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ABSTRACT

Purpose The aim of this study is to use computational ap-
proaches to predict the ADME-Tox profiles, pharmacokinetics,
molecular targets, biological activity spectra and side/toxic ef-
fects of 31 anabolic and androgen steroids in humans.
Methods The following computational tools are used: (i)
FAFDrugs4, SwissADME and admetSARfor obtaining the
ADME-Tox profiles and for predicting pharmacokinetics;(ii)
SwissTargetPrediction and PASS online for predicting the mo-
lecular targets and biological activities; (iii) PASS online, Toxtree,
admetSAR and Endocrine Disruptomefor envisaging the specif-
ic toxicities; (iv) SwissDock to assess the interactions of investigat-
ed steroids with cytochromes involved in drugs metabolism.
Results Investigated steroids usually reveal a high gastrointes-
tinal absorption and a good oral bioavailability, may inhibit
someof the human cytochromes involved in the metabolism of
xenobiotics (CYP2C9 being the most affected) and reflect a
good capacity for skin penetration. There are predicted nu-
merous side effects of investigated steroids in humans:
genotoxic carcinogenicity, hepatotoxicity, cardiovascular,
hematotoxic and genitourinary effects, dermal irritations, en-
docrine disruption and reproductive dysfunction.
Conclusions These results are important to be known as an
occupational exposure to anabolic and androgenic steroids at
workplaces may occur and because there also is a deliberate
human exposure to steroids for their performance enhance-
ment and anti-aging properties.
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ABBREVIATIONS

AAS Anabolic androgen steroids

ADME-Tox  Absorption, Distribution, Metabolization,
Excretion and Toxicity

AR Agonistic conformation of the androgenic
receptor

AR an Antagonistic conformation of the androgenic
receptor

BBBP Blood brain barrier permeant

ERa Agonistic conformation of the estrogen
receptor alpha

ERaan Antagonistic conformation of the estrogen
receptor

ER B Estrogen receptor beta

ERB an Antagonistic conformation of the sstrogen
receptor beta

FDA Food and drug administration

Gl Gastrointestinal absorption

GR Agonistic conformation of the glucocorticoid
receptor

GRan Antagonistic conformation of the
glucocorticoid receptor

hARLBD Human androgen receptor ligand-binding
domain

HSDB Hazardous substances data bank

IUPAC International union of pure and applied
chemistry

LRX B Liver X receptor beta

LXRa Liver X receptor alpha

PASS Prediction of activity spectra of substances

PDB Protein data bank

P-gp P-glycoprotein
PPRA a Peroxisome proliferator activated
receptor alpha
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PPRA 3 Peroxisome proliferator activated
receptor beta

PPRA'Y Peroxisome proliferator activated
receptor gamma

QSAR Quantitative structure-activity
relationship

RXRa Retinoid X receptor alpha

TRa Thyroid receptor alpha

TR Thyroid receptor beta

INTRODUCTION

Anabolic androgen steroids (AAS) are synthetic drugs derived
from testosterone that can be used under medical prescription
for treating diseases resulting from steroid hormone deficiency
or from the loss of muscle mass. They are used to develop the
male sexual characteristics (the androgenic effect) or/and to
promote skeletal muscle growing (the anabolic effect) and are
controlled substances in many countries.

Testosterone is a male sex hormone that is responsible,
among the others, for the increased muscle and bone mass.
This hormone is fast metabolized in the liver and it conducted
to the development of more stable testosterone derivatives
known as anabolic and androgen steroids. Also, some testos-
terone derivatives were produced to enhance the anabolic
effect of the steroid. The number of individual AAS is large
and grows continuously, especially by development of ana-
logues considered as nutritional supplements (1). However,
AAS may be divided in three broad classes (2,3): class A
resulting from esterification atl7-beta-hydroxy position
possessing a better lipid solubility and with intramuscular ad-
ministration, class B containing testosterone derivatives
alkylated at the 17-alpha-hydroxy position having a good oral
bioavailability and class C compounds that are alkylated in the
A, B, or C rings of the testosterone also resulting in a good oral
bioavailability (Fig. 1).

Considering the typical routes of administration of AAS,
they may be divided into oral, injectable, gels and skin patches
steroids (4). Oral steroids are fat-soluble and they are rapidly

Fig. | Testosterone structure
illustrating structural modifications
conducting to more stable and
effective derivatives.
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absorbed and metabolized and this administration route may
conduct to liver damages (5). The injectable steroids are slowly
released from the muscles into the rest of the body being better
tolerated and are considered more effectively. The local gels
and/or skin patches act by delivering a steady dose of AAS
through the skin that enters into the bloodstream. Long-term
steroid consumers prefer to use injectable steroids (5).
Administration of AAS provided to have dose dependent
side effects manifested especially when they were used in high
doses and for a long period of time. Specific literature is abun-
dant in research data that were reviewed and revealed the
adverse effects of AAS: hepatic, reproductive, cardiovascular,
cerebrovascular, haematological, musculoskeletal, endocrine,
renal, immunologic, infectious and psychologic effects
(3,6-12). The side effects of AAS are typically the results of
their nonspecific interactions. It is well known that all AAS are
active at the androgenic receptor (AR) (13) as all endogenous
androgens, but there are experimental evidences emphasising
that some synthetic AAS are also able to interact with gluco-
corticoid receptor (14), estrogen receptors alpha and beta
(ERa, ERp), progestin receptors, a few enzymes involved in
steroids biotransformation and with ion-channels (15),
conducting to important biological actions. Crystallographic
structure of human androgen receptor ligand-binding domain
(hARLBD) solved in complex with various steroids exposed
the flexibility of several residues belonging to the ligand-
binding region of the protein allowing it to accommodate a
range of ligand structures (16). The interactions of steroids
with hARLBD provided to be strongly influenced by the struc-
tural properties of the ligand, a molecular modelling study
emphasized that only minor modifications in the ligand struc-
ture may have a great impact on the interactions with
hARLBD (16). It is also true for other molecular interactions
developed by the AAS and their analogues. These affirma-
tions are sustained by both experimental and molecular
modelling data. A quantitative structure—activity relationship
(QSAR) prediction reveals that shape, hydrophobicity and the
electronic properties of a steroid have a significant role in its
molecular interactions (17). A molecular docking study per-
formed by our group revealed the potency of a few oral
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administrable AAS (oxymetholone, oxandrolone,
methandrostenolone and stanozolol) to bind to estrogen re-
ceptor, nuclear receptor, thyroid receptor and orphan nuclear
receptor in humans (18).
methandrostenolone possesses the highest binding affinity to
hARLBD and stanozolol revealed the stronger interactions to
the nonspecific targets (18). Another molecular docking study
revealed that the biological action of ecdysterone, a dietary

Our study exposed that

supplement, is mediated by the ERp estrogen receptor (19).
Furthermore, all the published data concerning experimental-
ly obtained results that we considered when designed this
study, demonstrated that the chemical composition of individ-
ual AAS was an important factor in determining its biological
actions.

To the best of our knowledge, some of the AAS have been
tested and approved as drugs used for humans or animals, but
other AAS (including designer AAS) are under control/
evaluation and their metabolism, effects and side effects are
not well understood. More than it, literature data concerning
the androgenic, anabolic and side effects of AAS are often
discordant, the targets of AAS in the human body are not well
known and characterized and molecular mechanisms of AAS
actions are also poorly understood. In addition, the adminis-
trated doses by both athletes and non-athletes are often higher
than those used in controlled studies conducting to unknown
or more pronounced side effects than what is reported in
scientific literature. Not at last, veterinary drugs are often used
by humans to enhance their physical performances.

The aim of this study 1s to predict the absorption, distribu-
tion, metabolization, excretion and toxicity (ADME-Tox) pro-
files and other pharmacokinetic characteristics, the biological
activity spectra, the molecular targets and the toxicological
and/or side effects of the most common AAS and some de-
signer AAS, to assess the predicted interactions by molecular
docking and to correlate these predictions with available liter-
ature data concerning the side effects of synthetic AAS.

MATERIALS AND METHODS

Within this study we have considered the most commonly
used AAS with oral and injectable administration (6) and
some AAS that are found on the market as nutritional supple-
ments (20). Considered AAS are presented in Table I. This
table contains the commercial names for the AAS, their names
according to [TUPAC nomenclature, the route of administra-
tion and their status established by US Food and Drug
Administration. We had not find data concerning these com-
pounds on the European Medicine Agency database.

Information concerning these compounds that is needed
for the further computational analysis is extracted from
PubChem database (21).

There are numerous free available web resources that may
be use to predict the ADME-tox profiles, pharmacokinetics
and toxic and/or side effects of chemical compounds. We
have chosen some of these resources because their accessibility
by easy inputs and interpretations, accompanied by sensitivity,
specificity and accuracy and taking into account their contin-
uous updating.

In order to estimate the ADME-Tox and pharmacokinetic
profiles of considered steroids we have used FAFDrugs4 (22)
computational tool. When using FAFDrugs4, distinct filters
may be applied for predicting the ADME-Tox profile of a
compound, depending on the route of administration and
the aim of the study (22). We have used Drug-Like Soft filter-
ing to assess the profiles and pharmacokinetics of steroids.
This the Lipinski’s rule, Veber’s rule, Egan’s rule and Bayer
Oral Phys Chem score for predicting bioavailability of a com-
pound and on GSK 4/400 rule and Pfizer 3/75 rule for
predicting the safety profile of the compound (22).
Concerning prediction of the safety profiles of steroids, we also
considered the Phospholipidosis Inducer and Lilly Med Chem
rules, the applied demerit level being “regular” (22).

When predicting the biological activity of chemical com-
pound, ligand-based and structure-based approaches comple-
ments each other and strength the accuracy of computational
predictions (23).SwissADME computational tool allows pre-
diction of the following pharmacokinetic characteristics: gas-
trointestinal absorption (GI), P-glycoprotein (P-gp) substrate,
inhibitor of some cytochromes P450 (CYP)known to be regu-
larly involved in the interactions with xenobiotics (CYP1A2,
CYP2C19, CYP2C9, CYP2D6, CYP3A423), blood brain
barrier permeant (BBBP) and skin permeability with an accu-
racy of 71% to 89% (24). Skin permeation is appreciated
considering the logarithm of the permeability coefficient
(logKp), the more negative is the logKp for a compound, less
skin permeant is this compound. The same pharmacokinetics
characteristics of investigated steroids have been predicted
using admetSAR tool, a database providing a broad estima-
tion of biological activity and toxicity profiles for various com-
pounds (25). It also includes models with highly predictive
accuracy (between 72.3% and 76.7%) allowing estimation of
the biological activity for novel chemicals. We have used this
database to obtain/predict the biological activity (GI, P-gp,
BBBP, CYP inhibition) of investigated steroids and the result
are compared with the predictions made by SwissADME
computational tool.

Swiss ADME and admet SAR tools use a ligand-based
approach when predicting the cytochromes inhibition by
chemicals, structures of both known inactive and active com-
pounds on a specific target being modelled to derive quanti-
tative structure-activity relationships (24).

Molecular docking is a typical computational method that
uses the target-based approach when predicting the biological
activity of a chemical, the structures of the enzymes being the
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Table |

Common and IUPAC Names of AAS Considered in this Study, Their Chemical Structures

Market. (FDA — US Food and Drug Administration, https:/Avww.fda.gov/default.htm)

, Typical Route of Administration and Their Status on the

Common name

IUPAC name

Route of
administration

Status

Oxymetholone
Oxandrolone

Methandrostenolone

Ethylestrenol

Stanozolol

Fluoxymesterone
Norethandrolone
Methenolone acetate
Mesterolone

Testosterone undecanoate
Nandrolonedecanoate
Nandrolonephenpropionate

Testosterone cypionate

Testosterone enanthate
Testosterone propionate
Methenoloneenanthate
Boldenoneundecyclenate

Trenbolone acetate
Trenbolone

| -Androsterone

4-Hydroxytestosterone
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(2Z,55,8R,95,10S,13S, 14S, 1 7S)-17-hydroxy-2-(hydroxymethylidene)-

10,13,17-trimethyl-1,4,5,6,7,8,9,1 1,12,14,15,16-
dodecahydrocyclopentafalphenanthren-3-on
(15,3aS,3bR,5a5,9aS,9bS, | 1aS)- | -hydroxy-1,9a, | la—trimethyl-
2,3,33,3b,4,5,53,6,9,9b, 10, | |-dodecahydroindeno[4,5-
hlisochromen-7-one
(8R,9S,10R, 135,145, 17S)-17-hydroxy- 10, 13, | 7-trimethyl-

oral

oral

oral

7,8,9,11,12,14,15,1 6-octahydro-6H-cyclopenta[a]phenanthren-3-one

(8R/9S,10R, I3S,14S,17S)-17-ethyl- | 3-methyl-
2,3,6,7,89,10,11,12,14,15,16-dodecahydro- | H-
cyclopenta[a]phenanthren- | 7-ol

(15,3aS,3bR,5aS, 10aS, 10bS, 12aS)-1, 1 0a, | 2a—Trimethyl-
1,2,3,33,3b,4,5,53,6,7,10,10a,100,1 I, 12,12a—
hexadecahydrocyclopenta[5,6]naphtho[ |, 2-flindazol- | -ol

(8S,9R,10S,1'1S,13S,14S,17S)-9-fluoro-1 1, I 7-dihydroxy- 10,13, 17-

trimethyl-1,2,6,7,8,11,12,14,15,16-
decahydrocyclopenta[a]phenanthren-3-one
(8R,9S,10R, 135,14S,17S)-17-ethyl-17-hydroxy- | 3-methyl-
1,2,6,7,89,10,11,12,14,15,16-
dodecahydrocyclopentafalphenanthren-3-one
[(55,8R,9S,10S,13S,14S,175)-1,10, | 3-trimethyl-3-oxo-
4,56,7,89,11,12,14,15,16,17-
dodecahydrocyclopentafa]phenanthren- | 7-yl] acetate
(1S,55,8R,95,10S,13S,14S,17S)-17-hydroxy-1, 10, | 3-trimethyl-
12456,789,11,12,14,1516,17-
tetradecahydrocyclopenta[alphenanthren-3-one
[(8R,9S,10R,13S,14S,17S)-10, | 3-dimethyl-3-oxo-
12,6,789,11,12,14,15,16,17-
dodecahydrocyclopentafalphenanthren- | 7-yl] undecanoate
[(8R,9S,10R,13S,14S,17S)-13-methyl-3-oxo-
2,6,7,89,10,11,12,14,15,16,17-dodecahydro- | H-
cyclopenta[a]phenanthren- | 7-yl] decanoate
[(8R,9S,10R, 135, 14S,175)-13-methyl-3-oxo-
2,6,789,10,11,12,14,15,16,17-dodecahydro- | H-
cyclopenta[a]phenanthren-17-yl] 3-phenylpropanocate
[(BR,9S,10R,13S,14S,17S)-10, | 3-dimethyl-3-oxo-
1,2,6,789,11,12,14,15,16,17-
dodecahydrocyclopentafalphenanthren-17-yl] 3-
cyclopentylpropanoate
[(BR,9S,10R,13S,14S,17S)-10, | 3-dimethyl-3-oxo-
12,6,789,11,12,14,15,16,17-
dodecahydrocyclopentaa]phenanthren- 1 7-yl] heptanoate
[(BR9S,10R,13S,145,175)-10, | 3-dimethyl-3-oxo-
12,6,7,89,11,12,14,15,16,17-
dodecahydrocyclopentafalphenanthren-17-yl] propanoate
[(55,8R/9S,10S,13S,14S,17S)-1,10, | 3-trimethyl-3-oxo-
456,789,11,12,14,15,16,17-
dodecahydrocyclopentafa]phenanthren- | 7-yl] heptanoate
[(BR9S,10R,13S,14S,175)-10, | 3-dimethyl-3-oxo-

6,7,89,11,12,14,15,16,17-decahydrocyclopentala]phenanthren- 1 7-

yl] undec- 1 0-enoate

oral

oral and injectable

oral

oral

oral

oral

oral

injectable

injectable

injectable

injectable

injectable

injectable

injectable

[(8S,13S,14S,17S)-13-methyl-3-ox0-2,6,7,8,14,15,16, 1 7-octahydro- | H-  injectable

cyclopenta[a]phenanthren- | 7-yl] acetate
(8S,13S,14S,17S)-17-hydroxy- | 3-methyl-2,6,7,8,14,15,16,17-

octahydro- | H-cyclopentafa]phenanthren-3-one
(3R,55,8R,9S,10R, I35, 14S)-3-hydroxy-10, | 3-dimethyl-

injectable

oral

3,4,5,6,7,89,11,12,14,15,16-dodecahydrocyclopentafalphenanthren-

| 7-one

oral

FDA approved

FDA approved

Controlled Substances Act
2016

FDA approved

FDA approved

FDA approved

Controlled Substances Act

2016

Not approved in US

Controlled Substances Act

2016

FDA approved

FDA approved

FDA approved

FDA approved

FDA approved

FDA approved

Not approved in US

Not approved for human
use, veterinary drug.

Veterinary drug

Veterinary drug

Pro-steroid, Controlled
Substances Act 2016

listed in the Anabolic Steroid
Control Act 2014’


https://www.fda.gov/default.htm
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Table | (continued)

Common name

IUPAC name

Route of
administration

Status

(8R,9S,10R, 13S,14S,175)-4,17-dihydroxy- 1 0, | 3-dimethyl-
1,2,6,7,89,11,12,14,15,16,17-
dodecahydrocyclopentaa]phenanthren-3-one

7-Keto- (3S,8R/9S,10R, I35, 14S)-3-hydroxy- 10, | 3-dimethyl- oral Bulk drug substances under
dehydroepiandrosterone 2,3,4,8,9,11,12,14,15,16-decahydro- | H-cyclopenta[a]phenanthrene- evaluation2017
7,17-dione
Androst-4-ene-3,1 1,17- (10R,13S)-10,I3-dimethyl-1,7,8,9,10,11,12,13,15, | 6-decahydro-2H- oral Not approved in US.
trione cyclopenta[alpha]phenanthrene-3,6,17(14H)-trione
Androsta-|,4,6-triene-3,17-  (8R,9S,10R,13S,14S)-10, | 3-dimethyl-9,1 [,12,14,15, | 6-hexahydro-8H-  oral listed in the ‘Designer
dione cyclopenta[alphenanthrene-3, | 7-dione Anabolic Steroid Control
Act 2014
Androsterone acetate [BR,5S5,8R,9S,10S, 13S,14S)- 10, | 3-dimethyl- | 7-oxo- oral pro-steroid, dietary
1,2,34,56,789,11,12,14,15,16- supplement

tetradecahydrocyclopenta[a]phenanthren-3-yl] acetate

Androsta- | ,4-diene-3,17-

(8BR/9S,10R, 135,145)-10, | 3-dimethyl-7,8,9,1 1,12,14,15,1 6-octahydro-  oral

listed in the ‘Designer

dione 6H-cyclopentafalphenanthrene-3, | 7-dione Anabolic Steroid Control
Act 2014

Epiandrosterone (35,55,8R,95,10S, 135, 14S)-3-hydroxy- 10, | 3-dimethyl- oral Veterinary drug
12,3,456,7,89,11,12,14,15,16-
tetradecahydrocyclopenta[alphenanthren- | 7-one

Epietiocholanolone (3S,5R,8R,9S,10S, 135S, 14S)-3-hydroxy-10, I 3-dimethyl- oral pro-steroid, dietary
1,2,34,56,7,89,11,12,14,15,16- supplement
tetradecahydrocydopentala]phenanthren- | 7-one

Estra-4,9-diene-3,17-dione  13-methyl-1,2,6,7,8,11,12,14,15,16- oral pro-steroid, dietary
decahydrocyclopentafalphenanthrene-3, | 7-dione supplement

Methasterone (2R,55,8R,9S,10S,135,14S,17S)-17-hydroxy-2,10, 13,1 7-tetramethyl- oral
2,4,56,7,89,11,12,14,15,16-dodecahydro- | H-
cyclopenta[a]phenanthren-3-one

Prostanozol (15,25, 10S,13R, 14S,17S,18S)-2, | 8-dimethyl- | 7-(oxan-2-yloxy)-6,7- oral

diazapentacydo[11.7.0.0>,'°.0* 80" "®Jicosa-4,7-diene

listed in the ‘Designer
Anabolic Steroid Control
Act 2014’

listed in the ‘Designer
Anabolic Steroid Control
Act 2014’

starting point in finding the active compounds. Consequently
molecular docking studies were performed to assess the inter-
actions of considered steroids with cytochromes. The crystal-
lographic structures of the human CYP1A2, CYP2C19,
CYP2C9, CYP2D6 and CYP3A4 in complex with inhibitors
have been identified in the Protein Data Bank (PDB) (26) and
those having the highest resolution have been considered, the
codes entry being: 2HI4 for CYP1A2, 4GQS for CYP2C19,
4NZ2 for CYP2C9, 4XRZ for CYP2D6 and 4D6Z for
CYP3A4, respectively. For the considered structural files of
CYPs, the ligands, excepting heme, have been removed and
structures have been prepared for molecular docking using the
DockPrep utility under Chimera software (27). Molecular
docking studies have been performed using SwissDock soft-
ware (28) that is based on EADock algorithm (29). We have
considered blind, accurate and rigid docking. Visualization
and analysis of the molecular docking results have been also
performed using Chimera.

Endocrine disruptors, hERG blocking potential,
carcinogenicity/mutagenicity and teratogenicity are
toxicological endpoints that are of the highest concern for

human health being the object of FDA regulations.
Consequently, within this study we also characterize the
possible carcinogenic and mutagenic potential of considered
AAS using Toxtree (30) and admetSAR computational tools.
Toxtree performs predictions for toxicological endpoints such
as carcinogenicity based on the Benigni/Bossa rule (31) and
mutagenicity considering the Ames test (32) with an accuracy
of 70%. AdmetSAR predicts toxicological endpoints such as
carcinogenicity and hERG channel-blocking potential with an
overall accuracy of 88.9% (25). The endocrine disruption po-
tential is assessed using Endocrine Disruptome computational
tool (33). This tool uses molecular docking to predict interac-
tions between the investigated compounds with 12 distinct
human nuclear receptors: (i) steroids receptors such as andro-
gen receptor (AR); estrogen receptors o (ER o) and p (ER p);
glucocorticoid receptor (GR); liver X receptors o (LXR o) and
B (LRX P) with both agonistic and antagonistic (an) confor-
mations where available; (i1) ligand-dependent nuclear recep-
tors others than steroid receptors: peroxisome proliferator ac-
tivated receptors o (PPRA a), /8 (PPRA B), and vy (PPRA y);
retinoid X receptor a (RXR o) and thyroid receptors o (TR o)

@ Springer
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and B (TR ). Molecular docking calculations are made using
AutoDockVina and starting from validated structures for the
considered nuclear receptors. For interpreting the results, the
compounds are classified in four classes taking into account
the value of the sensitivity (SE) parameter: SE <0.25 corre-
sponds to the “red” class with high probability of binding,
0.25 <SE < 0.50 to the “orange” class and 0.50 < SE <0.75
to the “yellow” class, both indicating medium probability of
binding and SE > 0.75 to the “green” class corresponding to
low probability of binding (33).

For prediction of molecular targets of steroids we have used
Swiss Target Prediction computational tool and a probability
of interaction higher than 0.7 has been considered (34). This
tool combines 2D and 3D similarity measures and it increases
significantly the target prediction accuracy.

We have used the PASS online tool (Prediction of
Biological Activity Spectra) to envisage the pharmacological
effects, biochemical mechanisms of action, specific toxicities
and side effects (mutagenicity, teratogenicity, embryotoxicity,
carcinogenicity) of the investigated AAS (35). This computa-
tional tool predicts with an accuracy of 95% the activity spec-
trum of a specified chemical compound by calculating in an
independent manner two probabilities: a probability to be
active (Pa) and a probability to be inactive (P1) (35). When
Pa>Pi and Pa>0.700, the chance to find experimentally
the predicted activity is strongly increased (36). This tool has
been used previously to predict, besides the activity spectra of
drugs, the biological activity spectra of some cyclic nitrones
(36) and of some natural products (37,38). In treating our
results obtained using PASS utlity, we have considered for
every compound only those activities with Pa > Pi and Pa >
0.900.

In order to compare the predictions of the computational
tools with known experimental data, we only considered in-
formation available from in vivo experiments for human ex-
posure and extracted from PubChem Compound database
(https://pubchem.ncbi.nlm.nih.gov/), Hazardous
Substances Data Bank (HSDB, https://toxnet.nlm.nih.gov/
newtoxnet/hsdb.htm),Drugs.com database (https://www.
drugs.com/) and SIDER database (http://sideeffects.embl.
de/) (39) that we have accessed between January 2017-
January 2018.

RESULTS

ADME-Tox profiles of the steroids considered in this
study have been obtained using FAFDrugs4tool and are
revealed in Table II. The values of the physicochemical
properties considered by Pfizer 3/75 rule are revealed in
Table II because this is the main rule that is not
respected by considered AAS.

@ Springer

Almost all considered steroids reveal good oral bioavail-
ability. For some of them, especially for those with injectable
route of administration, there are one or two violations of the
Lipinski’s rule. Concerning the safety profiles, all considered
AAS do not completely respect Pfizer 3/75 rule and a few
steroids also do not respect GKS 4/400 rule. None of consid-
ered steroids are predicted to produce phospholipidosis and a
few steroids do not respect LillyMedChem rules. There are a
few steroids that are rejected when applying the Druglike
filter under FAFDrugs computational tool: stanozolol,
nandrolonedecanoate, testosterone undecanoate, testosterone
cyplionate, testosterone enanthate, methenoloneenanthate
and prostanozol.

Predictions concerning the pharmacokinetics of considered
steroids have been obtained using SwissADME, admetSAR
and SwisDock computational tools and are presented in
Tables III and I'V.

Except testosterone undecanoate and nandrolonedecanoate,
all the other considered steroids are predicted to have a high
gastrointestinal absorption and this result is not unexpected tak-
ing into consideration that these two steroids have an injectable
route of administration. admetSAR computational tool reveals
that all steroids are able to penetrate the blood brain barrier and
consequently, to affect the central nervous system, this prediction
being confirmed by the results obtained using SwissADME tool
for numerous steroids. Concerning the interactions with the P-
gp protein, admetSAR reflect that, except the androsterone ac-
etate, the other steroids could be substrates for this enzyme, but
SwissADME tool predicts that only a limited number of steroids
are expected to be substrates of P-gp protein, meaning that their
systemic exposure could be reduced.

All considered steroids have the capability to penetrate into
the skin and it is important to be known as occupational expo-
sure may occur through dermal contact at workplaces where
AAS are produced, packaged or administrated.

Some of considered steroids are foreseen by the
SwissADME tool to inhibit the human CYP enzymes that
are mainly involved in metabolization of xenobiotics.
CYP1A2 is predicted to be inhibited by stanozolol and
prostanozol. CYP2C19 may be inhibited by ethylestrenol,
trenbolone acetate, androsta-1,4,6-triene-3,17-dione, boldion
(androsta-1,4-diene-3,17-dione) and estra-4,9-diene-3,17-
dione.Considered steroids are predicted to have the highest
inhibitory effects on CYP2C9:0xymetholone, oxandrolone,
methandrostenolone, ethylestrenol, methenolone acetate,
nandrolonedecanoate, nandrolonephenpropionate, testoster-
one cypionate, testosterone enanthate, testosterone propio-
nate, methenoloneenanthate, boldenoneundecyclenate,
trenbolone acetate, androsta-1,4,6-triene-3,17-dione and an-
drosterone acetate are all expected to inhibit this enzyme.
Nandrolonephenpropionate is the only steroid expected to
inhibit CYP2D6 and probable inhibitors of CYP3A4 are
nandrolonephenpropionate and trenbolone


https://pubchem.ncbi.nlm.nih.gov
https://toxnet.nlm.nih.gov/newtoxnet/hsdb.htm
https://toxnet.nlm.nih.gov/newtoxnet/hsdb.htm
http://drugs.com
https://www.drugs.com
https://www.drugs.com
http://sideeffects.embl.de
http://sideeffects.embl.de
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Table Il ADME-Tox Profiles of Considered Steroids Obtained Using FAFDrugs Tool. Green Boxes lllustrate that Corresponding Rules are Respected, Yellow
Boxes Denote Rules that are Partially Respected and Red Boxes lllustrate Rules that are Entirely Broken

Methenolone acetate

Mesterolone

Testosterone undecanoate

Nandrolonedecanoate

Nandrolonephenpropionate

Testosterone cypionate

Testosterone enanthate

Testosterone propionate

Methenoloneenanthate

Boldenone

Trenbolone acetate

Trenbolone
1-Androsterone

4-Hydroxytestosterone
7-Keto-
dehydroepiandrosterone
Androst-4-ene-3,11,17-trione

Androsta-1,4,6-triene-3,17-
dione

Androsterone acetate

Boldione (Androsta-1,4-diene-
3,17-dione)
Epiandrosterone

Epietiocholanolone

Estra-4,9-diene-3,17-dione

Methasterone

Prostanozol

*Stanozolol has two routes of administration, oral and injectable

acetate.admetSAR predictions envisage only a few possible
interactions of steroids with cytochromes: CYP1A2 and
CYP3A4 could be inhibited by stanozolol and CYP2C19 by
testosterone undecanoate, nandrolonephenpropionate, testos-
terone enanthate, testosterone propionate,

ADMET Profiling
Oral Bioavailability Drug Safety Profiling
Q
%)
[)) w)
=) g 2 Z
: 2 3 s |z . | £
- 2 %Y Si B g =] §
=l > = %2} <
2 g £ IS 3 & & 2
i) 2|2 0|3 S| 5 =) 3
@ : 2l 3 | & | 8 IS 3
E152]5 |3 58 |2
2| 2] 8| & M = =
S| & B [Togp| wsA | €2 | 5
Oxymetholone Accepted oral route of
Oxandrolone administration
Methandrostenolone Accepted
Ethylestrenol Accepted
Stanozolol* Rejected
Fluoxymesterone Accepted
Norethandrolone Accepted

Accepted
Accepted

Rejected

Rejected

Accepted injectable route
Rejected | of
. administration
Rejected
Accepted
Rejected
Accepted
Accepted
Accepted
Accepted
Accepted food
supplements

Accepted

Accepted
Accepted

Accepted
Accepted
Accepted
Accepted
Accepted
Accepted
Rejected

methenoloneenanthate, trembolone and prostanozol. Taking
into account the quite contradictory predictions made by the
two computational tools, in order to better assess the inhibi-
tory effects of steroids on CYP enzymes, we have also per-
formed molecular docking studies using SwissDock

@ Springer
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Table 11l
Barrier Permeation

Pharmacokinetics of Considered Steroids Predicted Using SwissADME Computational Tool. Gl — Gastrointestinal Absorption, BBBP — Blood-Brain

Steroids name/ prediction tool Gl BBBP P-gp substrate Log Kp (cm/s)
swissADME admetSAR swissADME admetSAR swissADME admetSAR swissADME
Oxymetholone High High Yes Yes No Yes -522
Oxandrolone High High Yes Yes No Yes =55]
Methandrostenolone High High Yes Yes No Yes —5.60
Ethylestrenol High High Yes Yes No Yes —4.47
Stanozolol High High Yes Yes Yes Yes —=5.14
Fluoxymesterone High High Yes Yes Yes Yes —6.84
Norethandrolone High High Yes Yes No Yes —5.65
Methenolone acetate High High Yes Yes No Yes —5.24
Mesterolone High High Yes Yes No Yes —-5.25
Testosterone undecanoate Low High No Yes Yes Yes -3.04
Nandrolonedecanoate Low High No Yes No Yes -3.75
Nandrolonephenpropionate High High Yes Yes No Yes —=5.17
Testosterone cypionate High High No Yes No Yes —4.29
Testosterone enanthate High High No Yes No Yes —4.24
Testosterone propionate High High Yes Yes No Yes =531
Methenoloneenanthate High High No Yes No Yes -3.93
Boldenoneundecyclenate High High Yes Yes No Yes —5.54
Trenbolone acetate High High Yes Yes No Yes —6.45
Trenbolone High High Yes Yes Yes Yes —6.60
| -Androsterone High High Yes Yes No Yes —541
4-Hydroxytestosterone High High Yes Yes Yes Yes =591
7-Keto-dehydroepiandrosterone High High Yes Yes Yes Yes —6.74
Androst-4-ene-3,1 |, | 7-trione High High Yes Yes Yes Yes —7.02
Androsta-1,4,6-triene-3, | 7-dione High High Yes Yes No Yes —5.89
Androsterone acetate High High Yes Yes No No -5.30
Boldione High High Yes Yes No Yes -5.93
Epiandrosterone High High Yes Yes No Yes —545
Epietiocholanolone High High Yes Yes No Yes —5.45
Estra-4,9-diene-3, 1 7-dione High High Yes Yes Yes Yes —6.91
Methasterone High High Yes Yes No Yes -528
Prostanozol High High Yes Yes No Yes —4.70

tool.Molecular docking studies have been applied for all the
considered steroids against the five cytochromes: CYP1A2,
CYP2C9, CYP2C19, CYP2D6, CYP3A4. The results reveal
that all AAS interact with CYPs but some of the AAS are able
to bind to the active sites of some of the enzymes. Figure 2
illustrates that neither stanozolol nor prostanazol bind to the
active site of CYPIA2. It is also true for some of the other
interactions predicted by the two ligand-based investigation
tools.

Other predictions concerning the interactions of steroids
with cytochromes are confirmed when using molecular
docking approach, the AAS binding to the active sites of en-
zymes. Figure 3 illustrates that androsterone acetate is linked
to the active site of CYP2C9.

@ Springer

For the ligand-based predictedinteractions confirmed
by using molecular docking approach, a structure-based
prediction method, the binding free energies are empha-
sized in Table IV and confirm that CYP2C9 is the most
affected cytochrome by AAS administration.

The differences between the predictions concerning the
cytochromes inhibition by steroids obtained using ligand-
and structure-based may be interpreted in terms of the limi-
tations of both approaches. None of these approaches allows
taking into consideration the thermodynamics of the ligand-
target association and the complexity of the way the ligand
interacts with the target.

The data obtained using Swiss TargetPredictionand PASS
online computational toolsare illustrated in Table V. Besides
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Fig. 2 Interactions of stanozolol (a) and prostanazol (b) with human cyto-
chrome 2Al. The enzyme is presented in dim grey cartoon, hem group in
red sticks, the inhibitor found in the crystallographic structure, alpha-naphtho-
flavone, is presented in green sticks and stanozolol and prostanozole respec-
tively are presented in sticks colored by atom type: carbons in pink, nitrogen in
blue, in oxygen red and hydrogen in white.

the androgen and estrogenreceptors, there are numerous oth-
er molecular targets of steroids identified by
SwissTargetPrediction tool: many other receptors, cyto-
chromes and microtubule-associated protein fau. This broad
spectrum of molecular targets may explain both the biological
activity spectra and the various side effects manifested by nu-
merous steroids. Between the side effects, cardiotoxicity, hep-
atotoxicity (hepatic carcinoma), gastrointestinal disruption,
behavioural disturbance, endocrine disruption,
embryotoxicity and reproductive dysfunction seem to be com-
mon side effects for the most of investigated steroids. Table V
also contains the experimentally/clinically observed side ef-
fects for investigated steroids (when available), this informa-
tion being extracted from PubChem, HSDB, Drugs.com and
SIDER databases.

@ Springer

Predictions concerning thecarcinogenicity/mutagenicity
(performed using Toxtree software (31), those concerning
the Ames test and inhibition potential of the hERG channel
(predicted using admetSAR computational tool (25), and the
endocrine disruption potential (computed using Endocrine
Disruptome tool (33) of considered AAS are presented in
Tables VI and VII, respectively.

None of the investigated compounds reflects non-genotoxic
carcinogenicity, but numerous steroids are predicted as struc-
tural alerts for genotoxic carcinogenicity. Some of these com-
pounds, testosterone undecanoate, testosterone cypionate, tes-
tosterone enanthate, methenoloneenanthate and
nandrolonedecanoate are also predicted as structural alerts
when using FAFDrugs4 software.admetSAR predictions re-
veal a weak potential of AAS for inhibiting the hERG chan-
nel. This result is in good agreement with information
contained in hERGAPDbase (a free data base containing
the chemical compounds with known hERG channel-
blocking potential from the electrophysiological experimental
data (40), none of the considered AAS being listed therein.

Numerous steroids that are designed for veterinary use,
under control and listed in the ‘Designer Anabolic Steroid

Fig. 3 Molecular docking result concerning interaction of androsterone ace-
tate with CYP2C9.Androsterone acetate (sticks colored by atom type — car-
bon in pink, hydrogen in white) binds to the active center of CYP2C9 (a), with
a different orientation that the inhibitor ((2R)-N-{4-[(3-
bromophenyl)sulfonyl]-2-chlorophenyl}-3,3,3-trifluoro-2-hydroxy-2-
methylpropan amide — green sticks) found in the crystallographic structure of
CYP2C9. Hem group is illustrated in red sticks.


http://drugs.com
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Table V (continued)

Known side effects

Prediction of biological activity (Pa > 0.9) Possible adverse&toxic effects (Pa > 0.9)

Predicted molecular targets (P > 0.7)

Steroid

NA

excitability (0.973), euphoria (0.954), re-

androgen receptor (0.92), CYP |9A antiseborrheic (0.948), antihyper-

Methasterone

behav-

productive dysfunction (0.936)

cholesterolemic (0.934), antisecretoric
(0.924), androgen antagonist (0.901)

(0.92), glucose-6-phosphate |-

ioral disturbance (0.935), sleep distur-

dehydrogenase (0.91), testosterone 17-

bance (0.933), necrosis (0.923), hepato-
toxic (0.925), embryotoxic (0.919), con-

beta-dehydrogenase 3 (0.90), estradiol

| 7-beta-dehydrogenase 12 (0.90),
muscleblind-like protein | (0.82),
muscleblind-like protein 2 (0.82),

sciousness alteration (0.918), teratogen

(0.909)

muscleblind-like protein 3 (0.82), m-

phase inducer phosphatase | (0.77), m-
phase inducer phosphatase 2 (0.77),

complex (0.77), microtubule-associated
protein tau (0.74), tyrosyl-DNA phos-

phodiesterase | (0.70)
estrogen receptor (0.62)

NA

embryotoxic (0.849), teratogen (0.849)

antineoplastic (0.832)

Prostanozol

Control Act 2014’ reflect high potential as endocrine
disruptors, as presented in Table VIL.

They usually reflect high binding capacity to the androgen
and estrogen receptors in both agonistic and antagonistic con-
formations and consequently they may produce cancerous
tumours, developmental disorders, reproductive dysfunctions,
neurologicaland immune effects in humans. The results ob-
tained using Endocrine Disruptome computational facility are
in good agreement with published data concerning both ex-
perimental and molecular modelling studies revealing the in-
teractions of different steroids with steroids receptors and oth-
er nuclear receptors (13-18).

DISCUSSION

There is not a total consensus between the predictions
concerning the same characteristics obtained using diverse
software. It could be explained by the fact that different au-
thors have used distinctive parameters in their models, differ-
ent numbers of compounds and/or distinct types of chemical
structures for their training and testing data sets. Also, differ-
ent statistical approaches have been used to describe the good-
ness of the models used.

However, some of the predicted features of investigated
steroids are confirmed by several computational tools. All
the specific computational methods that we have used predict-
ed that investigated AAS revealed good oral bioavailability, a
good capacity for skin penetration, the ability to penetrate the
blood brain barrier and that some of them are substrates for
the P-gp protein. Their ability to penetrate the blood brain
barrier is also confirmed by the predictions obtained using
PASS online, the latter envisaging that euphoria, excitability
and behavioural disturbance are common side effects mani-
fested by all investigated steroids. Furthermore, these side ef-
fects have been noticed in clinical studies for numerous
steroids.

Many of the predictions concerning the interactions of ste-
roids with CGYPs that have been obtained using SwissADME
tool have been confirmed by the results acquired by means of
SwissTargetPrediction and PASS online tools and are con-
firmed by the molecular docking studies. Our results
emphasised that numerous investigated AAS are able to in-
hibit CYPs involved in the metabolism of endogenous com-
pounds and drugs, especially the cytochrome 2C19, but also
CYP1A2 and CYP2C9.

There also is a good correlation between the predictions
concerning the interactions of investigated steroids with some
of the human nuclear receptors obtained using
SwissTargetPrediction, PASS online and Endocrine
Disruptome computational facilities. Furthermore, these pre-
dictions are in good agreement to other published data

@ Springer
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Table VI  Assessment of the Toxic Potential of Investigated Steroids
Steroid Carcinogenicity Ames toxicity hERG

Toxtree prediction admetSAR prediction  Toxtree prediction  admetSAR prediction

Non-genotoxic ~ Genotoxic Carcinogen

carcinogenicity carcinogenicity
Oxymetholone No Yes No Yes No Weak
Oxandrolone No No No No No Weak
Methandrostenolone No Yes No Yes No Weak
Ethylestrenol No No No No No Weak
Stanozolol No No No No No Weak
Fluoxymesterone No Yes No Yes No Weak
Norethandrolone No Yes No Yes No Weak
Methenolone acetate No Yes No Yes No Weak
Mesterolone No No No No No Weak
Testosterone undecanoate No Yes No Yes No Weak
Nandrolonedecanoate No Yes No Yes No Weak
Nandrolonephenpropionate No Yes No Yes No Weak
Testosterone cypionate No Yes No Yes No Weak
Testosterone enanthate No Yes No Yes No Weak
Testosterone propionate No Yes No Yes No Weak
Methenoloneenanthate No Yes No Yes No Weak
Boldenoneundecyclenate No Yes No Yes No Weak
Trenbolone acetate No Yes No Yes No Weak
Trenbolone No Yes No Yes No Weak
| -Androsterone No No No No No Weak
4-Hydroxytestosterone No Yes No Yes No Weak
7-Keto-dehydroepiandrosterone No Yes No Yes No Weak
Androst-4-ene-3, 1 |, | 7-trione No Yes No Yes No Weak
Androsta-| ,4,6-triene-3, | 7-dione No Yes No Yes No Weak
Androsterone acetate No No No No No Weak
Androsta- | ,4-diene-3, | 7-dione No Yes No Yes No Weak
Epiandrosterone No No No No No Weak
Epietiocholanolone No No No No No Weak
Estra-4,9-diene-3, 1 7-dione No Yes No Yes No Weak
Methasterone No No No No No Weak
Prostanozol No No No No No Weak

(13-18) and the clinically observed adverse effectsfor some
considered steroids.

Our results emphasize thatAAS reveal different degrees of
toxicity and numerous side effects on humans: cardiotoxicity,
gastrointestinal toxicity, hepatotoxicity (especially hepatic neo-
plasms or hepatocellular carcinomas), hematotoxicity,
embryotoxicity, dermatological adverse effects, psychiatric ef-
fects, endocrine disruption and reproductive dysfunction.
Predicted side effects are in very good agreement with
experimental/clinical data known for several steroids that are
used as drugs. Taking into account that steroids may be used
illegally, some of their side effects may also not be reported.

@ Springer

There also are some research limitations. Even if com-
putational methods are widely used to assess the prediction
of pharmacokinetics and side/toxic effects of xenobiotics,
important false-positive rates may occur. Rule-based, ap-
proaches are capable to detect most toxicophores, but pre-
dictions taking into account doses of xenobiotics and/or
their accumulation remain challenging. Another limitation
that must be underlined is that many side effects may be
observed not for the whole population but just in some
particular persons. There are many factors that may have
a critical impact on the occurrence of adverse effects of
drugs and other xenobiotics: dose and frequency, age (very
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Table VII

Evaluation of the Endocrine Disruptor Potential of Investigated Steroids: Green — Low Endocrine Disruption Potential, Light Yellow — Low to

Medium Endocrine Disruption Potential, Orange — Medium Endocrine Disruption Potential, Red — High Endocrine Disruption Potential

Oxymetholone
Oxandrolone

Methandrostenolone
Ethylestrenol
Stanozolol
Fluoxymesterone
Norethandrolone
Methenolone acetate
Mesterolone
Testosterone undecanoate
Nandrolonedecanoate
Nandrolonephenpropiona
te
Testosterone cypionate
Testosterone enanthate
Testosterone propionate

TRo | TR B

Methenoloneenanthate

Boldenoneundecyclenate
Trenbolone acetate
Trenbolone
1-Androsterone
4-Hydroxytestosterone
7-Keto-
dehydroepiandrosterone
Androst-4-ene-3,11,17-
trione
Androsta-1,4,6-triene-
3,17-dione
Androsterone acetate
Androsta-1,4-diene-3,17-
dione
Epiandrosterone

Epietiocholanolone
Estra-4,9-diene-3,17-
dione
Methasterone
Prostanozol

young and very old people being more vulnerable), gender,
genetic factors, health status, smoking, alcohol intake, co-
administrated medication (41).Computational methods do
not take into account any of these factors.

However, computational methods have advantages
complementing in vivo toxicity tests and improving toxicity
prediction and safety assessment of AAS.

CONCLUSIONS

To the best of our knowledge, this is a first study dealing with
predictions of ADME-Tox profiles, pharmacokinetics, molec-
ular targets, biological activity spectra and adverse effects in
humans of the steroids that are already approved and used as
drugs but also for those that are approved to be used for
animals and designer steroids that are under control/evalua-
tion, respectively. The metabolism, effects and side effects of
many steroids on humans are not well understood and the
outcomes of this study may inform both professionals and
population about the health issues that may be associated with
their use.

Steroids considered in this study usually reveal a high gas-
trointestinal absorption and consequently a good oral bio-
availability and they reflect a good capacity for skin penetra-
tion. Investigated steroids may inhibit many of the human
cytochromes involved in the metabolism of numerous xenobi-
otics, CYP2C9 being the most affected, and consequently
their use may impair the efficiency of other medication.

There are predicted various side effects of these anabolic
and androgenic steroids in humans, such as cardiotoxicity,
gastrointestinal toxicity, genitourinary effects, dermal irrita-
tions, hepatotoxicity, psychiatric disorders, endocrine disrup-
tions and reproductive dysfunction. Many of these side effects
are confirmed by case studies reported in specific literature
and it enhances the accuracy of predictions.

The outcomes of this study concerning the inhibition of the
cytochromes by steroids are important to be known to avoid
co-administration of steroids with some drugs. Identification
of the molecular targets and of the possible side and/or toxic
effects of investigated steroids also has practical implications
for the awareness of those who use them deliberately for their
performance enhancement and anti-aging properties and for
people that are professionally exposed.
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These data expose that computational predictions have a
good degree of accuracy and must be taken into consideration
when designing new compounds with biological activity.
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