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ABSTRACT: Morphine tolerance is a serious clinical problem characterized by a decreased analgesic effect resulted from
the long-term use of morphine with uncertain etiology and therapeutic interventions are limited. In this study, we aimed
to investigate the effect of telmisartan in a mouse model of morphine-induced analgesic tolerance and the underlying
mechanisms of its action. Morphine (10 mg/kg) was injected subcutaneously twice daily for five days. Mice were
pretreated with Telmisartan (TEL; 5 and 15 mg/kg) orally by gavage 30 min before each morphine injection. L-NAME
(10 mg/kg), L-arginine (L-ARG,300 mg/kg) or N-acetylcysteine (NAC, 50 mg/kg) was administered intraperitoneally 45
min prior to morphine. Analgesic efficacy was evaluated by hot-plate test on 1st, 3rd and 5th days, 60 min after
morphine injection. Spinal cord samples of mice were used to examine the protein expressions of nNOS and iNOS by
western blotting and total GSH content. Repeated morphine administration caused a significant decrease in analgesic
efficacy, demonstrating the development of morphine tolerance. High-dose TEL treatment effectively prevented
morphine-induced analgesic tolerance. L-ARG abolished the inhibitory effect of TEL on morphine tolerance, while L-
NAME and NAC did not alter. GSH level and nNOS expression were decreased, as well as iNOS expression was
increased in the spinal cords from morphine-tolerant mice. TEL (15 mg/kg) treatment prevented the decrease in GSH
level and the increase in iNOS expression of spinal cords. TEL would be a potential therapeutic candidate in preventing
morphine tolerance through its activity on antioxidant systems and, in part, on the nitric oxide pathway.
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1. INTRODUCTION

Morphine is a natural alkaloid obtained from poppy seeds, an opioid receptor agonist and used in
the treatment of different types of pain with its strong analgesic and sedative effects. Morphine shows its
potent analgesic effect by preventing the transmission of pain impulses in the spinal cord and through
modulation of the pain perception [1]. Although it is known as one of the most potent analgesic substances,
morphine is commonly associated with serious problems such as the development of tolerance to its effects
and physical dependence, which limits its clinical use [2]. Morphine tolerance is characterized by a reduced
therapeutic response to morphine at therapeutic doses and the need for higher doses to maintain the desired
effect of morphine. Moreover, it leads to the occurrence of side effects of opioid analgesics such as nausea,
urinary retention and severe constipation, and poor compliance with therapy [3]. Although the precise
molecular mechanisms underlying morphine tolerance are still largely unknown, numerous studies have
shown that neuroinflammation [2], oxidative stress [4], nitric oxide (NO) pathway, and protein kinase C
activation [5] play important roles in opioid tolerance. It has been shown that chronic morphine treatment
causes the production of reactive oxygen species (ROS) and inhibits the antioxidant defense system [6, 7]. In
a clinical trial, chronic morphine treatment altered the glutathione (GSH)-dependent oxidative balance and
tented to vulnerable the patients to oxidative damage [8].

The role of NO on morphine tolerance is controversial. While some studies have shown that the
blockage of excessive NO biosynthesis and selective NO synthase (NOS) inhibitors (especially inducible
NOS -iNOS- inhibitors) prevent morphine tolerance and dependence [9, 10], other studies have revealed
that increased NO level in the induction phase of tolerance delays the formation of opioid tolerance and
dependence [11]. Babey et al. suggested that NO precursor, L-arginine (L-ARG), decreased morphine
analgesic potency and also accelerated the development of opioid tolerance when coadministered with
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morphine [12]. Ozdemir et al., underlined that L-NAME, a NOS inhibitor, treatment prevented the morphine
analgesic tolerance in hot plate test [13].

Telmisartan (TEL), an angiotensin II type 1 (AT1) receptor antagonist, is an antihypertensive agent
that is frequently preferred in the treatment of hypertension in clinic. In addition it has antihyperlipidemic,
neuroprotective, cardioprotective and antidiabetic activity that are considered to be related with the
inhibition of ROS production by TEL [14-16]. In neuronal cells, TEL prevented glucose-induced neuronal
damage by increasing antioxidant enzyme activities and GSH levels [15]. Besides its antioxidant effects, TEL
is also known to interact with NO pathway, especially by inhibiting iNOS activity [17, 18]. Several studies
also emphasized the antiinflammatory effects of TEL in neuronal damage, which is attributed to the
inhibition of iNOS activity, thus the production of NO that is a causative factor involved in inflammation
and the suppression of proinflammatory cytokines such as tumor necrosis factor-alpha and interleukins [19,
20].

In the light of these studies, we aimed to investigate the protective effect of TEL in the development
of morphine-induced analgesic tolerance in mice and to elucidate the role of the antioxidant system and NO
pathway in its action.

2. RESULTS

2.1. Effect of TEL treatment on the development of morphine-induced analgesic tolerance

Repeated morphine administration lead to a significant decrease in the analgesic effect of morphine
on the 3rd and 5th days, indicating the development of morphine tolerance. TEL treatment at 5 mg/kg could
not prevent the decrease in analgesic effect when compared to the morphine-tolerant group, whereas high
dose TEL (15 mg/kg) treatment significantly increased the analgesic response of morphine when compared
to the morphine-tolerant group (Figure 1, p<0.05).
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Figure 1. Effects of TEL treatment on the development of morphine-induced analgesic tolerance in mice.
Data were expressed as meantstandard error (n=6-8). ***p<0.001, **p<0.01 significantly different from the
control, ### p<0.001, # p<0.05 significantly different from the MOR. MOR, morphine (10 mg/kg). TEL,
telmisartan.

2.2. Role of NO pathway and antioxidant system on the effect of TEL treatment on the morphine-induced
analgesic tolerance

As shown in Figure 2, high dose of TEL (15 mg/kg) prevented the development of tolerance to
morphine analgesia, administration of L-ARG antagonized the therapeutic effect of TEL on the morphine-
induced analgesic tolerance at day 3 and 5 (p<0.05). Co-treatment with L-NAME or NAC did not change the
effect of TEL on the morphine-induced analgesic tolerance (Figure 2).
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Figure 2. Effects of L-NAME (10 mg/kg), L-ARG (300 mg/kg) or NAC (50mg/kg) co-treatment on TEL-
induced prevention of the development of analgesic tolerance in mice on (a) day 1, (b) day 3, (c) day 5.
Data were expressed as meantstandard error (n=6-8). “p<0.001, “p<0.01, * p<0.05 significantly different
from control and as indicated. L-ARG, L-arginine. L-NAME, L-N (G)-nitroarginine methyl ester. MOR,

morphine (10 mg/kg) . NAC, N-acetylcysteine. TEL, telmisartan.

2.3. Effect of TEL and co-treatment with L-ARG, L-NAME or NAC on morphine-induced alteration of
spinal cord GSH level

Chronic morphine treatment caused a significant reduction in GSH level of spinal cords from
morphine-tolerant mice compared with control (p<0.001) and TEL (15 mg/kg) augmented spinal GSH
content compared to morphine-tolerant group. Moreover, co-treatment with L-NAME and NAC caused a
marked increment in GSH level compared to morphine-tolerant mice (p<0.05). L-ARG administration did
not change the effect of TEL on morphine-induced alterations of spinal cord GSH level (Figure 3).
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Figure 3. Effects L-NAME (10 mg/kg), L-ARG (300 mg/kg) or NAC (50mg/kg) co-treatment with TEL on
total GSH level in mice spinal cord. Data were expressed as meantstandard error (n=6-8). ***p<0.001,
*p<0.05 significantly different from the control, ### p<0.001, # p<0.05 significantly different from the
MOR, $$$ p<0.001 significantly diffferent from the MOR+TEL15. L-ARG, L-arginine. L-NAME, L-N (G)-
nitroarginine methyl ester. MOR, morphine (10 mg/kg). NAC, N-acetylcysteine. TEL, telmisartan.

2.4. Effect of TEL on morphine-induced alteration of spinal cord nNOS protein expression

As shown in Figure 4, chronic morphine treatment caused a significant decline in spinal cord nNOS

protein expression compared to the control (p<0.05) and TEL treatment was not able to prevent the
reduction of nNOS protein expression in spinal cord compared to the morphine-tolerant group (Figure 4,

p<0.001).
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Figure 4. Effects of TEL (15 mg/kg) treatment on nNOS protein expression levels of spinal cords from
morphine-treated mice. Upper panel, representative image showing the nNOS protein expressions. Data
were expressed as meantstandard error (n=5-6). ***p<0.001, *p<0.05 significantly different from the

control. MOR, morphine (10 mg/kg). TEL, telmisartan.

2.5. Effect of TEL on morphine-induced alteration of spinal cord iNOS protein expression

As shown in Figure 5, chronic morphine treatment significantly increased iNOS protein expression

in the spinal cord compared to the control (p<0.05) and in TEL-treated group, iNOS protein expression was

similar compared to control (Figure 5).
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Figure 5. Effects of TEL (15 mg/kg) treatment on iNOS protein expression levels of spinal cords from
morphine-treated mice. Upper panel, representative image showing the iNOS protein expression. Data
were expressed as meantstandard error (n=5-6). *p<0.05 significantly different from the control. MOR,
morphine (10 mg/kg). TEL, telmisartan.

3. DISCUSSION

Morphine and other opioid agents are the most effective drugs that are frequently preferred in the
treatment of chronic pain due to their high potency. However, the decrease in the analgesic effect called
tolerance that develops as a result of long-term use of morphine, limits its clinical use. In case of opioid
tolerance, higher doses of drugs are required to achieve the effect at the therapeutic level. This problem
exacerbates many opioid-related side effects like physical dependence and respiratory depression, which
may be life-threatening [1, 3]. Therefore, there is an urgent need to develop potent and safe adjuvant agents
to prevent opioid tolerance.

Although molecular mechanisms that mediates the development of morphine tolerance and novel
preventive strategies are still not fully elucidated, neuroinflammation, free radical production and the NO
pathway have been found to play important roles in opioid tolerance [2, 4]. In this study, we aimed to
determine the effects and possible mechanisms of action of TEL, an antihypertensive agent known to be
associated with NO pathway and antioxidant systems, on morphine tolerance within the scope of drug
repositioning strategies.

We observed that chronic subcutaneous injection of morphine (10 mg/kg) for 5 consecutive days
significantly decreased maximal analgesic action and generated analgesic tolerance in mice and TEL
treatment with high dose (15 mg/kg) markedly prevented the decline in morphine analgesia. A recent study
showed that adjuvant treatment with angiotensin receptor antagonists enhanced the analgesic effect of
submaximal dose morphine in a neuropathic pain model but acute TEL treatment alone did not show
analgesic activity [21]. However, little is known about the their effects and possible underlying mechanisms
of angiotensin receptor antagonists on morphine-induced analgesic tolerance.

GSH acts as an antioxidant mediator by scavenging free radicals and inhibiting lipid peroxidation,
and also mediates non-enzymatic detoxification of hydroxyl radicals [22]. In opioid tolerance, excitotoxicity
develops as a result of increased synaptic glutamate concentrations and a decrease in neuronal antioxidant
defenses, which is associated with decreased intracellular cysteine levels and decreased total GSH [23].
Morever, chronic morphine administration exaggerated production of free radicals and produced a
progressive decline in intracellular GSH levels in rat brain [24]. According to the our findings, the total GSH
level of spinal cords decreased with consecutive morphine administration in morphine-tolerant group and
TEL treatment prevented this decrease significantly. Moreover, inhibition of NO production and activation
of antioxidant system potentiated the therapeutic effect of TEL on GSH levels. Consistent with our findings,
Eslami et al., also found that TEL increased the total GSH level in a glucose-induced oxidative damage in
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neuronal cell culture [15]. In neuronal cells, it was demonstrated that extracellular cysteine is an rate-limiting
amino acid for GSH synthesis. NAC, a potent antioxidant, is a precursor of L-cysteine and it can be easily
penetrate the neurons and act as a cysteine reservoir for neuronal GSH synthesis [25, 26]. Therefore the
excessive increment GSH level with the administration of NAC+TEL may be due to cysteine reservoir action
of NAC. In this regard, it can be assumed that chronic morphine treatment increase the oxidative damage
and also depletes the antioxidant reserve in neuronal cells while TEL may be an effective agent in preventing
oxidative damage and supporting the antioxidant defence system via increasing the GSH level.

Growing evidence indicates that the overproduction of NO plays an important role in the
development of opioid-analgesic tolerance and dependence [27-29]. It was suggested that chronic morphine
treatment enhances NO production that increase cGMP levels and alter phosphorylations of some key
proteins implicated in analgesic tolerance. Therefore, the agents that inhibit NO pathway might be
promising therapeutic target for opioid-induced tolerance and dependence [30]. To investigate the roles of
nitric oxide synthase (NOS) isoforms in the development of morphine tolerance and possible role in TEL
therapeutic effect, we evaluated nNOS and iNOS expression levels in spinal cord homogenates by western
blot. Our findings showed that nNOS expression decreased and iNOS expression increased in the spinal
cords of morphine-tolerant mice. We found that the decrease in nNOS expression was not prevented by TEL
treatment and iNOS expression was found to be similar to the control. Similar with our findings, Khan et al.
reported that while morphine administration increased iNOS expression, it did not change the nNOS
expression level and thalidomide, which was found to be effective on morphine analgesic tolerance,
prevented the increase in iNOS expression of morphine-treated cells, and also did not change nNOS
expression in neuroblastoma cell culture [31]. Abdel-Zaher et al. also showed that iNOS mRNA expression
significantly increased in brain homogenates of morphine-tolerant mice, however, but nNOS mRNA
expression did not change [10].

4. CONCLUSION

Taken together, our results provide strong evidence that TEL has significant beneficial effects on
morphine-induced analgesic tolerance clinically encountered in the treatment of chronic pain by partially
modulating the NO pathway and oxidative stress.

5. MATERIALS AND METHODS

5.1.Chemicals

The following agents were used in experiments; morphine HCl (Galen Pharmaceutical Industry Inc.,
Ttrkiye), L-N (G)-nitroarginine methyl ester (Sigma-Aldrich, USA), L-arginine (Sigma-Aldrich, USA), N-
acetylcysteine (Haver Pharma, Ttirkiye), telmisartan (NeuTec Pharma, Tiirkiye), anti-nNOS antibody (Cell
Sigaling Technology, USA), anti-iNOS antibody (Cell Sigaling Technology, USA).

5.2. Animals

Adult 48 male Balb/C mice (20-35 g, 6-8 weeks old) were used in the study. The mice were housed in
cages with access to free food and water in the temperature and humidity-controlled (22 +1 °C) rooms. The
experimental protocol was approved by Institutional Animal Care and Ethics Committee (Approval number:
2021/22).

5.3. Induction of morphine tolerance and treatment schedule

To induce morphine tolerance; morphine (10 mg/kg) was administered subcutaneously (s.c.) twice
a day (at 9:00 am. and 4:00 p.m.) for five consecutive days [32]. L-N (G)-nitroarginine methyl ester (L-
NAME; non-selective NOS inhibitor, 10 mg/kg) , L-arginine (NO prekursor, 300 mg/kg) and N-
acetylcysteine (NAC, antioxidant, 50 mg/kg) were administered intraperitoneally (i.p) 45 minutes before the
morphine administration, and TEL (5 and 15 mg/kg) was administered to the animals by oral gavage (p.o)
30 minutes before the morphine administration for five days. In the control group, physiological saline was
administered instead of morphine in the same protocol. 0.5% carboxymethylcellulose (CMC) was used as
vehicle for TEL.
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5.4. Hot-plate test

In the hot plate test, mice were placed on a heater set at 55£0.1 °C and the latency until mice showed
first behavioral reaction (hind paw licking or jumping) was recorded. 1st, 3rd and 5th days of experiment,
each mouse was placed on a hot plate and baseline latency was measured. Then, the test dose of morphine
(10 mg/kg; s.c) was administered to mice and after 60 minutes of morphine administration, latency was
recorded three times with an interval of 10 min. The average of three measurements for each mouse was
recorded as the latency value for the relevant experimental day. A 30-s cut-off was used to avoid tissue
damage [9]. Maximal possible effect (%MPE) was calculated with the following equation for the latency-
withdrawal response for each mice:

%MPE = [postdrug latency (s) — baseline latency (s)] / [cut-off value (s) — baseline latency (s)] x 100

On the 5th day following the hot-plate test, the mice were sacrificed by cervical dislocation under
anesthesia, the spinal cord tissues were quickly removed, frozen in liquid nitrogen and stored at -80°C for
western blot and biochemical analysis.

5.5. GSH content

Spinal cords were homogenized with cold phosphate-buffered saline (pH = 7.4) and the
homogenates were centrifuged at 10000 rpm at +4°C. The GSH content were measured in the spinal cord
homogenates by using commercial colorimetric kit (Cayman Chemical-703,002, Ann Arbor, MI, USA)
following the manufacturer's guidelines and were expressed as pmol/g protein [33].

5.6. Western-blot analysis

Each frozen spinal cords were sonicated respectively in 10 volume of ice-cold fresh TNTE lysis
buffer [50 mM Tris-HCI (pH: 7.4), 150 mM NaCl, %1 Triton-X 100, 1 mM EDTA (pH:7.0), 5 mM NasP>Oy,
protease inhibitor cocktail, %10 Glycerol, 2 mM sodium orthovanadate, 20 mM NaF, 1 mM PMSF] and
centrifuged as described previously (23). Total protein content was determined by bicinchoninic acid (BCA)
assay kit (Thermo Scientific, 23225, USA). The samples (30 pg/lane) were loaded into 10% acrylamide gel
and after electrophoresis, proteins were transferred to polyvinylidene difluoride membranes. Membranes
were blocked with 5% skimmed nonfat milk in 0.1% Tween-20 Tris-buffered saline for 90 min and then
incubated with anti-nNOS (1:1000), anti-iINOS (1:1000), and anti-p actin antibody (1:3000) overnight at 4° C.
Following the primary antibody incubation, membranes were incubated with horseradish peroxidase linked
secondary antibody, and protein bands were visualized using enhanced chemiluminescence kit (ECL kit,
Laboratories Inc. Hercules, CA, USA). Densitometric analysis of protein bands were performed using Image
] software (NIH, USA) and data normalized to relative B-actin [34].

5.7. Statistical analysis

Data were expressed as the mean * standart error. Statistical analysis was performed using
GraphPad Prism (Version 5.01; Graphpad Software, San Diego, CA, USA). The differences between groups
were compared with student’s t test or two-way ANOVA, followed by Bonferroni multiple comparison test
and p<0.05 was considered statistically significant.
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