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Simvastatin, one of the lipophilic statins, has been shown to be effective in reducing depression in rodents. The
present study aimed to investigate the potential antidepressant-like activity of simvastatin and the possible
involvement of NO-cGMP-Karp channels pathway and PPARy using forced swimming test (FST) in mice. In
addition, the interaction between simvastatin and fluoxetine as a reference drug was examined. After assessment
of locomotor behavior in the open-field test (OFT), FST was applied for evaluation of depressive behavior in
mice. Simvastatin at doses (20, 30, and 40 mg/kg, i.p.) was administrated 30 min before the OFT or FST. To
evaluate the involvement of NO-cGMP-Karp channels pathway, mice were pre-treated intraperitoneally with -
arginine (a nitric oxide precursor, 750 mg/kg), L-NAME (a NOS inhibitor, 10 mg/kg), methylene blue (guanylyl
cyclase inhibitor, 20 mg/kg), sildenafil (a PDE-5 inhibitor, 5 mg/kg), glibenclamide (ATP-sensitive K* channel
blocker, 1 mg/kg), and diazoxide (K* channels opener, 10 mg/kg). Moreover, to clarify the probable involve-
ment of PPARy receptors, pioglitazone, a PPARy agonist (5 mg/kg, i.p.), and GW9662, a PPARy antagonist
(2mg/kg, i.p.), were pre-treated with simvastatin. Immobility time was significantly decreased after simvastatin
injection. Administration of L-NAME, methylene blue, glibenclamide and pioglitazone in combination with the
sub-effective dose of simvastatin (20 mg/kg, i.p.) reduced the immobility time in the FST compared to drugs
alone, while co-administration of effective doses of simvastatin (30 mg/kg, i.p.) with L-arginine, sildenafil,
diazoxide, and GW9662 prevented the antidepressant-like effect of simvastatin. In addition, simvastatin (20 mg/
kg) potentiated the antidepressant-like effect of fluoxetine through the NO pathway. None of the drugs produced
any significant alterations in locomotor activity using OFT. These results demonstrated that NO-cGMP-Katp
channels pathway and PPARy receptors may be involved in the antidepressant-like effect of simvastatin.

1. Introduction

Depression is one of the most common psychological disorders,
which is characterized by altered mood and aversion resulting in per-
sistent sadness, irritability, anxiousness, pain, insomnia and decrease in
concentration during activities (Renaud and Bédard, 2013). Extensive
use of antidepressant drugs usually shows no response at therapeutic
levels due to neuronal adaptation. Therefore, the development of new
antidepressants with known mechanisms of action is valuable in psy-
chiatric disorders (Kay and Atiq, 2006).

Simvastatin, a lipophilic statin, is normally used for reducing the
serum levels of cholesterol. Cholesterol has a role in the structure and
function of cell membranes and contributes to mood state and response

to antidepressants (Pucadyil and Chattopadhyay, 2006). Although the
main source of central nervous system (CNS) cholesterol is de novo
synthesis within neuronal cells, the increased transfer of plasma cho-
lesterol to the brain may be related to the onset of neurodegeneration
(Dietschy and Turley, 2001). Further, Vevera et al. (2016) reported that
simvastatin affected membrane fluidity and different cellular processes
which are regulated by cholesterol, such as transmembrane transport of
serotonin (SERT). Moreover, statins also have some cholesterol-in-
dependent effects (Ludka et al., 2013) as neuroprotection against
traumatic brain injury (Lu et al., 2004) and seizures (Piermartiri et al.,
2009). Previous reports showed that statins such as atorvastatin and
lovastatin induces anti-depressive effect and/or potentiates anti-
depressant drugs indicating a link between the serotonergic system and
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Fig. 1. Effect of administration of simvastatin (20-40 mg/kg, i.p.) in the im-
mobility time in the FST (A) and the number of line crossing in the open-field
test (B) in mice. Fluoxetine (FLX) was shown as a positive control drug.
Simvastatin or fluoxetine (i.p.) was administered 30 min before the tests. Values
are expressed as mean = S.E.M. (n = 6-10). *P < 0.05 compared with the
vehicle-treated control group (one-way ANOVA followed by Tukey's test).

statins (Shahsavarian et al., 2014; Renshaw et al., 2009). Furthermore,
simvastatin also produces an antidepressant effect, however, there is
little known about its mechanism of action (ElBatsh, 2015; Lin et al.,
2014).

A growing body of evidence indicated that nitric oxide (NO)-cGMP-
Karp pathway, an important signaling pathway in CNS such as pain,
learning, memory, and depression (Esplugues, 2002; Ghorbanzadeh
et al., 2018). NO is produced from r-arginine by the catalytic action of
NO synthase. NO actions may be mediated by locally produced NO
directly and, also by the subsequently generated guanosine 3’5’ cyclic
monophosphate (cGMP). Moreover, studies indicate that different types
of K* Channels can be activated by NO directly or through cGMP
production (Jeong et al., 2001; Yildiz et al., 2000). Also, previous stu-
dies demonstrated that the antidepressant-like effect produced by K*
channels blockade is dependent on the inhibition of NO-cGMP synthesis
(Kaster et al., 2005). So, K* channels might be one of the targets of NO
and the inhibition of these channels may play an important role in
depressive disorder (Jeong et al., 2001).

Evidences have indicated that peroxisome proliferator-activated
receptor-gamma (PPARY) is present in different regions of the brain
such as hippocampus, basal ganglia, frontal cortex, hypothalamus and
pituitary (Cimini et al., 2005; Inestrosa et al., 2005). Previous studies
have revealed that PPARy agonists improve different central nervous
system disorders like Alzheimer's disease (Sundararajan et al., 2005),
multiple sclerosis and depression (Feinstein et al., 2002; Shahsavarian
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et al., 2014). Moreover, Rosa et al. (2008) showed that PPARy receptors
are associated with the process of attenuation of depression (Rosa et al.,
2008). In our previous study, we observed simvastatin produced anti-
nociception that partly mediated through the activation of PPARYy re-
ceptors (Mansouri et al., 2017). Further, it has been reported that
PPARy agonists exert an antidepressant-like effect via the nitrergic
system down regulation (Sadaghiani et al., 2011).

According to the mentioned above, this study was aimed to in-
vestigate the antidepressant-like effect of simvastatin and the possible
involvement of the NO-cGMP-Kp channels pathway and PPARy re-
ceptors in mice using forced swimming test (FST). Moreover, the pre-
sent study was undertaken to characterize the possible involvement of
the NO pathway in the interaction of simvastatin with the anti-
depressant-like activity of fluoxetine.

2. Materials and methods
2.1. Animals

We used male NMRI mice weighing 25-30 g (Ahvaz Jundishapur
University of Medical Sciences, Ahvaz, Iran). Mice had access to chow
food and water ad libitum with a light/dark cycle of 12h, at a tem-
perature of 22 = 2°C and 80% humidity. All procedures were per-
formed in accordance with the NIH Guide for the Care and Use of
Laboratory Animals (National Institutes of Health Publications No. 80-
23, revised 1978) and approved by the local ethics committee at Dezful
University of Medical Sciences (IR.DUMS.REC.1396.26). Moreover, we
tried to diminish animal suffering as well as to use the minimal number
of mice necessary to obtain reliable scientific data.

2.2. Drugs

The following drugs were used: Simvastatin (Sobhan Daru, Tehran,
Iran); pioglitazone, a PPARy agonist (Osveh Company, Tehran, Iran);
GW9662, a PPARy antagonist (Tocris Bioscience, Bristol, UK); N(G)-
nitro-r-argininemethyl ester (L-NAME), a non-specific NOS inhibitor, -
arginine, a NO precursor and diazoxide (an ATP-sensitive K* channel
opener) (Sigma, St. Louis, MO, USA). Methylene blue (NOS and gua-
nylyl cyclase inhibitor) was provided by Merck (Germany).
Glibenclamide (ATP-sensitive K+ channel inhibitor) and fluoxetine
were kindly donated by Darupakhsh and Abidi Pharmaceutical Co.
(Tehran, Iran), respectively. All drugs were freshly diluted in physio-
logical saline except glibenclamide, pioglitazone, and GW9662 which
were dissolved in 1% dimethyl sulfoxide (DMSO) (Fermentas Life
Sciences, Lithuania) and then were diluted up to 10 times of the pri-
mary volume with normal saline. All drugs were administered in-
traperitoneally (i.p.) in a constant volume of 10 ml/kg body weight.

2.3. Open field test (OFT)

The locomotor activity of mice was assessed in OFT. This test car-
ried out immediately prior to the forced swimming test to ensure that
alterations in motor activity are not responsible for the changes in
duration of immobility time, based on the previous report (Stanford,
2007). The apparatus consisted of a wooden box measuring
40 cm X 60 cm x 50 cm. The bottom of the arena was divided into 12
equal squares. Each mouse was placed in the left corner of the field and
allowed to explore freely, the number of squares crossing with all paws
was counted for 6 min. The test was done under dim light to avoid
anxiety behavior. After each test, the apparatus was cleaned with a
solution of 10% ethanol to hide animals' clues.

2.4. Forced swim test (FST)

Despair behavior of mice was assessed by this test. Mice were placed
in an open cylinder (diameter 10 cm, height 25 cm), containing 19 cm
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Fig. 2. Evaluation of the involvement of L-arginine-NO pathway in the simvastatin antidepressant-like effect in FST and locomotor activity in the open-field test. The
effect of pretreatment with r-arginine (750 mg/kg, i.p.) on the anti-immobility effect of simvastatin (30 mg/kg, i.p.) in the FST and on the number of line crossings in
the OFT is shown in panels A and B, respectively. The effect of L-NAME (10 mg/kg, i.p.) in combination with simvastatin (20 mg/kg, i.p.) in the FST and OFT in mice
(panels C and D, respectively). Values are expressed as mean + S.E.M. (n = 6-10). *P < 0.05 compared with the vehicle-treated control group. *P < 0.05 and
###p < 0.001 compared with Sim-treated group, as determined by two-way ANOVA followed by Bonferroni's test.

of water at temperature of 25 + 1°C, and were allowed to swim for
6 min. Then, blinded experimenters recorded the period of immobility
during the last 4 min of the test. Mice were judged immobile when they
stopped struggling and remained floating motionless in the water,
making only those movements essential to keep their head above water
(Porsolt et al., 1977).

2.5. Treatments

The first series of experiments attempted to investigate the anti-
depressant-like effect of simvastatin using FST. Simvastatin at doses of
20, 30, and 40 mg/kg (i.p.) or 10 ml/kg vehicle were administered
30 min prior to the test. Fluoxetine (20 mg/kg, i.p.) was used in FST as a
positive control.

To investigate the possible involvement of the r-arginine-NO-cGMP-
Karp pathway in the anti-immobility effects of simvastatin, mice were
pre-treated with r-arginine, a nitric oxide precursor (750 mg/kg, i.p., a
dose that produces no effect in the FST) or vehicle 30 min prior to
simvastatin (30 mg/kg, i.p.) injection. Then, after 30 min the tests were
done. In another set of experiments, we investigated the effect of the
combined administration of a sub-effective dose of simvastatin (20 mg/
kg, i.p.) with a sub-effective dose of L-NAME (10 mg/kg, i.p., a non-
selective NO synthase inhibitor) (Shahsavarian et al., 2014).

For analysis the role of cyclic GMP (cGMP) in the antidepressant
action of simvastatin, mice received an injection of methylene blue
(20 mg/kg, i.p., an inhibitor of soluble guanylate cyclase) or vehicle
30 min before simvastatin (20 mg/kg, i.p.) and then FST was carried
out. In addition, we assessed the effect of a combination of an effective
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dose of simvastatin (30 mg/kg, i.p.) with a sub-effective dose of silde-
nafil (5mg/kg, i.p., a PDE-5 inhibitor) (Ludka et al., 2013).

To evaluate the hypothesis that the effect of simvastatin is mediated
through the inhibition of K* channels, animals were pre-treated with a
sub-effective dose of glibenclamide (an ATP-sensitive K* channel
blocker, 1mg/kg, i.p.), and 30 min later they received sub-effective
doses of simvastatin (20 mg/kg, i.p.). Also, mice were pre-treated with
diazoxide (an ATP-sensitive K* channel opener, 5mg/kg, i.p.), and
30 min later they received simvastatin (30 mg/kg, i.p.). Thirty minutes
later the mice were submitted to OFT and FST (Ostadhadi et al., 2017).

In another experiment, we assessed whether the anti-immobility
effect of simvastatin was produced through the PPARy receptors. Mice
were pre-treated with a sub-effective dose of pioglitazone (a PPARy
receptor agonist, 5mg/kg, i.p.), and 30 min later they received sub-
effective doses of simvastatin (20 mg/kg, i.p.). In addition, we ad-
ministered GW9662 (a PPARy receptor antagonist, 2 mg/kg, i.p.) and
30 min later simvastatin (30 mg/kg, i.p.) or vehicle. Doses of simvas-
tatin and other drugs used for mechanism analyses were chosen based
on previous reports and studies from our group (Budni et al., 2007;
Mansouri et al., 2015; Shahsavarian et al., 2014).

The third set of experiments attempted to evaluate the interaction of
simvastatin and fluoxetine in FST, and to elucidate its underlying me-
chanism. First, we assessed the antidepressant-like effects of fluoxetine
to determine its sub-effective dose. For this purpose, fluoxetine (1, 5,
and 20 mg/kg, i.p.) was administered 30 min before FST and the cor-
responding control group received normal saline. Then, combination of
sub-effective doses of fluoxetine and simvastatin were administered
30 min prior to the test. Moreover, to investigate the role NO pathway
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Fig. 3. Evaluation of the involvement of cGMP in the simvastatin (Sim) antidepressant-like effect in FST and locomotor activity in the open-field test. The effect of
pretreatment with methylene blue (20 mg/kg, i.p.) on the anti-immobility effect of simvastatin (20 mg/kg, i.p.) in the FST and on the number of line crossings in the
OFT is shown in panels A and B, respectively. The effect of sildenafil (5 mg/kg, i.p.) in combination with simvastatin (30 mg/kg, i.p.) in the FST and OFT in mice

(panels C and D, respectively). Values are expressed as mean =+

S.EM. (n = 6-10). *P < 0.05 compared with the vehicle-treated control group. **P < 0.01

compared with Sim-treated group, as determined by two-way ANOVA followed by Bonferroni's test.

in the combination therapy, the NOS inhibitor, L-NAME (10 mg/kg,
i.p.) and the NO precursor, 1-arginine (750 mg/kg, i.p.) were injected
15 min prior to fluoxetine plus simvastatin.

2.6. Statistical analysis

All data were expressed as mean = S.E.M. and analyzed using
GraphPad software (GraphPad Prism 7.05, San Diego, California, USA).
Differences within experimental groups in immobility time and loco-
motor activity were analyzed by one-way analysis of variance (ANOVA)
followed by Tukey's post hoc test, whereas the interaction between
simvastatin and the corresponding interventions were analyzed by two-
way ANOVA followed by Bonferroni's post-test. P < 0.05 was con-
sidered statistically significant in all experiments.

3. Results
3.1. Effect of simvastatin on forced-swimming test and locomotor activity

Anti-immobility effect of simvastatin (20, 30, and 40 mg/kg, i.p.),
was determined in Fig. 1. Simvastatin showed significant anti-im-
mobility effects at the doses of 30mg/kg and 40mg/kg (F(4,
26) = 5.15, P = 0.003; Fig. 1A), as the same as fluoxetine at 20 mg/kg.
Moreover, simvastatin had no effect on locomotor activity (F(4,
19) = 0.35, P = 0.84; Fig. 1B).
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3.2. Involvement of r-arginine-NO pathway in the simvastatin
antidepressant-like effect and locomotor activity

Fig. 2A shows that pre-treatment with 1-arginine (750 mg/kg, i.p.)
prevented the antidepressant-like effect of simvastatin (30 mg/kg, i.p.)
in the FST (F(1, 23) = 7.72, P = 0.01). Administration of r-arginine
alone or in combination with simvastatin did not affect the ambulation
in the open-field test (F(1, 17) = 0.17, P = 0.68, Fig. 2B). The admin-
istration of L-NAME (30 mg/kg, i.p) in combination with simvastatin
(20 mg/kg, i.p.) produced an antidepressant-like effect compared to
either drugs alone, as illustrated in Fig. 2C (F(1, 23) = 18.58,
P = 0.0003). Fig. 2D shows that the administration of L-NAME alone or
in combination with simvastatin did not affect locomotor activity in the
open-field test (F(1, 18) = 0.47, P = 0.49).

3.3. Involvement of guanylate cyclase (GC) and cGMP in the simvastatin
antidepressant-like effect and locomotor activity

In order to observe the involvement of GC in the antidepressant-like
effect induced by the simvastatin, methylene blue (20 mg/kg, i.p.) was
used in combination with simvastatin (20 mg/kg, i.p.). As depicted in
Fig. 3A, methylene blue in combination with a sub-effective dose of
simvastatin also produced an anti-immobility effect in the FST com-
pared to either drug alone (F(1, 20) = 33.94, P < 0.001). The ad-
ministration of methylene blue (20 mg/kg, i.p.) alone, or in combina-
tion with simvastatin, did not affect the ambulation in the open-field
test (F(1, 16) = 0.36, P = 0.55, Fig. 3B).

Moreover, the anti-immobility effect of simvastatin (30 mg/kg, i.p.)



R. Naserzadeh, et al.

Hl Veh
sim 20

Immobility time (s)

50

0- T T
Conrtol Gli

B

1001
801
60+
40+

20+

Number Of Crossings

0' T T
Control Gli

Pharmacology, Biochemistry and Behavior 180 (2019) 92-100

o

Hl Veh

250+ Sim 30

N

[=3

o
1

150 *

1004

Immobility time (s)

a
o
1

o
I

Control Diaz

O

80+

60+

40

20+

Number Of Crossings

0" T T
Control Diaz

Fig. 4. Evaluation of the involvement of Karp channels in the simvastatin (Sim) antidepressant-like effect in FST and locomotor activity in the open-field test. The
effect of pretreatment with glibenclamide (1 mg/kg, i.p.) on the anti-immobility effect of simvastatin (20 mg/kg, i.p.) in the FST and the number of line crossings in
the OFT is shown in panels A and B, respectively. The effect of diazoxide (10 mg/kg, i.p.) in combination with simvastatin (30 mg/kg, i.p.) in the FST and OFT in mice
(panels C and D, respectively). Values are expressed as mean *+ S.E.M. (n = 6-10). *P < 0.05 compared with the vehicle-treated control group. *P < 0.05
compared with Sim-treated group, as determined by two-way ANOVA followed by Bonferroni's test.

was completely prevented by the pre-treatment with sildenafil (5 mg/
kg, i.p.) as shown in Fig. 3C (F(1, 25) = 7.74, P = 0.01). The admin-
istration of sildenafil (5mg/kg, i.p.) alone or in combination with
simvastatin did not affect the locomotor activity in the open-field test (F
(1, 18) = 0.53, P = 0.47, Fig. 3D).

3.4. Involvement of Kurp channels in the simvastatin antidepressant-like
effect and locomotor activity

In order to explore the involvement of Kap channels in the anti-
depressant-like effect induced by simvastatin, glibenclamide (1 mg/kg,
i.p.) was used in combination with simvastatin (20 mg/kg, i.p.). As
depicted in Fig. 4A, glibenclamide in combination with a sub-effective
dose of simvastatin produced an anti-immobility effect compared to
either drug alone in the FST (F(1, 23) = 21.2, P = 0.0001). In addition,
glibenclamide at this dose showed no effect on the locomotor activity of
the animals in OFT (F(1, 20) = 1.16, P = 0.29, Fig. 4B).

Moreover, as depicted in Fig. 4C, the anti-immobility effect of
simvastatin (30 mg/kg, i.p.) was completely prevented by the pre-
treatment of mice with diazoxide (10mg/kg, i.p., a Kap channel
opener) (F(1, 25) = 4.37, P = 0.04). Additionally, diazoxide at this
dose showed no effect on locomotor activity of the animals in OFT (F(1,
17) = 0.005, P = 0.94, Fig. 4D).

3.5. Involvement of PPARY receptors in the simvastatin antidepressant-like
effect and locomotor activity

To investigate the role of PPARy in antidepressant-like effect of
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simvastatin, pioglitazone (5 mg/kg, i.p.) was used in combination with
simvastatin (20 mg/kg, i.p.). As depicted in Fig. 4A, pioglitazone in
combination with a sub-effective dose of simvastatin produced an anti-
immobility effect compared to either drug alone in the FST (F(1,
23) = 5.49, P = 0.02). In addition, pioglitazone at this dose showed no
effect on locomotor activity of the animals in OFT (F(1, 20) = 0.12,
P = 0.72, Fig. 4B).

Moreover, it was observed that GW9662 significantly reversed the
antidepressant-like effect of simvastatin in FST (F(1, 22) = 5.09,
P = 0.03; Fig. 5C). Administration of GW9662 alone or in combination
with simvastatin did not alter the locomotor activity (F(1, 19) = 0.25,
P = 0.62; Fig. 5D).

3.6. Effect of fluoxetine and its combination with simvastatin on FST and
locomotor activity

Antidepressant-like effects of fluoxetine (1, 5, and 20 mg/kg, i.p.),
administered 30 min before FST, has been shown in Fig. 6A. Data
showed that fluoxetine significantly reduced immobility time at doses 5
and 20 mg/kg, while 1 mg/kg did not show significant effect (F(3,
26) = 6.68, P = 0.002; Fig. 6A). However, fluoxetine did not alter lo-
comotor activity (F(3, 23) = 0.21, P = 0.88; Fig. 6B). Moreover, results
revealed that co-administration of sub-effective doses of simvastatin
(20 mg/kg) and fluoxetine (1 mg/kg) significantly induced an anti-
depressant-like effect in FST (F(1, 20) = 5.96, P = 0.02; Fig. 6C). The
locomotor activity did not alter as compared to the corresponding
control groups (F(1, 20) = 0.13, P = 0.71; Fig. 6D).
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Fig. 5. Evaluation of the involvement of PPARy receptors in the simvastatin (Sim) antidepressant-like effect in FST and locomotor activity in the open-field test. The
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(panels C and D, respectively). Values are expressed as mean *

S.EM. (n = 6-10). *P < 0.05 compared with the vehicle-treated control group. *P < 0.05

compared with Sim-treated group, as determined by two-way ANOVA followed by Bonferroni's test.

3.7. Involvement of the 1-arginine-NO pathway on the anti-immobility effect
of fluoxetine plus simvastatin on FST and locomotor activity

As shown in Fig. 7A, administration of r-arginine (750 mg/kg, i.p.)
antagonized the antidepressant-like effect of combination of simvas-
tatin and fluoxetine (F(1,21) = 18.53, P = 0.0003; Fig. 7A). On the
other hand, the antidepressant-like effect of the combination of sim-
vastatin plus fluoxetine was potentiated by L-NAME (F(1, 22) = 58.29,
P < 0.0001; Fig. 7C). In addition, administration of r-arginine or L-
NAME with simvastatin and fluoxetine did not alter the locomotor ac-
tivity in the open-field test (Fig. 7B and D).

4. Discussion

Our results showed that intraperitoneal simvastatin could sig-
nificantly produce an antidepressant-like effect in the forced swimming
test (FST) through modulating the 1-arginine-NO-cGMP-Karp pathway
and PPARy receptors without modifying motor performance in mice.
Furthermore, simvastatin could potentiate the antidepressant-like ac-
tivity of fluoxetine through inhibition of the NO pathway.

Statins have been widely used to improve macular degeneration,
dementia, stroke, and depression. However, the association between
statins and the depressive mood is steel unclear (Raja and Dreyfus,
2004; You et al., 2013). Some studies showed that higher cholesterol
concentration was associated with signs of depression (Nakao and
Yano, 2004; Tyrovolas et al., 2009). Furthermore, literature has in-
dicated the effectiveness of statins in these disorders beyond their in-
dication for lipid-lowering drugs (Tsai, 2007).

In agreement with the previous studies, our results illustrated
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simvastatin administration produced a dose-dependent reduction in the
immobility time in FST, which indicates its antidepressant-like effect.
Moreover, our data indicated that simvastatin could potentiate the
antidepressant-like activity of fluoxetine in mice. In this regard, it has
been demonstrated that simvastatin can augment the antidepressant
effects of fluoxetine and imipramine in rats (Patke et al., 2015; Lin
et al., 2014). Further, we showed that the role of NO pathway in this
synergistic effect.

Nitric oxide (NO) is synthesized in brain by NO synthase (NOS) from
the amino-acid r-arginine. Literature implicated that NO has a neuro-
modulatory role in many physiological and pathological conditions in
CNS including stroke, epilepsy, neurotoxicity, neurodegenerative dis-
eases and depression (da Silva et al., 2000). Many studies have pointed
to L-arginine-NO-cGMP modulation by drugs with antidepressant-like
properties (Morreti et al., 2011; Zomkowski et al., 2010).

In the present study, pretreatment with r-arginine (NOS substrate)
was able to reverse the reduction of immobility time induced by sim-
vastatin in FST. The role of the r-arginine-NO pathway in the simvas-
tatin anti-depressant effect in FST is reinforced by the finding that a
sub-effective dose of L-NAME produced an antidepressant-like effect in
combination with a sub-effective dose of simvastatin. Interestingly, the
same results observed in the combination therapy of simvastatin and
fluoxetine suggesting the inhibitory role of NO pathway in the anti-
depressant-like effect of simvastatin alone or in combination with
fluoxetine. In this regard, Fossier et al. (1999) indicated that NO
transforms serotonin (as an antidepressant neurotransmitter) into an
inactive form and this affects neuromodulation. They showed that this
modulatory effect of serotonin was reduced not only in the presence of
a NO donor but also when endogenous NO synthase was activated.
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In addition, a sub-effective dose of methylene blue (inhibitor of both
NOS and sGC) produced an antidepressant-like effect when co-injected
with a sub-effective dose of simvastatin. Furthermore, sildenafil, as a
selective PDES inhibitors, prevented the simvastatin antidepressant-like
effect in FST. Thus, simvastatin antidepressant-like effect may be
mediated through the reduction of ¢cGMP, as a consequence of NO
synthesis reduction. The results obtained here reveal the assumption
that the antidepressant-like effect of simvastatin involves the r-arginine-
NO-cGMP pathway. In this regard, Shahsavarian et al. (2014) reported
that another statin drug, atorvastatin, produced antidepressant-like
effect via NO pathway (Shahsavarian et al., 2014).

Previous studies suggested that elevation the levels of NO and cGMP
can stimulate Karp channels. So, the blocking of the NO signaling
system diminishes the NO concentrations and finally leads to the
blockade of these channels (Kaster et al., 2005). The blockers of these
K* channels were reported to exert an antidepressant-like effect in the
FST at higher doses than those used in the present study (Kaster et al.,
2007). Our findings showed that administration of glibenclamide (a
Karp channel blocker) could potentiate the effect of a sub-effective dose
of simvastatin. On the other hand, diazoxide as a Kap channel opener
reversed the anti-immobility time provoked by an effective dose of
simvastatin in mice. In agreement with our results, the antidepressant-
like properties of various antidepressants including fluoxetine, parox-
etine, amitriptyline and desipramine in the FST were reversed by Karp
channel agonists (Choi et al., 2004; Cryan et al., 2002). Also, several
studies have shown that the combined administration of anti-
depressants and K* channel blockers produced an antidepressant-like
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effect in the FST in mice (Bortolatto et al., 2010; Kaster et al., 2007).

The presence of PPARy receptors in some areas of brains such as
hypothalamus, pituitary nuclei, hippocampus, basal ganglia and frontal
cortex along with the fact that these areas play an important role in the
depression made scientists to consider the role of these receptors on
depressive mood (Inestrosa et al., 2005). The antidepressant-like effects
of PPARY receptors agonist were first observed in severe unresponsive
depression (Kemp et al., 2009). On the other hand, literature implicated
some properties of simvastatin are probably PPARy-mediated (Corti
et al., 2004; Mansouri et al., 2017). In the present work, we indicated
that simvastatin reduced depression-like behaviors in mice when ad-
ministered with pioglitazone, a PPARy receptor agonist. While,
GW9662 (a PPARY receptor antagonist) attenuated the antidepressant-
like effect of simvastatin. Thus, it can be concluded that an increase in
PPARy activity plays a role in the antidepressant-like effect of simvas-
tatin in the FST. In this regard, Shahsavarian et al. (2014) showed that
the antidepressant-like effect of atorvastatin is mediated at least in part
through PPARYy receptors (Shahsavarian et al., 2014).

5. Conclusion

In conclusion, the present study reported the antidepressant-like
activity of simvastatin in the mouse forced swiming test. Moreover, we
have shown for the first time that the antidepressant-like activity of
simvastatin is probably mediated through NO-cGMP-Karp signaling
system and PPARy receptors. Also, the antidepressant-like effects of
simvastatin could not be attributed to an increase in locomotor activity.
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Moreover, simvastatin could potentiate the antidepressant-like activity
of fluoxetine in a synergistic manner through the NO pathway.
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