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Abstract

Pioglitazone, a peroxisome proliferator—activated receptor 7 agonist, not only improves insulin resistance and glycemic control, but may
also have additional beneficial vascular effects in patients with type 2 diabetes mellitus. We investigated whether pioglitazone had an
influence on arterial stiffness, which is an independent predictor of cardiovascular events, in 204 patients with type 2 diabetes mellitus. A
prospective, nonrandomized, open-label trial was performed that involved 41 patients treated with pioglitazone, 46 patients receiving
sulfonylureas, 67 patients on insulin, and 50 patients on diet/exercise only. The follow-up period was 56 + 3 months. Arterial stiffness was
evaluated by using the arterial stiffness index (ASI), which was based on analysis of the pulse wave amplitude pattern obtained during
automated blood pressure measurement in the upper limb. The 4 groups had a similar baseline ASI, which was greater than the reference
range in each group. Although antidiabetic therapies improved hemoglobin A, and low-density lipoprotein cholesterol, ASI only decreased
significantly in the pioglitazone group. Thus, pioglitazone improved abnormal arterial stiffness in patients with type 2 diabetes mellitus via a
mechanism beyond the metabolic improvement. These findings may have important clinical implications in the use of pioglitazone in patients

with type 2 diabetes mellitus.
© 2009 Published by Elsevier Inc.

1. Introduction

Patients with type 2 diabetes mellitus have a high risk of
developing both microvascular and macrovascular disease,
showing a 2- to 4-fold increase of coronary heart disease
compared with the general population [1,2]. Intensive
glycemic control is able to reduce microvascular complica-
tions, but its effect on macrovascular changes and cardio-
vascular disease is rather limited [3]. The United Kingdom
Prospective Diabetes Study demonstrated that the risk of
cardiovascular morbidity and mortality was reduced in
patients with type 2 diabetes mellitus receiving metformin
[4], which improves insulin sensitivity, and also showed the
importance of managing the traditional cardiovascular risk
factors, such as a high hemoglobin (Hb) A;. level,
dyslipidemia, hypertension, and central obesity, all of
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which are associated with insulin resistance [5]. Recently,
the peroxisome proliferator—activated receptor p (PPARY)
agonist pioglitazone has been widely used as an insulin
sensitizer to treat insulin resistance and type 2 diabetes
mellitus [6,7]. The Prospective Pioglitazone Clinical Trial in
Macrovascular Events study revealed that pioglitazone
significantly reduced the risk of recurrent stroke in high-
risk patients with type 2 diabetes mellitus, and treatment with
this drug led to a significant (16%) reduction in the risk of the
main end point (cardiovascular death or nonfatal myocardial
infarction) [8,9].

Several studies have shown that an increase of blood
pressure and pulse pressure is a major risk factor for
myocardial infarction [10,11], stroke [12], and cardiovas-
cular death in the general population [13] and is also
associated with increased insulin resistance [14]. Most
epidemiologic studies have demonstrated that increased
arterial stiffness (a major determinant of the pulse pressure)
is an independent predictor of cardiovascular morbidity and
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mortality [10-13]. Arterial stiffness has been assessed by
measurement of the pulse wave velocity (PWV) between the
carotid and femoral arteries [12,13] or by measuring the
brachial-ankle PWV [15]. More recently, several noninva-
sive and reproducible methods have been developed for
measuring arterial stiffness. The arterial stiffness index (ASI)
is a useful indicator of brachial artery stiffness that can be
obtained simultaneously with automated measurement of the
blood pressure in the upper limb by computer-assisted
oscillometry [16]. The ASI has been reported to show a good
correlation with the carotid-femoral PWV and is considered
to be a valuable indicator of arterial stiffness in hypertensive
patients with or without type 2 diabetes mellitus or
dyslipidemia [15,17,18]. In a previous population-based
study, we found that the ASI increased along with an
increase in the number of traditional cardiovascular risk
factors [19]. Because only a few minutes are needed for
measurement of the ASIL it can be assessed repeatedly in
outpatients over the long term.

In the present study, we investigated the influence of
long-term pioglitazone therapy on arterial stiffness (the ASI)
in patients with type 2 diabetes mellitus and compared the
results with those for patients receiving other antidiabetic
therapies.

2. Patients and methods

2.1. Patients

A total of 204 outpatients with type 2 diabetes mellitus
(118 men and 86 women) were enrolled in the present study
after giving informed consent. Their ages ranged from 30 to
85 years (63 £ 11 years, mean = SD). Type 2 diabetes
mellitus was defined according to the Japan Diabetes Society
criteria. Patients with any of the following macrovascular or
microvascular diseases were excluded: myocardial infarc-
tion, cerebrovascular disease, heart failure, severe liver
dysfunction, renal failure, and diabetic retinopathy.

The study was designed as a prospective, nonrandomized,
open-label trial. All of the subjects were diagnosed with type
2 diabetes mellitus (n = 204) and were initially entered into a
diet and exercise therapy for several months of observation.
Afterward, the patients were classified into 4 groups based on
their diabetic conditions. Patients who responded to the diet/
exercise therapy were assigned to the diet and exercise group
(n = 50). Patients with poor blood glucose control during the
diet/exercise therapy received treatment with a sulfonylurea,
pioglitazone, or insulin in addition to the diet/exercise therapy
depending on their diabetic profile. Patients with marked
insulin resistance or poor insulin secretion received pioglita-
zone or insulin, respectively. Patients who responded to a
sulfonylurea continued such treatment throughout the study
and were assigned to the sulfonylurea group (n = 46). Patients
with little response to sulfonylurea therapy received piogli-
tazone in addition to the sulfonylurea or switched to insulin.
Patients who required insulin therapy or received pioglita-

zone, after initial diet/exercise therapy or after sulfonylurea
therapy, were assigned to the insulin group (n = 67) or the
pioglitazone group (n = 41), respectively. Pioglitazone was
started at a dose of 7.5 mg or 15 mg daily and then was titrated
to 30 mg, depending on tolerability. All drug-treated patients
continued their diet and exercise therapy.

2.2. Measurement of biochemical parameters

All patients fasted for more than 9 hours before blood
collection. After resting for 5 minutes, the blood pressure
(systolic and diastolic) and pulse rate were measured and
recorded. Afterward, 10 mL of blood was collected from the
median antecubital vein into a plain tube for biochemistry
tests. All parameters were measured using an autoanalyzer
(JCA-BMS8060; Jeol, Japan).

2.3. Measurement of the ASI

The ASI was measured in all patients using a CardioVision
(MS-2000; IMDP, Las Vegas, NV). The device occludes the
brachial artery by increasing cuff pressure until it exceeds the
systolic blood pressure. After occluding the artery, the cuff
slowly deflates automatically; and a pressure sensor attached
to the cuff measures small volumetric changes caused by the
pulse wave, which increases in amplitude as blood flow in the
brachial artery slowly increases. The amplitude of these
volumetric changes becomes maximal when the cuff pressure
is near the mean arterial pressure. At this point, the elastic
properties of the brachial artery also are maximal. After the
pulse wave peak, the amplitude decreases again as the cuff
deflates and the brachial artery becomes fully open.

To determine the ASI, the flat upper part of the pulse
wave pattern was defined as the region between the highest
point (100%) and 80% of the amplitude. Afterward, the ASI
was calculated as the pressure range (millimeters of mercury
% 10) of the oscillometric curve corresponding to the upper
5% of this flat area (Fig. 1).

Arrhythmias influence the pulse wave pattern, so
measurements made in the presence of premature beats or
atrial fibrillation were excluded.

Measurement of the ASI was repeated 5 times per patient.
After excluding the maximum and minimum values from
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Fig. 1. Relation between the pulse wave pattern and cuff pressure during
automated blood pressure measurement. The ASI was calculated by
computer-assisted oscillometry as the pressure range (millimeters of
mercury x 10) corresponding to the upper 5% of the oscillometric curve.
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Table 1
Patient characteristics at baseline
PIO SU Insulin D &E
(m=41) (m=46) (m=67) (n=250)
Men (n) 28 (68%) 23 (50%) 38 (57%) 29 (58%)
Women (n) 13 (32%) 23 (50%) 29 (43%) 21 (42%)
Age (y)
°Range 37-79 40-77 30-85 36-85
°Mean + SD 60 + 10 63+9 63+ 13 65+ 10
Antihypertensive 31* 54 36* 64
drugs (%)
Lipid-lowering drugs (%) 12 20 16 22
ASI 108 +48 114+56 114+51 113 +52
HbA . (%) 81+1.6" 83+13" 87+157 70+1.7
Medication period (mo) 56 £ 3 56+3 56+3 56+3

PIO indicates pioglitazone; SU, sulfonylurea; D & E, diet and exercise.
* Significant difference vs diet and exercise (P <.01).
" Significant difference vs diet and exercise (P <.01).

these 5 measurements, the mean of the remaining 3 values
was calculated as the representative value for each patient.

2.4. Statistical analysis

Data are expressed as the mean + standard deviation (SD).
When comparing mean values between 2 groups or multiple
groups, we used the unpaired ¢ test and the Bonferroni/Dunn
test, respectively. The effects of medications on each clinical
parameter were assessed by the paired ¢ test and Pearson
linear correlation analysis. The x> test was performed for
comparisons between the groups. If the distribution of a

Table 2
Effect of each treatment on variables

parameter was not normal, Wilcoxon signed rank test was
used. In all analyses, a P value of less than .05 was
considered significant.

3. Results

At baseline, the patients in each group were comparable
with respect to sex ratio, age, use of lipid-lowering drugs
(statins), and duration of medication (Table 1). There were
also no significant differences of the ASI between the
groups, and it was significantly elevated in all 4 groups
compared with the reference range (from 20 to 70).

In the diet and exercise group, treatment with antihy-
pertensive drugs (calcium channel blockers, angiotensin-
converting enzyme inhibitors, and angiotensin receptor
blockers) was significantly more common than in the
pioglitazone group and the insulin group. Patients in the
diet and exercise group had significantly lower HbA . levels
compared with those in the other groups.

The blood pressure and parameters of glucose and lipid
metabolism were also comparable between the 4 groups at
baseline (Table 2).

3.1. Influence of pioglitazone and sulfonylureas on ASI

In the pioglitazone group, the baseline ASI was 108 + 48;
and there was no significant change by the start of treatment
with pioglitazone after 16 + 6 months (ASI = 104 £ 51).
However, at the end point of the study (after 39 = 6 months of

Pioglitazone Sulfonylurea Insulin Diel/Exercise
SBP baseline 15519 Jur] 158 +2 Jes 152 £20 157 +17
start or | year 147+ 18 :l ok lSZiIS]/-|** I50122:|**- 155+ 17 ﬂm
end (56+3) 140+ 14 — - 150+ 21 145 £ 21 148 + 19
DBP baseline 83+ 12 ]*’— 82+ 10 :|>‘=* 78 £ 12]:“ 82+12
start or | year 79+12 Ee 80+ 10 TPHE12 80+ 11
end (56+3) 7810 — 81+£19 7712 T9t12
FBG baseline 176 £51 — 189 + 54 Do 229+170 147 £ 57
start or 1 year 174 £ 46 :l* * 163 +37 220+ 59 152152
end (56+3) 157+34 - - 184 56 22176 148 61
TG baseline 203 +£272 180 +93 171 190]** 188 + 120]*
start or | year 154 £97 170 £ 95 I40i78j4: 158 + lO3;|*>:=
end (56+3) 134 + 65 162 + 88 151+ 88 151 %79
T-cho bascline 217432 227+44 Jon 216i34]* 218 +£40
start or | year 212+ 34 219+ 44 208i35ja: 213+33 :|,:
end (5613) 207 +£35 217+ 42 207 £ 46 207 £ 36
HDL-c baseline 56+ 16 69 £ 57 65 +29 60 £ 21
start or 1 year 55+12 62+32 5815 58+ 18
end (56+3) 58+ 14 Js 56+ 16 61 +£20 56+20
LDL-c baseline

start or | year

139 +£29
132 +£27 e
end (563) 122 £30

145 £39 134 38 136 +41
135 +40 . [ 129 + 34 w7 130 + 37 e
127435 J° 116+ 36 1 119+ 34 J*

SBP indicates systolic blood pressure (millimeters of mercury); DBP, diastolic blood pressure (millimeters of mercury); FBG, fasting blood glucose (milligrams
per deciliter); TG, triglycerides (milligrams per deciliter); T-cho, total cholesterol (milligrams per deciliter); HDL-c, HDL cholesterol (milligrams per deciliter);

LDL-c, LDL cholesterol (milligrams per deciliter).
*P <.05, ¥**P <.01.
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Fig. 2. Changes of the ASI and HbA . in the pioglitazone group. There were
no significant changes between measurements obtained just before starting
diet and exercise therapy (baseline) and the start of pioglitazone treatment
(start). However, both ASI and HbA,. were significantly improved by
pioglitazone treatment at the study end point (end). Bars represent the mean
+ SD. *P <.05, **P <.01. NS indicates not significant.

pioglitazone treatment), the ASI was significantly reduced to
91 £ 44 (P <.05) (Fig. 2). A beneficial effect of pioglitazone
therapy on HbA . was also observed at the study end point
(7.1% =+ 1.2%) compared with the values at baseline (8.1% +
1.6%, P < .01) or at the start of pioglitazone treatment
(7.9% = 1.4%, P <.01).

In the sulfonylurea group, HbA . was also significantly
lower at the study end point (7.5% + 1.3%) compared with
the value at baseline (8.3% + 1.3%) or at the start of
sulfonylurea treatment (8.2% =+ 1.3%). Despite this, no
significant change of ASI occurred during the study because
it was 114 + 56 at baseline, 105 + 60 at the start of
sulfonylurea treatment, and 111 + 58 at the study end point

(Fig. 3).
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Fig. 3. Changes of the ASI and HbA,. in the sulfonylurea group. A
significant improvement of HbA;. was observed after sulfonylurea
treatment, but there was no improvement of ASI. Bars represent the mean
+ SD. **P <.01.

Fig. 4. Influence of insulin on the ASI and HbA .. Bars represent the mean +
SD.

3.2. Influence of insulin on ASI

Patients assigned to the insulin group showed a poor
response to diet and exercise and/or sulfonylurea treatment.
They had a similar HbA . level at baseline (8.7% + 1.5%), at
the start of treatment (8.7% £ 1.5%), and at the study end
point (8.6% + 1.6%). There was also little change of ASI at
the study end point (109 & 60) compared with that at baseline
(114 + 51) and at the start of insulin treatment (109 + 53)
(Fig. 4).

3.3. Influence of diet and exercise on ASI

Patients assigned to the diet and exercise group were
considered to have mild to moderate diabetes because they
did not need antidiabetic agents, and the baseline HbA .
level of this group was significantly lower (7.0 £ 1.7, P <
.01) than that of the other 3 groups (Table 1). After initiation
of the diet and exercise regimen, HbA . showed a significant
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Fig. 5. Changes of the ASI and HbAc in the diet and exercise group.
Although HbA,. improved, ASI showed no significant change. Bars
represent the mean + SD. *P <.05, **P <.01.
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reduction to 6.5% + 1.3% (P < .01) at 1 year; and the
improvement persisted throughout the study (6.5% + 1.3% at
the study end point). Despite the improvement of HbA |, the
ASI was high at baseline (113 £ 52), similar to that in the
other 3 groups; remained high after 1 year (108 + 60); and
was still elevated at the study end point (114 + 85) (Fig. 5).

3.4. Changes of lipid metabolism and blood pressure

With each medication, there was a marked decrease of
low-density lipoprotein (LDL) cholesterol; and a significant
reduction was seen by the study end point. However, high-
density lipoprotein (HDL) cholesterol only increased in the
pioglitazone group. In addition to these changes of the lipid
profile, the systolic and diastolic blood pressure also
improved in all groups (Table 2).

4. Discussion

The Prospective Pioglitazone Clinical Trial in Macro-
vascular Events study has shown that treatment of type 2
diabetes mellitus with pioglitazone could reduce cardiovas-
cular morbidity and mortality [8,9]. In the present long-term
study, we demonstrated that treatment with pioglitazone for
an average of 39 months improved arterial stiffness, an
important indicator of the risk of cardiovascular events,
along with a decrease of HbA;. and LDL cholesterol.
Accordingly, pioglitazone treatment may have a preventive
effect on atherosclerosis in patients with type 2 diabetes
mellitus. To our knowledge, this is the first study to show
that long-term treatment with a PPAR?y agonist can improve
atherogenic changes in Japanese patients with type 2
diabetes mellitus.

Although glycemic control did not differ between the
pioglitazone group and the sulfonylurea group (based on
HbA . values), the ASI only showed a significant decrease in
the pioglitazone group. There is both in vitro and in vivo
evidence that pioglitazone has antiatherogenic effects
unrelated to its improvement of glycemic control, which
are primarily mediated through a direct action on the
vasculature [6,7]. Despite the existence of such experimental
data, whether pioglitazone actually has a direct antiathero-
genic effect independent of its antidiabetic activity in
patients with type 2 diabetes mellitus has not been fully
clarified. In recent years, it has become apparent that control
of high blood pressure and LDL cholesterol can substantially
reduce the cardiovascular risk of diabetic patients [14].
Therefore, it seems possible that the antiatherogenic effect of
pioglitazone on arterial stiffness was mediated through its
influence on lipid metabolism, including reduction of LDL
cholesterol, elevation of HDL cholesterol, and reduction of
triglycerides [6,7]. The present study showed that LDL
cholesterol levels were significantly decreased in both the
pioglitazone group and the sulfonylurea group, without any
significant changes of triglyceride levels. In the pioglitazone
group, however, HDL cholesterol also increased signifi-

cantly. Accordingly, the antiatherogenic effect of pioglita-
zone might not be mediated so much through changes of the
lipid profile or may possibly be related to the increase of
HDL cholesterol.

To treat hypertension, another major cardiovascular risk
of diabetic patients, could be effective to prevent atherogenic
changes in the arteries [14]. The various antihypertensive
drugs have been shown to reduce arterial stiffness in patients
with essential hypertension. In the present study, the
beneficial effects of antihypertensive drugs on arterial
stiffness were not evident in the diet and exercise group, in
which there were a significantly larger number of patients on
antihypertensive drugs compared with the pioglitazone
group. This suggests that antiatherogenic effects of piogli-
tazone might be independent of antihypertensive therapies.

The antiatherogenic effects of pioglitazone in patients
with type 2 diabetes mellitus have already been studied in
relatively short-term clinical trials and were evaluated by
using various markers, such as the PWV [20,21], stiffness
parameter f3 [22], carotid intima-media thickness [21,23-26],
inflammatory markers (C-reactive protein and high-sensitiv-
ity C-reactive protein) [20,27], and hormones like leptin or
adiponectin [20,22]. Previous evidence taken together with
our data suggest that pioglitazone could be useful for
preventing macrovascular complications in patients with
type 2 diabetes mellitus via a direct influence on the
vasculature and also through its modulation of glucose and
lipid metabolism.

Arterial stiffness is influenced by changes of arterial wall
structure, including accumulation of collagen and smooth
muscle cell proliferation; by functional alterations such as
increased vascular tone and endothelial dysfunction; and/or
by oxidative and inflammatory stresses [6,7]. We showed
that arterial stiffness was reduced by pioglitazone treatment
in patients with type 2 diabetes mellitus. It is known that
pioglitazone improves insulin resistance and glycemic
control, but the mechanisms underlying the vascular effects
of this drug are not fully clear. In recent studies, pioglitazone
has been demonstrated to improve endothelial dysfunction in
diabetic patients as assessed by flow-mediated endothelium-
dependent vasodilatation of the brachial artery [25,28,29]. It
has been suggested that pioglitazone directly increases nitric
oxide release from endothelial cells expressing PPAR?Y
messenger RNA [28]. Pioglitazone also acts directly on
vascular smooth muscle cells to attenuate vasoconstriction
by inhibiting L-type calcium channels [30]. Recent findings
have suggested that insulin resistance in the blood vessels is
characterized by both activation of mitogen-activated protein
kinase signaling and inhibition of phosphoinositol 3 kinase,
whereas it has been shown that pioglitazone inhibits
mitogen-activated protein kinase activation and enhances
the phosphoinositol 3 kinase pathway [29]. Pioglitazone also
has various other vascular effects because it inhibits arterial
expression of connective tissue growth factor [31], increases
neoangiogenesis [32], reduces vascular wall elastocalcinosis
[33], increases superoxide dismutase activity [34], and
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suppresses the growth of vascular smooth muscle cells
[35.,36].

Even with optimal control of hypertension, dyslipidemia,
and other conventional cardiovascular risk factors, patients
with type 2 diabetes mellitus still display an excess risk of
macrovascular disease compared with patients who do not
have diabetes. Therefore, new approaches are needed to
further reduce the occurrence of cardiovascular events in
patients with type 2 diabetes mellitus. Our present findings
suggest that long-term pioglitazone therapy could be useful
for preventing macrovascular complications due to both the
direct vascular effects of this agent and its influence on
glucose and lipid metabolism.
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