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Abstract

effects.

pharmacological interventions for SCl in clinical settings.

Background: Spinal cord injury (SCI) presents a major global health challenge, with rising incidence rates and sub-
stantial disability. Although progress has been made in understanding SCl's pathophysiology and early management,
there is still a lack of effective treatments to mitigate long-term consequences. This study investigates the potential of
sovateltide, a selective endothelin B receptor agonist, in improving clinical outcomes in an acute SCl rat model.

Methods: Thirty male Sprague—Dawley rats underwent sham surgery (group A) or SCl and treated with vehicle
(group B) or sovateltide (group C). Clinical tests, including Basso, Beattie, and Bresnahan scoring, inclined plane, and
allodynia testing with von Frey hair, were performed at various time points. Statistical analyses assessed treatment

Results: Sovateltide administration significantly improved motor function, reducing neurological deficits and
enhancing locomotor recovery compared with vehicle-treated rats, starting from day 7 post injury. Additionally, the
allodynic threshold improved, suggesting antinociceptive properties. Notably, the sovateltide group demonstrated
sustained recovery, and even reached preinjury performance levels, whereas the vehicle group plateaued.

Conclusions: This study suggests that sovateltide may offer neuroprotective effects, enhancing neurogenesis and
angiogenesis. Furthermore, it may possess anti-inflammatory and antinociceptive properties. Future clinical trials are
needed to validate these findings, but sovateltide shows promise as a potential therapeutic strategy to improve func-
tional outcomes in SCI. Sovateltide, an endothelin B receptor agonist, exhibits neuroprotective properties, enhancing
motor recovery and ameliorating hyperalgesia in a rat SCI model. These findings could pave the way for innovative

Keywords: Spinal cord injury, Sovateltide, ILR-1620, Neuroprotective therapy, ETB receptor agonist, Allodynia, SCI
treatment, Neurogenesis, Angiogenesis, Anti-inflammatory properties

Introduction

Spinal cord injury (SCI) is a devastating event, often
producing severe and permanent disability. According
to the Global Burden of Disease Study 2019 [1], in 2019,
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there were 0.9 million incident cases, with a prevalence
of 20.6 million. The burden of SCI has increased over the
last decades, with older and male patients being affected
more than younger and female individuals. Whereas
there has been an advance regarding the pathophysiol-
ogy, early recognition, and treatment, SCI still produces
severe and, in many cases, life-long disability [1, 2].
Current treatment includes stabilization of the patient,
and the best medical care to avoid cardiovascular,
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respiratory, and other medical complications [3, 4]. Sur-
gical decompression and stabilization of the spinal cord
can result in better outcomes, but until now, there were
no guidelines regarding the timing and method of the
intervention [5]. Other approaches (pharmacological,
nonpharmacological, and cellular/genetic) targeting sec-
ondary inflammation have been tested [6]. Most of them
are regarded as neuroprotective and include steroids
[7, 8], channel blockers, neurotransmitter agonists and
antagonists, and antiapoptotic and antioxidative agents
[5, 6, 9—11], but they are still under investigation and are
not used in clinical practice.

Thus, there is a need for new agents that could reduce
the secondary injury and improve the functional out-
come. Initial studies in an ischemic stroke model showed
that the selective activation of endothelin B (ETB) recep-
tors by the agonist, sovateltide (IRL-1620, PMZ-1620),
significantly improved neurological and motor functions
while simultaneously reducing infarct volume and oxida-
tive stress damage at both 24 h and 1 week after perma-
nent middle cerebral artery occlusion (MCAO) in rats
[12-14], possibly due to enhancement of neurogenesis
and angiogenesis.

Given that the spinal cord is also a part of the central
nervous system (CNS), ETB receptors are also expressed
in the spinal cord’s neuronal, neuroglial, and endothe-
lial cells, making them a good target for sovateltide.
In this study, we investigated the clinical outcomes of
sovalteltide in a rat modal of acute SCI.

Methods
All experiments were performed at the animal labora-
tory of ELPEN’s Experimental, Educational, and Research
Center in Athens, Greece. The Research Ethics Com-
mittee of the Veterinary Government Department of
Attika approved the study protocol with protocol number
13-06-2018 and 2875/08-06-2018. The study was con-
ducted in accordance with the Declaration of Helsinki.

ELPEN Experimental, Educational, and Research
Center provided specialized personnel to facilitate the
progress of the experiments and a specialized veterinary
surgeon who supervised the experimental process.

Thirty-three male Sprague—Dawley rats, with a mean
body weight of 300-350 g, were used for our study. The
animals were housed in a standard animal facility with
a temperature range between 20 and 26 °C, 50-60%
humidity, and adequate ventilation with 12/12-h day-
light/darkness. They had free access to food and water
throughout the whole process ad libitum. All animals
were acclimated to the research facility for 4 days before
the initiation of the experiment.

All animals were divided into three groups (11 rats
each). The first group included rats that underwent sham

surgery (group A, sham-operated) and received vehicle
injections (NaCl 0.9%, 1 ml/kg); the surgery was stopped
at the stage of laminectomy, and no SCI was introduced.
In the two other groups (group B and group C), all rats
underwent SCI as described below and received vehicle
and sovateltide (IRL-1620, PMZ-1620) injections, respec-
tively. Animals were randomly allocated to each group.
The investigator researcher conducting the experimental
SCI, as elaborated below, was blinded to the administra-
tion of treatment (drug or placebo) and the subsequent
clinical assessments. A second researcher, also blinded to
the treatment and the nature of surgery (sham-operated
or SCI), was in charge of the clinical assessment. Evalu-
ation of the Basso, Beattie and Bresnahan (BBB) rating
scale was independently performed by two trained inves-
tigators, both blinded to the treatment and the surgery
type. Subsequently to the completion of the experiment
and after the statistical analysis, the details of the treat-
ment and surgery arms were disclosed.

Scl

To facilitate the SCI, animals were anesthetized. Anes-
thesia was initiated by exposing the animals to 8% sevo-
flurane within a confinement chamber. Subsequently,
intubation was performed, and the animals were con-
nected to a ventilation system, maintaining a sevoflu-
rane concentration of approximately 2%. Prior to surgery,
analgesic treatment was administered at least 1 h in
advance, involving a subcutaneous injection of ketopro-
fen at a dose of 5 mg/kg, corresponding to 0.05 ml/kg of
a 10% ketoprofen solution. In addition, prophylactic anti-
biotics (enrofloxacin, 0.1 ml of a 4 mg/kg Baytril solution
subcutaneously) were administered. The choice and use
of enrofloxacin as an antibiotic treatment over oxytetra-
cycline (Oxyvet solution) was made because of its smaller
effect on the nervous system compared with antibiotics of
the tetracycline family [15-17]. Additionally, 1 ml/100gr
0.9% NaCl sc was administered preoperatively, and eye
ointment was applied, while intraoperatively a warm mat
was placed under the rat, and oxygen was provided.

The experimental model of SCI used is based on the
direct impact method, involving the release of a rod
from a specific height (blunt, nonpenetrating injury). The
impact was targeted at the 10th thoracic vertebra after
performing a laminectomy. The device used was inspired
by the principles of New York University (NYU)/Multi-
center Animal Spinal Cord Impactor Study (MASCIS)
[18, 19], where a rod’s release resulted in a direct impact
on the spinal cord. The force applied to the spinal cord
of experimental animals, aiming to achieve a postinjury
score on the BBB locomotor rating scale similar to that
of studies used for power analysis, was calculated at 150
kdyn (simulating a moderate human SCI) [20]. This force
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was determined based on the experimental SCI model
using the impactor device Infinite Horizon. In the cur-
rent experimental work, a spinal cord impact device
was employed, constructed following the standards and
principles of NYU and MASCIS devices [18, 19, 21-27].
A 10 g rod with a diameter of approximately 2 mm was
released from a height of 12.5 mm through a cylindrical
tube, resulting in immediate spinal cord impact at the
designated level (10th thoracic vertebra). In comparative
studies of the two spinal cord impact devices (NYU and
MASCIS), it has been observed that the release of a 10 g
weight from a height of 12.5 mm corresponds to a force
of 225 kdyn (with an impact velocity of 125 mm/s) when
evaluating the displacement of the spinal cord and the
load of force applied to the spinal cord [28]. The compari-
son of the two devices in the above experiment was based
on the correlation between mechanical deformations
and the corresponding pathoanatomical findings. On the
other hand, for this specific experiment, the significance
lies in the rating achieved by the experimental animals
on the locomotor rating scale rather than the mechani-
cal changes induced by the impact. For these reasons, the
characteristics of the force (height 12.5 mm, weight 10 g,
and rod diameter ~2 mm) chosen for the SCI in experi-
mental animals after the weight drop have been calcu-
lated based on the literature and with the criterion being
the primary endpoint of this study [19, 21-23, 25, 27, 29].

Following the surgical procedure and while the animals
were recovering, subcutaneous administration of 5 ml of
normal saline and 0.1 ml of Baytril solution was admin-
istered. Subsequent administrations of Baytril at 0.1 ml
and ketoprofen at 5 mg/kg were continued once daily
for the first 7 and 5 days, respectively. Manual bladder
emptying was performed three times daily until normal
urination was achieved (less than 2 ml of urine during
morning emptying for 3 consecutive days). The entire
technical protocol, from surgical preparation to postop-
erative care, including feeding assistance by placing food/
water on the cage floor, was according to the guidelines
established by both the Federation of European Labora-
tory Animal Science Associations and Krishna et al. [30,
31]. Intensive monitoring and special care were paid to
any signs or symptoms that were indicative of autophagia
and self-mutilation/autotomy. Any signs or symptoms of
autophagia or autotomy were treated according to estab-
lished protocols [27].

Sovateltide (previously IRL-1620, PMZ-1620) (N-Suc-
cinyl-[Glu9,Alal1,15] endothelinl) (Pharmazz, Inc) was
diluted in NaCl 0.9% and was administered intravenously
via the tail vein, in doses of 5 pg/kg (volume 1 ml/kg) at 2,
4, and 6 h on after injury (day 0) and the same hours on
postsurgical days 1 and 2. The specific dose (mid—high),
was chosen based on previous experiments on cerebral

ischemia in rats (MCAO model), whereas the selection of
multiple doses of sovateltide, as well as the preference for
this dosing scheme over a single administration, is based
on prior research demonstrating a tachyphylaxis effect
against the initial hypotensive response to sovateltide
[12-14, 32]. Specifically, it was previously shown that
IRL-1620 produced a consistent decrease in renal blood
flow and increase in cerebral blood flow without any
evidence of tachyphylaxis [32]. Dosing of IRL-1620 was
based on preliminary studies and publications, and it has
been proven to be safe in various dosages both in rodents
and humans [12-14, 32-37].

All clinical tests were performed preoperatively (base-
line) and on the 7th, 14th, 21st, and 28th day after sur-
gery. The selection of these particular time intervals for
clinical evaluation was guided by the studies used in the
power analysis [38] and directed toward observing the
behavior of the experimental animals throughout the key
stages of SCI pathophysiology, all of which are also perti-
nent treatment objectives [2].

Clinical Tests

Well-Being

All animals were assessed regarding their well-being.
Parameters such as weight, urinary output until normal
urinary function was restored, signs of autophagia/autot-
omy, and food and water consumption were recorded
every day until the end of the experiment.

Open-Field/BBB Scoring

The animals were transferred with their cages to a sepa-
rate room 1 h before the start of each test. Each animal
was placed separately in a transparent, plastic plexiglass
cage (40 x 40 x 40 cm) and was left for 5 min. With the
help of two video cameras, all unconditioned behav-
ior, general activity levels, gross locomotor activity, and
exploration habits were observed. Recovery of locomotor
function was determined with the BBB locomotor scale
[39]. Briefly, the scale ranges from 0 (total paralysis) to 21
(normal locomotion). Stages 1 to 8 are scored for small
or large movements of the three joints of the hind limb; a
score of 9 indicates weight-bearing status or dorsal step-
ping, and scores of 10 to 21 indicate progressive improve-
ments in coordinated walking ability [39-42]. The score
for each animal was assigned by two observers (TM, AM)
without knowledge of the animal’s treatment condition
during each 5-min session of open-field testing.

Inclined Plane

The inclined plane is a behavioral assessment of the ani-
mal’s ability to balance on an elevated inclined wooden
board. To assess the outcomes of coordinated motor
function further, animals were tested using both the
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conventional incline plane method and its modified ver-
sion [42, 43]. The apparatus was made according to previ-
ous studies [43]. In summary, the apparatus comprised of
two rectangular segments (40 x 30 cm) joined by a hinge,
wherein one acted as a fixed base and the other as a mov-
able inclined plane. Markings that indicated the different
degrees were drawn on one side. A rubber mat featur-
ing minor ridges (~ 0.6 cm tall) was affixed to the surface
of the movable plane to enhance traction. The animals
relied on their front and rear limbs to stay on the plane.
In practice, the angle was systematically increased from a
starting point of 10° in 5-degree increments until the rat
could not sustain its posture on the inclined plane [43].
The angle at which the animal successfully maintains its
stance on the inclined plane for 5 s was recorded [40,
43-45]. Horizontal positioning (the rostrocaudal axis of
the rat trunk was perpendicular to the longitudinal axis
of the plane) [43], in addition to the head-up and head-
down positions [42, 44], was assessed. Regarding the two
latter positions, head-up primarily evaluates the overall
physical condition (mainly based on forelimb activity),
and head-down assesses the coordination of the hind
limb performance [40, 42].

Sensation/Allodynia Testing—von Frey Hair/Filaments
Pain-related behavior was recorded using various devices
applied to the forelimbs, hindlimbs, trunk, and face [46].
The animals were placed individually for 30 min before
the experiment in a transparent plastic cage closed over
a wire mesh surface, providing access to the plantar sur-
faces of the hind limbs. All animals were previously con-
ditioned with sugared cereal both before and during the
testing, according to Detloff et al. [47]. As Detloff et al.
[47] demonstrated previously, the use of sugared cereal as
a cognitive distractor during plantar von Frey hair (VFH)
testing acts as a stabilization factor to eliminate variabil-
ity in tactile sensory testing.

Subsequently, the filaments (starting with the 5.18)
were gently applied vertically against the center of the
plantar surface of the hind limbs until a bend in the fiber
was observed, with this pressure being maintained for
approximately 1-2 s. A positive response is noted when
the limb is withdrawn from the monofilament [47, 48].
Any supraspinally driven attention given to the tactile
stimulus, including vocalizing, licking, or guarding the
stimulated paw, was also recorded as a positive response
[49]. Using VFH (Stoelting Co, Wood Dale, IL) according
to the “up-down” method [47, 48], the degree of tactile
sensation after SCI was assessed. A set of 10 VFH stimu-
lus applications was collected for each hindlimb [49]. The
response threshold refers to the minimum force, meas-
ured in the logarithmic VFH scale, required to elicit a
plantar withdrawal response in 50% of the applications.

A 15-g upper limit is applied to prevent any potential
injury.

All rats were killed according to established experimen-
tal protocols on the 28th postoperative day after the last
clinical tests, and the spinal cord was harvested, freshly
frozen, and cut under cryotome for microscopic evalu-
ation. The aim of the kill was to verify the level of SCI
and the extent of that; bilateral uniform SCI seen in the
microscope was considered a success.

Sample Size Estimation

The power analysis was derived based on previous studies
[38, 50, 51] and using the BBB score as the primary out-
come. We estimated the sample size using the two-way
mixed model analysis of variance (ANOVA) with fac-
tors the “intervention” (sham-operated =group A/SCI-
vehicle =group B/SCI-sovateltide =group C) and “time”
(baseline/presurgery/7 days/14 days/21 days/28 days)
and focused on the comparison of group B and C, regard-
less of the “time” factor. The effect size of the compari-
son was 0.63 (group, A 21+4; group B, 11.5+4; group
C, 16.5+4), and considering power 80% and level of sig-
nificance 1.7% (Bonferroni correction for three groups),
we needed ten laboratory animals per group. Taking into
consideration the severity of the experiment and the
increased mortality risk occurring either during or fol-
lowing the surgical procedures, we made a projection
that the inclusion of three supplementary animals (one
per group), would provide adequate contingency meas-
ures to ensure the feasibility of conducting the initial sta-
tistical analysis, even in the event of unexpected fatalities.
Because of the severity and novelty of the experiment, we
calculated three more animals (one per group).

Statistical Analysis
Data were expressed as mean =+ standard deviation, and
the Shapiro-Wilks test examined the normal distribution
of the parameters.

We used the two-way mixed ANOVA model using as
factors “the intervention” (comparison between the three
groups) and “time” (within group longitudinal compari-
son) for the analysis of variables using the Bonferroni
correction for all pairwise comparisons (post hoc) either
between or within groups.

Sensitivity analysis, including the baseline measure of
each variable as a covariate was performed in order to
assess the robustness of the primary analysis. This was
evaluated by using the comparison of percentage change
from baseline of variables and analyzed with the one-way
ANOVA model (for normal distribution) and Bonferroni
test for pairwise comparisons or the Kruskal-Wallis and
Mann—Whitney U-tests in case of violation of normality
of variables.
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Finally, the analysis regarding the correlation of VFH
size and response (VFH size-response analysis) between
the three groups was done using the Probit regression
model. The variable ED-50, meaning 50% of positive
answers, was calculated and used for the analysis.

All tests were two sided, and statistical significance was
set at p<0.05. All analyses were carried out using the sta-
tistical package SPSS version 21.00 (IBM Corporation,
Somers, NY).

Results

Well-Being

Thirty animals (10 in each group) were included in the
final analysis. Three animals died during or after surgery
due to the severity of the experiment and anesthesia.
All animals had a relatively good surgical recovery and
achieved feeding milestones, and none of the animals
experienced signs of autophagy. Regarding weight gain,
there was a statistically significant difference between
groups B and C only at 21 days (p=0.023), whereas
there was no difference in all other time points. No drug-
related (sovateltide) adverse events were reported.

BBB Score

We observed that there are statistically significant dif-
ferences (F[8, 107] =261.84 p<0.005) in the BBB mean
scores between the three groups for the five time points,
as seen in Fig. 1.

More specifically, there is no statistically significant dif-
ference between the three interventions preoperatively
(p > 0.99), whereas there is for 7 days (p <0.005), 14 days
(p<0.005), 21 days (p<0.005), and 28 days (p<0.005)
for the BBB variable. From the multiple comparisons, a
statistically significant difference between group A and
groups B and C at 7, 14, 21, and 28 days was observed.
More interestingly, there was a statistically significant dif-
ference in mean BBB scores between group B and group
C at all time points after surgery (7, 14, 21, and 28 days)
(p<0.005), as seen in Table 1. There is also statistically
significant difference in percentage changes of mean
BBB score from the preoperative assessment to 7-day
(p<0.005), 14-day (p<0.005), 21-day (p<0.005), and
28-day (p<0.005) time points between the three inter-
ventions. Again, multiple comparisons showed a statisti-
cally significant difference between group B and C at all
time points (p <0.005), as seen in Table 1 and Fig. 2.

In the longitudinal analysis in each group, there was a
statistically significant difference in BBB scores between
the 7th day and 14th day, but not between the 14th, 21st
and 28th day in group B (SCI-vehicle), whereas that dif-
ference remains statistically significant across all time
points in group C (SCI-sovateltide) (p <0.005) (Table 1).
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Fig. 1 BBB mean values of the three groups in each time point. BBB:
Basso, Beattie, and Bresnahan score, Group A: sham-operated, Group
B: SCl-vehicle, Group C: SCl-sovateltide, SCI: spinal cord injury

Inclined Plane

Inclined plane testing was done with the test subjects
positioned vertically (VER), head-up and head-down.
Most of the results showed consistency in all their
trends.

More specifically, with regards to VER, statistically sig-
nificant difference was observed between group B and C
in 14, 21 and 28 days of the experiment (p value <0.005)
as shown in Table 2, Fig. 3. That difference is also
depicted in differences in percentage changes of mean
VER angle score from the preoperative assessment to
7-day (p<0.005), 14-day (p<0.005), 21-day (p<0.005),
and 28-day (p<0.005) time points between the three
interventions. Multiple comparisons showed a statisti-
cally significant difference between group B and C at
14-day, 21-day, and 28-day time points (p <0.005), as seen
in Table 2.

In the longitudinal analysis in each group, there was a
statistically significant difference in VER scores across all
time points in group C (p<0.005), and surprisingly there
was no difference between the presurgical assessment
and day 28 (p =0.224). In group B, there was not any dif-
ference in scores between days 7, 14, 21 and 28 (Table 2).

Similar and consistent results and statistically sig-
nificant differences were found also in the head-up and
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Table 1 Two-way mixed model ANOVA for BBB score

Time points

Mean values

Baseline/
pre-surgery

7 days

% change of mean values from baseline to

GroupA 2100400 2100400 2100400 2100400 2100400 0.0%=0.0 0.0%=0.0 0.0%0.0 0.0%0.0
GroupB 2100400 7004115  9004094*°C 9204103 970+1.16%°C —-66.7£55° — 5714449  —-56194492° —-5381£55°
GroupC 2100400 90041059 114041712094 1440417120992 16204 18120<def _ 57714502029  _45714816°9 —-31434+816°¢ —-22864864%¢
p -value p>099 p < 0.005 p < 0.005 p < 0.005 p < 0.005 p < 0.005 p < 0.005 p < 0.005 p < 0.005

Comparisons of BBB mean difference between the three groups (A, B, and C) for each time point separately and percentage changes from pre-surgery values between
the three groups (A, B, and C) for each post-surgical time point separately. All values were are presented as mean £ SD

ANOVA, analysis of variance, BBB,: Basso, Beattie, and Bresnahan score, SD: standard deviation, Group A: sham-operated, Group B: SCI-vehicle, Group C: SCl-sovateltide

@ p<0.005 vs. baseline
b p<0.005 vs. group A
¢ p<0.005 vs. 7 days

4 p<0.005 vs. group B
¢ p<0.005 vs. 14 days

f p<0.005 vs. 21 days

20

10

Mean percentage change of BBB from badeline/presurgery(%)

——o—Group A
-70 - ——Group B
—#—Group C
-80 - P
0 7 14 21 28

Time (days)
Fig. 2 Percentage change of BBB mean from presurgery/baseline of
the three groups in each time point. BBB: Basso, Beattie, and Bresna-
han score, Group A: sham-operated, Group B: SCl-vehicle, Group C:
SCl-sovateltide, SCI: spinal cord injury

head-down inclined plane testing between group B and C
in the 14th, 21st, and 28th day of the experiment (p val-
ues <0.005) (Figs. 4 and 5).

VFH Filament

Statistically significant differences were observed
between group B and C at the 28th day on the right leg
and at the 21st and 28th day on the left (Figs. 6 and 7).
There were not any other significant differences between
those group at any other time point in both legs (Supple-
mentary Table 1).

Discussion

In this study, sovateltide administration has been shown
to improve rats’ functional outcome and reduce hyper-
algesia after SCI. Sovateltide is a selective ETB receptor
agonist, originally tested for its vasodilatory properties
and its ability to enhance the uptake and efficacy of vari-
ous chemotherapeutic agents [52—54].

Endothelins are a group of peptides consisting of 21
amino acids, comprising three isoforms: ET-1, ET-2, and
ET-3. In mammals’ normal CNS and spinal cord, ET-1
and ET-3 isoforms are present in vascular endothelial
cells and a subset of neurons [55-59]. Studies have dem-
onstrated that ET-1 and ET-3 levels in cerebrospinal fluid
and plasma are typically low in an uninjured CNS [60,
61], but significantly rise following traumatic brain injury
[62, 63], SCI [64—66], and cerebrovascular accidents [67,
68].

Within the mammalian CNS, endothelins exert their
physiological effects by activating two receptor subtypes:
endothelin A (ETA) receptor (ETAR) and endothelin B
receptor (ETBR). ET-1 and ET-2 have a higher affinity
for ETAR than ET-3, while all three peptides have simi-
lar affinities for ETBR. Research has shown that endothe-
lin receptors are distributed throughout the normal
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Table 2 Two-way mixed model ANOVA for VER angle
Time points

Mean values

Baseline/ 14 days
pre-surgery

% change of mean values from baseline to

14 days

Group A 6450550 64504550 64504550 64.5046.43
Group B 63504337 32004258 34004394°°  35504369*°

p-value p=0.762 p < 0.005 p < 0.005 p < 0.005

65.004.08 0.6%=3.78 0.18%6.56 0.0%+5.17 1.25%48.72
36.504£242°°  —4955+396° —46344673° —43974655° —4236+5.12°
Group C 65004471 325042640 43504474204 49004738209 5850458079 —49724589° —32854796°¢ —244241155°9 —962+10219"

p <0005

p < 0.005 p < 0.005 p < 0.005 p < 0.005

Comparisons of VER mean difference between the three groups (A, B, and C) for each time point separately and percentage changes from pre-surgery values between
the three groups (A, B, and C) for each post-surgical time point separately. All values were are presented as mean +SD

ANOVA, analysis of variance, SD, standard deviation, VER,: vertically positioned inclined plane testing, Group A: sham-operated, Group B: SCl-vehicle, Group C: SCI-

sovateltide

@ p<0.005 vs. baseline
b p<0.005 vs. group A
¢ p<0.005 vs. 7 days

4 p<0.005 vs. group B
¢ p<0.005 vs. 14 days

f p<0.005 vs. 21 days

9 p=0.007
h p=0.02
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Fig. 3 VER mean values of the three groups in each time point.
Group A: sham-operated, Group B: SCl-vehicle, Group C: SCI-
sovateltide, SCI: spinal cord injury, VER: vertically positioned inclined
plane testing
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Fig. 4 Inclined plane (head-up) mean values of the three groups
in each time point. Group A: sham-operated, Group B: SCl-vehicle,
Group C: SCl-sovateltide, SCI: spinal cord injury
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Fig. 5 Inclined plane (head-down) mean values of the three groups
in each time point. Group A: sham-operated, Group B: SCl-vehicle,
Group C: SCl-sovateltide, SC: spinal cord injury
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Fig. 6 VFH probability of success of the three groups on the right leg
at day 28. Probability is calculated according to the variable of ED-50.
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spinal cord in mammals, including humans [69-71].
ETAR mRNA is predominantly expressed in vascular
smooth muscle cells, whereas ETBR mRNA is found

mainly in glial and vascular endothelial cells. Activation
of ETAR leads to vasoconstriction, whereas ETBR acti-
vation induces vasodilation. Under normal conditions,
these receptors regulate cerebral blood flow and influ-
ence developmental processes like neuronal migration,
proliferation, and apoptosis [14, 72, 73].

Studies have linked elevated ET levels to reduced blood
flow in ischemic brain areas after experimental ischemic
stroke models [12, 74]. Consequently, researchers have
explored various endothelin antagonists for ischemic
stroke treatment. While some ETA-specific and nonspe-
cific ETA/B antagonists have shown promise in experi-
mental models, others have not yielded favorable results
[12, 33, 75-79]. Most studies have focused on selectively
blocking ETA receptors to prevent excessive vasocon-
striction, neglecting the impact of selectively activating
ETB receptors in stroke models. Early research indi-
cated that inhibiting or lacking endothelin B receptors
might disrupt the vasomotor balance, potentially wors-
ening ischemic brain injury [14, 80, 81]. Increased levels
of ET-1 in plasma and tissue during ischemic stroke and
subarachnoid hemorrhage [12, 82, 83], along with evi-
dence that ETB receptor deficiency worsens outcomes
after cerebral ischemia, prompted investigations into the
role of ETB receptors in ischemic stroke models [13, 80,
81].

Moreover, recent investigations have also revealed
that the intracerebroventricular administration of an
ETB receptor agonist in normal rats can enhance vas-
cular endothelial growth factor (VEGF) production and
activate VEGF receptors within the brain, hence pro-
mote angiogenesis [14, 84, 85]. VEGF exerts its effects
by binding to specific tyrosine-kinase receptors, namely
VEGFR-1 and VEGFR-2, predominantly located on
endothelial cells. During hypoxic conditions such as cer-
ebral ischemia, VEGF expression is induced in neurons,
astrocytes, and endothelial cells through hypoxia-induc-
ible factor-1 [86]. Once expressed, VEGF initiates both
direct and indirect neuroprotective actions, including
apoptosis inhibition, stimulation of neurogenesis and
angiogenesis, increased glucose uptake, and activation
of antioxidants [87]. VEGF binds to VEGFR-2, activating
the extracellular signal-regulated kinase and mitogen-
activated protein kinase signaling pathways [88]. ETB
receptor antagonism prevents the upregulation of VEGF
[89] and downregulates extracellular signal-regulated
kinase and mitogen-activated protein kinase pathways
[90], thus leading to reduced proliferation, and increased
apoptosis.

Likewise, it has been observed that endogenous neuro-
genesis, involving an increase in the population of neu-
ral stem cells in the subventricular zone (SVZ), is part of
the reparative process following ischemic stroke [14, 91].
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Interestingly, ETB receptors have been identified within
the subependymal zone, a neurogenic niche in adult rats,
suggesting a potential role in not only regulating the
developing CNS but also remodeling the adult brain [92].
ETB agonist administration has been reported to elevate
brain-derived neurotrophic factor, glial-derived neuro-
trophic factor, and neurotrophin-3 in the brains of nor-
mal adult rats [93, 94]. Moreover, IRL-1620 has shown
to induce cell proliferation and specifically those who are
expressing nerve-growth gactor in the SVZ, striatum, and
cortex of rats after permanent cerebral ischemia. Nota-
bly, the researchers observed migration of these cells
from the SVZ to the striatum and cortex, which implies
significant neuronal remodeling. The findings emphasize
the neurogenic potential of sovateltide in the context of
CNS injury (brain and spinal cord) [14].

Activation of ETB receptors through intravenous
administration of sovateltide (IRL-1620, PMZ-1620), a
potent selective ETB agonist, significantly increased cer-
ebral blood flow in normal rats [12, 32]. Furthermore,
functional ETB receptors enhanced neural progeni-
tor cell proliferation and protected against apoptosis in
various brain regions. Most investigations scrutinizing
the mechanism and effects of sovateltide center around
hypoxia models. In a rat model of experimental stroke
(MCAQO), sovateltide administration demonstrated
improved neurological functions, concurrently reduc-
ing malondialdehyde levels—a lipid peroxidation indi-
cator—while elevating the levels of potent antioxidants

glutathione and superoxide dismutase [13]. Initial studies
in an ischemic stroke model demonstrated that selective
stimulation of ETB receptors with the agonist IRL-1620
improved neurological and motor functions while reduc-
ing infarct volume and provided sustained neuroprotec-
tion against oxidative stress at both 24 h and 1 week after
permanent MCAO in rats [12-14]. Furthermore, the
involvement of ET receptors on astrocytes in modulating
gap junction permeability and apoptotic signal propaga-
tion has been elucidated [95, 96]. Sovateltide treatment
demonstrated a mitigating effect on brain edema, while
ETB receptor antagonism exacerbated edema, impli-
cating the ETB receptor in gap junction permeability
and blood-brain barrier breakdown during subacute
ischemia [13]. The ETB receptor, acting as a clearance
receptor for ET-1, was associated with increased expres-
sion of neuroprotective molecules, potentially contribut-
ing to vasoprotective effects [81, 84, 97]. This suggests
that ETB receptors may play a pivotal role in CNS plas-
ticity (both brain and spinal cord), and early adminis-
tration of IRL-1620 could contribute to long-term CNS
plastic mechanisms, resulting in improved outcomes in
hypoxic and injury scenarios [12—14].

Those preclinical studies showed that sovateltide is
beneficial in ischemic stroke via activation of ETB recep-
tors and was also tested in the clinical setting. In a phase
II trial, sovateltide has proven safe and well-tolerated,
improving neurological outcomes in patients with acute
ischemic stroke 90 days post-treatment [98].
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In SCI studies that tested similar angiogenic and neuro-
genic agents, such as VEGF and platelet-derived growth
factor (PDGF), functional recovery (BBB score) was
shown at 28 days compared with placebo [38]. Moreover,
other therapeutic agents like rolipram, a phosphodies-
terase 4 inhibitor, ganglioside G(M1), and erythropoietin
have been found to decrease neuronal sensitivity to mye-
lin inhibitors, increase growth potential and are neuro-
protective also in SCI [50, 51], possible via angiogenesis
and neurogenesis. Taking the aforementioned into con-
sideration and the possibility that sovateltide is exerting
its effects via cell proliferation, similar results are sup-
ported by this study and unpublished data [99].

The result of the study depicts the clinical improvement
even from early stages (day 7) when compared to placebo.
These results are in accordance with previous studies that
investigated the clinical effects of sovateltide in ischemic
stroke and other vasogenic substances in models of SCI
[13, 14, 38, 50, 51, 100, 101]. Although, in the SCI-vehicle
group, there was an early motor function improvement
between the experiment’s 7th and 14th days (statistically
significant), the rats reached a plateau. This observation
is seen in many studies and is possibly due to the endog-
enous repairing mechanisms of the CNS. In contrast, the
sovateltide group continued to improve until the end of
the experiment, with a longitudinal trajectory that was
clinically significant in all time points. This suggests that
sovateltide demonstrates a lasting impact, with its effects
expected to persist beyond the experimental timeframe.

Our investigation yielded consistent outcomes during
the inclined plane test. This assessment provides valu-
able insights into multiple aspects of their functionality,
encompassing motor skills, hindlimb coordination, bal-
ance, and overall physical strength. The intriguing aspect
of our findings is the absence of any statistically signifi-
cant difference between the presurgical baseline assess-
ment and the assessment conducted on the 28th day of
the experiment, specifically within the sovateltide-treated
group, meaning that the subjects reached their pre-SCI
status. This noteworthy result strongly indicates that the
positive changes in motor function and coordination,
while evident within the study’s timeframe, potentially
extend beyond the observed period. The clinical obser-
vations of this study, however, ceased on day 28, leaving
open the possibility that the full extent of improvement
facilitated by sovateltide may not have been fully cap-
tured. This highlights the need for future investigations
to explore the continued progress and sustainability of
these effects in the days and weeks following the study’s
end point.

The importance of this study lies also in the data pre-
sented regarding allodynia testing. It is known that if
pain behavior appears in the face, it reflects the reaction

to supraspinal mechanisms, because sensory function in
the face is regulated by the trigeminal nerve. In thoracic
SCI, trunk allodynia reflects at-level neuropathic pain,
and allodynia in the hindlimb reflects below-level neu-
ropathic pain [46]. Moreover, it was previously shown
that ET-1 has emerged as a potent neuroactive peptide,
which plays a role in various pain and pain-related pro-
cesses through its interaction with its receptors (ETAR
and ETBR) [102]. Numerous research investigations have
consistently identified ET-1 as a pronociceptive agent,
significantly contributing to pain regulation (increase)
in numerous pathological conditions [103—-106]. How-
ever, it is worth noting that a handful of studies have
reported that ET-1 also demonstrates antinociceptive
effects. These findings suggest that the effects of ET-1
on nociception may vary depending on receptor-specific
actions; different actions on ETA and ETB receptors,
potentially resulting in a dual impact of ET-1 on pain
perception [107, 108]. There was also a hypothesis that
ET-1 exerts its antinociceptive effects through ETBR,
potentially through the regulation of both endogenous
opioid dependent and independent signaling pathways
[109-113]. Mule et al. [114] found that the reduction in
nociceptor excitability is facilitated by ET-1 through the
specific activation of ETBR in a rat model of neuropathic
pain. Various studies suggest that activating peripheral
ETB receptors produces an analgesic effect in pathologic
conditions in rats [115]. These analgesic/antinociceptive
effects of ETB receptor agonism is supported by the data
revealing that ETB receptor-deficient mice are hyper-
sensitive to mechanical stimuli [116]. Consequently, it
is conceivable that IRL-1620, a selective ETBR agonist,
could serve as promising candidate for the treatment of
neuropathic pain. This hypothesis is also confirmed by
the current study (SCI model of neuropathic pain), as
the results depict the change of the allodynic threshold
especially at the time point of 4 weeks. A mild inconsist-
ency was observed between the two sides (left and right
feet), possibly attributed to the slight angle changes dur-
ing the weight drop and the small number of the test
subjects. Nevertheless, this finding is important, and it
can be hypothesized that sovateltide may have also anti-
inflammatory and antinociceptive properties that need to
be investigated.

This study is not without limitations. As in every exper-
imental study there, is a translational gap between rats
and humans, and those results must not be interpreted in
clinical settings without further investigation and clinical
trials. Despite rats being larger than mice, they still repre-
sent a different species relative to humans. Consequently,
long-distance axon regeneration, a very important con-
cept of the pathophysiology and recovery in human SCI,
cannot be directly extrapolated from rat models. Notably,
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findings from rodent studies that document enhanced
axonal growth, such as through axons spanning the
lesion site, may lead to potential misconceptions. This is
attributed to the difference in the volumes of gray mat-
ter requiring reinnervation between humans and rats.
The recuperative process following SCI in humans is
slower compared to rats. Human spontaneous recov-
ery is recognized to continue evolving without reaching
a plateau until 6-12 months post injury. Conversely, the
same process in rats typically reaches a plateau around
~6-8 weeks after injury [117]. Whereas contusion inju-
ries, induced by the impact of an accelerating rod on
the spinal cord, are regarded as reasonably faithful rep-
resentations of human spinal cord impact injuries [118],
certain assumptions (simplified representation of the
spinal cord and omission of cerebrospinal fluid flow)
were made, that may affect the impact force, the spinal
cord displacement, and clinical outcomes. Noteworthy is
the observation that rats exhibit strain-specific recovery
patterns from spinal cord injuries [119], and discernible
variations in functional outcomes and tissue preserva-
tion exist even among substrains [120]. The origins of
these differences, albeit not fully comprehended, appear
to have a genetic basis. Additionally, there are known
and evident differences in the anatomy of spinal fiber
tracts between humans and rats [121] and even among
rat substrains [122]. Consequently, careful consideration
of substrain selection becomes imperative for the accu-
rate interpretation of outcomes in experimental models
of SCL. In this study, the selection of the Spraque-Dawley
strain was driven by the literature as most of the con-
tusion models use the specific strain due to its repro-
ducibility and validation. Moreover, Sprague—Dawley
rats have a more potent endogenous neurogenetic and
angiogenetic ability after injury than humans and can
be enhanced more by therapeutic agents. Confounding
factors that may have been introduced during the study
design or execution of the experiment could include the
subjectivity of BBB scoring (measurement bias), as this
needs experience and is operator dependent. Never-
theless, the two investigators who were involved in the
scoring had vast experience and a very strong interrater
reliability (k=0.91). Because of the careful design of the
study, there was no selection or treatment bias. Another
limitation of the study is the lack of immunofluorescent
investigation of the spinal cord at the end of the experi-
ment, as the primary end point was the motor function
(BBB score) and not the immunohistochemistry analy-
sis. This could provide more information regarding the
mechanism of action and the pathophysiology.

This study supports the role of sovateltide in SCI show-
ing promising results. Ongoing phase II clinical trial
comparing the safety and efficacy of sovateltide therapy

along with standard supportive care in patients with
acute SCI will help to elaborate the role of ETBRs as an
attractive pharmacological tool for SCI treatment and
would establish a new ETBRs based spinal cord regenera-
tive strategy to increase neuronal survival, regeneration,
and function after injury [99, 123]. Sovateltide, along with
targeted activation of ETB receptors, has yielded valuable
insights into the pathophysiology of nervous system inju-
ries, extending beyond ischemia to encompass trauma
and inflammation. This knowledge encourages further
exploration of sovateltide’s potential applications in
diverse CNS disorders, including autoimmune conditions
and degenerative diseases. Investigating the molecular
pathways involved in inflammation-associated disorders
of the CNS could unveil novel therapeutic avenues for
sovateltide. Additionally, examining its impact on com-
mon pathways shared among various neuroinflammatory
conditions may provide a broader perspective, potentially
enhancing its clinical utility and expanding its role in
future treatments for a spectrum of CNS diseases.

Conclusions

The present study demonstrates that ETB receptor acti-
vation by sovateltide may be a novel neuroprotective
therapy in treating SCI. Selective ETB receptor agonist,
sovateltide, significantly decreases neurological deficit
and motor impairment, and ameliorates hyperalgesia by
lowering the allodynic threshold following a rat model of
SCI. More studies are needed to shed light into the mech-
anism of neuroprotection by the ETB receptor agonism.
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