in vivo 35: 1555-1560 (2021)
doi:10.21873/invivo.12410

Higher Branched-chain Amino Acids and Lower Serine
Exist in the Plasma of Nondiabetic Mice: A Comparison
Between High- and Low-protein Diet Conditions
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Abstract. Background/aim: The effects of dietary protein and
carbohydrate content on the plasma amino acid profile of
patients with diabetes are not fully understood. Therefore, we
examined whether there are effects of diets with differing
proportions of protein and carbohydrate on the plasma amino
acid concentrations of control (CT) mice and mice with type
2 diabetes (db). Materials and Methods: We used db mice as
an animal model of type 2 diabetes which are genetically
deficient in leptin receptor. Diets with differing proportions of
protein and carbohydrates (L diet: low protein/carbohydrate
ratio, H diet: high protein/carbohydrate ratio) were supplied.
db Mice were fed with a restriction on the basis of the
consumption by CT-L mice, such that equivalent amounts of
energy and fat were consumed. In CT mice fed the L or H
diets, there was no significant difference in ad libitum food
intake. Results: There were significant interactions between
diet and genotype with respect to water intake, urine volume,
urinary glucose concentration, and plasma isoleucine, leucine,
valine,  branched-chain acids, and serine
concentrations. db-H mice showed significantly higher water
intake, urine volume, and urinary glucose than db-L mice. db
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Mice fed the L or H diets had similar plasma amino acid
profiles, except for valine. In contrast, CT-H mice showed
significantly higher valine and branched-chain amino acids
and lower serine concentrations than CT-L mice. Thus, the
CT-H mice were more similar to db mice fed either of the
diets. Conclusion: There were different effects of the dietary
protein or carbohydrate content on the plasma amino acid
profiles between nondiabetic and diabetic mice. In particular,
the profiles in nondiabetic conditions were different between
the low- and high-protein diet conditions.

The increasing prevalence of type 2 diabetes worldwide can
be explained by changes in lifestyle, including dietary habits
(1). The principal change in dietary habits has been a higher
intake of fat that is associated with insulin hypersecretion
and resistance, which represents a prediabetic condition (2).
In addition, it has been shown that higher energy intake in
the form of protein, particularly in the form of animal
protein, is related to the onset of type 2 diabetes in
epidemiological studies, including studies conducted in
Japan (3, 4). Moreover, a high plasma branched-chain amino
acids (BCAAs) concentration prior to increase in blood
glucose may predict the onset of type 2 diabetes, which
suggests that blood BCAAs may promote the progression of
prediabetes to type 2 diabetes (5-7).

The effects of dietary protein content on the complications
of type 2 diabetes have also been shown in animals (8-11).
We showed that mice with type 2 diabetes that consume a
high-protein diet and are pair-fed according to the energy
and fat intake of control mice demonstrate more rapid
deteriorations in their diabetic and renal phenotypes than db
mice fed a low-protein diet (9). In addition, control mice fed
a high-protein diet have higher kidney mass, greater urinary
albumin excretion, and higher renal expression of
angiotensinogen and angiotensin-converting enzyme than
mice fed a low-protein diet (9).
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The effects of the dietary protein and carbohydrate content
on the plasma amino acid profile of patients with diabetes
are not fully understood. In addition to evaluating the effects
of diets with differing proportions of protein and
carbohydrate on renal manifestations and insulin sensitivity,
we examined whether there are different effects of the diets
on the plasma amino acid concentrations of nondiabetic mice
as control (CT) and diabetic mice (db) using restriction-
feeding experiments.

Materials and Methods

Animals. Four-week-old male diabetic db mice [C57BLKS(BKS). Cg-
+Leprb/+Leprdb/J] that have a homozygous mutation in their leptin
receptor gene and nondiabetic control (CT) mice (BKS. Cg-Dock7m
+/Dock7m +/J) were purchased from Charles River Japan (Kanagawa,
Japan) (12). This experiment was approved by the Animal Ethics
Committee of Kagoshima University (approval number MD10051).
The mice were housed individually in a humidity- and temperature-
controlled (50+10%, 22+2°C) facility under a 12-h light/dark cycle
(07:00-19:00 h). The mice had ad libitum access to water. For
acclimation to special foods and to avoid decreased food intake, six
CT mice received 12% (low protein; L) or 24% (high protein; H)
protein diets, which contained 50% animal and 50% plant protein
(Table I) for three days. The amino acid amount of the diets was
calculated using the information (13). At the initial time, the mice
showed body weights of 10.6+0.3 g (CT-L, n=3), 10.6+0.6 g (CT-H,
n=3), 17.740.3 g (db-L, n=5), and 18.3+0.6 g (db-H, n=5). There was
no significant difference in body weight between mice fed the
different diets of the respective genotype. Subsequently, they were
housed individually in metabolic cages (3600 MO21, Tecniplast Japan,
Co., Ltd., Tokyo, Japan) for 15 days. We measured the amount of diet
consumed by CT mice that were fed the L diet ad libitum (14) under
metabolic cage conditions. As shown in Table II, the total amount of
food consumed by the CT mice was a mean of 47.7 g over 15 days
(the mean amount/day: 3.2 g), and CT mice that were fed the H diet
ad libitum consumed a similar amount of food. In the restriction-
feeding experiment for db mice, we supplied 3.2 g of each diet per
day to the db mice for three days as the acclimation phase except the
first day (2.0 g due to the arrival time). Subsequently, they were
housed individually in metabolic cages for 15 days, and the respective
diet was supplied at 3.2 g per day. Water intake was measured once
per week. Urine was collected, the volume was measured between
07:00 and 07:00 h on days 13-14 and stored at —80°C for later
analysis. On the final day (day 15), the mice were anesthetized using
pentobarbital (100 mg/kg) after 6 h of fasting (07:00-13:00 h), blood
was collected by cardiac puncture, mixed with EDTA (final
concentration 4 mM) and centrifuged, and the supernatant was stored
at —80°C until analysis. Finally, the mice were euthanized with a neck
dislocation procedure, and their organs were carefully dissected and
stored at —80°C until analysis.

Biochemical measurements. The blood and urinary glucose
concentrations were measured using a commercial kit (glucose CII-
test Wako; WAKO, Tokyo, Japan) according to the manufacturer’s
instructions. The plasma insulin and wurinary C-peptide
concentrations were measured using ELISA kits (Morinaga Institute
of Biological Science Inc., Kanagawa, Japan and Yanaihara Institute
Inc., Shizuoka, Japan, respectively). Amino acid and urea
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Table 1. Composition of the diets fed to the mice.

A

Dietary component Diets (% energy)

L H
Protein 12 24
Carbohydrates 71 59
Fat 17 17
Total 100 100
kecal/g (kJ/g) 4.3 (18.0) 4.3 (18.0)
P/C ratio 0.17 041
B

L H
Essential amino acids (nmol/g)
Histidine 206.2 412.4
Isoleucine 429 4 858.8
Leucine 746.5 1,493.0
Lysine 551.6 1,103.2
Methionine 158.7 317.4
Threonine 381.5 763.0
Tryptophan 72.1 144.2
Phenylalanine 348.7 697 .4
Valine 546.3 1,092.6
Non-essential amino acids (nmol/g)
Alanine 452.6 905.2
Arginine 367.4 734.8
Aspartic acid 783.8 1,576.6
Cystine 40.7 81.4
Glutamic acid 1,566.0 3,132.0
Glycine 4433 886.6
Proline 817.2 1,634.4
Serine 560.3 1,120.6
Tyrosine 2932 586.4
Branched-chain amino acids (nmol/g) 1,722.2 34444
Aromatic amino acids (nmol/g) 641.9 1,283.8

P/C ratio means protein/carbohydrates. The amount of amino acids of
the diets was calculated (see Materials and Methods).

concentrations were measured using an amino acid analyzer and the
ninhydrin reaction (JLC-500/V, JEOL Ltd., Tokyo, Japan).

Statistical analyses. Data are shown as the meanststandard errors
(SE). Statistical analyses were performed using two-way analysis of
variance (ANOVA) and a post hoc Tukey’s HSD test or the Mann-
Whitney U-test, as appropriate. p<0.05 was accepted as indicating
statistical significance (SPSS, Medical model version 24., IBM Japan).

Results

Effects of the diets with differing proportions of protein and
carbohydrates on diabetic conditions. As shown in Table
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Table II. Characteristics of control and diabetic mice fed diets composed of differing proportions of proteins and carbohydrates.

CT db p-Value
Parameter L H L H Diet Genotype  DietxGenotype
n 3 3 5 5
Food intake (g) 47.7+1.8 49.1+1.1NS 480 480 NA
Body mass (g) 19.0+£0.8 20.4+0.4 232403 23.5+0.4 0.128 0.000 0.265
Water intake (g/week) 18.2+1.42 17.5+1.72 30.1+1.8b 40.3x1.1¢ 0.005
Urine volume (g/day) 1.04+0.132 0.85+0.142 3.07+0.28b 4.65+0.24¢ 0.005
Urinary glucose (mg/day) 0.20+0.022 0.93+0.362 369.52+29.55b 545.45+18.23¢ 0.003
Urinary C-peptide (ng/day) 0.8+0.3 1.5+0.2 2.6+0.9 6.5+2.1 0.148 0.045 0312
Fasting blood glucose (mg/dl) 157+3 132424 135+20 79«15 0.053 0.073 0418
Plasma insulin (pg/1) 0.7+0.1 0.5+0.4 50x14 5.1+0.8 0.954 0.002 0.892

Data are means+SE and were analyzed using two-way ANOVA except food intake. Food intake was analyzed using Mann-Whitney U-test. Values
sharing identical superscripts (2 b ¢) are not significantly different. Significant differences by two-way ANOVA are shown in bold. NA: Not

applicable; NS: not significant vs. CT (control)-L.

II, there were significant interactions between diet and
genotype with respect to water intake, urine volume, and
urinary glucose concentration among the four groups. db-
H mice had significantly higher values for all these
parameters than the db-L, CT-L, and CT-H mice. Regarding
the parameters that showed no significant interaction, db
mice had significantly higher body mass, urinary C-peptide
concentration, and plasma insulin concentration than CT
mice.

Effects of the diets with differing proportions of
carbohydrates and protein on plasma amino acid profile. As
shown in Table III, there were significant interactions
between diet and genotype with respect to plasma
isoleucine, leucine, valine, serine, and BCAA concentrations
among the four groups. CT-H mice had significantly higher
valine and lower serine concentrations than CT-L mice. In
addition, db-H and db-L mice had significantly higher
isoleucine and leucine concentrations than CT-L and CT-H
mice. Furthermore, CT-H mice had significantly higher
BCAAs concentrations than CT-L mice, and db-H and db-L
mice had significantly higher concentrations than CT-L and
CT-H mice. With respect to genotype, db mice had
significantly higher plasma phenylalanine, citrulline, and
urea concentrations but lower lysine, methionine, threonine,
alanine, asparagine, cystine, glycine, proline, and tyrosine
concentrations than CT mice. With respect to diet, mice fed
the H diet had significantly lower threonine, tryptophan, and
citrulline concentrations than mice fed the L diet. Mice fed
the H-diet containing higher amino acid amounts showed
lower values in plasma than mice fed the L-diet, suggesting
that plasma amino acid levels are modulated by metabolic
conditions.

Discussion

In the present study, we investigated the influence of dietary
protein content on plasma amino acid concentrations in
nondiabetic and leptin receptor-deficient diabetic mice fed a
similar amount of food. There were significant interactions
between diet and genotype with respect to the plasma
isoleucine, leucine, valine, BCAAs, and serine concentrations.
Nondiabetic mice fed a high-protein diet had significantly
higher valine and BCAAs and lower serine concentrations
than nondiabetic mice fed a low-protein diet. In contrast,
diabetic mice had similar amino acid profiles while consuming
each diet, with the exception of lower valine.

Herein, we used the two diets (12% and 24% of energy
from the protein, and the same 17% of energy from fat), which
are based on the previous mouse studies (8, 9), as a low- and
high-protein diet, leading to the relatively high content of
carbohydrate. We set the range between 12 and 24% protein
content as the energy base, which is the range used in the
regular diet of humans (15, 16). Namely, a 12-24% protein
energy containing diet corresponds to the consumption of 0.9-
1.8 g protein/kg of body weight (BW)/day, in the case of 30
kcal energy expenditure/kg of BW/day.

The high BCAAs and low serine concentrations in
nondiabetic mice fed a high-protein diet are interesting. High
concentrations of BCAAs have been shown to induce insulin
resistance in several organs, including skeletal muscle (17-
19). Moreover, high BCAAs concentrations may influence
neurotransmitter concentrations in the brain (20). At the
blood-brain barrier, BCAAs compete with large neutral
amino acids, such as tryptophan and glutamate, for uptake.
Tryptophan is converted to serotonin, a key neurotransmitter
in the brain (21), and in the presence of high BCAAs
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Table III. Plasma amino acid and urea concentrations in control and diabetic mice fed diets composed of differing proportions of protein and

carbohydrate.

CT db p-Value
Diet L H L H Diet Genotype  DietxGenotype
n 3 3 5 5
Essential amino acids (nmol/ml)
Histidine 52.5+1.3 459+8.8 45.6x1.6 39.6+3.1 0.139 0.127 0.944
Isoleucine 50.0+4 .42 64.2+4 .02 93.1+2.4b 89.8+3.4b 0.029
Leucine 78.4+6.6% 101.3+9.02 132.3+2.60 129.0+5.8b 0.046
Lysine 2712434 210.0+40.9 158.2+4.8 163.3x18.5 0.180 0.002 0.118
Methionine 43.1£0.2 343+74 23.3+1.0 22.6+2.0 0.152 0.000 0.216
Threonine 125.1+4.6 98.8+16.0 71.7+£3.2 59.7x1.4 0.012 0.000 0.292
Tryptophan 62.8+2.4 49.7£2.0 68.1+6.0 56.8+3.6 0.026 0.222 0.860
Phenylalanine 45.5+1.2 57.0+8.2 67.1+2.7 67.7+4.7 0.222 0.005 0.267
Valine 131.8+5.42 159.5+2.3b 200.7+4.7¢ 181.3+5.4b 0.001
Non-essential amino acids (nmol/ml)
Alanine 249.5+8.6 254.1+106.0 124.9+15.2 132.2+14.5 0.887 0.011 0.975
Arginine 7476 4 38.6+18.3 36.7+5.5 40.2+7.9 0.114 0.081 0.061
Aspartic acid 7.8+0.5 7.9+1.7 7.9+1.2 6.6+0.6 0.598 0.606 0.561
Asparagine 33.2+0.5 30.0£7.9 20.4+1.2 17.4+2.4 0.330 0.002 0.976
Cystine 7.7+0.3 4.6+2.1 1.3+0.2 1.3+0.2 0.079 0.000 0.074
Glutamic acid 37.3+2.6 32.5+11.5 33.1+4.0 28.3+3.9 0413 0474 0.997
Glutamine 623.0+21.5 563.2+64.7 518.5+£35.3 506.4+40.3 0.425 0.089 0.594
Glycine 223.3x15.1 199.8+19.4 146.3£9.0 156.3+8.2 0.589 0.000 0.193
Proline 77.0+5.7 56.5+15.6 41.1£29 32.2+8.8 0.115 0.004 0.516
Serine 114.1£3.32 86.8+13.2b 56.9+2 4¢ 56.9+3 4¢ 0.033
Tyrosine 68.1+2.7 64.7+18.7 45.6+4.6 48.0£5.1 0.949 0.036 0.731
Citrulline 552450 43.3+49 63.2+2.0 56.7+2.6 0.019 0.008 0.436
Ornithine 46.2+3.1 56.1+4.1 66.0+3.8 56.9+6.0 0.941 0.066 0.086
Miscellaneous (nmol/ml)
Branched-chain amino acids 260.3+16.32 325.0+12.0b 426.0+8.2¢ 400.1+11.1¢ 0.002
Urea 4,631.9+£329.2 6495.7+£376.8 9,582.1+1025.8  9,318.4+686.8 0.361 0.000 0.231

Data are means+SE and were analyzed using two-way ANOVA. Values sharing identical superscripts (% - ¢) are not significantly different. Significant

differences by two-way ANOVA are shown in bold. CT means control.

concentrations, the uptake of tryptophan may decrease,
resulting in a lower concentration of serotonin. A low
serotonin concentration may influence mental and physical
health by affecting depression (21). For example, consuming
a high-protein diet that includes a higher ratio of
BCAAs/non-BCAAs, including tryptophan, might cause
depression due to lower serotonin in the brain (22), which
may affect the development of diabetes. Patients with
diabetes also have lower plasma serine concentrations (6, 7),
and dietary supplementation with serine ameliorates diabetes
(23). Thus, a low serine concentration may be significant in
both diabetes and prediabetes. Further study of these
potential mechanisms is required.

The mechanism underlying the high BCAAs concentration
in nondiabetic mice is not understood. Under high protein
conditions, the increased BCAAs in plasma may correspond to
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a higher intake of dietary BCAAs. In addition, db mice showed
different BCAAs metabolism, such as suppressed BCAAs
oxidation in liver and lipid tissues, compared to healthy mice
(24). Therefore, the current results showing the different
responses to the different protein content diets might be related
to the influence on BCAAs metabolism. In particular, the
enzymes related to BCAAs oxidation in liver and lipid tissues
should be further examined. The low serine concentration in
nondiabetic mice is likely the result of an induction of
gluconeogenesis (25), which may be explained by greater
excretion of glucagon and suppressed excretion of insulin (26),
leading to more rapid glycogen turnover and gluconeogenesis.
However, in Table II, the levels of plasma insulin and urinary
C-peptide were not significantly increased in the H-diet
condition. Furthermore, a high-protein diet induces a higher
rate of urea synthesis (27). As shown in Table III, nondiabetic
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mice consuming a high-protein diet had higher plasma urea
concentrations than mice consuming a low-protein diet. The
higher rate of urea synthesis induced by the higher nitrogen
load may be related to the greater gluconeogenesis by neuronal
and hormonal mechanisms (27). However, further study of
these physiological implications is required.

As a result, the concentrations of threonine, tryptophan, and
citrulline were lower in mice fed the H-diet than in mice fed
the L-diet. There is a possibility of modulating metabolism in
the liver. With high protein feeding conditions, tryptophan and
threonine might be converted by enzymes that are enhanced
in expression (28, 29). On citrulline, the explanation is not
clear. The consumption of diets differing in their proportions
of protein and carbohydrate was associated with differences
in the urinary volume, urinary glucose, and water intake in db
mice, which is consistent with previous findings (9, 10). This
may be explained by an induction of gluconeogenesis by the
high-protein diet.

This study had some limitations. The mice were restricted
in sex, age, and numbers. Hence, further studies should be
conducted using female mice, mice of more adult age, and
increased numbers of mice. The difference in plasma amino
acid profiles in nondiabetic mice between diets composed of
differing proportions of protein and carbohydrate is an
interesting finding, and more mechanistic studies are needed
to explain the mechanism underlying this change.

Conclusion

The differences in dietary protein and carbohydrate content did
not affect the plasma amino acid profile of diabetic mice,
regardless of their urine volume or urinary glucose
concentration. On the other hand, the nondiabetic mice showed
a difference in plasma amino acid profile under diets composed
of differing proportions of protein and carbohydrate. Although
the physiological significance of this difference in the amino
acid profile in nondiabetic mice has not been fully explored,
the consumption of a high-protein diet causes the amino acid
profile to be more similar to that of diabetic mice. High
BCAAs in plasma are related to diabetic conditions, cancer,
and heart failure, leading to reduced lifespan (22, 24). Based
on the results of high BCAAS in plasma in nondiabetic mice
fed a high-protein diet, we suggest avoidance of a high-protein
diet for subjects with health conditions.
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