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Abstract 

Whether decreases in adipose and lean tissue during body weight (BW) reduction differ 

between males and females is unclear. To investigate sex differences in changes in body 

composition and energy deficits during BW reduction, sexually mature 15-week-old rats were 

divided into a group euthanized before BW reduction (n = 6 males, n = 7 females) and a group 

euthanized after three days of fasting (n = 6 males, n = 6 females). Energy expenditure and BW 

were measured during the study period. Losses of lean tissue (ΔLT) and adipose tissue (ΔAT) 

were calculated using simultaneous equations based on ΔBW, which is the sum of ΔLT and 

ΔAT, and the energy lost from the body is the sum of the energy lost from ΔLT and ΔAT. BW 

reduction was significantly greater in males than in females, total energy expenditure was 

significantly greater in males than in females, and the energy required to reduce BW by 1 kg 

was significantly less in males (3304.8 kcal/kg [SD 327.5]) than in females (3893.0 kcal/kg 

[SD 356.5]). Both ΔLT and ΔAT were significantly greater in males than in females. The 

ΔLT:ΔAT ratio was significantly different between males (67:33) and females (57:43). Sex 

differences exist in the metabolic responses to BW reduction, and females lose more energy-

dense adipose tissue during BW reduction than males, demonstrating that a greater energy 

deficit is required to reduce BW in female rats than in male rats. 
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ラットにおける体重減少時の体組成の変化およびエネルギー負債の性差 

 

北口 瑞生、岡村 浩嗣 

大阪体育大学大学院 スポーツ科学研究科 

 

減量中の脂肪組織と除脂肪組織の減少が性差で異なるかは不明である。体重減少時

の体組成の変化およびエネルギー負債の性差を検討した。性成熟した 15 週齢のラッ

トを、減量前（雄：6 匹、雌：７匹）と、3 日間の絶食後（雄：6 匹、雌：6 匹）に安

楽死させた。実験期間中は、エネルギー消費量と体重を測定した。除脂肪組織（ΔLT）

と脂肪組織（ΔAT）の減少量は、ΔLT と ΔAT の合計が体重減少量であることと、LT

と AT から失われたエネルギーの合計が体から失われたエネルギーであることに基

づく連立方程式を用いて算出した。体重減少量は、雄が雌より有意に大きく、3 日間

のエネルギー消費量も雄が雌より有意に大きかった。体重減少 1kｇあたりのエネル

ギー負債は、雄（-3304.8 kcal/kg, SD 327.50）が雌（-3893.0 kcal/kg, SD 356.46）より有

意に少なかった。重量の減少は LT も AT も雄が雌より有意に大きかった。ΔLT:ΔAT 

比は、雄 (67:33) と雌 (57:43) で異なった。体重減少に対する代謝反応には性差が存

在し、雌は雄よりも減量中により多くの、エネルギー密度の高い脂肪組織を失うこと

から、雌が雄より体重を減少させるためにより多くのエネルギーが消費される必要の

あることが示された。 
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Introduction 1 

The body is divided into fat-free mass (FFM) and fat mass (FM), and the energy densities of 2 

FFM and FM are 1,020 kcal/kg and 9,500 kcal/kg, respectively [1,2]. The body is divided into 3 

lean tissue (LT) and adipose tissue (AT). We previously analyzed the whole-body protein, total 4 

lipid, and glycogen content of several organs and tissues of rats and calculated their energy 5 

densities. The energy densities were found to be 1.4 kcal/g for skeletal muscle, 1.7 kcal/g for 6 

liver, 1.4 kcal/g for small intestine and stomach, and 7.9 kcal/g for AT [3].  7 

Energy restriction reportedly decreases not only AT but also LT [4,5,6,7,8]. Tai et al. [3] 8 

reported that both 3-day fasting and 16-day energy restriction reduced the weight of adipose 9 

tissue and internal organs, such as the liver and small intestine. However, because the energy 10 

densities of AT and LT are different, the energy lost from the body during body weight (BW) 11 

reduction differs depending on the ratio of the decrease in LT and AT. 12 

Forbes [9,10] reported that the greater the amount of body fat prior to BW reduction, 13 

the greater the loss in FM and the smaller the loss in FFM during BW reduction. Experiments 14 

in humans [11,12,13] and rats [14,15] have also reported that the greater the amount of body 15 

fat prior to BW reduction, the greater the FM loss owing to energy restriction. Therefore, it can 16 

be inferred that the ratio of AT and LT loss during BW reduction differs depending on the 17 

amount of body fat present prior to BW reduction and that the energy deficit required for BW 18 

reduction also differs. In general, the body fat percentage is higher in females than in males, 19 

suggesting that females lose more FM than males during BW reduction because of energy 20 

restriction. 21 

Females reportedly have less BW reduction than males due to energy restriction in 22 

humans [16,17]. However, previous studies on the subject did not examine the mechanism by 23 

which females experience less BW reduction than do males. Therefore, the underlying 24 

mechanism remains unclear. Less BW reduction in females than in males suggests that a greater 25 
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amount of energy-dense AT may be lost in females than in males. Since losing energy-dense 26 

AT requires a greater amount of energy deficit, females may need to achieve a greater energy 27 

deficit than males in order to reduce their BW. 28 

Therefore, we examined the sex differences in body composition changes and energy 29 

deficits during BW reduction in rats. The hypothesis of this study was that the energy deficit to 30 

reduce BW and body fat loss would be greater in females than in males. 31 

  32 
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Methods 33 

Animals and outline of the experiment 34 

To examine sex differences, 12 sexually mature (15-week-old) male and 13 female Sprague-35 

Dawley rats were used (CLEA Japan, Osaka, Japan). The temperature of the animal room was 36 

set at 23 ± 1 °C, with a dark period from 08:00 to 20:00 and a light period from 20:00 to 8:00. 37 

The rats were divided into a Pre-group (six males and seven females), which were euthanized 38 

before BW reduction, and a Post-group (six males and six females), which were euthanized 39 

after three days of fasting. The Post group fasted from 09:30 on the first day of fasting and was 40 

allowed to drink water ad libitum. The BW, water consumption, and oxygen expenditure were 41 

measured daily during the BW reduction period. 42 

This study was approved by the Experimental Animal Committee of the Research 43 

Integrity Committee of Osaka University of Health and Sports Science (approval No. 02-1). 44 

 45 

Measuring energy expenditure 46 

Energy stored in the body expanded as the rats fasted throughout the study. Therefore, the total 47 

energy expenditure during the study period was the energy loss of the body. The rats in the Post 48 

group were placed in a chamber (22 cm × 34 cm × 14 cm) to measure energy expenditure. To 49 

acclimatize the rats to the measurement environment, they were allowed to feed ad libitum for 50 

two days and then fasted. Oxygen expenditure was measured using an open-circuit system [18]. 51 

The chamber was ventilated at 4,000 mL/min for male rats and 3,000 mL/min for female rats. 52 

A portion of the ventilated air (150 ml/min) was collected in a 250 L Douglas bag (Yagami, 53 

Osaka, Japan) every day for 23 h 45 min. The oxygen concentration was measured using a 54 

portable gas monitor (VO2000; S&ME, Tokyo, Japan). Oxygen consumption was calculated 55 

by multiplying the difference in oxygen concentration between room air and sampled air by 56 

the ventilation rate of the chamber, and the energy expenditure was calculated as 4.8 kcal/L 57 
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oxygen. The energy expenditure was converted per 24 h. 58 

 59 

Calculation of changes in LT and AT 60 

Changes in the LT and AT were calculated using the following simultaneous equations: 61 

ΔAT (g) + ΔLT (g) = ΔBW (g)          (1) 62 

Δ AT (g) × 7.4 (kcal/g) + ΔLT (g) × 1.25 (kcal/g) = Energy loss (kcal)  (2) 63 

Equation 1 indicates that BW reduction is the sum of the reductions in AT and LT. 64 

ΔBW was calculated using BW without gastrointestinal content in equation 1 because the 65 

gastrointestinal contents were measured as a portion of BW, but the gastrointestinal contents 66 

were not body tissues, such as LT or AT. Therefore, it was necessary to use a weight that did 67 

not include gastrointestinal content in this calculation. The gastrointestinal content weight used 68 

for this calculation was obtained from the tissue collection, as described below. The BW 69 

without the gastrointestinal contents of the rats in the Post group at the start of the study was 70 

95.6% in males and 94.0% in females of their BW because gastrointestinal content accounted 71 

for 4.4% of the BW in males and 6.0% of that in females in the Pre group. 72 

The values of 7.4 kcal/g, and 1.25 kcal/g in equation 2 are the energy densities of AT 73 

and LT, respectively, indicating that the sum of the energy reduced from AT and the energy 74 

reduced from LT is the energy lost from the body. The energy densities of AT and LT were 75 

obtained as follows. Six 7-week-old male SD rats (CLEA Japan) were sacrificed, and the liver, 76 

stomach, small intestine, kidneys, gastrocnemius muscle, soleus muscle, perirenal adipose 77 

tissue, and retroperitoneal adipose tissue were collected. After freeze-drying, the tissue was 78 

pulverized into powder and homogenized. The tissue energy densities of the liver, stomach, 79 

small intestine, and kidneys were defined as visceral organs, those of the gastrocnemius and 80 

soleus muscles were defined as skeletal muscle, and those of the perirenal and retroperitoneal 81 

adipose tissues were defined as AT. The samples used for the analysis were prepared by pooling 82 
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0.5 g of visceral organs, skeletal muscle, and AT from each rat. The energy densities measured 83 

by bomb calorimetry (Japan Food Research Laboratories, Osaka) were 1.38 kcal/g for visceral 84 

organs and 1.23 kcal/g for skeletal muscles. In our previous study, skeletal muscles accounted 85 

for approximately 90% of LT and visceral organs accounted for approximately 10% of LT [19]. 86 

Therefore, the energy density of LT was set to 1.25 kcal/g, and that of AT was 7.4 kcal/g. 87 

 88 

Tissue collection  89 

The rats were euthanized by drawing blood from the abdominal aorta under isoflurane 90 

anesthesia. Internal organs (heart, liver, kidneys, adrenal glands, and intestines), skeletal 91 

muscles (flexor hallucis longus, soleus, gastrocnemius, and plantaris), and ATs (perirenal, 92 

genital, posterior abdominal wall, and mesentery) were collected and weighed. After removing 93 

the intestinal contents, the intestines were weighed. The collected blood, internal organs, 94 

skeletal muscles, and ATs were returned to the abdominal cavity of the carcasses and frozen for 95 

biochemical analysis. 96 

 97 

Biochemical analyses 98 

The water content of the collected samples was calculated from the weight difference after 99 

drying in a high-temperature oven (HTO-450S; As One, Osaka, Japan) at 60 °C [20] to avoid 100 

the loss of short-chain fatty acids. The dried sample was pulverized into a powder using a mill 101 

(Vita-Max Absolute Blender; Osaka Chemical, Osaka, Japan) and homogenized before analysis. 102 

The whole-body protein content was calculated by multiplying the nitrogen content measured 103 

using the Kjeldahl method by 6.25 [21], the total lipid content was determined using the Folch 104 

method [22], and the glycogen content was determined using the method of Lo et al. [23]. 105 

The energy content of the whole body was calculated from the whole-body protein, 106 

total lipid, and glycogen content in the whole body multiplied by the physical combustion 107 
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energy (9.5 kcal/g for fat, 5.7 kcal/g for protein, and 4.1 kcal/g for glycogen) [24]. 108 

 109 

Statistical analyses 110 

The effects of sex and BW reduction were tested using two-way analysis of variance (ANOVA), 111 

with sex and BW reduction as two factors. Values before and after BW reduction were assessed 112 

using an unpaired t-test. Statistical significance was set at P <0.05. IBM SPSS Statistics 113 

software program, Version 27 (IBM Japan, Tokyo, Japan), was used for statistical analyses. 114 

  115 
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Results 116 

The pre-BW was significantly higher in males (513.7 g [standard deviation {SD} 14.5]) than 117 

in females (302.7 g [SD 21.6]), as was the post-BW (456.1 g [SD 19.7] vs. 261.7 g [SD 19.5]). 118 

BW reduction was significantly greater in males (-57.6 g [SD 2.7]) than in females (-41.0 g 119 

[SD 3.1]) (Figure 1). 120 

Energy expenditure decreased with each passing day, with total energy expenditure over 121 

the three-day period significantly higher in males (-153.0 kcal [SD 6.9]) than in females (-121.0 122 

kcal [SD 5.0]) (Figure 2).  123 

To calculate the energy required to reduce BW by 1 kg, the BW reduction obtained 124 

using the BW without gastrointestinal contents as described in the methods section was used, 125 

and the BW reduction was -46.5 g (SD 3.3) for males and -31.3 g (SD 3.5) for females. The 126 

energy required to reduce BW by 1 kg was significantly lower in males (-3304.8 kcal/kg, [SD 127 

327.5]) than in females (-3893.0 kcal/kg, [SD 356.5]). 128 

The loss of LT and AT weights was significantly greater in males than in females 129 

(Figure 3a), while the proportion of AT loss among total BW reduction was significantly 130 

greater in females (43%) than in males (33%), and the proportion of LT loss among total BW 131 

reduction was significantly greater in males (67%) than in females (57%).  132 

The LT and AT energy losses were also significantly greater in males than in females 133 

(Figure 3b), whereas the proportion of AT energy among total energy loss was significantly 134 

greater in females (81%) than in males (75%), and the proportion of LT energy among total 135 

energy loss was significantly greater in males (25%) than in females (19%). 136 

Tables 1-1 and 1-2 show tissue weights before and after BW reduction, respectively. 137 

Two-way ANOVA showed that males weighed significantly more than females, except that the 138 

adrenal glands were significantly heavier in females than males, and no significant differences 139 

were found in epididymal/parametrial AT weight. The carcass weight was also significantly 140 

Figure 1 

Figure 2 

Figure 3a 

Tables 1-1 
and 1-2 

Figure 3b 
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higher in males than in females. Fasting significantly reduced the weight of the liver, kidneys, 141 

pancreas, spleen, total internal organs, gastrocnemius, plantaris, flexor digitorum longus, total 142 

skeletal muscles, mesenteric and total ATs, and carcasses of both sexes. According to the two-143 

way ANOVA, fasting significantly reduced the weight of the liver, kidneys, pancreas, spleen, 144 

total internal organs, gastrocnemius, plantaris, flexor digitorum longus, total skeletal muscles, 145 

mesenteric and total ATs, and carcass in both sexes. A t-test showed that the weights of the 146 

pancreas, spleen, gastrocnemius, plantaris, perirenal AT, parametrial AT, and total LT were 147 

significantly reduced after BW reduction in females, but not in males. The weight of the 148 

mesenteric AT decreased significantly after BW reduction in males but not in females. 149 

Tables 2-1 and 2-2 show tissue weights per 100 g BW. A two-way ANOVA revealed 150 

that the weights of the heart, adrenal gland, pancreas, gastrointestinal tract, total internal organs, 151 

gastrocnemius, soleus, flexor digitorum longus, and epididymal/parametrial AT were 152 

significantly higher in females than in males, whereas the weight of the skin was significantly 153 

lower in females than in males. Fasting significantly decreased the weights of the liver, total 154 

internal organs, and mesenteric AT but significantly increased the weights of the 155 

gastrointestinal tract, gastrocnemius, skin, and carcass. The perirenal AT weight decreased 156 

significantly after BW reduction in females but remained unchanged in males, whereas the 157 

adrenal gland and gastrointestinal tract weights increased significantly after BW reduction in 158 

females, but not in males. The heart, gastrocnemius, and skin weights increased significantly 159 

in males, but not in females. 160 

Table 3 shows whole-body protein, total lipid, and glycogen contents in the whole body. 161 

A two-way ANOVA showed that the weight of whole-body protein, total lipid, and glycogen 162 

were significantly higher in males than in females and decreased after BW reduction. After BW 163 

reduction, the weight of whole-body protein and glycogen decreased significantly in males but 164 

not in females, whereas the weight of total lipid decreased significantly in females but not in 165 

Tables 2-1 
and 2-2 

Tables 3 
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males. The percentages of whole-body protein and glycogen in BW were higher in females 166 

than in males, but the percentage of total lipids did not differ markedly between the sexes. 167 

  168 



 13 

Discussion 169 

In this study, males had a greater BW reduction after three days of fasting than females, while 170 

the energy required to reduce BW was lower in males than in females. This was because males 171 

lost a greater amount of low-energy dense LT than high-energy dense AT, whereas females lost 172 

a greater amount of high-energy dense AT than low-energy dense LT. It is possible that females 173 

reduce BW less than males. 174 

Forbes [9,10] reported that a greater amount of body fat prior to BW reduction is 175 

associated with a greater loss in FM and a smaller loss in FFM during BW reduction. In the 176 

present study, the weight of collected AT and the amount of body fat obtained by a whole-body 177 

analysis were both greater in males than in females. However, the body fat percentage 178 

calculated by the total lipid content of the body obtained by a biochemical analysis divided by 179 

BW and the weight of collected AT per BW were comparable between males and females. 180 

Because the amount of body fat was greater in males than in females in the present study, a 181 

smaller loss of LT and greater loss of AT were expected in males than in females. As expected, 182 

the loss of AT was greater in males than in females, but contrary to expectations, the loss of LT 183 

was greater in males than in females. Regarding the changes in the proportion of LT and AT, 184 

the proportion of AT loss was greater in females than in males. In addition, whole-body total 185 

lipid levels significantly decreased during the three-day fast in females, whereas no marked 186 

change was noted in males. Furthermore, the energy required for BW reduction was greater in 187 

females than in males. These results indicate that a greater proportion of the energy loss during 188 

BW reduction was from AT than from LT in females, suggesting that females expend more fat 189 

for BW reduction than do males. Therefore, it is inferred that factors other than body fat amount 190 

prior to BW reduction are responsible for the sex differences in body composition changes 191 

during BW reduction. 192 

One possible factor associated with sex differences is the difference in muscle fiber 193 



 14 

composition between males and females. Matoba et al. [25] reported that the ratio of slow-194 

twitch oxidative (SO) fibers in the skeletal muscle was higher in female mice than in male mice. 195 

SO fibers oxidize more fat than other muscle fibers do. This suggests that the higher ratio of 196 

SO fiber in females may be associated with the fact that females use more fat as energy during 197 

exercise than males [26,27,28,29]. The higher ratio of SO fibers in females may also be 198 

associated with the larger loss of AT in females than in males observed in the present study. 199 

FFM is the weight that consists of water, protein, minerals, etc. in the body other than 200 

fat, whereas the LT used in this study is tissue consisting of approximately 20% protein and 201 

most of the rest is water. FM is the weight of fat in the body, whereas AT is tissue consisting of 202 

approximately 80% fat while also containing protein and water. In the present study, we 203 

examined the changes in the LT, such as skeletal muscles and internal organs, and AT during 204 

BW reduction. The energy density of FFM is lower than that of LT, and the energy density of 205 

FM is higher than that of AT. Therefore, the changes in the weight or energy are less when the 206 

energy density of FFM is used than when the energy density of LT is used. Conversely, the 207 

changes in the weight or energy are greater when the energy density of FM is used compared 208 

to when the energy density of AT is used. We calculated changes in FFM and FM with the 209 

simultaneous equations used in the present study using the energy densities of FFM (1,020 210 

kcal/kg) and FM (9,500 kcal/kg). In females, the loss of FFM (-16.9 g) was less than the loss 211 

of LT (-18.0 g), whereas the loss of FM (-14.5 g) was greater than the loss of AT (-13.3 g). In 212 

males, the loss of FFM (-29.4 g) was less than the loss of LT (-31.1 g), while the loss of FM (-213 

17.2 g) was greater than the loss of AT (-15.4 g). However, the changes were comparable to 214 

those calculated using the energy densities of LT and AT, as shown in Figure 3. 215 

A limitation of this study is that the energy density of LT and AT increased owing to 216 

the decrease in body water after BW reduction, which may have caused errors in the calculation 217 

results. In humans, fluid intake is often restricted during BW reduction. Tai et al. [3] observed 218 
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no marked changes in the water content of LT and AT when rats were fasted for three days. 219 

Unlike BW reduction in humans, Tai et al. allowed the rats to drink water ad libitum during a 220 

three-day fast, so the water content in LT and AT of the rats might not have changed. In the 221 

present study as well, the rats were allowed to drink water ad libitum during a three-day fast. 222 

Therefore, we assumed that the water content in LT and FT would not change, so the energy 223 

density would also not change in the present study. 224 

In conclusion, sex differences were observed in the changes in body composition and 225 

energy deficits during BW reduction in rats. Females lose more energy-dense AT during BW 226 

reduction than males, suggesting that females require a greater energy deficit for BW reduction 227 

than males. 228 

 229 

Conflict of Interest Self-Reporting 230 

None to be declared. 231 

 232 

AUTHOR CONTRIBUTIONS 233 

KO and MK designed the research, KO and MK conducted the research, MK analyzed the data, 234 

and KO and MK wrote the paper. The MK was primarily responsible for the final content. All 235 

authors have approved the final version of the manuscript for publication. 236 

  237 



 16 

References 238 

1. Thomas, D.M.; Bouchard, C.; Church, T.; Slentz, C.; Kraus, W.E.; Redman, L.M.; Martin, 239 

C.K.; Silva, A.M.; Vossen, M.; Westerterp, K.; Heymsfield, S.B. 2012. Why do individuals 240 

not lose more weight from an exercise intervention at a defined dose? An energy balance 241 

analysis. Obes. Rev. 13: 835-847. 242 

2. Heymsfield, S.B.; Gonzalez, M.C.; Shen, W.; Redman, L.; Thomas, D. 2014. Weight loss 243 

composition is one-fourth fat-free mass: A critical review and critique of this widely cited 244 

rule. Obes. Rev. 15: 310-321. 245 

3. Tai S, Tsurumi Y, Yokota Y, Masuhara M, and Okamura K. 2009. Effects of rapid or slow 246 

body mass reduction on body composition in adult rats. J Clin. Biochem. Nutr. 45: 185-247 

192. 248 

4. Durguerian A, Bougard C, Drogou C, Sauvet F, Chennaoui M, Filaire E, 2016. Weight loss, 249 

performance and psychological related states in high-level weightlifters. Int. J. Sports Med 250 

37: 230-238. 251 

5. Kukidome T, Shira K, Kubo J, Matsushima Y, Yanagisawa O, Homa T, Aizawa K. 2008. 252 

MRI evaluation of body composition changes in wrestlers undergoing rapid weight loss. 253 

Br. J. Sports Med 42: 814-818. 254 

6. Lopes-Silva JP, Felippe LJ, Silva-Cavalcante MD, Bertuzzi R, Lima-Silva AE. 2014. 255 

Caffeine ingestion after rapid weight loss in judo athletes reduces perceived effort and 256 

increases plasma lactate concentration without improving performance. Nutrients 6: 2931-257 

2945. 258 

7. Sagayama H, Yoshimura E, Yamada Y, Ichikawa M, Ebine N, Higaki Y, Kiyonaga A, 259 

Tanaka H. 2014. Effects of rapid weight loss and regain on body composition and energy 260 

expenditure. Appl Physiol Nutr Metab 39: 21-27. 261 

8. Yang WH, Heine O, Pauly S, Kim P, Bloch W, Mester J, Grau M. 2015. Rapid rather than 262 



 17 

gradual weight reduction impairs hemorheological parameters of Taekwondo athletes 263 

through reduction in RBC-NOS activation. PLoS One 10: e0123767. 264 

9. Forbes GB. 1987. Lean body mass-body fat interrelationships in humans. Nutr Rev. 45: 265 

225-231. 266 

10. Forbes GB. 2000. Body fat content influences the body composition response to nutrition 267 

and exercise. Ann NY Acad Sci 904: 359-365. 268 

11. Cahill GF Jr. 1976. Starvation in man. Clin Endocrinol Metab 5: 397-415. 269 

12. Dulloo AG, Jacquet J, Girardier L. 1996. Autoregulation of body composition during 270 

weight recovery in human: the Minnesota Experiment revisited. Int J Obes Relat Metab 271 

Disord. 20: 393-405. 272 

13. Saudek CD, Felig P. 1976. The metabolic events of starvation. Am J Med 60: 117-126. 273 

14. Goodman MN, Larsen PR, Kaplan MM, Aoki TT, Young VR, Ruderman NB. 1980. 274 

Starvation in the rat. Ⅱ. Effect of age and obesity on protein sparing and fuel metabolism. 275 

Am J Physiol 239: E277-286. 276 

15. Goodman MN, Lowell B, Belur E, and Ruderman NB. 1984. Sites of protein conservation 277 

and loss during starvation: influence of adiposity. Am J Physiol 246: E383-390. 278 

16. Williams RL, Wood LG, Collins CE, Callister. 2015. Effectiveness of weight loss 279 

interventions--is there a difference between men and women: a systematic review. Obes 280 

Rev 16(2): 171-186. 281 

17. Miller CK, Nagaraja HN, Cheavens JS, Fujita K, Lazarus SA, Brunette DS. 2023. Sex 282 

Differences in Early Weight Loss Success During a Diabetes Prevention Intervention. Am 283 

J Health Behav 47(2): 337-348. 284 

18. Lim K, Murakami E, Lee S, Shimomura Y, and Suzuki M. 1996. Effects of intermittent 285 

food restriction and refeeding on energy efficiency and body fat deposition in sedentary 286 

and exercised rats. J Nutr Sci Vitaminol 42: 449-468. 287 



 18 

19. Tai Y, Hasegawa H, Kondo E, Maeda M, Okamura K. 2018. Effect of the rate of body 288 

weight gain on body composition in growing rats. Nihon Sports Eiyo Gakkaishi (Japanese 289 

Journal of Sports Nutrition) 11: 41-50 (in Japanese). 290 

20. Krol E, Speakman JR. 1999. Isotope dilution spaces of mice injected simultaneously with 291 

deuterium, tritium and oxygen-18. J Exp Biol 202: 2839-2849. 292 

21. Kjeldahl J. 1883. Neue Methode zur Bestimmung des Stickstoffs in organischen Körpern. 293 

Zeitschrift für analytische Chemie 22: 366-382 294 

22. Folch J, Lees M, Sloane Stanley G H. 1957. A simple method for the isolation and 295 

purification of total lipides from animal tissues. J Biol Chem 226: 497-509. 296 

23. Lo S, Russell JC, Taylor AW. 1970. Determination of glycogen in small tissue samples. J 297 

Apple Physiol 28: 234-236.  298 

24. Feinstein HI. 1983. Average Heat of Combustion and Available Energy of Carbohydrate, 299 

Fat and Protein. Iowa Science Teachers Journal 20: 2-2 300 

25. Matoba H, Murakami N. 1983. Sex differences in histochemical properties of the soleus 301 

muscles of mice during growth. In: H. Matsui & K. Kobayashi (Eds): Biomechanics Ⅷ-302 

A, Human Kinetics Publishers 217-222 303 

26. McKenzie S, Phillips SM, Carter SL, Lowther S, Gibala MJ, Tarnopolsky MA. 2000. 304 

Endurance exercise training attenuates leucine oxidation and BCOAD activation during 305 

exercise in humans. Am J Physiol Endocrinol Metab 278: E580-587. 306 

27. Tarnopolsky MA, Atkinson SA, Phillips SM, MacDougall JD. 1995. Carbohydrate loading 307 

and metabolism during exercise in men and women. J Appl Physiol 78: 1360-1368. 308 

28. Tarnopolsky LJ, MacDougall JD, Atkinson SA, Tarnopolsky MA, Sutton JR. 1990. Gender 309 

differences in substrate for endurance exercise. J Appl Physiol 68: 302-308. 310 

29. Wishnofsky M. 1958. Caloric equivalents of gained or lost weight. Am J Clin Nutr 6: 542-311 

546. 312 



 19 

Figure legends 

Figure 1. BW changes during the study.  

BW was significantly higher in male rats than in females, and the BW reduction was 

significantly greater in male rats than in female rats. *p<0.05 vs. Male 

 

Figure 2. Energy expenditure during the study.  

Energy expenditure decreased during the three-day fasting period, and the energy expended 

during the three-day fasting period was significantly higher in male rats than in female rats. 

*p<0.05 vs. Male 

 

Figure 3. Changes in lean and adipose tissue.  

Reductions in LT and AT weights and energy were significantly greater in male rats than in 

females, while the proportion of AT loss among total BW reduction and total energy loss was 

significantly greater in female rats than in males, and the proportion of LT loss among total 

BW reduction and total energy loss was significantly greater in male than in female rats. 

*p<0.05 vs. Male 
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Table 1-1. Tissue weight before and after BW reduction (g) 

*p < 0.05, Two-way ANOVA. †p < 0.05, vs. Pre (t-test). 

SD, standard deviation; ANOVA, analysis of variance 

 

 

 
Male  Female  Two-way ANOVA 

  Pre  Post  Pre  Post  
Sex BW reduction 

Sex 
× 

BW reduction 
 mean SD  mean SD  mean SD  mean SD  

Organ                

Heart 1.15 0.06  1.12 0.12  0.79 0.15  0.70 0.08  *   

Liver  16.65 1.85  11.03 1.13†  9.55 1.20  6.31 0.48†  * * * 

Kidneys 3.51 0.26  3.10 0.30†  2.03 0.22  1.69 0.20†  * *  

Adrenal 0.04 0.01  0.03 0.00  0.05 0.01  0.05 0.01  *   

Pancreas 1.71 0.27  1.64 0.29  1.50 0.22  1.09 0.17†  * *  

Spleen 0.89 0.08  0.75 0.13  0.57 0.07  0.46 0.03†  * *  

Intestines 7.13 0.45  6.77 0.65  5.27 0.46  5.48 0.53  *   

Total 31.10 1.89  24.45 1.74†  19.76 1.83  15.76 1.10†  * *  
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Table 1-2. Tissue weight before and after BW reduction (g) 

*p < 0.05, Two-way ANOVA. †p < 0.05, vs. Pre (t-test). SD, standard deviation; ANOVA, analysis of variance 
 

 Male  Female  Two-way ANOVA 

 
 Pre  Post  Pre  Post  

Sex BW reduction 
Sex 
× 

BW reduction  mean SD  mean SD  mean SD  mean SD  

Skeletal muscle                

Gastrocnemius 5.41 0.21  5.09 0.24  3.36 0.26  2.98  0.18†  * *  

Soleus 0.31 0.03  0.30 0.02  0.21 0.02  0.19 0.03  *   

Plantaris 0.95 0.08  0.88 0.07  0.62 0.04  0.52  0.06†  * *  

Flexor hallucis longus 1.32 0.04  1.24 0.10  0.83 0.07  0.75 0.05  * *  

Total 7.99 0.30  7.51  0.32†  5.04 0.36  4.44  0.29†  * *  

                
Adipose tissue                

Retroperitoneal 5.18 2.21  4.40 1.03  2.91 1.20  1.87 0.53  *   

Perirenal 1.44 0.46  1.35 0.36  1.28 0.57  0.64  0.33†  *   

Epididymal / parametrial 6.25 1.15  5.78 1.05  5.68 1.86  4.13  1.03†     

Mesenteric 5.40 1.66  3.23  1.35†  3.49 1.78  1.93 0.90  * *  

Total 18.26 5.25  14.77 3.52  13.36 4.96  8.56  2.59†  * *  

                
Skin 92.5 2.93  87.3 6.02  47.3 6.85  44.7 3.54  *   

Carcass 308.4 9.18  288.4  10.51†  177.7 12.54  165.4 11.79  * *  
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Table 2-1. Tissue weight before and after BW reduction (g/100 g) 

 

*p<0.05, Two-way ANOVA. †p < 0.05, vs. Pre (t-test). 

SD, standard deviation; ANOVA, analysis of variance 

 

 

 

 
Male  Female  Two-way ANOVA 

 Pre  Post  Pre  Post  
Sex BW reduction 

Sex 
× 

BW reduction 
 mean SD  mean SD  mean SD  mean SD  

Organ                

Heart 0.22 0.01  0.25 0.02†  0.26 0.04  0.27 0.02  *   

Liver 3.24 0.28  2.43 0.19†  3.20 0.19  2.43 0.09†   *  

Kidneys 0.68 0.04  0.68 0.05  0.68 0.05  0.65 0.04     

Adrenal 0.01 0.00  0.01 0.00  0.02 0.00  0.02 0.00†  *   

Pancreas 0.33 0.06  0.36 0.06  0.51 0.08  0.42 0.05   *  * 

Spleen 0.17 0.01  0.16 0.03  0.19 0.02  0.18 0.02      

Intestines 1.39 0.10  1.49 0.12  1.77 0.14  2.11 0.22†  * *  

Total 6.05 0.21  5.38 0.20†  6.64 0.27  6.07 0.23†  * *  
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Table 2-2. Tissue weight before and after BW reduction (g/100g) 

*p<0.05, Two-way ANOVA. †p < 0.05, vs. Pre (t-test). SD, standard deviation; ANOVA, analysis of variance 
 

 Male  Female  Two-way ANOVA 

 
 Pre  Post  Pre  Post  

Sex BW reduction 
Sex 
× 

BW reduction  mean SD  mean SD  mean SD  mean SD  

Skeletal muscle                

Gastrocnemius 1.05 0.03  1.12 0.03†  1.13 0.05  1.15 0.05  * *  

Soleus 0.06 0.01  0.07 0.01  0.07 0.01  0.07 0.01  *   

Plantaris 0.31 0.30  0.19 0.01  0.21 0.02  0.20 0.02     

Flexor hallucis longus 0.26 0.01  0.27 0.02  0.28 0.02  0.29 0.01  *   

Total 1.68 0.30  1.66 0.04  1.69 0.08  1.71 0.07     

                
Adipose tissue                

Retroperitoneal 1.81 2.10  0.96 0.19  0.97 0.37  0.72 0.20     

Perirenal 0.28 0.08  0.30 0.07  0.42 0.15  0.24 0.13†     

Epididymal / parametrial 1.21 0.20  1.27 0.20  1.88 0.52  1.58 0.36  *   

Mesenteric 1.05 0.30  0.72 0.27  1.14 0.47  0.73 0.31   *  

Total 4.34 2.32  3.25 0.67  4.40 1.32  3.27 0.92     

                
Skin 18.0 0.36  19.2 0.84†  15.8 1.20  17.2 0.39  * *  

Carcass 60.0 0.86  63.6 1.30†  59.8 2.92  63.6 0.82†   *  
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Table 3. Whole- body protein, total lipid, and glycogen content 

 

 

 

 

 

 

 

 

 

 

 
 

*p < 0.05, Two-way ANOVA. †p < 0.05, vs. Pre (t-test). 

SD, standard deviation; BW, body weight; ANOVA, analysis of variance 
 

 Male  Female  Two-way ANOVA 

 Pre  Post  Pre  Post  
Sex BW reduction 

Sex 
×  

 BW reduction  mean SD  mean SD  mean SD  mean SD  

Wight (g)     
 

          

Protein 86.9 7.64  76.8 4.80  54.0 7.23  47.4 3.43  ＊ ＊  

Total lipid 58.6 8.21  50.3 5.84  37.0 9.61  27.5 3.68  ＊ ＊  

Glycogen 0.25 0.02  0.23 0.01  0.23 0.05  0.19 0.02  ＊ ＊  

                

Weight BW (%)                

Protein 16.9 1.09  16.9 1.13  18.1 0.91  18.2 0.44  ＊   

Total lipid 11.4 1.36  11.1 0.91  12.3 2.15  10.6 1.16     

Glycogen 0.05 0.00  0.05 0.00  0.08 0.01  0.07 0.01  ＊   

† 

† 

† 



Figure 1 
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Figure 2 
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Figure 3 
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