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Abstract. Pioglitazone is an insulin-sensitizing agent that has been reported to have anti-arteriosclerotic effects. The aim
of this study was to obtain a better understanding of the mechanism involved in the insulin sensitizing effect of pioglitazone.
A total of 50 newly diagnosed patients with type 2 diabetes were enrolled in this study and divided into two groups, 25 of
who were treated with 15 mg/day pioglitazone and 25 with 500 mg/day metformin for 12 weeks. Changes in various
parameters of insulin resistance including lipoprotein subclass according to particle size determined by high performance
liquid chromatography, as well as glucose metabolism, were monitored to determine the relationship between lipoprotein
subclass and other insulin resistance parameters. Both pioglitazone and metformin treatment were associated with
significant reductions in hyperglycemia, HOMA-IR and HbA I¢ levels. Pioglitazone treatment, but not metformin treatment
resulted in significant reductions in serum large very low-density lipoprotein (VLDL: 44.5-64.0 nm) and increases in serum
adiponectin levels (both <0.001). In the pioglitazone group, the change in large VLDL levels correlated positively with
changes in HbAlc (r=0.468, P=0.0174), HOMA-IR (»=0.593, P=0.0014), very small LDL (»=0.714, P<0.0001) and net
electronegative charged modified-LDL (r=0.412, P=0.0399), and inversely with changes in adiponectin level (r=-0.526,
P=0.0061). The results in this study suggest that the hypoglycemic effect of pioglitazone is achieved mainly through
improvement of hepatic insulin resistance, and that pioglitazone may have an antiatherosclerotic effect by decreasing
serum atherogenic modified-LDL and by increasing adiponectin.
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TYPE 2 DIABETES MELLITUS (T2DM) is gener-
ally characterized by a combination of defective pan-
creatic insulin secretion and insulin resistance [1].
Insulin resistance affects skeletal muscle, adipose tis-
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sue and liver, and is associated with clustering of car-
diovascular risk factors. Therefore, current objectives
of treatment for T2DM include not only normalization
of hyperglycemia, but also reduction of hypertension
and correction of dyslipidemia both of which contrib-
ute to an increased risk for coronary heart disease [2,
3]. A reduction in insulin resistance may confer ben-
eficial changes in additional components of the insulin
resistance syndrome, independent of improvements in
glucose metabolism [4]. Therefore, oral antihypergly-
cemic medication (OAM) therapies that target elevat-
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ed insulin resistance are a rational treatment strategy
for also improving cardiovascular risk profile.

Several classes of OAMs are available for the treat-
ment of T2DM and include sulfonylusureas (SU), gli-
tinides, biguanides, a-glucosidase inhibitors and thi-
azolidinediones (TZDs). Pioglitazone, a TZD, is a
selective nuclear peroxisome proliferator-activated
receptor-y (PPAR-y) agonist, and has been shown to
improve blood glucose and plasma lipoprotein profiles
by modulating the transcription of genes that play key
roles in carbohydrate and lipid metabolism. There is
a large volume of literature that pioglitazone also im-
proves endothelial dysfunction and other inflamma-
tory conditions in the vasculature when given either as
monotherapy or in combination with metformin or SU
therapy [4-14].

To better understand the mechanism of the insulin
sensitizing action of pioglitazone, we compared the
effect of pioglitazone and metformin on glucose me-
tabolism and various parameters of insulin resistance
including abdominal fat distribution, adipokines, in-
flammatory factors and lipoprotein subclass according
to particle size in newly diagnosed Japanese patients
with T2DM. This study was designed to compare the
efficacy of standard-dose pioglitazone (15 mg/day) or
metformin (500 mg/day).

Material and Methods

Patients and research design

The study was conducted in accordance with the
Declaration of Helsinki and the protocol was approved
by the regional Ethical Committee of each hospital.
All the patients gave their informed consent prior to
enrollment in the study. A total of 50 newly diagnosed
patients with T2DM (25 men and 25 women; age 54.0
+ 5.2 years [mean + SD]) who were treated with ei-
ther dietary therapy alone (n=44) or a stable-dose of
glimepiride (1 or 2 mg/day, n=6), were recruited from
the outpatient clinics of Yamashiro Public Hospital,
Osaka General Hospital of the West Japan Railway
Company and Kyoto Prefectural University Hospital.
The exclusion criteria were as follows: (i) a serum cre-
atinine concentration =106 pmol/L; (ii) chronic liver
disease or a clinical history and/or signs of cardiovas-
cular, cerebrovascular or peripheral arterial disease;
(iii) heavy smoking or drinking; and (iv) use of any di-
etary and/or antioxidant supplements in the 3 months
preceding the study. None of the patients had microal-

Nakano et al.

buminuria or diabetic retinopathy or had received oth-
er hypoglycemic drugs such as glucosidase inhibitors,
biguanides, thiazolidinediones and/or insulin in the 3
months preceding the study.

The study was a randomized, open-labeled, par-
allel-comparator design of 12 weeks of duration.
Twenty-five patients were treated with 15 mg/day pi-
oglitazone (Pio-group) and 25 patients were treated
with 500 mg/day metformin (Met-group). The age,
sex ratio and duration of diabetes in the two groups
are shown in Table 1. In the Pio-group, 6 patients
(24%) were receiving a stable-dose of antihyperten-
sive medication and 4 patients (16%) were receiving
a low-dose of lipid-lowering medication. In the Met-
group, 5 patients (20%) were receiving a stable-dose
of antihypertensive medication and 4 patients (16%)
were receiving a low-dose of lipid-lowering medica-
tion. No changes were made to these antihypertensive
and lipid-lowering therapies during the study. All the
patients were asked to adhere to a dietary plan tailored
to their energy requirements and metabolic control.
The dietary plans were formulated by a registered di-
etitian and/or a medical doctor using the current Japan
Diabetes Society recommendations (JDSR) and were
maintained throughout the study.

Biochemical analyses and measurement of abdominal
adipose tissue

Blood samples were obtained in the morning after
an overnight fast. Plasma glucose was measured by the
glucose oxidase method, HbAlc by high performance
liquid chromatography (HPLC: Arkray Inc., Kyoto,
Japan) and serum insulin (immunoreactive insulin:
IRI) concentration by an immunoradiometric assay
(Insulin-RIAbead II, Abbott, Japan). The homeostasis
model assessment index of insulin resistance (HOMA-
IR) was calculated from fasting insulin and glucose
levels by the following equation: HOMA-IR = fasting
IRI (mU/mL) % fasting PG (mg/dL) / 405). Serum to-
tal cholesterol (T-Ch), high-density lipoprotein choles-
terol (HDL-Ch), low-density lipoprotein cholesterol
(LDL-Ch), free fatty acid (FFA) and triglyceride (TG)
were measured by enzymatic methods using a chemi-
cal autoanalyzer (Hitachi Co., Tokyo, Japan).

Serum lipoproteins were also analyzed by an gel-
permeation HPLC system according to the proce-
dure described by Okazaki et al. [15], while lipopro-
tein particle size was determined based on individual
elution times that corresponded to peaks on the chro-



Table 1. Baseline clinical profiles and changes in glycemic and lipid parameters and body mass index in each study group
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Pioglitazone group (n=25)

Metformin group (n=25)
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Baseline After 12 weeks Baseline After 12 weeks
Age (yrs) 529453 - 53.2+5.1 -
Sex (n; male / female) 15/10 - 15/10 -
Duration of diabetes (months) 11.6£3.3 - 11.3+3.8 -
Body mass index (kg/m’) 24.1+3.1 24.7+3.0 24.0+3.3 233+3.1
Systolic blood pressure (mmHg) 13116 127+ 16 130+ 17 128 £ 13
Diastolic blood pressure (mmHg) 80+ 11 78 £ 10 81+9 78 £ 10
HbAlc (%) 7.3+£0.7 6.8+0.6* 72+0.6 6.8+0.5*
Fasting plasma glucose (mmol/L) 7.23 +0.41 6.89+0.44 " 7.21+£0.47 6.85+0.46 "
Fasting serum insulin (mU/L) 8.0+3.0 73+3.1* 79+3.6 7.6+3.2
HOMA-IR 2.57+1.21 226+ 1.147 2.58+£1.18 234+1.16 %
Total cholesterol (mmol/L) 5.51+£0.52 5.50+£0.53 5.48 £0.49 5.42+0.40
HDL cholesterol (mmol/L) 1.36 £0.18 1.39+0.21 1.36+0.15 1.38+0.18
LDL cholesterol (mmol/L) 3.16 £ 0.88 3.14+0.93 3.11+0.91 3.09+0.99
Triglyceride (mmol/L) 2.10+0.94 1.89+£1.08 2.05+1.02 1.99 £ 0.99
Free fatty acids (mEq/L) 0.70 £ 0.29 0.60 +0.30 0.67 +0.26 0.62 +0.29
Electronegative charge-modified LDL (ecd”) 54+3.6 35£29%* 5.5+3.7 3.8£3.6%

Data are the mean + SD. * P<0.05 vs. baseline. "P<0.01 vs. baseline. “electronegative charge density.

matographic pattern of cholesterol fractions. In this
study, we defined 3 VLDL, 4 LDL and 5 HDL sub-
classes according to lipoprotein particle size, expressed
as diameter [16].

The net electronegative charge modified-LDL
(emLDL) was analyzed using an agarose gel elec-
trophoresis lipoprotein fraction system, according to
the manufacturer’s instructions (Chol/Trig Combo
System™; Helena Labs, Saitama, Japan). The per-
centage frequency of emLDL was calculated on a
computer from the migration distance (b) of the LDL
fraction in the test samples and the migration distance
(a) of normal control sera according to the following
formula: emLDL density = [b —a/a] x 100%.

The serum levels of leptin were measured by a ra-
dioimmunoassay (Linco Research Inc., St Charles,
MO, USA) and serum levels of extracellular-superox-
ide dismutase (EC-SOD), resistin and brain-derived
neurotrophic factor (BDNF) by enzyme-linked immu-
nosorbent assays (ELISAs), as described in our previ-
ous reports [17-19]. ELISA methods were also used
to measure the serum levels of adiponectin (Otsuka
Pharmaceutical, Tokyo, Japan), Tumor necrosis
factor-o. (TNF-a; R&D Systems INC., Minneapolis,
MN, USA) and high-sensitivity C-reactive protein
(hsCRP; Angiopharma, O’Fallon, MO, USA).

The intra-abdominal visceral and subcutaneous fat
areas were determined at the umbilical level by a com-

puted tomography (CT) scanning technique (TSX-
012A, X-Vigor, Toshiba Co. Ltd., Tokyo, Japan) using
a method described previously [20].

Statistical analysis

All statistical analyses were performed using
Statview version 5.0 (Abacus Concepts, Berkeley,
CA, USA), with data expressed as the means = SD.
Data not distributed normally were logarithmical-
ly transformed for analysis. The baseline data of the
two groups were compared using Student’s unpaired
t-tests. Within-treatment comparisons of the mean
changes in variables from baseline to week 16 were
performed using paired ¢-tests and the mean chang-
es in variables between the two groups compared us-
ing the analysis of covariance (ANCOVA) test with
adjustment for baseline values. The degree of corre-
lation between selected variables was determined by
Spearman’s correlation analysis. A P value <0.05 was
considered statistically significant.

Results

Baseline characteristics

The baseline clinical characteristics and laborato-
ry data of the patients with T2DM who completed the
study are shown in Table 1, 2 and 3. All the variables
examined were similar in the two groups.
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Table 2. Changes in body fat distribution, adipokines and inflammatory parameters in each study group

Pioglitazone group (n=25) Metformin group (n=25)

Baseline After 12 weeks Baseline After 12 weeks
Visceral fat area (cm®) 106.5+£35.2 97.3+343 110.2+30.3 109.1 £26.6
Subcututaneous fat area (cm’) 127.8 £54.0 135.8 £58.1 128.4+£433 126.5 £36.6
V /S ratio 0.92 +0.39 0.80 £ 0.26 * 0.95+0.52 0.93+0.41
Adiponectin (ug/mL) 55£1.5 8.1+22M 56+1.7 6.0£2.0
Leptin (ng/mL) 32+1.6 35+19 3.1+£2.0 33+1.8
Resistin (ng/mL) 7.7+32 73+4.1 7.5+3.5 73+3.7
Tumor necrosis factor-o (pg/mL) 32+07 27+1.0% 3.1+09 29+1.1
Brain-derived neurotrophic factor (ng/mL) 16.3£6.1 17.8+7.7 159+5.7 16.7+59
High-sensitivity C-reactive protein ( ng/mL) 662 + 378 648 + 404 654 + 359 639 + 385
Extracellular-superoxide dismutase (ng/mL) 71.0+7.5 74.7+6.9 71.5+55 73.5+7.1

Data are the mean + SD. * P<0.05 vs. baseline. "P<0.001 vs.

baseline. *P<0.01 vs. metformin group.

Table 3. Changes in the cholesterol concentration of each lipoprotein subclass, according to particle size in each study group

Pioglitazone group (n=25) Metformin group (n=25)
Baseline After 12 weeks Baseline After 12 weeks

VLDL (mg/dL):

large (44.5-64.0 nm) 57+1.2 42+ 1.1%° 58+1.2 51+1.4

medium (36.8 nm) 11.1£23 11.4+23 11.5+3.1 11.1£29

small (31.3 nm) 9.7+22 9.8+2.3 93+3.0 9.6+2.7
LDL (mg/dL)

large (28.6 nm) 28.0+5.6 28.1+53 272+5.0 269+5.5

medium (25.5 nm) 453+74 46.0+7.5 462+ 7.4 46.0+7.1

small (23.0 nm) 356+£59 352455 355+42 359+4.9

very small (16.7-20.7 nm) 18.7+3.5 163+3.8F 19.0+4.2 17.2+3.8 %
HDL (mg/dL)

very large (13.5-15.0 nm) 45+1.0 4.8+0.9 43+13 44+0.9

large (12.1 nm) 14.1+2.1 150+2.5 14.1+22 14.6+2.9

medium (10.9 nm) 16.9+2.7 17.3+2.9 16.3+3.9 16.4+4.1

small (9.8 nm) 120+2.2 12.1+2.1 11.9+2.2 12.0+2.0

very small (7.6-8.8 nm) 52+1.0 54+1.0 53+14 544+1.1

Data are the mean + SD. * P<0.05 vs. baseline. 'P<0.01 vs. baseline. *P<0.001 vs. baseline. *P<0.05 vs. metformin group.

Changes in BMI, indices of glucose control, lipid
parameters and blood pressure

After 12 weeks, BMI was increased in the Pio-
group and decreased in the Met-group. However, the
differences from baseline values were not statistical-
ly significant in either group. Systolic blood pressure
(sBP) and diastolic blood pressure (dBP) were de-
creased in both groups at the end of the study (i.e. af-
ter 12 weeks), although this difference from baseline
was not statistically significant in either group. There
was no significant difference in BMI, sBP or dBP be-
tween the two treatment groups at the end of the study.

After 12 weeks, HbAlc decreased significant-
ly compared to baseline levels in both the Pio-group
(-0.5%, P<0.05) and the Met-group (-0.4 %, P<0.05).

Similarly, the mean fasting plasma glucose (FPG) lev-
els were decreased significantly from baseline in the
Pio-group (-0.34 mmol/L, P<0.01) and the Met-group
(-0.36 mmol/L, P<0.01). In the Pio-group, mean fast-
ing serum insulin (FSI) level was reduced significant-
ly reduced at week 12 by -0.7 mU/L from the baseline
value of 8.0 mU/L (P<0.05). The FSI level was also
decreased in the Met-group, although the difference
from baseline was not statistically significant. After
12 weeks, the mean HOMA-IR level was reduced sig-
nificantly from baseline in both the Pio-group (-0.31,
P<0.01) and the Met-group (-0.24, P<0.05). At the
end of the study, there were no statistically significant
differences in HbAlc, FPG, FSI and HOMA-IR be-
tween the two groups.
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There were no statistically significant changes
in T-Ch, HDL-Ch, LDL-Ch, TG and FFA in either
group. However, both treatment groups had a statis-
tically significant reduction from baseline in emLDL
(P<0.05 for both groups). There was no significantly
difference in T-Ch, HDL-Ch, LDL-Ch, TG, FFA and
emLDL between the two groups at the end of study.

Changes of body fat distribution, adipokines and
inflammatory parameters

In the Pio-group, visceral fat area (VFA) tended
to decrease (107 + 35 to 97 + 33 cm’, P=0.0583) and
subcutaneous fat areas (SFA) tended to increase (128
+ 54 to 136 + 358 cm’, P=0.1352). This resulted in
the VFA/SFA ratio decreasing significantly (0.92 +
0.39 t0 0.80 = 0.26, P=0.0391). In contrast, VFA, SFA
and VFA/SFA ratio did not change in the Met-group.
Despite this latter finding, there was no significant dif-
ference in VFA, SFA and VFA/SFA ratio between the
two groups at the end of the study.

After 12 weeks, serum adiponectin level was in-
creased significantly (5.5 £ 1.5 to 7.9 £ 2.2, P<0.001)
in the Pio-group, but remained unchanged in the Met-
group. As a result, at the end of the study, mean se-
rum adiponectin level in the Pio-group was signifi-
cantly higher than in the Met-group (8.1 £ 2.2 vs. 6.0
+ 2.0 pg/mL, P<0.01). Although serum EC-SOD lev-
el tended to increase (71.0 = 7.4 to 74.7 + 6.9 ng/mL,
P=0.1137) and serum TNF-q, level tended to decrease
(3.2 + 0.7 to 2.8 £ 1.0 ng/mL, P=0.1096) in the Pio-
group, there were no statistically significant changes
in leptin, resistin, BDNF or hsCRP in either group.

Changes of lipoprotein subclasses according to
particle size

The changes in the cholesterol concentration of
each lipoprotein subclass determined by particle size
are summarized in Table 3. Large VLDL (44.5-64.0
nm) levels were decreased significantly compared
with baseline in the Pio-group (5.7 £ 1.2 to 4.2 £ 1.1
mg/dL, P<0.001). In the Met-group, large VLDL lev-
els tended to decrease compared with baseline, al-
though the difference did not reach statistical signifi-
cance (-0.7 mg/dL, P=0.093). At the end of the study,
the mean large VLDL level in the Pio-group was sig-
nificantly lower than in the Met-group (4.2 = 1.1 vs. 5.1
+ 1.4 mg/dL, P<0.05). In the Pio-group, very small
LDL levels decreased significantly compared with
baseline (18.7 £ 3.5 to 16.3 + 3.8 mg/dL, P<0.01). In

the Met-group, very small LDL levels tended to de-
crease compared with baseline, although the differ-
ence did not reach statistical significance (-1.4 mg/dL,
P=0.089). There was no significant difference in very
small LDL levels between the two groups at the end of
the study. No significant changes from baseline levels
were observed in any of the other lipoprotein subclass
in either group.

Relationships between the changes in variables in
the Pio-group

In the Pio-group, the change in large VLDL levels
showed significant positive correlations with chang-
es in HbAlc (=0.468, P=0.0174: Fig.1-A), HOMA-
IR (r=0.593, P=0.0014: Fig.1-B), very small LDL
(=0.714, P<0.0001; Fig. 1-C) and emLDL (r=0.412,
P=0.0399: Fig.1-D), and a significant inverse correla-
tion with changes in adiponectin (+=-0.526, P=0.0061:
Fig.1-F). The change in large VLDL levels also cor-
related positively with changes in V/S ratio (=0.293,
P=0.1565: Fig.1-E) and TNF-a (+=0.321, P=0.1189:
Fig.1-G, and correlated negatively with changes in
EC-SOD (r=0.330, P=0.1075: Fig.1-H) although these
relationships did not reach statistical significance.

Discussion

The primary aim of this study was to investigate the
effects of pioglitazone therapy on lipid metabolism,
given that the key component of the insulin resistance
is dyslipidemia. The noteworthy finding of this study
was that serum levels of both large VLDL ((44.5-64.0
nm), corresponding to VLDL1 (Sf 60-400), and very
small LDL (7.6-8.8 nm) were reduced significantly by
a 12-week course of standard-dose (15 mg/day) pio-
glitazone therapy. However, serum levels of conven-
tional lipids and/or lipoproteins remained unchanged.
This finding essentially agrees with the report of Deeg
et al. [21] who used proton nuclear magnetic reso-
nance analysis to show pioglitazone treatment, but not
rogiglitazone, caused a significant decrease in both
large VLDL and small LDL. In addition, we demon-
strated that the changes in large VLDL levels associ-
ated with pioglitazone therapy correlated positively
with changes in HbAlc, HOMA-IR, very small LDL
and emLDL, and correlated negatively with change in
adiponectin. An increased serum level of large VLDL
(VLDL1) is a common characteristic of the dyslipi-
demia associated with insulin resistance and T2DM
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Fig. 1. The correlation between changes in serum large VLDL and (A) HbAlc, (B) HOMA-IR, (C) very small LDL, (D) emLDL, (E)
V/S ratio, (F) adiponectin, (G) TNF-qa, and (H) EC-SOD after 12-week treatment of standard-dose (15 mg/day) pioglitazone.

[22-24]. Griffin and Packard [25, 26] demonstrated
that large VLDL1 is a precursor of small dense LDL,
and that it is produced preferentially in the liver dur-
ing development of insulin resistance. Adiels et al.
reported that overproduction of large VLDL particles
is driven by increased liver fat content [27] and that
acute suppression of VLDLI1 secretion by insulin is
associated with hepatic fat content and insulin resis-
tance [28]. Taken together these previous data and the
findings of present study that pioglitazone ameliorates
hepatic insulin resistance.

AMP-activated protein kinase (AMPK) is consid-
ered as the master switch that regulates glucose and
lipid metabolism. It has been reported that both met-
formin [29] and pioglitazone [30] activate AMPK.
Yamauchi et al. also reported that adiponectin acti-
vates AMPK, thereby directly regulating glucose and
lipid metabolism [31]. In this study, we demonstrated
pioglitazone therapy, but not metformin therapy, in-
creased serum adiponectin levels significantly levels
and that this change correlated negatively with chang-
es in large VLDL levels. These results therefore sug-
gest that the decrease in serum large VLDL particles
caused by pioglitazone therapy was, in part, mediated
by an increase in adiponectin synthesis.

In this study, we demonstrated also that the chang-
es in large VLDL levels associated with pioglitazone
therapy correlated positively with changes in V/S ra-
tio, TNF-a, and correlated negatively with changes in
EC-SOD, although these relationships did not reach
statistical significance. It is well known that these pa-
rameters were associated with systemic vascular insu-
lin resistance.

In summary, the major results in this study are as
follows: 1) A 12-week course of standard-dose pio-
glitazone therapy decreased serum large VLDL, very
small LDL, and emLDL; 2) In agreement with nu-
merous previously published results, this therapy was
shown to decrease HbAlc, FPG, HOMA-IR and V/
S ratio and increase serum adiponectin; 3) The change
we observed in large VLDL correlated positively with
changes in HbAlc, HOMA-IR, vary small LDL, em-
LDL, V/S ratio and TNF-q, and correlated negatively
with change in adiponectin and EC-SOD. The results
of this study suggest that the hypoglycemic effect of
pioglitazone is achieved mainly through improvement
of hepatic insulin resistance, and that pioglitazone
have an antiatherosclerotic effect by decreasing serum
atherogenic modified-LDL and increasing adiponectin.
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