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ABSTRACT

Leptin receptor (LepRb)-expressing neurons are known to link body growth and reproduction, but
whether these functions are mediated via insulin-like growth factor 1 receptor (IGFI1R) signaling is
unknown. IGF-1 and insulin can bind to each other’s receptors, permitting IGF-1 signaling in the absence
of IGFIR. Therefore, we created mice lacking IGFIR exclusively in LepRb neurons (IGF1RLePRbmice) and
simultaneously lacking IGFIR and insulin receptor (IR) in LepRb neurons (IGF1R/IRLePRb mice) and then
characterized their body growth, bone morphology, reproductive and metabolic functions. We found that
IGF1R and IR in LepRb neurons were required for normal timing of pubertal onset, while IGF1R in LepRb
neurons played a predominant role in regulating adult fertility and exerted protective effects against
reproductive aging. Accompanying these reproductive deficits, IGFIRMPRP mice and IGFIR/IRMPRP mice
had transient growth retardation. Notably, IGFIR in LepRb neurons was indispensable for normal
trabecular and cortical bone mass accrual in both sexes. These findings suggest that IGFIR in LepRb
neurons is involved in the interaction among body growth, bone development, and reproduction. Though
only mild changes in body weight were detected, simultaneous deletion of IGF1R and IR in LepRb neurons
caused dramatically increased fat mass composition, decreased lean mass composition, lower energy
expenditure, and locomotor activity in both sexes. Male IGFIR/IRLePRb mice exhibited impaired insulin
sensitivity. These findings suggest that IGF1R and IR in LepRb neurons jointly regulated body composition,
energy balance, and glucose homeostasis. Taken together, our studies identified the sex-dependent complex

roles of IGFIR and IR in LepRb neurons in regulating body growth, reproduction, and metabolism.
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INTRODUCTION

Growth and reproduction are intricately linked (/, 2). Insulin-like growth factor 1 (IGF-1) is the
major mediator of growth hormone (GH)-stimulated somatic growth, as well as GH-independent anabolic
responses such as embryonic growth and reproductive function (3). IGF-1 administration advances pubertal
timing (4). Notably, ablation of IGF-1 receptors (IGF1R) in the brain causes growth retardation, infertility,
and glucose intolerance in mice (5). To narrow down the neurons that IGF1R acts through, a group of
researchers deleted IGF1R in gonadotropin-releasing hormone (GnRH) neurons that control the maturation
of the reproductive axis, and only found delayed puberty by 3-4 days with normal adult reproductive
function (4). These findings suggested that other upstream neurons responsive to IGF-1 may alter GnRH

neuronal activity and regulate reproductive function.

Neurons expressing the long form of the leptin receptor (LepRb) sense various metabolic cues to
regulate various physical processes including puberty onset, adult fertility, energy balance, glucose
homeostasis, and bone health (6-/8). Many of the actions of leptin are attributable to effects in LepRb
neurons, particularly in the mediobasal hypothalamus, including the arcuate nucleus (ARH) (79, 20).
Disruption of ARH LepRb neurons causes modest weight gain (21, 22). LepRb neurons in the dorsomedial
hypothalamus co-expressing Glplr suppress food intake and body weight (23), and mediate leptin’s
thermoregulatory actions (24). Unexpectedly, GH signaling in LepRb neurons did not influence body
growth or food intake but played a critical role in regulating glucose metabolism (25). These findings led
to our interest in studying the role of IGFIR in LepRb neurons in body growth, reproduction, and

metabolism.

IGF-1 and insulin act through related tyrosine kinase receptors whose signals converge on
downstream insulin receptor substrate (IRS) proteins (26) and then recruit and activate phosphatidylinositol
3-kinase (PI3K) to promote Akt signaling (27). Of the IRS-proteins, IRS2 pathways were found to integrate
female reproduction and energy homeostasis, as mice lacking IRS2 displayed small, anovulatory ovaries
with decreased numbers of follicles (28). Loss of IRS2 in LepRb neurons in mice led to obesity, glucose
intolerance, and insulin resistance, but their reproductive capacity was normal (/2). PI3K signaling in
LepRb neurons plays an essential role in energy expenditure, reproduction, and body growth (717).
Disruption of PI3K pl110a and p110 [ subunits increased energy expenditure, locomotor activity, and
thermogenesis while delaying puberty and impairing fertility (/7). Surprisingly, although deletion of IR in
LepRb neurons caused a mild delay of puberty, it did not recapitulate the other metabolic and reproductive

changes seen in PI3K knockout mice (/7). IGF1R and IR compensate for each other to maintain normal
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93  muscle growth (29) and white and brown fat mass formation in mice (30). Therefore, we hypothesized that
94  the IGFIR and IR in LepRb neurons jointly support metabolic and reproductive function. To test this
95  hypothesis, we generated mice lacking IGF1R exclusively in LepRb neurons (IGF1RPRb mice) and mice
96  simultaneously lacking both IGFIR and IR in LepRb neurons (IGF1R/IR PR mice), and then characterized

97  the impact on the regulation of body growth, reproduction, and metabolism in these models.
98
99  MATERIALS AND METHODS

100 Animals and genotyping. To generate mice with the IGF1Rs specifically deleted in LepRb-
101  expressing neurons, LepR-Cre mice (3/) were crossed with IGFI1R-floxed mice (32, 33) (RRID:
102  IMSR JAX:023426) and bred to homozygosity for the floxed allele only. The IGFIRfo¥flox mice were
103  designed with loxP sites flanking exon 3. Excision of exon 3 in the presence of Cre recombinase results in
104  a frame shift mutation and produces a premature stop codon. Littermates only carrying Cre recombinase
105  were used as controls (LepR-Cre). To generate double-knockout of IGF1R and IR, LepR-Cre mice (37)
106  were crossed with IGF1R-floxed and IR-floxed mice (34) and bred to homozygosity for the floxed alleles
107  only. All mice were on a C57BL/6 background. Where specified, the mice also carried the reporter Ail4
108  (Jax line 007914) (16, 35), in which a loxP-flanked STOP cassette prevents transcription of a CAG
109  promoter-driven red fluorescent protein (tdTomato) inserted into the ROSA26 locus. Mice were housed in
110  the University of Toledo College of Medicine animal facility at 22°C to 24°C on a 12-hour light/12-hour
111  dark cycle and were fed standard rodent chow (2016 Teklad Global 16% Protein Rodent Diet, 12% fat by
112 calories; Harlan Laboratories, Indianapolis, Indiana). On postnatal day (PND) 21, mice were weaned. At
113 the end of the study, all animals were sacrificed by CO: asphyxiation or by cardiac puncture under 2%
114  isoflurane anesthesiato draw blood. Mice were genotyped using the pairs of primers described in Table 1.
115  The University of Toledo College of Medicine Institutional Animal Care and Use Committee approved all

116  procedures.

117 Puberty and reproductive phenotype assessment. Timing of pubertal development was checked
118  daily after weaning at 21 days by determining vaginal opening (VO) in female mice or balanopreputial
119  separation (BPS) in male mice. Saline lavages were used to collect vaginal cells of female mice following
120  VO. The first estrus age was identified as two consecutive days with keratinized cells after two previous
121  days with leukocytes (/7). Estrus stages were assessed based on vaginal cell cytology as described
122 previously (/1, 36). BPS was checked daily from weaning by manually retracting the prepuce with gentle
123 pressure (37). After BPS was seen in male mice, each male mouse was paired with one fertile wild-type

124  female to evaluate the first date of conception while monitoring daily for copulatory plugs. The paired mice
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125  were separated until males reached 8 weeks of age, and pregnancy rate, litter size, and interval from mating
126  to birth were recorded. The age of sexual maturation was estimated from the birth of the first litter minus
127  theaverage pregnancy duration for mice (21 days). At 3 months of age, we examined adult fertility. Animals
128  were paired with fertile adult wild-type breeders for 8 nights to collect additional data on pregnancy rate,
129  interval from mating to birth, and number of pups per litter. To examine the fertility at different ages, we
130  examined the adult fertility at 4, 7, 10, 14, and 17 months of age; the pregnancy rate and number of pups

131  per litter were recorded accordingly.

132 Body length measurement. Body length, from the tip of the nose to the base of the tail was

133 measured weekly from week 3 to 20 when mice were anesthetized under 2% isoflurane.

134 Body composition assessment and indirect calorimetry. Body weight was measured weekly from
135  week 3 to 20. Body composition was assessed by nuclear magnetic resonance (Minispec mq7.5; Bruker
136  Optics, Billerica, Massachusetts) to determine the percentage of fat mass, lean mass, and body fluid (38).
137  We performed indirect calorimetry in mice at the age of 3 to 4 months in a Calorimetry Module (CLAMS;
138  Columbus Instruments, Columbus, Ohio) as described previously (39). Adult (14- to 16-week-old)
139  IGFIRMrRb JGFIR/IRLePRY: and age-matched control LepRb-Cre (n=7-11/genotype) males and females
140  were weighed and then individually placed into the sealed chambers with free access to food and water.
141  Thestudy was conducted in an experimentation room set at 21°C-23°C with 12-hour-light/dark cycles. The
142 metabolic assessments were conducted continuously for 72 hours after 24 hours of adaptation. The
143 consumption of oxygen (VO2) and production of carbon dioxide (VCOz) in each chamber was sampled
144  sequentially for 1 minute in a 20-minute interval, and the motor activity was recorded every second in x
145  and z dimensions. Respiratory exchange ratio was calculated as VCO2/VOz, and energy expenditure was

146  calculated based on the formula: EE = 3.91 x [(VO2) + 1.1 x (VCO2)]/1000.

147 Glucose tolerance test (GTT) and insulin tolerance test (ITT). GTTs and ITTs were performed as
148  described previously (38). For GTTs, after a 16-hour fast, mice were injected with dextrose (2g/kg i.p.).
149  Tail blood glucose was measured using a veterinary glucometer (AlphaTRAK; Abbott Laboratories, Abbott
150 Park, Illinois) before and 15, 30, 45, 60, 90, and 120 minutes after injection. For ITT, after a 3-hour fast,
151  mice were injected with recombinant insulin (0.75 U/kg i.p.). Tail blood glucose was measured again at

152  specified time points.

153 Hormone assays. Submandibular blood was collected at 9:00 to 11:00 AM to detect basal
154  luteinizing hormone (LH), follicle-stimulating hormone (FSH) and estradiol levels from mice between
155  postnatal day 21 and 28 (before showing vaginal opening or balanopreputial separation) and 3-month-old

156  male and female mice on diestrus. LH and FSH were measured via RIA performed by the University of
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157  Virginia Center for Research in Reproduction Ligand Assay and Analysis Core (Charlottesville, VA). The
158 assay for LH had a detection sensitivity of 3.28 pg/ml. The intra-assay and inter-assay coefficients of
159  variance (CVs) were 4.0% and 8.6%. The assay for FSH had a detection sensitivity of 7.62 pg/ml. The
160  intra-assay and inter-assay CVs were 7.4% and 9.1%. Serum estradiol was measured by ELISA (Calbiotech,
161  Spring Valley, California) with a sensitivity of 3 pg/mL and intra-assay and inter-assay CVs of <10%.
162  Serum testosterone was measured by ELISA (Calbiotech, Spring Valley, California) with a sensitivity of
163 0.1 ng/mL and intra-assay and inter-assay CVs of <10%. Serum IGF-1 was measured by ELISA (Crystal
164  Chem, Elk Grove Village, IL) with a sensitivity of 0.5 to 18 ng/mL and precision intra-assay and inter-
165  assay CVs of <10%. Serum GH was measured by ELISA (Crystal Chem, Elk Grove Village, IL) with a
166  sensitivity range of 0.15 to 9 ng/mL and intra-assay and inter-assay CVs of <10%. Serum insulin was
167  measured by ELISA (Crystal Chem, Elk Grove Village, IL) with a sensitivity range of 0.1 to 12.8
168 ng/mL and intra-assay and inter-assay CVs of <10%. Serum C-Peptide was measured by ELISA
169  (Crystal Chem, Elk Grove Village, IL) with a sensitivity range 0f 0.37 to 15 ng/mL and intra-assay

170  and inter-assay CVs of <10%.

171 Micro-computed tomography (mCT). Dissected right femora and lumbar vertebrae from 5-month-
172 old mice (n = 4/genotype) were immersed in 10% formalin and stored in the dark. To determine the tissue
173  microarchitecture and densitometry, bones were scanned using the mCT-35 system (Scanco Medical AG,
174  Bruettisellen, Switzerland), as previously described (40). Scan parameters included 7-micron nominal
175  resolution with the X-ray source operating at 70 kVp, and a current of 113 pA. As described previously
176 (40), scans of the proximal tibia consisted of 300 slices starting at the growth plate. Images of trabecular
177  bone were segmented at 220 threshold values using per mille scale following manual contouring starting
178 10 slices below the growth plate and extending to the end of the image stack. Scans of cortical bone at the
179  tibia midshaft consisted of 55 slices and images of cortical bone were contoured in the entire image stack
180 andsegmented at 260 thresholds using per mille scale. The analyses of the trabecular bone microstructure
181  andthe cortical bone parameters were performed using Evaluation Program V6.5-1 (Scanco Medical AG,
182  Bruettisellen, Switzerland) and conformed to recommended guidelines (4/). All mCT measurements were

183  performed in a blind fashion.

184 Tissue collection and histology. Ovaries, testes, white adipose tissue, and brown adipose tissue
185  were collected from mice and fixed immediately in 10% formalin overnight and then transferred to 70%
186  ethanol. Then tissues were embedded in paraffin and cut into 5- to 8-um sections. Sections were stained by
187  hematoxylin and eosin and then analyzed. For follicle and sperm quantification, aminimum of four ovaries
188  and testes for each genotype at 5S-month-old age were collected. Follicles were classified into the following

189  categories: primordial, primary, secondary, and Graafian. Testes sections were analyzed by evaluating
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190 sperm stages, including counting the number of spermatogonium, spermatocytes, spermatid, and
191  spermatozoa using light microscopy under 20x magnification (42). Sperm counts are reported per

192 seminiferous tubule cross-section.

193 Quantitative real-time PCR. Mice were placed under isoflurane anesthesia followed by
194  decapitation and removal of the hypothalamus. Total hypothalamic RNA was extracted from dissected
195  tissues by an RNeasy Lipid Tissue Mini Kit (QIAGEN, Valencia, California) (43). Single-strand cDNA
196  was synthesized by a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems) using random
197  hexamers as primers as listed in Appendix A. Each sample was analyzed in duplicate to measure gene
198  expression level. A 25 uM cDNA template was used in a 25 pl system in 96-well plates with SYBR Green
199  ¢PCR SuperMix/ROX (Smart Bioscience Inc, Maumee, Ohio). The reactions were run in an ABI PRISM
200 7000 sequence detection system (PE Applied Biosystems, Foster City, California), or a 10 uM cDNA
201  template was used in a 10 pl system in 384-well plates with SYBR Green qPCR SuperMix/ROX (Smart
202 Bioscience Inc, Maumee, Ohio). These reactions were run in a ThermoFisher QuantStudio 5 Real-Time
203  PCR system (Applied Biosystems, Foster City, California). All data were analyzed using the comparative
204  Ct method (2-24C) with glyceraldehyde-3-phosphate dehydrogenase (GADPH) as the housekeeping gene.
205  The mRNA expression in IGF1RLePRb and IGF1R/IRLePRP versus LepRb-Cre control mice was determined
206 by a comparative cycle threshold method and relative gene copy number was calculated as 2-2ACt and

207  presented as fold change from the relative mRNA expression of the LepRb-Cre control group.

208 Perfusion and immunohistochemistry. Adult LepRb-Cre, IGF1RMPRb. and IGF1R/IRLePRb mice at
209  theages of 3 to 6 months were deeply anesthetized by ketamine and xylazine. After brief perfusion with a
210  saline rinse, mice were perfused transcardially with 10% formalin for 10 minutes, and the brain was
211 removed. The brain was postfixed in 10% formalin at 4°C overnight and immersed in 10%, 20%, and 30%
212 sucrose at 4°C for 24 hours each. Then 30-um sections were cut by a sliding microtome into five equal
213 serial sections. After rinsing in PBS, sections were blocked for 2 hours in PBS-T (PBS, Triton X-100, and
214  10% normal horse serum). Samples were incubated for 48 hours at 4°C in PBS-T-containing rabbit anti-
215  IGF1R B antibody (1:1000; Cell signaling, Cat#9750). After three washes in PBS, sections were incubated
216  in PBS-T (Triton X-100 and 10% horse serum) containing secondary antibody Alexa Flour 488 (1:1,000,
217  Thermofisher Scientific, Cat. #A-21206) for 2 hours at room temperature. Finally, sections were washed,
218 mounted on slides, cleared, and coverslipped with fluorescence mounting medium containing DAPI

219  (Vectasheild, Vector Laboratories, Inc. Burlingame, California).

220 Statistical analysis. Data are presented as mean + SEM. Normality testing was used to determine
221  thenormal distribution of data. If the data followed a normal distribution, One-way ANOVA was used as

222  the main statistical method to compare the three groups, followed by the Tukey multiple comparison test.
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223 Ifthedata did not follow a normal distribution, the Kruskkal-Wallis test was used. For body weight, body
224 length, GTTs, and ITTs, a two-way ANOVA was used to compare changes over time among three groups.
225  Bonferroni multiple comparison tests were then performed to compare differences between groups. A value

226  of P <05 was considered to be significant.
227

228  RESULTS

229  Disruption of IGFIR in IGF1RRb mice

230 Genetic ablation of IGFIR in LepRb neurons was validated using immunostaining (Fig. 1A).
231  Approximately 15% of LepRb neurons express IGF1R protein. Compared to control mice, colocalization
232 was sharply lower in IGF1RLPRb mice (Fig. 1B). Hypothalamic IGFIR mRNA expression was lower in
233 IGF1RLePRb mice and IGF1R/IRLePRb mice (Fig. 1C). Hypothalamic IR mRNA expression was lower in
234 IGFI1R/IRLerRb mice (Fig. 1D). No changes were seen in GHR mRNA expression (Fig. 1E).

235  Delayed Puberty and impaired fertility in IGF1R™PR® and IGF1R/IRLPRb mice

236 Female IGFIRMPRP mice had significantly delayed vaginal opening age (at 30.8+0.5 days in
237  IGF1RLePRb yg 37 0+1.0 days in controls) and first estrus age (at 37.6+0.4 days in IGF1RLePRb yg 42, 1+0.5
238  days in controls) (Fig. 2A-B). No changes were seen in estrus cycle length or time spent in each estrous
239  stage (Fig. 2C-D). Female IGF1RLePRb mice at 3 months of age had significantly impaired fertility and lower
240  numbers of pups per litter (Fig. 2E-F). We did not find alterations in serum levels of LH, FSH, or estradiol
241 (Fig. 2G-]). No difference was seen in ovary weight (Fig. 2J). However, we found a lower number of
242 Graafian follicles in 5-month-old female IGFIRLePRb mice (Fig. 2K-N), which may be related to
243  reproductive deficits. These findings indicate that IGF1R signaling in LepRb neuronsis indispensable for
244 normal puberty onset and adulthood fertility in female mice. The reproductive phenotype seen in female
245  IGF1R/IRLePRb mice was comparable to IGF1RLPRb mice except for the significantly later first estrus age

246 (Fig. 2A-K), suggesting IR signaling in LepRb neurons also regulates the onset of puberty.

247 Male IGF1RLePRb mice had significantly delayed balanopreputial separation age (33.8+0.9 days of
248  age in IGFIRLePRb yg 41.54+0.6 days in controls) and first date of conception (49.8+0.9 days of age in
249  IGF1RLePRb yg 57 4+1.1 days in controls) (Fig. 3A-B). At 3 months of age, male IGF1RLePRb mice had
250  significantly impaired fertility and lower numbers of pups per litter (Fig. 3C-D). In addition, loss of IGF1R
251  signaling in LepRb neurons also caused significantly lower levels of LH and FSH at 3 months and lower
252  testosterone levels at 4 weeks in male mice (Fig. 3E-G). The testis histological analysis showed a

253  significantly decreased number of spermatids and spermatozoa in the seminiferous tubules of 5-month-old
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254  male IGF1RMePRb mice (Fig. 3H). Figure 31-K showed representative images of seminiferous tubules. Thus,
255  like female IGF1RLePRb mice, IGF1R signaling in LepRb neurons also plays a dominant role in the regulation
256 of reproductive function in male mice. Male IGFIR/IRLPRb mice showed more profound reproductive
257  deficits (lower number of pups per litter and lower FSH levels) than IGF1RMPRb mice (Fig. 3D and H).
258  Together, these results suggest that both IGF1R and IR signaling in LepRb neurons are required for normal

259  reproductive function in female and male mice.

260 A recent study reported that IGF-1 gene therapy induces GnRH release in the median eminence
261  and maintains kisspeptin production in middle-aged female rats (44), suggesting IGF-1 may have a
262  protective effect against reproductive decline. To explore the role of IGF1R signaling in LepRb neurons in
263  thereproductive aging process, we performed fertility tests at 4, 7, 10, 14, and 17 months in IGF1RLepRb
264  mice and control mice. At 4-month-old age, female IGFIRLePRP mice had impaired fertility and lower
265  numbers of pups per litter (Fig. 4A and B), which was consistent with previous findings. The fertility in
266  female IGFIRMPRP mice declined to zero at 10 months of age while controls still maintained a nearly 50%
267  pregnancyrate (Fig. 4A). Similarly, from 10 months onwards, the rate of fertility decline was faster in male
268  IGF1RLePRb mice compared to controls (Fig. 4C-D). Together, these results suggest that IGFIR in LepRb

269  neurons might have a protective effect against reproductive aging.
270  Body growth in IGFIRLPRb qnd IGF1R/IRLPRb mice and bone phenotype of IGF1RLPRb mijce

271 To determine whether IGF1R signaling in LepRb neurons regulates body growth and bone health,
272 we measured body length and serum biomarkers and performed X-ray micro-computed tomography (mCT).
273 Female IGF1RLPRb mice had temporary growth retardation during weeks 3 to 6 (Fig. 5A), but no alterations
274 inserum levels of IGF-1 or GH at the ages of 4 weeks and 3 months old (Fig. 5B-C). Female IGF1R/IRLerRb
275  mice displayed more profound but still temporary growth retardation compared to IGF1RLePRb mice, with
276 no changes in serum IGF-1 or GH (Fig. 5A-C). Male IGF1RLePRb and IGFIR/IRLePRP mice displayed
277  temporary growth retardation (Fig. 5D), which was associated with decreased levels of IGF-1 and GH at 3-
278  month-old age (Fig. SE-F). These findings suggest that IGFIR signaling in LepRb neurons is critical for
279  normal body growth and hormonal regulation in males. The additional loss of IR signaling in LepRb
280  neurons did not induce robust changes in male mice compared to IGF1RLePRb mice, further suggesting that

281  the role of IGF1R signaling in LepRb neurons in body growth and hormonal regulation is unique.

282  We next examined the bone phenotype using mCT in IGF1RLPRb mice of 5 months of age. Compared to
283  controls, female and male IGF1RLePRb mice both displayed significantly increased trabecular bone volume,
284  number, and spacing (Tb.Sp) (Fig. 5G-I) and cortical bone volume, area, polar moment of inertia (pMOI),

285  resistance to bending across the maximal (Imax/Cmax), and minimal centroidedge (Imin/Cmin) (Fig. 5G-N)
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286  (Interestingly, there is no difference between sexes. For discussion, others showed sexual divergence in
287  LepRb signaling in bone (45). However, no changes in bone mineral density (BMD) or tissue mineral
288  density (TMD) were seen in IGF1RLePRb mice of both sexes (Fig. 5 O-P). Figure 5Q-X shows representative
289  renderings of trabecular bone and cortical bone in female and male control and IGFI1RMPRb mice. Together,
290  ourresults suggest that IGF1R in LepRb expressing cells regulates body growth and bone mass accrual in

291  mice. Unfortunately, no bone analysis was performed in IGF1R/IRLePRb mijce.
292 Assessment of energy homeostasis in IGFIRPRb qnd IGF1R/IR'PRb mice

293 We also evaluated the metabolic function of IGFIRMePRb and IGF1R/IRLePRb mice. Female
294  IGF1RLePRb mice had mildly decreased body weights and no changes in body composition (Fig. 6A-C).
295  Female IGF1RMePRb mice showed significantly decreased food intake with comparable energy expenditure
296  but significantly increased locomotor activity (Fig. 6D-H). This phenotype was associated with elevated
297 mRNA expression of adrenoceptor Beta 3 (ADRB3), cell death activator (Cidea), and PR-domain
298  containing 16 (PRDM16) in brown adipose tissue (BAT) (Fig. 6I). No changes of weight, numbers of
299  droplets, droplet area or histology of BAT were seen (Fig. 6J-M). Female IGF1R/IRLePRb mice only showed
300 temporarily lower body weight than IGF1RLPRb mice (Fig. 6A). Interestingly, female IGF1R/IRLPRb mice
301  had dramatically increased percentage and absolute values of fat mass and decreased percentage and
302  absolute values of lean mass (Fig. 6B-C). These mice also had significantly lower energy expenditure and
303  locomotor activity (Fig. 6D-H), associated with decreased BAT weight and increased lipid droplet area in
304 BAT (Fig. 6J-M). These results indicate that IGFIR and IR in LepRb neurons jointly regulate body

305 composition, energy expenditure, and whitening of BAT.

306 In contrast to females, male IGF1RLPRb mice had no changes in body weight, body composition,
307 food intake, energy expenditure, or thermogenic gene expression. Nevertheless, a decrease in locomotor
308  activity was seen (Fig. 7A-J). Like female IGF1R/IRLPRb mice, male IGF1R/IRLePRb mice also showed
309 dramatically increased fat mass percentage and decreased lean mass percentage and energy expenditure

310 (Fig. 7B-F).
311  Assessment of glucose homeostasis in IGF1R PR® and IGF1R/IR PR® mice

312 To determine whether loss of IGF1R and/or IR in LepRb neurons causes an increased risk of
313  diabetes, we evaluated glucose homeostasis in IGFIRMPRb and IGF1R/IRLePRb mice. Female IGF1RLerRb
314  mice showed glucose intolerance at 30 min and 45 min during the GTT but the area under curve (AUC)
315  was not significantly changed (Fig. 8A-B). No changes were seen in ITT (Fig. 8C-D). Serum levels of
316  insulin (Supplemental Fig. 1A), C-peptide (Supplemental Fig. 1B), insulin/C-peptide ratio (Fig. 8E), and

317  insulin sensitivity as calculated by the homeostatic model assessment for insulin resistance (HOMA-IR)
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318  (Supplemental Fig. 1C) were comparable between female IGFIRMPRP mice and controls. Interestingly,
319  female IGF1RLePRb mice showed decreased fasting glucose (Fig. 8F), suggesting an impaired hepatic
320  gluconeogenic pathway. Then we measured mRNA expression of gene markers in the liver and found
321  gluconeogenic makers were significantly changed including decreased glucose 6-phosphatase (G6PC) and
322  increased phosphoenolpyruvate carboxykinase (Pepck) mRNA expressions (Fig. 8G). Female
323  IGFI1R/IRLerRb mice showed insulin insensitivity at 15 min and an increasing trend of ITT-AUC (Fig. 8C-
324 D). Therefore, these results imply that IGFIR in LepRb neurons regulates the hepatic gluconeogenic

325  pathway in female mice to permit normal glucose tolerance and normal fasting glucose.

326 Male IGFIRLePRb mice did not show glucose intolerance or insulin insensitivity (Fig. 8H-K). In
327  contrast to females, they showed higher fasting glucose levels and elevated mRNA expression of G6PC
328  andPepck (Fig. 8M-N). Only male IGF1R/IRLePRb mice had insulin insensitivity (Fig. 8J-K), indicating that
329 IGFIR and IR in LepRb neurons jointly regulate insulin sensitivity in male mice. In addition, the altered
330 fasting glucose levels and gluconeogenic genes expression seen in male IGF1RMPRP mice were reversed in
331  male IGF1R/IRLePRb mice (Fig. 8M-N). These results imply that IGFIR and IR play unique and divergent

332 roles in the regulation of glucose homeostasis in both sexes.
333
334  DISCUSSION

335 This present study showed that the IGFIR in LepRb expressing cells is indispensable for various
336  physiologic processes including reproduction, growth, bone mass accrual, energy balance, and fasting
337  glucose levels with corresponding gluconeogenesis-related gene expressions in the liver (opposite effects
338  seen in females and males) as summarized in Table 2. Previous evidence found that genetic ablation of IR
339  alonein LepRb neurons caused a mild delay in puberty (/7). Here we further identified that IR and IGF1R
340  jointly regulate many aspects of reproduction, body composition, energy homeostasis, and male insulin

341  sensitivity.

342 IGF1R in the mammalian brain strongly promotes the development of the somatotropic axis,
343  regulates GH and IGF-1 secretion, and controls the growth of peripheral tissues, glucose metabolism, and
344  energy storage (5). Homozygous brain-specific IGFIR knockout mice showed microcephalic, severed
345  growth retardation, infertility, and unexpectedly higher plasma IGF-1 levels, while heterozygous mutants
346  had initially normal but progressively growth retardation from nearly 3 weeks of age onwards (9).
347  Interestingly, these heterozygous mutant mice caught up to normal size at around 4 months of age (5). These
348  mice had significantly decreased serum levels of IGF-1 at 4 weeks but increased at 8 weeks and continued

349  to be 30%-40% increased throughout adult life (5). Hypophysiotropic somatostatin (SST) neurons sense


https://doi.org/10.1101/2024.09.20.614140
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.20.614140; this version posted September 20, 2024. The copyright holder for this preprint
(which 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
available under aCC-BY-NC 4.0 International license.

350 IGF-1 levels (46), but ablation of IGF1R and/or growth hormone receptor (GHR) in SST neurons was not
351  sufficient to influence body growth or serum IGF-1 levels (47). In another study, we found that loss of
352  IGFIR in kisspeptin (Kiss/) neurons (IGF1RKissl mice) displayed growth retardation, as evidenced by a
353  shorter body length throughout life (48). These findings imply that multiple redundant and compensatory
354  mechanisms may exist to control the somatotropic/growth axis. Our results suggest that IGF1R in LepRb
355  neuronssenses IGF-1 signaling to regulate body growth, as indicated by the temporary growth retardation
356  in IGF1RerRb and IGF1R/IRLPRb mice of both sexes. We further detected decreased IGF-1 and GH levels
357  at 3 months in these male mice, but no changes were seen in females. One previous study showed that
358  disruption of the pl10a subunit of PI3K signaling in LepRb positive cells caused growth retardation in
359  females at postnatal day 60 but had normal serum IGF-1 levels (/7). We speculate that this might be due to
360 the failure to detect the pulsatile secretion of hormones through a single time point measurement.
361 Interestingly, these p110a subunit knockout female mice displayed decreased bone volume and BMD at
362  postnatal day 60 (/7). However, we observed increased trabecular bone volume and number per unit length,
363  cortical bone area, and bone strength in IGFIRLPRb female and male mice at 5 months of age. The
364  discrepancy between PI3K and IGF-1 signaling in bone morphology may be related to age. Longitudinal
365  studies of changes in bone mass during growth showed that the greatest increases in bone mass occur after
366  puberty between the ages of 12-15 years in girls and 14-17 years in boys (49). After reaching a peak in
367  carly adulthood between the ages of 25 to 35 years, bone mass declines and raises the risk of osteoporosis
368  and fractures in later life (50). The delayed onset of puberty in IGF1RLePRb mice may postpone the bone
369  mass development-peak and subsequent decline, resulting in increased bone volume, strength of midshatft,
370  andresistance to bending compared to our control mice. In support of this notion, in boys with constitutional
371  delay of growth and puberty, bone turnover can be normal, and BMD can increase in a manner similar to
372 healthy children after adjustment for bone age (57). However, the association between delayed puberty and
373  bone turnover remains controversial (52, 53). Future studies are needed to fully understand this interesting

374  bone phenotype induced by genetic ablation of IGF1R in LepRb neurons.(this sentence may not be needed)

375 An interesting caveat of presented study is a possible combination of the effects of IGF1R signaling
376  in hypothalamusandin bone. Most of skeletal stem cells, which give rise to bone forming osteoblasts and
377  marrow adipocytes, are expressing LepRb, which activity is determined by a pattern of phosphorylation to
378  trigger downstream signaling pathways(45, 54). LepRb regulates bone mass and marrow adiposity in a
379  manner specific to sex and skeletal location(45). Skeletal stem cells also express IGF1 and IGF1R which
380 locally regulate bone mass and marrow adiposity, and bone regeneration(55, 56). Although, there are no
381 clear evidence that the same skeletal stem cell expresses both receptors, it is very possible that the
382  subpopulation of such cells exists and is affected in our model of IGFIRMPRb deficiency. However,

383  inhibition of IGF1 signaling in bone has a negative effect on bone growth and bone mass accrual(56-58),


https://doi.org/10.1101/2024.09.20.614140
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.20.614140; this version posted September 20, 2024. The copyright holder for this preprint
(which 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
available under aCC-BY-NC 4.0 International license.

384  which is counterintuitive to presented here phenotype of increased bone mass in IGF1RLPRb mice. This may
385  suggest that IGF1R signaling in LepRb-positive skeletal stem cells is dominated by IGFIR signaling in
386  LepRb-positive neurons. Future clarification of the IGF1R signaling cross talk between brain and bone may
387  benefit better understanding of sexual and developmental nuances of growth and maturation, as we

388 discussed above.

389 The role of ARH neurons as gatekeepers of female reproduction and energy allocation is well-
390  established (59-67). Onerecent study reported that the brain-derived cellular communication network factor
391 3 (CCN3) secreted from the ARH Kiss/ neurons stimulated mouse and human skeletal stem cell activity,
392  increased bone remodeling and fracture repair in young and old mice of both sexes (62). This work further
393  showed that lactation stage-specific expression of CCN3 in female ARH Kiss/ neurons during lactation is
394  a newly identified brain-bone axis evolved to sustain the skeleton in mammalian mothers and offspring
395  (62). Interestingly, the Nephroblastoma overexpressed gene (NOV/CCN3) is an adhesive substrate that, in
396  concert with IGF-1, promotes muscle skeletal cell proliferation and survival (63). Here we discovered that
397 IGFIR in LepRb neurons is critical in controlling bone homeostasis and reproduction. Considering the
398  overlapped ARH region and the known interaction, we cannot rule out the possibility that IGF1R in LepRb
399  neurons may influence the interaction between IGF-1 and CCN3 to exert multifaceted effects on bone and

400  reproduction.

401 Reproduction declines with age (64, 65), making research into mechanisms that regulate
402  reproductive ageing and preserve reproductive health vital. Pharmacologic blockage of IGFIR signaling
403  can favorably impact lifespan in female mice (66). Yet therole of IGF1R signalingin reproductive ageing
404  isunknown. Here we observed that IGF1R in LepRb protects against reproductive decline with age in both
405  female and male mice. Further research is needed to evaluate the impact of IGFIR in LepRb neurons on

406  age-related changes in female and male reproductive systems affecting the ovaries and testes.

407 We have found that IGFIR in Kiss/ neurons is crucial for body growth, energy balance, normal
408 timingofpubertal onset, and male reproductive functions (48). IGF1R in ARH Kiss/ neurons may modulate
409  energy balance through communication with pro-opiomelanocortin (POMC) signaling and activation of
410 sympathetic nervous system activity and BAT thermogenesis (48). By comparing the IGF1R and/or IR
411  functionsin LepRb neurons and Kiss/ neurons, we foundthat 1) the multifaceted roles of IGFIR in these
412  twoneuronal populations are quite similar, including regulating the normal timing of pubertal onset, fertility,
413  food intake, mild change of body weight, and body length; and 2) IGF1R and IR jointly regulate body
414  composition, energy expenditure, physical activity, and male glucose homeostasis. Interestingly, IGF1R in
415  LepRb neurons s also critical for controlling bone morphology and male serum IGF-1 and GH levels. The

416  wider role of IGFIR in LepRb neuronsthan Kiss/ neurons may be attributed to the classical role of leptin
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417  signaling in energy balance. One recent study showed that leptin may be a direct effector of linear growth
418  programming by nutrition and that the growth hormone-releasing hormone neuronal subpopulation may
419  display a specific response to leptin in cases of underfeeding (67). Leptin acts to upregulate anorexigenic
420 POMC expression (68, 69) while downregulating orexigenic agouti-related protein (AgRP) expression and
421  inhibiting AgRP cell activity (70-72). POMC neurons innervate the reproductive circuits in the central
422  nervous system and are well-positioned to provide synaptic inputs to GnRH neurons (73, 74). Female
423  IGF1RLepRb mice exhibited hypophagia and increased BAT mRNA expressions, consistent with the
424  anorexigenic effects of POMC signaling. Given the importance of the ARH leptin-melanocortin-kisspeptin
425  pathway in the metabolic control of reproduction (75), one interesting research direction is to explore the

426 role of IGFIR in POMC neurons.

427 The lower fasting glucose levels in female IGF1RLePRb mice were associated with decreased hepatic
428  gluconeogenesis as indicated by the lower G6PC expression in the liver. Previous studies have shown that
429  impaired gluconeogenesis-induced hepatic insulin resistance, yet not examined in this current study, was
430  associated with increased body weight gain and diabetes. Thus, the counteracting effects between food
431  intake and glucose levels led to the overall comparable body weight in female IGF1RLPRb mice. Male
432 IGF1RLePRb mice also showed normal body weight but displayed opposite changes in fasting glucose levels
433  due to the increased hepatic gluconeogenesis as indicated by the higher GOPC expression in theliver. Our
434  findings have identified a sex-specific role of IGF-1R in LepRb neurons in regulating glucose levels and

435  associated hepatic gluconeogenesis.

436 Strikingly, IGF1R/IRLePRb mice of both sexes exhibited dramatically increased fat mass percentage,
437  decreased lean mass percentage, and disrupted male insulin sensitivity compared to IGF1RLPRb mice and
438  controls (Figure 8). The joint role of IGF1R and IR in peripheral tissues, including fat and muscle, were
439  well characterized (29, 30). Mice with a combined knockout of IGF1R and IR in fat (FIGIRKO mice) had
440  lower WAT and BAT (30), while energy expenditure was higher (29, 30). Previous studies have shown that
441  IGFIR and IR play divergent roles in regulating fat mass in the CNS and periphery (3, 76-78). IGF1R only
442  modestly contributes to fat mass formation and function, since FIGFRKO mice had a nearly 25% reduction
443  in white fat mass (76). In contrast, heterozygous brain IGF1R knockout mice had enlarged fat mass and
444  glucose intolerance (5). Similarly, FIRKO mice had a 95% reduction in WAT and are protected against
445  obesity-related glucose intolerance (78), while NIRKO mice developed diet-sensitive obesity with increases
446  in body fat, mild insulin resistance, and elevated plasma insulin levels (77). In addition, IGF1RXiss! mice
447  (48) or IRKissl mice (37) did not replicate the glucose intolerance seen in heterozygous brain IGFIR
448  knockout (5) or NIRKO mice (77). Loss of one signal, either IGF1R or IR activation, may eventually be

449  overcome by other environmental and developmental signals to modulate glucose homeostasis. However
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450  simultaneous loss of IGF1R and IR in Kiss/ neurons disrupted glucose homeostasis (48). Here, we have
451  also identified that simultaneous loss of IGF1R and IR in LepRb neurons disrupted insulin sensitivity in
452  male mice. Overall, our findings identified the cooperative role of IGFIR and IR in LepRb neurons in
453  regulating body composition and male insulin insensitivity. Although we characterized a comprehensive
454  set of phenotypes in this current study, one limitation is that we did not further examine the involved

455  mechanisms such as the alterations of leptin and insulin signaling in the brain, liver, and muscle.

456 In summary, our findings have dissected distinct roles for IGF1R and IR in LepRb neurons in
457  reproduction, body growth, bone health, and metabolism. Loss of IGFIR in LepRb neurons confers
458  resistance to obesity due to increased energy expenditure, showing central IGF1R is obesogenic. These
459  effects diminished in IGF1R/IRLePRb mice due to decreased energy expenditure and physical activity and
460  increased lipid storage in BAT, suggesting IR in LepRb neurons has an overall protective effect against
461  obesity. In addition, our findings provide novel evidence that IGF1R and IR signaling in LepRb neurons
462  coordinate to regulate body composition and insulin sensitivity. These findings extend our understanding
463  of the role of central IGF1R and IR in LepRb neurons in the control of processes including growth,

464  reproduction, body composition, energy balance, and glucose homeostasis.
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Figure legends

Figure 1. Confirmation of mouse model.

(A) Colocalization of LepRb neuron and IGF1Rs from control and IGF1R*"R* mice. (B) Quantification of
colocalization (n=3/group). (C-E) Hypothalamic IGF1R (C), IR (D), and GHR (E) mRNA expression were
evaluated in control, IGF1RLepRb, and IGF1R/IRLepRb mice (n=8/group). Values throughout figure are
means +SEM. For the entire figure, *P < 0.05, ** P < 0.01, and *** P < 0.0001, were determined by
Tukey’s post hoc test following one-way ANOVA for each group.

Figure 2. Reproductive deficits in female IGF1R“PR* and IGF1R/IR"PR* mice.

(A) Vaginal opening age, (B) first estrus age, (C) estrus cycle length, and (D) estrus cyclicity were evaluated
in female control, IGF1RPR" and IGF1R/IR*PR mice (n=7- 13/group). (E) Pregnancy rate and (F) number
of pups per litter in 4-month-old female control, IGF1R™PR* and IGF1R/IR™PR* mice (n=7- 13/group). (G)
Serum LH, (H) FSH, and (I) estradiol levels on diestrus in 4-week-old and 3-month-old female control,
IGF1RMPRY and IGF1R/IR™PRY mice (n=5-11/group). (J) Ovary weight, (K) histological analysis of ovarian
follicles (n=4-6/group) and (L-N) representative sliced and HE-stained paraffin-embedded ovaries in 5-
month-old female control, IGF1RMPR® and IGF1R/IRLPR® mice. PF, primary follicle; SF, secondary follicle;
GF, Graafian follicle; CL, corpus luteum. Values throughout the figure are means =SEM. For the entire
figure, *P < 0.05, ** P <0.01, *** P <0.0001, **** P <(0.00001, determined by Log Rank Test or Chi-
square or Tukey’s post hoc test following one-way ANOVA.

Figure 3. Reproductive deficits in male IGF1IR™*P®* and IGF1R/IR""R* mice. (A) Balanopreputial
separation age and (B) first date of conception in male control, IGF1R™PR® and IGF1R/IRPR mice (n=6-
12/group). (C) Pregnancy rate and (D) numbers of pups per litter in male control, IGFIRMPR®
IGF1R/IR™PR* mice (n=6-12/group). (E) Serum LH, (F) FSH, and (G) testosterone levels in 4 weeks-old
and 3 months-old male control, IGF 1R"PR® and IGF1R/IR**PR* mice (n=5-12/group). (H) Analysis of cross-
sectional testes seminiferous tubule sperm stages (n=4/group) and (I-K) representative sliced and HE-
stained paraffin-embedded testes in 5-month-old male control, IGF1R™PR" and IGF 1 R/IR™PR° mice. Values
throughout figure are means £SEM. For the entire figure, *P < 0.05, ** P <0.01, and *** P <0.0001, were

determined by Log Rank Test or Chi-square or Tukey’s post hoc test following one-way ANOVA.

Figure 4. Advanced reproductive aging in IGF1R“PR" mice. (A) Pregnancy rate and (B) litter size were
measured in 4-, 7 -, 10-, 14- and 17-month-old female control and IGF1R™PR* mice (n=7/group). (C)

Pregnancy rate and (D) litter size in 4-, 7 -, 10-, 14- and 17-month-old male control and IGF1R™PR® mice
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(n=7/group). Values throughout figure are means +SEM. For the entire figure, *P < 0.05, determined by
multiple t test.

Figure 5. Body growth and bone phenotype in mice. (A) Body length curves from week 3 to 20 in female
control, IGF1R™PR® JGF1R/IRMPR® mice (n=7-13/group). (B) Serum levels of IGF-1 and (C) GH at 4 weeks
and 3 months of age in female control female control, IGF1R™PR* and IGF1R/IRLPR® mice (n=4-9/group).
(D) Body length curves from week 3 to 20 in male control, IGF1RPR° IGF 1 R/IRLPR® mice (n=7-13/group).
(E) Serum levels of IGF-1 and (F) GH at 4 weeks and 3 months of age in male control female control,
IGF1RYPR* and IGF1R/IRMPR® mice (n=4-7/group). (G) Trabecular bone volume, (H) numbers (Tb.N), (I)
spacing (Tb.sp) and (J) cortical bone volume, (K) area (B.Ar), (L) polar moment of inertia (pMOI), (M)
resistance to bending across the maximal (Imax/Cmax), (N) minimal centroidedge (Imin/Cmin), (O) Bone
mineral density (BMD) and (P) tissue mineral density (TMD) in female and male control and IGF1R-PR®
mice (n=4/group). (Q-X) Representative images of trabecular and cortical bone in female and male control
and IGF1R™PR* mice. Values throughout figure are means =SEM. For the entire figure, *P < 0.05 (control
vs IGF1RMPR® mice), P < 0.05 (control vs IGF1R/IRPR® mice), P < 0.05 (IGF1R"PR® yvs IGF1R/IR"PR
mice), determined by t-test, Tukey’s post hoc test following one-way ANOVA or Bonferroni’s multiple
comparison test following two-way ANOVA.

Figure 6. Altered energy homeostasis in female IGF1R"PR* and IGF1R/IR™PR? mice. (A) Body weight
curves from week 3 to 20 in female control, IGF1RPR* and IGF 1 R/IR™PR mice (n=7-13/group). (B) Body
fat mass percentage, (C) lean mass percentage, and (D) food intake in 2-month-old female control,
IGF1RMPRY and IGF1R/IRPR® mice (n=5-11/group). (E-F) Energy expenditure and (G-H) physical activity
in 3-month-old female control, IGF1R™P®® and IGF1R/IR*PR* mice (n=9-11/group). (I) Relative expression
of thermogenesis markers as measured by quantitative PCR in brown adipose tissue (BAT) and (J) BAT
weight in 5-month-old female control, IGF1R™PR* and IGF1R/IRLPR® mice (n=4-6/group). (K) Numbers of
droplets and (L) droplet area in BAT (n=4/group) and sliced and HE-stained paraffin-embedded BAT (M-
0) in 5-month-old female control, IGF1RMPR® and IGF 1 R/IRMPR* mice. Values throughout figure are means
+SEM. For the entire figure, *P <0.05, ** P<0.01, *** P<0.0001, and ****P <(0.00001, were determined
by Tukey’s post hoc test following one-way ANOVA or Bonferroni’s multiple comparison test following

two-way ANOVA.

Figure 7. Altered energy homeostasis in male IGF1R“PR" and IGF1R/IR"**®* mice. (A) Body weight
curves from week 3 to 20 in male control, IGF1RPR" and IGF1R/IRXPR* mice (n=6-10/group). (B) Body

fat mass percentage, (C) lean mass percentage, and (D) food intake in 2-month-old male control, IGF 1 R-PR®
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and IGF1R/IR™PR® mice (n=4-10/group). (EF) Energy expenditure and (G-H) physical activity in 3-month-
old male control, IGFIRXPR and IGF1R/IR™PR® mice (n=4-10/group). (I) Relative expression of
thermogenesis markers as measured by quantitative PCR in brown adipose tissue (BAT) and (J) BAT
weight in 5-month-old male control, IGF1RMPR" and IGF1R/IRPR* mice (n=4-6/group). Values throughout
figure are means +SEM. For the entire figure, *P < 0.05, ** P<0.01, *** P <(0.0001, and ****P <0.00001,
were determined by Tukey’s post hoc test following one-way ANOV A or Bonferroni’s multiple comparison

test following two-way ANOVA.

Figure 8. Changes in glucose homeostasis in IGFIR"PR" and IGF1R/IR™PR* mice. (A) Glucose
tolerance test (GTT), (B) area under the curve of GTT (GTT-AUC), (C) insulin tolerance test (ITT), and
(D) AUC of ITT (ITT-AUC) of 3-month-old female control, IGF1R™PR* and IGF1R/IR™PR* mice (n=9-
14/group). (E) Fasting glucose and (F) insulin/C-peptide levels in 3-month-old female control, IGF 1 RLePR>
and IGF1R/IR™PR® mice (n=5-10/group). (G) Relative expression of gluconeogenesis and inflammatory
markers in the liver as measured by quantitative PCR in 5-month-old female control, IGF1RPR" and
IGF1R/IR™PR* mice (n=8/group). (H) GTT, (I) GTT-AUC, (J) ITT, and (K) ITT-AUC of 3-month-old male
control, IGF1R PR and IGF1R/IR™PR* mice (n=6-10/group). (L) Fasting glucose and (M) insulin/C-peptide
levels in 3-month-old male control, IGF1RMPR" and IGF1R/IR™PR® mice (n=5-6/group). (N) Relative
expression of gluconeogenesis markers in the liver as measured by quantitative PCR in 5-month-old male
control, IGF1RMPR® and IGF1R/IRYPR® mice (n=6/group). Values throughout the figure are means +£SEM.
For the entire figure, *P < 0.05, **P < 0.01, ***P < (0.0001, and ****P < 0.00001, were determined by
Bonferroni’s Multiple Comparison Test following one-way ANOVA; or Tukey’s post hoc test following
one-way ANOVA.

Supplemental Figure 1. Serum insulin and C-peptide levels in mice. (A and B) Serum insulin and C-
peptide in 4-month-old female control, IGF1RPR* and IGF1R/IR™PR* mice (n=5-10/group). (C and D)
Serum insulin and C-peptide in 4-month-old male control, IGF1RP®* and IGF1R/IRMPR® mice (n=4-

6/group). Values throughout figure are means =SEM. For the entire figure, *P < 0.05, determined by t test.

Table 1. Summary of primers.

Table 2. Summary of phenotypic changes in IGF1R"PR* and IGF1R/IR"PR* mice.
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Figure 1. Disrupted IGF1R expression in IGF1R™PR> mice,
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Figure 2. Reproductive deficits in female IGF1R"P?* and IGF1R/IR*PR" mice.
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Figure 3. Reproductive deficits in male IGF1R"P?* and IGF1R/IR“PR" mice.
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Figure 4. Advanced reproductive ageing in IGF1R™“PR> mice.
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Figure 5. Body growth and bone phenotype in mice.
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Figure 6. Altered energy homeostasis in female IGF1R™PR® and IGF1R/IR™PR® mice.
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Figure 7. Altered energy homeostasis in male IGF1R"R* and IGF1R/IR"PR* mice.
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Figure 8. Changes in glucose homeostasis in IGF1R"PR* and IGF1R/IR“PR> mice.


https://doi.org/10.1101/2024.09.20.614140
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.20.614140; this version posted September 20, 2024. The copyright holder for this preprint
(which 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
available under aCC-BY-NC 4.0 International license.

A Female B Female
2.0 = 2.0 o
E ° S
-E-, 1.5 g 154 ©
< S 1.
E g
E . o 0.
(&)

C Male D Male

0.8 o = 2.0
5] - E
*g-, 0.6 g 151 o
< 0.4 § 1.0 °
= %
2 0.24 ?._ 0.54
- (&)

0.0 0.0-

0 ) N
\(0\\,89?- \(BQ?‘ KON e (e

o
OV AR @& CO%A® A&
\C’Q\c,?\@ G \GQ‘\?“

Supplemental Figure 1. Serum insulin and C-peptide levels in mice.
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Table 1. Summary of primers.

Primer Sequence 5°-3’

IGFIR forward CTTCCCAGCTTGCTACTCTAGG
IGFIR reverse CAGGCTTGCAATGAGACATGGG
IGFIR delta TGAGACGTAGCGAGATTGCTGTA
IR forward TGCACCCCATGTCTGGGACCC

IR reverse GCCTCCTGAATAGCTGAGACC

IR delta TCTATCATGTGATCAATGATTC
ADRB3 forward TCGACATGTTCCTCCACCAA
ADRB3 reverse GATGGTCCAAGATGGTGCTT
Cidea forward AGGGAGGGACCTTAGGGAAT
Cidea reverse CCAAGTCCAGCTTGGTGAAT
PRDM16 forward CCTAACTTTCCCCACTCCCTCTA
PRDM16 reverse GCTCAGCCTTGACCAGCAA
PPARy forward AGCCGTGACCACTGACAACGAG
PPARy reverse GCTGCATGGTTCTGAGTGCTAAG
G6PC forward GGCTCACTTTCCCCATCAGG
GO6PC reverse ATCCAAGTGCGAAACCAAACAG
Pepck forward CCCACTGGGAACACAAACTT
Pepck reverse CCTTTCTTCTCTTTGGATGATCT
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Table 2. Summary of phenotypic changes in IGF1R"R* and IGF1R/IR™P?* mice.
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Females
Parameter IGF1R"PR* | JGF1R/IRYPRP | [RLPRD | 17 (lePRb
Vaginal opening l ! — l
First estrus l 1l l l
Reproduction Fertility l — —
Numbers of pups per litter l — —
Ovarian follicles l NA NA
Growth Body length l 1 — l
Bone mass 1 NA NA NA
Body weight l ! - l
Fat or lean mass — or — Tor] NA NA
Food intake l | (trend) — NA
Metabolism Energy expend.ltl'lre — l — NA
Locomotor activity 1 ! — NA
Thermogenesis genes 1 l NA —
Fasting glucose l 1 NA —
Gluconeogenic genes l — NA NA
Males
Balanopreputial separation 1 ! NA —
Reproduction First date of conception l ! NA NA
Fertility l ! NA —
Numbers of pups per litter l 1l NA —
Spermatogenesis l l NA NA
Body length l ! — l
Growth Serum IGF-1 or GH levels lor| —or | NA NA
Bone change 1 NA NA NA
Body weight — - - l
Fat or lean mass — or — Tor] NA lor]
Food intake — — — i
Metabolism Energy expenditure — ! — i
Locomotor activity l ! — i
Insulin tolerance — ! — —
Fasting glucose 1 — ! —
Gluconeogenic genes 1 — NA NA
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