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ABSTRACT

Tolerance to opioid administration represents sssmmedical alert in different chronic
conditions. This study compares the effects oirtidazoline compounds, 2, and3 on
morphine tolerance in an animal model of inflammagmain in the ratl, 2, and3 have been
selected in that, although bearing a common sahffokferentially bind ta,-adrenoceptors,
imidazoline } receptors, or both systems, respectively. Suclpoomds have been tested
vivo by measuring the paw withdrawal threshold to meid#h pressure after complete
Freund’s adjuvant injection. To determine the ldidavels in rat plasma, an HPLC-mass
spectrometry method has been developed. All thepoomds significantly reduced the
induction of morphine tolerance, showing differpotency and duration of action. Indeed,
the selective imidazoline feceptor interactior2f restored the analgesic response by
maintaining the same time-dependent profile obgkafter a single morphine administration.
Differently, the selective,c-adrenoceptor activatiod) or the combination betweenc-
adrenoceptor activation and imidazolipedceptor engagemer8)(promoted a change in the
temporal profile of morphine analgesia by maintagna mild but long lasting analgesic
effect. Interestingly, the kinetics of compoundsanplasma supported the pharmacodynamic
data. Therefore, this study highlights that botbyti@r biological profile and bioavailability
of such ligands complement each other to modutetedduction of morphine tolerance.
Based on these observatiohs3 can be considered useful leads in the designwfdnegs

able to turn off the undesired tolerance induceompids.

Keywords: ay-adrenoceptors, imidazolingreceptors, inflammatory pain, morphine

tolerance, bioavailability.
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(PubChem CID 30864913, (PubChem CID 44269006); morphine (PubChem CID B288
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1. Introduction

Therapeutic use of opioids represents the starafarare in the treatment of severe chronic
pain and cancer-related pain. The reduction oatragesic effect and the need to minimize
the abstinence syndrome require an increased artshged opioid dosing (Veilleux et al.,
2010). Tolerance and dependence after chronicepiqposure are the final result of a
complex network of adaptation at molecular, cetlalad neural level. Such adaptation
concerns both opioid and non-opioid systems (Wal.eR008) Therefore, agents affecting
indirectly the opioid network might represent uséfwls in opioid management. Indeed,
some of them, behaving as “biphasic opioid functimdulators”, enhance opioid analgesia

and inhibit opioid tolerance and dependence (S £2003).

ap-Adrenoceptors have been demonstrated to be eXiresesitive to opioid exposure
(Streel et al, 2006). They have been classifiedldpt, 0., anda,c subtypesu,a receptor
mediates hypotension, sedation and analgesiajasoconstriction, while,c contributes to
adrenergic-opioid synergy (Tan and Limbird, 20@&pnidine, aru,-adrenoceptor agonist
devoid ofa, subtype selectivity, has been clinically usegam management but, due to its
apa SUbtype activation, is responsible for sedatiash lypotension side effects. Therefore,
selectivenyc-adrenoceptor agonists might represent alone conmbination with opioid

analgesics an improvement over current therapigschonidine-like drugs.

To overcome the side effects of opiate drugs, yhergism with compounds interacting with
imidazoline } receptors has been reported (Dardonville and 8&#04)The imidazoline
receptor family includes keceptors regulating cardiovascular functignnvolved in central
nervous system pathologies such as Parkinson’asiséepression, tolerance and addiction
to opioids, and slrepresenting a potential target for the treatroédiabetes (Dardonville

and Rozas, 2004; Nikolic and Agbaba, 2012; Reynetdl., 1996; Ruiz-Durantez et al.,

2003). Moreover,;lreceptors are present in brain areas involveeiogption and response
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to painful stimuli (Ruggiero et al., 1998). Sintdas been observed a potentiation of the
analgesic effect of morphine by agmatine (Regumat®@06) (a possible endogenous ligand
of imidazoline receptors) and a significant deceeaisthe imidazoline receptor density in
different brain regions after chronic morphine tne@nt (Su et al., 2001), it is reasonable to
hypothesize the involvement gfreceptors in the modulation of pain and in the

pharmacological effects of opioids.

This study compares the effects of three imidaeotiompoundsl€3) on morphine tolerance
in an animal model of inflammatory pain in the fBiese compounds were selected in that,
though bearing a common pharmacophore, were alpltade preferential recognition of
ap-adrenoceptorsly (Del Bello et al., 2013}, receptors?) (Gentili et al., 2008a) or both
systemsJ) (Del Bello et al., 2013) (Fig. 1, Table 1). Taekenine the ligand levels in rat

plasma, an HPLC-mass spectrometry method has e&sodeveloped.

2. Materials and methods

2.1. Drugs

Compound 1 (2-(1-(2-allylphenoxy)ethyl)-4,5-dihydroH-imidazole, allyphenyline) was
obtained from 2-(2-allylphenoxy)propanenitrile yedtment with sodium methoxide and
ethylenediamine (Gentili et al., 2008b). Compoud(2-(2-(naphthalen-1-yl)ethyl)-4,5-
dihydro-1H-imidazole) was obtained starting from methyl 3gimidalen-1-yl)propanoate by
treatment with ethylenediamine and trimethyl aluomm (Gentili et al., 2008a). Compoudd
(2-((2-allylphenoxy)methyl)-4,5-dihydroH-imidazole) was obtained by condensation of 2-
allylphenol with 2-(chloromethyl)-4,5-dihydro-timidazole in the presence of sodium
ethoxide (Brasili et al., 1995).

2.2. Animal subjects
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Male Wistar rats (Harlan, S. Pietro al Natisone,, itBly) weighing 250-300 g were housed
with ad libitum access to food and water, in a terafure-controlled room with a 12-hour
light/dark cycle. All the experimental procedurescdribed were in compliance with
international laws and policies (Directive 2010B3/revising Directive 86/609/EEC on the
protection of animals used for scientific purpoggside for the Care and Use of Laboratory
Animals, U.S. National Research Council, 1996).

2.3. Analgesic assay

Unilateral inflammation was induced by injectingdldl of a 50% solution of Freund’s
adjuvant (CFA) (Sigma Aldrich, Milan, Italy) in pbilogical saline into the plantar surface
of the right hind paw of the rat. CFA was injec&th before test drugs administration. A
sham control group injected with saline was alwargsent for comparison. Paw withdrawal
threshold to mechanical pressure was measurecavRidindall-Selitto analgesymeter (Ugo
Basile, VA, Italy) before CFA injection (healthyiaral basal threshold), 24 hours after CFA
injection (inflamed paw basal threshold) and dfedént time after drugs administration.
Morphine tolerance was induced by administeringphore 5 mg/kg subcutaneously (s.c.),
twice a day, for 4 consecutive days after CFA imgbimflammation in the paw. To assess the
effects on morphine tolerancke3 were administered twice a day for 4 days at a d68e5
mg/kg intraperitoneally (i.p.) 15 min before monpéi

Unless otherwise noted, all experimental and cogi@ups contained six animals per group.
Antinociceptive effect was expressed as percettiemmaximum possible effect (MPE)
according to the following formula: %MPE = (meagsltlereshold — mean vehicle
threshold/cut off - mean vehicle threshold) x 1800 data were expressed as mean + S.E.M.
2.4. Determination of theligand levelsin rat plasma

2.4.1. Blood sample collection
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For the pharmacokinetic analysis of the compounasd2 blood samples (200-300 pl), were
taken from the rat tail vein at 30, 60, 90 and &#0 after drugs injection and collected in
heparinised eppendorf tubes. The samples wereokeijge and then immediately centrifuged
at 4 °C for 15 min at 2000 g to allow plasma sefp@amathen they were stored at 4 °C until
analysis.

2.4.2. Materials and standards

Individual stock solutions df or 2 were prepared by dissolving 5 mg of each compauiid
ml of methanol and stored in glass-stopper bo#te’C. Standard working solutions, at
various concentrations, were daily prepared by @mumte dilution of aliquots of the stock
solutions in methanol. HPLC-grade methanol and Higt&tle acetonitrile were supplied by
Sigma-Aldrich (Milano, Italy) and HPLC-grade formacid was supplied by Merck
(Darmstadt, Germany). Deionised water (>18 lm resistivity) was obtained from the
Milli-Q SP Reagent Water System (Millipore, BedfphA). All the solvents and solutions
were filtered through a 0.45-um PTFE filter fromp8lco (Bellefonte, PA, USA) before use.

2.4.3. Extraction procedure for rat plasma samples

To 0.05 ml heparinised plasma samples 0.05 ml etioadtrile was added, the organic phase
was vortexed for 30 sec. and then centrifuged @0@3ev/min for 20 min. The supernatant
was evaporated, made back with acetonitrile antsteared to a vial with 250 pl micro-
volume insert (polypropylene). Afterwards, 1 pl vidtered and then injected onto the LC-
MS system.

2.4.4. LC-MS conditions

Analytical: the analysis of compounds was achieme@n analytical column Synergi Hydro-
RP 80A (250 x 4.60 mm |.D., 4m) from Phenomenex (Chesire, U.K.). The mobile pHas
LC/ESI-MS (single quadrupole) analyses was a mextir(A) water with 0.1% formic acid,

and (B) acetonitrile with 0.1% formic acid, flowirag 0.8 ml mift" in isocratic conditions:
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60% A, 40% B. LC/MS studies were performed usinfeavlett Packard (Palo Alto, CA,
USA) HP-1090 Series Il, made of an autosampleraabihary solvent pump, with a mass
spectrometer detector equipped with an ESI interfa@ositive ionization mode. The
optimized parameters of the ESI interface wereoviapr temperature, 325 °C; nebulizer gas
(nitrogen) pressure, 50 psi; drying gas (nitrogeaw rate, 13 ml min-1; temperature, 350°C;
capillary voltage, 3500 V. Data were acquired ushegselected ion monitoring (SIM) mode.
The SIM ions monitored during the run were 231.% forf 1 and 225.1 m/z fo2 both with
Fragmentor 75 eV.

2.4.5. Method validation

The method was validated by determining lineariggovery at three fortification levels and
limits of detection (LODs) and limits of quantifitan (LOQs). Calibration curves of the
analyzed compound were constructed injecting If mig standard solutions at six different
concentrations, i.e. 0.01, 0.05, 0.1, 0.5, 1, amy3® in LC/MS technique. Three replicates
for each concentration were performed, and theivelatandard deviations (RSDs) ranged
from 1.1 to 2.2% for run-to-run precision, and fr80 to 4.7 % for day-by day precision.
The calibration curves of the analyzed compoundsveld a correlation coefficient equal to
1.0000 {) and 0.99952). The LOD and LOQ), defined as the peak givingspoase equal to
a blank signal plus three and ten times the staindiewiation of the noise were calculated,
respectively. The LODs and the LOQs of the studmmpounds, expressed in ng’mivere
calculated injecting in LC/MS standard solution®oth analytes at various concentrations.
LODs value forl and2 was 1 ng mt, while LOQs value fofl and2 was 3 ng mt. The
recovery percentages bfand2 were investigated by spiking with the standardtarix of1
and?2 the plasma samples before extraction, for a finatentration level of 5, 10 and 50 ng
ml™. Mean recoveries of the two compounds ranged B88rto 92% with n = 5 and RSDs

<4.3% for plasma samples. Retention time stabaig utilized to demonstrate the specificity



178 of the method. Reproducibility of the chromatogiapltention time for each compound was
179 examined five times per day over a 5-day period 8%). The retention times using this

180 method were stable with a percent RSD valuglo82%.

181 25. Statigtical Analysis

182 Data analysis was performed on the crude mechathicghold values. Data were analyzed
183 by repeated measures (RM) two-way analysis of needANOVA), with p< 0.05 accepted
184 as significant. Inter-group differences were assg &y either Sidak's or Dunnett's multiple
185 comparisons test as selected by the statisticalad (GraphPad Prism version 6 for

186 Windows, GraphPad Software, La Jolla, Californi8A). Time-related profiles of treatments
187 are presented as the mean withdrawal thresholessed in percentage of MPE (measured
188 threshold — mean vehicle threshold/(cut off - mealicle threshold) x 100) £ S.E.M. at

189 relevant time-points.

190

191 3. Results

192 In acute experiments compourid8 did not show any analgesic effect when administepe
193 at the dose of 0.5 mg/kg (data not shown). ConlerSeng/kg of morphine showed a potent
194  and significant (two-way RM ANOVA: F(3, 30)=11.7B<0.0001) analgesic efficacy peaked
195 30 min (p<0.01 vs. vehicle; Sidak's multiple congams test) after subcutaneous

196 administration (Fig. 2). However, after 4 dayswice-daily administration, rats had become
197 completely tolerant to morphine. Thus, 5 mg/kg nhamp was found to be completely

198 inactive at day 4 (Fig. 2).

199 Interestinglyl-3, each with a different temporal profile, signifntly reduced the induction of
200 morphine tolerance (two-way RM ANOVA: F(3, 75)=18,2<0.0001). In particular, a sub-
201 chronic 4 days treatment wig) administered twice a day 15 min before each mogphin

202 administration significantly restored at day 4 (8B%) the morphine analgesic response. Such



203 aresponse appeared to be maximal at t=45 min@p<&. vehicle; Dunnett's multiple

204 comparisons test) and negligible at t=90 min. Tépeated treatment withand3 restored at
205 minor extent (35-40%) the morphine response buhisicase, the maximal activity was
206 observed at t=90 min (p<0.05 vs. vehicle; Dunnettsdtiple comparisons test) (Fig. 3).

207 Since the different temporal profile on the tolemmeduction displayed Hdy3 might be

208 associated not only to their different target pegfbut also to their bioavailability, we

209 developed an HPLC-mass spectrometry method fodetermination of the ligand levels in
210 the rat plasma. In particular, due to the simikendviour showed by the structural analogues
211 and3in the tolerance reduction assays, dnhnd2 have been selected for pharmacokinetic
212 studies. In rat plasma, the mean serum concenirafib was determined to be maximum at
213 60 minutes (14.71 £ 0.28 ng/ml; n=3). At 30 andh®@utes, mean concentrations of 9.48 +
214 0.04 ng/ml and 8.26 £ 0.08 ng/ml, respectively,ehbgen found. The mean serum

215 concentration o2 was determined to be maximum at 30 minutes (58.8A1 ng/ml; n=3).
216 At 60 and 90 minute® was not found in rat plasma samples, showingtarfas

217 pharmacokinetic profile v4d. (Fig. 4). Plasma samples were performed in tipdicwith

218 RSDs% lower than 1.88% and 5.36% faand?2, respectively.

219

220 4. Discussion

221 Our studies over the years have yielded severatentds bearing the 2-substituted

222 imidazoline nucleus as structural motif and ablateract with thex,-adrenoceptors and/or
223 imidazoline receptors (Cardinaletti et al., 200@j Bello et al., 2013; Diamanti et al., 2012,
224  Gentili et al., 2008a; Mammoli et al., 2012). Sucblecules share the common

225 pharmacophore reported in Fig. 1. Our structuredéigtrelationship studies demonstrated
226 that the chemical nature of the bridge (X) was esilg responsible for preferential or

227 multitarget recognition (Del Bello et al., 2012,13), whereas that of the aromatic moiety
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(Ar) appeared to modulate the functional behavaiuhe ligand (Gentili et al., 2004, 2008b).
In particular, the -OCH(C}}- bridge was suitable for ligands showing sigrifito.,-
adrenoceptor/imidazoling teceptor selectivity (e.d, allyphenyline) (Table 1). The
presence of the methyl group in the bridge strodgggdvantaged the teceptor interaction
(Gentili et al., 2003). Conversely, the -&8H,- bridge provided ligands endowedth high

I, receptor affinity and high selectivity over tlseadrenoceptors (e.g) (Gentili et al., 2003,
2008a). On the other hand, thedceptord,-adrenoceptor selectivity @has been also
confirmed by our study performed apa-, az2s-, andayc subtypes (data unpublished). Finally,
the -OCH- bridge appeared compatible withradrenoceptor and feceptor recognition (e.g.
3) (Gentili et al., 2003; Del Bello et al., 2013).

Our recent studies by the radiant heat tail-flesttshowed that compoutidallyphenyline),
anayc-adrenoceptor agonisti-adrenoceptor antagonist, administered i.p. atdose (0.05
mg/Kg) 15 min before morphine administration, erdehmorphine analgesia (due tooits-
adrenoceptor agonism), without sedative side eff@hie to itsi,a-adrenoceptor antagonism)
(Cardinaletti et al., 2009). We also demonstralted allyphenyline significantly reduced
morphine tolerance and dependence (Del Bello €2@1.0). Interestingly, such beneficial
effects were associated to a significant antideyargsaction (Del Bello et al., 2012). In
addition, allyphenyline at the same dose reduceaitixiety-like behaviour after alcohol
intoxication (Ubaldi et al., 2015).

Even if at higher dose (10 mg/Kg), the selectiveeteptor compoung, injected s.c. and
evaluated by radiant heat tail-flick test, sigrafitly enhanced morphine-induced analgesia
(Gentili et al., 2008a).

Finally 3, a multitarget compound characterizetly-adrenoceptor agonistyh-
adrenoceptor antagonism and nanomolar affinityfoeceptors, similarly to allyphenyline

reduced morphine-induced withdrawal syndrome amdession-like behaviour. This effect

11
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was completely blocked by idazoxan, a mixggdrenoceptorflreceptorantagonist (Del
Bello et al., 2013).

The present study, showing the abilityleB to significantly reduce the induction of
morphine tolerance, confirms the favourable involeat ofu,c-adrenoceptor agonism and
imidazoline } receptor interaction in such an effect. Interggtinthe sub-chronic treatment
with 2 significantly restored the lost morphine analgefiicacy (65-70%) by maintaining the
same time-dependent profile displayed after a singbrphine administration on day 1.
Indeed, the analgesic response was maximal atrtwd5and negligible at t=90 min. (Fig. 3).
Conversely, in the case bfand3 the morphine analgesic response was restorednatr mi
extent (35-40%) but it proved to be significanttplpnged, the maximal activity being
observed at t=90 min (Fig. 3).

The modulation of morphine tolerance resulted todierelated to the morphine analgesia
enhancement. Indeed, though on a classical actadigen of pain on healthy animals
allyphenyline g) significantly enhanced morphine analgesia (Cailéiti et al., 2009), in the
present experimental protocol in animals made nméld by a previous treatment with CFA
(sub-chronic pain model)-3 did not affect the analgesic effect of morphidaté not
shown). The discrepancies found between differepéemental models are not surprising
and may be attributed to both the difference otigse(mice vs. rats), stimulus (heat vs.
pressure), and condition (healthy vs. inflamed).

Interestingly, the pharmacodynamic behaviours efstudied compounds evidenced an
activity pattern that was in keeping with their phacokinetic profile. In fact, according to
the biological results, in rat plasma the meanmerancentration was maximum at 30
minutes (58.00 = 3.11 ng/ml) f@and at 60 minutes (14.71 + 0.28 ng/ml) IdiFig. 4). This
observation suggested that the different tempadlle displayed on the tolerance reduction

could be affected by their different bioavailalyiliHowever, the role played by the peculiar

12
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vitro biological profile of the ligand in its pharmacgioal effect should be also considered.
Indeed, whereas the selective engagement of tlianuoline } receptors produced t&ymight
contribute to induce an almost full restoring ofrptane activity, the selectivec-
adrenoreceptor activation induced bgr the combination betweenc-adrenoreceptor
activation and imidazoline teceptors engagemei®) (might promote a change in the
temporal profile of morphine analgesia by maintagna mild but long lasting analgesic
effect. However, for compourttia slight tendency to provide a more prolongedotitan

also be observed (Fig. 3).

These results deserve to be replicated in follovetupies by using animal models of chronic
pain resembling closer those human conditionsritbatl morphine or other opioid drugs as

the only available drugs able to alleviate pain.

5. Conclusion

This study (i) ascertains the positive effectd-@&on the morphine tolerance induction; (ii)
highlights that the biological profile and bioawllity of such ligands complement each
other to govern the potency and the duration offieplayed effect and (iii) provide useful
suggestions for the design of novel tools potegtalitable in the morphine tolerance

management.
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Figure L egends
Fig. 1. Molecular structures of the imidazoline compoufhd8, and3 sharing a common
pharmacophore characterized by an aromatic mofedyliaked to the position 2 of the

imidazoline nucleus by a bridge (X).

Fig. 2. Effect of acute (day 1) or sub-chronic (day 4) Ykggnorphine administration in a rat
model of inflammatory pain (i.e. CFA- induced memical hyperalgesia). Day 1 label
indicates rats administered acutely with morphinsabine, respectively. Day 4 label
indicates rats administered twice a day, for 4 eonsve days with morphine or saline,
respectively. **p<0.01 morphine-day 1 vs. vehiclayd. Data are expressed as mean (%

MPE) + S.E.M.

Fig. 3. Effect of sub-chronic (day 4) 5 mg/kg morphine agistration in a rat model of
inflammatory pain (i.e. CFA- induced mechanical égdgesia). Morphine was administered
twice a day, for 4 consecutive days in the absengeesence of 0.5 mg/kg of 2, and3,
respectively. **p<0.01 morphine + compouds. morphine; *p<0.05 morphine +
compoundL vs. morphine; *p<0.05 morphine + compouhds. morphine . Data are

expressed as mean (% MPE) + S.E.M.

Fig. 4. Pharmacokinetic analysis showing the concentratdisand2 (ng/ml) in rat plasma
collected at 30, 60, 90 and 120 min after drugection. Compounds were administered i.p.
at a dose of 0.5 mg/kdJata are expressed as mean (ng/ml) + S.E.M. ¢f aatment

groups.
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406 Tablel. Affinity (p Kj), Antagonist Potency i), Agonist Potency (pEsg), and
407 Intrinsic Activity (i.a.) on Humam-Adrenoceptor Subtypes; Affinity ) on imidazoline 4

408 receptors on Rat Brain Membranes.

an aop azc l2
compound PECsx PECso
PKi PKb pK; PKi pK;
(i.a) (i.a)
CHs
o)\(/N 7.30
N HNJ 7.24 7.40 6.47 NA 7.07 5.82
(0.90)
1
Ul
(730 <s i <5 i <5 i 8.94
2
o >N 6.01 7.21
N ; /:SJ 6.90 6.50 6.15 7.15 8.88
(0.60) (0.73)
3

409 Data were expressed as means *+ S.E.M. of 3-6 semaperimentsCompounds exhibiting

410 i.a. of <0.3 were considered not active (NA).
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