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Abstract

Withdrawal signs were recorded for 30 minutes.

phase (P < 0.001).

of opioid dependence after complimentary trials.

Background: Research shows that a-Pinene interacts with the opioidergic system.

Objectives: This study aims to examine the toxicity and the effects of c-Pinene on morphine tolerance and dependence in mice.
Methods: Guidelines No. 423 and No. 407 were used to investigate acute and sub-chronic toxicity, respectively. For sub-chronic
toxicity analysis, the animals were sacrificed on day 28, and blood and tissue samples were collected. After inducing morphine
tolerance or dependence, in both phases, animals received i.p. vehicle, diazepam (5 mg/kg), and a-Pinene (3.125, 6.25,and 12.5 mg/kg).

Results: Only the acute dose of a-Pinene showed mortality in animals, but mild lesions were seen in the brain, liver, and kidneys
in the mice receiving its subchronic dose. Moreover, ALT, AST, ALP, and TG levels increased (P < 0.05) in female mice. Besides, 6.25
and 12.5 mg/kg (P < 0.001) of a-Pinene and only its high dose (12.5 mg/kg) (P < 0.001) reduced the number of jumps in the tolerance
and dependence phases, respectively. Diarrhea (P < 0.001), writhing (P < 0.001), rearing, and climbing (P < 0.05 and P < 0.001,
respectively) behaviors decreased in the tolerance phase, and grooming, climbing, and teeth chattering declined in the dependence

Conclusions: The LD50 of a-Pinene was lower than 2000 mg/kg, but its subchronic dose caused mild tissue toxicities and
biochemical changes. Moreover, a-Pinene decreased morphine tolerance and dependence and possibly was useful for the treatment
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. Background

Dependence on opioids (e.g., morphine) is a serious
disease that causes enormous health problems and
economic losses for individuals and societies (1).
Morphine, which is used to relieve acute and chronic pain,
promotes its analgesic effects through the modulation
of 1 opioid receptors (2). However, the continuous use
of morphine leads to euphoria, respiratory depression,
constipation, miosis, tolerance, and dependence, limiting
its clinical use (3). In the tolerance and dependence phases,
unique changes happen during administration and after
drug cessation, respectively (4). Tolerance gradually
reduces the effectiveness of morphine, so higher doses
are required to relieve pain. Morphine dependence is
associated with ailments such as anxiety, abdominal
pain, diarrhea, etc. Earlier studies have shown that the

continuous use of morphine affects the mesolimbic
dopaminergic system in the ventral tegmental area
(VTA) and leads to the development of tolerance and
dependence (5, 6). In this regard, studies have shown
that several neural systems, such as the GABAergic
and opioidergic systems, modulate the activity of the
dopaminergic system, contributing to opioid tolerance
and dependence (5, 6).

a-Pinene (Alpha-pinene) (Figure 1A) is a bicyclic
monoterpene existing in many aromatic plants, especially
pine oil. This compound is a colorless liquid with low
water solubility, high oil content, and high ethanol
solubility and is used in the flavor, fragrance, paper,

pharmaceutical, and paint industries (7).  Various
pharmacological properties, including antiseizure,
antinociceptive, anti-inflammatory, antioxidant, and

cytoprotective effects, have been attributed to a-Pinene
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(8-11). Moreover, a study showed that a-Pinene, with
GABAergic activity, induced hypnotic and anxiolytic-like
effects (12). In contrast, previous studies demonstrate
that S-Pinene (as well as other Pinene structural isomers)
(Figure 1B) exhibits antispasmodic, anti-inflammatory,
hypotensive, antifungal, antihypertensive, antimicrobial,
anti-depressant, and sedative activities (13-15). Moreover, a
study demonstrated that S-Pinene (50 - 100 mg [kg) could
alleviate some morphine withdrawal signs (16).

A CH; B CH,
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HsC
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Figure 1. Structure of (-)-c-Pinene(A), and S3-Pinene (B)

2. Objectives

No study has been conducted on the effects of a-Pinene
on morphine tolerance and dependence. However, the
clinical use of the appropriate doses of o-Pinene requires
knowing its toxicity effects. Therefore, we investigated the
toxicity and biological effects of a-Pinene on morphine
tolerance and dependence in mice.

3. Methods

3.1. Animals

Six-week-old NMRI male or female mice (22 -32 g) were
obtained from Pasture Institute (Tehran, Iran). The animals
were maintained in 12 h light/dark cycles at 21 - 23°C with
free access to water and food.

3.2. Chemicals

The chemicals used were as follows: (-)-o-Pinene and
naloxone hydrochloride (Sigma Co, USA), and morphine
sulfate and diazepam hydrochloride (Darou Pakhsh Co,
Iran). In this study, agents were dissolved in Tween 80
(2%) (Merck, Germany) and administrated orally (p.o.) or
intraperitoneally (i.p.) in a volume of 0.1 mL/10 g. Control
groups received normal saline with 2% Tween 80 as a
vehicle (10 mL/kg).

3.3. Toxicity

Acute toxicity was conducted based on guideline No.
423 (17). A single p.o. dose of 2000 mg/kg of a-Pinene
was administered. Control groups received vehicles.
Mortality and food or water intake, etc., were monitored
in mice. Mortality was investigated for 30 minutes, then
continuously for 4 - 24 hours, and then twice daily for 14
days after the administration of a-Pinene (18).

The toxicity of the subchronic p.o. dose of a-Pinene was
assessed as recommended in the OECD guideline No. 407
(18). Mice received a-Pinene at a dose of 100 mg/kg for 28
days and then were allocated into two groups, including
the vehicle- and a-Pinene-treated group (n = 6). On the
last day, the animals were sacrificed, and sera and tissue
sections of the brain, kidney, liver, and small intestine were
harvested (Figure 2).

For biochemical assessments, the animal’s heart blood
was collected into dry tubes and then centrifuged at 3000
r.p.m. (4°C) for 15 minutes. The isolated sera were stored
at 20°C for biochemical assessments [blood glucose, blood
urea nitrogen (BUN), ALT (alanine aminotransferase), AST
(aspartate aminotransferase), ALP (alkaline phosphatase),
total cholesterol, triglycerides (TG), and Cr (creatinine)]
using specific kits manufactured by Pars Azmun Co.
(Tehran, Iran).

For histopathological assessments, the organs were
fixed in formalin (10%), then dehydrated, embedded
in paraffin wax, sectioned at a 5-um thickness, and
finally stained with hematoxylin/eosin (H&E). A light
microscope (Olympus, Japan) was utilized to evaluate
histopathological changes.

3.4. Induction of Tolerance and Dependence

In order to induce morphine tolerance or dependence,
this compound was administered i.p. three times daily at
8 am. (50 mg/kg), 12 p.m. (50 mg/kg), and 4 p.m. for
3 continuous days, followed by the administration of a
single dose (50 mg/kg) on day 4 before administration of
naloxone (19, 20).

3.5. Grouping and Experimental Design

3.5.1. Tolerance Phase

Thirty mice received either the vehicle (n = 6, negative
control), diazepam (5 mg/kg, n = 6, positive control),
and a-Pinene at the doses of 3.125, 6.25, and 12.5 mg/kg
(treatment groups, n = 6 in each group), accompanied by
morphine administration three times per day, but not on
day 4. On day 4, 2 hours after the final dose of morphine
(50 mg/kg), the animals received naloxone (2 mg/kg), and
withdrawal signs were recorded.
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Figure 2. The experimental design for analyzing the toxicity and beneficial effects of a-Pinene on morphine tolerance and dependence
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3.5.2. Dependence Phase

In a separate experiment, after the 3-day schedule of
morphine administration and 30 min after the final dose
of morphine (50 mg/kg) on day fourth, 30 animals (n =
6) received the same treatments and «o-Pinene doses used
in the tolerance phase. Next, 1.5 hours later, the animals
received naloxone, and withdrawal signs were recorded
(Figure 2). The study design and the doses of the drugs used
were chosen based on previous studies (12,19-22).

3.6. Monitoring of Morphine Withdrawal Signs

The animals were placed on filter paper in a glass
beaker (15 x 50 cm) and investigated for 30 minutes by
a digital camera. Withdrawal signs were recorded by
counting jumps. The severity of the signs was scored for
teeth chattering, diarrhea, climbing, grooming, diarrhea,
rearing, and writhing. The items were scored in a score
range of 1-3 as follows: Mild (1), moderate (2),and (3) severe
(23).

3.7. Statistical Analysis

Data with non-normal distribution were expressed
as medians with 25th-75th percentiles and analyzed by
the Kruskal-Wallis test. A post-hoc test using Dunn’s test
with Bonferroni correction was used for non-parametric
pairwise multiple comparisons between independent
groups. Inall analyses, P < 0.05 was considered statistically
significant. SPSS software v. 25 and GraphPad Prism 9.1
were used for data analysis and preparation of graphs,
respectively.

4. Results

4.1. Biochemical Changes

As shown in Table 1, a-Pinene (100 mg/kg) significantly
increased liver function parameters, including ALT (P =
0.0373), AST (P = 0.0156), and ALP (P = 0.0370), compared
to control groups in female mice. Moreover, this dose
of a-Pinene significantly increased serum TG (P = 0.0217)
but not total cholesterol (P > 0.05). In addition, kidney
function parameters (BUN and Cr) and blood glucose were
not significantly changed compared to control groups (P
> 0.05). In contrast, none of these serum parameters were
influenced by a-Pinene (100 mg/kg) in male mice.

4.2. Histopathological Parameters

According to the results, the lethal dose of 50 % (LD50)
of a-Pinene was lower than 2000 mg/kg. As shown in
Figure 3, vasogenic edema (E) was seen in some regions of
the brain in the control (Part A) group and experimental
(Part B) groups in the mice of both sexes, but meninges
and other cells appeared normal. As shown in Figure 3,

cell swelling was seen in the control group in both sexes
(Panel A). Moreover, there were signs of inflammation and
fibrosis in some regions of the liver in a-Pinene-treated
female mice (Panel B).

As illustrated in Figure 3, mild kidney hemorrhage
was observed in the control (Panel A) and experimental
(Panel B) groups in both sexes. There were no pathologic
changes in the villi of the small intestine in the control
(Panel A) and a-Pinene-treated (Panel B) groups.
Overall, histopathological evaluation in the control
and a-Pinene-treated group showed normal structures
without any gross pathological lesions in different organs
in both sexes.

4.3. The Effect of a-Pinene on Morphine Withdrawal Signs
During the Tolerance Phase in Male Mice

As shown in Figure 4A, 6.25 and 12.5 mg/kg doses of
a-Pinene reduced the number of jumps compared to the
control group (P = 0.002 and P = 0.001, respectively).
In addition, diazepam (5mg/kg) could not decrease the
number of jumps (P >~ 0.05). Nevertheless, insignificant
differences were observed between animals treated with
a-Pinene and diazepam (as the positive control) (P > 0.05).

As shown in Table 2, all doses of a-Pinene reduced
diarrhea (P = 0.002 for all doses), writhing (P = 0.001 for
all doses), and climbing (P = 0.049, P = 0.049, and P =
0.002, respectively). In this phase, 6.25 and 12.5 mg/kg
doses of a-Pinene decreased rearing (P = 0.014, for both
doses). The administration of a-Pinene did not cause
significant changes in grooming and teeth chattering (P >
0.05). Moreover, diazepam (5 mg/kg) reduced diarrhea (P
=0.002), writhing (P = 0.031), rearing (P = 0.001), climbing
(P=0.002),and grooming (P=0.009) during the tolerance
phase.

4.4. The Effect of a-Pinene on Morphine Withdrawal Signs
During the Dependence Phase in Male Mice

As illustrated in Figure 3B, a high dose (12.5 mg/kg) of
a-Pinene (P = 0.003) and diazepam (P = 0.001) decreased
the number of jumps during the dependence phase.
Diazepam decreased the number of jumping episodes
significantly better than low-dose a-Pinene (3.125 mg/kg) (P
=0.012).

As shown in Table 2, all doses of a-Pinene decreased
teeth chattering (P = 0.007 for all doses). The
administration of «-Pinene did not have effects on
diarrhea and writhing (P > 0.05). In addition, only
high-dose a-Pinene decreased climbing and grooming
behaviors (P =0.003 and P = 0.001, respectively).

In the dependence phase, diazepam (5 mg/kg) reduced
diarrheaandrearing (P=0.003 and P=0.002, respectively).
Moreover, all doses of a-Pinene performed better than
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Table 1. Effects of a-Pinene on Biochemical Parameters at the Subchronic Toxic Dose in Mice *'®

Mice
Parameters Female Male
Test Control Test Control

Blood glucose (mg/dL) 198.83 + 5.81 192.83 % 5.14 203.00 * 6.88 192.83% 5.1
BUN (mg/dL) 56.67+ 3.32 59.00 £2.80 62.67+ 2.74 59.00 £2.80
Cr (mg/dL) 039+ 0.01 0.41% 0.01 0.40 £ 0.01 0.41% 0.01
Total cholesterol (mg/dL) 14217+ 9.49 118.50 £ 5.64 12633 £ 10.12 118.50 £ 5.64
TG (mg/dL) 212.00% 5.70 c, P=0.0217 186.33 + 7.16 207.50 + 4.87 186.33 + 7.16
ASTIU[1 16733+ 7.27,P=0.0156 138.50 + 4.78 160.83 £+ 6.79 138.50 + 4.78
ALTIU[1 10433+ 4.54,P=0.0373 83.67+ 6.25 100.00 +4.98 83.67+ 6.25
ALP IU[l 176.00 £ 10.26 C, P=0.0370 140.33 + 6.82 165.67+ 9.97 14033 + 6.82

Abbreviations: ALT, alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate aminotransferase; Cr, creatinine; BUN, blood urea nitrogen; TG, triglycerides.
2 Data were expressed as mean = SEM and analyzed by one-way ANOVA, Tukey’s multiple comparisons test (n = 6 mice per group).

b $pss 25 was used for data analysis.
€P < 0.05 compared to the control group.

Liver

Intestine

Figure 3. Histological assessment of the brain in the control (vehicle) (A) and experiment (B) groups [arrows show vasogenic edemal; liver in the control (C) and treatment
(D) groups [arrows show inflammatory infiltrates]; kidney in the control (E) and treatment (F) groups [arrows show diffuse hemorrhage]. In the treatment group, subacute
glomerulonephritis is seen (yellow arrow)], and the small intestine appeared normal in the control (G) and treatment (H) groups

diazepam in decreasing teeth chattering (P = 0.001), and
high-dose a-Pinene performed better than diazepam in
decreasing grooming (P=0.001).

5. Discussion
The present study aimed to examine the toxicity and

biological effects of a-Pinene on morphine dependence
and tolerance in a mouse model. Phytotherapeutic
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products, such as active compounds, are used for their
healthcare effects, particularly in developing countries,
and are usually derived from natural sources. However,
phytotherapeutic products are not completely safe, and
thus, it is necessary to investigate their therapeutic
effectiveness and biosafety (23, 24). In vivo toxicity
analysis is generally performed to evaluate the acute
toxicity of medicinal plants. A toxic agent may show
good pharmacological effects at lower non-toxic doses,
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Figure 4. Effects of different doses of c-Pinene (3.125, 6.25, and 12.5 mg/kg) and diazepam (5 mg/kg) on the number of jumpings during the tolerance (Panel A) and development
(Panel B) phases. The data were expressed as the median (min to max) and analyzed using the Kruskal-Wallis test and post-hoc Bonferroni correction (n = 6 mice per group).

Ak

SPSS 25 and GraphPad Prism 9.1 were used for data analysis and drawing the graphs, respectively. ** shows significant differences at P < 0.01 compared to the control group.
shows significant differences at P < 0.001 compared to the control group. + shows significant differences at P < 0.05 compared to the diazepam group

Table 2. Effects of Different Doses of a-Pinene and Diazepam During the Tolerance and Development Phases * b,c.d

Treatments

Diarrhea Writhing Rearing Climbing Grooming Teeth Chattering
Tolerance
Vehicle (2.0-3.0)3 (2.5-3.0)3 (2.0-3.0)25 (2.0-2.25)2 (1.0-2.25)2 (1.0-3.0)1
Diazepam 5 mg/kg (0.75-1.25)1** (0.0-1.0) 0* (0.0-1.0) 0.5 ** (0.0-1.0) 0.5** (0.0-1.0) 0.5* (0.75-1.0)1
a-Pinene 3.125 mg/kg (1L0-1.0)1** (0.0-0.0)0** (1.0-2.0)1 (0.75-1.0)1* (1.0-2.0)1 (1.0-1.0)1
o-Pinene 6.25 mg/kg (1.0-1.0)1** (0.0-0.0)0* (1o-1.0)1* (0.75-1.0)1* (0.75-1.0)1 (0.75-1.0)1
a-Pinene 12.5 mg/kg (1.0-1.0)1** (0.0-0.0)0** (1.0-1.0)1* (0.0-1.0) 0.5 ** (0.75-1.0)1 (0.75-1.0)1
Dependence
Vehicle (1.75-2.25)2 (0.0-2.25)0 (1.0-2.0)2 (1.0-2.0)2 (1.75-2.0)2 (1.75-2.0)2
Diazepam 5 mg/kg (0.0-1.0) 0** (0.0-0.0)0 (0.0-1.0) 0** (0.0-2.0)1.5 (0.0-2.0)2 (1.0-2.25)2
o-Pinene 3.125 mg/kg (0.0-1.0)1 (0.0-0.0)0 (1.0-1.25)1 (0.0-1.0)0.5 (0.75-1.0)1 (0.0-0.0) 0 ™ ++
a-Pinene 6.25 mg/kg (0.0-1.0)1 (0.0-0.0)0 (1.0-1.0)1 (0.0-1.0)1 (1.0-1.0)1 (0.0-0.0) 0 ** ++
a-Pinene 12.5 mg/kg (0.0-1.0)1 (0.0-0.0)0 (0.0-1.0)1 (0.0-0.0)0** (0.0-0.0) 0 **+ (0.0-0.0) 0 ** ++

? The data were expressed as median (25 - 75th percentile) and analyzed by the Kruskal-Wallis test and post-hoc Bonferroni correction (n= 6 mice per group).
b SPSs 25 was used for data analysis.

d

¢ *and ** show significant differences at P < 0.05and P < 0.01levels, respectively, compared to vehicle.
++ shows significant differences at P < 0.01 compared to diazepam.
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suggesting their potential to be used to produce advanced
pharmacological products (25). Acute toxicity analysis is
used to obtain a suitable dose for chronic toxicity testing.

According to our results, the administration of
a-Pinene caused vasogenic edema in some regions
of the brain, as well as inflammation and fibrosis in
the liver and hemorrhage in the kidneys. Moreover,
ALT, AST, ALP, and TG were significantly increased only
in female mice. These results were also observed in
animals in the control groups, indicating that a-Pinene
did not have sub-chronic toxicity or adverse effects on
histopathological parameters. Similar to our findings, a
study demonstrated that monoterpenes (e.g., a-Pinene)
reduced the viability of Vero (monkey kidney) cells (26).

Our study, for the first time, showed that a-Pinene
alleviated morphine withdrawal signs during the
tolerance and development phases. In line with our
results, a study demonstrated that only high-dose (200
mg/kg) G-pinene could attenuate jumping, rearing, and
diarrhea in morphine-dependent mice (12). However,
the number of withdrawal signs assessed in our study
was much higher than in the recent study, and also, we
used low doses of a-pinene (3.125 - 12.5 mg/kg) compared
to the doses of [-pinene (50 - 200 mg/kg) mentioned
above. Unlike the recent study, we also explored the
histotoxicity effects of a-pinene. In line with our findings,
phytochemicals have been noted to exhibit a variety of
toxicological and biological activities (14). Hence, the
novelty of our study lies not only in its design but also in
the results obtained.

Another study showed that a-pinene, with GABAergic
activity, induced hypnotic- and anxiolytic-like effects,
which is consistent with its specific binding sites on GABAA
benzodiazepine (BZD) receptors (12). With this in mind,
previous studies have demonstrated that the GABAergic
system performs a pivotal function in opioid addiction.
Moreover, studies have shown that positive modulators
on the benzodiazepine site in the GABAA receptors (e.g.,
diazepam) and selective GABAA receptor agonists (e.g.,
muscimol) pacify morphine withdrawal signs (6, 19, 20,
27).

It was discussed that opioid receptors (e.g., W
receptors) are important in the treatment of pain
(28). In this regard, a study showed that a-Pinene
decreased pupal pain by acting on GABAA and p opioid
receptors (29). Studies have also reported that the
administration of naloxone blocks the analgesic effects
of other monoterpenes (e.g., p-cymene and|or citronellal)
(30, 31). Apparently, a-pinene can activate endogenous
opioid neurotransmitters in the brain and may suppress
downstream nociceptive pathways. In summary, the
administration of a-pinene may decrease withdrawal
signs, at least in part via the modulation of GABAergic or
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opioidergic systems.

Inflammation plays a key role in the development
of morphine withdrawal signs. In this regard, a study
showed that o-pinene decreased the production of
inflammatory mediators (8, 26). The results of another
study showed that a-pinene decreased the expression
of cyclooxygenase-2 (COX-2), which is involved in
the pathogenesis of inflammatory pain (32). Overall,
a-pinene can decrease inflammation, which can partly
explain its role in mitigating morphine tolerance and
dependence. Another mechanism that can be involved in
the role of a-pinene in alleviating morphine withdrawal
symptoms is through antioxidant pathways. It has been
reported that a-pinene plays a pivotal role in decreasing
apoptosis and protecting the nervous system through
boosting antioxidant pathways (9). So, c-pinene may
decrease morphine tolerance or dependence by inducing
antioxidant routes.

5.1. Conclusions

Our results demonstrated that the LD50 of a-pinene
was lower than 2000 mg/kg, but the subchronic dose of
this compound caused mild tissue toxicities. Moreover,
a-pinene decreased the symptoms of morphine tolerance
and dependence at lower doses compared to S-Pinene. A
limitation of this study was that it was conducted on mice,
and thus, the results obtained could not be generalized to
humans. Hence, a-pinene can be suggested as an agent for
the management of morphine dependence and tolerance.
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