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Abstract  Nutritional requirements for maintain-
ing metabolic health may vary with each life stage, 
such as young, middle, and old age. To investigate the 
appropriate ratio of nutrients, particularly proteins, 
for maintaining metabolic health while approach-
ing old age, young (6-month-old) and middle-aged 
(16-month-old) mice were fed isocaloric diets with 
varying protein percentages (5%, 15%, 25%, 35%, and 
45% by calorie ratio) for two months. The low-protein 

diet developed mild fatty liver, with middle-aged 
mice showing more lipids than young mice, whereas 
the moderate-protein diet suppressed lipid contents 
and lowered the levels of blood glucose and lipids. 
Self-organizing map (SOM) analysis revealed that 
plasma amino acid profiles differed depending on 
age and difference in protein diet and were associ-
ated with hepatic triglyceride and cholesterol levels. 
Results indicate that the moderate protein intake per-
centages (25% and 35%) are required for maintaining 
metabolic health in middle-aged mice, which is simi-
lar to that in young mice.

Keywords  Aging · Amino acid · Fatty liver · 
Metabolic health · Macronutrients · Protein

Introduction

In recent years, the extending of health span has been 
accepted as a goal of research on aging in many coun-
tries, where the number of elderly people is increas-
ing [1, 2]. Lifespan is defined as “how long one lives” 
and healthspan as “the healthy periods, without dis-
eases, of one’s life”. Therefore, various nutritional 
and pharmacological methodologies have been pro-
posed to delay the aging process and prevent age-
related diseases such as cancer, dementia, metabolic 
syndrome, diabetes mellitus, and cardiovascular dis-
eases [3]. In particular, the prevention and improve-
ment of emerging diseases such as sarcopenia [4], 

Supplementary information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s11357-​023-​00797-3.

Y. Kondo · A. Ishigami (*) 
Molecular Regulation of Aging, Tokyo Metropolitan 
Institute of Gerontology, 35‑2 Sakae‑Cho, Itabashi‑Ku, 
Tokyo 173‑0015, Japan
e-mail: ishigami@tmig.or.jp

Y. Kondo · T. Chiba 
Biomedical Gerontology Laboratory, Faculty of Human 
Sciences, Waseda University, Saitama 359‑1192, Japan

H. Aoki 
Research and Development Division, Nichirei Foods Inc, 
Chiba 261‑0002, Japan

M. Masuda · H. Nishi · F. Hakuno · S.-I. Takahashi 
Department of Animal Sciences and Applied Biological 
Chemistry, Graduate School of Agricultural and Life 
Sciences, University of Tokyo, Tokyo 113‑8657, Japan

Y. Noda 
Department of Animal Facility, Tokyo Metropolitan 
Institute of Gerontology, Tokyo 173‑0015, Japan

/ Published online: 28 April 2023

GeroScience (2023) 45:2707–2726

http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-023-00797-3&domain=pdf
http://orcid.org/0000-0002-0046-9429
http://orcid.org/0000-0002-2657-2555
http://orcid.org/0000-0001-7875-7482
https://doi.org/10.1007/s11357-023-00797-3
https://doi.org/10.1007/s11357-023-00797-3


GeroScience (2023) 45:2707–2726

1 3
Vol:. (1234567890)

frailty [5–7], and non-alcoholic fatty liver disease 
(NAFLD) [8], are important issues to be addressed in 
this context.

Nutritional interventions, such as calorie and pro-
tein restrictions and intermittent fasting, are known 
to increase the healthspan and lifespan of primates 
and rodents [9–11]. However, the feasibility of these 
interventions in humans is problematic. Recently, 
researchers have found a plausible way to vary the 
ratio of dietary macronutrients, such as proteins, car-
bohydrates, and fat in rodents [11–15]. Solon-Biet 
et al. have reported that the ratio of dietary macronu-
trients (protein, carbohydrate, and fat), and not caloric 
intake, dictate cardiometabolic health and aging, and 
also that low-protein and high-carbohydrate diets 
are associated with the longest lifespan in lifelong 
ad libitum-fed mice [16]. In contrast, adequate dietary 
protein intake is recommended to prevent frailty and 
sarcopenia in humans [17, 18]. Therefore, the optimal 
balance of macronutrients for ideal health outcomes 
may vary across different life stages. Senior et  al. 
showed the possibility of minimizing age-specific 
mortality throughout life by changing the ratio of die-
tary protein to carbohydrate during approach to old 
age in mice [12].

In addition, more recent studies on dietary macro-
nutrients and aging have focused on nutritional 
memory, sex, and the genetic background of mice 
[11, 19, 20]. Hahn et  al. reported that late-life die-
tary restriction, the switch from dietary restriction 
to ad libitum at 24 months of age, increased mortal-
ity in female mice, and the switch from ad libitum to 
dietary restriction slightly increased survival, which 
considers nutritional memory [20]. Moreover, Green 
et al. showed that sex and genetic background are key 
factors in the response to protein restriction using a 
multi-omics approach [19].

However, the amount of protein that should be con-
sumed to maintain metabolic health while approach-
ing old age is still unclear. To determine the same, we 
fed young and middle-aged male mice diets contain-
ing different protein contents [5% (P5), 15% (P15), 
25% (P25), 35% (P35), and 45% (P45) by calorie 
ratio] and investigated the weight dynamics of indi-
vidual skeletal muscles, such as the gastrocnemius 
(Gas), tibialis anterior (TA), plantaris (Pla), extensor 
digitorum longus (EDL), soleus (Sol), lipid profile 
in liver and plasma, and amino acid composition in 
plasma. Furthermore, in this study, a self-organizing 

map (SOM) [21] revealed that plasma amino acid 
concentrations depended on age and different protein 
diets, and were associated with hepatic lipid content 
in young and middle-aged male mice which were fed 
diets containing different protein contents.

Materials and methods

Animals and diets

Animal experiments were conducted in accord-
ance with animal care and protocols approved by the 
Institutional Animal Care and Use Committee of the 
Tokyo Metropolitan Institute of Gerontology (TMIG, 
Tokyo, Japan) (Permit Number:17059) and the Guide-
lines for the Care and Use of Laboratory Animals of 
TMIG. Male C57BL/6NCr mice at 6- and 16-months 
of age were fed a Charles River Formula-1 (CRF-1) 
diet (Supplemental Table 1) (Oriental Yeast, Tokyo, 
Japan) and obtained from the animal facility of 
TMIG. Mice were divided into five groups: P5, P15, 
P25, P35, and P45. Mice in each group were fed mod-
ified AIN-93  M mature rodent diets with 5, 15, 25, 
35, or 45 kcal% protein; 70, 60, 50, 40, or 30 kcal% 
carbohydrate; and 25 kcal% fat (Research Diets, Inc., 
NJ, USA), as shown in Table  1. Body weight, food 
consumption, and water consumption were measured 
every 2 weeks. Throughout the experiments, the ani-
mals were maintained under a 12-h light/dark cycle 
in a controlled environment. The number of animals 
used was kept at the minimum necessary for mean-
ingful interpretation of the data. Animal discomfort 
was kept to a minimum.

Dietary amino acids quantification

Dietary amino acids were measured using an amino 
acid automatic analysis method and high-perfor-
mance liquid chromatography (HPLC) in the labora-
tory of Japan Food Research Laboratories (Tokyo, 
Japan).

Tissue harvest

All mice were kept on fast for three hours before being 
euthanized. Blood was collected from the inferior vena 
cava, anticoagulated with ethylenediaminetetraacetic 
acid, and centrifuged at 880 × g for 15 min at 4 °C. The 
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supernatant was collected as plasma samples. Blood was 
collected from the tail vein for glucose assay. Mice were 
perfused with ice-cold phosphate-buffered saline through 
the left ventricle to wash out the blood, and the liver, kid-
neys, and skeletal muscles, including the gastrocnemius 
(Gas), tibialis anterior (TA), plantaris (Pla), extensor 
digitorum longus (EDL), and soleus (Sol) were removed. 
The livers were frozen in liquid nitrogen for biochemical 
analysis. The liver and kidneys were fixed in 10% neutral 
buffered formalin (Mildform® 10N, FUJIFILM Wako 
Pure Chemical Corp., Osaka, Japan) for histological 
analysis. The formalin-fixed samples were stored at 4 °C, 
and the other samples were stored at -80 °C until use.

Histology

To evaluate histological changes in the livers and 
kidneys of mice fed diets containing different protein 

contents (5–45%), fixed liver sections were subjected 
to HE staining. Kidney sections were subjected to 
PAS staining to evaluate renal degeneration.

Hepatic lipid quantification

Triglyceride, total cholesterol, free cholesterol, and 
cholesterol ester levels in total lipid extracts from the 
liver were quantified using the Folch method [22] 
in the laboratory of Skylight Biotech, Inc. (Akita, 
Japan).

Plasma biochemistry

The levels of triglycerides, total cholesterol, high-den-
sity lipoprotein cholesterol, low-density lipoprotein 
cholesterol, free fatty acids, total ketone bodies, blood 
urea nitrogen, aspartate aminotransferase, alanine 

Table 1   Diet composition of animal experiment

Group P5 P15 P25 P35 P45

g% kcal% g% kcal% g% kcal% g% kcal% g% kcal%

Protein 5 5.0 16 15.0 26 25.0 37 35.0 47 45.0
Carbohydrate 73 70.0 63 60.0 53 50.0 42 40.0 32 30.0
Fat 12 25.0 12 25.0 12 25.0 12 25.0 12 25.0
Total 100.0 100.0 100.0 100.0 100.0
kcal/g 4.2 4.2 4.2 4.2 4.2
Ingredient g kcal g kcal g kcal g kcal g kcal

Casein 47.6 190 142.5 570 237.5 950 332.5 1330 427.6 1710
L-Cystine 0.6 2 1.8 7 3.1 12 4.3 17 5.5 22
Corn starch 438.5 1754 342.5 1370 246.2 985 150.0 600 53.75 215
Maltodextrin 10 125 500 125 500 125 500 125 500 125 500
Sucrose 100 400 100 400 100 400 100 400 100 400
Cellulose, BW200 50 0 50 0 50 0 50 0 50 0
Soybean oil 107 963 107 963 107 963 107 963 107 963
t-Butylhydroquinone 0.0214 0 0.0214 0 0.0214 0 0.0214 0 0.0214 0
Mineral mix S10022M 35 0 35 0 35 0 35 0 35 0
Potassium phosphate 3.25 0 0 0 0 0 0 0 0 0
Vitamin mix V10037 10 40 10 40 10 40 10 40 10 40
Choline bitartrate 2.5 0 2.5 0 2.5 0 2.5 0 2.5 0
FD&C yellow #5 0.025 0 0.05 0 0 0 0 0 0 0
FD&C red #40 0 0 0 0 0.05 0 0 0 0.025 0
FD&C blue #1 0.025 0 0 0 0 0 0.05 0 0.025 0

Total 919.5 3850 916.4 3850 916.4 3850 916.4 3850 916.4 3850

2709



GeroScience (2023) 45:2707–2726

1 3
Vol:. (1234567890)

aminotransferase, total protein, albumin, albumin/glob-
ulin, and creatinine in the plasma were analyzed using 
biochemical analysis of blood services (Oriental Yeast 

Co., Ltd., Tokyo, Japan). Blood glucose levels were 
measured using a blood glucose meter (Glutest Every; 
Sanwa Kagaku Kenkyusho Co. Ltd., Nagoya, Japan).
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Plasma amino acids

Plasma amino acids were measured using the method 
described by Shimbo et  al. [23] through pre-column 
derivatization high-performance liquid chromatography/
electrospray mass spectrometry (HPLC/ESI‐MS) in the 
laboratory of SRL Inc. (Tokyo, Japan).

Self‑organizing map (SOM) cluster analysis of 
plasma amino acid profiles

SOM analysis was performed as previously described 
[21]. Briefly, an initial map was prepared consisting 
of 40 × 40 units, each carrying a random vector. The 
Euclidean distances between an input vector contain-
ing the plasma amino acid concentrations of a mouse 
for the training data and all units on a map were cal-
culated. One unit with minimal distance (winner unit) 
was chosen, and then the vectors on it and its neighbor-
hood units were modified to make them closer to the 
input vector, which was applied to all the input data. 
However, only amino acids were used to select the win-
ner units. For the learning parameters, three patterns 
of 0.2 → 0.01, 0.5 → 0.1, and 0.7 → 0.2 were used for 
the learning coefficients, and three patterns of 5 → 1, 
10 → 5, and 20 → 10 were used for the neighborhood 
radius. Maps were connected at the top and bottom 

and left and right (periodic boundary condition). These 
operations were repeated 10,000 times to obtain a final 
map.

Quantification and statistical analysis

Data are presented as mean ± SEM. All statistical 
analyses were performed using GraphPad Prism 7.03 
(GraphPad Software, CA, USA). Statistical analyses 
for age (young and middle-aged) were performed 
using the Welch’s t-test. Linear regression analyses 
were used to analyze food, protein, fat, and carbohy-
drate intake in young and middle-aged mice. Statisti-
cal analyses for the overall effect of diet, age, and the 
interaction were performed using a two-way ANOVA, 
followed by a Sidak post-test to examine the effect of 
age or Tukey post-test to examine the effects of diet. 
The sample sizes and other statistical parameters are 
shown in the figures. Statistical significance was set at 
p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001).

Results

Survival curve of mice fed CRF‑1 diet for their entire 
lifetime and their metabolic state

Kaplan–Meier survival curves of C57BL/6NCr male 
mice that were fed a CRF-1 diet (Supplemental 
Table 1) for their entire lifetime are shown in Fig. 1A. 
The median and maximum survival times were 
872  days (29  months) and 1,082  days (36  months), 
respectively. The first mice that died were 526  days 
old (17.5  months of age). The appearance of young 
(6 month-old) and middle-aged (16 month-old) mice 
used in this study is shown in Fig. 1B.

The body weight of middle-aged mice was sig-
nificantly higher than that of young mice (Fig.  1C). 
Food intake was significantly higher in middle-aged 
mice than in young mice (Fig.  1D). We calculated 
the actual protein, fat, and carbohydrate intakes from 
their diet. The protein, fat, and carbohydrate intakes 
of the middle-aged mice were significantly higher 
than in young mice (Fig. 1E-G). There were no signif-
icant differences in water intake between young and 
middle-aged mice (Fig. 1H).

We examined the effect of aging on the weight 
of skeletal muscles such as the Gas, TA, Pla, EDL, 
and Sol muscles in the legs. There was no significant 

Fig. 1   Survival curve of C57BL/6NCr male mice and physi-
ological parameters of young and middle-aged mice. (A) 
Kaplan–Meier survival curves of the C57BL/6NCr male mice 
(n = 60) fed a CRF-1 diet (Supplemental Table 1). (B) Repre-
sentative appearance of young (6 mo: 6  months of age) and 
middle-aged mice (16 mo: 16 months of age). (C) Bodyweight, 
(D) Food intake, (E) protein intake (F) fat intake, (G) carbohy-
drate intake, and (H) water intake, in young and middle-aged 
mice of cages (n = 10 per group). Weights of the (I) gastrocne-
mius (Gas), (J) tibialis anterior (TA), (K) plantaris (Pla), (L) 
extensor digitorum longus (EDL), and (M) soleus (Sol) mus-
cles, and (N) total weight of five muscles of young and mid-
dle-aged mice (n = 8 per group). Weights normalized by body-
weight of (O) Gas muscle, (P) TA muscle, (Q) Pla muscle, and 
(R) EDL muscle, (S) Sol muscle, and (T) total weight of five 
muscles in young and middle-aged mice (n = 8 per group). (U) 
Representative images of hematoxylin–eosin (HE) staining in 
the liver section from young and middle-aged mice. PV, portal 
vein; CV, central vein. Where, black arrows indicate lipid drop-
lets. (V) Content of hepatic triglycerides, (W) total cholester-
ols, (X) free cholesterols, and (Y) cholesterol esters in young 
and middle-aged mice (n = 8 per group). Data are presented as 
mean ± SEM and analyzed using the Welch’s t-test (C-T, V–Y). 
n.s., not significant. * p < 0.05, ** p < 0.01, *** p < 0.001

◂
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difference in muscle weight between young and mid-
dle-aged mice (Fig.  1I-N). However, there were sig-
nificant differences in muscle weights normalized by 
body weight between young and middle-aged mice, 
except in Sol muscles (Fig. 1O-T).

Next, we examined the effects of aging on lipid 
accumulation in the livers of young and middle-aged 
mice. Hematoxylin–eosin (HE) staining of liver sec-
tions showed fatty vacuolations in the perilobular 
hepatocytes of middle-aged mice (Fig. 1U). To charac-
terize the hepatic lipid composition, we quantified tri-
glycerides, total cholesterol, free cholesterol, and cho-
lesterol esters in the livers. Compared to young mice, 
the hepatic triglyceride and cholesterol ester con-
tents were significantly higher in middle-aged mice, 
although there were no significant differences in the 
hepatic total cholesterol and free cholesterol contents 
between young and middle-aged mice (Fig. 1V-Y).

We also examined the effects of aging on blood 
biochemical parameters and plasma amino acid con-
centrations in young and middle-aged mice (Supple-
mental Fig.  1). Plasma HDL-cholesterol levels were 
significantly higher in middle-aged mice than in 
young mice, whereas plasma aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) 
levels were significantly lower in middle-aged mice 
than in young mice (Supplemental Fig. 1G-I). Plasma 
valine levels in middle-aged mice were significantly 
lower than those in young mice, while plasma cystine 
and alanine levels in middle-aged mice were signifi-
cantly higher than those in young mice (Supplemental 
Fig. 1P, X, and AC).

To evaluate the effect of aging on the kidneys, we 
examined kidney sections in young and middle-aged 
mice using periodic acid-Schiff (PAS) staining. No 
morphological abnormalities, such as shrinking glo-
merular and tubular lesions, were observed in the glo-
meruli and renal tubules (Supplemental Fig. 1AP).

Different protein diets, with equal calories, affect 
body weight and food intake in mice

To investigate the ideal ratio of protein intake for 
maintaining metabolic health during approach to old 
age, we took 6-months old (young) and 16-months 
old (middle-aged) male mice and divided them into 
five groups: P5, P15, P25, P35, and P45 (Fig. 2A). 
The mice in these groups were fed diets that con-
sisted of equal calories but different nutrient 

compositions: 5, 15, 25, 35, or 45 kcal% protein; 70, 
60, 50, 40, or 30 kcal% carbohydrate; and 25 kcal% 
fat (Table  1). Before starting the animal experi-
ments, we validated the dietary amino acid content 
and confirmed that its proportion was derived from 
casein (Supplemental Fig. 2). The appearance of 
mice in each group after 8  weeks of the indicated 
dietary regimens is shown in Fig.  2B. Overall, the 
body weight of middle-aged mice was higher than 
that of young mice (Fig. 2C). The body weights of 
the P5 group were significantly lower than those of 
the P15, P25, and P45 groups (Fig. 2C). The mice 
ate progressively more food as their dietary protein 
content declined, with middle-aged mice eating 
more than young mice (Fig.  3A). Moreover, linear 
regression analysis showed that food intake was 
dependent on dietary protein content in both young 
and middle-aged mice (Fig.  3B and C). We then 
calculated the actual protein, fat, and carbohydrate 
intake from the food for each group. Overall, pro-
tein intake was highly dependent on dietary protein 
content and was higher in middle-aged mice than in 
young mice (Fig.  3D-F). Fat intake was calculated 
as per food intake (Fig.  3G-I). Although carbohy-
drate intake was also parallel to food intake and 
highly dependent on the dietary protein content, the 
middle-aged P5 showed a significantly higher intake 
than young P5 mice (Fig. 3J-L). Diet and age had a 
significant effect on water intake (Fig. 3M).

Overall skeletal muscles weights are unaffected by 
intake of different protein diets

High protein intake from dietary supplements, 
meals, or both has been recommended for the pre-
vention and intervention of sarcopenia and frailty 
[24]. Therefore, we examined the effect of different 
protein diets on the weight of skeletal muscles such 
as the Gas, TA, Pla, EDL, and Sol muscles in the 
legs. Overall, the muscle weights of TA, Pla, and 
EDL were significantly higher in middle-aged mice 
than in young mice, and there was a significant diet 
effect on only TA muscle weight (Fig.  4). In con-
trast, the muscle weights of Gas, Sol, and total nor-
malized by body weight were significantly lower 
in middle-aged mice than in young mice, and there 
were significant dietary effects on TA, EDL, and 
total muscle weight (Supplemental Fig. 3).
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Moderate protein diet suppressed triglyceride content 
in the liver of young and middle‑aged mice

We previously reported that a low-protein diet 
induced fatty liver and high levels of triglycerides in 
growing rats [25]. Therefore, we examined the effects 
of different protein diets and ages on lipid accumu-
lation in the livers of young and middle-aged mice. 
HE staining of the liver sections showed many fatty 
vacuolations in the perilobular hepatocytes of the 
young P5, middle-aged P5, and P15 groups (Fig. 5A). 
To characterize the hepatic lipid composition, we 

quantified triglycerides, total cholesterol, free cho-
lesterol, and cholesterol esters in the livers of mice. 
Overall, the hepatic triglyceride content was sig-
nificantly higher in middle-aged mice than in young 
mice (Fig. 5B). Hepatic triglyceride content was sig-
nificantly higher in the P5 group than in the P25, P35, 
and P45 groups (Fig. 5B). Hepatic triglyceride levels 
in the P35 group were significantly lower than those 
in the P15 group (Fig.  5B). The hepatic contents of 
total cholesterol and its component cholesterol esters 
were significantly higher in the P5 group than in the 
other diet groups (Fig.  5C and E), but there was no 

A

Plasma, livers, kidneys, and skeltal muscles were collected. 

(weeks) 876543210
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Fig. 2   Animal experimental design and bodyweight of mice. 
(A) Six- (young) and 16-month (middle-aged) old mice were 
divided into five groups: P5, P15, P25, P35, and P45, which 
consumed diets with the same lipid content (25  kcal% fat) 
but different carbohydrate (70, 60, 50, 40, or 30 kcal% carbo-
hydrate, respectively) and protein contents (5, 15, 25, 35, or 
45 kcal% protein, respectively) as shown in Table 1. Also refer 

to Supplemental Fig. 2. (B) Representative appearance of mice 
after 8 weeks of feeding. (C) Body weight of young and mid-
dle-aged mice (n = 6–8 per group) at 8 weeks of feeding. Data 
are presented as mean ± SEM and analyzed using two-way 
ANOVA followed by Tukey post-test to examine the effects of 
diet (C). * p < 0.05, ** p < 0.01
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significant effect with respect to age. The young P5 
group showed significantly higher values of hepatic 
free cholesterol than the other young and middle-
aged P5 groups (Fig. 5D). Compared to young mice, 
hepatic lipid accumulation in middle-aged mice was 
found to be relatively susceptible to low-protein 
diets. Furthermore, the moderate protein diet reduced 
hepatic triglyceride accumulation in young and mid-
dle-aged mice.

Moderate protein diet as a well‑balanced intervention 
for plasma metabolic parameters

Blood biochemical parameters, such as glucose, tri-
glyceride, and cholesterol levels, are crucial for moni-
toring the metabolic state and preventing metabolic 
diseases in clinical and animal studies. Overall, the 
blood glucose levels were significantly lower in mid-
dle-aged mice than in young mice (Fig.  6A). In the 
P25 group, blood glucose levels were significantly 
lower than those in the P15 group (Fig.  6A). Blood 
glucose levels in the P35 group were lower than those 
in the P5, P15, and P25 groups (Fig.  6A). Plasma 
triglyceride levels were lower in middle-aged mice 
than in young mice; however, there was no signifi-
cant effect based on diet among the groups (Fig. 6B). 
Although plasma total, LDL, and HDL cholesterol 
levels did not show a significant effect on age, diet 
had a significant effect on these parameters (Fig. 6C, 
Supplemental Fig. 4A, and B). The plasma levels of 
total and HDL cholesterol in the P5, P25, P35, and 
P45 groups were significantly lower than those in the 
P15 group (Fig. 6C and Supplemental Fig. 4B). The 
overall plasma levels of free fatty acids were higher 
in middle-aged mice than in young mice, and those in 

the P45 group were the highest among all the dietary 
groups (Fig. 6D). There were no significant effects of 
age or diet on the plasma levels of total ketone bod-
ies (Fig.  6E). Plasma AST and ALT levels, which 
are markers of hepatocellular injury, were within the 
normal range (Supplemental Fig. 4C and D). Overall, 
middle-aged mice showed significantly higher plasma 
total protein levels and lower albumin/globulin levels 
than young mice (Supplemental Fig. 4E and G). The 
P5 and P45 groups had lower plasma total protein and 
higher albumin/globulin levels than the P15, P25, and 
P35 groups, respectively (Supplemental Fig.  4E and 
G). There were no significant effects of age or diet on 
plasma albumin levels (Supplemental Fig. 4F).

A high-protein diet can be a burden to the kid-
neys; therefore, it is not recommended for patients 
with renal impairment. To evaluate the effect of high 
protein intake on the kidneys, we examined kidney 
sections from middle-aged mice using PAS staining. 
No morphological abnormalities, such as shrink-
ing glomerular and tubular lesions, were observed 
in the glomeruli and renal tubules (Supplemental 
Fig.  5). Plasma creatinine levels reflect the balance 
between creatinine production from muscle cells and 
excretion from the kidneys. Some middle-aged mice 
showed higher creatinine levels in the P5, P15, P25, 
and P35 groups; however, creatinine levels in the 
P45 group were lower than those in the other diet 
groups (Supplemental Fig. 4H). These results suggest 
that high protein intake does not cause renal impair-
ment. Blood urea nitrogen levels, which indicate the 
urea balance between its production from amino acid 
catabolism and excretion from the kidney, were sig-
nificantly lower in the P5 group than in the other diet 
groups, whereas the values in the P45 group were 
significantly higher than those in the P15 and P25 
groups (Fig. 6F). These data suggest that amino acid 
catabolism may be suppressed in P5 and enhanced 
in P45. The moderate protein diet is a well-balanced 
intervention for metabolic health in young and mid-
dle-aged mice.

Different protein diets affect plasma amino acid 
profiles in young and middle‑aged mice

We examined the effects of different protein diets on 
the plasma amino acid concentrations in young and 
middle-aged mice (Fig. 7 and Supplemental Fig.  6). 
Among the 20 constituent amino acids, nine essential 

Fig. 3   Food intake of young and middle-aged mice fed with 
different protein diets. (A, B, C) Food intake, (D, E, F) pro-
tein intake (G, H, I) fat intake, (J, K, L) carbohydrate intake, 
and (M) water intake, in young and middle-aged mice of cages 
(n = 4–7 per group) after 8  weeks of feeding. (B, C) Regres-
sion line of food intake, (E, F) protein intake, (H, I) fat 
intake, (K, L) carbohydrate intake in young and middle-aged 
mice of cages after 8 weeks of feeding. Data are presented as 
mean ± SEM and analyzed using two-way ANOVA followed 
by a Sidak post-test to examine the effect of age or Tukey 
post-test to examine the effects of diet (A, D, G, J, M). Linear 
regression analyses were performed to examine the association 
between dietary protein percentage and food (B, C), protein 
(E, F), fat (H, I), and carbohydrate (K, L) intake. * p < 0.05, ** 
p < 0.01, *** p < 0.001

◂
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amino acids (EAAs)–leucine, isoleucine, valine, phe-
nylalanine, lysine, tryptophan, threonine, histidine, 
and methionine–cannot be synthesized in mice and 
humans; therefore, they must be obtained from the 
diet. The plasma concentrations of branched-chain 
amino acids (BCAA), leucine, isoleucine, and valine 
were significantly higher in the P35 and P45 groups 
than in the other groups, with an overall higher 
value in middle-aged mice (Fig.  7X). The plasma 
concentration of EAAs showed a pattern similar to 
that of BCAA, but only the diet effect was observed 
(Fig. 7V). Eleven types of non-essential amino acids 

(NEAAs), including glycine, cysteine (measured as 
cystine), glutamine, asparagine, serine, arginine, ala-
nine, proline, tyrosine, glutamic acid, and aspartic 
acid, are synthesized in the body. Overall, the plasma 
concentrations of NEAAs were significantly higher 
in the P5 group and lower in the P45 group than in 
the P15, P25, and P35 groups; however, there was no 
effect of age (Fig. 7W). The total plasma concentra-
tions of EAAs and NEAAs showed patterns similar to 
those of NEAAs (Fig. 7U).

The plasma concentrations of leucine, isoleu-
cine, phenylalanine, histidine, and tyrosine were 

Fig. 4   Skeletal muscle 
weights of young and mid-
dle-aged mice fed with dif-
ferent protein diets. Weights 
of (A) gastrocnemius (Gas), 
(B) tibialis anterior (TA), 
(C) plantaris (Pla), (D) 
extensor digitorum longus 
(EDL), and (E) soleus 
(Sol) muscles and (F) total 
weight of five muscles in 
young and middle-aged 
mice (n = 6–8 per group) 
after 8 weeks of feed-
ing. Data are presented as 
mean ± SEM and analyzed 
using two-way ANOVA fol-
lowed by Tukey post-test to 
examine the effects of diet 
(A-F). * p < 0.05. The ratio 
of skeletal muscle weight to 
body weight in Supplemen-
tal Fig. 3
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significantly higher in middle-aged mice than in 
young mice (Fig. 7A, B, D, H and R). There were 
significant effects of diet on leucine, isoleucine, 
valine, phenylalanine, lysine, tryptophan, threonine, 
cystine, glutamine, asparagine, serine, arginine, ala-
nine, proline, and tyrosine (Fig.  7A-G and K-R). 
Glycine levels showed an interaction between diet 
and age (Fig. 7J). There were no significant differ-
ences in the methionine, glutamic acid, and aspartic 
acid levels (Fig.  7I, S, and T). Since plasma con-
centrations of each amino acid were distinctively 
affected by different protein diets and ages, it was 

necessary to understand the plasma amino acid pro-
files in individual mice.

Plasma amino acid profiles depended on age and diet

In SOM cluster analysis, the map was obtained 
using the plasma amino acid concentrations of each 
mouse as input vectors (Fig. 8A). The SOM analy-
sis map uses periodic boundary conditions. Similar 
vectors are placed near each other, forming clusters. 
To examine the relationship between age and diet, 
heat maps of age and diet were overlaid on the SOM 

Fig. 5   Hepatic lipid con-
tents in young and middle-
aged mice fed with different 
protein diets. (A) Repre-
sentative images of hema-
toxylin–eosin (HE) staining 
in the liver section from 
young and middle-aged 
mice (n = 6–8 per group) 
fed with diets of different 
protein contents at 8 weeks 
of feeding. PV, portal vein; 
CV, central vein. (B) Con-
tent of hepatic triglycerides, 
(C) total cholesterols, 
(D) free cholesterols, and 
(E) cholesterol esters in 
young and middle-aged 
mice (n = 6–8 per group) 
after 8 weeks of feed-
ing. Data are presented as 
mean ± SEM and analyzed 
using two-way ANOVA fol-
lowed by a Sidak post-test 
to examine the effect of age 
or Tukey post-test to exam-
ine the effects of diet (B-E). 
* p < 0.05, ** p < 0.01, *** 
p < 0.001
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(Fig. 8B and C). As shown in Fig. 8B, each mouse 
was classified by plasma amino acid profile and 
age, suggesting that the plasma amino acid profiles 
changed in an age-dependent manner. Similarly, 
mice were successfully divided into five clusters 
according to diet groups (Fig.  8C), indicating that 
plasma amino acid profiles were altered by different 
protein diets. SOM showed a different classification 
pattern for each amino acid concentration (Supple-
mental Fig.  S7), demonstrating the usefulness of 
SOM cluster analysis in governing plasma amino 
acid profiles.

Association of plasma amino acid profiles with 
hepatic triglyceride and cholesterol contents in SOM 
cluster analysis

To reveal the association between plasma amino 
acid profiles and hepatic lipid content, a heat map 
of hepatic triglycerides was overlaid on the map 
of plasma amino acid concentrations, as shown in 
Fig. 8D. Members of the young P5 and middle-aged 
P5, P15, and P45 groups, with higher hepatic triglyc-
eride content, clustered together (Fig. 8D). Similarly, 
young and middle-aged P5 mice groups with higher 

Fig. 6   Blood biochemi-
cal parameters in young 
and middle-aged mice fed 
with different protein diets. 
The concentrations of (A) 
blood glucose, (B) plasma 
triglycerides, (C) total cho-
lesterol, (D) free fatty acids, 
(E) total ketone bodies, and 
(F) blood urea nitrogen in 
young and middle-aged 
mice (n = 6–8 per group) 
after 8 weeks of feed-
ing. Data are presented as 
mean ± SEM and analyzed 
using two-way ANOVA 
followed by Tukey post-test 
to examine the effects of 
diet (A-F). * p < 0.05, ** 
p < 0.01, *** p < 0.001
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hepatic total cholesterol or cholesterol ester levels 
clustered together (Fig. 8E and G). In contrast, mice 
with higher hepatic free cholesterol did not clus-
ter in the map overlaid with hepatic free cholesterol 
(Fig.  8F), suggesting lack of association between 
plasma amino acid profiles and hepatic free choles-
terol. These results suggest that the plasma amino 
acid profiles in mice determine the hepatic contents 
of triglycerides, total cholesterol, and cholesterol 
esters.

Discussion

The adaptive response of food intake (protein lev-
erage) to different protein diets was elicited in both 
young and middle-aged mice. The low-protein diet 
developed mild fatty liver, with middle-aged mice 
showing more lipids than young mice, whereas the 
moderate-protein diet suppressed lipid contents and 
lowered the blood glucose and plasma lipid lev-
els. Furthermore, SOM analysis of plasma amino 
acid concentrations in young and middle-aged mice 
revealed that plasma amino acid profiles varied with 
age and the intake of different protein diets and that 
liver triglyceride and cholesterol levels were associ-
ated with plasma amino acid profiles. These findings 
suggest that middle-aged and young mice are meta-
bolically healthier when they consume a moderate-
protein diet.

Dietary proteins provide nitrogen and amino acids 
for the synthesis of proteins and various nitrogen-and 
amino acid-related compounds in the body. A sus-
tained supply of amino acids is required to maintain 
tissue and physiological functions. Therefore, the lev-
els of amino acids in the body are tightly regulated 
through different nutrient sensing and signaling pro-
cesses that determine protein and energy metabolism 
and feeding behavior [26]. In rodents, a high-protein 
diet (> 25 kcal%) suppresses appetite and food intake 
compared to a normal protein diet (10–20  kcal%). 
Although lean body mass is unaffected, it reduces 
energy intake, body weight gain, and body fat mass 
[27–30]. In contrast, consumption of low-protein 
(3–8  kcal%) or amino acid-deficient diets activates 
appetite-promoting pathways to compensate for pro-
tein or amino acid deficiencies by encouraging pro-
tein intake [31–34]. However, protein-deficient diets 
(2–3 kcal%) suppress food intake owing to anorexia, 

inducing decreases in body weight, body fat, lean 
body mass, and plasma protein concentrations [32, 
35, 36]. In the present study, although aged mice con-
sumed more food than young mice, protein leverage 
of food intake by different dietary protein content 
was elicited in both young and middle-aged animals. 
However, protein, fat, and carbohydrate intake were 
positively and negatively dependent on dietary pro-
tein content, respectively (Fig.  3). Markedly, the P5 
groups did not show anorexia in either young or mid-
dle-age groups, suggesting low and inadequate pro-
tein intake, but not severe deficiency, compared with 
the body’s demand.

Malnutrition-induced sarcopenia and frailty in 
elderly population are emerging problems [24]. In 
this study, middle-aged mice did not show reduced 
skeletal muscle mass compared to young mice before 
and after 8 weeks of feeding (Fig. 1 and 4). Although 
the body weights (Fig. 2C) and plasma total protein 
concentration (Supplemental Fig.  4E) were signifi-
cantly lower in the P5 groups, there was no significant 
decrease in skeletal muscle mass (Fig.  4). Skeletal 
muscle mass is determined by the balance between 
synthesis and breakdown of muscle proteins. The 
concentration of plasma 3-methylhistidine, a marker 
of myolysis and a candidate marker of sarcopenia and 
frailty in humans [37], was measured and found sig-
nificantly higher in the P5 group in both young and 
middle-aged mice (Supplemental Fig.  6D). There-
fore, in the P5 group, protein degradation in skel-
etal muscle was enhanced; however, it was balanced 
by protein synthesis [38]. In contrast, young mice 
in the P45 group and middle-aged mice in the P35 
and P45 groups showed significantly lower plasma 
3-methylhistidine levels (Supplemental Fig. 6D), sug-
gesting that high protein intake suppressed muscle 
degradation.

At the starting states of mice at 6- and 16- 
month-old that were reared up until then on CRF-1, 
the hepatic triglyceride content was significantly 
higher in middle-aged mice than that of young mice 
(Fig. 1V). At the end of the experiment, the P5 group 
had higher levels of triglycerides and total cholesterol 
in the livers of young and middle-aged mice. Overall, 
middle-aged mice had increased liver triglyceride lev-
els and were more susceptible to low protein-induced 
steatosis than young mice (Fig. 5). Furthermore, it is 
noted that liver triglyceride level in middle-aged mice 
was decreased in P35 group compared to that at the 
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starting state, but not in young mice. These results 
suggest the age-related difference in response to dif-
ferent diets by young and middle-aged mice. In pre-
vious studies, rats fed a low-protein diet (5% w/w) 
exhibited fatty liver due to increased triglyceride and 
total cholesterol levels in the liver [21, 25, 39]. Fatty 
liver formation induced by low-protein diets in grow-
ing rats is independent of changes in insulin signaling, 
and is mainly caused by enhanced lipid biosynthesis 
in the liver [39, 40]. Wali et al. reported that mice fed 
a low-protein diet (5  kcal%) for 18–19  weeks from 
the 8th week of age showed higher hepatic triglyc-
eride content than mice fed a protein 10  kcal% and 
15 kcal% diet. Furthermore, gene expression analysis 
suggested enhanced glycerol synthesis, reduced fat 
oxidation, and decreased export of triglycerides into 
circulation via apolipoprotein B [13]. The experi-
mental conditions used in this study were different 
from those used in previous studies; for example, we 
used mice that were not in the growth stage (6 and 
16 months of age), different diet compositions (espe-
cially high lipid content) were used, and the period 
of breeding (8  weeks) was also different. Therefore, 
further analysis of the mechanism of fatty liver for-
mation induced by a low-protein diet and age-related 
changes is warranted.

Solon-Biet et al. studied the degree of fatty liver in 
15 month-old mice continuously fed diets with differ-
ent percentages and amounts of protein, carbohydrate, 
and fat, starting from the growth phase (3  weeks) 
[16]. The probability of not developing a fatty liver 
increased when the protein intake exceeded 10  kJ/
day (= 0.59 g/day, conversion factor 17 kJ/day), and 
decreased when the carbohydrate intake exceeded 
25  kJ/day (= 1.47  g/day, conversion factor 17  kJ/g) 

[16, 41]. When these results were compared with the 
present study, the likelihood of not having fatty liver 
increased in the young and middle-aged mice with 
protein intakes of 25% (P25 group; 0.78 ± 0.04  g/
day in young mice, 0.81 ± 0.02 g/day in middle-aged 
subjects) and higher and decreased with carbohydrate 
intakes of 50% (P25 group) (1.55 ± 0.07  g/day in 
young mice, 1.62 ± 0.05 g/day in middle-aged mice) 
and lower. In other words, the P5 group was most 
likely to develop fatty liver, which is consistent with 
the mild fat deposition in this study. In addition, the 
P5 group of middle-aged mice had a higher intake of 
fat and carbohydrates than the younger group, which 
may partly explain higher triglyceride levels in the 
liver. In contrast, under the present experimental 
conditions, triglyceride levels in the liver of the P45 
group was slightly higher in both young and middle-
aged animals, indicating that the moderate-protein 
intake group, with the lowest level of liver triglycer-
ides, was metabolically healthy (Fig. 5).

The concentration of amino acids in blood is deter-
mined by the balance between influx (amino acid 
intake, NEAA synthesis, elimination from cells, and 
muscle protein degradation) and efflux (urinary excre-
tion, degradation, cellular uptake, and muscle protein 
synthesis). Amino acid uptake and efflux from cells 
is carried out by a variety of solute carrier proteins 
that transport different amino acids [42]. Therefore, 
the concentrations of individual amino acids in the 
plasma did not correspond to the amino acid content 
of the feed. In the present study, plasma amino acid 
concentrations differed significantly for each amino 
acid in the groups (Fig. 7 and Supplemental Fig. 7), 
making it difficult to interpret the effects of diets with 
different protein percentages and ages on plasma 
amino acid concentrations. Plasma BCAA levels were 
higher in the P35 group in young and middle-aged 
mice (Fig. 7X). Since BCAA is a component of mus-
cle proteins and acts as a signal for protein synthesis, 
the P35 group was in a state of high reserve strength. 
Although plasma EAA concentrations were main-
tained in all the groups, plasma NEAA concentrations 
were largely affected by dietary differences. Plasma 
NEAA concentrations were higher in the P5 group 
in both young and middle-aged mice, suggesting 
enhancement of NEAA synthesis to compensate for 
the lack of amino acid intake owing to the low-protein 
diet. However, plasma NEAA levels were lower in the 
P45 group in young and middle-aged mice. On one 

Fig. 7   Plasma amino acid concentrations in young and mid-
dle-aged mice fed with different protein diets. Plasma concen-
trations of (A) leucine, (B) isoleucine, (C) valine, (D) phenyla-
lanine, (E) lysine, (F) tryptophan, (G) threonine, (H) histidine, 
(I) methionine, (J) glycine, (K) cystine, (L) glutamine, (M) 
asparagine, (N) serine, (O) arginine, (P) alanine, (Q) proline, 
(R) tyrosine, (S) glutamic acid, (T) aspartic acid, (U) essen-
tial amino acid (EAA), non-essential amino acid (NEAA), 
(V) EAA, (W) NEAA, and (X) branched-chain amino acid 
(BCAA) in young and middle-aged mice (n = 6–7 per group) 
after 8  weeks of feeding. Data are presented as mean ± SEM 
and analyzed using two-way ANOVA followed by a Sidak 
post-test to examine the effect of age or Tukey post-test to 
examine the effects of diet (A–X). * p < 0.05, ** p < 0.01, *** 
p < 0.001
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hand, as dietary protein content increased, the young 
and middle-aged mice showed increased protein 
intake but decreased carbohydrate intake (Fig. 3E, F, 

K and L), leading to degradation of excessive amino 
acids, subsequent gluconeogenesis, and glucose pro-
duction in the liver to meet the whole-body energy 

A B C

SOM cluster classification Classification by age groups Classification by diet groups

D E

F G
Hepatic triglyceride Hepatic total cholesterol
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demand (especially in P45 groups). Thus, it is less 
necessary for mice to transition toward the use of lipid 
oxidation as a fuel. This interpretation is supported 
by unchanged levels of total ketone bodies (Fig. 6E), 
triglycerides (Fig.  6B), and increasing urea over the 
P15 diet in the plasma (Fig.  6F), that is, increased 
gluconeogenesis due to higher mitochondrial amino 
acid degradation in the liver activates the urea cycle 
to regulate pH by excessive ammonification. On the 
other hand, as dietary protein content decreased, the 
young and middle-aged mice showed decreased pro-
tein intake but increased carbohydrate intake (Fig. 3E, 
F, K and L), leading to the suppression of amino acid 
degradation, glycolysis, and subsequent NEAA pro-
duction (Fig.  7W) in the liver to meet amino acid 
demand for the whole-body (especially in P5 groups). 
This interpretation is supported by the lack of higher 
blood glucose levels (Fig. 6A) and decreased plasma 
urea levels in the P5 diet (Fig. 6F). These results sug-
gest that the moderate-protein diet is metabolically 
well-balanced for plasma biochemical parameters in 
young and middle-aged mice.

Liver triglyceride levels can be predicted from the 
serum amino acid profile using SOM and multi-layer 
perceptron analyses [21]. They integrated the serum 
amino acid concentrations of each of the 20 amino 
acids in rats fed normal (15% w/w), low-protein (5% 
w/w), or amino acid-deficient diets for 1 week from 
5th week of age. In the present study, SOM analysis 
revealed the formation of multiple clusters consist-
ing of individual mice with similar plasma amino 
acid profiles that were clearly classified according to 
age and diet (Fig.  8). This finding indicates that the 

plasma amino acid concentration profile is deter-
mined by the age of the animals and the percentage 
of protein in their diet. The clusters were also classi-
fied according to liver triglyceride content (Fig. 8D), 
indicating that liver triglyceride content corresponded 
to plasma amino acid concentration profiles in young 
and middle-aged mice fed diets with different pro-
tein percentages. However, it is unclear how aging 
and diets with different protein percentages regulate 
plasma amino acid concentration profiles and liver 
lipid content, and thus requires further analysis.

Recent reports have shown that lifelong protein 
restriction extends lifespan and promotes metabolic 
health [11–13, 15, 16, 19]. However, note that extend-
ing the lifespan and maintaining metabolic health 
(or extending the healthspan) are different life phe-
nomena, and age-specific nutritional (particularly 
proteins) requirements to maintain metabolic health 
may vary with life stages. Our finding that aged mice 
performed better on a higher protein diet is consistent 
with the analysis of age-specific mortality across the 
life course by Senior et al. [12] for mice in the experi-
ment first described by Solon-Biet et al. [16]. These 
studies showed that lifespan was longest with lower 
protein and higher carbohydrate diets when mice 
were confined throughout life, but that age-specific 
mortality risk changes as a function of macronutrient 
composition. Mice died at a greater rate on a higher-
protein diet during midlife, but survivors did better 
beyond age 16–20 months of age on a higher-protein 
diet. Furthermore, analysis of the same mice showed 
that reproductive potential was higher in higher pro-
tein diets [14]. Hence, protein requirements change 
through the course of life, being higher in younger 
reproductive mice, reducing through middle age, 
and rising again in older mice as protein efficiency 
declines. The same pattern is likely to be observed in 
humans [15]. It is difficult to compare the outcomes 
of our study with those of previous studies because 
of various differences in the experimental design and 
focused parameters.

Our results indicate that moderate-protein intake, 
at least beyond a certain amount, is appropriate to 
maintain metabolic health (liver and plasma lipid 
levels and blood glucose levels) during approach to 
old age, similar to that in young mice. Furthermore, 
plasma amino acid profiles, which varied with age 
and protein intake, were found to be associated with 
liver lipid content using SOM analysis, which would 

Fig. 8   Self-organizing map (SOM) of plasma amino acid pro-
files classified by age and different protein diets and associated 
with hepatic lipid contents in young and middle-aged mice. 
(A) SOM cluster classification. The map was obtained using 
plasma amino acid concentrations of each mouse as input 
vectors. Similar vectors were placed near each other, forming 
clusters. Color and line represent the distance between neigh-
borhood vectors (white, close: black, far). (B) Classification of 
groups by age (blue, young; red, middle-aged) and (C) diets 
(blue, P5; light blue, P15; green, P25: yellow, P35; red, P45) 
in the map obtained in (A). Heat map of (D) hepatic triglyc-
erides, (E) total cholesterols, (F) free cholesterols, and (G) 
cholesterol esters contents overlaid on the map obtained in (A). 
Colors represents measured normalized values of triglycerides 
or cholesterols contents (red, high = 1; blue, low = 0). Data sets 
of plasma amino acid concentrations and hepatic lipid contents 
were obtained from 69 young and middle-aged mice (n = 6–7 
per group) after 8 weeks of feeding
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be an important interventional target for the control of 
liver triglyceride and cholesterol levels.

The limitations of the present study are as fol-
lows, (i) we only used young male and middle-aged 
C57BL/6NCr mice. Therefore, we cannot discuss dif-
ferences in sex and genetic background as reported by 
Green et  al. [19]. (ii) The results in the present study 
are relevant to mice that have been reared until 6 and 
16 months on CRF-1, thus might differ in mice reared 
up to 6 and 16 months on different diet formulations. 
(iii) Skeletal muscle mass did not decrease in middle-
aged mice in the P5 group. To investigate the relation-
ship between malnutrition-induced sarcopenia and 
frailty in the future, muscle strength, physical function, 
and activity should be measured in animals fed diets 
with lower protein percentages for more than 8 weeks. 
(iv) Casein, an animal protein, was used as the feed 
protein. However, the results may differ depending on 
the nature and source of protein. Diets with 25% lipids 
were used, considering the percentage of dietary lipid 
intake in humans; however, the results may differ if a 
lower lipid percentage is used. (v) Pathological analyses 
of the kidneys were performed to assess the risk of kid-
ney burden due to high protein intake. However, other 
indicators of kidney function should also be examined 
and considered. (vi) In the present study, we did not 
measure the adipose tissue weight; therefore, the sys-
temic distribution of lipids remains unknown.
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