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Abstract

The present study aimed to estimate the effect of endurance training, two doses of testoster-

one, and the combination of these stimuli on the level of the endothelial proteins claudin,

occludin, JAM-1, VE-cadherin, ZO-1, ZO-2, and P-glycoprotein in rat spinal cords. 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). Spinal cords were collected 48 hours after the last training cycle

and stored at -80˚C. The levels of selected proteins in whole tissue lysates of the spinal cord

were measured by western blot. Testosterone-treated trained rats had significantly lower

claudin levels than vehicle-treated trained rats. High doses of testosterone resulted in a sig-

nificant decrease in claudin-5 in untrained rats compared to the control group. Both doses

of testosterone significantly reduced occludin levels compared to those in vehicle-treated

untrained rats. The JAM-1 level in the spinal cords of both trained and untrained animals

receiving testosterone was decreased in a dose-dependent manner. The JAM-1 level in the

trained group treated with high doses of testosterone was significantly higher than that in the

untrained rats treated with 80 mg/kg of testosterone. VE-cadherin levels were decreased in

all groups receiving testosterone regardless of endurance training and were also diminished

in the vehicle-treated group compared to the control group. Testosterone treatment did not

exert a significant effect on ZO-1 protein levels. Testosterone and/or training had no signifi-

cant effects on ZO-2 protein levels in the rat spinal cords. Endurance training increased P-

glycoprotein levels in the rat spinal cords. The results suggest that an excessive supply of

testosterone may adversely impact the expression of endothelial proteins in the central ner-

vous system, which, in turn, may affect the blood-brain barrier function.

PLOS ONE | https://doi.org/10.1371/journal.pone.0211818 February 11, 2019 1 / 14

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Nierwińska K, Nowacka-Chmielewska M,

Bernacki J, Jagsz S, Chalimoniuk M, Langfort J, et

al. (2019) The effect of endurance training and

testosterone supplementation on the expression of

blood spinal cord barrier proteins in rats. PLoS

ONE 14(2): e0211818. https://doi.org/10.1371/

journal.pone.0211818

Editor: Michal Toborek, University of Kentucky

Medical Center, UNITED STATES

Received: September 13, 2018

Accepted: January 21, 2019

Published: February 11, 2019

Copyright: © 2019 Nierwińska et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

available from the Zenodo repository at DOI: 10.

5281/zenodo.1972470.

Funding: This work was supported by the

Statuatory Grants from The Jerzy Kukuczka

Academy of Physical Education in Katowice UP/F/

5/2015. The funders had no role in study design,

data collection and analysis, decision to publish, or

preparation of the manuscript.

http://orcid.org/0000-0003-2958-783X
http://orcid.org/0000-0001-8668-8878
https://doi.org/10.1371/journal.pone.0211818
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0211818&domain=pdf&date_stamp=2019-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0211818&domain=pdf&date_stamp=2019-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0211818&domain=pdf&date_stamp=2019-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0211818&domain=pdf&date_stamp=2019-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0211818&domain=pdf&date_stamp=2019-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0211818&domain=pdf&date_stamp=2019-02-11
https://doi.org/10.1371/journal.pone.0211818
https://doi.org/10.1371/journal.pone.0211818
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5281/zenodo.1972470
https://doi.org/10.5281/zenodo.1972470


Introduction

The blood-brain barrier (BBB) and the blood-spinal cord barrier (BSCB) play important roles

in protecting the central nervous system (CNS) from the influence of external factors such as

hormones and xenobiotics. Alterations to the barrier integrity are directly involved in the traf-

ficking of inflammatory cells into the brain and in the development of neuroinflammatory

responses. The BBB and the BSCBs are not only physical barriers, but they also control influx

and efflux transport as well as contain the drug-metabolizing enzymes. Certain bioactive sub-

stances, including toxic substances, may lead to disorders affecting the function of the BBB

and BSCB. Together, the BBB and BSCB are important conduits and interfaces in humoral-

based communication between the CNS and the rest of the body [1].

The barrier function of the spinal cord capillaries is based on a specialized system of non-

fenestrated endothelial cells and their accessory structures, including the basement membrane,

pericytes, and astrocytic end-feet processes. These structures are responsible for the regulatory

and protective functions of the BSCB. There are several structural and functional differences

between the BBB and the BSCB; these include the presence of glycogen deposits in the spinal

cord micro-vessels, which may cause variations in glucose uptake and metabolism [2].

Paracellular permeation in both the BBB and BSCB is regulated by the multi-protein tight-

junction complex. The permeation properties of this complex are determined by the protein

composition [3]. The decreased expression of the tight-junction proteins, ZO-1 and occludin,

have been observed in cultured microvascular endothelial cells from the murine spinal cord

compared to brain microvasculature endothelial cells. Similarly, the expression of adherence

junction proteins was also decreased. Furthermore, VE-cadherin and β-catenin were reduced

in both the spinal cord microvessels and cultured spinal cord endothelial cells [4]. Ge et al.

(2006) demonstrated an insignificant decrease of P-glycoprotein in spinal cord endothelial

cells, with no differences between the von Willebrand factor and PECAM-1 expression

between brain and spinal cord-derived cultures [4]. The decreased expression of both tight

junction (ZO-1 and occludin) and adherence junction proteins was also observed in cultured

endothelial microvascular cells from the murine spinal cord compared to brain microvascula-

ture endothelial cells, which may serve as an explanation for the increased permeability of

the BSCB compared to the BBB [4]. Following treatment with interferons α and γ (IFNα and

IFNγ) and tumor necrosis factor α (TNFα), the BSCB permeability was higher compared to

that of the BBB [4]. Permeability differences have also been observed between the spinal cord

regions which may be related to the variability of spinal cord functions, in turn, suggesting

that the BSCB should be studied in parallel with the BBB [5,6].

Sex steroid hormones affect spinal cord blood vessels, as well as the cells of which they are

composed; these effects are, for the most part, elicited through binding of specific receptors

[7]. Androgen receptors (ARs) in the spinal cord are located predominantly in the cell bodies

of the motoneurons, in the ventral horns, and in the sensory parts of the dorsal roots [8]. In

males, the main area for the expression of ARs in the spinal cord is the spinal nuclei of the

bulbocavernosus (SNB), which exhibits sexual dimorphism [9]. The level of ARs in the spinal

cord increases in animals treated with androgens [10].

Substitutive doses of testosterone are used in humans in certain circumstances, e.g. in the

still controversial hormone-replacement therapy [11]. There are suggestive data indicating

that androgens are independent factors in the development of atherosclerosis and its preva-

lence in men [11, 12, 13]. Moreover, it has been shown that the use of androgens may be asso-

ciated with coronary disease in athletes and in transsexual female-to-male individuals [11].

The decrease of testosterone levels in humans may occur as a result of aging in men or bilateral

ovariectomy in women; such circumstances are associated with hypertension, diabetes, and

Training, testosterone and blood-spinal cord barrier

PLOS ONE | https://doi.org/10.1371/journal.pone.0211818 February 11, 2019 2 / 14

Competing interests: The authors have declared

that no competing interests exist.

Abbreviations: BBB, blood-brain barrier; BSCB,

blood spinal cord barrier; CNS, central nervous

system; IFNα, interferon α; IFNγ, interferon γ; P-gp,

P glycoprotein; TJs, tight junctions; TNFα, tumor

necrosis factor α.

https://doi.org/10.1371/journal.pone.0211818


atherosclerosis [13]. Therefore, replacement therapy may prove beneficial, mostly through the

restoration of hemostatic functions and anti-atherosclerotic activity [11]. Moreover, physical

training is often combined with anabolic-androgenic steroid (AAS) abuse, which may lead to

a number of disorders. Such relatively common androgen abuse by athletes or body builders

may be simulated in animal studies by using higher, sometimes referred to as supraphysiologi-

cal, doses of testosterone. Additionally, it has been proposed that stress related to physical exer-

cise may impair the functioning of the blood-brain barrier [14, 15, 16, 17, 18].

Considering the lack of data on the effect of testosterone in combination with physical

training on the blood-brain barrier, we have decided to convey the experiments on rats sub-

jected to endurance training on a treadmill. Two doses of testosterone were employed to

estimate the effective modes of the administration of this drug in the current experimental

approach. The doses of testosterone were chosen according to a previous study published by

Sadowska et al., 2011 [19]. We had two hypotheses in terms of the current study: 1) that endur-

ance training exerts certain effects on the BSCB in rats, and 2) that higher doses of testosterone

have detrimental effects on the blood-spinal cord barrier and may interfere with the effects of

training.

Materials and methods

Laboratory animals

All experiments were conducted on 6-week-old male Wistar rats (M. Mossakowski, Polish

Academy of Sciences, Institute of Experimental and Clinical Medicine, Warsaw, Poland) weigh-

ing 100–120 g. The animals were kept under standard conditions with a stable temperature of

22–24˚C, with a relative humidity of 55%–60%, and under a 12-hour day/night-cycle (lights on

at 7:00 a.m.). The animals were fed ad libitum with a standard rodent pellet diet with constant

free access to water. All experiments were carried out in accordance with the guidelines of the

European Ethical Standards (2010/63/EU) and were approved by the Local Ethics Committee

for the Care and Use of Laboratory Animals (resolution number 64/2009, Warsaw, Poland).

Experimental design

Prior to the start of the experiment, all rats were run-tested on a motorized rodent treadmill

(3, 5, and 9 min with 15-min breaks) for 3 successive days in order to habituate them to the

training environment and to eliminate those rats that were unwilling to run. The selected rats

were randomized between the following research groups:

• Veh (n = 20): untrained animals (the control group), receiving sesame oil im.

• Tr (n = 20): trained rats, receiving sesame oil im.

• T [8 mg/kg] (n = 19): untrained animals receiving im. testosterone propionate at a low dose

of 8 mg/kg,

• TrT [8 mg/kg] (n = 19): trained animals receiving im. testosterone propionate at a low dose

of 8 mg/kg,

• T [80 mg/kg] (n = 20): untrained animals receiving im. testosterone propionate at a high

dose of 80 mg/kg,

• TrT [80 mg/kg] (n = 20): trained animals receiving im. testosterone propionate at a high

dose of 80 mg/kg.
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Testosterone administration

The stock TP solution (Testosteronum propionicum; Jelfa, Poland) was diluted with sesame oil

as necessary before injecting intramuscularly, once per week for 6 weeks, alternating between

the right and left hindlimb. The TP dosage was based on the protocol used by Sadowska et al.

[19]. The solution of testosterone in sesame oil was prepared immediately before administra-

tion. The control groups were given the same volume of sesame oil alone according to the

same schedule.

Endurance training

The rats scheduled for endurance training were exercised on a rodent treadmill (at a 0˚ incli-

nation) 5 days per week for 6 weeks. The treadmill speed was 16 m/min during the first week,

increased by 4 m/min weekly over the next 3 weeks, and kept at 28 m/min for the remaining

training sessions. The session duration started each week at 40 min/day and was increased by

5 min daily during the first 4 weeks; during the last 2 weeks, the rats ran daily for 1 hour.

Preparation of spinal cord tissue homogenate

Two days after the completion of the training, the rats were euthanized by decapitation and

their spinal cords were isolated. Next, the spinal cords were manually homogenized at 4˚C in a

glass dounce homogenizer (thirteen offsets of the piston). The isolation buffer used was as fol-

lows: 1 M TRIS-HCl, 5 M NaCl, 10% SDS, 0.2 M EDTA, Igepal, PMSF 10 mg/1 ml, aprotinin 5

mg/1 ml, pepstatin 2 mg/1 ml, leupeptin 1 mg/1 ml, 0.1 M Na3VO4 and bidistilled water. The

lysate was centrifuged at 4˚C for 60 min at 15,000 x g. The supernatant obtained by centrifuga-

tion (the cytosolic fraction) was administered for further determinations by the western blot

method. Following the measurement of protein concentration using the Bradford method, the

material was stored at -80˚C.

Western blot

Equal amounts of pure protein from each sample were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (8% acrylamide) and transferred to a nitrocellulose mem-

brane at 250 mA for 1.5 hours at 4˚C. Nonspecific binding was blocked by an overnight incu-

bation of the nitrocellulose membrane with 5% fat-free milk in a Tris-buffered solution at 4˚C.

Selected monoclonal antibodies were used as a primary antibodies (Table 1), and IgG labeled

with horseradish peroxidase was used as a secondary antibody (Table 2).

The chemiluminescence emitted from the luminol oxidized by the horseradish peroxidase

was detected using the enhanced chemiluminescence western blotting detection system

(Amersham Pharmacia Biotech, Inc., Piscataway, NJ, U.S.A.). The band densities were com-

pared using ImageJ (National Institute of Health, USA).

Statistical analysis

Statistical analysis was performed using GraphPad Prism, v5.01 (Graph Pad Software Inc., San

Diego, CA). A normal distribution of all data sets was confirmed by the Shapiro-Wilk test

(alpha = 0.05). Western blot results were analyzed using a two-way analysis of variance

(ANOVA) for the following factors: training (untrained vs. trained) and treatment (vehicle vs.

T8 and vehicle vs. T80), followed by Tukey’s multiple comparisons test when appropriate. The

results are presented as a mean ± standard deviation (SD). Differences were considered to be

statistically significant when p< 0.05.

Training, testosterone and blood-spinal cord barrier

PLOS ONE | https://doi.org/10.1371/journal.pone.0211818 February 11, 2019 4 / 14

https://doi.org/10.1371/journal.pone.0211818


Results

The images obtained by the western blot method are presented in the collective figure (Fig 1).

Claudin-5

The two-way ANOVA showed significant effects of endurance training (F = 8.09, p = 0.014)

and testosterone treatment (F = 21.54, p = 0.0001) on the claudin-5 content in rat spinal cords

(Fig 2a). There was no significant testosterone treatment × training interaction effect (F = 0.83,

p = 0.45).

A post hoc comparison revealed significantly lower levels of claudin-5 in trained animals

receiving both doses of testosterone (for TrT [8 mg/kg]: p = 0.024 and for TrT [80 mg/kg]:

p = 0.0018) compared to the vehicle-treated trained group. The high dose of testosterone,

when used in trained rats, significantly decreased the levels of claudin-5 compared to the

untrained group, which received T [80 mg/kg] (p = 0.025).

Occludin

With regard to the levels of occludin in the spinal cord, the two-way ANOVA revealed signifi-

cant effects of testosterone treatment (F = 11.34, p = 0.0017) and a significant interaction

between training and testosterone treatment (F = 4.43, p = 0.036) (Fig 2b). There was no signif-

icant effect on the training factor (F = 0.56, p = 0.46).

A post hoc comparison showed that both doses of testosterone significantly reduced the lev-

els of occludin compared those in vehicle-treated untrained rats (for T [8 mg/kg]: p = 0.0032

and for T [80 mg/kg]: p = 0.0095).

JAM-1

The two-way ANOVA showed significant effects of endurance training and testosterone treat-

ment on adhesion JAM-1 protein levels (F = 122.9, p< 0.001; F = 22.98, p< 0.0001, respec-

tively), and a significant interaction between these factors (F = 34.07, p< 0.0001) (Fig 2c).

There was a dose-dependent reduction in the level of the JAM-1 protein in the spinal cords of

both trained and untrained animals receiving testosterone, as revealed by post-hoc analysis.

Table 1. Primary antibodies used in western blotting.

Antibody Species Dilution Supplier Code

Claudin-5 Mouse polyclonal 1:500 Invitrogen/Zymed/ BioSource 352500

Occludin Rabbit polyclonal 1:500 Invitrogen/Zymed/ BioSource 711500

ZO-1 Rabbit polyclonal 1:500 Invitrogen/Zymed/ BioSource 402200

ZO-2 Rabbit polyclonal 1:500 Invitrogen/Zymed/ BioSource 389100

VE-cadherin Goat polyclonal 1:500 Santa Cruz Biotechnology sc-6458

JAM-1 Mouse monoclonal 1:1000 Santa Cruz Biotechnology sc-53622

P-gp Mouse monoclonal 1:1000 Santa Cruz Biotechnology sc-390883

https://doi.org/10.1371/journal.pone.0211818.t001

Table 2. Secondary antibodies used in western blotting.

Antibody Dilution Supplier Code

Polyclonal donkey anti-goat IgG-HRP 1:5000 Santa Cruz Biotechnology sc-2020

Polyclonal goat anti-rabbit IgG-HRP 1:5000 Santa Cruz Biotechnology sc-2004

Polyclonal goat anti-mouse IgG-HRP 1:2000 Santa Cruz Biotechnology sc-2005

https://doi.org/10.1371/journal.pone.0211818.t002
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The post hoc analysis showed that JAM-1 levels in the group trained and treated with high

doses of testosterone were significantly higher than those in untrained rats treated with 80 mg/

kg of testosterone (p< 0.0001), suggesting that endurance training has a restorative effect on

JAM-1 protein levels. Post hoc comparisons also showed that both doses of testosterone signif-

icantly reduced JAM-1 levels compared to those in vehicle-treated trained rats (for TrT [8 mg/

kg]: p = 0.0001, for TrT [80 mg/kg]: p< 0.0001). The post hoc analysis indicated that a high

dose of testosterone in the group of untrained rats significantly lowered the levels of JAM-1

protein compared to those in vehicle-untrained rats (for T [80 mg/kg]: p< 0.0001).

VE-cadherin

The two-way ANOVA showed significant effects of endurance training and testosterone

treatment factors on VE-cadherin protein levels (F = 32.26, p = 0.0001; F = 11.16, p = 0.0018,

respectively), as well as a significant T treatment x training interaction effect (F = 10.83,

p = 0.0021) (Fig 2d). The level of this transmembrane glycoprotein of the tight junctions

decreased in all of the groups receiving testosterone, regardless of whether or not they partici-

pated in endurance training. Training, used as a single stimuli, showed a similar effect com-

pared to the control group. Post hoc comparisons showed a reduction in VE-cadherin levels in

Fig 1. Representative western blot images of the blood-spinal cord barrier proteins of rats after endurance training and/or treatment with two doses of

testosterone.

https://doi.org/10.1371/journal.pone.0211818.g001
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Fig 2. The effect of endurance training and/or testosterone administration on: a) Claudin-5 levels in the spinal cords

of male rats. Values are expressed as a percentage of the control. Data were analyzed with a two-way ANOVA and

post-hoc Tukey’s test. # p = 0.024 and ## p = 0.0018 vs. Tr �p = 0.025 vs. TrT [80 mg/kg]. b) Occludin levels in the

spinal cords of male rats. Values are expressed as a percentage of the control. Data were analyzed with a two-way

ANOVA and post-hoc Tukey’s test. $ $ p = 0.0032 (for T [8 mg/kg]) vs. Veh, $ $p = 0.0095 (for T [80 mg/kg]) vs. Veh.
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the Tr group compared to the Veh group (p = 0.0002); this effect was eliminated by adminis-

tration of testosterone. Post hoc analysis also indicated that a dose of 8 mg/kg of testosterone

in the group of untrained rats significantly lowered the level of VE-cadherin protein compared

to that in vehicle-untrained rats (for T [8 mg/kg]: p< 0.0015).

ZO-1 and ZO-2

The two-way ANOVA revealed significant effects of testosterone treatment on ZO-1 protein

levels (F = 6.04, p = 0.036; Fig 2e). We observed no statistically significant effects of testoster-

one and/or training on ZO-2 protein levels in the rat spinal cords (Fig 2f).

P-glycoprotein (P-gp)

The two-way ANOVA demonstrated significant effects of endurance training and testosterone

(T) treatment on the level of P-gp (F = 19.72, p = 0.0008; F = 8.75, p = 0.0045, respectively,

(Fig 2f), as well as significant T treatment × training interaction effects (F = 16.26, p = 0.0004).

Post-hoc analysis revealed an increase in P-gp in the spinal cords of trained rats compared to

the control (p = 0.0014). Similar effects were observed in trained animals, which were given a

high dose of testosterone T [80 mg/kg], compared to the T [80 mg/kg] group (p = 0.012). Post

hoc analysis also showed a significant increase in P-gp levels in the T [8 mg/kg] group com-

pared to those in the Veh group (for T [8 mg/kg]; 0.0004).

Discussion

The proper functioning of the BSCB depends upon tight junctions which are specialized pro-

teins responsible for the maintenance of a solid structure. Among the most significant, are the

tight junctions (TJs) between cells (built by the proteins ZO-1, ZO-2, claudin-5, and occludin)

and the adhesion junctions (constituted e.g. by VE-cadherin). The effects of AR ligands on the

TJs in CNS vessels have not yet been studied [20].

Furthermore, in rodent tests, testosterone and follicle-stimulating hormone (FSH) have

been previously shown to be of significant importance in the maintenance of the appropriate

distribution of claudin-11 and JAM-A at the blood-testis barrier (BTB) [21]. Testosterone was

also shown to stimulate steady-state levels of occludin in the Sertoli cell epithelium [22]. How-

ever, the mechanism of action whereby steroid hormones can alter the permeability of the

blood-brain barrier, as well as the expression of gap and tight junction proteins, remains

unclear. A lowering of the blood-brain barrier integrity correlates with an age-related decrease

in the amount of sex hormones in the blood plasma during andro- or menopause [23].

The effects of sex steroids on the brain endothelium appears to depend on hormones either

present in circulation or synthesized locally. The hormone concentration within the vessel

walls could reach a higher level than is anticipated on the basis of its concentration in the

blood. Due to the ambiguity of the local metabolism of testosterone, the final effect on the

CNS vasculature may be the result of the activity of both testosterone and the more potent

c) JAM-1 levels in the spinal cords of male rats. 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< 0.0001 Tr, ���p< 0.0001 vs. T [80 mg/kg], $

$ $p< 0.0001 vs. Veh. d) VE-cadherin level in the spinal cords of male rats. Values are expressed as a percentage of

control. Data were analyzed with a two-way ANOVA and post-hoc Tukey’s test. $ $p = 0.0015 vs. Veh, ���p = 0.0002

vs. Veh. e) ZO-1 levels in the spinal cords of male rats. Values are expressed as a percentage of the control. Data were

analyzed with a two-way ANOVA. f) ZO-2 levels in the spinal cords of male rats. Values are expressed as a percentage

of the control. Data were analyzed with a two-way ANOVA. g) P-gp level in the spinal cords of male rats. Values are

expressed as a percentage of the control. Data were analyzed with a two-way ANOVA and post-hoc Tukey’s test.
�p = 0.012 and ��p = 0.0014 vs. Veh, $ $ $p = 0.0004 vs. Veh.

https://doi.org/10.1371/journal.pone.0211818.g002
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metabolite dihydrotestosterone (DHT) as well as estrogen. It could be hypothesized that aro-

matase may constitute a negative feedback loop, attenuating and limiting the influence of

androgens on vessels by stimulating the vasoprotective effects of locally produced estrogen [7].

To date, a limited number of studies have evaluated the effects of androgens on cerebrovas-

cular function. The results of these studies differ and both beneficial and detrimental effects

have been observed [24]. The existing data show that testosterone modulates the protein levels

of claudin-5 and ZO-1 in the BBB of male mice [25]. Another study reported that a pro-andro-

gen sulfated steroid stimulates the expression of claudin-5 protein and tight junction forma-

tion in Sertoli cells in vitro [26].

The study by Sumanasekera et al. (2007) [27] demonstrated that sex hormones regulate

occludin by both genomic and nongenomic mechanisms in the human vascular endothelial

cells. The authors reported that a 24 hour pretreatment of human umbilical venous endothelial

cells (HUVECs) with 10 nM DHT increased the expression of occludin. The correlation

between endothelial permeability, occludin levels, MAPK activation, cyclooxygenases activity,

and DHT activity was also demonstrated.

To determine the effect of sex hormones on the permeability of the blood-brain barrier

and the expression of tight junction proteins, Wilsson et al. (2008) [28] divided 3-month-old

female rats into the following groups: control, subjected to gonadectomy, and castrated; all

groups received a GnRH agonist. The castration of animals caused a significant increase in the

penetration of dye into the brain; however, there was no concomitant change in the expression

of the cytoplasmic tight junction protein ZO-1 in the cerebral blood vessels.

In the present study, both doses of testosterone significantly decreased the levels of several

TJs proteins tested, namely: occludin, JAM-1, and VE-cadherin. We were unable to demon-

strate any significant effects of testosterone on either ZO-1 or ZO-2 proteins levels. It is well

known that the proteins forming TJs may be disrupted or translocated into the cytoplasm.

Despite measuring the level of proteins in total homogenates by western blot, we were unable

to determine their exact location. Thus, the study of TJ protein expression in the whole tissue

lysate of rat spinal cords alone may be considered as a limitation of the present study. One may

assume that external non-barrier proteins in whole tissue lysates may affect the final results

and that the analysis of TJ proteins should also be performed in the isolated microvessels frac-

tion. Studies show that changes in the expression of TJ proteins are different to that of the

endothelial cells of the CNS, such as occludin in astrocytes, neurons, and oligodendrocytes

[29, 30]. It is quite possible that the actual function and status of the analyzed proteins in the

endothelial cells could be more complicated than is estimated in this study.

The regulation of substance trafficking through the BBB and BSCB constitutes one of its

most important roles. Several proteins are involved in this regulation, however, special atten-

tion is dedicated to P-gp, encoded by MDR1. P-gp is abundant in the membrane of CNS endo-

thelial cells, where it determines the access of a variety of drugs and substances [31]. The fact

that P-gp is also an important efflux pump for a number of steroid hormones, including testos-

terone and progesterone, may be of particular interest [1].

Several studies have shown that sex hormones, namely progesterone and estradiol, increase

P-gp expression via transcriptional regulation [32]. Mutoh et al. (2006) [33] showed in human

breast cancer cells that estradiol, working via ERβ, down-regulated the P-gp protein expression

level via a posttranslational mechanism.

However, the effect of androgens on the expression and level of P-gp has rarely been exam-

ined. Zuluaga et al. (2012) [31] have examined the effects of DHT and DHEA and their metab-

olites, 3β-diol and Adiol, on cytokine-induced inflammation and P-gp expression.

The authors also observed the up-regulation of P-gp protein levels in the spinal cords of

rats from all experimental groups. The up-regulation of P-gp may be related to, or even
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indicate a decrease in, the permeability of the BBB and the BSCB [31]. It may also represent a

protective mechanism against the excessive influx of potentially neurotoxic substances into the

brain in situations whereby the barrier functions in the CNS are impaired. Moreover, it may

constitute a compensatory mechanism in response to alterations in other ABC cassette trans-

porters. Recently, Zhu et al. (2016) [34] described the inhibitory effect of antiandrogen treat-

ment (bicalutamid) on the present ABCB1 transporter system, which plays a crucial role in the

formation of prostate cancer cells. Such observations may indirectly agree with our results.

Supplementation with higher doses of androgens is mostly used in combination with

strength training or bodybuilding. However, there is no satisfactory rat model of strength

training involving muscle masses comparable (in relative terms) to those engaged in such

training in humans [19]. Therefore, the authors decided to use well-recognized endurance

training model which had been employed in earlier studies by Langfort et al. [35].

Indeed, it has been reported that exercise can modulate the redox status in microvessels

of the BBB, thus helping to maintain barrier integrity [14, 36, 37]. Previous studies have also

demonstrated that oxidative stress, mediating changes in BBB permeability, is associated with

alterations to the structure and localization of occludin [37] and ZO-1 [38]. Furthermore,

the down-regulation of occludin expression under conditions of oxidative stress is more pro-

nounced in the absence of glucose [39]. However, studies on the expression of claudins during

hypoxia have provided contradictory results [40, 41]. Reports have showed that endurance

training prevented the METH-induced oxidative disruption of TJ proteins in the cerebral

microvessels [42].

It is well-known that exercise can either induce or attenuate inflammation, e.g. by influenc-

ing the levels of cytokines which, in turn, may affect the BBB/BSCB. Both moderate levels of

aerobic training and strenuous bouts of exercise lead to the release of IL-6 from the muscles

[43]. The effect of IL-8 [44], IL-10 [45], and IL-13 [46] on tight junction protein expression has

also been proven. Furthermore, there is a correlation between exercise and the expression of

other cytokines, e.g. endurance training may affect the serum levels of TNFα and IFNγ in men

[47].

There is a growing body of evidence suggesting the increased permeability of the BBB in

different conditions is associated with hyperthermia. Watson et al. (2006) [48] showed an

increase in S100β concentration in human serum after intense physical exercise in a warm

environment. The changes in BBB permeability during restraint and forced swim stress were

reported in animal models [49, 50]. Whole body hyperthermia has been demonstrated to result

from impaired BBB integrity in mice [51]. High temperatures, above 40.0˚C, have destructive

effects on neuronal, glial, endothelial and epithelial cells [52]. It is also known that drug-

induced brain hyperthermia induces the robust leakage of the BBB/BSCB, acute glial activa-

tion, and an increased water content, known clinically as edema [52, 53]. Altogether, these

data suggest that hyperthermia, independent of its cause, significantly contributes to cell and

tissue injuries in the CNS and influences barrier function. Although we did not measure the

temperature of the trained rats, it could be assumed that it was increased as a result of the

intense exercise.

Exercise increases the heart rate, which in turn increases the blood flow and vascular shear

stress. Physical forces such as shear stress, transmural pressure, and pulsatile stretch activate

the molecular mechanisms of vascular adaptation to exercise [18, 54]. These, in turn, are per-

manently exposed to such forces, a factor which is intensified during physical activity. Expo-

sure to flow increases the RNA levels for a variety of tight junction proteins, including zonula

ocludens-1 and 2 (ZO-1, ZO-2), and claudins. The same data showed an increase in the RNA

and protein levels of VE-cadherin. Exposure of the BBB and BSCB endothelial cells to blood

flow also induce increased gene expression of efflux transporters, including MDR1 [55].
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To the best of our knowledge, the present study remains unique, and in the available litera-

ture, there are no appropriate models for comparison. We believe that the present study may

help to clarify the demarcation between reversible physiological change (adaptation) and irre-

versible pathological change (damage) which results in profound disturbances of the tight

junction-related functions of the BSCB.

Conclusions

1. The obtained results suggest that an excessive supply of testosterone may have an impact on

both signal transduction in the endothelial cells of the CNS and the formation of tight junc-

tions in the blood-spinal cord barrier.

2. Endurance training, as an independent stimulus, does not appear to affect the content of

the endothelial proteins forming the blood-spinal cord barrier.
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Funding acquisition: Katarzyna Nierwińska.

Investigation: Katarzyna Nierwińska, Jacek Bernacki, Małgorzata Chalimoniuk, Andrzej

Małecki.

Methodology: Katarzyna Nierwińska, Marta Nowacka-Chmielewska, Jacek Bernacki, Sławo-

mir Jagsz, Małgorzata Chalimoniuk.

Software: Marta Nowacka-Chmielewska.

References
1. Banks WA, Owen JB, Ericson MA. Insulin in the brain: there and back again. Pharmacol Ther. 2012;10;

136: 82–89. https://doi.org/10.1016/j.pharmthera.2012.07.006 PMID: 22820012

2. Bartanusz V, Jezova D, Alajajian B, Digicaylioglu M. The blood-spinal cord barrier: morphology and clin-

ical implications. Ann Neurol. 2011; 8(70): 194–206.

3. Haseloff RF, Dithmer S, Winkler L, Wolburg H, Blasig IE. Transmembrane proteins of the tight junctions

at the blood-brain barrier: structural and functional aspects. Semin Cell Dev Biol. 2015; 38: 16–25.

https://doi.org/10.1016/j.semcdb.2014.11.004 PMID: 25433243

4. Ge S, Pachter JS. Isolation and culture of microvascular endothelial cells from murine spinal cord. J

Neuroimmunol. 2006; 8(177): 209–214.

5. Pan W, Banks WA, Kastin AJ. Permeability of the blood-brain and blood-spinal cord barriers to interfer-

ons. J Neuroimmunol. 1997; 8(76): 105–111.

6. Radu BM, Bramanti P, Osculati F, Flonta ML, Radu M, Bertini G, et al. Neurovascular unit in chronic

pain. Mediators Inflamm. 2013; 648268.

7. Krause DN, Duckles SP, Pelligrino DA. Influence of sex steroid hormones on cerebrovascular function.

J Appl Physiol. 2006; 101: 1252–1261. https://doi.org/10.1152/japplphysiol.01095.2005 PMID:

16794020

Training, testosterone and blood-spinal cord barrier

PLOS ONE | https://doi.org/10.1371/journal.pone.0211818 February 11, 2019 11 / 14

https://doi.org/10.1016/j.pharmthera.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22820012
https://doi.org/10.1016/j.semcdb.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25433243
https://doi.org/10.1152/japplphysiol.01095.2005
http://www.ncbi.nlm.nih.gov/pubmed/16794020
https://doi.org/10.1371/journal.pone.0211818


8. Ohtsuki S, Tomi M, Hata T, Nagai Y, Hori S, Mori S, et al. Dominant expression of androgen receptors

and their functional regulation of organic anion transporter 3 in rat brain capillaryendothelial cells; Com-

parison of gene expression between the bloodbrain and -retinal barriers. J Cell Physiol. 2005; 204: 896–

900. https://doi.org/10.1002/jcp.20352 PMID: 15795901

9. Poletti A. The polyglutamine tract of androgen receptor: from functions to dysfunctions in motor neu-

rons. Frontiers in Neuroendocrinol. 2004; 25: 1–26.

10. Gonzales RJ, Krause DN, Duckles SP. Testosterone suppresses endothelium-dependent dilation of rat

middle cerebral arteries. Am J Physiol Heart Circ Physiol. 2004; 286: H552–H560. https://doi.org/10.

1152/ajpheart.00663.2003 PMID: 14551047

11. Torres-Estay V, Carreño DV, San Francisco IF, Sotomayor P, Godoy AS, Smith GJ. Androgen receptor

in human endothelial cells. J Endocrinol. 2015; 3(224): R131–R137.

12. Liu PY, Death AK, Handelsman DJ. Androgens and cardiovascular disease. Endocrine Reviews. 2003;

24: 313–340. https://doi.org/10.1210/er.2003-0005 PMID: 12788802

13. Nheu L, Nazareth L, Xu GY, Xiao FY, Luo RZ, Komesaroff P, et al. Physiological effects of androgens

on human vascular endothelial and smooth muscle cells in culture. Steroids. 2011; 76: 1590–1596.

https://doi.org/10.1016/j.steroids.2011.09.015 PMID: 22019845

14. Wolff G, Balke JE, Andras IE, Park M, Toborek M. Exercise modulates redox-sensitive small GTPase

activity in the brain microvasculature in a model of brain metastasis formation. PLoS One. 2014; 9:

e97033 https://doi.org/10.1371/journal.pone.0097033 PMID: 24804765

15. Toborek M, Seelbach MJ, Rashid CS, Andras IE, Chen L, Park M, et al. Voluntary exercise protects

against methamphetamine-induced oxidative stress in brain microvasculature and disruption of the

blood-brain barrier. Mol Neurodegener. 2013; 8: 22. https://doi.org/10.1186/1750-1326-8-22 PMID:

23799892

16. Capaldo CT, Nusrat A. Cytokine regulation of tight junctions. Biochem Biophys Acta. 2009; 4(1788):

864–871.

17. Watson P, Black KE, Clark SC, Maughan RJ. Exercise in the heat: effect of fluid ingestion on blood-

brain barrier permeability. Med Sci Sports Exerc. 2006;12 38: 2118–2124. https://doi.org/10.1249/01.

mss.0000235356.31932.0a PMID: 17146318

18. Hambrecht R, Adams V, Erbs S, Linke A, Kränkel N, Shu Y, et al. Regular physical activity improves

endothelial function in patients with coronary artery disease by increasing phosphorylation of endothe-

lial nitric oxide synthase. Circulation. 2003;7 107(25): 3152–3158. https://doi.org/10.1161/01.CIR.

0000074229.93804.5C PMID: 12810615

19. Sadowska-Krępa E, Kłapcińska B, Jagsz S, Sobczak A, Chrapusta SJ, Chalimoniuk M, et al. High-dose

testosterone propionate treatment reverses the effects of endurance training on myocardial antioxidant

defenses in adolescent male rats. Cardiovasc Toxicol. 2011; 6(11): 118–27.

20. Herr D, Bekes I, Wulff C. Regulation of endothelial permeability in the primate corpora lutea: implica-

tions for ovarian hyperstimulation syndrome. Reproduction. 2015; 2(149): R71–79.

21. McCabe MJ, Tarulli GA, Laven-Law G, Matthiesson KL, Meachem SJ, McLachlan RI, et al. Gonadotro-

pin suppression in men leads to a reduction in claudin-11 at the Sertoli cell tight junction. Human Repro-

duction. 2016; 4: 875–886.

22. Yan HH, Mruk DD, Lee WM, Cheng CY. Blood-testis barrier dynamics are regulated by testosterone

and cytokines via their differential effects on the kinetics of protein endocytosis and recycling in Sertoli

cells. FASEB J. 2008; 22: 1945–1959. https://doi.org/10.1096/fj.06-070342 PMID: 18192323

23. Zipser BD, Johanson CE, Gonzalez L, Berzin TM, Tavares R, Hulette CM, et al. Microvascular injury

and blood-brain barrier leakage in Alzheimer’s disease. Neurobiol Aging. 2007; 7: 977–986.

24. Gonzales RJ, Krause DN, Duckles SP. Testosterone suppresses endothelium-dependent dilation of rat

middle cerebral arteries. Am J Physiol Heart Circ Physiol. 2004; 286: H552–H560. https://doi.org/10.

1152/ajpheart.00663.2003 PMID: 14551047

25. Ibrahim AA. Effects of sex steroid hormones on the neurovascular unit in the mouse hypothalamus.
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