme ass&{AKR1C2, AK1C3, ALR1C4, and AKR1DMyereperformedThe results
obtained substantiate tsequence of Aing reduction in MD, as previously suggested in
the literaturd93, 136, 137, i.e., the 4,5louble bond is reduced first, then thex® group,
and finally the 1,2louble bondMoreover it appears thaAKR1C2, AKR1C3, and
AKR1C4 exhibited vaying stereoselectity in catalyzing the3-oxo reductonin 5! - or
5"-DHMD. AKR1C2 and AKR1C4showed both 3- and 3-HSD activities, whereas
AKR1C3 functioned as3!-HSD only. The sequence of -Aing reduction provide
valuable insightgor the metabolic pathway analysis for subsequenitro studies in
humanskin cells.

The metabolism of, MT, CLT, and CLMTby keratinocytes and fibroblasts derived
from human foreskins produceadetabolites with partially or fully reduced-mng.
However,no metabolitesof MD or DHCMT could bedetected The metabolite profile
suggest thad! -HSD, 3'-HSD, and 5-reductasactivities play important roles in steroid
metabolismby human keratinocytes and fibroblgstghereas 17-HSD activityis weak.
The stereochemistry of fully reduced metaboli(es., 3! ,4! ,5! -THCLT, 3',4!,5! -
THCLT, 3! ,4! 5! -THCLMT, and 3,4! ,5! -THCLMT) of CLT and CLMT was newly
identified and confirmed in this studyifferences inthe chemicalstructuresof
compoundsappearto affect A-ring reduction order and cellular metabolic capacities,
especiallythe chlorine grop at position 4.Keratinocytes appear to have a higher
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metabolic capability for compounds containiagchlorine substituent in position ,4
whereas the opposite truein fibroblasts.

The medaka embrymodelwasused for the first time ashalternaive modelfor in
vivo studiesof AAS. There were four metabolites detected aiiteubationof medaka
embryoswith MD, including 6 OH-MD and5"-DHMD as well adentativelyassigned
180HMD and160HMD. Thesemetabolitehave also been reporteddrevious human
administratiorstudieg 136, 177, 180. In comparison to tha vitro models, thenedaka
embryo model allows for simultaneous analysis of biotransformation and potential
toxicity. Giventhesimilaroutcomesvith human administration studiesedaka embryos
may serve as @ alternative model to identify potential metabolites for human
biotransformatia of dopingrelevant compounds.

Investigationson the metabolism df*Cs]-T andMT in the medaka embryo model
showthatthe main metabolic reactiofsr both two substrataacludehydrogenation of
the 4,5-double bond and reduction thfe 3-oxo function Additionally, the oxidation of
17'-hydroxy group i*3Cs]-T was also observe@he metaboliteobservedndicatethe
activities of steroid 5reductases, steroid’' $eductases, !3HSD, 3'-HSD, and 17'-
HSD in medaka embryo8",5! - and 3 ,5"-isomers were dected as the main fully
reduced Aring metabolites in both incubationslowever, this studyonly showed
preliminary results, furthestudies ar@ecessary.

In conclusion,appropriatein vivo andin vitro models were evaluated and used for
metabolic studis of AAS. he findings presented in this thedi®ld significant
implicationsnaot only for dopingcontrol analysisbut also footherscientific areawhere
a comprehensive understanding of steroid metabolism islyhigibevan, such as
endocrinology, feensic toxicology, and safety assessment in drug development

Further studies may focus on the refinemerhefmetabolic modelsAs the skin cells
were isolated fromthe human foreskin (from the medically indicated circumcision of
boys younger than 10 ges), biasesf the resultglue tosex, age, and race (Caucasians)
might bepresent. Therefore, it would be valuable to study the metabolisthensources
of human skin cells, whicimay provide a more comprehensive elucidatmnAAS
metabolism in the skirMoreover,the incorporation of a larger number of donors or the
utilization of a pooled cell model derived from different donoisy also be taken into
consideratiorio minimize thandividual variationsof metabolism.

In addtion, similar to the human skin cell modgljs worthy tofurtherinvestigate the
metabolism of AAS irthe medaka embryo model usirggiditionalstructurally related



Summary and Outlook 69

compoundsMoreovet asonly non-conjugated compoundgerestudiedin this work the
analysis of intact phase Il metabolites generated by medaka emtagcsso be
considered for further investigatiomhis may contribute to a more comprehensive

understanding of the metabolic pathways of AAS in humans.



70 Zusammenfassungnd Ausblick

6! Zusammenfassungund Ausblick

Die Kenntnis desWirkstoffmetabolismusist von grundlegender Bedeutung fYr
wissenschaftliche Bereiche, in denen ein umfassendes VerstSndnis des
Steroidstoffwechsels von gro8er Relevanz ist, z. B. fYr-Bafiing-Studien, die
Endokrinologie, die forensibe Toxikologie und die Sicherheitsbewertung bei der
Arzneimittelentwicklung Diese Arbeit konzentriert sich awfie Untersuchung des
Metabolismus voranabolen androgenen Steroid&A§) sowohl inin vivo- als auch in
in vitro-Modellen, wobei der Schwerpkt auf den Verbindungeiestosteron (T),
Metandienon VD), Methyltestosteron NIT), Clostebol CLT),
DehydrochlormethyltestosterorDKICMT) und Methylclostebol CLMT) liegt. Es
werden neue alternative Modelle fYr die Untersuchung des-3t8fwvechsels
vorgestellt und wertvolle Erkenntnisse Yber die metabolischen Eigenschaften auf der
Grundlage der chemischen Strukturmerkmale gewgndan eine Verbesserung des
AAS-Nachweises ermsglichen.

Um ein tieferes VerstSndnis derRing-Reduktion in MD zu erhalten, wden
zunSchsiTests mit isolierten EnzymefAKR1C2, AK1C3, ALR1C4 und AKR1D1)
durchgefYhriDie erzielten Ergebnisse bestStigenRiéhenfolge der ARing-Reduktion
in MD, wie sie zuvor in der Literatur vorgeschlagen wujeig 136 137, d.h. zuerst
wird die 4,5Doppelbindung reduziert, dann dieO%o-Gruppe und schlie§lich die %,2
Doppelbindung. Au8erdem scheinen AKR1C2, AKR1C3 und AKR1C4 eine
unterschiedliche StereoselektivitSt bei der Katalyse @x3BReduktion in 5- oder 5 -
DHMD aufzuweisen AKR1C2 und AKR1C4 zeigten sowohl 3als auch 3-HSD-
AktivitSten, wShrend AKR1C3 nur al$ -BISD fungierte. Die Sequenz derRing-
Reduktion lieferte wertvolle Erkenntnisse fYr die Analyse der Stoffwechselwege fYr
nachfolgenden vitro-Studien in menschlichen Hautzellen.

Der Metabolismus von T, MT, CLTnal CLMT durch Keratinozyten und Fibroblasten
aus menschlicher Vorhaut produzierrodukte mit teilweise oder vollstSndig
reduziertem ARing. Es konnten jedoch keine Metabolite védD oder DHCMT
nachgewiesemwerden Die Metabolitenprofile deuten darauf hin, dassHSD-, 3'-
HSD- und 3 -Reduktase\ktivitSten eine wichtige Rolle beim Steroidmetabolismus
durch menschliche Keratinozyten und Fibroblasten spieMshrend die 1ZHSD-
AktivitSt gering war. Die Stereochemider vollstSndig reduziertéProdukten(d. h.
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3,41 51-THCLT, 3',4! 5 -THCLT, 3 ,4!,5 -THCLMT und 3',4! ,5! -THCLMT) von

CLT und CLMT wurde in dieser Studie neu identifiziert und bestStigterschiede in

den chemischen Strukturen der Verbindungen scheaiierReihenfolge der Ring-
Reduktion und die zellulSren StoffwechselkapazitSten zu beeinflussen, insbesondere die
Gegenwart eine€hlorsubstituenteran Position 4. Keratinozyten scheinen eine hshere
StoffwechselfShigkeit fYr Verbindungen rdigrartgen Chlorsubstituenterzu haben,
wShrend bei Fibroblasten das Gegenteil der Fall ist.

In dieser Arbeit wurde das MedakanbrycModell zum ersten Mal als alternatives
Modell fYrin vivo-Studien von AAS verwendet. Nach der Inkubation von Medaka
Embryonen mit MD wurden vier Metaboliten nachgewiesen, daruh@HéviD und5" -
DHMD, zusStzlich wurded8OHMD und 160HMD anhand ihrefFragmentierung
identifiziert und postuliert Diese Metaboliten wurden auch in frYheren Studien zur
Verabreichung an deMenschen festgeste[l136, 177, 18(. Im Vergleichzu denin
vitro-Modellen ermsglicht das MedakambrycModell eine gleichzeitigéntersuchung
der Biotransformation und der potenziellen ToxizitSt. Angesichts der vergleichbaren
Ergebnisse mit Studien zur Verabreichung beim Menschen kSnnten MEdakgoren
als alternatives Modell zur Identifizierung potenzieller Metaboliten fYr die
Biotransformation von dopingrelevanten Verbindungen beim Menschen dienen.

Weitere Untersuchungen zum Stoffwechsel vétCq-T und MT im Medaka
EmbryoModell zeigen, dass dieightigsten Stoffwechselreaktionen fYr beide Substrate
die Hydrierung der 4;®Doppelbindung und die Reduktion de©Xo-Funktionumfassen.
DarYber hinaus wurde auch die Oxidation det -Hydroxygruppe bei [*3Cg]-T
beobachtet. 2 beobachteteMetabolite weisen auf die AktivitSten von Steroidl -
Reduktasen, Sterofdl'-Reduktasen, I3HSD, 3'-HSD und 17-HSD in Medaka
Embryonen hin. ‘35! - und 3,5"-Isomere wurden als die wichtigsten vollstSndig
reduzierten ARing-Metaboliten in beiden Inkubationen nachgewiesen. Diese Studie
zeigte jedoch nur vorlSufige Ergebnisse, weitere Studien sind notwendig.

Zusammenfassend kann festgestellt werden, gisignetein vivo- und in vitro-
Modelle evaluiert und fYr Stoffwechselstudien von AAS verwewdeden Die in dieser
Arbeit vorgestellten Ergebnisse sind nicht nur fYr die Dopingkontrollanalyse von
Bedeutung, sondern auch fYandere wissenschaftliche Bereiche, in denen ein
umfassendes VerstSndnis des Steroidstoffwechsels von gro8er Bedeutung ist, z. B. fYr
die Endokrinologie, die forensische Toxikologie und die Sicherheitsbewertung bei der

Arzneimittekentwicklung.
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AnschlieS8endestudien kSnnten sich auf die Verfeinerudgr Stoffwechselmodelle
konzentrieren. Da die Hautzellen aus der menschlichen Vorhaut isoliert wurden (aus der
medizinisch indizierten Beschneidung von Jungen, die jYngé0alahre sind), gibt es
msgliche Verzerrungender Ergebnissehinsichtlich Geschlecht, Alter und Rasse
(Kaukasier). Daher wSre es wertvoll, den Stoffwechsel in verschiedenen verfYgbaren
Quellen menschlicher Hautzellen zu untersuchen, was eine umfasséoiié$eung des
AAS-Stoffwechsels in der Haut erm3glichen wYrde. DarYber hinaus kdnnte auch die
Einbeziehung einer gr§8eren Anzahl von Spendern oder die Verwendung eines gepoolten
Zellmodells, das von verschiedenen Spendern stammt, in Betracht gezogem werde
die individuellen Schwankungen des Stoffwechsels zu minimieren.

€hnlich wie beim menschlichen Hautzellmodell ist es au8erdem lohnenswert, den
Metabolismus von AAS im MedakambryoModell unter Verwendung zusStzlicher
strukturell verwandter Verbindueg weiter zu untersuchen. Da in dieser Arbeit nur nicht
konjugierte Verbindungeantersuchiwwurden, kann die Analyse von intakten PhHse
Metaboliten, die von Medak@mbryonen erzeugt werden, fYr weitere Untersuchungen
in Betracht gezogen werdeies k3nnte zu einem umfassenderen VerstSndnis der

Stoffwechselwege von AAS beim Menschen beitragen.
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10! Annex

Table20: Postulated fragment&xact masses, accurate masseass errors '(m/z) for3#-DHCLT (17h) (GC-EI-
QTORMS). Thistableis adapted from my published papédd

Postulated fragment Exact mass [m/z] Accurate masgm/z] Am/z [ppm]
[M]¥* 468.264 468.2612 -6.19
[M-CHs]* 453.2406 453.2397 -1.99
[M-CIT* 433.2953 433.2957 0.92
[M-CI-TMSOHJ* 343.2452 343.2447 -1.46
[M-CI-2xTMSOHJ* 253.1951 253.1948 -1.18
[M-TMSOHTJ* 378.2140 378.2147 1.85
[M-CHs-TMSOHTJ 363.1905 363.1903 -0.55
[M-CHz-2xTMSOHY 273.1405 273.1422 6.22
[CeH1z0SI] 129.0730 129.0720 -7.75
[TMS]* 73.0468 73.0471 4.11

Table21: Postulated fragmentgxact masses, accurate masseass errors'(m/z) for3#DHCLMT (18b) (GG-EI-
QTORMS). Thistableis adapted from my published pagdrd(

Postulated fragment Exact mass [m/z] Accurate masgm/z] Am/z [ppm]
[M]¥* 482.2798 482.2761 -7.67
[M-CHs]* 467.2563 467.25% -1.50
[M-CIJ* 447.3109 447.3113 0.89
[M-CI-TMSOHJ* 357.2608 357.2616 2.24
[M-CI-2xTMSOHJ* 267.2107 267.2105 -0.75
[M-TMSOHTJ* 392.2297 392.2273 -6.12
[M-CHs-TMSOH]J* 377.2062 377.2059 -0.80
[M-CHz-2XxTMSOHY 287.1561 287.1582 7.31
[C7H1s0SiT 143.887 143.0890 2.10

[TMS]* 73.0468 73.0472 5.48
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Figure 34: Normalized El mass spectra (8ZTORMS) of TMS derivativgeof (a) the metabolite5#-DHMD formed
by the incubation of AKR1D1 with MIJM] ¥=446.3057 mass error B3 ppm, RT 3.98 min), and p) reference
compound 8DHMD ([M] ¥=446.3045, mass error3.14ppm,RT3.98min), at 70 eV

Table22: Postulated fragments, exact masses, accurate masses, mass "anm@sférthe metabolite5#-DHMD
formed bythe incubation of AKR1D1 with MG-EI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate masgm/z] Am/z [ppm]
[M]¥ 446.3031 446.3057 5.83
[M-CHs]* 431.2796 431.2821 5.80
[M-TMSOHJ** 356.2530 356.2548 5.05
[M-CHs-TMSOH]* 341.2295 341.2314 5.57
[M-2XxTMSOHJF* 266.2029 266.2036 2.63
[C7H150SiT 143.0887 143.0895 5.59
[TMS]* 73.0468 73.0475 9.58

Table 23 Per-TMS derivatives of metabolites detected in samples obtained after AkiRLBation with 5-DHMD
or 5#-DHMD, regectively (GEEI-MS)

Analyte Elemental Composition [M] ¥+ Retention Time (min)
31,5 -THMD* [C26H450:Si]¥* 448 1353
3,5 -THMD* [C26H450:Si]¥* 448 14.83
3! ,5"-THMD [C26H450:Si]¥* 448 1303
3",5"-THMD* [C26H450:Si]¥* 448 1348

* Tentative @signment.
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Figure 35: EICs in GGEI-MS (m/z 143) of samples obtained after enzyme incubafiddKR1C2 with (a)'5-DHMD,
showing tentatively assigned, 3! -THMD (RT 13.66 min}5! -DHMD (RT 14.88 min), tentativeBssigned#, 5! -
THMD (RT 14.99 min), and MT (ISTD, RT 16.10 min) asTpé6 derivatives; (b)#&DHMD, showing5#DHMD,
(RT 11.96 min)3!, 5%-THMD (RT 13.19 min), tentatively assigrg# 5%-THMD (RT 13.61 min), and MT (ISTD, RT
16.08 min) as pefMS derivatives
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Figure 36: EICs in GCGEI-MS (m/z 143) of samples obtained after enzyme incubafiddKR1C3 with (a)'5-DHMD,
showing tentatively assigned,®! -THMD (RT 13.65 min}! -DHMD (RT 14.88 min), and MT (ISTD, RT 16.09 min)
as perTMS deivatives; (b) %DHMD, showings#-DHMD, (RT 11.97 min)3! ,54THMD (RT 13.18 min), and MT
(ISTD, RT 1681 min) as pefTMS derivatives
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Figure 37: Normalized El mass speam(GC-QTOFRMS) of TMS derivative dfiereference compourtl ,5#-THMD
([M] ¥*=448.3205 mass error 4.0ppm,RT4.32min) at 70eV
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Figure 38: NormalizedEl mass spectim (GC-QTORMS) of TMS derivativef the metabolite tentatively assigned
3#,5! -THMD, formed bythe incubation of ARIC4 with 5! -DHMD ([M] ¥*=448.3149 mass error-8.48ppm, RT
4.97 min) at 70eV
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Figure 39: NormalizedEl mass spectim (GC-QTORMS) of TMS derivativef the metabolitetentatively assigneds
3#,5#-THMD, formed bythe inculation of AKR1C4 wittb#DHMD ([M] ¥=448.3208 mass error 4.69pm, RT
4.49min) at 70eV
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Table24: Postulated fragmentgxact masses, accurate masseass errors '(m/z) forthe metabolitetentatively
assigned a8#,5! -THMD, formed bythe incubation of AKR1C4 witsi -DHMD (GC-EI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate masgm/z] Am/z [ppm]
[M]¥* 448.3187 448.3149 -8.48
[M-CHg]* 433.2953 433.2930 -5.31
[M-TMSOHJ** 358.2686 358.2673 -3.63

[M-CHs-TMSOH]J* 343.2452 343.2410 -12.24
[M-2XxTMSOHF* 268.2186 268.2185 -0.37
[M-CHz-2xTMSOHY 253.1951 253.1958 2.76
[C1oH170SIT 181.1043 181.1043 0

[C7H1:0SiT 143.0887 143.0896 6.29
[TMS]* 73.0468 73.0475 9.58

Table 25: Postulated fagmentsexact masses, accurate masseass errors '(m/z) forthe metabolitetentatively
assigned a8#,5#THMD, formed bythe incubation of AKR1C4 wits#-DHMD (GC-EI-QTORMYS)

Postulated fragment Exact mass [m/z] Accurate masgm/z] Am/z [ppm]
[M]¥* 4483187 448.3208 4.68
[M-CHg]* 433.2953 433.2966 3.00
[M-TMSOHJ* 358.2686 358.2695 2,51
[M-CHs-TMSOH]J* 343.2452 343.2481 8.45
[M-2XTMSOHF* 268.2186 268.2190 1.49
[M-CHz-2xTMSOHY 253.1951 253.1957 2.37
[C11H200SIT 196.1278 196.1277 -0.51
[C7H1:0SiT 143.0887 143.0892 3.49

[TMS]* 73.0468 73.0472 5.48
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Figure 40: Normalized mass spectra (@ETORMS) of TMS derivatives ad)5! -DHT ([M] ¥=434.3059 mass error
6.45ppm, RT 4.49min), formed byhuman keratinocytegcubated vth T, and ) reference compoun8! -DHT
([M] ¥*=434.3045, mass error 3.2ppm,RT4.50min), at 70 eV

Table 26: Postulated fragments, exact masses, accurate masses, mass'ena)S@rthe metabolites! -DHT formed
by human keratiocytesncubated withT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate masgm/z] Am/z [ppm]
[M]¥ 434.3031 434.3059 6.45
[M-CHs]* 419.2796 419.2828 7.63
[M-TMSOHJ* 344.2530 344.2526 -1.16
[M-CHs-TMSOH]* 329.2295 329.2303 2.43
[M-CHz-2XxTMSOH* 239.1794 239.1791 -1.25

[TMS]* 73.0468 73.0474 8.21
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Figure 41: Normalized mass spectra (@ZTORMS) of TMS derivatives af)5! Adiol ([M] ¥=436.315Q mass error
-8.48ppm, RT 3.94min), formed byhuman keratinocytemcubated withT, and @) reference compoun8! Adiol
(IM] ¥*=436.3194, mass errorl.60ppm,RT3.94min), at 70 eV

Table27: Postulated fragments, exact masses, accurate masses, mass'ena)S@rthe metabolites! Adiol formed
by human keratinocytescubated withT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M]¥* 436.3187 436.3150 -8.48
[M-CHg]* 421.2953 421.2965 2.85
[M-TMSOHJ** 346.2686 346.2663 -6.64
[M-CHs-TMSOH]* 331.2452 331.24% -4.83
[M-2xTMSOHJ* 256.2186 256.2169 -6.63
[M-CHs-2XTMSOH]* 241.1951 241.1943 -3.32
[CeH130SiT 129.0730 129.0737 5.42

[TMS]* 73.0468 73.0469 1.37




112 Annex
a
x102
14 o~ %
g S
12 g &7
1 ~
0.8
D
0.6 5 > S w5
n D
0.4 N g B g « 88 5
N - N N 0 o N o
0.2 i o o Q8 T 33
| | | g K 3 Q
[0 JL SRR TS TR ||m L ad | ) Ll > | LS |
75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450
Counts (%) vs. Mass-to-Charge (m/z)
b x102 OTMS
1.4 % &t
1.2 E %,'
1{ 2 i
R
0.8
~
0.6 ~ 0 o =3
e} 0 S m @
0.4 N g 8 39 &85
o 2 S N o o N ©
02| | 2 2 2 5 ¥g9
0L I.'“ [T Jy\u ||| L. | L N N ) . |\ ‘\‘ ql. ‘L.
75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450

Counts (%) vs. Mass-to-Charge (m/z)

Figure 42: Normalized mass spectra (8CTORMS) of TMS derivatives o)) MSL ([M] ¥=448.3197 mass error
2.23ppm, RT 5.12min), formed byhuman keratinocyteghcubated withMT, and ) reference compounMSL
(IM] ¥*=448.319Q mass error 0.6 ppm,RT5.13min), at 70 eV

Table 28 Postulated fragments, @st masses, accurate masses, mass ertongz( forthe metaboliteMSL formed by
human keratinocytesacubated wittMT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]

[M]¥* 448.3187 448.3197 2.23
[M-CHg]* 433.2953 4332988 8.08
[M-TMSOHJ* 358.2686 358.2694 2.23

[M-CHs-TMSOH]* 343.2452 343.2405 -13.69

[M-2XTMSOHJF* 268.2186 268.2153 -12.30
[M-CHz-2XxTMSOH* 253.1951 253.1935 -6.32
[C7H1:0SiT 143.0887 143.0889 1.40
[TMS]* 73.0468 73.0472 5.48
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Figure 43: Normalized mass spectra (@ETORMS) of TMS derivative d! -DHCLT ([M] ¥=468.2634 mass
error -1.49ppm,RT 4.63min), formed byhuman keratinocyteéacubated withCLT, at 70 eV

Table29: Postulated fragments, examasses, accurate masses, mass ertaryz) forthe metabolite3! -DHCLT
formed byhuman keratinocytéacubated witlCLT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M]¥ 468.2641 468.2634 -1.49
[M-CHg]* 453.2406 453.2404 -0.44
[M-CIT* 433.2953 433.2937 -3.69
[M-CI-TMSOHJ 343.2452 343.2435 -4.95
[M-CI-2xTMSOHJ 253.1951 253.1936 -5.92
[M-TMSOHJ** 378.2140 378.2131 -2.38
[M-CHs-TMSOHJ* 363.1905 363.1874 -8.54
[M-CH3-2xTMSOH} 273.1405 273.1406 0.37
[TMS]* 73.0468 73.0463 -6.84
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Figure 44: Normalized mass spectra (GCTORMS) of TMS derivative & ,4' ,5! -THCLT ([M] ¥=470.2820 mass
error 4.68ppm,RT 5.02min), formed byhuman keratinocytescubated withCLT, at 70 eV
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Table30: Postulated fragments, exact masses, accurate masses, mass "emtxs forthe metabolite3! ,4! 5! -
THCLTformed byhuman keratinocytaacubated withtCLT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]

[M]¥* 470.2798 470.2820 4.68
[M-CHs]* 455.2563 455.2597 7.47

[M-HCIJ* 434.3031 434.2987 -10.13
[M-CHs-HCI]* 419.2796 419.2784 -2.86
[M-HCI-TMSOHJ** 344.2530 344.2530 0.00
[M-HCI-TMSOH-CH;3]* 329.2295 329.2312 5.16
[M-HCI-TMSOH-TMSOJ* 255.2D7 255.2120 5.09
[M-TMSOHTJ* 380.2297 380.2326 7.63
[M-CHs-TMSOHTJ 365.2062 365.2102 10.95
[M-HCI-2xTMSOH-CHg]* 239.1794 239.1808 5.85
[CeH1z0SI] 129.0730 129.0732 1.55
[TMS]* 73.0468 73.0472 5.48
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Figure 45: Normalized mss spectra (GQTORMS) of TMS derivative &#DHCLT ([M-CHs] *=453.2461 mass
error 12.13ppm,RT 520 min), formed byhuman keratinocyteacubated wittCLT, at 70 eV

Table31: Postulated fragments, exact masses, accurate massss, errors '(m/z) forthe metabolite3#-DHCLT
formed byhuman keratinocytéacubated witlCLT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M-CHs]* 453.2406 453.2461 12.13
[M-CIJ* 433.2953 433.2974 4.85
[M-CI-TMSOH]* 343.2452 343.2430 -6.41
[M-CI-2xTMSOHJ* 253.1951 253.1926 -9.87
[M-CHs-TMSOHJ* 363.1905 363.1931 7.16

[TMS]* 73.0468 73.0472 5.48
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Figure 46. Normalized mass spectra (@CTORMS) of TMS derivative @&#,4! ,5 -THCLT ([M-CH3]*=455.2603
mass error 8.7%pm,RT 564 min), formed byhuman keratinocytescubated withCLT, at 70 eV

Table 32: Postulated fragments, exact masses, accurate masses, mass "ems for the metabolite3#,4! ,5! -
THCLTformedby human keratinocytaacubated withtCLT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M-CHg]* 455.2563 455.2603 8.79
[M-HCI-TMSOH-CH;z]* 329.2295 329.2272 -6.99
[M-HCI-TMSOH-TMSOJ* 255.2107 255.2119 4.70
[M-TMSOH** 380.2297 380.2324 7.10
[M-CHs-TMSOHTJ 365.2062 365.2080 4.93
[M-2XTMSOHF* 290.1796 290.1829 11.37
[M-CHz-2xTMSOHY 275.1561 275.1583 8.00
[M-HCI-2xTMSOH-CHg]* 239.1794 239.1795 0.42
[CeH130SIT 129.0730 129.0730 0.00
[TMS]* 73.0468 73.0472 5.48
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Figure 47: Normalized mass spectra (8CTORMS) of TMS derivatives o) 4-chloro-3! -hydroxyandrost4-ene
17-one([M] ¥=466.2508 mass error 4.9ppm,RT 4.48 mi) formed byhuman keratinocyteimcubated withCLT,
and (o) reference compoundtchloro-3! -hydroxyandrost4-enel17-one([M] ¥=466.2480 mass error1.07ppm,RT
4.49min), at 70 eV

Table 33 Postulated fragments, exact masses, accurate masses, mass"ani@)sf¢rthe metabolite4-chloro-3! -
hydroxyandrost4-enel7-oneformed byhuman keratinocytascubated withCLT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M]¥ 466.2485 466.2508 4.93
[M-CHg]* 451.2250 451.2271 4.65
[M-CIT* 431.2796 431.2811 3.48
[M-CI-TMSOHJ 341.2295 341.2241 -15.83
[M-CHs-TMSOHJ* 361.1749 361.1795 12.74
[TMS]* 73.0468 73.0473 6.84
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Figure 48: Normalized mass spectra (8CTORMS) of TMS derivative & -DHCLMT ([M-CHs] *=467.2609mass
error 9.84ppm, RT5.16 min), formed byhuman keratinocytascubated withCLMT, at 70 eV
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Table 34: Postulated fragments, exact masses, accurate masses, mass"enjsf¢rthe metabolite3! -DHCLMT
formed byhuman keratinocytéacubated wit CLMT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M-CHg]* 467.2563 467.2609 9.84
[M-CIJ* 447.3109 447.3131 4.92

[M-CI-TMSOHJ 357.2608 357.2629 5.88
[M-CI-2xTMSOHJ* 267.2107 267.2109 0.75
[M-CHs-TMSOH]J* 377.2%2 377.2064 0.53
[C7H150SI] 143.0887 143.0892 3.49
[TMS]* 73.0468 73.0473 6.84
x102 - OTMS
1.4 £
S
1.2 ]
1{ 8 T
0.8 é TMSO
06 | K =
. o N < — (=)
= o & "6 O <
0.2 n N <t »n ®
0 AR Jl. L T J. To T i

75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475
Counts (%) vs. Mass-to-Charge (m/z)

Figure 49: Normalized mass spectra (@ETORMS) of TMS derivative @! ,4! ,5! -THCLMT ([M] ¥*=484.2929
mass error5.16ppm,RT5.59 min), formedby human keratinocyteéscubated withCLMT, at 70 eV

Table 35 Postulated fragments, exact masses, accurate masses, mass "amts for the metabolite3! ,4! 5! -
THCLMTformed byhuman keratinocytdacubated witltCLMT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M]¥* 484.2954 484.2929 -5.16
[M-CHg]* 469.2719 469.2696 -4.90
[M-HCI-TMSOHJ** 358.2686 358.2654 -8.93
[M-HCI-TMSOH-CH;z]* 343.2452 343.2429 -6.70
[M-HCI-TMSOH-TMSOJ" 269.2264 2692249 -5.57
[M-CHs-TMSOH]J* 379.2218 379.2201 -4.48
[M-HCI-TMSOH-CH;z]* 253.1951 253.1936 -5.92
[C7H1:0Si 143.0887 143.0883 -2.80

[TMS]* 73.0468 73.0468 0.00
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Figure 50: Normalized mass spectra (SZTORMS) of TMS derivativef 3#DHCLMT ([M-CHs] *=467.2570mass
error 1.50ppm,RT5.89min), formed byhuman keratinocytdacubated withCLMT, at 70 eV

Table 36: Postulated fragments, exact masses, accurate masses, mass"an)sf¢rthe metabolite3#DHCLMT
formed byhuman keratinocytéacubated witltCLMT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M-CHg]* 467.2563 467.2570 1.50
[M-CIT* 447.3109 447.3061 -10.73

[M-CI-TMSOHJ 357.2608 357.2586 -6.16
[M-CI-2xTMSOHJ* 267.2107 267.2073 -12.72
[C7/H150SiT 143.0887 143.0874 -9.09
[TMS]* 73.0468 73.0466 -2.74
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Figure 51: Normalized mass spectra (@CTORMS) of TMS derivative d@#,4! ,5! -THCLMT ([M] ¥*=484.2962
mass error 1.65%pm,RT6.46 min), formed byhuman keratinocytescubated withCLMT, at 70 eV
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Table37: Postulated fragments, exact masses, accurate masses, mass "ems for the metabolite3#,4! ,5! -
THCLMTformed byhuman keratinocytadacubatedwith CLMT (GGEI-QTORMS)

Postulated fragment Exact mass [m/z] Accurate mass [m/z] Am/z [ppm]
[M]¥* 484.2954 484.2962 1.65
[M-CHs]* 469.2719 469.2708 -2.34
[M-HCI-TMSOH-TMSOJ* 269.2264 269.2245 -7.06
[M-CHs-TMSOH]* 379.2218 379.2220 0.53
[C7H150SiT 143.0887 143.0877 -6.99
[TMS]* 73.0468 73.0465 -4.11

Table 38 Results of the metabolites detected in samples obtained afisy cubation of medaka embryos with
10 uM MD by LGESHMS Thistableis adapted from my publishedper[ 168

Elemental [M+H] * [M+H] * Mass error Retention Time .
ID .. . Assignment
Composition (calc) (exp) [ppm] (min)
M1 CooH2603 317.2111 317.2112 -0.32 4.71 6" OH-MD
M2 CooH2603 317.2111 317.2100 -3.47 5.22 180HMD"
M3 CooH2603 317.2111 317.2105 -1.89 5.34 160HMD"
M4 Ca0H300: 303.2319 303.2318 0.33 6.97 5"-DHMD
* Tentative assignment.
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Figure 52: Product ion spectrédl C-ESFMS/MS of reference compoun@#OH-MD, [M+H] *=317.2077 mass error
-10.72ppm,RT4.78min, collision energy23.1eV
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Figure 53: Product ion spectrdLC-ESFMS/MS of (a) 5#-DHMD (M4) formed bymedakaembryos incubated with
10 pM MD, [M+H] *=303.2318 mass error0.33ppm, RT 6.97 min, collision energy 22.3 eVand (b) reference
compoundb#DHMD, [M+H] *=303.2303, mass error5.28ppm,RT 6.% min, collision energy 22.3 eV

x102 ~
S
©
< )
1.2 o 8 §
1 e 3 TMsO
0.8 a 9
0.6 = o § Q > g
0.4 =3 S RS g
IS - 5 o PN
0.2 L S R4 ¢ 3
0- n I |, !lmu, I.|.| I.ll L u L' YO T Y . T . LJL 'L . . IL JLI
75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450

Counts (%) vs. Mass-to-Charge (m/z)

Figure 54: NormalizedEl mass spectm (GC-QTORMS) of TMS derivativef 5%-DHMD (M4) formed by medaka
embryos incubated with 1M MD, [M] ¥'=446.3038,mass error 1.5ppm, RT 3.99 min, at 70 eV This figure is
adapted from my published pagé6§
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Table 39: Postulated fragments, exact masses, accurate masses, rmoasg"'an/z) for TMS&derivative ofM4, GG
EI-QTORMS

Postulated fragment Exact mass [m/z] Accurate masgm/z] Am/z [ppm]
[M]¥* 446.3031 446.3038 1.57
[M-CHs]* 431.2796 431.2811 3.48
[M-TMSOHJ** 356.2530 356.2523 -1.96
[M-CHs-TMSOH]J* 341.2295 341.2306 3.22
[M-2XxTMSOHF* 266.2029 266.2012 -6.39
[C7H150Si] 143.0887 143.0886 -0.70
[TMS]* 73.0468 73.0471 4.11
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Figure 55: NormalizedEl mass spectra (GQTORMS) of TMS derivativenf (a) 6#OH-MD (M1) formed by medaka
embryosicubated with 1M MD, [M] ¥=532.3237 mass error 3.3%pm,RT6.45min,and (b) reference compound
6#0OH-MD, [M] ¥*=532.3238, mass error3.57ppm,RT 6.45 mipat 70 eV Thisfigureis adapted from my published

paper[16§

Table 40: Postulated fragmentgxact masses, accurate massesss errors'{(m/z) forTMSderivative ofM1, GC-
EI-QTORMS. Thistableis adapted from my published papé6g

Postulated fragment Exact mass [m/z] Accurate masgm/z] Mass error [ppm]
[M]¥ 532.3219 532.3237 3.38
[M-CHs]* 517.2984 517.3016 6.19
[M-CHs-TMSOH]J* 427.2483 427.2488 1.17
[M-CHz-2XxTMSOHY 337.1982 337.1986 1.19

[TMS]* 73.0468 73.0471 4.11
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Figure 56. Normalizedmass spectra (GEI-MS) of TMS derivativesf (a) [3Cg]-5! -DHT ([M] ¥=437, RT9.80min),
formed by medaka embryos incubated Wit@3]-T, and p) reference compourts! -DHT ([M] ¥=434, RT 9. min),

at 70 eV
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Figure 57: Normalizedmass spectra (GEI-MS) of TMS derivativesf (a) [13C3] -Etio ([M] ¥=437, RT 11.03 mi)
formed by medaka embryos incubated \Witas]-T, and b) reference compound Et{{M] ¥=434, RT11.08min), at

70 eV
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Figure 58 Normalizedmass spectra (GEI-MS) of TMS derivativesf (a) [*°Cs]-EA ([M] ¥=437, RT 12.35min),
formed bymedaka embryos incubated WitiC;]-T, and(b) reference compoungA ([M] ¥*=434, RT 12.36 mi) at
70 eV
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Figure 59: Normalizednass spectra (GEI-MS) of TMS derivativesf (@) [*3C;]-5! -DHT ([M] ¥=437, RT 12.99min),
formed by medaka embryos incubated WitG;]-T, and p) reference compour®l -DHT ([M] ¥=434, RT 13.03 mi)
at 70 eV
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Figure 60: Normalizedmass spectra (GEI-MS) of TMS derivativesf (a) [*°Cs]-AED ([M] ¥=433, RT 13.26 i),
formed by medaka embryos incubated Witas]-T, and p) reference compoundED ([M] ¥*=430, RT 13.26 mi) at

70 eV
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Figure 61: Normalizedmass spectra (GEI-MS) of TMS derivativef an uridentified hydroxylated metalite of
[33C3]-T (IM] ¥=521, RT 16.54 mip at 70 eV

Table4l: Per-TMS derivatives of metabolites detected in samples obtained after incubation of medaka embryos with

[13C3]-T byGC-EI-MS

Analyte Elemental Composition [M] ¥+ Retention Time (min)
[*3C;)-5! -DHT [*3C3CaaH4602Sh] ¥ 437 12.99
[3C4]-5"-DHT [13C5Ca2H460:Si] ¥ 437 9.80

[*3C4]-Etio [13C3C22H460:Si] ** 437 11.03
[3C3]-EA [13C3C22H460:Si] ** 437 12.35
[*3C3]-AED [13C3C22H420,Si]** 433 13.26
Unidentifiedmetabolite [*3C3CasH5003Sis] ¥ 521 16.54
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Figure 62: Normalizedmass spectra (GEI-MS) of TMS derivativeof (a) 5#-MSL ([M] ¥=448, RT 11.60 min),
formed by medaka embryos incubated with 8 (b) reference compourat 5#MSL ([M] ¥=448, RT 1158 min),
70 eV
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Figure 63: Normalizedmass spectra (GEI-MS) of TMS derivativef 3$,5% THMT ([M-CHs] *=435 RT12.58min),
formed by medaka embryos incubated with BtT70 eV
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Figure 64: Normalizedmass spectra (GEI-MS) of TMS derivativgof (a) 3! ,5-THMT ([M] ¥*=450, RT 12.76 mi)
formed by medaka embryos incubated with &iH(b) reference compour@l ,5#THMT ([M] ¥=450, RT 1287 min),

at 70 eV
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Figure 65 Normalized mass spect(&C-EI-MS) TMS derivative of (a) 3#,5! -THMT ([M] ¥=450, RT 14.52 mi)
formed by medaka embryos incubated with &0 (b) reference compou#,5! -THMT ([M] ¥=450, RT14.57min)

at 70 eV
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Figure 66. Normalizedmass spectra (GEI-MS) of TMS derivatieof (a) MSL([M] ¥*=448, RT 14.78 mi); formed
by medaka embryos incubated with,Miid (b) reference compouMiSL (M] ¥=448, RT14.88min), at 70 eV

Table42: Per-TMS derivatives of metabolites detected in samples obtained after incubation of medaka embryos with

MT byGC-EI-MS

Analyte Elemental Composition [M] ¥+ Retention Time (min)
MSL [CaeHagO2Siz] ¥ 448 14.78
5"-MSL [C26H450:Si]¥* 448 11.60
3", 5 -THMT [C26H500:Si]¥* 450 14.52
31, 5"-THMT [C26H500:Si]¥* 450 12.76
3%UE%THMT [C26H500:Si]¥* 450 12.58




128 Annex

Table 43 List of anabolieandrogenic steroids, metabolites, and derivates involved the synthesis of referem@ana
in chapter 3.2.1

No. Systematic Name Structure

1 Androst4-ene3,17-dione

2 17'-Hydroxy-17! -methytandrost4-ene-3-one

3a 5! -Androst3-ene-17-one
3b 5"-Androst3-ere-17-one
4a 17! -Methyl-5! -androst3-ene-17" -ol
4b 17! -Methyl-5" -androst3-ene-17" -ol
5a 3! ,4! -Epoxy-5! -androstarl 7-one

5b 3",4"-Epoxy-5"-androstarl7-one
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No. Systematic Name
6a 31,41 -Epoxy-17! -methyt5! -androstarl 7" -ol
6b 3",4"-Epoxy-17' -methyt5" -androstarl 7' -ol
7 4" -Chloro-3! -hydroxy-5! -androstarl 7-one
8 4"-Chloro-17! -mettyl-5! -androstane! ,17' -diol

9 4" -Chloro-5! -androstane3,17-dione

10 4"-Chloro-17"-hydroxy-17! -methyt5! -androstan
3-one

11 4! -Chloro-5! -androstanss,17-dione
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No. Systematic Name Structure

4! -Chloro-17"-hydroxy-17! -methyt5! -androstan

12 3-one
13a 4! -Chloro-5! -androstana! ,17" -diol
13b 4! -Chloro-5! -androstane”,17" -diol

14a| 4!'-Chloro-17!'-methyt5! -androstand! ,17'-diol

14b| 4!-Chloro-17! -methyt5! -androstane", 17" -diol

15 4-Chloro-17"-hydroxyandrosé-ene-3-one

4-Chloro-17"-hydroxy-17! -methylandrosé-ene-3-

16 one
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No. Systematic Name Structure

17a 4-Chloroandros#-ene3! ,17' -diol

17b 4-Chloroandros#-ene3",17" -diol

18a 4-Chloro-17' -methylandros#-ene3! ,17'-diol

18b 4-Chloro-17' -methylandros#-ene3",17"-diol
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