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ABSTRACT
Introduction Diabetes mellitus is associated with 
endothelial dysfunction. However, there is little information 
on the relationships of fasting blood glucose (FBG), 
including high normal blood glucose and impaired fasting 
glucose (IFG) with endothelial function. The purpose of 
this study was to evaluate the relationship between FBG 
level and flow- mediated vasodilation (FMD) using a large 
sample size.
Research design and methods This study was a cross- 
sectional study. We measured FMD in 7265 subjects at 
31 general hospitals. The subjects were divided into four 
groups based on FBG levels: <100, 100–109, 110–125, 
and ≥126 mg/dL or known diabetes. The subjects were 
also divided into six groups based on FBG levels: <90, 
90–94, 95–99, 100–109, 110–125, and ≥126 mg/dL or 
known diabetes.
Results FMD decreased in relation to increase in FBG 
level. There was a significant difference in FMD between 
the FBG of <100 mg/dL group and the other three groups 
(6.7±3.1% vs 5.9±2.8%, 5.7±3.1%, and 5.1±2.6%, 
respectively; p<0.001). After adjustment for confounding 
factors, the odds of having the lowest quartile of FMD 
were significantly higher in the FBG of 95–99, 100–104, 
105–109, 110–125, and ≥126 mg/dL or known diabetes 
groups than in the FBG of the <90 mg/dL group.
Conclusions These findings suggest that FBG of 100–109 
mg/dL and FBG of 110–125 mg/dL are similarly associated 
with endothelial dysfunction and that a pre- IFG state (FBG 
of 95–99 mg/dL) is also a risk for endothelial dysfunction 
compared with FBG of <90 mg/dL.
Trial registration number UMIN000012950, 
UMIN000012951, UMIN000012952, and UMIN000003409.

INTRODUCTION
Diabetes mellitus (DM) is a well- established 
risk factor for cardiovascular events.1 It 
is well known that cardiovascular risk is 
increased before the onset of DM as a state 
of pre- diabetes.2 In the American Diabetes 
Association (ADA) classification, a fasting 
blood glucose (FBG) range of 100–125 mg/
dL is categorized as impaired fasting glucose 

(IFG).3 However, before 2003, an FBG range 
of 110–125 mg/dL was categorized as IFG in 
the ADA classification. In WHO criteria, an 
FBG range of 110–125 mg/dL is categorized 
as IFG. In the Japan Diabetes Society criteria, 
an FBG range of 110–125 mg/dL is catego-
rized as pre- diabetes, and a range of 100–109 
mg/dL is categorized as high normal blood 
glucose.4 The definition of IFG differs 
between countries and eras.

Endothelial dysfunction is known as the first 
step in the pathogenesis of atherosclerosis and 
is also known as a marker of cardiovascular 
events.5 6 Measurement of flow- mediated vaso-
dilation (FMD) in the brachial artery is widely 
used for assessment of endothelial function. 
FMD is also well known as an independent 
predictor of cardiovascular events.7–11 In 
addition, measurement of FMD is an inde-
pendent predictor of cardiovascular events in 
the general population, including individuals 
with DM. It has been established that DM is 
associated with endothelial dysfunction.12–14 

Significance of this study

What is already known about this subject?
 ► Diabetes is associated with endothelial dysfunction.
 ► The relationship between impaired fasting glucose 
and endothelial function is still controversial.

What are the new findings?
 ► A preimpaired fasting glucose (IFG) state (fasting 
blood glucose (FBG) of 95–99 mg/dL) is a risk for 
endothelial dysfunction compared with an FBG of 
<90 mg/dL.

How might these results change the focus of 
research or clinical practice?

 ► Intensive lifestyle modification is needed in subjects 
with a pre- IFG state (FBG of 95–99 mg/dL).
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However, the relationship between IFG and endothelial 
function is still controversial. Some investigators have 
shown that IFG is associated with endothelial dysfunc-
tion.15–18 On the other hand, Henry et al reported that 
IFG was not associated with endothelial dysfunction.13

There has been no study on the detailed relationships 
of FBG, including a normal range of glucose, pre- IFG 
range, and IFG range with endothelial function. First, we 
divided subjects into four groups according to the ADA 
classification, the WHO criteria and the Japan Diabetes 
Society criteria, FBG of <100, 100–109, 110–125, and 
≥126 mg/dL or known DM, and assessed the FMD values. 
Furthermore, there is no information on from what level 
of FBG adversely affects endothelial function. Therefore, 
we divided FBG of <100 mg/dL, which was previously 
classified as normal blood glucose, into three groups, 
FBG of <90 md/dL, FBG of 90–94 mg/dL and FBG of 
95–99 mg/dL, and evaluated the relationships of FBG 
levels of <90, 90–94, 95–99, 100–109, 110–125 and ≥126 
mg/dL or known DM with FMD in multiple centers using 
a large sample size.

RESEARCH DESIGN AND METHODS
Study subjects
The Flow- mediated Dilation Japan (FMD- J) Registry was 
a prospective multicenter registry that was established 
between April 1, 2010, and August 31, 2018, at 31 insti-
tutes in Japan with the aim of determining the useful-
ness of FMD measurement. All of the subjects had an 
obligation to undergo health screening every year under 
the regulations of the society- managed health insurance 
union in Japan. The design of the FMD- J study has been 
described in detail.19 Subjects with severe chronic heart 
failure (New York Heart Association level of more than 
III), subjects with severe valvular disease, arrhythmia 
for which they were receiving treatment, dialysis, end- 
stage chronic kidney disease or malignancy, subjects 
taking steroids, non- steroidal anti- inflammatory drugs 
or immunosuppressive drugs, subjects over 80 years of 
age, and subjects without information on FBG or with 
unclear images of the brachial artery interfaces were 
excluded. Finally, we enrolled 7265 subjects in this study. 
Hypertension was defined as the use of antihyperten-
sive drugs or systolic blood pressure of more than 140 
mm Hg or diastolic blood pressure of more than 90 mm 
Hg measured in a sitting position on at least three occa-
sions. Dyslipidemia was defined according to the third 
report of the National Cholesterol Education Program.20 
DM was defined according to the ADA recommenda-
tion.21 Smokers were defined as those who were current 
smokers. Cardiovascular disease was defined as coronary 
heart disease and cerebrovascular disease. Coronary 
heart disease included angina pectoris, prior myocardial 
infarction, and unstable angina. Cerebrovascular disease 
included ischemic stroke, hemorrhagic stroke, and tran-
sient ischemic attack.

Study protocol
We measured the vascular response to reactive hyperemia 
in the brachial artery for assessment of endothelium- 
dependent FMD. The patients fasted overnight and 
abstained from alcohol, smoking, caffeine and antioxi-
dant vitamins for at least 12 hours before the study. The 
participants were kept in the supine position in a quiet, 
dark, air- conditioned room (constant temperature from 
22°C to 25°C) throughout the study. A 23- gauge polyeth-
ylene catheter was inserted into the deep antecubital vein 
to obtain blood samples for measurements, including 
measurement of FBG. After maintaining the supine posi-
tion for 30 min, FMD was measured. The observers were 
blind to the form of examination.

Measurement of FMD
A high- resolution linear artery transducer (resolution 
of 10MHz and an H- shaped probe capturing two short- 
axis images and one long- axis image) was coupled to 
computer- assisted analysis software (UNEXEF18G; UNEX 
Corporation, Nagoya, Japan) that used an automated 
edge detection system for measurement of the brachial 
artery diameter.22 Online supplemental figure S1A shows 
the system for measurement of FMD. A blood pressure 
cuff was placed around the forearm of each subjects. The 
brachial artery was scanned longitudinally 5–10 cm above 
the elbow. When the clearest B- mode image of the ante-
rior and posterior intimal interfaces between the lumen 
and the vessel wall was obtained, the transducer was held 
at the same point throughout the scan by using a special 
probe holder (UNEX Corporation) to ensure consis-
tency of the imaging (online supplemental figure S1B). 
Depth and gain setting were set to optimize the images of 
the arterial lumen wall interface. When the tracking gate 
was placed on the intima, the artery diameter was auto-
matically tracked, and the waveform of diameter changes 
over the cardiac cycle were displayed in real time using 
the FMD mode of the tracking system. This allowed the 
ultrasound images to be optimized at the start of the scan 
and the transducer position to be adjusted immediately 
for optimal tracking performance throughout the scan. 
Pulsed Doppler flow was assessed at baseline and during 
peak hyperemic flow, which was confirmed to occur 
within 15 s after cuff deflation. Blood flow velocity was 
calculated from the color Doppler data and was displayed 
as a waveform in real time (online supplemental figure 
S1B,C). Baseline longitudinal images of the artery were 
acquired for 30 s, and then the blood pressure cuff was 
inflated to 50 mm Hg above systolic pressure for 5 min. 
Blood flow volume was calculated by multiplying the 
Doppler flow velocity (corrected for the angle) by heart 
rate and vessel cross- sectional area (−r2). The longitudinal 
image of the artery was recorded continuously until 3 
min after cuff deflation. Changes in brachial artery diam-
eter were immediately expressed as percentage changes 
relative to the vessel diameter before cuff inflation. FMD 
was automatically calculated as the percentage change in 
peak vessel diameter from the baseline value. Percentage 
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of FMD [(peak diameter- baseline diameter)/baseline 
diameter] was used for analysis. All of the sonographers 
specialized in FMD measurement at the participating 
institutions underwent training for a standard protocol of 
FMD measurement and training for scanning and analysis 
of the record at the core laboratory in the FMD- J study. 
All recordings of brachial artery scans obtained during 
the measurements of FMD were sent from the partici-
pant institutions to the core laboratory by universal serial 
bus flash drives and were individually analyzed by a well- 
experienced reader at the core laboratory without any 
information about the patients in the FMD- J study. We set 
outliers as FMD <−10% and FMD >25%. Reactive hyper-
emia was calculated as the maximum percentage increase 
in flow after cuff deflation compared with baseline flow. 
The correlation coefficient between FMD analyzed at 
the core laboratory and participant institutions was 0.84 
(p<0.001). The intraobserver variabilities (coefficients of 
variation) were 10.1%–11.2%.23 Measurements for FMD 
were performed according to the guideline.24

Statistical analysis
Results are presented as mean±SD. All reported prob-
ability values were two- sided, and a probability value 
of <0.05 was considered statistically significant. Cate-
gorical values were compared by means of the χ2 test. 
Continuous variables were compared by using analysis 
of variance (ANOVA) on multiple groups. Comparisons 
between the groups categorized according to FBG levels 
were carried out using repeated measures ANOVA with 
Tukey’s post hoc test. Univariate linear regression anal-
yses were performed to assess the relationships among 
the variables. Multivariate regression analyses using ordi-
nary least squares were performed to identify indepen-
dent variables associated with FMD from the following 
covariates with p<0.05 for inclusion: age, body mass 
index, systolic blood pressure, heart rate, triglycerides, 
high- density lipoprotein cholesterol, low- density lipopro-
tein cholesterol, FBG, uric acid, and creatinine. Multivar-
iate logistic regression analysis was performed to identify 
independent variables associated with lower quartiles 
of FMD (<4.2%). Age over 65 years old, gender, obesity 
(body mass index of 30 or higher), current smoking, pres-
ence of hypertension and presence of dyslipidemia were 
entered into the multivariate logistic regression analysis. 
All data were processed using JMP Pro V.14.0 software 
(SAS Institute, Cary, North Carolina, USA)

RESULTS
Baseline characteristics of the subjects
The baseline characteristics of the 7265 subjects are 
summarized in table 1. The mean age of the subjects 
was 51±10 years. The 7265 subjects included 5804 men 
(79.9%) and 1461 women (20.1%). The mean FBG level 
in the subjects was 101±20mg/dL, and the mean HbA1c 
level was 5.7±0.7%. Among the subjects, 3188 (43.9%) 
had hypertension; 3760 (51.8%) had dyslipidemia; 685 

(9.4%) had DM; 689 (9.5%) had previous cardiovascular 
disease; and 2189 (30.3%) were current smokers. The 
mean FMD value was 6.3±3.1%.

Relationships among FMD, FBG and variables
Online supplemental table S1 shows univariate rela-
tionships among FMD, FBG level and variables. FMD 
was significantly correlated with age (r=−0.31, p<0.001), 
body mass index (r=−0.19, p<0.001), heart rate (r=0.06, 
p<0.001), systolic blood pressure (r=−0.15, p<0.001), 
diastolic blood pressure (r=−0.08, p<0.001), total choles-
terol (r=−0.03, p=0.03), triglycerides (r=−0.11, p<0.001), 
high- density lipoprotein cholesterol (r=0.08, p<0.001), 
creatinine (r=−0.07, p<0.001), uric acid (r=−0.13, 
p<0.001), FBG level (r=−0.14, p<0.001) (online supple-
mental figure S2A) and HbA1c level (r=−0.16, p<0.001). 
FBG level was significantly correlated with age (r=−0.26, 
p<0.001), body mass index (r=0.23, p<0.001), heart 
rate (r=0.13, p<0.001), systolic blood pressure (r=0.19, 
p<0.001), diastolic blood pressure (r=0.11, p<0.001), 
triglyceride (r=0.18, p<0.001), high- density lipopro-
tein cholesterol (r=−0.15, p<0.001), uric acid (r=0.06, 
p<0.001), HbA1c level (r=0.77, p<0.001) and FMD 
(r=−0.14, p<0.001).

Online supplemental table S2 shows multivariate linear 
relationships among FMD, FBG level and variables. 
Multiple linear regression analysis revealed that age 
(β=−0.23, p<0.001), body mass index (β=−0.10, p<0.001), 
heart rate (β=0.09, p<0.001), systolic blood pressure 
(β=−0.04, p=0.001), triglycerides (β=−0.04, p=0.001), 
high- density lipoprotein cholesterol (β=−0.03, p=0.02), 
uric acid (β=−0.07, p<0.001), FBG (β=−0.03, p=0.02), 
antihypertensive drug treatment (β=0.13, p<0.001), and 
current smoking (β=0.07, p<0.001) were independent 
predictors of FMD.

FMD values in four groups of FBG levels
The baseline characteristics of subjects with FBG levels of 
<100, 100–109, 110–125 and ≥126 mg/dL or known DM 
are also summarized in table 1. There were significant 
differences in age, gender, body mass index, heart rate, 
systolic blood pressure, diastolic blood pressure, levels of 
total cholesterol, triglycerides, high- density lipoprotein 
cholesterol, low- density lipoprotein cholesterol, creati-
nine, uric acid, FBG, and HbA1c, prevalences of hyper-
tension, dyslipidemia, and cardiovascular disease, and 
use of antihypertensive drugs and lipid- lowering drugs 
among the four groups. FMD was significantly correlated 
with FBG level of 90–125 mg/dL (r=−0.12, p<0.001) 
(online supplemental figure S2B). Online supplemental 
figure S3 shows FMD values in the four groups. FMD 
values were 6.7±3.1% in the FBG of the <100 mg/dL 
group, 5.9±2.8% in the 100–109 mg/dL group, 5.7±3.1% 
in the 110–125 mg/dL group, and 5.1±2.6% in the ≥126 
mg/dL or known DM group (p<0.001). FMD values in 
the FBG 100–109, 110–125 and ≥126 mg/dL or known 
DM groups were significantly smaller than the values in 
the FBG<100 mg/dL group (p<0.001, respectively). FMD 
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values were similar in the FBG of the 100–109 group and 
110–125 mg/dL group (p=0.80).

The division points for the lowest quartile and second 
quartile were FMD of 4.2%. Therefore, we defined small 
FMD as FMD of <4.2%. We took the FBG of <100 mg/
dL group as a reference for deriving the low quartiles of 
FMD in the other groups. After adjustments for age over 
65 years, gender, presence of hypertension, presence of 
dyslipidemia, presence of obesity (body mass index ≥30 
m2/kg), and current smoking, the odds of having the 
lowest quartile of FMD were significantly higher in the 
FBG of 100–109 mg/dL group, 110–125 mg/dL group 
and ≥126 mg/dL or known DM group than in the refer-
ence group: 100–109 mg/dL (OR 1.26, 95% CI 1.10 to 
1.45), 110–125 mg/dL (OR 1.42, 95% CI 1.16 to 1.74), 
and ≥126 mg/dL or known DM (OR 1.37, 95% CI 1.15 to 
1.64) (online supplemental table S3).

FMD values in six groups of FBG levels
Finally, we divided the patients into six groups based 
on their FBG levels: <100 mg/dL (<90, 90–94, and 

95–99 mg/dL), 100–109, 110–125 and ≥126 mg/dL or 
known DM, and assessed their endothelial function. 
There were significant differences in age, gender, body 
mass index, heart rate, systolic blood pressure, diastolic 
blood pressure, levels of total cholesterol, triglycerides, 
high- density lipoprotein cholesterol, low- density lipopro-
tein cholesterol, creatinine, uric acid, FBG, and HbA1c, 
prevalences of hypertension, dyslipidemia, and cardio-
vascular disease, and use of antihypertensive drugs and 
lipid- lowering drugs among the six groups (table 2). 
FMD values were 6.9±3.1% in the FBG of the <90 mg/dL 
group, 6.7±3.1% in the 90–94 mg/dL group, 6.3±3.1% 
in the 95–99 mg/dL group, 5.9±2.8% in the 100–109 
mg/dL group, 5.7±3.1% in the 110–125 mg/dL group, 
and 5.1±2.6% in the ≥126 mg/dL or known DM group 
(p<0.001, figure 1). FMD values were similar in the FBG 
of <90 mg/dL group, 90–94 mg/dL group, 100–109 mg/
dL group and 110–125 mg/dL group (figure 1).

We took the FBG of the <90 mg/dL group as a refer-
ence and for deriving for the low quartiles of FMD in 

Table 1 Clinical characteristics of patients in four groups of FBG levels

Variables
Total
(n=7265)

FBG
<100 mg/dL
(n=4357)

FBG
100–109
mg/dL
(n=1540)

FBG
110–125
mg/dL
(n=551)

FBG
≥126 mg/dL or 
DM
(n=817) P value

Age (years) 51±10 48±10 53±9 54±8 59±9 <0.001

Gender, men (%) 5804 (79.9) 3287 (75.4) 1356 (88.1) 492 (89.3) 669 (81.9) <0.001

Body mass index (kg/m2) 23.5±3.3 22.8±3.1 24.1±3.0 25.0±3.4 25.3±3.9 <0.001

Heart rate (beats/min) 64±10 63±10 64±11 65±10 66±11 <0.001

Systolic blood pressure (mm Hg) 127±16 124±16 130±16 132±16 134±17 <0.001

Diastolic blood pressure (mm Hg) 80±12 78±12 82±11 83±12 81±11 <0.001

Total cholesterol (mg/dL) 201±34 200±32 207±34 207±36 192±37 <0.001

Triglycerides (mg/dL) 128±92 116±81 139±92 153±98 154±127 <0.001

HDL- C (mg/dL) 59±16 61±16 58±15 56±15 53±15 <0.001

LDL- C (mg/dL) 117±30 116±29 122±30 122±33 109±32 <0.001

Creatinine (mg/dL) 0.82±0.17 0.81±0.16 0.84±0.17 0.83±0.16 0.82±0.21 <0.001

Uric acid (mg/dL) 5.8±1.4 5.6±1.4 6.1±1.3 6.2±1.4 5.8±1.4 <0.001

FBG (mg/dL) 101±20 91±6 104±3 115±4 139±36 <0.001

Hemoglobin A1c (%) 5.7±0.7 5.4±0.3 5.6±0.3 5.8±0.3 6.9±1.0 <0.001

Medical history, n (%)

  Hypertension 3188 (43.9) 1488 (34.2) 763 (49.6) 306 (55.6) 631 (77.3) <0.001

  Dyslipidemia 3760 (51.8) 1867 (42.9) 912 (59.3) 374 (68.0) 607 (74.4) <0.001

  DM 685 (9.4) 0 0 0 685 (83.8) <0.001

  CVD, n (％) 689 (9.5) 214 (4.9) 137 (8.9) 71 (12.9) 267 (32.7) <0.001

Current smoking, n (％) 2189 (30.3) 1355 (31.2) 456 (29.7) 161 (29.5) 217 (27.2) 0.12

Medication, n (％)

  Antihypertensive drugs 2009 (27.7) 829 (19.0) 480 (31.2) 200 (36.4) 500 (61.3) <0.001

  Lipid- lowering drugs 1116 (15.4) 402 (9.2) 238 (15.5) 106 (19.3) 370 (45.3) <0.001

  Antidiabetic drugs 489 (6.7) 0 (0) 0 (0) 0 (0) 489 (60.0) <0.001

CVD, cardiovascular disease; DM, diabetes mellitus; FBG, fasting blood glucose; HDL- C, high- density lipoprotein cholesterol; LDL- C, low- 
density lipoprotein cholesterol.
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the other groups. After adjustments for confounding 
factors, the odds of having lowest quartile of FMD were 
significantly higher in FBG of the 95–99 mg/dL group, 
the 100–109 mg/dL group, the 110–125 mg/dL group 
and the ≥126 mg/dL or known DM group than in the 

reference group: 95–99 mg/dL group (OR 1.28, 95% CI 
1.07 to 1.55), 100–109 mg/dL group (OR 1.41, 95% CI 
1.18 to 1.68), 110–125 mg/dL group (OR 1.59, 95% CI 
1.26 to 2.01), and ≥126 mg/dL or known DM group (OR 
1.54, 95% CI 1.25 to 1.91). The odds of having the lowest 
quartile of FMD in subjects with FBG of <90 md/dL and 
subjects with FBG of 90–94 mg/dL were similar (OR 1.07, 
95% CI 0.89 to 1.29) (table 3).

DISCUSSION
In the present study, we demonstrated that FBG was an 
independent predictor of FMD, that FMD was similarly 
impaired in the FBG of 100–109 and 110–125 mg/dL 
groups compared with that in the FBG of the <100 mg/
dL group, and that after adjustments for confounding 
factors, FMD values in the FBG of the 100–109 mg/dL 
group, the 110–125 mg/dL group, and the ≥126 mg/
dL or known DM group were significantly smaller than 
the value in the FBG of the <100 mg/dL group. We also 
demonstrated for the first time that FMD was significantly 
smaller in the FBG of the 95–99 mg/dL group than in 
the FBG of the <90 mg/dL group.

First, to evaluate the relationships between FBG levels 
and endothelial function in more detail, we divided the 
subjects into four groups of FBG levels. Endothelial func-
tion was similarly impaired in the FBG of the 100–109 
mg/dL group and in the FBG of the 110–125 mg/dL 
group compared with that in the FBG of the <100 mg/dL 
group. Previous studies showing that subjects in the FBG 
of the 100–125 mg/dL group and FBG of 110–125 mg/
dL group have endothelial dysfunction support our find-
ings.15–18 25 These finding suggest that FBG of ≥100 mg/
dL is a risk factor of endothelial dysfunction. In 2003, 
ADA proposed that the lower limit of IFG should be 
lowered from 110 mg/dL to 100 mg/dL since an IFG cut- 
off value of 100 mg/dL is better than an IFG cut- off value 
of 110 mg/dL for predicting future type 2 DM onset.26 
From the aspect of vascular function, endothelial func-
tion in subjects with FBG of 100–109 mg/dL was similarly 
impaired in the FBG of 110–125 mg/dL group.

Next, there is no information on from what level of 
FBG adversely affects endothelial function. Therefore, 
we divided FBG of <100 mg/dL, which was previously 
classified as normal blood glucose, into the three groups, 
FBG of <90 md/dL, FBG of 90–94 mg/dL and FBG of 
95–99 mg/dL, and evaluated the relationships between 
FBG levels of <90, 90–94, 95–99, 100–109, 110–125 and 
≥126 mg/dL or known DM and FMD. In the present 
study, the odds of having the lowest quartile of FMD was 
significantly higher in the FBG of 95–99 mg/dL group 
than in the FBG of <90 mg/dL group. A pre- IFG state, 
FBG of 95–99 mg/dL, was also associated with endothe-
lial dysfunction. It is likely that endothelial function is 
almost simultaneously impaired when FBG level increases 
over 95 mg/dL, while it is unclear whether the associa-
tion of elevation of FBG with the existence of endothelial 
dysfunction is a cause or consequence.

Figure 1 Bar graphs show flow- mediated vasodilation in 
subjects with FBG of <90, 90–94, 95–99, 100–109, 110–125, 
and ≥126 mg/dL or known diabetes. DM, diabetes mellitus; 
FBG, fasting blood glucose.
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It is thought that the mechanisms by which hypergly-
cemia impairs endothelial function are increases in oxida-
tive stress and inflammation. Hyperglycemia- induced 
increase in reactive oxygen species plays a critical role 
in oxidative stress through several pathways, including 
overproduction of mitochondria- derived superoxide 
anion, polyol pathway, advanced glycation end products/
receptor for advanced glycation end- product pathway, 
protein kinase C pathway and hexosamine pathway, 
leading to a decrease in nitric oxide bioavailability and 
resulting in endothelial dysfunction.27–31 Hyperglycemia 
involves not only a high blood glucose state but also meta-
bolic disorders, including obesity, dyslipidemia, insulin 
resistance and hypertension. Under the condition of 
hyperglycemia, obesity- induced hypertrophic adipocytes 
produce inflammatory cytokines, such as tumor necrosis 
factor-α and interleukin-6, and reduce anti- inflammatory 
cytokine adiponectin, leading to an increase in inflam-
mation and resulting in endothelial dysfunction. It is 
well known that hypertension and dyslipidemia induce 
increases in oxidative stress and inflammation.32–34 Oxida-
tive stress and inflammation make a vicious circle and 
contribute to endothelial dysfunction.35 In the present 
study, we found associations of FBS with obesity and 
with increases in blood pressure and low- density lipopro-
tein cholesterol level. FMD decreased in relation to an 
increase in FBG, and FBG was an independent predictor 
of FMD.

This study has some limitations. First, although this 
study was conducted by multiple centers (31 institutes) 
and used a large sample size, this study was a cross- 
sectional study. Therefore, we were able to evaluate the 
association but not causality between FBG level and FMD. 
Second, we did not have information on results of 75 g oral 
glucose tolerance tests. Therefore, we could not obtain 
data on impaired glucose tolerance (IGT). Previous 
studies have shown that IGT is a predictor of cardiovas-
cular events and that it is potentially a better predictor 
than IFG of cardiovascular events,36 while it is controver-
sial whether IFG is an independent predictor of cardiovas-
cular events.36 37 There have been a few studies showing 

a relationship between high- normal blood glucose (pre- 
IFG) and diabetic vascular complications. Shaye et al38 
showed that subjects with an FBG of 95–99 mg/dL had 
a higher incidence of cardiovascular events than subjects 
with an FBG of <80 mg/dL. On the other hand, although 
Pereg et al39 showed the relationships between FBG levels 
and coronary revascularization in subjects with an FBG of 
<100 mg/dL and with previous percutaneous coronary 
intervention or coronary artery bypass graft, after adjust-
ment for coronary risk factors, there were no significant 
associations of FBG of 92–99 and ≤80 mg/dL with cardio-
vascular events. It is still controversial whether pre- IFG is 
associated with cardiovascular events. In the present study, 
we clearly showed that endothelial function is impaired 
not only in subjects with IFG but also even in subjects 
with pre- IFG. Third, this study was conducted in Japan. 
It is well known that insulin sensitivity is lower in Asians, 
including Japanese, than in Caucasians and that Asians 
are more likely to have an increased risk of DM.40 We 
cannot deny the possibility that our results are not appli-
cable to other races. Fourth, we have no information on 
serum insulin levels. Therefore, we could not discuss the 
relationships among insulin levels, insulin resistance and 
endothelial function. Fifth, it is well known that oxida-
tive stress and inflammation contribute to endothelial 
dysfunction and make a vicious circle between oxidative 
stress and inflammation and endothelial dysfunction.35 
In addition, previous studies have shown that lifestyle 
(eg, physical activity and diet) other than smoking status 
influences endothelial function.41–44 Unfortunately, in the 
present study, the FMD- J database did not include data 
on chemical biomarkers of oxidative stress and inflamma-
tion and physical activity and diet. Assessment of oxidative 
stress and inflammatory markers and assessment of phys-
ical activity and diet would enable more specific conclu-
sions concerning the role of FBG in endothelial function 
to be drawn. Finally, the latest guideline recommends 
measurement of shear rate.45 Unfortunately, we had no 
information on shear rate. Assessment of shear rate would 
enable more specific conclusions concerning the role of 
FBG in endothelial function to be drawn.

Table 3 Multivariate analysis of relationships among low quartiles of FMD and FBG levels

FBG (mg/dL)

OR (95% CI), P value

Unadjusted Model 1 Model 2

FBG <90 1 (reference) 1 (reference) 1 (reference)

FBG 90–94 1.19 (0.99 to 1.43), 0.06 1.15 (0.96 to 1.39), 0.13 1.07 (0.89 to 1.29), 0.46

FBG 95–99 1.52 (1.27 to 1.82), <0.001 1.43 (1.19 to 1.72), <0.001 1.28 (1.07 to 1.55), 0.01

FBG 100–109 1.82 (1.54 to 2.16), <0.001 1.66 (1.39 to 1.97), <0.001 1.41 (1.18 to 1.68), <0.001

FBG 110–125 2.25 (1.81 to 2.81), <0.001 2.04 (1.63 to 2.56), <0.001 1.59 (1.26 to 2.01), <0.001

FBG ≥126 or DM 2.82 (2.32 to 3.41), <0.001 2.19 (1.79 to 2.67), <0.001 1.54 (1.25 to 1.91), <0.001

Model 1; adjusted for age ≥65 years old, gender.
Model 2; adjusted for age ≥65 years old, gender, hypertension, dyslipidemia, obesity, and current smoking.
Low quartile of FMD indicates less than 4.2%.
DM, diabetes mellitus; FBG, fasting blood glucose; FMD, flow- mediated vasodilation.
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In conclusion, high normal blood glucose of 95–99 
mg/dL as well as an FBG of 110–125 mg/dL was associ-
ated with endothelial dysfunction. Endothelial dysfunc-
tion may begin from an FBG of 95–99 mg/dL, a so- called 
pre- IFG state. It is thought that intensive lifestyle modi-
fication or pharmacological intervention is needed to 
decrease FBG in individuals with pre- IFG who have an 
FBG of more than 95 mg/dL.
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