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Abstract

Objective: The impact of early life stress on weight loss maintenance is unknown.

Methods: Mice underwent neonatal maternal separation (NMS) from 0–3 weeks and were 

weaned onto high fat sucrose diet (HFSD) from 3–20 weeks. Calorie-restricted weight loss on a 

low fat sucrose diet (LFSD) occurred over 2 weeks to induce a 20% loss in body weight, which 

was maintained for 6 weeks. After weight loss, half the mice received running wheels (EX) the 

other half remained sedentary (SED). Mice were then fed ad libitum on HFSD or LFSD for 10 

weeks and allowed to regain body weight.

Results: NMS mice had greater weight regain, total body weight and adiposity compared to 

naïve mice. During the first week of refeeding, NMS mice had increased food intake and were 

in a greater positive energy balance than naïve mice. Female mice were more susceptible to NMS-

induced effects, including increases in adiposity. NMS and naïve females were more susceptible 

to HFSD-induce weight regain. Exercise was beneficial in the first week of regain in male mice, 

but long-term only those on LFSD benefited from EX. As expected, HFSD led to greater weight 

regain than LFSD.

Conclusion: Early life stress increases weight regain in mice.
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INTRODUCTION

Early life stress (ELS) is increasingly accepted as a driver of weight gain and obesity. 

Exposure to a range of stressors and trauma can have lasting effects on physiology 
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particularly when the insult occurs during critical periods of development [1]. Clinical 

research on the topic often uses the Adverse Childhood Experiences (ACEs) questionnaire, 

which collects self-reported, retrospective data on exposure to a range of ELS largely 

encompassing parental behavior and circumstances [2]. Studies consistently find ELS 

increases obesity risk [3–6] and even mild forms of ELS are associated with an increased 

risk of obesity [7], type II diabetes [8], sedentary behavior [6], and disordered eating [9].

Rates of obesity and overweight continue to increase worldwide [10]. One issue facing those 

with obesity that want to lose weight is the inability to maintain weight loss long-term. 

Attempts to lose weight are transiently effective [11] and 80% of individuals regain lost 

weight within a year [12]. A key cause for the high recidivism rates is the physiological 

adaptations that occur following weight loss that elevate appetite and suppress energy 

expenditure, establishing a strong and persistent biological drive to regain lost weight 

[13–15]. Although it is increasingly accepted that ELS exposure contributes to obesity 

development, there is an overall lack of studies investigating a role for ELS in the biological 

drive to regain lost weight.

Regular exercise confers undeniable benefits on overall health and wellbeing [16]. In 

isolation, exercise has limited benefit in driving weight loss because of the large training 

volumes needed to elicit the caloric deficits necessary to reduce body weight [17]. There 

is some clinical evidence this may be a sex-specific response, however, with a greater 

percentage of men obtaining greater weight loss than women during a 16-week exercise 

intervention [18]. Following calorie-restricted weight loss, exercise is reported to be a 

valuable component of successful weight loss maintenance [19] and can counter the 

biological drive to regain lost weight [19–22].

The present study investigated the role of ELS on weight loss maintenance success with 

or without voluntary exercise in males and females using the mouse model of neonatal 

maternal separation (NMS). ELS can affect both feeding and sedentary behaviors suggesting 

that both sides of the energy balance equation may contribute to ELS-induced weight gain. 

We used indirect calorimetry to dissect the contributions of energy expenditure and energy 

intake during the first week of ad libitum feeding after calorie-restricted weight loss and 

looked at the effects of stress, sex, diet, and voluntary physical activity on weight regain 

across 10 weeks.

METHODS

All procedures were approved by the University of Kansas Medical Center Institutional 

Animal Care and Use Committee (protocol number 22-04-232) and conformed to the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. See Figure 

1 for a depiction of the study design.

Animals

Pregnant C57Bl/6 female mice were ordered from Charles River (Wilmington, MA). Male 

and female mice used in this study were born and housed in the Laboratory Animal 

Resource Facility at the University of Kansas Medical Center. All mice had ad libitum 
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access to food (except during calorie restriction, see below) and water and were housed on a 

12-hour light cycle (0600–1800) at 22°C.

Neonatal Maternal Separation (NMS)

Pregnant dams arrived at the animal facility during the last week of gestation. Neonatal 

maternal separation was performed from postnatal day 1 to 21 (weeks 0–3). For NMS, the 

whole litter was removed from the dam/home cage and the entire litter was placed into a 

clean, labeled, glass beaker with a thin layer of home cage bedding. The beaker containing 

the pups was immediately placed in an incubator held at 33°C and 50% humidity for 180 

mins (1100–1400). Each dam was left in the home cage during the separation period. At 

the end of the 3 hours, the litter was returned to their respective home cage and dam. Naïve 

mice remained undisturbed during this time except for the handling necessary for normal 

husbandry care. Care was taken to distribute pups as evenly as possible across experimental 

groups, however, because there were 5 different groups/sex it was often unfeasible to have 

exactly one pup from each litter in every group.

High Fat Sucrose Diet (HFSD)

All mice were weaned on postnatal day 22, housed with a same sex littermate, and provided 

high fat sucrose diet (HFSD) (45% kcal fat, 35% kcal carbohydrate (17% sucrose), 20% 

kcal protein; 4.7 kcal/g; Research Diets, Inc. New Brunswick, NJ; Cat. No. D12451). Fresh 

HFSD was provided twice weekly.

Calorie Restricted Weight Loss and Maintenance

After 10 weeks on the HFSD, mice were transitioned to single housing to prepare for the 

weight loss phase of the study. The no weight loss, control mice were also singly housed 

at this time to control for the stress induced with social isolation. After 20 total weeks 

on HFSD, all mice (except no weight loss controls) were switched to low fat sucrose 

diet (LFSD) (10% kcal fat, 70% kcal carbohydrate (3.5% sucrose), 20% kcal protein; 

3.8 kcal/g; Research Diets, Cat. No. D12110704) and calorie restricted. To achieve this 

calorie-restricted weight loss, body weight was measured daily, and pre-measured food was 

provided once per day to the mice at the start of the dark cycle. Initially, 80% of the 

previously measured ad libitum intake was provided each day to the mice. The amount 

of food provided was subsequently adjusted for each individual mouse to obtain a 20% 

decrease in body weight over 2 weeks. Once the target weight loss was achieved, daily body 

weight monitoring continued and limited amounts of LFSD were provided once daily to 

maintain the mice at the weight-reduced body weight.

Voluntary Wheel Running

After 6 weeks of weight loss maintenance, running wheels (STARR Life Sciences Corp., 

Oakmont, PA) were placed in half of the cages (EX) and remained for the duration of 

the study. Distance ran was collected during indirect calorimetry housing. Those without 

running wheels are designated as sedentary (SED) mice.
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Post-Weight Loss Ad Libitum Feeding

After 8 weeks of weight loss maintenance, mice were allowed to refeed, ad libitum, on 

either the LFSD or HFSD. Mice remained on their respective diets until study completion 10 

weeks later.

Body Composition

Fat mass and fat-free mass were measured at the end of the study using quantitative 

magnetic resonance (EchoMRI, Houston, TX).

Metabolic Monitoring

Mice were housed in an 8- or 16-cage Promethion System (Sable Systems International, 

Las Vegas, NV). Mice were acclimated to the indirect calorimeter caging for 3 days in the 

weight-reduced state. After acclimatization, data was collected in the weight-reduced state 

for 3 days and continued for 7 additional days while mice transitioned to the ad libitum 
feeding, weight regain phase. Intake, total energy expenditure (TEE), energy balance, 

resting energy expenditure (REE), non-resting energy expenditure (NREE), voluntary 

wheel running distance, and respiratory quotient (RQ) were collected. Energy balance was 

calculated using the following equation: energy balance = energy intake - total energy 

expenditure. Weight-reduced values were averaged across the 3 collection days. Data from 

the ad libitum refeeding period (7 days) is shown cumulatively across the regain period with 

the exception of RQ in which a daily average is provided.

Bomb Calorimetry

Feces were collected during the final two weeks of the study. Fecal samples were dried, 

pulverized, and pelleted. Fecal pellets were combusted in a 6100 Compensated Jacket 

Calorimeter (Parr Instrument Company, Moline, IL), filled with oxygen to 40 atm. Ignition 

was achieved via a high-resistance electrical wire. The calorimeter, upon recording the 

temperature rise of the surrounding water volume, directly provided the heat of combustion 

in kcal/g.

Tissue Collection

At time of euthanasia, mice were overdosed with inhaled isoflurane (>5%). Liver, 

gastrocnemius, and adipose depots (subcutaneous, mesenteric, retroperitoneal, perigonadal) 

were dissected and weighed. Visceral adipose was calculated by summing the mesenteric, 

retroperitoneal, and perigonadal depot weights. While all visceral adipose tissue was 

collected, only a predefined region of subcutaneous adipose tissue was collected. All tissue 

specific values are presented as a percentage of total body weight to minimize differences 

between groups driven solely by differences in total body weight. In doing so, these tissue 

weights best represent distribution across different tissues and depots.

Statistics

A 2-way (NMS and sex), 3-way (NMS, sex, exercise or NMS, exercise, diet), or 4-way 

ANOVA (NMS, sex, exercise, diet) with or without repeated measures was used to test for 

statistical differences. ANCOVA was run for TEE and REE with body weight at the end 
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of the 7-day ad libitum period used as a covariate to determine differences between groups 

independent of differences in body weight. LSD post hoc analyses were run to determine 

difference between individual groups. No weight loss mice matched for sex and stress 

exposure were compared to weight loss-SED-HFSD mice using an independent samples 

T-test. Significance was set at p<0.05. Individual group sizes at the end of the study were 

n=6–9.

RESULTS

NMS, female sex, sedentary conditions, and HFSD increase weight regain.

This study was designed to investigate the impact of NMS, sex, exercise, and diet 

composition on weight regain following calorie-restricted weight loss (Figure 1). Body 

weight over the course of the entire experiment is shown for male mice (Figure 2A) and 

female mice (Figure 2B). NMS mice regained more weight than naïve mice (Figure 2C). 

Female mice regained more weight than male mice (Figure 2D). Sedentary mice regained 

more weight than exercising mice (Figure 2E). HFSD-fed mice regained more weight than 

LFSD-fed mice (Figure 2F). Interestingly, female mice regained more weight than male 

mice on the HFSD while male and female mice regained similar amounts of weight on the 

LFSD (Figure 2G). Exercise was only effective at reducing regain when the mice were on 

a LFSD (Figure 2H). These data show that NMS increased weight regain, and female mice 

were more susceptible to HFSD-induced weight regain than male mice.

For the no weight loss control mice, the effect of stress (Figures 2I–K) and sex (Figures 

2L–N) on HFSD-induced weight gain across the early (3–10 weeks), late (10–41 weeks) 

and entire (3–41 weeks) study are shown. Across the entire study there were no differences 

in weight gain between NMS and naïve mice or male and female mice. During the late 

time point (10–41 weeks), however, it nearly reached statistical significance for NMS 

mice to gain more weight than naïve mice (Figure 2J, p=0.050) and female mice gained 

significantly more weight than male mice (Figure 2M). These data show that while male 

weight gain slows across long-term HFSD feeding, female weight gain increases (2-way 

repeated measures ANOVA, time and sex interaction, p<0.050). At the time the study 

completed, male and female weight gain on HFSD was not different.

NMS impairs weight loss maintenance success.

Weight gain across the 10-week regain period is shown for individual groups for male 

(Figure 3A) and female mice (Figure 3B). At the end of the 10-week weight regain 

period, body weight was significantly increased in NMS, male, SED, and HFSD mice, 

with significant interaction effects for NMS and sex and sex and diet (Figure 3C–D). Body 

weight at the study completion is shown in Figures 3C–D and Suppl. Table 1. Female NMS 

mice (EX-HFSD and SED-LFSD groups) had increased body weight compared to female 

naïve mice. All naïve female mice, apart from HFSD-SED, weighed less than their male 

counterparts; however only NMS female mice in the LFSD-EX group weighed significantly 

less than their male counterparts (Figure 3D). EX significantly reduced body weight in male 

NMS groups, regardless of diet (Figure 3C). In contrast, EX only significantly reduced 
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body weight in naïve female mice on LFSD (Figure 3D). All LFSD-fed mice weighed 

significantly less than their NMS/sex/EX-matched counterparts (Figures 3C–D).

At the end of the study, male and female naïve-SED-HFSD mice weighed less than their 

no weight loss control counterparts (Figure 3C–D). This demonstrates a lasting benefit of 

prior weight loss after 10 weeks of ad libitum refeeding in naïve mice. Alternatively, male 

and female NMS-SED-HFSD mice had body weights that were not statistically different 

from their no weight loss control counterparts (Figure 3C–D). These data suggest that prior 

weight loss had no lasting benefit on body weight in male and female mice that experienced 

NMS.

NMS mice have greater total and visceral adiposity.

Body composition and tissue-specific weight distribution were measured at the end of the 

study (Figure 4, Suppl Table 1). A significant effect of NMS, sex, EX, and diet were all 

observed on fat-free mass and adiposity (percent body fat) (Suppl Table 1). Significant effect 

of NMS, EX and diet was observed on fat mass (Suppl Table 1). Significant interaction 

effects of sex and NMS and sex and diet were observed on fat mass and adiposity, with 

an additional EX and diet interaction effect on adiposity. After 10 weeks of regain, NMS 

mice not only weighed more, but also had greater adiposity. Female mice on HFSD had 

significantly greater adiposity than their male counterparts, with the exception of naïve-EX, 

which was driven by significantly lower fat-free mass (all groups) and by greater fat mass 

in NMS groups. In addition to significantly reducing weight regain over the 10-weeks, EX 

reduced adiposity in many groups including NMS mice (Figure 4: see comparisons between 

NMS SED and EX females). Expectedly, all HFSD mice had greater fat mass and adiposity 

as compared to respective LFSD mice.

Tissue-specific weight distribution was affected by all the study variables (Figure 4, Suppl 

Table 1). NMS mice preferentially deposited more weight in perigonadal and retroperitoneal 

depots resulting in greater visceral adipose tissue weight, although these effects were 

largely driven by the NMS female mice (Figure 4: see comparison between HFSD SED 

NMS & naïve females). Female mice preferentially stored more weight in perigonadal 

and mesenteric adipose depots while male mice stored relatively more weight in the 

retroperitoneal depot (Figure 4: see comparison between HFSD SED naïve males & naïve 

females). Overall, female mice had greater total visceral adipose tissue weight compared to 

male mice (Figure 4: see comparison between HFSD SED males & females). No weight 

loss control female mice (naïve and NMS) and NMS-SED-HFSD female mice owed nearly 

20% of their total body weight to visceral adipose tissue (Figure 4: see No WL females). 

EX selectively decreased perigonadal, mesenteric, subcutaneous, and total visceral adipose 

depot weights but not the retroperitoneal depot weight (Figure 4, Suppl Table 1). Expectedly, 

HFSD increased all adipose depot weights. Post hoc analysis further showed that the 

retroperitoneal depot weight increased in all groups on HFSD, while the perigonadal depot 

weight increased in female but not male mice on a HFSD compared to LFSD. Male-NMS 

mice had heavier livers than naïve male mice and, overall, male mice stored more weight 

in their livers than female mice especially when on HFSD (Figure 4: see HFSD SED mice, 

Suppl Table 1). EX increased relative gastrocnemius weight in several of the exercising 
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groups. Taken together, adiposity and adipose tissue weight distribution occurred in a stress-, 

sex-, EX-, and diet-specific manner.

Fecal energy loss is greater on HFSD.

Naïve female mice had greater fecal energy loss than naïve male mice which was not seen in 

NMS mice (Suppl. Table 1). Exercising mice on a LFSD had lower fecal energy loss which 

was not seen in HFSD-EX mice. HFSD-fed mice had greater energy loss than LFSD-fed 

mice. These differences in fecal energy loss demonstrate that stress, sex, EX, and diet may 

influence energy absorption beyond changes in energy intake.

NMS mice had greater food intake and positive energy balance during the first week of 
regain.

While being weight maintained in the weight-reduced state, mice were placed in indirect 

calorimeters to capture the state and transition to ad libitum feeding (Figure 5, Suppl. Table 

2). During the first week of regain, EX resulted in reduced weight regain in all groups except 

for female mice on HFSD (NMS and naïve) which did not differ from their SED counterpart 

groups (Figures 5A–B). There was a main effect of diet in which all groups gained more 

weight on the HFSD than their respective LFSD-fed mice (Figures 5A–B).

Although NMS mice did not gain significantly more weight than naïve mice (NMS main 

effect p=0.092) during the first week of ad libitum refeeding, they consumed more calories 

and were in a greater positive energy balance (Figures 5C–D and 5G–H). NMS did not affect 

energy expenditure as total, resting, and non-resting energy expenditure were not altered 

by NMS exposure (Figures 5E–F and 5I–L). Spontaneous physical activity also did not 

differ between NMS and naïve mice (data not shown). In summary, NMS increased food 

intake and energy balance during the first week of weight regain which, over time, likely 

contributed to greater total weight regain and increased body weight and adiposity in NMS 

mice by the end of the study (Figures 3–4).

There were interesting differences in energy balance between male and female mice. Male 

mice were not affected by NMS (p=0.741) but clearly separated by EX (p<0.001) and diet 

(p<0.001) (3-way ANOVA) (Figure 5G). Female mice, however, were not affected by EX 

(p=0.226) but separated by NMS (p=0.013) and diet (p<0.001) with a significant interaction 

effect for NMS and diet (p=0.038) such that NMS-HFSD females gained more weight than 

other groups (3-way ANOVA) (Figure 5H).

The first week of weight regain was significantly affected by EX. EX induced greater intake 

and total energy expenditure (TEE) (Figure 5E–F). The increase in TEE with EX was solely 

attributed to increases in the non-resting energy expenditure component of TEE (Figure 5K–

L), as EX did not influence resting energy expenditure (Figure 5I–J). When running distance 

was analyzed individually in male mice (Figure 5M) there was a significant effect of diet 

(p=0.036, 2-way ANOVA) such that HFSD-fed male mice ran less than LFSD-fed mice. In 

female mice (Figure 5N), there was a significant effect of NMS (p=0.034, 2-way ANOVA) 

such that NMS female mice ran less than naïve female mice regardless of diet (Figure 4G). 

These sex-specific effects on running distance likely contributed to the sex differences in 

energy balance and weight regain. Exercise decreased respiratory quotient (RQ) across the 
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regain period (Figure 5O–P). Unsurprisingly, diet dramatically affected nearly every variable 

(Figures 5C–P). HFSD increased intake, TEE (female mice only), energy balance, and REE, 

and decreased NREE and RQ.

Discussion

Early life stress increases the risk of developing obesity and metabolic syndrome [3–6, 23]. 

However, it is unknown how exposure to ELS may affect weight loss maintenance success. 

In the present study, we used NMS in mice as a model of ELS and examined weight regain 

after calorie-restricted weight loss as compared to naïve mice. We found that NMS increased 

weight regain across 10 weeks of ad libitum feeding and dramatically increased adiposity 

in regaining NMS females. This work is the first to identify ELS as a factor contributing to 

weight regain and showed that female mice were adversely affected to a greater degree than 

male mice.

Early measurements during the first week of weight regain captured a significant effect of 

NMS on increased food intake and energy balance but the differences failed to produce a 

significant increase in weight gain over the 7 days. We were not surprised to see that the 

effects of ELS on weight regain were more subtle than other well-known factors such as 

diet and exercise and therefore required additional time for the effects to accumulate over 

several weeks before weight gain was significantly increased by NMS exposure. We believe 

this is in large part why ELS exposure has only recently been accepted as a driver of obesity 

[23] and has been absent in weight loss maintenance research. We found that these NMS 

effects albeit more subtle were persistent across the weight regain period and at 10 weeks 

had significantly increased weight regain. During active weight loss and maintenance in 

the weight-reduced state, mice were only fed once per day. We did not monitor how the 

mice consumed their allotted food across the 24 hour-period but assume that they consumed 

most of the food across the first hour(s). Although all mice were subjected to this same 

experimental condition, it is unclear what additional effects this extended fasting in the 

weight-reduced state may have had on weight regain.

Regardless of NMS exposure, exercise significantly decreased weight regain early on and 

improved weight loss maintenance success long-term in mice on the LFSD, as others have 

found [24]. This finding is important because it highlights that while NMS increased weight 

regain overall, exercising NMS mice on a LFSD maintained lower body weights and lower 

levels of adiposity than matched SED mice suggesting that the lifestyle factors of diet and 

exercise may have beneficial effects even in the context of ELS exposure. Exercising mice 

on HFSD may have been more susceptible to influence by maladaptive compensations to 

weight loss which lower energy expenditure to conserve energy and drive weight regain 

[15]. This was evident during the first week of regain where male mice in the present study 

ran shorter distances than LFSD-fed male mice. Due to the use of voluntary wheel running 

in the present study, we hypothesize that the lack of long-term beneficial effects of exercise 

in HFSD-fed mice was driven by waning running activity and increased sedentary time as is 

often seen in clinical populations [25].
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It was somewhat surprising that ELS affected female mice to a greater degree than male 

mice. Our prior work has shown adverse metabolic effects in both male and female mice 

after NMS [26, 27], although sex differences were not directly tested, as was done in this 

study. The present study necessitated singly-housing the mice at 10 weeks of age, which 

we had not previously employed. Following that 10-week point, NMS and naïve male body 

weights converged. We hypothesize that the social isolation of single housing introduced 

an additional chronic stressor [28, 29], which may have selectively altered body weight 

regulation of the naïve male mice, particularly given the presence of HFSD [30]. It is 

unclear why naïve females did not respond similarly and this sex difference warrants further 

exploration. Additionally, pregnant dams were shipped to our facility during the last week 

of gestation for both naïve and NMS mice. Although we have successfully employed this 

methodology in previous studies using both male and female mice [26, 27, 31–34], it is 

possible that there were sex-specific differences in the effects of this prenatal stressor that 

affected later results within the current study.

There is a misconception in the field that only male rodents are susceptible to diet-induced 

obesity. This has historically led many researchers to focus their efforts studying only male 

rodents despite clinical evidence that women have similar rates of obesity and overweight 

when compared to men [35]. This work demonstrates increased susceptibility in female mice 

to diet-induced weight gain after 10 weeks on HFSD and increased susceptibility in weight 

loss-induced weight regain on HFSD. No weight loss control female mice, including both 

NMS and naïve groups, displayed profound visceral adiposity with visceral adipose tissue 

accounting for nearly 20% of their total body weight. The physiological changes that occur 

to drive these increases in visceral adiposity in only female mice during prolonged HFSD 

exposure should be identified in future studies.

People with obesity face discrimination across multiple domains. As recently highlighted by 

Dr. Dakkak, medical stigma of obesity is widespread and prevents people with obesity from 

seeking care [36]. Furthermore, environmental, economic, political, and systemic racism 

increase ELS exposures to those from marginalized communities [37, 38]. This sets the 

stage for more discrimination as ELS-induced weight gain ensues and brings weight bias, 

stigma, and bullying. It is important that these ELS drivers of obesity and weight regain 

be disseminated so that researchers and medical professionals can consider the implications 

of ELS-induced obesity when developing new therapeutics and weighing current treatment 

options.

CONCLUSIONS

This is the first study to show that ELS negatively affects weight loss maintenance success 

through subtle but persistent effects across the entire regain period. This work highlights 

the importance of future work seeking to understand how ELS exposure may contribute to 

challenges in maintaining weight loss in clinical populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Study Importance:

• Early life stress increases obesity risk

• This is the first work to show early life stress impairs weight loss maintenance 

success

• Future work should seek to understand how early life stress exposure may 

contribute to challenges in maintaining weight loss in clinical populations.
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Figure 1: Study Design
Mice underwent neonatal maternal separation from postnatal day 1–21 (NMS) or remained 

unhandled during this time (naïve). Mice were weaned on to a high fat sucrose diet (HFSD) 

for 20 weeks. No weight loss (NO WL) control mice stayed on HFSD for the remainder of 

the study. All other mice underwent calorie-restricted weight loss on a low fat sucrose diet 

(LFSD) to reduce body weight by 20%. Mice were maintained at the lower body weight for 

6 weeks by providing a calorie-limited diet. Half of these mice remained sedentary (SED) 

all other mice were provided a running wheel in their home cage (EX). After acclimating 

to the running wheel for 2 weeks, all weight-reduced mice were allowed to feed ad libitum 
on either a LFSD or HFSD. Ad libitum feeding continued for 10 weeks. The transition from 

weight maintained state to ad libitum feeding occurred in an indirect calorimetry system.
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Figure 2. Body weight curves and change in body weight across various timepoints.
Body weight across the entire study is plotted for males (A) and females (B). Change 

in body weight during regain (weeks 31–41) collapsed to show significant differences for 

stress (n=65–68) (C), sex (n=64–69) (D), exercise (n=66–67) (E), and diet (n=66–67) (F) 

and significant interactions for sex by diet (n=32–35) (G) and exercise by diet (n=33–34) 

(H). Change in body weight for no weight loss mice across 3–10 weeks, 10–41 weeks and 

3–41 weeks collapsed to show stress (n=14) (I-K) and sex differences (n=13–15) (L-N). 

Individual group sizes at the end of the study (A & B) n=6–9. Mean ± SEM displayed. 

4-way (C-H) and 2-way (I-N) ANOVAs were used to test significance. Significance was 

set at p<0.05. Abbreviations: WL, weight loss; HFSD, high fat sucrose diet; LFSD, low fat 

sucrose diet; NMS, neonatal maternal separation; EX, exercise. SED, sedentary.
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Figure 3: Weight gain during the 10-week regain phase and end of study body weights.
Weight gain over the weight regain phase is shown for males (A) and females (B). Ending 

body weights for males (C) and females (D). Mean ± SEM. N=6–9 per group. 4-way 

ANOVA was used to test significance (main effects and significant interactions shown in 

table). Post hoc analysis was determined by LSD (significant comparisons shown in graph). 

Significance was set at p<0.05. Abbreviations: WL, weight loss; HFSD, high fat sucrose 

diet; LFSD, low fat sucrose diet; NMS, neonatal maternal separation; EX, exercise; SED, 

sedentary; S, sex; N, NMS; D, diet.
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Figure 4: Body composition and tissue weight distribution at the end of the study.
Body composition including fat-free mass, fat mass and unaccounted mass (small full 

circle). Visceral adipose as a percent of total body weight (black pie slice). Tissue-specific 

weight as a percent of total body weight including gastrocnemius, liver, perigonadal, 

retroperitoneal, mesenteric and subcutaneous adipose depots (various colors) for mice at the 

end of the study. For numeric values and statistical significance see Supplemental Table 1. 

Mean values were used. N=6–9 per group. Abbreviations: WL, weight loss; HFSD, high fat 

sucrose diet; LFSD, low fat sucrose diet; NMS, neonatal maternal separation; EX, exercise; 

SED, sedentary.
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Figure 5. First week of ad libitum refeeding
Weight gain over the first 7 days of ad libitum refeeding in male (A) and female (B) mice. 

Energy intake (C & D), total energy expenditure (TEE) (E & F), energy balance (EB) (G 

& H), resting energy expenditure (REE) (I & J), non-resting energy expenditure (NREE) 

(K & L), and wheel running distance (M & N) for male and female mice, respectively, in 

the weight-reduced state (average of 3 days) and cumulatively across the first 7 days of ad 
libitum refeeding in male and female mice. Respiratory quotient (RQ) in the weight-reduced 

state and averaged across the first 7 day of ad libitum refeeding in male (O) and (P) female 

mice. Mean ± SEM. N=8–9 per group. 3- and 4-way ANOVAs were run for the weight 

maintained state (WM) and ad libitum day 7, respectively, for energy intake, energy balance, 

NREE and RQ. For TEE and REE, 3- and 4-way ANCOVAs (body weight) were run at 

the weight maintained state (WM) and ad libitum day 7, respectively. For voluntary wheel 

running distance, 2- and 3-way ANOVAs were run for the weight maintained state (WM) 

and ad libitum day 7, respectively. Main effect and significant interactions are shown in 

the graphs. Post hoc analysis was run using LSD and can be found in Supplemental Table 

2. Significance was set at p<0.05. Abbreviations: HFSD, high fat sucrose diet; LFSD, low 

fat sucrose diet; NMS, neonatal maternal separation; EX, exercise; SED, sedentary; TEE, 

total energy expenditure; EB, energy balance; REE, resting energy expenditure; NREE, 

non-resting energy expenditure; DIST, distance; RQ, respiratory quotient.
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