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Highlights 

● Tissue insulin action was driven by gene-by-environment interactions 
● Adipose insulin resistance was dissociated from systemic insulin resistance 
● Large adipocytes were strongly tied with adipose insulin resistance 
● Muscle insulin resistance was linked with hyperinsulinemia and decreased 

glycolysis 
 

 

eTOC blurb 

This investigation of mouse strains by Nelson et al. revealed that muscle insulin 
resistance was most closely linked to levels of circulating insulin and muscle glycolytic 
enzymes. Intriguingly, certain strains had enlarged fat cells and adipose insulin 
resistance, but completely healthy muscle insulin response, showing tissue-specific 
progression toward metabolic disease. 



Systems level analysis of insulin action in mouse strains provides insight into 
tissue and pathway specific interactions that drive insulin resistance  
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SUMMARY 



Skeletal muscle and adipose tissue insulin resistance are major drivers of metabolic 

disease. To uncover pathways involved in insulin resistance specifically in these 

tissues, we leveraged the metabolic diversity of different dietary exposures and discrete 

inbred mouse strains. This revealed that muscle insulin resistance was driven by gene-

by-environment interactions and was strongly correlated with hyperinsulinemia and 

decreased levels of ten key glycolytic enzymes. Remarkably, there was no relationship 

between muscle and adipose tissue insulin action. Adipocyte size profoundly varied 

across strains and diets, and this was strongly correlated with adipose tissue insulin 

resistance. The A/J strain in particular exhibited marked adipocyte insulin resistance 

and hypertrophy despite robust muscle insulin responsiveness, challenging the role of 

adipocyte hypertrophy per se in systemic insulin resistance. These data demonstrate 

that muscle and adipose tissue insulin resistance can occur independently and 

underscore the need for tissue-specific interrogation to understand metabolic disease. 
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INTRODUCTION 



Insulin resistance (IR) is the catalyst for multiple metabolic diseases including 

type 2 diabetes (T2D), dyslipidemia and coronary artery disease (DeFronzo and 

Tripathy, 2009; Hanley et al., 2002; Lillioja et al., 1993). Because skeletal muscle is 

considered the primary site of insulin-stimulated glucose disposal in the body, IR in this 

tissue is considered to be a major contributor to disease progression (DeFronzo and 

Tripathy, 2009) yet the principal drivers of muscle IR remain unclear in part because 

studies examining muscle insulin action in humans and mice often use surrogate 

measures (James et al., 2021). 

Recent data implicate an important role for tissue crosstalk via several models: 1) 

insulin resistant adipose tissue (AT) changes its secretory profile including lipid factors 

(Abel et al., 2001), adipokines such as leptin and adiponectin, or inflammatory cytokines 

(Gancheva et al., 2018; Indrakusuma et al., 2015; da Silva Rosa et al., 2020) to alter 

whole-body insulin sensitivity; 2) limited capacity of the adipocyte to store lipid leads to 

lipid spillover and ectopic lipid deposition in other tissues including muscle, leading to IR 

(Jo et al., 2009; Kim et al., 2000; Rodeheffer et al., 2008); 3) the expansion of existing 

fat cells or hypertrophy is often associated with poor metabolic outcomes while fat cell 

hyperplasia is accompanied by a more metabolically healthy phenotype (Kim et al., 

2015; Vishvanath and Gupta, 2019). Other factors such as hyperinsulinemia have also 

been postulated to play a major role in muscle IR (Del Prato et al., 1994; Iozzo et al., 

2001; Koopmans et al., 1997), but because hyperinsulinemia co-exists with IR, it has 

been difficult to experimentally disentangle its role in the pathogenesis of metabolic 

diseases. 
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One difficulty in studying IR is that IR risk is heightened by a complex interplay of 

genetic and environmental factors. Yet most studies only interrogate one of these 

parameters without taking account of the other. For example, in human studies it is 

difficult to quantify or accurately control the environment (Tam et al., 2019) while most 

animal studies, where it is relatively simple to control the environment, tend to overlook 

the contribution of genetics. This concept was well-illustrated in a study that measured 

IR-related traits across the Hybrid Mouse Diversity Panel (HMDP), a repository of 

genetically diverse inbred mouse strains (Parks et al., 2015). This study revealed a 63-

fold difference across mouse strains in HOMA-IR (homeostasis model assessment of 

IR), a surrogate measure of IR  that does not resolve tissue-specific IR. Other studies 

that included genetically diverse strains combined multiple layers of omics in livers from 

the BXD or HMDP mouse reference populations with QTL analysis identifying several 

genetic variants controlling transcription through metabolite levels and, ultimately, liver-

specific traits (Parker et al., 2019; Williams et al., 2016). However, a detailed analysis of 

skeletal muscle and white AT insulin action across a diverse panel of inbred mice is 

lacking. In the current study, we utilized the diversity in metabolic responses observed 

across different mouse strains exposed to two different diets to capture the heritability of 

metabolic traits, and the effect of diet and strain-by-diet interactions, to unravel aspects 

of metabolic disease. This approach uncoupled muscle and AT insulin responsiveness, 

with muscle but not AT being associated with systemic insulin sensitivity. Although large 

adipocytes were associated with AT insulin resistance, this was not the case for muscle 

IR, challenging the view that large adipocytes are metabolically deleterious. Finally, 

proteomic analysis of soleus muscle revealed a decline in the levels of both 

mitochondrial and glycolytic enzymes in IR indicating an overall decline in substrate 
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utilization in muscle insulin resistance, rather than a switch away from mitochondrial 

oxidation toward glycolysis. 

 

RESULTS 

Characterization of diverse inbred mouse strains 

We selected thirteen inbred mouse strains from the HMDP and the ILSXISS lines 

that displayed varying degrees of metabolic dysfunction (Parks et al., 2015; Stöckli et 

al., 2017) and exposed them to either chow or high-fat high-sucrose Western diet (WD) 

for 8 wks. We next measured a range of metabolic and morphometric parameters (for 

strain abbreviations, see STAR Methods). While most strains were quite similar when 

fed chow diet, there were exceptions, with DBA and BALB exhibiting greater adiposity 

and AKR were more glucose intolerant than many other strains. Even more diversity 

was observed in response to WD. For example, WD-fed BXH9, DBA and BL/6 

displayed all the hallmarks of diet-induced metabolic disease including high adiposity, 

hyperglycemia, hyperinsulinemia and glucose intolerance, while A/J and BALB 

developed neither hyperinsulinemia nor glucose intolerance, despite gaining 

considerable adiposity when fed WD (Fig. 1A-D, Fig. S1A-I), as previously shown 

(Montgomery et al., 2013; Surwit et al., 1988). NOD maintained normal fasting glucose 

when fed WD but developed glucose intolerance. ILSX97 developed marked obesity but 

relatively mild changes in other parameters, while BXD34 remained lean and did not 

display any features of the metabolic syndrome when fed WD. These data highlight the 
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variability in insulin action and metabolic homeostasis between different inbred mouse 

strains. 

  

Tissue insulin responsiveness 

For subsequent in-depth analysis of insulin action in AT and muscle, we selected 

seven of the thirteen strains, which covered the full physiological spectrum of metabolic 

phenotypes on WD, with BL/6 representing the most commonly-used reference strain. 

BXH9 displayed significant glucose intolerance, hyperinsulinemia and hyperglycemia on 

WD compared to chow. BXD34 was refractory to many effects of WD including excess 

adiposity, glucose intolerance and hyperinsulinemia. A/J and BALB showed no 

difference in many metabolic parameters on WD compared to chow (glucose tolerance, 

fasting insulin, insulin AUC, fasting glucose) despite similar adiposity as BL/6 on WD 

and were hence selected as the “metabolically healthy obese” group. 129 and ILSX97 

were intermediate, as on WD they displayed a trend towards hyperinsulinemia: 129 was 

glucose intolerant and both strains were obese, with ILSX97 showing the largest fold 

increase in adiposity on WD of any strain. We studied tissue-specific insulin action of 

soleus and extensor digitorum longus (EDL), as these represent red and white muscles, 

respectively. In addition, we studied epididymal AT, as it is highly metabolically 

responsive and secretes a range of factors that can impact muscle metabolism (Li et al., 

2020). We measured glucose uptake as this represents the major insulin-regulated 

process in these tissues that is defective in IR. We used a maximal insulin dose (10 nM) 

to achieve a robust measure of insulin responsiveness, as muscle insulin action is 

defective in IR even at a maximal dose (James et al., 2021; Kolterman et al., 1980). We 
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observed robust increases in glucose uptake in response to a maximum insulin dose in 

soleus, EDL and AT explants by as much as four-fold (Fig. 2A-F; Fig. S2A-C). Soleus 

and EDL differed markedly in their response to diet (Fig 2A-B). Insulin-stimulated 

glucose uptake (GU:I) into soleus was significantly impaired by WD in all strains except 

for A/J (Fig. 2A), whereas EDL was resistant to WD effects except in the case of BXH9 

(Fig. 2B). AT GU:I also varied considerably between strains under chow conditions, but 

these strain differences collapsed to similar levels with WD (Fig. 2C). Chow-fed BL/6, 

BALB and BXD34 had robust responses in terms of AT GU:I, and WD feeding 

significantly impaired these responses (Fig. 2C). We also observed divergent patterns 

between muscle and AT GU:I between strains. For example, muscle from A/J mice was 

extremely insulin responsive even in WD-fed mice, but AT from these mice had a poor 

insulin response even under chow-fed conditions. This highlights the important 

contribution of muscle, but not AT, to whole-body glucose homeostasis. Conversely, 

chow-fed BL/6 had the lowest rates of GU:I into soleus or EDL, but among the highest 

rates into AT. There was minimal variation in basal glucose uptake across strains and 

diets for all three tissues (Fig. S2A-C). 

Adipocyte cell size 

Adipocytes can expand either via hypertrophy or hyperplasia in response to a 

positive energy balance, and adipocyte hypertrophy is often associated with poor 

metabolic outcomes (Kim et al., 2015). There was considerable diversity in adipocyte 

size among the different strains even in chow-fed mice, exemplified by an interquartile 

range (IQR) of 528 µm2 in chow-fed ILSX97 compared to 1654 µm2 in chow-fed A/J. 

Adipocytes from chow-fed ILSX97 were the smallest with the lowest IQR than other 
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strains, but demonstrated profound hypertrophy under WD conditions. Conversely, 

adipocytes of BXD34 mice showed little hypertrophy in response to WD, remaining the 

smallest of the WD-fed mice (Fig. 3A-C), consistent with the fact that these mice did not 

develop obesity in response to WD (Fig 1A). Strikingly, adipocytes from chow-fed A/J 

were larger with a greater IQR than the other strains fed the same diet and even larger 

than several WD-fed strains (Fig 3A-C). Both the median adipocyte size and the 

variability (IQR) in size was markedly increased by WD in most strains except BXD34. 

Consistent with previous studies in humans (Salans et al., 1968), we noticed an inverse 

relationship between adipocyte size and insulin action in AT. For example, A/J had the 

largest adipocytes and the lowest rate of AT GU:I of the chow-fed groups, whereas 

BXD34 had the smallest adipocytes and the highest rate of AT GU:I of the WD-fed 

groups (Fig. 2C). 

To confirm the defect in AT glucose uptake in A/J mice (Fig. 2C), we measured 

glucose uptake into AT of chow-fed BL/6 and A/J mice ex vivo, across several insulin 

doses (Fig. 3D). This revealed a marked defect in AT glucose uptake in A/J mice at 

multiple insulin doses compared to BL/6 mice. We then investigated insulin signaling 

and the expression of the insulin responsive glucose transporter GLUT4, two main 

components of the insulin response pathway. Chow-fed A/J mice showed normal Akt 

phosphorylation compared to BL/6 as a reference (Fig. 3E) while GLUT4 protein levels 

were 65% lower in A/J (Fig. 3F) concomitant with decreased Glut4 mRNA expression 

compared to BL/6 (Fig. 3G), which likely explains the lack of insulin response in A/J 

mice. 
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Influence of strain and environment on metabolic traits 

To quantify strain, diet or strain-by-diet interactions on metabolic traits, we used 

linear mixed models to partition the variances of the traits into strain (broad sense 

heritability; H2), diet, and strain-by-diet (gene-by-environment; GxE) effects (Fig. 4). We 

were particularly interested in these effects on IR, as this has not been well-

characterized. EDL GU:I had a relatively high H2 (59%) with little diet contribution to the 

total variance (<1%), but substantial strain-by-diet interaction (21%). Soleus GU:I, on 

the other hand, had relatively low H2 (26%) and strain-by-diet interaction (11%) 

compared to EDL, but a greater diet contribution to the total variance (17%). H2 of AT 

GU:I was intermediate between that of EDL and soleus (42%), with similar strain-by-diet 

interaction as soleus (11%), but with less variance due to diet (8%). Thus, we observed 

different degrees of H2 and diet responses of IR depending on the tissue. We expanded 

our survey to include other commonly-measured metabolic traits. Lean mass had the 

highest H2 (76%) and negligible variance from diet (1%), whereas adiposity was the 

trait most affected by diet (47%). H2 of fasting glucose was relatively high (50%), 

whereas diet or strain-by-diet interaction contributed little to the total variance of this trait 

(9% and 8%, respectively), as expected since most of our mice maintain well-regulated 

fasting glucose levels and did not show signs of overt diabetes despite WD feeding. In 

contrast, fasting insulin had lower H2 (39%), but greater diet and strain-by-diet effects 

(33% and 12%, respectively). Importantly, we detected substantial GxE among the 

traits, such that diet had varying effects depending on the strain. This highlights the 

potential pitfalls of generalizing relationships between metabolic traits, or the effects of 



metabolic interventions obtained from studies of a single inbred mouse strain to 

genetically diverse populations. 

  

Clustering analysis of strains 

To determine the relatedness of strains in terms of metabolic phenotypes, we z-

scored measurements of tissue GU:I (Fig. 2, Fig. S2), related metabolic traits (Fig. 1, 

Fig. S1) and several surrogate measures of whole-body insulin sensitivity/resistance 

(Fig. S3A-H). Hierarchical clustering revealed that, overall, diet was a stronger driver of 

the phenotypic diversity between strains than strain per se, as diets tended to cluster 

together (Fig. 5). An exception to this was A/J chow, which fell within a cluster 

dominated by WD and was most closely related to A/J WD, largely driven by the low 

rates of GU:I into AT and the large adipocyte size. The other exception was BXD34 WD, 

which fell within the chow-dominated cluster and was most closely related to BL/6 chow 

and BXD34 chow. This is not surprising, as BXD34 were refractory to many effects of 

WD feeding (Fig. 1). The groups with the most severe metabolic disease profile (i.e. 

muscle IR, poor glucose tolerance, and hyperinsulinemia and HOMA-IR) with WD 

feeding were BXH9 and BL/6, and these groups clustered together such that they were 

distinct from all other groups based on these traits. 

  

Metabolic trait correlations 

Because of the lack of correspondence in insulin action between muscle and AT, 

we next aimed to identify tissue-specific indices of IR (Fig. 6A). As suspected, there 



were no significant correlations between GU:I in AT and glucose uptake in either of the 

two muscles (soleus or EDL). The strongest correlates of Soleus GU:I were HOMA-IR, 

fasting plasma insulin and QUICKI  (R = -0.56, -0.53 and 0.53, respectively), which are 

commonly-used surrogate measures of whole-body insulin sensitivity. Interestingly, 

Soleus GU:I was also negatively correlated with epididymal and subcutaneous white AT 

mass (EpiWAT (g) and SCWAT (g); R = -0.41 and -0.40, respectively), and to a lesser 

extent with adipocyte size (R = -0.35) and whole-body fat percentage (adiposity) (R = -

0.34). Fasting insulin was the strongest correlate of EDL GU:I (R = -0.35). Soleus GU:I 

and EDL GU:I were weakly, but significantly, correlated (R = 0.25). Thus, despite 

differences in strain and diet effects between the two muscles, hyperinsulinemia was 

the systemic measure most strongly correlated with IR in both muscles. In the case of 

soleus, but not EDL, an index combining fasting plasma insulin and blood glucose 

(HOMA-IR) was more strongly correlated with IR than insulin alone. Interestingly, fasting 

glucose was significantly correlated with Soleus GU:I (R = -0.45) but not EDL GU:I, 

suggesting either that soleus glucose metabolism is more affected by exogenous 

glucose levels than EDL or, conversely, that glucose uptake into muscles with similar 

properties to soleus have a larger impact on fasting glucose levels than other muscle 

types. 

In contrast to muscle, AT GU:I was not significantly correlated with 

hyperinsulinemia (Fig. 6A). Instead, the strongest correlates of adipose GU:I were 

overall adiposity and adipocyte size (R = -0.48 and -0.38, respectively), whereas fat pad 

mass was not significantly correlated. Furthermore, adiposity was strongly correlated 

with adipocyte size (R = 0.79), suggesting adipocyte size (hypertrophy) was a stronger 



driver of overall fat expansion with WD feeding than adipocyte proliferation 

(hyperplasia). The fact that adipocyte hypertrophy, but not fat pad mass, was 

significantly correlated with AT IR aligns with previous studies demonstrating that 

hypertrophy alone, rather than simply the expansion of fat pad mass due to a 

combination of adipocyte hypertrophy and hyperplasia, is more strongly associated with 

AT IR (Kim et al., 2015).  

A network diagram of the traits which significantly correlated with GU:I in the 

muscles or AT (Fig. 6B) illustrates a striking difference between AT and Soleus GU:I in 

terms of network connectivity, each belonging to independent metabolic nodes. It is also 

apparent from this network that the commonly used in vivo measures, such as GTT and 

related indices (e.g. Matsuda index and IRI) were significantly correlated with Soleus 

GU:I, although not as strongly as fasting insulin and related indices (HOMA-IR and 

QUICKI) likely due to muscle-independent aspects of the GTT including glucose 

absorption by the gut, rates of secretion of paracrine hormones including insulin, and 

rates of liver glucose turnover (Bruce et al., 2021; Virtue and Vidal-Puig, 2021). 

These correlations also highlight tissue-specific differences in insulin action. 

Soleus GU:I was correlated with a range of metabolic parameters commonly used as 

indicators of metabolic disease including hyperinsulinemia, hyperglycemia and obesity 

(fat %, fat pad weight and adipocyte size). In contrast, EDL GU:I was correlated with 

fasting insulin, but not with any measures of adiposity. The lack of correlation between 

EDL glucose uptake and most metabolic traits is not surprising, as diet had little impact 

on EDL insulin responsiveness. Despite a correlation between soleus insulin action and 

fat mass, there was no direct correlation between muscle and AT insulin action, making 
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it unlikely that changes in adipocyte insulin action, at least in the context of glucose 

uptake measured ex vivo, is a major driver of insulin action in muscle. Furthermore, this 

lack of direct correlation between muscle and AT action emphasizes the importance of 

tissue-specific analyses. 

  

Soleus proteomics response networks 

Because IR in muscle is a known precursor for metabolic diseases (DeFronzo 

and Tripathy, 2009; Hanley et al., 2002; Lillioja et al., 1993), and based on our 

observations that soleus was more susceptible to diet-induced IR than EDL, we 

performed total proteomics on soleus from the seven strains fed chow or WD to identify 

molecular signatures of muscle IR. We quantified 2885 proteins in at least 40 of 85 

samples (Dataset 1). Hierarchical clustering revealed that the mean proteome clustered 

by strains but was largely refractory to diet effects (Fig. 7A), unlike metabolic traits, 

which clustered more strongly by diet (Fig. 5). This was also evident by pair-wise 

comparison of diet within each strain, which revealed very few proteins were 

significantly regulated by diet. For example, BALB had the most diet-regulated proteins 

of the strains (42 proteins) whereas A/J had the fewest (3 proteins) (Fig. S4A). 

Therefore, we assessed H2 of the proteome and the extent to which it is malleable by 

diet by partitioning the variances in expression of each protein into strain (H2), diet, or 

strain-by-diet (as in Fig. 3) (Dataset 2). Gene set analysis of the top 100 most heritable 

proteins (i.e. with the highest strain-derived variance; H2) revealed that pathways 

involved in translation, TCA cycle, respiratory electron transport, ATP synthesis, 

mitochondrial biogenesis and fatty acid beta-oxidation were among the most highly 
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overrepresented (Fig. S4B). Across the proteome, less variance was driven by diet 

compared to strain; however, for the proteins with the highest diet-derived variance, 

pathways involved in nuclear receptor signaling, cholesterol metabolism, and 

lipoprotein/chylomicron assembly and remodeling were among the most highly 

overrepresented (Fig. S4B). 

To identify protein expression networks associated with Soleus GU:I, we built co-

regulated protein networks using weighted gene co-expression network analysis 

(WGCNA) (Langfelder and Horvath, 2008). The resulting network consisted of seven 

modules (Dataset 3). The only modules that significantly correlated with Soleus GU:I 

were ‘dark turquoise’ and ‘royal blue’. The ‘dark turquoise’ module was positively 

correlated with Soleus GU:I (R = 0.785, p = 0.0009; Fig. 7B) and negatively correlated 

with fasting plasma insulin (R = -0.769, p = 0.0013, Fig. 7C). Pathway analysis revealed 

that this module was highly overrepresented by glycolytic proteins (Fig. 7D). In fact, ten 

of eleven proteins in the canonical glycolytic pathway were present in the module, with 

the exception of HK2 (hexokinase 2). Also present in the module were two additional 

proteins linked to glycolysis, such as PGM1 (phosphoglucomutase 1), which catalyzes 

the bi-directional conversion of glucose-6-phosphate and the glycogen precursor 

glucose-1-phosphate, and the lactate transporter SLC16A3 (monocarboxylate 

transporter 4) (Bisetto et al., 2019) (Fig. 7E). Interestingly, expression of the ten 

glycolytic proteins present in the module varied by as much as four-fold across the 

groups (Fig. 7F), and each was among the top 11% of the most abundant proteins 

measured in the entire proteome (Fig. S4C), so we hypothesized that these variances 

in expression could alter metabolite flux at each of these steps along the glycolytic 
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pathway and have a major cumulative impact on total glycolytic flux. Diet was the 

greatest source of variance for these canonical glycolytic proteins (as opposed to strain 

or strain-by-diet interaction), and each was in the top 20% of diet-regulated proteins 

(Fig. S4C). The ‘royal blue’ module was also positively correlated with Soleus GU:I (R = 

0.67, p = 0.009), and was not significantly correlated with fasting insulin. This module 

was overrepresented by mitochondrially localized proteins involved in carbonyl group 

metabolism associated with branched-chain amino acids (BCAAs), aldehydes and 

ketones (i.e. ACAD8, ECH1, ALDH2, ALDH6A1, HMGCL and OXCT1). Similar to the 

glycolytic proteins, diet was the greatest source of variance for these proteins, and each 

was in the top 5% of diet-regulated proteins (Fig. S4C). Changes in glycolytic and/or 

mitochondrial enzyme expression are often associated with muscle fiber type switching; 

however, chow-fed BALB, 129, BXD34, and ILSX97 had indistinguishable GU:I (Fig. 

2A, S2A), whereas the soleus fiber type compositions were markedly different between 

these strains (Fig. S5A-D), with BALB and ILSX97 having the highest and lowest type 

2a:1 ratio of all the strains, respectively. This indicates that fiber type composition can 

neither account for differences in soleus glucose uptake, nor for the difference in protein 

expression in the two correlating modules. Furthermore, there were no significant 

correlations between any of the muscle fiber type parameters and soleus glucose 

uptake (insulin stimulated or basal). Collectively, these data suggest that, although 

genetic effects were predominant in regulating the soleus proteome, diet-induced 

decreases in expression of proteins related to glycolysis, BCAA, aldehyde and ketone 

metabolism may underlie muscle IR. 



T2D has been associated with decreased expression of the glucose transporter 

GLUT4 in adipose tissue and, in one study, specifically in oxidative muscle (Gaster et 

al., 2001; Stuart et al., 2013); however, GLUT4 (SLC2A4) expression in soleus did not 

significantly correlate with Soleus GU:I (R = 0.34, p = 0.241), nor did the other proteins 

along the canonical insulin signaling-GLUT4 pathway present in the dataset (IRS1, 

PDK1, PDK2, Akt2 and RAB10). These results were not surprising, as these proteins 

are primarily regulated via an insulin-responsive phosphorylation cascade rather than at 

the protein level. However, levels of RAB14, a Rab-GTPase implicated in muscle 

GLUT4 trafficking (Ishikura et al., 2007), positively correlated with GU:I (R = 0.68, p = 

0.007), and so downregulation of this protein may be involved in muscle IR. In line with 

this, the most highly correlated protein with insulin-stimulated glucose uptake in our 

dataset was Profilin-2 (PFN2) (R = 0.944, p = 3.95e-07), also present in the glycolytic 

module. PFN2 is highly expressed in muscle and brain and, intriguingly, it is involved in 

endocytosis and plasma membrane trafficking(Gareus et al., 2006). Therefore, it is 

plausible that decreased PFN2 expression could lead to enhanced endocytosis, 

decreasing surface levels of GLUT4, diminishing insulin-stimulated glucose uptake. 

These analyses of the soleus proteome have revealed that H2 is the primary 

driver of overall proteomic diversity, with proteins involved in translation and 

mitochondrial biology being the most heritable, but that diet especially impacts 

expression of proteins involved in cholesterol and lipoprotein metabolism. Furthermore, 

expression of a set of glycolytic proteins was most strongly correlated with soleus 

insulin responsiveness. This was driven by gene-by-diet interactions, such that WD had 
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strong effects on expression of these proteins in some strains, whereas the expression 

of these proteins was completely unaffected by WD in other strains. 

  

DISCUSSION 

Peripheral IR is frequently associated with obesity and hyperinsulinemia in 

humans and mouse models, but it has been difficult to disentangle the respective roles 

of these different parameters in metabolic disease. Such studies are challenging in 

humans because it is difficult to control the environment over the course of life. One of 

the most significant observations made in this study was the complete lack of 

correlation between insulin action in AT and muscle. This was most evident in A/J mice, 

where muscle was highly insulin responsive, whereas the AT were severely insulin 

resistant independent of diet, concomitant with enlarged adipocytes (Fig 2A-C; 3A-D). 

Our further investigation of A/J AT revealed intact insulin signaling, but very low levels 

of GLUT4 protein expression (Fig. 3E-G), which was the likely cause of the lack of 

insulin action in this tissue. Intriguingly, GLUT4 expression was not perturbed in muscle 

of A/J mice consistent with normal insulin action. These data are intriguing as previous 

studies have found that reducing GLUT4 levels selectively in AT by genetic 

manipulation results in whole-body insulin resistance (Abel et al., 2001). Based on these 

studies and the observation that GLUT4 levels in AT are reduced by approximately 50% 

in humans with T2D (Hammarstedt et al., 2012) and in WD-fed mice (Ikemoto et al., 

1995), it has become widely accepted that adipocyte IR spreads via a systemic signal to 

other tissues including muscle. In contrast, our study suggests that, in some genetic 
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backgrounds, reduced adipocyte GLUT4 levels is insufficient to cause whole-body or 

muscle IR. 

While adipocyte hypertrophy is widely regarded as metabolically unfavorable and 

linked with systemic IR (Jeong and Yoon, 2009), we observed that A/J mice fed WD had 

large, severely insulin resistant adipocytes, yet the muscle of this strain remained the 

most insulin responsive. This is exciting, as previous studies comparing metabolic 

responses between A/J and BL/6 reported that, while BL/6 exhibited classical 

phenotypes associated with the metabolic syndrome in response to WD, A/J became 

obese but metabolically protected after WD feeding (Surwit et al., 1988). Conversely, 

BXD34 displayed only a minimal increase in adiposity and adipocyte size in response to 

WD, yet the BXD34 soleus developed IR in response to WD. These data suggest that 

the expansion of AT during a positive energy balance is key to sustained metabolic 

health. Specifically, we hypothesize that the efficient ability of the A/J adipocytes to 

expand in size to facilitate lipid storage protects these mice from systemic IR, and that 

an inability of the BXD34 adipocytes to enlarge for efficient lipid storage has a negative 

consequence on glucose metabolism by muscle. This is consistent with previous 

studies showing that specific manipulations that increase circulating lipids are sufficient 

to cause muscle IR (Boden et al., 2001; Roden et al., 1996). Consistent with the 

efficient lipid storage model providing protection against metabolic dysfunction, A/J mice 

were protected from diet-induced liver triglyceride accumulation and serum dyslipidemia 

compared to BL/6 (Sinasac et al., 2016). These data suggest that enlarged adipocytes 

are prone to IR, likely through decreased GLUT4 protein levels, but that insulin resistant 

adipocytes do not cause muscle IR. On the contrary, we suggest that the ability of the 
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AT to store excess dietary fat, whether by hypertrophy or hyperplasia, benefits systemic 

and muscle glucose metabolism by protecting these tissues from lipotoxicity. Further 

studies in diverse strains such as A/J and BXD34 should hone in on the mechanisms 

that govern intrinsic differences between individuals in adipocyte size and expandability, 

and the systemic effects on metabolism. 

Intriguingly, there was only a weak correlation in insulin responsiveness between 

soleus and EDL. This likely reflects the different properties of these muscles: soleus is a 

highly oxidative tonic muscle, whereas EDL is comparatively ‘fast-twitch’ with a higher 

proportion of glycolytic fibers. Tonic muscles are highly reliant on exogenous substrates, 

such as fatty acids and glucose, to meet a constant energy demand. Thus, we propose 

the elevated insulin responsiveness of the soleus is related to an insulin-induced switch 

to glucose utilization after a meal, rendering the soleus more susceptible to diet-induced 

IR compared to phasic muscles such as EDL, which are rich in glycogen stores and less 

reliant on uptake of exogenous glucose (TeSlaa et al., 2021). Taken together, these 

results indicate that studies in only one muscle, or even a biopsy limited to a certain 

region of a muscle, would not accurately reflect responses across all muscle groups. 

Our analysis of the soleus proteome revealed a strong positive correlation 

between soleus insulin responsiveness and the expression of ten canonical glycolytic 

enzymes (Fig. 7B-F). This is an exciting observation because it emphases the 

potentially important role of glycolytic flux as a determinant of muscle insulin action. 

Conversely, previous studies have claimed that the principal fate of glucose taken up by 

muscle is either incorporation into glycogen or mitochondrial oxidation. Consistent with 

the important role of glycolysis in muscle, recent studies examining the distribution of 

https://paperpile.com/c/DmXpWH/Y7Wjj


13C-glucose in young C57Bl/6N male mice have revealed that circulating glucose 

strongly labels glycolytic intermediates in specific mouse tissues, particularly soleus, 

and the majority of this glycolytic flux is channeled toward lactate production (TeSlaa et 

al., 2021) rather than being oxidized in mitochondria. Furthermore, we have previously 

shown that increasing mitochondrial glucose oxidation was not sufficient to increase 

muscle GU:I (Small et al., 2018). Hence, this raises the possibility that glycolysis 

represents a major driver of insulin responsiveness in muscle and that muscle IR is 

accompanied by a shift in energy utilization from exogenous carbohydrates, fatty acids 

and ketones toward protein catabolism. In line with this, muscle wasting (sarcopenia) is 

a common complication of IR (Guerrero et al., 2016; Guillet and Boirie, 2005). Notably, 

the conventional view is that in T2D there is a shift in the muscle machinery away from 

mitochondrial fatty acid oxidation (Mootha et al., 2003; Simoneau and Kelley, 1997) and 

it was assumed this is accompanied by a shift toward glycolysis. Based on our data, we 

predict this is unlikely. Our analysis also revealed a positive correlation between soleus 

insulin responsiveness and expression of mitochondrial enzymes involved in carbonyl 

group metabolism such as BCAAs, aldehydes and ketones. This is intriguing, as BCAAs 

have been shown to induce muscle IR in the context of a high fat diet by causing 

accumulation of short-chain acyl-carnitine metabolites (Newgard et al., 2009; White et 

al., 2016); therefore, our data suggest accumulation of such metabolic intermediates 

may be a consequence of decreased expression of these enzymes in muscle IR. 

Because this significant decline in proteins involved in carbonyl group metabolism in 

insulin resistant muscle was not associated with a parallel increase in glycolytic 

capacity, but rather the opposite, we propose that this reflects the true fate of glucose in 

muscle.  
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It is notable that the differences we observed in glycolytic protein levels were as 

great as four-fold and that ten of eleven canonical glycolytic proteins were coordinately 

regulated in our dataset (Fig. 7E-F). Previous studies have suggested that glycolytic 

flux is governed by four major rate-limiting steps, which include glucose transport, 

hexokinase, PFK and LDH (Tanner et al., 2018). In these studies, only the 

consequences of raising the levels of each glycolytic enzyme alone on pathway flux was 

examined, so it is conceivable that coordinate regulation of the entire glycolytic 

pathway, as we observed in insulin sensitive muscle, could cause a substantial change 

in glucose utilization (Vander Heiden et al., 2009). Such glycolytic regulation appears to 

have broader disease relevance, as several transcriptomic datasets from human muscle 

have identified glycolytic enzymes including LDHB and HK2 as among the genes most 

downregulated in IR and/or T2D (Fueger et al., 2007; Palsgaard et al., 2009; Sears et 

al., 2009). Consistent with this, it has been observed that overexpression of the enzyme 

PFKFB3, a major activator of glycolysis, in muscle caused increased glucose disposal, 

leanness and increased metabolic rate under chow and WD fed conditions (Xiang et al., 

2021). Similarly, deletion of AMPK in mouse muscle was found to paradoxically 

enhance insulin sensitivity at least in part by causing a compensatory increase in 

glycolysis (Lantier et al., 2020). Thus, optimal insulin sensitivity may be set both by the 

efficiency with which muscle can metabolize glucose via glycolysis to lactate, and fatty 

acids to CO2 in mitochondria, thus providing a degree of mutual exclusivity in the fate of 

these different nutrients. Increased glycolysis could also protect against increased 

mitochondrial reactive oxygen species production, a potential mechanism of muscle IR. 

We propose that this balance may provide a major regulator of muscle insulin 

responsiveness. Our data indicate the changes in glycolytic and mitochondrial proteins 
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we observed were not due to changes in muscle fiber types (Fig. S5), so the underlying 

cause for changes in the expression of these enzymes should be further investigated. 

 

STUDY LIMITATIONS 

We acknowledge several limitations of our study. First, we only measured the 

effects of insulin on glucose uptake, as this is the aspect of insulin action most directly 

related to normoglycemia, and IR is classically defined as a deficiency in glucose 

uptake at a given insulin dose. However, it would be of interest to interrogate strain-by-

diet interactions on other insulin mediated processes such as protein synthesis and lipid 

metabolism, as IR has been reported to be selective primarily for glucose metabolism 

(Tan et al., 2015). Second, we primarily investigated insulin action at only one dose of 

insulin, precluding us from obtaining insulin sensitivity data at submaximal insulin doses, 

however, GU:I into muscle is defective at all doses in humans with IR or T2D (James et 

al., 2021; Kolterman et al., 1980). Third, our study is limited to adolescent male mice. It 

is well established that sex differences affect susceptibility to obesity and IR in both 

mice and humans, such that females tend to have improved metabolic profiles (Karp et 

al., 2017; Mittelstrass et al., 2011; Norheim et al., 2019; Parks et al., 2015). Finally, we 

have only examined the characteristics of epididymal fat pads and so these studies 

should be expanded to include additional fat depots. 

 

CONCLUSIONS 
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Here we utilized genetic and environmental diversity to elucidate GxE 

interactions on tissue-specific and whole-body measures of insulin action. This has 

deconvoluted extensive GxE interactions on IR-associated traits and revealed a 

profound disconnect between IR in skeletal muscle and AT. Moreover, we 

demonstrated that differences in adipocyte size or GLUT4 expression did not dictate 

skeletal muscle insulin responsiveness. Rather, we demonstrate that hyperinsulinemia 

was invariably present in mice with muscle IR, and proteomics analysis of soleus 

muscle revealed decreased glycolytic capacity as a potential mechanistic link. These 

studies provide researchers with information regarding model selection for dietary 

studies, and future studies should expand on the genetic backgrounds and 

environmental interventions studied here to increase the applicability to diverse 

populations. 
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MAIN FIGURE TITLES AND LEGENDS 

FIGURE 1. Metabolic traits across thirteen mouse strains and two diets. (A) 

Adiposity, six-hour fasting (B) blood glucose and (C) serum insulin concentrations, and 

(D) blood glucose concentration area under the curve (AUC) during oral glucose 

tolerance test in thirteen mouse strains fed chow or WD. Bars represent group means 

and points represent individual mice. Error bars represent means ± SEM. Significant 

differences by a two-way ANOVA, followed by a Tukey’s post hoc test. * indicate a 

significant difference between chow and WD within a strain, # indicate a significant 

difference between BL/6 and another strain within the same diet; p < 0.05. See also 

Figure S1. 

  

FIGURE 2. Muscle and adipose tissue insulin responsiveness. Insulin-stimulated 

(10nM) ex vivo glucose uptake into intact (A) soleus and (B) EDL or (C) minced 

epididymal white adipose tissue from seven mouse strains fed chow or WD. Error bars 

represent means ± SEM. These data are repeated in Fig. S2 for comparison of insulin-

stimulated versus basal values. Fold insulin-stimulated over basal glucose uptake for 

(D) soleus, (E) EDL or (F) adipose tissue. Significant differences by a two-way ANOVA, 

followed by a Tukey’s post hoc test. * indicate a significant difference between chow 

and WD within a strain; p < 0.05. See also Figure S2. 



  

FIGURE 3. Adipose tissue characterization. (A) Representative H&E stained sections 

of fixed epididymal white adipose tissue (EpiWAT) from each strain and diet group 

(Scale bar represents 100 µm). (B) Tail probability density plots with interquartile range 

(IQR) of epididymal adipocyte areas pooled by group and (C) median adipocyte area of 

each mouse represented by points and the group averages represented by bars. (D) 

Insulin-stimulated ex vivo glucose uptake into EpiWAT from chow-fed BL/6 or A/J mice 

and with varying doses of insulin. Error bars represent means ± SEM (n=3). EpiWAT of 

chow-fed BL/6 or A/J mice, Western blotting for protein expression of (E) total and 

phosphorylated Akt in response to +/- 10 nM insulin and (F) GLUT4, and (G) Glut4 

mRNA expression by qPCR, expressed as fold of BL/6. For F-G, Error represents 

means ± SEM. Significant differences by Student’s t-test. * indicates a significant 

difference of p < 0.05; ** indicates a significant difference of p < 0.01.  

 

FIGURE 4. Variance partitioning of metabolic traits. Variances across the seven 

selected mouse strains and two diets for metabolic traits were partitioned using linear 

mixed-effect models into strain (broad-sense heritability; H2), diet, strain-by-diet and 

residual. 

 

FIGURE 5. Metabolic trait clustering by strain and diet. Heatmap of Z-scored group 

data with hierarchical clustering of selected metabolic traits related to tissue glucose 



uptake and indices of insulin resistance across the seven strains fed chow or WD. See 

also Figure S3. 

  

  

FIGURE 6. Metabolic trait correlation networks. (A) Correlation coefficient matrix of 

the metabolic traits from the seven mouse strains followed by hierarchical clustering. * 

indicates a significant correlation. (B) Network of significant correlations with tissue 

insulin-stimulated glucose uptake was generated to illustrate metabolic network 

connectivity. 

  

FIGURE 7. Analysis of the soleus proteome. Total proteomics of soleus from the 

seven mouse strains fed two diets. (A) Hierarchical clustering of the mean proteome. 

Protein module in soleus correlates with (B) soleus glucose uptake and (C) fasting 

serum insulin, and (D) pathway analysis of module. (E) Schematic of canonical 

glycolysis pathway (green box), with proteins within the glycolytic module in black, and 

proteins absent from the module in white. PGM1 (involved in glycogen storage and 

breakdown; purple box) and SLC16A3 (a lactate transporter; orange box) also within 

glycolytic module. Boxplots of Log2 LFQ intensity values of (F) the glycolytic proteins 

depicted in (E). See also Figures S4 and S5, Supplemental Table 1, and Supplemental 

Datasets 1-3. 

  



STAR METHODS 

Resource Availability 

Lead Contact 

Further information and requests for resources and reagents should be directed 

to and will be fulfilled by the lead contact, David E. James 

(david.james@sydney.edu.au). 

 

Materials Availability 

● The GLUT4 antibody was generated by the David James laboratory (James et 

al., 1989) and is available upon request.  

 

Data and Code Availability 

● Proteomics data have been deposited at PXD029680 and are publicly available 

as of the date of publication. DOI is listed in the key resources table. 

● This paper does not report original code. 

● Any additional information required to reanalyze the data reported in this paper is 

available from the lead contact upon request. 

 

Animals 

mailto:david.james@sydney.edu.au


C57BL/6J (BL/6), BXH9/TyJ (BXH9), BALB/cJ (BALB), BXD34/TyJ (BXD34), 

ILSXISS97 (ILSX97), AKR/J (AKR), DBA/2J (DBA), ILSXISS50 (ILSX50), ILSXISS89 

(ILSX89), ILSXISS98 (ILSX98) and NOD/ShiLtJ (NOD) inbred mouse strains were 

obtained from Australian BioResources (Moss Vale, NSW, Australia). A/J and 

129X1/SvJ (129) inbred mouse strains were obtained from Animal Resources Centre 

(Perth, WA, Australia). Experiments were performed in accordance with NHMRC 

(Australia) guidelines and under the approval of The University of Sydney Animal Ethics 

Committee. Mice were monitored at least twice per week and weighed weekly. 

Male littermates were randomly assigned to cages upon weaning at 6 weeks of 

age, 3 to 5 per cage, maintained at 23°C on a 12 hour light/dark cycle and given ad 

libitum access to water and standard laboratory chow containing 12% calories from fat, 

65% calories from carbohydrate, 23% calories from protein (‘Irradiated Rat and Mouse 

Diet’, Specialty Feeds, Glen Forest, WA, Australia). Mice were acclimatized in the 

Laboratory Animal Services Facility (Charles Perkins Centre, University of Sydney) for 1 

week prior to experimentation. From 8 to 10 weeks of age, mice were given ad libitum 

for a total of 8 weeks either the standard laboratory chow or a high fat, high sucrose 

Western diet (WD) made in-house containing 45% calories from fat, 36% calories from 

carbohydrate and 19% calories from protein. Specifically, the WD contained: 3.5%g 

cellulose, 4.5%g bran, 13%g cornstarch, 21%g sucrose, 16.5%g casein, 3.4%g 

gelatine, 2.6%g safflower oil, 18.6%g lard, 1.2%g AIN-93 vitamin mix (MP Biomedicals), 

4.95%g AIN-93 mineral mix (MP Biomedicals), 0.36%g choline and 0.3%g L-cysteine. 

  



Blood collections 

Mice were fasted for 6 hours before being restrained to allow puncture and blood 

collection from the saphenous vein. Blood was collected into EDTA coated tubes on ice 

and centrifuged at 2,000 x g for 15 minutes to separate plasma. 

  

Whole-Body Metabolic Measures 

Mice were placed in metabolic cages, Promethion (Sable Systems International), 

at 5-6 weeks of diet intervention to assess activity and food intake. Fat and lean mass 

measures were acquired via EchoMRI-900 (EchoMRI Corporation Pte Ltd, Singapore) 

after 7 weeks of diet. 

Fasting insulin levels were measured in plasma from 6-hour fasted mice an 

Insulin Mouse Ultra Sensitive ELISA (Crystal Chem USA, Elk Grove Village, Illinois, 

USA) according to the manufacturer’s protocol. An oral glucose tolerance test (GTT) 

was performed on mice after 7 weeks of diet. 6-hour fasted mice were dosed via oral 

gavage of 25% glucose in water at 2 mg/kg lean mass. Blood glucose concentration 

was measured directly from tail whole blood via a glucose monitor (Accu-Chek, Roche 

Diabetes Care, NSW, Australia) at 0, 15, 30, 45, 60, 90 and 120 minutes after 

administration of glucose. Blood insulin levels during the oGTT were measured by 

collecting 5 μL of tail whole blood at 0, 5, 10 and 30 minutes directly into an insulin 

ELISA plate containing sample diluent. The assay was then performed according to the 



manufacturer’s protocol. The resulting whole blood concentrations were multiplied by a 

factor of 2 to estimate plasma concentrations. 

An intraperitoneal insulin tolerance test (ipITT) was performed on mice after 6 

weeks of diet. 2-hour fasted mice were dosed via intraperitoneal injection of insulin in 

PBS at 1 U/kg lean mass. Blood glucose was sampled from the tail vein at 0, 5, 10, 20 

and 30 minutes after administration of insulin. 

  

Ex vivo glucose uptake 

For ex vivo glucose uptake, mice were euthanized by cervical dislocation 

followed by dissection of epididymal adipose tissue, soleus and extensor digitorum 

longus (EDL) tissues. Glucose uptake into both the soleus and EDL was assessed by 

mounting the tissue and incubating the tissue for 30 minutes in Krebs Henseleit buffer 

containing 5.5 mM glucose, 2 mM pyruvate and 0.1% BSA (KRH) that had been gassed 

with carbogen (95% O2/5% CO2). 0.375 µCi/ml [3H]-2-dexoyglucose (2-DG) and 0.05 

µCi/ml [14C]-Mannitol was incubated with the muscle samples with or without 100 nM 

insulin for 20 minutes at 30°C followed by washing in ice-cold PBS and then snap 

frozen. Samples were lysed in 250 mM NaOH at 70°C. Epididymal adipose tissue was 

finely chopped and incubated for 2 to 4 hours in 25 mM glucose containing DMEM with 

pyruvate containing 25 mM HEPES and 2% BSA. Explants were then incubated in KRP 

containing 25 mM HEPES and 2% BSA, stimulated for 20 minutes with 0 nM or 10 nM 

insulin followed by addition of 50 µM 2-DG, 1 µCi [3H]-2-DG and 0.14 Ci [14C]-mannitol 



for the final 5 minutes. Samples were washed 3x in ice-cold PBS and then lysed in 100 

mM NaoH. 

Tracer in the muscle and adipose tissue lysates was quantified by liquid 

scintillation counting and [3H]-2-DG was corrected for extracellular [14C]-mannitol then 

normalised to wet weight of the tissue for soleus and EDL or protein concentration as 

measured by a BCA assay for the adipose tissue. Because of the significant expansion 

of the fat content of adipose tissue with WD, we normalized adipose glucose uptake to 

mg protein rather than tissue wet weight as is common practice for muscle. 

Underscoring the effectiveness of this normalization method for the adipose tissue, WD 

had no effect on basal GU, with the exception of a significant increase in BXH9 

compared to chow (Fig. S2C). 

Statistical outliers (>2 standard deviations from the group means) were removed 

from the muscle glucose uptake datasets (<15% of data points). Fold glucose uptake 

was calculated as insulin over the mean basal value of each group for soleus and EDL, 

and as insulin over basal for each individual animal for adipose tissue. 

  

Proteomics sample preparation 

Soleus muscle was snap frozen with liquid nitrogen and pulverised before 

resuspension in 200 µL of 4% sodium deoxycholate in 100 mM Tris pH 8 buffer and 

heated at 95°C for 10 minutes. Samples were homogenised by bead beating in a 

TissueLyzer with a stainless bead for 1 minute at 30 Hz. Lysates were centrifuged at 

13,000 x g for 10 min to pellet insoluble cell debris and protein concentration in 



supernatant was determined by BCA assay. 10 µg of protein was aliquoted into a 250 

µL deep well plate and volume adjusted to 20 µL with water before 1 µL of 

reduction/alkylation (10 mM TCEP, 40 mM CAA) buffer was added and the plate 

incubated for 20 minutes at 60°C. Once cooled to room temperature, 0.4 µg trypsin and 

0.4 µg LysC was added to each sample and incubated overnight (18 h) at 37°C with 

gentle agitation. 30 µL water and 50 µL 1% TFA in ethyl acetate was added to stop 

digestion and dissolve any precipitated SDC. Samples were prepared for mass 

spectrometry analysis by StageTip clean up using SDB-RPS solid phase extraction 

material (Rappsilber et al., 2007). Briefly, 2 layers of SDB-RPS material was packed 

into 200 µL tips and washed by centrifugation of StageTips at 1,000 x g for 2 minutes in 

a 96-well adaptor with 50 µL acetonitrile followed by 0.2% TFA in 30% methanol and 

then 0.2% TFA in water. 50 µL of samples were loaded to StageTips by centrifugation at 

1,000 g for 3 minutes. Stage tips were washed with subsequent spins at 1,000 g for 3 

minutes with 50 µL 1% TFA in ethyl acetate, then 1% TFA in isopropanol, and 0.2% 

TFA in 5% ACN. Samples were eluted by addition of 60 µL 60% ACN with 5% NH4OH4. 

Samples were dried by vacuum centrifugation and reconstituted in 30 µL 0.1% TFA in 

2% ACN. 

  

Proteomics data processing and analysis 

Samples were analysed using a Dionex UltiMate™ 3000 RSLCnano LC coupled 

to a Exploris Orbitrap mass spectrometer. 3 µL of peptide sample was injected onto an 

in-house packed 75 μm × 40 cm column (1.9 μm particle size, ReproSil Pur C18-AQ) 

and separated using a gradient elution, with Buffer A consisting of 0.1% formic acid in 
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water and Buffer B consisting of 0.1% formic acid in 80% ACN. Samples were loaded to 

the column at a flow rate 0.5 µL min-1 at 3% B for 14 minutes, before dropping to 0.3 µL 

minute-1 over 1 minute and subsequent  ramping to 30% B over 110 min, then to 60% B 

over 5 minutes and 98% B over 3 minutes and held for 6 minutes, before dropping to 

50% and increasing flow rate to 0.5 µL minute-1 over 1 minute. Eluting peptides were 

ionized by electrospray with a spray voltage of 2.3 kV and a transfer capillary 

temperature of 300°C. Mass spectra were collected using a DIA method with varying 

isolation width windows (widths of m/z 22-589) between 350 - 1650 according to 

Supplemental Table 1.  MS1 spectra were collected between m/z 350 - 1650 m/z at a 

resolution of 60,000. Ions were fragmented with an HCD collision energy at 30% and 

MS2 spectra collected between m/z 300-2000 at resolution of 30,000, with an AGC 

target of 3e5 and the maximum injection time set to automatic. Raw data files were 

searched using DIA-NN using a library free FASTA search against the reviewed UniProt 

mouse proteome (downloaded May 2020) with deep learning enabled (Demichev et al., 

2019; Rappsilber et al., 2007). The protease was set to Trypsin/P with 1 missed 

cleavage, N-term M excision, carbamidomethylation and M oxidation options on. 

Peptide length was set to 7-30, precursor range 350-1650, and fragment range 300-

2000, and FDR set to 1%. Missingness per sample was <10%. Proteins that were found 

in <40 samples were filtered away and remaining missing values were imputed by 

substitution with a value randomly generated from within the standard deviation around 

the mean for the protein (Supplemental Dataset 1). The mass spectrometry proteomics 

data have been deposited to the ProteomeXchange Consortium via the PRIDE partner 

repository (Perez-Riverol et al., 2019) with the dataset identifier PXD029680. 
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Equations for insulin sensitivity indices 

HOMA-IR:  

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 �𝑚𝑚𝑚𝑚𝐿𝐿 � ∗  𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �𝜇𝜇𝜇𝜇𝑚𝑚𝑚𝑚�
22.5  

 

QUICKI:  

1

𝑙𝑙𝑙𝑙𝑙𝑙 �𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �𝜇𝜇𝜇𝜇𝑚𝑚𝑚𝑚��  +  𝑙𝑙𝑙𝑙𝑙𝑙 �𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 �𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 �� 
 

 

GI ratio: 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 �𝑚𝑚𝑚𝑚𝐿𝐿 �

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚� 
 

 

Matsuda index: 

10,000

��𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 �𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 � ∗ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �𝜇𝜇𝜇𝜇𝑚𝑚𝑚𝑚�� ∗ �𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝐺𝐺𝐺𝐺𝐺𝐺 �𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 � ∗ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝐺𝐺𝐺𝐺𝐺𝐺 �𝜇𝜇𝜇𝜇𝑚𝑚𝑚𝑚��
 

 

IRI: 

𝐺𝐺𝐺𝐺𝑇𝑇 𝐴𝐴𝐴𝐴𝐴𝐴 ∗ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �
𝑛𝑛𝑛𝑛
𝑚𝑚𝑚𝑚

� 

 

  

Adipocyte area 

Formalin-fixed epididymal adipose tissue was paraffin embedded, sectioned, 

mounted on coverslips and stained with H&E. Coverslips were scanned to digital 

images using an Aperio ScanScope. Adipocyte cell area was then analyzed in ImageJ 

version 1.51. Briefly, images were converted to 8 bit and the threshold was adjusted so 



cell membranes were identified as signal and cell contents were identified as 

background. The “Find Edges” built-in function was applied, and the color was inverted. 

The “Analyze Particles” built-in function was then applied to calculate cell areas with a 

defined size range of 400-80000 μm2 and a circularity range of 0.40-1.00. For each 

mouse, two random areas within a slide were analyzed so that >1000 adipocytes were 

quantified per mouse. Tail probability plots were generated using the R package ggplot2 

version 3.3.2. 

 

Western blotting 

Epididymal adipose tissue from chow-fed BL/6 and A/J mice was excised and 

finely chopped with scissors in DMEM containing 25 mM glucose, 5 mM pyruvate, 25 

mM HEPES and 2% BSA. Each explant was divided into two aliquots and either 

stimulated for 20 minutes with 10 nM insulin or served as an unstimulated control so 

that basal and insulin stimulated samples were collected for each animal. Explants were 

then washed 3x with PBS and frozen at -80°C before being lysed in RIPA buffer (50 mM 

Tris-HCl pH 8.0, 250 mM NaCl, 5 mM EDTA, 1% Triton X-100) containing protease 

inhibitors (1 mM sodium pyrophosphate, 2 mM sodium orthovanadate, 10 mM sodium 

fluoride) by sonication. Protein concentrations were determined by BCA assay and 

adjusted to 2 mg/mL. 

10 µg of protein was resolved by SDS-PAGE, transferred onto PVDF membranes 

and blocked in TBS-T (0.1 % Tween in Tris-buffered saline) containing 2% skim milk for 

1 hour. Membranes were then washed 3 x 10 minutes in TBS-T and incubated 



overnight in primary antibodies against phosphorylated Akt T308 (Cell Signaling 

Technologies #2965; diluted 1:1000), pan-Akt (Cell Signaling Technologies #9272; 

diluted 1:1000), GLUT4 (developed in-house (James et al., 1989); diluted 1:1000), and 

14-3-3 (Santa Cruz #sc-1657; diluted 1:5000). The following day membranes were 

washed 3 x 10 minutes in TBS-T and incubated for 1 hour in species-appropriate 

fluorescent secondary antibodies. Imaging and densitometry were performed using LI-

COR Image Studio. 

  

qPCR 

RNA was extracted from frozen chow-fed BL/6 and A/J epididymal adipose tissue 

using TRIzol reagent and phase separation with 1-bromo-3-chloropropane. cDNA 

synthesis was carried out by PrimeScript cDNA synthesis kit according to 

manufacturer’s instructions. qPCR was performed on a QuantStudio 6 PCR System 

using FastStart Universal SYBR Green Master (Roche Applied Science) with the primer 

sets against mGlut4 (F: gccacgatggagacatagc, R: gacggacactccatctgttg) and mCypB (F: 

accttccgtaccacatccat, R: ttcttcataaccacagtcaagacc). Relative gene expression was 

determined using the ∆∆Ct method. 

 

 Muscle fiber typing 

Immunofluorescent fiber staining of mouse soleus muscles was adapted from 

(Bloemberg and Quadrilatero, 2012). Soleus muscles of mice were excised and frozen 

https://paperpile.com/c/DmXpWH/yDmNe
https://paperpile.com/c/DmXpWH/z6bYQ


in OCT in an isopentane slurry over liquid nitrogen and stored at -80°C. The muscles 

were sectioned on a cryostat at 10 μM thickness and mounted onto slides. Sections 

were blocked in 10% horse serum in PBS for 1 hour. Primary antibody mixtures 

containing MHCI (BA-F8, 1:50), MHCIIa (SC-71, 1:600) and MHCIIb (BF-F3, 1:100) 

from the Developmental Studies Hybridoma Bank (University of Iowa) were diluted in 

10% horse serum and applied to the sections for 2 hours. Sections were washed 3 x 5 

minutes in PBS before being incubated for 1 hour with a second antibody cocktail 

containing Alexa Fluor 488 IgG2b (Life Technologies, green, 1:500), Alexa Fluor 555 

IgG1 (Life Technologies, red, 1:500), Alexa Fluor 350 IgM (Life Technologies, blue, 

1:500) and Lectin from Triticus vulgaris-Atto 488 conjugate (Sigma, green, 1:500). 

Sections were washed 3 x 5 minutes in PBS and mounted using Immuno-Fluore 

mounting medium (MP Biomedical). Slides were imaged using the Zeiss Axio Vert A1 

microscope across the entire cross-section and assembled into a composite image 

using ImageJ. Fibers were manually counted using the lectin stain to denote cell 

boundaries and assigned as being green (type 1), red (type 2a), blue (type 2b) or 

unstained (type 2x). 

  

Variance estimates and means comparisons 

Overall strain, diet or strain-by-diet effects were tested on log-transformed data to 

achieve normal Gaussian distribution (with the exception of QUICKI, which is already on 

a log scale as calculated) by two-way ANOVA with an alpha of p < 0.05, and differences 

between group means were subsequently tested by Tukey’s post-hoc, using base R 

functions, unless otherwise specified in the figure legends. Pairwise comparison of 



proteins within each strain was conducted using the R Limma package (Ritchie et al., 

2015). Group data plots were generated using the R package ggplot2 version 3.3.2. 

  

Variance partitioning analyses (heritability) 

Data were first log-transformed to achieve normal Gaussian distributions. 

Variances were partitioned using a linear random slopes model with diet and strain as 

random effects. To estimate variance derived from strain-by-diet interactions, a 

synthetic cohort was created for each trait by subtracting WD from chow log-normalized 

values for each possible WD:chow animal combination, then 4 values for each WD 

animal were randomly sampled using the function sample_n from the R package dplyr 

version 1.0.2. For this linear model, strain was defined as a random factor. The total 

variance from this model was calculated by summing strain and residual variances. The 

proportion of the total variance explained by strain was scaled to explain a portion of the 

residual variance from the previous model as strain-by-diet interaction. Linear modeling 

was performed using lme functions from the R package lme4 version 1.1-25. Variance 

plots were generated using the R package ggplot2 version 3.3.2. 

  

Trait-by-trait correlations 

Trait by trait correlations including multi-level data augmentation for missing trait 

data were performed under Bayesian mixed models framework using the R package 

MCMCglmm version 2.29 (Hadfield and Others, 2010). Data were first log-transformed 

to achieve normal Gaussian distributions (with the exception of QUICKI, which is 

https://paperpile.com/c/DmXpWH/GQ2UQ
https://paperpile.com/c/DmXpWH/GQ2UQ
https://paperpile.com/c/DmXpWH/5r4vY


already on a log scale as calculated). To achieve a multi-response model, traits were 

defined as response variables. Gaussian distributions were specified for each response 

variable. An inverse Wishart prior belief parameter was defined as nu=0.002. The model 

was then run for 2 million iterations with a burn-in phase of 40,000 and a thinning 

interval of 40. Mean posterior distributions of the variance-covariance matrix were then 

converted to correlation coefficients. The analysis was repeated 3 times and the mean 

correlation coefficients were used to generate a correlation matrix. The correlation 

matrix heatmap with Euclidean distance clustering was generated using the R package 

heatmap.2. A correlation was considered significant if the 95% credible intervals did not 

span 0. For the metabolic trait correlation network plot was generated using the R 

package ggraph version 2.0.3. 

  

Protein network construction 

Proteins that did not map to unique protein groups were filtered away and 

individual proteins were averaged across strain and diet. Clustering was performed on 

scaled data using the average linkage method in the R base function hclust. A weighted 

protein co-expression network was constructed using the R package WGCNA 

(Langfelder and Horvath, 2008). The network was built using a soft power of 10, 

minimum module size 15 and a tree cut height of 0.2. Biological pathway 

overrepresentation analysis was performed for KEGG pathways in the R package 

WebGestaltR (Zhang et al., 2005), with the minimum number of genes in a pathway 

specified as 15 and maximal as 200. Pathways with <0.05 false discovery rate (FDR) 

were considered to be significantly overrepresented. 

https://paperpile.com/c/DmXpWH/h4gXF
https://paperpile.com/c/DmXpWH/qFzsc


 

 STAR METHODS KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Akt T308 Cell Signaling Cat# 2965 

Total Akt Cell Signaling Cat# 9272 

GLUT4 James et al., 1989  

14-3-3 Santa Cruz Cat# 1657 

Myosin heavy chain Type I 

Developmental 
Studies Hybridoma 
Bank (University of 
Iowa) Cat# BA-F8 

Myosin heavy chain Type IIa 

Developmental 
Studies Hybridoma 
Bank (University of 
Iowa) Cat# SC-71 

Myosin heavy chain Type IIb 

Developmental 
Studies Hybridoma 
Bank (University of 
Iowa) Cat# BF-F3 



Alexa Fluor 488 IgG2b 
Life Technologies 
Australia 

Cat# A-
11094 

Alexa Fluor 555 IgG1 
Life Technologies 
Australia 

Cat# A-
21127 

Alexa Fluor 350 IgM 
Life Technologies 
Australia 

Cat# A-
31552 

Lectin from Triticus vulgaris-Atto 488 
conjugate Sigma-Aldrich Cat#16441 

Bacterial and virus strains 

Biological samples 

Chemicals, peptides, and recombinant proteins 

Critical commercial assays 

Insulin Mouse Ultra Sensitive ELISA 

Crystal Chem USA 
(Elk Grove Village, IL, 
USA) Cat# 90080 

Deposited data 

Proteomics dataset 
ProteomeXchange 
Consortium PXD029680 

Experimental models: Cell lines 

Experimental models: Organisms/strains 

C57BL/6J 

Australian 
BioResouces (Moss 
Vale, NSW, AU)   



BXH9/TyJ 

Australian 
BioResouces (Moss 
Vale, NSW, AU)   

BALB/cJ 

Australian 
BioResouces (Moss 
Vale, NSW, AU)   

ILSXISS97 

Australian 
BioResouces (Moss 
Vale, NSW, AU)   

ILSXISS50 

Australian 
BioResouces (Moss 
Vale, NSW, AU)   

ILSXISS89 

Australian 
BioResouces (Moss 
Vale, NSW, AU)   

ILSXISS98 

Australian 
BioResouces (Moss 
Vale, NSW, AU)   

AKR/J 

Australian 
BioResouces (Moss 
Vale, NSW, AU)   

DBA/2J 

Australian 
BioResouces (Moss 
Vale, NSW, AU)   

NOD/ShiLtJ 

Australian 
BioResouces (Moss 
Vale, NSW, AU)   

A/J 

Animal Resources 
Centre (Perth, WA, 
AU)   

129X1/SvJ 

Animal Resources 
Centre (Perth, WA, 
AU)   



Oligonucleotides 

Recombinant DNA 

Software and algorithms 

MCMCglmm version 2.29 Hadfield et al., 2010   

WGCNA 
Langfelder and 
Horvath, 2008   

WebGestaltR  Zhang et al., 2005   

Other 

Chow diet 

Gordon’s Specialty 
Stock Feeds 
(Yanderra, NSW, AU)   

AIN-93 vitamin mix 

MP Biomedicals 
(Seven Hills, NSW, 
AU)   

AIN-93 mineral mix 

MP Biomedicals 
(Seven Hills, NSW, 
AU)   
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SUPPLEMENTAL MATERIALS

Nelson et al. "Systems level analysis of insulin action reveals insights into whole body metabolism 
and insulin action in muscle and adipose tissue."

SUPPLEMENTAL FIGURES AND FIGURE LEGENDS 



 



FIGURE S1. Metabolic traits across thirteen mouse strains and two diets (Related to FIG 1). In thirteen 

mouse strains fed chow or six to eight weeks of WD feeding, (A) total body weight, (B) lean mass, (C) fat 

mass, weights of (D) epididymal white adipose tissue (EpiWAT) and (E) subcutaneous white adipose 

tissue (SCWAT). 24-h sampling of (F) food intake and (G) ambient activity. (H) Blood insulin 

concentration AUC over the first 30 minutes of an oral glucose tolerance test (oGTT). (I) Blood glucose 

concentrations over time over 120 minutes of an oGTT. Error bars represent means ± SEM. Significant 

differences between group means were tested on log-transformed data by a two-way ANOVA, followed 

by a Tukey’s post hoc test. * indicate a significant difference between chow and WD within a strain, # 

indicate a significant difference between BL/6 and another strain within the same diet; p < 0.05. 



 

  



FIGURE S2. Muscle and adipose tissue insulin responsiveness (related to FIG 2). Insulin-stimulated (10 

nM) or basal (0 nM) ex vivo glucose uptake into intact (A) soleus and (B) EDL or (C) minced epididymal 

white adipose tissue excised from seven selected mouse strains fed chow or eight weeks of WD. These 

insulin-stimulated data are repeated in Fig. 2 for comparison of insulin-stimulated chow versus WD 

values. Error bars represent means ± SEM. Significant differences between group means were tested on 

log-transformed data by a two-way ANOVA, followed by a Tukey’s post hoc test. * indicate a significant 

difference between basal and insulin-stimulated within a strain, # indicate a significant difference 

between BL/6 and another strain within the same diet; p < 0.05. 

 



 

  



FIGURE S3. Glucose homeostasis (related to FIG 5). Six-hour fasting (A) blood glucose and (B) serum 

insulin in mice from the seven selected strains fed chow or seven weeks of WD. Measures calculated 

from these fasting glucose and fasting insulin values: (C) HOMA-IR, (D) QUICKI and (E) GI ratio. Blood 

glucose concentration area under the curve (AUC) over (F) 30 minutes of an intraperitoneal insulin 

tolerance test (ipITT). (G) Matsuda index calculated from fasting blood glucose and insulin values and 

the average glucose and insulin values during an oGTT. (H) IRI calculated from fasting insulin and oGTT 

AUC (Fig. S1H). Bars represent group means and points represent individual mice. Error bars represent 

means ± SEM. Significant differences between group means were tested on log-transformed data by a 

two-way ANOVA, followed by a Tukey’s post hoc test. * indicate a significant difference between chow 

and WD within a strain, # indicate a significant difference between BL/6 and another strain within the 

same diet; p < 0.05. 

 

  



  



FIGURE S4. Variance partitioning of the soleus proteome (related to FIG 7). (A) Volcano plots 

comparing the chow vs WD soleus proteome for each strain. Significantly regulated proteins are 

represented by black dots. The number in parenthesis indicates the number of significantly regulated 

protein within each strain. For B-C, linear mixed models were used to partition variance in expression of 

each protein in the soleus proteomics dataset by total, strain, diet, strain-by-diet or residual variance. 

(B) Pathway overrepresentation of the top 100 strain- or diet-regulated proteins. (C) For all proteins in 

the dataset, each of the variance sources was plotted against mean protein abundance (log2 LFQ 

intensity) (orange dots). Each protein contained in the respective modules is represented by gray dots. 

For the ‘dark turquoise’ module, proteins belonging to the canonical glycolytic pathway (Fig. 6E) are 

labeled. For the ‘royal blue’ module, proteins involved in BCAA, aldehyde and ketone metabolism are 

labeled. 

  



 

  



FIGURE S5. Soleus muscle fiber typing (related to FIG 7). Soleus muscles of chow-fed mice were cross-

sectioned and the fibers were stained green (type 1), red (type 2a), blue (type 2b), or remained 

unstained (type 2x). (A) Representative images and quantification of (B) total fibers per cross sectional 

area, (C) each fiber type as a percentage of total fibers and (D) the ratio of type 2a to type 1 fibers. Bars 

represent group means. Error bars represent means ± SEM (n=3-7). 

  



SUPPLEMENTAL TABLE 

Supplemental Table 1 (related to FIG 7). Data independent analysis windows for mass spectrometry 
method. 
 

DIA 
window Min Max m/z 

centre 

Isolation 
window 
(+/-) 

1 350 394 372 22 
2 393 424 408.5 31 
3 423 452 437.5 29 
4 451 478 464.5 27 
5 477 504 490.5 27 
6 503 529 516 26 
7 528 555 541.5 27 
8 554 581 567.5 27 
9 580 608 594 28 

10 607 635 621 28 
11 634 663 648.5 29 
12 662 693 677.5 31 
13 692 725 708.5 33 
14 724 759 741.5 35 
15 758 798 778 40 
16 797 841 819 44 
17 840 892 866 52 
18 891 959 925 68 
19 958 1062 1010 104 
20 1061 1650 1355.5 589 
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