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Abstract: Valorphin (V1) is a naturally occurring peptide derived from hemoglobin that has been
found to have an affinity for opioid receptors and exhibits antinociceptive and anticonvulsant activity.
Some of its synthetic analogs containing an aminophosphonate moiety show structure-dependent
potent antinociceptive effects. This study aimed to reveal a detailed picture of the antinociceptive
mechanisms and behavioral effects of V1 and its recently synthesized phosphopeptide analog V2p in
rodents using a range of methods. The studied peptides significantly reduced acute (mean V1–9.0,
V2p–5.8 vs. controls–54.1 s) and inflammatory (mean V1–57.9 and V2p–53.3 vs. controls–107.6 s)
nociceptive pain in the formalin test, as well as carrageenan-induced hyperalgesia (mean V1–184.7
and V2p–107.3 vs. controls–61.8 g) in the paw pressure test. These effects are mediated by activation
of opioid receptors with a predominance of kappa in V1 antinociception and by delta, kappa, and mu
receptors in V2p-induced antinociception. Both peptides did not change the levels of TNF-alpha and
IL-1-beta in blood serum. V1 induces depression-like behavior, and V2p shows a tendency toward
anxiolysis and short-term impairment of motor coordination without affecting exploratory behavior.
The results characterize valorphin and its derivative as promising analgesics that exert their effects
both centrally and peripherally, without causing severe behavioral changes in experimental animals.
These encouraging data are a foundation for future studies focusing on the effects of hemorphins
after long-term treatment.

Keywords: hemorphins; phosphopeptide analog of valorphin; antinociception; inflammation; behavior;
opioids

1. Introduction

The use of opioid substances to treat moderate-to-severe pain has a centuries-old his-
tory, and the mechanisms mediating their therapeutic and adverse effects on the body are
gradually being revealed at the systemic, cellular, and molecular levels. There are four typi-
cal opioid receptors, designated as mu-, delta-, kappa-, and NOPR, which exhibit different
selectivity for endogenous and exogenous ligands, different neuroanatomical distributions
and network connectivity, and different physiological and behavioral profiles [1,2]. Opioid
receptors are distributed throughout the central nervous system (CNS), with high density
in the periaqueductal gray (PAG), locus ceruleus, rostral ventral medulla, and substantia
gelatinosa of the dorsal horn of the spinal cord, and varying densities in peripheral tissue.
Their endogenous ligands are endorphins, enkephalins, dynorphins, endomorphins, and
nociceptin. All of these are peptides and, except for nociceptin, contain an “opioid motif”
(Tyr-Gly-Gly-Phe-Met/Leu) at the amino terminus, which shows relative selectivity for a
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particular type of opioid receptor [3]. Along with “classical” opioid receptor ligands, many
molecules have been found to possess binding sites and can act as opioid receptor agonists
or antagonists. Recently, a new generation of opioid analgesics has been developed that
show a high affinity for several opioid receptors, combining the mechanisms that provide
high analgesic potential with low levels of tolerance and dependence [4].

Hemorphins are a family of hemoglobin-derived peptides containing 4 to 10 amino
acid residues that, according to Nyberg et al., share a common Tyr-Pro-Trp-Thr tetrapeptide
core and possess an affinity to opioid receptors [5]. They exert a variety of biological
activities under different physiological or pathophysiological conditions. Some of their
effects have prompted scientists to expand the study of hemorphins with different peptide
chain lengths, as well as their synthetic analogs, to find molecules with therapeutic potential
that are more effective and more resistant to enzymatic degradation [6,7].

The first evidence of the opioid-like action of hemorphin-4 and hemorphin-5 isolated
from bovine blood provided data for their naloxone-sensitive effects on the in vitro prepa-
ration of guinea pig ileum [8]. These peptides were found to be relatively stable against
enzymatic degradation in blood plasma, making them interesting targets for further re-
search. Studies have shown that the short-chain hemorphins bind with high affinity to
mu- and delta-opioid receptors and with less affinity to kappa receptors [9]. Furthermore,
endogenous opioid peptides, including hemorphin, were found to act as both agonists
and antagonists depending on the tissue-specific or tolerance-dependent differences in
the number and type of opioid receptors [10,11]. Based on their N-terminal sequences,
the latter peptides are classified as hemorphins, V-hemorphins, VV-hemorphins, and LVV-
hemorphins [12,13]. Similar to the tetra- and pentapeptides, longer N-terminally extended
hemorphin peptides, such as VV-hemorphin-7 and LVV-hemorphin-7, also exhibit opi-
oid activity in the rat brain [14]. An earlier study has suggested that the antinociceptive
effect of hemorphin-4 and -5 is related to a free terminal amino acid tyrosine that was
considered important in opioid receptor interactions [15]. The heptapeptide valorphin
(Val-Val-Tyr-Pro-Trp-Thr-Gln) is a hemorphin produced by the proteolytic cleavage of the
region 33–39 of the β-globin chain of hemoglobin, which has an N-terminal extension but
demonstrated a reduced C-terminal and a lower affinity for delta- than for mu-opioid
receptors as compared with hemorphin-4 [16]. Our research team has pioneered studies
on the synthesis of hemorphin analogs obtained by substitution with unnatural amino
acids and/or steric-restricted amino acids or conjugation with other molecules in their
structure. We have shown that these can activate the brain inhibitory pain system, produc-
ing dose-dependent antinociception in experimental models of phasic and tonic pain in
rodents, as well as significant anticonvulsant activity [17–19]. Among the most promising
in terms of their antinociceptive profile were hemorphin peptide analogs containing amino
phosphonate moiety [18].

This study aimed to reveal a detailed picture of the antinociceptive mechanisms and
behavioral effects of valorphin (V1) and its recently synthesized phosphopeptide analog V2p.

2. Materials and Methods
2.1. Synthesis

Each one of the chemicals and solvents was of analytical or HPLC quality, bought from
Fluka or Merck, and was utilized unpurified. Valorphin analog containing aminophos-
phonate moiety at N-terminal–V2p (Figure 1), was prepared as per our recently described
procedure [19]. All the physicochemical and analytical data of the compound were identical
to those previously described [19].



Biomedicines 2023, 11, 2783 3 of 13

Figure 1. Chemical structures of investigated hemorphin opioid peptides. (A) Amideted valorphin
V1 and (B) newly synthesized V2p: valorphin containing aminophosphonate moiety (in green) at
N-terminal.

2.2. Biological Assay
2.2.1. Experimental Animals and Drug Treatment

Adult male ICR mice (weighed 25–30 g) and Wistar rats (weighed 250–300 g) obtained
from the Animal Facility of the Institute of Neurobiology, were accommodated for a
week in transparent standard cages (5 per cage) at room temperature of 21 ± 2 ◦C; under
12/12 h light/dark cycle and with access to pellets and water ad libitum except during the
test. Animals were randomly divided into groups of n = 8. The valorphin and its analog
were dissolved in sterile saline and injected intracerebroventricularly (ICV) at doses of 50, 25,
and 12.5 µg/5 µL/mouse, according to the procedure described elsewhere or intraplantar
at a dose of 50 µg/5 µL/paw in rats [19–21]. ICV injections are performed using a 28-gauge
stainless steel needle attached to a 10 µL Hamilton® syringe (Lidingö, Sweden) fitted with
a 3 mm stop on the needle, and the puncture site was according to the coordinates of
the right lateral ventricle [22]. The opioid receptor antagonists naltrindole (1 mg/kg),
nor-binaltorphimine (1 mg/kg), and naloxone (5 mg/kg) were injected intraperitoneally
(IP) 15 min before the test peptide and 30 min for nor-binaltorphimine. The reference
drugs morphine and indomethacin (5 mg/kg) were injected IP 15 min before the start of
the test. Drugs were purchased from Merck, Darmstadt, Germany, dissolved in sterile
saline, and injected in a volume of 10 mL/kg body weight. Serum levels of tumor necrosis
factor-alpha (TNF-α) and interleukin-1 beta (IL-1β) were measured using commercially
available enzyme-linked immunosorbent assay (ELISA) kits (IBL International, Hamburg,
Germany) according to the manufacturer’s protocol. Their concentration was quantified
using an ELISA reader (ELx800 Absorbance Reader, BioTek Instruments Co., Winooski, VT,
USA).

All animal experiments were conducted in accordance with the Declaration of Helsinki
Guiding Principles on Care and Use of Animals (DHEW Publication, NHI 80-23) and EC Di-
rective 2010/63/EU for animal experiments. The protocols implemented in this study were
approved by the Ethics committee of the Bulgarian Food Safety Agency (No. 176/2019).
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2.2.2. Experimental Design

Experiment 1: Test peptides were injected in three doses before the formalin test to
investigate the effective dose on both acute and inflammatory tonic pain. Immediately
after the end of the test, the mice were decapitated, and the blood was collected in tubes
with a coagulation accelerator to obtain blood serum. Serum samples were assayed by
ELISA for tumor necrosis factor-alpha levels according to the manufacturer’s protocol. In
separate groups, the selected dose of 25 µg/mouse was injected 15 min before the “Rota-
rod” test, the “Elevated plus maze” test, and the “Tail suspension” test to study their effects
on motor coordination, anxiety-like behavior, and depressive-like behavior, respectively.
Additional groups of mice were coadministered the selective delta-, kappa- and mu-opioid
receptor antagonists naltrindole, nor-binaltorphimine (nor-BNI), and naloxone before the
investigated peptides (25 µg/mouse) to assess their opioidergic mechanism of action.

Experiment 2: The local effects of valorphin and its analog were assessed in rats. Test
peptides were injected locally intraplantar before the primary measurement of mechanical
pain threshold as well as paw volume, both of which were measured before and at 1, 3,
and 4 h after the induction of local inflammation by intraplantar carrageenan injection.
After the 4th hour, the rats were sacrificed, and the blood was collected in tubes to separate
the serum. Serum samples were analyzed by ELISA for interleukin-1 (IL-1) beta levels
according to the manufacturer’s protocol.

2.2.3. Methods

1. Formalin test

Mice were placed into a transparent cage (15.0 cm × 15.0 cm × 12.5 cm high), which
also served as an observation chamber, and were allowed to adapt to their environment for
1 h before testing. Five min after ICV injections the plantar surface of the hind paw was
injected subcutaneously (SC) with 10 µL of 5% formalin. Time spent licking the injected
paw was measured 40 min after formalin injection in two intervals corresponding to the
two phases of the test: early 0–20 min and late inflammatory from 20–40 min. A mirror was
positioned at a 45◦ angle below the floor allowing an unobstructed view of the animal’s
hind paw.

2. Rota-rod test

Motor coordination was assessed in mice by the rotary rod test. The apparatus
consisted of a rotating rod (3.2 cm in diameter, at a speed of 8 rpm) raised 30 cm above
the ground, where each mouse was tested to remain on the moving rod without falling
for up to five minutes at the 10, 25 and 40 min after peptide injection. Latency to fall was
additionally calculated.

3. Elevated plus maze (EPM)

The apparatus used for the elevated plus maze test comprises two open arms (25 × 5 cm)
across from each other and perpendicular to two closed arms (25 × 8 × 14 cm) with a center
platform (5 × 5 cm). The entire apparatus is 18 cm above the floor and is placed in an empty
circular tank (100 cm diameter, 35 cm tall) to protect the mice that fall or attempt to escape
during the experiment. The apparatus is made of wood and painted in black.

4. Tail suspension test

The test involves suspending mice above the ground by their tails in suspension boxes
made of black plastic (55 height × 60 width × 20 cm depth). The paper tape adheres tightly
to the tail of the mouse at 2 cm and to the suspension bar at 15 cm. Transparent hollow
polycarbonate cylinders (4 cm length, 1.3 cm inner diameter, 1 g) were placed around the
tails of the mice to prevent any tail-climbing behavior. Mice are placed in this inescapable
but moderately stressful situation for 6 min. Lack of escape-related behavior is considered
immobility [23].
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5. Carrageenan-induced hyperalgesia and edema

Paw edema was induced by λ-carrageenan mixed in saline (CRG, Sigma Aldrich;
1% w/v in saline, 10 mg/mL) injected 0.1 mL intraplantarly into the right hind paw of
a rat [24]. Peptides were injected intraplantarly into the same paw, 5 min before CRG
application. Mechanical pain threshold, as well as paw volume, were measured before and
at 1, 3, and 4 h after CRG injection using an Ugo Basile (Gemonio, Italy) analgesimeter
and plethysmometer, respectively. The minimum pressure (in grams) that elicits a pain
response, such as withdrawal or struggle, is defined as the pain threshold. Paw volume was
measured in mL and expressed as a change from baseline volume before the edema [25].

2.2.4. Data Analysis

Results were calculated and visualized by Sigma Stat v11.0 and Sigma Plot v11.0.
Data were analyzed by one-way ANOVA with the factors “drug” or “dose” and two-way
ANOVA with repeated measurements with factors “drug” and “time”, followed by Tukey’s
post hoc test. Values are mean ± SD, where p < 0.05 was considered statistically significant.

3. Results
3.1. Experiment 1

The precursory peptide valorphin (V1, Val-Val-Tyr-Pro-Trp-Thr-Gln-NH2) showed a
significant antinociceptive effect in all applied doses during the 1st phase (F 3, 27 = 5.175,
p = 0.006) and the 2nd phase (F 3, 27 = 9.327, p < 0.001) of the performed formalin test for
acute and inflammatory pain (Figure 2A,B). The highest dose (50 µg/5 µL) displayed the
most pronounced analgesic effect in both phases of the test, comparable to the effect of
the referent drug morphine. The peptide V2p showed a significant antinociceptive effect
in all three doses used in the formalin test. During the acute phase, V2p also showed
a significant antinociceptive effect in all applied doses (F 3, 27 = 5.175, p = 0.006) with
the most pronounced analgesic effect at the dose of 50 µg/5 µL (p < 0.001). The effect
of V2p was significantly stronger compared with the effect of the referent morphine (F 1,
15 = 15.199, p = 0.001) (Figure 2A). During the inflammatory phase, the effect of V2p was
comparable (F 3, 27 = 4.787, p = 0.008), but the most significant effect was shown at the
lowest dose–12.5 µg/5 µL (p < 0.001) (Figure 2B).

Figure 2. The effects of valorphin (V1), its phosphonate analog (V2p), and the reference drug
morphine on nociception (time to licking the injected paw) during the acute (A) and inflammatory
(B) phases of the formalin test in mice. Each group (n = 8) was injected with one dose of the peptide
intracerebroventricularly (ICV), and morphine was injected intraperitoneally (IP). Data show the
mean ± SD. * p < 0.05 vs. controls treated ICV with saline and injected SC with formalin; # p < 0.05
compared with morphine.

Experimental data from the ELISA test showed that formalin treatment increased the
blood serum level of TNF-alpha (F 1, 7 = 6.448, p = 0.039) and V1 did not change this trend
(F 1, 11 = 10.982, p = 0.007) but in animals treated with V2p, the concentration of TNF-alpha
is comparable to the controls (Figure 3).
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Figure 3. Serum levels of tumor necrosis factor-alpha (TNF-α) in the naive control group (saline),
the formalin-injected group (saline + formalin), and the groups injected ICV with valorphin (V1,
25 µg + formalin), or its phosphonate analog (V2p, 25 µg + formalin) and formalin. Data show the
mean ± SD; n = 8. * p < 0.005 vs. controls injected ICV with saline.

We combined three selective opioid receptor antagonists naltrindole (1 mg/kg, IP),
nor-BNI (1 mg/kg, IP), and naloxone (5 mg/kg, IP), injected before the average effective
dose (25 µg/5 µL) of reference peptide V1 to establish the involvement of opioid receptors
in valorphin-induced antinociception. The results show that the kappa opioid receptor
antagonist Nor-BNI significantly (p < 0.05) abolished V1 antinociception in both phases
of the performed test, while other antagonists did not alter the effects of the peptide
(Figure 4A,B).

Figure 4. Effects of blocking the opioid receptors µ (naloxone, 5 mg, IP), δ (naltrindole 1 mg, IP),
and κ (Nor-BNI, 1 mg, IP), on the antinociception of valorphin (V1, 25 µg, ICV) in acute (A) and
inflammatory (B) phases of formalin test in mice. Data show the mean ± SD; n = 8. * p < 0.05 vs.
controls treated ICV with saline and injected SC with formalin.

The combination of the same doses of opioid receptor antagonists with V2p (25 µg/5 µL)
showed that naloxone, which has low selectivity in blocking certain opioid receptors, an-
tagonized the antinociceptive effect of V2p in both phases of the formalin test (p < 0.05,
Figure 5A,B). Delta opioid receptor antagonist naltrindole significantly abolished (F 1,
16 = 5.127, p = 0.038) the antinociception of V2p during the acute phase of the test. Nor-BNI
significantly diminished (F 1, 15 = 14.442, p = 0.002) the antinociceptive effect of V2p on the
inflammatory pain (Figure 5B).

The results show that V1 did not affect motor coordination in the rotating rod test
(Figure 6). However, V2p (25 µg/5 µL) showed a significant impairment of motor coor-
dination at the 10th minute post-injection (p < 0.01) and had no effect at subsequent test
intervals (factor “time” F 2, 45 = 7.11, p = 0.002; factor “drug” F 1, 45 = 6.69, p = 0.001)
(Figure 6).
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Figure 5. Effects of blocking the opioid receptors µ (naloxone, 5 mg, IP), δ (naltrindole 1 mg, IP), and
κ (Nor-BNI, 1 mg, IP), on the antinociception of phosphonate valorphin analog (V2p, 25 µg, ICV) in
acute (A) and inflammatory phases (B) of formalin test in mice. Data show the mean ± SD; n = 8.
* p < 0.05 vs. controls treated ICV with saline and injected SC with formalin.

Figure 6. Effects of valorphin (V1, 25 µg, ICV) or its phosphonate analog (V2p, 25 µg, ICV) on motor
coordination assessed by the rota-rod test in mice. Data show the mean ± SD. * p < 0.05 vs. controls
injected ICV with saline.

The same doses of the peptides were tested in the “Elevated plus maze” for effects on
anxiety-like behavior. The data show that V1 and V2p did not significantly alter the total
locomotor and exploratory activity (number of entries in both open and closed arms) com-
pared with controls (Figure 7A). V2p showed a significant anxiolytic effect (F 1, 23 = 8.635,
p = 0.007) only by an increased number of entries in the open arms of the elevated plus
maze, but not in terms of time spent in these open arms (Figure 7B,C). V1 did not induce
significant changes in normal anxiety behavior in an unfamiliar environment (Figure 7B,C),
however, it produced a depressive-like behavior in the tail suspension test, increasing the
immobility time (F 1, 16 = 9.531, p = 0.008) as compared with the controls (Figure 8).

Figure 7. Evaluation of the anxiolytic effect of the tested peptides (V1 and V2p, 25 µg, ICV) in the
elevated plus maze in mice. Study activity expressed as the total number of entries in the open and
closed arms (A). Ratio of entries in open hands as a percentage of total entries. (B) Ratio of time spent
in open arms as a percentage of total test duration (C). Results are expressed as means ± SD; n = 8.
* p < 0.05 vs. controls injected ICV with saline.
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Figure 8. For depression-like behavior (duration of immobility) in the tail suspension test in mice
injected with valorphin and its analog (V1 and V2p, 25 µg, ICV). Results are expressed as means ± SD;
n = 8. * p < 0.05 vs. controls injected ICV with saline.

3.2. Experiment 2

The intraplantar injection of V1 at a dose of 50 µg/5 µL had a significant anti-
hyperalgesic effect (factor “drug” F 1, 44 = 101.619, p < 0.001) on carrageenan-induced
inflammatory hyperalgesia with a significance from the 1st to the 4th hours after the irritant
injection (factor “time” was insignificant). This effect was relatively constant and signifi-
cantly stronger than that of the reference drug indomethacin (factor “drug” F 1, 47 = 21.000,
p < 0.001; “time” was insignificant) (Figure 9). V2p injected at the same dose and route
showed a significant effect only in the first hour after carrageenan injection (factor “drug”
F 1, 47 = 11.852, p = 0.001; interaction “drug” × “time” F 2, 47 = 4.941, p = 0.012). At
the remaining time points of the experiment (3rd and 4th hour), our results show that
intraplantar injection of V2p did not increase the pain threshold (Figure 9).

ELISA data show that carrageenan 1% significantly increased the serum concentration
of IL-1 beta (F 1, 15 = 13.842, p = 0.002). Results demonstrate that the injection of peptides
V1 (F 1, 12 = 10.718, p = 0.007) and V2p (F 1, 12 = 7.839, p = 0.016) increased the serum
concentration of IL-1 beta compared with the controls as well as the anti-inflammatory
drug indomethacin (F 1, 14 = 15.605, p = 0.001) (Figure 10).

Figure 9. Effects of locally intraplantar-injected valorphin and its analog (V1 and V2p, 50 µg, IPL) on
the mechanical nociceptive threshold (pressure in grams) at 5 min after peptide injection and 1, 3,
and 4 h after subsequent IPL injection of 1% carrageenan in the same paw. Data show the mean ± SD;
n = 8. * p < 0.05 vs. negative controls with carrageenan; # p < 0.05 compared with indomethacin.
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Figure 10. Effects of locally intraplantar-injected valorphin and its analog (V1 and V2p, 50 µg, IPL) on
the blood serum level of IL-1, 4 h after a subsequent IPL injection of 1% carrageenan in the same paw.
Data show the mean ± SD; n = 8. * p < 0.05 vs. naïve controls; # p < 0.05 vs. carrageenan negative
controls; ˆ p < 0.05 vs. indomethacin positive controls.

Our experimental data show that the local injection of 50 µg/5 µL V1 potentiates the
inflammatory changes in the volume of the ipsilateral (carrageenan-injected) paw (factor
“drug” F 1, 43 = 20.279, p < 0.001; factor “time” F 2, 43 = 43.574, p < 0.001; interaction
“drug” × “time” F 2, 43 = 3.295, p = 0.048) (Figure 11). At the 1st, 3rd, and 4th hour after
carrageenan injection the other analyzed peptide, V2p, had a significant anti-inflammatory
effect (factor “drug” F 1, 47 = 14.466, p < 0.001; factor “time” F 2, 47 = 36.310, p < 0.001), but
not as effective as the referent drug indomethacin (factor “drug” F 1, 47 = 63.925, p < 0.001;
factor “time” F 2, 47 = 24.051, p < 0.001; interaction “drug” × “time” F 2, 47 = 5.098, p = 0.01)
(Figure 11).

Figure 11. Effects of locally intraplantar-injected valorphin and its analog (V1 and V2p, 50 µg, IPL)
on the paw edema (increase in paw volume) 1, 3, and 4 h after a subsequent IPL injection of 1%
carrageenan in the same paw. Data show the mean ± SD; n = 8. * p < 0.05 vs. carrageenan negative
controls; # p < 0.05 vs. indomethacin positive controls.

4. Discussion

The main objective of this study was to characterize the antinociceptive and anti-
hyperalgesic potential of a newly synthesized valorphin analog with an aminophosphonate
moiety at the N-terminus, and to learn more about the mechanisms of valorphin-induced
effects on nociceptive and inflammatory pain. As previously observed, both the type of the
integrated amino acid and the position of the amino acid replacement in opioid hemorphins
significantly alter the valorphin activity and affinity [21]. Previous research on several
VV-hemorphin-5 analogs has established their structure–effect link and antinociceptive
potential [18–20]. C-terminal amide groups in peptide chains have been discovered to
be more resistant to enzymatic degradation and to have conformations that are more
suited for interaction with specific receptors, allowing them to be suitable for the syn-
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thesis of novel peptide analogues [26,27]. Aminophosphonates are gaining increasing
research interest as one of the most common organophosphorus derivatives, with various
biological activities, including enzyme inhibitors, peptide mimics, antiviral, antibacte-
rial, and anticancer properties, in various applications [28,29]. The N-modified analog of
VV-hemorphin-5 bearing an aminophoshonate moiety (V2p) was produced by replacing
the two N-terminal Val from the native VV-hemorphin-5 with alpha-aminophosphonate
((dimethoxyphosphoryl)methyl)-L-valine. Figure 1 depicts the chemical structures.

The present data reveal a significant effect of valorphin (V1) as well as its synthetic
analog (V2p) in suppressing pain sensitivity at the supraspinal level as well as locally in
the inflamed tissue. This study elucidates, for the first time, the involvement of different
types of opioid receptors in valorphin-induced antinociception. Although valorphin is a
peptide with known antinociceptive effects, the cellular and systemic mechanisms of its
activity were not yet fully understood [15,19–21,30,31]. Some of the receptor mechanisms
of other members of the hemorphin family are reported in the literature. It is thought that
the Tyr-Pro-Trp-Thr core in the structure of hemorphins is responsible for their binding
to opioid receptors [6]. In support of this assumption, in vitro studies on smooth muscle
contraction have shown that hemorphin-4, the shortest member of the hemorphins with
this configuration, has inhibitory activity comparable to other opioid peptides acting on
the mu-opioid receptor [10]. Further, in silico data have confirmed that the hemorphin
interacts with specific amino acid residues of the mu-opioid receptor [30]. This tetrapeptide
however has shown nearly equal affinity to mu-, delta- and kappa-opioid receptors in
brain cellular membranes, which suggests a multilateral interaction with opioid receptors
depending on their local density [9]. Non-opioid mechanisms of hemorphin action also
cannot be excluded. Supportive data have shown that a longer hemorphin LVV-H7 attenu-
ated carrageenan-induced hyperalgesia at the spinal cord level in an opioid-independent
manner; however, at the supraspinal level, it could produce a naloxone-reversible anti-
hyperalgesia [30]. Our present results show that valorphin-induced antinociception during
the acute and inflammatory phases of the formalin test are abolished by the kappa-selective
antagonist nor-BNI. This evidence demonstrates for the first time the kappa-opioid receptor
mechanism of valorphin-induced antinociception, which is consistent with our previous
docking analysis data showing that valorphin has a better interaction energy with the
kappa opioid receptor and a weaker interaction with the delta opioid receptor [20]. Activa-
tion of kappa-opioid receptors, along with other opioid receptors, is known to suppress
nociception in the formalin test in mice, and this effect is more pronounced against pain
sensitization during the second phase of the test [32,33]. Our data show that the antinoci-
ceptive effect of valorphin against inflammatory pain is not correlated with tumor necrosis
factor-alpha (TNF-a), hence its blood plasma level was not decreased as compared with the
controls treated with formalin.

The present aminophosphonate analog of valorphin (V2p) showed a more complex
interaction with opioid receptors. Its strong antinociceptive effect against acute formalin-
induced nociception was antagonized by both the delta-receptor antagonist naltrindole and
the preferential mu-receptor antagonist naloxone, while, during the second phase, antinoci-
ception was completely blocked by nor-BNI and naloxone. The overall effect of V2p in the
formalin test in mice is a significant antinociception mediated by all three opioid receptors
with a transient effect on delta- and long-term effects due to mu- and kappa-receptors.
We can speculate that the structural changes in the valorphin molecule are sufficient to
induce a conformational shift allowing increased affinity for the other opioid receptor types.
Activation of the brain opioidergic mechanism by valorphin is not accompanied by an
anxiolytic effect as shown by normal avoidance of the open arms in the elevated plus maze,
although it provokes depression-like behavior expressed by increased immobility in the
tail suspension test. In addition, valorphin did not show a sedative effect because it did
not impair motor coordination in the rota-rod test. V2p impaired motor coordination only
10 min after its intracerebral injection, followed by recovery. Kappa opioid receptors in the
CNS are thought to induce maladaptive sensitivity and dysphoria in stress models, increas-
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ing anxiety [34–36]. We can speculate that the depressive-like effect of valorphin is related
to the activation of brain kappa receptors. However, conflicting data support the idea that
kappa receptor activation induces anxiolytic and antidepressant behaviors [36]. The stud-
ied peptides showed an antinociceptive effect against carrageenan-induced hyperalgesia
after their local injection. The mechanical antinociception is longer lasting for valorphin
(more than 4 h) and 1 h for the V2p analog. However, this effect was not associated with
any significant changes in elevated serum IL-1-beta levels compared with carrageenan-
treated negative controls. Furthermore, our tested peptides showed different effects on
the development of edema after carrageenan injection. Thus, valorphin potentiates the
progression of edema, while V2p suppresses it. Literature data indicate that hemorphins
are involved in the inhibition of hyperalgesia at the spinal and supraspinal levels, but our
data demonstrate their local efficacy. LVV-H7 was shown to attenuate carrageenan-induced
hyperalgesia at the spinal level and to a lesser extent at the supraspinal level, which could
not be reversed by co-administration of naloxone [30]. This anti-hyperalgesic effect of
LVV-H7 was found to possess a remarkable duration in contrast with the short-term effects
of some other natural peptides. The authors propose that this hemorphin may prevent the
development of inflammation-induced central sensitization in the spinal cord [30]. Rela-
tively few data are available on the anti-inflammatory effects of hemorphins when applied
topically. Hemorphin-7 significantly reduced both plasma extravasation and vasodilation
induced by injection of substance P but did not affect the vasodilation response to CGRP.
Naloxone as a general opioid antagonist can reverse the inhibitory effect of hemomorphin-7
on the inflammatory response to substance P [37].

5. Conclusions

Our data reveal a significant effect of valorphin as well as its synthetic analog V2p in
suppressing both acute pain sensitivity and hyperalgesia. This study elucidated, for the first
time, the involvement of specific types of opioid receptors in V2p-induced antinociception.
Taken together, the data indicate that valorphin derivatives are a promising group of poten-
tial analgesics that exert their effects both centrally and peripherally, without causing severe
behavioral changes in experimental animals. These encouraging data are a foundation for
future studies focusing on the effects of hemorphins after long-term treatment.

Author Contributions: Conceptualization, P.T. and D.P.; methodology, P.T., B.A., D.A., E.D. and D.P.;
software, P.T., B.A., E.D. and D.P.; validation, P.T., B.A., D.A., E.D. and D.P.; formal analysis, B.A. and
D.P.; investigation, B.A., D.A., E.D. and D.P.; resources, P.T. and D.P.; data curation, P.T., B.A. and
D.P.; writing—original draft preparation, P.T. and D.P.; writing—review and editing, P.T., E.D. and
D.P.; visualization, P.T., B.A., E.D. and D.P.; supervision, P.T., E.D. and D.P.; project administration,
P.T. and D.P.; funding acquisition, P.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the European Union-NextGenerationEU, through the Na-
tional Recovery and Resilience Plan of the Republic of Bulgaria, project No. BG-RRP-2.004-0002,
“BiOrgaMCT”.

Institutional Review Board Statement: All animal experiments were conducted in accordance with
EC Directive 2010/63/EU for animal experiments, and protocols implemented in this study were
approved by the Bulgarian Food Safety Agency (No. 176/2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available by request from the principal author.

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



Biomedicines 2023, 11, 2783 12 of 13

References
1. Coutens, B.; Ingram, S.L. Key differences in regulation of opioid receptors localized to presynaptic terminals compared to somas:

Relevance for novel therapeutics. Neuropharmacology 2022, 226, 109408. [CrossRef] [PubMed]
2. Lin, A.P.; Ko, M.C. The therapeutic potential of nociceptin/orphanin FQ receptor agonists as analgesics without abuse liability.

ACS Chem. Neurosci. 2013, 4, 214–224. [CrossRef] [PubMed]
3. Gomes, I.; Sierra, S.; Lueptow, L.; Gupta, A.; Gouty, S.; Margolis, E.B.; Cox, B.M.; Devi, L.A. Biased signaling by endogenous

opioid peptides. Proc. Natl. Acad. Sci. USA 2020, 117, 11820–11828. [CrossRef] [PubMed]
4. Günther, T.; Dasgupta, P.; Mann, A.; Miess, E.; Kliewer, A.; Fritzwanker, S.; Steinborn, R.; Schulz, S. Targeting multiple opioid

receptors—Improved analgesics with reduced side effects? Br. J. Pharmacol. 2018, 175, 2857–2868. [CrossRef] [PubMed]
5. Nyberg, F.; Sanderson, K.; Glämsta, E.L. The hemorphins: A new class of opioid peptides derived from the blood protein

hemoglobin. Biopolymers 1997, 43, 147–156. [CrossRef]
6. Mielczarek, P.; Hartman, K.; Drabik, A.; Hung, H.Y.; Huang, E.Y.; Gibula-Tarlowska, E.; Kotlinska, J.H.; Silberring, J. Hemorphins-

From Discovery to Functions and Pharmacology. Molecules 2021, 26, 3879. [CrossRef] [PubMed]
7. Ayoub, M.A.; Vijayan, R. Hemorphins Targeting G Protein-Coupled Receptors. Pharmaceuticals 2021, 14, 225. [CrossRef] [PubMed]
8. Brantl, V.; Gramsch, C.; Lottspeich, F.; Mertz, R.; Jaeger, K.H.; Herz, A. Novel opioid peptides derived from hemoglobin:

Hemorphins. Eur. J. Pharmacol. 1986, 125, 309–310. [CrossRef]
9. Liebmann, C.; Schrader, U.; Brantl, V. Opioid receptor affinities of the blood-derived tetrapeptides hemorphin and cytochrophin.

Eur. J. Pharmacol. 1989, 166, 523–526. [CrossRef]
10. Zadina, J.E.; Kastin, A.J.; Kersh, D.; Wyatt, A. Tyr-mif-1 and hemorphin can act as opiate agonists as well as antagonists in the

guinea pig ileum. Life Sci. 1992, 51, 869–885. [CrossRef]
11. Yukhananov, R.Y.; Glämsta, E.-L.; Nyberg, F. Interaction of hemorphins with opioid receptors in the rat vas deferens and

guinea-pig ileum. Regul. Pept. 1994, 53, S239–S242. [CrossRef]
12. Song, C.Z.; Wang, Q.W.; Liu, H.; Song, C.C. Inhibition of intraerythrocytic proteasome retards the generation of hemorphins.

Peptides 2012, 33, 170–173. [CrossRef] [PubMed]
13. Song, C.Z.; Wang, Q.W.; Song, C.C. Diminution of hemoglobin-derived hemorphin: An underlying risk factor for cognitive deficit

in diabetes. J. Neurol. Sci. 2012, 317, 157–158. [CrossRef]
14. Garreau, I.; Zhao, Q.; Pejoan, C.; Cupo, A.; Piot, J.M. VV-hemorphin-7 and LVV-hemorphin-7 released during in vitro peptic

hemoglobin hydrolysis are morphinomimetic peptides 7. Neuropeptides 1995, 28, 243–250. [CrossRef]
15. Davis, T.P.; Gillespie, T.J.; Porreca, F. Peptide fragments derived from the beta-chain of hemoglobin (hemorphins) are centrally

active in vivo. Peptides 1989, 10, 747–751. [CrossRef] [PubMed]
16. Erchegyi, J.; Kastin, A.J.; Zadina, J.E.; Qiu, X.D. Isolation of a heptapeptide (valorphin) with some opiate activity. Int. J. Pept.

Protein Res. 1992, 39, 477–484. [CrossRef] [PubMed]
17. Todorov, P.; Peneva, P.; Pechlivanova, D.; Georgieva, S.; Dzhambazova, E. Synthesis, characterization, and nociceptive screening

of new VV-hemorphin-5 analogues. Bioorg. Med. Chem. Lett. 2018, 28, 3073–3079. [CrossRef]
18. Assenov, B.; Pechlivanova, D.; Dzhambazova, E.; Peneva, P.; Todorov, P. Antinociceptive Effects of VV-Hemorphin-5 peptide

analogues containing amino phosphonate moiety in mouse formalin model of pain. Protein Pept. Lett. 2021, 28, 442–449. [CrossRef]
19. Todorov, P.; Peneva, P.; Tchekalarova, J.; Rangelov, M.; Georgieva, S.; Todorova, N. Synthesis, characterization and anticonvulsant

activity of new series of N-modified analogues of VV-Hemorphin-5 with aminophosphonate moiety. Amino Acids 2019, 51,
1527–1545. [CrossRef]

20. Todorov, P.; Rangelov, M.; Peneva, P.; Todorova, N.; Tchekalarova, J. Anticonvulsant evaluation and docking analysis of VV-
Hemorphin-5 analogues. Drug Dev. Res. 2019, 80, 425–437. [CrossRef]

21. Todorov, P.; Georgieva, S.; Tchekalarova, J. Recent synthesis, characterization and pharmacological evaluation of multifunctional
hemorphins containing non-natural amino acids with potential biological importance. Pharmaceuticals 2022, 15, 1425. [CrossRef]
[PubMed]

22. Haley, T.J.; McCormick, W.G. Pharmacological effects produced by intracerebral injection of drugs in the conscious mouse. Br. J.
Pharmacol. Chemother. 1957, 12, 12–15. [CrossRef] [PubMed]

23. Can, A.; Dao, D.T.; Terrillion, C.E.; Piantadosi, S.C.; Bhat, S.; Gould, T.D. The tail suspension test. J. Vis. Exp. 2012, 59, e3769. [CrossRef]
24. Winter, C.A.; Risley, E.A.; Nuss, G.W. Carrageenin-induced edema in hind paw of the rat as an assay for antiiflammatory drugs.

Proc. Soc. Exp. Biol. Med. 1962, 111, 544–547. [CrossRef]
25. Kayser, V.; Guilbaud, G. Physiological relevance and time course of a tonic endogenous opioid modulation of nociceptive

messages, based on the effects of naloxone in a rat model of localized hyperalgesic inflammation. Brain Res. 1991, 567, 197–203.
[CrossRef] [PubMed]

26. Mortensen, U.H.; Raaschou-Nielsen, M.; Breddam, K. Recognition of C-terminal amide groups by (serine) carboxypeptidase Y
investigated by site-directed mutagenesis. J. Biol. Chem. 1994, 269, 15528–15532. [CrossRef] [PubMed]

27. Pogozheva, I.D.; Przydzial, M.J.; Mosberg, H.I. Homology modeling of opioid receptor-ligand complexes using experimental
constraints. AAPS J. 2005, 7, E434–E448. [CrossRef] [PubMed]

28. Maestro, A.; de Marigorta, E.M.; Palacios, F.; Vicario, J. Alpha-iminophosphonates: Useful intermediates for enantioselective
synthesis of alpha-minophosphonates. Asian J. Org. Chem. 2020, 9, 538–548. [CrossRef]

https://doi.org/10.1016/j.neuropharm.2022.109408
https://www.ncbi.nlm.nih.gov/pubmed/36584882
https://doi.org/10.1021/cn300124f
https://www.ncbi.nlm.nih.gov/pubmed/23421672
https://doi.org/10.1073/pnas.2000712117
https://www.ncbi.nlm.nih.gov/pubmed/32393639
https://doi.org/10.1111/bph.13809
https://www.ncbi.nlm.nih.gov/pubmed/28378462
https://doi.org/10.1002/(SICI)1097-0282(1997)43:2%3C147::AID-BIP8%3E3.0.CO;2-V
https://doi.org/10.3390/molecules26133879
https://www.ncbi.nlm.nih.gov/pubmed/34201982
https://doi.org/10.3390/ph14030225
https://www.ncbi.nlm.nih.gov/pubmed/33799973
https://doi.org/10.1016/0014-2999(86)90044-0
https://doi.org/10.1016/0014-2999(89)90368-3
https://doi.org/10.1016/0024-3205(92)90615-V
https://doi.org/10.1016/0167-0115(94)90329-8
https://doi.org/10.1016/j.peptides.2011.11.021
https://www.ncbi.nlm.nih.gov/pubmed/22154669
https://doi.org/10.1016/j.jns.2012.03.001
https://doi.org/10.1016/0143-4179(95)90028-4
https://doi.org/10.1016/0196-9781(89)90107-1
https://www.ncbi.nlm.nih.gov/pubmed/2587417
https://doi.org/10.1111/j.1399-3011.1992.tb00277.x
https://www.ncbi.nlm.nih.gov/pubmed/1356941
https://doi.org/10.1016/j.bmcl.2018.07.040
https://doi.org/10.2174/0929866527666200813200714
https://doi.org/10.1007/s00726-019-02789-0
https://doi.org/10.1002/ddr.21514
https://doi.org/10.3390/ph15111425
https://www.ncbi.nlm.nih.gov/pubmed/36422555
https://doi.org/10.1111/j.1476-5381.1957.tb01354.x
https://www.ncbi.nlm.nih.gov/pubmed/13413144
https://doi.org/10.3791/3769-v
https://doi.org/10.3181/00379727-111-27849
https://doi.org/10.1016/0006-8993(91)90796-X
https://www.ncbi.nlm.nih.gov/pubmed/1817726
https://doi.org/10.1016/S0021-9258(17)40711-3
https://www.ncbi.nlm.nih.gov/pubmed/8195197
https://doi.org/10.1208/aapsj070243
https://www.ncbi.nlm.nih.gov/pubmed/16353922
https://doi.org/10.1002/ajoc.202000039


Biomedicines 2023, 11, 2783 13 of 13
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