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Introduction: Endurance training plays an important role in, for example, triathlon,

marathon, or road cycling and in combination with strength training. Adolescence

has been associated with increased interest among of young people, especially

boys, in strength-related and endurance sports or body-building. Anabolic

androgen steroid use is a public health threat. The present study aimed to

estimate the effect of endurance training, two doses of testosterone, and the

combination of these stimuli on the level and activity of proteins related to the

nitric oxide (NO) signaling pathways in the spinal cord in adolescent male rats.

Methods: Adult male Wistar rats were trained using a motor-driven treadmill for

6 weeks (40–60 min, 5 times per week) and/or were treated for 6 weeks with

two doses of testosterone (i.m.; 8 mg/kg or 80 mg/kg body weight). At the

end of the experiment, spinal cord samples were collected for further evaluation.

Results and Discussion: Major findings from the study are that a high dose of

testosterone increases proteins related to the NO signaling pathway (eNOS,

nNOS, CGβ1, PKC), but decreases trophic factors (BDNF, VEGF) and p-Akt.

Endurance training by itself increases the spinal protein levels of CGβ1, VEGF,

and kinases -p-Akt and PKC, but decreases kinase p-p38 MAPK; and the

combination of endurance training and high doses of testosterone enhances

changes in the protein level of nNOS, p-p38 and p-Akt. In conclusion, at least

some of the effects of endurance training and testosterone may be related to

the intensity of NO-related signal transmission and protein kinase systems.
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1 Introduction

Endurance training characterized by enhanced cardiac output, maximal oxygen

consumption, and mitochondrial biogenesis has been reported to improve both central

and peripheral tissues allowing for enhanced exercise economy and a greater ability for

an individual to run for longer distances and times (1, 2). Most activities combine
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endurance and strength; this type of training has been termed

concurrent exercise (2). Therefore, endurance training plays an

important role in endurance sports (for example triathlon,

marathon, or road cycling) and in combination with strength

training (3). Adolescence has been associated with increased

interest of young people, especially boys, in strength-related and

endurance sports or body-building (4, 5). Results from a cross-

national European study by Kokkevi et al. (2008) showed that

daily exercising appears to increase the risk of anabolic steroid

use in adolescents (6). Simultaneously, anabolic androgen steroid

users had more anger issues, anxiety, and depression, and their

self-esteem was lower than that of non-anabolic androgen steroid

users (7). In light of the studies mentioned above, anabolic

androgen steroid use is a public health threat. The effects of

many other potential risk factors have not been fully clarified.

In the present study, we tested the effects of this combination

(endurance training and testosterone supplementation) on

proteins related to the nitric oxide (NO) signaling pathways in

the spinal cord in adolescent male rats. In vertebrates, neural

mechanisms at different levels of the CNS participate in the

control of locomotion. Proper locomotion requires effective

coordination of the limbs which is achieved through a complex

interplay between spinal circuits and supraspinal structures (8, 9).

Neuronal networks of central pattern generators located in the

spinal cord underlie the production of various rhythmic

patterned outputs that drive rhythmic locomotor movements

(e.g., swimming, cycling, or running) (10, 11). At the molecular

level, locomotor movements may be modulated by NO, a highly

conserved signaling molecule that affects many CNS signaling

processes and involves neurotransmitters and neuromodulators

(12, 13). Enzyme synthesizing NO termed nitric oxide synthase

(NOS) has many isoforms, which differ significantly in tissue

distribution, and expression patterns and are encoded by

different genes widely distributed (13). Three isoforms of NOS

are important for NO production in the CNS: neuronal (nNOS),

endothelial (eNOS), and inducible (iNOS). Whereas expression of

the latter is associated with (pro)inflammatory states, it was

shown that nNOS and eNOS are expressed constitutively (14,

15). All three isoforms of NOS have several phosphorylation sites

for different protein kinases, including PKA (Protein kinase A),

PKC (Protein kinase C), AKT (known as Protein kinase B), and

CAMK (Ca2+–calmodulin-dependent kinase) (16). The best-

characterized NO target in neurons is soluble guanylyl cyclase

(sGC), which after activation increased 3’,5’-cyclic guanosine

monophosphate levels to activate cGMP-dependent protein

kinases (PKGs) (13). Both eNOS and nNOS can be significantly

upregulated by physical exercise/aerobic training (17, 18). It was

shown that NO might play a role in enhanced synthesis of the

brain BDNF (brain-derived neurotrophic factor) in response to

exercise (19). NO, and BDNF can also mutually influence their

production and synaptic availability in cultured rodent

neocortical neurons (20). Moreover, elevated expression of the

hippocampal BDNF in rodents was proposed as one of the key

mechanisms underlying exercise-induced brain plasticity and

cognitive enhancement (21). Finally, improved learning and

memory in the exercised adolescent rats were associated with

changes in the brain levels of BDNF and VEGF (vascular

endothelial growth factor) (22). Hence, we compared the protein

levels of various NOS isoforms, the expression of the β1 subunit

of CG (CGβ1), different protein kinases, and BDNF and VEGF

in the spinal cord of sedentary and endurance-trained young

male rats administered testosterone for 6 weeks. The spinal cord

was chosen due to its important role in transferring information

between the body and the brain, as well as a crucial region

involved in the integration and coordination of locomotion.

2 Material and methods

2.1 Animals and experimental groups

The animals utilized in this study were sourced from the

M. Mossakowski Institute of Experimental and Clinical

Medicine at the Polish Academy of Sciences in Warsaw,

Poland. Their handling adhered to the guidelines outlined in

Directive 2010/63/EU concerning animal experimentation. All

protocols were reviewed, approved, and supervised by the Local

Ethics Committee for Animal Experimentation in Warsaw

(protocol number 64/2009). The study utilized the minimum

number of rats necessary to ensure reliable results, and every

possible measure was taken to reduce the animals’ distress. The

research involved 6-week-old male Wistar rats with a body

weight ranging between 100 and 120 grams. These rats were

kept in groups of 3–4 per cage within a temperature-controlled

environment (maintained at 20–22°C and relative humidity of

55 ± 10%). The light-dark cycle in the housing facility was set

at 12 h each, starting at 7:00 a.m., and the rats had unrestricted

access to food and water. The study followed a previously

described protocol (23, 24), which involved a combination of

endurance training and administration of testosterone

propionate (TP) over six weeks. Before commencing the main

experiment, all rats underwent a habituation period on a

motorized treadmill for rodents. Over three consecutive days,

they were tested for their ability to run (sessions of 3, 5, and

9 min with 15-minute breaks in between). Rats that refused to

participate in the running sessions were excluded from the

study. Due to the specific administration protocols for

testosterone and exercise interventions, blinding during the

treatment phase and outcome collection was not feasible;

however, data analysis was performed by an investigator

blinded to group allocation to minimize bias. The remaining

rats were then randomly assigned to various research groups:

• Sed: vehicle (n = 20): sedentary (untrained) animals, receiving

sesame oil (vehicle) intramuscularly (im.);

• Sed: T [8 mg/kg] (n = 19): sedentary rats receiving TP im. TP at

a low dose of 8 mg/kg;

• Sed: T [80 mg/kg] (n = 20): sedentary rats receiving im. TP at a

high dose of 80 mg/kg;
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• EndTr: vehicle (n = 20): trained rats receiving sesame oil

(vehicle) im.;

• EndTr: T [8 mg/kg] (n = 19): trained rats receiving im. TP at a

low dose of 8 mg/kg;

• EndTr: T [80 mg/kg] (n = 20): trained rats receiving im. TP at a

high dose of 80 mg/kg.

To minimize potential confounders, all animals were age- and

strain-matched, housed under identical environmental

conditions, and subjected to standardized feeding and handling

protocols throughout the experimental period.

2.2 Testosterone administration

A stock solution of testosterone propionate (TP) obtained

from Jelfa, Poland was diluted with sesame oil as required

before intramuscular injections. The injections were

administered weekly over a six-week period, alternating

between the left and right hind limbs. The TP dosage was

determined based on the methodology described by Sadowska

et al. (23). To ensure consistency, the TP solution in sesame

oil was prepared fresh before each injection. For control

groups, an equivalent volume of sesame oil was administered

on the same schedule.

2.3 Endurance training

The rats assigned to endurance training underwent exercise

sessions on a flat-surfaced rodent treadmill five days a week for

six weeks. The initial treadmill speed was set at 16 m/min for the

first week and subsequently increased by 4 m/min each week

over the next three weeks, stabilizing at 28 m/min for the

remainder of the training period. The daily training duration

started at 40 min per session during the first week and was

extended by 5 min per day over the following four weeks,

ultimately reaching 1 h per day for the last two weeks. No form

of negative reinforcement, such as electric shocks, was utilized

during the training.

2.4 Tissue collection

Two days after completing the training program, the rats were

sacrificed by decapitation, and their spinal cords were extracted.

The extracted spinal cords were manually homogenized at 4°C

using a glass Dounce homogenizer with thirteen piston strokes.

The isolation buffer contained a combination of 1 M TRIS-HCl,

5 M NaCl, 10% SDS, 0.2 M EDTA, Igepal, PMSF (10 mg/ml),

aprotinin (5 mg/ml), pepstatin (2 mg/ml), leupeptin (1 mg/ml),

0.1 M Na3VO4, and bidistilled water. The homogenized lysate

was centrifuged at 4°C for 60 min at 15,000 × g. The supernatant

(cytosolic fraction) obtained from centrifugation was processed

using the western blot technique for subsequent analysis. After

determining the protein concentration with the Bradford method,

the samples were stored at −80°C.

2.5 Determination of nitrogen oxide
synthase (NOS) activity

The activity of NOS was assessed by quantifying the

radioactive [14C] L-citrulline produced in equimolar

amounts to NO from labeled [14C]L-arginine in a NOS-

catalyzed reaction in the presence of necessary cofactors.

A total of 500 µg of homogenate was combined with a

reaction mixture containing 50 mM Tris-HCl buffer (pH

7.4), 100 µM [U-14C]L-Arginine (0.2 µCi), 2 mM CaCl2,

1 µM calmodulin, 15 µM FAD, 10 µM tetrahydrobiopterin,

1 mM NADPH, 1 mM EDTA, and 1 mM DTT, in a final

volume of 300 µl. The mixture was incubated for 30 min at

37°C. To terminate the reaction, 1 ml of chilled 100 mM

Tris-HCl buffer containing 10 mM EGTA (pH 5.5) was

added. Following 5 min of incubation at 4°C, the mixture

was centrifuged at 300 g for 10 min, and the supernatant

was applied to a Dowex AG 50W-X8 column (Na + form).

The eluate, collected in 1 ml aliquots with bidistilled water,

was analyzed for radioactivity in 0.5 ml samples.

2.6 Western blot

For protein analysis, 50 µg of total protein was separated

on 8% SDS-polyacrylamide gels and subsequently transferred

onto nitrocellulose membranes (Bio-Rad Laboratories, Inc.)

using a current of 250 mA for 1.5 h at 4°C. To block

nonspecific binding, the membranes were incubated

overnight at 4°C with 5% fat-free milk in a Tris-buffered

solution. Monoclonal antibodies, procured from Santa Cruz

Biotechnology, USA, served as primary antibodies, as

outlined in Table 1. The membranes were washed and

treated with a secondary goat anti-rabbit IgG antibody

(1:5,000; Abcam, ab97051). The immunoblots were visualized

using ECL reagents (Amersham Pharmacia Biotech, Inc.)

and detected using a western blot detection system

(Amersham Pharmacia Biotech, Inc.). Orginal full-length and

blots were included in the Additional file 1. The resulting

bands were quantified using the ImageJ software (NIH,

Bethesda, MD, USA). Results were normalized against the

loading control (β-actin, 1:1,000, Santa Cruz Biotechnology)

TABLE 1 Summary of primary antibodies.

Primary antibody Final dilution

Anti-BDNF 1:200 (dilution)

Anti-CGβ1 1:200 (dilution)

Anti-eNOS 1:200 (dilution)

Anti-nNOS 1:200 (dilution)

Anti-p-Akt 1:100 (dilution)

Anti-PKC 1:100 (dilution)

Anti-p-p38 1:100 (dilution)

Anti-VEGF-A 1:100 (dilution)

Anti-VEGF-C 1:100 (dilution)
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and expressed as the mean ± SD of fold changes relative to the

control group (% of control values).

2.7 Statistical analysis

Prism 10.4.0 (GraphPad Software, San Diego, CA, USA)

was used for statistical analyses and figure generation.

The results are expressed as the means and standard

deviation (SD). The distribution of each dataset was checked

for normality using the Shapiro–Wilk test. Western blot

results were analyzed using a two-way analysis of variance

(ANOVA) for the following factors: endurance training

[sedentary (untrained) vs. trained] and treatment [vehicle vs.

T (8 mg/kg) and vehicle vs. T (80 mg/kg)], followed

by Tukey’s multiple comparisons tests when appropriate.

Differences were considered to be statistically significant

when p < 0.05.

Statistical details regarding western blot analysis are

summarised in Table 2.

3 Results

3.1 Testosterone in both doses and training
alone increased NOS activity but a
combination of a high dose of testosterone
with training induced an opposite effect

The two-way ANOVA revealed significant effects of endurance

training [F(1,12) = 21.54, p = 0.0001], and testosterone treatment

on NOS activity (F[1,12] = 8.091, p = 0.0148), but no interaction

between these factors (F[2,12] = 0.833, p = 0.458, Figure 1,

Table 2). NOS activity in the spinal cord was significantly

increased by both low and high doses of testosterone, by

endurance training alone, and by the combination of training

TABLE 2 Statistical source data for extended data from the ANOVA test.

Protein Two-way ANOVA

F [DFn, DFd], p-value for testosterone
treatment

F [DFn, DFd], p-value for
training

F [DFn, DFd], p-value for testosterone x
training

BDNF F[2,12] = 19.97, p = 0.0002 F[1,12] = 1.706, p = 0.216 F[2,12] = 0.352, p = 0.709

CGβ1 F[2,12] = 218.3, p < 0.0001 F[1,12] = 34.91, p < 0.0001 F[2,12] = 19.80, p < 0.0001

eNOS F[2,12] = 19.76, p = 0.0002 F[1,12] = 1.088, p = 0.317 F[2,12] = 1.355, p = 0.294

nNOS F[2,12] = 26.01, p < 0.0001 F[1,12] 6.341, p = 0.0270 F[2,12] = 7.752, p = 0.0069

p-Akt F[2,12] = 430.5, p < 0.0001 F[1,12] = 164.9, p < 0.0001 F[2,12] = 91.56, p < 0.0001

PKC F[2,12] = 14.39, p = 0.0007 F[1,12] = 0.818, p = 0.383 F[2,12] = 12.54, p = 0.0011

p-p38 F[2,12] = 25.34, p < 0.0001 F[1,12] = 46.35, p < 0.0001 F[2,12] = 36.05, p < 0.0001

VEGF-A F[2,12]= 63.09, p < 0.0001 F[1,12] = 21.78, p = 0.0005 F[2,12] = 3.803, p = 0.0526

VEGF-C F[2,12] = 4.525, p = 0.0343 F[1,12] = 95.36, p < 0.0001 F[2,12] = 5.874, p = 0.0166

FIGURE 1

Six weeks of endurance training and testosterone treatment alter NOS activity in the spinal cord of male adolescent rats. Data were analyzed with a

two-way ANOVA and post-hoc Tukey’s test: **p < 0.01, *p < 0.05 (n= 19-20 for each experimental group).
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with a low testosterone dose, when compared to sedentary controls

(Sed: veh vs. Sed: T 8 [mg/kg]: p = 0.0411; Sed: veh vs. Sed: T 80

[mg/kg]: p = 0.0147; Sed: veh vs. EndTr: veh: p = 0.0366; Sed: veh

vs. EndTr: T 8 [mg/kg]: p = 0.0040). In contrast, combining

training with a high dose of testosterone did not increase NOS

activity. This group showed significantly lower NOS activity

compared to sedentary rats treated with a high dose of

testosterone [Sed: T 80 [mg/kg] vs. EndTr: T 80 [mg/kg]:

p = 0.0026] and to trained rats treated with a low testosterone

dose [EndTr: T 8 [mg/kg] vs. EndTr: T 80 [mg/kg]: p = 0.0068].

3.2 A high dose of testosterone, but no
training enhanced the spinal level of eNOS

We demonstrated significant effects of testosterone treatment

on spinal levels of eNOS (F[2,12] = 19.76, p < 0.0002) with no

changes in training effect (F[1,12] = 1.088, p = 0.317) or

interaction of these factors (F[2,12] = 1.355, p = 0.294, Figure 2A,

Table 2). High dose of testosterone increased the eNOS protein

level of sedentary and trained rats compared to appropriate

sedentary groups [Sed: veh vs. Sed: T 80 [mg/kg]: p = 0.0013,

Sed: veh vs. EndTr: T 80 [mg/kg]: p = 0.0242].

3.3 Testosterone in both doses increased
the nNOS protein level in trained rats

The two-way ANOVA revealed significant effects of endurance

training (F[1,12] = 6.341, p = 0.027) and testosterone treatment on

nNOS protein level (F[1,12] = 26.01, p < 0.0001), with a significant

interaction between these factors (F[2,12] = 7.752, p = 0.0069,

Figure 2B). We observed an increase in the nNOS protein level in

rats receiving a low dose of testosterone, regardless of the training

stimulus in comparison to vehicle-treated groups (Sed: veh vs. Sed:

T 8 [mg/kg]: p = 0.0005; EndTr: veh vs. EndTr: T 8 [mg/kg]:

p = 0.0291). An increase in the spinal nNOS levels was noted in

combination with endurance training both with low and high doses

of testosterone (Sed: veh vs. EndTr: T 8 [mg/kg]: p = 0.0033; Sed:

veh vs. EndTr: T 80 [mg/kg]: p = 0.0106). Testosterone dose-

FIGURE 2

Six weeks of endurance training and testosterone treatment alter the spinal levels of proteins related to the NO pathway in male adolescent rats.

Western blotting analysis of protein relative immunoreactivity of nNOS (A), eNOS (B), and CGβ1 (C) Testosterone affected nNOS levels in both

sedentary and trained animals in a dose-dependent manner (A) A higher dose of testosterone (T 80 mg/kg) led to an increase in eNOS and CGβ1

levels (B, C). Testosterone treatment, either in low or high doses, as well as endurance training or the combination of both interventions,

upregulated the CGβ1 level (C) Representative images of Western blotting analysis, cropped bands from different parts of the same blots are

shown (D) Values are expressed as a percentage of the control. Data were analyzed with a two-way ANOVA and post-hoc Tukey’s test:

****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 (n= 19-20 for each experimental group).

Nierwińska et al. 10.3389/fspor.2025.1635517

Frontiers in Sports and Active Living 05 frontiersin.org

https://doi.org/10.3389/fspor.2025.1635517
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


dependent reductions in the level of nNOS protein were observed in

the sedentary group (Sed: T 8 vs. Sed: T 80 mg/kg: p = 0.0005). We

noted a significant difference in the nNOS protein level between

training and non-training animals receiving a high dose of

testosterone [Sed: T 80 vs. EndTr: T 80 (mg/kg): p = 0.01].

3.4 Testosterone in both doses and
combination with training increased the
CGβ1 protein level

Concerning CGβ1 protein levels, we demonstrated significant

effects of endurance training (F[1,12] = 34.91, p < 0.0001), and

testosterone treatment (F[2,12] = 218.3, p < 0.0001) and interaction

between these factors (F[2,12] = 198.0, p < 0.0001, Figure 2C,

Table 2). The post hoc analysis revealed that training increased CGβ1

protein levels in the vehicle-treated group (Sed: veh vs. EndTr: veh:

p < 0.0001). A post hoc analysis showed that CGβ1 protein level

increased either when sedentary animals were supplemented with

low or high testosterone dose [p < 0.0001 for comparisons Sed: veh

vs. Sed: T 8, and Sed: veh vs. Sed: T 80 (mg/kg)]. CGβ1 protein

levels differed significantly in the low-dose testosterone groups

depending on the training stimulus (Sed: T 8 [mg/kg] vs. EndTr: T 8

[mg/kg]: p < 0.0001). In trained animals, a significant decrease was

observed in the low-dose treated group compared to the vehicle-

treated group [EndTr: veh vs. EndTr: T 8 (mg/kg): p < 0.0001]. We

noted that the spinal levels of CGβ1 increased when animals were

supplemented with high testosterone dose, regardless of training

stimulus in comparison to appropriate control groups [p < 0.0001 for

comparisons Sed: veh vs. Sed: T 80, Sed: veh vs. EndTr: T 80, and

EndTr: veh vs. EndTr: T 80 (mg/kg): p = 0.0046].

3.5 The opposite direction of changes
induced by a low and high dose of
testosterone alone and in combination with
training on the p-Akt protein level

The two-way ANOVA showed significant effects of endurance

training (F[1,12] = 164.9, p < 0.0001) and testosterone treatment (F

[2,12] = 430.5, p < 0.0001), and an interaction between these factors

on p-Akt protein levels (F[2,12] = 91.59, p < 0.0001, Figure 3A,

Table 2). The post hoc analysis showed a training-induced increase in

the spinal level of p-Akt (Sed: veh vs. EndTr: veh: p < 0.0022).

Training combined with testosterone in a low dose induced an even

greater increase in the p-Akt level [Sed: veh vs. EndTr: T (8 mg/kg):

p < 0.0001]. The level of p-Akt was significantly higher in both trained

and untrained groups of animals treated with lower doses of

testosterone in comparison to appropriate control groups treated with

vehicle (Sed: veh vs. Sed: T [8 mg/kg]: p < 0.0001; EndTr: veh vs.

EndTr: T [8 mg/kg]: p = 0.0009). Opposite, high-dose testosterone

reduced the p-Akt levels (Sed: veh vs. Sed: T 80 mg/kg: p < 0.0001;

EndTr: veh vs. EndTr T 80 mg/kg: p= 0.0015). Similarly to changes

observed in the levels of most of the studied proteins, a dose-

dependent effect of testosterone was observed. Namely, 80 mg/kg of

testosterone decreased the spinal level of p-Akt in both trained and

sedentary rats in comparison to the groups receiving lower doses of

testosterone (Sed: T 8 vs. Sed: T [80 mg/kg]: p < 0.0001; EndTr: T 8

vs. EndTr: T 80 [mg/kg]: p < 0.0001). A significant reduction in the

level of p-Akt was observed in the high dose of testosterone-treated

sedentary rats compared to the training group [Sed: T 80 vs. EndTr: T

80 (mg/kg): p < 0.0001].

3.6 Both doses of testosterone and
endurance training alone lowered the
p-p38 protein level

The two-way ANOVA revealed significant effects of training and

testosterone treatment on spinal p-p38 protein levels (F[1,12] = 46.35,

p < 0.0001; F[2,12] = 25.34, p < 0.0001, respectively), and interaction

between these factors (F[2,12] = 36.05, p < 0.0001, Figure 3B, Table 2).

The post hoc analysis showed lowered p-p38 protein levels in the rat

spinal cord of trained rats (Sed: veh vs. EndTr: veh: p < 0.0001) and

sedentary rats treated with testosterone in both doses (Sed: veh vs.

Sed: T 8 [mg/kg]: p < 0.0001, Sed: veh vs. Sed: T 80 [mg/kg]:

p= 0.0008). Similar effects were observed when training was

combined with testosterone treatment [Sed: veh vs. EndTr: T 8 and

EndTr: T 80 (mg/kg): p < 0.0001]. Surprisingly, in rats receiving a low

dose of testosterone, the level of p-p38 protein was significantly lower

compared to the animals supplemented with a high dose [Sed: T 8 vs.

Sed: T 80 (mg/kg): p= 0.0034]. The spinal level of p-p38 was

decreased when comparing trained and non-trained animals receiving

a high dose of testosterone [Sed: T 80 vs. EndTr: T 80 (mg/kg) = 0.0044].

3.7 Both doses of testosterone increased
the PKC protein expression in the sedentary
rats

Concerning the protein level of PKC, we observed significant

effects of testosterone treatment (F[2,12] = 14.39, p = 0.0007) and

testosterone x endurance training interaction (F[2,12] = 12.54,

p = 0.0011), but with no effect of training (F[1,12] = 0.818,

p = 0.383, Figure 3C). The post hoc analysis showed that training

increased the spinal levels of PKC (Sed: veh vs. EndTr: veh:

p = 0.0074). A higher level of PKC protein was noted in the

sedentary animals treated with both doses of testosterone as

compared to vehicle-treated (Sed: veh vs. Sed: T [8 mg/kg]:

p = 0.0044, and Sed: veh vs. Sed: T [80 mg/kg] p = 0.0001).

Similar effects were observed for the combination of training

with testosterone supplementation in both doses as compared to

vehicle-treated sedentary animals (Sed: veh vs. EndTr: T [8 mg/

kg]: p = 0.0125, Sed: veh vs. EndTr: T [80 mg/kg] p = 0.004).

3.8 A high dose of testosterone, but no
training lowered the spinal level of BDNF
protein

The two-way ANOVA showed a significant effect of

testosterone treatment on the spinal BDNF protein levels (F
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[2,12] = 19.09, p < 0.0002) with no significant impact of training (F

[1,12] = 1.706, p = 0.216) and testosterone x training interaction (F

[2,12]= 0.352, p = 0.709, Figure 4A, Table 2). The post-hoc analysis

showed that a high dose of testosterone lowered the BDNF protein

level in the untrained (sedentary) [Sed: veh vs. Sed: T (80 mg/kg):

p = 0.0054] as well as in the trained rats [EndTr: veh vs. EndTr: T

(80 mg/kg): p = 0.03]. Sedentary animals treated with 80 mg/kg of

testosterone showed lower BDNF protein levels in comparison to

sedentary receiving testosterone in the dose 8 mg/kg [Sed: T 8 vs.

Sed: T 80 (mg/kg): p = 0.0172] as well as to vehicle-treated

trained rats (Sed: T 80 mg/kg vs. EndTr:Veh: p = 0.0087).

3.9 A high dose of testosterone treatment
alone and combined with training lowered
the VEGF-A protein level

The two-way ANOVA showed significant effects of

testosterone treatment and training on VEGF-A protein level in

the spinal cord (F[2,12] = 63.09, p < 0.0001; F[1,12] = 21.78,

p = 0.0005, respectively), and no significant interaction between

these factors (F[2,12] = 3.803, p = 0.052, Figure 4B, Table 2).

Endurance training increased spinal VEGF-A protein levels

compared to sedentary rats (Sed: veh vs. EndTr: veh: p = 0.0041).

Training combined with testosterone in a low dose [8 mg/kg]

induced a significant increase of VEGF-A as compared to the

sedentary group [Sed: veh vs. EndTr: T 8 (mg/kg): p = 0.0058].

A decrease in the level of VEGF-A protein was shown both in

the groups of sedentary and training animals receiving a high

dose of testosterone when comparing with appropriate control

(Sed: veh vs. Sed: T 80 mg/kg: p = 0.0095; EndTr: veh vs. EndTr:

T 80 mg/kg: p < 0.0001). A high-dose testosterone treatment

decreased the spinal level of the VEGF-A in both trained and

sedentary rats in comparison to the groups receiving a lower

dose of testosterone (Sed: T 8 vs. Sed: T 80 mg/kg: p = 0.0002;

EndTr: T 8 vs. EndTr: T 80 mg/kg: p < 0.0001). Further, similarly

to changes observed in the levels of BDNF, the spinal level of

VEGF-A in sedentary rats treated with a high dose of

FIGURE 3

Six weeks of endurance training and testosterone treatment alter the spinal protein level of kinases in male adolescent rats. Western blotting analysis of

protein relative immunoreactivity of p-Akt (A), p-p38 (B), and PKC (C) Testosterone treatment or endurance training, as well as simultaneous exposure

to both interventions, lead to a decrease in p-p38 levels (B) On the contrary, the PKC levels increased (C) Furthermore, among sedentary rats, a dose-

dependent changes in p-p38 level were demonstrated (B) Similar observations were noted in p-Akt levels, which were elevated following endurance

training and/or low-dose testosterone (8 mg/kg) treatment. In both sedentary and trained rats, a high dose of testosterone (80 mg/kg) decreased the

p-Akt levels compared to those treated with a lower dose (8 mg/kg) (A) Representative images of Western blotting analysis, cropped bands from

different parts of the same blots are shown (D) Values are expressed as a percentage of the control. Data were analyzed with a two-way ANOVA

and post-hoc Tukey’s test: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 (n= 19-20 for each experimental group).
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testosterone was decreased when compared to the vehicle-treated

trained rats (Sed: T 80 mg/kg vs. EndTr: veh: p < 0.0001).

3.10 Training lowered the VEGF-C protein
levels regardless of vehicle and testosterone
in both doses

The two-way ANOVA revealed significant effects of testosterone

treatment and training on the spinal level of VEGF-C protein (F

[2,12] = 4.52, p = 0.0343; F[1,12] = 95.36, p < 0.0001, respectively),

and interaction between these factors (F[2,12] = 5.87, p = 0.0166,

Figure 4C, Table 2). A low dose of testosterone decreased VEGF-C

protein level in the sedentary rats (Sed: veh vs. Sed: T 8 mg/kg:

p = 0.0278). In all the trained rats, we observed lowered spinal

levels of VEGF-C protein compared to the untrained rats receiving

vehicle (Sed: veh vs. EndTr: veh: p < 0.0001, Sed: veh vs. EndTr: T

8 mg/kg: p = 0.0001, Sed: veh vs. EndTr: T 80 mg/kg: p = 0.0007)

or testosterone in both doses (Sed: T 8 vs. EndTr: T 8 mg/kg:

p = 0.0019, Sed: T 80 vs. EndTr: T 80 mg/kg: p = 0.0482).

Regarding changes observed in the VEGF-A protein expression,

VEGF-C level in sedentary rats treated with a high dose of

testosterone was decreased when compared to the vehicle-treated

trained rats (Sed: T 80 mg/kg vs. EndTr: veh: p < 0.0001).

Statistical details regarding western blot analysis are

summarised in Table 2. Please find orginal blots in

Supplementary File S1.

4 Discussion

Androgens, produced by the gonads or long-term

administered, affect brain functions including motor and

motivational behaviors, cognitive functions, and neurotransmitter

release in dopamine midbrain circuits (25, 26). Supplementation

with high doses of androgens is mostly used with strength

training or bodybuilding. The effects of exercise training on brain

function may also differ greatly depending on its maturity (27).

Thus, we used a well-known treadmill training scheme that was

previously correlated with the improvement of endurance (28) as

FIGURE 4

Six weeks of endurance training and testosterone treatment alter the spinal protein level of neurotrophins in male adolescent rats. Western blotting

analysis of protein relative immunoreactivity of BDNF (A), VEGF-A (B), and VEGF-C (C) A high dose of testosterone (80 mg/kg) lowered the spinal

level of BDNF (A), and VEGF-A (B) proteins. Also, decreased level of VEGF-A were noted after high-dose testosterone treatment (80 mg/kg)

combined with training (B) Furthermore, training reduced VEGF-C protein levels, regardless of vehicle and testosterone dose (C) Representative

images of Western blotting analysis, cropped bands from different parts of the same blots are shown (D) Values are expressed as a percentage of the

control. Data were analyzed with a two-way ANOVA and post-hoc Tukey’s test: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 (n= 19-20 for each

experimental group).
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well as a variety of CNS effects, e.g., changes in the serotonergic

system (29) or up-regulation of the NO/sGC/cGMP pathway in

rat brain structures (30). Results from previous experimental

studies applying a treadmill running in combination with

testosterone treatment showed the potential risk to cardiac health

(31) and significantly disturbed the liver antioxidant barrier and

prooxidative-antioxidative balance in adolescent male rats (32).

Earlier, we conducted a study on the effect of 6 weeks of

treadmill training and testosterone administration on blood-brain

barrier (BBB) proteins in the spinal cords of young rats (23). We

have suggested that an excessive supply of testosterone, but not

endurance training alone, may impact both signal transduction

in the endothelial cells of the CNS and the formation of tight

junctions (TJs) in the blood-spinal cord barrier (BSCB) by

decreasing the levels of several TJs proteins, including occludin,

JAM-1, and VE-cadherin. The present study aimed to

characterize the impact of combining testosterone treatment with

endurance training on the protein expression of certain trophic

factors and proteins related to the NO signaling pathway in the

spinal cords of adolescent male rats. Our findings demonstrate

that testosterone and endurance training modulate signaling

pathways involved in neurovascular remodeling (see Figures 2–4).

Major findings from the study are that (1) a high dose of

testosterone increases the levels of proteins related to the NO

signaling pathway (eNOS, nNOS, CGβ1, PKC), but decreases

trophic factors (BDNF, VEGF) and p-Akt; (2) endurance training

by itself increases the spinal protein levels of CGβ1, VEGF, and

kinases—p-Akt and PKC, but decreases kinase p-p38 MAPK;

and (3) combination of endurance training and high doses of

testosterone enhances changes in the protein level of nNOS, p-

p38 and p-Akt.

Although the positive effects of exercise training on the

vasculature (and more specifically, endothelium-dependent

vasodilation) have been demonstrated (33, 34), it is presently

unclear what the ideal exercise type and dose are to produce

favorable changes. Experimental studies showed that increasing

the level of eNOS and NO production as a result of short-term

endurance training (2–4 weeks) may be the initial stage in the

adaptation of the vascular endothelium to physical exercise (35,

36) by producing a short-term buffer to the increased shear

stress associated with exercise. After extended training, the

increased production of NO and possibly other mediators

induces structural changes in the vessels, increasing lumen

diameter (37).

Our results suggest the increased activity of the protein NOS

and an increase in eNOS protein expression at both doses (8 or

80 mg/kg body weight) of testosterone and nNOS protein after

using a lower dose of testosterone. A combination of training

with hormonal stimulation resulted in a similar effect. The level

of nNOS is regulated by testosterone directly through androgen

receptors (AR), or after being converted by the enzyme

aromatase to estrogen via estrogen receptors (ERα and ERβ)

(33). Endurance training alone and when combined with a lower

dose of testosterone also caused an increase in the amount of the

phosphorylated form of Akt kinase (p-Akt) and protein kinase C

(PKC). A high dose of testosterone caused a decrease in the

amount of p-Akt kinase compared to the control (sedentary)

group. This dose-dependent divergence in Akt phosphorylation,

clearly visible in Figure 3A, supports the notion that high

testosterone might blunt beneficial training effects on

intracellular signaling pathways. We acknowledge that the

reduction in p-Akt levels following high-dose testosterone

treatment is unexpected, given the known stimulatory role of

testosterone on the IGF-1/PI3 K/Akt pathway (38). Testosterone

is known to activate the Akt pathway via IGF-1/PI3 K signaling

crosstalk in several tissues (39). Yin et al. (38) showed 3-week

endurance training-induced muscle hypertrophy, which was

mediated at least partly through IGF-1/IGF-1R-PI3 K/Akt-

mTOR pathway.

The results presented in this paper partially correlate with the

data obtained by Chalimoniuk (40). Increased NOS protein

activity, increased protein expression of nNOS, and a higher

CGβ1) level in the spinal cord after endurance training may

indicate activation of the NO/GC/cGMP pathway. This effect

also occurred when a combination of hormonal stimuli and

training, as well as using only testosterone.

VEGF is a well-known factor considered to be important

in the promotion of capillary growth in skeletal muscles

exposed to increased activity (41, 42). Recently, Tang et al.

(43) showed that treadmill running may provide a controlled

cellular mechanism to increase VEGF expression in regions

of the brain that are important for memory and sensory

control. Increased VEGF expression in skeletal muscles and

brain structures (hippocampus, cortex) may be important in

coordinating the regulation of neurogenesis and angiogenesis

in response to exercise and potentially may provide

neuroprotection against ischemic or excitotoxic episodes.

Among the main factors regulating VEGF protein expression

are hypoxia, oxidative stress, growth factors, and cytokines,

along with NO (44, 45). Increased muscle activity is known

to upregulate nNOS in rat muscle (46) and eNOS in skeletal

muscle arterioles (47). In the study by Suzuki et al. (2005),

the authors noted that the simultaneous use of five weeks of

running training and L-arginine supplementation in male

rats resulted in an increased capillarization in the soleus

muscle and subendocardial layer of the myocardium.

Expression of VEGF protein and endothelial nitric oxide

synthase (eNOS) in soleus muscle and myocardium

increased significantly when used concurrently with

L-arginine supplementation and endurance training (48).

Here, we showed that combining endurance training with

testosterone in a low dose resulted in similar effects induced

by 8 mg/kg testosterone itself. Namely, we noted decreased

protein levels of VEGF-A, VEGF-C, and p-p38 and increased

protein levels of p-Akt, PKC, nNOS, and CGβ1. However,

our data (Figure 4) also demonstrate that a high dose of

testosterone reverses these effects, indicating possible adverse

consequences on neurovascular health. This observation,

though preliminary, calls for further investigation into dose-

dependent risk profiles.

The exercise-induced upregulation of hippocampal BDNF

level was confirmed in many animal studies (49–52). Physical
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exercise-induced increases in BDNF expression were also noted

in the frontal cortex (53) and the spinal cord (52). For

example, in the study by Perreau et al. (2005), the authors

demonstrated increased BDNF mRNA and protein levels in the

thoracic and lumbar sections of the spinal cord of rats

subjected to wheel running for 21 days (54). Forced training

schemes might induce stress reactions in animals. According

to Huang et al., who showed the importance of 1-week pre-

familiarization, we also adapted rats before the treadmill

training. However, the lack of assessment of stress markers

(for example, serum corticosterone levels) is a limitation of the

present study. Contrary to the above studies, we did not

observe the effect of training on the spinal BDNF protein level.

Some aspects of the training protocol or animal model might

explain this discrepancy. Endurance training, particularly when

prolonged, can increase BDNF release from the brain,

potentially influencing spinal cord function (55). However, it

should be acknowledged that the increases in BDNF protein in

the spinal cord were observed mainly in models of spinal cord

injuries (56, 57). Further, endurance training specificity is

critically important since it affects the subsequent adaptations

of the tissue. The adaptations created by resistance and

endurance training have conflicting outcomes (58). Androgen-

dependent regulation of BDNF protein was well described in

the literature using castrated rats (59–61). Castrated adult rats

showed retracted dendrites of androgen-sensitive motoneurons

of the spinal nucleus of the bulbocavernosus (SNB). BDNF, via

activation of tyrosine receptor kinase B (trkB), has been

implicated in mediating androgen effects on SNB dendrites

(59). A high dose of testosterone, by reducing the spinal

BDNF protein level, may have an adverse effect on the

functioning of the CNS. Our findings (Figure 4A) revealed a

significant reduction in spinal BDNF protein levels following

high-dose testosterone, regardless of training. This suggests a

suppressive effect that may override training-induced

neuroplastic benefit.

4.1 Limitations of the study

It should be acknowledged that some of the mechanistic

interpretations of kinase regulation in the present study remain

incomplete. The inability to distinguish changes in kinase

phosphorylation (activation state) from total protein

immunoreactivity due to the lack of total p38 and Akt

quantification may be interpreted as one of the limitations. Since

CREB is a transcription factor of neuroplasticity-related genes,

including BDNF and VEGF, its phosphorylation (p-CREB) is

downstream of multiple signaling pathways investigated in this

study (e.g., NO/cGMP/PKG, Akt, p38 MAPK). However, the

absence of CREB and p-CREB data also limits mechanistic

insight into the transcriptional regulation of BDNF and VEGF in

response to testosterone and endurance training, limiting our

ability to mechanistically link upstream signaling changes (NO,

Akt, p38) to the regulation of BDNF and VEGF expression.

Measurements of both total and phosphorylated kinase levels

should be warranted in future studies. This approach will

support differentiation between transcriptional and post-

translational effects, providing a more nuanced understanding of

cellular signaling pathways.

5 Conlusions

In summary, our findings reinforce the view that testosterone

and endurance training modulate overlapping but not

necessarily synergistic molecular pathways in the spinal cord.

The absence of statistically significant interactions in several

markers underscores this independent modulation. At least

some of the effects of endurance training and testosterone may

be related to the intensity of NO-related signal transmission

and protein kinase systems. Endurance training has a positive

effect on the VEGF-A protein expression in the spinal cord;

however, it is not able to eliminate the unfavorable effects of

high doses of testosterone.
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