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Abstract Aims/hypothesis: Insulin resistance is thought
to be central to the pathogenesis of diabetic dyslipidaemia.
We hypothesised that improving insulin sensitivity would
improve fasting and postprandial triglyceride metabolism
in patients with type 2 diabetes. To this aim we studied
fasting and postprandial lipaemia in type 2 diabetic patients
before and after sensitisation to insulin with pioglitazone,
compared with that observed in patients on an insulin-
providing regime. Methods: In a double-blind placebo-con-
trolled protocol, 22 patients with type 2 diabetes were
randomly allocated to receive either pioglitazone (45 mg/day)
or glibenclamide (5 mg/day), for a 20-week period. Fasting
and postprandial lipid metabolism were investigated at
baseline and at the end of the treatment period. A group of
non-diabetic subjects was also studied. Results: Compared
with glibenclamide treatment, pioglitazone treatment de-

creased fasting triglyceride, glucose and insulin levels and the
homeostasis model assessment score of insulin resistance.
Decreased fasting triglyceride after pioglitazone treatment
was due to reduced VLDL triglyceride, particularly VLDL-2.
Lipoprotein lipase activity was unchanged by pioglitazone
treatment but hepatic lipase showed a significant decrease.
Pioglitazone treatment lowered total postprandial triglycer-
ide, as well as chylomicron- and chylomicron-remnant reti-
nyl palmitate levels to normal. Glucose disposal improved
but remained abnormal. Conclusions/interpretation: Insulin
sensitisation with pioglitazone has major effects in restoring
postprandial lipaemia to normal, while also correcting fasting
hypertriglyceridaemia; both factors may have consequences
for atherogenic risk in diabetes.
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Introduction

Dyslipidaemia is common in type 2 diabetes and con-
tributes to an increased risk of atherosclerosis-related
disease. It is characterised by fasting hypertriglyceridaemia,
low HDL cholesterol, the accumulation of triglyceride-rich
remnant particles and a shift in the size distribution of LDL
to a preponderance of smaller, denser particles [1–3].
Abnormal postprandial lipid metabolism is also an
important feature of diabetic dyslipidaemia and contributes
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to the qualitative and quantitative lipid and lipoprotein
abnormalities observed in the fasting state [4–6].

In insulin resistance, postprandial VLDL secretion is not
suppressed. As a result, VLDL competes with the alimen-
tary lipoproteins for the available lipoprotein lipase (LPL)
activity needed to produce remnant particles destined for
hepatic uptake along with intermediate-density lipoprotein,
the precursor of LDL [7]. Along with prolonged lipaemia,
abnormal lipid exchange mediated by specific transfer
proteins leads to formation of triglyceride-rich LDL and
HDL [8]. These are substrates for hepatic lipase, the activi-
ty of which is increased in insulin resistance and generates
atherogenic small dense LDL and HDL species that, to-
gether with prolonged postprandial lipaemia itself, have
been shown to be cardiovascular disease risk factors [9, 10].

Insulin resistance is thought to be central to the
pathogenesis of diabetic dyslipidaemia. We hypothesised
that improving insulin sensitivity would improve fasting
and postprandial triglyceride metabolism in patients with
type 2 diabetes. We studied the effect of a thiazolidinedione
(TZD), pioglitazone, on fasting triglyceride concentrations,
postprandial lipaemia and glucose metabolism in patients
with type 2 diabetes. The TZDs are a novel class of drug
that act by making peripheral tissues more responsive to
insulin [11, 12]. They are agonists for the peroxisome
proliferator-activated receptor (PPAR)-γ, one of a family
of nuclear receptors concerned with metabolic fuel selec-
tion and storage [13]. We incorporated a control patient
group randomised to receive insulin-providing therapy
with glibenclamide, which does not to affect insulin
resistance or postprandial lipid metabolism [14, 15]. This
was administered at a low dose in order to achieve
glycaemic control similar to that of the pioglitazone group,
as assessed by HbA1c. We also studied a group of non-
diabetic subjects with the aim of assessing to what extent
TZD treatment restored lipid and lipoprotein metabolism to
normal.

Subjects and methods

Subjects

Twenty-two patients with type 2 diabetes and previously
identified as moderately hypertriglyceridaemic (triglycer-
ide >1.7 mmol/l but <5 mmol/l) with an HbA1c <8.5%
achieved with sub-maximum doses of single oral hypogly-
caemic agents were recruited from the diabetic clinic at the
Middlesex Hospital London. No patients had prior treat-
ment with TZD or were receiving lipid-lowering therapy.
Subjects with abnormal hepatic function, abnormal renal
function or other conditions known to affect lipid metab-
olism, or who consumed excessive amounts of alcohol,
were excluded from the study. Female diabetic subjects
were postmenopausal and none was taking hormonal
therapy. Ten healthy controls were also recruited, none of
whom was taking medication or had any family history of
type 2 diabetes.

Study design

Current oral hypoglycaemic therapy was withdrawn for
4 weeks, during which time all subjects took matching
placebo tablets for pioglitazone and glibenclamide. During
this time advice on diet and lifestyle measures was
reinforced. At the completion of this stabilisation phase
(baseline) patients received a test meal and post-heparin
plasma was obtained for measurement of hepatic and LPL
activities. Patients were randomised to receive either
pioglitazone (45 mg) or glibenclamide (5 mg) in a
double-blind placebo-controlled protocol designed to
maintain glycaemic control at the baseline level for
20 weeks. Subjects were monitored regularly for glycaemic
control. At the completion of the treatment period, lipase
activities were measured and subjects received another test
meal identical to the first. Control individuals received no
treatment prior to the test meal. The local ethics committee
approved the study and all subjects gave fully informed
written consent for the study, which was undertaken in
accordance with the Declaration of Helsinki.

Test meal

After a 14 h fast, patients and control subjects were given a
standard mixed meal with a high fat content consisting of
110 g fat (polyunsaturated : saturated fat ratio=0.4), 46 g
protein, 70 g complex carbohydrate and 0.74 g cholesterol
served as scrambled egg made with double cream, a whole-
meal bread cheese sandwich and a milkshake prepared with
double cream. The meal was given at 08:00 hours following
a fasting blood sample and was consumed within 15 min.
Retinyl palmitate (RP) (300,000 IU) (Arovit, Roche UK
Ltd) was blended into the milkshake to label intestinally
derived lipoproteins. Postprandial metabolism was mon-
itored for 8 h. No smoking was allowed during the test but
the subjects were permitted water freely. Blood samples
were collected from an indwelling catheter every 30 min for
the first 2 h and then hourly for 6 h. Postprandial excursions
of triglyceride, glucose and RPwere assessed by integration
of the incremental responses to give the AUC.

Isolation of total VLDL, VLDL-1, VLDL-2,
intermediate-density lipoprotein and LDL

Total VLDL was isolated from plasma by flotation.
Samples were overlaid with saline and centrifuged for
30 min at 417,000 gav at 16°C using a high-speed
ultracentrifuge (TLA-110 rotor Optima MAX; Beckman
Coulter (UK) Ltd, High Wycombe, UK) [16–18]. Total
VLDL was aspirated from the saline layer and the density
adjusted to 1.13 g/ml with a salt solution (ρ=1.0852 g/ml)
and overlaid with saline. Samples were centrifuged for
10 min at 417,000 gav at 16°C. VLDL-1 (Svedberg
flotation rate [Sf] 60–400) migrated into the saline layer and
was aspirated. The remaining sample was overlaid with
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saline and centrifuged for 40 min at 417,000 gav at 16°C
and VLDL-2 (Sf 20–60) harvested from the saline layer.
Intermediate-density lipoproteins (ρ=1.019) and LDL
(ρ=1.063) were isolated from the plasma infranatant
remaining after removal of total VLDL by sequential
isopycnic centrifugation [19].

Isolation of chylomicrons and chylomicron remnants

Intact chylomicrons (Sf>400) were separated by flotation.
Plasma was overlaid with saline and centrifuged for 7 min
at 417,000 gav at 16°C. Intact chylomicrons were collected
from the saline layer and stored in the dark at −85°C for RP
assay. Chylomicron-remnant-containing fractions (Sf 20–
400) were prepared from the infranatant by overlaying with
saline and centrifugation at 417,000 gav at 16°C for 30 min.
Chylomicron remnants in the saline layer were aspirated
and stored in the dark at −85°C for assay of RP.

Measurement of HDL

Plasma was centrifuged at 200,000 gav at 16°C for 45 min
to remove triglyceride-rich lipoproteins. HDL in the
infranatant was determined by the polyethylene glycol
technique (Quantolip HDL; Technoclone, UK) [20].

Measurement of RP

RP in chylomicron and chylomicron remnants was ex-
tracted with chloroform/methanol using retinyl acetate as
internal standard [21]. Isocratic HPLC chromatography
was carried out with a 3-μ octadecyl reversed phase column
(Phenomenex, UK) using methanol as eluent. RP was
detected in the effluent at 580 nm and the concentration
calculated by comparison of the peak heights of the
recovered internal standard and those of a standard solution
containing retinyl acetate and RP.

Cholesterol, glucose, triglyceride and NEFA
determinations

Cholesterol, glucose, triglyceride and NEFAmeasurements
were made using spectrophotometric reagent kits (choles-
terol, triglyceride and glucose: Sigma Infinity reagents,
Sigma Chemical Company, Poole, Dorset, UK; NEFA:
Roche Diagnostics, Lewes, East Sussex, UK).

Assay of plasma lecithin:cholesterol acyl transferase
(LCAT) and cholesteryl ester transfer protein (CETP)
activities

LCAT and CETP activities in the fasting and postprandial
state were measured as described previously [22]. In brief,
LCATactivity was measured as the decrease in plasma-free

cholesterol determined hourly over 3 h while CETP activity
was measured, under conditions where LCAT was in-
hibited, as the decrease in the cholesteryl ester content of
HDL over 3 h.

Determinations of phospholipid transfer protein
activity (PLTP)

PLTP activity was measured in plasma as the transfer of
radiolabelled phosphatidylcholine from [14C]phosphatidyl-
choline liposomes to an excess of exogenous human HDL3

[23].

Preparation of post-heparin plasma and assay
of hepatic and LPL activities

Post-heparin plasm for assay of hepatic and LPL was
prepared 1 week prior to each test meal. Subjects received
an injection of 60 kU/kg heparin i.v. After 15 min, venous
blood was sampled and post-heparin plasma prepared by
centrifugation; aliquots were immediately frozen and
stored at −85°C. Hepatic lipase and LPL activities were
measured by a radiometric technique involving the cleav-
age of [3H]oleic acid from [3H]tri-oleoyl glycerol [24].

Homeostasis model assessment score of insulin
resistance and the atherogenic index of plasma (AIP)

The homeostasis model assessment (HOMA) estimate of
insulin resistance was calculated from fasting plasma
glucose (FPG) and insulin levels [25]. The AIP is a novel
index that correlates well with the presence of small dense
LDL particles in the plasma; it was calculated from the
formula AIP=log10([triglyceride]/[HDL cholesterol]), in
which both triglyceride and HDL cholesterol are expressed
as mmol/l [26].

Statistical methodology

The significance of the effects of the treatment was
obtained by paired t-test analyses. Differences between
control subjects and the patients before and after each
treatment were assessed by ANOVA with Bonferroni
correction. Correlations were obtained by linear regression.
Triglyceride data were log10 transformed before statistical
analyses [27]. Analyses were made using SPSS and the
level of statistical significance was set to p≤0.05.

Results

Subjects

Patient groups were well-matched at baseline (Table 1). No
statistically significant differences were found between the
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diabetic patients and the control subjects with respect to
weight, BMI and age. Pioglitazone and glibenclamide
treatments maintained similar glycaemic control over the
study period with no significant changes in HbA1c. FPG
was the same in both groups of patients at baseline but
higher than in controls. Pioglitazone treatment caused a
significant reduction in FPG not seen with glibenclamide
treatment. Pioglitazone caused a significant fall in plasma
triglyceride to a level that was not significantly different
from control. No significant changes were observed in
fasting NEFA levels, although there was a trend to a
reduction in the pioglitazone group.

Pioglitazone treatment caused a decrease in fasting
plasma insulin to levels seen in controls. Insulin levels
were increased by glibenclamide treatment. Glibenclamide
treatment caused an increase in the HOMA score, whereas
pioglitazone caused a significant reduction, although it
remained greater than in controls. The group receiving
pioglitazone had a significant reduction in the AIP
(baseline: 0.14; treated: 0.01, p<0.01, paired t-test) that

was not seen in the glibenclamide group (baseline: 0.09;
treated: 0.23, p=0.40).

Fasting plasma lipoprotein profiles

Fasting plasma lipoprotein profiles are shown in Table 2.
Total VLDL cholesterol was similar in the control and the
diabetic patients at baseline and did not change after
treatment with pioglitazone or glibenclamide. However,
total VLDL triglyceride was significantly greater in both
groups of untreated diabetic patients than in the controls.
Pioglitazone treatment significantly reduced total VLDL
triglyceride to a level that no longer differed from that of
controls.

VLDL-1 and VLDL-2 triglyceride concentrations in the
diabetic patients were significantly higher than in controls.
Pioglitazone treatment caused a reduction in both VLDL-1
and VLDL-2 triglyceride, but this achieved statistical
significance only in the smaller VLDL-2 (p<0.04), whereas

Table 1 Demographics and clin-
ical characteristics of the study
groups

Data are means±SEM or me-
dians (95% CIs) except for the
duration of diabetes, which is
given as means (range);
* p<0.05, ANOVA, for differ-
ence between diabetic patients
and control subjects; † p<0.05,
paired t-test, for difference be-
tween baseline and treatment in
pioglitazone-treated group; ‡,
p<0.05 for difference between
baseline and treatment in glib-
enclamide-treated group (paired
t-test)

Type 2 diabetic patients Control subjects

Glibenclamide
group

Pioglitazone
group

Age (years) 58.0±2.6 56.0±3.7 52.4±8.9
Duration of diabetes (years) 2.4 (0.5–4.8) 2.6 (0.5–5.2) –
Sex (M/F) 8/3 8/2 4/6
Smokers 2 3 2
Weight (kg)
Baseline 81.4±2.90 81.0±6.50 72±4.25
Treated 84.7±3.0 81.4±6.4 –
BMI (kg/m2)
Baseline 28.4±2.8 28.2±3.1 24.7±1.5
Treated 30.0±2.7 29.0±3.0 –
HbA1c (%)
Baseline 7.21±0.29 7.38±0.26 –
Treated 7.20±0.14 7.29±0.32 –
Fasting glucose (mmol/l)
Baseline 9.39±0.61* 9.54±0.57* 5.30±0.30
Treated 9.84±0.54* 7.36±0.46† –
Fasting cholesterol (mmol/l)
Baseline 5.02±0.16 5.16±0.15 4.64±0.45
Treated 15±0.22 4.70±0.33 –
Fasting triglyceride (mmol/l)
Baseline 1.05 (1.0, 1.4)* 1.32 (1.0, 2.1)* 0.71(0.6, 1.2)
Treated 1.30 (1.0, 1.6)* 0.89 (0.40, 1.3)† –
Fasting NEFA (μmol/l)
Baseline 444±49 466±61 413±48
Treated 522±62 437±64 –
Fasting insulin (pmol/l)
Baseline 71±9* 80±17* 43±4
Treated 94±13*‡ 58±10† –
HOMA insulin resistance
Baseline 4.0±0.5* 5.1±1.2* –
Treated 6.0±0.8*‡ 3.0±0.5*† 1.5±0.1
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Table 2 Fasting plasma lipoprotein profile of the control subjects studied and of diabetic patients before and after treatment with
pioglitazone or glibenclamide

Type 2 diabetic patients Control subjects

Glibenclamide group Pioglitazone group

Total VLDL cholesterol (mmol/l)
Baseline 0.52 (0.46, 0.98) 0.56 (0.51, 0.65) 0.45 (0.39, 0.64)
Treated 0.58 (0.50, 0.93) 0.41 (0.31, 0.90) –
Triglyceride (mmol/l)
Baseline 0.54 (0.47, 0.88)* 0.67 (0.51, 1.04)* 0.41 (0.29, 0.69)
Treated 0.50 (0.45, 0.87) 0.35 (0.20, 0.85)† –
VLDL-1 cholesterol (mmol/l)
Baseline 0.27 (0.22, 0.52) 0.29 (0.24, 0.36) 0.24 (0.18, 0.41)
Treated 0.18 (0.17, 0.47) 0.15 (0.10, 0.54) –
Triglyceride (mmol/l)
Baseline 0.39 (0.31, 0.62)* 0.47 (0.35, 0.61)* 0.21 (0.16, 0.47)
Treated 0.31 (0.27, 0.63)* 0.24 (0.11, 0.63)* –
VLDL-2 cholesterol (mmol/l)
Baseline 0.27 (0.23, 0.48) 0.29 (0.21, 0.35) 0.23 (0.19, 0.26)
Treated 0.30 (0.25, 0.54) 0.25 (0.19, 0.38) –
Triglyceride (mmol/l)
Baseline 0.17 (0.13, 0.30)* 0.21 (0.13, 0.46)* 0.15 (0.09, 0.25)
Treated 0.18 (0.16, 0.27)* 0.13 (0.08, 0.23)† –
IDL cholesterol (mmol/l)
Baseline 0.83 (0.75, 1.28) 0.94 (0.82, 1.05) 0.57 (0.36, 0.99)
Treated 0.75 (0.57, 1.42) 0.51 (0.43, 1.16) –
LDL cholesterol (mmol/l)
Baseline 1.98 (1.88, 2.50) 2.05 (1.87, 2.38) 2.02 (1.76, 2.31)
Treated 1.56 (1.47, 2.08) 1.70 (1.41, 2.11) –
HDL cholesterol (mmol/l)
Baseline 1.19 (0.99, 1.63)* 1.07 (0.98, 1.27)* 1.31 (1.11, 1.84)
Treated 1.07 (0.95, 1.20)* 0.89 (0.79, 1.16)* –

Data for cholesterol content were normally distributed and are shown as means±SEM; data for triglyceride content were not normally
distributed and are shown as medians (95% CIs)
*p<0.01 (ANOVA) for difference between diabetic patients and control subjects; †p<0.04 (paired t-test) for difference between baseline and
pioglitazone treatment. IDL Intermediate-density lipoprotein

Table 3 The overall postprandial disposal (AUC) of glucose, triglyceride and retinyl palmitate-containing lipoproteins (chylomicron and
chylomicron remnants) in control subjects and type 2 diabetic patients before and after treatment with either pioglitazone or glibenclamide

Type 2 diabetic patients Control subjects

Glibenclamide group Pioglitazone group

Glucose AUC (mmol l−1 8 h−1)
Baseline 65.63±6.91* 76.67±4.08* 40.40±0.90
Treated 75.56±4.72* 61.70±6.17*† –
Triglyceride AUC (mmol l−1 8 h−1)
Baseline 20.78±1.54* 21.11±2.32* 13.54±1.93
Treated 21.50±2.32* 14.18±2.28† –
Chylomicron retinyl palmitate AUC (μmol l−1 8 h−1)
Baseline 21.02±7.51* 18.99±4.05* 12.56±1.29
Treated 22.28±4.96* 8.04±1.34† –
Chylomicron remnant retinyl palmitate AUC (μmol l−1 8 h−1)
Baseline 23.32±3.69* 24.16±6.54* 11.69±2.65
Treated 20.97±3.67* 15.49±1.91 –

Data are means±SEM
*p<0.05 (ANOVA) for difference between diabetic patients and control subjects; † p<0.05 (paired t-test) for difference between baseline and
pioglitazone-treatment in diabetic patients
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the decrease in VLDL-1 triglyceride narrowly failed to
achieve statistical significance (p<0.07). No changes were
observed in the glibenclamide group.

There were no differences in intermediate-density lipo-
protein and LDL cholesterol concentrations at baseline
between diabetic patients and controls and no changes with
either therapy. HDL cholesterol was significantly greater in
the controls compared with the diabetic patients but
treatment with neither drug made any difference.

Postprandial glucose disposal

Overall glucose disposals of the control and diabetic
subjects, both untreated and treated, expressed as AUCs are
given in Table 3. The significant fall in FPG observed after
pioglitazone treatment is reflected in a smaller AUC for

glucose in response to the test meal. Postprandial glucose
excursions exert the greatest influence on haemoglobin
glycation and HbA1c levels were found to correlate with
the postprandial AUCs for glucose both at baseline and
after treatment (pioglitazone: baseline r2=0.41, p<0.01;
treated r2=0.36, p<0.01; glibenclamide: baseline r2=0.44,
p<0.01; treated r2=0.62, p<0.01). There were no significant
relationships with the FPG in either group before or after
treatment.

Postprandial triglyceride disposal

Postprandial plasma triglyceride disposal curves are shown
in Fig. 1. In the controls, plasma triglycerides rose to a peak
of approximately 1 mmol/l above the fasting levels after 4 h
and thereafter declined. Diabetic patients in the untreated

Fig. 1 Effect of the test meal on plasma triglyceride concentrations
in control subjects and type 2 diabetic patients before and after
treatment. a Treatment with pioglitazone; paired t-test analysis of
pioglitazone-treated patients (solid squares) vs the same patients at
baseline (open squares) showed a significant fall in triglyceride
(p<0.02) at all times; data for the untreated diabetic patients were
significantly higher in the later postprandial period than in the
control group (open triangles) or the same patients after pioglitazone

treatment (*p<0.05, ANOVA). b Treatment with glibenclamide; data
for the glibenclamide-treated patients (solid squares) remained
unaltered from the pretreatment levels (open squares) and were
significantly greater that those of control subjects (open triangles) in
the later postprandial period (*p<0.05, ANOVA); paired t-test
analysis of the effect of glibenclamide treatment revealed no significant
differences from baseline at any time. Data are means±SEM

Fig. 2 Postprandial disposal of
retinyl palmitate in intact chylo-
microns from control subjects
(open triangles) and diabetic
patients before (open squares)
and after (solid squares) treat-
ment with pioglitazone (a) or
glibenclamide (b). Data are
means±SEM; *p<0.05, untreated
diabetic patients significantly
greater than after treatment with
pioglitazone (a); * p<0.05, con-
trol subject values significantly
lower than baseline or glibencla-
mide-treated diabetic patients (b)
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state showed the characteristically delayed and exaggerated
postprandial lipaemia associated with type 2 diabetes with
the peak triglyceride reaching approximately 1.8 mmol/l
above the fasting levels after 4–5 h. The effect of treatment
with pioglitazone was to reduce postprandial lipaemia to
levels seen in controls. This reduction was significant at all
time points studied when the data were analysed by paired
t-test, whereas glibenclamide treatment made no difference
to the disposal of triglyceride. The overall disposal (AUC)
of triglyceride is shown in Table 3; it can be seen that
there is a reduction in the triglyceride excursion in the
pioglitazone-treated patients that did not occur in the
glibenclamide-treated group.

RP disposal in chylomicron and chylomicron remnant
fractions

Disposal of chylomicron and chylomicron remnant RP are
shown in Figs. 2 and 3. Pioglitazone treatment had a
marked effect on chylomicron RP disposal, restoring
concentrations to those seen in controls. Glibenclamide
treatment made little quantitative or qualitative difference
to the disposal of chylomicron RP.

Chylomicron remnant RP disposal was exaggerated and
prolonged in both groups of diabetic subjects at baseline
and had not peaked after 8 h. Pioglitazone treatment
restored disposal of chylomicron remnant RP to control
levels. Glibenclamide treatment had no effect.

The AUCs for chylomicron and chylomicron remnant
RP disposal in the diabetic patients at baseline and after
treatment along with those of controls are shown in Table 3.
These data support the findings for triglyceride disposal, in
that overall insulin sensitisation has a beneficial effect on
postprandial lipid disposal in contrast to sulphonylurea
treatment, which showed no effects.

Postprandial plasma NEFA level

During the first 2 h postprandially, plasma NEFA levels fell
due to the insulin-dependent suppression of adipose tissue
lipase activity. In control subjects the lowest point in NEFA
concentrations occurred significantly earlier than in the
untreated diabetic patients (control 1.15±0.17 h, p<0.02,
ANOVA; baseline glibenclamide group 2.68±0.41 h; base-
line pioglitazone group 2.75±0.44 h). Pioglitazone treat-
ment shortened the period before the nadir in NEFA levels

Fig. 3 Postprandial retinyl
palmitate present in chylomi-
cron-remnant-containing
fractions from control subjects
(open triangles) and type 2
diabetic patients before (open
squares) and after (solid
squares) treatment with either
pioglitazone (a) or glibencla-
mide (b). Data are means±SEM;
*p<0.05, untreated patients
significantly greater than after
treatment

Fig. 4 Hepatic lipase (a) and
lipoprotein lipase (b) activities
in post-heparin plasma from
control subjects (open bars) and
type 2 diabetic patients both
before (shaded bars) and after
(black bars) treatment with
either pioglitazone or glibencla-
mide. Lipase activity is ex-
pressed as release of oleic acid
in μmol h−1 ml plasma−1. Data
are means±SEM; * p<0.03
(ANOVA), activity of control
subjects significantly lower than
that of diabetic patients before
or after treatment with gliben-
clamide or pioglitazone;
**p<0.005, paired t-test analysis
before and after treatment with
pioglitazone
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was reached to that of control subjects, from which it no
longer differed significantly (pioglitazone-treated 1.80±
0.41 h; control 1.15±0.17 h, p=NS), whereas glibenclamide
treatment had no effect on the nadir in NEFA concentra-
tions that still occurred significantly later than in control
subjects (glibenclamide-treated 2.31±0.41 h; control 1.15±
0.17 h, p<0.02). However, apart from this qualitative
difference, paired t-test analysis showed no significant
quantitative effects of either pioglitazone or glibenclamide
treatment on fasting and postprandial NEFA when
compared with the untreated diabetic subjects and controls.

Hepatic and LPL activities

Hepatic lipase and LPL activities in post-heparin plasma
from controls and patients before and after treatment with
glibenclamide or pioglitazone are shown in Fig. 4. These
measurements, made in the presence of substrate excess,
reflect the mass of enzyme but not necessarily the activity
in situ. Hepatic lipase activities were higher in both groups
of diabetic patients than in controls (p<0.03, ANOVA).
Pioglitazone treatment caused a small, ≅15%, but highly
significant fall in hepatic lipase activity (p<0.0003) when
analysed by the paired t-test that did not occur in the
glibenclamide-treated patient group (p>0.5). LPL activities
were similar in the control and the diabetic patients,
irrespectively of the treatment regimen employed.

Fasting and postprandial neutral lipid synthesis
and exchange

Cholesteryl ester synthesis by LCAT and its transfer from
HDL by CETP was measured in plasma sampled in the
fasting state and 4 h after the meal. The results are shown in
Table 4, along with the PLTP activity. In the fasting state no
differences were found in the activity of LCAT between the

diabetic patient controls either at the baseline or following
pioglitazone or glibenclamide. The test meal made no impact.

CETP activity increased significantly postprandially but
no significant differences were found between the activity
expressed in control and diabetic patients, whether or not
treated with either pioglitazone or glibenclamide.

PLTP activity was greater in controls than in the diabetic
patients. Four hours after the test meal there was a
significant fall in PLTP activity in controls when compared
with fasting activity. In the baseline state, diabetic patients
also showed a postprandial fall in activity but this did not
achieve statistical significance in either group. Treatment
with pioglitazone re-established the statistical significance
of the postprandial decrease in PLTP activity to the control
situation while glibenclamide treatment had no effect.

Discussion

Previous studies, including our own, pointed to important
correlations between insulin sensitivity and lipid and
lipoprotein metabolism [4, 22]. In this, the first study on
the influence of the TZD pioglitazone on postprandial
metabolism, potentially important changes in glucose, lipid
and lipoprotein metabolism are reported.

The improvement in fasting triglyceride after pioglita-
zone treatment was caused by a significant decrease in the
amount of triglyceride present in VLDL, particularly in the
smaller VLDL-2 species, and although VLDL-1 triglycer-
ide also fell, this did not achieve statistical significance.
Since there were no changes in the cholesterol present in
VLDL, it seems reasonable that improved fasting triglyc-
eride involves a reduction in hepatic triglyceride synthesis
or its integration into apo-B100, both processes being
influenced by insulin [28, 29].

The mechanism for the reduction in hepatic triglyceride
synthesis is thought to involve decreased insulin-dependent
adipose tissue lipolysis that results in a lowering of the

Table 4 Fasting and postprandial lecithin:cholesterol acyl transferase (LCAT), cholesteryl ester transfer protein (CETP) and phospholipid
transfer protein (PLTP) activities in plasma from control subjects and type 2 diabetic patients before and after treatment with either
glibenclamide or pioglitazone

LCAT activity
(μmol cholesterol esterified

h−1 l plasma−1)

CETP activity
(μmol cholesterol ester transferred

h−1 l plasma−1)

PLTP activity
(μmol phospholipid transferred

h−1 l plasma−1)

0 h 4 h 0 h 4 h 0 h 4 h

Control subjects 43.7±3.3 47.6±3.3 8.8±1.1 21.8± 2.8** 1.85± 0.08 1.61± 0.08*
Pioglitazone
Baseline 36.0±3.4 50.7±4.9 6.4±0.9 20.7± 3.0** 1.55± 0.07† 1.44± 0.09
Treated 39.3±4.2 46.8±3.9 9.1±1.5 15.4± 2.3** 1.69± 0.06 1.53± 0.07*
Glibenclamide 1.52± 0.08
Baseline 51.5±4.0 55.2±8.2 10.5±2.9 21.8± 2.9** 1.64± 0.07†
Treated 50.5±4.1 48.8±6.3 6.4±0.9 20.7± 3.0** 1.59± 0.10† 1.51± 0.09

Data are means±SEM
*p<0.01 for decrease in PLTP activity (0 h vs 4 h), paired t-test; ** p<0.002 for increase in CETP activity (0 h vs 4 h), paired t-test; † p<0.05
for difference from control subjects

534



plasma NEFA concentration. This in turn is proposed to
influence the glucose–fatty acid cycle (Randle cycle) by
promoting skeletal muscle glucose oxidation, while simul-
taneously restricting the supply of NEFA to the liver as
substrate for hepatic triglyceride synthesis [30]. However,
given that glycaemic control was maintained at pretreat-
ment levels in this study, and that we found only a trend for
plasma NEFA levels to be reduced by pioglitazone
treatment, other mechanisms for the fall in hepatic
triglyceride synthesis involving the direct action of
pioglitazone on hepatic PPAR-γ cannot be ruled out [31].
Alternatively, a decrease in hepatic triglyceride synthesis
could be indirectly brought about by pioglitazone stimu-
lation of adipocyte PPAR-γ to increase the secretion of
cytokines, such as adiponectin, which then act on the liver
to reduce insulin resistance [32].

In the postprandial state, pioglitazone treatment reduced
both the extent and duration of the triglyceride excursion
following the test meal to levels seen in control subjects.
This was apparently due to a more rapid disposal of
chylomicrons and the chylomicron remnants. We used the
well-established technique of oral RP labelling of chylo-
microns. This method can be criticised because of the
exchange of RP with other triglyceride-rich lipoproteins of
hepatic origin occurring in the late postprandial phase, but
this would not be expected to influence the results of our
studies, which were limited to 8 h [33]. The improvement
in triglyceride and chylomicron metabolism after pioglita-
zone treatment of the patients is likely to be due to a
reduction in insulin resistance effected by PPAR-γ activa-
tion rather than to an overall improvement in mechanisms
directly initiated by insulin, since insulin-providing therapy
with glibenclamide had no effect.

The possible causes that give rise to abnormal postpran-
dial lipaemia include abnormal chylomicron composition
and their secretion into the circulation, and abnormal
processing of intestinal lipoproteins by lipases and lipid
transfer proteins as well as abnormal hepatic uptake of
triglyceride-rich lipoproteins. The synthesis of chylomi-
crons with increased triglyceride content has been reported
in an animal model of insulin resistance and this abnor-
mality is corrected by treatment with TZD [34]. While
normalisation of the composition of chylomicrons after
pioglitazone treatment may provide, in part, an explanation
of our findings of improved triglyceride disposal, other
factors, such as reduced competition between hepatic and
intestinal lipoproteins for lipolytic enzymes and transfer
proteins brought about by reduced VLDL synthesis and
improved uptake of triglyceride-rich lipoprotein remnants,
could also be involved, given that delayed triglyceride
disposal is evident in the later postprandial period.

We found no evidence to support reduced activity of
LPL as a mechanism for the exaggerated triglyceride
excursion seen in type 2 diabetes. Enzyme activity mea-
sured in vitro was present to the same extent as in controls
and was unaffected by insulin sensitisation or glibencla-
mide treatment, which argues against a role of PPAR-γ or a
direct influence of insulin in LPL biosynthesis. However,
LPL activity in vivo is modulated by apolipoproteins C-II

and C-III present on lipoproteins. Apolipoprotein C-III is
an inhibitor of LPL and its absence is known to accelerate
the disposal of dietary lipid [35]. A recent study on the
effect of treatment with pioglitazone in a group of eight
type 2 diabetic patients has shown a decrease in apolipo-
protein C-III levels, although this is not thought to be
mediated through the PPAR-γ receptor [36]. Some influ-
ence of insulin resistance on C-III levels can be inferred
from the finding that its concentration in plasma correlates
strongly with the level of production and concentration of
VLDL triglyceride and also with the HOMA score of
insulin sensitivity [37]. Taking these findings together, it
remains possible that attenuated lipolysis by LPL of
chylomicrons and other triglyceride-rich lipoproteins is
the mechanism that explains delayed disposal of dietary
lipid, even though the LPL activities measured under
optimal conditions were equal in the control subjects and
the diabetic patients regardless of the treatment regime.
Treatment with pioglitazone may have important effects on
the availability of cofactors necessary for LPL activity in
vivo rather than on the enzyme per se.

Hepatic lipase activity is known to be greater in type 2
diabetes [38]. Our results confirm this finding, but we also
report a significant decrease in hepatic lipase activity after
pioglitazone treatment but not with glibenclamide. It seems
likely that the mechanism of this effect is associated with
reduced insulin resistance through PPAR-γ, since gliben-
clamide, which has been shown to have no effect on insulin
sensitivity, did not change hepatic lipase activity. However,
reduced hepatic lipase could be an indirect consequence of
insulin sensitisation stemming from the pioglitazone-
induced reduction in postprandial lipaemia. In the patho-
genesis of type 2 diabetes it is thought that increased hepatic
lipase activity is responsible for the so-called atherogenic
LDL size profile, in which there is a predominance of small
dense particles caused by disproportionate hepatic lipase
lipolysis of LDL triglyceride [38].We did not measure LDL
particle size directly, but it is claimed that the AIP is a
surrogate measure for the presence of small dense LDL
particles and we found that pioglitazone treatment caused
an improvement in this index [39].

As previously reported, LCAT and CETP activities did
not differ between diabetic patients and controls and did
not change with pioglitazone or glibenclamide [22].
Similarly to the CETP determinations, PLTP activity was
measured utilising endogenous lipoproteins as donors and
acceptors of phospholipid, providing a measurement of the
ambient transfer rather than the mass of protein present. In
this study we have found that overall phospholipid transfer
tended to be lower in the diabetic subjects than in controls,
but whereas cholesteryl ester transfer increased postpran-
dially phospholipid transfer decreased. The postprandial
fall in PLTP activity is unexplained but likely be related to
insulin sensitivity [40–43].

We attempted to keep glycated haemoglobin concentra-
tions similar in both treated groups in order to determine
whether effects on lipid metabolism were independent of
glycaemic control. Overall, we achieved this, but in the
pioglitazone group we observed a reduction in FPG and
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postprandial glycaemia. We cannot therefore conclude
categorically that the effects on lipid metabolism seen with
pioglitazone are independent of glycaemic effects. How-
ever, in a previous study, glibenclamide did not have an
effect on postprandial lipid metabolism after 12 weeks of
therapy, despite significant reductions in fasting and
postprandial glucose as well as HbA1c [15]. In our study,
moreover, glibenclamide, as expected, significantly in-
creased fasting insulin levels and the HOMA score.
Therefore it is likely, but not conclusive, that the differ-
ences in lipid metabolism reported here are due to the
differing mechanisms of actions of the two drugs.

Significant quantitative changes in fasting plasma NEFA
were not observed with insulin sensitisation, although the
diabetic patients showed a trend towards higher NEFA
levels than controls, this effect being lowered by
pioglitazone treatment. Insulin sensitisation with pioglita-
zone partially corrected the delayed decrease in postpran-
dial NEFA levels seen in diabetic patients, suggesting an
effect of insulin sensitisation on the inhibition of adipocyte
NEFA release [44, 45]. In our study, pioglitazone reduced
fasting triglyceride levels; however, this does not seem to
be the case with rosiglitazone, which has been shown to
enhance postprandial triglyceride disposal, with this effect
being attributed to an improvement in the lipolysis of intact
chylomicrons [46]. The reason for the differences in action
of these two TZDs is not known, but may lie in the fact that
pioglitazone reportedly has a greater potential than
rosiglitazone to react with the PPAR-α receptor, but other
differences in their pleiotropic effects or actions not
involving nuclear genes cannot be ruled out [47–50].
After treatment with pioglitazone, we have also shown a
significant improvement in the disposal of chylomicrons,
and also in chylomicron remnant metabolism, which,
coupled with the reduction in fasting VLDL and triglycer-
ide, is responsible for a 35% improvement in postprandial
triglyceride clearance.

We conclude that insulin sensitisation with pioglitazone
has major effects in restoring postprandial lipaemia to
normal, while also correcting fasting hypertriglyceridae-
mia; both of these factors may have affect atherogenic risk
in people with diabetes.
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