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ABSTRACT 29 

 30 

Osteoporosis and overweight/obesity constitute major worldwide public health burdens that are 31 

associated with aging. A high proportion of women develop osteoporosis and increased intra-32 

abdominal adiposity after the menopause which leads to bone fractures and metabolic disorders. There 33 

is no efficient treatment without major side effects for these two diseases. We previously showed that 34 

the administration of oxytocin normalizes ovariectomy-induced osteopenia and bone marrow adiposity 35 

in mice. Ovariectomized mice, used as an animal model mimicking menopause, were treated with 36 

oxytocin or vehicle. Trabecular bone parameters and fat mass were analyzed using micro-computed 37 

tomography. Herein, we show that this effect on trabecular bone parameters was mediated through the 38 

restoration of osteoblast/osteoclast cross-talk via the RANKL/OPG axis. Moreover, the daily 39 

administration of oxytocin normalized body weight and intra-abdominal fat depots in ovariectomized 40 

mice. Intra-abdominal fat mass is more sensitive to oxytocin that subcutaneous fat depots and this 41 

inhibitory effect is mediated through inhibition of adipocyte precursor’s differentiation with a 42 

tendency to lower adipocyte size. Oxytocin treatment did not affect food intake, locomotors activity 43 

and energy expenditure, but it did promote a shift in fuel utilization favoring lipid oxidation. In 44 

addition, the decrease in fat mass resulted from the inhibition of the adipose precursor’s 45 

differentiation. Thus, oxytocin constitutes an effective strategy for targeting osteopenia, overweight 46 

and fat mass redistribution in a mouse model mimicking the menopause without any detrimental 47 

effects. 48 

49 
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INTRODUCTION 50 

Human life expectancy has increased continuously in industrialized countries. Aging is associated 51 

with immunosenescence, a decrease in hormonal secretion, lean mass and bone mass, and an increase 52 

in fat accumulation. Body weight gain and fat mass redistribution toward the intra-abdominal 53 

compartment represent a major worldwide public health problem, as a large proportion of the adult 54 

population is at risk of becoming overweight/obese and developing associated diseases (1,2). 55 

Osteoporosis also represents a major health threat as it already affects 40% of white postmenopausal 56 

women and is expected to increase concomitantly with life span in the coming years. Post-menopausal 57 

osteoporosis is responsible for a dramatic increase in fractures which lead to loss of mobility and 58 

autonomy, and more importantly to an increase in mortality of up to 20% one year afterwards due to 59 

complications (3). 60 

The menopause is a critical period of a woman's life, which is characterized by decreased ovarian 61 

hormone production due to age and during which weight gain and the onset or worsening of obesity 62 

and osteoporosis are favored (4-6). Such weight gain preferentially affects the abdominal fat depot 63 

associated with a transition of body distribution from a gynoid to an android type (7,8). This shift in 64 

fat mass distribution favors the development of insulin resistance and its clinical outcomes leading to 65 

increased cardiovascular risks and cancer among other diseases (9). Estrogen therapy has been shown 66 

to normalize intra-abdominal fat mass and bone resorption in both animals and humans (10-12). 67 

However, the side effects of estrogens on non-fat organs hamper the possibility of using this hormone 68 

therapeutically as many controversial studies have been reported, in which hormonal replacement 69 

therapy may lead to cardiovascular diseases and breast cancer (13,14). 70 

Recent studies have shown that obesity and osteoporosis share common traits(15-18): i) both 71 

diseases are affected by genetic and environmental factors, or the interaction between them; ii) normal 72 

aging is associated with a high incidence of both osteoporosis and bone marrow adiposity; iii) bone 73 

remodeling and adiposity are both regulated through the hypothalamus and sympathetic nervous 74 

system; iv) adipocytes and osteoblasts arise from a common progenitor, the mesenchymal stem cell; v) 75 

adipose tissue and skeleton are endocrine organs; vi) pathophysiological relevance of adipose tissue in 76 
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bone integrity lies in the participation of adipokines in bone remodeling, while the skeleton has effects 77 

on body weight control and glucose homeostasis through the actions of bone-derived factors such as 78 

osteocalcin and osteopontin (19-22). However, several studies have suggested that obesity is able to 79 

protect postmenopausal women from osteoporosis (23,24). This would be due to the impact of being 80 

overweight on osteocyte signaling through mechanical loading. It is now accepted that there is a 81 

negative correlation between bone and body fat mass suggesting that obesity represents a risk for 82 

osteoporosis (17,25,26). Furthermore, recent reports suggested a detrimental effect of intra-abdominal 83 

adipose tissue on bone mineral density in premenopausal obese women (27-30). Thus, there is an 84 

active cross-talk between adipose tissue and the skeleton which constitutes a homeostatic feedback 85 

system with adipokines and molecules secreted by osteoblasts and osteoclasts (20). 86 

Based on the linkage between osteoporosis and intra-abdominal adiposity, the inverse relationship 87 

that exists between osteogenesis and adipogenesis, controlling the fine balance between the two 88 

pathways, is of clear therapeutic significance (31). In our previous work, we showed that oxytocin 89 

(OT) inhibited adipocyte and stimulated osteoblast differentiation. Plasma OT levels were lower in 90 

ovariectomized (OVX) mice and rats compared to sham-operated controls and OT plasma levels were 91 

significantly lower in postmenopausal women who developed osteoporosis than in their healthy 92 

counterparts (32). 93 

In this study we show that, in OVX mice, OT administration reverses osteopenia and improves fat 94 

mass distribution at the onset and after establishment of both disorder phenotypes. The peripheral 95 

effect of OT is mediated through an osteoblast/osteoclast cross-talk and an inhibitory effect on the 96 

adipocyte precursor’s differentiation. Furthermore, the effects of OT on fat mass, body weight loss and 97 

decrease of intra-abdominal fat depots are observed with no change in food intake and OT induces a 98 

shift in favor of lipid consumption at the expense of carbohydrates. Collectively, these results indicate 99 

that administration of OT holds promise as a preventive as well as a curative therapy for osteoporosis 100 

and weight gain/fat mass redistribution. 101 

 102 

MATERIALS AND METHODS 103 
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Animals 104 

The experiments were conducted in accordance with the French and European regulations for the 105 

care and use of research animals and were approved by the local experimentation committee. Animals 106 

were maintained under constant temperature (21 ± 2°C) and 12:12-hour light-dark cycles, with ad 107 

libitum access to standard chow diet and water. Ten-week-old C57Bl/6J mice were subjected either to 108 

bilateral ovariectomies from the dorsal approach or to sham surgery in which the ovaries were 109 

exteriorized but replaced intact by Charles River Laboratories. 2 or 8 weeks after the ovariectomy or 110 

sham surgery, groups of mice (n= 6 to 12) were injected daily intra-peritoneally with vehicle (Ve) or 111 

different doses of OT (0.1 or 1 mg/kg, Bachem #H2510) for 8 weeks unless otherwise indicated.  112 

Plasma measurements 113 

Leptin (Assay Pro), Procollagen I N-Terminal propeptide (PINP, USCN) or Cross Linked C-114 

Telopeptide of Type I Collagen (CTXI, USCN) plasma levels were measured using an ELISA kit as 115 

per the manufacturer’s instructions. 116 

Energy expenditure, food intake and locomotors activity. 117 

Mice were analyzed for whole energy expenditure, oxygen consumption and carbon dioxide 118 

production, respiratory quotient (vCO2/vO2), food intake and locomotors activity (counts/hour) using 119 

calorimetric equipment (Labmaster). Activity was recorded using an infrared light beam-based 120 

locomotion monitoring system. Individually housed mice were acclimatized to the chambers for 48 121 

hours before experimental measurements and the first day of data acquisition were systematically 122 

removed from the final analysis. Data analysis was performed using O2 consumed (ml/h), CO2 123 

production (ml/h), and energy expenditure (kcal/h) which were subsequently expressed as a function 124 

of whole lean body mass measured through NMR. Data was expressed as an average of the 4 last days 125 

of a total of 5 days baseline acquired in the system. The effect of OT injections was conducted as 126 

follows: a first analysis was performed after 2 weeks of treatment and a second after 9 weeks. As 127 

consistent changes were observed at the onset of the dark cycle, average RER values were calculated 128 

systematically using the same 4-hour period during the dark cycle. 129 

Micro-computed Tomography 130 
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Trabecular bone microarchitecture of the distal femoral metaphysis was analyzed using the high-131 

resolution SkyScan-1076 X-ray micro-computed tomography system (SkyScan). Femora were 132 

scanned after necropsy using the same parameters: 9 ȝm of voxel size, 49 kV, 0.5 mm thick 133 

aluminium filter, 0.5° of rotation step. Calculation of femur trabecular bone parameters (Bone Volume 134 

/ Total Volume: BV/TV) following 3-D morphometric parameters (Bone ASBMR nomenclature 135 

(33,34)) were performed on secondary spongiosa: 100 slides of microCT (0.9 mm of height) starting at 136 

0.45 mm from the lower part of the distal growth plate. With such parameters, we included almost all 137 

the trabeculae from the distal metaphysis in our mice, excluding the primary spongiosa and the cortical 138 

bone. For vertebrae analysis, the 4th lumbar vertebra was scanned after necropsy using the same 139 

settings as described previously and trabecular parameters were analyzed on a 1.8 mm height region of 140 

interest within the vertebral body. 141 

Adipose tissue quantification was carried out using a SkyScan-1178 X-ray micro-computed 142 

tomography system. Mice were anaesthetized and scanned using the same parameters: 104 ȝm of 143 

voxel size, 49 kV, 0.5 mm thick aluminum filter, 0.9° of rotation step. Total adipose tissue volume 144 

was determined between the lumbar vertebra 1 (L1) and the caudal vertebra 4 (C4), whereas intra-145 

abdominal and subcutaneous adipose tissues areas were measured on one section at the lumbar 5 (L5) 146 

level. Subcutaneous and intra-abdominal adipose tissue is based on the delimitation of region of 147 

Interest (ROI) after 3D reconstruction of scanned images as described in (35). 3-D reconstructions and 148 

analysis of bone parameters and adipose tissue areas or volumes were performed using NRecon and 149 

CTAn software (Skyscan). 150 

Histology.  151 

Tracp and Osterix staining. Femora were fixed in Phosphate Buffered Formaldehyde and 152 

decalcified in EDTA solution over 72 hours using a temperature controlled microwave oven to 153 

accelerate the decalcification process (KOS, MM France) before being embedded in paraffin. 154 

Transversal 3 ȝm thick sections were stained for tartrate-resistant acid phosphatase (TRACP), after 1-155 

hour incubation in a solution containing 1 mg/mL naphthol AS-TR phosphate, 60 mM 156 

NNdimethylformamide, 100 mM Na tartrate, and 1 mg/mL Fast red TR salt solution and 157 
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counterstained with hematoxylin. Osterix staining was performed on decalcified femora sections using 158 

an antibody from Abcam. Osteoblast number and osteoclast surface were quantified in a region of 159 

interest including both primary and secondary spongiosa. These quantifications have been performed 160 

on ten 10X-fields per section, one sample per animal and 12 mice per group. 161 

Adipocyte size determination. Adipose tissues were fixed in Phosphate Buffered Formaldehyde, 162 

embedded in paraffin and 4 µm thick sections were stained with hematoxylin/eosin/safran. Adipocyte 163 

size was measured using ImageJ software. At least 40 adipocytes per section were measured and 8-12 164 

samples were analyzed per group. 165 

Isolation and analysis of RNA. 166 

Total RNA was extracted using a TRI-Reagent (Euromedex) kit as per the manufacturer's 167 

instructions. Two micrograms of total RNA, digested with Dnase I (Promega), were subjected to 168 

reverse transcription-polymerase chain reaction (RT-PCR) analysis as described previously (32). The 169 

oligonucleotide sequences, designed using Primer Express software, are shown in Supplemental Table 170 

1. 171 

Cell culture.  172 

Primary osteoclast culture and co-culture. Bone marrow-derived primary monocytes were isolated 173 

from mouse long bones. Bone marrow cells were collected by flushing tibial and femoral shafts. 174 

Monocytes were then isolated using the EasySep® Mouse Monocyte Enrichment Kit (Stem Cells 175 

Technologies) according to the manufacturer’s instructions. Briefly, mouse monocytes were enriched 176 

from mouse bone marrow by depletion of T cells, B cells, NK cells, dendritic cells, progenitors, 177 

granuloctyes and red blood cells. For osteoclastic differentiation, freshly isolated enriched monocytes 178 

were seeded at 25,000 cells/cm2 and cultured for 7 days in the presence of Į-MEM supplemented with 179 

10% FCS, 20 ng/ml M-CSF (Peprotech) and 20 nM RANKL. For co-culture experiments, monocytes 180 

were seeded at a density of 25,000 cells/cm2 with ST2 cells seeded at 20,000 cells/cm2 in Į-MEM 181 

supplemented with 10% FCS, 10-8 M 1Į,25-Dihydroxyvitamin D3 and 10-7 M dexamethasone for 7 182 

days. 300 nM OT was added daily to the cell culture medium. 183 
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Primary adipocyte culture. Stromal-vascular fraction cells were isolated and induced to 184 

differentiate in the presence of DMEM containing 10% FCS, 0.5µM dexamethasone, 0.5 mM 185 

isobutylmethylxanthine, 170 nM insulin and 1 µM Rosiglitazone. Dexamethasone and 186 

isobutylmethylxanthine were omitted 2 days later and cells were maintained for 7-10 days in the 187 

presence of 170 nM insulin and 1 µM Rosiglitazone. 30 or 100 nM OT was added daily to the cell 188 

culture medium. 189 

Tracp staining and osteoclast quantification 190 

Tracp activity was detected using the leukocyte acid phosphatase kit from Sigma-Aldrich as per the 191 

manufacturer’s instructions. Tracp positive cells with at least 3 nuclei were counted as osteoclasts. For 192 

co-culture experiments, Tracp positive areas were quantified using ImageJ software. 193 

Statistical analyses 194 

Data is expressed as mean values ± SEM and was analyzed using the 2-tailed Student’s t -test. 195 

Differences were considered statistically significant at p ≤0.05. ANOVA and post-hoc Tukey-Kramer 196 

multiple comparŝƐŽŶ͛Ɛ ƚĞƐƚ ĨŽƌ ƚŚĞ ĚĂƚĂ ŝŶǀŽůǀŝŶŐ ƚŚĞ Ϯ ĚŽƐĞƐ ŽĨ ŽǆǇƚŽĐŝŶ ǁĞƌĞ ƉĞƌĨŽƌŵĞĚ͘ 197 

 198 

RESULTS 199 

Oxytocin normalizes bone parameters and fat mass gain in ovariectomized mice. 200 

Our aim was to determine whether OT treatment is efficient to normalize osteopenia and body 201 

weight gain. Ovariectomized (OVX) or control (Sham) mice received OT or vehicle (Ve) over 8 202 

weeks according to the two protocols described in Figure 1a and 1b. In the first protocol, we treated 203 

mice 2 weeks post-surgery which corresponded to the onset of bone and fat mass disorders; such 204 

treatment was considered as a preventive therapy. Of note, this time point corresponds to a high bone 205 

turnover as described previously (36). Indeed, a significant increase of Tracp staining and Tracp 206 

mRNA expression is observed in long bones of OVX mice 2 weeks after ovariectomy (Supplemental 207 

Figure 1). In the second protocol we treated mice 8 weeks post-surgery at a stage where mice 208 

developed osteopenia and a net increase in intra-abdominal fat mass; such treatment represented a 209 

potential curative therapy. Body weight was monitored during the treatment and trabecular bone 210 
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parameters from distal femoral metaphysis and fat mass were analyzed using micro-computed 211 

tomography (Micro-CT) at the end of the experiments. Using the first protocol, a daily injection of OT 212 

(1 mg/kg) was able to normalize ovariectomy-induced osteopenia (Figure 1c and Table 1) in 213 

agreement with our previous data (32). The BV/TV ratio, trabecular spacing and number were 214 

normalized upon OT treatment of OVX mice. In order to determine whether a continuous daily 215 

treatment was necessary to restore bone parameters, OVX mice were either injected daily with 1mg/kg 216 

OT during the first 4 weeks and received vehicle during the last 4 weeks (short treatment), or they 217 

were treated twice a week, vehicle was injected the other days of the week, over 8 weeks (Figure 1a). 218 

Micro-CT analysis shows that the BV/TV and the trabecular number of mice that received OT twice a 219 

week were restored to the levels of Sham mice, whereas mice that received OT during the first 4 220 

weeks only (short treatment) did not recover the normal parameters (Figure 1c and Table 1). In 221 

parallel, we also analyzed by micro-CT the trabecular parameters of the 4th lumbar vertebra. Whereas 222 

ovariectomy induces a decrease in bone volume within the vertebral body, OT treatment does not 223 

rescue these parameters (Supplemental Table 2).  Bone resorption (CTX-I) and formation (PINP) 224 

plasma marker levels were measured and for which no significant changes was observed except for 225 

PINP which is induced in OVX mice upon OT treatment but only in the late treatment protocol 226 

(Figure 2a-d). These results demonstrate that the restoration of bone trabecular parameters by OT is 227 

not a consequence of either excessive anabolic activity or a dysregulation of bone turnover. 228 

Regarding fat mass, it is well known that OVX mice gain body weight after surgery and exhibit 229 

increased intra-abdominal fat mass. Daily OT injections (1 mg/kg) significantly reduced mice body 230 

weight under each protocol (Figure 1e and 1f). In contrast with the effects on bone parameters, the OT 231 

treatment twice a week was less effective in decreasing body weight (Figure 1e). Interestingly, mice 232 

receiving OT during the first 4 weeks only (short treatment) immediately gained weight once the OT 233 

treatment was completed and returned to the level of OVX-Ve treated mice within 4 weeks (Figure 234 

1e). With the second protocol, OVX-OT treated mice exhibited a significant lower body weight 235 

compared to OVX-Ve treated mice after 8 weeks of treatment with the two doses used (0.1 mg/kg and 236 

1 mg/kg, Figure 1f). Of note, OT did not significantly affect the body weight of Sham mice using 237 
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either protocol (Figure 1f). Micro-CT quantification of the adipose tissue volume between vertebrae 238 

L1 and C4 (Figure 1g and 1h) showed that daily injections of 1 mg/kg OT for 8 weeks were able to 239 

reduce significantly the adipose tissue volume of OVX mice. The short treatment was not efficient 240 

whereas injections twice a week enabled a weak but not significant adipose tissue volume reduction 241 

(Figure 1g). Furthermore, OT restored adipose tissue volume significantly for the 1 mg/kg dose 242 

(Figure 1h). These variations in adipose tissue volume and body weight correlated with the circulating 243 

levels of leptin, a marker of fat mass, which decreased upon OT treatment (Figure 2e and 2f). Body 244 

composition analysis showed that the difference in body weight was due to a decrease in fat mass 245 

weight, whereas lean mass was not affected by OT treatment (Supplemental Figure 2). In agreement 246 

with our previous work (32), OT treatment of OVX mice normalized bone adiposity and fabp4 mRNA 247 

expression (Supplemental Figure 3a and b). 248 

 249 

OT treatment restores osteoblast/osteoclast coupling in vivo and in vitro through an increase 250 

of RANKL/OPG ratio. 251 

Histological analyses on decalcified femora sections using Tracp and Osterix staining revealed that 252 

both osteoclast and osteoblast numbers decreased dramatically in OVX mice. OT treatment of OVX 253 

mice partially restored the osteoclast number (Tracp-positive areas, Figure 3a) and totally normalized 254 

the osteoblast number (Osterix-positive cells, Figure 3c) in long bones, whereas there was no 255 

significant effect on Sham-OT treated mice. In agreement with these observations a significant 256 

decrease in the expression of osteoclast (Tracp, Atp6v0a3 and Integrinȕ3) and osteoblast (osteocalcin 257 

and Col1Į1) specific markers in OVX compared to Sham mice bones was observed (Figure 3b and 258 

3d). OT treatment of OVX mice induced a partial restoration in the expression of osteoclast markers 259 

(Figure 3b) and a complete restoration in that of osteoblast markers (Figure 3d). Furthermore, TNFĮ 260 

mRNA expression and RANKL/OPG mRNA ratio were increased in OVX-OT treated mice (Figure 3e 261 

and 3f). Of note, OT treatment did not alter the expression of bone remodeling markers in Sham mice. 262 

We next aimed to know whether OT induces osteoclastogenesis in OVX mice through a direct 263 

effect, since both osteoblasts and osteoclasts express the OT receptor (OTR). Monocytes isolated from 264 
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bone marrow of OVX mice were induced to differentiate into osteoclasts either alone (Figure 4a and 265 

4b) or in co-culture in the presence of ST2 mesenchymal stromal cells (Figure 4c-f). OT treatment did 266 

not significantly affect monocyte differentiation as measured by Tracp and Calcitonin Receptor (CTR) 267 

mRNA levels (Figure 4a) and TRACP staining of multinucleated cells (Figure 4b). When OVX bone 268 

marrow derived monocytes were differentiated using the co-culture protocol, a strong increase in the 269 

expression of both Tracp and CTR mRNAs was observed upon OT treatment (Figure 4c). 270 

Furthermore, OT treatment triggered a 2.5-fold increase in the Tracp-positive areas (Figure 4d) as well 271 

as a 3.5-fold increase in the RANKL/OPG mRNA ratio (Figure 4e). The Tracp-positive areas induced 272 

by OT in co-culture experiments decreased dramatically in the presence of increasing amounts of 273 

OPG, the decoy receptor for RANKL, thus inhibiting osteoclast differentiation (Figure 4f). These 274 

observations demonstrate that OT induces osteoclastogenesis through the induction of the 275 

RANKL/OPG ratio by mesenchymal cells. 276 

 277 

Effects of oxytocin on metabolic parameters. 278 

In order to gain insights into the role played by OT in the regulation of fat mass, we next 279 

investigated the effect of OT treatment on overall energy metabolism. Mice were treated according to 280 

the late treatment protocol described in Figure 1b and were monitored in metabolic cages over 5 days. 281 

Two periods of analyses were performed, i.e. at 2 weeks after the beginning and at the end of the OT 282 

treatment (Figure 5a). Food intake measurements showed that OVX mice were not hyperphagic and 283 

that OT did not affect this parameter in both OVX and Sham mice (Figure 5b). Moreover, a more 284 

detailed analysis of food intake on a short term period does not evidence any differences following 285 

OVX or OT treatment (Supplemental Figure 4a and 4b). However, if we focus on meal pattern, we 286 

observe a significant decrease in meal size and duration in OVX-OT treated mice (Supplemental 287 

Figure 4c and 4d). OVX mice exhibited reduced locomotors activity (Figure 5c) and energy 288 

expenditure during the night period compared to Sham mice regardless of OT treatment (Figure 5d). 289 

Interestingly, even if OVX-OT treated mice lost body weight and fat mass, daily OT injections did not 290 

promote an increase in physical activity or energy expenditure (Figure 5c and 5d). 291 
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Under a situation where food intake is similar for OT or vehicle treated OVX and Sham mice 292 

(Figure 5b), we sought out a physiological explanation for OT-induced body fat mass loss. We found 293 

that the respiratory exchange ratio was significantly lower in OVX-OT compared to OVX-Ve mice 294 

(Figure 5e) indicating that a change in fuel utilization had occurred which favored a higher rate of 295 

lipid oxidation. Altogether, these observations suggested that OT treated mice used more lipids as 296 

energy source than vehicle treated controls which explains the beneficial effects of OT on adipose 297 

tissue weight loss. Furthermore, plasma and liver triglyceride as well as plasma glycerol levels were 298 

not affected by the OT treatment (Supplemental Figure 5). 299 

Glucose tolerance tests showed that glucose tolerance was not affected by OT treatment 300 

(Supplemental Figure 6a and 6c). Interestingly, insulin secretion was in a tendency of normalization 301 

(Supplemental Figure 6b and 6d), suggesting that OT might protect against ovariectomy-induced 302 

insulin resistance consistent with the normalization of body fat mass. We then measured the 303 

circulating levels of osteocalcin and its undercarboxylated form (Glu-OC). Glu-OC is considered as a 304 

hormone and exerts metabolic functions on different targets such as pancreatic ȕ-cells and fat cells 305 

(19). As shown, in Supplemental Figure 7a and 7b, the Glu/Gla ratio was not altered following 306 

ovariectomy and OT treatment thus indicating that osteocalcin is not involved in OT impact on 307 

adipose tissue and pancreas. 308 

 309 

Oxytocin reduces both intra-abdominal and subcutaneous adipose tissue mass without 310 

affecting adipocyte cell size. 311 

We quantified the subcutaneous and the intra-abdominal adipose tissue depots by measuring their 312 

respective areas on a transversal section at the 5th lumbar vertebra level. Ovariectomy was associated 313 

with an increase in both fat depots (Figure 6a and 6d). However, the intra-abdominal fat areas were 314 

increased at a higher extent (6-fold vs Sham mice, Figure 5a) compared to subcutaneous fat areas (2-315 

fold vs Sham mice, Figure 6d). Daily OT injections (1 mg/kg) in OVX mice were able to restore the 316 

areas of subcutaneous and intra-abdominal adipose tissues to those of Sham mice under both the early 317 

and late treatment protocols (Figure 6a and 6d, and Supplemental Figure 8a and 8b). Moreover, 318 
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treatment with 0.1 mg/kg OT displayed a significant effect on the intra-abdominal compartment 319 

suggesting that this fat depot is more sensitive to OT treatment than the subcutaneous adipose tissue. 320 

The two other treatments used (OT injections twice a week, short treatment), were inefficient 321 

(Supplemental Figure 8a and 8b). 322 

Histological analyses of intra-abdominal and subcutaneous fat depots showed that ovariectomy 323 

induced adipocytes hypertrophy in both depots (Figure 6b and 6e), as adipocyte size increased with a 324 

trend toward a greater proportion of larger adipocytes (Figure 6c and 6f). OT treatment did not 325 

significantly affect adipocyte size in subcutaneous and intra-abdominal adipose tissue depots although 326 

there was a tendency towards a decrease in cell diameter (Figure 6b and 6e). These observations 327 

suggest that OT treatment led to a reduction of fat mass mainly through a decrease in the formation of 328 

new adipocytes rather than a decrease or a blockage in adipocyte hypertrophy. 329 

In order to distinguish between a peripheral and a central effect of OT that could be involved in the 330 

decrease in fat mass, we analyzed in vitro the direct effect of OT on the differentiation of mouse 331 

adipose precursor cells. For that purpose, stromal-vascular fraction cells were isolated from 332 

subcutaneous adipose depots of OVX mice and induced to differentiate into adipocytes in the presence 333 

or the absence of 30 or 100 nM OT. The yield of differentiation was then assessed morphological 334 

analysis (Figure 7a) and real-time PCR analysis of adipocyte specific markers (Figure 7b). We 335 

observed a strong decrease in the number of lipid droplet-containing cells isolated from subcutaneous 336 

depots and a parallel decrease in the expression of adipocyte markers such as adiponectin, fabp4 and 337 

adipsin. These observations demonstrate that OT can directly target and inhibit differentiation of 338 

mouse adipose precursor cells. Together with the previous results which demonstrated that fat mass 339 

reduction in vivo following OT treatment is related to a reduction in adipocyte cell numbers, these data 340 

suggest that the propensity to acquire new fat cells from precursor cells in vivo is reduced upon OT 341 

treatment of OVX mice. 342 

 343 

DISCUSSION 344 
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Our study demonstrates that a single hormone, oxytocin, is able to normalize osteopenia and intra-345 

abdominal adiposity in ovariectomized mice, an animal model mimicking the menopause. 346 

Osteoporosis and overweight/obesity are two major global health problems with an increasing 347 

prevalence and a high impact on mortality and morbidity. The menopause, corresponding to the 348 

cessation of ovarian estrogen production, is associated with bone loss and increased intra-abdominal 349 

adiposity. In contrast to previous contentions, obesity does not protect against osteoporosis and recent 350 

studies have suggested that increased intra-abdominal fat has detrimental effects on bone health 351 

(28,30). Patients with increased fat accumulation in the abdominal area, even in the absence of obesity 352 

features (BMI < 30), have a higher risk of developing diabetes and cardiovascular diseases. 353 

So far, there is no efficient treatment free from side effects that is able to restore bone health and to 354 

decrease intra-abdominal adiposity and the associated diseases such as cardiovascular dysfunctions 355 

and type 2 diabetes. Hormonal replacement therapy is beneficial for bone and fat mass normalization; 356 

however this therapy increases the risks of developing breast cancer and cardiovascular diseases (37). 357 

Current therapies for osteoporosis mainly consist of anti-resorptive treatments, such as 358 

bisphosphonates, estrogen, selective estrogen receptor modulators, calcitonin and a monoclonal 359 

antibody against RANKL. The only currently available anabolic treatment for osteoporosis is 360 

parathyroid hormone (PTH), but this treatment has a time-limited “anabolic window” and is far from 361 

being considered as a “gold standard” therapy. Indeed on a long term basis, PTH treatment enables an 362 

increase in bone resorption and a higher bone remodeling turnover that allowed the need to be given in 363 

association with a bisphosphonate treatment in an alternative manner (37,38).Thus, OT seems to be a 364 

promising candidate for treating osteoporosis, as it was previously described as an anabolic hormone 365 

in vivo and an anti-resorptive agent in vitro (this study and (32,39)). Furthermore, we describe in this 366 

work that OT, in an osteoporotic context, restores bone coupling in vivo establishing a new steady-367 

state which contrasts with PTH treatment (38). Of note, treatment of osteoporotic patients with PTH 368 

led to a relative normalization of bones with some side effects but did not normalize body weight or 369 

fat mass distribution. This work was performed using OVX mouse as a model for post-menopausal 370 

osteoporosis which is extensively used to investigate the effects of different treatments such as PTH 371 
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and bisphosphonates. However, some discrepancies exist between the pathophysiological processes of 372 

osteoporosis in women compared to the OVX mouse. Indeed, OT has the ability to restore bone 373 

homeostasis when applied either 2 weeks post-OVX, when bone turnover and resorption are induced, 374 

or 8 weeks post-OVX, when both osteoblast and osteoclast activities are decreased, leading us to 375 

propose that OT has a highly interesting therapeutic potential in the context of osteoporosis. 376 

Transcription of the OT and OTR genes is under the control of estrogens (40). Therefore, as 377 

estrogen level is decreased in OVX mice and rats as well as in postmenopausal women, OT levels are 378 

lowered as a consequence (32). Our previous data strongly suggested that hypogonadal-induced bone 379 

loss and fat mass increase were both linked to low OT circulating levels, and that restoring OT levels 380 

could therefore reverse osteopenia and fat mass increase. Furthermore, OTR-deficient mice exhibit 381 

disorders in several aspects of social behavior, bone defects and develop late-onset obesity (39,41-44). 382 

Our present data clearly shows that OT is able to restore bone microarchitecture and to prevent the 383 

development of intra-abdominal fat mass in ovariectomized mice, both at the onset and later when the 384 

disorders are well established. Interestingly, it has been recently shown in vivo that the expression of 385 

osteoblastic OTR, by contrast to osteoclastic OTR, was required for the beneficial effects of OT (45). 386 

Herein, we show that the beneficial effect of OT on bone microarchitecture is mediated through an 387 

induction of bone modeling. This event is then associated to an increase in bone remodeling, due to 388 

the non-direct rescue of osteoclastogenesis through the induction of RANKL/OPG ratio by 389 

mesenchymal cells. Altogether, the tight regulation of osteoblast and osteoclast activities by OT leads 390 

to a new homeostasis within bone tissue. 391 

As OT affects osteoblast/adipocyte balance at the expense of adipocytes, we hypothesized that OT 392 

treatment of OVX mice could lead to a net prevention of increased body weight and fat mass. Recent 393 

reports have shown that OT controls body weight and fat mass content in mice under a high fat diet 394 

through a decreased food intake (46-49). These observations are in contrast with our data as no 395 

difference in food intake following OT treatment could be measured. In our hands mice were fed a 396 

standard chow and not a high fat diet which might explain the difference in feeding behavior. Recent 397 

data showed that OT reduces body weight in humans and improves insulin secretion in high fat diet 398 
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treated mice (50). Our data shows that OT did not affect food intake and energy expenditure, in either 399 

OVX or Sham control mice but it did improve insulin sensitivity and promoted a shift in fuel 400 

utilization. This change in RER demonstrated that fat oxidation was favored as an energy source, as 401 

RER usually ranges from 0.7 (pure fat oxidation) up to 1.0 (pure carbohydrate oxidation). 402 

Furthermore, OT did not significantly affect the adipocyte size, and data from in vitro experiments 403 

supports the inhibitory effect of OT on adipocyte differentiation of precursor cells. The effects of OT 404 

were more efficient on intra-abdominal compared to subcutaneous fat mass that could be due at least 405 

in part to the intrinsic differences in adipocyte precursors from different adipose tissue depots recently 406 

reported (51). Altogether we attributed the beneficial action of OT on body fat gain to the inhibition of 407 

adipogenesis in combination with an increase in the peripheral utilization of lipid substrate. We 408 

calculated that OT treatment resulted in a differential accumulation of adipose mass of roughly 3 g 409 

(7.5 g - 4.5 g) which corresponded to approximately 21 kcal over the 70 days of treatment, assuming 410 

that 7 kcal is consumed per g of fat mass. The body weight loss is therefore the result of a daily 411 

differential in energy of about 0.3 kcal, which represented ~2% of the 14 kcal total daily calorific 412 

intake. This calculation illustrates how a small differential in energy balance is sufficient for a 413 

dramatic output on adiposity (52). We believe that free fatty acids from adipose tissue were the main 414 

source of the lipids sustaining the shift in RER, since hepatic triglycerides did not show any difference 415 

between OT-treated and vehicle-treated animals. 416 

The crosstalk between bone and energy metabolism has been clearly evidenced in the last years 417 

through the investigations on the role of leptin, osteocalcin and other molecules (53). The complexity 418 

of the bone phenotype of leptin signaling deficient mouse models highlights the intricacy of the 419 

crosstalk between these 2 organs. In the same manner, we identified in this work differential effect of 420 

OT on cortical and trabecular bone parameters. Of note, the absence of variation in the levels of 421 

undercarboxylated osteocalcin in our mice excludes, at least in part, this pathway for a connection 422 

between bone and fat in OT-treated mice. However, we do not exclude the involvement of other 423 

molecules. Altogether these observations indicate that the impact of OT on bone and adipose tissues 424 
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involve other players such as circulating leptin levels and/or mechanical loading in the normalization 425 

of osteopenia and body weight. 426 

In conclusion, our data clearly indicates that administration of OT holds promise as a preventive 427 

therapy and may help to reverse both osteoporosis and fat mass increase. This may represent the first 428 

therapy targeting these two diseases linked to aging and their associated pathologies such as diabetes 429 

and cardiovascular disorders. 430 
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Table 602 

Table 1: Micro-computed tomography analysis of femora trabecular parameters. 603 

Early Treatment 

Femora 
Trabecular 
Parameters 

Sham Ve OVX Ve OVX OT 
1mg/kg 

OVX OT 
short treatment 

OVX OT 
twice a week 

Tb. Th. 
(µm) 

76 ± 1 70 ± 1 (a) 73 ± 1 68 ± 1 (a) 73 ± 1 

Tb. Sp. 
(µm) 

307 ± 11 380 ± 1 (a) 342 ± 6 (a,b) 366 ± 13 (a) 360 ± 13 (a) 

Tb. N. 
(1/mm) 

1.6 ± 0.1 1.2 ± 0.1(a) 1.5 ± 0.1(b) 1.2 ± 0.1(a) 1.4 ± 0.1(b) 

Late Treatment 

Femora 
Trabecular 
Parameters 

Sham Ve Sham OT 
1mg/kg 

OVX Ve OVX OT 
0.1 mg/kg 

OVX OT 
1 mg/kg 

Tb. Th. 
(µm) 

73 ± 1 70 ± 1  66 ± 1 (a) 70 ± 1 (b) 70 ± 1 (b) 

Tb. Sp. 
(µm) 

430 ±19 373 ± 11(a) 603 ±16(a) 480 ± 11 (b) 509 ± 23(b) 

Tb. N. 
(1/mm) 

0.9 ± 0.1 1.0 ± 0.1 (a) 0.7 ± 0.1 (a) 1.0 ± 0.1 (b) 0.9 ± 0.1 (b) 

 604 

Control (Sham) and ovariectomized (OVX) mice were submitted to daily injections of oxytocin 605 

(OT) or vehicle (Ve) for 8 weeks starting either 2 weeks (early treatment) or 8 weeks post-surgery 606 

(late treatment). Detailed analysis of trabecular parameters was performed on the distal metaphysis of 607 

femora. Trabecular Thickness (Tb. Th.), Trabecular Spacing (Tb. Sp.) and Trabecular Number (Tb. 608 

N.) are reported in the Table 1. a: p<0.05 vs Sham Ve; b: p<0.05 vs OVX Ve. (n=6 to 12 mice per 609 

group) Data are represented as mean +/- SEM. 610 

 611 

612 
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Figures and Legends 613 

Figure 1: Effects of oxytocin on trabecular bone parameters, body weight and fat mass in 614 

ovariectomized mice. Sham and OVX mice were submitted to daily injections of oxytocin (OT) or 615 

vehicle (Ve) for 8 weeks starting either 2 weeks (early treatment, a) or 8 weeks post-surgery (late 616 

treatment, b). Analysis of the trabecular bone from distal femoral metaphysis in OVX and Sham mice 617 

treated with OT or Ve. Mice were daily injected according to early (c, e and g) or late (d, f and h) 618 

treatment. Alternative treatments were performed (i.e. 2 injections per week, 4 weeks of OT treatment 619 

followed by 4 weeks of vehicle injections or a lower dose of 0.1 mg/kg). Trabecular bone volume was 620 

measured (c, d). Body weight was measured during early (e) and late (f) treatment. The volume of 621 

white adipose tissue between lumbar vertebra 1 and the caudal vertebra 4 was measured (g, h). 622 

BV/TV: Bone Volume/Tissue Volume ratio (n=6 to 12 mice per group), data are represented as mean 623 

+/- SEM, a p<0.05 vs Sham Ve; b p<0.05 vs OVX Ve. 624 

 625 

Figure 2 : Plasma levels of bone formation marker PINP (a, b), bone resorption marker CTX-I (c, 626 

d), adipose tissue marker leptin (e, f) in Sham and OVX mice following 8 weeks of OT or Ve in early 627 

(a, c and e) and late (b, d and f) treatment. (n= 8-12 mice per group), data are represented as mean +/- 628 

SEM, a p<0.05 vs Sham Ve; b p<0.05 vs OVX Ve. 629 

 630 

Figure 3: OT treatment restores osteoclast and osteoblast numbers as well as bone 631 

remodeling markers expression. In vivo analysis of long bones from Sham and OVX mice that were 632 

treated or not with OT. Decalcified bone sections were stained for Tracp activity (a) and Osterix 633 

expression (c) to quantify the Osteoclast (arrow) and Osteoblast (arrowhead) numbers respectively. 634 

Quantifications were performed from the growth plate up to the mid-diaphysis of femora on both 635 

trabecular and cortical bone. Quantitative representations of the illustrations on the left are shown in 636 

the graphs on the right of each panel. Real-Time PCR was performed on RNA from humeri and the 637 

expression of osteoclastic (b), osteoblastic (d), and pro-osteoclastogenic markers (e, f) was 638 
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determined. (n=12 mice per group), data are represented as mean +/- SEM, a p<0.05 vs Sham Ve; b 639 

p<0.05 vs OVX Ve. (scale bar: 10 µm). 640 

 641 

Figure 4: OT induces osteoclastogenesis in a RANKL-dependent manner through 642 

mesenchymal cells. Monocytes isolated from bone marrow of OVX mice were differentiated in vitro in 643 

the presence of M-CSF and RANKL (a, b) or using a co-culture protocol with mesenchymal ST2 cells 644 

(c-f). Differentiation was performed in the absence or the presence of 300 nM OT, and osteoclast 645 

markers expression was measured by real-time PCR (a, c) on day 8. Osteoclast differentiation was 646 

quantified following TRACP staining (b, d), representative illustrations are shown on the right of each 647 

graph. Expression of RANKL/OPG ratio in co-culture of ST2 cells with primary monocytes from OVX 648 

mice (e) is reported. Effect of increasing amounts of OPG on OT-induced osteoclast differentiation in 649 

co-culture experiments (f) is shown. Data are represented as mean +/- SEM, a p<0.05 for OT-treated 650 

cells versus control (scale bar: 10 µm). 651 

 652 

Figure 5: Increase in lipid metabolism of OVX-OT treated mice. Experimental design (a): 653 

treatment was initiated 8 weeks after surgery and consisted of a daily injection with vehicle or OT 654 

(1mg/kg) in Sham and OVX mice. Cumulative food intake (kcal) (b), total locomotors activity (c), 655 

energy expenditure (kcal/hr/kg of lean body mass) (d) and respiratory exchange ratio (vCO2/vO2) (e) 656 

were measured at two time points in the same group (during the 3rd or the 10th week of the treatment 657 

(arrows in panel a). Averages of daily and nocturnal data are presented as histograms (b-d). An 658 

average value for RER during a 4-hour period is presented as a histogram at the time period indicated 659 

by a black line (panel e). (n=6 in each group). Data are represented as mean +/- SEM, a p<0.05 vs 660 

Sham Ve; b p<0.05 vs OVX Ve. 661 

 662 

Figure 6: OT treatment reduces both intra-abdominal and subcutaneous adipose tissues, 663 

effects on adipocyte size. Quantification of intra-abdominal (a) and subcutaneous (d) adipose depots 664 

after 8 weeks of late treatment. Adipose tissue areas were measured at the L5 (lumbar vertebra 5) 665 
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section level (a, d). Adipocyte size was measured on histological sections of intra-abdominal (b, c) 666 

and subcutaneous (e, f) adipose tissues and average adipocyte diameter (b, e) as well as adipocyte 667 

distribution size (c, f) were determined. (n= 8 mice per group). Data are represented as mean +/- SEM, 668 

a p<0.05 vs Sham Ve; b p<0.05 vs OVX Ve (scale bar:100 µm). 669 

 670 

Figure 7: In vitro effect of OT on adipogenesis of primary adipose precursor cells. Stromal-671 

vascular fraction cells isolated from subcutaneous adipose tissues from OVX mice were induced to 672 

differentiate into adipocytes in the absence or the presence of 30 or 100 nM OT. Microphotographs of 673 

differentiated cells at day 10 (a) and real time PCR of adipocyte markers (b) were performed in 674 

triplicate. Data are represented as mean +/- SEM, a 2-tailed Student’s t -test was performed for the two 675 

OT doses independently, a p<0.05 vs ctrl (scale bar: 200 µm). 676 

 677 

 678 

SUPPLEMENTAL DATA 679 

 680 

Supplemental Materials and Methods 681 

Supplemental Figures and Legends 682 

Supplemental Figure 1: In vivo analysis of Tracp during the 2 weeks following ovariectomy. Tracp 683 

staining on decalcified bone sections (a) and quantification (b). Real-Time PCR for Tracp expression 684 

on RNA from humeri of Sham and OVX mice 2 weeks after ovariectomy (n= 4 mice per group), data 685 

are represented as mean +/- SEM, a p<0.05 vs Sham at 2 weeks. (Scale bar 500 µm). 686 

Supplemental Figure 2: Fat (a) and lean (b) mass weight determined using Echo-MRI methods 687 

during the OT treatment period. Data are represented as mean +/- SEM. 688 

Supplemental Figure 3: Bone marrow adiposity. In vivo analysis of fabp4 mRNA expression (a) 689 

and bone marrow adipocytes (b) within femora of Sham-Ve, OVX-Ve and OVX-OT treated mice. (n= 690 

8-12 mice per group), data are represented as mean +/- SEM, a p<0.05 vs Sham-Ve, b p<0.05 vs 691 

OVX-Ve. (Scale bar 500 µm). 692 
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Supplemental Figure 4: Oxytoxin treatment affects meal ultrastructure. 4 and 18 h cumulative 693 

food intake at the 3rd (a) and the 10th (b) week of treatment period. Meals size (c) and duration (d) at 694 

the 3rd week of treatment period. 695 

Supplemental Figure 5: Triglyceride and glycerol quantification. Triglyceride levels were 696 

quantified in Liver extracts (a). Circulating glycerol (b) and triglyceride (c) levels were quantified in 697 

plasma of Sham and OVX mice treated or not with OT. Data are represented as mean +/- SEM, a 698 

p<0.05 vs Sham Ve. 699 

Supplemental Figure 6: OT treatment improves the insulin resistance in OVX mice. Glucose 700 

Tolerance test: mice were injected intraperitoneally with glucose (1.5 g/kg) before (a, b) or after (c, d) 701 

the 8-week oxytocin treatment. Glucose (a, c) and insulin (b, d) concentrations were measured in 702 

plasma from Sham and OVX OT or vehicle treated mice. (AUC: area under the curve) (n=8 mice per 703 

group), data are represented as mean +/- SEM. 704 

Supplemental Figure 7: Plasma levels of undercarboxylated over carboxylated (Glu/Gla) osteocalcin 705 

ratio (a, b) in Sham and OVX mice following 8 weeks of OT or Ve in early (a) and late (b) treatment. 706 

(n= 8-12 mice per group), data are represented as mean +/- SEM, a p<0.05 vs Sham Ve; b p<0.05 vs 707 

OVX Ve. 708 

Supplemental Figure 8: OT treatment reduces both intra-abdominal and subcutaneous adipose 709 

tissues, effects on adipocyte size following the early treatment protocol. Quantification of intra-710 

abdominal (a) and subcutaneous (b) adipose depots following 8 weeks of early treatment. Adipose 711 

tissue areas were measured at the L5 (lumbar vertebra 5) section level using micro-computed 712 

tomography. Adipocyte size was measured on histological sections of intra-abdominal (c) and 713 

subcutaneous (d) adipose tissues at the end of the treatment period and adipocytes distribution 714 

according to their size is reported (n= 8 mice per group), data are represented as mean +/- SEM, a 715 

p<0.05 vs Sham Ve; b p<0.05 vs OVX Ve 716 

Supplemental Table 1: Sequence of primers used for gene expression analysis. 717 

Supplemental Table 2: Micro-computed tomography analysis of L4 vertebra trabecular parameters. 718 

Control (Sham) and ovariectomized (OVX) mice were submitted to daily injections of oxytocin (OT) 719 
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or vehicle (Ve) for 8 weeks starting 8 weeks post-surgery (late treatment). Detailed analysis of 720 

trabecular parameters was performed on the 4th Lumbar vertebra (L4). Trabecular Thickness (Tb. Th.), 721 

Trabecular Spacing (Tb. Sp.) and Trabecular Number (Tb. N.) are reported in the Table 2. a: p<0.05 vs 722 

Sham Ve; b: p<0.05 vs OVX Ve. (n=6 to 12 mice per group) Data are represented as mean +/- SEM. 723 

 724 

Abbreviations 725 

ĮMEM: alpha Minimum Essential Medium Eagle; BMI: Body Mass Index; BV/TV: Bone 726 

Volume/Trabecular Volume ratio (%); Col1Į1: Collagen Type 1, Alpha 1, CTR: Calcitonin Receptor; 727 

CTX-I: C-Telopeptide of type I collagen; DMEM: Dulbecco's Modified Eagle Medium; fabp4: fatty 728 

acid binding protein 4; Micro-CT: Micro-Computed Tomography; OPG: Osteoprotegerin; OT: 729 

Oxytocin; OTR: Oxytocin Receptor; OVX: Ovariectomized mouse; PINP: Procollagen type I N-730 

terminal Propeptide; PTH: Parathyroid Hormone; PCR: Polymerase Chain Reaction; RANKL: 731 

Receptor Activator of NFțB Ligand; RER: Respiratory Exchange Ratio; TNFĮ: Tumor Necrosis 732 

Factor alpha; TracP: Tartrate-Resistant Acid Phosphatase; Ve: Vehicle. 733 
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 740 

 741 
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Peptide/protein target
Antigen sequence (if 

known)
Name of Antibody

Osterix Anti-Sp7 / Osterix antibody 

Antibody Table
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Manufacturer, catalog #, 

and/or name of individual 

providing the antibody

Species raised in; monoclonal or 

polyclonal
Dilution used

Abcam #ab22552 Rabbit polyclonal 1/200


