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Diabetic kidney disease (DKD) is among the most common and serious

complications of both type 1 and type 2 diabetes. In this study, we used

KK/Ta-Ins2Akita (KK-Akita) mice as a model of DKD and KK/Ta (KK)

mice as controls to identify novel factors related to the development/pro-

gression of DKD. Capillary electrophoresis coupled with mass spectrome-

try analysis revealed that circulating Asp (L-aspartic acid) levels in diabetic

KK-Akita mice tend to be lower than those in control KK mice. There-

fore, we evaluated the effect of Asp supplementation to prevent the pro-

gression of DKD in KK-Akita mice. Mice were divided into three groups:

(a) untreated KK mice (Control group), (b) untreated KK-Akita mice

(DKD group), and (c) treated (double-volume Asp diet) KK-Akita mice

(Tx group). Kidney sections were stained with fluorescein isothiocyanate-la-

beled lectins, wheat germ agglutinin (WGA), and anti-endothelial nitric

oxide synthase (eNOS) antibody for evaluation of endothelial surface layer

(ESL) and NO synthesis. The mesangial area and glomerular size in the

DKD group were significantly larger than those in the Control group;

however, there was no significant difference in those between the DKD

and Tx groups. Albuminuria, the ratio of foot process effacement, and

thickness of glomerular basement membrane in the Tx group were signifi-

cantly lower than those in the DKD group. Furthermore, the expression

levels of glomerular WGA and microvascular eNOS in the Tx group

improved significantly and approached the level in the Control group. In

conclusion, the improvement of albuminuria in the Tx group may be

caused by the reduction of oxidative stress in the kidneys, which may lead

to the subsequent improvement of glomerular ESL.

Diabetic kidney disease (DKD) is among the most

common and serious complications of both type 1 and

type 2 diabetes; it is heterogeneous in terms of natural

history, pathogenesis, and treatment response [1]. The

prevalence of DKD has remained fairly stable over the

last two decades despite advances in the treatment of

hyperglycemia, hypertension, and dyslipidemias, as

well as the widespread use of renin–angiotensin–aldos-
terone system inhibitors [2–4]. These therapies aim to

slow the progression of DKD; however, eventually
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many patients with diabetes reach end-stage renal

disease, which requires renal replacement therapy [5].

The complex mechanisms leading to the development

and progression of renal injury in DKD are not well

understood; however, current knowledge indicates that

the pathogenesis of DKD is multifactorial, where

inflammation and oxidative stress may be the relevant

factors [5,6].

Metabolomics is an approach of systems biology

that provides global metabolic information regarding

biological samples [7]. This approach has been widely

applied to further understand the pathogenesis of

many diseases. Metabolomics can also be applied to

establish diagnoses and select the most appropriate

treatments [8–10]. In the present study, we performed

capillary electrophoresis coupled with mass spectrome-

try (CE-MS) analysis using the sera of diabetic mice to

identify novel factors related to the development/pro-

gression of DKD. For this purpose, we chose KK/Ta-

Ins2Akita (KK-Akita) mice as a model of DKD and

KK/Ta (KK) mice as controls. KK-Akita mice exhibit

diabetes-related phenotypes such as impaired levels of

fasting blood glucose (FBG), hemoglobin A1c, and

albuminuria [11]. Significant changes of amino acid

profile in urea cycle were observed between KK-Akita

and KK mice. In particular, we focused on L-aspartic

acid (Asp), one of the nonessential amino acids. Circu-

lating Asp levels in KK-Akita mice are decreased com-

pared with those in KK mice at 6 weeks of age, and

this decrease can persist even in 15-week-old mice.

Additionally, Asp is required for the conversion of L-

citrulline (Citrulline) to L-arginine (Arg) [12]. Arg is a

substrate for nitric oxide (NO). Endothelial dysfunc-

tion, which is characterized by the reduced bioavail-

ability of NO, plays an important role in the

pathogenesis of vascular complications in diabetes [13].

Reduced NO production or increased NO degradation

may contribute to kidney dysfunction in different

pathological conditions, including diabetes [14].

Although several studies demonstrated the usefulness

of Arg and/or Citrulline supplementation to prevent

progression of DKD [14,15], whether Asp supplemen-

tation is beneficial for patients with DKD remains

unknown. Thus, this study aimed to evaluate the effect

of Asp supplementation in preventing the progression

of DKD in diabetic KK-Akita mice.

Methods

Mice

All animal experiments were approved by the Animal Com-

mittee at Juntendo University Faculty of Medicine, and all

animals were treated according to the guidelines for animal

experimentation at Juntendo University (Permit Number:

310037). All surgery and sacrifice were performed under

sodium pentobarbital anesthesia, and all efforts were made

to minimize suffering.

All mice were individually housed in plastic cages with

free access to food (CE-2; CLEA Japan, Tokyo, Japan)

and water throughout the experimental period, maintained

in the same room under conventional conditions with a

regular 12-h light/dark cycle, and a controlled temperature

at 24 � 1 °C.

Male KK-Akita mice were inherited by Akita University

(Akita, Japan) (H. Fujita, from Akita University School of

Medicine, kindly provided the male KK-Akita mice). KK-

Akita mice were generated by backcrossing male C57BL/6-

Akita mice to female KK mice for 10 generations at Akita

University [11]. We purchased female KK mice (CLEA

Japan) and mated them with male KK-Akita mice to keep

the strain. Genotyping was performed as described previ-

ously [16].

Mice were divided into three groups: (a) untreated KK

mice (Control group; n = 5), (b) untreated KK-Akita mice

(DKD group; n = 5), and (c) treated (fed a specified diet,

i.e., CE-2 with doubled Asp) KK-Akita mice (Tx group;

n = 5). As shown in Table 1, we prepared a specified diet

with a double volume of not only Asp but also asparagine,

the precursor of Asp, as reported previously [17]. All

groups were weaned by 4 weeks of age and fed CE-2 until

6 weeks of age. The Control and DKD groups were fed

normal chow consistently, and the Tx group was fed CE-2

with doubled Asp between 6 and 15 weeks of age.

Biochemical measurements

Urinary albumin excretion, body weight (BW), and FBG

levels were measured at 6 and 15 weeks of age. Urine sam-

ples were collected daily and were analyzed to detect albu-

minuria using DCA 2000 microalbumin-creatinine

immunoassay cartridges with a DCA Vantage Analyzer

(Siemens Healthcare, Erlangen, Germany). Urinary crea-

tinine was measured using the QuantiChrom Creatinine

Assay Kit (BioAssay Systems, Hayward, CA, USA). Uri-

nary nitrates + nitrites were determined using a colorimet-

ric kit (Griess Reaction; R&D Systems, Inc., Minneapolis,

MN, USA). Glucose levels were measured by Glutest Mint

(Sanwa Kagaku Kenkyusho Co., Ltd., Aichi, Japan) in

blood samples obtained from the tail. We measured blood

glucose after 6 h of daytime fast.

Renal histology

For light microscopy, sagittal kidney sections were fixed in

20% formalin and embedded in paraffin, and they (1.5 µm
thick) were stained with a periodic acid–Schiff (PAS)

reagent. The glomerular axial-sectional area and the
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mesangial area were scaled quantitatively with a computer-

aided manipulator (KS400; Carl Zeiss Vision, Munich,

Germany) by tracing the outer edge of the glomerular cap-

illary. Five glomerular sections were selected at random

from each experimental group by scanning from the outer

cortex. PAS-stained areas (mesangial area) in the glomeru-

lar cross-sectional area were regarded as the relative mesan-

gial areas [18]. The glomerular size was measured as

glomerular diameter (GD) using IMAGEJ 1.51t software

(National Institutes of Health, Bethesda, MD, USA; rsb.inf

o.nih.gov/ij). Maximum GD was calculated as the mean of

the following two measurements: maximal diameter of the

glomerulus and the maximal chord perpendicular to the

maximal diameter [19].

Transmission electron microscopy and

morphometry

For transmission electron microscopy, kidney sections were

fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer

(pH 7.4), followed by postfixation with 1% OsO4 in the

same buffer. Fixed specimens were dehydrated with a

graded series of ethanol and embedded in Epok 812 (Oken

Shoji, Tokyo, Japan). Ultrathin sections were cut and

stained with uranyl acetate and lead citrate. Specimens

were examined with an HT7700 transmission electron

microscope (Hitachi, Tokyo, Japan).

Foot process effacement is evaluated as the proportion

of effacement, which is determined as the length of the

effacement, to the length of the capillary. We scaled five

glomeruli per mouse and five capillaries per glomerulus for

three mice in each experimental group using IMAGEJ 1.51t

software [20]. Glomerular basement membrane (GBM) was

also measured using IMAGEJ 1.51t software by measured five

glomeruli per mouse and three regions of the GBM per

glomerulus in three mice in each experimental group.

Lectin histochemistry

For lectin histochemistry, fluorescein isothiocyanate (FITC)-

labeled lectins and wheat germ agglutinin (WGA) were pur-

chased from EY Laboratories (San Mateo, CA, USA).

Paraffin-embedded sections were deparaffinized, rehydrated,

and blocked in carbohydrate-free blocking solution (Vector

Laboratories, Burlingame, CA, USA). The slides were incu-

bated at 4 °C overnight with lectin aliquoted in carbohy-

drate-free blocking solution (FITC–WGA, 15 µg�mL�1).

Washes were performed with PBS [21]. We randomly selected

five glomeruli per mouse and measured the luminance of

them in each experimental group using KS 400.

Immunohistochemical staining

Paraffin-embedded sections were deparaffinized in xylene

and rehydrated in 100%, 90%, 80%, 70%, and 50% ethanol.

Microwave treatment was done to activate the enzymes. To

reduce the background staining, nonspecific binding was

blocked by incubating with blocking solution [PBS (pH 7.2)

containing 2% bovine serum albumin, 2% fetal bovine

serum, and 0.2% fish gelatin, added mouse IgG blocking

reagent (Vector Laboratories)]. The sections were then incu-

bated with the primary antibody [purified mouse anti-en-

dothelial nitric oxide synthase (eNOS)/NOS Type 3, BD

Transduction Laboratories, San Jose, NJ, USA, and anti-8-

hydroxy-20-deoxyguanosine (8-OHdG) monoclonal anti-

body, Japan Institute for the Control of Aging, Shizuoka,

Japan] diluted 1 : 100 in blocking solution at 4 °C. Peroxi-
dase activity was developed in 3,3-diaminobenzidine. Finally,

Mayer’s hematoxylin was added as a counterstain. The sec-

ondary antibody was anti-mouse Envision Plus polymer

reagent (DAKO, Santa Clara, CA, USA).

Capillary electrophoresis coupled with mass

spectrometry analysis

Serum metabolites of the Control and DKD groups at 6

and 15 weeks of age were extracted and analyzed by the

Human Metabolome Technologies (HMT Inc., Yamagata,

Japan) method. Briefly, methanol containing Internal Stan-

dard Solution 1 (HMT Inc.) was added to the sera and

Table 1. Component composition of control (CE-2) and specified

diet

Control diet (CE-2) Specified diet

Amino acid (g�100 g�1)

Aspartic acid 2.34 4.68

Asparagine 0.00 2.46

Threonine 1.01 0.96

Serine 1.28 1.22

Glutamic acid 4.35 4.14

Glycine 1.53 1.45

Alanine 1.38 1.31

Valine 1.14 1.08

Isoleucine 0.89 0.85

Leucine 1.80 1.71

Tyrosine 0.81 0.77

Phenylalanine 1.21 1.15

Lysine 1.44 1.37

Histidine 0.59 0.56

Arginine 1.69 1.61

Proline 1.44 1.37

Cystine 0.39 0.37

Methionine 0.44 0.42

Tryptophan 0.24 0.23

Protein (%) 25.33 29.00

Fat (%) 4.38 4.16

Nitrogen-free extract (%) 49.67 47.23

Water (%) 8.91 8.47

Fiber (%) 4.88 4.64

Ash (%) 6.83 6.49

Energy (kcal) 339.42 342.40
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mixed well. Subsequently, 200 µL of Milli-Q water (Merck

Millipore, Burlington, MA, USA) and 500 µL of chloro-

form were added and centrifuged at 2300 g for 10 min at

4 °C. The upper aqueous layer was collected and then fil-

trated with a Millipore 5-kDa cutoff filter and dried. The

metabolites were resuspended in 25 µL of Milli-Q water

containing Internal Standard Solution 3 (HMT Inc) and

applied to CE-MS. All CE-MS experiments were performed

using an Agilent 7100 CE capillary electrophoresis system

(Agilent Technologies, Santa Clara, Waldbronn, Germany)

connected to an Agilent 6530 accurate Q-TOF-MS system

(Agilent Technologies Inc., Santa Clara, CA, USA).

The data obtained by CE-MS analysis were preprocessed

using MASSHUNTER Workstation Software Qualitative Analysis

version B.06.00 (Agilent Technologies Inc.). Each metabolite

was identified and quantified based on the peak information

including m/z, migration time, and peak area. The metabolite

peaks were analyzed statistically using the MASS PROFILER

PROFESSIONAL software (Agilent Technologies Inc.).

Pattern recognition and statistical analysis

t-Test and partial least-squares projection on latent structure

discriminant analysis (PLS-DA) were carried out using the

software METABOANALYST version 4.0 (https://www.metaboan

alyst.ca/faces/home.xhtml). To further select differential

variables in the PLS-DA models, the cutoff value of 1.0 was

set in the variable importance in the projection (VIP). The

selected variables between the Control and DKD groups

were then conducted using one-way analysis of variance with

Tukey’s honestly significant difference analysis as mounted

in IBM SPSS STATISTICS version 23 software, and a P < 0.05 was

regarded as statistically significant [22].

Results

Blood normalized Asp levels tend to be lower in

the DKD mice than in the Control mice at 6 and

15 weeks of age by CE-MS analysis

To sort out the prospective metabolites that specifi-

cally changed, we calculated the VIP values from the

PLS-DA models. PLS-DA models indicated the influ-

ence of the metabolites on the classification, and VIP

values > 1.0 signified that the changed metabolites

contributed significantly to the clustering [22]. Under

the criteria of VIP > 1.0 (Fig. 1) and P < 0.05, the

metabolites shown in Table 2 were identified as poten-

tial candidates differentiating the DKD group from

the Control group when we compared them at the

same weeks of age. Strong or moderate correlations

were identified between the metabolites and albumin-

uria, FBG, and hemoglobin A1c (data not shown). We

paid special attention to three metabolites interacting

with urea cycle, urea, Citrulline, and Asp.

Figure 2 shows the results of CE-MS analysis of the

metabolites of the urea cycle. The graphs show the

normalized concentration of each metabolite in the

sera. The results indicate that the levels of urea and

Citrulline in the DKD group were significantly higher

than those in the Control group when these were com-

pared at the same weeks of age. Additionally, Asp

level in the DKD group tended to be lower than that

in the Control group, but no statistical difference was

observed.

Blood Asp levels are comparable between the

DKD and Control mice after Asp supplementation

Table 3 shows the results of the amino acid analysis in

each group at 15 weeks of age. The circulating Asp

levels in the DKD group were significantly lower than

those in the Control group. However, there was no

significant difference in the circulating Asp levels

between the DKD and Tx groups (P = 0.07). Con-

versely, the circulating Asp levels in the Tx group were

comparable to those in the Control group (P = 0.53).

The circulating levels of Arg and Ornithine did not

differ among three groups. The circulating citrulline

levels, which were significantly higher in the DKD

group than in the Control group, did not change after

the Asp supplementation. The ratio of Arg to citrulline

in the DKD group was significantly lower than that in

the Control group. Again, the ratio of Arg to Citrul-

line was not significantly different between the DKD

and Tx groups.

Albuminuria is significantly decreased after Asp

supplementation in the DKD mice

As shown in Table 4, the levels of albuminuria in the

DKD group were significantly increased in mice as

early as 6 weeks of age compared with those in the

Control group, and albuminuria became more pro-

nounced as the mice aged, whereas the levels of albu-

minuria in the Tx group were significantly lower than

those in the DKD group at 15 weeks of age. The BW,

which was significantly lower in the DKD group than

in the Control group at 6 and 15 weeks of age, did

not differ between the DKD and Tx groups. The ratio

of the kidney weight to BW at 15 weeks of age was

significantly higher in the DKD group than in the

Control group; however, the ratio in the Tx group did

not change after Asp supplementation. The levels of

FBG did not differ between the DKD and Tx group

at 6 and 15 weeks of age, although those in the DKD

group were significantly higher than those in the Con-

trol group.
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Glomerular podocyte and endothelial damage are

improved after Asp supplementation in the DKDmice

Renal histopathology was assessed by light and elec-

tron microscopy at 15 weeks of age. Figure 3A–C

shows the representative glomerular light micrographs

from each group. Remarkable mesangial expansion, as

evidenced by increased accumulation of PAS-positive

material in the mesangial area, was observed in the

Fig. 1. The VIP scores. Multivariate data

analysis was conducted with the software

METABOANALYST version 4.0. Partial least-

squares PLS-DA was subsequently

conducted using the par-scaling CE-MS

data. In order to further select differential

variables in the PLS-DA models, the cutoff

value of 1 was set in the VIP.

Representative VIP scores > 1.0 between

the Control and DKD groups at 6 weeks of

age (A) and at 15 weeks of age (B).
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DKD group, whereas mesangial expansion was rela-

tively mild in the Control group. Quantitative analysis

of PAS-stained glomerular sections by KS400 did not

differ between the DKD group and the Tx group

(Fig. 3D). The pattern of changes in glomerular size,

estimated by Max GD, among the three groups was

similar to that of mesangial expansion (Fig. 3E). Fig-

ure 3F–H shows the representative glomerular electron

micrographs from each group. Morphometric analysis

revealed a significant increase in the rates of foot pro-

cess effacement and GBM thickness in the DKD

group compared with the Control group. Additionally,

the rates of foot process effacement and GBM thick-

ness were significantly lower in the Tx group compared

with the DKD group (Fig. 3I,J).

The glomerular endothelial surface layer (ESL) was

detected by lectin staining (Fig. 3K–M). Paraffin-

embedded specimens were stained with WGA lectin,

which binds to sugar residues, sialic acid, and N-

acetylglucosaminyl residues of glycoproteins. WGA

lectin was observed on the glomerular loop in each

group. The disarray of WGA staining was demon-

strated in the DKD group but was significantly ame-

liorated by treatment with Asp in the Tx group.

Quantitative analysis of FITC luminance in the

glomerular sections by KS400 revealed a significantly

greater improvement in the Tx group compared with

the DKD group (Fig. 3N).

Immunohistochemical staining for eNOS (Fig. 4)

and 8-OHdG (Fig. 5) was mainly localized in the glo-

meruli and microvasculature. Accumulations of eNOS

at the glomerular capillaries and renal microvascular

endothelial cells in the Tx group seemed to be stained

more intensely than those in the DKD group.

Table 2. The metabolites with P < 0.05 and VIP score > 1.0 when comparing KK and KK-Akita mice at the same weeks of age. UAE,

urinary albumin excretion; HbA1c, hemoglobin A1c; GABA, c-aminobutyric acid.

Control versus DKD

Correlation coefficienta15 weeks 6 weeks

P-value VIP P-value VIP UAE FBG HbA1c

2-Hydroxybutyric acid 3.87E-16 1.79 6.80E-20 1.57 0.97 0.98 0.97

L-Citrulline 1.40E-13 1.75 2.09E-20 1.58 0.94 0.95 0.94

L-Leucine 5.45E-13 1.73 2.10E-15 1.51 0.99 0.93 0.93

L-Valine 2.78E-12 1.71 2.49E-16 1.53 0.98 0.92 0.91

L-Isoleucine 2.08E-11 1.68 3.22E-08 1.31 0.98 0.92 0.91

L-Methionine 1.47E-10 1.65 3.28E-04 1.11 �0.91 �0.89 �0.89

Hydroxyproline 1.53E-10 1.65 3.55E-05 1.12 �0.92 �0.89 �0.89

Taurine 1.70E-10 1.65 – – – – –

Urea 2.91E-10 1.65 1.41E-09 1.37 0.88 0.91 0.90

3-Hydroxybutyric acid 8.51E-10 1.62 6.20E-11 1.42 0.95 0.88 0.86

Gluconic acid 5.04E-08 1.53 9.29E-08 1.36 �0.86 �0.82 �0.82

Pyruvic acid 2.76E-07 1.48 1.28E-04 1.03 �0.88 �0.79 �0.80

Choline 4.84E-07 1.46 – – – – –

Uric Acid 8.12E-07 1.44 – – – – –

L-Tryptophan 1.40E-06 1.45 – – – – –

beta-Alanine 2.27E-05 1.30 – – – – –

Ribulose 5-phosphate 6.76E-05 1.24 2.46E-06 1.19 �0.63 �0.68 �0.66

L-Serine 9.08E-05 1.24 2.70E-04 1.01 0.79 �0.67 �0.67

Glyceraldehyde 3-phosphate 1.06E-04 1.22 1.55E-06 1.20 �0.61 �0.66 �0.64

2-Oxoisovaleric acid 2.72E-04 1.17 1.41E-06 1.21 0.68 0.61 0.62

Glycolic acid 2.80E-04 1.21 – – – – –

L-Aspartic acid 3.07E-04 1.15 3.90E-04 1.04 �0.56 �0.63 �0.61

Uridine 3.16E-04 1.16 – – – – –

Creatine 3.39E-04 1.16 – – – – –

Uracil 5.84E-04 1.15 – – – – –

Sarcosine 7.09E-04 1.12 5.27E-11 1.43 0.59 0.66 0.64

GABA 1.36E-03 1.06 – – – – –

Adenosine 1.88E-03 1.04 2.68E-05 1.11 �0.51 �0.54 �0.54

L-Glutamic acid 2.22E-03 1.02 – – – – –

Methyl histidine 3.20E-03 1.01 4.79E-12 1.45 0.44 0.58 0.58

aCorrelation coefficient: correlation coefficient of metabolites with P < 0.05 and VIP > 1.0 at 6 and 15 weeks of age in both experimental

groups and their phenotype.
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Additionally, the expression levels of 8-OHdG in the

nuclei of mesangial cells and renal microvascular

smooth muscle cells appeared to be lower in the Tx

group than in the DKD group.

Urine nitrate and nitrite levels are not altered

after Asp supplementation in the DKD mice

As shown in Fig. 6, urinary levels of nitrates + nitrites

in the DKD group at 15 weeks of age were

significantly higher than those in the Control group.

On the other hand, those levels did not differ between

the DKD and Tx groups.

Fig. 2. The results of CE-MS analysis of the amino acids of the urea cycle. The Y-axis shows the relative concentration of each amino acid.

The error bars represent SD. The relative concentration of urea and L-Citrulline in the DKD group (n = 5) was significantly higher than that in

the Control group (n = 5). The relative concentration of L-aspartic acid in the DKD group tended to be lower than that in the Control group,

but no statistical difference was observed.

Table 3. Amino acid analysis in each mouse at 15 weeks of age.

Data expressed as means � standard deviation.

Amino acid Control DKD Tx

L-Aspartic acid (nmol) 0.23 � 0.04 0.16 � 0.03a 0.32 � 0.24

L-Arginine (nmol) 2.03 � 0.16 1.83 � 0.18 1.90 � 0.23

L-Ornithine (nmol) 1.24 � 0.24 1.08 � 0.11 0.95 � 0.25

L-Citrulline (nmol) 1.86 � 0.14 2.24 � 0.09a 2.32 � 0.14c

L-Arginine/L-Citrulline

ratio

1.17 � 0.08 0.87 � 0.07b 0.84 � 0.05c

aP-value < 0.05: Control versus DKD at the same weeks of age;
bP-value < 0.001: Control versus DKD at the same weeks of age;
cP-value < 0.001: Control versus Tx mice at the same weeks of

age.

Table 4. Biochemical parameters in each group at 6 and 15 weeks

of age. Data expressed as means � standard deviation, or median

(25th percentile, 75th percentile). UAE, urinary albumin excretion.

Control DKD Tx

Number of mice 5 5 5

6 weeks of age

BW (g) 30.8 � 0.6 23.8 � 0.2b 23.6 � 0.9

UAE (µg�day�1) 51 (33, 106) 954 (448,

1283)a
1091 (1005,

1383)

FBG (mg�dL�1) 212 � 11 592 � 17b 622 � 15

15 weeks of age

BW (g) 40.0 � 0.9 28.8 � 0.3b 26.1 � 1.0

Kidney weight/

BW (%)

0.59 � 0. 03 1.23 � 0.19b 1.11 � 0.06

UAE (µg�day�1) 56 (16, 71) 2219 (1713,

2547)b
1470 (1035,

1669)c

FBG (mg�dL�1) 210 � 2 691 � 13b 692 � 10

aP-value < 0.05: Control versus DKD group at the same weeks of

age; bP-value < 0.001: Control versus DKD group at the same

weeks of age; cP -value < 0.05: DKD versus Tx group at the same

weeks of age.
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Discussion

The present study demonstrated that circulating Asp

levels in diabetic mice were decreased, and Asp supple-

mentation might be useful to prevent the progression

of DKD via amelioration of endothelial function.

Asp, one of the nonessential amino acids, is required

for the metabolic pathway from Citrulline to Arg. Arg

is known as a substrate for NO. The NOS is responsi-

ble for the synthesis of NO, a reaction that occurs in

all tissues. There are three kinds of NOS families that

are differentially localized: nNOS is mainly present in

neural cells, iNOS in macrophages, and eNOS in

endothelial cells. The three enzymes share a common

mechanism for synthesizing NO from Arg. When NO

is made synthetically from Arg, Citrulline is also

released as a byproduct of NO [12]. Some researchers

have already reported results of basic studies on the

supplementation with Arg and/or Citrulline for dia-

betes or DKD. Hayashi et al. [15] reported that the

administration of Arg or Citrulline resulted in a signif-

icant recovery of the decreased nitrite level of the cul-

ture medium obtained from endothelial cells from the

human umbilical vein cultured under high-glucose con-

dition. When Arg and Citrulline were given together,

the recovery of nitrite production was more marked

than when Arg alone was given [15]. Romero et al.

[23] reported that supplementation with Citrulline

reduced albuminuria, fibrosis, and kidney hypertrophy

in streptozotocin-induced diabetic mice. In contrast,

supplementation with Citrulline, but not Arg,

improved glomerular hyperfiltration, thereby markedly

decreasing proteinuria in diabetic rats [14]. One may

think that Arg supplementation is more effective to

promote NO synthesis compared to Citrulline supple-

mentation. However, oral Arg supplementation is

Fig. 3. The renal pathology in each group. The mesangial proliferation and foot process effacement were more progressive in both of the

DKD and Tx groups compared with the Control group. The mesangial proliferation level and the glomerular size did not differ between the

DKD and Tx groups, whereas the rate of foot process effacement per capillary and the GBM thickness were decreased in the Tx group

compared with the DKD group. Furthermore, the glomerular ESL shown by WGA staining level in the Tx group was significantly higher than

the DKD group. Representative kidney sections of periodic acid–Schiff staining (400-fold magnification) in the Control group (A), DKD group

(B), and Tx group (C). The length of each scale bar shows 10 µm. Quantitative analysis of the mesangial area (D) and the glomerular size (E)

(n = 5 per group, 5 glomeruli randomly selected in each mouse). Representative kidney sections of electron micrographs (2000-fold

magnification) in the Control group (F), DKD group (G), and Tx group (H). The length of each scale bar shows 2 µm. Quantitative analysis of

foot process effacement (I) (n = 3 per group, 5 glomeruli, and capillaries per mouse) and the thickness of GBM (J) (n = 3 per groups, 5

glomeruli, and 3 regions of the GBM per glomerulus). WGA staining for ESL in glomeruli in the Control group (K), DKD group (L), and Tx

group (M). Quantitative analysis of the luminance of FITC (n = 5 per group, 5 glomeruli randomly selected in each mouse) (N). The error

bars represent SD (D, E, I, J, and N).
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largely ineffective due to gastrointestinal and hepatic

extraction of Arg. Alternatively, oral Citrulline supple-

mentation consistently increases the bioavailability of

Arg and NO in plasma and tissue [24]. Most of the

orally administered Citrulline is removed from circula-

tion by the kidneys, and it is efficiently converted into

Arg [25]. In our CE-MS analysis, it appears that in

KK-Akita mice, the Citrulline levels absorbed were

appropriate. However, circulating Arg levels in KK-

Akita mice were not different from those in KK mice.

Additionally, eNOS expression in the glomeruli and

microvessels of KK-Akita mice seemed to be lower

than those in KK mice. These results could be attribu-

table to a lack of Asp, which is essential for the meta-

bolism of Citrulline to Arg. Generally, plasmatic Arg

concentrations are decreased in both humans and ani-

mals with diabetes [14,26,27]. This might be partially

explained by the increased plasma arginase activity in

diabetes [28–30]. As such, the bioavailability of Arg

and NO production is reduced in the diabetic state. In

fact, studies of arginase inhibition in patients with dia-

betes or diabetic rats have shown an improvement of

microvascular endothelial function [13,31,32]. Based

on these results, we guessed that Asp was consumed to

sustain the bioavailability of Arg in KK-Akita mice.

Interestingly, circulating Asp levels were also signifi-

cantly decreased in other diabetic models such as type

2 diabetic KK-Ay mice compared with those of KK

mice (data not shown).

The glomerular filtration barrier is composed of

glomerular endothelial cells, GBM, and glomerular

epithelial cells [33]. Glomerular endothelial cells are

covered by ESL. ESL is mainly composed of the nega-

tively charged heparan sulfate proteoglycan as well as

albumin. It is known that increased oxidative stress

induces glomerular ESL deterioration in part through

increased heparanase levels, resulting in exacerbation

of glomerular permselectivity and development of

albuminuria [34–36]. In the present study, supplemen-

tation with Asp improved renal oxidative stress and

structures of ESL in diabetic mice. The reduction in

the rate of foot process effacement with the ameliora-

tion of ESL might be related to the reduction in GBM

thickening, because injured podocytes contribute to

Fig. 4. The immunohistochemical staining for eNOS. The levels of DAB in the glomerular capillaries and renal microvascular endothelial cells

seemed to be higher in the Tx group compared with the DKD group. Representative kidney sections of immunohistochemical staining for

eNOS in the Control (A), DKD (B), and Tx groups (C). Representative microvascular sections of immunohistochemical staining for eNOS in

the Control (D), DKD (E), and Tx groups (F). The length of each scale bar shows 20 µm.
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the perturbation of the balance between the synthetic

and degradative pathways of GBM [37]. However, the

circulating concentrations of Asp and Citrulline did

not change between the DKD and Tx groups. It is

likely that supplemented Arg is consumed in the syn-

thesis of NO, and citrulline is recreated as a byproduct

of NO. Indeed, the pattern of changes in the ratio of

Arg to citrulline, which reflects the relative activity of

systemic NOS [32], among the three groups was simi-

lar to that observed for urinary nitrite + nitrate levels,

indicating that NO production in KK-Akita mice was

probably higher than that in KK mice.

A limitation of the present study is that we were

unable to determine direct NO production because the

half-life of NO is very short. Therefore, we measured the

levels of urinary nitrite + nitrate as a stable oxidation

products of NO (i.e., as indexes of NO production),

although those levels seem to reflect not only local kid-

ney but also systemic levels [38,39]. Systemic NO produc-

tion is shifted toward an increase during the early phases

of DKD and leads to glomerular hyperfiltration, and

eventually albuminuria [39–42]. In the present study, the

levels of urinary nitrite + nitrate in KK-Akita mice were

significantly higher than those in KK mice and did not

Fig. 5. The immunohistochemical staining for 8-OHdG. The levels of DAB in the cell nuclei of mesangial cells and renal microvascular

smooth muscle cells seemed to be lower in the Tx group compared with the DKD group. Representative kidney sections of

immunohistochemical staining for 8-OHdG in the Control (A), DKD (B), and Tx groups (C). Representative microvascular sections of

immunohistochemical staining for 8-OHdG in the Control (D), DKD (E), and Tx groups (F). The length of each scale bar shows 20 µm.

Fig. 6. The level of urinary nitrates + nitrites. Urinary levels of

nitrates + nitrites in the DKD group at 15 weeks of age were

significantly higher than those in the Control group. Those levels

did not differ between the DKD and Tx groups. The Y-axis shows

the concentration of urinary nitrates + nitrites (µmol�L�1) divided by

urinary creatinine values (mg�dL�1). The error bars represent SD.
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change after Asp supplementation. These results are

likely inherent to the diabetic condition. The levels of

systemic NO production were reported to be associated

positively with serum glucose levels [39,43,44]. We guess

that decreased 8-OHdG expression in the kidneys of

mice in the Tx group resulted from the upregulation of

glomerular endothelial NO production. Another limita-

tion of this study is that KK-Akita mice are unique dia-

betic model mice. They were generated by backcrossing

female KK mice with male C57BL/6-Akita mice, which

are nonobese hypoinsulinemic diabetic mice. Thus, the

results of the present study may not apply to other dia-

betic model mice.

In conclusion, we demonstrated that the Asp treat-

ment induced the reduction of oxidative stress in the

kidneys, amelioration of glomerular ESL, and suppres-

sion of albuminuria in KK-Akita mice. It is possible

that low serum concentration of Asp has some impact

on DKD progression.
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