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A B S T R A C T   

The illicit use of anabolic androgenic steroids (AAS) among adolescents and young adults is a major concern due 
to the unknown and unpredictable impact of AAS on the developing brain and the consequences of this on mental 
health, cognitive function and behaviour. The present study aimed to investigate the effects of supra- 
physiological doses of four structurally different AAS (testosterone, nandrolone, stanozolol and trenbolone) on 
neurite development and cell viability using an in vitro model of immature primary rat cortical cell cultures. A 
high-throughput screening image-based approach, measuring the neurite length and number of neurons, was 
used for the analysis of neurite outgrowth. In addition, cell viability and expression of the Tubb3 gene (encoding 
the protein beta-III tubulin) were investigated. Testosterone, nandrolone, and trenbolone elicited adverse effects 
on neurite outgrowth as deduced from an observed reduced neurite length per neuron. Trenbolone was the only 
AAS that reduced the cell viability as indicated by a decreased number of neurons and declined mitochondrial 
function. Moreover, trenbolone downregulated the Tubb3 mRNA expression. The adverse impact on neurite 
development was neither inhibited nor supressed by the selective androgen receptor (AR) antagonist, flutamide, 
suggesting that the observed effects result from another mechanism or mechanisms of action that are operating 
apart from AR activation. The results demonstrate a possible AAS-induced detrimental effect on neuronal 
development and regenerative functions. An impact on these events, that are essential mechanisms for main-
taining normal brain function, could possibly contribute to behavioural alterations seen in AAS users.   

1. Introduction 

The illicit use (i.e. non-medical use) of anabolic androgenic steroids 
(AAS) has over the last decades become an increasing problem. Several 
factors, for example media, where lean and muscular body types are 
presented as the ideal body shape, and the increase of fitness franchises 
and high interest of resistance exercise in the gyms might all contribute 
to the trend [1]. The prevalence of AAS use in the society is difficult to 
estimate, but based on empirical literature reviews of national surveys 
and information from needle and syringe programmes several countries 
report a growing concern regarding the use of these substances [2–4]. 

Although the typical AAS user is a young adult male, AAS usage 
among adolescents is reported as well [5–8]. These individuals may be 

subjected to a higher risk compared with adult users as their brains are 
still under development. The prevalence among adolescents is, in 
accordance to adult users, higher among boys. In addition, there are 
several other contributing factors associated with adolescent AAS use [6, 
8–10]. However, the reason for using AAS is almost always, both in 
adults and adolescents, to gain muscle mass and strength with the 
intention to improve the physical performance or appearance. 

Supra-physiologic doses of AAS are reported to cause several severe 
adverse effects, and mental health problems are suggested as a conse-
quence of long-term use of AAS in both adults and adolescents [11,12]. 
The underlying molecular mechanism contributing to mental health 
problems and changed behaviour is not fully understood. Even though 
the adverse effects are similar in the adult and adolescent brain some 
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interesting differences have been noticed regarding structural changes, 
as well as changes in brain activity and alterations in neurotransmitter 
signalling [13]. Studies in adolescent rodents describe AAS exposure to 
impact various signalling pathways in the brain, such as the serotonin 
[14–16], dopamine [17], glutamate [18], and GABAergic signalling 
systems [19,20]. These alterations are identified in several brain regions 
and seem to be affected differently dependent on the region investi-
gated. Also, AAS use during adolescence has been shown to increase 
spine density, a measurement of excitatory potential, in the limbic sys-
tem of rats [21]. In addition to this, there are studies showing adult 
AAS-consuming males to have reduced functional connectivity between 
brain networks in regions involved in cognitive regulation [22], smaller 
volumes of total grey matter, and thinner cortex in widespread regions 
of the brain [23]. Thinning of the cortex has also been demonstrated to 
be more severe in AAS dependent males, where the prefrontal cortex, a 
region involved in emotional control, was particularly affected [24]. The 
literature indicates that AAS exposure during adolescence and adult-
hood cause structural changes and altered neurotransmission in areas 
and signalling systems with important association with several behav-
ioural functions and suggests an area of interest for further studies. 

A well-functioning method to determine the effect of particular 
compounds on neurite development and regulation is by measuring 
neurite outgrowth. Neurites are projections from the cell body of neu-
rons that develop into either dendrites or axons to form neuronal net-
works which allow communication between neurons. Neurite 
development is a complex process where several cellular mechanisms 
are involved in the modulation of neurite outgrowth, which is essential 
both during CNS development and neuronal regeneration after trauma 
or disease [25]. Deficits in neurite outgrowth may contribute to alter-
ations in neuronal networking and connectivity, brain development, and 
possibly result in altered behaviour, cognitive function or cause psy-
chiatric disorders [26]. Micromolar concentrations of methandienone 
(eg. Dianabol) and 17-α-methyltestosterone (eg. Testoviron) have pre-
viously been described to inhibit the formation of neurite networks and 
induce apoptosis in differentiated pheochromocytoma 12 cell lines [27], 
while nanomolar concentrations of testosterone have been shown to 
increase neurite outgrowth in cells obtained from brains of lamb fetuses 
[28]. An investigation of the outcomes mediated by structurally 
different AAS on neurite outgrowth in primary cultured cells provides an 
in vitro method to examine the potential harmful AAS-induced effects on 
neuronal development and regenerative functions. Thus, the aim of the 
current study was to elucidate how structurally different AAS, testos-
terone, nandrolone, stanozolol, and trenbolone (Fig. 1), affect neurite 
outgrowth and cell viability. This is of importance in order to get a better 

understanding of the specific toxic properties of structurally different 
AAS, as well as how the adolescent and young adult brain might be 
affected by these substances. 

2. Material and methods 

2.1. Ethical statement 

The animal experimental procedures included in the present study 
were approved by the local animal ethics committee at Uppsala Uni-
versity (5.8.18− 18550/2018), and were performed in accordance with 
the guidelines of the Swedish Legislation on Animals Experimentation 
(Animal Welfare Act SFS 1998:56) and the European Union Directive on 
the Protection of Animals Used for Scientific Purposes (2010/63/EU). 

2.2. Animals and cell culturing 

Pregnant Wistar dams (n=10) were purchased from Charles River 
Laboratories (Italy) and housed in the animal facility in transparent type 
IV cages (59 × 38 × 20 cm) with raised cage lids and free access to food 
(Type R36, Lantmännen, Kimstad, Sweden) and water. Mixed neuronal 
and glial primary cortical cell cultures were isolated by a method pre-
viously described [29] with minor modifications. Briefly, on embryonic 
day 17 the dams were euthanized with increasing levels of carbon di-
oxide, the fetuses were extracted, and their brains were removed. The 
cortical tissue was dissected in Hank’s balanced salt solution (Thermo 
Fisher Scientific, Waltham, MA, USA) and digested using 0.2 mg/mL of 
trypsin (Sigma-Aldrich, St Louis, MO, USA) in 37 ◦C for 10 min. The 
enzymatic reaction was thereafter inhibited with 0.52 mg/mL trypsin 
inhibitor (Sigma-Aldrich) and a cell suspension was obtained by me-
chanical dissociation using a 1 mL pipette. The cell suspension was 
centrifuged in 3200 rpm for 3 min and the acquired pellet was resus-
pended in neurobasal media (Thermo Fisher Scientific) supplemented 
with 10 % (v/v) fetal bovine serum (Thermo Fisher Scientific), 2 % (v/v) 
B27 (Thermo Fisher Scientific), 0.5 mM GlutaMax™ (Thermo Fisher 
Scientific), and 100 U/mL penicillin and streptomycin (Thermo Fisher 
Scientific). The cells were counted using a Countess™ II Automated Cell 
Counter (Thermo Fisher Scientific) and thereafter seeded in appropriate 
densities into either black 96-well tissue culture plates (5 × 103 cells per 
well for the neurite outgrowth assay), transparent 96-well tissue culture 
plates (1 × 105 cells per well for cell viability assays) or 6-well tissue 
culture plates (15 × 105 cells per well for the gene expression analysis) 
pre-coated with 50 μg/mL poly-D-lysine (Sigma-Aldrich). The cell cul-
tures were stored in a humified incubator at 37 ◦C and 5 % CO2 for 24 h, 
after one day in vitro (1 DIV) a media change was carried out with 
serum-free neurobasal medium containing 2 % extra B27. 

2.3. Drug treatments 

The AAS used in the present study (testosterone, nandrolone, sta-
nozolol, and trenbolone) and the androgen receptor (AR) antagonist 
(flutamide) were purchased from Sigma-Aldrich. The AAS and flutamide 
were dissolved in 100 % (w/v) of dimethyl sulfoxide (DMSO, Sigma- 
Aldrich) and further diluted with water. The final concentrations 
exposed to the cells were 10 μM, 30 μM, or 100 μM of AAS, 10 μM of 
flutamide, and 0.1 % DMSO (v/v) was used as control. 

In order to examine the effects of AAS on primary cortical cell cul-
tures, the cells were administered with 10 μM, 30 μM, or 100 μM of the 
AAS repeatedly every 24 h for three continuous days (1–4 DIV). In 
addition, to determine whether the effect is mediated by the AR, the cells 
were co-administered with the AAS together with 10 μM of flutamide by 
following the same three-day repeated treatment regime. All chemical 
treatments were added in duplicates (mRNA expression analysis) or 
triplicates (neurite outgrowth and cell viability assays) and repeated at 
least three times (n = 3–6). 

Fig. 1. Molecular structure of A) testosterone, B) nandrolone, C) stanozolol, 
and D) trenbolone illustrating the structural differences between the AAS. 
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2.4. Androgen receptor expression in primary cortical cell cultures 

Immunocytochemistry was used to determine the expression of the 
AR in the primary cortical cell cultures. Untreated primary cortical cells 
(n = 1) grown in densities of 5 × 103 cells per well were fixed after 4 DIV 
using 4 % (w/v) of paraformaldehyde (PFA, Sigma-Aldrich) in 
phosphate-buffered saline (PBS) for 15 min and permeabilized with 0.2 
% (v/v) Tween 20 in PBS for 10 min. Unspecific binding was blocked 
with PBS containing 10 % (v/v) normal donkey serum (NDS, Sigma- 
Aldrich) and 0.1 % (v/v) Tween 20 for 1 h. The primary antibody rab-
bit anti-androgen receptor (1:50 dilution; Santa Cruz Biotechnology) 
was added to the cells for 1 h. After washing, the cells were incubated 
with the secondary antibody Alexa 488 donkey anti-rabbit (1:500 
dilution; Thermo Fischer Scientific) for 1 h and from hereafter protected 
from light. The nuclei marker 4′,6-diamidino-2- phenylindole, dihy-
drochloride (DAPI; 2.5:500 dilution; Sigma-Aldrich) was added and 
incubated for 45 min. Images were acquired using ImageXpress XL 
(Molecular Devices) mounted with a × 20 objective. 

2.5. Analysis of neurite outgrowth 

After 4 DIV, treated primary cortical cells (n = 6) grown in densities 
of 5 × 103 cells per well were fixed with 4 % PFA for 15 min, per-
meabilized with 0.2 % (v/v) Triton-X-100 in PBS for 10 min, and 
blocked with 10 % NDS and 0.1 % (v/v) Triton-X-100 for 1 h. In order to 
detect neurites, the primary antibody rabbit anti-beta-III tubulin (a 
marker for neuronal microtubule) was added (1:500) to the cells and 
incubated for 1 h. Appropriate secondary antibody, Alexa 488 donkey 
anti-rabbit (1:500 dilution), was added after washing and incubated for 
1 h. The nuclei marker DAPI (2.5:500 dilution) was added for 45 min. A 
high-throughput screening image-based approach was used for the 
analysis of neurite outgrowth by measuring the neurite length and 
number of neurons. Images were acquired using the high-content 
screening system ImageXpress XL mounted with a × 20 objective. 
Each well was divided into nine different sites resulting in nine images 
per well and channel. A total of 324 images were acquired for each 
concentration and treatment, as the experiment was repeated six times 
(n = 6). The exposure time was set at a constant level with only minor 
deviations between the cultures. The images were analyzed using 
automated image analysis in Image J (version 1.52 h) with a macro 
written by the authors (see supplementary materials). Briefly, the 
number of cells in each image were counted using the DAPI channel and 
the neurite length was determined with the FITC channel. Cells not 
positive for anti-beta-III tubulin were not characterized as neurons. The 
ImageJ algorithm “IsoData” was used to threshold the 16-bit images and 
the binary images were skeletonized using the function “skeletonize” in 
ImageJ. To determine the neurite length, the total area (in pixels) of the 
skeletonized FITC image equals the total length of the neurites. Several 
parameters were monitored in each site to ensure high functionality of 
the used macro. For example, the nuclei area, intensity, and circularity. 
If any of the parameters deviated in comparison with the other images, 
manual inspection of the specific image was applied. Parameters used in 
the statistical analysis were number of neurons and neurite length per 
neuron. 

2.6. Analysis of cell viability 

The effect of AAS on cell viability was assessed using the MTT-assay 
(Sigma-Aldrich) and the lactate dehydrogenase (LDH) cytotoxicity 
detection kit (Roche Life Science, Mannheim). At 4 DIV the mitochon-
drial function of treated primary cortical cells grown in densities of 1 ×
105 cells per well were analyzed as a measure on cell viability using the 
MTT-assay (n = 4). Cell media from the same cells were used for the 
LDH-assay, in which membrane integrity is measured by the amount of 
released LDH into the cell media after cell permeabilization. The 
absorbance was measured using the FLUOstar Omega 

spectrophotometer (BMG Labtech) at 570 and 492 nm for the MTT and 
LDH-assay, respectively. Triton X-100 was included as a positive control 
in order to induce maximal cell death (data not shown). 

2.7. mRNA expression analysis of beta-III tubulin 

Beta-III tubulin is a protein that plays a vital role in axon guidance 
and the development of the nervous system. It is encoded by the Tubb3 
gene in rats. Primary cortical cells, grown in densities of 1.5 × 106 cells 
per well and treated either with AAS (10 μM and 100 μM) alone or 
together with flutamide (10 μM), were harvested and RNA was isolated 
using the Qiagen RNeasy Lipid tissue kit (Qiagen). Briefly, the cells were 
lysed, homogenized, and 70 % ethanol (1:1 ratio) was added. After 
subsequent washing steps the RNeasy spin columns were used to elute 
the samples. The RNA concentrations were quantified using a NanoDrop 
ND-1000 (NanoDrop Technologies) and diluted to 100 ng/μL with 
RNase free H2O. The quality of the RNA was examined using the 
Experion RNA analysis kit (Bio-rad instruments). Samples having a RNA 
quality indicator between 7–10, and displaying clear 18S and 28S ri-
bosomal RNA peaks were used for further analysis. The iScript cDNA 
synthesis kit (Bio-rad instruments) was used for the cDNA synthesis. All 
reactions included 250 ng RNA, 5 × iScript reaction mix, iScript reverse 
transcriptase, and RNase free H2O in a total volume of 20 μl. A reaction 
without the reverse transcriptase was included in every run as a negative 
control and the following cycling protocol was used: 5 min at 25 ◦C, 30 
min at 42 ◦C, and 5 in at 85 ◦C. 

Quantitative PCR (qPCR) was used to examine the mRNA expression 
of the Tubb3 gene. The qPCR analysis was conducted in a 96-well plate 
where each reaction contained 5 ng cDNA, 20 μM of the forward and 
reverse primers (Thermo Fisher Scientific), iQ SyBr Green Supermix 
(Bio-rad instruments), and RNase free H2O in a total volume of 25 μl. 
Primer sequences were designed using the primer BLAST-tool (NCBI), 
and the primers were validated in silico using the UCSC genome browser. 
A list of the primer sequences and corresponding acquisition number can 
be seen in Table 1. The reactions performed in duplicates including 
samples and negative controls using the following protocol on the 
CFX96 real-time PCR detection system, version 3.1 (Bio-rad in-
struments): 95 ◦C for 3 min, followed by 40 cycles of 95 ◦C for 15 s, 60 ◦C 
for 20 s, and 72 ◦C for 10 s. To ensure specific amplification a melt curve 
was incorporated after each run. The Cq-values were received from the 
CFX managing software 3.1 and the qBASEplus software version 3.2 
(Biogazelle) was used together with the two reference genes, ribosomal 
protein 19 (rpl19) and ribosomal protein large (rplp0), to obtain 
normalized gene expression levels. The reference genes were chosen 
after evaluation with GeNorm (a part of qBASEplus). In addition, a mean 
of the PCR efficiency for each primer set was obtained from the Lin-
RegPCR software (version 11.0) and included in the calculations. 

2.8. Statistical analysis 

All statistical analyses were performed using GraphPad software 
(Prism 8.0) and all data was assumed to follow a normal distribution. 

Table 1 
Primer sequences, with corresponding accession number, used in the qPCR 
analysis. Primers for the target sequence (Tubb3) was designed using the primer- 
BLAST tool (NCBI). Rpl19 and Rplp0 were used as reference genes.  

Gene Primer sequence Accession number 

Tubb3 FW: CAACTATGTGGGGGACTCGG NM_139254 
R: TGGCTCTGGGCACATACTTG 

Rpl19 FW: GCGTCTGCAGCCATGAGTATGCTT NM_031103 
R: ATCGAGCCCGGGAATGGACAGT 

Rplp0 
FW: GGGCAATCCCTGACGCACCG 

NM_022402 R: AGCTGCACATCGCTCAGGATTTCA 

Abbreviations: tubulin beta III (Tubb3), ribosomal protein 19 (Rpl19), ribosomal 
protein large (Rplp0), forward (FW), and reverse (R). 
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Primary cortical cells harvested from fetuses obtained from one indi-
vidual rat were considered as one culture (n = 1). Each culture received 
specific treatment in duplicates or triplicates, and was repeated three-six 
times (n = 3–6) dependent on the assay used. Outliers were detected 
using the ROUT method with a maximum false discovery rate set to 1 %. 
Identified outliers were excluded before further statistical analysis. The 
data is presented either as fold of control (qPCR measurements) or 
percent of control (neurite length, number of neurons, MTT and LDH) 
with mean ± standard error of mean (SEM). All statistical differences 
were indicated by one-way analysis of variance (ANOVA) with a sig-
nificance level of 0.05 (p < 0.05), followed by Dunnet’s post hoc test in 
comparison with control. 

3. Results 

To investigate the potential harmful effects of structurally different 
AAS on developing neurons an in vitro model of immature (1–4 DIV) 
mixed neuronal and glial primary cortical cell cultures from rat was 
used. After 4 DIV the cultures consisted of approximately 90 % neurons 
as measured by beta-III tubulin-positive cells. 

3.1. Immature primary cortical cells expressed the androgen receptor 

The primary cortical cell cultures expressed the AR at 4 DIV (Fig. 2), 
which allowed this model to be used for studies on mechanistic actions 
of AAS on this receptor system. The receptor was abundantly expressed 
in association with the cell nuclei, and to some extent in extranuclear 
sites. 

3.2. Cortical neurite outgrowth was differently affected by the 
concentration and type of anabolic androgenic steroid 

The AAS-induced effect on neurite outgrowth in developing neurons 
was determined by measurement of the neurite length and used as a 
determinant of neurite development. Fig. 3 illustrates representative 
images of primary cortical cells treated with 10, 30, and 100 μM of 
testosterone, nandrolone, stanozolol, and trenbolone that were used for 
the measurement of the neurite length. The average neurite length per 
neuron was reduced after treatment with testosterone F (6, 35) = 2.951, 
p = 0.0195, nandrolone F (6, 35) = 4.088, p = 0.0033, and trenbolone F 
(6, 35) = 16.03, p < 0.0001), while stanozolol F (6, 35) = 1.284, p =
0.29 did not affect the neurite length (Fig. 4). The post hoc test revealed 
the highest dose of testosterone, nandrolone, and trenbolone to cause 
this reduction and the AR antagonist flutamide not to be able to inhibit 
the effect (Fig. 4). Flutamide did not affect the neurite length of primary 
cortical cells when administered alone (data not shown). 

3.3. Trenbolone reduced the number of cortical neurons and affected cell 
viability 

The image-analysis revealed an overall effect on the number of 
cortical neurons caused by trenbolone, F (6, 35) = 2.806, p = 0.0246. 
The post hoc test demonstrated the highest concentration of trenbolone 
to reduce the number of neurons and flutamide to be able to partly 
protect from this toxic effect, but not to control levels (Fig. 5). This in-
dicates that trenbolone may have an adverse effect on neuronal cell 
viability. Testosterone F (6, 35) = 0.3488, p = 0.9058, nandrolone F (6, 
34) = 0.3499, p = 0.905, and stanozolol F (6, 35) = 0.6271, p = 0.7074 
did not affect the number of cortical neurons in the primary cell cultures. 

The effect of AAS on cell viability was determined by analysis of the 
mitochondrial function (Fig. 6a–d) and cell membrane permeabilization 
(Fig. 6e–f). The MTT-analysis revealed that treatment with trenbolone 
had an overall effect on mitochondrial function, F (6, 21) = 4.901, p =
0.0028. The post hoc analysis demonstrated 100 μM of trenbolone to 
reduce mitochondrial activity in primary cortical cells and flutamide to 
be able to partly inhibit this effect, but not to control levels. In addition, 
a numerical reduction in mitochondrial function was noticed to be 
caused by the other AAS investigated, although, the reduction was not 
significant in comparison to control. Also, a numerical increase in LDH 
concentration was found in the cell media of cells treated with nan-
drolone, stanozolol and trenbolone. However, this increase was not 
significant when compared to control. 

3.4. Trenbolone decreased the mRNA expression of the Tubb3 gene 

The qPCR-analysis of the mRNA expression in AAS-treated primary 
cortical cells revealed that the highest concentration (100 μM) of tren-
bolone decreased the mRNA expression of the Tubb3 gene in comparison 
to control, and that flutamide was not able to inhibit this effect, F (4, 10) 
= 76.13, p < 0.0001 (Fig.7d). A downregulation of the Tubb3 gene 
expression may explain the reduction in neurite length caused by tren-
bolone. The other investigated AAS did not significantly affect the 
Tubb3 gene expression (Fig. 7a–c), neither did flutamide when admin-
istered alone (data not shown). 

4. Discussion 

Mixed primary cultures of neuronal and glial cortical cells from rat 
were used to study the toxic impact of four structurally different AAS on 
neurite development and cell viability. An advantage with primary cell 
cultures compared to immortalized cell lines is that they are more 
similar to the in vivo state, as they exhibit several physiological and 
biochemical features. Even though the primary cell cultures consisted of 
mixed cells, the results demonstrated a neurotoxic effect as the exam-
ined AAS specifically altered neurite outgrowth and number of neurons 
to different extent. This suggest that harmful neurological and psycho-
logical outcomes might be expected after illicit AAS use at high doses. 

Fig. 2. Expression of the androgen receptor (AR) in primary cortical cell cultures. Immunofluorescent microscopy of fixed 4 DIV primary cortical cell cultures 
showed expression of the AR. Primary cortical cell cultures were stained with antibodies specific for the AR (green) and the nucleus staining DAPI (blue). Images were 
acquired using × 20 objective on the ImageXpress XL microscope. 
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The neurotoxic impact on neurite outgrowth and viability demon-
strated in the present study indicate that AAS may have detrimental 
effects on neuronal development and tissue repair processes. This could 
possibly explain some of the previously demonstrated outcomes caused 
by long-term AAS use in humans, such as reduced functional connec-
tivity, reduced volume in certain areas of the brain, and thinner cortex in 
wide-spread regions of the brain [22–24]. These types of alterations are 
associated with longer history of AAS exposure, which is consistent with 
our present and previous results [30], where AAS concentration, treat-
ment time, and type of AAS are dependent variables for the toxic 
outcome. The fact that AAS may affect neuronal development and 
regenerative functions of the brain raise serious concern as regrowth of 
severed axons, cell renewal, and synaptic plasticity are essential mech-
anisms for maintaining normal brain function [31]. Also, both receptors 
and neurotransmitters in a broad range of signalling systems of the adult 
rodent brain are affected by AAS use. Previous findings from our lab 
demonstrate alterations in systems involving the NMDA receptor [32], 
endogenous opioids [33], substance P [34,35], serotonin [36], neuro-
kinin [37], GABA, and growth hormone [38,39]. It is possible that these 
effects may be involved in the mechanisms causing altered mental 
health, cognitive functions, and behaviour in long-term AAS users. 

The AAS concentrations used in the present study mimic the supra- 
physiological doses consumed by AAS-users. The doses were chosen 
based on published literature [27,40–43] and our previous results [30], 
which demonstrate that these concentrations induce cell death after 
acute and repeated treatment of mature (7-9 DIV) primary cortical cell 
cultures. However, the concentrations cannot be interpreted as the 
actual concentration a human brain is exposed to during illicit use of 
AAS. In the present study, only the highest concentration caused a toxic 
effect in any of the assays used. This observation and the fact that flu-
tamide was not able to inhibit the neurotoxic impact on neurite 
outgrowth and reduction in Tubb3 gene expression suggest another 
mechanism or mechanisms of action apart from AR activation to be 
responsible for the effect. Alternatively, the concentration of flutamide 
used was too low to compete with the highest concentration of AAS. 
Nevertheless, this concentration was to some extent able to reduce the 
effect on cell viability in the present study, but not to control levels. Our 
previous results demonstrate this concentration of flutamide to be suf-
ficient to inhibit certain toxic impact caused by 30 and 100 μM of AAS in 
mature primary cortical cell cultures [30]. The differences in 
AAS-induced toxicity detected between immature and mature cortical 
cells might be explained by the possibility that the cellular mechanisms 

Fig. 3. Representative images from the neurite outgrowth analysis. Images illustrates primary cortical cells treated with 10, 30, and 100 μM of A) testosterone, B) 
nandrolone, C) stanozolol, and D) trenbolone for three consecutive days. Cells were stained with the neuronal microtubule marker beta-III tubulin (shown in green) 
and the nuclei marker DAPI (shown in blue). 
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involved in the modulation of neurite outgrowth and cell viability are 
dependent on the developing state of the cortical cell. Another possi-
bility could be that the expression and functionality of the AR in 
developing neurons is different compared to neurons with full-grown 
neuronal networks. The findings could also indicate certain 

AAS-induced effects to be AR-mediated, while other effects might be 
attributed to direct or indirect modulation of receptors in other signal-
ling systems. 

Trenbolone showed the most dramatic influence on neurite 
outgrowth and cell viability out of the four AAS examined, followed by 

Fig. 4. The average neurite length per neuron after repeated treatment with A) testosterone, B) nandrolone, C) stanozolol and, D) trenbolone (10, 30, 100 μM) alone 
or in combination with flutamide (10 μM) for three consecutive days (1–4 DIV) in primary cortical cell cultures. Data is presented as percent of control with mean ±
SEM. Differences were indicated by one-way ANOVA (*<0.05, **<0.01, ****<0.0001) followed by Dunnet’s post hoc test in comparison with control. 

Fig. 5. The average number of neurons after repeated treatment with A) testosterone, B) nandrolone, C) stanozolol and, D) trenbolone (10, 30, 100 μM) alone or in 
combination with flutamide (10 μM) for three consecutive days (1–4 DIV) in primary cortical cell cultures. Data is presented as percent of control with mean ± SEM. 
Differences were indicated by one-way ANOVA (*<0.05) followed by Dunnet’s post hoc test in comparison with control. 
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nandrolone and testosterone, while stanozolol did not affect the cells in 
any of the assays performed. The results demonstrate the AAS to entail 
diverse impact on neurite length per neuron, number of neurons, 
mitochondrial function, and the Tubb3 gene expression. Even though 
trenbolone was the only AAS examined to affect the viability of the cells, 
the reduction in neurite length was not interpreted as a direct result of 
increased cell death, as the surviving neurons in the treated cell cultures 
displayed a reduced average neurite length per neuron in comparison 
with the control. These results suggest that structurally different AAS 
exert diverse effects in regards to neurite development and viability in 
vitro. There are certain pharmacological differences between the inves-
tigated AAS in terms of their anabolic and androgenic properties that 
could contribute to functional variance and the differences in neuro-
toxicity seen in the present study. The four AAS display different affinity 
to the AR, where trenbolone has the highest relative binding affinity 
followed by nandrolone, testosterone, and stanozolol [44]. In addition, 
some AAS are reduced by 5α-reductase to bioactive metabolites with 
either higher or lower binding affinities to the AR, whereas others are 

converted to estrogens by aromatase to different extent, and their af-
finities for other receptors differ [44–47]. These pharmacological dif-
ferences will affect their anabolic and androgenic properties, and the 
fact that trenbolone has the highest binding affinity to the AR and is 
neither reduced by 5α-reductase nor converted by aromatase [44,47] 
makes this compound a very strong AAS. These properties could possibly 
explain the more dramatic effect seen by trenbolone in the present study. 
In addition, interactions between the AAS-AR complex and other 
co-regulators and transcription factors are suggested to be AAS-specific 
and could possibly contribute to the differences obtained [48]. As pre-
viously mentioned, an alternative possibility is that another mechanism 
of action apart from AR activation is responsible for the neurotoxic 
impact. The repeated treatment regimen together with the very high 
concentrations used in the present study, increase the possibility of 
affecting other systems. In addition to the AR, trenbolone has high 
binding affinity for the progesterone receptor [49]. Progesterone is 
mostly known as the female progestational hormone [50], but it is also 
suggested to have an important influence on the development of the 

Fig. 6. The viability of primary cortical cell 
cultures indicated by mitochondrial function (a- 
d) and cell membrane permeabilization (e-h) 
after repeated treatment with A, E) testosterone, 
B, F) nandrolone, C, G) stanozolol and, D, H) 
trenbolone (10, 30, 100 μM) alone or in com-
bination with flutamide (10 μM) for three 
consecutive days (1–4 DIV). MTT-data is pre-
sented as percent of control and LDH-data is 
presented as percent of Triton X-100 (positive 
control) with mean ± SEM. Differences were 
indicated by one-way ANOVA (*<0.05) fol-
lowed by Dunnet’s post hoc test in comparison 
with control.   
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brain, both during prenatal life and postnatal life [51], and is believed to 
be involved in several types of behaviours [52]. Exogenous progesterone 
is shown to alter behaviour, as perinatal exposure to progesterone im-
pairs learning and social behaviour later in life [53,54], and treatment 
with progesterone impair spatial working memory consolidation [55] 
and social recognition in adult rats [56]. In addition, progesterone is 
identified to promote neurite outgrowth in vitro by activation of a 
membrane progesterone receptor [57]. Based on the literature, the 
progesterone signalling system is involved in brain development and 
behavioural functions. Accordingly, it is inviting to speculate whether 
an imbalance or dysfunctional activation of this system, possibly 
induced by trenbolone, may cause neurodegenerative effects and alter 
behavioural functions. 

The neurotoxicity caused by AAS is also suggested to be dependent 
on whether the effect is mediated by the activation of a membrane 
bound AR or intracellular AR [58,59]. Activation of membrane bound 
AR is previously shown to increase cell death in cultured cells after toxic 
insult, while activation of intracellular AR had protective effects. The 
same study shows the protective effect to be blocked by an 
AR-antagonist, whereas the death-enhancing outcome was not [59]. In 
the present study, trenbolone decreased the expression of the Tubb3 
gene which rather indicates the neurotoxic impact on neurite outgrowth 
to be a genomic effect. The reduction in neurite length and Tubb3 
expression caused by trenbolone was not inhibited by flutamide, which 
either could argue for a membrane bound AR mediated effect or an 
alternative mechanism apart from the AR-system. However, the most 
likely explanation to this might be that the concentration of flutamide 
was inefficient to antagonize the highest dose of trenbolone as the Tubb3 
gene previously has been suggested as a direct target of the AR [60]. 
Previously, castration of adult rats has been shown to reduce the mRNA 
expression of beta-tubulin in motor neurons of the spinal nucleus of the 
bulbocavernosus and the effect was prevented by testosterone treatment 
[61]. Also, nanomolar concentrations of testosterone are previously 
described to up-regulate beta-III tubulin expression in SH-SY5Y neuro-
blastoma cells [62] and shown to modulate microtubule dynamics by 

direct targeting of tubulin molecules [63]. This strengthens the theory of 
androgens being involved in the regulation of neurite development and 
plasticity, but also shows that physiological concentrations of androgens 
may have neuroprotective effects while a dysregulation in this system 
either caused by too low levels of testosterone or, as in the present study, 
by supra-physiological concentrations of AAS may give rise to neuro-
toxic effects. 

In conclusion, the structurally different anabolic androgenic steroids 
trenbolone, testosterone and nandrolone, but not stanozolol, affected 
neurite development in primary cortical cell cultures to different extent. 
The experimental data obtained suggest that structurally different AAS 
exhibit diverse neurotoxic properties and that the AAS are likely to affect 
humans differently. The neurotoxic impact and altered neurite devel-
opment demonstrated as decreased neurite outgrowth, reduced Tubb3 
gene expression, and increased neuronal cell death, may be associated 
with various structural changes in the brain and could possibly 
contribute to the psychological adverse effects often seen in both 
adolescent and adult long-term AAS users. However, more knowledge 
and further studies, both in vitro and in vivo, are needed to validate this 
hypothesis. 
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