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Abstract: Background and objectives: The connections between the imidazoline system and multiple
other neurotransmitter systems in the brain (adrenergic, dopaminergic, serotoninergic, glutamatergic,
opioid) indicate the complexity of the mechanisms underlying motor activity and behavior. The
aim of the present research was to investigate the effects of the combination of ephedrine (EPD) and
imidazoline antagonists idazoxan (IDZ) and efaroxan (EFR) on the endurance performance in the
treadmill test in rats. Materials and Methods: We used Wistar rats distributed as follows: Group 1
(Control) receiving distilled water 0.3 mL/100 g body weight; Group 2 (EPD) receiving 20 mg/kg
ephedrine; Group 3 (EPD + IDZ) receiving 20 mg/kg ephedrine + 3 mg/kg idazoxan; Group 4
(EPD + EFR) receiving 20 mg/kg ephedrine + 1 mg/kg efaroxan. An additional group (C) of animals
receiving 0.3 mL/100 g body weight distilled water (but not subjected to effort) was used. Endurance
capacity was evaluated using a treadmill running PanLAB assay. The evaluation of the substances’
influence on oxidative stress was performed by spectrophotometric determination of superoxide
dismutase (SOD) and glutathione peroxidase (GPX) activity. Results: Treatment with EPD-IDZ and
EPD-EFR were correlated with a longer distance traveled on the belt and with a decrease in the
necessary electric shocks to motivate the animal to continue running in the forced locomotion test.
Additionally, an increase in the activity of antioxidant enzymes was found. Conclusions: Idazoxan
and efaroxan potentiated the physical effort-related effects of ephedrine with regard to endurance
capacity and antioxidant activity in rats.
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1. Introduction

First described in 1984, imidazoline receptors (I1, I2, I3) exhibit high affinity binding
sites for various compounds with imidazole structure. I1 receptors mediate sympathetic
inhibitory actions of imidazoline derivatives (decreasing blood pressure), I2 receptors
modulate central monoamine levels and activate the hypothalamic-pituitary-adrenocortical
axis, and I3 receptors regulate the insulin secretion from beta cells of the pancreatic islets of
Langerhans [1].

Four endogenous ligands of imidazoline receptors have been characterized, agmatine
(a decarboxylated arginine) being the most well-known and studied. Agmatine also acts
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as a ligand for alpha-2 adrenergic receptors as an antagonist of glutamate on NMDA (N-
methyl-D-aspartate) receptors modulating the nitric oxide neuronal synthase activity [2].
Three other known endogenous ligands are harmane and harmalane (varieties of beta-
carbolines) and robotide (an imidazole acetic acid derivative) [3].

The currently available literature indicates that imidazoline receptors are involved in
various processes such as cell proliferation and adhesion, body fat regulation, inflammation,
neuroprotection and neuropsychiatric diseases (such as depression and epilepsy) as well
as cancer [3].

The cerebral imidazoline system is involved in multiple functions of the central
nervous system, especially in behavioral modulation. Numerous experimental, clinical
and pathological studies have highlighted the interrelationships between imidazoline,
dopaminergic, adrenergic, glutamatergic, and opioid systems. This may explain the
influence of various agents which use the imidazoline receptor pathway in the development
and progression of cognitive disorders, behavioral disturbances and motor disorders [4].

Whereas different imidazoline agonists have been studied to date, few exhibit a
selective action on the imidazoline receptors. Furthermore, certain potent imidazoline an-
tagonists remain under investigation in clinical trials. The 2-(2,3-dihydro-1,4-benzodioxine-
2-yl)-4,5-dihydro-1H-imidazole derivative idazoxan acts as an antagonist on both alpha-2
adrenergic and imidazoline receptors. It is now under investigation in different conditions
such as depression, schizophrenia and certain types of psychosis especially as adjuvant
therapy for antipsychotic medication. Nonetheless, significant results have not been re-
ported to date [5,6]. Experimental studies have shown that systemic administration of
1 mg/kg body weight of idazoxan may lead to an intensification of the global motor behav-
ior by increasing the horizontal activity, the number of rearing as well as the stereotype
movements in the actimeter test in rats [7].

The 2-(2-ethyl-2,3-dihydro-1-benzofuran-2-yl)-4,5-dihydro-1H-imidazole derivative
efaroxan is a highly selective alpha-2 adrenergic and I1 imidazoline receptor blocker [3].
Immunohistochemical studies and electrophysiological investigations have described the
neuroprotective effects of both idazoxan and efaroxan in rats with quinolinic acid-induced
brain lesions [8].

A new (+) 2-(ethyl-2,3-dihydrobenzofuranyl)-2-imidazoline-dexefaroxan derivative,
the (+) efaroxan enantiomer with potent and selective antagonistic activity on the alpha-2
adrenergic receptors has demonstrated facilitatory influence on cognitive functions in
different behavioral studies performed on lab animals [9–11]. Moreover, it exhibits neuro-
protective effects on devascularization-induced neurodegeneration, ameliorates structural
changes in the hippocampus and opposes the cognitive deficit induced by cerebral ischemia
in rats [12,13].

The main objective of the present research was the experimental investigation of
ephedrine combined with the imidazoline antagonists idazoxan and efaroxan on the
endurance performance in the treadmill test in rats.

2. Materials and Methods

Substances. Idazoxan, efaroxan, ephedrine, and distilled water were purchased
from Sigma-Aldrich Co, Germany. All solutions were prepared extemporaneously in
distilled water.

Experimental animals. The laboratory animals were housed in plastic cages under
standard laboratory conditions (constant temperature of 23.0 ± 1.0 ◦C, relative humidity
55–65%, and a 12-h artificial light/dark regimen), with standard granulated food and water
ad libitum, except during the time of the experiments.

Protocol. A total of 4 groups of 6 male white Wistar rats (10–14 weeks old, 200–250 g
each) were used in the experiment, treated intraperitoneally with the same volume,
as follows:

Group 1 (coded Control): distilled water 0.3 mL/100 g body weight;
Group 2 (coded EPD): 20 mg/kg body weight ephedrine;
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Group 3 (coded EPD + IDZ): 20 mg/kg ephedrine + 3 mg/kg body weight idazoxan;
Group 4 (coded EPD + EFR): 20 mg/kg ephedrine + 1 mg/kg body weight efaroxan.
The evaluation of effort capacity after administration of investigated substances was

done using the treadmill test (PanLAB apparatus; Barcelona, Spain) in rats. The assay
consisted of an automatic rolling belt with an adjustable speed and inclination angle allow-
ing forced exercise running and truthful evaluation of physical endurance in laboratory
animals [14,15]. The device was equipped with a stimulating grid able to generate electric
shocks. Mild electric shocks were applied through the grill in order to force the animal to
keep moving when fatigued.

This experimental model is a functional test that allows the exploration of spontaneous
motor activity, motor coordination and of endurance performance of the lab animal under
physical stress conditions [16]. The determinations were done over the same time interval
(between 10.00 a.m. and 2.00 p.m.) in order to eliminate diurnal interferences. We set the
following experimental parameters: intensity = 0.4 mA, speed = 40 cm/s and time = 15 min.
We recorded the run distance, the number of stops near the grill area (which corresponds
to the number of electric impulses the animal needed to receive in order to keep moving)
and the time needed for applying mild electric shocks.

The sympathomimetic drug ephedrine has been demonstrated to improve physical
performance and promote endurance in animals as well as humans in case of muscle
fatigue [17]. In the present experimental model of forced locomotion, we tested the follow-
ing premises:

• a decrease in the time interval for applying electric shocks or increasing the number of
electric shocks corresponding to an increase of resistance to effort by the tested drug(s);

• on the contrary, prolonging the time duration of applying electric shocks or the number
of electric shocks needed to be applied to the animal considered to be correlated to a
decrease of resistance to effort induced by the investigated drug(s);

• the longer distance run by the animal on the belt during the recorded time indicating an
increase of resistance to effort and a stimulation of motor activity by the tested drug(s);

• within the same experimental conditions, a shorter distance run by the animal on the
belt during the recorded time corresponds to a diminution of resistance to effort, thus
indicating a reduction of motor activity induced by the investigated drug.

The evaluation of the substances’ influence on oxidative stress was assessed by spec-
trophotometric determination of superoxide dismutase (SOD) and glutathione peroxidase
(GPx) activity. The experiments were performed using the similar four groups of male
white Wistar rats (200–250 g body weight) subjected to forced effort, and one additional
group (coded C) with animals receiving 0.3 mL/100 g body weight distilled water but not
subjected to effort.

Blood samples were collected after administration of the tested substances and after
the animals were subjected to the stress test. Following collection in EDTA tubes (ethylene-
diaminetetraacetic acid), the samples were centrifuged at 4000 rpm for 10 min and the
plasma was stored at−20 ◦C until analysis. The following oxidative stress parameters were
determined: SOD (a natural antioxidant enzyme that detoxifies the superoxide radical,
reducing its cellular disruptive effects) and GPx (an antioxidant enzyme that catalyzes
the reduction of hydrogen peroxide by capturing and inactivating hydrogen and lipid
peroxides). These enzymes are crucial antioxidant markers with important protective
cellular action against oxidative stress [18,19].

Statistical analysis. We performed the statistical analysis of the data using IBM SPSS
version 17 for Windows (New York, United States of America). The numerical results were
expressed as mean +/− standard deviation (SD). We applied the ANOVA test (ANalysis
Of VAriance) in order to examine the differences between groups, followed by the post-hoc
Neumann-Keuls test. The statistical significance threshold was set at p ≤ 0.05.

Ethics approval. The study protocol was approved by the Ethics Committee on
Research of the ‘Grigore T. Popa’ University of Medicine and Pharmacy for animal care and
use (1/31.10.2013) and was in agreement with the EU directive 2010/63/EU pertaining to
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the handling of laboratory animals [20]. Each animal was used only once and the duration
of the experiments was kept as short as possible in order to minimize their suffering. For
ethical reasons, all rats included in the study were sacrificed at the end of the experiment.

3. Results
3.1. Evaluation of Endurance Capacity

The parameters recorded during the sessions were the following: run distance, number
and delivery time of electric shocks. During the time needed for the experiments, EPD
determined the animals to run a longer distance on the belt (266.33± 21.07 m), significantly
different compared to the Control group (205.67 ± 25.11 m) in the treadmill test (Figure 1).
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Figure 1. The effort test—the effects of ephedrine + idazoxan (EPD + IDZ) combination, respectively
efaroxan (EFR), on the run distance in the treadmill test. Each value corresponds to the mean ± SD
of run distance for 6 animals (�� p < 0.01 vs. Control; * p < 0.05 vs. EPD group).

Administration of the EPD + IDZ combination led to a longer distance run by the
animals (290.17 ± 18.26 m), statistically significant compared to the Control group, but
also compared to the EPD group in the effort test in rats (Figure 1). The treatment with the
EPD + EFR combination resulted in an increase of the run distance (283.17± 16.59 m) which
was statistically significant compared to the Control group as well as the EPD group in the
locomotion test (Figure 1). These effects were less intense compared to those of EPD + IDZ
on the distance run by the animal during the same time interval in this experiment.

The administration of EPD led to a decrease in the number of necessary electric shocks
(73.50 ± 10.93). This difference was statistically significant compared to the Control group
(96.83 ± 10.15) in the effort test (Figure 2). Furthermore, the intraperitoneal injection of
EPD + IDZ was linked to a notable reduction of the number of electric shocks (58.17± 8.18),
statistically significant compared to Controls as well as the group that received EPD alone.
The use of EPD + EFR was correlated with less electric stimulations needed (62.33 ± 11.54),
statistically significant compared to the group that received distilled water, respectively
to EPD alone in the forced locomotion test (Figure 2). Its effects on the number of electric
shocks were less accentuated compared to those of EPD + IDZ in the same session of
the experiment.

Intraperitoneal administration of EPD lead to a decrease in the period of time for
applying shocks (30.83± 3.06 s), which was, however, not statistically significant compared
to the Control group (32.67 ± 6.83 s) in the effort test (Figure 3).
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The treatment with EPD + IDZ induced a decrease in the interval of time for applying
electric stimulation (28.17 ± 2.32 s), statistically significant compared to the Control group.
The administration of EPD + EFR resulted in a slight diminution (30.50 ± 2.74 s) of the
time period for applying the electric shocks, but non-significant compared to the Control
group (Figure 3).
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3.2. Evaluation of Oxidative Stress

The results of oxidative stress parameters were recorded for the rats treated with EPD,
EPD + IDZ, EPD + EFR and forced to run in the treadmill test. In response to endurance
training in rats, free radicals are produced due to oxidative stress (22). The investigation of
SOD and GPx activity changes provides the evaluation of the influence of administered
substances on oxidative stress.

A significant decrease of SOD values (76.45 ± 6.31 U/mL) could be observed in rats
from the Control group subjected to effort, statistically significant compared to C group
without effort (102.42 ± 5.80 U/mL).

The use of EPD resulted in an accentuation of SOD activity (90.22 ± 7.32 U/mL),
statistically significant compared to the Control group in the treadmill test (Figure 4).
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The administration of EPD + IDZ was correlated with an increase in SOD activity
(102.90 ± 6.08 U/mL), statistically significant compared to the Control group subjected
to forced locomotion. The treatment with EPD + EFR led to an intense increase of SOD
values (108.40 ± 4.92 U/mL), statistically significant compared with the Control group
forced to effort, the effects being more intense than those of EPD + IDZ in the treadmill test
(Figure 4).

An important decrease in GPx levels was observed (347.72 ± 26.04 U/mL) in the Con-
trol group, the rats which were subjected to running effort in the treadmill test, statistically
significant compared to their counterparts (416.44 ± 18.28 U/mL) (Figure 5).

Treatment with EPD led to a more intense activity of GPx (390.03 ± 35.60 U/mL),
statistically significant compared to the Control group in the forced locomotion test in rats
(Figure 5).

The combined administration of EPD and IDZ was associated with a statistically
significant accentuation of the GPx activity (416.96 ± 36.25 U/mL), compared to the group
treated with distilled water in the treadmill test (Figure 5).

The use of EPD + EFR resulted in an increase of GPx levels (404.90 ± 45.35 U/mL),
statistically significant compared to the Control group in this experimental behavioral
model in rats. The effects of EPD + EFR on GPx values reduction were more pronounced
than those returned by EPD + IDZ in the treadmill test in rats (Figure 5).
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Figure 5. The effects of EPD + IDZ combination, respectively EFR on the GPx activity. Each value
corresponds to the mean ± SD of GPx levels for 6 animals (� p < 0.05, �� p < 0.01 vs. Control;
∨∨ p < 0.01 vs. C group).

4. Discussion

The currently available literature indicates that the imidazoline receptors expressed
centrally as well as peripherally mediate a variety of physiological and pathological pro-
cesses. However, the mechanisms underlying the imidazoline receptor pathway are still
to be clarified. The existence of a link between imidazoline signaling and multiple other
neurotransmitter systems in the brain (the adrenal, dopaminergic, serotoninergic, gluta-
matergic, opioid systems, and others) indicates that such nervous system disturbances
as memory loss, learning impairment, behavioral or motor issues may develop through
highly complex mechanisms [4,21–25].

The results reported in literature concerning the pharmacodynamic effects of sub-
stances acting on the imidazoline receptors are few and frequently discrepant [26]. Further
investigations on the involvement of these substances in processes such as behavior, mem-
ory, or motor activity may be the starting point for acquiring new information about the
physio-pathological mechanisms that define spontaneous behavior and cognitive impair-
ment [27].

Various neuro-pharmacology studies have been focused on two ligands of the I2
receptors efaroxan and idazoxan, involved in modulation of behavior, cognitive functions
and motor activity. Both substances are I1 and I2 antagonists but also act as alpha-2
adrenergic receptor antagonists [8,28,29]. Previous experimental research on lab animals
have shown that efaroxan and idazoxan completely block the anti-compulsive effects of
agmatine suggesting the involvement of imidazoline receptors in anxiety and obsessive-
compulsive spectrum disorders [30].

The results reported by experimental research showed that imidazoline receptors
could be therapeutically targeted for the treatment of depressive disorders, due to the fact
that both efaroxan and idazoxan may block the anti-depressant-like effects of bupropion
and also antagonize the synergic bupropion-agmatine combination [31].

Other experimental studies have demonstrated the involvement of imidazoline recep-
tors in the inhibition of learning activities in rats [30]. The retrodialysis of idazoxan resulted
in the enhancement of norepinephrine release induced by shocks applied on experimental
animals’ basolateral amygdala [29].

In the present study we used the forced locomotion test to evaluate rats’ endurance
capacity after administration of ephedrine and idazoxan, respectively of ephedrine and
efaroxan combinations. The physical effort assessment used in the experiment is one
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of the most appreciated tests evaluating the influence of the investigated substances’
effects on behavior and endurance capacity of rats subjected to forced locomotion. This
experimental model is also a valuable method to elucidate the movement motivation
and physical abilities of lab animals [16]. The treatment with ephedrine + idazoxan and
ephedrine + efaroxan was correlated with a longer distance traveled on the belt and with
a decrease in the necessary electric shocks applied for stimulating the animals to keep
running. Our findings indicate that the association of imidazoline receptor antagonists may
potentiate ephedrine-related endurance capacity, the influence of idazoxan being more
intense than that of efaroxan over the same time interval in the experiment.

It is known that the stress induced by skeletal muscle contraction increases the genera-
tion of reactive oxygen species the products of which prompt the oxidation of nucleic acids,
proteins and lipids, significantly reducing the antioxidant capacity and thus resulting in
fatigue [17,32,33]. Subjecting the lab animals to forced physical effort leads to a production
of free radicals evidenced by a marked decrease in SOD and GPx values [34–37]. In the
Control group, we found lower SOD and GPx levels in the rats which were subjected
to physical effort compared to those that did not participate in the treadmill test. These
findings are consistent with literature data regarding the changes in GPx activity during
physical effort [17,21,23]. The investigation of SOD and GPx activity allowed us to deduct
the influence of the association between ephedrine and the imidazoline receptor antagonists
on oxidative stress in lab animals.

Further experiments such as a swimming test could provide additional insight re-
garding the effects of efaroxan and idazoxan (alone or in combination with ephedrine) on
laboratory animals’ behavior and physical performance, as well as oxidative stress. The
doses of ephedrine, idazoxan and efaroxan used in our experiment are concordant with
those applied in previously published research in the field. In this regard, the administra-
tion of ephedrine 20 mg/kg has been used in studies pertaining to exercise fatigue in rats,
whereas 3 mg/kg idazoxan and 1 mg/kg efaroxan were administered in combination with
agmatine to test their influence on locomotor activity following experimentally-induced
spinal cord injury [38,39]. Moreover, similar doses of idazoxan and efaroxan were used in
studies pertaining to cognitive functions and animal models of depression [40,41]. Nev-
ertheless, the potentially dose-dependent relationships between ephedrine + idazoxan
and ephedrine + efaroxan combinations and their impact on rats’ physical performance,
cognitive issues and behavior remain to be fully described.

Our study demonstrated that treatment with ephedrine + idazoxan and ephedrine + ef-
aroxan was correlated with an increase in SOD and GPx activity, suggesting the protective
effect of these combinations against oxidative stress [34–37]. Moreover, we found that
idazoxan boosted the ephedrine-induced increase of SOD values, while efaroxan promoted
those of GPx.

5. Conclusions

Our experimental study showed that the addition of imidazoline receptor antagonists
idazoxan and efaroxan boosted the effects of ephedrine in terms of increasing locomotor
activity and endurance capacity in the treadmill test in rats. Nevertheless, the effects
of the ephedrine and idazoxan combination were more intense than those found in the
ephedrine and efaroxan group with respect to the lab animals’ performance in the forced
locomotion test. Furthermore, idazoxan and efaroxan enhanced the antioxidant properties
of ephedrine in the experimentally-induced stress in rats subjected to forced physical effort
in the treadmill running test.

Author Contributions: Conceptualization V.S., E.R. and L.P., Investigation G.R.-Z., E.R., L.P. and
A.B., Methodology G.R.-Z. and A.B., Project administration G.R.-Z., E.R. and V.S., Resources E.R.,
V.S., L.P. and A.B., Supervision V.S., E.R. and L.P., Visualization L.P. and A.B., Writing-original draft
G.R.-Z. and V.S., Writing-review & editing G.R.-Z., A.B. All authors have read and agreed to the
published version of the manuscript.



Medicina 2021, 57, 194 9 of 10

Funding: The present research received no external funding.

Institutional Review Board Statement: The study protocol was conducted in compliance with
the recommendations of the Ethic Committee on Research of the ‘Grigore T. Popa’ University of
Medicine and Pharmacy and in agreement with the EU Directive 2010/63/EU regarding handling of
lab animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lowry, J.A.; Brown, J.T. Significance of the imidazoline receptors in toxicology. Clin. Toxicol. 2014, 52, 454–469. [CrossRef]
2. Gawali, N.B.; Bulani, V.D.; Gursahani, M.S.; Deshpande, P.S.; Kothavade, P.S.; Juvekar, A.R. Agmatine attenuates chronic

unpredictable mild stress-induced anxiety, depression-like behaviors and cognitive impairment by modulating nitrergic signaling
pathway. Brain Res. 2017, 1663, 66–77. [CrossRef]

3. Li, J.X. Imidazoline I2 receptors: An update. Pharmacol. Ther. 2017, 178, 48–56. [CrossRef] [PubMed]
4. Bousquet, P.; Hudson, A.; García-Sevilla, J.A.; Li, J.X. Imidazoline receptor system: The past, the present, and the future. Pharmacol.

Rev. 2020, 72, 50–79. [CrossRef]
5. Uys, M.M.; Shahid, M.; Harvey, B.H. Therapeutic potential of selectively targeting the α2C-adrenoceptor in cognition, depression,

and schizophrenia—new developments and future perspective. Front. Psychiatry 2017, 8, 144. [CrossRef]
6. Khokhar, J.Y.; Green, A.I. Effects of iloperidone, combined with desipramine, on alcohol drinking in the Syrian golden hamster.

Neuropharmacology 2016, 105, 25–34. [CrossRef]
7. Hamadjida, A.; Frouni, I.; Kwan, C.; Huot, P. Classic animal models of Parkinson’s disease: A historical perspective. Behav.

Pharmacol. 2019, 30, 291–310. [CrossRef] [PubMed]
8. Yssel, J.D.; O’Neill, E.; Nolan, Y.M.; Connor, T.J.; Harkin, A. Treatment with the noradrenaline re-uptake inhibitor atomoxetine

alone and in combination with the α2-adrenoceptor antagonist idazoxan attenuates loss of dopamine and associated motor
deficits in the LPS inflammatory rat model of Parkinson’s disease. Brain Behav. Immun. 2018, 69, 456–469. [CrossRef] [PubMed]

9. Francis, B.M.; Yang, J.; Hajderi, E.; Brown, M.E.; Michalski, B.; McLaurin, J.; Fahnestock, M.; Mount, H.T. Reduced tissue
levels of noradrenaline are associated with behavioral phenotypes of the TgCRND8 mouse model of Alzheimer’s disease.
Neuropsychopharmacology 2012, 37, 1934–1944. [CrossRef]

10. Michel, M.C.; Michel-Reher, M.B.; Hein, P. A systematic review of inverse agonism at adrenoceptor subtypes. Cells 2020,
9, 1923. [CrossRef]

11. Mirzaei, N.; Mota, B.C.; Birch, A.M.; Davis, N.; Romero-Molina, C.; Katsouri, L.; Sastre, M.; Palmer, E.O.C.; Golbano, A.;
Riggall, L.J.; et al. Imidazoline ligand BU224 reverses cognitive deficits, reduces microgliosis and enhances synaptic connectivity
in a mouse model of Alzheimer’s disease. Br. J. Pharmacol. 2021, 178, 654–671. [CrossRef] [PubMed]

12. Eliwa, H.; Belzung, C.; Surget, A. Adult hippocampal neurogenesis: Is it the alpha and omega of antidepressant action? Biochem.
Pharmacol. 2017, 141, 86–99. [CrossRef] [PubMed]

13. O’Neill, E.; Harkin, A. Targeting the noradrenergic system for anti-inflammatory and neuroprotective effects: Implications for
Parkinson’s disease. Neural Regen. Res. 2018, 13, 1332. [PubMed]

14. Lynch, J.J.; Castagne, V.; Moser, P.C.; Mittelstadt, S.W. Comparison of methods for the assessment of locomotor activity in rodent
safety pharmacology studies. J. Pharmacol. Toxicol. Method 2011, 64, 74–80. [CrossRef]

15. Avila, J.J.; Kim, S.K.; Massett, M.P. Differences in exercise capacity and responses to training in 24 inbred mouse strains. Front.
Physiol 2017, 8, 974. [CrossRef] [PubMed]

16. Vanzella, C.; Neves, J.D.; Vizuete, A.F.; Aristimunha, D.; Kolling, J.; Longoni, A.; Gonçalves, C.A.S.; Wyse, A.T.; Netto, C.A.
Treadmill running prevents age-related memory deficit and alters neurotrophic factors and oxidative damage in the hippocampus
of Wistar rats. Behav. Brain Res. 2017, 334, 78–85. [CrossRef]

17. Wan, J.J.; Qin, Z.; Wang, P.Y.; Sun, Y.; Liu, S. Muscle fatigue: General understanding and treatment. Exp. Mol. Med. 2017,
49, e384. [CrossRef]

18. Pérez-Torres, I.; Manzano-Pech, L.; Rubio-Ruíz, M.E.; Soto, M.E.; Guarner-Lans, V. Nitrosative Stress and Its Association with
Cardiometabolic Disorders. Molecules 2020, 25, 2555. [CrossRef]

19. Brigelius-Flohé, R.; Maiorino, M. Glutathione peroxidases. Biochim. Biophys. Acta 2013, 1830, 3289–3303. [CrossRef] [PubMed]
20. Olsson, I.A.; Silva, S.P.; Townend, D.; Sandøe, P. Protecting animals and enabling research in the European Union: An overview

of development and implementation of directive 2010/63/EU. ILAR J. 2017, 57, 347–357. [CrossRef]
21. Steinbacher, P.; Eckl, P. Impact of oxidative stress on exercising skeletal muscle. Biomolecules 2015, 5, 356–377. [CrossRef] [PubMed]
22. Serban, D.; Anton, E.; Chirita, R.; Bild, V.; Ciobica, A.; Alexinschi, O.; Arcan, O.; Popescu, R.; Paduraru, L.; Timofte, D. Current

aspects of the interactions between dementia, the brain renin-angiotensin system and oxidative stress. Arch. Biol. Sci. 2015, 67,
903–907. [CrossRef]

http://doi.org/10.3109/15563650.2014.898770
http://doi.org/10.1016/j.brainres.2017.03.004
http://doi.org/10.1016/j.pharmthera.2017.03.009
http://www.ncbi.nlm.nih.gov/pubmed/28322973
http://doi.org/10.1124/pr.118.016311
http://doi.org/10.3389/fpsyt.2017.00144
http://doi.org/10.1016/j.neuropharm.2016.01.017
http://doi.org/10.1097/FBP.0000000000000441
http://www.ncbi.nlm.nih.gov/pubmed/30216234
http://doi.org/10.1016/j.bbi.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29339319
http://doi.org/10.1038/npp.2012.40
http://doi.org/10.3390/cells9091923
http://doi.org/10.1111/bph.15312
http://www.ncbi.nlm.nih.gov/pubmed/33140839
http://doi.org/10.1016/j.bcp.2017.08.005
http://www.ncbi.nlm.nih.gov/pubmed/28800956
http://www.ncbi.nlm.nih.gov/pubmed/30106035
http://doi.org/10.1016/j.vascn.2011.03.003
http://doi.org/10.3389/fphys.2017.00974
http://www.ncbi.nlm.nih.gov/pubmed/29249981
http://doi.org/10.1016/j.bbr.2017.07.034
http://doi.org/10.1038/emm.2017.194
http://doi.org/10.3390/molecules25112555
http://doi.org/10.1016/j.bbagen.2012.11.020
http://www.ncbi.nlm.nih.gov/pubmed/23201771
http://doi.org/10.1093/ilar/ilw029
http://doi.org/10.3390/biom5020356
http://www.ncbi.nlm.nih.gov/pubmed/25866921
http://doi.org/10.2298/ABS140228051S


Medicina 2021, 57, 194 10 of 10

23. Stefanescu, R.; Stanciu, G.D.; Luca, A.; Paduraru, L.; Tamba, B.I. Secondary Metabolites from Plants Possessing Inhibitory
Properties against Beta-Amyloid Aggregation as Revealed by Thioflavin-T Assay and Correlations with Investigations on
Transgenic Mouse Models of Alzheimer’s Disease. Biomolecules 2020, 10, 870. [CrossRef] [PubMed]

24. Stanciu, G.D.; Bild, V.; Ababei, D.C.; Rusu, R.N.; Cobzaru, A.; Paduraru, L.; Bulea, D. Link between diabetes and Alzheimer’s
disease due to the shared amyloid aggregation and deposition involving both neurodegenerative changes and neurovascular
damages. J. Clin. Med. 2020, 9, 1713. [CrossRef]

25. Chalimoniuk, M.; Jagsz, S.; Sadowska-Krepa, E.; Chrapusta, S.J.; Klapcinska, B.; Langfort, J. Diversity of endurance training
effects on antioxidant defenses and oxidative damage in different brain regions of adolescent male rats. J. Physiol. Pharmacol.
2015, 66, 539–547.

26. Powers, S.K.; Ji, L.L.; Kavazis, A.N.; Jackson, M.J. Reactive oxygen species: Impact on skeletal muscle. Compr. Physiol. 2011, 1,
941–969. [PubMed]

27. Ferlazzo, N.; Currò, M.; Giunta, M.L.; Longo, D.; Rizzo, V.; Caccamo, D.; Ientile, R. Up-regulation of HIF-1α is associated with
neuroprotective effects of agmatine against rotenone-induced toxicity in differentiated SH-SY5Y cells. Amino Acids 2020, 52,
171–179. [CrossRef]

28. Malhotra, V.; Vats, M.; Nath, R.; Mehta, S.; Kumar, R.; Bhalla, M.; Sinha, J.; Shanker, K.; Pathak, S.R. Synthesis and biological
evaluation of imidazoline derivatives as potential CNS and CVS agents. Bioorg. Med. Chem. Lett. 2020, 30, 127595. [CrossRef]

29. Griñán-Ferré, C.; Vasilopoulou, F.; Abás, S.; Rodríguez-Arévalo, S.; Bagán, A.; Sureda, F.X.; Pérez, B.; Callado, L.F.; García-Sevilla,
J.A.; García-Fuster, M.J.; et al. Behavioral and Cognitive Improvement Induced by Novel Imidazoline I 2 Receptor Ligands in
Female SAMP8 Mice. Neurotherapeutics 2019, 16, 416–431. [CrossRef]

30. Patejdl, R.; Zettl, U.K. Spasticity in multiple sclerosis: Contribution of inflammation, autoimmune mediated neuronal damage
and therapeutic interventions. Autoimmun. Rev. 2017, 16, 925–936. [CrossRef] [PubMed]

31. Yarmohmmadi, F.; Rahimi, N.; Faghir-Ghanesefat, H.; Javadian, N.; Abdollahi, A.; Pasalar, P.; Jazayeri, F.; Ejtemaeemehr, S.;
Dehpour, A.R. Protective effects of agmatine on doxorubicin-induced chronic cardiotoxicity in rat. Eur. J. Pharmacol. 2017, 796,
39–44. [CrossRef] [PubMed]

32. Ferry, B.; Parrot, S.; Marien, M.; Lazarus, C.; Cassel, J.C.; McGaugh, J.L. Noradrenergic influences in the basolateral amyg-
dala on inhibitory avoidance memory are mediated by an action on α2-adrenoceptors. Psychoneuroendocrinology 2014, 51,
68–79. [CrossRef]

33. Dixit, M.P.; Thakre, P.P.; Pannase, A.S.; Aglawe, M.M.; Taksande, B.G.; Kotagale, N.R. Imidazoline binding sites me-
diates anticompulsive-like effect of agmatine in marble-burying behavior in mice. Eur. J. Pharmacol. 2014, 732, 26–31.
[CrossRef] [PubMed]

34. Kotagale, N.R.; Tripathi, S.J.; Aglawe, M.M.; Chopde, C.T.; Umekar, M.J.; Taksande, B.G. Evidences for the agmatine involve-
ment in antidepressant like effect of bupropion in mouse forced swim test. Pharmacol. Biochem. Behav. 2013, 107, 42–47.
[CrossRef] [PubMed]

35. Giacobbo, B.L.; Doorduin, J.; Klein, H.C.; Dierckx, R.A.; Bromberg, E.; de Vries, E.F. Brain-derived neurotrophic factor in brain
disorders: Focus on neuroinflammation. Mol. Neurobiol. 2019, 56, 3295–3312. [CrossRef]

36. Nikooie, R.; Jafari-Sardoie, S.; Sheibani, V.; Nejadvaziri Chatroudi, A. Resistance training-induced muscle hypertrophy is
mediated by TGF-β1-Smad signaling pathway in male Wistar rats. J. Cell Physiol. 2020, 235, 5649–5665. [CrossRef] [PubMed]

37. Pinho, R.A.; Silva, L.D.; Pinho, C.A.; Daufenbach, J.F.; Rezin, G.T.; Da Silva, L.A.; Streck, E.L.; Souza, C.T. Alterations in muscular
oxidative metabolism parameters in incremental treadmill exercise test in untrained rats. Eur. J. Appl. Physiol. 2012, 112, 387–396.
[CrossRef] [PubMed]

38. Radiloff, D.; Zhao, Y.; Boico, A.; Blueschke, G.; Palmer, G.; Fontanella, A.; Dewhirst, M.; Piantadosi, C.A.; Noveck, R.;
Irwin, D.; et al. Anti-hypotensive treatment and endothelin blockade synergistically antagonize exercise fatigue in rats under
simulated high altitude. PLoS ONE 2014, 9, e99309. [CrossRef]

39. Dixit, M.; Upadhya, M.; Taksande, B.; Raut, P.; Umekar, M.; Kotagale, N. Neuroprotective effect of agmatine in mouse spinal cord
injury model: Modulation by imidazoline receptors. J. Nat. Sci. Biol. Med. 2018, 9, 115–120.

40. Rusu-Zota, G.; Timofte, D.V.; Albu, E.; Nechita, P.; Sorodoc, V. The Effects of Idazoxan and Efaroxan Improves Memory and
Cognitive Functions in Rats. Rev. Chim. (Bucharest) 2019, 70, 1411–1415. [CrossRef]

41. Uys, M.M.; Shahid, M.; Sallinen, J.; Harvey, B.H. The α2C-adrenoceptor antagonist, ORM-10921, exerts antidepressant-like effects
in the Flinders Sensitive Line rat. Behav. Pharmacol. 2017, 28, 9–18. [CrossRef] [PubMed]

http://doi.org/10.3390/biom10060870
http://www.ncbi.nlm.nih.gov/pubmed/32517180
http://doi.org/10.3390/jcm9061713
http://www.ncbi.nlm.nih.gov/pubmed/23737208
http://doi.org/10.1007/s00726-019-02759-6
http://doi.org/10.1016/j.bmcl.2020.127595
http://doi.org/10.1007/s13311-018-00681-5
http://doi.org/10.1016/j.autrev.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28698092
http://doi.org/10.1016/j.ejphar.2016.12.022
http://www.ncbi.nlm.nih.gov/pubmed/27993640
http://doi.org/10.1016/j.psyneuen.2014.09.010
http://doi.org/10.1016/j.ejphar.2014.02.045
http://www.ncbi.nlm.nih.gov/pubmed/24657463
http://doi.org/10.1016/j.pbb.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/23583442
http://doi.org/10.1007/s12035-018-1283-6
http://doi.org/10.1002/jcp.29497
http://www.ncbi.nlm.nih.gov/pubmed/31960436
http://doi.org/10.1007/s00421-011-1986-0
http://www.ncbi.nlm.nih.gov/pubmed/21573779
http://doi.org/10.1371/journal.pone.0099309
http://doi.org/10.37358/RC.19.4.7139
http://doi.org/10.1097/FBP.0000000000000261
http://www.ncbi.nlm.nih.gov/pubmed/27749317

	Introduction 
	Materials and Methods 
	Results 
	Evaluation of Endurance Capacity 
	Evaluation of Oxidative Stress 

	Discussion 
	Conclusions 
	References

