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SUMMARY 

The 1.6 Mb 3q29 deletion is associated with developmental and psychiatric phenotypes. Reduced 

birthweight and a high prevalence of feeding disorders in patients suggest underlying metabolic 

dysregulation. We investigated 3q29 deletion-induced metabolic changes using the 

B6.Del16+/Bdh1-Tfrc mouse model. We found that B6.Del16+/Bdh1-Tfrc animals preferentially use 

dietary lipids as an energy source. Untargeted metabolomics showed a strong sex-dependent 

effect of the 3q29 deletion on fat metabolism. A high-fat diet (HFD) partially rescued the 3q29 

deletion-associated weight deficit in females, but not males. Untargeted metabolomics after HFD 

revealed persistent fat metabolism alterations in females. The HFD did not affect B6.Del16+/Bdh1-

Tfrc behavioral phenotypes, suggesting that 3q29 deletion-associated metabolic and behavioral 

outcomes are uncoupled. Our data indicate a HFD intervention in 3q29 deletion syndrome may 

improve weight phenotypes without exacerbating behavioral manifestations. Our study also 

highlights the importance of assessing sex in metabolic studies and suggests mechanisms 

underlying 3q29 deletion-associated metabolic phenotypes are sex-specific.  
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INTRODUCTION 

 3q29 deletion syndrome (3q29del) is a rare (~1 in 30,000) (Kendall et al., 2017; 

Stefansson et al., 2014) genomic disorder characterized by a typically de novo 1.6 Mb deletion 

on chromosome 3 (hg19, chr3:195725000-197350000) (Ballif et al., 2008; Glassford et al., 2016; 

Willatt et al., 2005). The 3q29 deletion is associated with neurodevelopmental and 

neuropsychiatric phenotypes, including mild to moderate intellectual disability (ID) (Ballif et al., 

2008; Cox and Butler, 2015; Willatt et al., 2005), a 19-fold increased risk for autism spectrum 

disorder (ASD) (Itsara et al., 2009; Pollak et al., 2019; Sanders et al., 2015), and a 20-40-fold 

increased risk for schizophrenia (SZ) (Kirov et al., 2012; Marshall et al., 2017; Mulle, 2015; 

Mulle et al., 2010; Szatkiewicz et al., 2014). Two independently generated mouse models of the 

3q29 deletion show behavioral manifestations, including social interaction and cognitive deficits, 

and altered acoustic startle reflex, sensorimotor gating, and amphetamine-induced locomotion 

(Baba et al., 2019; Rutkowski et al., 2019). The range of neurodevelopmental and 

neuropsychiatric manifestations in 3q29del is consistent with that observed in other copy number 

variant (CNV) disorders, including 22q11.2 deletion syndrome (McDonald-McGinn et al., 2015; 

Schneider et al., 2014), 16p11.2 deletion and duplication syndromes (D'Angelo et al., 2016; 

Hanson et al., 2015), 7q11.23 duplication syndrome (Mervis et al., 2015), and 1q21.1 deletion 

syndrome (Brunetti-Pierri et al., 2008). These data demonstrate that risk for multiple 

neuropsychiatric phenotypes is a feature common to many genomic disorders. 

 There is growing evidence that metabolic alterations can contribute to 

neurodevelopmental and neuropsychiatric diseases. Many inborn errors of metabolism have 

neurodevelopmental and neuropsychiatric manifestations, including Wilson’s disease, 

cerebrotendinous xanthomatosis, Niemann-Pick disease type C, phenylketonuria, and classical 
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galactosemia (Akil and Brewer, 1995; Bilder et al., 2016; Cox, 1999; Doyle et al., 2010; Imrie et 

al., 2007; Imrie et al., 2002; Korner et al., 2019; Kuiper et al., 2019; Moghadasian, 2004; 

Patterson et al., 2012; Vanier, 2010; Wraith et al., 2009). Additional molecular studies of the 

22q11.2 deletion have highlighted the role of oxidative stress and mitochondrial dysfunction as 

major contributors to synaptic phenotypes (Fernandez et al., 2019; Gokhale et al., 2019; Napoli 

et al., 2015). Mitochondrial function, oxidative stress, and small molecule dysregulation have 

also been implicated in the pathogenesis of idiopathic ASD, bipolar disorder, major depression, 

and SZ (Andreazza et al., 2013; Ben-Shachar, 2002; Ben-Shachar and Karry, 2008; Ben-Shachar 

and Laifenfeld, 2004; Ben-Shachar et al., 1995; Bergman and Ben-Shachar, 2016; Brennand et 

al., 2015; Frye et al., 2016; Frye et al., 2013; Jones and Sies, 2015; Karry et al., 2004; Marazziti 

et al., 2012; Ming et al., 2012; Morris and Berk, 2015; Norkett et al., 2016; Park et al., 2016; 

Park and Park, 2012; Pinero-Martos et al., 2016; Rajasekaran et al., 2015; Robicsek et al., 2013; 

Rosenfeld et al., 2011; Tarlungeanu et al., 2016; Yap et al., 2010), highlighting some etiological 

similarities between syndromic and idiopathic cases of neuropsychiatric disorders. In light of this 

evidence linking metabolic function and neuropsychiatric outcomes, it is noteworthy that four of 

the 21 genes in the 3q29 deletion interval (the SUMO-specific protease Senp5, the fatty acid 

catabolism protein Bdh1, the transferrin receptor Tfrc, and the phosphatidylcholine biosynthesis 

protein Pcyt1a) are directly involved in metabolism. Individuals with 3q29del report 

significantly reduced birthweight and a high proportion of feeding problems and failure to thrive 

compared to the general population (Glassford et al., 2016), and robust weight deficits have been 

observed in both mouse models of the 3q29 deletion (Baba et al., 2019; Rutkowski et al., 2019). 

Additionally, our team previously identified sex differences in the degree of the 3q29 deletion-

associated weight deficit in B6.Del16+/Bdh1-Tfrc mice, with female animals more substantially 
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affected than males (Rutkowski et al., 2019). These data inspired the hypotheses that metabolic 

disruption may contribute to 3q29 deletion syndrome phenotypes and that there may be sex-

specific effects of the 3q29 deletion on metabolic phenotypes. 

 Although there are established links between recurrent CNV disorders, metabolism, and 

neurodevelopmental and neuropsychiatric liability, metabolic function has not been interrogated 

in the context of the 3q29 deletion. Existing evidence of birthweight deficits in humans with 

3q29del, weight deficits in 3q29 deletion mouse models, and the metabolic genes contained in 

the 3q29 interval motivated our investigation of a possible unidentified metabolic disturbance 

associated with the 3q29 deletion (Figure 1). Furthermore, to determine whether metabolic 

disruption and adverse behavioral outcomes arise from a shared mechanism, we interrogated the 

relationship between metabolic function and behavioral phenotypes in our mouse model. Finally, 

we have specifically considered sex as a modifier of 3q29 deletion metabolic biology, based on 

our previously reported finding of sex differences in the severity of the 3q29 deletion-associated 

weight deficit in B6.Del16+/Bdh1-Tfrc mice (Rutkowski et al., 2019) (Figure 1). The new results 

described here have important implications for our mechanistic understanding of phenotype 

development in 3q29del and help to further elucidate the relationship between metabolism and 

neurodevelopmental and neuropsychiatric disease risk. 

RESULTS 

Reduced respiratory exchange ratio and energy expenditure, but not reduced energy 

consumption, in B6.Del16+/Bdh1-Tfrc mice 

To investigate whether the 3q29 deletion-associated weight deficit is attributable to 

increased energy expenditure or decreased energy consumption, we performed 5 days of indirect 

calorimetry on male and female B6.Del16+/Bdh1-Tfrc mice and WT littermates using 
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CLAMS/Metabolic Cages (Columbus Instruments). Energy expenditure was similar between 

WT and B6.Del16+/Bdh1-Tfrc males (Figure 2A); in females, energy expenditure was reduced in 

B6.Del16+/Bdh1-Tfrc animals relative to WT (Figure 2B). These data show that the 3q29 deletion-

associated weight deficit is not due to increased energy expenditure; rather, B6.Del16+/Bdh1-Tfrc 

mice burn fewer calories than their WT littermates. To understand whether the 3q29 deletion 

influences the calorie source that B6.Del16+/Bdh1-Tfrc mice use, we evaluated the respiratory 

exchange ratio (RER). If an animal is predominantly using lipids as an energy source, the RER 

will approach 0.7, whereas if an animal is predominantly utilizing carbohydrates, the RER will 

approach 1 (Meeng et al., 2010). RER was reduced in both male and female B6.Del16+/Bdh1-Tfrc 

mice relative to WT (Figure 2C-D), indicating that B6.Del16+/Bdh1-Tfrc animals preferentially use 

dietary lipids as an energy source, whereas WT animals use more carbohydrates. 

To determine whether the weight deficit in B6.Del16+/Bdh1-Tfrc mice is simply due to 

decreased caloric intake, we evaluated food consumption. Food consumption was not 

significantly different between male or female WT and B6.Del16+/Bdh1-Tfrc animals after 

controlling for the reduced weight of B6.Del16+/Bdh1-Tfrc animals (Figure S1A). There were only 

minor differences in locomotor activity, with male B6.Del16+/Bdh1-Tfrc mice less active than WT 

littermates, and no differences between female WT and B6.Del16+/Bdh1-Tfrc mice (Figure S1C-D). 

These data show that the weight deficit in B6.Del16+/Bdh1-Tfrc mice is not attributable to a 

behavioral phenotype such as a decrease in energy consumption or an increase in energy 

expenditure. Further, the reduced RER in B6.Del16+/Bdh1-Tfrc mice indicates that B6.Del16+/Bdh1-

Tfrc animals are preferentially using lipids as an energy source rather than carbohydrates. 

Together, these data support our hypothesis of altered metabolic function associated with the 
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3q29 deletion and suggest that the 3q29 deletion may be associated with small molecule shifts in 

the global metabolic environment. 

Untargeted metabolomics reveals small molecule alterations in B6.Del16+/Bdh1-Tfrc mice that 

are highly sex-dependent 

To identify metabolic pathway differences between B6.Del16+/Bdh1-Tfrc mice and WT 

littermates, we performed untargeted metabolomic profiling on liver samples using liquid 

chromatography coupled to ultra-high-resolution mass spectrometry (Go et al., 2015). Males and 

females were analyzed separately. We compared the lists of all nominally significant metabolic 

features between WT and B6.Del16+/Bdh1-Tfrc samples in the male and female datasets and found 

that only 22 features were shared (Figure 3A, full details in Supplement), highlighting the sex-

dependent effect of the 3q29 deletion on the metabolic environment. Using the top 250 ranked 

metabolic features, we were able to cluster WT and B6.Del16+/Bdh1-Tfrc samples with 84.2%±0.2% 

accuracy for males (p=0.003) and 76.9%±0% accuracy for females (p=0.006, Figure 3B-E), 

indicating a strong effect of the 3q29 deletion on the metabolic environment. We also created 

random forest classifiers using the top 250 ranked features; our male classifier attained an AUC 

of 0.909±0.002 (p=0.001) and a prediction accuracy of 84.2%±0.2% (p=0.003, Figure 3D), 

which translates to a 90.9% chance that the classifier will assign an unknown male sample to the 

correct genotype, and that 84.2% of input samples were correctly classified as WT or 

B6.Del16+/Bdh1-Tfrc. Our female classifier attained an AUC of 0.905±0.001 (p=0) and a prediction 

accuracy of 76.9%±0% (p=0.006, Figure 3E), which translates to a 90.5% chance that the 

classifier will assign an unknown female sample to the correct genotype, and that 76.9% of input 

samples were correctly classified as WT or B6.Del16+/Bdh1-Tfrc. These data show that there is a 
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substantial effect of the 3q29 deletion on the metabolic environment, and this effect is highly sex 

dependent.  

In addition to the lack of individual feature overlap, pathway enrichment analysis of 

altered features using Mummichog (Li et al., 2013) revealed no pathway-level overlap between 

the sexes, again highlighting the sex-dependent effects of the 3q29 deletion on metabolism. 

However, pathways generally related to fat metabolism were identified in both the male and 

female datasets, including bile acid biosynthesis and the carnitine shuttle in males; and 

glycerophospholipid metabolism, arachidonic acid metabolism, phosphatidylinositol metabolism, 

and ganglio-series glycosphingolipid biosynthesis in females (Figure 3F-G). This is consistent 

with the significant reduction in RER in B6.Del16+/Bdh1-Tfrc mice, which indicated a preference 

for dietary lipids as fuel in B6.Del16+/Bdh1-Tfrc mice as compared to WT littermates. These 

metabolic pathway data further demonstrate that metabolism of dietary fat may be altered in both 

male and female B6.Del16+/Bdh1-Tfrc animals. 

A high-fat diet attenuates the B6.Del16+/Bdh1-Tfrc weight deficit and affects RER in a sex-

specific manner 

From the RER data, we determined that B6.Del16+/Bdh1-Tfrc animals preferentially use fat 

as an energy source; untargeted metabolomics data confirmed there are differences in fat 

metabolism pathways in B6.Del16+/Bdh1-Tfrc mice on a standard diet (STD). As the STD contains 

only 13.4% of total calories from fat; we hypothesized that increased availability of fat calories 

would cause B6.Del16+/Bdh1-Tfrc animals to gain weight and remedy the 3q29 deletion-associated 

weight deficit. To test this hypothesis, we implemented a high-fat diet (HFD) challenge from 

postnatal day 21 to euthanasia (16-20 weeks), using a commercially available diet (TD.88137, 

Teklad Custom Diets, Envigo) containing 42% of total calories from fat. The weight deficit in 
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B6.Del16+/Bdh1-Tfrc mice was partially ameliorated in female mice but was largely unchanged in 

male mice after HFD treatment (Figure 4A-B). After HFD treatment, male B6.Del16+/Bdh1-Tfrc 

mice on the HFD weighed on average 1.72 g less than WT littermates (p=0.015, Figure 4A), 

compared to 1.61 g less than WT littermates on the STD (Rutkowski et al., 2019). Female 

B6.Del16+/Bdh1-Tfrc mice on the HFD weighed on average 1.66 g less than WT littermates 

(p=0.004, Figure 4B), versus 2.24 g less than WT littermates on the STD (Rutkowski et al., 

2019). When these effect sizes were considered relative to total body weight, the effect of the 

HFD intervention became clearer. Male B6.Del16+/Bdh1-Tfrc mice on the HFD were 4.33% smaller 

than WT littermates at 16 weeks, compared to 5.16% smaller on the STD. Female 

B6.Del16+/Bdh1-Tfrc mice on the HFD were 5.16% smaller than WT littermates at 16 weeks, 

compared to 10.29% smaller on the STD at the same timepoint. These data demonstrate a sex-

specific effect of the 3q29 deletion on the response to the HFD, further supporting the 

differential impact of the 3q29 deletion on metabolism in B6.Del16+/Bdh1-Tfrc mice. 

To further investigate the metabolic consequences of the HFD intervention, we 

performed 5 days of indirect calorimetry on the HFD-treated male and female B6.Del16+/Bdh1-Tfrc 

and WT mice. There were no differences in RER between male WT and B6.Del16+/Bdh1-Tfrc mice, 

indicating that male WT and B6.Del16+/Bdh1-Tfrc animals have similar energy source utilization on 

the HFD (Figure 4C). By contrast, RER peaks were reduced in female B6.Del16+/Bdh1-Tfrc mice on 

the HFD compared to WT animals, consistent with the STD data (Figure 4D). Even after HFD 

treatment, metabolism in female B6.Del16+/Bdh1-Tfrc mice was still shifted toward preferentially 

utilizing lipids rather than carbohydrates, whereas male B6.Del16+/Bdh1-Tfrc mice had comparable 

macronutrient utilization to WT animals after the HFD intervention. These data suggest that the 

HFD rescued the shift in macronutrient utilization in males, but females may have a pronounced 
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need for dietary lipids that was not fully satisfied by the HFD intervention. Consistent with the 

STD results, there were no differences between male or female WT and B6.Del16+/Bdh1-Tfrc mice 

in food or water consumption (Figure S1E-F) or activity (Figure S1G-H). There was no 

difference in energy expenditure in male HFD animals (Figure S1I) and a slight difference in 

energy expenditure in female HFD animals (Figure S1J). Together, these data provide further 

support to the conclusion that male and female B6.Del16+/Bdh1-Tfrc mice are differentially 

impacted by 3q29 deletion-associated metabolic deficits. 

Widespread changes in the global metabolic environment of B6.Del16+/Bdh1-Tfrc mice after 

HFD treatment 

We found that the HFD intervention altered RER in male B6.Del16+/Bdh1-Tfrc mice and 

partially ameliorated the 3q29 deletion-associated weight deficit in female B6.Del16+/Bdh1-Tfrc 

mice. Based on these data, we hypothesized that the HFD intervention may also affect changes in 

the global metabolic environment of B6.Del16+/Bdh1-Tfrc animals. To test this hypothesis, we 

performed untargeted metabolomic profiling of liver samples from HFD-treated animals (Go et 

al., 2015). Males and females were analyzed separately. Similar to the results from our 

metabolomics analysis of STD-treated animals, comparison of all nominally significant 

metabolic features between the male and female datasets revealed only 7 shared features between 

sexes (Figure 5A, full details in Supplement), highlighting a substantial sex-dependent effect of 

the 3q29 deletion on the metabolic environment after HFD treatment. Using the top 250 ranked 

metabolites, WT and B6.Del16+/Bdh1-Tfrc samples clustered with 100%±0% accuracy in males 

(p=0) and 95%±0% accuracy in females (p=0, Figure 5B-E). These data suggest that even after 

the HFD intervention, pronounced metabolic differences exist between the WT and 

B6.Del16+/Bdh1-Tfrc mice. Additionally, random forest classifiers using the top 250 ranked features 
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achieved excellent classification (AUC=1±0 in males and 1±0.001 in females) and high 

prediction accuracy (100%±0% in males and 95%±0% in females, Figure 5D-E) in both sexes. 

Pathway enrichment analysis of altered features using Mummichog (Li et al., 2013) identified 

pathways with diverse functions in both datasets, including pyrimidine metabolism and aspartate 

and asparagine metabolism in males, and vitamin B6 metabolism and propanoate metabolism in 

females (Figure 5F-G). Pathways related to fat metabolism were identified in the female dataset, 

including de novo fatty acid biosynthesis and ganglio-series glycosphingolipid biosynthesis, as 

they were in the STD pathway analysis. This result is concordant with our finding of persistent 

RER shifts in female, but not male, B6.Del16+/Bdh1-Tfrc mice. At the small molecule level, the 

HFD treatment did not restore fat metabolism functions in female B6.Del16+/Bdh1-Tfrc mice to WT 

levels, supporting our hypothesis that the HFD intervention did not fully satisfy the increased 

metabolic demand for fat in female B6.Del16+/Bdh1-Tfrc mice. As seen in the STD result and the 

lack of individual feature overlap in the HFD datasets, there was no pathway-level overlap 

between the sexes, further demonstrating that a robust sex effect of the 3q29 deletion on the 

metabolic environment remains after HFD treatment. 

To test for changes in metabolism resulting from the HFD intervention, we performed a 

direct comparison between the metabolomics results from the STD and HFD cohorts, stratified 

by sex. We compared the statistically significant high-confidence annotated metabolic features in 

each dataset. In the male datasets, there were 61 significant annotated features in the STD cohort, 

and 56 significant annotated features in the HFD cohort, and only four of those features were 

identified in both datasets (Figure 5H, full details in Supplement). The comparison between the 

female STD and HFD cohorts yielded similar results; there were 79 significant annotated 

features in the female STD cohort and 51 significant annotated features in the female HFD 
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cohort, with only three features identified in both datasets (Figure 5I, full details in Supplement). 

Further, we found that these major shifts in the metabolic environment were recapitulated at the 

pathway level; ganglio-series glycosphingolipid biosynthesis was the only metabolic pathway 

identified in both female cohorts, and pyrimidine metabolism was identified in the female STD 

cohort and the male HFD cohort (Figure 5G). Together, these data demonstrate that that the HFD 

intervention resulted in major shifts in the global metabolic environment of both male and female 

animals, but response to the HFD was highly sex-specific. Further, the finding that ganglio-series 

glycosphingolipid biosynthesis was identified in both female cohorts suggests that the HFD 

intervention did not fully restore fat metabolism in female B6.Del16+/Bdh1-Tfrc mice to WT levels. 

Finally, although body weight of B6.Del16+/Bdh1-Tfrc mice on the HFD approached that of WT 

littermates, the substantial genotype differences in the global metabolic environment show that 

the underlying metabolism of B6.Del16+/Bdh1-Tfrc mice still did not recapitulate that of WT 

animals. 

HFD treatment does not affect B6.Del16+/Bdh1-Tfrc brain size or behavioral phenotypes 

 Reduced brain size has been described in both mouse models of the 3q29 deletion (Baba 

et al., 2019; Rutkowski et al., 2019). Additionally, prior work by our team identified an increased 

brain:body weight ratio in female, but not male, B6.Del16+/Bdh1-Tfrc mice compared to WT 

littermates (Rutkowski et al., 2019). An increase in the brain:body weight ratio has been 

observed in human and animal models of starvation, lending support to the hypothesis that the 

brain is metabolically privileged (Addis et al., 1936; Jackson, 1915; Keys et al., 1950; Schmidt et 

al., 1945). Because female B6.Del16+/Bdh1-Tfrc mice showed metabolic improvement after HFD 

treatment, we hypothesized that the brain:body weight ratio in female B6.Del16+/Bdh1-Tfrc mice on 

the HFD would be reduced to WT levels. We found that, consistent with prior reports, brain 
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weight was reduced in both male (p=3E-6) and female (p=0.04) B6.Del16+/Bdh1-Tfrc mice relative 

to WT littermates (Figure 6A). Additionally, we found that the brain:body weight ratio in male 

B6.Del16+/Bdh1-Tfrc mice was identical to that in WT animals (p=1); however, the brain:body 

weight ratio in female B6.Del16+/Bdh1-Tfrc mice was increased relative to WT littermates (p=0.04, 

Figure 6B). These data show that while the HFD intervention resulted in metabolic changes in 

male and female B6.Del16+/Bdh1-Tfrc mice, and partially ameliorated the weight deficit in female 

B6.Del16+/Bdh1-Tfrc mice, these positive effects did not extend to the brain:body weight ratio, 

indicating that early neurodevelopmental processes may not have been impacted by the HFD. 

 The 3q29 deletion has a well-established association with neurodevelopmental and 

neuropsychiatric phenotypes (Ballif et al., 2008; Cox and Butler, 2015; Itsara et al., 2009; Kirov 

et al., 2012; Marshall et al., 2017; Mulle, 2015; Mulle et al., 2010; Sanders et al., 2015; 

Szatkiewicz et al., 2014; Willatt et al., 2005); behavioral deficits have also been identified in two 

independent mouse models of the 3q29 deletion (Baba et al., 2019; Rutkowski et al., 2019). To 

understand the effect of the HFD intervention on behavioral phenotypes in B6.Del16+/Bdh1-Tfrc 

mice, we performed a pilot study using a battery of assays designed to test learning and memory, 

acoustic startle, sensorimotor gating, and amphetamine sensitivity. We replicated several 

phenotypes, including spatial learning and memory deficits, an elevated acoustic startle response, 

sensorimotor gating deficits, and attenuated amphetamine-induced locomotion (Rutkowski et al., 

2019) (full details in Supplement). We observed some sex differences between our findings and 

previously published results (Rutkowski et al., 2019); however, the present study focused on diet 

and was sufficiently powered for metabolic analyses but not for subtle behavioral phenotypes. 

There was a significant main effect of the diet intervention (p<0.05) in the Morris water maze 

(MWM), acoustic startle, fear conditioning, and amphetamine-induced locomotor activity for 
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both male and female B6.Del16+/Bdh1-Tfrc animals (full details in Supplement). However, the 

effect of the diet was shared across genotypes; the HFD intervention did not differentially impact 

behavior based on genotype (full details in Supplement). Together, these data demonstrate that 

the HFD did not introduce any appreciable changes to behavioral phenotypes of B6.Del16+/Bdh1-

Tfrc mice, suggesting that 3q29 deletion-related metabolic and behavioral phenotypes may arise 

from uncoupled, independent mechanisms. 

DISCUSSION 

 This is the first study to examine metabolic function associated with the 3q29 deletion in 

a comprehensive manner. Previous work by our group characterized a persistent, sex-dependent 

weight deficit in B6.Del16+/Bdh1-Tfrc mice (Rutkowski et al., 2019), and a study of an 

independently generated mouse model of the 3q29 deletion also identified a reduced weight 

phenotype in males, but did not examine female animals (Baba et al., 2019). In the current study 

we expanded upon this work by exploring mechanisms that may lead to this reduced weight 

phenotype, incorporating both male and female animals in our study design to specifically assess 

the effect of sex on metabolic phenotypes (Figure 1). We identified pervasive sex effects of the 

3q29 deletion on metabolic function, including differential effects on the metabolic environment 

and the response to HFD. After HFD treatment, female animals showed a change in weight, and 

male and female animals showed contrasting changes in the metabolic profile. The HFD 

intervention did not rescue behavioral phenotypes in male or female animals, suggesting that 

metabolic and behavioral phenotypes in the context of the 3q29 deletion may arise from 

independent mechanisms. This study is a step toward unraveling the biology underlying the 

development of diverse phenotypic outcomes in 3q29 deletion syndrome. Furthermore, the 
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substantial sex effects identified here show it is imperative to evaluate sex as a biological 

variable in metabolic studies. 

 In light of our data, in particular the RER shifts in STD-treated animals and the response 

to the HFD, we conclude that B6.Del16+/Bdh1-Tfrc mice preferentially use lipids as an energy 

source. This preference for lipids was more pronounced in female animals and was partially 

corrected by the HFD. The HFD intervention also affected substantial changes in the global 

metabolic environment as assessed via untargeted metabolomics; the small molecule profile was 

substantially altered after HFD treatment in both males and females. Consistent with the lack of 

overlap in the small molecule profile after the HFD intervention, the altered metabolic pathways 

in B6.Del16+/Bdh1-Tfrc mice had minimal overlap between the STD and HFD datasets. Notably, the 

ganglio-series glycosphingolipid biosynthesis pathway was altered in both STD- and HFD-

treated female B6.Del16+/Bdh1-Tfrc mice; this supports our conclusion that the HFD did not fully 

rescue fat metabolism deficits in B6.Del16+/Bdh1-Tfrc females and further emphasizes the persistent 

sex-dependent effects of the 3q29 deletion. 

The striking lack of overlap in male and female metabolic effects of the 3q29 deletion 

was unexpected. We sought to integrate our data with the larger metabolomics literature, but our 

initial literature search suggested that most studies did not include sex-stratified analysis of 

mouse metabolomics data. Our literature search also indicated that female mice were often 

excluded from the study design. To test this hypothesis, we conducted a formal meta-analysis of 

the literature. We searched for the terms “mouse metabolomics” and identified 2,601 possible 

studies (full details in Supplement). We selected 500 of these studies at random and classified 

them according to whether both sexes were included, and whether sex-stratified analysis was 

conducted. Of the 500 publications we evaluated, only 44 (8.8%) included both sexes, and only 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 20, 2020. ; https://doi.org/10.1101/2020.09.18.303412doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.18.303412
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

17 (3.4%) analyzed the data separately by sex. Of these 17 studies, 9 (52.9%) reported 

substantial sex-dependent differences in the metabolome, indicating there may be widespread but 

unappreciated differences between male and female mouse metabolomics data. Our conclusion 

that the metabolomic differences due to the 3q29 deletion are highly-sex dependent is consistent 

with the larger, albeit limited, scope of the literature. This literature meta-analysis highlights a 

pronounced knowledge gap in the field of metabolomics research, as there may be substantial, 

unappreciated sex-dependent metabolic differences in mouse models. These results have 

profound implications for the design of future metabolic studies; it is imperative that males and 

females be included and analyzed separately to rigorously assess the role of sex as a biological 

variable. 

There are well-established links between sex and metabolism. Males and females have 

different patterns of fat deposition, and differences in fat metabolism have been identified in both 

humans and rodents (Blaak, 2001; Faulds et al., 2012; Mayes and Watson, 2004; Ockner et al., 

1979; Soler-Argilaga and Heimberg, 1976; Wu and O'Sullivan, 2011). Studies in rodents have 

revealed that the sex chromosome complement affects fat metabolism; methods such as the four 

core genotypes model (De Vries et al., 2002) have helped to disentangle the effects of sex 

hormones and sex chromosomes on fat metabolism (Chen et al., 2012; Chen et al., 2013; Link et 

al., 2013; Link and Reue, 2017). These findings are supported at the level of gene expression. A 

large proportion of liver-expressed genes in humans show sex-biased expression, and the 

complement of sex-biased genes are enriched for fat metabolism functions (Zhang et al., 2011). 

Sex hormones, specifically estrogen, also appear to have a role in sex-dependent differences in 

fat metabolism; oral estrogen therapy in postmenopausal women leads to well-documented 

changes in fat metabolism (O'Sullivan et al., 1998; Walsh et al., 1991), and endogenous levels of 
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sex hormones also impact fat metabolism and fat distribution (Faulds et al., 2012; Link and 

Reue, 2017; Mayes and Watson, 2004; Ockner et al., 1980; Palmisano et al., 2018; Wu and 

O'Sullivan, 2011). Data from animal models have revealed pervasive roles for estrogen and 

estrogen-related signaling in metabolic processes including fat metabolism and storage (Faulds et 

al., 2012). An independent study by our group using transcriptome network analysis identified a 

co-expression module significantly enriched for estrogen-dependent signaling (p=5.08E-06) that 

contained the 3q29 deletion interval gene PAK2 (Sefik et al., 2020). Together with the existing 

literature on sex differences in fat metabolism and our finding that male and female 

B6.Del16+/Bdh1-Tfrc mice are differentially affected by 3q29 deletion-associated metabolic 

phenotypes, this finding suggests that sex is an important consideration in defining the biological 

mechanisms underscoring phenotypes in 3q29del. 

The links between the 3q29 deletion and metabolic function (Baba et al., 2019; Glassford 

et al., 2016; Rutkowski et al., 2019) are not unique in the broader context of recurrent CNV 

disorders. Weight changes and failure to thrive are associated with many recurrent CNVs, 

including the 22q11.2, 16p11.2, 17p11.2, and 1q21.1 loci (Arbogast et al., 2016; Bochukova et 

al., 2010; Burns et al., 2010; Edelman et al., 2007; Giardino et al., 2014; Jacquemont et al., 2011; 

Lacaria et al., 2012; Matthiesen et al., 2016; Mefford et al., 2008; Pettersson et al., 2017; Smith 

et al., 2002; Voll et al., 2017; Walters et al., 2010; Zufferey et al., 2012). Evidence has shown 

that pediatric feeding disorders and nutrient deficiencies can exacerbate existing 

neurodevelopmental and cognitive deficits (O'Brien et al., 1991; Silverman and Tarbell, 2009; 

Volkert et al., 2016). In this context, addressing feeding disorders and metabolic concerns in 

individuals with CNV disorders should be a priority, to minimize the adverse effects of poor 

nutrition on long-term outcomes. In the present study, we found that a HFD treatment improved 
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metabolic phenotypes but did not affect behavioral phenotypes in B6.Del16+/Bdh1-Tfrc mice, 

suggesting that a lipid-rich dietary intervention in humans with 3q29del may improve weight 

phenotypes and nutritional status without exacerbating behavioral phenotypes. 

The effects of recurrent CNVs on growth-related phenotypes have been relatively well-

described; however, the current understanding of the biological mechanisms leading to these 

phenotypes is lacking. Recent molecular studies have started to elucidate these mechanisms for 

22q11.2 deletion syndrome; mitochondrial dysfunction has been identified as a key contributor 

to neuronal and synaptic defects associated with the deletion (Fernandez et al., 2019; Gokhale et 

al., 2019; Napoli et al., 2015; Wesseling et al., 2017). Additionally, a recent study of a mouse 

model of the 16p11.2 deletion and duplication revealed opposite effects of the CNV on 

metabolic function (Arbogast et al., 2016). However, these studies largely focused on targeted 

metabolic measurements, and failed to address sex as a potential mediator of metabolic 

phenotypes. The incorporation of untargeted approaches into studies of CNV disorders, and the 

rigorous interrogation of the role of sex in CNV-associated phenotypes, may expedite our 

understanding of the biological mechanisms at play in these complex disorders. 

While there are established links between neurodevelopmental and neuropsychiatric 

disorders and metabolic function, we found that the HFD intervention improved metabolic 

phenotypes but did not affect behavioral phenotypes in B6.Del16+/Bdh1-Tfrc mice. There are several 

possible explanations for this outcome. First, the HFD intervention was implemented starting at 

postnatal day 21. It is possible this was too late to impact the neurodevelopmental processes that 

contribute to 3q29 deletion phenotypes. In future experiments, the HFD could be applied to 

pregnant or nursing dams, potentially exposing 3q29 deletion pups to abundant lipid sources 

earlier in development (Purcell et al., 2011). It is also possible that the behavioral assays we used 
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and/or the sample size we evaluated could only detect large effects on behavior; the HFD may 

have caused subtle behavioral improvements that we were unable to detect with the behavioral 

battery we performed. Additionally, the HFD intervention only targeted fat metabolism, while 

other metabolic alterations in B6.Del16+/Bdh1-Tfrc mice would not have been improved by the 

HFD. Our observation that the weight deficit was only partially ameliorated in B6.Del16+/Bdh1-Tfrc 

mice supports this hypothesis, and suggests that the underlying biology of the 3q29 deletion 

involves multiple metabolic processes. Data from the present study suggest that metabolism and 

neurodevelopment may be unlinked in the context of the 3q29 deletion and may be influenced by 

separate sets of genes within the deletion interval. 

 The present study was the first to identify metabolic deficits in the context of the 3q29 

deletion. Furthermore, we found pervasive sex-specific effects of the 3q29 deletion; these 

findings are supported by transcriptome network analysis by our team that identified a module 

enriched for estrogen-related signaling (Sefik et al., 2020). These results have important 

implications, both for the 3q29 deletion specifically and for metabolic and mechanistic studies 

more generally. Our findings suggest that metabolic and behavioral phenotypes may arise from 

independent mechanisms in the context of the 3q29 deletion, and that these mechanisms may be 

sex specific. This study underscores a critical need for metabolic and mechanistic experiments to 

include samples from both male and female subjects, and to analyze the data in a sex-specific 

manner. Due to the substantial, well-documented metabolic, medical, and neurodevelopmental 

and neuropsychiatric differences between males and females (Abel et al., 2010; Kamitaki et al., 

2020; Khramtsova et al., 2019; Mandy et al., 2012; Ngo et al., 2014; Regitz-Zagrosek and 

Kararigas, 2017; Wu and O'Sullivan, 2011), it is not surprising that by analyzing only one sex, or 

by pooling data from males and females, important metabolic insights may be obscured. 
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Additionally, mechanistic studies in complex disorders that combine data from males and 

females may miss important sex dependent differences in mechanism, which could delay 

advancements in available therapeutics. Together, our data highlight sex dependent differences 

in metabolic function in a mouse model of the 3q29 deletion, adding to our current understanding 

of 3q29del and creating a framework for future mechanistic studies of complex disorders.  
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FIGURE LEGENDS 

Figure 1. Experimental approach to interrogating the effect of the B6.Del16+/Bdh1-Tfrc 

genotype on metabolism and the effect of sex on 3q29 deletion-associated metabolic 

phenotypes. 

All experiments were performed on male and female animals, and the sexes were analyzed 

separately. Animals were fed either standard diet chow (STD) or high-fat diet chow (HFD) from 

week3 to week 20. Animals were weighed weekly from week 1 to week 16; STD weights were 

previously published by our group (Rutkowski et al., 2019). At week 16, a subset of STD- and 

HFD-treated animals was subjected to indirect calorimetry to assess feeding behavior and 

metabolic function. At the conclusion of indirect calorimetry, liver tissue was collected for 

untargeted metabolomics analysis. From weeks 16-20, another subset of STD- and HFD-treated 

animals was subjected to a behavioral battery. 

Figure 2. Reduced energy expenditure and respiratory exchange ratio in B6.Del16+/Bdh1-Tfrc 

mice. 

A and B) Energy expenditure for A) male (n=11 WT, 8 B6.Del16+/Bdh1-Tfrc) and B) female (n=14 

WT, 12 B6.Del16+/Bdh1-Tfrc) mice on the STD over 5 days in CLAMS/Metabolic Cages. 

C and D) RER curves for C) male and D) female WT and B6.Del16+/Bdh1-Tfrc mice on the STD 

over 5 days in CLAMS/Metabolic Cages. 

Data are represented as mean ± SEM. *, p<0.05; **, p<0.01; ***, p<0.001 

Statistical analysis was performed using generalized linear models. 

Figure 3. Untargeted metabolomics reveals small molecule alterations in B6.Del16+/Bdh1-Tfrc 

mice that are highly sex-dependent. 
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A) Comparison of all nominally significant metabolomic features between the male and female 

datasets. Up arrows indicate metabolites significantly upregulated in B6.Del16+/Bdh1-Tfrc samples, 

down arrows indicate metabolites significantly downregulated in B6.Del16+/Bdh1-Tfrc samples. 

Also refer to Supplement. 

B and C) Hierarchical clustering of B) male (n=11 WT, 8 B6.Del16+/Bdh1-Tfrc) and C) female 

(n=14 WT, 12 B6.Del16+/Bdh1-Tfrc) samples using the top 250 ranked metabolomic features. 

D and E) ROC curves for random forest predictors generated using the top 250 ranked 

metabolomic features in D) male and E) female datasets. 

F and G) Altered pathways in B6.Del16+/Bdh1-Tfrc mice identified via pathway enrichment analysis 

of F) male and G) female datasets. Dashed line denotes statistical significance. 

Statistical significance of ROC curves (D and E) was assessed using 10,000 permutations of the 

data. 

Figure 4. A high-fat diet reduces the B6.Del16+/Bdh1-Tfrc weight deficit and affects RER in a 

sex-specific manner. 

A and B) 16-week growth curves for HFD-treated A) male (n=50 WT, 30 B6.Del16+/Bdh1-Tfrc) and 

B) female (n=42 WT, 32 B6.Del16+/Bdh1-Tfrc) mice. 

C) Raw effect size of the 3q29 deletion on weight in HFD-treated male and female mice. 

D) Effect size of the 3q29 deletion on weight relative to average WT body weight at week 16 in 

HFD-treated male and female mice. 

E and F) RER curves for E) male (n=10 WT, 10 B6.Del16+/Bdh1-Tfrc) and F) female (n=10 WT, 10 

B6.Del16+/Bdh1-Tfrc) mice on the HFD over 5 days in CLAMS/Metabolic Cages. 

Data are represented as mean ± SEM. n.s., p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001 
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Statistical analysis of growth curves (A-D) was performed using generalized estimating 

equations. Statistical analysis of RER (E-F) was performed using generalized linear models. 

Figure 5. Widespread changes in the global metabolic environment of B6.Del16+/Bdh1-Tfrc 

mice after HFD treatment. 

A) Comparison of all nominally significant metabolomic features between the HFD-treated male 

and female datasets. Up arrows indicate metabolites significantly upregulated in B6.Del16+/Bdh1-

Tfrc samples, down arrows indicate metabolites significantly downregulated in B6.Del16+/Bdh1-Tfrc 

samples. Also refer to Supplement. 

B and C) Hierarchical clustering of HFD-treated B) male (n=10 WT, 10 B6.Del16+/Bdh1-Tfrc) and 

C) female (n=10 WT, 10 B6.Del16+/Bdh1-Tfrc) samples using the top 250 ranked metabolomic 

features. 

D and E) ROC curves for random forest predictors generated using the top 250 ranked 

metabolomic features in HFD-treated D) male and E) female datasets. 

F and G) Altered pathways in HFD-treated B6.Del16+/Bdh1-Tfrc mice identified via pathway 

enrichment analysis of F) male and G) female datasets. Dashed line denotes statistical 

significance. Bold text denotes pathways that were identified in both the STD and HFD 

experiments. 

H and I) Comparison of nominally significant annotated features between STD-treated and HFD-

treated H) male and I) female datasets. Up arrows indicate metabolites significantly upregulated 

in B6.Del16+/Bdh1-Tfrc samples, down arrows indicate metabolites significantly downregulated in 

B6.Del16+/Bdh1-Tfrc samples. Also refer to Supplement. 

Statistical significance of ROC curves (D and E) was assessed using 10,000 permutations of the 

data. 
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Figure 6. HFD treatment does not affect B6.Del16+/Bdh1-Tfrc brain size. 

A) Brain weight in HFD-treated male (n=10 WT, 10 B6.Del16+/Bdh1-Tfrc) and female (n=10 WT, 

10 B6.Del16+/Bdh1-Tfrc) mice. 

B) Brain weight:body weight ratio in HFD-treated male and female mice. 

For each box plot, the dashed line indicates the mean value, and the solid line indicates the 

median. n.s., p>0.05; *, p<0.05; ***, p<0.001 

Statistical analysis was performed using unpaired t-tests.  
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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, Jennifer Mulle (jmulle@emory.edu). 

Materials Availability 

This study did not generate new unique reagents. 

Data and Code Availability 

The code supporting the current study is available from the corresponding author upon 

reasonable request. The datasets supporting the current study are publicly available at 

http://dx.doi.org/10.17632/g3v2nt657z.1. 

Experimental Model and Subject Details 

Animals, Husbandry, and Diets 

All studies were performed on male and female C57BL/6N- Del16+/Bdh1-Tfrc (B6.Del16+/Bdh1-Tfrc, 

MGI:6241487) mice and wild type (WT) littermates (Rutkowski et al., 2019). All animals were 

maintained on a C57BL/6N background sourced from Charles River Laboratories. Mice were 

group housed (maximum of 5 animals per cage) during the entire experiment, except for a five-

day separation during indirect calorimetry when a subset of mice were singly housed. Mice were 

on a 12-hour light/dark cycle and were given food and water ad libitum. Starting at postnatal day 

21, mice were fed either a standard diet (STD, LabDiet 5001) low in fat (13.4% energy from fat) 

or a high-fat diet (HFD, Teklad TD.88137, 42.0% energy from fat) for the remainder of their 

lives. Body weight was monitored weekly from 1-16 weeks of age. Indirect calorimetry and 

behavioral assays were performed on mice between 16-20 weeks of age. At the conclusion of 
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indirect calorimetry, mice were euthanized, and tissues were collected for metabolomics 

analysis. Mice were not fasted prior to euthanasia and tissue collection. All animal protocols 

were performed under the approved guidelines of the Emory University Institutional Animal 

Care and Use Committee. Both males and females were used in all experiments, and the data 

were analyzed separately. Number of animals used in experiments is indicated in figure legends. 

Method Details 

Indirect Calorimetry 

Mouse metabolic rate was assessed by indirect calorimetry for 5 days in Oxymax chambers using 

the Comprehensive Lab Animal Monitoring System (Oxymax CLAMS-HC, Columbus 

Instruments). Mice were singly housed with ad libitum access to water and food and were 

maintained at 20-22°C under a 12/12 hr light/dark cycle (light period 07:00-19:00). A mass-

sensitive flow meter was used to maintain a constant airflow of 0.6 L/min. n=8-12 mice/group; 

age=16-18 weeks 

Metabolomics 

Untargeted metabolomics analysis on mouse liver tissue was performed as previously described 

(Go et al., 2015). Briefly, supernatants were analyzed by liquid chromatography coupled to ultra-

high-resolution mass spectrometry (LC-HRMS). A quality control pooled reference sample 

(QStd3) was included at the beginning and end of each analytical batch of 20 samples for quality 

control and quality assurance (Go et al., 2015). Samples were analyzed in triplicate by liquid 

chromatography with Fourier transform mass spectrometry (Dionex, Ultimate 3000, Velos, 

Thermoe Fisher) with hydrophilic interaction liquid chromatography (HILIC) with positive 

electrospray ionization (ESI+) mode and reverse phase (C18) chromatography with positive 

electrospray ionization (ESI+) mode and resolution of 70,000 (Jones et al., 2016). Four blind 
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replicate samples were included in the STD analysis (Figure S2A-H) and two blind replicate 

samples were included in the HFD analysis (Figure S2I-L) to ensure data quality. Spectral m/z 

features were acquired in scan range 85-1,250 mass-to-charge ratio (m/z). Raw data files were 

extracted using apLCMSv6.3.3 (Yu et al., 2013) with xMSanalyzer v2.0.7 (Uppal et al., 2013), 

followed by batch correction with ComBat (Johnson et al., 2007). Resulting mass spectrometry 

data, referred to as m/z features, included accurate mass m/z, retention time (s), and ion 

abundance. All samples were analyzed in triplicate, and the feature intensities were median 

summarized. n=8-12 mice/group; age=17-19 weeks 

Behavior Tests 

Morris Water Maze 

The Morris water maze (MWM) was conducted to test for deficits in spatial learning and 

memory. Briefly, the MWM was conducted in a circular tank (52 inches in diameter) filled with 

water, made opaque with white paint, at 23°C. A hidden circular platform (30 cm in diameter) in 

the northwestern quadrant of the tank was present 1 cm below the surface of the water. The tank 

was surrounded by white walls on the north and east sides and white curtains on the west and 

south sides, all containing external cues for spatial reference. Mice were trained to find the 

hidden platform over 5 days by being released into the tank from each quadrant (north, south, 

east, and west) in a randomized order each day. Each trial lasted a maximum of 60 s; if a mouse 

did not find the platform in that time, it was guided to the platform and allowed to rest on the 

platform for 10 s. On the sixth day, the platform was removed from the tank and a probe trial 

was conducted, in which the mouse was placed in the tank at the south start point and allowed to 

swim for 60 s. An automated tracking system (TopScan, CleverSys) was used during training to 

record the latency and distance to the platform and swim speed and was used during the probe 
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trial to record the duration and distance the mice spent in each quadrant of the maze. n=5-13 

mice/group; age=16-20 weeks 

Acoustic Startle and Prepulse Inhibition 

To test for deficits in the acoustic startle response and sensorimotor gating, acoustic startle and 

prepulse inhibition (PPI) were performed. To test the acoustic startle response, mice were 

subjected to a series of increasing startle tons (75, 80, 85, 90, 95, 100, 115, and 120 db) for 40 

ms each, and the response of the animal was measured by the SR-LAB startle response system 

(San Diego Instruments) accelerometer. A startle curve was constructed to ensure the animal was 

responding to the increasing stimulus. On the second day, PPI was evaluated. The mice were 

exposed to 6 blocks of startle conditions with each block consisting of 12 trials, so that each trial 

was presented to the animal 6 times. The 12 trials were randomly ordered in each block, and the 

animal’s response to the stimulus was measured after each trial. The 12 trials consisted of the 

following conditions: background (68 db) for 20 ms; startle (120 db) for 40 ms; prepulses 1-5 

(PP1=70 db, PP2=74 db, PP3=78 db, PP4=82 db, PP5=86 db) for 20 ms each; and the 

prepulse.startle combinations (PP1.startle, PP2.startle, PP3.startle, PP4.startle, and PP5.startle), 

where each prepulse tone was followed by the 120 db startle tone. In the prepulse.startle trials, 

the mouse was exposed to the prepulse for 20 ms and the startle for 40 ms with a 100 ms gap 

between the two tones. Each trial was averaged over the 6 blocks, and percent PPI was calculated 

as: 

%𝑃𝑃𝐼 = (
𝑠𝑡𝑎𝑟𝑡𝑙𝑒	𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 − 𝑝𝑟𝑒𝑝𝑢𝑙𝑠𝑒. 𝑠𝑡𝑎𝑟𝑡𝑙𝑒	𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒

𝑠𝑡𝑎𝑟𝑡𝑙𝑒	𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 ) × 100 

n=8-13 mice/group; age=16-20 weeks 

Fear Conditioning 
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To test for deficits in associative learning and memory, we performed a 3-day fear conditioning 

paradigm. Training and testing were performed in a chamber (H10-11M-TC, Coulbourn 

Instruments) equipped with a house light, a ceiling-mounted camera, and a speaker. On days 1 

and 2, the chamber was equipped with an electric grid shock floor (H10-11M-TC-SF, Coulbourn 

Instruments); on day 3, the chamber was equipped with a non-shock wire mesh floor (H10-11M-

TC-NSF, Coulbourn Instruments). On day 1, the animals were subjected to a 7 min training trial 

consisting of a 3 min acclimation period followed by three tone-shock pairings during which a 

tone was played for 20 s immediately followed by a 1 s, 0.5 mA foot shock. On day 2, the 

animals were placed back in the same chamber as day 1 and were left for 7 min without 

presentation of the tone or foot shock to test contextual memory. On day 3, the animals were 

placed in a different chamber, and the chamber floor was replaced with the non-shock wire mesh 

floor. The animals were in the chamber for 7 min, and the shock-associated tone was played for 

the last 320 s of the trial to test cued memory. Freezing behavior was automatically recorded 

using FreezeFrame (Coulbourn Instruments) during each trial. n=9-13 mice/group; age=16-20 

weeks 

Amphetamine-Induced Locomotor Activity 

To evaluate amphetamine sensitivity, amphetamine-induced locomotor activity was measured. 

The assay was performed in a locomotor chamber (San Diego Instruments) consisting of a 

plexiglass cage (48x25x22 cm) containing corncob bedding. The locomotor chamber was placed 

inside an apparatus that projected an 8x4 grid of infrared beams, with beams placed 5 cm apart. 

When a mouse crossed two consecutive beams, it was considered one ambulation. After a 2 hr 

acclimation period, mice were given an intraperitoneal injection of either saline or 7.5 mg/kg D-

amphetamine and post-injection ambulations were recorded for 2 hr with the accompanying 
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Photobeam Activity System software (San Diego Instruments). Treatments were spread over 2 

weeks and were randomized, so that not all of the mice received the same injection in a given 

week. n=9-13 mice/group; age=16-20 weeks 

Meta-analysis 

A PubMed search using the keywords “mouse metabolomics” was conducted on July 7, 2020. 

Papers were filtered to only include publicly available studies published in English between 2015 

and 2020, resulting in a list of 2601 papers. 500 papers were randomly selected using a random 

number generator for analysis. If a study did not use metabolomics or if a study did not use 

metabolomics performed on primary mouse tissue or cultured mouse cells, or if the study was 

not a primary research paper, it was excluded and replaced with another randomly selected study 

from the list of 2601 papers. Papers were reviewed and coded as one of the following to indicate 

how sex as a biological variable was addressed: “males only”, “females only”, “sex not 

specified”, “both sexes, not stratified”, or “stratified”. 

Quantification and Statistical Analysis 

Males and females were analyzed separately in all analyses. All data is represented as mean ± 

standard error of the mean (SEM), and sample size is included in the figure legend. Values of 

p<0.05 were considered statistically significant. WT was set as the reference genotype and the 

STD was set as the reference diet for all analyses. All plots were created using the plotly R 

package (Sievert et al., 2017) unless otherwise specified. All analyses performed in R utilized R 

3.5.3 (R Core Team, 2008). All analyses performed in Prism used Prism 8.3.1 (GraphPad). 

Specific details for each analysis are as follows: 

Growth Curves 
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Growth curve data were analyzed in R (R Core Team, 2008) using the geepack package to 

implement generalized estimating equations (GEE) that regressed weight measurements on 

genotype and age while accounting for within-subject correlation of measurements resulting 

from multiple time points of data collection (Halekoh et al., 2006; Yan, 2002; Yan and Fine, 

2004). Age was dichotomized to “early” (1-3 weeks of age) and “late” (4-16 weeks of age) to 

coincide with time of weaning. All analyses were repeated after applying an inverse normal 

transformation to the weight data to better satisfy modeling assumptions. Results using the raw 

and transformed data led to identical conclusions, so the results from the analysis of the raw 

weight data were presented for ease of interpretation. Using the GEE framework, we performed 

four distinct sets of analyses. We first compared weight measurements between B6.Del16+/Bdh1-

Tfrc and WT mice on the STD. We then compared weight measurements between an independent 

set of B6.Del16+/Bdh1-Tfrc and WT mice on the HFD. To test for sex-specific differences in effect 

size in each diet condition, we pooled the male and female data from that diet treatment and fit 

an additional GEE model that regressed weight measurements on genotype, age, sex, and a 

genotype-by-sex interaction term. The interaction term was tested to determine whether the 

effect size of the B6.Del16+/Bdh1-Tfrc genotype significantly differed by sex. Finally, to test for the 

effect of the HFD intervention on effect size within each sex, we pooled the STD and HFD data 

from each sex and fit a new GEE model that regressed weight measurements on genotype, age, 

diet, and a genotype-by-diet interaction term. The interaction term was tested to determine 

whether the effect size of the B6.Del16+/Bdh1-Tfrc genotype significantly differed between diet 

treatments. 

Indirect Calorimetry 
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All data were analyzed in R (R Core Team, 2008). The data were filtered to exclude observations 

with a respiratory exchange ratio (RER) less than 0.650 or greater than 1.05, because they are 

outside the dynamic range of the measurement. Observations with a negative value for 

cumulative food or water consumption were excluded, because they indicate periods where the 

animal had climbed onto the sensor. The final dataset was trimmed to remove intervals at the 

beginning and end of the experiment that did not have observations for every subject. 

Ambulations were analyzed with a simple linear model implemented through the stats R package 

regressing ambulations on genotype and age (R Core Team, 2008). Ambulations were averaged 

over all observations in the light and dark cycles for each animal, and light and dark cycle data 

were analyzed separately. For food and water consumption, the final value for cumulative 

consumption was used, and was divided by the animal’s body weight to find the g food 

consumed per g body weight. The relative food and water consumption data were analyzed with 

simple linear models implemented through the stats R package regressing relative food or water 

consumption on genotype and age (R Core Team, 2008). For food consumption, a mediation 

analysis was performed using the R package mediation to determine if body weight mediated the 

relationship between genotype and total food consumption (Tingley et al., 2014). For energy 

expenditure and RER, the data were subsetted to only the peaks and troughs in the RER curve; 

the peak and trough were identified via manual inspection, and one interval to either side of the 

peak or trough was included, for a total of 3 data points per interval and 7 total intervals (the day 

1 and day 5 light cycles were excluded because the entire cycle was not captured). Each interval 

was analyzed with a GEE implemented through the geepack R package that regressed either 

energy expenditure or RER on genotype and interval while accounting for within-subject 
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correlation of measurements resulting from multiple time points of data collection (Halekoh et 

al., 2006; Yan, 2002; Yan and Fine, 2004). 

Metabolomics 

All data were analyzed in R (R Core Team, 2008). Median summarized ComBat batch-corrected 

data was used for all analyses (Johnson et al., 2007). To determine the similarity between blind 

replicate samples, correlation tests were performed using the stats R package (R Core Team, 

2008). Data filtering and feature selection with partial least squares regression and linear 

regression were performed using the xmsPANDA R package (Uppal, 2018). Features missing 

from more than 50% of all samples, or more than 80% of samples from one group, were 

removed from the dataset. Stepwise feature selection was performed, where the data were first 

filtered based on a VIP score>1.5, and then filtered again based on a p value<0.05. All features 

with a p value<0.05 also had a VIP score>1.5, so the p values from linear regression were used 

for pathway enrichment analysis. Pathway enrichment analysis was performed using 

mummichog 2.3.3 with a p value<0.05 cutoff (Li et al., 2013). For hierarchical clustering, the 

linear regression results from the HILIC and C18 columns were pooled, and the top 250 ranked 

features across the two datasets based on VIP score and p value were used as input. Hierarchical 

clustering was implemented via the xmsPANDA R package using Spearman correlation (Uppal, 

2018). For predictive modeling, we used the R package randomForest (Liaw and Wiener, 2002) 

and the top 250 ranked metabolic features to train a random forest with 25,001 trees to predict 

genotype. Trees were grown to the maximum size possible; by default, 15 features were 

considered as candidates at each split, and splitter importance was calculated as the mean 

decrease in Gini impurity. To account for unequal sample sizes in the STD data, we used weights 

equal to the inverse of the sample size for each genotype. The receiver operating characteristic 
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(ROC) curves and the area under the ROC curves (AUC) were generated using the R package 

ROCR (Sing et al., 2005). P values for the AUC and prediction accuracy were calculated by 

permuting genotype 10,000 times. Venn diagrams were constructed to compare male and female 

datasets within a diet condition, as well as to compare STD and HFD datasets within sex, using 

the VennDiagram R package (Chen, 2018). Male-female comparisons within a diet condition 

were performed on the top 250 ranked features. STD-HFD comparisons within sex were 

performed on statistically significant high-confidence annotated features, defined as an 

xMSannotator confidence level of 2 or 3 (Uppal et al., 2017). 

Behavior Tests 

MWM 

Animals that did not swim during the probe trial were removed from all analyses. Training data 

(swim distance, latency to platform, and swim speed) from the STD and HFD cohorts were 

analyzed separately in Prism (GraphPad) using two-way repeated measures ANOVA followed 

by multiple comparisons with Sidak’s correction when a significant genotype effect or 

interaction was observed. Unpaired t-tests were implemented using the stats R package to 

separately analyze probe trial data (proportion of time the animals spent in the quadrant of the 

maze that formerly contained the platform) from the STD and HFD cohorts (R Core Team, 

2008). To test for the effect of the diet intervention in the training phase, linear mixed-effects 

models were implemented using the lme4 R package (Bates et al., 2014). When analyzing the 

training phase data, we fit models with genotype as the predictor and diet and day as covariates, 

with subject ID as a random effect. We started with a model including up to a three-way 

interaction between genotype, diet, and day. To identify the most parsimonious model, we 

performed backward elimination via likelihood ratio tests implemented using the lmtest R 
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package (Zeileis and Hothorn, 2002) and removed any higher-order interaction terms that were 

not significant and refit the model. We performed this process with three-way interactions 

followed by two-way interactions if the three-way interaction was not significant. The final 

models were fit with both maximum likelihood estimation and restricted maximum likelihood 

estimation; the fits were comparable, so the results from the models fitted with maximum 

likelihood are presented. P values were calculated using Satterthwaite’s method via the lmerTest 

R package (Kuznetsova et al., 2017). To test for the effect of the diet intervention in the probe 

trial, simple linear models regressing the proportion of time spent in the platform quadrant on 

genotype, diet, and a genotype-by-diet interaction were implemented using the stats R package 

(R Core Team, 2008). 

Acoustic Startle 

Startle response to 70 db was excluded from the dataset for all animals. The inverse normal 

transformation was applied to transform the data to an approximately normal distribution. Proper 

transformation of the data was confirmed with the Shapiro-Wilk normality test implemented 

using the stats R package (R Core Team, 2008). Linear mixed-effects models were implemented 

using the lme4 R package (Bates et al., 2014). When analyzing the data for each diet separately, 

all models included genotype, decibel level, and weight as fixed effects and subject ID as a 

random effect. The models were fit with both maximum likelihood estimation and restricted 

maximum likelihood estimation; the fits were comparable, so the results from the models fitted 

with maximum likelihood are presented. To test for the effect of the diet intervention, we fit 

models with genotype as the predictor and diet, decibel level, and weight as covariates, with 

subject ID as a random effect. We started with a model including up to a four-way interaction 

between genotype, diet, decibel, and weight. To identify the most parsimonious model, we 
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performed backward elimination via likelihood ratio tests implemented using the lmtest R 

package (Zeileis and Hothorn, 2002) and removed any higher-order interaction terms that were 

not significant and refit the model. We performed this process with four-way interactions, 

followed by three-way interactions if the four-way interaction was not significant, and followed 

by two-way interactions if the three-way interactions were not significant. The final models were 

fit with both maximum likelihood estimation and restricted maximum likelihood estimation; the 

fits were comparable, so the results from the models fitted with maximum likelihood are 

presented. P values were calculated using Satterthwaite’s method via the lmerTest R package 

(Kuznetsova et al., 2017). 

PPI 

Only the prepulse.startle trials were used to calculate % PPI, as shown in the equation above. 

The response to the PP1.startle condition (70 db prepulse) was excluded from analysis. Data 

from the STD and HFD cohorts were analyzed separately in Prism (GraphPad) using 2-way 

repeated measures ANOVA followed by multiple comparisons with Sidak’s correction when a 

significant genotype effect or interaction was observed. To test for the effect of the diet 

intervention, linear mixed-effects models were implemented using the lme4 R package (Bates et 

al., 2014). We fit models with genotype as the predictor and diet and prepulse decibel as 

covariates, with subject ID as a random effect. We started with a model including up to a three-

way interaction between genotype, diet, and prepulse decibel. To identify the most parsimonious 

model, we performed backward elimination via likelihood ratio tests implemented using the 

lmtest R package (Zeileis and Hothorn, 2002) and removed any higher-order interaction terms 

that were not significant and refit the model. We performed this process with three-way 

interactions followed by two-way interactions if the three-way interaction was not significant. 
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The final models were fit with both maximum likelihood estimation and restricted maximum 

likelihood estimation; the fits were comparable, so the results from the models fitted with 

maximum likelihood are presented. P values were calculated using Satterthwaite’s method via 

the lmerTest R package (Kuznetsova et al., 2017). 

Fear Conditioning 

Data from each day of the task were analyzed separately. Data from the STD and HFD cohorts 

were analyzed separately in Prism (GraphPad) using 2-way repeated measures ANOVA 

followed by multiple comparisons with Sidak’s correction when a significant genotype effect or 

interaction was observed. To test for the effect of the diet intervention, linear mixed-effects 

models were implemented using the lme4 R package (Bates et al., 2014). All models included 

genotype, diet, and a genotype-by-diet interaction as fixed effects and subject ID and time as 

random effects. The models were fit with both maximum likelihood estimation and restricted 

maximum likelihood estimation; the fits were comparable, so the results from the models fitted 

with maximum likelihood are presented. P values were calculated using Satterthwaite’s method 

via the lmerTest R package (Kuznetsova et al., 2017). 

Amphetamine-Induced Locomotor Activity 

Because the ambulation data were not normally distributed, the inverse normal function was used 

to transform the data to an approximately normal distribution. Proper transformation of the data 

as confirmed with the Shapiro-Wilk normality test implemented using the stats R package (R 

Core Team, 2008) Linear mixed-effects models were implemented using the lme4 R package 

(Bates et al., 2014). Saline was set as the reference treatment for all analyses. When analyzing 

the data for each diet separately, all models included genotype, treatment, and a genotype-by-

treatment interaction as fixed effects and subject ID and timepoint as random effects. The models 
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were fit with both maximum likelihood estimation and restricted maximum likelihood 

estimation; the fits were comparable, so the results from the models fitted with maximum 

likelihood are presented. To test for the effect of the diet intervention, as well as for differences 

in the effect of the B6.Del16+/Bdh1-Tfrc genotype after the HFD intervention, we fit models with 

genotype as the predictor and diet and treatment as covariates, with subject ID and time as 

random effects. We started with a model including up to a three-way interaction between 

genotype, diet, and treatment. To identify the most parsimonious model, we performed backward 

elimination via likelihood ratio tests implemented using the lmtest R package (Zeileis and 

Hothorn, 2002) and removed any higher-order interaction terms that were not significant and 

refit the model. We performed this process with three-way interactions followed by two-way 

interactions if the three-way interaction was not significant. The final models were fit with both 

maximum likelihood estimation and restricted maximum likelihood estimation; the fits were 

comparable, so the results from the models fitted with maximum likelihood are presented. P 

values were calculated using Satterthwaite’s method via the lmerTest R package (Kuznetsova et 

al., 2017). 

Brain Weight 

Data were analyzed in R (R Core Team, 2008). To calculate the brain:body weight ratio, the 

brain weight was divided by the body weight of the animal at euthanasia. Brain weight and the 

brain:body weight ratio were analyzed by unpaired t-test using the stats R package (R Core 

Team, 2008).  
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