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Abstract 

Social isolation stress has numerous known negative health effects, including increased risk for 

cardiovascular disease, dementia, as well as overall mortality. The impacts of social isolation on skeletal 

health, however, have not been thoroughly investigated. We previously found that four weeks of social 

isolation through single housing led to a significant reduction in trabecular and cortical bone in male, but 

not female, mice. One possible explanation for these changes in male mice is thermal stress due to sub-

thermoneutral housing. Single housing at room temperature (~20-25°C)—below the thermoneutral range 

of mice (~26-34°C)—may lead to cold stress, which has known negative effects on bone. Therefore, the 

aim of this study was to test the hypothesis that housing mice near thermoneutrality, thereby ameliorating 

cold-stress, will prevent social isolation-induced bone loss in male C57BL/6J mice. 16-week-old mice 

were randomized into social isolation (1 mouse/cage) or grouped housing (4 mice/cage) at either room 

temperature (~23°C) or in a warm temperature incubator (~28°C) for four weeks (N=8/group). As seen in 

our previous studies, isolated mice at room temperature had significantly reduced bone parameters, 

including femoral bone volume fraction (BV/TV), bone mineral density (BMD), and cortical thickness. 

Contrary to our hypothesis, these negative effects on bone were not ameliorated by thermoneutral 

housing. Social isolation increased glucocorticoid-related gene expression in bone and Ucp1 and Pdk4 

expression in BAT across temperatures, while thermoneutral housing increased percent lipid area and 

decreased Ucp1 and Pdk4 expression in BAT across housing conditions. Overall, our data suggest social 

isolation-induced bone loss is not a result of thermal stress from single housing and provides a key insight 

into the mechanism mediating the effects of isolation on skeletal health.  

 

Keywords: thermoneutrality, social isolation, stress, bone, metabolism  
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Lay Summary  

Social isolation is a major public health concern and is known to increase the risk for many diseases, 

including heart disease and dementia. The impact of social isolation on bone health, however, has not 

been well-studied. We previously found that four weeks of social isolation reduces bone in male mice. 

Isolated mice may experience more cold stress than mice housed in groups, as we commonly keep 

laboratory mice at temperatures below their ideal range, which could lead to bone loss. The aim of our 

study was therefore to test if housing mice at warmer temperatures, within their ideal temperature range, 

prevents isolation-induced bone loss in male mice. We found that housing mice at warmer temperatures 

did not fully prevent isolation-induced bone loss. We also found social isolation increased the expression 

of genes related to glucocorticoid signaling in bone across temperatures, as well as genes associated with 

mitochondrial metabolism within fat tissue. Overall, our results show that social isolation-induced bone 

loss is likely not a result of cold stress from single housing and provide insight into the mechanisms by 

which isolation causes bone loss.           
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1. Introduction 

Social isolation and loneliness, as well as their associated health consequences, have gained 

increased attention from both public health officials and the mass media as a result of the global COVID-

19 pandemic. While the increase in isolation and loneliness had been a concern for many years, affecting 

1 in 4 adults over the age of 65(1), the pandemic exacerbated rates of isolation(2) and concerns about the 

public health impact across age demographics. The United States surgeon general recently released a 

report in 2023 highlighting the dangers of social isolation and importance of social connection for public 

health(3). Social isolation is associated with a significant increase in cardiovascular disease risk(4), 

neurodegenerative disease(5,6), and mental health disorders(7). Isolation is also associated with a substantial 

increase in mortality risk, exceeding that of chronic smoking or drinking(8).    

While there has been an abundance of research on the effects of isolation on other physiological 

systems, including the cardiovascular system, there has been very little research on the effects of isolation 

on skeletal health(9,10). We previously tested the effects of four weeks of social isolation through single 

housing in 16-week-old male and female C57BL/6J mice. We found that four weeks of social isolation 

led to a significant reduction in trabecular (26%) and cortical (9%) bone in male, but not female, mice(11). 

We further found evidence of reduced bone turnover in the male mice, with reduced formation (e.g., 

Runx2, Dmp1) and resorption-related (e.g., Ctsk, Acp5) gene expression, as well as a trending decrease in 

osteoblast number and surface area.  

One possible explanation for the negative effects of isolation on bone in male mice is the 

potential for thermal stress during single housing. Mice are typically housed in research facilities at room 

temperature (~20-25°C) which is below the thermoneutral range of mice (~26-34°C), or the temperature 

at which they maintain their body temperature without increasing their metabolic rate(12). Previous studies 

have demonstrated that thermal stress as a result of sub-thermoneutral housing can result in premature 

bone loss, as well as increased brown adipose tissue (BAT) activation(13,14). Singly housed mice may be 

particularly vulnerable to this thermal stress as they lack the additional body heat of cage mates, which 

could exacerbate bone loss.  
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The aim of this study was to investigate the role of housing temperature on social isolation-

induced bone loss. We tested the hypothesis that housing mice at thermoneutrality, thereby ameliorating 

cold-stress, will prevent social isolation-induced bone loss in male C57BL/6J mice. This is the first study 

to investigate the interaction of housing temperature and isolation on bone metabolism. The results of this 

project will aid in identifying the mechanisms involved in isolation-induced bone loss, potentially leading 

to future interventions or therapeutic targets.      

2. Materials and Methods 

2.1 Mice 

10-week-old male C57BL/6J mice (N=32) were obtained from the Jackson Laboratory (Strain 

#000664, Bar Harbor, ME), and acclimated for six weeks after arrival to eliminate any potential stress-

related effects from shipment. All mice were housed in the barrier animal facility at MaineHealth Institute 

for Research (MHIR). MHIR is an Association for Assessment and Accreditation of Laboratory Animal 

Care (AAALAC) accredited facility, and all procedures utilized in this study were approved by the MHIR 

Institutional Animal Care and Use Committee (IACUC). All mice were kept on a 14 hr light/10 hr dark 

cycle and provided regular chow (Teklad global 18% protein diet, #2918, Envigo, Indianapolis, IN, USA) 

and water ad libitum.  

2.2 Experimental Design 

Mice were grouped or isolated as described in our previous publication(11). Briefly, at 16 weeks of 

age, mice were randomized into either control/grouped (4 mice/cage) or isolated (1 mouse/cage) housing 

for four weeks with a shepherd shack in each cage for enrichment for both groups. Half of each housing 

group (grouped or isolated) (N=8/group) were housed at room temperature (~23°C) in a standard room 

within our barrier facility. The other half were housed in a warm temperature incubator (Model RIS52SD, 

Powers Scientific Inc.) set for 29 ± 1° C with a minimum 30% humidity(15). The precise thermoneutral 

range can vary by mouse strain and age among other factors, however, we selected 29 ± 1°C based on 

previous literature rather than performing colorimetric or temperature preference tests. While recognizing 

this limitation, we refer to this temperature as “thermoneutral” or “thermoneutrality” in the remainder of 
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this paper for simplicity. Temperature and humidity were confirmed on both digital and manual gauges 

twice daily and averaged ~28°C and ~34% humidity over the course of the four weeks. Both room 

temperature and incubator mice were kept on the same light/dark cycle and food as mentioned above. 

Cage changes were performed once a week for all groups of mice.    

2.3 Dual-energy x-ray absorptiometry (DXA) 

Dual energy x-ray absorptiometry (DXA) was performed at baseline (16 weeks of age) and 

endpoint (20 weeks of age), using a Hologic Faxitron UltraFocus DXA system. Bone and fat phantoms 

provided by the manufacturer were used to calibrate the system before each scanning session. Mice were 

weighed, and areal total body (post-cranial), femoral, and vertebral (fifth lumbar) bone mineral density 

(aBMD) were measured as well as total body lean and fat mass. Baseline DXA was performed to ensure 

there were no significant mean differences in bone or body parameters between experimental groups 

before the experiment began.    

2.4 Micro-computed Tomography (μCT) 

Trabecular and cortical bone volume, mineral density, and microarchitecture were measured 

using high resolution microcomputed tomography (μCT) with a resolution of 10.5 μm (vivaCT 40, 

Scanco Medical AG, Brüttisellen, Switzerland). Femurs and the vertebral column were dissected after 

sacrifice, fixed in formalin (10% Neutral buffered) for 48 hours, and then transferred to 70% ethanol. 

Cortical bone was assessed at the femoral mid-diaphysis, and trabecular architecture was assessed at the 

distal femur metaphysis and the L5 vertebral body. All bone scans were acquired with an isotropic voxel 

size of 10.5 μm3, 70 kVp peak x-ray tube intensity, a 114 mA x-ray tube current, and 250 ms integration 

time. For each scan four femora were evenly distributed in a custom-made poly ether imide sample 

holder, while the vertebral columns were scanned individually. Gassuian filtration and segmentation was 

performed on all scans, and all analyses were performed using Scanco µCT Evaluation ProgramV6.6.  

2.5 Bone Turnover Markers 

After decapitation, blood was collected from all mice and allowed to clot at room temperature for 

at least 10 minutes. Blood was centrifuged at 10,000 rpm for 10 minutes, and serum was isolated and 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 9, 2024. ; https://doi.org/10.1101/2024.08.09.607315doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607315
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

7 
 

stored at -80°C. Serum CTX-I and P1NP concentration were measured with the RatLaps CTX-I and 

Rat/Mouse P1NP enzyme immunoassays (EIA, Immunodiagnostic Systems, United Kingdom) 

respectively. Assays were performed following the manufacturer’s instructions in duplicate and read on a 

FlexStation 3 plate reader (Molecular Devices, Eugene, OR, USA). Results were determined using the 

FlexStation software with a 4-parameter logistic curve. Samples with a coefficient of variation exceeding 

20% were excluded from analysis resulting in a N=4-8 per group.     

2.6 Brown Adipose Tissue Histology 

After dissection, brown adipose tissue was fixed in formalin (10%) for 48 hours and transferred to 

70% dehydrant alcohol. Samples were then embedded in paraffin and cut to 5µm sections and stained 

with hematoxylin and eosin (H&E) by the MHIR Histology Core following standard protocols 

(N=8/group). Representative images were taken with the Keyence BZ-X800 series Microscope in the 

MHIR Confocal Microscopy Core at 10x magnification. Images were then quantified in FIJI following 

the protocol by Tero et al 2022(16). In brief, images were segmented, non-tissue segments were converted 

to black, and an Otsu threshold was applied to allow for the differentiation of lipid space versus the total 

area.  

2.7 RNA Isolation and Real-time qPCR (RT-qPCR) 

Whole tibia and brown adipose tissue were collected, and flash frozen in liquid nitrogen and 

stored at -80°C (N=8/group). Samples were crushed under liquid nitrogen conditions and homogenized in 

1mL of TriReagent (MRC, Cincinnati, OH). Samples were incubated in 200 µL of chloroform for 10 

minutes at room temperature, and then centrifuged at 12,000 rpm for 15 minutes at 4°C. The aqueous 

layer was isolated and mixed with 500 µL of isopropanol. Samples were then frozen overnight at -80°C. 

The following day, samples were centrifuged at 12,000 rpm for 15 minutes at 4°C, supernatant removed, 

and the RNA pellet washed in 1 mL of 75% ethanol twice. After removing the supernatant a final time, 

the pellet was allowed to air dry for 5 minutes and then dissolved in 80 µL or 40 µL of nuclease-free H2O 

for whole bone or brown adipose tissue respectively. Samples were frozen overnight at -80°C. RNA 

concentration was determined using the NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA), 
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and diluted if necessary (if >1000ng/µL) with nuclease-free H2O. 1000 ng of RNA was added to each 

cDNA reaction with 10x RT buffer, 25x dNTP, 10x random primers, Reverse Transcriptase, and 

nuclease-free H2O (High Capacity cDNA Reverse Transcription Kit, Thermo Fisher Scientific, Waltham, 

MA). Samples were then run on a PCR protocol of 10 min at 25°C, 120 min at 37°C, 5 min at 85°C, and 

cooled to 4°C, and diluted with 180 μL of nuclease-free H2O. RT-qPCR was performed using 3 µL 

cDNA, nuclease-free water, SYBR green, (BioRad, Hercules, CA), appropriate forward and reverse 

primers, and run on a BioRad Laboratories CFX 384 real-time PCR system. Primers were purchased from 

Integrated DNA Technologies (Coravile, IA) or Qiagen (Germantown, MD). All primer sequences used 

in these analyses are listed in Supplementary Table S1. Beta actin (Actb) was used as the housekeeping 

gene for whole bone. In the brown adipose tissue, all potential housekeeping genes tested were 

significantly different between treatment groups. To account for this, and as all cDNA samples had the 

same quantity of input RNA, gene expression in the brown adipose tissue was normalized to the highest 

Cq, or lowest expressor, within each gene. Any values greater than 2 standard deviations above or below 

the group mean were excluded as outliers.  

2.8 Statistical Analysis 

Statistical analyses were performed using GraphPad Prism 10 XML Project® software. Student’s 

t-test was used to test for significant differences in baseline DXA parameters between experimental 

groups. Two-way ANOVA was used for all experimental analyses testing the effects of isolation or 

housing temperature. α ≤ 0.05 was considered statistically significant. Tukey’s post hoc test was 

performed for multiple comparisons for any data with a significant interaction effect.  

3. Results 

3.1 Social isolation reduced trabecular and cortical bone parameters across housing temperatures.  

Social isolation reduced femoral trabecular and cortical bone parameters across housing 

temperatures (Figure 1; Tables 1 and 2). Housing had a significant main effect on femoral BV/TV, 

BMD, BS/BV, Tb.N. and Tb.Sp. There was also a significant interaction effect for several trabecular 

parameters (see Table 1). Isolation reduced BV/TV and BMD by approximately 35% and 27% 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 9, 2024. ; https://doi.org/10.1101/2024.08.09.607315doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607315
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

9 
 

respectively at room temperature, but only by 8% for both parameters at thermoneutrality compared to 

grouped mice. This amelioration of isolation-induced bone loss, however, is driven in major part by a 

trending reduction in parameters within the grouped-thermoneutral mice relative to the grouped-room 

temperature mice. While thermoneutrality increased BV/TV and BMD by 20% within the isolated mice, it 

also decreased BV/TV and BMD by 16% and 11% respectively within the grouped-housed mice.   

 

 

Room Temperature (23°C) Thermoneutral (28°C) 

Grouped Isolated Grouped Isolated 

 

 

 

 

 

 

 

 

Figure 1. Thermoneutral housing has limited effects on social isolation-induced trabecular bone loss and 

did not improve cortical bone parameters in isolated mice. 16-week-old male mice were housed at either room 

temperature or thermoneutral in social isolation (1 mouse/cage) or grouped housing (4 mice/cage) for four weeks. 

Changes in distal femur trabecular and cortical midshaft bone density and microarchitecture were measured using 

μCT. Representative images shown. Scale bar = 100μm. 
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 Within the cortical bone of the femur, there was a significant main effect of housing condition 

across temperatures. Isolation decreased Ct.Ar., Ct.Ar./Tt.Ar., Ct.Th., and Ct.BMD, and increased Ma.Ar 

across temperatures. We also found a significant main effect of temperature in Ct.Th. and Ct.BMD, with 

thermoneutrality reducing Ct.Th. and Ct.BMD across housing conditions (see Table 2). There was no 

significant interaction between housing and temperature on cortical parameters.  

 

 Isolation and thermoneutrality had similar effects on the trabecular bone of the L5 vertebrae as in 

the femur (Table 3). Housing had a significant main effect in all L5 parameters except Tb.N. and Tb.Sp. 

There was a significant interaction between housing and temperature on BV/TV, BMD, BS/BV, SMI, and 

Table 1. Trabecular microarchitecture of distal femur of male mice housed at either room temperature or thermoneutral in grouped or 

isolated housing for four weeks. (N=7-8/group). 

 Room Temperature Thermoneutral Two-Way ANOVA Results 

Trabecular Bone Grouped Isolated Grouped Isolated Housing Temperature Interaction 

BV/TV(%) 21.7 ± 3.3 14.0 ± 1.7^^^^ 18.2 ± 3.0‡ 16.8 ± 2.3 <0.0001 0.7219 0.0034 

BMD (mg/cm3) 245 ± 28 180 ± 15^^^^ 217 ± 26‡ 200 ± 19 <0.0001 0.6494 0.0062 

BS/BV (mm2/mm3) 45.2 ± 2.7 58.1 ± 1.7^^^^ 48.7 ± 4.4 54.4 ± 2.4^^ <0.0001 0.9595 0.0026 

Conn.D (1/mm3) 181 ± 39 159 ± 40 153 ± 30 183 ± 44 0.7885 0.9140 0.0713 

SMI 1.52 ± 0.34 2.04 ± 0.21^^ 1.80 ± 0.24 1.73 ± 0.23 0.0237 0.8921 0.0040 

Tb.N (1/mm) 5.39 ± 0.46 4.89 ±0.35 5.05 ± 0.31 5.15 ± 0.47 0.1760 0.7908 0.0469 

Tb.Th (mm) 0.055 ± 0.003 0.045 ± 0.002^^^^ 0.052 ± 0.004 0.046 ± 0.002^^^ <0.0001 0.4557 0.0443 

Tb.Sp (mm) 0.177 ± 0.019 0.198 ± 0.015 0.189 ± 0.012 0.187 ± 0.018 0.1012 0.9509 0.0542 

Data presented as mean ± SD. 

BV/TV = bone volume/total volume; BMD = bone mineral density; BS/BV = bone surface/bone volume; Conn.D = connectivity density; 

SMI = structure model index; Tb.N = trabecular number; Tb.Th = trabecular thickness; Tb.Sp = trabecular separation. 

Two-way ANOVA: Bold values indicate significance with p < 0.05 

Pairwise comparisons: †p<0.1, ^p<0.05, ^^p<0.005, ^^^p<0.001, and ^^^^p<0.0001 compared to temperature matched, grouped mice.  

‡p<0.1, *p<0.05, **p<0.005, ***p<0.001, and ****p<0.0001 compared to housing matched, room temperature housed mice. 

Table 2. Cortical microarchitecture of distal femur of male mice housed at either room temperature or thermoneutral in grouped or 

isolated housing for four weeks. (N=7-8/group). 

 Room Temperature Thermoneutral Two-Way ANOVA Results 

Cortical Bone Grouped Isolated Grouped Isolated Housing Temperature Interaction 

Ct.Ar (mm2) 0.937 ± 0.065 0.848 ± 0.054 0.894 ± 0.058 0.856 ± 0.038 0.0030 0.3840 0.2087 

Ma.Ar (mm2) 1.12 ± 0.11 1.23 ± 0.13 1.14 ± 0.15 1.30 ± 0.09 0.0055 0.3026 0.5040 

Tt.Ar (mm2) 2.06 ± 0.15 2.08 ± 0.18 2.04 ± 0.19 2.16 ± 0.10 0.2339 0.6151 0.3450 

Ct.Ar/Tt.Ar (%) 45.5 ± 2.4 40.9 ± 1.2 44.1 ± 2.7 39.7 ± 2.0 <0.0001 0.0974 0.9205 

Ct.Th (mm) 0.190 ± 0.009 0.168 ± 0.006 0.180 ± 0.006 0.165 ± 0.008 <0.0001 0.0177 0.2095 

Ct. TMD (mg/cm3) 1266 ± 11 1249 ± 11 1255 ± 9 1237 ± 7 <0.0001 0.0026 0.8485 

Ct.Por (%) 0.435 ± 0.057 0.499 ± 0.075 0.446 ± 0.082 0.474 ± 0.48 0.0665 0.7656 0.4499 

pMOI (mm4) 0.511 ± 0.070 0.484 ± 0.078 0.499 ± 0.077 0.511 ± 0.043 0.7678 0.7732 0.4419 

Data presented as mean ± SD. 

Ct. = cortical; Ar. = area; Tt. = total; Ma. = medullary; Ct.Ar/Tt.Ar= cortical area/total area; Ct.TMD = cortical tissue mineral density; 

Ct.Por. = cortical porosity; Ct.Th. = cortical thickness; pMOI = polar moment of inertia. 

Two-way ANOVA: Bold values indicate significance with p < 0.05 
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Tb.Th., with greater differences between isolated and grouped mice at room temperature. Isolation 

reduced BV/TV and BMD by approximately 22% and 21% at room temperature respectively, but only by 

approximately 10% for both parameters at thermoneutrality. Unlike the femur, however, there were no 

significant or trending differences between housing matched room temperature and thermoneutral mice. 

This suggests the significant interactions are driven both by a reduction in BV/TV and BMD in the 

grouped mice and an increase in these parameters in isolated mice at thermoneutrality.   

There were no significant differences in weight or fat mass observed via DXA (Supplementary 

Figure S1). There was, however, a trending decrease in lean mass with thermoneutral housing (p = 

0.0969). 

 

3.2 Housing and temperature did not alter serum turnover markers. 

We examined bone turnover markers to determine if temperature or housing significantly altered 

bone formation or resorption markers. There were no significant main effects of either temperature or 

housing on P1NP or CTX-I (Figure 2). There were also no significant interactions between housing and 

temperature. 

 

Table 3. Trabecular microarchitecture of L5 vertebrae of male mice housed at either room temperature or thermoneutral in grouped or 

isolated housing for four weeks. (N=8/group). 

 Room Temperature Thermoneutral Two-Way ANOVA Results 

Trabecular Bone Grouped Isolated Grouped Isolated Housing Temperature Interaction 

BV/TV(%) 30.8 ± 2.3 23.9 ± 2.0^^^^ 29.3 ± 2.8 26.3 ± 1.3^ <0.0001 0.5631 0.0161 

BMD (mg/cm3) 286 ± 18 227 ± 16^^^^ 273 ± 24 246 ± 9^ <0.0001 0.5876 0.0167 

BS/BV (mm2/mm3) 40.3 ± 2.8 50.0 ± 1.8^^^^ 42.3 ± 3.2 46.9 ± 1.2^^ <0.0001 0.5489 0.0058 

Conn.D (1/mm3) 238 ± 36 284 ± 47 241 ± 22 277 ± 33 0.0028 0.8463 0.7107 

SMI 0.200 ± 0.229 0.712 ± 0.163^^^^ 0.228 ± 0.219 0.452 ± 0.156 <0.0001 0.1032 0.0451 

Tb.N (1/mm) 5.71 ± 0.23 5.48 ± 0.30 5.61 ± 0.21 5.64 ± 0.28 0.2825 0.7525 0.1497 

Tb.Th (mm) 0.055 ± 0.003 0.045 ± 0.001^^^^ 0.052 ± 0.004 0.047 ± 0.001^ <0.0001 0.7036 0.0096 

Tb.Sp (mm) 0.164 ± 0.008 0.175 ± 0.010 0.168 ± 0.008 0.169 ± 0.009 0.0593 0.7475 0.0918 

Data presented as mean ± SD. 

BV/TV = bone volume/total volume; BMD = bone mineral density; BS/BV = bone surface/bone volume; Conn.D = connectivity density; 

SMI = structure model index; Tb.N = trabecular number; Tb.Th = trabecular thickness; Tb.Sp = trabecular separation. 

Two-way ANOVA: Bold values indicate significance with p < 0.05 

Pairwise comparisons: †p<0.1, ^p<0.05, ^^p<0.005, ^^^p<0.001, and ^^^^p<0.0001 compared to temperature matched, grouped mice.  

‡p<0.1, *p<0.05, **p<0.005, ***p<0.001, and ****p<0.0001 compared to housing matched, room temperature housed mice. 
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Figure 2. Social isolation and housing temperature did not significantly affect serum-level bone formation or 

resorption markers. Bone formation (P1NP) and resorption (CTX-I) markers were measured with serum EIA assays. N = 4-

8/group. 

 

3.3 Social isolation increased early osteoclast-related gene expression across housing temperatures.  

To further investigate changes in bone formation and resorption, we examined osteoblast and 

osteoclast-related gene expression in the whole tibia (Figure 3). Social isolation tended to increase 

expression of the early osteoclast-related gene NF-κB subunit RelA/p65 (Rela), and significantly 

increased expression of the M-CSF1 receptor (Csfr1), both important in osteoclast differentiation, 

independent of housing temperature. SH3 and PX domains 2A (Sh3pxd2a), important in osteoclast fusion 

and podosome formation, was significantly increased by isolation across housing temperatures. Social 

isolation also tended to decrease expression of osteoblast-related gene Runt-related transcription factor 2 

(Runx2), important in osteoblast differentiation, independent of temperature. There was, however, no 

significant main effect or interaction of housing and temperature on RANKL (Tnfs11), or OPG 

(Tnfrsf11b). There were also no significant differences in expression of other osteoblast-related genes 

including Bglap or Dmp1 (data not shown). 
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Figure 3. Social isolation increases early osteoclast related gene expression across housing temperatures. 

Measured in whole tibia with qPCR. Normalized to Actb as housekeeping gene. N=7-8/group. 
 

3.4 Social isolation increased glucocorticoid-, but not sympathetic nervous system-related gene 

expression in bone across housing temperatures.  

To investigate whether the bone changes observed with isolation may be a result of 

glucocorticoid signaling, we measured expression of glucocorticoid-related genes in whole bone. Social 

isolation increased the expression of the glucocorticoid receptor (Nr3c1) independent of housing 

temperature (Figure 4). Isolation also tended to increase the expression of Hydroxysteroid 11-Beta 

Dehydrogenase 1 (Hsd11b1), an enzyme critical for corticosterone activation. The sympathetic nervous 

system is also an important component of the stress response and has significant effects on bone. We 

therefore also measured sympathetic nervous system-related gene expression, specifically the β1 and β2 

adrenergic receptors (Adrb1, Adrb2), but found no significant effect of either housing or temperature.   
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Figure 4. Social isolation increases glucocorticoid receptor expression across housing temperatures but 

does not affect sympathetic nervous system-related gene expression in whole bone. Measured in whole 

tibia with qPCR. Normalized to Actb as housekeeping gene. N=7-8/group.  

 

3.5 Thermoneutral housing increased lipid area in BAT, while social isolation increased Pdk4 expression 

across housing temperatures.  

To ascertain if the observed changes in bone may be related to changes in adipose tissue, we 

compared BAT lipid density between groups. Thermoneutral housing increased lipid droplet percent area 

across housing groups, while isolation had no effect on percent lipid area (Figure 5).     

 

 

To further evaluate the effects of temperature and housing on BAT, we examined mitochondrial- 

and thermogenic-related gene expression in dissected BAT. Thermoneutral housing significantly 

A)   B) 
 

Grouped Isolated 

 

 

Room 

Temperature 

(23°C) 

  

  

Thermoneutral 

(28°C) 

  

Figure 5. Thermoneutral housing increases percent lipid area. A) Representative images of H&E-stained 

brown adipose tissue (BAT). Imaged at 10x magnification, scale bar = 100µm. B) Percent lipid area of dissected 

BAT. N=8/group.  
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decreased expression of type II deiodinase (Dio2), an enzyme that catalyzes T4 to T3 during sympathetic 

induced thermogenesis. Uncoupling protein 1 (Ucp1), which encodes a protein crucial for heat dissipation 

by H+ ion release across the inner mitochondrial membrane, was also significantly decreased by 

thermoneutral housing across housing conditions. Thermoneutrality also tended to decrease expression of 

pyruvate dehydrogenase lipoamide kinase isozyme 4 (Pdk4), which promotes oxidation of fatty acids 

upon lipolysis. (Figure 6).  Social isolation, however, significantly increased Ucp1 and Pdk4 expression 

independent of housing temperature, suggesting social isolation may alter BAT metabolism independent 

of temperature. There was no significant effect of housing or temperature on expression of peroxisome 

proliferative activated receptor gamma coactivator 1-alpha (Ppargc1a), a transcriptional coactivator 

important in regulating genes involved in energy metabolism and thermogenesis.    

  

  
Figure 6. Thermoneutral housing decreased Dio2, Pdk4, and Ucp1 expression, but isolation increased 

Pdk4 expression across temperatures. Measured in brown adipose tissue (BAT) with qPCR. Normalized to 

highest CQ/lowest expressor. N=7-8/group. 

 

4. Discussion  

The major finding of this study is that thermoneutral housing does not fully rescue isolation-

induced bone loss. Social isolation decreased trabecular and cortical parameters in the femur across 

temperatures and decreased trabecular parameters of the L5 vertebrae. There was a significant interaction 

effect between housing and temperature within some of the trabecular parameters, with a smaller effect of 
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isolation at thermoneutrality. This may be suggestive of a partial amelioration of isolation-induced bone 

loss at thermoneutrality. However, in the femur, this interaction effect is driven largely by a trending 

reduction in bone parameters—specifically BV/TV and BMD—within the grouped-thermoneutral mice 

relative to the grouped-room temperature mice. This indicates the significant interaction between housing 

and temperature is driven both by a reduction in bone parameters in grouped mouse as well as an increase 

in isolated mouse bone parameters at thermoneutrality. While we did not see a significant or trending 

difference between the room temperature and thermoneutral grouped mice within the vertebrae, there was 

also no significant improvement within the isolated mice. This suggests that while thermoneutral housing 

may have some positive effects on bone parameters as previously demonstrated, these effects are limited 

within the isolated group and does not fully ameliorate the isolation-induced bone loss.  

There were no significant main effects or interactions within the serum-level turnover markers. 

We did find a significant increase in early osteoclast-related gene expression in the isolated mice 

independent of temperature. This may provide insight into the mechanisms underlying isolation-induced 

bone loss, but again suggests that thermoneutral housing does not fully ameliorate the effects of social 

isolation on bone. 

   We also examined gene expression related to glucocorticoid and sympathetic nervous system 

activity. We found a significant increase in glucocorticoid receptor expression and a trending increase in 

Hsd11b1, which is important in corticosterone activation, in the bone of isolated mice independent of 

temperature. We did not find any significant differences in expression of either of the beta-adrenergic 

receptors examined. This suggests that glucocorticoid signaling may play an important role in isolation-

induced bone loss.  

While thermoneutral housing did not fully rescue isolation-induced bone loss, within the BAT, 

thermoneutral housing increased percent lipid area, and decreased the expression of Ucp1. This is 

consistent with findings from previous thermoneutrality studies(17,18) and suggests a reduction in cold 

stress at 28°C despite the lack of improvement in bone. We also found that social isolation increased 

expression of Pdk4 across housing temperatures. While BAT activity and related thermogenesis are 
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known to be mediated by the sympathetic nervous system(19), glucocorticoid signaling can also increase 

BAT activity(20), including the expression of Pdk4(21). This further supports the hypothesis that 

glucocorticoid signaling may be an important mediation of social isolation-induced bone loss.    

Although previous studies investigating the effects of thermoneutral housing on bone have found 

improvements in bone parameters, several studies have shown this is not always the case. Tastad et al. 

found that housing 10-week-old mice at 32°C for 6 weeks did not improve bone size or trabecular 

architecture within control groups or in tibial-loaded raloxifene treated mice(22). In several cases, 

thermoneutral housing had a slight negative effect, including on cortical thickness, as seen in our own 

study. Our own work examining the effects of housing temperature on skeletal effects of the atypical 

antipsychotic olanzapine similarly found that thermoneutrality did not fully rescue olanzapine-induced 

bone loss(23). In fact, olanzapine seemed to attenuate the positive effects of thermoneutral housing on 

bone.    

Strengths of this study include that it is the first to examine the effects of temperature on social 

isolation-induced bone loss. Our results showed that bone loss persists at thermoneutrality and is likely 

not a result of thermal stress. We further showed evidence of elevated glucocorticoid receptor expression 

in isolated mice across temperatures, providing insight into possible mechanisms causing isolation-

induced bone loss. 

There were several limitations in this study that should be considered. First, it is possible that the 

thermoneutral housing was not sufficiently warm for the mice to achieve thermoneutrality. The 

thermoneutral range of mice has previously been defined as a range from approximately 26-34°C(12). 

However, Skop et al. suggests a diurnal 29-30°C is more accurate(24), while other researchers house 

thermoneutral mice at ~32°C(17,25). We did observe changes in brown adipose tissue, including expansion 

of the lipid droplet size and decrease in Ucp1 expression, consistent with thermoneutral temperature, 

although this did not rescue the effects of social isolation on bone. Furthermore, Sattgast et al. found that 

26°C was sufficient to reduce trabecular bone loss(18). It is also possible that housing mice in the warm 

temperature incubator induces additional stress relative to their prior environment within a larger room in 
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the animal facility. If this is the case, this may mask the potential benefits of thermoneutral housing on 

isolation-induced bone loss.   

A second limitation in this experiment was the use of only male mice. Our previous study found 

that social isolation through single housing only induced bone loss in male mice. We therefore only 

included males in this study to examine the potential ameliorating effects of thermoneutrality. We do not 

expect the results to be drastically different in females, as others have found no differences in the effects 

of temperature on bone between the sexes(25). Some of our assays also had very low sample sizes, 

specifically our serum-level turnover markers had a N=<5 for some groups due to exclusion of coefficient 

of variation above 20, which may affect the results.    

Future studies should consider the role of glucocorticoid signaling in isolation-induced bone loss, 

as well as the potential role of the sympathetic nervous system. Circulating measures of corticosterone 

and catecholamines, in addition to inhibition experiments, would help clarify the role of both 

glucocorticoid and sympathetic activity respectively. Additional experiments should also interrogate the 

sex differences in isolation-induced bone loss found in our previous study(11). It is possible that social 

isolation acts on different time scales in female mice, potentially requiring longer periods of isolation to 

affect bone. Age may also play an important role, as social isolation at young ages, specifically post-

weaning, has dramatic effects on brain development and behavior in rodents(26), and may have similar 

effects on bone loss. Lastly, it is important to understand how isolation affects skeletal health in human 

populations. Only two studies have examined the effects of isolation on osteoporosis and fracture risk in 

humans(9,27), and more work is needed particularly to understand the role of sex and age on these effects.   

Overall, our results show that the negative effects of social isolation on bone persist even at 

thermoneutrality. This suggests that isolation-induced bone loss in mice is not a result of thermal stress 

due to single housing. Future work should focus on other potential mechanisms including the role of 

glucocorticoid signaling. Collectively, this study provides important insight into the mechanisms of social 

isolation-induced bone loss.  
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Supplementary Materials  

Supplementary Table S1. Primer sequences used for qPCR.   

Gene  Abbreviation Forward Primer 

Sequence  

Reverse Primer 

Sequence 

Manufacturer 

Beta actin Actb NA NA 
Qiagen 

(#PPM02945B) 

Beta 1 adrenergic receptor Adrb1 NA NA 
Qiagen 

(#PPM05035A) 

Beta 2 adrenergic receptor Adrb2 NA NA 
Qiagen 

(#PPM04265C) 

Colony stimulating factor 1 

receptor  
Csf1r NA NA 

Qiagen 

(#PPM03625F) 

Type II deiodinase Dio2 

5'-CAG TGT GGT 

GCA CGT CTC 

CAA TC-3'  

5'-TGA ACC AAA 

GTT GAC CAC 

CAG-3' 

IDT1 

Hydroxysteroid 11-Beta 

Dehydrogenase 1 
Hsd11b1 

5'-TCA TGG GCG 

GAC TGG ACA T-

3' 

5'-AGC AAT CAT 

AGG CTG GGT 

CAT-3' 

PrimerBank 

(#113680740c2) 

Nuclear Receptor 

Subfamily 3 Group C 

Member 1 (Glucocorticoid 

receptor) 

Nr3c1 
5'-AGC TCC CCC 

TGG TAG AGA-3' 

5'-GGT GAA GAC 

GCA GAA ACC 

TTG-3' 

PrimerBank 

(#6680103a1) 

Pyruvate dehydrogenase 

lipoamide kinase isozyme 4 
Pdk4 

5'-AAA GTG GGT 

CTG TGG CAT TG-

3' 

5'-AAG GTT TGT 

ACT CGT GTT 

TGT G-3' 

Primer Design 

Peroxisome proliferative 

activated receptor, gamma, 

coactivator 1 beta 

Ppargc1a 

5'-TGA TGT GAA 

TGA CTT GGA 

TAC AGA CA-3' 

5'-GCT CAT TGT 

TGT ACT GGT 

TGG ATA TG-3' 

IDT1 

NF-κB subunit RelA/p65 Rela NA NA 
Qiagen 

(#PPM04224F) 

Runt-related transcription 

factor 2 
Runx2 

5'-GAC AGA AGC 

TTG ATG ACT 

CTA AAC C-3' 

5'-TCT GTA ATC 

TGA CTC TGT 

CCT TGT G-3' 

IDT2 

SH3 and PX domains 2A Sh3pxd2a NA NA 
Qiagen 

(#PPM38695A) 

Osteoprotegerin (OPG) Tnfrsf11b NA NA 
Qiagen 

(#PPM03404F) 

Receptor activator of 

nuclear factor kappa-Β 

ligand (RANKL) 

Tnfsf11 NA NA 
Qiagen 

(#PPM03047F) 

Uncoupling protein 1 Ucp1 

5'-ACT GCC ACA 

CCT CCA GTC 

ATT-3' 

5'-CTT TGC CTC 

ACT CAG GAT 

TGG-3 

IDT1 
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Supplemental Figure S1. Housing and temperature did not significantly alter body parameters. At the end 

of 4 weeks of treatment, body parameters were measured using dual-energy x-ray absorptiometry (DXA). N=7-

8/group. 
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