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Abstract
We have previously found that fasting plasma levels of totally assessed 10- and 12-(Z,E)-
hydroxyoctadecadienoic acid (HODE) correlated well with levels of glycated hemoglobin

(HbA1c) and glucose during oral glucose tolerance tests (OGTT); these levels were deter-

mined via liquid chromatography—mass spectrometry after reduction and saponification.

However, 10- and 12-(Z,E)-HODE alone cannot perfectly detect early impaired glucose tol-

erance (IGT) and/or insulin resistance, which ultimately lead to diabetes. In this study, we

randomly recruited healthy volunteers (n = 57) who had no known history of any diseases,

and who were evaluated using the OGTT, the HODE biomarkers, and several additional

proposed biomarkers, including retinol binding protein 4 (RBP4), adiponectin, leptin, insulin,

glycoalbumin, and high sensitivity-C-reactive protein. The OGTT revealed that our volun-

teers included normal individuals (n = 44; Group N), “high-normal” individuals (fasting

plasma glucose 100–109 mg/dL) with IGT (n = 11; Group HN+IGT), and diabetic individuals

(n = 2; Group D). We then used these groups to evaluate the potential biomarkers for the

early detection of type 2 diabetes. Plasma levels of RBP4 and glycoalbumin were higher in

Group HN+IGT, compared to those in Group N, and fasting levels of 10- and 12-(Z,E)-
HODE/linoleic acids were significantly correlated with levels of RBP4 (p = 0.003, r = 0.380)

and glycoalbumin (p = 0.006, r = 0.316). Furthermore, we developed a stepwise multiple lin-

ear regression models to predict the individuals’ insulin resistance index (the Matsuda

Index 3). Fasting plasma levels of 10- and 12-(Z,E)-HODE/linoleic acids, glucose, insulin,

and leptin/adiponectin were selected as the explanatory variables for the models. The risks

of type 2 diabetes, early IGT, and insulin resistance were perfectly predicted by comparing

fasting glucose levels to the estimated Matsuda Index 3 (fasting levels of 10- and 12-(Z,E)-
HODE/linoleic acids, insulin, and leptin/adiponectin).
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Introduction
Early detection and treatment of diabetes can postpone, or even prevent, the serious complica-
tions that are associated with diabetes (e.g., blindness, amputation, and renal disease). The cri-
teria for diagnosing diabetes is a fasting plasma glucose (FPG) concentration of>126 mg/dL
and a plasma concentration of>200 mg/dL at 120 min after the oral glucose tolerance test
(OGTT). In comparison, healthy individuals have fasting or 120 min post-OGTT FPG concen-
trations of<110 and<140 mg/dL, respectively. The Japan Diabetic Society recommends that
subjects with an FPG value of 100–109 mg/dL be classified as “high-normal” in the range of
glucose metabolism disorders, and that subjects with a “high-normal” FPG value should
undergo a 75-g OGTT to determine whether they are normal, borderline, or diabetic [1].
Therefore, diabetes prevention requires the identification of persons who are borderline (both
impaired glucose tolerance [IGT] and impaired fasting glycemia [IFG]) or “high-normal” (do
not have diabetes or are not healthy).

Insulin resistance and homeostasis are also important topics when discussing the risk of dia-
betes. The homeostasis model assessment of insulin resistance (HOMA-IR) and Matsuda
Index have both been developed to quantify insulin resistance. HOMA-IR is calculated as
(FPG × fasting insulin)/405 (normal level,<1.6; insulin resistance,>2.5; according to the
Japan Diabetes Society). The Matsuda Index is calculated using plasma glucose and insulin
concentrations during the OGTT (Matsuda index 3 = 10,000/square root of [fasting
glucose × fasting insulin] × [mean glucose × mean insulin during the OGTT] (0, 60, 120 min,
respectively; normal level,>3) [2]. Therefore, both glucose tolerance and insulin homeostasis
are important factors in evaluating diabetic risk and in maintaining human health. However,
as the OGTT is a time-consuming and optional test in Japan, few people who undergo the
OGTT each year. Furthermore, when the OGTT is performed, the glucose levels at 120 min
after the OGTT are occasionally measured without insulin data, which results in the lack of
information regarding insulin homeostasis.

Fat accumulation in the human body releases several adipokines from adipocytes, and it is
known that some of these adipokines elevate insulin resistance, cause metabolic syndrome, and
promote type 2 diabetes. Several biomarkers have been examined and used for the prediction
of diabetes. For example, adiponectin [3], leptin [3,4], glycoalbumin [5], and retinol binding
protein 4 (RBP4) [6,7] have all been proposed, along with the well-known markers: glycated
hemoglobin (HbA1c) and insulin. Adiponectin and leptin are relatively prevalent, and are
occasionally used in diabetes screening. Glycated albumin (glycoalbumin) is expressed as the
percentage of serum glycated albumin in the total serum albumin, and reflects shorter-term
glycemic control (compared to HbA1c), as albumin is reduced by 50% within 2–3 weeks [5].
RBP4 is another adipocyte-derived factor, which is primarily produced in the liver (approxi-
mately 20% of all circulating RBP4) and acts on muscle and/or liver via mechanisms that are
either retinol-dependent or independent. It has also been recently reported that RBP4 is
involved in the early phases of developing adiposity and insulin resistance [8].

Oxidative stress is a common pathogenic factor that is thought to lead to insulin resistance,
β-cell dysfunction, IGT, and IFG. Products of lipid peroxidation have received considerable
attention, as they serve as indices for oxidative stress, given that lipids are susceptible to oxida-
tion in vivo. As a result, various lipid products have been evaluated, using diverse methods and
techniques. For example, F2-isoprostanes consist of a series of chemically stable prostaglandin
F2-like compounds that are formed independent of the cyclooxygenase pathway, and have
been assessed as the gold standard for evaluating oxidative stress in vivo [9,10]. In contrast,
hydroxyoctadecadienoic acids (HODEs) [11–14] are derived from linoleic acids (LA), and have
also attracted attention, with some reports describing the detection of these molecules in vivo.
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For example, some studies have evaluated the formation of 9-hydroxyoctadecadienoic acid in
the erythrocyte membranes of patients with diabetes [12], and hydroxyl-fatty acids that are
derived from LA in low-density lipoproteins from patients with atherosclerosis [11]. Further-
more, the use of HODEs as biomarkers has been reported in the recent literature [15–20].
Moreover, we have also recently reported that fasting levels of 10- and 12-(Z,E)-HODE,
although not 9- and 13-(E,E)-HODE (these are free radical-mediated specific products), exhib-
ited significant correlation with plasma levels of HbA1c, glucose, insulin secretion, and resis-
tance index [21]. However, 10- and 12-(Z,E)-HODE alone cannot perfectly predict the risk of
diabetes.

Therefore, in this study, we advanced our previous work and focused on the detection of
early-stage IGT and “high-normal” states, as well as insulin homeostasis abnormality during
fasting, without using the OGTT. Instead, we used several fasting biomarkers, especially 10- and
12-(Z,E)-HODE, for the early detection of these conditions. Thus, we randomly collected data
from healthy volunteers who had not received any specific diagnoses of diabetes or other ill-
nesses, and evaluated a novel model for predicting early-stage IGT and the “high-normal state.”

Materials and Methods

Materials
8-iso Prostaglandin F2α (8-iso-PGF2α), 8-iso-PGF2α-d4, (±)5-hydroxyeicosatetraenoic acid
(5-HETE), (±)12-HETE, 15(S)-HETE, 13(R,S)-hydroxy-9Z, 11E-octadecadienoic acid (13-(Z,E)-
HODE), 9(R,S)-(Z,E)-HODE, and 13(R,S)-(Z,E)-HODE-d4 were obtained from Cayman Chemi-
cal Company (MI, USA). 9(R,S)-(E,E)-HODE, 13(R,S)-(E,E)-HODE, 10(R,S)-(Z,E)-HODE, and
12(R,S)-(Z,E)-HODE were obtained from Larodan Fine Chemicals AB (Malmo, Sweden). Other
materials were used at the highest grade that was commercially available.

Subjects and sample processing
We randomly enrolled 57 healthy volunteers, who had no history of any diseases. A 75 g-OGTT
was performed for 120 min after>10 h of fasting, with blood collected every 30 min in tubes
containing ethylenediaminetetraacetic acid disodium salt (EDTA–2Na) (Fig 1). As previously
described [21], plasma and erythrocytes were separated immediately after collection via centri-
fugation at 1,500 × g for 10 min at 4°C. The plasma was subsequently frozen and stored at –
80°C until analysis. This study was approved by the institutional review boards of the National
Institute of Advanced Industrial Science and Technology and Tokushima University. All sub-
jects gave written informed consent after the purpose of this study was completely explained.

Analysis of oxidative stress markers
Plasma levels of oxidative stress markers and their parent molecules were measured as previously
reported [21,22]. Isoprostanes and HODEs were analyzed by using liquid chromatography-
tandemmass spectrometry (Thermo Finnigan TSQ QuantumDiscovery Max, Thermo Fisher
Scientific, CA, USA) after both reduction with triphenylphosphine and saponification with
potassium hydroxide. The LA parent molecule was analyzed by using a gas chromatograph (GC
6890 N, Agilent Technologies, Palo Alto, CA, USA) that was equipped with a quadrupole mass
spectrometer (5973 Network, Agilent Technologies).

Detecting other biomarkers
HbA1c, glucose, insulin, leptin, adiponectin, RBP4, glycoalbumin, and high sensitivity-C-
reactive protein (hs-CRP) were estimated using commercially available ELISA kits (HbA1c;
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RAPIDIA Auto HbA1c-L [Fujirebio Inc. (Tokyo, Japan)]; glucose, Cica liquid GLU J [KANTO
CHEMICAL Co., Inc. (Tokyo, Japan)]; insulin, Lumipulse Presto Insulin [Fujirebio Inc.
(Tokyo, Japan)]; leptin, Human leptin RIA kit [Millipore Co., Inc. (Tokyo, Japan)]; adiponec-
tin, CircuLex Human adiponectin ELISA Kit CY-8050 [MBL Co. Ltd. (Nagano, Japan)]; RBP4,
CircuLex Human RBP4 ELISA Kit [MBL Co. Ltd. (Nagano, Japan)]; glycoalbumin, Lucia
GA-L [Asahi KASEI Pharma Co., Inc. (Tokyo, Japan)]; and hs-CRP, CircuLex Human
HS-CRP ELISA Kit CY-8071 [MBL Co. Ltd. (Nagano, Japan)]).

Fig 1. The study design, oral glucose tolerance test, and statistical analysis protocol.

doi:10.1371/journal.pone.0130971.g001
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Statistical methods
Statistical analyses were performed on a Microsoft PC using SPSS software (version 14.0, SPSS
Inc., Chicago, IL, USA). One-factor repeated measures design analysis of variance (ANOVA)
was used to examine the effect of elapsed time from the glucose injection on each index. Signifi-
cant effects were followed by Tukey's honestly significant difference multiple comparisons, and
correlations were analyzed with the Pearson test. Data were expressed as mean ± standard devi-
ation, and p-values of<0.05 were considered statistically significant.

We developed a multiple linear regression model to predict the Matsuda Index 3, as a func-
tion of 9 physiological variables (Model 1, Fig 1). The 9 variables were FPG, fasting levels of 10-
and 12-(Z,E)-HODE/LA, HbA1c, RBP4, glycoalbumin, leptin/adiponectin, hs-CRP, and body
mass index (BMI). These variables were used because they were significantly correlated with
glucose levels at both 60 min and 120 min after the administration of glucose (p< 0.01) or
with the Matsuda Index 3 (p< 0.05). Logarithmic transformation was applied to all variables
to achieve normality before the analysis.

Moreover, we performed stepwise variable selection analysis for the 9 variables that we used
as explanatory variables in Model 1. The criterion to add or delete a variable in the model was
based on F-statistics, with a critical p-value of 0.05 (we refer to this as Model 2, Fig 1). Loga-
rithmic transformation was applied to all variables to achieve normality before the analysis.
We determined the cut off levels for FPG and the estimated Matsuda Index 3 value using the
models to detect IGT and insulin resistance, and then calculated the sensitivity and specificity
of the detection. The protocol for this study and the equations for the models are summarized
in Fig 1.

Results

Characterization of subjects using the OGTT
The main characteristics and metabolic parameters of the subjects after the 75-g OGTT are
shown in Table 1 and Fig 2. Among the 57 volunteers, 44 were characterized as normal (Group
N), 11 as “high-normal” (fasting glucose levels of 100–109 mg/dL) with IGT (Group HN
+IGT), and 2 as diabetic (Group D). It was surprising that 2 patients with diabetes were
included among the volunteers, although the Japan Diabetes Society has reported that approxi-
mately 25–40% of “high-normal” subjects develop pre-diabetes and diabetes. Therefore, we
considered “high-normal” and IGT subjects as a single group. There were significant differ-
ences between Group HN+IGT and Group N in their height and weight, although not in their
BMI. The levels of HbA1c, RBP4, glycoalbumin, and hs-CRP tended to increase with reduced
glucose tolerance, as indicated by the glucose levels. Fasting levels of RBP4 and glycoalbumin
in Group HN+IGT were significantly higher than those from Group N. In contrast, fasting lev-
els of adiponectin, leptin, and insulin in Group HN+IGT were not significantly different from
those in Group N.

The HOMA-IR and Matsuda Index 3 have both been proposed as indices for insulin resis-
tance and homeostasis assessment, although each relies on unique criteria. Previous studies
[2,23] have reported that insulin resistance is defined by a HOMA-IR index>2.5, while insulin
resistance is defined as a Matsuda Index<4. Fig 3 shows the classification of insulin resistance
in this study, where 16 subjects were defined as insulin resistant and 6 were classified as border-
line insulin resistant, using the above classifications. We found that 9 subjects in Group N and
5 subjects in Group HN+IGT were diagnosed as having abnormal insulin resistance (Figs 2
and 3). Moreover, 2 subjects in Group N and 4 subjects in Group HN+IGT had borderline
insulin resistance.
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Correlation of 10- and 12-(Z,E)–HODE/LA and glycometabolism
markers with glucose tolerance and insulin resistance index
We analyzed the correlations of glucose tolerance and insulin resistance with the fasting levels
of 10- and 12-(Z,E)-HODE/LA, RBP4, glycoalbumin, adiponectin, leptin, and hs-CRP. Glucose
tolerance was estimated using HbA1c, FPG, and glucose levels at 60 min and 120 min after the
glucose administration. Insulin resistance was estimated using fasting plasma insulin, insulin
levels during the OGTT, HOMA-IR, and Matsuda Index 3. 10- and 12-(Z,E)-HODE/LA,
RBP4, hs-CRP, and adiponectin were significantly correlated with both glucose tolerance and
insulin resistance (Table 2). 10- and 12-(Z,E)–HODE/LA, glycoalbumin, and hs-CRP were also

Table 1. Characteristics of subjects at entry into the oral glucose tolerance test.

Group N Group HN+IGT Group D
Normal High-Normald Borderline Diabetic (IGT) Diabetes

N 44 11 2

Gender (M / F) 17 / 27 10 / 1 2 / 0

Age (years) 37.8 ± 7.3 45.8 ± 9.2** 43.0 ± 8.5

Height (cm) 163.3 ± 8.3 170.5 ± 5.0** 173.0 ± 9.9

Weight (kg) 61.3 ± 12.3 71.5 ± 9.3* 83.0 ± 9.9**

BMI (kg/m2) 22.9 ± 4.1 24.6 ± 2.3 27.7 ± 0.1

HbA1c (%) 5.2 ± 0.3 5.3 ± 0.3 6.8 ± 0.5**

RBP4 (μg/ml) 15.1 ± 4.6 20.3 ± 2.9** 25.7 ± 5.7**

Glycoalbumin (%) 14.7 ± 2.1 17.2 ± 3.3** 20.4 ± 2.6**

Adiponectin (μg/ml) 7.8 ± 3.7 6.7 ± 2.8 5.2 ± 0.3

Leptin (ng/ml) 7.7 ± 4.6 6.0 ± 2.1 6.4 ± 0.7

hs-CRP (μg/ml) 0.7 ± 0.9 1.4 ± 1.8 3.1 ± 0.2**

Glucose (mg/dl) 0 a 90.9 ± 5.1 102.7 ± 2.2** 141.0 ± 11.3**

60 b 124.7 ± 32.5 179.5 ± 43.1** 259.5 ± 2.1**

120 c 101.7 ± 16.9 124.7 ± 29.5** 264.0 ± 53.7**

10- and 12-(Z,E)- HODE/LA (μmol/mol) 0 0.7 ± 0.6 1.1 ± 0.9 1.9 ± 0.2**

60 0.6 ± 0.4 0.7 ± 0.5 1.6 ± 0.4**

120 0.6 ± 0.5 1.0 ± 1.4 2.1 ± 1.0**

Insulin (μU/ml) 0 6.0 ± 1.0 7.8 ± 5.0 9.6 ± 1.9

60 61.7 ± 55.9 69.2 ± 38.0 49.0 ± 18.7

120 48.3 ± 44.7 51.9 ± 29.9 57.9 ± 17.7

L / A 1.2 ± 1.0 1.0 ± 0.6 1.2 ± 0.1

HOMA—IR 1.4 ± 0.9 2.0 ± 1.3 3.4 ± 0.9**

Matsuda index 3 8.9 ± 5.3 5.8 ± 4.6 2.8 ± 0.0

Data are presented as mean ± standard deviation. One-facter completely randomized design analysis of variance (ANOVA) was used to examine the

main effect of subject group on each index.

Shignificant effects were followed by Tukey's HSD multiple comparisons.
a, fasting
B, 60 min after 75g of oral glucose
C, 120 min after 75 g of oral glucose
d, fasting sugar, 100–109 mg/dl (defined by the Japan Diabetes Society)

Abbreviations: BMI, body mass index; RBP4, Retinol-Binding Protein 4; hs-CRP, high sensitivity C—reactive protein; HOMA-IR, homeostasis model

assessment of insulin resistance; L/A, Leptin/Adiponectin

*p<0.05

**<0.01 compared with Group N.

doi:10.1371/journal.pone.0130971.t001
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well correlated with glucose tolerance and HbA1c. Interestingly, these markers were not corre-
lated with insulin, nor with the insulin resistance indices (HOMA-IR and Matsuda Index 3).
However, RBP4, adiponectin, and leptin/adiponectin were correlated with HOMA-IR and the
Matsuda Index 3, and 10- and 12-(Z,E)–HODE/LA, RBP4, and, glycoalbumin were signifi-
cantly correlated with glucose levels during the OGTT. Fig 4 shows the correlation between
fasting plasma levels of 10- and 12-(Z,E)–HODE/LA and RBP4 (Fig 4A, p< 0.001), as well as
glycoalbumin (Fig 4B, p< 0.001), which are both prominent biomarkers for the early detection
of diabetes [5,6]. As 10- and 12-(Z,E)-HODE/LA alone can predict glucose tolerance, although
not early-stage insulin resistance, we developed an algorithm to detect pre-diabetes using the
above-mentioned markers.

Fig 2. Classification of glucose tolerance using the oral glucose tolerance test.Circle, Group N (normal); square, Group HN+IGT (“high-normal” and
impaired glucose tolerance); triangle, Group D (diabetic). Blue, normal insulin resistance; red, borderline insulin resistance; green, insulin resistance
determined by homeostasis model assessment of insulin resistance and Matsuda Index 3.

doi:10.1371/journal.pone.0130971.g002
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Selecting fasting plasma markers to predict glucose tolerance and
insulin resistance
First, we designed an algorithm that could predict IGT and early stage insulin resistance using
the fasting plasma markers, although this study did not include any subjects with isolated IFG
and only 3 subjects with isolated IGT. As shown in Fig 2, the plasma glucose levels at 120 min
after the OGTT were correlated with fasting glucose levels, and the Matsuda Index 3 was more
sensitive to insulin resistance than HOMA-IR (Fig 3). The Matsuda Index 3 detected 12 sub-
jects, while HOMA-IR detected 10 subjects, 8 of whom were detected using the Matsuda Index
3. This observation is understandable, because the Matsuda Index 3 is calculated using glucose
and insulin levels during the OGTT, while HOMA-IR is calculated using fasting levels of both
glucose and insulin. We then developed a multiple linear regression model to predict the Mat-
suda Index 3 using fasting plasma levels of the 9 biomarkers that correlated significantly with

Fig 3. Classification of insulin resistance using the oral glucose tolerance test. Blue, normal insulin resistance; red, borderline insulin resistance; green,
insulin resistance determined by homeostasis model assessment of insulin resistance and Matsuda Index 3. Circle, Group N (normal); square, Group HN
+IGT (“high-normal” and impaired glucose tolerance); triangle, Group D (diabetic).

doi:10.1371/journal.pone.0130971.g003
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glucose levels at 60 min and 120 min after the OGTT, and/or the Matsuda Index 3 results. As
shown in Fig 5, fasting levels of glucose (>99.5 mg/dL) and the Matsuda Index 3 estimation
(<1.68) with the 9 biomarkers (Model 1), perfectly predicted glucose tolerance and insulin
resistance, including borderline subjects.

Detecting the risk of type 2 diabetes using insulin, leptin/adiponectin,
and 10- and 12-(Z,E)-HODE/LA
To determine the practical use of the biomarkers, we performed stepwise variable selection
analysis. Fasting levels of 10- and 12-(Z,E)-HODE/LA, insulin, and leptin/adiponectin were
selected as explanatory variables for the multiple linear regression model (Model 2). As shown
in Fig 6A, the selected markers accurately validated the Matsuda Index 3 estimates (r = 0.91,
p< 10−20). Furthermore, FPG and the selected markers perfectly detected glucose tolerance
and insulin resistance (sensitivity and specificity were 100%, Fig 6B).

Discussion
Our multiple linear regression model (Model 2 in Fig 1), which consisted of 10- and 12-(Z,E)-
HODE/LA, insulin, and leptin/adiponectin, perfectly predicted IGT and insulin resistance
without using the OGTT. As it is generally accepted that IGT is largely due to insulin resis-
tance, with IFG due to dysregulated gluconeogenesis, the OGTT is a useful tool for detecting
the risk of both glucose tolerance and insulin resistance. However, as shown in Fig 2 and 9 sub-
jects who had low levels of fasting and 120 min post-OGTT glucose also had abnormal levels of

Fig 4. Correlation of 10- and 12-(Z,E)-HODE fasting plasma levels with (A) RBP4 and (B) glycoalbumin. Blue, normal insulin resistance; red, borderline
insulin resistance; green, insulin resistance determined by homeostasis model assessment of insulin resistance and Matsuda Index 3. Circle, Group N
(normal); square, Group HN+IGT (“high-normal” and impaired glucose tolerance); triangle, Group D (diabetic). 10- and 12-(Z,E)-HODE, 10- and 12-(Z,E)-
hydroxyoctadecadienoic acid; RBP4, retinol binding protein 4.

doi:10.1371/journal.pone.0130971.g004

Multi-Biomarkers for Early Detection of Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0130971 July 1, 2015 10 / 16



insulin resistance, despite the absence of isolated IGT or IFG. Therefore, the risk of insulin
resistance cannot easily be determined using only the OGTT. Furthermore, a 75-g dose of glu-
cose after fasting occasionally places a burden on the human body, especially for IFG and IGT
subjects. However, we were also surprised to find that two diabetes subjects were included
among our volunteers. Therefore, we analyzed the data without these patients, although our
findings did not change. This fact is easily understood by considering Fig 6A, which shows the
clear linearity between the estimated and observed values for the Matsuda Index 3. Although
there are numerous methods for predicting type 2 diabetes, we believe this is the first method
of risk evaluation that can evaluate both glucose tolerance and insulin resistance using only a
few fasting biomarkers.

It is interesting that only 4 fasting plasma markers (10- and 12-(Z,E)-HODE/LA, insulin,
and leptin/adiponectin) were able predict the risk of type 2 diabetes. However, 10- and 12-
(Z,E)-HODE/LA had a good correlation with RBP4 and glycoalbumin levels, which is unsur-
prising, given that they have been frequently studied as biomarkers for glucose tolerance [5].

Fig 5. Predicting the risk of glucose tolerance and insulin resistance.Matsuda Index 3 is estimated using the 9 biomarkers that are shown in Model 1.
Blue, normal insulin resistance; red, borderline insulin resistance; green, insulin resistance determined by homeostasis model assessment of insulin
resistance and Matsuda Index 3. Circle, Group N (normal); square, Group HN+IGT (“high-normal” and impaired glucose tolerance); triangle, Group D
(diabetic).

doi:10.1371/journal.pone.0130971.g005
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Fig 6. Selecting biomarkers for practical use.Matsuda Index 3 is estimated using 10- and 12-(Z,E)-hydroxyoctadecadienoic acid, insulin, and leptin/
adiponectin (Model 2) (A), and the risk of glucose tolerance and insulin resistance is predicted using fasting levels of glucose and estimated Matsuda Index 3
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Interestingly, both markers correlated well with glucose levels, although not with insulin levels,
during the OGTT, which indicates that they are appropriate for predicting glucose tolerance,
although not for predicting insulin resistance. Clinical studies in children and adolescents have
demonstrated that RBP4 has a role in obesity and the development of insulin resistance and
type 2 diabetes [24]. Interestingly, Wu et al. reported that 8 weeks of fenofibrate treatment for
insulin resistance in men with dyslipidemia reduced serum levels of RBP4 by 30%, which were
correlated with reduced body weight and increased insulin sensitivity [25]. However, other
studies have reported that this effect lacks clinical significance [26], which may be due to differ-
ent genetic backgrounds, sex ratios, and age populations. HbA1c levels are also widely used as
the gold standard for monitoring long-term glycemic control in patients with, given that
HbA1c levels are associated with the development and progression of diabetic complications.
However, as HbA1c reflects the conditions of HbA1c at 2–3 months before the analysis, it is
not sensitive enough for the early detection of diabetes. In comparison, glycoalbumin provides
a much earlier indication of failing glycemic control.

Leptin/adiponectin correlated well with insulin levels, although not with glucose levels, dur-
ing the OGTT, which was expected. In this context, adiponectin and leptin are secreted exclu-
sively by adipose tissue, and act as hormones with antagonistic effects. Adiponectin has anti-
inflammatory and insulin-sensitizing properties, while leptin has pro-inflammatory effects.
Thus, it is reasonable that L/A correlates very well with insulin levels during the OGTT.

We investigated the usefulness of our biomarker models using Akaike’s information criterion
(AIC). In this context, lower AIC values indicate that a model has a better predictive ability. The
AIC values for the models using 10 biomarkers (Fig 5) and 4 biomarkers (Fig 6B) were 30.33 and
20.07, respectively, which indicates that Model 2 (Fig 6B) has better predictive ability than Model
1 (Fig 5). Furthermore, we attempted to validate the importance of 10- and 12-(Z,E)-HODEs,
and created three models that did not include these markers: Model 3 (insulin and L/A), Model 4
(insulin, L/A, and RBP4), and Model 5 (insulin, L/A, and glycoalbumin).The resulting AIC val-
ues were 32.6 (Model 3), 30.2 (Model 4), and 27.9 (Model 5). Therefore, it appears that 10- and
12-(Z,E)-HODEs are prominent biomarkers for the detection of early stage diabetes.

Hydroperoxyoctadecadienoic acids (HPODE) are formed by free-radical-mediated oxida-
tion, and consist of 4 isomers (9- and 13-(Z,E)-HPODE and 9- and 13-(E,E)-HPODE), while
singlet oxygen oxidizes LA through non-radical oxidation to form 4 unique isomers (9- and
13-(Z,E)-HPODE and 10- and 12-(Z,E)-HPODE). Thus, the 10- and 12-(Z,E)-HPODEs that
we examined are specific oxidation products of singlet oxygen [21,22], and HPODEs are read-
ily reduced to HODEs in vivo. Furthermore, it has been reported that singlet oxygen is pro-
duced in vivo by the reaction of hydrogen peroxide with hypochlorite, which is produced by
myeloperoxidase that is secreted by activated phagocytes [27,28], by eosinophils through a per-
oxidase-catalyzed mechanism [29], and via bimolecular interactions between lipid peroxyl rad-
icals [30]. Therefore, we speculate that neutrophils containing myeloperoxidase are recruited
by hyperglycemia to adipose cells or β-cells, which results in the formation of singlet oxygen.
This is considered the early stage of diabetes pathogenesis, and the normal response toward
inflammation, before insulin secretion abnormality and insulin resistance are observed (adap-
tation). These hypotheses are supported by our recent studies [31, 32].

In an animal study [31], plasma levels of 10- and 12-(Z,E)-HODEs in a model of type 2 dia-
betes (Tsumura Suzuki Obese Diabetes mice) were significantly higher than those of control

(B). Blue, normal insulin resistance; red, borderline insulin resistance; green, insulin resistance determined by homeostasis model assessment of insulin
resistance and Matsuda Index 3. Circle, Group N (normal); square, Group HN+IGT (“high-normal” and impaired glucose tolerance); triangle, Group D
(diabetic).

doi:10.1371/journal.pone.0130971.g006
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mice before IGT was observed. In addition, treating HaCaT cells with sub-lethal concentrations
of 10- and 12-(Z,E)-HODEs, although not 9- and 13-(Z,E)-HODEs, caused resistance to hydro-
gen peroxide-induced oxidative damage, which indicates adaptive response [32]. Our previous
study [21] also demonstrated that 10- and 12-(Z,E)-HODE, although not 9- and 13-HODE,
were highly correlated with clinical values for diabetes and had diagnostic potential. Neverthe-
less, if these biomarkers are affected by the individual’s diet, it is likely that the levels of all
HETEs/HODEs isomers would increase. In addition, results from animal models indicate that
plasma levels of HODE are not affected by the daily diet, if it does not contain fortified coen-
zyme Q 9 or vitamin Es as supplements [15]. Furthermore, HODE levels did not fluctuate dur-
ing the day, which suggests that they are not affected by diet (unpublished data from our
laboratory). Thus, we believe that the 10- and 12-(Z,E)-HODEs markers in the present study
were not influenced by the subjects’ diet. Therefore, HODE levels after 10 h of fasting may be
appropriate for clinical use, as subjects’ biomarker levels are typically stable in the morning
after fasting.

The present study clearly shows that multiple markers, including 10- and 12-(Z,E)-HODE/
LA, insulin, and leptin/adiponectin, can be used for the early detection of diabetes. We have
recently developed a second-generation prototype of a multi-marker analysis system, which is
equipped with a CD-type microfluidic device [33] and an apparatus for measuring chemilumi-
nescence. This device facilitates rapid assay of a single small-volume sample for numerous bio-
markers. Although the present study indicates the diagnostic potential of multiple biomarkers
within a limited number of subjects, these results must be validated, and we believe that this
multi-marker analysis system will be useful for this validation. Furthermore, clinicians may be
able to manage and/or advise subjects regarding their food and exercise habits (before the
onset of diabetes) by evaluating their biomarker levels using this system. However, it is impor-
tant to note that the diagnostic criteria vary throughout the world, and it would be interesting
to determine whether these markers are accurate in other countries.

Acknowledgments
We thank Prof. Yoichi Abe, Dr. Nanako Aki, Dr. Makoto Funaki, Dr. Kaori Abe, Mss. Noriko
Umeno, Miho Nishimura, Tomoko Nagano, Minako Takeda, and Noriko Ishida for their
excellent technical support in collecting blood during OGTT and/or operating apparatus. We
also thank Dr. Yoshihisa Hagihara and Dr. Yoshihiro Nakajima for their excellent advice in
preparing this paper. This work was partially supported by Grant-in-Aid of Foundation, Oil&-
Fat Industry Kaikan, a grant from the program Grant-in Aid for Young Scientists (B)
15K16538 from the Japan Society for the Promotion of Science (JSPS), and Adaptable and
Seamless Technology Transfer Program through target-driven R&D, Japan Science and Tech-
nology Agency (JST).

Author Contributions
Conceived and designed the experiments: AU YYMK. Performed the experiments: AU KY YH
MS. Analyzed the data: AU KY. Contributed reagents/materials/analysis tools: AU YH. Wrote
the paper: AU YY.

References
1. Kadowaki T, Haneda M, Tominaga M, Yamada N, Iwamoto N, Tajima N, et al. (2008) Report of the

Japan Diabetes Society's Committee on the Diagnostic Criteria for Diabetes Mellitus and Glucose
Metabolism Disorder-A New Category of Fasting Plasma Glucose Values:“high-normal” J.Japan Diab
Soc 51: 281–283.

Multi-Biomarkers for Early Detection of Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0130971 July 1, 2015 14 / 16



2. Matsuda M, DeFronzo RA (1999) Insulin sensitivity indices obtained from oral glucose tolerance test-
ing: comparison with the euglycemic insulin clamp. Diabetes Care 22:1462–1470. PMID: 10480510

3. Gunderson EP, Kim C, Quesenberry CP Jr, Marcovina S, Walton D, Azevedo RA, et al. (2014) Lacta-
tion intensity and fasting plasma lipids, lipoproteins, non-esterified free fatty acids, leptin and adiponec-
tin in postpartum women with recent gestational diabetes mellitus: The SWIFT cohort. Metabolism. 63,
941–950. doi: 10.1016/j.metabol.2014.04.006 PMID: 24931281

4. Goodson JM, Kantarci A, Hartman ML, Denis GV, Stephens D, Hasturk H, et al. (2014) Metabolic dis-
ease risk in children by salivary biomarker analysis. PLoS One. 10, e98799.

5. Lee JW, Kim HJ, Kwon YS, Jun YH, Kim SK, Choi JW, et al. (2013) Serum glycated albumin as a new
glycemic marker in pediatric diabetes. Ann Pediatr Endocrinol Metab. 18, 208–213. doi: 10.6065/
apem.2013.18.4.208 PMID: 24904879

6. Jialal I, Adams-Huet B, Duong F, Smith G. (2014) Relationship between retinol-binding protein-4/adipo-
nectin and leptin/adiponectin ratios with insulin resistance and inflammation. Metab Syndr Relat Disord.
12, 227–230. doi: 10.1089/met.2014.0013 PMID: 24593134

7. Choi HJ, Jeon SY, HongWK, Jung SE, Kang HJ, Kim JW, et al. (2013) Effect of glucose ingestion in
plasmamarkers of inflammation and oxidative stress: analysis of 16 plasmamarkers from oral glucose
tolerance test samples of normal and diabetic patients. Diabetes Res Clin Pract. 99, e27–31. doi: 10.
1016/j.diabres.2012.01.005 PMID: 23410727

8. Kotnik P, Fischer-Posovszky P, Wabitsch M. (2011) RBP4: a controversial adipokine. Eur J Endocrinol.
165, 703–711. doi: 10.1530/EJE-11-0431 PMID: 21835764

9. Morrow JD, Awad JA, Boss HJ, Blair IA, RobertsII L.J, Non-cyclooxygenase-derived prostanoids (F2-
isoprostanes) are formed in situ on phospholipids. (1992) Proc. Natl. Acad. Sci. USA 89: 10721–
10725. PMID: 1438268

10. Basu S (2004) Isoprostanes: novel bioactive products of lipid peroxidation. Free Rad. Res. 38: 105–122.

11. Jira W, Spiteller G, CarsonW, Schramm A (1998) Strong increase in hydroxy fatty acids derived from lin-
oleic acid in human low density lipoproteins of atherosclerotic patients. Chem. Phys. Lipids 91: 1–11.
PMID: 9488997

12. Inouye M, Mio T, Sumino K (1999) Formation of 9-hydroxy linoleic acid as a product of phospholipid
peroxidation in diabetic erythrocyte membranes. Biochim. Biophys. Acta 1438: 204–212. PMID:
10320803

13. Cho H, Gallaher HH, Csallany AS (2003) Nonradiometric HPLCmeasurement of 13(S)-hydroxyoctade-
cadienoic acid from rat tissues. Anal. Biochem. 318: 47–51. PMID: 12782030

14. Schwarzer E, Kühn H, Valente E, Arese P (2003) Malaria-parasitized erythrocytes and hemozoin none-
nzymatically generate large amounts of hydroxy fatty acids that inhibit monocyte functions. Blood 101:
722–728. PMID: 12393662

15. Yoshida Y, Hayakawa M, Habuchi Y, Niki E (2006) Evaluation of the dietary effects of coenzyme Q in
vivo by the oxidative stress marker, hydroxyoctadecadienoic acid and its stereoisomer ratio. Biochim.
Biophys. Acta. 1760: 1558–1568. PMID: 16908102

16. Yoshida Y, Saito Y, Hayakawa M, Habuchi Y, Imai Y, Sawai Y, et al (2007) Levels of Lipid Peroxidation
in Human Plasma and Erythrocytes: Comparison between Fatty Acids and Cholesterol. Lipids, 42:
439–449. PMID: 17476548

17. Yoshida Y, Yoshikawa A, Kinumi T, Ogawa Y, Saito Y, Ohara K, et al (2009) Hydroxyoctadecadienoic
acid and oxidatively modified peroxiredoxins in the blood of Alzheimer’s disease patients and their
potential as biomarkers. Neurobiol. Aging 30:174–185. PMID: 17688973

18. Liu W, Yin H, Akazawa YO, Yoshida Y, Niki E, Porter NA (2010) Ex Vivo Oxidation in Tissue and
Plasma Assays of Hydroxyoctadecadienoates: (Z,E/E,E)-ereoisomer Ratios. Chem Res Toxicol. 23:
986–995. doi: 10.1021/tx1000943 PMID: 20423158

19. Shichiri M, Yoshida Y, Ishida N, Hagihara Y, Iwahashi H, Tamai H, et al (2011) α-Tocopherol sup-
presses lipid peroxidation and behavioral and cognitive impairments in the Ts65Dn mouse model of
Down syndrome. Free Rad Biol Med. 50: 1801–1811. doi: 10.1016/j.freeradbiomed.2011.03.023
PMID: 21447382

20. Hirashima Y, Doshi M, Hayashi N, Endo S, Akazawa Y, Shichiri M, et al (2012) Plasma Platelet-Activating
Factor-Acetyl hydrolase Activity and the Levels of Free Forms of Biomarker of Lipid Peroxidation in Cere-
brospinal Fluid of Patients with Aneurysmal Subarachnoid Hemorrhage. Neurosurgery. 70: 602–609.
PMID: 21866060

21. Umeno A, Shichiri M, Ishida N, Hashimoto Y, Abe K, Kataoka M, et al. (2013) Singlet oxygen induced
products of linoleic acids, 10- and 12-(Z,E)-hydroxyoctadecadienoic acids (HODE), can be potential bio-
markers for early detection of type 2 diabetes. PLoS One. 15, e63542.

Multi-Biomarkers for Early Detection of Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0130971 July 1, 2015 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/10480510
http://dx.doi.org/10.1016/j.metabol.2014.04.006
http://www.ncbi.nlm.nih.gov/pubmed/24931281
http://dx.doi.org/10.6065/apem.2013.18.4.208
http://dx.doi.org/10.6065/apem.2013.18.4.208
http://www.ncbi.nlm.nih.gov/pubmed/24904879
http://dx.doi.org/10.1089/met.2014.0013
http://www.ncbi.nlm.nih.gov/pubmed/24593134
http://dx.doi.org/10.1016/j.diabres.2012.01.005
http://dx.doi.org/10.1016/j.diabres.2012.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23410727
http://dx.doi.org/10.1530/EJE-11-0431
http://www.ncbi.nlm.nih.gov/pubmed/21835764
http://www.ncbi.nlm.nih.gov/pubmed/1438268
http://www.ncbi.nlm.nih.gov/pubmed/9488997
http://www.ncbi.nlm.nih.gov/pubmed/10320803
http://www.ncbi.nlm.nih.gov/pubmed/12782030
http://www.ncbi.nlm.nih.gov/pubmed/12393662
http://www.ncbi.nlm.nih.gov/pubmed/16908102
http://www.ncbi.nlm.nih.gov/pubmed/17476548
http://www.ncbi.nlm.nih.gov/pubmed/17688973
http://dx.doi.org/10.1021/tx1000943
http://www.ncbi.nlm.nih.gov/pubmed/20423158
http://dx.doi.org/10.1016/j.freeradbiomed.2011.03.023
http://www.ncbi.nlm.nih.gov/pubmed/21447382
http://www.ncbi.nlm.nih.gov/pubmed/21866060


22. Yoshida Y, Umeno A, Shichiri M (2013) Lipid peroxidation biomarkers for evaluating oxidative stress
and assessing antioxidant capacity in vivo. J. Clin. Biochem. Nutr 52: 9–16. doi: 10.3164/jcbn.12-112
PMID: 23341691

23. Flehmig G, Scholz M, Klöting N, Fasshauer M, Tönjes A, Stumvoll M, et al. (2014) Identification of adi-
pokine clusters related to parameters of fat mass, insulin sensitivity and inflammation. PLoS One. 26,
e99785.

24. Reinehr T and Roth CL. (2008) Fetuin-A and its relation to metabolic syndrome and fatty liver disease
in obese children before and after weight loss. J Clin Endocrinol Metab. 93, 4479–4485. doi: 10.1210/
jc.2008-1505 PMID: 18728159

25. Wu Y, Li H, Loos RJ, Qi Q, Hu FB, Liu Y, et al. (2009) RBP4 variants are significantly associated with
plasma RBP4 levels and hypertriglyceridemia risk in Chinese Hans. J Lipid Res. 50, 1479–1486. doi:
10.1194/jlr.P900014-JLR200 PMID: 19287041

26. Ulgen F, Herder C, Kühn MC, Willenberg HS, Schott M, Schinner S (2010) Association of serum levels
of retinol-binding protein 4 with male sex but not with insulin resistance in obese patients. Arch Physiol
Biochem. 116, 57–62. doi: 10.3109/13813451003631421 PMID: 20222849

27. Hampton MB, Kettle AJ, Winterbourn CC. (1998) Inside the neutrophil phagosome: oxidants, myeloper-
oxidase, and bacterial killing. Blood. 92: 3007–3017. PMID: 9787133

28. Badway JA, Karnovsky ML. (1988) Active oxygen species and the functions of phagocytic leucocytes.
J Biol Chem. 263: 9692–9696.

29. Kanofsky JR. (1988) Singlet oxygen production from the peroxidase-catalyzed oxidation of indole-3-
acetic acid. J Biol Chem. 263: 14171–14175. PMID: 3170541

30. Miyamoto S, Martinez GR, Rettori D, Augusto O, Medeiros MH, Di Mascio P (2006) Linoleic acid hydro-
peroxide reacts with hypochlorous acid, generating peroxyl radical intermediates and singlet molecular
oxygen. Proc Natl Acad Sci U S A. 103: 293–298. PMID: 16387855

31. Murotomi K, Umeno A, Yasunaga M, Shichiri M, Ishida N, Abe H, et al (2015) Switching from singlet-
oxygen-mediated oxidation to free-radical-mediated oxidation in the pathogenesis of type 2 diabetes in
model mouse. Free Radic. Res. 49: 133–138. doi: 10.3109/10715762.2014.985218 PMID: 25381799

32. Akazawa Ogawa Y, Shichiri M, Nishio N, Yoshida Y, Niki E, Hagihara Y (2015) Singlet Oxygen-derived
Products from Linoleate Activate Nrf2 Signaling in Skin Cells. Free Rad. Biol. Med. in press.

33. Kawai T, Naruishi N, Nagai H, Tanaka Y, Hagihara Y. Yoshida Y (2013) Rotatable reagent cartridge for
high-performance microvalve system on a centrifugal microfluidic device. Anal. Chem. 85: 6587–6592.
doi: 10.1021/ac400667e PMID: 23802811

Multi-Biomarkers for Early Detection of Diabetes

PLOS ONE | DOI:10.1371/journal.pone.0130971 July 1, 2015 16 / 16

http://dx.doi.org/10.3164/jcbn.12-112
http://www.ncbi.nlm.nih.gov/pubmed/23341691
http://dx.doi.org/10.1210/jc.2008-1505
http://dx.doi.org/10.1210/jc.2008-1505
http://www.ncbi.nlm.nih.gov/pubmed/18728159
http://dx.doi.org/10.1194/jlr.P900014-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19287041
http://dx.doi.org/10.3109/13813451003631421
http://www.ncbi.nlm.nih.gov/pubmed/20222849
http://www.ncbi.nlm.nih.gov/pubmed/9787133
http://www.ncbi.nlm.nih.gov/pubmed/3170541
http://www.ncbi.nlm.nih.gov/pubmed/16387855
http://dx.doi.org/10.3109/10715762.2014.985218
http://www.ncbi.nlm.nih.gov/pubmed/25381799
http://dx.doi.org/10.1021/ac400667e
http://www.ncbi.nlm.nih.gov/pubmed/23802811

