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Abstract

Rodents are commonly used in food restriction-refeeding studies to investigate weight regain. 

Mice that are rationed food every 24 hours may consume all allocated food in a short time (gorge) 

and therefore undergo a brief well-fed period followed by an extended fasted period until the next 

day’s food allotment. These exaggerated metabolic states are not typical in ad-libitum fed 

(nibbling) mice. The aim of the current study was to elucidate the intraday and cumulative 

metabolic consequences of gorging (induced by food restriction) in mice during controlled 

refeeding. Accordingly, following a temporary food restriction, mice were fed rations similar to 

intakes of ad-libitum fed controls. Temporary food restriction initiated gorging behavior that 

persisted during refeeding; consequently, metabolism-related measurements were obtained in the 

gorging mice during their daily fed and fasted metabolic states. Robust differences in adipose 

tissue lipogenic and inflammatory gene expression were found in the gorging mice by metabolic 

state (fed versus fasted). Additionally, despite a reduced cumulative food intake compared to ad-

libitum fed mice, restriction-induced gorging mice had increased intra-abdominal fat 

accumulation, diminished hepatic and peripheral insulin sensitivity, and a gene expression profile 

favoring lipid deposition. Our findings highlight the intraday differences in gene expression in 

gorging mice before and after feeding that confound comparisons with ad-libitum fed, or nibbling, 
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mice. The present study also provides evidence that weight regain following food restriction is 

associated with cumulative metabolic and behavioral abnormalities in mice.

Keywords

1. Introduction

Most individuals that lose weight are unable to maintain the weight loss over time [1]. 

Adipose tissue lipid stores are efficiently repleted with weight regain [2] and a 

disproportionate regain in fat mass relative to lean tissue has been observed in 

postmenopausal women [3] and the elderly [4]. Similarly, preferential fat accumulation has 

been observed during catch-up growth in low-birth-weight infants [5] and following 

starvation [6].

Rodent models are commonly used to elucidate the biological mechanisms promoting 

adipose tissue regain after weight loss and accelerated fat deposition after growth arrest [7–

17]. In these “refeeding” studies, rodents are calorie/food restricted to induce weight loss or 

arrest growth and subsequently refed at levels equivalent to intakes of matched controls or 

provided ad-libitum access to food. Energy utilization or expression and activity of genes 

and proteins involved in lipid metabolism are then examined to characterize the mechanisms 

promoting fat accumulation after cessation of food restriction.

A potential confounding factor in rodent refeeding studies is the effect of feeding behavior 

on gene and protein expression, whole-body metabolism, and lipid stores. When daily food 

rations are restricted below what would be consumed ad-libitum (e.g. food restriction) or 

rationed to levels consumed by matched controls (e.g. refeeding), rodents may exhibit a 

gorging pattern of food intake where all allotted food is ingested shortly after it is presented 

[18–20]. This feeding behavior contrasts with the nibbling pattern of food intake in rodents 

fed ad-libitum where food is consumed intermittently mostly throughout the dark hours and 

in short periods during light hours [18]. As a result of these eating patterns, the daily 

metabolic states of gorging rodents on a rationed diet include a brief fed state and an 

extended fasted state until the following day’s food allotment [18] which contrasts with 

nibbling rodents that effectively remain in a constant fed state. Consequently, metabolism-

related gene and protein expression levels, metabolic responses, and lipid stores in gorging 

rodents may vary considerably in a daily feeding cycle and be at extremes immediately 

before and after feeding.

To our knowledge, no study has examined intraday metabolism-related changes consequent 

to restriction-induced gorging during weight regain. Accordingly, in the current studies, 

mice were subjected to a short-term food restriction that triggered gorging and subsequently 

refed rations similar to daily intakes of ad-libitum fed control mice. Lipid stores, metabolites 

and hormones, and expression of genes involved in adipose tissue metabolism and 

inflammation were then measured in the gorging mice during their daily fed period 

(gorging) and at the end of their daily fasted period. Additionally, using hyperinsulinemic-

euglycemic clamps, insulin sensitivity was investigated in gorging mice subjected to similar 
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food restrictions/rations. Our aims were to capture intraday oscillations in lipid stores and 

adipose tissue gene expression in gorging mice and to identify metabolic consequences of 

gorging precipitated by food restriction during weight regain.

2. Materials and methods

2.1 Animals and study design

Two studies, almost identical in design, were used to meet the objectives of this paper. The 

primary differences between the studies were location of housing and data collected (see 

subsequent paragraphs). Study 1 was conducted at The Ohio State University (OSU) and 

Study 2 at Yale University. All study procedures were approved by the Institutional Animal 

Care and Use Committees at the respective institutions.

In study 1, five-week-old male CD2F1 mice (BALB/c x DBA/2, Charles River Laboratories, 

Wilmington, MA, USA) were randomized by weight into two groups: Control (n=10) and 

Restricted (n=20). Mice were individually housed at a temperature of 22 ± 0.5°C on a 12:12-

h light-dark cycle and provided free access to water. Control mice were fed ad-libitum with 

AIN-93G semi-purified pelleted diet (Research Diets, New Brunswick, NJ, USA). 

Restricted mice were rationed AIN-93G diet early in the light cycle (0830 – 1000). Food 

rations were restricted 30 – 75 % (average ~50%) relative to Control mice over the first 5 

days of the study and approximated Control group intake the remaining 13 days. This 

feeding regimen was based on a pair-feeding schedule that resembles food provisions in 

refeeding studies and is known to trigger gorging in mice (unpublished observation). All 

mice were sacrificed after 18 days at the same time of day (0900 – 1200). Control mice were 

fed ad-libitum until sacrifice. Refed Restricted mice gorge all allotted food shortly after 

presentation and therefore undergo a brief fed period and an extended fasted period every 24 

h feeding cycle (Fig. 1A). On the day of sacrifice, one half the Restricted mice were fed at 

0730 and then sacrificed ~3–4 h after food provision (during gorging). The other half of 

Restricted mice were not fed and were sacrificed at the end of their usual daily extended 

fast. These groups were designated Restricted (Gorging) and Restricted (Post-gorging) 

respectively. Mice were anesthetized with isoflurane and blood was collected by cardiac 

puncture into EDTA-treated tubes. Tubes were centrifuged at 1500 x g for 20 min at 4 C and 

plasma was collected and frozen at −80 C until analysis. Tissues were excised, weighed, 

frozen in liquid nitrogen and stored at −80°C until analysis except sections of epididymal 

white adipose tissue (eWAT) that were fixed in 4% paraformaldehyde for paraffin 

embedding.

In study 2, five-to-seven-week-old male CD2F1 mice (BALB/c x DBA/2, Charles River 

Laboratories) were randomized by weight into two groups: Control (n=12) and Restricted 

(n=12). Housing (except location), diet, and feeding schedule were the same as study 1. 

Food for Restricted mice was restricted ~50% compared to intake of Control mice over the 

first 5 days of the study and approximated Control group intake (81–106%) until mice were 

clamped on days 14–17. Tissues were collected as described in the clamp procedures.
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2.2 Food intake, body weight, and behavior

Food intake and body weight were measured daily early in the light cycle. In study 1, 

feeding behavior was observed when food was presented and cages of Restricted mice were 

observed daily near the end of the light cycle (1630 – 1730) for food remnants to confirm 

gorging behavior. In study 2, gorging behavior in Restricted mice was observed when food 

was presented.

2.3 Quantitative real-time PCR

Total RNA was extracted from epididymal and brown adipose tissue in study 1 using the 

RNeasy® Lipid Tissue Mini Kit (Qiagen, Valencia, CA, USA) according to manufacturer 

instructions. RNA was reverse transcribed to cDNA using the High Capacity cDNA Archive 

Kit (Applied Biosystems, Foster City, CA, USA). Using real-time PCR, cDNA was 

amplified with predesigned primers and probes (TaqMan Gene Expression Assays, Applied 

Biosystems) in an Applied Biosystems 7300 instrument. Target gene expression was 

normalized to 18S rRNA and expressed as 2−ΔΔCT relative to the Control group [21].

2.4 Histology

Sections of eWAT (5 μm) from each mouse in study 1 were mounted on glass slides and 

stained with hematoxylin and eosin (H&E) by the Histology Core Laboratory, Ohio State 

College of Veterinary Medicine. Images were captured using a light microscope (Olympus, 

Center Valley, PA, USA) equipped with a Pixera Pro 150ES digital camera (Pixera, Los 

Gatos, CA, USA). Three to five fields per slide were randomly chosen by one blinded 

evaluator for imaging. Images were analyzed using ImageJ software (NIH, Bethesda, MD, 

USA) to measure cross-sectional area of 150 randomly chosen adipocytes per mouse [22].

2.5 Liver lipids

Total lipids were extracted from ~50 mg sections of livers from each mouse in study 1 using 

the Folch method [23]. Lipid extraction was accomplished using a 2:1 v/v solution of 

chloroform and methanol and a 0.88% KCl solution wash. To facilitate phase separation, 

samples were centrifuged at 1000 x g. The lower phase (organic) was transferred into a pre-

weighed tube and subsequently dried under nitrogen. After drying, tubes were weighed 

again to calculate total lipid weight per sample.

2.6 Plasma measurements

Plasma leptin and adiponectin were measured by ELISA (Millipore, Billerica, MA, USA) 

according to manufacturer instructions. Plasma β-hydroxybutyrate was quantified by 

colorimetric assay (Sigma Aldrich, St. Louis, MO, USA).

2.7 Hyperinsulinemic-euglycemic clamp

In study 2, indwelling catheters were placed into the internal jugular vein of mice 7–8 days 

prior to clamp experiments. Mice were fasted overnight (food was removed 1 h after lights 

off), a standard procedure to assess glucose utilization during clamp experiments [24]. 

Restricted mice, however, had consumed all daily rations prior to food removal for fasting. 

Thus, the eating pattern and extended fast of Restricted mice were undisturbed by the clamp 
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experiments. Basal whole-body glucose turnover was measured by infusing [3-3H]-glucose 

at a rate of 0.05 μCi/min for 120 min. After basal measurements, the hyperinsulinemic-

euglycemic clamp was conducted for 140 min with a 4-min primed infusion (20 mU/kg) 

followed by continuous infusion (3 mU/kg/min) of human insulin (Novolin R, Novo 

Nordisk, Princeton, NJ, USA). [3-3H] glucose was continuously infused at 0.1 μCi/min and 

a variable infusion of 20% dextrose was used to maintain euglycemia (~120 mg/dl). Plasma 

samples were obtained from the tail at set time points. 2-deoxy-d-[1-14C] glucose was 

injected as a bolus (10 μCi) at 85 min to measure tissue-specific glucose uptake. At study 

completion, mice were anesthetized with pentobarbital sodium injection (150 mg/kg) and 

tissues were excised, snap-frozen in liquid nitrogen, and stored at −80°C until analysis.

2.8 Clamp biochemical analysis and calculations

Plasma glucose was measured using a YSI 2700D glucose analyzer (YSI Life Sciences, 

Yellow Springs, OH, USA). Plasma insulin was determined by radioimmunoassay kit 

(Millipore). To measure plasma 3H-glucose and 2-deoxy-d-[1-14C]-glucose, plasma was 

deproteinized with ZnSO4 and Ba(OH)2, dried to remove 3H2O, resuspended in water, and 

counted in scintillation fluid using a Beckman Coulter (Brea, CA, USA) scintillation 

counter. Glucose turnover rates were calculated as the ratio of the [3-3H]-glucose infusion 

rate to the specific activity of plasma glucose at the end of the basal period and during the 

final (on average) 30 min of steady state of the clamp. Endogenous glucose production was 

determined by subtracting glucose infusion rate from whole-body insulin-stimulated glucose 

disposal. Basal hepatic insulin resistance index was calculated as basal endogenous glucose 

production × fasting plasma insulin [25]. To measure tissue-specific glucose disposal, tissue 

samples were homogenized and supernatants subjected to an ion-exchange column (Bio-

Rad, Hercules, CA, USA) to separate tissue 2-deoxy-d-[1-14C]-glucose-6-phosphate from 2-

deoxy-d-[1-14C]-glucose. Tissue glucose uptake was calculated from area under curve of 

plasma 2-deoxy-d-[1-14C]-glucose and tissue 2-deoxy-d-[1-14C]-glucose-6-phosphate 

content [26].

2.9 Statistics

Data are expressed as means ± s.e.m. Statistical analyses consisted of two-tailed unpaired 

Student’s t-test, Mann-Whitney test, one-way ANOVA with post-hoc Tukey’s test, or 

ANCOVA as noted in figure legends. Data not meeting test assumptions were transformed 

for analysis as indicated in figure legends; however, un-transformed means are presented for 

relevance. MINITAB 16 (State College, PA, USA), Microsoft Excel (Microsoft Inc., 

Redmond, WA, USA), and SPSS v21 (IBM, Somers, NY, USA) were used for data analysis. 

P-value < 0.05 was considered significant.

3. Results

3.1 Food intake, behavior, and body weight

Over the first 5 days of study 1, Restricted mice were rationed and consumed an average of 

~50% less food than ad-libitum fed Control mice (daily reductions ranged from 30 – 75%, 

Fig. 1B). After day 5, food intake of Restricted mice ranged from 98 to 122% of Control 
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group intake (Fig. 1B). Cumulative food intake was decreased in Restricted mice (Control, 

51.0 ± 1.1 g; Restricted, 45.6 ± 0.3 g, p < 0.01).

Mice were fed between ~0830–1000 h daily and Restricted mice had consumed all rations 

when cages were observed between 1630–1730 h. At feeding, all Restricted mice were 

observed to rapidly ingest the food presented (gorge). This behavior was not observed in 

Control mice. For necropsy, Restricted (Gorging) mice were fed at 0730 h and were 

observed during necropsy (~3–4 h later) to have fully distended stomachs filled with food 

lending support that gorging behavior persisted until study end. This was not observed in 

Control mice.

At the start of study 1, Restricted and Control groups had similar body weights. During the 5 

days of food restriction, Restricted mice lost 21% body weight compared to Control mice 

(Fig. 1C). After day 5, Restricted mice began gaining weight and by study’s end body 

weight of Restricted mice was 4% lower than Control mice (p < 0.05) (Fig. 1C).

3.2 Adipose tissue mass and adipocyte size

To determine the extent to which adipose lipid storage is affected by a temporary food 

restriction and intraday changes in metabolic state consequent to gorging during refeeding, 

we compared adipose depots of Restricted mice during gorging and at the end of their 

extended fast. eWAT mass of Restricted (Gorging) and Restricted (Post-gorging) mice were 

significantly higher, 21 and 31% respectively, than in Control mice and were not different 

from each other (Fig. 2A). A plot of eWAT mass by body weight for individual mice is 

presented in Figure 2B. Consistent with eWAT weights, cross-sectional area of epididymal 

adipocytes of Restricted (Gorging) and Restricted (Post-gorging) mice were also 

significantly higher, 31 and 27% respectively, than in Control mice and were not different 

from each other (Fig. 2C, D). Inguinal fat pad weights were not significantly different 

among groups (Fig. 2A).

3.3 Intraday changes in liver lipid stores

Given that fasting may induce hepatic steatosis [27], we measured hepatic lipids in all 

groups. Total liver lipids were ~24% higher in Restricted (Post-gorging) mice compared to 

Control and Restricted (Gorging) groups, which were not different from each other (Fig. 

3A). To gauge the degree of fasting in each group, we measured plasma β-hydroxybutyrate, 

the major ketone formed during fasting. Plasma β-hydroxybutyrate levels were 213% higher 

in Restricted (Post-gorging) mice compared to Control mice (ANOVA, p=0.081) (Fig. 3B).

3.4 Intraday changes in brown adipose tissue gene expression

Brown adipose tissue (BAT) thermogenesis is accomplished by uncoupling protein 1 

(UCP1) which uncouples mitochondrial respiration from ATP synthesis resulting in heat 

production (thereby promoting energy expenditure) [28]. To determine whether BAT 

thermogenic capacity is altered by restriction-induced gorging, mRNA expression of 

thermogenesis-related genes were measured in interscapular BAT (iBAT) in all groups. 

Expression of UCP1 was significantly decreased in both Restricted groups compared to 

Control mice (Fig. 4). Gene expression of peroxisome proliferator activated receptor gamma 
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coactivator 1α (PGC1α), a transcriptional co-activator crucial to thermogenesis [29], was 

also significantly decreased in Restricted (Gorging) mice relative to Control mice (Fig. 4). 

There were no significant differences in expression of either gene between Restricted groups 

(Fig. 4).

3.5 Intraday changes in lipid metabolism-related gene expression

Because genes promoting lipid storage and mobilization would likely be affected by 

consumption of a large amount of food and/or an extended fast, we measured expression of 

genes involved in adipo/lipogenesis and lipolysis in all groups. Gene expression of key 

enzymes and transcription factors promoting de novo lipogenesis [fatty acid synthase (FAS), 

sterol-regulatory element binding protein-1 (SREBP-1), stearoyl-CoA desaturase 1 (SCD1)], 

adipogenesis [peroxisome proliferator activated receptor γ (PPARγ)], and lipid uptake 

[lipoprotein lipase (LPL)] in eWAT were significantly higher in Restricted (Gorging) mice 

compared to Control mice (Fig. 5A).

With the exception of SCD1, mRNA levels of these genes were significantly decreased in 

Restricted (Post-gorging) mice compared to Restricted (Gorging) mice (Fig. 5A). Of 

interest, expression of FAS and LPL were not different and SCD1 was increased in 

Restricted (Post-gorging) compared to Control mice (Fig. 5A). No differences in gene 

expression were detected among groups for adipose triglyceride lipase (ATGL), hormone 

sensitive lipase (HSL), or the lipid droplet protein perilipin (PLIN1), which play a role in 

regulating lipolysis [30] (Fig. 5A).

3.6 Intraday changes in adipokine gene expression

Adipokine circulating levels generally correlate positively with adiposity [31]. Given eWAT 

mass and adipocyte size were similar in Restricted groups but increased compared to 

Control mice, we measured adipokine gene expression in all groups to determine whether 

expression paralleled fat mass. Despite no difference in adipose mass, gene expression of 

pro-inflammatory adipokines [interleukin-6 (IL-6), tumor necrosis factor α, (TNF-α)] and 

leptin in eWAT were significantly higher (2–6 fold) in Restricted (Gorging) mice compared 

to Restricted (Post-gorging) mice (Fig. 5B). Expression of markers of macrophage 

infiltration (F4/80, CD68) and plasma leptin were similarly higher. Although eWAT weight 

of Restricted (Post-gorging) mice was 31% higher than the Control group, gene expression 

of TNF-α and leptin in this group was significantly decreased (Fig. 5B).

3.7 Insulin sensitivity

To assess whether insulin sensitivity is altered in restriction-induced gorging mice during 

refeeding, we used hyperinsulinemic euglycemic clamps to assess whole-body, hepatic, 

muscle, and adipose tissue insulin sensitivity. Eight Control mice (body weight: 18.3 ± 0.2 

g) and seven Restricted mice (body weight: 19.0 ± 0.2 g) were successfully clamped on 

study days 14–17. Glucose infusion rates to maintain euglycemia (Fig. 6A) during the 

experiment were approximately 1.5 fold lower in Restricted mice than in Control mice (Fig. 

6B) indicating whole-body insulin resistance. Clamp insulin levels were increased in 

Restricted mice (Fig. 6C). Whole-body glucose uptake during the clamp was significantly 

decreased (24%) in Restricted mice (Fig. 6D) although no significant differences in glucose 
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disposal in gastrocnemius muscle or eWAT (Fig. 6E) were detected. Basal endogenous 

glucose production (EGP) was 77% higher (Fig. 6F) and the basal hepatic insulin resistance 

index was significantly increased (Control, 65.1 ± 13.8; Restricted, 194.2 ± 40.0, p < 0.05) 

in Restricted mice. Insulin-stimulated EGP was not different between groups.

4. Discussion

In the present study, temporary food restriction triggered gorging behavior that persisted 

even when the mice were subsequently rationed food at levels approximating diet amounts 

provided to age-matched controls. We observed enhanced intra-abdominal fat accumulation 

despite controlled refeeding in restriction-induced gorging mice compared to mice fed ad-

libitum which may be partially explained by suppressed BAT thermogenic capacity and a 

gene expression profile favoring lipid deposition. Additionally, we found robust intraday 

changes in adipose tissue gene expression and diminished insulin sensitivity in restriction-

induced gorging mice during weight regain.

Accelerated rates of fat recovery resulting in excess adiposity have been reported in adults 

and children during nutritional recovery after starvation [6] and in a rat model of controlled 

refeeding following semi-starvation [12, 14–16]. Moreover, during weight regain in women 

with anorexia nervosa, body fat was disproportionately redeposited centrally [32, 33]. 

Consistent with these studies, we observed Restricted mice gained significantly more intra-

abdominal fat (eWAT) during weight regain despite a lower cumulative food intake and 

lower final body weight compared to ad-libitum fed Control mice. Analogous increases in 

adipocyte cross-sectional area substantiate this finding. Intra-abdominal adipose tissue mass 

and adipocyte size of refed Restricted mice, however, did not vary by metabolic state. Thus, 

intraday changes in adipose tissue mass, if they exist, were not detectable as early as 3–4 h 

into gorging relative to mice that were 16–18 h post-gorging. In contrast to differences in 

eWAT, we found no differences in subcutaneous fat mass after weight regain in refed 

Restricted mice compared to age-matched Control mice, a finding also consistent with 

weight regain in women with anorexia nervosa [33].

Increased intra-abdominal adiposity in the face of reduced cumulative food intake would be 

possible with a sustained reduction in energy expenditure. Although we did not measure 

resting energy expenditure, we presume energy expenditure was decreased in Restricted 

mice following food restriction. Additionally, food restriction has been shown to decrease 

energy expenditure beyond what would be expected from loss of body mass by suppressing 

thermogenesis and therefore increasing efficiency of energy utilization [34]. Conversely, 

conditions such as overfeeding (e.g. gorging) have been shown to activate thermogenesis, 

including brown adipose tissue (BAT) thermogenesis [34, 35]. Despite gorging meals, 

mRNA expression of UCP1, the mitochondrial protein determining thermogenic capacity in 

BAT, was significantly decreased in both Restricted groups (Gorging and Post-gorging) 

compared to Control mice. This apparent sustained suppression of thermogenic capacity 

(hence energy expenditure) may partially explain the excess adiposity in Restricted mice 

after refeeding. In fact, in studies of catch-up growth [16] and weight regain following 

weight loss [11] in rats, spared energy from suppressed thermogenesis (increased metabolic 

efficiency) was shown to be preferentially directed to fat deposition.
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In the present study we captured intraday changes in expression of lipid metabolism-related 

genes. That gene expression of key enzymes and transcription factors promoting de novo 

lipogenesis, adipogenesis, and lipid uptake in intra-abdominal adipose tissue were increased 

in Restricted mice during gorging was not surprising. However, at the end of the daily 

extended fast (Post-gorging), with the exception of SREBP-1, expression of lipogenic genes 

in Restricted mice remained elevated or were equivalent to fed controls suggesting fat 

storage is favored throughout the feeding cycle. This enhanced expression of lipogenic 

genes is consistent with a mouse model of catch-up growth following low birth weight [17] 

but varies slightly from a rat model of semistarvation-refeeding where both adipogenic and 

lipogenic gene expression were enhanced [15] although metabolic state was not reported in 

these studies.

In addition to intraday oscillations in adipo/lipogenic genes, adipokine gene expression also 

varied by metabolic state in the gorging mice following restriction, but did not parallel fat 

mass. In general, circulating levels of adipokines are positively related to fat mass [31], yet 

gene expression of pro-inflammatory adipokines and leptin during Restricted mice’s daily 

extended fast were negatively associated with fat mass relative to Control mice. This may 

best be explained by the fact that gene transcription of many adipokines is acutely regulated 

by nutrient availability and catecholamines. IL-6 and TNF-α mRNA expressions in adipose 

are positively regulated by glucose and glucosamine [36] while leptin transcription is 

negatively regulated by catecholamines and positively by nutrient availability [37]. During 

Restricted mice’s daily extended fast, when plasma ketones trended higher, nutrient 

availability presumably would be decreased and catecholamines increased. This would 

explain reduced IL-6, TNF-α, and leptin mRNA expressions as well as decreased plasma 

leptin levels. Altogether, these intraday variations in expression of lipid metabolism-related 

genes and adipokines demonstrate the exaggerated “fed” and “fasted” metabolic states 

consequent to gorging behavior – extremes that may confound comparisons with nibbling 

mice.

A key study objective was to identify whole-body, sustained metabolic consequences of 

restriction-induced gorging in mice during weight regain. Data from the hyperinsulinemic-

euglycemic clamp experiments demonstrate that Restricted mice developed hepatic insulin 

resistance. In addition, although our findings were not statistically significant in 

gastrocnemius muscle, total glucose disposal was decreased in Restricted mice suggesting 

peripheral insulin sensitivity was compromised. Differences in insulin sensitivity between 

Restricted and Control groups may be the result of differences in fasting status [24]. 

Restricted mice consumed their entire daily food allotment prior to overnight fasting for 

clamp experiments. In contrast, because Control mice (fed ad-libitum) consume most of 

their food in the dark phase [18], it is likely that compared to Restricted mice, Control mice 

consumed significantly less total food in the 24 hours preceding the clamp experiments due 

to overnight fasting. Differences in experimental factors may explain the differences in 

insulin sensitivity between groups.

Apart from the possible effects of fasting status on insulin sensitivity, the initial food 

restriction imposed on Restricted mice may have altered peripheral insulin sensitivity. In rats 

refed after semi-starvation to promote catch-up growth, glucose disposal in skeletal muscles 

Kliewer et al. Page 9

J Nutr Biochem. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was decreased while uptake in adipose tissue was increased [14]. We measured glucose 

uptake in gastrocnemius muscle and detected no difference between groups. However, 

because skeletal muscle is the major site of insulin-stimulated glucose disposal [38], our 

finding that whole-body glucose uptake is significantly decreased suggests glucose disposal 

in other skeletal muscles was diminished. Interestingly, the fold increase in glucose uptake 

in eWAT in our Restricted mice was similar to that observed in refed rats after semi-

starvation [14]. Thus, our refed Restricted mice may be similar to a rat model of catch-up 

growth where a state of hyperinsulinemia (detected during the clamp in our study) and 

muscle insulin resistance directs glucose to adipose tissue [14]. In our mice, however, 

increased glucose uptake in adipose tissue did not completely compensate for decreased 

muscle disposal.

Deleterious consequences of prolonged fasting and/or refeeding after food restriction offer 

potential explanations for diminished insulin sensitivities observed in our mice. During 

fasting, fatty acids released from adipose tissue for energy are stored in the liver for 

conversion to ketones. Therefore, a consequence of an extended fast is hepatic lipid 

accumulation which we observed in refed Restricted mice. Intra-hepatic lipid accumulation 

is associated with hepatic insulin resistance which is postulated to be mediated by lipid 

intermediaries [39]. Similarly, a consequence of refeeding following food restriction is 

enhanced accumulation of intra-abdominal fat [32, 33] – also observed in our mice – which 

itself is associated with hepatic and extrahepatic insulin resistance [40, 41]. Thus, extended 

fasts and refeeding after food restriction both result in ectopic accumulation of lipids 

associated with increased risk of insulin resistance.

Although the initial food restriction and/or gorging behavior may explain increased eWAT 

mass and decreased insulin sensitivity in Restricted mice, it is also possible that a disruption 

of circadian rhythms caused by allocating food to the Restricted mice during the light hours 

may account for these deleterious effects. Mice are nocturnal feeders and consume most of 

their calories during the dark phase [18]. When mice consume food only during light hours, 

there is a “disconnect between the light-entrained rhythms and the food-entrained rhythms” 

[42]. This disconnect may explain why mice consuming a high fat diet only during the light 

period gained more weight than mice fed only during the dark period [43]. Thus, disrupted 

circadian timekeeping may have played a role in the adverse metabolic consequences 

observed in Restricted mice.

In summary, in the present study we show intra-abdominal fat accumulation is enhanced in 

mice during controlled refeeding following food restriction and suggest this may be partially 

explained by suppressed BAT thermogenic capacity and a gene expression profile favoring 

lipid deposition. We also demonstrate intraday oscillations in adipose tissue gene 

expressions in restriction-induced gorging mice reflecting the exaggerated metabolic states 

consequent to gorging behavior. Importantly, we show diminished hepatic and peripheral 

insulin sensitivity are metabolic consequences of restriction-induced gorging. Future studies 

should determine whether changes in adipose tissue gene expressions, lipid stores, and 

whole-body metabolism in our study can be attributed to the initial food restriction, 

circadian disturbances, and/or gorging eating pattern.
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Highlights

When mice are temporarily restricted (‘Restricted’) to ~ 70% energy needs, a 

gorging behavior persists for at least two weeks after adequate food energy is 

restored.

Restricted mice displayed enhanced intra-abdominal fat accumulation and 

diminished hepatic insulin sensitivity.

Gene expression in intra-abdominal adipose favors lipid deposition in Restricted 

mice.

Diurnal gene expression varies significantly in adipose tissues of Restricted vs. 

Control mice.
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Fig. 1. 
Metabolic state, food intake, and body weight differences between Restricted mice and ad-

libitum fed Controls (A) Metabolic states of Control and Restricted mice in 24 h feeding 

cycle. Restricted mice gorge all food rations shortly after presentation and therefore 

experience a brief “fed” period and an extended “fasted” period until food is provided the 

following day. Control mice nibble throughout dark hours and in short bouts during light 

hours and therefore effectively remain in a constant “fed” state. (B) Food intakes and (C) 

Body weights during food restriction (first 5 days) and refeeding. Values represent means ± 

s.e.m. (Control, n=10; Restricted, n=20). Food intakes were evaluated by Mann-Whitney 

test and body weights by Student’s t-test. Asterisks indicate statistically significant 

differences, p < 0.05.

Kliewer et al. Page 15

J Nutr Biochem. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Adipose tissue mass and adipocyte size in refed Restricted mice by metabolic state and 

relative to ad-libitum fed Controls. (A) White adipose tissue weights, n=10 per group. (B) 

eWAT mass by body weight. eWAT mass was significantly higher in both Restricted groups 

compared to Control mice by ANCOVA with body weight as a covariate (p < 0.001, post 

hoc LSD tests; n=10 per group). (C) eWAT adipocyte cross-sectional area, 150 cells/mouse 

x 8–10 mice per group. (D) Representative images of H&E stained eWAT revealing effects 

of restriction-triggered gorging on adipocyte morphology. Magnification: 200x; Scale Bar: 

50μm. Data in A and C were analyzed using one-way ANOVA with post hoc Tukey’s test. 

Different letters indicate statistically significant differences among groups, p < 0.05. eWAT, 

epididymal white adipose tissue; iWAT, inguinal white adipose tissue.
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Fig. 3. 
Liver lipid stores in refed Restricted mice by metabolic state and relative to ad-libitum fed 

Controls. (A) Total liver lipids (n=9–10 per group). (B) Plasma β-hydroxybutyrate (n=4–7 

per group) was measured to assess degree of fasting. Values represent means ± s.e.m. Data 

were analyzed using one-way ANOVA with post hoc Tukey’s test. Different letters indicate 

statistically significant differences among groups, p < 0.05.
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Fig. 4. 
Expression of thermogenesis-related genes in brown adipose tissue in refed Restricted mice 

by metabolic state and relative to ad-libitum fed Control mice. Values represent means ± 

s.e.m., n=7–10 per group. Data were analyzed using one-way ANOVA with post hoc 

Tukey’s test. Different letters indicate statistically significant differences among groups, p < 

0.05.
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Fig. 5. 
Gene expressions in epididymal white adipose tissue in refed Restricted mice by metabolic 

state and relative to ad-libitum fed Controls. (A) Adipo/lipogenic and lipolytic mRNA 

expression. (B) Adipokines and inflammatory marker mRNA expression and plasma 

adipokines. Values represent means ± s.e.m., n=7–10 per group. Data were analyzed using 

one-way ANOVA with post hoc Tukey’s test. SCD1, LPL, SREBP-1, PPARγ, TNF-α, 

CD68, and LEP were transformed for statistical analysis. Untransformed means are 

presented for relevance. Different letters indicate statistically significant differences among 

groups, p < 0.05. ADIPOQ, adiponectin; ATGL, adipose triglyceride lipase; CD36, fatty 

acid translocase, cluster of differentiation 36; CD68, cluster of differentiation 68; F4/80, 

EGF-like module-containing mucin-like hormone receptor-like 1; FAS, fatty acid synthase; 

HSL, hormone-sensitive lipase; IL-6, interleukin 6; LEP, leptin; LPL, lipoprotein lipase; 

PLIN1, perilipin-1; PPARγ, peroxisome proliferator-activated receptor gamma; SCD1, 

stearoyl-CoA desaturase-1; SREBP-1, sterol regulatory element-binding protein-1; TNF-α, 

tumor necrosis factor α.
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Fig. 6. 
Hyperinsulinemic-euglycemic clamp measurements of refed Restricted mice compared to 

ad-libitum fed Controls. (A) Time course of arterial glucose. (B) Glucose infusion rates 

during hyperinsulinemia. (C) Basal and clamp insulin levels. (D) Whole- body glucose 

uptake. (E) Muscle and white adipose tissue glucose disposal. (F) Endogenous glucose 

production (EGP) during basal and hyperinsulinemic conditions. Values represent means ± 

s.e.m., (Control, n=7–8; Restricted, n=6–7). Differences between Control and Restricted 

groups were analyzed by Student’s t-test. Asterisks indicate statistically significant 

differences, p < 0.05. eWAT, epididymal white adipose tissue; gastroc, gastrocnemius.
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