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Abstract 47 

Growth hormone (GH) signaling contributes to pubertal development and reproductive 48 

function, yet the hypothalamic circuits mediating these effects remain incompletely 49 

understood. Kisspeptin and agouti-related protein (AgRP) neurons are key integrators of 50 

metabolic and reproductive cues and exhibit GH-responsive signaling pathways. We 51 

therefore investigated their contributions to the reproductive consequences of altered 52 

somatotropic signaling. Using genetic mouse models of chronic GH excess or deficiency, 53 

we examined the impact of altered GH signaling on pubertal maturation, fertility, and 54 

hypothalamic neuroendocrine function. Pubertal onset was unaffected in female mice, 55 

whereas males with either GH excess or GH deficiency exhibited delayed puberty. In 56 

contrast, GH hypersecretion selectively disrupted estrous cyclicity and impaired fertility in 57 

females. Female reproductive dysfunction occurred despite preserved kisspeptin signaling, 58 

as evidenced by the preservation of intrinsic electrophysiological properties of kisspeptin 59 

neurons and unaltered hypothalamic Kiss1 mRNA expression. Chronic GH excess 60 

increased hypothalamic Agrp mRNA expression and reduced Pomc and Tac2 mRNA 61 

expression compared to control mice; these transcriptional changes were prevented by 62 

AgRP-specific GH receptor (GHR) deletion, which also improved ovarian function. Notably, 63 

selective deletion of the GHR in AgRP cells markedly improved fertility in GH-64 

hypersecreting females. Together, these findings identify AgRP neurons as a critical 65 

hypothalamic target through which chronic GH excess impairs female reproductive function. 66 

Our results further demonstrate that GH-induced infertility occurs independently of 67 

canonical kisspeptin-GnRH dysfunction, revealing a sexually dimorphic mechanism linking 68 

somatotropic signaling to reproductive competence. 69 

 70 

Keywords: Fertility; Growth hormone; Hypothalamus; Kisspeptin; Puberty; Sexual 71 

dimorphism.  72 

JN
eurosci

 Acce
pted M

an
uscr

ipt



4 
 

Significance Statement 73 

 Reproductive dysfunction is a common consequence of chronic alterations in growth 74 

hormone (GH) secretion, but the underlying neural mechanisms remain poorly defined. We 75 

show that chronic GH excess induces a sexually dimorphic reproductive phenotype 76 

characterized by profound impairment of female fertility despite largely preserved kisspeptin 77 

neuronal function. In contrast, GH excess altered hypothalamic AgRP-associated 78 

pathways, and the selective deletion of GH receptors in AgRP neurons significantly 79 

improved fertility in GH-hypersecreting females. These findings identify AgRP neurons as 80 

key mediators of GH-induced reproductive dysfunction and reveal a previously 81 

unrecognized sexually dimorphic neuroendocrine mechanism linking somatotropic 82 

signaling, metabolic circuits, and female fertility.  83 
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Introduction  84 

 Growth hormone (GH) and its principal downstream effector, insulin-like growth 85 

factor 1 (IGF-1), are key regulators of somatic growth and metabolism (Ranke and Wit, 86 

2018; Donato et al., 2021; de Sousa et al., 2025). GH secretion is controlled by a complex 87 

neuroendocrine system involving hypothalamic GH-releasing hormone and somatostatin, 88 

circulating ghrelin, and IGF-1, which together regulate GH secretion through stimulatory 89 

and inhibitory feedback mechanisms at hypothalamic and pituitary levels (Steyn et al., 2016; 90 

de Sousa et al., 2025). In addition to their classical actions, substantial evidence indicates 91 

that alterations in somatotropic signaling influence pubertal timing and fertility. GH 92 

deficiency or resistance is associated with delayed sexual maturation and impaired 93 

reproductive capacity, whereas chronic GH excess disrupts reproductive function and 94 

shortens reproductive lifespan in males and females (Advis et al., 1981; Savage et al., 1993; 95 

Cecim et al., 1995a; de Boer et al., 1997; Bartke, 1999; Danilovich et al., 1999; Keene et 96 

al., 2002; Zaczek et al., 2002; Smuel et al., 2015; de Paula et al., 2021). Despite these 97 

observations, the neural mechanisms through which the somatotropic axis modulates 98 

reproductive physiology remain poorly understood.  99 

 Reproduction is tightly coupled to metabolic state, and hypothalamic circuits are 100 

central to this integration (Anderson et al., 2024). Among the principal regulators of 101 

reproduction are Kiss1-expressing neurons (hereafter referred to as kisspeptin neurons), 102 

which are essential for pubertal maturation and fertility (Lehman et al., 2018). Kisspeptin 103 

neurons are responsive to GH, ghrelin, and IGF-1 signaling, suggesting that the 104 

somatotrophic axis may influence reproductive function through direct actions on these 105 

neurons (Frazao et al., 2014; Bohlen et al., 2019; Silveira et al., 2019; Silva et al., 2026). 106 

Kisspeptin neurons are also extensively interconnected with hypothalamic circuits 107 

controlling energy homeostasis, including agouti-related peptide (AgRP) neurons 108 

(Backholer et al., 2010; Donato et al., 2011; Steyn et al., 2013; Manfredi-Lozano et al., 109 

2016; Nestor et al., 2016; Padilla et al., 2017; Qiu et al., 2018; Ross et al., 2018; Merkley et 110 
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al., 2021; Stincic et al., 2021; Mansano et al., 2023; Talbi et al., 2025). These 111 

neuroanatomical and functional connectivity data suggest that metabolically oriented 112 

hypothalamic pathways contribute to the reproductive alterations associated with chronic 113 

somatotropic dysregulation.  114 

 Within the arcuate nucleus of the hypothalamus (ARH), AgRP neurons are activated 115 

during negative energy balance and promote food seeking while suppressing energetically 116 

costly processes, including reproduction (Krashes et al., 2011). Growing evidence indicates 117 

that AgRP neurons function as gatekeepers of reproductive competence, as their activation 118 

suppresses gonadotropin secretion, disrupts estrous cyclicity, and impairs fertility (Padilla 119 

et al., 2017; Coutinho et al., 2020). Moreover, AgRP neurons are direct targets of GH and 120 

IGF-1 signaling (Furigo et al., 2019; Farias Quipildor et al., 2021). Intraperitoneal GH 121 

administration induces phosphorylation of signal transducer and activator of transcription 5 122 

(STAT5) in approximately 90% of AgRP neurons, indicating widespread GH 123 

responsiveness within this neuronal population (Furigo et al., 2019). GH also increases 124 

hypothalamic AgRP and neuropeptide Y (Npy) mRNA expression and depolarizes AgRP 125 

neurons (Furigo et al., 2019), suggesting these neurons may provide a cellular substrate 126 

linking the somatotropic state to reproductive competence. However, whether chronic 127 

alterations in GH signaling engage AgRP circuits to regulate fertility remains unknown. More 128 

broadly, the relative contribution of primary reproductive circuits, such as kisspeptin 129 

neurons, versus metabolically oriented hypothalamic pathways in mediating the 130 

reproductive consequences of chronic GH imbalance remains unresolved. 131 

 Here, we tested the hypothesis that chronic somatotropic dysregulation alters 132 

reproductive function through hypothalamic circuits that integrate metabolism and fertility. 133 

Using mouse models of GH excess and GH deficiency, we first examined sex-specific 134 

effects on pubertal timing and fertility. We then focused on females with chronic GH excess 135 

to define the neural and endocrine mechanisms underlying subfertility. These studies 136 
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identify hypothalamic mechanisms through which chronic somatotropic imbalance disrupts 137 

female reproductive function.  138 

139 
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MATERIALS AND METHODS 140 

Animals 141 

Kiss1-hrGFP mice (stock nº: 023425, The Jackson Laboratory, Bar Harbor, ME, 142 

USA) were bred with bGH transgenic mice (Berryman et al., 2004) to obtain the Kiss1-143 

hrGFP/bGH animals (hereafter referred to as bGH). The GH transgenic model, generated 144 

on a C57BL/6J background, carries the bovine growth hormone (bGH) transgene under the 145 

control of the metallothionein promoter, resulting in constitutive GH overexpression and 146 

chronically elevated GH signaling (Berryman et al., 2004). Ghrhrlit animals (stock nº: 147 

000533, The Jackson Laboratory) were used as a model of spontaneous GH deficiency. 148 

This model carries a spontaneous mutation in the growth hormone-releasing hormone 149 

receptor (Ghrhr) gene on the C57BL/6J background, and homozygous Ghrhrlit/lit animals 150 

exhibit impaired pituitary GH secretion. Homozygous Ghrhrlit/lit animals were generated by 151 

breeding heterozygous mice within the colony. Selective ablation of GHR in AgRP cells was 152 

achieved by breeding AgRP-Cre mice (stock nº: 012899, The Jackson Laboratory) with 153 

GHRflox/flox animals (List et al., 2013; List et al., 2014) and bGH animals to obtain the AgRP-154 

Cre/GHRflox/flox/bGH mice (AgRP GHR KO/bGH). Control mice were AgRP-Cre/GHRflox/flox 155 

littermates lacking the bGH transgene (AgRP GHR KO).  156 

Animals were weaned at three weeks of age and genotyped using polymerase chain 157 

reaction (PCR). Genomic DNA was obtained from tail tips using the REDExtract-N-Amp 158 

Tissue PCR Kit (Sigma, St. Louis, MO, USA). Animals were housed in environmentally 159 

controlled rooms in groups of 4 to 5 per cage. They were maintained on a 12-hour light/dark 160 

cycle (lights on at 06:00 AM) at 21-23°C. The Animal Ethics Committee of the Institute of 161 

Biomedical Sciences at the University of Sao Paulo approved all procedures. 162 

 163 

Sexual maturation, estrous cycle, and fertility evaluation 164 

We assessed sexual maturation by recording the ages at vaginal opening and the 165 

first day of estrus in female mice, and measuring the ages at testicular descent and balano-166 
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preputial separation in male mice, as previously described (Bohlen et al., 2016; de Paula et 167 

al., 2021). Body weight was recorded on the specific days when sexual maturation events 168 

were observed. We evaluated estrous cycles in adult mice by collecting vaginal lavage 169 

samples daily for 30 days from 8 to 12 weeks of age. Specific cell types characteristic of 170 

each phase of the estrous cycle was identified (Gusmao et al., 2022). In addition, adult 171 

males and females (12-18 weeks of age) were mated with age-matched and sexually 172 

experienced female and male control mice to assess fertility. Matings were monitored for 173 

60 days. The fertility rate was determined using pregnancy detection, the number of days 174 

to delivery (latency to delivery), and the number of pups per litter, as previously described 175 

(Silveira et al., 2017). 176 

 177 

Hormone assessment 178 

For LH and FSH measurement, we handled mice for 30 days to habituate them to 179 

the tail-tip blood sampling procedure (Steyn et al., 2013). Whole blood was collected from 180 

the tail tip before the end of the light cycle (5 ml). We collected a single blood sample to 181 

determine LH and FSH levels on the first day of diestrus. Serum LH and FSH levels were 182 

determined using an in-house sensitive sandwich enzyme-linked immunosorbent assay 183 

(ELISA) (Steyn et al., 2013). The LH and FSH ELISA have lower limits of detection of 0.009 184 

ng/mL and 0.34 ng/mL, respectively, considering the dilution factors used (5x for LH and 185 

10x for FSH).  186 

For IGF-1 or testosterone measurement, adult mice (8-12 weeks of age) or pubertal 187 

mice (28-30 days of age) were anesthetized with isoflurane, euthanized by decapitation, 188 

and the trunk blood was collected. We centrifuged the blood to obtain serum and stored it 189 

at −80°C until analysis. IGF-1 or testosterone concentrations were measured using 190 

commercially available ELISA (IGF-1, #MG100, R&D Systems; Testosterone, # TE187S-191 

100, Calbiotech). The lower limit of detection for the IGF-1 assay was 0.0035 ng/mL, 192 

whereas the analytical sensitivity of the testosterone assay was 0.1 ng/mL. The intra-assay 193 
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and inter-assay coefficients of variation were 4.3% and 6.0% for the IGF-1 assay, and 6.4% 194 

and 9.7% for the testosterone assay, respectively.  195 

 196 

Quantitative Real-Time PCR 197 

The total hypothalamus of adult female (diestrus) and male mice (21-25 weeks of 198 

age) was collected (10:00 a.m. - 12:00 p.m.). Total RNA was extracted from the 199 

hypothalamus using TRIzol reagent according to the manufacturer’s instructions (Thermo 200 

Fisher Scientific, Waltham, USA). As previously described (Bohlen et al., 2019), extracted 201 

RNA was quantified and subsequently subjected to a pre-treatment step in which 3.36µl of 202 

MgCl₂ (Roche Applied Science), 0.32µl of DNase, and a specific volume of DEPC-treated 203 

water were added to each sample to reach a final volume of 20µl. Samples were incubated 204 

in a thermal cycler for 30 minutes at 37ºC, 10 minutes at 75ºC, and held for a few minutes 205 

at 4ºC. Complementary DNA (cDNA) was synthesized using the SuperScript II Reverse 206 

Transcriptase kit (Thermo Fisher Scientific). The reaction mix included 20µl of 5x buffer, 207 

10µl of DTT, 20µl of dNTPs (10mM), 10µl of random primer (pdN6) (Roche Applied 208 

Science), 20µl of DEPC-treated water, and 1µl of SuperScript II Reverse Transcriptase. 209 

Samples were incubated in a thermal cycler for 10 minutes at 25ºC, 50 minutes at 42ºC, 10 210 

minutes at 72ºC, and held for a few minutes at 4ºC. The resulting cDNA samples were 211 

stored at -20ºC. Gene expression was quantified by real-time quantitative PCR using 212 

SYBR® Green enzyme (Thermo Fisher Scientific). For each reaction, 1.5 µl of cDNA was 213 

combined with 3.25 µl of DEPC-treated water, 1.5 µl of gene-specific primers (2.5 µM), and 214 

6.25 µl of SYBR® Green master mix. All samples were run in duplicate, and negative 215 

controls were included on each plate. The following genes were analyzed: Actb (forward: 216 

gctccggcatgtgcaaag; reverse: catcacaccctggtgccta), Agrp (forward: ctttggcggaggtgctagat; 217 

reverse: aggactcgtgcagccttacac), Gnrh1 (forward: gggttctgccatttgatccac; reverse: 218 

ccctttgactttcacatcc), Kiss1 (forward: gattccttttcccaggcatt; reverse: ggcaaaagtgaagcctggat), 219 

Npy (forward: cagatactactccgctctgcg reverse: gggctggatctcttgccata), Pdyn (forward: 220 
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tgtgcagtgaggattcaggatg reverse: accgtcagggtgagaaaagatg), Ppia (forward: 221 

cttcttgctggtcttgccattcc reverse: tatctgcactgccaagactgagt), Pomc (forward: 222 

tagatgtgtggagctggtgc; reverse: ccagcgagaggtcgagtttg), Esr1 (forward: 223 

gcagatagggagctggttca, reverse: tggagattcaagtccccaaa) and Tac2 (forward: 224 

tgcatgtcacgtttctgtgg; reverse: ccgctccatctctctggaag). Plates containing the samples and 225 

target genes were analyzed using the 7500 Real-Time PCR System (Applied Biosystems), 226 

and relative mRNA quantification was performed using the 2-ΔΔCt method. 227 

 228 

Electrophysiological recordings 229 

Adult bGH and control female mice (8-12 weeks of age, at diestrus) were selected 230 

for electrophysiological experiments. Following anesthesia (isoflurane 5%), animals were 231 

euthanized, and the brain was extracted. Each brain was sectioned into 250 µm-thick 232 

coronal slices in cutting solution (238 mM sucrose, 2.5 mM KCl, 26 mM NaHCO₃, 1 mM 233 

NaH₂PO₄, 10 mM D-glucose, 1 mM CaCl₂, and 5 mM MgCl₂) using a vibratome (Leica). 234 

The brain slices were maintained in carbogen-saturated (95% O2 and 5% CO2) containing 235 

135 mM NaCl, 26 mM NaHCO₃, 1.25 mM NaH₂PO₄, 1.2 mM MgSO₄, 10 mM D-glucose, 236 

3.5 mM KCl, and 1mM CaCl₂ for at least 1 hour before the start of electrophysiological 237 

recordings. Brain slices were transferred one at a time to a recording chamber mounted on 238 

a microscope. Slices were continuously perfused with oxygenated ACSF (30ºC) at a flow 239 

rate of ~2 ml/min. Resting membrane potential (RMP) was recorded in current-clamp mode 240 

(I=0). Neurons were identified by their endogenous expression of the fluorescent protein 241 

hrGFP using fluorescence microscopy (Leica MD 6000 FS microscope equipped with a 242 

fixed-stage platform and high-speed monochrome digital fluorescence camera, Leica 243 

DFC360). After identification, infrared differential interference contrast (IR-DIC) was used 244 

to establish a seal and achieve whole-cell access. The micropipette solution was composed 245 

of 130 mM K gluconate, 15 mM KCl, 10 mM HEPES, 5 mM EGTA, 0.1 mM CaCl2, 4.0 mM 246 

MgATP, 0.4 mM NaGTP, and 8.5 mM NaOH, pH 7.3 (ECL = -56 mV). When filled, the 247 
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micropipettes had a resistance of 5–7 MΩ. The input resistance was assessed by 248 

measuring the voltage deflection at the end of the response to a hyperpolarizing rectangular 249 

current pulse (500 ms of −10 to −30 pA). The membrane potential values were corrected 250 

for the liquid junction potential (-15 mV).  251 

For GABAergic spontaneous postsynaptic currents (sPSC) recordings, the 252 

recording pipette was filled with an isotonic chloride-based internal solution (140 mM KCl, 253 

10 mM HEPES, 5 mM EGTA, 0.1 mM CaCl₂, 8.5 mM NaOH, 4 mM Mg-ATP, 0.4 mM Na-254 

GTP; pH 7.3 (ECL = 0 mV)). When filled, the micropipettes had a resistance of 3-4.5 MΩ. 255 

During recordings, slices were perfused with ACSF containing 50 μM 6-cyano-7-256 

nitroquinoxaline-2,3-dione (CNQX) and 50 μM 2-amino-5-phosphonovalerate (DLAP-5). 257 

Experiments were conducted in whole-cell configuration under voltage-clamp mode. Traces 258 

were recorded with the membrane potential held at -60 mV for 2 minutes.  259 

The electrophysiological signals from kisspeptin neurons were recorded using an 260 

Axopatch 700B amplifier (Molecular Devices, San Jose, CA, USA; RRID:SCR_011323), 261 

low-pass filtered at 2 to 4 kHz, and analyzed offline on a PC with pCLAMP (Molecular 262 

Devices). GABAergic sPSC frequency and amplitude were analyzed with the Mini Analysis 263 

Program (Synaptosoft, Decatur, GA, USA; RRID:SCR_002184). For all recordings, series 264 

resistance was <20 MΩ, and data were discarded if a change of 20% or more occurred 265 

during the recording.  266 

  267 

Ovarian Morphological Analysis 268 

Adult animals (21-25 weeks of age) were anesthetized and euthanized. We collected 269 

tissues during the diestrus phase in the morning. We harvested and weighed the uterus. 270 

We rinsed ovaries in PBS and immediately immersed them in 10% formalin at room 271 

temperature for 48 hours. Samples were subjected to a standard histological processing 272 

protocol with increasing concentrations of ethanol and xylene, and then embedded in 273 

Paraplast®. Nine sections (4µm) per animal, with 40 µm spacing between them, were cut 274 
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using a Leica RM2145 microtome and subsequently stained with hematoxylin-eosin (H&E). 275 

Primary, secondary, antral, and atretic follicles, as well as degenerated retained oocytes 276 

and corpora lutea, were counted blindly by two independent examiners (Meng et al., 2017; 277 

de Oliveira et al., 2022). Degenerated retained oocytes were defined as terminal remnants 278 

of atretic follicles characterized by a morphologically degenerated oocyte with loss of normal 279 

follicular architecture, representing advanced follicular atresia (Inoue et al., 2000). Data 280 

were expressed as the number of structures per histological section. 281 

 282 

Statistical analyses  283 

Statistical analyses were performed using the GraphPad Prism software (GraphPad 284 

Prism; RRID: SCR_002798). The data were tabulated and presented as mean ± standard 285 

error of the mean. Data were checked for normality and homogeneity of variance using the 286 

Shapiro-Wilk and Kolmogorov-Smirnov tests. Parametric data were compared using an 287 

unpaired two-tailed Student’s t-test. Non-parametric data were compared using the Mann–288 

Whitney test. Fisher’s exact test was used to assess fertility rates. For GH and IGF-1 289 

concentrations, two separate two-way ANOVAs were performed to assess the effects of 290 

sex and genotype, as well as their interaction: one comparing Control and bGH mice and 291 

the other comparing (control) Ghrhrlit and Ghrhrlit/lit mice. Both analyses were followed by 292 

Šídák’s multiple-comparisons test. A two-way repeated-measures ANOVA, followed by 293 

Šídák’s multiple-comparisons test, was used to analyze fertility data across the control, 294 

bGH, AgRP GHR KO, and AgRP GHR KO/bGH groups. Results with p-values of <0.05 295 

were considered statistically significant. 296 

  297 
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RESULTS 298 

Chronic GH excess leads to sexually dimorphic alterations in puberty onset  299 

 To investigate whether chronic activation of the somatotropic axis influences 300 

reproductive maturation, we assessed pubertal timing in bGH and Ghrhrlit/lit mice. Female 301 

bGH and Ghrhrlit/lit mice exhibited vaginal opening and first estrus at ages similar to those 302 

of the respective controls, despite significant differences in body weight (Figure 1A-D). In 303 

contrast, male bGH and Ghrhrlit/lit mice exhibited delayed pubertal onset, as indicated by 304 

later testicular descent and balanopreputial separation compared with control animals 305 

(Figure 1E, G). Despite the delayed pubertal onset observed in both models, testosterone 306 

levels were similar between bGH and control males during puberty (p=0.2, Table 1). In 307 

contrast, pubertal Ghrhrlit/lit mice exhibited higher testosterone levels than their respective 308 

controls (p=0.02, Table 1). Male bGH and Ghrhrlit/lit mice exhibited higher and lower body 309 

weights, respectively, than control animals at the ages when testicular descent or 310 

balanopreputial separation occurred (Figure 1F, H).  311 

 Adult bGH mice exhibited increased serum GH and IGF-1 levels, body weight, and 312 

nasoanal length, whereas Ghrhrlit/lit animals showed reduced values for these parameters 313 

compared with their respective controls (Table 1). In the bGH model, GH and IGF-1 levels 314 

showed a significant main effect of genotype (p<0.0001), with no effects of sex or sex × 315 

genotype interaction (p>0.05). In the Ghrhrlit/lit model, genotype affected GH levels 316 

p<0.0001), whereas IGF-1 levels showed significant effects of sex (p=0.01), genotype 317 

(p<0.0001), and sex × genotype interaction (p=0.006). Post hoc analysis indicated that sex 318 

differences in heterozygous controls, rather than in Ghrhrlit/lit mice, drove the interaction. 319 

These results suggest that changes in the GH/IGF-1 axis impair puberty in mice in a 320 

sexually dimorphic manner, with delayed pubertal onset in males despite preserved or even 321 

elevated testosterone levels.   322 

Female bGH mice exhibit a disrupted estrous cycle and fertility 323 
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 Evaluation of the estrous cycle in adult female mice by vaginal cytology revealed 324 

that control mice exhibited a regular 5-day estrous cycle (Figure 2A, D). In contrast, bGH 325 

female mice exhibited a prolonged and irregular cycle, characterized by an increased 326 

number of days with leukocytes in vaginal lavage (p < 0.01; Figure 2B, D). Ghrhrlit/lit females 327 

exhibited an estrous cycle of similar duration to that of controls (Figure 2A, C-D). Basal LH 328 

and FSH concentrations measured during diestrus were similar in bGH and Ghrhrlit/lit 329 

females compared with their respective controls (Figure 2E-F).  330 

 Consistent with the observed disrupted estrous cycle, female bGH mice exhibit a 331 

pronounced subfertile phenotype, with only 2 out of 10 bGH females achieving pregnancy 332 

during the 60-day testing period (Table 2). In contrast, all control females conceived (n = 333 

17). Fertility was preserved in Ghrhrlit/lit females and in male bGH mice (Tables 2 and 3). 334 

Together, these findings reveal sex-specific reproductive vulnerability to chronically 335 

elevated GH and identify female bGH mice as a model of neuroendocrine subfertility. 336 

 337 

GABAergic synaptic input onto kisspeptin neurons is preserved in female bGH mice 338 

Because fertility impairment was evident only in bGH females, subsequent studies 339 

focused on this model. To identify central mechanisms underlying infertility, and given the 340 

established role of kisspeptin neurons in reproductive control, we next investigated whether 341 

kisspeptin neuronal activity is impaired by chronic GH excess. Whole-cell recordings from 342 

AVPV/PeNKisspeptin neurons recorded from bGH mice exhibited RMP and IR values similar 343 

to those observed in control females (Table 4). Additionally, spontaneous GABAergic input 344 

onto AVPV/PeNKisspeptin did not differ between bGH (n=10 cells from 5 animals) and control 345 

female mice (n=19 cells from 10 animals; p > 0.05; Figure 3). Similarly, no significant 346 

differences were observed in recordings from ARHKisspeptin neurons between bGH mice 347 

(n=12 cells from 7 animals) and controls (n=16 cells from 10 animals; Table 4, Figure 3). 348 

Therefore, basal electrophysiological properties of kisspeptin neurons are preserved during 349 

chronic GH elevation. 350 
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 351 

Selective GHR ablation in AgRP cells partially restores fertility in female bGH mice 352 

 As chemogenetic activation of the AgRP neurons is sufficient to disrupt estrous 353 

cyclicity and reduce fertility (Padilla et al., 2017; Coutinho et al., 2020), we next tested 354 

whether the subfertility phenotype observed in female bGH mice is mediated by GH action 355 

on AgRP neurons. To address this question, we generated a mouse model combining 356 

chronic GH hypersecretion with GHR-selective ablation in AgRP-Cre-expressing cells 357 

(AgRP GHR KO/bGH). As expected, AgRP GHR KO/bGH mice exhibited increased body 358 

weight (30.1 ± 1.5 g) and nasoanal length (9.7 ± 0.2 cm) compared with AgRP GHR KO 359 

females (21.0 ± 1.8 g, p = 0.008; 7.8 ± 0.5 cm, p = 0.005), indicating that selective GHR 360 

deletion in AgRP neurons did not prevent the somatic overgrowth induced by chronic GH 361 

excess.  362 

Importantly, selective GHR deletion in AgRP neurons substantially improved fertility 363 

in GH-hypersecreting females. Approximately seventy-five percent of AgRP GHR KO/bGH 364 

females (7 out of 9) achieved pregnancy (Table 2), significantly exceeding the pregnancy 365 

rate observed in bGH females (Table 2). 366 

Analysis of reproductive outcomes among control, bGH, and AgRP GHR KO mice 367 

revealed a significant main effect of GH hypersecretion on latency to delivery (Table 2, p = 368 

0.03), whereas neither genotype nor the interaction between genotype and GH status was 369 

statistically significant (p > 0.05). In contrast, litter size was significantly influenced by mouse 370 

genotype (p = 0.02), despite the absence of a main effect of GH hypersecretion and a lack 371 

of a significant interaction (p > 0.05). Thus, the lack of GH action on AgRP cells, as observed 372 

in AgRP GHR KO mice, was sufficient to impair litter size, whereas latency to delivery was 373 

influenced by GH hypersecretion, independent of genotype. Together, these findings 374 

suggest that GH signaling in AgRP neurons contributes to the reproductive deficits induced 375 

by chronic GH excess in female mice. 376 

 377 
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GH hypersecretion alters hypothalamic neuropeptide gene expression  378 

 To gain further insight into the central mechanisms underlying the reproductive 379 

phenotype induced by chronic GH excess, we quantified hypothalamic neuropeptide gene 380 

expression involved in metabolic and reproductive functions. Female bGH mice exhibited 381 

increased Agrp (p < 0.01) and decreased Pomc mRNA expression (p < 0.05; Figure 4A), 382 

indicating dysregulation of ARH metabolic circuitry. In addition, Tac2 mRNA levels were 383 

reduced, whereas Kiss1, Gnrh1, Pdyn, Npy, or Esr1 transcripts were unchanged (Figure 384 

4A). These findings suggested that chronic GH excess preferentially targets ARH metabolic 385 

neuronal populations rather than disrupting hypothalamic reproductive genes. Notably, 386 

hypothalamic Agrp, Pomc, and Tac2 mRNA expression were no longer altered in AgRP 387 

GHR KO/bGH female compared with respective control (AgRP GHR KO mice, Figure 4B). 388 

These results identify AgRP neurons as a critical hypothalamic target mediating the effects 389 

of chronic GH excess on neuropeptide gene expression. 390 

 391 

GH signaling in AgRP cells contributes to ovarian follicular function 392 

Given that reproductive function depends on the coordinated regulation of the 393 

hypothalamic-pituitary-gonadal (HPG) axis, we further investigated whether chronic GH 394 

excess is associated with alterations in ovarian follicular dynamics. Ovarian 395 

histomorphometry analysis revealed that bGH mice had more primary and secondary 396 

follicles than control mice (Figure 5A-B, D). No significant differences were observed in the 397 

number of antral follicles (Figure 5A-B, D). However, bGH mice displayed fewer corpora 398 

lutea than controls (Figure 5A-B, D, p < 0.05). In addition, ovaries from bGH mice showed 399 

an increased number of atresic follicles and degenerated retained oocytes, resulting in an 400 

overall increase in follicular atresia (Figure 5A-B, E, p < 0.05).  401 

Interestingly, the selective deletion of GHR in AgRP cells was sufficient to partially 402 

prevent the ovarian dysfunction associated with chronic GH hypersecretion. AgRP GHR 403 

KO/bGH female mice exhibited an increased number of antral follicles (Figure 5C, F) and 404 
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of atresic follicles (Figure 5G) compared to AgRP GHR KO females, whereas the number 405 

of primary and secondary follicles, corpora lutea, and degenerated retained oocytes 406 

remained unchanged (Figure 5F, G). Of note, AgRP GHR KO females exhibited ovarian 407 

histomorphometric findings comparable to those of control mice (not shown).  408 

Together, these findings indicate that GH signaling in AgRP cells contributes, at 409 

least in part, to the ovarian dysfunction associated with GH hypersecretion.   410 
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Discussion 411 

 Chronic changes in the somatotropic axis have long been associated with 412 

reproductive deficits (Advis et al., 1981; Savage et al., 1993; Cecim et al., 1995a; de Boer 413 

et al., 1997; Danilovich et al., 1999; Keene et al., 2002; Zaczek et al., 2002; Smuel et al., 414 

2015); however, the central mechanisms underlying these effects remain poorly 415 

understood. Here, we demonstrate that sustained GH excess leads to a sexually dimorphic 416 

reproductive phenotype and identify AgRP neurons as a key link between somatotropic 417 

signaling and female fertility. Chronic GH hypersecretion impaired female fertility, whereas 418 

selective deletion of GHR in AgRP neurons substantially improved this deficit, establishing 419 

a functional role for this population in mediating the reproductive consequences of GH 420 

excess. Contrary to our initial hypothesis, reproductive dysfunction occurs largely 421 

independently of overt alterations in canonical kisspeptin neuronal signaling and instead 422 

involves coordinated changes in hypothalamic metabolic circuits. These findings indicate 423 

that female fertility is vulnerable to sustained alterations in somatotropic signaling. This sex-424 

specific vulnerability may reflect fundamental differences in how metabolic and hormonal 425 

cues are integrated within hypothalamic circuits controlling reproduction. 426 

 Puberty is a complex physiological process tightly regulated by body weight gain 427 

and metabolic cues (Kennedy and Mitra, 1963; Ahmed et al., 2009; Bohlen et al., 2016). 428 

Despite marked differences in body weight and GH/IGF-1 secretion, pubertal timing 429 

remained preserved in female bGH and Ghrhrlit/lit mice but was delayed in males. Thus, 430 

female pubertal onset appears relatively resilient to substantial alterations in somatotropic 431 

signaling. Differences in circulating GH and IGF-1 levels between males and females did 432 

not appear to account for the divergent pubertal phenotypes observed in homozygous mice. 433 

In Ghrhrlit/lit mice, although a sex-by-genotype interaction was detected for IGF-1, post hoc 434 

analyses indicated that this interaction primarily reflects differences between male and 435 

female Ghrhrlit heterozygous mice rather than between male and female Ghrhrlit/lit mice. 436 

Reduced leptin levels have been associated with GH hypersecretion, whereas Ghrhrlit/lit 437 
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mice exhibit obesity-associated hyperleptinemia (Berryman et al., 2004; de Paula et al., 438 

2021). Although reduced leptin levels could contribute to delayed pubertal timing in bGH 439 

males, this is unlikely to explain the Ghrhrlit/lit mouse phenotype (Berryman et al., 2004; de 440 

Paula et al., 2021). Moreover, delayed puberty occurred despite normal testosterone levels 441 

in bGH and elevated testosterone levels in Ghrhrlit/lit mice, arguing against a simple 442 

testosterone-deficiency mechanism. Thus, both GH/IGF-1 excess and deficiency may affect 443 

male pubertal maturation through distinct downstream mechanisms which remain to be 444 

determined. 445 

 Alterations in GH secretion also differentially affected reproductive capacity between 446 

the sexes. GH excess impaired female fertility, whereas male fertility remained unaffected. 447 

In females, GH excess disrupted estrous cyclicity without altering gonadotropin 448 

concentrations, consistent with previous reports  (Debeljuk et al., 1999). Because we did 449 

not measure circulating estrogen and progesterone concentrations, we cannot exclude 450 

subtle alterations in gonadal steroid signaling. Nevertheless, increased follicular atresia and 451 

fewer corpora lutea indicate impaired ovarian function. These effects may reflect changes 452 

in HPG-axis dynamics that static hormone measurements do not capture. Because 453 

gonadotropin secretion is inherently pulsatile, changes in LH and FSH frequency or 454 

amplitude may also occur. Reduced hypothalamic Tac2 expression observed in bGH 455 

females may therefore reflect altered activity of Tac2/neurokinin B-expressing neurons 456 

involved in GnRH pulsatility (Lehman et al., 2010). However, because Tac2 is expressed 457 

beyond arcuate KNDy neurons and we analyzed whole hypothalamic tissue, we cannot 458 

attribute this finding specifically to kisspeptin neurons (Duarte et al., 2006). Importantly, we 459 

found no evidence for major functional impairment in kisspeptin neurons. RMP, IR, and 460 

GABAergic synaptic input onto both AVPV/PeNKisspeptin and ARHKisspeptin neurons were 461 

unchanged by chronic GH excess, and hypothalamic Kiss1 expression was unaffected. 462 

Together with evidence that selective deletion of GHR in kisspeptin-Cre-expressing neurons 463 

does not alter pubertal timing or fertility (Bohlen et al., 2019), these findings argue against 464 
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direct GH signaling in kisspeptin neurons as the primary mediator of the reproductive 465 

phenotype. Nevertheless, subtle changes in network dynamics, steroid-dependent 466 

plasticity, or downstream GnRH secretion cannot be excluded. Elevated GH can also 467 

increase prolactin (PRL) secretion, disrupting the PRL surge required for luteal function in 468 

mice, compromising fertility (Cecim et al., 1995b; Debeljuk et al., 1999). Although we did 469 

not assess PRL dynamics in the present study, altered PRL secretion could contribute to 470 

the disrupted estrous cyclicity observed in bGH mice. The absence of changes in Kiss1 471 

expression, however, argues against profound hyperprolactinemia-associated suppression 472 

of kisspeptin signaling (Araujo-Lopes et al., 2014; Brown et al., 2014). Together, these 473 

observations suggest that chronic GH excess does not profoundly disrupt canonical 474 

kisspeptin signaling under the conditions examined. Because chronic GH excess is 475 

accompanied by elevated circulating IGF-1 levels, elevated IGF-1 could influence other 476 

neuroendocrine populations, including GnRH neurons (Divall et al., 2010). Moreover, the 477 

intraovarian effects of chronic GH/IGF-1 excess on follicular dynamics cannot be ruled out, 478 

as evidenced by an increased population of primordial and secondary follicles that is 479 

independent of gonadotropins (Wu et al., 2023). 480 

 Notably, our findings support an important role for AgRP neurons in the 481 

neuroendocrine mechanisms linking somatotropin activity to reproduction. Selective GHR 482 

deletion in AgRP neurons substantially improved female fertility and prevented the 483 

transcriptional remodeling induced by chronic GH excess, further supporting the role of this 484 

neuronal population in GH's reproductive effects. Consistent with this effect, bGH female 485 

mice exhibited increased Agrp and reduced Pomc and Tac2 expression, suggesting that 486 

chronic GH excess alters transcriptional programs related to ARH neuropeptide signaling. 487 

Interestingly, genetic deletion of Agrp has been shown to increase hypothalamic Tac2 488 

expression, while pharmacological MC4R activation stimulates TAC2 neurons, suggesting 489 

functional interactions between AgRP/melanocortin and the Tac2/KNDy pathways (Sheffer-490 

Babila et al., 2013). However, because these measurements were performed in the whole 491 
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hypothalamus, the transcriptional changes observed in the bGH model cannot be assigned 492 

to specific neuronal populations. The absence of transcriptional alterations in AgRP GHR 493 

KO/bGH mice nevertheless supports AgRP neurons as a critical mediator of GH-induced 494 

hypothalamic remodeling. This effect is notable because the reproductive phenotype 495 

occurred without a classical energy-deficient state, suggesting that chronic GH excess may 496 

alter central metabolic sensing independently of peripheral energy stores. Together, these 497 

findings support a role for AgRP neurons in the neuroendocrine mechanism linking 498 

somatotropin activity to reproduction. Accordingly, our data extend previous evidence that 499 

manipulation of AgRP neuronal activity influences fertility (Egan et al., 2017; Padilla et al., 500 

2017; Coutinho et al., 2020). This interpretation is consistent with studies showing that 501 

ablation of AgRP neurons restores fertility in leptin-deficient (ob/ob) mice. In contrast, similar 502 

manipulations targeting melanin-concentrating hormone-expressing neurons do not 503 

produce comparable effects (Wu et al., 2012). Given that POMC neurons are GH-504 

responsive and regulate fertility through MC4R-dependent signaling in kisspeptin neurons, 505 

a partial contribution of this neuronal population cannot be excluded (Quaresma et al., 2019; 506 

Talbi et al., 2025). 507 

 The incomplete rescue of fertility in AgRP GHR KO/bGH females indicates that 508 

additional mechanisms contribute to GH-induced reproductive dysfunction. Ovarian 509 

dysfunction appears to be an important component, although direct ovarian effects cannot 510 

be distinguished from systemic or neuroendocrine mechanisms. Fewer corpora lutea may 511 

reflect inadequate endocrine stimulation of ovulation, although impaired follicular 512 

competence cannot be excluded. Partial restoration of ovarian morphology after GHR 513 

deletion in AgRP neurons supports a contribution of GH-responsive hypothalamic circuits. 514 

Autonomic pathways may also contribute, as AgRP neurons influence autonomic output 515 

and the ovary receives sympathetic and parasympathetic innervation (Uchida and Kagitani, 516 

2015; Bell et al., 2018). The mechanisms underlying this hypothalamic-ovarian interaction 517 

warrant further investigation. 518 
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 Elevated circulating IGF-1 levels have also been reported in women and animal 519 

models of polyendocrine metabolic ovarian syndrome (PMOS), a common cause of 520 

anovulatory infertility (Ruiz et al., 1997; Berker et al., 2004; Li et al., 2023). Findings 521 

regarding GH secretion in PMOS are inconsistent, with reports of normal or elevated GH 522 

secretion (Garcia-Rudaz et al., 2002; Premoli et al., 2005). Although speculative, these 523 

observations suggest that increased GH/IGF-1 signaling may contribute to female 524 

reproductive dysfunction through coordinated hypothalamic and ovarian mechanisms, as 525 

both tissues express GHR and IGF1R (Lobie et al., 1990; Baumgarten et al., 2017). 526 

Because GH excess is accompanied by marked IGF-1 elevations (Wasinski et al., 2023), it 527 

remains unclear whether GH, IGF-1, or both mediate the observed effects. Moreover, 528 

hypothalamic IGF-1 resistance under metabolic stress raises the possibility that altered 529 

central IGF-1 responsiveness contributes to the hypothalamic adaptations observed in bGH 530 

mice, although this hypothesis remains to be investigated (He et al., 2025). 531 

 In conclusion, our findings uncover a previously unrecognized sexually dimorphic 532 

role of GH signaling in the control of reproduction. Whereas both GH excess and deficiency 533 

similarly affected male pubertal development, sustained GH hypersecretion selectively 534 

impaired female fertility. Our data indicate that this phenotype is associated with remodeling 535 

of hypothalamic metabolic neurocircuitry, partly mediated by AgRP neurons, and ovarian 536 

dysfunction, rather than overt alterations in canonical kisspeptin neuronal function. 537 

Furthermore, the substantial rescue observed following GHR deletion in AgRP cells 538 

identifies this population as a major neural substrate linking somatotropic and reproductive 539 

function. Together, these findings advance our understanding of how chronic alterations in 540 

GH/IGF-1 homeostasis influence female fertility and establish AgRP neurons as a 541 

neuroendocrine interface through which metabolic and reproductive signals integrate.  542 
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Figure 1- GH effects on puberty onset. (A–H) Bar graphs illustrating average age of 770 

vaginal opening (VO), first estrus (1st estrus), testicular descent (TD), balanopreputial 771 

separation (BPS), and the average body weight at specific ages when puberty events were 772 

observed in bGH, and Ghrhrlit/lit mice (n=4/25 per group). * Significant difference compared 773 

with the respective control group; *** p < 0.001; **** p < 0.0001. Unpaired two-tailed 774 

Student’s t-test or Mann–Whitney test.  775 

 776 

Figure 2- GH effects on estrous cycle and gonadotropin levels. (A–C) Representative 777 

graphs showing estrous cyclicity of control (A), bGH (B), and Ghrhrlit/lit mice (C). (D–F) Bar 778 

graphs illustrating estrous cycle length (D), luteinizing hormone (LH, E), and follicle-779 

stimulating hormone serum levels (FSH, F) of control, bGH, and Ghrhrlit/lit mice (n=4/8 per 780 

group). For estrous cyclicity quantification, a period between the first day on which cornified 781 

cells were observed in the vaginal smear, the transition to leukocytes, and the next day on 782 

which cornified cells reappeared was considered a complete estrous cycle. Abbreviations: 783 

P/E, proestrus and estrus; M/D, metestrus and diestrus. *Significant difference compared 784 

with the respective control group; ** p < 0.01. Unpaired two-tailed Student’s t-test or Mann–785 

Whitney test.  786 

 787 

Figure 3- Effects of GH excess on GABAergic synaptic transmission to kisspeptin 788 

neurons. Whole-cell recordings were performed in kisspeptin neurons located in the 789 

anteroventral periventricular and rostral periventricular nuclei (AVPV/PeN, A-C) or in the 790 

arcuate nucleus of the hypothalamus (ARH, D-F). (A, D) Representative voltage-clamp 791 

traces showing GABAergic postsynaptic currents recorded from ex vivo hypothalamic slices 792 

obtained from control or bGH females. (B–C, E–F) Bar graphs showing the average 793 

frequency (B, E) or amplitude (C, F) of GABAergic postsynaptic currents in kisspeptin 794 

neurons from control and bGH female mice in the AVPV/PeN (B-C) and ARH (E-F). 795 

Unpaired two-tailed Student’s t-test. 796 

 797 

Figure 4 - Effects of GH excess on hypothalamic mRNA expression. (A-B) Bar graphs 798 

showing average hypothalamic mRNA expression of Agrp, Npy, Pomc, Kiss1, Gnrh1, Tac2, 799 

Pdyn, and Esr1 genes in bGH versus control female mice (A), or in AgRP GHR KO/bGH 800 

versus control (AgRP-CRE GHR KO) female mice (B). *Significant difference compared 801 

with the respective control group; **p < 0.01; **** p < 0.0001. Unpaired two-tailed Student’s 802 

t-test.  803 

 804 

Figure 5 – Chronic GH excess effects on ovarian morphology. (A–C) Representative 805 

ovarian sections stained with hematoxylin and eosin from control (A), bGH (B), and AgRP 806 

GHR KO/bGH (C) mice. (D-G) Bar graphs showing the quantification of the primary follicles, 807 

secondary follicles, antral follicles, and corpora lutea (CL) (D, F), atretic follicles, 808 

degenerated retained oocytes, and total atretic follicles (E, G) of control and bGH mice (D-809 

E, n=5/6 per group), or AgRP GHR KO and AgRP GHR KO/bGH mice (F, G, n=5/6 per 810 

group). Scale bar, 50 μm. Unpaired two-tailed Student’s t-test, p > 0.05. 811 
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Table 1- Sex-specific effects of GH excess or deficiency on mouse growth 813 

 Female  Male 

 Control  bGH   Control bGH 

GH (ng/ml) 4.4 ± 1.8 (n=5) 13.5 ± 0.7*** (n=6)  5.7 ± 1.9 (n=8) 13.7 ± 0.4** (n=8) 

IGF-1 (ng/ml) 

427.4 ± 18.3 

(n=5) 944.9 ± 23.5**** (n=6)  

419.5 ± 24.3 

(n=8) 940.9 ± 31.7**** (n=8) 

Testosterone (ng/ml) - -  0.22 ± 0.02 (n=6) 0.19 ± 0.02 (n=5) 

Body weight (g) 24.1 ± 0.5 (n=10) 37.3 ± 1.4**** (n=10)  26.7 ± 0.5 (n=10) 41.5 ± 0.9**** (n=10) 

Nasoanal length (cm) 9.2 ± 0.3 (n=9) 10.9 ± 0.4** (n=9)  9.1 ± 0.1 (n=10) 10.9 ± 0.3**** (n=10) 

Uterine relative weight 

(% body weight) 

0.3 ± 0.1 (n=5) 0.2 ± 0.1 (n=5)  - - 

 Control Ghrhrlit/lit  Control Ghrhrlit/lit 

GH (ng/ml) 4.4 ± 2.7 (n=4) 0.5 ± 0.1# (n=7)  13.6 ± 4.7 (n=5) 0.0 ± 0.0* (n=4) 

IGF-1 (ng/ml) 

408.9 ± 21.7 

(n=4) 20.3 ± 1.3** (n=7)  

327.4 ± 20.2 

(n=5) 23.7 ± 3.6* (n=4) 

Testosterone (ng/ml) - -  0.34 ± 0.04 (n=6) 0.60 ± 0.08* (n=6) 

Body weight (g) 22.2 ± 1.0 (n=10) 10.7 ± 0.6**** (n=10)  24.8 ± 0.7 (n=10) 14.1 ± 0.6**** (n=10) 

Nasoanal length (cm) 8.9 ± 0.2 (n=7) 6.7 ± 0.2**** (n=8)  10.1 ± 0.4 (n=4) 7.4 ± 0.3** (n=4) 

Uterine relative weight 

(% body weight) 

0.3 ± 0.1 (n=3) 0.4 ± 0.1% (n=4)  - - 

Data are expressed as mean ± standard error. Unless otherwise indicated, all parameters 814 

were measured in adult mice, whereas testosterone concentrations were measured in 815 

pubertal mice (28-30 days of age). We assessed statistical significance using an unpaired 816 

two-tailed Student’s t-test or Mann–Whitney test. * p < 0.05; ** p < 0.01; *** p < 0.001; **** 817 

p < 0.0001, versus the respective Control group. For GH and IGF-1 concentrations, we 818 

analyzed sex and genotype, as well as their interaction, using two-way ANOVA followed by 819 

Šidak’s multiple-comparisons test. For bGH mice, GH and IGF-1 concentrations showed: 820 

sex, p>0.05; genotype, p<0.0001; sex x genotype interaction, p>0.05; post hoc comparison, 821 

p>0.05. For Ghrhrlit/lit mice, GH concentrations: sex, p>0.05; genotype, p=0.004; sex vs 822 

genotype interaction, p>0.05; post hoc comparison, p>0.05. For IGF-1 concentrations, sex, 823 

p=0.1; genotype, p<0.0001; sex vs genotype interaction, p=0.006; post hoc comparison, 824 

p>0.05, except for Ghrhrlit, p=0.002. 825 
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Table 2- Female reproductive function 829 

  Control  bGH 

Fertility rate (%)  100% (n=17)  20% (n= 2 out of 10) **** 

Days until birth  23.3 ± 1.5 (n=17)  34.0 ± 12.0+ (n=2) 

Litter size  6.4 ± 0.3 (n=17)  6.5 ± 2.5 (n=2) 

  AgRP GHR KO   AgRP GHR KO/bGH 

Fertility rate (%)  100% (n=10)  75% (n=7 out of 9) 

Days until birth  27.2 ± 2.3 (n=10)  37.4 ± 7.8+ (n=5) 

Litter size  4.7 ± 0.5$ (n=10)  4.0 ± 1.0$ (n=4) 

  Control  Ghrhrlit/lit 

Fertility rate (%)  90% (n=8 out of 9)   100% (n=6)  

Days until birth  23.6± 0.9 (n=8)  25.8 ± 1.1 (n=6) 
Litter size  6.9 ± 0.6 (n=8)  4.4 ± 0.4** (n=6) 

Continuous data are presented as mean ± SEM, whereas fertility rate is presented as a 830 

percentage. We evaluated fertility rate by Fisher’s exact test, **** p < 0.001. Comparison 831 

among control, bGH, AgRP GHR KO, and AgRP GHR KO/bGH was performed using two-832 

way repeated-measures ANOVA, followed by Šidak’s multiple-comparison test; + p < 0.05, 833 

main effect of GH levels; $ p < 0.05, main effect of genotype. For the AgRP GHR KO/bGH 834 

group, sample sizes differed among outcomes because one litter was lost, and birth date 835 

and litter size data were unavailable for two additional litters. Thus, we analyzed n = 9 litters 836 

for fertility rate, n = 5 for days until birth, and n = 4 for litter size. We compared Ghrhrlit/lit and 837 

control data using an unpaired two-tailed Student’s t-test or the Mann–Whitney test. p > 838 

0.05. 839 
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Table 3- Male reproductive function 842 

Male  Control  bGH 

Fertility rate (%)  84% (n= 11 out of 13)  72% (n= 8 out of 11) 
Days until birth  25.7 ± 2.0 (n=11)  33.0 ± 6.5 (n=8) 

Litter size  5.6 ± 0.7 (n=11)  5.5 ± 0.4 (n=8) 

Data are expressed as mean ± standard error. We evaluated fertility rate by Fisher’s exact 843 

test. We analyzed the remaining data using an unpaired two-tailed Student’s t-test or the 844 

Mann–Whitney test. p > 0.05. 845 
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 849 

Table 4- GH excess effect on kisspeptin neurons' biophysical properties  850 

  Female 

AVPV/PeNKisspepti

n 
 

Control  
 

bGH  

RMP (mV) 
 -74.0 ± 1.3 

(n=28) 
 -77.3 ± 2.4 

(n=13) 

IR (GΩ)  0.5 ± 0.1 (n=28)  0.7 ±0.1 (n=13) 

ARHKisspeptin     

RMP (mV) 
 -58.0 ± 1.3 

(n=36) 
 -62.5 ± 4.8 

(n=16) 

IR (GΩ)  1.4 ± 0.1 (n=36)  1.4 ± 0.1 (n=16) 

Data are expressed as mean ± standard error (4/10 mice per group). Statistical significance 851 

was determined using an unpaired two-tailed Student’s t-test. 852 
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