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概要：アスリートは体重管理の手段としてカロリー制限（caloric restriction: CR）55 

を用いることが多い。しかし、CR 後の体重維持期が骨格筋量および脂肪量に及56 
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ぼす影響は十分に明らかにされていない。本研究では、マウスを用いて、60％の57 

CR を 2 週間（2CR 群）または 8 週間（8CR 群）実施し、骨格筋および脂肪組織58 

への影響を検討した。その結果、体重および骨格筋湿重量は 2CR 群で有意に高59 

く、鼠径白色脂肪組織（iWAT）の重量は 8CR 群で有意に高かった。これらの結60 

果から、初期の体重減少後に体重維持期を含む 8 週間の CR は、2 週間の CR と61 

比較して、大きな体重減少を示すものの、骨格筋量の減少および脂肪量の増加を62 

引き起こす可能性が示唆された。なお、本研究は 8 週齢の雄マウスを対象とし63 

ており、2CR 群と 8CR 群の差は、CR 期間の長短そのものではなく、異なる成64 

長段階でカロリー制限を実施したことに起因する可能性がある。  65 
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Abstract 66 

 Athletes often use caloric restriction (CR) to manage body weight. However, the 67 

effects of post-CR weight maintenance on skeletal muscle and fat mass remain unclear. 68 

This study investigated the effects of 60% CR for either 8 (8CR) or 2 (2CR) weeks on 69 

skeletal muscle and adipose tissue in mice. In the 8CR group, weight loss slowed after 2 70 

weeks. However, body weight and wet skeletal muscle weight were significantly higher 71 

and inguinal white adipose tissue weight was significantly lower in the 2CR group 72 

compared with the 8CR group. These findings suggest that 8 weeks of CR, including a 73 

weight maintenance phase after initial weight loss, may result in a greater loss of skeletal 74 

muscle mass and an increase in fat mass compared to 2 weeks of CR. As this study was 75 

performed in 8-week-old male mice, the differences between the 2CR and 8CR groups 76 

are likely to reflect not simply the length of CR but rather the influence of conducting CR 77 

at different stages of growth. 78 

 79 

Key words: Calorie restriction, weight reduction, skeletal muscle, adipose tissue   80 



 6 

1. Introduction 81 

Athletes must undergo weight reduction to meet the weigh-in requirements for 82 

competitions with weight classes and to maintain their desired physique in aesthetic 83 

events 1). In this context, the primary objective is to decrease adipose tissue, which serves 84 

as an energy reservoir, while simultaneously safeguarding the quantity of skeletal muscle, 85 

an essential component for exercise-related contractions. 86 

Athletes frequently employ caloric restriction (CR) as a means of weight management. 87 

CR is a dietary strategy that entails reducing calorie intake to approximately 60–80% of 88 

the typical daily amount; a CR of up to 40% has been shown to extend lifespan in 89 

organisms ranging from yeast to mammals 2,3). Studies have indicated that CR effectively 90 

reduces both body weight and fat mass when compared to an ad libitum (AL) diet. 91 

However, it is worth noting that CR also leads to a reduction in skeletal muscle mass 4).  92 

In sports, athletes autonomously establish their weight loss pace and period, aligning 93 

them with their sport-specific attributes and training regimens. A study on the rate of 94 

weight loss revealed that an expedited reduction in weight via a 3-day fasting regimen 95 

led to a more pronounced loss of skeletal muscle mass when compared to a slow weight 96 

loss over 14 days, achieved through a 70% CR 5). Therefore, a 14-day CR is preferable 97 

for athletes than rapid weight loss through fasting. However, alterations in body 98 

composition following a period of weight maintenance after weight loss have not yet been 99 

studied. Athletes may employ a conditioning strategy that involves losing weight and then 100 

maintaining it in preparation for a competition 1). Therefore, this study aimed to compare 101 

the effects of long-term and short-term CR on skeletal muscle and adipose tissue, 102 

particularly focusing on the influence of a weight maintenance period following early 103 

weight loss. Although this study was conceptually motivated by weight reduction 104 
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practices in athletes, direct experimental studies in athletes are not feasible; therefore, it 105 

was conducted as a basic experiment using untrained mice as a simplified model. A 106 

weight maintenance period following CR may function as a less intensive strategy, 107 

analogous to the difference observed between a 14-day CR and a 3-day fasting 5). We 108 

therefore hypothesized that incorporating a maintenance period would contribute to the 109 

preservation of skeletal muscle while still facilitating the reduction of adipose tissue. 110 

 111 

2. Materials and Methods 112 

2.1. Animals  113 

All experimental procedures performed in this study were approved by the Institutional 114 

Animal Experiment Committee of the University of Tsukuba (Approval no.: 20–407). 115 

Male C57BL/6j mice aged 7 weeks (Tokyo Laboratory Animals Science Co., Tokyo, 116 

Japan) were kept in temperature (22 ± 2◦C)- and humidity (55 ± 5%)-controlled facilities 117 

under a 12/12 h light/dark cycle. The mice were randomly assigned to groups after 1 week 118 

of acclimatization: an age-matched AL group, which was allowed ad libitum access to 119 

food (protein:fat:carbohydrate = 23.1%:5.1%:71.8%; Oriental, Japan) for 8 weeks; a 2CR 120 

group, which was fed ad libitum for 6 weeks, followed by a 60% CR for the subsequent 121 

2 weeks; and an 8CR group, which was subjected to 60% CR for the entire 8-week period. 122 

In the CR groups, 60% of the amount calculated from the age-matched AL group was 123 

provided to the animals at 19:00 every day, and the food intake of all groups was measured 124 

every 24 h from the start of the experiment 6). The mice were anesthetized at the end of 125 

the intervention after the experiments. The soleus, plantaris, and gastrocnemius muscles, 126 

along with the epidydimal white adipose tissue (eWAT) and inguinal WAT (iWAT), were 127 

excised and weighed. We first conducted an experiment with AL and 8CR groups, as 128 
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reported previously 7), in which analyses were restricted to skeletal muscle and serum. 129 

We subsequently conducted an additional 2CR cohort. The present study integrates these 130 

datasets and extends the analysis to adipose tissue during the post-CR weight-131 

maintenance period. 132 

 133 

2.2. Statistical analysis.  134 

Data are expressed as the means ± standard deviation (SD). A two-way analysis 135 

of variance (Time × Diet) was performed on food intake and body weight, followed by 136 

Bonferroni’s multiple-comparison tests when significant interactions were observed. For 137 

comparisons between groups, two-tailed unpaired t-tests were performed. Statistical 138 

significance was defined as p < 0.05. All statistical analyses were conducted using 139 

GraphPad Prism 8 (GraphPad, Inc.). This study was conducted without blinding. 140 

 141 

3. Results 142 

3.1. Food Intake and Body Weight 143 

 Food intake and body weight were assessed weekly to determine the occurrence 144 

of a weight maintenance phase during the prolonged CR (Fig. 1). In the 8CR group, the 145 

body weight had plateaued by the second week of the CR period (Fig. 1A). At the end of 146 

the experimental period, body weight was significantly higher in the 2CR group than in 147 

the 8CR group (Fig. 1B). 148 

 149 

3.2. Tissue Weight 150 

 The wet weights of the soleus, plantaris, and gastrocnemius muscles, both 151 

absolute and body weight–normalized, were significantly higher in the 2CR group than 152 
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in the 8CR group (Fig. 2). In contrast, eWAT showed no significant difference between 153 

the two groups, whereas iWAT was significantly lower in the 2CR group, both in absolute 154 

and normalized weights. 155 

 156 

4. Discussion 157 

This study is the first to examine the effect of a post-CR weight maintenance 158 

period on body composition. An analysis of body weight changes revealed that, in the 159 

8CR group, weight reduction reached a plateau after the initial 2 weeks. However, at the 160 

end of the experimental period, body weight was significantly higher in the 2CR group 161 

than in the 8CR group. These results indicate that, although the 8CR group underwent a 162 

six-week weight maintenance phase following the initial weight loss, the final body 163 

weight differed between the 8CR and 2CR groups; therefore, the aim of this study was 164 

only partially achieved. However, we analyzed tissue weights normalized to body weight 165 

and showed that they underwent similar changes as absolute weights. The results suggest 166 

that the addition of a weight maintenance period after CR can lead to an increase in fat 167 

mass and a decrease in skeletal muscle mass.  168 

In this study, consistent changes were observed across all skeletal muscles 169 

analyzed, whereas distinct effects were detected between eWAT and iWAT. Previous 170 

research has shown that iWAT exhibits higher sympathetic innervation and greater 171 

responsiveness to interventions, including browning, compared with eWAT 8). 172 

Accordingly, the differences in CR duration identified in this study were evident only in 173 

iWAT. 174 

It is also important to note several limitations of the present study. First, this 175 

study did not examine hormonal or signaling changes. Previous studies have shown that 176 
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hormones associated with the regulation of skeletal muscle mass are altered during caloric 177 

restriction 9-11). Moreover, several studies have reported that skeletal muscle mass is 178 

altered during caloric restriction through changes in anabolic and catabolic signaling 179 

pathways 5,6). Future research should include such analyses to clarify the mechanisms that 180 

contributed to the observed phenotypic changes. 181 

Second, there are limitations in the feeding protocol and sampling strategy. In 182 

this study, CR was implemented by providing food once daily, which is consistent with 183 

the methodology used previously 12). However, tissue sampling was conducted at a single 184 

time point; therefore, transient changes in molecular signaling associated with feeding 185 

and fasting cycles during the day may not have been captured. Moreover, the skeletal 186 

muscles analyzed in this study—the soleus, plantaris, and gastrocnemius—are antigravity 187 

muscles. The observed decrease in wet weight in the 8CR group alone may have resulted 188 

from a delayed effect of reduced mechanical loading due to body weight loss. 189 

Finally, the choice of experimental animals represents another limitation. In this 190 

study, 8-week-old male mice were used as experimental animals. While this age is widely 191 

adopted in experimental research, some developmental processes are still reported to be 192 

ongoing at this stage 13). Therefore, the phenotypic differences observed between the 2CR 193 

and 8CR groups may reflect not only the duration of the interventions but also the timing 194 

of growth. Furthermore, the difference in body weight at the final week between the 195 

groups may have also influenced the phenotypic differences observed in this study. This 196 

study was limited to male mice; however, as substantial sex differences have been 197 

reported in the effects of conventional CR, further experiments in female mice are 198 

warranted to evaluate the influence of the maintenance period after CR 14). 199 
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In summary, the findings of the present study suggest that the inclusion of a 200 

weight maintenance period in CR protocols may differentially influence body 201 

composition. Further studies are needed to elucidate the underlying mechanisms. 202 
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Figures and legends 275 

Fig 1. Food intake and body weight. (A) Changes in food intake and (B)body weight. 276 

Data are presented as mean + SD (n = 6 per group). *p<0.05 vs AL group, #p<0.05 vs 277 

2CR group. 278 

 279 

Fig 2. Skeletal muscle wet weight and adipose tissue weight. (A) Soleus wet weight, (B) 280 

plantaris wet weight, (C) gastrocnemius wet weight, (D) epididymal white adipose tissue 281 

weight and (E) inguinal white adipose tissue weight, (F) Soleus wet weight /Body weight, 282 

(G) plantaris wet weight/Body weight, (H) gastrocnemius wet weight/Body weight, (I) 283 

epididymal white adipose tissue weight/Body weight and (J) inguinal white adipose tissue 284 

weight/Body weight. Data are present as each plot and + SD (n = 6 per group). *p<0.05 285 

between groups. 286 
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[bookmark: _Hlk209360875]概要：アスリートは体重管理の手段としてカロリー制限（caloric restriction: CR）を用いることが多い。しかし、CR後の体重維持期が骨格筋量および脂肪量に及ぼす影響は十分に明らかにされていない。本研究では、マウスを用いて、60％のCRを2週間（2CR群）または8週間（8CR群）実施し、骨格筋および脂肪組織への影響を検討した。その結果、体重および骨格筋湿重量は2CR群で有意に高く、鼠径白色脂肪組織（iWAT）の重量は8CR群で有意に高かった。これらの結果から、初期の体重減少後に体重維持期を含む8週間のCRは、2週間のCRと比較して、大きな体重減少を示すものの、骨格筋量の減少および脂肪量の増加を引き起こす可能性が示唆された。なお、本研究は8週齢の雄マウスを対象としており、2CR群と8CR群の差は、CR期間の長短そのものではなく、異なる成長段階でカロリー制限を実施したことに起因する可能性がある。
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Abstract

[bookmark: _Hlk209360902]	Athletes often use caloric restriction (CR) to manage body weight. However, the effects of post-CR weight maintenance on skeletal muscle and fat mass remain unclear. This study investigated the effects of 60% CR for either 8 (8CR) or 2 (2CR) weeks on skeletal muscle and adipose tissue in mice. In the 8CR group, weight loss slowed after 2 weeks. However, body weight and wet skeletal muscle weight were significantly higher and inguinal white adipose tissue weight was significantly lower in the 2CR group compared with the 8CR group. These findings suggest that 8 weeks of CR, including a weight maintenance phase after initial weight loss, may result in a greater loss of skeletal muscle mass and an increase in fat mass compared to 2 weeks of CR. As this study was performed in 8-week-old male mice, the differences between the 2CR and 8CR groups are likely to reflect not simply the length of CR but rather the influence of conducting CR at different stages of growth.
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1. Introduction

Athletes must undergo weight reduction to meet the weigh-in requirements for competitions with weight classes and to maintain their desired physique in aesthetic events 1). In this context, the primary objective is to decrease adipose tissue, which serves as an energy reservoir, while simultaneously safeguarding the quantity of skeletal muscle, an essential component for exercise-related contractions.

Athletes frequently employ caloric restriction (CR) as a means of weight management. CR is a dietary strategy that entails reducing calorie intake to approximately 60–80% of the typical daily amount; a CR of up to 40% has been shown to extend lifespan in organisms ranging from yeast to mammals 2,3). Studies have indicated that CR effectively reduces both body weight and fat mass when compared to an ad libitum (AL) diet. However, it is worth noting that CR also leads to a reduction in skeletal muscle mass 4). 

[bookmark: _Hlk209800899]In sports, athletes autonomously establish their weight loss pace and period, aligning them with their sport-specific attributes and training regimens. A study on the rate of weight loss revealed that an expedited reduction in weight via a 3-day fasting regimen led to a more pronounced loss of skeletal muscle mass when compared to a slow weight loss over 14 days, achieved through a 70% CR 5). Therefore, a 14-day CR is preferable for athletes than rapid weight loss through fasting. However, alterations in body composition following a period of weight maintenance after weight loss have not yet been studied. Athletes may employ a conditioning strategy that involves losing weight and then maintaining it in preparation for a competition 1). Therefore, this study aimed to compare the effects of long-term and short-term CR on skeletal muscle and adipose tissue, particularly focusing on the influence of a weight maintenance period following early weight loss. Although this study was conceptually motivated by weight reduction practices in athletes, direct experimental studies in athletes are not feasible; therefore, it was conducted as a basic experiment using untrained mice as a simplified model. A weight maintenance period following CR may function as a less intensive strategy, analogous to the difference observed between a 14-day CR and a 3-day fasting 5). We therefore hypothesized that incorporating a maintenance period would contribute to the preservation of skeletal muscle while still facilitating the reduction of adipose tissue.



2. Materials and Methods

2.1. Animals 

[bookmark: _Hlk209800737][bookmark: _Hlk210240198]All experimental procedures performed in this study were approved by the Institutional Animal Experiment Committee of the University of Tsukuba (Approval no.: 20–407). Male C57BL/6j mice aged 7 weeks (Tokyo Laboratory Animals Science Co., Tokyo, Japan) were kept in temperature (22 ± 2◦C)- and humidity (55 ± 5%)-controlled facilities under a 12/12 h light/dark cycle. The mice were randomly assigned to groups after 1 week of acclimatization: an age-matched AL group, which was allowed ad libitum access to food (protein:fat:carbohydrate = 23.1%:5.1%:71.8%; Oriental, Japan) for 8 weeks; a 2CR group, which was fed ad libitum for 6 weeks, followed by a 60% CR for the subsequent 2 weeks; and an 8CR group, which was subjected to 60% CR for the entire 8-week period. In the CR groups, 60% of the amount calculated from the age-matched AL group was provided to the animals at 19:00 every day, and the food intake of all groups was measured every 24 h from the start of the experiment 6). The mice were anesthetized at the end of the intervention after the experiments. The soleus, plantaris, and gastrocnemius muscles, along with the epidydimal white adipose tissue (eWAT) and inguinal WAT (iWAT), were excised and weighed. We first conducted an experiment with AL and 8CR groups, as reported previously 7), in which analyses were restricted to skeletal muscle and serum. We subsequently conducted an additional 2CR cohort. The present study integrates these datasets and extends the analysis to adipose tissue during the post-CR weight-maintenance period.



2.2. Statistical analysis. 

Data are expressed as the means ± standard deviation (SD). A two-way analysis of variance (Time × Diet) was performed on food intake and body weight, followed by Bonferroni’s multiple-comparison tests when significant interactions were observed. For comparisons between groups, two-tailed unpaired t-tests were performed. Statistical significance was defined as p < 0.05. All statistical analyses were conducted using GraphPad Prism 8 (GraphPad, Inc.). This study was conducted without blinding.



3. Results

3.1. Food Intake and Body Weight

	Food intake and body weight were assessed weekly to determine the occurrence of a weight maintenance phase during the prolonged CR (Fig. 1). In the 8CR group, the body weight had plateaued by the second week of the CR period (Fig. 1A). At the end of the experimental period, body weight was significantly higher in the 2CR group than in the 8CR group (Fig. 1B).



3.2. Tissue Weight

	The wet weights of the soleus, plantaris, and gastrocnemius muscles, both absolute and body weight–normalized, were significantly higher in the 2CR group than in the 8CR group (Fig. 2). In contrast, eWAT showed no significant difference between the two groups, whereas iWAT was significantly lower in the 2CR group, both in absolute and normalized weights.



4. Discussion

This study is the first to examine the effect of a post-CR weight maintenance period on body composition. An analysis of body weight changes revealed that, in the 8CR group, weight reduction reached a plateau after the initial 2 weeks. However, at the end of the experimental period, body weight was significantly higher in the 2CR group than in the 8CR group. These results indicate that, although the 8CR group underwent a six-week weight maintenance phase following the initial weight loss, the final body weight differed between the 8CR and 2CR groups; therefore, the aim of this study was only partially achieved. However, we analyzed tissue weights normalized to body weight and showed that they underwent similar changes as absolute weights. The results suggest that the addition of a weight maintenance period after CR can lead to an increase in fat mass and a decrease in skeletal muscle mass. 

[bookmark: _Hlk209800714]In this study, consistent changes were observed across all skeletal muscles analyzed, whereas distinct effects were detected between eWAT and iWAT. Previous research has shown that iWAT exhibits higher sympathetic innervation and greater responsiveness to interventions, including browning, compared with eWAT 8). Accordingly, the differences in CR duration identified in this study were evident only in iWAT.

[bookmark: _Hlk209800695][bookmark: _Hlk209800790]It is also important to note several limitations of the present study. First, this study did not examine hormonal or signaling changes. Previous studies have shown that hormones associated with the regulation of skeletal muscle mass are altered during caloric restriction 9-11). Moreover, several studies have reported that skeletal muscle mass is altered during caloric restriction through changes in anabolic and catabolic signaling pathways 5,6). Future research should include such analyses to clarify the mechanisms that contributed to the observed phenotypic changes.

Second, there are limitations in the feeding protocol and sampling strategy. In this study, CR was implemented by providing food once daily, which is consistent with the methodology used previously 12). However, tissue sampling was conducted at a single time point; therefore, transient changes in molecular signaling associated with feeding and fasting cycles during the day may not have been captured. Moreover, the skeletal muscles analyzed in this study—the soleus, plantaris, and gastrocnemius—are antigravity muscles. The observed decrease in wet weight in the 8CR group alone may have resulted from a delayed effect of reduced mechanical loading due to body weight loss.

[bookmark: _Hlk209800635][bookmark: _Hlk209360016][bookmark: _Hlk210240706][bookmark: _Hlk209800933]Finally, the choice of experimental animals represents another limitation. In this study, 8-week-old male mice were used as experimental animals. While this age is widely adopted in experimental research, some developmental processes are still reported to be ongoing at this stage 13). Therefore, the phenotypic differences observed between the 2CR and 8CR groups may reflect not only the duration of the interventions but also the timing of growth. Furthermore, the difference in body weight at the final week between the groups may have also influenced the phenotypic differences observed in this study. This study was limited to male mice; however, as substantial sex differences have been reported in the effects of conventional CR, further experiments in female mice are warranted to evaluate the influence of the maintenance period after CR 14).

In summary, the findings of the present study suggest that the inclusion of a weight maintenance period in CR protocols may differentially influence body composition. Further studies are needed to elucidate the underlying mechanisms.
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Figures and legends

Fig 1. Food intake and body weight. (A) Changes in food intake and (B)body weight. Data are presented as mean + SD (n = 6 per group). *p<0.05 vs AL group, #p<0.05 vs 2CR group.



Fig 2. Skeletal muscle wet weight and adipose tissue weight. (A) Soleus wet weight, (B) plantaris wet weight, (C) gastrocnemius wet weight, (D) epididymal white adipose tissue weight and (E) inguinal white adipose tissue weight, (F) Soleus wet weight /Body weight, (G) plantaris wet weight/Body weight, (H) gastrocnemius wet weight/Body weight, (I) epididymal white adipose tissue weight/Body weight and (J) inguinal white adipose tissue weight/Body weight. Data are present as each plot and + SD (n = 6 per group). *p<0.05 between groups.

