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 20 

Abstract 21 

In this study, we investigated 17α-estradiol's role in lifespan extension from long-term 22 

administration. Pooled hypothalami from aged male Norway brown rats treated with 17α-estradiol 23 

(O.T), aged male controls (O), and young male controls (Y) underwent single-nucleus 24 

transcriptomic sequencing (snRNA-seq). To evaluate the effects of 17α-estradiol on aging neurons, 25 

supervised clustering of neurons based on neuropeptides and their receptors were used to evaluate 26 

the responses of each neuron subtype during aging and after 17α-estradiol treatment. The elevated 27 

cellular metabolism, stress and decreased expression levels of pathways involved in synapse 28 

formation in neurons initiated by aging were significantly attenuated by 17α-estradiol. Assessment 29 
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of changes in neuron populations showed that neurons related to food intake, reproduction, blood 30 

pressure, stress response, and electrolyte balance were sensitive to 17α-estradiol treatment. 31 

17α-estradiol treatment not only increased serum Oxytocin (Oxt), but also heightened the activity 32 

of hypothalamic-pituitary-gonadal (HPG) axis, as evidenced by significantly elevated levels of 33 

plasma Gnrh, total testosterone, and decreased estradiol. Elevated Gnrh1 was confirmed to be one 34 

of the causal effects mediating the role of 17α-estradiol in energy homeostasis, neural synapse, 35 

and stress response. Notably, Crh neurons exhibited prominent stressed phenotype in O.T, distinct 36 

to appetite-stimulating neurons Agrp and Ghrl. Therefore, the HPG axis and energy metabolism 37 

may be key targets of 17α-estradiol in male hypothalamus. Additionally, supervised clustering of 38 

neurons was shown to be a useful method for assessing treatment responses and cellular 39 

perturbation among different neuron subtypes in the hypothalamus. 40 

Key words snRNA-seq, hypothalamus, 17α-estradiol, aging, Crh, Oxt, Gnrh 41 

 42 

Background 43 

The hypothalamus serves as the central hub for controlling energy homeostasis, stress response, 44 

temperature, learning, feeding, sleep, social behavior, sexual behavior, hormone secretion, 45 

reproduction, osmoregulation, blood pressure, visceral activities, emotion, and circadian rhythms 46 

[1]. The hypothalamic energy-sensing system, particularly the circuits that regulate food intake, 47 

plays a crucial role in life span extension [2]. Elevated metabolic activity in the aged 48 

hypothalamus has been reported in aged hypothalamus, including increased mTor signaling [3, 4]. 49 

Additionally, decreases in gonadotropin-releasing hormone (GnRH), Ghrh, Trh, monoamine 50 

neurotransmitters, and blood supply are hallmarks of aging hypothalamus [5].  51 

Previous studies have demonstrated that 17α-estradiol extends the lifespan of male mice and has 52 

beneficial effects on metabolism and inflammation, similar to those of rapamycin and acarbose 53 

[6-8]. Recent study indicated that 17α-estradiol also extends the lifespan of male rats [9].Further 54 

investigations revealed certain unique features of 17α-estradiol in life extension distinct to 55 

rapamycin and acarbose [10, 11]. Moreover, it has been shown that 17α-estradiol targets 56 

hypothalamic POMC neurons to reduce metabolism by decreasing feeding behavior through 57 

anorexigenic pathways [12]. Interestingly, the lifespan extension effect has only been observed in 58 

male animals [13]. The safety of 17α-estradiol is key for translation into clinical treatment, and the 59 
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potential side effects on reproduction and feminization by 17α-estradiol treatment must be 60 

considered. However, contradictory results have been reported regarding its side effects on 61 

reproduction and feminization [6, 14, 15]. Therefore, further investigation and verification are 62 

needed to understand the underlying mechanisms of lifespan extension and the safety of 63 

17α-estradiol.  64 

In this report, we utilized single-nucleus transcriptomic sequencing and performed supervised 65 

clustering of neurons based on neuropeptides, hormones, and their receptors. Supervised 66 

clustering offers better resolution in cell cluster screening compared to traditional unsupervised 67 

clustering. We assessed the effects of 17α-estradiol on metabolism, stress responses, ferroptosis, 68 

senescence, inflammation, and pathways involved in synaptic activity in each neuron subtype, 69 

ranking the most sensitive neurons. The effects of 17α-estradiol on reversing aging-related cellular 70 

processes were evaluated by two opposing regulatory networks involved in hypermetabolism, 71 

stress, inflammation, and synaptic activity. Several key endocrine factors from serum were 72 

examined, and the potential side effects of 17α-estradiol on specific neurons were also evaluated. 73 

 74 

Materials and methods 75 

Animals, treatment and tissues 76 

Twelve Norway brown male rats (12 months old) were acquired from Charles River, including 8 77 

12-months old and 4 1-month old (Beijing). Aged rats were randomly allocated into control and 78 

17α-estradiol-treated groups. Four Aged rats treated with 17α-estradiol (Catalog #: E834897, 79 

Macklin Biochemical, Shanghai, China) were fed freely with regular diet mixed with 80 

17α-estradiol at a dose of 14.4 mg/kg (14.4 ppm), starting at 24 months of age for 6 months 81 

according to prior reports [16, 17]. The young rats were fed a regular diet without 17α-estradiol 82 

continuously for 3 months until 4 months old. All rats had ad libitum access to food and water 83 

throughout the experiments. The rats were then euthanized via CO2, hypothalami, testes and blood 84 

serum were collected for subsequent experimental procedures. All blood samples were collected at 85 

9:00-9:30 a.m to minimize hormone fluctuation between animals. All animal procedures were 86 

reviewed and approved by the Institutional Animal Care and Use Committee at Nantong 87 

University.  88 

Enzyme immunoassays 89 
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Enzyme immunoassays kits for rat Oxt (Catalog #: EIAR-OXT), Corticotropin Releasing Factor 90 

(Catalog #: EIAR-CRF), and gonadoliberin-1 (Catalog #: EIAR-GNRH) were obtained from 91 

Raybiotech (GA, USA). Enzyme immunoassay kits for rat serum total testosterone (Catalog #: 92 

ml002868), estradiol (Catalog #: ml002891), aldosterone (Catalog #: ml002876), and cortisol 93 

(Catalog #: ml002874) were obtained from Enzyme-linked Biotechnology (Shanghai, China). Sera 94 

from 3 animals per group were used and each was diluted 10 or 20 times for immunoassays.  95 

Seminiferous tubule inflammation test 96 

8 testes were obtained from each sample group and then subjected to fixation in 4% formalin for 97 

at least 1 week. Formalin-fixed paraffin-embedded rat testis sections of 5 µm thickness were used 98 

for HE Staining. At least 30 seminiferous tubules in each slide were examined for inflammation 99 

test. Testis with at least 1 inflammatory seminiferous tubule was set as 1, and normal testis was set 100 

as 0 for inflammation index calculation. 101 

snRNA-seq data processing, batch effect correction, and cell subset annotation  102 

Intact hypothalami were cryopreserved in liquid nitrogen from sacrificed rats. Two (O) or three (Y 103 

and O.T) hypothalami were pooled within each group and homogenized in 500 µL ice-cold 104 

homogenization buffer (0.25 M sucrose, 5 mM CaCl2, 3 mM MgAc2, 10 mM Tris-HCl [pH 8.0], 1 105 

mM DTT, 0.1 mM EDTA, 1× protease inhibitor, and 1 U/µL RiboLock RNase inhibitor) with 106 

Dounce homogenizer. Then, the homogenizer was washed with 700 µL ice-cold nuclei washing 107 

buffer (0.04% bovine serum albumin, 0.2 U/µL RiboLock RNase Inhibitor, 500 mM mannitol, 0.1 108 

mM phenylmethanesulfonyl fluoride protease inhibitor in 1× phosphate buffer saline). Next, the 109 

homogenates were filtered through a 70-µm cell strainer to collect the nuclear fraction. The 110 

nuclear fraction was mixed with an equal volume of 50% iodixanol and added on top of a 30% 111 

and 33% iodixanol gradient. This solution was then centrifuged for 20 min at 10 000 ×g at 4 °C. 112 

After the myelin layer was removed from the top of the gradient, the nuclei were collected from 113 

the 30% and 33% iodixanol interface. The nuclei were resuspended in nuclear wash buffer and 114 

resuspension buffer and pelleted for 5 min at 500 ×g at 4 °C. The nuclei were filtered through a 115 

40-µm cell strainer to remove cell debris and large clumps, and the nuclear concentration was 116 

manually assessed using trypan blue counterstaining and a hemocytometer. Finally, the nuclei 117 

were adjusted to 700–1200 nuclei/µL, and examined with a 10X Chromium platform.  118 

Reverse transcription, cDNA amplification and library preparation were performed according to 119 
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the protocol from 10X Genomics and Chromium Next GEM Single Cell 3′ Reagent Kits v3.1. 120 

Library sequencing was performed on the Illumina HiSeq™ 4000 by Gene Denovo Biotechnology 121 

Co., Ltd (Guangzhou, China). 122 

10X Genomics Cell Ranger software (version 3.1.0) was used to convert raw BCL files to FASTQ 123 

files, and for alignment and counts quantification. Reads with low-quality barcodes and UMIs 124 

were filtered out and then mapped to the reference genome. Reads uniquely mapped to the 125 

transcriptome and intersecting an exon at least 50% were considered for UMI counting. Before 126 

quantification, the UMI sequences were corrected for sequencing errors, and valid barcodes were 127 

identified using the EmptyDrops method. The cell × gene matrices were produced via UMI 128 

counting and cell barcodes calling. Cells with an unusually high number of UMIs (≥8000) or 129 

mitochondrial gene percent (≥15%) were filtered out. Batch effect correction was performed by 130 

harmony.  131 

Pathways, gene signatures, TFs and TF cofactors, cell communication 132 

Gene sets and pathways were derived from Hallmark gene sets of MSigDB collections, the KEGG 133 

pathway database, Reactome pathway database, and WikiPathways database, and some ontology 134 

terms derived from the Gene Ontology (GO) resource. Mitochondrial pathways were derived from 135 

MitoCarta3.0 [18]. Pathways, gene sets, and gene signatures were evaluated with the 136 

PercentageFeatureSet function built into R package Seurat. TFs and TF cofactors were obtained 137 

from AnimalTFDB 3.0 [19]. TFs and TF cofactors were further filtered with mean counts >0.1.  138 

The ligand–receptor pairs were calculated via R package CommPath [20].  139 

Correlation analysis and ROC analysis 140 

Pearson correlation coefficient was calculated with the linkET package (p < 0.05). Fast Wilcoxon 141 

rank sum test and auROC analysis was performed with the wilcoxauc function in R package 142 

presto. The minimal cell number in either one of the comparing pairs should be no less than 15. 143 

Ranks of area under the curve (AUC) values were in descending order. A total of 431 pathways 144 

from Hallmark, KEGG and PID databases were used for correlation analysis with MitoCarta 145 

OXPHOS subunits in neurons and non-neural cells (Figure 2—figure supplement 1). A total of 146 

97 pathways related to synapse activity were derived from GO, including GO cellular components, 147 

GO biological processes and GO molecular functions (Table S1). 148 

The division of expression level-dependent clusters in each pathway and their gene 149 
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signatures 150 

The quarters of the mixed cell populations from O, O.T, and Y hypothalamic neurons were equally 151 

divided using the R function fivenum from the R package stats, based on pathway expression 152 

levels. Thus, the total number of neurons was evenly divided into four clusters (c1-c4) in terms of 153 

cell number. The cell proportions from O.T, O, and Y neurons in each cluster were weighted 154 

against the total number of neurons in the three groups. The unique markers of each cluster were 155 

calculated using the FindAllMarkers function from the Seurat package. The intersection of the 156 

unique markers from the six pathways was obtained for heatmap plotting. Nineteen genes that 157 

were highly expressed in c1 were identified as c1.up.signature via the PercentageFeatureSet 158 

function in the Seurat package. Twelve genes that were highly expressed in c4 were identified as 159 

c4.up.signature. There were no intersecting unique markers in clusters c2 and c3 among the six 160 

selected pathways. 161 

TF and pathway activities 162 

The TF resources were derived from CollecTRI, the pathway resource was from PROGENy, and 163 

the enrichment scores of TFs and pathways were performed with the Univariate Linear Model 164 

(ulm) method according to the pipeline in R package decoupleR [21].  165 

Subtypes of neurons generated by supervised clustering and cell prioritization 166 

Vast majority of these subtypes were clustered by neuropeptides, hormones, and their receptors 167 

within all the neurons with the subset function from R package Seurat (the target gene expression 168 

level > 0). A total of 209 neuron subtypes were obtained, comprising 104 neuropeptide-secreting 169 

or hormone-secreting neurons and 105 neurons expressing a unique neuropeptide receptor or 170 

hormone receptor (Table S2). Further groupings may exist within the identified neuron subtypes, 171 

and the category of excitatory or inhibitory neurons was not discriminated further. The cell 172 

proportion of each neuron subtype was weighted according to the total number of neurons in O.T, 173 

O, and Y samples. The mean values ± standard deviation of pathways and gene signatures were 174 

performed for each subtype. The top 20 and the bottom 20 items were calculated. The cell type 175 

prioritization was performed using the R package Augur, with the subsample_size parameter of 176 

the calculate_auc function set to 6 [22]. In each comparison pair, the minimum number of cells in 177 

a subcluster shall not be less than 6 when performing cell prioritization with function 178 

calculate_auc. 179 
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Differential expression and pathway enrichment analysis 180 

DEGs between groups were identified via FindMarkers (test.use = bimod, min.pct = 0.1, 181 

logfc.Threshold = 0.25, avg_diff > 0.1 or < −0.1). DEGs were then enriched in redundant GO 182 

terms via WebGestalt and filtered with false discovery rate < 0.05 [23].  183 

Bidirectional Mendelian randomization (MR) study 184 

The protein quantitative trait locus (pQTL) GWAS summary data of 204 human endocrine-related 185 

GWAS summary data with European ancestry were obtained from open-access MRC Integrative 186 

Epidemiology Unit (IEU) (Table S4) [24, 25]. Independent genome-wide significant SNPs for 187 

exposure OXT (id:prot-a-2159) or GNRH1 (id: prot-a-1233) were used as instrumental variables 188 

with genome-wide significance (P < 1 × 10−5), independence inheritance (r2 < 0.001) without 189 

linkage disequilibrium (LD) with each other for MR. For the reverse MR, independent 190 

genome-wide significant SNPs from 203 endocrine-related GWAS summary data (P < 1 × 10−5, r2 191 

< 0.001) without LD with each other were obtained as exposures and human GWAS summary 192 

data of OXT (id:prot-a-2159) or GNRH1 (id:prot-a-1233) were used as outcomes. Weak 193 

instruments less than 10 were discarded via F-statistics.  194 

MR and reverse MR analysis were conducted with method inverse-variance weighting (IVW), 195 

MR Egger, Weighted median, Simple mode, and Weighted mode. The screening criteria: all of the 196 

odds ratio (OR) values of the 5 methods should be simultaneously either >1 or <1 and the 197 

significant p value of IVW was <0.05. The heterogeneity via IVW method and the horizontal 198 

pleiotropy were also evaluated with R package TwoSampleMR [26].  199 

 200 

Results 201 

The overall changes in aged hypothalamus with or without long-term 17α-estradiol 202 

treatment via snRNA-seq profiling 203 

To investigate the hypothalamus as a potential key target of 17α-estradiol’s effects on life 204 

extension, we performed snRNA-seq on the entire hypothalamus of aged and 17α-estradiol-treated 205 

aged Norway brown rats, using the hypothalamus from young adult male rats as a control. We 206 

identified 10 major cell types based on specific cell markers of the hypothalamus (Figure 1A-B). 207 

Notably, the proportions of all non-neural cells changed in O versus Y (Figure 1C). For instance, 208 

Oligo, OPC, and Micro were found to be increased, while Astro, Tany, Fibro, PTC, and Endo were 209 
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decreased in O compared to Y. The proportions of Oligo, OPC, and Micro were also increased in 210 

17α-estradiol-treated aged group (O.T) compared to those in Y. Furthermore, Endo was increased 211 

in O.T compared to both Y and O. The proportions of Astro, Tany, Epen, and PTC decreased more 212 

in O.T than those in O when compared to Y. These results indicated that 17α-estradiol treatment 213 

had extensive effects on the proportions of non-neural cells in hypothalamus. 214 

Cell communication analysis revealed significant changes in the ligand-receptor pairs between 215 

neurons and other cell types, particularly in Endo, Fibro, Tany, and Astro (Figure 1D). Significant 216 

ligand–receptor interactions among neurons also changed in O.T and O groups, especially in O 217 

(Figure 1E). Notably, among the significant ligand–receptor pairs in neurons, 218 

Bmp2–Acvr1/Acvr2a/Acvr2b/Bmpr, Gdf11–Acvr2a/Acvr2b, Inhba–Acvr1/Acvr2a/Acvr2b, 219 

Nrg1/Nrg2/Nrg4–Erbb4, Rspo1–Lgr5/Lrp6, and Rspo3–Lgr5 were exclusively and significantly 220 

increased in neurons of the O group compared to those in O.T and Y, suggesting enhanced TGF 221 

superfamily-mediated signaling activity and canonical Wnt signaling during aging. The 222 

significantly changed ligand–receptor pairs Nlgn1–Nrxn1/Nrxn2, Nlgn2–Nrxn1/Nrxn2/Nrxn3, 223 

Nlgn3–Nrxn1/Nrxn2/Nrxn3, Nxph1–Nrxn1/Nrxn2/Nrxn3, Nxph3–Nrxn1/Nrxn2/Nrxn3, 224 

Pomc–Oprd1/Oprk1/Oprm1, and Vip–Adcyap1r1/Avpr1a/Vipr2 were exclusively increased in 225 

neurons of O.T compared to O and Y (Figure 1E). These ligand–receptor pairs were associated 226 

with synaptic activity, cellular adhesion, the opioid system, and vasodilation, indicating unique 227 

roles of 17α-estradiol in restoring certain physiological functions in the aging hypothalamus. The 228 

increased Pomc signal in O.T neurons aligns with previous reports suggesting that 17α-estradiol 229 

treatment decreases food uptake in mice, potentially correlated with Pomc neurons (Figure 1E) 230 

[12].  231 

Gene set enrichment analysis (GSEA) based on DEGs also corroborated the expression profiles 232 

related to stress responses and synapse-associated cellular processes in neurons (Figure 1F). ROC 233 

analysis of significantly differently expressed pathways related to neural synapses, manually 234 

selected from Gene Ontology databases, indicated that most top-ranked pathways related to 235 

synapses, according to AUC values, were downregulated in aged neurons, while 17α-estradiol 236 

treatment reversed this trend (Figure 1G, Table S1). 237 

Overall, these findings suggest that 17α-estradiol broadly reshapes cell populations, cellular 238 

communication, neuropeptide secretion, and synapse-related cellular processes in the aging 239 
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hypothalamus, distinguishing it from both the young hypothalamus and the untreated aged 240 

hypothalamus. 241 

 242 

The two opposing signaling networks in regulating metabolism and synapse activity, which 243 

can be balanced effectively by 17α-estradiol 244 

To monitor the metabolism and neural status affected by 17α-estradiol, we utilized the energy 245 

metabolism pathway MitoCarta OXPHOS subunits to calculate the positively or negatively 246 

correlated pathways in hypothalamic neurons (Figure 2—figure supplement 1). Our findings 247 

revealed that energy metabolism and synapse activity represent two opposing regulatory signaling 248 

networks in hypothalamic neurons, with 17α-estradiol strongly playing a significant role in 249 

balancing these networks (Figure 2A). At the core of these opposing signaling pathways are two 250 

categories of contrasting TFs (Figure 2B). For example, Calr, Clu, Peg3, Prnp, Ndufa13, Actb, 251 

Ywhab, Nfe2l1, Mtdh, Npm1, Bex2, Aft4, and Maged1 were positively correlated with pathways 252 

involved in OXPHOS subunits, lysosome function, protein export, mTorc1 signaling, and the 253 

unfolded protein response (UPR) in O, O.T and Y neurons, while showing negative correlations 254 

with pathways related to ubiquitin-mediated proteolysis, endocytosis, tight junctions, focal 255 

adhesion, axon guidance, and MAPK signaling. Additionally, TFs Myt1l, Ctnnd2, Tenm4, Camta1, 256 

Med12l, Rere, Csrnp3, Erbb4, Jazf1, Dscam, Klf12, and Kdm4c exhibited opposite correlation 257 

patterns with these selected pathways in O, O.T and Y neurons. These TFs may take conserved 258 

roles in regulating the two opposing biological processes in hypothalamic neurons.  259 

We then attempted to establish gene signatures to represent these two opposing signaling networks, 260 

thereby displaying the cell status of aging and evaluating the effects exerted by 17α-estradiol. To 261 

achieve this, we evenly divided the expression levels of each of the six selected pathways from the 262 

two opposing signaling networks into four quarters (c1-c4) among the mixed neurons from O, O.T, 263 

and Y, calculating the shared unique markers in each quarter (Figure 2C, D). From the distribution 264 

patterns, we observed that the proportion of neurons in O decreased from c1 to c4 in metabolic 265 

pathways (MitoCarta OXPHOS subunits and Hallmark mTorc1 signaling), while this trend was 266 

reversed in the opposing signaling pathways (GOBP synapse organization and KEGG MAPK 267 

signaling pathway) (Figure 2C). In contrast, in Y, this trend was opposite, suggesting the 268 

expression levels from the 4 quarters (c1-c4) of the two opposing signaling networks can be used 269 
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to monitor aging status. Treatment with 17α-estradiol alleviated this trend or even reversed it in O. 270 

We then screened the shared unique markers of each quarter from the six selected pathways in an 271 

attempt to establish the gene signatures representing the two opposing signaling networks. Unique 272 

markers in c1 (19 genes, c1.up.signature) and c4 (12 genes, c4.up.signature) were identified; 273 

however, c2 and c3 lacked unique markers shared by the 6 pathways (Figure 2D). Consequently, 274 

the 19 genes in c1.up.signature displayed an inversed correlation pattern with the 12 genes in 275 

c4.up.signature, indicating the two opposing gene signatures are capable of reflecting the two 276 

opposing signaling networks in hypothalamic neurons (Figure 2E). Conversely, the balance of the 277 

two opposing signaling networks affected by 17α-estradiol in non-neural cell types was less 278 

pronounced than in neurons, showing variable effects on non-neural cells (Figure 2—figure 279 

supplement 2). GOBP pathway enrichment analysis revealed that Micro exhibited lower levels of 280 

synapse-related cellular processes in O.T compared to O, which was distinct from the observations 281 

in neurons (Figure 2—figure supplement 3). Therefore, in this report, we primarily focused on 282 

hypothalamic neurons and their responses to aging and 17α-estradiol. 283 

 284 

Supervised clustering revealed distinct responses of different subtypes of hypothalamic 285 

neurons to aging and 17α-estradiol 286 

The hypothalamus contains numerous neuron subtypes that release various neuropeptides and 287 

hormones to regulate fundamental body functions. To differentiate the changes occurring during 288 

aging and the effect of 17α-estradiol on each neuron subtype, we performed supervised clustering 289 

based on neuropeptides, hormones, or their receptors (Table S2) (Figure 3A). The cell counts in 290 

each neuronal subcluster classified by neuropeptide secretion (neuropeptide-secreting subtypes) 291 

and subclusters defined by neuropeptide or hormone receptor expression (receptor-expressing 292 

subtypes) were quantified and compared in sample Y (Figure 3B). Notably, neurons expressing 293 

Prlr, Esr1, and Ar ranked among the top 20 receptor-expressing subtypes across all analyzed 294 

neuron populations. The similarity indices among these cell subtypes were further calculated 295 

(Figure 3—figure supplement 1), revealing high positive correlations in neuron subtypes 296 

expressing Cartpt, Nxph4, Bdnf, Cck, Crh, Nppa, Adcyap1, and Penk, as well as those expressing 297 

Esr1, Calcrl, and Pth2r. These similarities may partially reflect cellular overlap between subtypes 298 

(Figure 3—figure supplement 1). 299 
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We next calculated the prioritization of cellular perturbation induced by aging and/or 17α-estradiol 300 

treatment across these screened neuron subtypes (Figure 3C, D). The Gnrh1 neuron subtype 301 

ranked among the top perturbed neuropeptide-secreting subtypes in both O vs Y and O.T vs Y 302 

comparisons (purple arrows). Notably, Sct and Kiss1 neuron subtypes emerged as the top 2 303 

perturbed populations in the O.T vs O analysis (red arrows), highlighting their heightened 304 

sensitivity to 17α-estradiol in the aged hypothalamus. Among receptor-expressing subtypes, Insr 305 

neurons showed the highest sensitivity to perturbation in both O vs Y and O.T vs Y comparisons 306 

(purple arrows, Figure 3D), while Adipor2 and Mlnr neurons (blue arrows) ranked as the top 2 307 

sensitive subtypes in the O.T vs O analysis. Intriguingly, neurons expressing Ar and Esr1 ranked 308 

among the top 20 most perturbed receptor subtypes during aging (O vs Y), but were no longer 309 

ranked in this group following treatment (O.T vs Y and O.T vs O comparisons). This indicates that 310 

17α-estradiol administration attenuated age-associated perturbation in these neuronal subtypes 311 

(Figure 3D).  312 

 313 

Differential senescence or stress levels and subtype-specific susceptibility in aged 314 

hypothalamic neurons 315 

To gain a deeper understanding of the effects of 17α-estradiol treatment on the aged hypothalamus, 316 

we selected 3 gene signatures and 2 gene sets associated with aging, apoptosis, and stress to 317 

characterize the differential responses of distinct neuronal subtypes to aging and 17α-estradiol. 318 

These neuronal subtypes were then ranked separately based on neuropeptide-secreting subtypes 319 

and receptor-expressing subtypes (Figure 4A, B). 320 

Neuropeptide-secreting subtypes, such as Prlh-, Sct-, Gast-, Nppa-, Nxph1-, Ucn-, Pnoc-, Galp-, 321 

and Ghrl-expressing neurons, were consistently ranked among the top 20 in at least 4 out of the 5 322 

gene signatures or gene sets. These neurons are involved in gastrointestinal function, food intake, 323 

hunger, energy homeostasis, water homeostasis, vascular regulation, and pain, suggesting that 324 

aging exacerbates senescence or stress in these physiological processes. 325 

In contrast, neurons expressing Igf2, Crh, Npy, Npw, Npff, Nmu, Agrp, or Adipoq ranked among 326 

the bottom 20 in at least four of the five signatures or gene sets. These neuropeptides and 327 

hormones are associated with cortical excitability, stress response, food intake, circadian rhythms, 328 

fat metabolism, insulin sensitivity, heart rate, and blood pressure. Notably, although 329 
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Crh-expressing neurons exhibited high overall cellular perturbation among neuropeptide-secreting 330 

subtypes (Figure 3C), the relatively lower senescence and stress burden in Crh-, Npy-, Npw-, and 331 

Nmu-expressing neurons—key mediators of the stress response—compared to other neuronal 332 

subtypes represents a defining characteristic of the aged hypothalamus.  333 

Regarding receptor-expressing subtypes, Mc3r-, Sstr1-, Kiss1r-, Ntsr2-, Mlnr-, Ntsr1-, Npy1r-, 334 

and Avpr1a-expressing neurons were consistently among the top 20 in at least 4 of the 5 gene 335 

signatures or gene sets. These receptor-expressing subtypes are involved in food intake, 336 

neurotransmission, reproduction, gut function, fat metabolism, circadian rhythm, and 337 

vasoconstriction, thereby indicating heightened stress in the aging hypothalamus. Conversely, 338 

Glp2r-, Lepr-, Paqr8-, and Npr3-expressing neurons were among the bottom 20 in at least 4 of the 339 

5 gene signatures or gene sets, with associations to glucose regulation, fat metabolism, 340 

progesterone signaling, blood volume, and blood pressure. 341 

Notably, most of the 5 signatures or gene sets in top ranked neurons exhibited alleviated 342 

senescence or stress following 17α-estradiol treatment, indicating that such treatment mitigates 343 

senescence or stress in these specific neuronal populations (Figure 4A, B).  344 

The appetite-controlling neurons and hypothalamic–pituitary–adrenal (HPA) axis were 345 

altered by long-term 17α-estradiol treatment in the males 346 

To further investigate the positive effects, potential side effects or compensatory effects of 347 

17α-estradiol treatment, we performed stricter screening by intersecting the top 20 and bottom 20 348 

ranks of the scores of c1-up-signature, ferroptosis gene signature, UPR, Mtorc1 signaling, and 349 

OXPHOS subunits (Figure 5A). Neurons expressing Calcb, Edn3, Ucn, Ghrl, Nmu, Npff, Cnp, 350 

and Agrp ranked among the bottom 20 in at least 4 out of the 5 gene signatures or gene sets. These 351 

neurons are involved in stress responses, vascular activity, appetite regulation, and muscle 352 

contraction. Notably, the lower levels of Agrp- and Ghrl-expressing neurons in the 353 

Mitocarta_OXPHOS_subunits signature may also indicate reduced physiological activity of these 354 

potent appetite-promoting neurons during 17α-estradiol treatment, which could represent a key 355 

clue to its role in lifespan prolongation. 356 

In contrast, neurons expressing Gast, Npb, Nppa, Crh, Scg3, and Npw consistently ranked among 357 

the top 20 in at least 4 of the 5 gene signatures or gene sets. These neurons participate in 358 

gastrointestinal activity, feeding behavior, stress responses, cardio-renal homeostasis, and 359 
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angiogenesis. Of note, the expression pattern of Crh neurons in O.T was opposite to that in O 360 

(Figure 4A). Additionally, the Mitocarta_OXPHOS_subunits score in Crh neurons was the 361 

highest among all examined neuropeptide-expressing subtypes (Figure 5A), which contrasted 362 

sharply with those of Agrp and Ghrl neurons. Additionally, the treatment with 17α-estradiol in O.T 363 

also elevated several key metabolic pathways in Crh neurons compared to those in Y and O 364 

(Figure 5B). 17α-estradiol treatment increased the c1-up-signature while simultaneously reducing 365 

many pathways associated with synapse activity and the c4-up-signature in Crh neurons of O.T, 366 

indicating a potent stressed phenotype in Crh neuron. In contrast, in Kiss1 and Prlh neurons, the 367 

decreased c1-up-signature in O.T implied a lesser extent of stressed phenotype in these neurons 368 

compared to Crh neurons. The status of Crh neurons in O.T may be associated with elevated TF 369 

activities of Esr2, Usf2, Hdac5, Creb3l1, Tfam, Preb, Pou3f2, and Hoxb5 (Figure 5C). The 370 

aberrant changes in Crh neurons were also evidenced by the increased expression of DEGs related 371 

to mitochondria-expressed genes and reduced expression of DEGs in the adherens junction 372 

pathway in O.T, indicative of higher energetic activity and altered extracellular adhesion in this 373 

type of neuron by 17α-estradiol treatment (Figure 5D).  374 

Notably, the HPA axis was altered by 17α-estradiol treatment, as evidenced by the elevated 375 

cortisol levels in O.T compared to O (p = 0.078) (Figure 5E). The correlation between elevated 376 

cortisol production and the heightened stress in Crh neurons by 17α-estradiol treatment needs 377 

further investigation. Additionally, as a crucial component of the renin-angiotensin-aldosterone 378 

system, the significantly increased serum aldosterone in O.T and its potential role in sodium 379 

reabsorption and cardiovascular health also warrant more detailed investigation (Figure 5E). 380 

In summary, 17α-estradiol treatment altered the activity of appetite-promoting neurons and the 381 

hypothalamic-pituitary-adrenal (HPA) axis in male BN rats, while also inducing enhanced stress 382 

responses in Crh neurons. 383 

 384 

17α-estradiol increased Oxt neuron proportion and secretion and its possible role in 385 

mediating the effect of 17α-estradiol on endocrine system 386 

Aging and 17α-estradiol treatment also altered the proportions of various neuron subtypes among 387 

O, O.T, and Y (Figure 6A, B). The proportions of Grp, Pmch, Npb, Serpinb9, Sstr2, Agrp, Sstr3, 388 

Mlnr, and Hcrt neurons ranked in the top 10 in O, while Oxt, Vip, Avp, Calca, Glp2r, Tacr1, Trh, 389 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 30, 2025. ; https://doi.org/10.1101/2024.06.14.599053doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.14.599053
http://creativecommons.org/licenses/by/4.0/


14 
 

Serping1, Npff, and Npy1r were in the top 10 in O.T. Galp, Calcrl, Ednra, Oxt, Serpinh1, Pomc, 390 

Cck, Crh, Tacr1, and Kiss1 neurons were among the bottom 10 in O, whereas Oxtr, Galp, Agrp, 391 

Serpinb9, Npvf, Serpinh1, Ednrb, Agt, Gipr, and Pomc neurons ranked among the bottom 10 in 392 

O.T. Agrp, Pomc, Oxt, Oxtr, Gipr, and Glp2r neurons are well-known for their roles in regulating 393 

food intake and energy homeostasis. Agrp neurons are activated by hunger, while Pomc neurons 394 

are activated by satiety in the ARC of the hypothalamus. 17α-estradiol treatment effectively 395 

elevated the expression levels of the c4.up.signature (blue arrows) and synapse-associated 396 

processes in neuron subtypes Agrp, Pomc, Oxt and Glp2r in O.T compared to O. This may 397 

mitigate the adverse effects of reduced cell populations in Pomc and Agrp neurons in aging 398 

hypothalamus (Figure 6C). This finding indicates a potential role of 17α-estradiol in appetite 399 

control, as previously reported [12]. Additionally, 17α-estradiol treatment resulted in elevated 400 

proportions of Vip, Avp, Npff, Calca, and Tacr1 neurons, which ranked in the top 10, while the 401 

proportions of Agt neurons decreased. These are all associated with blood pressure regulation 402 

(Figure 6—figure supplement 1). Notably, the proportions of Oxt and Glp2r neurons, both of 403 

which have anorexigenic effects [27, 28], increased in O.T. In addition to the increased number of 404 

Oxt-positive neurons, the expression level of Oxt also rose in O.T. The elevated expression of 405 

synapse-related pathways was supported by the increased DEGs in the enriched synaptic 406 

membrane pathway in Oxt neurons (Figure 6D).  407 

More importantly, the serum level of Oxt was significantly elevated in O.T compared to O (p = 408 

0.04), yet remained lower than those in Y (Figure 6E). Notably, the top TF activities in O.T and O 409 

differed markedly from those in Y (Figure 6F). The elevated levels of Hopx and Xbp1 may be 410 

associated with the response to 17α-estradiol treatment.  411 

Due to the intricate regulatory networks among various endocrine factors, elucidating the causal 412 

effect of Oxt on other endocrine factors is quite complex using traditional methods. MR analysis, 413 

employing variant SNPs as genetic tools, is advantageous for such task. We performed a 414 

bidirectional MR analysis of the GWAS summary data of human plasma OXT and 203 415 

endocrine-related and hypothalamus-related factors, most of which are protein quantitative trait 416 

loci (pQTL) data from the IEU (Table S3). As an exposure, OXT revealed a significant causal 417 

effect on POMC/beta-endorphin (id:prot-a-2327, id:prot-a-2325), glucagon (id:prot-a-1181), 418 

GNRH1/Progonadoliberin-1 (id:prot-a-1233), and total testosterone levels 419 
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(id:ebi−a−GCST90012112, id:ieu−b−4864) (Figure 6G). NPW and CBLN1 were found to be 420 

negatively associated with OXT, but the significance of these associations was not found in the 421 

reverse MR analysis (Figure 6—figure supplement 2A, B).  422 

In contrast, we could not identify significant associations between OXT and estradiol levels 423 

(id:ebi-a-GCST90012105, id:ebi-a-GCST90020092, id:ebi-a-GCST90020091, id:ieu-b-4872, 424 

id:ieu-b-4873, id:ukb-e-30800_AFR, id:ukb-e-30800_CSA). Interestingly, QRFP, IGF1, AGRP, 425 

TAC4, GRP, CLU, BNF, PCSK7, PACAP, ANP, TAC3, CRH, INSL6, and PRL displayed 426 

significant associations with OXT in both MR and reverse MR analysis, indicative of their 427 

complex causal effects (Figure 6—figure supplement 2A, B).  428 

The results suggest that elevated Oxt levels induced by 17α-estradiol may have positive 429 

associations with endocrine factors governing feeding behavior, glucose metabolism, male 430 

reproduction, and sex hormones. Therefore, OXT may serve as a potential mediator of 431 

17α-estradiol.  432 

 433 

17α-estradiol activated HPG axis and the elevated Gnrh also took important roles in 434 

mediating the effect of 17α-estradiol on other endocrine factors 435 

Given the sensitivity of GnRH- and sex hormone receptor-expressing neuron subtypes to 436 

17α-estradiol treatment (Figure 3C, D), we analyzed their expression profiles alongside 437 

representative pathway genes from two opposing signaling networks - those related to metabolism 438 

and synapses - such as the c1-up-signature and c4-up-signature (Figure 7A). However, neither the 439 

c1-up-signature nor the c4-up-signature was up-regulated in Gnrh1 neuron in the O.T in 440 

comparison with Y. Ar and Esr2 neuron displayed decreased level of c1-up-signature in 441 

comparison with O. Only in Esr1 neuron was the c1-up-signature found to be up-regulated. 442 

Meanwhile, both Ar and Esr neurons displayed increased level of c4-up-signature in O.T 443 

comparing with O. Ar, Pgr, and Esr1 were also among the top 20 of c4-up-signature, suggesting 444 

long-term 17α-estradiol treatment did not impose significant stress on hypothalamic neurons 445 

expressing these hormone receptors (Figure 7—figure supplement 1). But Gnrh1 and Crh 446 

neurons were among the bottom 20, indicative of higher cellular stress by long-term 17α-estradiol 447 

treatment. However, based on these cellular perturbations, it’s difficult to define the precise 448 

physiological status of these subtypes of neurons, particularly regarding neuroendocrine activities. 449 
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Consequently, we performed enzyme immunoassays of hormones from the serum of O, O.T and Y. 450 

The treatment with 17α-estradiol significantly increased the plasma level of Gnrh compared to Y 451 

(p = 0.0099) and approached significance when compared to O (p = 0.096) (Figure 7B). More 452 

intriguingly, testosterone levels in serum were significantly increased in O.T compared to O (p = 453 

0.018) and approached significance when compared to Y (p = 0.052). Additionally, the serum 454 

estradiol levels were significantly increased in O compared to Y (p = 0.011) and significantly 455 

decreased in O.T compared to O (p = 0.019), suggesting that 17α-estradiol treatment markedly 456 

altered the homeostasis of testosterone and estradiol.  457 

Furthermore, most testes from 30-month-old male BN rats exhibited severe age-related 458 

inflammation and epithelial collapse of seminiferous tubules (Figure 7C). The testes without 459 

inflammation in O.T displayed normal morphology. 17α-estradiol treatment slightly decreased the 460 

testis inflammation in O.T compared to that in O (p = 0.15), indicating a potential positive role of 461 

17α-estradiol treatment in male reproductive system. The elevated TFs such as Sf1, Pparg, Litaf, 462 

Nupr1, Rxrg, E2f2, and Zfp42 may be involved in the transcriptional regulation by 17α-estradiol in 463 

O.T (Figure 7D). Importantly, the activities of androgen and estrogen pathways were decreased in 464 

Gnrh1 neurons in O.T compared to O, and were distinct from those in Ar, Esr1, and Esr2 neurons 465 

(Figure 7E). These signaling pathways are important for the feedback control of sex hormone 466 

secretion in Gnrh neurons, and these results may also reflect the strong effect of 17α-estradiol on 467 

Gnrh neurons.   468 

To decipher the potential effects of elevated serum Gnrh levels on endocrine system, we 469 

performed bidirectional MR analysis of the GWAS summary data of human GNRH1 (id: 470 

prot-a-1233) and 203 endocrine-related factors with genetic variants SNPs. We found strong 471 

causal effects of GNRH1 on GAL/Galanin (id:prot−a−1166), POMC/Beta−endorphin 472 

(id:prot−a−2327, id:prot−a−2325), Adrenomedullin (id:prot−a−48), BDNF (id:prot−a−242), and 473 

LPR (id:prot−a−1724), which are involved in feeding, energy homeostasis, osmotic regulation, 474 

and neuron plasticity (Figure 7F). Notably, CRH/Corticotropin (id:prot−a−2326), 475 

PRLH/Prolactin−releasing peptide (id:prot−a−2376), NPW/Neuropeptide W (id:prot−a−2082), 476 

Glucagon (id:prot−a−1181), Chromogranin−A (id:prot−a−538) displayed bidirectional 477 

significance, indicating close and complex causal effects between GNRH1 and these endocrine 478 

factors (Figure 7G, Figure 7—figure supplement 2A, B). These results also suggest that the role 479 
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of 17α-estradiol treatment in feeding, energy homeostasis, reproduction, osmotic regulation, stress 480 

response, and neuronal plasticity may be mediated, at least in part, by elevated Gnrh secretion. 481 

 482 

Discussion 483 

The most striking role of 17α-estradiol treatment revealed in this study showed that HPG axis was 484 

substantially improved in the levels of serum Gnrh and testosterone. The underlying molecular 485 

mechanism remains unclear; however, prior reports have indicated that 17α-estradiol can bind to 486 

ESR1 [9]. In our findings, 17α-estradiol treatment significantly decreased serum estradiol levels 487 

while elevating serum testosterone. Based on this evidence, we propose that 17α-estradiol may 488 

function similarly to estrogen receptor antagonists or aromatase inhibitors, potentially preventing 489 

the conversion of androgens to estrogens [29, 30]. These actions could alleviate the feedback 490 

inhibition exerted by estrogen on hypothalamus and pituitary, thereby facilitating the secretion of 491 

Gnrh, FSH, and LH [31].  492 

The testosterone levels in men gradually decline beginning in the third decade of life [32]. 493 

Age-related deterioration of the gonadotropic axis, particularly in older males with low serum 494 

testosterone, is often linked to numerous aging symptoms, including loss of skeletal muscle mass, 495 

reduced muscle strength and power, low bone mineral density, frailty, impaired physical 496 

performance, mobility limitations, increased risk of diabetes, elevated all-cause cardiovascular 497 

mortality, cognitive decline, and heightened risk of Alzheimer’s disease [33]. Consequently, 498 

testosterone supplementation in older men is beneficial. Additionally, Gnrh supplementation may 499 

help mitigate age-related declines in neurogenesis and slow aging processes [34]. Importantly, 500 

treatment with 17α-estradiol did not result in feminization or adversely affect the sperm 501 

parameters and fertility in male animals [6, 14]. Thus, the observed increases in Gnrh and serum 502 

testosterone levels due to 17α-estradiol treatment are likely advantageous for older males, 503 

particularly those experiencing late-onset hypogonadism.  504 

Postmenopausal women with low estrogen experience aging-related syndromes similar to those of 505 

older males with low serum testosterone. Those women also face increased mortality, 506 

cardiovascular disease, osteoporosis fracture, urogenital atrophy, and dementia, all of which may 507 

benefit from hormone therapy [35]. However, a prior report indicates that 17α-estradiol treatment 508 

does not provide positive life extension effects in aged females [13]. The discrepancy may stem 509 
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from the inhibitory effects of estrogens associated with 17α-estradiol treatment, as evidenced by 510 

its inability to enhance female fertility [36]. Nonetheless, due to the lack of parallel data in aged 511 

female BN rats treated with 17α-estradiol, further research is needed to definitely address this 512 

question in the female subjects in the future.  513 

The stressed phenotype observed in neuronal subtypes discussed herein likely represents a 514 

transcriptomic manifestation of heightened physiological activity. For instance, as evidenced in 515 

this study, prolonged 17α-estradiol treatment induces a pronounced stressed phenotype in Gnrh 516 

neurons alongside elevated Gnrh secretion and consequent high serum testosterone levels. 517 

Similarly, the stressed phenotype reflected in the Crh neuronal transcriptome coincides with 518 

substantially increased serum cortisol. Furthermore, long-term 17α-estradiol treatment markedly 519 

alleviates the stressed phenotype in appetite-stimulating neurons (Agrp and Ghrl), suggesting an 520 

appetite-suppressing effect in rats. This aligns with previously reported findings that 17α-estradiol 521 

treatment inhibits feeding behavior in mice [12]. 522 

Another notable effect of 17α-estradiol is its ability to reduce the overall expression levels of 523 

energy metabolism in hypothalamic neurons of aged male BN rats. The nutrient-sensing network, 524 

mediated by MTORC1 complex, is a central regulator of mRNA and ribosome biogenesis, protein 525 

synthesis, glucose metabolism, autophagy, lipid metabolism, mitochondrial biosynthesis, and 526 

proteasomal activity [37]. Downregulation of this nutrient-sensing network has been associated 527 

with increased lifespan and healthspan [38]. Notably, 17α-estradiol treatment diminished 528 

nutrient-sensing network activity in most hypothalamic neurons, which may be a contributing 529 

factor in promoting lifespan extension.  530 

In this report, we demonstrated significant changes in neuron populations involved in appetite 531 

control, including Agrp, Pomc, Oxt, Oxtr, Gipr, and Glp2r neurons. Among the identified subtypes, 532 

the proportion of Oxt neurons saw the most considerable increase due to 17α-estradiol treatment 533 

(Figure 6A). Oxt plays versatile roles in social behavior, stress response, satiety, energy balance, 534 

reproduction, and inflammation [39]. Most Oxt neurons originate from the paraventricular nucleus 535 

(PVN) and supraoptic nuclei (SON) in the hypothalamus, exhibiting high plasticity during 536 

development and intricate circuitry [40, 41]. The PVN, arcuate nucleus (ARC), and ventromedial 537 

hypothalamic nucleus together form a neural hub in the hypothalamus that integrates peripheral, 538 

nutritional, and metabolic signals to regulate food intake and energy balance [42]. Many effects of 539 
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Oxt are sex-specific [43]; for instance, females are less sensitive to exogenous Oxt than males 540 

regarding social recognition [44]. Interestingly, Oxt injections, facilitated by nanoparticles that 541 

enhance blood-brain barrier penetration, reduced body mass while increasing social investigation 542 

and the number of Oxt-positive cells in the SON, particularly in male rats [45]. Additionally, 543 

intracerebroventricular injections of Oxt in rats showed a reduction in food intake in both sexes, 544 

with a more pronounced effect in males [46].Therefore, we propose that Oxt’s role in systemic 545 

aging and feeding behavior may contribute to the sex-biased effects of 17α-estradiol, warranting 546 

further verification. 547 

Furthermore, 17α-estradiol treatment appears to have enhanced stress in HPA axis. One evidence 548 

was the increased levels of ferroptosis-signature and UPR in Crh neurons. The other evidence was 549 

the elevated serum cortisol, which is also a potential hallmark of aging HPA axis [47, 48]. 550 

Therefore, more attentions should be paid to the potential side effects of 17α-estradiol especially 551 

in its clinical application.  552 

In summary, our findings suggest that 17α-estradiol treatment positively influences the HPG axis 553 

and neurons associated with appetite and energy balance. This may be closely linked to the 554 

life-extension effects of 17α-estradiol in aged males.  Additionally, employing supervised 555 

clustering based on neuropeptides, hormones, and their receptors proves to be a valuable strategy 556 

for examining pharmacological, pathological, and physiological processes in different neuronal 557 

subtypes within the hypothalamus.  558 

 559 
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  771 

Figure legends 772 

Figure 1. snRNA-seq profiling of the hypothalamus from O, O.T and Y samples. (A) UMAP 773 

visualization of nuclei colored by 10 cell types: neuron (Neu), astrocyte (Astro), oligodendrocyte 774 

(Oligo), oligodendrocyte precursor cell (OPC), tanycyte (Tany), ependymocyte (Epen), microglia 775 

(Micro), fibroblast (Fibro), pars tuberalis cell (PTC), and endothelial cell (Endo), from 776 
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hypothalamus of aged rats (O), 17α-estradiol-treated aged rats (O.T) and young rats (Y). (B) 777 

Heatmap showing the classic markers of 10 major cell types in hypothalamus. (C) Cell-type 778 

compositions by groups (left panel) or by major cell types with the total cell numbers shown 779 

above each column. (D) Circos plot depicting the number of ligand–receptor pairs between Neu 780 

and other cell types (color strips) for each group. (E) Dot plot showing significant ligand–receptor 781 

interactions between Neurons for each group. Boxes showing the unique ligand–receptor 782 

interactions between Neuron.O (black boxes) or between Neuron.O.T (blue boxes). (F) Dot plot of 783 

the top 6 enriched GO biological process terms across three groups of neurons via GSEA analysis. 784 

(G) The top 15 changed pathways/gene sets according to the ranks of AUC values in selected 785 

pathways related to neuronal synapses and axons from Gene Ontology (GO) biological process, 786 

GO molecular function and GO cellular component. 787 

 788 

Figure 2. Two opposing regulatory signaling networks in neuron metabolism. (A) Dot plot of 789 

the selected pathways representing the prominent changes of overall expression levels across 790 

Neuron.O, Neuron.O.T and Neuron.Y in metabolism, signaling and synaptic activity. (B) 791 

Correlation heatmap showing transcription factors (TFs) that correlated with the two opposing 792 

regulatory signaling networks in the mixed neurons of O, O.T and Y. (C) The shared unique 793 

markers of each quarter (c1-c4) in 6 pathways in hypothalamic neurons (O, O.T, and Y). The 794 

markers were then collected as c1.up.signature (19 genes) and c4.up.signature (12 genes). (D) The 795 

aging-related cell proportions of each quarter shown by 4 pathways. (E) The correlation of 796 

c1.up.signature and c2.up.signature with the two opposing regulatory signaling networks. 797 

 798 

Figure 3. Screening of neuron subtypes via supervised clustering, which responded distinctly 799 

to aging and 17α-estradiol treatment. (A) Diagram outlining the features of supervised 800 

clustering of neurons in the hypothalamus in comparison with traditional unsupervised clustering. 801 

(B) The ranks of cell counts in neuropeptide-secreting neuron subclusters (left panel) and 802 

subclusters expressing neuropeptide receptors or hormone receptors (right panel) in sample Y. The 803 

cell number (n) in each subset is ≥ 10. (C, D) The prioritization of the top 20 neuron subclusters 804 

across the 3 types of perturbation (O vs Y, O.T vs Y, and O.T vs O) calculated by the Augur 805 

algorithm, in neuropeptide-secreting neurons (C) and neuron subclusters expressing neuropeptide 806 
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receptors or hormone receptors (D).  807 

 808 

Figure 4. Ranking of neuron subtypes with distinct responses to aging and 17α-estradiol 809 

treatment. (A, B) The top 20 and bottom 20 neuron subtypes based on the mean expression 810 

values of five signatures or gene sets, ranked by their values in sample O, in 811 

neuropeptide-secreting subtypes (A) and in neuron subtypes expressing neuropeptide receptors or 812 

hormone receptors (B). 813 

 814 

Figure 5. Responses of Crh neurons to long-term 17α-estradiol treatment. (A) The top 20 and 815 

bottom 20 neuropeptide-secreting neuron subtypes, ranked by their mean expression values of five 816 

signatures or gene sets in sample O. (B) Expression profiles of selected pathways from two 817 

opposing signaling networks in Crh, Kiss1, and Prlh neurons. (C) Downregulated and upregulated 818 

differentially expressed genes (DEGs) associated with mitochondria or the adherens junction 819 

pathway in Crh neurons, comparing O.T vs O. (D) Top 25 transcription factor (TF) activities in 820 

Crh and Gnrh1 neurons. (E) Serum levels of Crh, cortisol, and aldosterone in Y, O, and O.T 821 

groups as measured by enzyme immunoassay; two-tailed unpaired t-tests were performed, with 822 

p-values indicated. 823 

 824 

Figure 6. The response of Oxt neurons to 17α-estradiol and the causal effects of Oxt on other 825 

endocrine factors. 826 

(A)  The relative cell proportions of peptide-expressing subclusters (upper panel) and 827 

receptor-expressing subclusters (lower panel) across Y, O, and O.T (sorted in descending order of 828 

proportions in Y). Only subclusters with a cell count of n ≥ 10 in sample Y were included for 829 

calculation. (B) Dot plots showing the expression profiles of the selected pathways from the two 830 

opposing signaling pathways in four types of food uptake-related neurons, which decreased or 831 

increased among the top 10 ranks in (A) or (B). Blue arrows: c1.up.signature and c4.up.signature. 832 

(C) Volcanic plots showing the DEGs between Neuron.O.T and Neuron.O in the pathway synaptic 833 

membrane. (D) Enzyme immunoassay of the plasma levels of Oxt in three groups. (E) Top 25 TF 834 

activities in neuron Oxt. (F) Significant causal effects (p < 0.05, IVW) between exposure OXT (id: 835 

prot-a-2159) and 203 endocrine-related outcomes, which were not significant in reverse MR 836 
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analysis. Significant heterogeneity (Q_pval < 0.05). Significant horizontal pleiotropy (pval < 837 

0.05).  838 

 839 

Figure 7. The response of HPG axis in the males to 17α-estradiol and the causal effects of 840 

Gnrh on other endocrine factors. (A) The expression profiles of pathways from the two 841 

opposing signaling networks in Gnrh1-, Esr2-, Esr1- or Ar-positive neurons. (B) Enzyme 842 

immunoassay of the serum levels of Gnrh, total testosterone (T), and estrogen (E) in Y, O and O.T 843 

samples. Two-tail unpaired T-test was performed. (C) Inflammation of seminiferous tubules in 844 

testes of O and O.T. Left two panels: representative HE staining of testis inflammation in O and 845 

the normal seminiferous tubules of O.T. Right panel: the mean testis inflammation index of O and 846 

O.T. (D) The top 25 TF activities in Gnrh1 neurons in three groups. (E) The activities of 14 847 

pathways in Gnrh1-, Esr2-, Esr1- or Ar-positive neurons. (F) Significant causal effects (IVW, p < 848 

0.05) between exposure GNRH1 (id: prot-a-1233) and 203 endocrine-related outcomes, which 849 

were not significant in reverse MR analysis. (G) Items with significant causal effects (IVW, p < 850 

0.05) in both directions of MR analysis between GNRH1 (id: prot-a-1233) and 203 851 

endocrine-related outcomes.  852 

 853 

 854 

 855 
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