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Abstract

Introduction: The kisspeptin system regulates both reproductive and stress-related
neuroendocrine functions. In zebrafish (Danio rerio), social isolation disrupts the expression of
kissl, kiss2, and their receptors (kissira, kissirb). This study investigates whether kisspeptin
analogues KS6 and KS10 can reverse these effects and compares them with the well-known
neuropeptide oxytocin.

Materials and Methods: Adult zebrafish were exposed to 48-hour social isolation and treated
with KS6, KS10 (0.1 mg/L), or oxytocin (0.019 IU/L). Total RNA was extracted from whole
brains, followed by cDNA synthesis and quantitative PCR targeting kiss1, kiss2, kisslra, and
kiss1rb. Gene expression was normalized to gapdh. Statistical significance was assessed using
one-way ANOVA and Student’s t-test.

Results and Discussion: Social isolation downregulated kissl, kiss2, and kisslra, and

upregulated kiss1rb. KS6 significantly increased kiss1 expression and normalized kiss1rb levels.

KS10 partially restored kissl and kiss2, but reduced kisslra and further elevated kisslrb.

Oxytocin reversed all isolation-induced changes. KS6 showed the most consistent restorative

effects, whereas KS10 demonstrated a more selective receptor profile, suggesting differential
OPEN a ACCESS downstream signaling.

Conclusion: KS6 effectively reversed social isolation-induced dysregulation of kisspeptin

Copyright: © Perova AP et al. This signaling in zebrafish, indicating its potential for modulating neuroendocrine responses to stress.
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under terms of the Creative KS10 exhibited selective receptor modulation, which may be valuable for fine-tuned therapeutic

YA ke strategies. These findings highlight the distinct pharmacological profiles of kisspeptin analogues
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Introduction

The kisspeptin system is well-conserved across vertebrates and acts as a major regulator of the
hypothalamic-pituitary-gonadal (HPG) axis. In mammals, kisspeptins activate the KISS1 receptor
(KISS1R) to stimulate gonadotropin-releasing hormone (GnRH) secretion, resulting in the production
of gonadotropins and the regulation of puberty and fertility. Mutations in KISS1 or KISSIR lead to
severe reproductive phenotypes, such as hypogonadism or precocious puberty (Biran et al. 2008).

In teleosts, including zebrafish (Danio rerio), the kisspeptin system is more complex due to gene
duplication events. These fish have two kisspeptin ligands, KISS1 and KISS2, and two receptor genes,
kissIra and kissIrb. These paralogs allow functional specialization: kiss/ra is primarily expressed in
the brain and gonads, while kiss/rb is expressed in peripheral tissues, including the kidney and
intestines (Biran et al. 2008; Shahjahan et al. 2010). Functional studies revealed that the two receptors
have different ligand preferences: KISSIRa is activated by both KISS1 and KISS2, whereas
KISS1Rb shows a significantly greater preference for KISS1. They also differ in their downstream
signaling pathways, as kiss/ra relies solely on the PKC pathway, while kiss /b utilizes both PKC and
PKA pathways (Shahjahan et al. 2010; Onuma and Duan 2012).

The primary role of kisspeptins is the regulation of reproductive functions. In zebrafish, kiss/
and kiss2 exhibit tissue-specific expression: kiss/ is primarily expressed in the hypothalamus,
while kiss2 is more broadly expressed in the hypothalamus, gonads, and kidneys (Biran et al.
2008). Studies have shown that KISS2 is a key regulator of reproductive hormone secretion in
zebrafish, with intraperitoneal injections of KISS2 decapeptide stimulating the expression of
follicle-stimulating hormone beta (fs/4f) and luteinizing hormone beta (/4f) genes in the pituitary
(Shahjahan et al. 2010; Shi et al. 2010).
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In Danio rerio, neurons expressing kiss/ are located along the borders of the hypothalamic
preoptic area, which is responsible for the reproductive function of the hypothalamic-pituitary-
gonadal axis. Kiss2 neurons are found in the upper part of the posterior hypothalamus and an area
within the posterior thalamus. While these neurons also contribute to reproductive control, they
may have more specialized functions, such as responding to environmental changes (Sivalingam
and Parhar 2022). Kisspeptins influence processes beyond reproduction, including the modulation
of stress. Kisspeptin-8 has been shown to induce anxiety-like behavior in rats by activating the
HPA axis and increasing GABA release in the nucleus accumbens (Ibos et al. 2021). Zebrafish
exhibit similar behavior and emotional regulation following the administration of kisspeptin
analogues, as evidenced by changes in anxiety and exploratory behavior (Ibos et al. 2021).

Social isolation becomes a great stressor and influences behavior in zebrafish with respect to
neuroendocrine systems. These animals are innately social and possess neural circuits that are
well defined, making them an excellent candidate for modeling social stress based on observable
behavior. Prolonged isolation has previously shown to induce significant behavioral changes,
including reduced social preference and increased anxiety-like behaviors along with altered
exploratory activity (Tunbak et al. 2020). The altered behavior is generally associated with
altered expression of reproductive genes and stress-related genes like kiss/, kiss2, and their
receptors (Tunbak et al. 2020; Perova et al. 2024).

Mapping the entire brain of socially isolated zebrafish has indicated increased activity in
those brain regions that deal with stress and social behavior. This is in conjunction with reports
from mammals, where isolation-induced stress is shown to cause neuroendocrine pathways
dysregulation (Tunbak et al. 2020).

In this context, oxytocin serves as a particularly compelling reference compound for
comparison. Its evolutionary conservation and well-established role in social and stress-related
behaviors across vertebrates provide an essential framework for understanding neuroendocrine
modulation. Recent studies (Akinrinade et al. 2023) underscore its critical involvement in
mediating social fear contagion and adaptive responses in zebrafish. These findings align with
oxytocin’s capacity to regulate the hypothalamic-pituitary-adrenal (HPA) axis and modulate
pathways such as GABA release and corticotropin-releasing hormone (CRH) signaling. These
neurochemical mechanisms position oxytocin as a robust baseline for evaluating the effects of
novel pharmacological agents like kisspeptin analogues.

Furthermore, oxytocin's demonstrated ability to mitigate stress-induced dysregulation of
neuroendocrine pathways strengthens its relevance as a comparator. It has been shown to
normalize altered expression profiles for genes related to social behavior and HPA axis activity,
so it serves as a benchmark to evaluate and test interventions impacting stress by monitoring
their effects on reproductive gene expression.

KS6 and KS10 refer to kisspeptin 6 and kisspeptin 10, which are functional fragments of the
larger kisspeptin family. These peptides are of particular interest due to their unique receptor-
binding profiles and physiological actions. In zebrafish, the administration of these kisspeptin
analogues has been shown to influence behavior, highlighting their potential role as mediators
between the neuroendocrine system and behavior (Ibos et al. 2021). Differences in the expression
of kisslra and kissirb between isolated and non-isolated zebrafish provide insights into the
mechanisms by which social stress modulates the expression of reproductive and stress-related
genes (Tunbak et al. 2020).

The administration of kisspeptin 6 and kisspeptin 10 demonstrated clear anxiolytic and
exploratory behavior-enhancing effects under stress conditions caused by novelty (Lebedev et al.
2022). KS6 and KS10 were selected for this study due to their unique receptor-binding profiles and
physiological actions. KS6, a shorter fragment of the kisspeptin family, has been shown to exhibit
high affinity for the Kiss1Ra receptor, making it particularly effective in modulating stress-related
pathways in the brain (Ibos et al. 2021). On the other hand, KS10, a longer peptide, demonstrates a
broader range of interactions with both Kiss1Ra and KissI1Rb receptors, allowing for more complex
modulation of neuroendocrine responses (Lebedev et al. 2022). Previous studies have demonstrated
that KS6 and KS10 effectively reduce anxiety-like behaviors and enhance exploratory activity in
zebrafish under stress conditions, making them ideal candidates for investigating the role of
kisspeptins in stress regulation (Ibos et al. 2021; Lebedev et al. 2022).

In comparison to other neuropeptides, such as oxytocin, kisspeptins offer unique advantages in
modulating stress responses. While oxytocin is well-known for its role in social bonding and stress
reduction, its effects are often limited to specific contexts and may not fully address the complexity
of stress-induced neuroendocrine dysregulation (Akinrinade et al. 2023). Kisspeptins, on the other
hand, have a broader range of actions, including the regulation of reproductive functions and stress
responses, making them more versatile therapeutic agents (Shahjahan et al. 2010). This multi-faceted
approach allows kisspeptins to address both the physiological and behavioral aspects of stress,
providing a more comprehensive solution compared to oxytocin.
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Materials and Methods

Animal selection

The study involved 60 adult zebrafish (Danio rerio) aged 6—8 months (young adults, with a
lifespan of up to 5 years), reared at the Federal Research Center “Institute of Experimental
Medicine” (IEM) (Saint-Peterburg, Russia). The fish were divided into five groups, each
consisting of 12 individuals. Testing was conducted on intact animals following a two-week
adaptation period in a 40-liter aquarium containing 20-30 fish per tank. Water temperature was
maintained at 25-27°C. Standard light conditions were provided (8:00-20:00), simulating 12
hours of light and 12 hours of darkness daily, with a room temperature of 22 + 2°C. Fish were
fed twice daily with a standard diet (“Tropical Flakes”, TetraMin, USA).

Social isolation test

Fish were placed individually into 200-mL containers for 48 hours. After this period of social
isolation, the effects of kisspeptin analogues (KS6 and KS10) were assessed. Subsequently, fish
were returned to 200-mL containers for an additional 24 hours before sampling their entire brain
tissue, encompassing all brain structures.

Gene expression analysis

To evaluate the expression of kiss i, kiss2, and their receptors kiss/ra and kissIrb, mRNA was
extracted from dissected brain tissues using a standard protocol. The brain tissue was
homogenized in 1,000 pL of Trizol and incubated for 5 minutes at 40°C. Afterward, 200 pL of
chloroform was added, the samples were mixed, incubated for 5 minutes with gentle agitation,
and centrifuged at 13,000 g for 10 minutes to collect the upper aqueous phase. Isopropanol, equal
to the volume of the aqueous phase, was added to precipitate RNA. The mixture was incubated
overnight at —20°C, followed by centrifugation at 13,000 g for 10 minutes. The RNA pellet was
washed with 70% ethanol, dried at 40°C, and dissolved in 50 pL of dH2O containing 1% RNAse
inhibitor. cDNA synthesis was then carried out through reverse transcription, and real-time PCR
was performed using primers specific to kiss/, kiss2, kisslra, and kissirb. GAPDH was used as
the reference gene.

Pharmacological substances

Kisspeptin analogues (KS6 and KS10) obtained from the USA were tested at a dose of 0.1 mg
per 1,000 mL of water. This concentration was determined to be the most effective in prior
screenings (Golts et al. 2024), as demonstrated in previous studies (Ibos et al. 2021; Lebedev et
al. 2022). Specifically, these studies showed that KS6 and KS10 at a concentration of 0.1 mg/L
significantly modulated stress-related behaviors and gene expression in zebrafish without
causing adverse effects. Oxytocin (Gedeon Richter, Hungary) was used as a comparator at a dose
of 3.8 pL (0.005 IU/uL) per 50 mL of aquarium water (0.019 IU/L).

Kisspeptin analogues were administered via water immersion, a validated method for drug
delivery in Danio rerio. This approach allows for systemic absorption through the gills and
intestinal tract, ensuring consistent bioavailability. Previous studies have demonstrated the
effectiveness of this method for peptide administration in zebrafish (Lebedev et al. 2022).

Statistical analysis

Each experiment was repeated three times to ensure reproducibility and reliability of the results.
For gene expression analysis, 12 fish were used per group, and each group was tested in triplicate.

Sample size (n = 12 per group) was determined using power analysis (GPower 3.1) with
a = 0.05, 80% power, and an expected effect size of d = 0.8. Normality was assessed using the
Shapiro—Wilk test, and outlier detection was performed using Grubbs’ test (p <0.05). Data points
identified as significant outliers were excluded.

Quantitative data were analyzed using GraphPad Prism v.8.0 software. Results are presented
as the mean + standard error of the mean (M + SEM). Statistical differences between the groups
were assessed using one-way analysis of variance (ANOVA). For pairwise comparisons,
Student’s t-test for independent samples was applied. Differences were considered statistically
significant at p < 0.05.

Results and Discussion

The study revealed the following effects of kisspeptin analogues (KS6, KS10) under conditions
of social isolation:
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Kiss1 gene expression

e In the group of socially isolated animals, Kiss1 expression decreased three times compared
to the control group (p <0.05).

e Treatment with oxytocin resulted in an 8.5 times increase in expression compared to the untreated
isolated animals (p< 0.05) and a 2.8 times increase compared to the control animals (p< 0.05).

e Treatment with KS6 increased Kiss! expression 7.2 times compared to the untreated isolated
animals (p <0.05) and 2.4 times compared to the control animals (p < 0.05).

e Treatment with KS10 increased Kissl expression 3.31 times compared to the untreated
isolated animals (p < 0.05), but no differences were observed compared to the control group.
Data are shown in Figure 1.

Kiss2 gene expression

e In the group of socially isolated animals, Kiss2 expression decreased 1.83 times compared to
the control group (p < 0.05).

e Treatment with oxytocin restored Kiss2 expression to the level of the control animals (p <
0.05), as did treatments with KS6 and KS10 (p < 0.05).

o KS6 showed a slightly greater tendency to increase Kiss2 expression compared to other
treatments. Data are shown in Figure 2.

Kiss1Ra gene expression

¢ In the group of socially isolated animals, Kiss1Ra expression decreased 9.21 times compared
to the control group (p < 0.05).

e Treatment with oxytocin resulted in a twofold increase in expression (p < 0.05).

e KS6 showed only a tendency to increase Kiss1Ra expression, while KS10 decreased it three
times compared to the untreated isolated animals (p < 0.05). Data are shown in Figure 3.

Kiss1Rb gene expression

e In the group of socially isolated animals, Kiss1Rb expression increased six-fold compared to
the control group (p < 0.05).

e Treatment with oxytocin reduced KissIRb expression 22 times compared to the untreated
isolated animals and three-fold compared to the control group (p < 0.05).

e KS6 reduced Kiss1Rb expression 5.8 times compared to th euntreated isolated animals,
bringing it to the level observed in the control group.

e KS10 showed only a tendency to reduce kissIrb expression compared to the isolated animals
but increased it five times compared to the control group (p < 0.05). Data are shown in Figure 4.
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Figure 1. Expression levels of the kissl gene in zebrafish brain after social isolation and treatment with kisspeptin
analogues or oxytocin. Note: #— p<0.05 compared to control group, *— p<0.05 compared to the social isolation group.
Data are presented in arbitrary units, normalized to the expression level of the reference gene glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) and calculated as relative units in relation to the average Kissl gene expression
across groups. Normalization was performed relative to the reference gene (Gapdh). Data are presented as mean +
standard error of the mean. Control — group without social isolation; Isolates — social isolation group;
Isolates+oxytocin — social isolation group treated with oxytocin; Isolates+KS6 — social isolation group treated with
KS6; Isolates+KS10 — social isolation group treated with KS10.
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Expression of kissl was significantly reduced in the socially isolated group compared to
control. Treatment with KS6 and oxytocin significantly increased kiss1 expression, with KS6
restoring levels comparable to oxytocin. KS10 moderately increased kiss1 expression.
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Figure 2. Expression levels of the kiss2 gene in zebrafish brain after social isolation and treatment with kisspeptin
analogues or oxytocin. Note: #— p<0.05 compared to control group, * — p<0.05 compared to the social isolation
group. Data are presented in arbitrary units, normalized to the expression level of the reference gene glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) and calculated as relative units in relation to the average Kissl gene expression
across groups. Normalization was performed relative to the reference gene (Gapdh). Data are presented as mean +
standard error of the mean. Control — group without social isolation; Isolates — social isolation group;
Isolates+oxytocin — social isolation group treated with oxytocin; Isolates+KS6 — social isolation group treated with
KS6; Isolates+KS10 —: social isolation group treated with KS10.

Social isolation led to a decrease in kiss2 expression. All treatments (oxytocin, KS6, KS10)
restored expression to levels comparable to the control group, with KS6 showing a slightly
stronger effect.
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Figure 3. Expression levels of the kisslra gene (kisspeptin receptor A) after social isolation and pharmacological
treatment in zebrafish. Note: #— p<0.05 compared to control group, * — p<0.05 compared to the social isolation
group. Data are presented in arbitrary units, normalized to the expression level of the reference gene glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) and calculated as relative units in relation to the average Kissl gene expression
across groups. Normalization was performed relative to the reference gene (Gapdh). Data are presented as mean +
standard error of the mean. Control — group without social isolation; Isolates — social isolation group;
Isolates+oxytocin — social isolation group treated with oxytocin; Isolates+KS6 — social isolation group treated with
KS6; Isolates+KS10 — social isolation group treated with KS10.
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Social isolation significantly downregulated kisslra. Oxytocin partially restored its expression.
KS6 showed a non-significant upward trend, while KS10 further reduced kisslra expression.
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Figure 4. Expression levels of the kiss1rb gene (kisspeptin receptor B) in zebrafish brain under social isolation and after
treatment. Note: #— p<0.05 compared to control group, ¥ — p<0.05 compared to the social isolation group. Data are
presented in arbitrary units, normalized to the expression level of the reference gene glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) and calculated as relative units in relation to the average Kissl gene expression across groups.

Normalization was performed relative to the reference gene (Gapdh). Data are presented as mean + standard error of
the mean. Control — group without social isolation; Isolates — social isolation group; Isolates+oxytocin —social isolation
group treated with oxytocin; Iselates+KS6 — social isolation group treated with KS6; Isolates+KS10 — social isolation
group treated with KS10.

Social isolation induced a strong increase in kisslrb expression. KS6 and oxytocin
significantly reduced kiss11b levels, with KS6 normalizing them to control values. KS10 slightly
reduced expression but remained elevated relative to control.

The effects of KS6 and KS10 on socially isolated zebrafish (Danio rerio) demonstrated
significant changes in the expression of genes associated with stress and reproductive behavior.
KS6 consistently enhanced the expression of kiss/ and normalized kissrb levels, highlighting
role of KS6 in activating central stress-response pathways and restoring neuroendocrine balance.
These findings align with earlier studies in mammals, which have shown that kisspeptin
analogues can stimulate neuropeptides like corticotropin-releasing hormone (CRH), a marker of
hypothalamic-pituitary-adrenal (HPA) axis activation (Lebedev et al. 2022; Sivalingam and
Parhar 2022).

In contrast, KS10 presented a more complicated regulatory profile. It raised kiss/ expression
slightly, but reduced it further by showing a modulatory rather than increaser-type of action on
kisslra and kisslrb. KS10 reduced kissi/ra expression, which possibly indicates that it is
associated with receptor-specific signaling pathways that differ from those activated by KS6.
This selectivity of modulation points to the fact that there is significant diversity of receptor-
ligand interactions as far as the kisspeptin system is concerned, thus making the role it plays in
stress and reproductive adaptation of high complexity (Tunbak et al. 2020; Lebedev et al. 2022).

Moreover, the fact that KS6 and KS10 both reinstated kiss2 expression strongly attests to the
evolutionary conservation of this paralog in modulating homeostatic responses to stress. In fact,
when one compares them in terms of the ability to stimulate kiss2 expression, KS6 was slightly
better than KS10, indicating a more potent role in neuroendocrine control.

Interestingly, the contrasting effects of KS6 and KS10 on kiss/ra and kissIrb expression
suggest a balancing act between stress adaptation and reproductive functions. KS6's ability to
normalize kiss Irb expression while enhancing kiss/ra highlights its dual role in stress mitigation
and reproductive regulation. On the other hand, KS10's tendency to increase kiss/rb expression
compared to controls may indicate its potential as a modulator rather than a direct activator of
stress-related pathways (Tunbak et al. 2020; Ibos et al. 2021).

The results suggest a differential impact of KS6 and KS10 on receptor interactions,
potentially linked to variations in their binding affinities or downstream signaling pathways.
KS6's broader influence on neuroendocrine pathways, as evidenced by its consistent effects on
kiss] and kiss2, supports its potential therapeutic value in addressing stress-induced
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dysregulation. Meanwhile, the nuanced role of KS10 may offer opportunities to explore selective
modulation of specific receptors for targeted outcomes.

The therapeutic potential of kisspeptin analogues is further supported by recent findings in
mammalian models. For example, it was demonstrated that KS10 effectively reduces sexual
dysfunction in rats exposed to acute psychogenic stress, suggesting that kisspeptin-based
interventions may have broader applications in managing stress-related neuroendocrine
dysregulation (Lebedev et al. 2022). This aligns with our observations in zebrafish, where KS6
and KS10 showed significant effects on stress-related gene expression, further underscoring the
potential of these analogues as therapeutic agents for stress-induced disorders.

Contrastingly to oxytocin, which provides stabilization of stress and reproduction gene
expression, KS6 complements this aspect significantly at the level of kiss/ and kissirb
rebalancing, thereby signifying the advantage of a combined oxytocin and kisspeptin analogue
treatment for therapeutic purposes. Although KS10 demonstrates less consistent effects on its
own, it may act as a modulator in situations where receptor-specific signaling is desired.

Conclusion

Kisspeptin analogues KS6 and KS10 exerted significant modifications on the expression of genes
involved in stress and reproductive behavior under social isolation conditions in zebrafish.
Specifically, the enhancement of kiss/ and kiss/ra expression, along with normalization of kiss/rb
levels, indicated the potential role of KS6 in strongly activating central stress-response pathways and
restoring the neuroendocrine balance. In contrast, KS10 exhibited a more complex and selective
profile by showing distinct effects from KS6 in terms of its modulation of kiss/ra and kissIrb.

Both compounds were administered via water immersion at a concentration of 0.1 mg/L,
which had previously been identified as the most effective dose in behavioral screening assays
without inducing adverse effects. For comparative purposes, oxytocin was used at 0.019 TU/L.
These concentrations were selected based on earlier dose-finding experiments and provided
reliable modulation of gene expression in the current model.

The restoration of kiss2 expression by both analogues suggests an evolutionarily conserved
role for this gene in managing homeostatic responses to stress. The differential effects observed
between KS6 and KS10 underscore the complexity of the kisspeptin system and highlight the
potential of these analogues as therapeutic agents. KS6, with its pronounced effects on stress
adaptation and reproductive regulation, shows promise as a potential candidate for future
research into treatments for stress-related disorders. KS10’s modulating role may also hold
therapeutic value, particularly in fine-tuning neuroendocrine responses.

These findings suggest that exposure to kisspeptin analogues may influence neuroendocrine
pathways regulating stress and social behavior. The differential effects of KS6 and KS10
highlight their complexity in interacting with the kisspeptin system. This complexity may lead
to different therapeutic applications for these analogues in the future. Future directions should
include examining the exact molecular underpinnings of different kisspeptin analogues, their
receptor-binding dynamics, and dose-dependent effects. Finally, the potential of these molecules
for therapies targeting stress-related disorders and social dysfunctions should provide valuable
insights for their translational applications.
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