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Effects of protein intake 
from an energy‑restricted diet 
on the skeletal muscle composition 
of overweight and obese rats
Ying Tian 1*, Yuping Huan 2, Lihong Chen 3, Suwen Peng 2, Zhiyan He 2 & Qian Wang 2

Excess weight and obesity are often associated with ectopic adipose tissue accumulation in skeletal 
muscles. Intermuscular adipose tissue (IMAT) impairs muscle quality and reduces insulin-stimulated 
skeletal muscle glucose uptake. Although energy restriction and high protein intake can decrease 
IMAT, the effects and mechanisms of protein intake from an energy-restricted diet on protein and fat 
masses in skeletal muscle have received little attention. After establishing a diet-induced overweight 
and obese Sprague-Dawley rat model (half male and half female), rats were divided into five groups: 
normal control (NC; normal weight, general maintenance diet), model control (MC; overweight and 
obesity, high-fat diet), energy-restricted low protein (LP; overweight and obesity, 60% energy intake 
of NC, general maintenance diet), energy-restricted normal protein (NP; overweight and obesity, 
60% energy intake of NC, high-protein diet 1), and energy-restricted high protein (HP; overweight 
and obesity, 60% energy intake of NC, high-protein diet 2). After 8 weeks, plasma and skeletal 
muscle (quadriceps femoris and gastrocnemius) samples were collected. Plasma levels of glucose, 
triglycerides, and hormones were analyzed, while contents of protein, fat, and factors associated 
with their synthesis and degradation were evaluated in skeletal muscles. Plasma concentrations 
of hormones contrasted protein and fat contents in skeletal muscles. Fat weights and contents of 
quadriceps femoris and gastrocnemius muscles in the NP group were significantly lower compared 
with LP and HP groups (P < 0.05). Moreover, concentrations of factors associated with the degradation 
of muscle fat were significantly higher in the NP group compared with LP and HP groups (P < 0.05). 
During energy restriction, protein intake equal to that of a normal protein diet increased lipolysis of 
quadriceps femoris and gastrocnemius muscles in rats of both sexes.
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Excessive energy intake is strongly associated with the current prevalence of overweight and obesity1,2. Excess 
weight and obesity are usually associated with ectopic adipose tissue accumulation, and skeletal muscle is one 
of the locations where adipose tissue accumulates. Intermuscular adipose tissue (IMAT) impairs muscle quality 
and reduces insulin-stimulated skeletal muscle glucose uptake3,4. Although energy restriction can decrease IMAT, 
unreasonable energy restriction will lead to the loss of lean body mass, including skeletal muscle mass, which can 
increase the risk of sarcopenia, especially in older adults5,6. Thus, an ideal weight loss strategy promotes satiety, 
maintains lean body mass, and reduces fat mass despite a negative energy balance7.

One potentially effective dietary strategy for decreasing IMAT in obese adults is increasing total protein 
intake8. As high-protein diets can suppress appetite, increase diet-induced thermogenesis, and help preserve 
lean body mass, they are recommended and promoted for overweight and obese adults9,10. A high-protein 
diet is characterized by increased intake of foods rich in protein. In energy-restricted high-protein diets for 
human weight loss, 25–30% of the energy is supplied by protein9. Although percentages of energy obtained 
from protein with a diet are higher than those of a normal-protein diet, high-protein diets advocate 0.8–1.2 g/
kg of body weight per day, similar to a normal diet in terms of neutral energy balance11,12. The absolute amount 
of protein consumption was found to be of greater importance than the percentage of energy for weight loss 
management13, so actual protein intake during weight loss through energy restriction is more instructive for 
overweight or obese individuals.

Skeletal muscle is mainly made up of protein, accounting for 60% of the total body protein in humans14,15. 
Skeletal muscle is also a major site for fatty acid disposal16. Weight loss, achieved through energy-restricted 
diets, decreases both protein and fat mass in skeletal muscle17,18. However, the effects and mechanisms of protein 
intake from energy-restricted diets on protein and fat masses in skeletal muscle have received little attention.

In the present study, we assessed the effects of varying protein intake from an energy-restricted diet on the 
skeletal muscle composition (i.e. protein and fat contents in the quadriceps femoris and gastrocnemius) of over-
weight and obese rats of both sexes. Moreover, we explored the underlying mechanisms by which protein intake 
affected the synthesis and decomposition of protein and fat in these two types of skeletal muscle.

Materials and methods
Animals and diets.  Seventy-two Sprague-Dawley rats (aged 6 weeks; half male and half female, weighing 
190 ± 5 g and 160 ± 5 g, respectively) were obtained from Sippr-BK Laboratory Animals (Shanghai, China). Rats 
were housed three per cage in a controlled environment at 22 ± 2 °C and relative air humidity of 55% ± 15%, with 
a 12-h light–dark cycle. Six male rats and six female rats were randomly selected as two normal controls (NC), 
which were fed a general maintenance diet19. The other rats were fed high-fat diet for 9 weeks. At the end of the 
ninth week, rats whose body weight was more than 20% of the average body weight of the NC group were con-
sidered “obese”, while those whose body weight was 10–20% of the average body weight of the NC group were 
considered “overweight”. Overweight and obese rats were randomly divided into eight groups according to sex 
(n = 6/group): male and female rats in model control (MC) groups were fed a high-fat diet, males and females 
in energy-restricted low protein (LP) groups were fed a general maintenance diet, males and females in energy-
restricted normal protein (NP) groups were fed high-protein diet 1, and males and females in energy-restricted 
high protein (HP) groups were fed high-protein diet 2 (Fig. 1). The compositions of diets are shown in Table 1. 
Protein contents of diets were determined by Kjeldahl analysis, fat contents were measured by Soxhelt extrac-
tion, contents of water and ash were detected by the weight method, and carbohydrate contents were determined 
by the subtraction method. The energy contents of diets were calculated according to the formula (1):

Rats in NC and MC groups had free access to food and water. Energy intake of LP, NP, and HP groups was 
60% of that of the NC group. Protein intake percentages of LP, NP, and HP groups were 60%, 100%, and 200% 
of the NC group, respectively. Energy intake of the NC group was calculated on the first day, and dietary intake 
of LP, NP, and HP groups were calculated on the second day according to the formula (2):

where Iintervention indicates dietary intake of the LP, NP or HP group; INC indicates dietary intake of the NC group; 
ECNC indicates the energy content of the NC group diet; and ECintervention indicates the energy content of the LP, 
NP, or HP group diet.

Body weights were measured weekly. At the end of the seventeenth week, after fasting for 12 h, all rats were 
sedated with sodium pentobarbital and sacrificed by abdominal aorta puncture to collect blood. Plasma was 
separated by low-speed centrifugation and stored at − 80 °C. The quadriceps femoris and gastrocnemius muscles 
were surgically excised. Subcutaneous fat in the groin and axilla, visceral fat in the mesentery and retroperito-
neum, and fat around the kidneys and epididymis were all isolated. All tissues were weighed, immediately frozen 
in liquid nitrogen, and then stored at − 80 °C for subsequent analyses.

Histological staining.  Hematoxylin and eosin staining (H-E staining) was used to observe muscle struc-
tures. Muscles were fixed with 4% paraformaldehyde for 24 h, dehydrated in a graded series of alcohol (75%, 
85%, 90%, 95%, and 100%), embedded in paraffin, sliced (4-µm-thick sections), deparaffinized, hydrated, and 
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stained with hematoxylin and eosin. Distributions of adipose and muscle tissues were observed using a micro-
scope (Nikon, Tokyo, Japan). Five fields were randomly selected in each sample for analyzing muscles, and three 
samples from each group were selected for statistical analysis. Image J software was used to analyze the percent-
age of fat in the muscles.

Contents of protein and fat in skeletal muscles.  The protein contents of quadriceps femoris and gas-
trocnemius muscles of rats were determined by Kjeldahl analysis20, and fat contents were measured by Soxhelt 
extraction21.

Plasma parameters.  Plasma concentrations of glucose and triglycerides were detected with a Hitachi 7020 
automatic biochemical analyzer (Hitachi High-tech, Tokyo, Japan). Plasma concentrations of hormones related 
to the regulation of blood glucose and metabolism of skeletal muscles [i.e. insulin, glucagon, estradiol, testos-
terone, nitric oxide synthase (NOS), insulin-like growth factor-1 (IGF-1), growth hormone, and cortisol] were 
measured using ELISA kits according to the manufacturer’s instructions (Catalog Nos. HB127-Ra, HB112-Ra, 
HB898-Ra, HB779-Ra, HB131-Ra, HB124-Ra, HB364-Ra and HB459-Ra, respectively; R&D Systems, Minne-
apolis, MN, USA). ELISAs were based on the “double antibody sandwich” principle in which two highly specific 
antibodies are used to detect the target analyte. Plasma concentrations were calculated based on standard curves. 
Indeterminate results were excluded, and corresponding samples were retested.

Skeletal muscle parameters.  The concentrations of factors related to the synthesis and degradation of 
skeletal muscle protein and fat were measured in quadriceps femoris and gastrocnemius muscles using ELISA 
kits according to the manufacturer’s instructions (R&D Systems). Factors associated with the synthesis of skeletal 
muscle proteins included IGF-1 (Catalog No. HB124-Ra), phosphorylated phosphoinositide 3-kinase (p-PI3K, 
Catalog No. HB1281-Ra), phosphorylated Akt (p-Akt, Catalog No. HB534-Ra), phosphorylated mammalian 
target of rapamycin (p-mTOR, Catalog No. HB1282-Ra), and phosphorylated ribosomal protein S6 kinase 1 
(p-S6K1, Catalog No. HB1283-Ra). Factors associated with the degradation of skeletal muscle protein included 
muscle atrophy F-box (MAFbx, Catalog No. HB1284-Ra) and muscle RING-finger protein-1 (MuRF-1, Cata-

Figure 1.   Experimental grouping schedule.

Table 1.   Compositions of the rat diets (g/100 g diet). a The compositions of the general maintenance diet were: 
corn 40.6%, middling 14.0%, wheat 10.0%, clover 3.0%, soybean meal 11.0%, fish meal 6.0%, chicken meal 
6.0%, a mixture of vitamins and minerals 4.4%, wheat gluten 2.0%, stone power for feed 1.0% and salad oil 
2.0%.

High-fat diet High-protein diet 1 High-protein diet 2

General maintenance dieta 42.0 78.5 30.0

Lard 28.0 – –

Vegetable oil – 1.5 4.0

Sucrose 10.0 – –

Whole milk power 10.0 – –

Soy isolate protein 8.0 18.0 61.0

Calcium hydrophosphate 2.0 1.0 2.5

Microcrystalline cellulose – 1.0 2.5
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log No. HB1285-Ra). Factors associated with the synthesis of skeletal muscle fat included nuclear sterol regu-
latory element binding protein-1C (nSREBP-1C, Catalog No. HB1288-Ra), fatty acid synthase (FAS, Catalog 
No. HB058-Ra), acetyl-CoA carboxylase (ACC, Catalog No. HB1289-Ra), stearoyl CoA desaturase-1 (SCD1, 
Catalog No. HB091-Ra), and lipin 1 (Catalog No. HB1290-Ra). Factors associated with the oxidation of skeletal 
muscle fat included phosphorylated adenosine monophosphate-activated protein kinase (p-AMPK, Catalog No. 
HB1291-Ra), peroxisome proliferator-activated receptor α (PPARα, Catalog No. HB735-Ra), and peroxisome 
proliferator-activated receptor γ (PPARγ, Catalog No. HB733-Ra).

Statistical analysis.  All quantitative data are presented as the mean ± standard deviation for variables with 
a normal distribution. One-way analysis of variance was used. If a significant difference (P < 0.05) was observed, 
post hoc analyses were conducted using the least-square difference approach. Data were analyzed using SPSS 
version 20 (IBM, Armonk, NY, USA).

Ethical approval and consent to participate.  All protocols in this study were approved by the Ethical 
Committee for Laboratory Animals of Yangzhou University (No. 201809.001), in accordance with ARRIVE 
guidelines22. All procedures and animal care were approved by the Ethical Committee for Laboratory Animals 
of Yangzhou University (No. 201809.001) and performed in accordance with relevant national and international 
guidelines, and the Guide for the Care and Use of Laboratory Animals published by the US National Institutes 
of Health.

Results
Contents of main nutrients and energy in rat diets.  Table 2 shows the contents of protein, fat, carbo-
hydrate, water, ash, and energy in each of the four diets. Fat and energy contents in the high-fat diet were higher 
than those in the general maintenance diet, and protein contents in the two high-protein diets were higher than 
the level in the general maintenance diet. Carbohydrate contents in the high-fat diet and both high-protein diets 
were lower than the level in the general maintenance diet.

Body weight and body fat of rats.  There were no significant differences between initial body weights 
of rats in NC and MC groups (P > 0.05). After modeling, body weights of rats in the MC group were sig-
nificantly higher compared with the NC group (P < 0.05). Among these rats, 14 were overweight male rats 
(513.60 ± 16.21 g), 13 were overweight female rats (270.17 ± 6.00 g), 10 were obese male rats (596.40 ± 40.02 g), 
and 11 were obese female rats (294.13 ± 8.39 g). The final body weights of rats LP, NP, and HP groups were all 
significantly lower than rats in NC and MC groups (P < 0.05), but there were no significant differences in weight 
between the three energy-restricted groups (P > 0.05). The body weights of female rats were significantly lower 
than male rats (P < 0.05). Trends for body fat were consistent with those for body weight (Table 3).

Dietary, energy and macronutrient intakes and percentages of energy obtained from macro‑
nutrients.  Dietary, energy, and fat intake values of LP, NP, and HP groups were significantly lower compared 
with MC and NC groups (P < 0.05). With increased protein intake, the percentage of energy from protein in LP, 

Table 2.   Contents of main nutrients and energy in each diet.

Protein (g/100 g) Fat (g/100 g) Water (g/100 g) Ash (g/100 g)
Carbohydrate 
(g/100 g)

Energy 
(kcal/100 g)

General mainte-
nance diet 19.20 5.00 9.30 5.90 60.60 364.20

High-fat diet 19.11 29.26 8.20 5.29 38.14 492.34

High-protein diet 1 31.18 5.91 10.10 6.26 46.55 364.11

High-protein diet 2 54.90 5.83 10.30 6.54 22.43 361.79

Table 3.   Body weight and body fat of rats in different groups (g). NC normal control group, MC model control 
group, LP low energy low protein group, NP low energy normal protein group, HP low energy high protein 
group. Values are the mean ± SD. Mean values within a column with different superscript letters (a, b, c) were 
significantly different (P < 0.05).

Male Female

Initial body weight
Body weight after 
modeling Final body weight Final body fat Initial body weight

Body weight after 
modeling Final body weight Final body fat

NC 195.06 ± 10.67a 462.80 ± 16.60b 554.60 ± 24.09b 27.91 ± 4.52b 164.83 ± 14.40a 241.58 ± 19.47b 275.18 ± 19.67b 10.30 ± 4.26b

MC 195.97 ± 8.19a 544.65 ± 49.05a 664.95 ± 90.97a 47.14 ± 11.67a 164.11 ± 7.92a 281.19 ± 13.79a 299.80 ± 19.75a 16.84 ± 3.32a

LP – – 470.80 ± 47.73c 14.64 ± 4.10c – – 234.67 ± 18.28c 2.06 ± 0.88c

NP – – 476.80 ± 42.51c 15.77 ± 6.69c – – 231.48 ± 11.87c 3.90 ± 1.80c

HP – – 458.45 ± 21.14c 12.54 ± 1.13c – – 230.47 ± 11.82c 3.55 ± 1.14c
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NP, and HP groups increased and the intake of carbohydrate and percentage of energy from carbohydrate in 
these three groups decreased. Moreover, dietary, energy, and macronutrient intake values of female rats were 
significantly lower than those of male rats (P < 0.05) (Table 4).

Histological staining.  As shown in Fig. 2, significantly more fat accumulated around skeletal muscle fibers 
in the MC group compared with the other groups. Moreover, significantly less fat was observed around skeletal 
muscle fibers of rats in NP group compared with the other groups.

Composition of rat skeletal muscles.  The weights of quadriceps femoris and gastrocnemius muscles, as 
well as weights and contents of protein and fat in these two muscles, were significantly lower in LP, NP, and HP 
groups compared with the MC group (P < 0.05). Because the gastrocnemius muscles of female rats were too lean, 
determination of fat contents in the female gastrocnemius was not possible. The weights and contents of fat in 
quadriceps femoris and gastrocnemius muscles of rats in the NP group were significantly lower compared with 
LP and HP groups (P < 0.05). There were no significant differences in protein contents in the quadriceps femoris 
muscle between male and female rats (P > 0.05), but all other data for female rats was significantly lower than 
that of male rats (P < 0.05) (Table 5).

Plasma parameters.  Figure 3 shows plasma concentrations of glucose, insulin, glucagon, and triglyceride 
in each group. For both male and female rats, triglyceride concentrations in LP, NP, and HP groups were sig-
nificantly decreased compared with the MC group (P < 0.05); however, there was no significant difference in tri-
glyceride levels among these three groups (P > 0.05). In contrast, plasma concentrations of glucose, insulin, and 
glucagon differed by sex. Plasma glucose concentrations of male LP, NP, and HP groups were significantly lower 
compared with the male MC group (P < 0.05), but female rats did not display a significant difference (P > 0.05). 
Plasma insulin concentrations were significantly increased in NP and HP groups compared with the MC group 
for both sexes (P < 0.05), but there was no significant difference in insulin concentration between NP and HP 
groups (P > 0.05). Glucagon concentrations of males in LP, NP, and HP groups were significantly lower than 
males in the MC group (P < 0.05), but there was no significant difference between female HP and MC groups 
(P > 0.05).

Figure 4 shows plasma concentrations of hormones associated with skeletal muscle synthesis and degrada-
tion. The concentrations of all examined hormones were significantly lower in the MC group compared with 
the NC group (P < 0.05). Moreover, concentrations of hormones in NP and HP groups were significantly higher 
compared with the MC group (P < 0.05). However, there were no significant differences in hormone concentra-
tions between NP and HP groups for either sex (P > 0.05).

Skeletal muscle parameters.  Figure 5 shows concentrations of factors associated with protein synthesis 
and degradation signaling pathways in the quadriceps femoris and gastrocnemius muscles. Concentrations of 
all factors were significantly increased in both muscles of the MC group compared with the NC group (P < 0.05). 
Moreover, concentrations of all factors were significantly lower in these two muscles in LP, NP, and HP groups 
compared with the MC group (P < 0.05). However, there were no significant differences among the three energy-
restricted groups for either sex (P > 0.05).

Figure 6 shows concentrations of factors associated with fat synthesis and degradation in the quadriceps 
femoris and gastrocnemius muscles. Concentrations of all factors associated with the synthesis of skeletal muscle 
fat were significantly increased in quadriceps femoris and gastrocnemius muscles of the MC group compared 
with the NC group (P < 0.05). Moreover, concentrations of all these factors were significantly lower in these two 

Table 4.   Intakes of diets, energy, macronutrients and the percentage of energy from macronutrients of rats in 
different groups. NC normal control group, MC model control group, LP low energy low protein group, NP low 
energy normal protein group, HP low energy high protein group. Values are the mean ± SD. Mean values of the 
same sex within a column with different superscript letters (a, b, c, d) were significantly different (P < 0.05).

Diet intake (g/d)
Energy intake 
(kcal/d)

Protein intake 
(g/d) Fat intake (g/d)

Carbohydrate 
intake (g/d)

Percentage of 
energy from 
protein (%)

Percentage of 
energy from fat 
(%)

Percentage of 
energy from 
carbohydrate 
(%)

Male

NC 24.06 ± 0.83a 87.63 ± 3.04a 4.62 ± 0.16a 1.20 ± 0.04a 14.58 ± 0.51a 21.09 12.36 66.56

MC 21.57 ± 3.30a 112.19 ± 13.99b 4.12 ± 0.63a 6.31 ± 0.97b 8.23 ± 1.26b 15.53 53.49 30.99

LP 14.46 ± 0.51b 52.66 ± 1.86c 2.78 ± 0.10b 0.72 ± 0.03c 8.76 ± 0.31b 21.09 12.36 66.56

NP 14.47 ± 0.51b 52.70 ± 1.84c 4.51 ± 0.16a 0.86 ± 0.03d 6.74 ± 0.24d 34.25 14.61 51.14

HP 14.56 ± 0.50b 52.68 ± 1.82c 7.99 ± 0.28c 0.85 ± 0.03d 3.27 ± 0.11c 60.70 14.50 24.80

Female

NC 14.80 ± 0.12a 53.91 ± 0.45a 2.85 ± 0.02a 0.74 ± 0.01a 9.36 ± 0.38a 21.09 12.36 66.56

MC 11.82 ± 0.63b 58.18 ± 3.10b 2.26 ± 0.12b 3.46 ± 0.18b 4.07 ± 0.41b 15.53 53.49 30.99

LP 9.28 ± 0.38c 33.78 ± 1.39c 1.78 ± 0.07b 0.46 ± 0.02c 5.62 ± 0.23c 21.09 12.36 66.56

NP 9.29 ± 0.38c 33.83 ± 1.40c 2.90 ± 0.12a 0.55 ± 0.02d 4.33 ± 0.18b 34.25 14.61 51.14

HP 9.34 ± 0.38c 33.78 ± 1.39c 5.13 ± 0.21c 0.54 ± 0.02d 2.09 ± 0.09d 60.70 14.50 24.80
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muscles in LP, NP, and HP groups compared with the MC group (P < 0.05). However, there was no significant 
difference among the three energy-restricted groups for either sex (P > 0.05). In contrast, the concentrations of 
all factors associated with degradation of skeletal muscle fat in quadriceps femoris and gastrocnemius muscles 
of the MC group were significantly decreased compared with the NC group (P < 0.05), and significantly higher 
in LP, NP, and HP groups compared with the MC group (P < 0.05). In particular, the concentrations of factors 
associated with skeletal muscle fat degradation were significantly higher in the NP group compared with LP and 
HP groups for both sexes (P < 0.05).

Discussion
Restricting energy intake is an effective way to lose weight. Intake of food for overweight or obese adults should 
be reduced by 30%–50% of energy intake from the habitual diet9,23. In the present study, the energy intake of rats 
in the three energy-restricted groups was reduced by 40% compared with the NC group, within the prescribed 
range. Protein intake of the LP group was reduced by 40% along with the reduction of energy intake, while protein 
intake of the NP group was the same as that of the NC group, and protein intake of the HP group was twice that 
of the NC group. Our results show that 40% energy restriction significantly reduced both total body weights and 
weights of the quadriceps femoris and gastrocnemius muscles, consistent with previous studies9,24. Furthermore, 
protein and fat contents in the quadriceps femoris and gastrocnemius muscles were significantly decreased 
in the three energy-restricted groups, consistent with previous studies17,18. However, the protein contents of 
muscles were not significantly higher in the HP group compared with LP and NP groups, potentially because 
carbohydrate intake in the HP group was only 20% of that in the NC group, and about 50% of that in the NP 
group. These results suggest that most protein intake in the HP group was used for gluconeogenesis to maintain 
plasma glucose levels, and there were not enough amino acids involved in skeletal muscle protein synthesis.

a

b

Figure 2.   Histological analysis of the skeletal muscles. (a) The H-E staining of quadriceps femoris and 
gastrocnemius muscles of rats (100 ×). (b) Statistical analysis of fat in skeletal muscles. Mean values of the same 
sex with different superscript symbols (#,*, & and ^) were significantly different (P < 0.05).
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Excessive weight, obesity, and weight loss through energy restriction can lead to metabolic changes of glucose 
and lipid that may ultimate result in changes of glucose, insulin, glucagon, and triglyceride in the blood, most 
of which are “IMAT contributors”8. Table 5 shows that insulin concentrations were significantly decreased and 
glucagon concentrations were significantly increased in the plasma of male overweight and obese rats, resulting 
in significant increases of blood glucose. In contrast, glucose levels of female rats remained normal, potentially 
due to the smaller increase in glucagon in female overweight and obese rats compared with males. A previous 

Table 5.   Weight and composition of quadriceps and gastrocnemius in different groups. NC normal control 
group, MC model control group, LP low energy low protein group, NP low energy normal protein group, HP 
low energy high protein group. Values are the mean ± SD. Mean values of the same muscle type and the same 
sex within a column with different superscript letters (a, b, c, d) were significantly different (P < 0.05). Female 
rats had too few gastrocnemius muscles, so fat determination was not possible.

Muscle weight (g) Protein weight (g) Fat weight (mg)
Protein content in 
muscle (mg/g)

Fat content in 
muscle (mg/g)

Quadriceps femoris

NC 12.70 ± 1.23a,c 2.64 ± 0.34a 83.71 ± 8.93a 207.82 ± 10.29a 6.59 ± 0.70b

MC 14.44 ± 1.57a 4.61 ± 0.33b 98.27 ± 3.52b 321.97 ± 41.65b 6.81 ± 0.24a

LP 12.28 ± 1.62c 3.29 ± 0.37c 28.86 ± 1.49c 268.50 ± 11.33c 2.35 ± 0.12c

NP 10.23 ± 0.78b 2.59 ± 0.10a 18.00 ± 0.96d 254.29 ± 14.01c 1.76 ± 0.09d

HP 10.24 ± 1.03b 2.50 ± 0.26a 21.91 ± 0.23c 245.41 ± 23.62c 2.14 ± 0.02c

Male

Gastrocnemius

NC 5.81 ± 0.60a,b 1.21 ± 0.09a 8.29 ± 0.77a 201.40 ± 10.66a 1.38 ± 0.13b

MC 6.01 ± 0.10a 1.89 ± 0.14b 9.95 ± 1.17b 327.00 ± 28.38b 1.71 ± 0.20a

LP 5.38 ± 0.38b 1.23 ± 0.12a 3.47 ± 0.15c 226.78 ± 10.00c 0.63 ± 0.03c

NP 5.31 ± 0.46b 1.38 ± 0.16a 2.43 ± 0.27d 260.59 ± 13.17c 0.46 ± 0.05d

HP 5.40 ± 0.07b 1.25 ± 0.09a 3.12 ± 0.11c 237.55 ± 23.62c 0.58 ± 0.02c

Quadriceps femoris

NC 6.47 ± 0.31a,b 1.36 ± 0.15a 15.99 ± 1.23a 210.09 ± 23.62a 2.47 ± 0.19a

MC 7.06 ± 0.61a 2.23 ± 0.17b 28.83 ± 2.35b 320.85 ± 21.66b 4.08 ± 0.33b

LP 6.17 ± 0.44b 1.60 ± 0.14a 8.67 ± 0.45c 260.42 ± 23.64c 1.42 ± 0.07c

NP 6.02 ± 0.48b 1.51 ± 0.21a 7.37 ± 0.26d 249.73 ± 24.65c 1.23 ± 0.04d

HP 6.03 ± 0.65b 1.48 ± 0.24a 8.32 ± 0.19c 243.51 ± 23.21c 1.38 ± 0.03c

Female

Gastrocnemius

NC 3.48 ± 0.21a,c 0.72 ± 0.04a – 206.01 ± 12.54a –

MC 3.72 ± 0.43a 1.21 ± 0.19b – 335.33 ± 27.82b –

LP 3.15 ± 0.32c,d 0.78 ± 0.10a – 248.33 ± 26.22c –

NP 3.04 ±0.16 b,d 0.81 ± 0.07a – 264.17 ± 25.54c –

HP 3.15 ± 0.19c,d 0.78 ± 0.06a – 249.22 ± 18.80c –

a b

c d

Figure 3.   Concentration of glucose, insulin, glucagon and triglyceride in the plasma of different groups. (a) 
Statistical analysis of glucose. (b) Statistical analysis of insulin. (c) Statistical analysis of glucagon. (d) Statistical 
analysis of triglyceride. Mean values of the same sex with different superscript symbols (#, * and &) were 
significantly different (P < 0.05).
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study found that glucagon is secreted by α cells when energy demand is enhanced25. In the present study, blood 
was taken from rats after a 12-h fast, which led to an increased energy demand and subsequent stimulation of 
glucagon. Notably, saturated fatty acids more effectively stimulate glucagon release than unsaturated fatty acids26. 
The high-fat diet in the present study contained a lot of lard, which is rich in saturated fatty acids, so glucagon 
secretion of rats in the MC group was significantly higher compared with the other groups. Both high glucose 
and high free fatty acid can induce oxidative stress and endoplasmic reticulum stress in pancreatic β cells, which 
decreases their function to reduce insulin synthesis and secretion27. This was probably the reason why insulin 
concentrations in the MC group were significantly lower than the NC group for both sexes. When energy was 
restricted, insulin concentrations of NP and HP groups were significantly higher compared with the MC group, 
but there was no significant increase in the LP group. These results suggest that energy restriction alone did not 
improve β cell function and, instead, β cell function was only improved when energy restriction was accompanied 
by protein intake at or above a normal level. There was no significant difference in the increase of insulin between 
NP and HP groups, indicating that under energy restriction, even protein intake twice that of the normal level 
could not further increase insulin levels.

Skeletal muscle accounts for 30–45% of whole body protein metabolism and is a major site for fat disposal28,29. 
Thus, loss of skeletal muscle during weight loss through energy restriction may lead to metabolic changes of 

a b c

d e f

Figure 4.   Concentration of hormones associated with the metabolism of skeletal muscle in the plasma of 
different groups. (a) Statistical analysis of estradiol. (b) Statistical analysis of testosterone. (c) Statistical analysis 
of NOS. (d) Statistical analysis of IGF-1. (e) Statistical analysis of growth hormone. (f) Statistical analysis of 
cortisol. Mean values of the same sex with different superscript symbols (#, *) were significantly different 
(P < 0.05).

a b c

d

g

e f

Figure 5.   Concentration of factors in the pathways associated with the protein metabolism in the skeletal 
muscles of different groups. (a) Statistical analysis of IGF-1. (b) Statistical analysis of p-PI3K. (c) Statistical 
analysis of p-Akt. (d) Statistical analysis of p-mTOR. (e) Statistical analysis of p-S6K1. (f) Statistical analysis of 
MAFbx. (g) Statistical analysis of MuRF-1. Mean values of the same muscle type and the same sex with different 
superscript symbols (#, *) were significantly different (P < 0.05).
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protein and fat, which can affect the composition of skeletal muscles. Endocrine and cellular mechanisms are 
two major factors affecting muscle composition30. The mechanisms responsible for changes in skeletal muscle 
composition during weight loss are related to changes in the synthesis and/or breakdown of protein and fat 
in skeletal muscles5. Some hormones present in the plasma may be involved in these processes. For example, 
insulin is responsible for protein and fat synthesis; estradiol, testosterone, NOS, IGF-1, and growth hormone are 
involved in protein synthesis; and cortisol can promote the breakdown of protein and fat31,32. In the present study, 
concentrations of all the aforementioned hormones were significantly increased in NP and HP groups compared 
with the MC group, in direct contrast to the protein and fat contents of skeletal muscles in these groups. These 
results suggest that hormones were probably not major factors affecting skeletal muscle composition during 
energy-restricted weight loss.

We next explored the mechanism by which skeletal muscle composition changes at the cellular level. In 
skeletal muscle cells, IGF-1 is a key factor stimulating protein synthesis. IGF-1 phosphorylates PI3Kl, which is 
followed by Akt phosphorylation and subsequent activation of mTOR, a key anabolic target. mTOR can acti-
vate S6K1 to promote protein translation33,34. In addition, the ubiquitin–proteasome system is a crucial protein 
degradation system in eukaryotes. MAFbx and MuRF1, two of the best-characterized E3 ubiquitin ligases in 
skeletal muscle, mediate polyubiquitination of proteins and target them to degradation by the proteasome34. In 
the present study, concentrations of factors in the IGF-1/PI3K/Akt/mTOR/S6K1 pathway, MAFbx, and MuRF1 
were significantly decreased for both sexes in LP, NP, and HP groups compared with the MC group, and there 
was no significant difference among the three energy-restricted groups. These results suggest that energy restric-
tion could reduce protein synthesis and breakdown in the skeletal muscles of both sexes, while dietary protein 
intake had no effect on protein metabolism in skeletal muscles when energy was restricted. In addition to the 
IGF-1/PI3K/Akt/mTOR/S6K1 pathway, several other signaling pathways are involved in protein synthesis, such 
as IGF-1/PI3K/Akt/mTOR/ eukaryotic initiation factor 4E (eIF4E), IGF-1/PI3K/Akt/glycogen synthase kinase 
3β (GSK3β)/β-catenin, and IGF-1/PI3K/Akt/GSK3β/eIF2B pathways34. In the present study, energy restriction 
probably inactivated all IGF-1 related signaling pathways, resulting in a dominant reduction of protein synthesis 
in skeletal muscles that led to decreased protein contents of skeletal muscles in LP, NP, and HP groups.

Expression of SREBP-1c, which primarily activates genes required for the synthesis of fatty acids and tri-
glycerides, is similar in human and mouse tissues, and highest in the adipose tissue of mice35. Previous studies 
showed that SREBP-1c could activate FAS, ACC, and SCD-1, the main enzymes in lipid synthesis36. Lipin-1 is 
an enzyme involved in de novo lipid synthesis through the glycerol-3-phosphate pathway37. Phosphorylation of 
AMPK, a metabolic master switch that regulates downstream signals based on shifts in the surrounding energy 
reservoir38, can decrease the activity of SREBP-1 and ACC to disrupt fatty acid synthesis39. However, AMPK can 
also activate PPAR-α and PPAR-γ29,40. PPAR-α is preferentially expressed in skeletal muscle, where it plays a key 
role in fatty acid catabolism29. PPAR-γ is expressed in both white adipose tissue, where it regulates cytokines 
production, and skeletal muscle, where it improves mitochondrial oxidative phosphorylation in skeletal muscle 
cells; accordingly, PPAR-γ can inhibit adipogenesis in both the IMAT and skeletal muscle cells41,42. In the current 
study, the concentrations of factors involved in fat synthesis were significantly decreased and those involved in fat 
decomposition were significantly increased in both sexes when energy was restricted. Changes of factors involved 
in the synthesis and decomposition of fat at both intermuscular and intramuscular levels were consistent with 
fat contents in the quadriceps femoris and gastrocnemius muscles, which were probably the main reason for the 
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e f
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Figure 6.   Concentration of factors in the pathways associated with the fat metabolism in the skeletal muscles 
of different groups. (a) Statistical analysis of nSREBP-1c. (b) Statistical analysis of FAS. (c) Statistical analysis 
of ACC. (d) Statistical analysis of SCD-1. (e) Statistical analysis of lipin1. (f) Statistical analysis of p-AMPK. (g) 
Statistical analysis of PPARα. (h) Statistical analysis of PPARγ. Mean values of the same muscle type and the 
same sex with different superscript symbols (#, *) were significantly different (P < 0.05).
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reduced fat content of skeletal muscles when energy intake was restricted in overweight and obese rats. Moreover, 
factors associated with the degradation of muscle fat were significantly higher in the NP group compared with 
LP and HP groups, consistent with lower fat contents in these two skeletal muscles in the NP group. Collectively, 
these results indicate that protein intake equal to a normal-protein diet could result in maximum breakdown of 
skeletal muscle fat when energy intake was restricted. These results also indicate that protein intake higher than 
that of a normal-protein diet did not more effectively reduce the fat contents of rat skeletal muscles.

Conclusion
When energy intake was restricted, protein intake equal to a normal protein diet could result in higher break-
down of the fat in quadriceps femoris and gastrocnemius muscles of both male and female overweight and 
obese rats.

Data availability
The datasets generated or analyzed during the current study are available from the corresponding author upon 
reasonable request.
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