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Abstract

Asthma is a multifactorial disease of origin characterized by airway hyperresponsiveness (AHR) 

and airway remodeling. Several pieces of evidence from other pathologies suggest that Kisspeptins 

(Kp) regulate cell proliferation, migration, and invasion, mechanisms that are highly relevant to 

asthma. Our recent in vitro studies show Kp-10 (active peptide of Kp), via its receptor, KISS1R, 

inhibits human airway smooth muscle cell proliferation. Here, we hypothesize a crucial role for 

Kp-10 in regulating AHR and airway remodeling in vivo. Utilizing C57BL/6J mice, we assessed 

the effect of chronic intranasal Kp-10 exposure on mixed allergen (MA)-induced mouse model 

of asthma. MA-challenged mice showed significant deterioration of lung function compared to 

those exposed to vehicle (DPBS); Kp-10 treatment significantly improved the MA-altered lung 

functions. Mice treated with Kp-10 alone did not show any notable changes in lung functions. 

MA-exposed mice showed significant reduction in KISS1R expression as compared to vehicle 

alone. MA-challenged mice showed significant alterations in immune cell infiltration in the 

airways and remodeling changes. Pro-inflammatory cytokines were significantly increased upon 

MA exposure, an effect abrogated by Kp-10 treatment. Furthermore, biochemical and histological 

studies showed Kp-10 exposure significantly reduced MA-induced smooth muscle mass and 

soluble collagen in the lung. Overall, our findings highlight the effect of chronic Kp-10 exposure 

in regulating MA-induced AHR and remodeling.
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Introduction

Asthma is a common chronic airway disorder resulting as a consequence of airway 

inflammation, hyperreactivity and remodeling, affecting almost 300 million people 

worldwide [1–4]. Factors such as sex, age, disease status and smoking play a critical 

role in exacerbating asthma [5–7]. Asthma may affect people of any age, although it is 

more common in females than males, as outlined by multiple studies [8–11]. A crucial 

finding in all studies suggests the post-pubertal reversal of asthma occurrence; with women 

showing increased susceptibility to asthma as compared to men [12,13]. Several research 

groups have addressed these concerns in multiple clinical and epidemiological studies, 

although the underlying factors behind these differences are still unexplained. Therefore, 

it is understandable that mechanisms regulating these sex differences in asthma originate 

upstream of or independent of sex steroids, especially estrogen. Hence, it is important 

to identify other alternative pathways upstream of sex steroids in the context of the sex-

specific occurrence of asthma. With this understanding, a candidate of interest for our 

investigations is the family of Kisspeptins (Kp). Kp are encoded by the KISS1 gene located 

on chromosome 1q32.1 and upon proteolytic cleavage, Kp produces multiple cleaved 

peptides including 54-, 14-, 13-, and 10-amino acid peptides, which all share the common 

amidated C-terminus 10 amino-acid sequence [14]. The G-protein coupled receptor 54 or 

KISS1R serves as the receptor for Kp [14,15]. Multiple studies have elucidated the role 

of Kp/KISS1R in different organs such as the pancreas, breast, bladder, brain, ovaries, and 

liver [14,16,17]. Evidence from the CNS and other organs as mentioned earlier justify our 

rationale to investigate Kp as a potential upstream modulator of sex steroids that could be 

relevant to the airways as: A) Kp is a critical initiator of puberty and ovulation via central 

control of the hypothalamic-pituitary-gonadotropic axis [18,19]; B) Kp regulates release 

and secretion of gonadotropin-releasing-hormone and gonadal sex steroids [20–22]; and C) 

the KISS1R agonist, metastin has been used a treatment option for sex steroid dependent 

diseases [23]. Our group recently reported the expression of Kp and KISS1R in the human 

lung, specifically in the airway smooth muscle (ASM) suggesting a potential role of Kp/

KISS1R signaling in the airways. We observed lesser expression of Kp and KISS1R in ASM 

cells from asthmatic as compared to non-asthmatic individuals [24]. We showed further 

that the KISS1R agonist Kp-10 ablates platelet-derived growth factor (PDGF)-induced 

proliferation in ASM cells via inhibition of ERK and P38/MAPK signaling pathways [24]. 

However, the role of Kp in an in vivo model of asthma has not been investigated until 

now. To integrate our in vitro findings and to understand the role of Kp/KISS1R in lung 

physiology in the context of asthma, we have employed a mixed allergen (MA)-induced 

mouse model of asthma.

Our results reveal for the first time the importance of Kp/KISS1R signaling in vivo, thus 

corroborating our in vitro findings. The primary objective of this study was to determine the 

effect of Kp-10 in regulating lung function parameters during airway hyperresponsiveness 

(AHR) and remodeling in a chronic MA-induced mouse model of asthma. As a secondary 

objective, we included ovariectomized (OVX) mice in the study population to dissect the 

effects of endogenous estrogen in the presence of exogenously administered Kp-10. Thus, 
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the knowledge gained from this study provides relevance for Kp/KISS1R signaling in the 

airway structure affecting function in the context of asthma.

Materials and methods

Experimental animals

All animal study protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC) at North Dakota State University and experiments were conducted 

as approved under the guidelines of “National Institutes of Health Guide for the Care and 

Use of Laboratory Animals” [25]. Wild-type (WT) breeding pairs of C57BL/6J background 

female and male mice were procured from The Jackson Laboratory, Bar Harbor, ME, 

USA. We carried out in-house breeding and the resultant mice were used at 6–8-weeks 

of age. Age-matched C57BL/6J background OVX mice were obtained from The Jackson 

Laboratory. All animals were housed under appropriate temperatures with 12 h light and 

12 h dark cycles. The animals were provided with food and water ad libitum. Mice from 

male, female and OVX populations were allocated with a minimum of 6 mice per treatment 

group: 1) Vehicle (Dulbecco’s Phosphate Buffered Saline, DPBS-challenged); 2) Mixed 

allergen (MA)-Challenged; 3) Kp-10 (Metastin 45–54, sc-221884 obtained from Santa Cruz 

Biotechnology, Inc. Dallas, TX, USA); 4) Kp-10+MA.

Mixed allergens and reagents

Ovalbumin from chicken egg white was from Sigma-Aldrich (St. Louis, MO, USA). The 

allergens comprising Alternaria alternata, Aspergillus fumigatus, and Dermatophagoides 
farinae (House dust mite) were purchased from Greer laboratories, Lenoir, NC, USA. DPBS 

(Cat# 14190–144) and protease and phosphatase inhibitor (PPI) cocktail (Cat# 1861284) 

were purchased from Thermo Fisher Scientific, Waltham, MA, USA.

Mixed allergen challenge and treatments

Mice from all three populations (male, female, and OVX) were assigned to MA groups 

and a mixture of four allergens containing 10 μg each of ovalbumin, Alternaria alternata, 

Aspergillus fumigatus and Dermatophagoides farina in 25 μl of DPBS were administered 

intranasally on alternate days (starting from day 1) for 4 weeks (3 days/week) as previously 

described [26–28]. Animals in the vehicle group received an equal volume (25 μl) of DPBS 

alone for the same time durations. From day 2, mice from all three study populations 

received Kp-10 (1.17 mg/kg) [29] in 25 μl of DPBS intranasally on alternate days (3 

days/week). Administration of Kp-10 and MA were performed under isoflurane anesthesia. 

Please refer to the schematic in Figure 1A for additional details.

Lung function analysis

Mice were assessed using a flexiVent system (Scireq, Montreal, Canada) on day 29, and 

parameters such as total respiratory system resistance (Rrs), compliance (Crs), and elastance 

(Ers) were recorded as per the previously described method [26–28]. Ketamine (100 mg/kg 

i.p.) and xylazine (10 mg/kg i.p.) were used for anesthesia. Rrs, Crs, and Ers were recorded 

at baseline (0 mg/ml Methacholine, MCh) and increasing doses of nebulized MCh (6.25–
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50.0 mg/ml). Max Rrs and Crs values at 50 mg/ml of MCh was used to compare the 

effectiveness between treatment groups.

Bronchoalveolar lavage fluid (BALF) processing and tissue collection

Following lung function analysis, BALF was obtained by injecting 1.0 ml of DPBS 

(supplemented with PPI cocktail) via the tracheal cannula, with about 600 μl of fluid 

recovered. The collected BALF was stored at −80 °C until analysis. Following this, we 

perfused the lungs with 10 ml of DPBS via the right ventricle to eliminate circulating 

blood before collecting each lobe. The left lobe of each mouse lung was stored in Carnoy’s 

solution (100% Ethanol, Chloroform, and Glacial acetic acid in a ratio of 6:3:1 with ferric 

chloride, Sigma-Aldrich) for a few hours, followed by replacement of the solution with 70% 

ethanol and preparation for histology studies [30,31].

Cytokine ELISA multiplex assay in BALF

BALF was centrifuged briefly and then aliquoted into 0.5–0.6 ml microcentrifuge tubes for 

further analysis [31]. Samples were subsequently processed following the manufacturer’s 

protocol (Eve Technologies Pvt. Ltd, Calgary, Canada).

Histopathology analyses

The stored left lung lobes were embedded in paraffin wax blocks and sections were stained 

using H&E (Sigma-Aldrich), PAS (EMS, Hatfield, PA, USA) and Masson’s trichrome 

(Chondrex, Redmond, WA, USA), using previously described techniques [26,27]. The 

slides were then scanned using Epredia Pannoramic MIDI II 20x (3DHISTECH, Budapest, 

Hungary). The scanned H&E sections were examined for inflammatory cell recruitment 

by determining the optical density (O.D.) around the airways using ImageJ (National 

Institutes Health, USA, https://imagej.net/software/fiji/; downloaded 04 November 2022). 

The PAS-stained sections were analyzed for mucin expression by counting the number 

of PAS-positive epithelial cells in the airways with approximately similar diameters (~50 

μm). Results are expressed as the percentage cells per airway that were PAS-positive [32]. 

Collagen was stained with Masson’s trichrome and the positively-stained area around the 

airways was measured using ImageJ. The collagen area was then normalized for airway size 

(collagen area μm2/airway perimeter μm) as previously described [33].

Western blotting of lung tissue homogenates

Fresh lung tissue samples (10 mg) were collected and homogenized in sucrose buffer (100 

μl) in the presence of a PPI cocktail. Total protein was estimated and at least 40 μg of protein 

was loaded in each well/sample for SDS-PAGE. Western blot analyses were carried out 

following published protocols [34]. The blots were probed for Kp (Cat# sc-101246, 1:200; 

Santa Cruz Biotechnology), KISS1R (Cat# PA5–49719, 1;1000; Invitrogen, Waltham, MA 

USA), Vimentin (Cat# V5255, 1;1000; Sigma-Aldrich), α-smooth muscle actin (α-SMA, 

Cat# A2547, 1:1000; Sigma-Aldrich.), and β-actin (Cat# G043, 1:2000; Applied Biological 

Materials, Richmond, Canada) followed by scanning in LI-COR near infra-red imaging 

system (LI-COR Biosciences, Lincoln, NE, USA). The LI-COR NIR labeled secondary 

antibodies were used to determine the intensity and densitometric analysis was performed 
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using Image studio software v5.2.5 (LI-COR Biosciences). Ratios for each sample were 

obtained by dividing raw values for proteins of interest with the values for β-actin. Group 

ratios were then normalized to those for the vehicle and presented as a relative protein 

expression.

Laser-Capture Microdissection (LCM) assisted ASM isolation and RT-PCR

LCM was performed following the technique established previously in our laboratory 

[27,35] using a Zeiss-Axio Imager Z1 PALM Microbeam laser capture microscope system 

(Zeiss, Thornwood, NY, USA). ASM were identified and marked using Palm-Robo software 

and a laser cut was performed to catapult the specific ASM cells into an RNAase-free 

microtube containing single cell PicoPure RNA extraction buffer. RNA was isolated from 

the collected cells using the PicoPure® RNA Isolation Kit (Thermo Fisher Scientific) and 

stored at −80 °C for further studies [35]. Representative images for isolation of ASM from 

the mouse airways using LCM are shown in supplementary material, Figure S1. RT-PCR 

was performed using BrightGreen 2X qPCR Master Mix (Applied Biological Materials, 

MasterMix-S-XL) and QuantStudio 3 RT-PCR system (Thermo Fisher Scientific) following 

the manufacturer’s instructions. The fold-changes in mRNA expressions were calculated by 

normalization of the Ct values of target genes to reference gene s16 using the ΔΔCt method 

[34,35]. Supplementary material, Table S1 lists the primer sequences used for RT-PCR 

analysis.

Soluble collagen assay

Whole lung tissue lysates were used to measure the level of soluble collagen as an important 

marker for lung tissue remodeling. This assay was performed following the manufacturer’s 

protocol (Sircol Soluble Collagen Assay, Biocolor Life Science Assay, Carrickfergus, UK) 

and a previously described technique [36,37]. Final absorbance values were measured at 556 

nm using a Synergy HTX Plate Reader (Biotek, Winooski, VT, USA).

Statistical analysis

All the experimental groups consisted of a minimum of six mice. Statistical analysis was 

performed using an unpaired t-test or one-way repeated measures ANOVA or two-way 

ANOVA followed by Tukey’s post hoc test for multiple comparisons using GraphPad Prism 

version 9.1.0 (GraphPad Software, San Diego, CA, USA). Data are expressed as mean ± 

SEM with statistical significance tested at a minimum of p<0.05 level.

Results

Kp/KISS1R protein and mRNA expression in the lung

The experimental design of the study is presented in Figure 1A. The protein expression of 

Kp and KISS1R in the lung tissue homogenate was measured by western blot analysis. 

There was no significant difference observed for the expression of Kp in the lung 

homogenates of MA-challenged male, female and OVX mice (Figure 1B–D) compared 

to the respective DPBS-challenged mice. Interestingly, the expression of KISS1R was 

significantly downregulated in the lung homogenates of mice from MA-challenged groups in 

all three study populations (p<0.01 for male and OVX, p<0.001 for female, Figure 1E–G) 
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compared to the respective DPBS-challenged mice. LCM was used to isolate ASM layers 

and treatment group RNA was isolated. RT-PCR analysis showed a significant reduction 

in ASM-specific Kiss1 mRNA (p<0.05 for male and female; p<0.01 for OVX, Figure 

1H–J) and Kiss1r mRNA (p<0.01 for male and OVX; p<0.001 for female, Figure 1K–

M) expression in MA-challenged mice from all the study populations compared to the 

respective DPBS challenged mice.

Effect of Kp-10 on total respiratory system resistance (Rrs)

We assessed the effects of chronic exogenous Kp-10 in vivo using the forced oscillation 

technique of the flexiVent FX1 module to measure Rrs, which represents airway 

constriction. Male, female, and OVX mice showed an increase in Rrs in response to 

inhaled increased methacholine concentrations (MCh; 0–50 mg/ml) in the MA-challenged 

group compared to DPBS-challenged mice (Figure 2A–C). To compare the effectiveness 

of treatments, we used Max Rrs at the concentration of 50 mg/ml of MCh (Figure 2D–F). 

MA-challenged male, female and OVX mice showed a significant increase in Max Rrs 

(p<0.001). Mice treated with Kp-10 alone did not show any significant changes in Max 

Rrs in all three study populations compared with mice from the respective DPBS group. 

However, MA-challenged mice, treated with Kp-10 showed a significant reduction in Max 

Rrs in male (p<0.001), female (p<0.001), and OVX (p<0.05) mice compared to respective 

MA-challenged mice (Figure 2D–F). In the comparison of all three study populations, male 

(p<0.001) and female (p<0.001) mice tended to show a profound effect of Kp-10 on the 

reduction in MA-induced Rrs, while OVX (p<0.05) mice showed minimal effects.

Effect of Kp-10 on total respiratory system compliance (Crs)

Crs was measured for the lungs of mice exposed to MA and the effect of Kp-10 was 

assessed in the respective treatment groups. Mice exposed to MA showed a decrease in Crs 

in all the study populations compared with DPBS-challenged mice (Figure 3A–C). Max 

Crs in response to 50 mg/ml MCh was used to compare the effectiveness of Kp-10 in 

the different study populations (Figure 3D–F). MA-challenged mice showed a significant 

reduction in Max Crs as compared to mice receiving DPBS alone across all the study 

populations (p<0.001). Mice treated with Kp-10 alone did not show any significant changes 

in Max Crs compared to the respective DPBS group. MA-challenged mice, treated with 

Kp-10 showed a significant increase in Max Crs in male (p<0.05), female (p<0.05) and 

OVX (p<0.01) mice compared to respective MA-challenged mice (Figure 3D–F).

Effect of Kp-10 on total respiratory system elastance (Ers)

Ers was measured for the lungs of MA-challenged mice and the effect of Kp-10 was 

assessed in the respective treatment groups. We observed an increase in Ers in male, female, 

and OVX MA-challenged mice compared with DPBS (supplementary material, Figure S2A–

C). Max Ers in response to 50 mg/ml MCh was used to compare the effectiveness of 

the treatments (supplementary material, Figure S2D–F). MA-challenged mice showed a 

significant increase in Max Ers as compared to mice exposed to DPBS alone across all the 

study populations (p<0.001). Mice treated with Kp-10 alone, for all three study populations, 

did not show any significant changes compared to the DPBS group. MA-challenged mice 

treated with Kp-10 showed a significant reduction in Max Ers for males and females 
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(p<0.001, supplementary material, Figure S2D,E) compared to MA-challenged mice. MA-

challenged OVX mice treated with Kp-10 tended to show a decrease in Max Ers, albeit not 

significant (supplementary material, Figure S2F).

Effect of Kp-10 on the cytokine milieu of BALF

Activation of Th2 cells due to allergen exposure leads to the production of inflammatory 

cytokines, which subsequently contribute to AHR. To determine Kp-10’s effect on the 

inflammatory milieu, we measured cytokines levels in the BALF lungs of male, female and 

OVX mice. MA-challenged mice showed a significant increase in the cytokine levels in 

all three study populations, as evidenced by increased levels of IL-1α (p<0.001 for male 

and female, p<0.01 for OVX; Figure 4A), IL-1β (p<0.001, for all three study populations; 

Figure 4B), IL-2 (p<0.001 for male and female, p<0.05 for OVX; Figure 4C), IL-4 (p<0.001 

for all three study populations; Figure 4D), IL-5 (p<0.001 for all three study populations; 

Figure 4E), IL-6 (p<0.001 for all three study populations; Figure 4F), keratinocyte-derived 

chemokine (KC, p<0.001 for all three study populations; Figure 4G), and TNF-α (p<0.001 

for all three study populations; Figure 4H). Furthermore, mice treated with Kp-10 showed 

significant suppression of MA-induced increases in cytokine levels for IL-1α (p<0.05 for 

male and OVX, p<0.01 for female; Figure 4A), IL-1β (p<0.05 for male, p<0.001 for 

female, p<0.01 for OVX; Figure 4B), IL-2 (p<0.01 for male, p<0.001 for female, p<0.05 

for OVX; Figure 4C), IL-4 (p<0.01 for male and female, p<0.001 for OVX; Figure 4D), 

IL-5 (p<0.001 for male and female, p<0.01 for OVX; Figure 4E), IL-6 (p<0.01 for male, 

p<0.001 for female and OVX; Figure 4F), KC (p<0.001 for female; Figure 4G), and TNF-α 
(p<0.01 for male, p<0.001 for female and OVX; Figure 4H). Notably, Kp-10 treatment 

alone (compared with DPBS treated groups) did not show any significant changes for 

all of the cytokines measured in the BALF. Overall, these data demonstrate that a MA 

challenge significantly altered BALF cytokine levels in all three study populations. Here, 

Kp-10 treatment significantly ablated MA-induced increases in cytokine levels in all three 

study populations, with female mice tending to show a better effect of Kp-10 in reducing 

MA-induced upregulation in cytokine levels.

Effect of Kp-10 on airway structure and morphology

To integrate the observed changes in the lung mechanics and cytokine milieu with airway 

structural changes, we performed histological analysis using H&E (Figure 5A), PAS (Figure 

5C), and Masson’s Trichrome stains (Figure 5E). H&E-stained sections showed a significant 

increase in inflammatory cells recruitment in the airways of MA-challenged mice (p<0.001 

for all male, female and OVX mice) compared with respective DPBS-challenged mice 

(Fig.5B). Furthermore, MA-challenged mice treated with Kp-10, showed a significant 

reduction in the recruitment of inflammatory cells (p<0.001 for male, female and OVX 

mice) compared to MA-challenged group. The mucin production in airway epithelial cells 

was also detected using PAS staining across the study population for respective treatment 

groups. The production of mucin was significantly increased in the airway epithelial 

cells of MA-challenged mice (p<0.001 for male, female, and OVX mice) compared with 

respective DPBS-challenged mice (Figure 5D). Notably, MA-induced mucin production in 

airway epithelial cells was reduced upon Kp-10 treatment in mice from all three study 

populations (p<0.001 for male, female and OVX). Furthermore, Masson’s Trichrome stained 
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sections showed increased collagen deposition around the airways in MA-challenged mice 

(p<0.001 for male, female and OVX) compared with the respective DPBS-challenged mice 

(Figure 5F). Here, MA-challenged mice treated with Kp-10 showed reductions in collagen 

deposition around the airways in the lung sections of all study populations (p<0.001 for 

male, p<0.05 for female, and p<0.01 for OVX).

Effect of Kp-10 on α-smooth muscle actin (α-SMA) and vimentin in the lung

α-SMA often considered as a characteristic marker for smooth muscle and was found to 

be increased during airway remodeling [38]. Vimentin is an intermediate filament protein 

involved in phenotype changes during lung fibrosis [26,28]. Western analyses of lung 

homogenates from MA-challenged mice showed a significant increase in the expression 

of α-SMA (p<0.05 for male, female and OVX; Fig.6A–C) and vimentin (p<0.01 for 

male; p<0.05 for female and OVX; Figure 6D–F) expression in all three study populations 

compared to the respective DPBS-challenged mice. There were no significant changes in 

α-SMA and vimentin protein expression with exposure to Kp-10 alone when compared to 

DPBS-challenged groups. Interestingly, MA-challenged mice treated with Kp-10 showed 

significant downregulation of α-SMA (p<0.05 for male and OVX; p<0.01 for female; Figure 

6A–C) and vimentin (p<0.01 for male; p<0.05 for female and p<0.001 for OVX; Figure 6D–

F). In addition, the accumulation of collagen in the whole lung tissue samples of different 

treatment groups were determined using the sircol soluble collagen assay. In MA-challenged 

mice, we observed a significant increase in the soluble collagen content of the lungs of male 

(p<0.01; Figure 6G), female (p<0.001; Figure 6H) and, OVX (p<0.001; Figure 6I) mice 

compared with the respective DPBS-challenged mice. Treatment with Kp-10 alone showed 

no significant changes in soluble collagen content compared with the respective DPBS-

challenged groups. MA-challenged mice treated with Kp-10 had significantly reduced 

soluble collagen content (p<0.01 for male, female and OVX; Figure 6G–I) compared to 

the respective MA-challenged groups.

Discussion

Asthma is a heterogeneous disorder of airways mainly associated with chronic airway 

inflammation, reduced lung functions, tissue remodeling, and AHR [3,8,9,11,26,27]. Several 

studies have investigated the causative factors as well as the underlying mechanisms 

responsible for airway inflammation, revealing a broad spectrum of variables [2,7,39]. In 

contrast, few studies have focused on airway remodeling associated with ASM, which 

results in chronic airway obstructive changes. Here, the ASM is very crucial considering 

its role in controlling the secretion of inflammatory cytokines, extracellular matrix (ECM)/

remodeling and other growth mediators [7,40,41].

Kisspeptins (Kp) belong to a family of neuropeptides and originate from a common 

precursor, prepro-kisspeptin to produce smaller amidated cleaved peptides of different 

amino acid chain lengths- Kp-10, Kp-13, Kp-14 and Kp-54 [14,16,17,42]. Kp regulate 

gonadotropin secretion in several mammalian species, acting via KISS1R. Numerous studies 

have delineated the anti-metastatic and tumor-suppressant role of Kp/KISS1R signaling, 

which are found to inhibit NF-kB and MAPK signaling pathways [43–48]. We demonstrated 
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the in vitro role of Kp via activation of its receptor, KISS1R, in regulating ASM proliferation 

and observed that cleaved forms of Kp, mainly Kp-10, alleviated PDGF-induced ASM 

proliferation by regulating the p38/MAPK signaling pathways [24]. Thus, laying the 

foundation for our current in vivo study exploring the role of Kp in a MA-induced mouse 

model of asthma. Previous studies established the pharmacokinetic profiling of Kp using in 
vivo mouse models [49]. Additionally, in vitro studies show receptor binding affinities and 

cell signaling properties for all cleaved fragments of Kp [50]. Based on previous in vivo 
mouse study [29] and from our in vitro findings, we selected a single dose of Kp-10 in the 

current study.

We used the MA-induced mouse model of asthma, which is a robust and effective asthma 

model that features Th2-biased eosinophilic inflammation, airway remodeling, and similar 

pathological manifestations that resemble those observed in human asthma [30]. Previous 

studies have reported that 17β-estradiol (E2) regulates Kp/KISS1R signaling through E2-

dependent transcriptional activation of the K1SS1 gene in female mice [51,52]. To isolate 

the effect of Kp/KISS1R signaling from endogenous E2, we used OVX mice in our study.

We observed reduced KISS1R expression in lung tissue homogenates from all MA-

challenged mice, implying the altered or impaired protective Kp/KISS1R signaling in the 

lungs during asthmatic conditions. This aligns with our previous in vitro studies, where 

we observed decreased expression of KISS1R in asthmatic ASM cells [15,24]. Our lung 

mechanics studies using the flexiVent system indicated a higher Rrs and Ers, with reduced 

Crs in MA-challenged mice from all three study populations as shown previously [26–28]. 

The increase in Rrs and Ers were of a similar magnitude in MA-challenged mice, which is 

indicative of AHR. This is consistent with previous observations where Rrs and Ers were 

found to be higher in sensitized mice as compared to unsensitized mice [26–28]. While 

Rrs reflects the overall airway obstruction and stiffness, Ers is a measure of the elastic 

stiffness of the respiratory system that is changed by recruitment or decruitment of airways 

[53,54]. The lower Crs most likely relates to luminal narrowing due to increased airway 

wall thickening with changes in the cellular components [55]. This is consistent with our 

observation showing increased α-SMA and vimentin in the MA-challenged mice, that were 

attenuated with Kp-10 treatment. Interestingly, with a reduced lung KISS1R expression 

observed in asthmatic conditions, exogenous Kp-10 exposure mitigated MA-induced AHR, 

emphasizing the crucial role of Kp/KISS1R signaling in lung pathophysiology.

Multiple lines of evidence support that during severe lung inflammation, activation of 

numerous inflammatory/structural cells occurs, and each secretes cytokines or chemokines 

to modulate lung structure and function [7,56,57]. These effects are most likely regulated 

by the release of inflammatory cytokines from different effector T cells such as Th1/Th2 

and Th17. In our study, we measured inflammatory cytokines levels in BALF fluid from 

the MA-challenged mice with or without Kp-10 treatment. As expected, we observed 

upregulated levels of the inflammatory cytokines IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, 

TNF-α and KC in asthmatic mice. Here, female mice elicited higher Th2 cytokines levels, 

whereas there was no significant change in Th1 cytokine levels compared to MA-challenged 

male and OVX mice. This observed difference could be due to the differential regulation 

of Th1/Th2 cytokines production by estrogens, which is consistent with previous studies 
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[26,28]. Interestingly, the decreased expression of Th2 cytokine levels from allergic male 

mice signifies the predominant role of androgens in the suppression of Th2 dominant 

inflammatory responses [26]. The cytokine levels of MA-challenged OVX mice tended to 

be lower compared to other groups, the absence of female sex hormones in OVX mice may 

have led to an impairment of effector T cell activation. Moreover, we noticed that in all MA-

challenged groups, levels of IL-1α and IL-1β were upregulated; these are the predominant 

IL-1 cytokines that activate key transcription factors related to inflammatory immune 

responses [58,59]. It has been reported that IL-6 is a multifunctional cytokine, a prominent 

indicator of ongoing inflammation in the airways and an important regulator of effector 

CD4+ T cell fate [60]. In our study, we found that MA-challenged mice had significantly 

higher IL-6 and KC expression, which are clinically relevant, and suggests that both cause 

lung injury by increasing the infiltration of neutrophils. Kp-10 has been reported to reduce 

the mRNA levels for inflammatory cytokines (IL-1β, IL-6, TNF-α) in RAW 264.7 cells 

[61]. Also, macrophages isolated from Gpr54−/− mice produced more pro-inflammatory 

cytokines after LPS stimulation as compared with those in Gpr54+/+ mice [62]. Similarly, 

in our study, we observed a suppression of notable pro-inflammatory cytokines in all the 

study populations, suggesting the significant role of Kp/KISS1R signaling in regulating 

the inflammatory milieu of the lungs. However, the signaling mechanisms through which 

Kp-10 exerted its anti-inflammatory effect is not clear. Studies have shown that NF-κB and 

MAPK signaling pathways are important to induce inflammatory cytokines expression [63]. 

The mechanistic basis of Kp effects on the immune system should be further explored in 

future studies. Furthermore, we observed a more pronounced effect of Kp-10 in alleviating 

the MA-induced inflammatory response in the presence of endogenous estrogen (in female 

mice), suggesting estrogen signaling is required in combination with exogenous Kp-10 to 

enhance the protective mechanism to regulate the inflammatory milieu.

Prolonged exposure to allergens increases the inflammatory responses in the airways that 

cause airway structural changes and are associated with increased collagen deposition, 

immune cell recruitments, and airway thickening [39,64–66]. We observed increased 

cytokines levels and histology changes like ASM and epithelial thickening, collagen 

deposition, and goblet cell hyperplasia in MA-challenged mice. In our histology studies, 

we observed that MA-challenged mice showed a significant deterioration in the airway 

structures, which aligns with the AHR and remodeling [15]. Collagen is one of the 

primary structural components of airway ECM and is important for regeneration and repair 

[67,68]. The increased infiltration of inflammatory cells coupled with structural alterations 

in the airway leads to an increase in collagen deposition results in an increase in matrix 

stiffness [67]. The observed increase in airway stiffness in the MA-challenged mice may 

decrease the stretching, thereby influencing bronchodilation that overall reflects in AHR 

[69,70]. In our data, we observed elevated soluble collagen levels in MA-challenged mice, 

suggesting increased ECM and lung tissue remodeling. However, this effect was ablated 

with Kp-10 treatment, suggesting that Kp-10’s anti-remodeling effects are via inhibition of 

collagen deposition in the lungs, and this is corroborated with Kp’s anti-fibrotic activity 

in bleomycin-induced pulmonary fibrosis mouse model [71]. In addition, other matrix 

proteins including collagens undergo post-translational modifications to induce collagen 

cross-linking and thereby increasing airway stiffness and rigidity [67]. Vimentin, a marker 
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for fibrosis, and α-SMA, a smooth muscle-specific marker were also found to be increased 

in asthmatic lungs, signifying the airway structural changes during remodeling in the 

airways. These changes were reversed upon Kp-10 treatment in MA-challenged mice, 

suggesting that Kp-10 has a promising potential in regulating remodeling-associated changes 

in the airways.

To summarize, the results of the present study show that MA significantly altered lung 

mechanics, resulting in AHR and airway remodeling. The administration of Kp-10 alleviated 

the MA-induced airway inflammation and remodeling, and thereby AHR. Furthermore, we 

observed a protective role of Kp/KISS1R signaling in asthmatic OVX mice, suggesting an 

estrogen-independent effect of Kp/KISS1R signaling. All of these findings indicate a critical 

protective role for Kp/KISS1R activation in regulating AHR and airway remodeling.
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Figure 1. 
Schematic showing the experimental design of the study. Mice were sensitized with 

mixed allergen (MA, OAAH: 10 μg each of Ovalbumin, Alternaria alternata, Aspergillus 
fumigatus, and Dermatophagoides farinae (house dust mite)) or Dulbecco’s phosphate-

buffered saline, DPBS, vehicle) intranasally (i.n.) on alternate days (starting from day 

1) for 4 weeks (3 days/week). From day 2 onward, on alternate days (3 days/week), 

mice in the respective groups received DPBS or Kisspeptin-10 (Kp-10) by intranasal 

administration. Ovariectomy (OVX) surgery was performed at the age of 4-weeks (A). 

Kisspeptin (Kp) and KISS1R protein expression were measured in whole lung tissue of 

DPBS and MA-challenged mice (male (B and E), female (C and F), and OVX (D and G)). 

Further, airway smooth muscle (ASM) bundle was isolated from the lung using laser capture 

microdissection-assisted microscopy and RNA was isolated. Subsequently, specific ASM 

Kiss1 and Kiss1r mRNA levels were measured using RT-PCR in male (H and K), female (I 
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and L), and OVX (J and M) mice. Data were analyzed using a two-tailed unpaired Student’s 

t-test. Mean ± SEM (n=5 or 6 mice/group); *p<0.05, **p<0.01, ***p<0.001
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Figure 2. 
Effects of Kp-10 on total respiratory system resistance (Rrs) in a MA model of asthma in 

male (A), female (B), and OVX (C) mice. The response to inhaled increasing concentrations 

of methacholine (MCh) (0–50 mg/ml) were measured in anesthetized animals using a 

flexiVent system (A–C). Max Rrs at the concentration of 50 mg/ml of MCh was used to 

compare the effectiveness of the treatment groups (male (D), female (E), and OVX (F) 

mice). MA challenged mice from all three study populations showed a robust increase 

in Max Rrs compared to the baseline value (DPBS-challenge). This effect of MA was 

alleviated in mice treated with Kp-10 in all three study populations. Data were analyzed 

using two-way ANOVA followed by Tukey’s post hoc test. Mean ± SEM (n=6 mice/group); 

***p<0.001 versus respective vehicle group; #p<0.05, ###p<0.001 versus respective MA-

challenged group.
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Figure 3. 
Effect of Kp-10 on total respiratory system compliance (Crs) in a MA model of asthma 

in male (A), female (B), and OVX (C) mice. Crs at increasing MCh concentrations from 

0–50 mg/ml were measured in anesthetized animals using a flexiVent system (A–C). Max 

Crs at the concentration of 50 mg/ml MCh was used to compare the effectiveness of the 

treatment groups (male (D), female (E), and OVX (F) mice). MA-challenged mice from all 

three study populations showed a significant decrease in Max Crs compared to the baseline 

value (DPBS-challenge). This effect of MA was alleviated in mice treated with Kp-10 in all 

three study populations. Data were analyzed using two-way ANOVA followed by Tukey’s 

post hoc test. Mean ± SEM (n=6 mice/group); ***p<0.001 versus respective vehicle group; 
#p<0.05, ##p<0.01 versus respective MA-challenged group.
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Figure 4. 
Effect of Kp-10 on cytokine levels in bronchoalveolar lavage fluids (BALF). MA-challenge 

showed an increase in IL-1α (A), IL-1β (B), IL-2 (C), IL-4 (D), IL-5 (E), IL-6 (F), KC 

(G) and TNF-α (H) levels in a BALF collected from the lungs of male, female and OVX 

mice compared with the respective DPBS-challenged mice. MA-induced increases in Th2 

cytokines in all three study populations (male, female and OVX) were decreased with Kp-10 

treatment. Data analyzed using two-way ANOVA followed by Tukey’s post hoc test. Mean 

± SEM (n=5 mice/group); *p<0.05, **p<0.01, ***p<0.001 versus respective vehicle group; 
#p<0.05, ##p<0.01, ###p<0.001 versus respective MA-challenged group.
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Figure 5. 
Effects of Kp-10 on lung histology. Representative images of lung sections from MA-

challenged male, female, and OVX mice show increased inflammatory cell infiltration in the 

airways (H&E staining; A), higher total number of PAS-positive epithelial cells per airways 

(yellow arrow; C) and increased collagen deposition around the airways (red arrows; E). 

This effect of MA on deteriorating the lung histology was alleviated in mice treated with 

Kp-10 in all three study populations (A–F). Data analyzed using two-way ANOVA followed 

by Tukey’s post hoc test. Mean ± SEM (n=6/group); ***p<0.001 versus respective vehicle 

group; #p<0.05, ##p<0.01, ###p<0.001 versus respective MA-challenged group; scale bar: 50 

μm.
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Figure 6. 
Effects of Kp-10 on α-smooth muscle actin (α-SMA), vimentin and soluble collagen levels 

in the lung. The protein expression of α-SMA and vimentin were increased upon MA-

challenge, and this effect was reversed by Kp-10 treatment in male (A and D), female (B 

and E), and OVX (C and F) mice lung homogenate. Soluble collagen levels were increased 

in the lung tissue lysates from MA-challenged male (G), female (H) and OVX (I) mice. 

Data analyzed using one-way repeated measures ANOVA followed by Tukey’s post hoc test. 

Mean ± SEM (n=6 mice/group); *p<0.05, **p<0.01, ***p<0.001 versus respective vehicle; 
#p<0.05, ##p<0.01, ###p<0.001 versus respective MA-challenged group.
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