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Abstract

Opioids are among the most effective drugs for treating moderate to severe pain. Unfortu-
nately, opioid use, even short-term, can lead to addiction, tolerance, overdose, and respiratory
depression. Therefore, efforts to design and develop novel compounds that would retain anal-
gesic activity while reducing side effects continue unabated. The present study was designed
to investigate the respiratory and cardiovascular effects of the hybrid peptide LENARTO1,
which has evidenced potent antinociceptive and antimicrobial activity. This hybrid peptide,
composed of N-terminally located dermorphin and C-terminal modified ranatensin pharma-
cophore, was tested in vivo in anesthetized rats. The main effect of LENARTO01 was apnea in
70% of examined animals, sighing, and a significant increase in blood pressure. Interestingly,
the hybrid induced sighs less frequently than ranatensin, and apnea dependent on vagus
nerve mu opioid receptor activation much less frequently and less intensely than dermorphin
itself. This shows that LENARTOL1 is a safer opioid system-related agent as compared to
dermorphin for its prospective use in the treatment of pain.

Keywords: ranatensin; dermorphin; respiratory effects; apnea; cardiovascular effects

1. Introduction

The development of effective pain treatments remains a major clinical priority, par-
ticularly in the context of the opioid crisis. While opioids such as morphine are highly
effective analgesics, their use is severely limited by serious side effects, including tolerance,
dependence, respiratory depression, and overdose-related fatalities [1,2]. In response, sub-
stantial efforts have been devoted to designing safer analgesics—one promising strategy
involves the creation of multifunctional or hybrid molecules that combine two distinct
pharmacophores within a single structure [3]. In fact, hybrid molecules merge two or
more pharmacophores into a single compound [4-6], which results in targeting multiple
receptor systems simultaneously, potentially enhancing therapeutic outcomes and reducing
side effects.

LENARTO1 is a rationally designed hybrid peptide constructed from two distinct
pharmacophores: dermorphin—a heptapeptide derived from the skin of the Amazonian
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frog Phyllomedusa sauvagei known for its potent p-opioid receptor (MOR) agonism and
strong significant analgesic effects [7,8], and ranatensin—an undecapeptide isolated from
the northern leopard frog Rana pipiens [9], currently Lithobates pipiens [10], that exhibits
activity towards dopamine D2 receptors (D2R) and has been shown to modulate central
nociception [11]. Previous studies have confirmed that LENARTO1 acts as a full agonist at
MOR and interacts with D2R in rat brain and spinal cord [3,12]. In vitro binding studies
showed that it acts as a potent and complete agonist of human MOR and binds selectively
to it over other opioid receptor subtypes [3]. It exhibits antinociceptive [3] and antimicro-
bial [13] properties and demonstrated a favorable behavioral profile after subcutaneous
(s.c.) administration in mice, with less sedation and motor impairments than morphine [3].
Importantly, it does not induce withdrawal syndrome in mice, which may be related to its
dopaminergic activity and modulation of D2R expression [3,14].

Although LENARTO1 has been pharmacologically validated as an analgesic, its impact
on respiratory and cardiovascular function remains unknown. Given that dermorphin
has been shown to cause apnea and hypotension in anesthetized rats [15,16], and that
ranatensin has been associated with conflicting cardiovascular effects (both hypotensive and
hypertensive responses) [9], while overall, D2R agonists are associated with cardiovascular
(CV) complications including orthostatic hypotension and heart failure [17,18], it is crucial
to evaluate whether their combination affects vital autonomic systems.

Therefore, the purpose of this study was to investigate LENART01-induced effects
on the respiratory and cardiovascular systems after intravenous (i.v.) administration in
rats. To better understand the underlying mechanisms, we compared LENARTO01’s effects
with those of its individual pharmacophores and employed pharmacological antagonists
of MOR, D2R, and BB1/BB2 bombesin receptors to elucidate receptor-level contributions.
These investigations are essential for defining the safety and systemic effects of LENARTO1,
especially in light of its potential clinical utility as an opioid-based analgesic with an
improved side-effect profile.

2. Results
2.1. LENARTO01 Dose Response

The chosen dose of 15 ng/kg was determined based on the observed dose-dependent
effect of LENARTO1 on the frequency and duration of apneic events (see Table 1). The
lowest dose of 5 png/kg failed to induce any arrest of breathing, while the highest dose used,
20 ug/kg, appeared to be associated with a markedly increased number of apneas exceeding
a duration of 30 s, which had to be terminated by the application of a respiratory pump.
Therefore, a lower dose of 15 pug/kg producing a higher number of apneas from which the
animals emerged spontaneously was chosen for further study. Regarding the Tg/Tg baseline
ratio, a dose-dependent increase was observed, with higher doses of LENARTO1 generally
associated with elevated ratios.

Table 1. Dose-dependent effect of LENARTO1 on apnea frequency, apnea duration, and expiratory
time prolongation (Tg/Tg pageline ratio).

Number of Apnea Number of Apnea  Apnea Duration

. . . . TE test/ TE baseline
LENARTO01 Dose n Episodes Exceeding Episodes Shorter [s] (Median (Q1, ,
Duration of 30 s than30s Q3) IQR) (Median (Q1, Q3) IQR
5ug/kg 5 0 0 0 1.0(0.9,1.0)0.1 *
10 pg/kg 7 1 2 1.1 1.0(0.9,1.8) 1.0
15 ug/kg 7 1 3 6.1(2.4,12.2)9.8 3.3 (1.0,10.2) 9.2
20 pug/kg 9 6 2 1.7 2.4(0.8,3.9) 3.1

* p < 0.05 indicates a statistical difference compared to the 15 ug/kg dose. Bold means the selected dose.
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2.2. Respiratory Effects of LENARTO1: The Effects After Blockade of MOR, BB1/BB2, D2R, and
After Cervical Vagotomy

Intravenous administration of LENARTO1 at a dose of 15 pg/kg induced apnea in
10 out of 14 rats, with four instances exceeding a duration of 30 s. The remaining six
episodes of apnea exhibited a median (IQR) duration of 11.2 s (10.8). Apnea was not
effectively eliminated by blockade of D2 or BB1/BB2 receptors. After pre-treatment with
sulpiride, LENARTO1 evoked apnea in 50% of rats, and after PD176252, in 20%. In cases
where apneic episodes were not observed, a decrease in tidal volume (V) was recorded:
a 28% reduction in the control LENARTO1-treated group and reductions of 22% and 18%
following pre-treatment with sulpiride and PD176252, respectively. Pre-treatment with
naloxone, along with midcervical vagotomy, effectively abolished both apnea and tidal
volume response (Table 2).

Table 2. Comparison of the effects of LENARTO1 on apnea incidence and tidal volume change before
and after MOR (naloxone), BB1/BB2 (PD176252), and D2R (sulpiride) receptor blockade and after
cervical vagotomy.

LENARTO01
LENARTO01 LENARTO01 .
Treatment LENARTO01 Sulpiride (D2 R PD176252 Naloxone LENARTO1 Cervical
Antagonist) (BB1/BB2 R (MOR Antagonist) Vagotomy
Antagonist)
N 14 4 5 5 4
Number of apnea
episodes exceeding 4 1 0 0 0
duration of 30 s
Number of apnea
episodes shorter 6 1 1 0 0
than 30s
Apnea duration [s]
(median (Q1, Q3) 11.2(2.7,13.5) 10.8 57 12.8 0 0
IOR)
TE test/TE baseline
(median(Q1, Q3) 3.8 (0.9,20.9) 20.0 1.2(09,9.2) 8.3 0.8(0.7,16.5) 15.8 1.0(0.9,1.0) 0.1 1.0(0.9,1.0)0.1
IOR

Tidal volume (V1)
[ml] (median (Q1,
Q3) IQR) Baseline

1.47 (1.15,1.62) 0.47 1.31

1.42 (1.41,1.62)0.21 1.84 (1.56,2.12) 0.54 2.02(1.99, 2.15) 0.16

Tidal volume at 10 s
post injection (Vt)
[mL] (median (Q1,

Q3) IQR)

1.06 (0.54,1.29) 0.75 1.02

1.17 (1.14, 1.23) 0.09 1.84 (1.51,2.03) 0.52 2.05(1.99,2.12) 0.13

Vr
% of median change

28 22 18 0 -1

Intravenous administration of LENARTO01 resulted in a statistically significant reduc-
tion in tidal volume (V1) during a 2 min period post-injection, an elevation in respiratory
rate (F) and due to alterations in V1 and F, a biphasic change in minute ventilation (VE),
namely a decrease followed by a compensatory increase (Figure 1).

Following pre-treatment with sulpiride, no statistically significant effects of LENART01
on Vt, F and Vg were detected, though a trend towards decreased values in V1 and VE
was noted. The administration of PD176252—an antagonist of BB1/BB2 receptors—as well
as naloxone failed to affect effects mediated by the i.v. LENARTO1 challenge, although
observed effects, especially after naloxone, were not as profound. Transection of the
vagus nerve at the midcervical level abolished the respiratory response to the intravenous
LENARTO1 challenge.
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Figure 1. Percentage change in respiratory variables after LENARTO01 and ranatensin injection.
The effect of LENARTO1 after blockade of MOR, BB1/BB2, and D2R and after cervical vagotomy:.
Baseline—pre-administration value, minimal (MIN) and maximal (MAX) percent changes in Vr, F,
and Vg within 2 min following drug injection. Box-plot format with median, Q1, Q3, min, max, and
mean (x) values. * p < 0.05, ** p < 0.01 vs. the baseline value; #, o—p < 0.05; ##, oo—p < 0.01; #—vs.
LENARTO1 group, o—vs. ranatensin group.

An equivalent dose of ranatensin, a component of the hybrid peptide under study,
administered via the same route elicited a comparable respiratory response to LENARTO1,
characterized by reduced V7, increased F, and biphasic changes in Vg (Figure 1); however,
ranatensin did not provoke respiratory arrests.

An additional observation was the presence of numerous sighs following administra-
tion of ranatensin in an equimolar dose to LENARTO01 (Figure 2). The sighs induced by
ranatensin were of higher volume and also more numerous compared to all LENARTO01-
treated groups. The number and volumes of all observed sighs were even among groups
receiving LENARTO1 alone, after sulpiride, and after PD176252. The midcervical vagotomy
abolished completely the appearance of sighs after the LENARTO1 challenge. The excep-
tion was the group in which MOR opioid receptors were inhibited by pre-treatment with
naloxone, resulting in a significantly increased number and volume of sighs compared to
the LENARTO1 group (Figure 2).
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Figure 2. The number and the volume of sighs observed in the first 2 min following LENARTO1
and ranatensin challenge. The effect of LENARTO1 after blockade of MOR, BB1/BB2, and D2R and
after cervical vagotomy. Note the increased volume and number of sighs after ranatensin injection,
the lower number and even volume of sighs detected in the LENARTO01-treated animal groups, the
increased number and volume of sighs after blockade of opioid receptors, and the lack of sighs
after midcervical vagotomy. *, #—p < 0.05; **, ##—p < 0.01; ***, ###—p < 0.001; *—vs. LENARTO01;
#—vs. ranatensin.

2.3. Cardiovascular Effects of LENARTO1: The Effects After Blockade of MOR, BB1/BB2, and D2R
and After Cervical Vagotomy

Mean arterial blood pressure (MAP) showed a biphasic response after intravenous
injection of LENARTO1, consisting of an initial decrease with a subsequent increase. The
effect on heart rate (HR) was to slow it down briefly. The effect of ranatensin mirrored
that of LENARTO01, with the exception of the effect on HR, which, after an initial slow-
down, significantly increased (Figure 3). Use of inhibitors was not completely effective
in blocking cardiovascular responses induced by LENARTO01. The changes in MAP and
HR were significant after pre-treatment with PD176252 and naloxone, whereas changes
after pre-treatment with sulpiride or subsequent to vagal dissection presented no statistical
significance. Nevertheless, the trend in responses was similar, that is, a decrease in MAP
with a subsequent increase and a decrease in HR. The exception was the response of HR
after vagotomy, which eliminated its reduction after LENARTO1.

2.4. Comparison of the Respiratory Response Mediated by LENARTO1 with Its Pharmacophores
Ranatensin and Dermorphin

Figure 4 shows representative recordings of tidal volume, flow, blood pressure, and di-
aphragm responses to LENARTO1, ranatensin, and dermorphin i.v. challenge. LENARTO1,
as described above, induced apneas in 70% of the animals, 60% of which had apneas that
terminated spontaneously (Figure 4A). An increase in tidal volume and sparse sighs were
observed in returning respiration.
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Figure 3. Percentage change in mean arterial blood pressure (MAP) and heart rate (HR) after
LENARTO01 and ranatensin injection. The effect of LENARTO1 after blockade of MOR, BB1/BB2, and
D2R and after cervical vagotomy. Baseline—pre-administration value, minimal (MIN) and maximal
(MAX) percent changes in MAP and HR within 2 min following drug injection. Box-plot chart with
median, Q1, Q3, min, max, and mean (x) value. #, o—p < 0.05; ##, oo—p < 0.01; ###, ooo—p < 0.001;
# indicates the difference vs. the LENARTO01 group, and o indicates the difference vs. the ranatensin
group, *—p < 0.05; **—p < 0.01 vs. baseline value.
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Ranatensin, one of the components of the hybrid, when injected i.v. at an equimolar
dose to LENARTO01, did not cause apnea in any of the animals tested. Its main effect
was frequent sighs with reduced V1 in between (Figure 4B). Nevertheless, in the case of
dermorphin, an opioid component of LENARTO01, administered in a similar manner at
an equimolar dose, abrupt arrest of breathing and a rapid decline in blood pressure were
reported. Noteworthy, these effects were fatal to every animal out of five subjected to this
treatment (Figure 4C).

3. Discussion

To the best of our knowledge, this is the first study to investigate the effects of
ranatensin and its derived chimeric peptide LENARTO01 on the cardiovascular and respira-
tory systems.

Intravenous administration of LENARTO01 produced profound respiratory effects,
including apnea in approximately 70% of the animals. Among the remaining rats, a
biphasic ventilatory response was observed—initial respiratory depression followed by
a compensatory increase in minute ventilation. The MAP response consisted of an initial
decrease followed by an increase, while HR briefly slowed. Notably, aside from apnea,
these responses are reminiscent of the respiratory and cardiovascular effects of ranatensin,
which—until now—has not been studied in this physiological context.

In addition, a constant respiratory effect of ranatensin was the presence of sighs, which
were also observed after administration of LENARTO1, but at a much lower frequency.
Our hypothesis that ranatensin, due to its structural homology to bombesin [19,20], would
exert similar respiratory effects was confirmed. Indeed, centrally administered bombesin
has been reported to increase minute ventilation and induce periodic sighs [21]. Similarly,
peripheral administration of bombesin was associated with sighing breathing, augmented
tidal volume, decreased breathing frequency, and increased HR and mean arterial blood
pressure. All respiratory and blood pressure responses were dependent on BB2 receptor
activation [22]. Ranatensin’s cardiovascular effects were likewise comparable to those
of bombesin, producing a consistent increase in blood pressure and HR [23]. Previously
described effects of ranatensin on blood pressure varied depending on species and the level
of baseline blood pressure [9]. It raised blood pressure in the dog and rabbit, lowered it in
the monkey, had no influence in cats, and had variable action in guinea pigs. In rats, the
variable effect was related to baseline blood pressure levels; in animals with high baseline
blood pressure, it induced a hypotensive response; in those with low pressure, it induced a
hypertensive response [9].

The respiratory and cardiovascular effects of dermorphin have already been described.
While dermorphin is known primarily for its antinociceptive properties, it also modulates
respiration. It has been shown that intracerebroventricular (i.c.v.) administration at lower
doses in conscious rats increases ventilation and respiratory rate, whereas at higher doses
the prevailing pattern is decreased ventilation by reducing the respiratory rate and delaying
the increase in tidal volume [24,25]. In anesthetized rats, a consistent effect after both i.c.v.
and i.v. administration of dermorphin was apnea [15,16,26] accompanied by a decrease in
mean arterial blood pressure.

In contrast, although LENARTO01 does not cross the blood-brain barrier (BBB) [3,27], it
nevertheless induced apnea in the majority of animals. This, along with the vagotomy effect
preventing apnea, indicates that its action on the respiratory system is peripheral. Indeed, p-
opioid receptors are expressed not only centrally but also peripherally, particularly on vagal
afferents, within the carotid body, and in circumventricular organs lacking a functional BBB,
such as the area postrema. Activation of these sites can elicit potent respiratory depression,
including apnea, without central nervous system entry [28,29].
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Combining different mechanisms of action in a single molecule, leading to hybrid
drugs, aims to produce more potent or novel biological effects that can improve their
efficacy while facilitating treatment patterns. In our case, the pharmacophore fusion of
ranatensin and dermorphin mitigated the adverse effects of both compounds on breathing,
resulting in a milder side effect profile of the hybrid by reducing the number and intensity
of apneas and decreasing substantially the number of sighs. As a reminder, LENART01
induced apnea in only 70% of animals, and most of them recovered spontaneously. Also, in
regard to blood pressure response, instead of a major decrease caused by dermorphin and
a significant increase caused by ranatensin, LENARTO01 induced a brief decrease in blood
pressure and a subsequent increase but significantly lower than with ranatensin.

An additional aspect we wanted to explore was to determine the type of receptors that
are involved in the specific respiratory and blood pressure responses of the hybrid. We took
into consideration MOR, BB2, and D2 receptors, as dermorphin acts via MOR, ranatensin
may act as homologous bombesin via BB2, and some studies indicate that ranatensin also
has an affinity for D2R [12,30] and was able to induce D2R-dependent antinociception
following i.c.v. administration in mice [11]. Neither the PD176252 antagonist of BB1/BB2R
nor the sulpiride antagonist of D2R, which demonstrates not well-documented or limited
ability to effectively cross the BBB or access cerebrospinal fluid [31,32], eliminated apnea,
changes in breathing volume and rate, and sighs induced by LENART01 administration.
This indicates that the BB2 and D2 receptor pathways are not essential for mediating the
observed effects in this context. In contrast, naloxone completely abolished the apnea and
significantly mitigated the reduction in minute ventilation and tidal volume. This finding
points to a dominant role of MOR activation in the mediation of LENARTO01-induced
respiratory depression. Again, considering that LENARTO01 does not cross the BBB [3], the
blocking effect of naloxone does not necessarily reflect central opioid antagonism. Rather,
it supports the notion that peripherally located MORs are sufficient to mediate this effect.
Consequently, the overall results clearly suggest that the dominant mechanism responsible
for its respiratory effects is peripheral p-opioid receptor activation.

This is not particularly surprising, as the hybrid’s component dermorphin, a highly
selective MOR agonist [33,34], has been shown to induce persistent apnea in anesthetized
rats abolished by cutting the vagal pathway [16]. Consistent with this, we confirmed
that midcervical vagotomy prevented apnea and attenuated other changes in respiratory
parameters induced by LENARTO. Interestingly, the sighs that also disappeared after
cervical vagotomy were not blocked with naloxone, after which we even observed an
increase in the number of sighs and their volume compared to the LENART01-treated
group. This suggests that when MOR-mediated inhibition is blocked, the activity of
the ranatensin moiety—presumably responsible for generating sighs—may become more
prominent. Physiologically, sighs result from the summation of inspiratory drive from
the vagus nerve and arterial chemoreceptors in the central nervous system [35]. While
peripheral hypoxia can trigger augmented breaths via chemoreceptor activation, this
mechanism requires facilitation by the vagus nerve [36]. Therefore, the presence or absence
of sighs appears to reflect a functional integration between dopaminergic/bombesin-like
activity and vagal afferent signaling, rather than a direct opioid receptor effect. Moreover,
sighs may represent a compensatory mechanism to restore alveolar ventilation in response
to reduced tidal volume induced by LENARTO1 or ranatensin alone.

Regarding the blood pressure response induced by LENARTO01, the initial lowering
was eliminated by blocking MOR, D2R, and midcervical vagotomy, which is consistent
with studies showing that activation of MOR with morphine or D2 receptors induces blood
pressure lowering [37-39]. However, both the efficacy of naloxone blockade and vagotomy
tend to point to the vagus nerve-related MOR receptor. In contrast, the subsequent rise in
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MAP continued despite the blockades or cutting of the vagus nerves, which indicates that
the LENARTO1 pressor effect occurs beyond the vagal loop and is most probably mediated
centrally. It cannot depend on central MOR receptors, as it was not blocked by naloxone
hydrochloride, which passes through the blood—brain barrier (BBB) [40]. Thus, we cannot
rule out the involvement of either central D2R or BB1/BB2 receptors in the generation of
blood pressure increases induced by LENARTO1. In fact, in the central nervous system,
postsynaptic D2R, are involved in increasing blood pressure [41]. We also showed in our
previous study that homologous to ranatensin, bombesin evoked a similar MAP increase
via most likely central BB2 receptors [22]. Thus, a limitation of our study is the lack of
selective D2, BB1, and BB2 receptor antagonists that cross the BBB, which would clearly
indicate their involvement in the hybrid’s pressure response.

Notably, another crucial limitation of our study is the absence of a group receiving a
co-administration of dermorphin and ranatensin. While LENARTO01 was compared with
each component individually, this design does not fully exclude additive pharmacody-
namic effects. However, our intent was not to model polytherapy but to characterize the
hybrid molecule itself. Further studies are needed to compare LENARTO1 directly with an
equimolar mixture of its structural pharmacophores to elucidate hybrid-specific effects.

A limitation of the present study is also the lack of detailed pharmacokinetic and
pharmacodynamic (PK/PD) analysis of the hybrid compound LENARTO01. As presented,
the main objective of the work was to evaluate its physiological effects and to compare
these effects with those of its individual pharmacophores—ranatensin derivative and
dermorphin—in an experimental model that was not designed for a comprehensive de-
termination of pharmacokinetic parameters such as bioavailability, half-life, volume of
distribution, or metabolism. Although these aspects are important for the further thera-
peutic development of the compound and may influence the interpretation of its activity
in vivo, they were not the subject of this analysis. Nevertheless, further studies aimed at
a more comprehensive PK/PD characterization could provide additional context for the
obtained results.

4. Materials and Methods
4.1. Animals

All animal procedures were approved by the Local Ethical Committee in Warsaw
(permit No. WAW /097/2023, consent granted on 5 July 2023) and performed in accor-
dance with the European Legislation (2010/63/EU). All experiments and methods were
performed in accordance with relevant guidelines and regulations and are reported under
the ARRIVE guidelines.

Experiments were performed on adult male Wistar rats (n = 22) weighing 258 =10 g
(mean =+ SD) under urethane (750 mg/kg) and «-chloralose (600 mg/kg; Sigma-Aldrich,
Poznarn, Poland) anesthesia administered intraperitoneally (i.p.). The level of unconscious-
ness was controlled by observing changes in blood pressure induced by pain-inducing
stimuli (paw pinch). If necessary, additional doses of anesthesia were administered. The
animals were placed in a supine position, and the rectal temperature was maintained close
to 37-38 °C. The trachea was exposed, cut below the larynx, and attached to a tracheostomy
tube, through which the animal breathed room air. The femoral artery for blood pressure
monitoring and the femoral vein for intravenous (i.v.) drug administration were catheter-
ized. Furthermore, in the group subjected to midcervical vagotomy, the vagus nerves,
located adjacent to the left and right carotid arteries, were bluntly exposed and bilaterally
transected below the superior laryngeal nerve branch.
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4.2. Parameters’ Registration and Counting

A respiratory signal was registered with a pneumotachograph head connected to
the tracheal cannula and linked to a research pneumotach recording system (RSS 100 HR,
Hans Rudolph Inc., Kansas City, MO, USA), and respiratory variables such as tidal volume
(V1), air flow, breathing frequency (F), minute ventilation (Vg), time of inspiration (T),
and expiratory time (Tg) were recorded. The electromyogram of the costal diaphragm
was recorded from its sternal part with bipolar electrodes. The signal was amplified
(1000-5000 %) with an NL 104 amplifier (Digitimer Ltd., Hertfordshire, UK), band-pass
filtered (50 Hz-50 kHz), and combined with a model AS 101 (Asbit, Parthenstein, Germany)
leaky integrator (time constant = 100 ms). Arterial blood pressure and heart rate were
measured with a BP-2 blood pressure monitor (Columbus Instruments, Columbus, OH,
USA) connected to the catheter placed in the femoral artery.

The respiratory recordings (Vt and airflow (V°)), blood pressure, and integrated
electromyogram of the diaphragm were registered with an Omnilight 8 M 36 apparatus
(Honeywell, Tokyo, Japan). The values of respiratory pattern parameters, mean arterial
blood pressure (MAP), and heart rate (HR) were calculated by averaging the variables
measured for five consecutive respiratory cycles just prior to drug injection (baseline) and at
chosen time points of the post-challenge phase (5, 10, 15, 30, 60, 90, and 120 s after injection).

The maximal and minimal post-drug values in measured parameters were chosen from
the computed time points ranging from the early post-drug phase to 2 min. The duration
of the apneic period in expiratory airflow was measured as the time of respiratory arrest.

Prolongation of Tr was measured as the ratio of maximal Tg during post-drug apnea
or expiration (T tegt) to baseline expiratory time (Tg baseline)s TE test/ TE baseline- 1he apneic
pause longer than 30 s was terminated by application of a respiratory pump, and these
registrations were excluded from further analysis.

4.3. Experimental Groups and Drugs

LENARTO01 was synthesized as described elsewhere [13]. Its amino acid sequence is
presented in Figure 5.

-Gly-His-Phe-Met-NH,

dermorphin ranatensin analogue
pharmacophore pharmacophore

Figure 5. The amino acid sequence of LENARTO1 with the corresponding pharmacophores indicated.

A stock solution of LENARTO1 was prepared weekly; it was dissolved in physiological
saline and stored at —80 °C and refrigerated and dissolved to the final solution before
the experiment. Sulpiride (Merck Life Science, Poznan, Poland)—a dopamine receptor
antagonist, naloxone hydrochloride (Merck Life Science, Poznari, Poland)—an opioid
receptor antagonist, and PD176252 (Bio-Techne, Warsaw, Poland)—bombesin BB1 and BB2
receptor antagonists were prepared freshly from powder before each experiment. Sulpiride
was initially dissolved in a minimal volume (10 uL) of 10% aqueous HCI and brought
to the final volume with NaCl; PD176252 in 150 uL of DMSO was administered i.p. The
cardiovascular and respiratory variables were not altered by the administration of the
respective vehicles (physiological saline or 10% HCl solution diluted in physiological saline
for i.v. delivery and DMSO for i.p. delivery).

The experiments were conducted according to the following scheme:

1. LENARTO1 dose response (10 rats);
. LENARTO01—naloxone, LENARTO1 (5 rats);
3. LENARTOl—sulpiride i.v., LENARTO01 (4 rats);
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LENARTO01—cervical vagotomy, LENARTO1 (4 rats);
LENART01—PD176252 i.p., LENARTO1 (5 rats);
Ranatensin (5 rats);

N oG

Dermorphin (5 rats).

Since LENARTO01 did not show tachyphylaxis, while its half-life is short (data not
published), it was administered more than once to each animal. Between the individual
hybrid peptide injections, an interval of at least one hour was maintained.

Doses of the drugs were chosen based on the following: LENART01—preliminary dose
response (see results, Table 1)—15 pg/kg (12 nmol/kg i.v.); naloxone—2 mg/kg i.v. [42];
sulpiride—25 mg/kg i.v. [43]; PD176252—4 mg/kg i.p. [32]; ranatensin and dermorphin—
12 nmol/kg i.v. (dosage equimolar to the one selected for LENARTO1).

4.4. Statistics

Since not all the data were normally distributed and because of small group sizes,
statistical analysis was carried out using non-parametric tests. The results are presented
as medians with quartiles I and III and quartile deviations (QDs). A Wilcoxon test was
used for comparison within the group between pre-challenge and defined time points after
drug challenge. Differences between individual time points and groups were evaluated by
the Mann-Whitney U test. The data were analyzed with STATISTICA 12 (StatSoft Polska,
Krakéw, Poland). In all cases, p < 0.05 was considered statistically significant.

5. Conclusions

We have provided evidence that the effect of the dual opioid-dopamine receptor-
related hybrid peptide, LENARTO1, on respiration and blood pressure response is a compi-
lation of the actions of its pharmacophores and manifests itself in inducing apnea, sighing,
and an overwhelming increase in blood pressure. At the same time, the hybrid induces
sighs less frequently than ranatensin and apnea dependent on vagus nerve MOR receptor
activation much less frequently and less intensely than dermorphin. This indicates that
LENARTO1 is a safer alternative to activating MOR receptors than dermorphin for potential
use in pain management.

Author Contributions: Conceptualization, K.K., PW., D.Z. and PK.; methodology, PW., D.Z. and
K.K.; formal analysis, PW. and K.K.; investigation, PW. and D.Z.; resources, PK., WK. and A.G,; data
curation, PW.; writing—original draft preparation, PW., KK. and D.Z.; writing—review and editing,
KK, PW, D.Z. and PK,; visualization, PW.; supervision, K.K. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the 2nd Warsaw Ethical Committee (permit No.: WAW /097 /2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article. The raw
data of this study are available from the corresponding author upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Paul, AK,; Smith, C.M.; Rahmatullah, M.; Nissapatorn, V.; Wilairatana, P; Spetea, M.; Gueven, N.; Dietis, N. Opioid Analgesia
and Opioid-Induced Adverse Effects: A Review. Pharmaceuticals 2021, 14, 1091. [CrossRef] [PubMed]
2. Volkow, N.; Benveniste, H.; McLellan, A.T. Use and Misuse of Opioids in Chronic Pain. Annu. Rev. Med. 2018, 69, 451-465.

[CrossRef]


https://doi.org/10.3390/ph14111091
https://www.ncbi.nlm.nih.gov/pubmed/34832873
https://doi.org/10.1146/annurev-med-011817-044739

Int. J. Mol. Sci. 2025, 26, 7188 12 0f 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Hochrainer, N.; Serafin, P.; D’Ingiullo, S.; Mollica, A.; Granica, S.; Brytan, M.; Kleczkowska, P.; Spetea, M. In Vitro and In Vivo
Pharmacological Profiles of LENARTO01, a Dermorphin—-Ranatensin Hybrid Peptide. Int. J. Mol. Sci. 2024, 25, 4007. [CrossRef]
Kleczkowska, P.; Lipkowski, A.W.; Tourwé, D.; Ballet, S. Hybrid Opioid /Non-Opioid Ligands in Pain Research. Curr. Pharm. Des.
2013, 19, 7435-7450. [CrossRef]

Starnowska-Sokét, J.; Przewtocka, B. Multifunctional Opioid-Derived Hybrids in Neuropathic Pain: Preclinical Evidence, Ideas
and Challenges. Molecules 2020, 25, 5520. [CrossRef]

Wang, C.; Yang, C.; Chen, Y.-C.; Ma, L.; Huang, K. Rational Design of Hybrid Peptides: A Novel Drug Design Approach. Curr.
Med. Sci. 2019, 39, 349-355. [CrossRef]

Broccardo, M.; Erspamer, V.; Falconieri, G.; Improta, G.; Linari, G.; Melchiorri, P.; Montecucchi, P. Pharmacological data on
dermorphins, a new class of potent opioid peptides from amphibian skin. Br. J. Pharmacol. 1981, 73, 625-631. [CrossRef]
Montecucchi, P.C.; de Castiglione, R.; Piani, S.; Gozzini, L.; Erspamer, V. Amino Acid Composition and Sequence of Dermorphin,
a Novel Opiate-like Peptide from the Skin of Phyllomedusa Sauvagei. Int. ]. Pept. Protein Res. 1981, 17, 275-283. [CrossRef]
Geller, R.G.; Govier, W.C,; Pisano, ].J.; Tanimura, T.; Van Clineschmidt, B. The Action of Ranatensin, a New Polypeptide from
Amphibian Skin, on the Blood Pressure of Experimental Animals. Br. J. Pharmacol. 1970, 40, 605-616. [CrossRef]

Schoch, C.L.; Ciufo, S.; Domrachev, M.; Hotton, C.L.; Kannan, S.; Khovanskaya, R.; Leipe, D.; Mcveigh, R.; O’Neill, K.; Robbertse,
B.; et al. NCBI Taxonomy: A Comprehensive Update on Curation, Resources and Tools. Database 2020, 2020, baaa062. [CrossRef]
Zhu, X.Z.; Ji, X.Q.; Wu, S.X,; Zou, G. Sulpiride Attenuates Ranatensin-M-Induced Antinociception. Zhongguo Yao Li Xue Bao 1991,
12,291-293. [PubMed]

Serafin, P; Szeleszczuk, t.; Zhukov, 1.; Szfics, E.; Gombos, D.; Stefanucci, A.; Mollica, A.; Pisklak, D.M.; Kleczkowska, P.
Opioid/Dopamine Receptor Binding Studies, NMR and Molecular Dynamics Simulation of LENART01 Chimera, an Opioid-
Bombesin-like Peptide. Molecules 2024, 29, 272. [CrossRef]

Serafin, P.; Kowalczyk, P.; Mollica, A.; Stefanucci, A.; Laskowska, A.K.; Zawadzka, M.; Kramkowski, K.; Kleczkowska, P.
Evaluation of Antimicrobial Activities against Various E. Coli Strains of a Novel Hybrid Peptide—LENARTO01. Molecules 2023, 28,
4955. [CrossRef] [PubMed]

Rodgers, HM.; Lim, S.-A.; Yow, J.; Dinkins, M.-L.; Patton, R.; Clemens, S.; Brewer, K.L. Dopamine D1 or D3 Receptor Modulators
Prevent Morphine Tolerance and Reduce Opioid Withdrawal Symptoms. Pharmacol. Biochem. Behav. 2020, 194, 172935. [CrossRef]
[PubMed]

Portolano, F; Filippelli, A.; Marrazzo, R.; Susanna, V.; Russo, S.; Stella, L.; Losasso, C.; Budetta, S.N.; Molinario, L.; Angrisani, M.
Cardiovascular and Respiratory Effects of Dermorphin in Rats. Res. Commun. Chem. Pathol. Pharmacol. 1991, 71, 131-152.
Wojciechowski, P.; Szereda-Przestaszewska, M.; Lipkowski, A.W. Supranodose Vagotomy Eliminates Respiratory Depression
Evoked by Dermorphin in Anaesthetized Rats. Eur. J. Pharmacol. 2007, 563, 209-212. [CrossRef]

Abou Farha, K.; Baljé-Volkers, C.; Tamminga, W.; den Daas, I.; van Os, S. Dopamine D2R Agonist-Induced Cardiovascular Effects
in Healthy Male Subjects: Potential Implications in Clinical Settings. ISRN Neurol. 2014, 2014, 956353. [CrossRef]

Kujawa, K.; Leurgans, S.; Raman, R.; Blasucci, L.; Goetz, C.G. Acute Orthostatic Hypotension When Starting Dopamine Agonists
in Parkinson’s Disease. Arch. Neurol. 2000, 57, 1461-1463. [CrossRef]

Serafin, P.; Kleczkowska, P. Bombesins: A New Frontier in Hybrid Compound Development. Pharmaceutics 2023, 15, 2597.
[CrossRef]

Spindel, E.R. Bombesin Peptides. In Handbook of Biologically Active Peptides; Elsevier: Amsterdam, The Netherlands, 2013; pp.
326-330. ISBN 978-0-12-385095-9.

Niewoehner, D.E.; Levine, A.S.; Morley, J.E. Central Effects of Neuropeptides on Ventilation in the Rat. Peptides 1983, 4, 277-281.
[CrossRef]

Kaczynska, K.; Szereda-Przestaszewska, M. Peripheral Cardiorespiratory Effects of Bombesin in Anaesthetized Rats. Eur. J.
Pharmacol. 2009, 602, 157-162. [CrossRef]

Kaczyniska, K.; Szereda-Przestaszewska, M. Vasopressor and Heart Rate Responses to Systemic Administration of Bombesin in
Anesthetized Rats. Pharmacol. Rep. 2011, 63, 448-454. [CrossRef]

Colman, A.S.; Miller, ].H. Modulation of Breathing by Mul and Mu2 Opioid Receptor Stimulation in Neonatal and Adult Rats.
Respir. Physiol. 2001, 127, 157-172. [CrossRef]

Paakkari, P.; Paakkari, I.; Sirén, A.L.; Feuerstein, G. Respiratory and Locomotor Stimulation by Low Doses of Dermorphin, a Mul
Receptor-Mediated Effect. J. Pharmacol. Exp. Ther. 1990, 252, 235-240. [CrossRef] [PubMed]

Eager, K.R.; Robinson, B.J.; Galletly, D.C.; Miller, ].H. Endogenous Opioid Modulation of Hypercapnic-Stimulated Respiration in
the Rat. Respir. Physiol. 1994, 96, 13-24. [CrossRef] [PubMed]

Van Dorpe, S.; Adriaens, A.; Polis, I.; Peremans, K.; Van Bocxlaer, ].; De Spiegeleer, B. Analytical Characterization and Comparison
of the Blood-Brain Barrier Permeability of Eight Opioid Peptides. Peptides 2010, 31, 1390-1399. [CrossRef] [PubMed]


https://doi.org/10.3390/ijms25074007
https://doi.org/10.2174/138161281942140105165646
https://doi.org/10.3390/molecules25235520
https://doi.org/10.1007/s11596-019-2042-2
https://doi.org/10.1111/j.1476-5381.1981.tb16797.x
https://doi.org/10.1111/j.1399-3011.1981.tb01993.x
https://doi.org/10.1111/j.1476-5381.1970.tb10641.x
https://doi.org/10.1093/database/baaa062
https://www.ncbi.nlm.nih.gov/pubmed/1807073
https://doi.org/10.3390/molecules29010272
https://doi.org/10.3390/molecules28134955
https://www.ncbi.nlm.nih.gov/pubmed/37446618
https://doi.org/10.1016/j.pbb.2020.172935
https://www.ncbi.nlm.nih.gov/pubmed/32335101
https://doi.org/10.1016/j.ejphar.2007.02.012
https://doi.org/10.1155/2014/956353
https://doi.org/10.1001/archneur.57.10.1461
https://doi.org/10.3390/pharmaceutics15112597
https://doi.org/10.1016/0196-9781(83)90132-8
https://doi.org/10.1016/j.ejphar.2008.11.016
https://doi.org/10.1016/S1734-1140(11)70511-4
https://doi.org/10.1016/S0034-5687(01)00240-7
https://doi.org/10.1016/S0022-3565(25)13335-1
https://www.ncbi.nlm.nih.gov/pubmed/1967644
https://doi.org/10.1016/0034-5687(94)90102-3
https://www.ncbi.nlm.nih.gov/pubmed/7912841
https://doi.org/10.1016/j.peptides.2010.03.029
https://www.ncbi.nlm.nih.gov/pubmed/20347901

Int. J. Mol. Sci. 2025, 26, 7188 13 of 13

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Henderson, E; May, W].; Gruber, R.B.; Discala, ].E.; Puscovic, V.; Young, A.P; Baby, S.M.; Lewis, S.J. Role of Central and Peripheral
Opiate Receptors in the Effects of Fentanyl on Analgesia, Ventilation and Arterial Blood-Gas Chemistry in Conscious Rats. Respir.
Physiol. Neurobiol. 2014, 191, 95-105. [CrossRef]

Pattinson, K.T.S. Opioids and the Control of Respiration. Br. |. Anaesth. 2008, 100, 747-758. [CrossRef]

Laskowska, A.K.; Szudzik, M.; éciezyr’\ska, A.; Komorowski, M.; Szfics, E.; Gombos, D.; Baczek, B.; Lipka-Miciuk, J.; Benyhe, S.;
Kleczkowska, P. The Role of a Natural Amphibian Skin-Based Peptide, Ranatensin, in Pancreatic Cancers Expressing Dopamine
D2 Receptors. Cancers 2022, 14, 5535. [CrossRef]

Liang, Y,; Yang, Y.; Huang, R.; Ning, J.; Bao, X.; Yan, Z.; Chen, H.; Ding, L.; Shu, C. Conjugation of Sulpiride with a Cell Penetrating
Peptide to Augment the Antidepressant Efficacy and Reduce Serum Prolactin Levels. Biomed. Pharmacother. 2024, 174, 116610.
[CrossRef]

Merali, Z.; Bédard, T.; Andrews, N.; Davis, B.; McKnight, A.T.; Gonzalez, M.L; Pritchard, M.; Kent, P.; Anisman, H. Bombesin
Receptors as a Novel Anti-Anxiety Therapeutic Target: BB ; Receptor Actions on Anxiety through Alterations of Serotonin
Activity. J. Neurosci. 2006, 26, 10387-10396. [CrossRef] [PubMed]

Krumins, S.A. Characterization of Dermorphin Binding to Membranes of Rat Brain and Heart. Neuropeptides 1987, 9, 93-102.
[CrossRef]

Melchiorri, P.; Negri, L. The Dermorphin Peptide Family. Gen. Pharmacol. Vasc. Syst. 1996, 27, 1099-1107. [CrossRef] [PubMed]
Glogowska, M.; Richardson, P.S.; Widdicombe, J.G.; Winning, A.]. The Role of the Vagus Nerves, Peripheral Chemoreceptors and
Other Afferent Pathways in the Genesis of Augmented Breaths in Cats and Rabbits. Respir. Physiol. 1972, 16, 179-196. [CrossRef]
[PubMed]

Matsumoto, S.; Takeda, M.; Saiki, C.; Takahashi, T.; Ojima, K. Effects of Vagal and Carotid Chemoreceptor Afferents on the
Frequency and Pattern of Spontaneous Augmented Breaths in Rabbits. Lung 1997, 175, 175-186. [CrossRef]

Kaczynska, K.; Szereda-Przestaszewska, M. Involvement of Vagal Opioid Receptors in Respiratory Effects of Morphine in
Anaesthetized Rats. ]. Physiol. Pharmacol. Off. ]. Pol. Physiol. Soc. 2005, 56, 195-203.

Murphy, M. Dopamine: A Role in the Pathogenesis and Treatment of Hypertension. J. Hum. Hypertens. 2000, 14, S47-S50.
[CrossRef]

Polakowski, ].S.; Segreti, J.A.; Cox, B.E; Hsieh, G.C.; Kolasa, T.; Moreland, R.B.; Brioni, ].D. Effects of Selective Dopamine Receptor
Subtype Agonists on Cardiac Contractility and Regional Haemodynamics in Rats. Clin. Exp. Pharmacol. Physiol. 2004, 31, 837-841.
[CrossRef]

Saari, T.I; Strang, J.; Dale, O. Clinical Pharmacokinetics and Pharmacodynamics of Naloxone. Clin. Pharmacokinet. 2024, 63,
397-422. [CrossRef]

Jose, P.A.; Eisner, G.M.; Felder, R.A. Role of Dopamine in the Pathogenesis of Hypertension. Clin. Exp. Pharmacol. Physiol. Suppl.
1999, 26, S10-S13.

Wojciechowski, P.; Szereda-Przestaszewska, M.; Lipkowski, A.W. Cardiorespiratory Action of Opioid /Tachykinin Agonist Peptide
Hybrid in Anaesthetized Rats: Transduction Pathways. Eur. ]. Pharmacol. 2017, 810, 9-14. [CrossRef]

Bazzani, C.; Nardi, M.G.; Ferrante, F.; Bertolini, A.; Guarini, S. Dopamine D1 Receptors Are Involved in the ACTH-Induced
Reversal of Hemorrhagic Shock. Eur. J. Pharmacol. 1994, 253, 303-306. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.resp.2013.11.005
https://doi.org/10.1093/bja/aen094
https://doi.org/10.3390/cancers14225535
https://doi.org/10.1016/j.biopha.2024.116610
https://doi.org/10.1523/JNEUROSCI.1219-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/17035523
https://doi.org/10.1016/0143-4179(87)90048-5
https://doi.org/10.1016/0306-3623(95)02149-3
https://www.ncbi.nlm.nih.gov/pubmed/8981054
https://doi.org/10.1016/0034-5687(72)90050-3
https://www.ncbi.nlm.nih.gov/pubmed/4644668
https://doi.org/10.1007/PL00007565
https://doi.org/10.1038/sj.jhh.1000987
https://doi.org/10.1111/j.1440-1681.2004.04095.x
https://doi.org/10.1007/s40262-024-01355-6
https://doi.org/10.1016/j.ejphar.2017.06.012
https://doi.org/10.1016/0014-2999(94)90207-0

	Introduction 
	Results 
	LENART01 Dose Response 
	Respiratory Effects of LENART01: The Effects After Blockade of MOR, BB1/BB2, D2R, and After Cervical Vagotomy 
	Cardiovascular Effects of LENART01: The Effects After Blockade of MOR, BB1/BB2, and D2R and After Cervical Vagotomy 
	Comparison of the Respiratory Response Mediated by LENART01 with Its Pharmacophores Ranatensin and Dermorphin 

	Discussion 
	Materials and Methods 
	Animals 
	Parameters’ Registration and Counting 
	Experimental Groups and Drugs 
	Statistics 

	Conclusions 
	References

