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Abstract
Background: Chronic morphine use is limited by the development of tolerance and physical dependence,
processes influenced by neuroadaptive signaling, oxidative stress, inflammation, and efflux transporters
such as P-glycoprotein (P-gp).

Objective: This study investigated the effects of clomipramine, which has been reported to have anti-
inflammatory properties and to inhibit P-gp, on morphine-induced tolerance and physical dependence in
a mice model.

Methods: Male mice received morphine to induce tolerance and dependence. Clomipramine (12.5, 25, or
50 mg/kg, i.p.) was administered during the final week of morphine treatment, 30 minutes prior to
morphine injections. Withdrawal behaviors were assessed following naloxone administration, and
tolerance was evaluated using the hot-plate test. Body weight changes were monitored throughout the
protocol.

Results: Clomipramine significantly attenuated naloxone-precipitated withdrawal behaviors in a dose-
dependent manner. All doses also reversed morphine tolerance, with the highest dose demonstrating the
most pronounced effect across multiple time points in the hot-plate assay. Additionally, clomipramine
administration partially reversed morphine-induced suppression of body weight gain.

Conclusion: Clomipramine effectively reversed both tolerance and dependence induced by chronic
morphine exposure, likely via combined modulation of P-gp function and oxidative/inflammatory
pathways. These findings suggest that clomipramine may serve as a potential adjunctive therapeutic
strategy to improve opioid analgesia and reduce adverse neuroadaptive effects. Further mechanistic and
clinical studies are needed.

1. Introduction
Drug addiction represents a chronic and relapsing neuropsychiatric condition, defined by a compulsive
pattern of drug-seeking and use (1, 2). This behavior persists even in the face of significant negative
consequences and is accompanied by physiological states of tolerance and dependence (3). The scale
of this public health issue is substantial, with millions in the United States affected by substance use
disorders, including a growing crisis of addiction to opioids such as heroin and prescription analgesics
(4). This has precipitated a sharp rise in overdose fatalities involving substances like fentanyl and
oxycodone (5, 6).

Morphine, a potent opioid, is a cornerstone in the clinical management of severe pain, valued for its rapid
and effective relief (7). However, its therapeutic utility is critically limited by the development of
tolerance, where escalating doses are required to achieve the same analgesic effect, and physical
dependence (8, 9). Dependence involves neuronal adaptations that manifest as a characteristic
withdrawal syndrome upon drug cessation or administration of an antagonist like naloxone (10, 11). This
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syndrome can encompass a range of distressing symptoms, from gastrointestinal distress and
autonomic disturbances to anxiety, which severely impair quality of life and can be life-threatening (12).
In preclinical research, these states are modeled in animals through observable behaviors such as
jumping and tremors, providing a system to study these complex phenomena (13, 14).

Tolerance, a key facet of adaptation to chronic morphine exposure, is not a unitary phenomenon (15). It
can be categorized as pharmacokinetic, involving changes in the drug's metabolism; pharmacodynamic,
involving cellular and receptor-level adaptations such as receptor desensitization; and learned, which
involves behavioral compensation. At a molecular level, pharmacodynamic tolerance often involves
complex intracellular signaling pathways, including the upregulation of second messengers like Cyclic
adenosine monophosphate(cAMP), leading to altered neuronal excitability (16–18). Learned tolerance
describes a reduction in drug effect attributable to acquired compensatory mechanisms (19).

Growing evidence indicates that efflux transporters at the Blood-Brain Barrier (BBB), particularly P-
glycoprotein (P-gp), are implicated in opioid tolerance development (7, 20). P-gp (ABCB1), a well-
characterized member of the ATP-binding cassette (ABC) transporter superfamily, is recognized for
extruding xenobiotics from cells (21–23). While its substrate specificity is broad, typically encompassing
lipophilic compounds under 500 molecular weight with hydrogen-bonding capacity, its precise
mechanism is not fully defined (24). Critically, chronic opioid exposure can upregulate P-gp expression.
This is mediated via toll-like receptor (TLR) activation and inflammatory signaling, which enhances P-gp
activity and reduces central opioid efficacy, thereby contributing to tolerance (22).

Animal models employing specific behavioral tests such as tail immersion test (25), tail-flick test and
hot-plate test (26) are standard tools for evaluating tolerance and screening potential therapeutic
compounds.

The interplay of tolerance and dependence often drives a cycle of escalating use and can precipitate
addictive behaviors, particularly during attempts at discontinuation. Consequently, a detailed
understanding of the molecular mechanisms that underpin these adaptive processes is imperative. Such
knowledge is a prerequisite for the identification of novel therapeutic targets and the development of
future pharmacological interventions that can mitigate these detrimental effects, thereby enhancing the
clinical safety profile of morphine.

The tricyclic antidepressant (TCAs) clomipramine, a serotonin-noradrenaline reuptake inhibitor, has been
consistently demonstrated to possess anti-inflammatory properties at therapeutic concentrations across
in vitro, in vivo, and human studies (27). Peripherally, it modulates cytokine release by reducing pro-
inflammatory agents (IL-6, IL-1β, TNF-α) and elevating the anti-inflammatory IL-10. Furthermore, research
indicates that clomipramine exerts comparable anti-inflammatory effects within the central nervous
system (CNS) (27).

Furthermore, clomipramine has been identified as a substrate for the P-gp efflux pump (28, 29). By
competing for this transporter, clomipramine may inhibit the P-gp-mediated efflux of other substrates,
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such as morphine, from the CNS, thereby potentially increasing morphine's central bioavailability and
analgesic efficacy (30).

Based on the documented anti-inflammatory properties of clomipramine and its potential to act as a P-
gp substrate, this study aims to investigate the effects of clomipramine on the development of
morphine-induced tolerance and physical dependence in a mice model.

2. Materials and Methods

2.1. Materials
All pharmacological agents were obtained commercially. Morphine sulfate, Clomipramine, naloxone and
sodium thiopental were sourced from Iranian suppliers (Darou Pakhsh, Amin, Tolid Daro and Exir
Pharmaceutical companies, respectively).

2.2. Animals and treatment
Adult male albino mice weighing between 20 and 30 grams were obtained from the Pasteur Institute in
Iran. For the experiment, these animals were allocated at random into five distinct study groups. Each
group consisted of ten mice to ensure statistical reliability. The mice were maintained under standard
laboratory conditions with a temperature of 23 ± 1°C, a 12/12-hour light/dark cycle, and free access to
food and water. All procedures were performed in accordance with the Guide for the Care and Use of
Laboratory Animals (NIH Pub. No. 85 − 23, 1985) and were approved by the ethical review board of
Tabriz University of Medical Sciences (IR.TBZMED.AEC.1401.037). During drug administration and all
behavioral assessments (withdrawal scoring and hot plate testing), animals remained fully conscious
and were restrained manually; no anesthesia was administered, as these procedures did not require it. At
the conclusion of the experiment (day 22, following completion of the hot plate test), animals were
euthanized by an intraperitoneal overdose of sodium thiopental (200 mg/kg), administered until
cessation of respiration and cardiac activity was confirmed, in accordance with the AVMA Guidelines for
the Euthanasia of Animals and the approved institutional animal care protocol
(IR.TBZMED.AEC.1401.037). No tissue or blood samples were collected following euthanasia.

2.3. Experimental groups and drug regimen
The animals were distributed into five experimental groups (n = 10/group) to investigate the effects of
clomipramine on morphine dependence and tolerance.

Group 1 (Saline Control): Received a single daily i.p. injection of normal saline (10 ml/kg) for 14 days.
From days 15–21, the regimen was changed to two daily saline injections (10 ml/kg, i.p.) spaced 30
minutes apart.

Group 2 (Morphine Control): Underwent a chronic morphine regimen consisting of a single daily i.p.
injection of morphine sulfate (25 mg/kg) for 14 days. From days 15–21, a saline injection was
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administered 30 minutes prior to the daily morphine (25 mg/kg) injection.

Groups 3–5 (Clomipramine Treatment): Followed the same chronic morphine regimen as Group 2. From
days 15–21, they received daily i.p. injections of clomipramine at doses of 12.5, 25, or 50 mg/kg,
respectively, 30 minutes before the morphine injection.

2.4. Assessment protocols
All groups were subjected to standardized behavioral tests:

2.4.1. Withdrawal syndrome:
On day 21, two hours’ post-final injection, naloxone (5 mg/kg, i.p.) was administered to precipitate
withdrawal. Behavioral signs, including standing and jumping, were recorded for 30 minutes (31). To
quantify withdrawal behaviors, individual mice were placed in an open plexiglass chamber (25 × 25 × 40
cm) lined with filter paper, and the frequency of jumps and standing was recorded over 30 minutes. An
observer blinded to the treatment allocations performed all behavioral scoring. The behavioral data were
scored by an observer who was unaware of the experimental group allocations.

2.4.2. Tolerance development (Hot plate test):
On day 22, a test dose of morphine (9 mg/kg, i.p.) was administered. Analgesic response was evaluated
using the hot plate test at 15-minute intervals for 60 minutes (26). Animals were placed on a heated (54 
± 1°C), enclosed stainless steel surface, and the latency to a hind paw lick response was recorded. To
preclude tissue damage, a 30-second cut-off time was enforced. Pre-treatment baseline latencies were
determined 30 minutes before administering the experimental treatments.

2.5. Statistical analysis
Results are expressed as mean ± SEM. Significance was determined using InStat software, employing
unpaired t-tests and one-way ANOVA with Tukey's post-hoc analysis. A p-value of less than 0.05 defined
statistical significance.

3. Results

3.1. Morphine-induced dependence
Chronic morphine exposure (25 mg/kg, 21 days) produced significant physical dependence, resulting in
a robust withdrawal syndrome upon naloxone challenge (5 mg/kg). Standing and jumping behaviors
were significantly elevated in morphine-treated animals relative to the saline control group (Figure 1).

Figure 1- Naloxone-precipitated withdrawal behaviors in a mice model of morphine dependence.
Quantification of (A) jumping and (B) standing episodes over a 30-minute period following naloxone
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administration (5 mg/kg, i.p.). Values are expressed as mean ± SEM (n=10). *p < 0.05 indicates a
significant difference from the saline-control group (unpaired t-test). (S: saline, M: morphine.)

3.2. Effects of clomipramine on withdrawal symptoms
Administration of clomipramine reversed morphine withdrawal behaviors. As shown in Figure 2, pre-
treatment with clomipramine (12.5, 25, or 50 mg/kg, i.p., 30 min prior to morphine) from days 15-21
significantly modulated naloxone-precipitated withdrawal. All tested doses of clomipramine significantly
decreased both standing and jumping frequencies.

Figure 2- Clomipramine attenuates morphine withdrawal behaviors in a dose-dependent manner.

Administration of clomipramine (12.5, 25, and 50 mg/kg, i.p.) dose-dependently mitigated the severity of
naloxone-precipitated withdrawal symptoms. Data represent the mean ± SEM. Significance was
determined by one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001 indicates a significant difference
between treatment groups. (S: saline, M: morphine, Clo: clomipramine.)

3.3. Comparative analysis of morphine-induced analgesia
in control groups
Chronic morphine exposure induced analgesic tolerance. As illustrated in Figure 3, mice in the saline +
morphine group subjected to chronic morphine treatment (25 mg/kg for 21 days) developed significant
tolerance, evidenced by a markedly attenuated analgesic response to a subsequent morphine challenge
dose (9 mg/kg) in the hot plate test at 15, 30, and 45 minutes’ post-injection, compared to control
groups.

Figure 3- Analgesic efficacy of morphine in tolerant versus nontolerant subjects. Values are expressed
as mean ± SEM (n=10). Significance was determined by one-way ANOVA; *p < 0.05, **p < 0.01, ***p <
0.001 indicates a significant difference between groups. (S: saline, M: morphine.)

3.4. Effects of administration of clomipramine on
morphine-induced tolerance
Clomipramine pre-treatment altered morphine-induced analgesia. As shown in Figure 4, a 7-day regimen
of clomipramine significantly modulated the analgesic response to a subsequent morphine challenge (9
mg/kg, i.p.) in the hot plate test. Specifically, the groups receiving 25 and 50 mg/kg of clomipramine
exhibited a response profile significantly different from that of the morphine-only control group across
multiple post-injection time points.
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Figure 4- Impact of clomipramine pre-treatment on established morphine tolerance. Data represent the
mean ± SEM. Significance was determined by one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001
indicates a significant difference between treatment groups. (S: saline, M: morphine, Clo: clomipramine.)

3.5. Morphine-induced alterations in body weight across
control groups
As presented in Table 1, chronic morphine administration (25 mg/kg/day for 21 days) resulted in a
significant attenuation of body weight gain relative to the control (saline + saline) group over the course
of the study period.

Table 1-Comparison of body weight progression between morphine-treated and saline-control groups
over a 21-day period.

Groups Weight on day
1(g)

Weight on day
21(g)

Difference in weight between day 1 and day
21(g)

S+S 25.6 ± 1.7 30.1 ± 1.8 4.5 ± 0.1

S+M 25.4 ± 1.6 22.9 ± 1.7 -2.5 ± 0.3***

Data represent the mean ± SEM. Significance was determined by one-way ANOVA; ***p < 0.001 indicates
a significant difference between groups. (S: saline, M: morphine.)

3.6. Modulation of body weight by clomipramine compared
to a morphine control group
As shown in Table 2, administration of clomipramine (12.5-25-50 mg/kg) from days 15 to 21 significantly
altered body weight. Specifically, animals treated with 12.5 and 50 mg/kg of clomipramine exhibited a
significant increase in body weight compared to the morphine control group.

Table 2- Changes in body weight following clomipramine treatment (days 15–21) in a morphine-exposed
group.
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Groups Weight on day
1(g)

Weight on day
21(g)

Difference in weight between day 1 and
day 21(g)

S+M 25.4 ± 1.6 22.9 ± 1.7 -2.5 ± 0.3

Clo(12.5 mg/Kg)
+ M

26.4 ± 1.2 29 ± 1.5 2.6 ± 0.3***

Clo(25 mg/Kg) +
M

27.3 ± 1.8 28.1 ± 1.6 0.8 ± 0.2

Clo(50 mg/Kg) +
M

27.8 ± 0.5 30.4 ± 1.1 2.6 ± 0.5***

Data represent the mean ± SEM. Significance was determined by one-way ANOVA; ***p < 0.001 indicates
a significant difference between treatment groups. (S: saline, M: morphine, Clo: clomipramine.)

4. Discussion
Opioids are among the primary pharmacological treatments for moderate to severe pain, particularly in
patients with advanced cancer who require chronic high-dose opioid therapy (32, 33). Long-term use of
opioids such as morphine leads to the development of tolerance and dependence to their analgesic
effects (34, 35). Consequently, higher doses of morphine are required to achieve adequate pain relief,
which in turn increases the incidence of other adverse effects. Morphine administration also produces
numerous side effects, including gastrointestinal disturbances, psychological effects, and the potentially
dangerous complication of respiratory depression (36).

Morphine is one of the major alkaloids derived from the opium poppy. It exerts its effects by binding to
opioid receptors identified in both the central and peripheral nervous systems (37). The most important
of these receptors are the mu, delta, and kappa subtypes (38). Opioid dependence results in the
establishment of a new adaptive baseline within the nervous system, triggered by repeated exposure to
opioids. Disruption of this adaptive state in the absence of the drug leads to withdrawal, characterized by
symptoms such as rhinorrhea, lacrimation, nausea, vomiting, fever, and chills (39). The number and
severity of withdrawal symptoms vary depending on the degree of dependence in each individual.

While opioid tolerance arises through multiple pathways (7), the present discussion centers on the
mechanism mediated by the P-gp efflux transporter.

The BBB consists of physical and biochemical components. Tight junctions between endothelial cells
form the physical barrier, preventing paracellular transport (40, 41). Transcellular transport is regulated
by the biochemical component, mediated by efflux transporters. Among these, P-gp is the predominant
efflux transporter in the human BBB (20, 42). It uses ATP hydrolysis to move substances against their
concentration gradient and thereby transports drugs back into the bloodstream.
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Morphine is a substrate of P-gp, and reduced morphine efficacy is directly associated with increased P-
gp expression along brain endothelial microvessels (22). As a result, opioids are increasingly transported
back into the blood, reducing their penetration into the brain (24).

Recent studies have also demonstrated a strong association between morphine dependence and
oxidative stress, including increased production of reactive oxygen species (ROS) and suppression of
antioxidant enzymes (43, 44). Even a single dose of morphine has been shown to increase ROS
generation and decrease levels of reduced glutathione (GSH) in brain cells (45). Repeated morphine
administration depletes GSH, rendering the CNS highly vulnerable to oxidative stress. Chronic morphine
use has been reported to increase levels of oxidized glutathione (GSSG), reduce intracellular GSH in the
brain, and decrease the activity of catalase (CAT), superoxide dismutase (SOD), and glutathione
peroxidase (GPx) (46, 47). It also increases the production of brain catecholamines, amides, and nitric
oxide (46, 48). Chronic morphine intake stimulates renal cells to produce inflammatory cytokines and
neurotrophic factors such as interleukins, TNF-α, and NO, which facilitate pain transmission and
contribute to reduced analgesic efficacy (49, 50).

Inhibition of P-gp markedly alters drug distribution to tissues (51), most notably the brain, in contrast to
its effect on plasma concentration levels (52). Morphine is a P-gp substrate in vitro, and P-gp inhibition
influences its brain bioavailability and pharmacological effects (24). Studies have shown altered plasma
concentrations and clinical responses to oral and intravenous morphine following P-gp inhibition (53).

While the role of P-gp in limiting opioid CNS penetration is well-documented, strategies to modulate it for
therapeutic benefit are still being explored. In our previous work, we demonstrated that the antihistamine
cetirizine, a putative P-gp inhibitor, effectively reversed established morphine tolerance in mice (26).

The present study aimed to investigate the effects of different doses of clomipramine on dependence
and tolerance induced by morphine.

Clomipramine, a TCAs, is used not only to treat depression but also panic disorder (54). According to
studies, the severity of morphine dependence can be reduced using intramuscularly injected TCAs (55,
56). Therefore, the anti-inflammatory and antioxidant properties of clomipramine (57), along with its
inhibitory effect on P-gp (29, 58), may attenuate tolerance and dependence induced by chronic morphine
administration.

In this study, clomipramine was administered to animals at doses of 12.5, 25, or 50 mg/kg. This
treatment commenced on day 14 of the morphine injection protocol and continued daily for one week,
with each dose given 30 minutes prior to the daily morphine injection. All administered doses resulted in
a significant attenuation of withdrawal-related behaviors, including standing and jumping, relative to the
control group (Fig. 2). The observed effects demonstrated a dose-dependent relationship, wherein the
doses of 25 and 50 mg/kg yielded the most significant reductions, with statistical significance (p < 
0.001) compared to the 12.5 mg/kg dose.
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The results demonstrated that clomipramine reduced the intensity of withdrawal symptoms induced by
naloxone in morphine-dependent mice.

Furthermore, a one-week regimen of intraperitoneally administered clomipramine (12.5, 25, or 50 mg/kg)
significantly attenuated morphine tolerance, quantified via the hot-plate test on day 22. The 50 mg/kg
dose demonstrated the most potent effect, producing significant reductions at the 30, 45, and 60-minute
time points (Fig. 4). While still significant (p < 0.05), a more modest reduction in tolerance was observed
in the 25 mg/kg group.

Mechanistically, the reduction in tolerance and dependence observed in the present study may be
attributed to clomipramine’s dual actions on both P-gp function and oxidative stress pathways. By
inhibiting P-gp at the BBB, clomipramine may increase morphine’s central availability, thereby preventing
the compensatory upregulation of efflux transporters that contributes to diminished analgesic efficacy
during chronic opioid use (29, 59). At the same time, its reported antioxidant and anti-inflammatory
effects may mitigate morphine-induced increases in ROS, depletion of GSH, and elevation of
neuroinflammatory mediators (54, 57). This combined modulation of pharmacokinetic and
neuroinflammatory pathways provides a plausible explanation for the pronounced attenuation of
withdrawal behaviors and tolerance observed in the higher-dose groups.

The present study delineates distinct temporal and pharmacological profiles for body weight modulation
in a model of morphine exposure. Consistent with established literature on opioid effects, chronic
morphine administration alone significantly attenuated normal body weight gain compared to vehicle
controls (Table 1), a finding attributed to the well-documented metabolic and anorexigenic effects of
prolonged opioid receptor agonism (60). This establishes a baseline state of impaired weight
progression. Intriguingly, the introduction of clomipramine during the final week of morphine exposure
produced a divergent outcome. As summarized in Table 2, late-stage treatment with specific doses of
clomipramine (12.5 and 50 mg/kg) not only counteracted but reversed this trend, leading to a significant
increase in body weight relative to the morphine-only group. Future investigations into specific
mechanisms, such as food intake monitoring, energy expenditure, and neuroendocrine pathways, are
warranted to elucidate how clomipramine exerts this protective or restorative effect on body weight in
the context of morphine dependence.

5. Limitations and Future Perspectives
The present study is limited by its reliance on an animal model, which may not fully replicate the
complexity of human opioid tolerance and dependence. Molecular analyses, such as direct
measurement of P-gp expression, oxidative stress markers, or inflammatory mediators, were not
performed and therefore the proposed mechanisms remain inferential. Additionally, clomipramine’s
potential side effects, pharmacokinetic interactions, and long-term safety were not evaluated within the
study period. Future research should incorporate biochemical assays to confirm transporter modulation
and antioxidant effects, assess dose–response relationships more precisely, and explore whether
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clomipramine interacts synergistically or antagonistically with other opioids. Investigating behavioral,
metabolic, and neuroendocrine effects in longer-duration models, as well as validating these findings in
clinical populations, will be essential for determining translational potential.

6. Conclusion
The present study demonstrates that clomipramine significantly attenuates both morphine-induced
tolerance and naloxone-precipitated withdrawal symptoms in mice. These effects were dose-dependent,
with the 25 and 50 mg/kg doses exhibiting the greatest behavioral improvements. The results support
the hypothesis that clomipramine’s dual actions, its potential modulation of P-gp at the BBB and its
known antioxidant and anti-inflammatory properties, may contribute to improved central morphine
availability and reduced neuroadaptive stress responses.

In addition, clomipramine administration partially restored normal body weight progression in morphine-
treated animals, suggesting possible beneficial effects on metabolic or neuroendocrine pathways
disrupted by chronic opioid exposure.

Collectively, these findings indicate that clomipramine may represent a promising adjunctive agent for
mitigating morphine tolerance and dependence. Further mechanistic studies and clinical evaluation are
warranted to determine its translational potential in opioid pharmacotherapy.
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Figure 1

Naloxone-precipitated withdrawal behaviors in a mice model of morphine dependence. Quantification of
(A) jumping and (B) standing episodes over a 30-minute period following naloxone administration (5
mg/kg, i.p.). Values are expressed as mean ± SEM (n=10). *p < 0.05 indicates a significant difference
from the saline-control group (unpaired t-test). (S: saline, M: morphine.)
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Figure 2

Clomipramine attenuates morphine withdrawal behaviors in a dose-dependent manner.

Administration of clomipramine (12.5, 25, and 50 mg/kg, i.p.) dose-dependently mitigated the severity of
naloxone-precipitated withdrawal symptoms. Data represent the mean ± SEM. Significance was
determined by one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001 indicates a significant difference
between treatment groups. (S: saline, M: morphine, Clo: clomipramine.)
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Figure 3

Analgesic efficacy of morphine in tolerant versus nontolerant subjects. Values are expressed as mean ±
SEM (n=10). Significance was determined by one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001
indicates a significant difference between groups. (S: saline, M: morphine.)
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Figure 4

Impact of clomipramine pre-treatment on established morphine tolerance. Data represent the mean ±
SEM. Significance was determined by one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001 indicates a
significant difference between treatment groups. (S: saline, M: morphine, Clo: clomipramine.)
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