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Diverse chemical and pharmacological strategies are currently being explored to minimize the unwanted side effects of

currently used opioid analgesics while achieving effective pain relief. The use of multitarget ligands with activity at more

than one receptor represents a promising therapeutic approach.
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1. Introduction

Pain is an unsolved medical condition, and it is among the most prevalent and debilitating human illnesses . Pain is

not only a disabling symptom of many medical conditions, but also a disease state in its own right. Central goals in pain

control are to provide analgesia of adequate efficacy and to reduce the complications of currently available drugs. Opioid

analgesics have been on the frontline of pain management for many years. However, available opioid pain medications

cause serious side effects, including a high burden of abuse and addiction . The rapid increase in the use of opioid

drugs in the United States has been termed the “opioid crisis”, with more than 80,000 opioid-related deaths reported in

2021 .

The analgesic effects of opioids are mediated through four receptors, namely mu-(MOR), kappa-(KOR), delta-(DOR) and

nociceptin/orphanin FQ (NOP) . All four opioid receptors are members of the seven-transmembrane-spanning G

protein-coupled receptor (GPCR) family and are expressed throughout the central and peripheral nervous systems (CNS

and PNS, respectively) and non-neuronal tissues . The MOR, which is the main target of clinically used opioid

medications, is central for analgesia, but it is also responsible for undesirable side effects, particularly addiction and abuse

liabilities .

Because of the inadequate benefit/risk ratio of currently available opioids, together with the ongoing opioid epidemic, there

is a huge quest for strategies to discover new opioid analgesics. Alternative chemical and pharmacological approaches

are therefore explored to mitigate the deleterious effects of MOR agonists and to limit their abuse and misuse 

, amongst which are multifunctional drugs. The concept of ‘one molecule, multiple targets’ has

received increased attention in opioid drug discovery as a promising strategy to generate new analgesics with enhanced

effectiveness and reduced unwanted side effects. Accumulated preclinical data were reported on multifunctional

analgesics targeting opioid/opioid and opioid/non-opioid receptors, including both small molecules and peptide-based

ligands . Furthermore, the application of two or more biologically active components in the form of a

single molecule can significantly improve the physicochemical and/or pharmacokinetic properties of CNS activity.

Whereas opioid analgesics and other addictive substances (e.g., cocaine and cannabinoids) act directly on their specific

receptors, they also indirectly influence the dopamine system that controls reward behavior . The reward

system consists of dopaminergic neurons, whose activation causes an increase in dopamine release in mesolimbic

structures, resulting in a rewarding effect. Among the dopamine receptor subtypes, the D1, D2 and D3 receptors (D1R,

D2R and D3R, respectively) have been reported to play important roles in the reinforcement of drug-seeking behavior 

. Recent data suggest using dopamine D1R or D3R preferring modulators to prevent morphine tolerance

and to reduce the duration of morphine withdrawal symptoms .

Thus, in light of recent research, bifunctional ligands encompassing pharmacophores targeting both opioid and dopamine

receptors received interest as potentially safer analgesics. Designing dual opioid–dopamine receptor ligands may be an

attractive way to balance the unwanted side effects derived from their individual components. The first described

bifunctional opioid–dopamine receptor ligands were small molecules with a dual-target binding on the MOR and dopamine
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D3R, with a MOR agonism and D3R antagonism/partial agonism . Peptides and peptide analogues offer several

advantages over small molecules in various biomedical applications, including pain . Some benefits of

peptides include high target specificity, enhanced potency, improved selectivity, reduced off-target engagement, reduced

toxicity and modularity for future pharmacokinetic optimization and formulation.

The bifunctional peptide-based hybrid LENART01 combines an MOR pharmacophore and a dopamine D2R

pharmacophore . The design strategy for LENART01 was based on merging dermorphin and ranatensin by following

the principle of pharmacophore fusion (Figure 1).

Figure 1. The amino acid sequence of LENART01. The dermorphin pharmacophore is framed in blue, and the ranatensin

analogue pharmacophore is framed in red.

The N-terminal pharmacophore of LENART01 consisted of dermorphin with an amino acid sequence of YdAFGYPS, and

the C-terminus was constructed from ranatensin, which was modified, resulting in a sequence of GHFM. The opioid

pharmacophore dermorphin is a heptapeptide isolated from the skin of the Amazon frog Phyllomedusa sauvagei .

Dermorphin is a selective MOR agonist and potent antinociceptive used as a lead for the design of dermorphin analogues

. In early clinical studies, dermorphin administered via the intrathecal (i.t.) route had increased effectiveness

than morphine in treating postoperative pain . Ranatensin is an undecapeptide that is first isolated from the skin of the

frog Rana pipiens . Ranatensin belongs to the bombesin-like peptide family and shares significant homology with

bombesin . In vitro and in vivo studies described ranatensin to have activity at the dopamine D2R and to attenuate

pain behavior in mice after central intracerebroventricular (i.c.v.) administration, with dopamine neurotransmission

contributing to the antinociceptive action of ranatensin .

In vitro binding studies established LENART01 to bind to and activate both MOR and D2R in rat brains and spinal cords.

Furthermore, it showed high selectivity to the D2R compared to D1R . LENART01 was also described to have

antimicrobial activity against different E. coli strains . With the crystal structures of the active human MOR and available

dopamine D2R, an initial in silico evaluation using molecular docking and molecular dynamics (MD) simulations was

conducted on the binding mode and interaction mechanisms of LENART01 with the two GPCRs .

Because of the interesting profile of LENART01, investigations into its pharmacology were warranted, including (a) in vitro

profile to human opioid receptors (binding, selectivity and agonist activities), (b) in vivo behavioral properties in mouse

models of acute and inflammatory pain after subcutaneous (s.c.) administration, together with the potential for inducing

opioid liabilities of locomotor dysfunction and withdrawal response. And (c) studies on the mechanism underlying the

antinociceptive effect of LENART01.

2. In Vitro Pharmacological Profile of LENART01 to the Human Opioid
Receptors

The specific binding of LENART01 to the rat MOR and rat dopamine D2R in the brain and spinal cord membrane

preparations and its high selectivity to the dopamine D2R compared to D1R was initially determined . Because the

human MOR is the ultimate target of therapeutic opioid drugs, LENART01’s binding properties to the human MOR and the

other opioid receptors, DOR, KOR and NOP receptors, were determined using in vitro radioligand competition binding to

membrane preparations from Chinese hamster ovary (CHO) cells stably expressing the recombinant opioid receptors .

The opioid binding profile of LENART01 was compared to that of dermorphin.

LENART01 and dermorphin produced a concentration-dependent inhibition of the selective opioid radioligands,

[ H]DAMGO, [ H]DPDPE and [ H]U69,593, binding from the human MOR, DOR and KOR, respectively (Figure 2).

Binding studies of the human NOP receptor using [ H]nociceptin indicated no substantial binding of LENAR01 and

dermorphin at the concentration of 10 µM (Figure 2D). LENART01 bound to the human MOR with high affinity and

reduced binding to the human DOR and KOR (Table 1). In competition binding assays, dermorphin also showed high

binding affinity to the MOR and selectivity for the MOR, which aligned with reported data on the neuronal MOR in rat

brains  or to the recombinant MOR expressed in CHO or human embryonic kidney (HEK293) cells . When

compared to the binding profile of dermorphin, LENART01 displayed a decreased affinity to the human MOR by around

six-fold, whereas a maximum of a two-fold decrease was calculated for binding to the human DOR and KOR (Table 1).

LENART01 maintained the MOR selectivity of dermorphin, though with lower selectivity ratios for MOR versus the other

opioid receptor subtypes.

[39][40]

[41][42][43][44][45]

[46]

[47]

[48][49][50][51]

[52]

[53][54]

[55][56]

[57][58]

[46]

[59]

[46]

[46]

[60]

3 3 3

3

[61][62] [63][64]



Figure 2. In vitro binding of LENART01 and dermorphin to human opioid receptors determined in radioligand competition

binding assays. (A) Concentration-dependent inhibition of [ H]DAMGO binding to CHO-hMOR cell membranes. (B)

Concentration-dependent inhibition of [ H]DPDPE binding to CHO-hDOR cell membranes. (C) Concentration-dependent

inhibition of [ H]U69,593 binding to CHO-hKOR cell membranes. (D) Specific binding to human NOP receptor using

[ H]nociceptin and CHO-hNOP cell membranes. Values represent means ± SEM (n = 3 independent experiments).

Table 1. In vitro binding affinities of LENART01 and dermorphin to human opioid receptors.

Ligand

Opioid Receptor Binding (K , nM) Selectivity K Ratios

MOR DOR KOR NOP DOR/MOR KOR/MOR NOP/MOR

LENART01 11.0 ± 1.5 227 ± 47
1306 ±

226
>10,000 21 119 >900

Dermorphin 1.89 ± 0.2 165 ± 23
2710 ±

873
>10,000 87 1434 >5000

The values were determined in radioligand competition binding assays using membranes from CHO cells stably

expressing one of the human opioid receptors, MOR, DOR, KOR or NOP receptor. The values represent the means ±

SEM (n = 3 independent experiments).

LENART01 was depicted as an agonist to the rat MOR in the brain and spinal cord preparations using the guanosine-5′-

O-(3-[ S]thio)triphosphate ([ S]GTPγS) binding assay . The agonist activity of LENART01 to the human MOR using

the [ S]GTPgS binding assay with CHO-hMOR cell membranes was established and compared to activity of dermorphin.

LENART01 increased [ S]GTPγS binding to the human MOR in a concentration-dependent manner, demonstrating full

efficacy compared to DAMGO and dermorphin (Figure 3). LENAR01 displayed potent MOR agonist activity, with a

potency, ED  value, only two-fold compared to DAMGO, and a five-fold reduced potency compared to dermorphin (Table
2).
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Figure 3. In vitro agonist activity of LENART01 and dermorphin to human MOR. Concentration-dependent stimulation of

[ S]GTPγS binding by LENART01, dermorphin and DAMGO determined in the [ S]GTPγS binding assay using

membranes from CHO cells expressing the human MOR. Percentage stimulation is presented relative to maximum

simulation of reference MOR agonist, DAMGO. Values represent means ± SEM (n = 3–4 independent experiments).

Table 2. In vitro agonist activities of LENART01 and dermorphin to human MOR.

Ligand EC  (nM) % stim.

LENART01 48.5 ± 10.6 110 ± 7

Dermorphin 9.55 ± 2.58 104 ± 8

DAMGO 22.2 ± 4.7 100

Determined in [ S]GTPγS binding assay using membranes from CHO cells stably expressing human MOR. Percentage

stimulation (% stim.) is relative to reference MOR agonist DAMGO. Values represent means ± SEM (n = 3–4 independent

experiments).

3. In Vivo Pharmacological Profile of LENART01

Antinociceptive Efficacy

Both peptides, dermorphin and ranatensin, the two pharmacophores comprising LENART01, have antinociceptive effects

. Antinociceptive properties of LENART01 were assessed in a mouse model of acute nociceptive pain using the

radiant heat tail-flick test  after s.c. administration in mice, where tail withdrawal latencies of mice to thermal stimulation

were measured . Subcutaneous administration of LENART01 to mice did not produce a significant increase in the tail-

flick latencies at any time point and tested doses (Figure 4A). In the same pain assay, conventional opioids including

morphine, oxycodone, oxymorphone, buprenorphine and fentanyl were well-established to induce potent antinociceptive

effects following systemic administration to rodents . Activity in the tail-flick test suggests that a drug acts via

CNS and may reflect spinal activity .

The therapeutic antinociceptive potential of LENART01 was also investigated in a model of inflammatory pain using the

formalin test . Pain behavior was assessed in mice that received an s.c. injection of formalin solution to the plantar

surface of the right hind paw as described previously .
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Figure 4. Effect of LENART01 in models of acute nociceptive pain and inflammatory pain after s.c. administration in mice.

(A) Radiant heat tail-flick test. Groups of mice received s.c. saline or different doses of LENART01 (3.9 and 7.8 µmol/kg),

and tail-flick latencies were measured before and after drug administration at different times. Antinociceptive response is

expressed as % of maximum possible effect (%MPE). Values represent means ± SEM (n = 5 mice per group). (B–F)

Formalin test. Groups of mice received s.c. saline (control) or different doses of LENART01 (0.78, 3.9 and 7.8 µol/kg)

before an intraplantar injection of the formalin solution in right hind paw. Duration of pain behavior was monitored for 40

min, determined as amount of time (in seconds, sec) each animal spent licking, biting, lifting and flinching formalin-

injected paw. Time course of pain behavior in formalin test on mice treated with LENART01 (B). Dose-dependent

antinociceptive effect of LENART01 during nociceptive Phase I (C) and inflammatory Phase II (D) of the formalin test.

(E,F) Opioid antagonism by naloxone on antinociceptive effect of LENART01 during Phase I and Phase II. Mice were s.c.

pre-treated with naloxone (1 mg/kg), 15 min before s.c. administration of LENART01 (7.8 µmol/kg). Values represent

means ± SEM (n = 6–8 mice per group). *p < 0.05, ** p < 0.01, *** p < 0.001 vs. saline group; p < 0.01, p <0.001 vs.

LENART01-treated group; one-way ANOVA with Tukey’s post hoc test.

The systemic s.c. administration of LENAR01 produced time- and dose-dependent reductions in pain behavior in the

formalin-injected mice, determined as the amount of time each animal spent licking, biting, lifting and flinching the

formalin-injected paw (Figure 4B). LENART01 attenuated the pain behavior during the nociceptive Phase I and

inflammatory Phase II of the formalin assay with a significant effect at all tested doses (Figure 4C,D). The calculated

antinociceptive effective dose ED  value of LENART01 in the inflammatory Phase II of the formalin test was 1.60

µmol/kg. The antinociceptive ED  value of morphine in the formalin test in mice after s.c. administration was reported to

be 6.44 µmol/kg [60]. LENART01 shows antinociceptive potency around 4-fold higher than morphine in mice with

inflammatory pain. The involvement of the opioid receptors in the antinociceptive effect of LENART01 in the formalin test

was investigated using the opioid antagonist naloxone (Figure 4E,F). Pre-treating mice with naloxone resulted in a

significant and complete reversal of the antinociceptive response of LENART01 in both Phases I and II, signifying that

opioid receptors, specifically the MOR, given the MOR selectivity (Table 1), are involved in LENART01’s in vivo agonist

activity.
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Conventional opioid analgesics, such as morphine, oxycodone, oxymorphone, buprenorphine and fentanyl, are known to

produce sedation and alter locomotor activity, which represent undesirable side effects that limit their clinical usefulness 

. The effect of LENART01 on motor coordination and its potential to induce sedation in mice after s.c.

administration were inbestigated in the rotarod test, a well-established model for evaluating the loss of coordinated

locomotion . LENART01 did not produce changes in the motor behaviors of mice, as no significant alterations in the

rotarod latencies were measured at any time point and tested dose compared to the saline-treated animals. These

observations establish the safe profile of LENART01 regarding sedation and locomotor activity following s.c.

administration in mice.

Figure 5. Effect of LENART01 in the rotarod test after s.c. administration in mice. Groups of mice received s.c. saline

(control) or different doses of LENART01 (7.8 and 39 µmol/kg), and latencies to fall from the rotarod were measured

before and after drug administration at different times. Latencies to fall are expressed as percentage (%) from baseline.

Values represent means ± SEM (n = 5 mice per group).

Physical Dependence

The long-term use of traditional opioids is associated with physical dependence . Such dependence can be visualized in

opioid-dependent mice by injecting naloxone and the occurrence of withdrawal symptoms, i.e., jumps, paw tremors, head

shakes and diarrhea . To evaluate the behavioral effects of LENAR01 in mice after chronic s.c. treatment, the

potential for physical dependence was determined using naloxone-precipitated withdrawal syndrome . Mice were

treated twice daily over a 5-day period with LENAR01 or saline (control). Administration of naloxone, two hours after the

last s.c. injection of LENART01 did not induce withdrawal signs when compared to the saline-treated mice (Figure 6).

Chronic administration of LENART01 did not have any significant effect on the body weights of mice compared to the

saline-treated animals (Figure 7). These behavioral data indicate that the lack of LENART01 to induce withdrawal

syndrome may be associated with its ability to affect D2R gene expression and due to its D2R agonist activity.

Figure 6. Withdrawal syndrome precipitated by naloxone after repeated s.c. treatment in mice with LENART01. Naloxone-

induced withdrawal signs were assessed in mice that were treated twice daily for 5 days with saline (control) or

LENART01 (7.8 µmol/kg). Withdrawal was precipitated two hours after last drug administration using naloxone (1 mg/kg,

s.c.), and signs of withdrawal were counted over 15 min immediately after naloxone, and a global withdrawal score was

calculated. Values represent means ± SEM (n = 5–7 mice per group).
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Figure 7. Weight changes in mice after chronic treatment with LENART01. Groups of mice received s.c. saline (control) or

7.8 mg/kg of LENART01 twice daily for 5 days, and changes in body weight were measured daily and are expressed as

percentage (%) change from day 1. Values represent means ± SEM (n = 5–7 mice per group).

4. Conclusions

Bifunctional ligands that simultaneously target opioid receptors along with other neurotransmitter systems involved in pain

modulation and opioid-induced side effects currently hold substantial scientific and clinical interest. The in vitro and in vivo

pharmacology of the first dual MOR–dopamine D2R hybrid peptide, LENART01, which was designed by combining

dermorphin and ranatensin pharmacophores is established. The in vitro binding studies showed LENART01 to display

selectivity and full agonist activity to the human MOR. In the in vivo study, LENART01 produced potent antinociceptive

effects in a model of inflammatory pain after s.c. administration in mice. Receptor antagonist in vivo studies established

LENART01-induced antinociception to be mediated via MOR activation. Furthermore, this hybrid peptide exhibited higher

antinociception potency compared to morphine and reduced MOR-mediated liabilities of physical dependence and

sedation/motor dysfunction, thus demonstrating a better tolerability profile. Notably, LENART01 is the first dual MOR–

dopamine D2R ligand investigated in vivo, and it demonstrated antinociceptive efficacy in mice after s.c. administration

with reduced adverse effects of conventional opioids (Figure 8). Furthermore, LENART01 is the first peptide-based MOR-

D2R ligand known to date.

The in vivo data indicate that LENART01’s activity as an MOR agonist may contribute to the beneficial effect of

antinociception, while the dopamine D2R agonism may be favorable for the improved side effect profile as regards

physical dependence. The current results, together with the other report , reveal LENART01 as a ligand with MOR and

D2R agonist activity. The LENART01’s pharmacology might be supported by the molecular model findings , with its

binding mode and interaction mechanisms with the two targets, the MOR and D2R. A bivalent peptide-based drug design

to engage both the MOR and dopamine D2R may represent a promising strategy in the pursuit of a novel class of opioid

analgesics devoid of opioid liabilities.

Figure 8. LENART01, a dual MOR–dopamine D2R ligand, shows antinociceptive efficacy and reduced side effects.
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