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Abstract

Background: Intermittent fasting (IF) strategies have emerged as viable alternatives to 

traditional calorie-restricted diets. A key predictor of metabolic health and response to diet is 

cardiometabolic fitness, including intrinsic aerobic capacity. In a contrasting rat model of aerobic 

capacity—high- and low-capacity runners (HCR, LCR)—we found that the lean and physically 

active HCR were also more responsive to a standard calorie-restricted diet. Here, we assessed the 

ability of IF to induce weight loss on a background of high and low aerobic fitness accompanied 

by different levels of daily physical activity.

Methods: Female HCR and LCR (8 per line) were subjected to IF (alternate-day fasting) for 14 

weeks. Outcomes included changes in body weight, fat and lean mass, daily physical activity, and 

food and water intake. After initial measurements, IF was continued, and measurements were 

repeated after one year of IF.

Results: All rats lost weight with IF, and LCR lost significantly more weight than HCR. This 

difference was primarily due to differential fat loss; loss of lean mass, on the other hand, was 

similar between HCR and LCR. Total food intake decreased with IF, and LCR showed lower 

intake than HCR only during the first 5 weeks of IF. Physical activity was suppressed by long-term 
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IF. Physical activity increased on fed days compared to fasted days, and this pattern was more 

pronounced in HCR. The differential effects of IF in HCR and LCR persisted after one year of IF, 

with IF preventing the marked weight gain seen in ad libitum fed LCR during this time.

Conclusion: Weight and fat loss from IF was more pronounced in obesity-prone, low-aerobic 

capacity LCR, despite the low activity levels seen in these rats. The possibility that aerobic 

capacity modulates response to IF in human participants remains unexplored.
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1. Introduction

As an alternative to standard caloric restriction based on the amount of daily calorie intake, 

there is growing evidence that approaches using timed feeding provide health benefits (1–3). 

Instead of limiting the number of calories each day as in standard calorie restriction, the 

timing of food availability can be modified using intermittent fasting (IF) strategies, such as 

alternate-day fasting in which food is limited every-other day. While there are numerous 

variations to meal timing in IF procedures, they generally consist of fasting cycles 

interspersed with periods of ad libitum feeding. This strategy decreases metabolic risk 

biomarkers in mice and humans, supporting its use to promote lifespan (4). A recent meta-

analysis of randomized controlled trials supports the safety and efficacy of IF procedures, 

with the potential for some benefit in insulin sensitivity over daily calorie restriction (1). 

With the rising popularity of IF strategies, it is important to discern approaches that are most 

effective for long-term weight loss as well as the promotion of health-span, especially for 

those with or at risk for obesity or metabolic syndrome.

One influential predictor of metabolic health is intrinsic aerobic capacity, a complex trait 

linked to multiple facets of health and lifespan, including glycemic control, lipid 

metabolism, and cardiovascular health (5). With respect to human health, aerobic capacity 

and its proxy, cardiorespiratory fitness, are strong predictors of lifespan and health-span (6–

11). Based on the idea that disease risk is polygenic and based in energy transfer and non-

equilibrium thermodynamics, intrinsic aerobic capacity was modeled using rats, resulting in 

high- and low-aerobic capacity phenotypes—HCR and LCR (12). Consistent with the 

underlying hypothesis, LCR have higher risk for metabolic and related disease as well as 

decreased longevity (5, 12, 13). In addition to diverging in disease risk and physiology, HCR 

and LCR also exhibit differences in behavior (14) including physical activity. Elevated 

physical activity, along with greater activity-related energy expenditure, is part of the lean, 

high aerobic capacity phenotype (15). Using 3 weeks of 50% calorie restriction, we 

demonstrated that the inherently lean and active HCR lost proportionally more weight than 

LCR, even in the case of female rats which did not show a marked phenotypic difference in 

baseline body weight (16). Food restriction in HCR and LCR altered physical activity, where 

short-term restriction increased activity, but this was followed by suppression of locomotor 

activity as food restriction progressed (16). This long-term suppression of physical activity 

served to further dampen energy expenditure and prime the animal for weight recovery upon 

resumption of ad libitum feeding. Diet strategies that might circumvent this suppression of 
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physical activity with long-term weight loss would be beneficial for sustained maintenance 

of the reduced body weight.

With increasing interest in time-restricted feeding strategies (17), the question remains as to 

whether different populations show varying responses to timed feeding (18). Here, we used 

the HCR/LCR rat model to investigate weight loss with IF. In addition, we examined how IF 

affects daily physical activity in rats known to be highly active compared to sedentary (15, 

16, 19, 20). Lastly, the long-term viability of IF for weight loss was also considered.

2. Methods

2.1 Animals.

Procedures were approved by the Kent State University Animal Care and Use committee, 

and animals were cared for in accordance with the Guide to the Care and Use of Laboratory 

Animals. Female HCR/LCR rats (N=26; generation 21) were housed at 72°F on a 12:12 

light-dark cycle with lights-on at 0700 Eastern Standard Time, with tap water available ad 
libitum. Food (Prolab RMH 3000 – 5P00; T.R. Last Co. Inc.) was available ad libitum 

except during alternating fasting days. Chow pellets were comprised of 26% protein, 14% 

porcine and plant oil fat, and 60% carbohydrate, with a physiological fuel value of 3.46 kcal/

gram.

A model of rats artificially selected from the large, genetically heterogeneous N:NIH 

founder population into two lines for their divergent aerobic capacity for endurance running 

on a treadmill—HCR and LCR—has been generationally maintained at the University of 

Michigan (now at the University of Toledo). This selection based on the ability to utilize 

oxygen, phenotypically assessed using treadmill endurance running, separates the rats into 

two distinct and contrasting but genetically intact phenotypic strains with their own unique 

metabolic and behavioral characteristics; this approximates a gradient of a human population 

containing both lean and obese phenotypes (5). Female rats were chosen because the small 

phenotypic difference in size between HCR and LCR minimized potential effects of baseline 

body weight on weight loss. Estrous cycles were not monitored here; previously, we detected 

small but predictable effects of cycle on physical activity in these rats (16), with no HCR-

LCR differences noted there or in the context of blood glucose control (21). Aerobic 

capacity phenotype was assessed using treadmill running at about 4 months of age; out of 5 

running trials, the IF-fed HCR had significantly longer best run times (HCR, 73±2min; 

LCR, 20±1 min), best distance (HCR, 2052±101m; LCR, 288±21m), and Joules (HCR, 

916±74J; LCR, 143±14J) compared to LCR. Aerobic capacity did not differ between IF-fed 

and control-fed rats within line for best run time (control: HCR, 74±2min; LCR, 20±1 min), 

best distance (control: HCR, 2073±81m; LCR, 294±24m), and Joules (control: HCR, 

951±29J; LCR, 156±12J). Rats were divided into four groups. At about 7 months of age, 

group of 8 rats from each selected line was placed in individual activity monitor chambers 

(ordered among a total of 16 activity monitors to avoid bias in placement by selected line) 

and subjected to IF where food was available ad libitum every other day, alternating fed and 

fasted days. A group of 5 rats from each line remained individually housed in standard 

caging under normal ad libitum-fed conditions to serve as an age-matched normative control 

for unmanipulated conditions. Rats in the activity monitors underwent daily measurements 
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of body weight, food and water intake, and physical activity. Activity monitors were reset 

each day during an afternoon window for measurements of body weight and food. Once a 

week, body composition was determined using an EchoMRI-700. For body composition 

measurements taken 16 days before the first day of fasting, IF-fed HCR weighed 235 ± 11 g 

(22 ± 2 g fat, 182 ± 8 g lean mass) with IF-fed LCR weighing 276 ± 12 g (54 ± 7 g fat, 186 

± 11 g lean mass); at the same time, control-fed HCR weighed 235 ± 15 g (24 ± 2 g fat, 184 

±7 g lean mass) and control-fed LCR weighed 277 ± 2 g (48 ± 10 g fat, 194 ± 4 g lean 

mass). IF-fed and control-fed rats did not differ in body weight or composition within line, 

but LCR had significantly higher body weight and fat mass than HCR (2-tialed t-tests), with 

no difference in lean mass, consistent with their phenotype (15, 16, 19, 20).

For comparison, another contrasting selected line was subjected to intermittent fasting, rats 

artificially selected (i.e., selectively bred) for high and low response to training, which were 

also derived from N:NIH stock (22). Female high-response trainer (HRT, n=8) and low-

response trainer (LRT, n=8) underwent activity measurement before and during 11 weeks of 

alternate-day fasting after 19 days of baseline measurement.

2.2 Intermittent fasting.

Intermittent fasting was accomplished by removing and weighing all food from the cage for 

24 hrs, and replacing the food the following day at the same time. HCR and LCR rats 

underwent IF for 14 weeks while housed in the activity monitors, with daily measurements 

taken starting at 1200 EST. Subsequently, rats continued IF in standard housing with body 

weight and composition measured weekly; during this time, daily measurements began at 

1700 EST. Body composition was measured in all rats in week 46. Beginning on the 56th 

week of IF, physical activity, food and water intake, and body weight were measured daily 

for an additional 7 weeks to assess the effects of long-term IF on activity levels. Body 

weight and food intake measured in control ad libitum-fed rats during the third of the seven 

weeks.

2.3 Physical activity.

Physical activity was measured using activity monitors (Opto-M Animal Activity Meters; 

Columbus Instruments, Columbus, OH), as previously described (16). Briefly, the 16X16-

inch housing area is surrounded by infrared beans to collect horizontal, ambulatory, and 

vertical activity data. Activity measurements were stopped each day for 1–2 hrs during the 

light phase to measure body weight and download activity data. Physical activity variables 

calculated included distance traveled (cm/min); time spent resting (sec/min); time spent in 

each stereotypic activity and ambulatory activity (sec/min); and horizontal, ambulatory, and 

vertical activity counts (counts/min). Note that running wheels were not used to measure 

activity because of the ability of wheels to independently skew energy balance and increase 

activity levels (23).

2.4 Statistical analyses.

Analyses were conducted using IBM SPSS software. Food intake was compared by 

calculating daily intake for control rats; for IF-fed rats, fed-day intake/2 was used to 

calculate effective daily food intake. Data through 14 weeks of IF were subjected to 
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repeated-measures ANOVAs examining effects of IF (vs control-fed), time on IF (from 

baseline day through IF), and selected line (HCR/LCR) on body weight, fat mass, lean mass, 

add food intake in separate analyses (Table S1). Fed days and fasted days were also analyzed 

separately for physical activity (i.e., over IF only on fed days, or only on fasted days; Table 

S2). For data after prolonged IF, one fed and one fasted day body composition (fat and lean 

mass) were analyzed separately using 2X2 ANOVAS, then body weight and composition 

and water intake were compared between fed and fasted days in HCR vs LCR using 2X2 

ANOVAs (Table S3). Physical-activity data analyses compared the mean fed and mean 

fasted day activity between HCR and LCR using 2X2 ANOVAs (Table S4). Food intake 

after one year of IF or ad libitum food intake was also analyzed using analysis of covariance 

(ANCOVA) with body weight as the covariate. Change in body weight, fat mass, lean mass, 

and food intake were also compared between HCR and LCR using 2-tailed t-tests, as were 

simple comparisons between HCR and LCR baseline, mean fed day, and mean fasted day, 

illustrated in inset bar graphs (Figures 1, 3, and 4). Based on prior identification of acute 

fasting-induced changes in activity (16), a 1-tailed paired t-test was performed comparing 

distance traveled on the day before IF and the first fasting day to examine acute effects of 

fasting on activity. Significance was determined as p < 0.05.

3. Results

3.1 LCR lost more weight than HCR over 14 weeks of intermittent fasting.

For all analyses, see Tables S1–S4 for detailed statistical results. As shown in Fig 1 A–B, 

there was an interaction in weight loss between HCR and LCR where LCR lost significantly 

more weight than HCR over 14 weeks of IF (p<0.001). The typical phenotypic difference in 

body weight observed during baseline ad libitum feeding (where LCR weigh more than 

HCR) abated by the third week of IF, resulting in no overall main effect of body weight 

between HCR and LCR. Taking the average of fed and fasted days on week 14, HCR lost 

15.26 g (±2.71 g), while LCR lost 50.82 g (±5.37 g; p<0.0001). This contrasted with body 

weight of HCR and LCR from the same cohort that did not undergo IF; as shown in Fig 1C, 

control-fed rats showed small but steady weight gain over 14 weeks. For food intake, though 

hyperphagia occurred every-other day in response to the previous day’s fast, the 2-day intake 

did not fully compensate for the missed intake the previous day (Fig 1D). While HCR ate 

more than LCR on their fed day for the first 5 weeks of IF, after this the food intake did not 

significantly differ between HCR and LCR. Water intake generally mirrored food intake (Fig 

1E), with greater water intake on fed days compared to fasted days, but no main effect of 

selected line and no interaction.

As shown in Fig 2A, there was significant fat loss over 14 weeks of IF (main effect of fat 

mass over time, p<0.001). At baseline, LCR had greater fat mass than HCR, and there was a 

phenotypic difference in fat loss over time on IF (p<0.001). As shown in Fig 2A, 14 weeks 

of IF decreased LCR fat mass, with little change in HCR fat mass; there was no significant 

phenotypic difference in fat mass by week 4–5 of IF (2-tailed t-tests; week 4, p=0.174; week 

5, p=0.182). By the end of 14 weeks, HCR and LCR showed similar fat mass, in contrast to 

the phenotypic disparity in fat mass typical of these lines. IF-fed HCR were similar to 

control HCR, showing significantly less fat mass than their control-fed counterparts. Thus, 
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IF eliminated the elevated adiposity typically seen in LCR. As shown in Fig 2B, lean mass 

showed a different pattern, with no overall difference (i.e., no main effect) between HCR and 

LCR (p=0.778). Both HCR and LCR lost lean mass by the second week of IF (1-tailed 

paired t-tests, p<0.05). Over 14 weeks of IF (p<0.001), with no significant difference in the 

HCR vs LCR response to IF (i.e., no significant interaction, p=0.165). In summary, LCR and 

HCR showed similar loss of lean mass due to IF. Body weight, fat mass, and lean mass each 

fluctuated between fed and fasted days, but the daily fluctuation was more marked when 

observing lean mass than fat mass.

3.2 Physical activity decreased with 14 weeks of IF, with a larger decrease in HCR.

IF significantly affected multiple aspects of physical activity. As previously demonstrated 

(16), rats showed high activity levels upon introduction to the new environment (i.e., the 

activity monitor), and HCR were more active than LCR during and after acclimation (Fig 3). 

With the onset of fasting, an acute increase in distance traveled was seen in HCR (p=0.022) 

but not LCR (p=0.103; 1-tailed paired t-tests comparing distance traveled on final day of ad 
libitum feeding with first fasting day). As shown in Fig 3, IF significantly affected physical 

activity over time. First, physical activity depended on food availability, where rats were 

more active on fed days than on fasted days. When considered separately, time spent resting, 

time in stereotypic activity, and time in ambulatory activity, as well as horizontal and vertical 

counts, all showed significant changes over IF on both fed and fasted days. Distance traveled 

and ambulatory counts were significantly suppressed only on fasted days (Fig 3A, C). 

Second, the effect of IF differed between HCR and LCR. There was a significant interaction 

where HCR showed larger changes in activity due to IF when considering only fasted days 

for all activity variables, and significantly greater decrease in activity when considering only 

fed days for time in stereotypic activity and vertical counts. The day-to-day change in 

activity was significantly more pronounced in HCR; for example, HCR and LCR traveled 

similar distances on fasted days, but the HCR showed a much steeper increase on fed days 

(Fig 3A). The day-to-day change in activity was more pronounced in HCR than in LCR for 

vertical counts, in contrast to time spent resting or stereotypic activity in which HCR and 

LCR showed similar day-to-day changes (Fig 3F vs B, D). The daily (fed-to-fasting day) 

change in rest time increased markedly in both HCR and LCR 3–4 days following a 

temporary change in room environmental controls (Fig 3B), but this was not evident in other 

indices of activity.

3.3 The effects of IF on body weight, body composition, and physical activity persisted 
after 1 year.

An additional seven weeks of activity measurements were collected after one year of 

continuous IF, with body weight and food intake measured in control ad libitum-fed rats 

during the third of the seven weeks, and body composition measured during week 46. Rats 

subjected to IF maintained a reduced body weight after one year on the diet (Fig 4A). Body 

weight significantly differed between fed and fasted days in both HCR and LCR, but there 

was no significant difference between body weight in IF-fed HCR and LCR at 1 year after 

IF began (one-tailed t-test, p=0.092). The control, ad libitum-fed LCR were significantly 

heavier than HCR (one-tailed t-test, p=0.033). The weight loss in IF-fed rats contrasts to the 

increase in body weight over time seen in ad libitum-fed HCR and LCR; during the third 
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week of the second activity measurement, HCR weighed 300g (±21g) and LCR weighed 

372g (±27g).

Relative to ad libitum intake, food intake remained significantly decreased after one year of 

continuous IF, but did not differ between HCR and LCR (Fig 4B). When food intake at 1 

year of IF was compared using body weight as the covariate (Fig 4C), body weight was a 

significant predictor of food intake, with larger rats eating more food. Rats fed ad libitum ate 

more than IF-fed rats, and HCR ate more than LCR (i.e., significant main effects). There 

was a significant interaction in which ad libitum-fed HCR of a given body weight ate 

significantly more than LCR (e.g., HCR weighing 300 ± 21 g ate 15.50 ± 0.55 g, and LCR 

weighing 372 ± 27 g ate 14.38 ± 0.63 g), but on IF, there was no phenotypic difference in 

food intake once body weight was taken into account (HCR weighing 237 ± 12 g ate 10.65± 

0.47 g, and LCR weighing 264 ± 15 g ate 10.41 ± 0.40 g). As before, water intake showed 

day-to-day changes between fed and fasted days, with no difference between HCR and LCR 

(main effect, p=0.054).

For body composition, compared to their ad libitum-fed counterparts, HCR and LCR had 

significantly lower fat mass after 1 year of IF, with a significant interaction where LCR 

showed significantly more fat loss than HCR (Fig 2B); these results were found on both fed 

days and fasting days. This differed from the effect of 1 year of IF on lean mass, where IF 

caused a decrease in lean mass over time relative to control-fed rats, but with no significant 

interactions found between HCR and LCR.

When rats were placed in the physical activity monitors for 7 weeks after a year of 

continuous IF, activity variables monitored (distance traveled; times spent resting; 

horizontal, ambulatory, and vertical counts) were similar to what was observed at the 

beginning of IF (Fig 5). The elevated activity on fed days relative to fasted days persisted, 

with HCR more active than LCR overall, and a significant interaction where the day-to-day 

change in activity was more pronounced in HCR than in LCR. On fasted days, HCR and 

LCR were similarly inactive; on fed days, HCR increased their physical activity while LCR 

showed much less day-to-day change. Compared to the first 14 weeks of IF (Fig 3), the 

phenotypic difference in the day-to-day variation in activity was more pronounced after 

prolonged IF. There was a significant difference between fed and fasting days, and a 

significant interaction between HCR and LCR, for each activity variable measured.

3.4 IF did not differentially affect body weight in rats artificially selected for response to 
training.

Artificial selection has also been performed for response to aerobic training, yielding high-

response trainer and low-response trainer phenotypes (i.e., HRT and LRT rats)(22). Based on 

statistical modeling evidence, the response to training phenotype is independent of intrinsic 

capacity and body weight (22). As shown in Table 1, three weeks before the onset of IF, 

baseline body weight differed between female HRT and LRT groups (HRT, 252.8 g ± 4.9 g; 

LRT, 309.3 g ± 5.7 g; p=0.018). For body composition, baseline lean mass differed between 

HRT (172.2 g ± 1.7 g) and LRT (198.3 g ± 30.7 g; p=0.045), but fat mass did not reach 

significance in a 2-tailed t-test comparing HRT (52.7 g ± 4.1 g) and LRT (78.9 g ± 2.7 g). 

Eleven weeks of IF induced significant loss of body weight, fat mass, and lean mass in these 
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rats, but HRT and LRT did not significantly differ in any parameter measured (see Table 1); 

loss of body weight, fat mass, and lean mass did not show any difference between HRT and 

LRT. Food and water intake changed with IF, as predicted, also with no difference between 

HRT and LRT. Though activity changed over IF, this was mostly due to day-to-day changes 

in activity in response to acute food availability rather than an overall suppression of activity 

levels (Table 1); there was no difference between HRT and LRT in physical activity.

4. Discussion

As time-restricted eating strategies become increasingly common, evidence including 

clinical trials supports the safety and efficacy of many of these diets, including alternate-day 

fasting (1, 24, 25). We hypothesized that a key physiological predictor of long-term 

metabolic health—intrinsic aerobic capacity (5)—would modulate responsiveness to IF. 

Here, we employed an animal model system with contrasting levels of adiposity and 

physical activity to investigate phenotypic differences in response to IF. Alternate-day 

fasting induced a marked loss of weight and fat in the obesity-prone, low-fitness LCR (Fig 

1). The differential weight loss was due primarily to greater loss of body fat in LCR (Fig 

2A). Little difference was seen in loss of lean mass outside of the anticipated decrease in 

lean mass with fasting (Fig 2B). Low-fitness LCR lost weight and fat despite their low levels 

of daily physical activity (Fig 3). This contrasts markedly with the proportionally enhanced 

weight loss in HCR seen with daily calorie restriction (16). Altogether, this suggests that 

alternate-day fasting may be particularly effective for weight loss in the obesity-prone, low-

aerobic capacity phenotype.

Under ad libitum conditions, LCR show a consistently obese phenotype, with high body 

weight and adiposity relative to their lean, HCR counterparts (15). The striking weight loss 

seen in LCR subjected to IF (Fig 1A, B) could result from loss of fat, lean mass, or both. 

Indeed, human weight loss, even with concurrent exercise, comes with reduced lean mass 

along with lower adiposity (26). Here, IF resulted in loss of body fat and lean mass (Fig 2), 

however, HCR and LCR differed in the contribution of fat and lean mass to overall weight 

loss. In the first 5 weeks of IF, LCR showed a significant decrease in adiposity, while HCR 

showed very little change in fat mass over time (Fig 2A). Baseline lean mass showed less 

phenotypic difference between HCR and LCR, although the greater overall body mass in 

LCR is commonly accompanied by higher baseline fat-free mass, at least in males (27). 

Both HCR and LCR lost lean mass with IF, as would be expected with negative energy 

balance and weight loss (Fig 2B). There was no significant difference in the amount of lean 

mass lost between HCR and LCR on IF (Figure 2B). Therefore, of the additional weight lost 

by LCR over HCR, most of this was due to decreased adiposity, not loss of lean mass. In 

essence, subjecting LCR to IF removed the phenotypic difference in body weight and body 

composition typically seen in these rats. Given the greater phenotypic divergence in body 

composition seen between male HCR and LCR (16), the possibility that IF may be more 

effective for weight and fat loss in male LCR is particularly intriguing. Lastly, the day-to-

day changes in body weight (Fig 1A) was primarily accounted for by the change in lean 

mass between fed and fasted days, which was accompanied by changes in total water (data 

not shown) as well as water intake (Fig 1E), which generally mirrored food intake (e.g., 

higher on fed days). Although evidence from humans and mice links IF with improved 
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glycemic control (28, 29), potential deleterious effects are also possible. For example, in 

young female Wistar rats, 12 weeks of IF leads to pancreatic beta-cell dysfunction and 

hyperinsulinemia (30).

The greater weight loss seen in the LCR relative to HCR could stem from differential 

changes in food intake, energy expenditure, or both. Total food intake was markedly reduced 

by alternate-day fasting (Fig 1D). On their fed day, rats ate more food than on a baseline 

(pre-IF) day, but the additional intake was insufficient to offset the fasting days. Therefore, 

rats decreased their total food intake upon introduction of IF, with the most marked change 

in the first week of IF and a gradual partial recovery thereafter (Fig 1D). These HCR and 

LCR did not have significantly different caloric intake at baseline. At the onset of IF, while 

all rats ate less overall, HCR intake was higher than LCR for the first six weeks of IF; this 

likely contributed to the relatively enhanced weight loss in LCR in the first weeks of IF. By 

about the sixth week of IF, however, there was no longer any phenotypic difference in food 

intake (Fig 1D). This paralleled weight loss and weight maintenance, where most of the 

decrease in body weight was seen by week 3 in the HCR, and by week 5 in the LCR. While 

HCRs’ more gradual decline in food intake may have limited their weight loss, LCR 

maintained their reduced body weight and food intake despite free availability of food on the 

feeding days. In other words, despite the steady weight loss upon introduction to IF, LCR 

did not adjust food intake sufficiently to compensate and maintain their body weight—or 

achieve a body weight low enough to be maintained by the existing food intake—for several 

weeks into IF.

The altered physical activity may have also contributed to phenotypic differences in energy 

balance during IF. HCR are consistently more physically active than LCR (15, 16, 19, 20), 

as seen in these rats before the onset of IF (Fig 3). Daily food restriction (50% calorie 

restriction) has a biphasic effect on physical activity, increasing activity in the first 1–3 days 

of restriction, then decreasing activity levels thereafter (16). This suggested that IF may be 

able to mimic the onset of food restriction and promote physical activity. Close examination 

of physical activity during IF, however, showed that this was not the case. Although HCR 

showed an acute increase in activity on the first day of fasting, by the end of the first week of 

IF, both HCR and LCR were more active on fed days than on fasting days (Fig 3). For many 

aspects of activity, this day-to-day volatility in physical activity was more marked in HCR 

than in LCR. For vertical activity counts, the elevation in HCR activity is particularly salient 

(Fig 3F), especially in comparison to time spent resting or in stereotypic activities like 

grooming which show similar day-to-day changes in HCR and LCR (Fig 3 B, D). With 

relatively elevated activity on fed days, particularly in activities that are more calorically 

costly like vertical activity (e.g., rearing), this would promote negative energy balance in the 

HCR. Yet, HCR were relatively resistant to weight loss on IF. Negative energy balance is 

accompanied by a marked suppression of energy expenditure beyond what is accounted for 

by the lower body size; this has been documented in humans (31, 32) as well as in laboratory 

animals including rats (33). Measurement of energy expenditure during IF in these rats 

would clarify whether differences in weight loss are accompanied by differentially 

suppressed energy expenditure during IF. Interestingly, the rats that lost less weight on IF—

the HCR—would be predicted to have higher EE at baseline (15) as well as higher activity-

associated energy expenditure during IF due to their elevated activity levels (Fig 3, Fig 5). 
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Future examination of energy expenditure in HCR and LCR with IF should include a 

detailed analysis of caloric use during activity.

Food intake was compared relative to body weight in HCR and LCR with comparable 

weight and body composition after IF (Fig 4C). Under ad libitum-fed conditions, HCR ate 

more than LCR once body weight was considered (Fig 4C), consistent with our previous 

demonstration that ad libitum-fed HCR show higher energy expenditure than LCR (15). 

After prolonged IF, however, there was little difference in food intake between HCR and 

LCR of similar body weights (Fig 4C). In other words, HCR subjected to IF ate less than ad 
libitum-fed HCR of the same body size, while the lower food intake in IF-fed LCR was 

accompanied by a significantly smaller body size; this may contribute to the widely 

disparate response of HCR and LCR to daily calorie restriction and IF (16). Focusing on 

female rats subjected to daily calorie restriction (see Table 1 of (16)), compared to LCR, 

HCR lose slightly more body weight and a similar amount of absolute body fat. This 

contrasts markedly with the rats’ relative response to IF (Fig 2), where LCR lose well over 

half of their body fat while HCR lose very little. Future investigations should examine the 

relative adaptation in energy expenditure by daily food restriction and IF in these 

phenotypes.

We next questioned if LCR weight loss would be sustained by long-term IF. Fig 4A 

demonstrates that 1 year of IF maintained weight loss, with total weight loss in LCR greater 

than HCR. Food intake on fed days did not significantly differ between HCR and LCR after 

one year of IF, with water intake mirroring food intake (Fig 4B, D). Comparing food intake 

between HCR and LCR, ad libitum fed HCR of a given body weight ate more than LCR; 

this difference is not apparent in rats subjected to IF, however (Fig 4C). Similarly, the 

phenotypic difference in fat loss persisted after nearly one year of IF (Fig 2A). Ad libitum 
fed HCR and LCR, on the other hand, showed gains in fat mass by week 46–47, and this was 

especially salient in LCR (Fig 2A). Gains of lean mass, on the other hand, were similar 

between IF-fed and ad libitum-fed rats, with no difference in lean mass between HCR and 

LCR subjected to IF (Fig 2B). Altogether, this reinforces the conclusion that LCR 

(compared to HCR) respond to IF with substantial weight loss, primarily due to greater fat 

loss, and that continued IF prevents appreciable gains in weight and fat over time (Fig 2).

Changes in physical activity identified with IF persisted with long-term IF (Fig 5). Activity 

varied day to day, increasing on fed days and decreasing on fasted days. This pattern was 

significantly more prevalent in the HCR than the LCR (Fig 5). In more energetically 

expensive activities like vertical activity (e.g., rearing), LCR showed relatively consistent 

low activity levels, while HCR were significantly more active on fed days (Fig 5E). Whereas 

the overall levels of each type of activity in which HCR or LCR engaged were in the same 

range between short-term and long-term IF, the acute changes in activity with daily 

alterations in food availability were further dampened in LCR with long-term IF. The ability 

of IF to alter habitual daily activity was recently investigated by Beaulieu et al (2020) in a 

randomized controlled trial of women subjected to intermittent energy restriction (modified 

alternate-day fasting). Objectively measured light physical activity was significantly lower 

on the alternating fasted days, without an overall suppression of activity during IF compared 
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to baseline conditions (34). It remains possible that further differences in human habitual 

activity could be detected if participants were compared based on intrinsic aerobic capacity.

As a secondary test of whether there is a significant relationship between aerobic capacity 

and the phenotypic response to IF, we examined changes in body weight and composition 

with IF in another contrasting rat model system that was selectively bred for a low and high 

adaptive response to aerobic training—HRT and LRT (22). Briefly, these rat models were 

developed using the same genetically heterogeneous stock as the HCR/LCR (22), but 

selected on gain in exercise capacity as a result of 8 weeks of endurance treadmill training, 

rather than on intrinsic capacity. Similar to the LCR rats, LRT rats show metabolic 

abnormalities like insulin resistance and dyslipidemia (35). While the baseline phenotype 

was consistent with previous findings that LRT had a higher body weight (35), there was no 

phenotypic difference in the weight loss induced by IF (Table 1). Indeed, while IF decreased 

total food intake, body weight, and fat and lean mass, with day-to-day changes in physical 

activity in response to acute food availability, there were no differences between HRT and 

LRT in any of these responses to IF. With respect to statistical power, the same number of 

rats were compared in both contrasted selected lines (i.e., 8 HCR/8 LCR and 8 HRT/8 LRT). 

Therefore, the differential phenotypic weight loss seen with IF in these selected lines is 

likely to be inherent to the LCR.

While intermittent fasting strategies have been deemed safe, tolerable, and effective for 

weight loss in clinical studies (36–39), less interest has focused on physical activity patterns. 

Descriptions of methods and outcomes regarding physical-activity data collection are 

typically cursory (e.g., activity diaries), with broad temporal resolution in the timing of 

activity; commonly, participants are instructed to maintain habitual activity or exercise 

habits (40–42). Studies that have measured physical activity, for example using step counts, 

do not indicate that IF strategies appreciably alter physical activity in humans, however (42–

45). In participants with obesity, physical activity was maintained over 4 weeks of modified 

alternate-day fasting, and activity did not differ between fed and fasted days (44). Similarly, 

Hoddy (2016) found no change in steps per day with modified alternate-day fasting in 

participants recruited based on lower activity levels (45). Aside from the results of Beaulieu 

et al (2020) described above (34), there is little indication whether IF strategies negatively 

impact activity levels, or if people who are more active compared to less active show 

differential benefits of IF. While some interest has focused on differential effects of IF 

strategies varying in macronutrient composition, or comparing timing schedules of IF diets, 

less attention is given to individual differences in response to IF. The marked difference in 

the metabolic and behavioral outcomes of IF based on metabolic phenotype reported here—

intrinsic aerobic capacity—suggest that this phenotypic difference may extend to humans as 

well. This comparison could be accomplished using a relatively straightforward comparison 

based on aerobic fitness, especially in non-exercising populations.

4.1 Conclusion

Overall, alternate-day fasting induced marked weight and fat loss in rats, but this effect 

depended on metabolic phenotype, with a more pronounced loss seen in the rats with low 

aerobic fitness (i.e., LCR). In the phenotypically lean HCR, on the other hand, weight loss 
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stemmed predominately from loss of lean mass rather than fat mass. The differential effect 

of IF on body weight and composition endured after prolonged IF of one year. Alternating 

food availably also impacted physical activity in a predictable manner, where activity was 

higher on days when food was available, then suppressed on fasting days. This was 

particularly pronounced in the rats that showed less weight loss—the lean HCR, which are 

more physically active at baseline (15, 16, 19, 20). Given the importance of exercise 

capacity in estimating the risk for human metabolic and cardiovascular health risk (5–11), 

and the favorable weight-loss effect of IF over daily calorie restriction in the LCR (16), 

aerobic capacity may prove to be a relevant predictive factor in the success of human weight 

loss with IF.
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Highlights

• Alternate-day fasting induced weight and fat loss in female rats

• Obesity-prone, low-aerobic-fitness rats lost weight & fat with intermittent 

fasting

• Intermittent fasting suppressed physical activity more in lean, high-fitness rats

• Activity fluctuated between fed and fasted days, especially in aerobically fit 

rats

• The weight-loss effects of intermittent fasting are modulated by aerobic 

capacity
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Fig 1. Intermittent fasting (IF) in high-capacity runners (HCR) and low-capacity runners (LCR).
(A) 14 weeks of IF induced significant weight loss in female rats, but this was more 

pronounced in LCR. (B) Body weight fluctuated day-to-day with food intake; the overall 

loss of body weight was significantly higher in LCR when considering weight on the day of 

food availability, the fasting day, or the average of these. (C) Ad libitum fed female HCR 

and LCR from the same cohort showed no weight loss over the same period. (D) There was 

a phenotypic difference in caloric intake where food intake on fed days was higher in HCR 

for the first 6 weeks of IF, but then did not differ between phenotypes by week 6 of IF. (E) 
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Water intake mirrored food intake, where rats drank more water on fasted days, with no 

difference between HCR and LCR. *HCR ≠ LCR, p<0.05, †significant interaction where 

LCR (n=8) lost more weight than HCR (n=8), p<0.05. Inset bar graphs show ad libitum-fed 

baseline, mean of all fed days, and mean of all fasting days; *p<0.05, 2-tailed t-test, HCR 

vs. LCR.
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Fig 2. Body composition of high-capacity runners (HCR) and low-capacity runners (LCR) with 
intermittent fasting (IF).
(A) Fat mass in LCR significantly decreased with alternate-day fasting, reaching levels of fat 

mass typical of HCR (n = 8/group). Ad libitum-fed LCR showed chronically elevated levels 

of body fat compared to HCR. After 46–47 weeks of IF, IF-fed LCR maintained lower 

adiposity compared to ad libitum-fed LCR (n = 5 ad libitum-fed rats/group). (B) Lean mass 

was lost in both LCR and HCR subjected to IF relative to ad libitum-fed LCR and HCR, 

with no significant difference between phenotypes. Lean mass showed more day-to-day 

variation than fat mass in IF-fed rats. After 46–47 weeks, both IF- and ad libitum-fed rats 

gained lean mass, with no differences between phenotypes. Significant interaction where 

LCR showed greater fat loss after 14 weeks of IF as well as after prolonged IF (both fed and 

fasted days).
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Fig 3. Intermittent fasting (IF) altered physical activity in high-capacity runners (HCR) and low-
capacity runners (LCR).
(A) Distance traveled showed significant day-to-day changes, with activity elevated on fed 

days relative to fasted days, and an overall suppression of activity due to IF detectable only 

on fasted days (n = 8/group). (B) For time spent resting, the day-to-day change in activity 

from fed days to fasted days was similar between HCR and LCR, and an overall suppression 

in activity levels due to IF. Ambulatory activity counts (C) were affected similar to distance 

traveled, whereas stereotypic activity (D) was similar to time spent resting where HCR and 

LCR showed similar day-to-day changes in activity. For both horizontal (E) and vertical (F) 

activity counts, phenotypic differences in activity were apparent on fed days. Overall, the 

differential response to IF between HCR and LCR was more evident in more energy-

consuming activities (e.g., ambulation, vertical activity) than less energy-consuming 

activities (e.g., stereotypic activity or resting). *HCR (in legend), main effect on fed day, 

HCR>LCR, p<0.05, n = 5 rats/group; †significant interaction where HCR and LCR 

responded differently to IF from baseline on fasted days (distance traveled, time spent 

resting, ambulatory and horizontal counts), or both fed and fasted days (time in stereotypic 
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activity, vertical counts). Inset bar graphs show ad libitum-fed baseline, mean of all fed days, 

and mean of all fasting days; *p<0.05, 2-tailed t-test, HCR vs. LCR.
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Fig 4. Response to prolonged intermittent fasting (IF) in high-capacity runners (HCR) and low-
capacity runners (LCR).
(A) Body weight of HCR and LCR subjected to IF continued to fluctuate day to day after 

prolonged (>1 year) of IF, with no significant difference between HCR and LCR. (B) Food 

intake on fed days did not significantly differ between HCR and LCR. (C) When considered 

alongside body weight, ad libitum intake was higher in HCR than LCR, whereas daily food 

intake (fed day/2) during prolonged IF did not significantly differ between HCR and LCR; 

For a given body weight, IF suppressed intake relatively more in HCR than LCR. (D) Water 

intake mirrored food intake, where rats drank more on days when they were provided food, 

with no difference (no main effect) between HCR and LCR. †significant interaction, p<0.05; 
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n = 8 rats/group. Inset bar graphs show mean of all fed and fasting days; *p<0.05, 2-tailed t-

test, HCR vs. LCR.
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Fig 5. Physical activity levels with prolonged intermittent fasting (IF) in high-capacity runners 
(HCR) and low-capacity runners (LCR).
For all measurements of physical activity, rats were more active on fed days than fasted 

days, HCR were more active than LCR, and the day-to-day volatility in activity was 

significantly more pronounced in HCR than LCR. This applied to (A) distance traveled, (B) 

time spent resting, and (C) ambulatory, (D) horizontal, and (E) vertical activity counts. 

*HCR (in legend), main effect, HCR>LCR, p<0.05; †significant interaction between fed/

fasted day and HCR/LCR, p<0.05; n = 8 rats/group. Inset bar graphs show mean of all fed 

and fasting days; *p<0.05, 2-tailed t-test, HCR vs. LCR.
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Table 1.

Response of high-response trainers (HCR) and low-response trainers (LRT) to intermittent fasting (IF). Data 

are expressed as mean (SEM), and statistical outputs are expressed as F-values (degrees of freedom) above p-

values.

HRT LRT Main effects Interaction

Before 
IF

During IF Before 
IF

During IF
Time HRT vs LRT Time vs 

LineFed Fasted Fed Fasted

Body weight 
(g)

252.4 
(13.5)

232.1 
(7.0)

209.0 
(7.1)

308.7 
(16.8)

279.3 
(11.2)

253.5 
(10.6)

23.38(14,140)p<0.001 5.49 
(1,10)p=0.041

0.51(14,140) 

p=0.932

Fat mass (g) 50.9 
(10.5)

28.3 
(3.3)

23.4 
(3.5)

79.7 
(7.3)

51.6 
(5.9)

45.7 
(5.1)

16.17(14,140) p<0.001 5.23(1,10) 

p=0.044
0.19(14,140) 

p=0.999

Lean mass 
(g)

173.3 
(4.1)

171.9 
(5.5)

159.7 
(5.1)

198.0 
(11.7)

193.7 
(9.3)

177.3 
(8/9)

12.70(14,140) p<0.001 2.02(1,10) 

p=0.185
0.19(14,140) 

p=0.783

Food intake 
(g)

10.9 
(0.4)

18.7 
(0.6) 0

11.6 
(0.4)

19.7 
(0.7) 0

79.66(98,1274) p<0.001 0.874(1,13) 

p=0.367
0.60(98,1274) 

p=0.999

Water intake 
(ml)

26.4 
(1.7)

43.2 
(2.7)

9.4 
(2.7)

20.0 
(0.7)

36.5 
(1.2)

6.0 
(0.8)

575.07(98,1372) 

p<0.001
10.27(1,14) 

p=0.006
1.10(98,1372) 

p=0.249

Physical Activity

Distance 
traveled (cm/
min)

8.6 
(0.6)

12.2 
(1.6)

7.6 
(0.5)

8.8 
(0.8)

15.3 
(3.2)

7.8 
(1.0)

8.29(98,1274) p<0.001 0.51(1,13) 

p=0.486
0.92(98,1274) 

p=0.697

Time spent 
resting (sec/
min)

52.7 
(0.3)

52.3 
90.5)

54.4 
(0.2)

53.5 
(0.3)

52.4 
(0.6)

54.6 
(0.4)

16.79(98,1372) p<0.001 0.32(1,14) 

p=0.583
0.93(98,1372) 

p=0.679

Horizontal 
counts (per 
min)

13.5 
(0.8)

15.4 
(1.4)

10.4 
(0.6)

12.8 
(1.0)

17.6 
(3.0)

10.5 
(1.1)

9.14(98,1274) p<0.001 0.11(1,13) 

p=0.748
0.78(98,1274) 

p=0.544

Ambulatory 
counts (per 
min)

5.1 
(0.4)

7.2 
(0.9)

4.3 
(0.3)

5.5 
(0.6)

9.6 
(2.2)

4.8 
(0.7)

5.18(98,1274) p<0.001 0.77(1,13) 

p=0.398
0.92(98,1274) 

p=0.686

Vertical 
counts (per 
min)

0.32 
(0.04)

0.69 
(0.19)

0.48 
(0.06)

0.44 
(0.06)

0.74 
(0.09)

0.64 
(0.25)

6.09(98,1274) p<0.001 0.34(1,12) 

p=0.574
1.07(98,1176) 

p=.0304

For body weight, fat and lean mass: baseline values immediately before start of IF; fed-day is after 9 weeks of IF, and fasted day is after 10 weeks 
of IF. Food, water, and activity through 11 weeks of IF; For activity, 17 days of baseline activity before onset of IF calculated. Main effect of time 
includes all measurements before and after IF without differentiating between fed and fasted days.
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