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Abstract

Interleukin (IL)-1β and IL-6 expressions are known to be induced by oxidant stress. In the present study, we examined the relationships
between these interleukins and the activity of γ-glutamyltranspeptidase (γ-GTP), which was recently reported as a source of oxidant stress
production, in the circulating blood of middle-aged Japanese men without obvious cardiovascular diseases. We conducted a cross-sectional
study of 317 Japanese men without obvious cardiovascular diseases aged 40 to 69 years (mean ± SD, 58.6 ± 7.6 years) who participated in
health checkups in Japan. We analyzed their clinical parameters in serum, lifestyle factors, and plasma IL-1β and IL-6 concentrations. We
compared the relationships between these interleukin concentrations and the clinical parameters and lifestyle factors by Spearman correlation
coefficients. Stepwise multiple linear regression analyses for interleukins based on the other parameters and γ-GTP, which were classified
into 3 groups according to the concentrations, were performed. Interleukin-1β and IL-6 concentrations were closely associated with γ-GTP
activity but less associated with alanine aminotransferase and aspartate aminotransferase activities by Spearman correlation coefficients.
Stepwise multiple linear regression analyses showed that γ-GTP activity was the explanatory variable for elevated IL-1β and IL-6
concentrations. As natural logarithms, the IL-1β and IL-6 concentrations were estimated to be 1.734- and 1.157-fold higher, respectively, in
subjects with high γ-GTP activity ranges than in subjects with a low γ-GTP activity range. The present results show that circulating IL-1β
and IL-6 concentrations are strongly and independently associated with γ-GTP activity in middle-aged Japanese men without obvious
cardiovascular diseases.
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1. Introduction

Metabolic parameter abnormalities such as hyperglyce-
mia and lipid abnormalities induce the development of
diabetes and related complications such as cardiovascular
diseases, hypertension, and inflammation of peripheral
tissues by impairing insulin actions in various tissues [1-3].
In particular, it has been reported that the development of
diabetes in people is associated with elevated plasma protein
levels of circulating inflammatory cytokines such as
interleukin (IL)-1β, IL-6, IL-12, IL-18, and tumor necrosis
factor (TNF)–α [4-6]. In addition, these cytokines induce
macrophage infiltration into the vascular endothelium and
increase the risk of atherosclerosis [7,8]. Among these
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cytokines, IL-1β and IL-6 in particular are thought to be
important for predicting the risk of inflammation and the
onset of diabetes [4]. Indeed, several studies including ours
have demonstrated that circulating IL-1β and IL-6 concen-
trations are positively associated with moderate abnormal
glucose tolerance as well as obesity and type 2 diabetes
mellitus in Western countries and Japan [4,9-13]. Thus, it is
important to reduce circulating IL-1β and IL-6 concentra-
tions to reduce the development and progression of diabetes
and its complications.

Many studies using various cell lines such as T-cells,
alveolar epithelial cells, and carcinoma cells have suggested
that inflammatory cytokines including IL-1β and IL-6 are
induced by oxidant stress such as the production of reactive
oxygen species (ROS) [14-16]. The ROS production induced
by hyperglycemia is known to be caused by activation of
oxidative phosphorylation in mitochondria, glucose autox-
idation, and some enzymes involved in ROS production such
as nicotinamide adenine dinucleotide phosphate oxidase
(Nox), cytochrome p450, lipoxygenases, xanthine oxidase,
and nitric oxide synthase [17,18]. Recent studies have
demonstrated that γ-glutamyltranspeptidase (γ-GTP),
which is a marker for liver injury in blood as a hepatic
disorder enzyme, is involved in oxidant stress production.
γ-Glutamyltranspeptidase is expressed on the surface of
many cells, and some of the enzyme is secreted into the
blood. γ-Glutamyltranspeptidase is a key enzyme for
glutathione (GSH) resynthesis because it catalyzes the first
step of conversion of extracellular oxidized GSH (GSSG)
and GSH to cysteine and glycine for resynthesis of GSH.
During this reaction, γ-GTP produces ROS such as
superoxide and hydrogen peroxide [19,20]. Indeed, higher
γ-GTP activity is found in tumor cells; and the ROS
production by γ-GTP induces cell proliferation [20].
Regarding diabetes, the function of γ-GTP activity for
ROS production remains unknown, although several studies
have demonstrated that circulating γ-GTP is associated with
oxidant stress markers such as lipid peroxides and the
inflammation marker C-reactive protein [21-23]. In addition,
many studies have shown that circulating γ-GTP is elevated
before the development of diabetes without hepatic disorder;
and this elevation can predict the development of diabetes
and metabolic syndrome in Western countries and Asian
countries including Japan [24-27]. Because circulating IL-1β
and IL-6 are also known as markers for predicting the
development of diabetes [4,9-13] and are induced by ROS
production, it is very likely that circulating IL-1β and IL-6
concentrations are strongly associated with circulating
γ-GTP activity in subjects without obvious cardiovascular
diseases. However, no studies have examined the associa-
tions between these interleukin concentrations and γ-GTP
activity in blood.

Therefore, in the present study, we compared the
circulating IL-1β and IL-6 concentrations and γ-GTP activity
in 317 Japanese subjects who did not take medications for
any metabolic diseases.
2. Methods

2.1. Study population

We conducted a cross-sectional study of 317 Japanese
men without obvious cardiovascular diseases aged 40 to
69 years (mean ± SD, 58.6 ± 7.6 years) who participated in
health checkups offered by the city government of Izunokuni
(Shizuoka Prefecture, Japan) from June 2005 to September
2005. Anthropometric data and blood samples were
collected from each participant by trained medical staff.
The participants were also asked about their smoking status
and self-reported physical activity. Smoking status was
classified as never, past, or current; and self-reported
physical activity was classified as none, once per week,
2 to 3 times per week, or every day. We excluded people who
were being treated for stroke, hypertension, cardiac disease,
diabetes, hyperlipidemia, liver disease, kidney disease, or
gout. All subjects gave informed consent for the use of their
personal information in this study. The study protocol was
approved by the Ethics Committee of the University of
Shizuoka (Shizuoka, Japan).

2.2. Measurements

Height, weight, fasting serum glucose, triacylglycerol,
total cholesterol, and high-density lipoprotein (HDL)
cholesterol were measured in the morning after an overnight
fast. The body mass index (BMI) was calculated as weight in
kilograms divided by height in meters squared. Plasma
samples were kept at −80°C for subsequent assays. Alcohol
and energy intakes during the preceding month were
assessed with a brief self-administered diet history question-
naire [28]. Plasma insulin levels were measured by a solid-
phase 2-site enzyme immunoassay (Ultrasensitive Insulin
ELISA Kit; Mercodia, Uppsala, Sweden). Plasma total
adiponectin levels were measured using an enzyme-linked
immunosorbent assay kit (Adiponectin ELISA Kit; Otsuka
Pharmaceutical, Tokyo, Japan). Plasma IL-1β and IL-6
levels were measured by enzyme-linked immunosorbent
assays (Quantikine IL-1β or IL-6 Kits; R&D Systems,
Oxford, United Kingdom).

Insulin resistance was estimated by the homeostasis
model assessment of insulin resistance (HOMA-IR) using
the following formula: fasting blood glucose (in milligrams
per 100 milliliters) × fasting plasma insulin (in microunits
per liter)/405.

2.3. Statistical analysis

The clinical and biochemical data of the subjects are
presented as means ± SD. Spearman rank correlation
coefficient analyses were used to calculate the correlations
for all subjects. The Jonckheere-Terpstra test was used to
calculate the correlations among 3 groups according to the
IL-1β and IL-6 concentrations. In the multiple linear
regression analyses, the natural logarithmic values of IL-1β
and IL-6 were used because their distributions were
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positively skewed. In addition, explanatory variables
(excluding categorized explanatory variables) without line-
arity to each response value (IL-1β or IL-6) in scatter plots
were converted to their natural logarithmic values because
explanatory variables excluding categorized explanatory
variables should have linearity in scatter plots with the
response values. Stepwise multiple linear regression analy-
ses were performed to extract the explanatory variables
among the parameters for the IL-1β and IL-6 concentrations.

For all analyses, a value of P b .05 was considered
significant. All statistical analyses were performed using
SAS software version 9.1.3 (SAS Institute, Cary, NC).
3. Results

The study subjects were all Japanese men without
obvious cardiovascular diseases who ranged in age from
40 to 69 years (mean ± SD, 58.6 ± 7.6 years). The mean BMI
was 23.2 ± 2.9 kg/m2, and the mean waist circumference was
84.4 ± 7.7 cm. The mean fasting blood glucose was 103 ±
23 mg/dL, and the mean fasting plasma insulin was 5.17 ±
Table 1
Physical characteristics, anthropometric and body composition measurements, and

Characteristics Category

Age (y)
Body height (cm)
BMI (kg/m2)
Waist circumference (cm)
Smoking

No. of cigarettes (n/d)
Duration of smoking (y)

Self-reported physical activity Every day
2-3 times per week
Once per week
Never
Unknown

Alcohol intake (g/d)
Energy intake (kcal/d)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Fasting blood glucose (mg/dL)
Total cholesterol (mg/dL)
HDL cholesterol (mg/dL)
Triacylglycerol (mg/dL)
AST (U/L)
ALT (U/L)
γ-GTP (U/L)
Creatinine (mg/dL)
Insulin (mU/L)
HOMA-IRa

Adiponectin (mg/L)
IL-1β (pg/mL)
log(IL-1β)b

IL-6 (pg/mL)
log(IL-6)b

a HOMA-IR = fasting blood glucose × fasting insulin/405.
b Natural logarithmic transformation.
6.2 mU/L. The mean aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and γ-GTP concentrations
were 23.3 ± 10, 24.1 ± 14, and 41.9 ± 75 U/L, respectively.
The mean plasma adiponectin, IL-1β, and IL-6 concentra-
tions were 5.50 ± 3.0 mg/L, 1.67 ± 2.6 pg/mL, and 3.38 ±
3.3 pg/mL, respectively (Table 1).

We investigated the correlations between the fasting
plasma IL-1β and IL-6 concentrations and the serum clinical
characteristics by Spearman correlation coefficient analyses.
The IL-1β concentration was positively associated with IL-6,
BMI, waist circumference, fasting blood glucose, triacylgly-
cerol, AST, γ-GTP, insulin, and HOMA-IR, and negatively
associated with HDL cholesterol and self-reported physical
activity. The IL-6 concentration was positively associated
with IL-1β, age, BMI, diastolic blood pressure, fasting blood
glucose, triacylglycerol, AST, γ-GTP, insulin, and HOMA-
IR, and negatively associated with HDL cholesterol and
creatinine (Table 2). After dividing the subjects into 3 groups
based on their IL-1β concentrations (0-0.16, 0.17-1.19, and
1.20-11.20 pg/mL), positive trends were observed for IL-6,
BMI, fasting blood glucose, triacylglycerol, AST, γ-GTP,
insulin, and HOMA-IR, whereas a negative trend was
lifestyle habits in 317 middle-aged men

Means ± SD or percentage n

58.6 ± 7.6 317
166.4 ± 6.2 317
23.2 ± 2.9 317
84.4 ± 7.7 317

12.2 ± 12.0 293
15.8 ± 16.1 293
18.6% 59
16.4% 52
10.7% 34
45.7% 145
8.5% 27
30.2 ± 37.6 316
2152.4 ± 520.4 303
126.9 ± 16.9 317
76.9 ± 12.0 317
103.2 ± 23.3 308
196.9 ± 31.7 317
54.5 ± 15.1 317
134.1 ± 124.2 308
23.3 ± 10.4 317
24.1 ± 13.9 317
41.9 ± 75.0 317
0.80 ± 0.11 317
5.17 ± 6.23 295
1.40 ± 2.06 295
5.50 ± 2.98 284
1.67 ± 2.58 317
-0.667 ± 1.546 317
3.38 ± 3.27 317
0.647 ± 1.224 316



Table 2
Correlations between the cytokine concentrations and subjects characteristics

IL-1β IL-6

Groups by interleukin conc
(n)

Spearman correlation
coefficient

Low (105) Middle (112) High (100) P for
Trend

Spearman correlation
coefficient

Low (105) Middle (110) High (102) P for
trend

Ranges (pg/mL) 0-0.16 0.17-1.19 1.20-11.20 0-1.09 1.10-3.99 4.00-16.60

IL-1β – 0.11 ± 0.03 0.43 ± 0.26 4.69 ± 2.77 b.001 0.758‡ 0.18 ± 0.18 0.77 ± 1.11 4.14 ± 3.13 b.001
IL-6 0.758‡ 1.18 ± 1.34 2.67 ± 2.22 6.62 ± 3.30 b.001 – 0.56 ± 0.29 2.39 ± 0.88 7.34 ± 2.7 b.001
Age (y) 0.093 58.2 ± 8.4 58.1 ± 6.7 59.6 ± 7.7 .224 0.185‡ 56.7 ± 8.0 59.4 ± 7.0 59.7 ± 7.7 .002
Body height (cm) −0.046 167.2 ± 6.0 166.4 ± 6.2 165.8 ± 6.6 .133 −0.296 167.3 ± 5.6 166.2 ± 6.6 165.9 ± 6.5 .135
BMI (kg/m2) 0.187‡ 22.8 ± 2.8 23.0 ± 2.9 23.9 ± 2.8 .005 0.138⁎ 23.0 ± 2.6 22.8 ± 3.0 23.9 ± 2.9 .029
Waist circumference (cm) 0.139⁎ 83.8 ± 7.4 83.8 ± 7.9 85.6 ± 7.5 .107 0.083 84.0 ± 7.1 83.5 ± 7.7 85.6 ± 8.0 .167
Systolic blood pressure
(mm Hg)

0.010 127.7 ± 18.9 126.9 ± 17.0 126.0 ± 14.6 .914 0.081 125.3 ± 19.1 127.8 ± 16.7 127.6 ± 14.7 .13

Diastolic blood pressure
(mm Hg)

0.084 75.6 ± 12.3 77.1 ± 13.2 78.2 ± 10.0 .157 0.166† 74.7 ± 13.8 77.2 ± 11.1 79.0 ± 10.6 .006

Fasting blood glucose (mg/
dL)

0.335‡ 98.8 ± 13.1 100.7 ± 28.6 110.4 ± 23.6 b.001 0.297‡ 100.6 ± 29.8 100.3 ± 13.0 108.7 ± 23.7 b.001

Total cholesterol (mg/dL) −0.019 197.9 ± 32.7 199.2 ± 30.0 193.3 ± 32.6 .379 −0.073 199.6 ± 31.9 197.2 ± 31.4 193.9 ± 31.9 .214
Triacylglycerol (mg/dL) 0.158† 118.8 ± 94.3 147.2 ± 168.6 135.2 ± 86.7 .01 0.122⁎ 137.1 ± 177.9 127.4 ± 85.3 138.1 ± 89.3 .038
HDL cholesterol (mg/dL) −0.139⁎ 55.7 ± 13.6 55.6 ± 17.0 52.1 ± 14.1 .029 −0.111⁎ 54.5 ± 14.0 57.3 ± 16.1 51.6 ± 14.5 .058
AST (U/L) 0.175† 21.5 ± 7.1 23.5 ± 11.7 25.0 ± 11.6 .002 0.124⁎ 21.6 ± 5.8 22.7 ± 7.8 25.6 ± 15.2 .06
ALT (U/L) 0.070 23.0 ± 12.2 23.1 ± 15.1 26.2 ± 14.1 .134 0.017 23.7 ± 12.0 21.9 ± 9.4 26.8 ± 18.7 .57
γ-GTP (U/L) 0.486‡ 23.3 ± 19.0 35.8 ± 35.0 68.1 ± 122.9 .001 0.414‡ 24.5 ± 17.9 32.3 ± 22.5 70.1 ± 124.6 b.001
Creatinine (mg/dL) −0.090 0.81 ± 0.12 0.82 ± 0.11 0.78 ± 0.11 .059 −0.156† 0.82 ± 0.12 0.81 ± 0.12 0.77 ± 0.10 b.001
Insulin (mU/L) 0.215‡ 4.59 ± 5.67 4.66 ± 4.93 6.34 ± 7.76 .003 0.163† 4.13 ± 4.79 5.38 ± 6.06 6.02 ± 7.47 .002
HOMA-IR 0.254‡ 1.16 ± 1.49 1.31 ± 2.43 1.76 ± 2.13 b.001 0.202‡ 1.19 ± 2.47 1.36 ± 1.56 1.66 ± 2.05 b.001
Adiponectin (mg/L) 0.031 5.33 ± 2.92 5.28 ± 2.41 5.88 ± 3.55 .385 −0.019 5.53 ± 2.89 5.55 ± 3.01 5.42 ± 3.07 .569
Smoking
No. of cigarettes (n/d) 0.070 10.9 ± 12.4 13.0 ± 11.8 12.5 ± 12.0 .266 0.063 11.8 ± 12.1 11.6 ± 12.3 13.1 ± 11.8 .417
Duration of smoking (y) 0.048 14.4 ± 15.9 16.9 ± 16.3 16.0 ± 16.1 .57 0.066 15.2 ± 15.2 14.4 ± 16.0 17.8 ± 16.9 .259

Self-reported physical
activitya

−0.151† 3.0 ± 1.2 2.9 ± 1.2 2.8 ± 1.3 .138 −0.110 3.1 ± 1.2 2.8 ± 1.2 2.8 ± 1.3 .17

Alcohol intake (g/d) −0.063 29.7 ± 33.0 32.6 ± 42.6 28.0 ± 36.1 .211 −0.085 31.4 ± 36.9 30.6 ± 39.7 28.6 ± 36.2 .245
Energy intake (kcal/d) −0.005 2111.9 ± 485.0 2194.1 ± 551.0 2147.5 ± 522.5 .73 0.927 2189.2 ± 508.8 2133.3 ± 526.9 2135.0 ± 528.7 .326

P values for trends were calculated using the Jonckheere-Terpstra test among the 3 groups based on the interleukin concentrations.
Spearman correlation coefficients between the interleukin concentrations and other parameters were calculated for all subjects:

⁎ P b .05.
† P b .01.
‡ P b .001.
a Self-reported physical activity: 1 = every day; 2 = 2 to 3 times per week; 3 = once per week; 4 = never.
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Table 3
Regression analyses of parameters as explanatory variables for the IL-1β and IL-6 concentrations

Response variables Explanatory variables Category Initial modelc Final modeld

β SE P β SE P

log(IL-1β)a (n = 260) Intercept −13.142 56.380 .82 −8.522 2.234 b.001‡

Age 0.025 0.011 .03⁎ 0.024 0.010 .02⁎

BMI −0.002 0.034 .96
log(fasting blood glucose) 2.208 9.377 .81 1.240 0.491 .01⁎

log(triacylglycerol) −0.135 0.190 .48
log(HDL cholesterol) −0.335 0.393 .4
log(AST) 0.094 0.289 .74
γ-GTP Low (0-20 U/L) Reference – – Reference – –

Middle (21-34 U/L) 1.100 0.207 b.001‡ 1.095 0.188 b.001‡

High (≥35 U/L) 1.624 0.234 b.001‡ 1.734 0.198 b.001‡

log(insulin) 1.352 9.358 .89
log(HOMA-IR) −1.220 9.371 .9
Alcohol intake −0.005 0.002 .040⁎ −0.006 0.002 0†

Smoking (no. of cigarettes) 0.007 0.007 .29
Self-reported physical activityb −0.053 0.07 .450

log(IL-6)a (n = 259) Intercept −15.233 47.569 .75 −1.704 0.722 .02⁎

Age 0.034 0.009 b.001‡ 0.032 0.008 b.001‡

BMI −0.020 0.030 .49
Diastolic blood pressure 0.014 0.006 .03⁎ 0.014 0.005 .01†

log(fasting blood glucose) 2.503 7.911 .75
log(triacylglycerol) −0.098 0.158 .54
HDL cholesterol −0.002 0.006 .72
AST 0.005 0.007 .44
γ-GTP Low (0-20 U/L) Reference – – Reference – –

Middle (21-34 U/L) 0.727 0.175 b.001‡ 0.709 0.151 b.001‡

High (≥35 U/L) 1.106 0.196 b.001‡ 1.157 0.156 b.001‡

Creatinine −1.499 0.635 .02⁎ −1.339 0.559 .02⁎

log(insulin) 2.099 7.896 .79
log(HOMA-IR) −2.062 7.907 .79
Alcohol intake −0.006 0.002 0† −0.006 0.002 0†

Smoking (no. of cigarettes) 0.01 0.01 .06
Self-reported physical activityb −0.02 0.060 .76

a Natural logarithmic transformation.
b Self-reported physical activity: 1 = every day; 2 = 2 to 3 times per week; 3 = once per week; 4 = never.
c Criteria for selecting parameters in the initial model.
d Explanatory variables were selected by a backward elimination procedure (P b .05) from the initial model.
⁎ P b .05.
† P b .01.
‡ P b .001.
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observed for HDL cholesterol. After dividing the subjects
into 3 groups based on their IL-6 concentrations (0-1.09,
1.10-3.99, and 4.0-16.60 pg/mL), positive trends were
observed for IL-1β, age, BMI, diastolic blood pressure,
fasting blood glucose, triacylglycerol, γ-GTP, creatinine,
insulin, and HOMA-IR.

Next, we performed multiple linear regression analyses
based on the results of the Spearman correlation coefficient
analyses. Twelve variables were selected for the initial
multiple linear regression model for log(IL-1β). After
backward elimination selection, 4 variables, namely, age,
log(fasting blood glucose), γ-GTP, and alcohol intake, were
selected for the final model. Multiple linear regression
analyses for IL-1β using the initial model showed that age
was a positive explanatory variable for the plasma IL-1β
concentration, whereas alcohol intake was a negative
explanatory variable for the plasma IL-1β concentration.
Regarding the γ-GTP activity, we performed multiple linear
regression analyses in 3 groups divided according to the
γ-GTP activity (low, middle, and high), and found not
only that γ-GTP activity was a strong positive explanatory
variable for the plasma IL-1β concentration, but also that the
middle– and high–γ-GTP activity groups had plasma IL-1β
concentrations as natural logarithms that were 1.100-fold
and 1.624-fold higher, respectively, than the natural
logarithm in the low–γ-GTP activity group. Stepwise
multiple linear regression analyses of the final model,
comprising a model that is analyzed using all parameters
with values of P b .05 and then modified by decreasing the
parameters step by step from the greatest P value, revealed
that age and fasting blood glucose were positive explanatory
variables for the plasma IL-1β concentration, whereas
alcohol intake was a negative explanatory variable for the
plasma IL-1β concentration. The middle– and high–γ-GTP
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activity groups had plasma IL-1β concentrations as natural
logarithms that were 1.095-fold and 1.735-fold higher,
respectively, than the natural logarithm in the low–γ-GTP
activity group.

Based on the results of the Spearman correlation
coefficients, 14 variables were included in the initial multiple
linear regression model for log(IL-6). After backward
elimination selection, 5 variables, namely, age, diastolic
blood pressure, γ-GTP, creatinine, and alcohol intake, were
selected for the final model. Multiple linear regression
analyses for IL-6 using the initial model showed that age and
diastolic blood pressure were positive explanatory variables
for the plasma IL-6 concentration, whereas creatinine and
alcohol intake were negative explanatory variables for the
plasma IL-6 concentration. γ-GTP activity was a positive
explanatory variable for the plasma IL-6 concentration; and
the middle– and high–γ-GTP activity groups had plasma IL-
6 concentrations as natural logarithms that were 0.727-fold
and 1.106-fold higher, respectively, than the natural
logarithm in the low–γ-GTP activity group. Stepwise
multiple linear regression analyses of the final model
revealed that age and diastolic blood pressure were positive
explanatory variables for the IL-6 concentration, whereas
creatinine and alcohol intake were negative explanatory
variables for the IL-6 concentration. The middle– and high–
γ-GTP activity groups had IL-6 concentrations as natural
logarithms that were 0.709-fold and 1.157-fold higher,
respectively, than the natural logarithm in the low–γ-GTP
activity group (Table 3).
4. Discussion

In the present study, we focused on the relationships
between the IL-1β and IL-6 concentrations and metabolic
risk factors in Japanese middle-aged men. As shown in
Tables 1 and 2, the plasma IL-1β concentration was
positively associated with BMI, fasting blood glucose,
triacylglycerol, AST, γ-GTP, insulin, and HOMA-IR, and
negatively associated with HDL cholesterol. On the other
hand, the plasma IL-6 concentration was positively associ-
ated with age, BMI, diastolic blood pressure, fasting blood
glucose, triacylglycerol, γ-GTP, creatinine, insulin, and
HOMA-IR. These correlations are consistent with previous
reports in Western countries and Japan [4,9-13]. Interesting-
ly, we found strong positive correlations between these
interleukin concentrations and γ-GTP activity, but lower
associations with other liver injury markers (AST and ALT).
Recent studies have demonstrated that γ-GTP is involved in
oxidant stress through ROS production [19,20]. In addition,
many studies have demonstrated that circulating γ-GTP and
circulating IL-1β and IL-6 are elevated before the develop-
ment of diabetes without hepatic disorder and can predict the
development of diabetes and metabolic syndrome in Western
countries and Asian countries including Japan, and that
the interleukin elevations are induced by ROS production
[4,9-13,24-27]. Therefore, we hypothesized that the circu-
lating γ-GTP activity is involved in the circulating IL-1β and
IL-6 concentrations in subjects without obvious cardiovas-
cular diseases.

To examine this hypothesis, we carried out multiple linear
regression analyses for the subjects after dividing them into
3 groups based on the γ-GTP activity (low, middle, and
high), using other parameters with significant differences by
Spearman rank correlation coefficient analyses. As shown in
Table 3, γ-GTP activity was an independent and positive
explanatory variable for the plasma IL-1β and IL-6
concentrations in the initial multiple linear regression
analysis models. These associations were strong because
γ-GTP remained as a positive explanatory variable after
performing the stepwise multiple linear regression analyses
and the β-values for γ-GTP for the IL-1β and IL-6
concentrations were higher. Because these associations
were observed even though HOMA-IR was added as an
explanatory variable for each regression analysis, the
positive associations between IL-1β or IL-6 and γ-GTP
could be independent of insulin resistance. It should be noted
that we found these associations in subjects without obvious
cardiovascular diseases. Therefore, it should be examined in
detail whether these circulating cytokine concentrations are
associated with γ-GTP activity independently of insulin
resistance, fatty liver, and hepatic disorder, which are
observed in many subjects with metabolic diseases including
diabetes, obesity, and metabolic syndrome.

It has been reported that antagonism of IL-1β by
interleukin 1 receptor antagonists (eg, IL-1Ra) inhibits
apoptosis of β-cells in the pancreas and maintains insulin
secretion from β-cells [29]. Treatment of diabetic patients
with anakinra, a recombinant human IL-1Ra developed as a
drug for rheumatoid arthritis, improved the glycemic status,
maintained high C-peptide secretion, and reduced plasma
IL-6 levels [30,31]. However, it remains unknown whether
an antagonist for IL-6, tocilizumab, which is also a drug for
rheumatoid arthritis, improves the metabolic parameters in
diabetic animals and patients. Indeed, we observed positive
associations of IL-1β with BMI, fasting blood glucose,
triacylglycerol, AST, γ-GTP, insulin, and HOMA-IR, and
positive associations of IL-6 with age, BMI, diastolic blood
pressure, fasting blood glucose, triacylglycerol, γ-GTP,
creatinine, insulin, and HOMA-IR. However, stepwise
multiple regression analyses showed that the only positive
explanatory variables were age and fasting blood glucose for
the plasma IL-1β concentration, and age and diastolic
blood pressure for the plasma IL-6 concentration, except
for γ-GTP. These results indicate that elevation of these
circulating interleukins accompanied by increased γ-GTP
activity could be directly and/or indirectly involved in the
development of metabolic diseases.

The mechanisms involved in the positive associations
between circulating IL-1β and IL-6 concentrations and
γ-GTP activity in middle-aged Japanese men without
obvious cardiovascular diseases are still unknown. In this
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study, associations of the IL-1β and IL-6 concentrations with
ALT activity were observed. Thus, the positive associations
between the IL-1β and IL-6 concentrations and the γ-GTP
activity may be partially caused by liver injury or insulin
resistance in the liver because recent studies have indicated
that circulating ALT activity is a marker for insulin
resistance in the liver [32]. Furthermore, many previous
studies have suggested that hyperglycemia and obesity are
closely associated with circulating IL-1β and IL-6 concen-
trations in healthy and diabetic patients [4,9-13]. In the
present study, we also found positive associations between
these interleukins and parameters indicating hyperglycemia
and obesity such as BMI, fasting blood glucose, triacylgly-
cerol, insulin, and HOMA-IR. Therefore, these factors may
be involved in the positive associations between the IL-1β
and IL-6 concentrations and the γ-GTP activity. Many
recent studies have demonstrated that hyperglycemia and
insulin resistance induce ROS production [17,18]. In
particular, ROS production decreases the GSH levels in
cells and increases extracellular GSSG [19,20]. Because γ-
GTP is a rate-controlling enzyme for resynthesizing GSH
from GSSG, it is speculated that increased oxidant stress
induces γ-GTP activity to resynthesize GSH from GSSG
[17,18] and that the induced γ-GTP may further enhance
oxidant stress by producing ROS. Indeed, the messenger
RNA (mRNA) levels of inflammatory cytokines including
IL-1β and IL-6 are induced by oxidant stress such as ROS
production [14-16]. Consequently, ROS production by the
increased γ-GTP activity may lead to increases in the
circulating IL-1β and IL-6 concentrations. Recently, it was
reported that peripheral blood mononuclear cells isolated
from patients with chronic granulomatous disease lacking
expression of p22phox, a protein required for the functions of
Nox 1-4, showed normal induction of IL-1β protein in
response to treatment with uric acid, silica, imiquimod, and
lipopolysaccharide, although inhibition of ROS production
by the inhibitor diphenylene iodonium repressed the IL-1β
production [33,34]. These results indicate that IL-1β
production is independent of ROS produced by Nox, but
may be dependent on ROS from other sources such as
activation of oxidative phosphorylation in mitochondria,
glucose autoxidation, and some enzymes involved in ROS
production other than Nox such as cytochrome p450,
lipoxygenases, xanthine oxidase, and nitric oxide synthase.
It should be examined whether IL-1β production associated
with increased γ-GTP activity is caused by ROS production
and which sources of ROS production are important for IL-
1β production. In addition, future studies should investigate
the associations among IL-1β and IL-6; markers for ROS
production in blood such as 8-hydroxydeoxyguanosine
(a marker for DNA), carbonylated proteins (markers for
proteins), and lipid peroxides (markers for lipids); and GSSG
in blood.

It should be noted that the secretion of IL-1β protein into
the blood requires many steps. Most IL-1β mRNA is
degraded without significant elongation of the protein
when IL-1β mRNA assembles into a large polyribosome.
IL-1β protein in monocytes is translated from the mRNA by
stimulation with Toll-like receptor ligands or IL-1 itself. The
translated protein is the IL-1β precursor, which is an inactive
form located in the cytosol that is cleaved by caspase-1 to
form active IL-1β for secretion [35]. In addition, it should be
noted that the circulating IL-1β concentration reported in the
present study is likely to be underestimated because the
concentration of IL-1β was found to be much higher when it
was stabilized by injecting healthy subjects and patients with
cryopyrin-associated periodic syndromes with an antibody
against IL-1β [36]. Thus, further studies are needed to
investigate the association between γ-GTP and stabilized
active IL-1β in plasma, as well as the mRNA and immature
protein levels of IL-1β in peripheral leukocytes such as
monocytes, neutrophils, and T-lymphocytes.

It should also be mentioned that creatinine was a strong
negative explanatory variable for the IL-6 concentration.
Because circulating creatinine was reported to be
positively associated with muscle mass and physical
activity [37], the negative association between IL-6 and
creatinine may be caused by muscle mass and physical
activity. Indeed, inverse associations between the IL-1β
and IL-6 concentrations and creatinine were observed by
Spearman correlation coefficient analyses. In addition,
alcohol intake had weak associations with the IL-1β and
IL-6 concentrations in the stepwise multiple regression
analyses. The circulating γ-GTP activity was reported to
be positively associated with alcohol intake [38]. In the
present study, we also observed an association between
γ-GTP activity and alcohol intake (r = 0.277, P b .001,
by Spearman correlation coefficient analysis). It is known
that alcohol intake also induces ROS production and
reduces intracellular GSH [39,40]. Thus, the elevation of
γ-GTP activity by alcohol intake may be caused by
ROS production and reduced intracellular GSH. However,
alcohol intake was not associated with elevation of
circulating interleukins in the present study. Therefore,
the elevated levels of interleukins may be prerequisites for
the elevation of other metabolic parameters such as blood
glucose, blood pressure, triacylglycerol, and insulin,
which are all associated with elevation of γ-GTP activity.

In addition, many previous studies have demonstrated
that TNF-α is closely associated with the development of
metabolic diseases and that circulating TNF-α protein is
elevated before the development of diabetes [41]. It is
therefore necessary to examine the associations between
circulating TNF-α and γ-GTP activity in many subjects with
or without obesity, diabetes, and cardiovascular diseases.

In summary, in our middle-aged Japanese men without
obvious cardiovascular diseases, the circulating levels of
IL-1β and IL-6 were positively associated with γ-GTP
activity. The results of the present study suggest that
circulating γ-GTP is involved in the increased circulating
levels of IL-1β and IL-6 in middle-aged Japanese men
without obvious cardiovascular diseases.
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