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Stanozolol administration combined with exercise leads to
decreased telomerase activity possibly associated with liver aging
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Abstract. Anabolic agents are doping substances which are
commonly used in sports. Stanozolol, a 17α‑alkylated derivative of testosterone, has a widespread use among athletes and
bodybuilders. Several medical and behavioral adverse effects
are associated with anabolic androgenic steroids (AAS) abuse,
while the liver remains the most well recognized target organ.
In the present study, the hepatic effects of stanozolol administration in rats at high doses resembling those used for doping
purposes were investigated, in the presence or absence of exercise. Stanozolol and its metabolites, 16‑β‑hydroxystanozolol
and 3'‑hydroxystanozolol, were detected in rat livers using
liquid chromatography‑mass spectrometry (LC‑MS).
Telomerase activity, which is involved in cellular aging and
tumorigenesis, was detected by examining telomerase reverse
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transcriptase (TERT) and phosphatase and tensin homolog
(PTEN) expression levels in the livers of stanozolol‑treated
rats. Stanozolol induced telomerase activity at the molecular
level in the liver tissue of rats and exercise reversed this induction, reflecting possible premature liver tissue aging. PTEN
gene expression in the rat livers was practically unaffected
either by exercise or by stanozolol administration.
Introduction
Stanozolol is a performance‑enhancing anabolic androgenic
steroid (AAS). Among all AASs, stanozolol is one of the most
frequently abused steroids by professional athletes and young
adults in order to ameliorate physical appearance and performance. Stanozolol is a 17α‑alkylated derivative of testosterone
with anabolic and high androgenic properties (1,2) and its
use is prohibited in sports by the World Anti‑doping Agency
(WADA) (3).
In the past, AASs were used only by elite athletes and
bodybuilders for doping purposes. However, nowadays even
young adults are abusing AASs at supraphysiological doses
in order to improve physical appearance (4,5). Stanozolol has
been reported to be one of the most commonly abused AAS (6)
and it is responsible for several medical and behavioral adverse
effects, being a recognized risk factor for liver diseases, both in
experimental animals and in human beings (7‑13). Stanozolol
is extensively biotransformed by enzymatic pathways in
the liver. The major metabolites of stanozolol have been
reported to be 3'‑hydroxystanozolol, 4‑β ‑hydroxystanozolol
and 16‑β‑hydroxystanozolol (14,15). In general, AASs exert
their effects through several different mechanisms, such as by
modulating androgen receptor expression (16). Liver‑related
adverse effects are more commonly associated with the
17α‑alkyl derivatives of AASs and have been reported not to
be related with the route of administration. However, the exact
mechanisms are not yet fully understood (17).
Telomeres are heterochromatin nucleoprotein complexes
on the chromosome ends involved in a number of basic
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biological functions (Fig. 1). It is known that telomeres play
a key role in the formation and progression of up to 90% of
malignancies. Telomerase activity plays a key role in cellular
aging and tumorigenesis (18). An increased telomerase activity
is detected in the majority of human cancers (19). Telomerase
is a ribonucleoprotein responsible for maintaining telomere
length. The core of telomerase has two components: Catalytic
telomerase reverse transcriptase (TERT) and telomerase RNA
component (TERC) (Fig. 2).
The TERT mRNA expression level has been studied as a
biomarker, as it has been demonstrated to be the rate‑limiting
determinant of telomerase activity in various malignancies (20). The phosphatase and tensin homolog protein (PTEN)
gene encodes a tumor suppressor protein with phosphatase
activity. It has been reported that PTEN has a loss of heterozygosity frequency incidence in human hepatocellular carcinoma
(HCC) of up to 33% (21). PTEN is involved in the downregulation of telomerase activity via TERT activity regulation (22).
PTEN is a negative regulator protein of the phosphoinositide
3‑kinase/AKT signaling pathway of the cell survival regulatory mechanism and induces cellular apoptosis (23). PTEN
prevents the activation of AKT via the de‑phosphorilation of
phosphatidylinositol (3,4,5)‑trisphosphate (PIP3) to phosphatidylinositol 4,5‑bisphosphate (PIP2). The suppression of PTEN
is associated with oncogenic activity in the cell (24).
The aim of this study was to investigate, for the first time,
at least to the best of our knowledge, the role of telomerase
in stanozolol‑induced hepatotoxicity by investigating the
correlation between telomerase activity and PTEN‑TERT
gene expression levels. The bioaccumulation of stanozolol
and its two major metabolites (3'‑hydroxystanozolol and
16‑β‑hydroxystanozolol) in the liver tissue was also examined,
as well as its association with telomerase activity.
Materials and methods
Animal experiments. A total of 34 male Sprague‑Dawley
rats, 8 weeks old, were obtained and housed in the laboratory animal house facilities of the Department of Laboratory
Animal Sciences, Institute of Experimental Medicine, Istanbul
University (Istanbul, Turkey), in accordance with the Ethics
Committee on Animal Experimentation of Istanbul University,
HADYEK (approval no. 2013/100). The rats were divided into
5 groups as follows: i) The control (C) group; ii) the propylene
treatment (PG) group; iii) the stanozolol treatment (ST) group;
iv) the propylene treatment and exercise (PGE) group; and v) the
stanozolol treatment and exercise (STE) group. The animals
were housed as 4 animals per one metal cage and kept in a 12‑h
dark/light cycle at a temperature of 20‑23˚C. The number of rats
per experimental group, rat care, handling and employed experimental procedures were in accordance with the guidelines of
HADYEK. The weight of the rats upon purchase was recorded
and used for dose adjustments (Table I). The humane endpoints
defined in our study were pain, distress, abnormal posture and
seizures in accordance with the OECD Guidance Document (25).
No animals exhibited clinical signs of humane endpoints that
justified their sacrifice prior to the end of the experiment. The
experimental design of the study is presented in Table II.
Swimming was selected as a model of exercise (26,27) and
began 1 week prior to the treatment scheme in order for the

Figure 1. Telomeres are protective caps of chromosomes (59) (adapted with
permission from Shutterstock).

Figure 2. Telomerase adds telomeric repeats (TTAGGG) to the 3'-hydroxyl
end of the leading strand of the telomere. The RNA component serves as the
template for nucleotide addition. This is the Telomerase Complex and it consists of the reverse transcriptase component (TERT), the RNA component
(TERC), the protein Dyskerin and other associated proteins (NHP2, NOP10
and GAR1).

animals to adapt. The rats were subjected to swimming in a
rectangular polyethylene tank (120‑cm‑long x 50‑cm‑deep x
43‑cm‑wide) filled with water at 29±1˚C. During the experiments, for 20 min/day, 5 days/week, the rats were subjected
to swimming following an adaptation period of 1 week. The
animals were adapted to the process by swimming in water
for 5 min during the first 2 days, and swimming time was then
gradually increased to 5 min per day up to a final duration of
20 min on day 5.
Propylene glycol (PG) (Tekkim, Istanbul, Turkey) was used
as a vehicle for stanozolol (Sigma, Schnelldorf, Germany).
PG is known to be a good vehicle for in vivo experimental
studies (28,29). However, it has been reported that high
concentrations of PG can induce DNA damage in eukaryotic
cells and mouse oocytes (30,31). Subcutaneous administration
was selected and the doses were selected in accordance with
previous studies (32‑34). The exposed groups received a single
dose of PG (1 ml/kg) and ST (5 ml/kg) subcutaneously for
5 days per week.
After 28 days of treatment, the animals underwent light
anesthesia using a percentage of 1.9% diethyl‑ether in an
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Table I. Weight of the rats upon purchase.
Number of rats

Weight of rats upon purchase (g)

Control
1
2
3
4
5
Propylene glycol
1
2
3
4
5
Propylene glycol and exercise
1
2
3
4
5
6
7
8
Steroid group
1
2
3
4
5
6
7
8
Steroid and exercise group
1
2
3
4
5
6
7
8

259
268
271
264
282
255
276
273
261
272
262
276
284
264
278
263
260
277
280
265
275
272
277
272
263
290
275
277
290
263
280
285
279
273

anesthesia chamber and euthanized by cervical dislocation
carried out properly trained personnel. Liver tissue samples
were collected and divided into 2 sections. One section was
immediately frozen in liquid nitrogen and stored at ‑80˚C, and
the other was fixed with 10% buffered formalin and embedded
paraffin for histochemical analysis.
Liquid chromatography‑mass spectrometry (LC‑MS)
analysis. Standards of stanozolol, 3'‑hydroxystanozolol and
16‑β‑hydroxystanozolol at concentrations of 0, 0.1, 0.25, 0.5
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and 1 ppm were prepared from 20 ppm standard stock solutions. Turinabol (LGC, Leeds, UK) was used as an internal
standard (IS) with target ions m/z 317.25 and m/z 335.25.
Calibration curves were obtained by measuring the peak of
target ions areas ratio to IS as follows: For stanozolol m/z 370.4,
352.3 and 329.35, for 3'‑hydroxystanozolol m/z 386.4, 345.35,
for 16‑β‑hydroxystanozolol m/z 386.4, 366.3 and 345.35 for
IS turinabol (Table III) (the m/z ion used for quantification is
shown in bold font). The liver samples of the untreated animals
that yielded negative results (<LOD) during screening were
used as blank matrices for the preparation of spiked standard
samples at various concentrations (0, 1, 2, 5 and 10 ng/mg).
The spiked samples were used for the preparation of spiked
curves and furthermore for the determination of stanozolol,
3'‑hydroxystanozolol and 16‑β‑hydroxystanozolol levels in the
liver samples.
Approximately 0.1 g of liver sample from each animal
were mechanical homogenized at high speed for 2 min with
1.0 ml of water. The homogenates were strongly vortexed and
then incubated in an ultrasonic bath for 10 min. The addition
of 1.5 ml of ethyl acetate followed and the extraction of the
analytes was performed for 10 min. The samples were centrifuged at 1,820 x g for 2 min at 4˚C. The supernatants were
transferred to an empty tube and evaporated to dryness under
nitrogen at 30˚C. Following evaporation, 100 µl acetonitrile
were added and strongly vortexed. The supernatants were
transferred to vials and 10 µl of these were injected to the
LC‑MS system for analysis.
The LC‑MS system consists of a binary LC pump
(Shimadzu Prominence, Kyoto Japan), a vacuum degasser, an
autosampler and a column oven. A gradient of 0.1% formic acid
in water (solvent A) and acetonitrile (solvent B) were selected
as the mobile phase. The separation of analytes was achieved
on a Discovery C18 HPLC column (250x4.6 mm, 5 µm)
thermostated at 30˚C. A mass spectrometer (LCMS‑2010 EV;
Shimadzu Prominence), coupled with an atmospheric pressure
chemical ionization (APCI) interface and a single quadrupole
mass filter was used in a selected ion monitoring (SIM) positive mode. The interface, CDL and heat block temperatures
were 400, 200 and 200˚C, respectively. The detector voltage
was 1.5 kV, the nebulizing gas flow was 2.5 l/min and the
drying gas was set at 0.02 MPa.
Telomerase activity assay. The determination of telomerase
activity in rat liver tissue samples was performed quantitatively using the teloTAGGG telomerase PCR ELISA PLUS
kit (Roche Diagnostic GmbH, Mannheim, Germany). The kit
protocol was followed for telomerase activity assessment as
previously described (35,36).
Gene expression assessment. RNA isolation was performed
from paraffin‑embedded rat liver tissue sections using the
High Pure FFPET RNA isolation (Roche Diagnostic GmbH),
according to the manufacturer's instructions. A fixed amount
of RNA from each sample was used for cDNA synthesis.
cDNA was prepared using the Transcriptor First Strand cDNA
Synthesis kit (Roche Diagnostic GmbH) according to the manufacturer's instructions. The gene expression levels of TERT and
PTEN were analyzed by quantitative (real‑time) polymerase
chain reaction (qPCR) using Light Cycler 480 machine (Roche
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Table II. Experimental design of the study.
Groups 	No. of rats

Subcutaneous injections 	Exercise

Control
5	No injection	No exercise
Propylene glycol treatment
5
1 ml/kg propylene glycol per day	No exercise
Stanozolol treatment
8
5 mg/kg stanozolol per day	No exercise
Propylene glycol treatment and exercise
8
1 ml/kg propylene glycol per day
Swimming: 20 min/day,
			
5 days/week
Stanozolol treatment and exercise
8
5 mg/kg stanozolol per day
Swimming: 20 min/day,
			
5 days/week

Table III. LC-MS analysis parameters.
Agent	Rt
4α-hydroxystanozolol
4β-hydroxystanozolol
3-hydroxystanozolol
16-β hydroxystanozolol
Stanozolol
Turinabol (IS)

9
9.3
10.15
10.45
12.95
13.9

m/z target
386.4
386.4
386.4
386.4
370.4
317.25

m/z

m/z	Mw

345.35		
345.35		
345.35		
366.3
345.35
352.3
329.35
335.25		

344.49
344.49
328.49
334.9

LC‑MS, liquid chromatography‑mass spectrometry; IS, internal standard.

Diagnostic GmbH) with Real Time Ready Catalog Assay
(Roche Diagnostic GmbH) according to the manufacturer's
instructions. The primer sequences were as follows: PTEN
forward, 5'‑AGAACAAGATGCTCAAAAAGGACAA‑3'
and reverse, 5'‑TGTCAGGGTGAGCACAAGAT‑3'; TERT
forward, 5'‑GACATGGAGAACAAGCTGTTTGC‑3'; and
reverse, 5'‑ACAGGGAAGTTCACCACTGTC‑3'; and GAPDH
forward, 5'‑TTCAACGGCACAGTCAAGG‑3' and reverse,
5'‑CTCAGCACCAGCATCACC‑3'. PCR amplifications were
performed according to manufacturer's instructions in triplicate. A reaction mixture without cDNA template was used as a
negative control. The expression levels (2‑ΔΔCt) was calculated
as described previously (37,38).
Immunohistochemistry (IHC) analysis. IHC analyses were
performed using the Ultra Streptavidin HRP Detection kits
[BioLegend Sig‑32248, Ultra Streptavidin HRP Detection
kit (Multi‑species, DAB)] and BioLegend Sig‑32250, Ultra
Streptavidin HRP Detection kit (Multi‑species, AEC)
(BioLegend, San Diego, CA, USA) for PTEN and TERT
expression levels, respectively. The paraffin‑embedded
sections were mounted on Superfrost microscope slides
(Menzel‑Gläser, Braunschweig, Germany). After drying
overnight, IHC analysis of PTEN and TERT was performed
using the labeled streptavidin‑biotin‑peroxidase method. The
slides were treated with xylene and rehydrated in increasing
grades of ethanol solutions. Antigen retrieval was performed
by boiling the slides for 5 min/3 times in citrate buffer
(0.01 M). In order to quench endogenous peroxidase activity,
the tissue sections were treated with Blocking Reagent 1 for
15 min and washed with PBS. All the sections were incubated

with Blocking Reagent 2 for 5 min at room temperature to
avoid any non‑specific binding. PTEN (251264) and TERT
(250509) (both from Abbiotec, Aachen, Germany) polyclonal
antibody incubations were performed overnight at 4˚C with
1/100 dilutions. The slides were incubated with Linking
Reagent 4 and then Labeling Reagent 5 for 20 min at room
temperature. The slides were visualized with DAB and AEC
chromogens, counterstained with Mayer's hematoxylin and
finally mounted. The expression levels of PTEN and TERT
were evaluated under a light microscope (Olympus BX40F4;
Olympus, Tokyo, Japan). TERT and PTEN IHC analyses were
classified by the naked eye into 4 categories on the basis of the
staining intensity as follows: 0, no staining; +, weak staining;
++, moderate staining; and +++, strong staining). Analysis was
performed using a one slide reader for minimizing variability
due to subjective scoring.
Statistical analysis. The means ± SD and the median were used
for the expression of levels of stanozolol and its metabolites and
for PTEN, TERT and percentage relative telomerase activity.
Changes between two values were expressed as percentage
relative changes or otherwise based on the following formula:
(actual change/reference value) *100%.
The Kolmogorov‑Smirnov with Liliefors correction test was
applied for examining the normality of continuous variables.
Spearman's R was applied to measure bivariate correlations
between two continuous variables (e.g., percentage relative
telomerase activity vs. the levels of 3'‑hydroxystanozolol TERT
gene expression). The non‑parametric Kruskal‑Wallis test and
parametric one‑way ANOVA were applied for comparing
differences in levels of stanozolol and its metabolites between
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Table IV. Concentration levels (ng/mg) of stanozolol and its metabolites in the stanozolol (ST) and stanozolol plus exercise
(STE) groups.
Agent
Stanozolol (ng/mg)
3'-hydroxystanozolol (ng/mg)
16-β-hydroxystanozolol (ng/mg)

ST group
(means ± SD)
2.98±1.01
0.34±0.06
0.25± 0.11

STE group	Mann-Whitney
(means ± SD)
(P-value)
3.89±1.09
0.44±0.18
0.32±0.15

0.240
0.485
0.485

% relative change
30.5
29.4
28.0

Table V. PTEN and TERT gene expression levels (2-ΔΔCt) and % relative telomerase activity per group.
Parameters

Groups	N	Mean

PTEN gene expression (2-ΔΔCt)	Control
Propylene glycol treatment
Stanozolol treatment
Propylene glycol treatment and exercise
Stanozolol treatment and exercise
TERT gene expression (2-ΔΔCt)	Control
Propylene glycol treatment
Stanozolol treatment
Propylene glycol treatment and exercise
Stanozolol treatment and exercise
% relative telomerase activity	Control
Propylene glycol treatment
Stanozolol treatment
Propylene glycol treatment and exercise
Stanozolol treatment and exercise

5
5
6
5
6
5
5
6
5
6
5
5
6
5
6

1.13
0.37
0.40
0.98
1.13
0.40
2.78
7.25
0.81
2.29
1.30
1.92
2.59
0.76
1.33

SD	

Group comparison

1.77
Kruskal-Wallis
0.25
χ2=3.643,
0.42
df=4, P=0.456
1.62
0.86
0.41
Kruskal-Wallis
2.66
χ2=17.585,
1.40
df=4, P=0.001
0.96
0.97
0.58	ANOVA:
0.96	F=3.015, df=4,
1.30
P=0.040
0.61
0.96

PTEN, phosphatase and tensin homolog protein, TERT, telomerase reverse transcriptase.

the study groups (control, stanozolol, PG and exercise groups).
Non‑parametric post hoc comparisons were assessed by using
Dunn's (non‑paremetric) and Tukey's HSD tests for parametric tests. IBM SPSS Statistics 21.0 software (IBM Corp.,
Armonk, NY, USA) was used for statistical analysis. A level
of 0.05 was set for accepting or rejecting the null hypothesis
(statistical significance). The sample sizes for the individual
analyses differed slightly due to some missing values arose
from experimental conditions.
Results
Normality tests. Tests for normality revealed that only
percentage relative telomerase activity retained the null
hypothesis, suggesting a normal distribution of data (P=0.137).
All other continuous variables tested, such as TERT, PTEN
and 3'‑hydroxystanozolol did not follow a normal distribution
(P<0.01) (data not shown).
Bioaccumulation of stanozolol and its metabolites in liver
tissues. The results are summarized in Table IV. The levels of
stanozolol and its metabolites were non‑significantly higher in
the STE group compared to the ST group (P>0.05).

Telomerase activity and gene expression assessment. The
PTEN and TERT gene expression levels and percentage
relative telomerase activity in the study groups are presented
in Table V. A significant difference was observed for TERT gene
expression in the various groups (χ2=17.585, df=4, P<0.001).
Based on the Dunn's test, exercise reduced TERT expression
by (71.0%; P=0.001) and ST administration increased TERT
expression by (160%; P<0.001) compared to the PG group. Of
note, the stanozolol‑induced increase in TERT expression vs.
the stanozolol group was restricted by (68.0%; P=0.042) in the
animals subjected to exercise. A similar pattern was observed
for percentage telomerase activity, as well. PTEN gene expression was practically unaffected either by exercise or stanozolol
administration. It should be noted that not all values presented
above are shown in Table V due to the large number of pairwise comparisons.
A moderate correlation between percentage relative
telomerase activity and TERT gene expression levels was
observed using Spearman's correlation coefficient (r= 0.424,
P=0.028) (Fig. 3). The levels of 3'‑hydroxystanozolol measured
in the ST and STE groups tended to negatively correlate
with percentage relative telomerase activity (Spearman's
r=‑0.566, P=0.055) (Fig. 4). No correlation was observed

410

OZCAGLI et al: STANOZOLOL AND EXERCISE INDUCE LIVER AGING AND REDUCED TELOMERASE ACTIVITY

Table VI. Scoring results for PTEN and TERT immunohistochemical analyses.
Groups
Control
Propylene glycol treatment
Stanozolol treatment
Propylene glycol treatment and exercise
Stanozolol treatment and exercise

PTEN IHC scoringa	TERT IHC scoringa
+
++
+
+
++

+
++
+++
+
++

Scoring criteria were as follows: 0, no staining; +, weak staining; ++, moderate staining; and +++, strong staining. PTEN, phosphatase and
tensin homolog protein, TERT, telomerase reverse transcriptase; IHC, immunohistochemistry.

a

Figure 3. Scatter diagram of TERT gene expression and percentage relative
telomerase activity. TERT, telomerase reverse transcriptase.

Figure 4. Scatter diagram of 3'‑hydroxystanozolol and percentage relative
telomerase activity.

between any of the parameters monitored with stanozolol and
16‑β‑hydroxystanozolol (data not shown).

increases the risk of HCC (37). In addition, AAS abuse in
general has been found to be responsible for hepatocellular
adenomas (12,39). Even though the mechanisms responsible
for stanozolol‑induced hepatotoxicity have not yet been
clearly identified, proliferative effects on liver cells may play
a central role in the observed hepatotoxicity (12,40,41). In
our previous study, we demonstrated that stanozolol exerted
DNA‑damaging effects in peripheral blood lymphocytes,
probably related to telomerase activity alterations (35).
Although various environmental factors are known to up‑ and
downregulate telomerase activity, the effects of exercise on
telomerase activity have not yet been clearly identified (42).
Telomere length and telomerase activity have been shown
to be affected by several factors, including oxidative stress,
psychological stress and socioeconomic status. One possible
mechanism for telomere shortening is oxidative stress by
oxidized DNA base products (8‑OHdG) in the guanine or
protein adducts (43,44). According to recent studies, an
increased telomerase activity is detected in almost 90%
of human cancers and in 80% of HCCs. In addition, it is
well documented that the majority of healthy cells exhibit
a lack of telomerase activity (19,20,45). The results of this
study demonstrated increased levels of percentage relative
telomerase activity in the liver tissue in the ST group, in

IHC analyses. The IHC staining images are shown in Fig. 5
and the results are summarized in Table VI. PTEN gene
expression levels were observed around the vena centralis
and the parenchyma. In the STE group, the staining was
moderate in the hepatocytes surrounding these areas. TERT
IHC analysis revealed strong staining in the ST group around
the portal field, vena centralis and parenchyma, while exercise
attenuated the increase in TERT gene expression (moderate
staining in the STE group). Our results thus indicated that
exercise exerted positive effects on PTEN gene expression, as
shown in Table V.
Discussion
Stanozolol is a widely abused and most potent AAS responsible for a number of side‑effects, including cardiovascular,
reproductive, behavioral effects and hepatotoxicity (17). To
the best of our knowledge, this is the first study to investigate
stanozolol‑induced molecular pathways of telomerase activity
in rat liver and any relevant effect of exercise. Stanozolol
induces intrahepatic structural changes with cholestasis and
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Figure 5. Immunohistochemical staining of PTEN and TERT proteins in all experimental groups (scale bar, 50 µm). The rat groups were as follows: i) The
control (C) group; ii) the propylene treatment (PG) group; iii) the stanozolol treatment (ST) group; iv) the propylene treatment and exercise (PGE) group; and
v) the stanozolol treatment and exercise (STE) group. PTEN, phosphatase and tensin homolog protein, TERT, telomerase reverse transcriptase.

line with nandrolone, another well‑known ASS, which has
shown similar effects by increasing telomerase activity in
a dose‑dependent manner both at the heart tissue and at
peripheral blood monocytes (2,46). This may represent a
compensating repair mechanism at the tissue level, while
increased circulating levels of telomerase activity can
depict systemic inflammation. The association of increased
telomerase activity and expression with proliferative effects
was not likely to occur in this study due to the short time of
exposure (28 days). In general, the mechanisms underlying
the effects of AASs on telomerase activity have not been
elucidated and remain practically unknown.
TERT is a catalytic subunit of a telomerase, which plays a
role in its regulation at transcriptional level. It has been reported
that TERT mutations are associated with adenoma‑carcinoma
transitions in the liver (47). Therefore, alterations in TERT
regulation and expression play an important role in HCC (48).
It has been shown that the tumor suppressor gene, PTEN,
negatively correlates with human TERT protein in HCC
tissues (21). Therefore, PTEN and TERT play opposing roles
in carcinogenesis. It has been reported that PTEN indirectly
regulates TERT activity via the PI3K‑PKB/Akt pathway in
human HCC (21). According to the results of the present study,
no significant alterations were observed in PTEN expression
levels between the groups. However, TERT gene expression
was significantly increased by ST treatment. Exercise reversed
the increase in TERT expression induced by stanozolol,
particularly in the parenchyma, where metabolic zonation is
reported: Glucose release from glycogen and via gluconeogenesis, amino acid utilization and ammonia detoxification,
protective metabolism, bile formation and the synthesis of
certain plasma proteins, such as albumin and fibrinogen occur
mainly in the periportal area, whereas glucose utilization,
xenobiotic metabolism and the formation of other plasma
proteins, such as alpha 1‑antitrypsin or alpha‑fetoprotein occur
predominantly in the perivenous zone (49,50).
In this study, the levels of 3'‑hydroxystanozolol and
16‑β‑hydroxystanozolol, the main metabolites of stanozolol,
were determined in liver tissue samples of stanozolol‑treated
animals and a dose‑response association between telomerase
activity and TERT/PTEN gene expressions was determined.
The measured levels of 3'‑hydroxystanozolol in the ST and

STE groups were associated with the percentage relative
telomerase activity, whereas no association was observed for
the stanozolol or 16‑β‑hydroxystanozolol levels. This may be
due to the fact that 3'‑hydroxystanozolol is the most potent
stanozolol metabolite (2,51).
Several studies have indicated that physical exercise
increases telomerase activity in different cell types (52,53).
However, to the best of our knowledge, there is no study
available to date investigating the effects of stanozolol on
telomerase activity in the presence/absence of exercise,
apart from our previous study which focused on circlulating
telomerase activity in peripheral blood mononuclear cells
(PBMCs) (35). Our results indicated the elevation of telomerase
activity and TERT expression in the liver tissue, which could
be associated either with an increased proliferation risk due
to stanozolol treatment (10), rather unlikely for such a short
exposure period, or may represent a counteracting mechanism (54). Exercise reverses the stanozolol‑induced increase
in telomerase activity. A number of studies have supported
that exercise exerts hepatoprotective effects. Huang et al
demonstrated that a 12‑week swimming exercise program
suppressed senescence markers and downregulated inflammatory mediators in the liver tissues of D‑galactose‑induced
senescence in rats (55). Yi et al demonstrated that both acute
and chronic exercise exerted preventive effects on the livers
of rats with type 2 diabetes (56). On the other hand, exercise
has been reported to increase liver enzymes in humans (57)
and concerns exist regarding the effects of exercise on portal
hypertension in patients with cirrhosis (58).
In conclusion, stanozolol induces telomerase activity at a
molecular level and exercise reverses this induction, at least
regarding TERT expression. This may reflect premature tissue
aging due to decreased telomerase activity Future studies are
warranted in order to investigate the mechanisms through
which exercise can be used to prevent the adverse health
effects of stanazolol and to elucidate the molecular hepatocellular mechanisms of the stanozolol‑induced adverse effects.
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