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Abstract

Background—Consumption of high-fat diet (HF) leads to hyperphagia and increased body 

weight in male rodents. Female rodents are relatively resistant to hyperphagia and weight gain in 

response to HF, in part via effects of estrogen that suppresses food intake and increases energy 

expenditure. However, sex differences in energy expenditure and activity levels with HF challenge 

have not been systemically described. We hypothesized that, in response to short-term HF feeding, 

female mice will have a higher energy expenditure and be more resistant to HF-induced 

hyperphagia than male mice.

Methods—Six-week-old male and female C57BL/6J mice were fed either low fat (LF, 10 % fat) 

or moderate HF (45% fat) for 5 weeks, and energy expenditure, activity and meal pattern 

measured using comprehensive laboratory animal monitoring system (CLAMS).

Results—After 5 weeks, HF-fed male mice had a significant increase in body weight and fat 

mass, compared with LF-fed male mice. HF-fed female had a significant increase in body weight 

compared with LF-fed female mice, but there was no significant difference in fat mass. HF-fed 

male mice had lower energy expenditure compared to HF-fed female mice, likely due in part to 

reduced physical activity in the light phase. HF-fed male mice also had increased energy intake in 
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the dark phase compared to LF-fed male mice and a reduced response to exogenous 

cholecystokinin-induced inhibition of food intake. In contrast, there was no difference in energy 

intake between LF-fed and HF-fed female mice.

Conclusions—The data show that female mice are generally protected from short-term HF-

induced alterations in energy balance, possibly by maintaining higher energy expenditure and an 

absence of hyperphagia. However, HF-feeding in male mice induced weight and fat mass gain and 

hyperphagia. These findings suggest that there is a sex difference in the response to short-term HF-

feeding in terms of both energy expenditure and control of food intake.
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INTRODUCTION

Changes of lifestyle and food choices, over-nutrition and decreased physical activity have 

increased risk and incidence of obesity. In the United States, more than one-third of adults 

are obese which increases the risk of developing diabetes, cardiovascular diseases, cancers 

and infertility [1]. Accumulation of fat in adipose tissues in individuals with obesity 

increases plasma leptin, a hormone primarily secreted from adipocytes and involved in the 

regulation of energy homeostasis. There is evidence to suggest that high fat feeding induces 

chronic inflammation that in turn leads to leptin resistance in the peripheral and central 

nervous system, which impairs regulation of energy balance [2,3]. In addition to increased 

energy intake, longitudinal studies in humans and rodents show that long-term HF feeding 

(14 weeks) leads to a decrease in energy expenditure and an increased risk of weight gain 

[4,5]. However, 4-week consumption of HF in humans and rodents had no effect on energy 

expenditure [6,7]. Thus, despite decreases in energy expenditure contributing to weight gain, 

the onset of reduced energy expenditure in obesity and its role in pathogenesis remains 

unclear. Whether reduced energy expenditure is a cause of obesity or an outcome of weight 

gain is not clear.

While the majority of studies in HF diet-induced obesity in rodents have, until recently, 

largely focused on males, it has been reported that in female mice there is a delay in weight 

gain, a decrease in adiposity and overall resistance to the obesigenic effects of HF-feeding 

compared with male mice [8–13]. On average, female C57BL/6 mice do not show 

significant weight gain and increased fat mass until after 10 to 12 weeks of HF feeding. The 

sexual dimorphism in response to HF and metabolic protection in females is thought to be 

due to estradiol and estrogen receptor α (ER-α) signaling [14,15]. Energy intake and energy 

expenditure in women vary with the menstrual cycle [16–19]. Ovariectomized rodents and 

postmenopausal women have increased energy intake and reduced energy expenditure [20–

22]. Although ovarian hormones may protect women from developing obesity, the 

prevalence of obesity in the United States is higher in women than in men (41.1% vs. 

37.9%) [1]. Most studies of HF diet-induced obesity focus on long-term or end-point 

phenotypic changes and associated impairment in other systems, which lead to a lack of 

understanding of sex differences in the onset of changes in energy balance.
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To understand sex differences in the alterations in energy balance at the onset of obesity, we 

used male and female C57BL/6J mice to study the change in energy intake and energy 

expenditure after 5 weeks of feeding a moderately HF diet (45% calories from fat), which 

more closely resembles the fat intake in overweight and obese humans [23]. We 

hypothesized that in response to short-term HF feeding, female mice will have higher energy 

expenditure and be more resistant to HF-induced hyperphagia than male mice. The 

experimental approach used was to monitor body weight and energy intake weekly for four 

weeks, after which we monitored 24-hour energy expenditure, physical activity, meal 

patterns and body composition. In a separate study, we determined whether the increase in 

energy intake observed in HF-fed male mice was due to alteration in intestinal satiety, we 

determined the effects of exogenous cholecystokinin (CCK) on food intake [24].

MATERIALS AND METHODS

Animals

All studies were approved by UC Davis Institutional Animal Care and Use Committee. Six-

week-old male and female C57BL/6J mice (000664, Jackson Laboratory, CA) were used for 

the study and mice were individually housed in a facility that had ventilated cage system 

(1285L, TECNIPLAST, Italy) and maintained at 22°C under a 12–12 hr light-dark schedule 

(lights on at 7am to 7pm). Mice were acclimated to the housing for 7 days and fed 

laboratory rodent chow (PicoLab® Mouse Diet 20, 5058, TestDiet, MO), then randomized 

into two groups and fed either 10% low fat control diet (LF, 10% calories from fat, 

D14110101, Research Diets Inc, NJ) or 45% high fat diet (HF, 45% calories from fat, 

D14110103) for 5 weeks (total N = 12–13 for each group). Mice were allowed ad libitum 
access to food and water unless specifically stated otherwise. Body weight and food intake 

were measured weekly from week 1 to week 4 in home cages. The experimental design is 

shown in Figure 1.

Study 1: Measurement of Meal Patterns, Physical Activity and Metabolic Phenotype

At the start of the fifth week, to measure body composition, meal patterns and metabolic 

phenotype, mice were transferred to a core facility maintained at 22°C under a 12–12 hr 

light-dark schedule (lights on at 6am to 6pm). Male and female mice fed with either 

powdered LF or HF (N = 7–8 for each group) were individually housed in monitoring 

chambers for a 2-day acclimation period prior to the data collection and fed. Food intake, X-

axis/Z-axis movement, oxygen consumption and carbon dioxide production were monitored 

by Comprehensive Laboratory Animal Monitoring System (CLAMS, Columbus 

Instruments, OH; UC Davis MMPC D4007) for three days. The data from the second and 

third day were averaged and used for analysis. The chamber air was analyzed for oxygen 

and carbon dioxide content every 26 min by using Oxymax system [25]. Energy expenditure 

was calculated by equation, 3.815 + 1.232 × Carbon dioxide production
Oxygen comsumption × Oxygen comsuption

[26]. The parameters for the determination of meal patterns were defined previously [27]. 

Briefly, meal size was measured for any food bout that was larger than 0.02g. The 

termination of a meal was determined as 10 min with no measurable feeding. After 

measurement of metabolic phenotype, body composition was measured using X-ray 
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absorptiometry under isoflurane anesthesia (3–4%) (DEXA; UC Davis MMPC dx.doi.org/

10.17504/protocols.io.ykffutn). Mice were euthanized by CO2, and individual fat pads, 

including subcutaneous, epididymal/gonadal, mesenteric and retroperitoneal, were measured 

at necropsy.

Study 2: Measurement of Exogenous CCK-induced Satiation

To determine the anorexigenic action of CCK, during the fifth week of feeding semi-

synthetic diets, male mice fed with either LF or HF (N = 5 for each group) were fasted for 

12 hr during the light phase. Mice received intraperitoneal (IP) injections of either saline 

(0.01 ml per gram body weight) or CCK octapeptide (1 μg/kg; Bachem, CA) just before dark 

onset using a crossover design, and food was immediately placed in the cage. Due to the 

short biological half-life of CCK, food intake was measured for every 20 min for 1 hr. Mice 

were allowed to recover for 2 days between the trials.

Statistics

Comparisons were calculated using two-way ANOVA with Bonferroni post-hoc test unless 

specifically stated otherwise. The seffect of diet on body weight, respiratory quotient 

(respiratory exchange, RER), food intake, and meal patterns were compared within each sex. 

The effect of sex on physical activity was compared within each diet. Two-tail unpaired t-

test was used to analyze the data of fat pad mass within each sex. Two-tailed paired t-test 

was used to analyze the effect of diet on data of weekly food intake and CCK feeding study 

within each sex. Above statistical analyses were performed with GraphPad Prism 8.0 

(GraphPad software, La Jolla, CA). Energy expenditure was analyzed by ANCOVA 

normalized by lean mass with comparison between the sex or the diet [28]. All results are 

presented as mean ± SEM, with the following significance levels: *p < 0.05, **p < 0.01, 

***p < 0.001.

RESULTS

Compared with LF-fed, HF-fed male mice gained significantly more weight by the end of 

the first week, and weight gain rapidly increased over the following weeks (Figure 2A–B). 

In contrast, HF-fed female mice had no significant weight gain until week 4. In the first 

week, food intake is significantly higher in both male and female HF-fed compared to LF-

fed mice (Figure 2C). The reduced food intake in LF-fed mice might be due to the food 

neophobia to LF. To avoid the confounder of adaptation to the new diets in the first week, 

weekly energy intake was compared between the 2nd and 4th week. There was no 

significant difference in energy intake between week 2 and 4 in either LF male or female 

mice. However, there was a significant increase in energy intake in HF-fed male but not 

female mice (Figure 2D), suggesting that the faster weight gain in HF-fed male mice was, at 

least in part, due to increased energy intake.

Body composition was measured by DEXA in the 5th week of HF and fat pad weight 

determined at necropsy (Figure 2E–F). HF feeding in male mice induced a significant 

increase in total fat mass as measured by DEXA (Figure 2F) and in posterior subcutaneous, 

epididymal, mesenteric, and retroperitoneal fat pad mass measured at necropsy (Figure 2E). 
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However, there was no significant effect of HF feeding on total fat mass or fat pad mass in 

female mice.

Both male and female mice fed a HF had a decrease in the RER, compared with LF mice 

(Figure 3A), consistent with ingestion of a lipid-rich diet increasing the utilization of fat as 

an energy source. There was no significant diet effect on energy expenditure (expressed as 

heat production) in either male or female mice (Figure 3B and Table 1). However, HF-fed 

male mice had significantly lower energy expenditure in the light phase compared with HF-

fed female mice, suggesting there was a sex effect on energy expenditure in HF-fed mice. In 

the dark phase, HF-fed male mice had a trend of lower energy expenditure than HF-fed 

female mice although this was not significant (p = 0.07).

Physical activity was measured by the number of interceptions of the laser beam in both the 

X-axis (horizontal movement) and Z-axis (vertical movement). There was no significant 

difference in Z-axis activity between LF-fed male and female mice in either the light or the 

dark phase. However, HF-fed male mice had lower vertical activity than HF-fed female mice 

during the light phase (Figure 4A). Two-way ANOVA analysis showed that there was a sex 

effect on vertical movement during the light phase (p = 0.03); furthermore, the interaction 

between sex effect and diet effect is statistically significant (p = 0.01), suggesting the sex 

effect on vertical movement is dependent on the diet. The difference in Z-axis physical 

activity during the light phase between male and female mice might result in the observed 

lower energy expenditure in HF-fed male mice (Table 1). Male mice fed with either LF or 

HF had lower X-axis activity than female mice in the light phase (Figure 4B). Two-way 

ANOVA analysis showed that there was a sex effect on horizontal movement during the light 

phase (p < 0.001) and no statistical interaction between sex effect and diet effect. This 

suggests male mice have lower horizontal activity than female mice that is independent on 

the diet.

To determine the effect of sex and diet on feeding behavior, feeding behavior was recorded 

for three days; food intake and meal patterns were analyzed from measurements during the 

second and third day. There was a significant increase in cumulative food intake in the dark 

phase in HF-fed male compared to LF-fed male mice (Figure 5A). In contrast, there was no 

difference in food intake in the dark phase between LF-fed and HF-fed female mice. Two-

way ANOVA analysis showed that there was a diet effect on dark-phase food intake (p = 

0.02), suggesting feeding of HF could affect energy intake in the dark phase. In the analysis 

of meal pattern, there was no significant difference in either meal size (p = 0.17) or meal 

number (p = 0.41) between LF-fed and HF-fed male mice in the dark phase (Figure 5B–C). 

The hyperphagia observed in HF-fed male mice is consistent with attenuation of intestinal 

satiety in HF-fed rats as previously described [24]. CCK is a well-known satiety signal 

released from the gut that acts to terminate feeding. To determine whether hyperphagia in 

HF-fed male mice is due to impairment of CCK-induced satiety, during the fifth week of HF, 

male mice fasted for 12 h were injected with CCK (1μg/kg intraperitoneally) at the onset of 

the dark phase and food intake measured for 1 h. Exogenous CCK inhibited food intake in 

LF-fed male mice at 20 and 40 min post injection, but had no significant effect in HF-fed 

male mice (Figure 6).

Huang et al. Page 5

Physiol Behav. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DISCUSSION

Protection against the obesigenic effects of HF feeding in female mice has been reported in 

other studies [8–13]. However, the underlying mechanism is not clear. In the current study, 

we studied the effect of five-weeks feeding of a moderately HF on energy expenditure and 

energy intake in both male and female mice. The data show that female mice gain little 

weight with no additional fat accumulation compared to male mice that had significantly 

increased body weight gain and fat accumulation. The increase in body weight gain in male 

mice was accompanied by an increase in energy intake and, consistent with the body weight 

data, there was no difference in energy intake in HF fed female mice. In addition, HF-fed 

male mice showed less physical activity in the light phase than HF-fed female mice, 

contributing to the observed decrease in energy expenditure that likely further promotes 

weight gain. The data also show that HF-fed male mice develop hyperphagia, possibly due 

to the observed reduced CCK-induced suppression on food intake. Overall, these data 

suggest that female mice have higher energy expenditure and an absence of hyperphagia 

during short-term feeding of HF, which slows weight gain and fat accumulation.

HF-fed female mice had higher physical activity during the light phase than HF-fed male 

mice thus maintaining energy expenditure, which may slow down the progression in 

development of an obese phenotype. The higher physical activity in female mice was not 

accompanied with increased food intake, suggesting that most of these movements were not 

associated with feeding. Other than the energy demand, physical activity is positively 

regulated by the mesolimbic pathway, also known as the dopamine reward pathway, in the 

central nervous system [29,30]. Attenuation of the dopaminergic pathway leads to decreased 

physical activity and energy expenditure, which can lead to an obese phenotype [29,30]. 

Estrogens have been shown to stimulate the release of dopamine in nucleus accumbens 

through either genomic or non-genomic pathways [31]. Mice with global deletion of 

aromatase, a key enzyme to produce estrogens, have decreased physical activity [32]. Taken 

together, this evidence suggests that female mice have higher physical activity that is not 

related to feeding behavior than male mice. The high physical activity leads to higher energy 

expenditure in female than male mice; coincidentally, the high energy expenditure possibly 

prevents the diet-induced weight gain in female mice.

After 5 weeks of HF, male mice had increased energy intake with reduced CCK-induced 

satiation, resulting in weight gain. The phenotype of hyperphagia has been shown in rats 

with short-term HF, suggesting that short-term HF leads to leptin resistance in the peripheral 

nervous system and impairs the responsiveness to gut hormones [24,33]. However, there was 

no increased energy intake in HF-fed female mice. There are two potential mechanisms that 

could be involved in the delay in development of hyperphagia in HF-fed female mice. First, 

leptin signaling is modulated through cross-talk with estradiol signaling in the hypothalamus 

[34]. High systemic estradiol, rodents have increases in central leptin signaling and leptin-

induced anorexigenic action [35]. In addition, estradiol has been showed to prevent HF-

induced leptin resistance and thus weight gain [36]. Second, estradiol directly modulates the 

responsiveness to gut hormones, such as CCK, glucagon-like peptide-1, and amylin, which 

increases its anorexigenic action and reduces energy intake in the female [14,37].
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Short term feeding of male mice with a HF diet results in peripheral insensitivity to 

exogenous leptin, but sensitive to central leptin-induced anorexigenic action [38]. To study 

leptin resistance in the peripheral nervous system, we have previously reported the mice 

(Nav1.8-Cre X LepRfl/fl, VANLepRΔ) with deletion of leptin receptor in sensory neurons, 

primarily vagal afferent neurons (VAN) [27]. Chow diet-fed male VANLepRΔ mice had the 

same feeding phenotype, increased total food intake and meal size, as HF-fed male mice. In 

this study, we showed sex dimorphism in energy intake and energy expenditure after short-

term consumption of HF. Overall, female mice were protected from HF-induced obese 

phenotype. Interestingly, the metabolic protection is not fully shown in female VANLepRΔ 

mice due to disruption of estradiol signaling in VAN [39]. Female VANLepRΔ mice have 

increased fat pads mass and hyperphagia with increased meal number and altered 

responsiveness to gut hormones. This suggests that peripheral leptin signaling works with 

estradiol, and this may delay the development of HF-induced obesity in female mice.

As discussed above, estrogens increase energy expenditure and decrease energy intake 

[14,15]. Therefore, it is likely that the metabolic phenotype and meal patterns might vary 

across the estrous cycle in female mice. In this study, we were not able to identify the phase 

of the estrous cycle during measurement of the metabolic phenotype. We did not observe 

significant differences in energy expenditure, physical activity, or meal patterns between the 

first and second day of measurement, we cannot exclude the effect of estrous cycle in 

metabolic phenotype and meal patterns. In addition, all female mice were housed in the 

same room, including during acclimation and measurements in metabolic cages, and it is 

possible that the estrous cycle might have synchronized in the mice. In any case, the 

variability in the measurements obtained using the CLAMS system between each female 

mouse in either group was small.

Energy imbalance, excess caloric intake and reduced use of calories, results in fat 

accumulation and obesity. The present study showed that female mice had higher physical 

activity and energy expenditure than male mice during short-term consumption of HF. 

Furthermore, we provide evidence that short-term HF impairs the intestinal satiety signal to 

terminate feeding in male mice, which in turn leads to increased food intake. Taken together, 

the energy imbalance results in significant weight gain and fat accumulation in HF-fed male 

mice. Overall, female mice are metabolically protected from short-term HF led energy 

imbalance. Although the present study does not provide a mechanism by which this occurs, 

it does identify both food intake and physical activity as potential targets to investigate 

further. The sexual dimorphism in response to short-term high fat diet suggests that the 

prevention and treatment for obesity should be considered in a sex-dependent manner. 

Further studies of the mechanisms contributing to metabolic protection in female are needed 

to help develop better approaches to treat obesity.
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List of Abbreviations

BAT brown adipose tissue

CCK cholecystokinin

CLAMS comprehensive laboratory animal monitoring system

CNS central nervous system

DEXA X-ray absorptiometry

ERα estrogen receptor α

HF high fat diet

LepR leptin receptor

LF low fat diet

PNS peripheral nervous system

RER respiratory echange ratio

SNS sympathetic nervous system

VAN vagal afferent neurons
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Highlights

• Male mice are more susceptible to short-term HF-induced weight gain than 

female mice.

• HF-fed male mice have less physical activity, accompanied with lower energy 

expenditure, than female mice in the light phase.

• HF-fed male mice have increased food intake and reduced CCK-induced 

satiation.
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Figure 1. Schematic representation of the experimental design.
The study 1: mice were fed with semisynthetic diet for 4 weeks and transferred to CLAMS 

system facility. Prior to the data collection by CLAMS system, mice were allowed to 

acclimate to the facility and CLAMS chamber. After 3 days of data collection, body 

composition was measured and mice were terminated for tissue dissection. The study 2: 

mice were fed with semisynthetic diet for 4 weeks and the feeding study was performed on 

male mice.
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Figure 2. High-fat diet led to an increase in body weight gain, fat mass and hyperphagia in male 
mice.
Male and female C57BL/6J mice were fed with either high-fat diet (HF) or low-fat control 

diet (LF) for 5 weeks. (A) Weekly body weight, (B) weekly body weight change, statistical 

differences determined using two-way ANOVA, and (C) weekly food intake were measured 

(N = 12–13 per group, combined data from mice in Study 1 and Study 2). (D) Comparison 

of food intake between 2nd week and 4th week, statistical differences were determined using 

paired t-test. (E) Fat pad mass and (F) body composition at 5th week of HF, statistical 

differences were determined using unpaired t-test for fat pad mass and two-way ANOVA for 

body composition (N = 7–8 per group; Study 1). Data are presented as mean ± SEM. *p < 

0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Male mice ingesting a high-fat diet had decreased energy expenditure.
Metabolic phenotype was measured continuously for 48 hours in the 5th week of feeding 

either the LF or HF diet in male and female mice. (A) Respiratory exchange ratio (RER) and 

(B) energy expenditure, statistical differences were determined by using two-way ANOVA 

(N = 7–8 per group, Study 1). Data are presented as mean ± SEM. ***p < 0.001.
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Figure 4. Female mice ingesting a high-fat diet had increased physical activity in the light phase.
Physical activity was measured continually for 48 hours in male and female mice in 5th 

week of feeding either the LF or HF diets. (A) Z-axis movement and (B) X-axis movement, 

statistical differences were determined by using two-way ANOVA (N = 7–8 per group, 

Study 1). Data are presented as mean ± SEM. ** < 0.01.
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Figure 5. Male mice ingesting a high-fat diet had an increase in food intake during the dark 
phase.
Food intake and meal patterns were measured continually for 48 hours in male and female 

mice after in the 5th week of ingesting either the LF or HF diet. (A) Food intake, (B) meal 

size and (C) meal number, statistical differences were determined by using two-way 

ANOVA (N = 7–8 per group, Study 1). Data are presented as mean ± SEM. *p < 0.05.
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Figure 6. Male mice ingesting a high-fat diet had a decrease in cholecystokinin-induced satiation.
Cholecystokinin (CCK) feeding study in male mice after 5 weeks of HF and LF diet, 

statistical differences were determined by using paired t-test (N = 5 per group, Study 2). 

Mice were fasted for 12 hours and injected intraperitoneally either saline or CCK (1 μg/kg) 

at the onset of the dark phase. Food intake was measured every 20 min for 1 hour. Data are 

presented as mean ± SEM. *p < 0.05, ***p < 0.001.
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Table 1.

ANCOVA analysis adjusted by lean mass for energy expenditure

Sex Effect Male Female P-value

Light Phase
Low Fat 0.41 ± 0.02 0.41 ± 0.02 0.93

High Fat 0.35 ± 0.02 0.42 ± 0.01 0.02

Dark Phase
Low Fat 0.47 ± 0.01 0.49 ± 0.01 0.33

High Fat 0.45 ± 0.02 0.51 ± 0.02 0.07

Diet Effect Low Fat High Fat P-value

Light Phase
Male 0.40 ± 0.01 0.37 ± 0.01 0.10

Female 0.41 ± 0.01 0.40 ± 0.01 0.33

Dark Phase
Male 0.49 ± 0.01 0.48 ± 0.01 0.13

Female 0.48 ± 0.01 0.48 ± 0.01 0.91
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