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Abstract

Background: Non-steroidal Selective Androgen Receptor Modulators (SARMs) are currently a group of drug candidates with
anabolic effects, tissue selectivity, and the potential to improve the therapeutic process in a number of socially significant diseases.
There is insufficient data on their effects during exercise and on their adverse side effects.
Objectives: Our objective was to examine the role of selective androgen receptor modulators for the physical working capacity of
the body, hematological and biochemical parameters, and to evaluate any side effects of SARMs. We studied the effects of ostarine
(S-22, MK-2866, GTx-024, Enobosarm) alone or in combination with submaximal training in sexually mature male Wistar rats.
Methods: The rats used were divided into a treadmill-trained group and a sedentary group. Half of each group received either
ostarine or vehicle for 8 weeks (n = 10 each). We performed functional tests and blood analysis at the end of the experiment to
analyze clinical chemistry and hematological indicators.
Results: Ostarine did not affect maximal sprint speed, VO2max, and running economy, while submaximal training increased these
parameters. Ostarine increased total plasma cholesterol and energy expenditure and decreased plasma glucose concentration.
Neither treatment changed the oxygen-carrying capacity of the blood, the respiratory quotient, the concentration of triglycerides
and LDL-cholesterol, or creatine kinase. Combined treatment neutralized the negative effect of ostarine on plasma total cholesterol
levels.
Conclusions: Ostarine did not affect the examined hematological and physical working capacity parameters, but it changed
some clinical chemistry indicators. Training improved the physical working capacity but did not affect the clinical chemistry
and hematological parameters. Further research is needed to clarify other aspects of the influence of non-steroidal SARMs on the
physical working capacity and possible side effects during long-term use, as their administration, along with physical activity, is
becoming popular among healthy adult bodybuilders in gyms.
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1. Background

Selective Androgen Receptor Modulators (SARMs) are
androgen receptor ligands. They are divided into two
main groups: Steroidal and non-steroidal. The steroid
group of modulators has been known since the middle
of the last century, while the non-steroidal group was
discovered just in 1998. The latter shows selectivity of
their action and has strong anabolic effects, as well as
weak androgenic ones. This gives non-steroidal SARMs
an advantage over Anabolic Androgenic Steroids (AAS)
in terms of avoiding their side effects, which include

inducing left ventricular dysfunction, increasing the
incidence of sudden cardiac death, liver damage, stunting,
testicular atrophy, thickening of the vocal cords, hair loss,
disorders in the menstrual cycle in women, thyroid
dysfunction, and acne, among others (1, 2). The number of
substances in various classes of the non-steroidal group
is constantly increasing. There is no approved drug from
this group yet, but non-steroidal SARMs are in various
phases of clinical trials (3). Ostarine (also known as S-22,
MK-2866, GTx-024, and Enobosarm) is the substance in the
most advanced phase of research belonging to the class
of arylpropionamides. According to the data available,
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non-steroidal SARMs are potential candidates for the
treatment of some socially significant diseases, such as
Lou Gherig’s disease, dermatomyositis, osteoporosis,
breast cancer, sarcopenia, various types of cachexia,
benign prostatic hyperplasia, and hypogonadism (4).

In a study of postmenopausal women and men
over 45 years of age with cancer, it was found that in
the ostarine-treated groups (after intake of 1 or 3 mg
doses for 113 days), a significant increase in the lean
body mass was observed, as well as an improvement
in physical performance (5, 6). The non-steroidal
SARM group increases muscle mass, making them
suitable for improving physical work capacity and sports
performance. For this reason, since 2008, non-steroid
SARMs have been included in the list of prohibited
substances of the World Anti-doping Agency (WADA),
falling under the category ”other anabolic agents” in
Section S1.2 (7). However, non-steroidal SARMs can be
purchased online by anyone. The most common profile
of a SARM user is a male between the ages of 18 - 29
years. Additionally, SARMs are widely used without
prior consultation with a doctor. In an online survey,
more than 96% of the participants reported an increase
in muscle mass (8). There is an increasing number of
positive doping tests in professional athletes due to the
abuse of the mentioned group of substances. At the
moment, the most appropriate methods for identifying
representatives of SARMs during a doping test include
mass spectrometry, gas/liquid chromatography, and
especially the combination of liquid chromatography and
mass spectrometry (9, 10).

A study performed in 2017 found that only 52% of 44
products offered online actually contained a non-steroidal
SARM (11). In addition, the concentration of non-steroidal
SARMs in a given product may differ from what is expected;
most often, it is lower. Non-steroidal androgen receptor
modulators can be included in the composition of various
nutritional supplements, which leads to the risk of a
positive doping test if sufficient attention is not paid to the
product label. In some cases, users may be misled about
the presence of SARMs by the labeling of names other than
the trade name (e.g., S-22, MK-2866, GTx-024, or Enobosarm
instead of ostarine; LGD 4033 instead of ligandrol, etc.)
(11). The most commonly used substances include ostarine,
ligandrol, testolone, and andarine.

Non-steroidal selective androgen receptor modulators
are promising therapeutic alternatives for a large group of
diseases, although there is still no officially approved drug
from their group. They could be used as a replacement
therapy instead of anabolic steroids and would improve
the quality of life of patients. There is insufficient
data about the effects of their intake combined with

physical exercise. Non-steroidal SARMs are available to
both professional athletes and amateurs. There is also
data on toxicity associated with the use of non-steroidal
SARMs when taken at doses many times higher than the
clinically effective ones (12, 13). More information is needed
regarding these SARM aspects.

2. Objectives

The purpose of our study was to determine the
presence of some adverse side effects of the use of a
non-steroidal SARM, ostarine, as well as its effects in
combination with training on indices of the physical
working capacity and hematological and clinical
chemistry indices.

3. Methods

3.1. Experimental Animals

In our study, we used 40 sexually mature
(3.5-month-old) male Wistar rats. They had a body weight
of 160 - 200 g. The animals were housed in individual
metabolic cages at 22 - 24°C, a 12/12 h light/dark cycle, and
controlled humidity, with access to standard rat chow
and water ad libitum. Rat body weight was monitored
weekly, and food intake was monitored daily. The test
protocol of the study was approved by the Committee of
Scientific Ethics at the Medical University in Plovdiv and
the Committee of Ethical Treatment of Animals at the
Bulgarian Food Safety Agency (BFSA).

3.2. Training Program

Since treadmill exercise is a skill that must be acquired
by test animals, before the start of the experiment, all
rats ran on the EXER-3R treadmill for small test animals
(Columbus Instruments, Columbus, OHIO, USA) 5 min
daily for 3 days per week at a speed of 25 m/min and a 5°
declination, for 2 weeks. This duration of exercise does
not lead to any adaptive changes (14). Rats that refused to
run on the treadmill were not included in the experiment.
We selected 40 running rats, which were then divided
into 4 groups (n = 10 for each group): Non-training group
(sedentary, untrained control) treated with vehicle (S + V),
non-training (sedentary) group treated with ostarine (S +
O), training group treated with vehicle (trained control, T
+ V), and training group treated with ostarine (T + O).

Training rats were subjected to submaximal treadmill
exercise for 8 weeks. They ran at a treadmill speed of 25
m/min, at a 5° declination for 5 days per week. During the
first training day, the duration of the exercise was 20 min.
This was increased by 5 minutes each day until a duration
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of 40 minutes on the fifth training day. This exercise
duration was maintained until the end of the experiment.
To maintain motor skills, with a view to participating in
the functional tests, the rats from the non-training groups
also ran on a treadmill 3 days a week for 5 min at the same
speed and declination of the treadmill. One rat in the S + O
group was withdrawn from the experiment due to health
problems not related to the experiment, and another rat in
the T + V group dropped out due to injury and inability to
complete the training protocol.

3.3. Administration of a Non-steroidal SARM

For 8 weeks, rats in the S + O and T + O groups
were injected subcutaneously (s.c.) with 0.4 mg/kg of
ostarine dissolved in polyethylene glycol 300 (PEG 300)
and dimethyl sulfoxide (DMSO) for 5 days per week. A
solution of SARMs with the appropriate solvents can be
stored for at least one year at - 20°C (15). Ostarine
(Shanghai Biochempartner Co., Ltd., China), dimethyl
sulfoxide (Chimtex Ltd., Bulgaria), and PEG 300 (Merck,
Germany) were used in the study. Vehicle-treated animals
were injected only with vehicles of the same volume s.c.
Since rats have different metabolism and smaller body
surface area than humans, the human dose sufficient
to improve total lean body mass (0.04 mg/kg (16)) was
converted to the rat dose using the Nair and Jacob formula
and adjusted to the previous study in rats (17, 18).

3.4. Maximal Sprinting Speed

At the beginning and after the end of the experiment,
all rats were subjected to a Maximal Sprinting Speed (MSS)
test to determine the maximal sprint speed. The test
was performed by running on a treadmill with an initial
treadmill speed of 25 m/min and a 5° declination for 3 min.
The treadmill speed was then increased to 45 m/min for 30
s and by another 10 m/min every 30 s. The test ended when
it became impossible for the rat to maintain its position on
the treadmill belt. The highest speed maintained by the rat
for 15 s was taken as the maximal sprinting speed (19).

Maximal oxygen consumption, Running economy,
Respiratory quotient, and Energy expenditure

At the end of the experiment, all groups were subjected
to the test for maximal oxygen consumption (V2max),
according to Bedford et al. (20). The test was performed
after two days of rest. During each of the exercise steps,
to examine the oxygen consumption (V2) and Respiratory
Quotient (RQ), we used an apparatus for studying the gas
exchange of small laboratory animals, Oxymax System
(Columbus Instruments, Columbus, OH, USA). The volume
of supplied air was 4.5 l/min. Before conducting the test,
the O2 sensor was calibrated with a reference gas mixture,

and the CO2 sensor was calibrated with pure nitrogen and
a reference gas mixture. The protocol we used involved
a stepwise increase in the speed and declination of the
treadmill as follows: Step I: 15 m/min, 5°; step II: 19 m/min,
10°; step III: 27 m/min, 10°; step IV: 27 m/min, 15°; step V: 30
m/min, 15°; step VI: 35 m/min, 15°; VII step: 40 m/min, 15°.
The duration of each step was three min (21). Each animal
was placed in the isolated chamber on the treadmill for
10 min before the start of the exercise. The V2 value was
measured at each step, and the maximum value recorded
was taken as V2max. The criteria of Bedford et al. (20) were
used to determine VO2max. Rats were removed from the
test when they reached a plateau effect or when complete
exhaustion occurred and they were unable to maintain
their position on the treadmill.

The RQ was calculated by software as the ratio of VCO2

exhaled to VO2 consumed (Oxymax System, software v. 5.51,
Columbus Instruments, Columbus, OH, USA). For the peak
value of RQ, we took the value of the indicator recorded
when VO2max was reached. As a method for calculating
EE at different load levels and peak loads, we used
indirect calorimetry. Energy expenditure was calculated
by software as a function of oxygen consumption and RQ
(Oxymax System, software v. 5.51, Columbus Instruments,
Columbus, OH, USA). The following formula was used:
Energy expenditure = (3.815 + 1.232RQ) VO2

3.5. Hematological and Clinical Chemistry Indicators

Mixed blood was collected in monovets after the
decapitation of the test animals. Red Blood Cell (RBC),
White Blood Cell (WBC), platelet (PLT) count, hemoglobin
(HGB) concentration, hematocrit (Hct) values, and Mean
Erythrocyte Volume (MCV) were measured with an ADVIA
2120i hematology analyzer (Siemens, Germany).

Serum concentrations of blood glucose, cholesterol,
triglycerides, LDL-cholesterol, and Creatine Kinase (CK)
were examined with a Konelab 60i clinical chemistry
analyzer (Thermo Fisher Scientific, Vantaa, Finland)
according to original programs.

3.6. Statistical Analyses

The sample size was calculated with the aid of G-Power
analysis (G*Power program, Heinrich-Heine-University
Düsseldorf, Germany) using the data from our previous
studies (21, 22) F-test (analysis of variance) was applied to
calculate the sample size with a power (1-β error) of 80%
and α-type I error of 0.05. Ten animals per group were
considered sufficient to detect the possible effect of the
treatments based on these calculations and our previous
experience.

Statistical analyses were performed using SPSS v. 19.0.
program. A two-way analysis of variance (ANOVA) was
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performed to assess the impact of the main effects
of ostarine treatment (O) and submaximal endurance
training (T), as well as their interactions. In the case of
significant interactions between ostarine treatment and
submaximal endurance training, the Tukey post hoc test
was used to assess between-group differences. A paired
t-test was used to analyze the intra-group differences in
the results. Differences at P < 0.05 were considered
statistically significant. All data are presented as the mean
± Standard Error of the Mean (SEM).

4. Results

4.1. Effects on BodyWeight and Food Intake

At the beginning of the experiment, rats from the four
groups, S + V, S + O, T + V, and T + O, had practically the same
body mass (Appendix 1A). In the course of the experiment,
all groups gradually increased their weight. In the
weekly weight monitoring of the animals, no significant
differences were found either due to endurance training or
the administration of ostarine (P > 0.05, two-way ANOVA).
In all the experimental weeks, there was also no significant
interaction between treatment and exercise (P > 0.05,
two-way ANOVA) (Appendix 1A).

Ostarine-treated groups consumed more food than
vehicle-treated groups during the second (P = 0.044),
fifth (P = 0.036), sixth (P = 0.005), and seventh (P =
0.003) weeks. In the eighth week, there was again a
trend towards higher consumption in the ostarine-treated
groups (P = 0.054) (two-way ANOVA, Appendix 1B). The
training groups had a higher food consumption than the
non-training groups at the fifth (P = 0.037, two-way ANOVA)
and seventh weeks (P = 0.034, two-way ANOVA). In the
eighth week, there was a tendency for higher consumption
in the training groups (P = 0.050, two-way ANOVA). There
was no significant interaction between the two factors
throughout the experiment (P > 0.05, two-way ANOVA)
(Appendix 1B).

4.2. Effects on Maximal Sprinting Speed

At the baseline, all groups had a similar maximal
sprinting speed (Figure 1, Table 1). In the end, only
the trained controls had a significantly higher maximal
sprinting speed compared to the baseline (P = 0.019, paired
t-test, Figure 1). Endurance training had a significant main
effect, with the training groups having a higher maximal
sprinting speed than the non-training groups (P = 0.010,
two-way ANOVA). The main effect of ostarine, as well as
the interaction O with T, were not significant (P > 0.05,
two-way ANOVA) (Table 1).

4.3. Effects on Maximal Oxygen Consumption (VO2max)

At the end of the experiment, the maximal oxygen
consumption of the test groups was examined (Table
1). The training groups had higher maximal oxygen
consumption than the non-training groups (P = 0.000,
two-way ANOVA). Ostarine administration had no
significant main effect, and the interaction between
treatment and exercise was also insignificant (P > 0.05,
two-way ANOVA) (Table 1).

4.4. Effects on Running Economy (VO2max)

At the end of the experiment, neither ostarine
treatment nor endurance training had a significant
impact on the running economy during the first 3 steps
of the VO2max test (P > 0.05, two-way ANOVA) (Table 1).
There was no significant interaction between ostarine and
training (P > 0.05, two-way ANOVA) (Table 1). Submaximal
training had a significant main effect, lowering VO2 at
each of the exercise steps when analyzed as a percentage
of VO2max. In the training animals, the value at the first
step was lower by 6% (P = 0.006, two-way ANOVA), at the
second step by 8% (P = 0.000, two-way ANOVA), and by
8% at the third step (P = 0.000, two-way ANOVA) (Table 1).
Administration of ostarine had no significant effect on VO2

as a percentage of VO2 max, and the interaction between
treatment and exercise was also insignificant (P > 0.05,
two-way ANOVA) (Table 1). The VO2 values obtained during
steps 4, 5, and 6 of the maximal oxygen consumption
test were not analyzed due to the very small and unequal
number of measurements recorded in different groups.

4.5. Effects on Energy Expenditure During VO2max

The training rats had higher energy expenditure than
non-training rats (P = 0.000, two-way ANOVA) (Table 1).
Ostarine-treated groups had a higher energy expenditure
compared to the vehicle-treated groups (P = 0.011, two-way
ANOVA) (Table 1).

There was a clear tendency for interaction between
ostarine and exercise (P = 0.055, two-way ANOVA): T + O
group had a higher energy expenditure than every other
group, S + V group (1.8 ± 0.07 kcal vs. 1.17 ± 0.06 kcal, P =
0.000, Tukey post-hoc test), S + O group (1.8 ± 0.07 kcal vs.
1.22 ± 0.05 kcal, P = 0.000, Tukey post-hoc test), and T + V
group (1.8 ± 0.07 kcal vs. 1.46 ± 0.08 kcal, P = 0.013, Tukey
post-hoc test), in sequence. The T + V group had greater
energy expenditure than the two sedentary groups, the S +
V group (1.46 ± 0.08 kcal vs. 1.17 ± 0.06 kcal, P = 0.031, Tukey
post-hoc test) and S + O group (1.46 ± 0.08 kcal vs. 1.22 ±
0.05 kcal, P = 0.048, Tukey post-hoc test), in sequence.
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Figure 1. Maximal sprinting speed of the groups at baseline compared to the end of the experiment. * - P = 0.019 for group T + V at the end compared to baseline
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Table 1. Functional Tests at the End of the Experiment a

Variables
(N = 19) P-Value

T S V O T vs. S V vs. O T x O

MSS (m/min) 69 ± 1.6 62.5 ± 1.6 67 ± 1.6 64.5 ± 1.6 0.01 0.304 0.153

VO2max (ml O2 /kg/min) 66.8 ± 0.9 61.2 ± 0.9 63.5 ± 0.9 64.5 ± 0.9 0.000 0.443 0.231

RQ 1.07 ± 0.006 1.08 ± 0.006 1.08 ± 0.006 1.07 ± 0.006 0.405 0.427 0.113

Energy expenditure (kcal) 1.63 ± 0.05 1.19 ± 0.05 1.31 ± 0.05 1.51 ± 0.05 0.000 0.011 0.055

VO2 -1 step (ml O2 /kg/min) 32.9 ± 0.8 32.1 ± 0.8 31.7 ± 0.8 33.3 ± 0.8 0.524 0.196 0.598

VO2 -2 step (ml O2 /kg/min) 42.3 ± 0.8 43.7 ± 0.8 42.2 ± 0.8 43.8 ± 0.8 0.261 0.201 0.576

VO2 -3 step (ml O2 /kg/min) 52.2 ± 0.9 52.8 ± 0.9 51.9 ± 0.9 53.1 ± 0.9 0.638 0.347 0.652

1 step VO2 % of VO2max 48 ± 1.4 54 ± 1.4 50 ± 1.4 51 ± 1.4 0.006 0.411 0.302

2 step VO2 % of VO2max 63 ± 1.4 71 ± 1.4 66 ± 1.4 68 ± 1.4 0.000 0.473 0.215

3 step VO2 % of VO2max 78 ± 1.3 86 ± 1.3 82 ± 1.3 82 ± 1.3 0.000 0.732 0.578

Abbreviations: T, training; S, sedentary; V, vehicle; O, ostarine; vs S, main effect of training; V vs , main effect of ostarine; T x O, interaction between the factors; (two-way
ANOVA).
a Mean ± standard error of the mean (SEM).

4.6. Effects on RQ value at VO2max

Submaximal training and ostarine treatment had no
significant main effect on RQ values at VO2max (P >

0.05, two-way ANOVA) (Table 1). We found no significant
interaction between treatment and training (P > 0.05,
two-way ANOVA) (Table 1).

4.7. Effects on Hematological Parameters

Statistical analysis found no significant main effect of
submaximal exercise or ostarine treatment on RBC count,
HGB concentration, Hct values, MCV, and PLT count (P >

0.05, two-way ANOVA) (Table 2). There was no significant
interaction between the two factors for these parameters
(P > 0.05, two-way ANOVA) (Table 2).

Ostarine treatment had no significant main effect on
WBC count (P > 0.05, two-way ANOVA), whereas a trend was
found for a higher number of WBC in the training groups
compared to the non-training groups (P = 0.054, two-way
ANOVA) (Table 2). There was no significant interaction
between ostarine and exercise for WBC (P > 0.05, two-way
ANOVA) (Table 2).

4.8. Effects on Clinical Chemistry Indicators

The ostarine-treated rats had a higher total cholesterol
concentration than vehicle-treated rats (P = 0.001, two-way
ANOVA) (Table 2). Endurance training had no significant
main effect on cholesterol level (P > 0.05, two-way ANOVA),
whereas the interaction between the two factors was
significant (P = 0.004, two-way ANOVA) (Table 2). The
serum cholesterol of the rats of the S + O (sedentary
+ ostarine) group was higher compared to the S + V

(sedentary controls) group (1.92 ± 0.07mmol/l / 1.47 ± 0.05
mmol/l, P = 0.000, Tukey post-hoc test) and compared to
the T + V (training controls) group (1.92 ± 0.07 mmol/l / 1.65
± 0.07 mmol/l, P = 0.045, Tukey post-hoc test). The S + O
group showed a tendency for higher levels compared to
the T + O (training + ostarine) group (1.92 ± 0.07 mmol/l
vs. 1.68 ± 0.07 mmol/l, P = 0.080, Tukey post-hoc test).
No significant differences were found between the two
training groups (P > 0.05, Tukey post-hoc test).

Serum triglycerides, LDL-cholesterol, and creatine
kinase concentrations did not differ between rats treated
with ostarine and those treated with vehicle (P > 0.05,
two-way ANOVA) (Table 2). There was neither a significant
main effect of training nor a significant interaction
between ostarine and exercise for the three parameters (P
> 0.05, two-way ANOVA) (Table 2).

Rats treated with ostarine had a significantly lower
plasma glucose concentration than those taking a placebo
(P = 0.007, two-way ANOVA) (Table 2). Statistical analysis
revealed neither a significant main effect of training nor a
significant interaction between the two factors for glucose
(P > 0.05, two-way ANOVA) (Table 2).

5. Discussion

In the present study, we studied the effect of ostarine
intake alone or in combination with training on physical
working capacity on hematological and clinical chemistry
parameters in adult male rats. To our knowledge, this is
the first study to examine the effects of treatment with
non-steroidal SARMs ostarine combined with submaximal
training on VO2max, running economy, and maximal
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Table 2. Clinical Chemistry and Hematological Indicators at the End of the Experiment a

Variables
N = 19 P-Value

T S V O T vs. S V vs. O T x O

Cholesterol (mmol/l) 1.66 ± 0.04 1.69 ± 0.04 1.56 ± 0.04 1.80 ± 0.04 0.682 0.001 0.004

LDL (mmol/l) 0.41 ± 0.02 0.36 ± 0.02 0.38 ± 0.02 0.39 ± 0.02 0.168 0.621 0.101

Triglycerides (mmol/l) 0.45 ± 0.03 0.43 ± 0.03 0.39 ± 0.03 0.48 ± 0.03 0.743 0.095 0.430

Glucose (mmol/l) 5.87 ± 0.3 5.67 ± 0.3 6.48 ± 0.3 5.06 ± 0.3 0.687 0.007 0.984

CK (U/l) 5101 ± 260 5301 ± 260 5199 ± 260 5204 ± 260 0.591 0.989 0.312

RBC (1012/L) 8.48 ± 0.22 8.14 ± 0.22 8.17 ± 0.22 8.45 ± 0.22 0.286 0.398 0.976

HGB (g/L) 159.95 ± 4.05 155.60 ± 4.05 155.15 ± 4.05 160.40 ± 4.05 0.453 0.366 0.684

Hct (L/L) 0.46 ± 0.01 0.46 ± 0.01 0.46 ± 0.01 0.46 ± 0.01 0.925 0.996 0.566

MCV (fL) 55.2 ± 1.3 57.3 ± 1.3 57.6 ± 1.3 54.9 ± 1.3 0.172 0.301 0.359

WBC (109/L) 8.23 ± 0.74 6.15 ± 0.74 7.47 ± 0.74 6.91 ± 0.74 0.054 0.599 0.336

PLT (109/L) 594 ± 55.05 493 ± 55.05 535 ± 55.05 552 ± 55.05 0.203 0.828 0.493

Abbreviations: T, training; S, sedentary; V, vehicle; O, ostarine; vs S, main effect of training; V vs , main effect of ostarine; T x O, interaction between the factors; (two-way
ANOVA).
a Mean ± standard error of the mean (SEM).

sprinting speed in an adult male rat model. According
to our results, ostarine did not induce changes in VO2max

and VO2submax in either training or non-training rats.
This is a similar result to that observed in the study
with nandrolone decanoate (anabolic androgenic steroid)
on the same indices of the physical working capacity
(21). As known, VO2max depends mainly on the volume
of blood reaching the muscles (the cardiac output) and
the oxygen capacity of the blood (23, 24). The lack
of effect of ostarine on the oxygen-carrying capacity of
the blood is probably one of the reasons for the lack
of change in VO2max. Also, MSS depends on maximal
anaerobic power and other neuromuscular factors (22, 25).
In contrast to ostarine, endurance training significantly
increased MSS, VO2max, and running economy, which
confirms the results of other studies presenting the
beneficial effects of training on the physical working
capacity of the body (26). Endurance-training athletes
have a higher running economy compared to non-training
individuals. This means that their VO2submax values are
lower, which corresponds to lower energy expenditure
and greater efficiency at submaximal effort (23, 24). There
is insufficient data on the effects of SARMs on energy
expenditure and respiratory quotient. Our results showed
that ostarine did not affect the two indices, but further
research is needed for a definitive conclusion. The
observed increase in energy expenditure in the training
groups is well-known (26).

The decrease in glucose levels observed in our study
supports the results of a 3-month clinical study that

reported a reduction in glucose levels under ostarine
treatment in 60 older men and 60 postmenopausal
women (16). Submaximal training alone did not affect
glucose, and the interaction between training and
ostarine effects was also not significant. In another study,
it was reported that exogenous dihydrotestosterone
intake can impair glucose metabolism by increasing
the rate of gluconeogenesis in the liver and decreasing
glucose uptake by adipose tissue (27). The molecular
mechanisms responsible for the specific effects of
SARMs have not been elucidated yet. One possible
explanation is the recruitment of a different spectrum of
coactivators/corepressors when binding to the androgen
receptor in comparison with the anabolic androgenic
steroids (28). Further research is needed to clarify the
mechanisms.

Further plasma analysis revealed increased total
cholesterol concentration in ostarine-treated rats, which
could be interpreted as an adverse side effect of the
non-steroidal SARM. The negative effect of ostarine on
total cholesterol was neutralized by endurance training
in our study. Despite the lack of effect of ostarine for 8
weeks on the plasma concentration of triglycerides, the
effect could be more pronounced with longer treatment.
We did not find any effect of ostarine on LDL-cholesterol
concentration. The non-steroidal SARM-2f decreased
the concentration of the following plasma lipids after
28 days of administration in monkeys: LDL-cholesterol,
triglycerides, and total cholesterol (29). In 76 healthy
men, LGD-4033 (ligandrol), at doses of 0.1, 0.3, and 1 mg
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for 21 days, reduced plasma triglyceride levels but did
not affect LDL-cholesterol and total cholesterol (30). The
different effects of SARMs on the lipid profile can be
explained by the fact that the cellular response depends
on the chemical structure of the respective SARM (31) since
the SARMs reported in previous studies (28, 29) belong
to different classes of non-steroidal selective androgen
receptor modulators. For example, ostarine belongs to
the arylpropionamide class, whereas ligandrol to the
pyrrolidinyl-benzonitrile class (10).

Similar to our study, no effect of ostarine on creatine
kinase has been reported in orchiectomized male rats (32).
In a study of young, healthy men after administration
of GSK2881078 (a non-steroidal member of the indole
class), there were side effects such as muscle soreness
and creatine kinase elevation. However, these effects
were observed after discontinuation of ostarine treatment
during the follow-up period and were not considered to be
drug-related (33). The CK levels do not increase regularly
after exercise, although there is some interindividual
variability, and strenuous exercise may increase creatine
kinase levels in some individuals (34).

Neither ostarine nor combined treatment changed the
number of any blood cell type or the concentration of
HGB, Hct, and MCV. In a previous study with nandrolone
decanoate, a similar lack of effect on hematological
indices was observed (21). The non-steroidal SARM LY305,
in healthy volunteers, also did not induce significant
changes in hematocrit values (35). A similar lack of
effect on platelet concentration was reported in a clinical
case of hepatotoxicity due to abuse of ostarine by a
middle-aged man (36). Unlike SARMs, anabolic androgenic
steroids increase platelet count and the propensity of
this type of blood cell to aggregate (37). In a study
of patients with prostatectomy due to prostate cancer,
the treatment with OPK88004 caused an increase in
hemoglobin concentration and hematocrit value but no
change in erythrocyte and leukocyte counts (38). The
pressure exerted by training increases the leukocyte count,
which corresponds to the fact that exercise is known to
affect leukocyte count by increasing WBCs during and
immediately after training (39). This has been attributed
to an increase in blood flow, the release of catecholamines,
or an increase in heart rate after exercise (39-41).

In our previous studies, we found that the anabolic
androgenic steroid nandrolone decanoate, alone or
combined with submaximal training, showed a similar
lack of effect on body weight, like ostarine (21). In other
studies, ostarine treatments did not affect body weight
and food intake in ovariectomized or orchiectomized rats
(17, 32). In the present study, submaximal exercise and
ostarine increased food intake during some experimental

weeks, which could be explained by increased energy
expenditure in the rats.

5.1. Limitations

In the present study, we did not examine the liver
functions (AST and ALT) as it was not one of our target
organs. Another limitation of the present study is the
lack of baseline measurement of some parameters such
as RQ, energy expenditure, and hematological and clinical
chemistry indicators. Only one non-steroidal androgen
receptor modulator (ostarine) was used for 8 weeks in
this study. Longer studies with different representatives
of SARMs could provide additional information about the
effects of these molecules. Future studies can examine
the dose-dependent effects of SARMs when combined
with training on a wider range of clinically important
parameters.

5.2. Conclusions

In conclusion, ostarine did not affect the MSS,
VO2max, or VO2submax indices, which are factors that
determine the physical working capacity of the body.
This corresponded to the lack of effect on the erythrocyte
count and hemoglobin concentration. Regarding the
plasma lipids, ostarine did not affect triglyceride and
LDL-cholesterol concentrations but increased plasma
cholesterol levels, which can be defined as an adverse
side effect. Creatine kinase did not change under
ostarine treatment, indicating that the treatment was
not harmful to the muscle tissue. Ostarine increased
energy expenditure and food intake, reduced plasma
glucose concentration, and had no effect on the body
weight of the rats. Submaximal training increased MSS,
VO2max, VO2submax, energy expenditure, and food intake.
Combined treatment had no synergistic effect, except that
training neutralized the negative effect of ostarine on
plasma total cholesterol levels. Further research is needed
to clarify other aspects of the influence of non-steroidal
SARMs on the physical working capacity, as well as the
manifestation of their adverse effects during long-term
use, as their administration, along with physical activity,
is becoming popular among healthy adult bodybuilders
in gyms.
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