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Summary 52 

On a high fat diet, obese SM/J mice initially develop metabolic dysfunction, including impaired glucose 53 

tolerance and elevated fasting glucose. These abnormalities resolve spontaneously by 30 weeks of age 54 

despite persistence of obesity. The mice dramatically expand their brown adipose depots as they resolve 55 

glycemic dysfunction. They also expand their pancreatic islet populations and improve beta cell function. 56 

When the brown adipose depot is removed from normoglycemic high fat-fed mice, fasting blood glucose 57 

and glucose tolerance revert to unhealthy levels. This occurs naturally and spontaneously on a high fat 58 

diet, with no temperature or genetic manipulation. We identified 267 genes whose expression changes 59 

in the brown adipose when the mice resolve their unhealthy glycemic parameters, and find the expanded 60 

tissue has a ‘healthier’ expression profile. Understanding the physiologic and genetic underpinnings of 61 

this phenomenon in SM/J mice will open the door for innovative therapies aimed at improving glycemic 62 

control.  63 
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Introduction 78 

An estimated 10-30% of obese individuals maintain glycemic control (Karelis, 2008) and some 79 

longitudinal studies suggest their risk of developing type II diabetes is no greater than matched lean 80 

individuals (Meigs et al., 2006). No causative factors underlying glycemic control in obesity have been 81 

discovered, however the strongest predictors of impaired glycemic control in obesity are increased 82 

visceral fat mass and adipose tissue dysfunction (Goossens, 2017; Klöting et al., 2010). Thus research 83 

efforts have focused on understanding the genetic and physiological mechanisms of action of adipose 84 

(Rosen and Spiegelman, 2014). Recent research reveals that brown adipose activity is associated with 85 

anti-diabetic properties (Chechi et al., 2013; Cypess et al., 2009; Hanssen et al., 2016; van Marken 86 

Lichtenbelt et al., 2009a; Saito, 2013; Saito et al., 2009; Stanford et al., 2013; Virtanen et al., 2009). Cold 87 

exposure in both obese and lean individuals causes increased uptake of fatty acids and glucose into 88 

brown adipose tissue, which is associated with an increase in total energy expenditure (van Marken 89 

Lichtenbelt et al., 2009b; Ouellet et al., 2012; Saito et al., 2009). Further, increased brown adipose activity 90 

has been shown to improve glucose homeostasis and insulin sensitivity in adults (Chondronikola et al., 91 

2014). The role of brown adipose in healthy metabolism is generally thought to be a function of its role in 92 

non-shivering thermogenesis. However recent research indicates brown adipose also has a secretory 93 

role, releasing adipokines into circulation that contribute to glycemic control, including fibroblast growth 94 

factor 21 (FGF21) (Stanford et al., 2013) and neuregulin 4 (NRG4) (Wang et al., 2014). Transplantation 95 

of brown adipose tissue into mouse models of both type I and type II diabetes greatly improves glucose 96 

parameters, including fasting glucose levels and response to a glucose challenge (Gunawardana and 97 

Piston, 2012, 2015), and this is thought to be due to brown adipose secreted factors (Villarroya et al., 98 

2017). Thus there is significant interest in identifying the brown adipokines responsible for these anti-99 

diabetic properties. While there are a variety of obese and diabetic mouse models, there are no mouse 100 

models for understanding the relationship between brown adipose and glycemic control in obesity. 101 

The SM/J inbred mouse strain has long been used for studying interactions between diet and 102 

metabolism, and more recently has started to help uncover the genetic architecture underlying diet 103 
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induced obesity and glucose homeostasis (Cheverud et al., 2011; Lawson and Cheverud, 2010; Lawson 104 

et al., 2010, 2011b, 2011a; Nikolskiy et al., 2015). It has previously been shown that fed a high fat diet, 105 

SM/J mice display many of the characteristics of a diabetic-obese mouse: obesity, hyperglycemia, 106 

glucose intolerance, and deficient insulin production at 20 weeks of age (Ehrich, 2003). Here, we report 107 

that SM/J mice undergo a remarkable transformation between 20 and 30 weeks of age. Despite 108 

persistence of the obese state, these mice enter into diabetic remission: returning to normoglycemia, 109 

reestablishing glucose tolerance, and increasing insulin production without loss of insulin sensitivity. 110 

Contemporary with this remission of glycemic parameters is a dramatic expansion of the interscapular 111 

brown adipose depot. This study describes the morphological, physiological, and transcriptomic changes 112 

that occur during this transition, and establishes the SM/J mouse as a unique model for understanding 113 

the relationship between brown adipose and glycemic control in obesity. Understanding this relationship 114 

in a natural model of glycemic resolution will set the stage for identifying novel, potentially therapeutic 115 

targets for the improvement of glycemic control in obesity. 116 

 117 

Results 118 

SM/J mice improve glucose parameters without weight loss 119 

The SM/J inbred mouse strain is used to explore dietary obesity and glycemic control (Lawson 120 

and Cheverud, 2010). When fed a high fat diet (Supplemental Table 1), SM/J mice develop obesity, 121 

hyperglycemia, and impaired glucose tolerance by 20 weeks of age (Ehrich et al., 2003). We find that by 122 

30 weeks of age, high fat-fed SM/J mice resolve their hyperglycemia and impaired glucose tolerance to 123 

levels indistinguishable from low fat-fed controls, despite persistence of the obese state (Figure 1A-D). 124 

Thirty-week-old high fat-fed SM/J mice experience a 2.5-fold increase in fasting insulin levels compared 125 

to 20 week-old high fat-fed mice, and a 1.9-fold increase in fasting insulin compared to 30 week-old low 126 

fat-fed mice (Figure 1E). This is reflected in a similar trend in total pancreatic insulin content (Figure 1F), 127 

with no loss of insulin sensitivity, suggesting enhanced insulin secretion contributes to the resolution of 128 

glucose parameters (Figure 1G and H).  129 
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Figure 1. Obese SM/J mice improve glucose parameters between 20 and 30 weeks of age. A High 131 
fat-fed mice weigh significantly more than low fat-fed mice, and SM/J mice gain weight between 20 and 132 
30 weeks of age on both diets, n = 48-131 mice per cohort. B 30 week-old high fat-fed mice have 133 
significantly lower fasting glucose levels than at 20 weeks, which is no different than low fat-fed controls, 134 
n = 22-47 mice per cohort. C and D 30 week-old high fat-fed mice have improved glucose tolerance 135 
relative to 20 weeks, n = 22-47 mice per cohort. E Lower fasting glucose and improved glucose tolerance 136 
corresponds with increased serum and F pancreatic insulin, n = 10-20 mice per cohort. G and H This 137 
increase in insulin does not correspond to changes in insulin sensitivity in 30 week-old high fat-fed mice, 138 
n = 22-47 animals per cohort. Equal numbers of males and females represented; * p<0.05, ** p< 0.01, 139 
*** p <0.001 140 
 141 

High fat-fed C57BL/6J mice also show a reduction in fasting glucose that is accompanied by 142 

increased insulin with age (Ahren, 2004). However, the difference in circulating glucose between the high 143 

fat- and low fat-fed controls remain significantly different over time. Moreover, high fat-fed C57BL/6J mice 144 

show marked glucose intolerance that does not resolve with age. We observe a similar trend in the LG/J 145 

strain of mice, where high fat-fed animals maintain higher fasting glucose levels and impaired glucose 146 

tolerance relative to low fat-fed controls as they age (Supplemental Figure 1). The unique remission of 147 

hyperglycemia and improved glucose tolerance observed in the high fat-fed SM/J strain indicates a 148 

genetic basis. 149 

 150 

Increased islet cell replication underlies increased insulin production and improved islet function 151 

 To understand the potential causes of the increased insulin secretion in high fat-fed SM/J mice, 152 

we analyzed the morphology and function of pancreatic islets. The resolution of glucose parameters 153 

correlates with increased pancreatic islet mass of high fat-fed mice at 30 weeks compared to 20 weeks 154 

or to low fat-fed controls (Figure 2A). This increase in islet mass is driven by sustained mitosis of cells 155 

within the islet, with a substantial increase in beta cell mass between 20 and 30 week high fat-fed mice 156 

(Figure 2B; Supplemental Figure 2). A high fat diet and obesity are usually accompanied by a 157 

progressive decline in beta cell function (Kahn et al., 2001; Da Silva Xavier, 2018), however a static 158 

glucose-stimulated insulin secretion assay reveals that islets from high fat-fed SM/J mice improve insulin 159 

secretion efficiency between 20 and 30 weeks, transitioning from non-glucose sensitive to glucose 160 

sensitive (Figure 2C). Because high fat-fed SM/J islets are proliferative at 20 weeks, the non-existent 161 
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glucose-stimulated insulin secretion at 20 weeks suggests the nascent beta cells are not yet functionally 162 

mature (Figure 2B and C). This contrasts with high fat-fed C57Bl/6J mice, which have increased 163 

pancreatic islet size and reduced beta cell function (Roat et al., 2014), further underscoring the genetic 164 

basis of this phenomenon.  165 

 166 

Figure 2. 30 week-old high fat-fed SM/J mice increase islet replication and improve insulin 167 
secretion. A Increased islet cell mass in high relative to low fat-fed mice, and in 30 relative to 20 week-168 
old high fat-fed mice. B Islet cells in high fat-fed mice have elevated levels of phosphohistone-H3, a 169 
marker of mitosis. C Islets isolated from 30 week-old high fat-fed mice show restored insulin secretion 170 
capacity in the presence of high glucose compared to 20 week-old high fat-fed mice. Equal numbers of 171 
males and females represented, panels A and B: n = 12-16 mice per cohort; panel C: n = 6-8 mice per 172 
cohort; * p<0.05, ** p< 0.01, *** p<0.001 173 
 174 

High fat-fed SM/J mice expand their interscapular brown adipose tissue depots 175 

 In conjunction with the resolution of glycemic parameters and improved insulin secretion, high fat-176 

fed SM/J mice dramatically expand their interscapular brown adipose depots, which is not seen in low 177 

fat-fed control mice (Figure 3A-C). This has never been described in another mouse strain, and we do 178 
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not observe the phenomenon in the LG/J strain of mice on the same diets at any age (Supplemental 179 

Figure 3). To understand whether the tissue mass expansion is due to increased size of individual cells 180 

or to increased number of total cells, we quantified adipocyte cell size and percent of phosphohistone-181 

H3 positive cells. There are no significant differences in average cell size in high fat-fed mice between 182 

20 and 30 weeks, or relative to low fat-fed controls (Supplemental Figure 4A). Mice on both diets 183 

undergo altered adipocyte area profiles between 20 and 30 weeks of age, however the low fat tissue 184 

develops a profile significantly trending towards larger adipocytes at 30 weeks (p=6.4-07) whereas the 185 

high fat tissue develops a profile significantly trending towards smaller adipocytes at 30 weeks (p=2.2-16) 186 

(Figure 3D and E). This suggests that the expansion of the brown adipose depot in high fat-fed mice is 187 

the result of increased proliferation of adipocytes, as newer adipocytes are smaller due to less lipid 188 

accumulation. This is supported by quantification of brown adipose cells stained positive for the mitotic 189 

marker phosphohistone H3, which trends towards higher mitosis in the brown adipose of high fat-fed 190 

animals (Supplemental Figure 4B). 191 

Obesity has been associated with structural and functional “whitening” of brown adipose depots 192 

in rodents (Lapa et al., 2017; Roberts-Toler et al., 2015; Shimizu and Walsh, 2015; Shimizu et al., 2014). 193 

Histological analysis of the fat depot taken from high fat-fed SM/J mice at 30 weeks of age confirms the 194 

adipocytes in this expansion are brown adipocytes, with small multilocular lipid droplets and high UCP1 195 

staining (Supplemental Figure 5). Expression of canonical brown adipose genes Ucp1 and Cidea do 196 

not change between 20 and 30 weeks (Figure 3F-G). Further, expression of Tbx1, a marker specific for 197 

beige adipocytes (Wu et al., 2012), indicates that neither brown nor white adipose is “beiging” (Figure 198 

3H). Finally, there is no significant difference in brown adipose tissue mitochondrial content between the 199 

diets or ages (Figure 3I). There is no difference in core body temperature or circulating free fatty acids 200 

between high and low fat-fed cohorts or between 20 and 30 weeks of age (Supplemental Figure 6A 201 

and B). Additionally, while there are diet-dependent differences in the catecholamines norepinephrine 202 

and epinephrine, which activate UCP1-mediated leak respiration and non-shivering thermogenesis, there 203 

is no change in levels between ages in the high fat-fed mice (Supplemental Figure 6C and D). Thus, 204 
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the interscapular adipose depot in high fat-fed SM/J mice maintains a brown adipose identity after 205 

expansion that is not dependent on whole-animal beiging, and is also not associated with altered 206 

thermogenesis.  207 

 208 
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Figure 3. Brown adipose expansion in 30 week-old high fat-fed SM/J mice. Representative pictures 209 
of A 20 week and B 30 week-old high fat-fed female mice. C Quantification of interscapular brown adipose 210 
depot as a proportion of total fat mass, n = 16-25 mice per cohort. D and E Cell area density graphs for 211 
high fat and low fat-fed cohorts. Data are plotted on a log10 scale for visualization, n = 4 mice per cohort. 212 
F-H Gene expression levels quantified in three adipose depots of high fat-fed mice: interscapular brown 213 
adipose (iBAT), inguinal white adipose (ingWAT), and reproductive white adipose (repWAT), n = 6-10 214 
mice per cohort and tissue. Canonical brown adipose genes (F) Ucp1 and (G) Cidea show high 215 
expression in iBAT and no difference between 20 and 30 week-old mice. Beige adipose marker (H) Tbx1 216 
is not expressed in any depot. I Mitochondrial copy number was significantly higher in brown adipose 217 
tissue than in inguinal white adipose tissue at both 20 and 30 week time points with no significant 218 
difference between high or low fat-fed mice, n = 6-7 mice per cohort and tissue. Equal numbers of males 219 
and females represented. * p<0.05, ** p< 0.01 220 
 221 

RNA sequencing reveals enrichment of differentially expressed cytokines and genes affecting extra 222 

cellular matrix 223 

 Since the brown adipose tissue expansion is unique to high fat-fed SM/J mice, we anticipated that 224 

there would be corresponding unique transcriptomic changes in the brown adipose. Indeed, we identified 225 

267 genes whose expression significantly and uniquely changes between 20 and 30 weeks of age in 226 

high fat-fed SM/J brown adipose tissue (at a 5% FDR, out of 13,253 total genes expressed; 227 

Supplemental Table 2). These expression changes occur when the mice resolve their unhealthy 228 

glycemic parameters and expand their brown adipose depots. These genes are not differentially 229 

expressed in white adipose tissue taken from the same animals or in low fat-fed SM/J controls (Figure 230 

4A). Additionally, they are not differentially expressed in the LG/J strain of mouse, again underscoring 231 

the genetic basis of the phenomenon (Supplemental Figure 7; Supplemental Table 3).  232 

Over-representation analysis indicates these genes are enriched for those involved in cytokine-233 

cytokine receptor interactions (p=3.23e-06), signaling receptor activity (p = 5.70e-06), cell surface receptor 234 

signaling (p=2.04e-07), and extracellular matrix components (p = 7.93 e-13), among others (Figure 4B; 235 

Supplemental Table 4). These are intriguing results because brown adipose has been identified as a 236 

source of cytokines that influence beta cell health and glucose homeostasis (Villarroya et al., 2017; Wang 237 

et al., 2015), and extracellular matrix changes are essential for tissue expansion, cellular signaling, and 238 

regulation of growth factor bioavailability (Frantz et al., 2010).  239 
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Several genes belonging to these biological categories have evidence for their involvement in 240 

glucose homeostasis and change expression in a direction that is associated with improved metabolic 241 

health in high fat-fed SM/J mice between 20 and 30 weeks of age (Figure 4C). In particular, the direction 242 

of expression change reveals that the expansion of brown adipose is associated with a decrease in 243 

inflammatory (e.g. interleukin 7 receptor, Il7r) (Kim et al., 2014) and fibrotic markers (e.g. collagen type 244 

VIII alpha 1 chain, Col8a1; semaphorin 3C, Sema3c) (Mejhert et al., 2013; Sun et al., 2013), and changes 245 

in extracellular matrix components (e.g. matrix metallopeptidase 12, Mmp12; procollagen c-246 

endopeptidase enhancer, Pcolce) (Huang et al., 2011; Lee et al., 2014) and cytokine activity (e.g. 247 

coagulation factor VII, F7; leptin, Lep; secreted frizzled-related protein 1, Sfrp1) (D’souza et al., 2017; 248 

Edén et al., 2015; Gauger et al., 2013) (Supplemental Figure 8). Other mouse models of diet-induced 249 

obesity develop unhealthy brown adipose transcriptomes characterized by increased expression of pro-250 

inflammatory genes and fibrotic markers (McGregor et al., 2013; Alcalá et al., 2017). The direction of 251 

expression change in our brown adipose tissue supports the uniqueness of the high fat-fed SM/J mice. 252 
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 253 

Figure 4. High fat-fed SM/J mice have unique brown adipose differential expression between 20 254 
and 30 weeks of age. A Venn diagram illustrating the number of genes differentially expressed between 255 
high and low fat-fed 20 and 30 week-old SM/J interscapular brown or reproductive white adipose tissues. 256 
No genes are differentially expressed in more than one diet-by-tissue cohort. B Enriched terms colored 257 
by class (Gene Ontology Biological Process (GO_BP), Cellular Component (GO_CC), Molecular 258 
Function (GO_MF), and KEGG Pathway. C Heatmap of differentially expressed brown adipose tissue 259 
genes between high fat-fed 20 and 30 week-old mice belonging to cytokine, extracellular matrix, or both 260 
gene ontologies. Equal numbers of males and females represented, n = 8 animals per age-by-diet cohort. 261 
 262 

30 week old high fat-fed SM/J brown adipose has a healthier co-expression profile  263 

 Because variation in glucose homeostasis is complex and the result of many interacting genes, 264 

we examined the co-expression profile of genes belonging to the enriched cytokine and extracellular 265 

matrix (ECM) biological categories (Figure 4B and C). We find that the structure of the differentially 266 

expressed ECM and cytokine genes is significantly different between 20 and 30 week-old high fat-fed 267 
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animals (p=0.01). To determine if the co-expression structure of these genes in 30 week-old high fat-fed 268 

animals’ brown adipose is more similar to the 20 week-old high fat-fed or to the low fat-fed animals’, we 269 

compared the overall co-expression correlation structure between the diet and age cohorts for these 270 

genes. Remarkably, we find the 30 week-old high fat-fed small brown adipose ECM and cytokine co-271 

expression profile is most similar to the 20 week-old low fat-fed animals’ (probability of difference between 272 

high fat-fed 30 weeks and low fat-fed 20 weeks = 0.07; probability of difference between high fat-fed 30 273 

weeks and low fat-fed 30 weeks = 0.04) (Figure 5A). Thus, the brown adipose cytokine and ECM gene 274 

co-expression profile appears ‘healthier’ in 30 week-old high fat-fed animals after expansion and 275 

remission of the diabetic phenotype. This is illustrated in Figure 5B.  276 
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 277 

Figure 5. High fat-fed 30 week-old SM/J mice have a cytokine and ECM gene co-expression profile 278 
most similar to low fat-fed 20 week-old mice. A The median change in correlation structure is plotted 279 
as a vertical line against the null model. High fat-fed 30 week-old SM/J mice have a co-expression profile 280 
significantly different from high fat-fed 20 week-old SM/J mice, and not significantly different from low fat-281 
fed 20 week-old mice. B Heatmap of the gene expression correlation matrices for each cohort. HF30 = 282 
high fat-fed 30 week-old; HF20 = high fat-fed 20 week-old; LF30 = low fat-fed 30 week-old; LF20 = low 283 
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fat-fed 20 week-old. Equal numbers of males and females represented, n = 8 animals per age-by-diet 284 
cohort. 285 
 286 

Glucose parameters revert to an unhealthy state in SM/J mice when the brown adipose depot is removed 287 

 If the brown adipose expansion is directly related to the glycemic resolution of the high fat-fed 288 

SM/J mice, removing that expansion should revert the glucose parameters to their unhealthy state. To 289 

test this, we removed the interscapular brown adipose depots from normoglycemic 30 week-old mice. 290 

After recovery, at 35 weeks of age, we measured basal glucose levels and performed a glucose tolerance 291 

test. We find that glucose parameters revert to unhealthy, 20 week-old measurements when the brown 292 

adipose depot is removed (Figure 6 A-B), indicating that the expanded brown adipose tissue is 293 

necessary for the observed remission of unhealthy glycemic parameters in high fat-fed SM/J mice.  294 

 295 

Figure 6. Glycemic parameters revert to unhealthy levels when the brown adipose depot is 296 
removed. A Blood glucose assessed after a 4 hour fast. B A glucose tolerance test indicates that glucose 297 
tolerance is reduced after the brown adipose depot is removed. n = 5 excision animals, representing 4 298 
males and 1 female. 299 
 300 

Discussion 301 

Obesity (body-mass index [BMI] ≥30 kg.m2) is associated with serious metabolic complications, 302 

including type II diabetes, cardiovascular disease, cancer, and stroke (Abdullah et al., 2010; Kenchaiah 303 

et al., 2002; Rauscher et al., 2000; Reeves et al., 2007; Strazzullo et al., 2010). Currently, 38% of 304 

American adults are classified as obese (Flegal et al., 2016), 9.4% have type II diabetes, and an 305 

additional 34% are pre-diabetic, costing 327 billion dollars in annual medical costs (Centers for Disease 306 
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Control and Prevention, 2017; Yang et al., 2018). Obesity and diabetes are tightly linked; obesity raises 307 

the risk of developing type II diabetes 27—76 fold, while approximately 60% of diabetics are obese 308 

(Abdullah et al., 2010; Centers for Disease Control and Prevention, 2017; Chatterjee et al., 2017; Colditz 309 

et al., 1995). The obesity-diabetes axis centers on glycemic control, where excess caloric intake and 310 

body fat demands increased beta cell insulin secretion to maintain normoglycemia. In many individuals, 311 

the prolonged obese state results in insulin resistance, beta cell death, loss of insulin production, and 312 

chronic hyperglycemia. Though weight loss is the gold standard for treating glycemic dysfunction in 313 

obesity, many obese people are unable to achieve long-term weight loss (Dulloo and Montani, 2015; 314 

Tomiyama et al., 2013). Currently, metformin and thiazolidinediones are prescribed to prevent the 315 

development of diabetes in obese individuals, but pharmacological therapy has been shown to have only 316 

modest protective effects (Chatterjee et al., 2017; Nathan et al., 2015). Greater understanding of the 317 

relationship between obesity and glycemic control is needed to develop more effective preventative 318 

measures for obese patients. 319 

Here we describe morphological, physiological, and transcriptomic changes that occur during 320 

brown adipose expansion and remission of hyperglycemia in SM/J mice. The SM/J strain was derived 321 

from a pool of seven inbred strains and selected for small body size at 60 days (Beck et al., 2000; 322 

MacArthur, 2002; Nikolskiy et al., 2015). The strain has been used extensively in genetic studies of 323 

complex traits related to growth and metabolism (Kenney-Hunt et al., 2006; Lawson et al., 2010, 2011a, 324 

2017; Norgard et al., 2011), particularly because SM/J mice are strongly responsive to high fat diet-325 

induced obesity. These studies all used mice aged 20 weeks or less, when SM/J’s develop the classic 326 

hallmarks of obese-diabetic mice. We discovered that by 30 weeks of age, coinciding with a dramatic 327 

expansion of interscapular brown adipose tissue, their hyperglycemia, impaired glucose tolerance, and 328 

deficient insulin secretion in response to glucose stimulation goes into remission despite persistence of 329 

obesity. Dissecting the genetic basis of this phenomenon has the potential to uncover novel relationships 330 

among brown adipose, glucose homeostasis, and obesity.  331 
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We identified 267 genes whose expression significantly and uniquely changes between 20 and 332 

30 weeks of age in high fat-fed SM/J brown adipose tissue. We hypothesize that these genes affect 333 

brown adipose function and contribute to the phenomenon we observe. The expression changes occur 334 

when the mice resolve their unhealthy glycemic parameters and expand their brown adipose depots. 335 

These genes are not differentially expressed in white adipose tissue taken from the same animals. These 336 

genes are not differentially expressed between low fat-fed intra-strain controls at the same ages or in a 337 

unique mouse strain that does not resolve glycemic parameters or expand brown adipose tissue. Further, 338 

30 week-old high fat-fed SM/J brown adipose has an overall ‘healthier’ expression profile, supported by 339 

the analysis of the correlation structure among the age-by-diet cohorts for cytokines and ECM genes 340 

(Figure 5A).  341 

We focus on genes associated with ECM and cytokine activity because both biological categories 342 

are enriched in the set of genes that significantly change expression in brown adipose during the 343 

remission of glycemic parameters. Brown adipose is a source of endocrine signals with anti-diabetic 344 

properties (Stanford et al., 2013; Wang et al., 2014) and is involved in extensive cross-talk with other 345 

organs (Poekes et al., 2015). It secretes cytokines that influence whole-body glucose homeostasis and 346 

insulin sensitivity including IGF1, FGF21, NRG-3 and NRG-4 (Kajimura et al., 2015; Wang et al., 2015). 347 

ECM changes are essential for cellular signaling, regulation of growth factor bioavailability, and 348 

accompany healthy adipose expansion. However, extreme changes in ECM protein levels are associated 349 

with adipose dysfunction in obesity; thus a fine balance between tissue remodeling and excessive 350 

accumulation of ECM proteins must be achieved to maintain adipose tissue homeostasis (Hasegawa et 351 

al., 2018; Sun et al., 2013). 352 

We highlight 8 cytokines and ECM genes that significantly change expression in a direction 353 

associated with improved metabolic health in previous studies. Il7r, which was found to be one of the 354 

highest ranking genes in the white adipose tissue inflammatory response pathway (Moreno-Viedma et 355 

al., 2016b), decreases expression between 20 and 30 weeks of age in high fat-fed SM/J brown adipose. 356 

Col8a1 and Sema3C are both associated with adipose tissue fibrosis (Hasegawa et al., 2018; Mejhert et 357 
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al., 2013). Increased adipose tissue fibrosis is a signature of dysfunctional adipose and is associated with 358 

impaired glucose homeostasis and insulin resistance (Sun et al., 2013). Both Col8a1 and Sema3c 359 

expression decrease between 20 and 30 weeks in high fat-fed SM/J brown adipose. Mmp12 is an enzyme 360 

that contributes to adipose tissue remodeling (Maquoi et al., 2002). Increased Mmp12 expression is 361 

associated with white adipose tissue inflammation and insulin resistance and Mmp12-/- mice are more 362 

insulin sensitive than wildtype controls on a high fat diet (Lee et al., 2014). Its expression decreases in 363 

30 week old high fat-fed SM/J brown adipose. Pcolce encodes a glycoprotein that regulates collagen 364 

processing at the ECM (Raz et al., 2013). Mice with defects in ECM collagen are glucose intolerant, 365 

hyperglycemic, and insulin resistant (Huang et al., 2011). PCOLCE is one of 15 key drivers that 366 

collectively account for 22% of GWAS hits for type II diabetes in a recent multiethnic meta-analysis (Shu 367 

et al., 2017). Pcolce expression is significantly increased in 30 week old high fat-fed SM/J brown adipose. 368 

F7, Lep, and Sfrp1 are each secreted proteins. Increased F7 plays a role in the pathogenesis of obesity 369 

(Takahashi et al., 2015). In particular it has been shown to induce beta cell death and impaired islet 370 

glucose-stimulated insulin secretion (Edén et al., 2015). Increased Lep can dramatically lower blood 371 

glucose levels in diabetic rodent models (D’souza et al., 2017). In brown adipose, leptin has been shown 372 

to stimulate glucose uptake (Denroche et al., 2016). Sfrp1 is dysregulated in obesity and Sfrp1-/- mice 373 

have elevated blood glucose and impaired glucose tolerance when fed a high fat diet (Gauger et al., 374 

2013; Lagathu et al., 2010). F7 expression is decreased and Lep and Sfrp1 are increased in 30 week old 375 

high fat-fed SM/J brown adipose tissue. Most of what is known about the role of these 8 genes in adipose 376 

comes from studies of white adipose tissue, but none of these genes are differentially expressed in SM/J 377 

white adipose. Many additional genes likely contribute to the observed phenomenon, however little, if 378 

anything, is known about their role in brown adipose tissue. The 267 differentially expressed genes we 379 

identified represent a set of actionable candidates for further functional studies of their role in brown 380 

adipose and glucose homeostasis. 381 

There is great interest in harnessing the potential of brown adipose to treat obesity and diabetes, 382 

either through the calorie burning action of non-shivering thermogenesis or the endocrine action of 383 
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adipokines. Research into the effects of brown adipose on systemic metabolism is in its infancy, and the 384 

community needs appropriate animal models to interrogate its physiological roles and identify potentially 385 

druggable targets. We present the SM/J mouse strain as a unique model to address this need. High fat-386 

fed obese SM/J mice revert to normoglycemic at 30 weeks of age. High fat-fed normoglycemic SM/J mice 387 

have dramatically expanded brown adipose depots and improved islet glucose-stimulated insulin 388 

secretion. When the brown adipose depot is removed from normoglycemic high fat-fed SM/J mice, fasting 389 

blood glucose and glucose tolerance revert to unhealthy levels. This occurs naturally and spontaneously 390 

on a high fat diet, with no temperature or genetic manipulation. To our knowledge this has never been 391 

described in another mouse strain and our transcriptomic studies indicate the phenomenon is genetic. 392 

The SM/J mouse provides a tractable system in which to understand the relationship between brown 393 

adipose and glycemic control in obesity. Understanding this relationship in the SM/J mouse will open 394 

doors for identifying novel, potentially druggable targets for the improvement of glycemic control in 395 

humans. 396 

 397 

Methods 398 

Animal Husbandry and Phenotyping 399 

SM/J and LG/J mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Experimental 400 

animals were generated at the Washington University School of Medicine and all experiments were 401 

approved by the Institutional Animal Care and Use Committee in accordance with the National Institutes 402 

of Health guidelines for the care and use of laboratory animals. Pups were weaned at 3 weeks and reared 403 

in same-sex cages of 3-5 animals until necropsy. At weaning, mice were randomly placed on a high fat 404 

diet (42% kcal from fat; Teklad TD88137) or an isocaloric low fat diet (15% kcal from fat; Research Diets 405 

D12284) (Supplemental Table 1). Feeding was ad libitum. The animal facility operates on a 12 hour 406 

light/dark cycle with a constant ambient temperature of 21°C. Animals were weighed weekly until 407 

sacrifice. At 18 and 28 weeks of age, animals were subject to an intraperitoneal glucose tolerance test 408 

after a 4 hour fast. At 19 and 29 weeks of age animals were subject to an intraperitoneal insulin tolerance 409 
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test. At  20 or 30 weeks of age, body composition was determined by MRI and temperature was measured 410 

with a rectal thermometer. After a 4 hour fast, at 20 or 30 weeks of age, animals were given an overdose 411 

of sodium pentobarbital and blood was collected via cardiac puncture. Euthanasia was achieved by 412 

cardiac perfusion with phosphate-buffered saline. After cardiac perfusion, tissues were collected and 413 

flash frozen in liquid nitrogen and stored at -80°C, or processed according to protocols for histology and 414 

other assays. 415 

 416 

Blood plasma assays 417 

Fasting blood glucose was measured using a GLUCOCARD Vital glucometer (Arkay, MN USA). 418 

ELISAs measuring plasma levels of insulin (ALPCO 80-INSMR-CH01) and free fatty acids (Wako Life 419 

Sciences 995-34693) were quantified according to manufacturer’s protocol. Catecholamines were 420 

assayed through the Vanderbilt University Medical Center’s Hormone Assay and Analytical Services 421 

Core (www.vumc.org/hormone/assays; NIH grants DK059637 (MMPC) and DK020593 (DRTC)). 422 

 423 

Pancreatic insulin content  424 

 Whole pancreas was homogenized in acid ethanol and incubated at 4°C for 48 hours, shaking. 425 

Homogenate was centrifuged at 2500 rpm for 30 min at 4°C. Supernatant was collected and stored at -426 

20°C. Protein content was measured using Pierce BCA Protein Assay kit (Thermo Scientific) according 427 

to manufacturer’s instructions, and read at 562 nm on the Synergy H1 Microplate Reader (Biotek). Insulin 428 

content was measured with ALPCO ultrasensitive Insulin ELISA (ALPCO 80-INSMR-CH01) according to 429 

manufacturer’s instructions. 430 

 431 

Glucose-stimulated insulin secretion 432 

Pancreas was removed and placed in 8mL HBSS buffer on ice. Pancreas was then thoroughly 433 

minced. 120mg Collagenase P (Roche) was dissolved in HBSS and aliquoted into 20 x 500ul tubes. One 434 

tube (500ul) was added to the minced pancreas in 8ml HBSS. Mixture was then shaken in a 37°C water 435 
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bath for 12 minutes. Mixture was spun at 2000 rpm for 1 minute. The pellet was washed twice with HBSS, 436 

spinning in between. The pellet was re-suspended in HBSS and transferred a petri dish. Hand-selected 437 

islets where placed in sterile-filtered RPMI with 11mM glucose, 5% pen/strep, and 10% Fetal Bovine 438 

Serum. Islets were rested overnight in a cell culture incubator set to 37°C with 5% C02. The following 439 

day, islets were equilibrated in KRBH buffer containing 2.8 mM glucose for 30 minutes at 37°C. 5 Islets 440 

were hand selected and placed in 150ul KRBH containing either 2.8 or 11mM glucose. Tubes were placed 441 

in a 37°C water bath for 45 min. Islets were then spun at 2000RPM, hand-picked with a pipette, and 442 

transferred from the secretion tube and placed in the content tube with acid ethanol. The content and 443 

secretion tubes were stored at -20°C overnight. Each condition was performed in duplicate for each 444 

individual. 445 

ALPCO Ultrasensitive ELISA (80-INSMU-E01) was performed according to manufacturer’s 446 

instructions, with the secretion tubes diluted 1:5, and content tubes diluted 1:100. Normalized insulin 447 

secretion was calculated by dividing the secreted value by the content value. Glucose stimulated insulin 448 

secretion was calculated by dividing the normalized insulin secretion at 11mM by the normalized insulin 449 

secretion at 2.8mM. Each sample was measured in duplicate. 450 

 451 

Islet histology and analyses 452 

At the time of tissue collection, whole pancreas was placed in 3 mL of neutral buffered formalin. 453 

These samples were incubated at 4C while gently shaking for 24 hours. Immediately afterwards, samples 454 

were placed into plastic cages and acclimated to 50% EtOH for 1 hour. Samples were then processed 455 

into paraffin blocks using a Leica tissue processor with the following protocol: 70% EtOH for 1 hour x 2, 456 

85% EtOH for 1 hour, 95% EtOH for 1 hour x 2, 100% EtOH for 1 hour x 2, Xylenes for 1 hour x 2, paraffin 457 

wax. Pancreas blocks were sectioned into four sections 4 μm thick at least 100 μm from each other. 458 

Slides were incubated at 60C for 1 hour, then placed in xylenes to remove remaining paraffin wax. 459 

Slides were then rehydrated using successive decreasing EtOH concentrations (xylenes x 2, 50% EtOH 460 
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in xylenes, 100% EtOH x 2, 95% EtOH, 70% EtOH, 50% EtOH, H2O). Slides were incubated in sodium 461 

citrate (pH 6) at 85C for 30 minutes, then submerged in running water for 5 minutes. Slides were washed 462 

with 0.025% Triton X-100 in TBS and blocked in 10% normal donkey serum for 1 hour (Abcam ab7475), 463 

followed by incubation with primary antibody overnight at 4C. [Primary antibodies: rat anti-insulin (1:100, 464 

R&D MAB1417), mouse anti-glucagon (1:100, abcam ab10988), and rabbit anti-phospho-histone H3 465 

(1:100, Sigma SAB4504429)]. After an additional wash, secondary antibody was applied for 1 hour at 466 

room temperature. [Secondary antibodies: donkey anti-rabbit 488 (1:1000, abcam ab150061), donkey 467 

anti-mouse 647 (1:1000, abcam ab150107), and donkey anti-rat 555 (1:1000, abcam ab 150154)]. 468 

Fluoroshield Mounting Medium with DAPI (Abcam) was applied to seal the coverslip and slides were 469 

stored at 4C. Imaging was performed using the Zeiss AxioScan .Z1 at 20X magnification and 94.79% 470 

laser intensity. 471 

Background was subtracted from DAPI, insulin, glucagon, and PHH3 channels using ImageJ. 472 

DAPI channel was used to identify total nuclei in CellProfiler. Insulin and glucagon channels were 473 

combined and overlaid on the DAPI image to identify islet nuclei. Islet nuclei images were overlaid with 474 

PHH3 stain to identify mitotic islet nuclei. Total nuclei, islet nuclei, and mitotic nuclei were summed across 475 

all 4 slides for each individual, 12-16 individuals per cohort. Islet mass is reported as islet nuclei divided 476 

by total nuclei. Mitotic islet index is reported as mitotic islet nuclei divided by islet nuclei. 477 

 478 

Brown adipose histology  479 

At the time of tissue collection, small portions of interscapular brown and reproductive white 480 

adipose tissues were placed in 1 mL of neutral buffered formalin. These samples were incubated at 4C 481 

while gently shaking for 24 hours. Immediately afterwards, samples were placed into plastic cages and 482 

processed into paraffin blocks using a Leica tissue processor with the following protocol: 70% EtOH for 483 

1 hour x 2, 85% EtOH for 1 hour, 95% EtOH for 1 hour x 2, 100% EtOH for 1 hour x 2, Xylenes for 1 hour 484 

x 2, paraffin wax. Adipose blocks were sectioned into 6 μm sections, with 2-4 slices on each slide. 485 
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 486 

H&E Staining 487 

Slides were incubated at 60C for 1 hour, then placed in xylenes to remove remaining paraffin wax. 488 

Slides were then rehydrated using successive decreasing EtOH concentrations (xylenes x 2, 100% EtOH 489 

x 2, 95% EtOH, 70% EtOH, H2O). Slides were incubated in hematoxylin (Leica Surgipath 3801570), 490 

Define (3803590), Blue Buffer 8 (3802915), and eosin (3801616), and dehydrated (95% EtOH, 100% 491 

EtOH, xylene x 2). Imaging was performed using the Zeiss AxioPlan2 microscope and Olympus DP 492 

software. Analysis of adipocyte size was performed using ImageJ. Images were converted to black and 493 

white and skeletonized to reveal only the cell wall outlines. Cell area was calculated from outlines with a 494 

lower limit of 50 um and upper limit of 700 um to reduce noise. All cells from a cohort (4-7 images each 495 

from 4 animals per cohort, equal numbers of males and females) were pooled for cell area density 496 

analysis. A Welch's unequal variances t-test was performed between ages in each diet to determine 497 

significant differences. 498 

 499 

Immunofluorescence 500 

Slides were incubated at 60C for 1 hour, then placed in xylenes to remove remaining paraffin wax. 501 

Slides were then rehydrated using successive decreasing EtOH concentrations (xylenes x 2, 50% EtOH 502 

in xylenes, 100% EtOH x 2, 95% EtOH, 70% EtOH, 50% EtOH, 0.3% H2O2 in MeOH, H2O). Slides were 503 

washed with TBS and blocked in 10% normal donkey serum (Abcam ab7475) for 1 hour, followed by 504 

incubation with primary antibody overnight at 4C. [Primary antibodies: rabbit anti-Ucp1 (1:100, Sigma 505 

U6382) and mouse anti-PHH3 (1:100, Invitrogen MA5-15220)]. After an additional wash, secondary 506 

antibody was applied for 1 hour at room temperature [Secondary antibodies: donkey anti-rabbit 488 507 

(1:1000, Abcam ab150061) and donkey anti-mouse 647 (1:200, Abcam ab150107)]. Fluoroshield 508 

Mounting Medium with DAPI (Abcam) was applied to seal the coverslip and slides were stored at 4C. 509 
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Imaging was performed using the Zeiss Confocal microscope and Zen Lite imaging program. PHH3 510 

analysis was performed using the CellProfiler program. Background was subtracted from DAPI and PHH3 511 

channels using ImageJ. DAPI channel was used to identify total nuclei in CellProfiler. Adipose nuclei 512 

images were overlaid with PHH3 stain to identify mitotic adipose nuclei. Mitotic nuclei were summed 513 

across all 4 slides for each individual. Mitotic adipose index is reported as mitotic adipose nuclei divided 514 

by adipose nuclei multiplied by 100%. 515 

 516 

Quantitative rt-PCR 517 

Total RNA was extracted from brown, inguinal, and reproductive adipose samples using the 518 

Qiagen RNeasy Lipid Kit. High-Capacity cDNA Reverse Transcription Kit (Thermofisher) was used for 519 

reverse transcription. Quantitative-rtPCR was performed to assess expression levels of target genes with 520 

an Applied Biosystems (USA) QuantStudio 6 Flex instrument using SYBR Green reagent. Results were 521 

normalized to L32 expression, which was experimentally determined to not be differentially expressed 522 

across diet and age cohorts. cDNA products were analyzed using the ∆CT method. Primers used: L32 523 

forward TCCACAATGTCAAGGAGCTG, reverse GGGATTGGTGACTCTGATGG; Cidea forward  524 

TGCTCTTCTGTATCGCCCAGT, reverse GCCGTGTTAAGGAATCTGCTG; Tbx1 forward 525 

GGCAGGCAGACGAATGTTC, reverse TTGTCATCTACGGGCACAAAG; Ucp1 forward 526 

CCTCTCCAGTGGATGTGGTAA, reverse AGAAGCCACAAACCCTTTGA. 527 

 528 

Mitochondrial DNA quantification 529 

DNA was extracted from brown and inguinal adipose tissues using the Qiagen DNeasy Blood and 530 

Tissue Kit. Briefly, 40mg of tissue was homogenized in 10% proteinase K through vortexing and 531 

incubation at 56°C. DNA was precipitated with ethanol, collected in a spin column, and eluted in 150mL 532 

of buffer. DNA concentration was quantified on a Nanodrop, and 50ng was used in a qPCR reaction to 533 

quantify the amount of h19 (nuclear gene) and CytB (mitochondrial gene). Mitochondrial content was 534 
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calculated as the ratio of mtDNA to nucDNA. Primers used: Cytb forward 535 

TCTACGCTCAATCCCCAATAAAC, reverse TTAGGCTTCGTTGCTTTGAGGT; h19 forward 536 

TATGTGCCATTCTGCTGCGA, reverse AAGGTTTAGAGAGGGGGCCT. 537 

 538 

RNA sequencing and analyses 539 

Sixty-four LG/J and SM/J mice were used for sequencing analysis, representing 4 males and 4 540 

females from each diet (high and low fat) and age (20 and 30 weeks). Total RNA was isolated from 541 

interscapular brown and reproductive white adipose tissues using the RNeasy Lipid Tissue Kit (QIAgen). 542 

RNA concentration was measured via Nanodrop and RNA quality/integrity was assessed with a 543 

BioAnalyzer (Agilent). RNAseq libraries were constructed using the RiboZero kit (Illumina) from total RNA 544 

samples with RIN scores >7.5. Libraries were checked for quality and concentration using the DNA 545 

1000LabChip assay (Agilent) and quantitative PCR, according to manufacturer’s protocol. Libraries were 546 

sequenced at 2x100 paired end reads on an Illumina HiSeq 4000. After sequencing, reads were de-547 

multiplexed and assigned to individual samples. 548 

FASTQ files were filtered to remove low quality reads and aligned against LG/J and SM/J custom 549 

genomes using STAR (Dobin et al., 2013; Nikolskiy et al., 2015). Briefly, LG/J and SM/J indels and SNVs 550 

were leveraged to construct strain-specific genomes using the GRC38.72-mm10 reference as a template. 551 

This was done by replacing reference bases with alternative LG/J and SM/J bases using custom python 552 

scripts. Ensembl R72 annotations were adjusted for indel-induced indexing differences for both genomes 553 

(Macias-Velasco et al., 2019). Read counts were normalized via upper quartile normalization and a 554 

minimum normalized read depth of 10 was required. Alignment summaries are provided in Supplemental 555 

Table 5 and Supplemental Figure 9. Library complexity was assessed and differential expression 556 

between each age cohort for each strain-by-diet comparison was determined after TMM normalization in 557 

EdgeR (Chen et al., 2015) (Supplemental Figure 10). 558 

Functional enrichment of differentially expressed genes was tested by over-representation 559 

analysis in the WEB-based Gene Set Analysis Toolkit v2019 (Zhang et al., 2005). We performed analyses 560 
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of gene ontologies (biological process, cellular component, molecular function), pathway (KEGG), and 561 

phenotype (Mammalian Phenotype Ontology). For each tissue, the list of all unique differentially 562 

expressed genes was analyzed against the background of all unique genes expressed in that tissue 563 

(Supplemental Tables 2 and 3). A Benjamini-Hochberg FDR-corrected p-value £ 0.05 was considered 564 

significant.  565 

 566 

Correlation structure 567 

 Co-expression was assessed for the set of 62 differentially expressed cytokines and ECM genes 568 

by correlating expression of each gene with the expression of the other 61 genes in each diet-by-age 569 

cohort. Each pair of genes then had their correlations correlated (𝑅"), where gene: G. 570 

𝑅",$∈(',() = 𝑐𝑜𝑟./
𝑐𝑜𝑟(𝐺', 𝐺1)

⋮
𝑐𝑜𝑟(𝐺', 𝐺3)

4 , 5
𝑐𝑜𝑟6𝐺(,𝐺17

⋮
𝑐𝑜𝑟6𝐺(, 𝐺37

89 571 

 572 

Gene-pair-correlations were then compared between the high fat-fed 30 week-old cohort and the other 573 

three cohorts (high fat-fed 30 weeks to high fat-fed 20 weeks, high fat-fed 30 weeks to low fat-fed 30 574 

weeks, high fat-fed 30 weeks to low fat-fed 20 weeks) to obtain the 𝛥𝑅"between a pair of cohorts, where 575 

cohort: K. 576 

𝛥𝑅",$∈(',(),;<,;= = >𝑅",$∈(',(),;< − 𝑅",$∈(',(),;=> 577 

 578 

The median change in correlation (𝑀𝛥𝑅") was calculated and permutation was employed to identify the 579 

background of expected 𝑀𝛥𝑅" values. Permutation was performed by randomly selecting 2 groups of 8 580 

animals from any cohort 10,000 times.  581 

𝑀𝛥𝑅",;<,;= = 𝑚𝑒𝑑𝑖𝑎𝑛6𝛥𝑅",$∈(',(),;<,;=7 582 

 583 
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𝑀𝛥𝑅" was determined for the 2 randomized groups (𝑟𝐾1, 𝑟𝐾H) for all 10,000 permutations to generate a 584 

null model. Log transformation was performed to approximate normality, which was determined by Wilks-585 

Shapiro test and Q-Q plot. Significance was drawn from the cumulative normal null model to test if the 586 

difference in correlation structure between each pair of cohorts was greater than by chance under the 587 

randomized null model. 588 

𝑝;<,;= = 𝑃6𝑋 ≥ 𝑀𝛥𝑅",;<,;=7~𝒩(𝜇P, 𝜎P) 589 

 590 

Brown adipose excision 591 

 Interscapular brown adipose tissue depots were removed from 30 week-old high fat-fed SM/J 592 

mice. A small longitudinal incision was made between the shoulder blades. All interscapular adipose 593 

tissue was carefully removed, and a cauterizing wand used to stop excessive bleeding when necessary. 594 

Surgeries were performed under general anesthesia by IP injection of ketamine/ xylazine (100/200 595 

mg/Kg) and mice were maintained in the surgical plane by isofluorane/oxygen for the duration of the 596 

procedure. Incisions were closed with 5-0 nonabsorbable sutures. Ketoprofen (2-5 mg/Kg) was provided 597 

post-procedure and topical antibiotic was applied to the incision for up to 3 days as necessary. Animal 598 

health and well-being was monitored daily. Sutures were removed at 10 days post-surgery. Four weeks 599 

after surgery, mice underwent a glucose tolerance test and an insulin tolerance test one week later. After 600 

an additional week of recovery, animals were sacrificed and serum and multiple tissues harvested 601 

(reproductive and inguinal adipose depots, liver, heart, soleus, pancreas, hypothalamus) as described 602 

above. 603 

 604 

Statistics 605 

 Data within individual cohorts were assessed for normality using a Wilks-Shapiro test. Islet mass 606 

and mitotic islet cell numbers were log10 transformed to achieve a normal distribution. Outliers were 607 

identified by a Grubbs test (p < 0.05) and removed. Data were tested for significant differences among 608 
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cohorts by ANOVA with a Tukey’s post-hoc correction. The sex-by-diet-by-age term was not significant 609 

for any phenotype so males and females were pooled for analyses. P-values <0.05 were considered 610 

significant. All statistical analyses were performed using the R software package. 611 
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