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Abstract

Background: Atorvastatin exerts neuroprotective effects on the treatment of central nervous system disorders. Morphine analgesic
tolerance and dependence remain as major concerns in medicine. Nitric oxide (NO) pathway mediates the development of opioid
analgesic tolerance and dependence, as well as atorvastatin neuroprotection.

Objectives: The present study aimed to assess the possible involvement of the NO/cGMP pathway in the process of the effects of
atorvastatin on morphine physical dependence.

Methods: Dependence was induced by repetitive injection of morphine sulfate. Naloxone was injected at the dose of 4 mg/kg on
the last day of the experiment to assess withdrawal signs. Animals received atorvastatin (1, 5,10, and 20 mg/kg, orally). Nitric oxide
synthase (NOS) inhibitors and ODQ were injected before protective dose of atorvastatin. The gene expression of NOS isoforms was
evaluated by real-time PCR. Thereafter, the hippocampal levels of cGMP and nitrite were measured.

Results: Treatment with atorvastatin 10 mg/kg significantly attenuated naloxone-induced withdrawal behaviours. The administra-
tion of L-NAME, aminoguanidine, and ODQ before atorvastatin enhanced its effects. The treatment with atorvastatin significantly
decreased the nitrite and cGMP levels as well as NOS gene expression in the hippocampus of dependent animals.

Conclusions: It can be concluded that atorvastatin, possibly, through inducible NOS, could alleviate morphine dependence and
withdrawal signs.
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1. Background our previous study, we have found that oral administration
of atorvastatin could attenuate antinociceptive tolerance

Atorvastatin, as a competitive inhibitor of 3-hydroxy3-  induced via morphine’s repetitive injection to mice (5). Pa-

methylglutaryl coenzyme A(HMG-CoA) reductase, is a well-
tolerated drug commonly known for its effect on improv-
ing the lipid profile. Previous studies have implicated that
atorvastatin has numerous protective effects under differ-
ent pathological conditions in the central nervous system
(CNS)(1,2).

Investigations have been conducted on the effect of
statins on morphine analgesic tolerance or dependence
(3). Accordingly, one study reported that acute and chronic
administration of simvastatin could alleviate morphine-
induced both analgesic tolerance and dependence (4). In

johanfar et al. (6) in their study showed the protection of
atorvastatin against morphine analgesic tolerance and be-
havioural changes of withdrawal. Lietal. (3) have alsoiden-
tified an attenuating property of rosuvastatin in morphine
analgesic tolerance.

One of the main limiting factors for the long-term ad-
ministration of morphine or other opioids is the risk of the
development of dependence (7). Morphine-induced de-
pendence consists of two components as follows: the first
one is physical dependence defined as expressing with-
drawal signs following drug cessation or antagonist ad-
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ministration, and the other one is psychological depen-
dence known as a mental state for obsessive and continu-
ous seeking for drug consumption (8). A large body of evi-
dence has demonstrated different mechanisms for the de-
velopment of opioids dependence including glial cell ac-
tivation, activation of protein kinase C (PKC), desensitiza-
tion of mu-opioid receptor, and the increased nitric oxide
production (8-10).

Nitric oxide (NO) is known as a potent guanylyl cy-
clase stimulator and also as an important neurotransmit-
ter that mediates numerous neurological processes (11). It
is well-established that NO pathway plays a crucial role
in developing morphine-derived physical dependence. A
study by Abdel-Zaher et al. (10) showed that blocking the
NO overproduction via the administration of aminoguani-
dine, which is an inducible NOS (iNOS) inhibitor, could al-
leviate the development of morphine dependence. In ad-
dition, Kolesnikov et al. (12, 13) showed the role of NO in
morphine tolerance and dependence. Moreover, NO/cGMP
has an important contribution to the beneficial effects of
atorvastatin on CNS (14). Shafaroodi et al. (1) in their study
demonstrated the involvement of NO in anti-seizure prop-
erties of acute atorvastatin. Another study concluded that
NO has an effect on spatial memory improvement via ator-
vastatin (15). Furthermore, statins are considered as novel
modulators in CNS processes through different mecha-
nisms including eNOS or nNOS regulation (14).

2. Objectives

This study aimed to investigate the effect of atorvas-
tatin on physical dependence to morphine in mice as well
as the involvement of NO/cGMP pathway in the modulat-
ing effects of atorvastatin.

3. Methods

3.1. Animals

Male white Albino NMRI mice (Tehran University of
Medical Sciences, Iran), weighing 25 + 4 g were used in
this experimental study. The animals were kept in cages (4-
6 mice) under the standard laboratory conditions in a 12-
hour light/dark cycle at 22 £ 2°C and humidity 55 £ 2%. Ad-
ditionally, they had free access to food and water. Notably,
each mouse was used only once during the study. These an-
imals were cared and treated in terms of the institutional
Guideline for the Care and Use of Laboratory Animals (NIH
publication no.: 86-23, revised 1996) and approval of the
Institutional Animal Care and Use Committee (IACUC) of
Tehran University of Medical Sciences, Tehran, Iran.

3.2. Chemicals

The drugs used throughout the study were as follows:
Atorvastatin, a HMG-CoA inhibitor (Sobhan Darou Co.,
Tehran, Iran); morphine sulfate, an opioid agonist (Temad,
Iran); naloxone hydrochloride, a non-selective opioid re-
ceptor antagonist (Tolid Daru Co., Tehran, Iran); L-NAME,
a non-specific inhibitor of NOS (Sigma, USA); aminoguani-
dine, a selective inhibitor of inducible NOS (iNOS) (Sigma,
USA); 7-nitroindazole, a selective inhibitor of neuronal NOS
(nNOS) (Sigma, USA); and ODQ, a selective and potent solu-
ble guanylyl cyclase (sGC) inhibitor (Sigma, USA). All these
drugs were administered by intraperitoneal injection (i.p.)
in a volume of 10 mL/kg of the mice body weight, ex-
cept for atorvastatin suspension that was prepared in car-
boxymethyl cellulose (CMC, 0.5%) and then administered
by oral gavage. Morphine, L-NAME, and aminoguanidine
were dissolved in sterile isotonic saline solution. In addi-
tion, 7-nitroindazole and ODQ were prepared in sterile iso-
tonic saline using DMSO 4% as the co-solvent.

3.3. Induction of Physical Dependence of Morphine

Physical dependence was induced by the repeated in-
jection of morphine. Morphine sulfate was injected three
times per day with doses of 50 mg/kg at 8:00 A.M., 50 mg/kg
at11:00 A.M., and 75 mg/kg at 4:00 P.M.; the last dose was to
prevent withdrawal signs overnight. On day 5 of the experi-
ment, withdrawal behaviours were induced by the admin-
istration of naloxone (4 mg/kg, i.p.) by passing one hour
from the injection of morphine sulfate (100 mg/kg)at9:00
AM. Immediately after naloxone injection, each mouse
was separately placed in a plexiglass box (45 cm high, 40
cm long, and 25 cm wide) and was then followed-up for 45
minutes to monitor naloxone-induced withdrawal symp-
toms, including number of jumps, rearing, and initiation
of grooming. Weight loss for each one of the animals was
determined by comparing animal weights once before the
naloxone administration and once at the end of the 45-
minute observation period (5, 16, 17). So the group one is
as follow:

Group 1: Morphine dissolved in saline and adminis-
tered three times daily and assessed for naloxone test (n =
8).

3.4. Effects of Atorvastatin Treatment on Morphine-Dependence
as Well as Determining the Role of NO

To assess the atorvastatin chronic effects on depen-
dence, four different doses of atorvastatin (1 mg/kg, 5
mg/kg, 10 mg/kg, and 20 mg/kg) were orally administered
45 min before first dose of morphine once daily for 4 con-
secutive days.
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Different experimental groups in this section were as
follows (n =8):

Group 2: CMC as vehicle suspended in saline and ad-
ministered once daily.

Group 3-6: Atorvastatin with the doses of 1, 5, 10, and
20 mg/kg simultaneously with the first dose of morphine
(once daily).

These doses of atorvastatin had no effect on with-
drawal signs per se (doses selected based on previous stud-
ies).

In order to determine the contribution of NO pathway
to the effects of atorvastatin on physical dependence, NOS
inhibitors, including 7-nitroindazole (15 mg/kg), L-NAME
with the dose of 2 mg/kg, aminoguanidine with the dose
of 50 mg/kg, and ODQ (10 mg/kg) were administrated 30
min before atorvastatin (75 min before the administration
of morphine) once per day for 4 consecutive days (5). The
groups are as follow (n =8).

Group 7: Atorvastatin effective dose (obtained from
previous experiment) with I-NAME under the morphine
treatment (MOR + ATOR10 + LNM).

Group 8: Atorvastatin effective dose (obtained from
previous experiment) with aminoguanidine under the
morphine treatment (MOR + ATOR10 + AG).

Group 9: Atorvastatin effective dose (obtained from
previous experiment) with 7-nitroindazole under the mor-
phine treatment (MOR + ATOR10 + 7NI).

Group 10: Atorvastatin effective dose (obtained from
previous experiment) with ODQ under the morphine treat-
ment (MOR + ATOR10 + ODQ).

3.5. Measurement of mRNA Expression of NOS Hippocampus’s
Enzymes via Real-time PCR

The following groups were selected for performing
this analysis: (1) vehicle group, (2) morphine-dependent
group, (3) atorvastatin 10 mg/kg treated group, with no
morphine dependence, and (4) morphine-dependent an-
imals treated with atorvastatin 10 mg/kg. Some animals
from section 3-3 and 3-4 were selected for this assess-
ment. Animals in the above-mentioned groups were sac-
rificed by cervical dislocation under mild anesthesia via
diethyl ether immediately after termination of the exper-
iments. Hippocampus was dissected from the entire an-
terior to posterior brain axis on ice-cold surface, imme-
diately snapped freeze in the liquid nitrogen, and finally
maintained at -80°C. The prepared tissues were homoge-
nized and then total RNA was extracted using RNA easy
mini kit (Qiagen, USA) in terms of the manufacturer’s in-
structions. Subsequently, single strand cDNA was obtained
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through cDNA kit followed by the amplification of the spe-
cific mRNA. The changes in mRNA expression of inducible
NOS, neuronal NOS, and endothelial NOS were measured
by qRT-PCR on a StepOne Plus instrument (Applied Biosys-
tems) using qRT-PCR Master Mix kit (Ampliqon, Copen-
hagen, Denmark).

The primers sequences (Takapouzist Co. Iran) used
for the PCR amplification were as follows: iNOS (forward:
GTTCTCAGCCCAACAATACAAGA,; reverse: GTGGACGGGTC-
GATGTCAC); nNOS (forward: AATGGGTCTTGTGTATGCTAGG;
reverse: ATGAAGATGGGAAGGAGTTGG); eNOS (forward:
AACCATTCTGTATGGCTCTGAGAC; reverse: CTCTAGGGACAC-
CACATCATACTC); 3-Actin: forward: GTGACGTTGACATCCG-
TAAAGA; reverse: GCCGGACTCATCGTACTCC. The expression
of mRNA level was normalized to 3-Actin in each reaction.
Notably, the step of activation was 15 min at 95°C, which
was followed by 40 cycles including the denaturation step
for10 min at 95°Cand annealing/extension step for 1 min at
60°C. Moreover, for calculation, 2-AACT formula was used
(16,18).

3.6. Nitrite Assay in the Hippocampus

This assessment was performed on the following
groups: (1) Vehicle group; (2) morphine-dependent group;
(3) atorvastatin 10 mg/kg treated group, with no mor-
phine dependence; and (4) morphine-dependent animals
treated with atorvastatin 10 mg/kg. Of note, separate
groups of animals were used for this assay (n = 4/group).
The hippocampus was isolated based on the approach de-
scribed in Section 3.5. Nitrite level evaluation was per-
formed by Griess reaction method. The obtained tissues
(approximately 80 mg) were homogenized via lysis buffer
solution. Additionally, the homogenized samples were
centrifuged for15 min at3400 g(4°C). The supernatants ob-
tained from the centrifugation were pipetted into a 96-well
microtiter plate. Afterward, a volume of Griess reagent (0.1
mL) including sulphanilamide and N-(1-naphtyl) ethylene-
diamine hydrochloride, was added and then allowed to in-
cubate for 15 min at room temperature to develop colour.
Chromophore azo-derivative absorption was read at 540
nm using a microplate ELISA reader. The concentration of
nitrite was measured through comparing the absorption
of our samples with that of sodium nitrite standard solu-
tions’ absorption (19).

3.7. Determination of cGMP Level in Hippocampus

This level was determined on the following groups: (1)
Control group; (2) morphine-dependent group; (3) ator-
vastatin 10 mg/kg treated group with no morphine depen-
dence; and (4) morphine-dependent animals treated with
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atorvastatin 10 mg/kg (n=4 in each group). The hippocam-
pus was isolated based on the approach described in sec-
tion3.5. The level of cGMP was measured using cGMP direct
in vitro competitive ELISA kit (ab133027, abcam, USA). We
prepared the frozen hippocampi, standards, and reagents
in terms of the manufacturer’s instruction. Afterward,
the test samples or standards along with alkaline phos-
phatase conjugated-cGMP antigen and polyclonal rabbit
antibody specific to cGMP were added to the wells pre-
coated with anti-rabbit IgG antibody. Following the incu-
bation and washing away the excess reagents, pNpp sub-
strate was added and after a short period of incubation,
the enzymatic reaction was stopped. The generated yel-
low colour by this reaction was read at 405 nm. The results
werereported as relative percentages compared to the con-
trol group.

Figure 1 shows all the experimental groups in this
study.

3.8. Statistical Analysis

Data were analysed using GraphPad Prism data anal-
ysis program (version 6). One-way analysis of variance
(ANOVA) was used for the treatment effects and post-hoc
Tukey’s multiple comparisons were used to determine the
differences among the experimental groups. The results
are expressed as mean =+ standard error of the mean
(S.EM). P < 0.05 was considered as statistically signifi-
cance.

4. Results

4.1. The Effects of Chronic Atorvastatin Administration on With-
drawal Parameters

In order to show the effects of atorvastatin doses on the
morphine dependence phenomenon, we co-treated ator-
vastatin with morphine. Our results are presented in Ta-
ble1. These data represented that morphine could increase
the jumping number, rearing, grooming, and weight loss
percentage compared to the vehicle-treated group (all P <
0.001). When we used atorvastatin with morphine chroni-
cally, it was observed that the dose of 10 mg/kg atorvastatin
has a protection property against withdrawal manifesta-
tions. Weight loss percentage showed a reduction in com-
parison with the treatment by morphine alone (P < 0.05).
Moreover, the number of jumping (P < 0.05), rearing (P
< 0.01), and grooming (P < 0.05) showed a significant de-
crease after the administration of atorvastatin with the
dose of 10 mg|kg. So, it can be stated that chronic atorvas-
tatin treatment could attenuate the naloxone-precipitated
withdrawal syndromes in physically dependent animals.

4.2. The Effects of NOS Inhibitors and ODQ

Following the determination of the protective dose
of atorvastatin (10 mg/kg), we have administered NOS
inhibitors (non-specific: L-NAME; nNOS selective: 7-
nitroindazole; and iNOS selective: aminoguanidine) and
0ODQ (as a highly selective and irreversible inhibitor of sol-
uble guanylyl cyclase) simultaneously with atorvastatin
plus morphine, to evaluate the effect of NO/cGMP pathway
on the protective role of atorvastatin.

As shown in Table 2, L-NAME could decrease some signs
of withdrawal such as jumping (P < 0.05), rearing (P <
0.01), and grooming (P < 0.05) in comparison with ator-
vastatin 10 mg/kg. In the present study, aminoguanidine
reduced the number of grooming with P < 0.01. Of note,
ODQ had diminishing effects on the two parameters of
rearing and grooming (both P < 0.01). However, the ad-
ministration of 7-nitroindazole with atorvastatin showed
no significant changes in withdrawal sign in comparison
to the atorvastatin treated group. These data indicated the
involvement of nitrergic system in atorvastatin effects on
naloxone-precipitated withdrawal signs.

4.3. mRNA Expression Results

The effects of atorvastatin on the mRNA expression of
NOS isoforms are shown in Figure 2. In the current study,
we have isolated the hippocampus of mice from the fol-
lowing groups: (1) groups chronically treated with atorvas-
tatin 10 mg/kg alone and in combination with morphine;
(2) vehicle group; and (3) morphine dependent group.
Thereafter, we evaluated the mRNA expressions of eNOS,
iNOS, and nNOS in order to confirm the involvement of NO
in atorvastatin effects. These data showed that morphine
increases the relative gene expression of iNOS when com-
pared with the control animals (P < 0.001); however, the
administration of atorvastatin with morphine could sig-
nificantly reverse this enhancement [depicted in Figure 2,
part A]. The expression of nNOS mRNA by RT-PCR showed
that morphine dependence leads to a significant increase
(P < 0.001), but when co-administered with atorvastatin,
this effect would be significantly blocked (P < 0.001) [Fig-
ure 2, part B]. These patterns of expression were also re-
peated for eNOS as pictured in part C of Figure 2; morphine
injection enhanced the eNOS expression in animals’ hip-
pocampus, but atorvastatin at the dose of 10 mg/kg pre-
vented this effect. These data led us to gain better under-
standing on the NO involvement in atorvastatin’s function
on morphine dependence.

4.4. The Hippocampus cGMP Level Results
The cGMP level was measured using enzyme-linked
immunosorbent assay in the group of vehicle, morphine

Arch Neurosci. 2021; 8(3):e117122.
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» Hippocampus removal -, Gene expression

44 . .
Group 2: Vehicle ™ Naloxone (5" day)—» Withdrawal signs - » Hippocampus removal —* Gene expression

Group 3-6: Morphine + Atorvastatin dap, Morphine + Naloxone (5" day) — Withdrawal signs-» Hippocampus removal -» Gene expression
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Group 7-10: Morphine + Atorvastatin +NOS inhibitors and ODQ —— Morphine + Naloxone (5" day) - Withdrawal signs recording

10 mg/kg

44 _ .
Group 11-14: Morphine/Vehicle/Atorvastatin/Morphine + Atorvastatin il Morphine (5t day) » Hippocampus removal

\J

Biochemical assessments

Figure 1. Schematic representation of drug administration for behavioural, gene expression and biochemical assessments.

Table 1. The Effects of Administration of Chronic Doses of Atorvastatin on the Withdrawal Manifestation Due to Naloxone in the Morphine Dependent Animals (N = 8 for Each

Group)

Treatments Weight Change, % Jumping Rearing Grooming
Vehicle 631131 2.5+ 0.64 11.40 £ 0.50 12.25 £ 0.85
MOR -6.1 £ 1.22*** 23.8 £ 2.51"** 33 4 2.38*** 4225 + 2.21"**
ATOR1+MOR -4.85 &£ 2.01 26.5+ 239 36.4 +2.56 38.75 1+ 4.09
ATOR 5 + MOR -6.75 £1.03 2520 £3.9 354144 34.75 + 3.06
ATOR 10 + MOR 157 +1.58# 14.2 £ 1.53# 25.4 + 1.91## 29 4 2.48#
ATOR 20 + MOR -6.15 4= 1.15 29 +3.24 39.8 +1.71 41+3.02

Abbreviations: ATOR, atorvastatin; MOR, morphine.

2+ P < 0.001 compared to vehicle-treated animals; #, P < 0.05 compared to morphine-treated animals; ##, P < 0.01 compared to morphine-treated animals; ###, P <

0.001 compared to morphine-treated animals.

Table 2. The Effects of NOS Inhibitors and ODQ Administration on the Naloxone-Induced Withdrawal Manifestation in the Morphine Dependent Animals (N =8 for Each Group)

Treatments Weight change, % Jumping Rearing Grooming
MOR +ATOR10 + LNM -0.9£125 6.25 +1.54* 1.4 + 0.5* 19.5 £ 0.95*
MOR +ATOR10 +AG -4.23 +1.08 8 +1.29 18 +1.08 17 + 0.89**
MOR +ATOR10 + 7NI 2.56 + 2.45 15.25 - 1.49 22 +256 22 +2.61

MOR +ATOR10 + ODQ 2,07 £1.57 6.75 +1.03 1.5 4 1.04** 16.5 4= 2.1**

Abbreviations: ATOR, atorvastatin; AG, aminoguanidine; LNM, L-NAME; MOR, morphine; 7-NI, 7-nitroindazole; ODQ, inhibitor of soluble guanylyl cyclase.
2* P< 0.05 compared to MOR + ATOR 10-treated animals (presented in Table 1); **, P < 0.01 compared to MOR + ATOR 10-treated animals (presented in Table 1).

group, atorvastatin 10 mg/kg alone, and simultaneously
administered with morphine (as described previously in
material and methods section). Guanylyl cyclase cataly-
ses the synthesis of cGMP from GTP and soluble guanylyl
cyclase is activated via NO (20). Regarding Figure 3, our
data showed that morphine treatment results in the in-
creased cGMP relative percentage (P < 0.01). Atorvastatin
(P < 0.001) treatment with morphine was also accompa-
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nied by lowering the morphine-induced enhancement of
cGMP percentage.

4.5. The Effects of Atorvastatin Treatment on Nitrite Level in the
Dependent Animals

As indicated in Figure 4, our data showed a rise in ni-
trite level in the group dependent to morphine in compar-
ison with the vehicle animals (P < 0.001). Using atorvas-
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Figure 2. NOS mRNA expression in the hippocampus of morphine (MOR)-dependent mice. Animals received MOR for 5 days. Atorvastatin (ATOR) was administered with the
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Figure 3. The relative percentage of cGMP in hippocampus of morphine (MOR)-
dependent mice. Animals received MOR for 5 days. Atorvastatin (ATOR) was admin-
istered with the dose of 10 mg/kg alone or in combination with MOR (45 min before
MOR). Data are represented as mean =+ S.E.M (N = 6 in every treatment group). **, P
< 0.01compared to vehicle; ###, P < 0.001compared to the MOR-treated animals.

tatin with morphine resulted in a decline in hippocampus
nitrite level (P < 0.05) when compared with the morphine
dependent animals.

5. Discussion

This study exhibited that administration of atorvas-
tatin could significantly reduce withdrawal signs. In addi-
tion, in this research, the treatment with NOS inhibitors (L-
NAME and aminoguanidine) or guanylyl cyclase inhibitor
(ODQ) led to the escalation of atorvastatin effects on some
parameters such as in rearing and grooming. The chronic
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Figure 4. The hippocampus level of nitrite in the morphine (MOR)-dependent mice.
Animals received MOR for 5 days. Atorvastatin (ATOR) was administered alone and
45 min before MOR. Data are expressed as mean + S.E.M (N = 6 in every treatment
group). ***,P< 0.001 compared to the vehicle; #, P< 0.05 compared to MOR-treated
animals.

administration of atorvastatin was found to be associated
with the reduction of morphine-induced rise of inducible
NOS expression as well as eNOS and nNOS expressions. The
decreased cGMP level was observed in the morphine plus
atorvastatin group, while it was elevated in the morphine-
treated animals. Nitrite, as an end product of NO, displayed
a reduction with the chronic atorvastatin administration
in the morphine dependent mice.

Atorvastatin has gained attention for its neuroprotec-
tive effects on different CNS disorders (1). Recently, statins
were explored as interesting targets for preventing mor-

Arch Neurosci. 2021; 8(3):e117122.
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phine analgesic tolerance and physical dependence. Has-
sanipour et al. (5) investigated the role of atorvastatin
in analgesic tolerance and then reported that atorvastatin
blocks tolerance in dependent mice. Notably, simvastatin
blocked the tolerance and dependence to morphine in one
experimental study (4). There is an evidence of delaying
and partially reversing the morphine analgesic tolerance
in rats treated by rosuvastatin (21). Moreover, Pajohanfar
et al. (6) demonstrated that chronic treatment with ator-
vastatin for nine days would protect animals against tol-
erance and dependence to morphine through the inhibi-
tion of glia activity or antioxidant effect. Moreover, opioids
mediate some beneficial effects of statins. In this regard,
Dolatshahi et al. (22) showed that opioid pathways are in-
volved in the antidepressant-like effect of simvastatin with-
out any induction of tolerance or withdrawal sign. Our
study paralleled to other studies supports the hypothesis
that statins may be beneficial in the challenges resulted
from morphine use. This study showed that the chronicad-
ministration of atorvastatin reduces the withdrawal signs.

Nitric oxide (NO) is synthesized from L-arginine via
NOS enzymes (iNOS, eNOS, and nNOS) (1). Different studies
indicated that NO-NOS/GC (guanylyl cyclase)/cGMP (cyclic
guanosine mono phosphate) has contribution into the de-
velopment of opioids analgesic tolerance and physical de-
pendence (23, 24). It was demonstrated that the repeated
morphine treatment causes an increase in the secretion of
some mediators including NO (17). Inhibition of NOS and
the prevention of NO overproduction diminished mor-
phine tolerance (25). Studies provided evidence that block-
ade of NO with aminoguanidine could decrease the devel-
opment of morphine tolerance and dependence through
the inhibition of iNOS, revealing the involvement of iNOS
in these phenomena (10, 26). The data obtained in our
study also indicated the involvement of NO pathway as
a mechanism for the effect of atorvastatin on morphine
physical dependence.

Many studies demonstrated that a variety of
cholesterol-independent pleiotropic effects of statins
could be mediated through NO/cGMP pathway (27). Ac-
cordingly, Moezi et al. (20) showed that NO signalling
could mediate the anticonvulsant effect of atorvastatin
probably through iNOS. In a study it was revealed that
rosuvastatin could improve the vascular structure or
function via enhancing the eNOS expression (28). In our
previous study, we have shown that improving the effects
of atorvastatin on morphine analgesic tolerance may be
regulated by NOS inhibitors (5). In this study, treatment
with iNOS inhibitor in the dependent mice intensified
the atorvastatin property; showing that atorvastatin ex-
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erts its protective function possibly via NO reduction.
Moreover, in our study, gene expression of NOSs and
nitrite and cGMP level measurement confirmed the role
of nitrergic pathway in atorvastatin effects. To describe
it more, NOS inhibitors (selective and non-selective)
were co-administered with atorvastatin and morphine
and these data showed that atorvastatin effect was im-
proved. We have hypothesised that atorvastatin may
prevent naloxone-induced withdrawals by nitric oxide
production’s blockade and an additive effect has occurred
when the NOS inhibitors were co-administered with ator-
vastatin. So, in some behavioural parameters, we have
observed an additional improvement in withdrawal signs
even more than atorvastatin alone. Correspondingly,
this improvement has been observed with L-NAME and
aminoguanidine; showing that iNOS is involved and ator-
vastatin could act by iNOS inhibition. In our study, the
improvement in withdrawal behaviours was not observed
with nNOS inhibitor. But, nNOS plays a role in morphine
dependence (29), and it can be modulated through statins
such as atorvastatin (30). Besides, our gene expression
results showed that atorvastatin affect the level of nNOS
and even eNOS in hippocampus and this can be consid-
ered as the reason for better action of the L-NAME group
(morphine + atorvastatin 10 mg/kg + L-NAME) compared
to the aminoguanidine group (morphine + atorvastatin 10
mg/kg + aminoguanidine) in reducing withdrawal signs.

As morphine analgesic tolerance and dependence are
important challenges in clinical setting, finding new ap-
proaches to impede these phenomena seems necessary
and statins may be relatively known as safe adjuvant ther-
apies. However, more investigations are needed to eluci-
date the exact mechanisms and neural signalling in var-
ious brain areas involved in morphine tolerance and de-
pendence. So, future studies should be performed on some
subjects such as protein expression of iNOS and nNOS, de-
termining the role of PKC (data showed that some statin
effects could be mediated via PKC pathway (31)), evaluating
NO/cGMP in other areas of the brain and role of inflamma-
tion.

5.1. Conclusions

In conclusion, the results of the present study show
that atorvastatin could mitigate withdrawal signs induced
by naloxone. Atorvastatin effects were improved by non-
selective NOS inhibitor, iNOS and guanylyl cyclase in-
hibitors. In addition, the expression of NOS isoforms has
decreased after the treatment by atorvastatin. The lev-
els of nitrite and cGMP have also reduced by atorvastatin
in the hippocampus of the morphine-dependent mice.
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We, therefore, suggest that chronic atorvastatin effects
on morphine-dependence may be mediated via iNOS and
cGMP.
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