F110

METALLOTHIONEIN DEFICIENCY EXACERBATES DIABETIC NEPHROPATHY

| |
* %k * % % % * %
.5 5 7 ' b ‘ _5 25 7 f 1T ]
A @ ~
O 4 4 O 20 A
5% 58
< 3 - <L 15 4
EX 2 Ed 10 -
05 o O
2L 2=
87 11 - §< 51
[} 0]
€ ; ‘ ‘ o 0 4—mEm _ mmm ,
. . . . ND-WT ND-KO DM-WT DM-KO ND-WT ND-KO DM-WT DM-KO
Fig. 4. MT deficiency accelerates diabetes-in-
duced renal inflammation and macrophage in- G * ¥ D * %
filtration. A-D: quantitative RT-PCR analysis 1
of the expression levels of the macrophage 16 - * % 7 - | ** - * |
marker CD14 and monocyte chemoattractant 5 : s
protein (MCP)-1 showed that MT deficiency @ N 1.4 1 @ 6
promoted diabetes-induced macrophage infil- QI 1.2 - 0= . |
S gL 5
tration into the kidney. Transforming growth X E 1 H e
factor (TGF)-B and osteopontin (OPN) mRNA g < % 4 A
levels were increased in the kidney in diabetic 2 = 0.8 1 z O
‘ . e Za 3> 3
mice compared with nondiabetic mice, and cu 0.6 T EE
were similar between DM-WT and DM-KO. o 9 0.4 - 20 2
mRNA levels were normalized to GAPDH. £ ' £ 14
Values are means * SE. *P < 0.05. ¥*P < 7 0.2 - ° j
0.01. E: Western blot analysis of NF-«B pro- 2 0 - T T T x 0 - T T T
tein expression. NF-«kB (p65) is significantly ND-WT ND-KO DM-WT DM-KO ND-WT ND-KO DM-WT DM-KO
upregulated in DM-KO compared with ND-
KO. Quantification was performed by densi- E ND-WT ND-KO DM-WT DM-KO

tometry of 3 independently performed experi-
ments with normalization by {-actin. Values

are means = SE. *P < 0.05. NF-kB (p65)

B-actin

and to a lesser extent in the interstitium of nondiabetic MT*/*
and MT™/~ mice (Fig. 5A). Moreover, we assessed mitochon-
drial ROS production using MitoTracker Red CM-H,XRos and
MitoTracker Green FM staining. The intensity of MitoTracker
Red CM-H,XRos was higher in diabetic MT ™/~ mice com-
pared with diabetic MT*'* mice (Fig. 5B). These findings
suggest that MT deficiency increases diabetes-induced mito-
chondrial ROS in the interstitium of the kidney.
Mitochondrial morphology deteriorated in diabetic MT ™'~
mice. To confirm the beneficial effects of MT on generating
mitochondrial ROS, we examined renal morphology in more
detail using electron microscopy. The number of swollen
mitochondria was increased, and cristae were also prominently
reduced in renal proximal tubular cells of diabetic MT™/* mice
compared with nondiabetic MT T/* mice, and were further
increased in diabetic MT ™/~ mice compared with diabetic
MT** mice (Fig. 6). These results indicate that MT deficiency
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impaired mitochondrial function in renal proximal tubular
epithelial cells in the diabetic kidney.

ROS and inflammatory gene expression levels were in-
creased by knockdown of MT in cultured proximal tubular
epithelial cells. Mouse mProx24 renal proximal tubular epithe-
lial cells were transfected with MT siRNA or scrambled siRNA as
a control and subjected to qRT-PCR analyses and ELISA. MT
mRNA and protein expression was significantly inhibited in MT
knockdown cells compared with control cells (Fig. 7, A and B).
High-glucose-induced Nox4 mRNA expression was increased
in MT knockdown cells (Fig. 7C). To evaluate mitochondrial
ROS in the mProx24 cells, we performed double staining using
MitoTracker Red CM-H;XRos and MitoTracker Green FM.
The intensity of MitoTracker Red CM-H,XRos was increased
in mProx24 cells transfected with MT siRNA (Fig. 7G).
Similarly, expression levels of inflammatory genes including
MCP-1, TGF-B, and OPN were upregulated by MT RNA:i (Fig.
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Fig. 5. MT deficiency induced accumulation of mitochondrial reactive oxygen species (ROS) in the diabetic kidney. A: oxidative stress was evaluated by
fluorescence microscopy examinations using anti-4-hydroxynonenal (4-HNE) antibody. The intensity of 4-HNE was evident in DM-KO. Original magnification:
X100. B: mitochondrial ROS production was detected by fluorescence microscopy examinations using MitoTracker Red CM-H>XRos and MitoTracker Green
FM. The intensity of MitoTracker Red CM-H:XRos was significantly increased in DM-KO compared with DM-WT. Original magnification: X100.

7, D-F). These findings suggest that knockdown of MT exac-
erbates high-glucose-induced oxidative stress and inflamma-
tion in renal proximal tubular epithelial cells.

DISCUSSION

In the present study, we demonstrated that MT deficiency
accelerated albuminuria and interstitial fibrosis without affect-
ing blood glucose levels in STZ-induced diabetic mice. Mac-
rophage infiltration in the interstitium of the diabetic kidney
and the expression of inflammatory genes, including MCP-1,
TGF-B, and OPN, were increased in diabetic MT ™'~ mice.
Furthermore, mitochondrial ROS were increased and mito-
chondria were fragmented in diabetic MT ™/~ mice. In vitro
studies with proximal tubular epithelial cells revealed that
knockdown of MT increased the expression of Nox4, which
was associated with oxidative stress, and expression of inflam-
matory genes. Our findings suggest that MT has antioxidative
and anti-inflammatory effects in diabetic kidneys and prevents
the development of diabetic nephropathy, independently of
blood glucose levels.

MT comprise a family of low-molecular-weight, cysteine-
rich, ubiquitous, and inducible intracellular proteins that bind

to heavy metals such as zinc, copper, and cadmium and
participate in metal homeostasis and detoxification (1). The
mammalian MT family comprises four isoforms: MT-1, MT-2,
MT-3, and MT-4. MT-3 is predominantly brain specific and is
expressed in neurons and stimulated glial cells (16), while the
two major isoforms, MT-1/-2, are expressed in most organs.
However, the expression of MT in the kidney has been unclear.
This and our recent study demonstrated that MT-1/-2 were
highly induced in renal proximal tubular epithelial cells in
diabetic mice (Fig. 3) and rats (21). This study also showed that
MT has previously been reported to be a potent antioxidant;
protecting cells from oxidative damage (2, 5, 9, 17, 18). We
therefore hypothesized that MT may be induced in the kidney
as an antioxidative protein and thus protect the kidney from
diabetes-induced ROS and inflammation.

Many studies have proposed an important role of oxidative
stress in the pathogenesis of diabetic nephropathy (3, 11, 29).
We evaluated oxidative stress in the kidney by assessing
mitochondrial ROS generation. MitoTracker Red CM-H>XRos
and MitoTracker Green FM staining revealed that mitochon-
drial ROS were increased in the interstitium, mainly in the
tubular epithelial cells, of diabetic MT™/~ mice compared with
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Fig. 6. Representative electron micrographs of proximal tubular epithelial cells in ND-WT (A and E), ND-KO (B and F), DM-WT (E and G), and DM-KO (D
and H) mice. Original magnification: X 1,500 (rop) and X4,000 (bottom). Swollen mitochondria were increased in proximal tubular epithelial cells of DM-KO
mice. Scale bar = 20 pm (fop) and = 7.5 wm (bottom). I quantitative analysis of swollen mitochondria. Swollen mitochondria were evident in diabetic mice
and were significantly increased in DM-KO compared with DM-WT. Values are means = SE. *P < 0.05. **P < 0.01.

diabetic MT*/* mice. Electron microscopy also showed more
severe mitochondrial swelling in proximal tubular epithelial
cells in diabetic MT ™/~ mice compared with diabetic MT™/*
mice. It has been reported that mitochondrial morphology is
altered in renal diseases including diabetic nephropathy (8, 31,
32). Since MT is a potent antioxidant and adaptive protein that
protects cells and tissues from oxidative stress (12), we spec-
ulated that MT deficiency is likely to contribute to increased
mitochondrial swelling in diabetic MT ™/~ mice. However, no
studies have reported how MT is related to mitochondrial
morphology, and thus further studies are needed. We also
performed siRNA experiments to explore the effects of MT on
the gene expression level of Nox4, as a promoter of ROS
generation, and on the mitochondrial ROS in cultured proximal
tubular epithelial cells. The fact that Nox4 expression and the
intensity of MitoTracker Red CM-H,XRos were increased by
knockdown of MT suggests that MT may prevent Nox4-

derived ROS generation by reducing oxidative stress in prox-
imal tubular epithelial cells. Overall, these results indicate that
MT deficiency increases diabetes-induced oxidative stress in
the interstitium of the kidney.

Inflammation is also associated with the development of
diabetic nephropathy (13, 15, 19). The present study revealed
that increased expression levels of the macrophage marker
CD14, the chemokine MCP-1, and the cytokines TGF-B and
OPN noted in diabetic MT*/* mice were further increased in
diabetic MT ™/~ mice. Similarly, macrophage infiltration into
the interstitium and interstitial fibrosis were increased in dia-
betic MT™/~ mice compared with diabetic MT™/* mice. How-
ever, macrophage infiltration in the glomeruli and mesangial
matrix accumulation were similar in both types of mice.
Moreover, in vitro studies demonstrated that the expression
levels of inflammatory genes including MCP-1, TGF-3, and
OPN were increased by knockdown of MT in cultured proxi-
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Fig. 7. MT knockdown accelerates high-glucose-induced oxidative stress and inflammation in cultured proximal tubular epithelial cells. A and B: MT mRNA
and protein expression was significantly inhibited in mProx24 cells grown in high-glucose (HG) medium and transfected with MT small interfering (si) RNA
compared with cells grown in HG medium and transfected with scrambled siRNA. HG, 25 mM; LG, low-glucose medium (5.5 mM). Values are means * SE.
kP < 0.01. C-F: quantitative RT-PCR analysis showed that knockdown of MT increased the expression of NADPH oxidase 4 (Nox4) in proximal tubular
epithelial cells. MCP-1, TGF-$, and OPN mRNA levels were also increased by MT siRNA, which indicated that knockdown of MT promoted inflammation in
proximal tubular epithelial cells. mRNA levels are normalized to GAPDH. HG, 25 mM; LG, 5.5 mM. Values are means * SE. *P < 0.05. **P < 0.01.
G: representative photomicrographs of double immunofluorescent staining using MitoTracker Red CM-H>XRos and MitoTracker Green FM. The intensity of
MitoTracker Red CM-H,XRos was increased in mProx24 cells transfected with MT siRNA compared with cells transfected with scrambled siRNA. HG, 25 mM;

LG, 5.5 mM. Original magnification: X200.

mal tubular epithelial cells. These results indicate that MT
deficiency involves inflammation in the interstitium, but not in
the glomeruli, in diabetic nephropathy. The expression of
NF-«B, a master regulator of inflammatory genes, is increased
in diabetic MT ™/~ mice compared with diabetic MT™/" mice.
This result suggests that MT may suppress high-glucose-
induced inflammation by inhibiting NF-«B.

We and others (14, 27) have demonstrated that MT plays a
protective role in chronic kidney injury models induced by
cadmium or cisplatin in the MT knockout mouse, but no
studies have been reported in experimental models of diabetic
nephropathy in the MT knockout mouse. Although we have
previously shown that MT is upregulated in the kidney of the
STZ-induced diabetic rat (21), whether MT prevents diabetes-
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induced oxidative stress and inflammation, and thus protects
against diabetic nephropathy, remains unclear. Podocyte-spe-
cific MT-transgenic mice showed that overexpression of MT in
podocytes could ameliorate the primary features of diabetic
nephropathy (33), suggesting that protection of the podocytes
could inhibit diabetic nephropathy. Induction of renal tubular
MT synthesis by zinc supplementation also prevents diabetic
nephropathy by acting against oxidative stress (23, 28). Our
current and previous study (21) showed that MT is induced
mainly in renal tubules, rather than podocytes, in the diabetic
kidney. Therefore, MT in renal proximal tubular epithelial cells
might thus be a therapeutic target for the treatment of diabetic
nephropathy.

In conclusion, we demonstrated that MT deficiency acceler-
ates high-glucose-induced oxidative stress and inflammation in
the kidney. The results of this study indicate that MT plays an
important role in protecting the kidney from diabetic stress by
acting as an antioxidant protein. Our findings suggest that MT
might be a novel therapeutic target for the treatment of diabetic
nephropathy.
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considered an important therapeutic target in the care of patients
with diabetes [2,6,7]. Despite these efforts, however, many patients
still develop CVD, suggesting that only the evaluation of known
risk factors is insufficient to distinguish between patients at high
and low risk of CVD. It is therefore important that an additional
predictive biomarker or index be found to identify those patients
with diabetes who are at risk for CVD.

Recent studies have reported that alteration of plasma
metabolomics profiles is significantly associated with certain
disease conditions and can predict future development of diseases
[8-11]. Among the numerous metabolites, plasma free amino
acids (PFAAs) may be potent metabolites that have potential as
excellent disease biomarkers because circulating free amino acids
are involved in protein synthesis, organ networks, and as metabolic
regulators of physiological states [12]. Recent technological

Introduction

Cardiovascular disease (CVD) is a life-threatening complication
in patients with diabetes. Since hyperglycemia, hypertension, and
dyslipidemia are well recognized as conventional risk factors for
CVD, early intervention against them is important to prevent the
onset of CVD in this population [1]. Several clinical studies have
indicated that the incidence of CVD in patients with type 2
diabetes could be reduced with intensive management for these
risk factors [2,3]. The development of biomarkers or an index to
identify patients at high risk for CVD is also clinically important as
it makes possible the initiation of adequate medication for patients
at risk. Excessive urinary albumin excretion, called albuminuria,
has been established as a reliable surrogate biomarker for CVD,
because an increase or decrease in albuminuria has been reported

to directly affect the incidence of CVD [3-5]. Thus, the
prevention and reduction of albuminuria by intensive control of
the above-mentioned conventional risk factors for CVD is

PLOS ONE | www.plosone.org

advances have made possible the highly accurate analysis of
PFAA levels using high-performance liquid chromatography-
electrospray ionization-mass spectrometry (HPLC-ESI-MS) [13].
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We have previously reported on the possibility of this technical
approach being able to distinguish patients with lung cancer [14].

In the current study, we hypothesized that alterations in PFAA
profiles may be early markers for identifying diabetic patients at
risk for CVD. We measured PFAA profiles in plasma samples of
patients with type 2 diabetes enrolled in our ongoing prospective
observational follow-up study. We retrospectively investigated
whether we could construct a diagnostic index based on these
PFAA profiles, known as “AminoIndex’™ (AI) technology” [12-
14], and whether this index could predict the onset of CVD in
patients with type 2 diabetes followed up for 10 years.

Materials and Methods

Ethics statement

The study protocol and informed consent procedure were
approved by the Ethics Committee of Shiga University of Medical
Science (Shiga, Japan) and Ajinomoto Co., Inc. (Kawasaki, Japan).
This study was conducted according to the principles expressed in
the Declaration of Helsinki. The raw data used in this study have
not been deposited in a public database. This is in compliance with
the agreement with the Ethics Committee.

Subjects

This study was a retrospective analysis of samples obtained
during our ongoing prospective observational study, the Shiga
Prospective Observational Follow-up Study [15]. This prospective
follow-up study was launched in 1996 to assess patient character-
istics associated with the development and progression of diabetic
complications, and to identify biomarkers and genetic factors that

up.
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can be used in the early detection of diabetic patients at risk for
these complications.

Diabetic patients who agreed to participate in this study and
provided written informed consent were asked to provide a 24-h
urine sample at baseline. Baseline blood samples were obtained
after an overnight fast in tubes containing ethylenediaminetetra-
acetic acid. Plasma was prepared by centrifuging the blood
samples at 3,000 rpm at 4°C for 15 min. If not analyzed
immediately, plasma and urine samples were stored at —80°C.
All participants underwent annual standardized clinical examina-
tions and biochemical tests. Each patient’s medical records were
reviewed annually and the occurrence of CVD, cancer, and other
diseases was confirmed.

To assess whether an amino acid-based index could better
predict the onset of CVD (CVD-AI) over 10 years than
albuminuria and other conventional risk factors, we analyzed
samples from 420 Japanese patients with type 2 diabetes registered
in this prospective trial in 2001, The PFAAs in the stored plasma
samples of each eligible patient were measured. Six patients were
excluded from the study because their PFAAs could not be
accurately measured, and seven patients were excluded because
their urine samples were not available. In addition, 22 patients
with a previous history at baseline of cancer, collagen disease,
CVD within the previous year, infectious disease, or non-diabetic
kidney disease confirmed by a renal biopsy were excluded. Thus,
the data from 385 patients were finally analyzed in this study.

Definition of cardiovascular composite endpoints and

clinical parameters
Cardiovascular composite endpoints were myocardial infarc-
tion, angina pectoris, worsening of congestive heart failure, and

Table 1. Baseline characteristics of patients who did (cases) and did not (controls) experience cardiovascular events during follow-

Variables

60+12

Age (year)

Body mass index (kg/m?)

Total cholesterol (mg/dL)

HDL-cholesterol (mg/dL)

Diastolic blood pressure (mmHg) 76+11

Estimated GFR (ml/min/1.73m?) 82+23
Albuminuria (%) 264

Myocardial infarction (n) -

Congestive heart failure (n) -
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Controls

23.5%3.9

206+30

54 (46-65)

Cases P value

68+7 <0.01

24.4x4. 0.10

207%29 0.70

47 (41-55)

75+10 0.49

6721

55.6 <0.01

Data are expressed as mean * SD for normally distributed continuous variables or median (interquartile range) for skewed continuous variables.
Abbreviations: GFR, glomerular filtration rate; HDL, high density lipoprotein; baPWV, brachial-ankle pulse wave velocity.
doi:10.1371/journal.pone.0101219.t001
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events during follow-up.
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Table 2. Absolute levels of 31 plasma amino acids in patients who did (cases) and did not (controls) experience cardiovascular

HMDB ID

Amino Acids (umol/l)

Citrulline (Cit) HMDB00904

B-amino-iso-butyric acid (B-AIBA) Not available
Glutamic acid (Glu) HMDB00148
Threonine (Thr) HMDBO00167
Serine (Ser) HMDB00187
Ethanolamine (EtOHNH2) HMDB00149
Taurine (Tau) HMDB00251
Hydroxyproline (HyPro) HMDB00725
Asparagine (Asn) HMDB00168
Ornithine (Orn) HMDB00214
a-amino-n-butyric acid (a-ABA) Not available
Isoleucine (lle) HMDB00172
Sarcosine (Sar) HMDB00271
HMDB00687

Leucine (Leu)

Alanine (Ala) HMDBO00161

Abbreviations: HMDB ID: Human Metabolome Database ID.
doi:10.1371/journal.pone.0101219.t002

stroke [15]. Myocardial infarction was defined as a clinical
presentation characterized by typical symptoms, electrocardio-
graphic changes associated with an elevation of cardiac biomark-
ers, and angiographic evidence of coronary thrombosis. Angina
pectoris was defined as the presence on imaging of lesions in
patients with a history of typical chest pain or electrocardiographic
changes, and invasive cardiovascular interventions. A worsening of
congestive heart failure was defined as events requiring hospital-
ization for worsening typical symptoms of heart failure validated
by echocardiography, not due to valvular heart disease or
arrthythmia. Stroke, including ischemic stroke and cerebral
hemorrhage, was defined as a persistent focal neurological
symptom in which the onset was sudden and was not due to
trauma or a tumor, and where the responsible lesion was detected
on imaging modalities. If a patient died, his/her medical records
were checked to identify the cause of death. If the cause of death
was not clear, it was not considered related to CVD.

PLOS ONE | www.plosone.org

Control (n=328) Case (n=63) Pvalue

38.0+13.2 43.1£15.1 0.016

1.6+2.0 22+23 0.033

3321147 37.1£16.2 0.078

130.0£31.2 12224322 0.118

116.8:£225 1123+21.3 0.160

69*1.6 6.6*1.5 0.242

61.4%15.1 623:£13.0 0.307

123%6.2 12.9+6.2 0.385

51.8=10. 51.0%10. 0.402

65.7+16.2 69.2+21.3 0.564

224+6.7 22.1%7.5 0.722

759*17.1 75.8+15.9 0.838

137 135

Based on the urinary albumin excretion rate (UAER) at
baseline, patients were classified as having normoalbuminuria
(UAER <20 pg/min, n=265) or albuminuria (20 pg/min =
UAER, n=120). Serum levels of creatinine were measured via an
enzymatic method. Estimated glomerular filtration rate (¢GFR)
was calculated using the simplified equation proposed by the
Japanese Society of Nephrology [16]: eGFR (ml/min/1.73 m?
=194x [age (years)] "*7x [serum creatinine (mg/dl] ~'%*
x0.739 (for female patients). Hemoglobin A, . (HbAlc) levels were
those of the National Glycohemoglobin Standardization Program,
according to the recommendations of the Japanese Diabetes
Society [17]. Hypertension was defined as blood pressure (BP) =
140/90 mmHg or current use of antihypertensive drugs. Brachial-
ankle pulse wave velocity (baPWV) was measured by an automatic
device (BP-203RPE; Colin, Komaki, Japan), with the higher of the
right and the left values used in calculations.

June 2014 | Volume 9 | Issue 6 | 101219

— 153 —



PFAAs and CVD-Al

Plasma samples were deproteinized using acetonitrile at a final
concentration of 80%, and amino acid levels in plasma were
measured by HPLC-ESI-MS/MS, followed by precolumn deriv-
atization, as described [13,14]. The concentrations of 31 amino
acids were measured at the Institute for Innovation of the
Ajinomoto Co., Inc. (Kawasaki, Japan).

Although the levels of PFAAs may differ significantly between
cases and controls, the differences in individual amino acids are
not always sufficiently discriminatory [14]. We therefore con-
structed a diagnostic index based on PFAA levels, known as
“Aminolndex "™ technology” [12-14], to compress multidimen-
sional information from PFAA profiles into a single dimension and
to maximize the differences between cases and controls. The
CVD-AI index was defined as the logarithmic odds ratio of CVD
probability estimated by logistic regression models. Briefly, we
generated all possible models with six or fewer variables. During
this step, all possible combinations of variables were considered
from a total of 31 amino acids [14]. Next, we calculated the area
under the curve (AUC) for receiver-operator characteristic (ROC)
curve analysis for all models with non-validation or leave-one-out
cross validation (LOOCYV). The model which produced the
highest AUC for ROC curve analysis by LOOCYV was selected as
the final model, CDV-AI Table S1 explains the top 10 models’
performances using the AUC for ROC curve analysis.

Statistical analysis

Clinical data are expressed as mean * SD or median
(interquartile range), as appropriate. Categorical variables were
compared using ¥~ tests, normally distributed continuous variables
using unpaired Student’s ftests, and abnormally distributed
continuous variables using the Mann-Whitney U test. In
particular, differences in amino acid levels and the CVD-AI
between the two groups were assessed by the Mann-Whitney U
test. Spearman’s rank correlation coefficient (p) was used to assess
the correlation between each amino acid level and clinical
variables. ROC curve analysis was performed to determine the
capability and cut-off level of variables that distinguished between
cases and controls. The 95% confidence interval (CI) of the AUC
for ROC was also estimated. The unadjusted (crude) and adjusted
hazard ratios (HR) for the occurrence of cardiovascular events
were evaluated using a Cox proportional hazards regression
model. Follow-up time was censored if any cardiovascular
composite endpoint occurred or if the patient was unavailable
for follow-up. To assess the risk factors for the cardiovascular
composite endpoint, each variable listed in Table 1 and the CVD-
Al were first evaluated using univariate analysis of the Cox

experience cardiovascular events during follow-up.
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proportional hazards regression model and then each estimate was
adjusted for all variables showing statistical significance in the
univariate model. To assess the combination effect of the CVD-AI
and albuminuria, estimates were adjusted for the conventional risk
factors of cardiovascular disease, including age, sex, HbAlc, total
cholesterol, triglyceride, high density lipoprotein (HDL)-cholester-
ol, eGFR, body mass index (BMI) and hypertension. All analyses
were performed using the SPSS software package (version 22;
SPSS Inc., Chicago, IL, USA), with a two-sided P value of <0.05
considered statistically significant.

Results

Characteristics of subjects

During the 10-year follow-up period, 63 patients experienced
cardiovascular endpoints, including 11 with myocardial infarction,
29 with angina pectoris, five with worsening of congestive heart
failure, and 18 with stroke (Table 1). The clinical characteristics at
baseline of these 63 patients with outcomes (cases) and the 322
without outcomes (controls) are presented in Table 1. Age, HDL-
cholesterol, systolic BP, eGFR, UAER, and baPWV differed
significantly in these two groups.

PFAA profiles related to cardiovascular composite
endpoints

The mean levels of each amino acid in the case and control
groups are shown in Table 2. Among the 31 amino acids tested,
three (B-amino-iso-butyric acid, 3-methylhistidine, and citrulline)
were significantly higher and one (tryptophan) was significantly
lower in cases than in controls. Some amino acid levels showed
statistically significant correlations with some clinical variables
related to risk factors of cardiovascular disease (Table S2).

Predictive effect of CVD-Al

We next assessed whether the onset of the cardiovascular
composite endpoint could be distinguished by the multivariate
analysis referred to as Al technology. Using this technology, the
optimal CVD-AI was constructed from the data set of PFAAs:
CVD-AI = (—0.1452) + (—0.2230) x (ethanolamine) +
(—0.04637) x (hydroxyproline) + (0.01303) x (glutamic acid)
+ (0.3524) x (3-methylhistidine) + (0.01250) X (tyrosine) +
(—0.03093) x (tryptophan).

The mean value of the CVD-AI was significantly higher in cases
than in controls (—1.28+0.94 »s. —1.90%+0.69, P<<0.001). The
CVD-AI value was positively correlated with age (p=0.23, P<
0.01), BMI (p=0.15, P<0.01), triglyceride (p=0.18, P<0.01),
systolic BP (p=0.18, P<0.01), baPWV (p=0.22, P<0.001) and

Table 3. Areas under the receiver-operating characteristic curves distinguishing patients who did (cases) and did not (controls)

AUC (£ SE)

Parameters

3MeHis {

Trp (umol/l) 0.59+0.04

UAER 0.69+0.04

(95% CI) P value

(0.52-0.67) 0.02

(0.62-0.77)

<<0.0001

doi:10.1371/journal.pone.0101219.t003
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Abbreviations: AUC, area under the receiver-operator characteristic curve; B-AIBA, B-amino-iso-butyric acid; 3MeHis, 3-methylhistidine; Cit, citrulline; Trp, tryptophan; Cys,
cystine; CVD-Al, cardiovascular disease-amino acid based index; UAER, urinary albumin excretion rate.
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