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Abstract 

 The development of obesity-related metabolic syndrome (MetS) involves a complex 

interaction of genetic and environmental factors. One environmental factor found to be 

significantly associated with MetS is early life stress (ELS). We have previously reported on our 

mouse model of ELS, induced by neonatal maternal separation (NMS), that displays altered 

regulation of the hypothalamic-pituitary-adrenal (HPA) axis and increased sensitivity in the 

urogenital organs, which was attenuated by voluntary wheel running. Here, we are using our 

NMS model to determine if ELS-induced changes in the HPA axis also influence weight gain 

and MetS. Naïve (non-stressed) and NMS male mice were given free access to a running wheel 

and a low-fat control diet at 4-weeks of age. At 16-weeks of age, half of the mice were 

transitioned to a high fat/sucrose (HFS) diet to investigate if NMS influences the effectiveness of 

voluntary exercise to prevent diet-induced obesity and MetS. Overall, we observed a greater 

impact of voluntary exercise on prevention of HFS diet-induced outcomes in naïve mice, 

compared to NMS mice. Although body weight and fat mass were still significantly higher, 

exercise attenuated fasting insulin levels and mRNA levels of inflammatory markers in 

epididymal adipose tissue in HFS diet-fed naïve mice. Only moderate changes were observed 

in exercised NMS mice on a HFS diet, although this could partially be explained by reduced 

running distance within this group. Interestingly, sedentary NMS mice on a control diet displayed 

impaired glucose homeostasis and moderately increased pro-inflammatory mRNA levels in 

epididymal adipose, suggesting that early life stress alone impairs metabolic function and 

negatively impacts the therapeutic effect of voluntary exercise. 
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1. Introduction 

Stress is described as a change in homeostasis caused by various physiological, 

psychological, or environmental factors [1]. Although acute stress is necessary for survival, 

long-term stress, particularly in childhood, can lead to the development of chronic health 

disorders, including obesity [2-5]. Although the mechanism underlying this association has not 

been fully established, dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis has been 

implicated. The HPA axis is a neuroendocrine system that contributes to the regulation of the 

stress response [6]. During a stressful event, the hypothalamus releases corticotropin-releasing 

factor (CRF), which signals the pituitary gland to release adrenocorticotrophic hormone (ACTH). 

ACTH then signals the adrenal cortex to release glucocorticoids, which include cortisol in 

humans and corticosterone in rodents [7]. Upon release, glucocorticoids modulate many 

downstream metabolic effects including alterations in glucose and fat metabolism as well as 

control of the cardiovascular system and the immune response [8]. CRF can also work in the 

periphery by activating mast cells (MC), which release cytokines and proteases that contribute 

to the formation of a pro-inflammatory environment [9, 10]. 

The HPA axis is not fully developed when children are born and therefore stressful events 

at this stage can cause long-term permanent damage on the regulation and output of this 

system, contributing to poor health outcomes in adulthood [11]. Childhood neglect and 

maltreatment are two forms of early life stress that are associated with the development of 

obesity in adulthood in humans [3-5]. Additionally, HPA axis hyperactivity is seen in patients 

with visceral obesity [12, 13]. Research in non-human primates [14] and rodents [15] also show 

early life stress-induced alterations in metabolic functions.  

In addition to stress, other environmental risk factors associated with the development of 

obesity include a sedentary lifestyle and consumption of a ‘western diet’ (high proportion of 

saturated fat and refined sugars) [16-21]. This association is particularly troubling because 

sedentary behavior is highly prevalent in the United States, where most individuals do not meet 
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the recommended requirements for daily physical activity [22] and western diet consumption 

has grown due to its convenience and low cost [23]. Visceral or central obesity is a component 

of the metabolic syndrome (MetS) [24], which is diagnosed when an individual meets 3 of the 

following 5 criteria: central obesity, insulin resistance, hypertension, high triglycerides, and low 

high-density lipoprotein cholesterol [25]. There is a high incidence of MetS in the United States, 

where 33% of adults meet the diagnostic criteria [26]. The constellation of risk factors 

associated with MetS synergizes to increase for both type 2 diabetes and cardiovascular 

disease. 

It is clear that obesity and the subsequent development of MetS are substantial public 

health problems. Therefore, studying risk factors for the development of these chronic 

conditions as well as the most effective way to treat them is extremely important. In the present 

study, we use a model of early life stress in mice, neonatal maternal separation (NMS), that 

displays evidence of altered HPA axis regulation [27, 28] to test the hypothesis that early life 

stress-exposure increases the susceptibility to the detrimental metabolic consequences of the 

combination of a sedentary lifestyle and long-term western diet. Additionally, because lifestyle 

changes such as exercise and diet have been shown to improve symptoms of MetS in both 

humans [21, 29, 30] and rodents [31], we studied whether exercise, in the form of voluntary 

wheel running, could be used as a therapeutic intervention in the prevention of obesity-related 

MetS. To our knowledge, this is the first study to combine early life stress, diet, and exercise to 

study the development of factors related to MetS in mice.  

 

2. Methods 

2.1 Animals  

All experiments in this study were performed on male C57Bl/6 mice (Charles River, 

Wilmington, MA) born and housed in the Research Support Facility at the University of Kansas 

Medical Center. Mice were housed on a 12-hour light cycle (600 to 1800 hours) and received 
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water and food ad libitum. All research was approved by the University of Kansas Medical 

Center Institutional Animal Care and Use Committee (protocol number 2016-2344) in 

compliance with the National Institute of Health Guide for the Care and Use of Laboratory 

Animals. 

 

2.2 Experimental design 

Our experimental design is schematized in Figure 1. Briefly, mice underwent NMS or 

remained unhandled during the first three weeks of life. Voluntary wheel running was introduced 

at 4-weeks of age, coinciding with a control diet. At 16-weeks of age, half of the sedentary and 

exercised mice were placed on a HFS diet until 27-weeks of age.  

 

2.3 Neonatal maternal separation 

Pregnant C57Bl/6C dams were delivered to the animal facility between 14-16 days 

gestation. Beginning on postnatal day 1 (P1) until P21, NMS litters were removed en masse and 

placed in a clean glass beaker with bedding from their home cage for 180 minutes (11am-2pm) 

daily. The beaker was placed in an incubator maintained at 33°C and 50% humidity. Naïve mice 

remained undisturbed in their home cage except for normal animal husbandry. All mice were 

weaned on P22 and pair-housed with same sex litter mates. At 4-weeks of age, all mice were 

placed on a control diet consisting of 20% kcal protein, 70% kcal carbohydrate (3.5% sucrose), 

10% kcal fat (3.85 kcal/g; Research Diets, Inc., New Brunswick, NJ; cat. D12110704). 

 

2.4 Exercise 

At 4-weeks of age, half of the naïve and NMS mice were divided into voluntary wheel 

running exercised (Ex) or sedentary (Sed) groups. Ex mice were pair-housed with a litter mate 

in cages equipped with a stainless-steel running wheel (STARR Life Sciences Corp, Oakmont, 

PA) and Sed mice were pair housed with no access to a running wheel. Distance ran/pair was 
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recorded by STARR Life Sciences VitalView Activity Software version 1.1. Pair housing was 

implemented to eliminate potential stress associated with single housing of rodents.  

 

2.5 High-fat/high-sucrose (HFS) diet 

At 16- weeks of age, half of the naïve- and NMS- Sed and -Ex groups were placed on a 

HFS diet, consisting of 20% kcal protein, 35% kcal carbohydrate (15% sucrose), and 45% kcal 

fat (4.73 kcal/g; Research Diets), to mimic a Western-style diet.  

 

2.6 Food consumption and feed efficiency 

Food consumption per pair of mice was measured weekly. Feed efficiency was quantified 

every week using the following equation: ((weight change per pair)/(calories consumed per 

pair))*1000. It is presented as the average feed efficiency over the 11-weeks of the experiment 

after the start of the HFS diet. 

 

2.7 Body composition analysis 

Mice were weighed and body composition was measured by qMRI using the EchoMRI 1100 

(EchoMRI LLC, Houston, TX). Total weight, percent body fat, and free fat mass were quantified 

every 2-3- weeks. N=4 for all groups except Ex-HFS, n=6.  

 

2.8 Glucose Tolerance Test 

At 27- weeks of age, following a 6- hour fast, mice were given an intraperitoneal injection of 

glucose at 1 g/kg body weight. Blood glucose levels were measured via tail clip immediately 

before glucose injection and 15, 30, 60, and 120- minutes thereafter using a colorimetric assay 

(PGO enzyme preparation and dianisidine dihydrochloride, Sigma-Aldrich, St. Louis, MO). Area 

under the curve measurements were calculated using the trapezoidal method [32]. 
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2.9 Fasting insulin level 

The initial fasting blood collection described above was also used to measure serum insulin 

levels using an insulin ELISA kit according to the manufacturer’s instructions (ALPCO, Salem, 

NH).  

 

2.10 mRNA extraction and RT-PCR 

Mice were overdosed with inhaled isoflurane. Epidydimal adipose tissue was dissected, 

immediately frozen in liquid nitrogen, and stored at -80°C. Frozen tissue was then crushed 

(Cellcrusher, Portland, OR) and total RNA was isolated using QIAzol Lysis Reagent and the 

RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia, CA). The concentration and purity were 

determined using NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE) and cDNA was 

synthesized from total RNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). 

Quantitative RT-PCR was performed using SsoAdvanced SYBR Green Supermix (Bio-Rad) and 

a Bio-Rad iCycler IQ real time PCR system with indicated 20uM primers (Table 2; Integrated 

DNA Technologies, Coralville, IA). Samples were run in triplicate and negative control reactions 

were run with each amplification series. To reduce variability among efficiency due to 

fluctuations in baseline fluorescence, the raw PCR data was imported to the LinRegPCR 

software and PCR efficiency values were derived for each individual sample. Threshold cycle 

values were subtracted from that of the housekeeping gene PPiB and the fold change over 

naïve-Sed-Control was calculated using the Pfaffl method [33]. 

 

2.11 Statistical analysis 

Data are reported as mean ± SEM. Calculations of the above measurements were made in 

Excel (Microsoft, Redmond, WA) and statistical analyses were performed using GraphPad 

Prism 8 (GraphPad, La Jolla, CA) or IBM SPSS Statistics 24 (IBM Corporation, Armonk, NY). 
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Differences between groups were determined by 2- or 3-way ANOVA or 4-way RM ANOVA and 

Fisher’s LSD or Bonferroni posttest. Statistical significance was set at p<0.05.  

 

3. Results 

3.1 NMS induces greater fat mass 

 Body weight and composition were assessed at 14-weeks of age, which revealed a 

significant overall effect of exercise on body weight (Figure 2A, p=0.0153), fat mass (Figure 2B, 

p<0.0001), and body fat percentage (Figure 2D, p<0.0001), with the latter two measurements 

having a significant decrease in Ex mice compared to Sed for both naïve and NMS (p<0.05). A 

separate effect of NMS was also observed on fat mass (p=0.0223) and percent body fat 

(p=0.0142). No differences were observed in fat-free mass between any groups (Figure 2C, 

p>0.05).  

 

3.2 Running distance is influenced by stress and diet 

 Exercised mice were pair housed to avoid additional stress of single housing. Therefore, 

data are presented as average kilometers ran/day/pair. While on the standard chow diet, NMS 

mice ran significantly shorter distances per week than naïve mice (Figure 3A, p=0.004). Half of 

the mice were transitioned to a HFS diet at 16 weeks of age. After introduction of a HFS diet, 

there was a significant impact of NMS (Figure 3A, p=0.005) and diet (p=0.024) on distance ran 

per week, with both naïve-HFS and NMS-HFS mice decreasing their running distance by 39.9% 

and 26.5% at 27-weeks of age, compared to their pre-HFS diet distances, respectively. The 

total distance ran during the HFS diet intervention was significantly impacted by both NMS 

(Figure 3B, p=0.0013) and diet (p=0.0128).  

 

3.3 NMS increases susceptibility to HFS diet-induced weight and fat mass gains 
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At 27-weeks of age, following 11-weeks on HFS diet, there was a significant overall effect 

of exercise to reduce body weight (Figure 4A, p=0.013), fat mass (Figure 4B, p<0.0001) and 

body fat percentage (Figure 4D, p<0.0001). Diet also significantly increased body weight, fat 

mass, and percent body fat (all p<0.0001) with a trend toward impacting fat-free mass (Figure 

4C, p=0.052). Interaction effects were observed for NMS and exercise (p=0.042) and exercise 

and diet (p=0.034) for body fat percentage. In general, HFS groups had significantly greater 

body weight and fat mass, and had a higher body fat percentage than control diet groups. 

Exercise attenuated gains in fat mass and percent body fat in naïve- and NMS- control diet 

mice, however exercise only significantly lowered fat mass (p=0.008) and percent body fat 

(p=0.034) in naïve-HFS mice, compared to sedentary HFS-fed mice. Importantly, exercise had 

no effect on NMS-HFS mice.  

 

3.4 Stress, exercise, and diet affect food consumption and feed efficiency. 

 Weekly food consumption, in grams, during the diet intervention, was significantly impacted 

by NMS (Figure 5A, p=0.025), exercise (p=0.001), and an NMS/exercise/diet intervention 

(0.046). Weekly food consumption, in kcal, was also impacted by NMS (Figure 5B, p=0.039), 

exercise (p=0.002), and diet (p=0.007). For both measures, naïve-Ex mice on control diet ate 

significantly more than naïve-Sed and NMS-Ex on control diet and naïve-Ex on HFS diet 

(p<0.01). Feed efficiency was significantly impacted by exercise (Figure 5C, p=0.012) and diet 

(p<0.0001), with all HFS diet groups having significantly higher feed efficiency than their control-

fed counterparts (p<0.05), which was significantly reduced in naïve-Ex mice, compared to 

sedentary (p<0.05).  

 

3.5 Exercise and diet have opposing effects on fasting insulin level  

 At 27-weeks of age, mice were fasted for 6-hours and serum insulin level was measured in 

blood collected by tail-clip. Fasting insulin levels were significantly impacted by exercise (Figure 
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6A, p=0.014) and diet (p<0.0001), with sedentary mice on HFS diet having significantly higher 

serum insulin (p<0.01) than control-fed mice, which was significantly reduced by exercise 

(p<0.05).  

 

3.6 NMS, exercise, and diet influence glucose tolerance 

Following an initial blood collection, 1g/kg glucose was administered intraperitoneally and 

serum blood glucose was measured at 15-, 30-, 60-, and 120-minutes. Both the time course of 

serum glucose level (Figure 6C) and the area under the curve (AUC; Figure 6B) were analyzed. 

A significant overall effect of NMS (p<0.0001), exercise (p<0.0001), diet (p<0.0001), an 

exercise/diet interaction (p=0.023) and a NMS/diet/exercise intervention (p=0.026) was 

observed on AUC calculations of serum glucose levels. Interestingly, NMS-Sed mice on control 

diet had significantly elevated blood glucose, compared to naïve-Sed mice (p<0.01), which was 

significantly lowered in NMS-Ex mice (p<0.01). All HFS diet-fed groups had significantly higher 

blood glucose, compared to control diet groups (p<0.05), with the exception of naïve-Ex, which 

was not comparably different from their control fed counterparts. Exercise was only partially 

protective of NMS-HFS mice, which had a blood glucose level significantly higher than NMS-

control-Ex and naïve-HFS-Ex, but significantly lower than NMS-control-Sed (p<0.05). Individual 

group blood glucose measurements through the test are show in Figure 6C, which further 

illustrate the lack of impact of exercise in the NMS-HFS diet group.  

 

3.7 NMS, exercise, and diet alter epididymal adipose macrophage and mast cell markers as 

well as neuroendocrine signaling molecules  

 Epididymal adipose tissue was analyzed for measures of inflammation and neuroendocrine 

signaling. The mRNA levels for the macrophage markers F4/80 and CD68 were significantly 

impacted by exercise (Figure 7A, p=0.008 and p=0.002), diet (p<0.0001 for both), and an 

exercise/diet interaction (p=0.003 and p=0.006). There was also a significant effect of NMS 
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(p=0.005) and a NMS/diet interaction (p=0.018) on CD68 mRNA levels. All HFS diet groups had 

significantly higher F4/80 and CD68 mRNA levels compared to control diet groups (p<0.01) with 

the exception of naïve-Ex-HFS, which was not significantly different from naïve-Ex-Control 

(p>0.05) and was significantly lower than naïve-Sed-HFS (p<0.05). Exercise significantly 

lowered F4/80 and CD68 mRNA levels in HFS-fed NMS mice (p<0.05); however, these levels 

remained significantly higher than those in exercised naïve-HFS fed mice (p<0.05). The mRNA 

levels of CD11b and CD11c were measured to determine macrophage inflammatory status. Diet 

had a significant impact on CD11b (p<0.0001) and CD11c (p<0.0001) mRNA levels, and an 

additional effect of exercise (p=0.011) and an exercise/diet interaction (p=0.046) was noted for 

CD11c mRNA levels. Sedentary HFS-fed mice had significantly higher CD11b and CD11c 

mRNA levels compared to control-fed counterparts (p<0.01), which was prevented by exercise 

for CD11b and partially reversed by exercise for CD11c. It should be noted that the HFS-

induced increase in CD11c mRNA levels was 5-15-fold relative to naïve-Sed-control, compared 

to an increase of 2-3-fold for CD11b.  

The pro-inflammatory cytokine tumor necrosis factor alpha (TNFa) was significantly 

impacted by diet (Figure 7B, p=0.001), particularly in NMS-Sed-HFS mice (p<0.05). Interleukin 

(IL) 1 beta (IL1b), IL6, and interferon gamma (IFNg) mRNA levels were also measured and there 

were no significant differences found between groups. As a means to evaluate potential mast 

cell infiltration, the level of tryptase mRNA in epididymal adipose was measured. Significant 

interaction effects of NMS and exercise (p=0.011) and diet and exercise (p=0.008) were 

observed on tryptase mRNA levels, in particular sedentary NMS-HFS fed mice had significantly 

higher levels compared to both sedentary NMS-control fed (p<0.01) and exercised NMS-HFS 

fed (p<0.01) mice. Interestingly, naïve-Ex-HFS had a significantly lower tryptase mRNA level 

than naïve-Ex-Control mice (p<0.05).  
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To determine potential changes in neuroendocrine signaling, the levels of leptin, 

glucocorticoid receptor (GR), and 11b-hydroxysteroid dehydrogenase type 1 (11bHSD1) mRNA 

were measured (Figure 7C). Diet (p=0.007) and a NMS/diet interaction (p=0.019) significantly 

impacted leptin mRNA levels. The impact of diet was largely observed only in naïve mice, as 

these groups had significantly increased leptin mRNA compared to their control diet 

counterparts, regardless of exercise (p<0.05). In contrast, HFS diet had no significant impact on 

leptin mRNA levels in NMS mice (p>0.05). Diet also significantly impacted GR (p<0.0001) and 

11bHSD1 mRNA levels (p=0.001). All HFS groups, with the exception of naïve-Ex, had a 

significantly lower GR mRNA level compared to control diet mice (p<0.05) and naïve-Sed-HFS 

and -Ex-HFS mice had a significantly lower 11bHSD1 mRNA level compared to control diet 

mice (p<0.05). Finally, NMS-Ex-Control mice had a significantly lower 11bHSD1 mRNA level 

compared to naïve-Ex-Control (p<0.05).   

 

4. Discussion 

Obesity-related MetS is highly prevalent in today’s society and dramatically increases the 

risk for the development of type 2 diabetes and cardiovascular disease. In humans, 

environmental factors including early life stress [3-5], poor diet [16, 17], and low activity level 

[34-36] increase one’s risk to develop the MetS. Many pre-clinical studies have investigated the 

influence that HFS diet [37-40] and exercise [31, 41, 42] have on the development of obesity-

related MetS, while only a few have investigated the impact of early life stress [14, 15]. To our 

knowledge, this is the first study to combine early life stress, exercise, and diet to evaluate 

outcomes related to this disorder. 

The primary findings showed that 14-week old male mice that had undergone NMS had 

similar body weight, but increased body fat percentage, compared to naïve mice, regardless of 

caging conditions. Ad libitum access to a HFS diet predictably increased body weight and body 
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fat percentage in both naïve and NMS sedentary mice. However, daily exercise, via voluntary 

wheel running, only positively impacted body fat percentage in HFS diet-fed naïve mice, but not 

NMS mice who had undergone early life stress. These findings are similar to other studies 

investigating the effect of early life stress exposure on diet-induced metabolic outcomes. For 

example, Yam et al., [15] used the limited nesting material paradigm of early life stress and 

demonstrated that although stressed mice exhibited comparably reduced weight and adipose 

tissue at weaning, the stressed mice were more susceptible to high-fat diet-induced obesity than 

non-stressed mice. Additionally, Murphy et al., [43] used maternal separation with early weaning 

as a stress paradigm and demonstrated that stressed adult male and female mice on a low-fat 

diet had increased fat mass compared to non-stressed mice. Interestingly, female stressed mice 

were more susceptible to high-fat diet-induced changes in body weight and fat compared to 

non-stressed mice, while male stressed mice consuming a high-fat diet had similar body weight 

and fat compared to non-stressed mice. We are currently investigating potential sex differences 

in diet-induced metabolic outcomes in our NMS model.  

Our results suggest that exercise was more beneficial in preventing weight and body fat 

gain in naïve mice compared to NMS mice. Both reduced running volume and a more disrupted 

metabolic phenotype induced by NMS may underlie these findings. Interestingly, naïve-Ex mice 

ate significantly more control diet compared to the other groups, yet they demonstrated 

appropriate energy balance by running more than NMS-Ex mice. The reduced running distance, 

and putatively reduced energy expenditure by NMS mice, could partially underlie their increased 

weight and body fat gain compared to naïve mice. However, differences in feed efficiency 

suggest that basal differences in metabolism may also be at play. Exercise significantly lowered 

feed efficiency in HFS diet-fed naïve groups when compared to sedentary counterparts. In 

contrast, exercise had no impact on feed efficiency in NMS mice on either a control or HFS diet. 

Again, the low running distance of the NMS, particularly those on HFS diet, likely contributes to 

the moderate impact on feed efficiency. We used voluntary wheel running because this form of 
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exercise is considered rewarding to rodents as opposed to forced treadmill running, which is 

considered a stressor and can cause anxiety like behaviors [44-46]. We have previously 

observed an attenuation of bladder hypersensitivity and mast cell degranulation in female mice 

of the same NMS model [47]. The NMS mice in this study also ran approximately half the 

weekly distance of naïve mice, suggesting this is a consistent phenotype following NMS. Future 

studies will incorporate limiting daily running wheel distances or the use of treadmills to 

determine the impact of NMS in mice with equivalent aerobic output.  

Impaired glucose homeostasis is one symptom of MetS and a hallmark of prediabetes [25]. 

The sedentary, control diet-fed NMS mice in this study exhibited glucose intolerance, which was 

significantly improved by exercise. This finding is in line with other groups that have 

demonstrated the positive effect that exercise has on glucose tolerance in rodents [41, 48, 49]. 

Exercise prevented glucose intolerance in naïve mice on HFS diet, whereas exercised NMS 

mice on the HFS diet only had moderately, yet significantly, improved glucose tolerance, which 

was still higher than that of similarly-treated naïve mice. The only HFS-fed group that did not 

develop glucose intolerance was the naïve-Ex group. Another intriguing finding was that NMS 

induced glucose intolerance on a control diet, supporting the epidemiological association 

between early life stress in humans and the development of obesity and related metabolic 

disorders in adulthood [2-5]. In direct relation to the glucose homeostasis data, fasting insulin 

was also impacted by NMS, exercise, and diet. Accordingly, the sedentary NMS mice on a HFS 

diet in our study had the highest fasting insulin level.  

White adipose tissue distribution and composition is important in predicting the 

development of obesity-related diseases because it plays a key role in regulating systemic 

metabolic function and inflammation [50]. Visceral fat accumulation is associated with a greater 

risk of metabolic dysfunction [51] and leads to chronic low-grade inflammation [52]. Low-grade 

inflammation is, in turn, associated with increased pro-inflammatory macrophage and MC 

infiltration as well as the increased prevalence of crown-like structures and has been 
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demonstrated in both obese mice and humans [53-56]. Our results indicate that HFS diet and 

NMS significantly increased pro-inflammatory macrophage markers in epididymal adipose 

tissue. While exercise did significantly reduce these levels overall, this was predominantly 

observed in the naïve-HFS mice, whereas the levels in NMS-Ex-HFS mice were still significantly 

elevated. Similarly, TNFa mRNA levels were also significantly increased by HFS diet. This is a 

mechanistically significant finding because TNFa affects insulin sensitivity [57]. Interestingly, the 

group in our study with the highest TNFa in epididymal adipose, NMS-Sed-HFS, also had the 

highest fasting insulin level, suggesting that insulin resistance could be at least partially driven 

by increased visceral adipose TNFa. 

Gurung et al., [58] recently showed that subcutaneous adipose tissue of individuals with 

MetS had a 2.5-fold increase in MCs compared to control subjects.  This increase in MCs was 

positively correlated with markers of fibrosis and inflammation. Obese subjects have also been 

shown to have significantly higher serum tryptase levels [59]. Furthermore, high-fat diet-induced 

obese mice display increased MCs in visceral adipose tissue [56]. Here, we observed significant 

NMS/diet and exercise/diet interactions on tryptase mRNA levels in epididymal adipose. By far, 

the highest level of tryptase mRNA was found in NMS sedentary HFS adipose, which was 

reduced by exercise. These results imply that, much like with glucose intolerance and insulin 

levels, the combination of early life stress, sedentary caging, and a HFS diet had a cumulative 

effect on increasing epididymal adipose MC infiltration. 

White adipose tissue is a complex endocrine organ that secretes adipokines, including 

leptin [60], which communicates with its receptor in the hypothalamus to regulate food intake 

and energy expenditure by shutting down hunger signals [61]. This circuitry is not fully 

programmed at birth making it susceptible to the influence of environmental factors [62]. 

Circulating leptin usually peaks during development from P4-P16 in rodents [63] and this peak is 

important for proper formation of the hypothalamic feeding circuitry [61]. Early life stress has 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


been shown to reduce leptin levels early in life [64, 65], which could lead to altered 

programming of the leptin-hypothalamic circuit and long-term changes in hunger signals and 

energy expenditure. Our results suggest that NMS alters leptin signaling. Naïve mice on the 

HFS diet had significantly increased leptin levels compared to mice on the control diet, which is 

expected so that hunger signals are decreased and energy expenditure is increased to 

compensate for the extra energy being consumed. However, NMS mice on the HFS diet did not 

show this increase. Additionally, NMS sedentary mice on the control diet displayed increased 

leptin mRNA levels in adipose, which is not expected on a control diet and suggests that these 

mice may be leptin resistant. It has been hypothesized that a hyperactive HPA axis, which leads 

to the elevation of GC concentrations, is involved in leptin resistance in obesity [66]. Our NMS 

protocol involves separating mice from P1- P21, which includes the important window of 

development of the leptin-hypothalamic feeding circuitry [61, 63]. Therefore, proper 

programming of both the HPA axis and leptin signaling could be affected by NMS and have 

long-term consequences on metabolism. 

Increased circulating glucocorticoid levels have been associated with the development of 

obesity, particularly in the visceral region [67]. This is likely due to glucocorticoid-induced 

differentiation of pre-adipocytes into mature adipocytes and increased lipoprotein lipase activity, 

which can increase the amount of adipose tissue and subsequently cause weight gain [62]. 

Clinical studies in obese patients have shown simultaneous increases in GR and 11bHSD1 [68, 

69], which converts inactive glucocorticoids to their active form [70]. However, pre-clinical 

research showed that a high-fat diet actually caused a decrease in adipose 11bHSD1 [71, 72]. 

Similarly, we found that there was an overall reduction in 11bHSD1 and GR mRNA in 

epididymal adipose tissue due to HFS diet. We hypothesize that this down-regulation of 

11bHSD1 and GR could be an adaptive mechanism to circumvent the detrimental metabolic 

consequences of increased GC signaling. This adaptive mechanism appears to function better 
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in our naïve mice on a HFS diet as their 11bHSD1 mRNA levels were significantly reduced 

while NMS mice 11bHSD1 mRNA levels did not reach significance.\ 

Overall, exercise attenuated obesity-related MetS outcomes in both naïve and NMS mice, 

but appeared to have a stronger effect in naïve mice, most likely due to differential running 

distances between groups. We have previously reported on reduced running distances by 

female NMS mice [47], and have consistently observed this behavior among multiple cohorts of 

mice (unpublished observation). Although running distance was significantly lower, we have 

observed an attenuation of urogenital hypersensitivity and bladder overactivity due to voluntary 

wheel running in female NMS mice [47]. We hypothesize that differences in running distance 

could be due to changes in reward pathways, as we have also observed gene expression 

changes indicative of reduced hippocampal regulation of the HPA axis [27, 28, 47, 73]. Lovallo 

[74], explains that early life stress in humans can lead to altered dopaminergic signaling, which 

influences motivated behaviors [75], including physical activity. Our future studies will be aimed 

at determining the underlying mechanism driving reduced voluntary wheel running in NMS mice. 

In summary, NMS, exercise, and diet all influence factors related to MetS. This was first 

demonstrated by our finding that chow-fed NMS sedentary male mice have altered body 

composition compared to naïve and Ex mice and was further exemplified by our long-term HFS 

diet study. The NMS-Sed-HFS mice had the highest fasting insulin level, the highest mRNA 

levels of TNFa, the pro-inflammatory macrophage marker CD11c, and MC tryptase in 

epididymal adipose tissue, suggesting this group was more prone to visceral inflammation and 

development of insulin resistance compared to the other groups. Our results also implied that 

our NMS-Sed mice on control chow were also more susceptible to developing symptoms of 

MetS compared to naïve- or NMS-Ex-control mice. They had increased TNFa and CD11c 

mRNA levels, compared to other groups on the control diet, as well as increased GTT AUC, 

which implies they are more prone to visceral inflammation and are less glucose tolerant. Taken 
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together, these data suggest that early life stress exposure reduces voluntary running distance 

and the efficiency of exercise to attenuate the negative effects of a HFS diet.  

 

Acknowledgments 

The authors would like to thank Drs. Isabella Fuentes, Paige Geiger, Kenneth McCarson, 

Andrea Nicol, and Doug Wright for their thoughtful contributions towards the development, 

execution, and interpretation of this project. We would also like to acknowledge Ruipeng Wang 

and Dr. Xiaofang Yang for their technical assistance in carrying out the described experiments.  

 

Funding 

This work was funded by the National Institutes of Health (NIH) grants R01DK099611 

(JAC), R01DK103872 (JAC), R01AR071263 (JPT), K01DK112967 (EMM), T32HD057850 

(OCE), P20GM103418 (Idea Network of Biomedical Research Excellence (INBRE) Program), 

U54HD090216 (Kansas IDDRC), and VA Merit Review 1I01BX002567 (JPT). 

 

Declarations of interest 

 None. 

 

 
 

  

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 

 

[1] Chrousos, G. P., Gold, P. W. The concepts of stress and stress system disorders. 

Overview of physical and behavioral homeostasis. JAMA : the journal of the American 

Medical Association. 1992,267:1244-52.  

[2] Vanitallie, T. B. Stress: a risk factor for serious illness. Metabolism. 2002,51:40-5. 

10.1053/meta.2002.33191. 

[3] Lissau, I., Sorensen, T. I. Parental neglect during childhood and increased risk of 

obesity in young adulthood. Lancet. 1994,343:324-7. 10.1016/s0140-6736(94)91163-0. 

[4] Williamson, D. F., Thompson, T. J., Anda, R. F., Dietz, W. H., Felitti, V. Body weight 

and obesity in adults and self-reported abuse in childhood. Int J Obes Relat Metab 

Disord. 2002,26:1075-82. 10.1038/sj.ijo.0802038. 

[5] Danese, A., Tan, M. Childhood maltreatment and obesity: systematic review and 

meta-analysis. Molecular psychiatry. 2014,19:544-54. 10.1038/mp.2013.54. 

[6] Sapolsky, R. M., Meaney, M. J. Maturation of the adrenocortical stress response: 

neuroendocrine control mechanisms and the stress hyporesponsive period. Brain Res. 

1986,396:64-76. 10.1016/s0006-8993(86)80190-1. 

[7] Herman, J. P., Ostrander, M. M., Mueller, N. K., Figueiredo, H. Limbic system 

mechanisms of stress regulation: hypothalamo-pituitary-adrenocortical axis. Progress in 

neuro-psychopharmacology & biological psychiatry. 2005,29:1201-13. 

10.1016/j.pnpbp.2005.08.006. 

[8] Frodl, T., O'Keane, V. How does the brain deal with cumulative stress? A review with 

focus on developmental stress, HPA axis function and hippocampal structure in 

humans. Neurobiology of disease. 2013,52:24-37. 10.1016/j.nbd.2012.03.012. 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


[9] Johnson, D., Krenger, W. Interactions of mast cells with the nervous system--recent 

advances. Neurochemical research. 1992,17:939-51. 10.1007/bf00993271. 

[10] Anand, P., Singh, B., Jaggi, A. S., Singh, N. Mast cells: an expanding 

pathophysiological role from allergy to other disorders. Naunyn-Schmiedeberg's 

archives of pharmacology. 2012,385:657-70. 10.1007/s00210-012-0757-8. 

[11] Maniam, J., Antoniadis, C., Morris, M. J. Early-Life Stress, HPA Axis Adaptation, 

and Mechanisms Contributing to Later Health Outcomes. Frontiers in endocrinology. 

2014,5:73. 10.3389/fendo.2014.00073. 

[12] Pasquali, R., Anconetani, B., Chattat, R., Biscotti, M., Spinucci, G., Casimirri, F., et 

al. Hypothalamic-pituitary-adrenal axis activity and its relationship to the autonomic 

nervous system in women with visceral and subcutaneous obesity: effects of the 

corticotropin-releasing factor/arginine-vasopressin test and of stress. Metabolism. 

1996,45:351-6. 10.1016/s0026-0495(96)90290-5. 

[13] Rosmond, R., Dallman, M. F., Bjorntorp, P. Stress-related cortisol secretion in men: 

relationships with abdominal obesity and endocrine, metabolic and hemodynamic 

abnormalities. The Journal of clinical endocrinology and metabolism. 1998,83:1853-9. 

10.1210/jcem.83.6.4843. 

[14] Kaufman, D., Banerji, M. A., Shorman, I., Smith, E. L., Coplan, J. D., Rosenblum, L. 

A., et al. Early-life stress and the development of obesity and insulin resistance in 

juvenile bonnet macaques. Diabetes. 2007,56:1382-6. 10.2337/db06-1409. 

[15] Yam, K. Y., Naninck, E. F. G., Abbink, M. R., la Fleur, S. E., Schipper, L., van den 

Beukel, J. C., et al. Exposure to chronic early-life stress lastingly alters the adipose 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


tissue, the leptin system and changes the vulnerability to western-style diet later in life in 

mice. Psychoneuroendocrinology. 2017,77:186-95. 10.1016/j.psyneuen.2016.12.012. 

[16] Bray, G. A., Popkin, B. M. Dietary fat intake does affect obesity! Am J Clin Nutr. 

1998,68:1157-73. 10.1093/ajcn/68.6.1157. 

[17] McMurry, M. P., Cerqueira, M. T., Connor, S. L., Connor, W. E. Changes in lipid 

and lipoprotein levels and body weight in Tarahumara Indians after consumption of an 

affluent diet. The New England journal of medicine. 1991,325:1704-8. 

10.1056/NEJM199112123252405. 

[18] Borkman, M., Campbell, L. V., Chisholm, D. J., Storlien, L. H. Comparison of the 

effects on insulin sensitivity of high carbohydrate and high fat diets in normal subjects. 

The Journal of clinical endocrinology and metabolism. 1991,72:432-7. 10.1210/jcem-72-

2-432. 

[19] Hu, F. B., Stampfer, M. J., Manson, J. E., Rimm, E., Colditz, G. A., Rosner, B. A., et 

al. Dietary fat intake and the risk of coronary heart disease in women. The New England 

journal of medicine. 1997,337:1491-9. 10.1056/NEJM199711203372102. 

[20] Drewnowski, A., Popkin, B. M. The nutrition transition: new trends in the global diet. 

Nutr Rev. 1997,55:31-43. 10.1111/j.1753-4887.1997.tb01593.x. 

[21] Roberts, C. K., Barnard, R. J. Effects of exercise and diet on chronic disease. J 

Appl Physiol (1985). 2005,98:3-30. 10.1152/japplphysiol.00852.2004. 

[22] Troiano, R. P., Berrigan, D., Dodd, K. W., Masse, L. C., Tilert, T., McDowell, M. 

Physical activity in the United States measured by accelerometer. Med Sci Sports 

Exerc. 2008,40:181-8. 10.1249/mss.0b013e31815a51b3. 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


[23] Drewnowski, A., Darmon, N., Briend, A. Replacing fats and sweets with vegetables 

and fruits--a question of cost. Am J Public Health. 2004,94:1555-9. 

10.2105/ajph.94.9.1555. 

[24] O'Neill, S., O'Driscoll, L. Metabolic syndrome: a closer look at the growing epidemic 

and its associated pathologies. Obes Rev. 2015,16:1-12. 10.1111/obr.12229. 

[25] Alberti, K. G., Eckel, R. H., Grundy, S. M., Zimmet, P. Z., Cleeman, J. I., Donato, K. 

A., et al. Harmonizing the metabolic syndrome: a joint interim statement of the 

International Diabetes Federation Task Force on Epidemiology and Prevention; National 

Heart, Lung, and Blood Institute; American Heart Association; World Heart Federation; 

International Atherosclerosis Society; and International Association for the Study of 

Obesity. Circulation. 2009,120:1640-5. 10.1161/CIRCULATIONAHA.109.192644. 

[26] Aguilar, M., Bhuket, T., Torres, S., Liu, B., Wong, R. J. Prevalence of the metabolic 

syndrome in the United States, 2003-2012. JAMA : the journal of the American Medical 

Association. 2015,313:1973-4. 10.1001/jama.2015.4260. 

[27] Pierce, A. N., Ryals, J. M., Wang, R., Christianson, J. A. Vaginal hypersensitivity 

and hypothalamic-pituitary-adrenal axis dysfunction as a result of neonatal maternal 

separation in female mice. Neuroscience. 2014,263:216-30. 

10.1016/j.neuroscience.2014.01.022. 

[28] Pierce, A. N., Di Silvestro, E. R., Eller, O. C., Wang, R., Ryals, J. M., Christianson, 

J. A. Urinary bladder hypersensitivity and dysfunction in female mice following early life 

and adult stress. Brain Res. 2016,1639:58-73. 10.1016/j.brainres.2016.02.039. 

[29] Ostman, C., Smart, N. A., Morcos, D., Duller, A., Ridley, W., Jewiss, D. The effect 

of exercise training on clinical outcomes in patients with the metabolic syndrome: a 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


systematic review and meta-analysis. Cardiovasc Diabetol. 2017,16:110. 

10.1186/s12933-017-0590-y. 

[30] Torjesen, P. A., Birkeland, K. I., Anderssen, S. A., Hjermann, I., Holme, I., Urdal, P. 

Lifestyle changes may reverse development of the insulin resistance syndrome. The 

Oslo Diet and Exercise Study: a randomized trial. Diabetes Care. 1997,20:26-31. 

10.2337/diacare.20.1.26. 

[31] Touati, S., Meziri, F., Devaux, S., Berthelot, A., Touyz, R. M., Laurant, P. Exercise 

reverses metabolic syndrome in high-fat diet-induced obese rats. Med Sci Sports Exerc. 

2011,43:398-407. 10.1249/MSS.0b013e3181eeb12d. 

[32] Tai, M. M. A mathematical model for the determination of total area under glucose 

tolerance and other metabolic curves. Diabetes Care. 1994,17:152-4. 

10.2337/diacare.17.2.152. 

[33] Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-

PCR. Nucleic acids research. 2001,29:e45. 10.1093/nar/29.9.e45. 

[34] Siscovick, D. S., LaPorte, R. E., Newman, J. M. The disease-specific benefits and 

risks of physical activity and exercise. Public Health Rep. 1985,100:180-8.  

[35] Thyfault, J. P., Booth, F. W. Lack of regular physical exercise or too much inactivity. 

Curr Opin Clin Nutr Metab Care. 2011,14:374-8. 10.1097/MCO.0b013e3283468e69. 

[36] Booth, F. W., Roberts, C. K., Laye, M. J. Lack of exercise is a major cause of 

chronic diseases. Compr Physiol. 2012,2:1143-211. 10.1002/cphy.c110025. 

[37] Kleinert, M., Clemmensen, C., Hofmann, S. M., Moore, M. C., Renner, S., Woods, 

S. C., et al. Animal models of obesity and diabetes mellitus. Nat Rev Endocrinol. 

2018,14:140-62. 10.1038/nrendo.2017.161. 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


[38] Winzell, M. S., Ahren, B. The high-fat diet-fed mouse: a model for studying 

mechanisms and treatment of impaired glucose tolerance and type 2 diabetes. 

Diabetes. 2004,53 Suppl 3:S215-9. 10.2337/diabetes.53.suppl_3.s215. 

[39] Surwit, R. S., Feinglos, M. N., Rodin, J., Sutherland, A., Petro, A. E., Opara, E. C., 

et al. Differential effects of fat and sucrose on the development of obesity and diabetes 

in C57BL/6J and A/J mice. Metabolism. 1995,44:645-51. 10.1016/0026-0495(95)90123-

x. 

[40] Nishikawa, S., Yasoshima, A., Doi, K., Nakayama, H., Uetsuka, K. Involvement of 

sex, strain and age factors in high fat diet-induced obesity in C57BL/6J and BALB/cA 

mice. Exp Anim. 2007,56:263-72. 10.1538/expanim.56.263. 

[41] Park, Y. M., Padilla, J., Kanaley, J. A., Zidon, T. M., Welly, R. J., Britton, S. L., et al. 

Voluntary Running Attenuates Metabolic Dysfunction in Ovariectomized Low-Fit Rats. 

Med Sci Sports Exerc. 2017,49:254-64. 10.1249/MSS.0000000000001101. 

[42] Machado, M. V., Vieira, A. B., da Conceicao, F. G., Nascimento, A. R., da Nobrega, 

A. C. L., Tibirica, E. Exercise training dose differentially alters muscle and heart capillary 

density and metabolic functions in an obese rat with metabolic syndrome. Exp Physiol. 

2017,102:1716-28. 10.1113/EP086416. 

[43] Murphy, M. O., Herald, J. B., Leachman, J., Villasante Tezanos, A., Cohn, D. M., 

Loria, A. S. A model of neglect during postnatal life heightens obesity-induced 

hypertension and is linked to a greater metabolic compromise in female mice. Int J 

Obes (Lond). 2018,42:1354-65. 10.1038/s41366-018-0035-z. 

[44] Leasure, J. L., Jones, M. Forced and voluntary exercise differentially affect brain 

and behavior. Neuroscience. 2008,156:456-65. 10.1016/j.neuroscience.2008.07.041. 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


[45] Ke, Z., Yip, S. P., Li, L., Zheng, X. X., Tong, K. Y. The effects of voluntary, 

involuntary, and forced exercises on brain-derived neurotrophic factor and motor 

function recovery: a rat brain ischemia model. PloS one. 2011,6:e16643. 

10.1371/journal.pone.0016643. 

[46] Svensson, M., Rosvall, P., Boza-Serrano, A., Andersson, E., Lexell, J., Deierborg, 

T. Forced treadmill exercise can induce stress and increase neuronal damage in a 

mouse model of global cerebral ischemia. Neurobiol Stress. 2016,5:8-18. 

10.1016/j.ynstr.2016.09.002. 

[47] Pierce, A. N., Eller-Smith, O. C., Christianson, J. A. Voluntary wheel running 

attenuates urinary bladder hypersensitivity and dysfunction following neonatal maternal 

separation in female mice. Neurourology and urodynamics. 2018,37:1623-32. 

10.1002/nau.23530. 

[48] Gollisch, K. S., Brandauer, J., Jessen, N., Toyoda, T., Nayer, A., Hirshman, M. F., 

et al. Effects of exercise training on subcutaneous and visceral adipose tissue in 

normal- and high-fat diet-fed rats. American journal of physiology. Endocrinology and 

metabolism. 2009,297:E495-504. 10.1152/ajpendo.90424.2008. 

[49] Xu, X., Ying, Z., Cai, M., Xu, Z., Li, Y., Jiang, S. Y., et al. Exercise ameliorates high-

fat diet-induced metabolic and vascular dysfunction, and increases adipocyte progenitor 

cell population in brown adipose tissue. American journal of physiology. Regulatory, 

integrative and comparative physiology. 2011,300:R1115-25. 

10.1152/ajpregu.00806.2010. 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


[50] Scherer, P. E. The Multifaceted Roles of Adipose Tissue-Therapeutic Targets for 

Diabetes and Beyond: The 2015 Banting Lecture. Diabetes. 2016,65:1452-61. 

10.2337/db16-0339. 

[51] DiPietro, L., Katz, L. D., Nadel, E. R. Excess abdominal adiposity remains 

correlated with altered lipid concentrations in healthy older women. Int J Obes Relat 

Metab Disord. 1999,23:432-6. 10.1038/sj.ijo.0800848. 

[52] Gregor, M. F., Hotamisligil, G. S. Inflammatory mechanisms in obesity. Annu Rev 

Immunol. 2011,29:415-45. 10.1146/annurev-immunol-031210-101322. 

[53] Medzhitov, R. Origin and physiological roles of inflammation. Nature. 

2008,454:428-35. 10.1038/nature07201. 

[54] Weisberg, S. P., McCann, D., Desai, M., Rosenbaum, M., Leibel, R. L., Ferrante, A. 

W., Jr. Obesity is associated with macrophage accumulation in adipose tissue. The 

Journal of clinical investigation. 2003,112:1796-808. 10.1172/JCI19246. 

[55] Divoux, A., Moutel, S., Poitou, C., Lacasa, D., Veyrie, N., Aissat, A., et al. Mast 

cells in human adipose tissue: link with morbid obesity, inflammatory status, and 

diabetes. The Journal of clinical endocrinology and metabolism. 2012,97:E1677-85. 

10.1210/jc.2012-1532. 

[56] Altintas, M. M., Azad, A., Nayer, B., Contreras, G., Zaias, J., Faul, C., et al. Mast 

cells, macrophages, and crown-like structures distinguish subcutaneous from visceral 

fat in mice. J Lipid Res. 2011,52:480-8. 10.1194/jlr.M011338. 

[57] Uysal, K. T., Wiesbrock, S. M., Marino, M. W., Hotamisligil, G. S. Protection from 

obesity-induced insulin resistance in mice lacking TNF-alpha function. Nature. 

1997,389:610-4. 10.1038/39335. 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


[58] Gurung, P., Moussa, K., Adams-Huet, B., Devaraj, S., Jialal, I. Increased mast cell 

abundance in adipose tissue of metabolic syndrome: relevance to the proinflammatory 

state and increased adipose tissue fibrosis. American journal of physiology. 

Endocrinology and metabolism. 2019,316:E504-E9. 10.1152/ajpendo.00462.2018. 

[59] Liu, J., Divoux, A., Sun, J., Zhang, J., Clement, K., Glickman, J. N., et al. Genetic 

deficiency and pharmacological stabilization of mast cells reduce diet-induced obesity 

and diabetes in mice. Nature medicine. 2009,15:940-5. 10.1038/nm.1994. 

[60] Casteilla, L., Penicaud, L., Cousin, B., Calise, D. Choosing an adipose tissue depot 

for sampling: factors in selection and depot specificity. Methods Mol Biol. 2008,456:23-

38. 10.1007/978-1-59745-245-8_2. 

[61] Bouret, S. G., Simerly, R. B. Developmental programming of hypothalamic feeding 

circuits. Clin Genet. 2006,70:295-301. 10.1111/j.1399-0004.2006.00684.x. 

[62] Remmers, F., Delemarre-van de Waal, H. A. Developmental programming of 

energy balance and its hypothalamic regulation. Endocrine reviews. 2011,32:272-311. 

10.1210/er.2009-0028. 

[63] Ahima, R. S., Prabakaran, D., Flier, J. S. Postnatal leptin surge and regulation of 

circadian rhythm of leptin by feeding. Implications for energy homeostasis and 

neuroendocrine function. The Journal of clinical investigation. 1998,101:1020-7. 

10.1172/JCI1176. 

[64] Salzmann, C., Otis, M., Long, H., Roberge, C., Gallo-Payet, N., Walker, C. D. 

Inhibition of steroidogenic response to adrenocorticotropin by leptin: implications for the 

adrenal response to maternal separation in neonatal rats. Endocrinology. 

2004,145:1810-22. 10.1210/en.2003-1514. 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


[65] Schmidt, M. V., Levine, S., Alam, S., Harbich, D., Sterlemann, V., Ganea, K., et al. 

Metabolic signals modulate hypothalamic-pituitary-adrenal axis activation during 

maternal separation of the neonatal mouse. Journal of neuroendocrinology. 

2006,18:865-74. 10.1111/j.1365-2826.2006.01482.x. 

[66] Jeanrenaud, B., Rohner-Jeanrenaud, F. CNS-periphery relationships and body 

weight homeostasis: influence of the glucocorticoid status. Int J Obes Relat Metab 

Disord. 2000,24 Suppl 2:S74-6. 10.1038/sj.ijo.0801283. 

[67] Friedman, T. C., Mastorakos, G., Newman, T. D., Mullen, N. M., Horton, E. G., 

Costello, R., et al. Carbohydrate and lipid metabolism in endogenous hypercortisolism: 

shared features with metabolic syndrome X and NIDDM. Endocrine journal. 

1996,43:645-55. 10.1507/endocrj.43.645. 

[68] Desbriere, R., Vuaroqueaux, V., Achard, V., Boullu-Ciocca, S., Labuhn, M., Dutour, 

A., et al. 11beta-hydroxysteroid dehydrogenase type 1 mRNA is increased in both 

visceral and subcutaneous adipose tissue of obese patients. Obesity. 2006,14:794-8. 

10.1038/oby.2006.92. 

[69] Rask, E., Walker, B. R., Soderberg, S., Livingstone, D. E., Eliasson, M., Johnson, 

O., et al. Tissue-specific changes in peripheral cortisol metabolism in obese women: 

increased adipose 11beta-hydroxysteroid dehydrogenase type 1 activity. The Journal of 

clinical endocrinology and metabolism. 2002,87:3330-6. 10.1210/jcem.87.7.8661. 

[70] Tomlinson, J. W., Walker, E. A., Bujalska, I. J., Draper, N., Lavery, G. G., Cooper, 

M. S., et al. 11beta-hydroxysteroid dehydrogenase type 1: a tissue-specific regulator of 

glucocorticoid response. Endocrine reviews. 2004,25:831-66. 10.1210/er.2003-0031. 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


[71] Morton, N. M., Ramage, L., Seckl, J. R. Down-regulation of adipose 11beta-

hydroxysteroid dehydrogenase type 1 by high-fat feeding in mice: a potential adaptive 

mechanism counteracting metabolic disease. Endocrinology. 2004,145:2707-12. 

10.1210/en.2003-1674. 

[72] Drake, A. J., Livingstone, D. E., Andrew, R., Seckl, J. R., Morton, N. M., Walker, B. 

R. Reduced adipose glucocorticoid reactivation and increased hepatic glucocorticoid 

clearance as an early adaptation to high-fat feeding in Wistar rats. Endocrinology. 

2005,146:913-9. 10.1210/en.2004-1063. 

[73] Fuentes, I. M., Pierce, A. N., Di Silvestro, E. R., Maloney, M. O., Christianson, J. A. 

Differential Influence of Early Life and Adult Stress on Urogenital Sensitivity and 

Function in Male Mice. Front Syst Neurosci. 2017,11:97. 10.3389/fnsys.2017.00097. 

[74] Lovallo, W. R. Early life adversity reduces stress reactivity and enhances impulsive 

behavior: implications for health behaviors. Int J Psychophysiol. 2013,90:8-16. 

10.1016/j.ijpsycho.2012.10.006. 

[75] Wise, R. A. Brain reward circuitry: insights from unsensed incentives. Neuron. 

2002,36:229-40. 10.1016/s0896-6273(02)00965-0. 

 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. 
 

 
 
Figure 1. Mice underwent NMS from P1 to P21, or remained unhandled (naïve), and were 
weaned and pair-housed with littermates on P22. Half of the cages were equipped with a 
running wheel at 4-weeks of age. All mice were also placed on a control diet at 4-weeks of age. 
At 16-weeks of age, the control diet was replaced with a HFS diet in half of all cages. Weight 
gain, distance ran, and diet consumed were measured on a weekly basis. Body composition 
analysis occurred at 14- and 27-weeks of age. End point measurements including fasting insulin 
and glucose, glucose tolerance, and adipose analyses were taken at 27-weeks of age. 
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Figure 2 
 

 
 
Figure 2. Body weight and composition were measured at 14 weeks of age in naïve and NMS 
mice that were pair-housed in sedentary caging or given free access to a running wheel 
beginning at 4-weeks of age. Exercise had a significant impact on body weight (A), fat mass 
(B), and percent body fat (D). NMS also impacted fat mass (B) and percent body fat (D). C)No 
group differences were observed in fat-free mass measurements. Brackets indicate a significant 
effect of exercise NMS (§ p<0.05) or exercise (e p<0.05) 2-way ANOVA. # p<0.05 Ex vs. Sed, 
Fisher’s LSD posttest.  
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Figure 3 
 

 
 
Figure 3. Distance ran/day (km) was calculated for pair-housed naïve and NMS mice. A) Prior 
to 16 weeks of age, at the time of HFS diet introduction (arrow), naïve mice ran significantly 
farther than NMS mice. Control diet-fed naïve and NMS mice continued to run approximately 
the same distance/day throughout the experiment, compared to their <16 week distances. 
Naïve and NMS mice on HFS diet ran significantly shorter distances starting at 20- and 22-
weeks of age (p<0.05), respectively, compared to their <16-week distances. B) Total distance 
ran for the duration of the diet intervention was significantly impacted by NMS and diet, with 
both factors reducing distance. All data are reported per pair. Brackets indicate a significant 
effect of NMS (§ p<0.01), diet (d p<0.05), time (t p<0.0001) 3-way RM ANOVA (A) or 2-way 
ANOVA (B). * p<0.05 naïve-control vs. NMS-control, a p<0.05 naïve-HFS vs. NMS-HFS, b 
p<0.05 naïve-control vs. naïve-HFS, Tukey’s multiple comparisons test (A) and Fisher’s LSD 
(B). 
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Figure 4 
 

 
 
Figure 4. Body weight and composition were measured at 27 weeks of age in naïve and NMS 
mice that were sedentary or had running wheels and were on a control diet or switched to a 
HFS diet at 16 weeks of age. Exercise and diet both separately had a significant impact on body 
weight (A), fat mass (B), and percent body fat (D). A significant interaction effect of NMS and 
exercise and exercise and diet was also observed on percent body fat. For all three 
measurements, exercise had a greater impact on HFS diet-fed naïve mice than NMS mice. C) 
Diet showed a trend toward significantly impacting fat-free mass measurements (p=0.052). 
Brackets indicate a significant effect of exercise (e p<0.05), diet (d p<0.0001), NMS/diet 
interaction (p p<0.05), exercise/diet interaction (f p<0.05), 3-way ANOVA. * p<0.05 vs. NMS vs. 
naïve, #, ### p<0.05, 0.001 Ex vs. Sed, &, &&, &&&& p<0.05, 0.01, 0.0001 HFS vs. control, 
Fisher’s LSD posttest. 
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Figure 5 
 

 
 
Figure 5. Food consumption per pair was calculated throughout the diet intervention. A 
significant impact of NMS, exercise, and an NMS/exercise/diet interaction was observed on the 
amount of food, measured in grams (A), was consumed per week. A similar significant impact of 
NMS and exercise, with an additional impact of diet, was observed on kcal/week consumed (B).  
Naïve-Ex mice on a control diet had the highest consumption, for both measures, compared to 
control diet-fed naïve-Sed and NMS-Ex mice, and naïve-Ex mice on HFS diet. C) Feed 
efficiency was significantly impacted by exercise and diet, with all HFS diet groups having 
significantly greater feed efficiency compared to their control counterparts. Exercise significantly 
attenuated feed efficiency in naïve-HFS mice, whereas it had no impact on NMS feed efficiency 
regardless of diet. Brackets indicate a significant effect of NMS (§ p<0.05), exercise (e p<0.05), 
diet (d p<0.05), and NMS/exercise/diet interaction (+, p<0.05), 3-way ANOVA. ** p<0.01 NMS 
vs. naïve, #, ### p<0.05, 0.001 Ex vs. Sed, &, && p<0.05, 0.01 HFS vs. control diet, Fisher’s 
LSD test. 
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Figure 6 
 

 
Figure 6. Fasting serum insulin and glucose tolerance were measured at 27-weeks of age. A) A 
significant impact of exercise and diet was observed on fasting insulin levels. HFS diet 
significantly increased insulin in both sedentary groups, but not in the exercised groups. B) A 
significant effect of NMS, exercise, diet, an NMS/diet interaction, and a diet/exercise interaction 
was observed on the area under the curve (AUC) measure of blood glucose during the glucose 
tolerance test. Control-fed NMS-Sed mice had significantly higher blood glucose compared to 
control-fed naïve-Sed and NMS-Ex mice. All HFS diet-fed groups had significantly increased 
blood glucose with the exception of naïve-Ex, which was not different from control-fed naïve-Ex 
mice. Exercise in NMS-HFS mice was moderately protective, as their levels were significantly 
lower than NMS-Sed-HFS mice, but significantly higher than naïve-Ex-HFS mice. C) Individual 
group measurements at each time point of the glucose tolerance test. Brackets indicate a 
significant effect of NMS (§ p<0.05), exercise (e p<0.05), diet (d p<0.0001), NMS/diet interaction 
(l, p<0.05) and diet/exercise interaction (f p<0.05), 3-way ANOVA. ** p<0.01 NMS vs. naïve; #, 
##, #### p<0.05, 0.01, 0.0001 Ex vs. Sed; &, &&, &&&& p<0.05, 0.01, 0.0001 HFS vs. control 
diet, Fisher’s LSD test. 
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Figure 7 
 

 
 
Figure 7. Epididymal adipose tissue was processed for macrophage and inflammatory markers 
using RT-PCR. A) Diet significantly impacted all macrophage genes tested, with additional 
impacts of NMS on CD68, exercise on F4/80, CD68, and CD11c, NMS/exercise interaction 
effect on CD68, and an exercise/diet interaction effect on F4/80, CD68, and CD11c. In general, 
HFS diet increased mRNA levels of all genes in all groups, with the exception of naïve-Ex. The 
mRNA levels in HFS-fed NMS-Ex mice were significantly lower than NMS-Sed and higher than 
naïve-Ex. B) A significant overall effect of diet was observed on TNFa mRNA levels, with NMS-
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Sed-HFS having significantly higher TNFa mRNA levels compared to NMS-Sed-Control. 
Tryptase mRNA levels were significantly impacted by a NMS/diet and exercise/diet interaction, 
with NMS-Sed-HFS having significantly higher tryptase mRNA levels compared to NMS-Sed-
Control, naïve-Sed-HFS, and NMS-Ex-HFS. Naïve-Ex-HFS had significantly lower tryptase 
mRNA levels compared to naïve-Ex-Control. C) A significant overall effect of diet was observed 
on leptin, GR, and 11-bHSD1 mRNA levels. A significant NMS/diet interaction was also 
observed on leptin mRNA levels, such that HFS diet only increased leptin mRNA levels in naïve 
mice, regardless of exercise status, and had no impact on NMS mice. HFS diet also decreased 
GR and 11-bHSD1 mRNA levels in most groups, compared to their control diet-fed 
counterparts. Brackets indicate a significant effect of NMS (§ p<0.01), exercise (e p<0.05), diet 
(d p<0.01), a NMS/diet interaction (l  p<0.05), or an exercise/diet interaction (f  p<0.05) 3-way 
ANOVA; *, ** p<0.05, 0.01 NMS vs. naïve, #, ##, #### p<0.05, 0.01, 0.0001 Ex vs. sedentary, 
&, &&, &&&& p<0.05, 0.01, 0.0001 HFS vs. control diet, Fisher’s LSD posttest. 

.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 January 25, 2020. ; https://doi.org/10.1101/2020.01.24.918805doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.24.918805
http://creativecommons.org/licenses/by-nc-nd/4.0/

