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TABLE 1, Peak ¥BF, FDR, and variables
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Peak FBF FDR
Simple correlation Partial correlation Simple correlation Partial correlation
r P * P r P r P
Age {yr) -0.075 0.609 -0.177 0.215
Waist circtllmference (em) -0.418 0.000 0.088 0.469 -0.414 0.000 0.090 0,455
BMI (kg/m®) -0.597 <0.0001 -0.626 <{.0001
Systolic blood pressure (mm Hg) -0.304 0.008 -0.294 0.010 —~0.201 0.082 -0.118 0.310
Hemoglobin Ale -0.156 0.194 0.047 0.697 -0.230 0.052 -0.023 0.848
HOMA-IR -0.206 0.090 -0.021 0.864 ~0.269 0.024 -0.052 0.669
Triglyceride (mg/100 ml) -0.033 0.780 -0.081 0.493 —0.046 0.696 -0.016 0.892
LDL cholesterol (mg/100 ml) -0.082 0.494 -0.,124 0.296 —0.034 0.775 -0.129 0.278
FFA (mmolAiter) —0.386 0.001 -0.331 0.004 -0.336 0.003 -0.210 0.073
Leptin (log;, ng/ml) ~0.453 0.000 -0.008 6.950 —-0.349 0.004 0.019 0.880 .
Adiponectin (logyq pg/mi) 0.576 <0,0001 0.492 0.000 0.510 <(.0001 0.462 0.001
LDL, Low-density Lipoprotein.
“r, Pearson’s correlation coefficient.
by, Variables corrected by age, gender, and BMI.
TABLE 2, Stepwise muitiple regression models predicting peak FBF and FDR
Peak FBF FDR
Model 1 Model 2 Model 1 Model 2
8 F F B F B F
Adiponectin (log,, pg/ml) 0.468 16.473 0.439 16.907 0474 14.354 (.388 12,68
Age (y7) 0.084 0.287 -0.122 0.621 -0.125 0.662 ~0.281 3.569
Gender 0.258 2.857 0.012 0.006 -0.016 0.01
BMI (kg/m?) -0.498 21.765 -0516  22.25
HOMA-IR -0.186 1439 0.06 0.148 —0.063 0.170 0.225 2.24
LDL cheleaterol (mg/100 ml) 0.044 0.077 -0.093 0.358 -0.069 0.202 —0.144 0.88
FFA (mmolliter) —-0.292 6.609 —0.274 3.317 -0.275 4817 ~(.208 1.80
Systolic blood pressure (mm Hg) -0.273 5.75 ~-0.286 3.664 -0.192 1.699 -0.101 0.44
Hemoglobin Alc -0.268 3.096 -0.149 0.93 -0.236 2.482 -0,184 147
T 0.698 0.745 0.588 0.721
r? 0.487 0.555 0.346 0.620
F 12.976 26.151 11.353 23.33
P <0.0001 <0.0001 <0.0001 <0.0001

The F value fo enter was 4.0 at each step. g, Parameter estimate; LDL, low-density lipoprotein.

—0.292; r* = 0.487; P < 0.0001), and predictive variables for
FDR were adiponectin in log 10 (r = 0.474) and FFA (r =
—0.275; * = 0.346; P < 0.0001) (Table 2, model 1). When BMI
was included in the model (Table 2, model 2), predictive
variables for peak FBF and FDR were adiponectin in log 10
{r = 0.439 and 0.388, respectively) and BMI (r = —0.498 and
—0.516, respectively). Serum adipenectin in log 10 (micro-
grams per milliliter) was negatively correlated with waist
circumference {r = —0.334; P = 0.020), BMI (r = -0.365; P =
0.007), HOMA-IR (r = —302; P = 0.034), and FFA (r = —0.271;
P = 0.052).

Discussion

The major findings of the present study were: 1) the peak
FBF response and FDR to RH, indices of the function of vessel
endothelial resistance, were impaired in proportion to the
severity of obesity; and 2) the impairment in the FBF re-
sponse and FDR was correlated with fow levels of serum
adiponectin. This is the first study that shows the effects of
adiponectin on endothelial function in human subjects and
that low levels of adiponectin were closely correlated with
resistance vessel endothelial dysfunction.

Serum adiponectin and endothelial function

Measurements of FBF during intraarterial infusion of ace-
tylcholine are used to investigate endothelium-dependent
vasodilatation (12, 13). However, this technique is invasive
and time consuming and cannot be used routinely. We mea-
sured FBF during RH using strain-gauge plethysmography.
With this noninvasive method, resistant vessel endothelial
function can be assessed physiologically with a high repro-
ducibility (14, 15). Higashi et al. (15) reported that peak FBF
during RH was well correlated with FBF to maximal acetyl-
choline dose (30 pg/min; r = 0.91; P < 001), indicating that
this noninvasive method is a useful alternative for assessing
resistance vessel endothelial function. Because the contribu-
tion of NO may be different at the RH phase, we used peak
FBF as a combination marker of shear stress and local met-
abolic factors at an early phase of RH, and FDR as a relatively
NO-dependent marker at the mid-to-late phase of RH (16).

The peak FBF and FDR were correlated negatively with
waist ¢ircumference, BMI, FFA, systolic blood pressure (peak
FBF), HOMA-IR (FDR), and leptin, and correlated positively
with adiponectin. After correcting for age, gender, and BMI,
the endothelial function indices were correlated positively
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with adiponectin and negatively with FFA. NTG-induced
FBF changes were not correlated with any metabolic and
anthropometric variables, indicating that endothelium-
dependent function was predominantly affected by hypo-
adiponectinemia. It is suggested that, in humans, the plasma
level of adiponectin may be directly linked to endothelial
function.

Mechanisms for a link between hypoadiponectinemia and
endothelial dysfunction

Two possible mechanisms by which hypoadiponectinemia
decreases endothelial function are postulated.

First, adiponectin level can be linked to whole-body in-
sulin sensitivity, and hypoadiponectinemia can cause endo-
thelial dysfunction by decreasing insulin sensitivity, Because
the plasma adiponectin level was decreased in the predia-
betic insulin-resistant phase in rhesus monkeys (Macaca mu-
latta), hypoadiponectinemia might play a causative role in
the development of insulin resistance (19). We confirmed this
concept by showing that experimental ablation of the adi-
ponectin gene in mice reduces insulin sensitivity, and ade-
novirus-mediated supplementation of plasma adiponectin
can recover the sensitivity (20). There is a close correlation
between whole-body insulin sensitivity and endothelium-
dependent vasodilatation (6, 7). We previously reported that
endothelial NO production (21) and vasodilatation induced
by local intraarterial infusion of insulin/glucose (22) were
both closely linked to whole-body insulin sensitivity (21). In
the current study, FDR was negatively correlated with
HOMA-IR (Table 1), indicating a link between FDR and
insulin sensitivity. But this correlation was abolished after
correcting for age, gender, and BMI, probably by a strong
confounding effect of BMI on insulin sensitivity. In multiple
regression analysis, endothelial function was negatively cor-
related with FFA and positively correlated with adiponectin
(Table 2, model 1). When BMI was included in the model as
an independent variable, the power of FFA, but not of adi-
ponectin, was abolished (Table 2, model 2). HOMA-IR, a
casual marker for insulin resistance (18), was not selected as
a predictor for endothelial function. Serum adiponectin lev-
els were reported to be closely linked to insulin sensitivity in
human subjects (19, 23), and the current study showed that
adiponectin levels were correlated negatively with waist cir-
cumnference, BMI, and HOMA-IR, indicating a close link be-
tween hypoadiponectinemia and insulin resistance. Adi-
ponectin might eliminate the predictive power of HOMA-IR,
which is a relatively weaker predictor for insulin sensitivity
than other markers, such as an M-value by the hyperinsu-
linemic euglycemic clamp (23). It was also reported that FFA
can directly impair endothelial function in humans by de-
creasing insulin sensitivity (6, 7). Adiporectin (19, 29, 23) and
FFA (6, 7), which are both secreted from adipocytes, may
independently and bidirectionally regulate endothelial func-
tion through modulation of insulin sensitivity in the whole
body and vascular beds,

Second, hypoadiponectinemia may be directly linked to
early atherosclerotic vascular damage and a subsequent en-
dothelial dysfunction. Experimentally, Ouchi ef al. (10)
showed that adiponectin inhibited TNF-a-induced expres-
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sion of endothelial adhesion molecules in endothelial cells
and that adiponectin reduced atherogenic transformation of
macrophage to foam cells by suppressing scavenger receptor
expression (11). It was also evident that plasma adiponectin
levels were decreased in patients with atherosclerotic risk
factors such as obesity, impaired glucose tolerance, diabetes
mellitus, or previous coronary heart disease (10). Loss of
plasma adiponectin may accelerate early atherosclerotic vas-
cular damage and reduce various physiological roles of en-
dothelial cells, including NO synthesis and supply, which
may be linked to decreases in the peak FBF and FDR, in the
current study.

Study limitation

The current study cannot determine which of the follow-
ing is plausible: 1) hypoadiponectinemia impairs endothelial
function by impairment of insulin sensitivity in the whole
body and vascular beds; 2) hypoadiponectinemia first accel-
erates vascular damage and then impairs NO supply from
endothelium; or 3} hypoadiponectinemia first impairs NO
synthesis and supply and then accelerates vascular damage
(3). Direct actions of adiponectin on vascular function should
be observed in future studies.

Conclusions

The current study showed that endothelial function was
impaired in proportion to the severity of obesity and that
endothelial function was closely related to plasma adiponec-
tin levels. Adiponectin may play a protective role directly
against the atherosclerotic vascular change and/or indirectly
through improving insulin sensitivity. The loss of adiponec-
tin effects enhances endothelial dysfunction and may be as-
sociated with future cardiovascular events.
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A single dose of nateglinide improves post-challenge
glucose metabolism and endothelial dysfunction in
Type 2 diabetic patients
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Abstract

Aims This randomized crossover placebo-controlled study aimed to assess the
efficacy of nateglinide, a phenylalanine-derived insulin secretagogue, on forearm
endothelial function in diabetic subjects before and after an oral glucose load.
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Methods Forearm blood flow (FBF) was measured using strain-gauge plethys-
mography during reactive hyperaemia before and after an oral glucose load (75 g)
with a prior use of placebo or nateglinide (90 mg) in 15 diet-treated Type 2
diabetic patients or age-matched controls with normal glucose tolerance.
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Results The peak FBF response and total reactive hyperaemic flow (flow debr
repayment: FDR), indices of resistance artery endothelial function, were decreased
after an oral glucose load in diabetic patients, but unchanged in controls. Nate-
glinide administered to diabetic patients accelerated insulin secretion and reduced
post-challenge plasma glucose, and also abolished the post-challenge impairment
of endothelial function. The peak FBF and FDR were well correlated with 120-
min glucose levels and 30-min insulinogenic index.

Condusions A single challenge of glucose was shown to impair endothelial
function in diabetic patients, and the post-challenge endothelial dysfunction was
improved by a prior use of nateglinide, Long-term effects of nateglinide on endo-
thelial function in Type 2 diabetic patients need to be clarified in future studies.

Diabet, Med. 21, 983-986 (2004)

Keywords  endothelial function, nateglinide, post-challenge glucose metabolism,
Type 2 diabetes

[3] showed that elevated 2-h glucose was a better predictor of

Introduction mortality from cardiovascular diseases than fasting glucose

Post-prandial hyperglycaemia has been associated with increased
risk of macrovascular complications {1-3]. A meta-analysis
including 95 783 people from 22 studies demonstrated the
association between post-challenge hyperglycaemia and cardi-
ovascular events [1]. Analysis of the prospective DECODE (the
Diabetes Epidemiology: Collaborative Analysis of Diagnostic
Criteria in Europe) data [2] and the Honolutu Heart Program

Correspondence to: Dr Michio Shimabukuro, Second Department of intersal
Medicine, Faculty of Medicine, University of the Ryukyus, 207 Ughara, Nishi-
hara, Okinawa 903-0215, Japan, E-mail: mshimabukurg-ur@umin.ac.jp o
med47345@members.interq.or.jp
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alone. In a screened multicentre cohort, the Diabetes Interven-
tion Study showed that poor control of post-prandial glucose
increased the risk of myocardial infarction or mortality up to
3-fold, even under good control of fasting glycaemia [4]. Vas-
cular endothelial dysfunction plays a pivotal role in the patho-
genesis of atherosclerosis [5] and enhances the risk of future
cardiovascular events [6,7]. The presence of vascular endothelial
dysfunction has been demonstrated in Type 2 diabetic patients
[8], but the contributions of post-prandial hyperglycaemia to
endothelial dysfuncrion is largely unknown [9]. This crossover
placebo-controlled study aimed to assess the efficacy of post-
challenge hyperglycaemia reduction by nateglinide, which
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_88_




o84 - Néteg!ifgi_d_c _dn'd'pos_t-chall'cngg endothielial function ® M S};if_:gal:ézéllzuro etal

rapidly enhances insulin secretion and reduces mealtime glucose
excursions [10], on forearm endothelial function in Type 2
diabetic subjects.

Research design and methods

Diet-treated Type 2 diabetic patients (six male and nine female,
60 £ 3 years) without a history of cardiovascular complication
were enrolled in this study, Age-matched healthy subjeces with
normal glucase tolerance were used as controls, The study pro-
tocol was approved by the Ethical Committee of the University
of the Ryukyus and carried out in accordance with the prinei-
ples of the Declaration of Helsinki, All subjects gave informed
consent. No subjects were taking medication, and all abstained
from alcohol, tobacco and strenuous physical activity for 24 h
and caffeine-containing drinks avernight.

The acute effects of oral ghicose loading with placebo or
nateglinide on forearm blood flow (FBF) was studied in a double-
blinded placebo-controlled crossover design. Studies were done
on twWo separate mornings at least 1 week apart. After overnight
fasting, either 30 mg nateglinide {Yamanouchi Pharmaceutical,
Tokya, Japan) or placebo was ingested, followed by an ora) 75-g
glucose load (Trelan-G, Takeda, Japan). We measured FBF during
reactive hyperaemia using a mercury-filled silastic strain-gauge
plethysmograph (EC-5R, D. E, Hokanson Inc., Issaquah, WA,
USA) before and 120 min after a glucose load [11-13], Before and
after release of a 5-min upper arm cuff occlusion at 200 mmHg
(reactive hyperaemia), FBF was measured by repeated inflations
of the upper arm at 40 mmHg during a wrist cuff inflation at
200 mmHg [11,12]. We used peak FBF as a combination marker
of shear stress and local metabolic factors at early phase of RH,
and total reactive kyperaemic flow (flow debt repayment: FDR),
as a relatively NO-dependent marker at mid-to-late phase of
RH [13].

Values are expressed as the mean + sem, Two-tailed unpaired
Student’s #-test and two-way analysis of variance {ANova) for re-
peated measures on one factor followed by Bonferroni’s correction
for multiple-paired comparisons, were analysed using StatView
J-5.0 (SAS Institute, Cary, NC, USA) software package.

Results

The bascline characteristics of the 15 diabetic subjects are as
follows: body mass index 26.1 £ 1,13 (kg/m?); heart rate 73 £
3 (beats/min); blood pressure 129/72 + 4/2 (mmHg); total cho-
lesterol 5.39 + 0.20 (mmol/1); triglyceride 1.63 + ¢.21 (mmol/
I); HDL-cholesterol 1.42 £ 0.05 (mmol/[); and glycosylated
haemoglobin A;. 7.53 % 0.30 (%).

With a prior use of placebo, plasma insulin levels were low
at 30 min and peaked at = 350 pmol/] between 90 and 120 min
after an oral glucose load, and plasmna glucose levels remained
=19 mmol/l at 120 min (Table 1), With a prior use of nategli-
nide, post-challenge insulin levels increased rapidly at 30 min
and glucose levels significantly decreased to = 15 mmol/l ac
120 min. All medications were well tolerated and no adverss
events were observed during the study. Systemic haemody-
namics and metabolic parameters at baseline were comparable
berween two study days.
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Table t Plasma glucosc and serum insulin levels after an oral glucose
load during a prior se of placebo or 90 mg nateglinide in 15 diabetic
patients

Pasma glucose {mmol/l} Serum insulin (pmol/1)

Time

{min) Placebo Nateglinide  Placebo Nateglinide
0 8.8104 82104 85114 6411
30 14,6+ 0.6 131+0.5 19819 345+28
60 18.1+0.8 14.910.8 309137 351451
90 194406 157108 358+ 51 403+ 60
120 19.2+0.8 149106 35045 431x70
P-value P <0.001 P=0.056

Data represent the mean + seM. The P-values for curve difference by

~ tWO-Way ANOVA were shown,

With placebo, FBF response during reactive hyperaemia
decreased significantly after a ghicose load (P < 0,001 for trend),
but, with nateglinide, post-challenge FBF response remained
unchanged (P = 0.137). The peak FBF response and FDR,
indices of resistance artery endothelial function, were both
decreased after an oral glucose load in diabetic patients, but not
in healthy controls (Fig. 1a). A single ingestion of nateglinide
prevented the post-challenge decrease in the peak FBF and FDR.
The peak FBF and FDR were well correlated with 120-min
glucose levels (Fig. 1b}). Peak FBF was negatively correlated
with area under the curve for glucose (AUCy,, ..., R = ~0.423,
P=0.017) and insulin (AUC,__,., R =-0.387, P=0.034).
Peak FBF and FDR were positively correlated with 30 min
insulinogenic index (Ainsulin/Aglucose) {R = 0.450, P = 0.012
and R = 0,438, P = 0.0185, respectively),

Discussion

This is the first study demonstrating that endothelial function
was impaired by acute post-challenge glucose excursion in
Type 2 diabetic patients, and a single dose administeation of
nateglinide abrogated the post-challenge endothelial dysfunc-
tion by decreasing the glucose excursion,

The peak FBF and FDR were both decreased after an oral
glucose load in diabetic patients, but not in healthy controls
with normal glucose tolerance. Kawano et al. [14] showed that
endothelium-dependent flow-mediated dilatation (FMD)} of
the brachial artery were decreased after an oral glucose load in
patients with Type 2 diabetes or impaired glucose tolerance.
As there was a close negative correlation between indices of
endothelial function and plasma glucose levels, post-prandial
hyperglycaemia itself could be the culprit for post-prandial
endothelial dysfunction [9,14). Williams ez 4l. [15] demon-
strated that effects of acute hyperglycaemia on endothelium-
dependent vasodilation were simifar after blocking insulin
release with octreotide, supporting this notion. A potential
mechanism by which post-prandial hyperglycaemia impairs
endothelial function could be generation of reactive oxygen stress

© 2004 Diabetes UK. Diabetic Medicine, 24, 983-986
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Figure 1 (a) Peak forearm blood flow (FBF) and flow debt repayment
(FDR) before (0 min, open bars) and after {120 min, closed bars) an oral
glucose load during a prior ingestion of placebo or nareglinide in 15
diabetic patients, For comparison, values in healthy subjects with normal
glucose tolerance (NGT) were shown. Data represent the mean + seu.
*P < 0.05 vs. NGT and tP « 0.05 vs. 0 min. (b) Correlation between
120-min glucose and insulin levels and peak FBF and FDR, after an oral
glucose toad in diabetic paticnts. An ingestion of either placebo (open
circles) or 90 mg nateglinide {closed circles) was followed by an oral
75-g glucose load. Pearson’s correlation coefficients (R) and P-values
were showr,

{ROS) [9,14,16), as antioxidants can restore post-prandial
endethelial function [17,18],

A single administration of nateglinide abrogated the post-
challenge endothelial dysfunction in diabetic patients. As
reported [10], nateglinide recovered early phase insulin secre-
tion and decreased post-challenge glucose levels (Table 1).
This raises the question whether the improvement of post-
challenge endothelial function by nateglinide is the result of a
suppression of post-challenge hyperglycaemia, a rise in insulin,
or an effect of the drug itself. As 120-min glucose levels and
AUC,, o5 were well correlated with peak FBF and FDR, sup-
pression of post-challenge hyperglycaemia seemed to be the
most likely factor. As peak FBF and FDR were negatively
correlated with AUC;_ ..., insulin resistance also might be
involved in the endothelial dysfunction of diabetic patients,
Nazeglinide significantly increased insulinogenic index, but did
not alter AUC,,;;, and 120-min insulin levels. This suggests
that suppression of post-challenge hyperglycaemia by a recovery
of early insulin secretion, but not an increase in insulin-mediated

© 2004 Diabetes UK. Diabetic Medicine, 21, 983-986

Origiral aiticle 985

vasodilatation [19,20], explained the improved endothelial
function.

In summary, a single glucose challenge impaired endothelial
function in Type 2 diabetic patients, which was improved by
prior use of nateglinide. Long-term effects of nateglinide on
endothelial dysfunction in Type 2 diabetic patients need to be
clarified in future studies.
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