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The increased risk for card i o v a s c u l a r
morbidity and mortality as found in
patients with NIDDM may in part be

explained by unfavorable changes in
l i p o p roteins (1). In NIDDM patients, the
major quantitative change is an elevation in
triglyceride-rich lipoproteins, often accom-
panied by a decrease in HDL cholestero l
concentration (2). Although the levels of
LDL cholesterol are similar to those seen in
the general population, diff e rences in the
composition of LDL may make these part i-
cles more atherogenic (3). Such qualitative
changes include glycation of LDL, oxida-
tion of LDL, and/or the presence in the

plasma of smaller and denser LDL. Dys-
lipidemia as observed in NIDDM may be
related to hyperglycemia, as well as to the
underlying insulin resistance (4).

Troglitazone is a recently developed
compound that is capable of impro v i n g
insulin sensitivity in human diabetes (5)
and obesity (6). The exact mechanism of
action is not yet known (7). Tro g l i t a z o n e
contains, besides the thiazolidine-2-4-dione
s t ru c t u re, an - t o c o p h e rol stru c t u re that
was introduced to inhibit lipid pero x i d a-
tion. As such, it may be expected that tre a t-
ment with troglitazone may induce
b e n e ficial changes in lipid pro files, either by

i m p rovement of insulin sensitivity or by an
antioxidant effect. In vitro studies with
t roglitazone appear to confirm this possible
action (8,9). Because a change in metabolic
c o n t rol (induced by whatever means) will
induce quantitative and qualitative changes
in lipoproteins in patients with diabetes
(10), drug-induced changes in lipid con-
centrations may also be caused by the
change in glucose metabolism in itself. To
d e t e rmine the direct effects of tro g l i t a z o n e
on quantitative and especially qualitative
l i p o p rotein parameters in vivo, we per-
f o rmed a randomized placebo-contro l l e d
double-blind crossover trial in obese indi-
viduals characterized by insulin re s i s t a n c e .

RESEARCH DESIGN AND
M E T H O D S

Subjects
The study group consisted of 15 obese,
n o rmotensive, healthy volunteers on no
medication. Inclusion criteria were age
between 25 and 50 years, nonsmoking,
and a BMI between 27 and 36 kg/m2. All
subjects had normal fasting glucose con-
centrations and a stable body weight. All
gave written informed consent. The exper-
imental protocol was approved by the hos-
p i t a l ’s ethical committee.

Protocol
After inclusion, obese subjects re c e i v e d
either two tablets of 200 mg of tro g l i t a z o n e
once a day or placebo for 8 weeks in a ran-
domized double-blind crossover design.
P a rticipants were strictly advised to maintain
their weight and not to change their diet. At
the end of the two treatment periods (time
i n t e rval of 10 weeks), 30 ml of blood was
drawn after an overnight fast, with the sub-
jects resting in supine position. The samples
w e re collected in EDTA-containing tubes on
melting ice. Blood was spun in a re f r i g e r a t e d
centrifuge, and cepharose was added to the
plasma. Samples were then frozen. Subse-
q u e n t l y, a euglycemic-hyperinsulinemic
clamp (insulin [Actrapid; Novo-Nord i s k ] ,
infusion rate 430 pmol m2 m i n 1 [ 6 0
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Troglitazone Decreases the Pro p o rtion of
Small, Dense LDL and Increases the
Resistance of LDL to Oxidation in Obese
S u b j e c t s

O R I G I N A L  A R T I C L E

O B J E C T I V E — Insulin resistance is associated with a predominance of small, athero g e n i c
LDL particles that are more prone to oxidative modification. Treatment with the insulin-sen-
sitizer troglitazone may improve LDL composition and resistance to oxidation.

RESEARCH DESIGN AND METHODS — In a randomized double-blind cro s s o v e r
design, 15 obese subjects were treated with either 400 mg troglitazone daily or placebo for 8
weeks. Insulin sensitivity (clamp), (apo)lipoproteins, LDL subclass pattern, plasma TBARS, and
ex vivo LDL oxidation were determ i n e d .

R E S U LT S — Troglitazone treatment improved insulin sensitivity. LDL cholesterol incre a s e d
f rom 2.58 ± 0.18 to 2.77 ± 0.20 mmol/l (P = 0.03) because of an increase in large (buoyant) LDL1

( f rom 0.45 ± 0.04 to 0.62 ± 0.09 mmol/l, P = 0.008). Because small (dense) LDL3 d e c re a s e d ,
L D L1: L D L3 ratio increased (P = 0.02). Plasma TBARS concentration declined signific a n t l y, and
the lag time of ex vivo LDL oxidation showed a small but significant incre a s e .

C O N C L U S I O N S — In obese subjects, treatment with troglitazone improves insulin sen-
s i t i v i t y, increases the ratio of large buoyant to small dense LDL, and appears to enhance the
resistance of the LDL particle to oxidation. These qualitative changes in lipoproteins may have
a beneficial effect on cardiovascular risk pro file and compensate for a small increase in LDL
c h o l e s t e ro l .
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mU d l 1 m i n 1]) was perf o rmed, over
120 min. Body weight, waist and hip meas-
u rements, electro c a rdiogram, fat skinfold
thickness, possible side effects, and seru m
safety chemical and hematological pro fil e s
w e re determined. Between each tre a t m e n t
periods, there was a 2 week washout period.
Compliance, monitored by pill counts and
d i a ry re c o rds, was over 90%.

Analytical methods
Plasma glucose was measured by the glucose
oxidation method (Beckman Glucose Ana-
lyzer 2; Beckman Instruments, Fullert o n ,
CA). Plasma insulin was measured with a
double antibody radioimmunoassay (inter-
assay coefficient of variation [CV] 6.2%).
Plasma C-peptide was measured with a
c o m m e rcially available double antibody
radioimmunoassay (Diagnostic, Los Ange-
les, CA; interassay CV 4.3%). Free fatty acids
( n o n e s t e r i fied fatty acids [NEFAs]) were ana-
lyzed with an enzymatic method (ACS-
ACOD, NEFA C-kit; Waco, Neuss,
G e rmany). Total plasma cholesterol and
triglyceride concentrations were determ i n e d
by commercially available enzymatic
reagents. VLDL was isolated from whole
plasma by sequential ultracentrifugation at
density 1.019 g/ml for 16 h at 36,000 rpm
in a fixed angle rotor (TFT 45.6 rotor; Kon-
t ron, Zurich, Switzerland) in a Beckman
L7–55 ultracentrifuge. HDL cholesterol was
d e t e rmined with the polyethylene glycol
6000 method (11). LDL cholesterol was cal-

culated by subtraction of VLDL and HDL
c h o l e s t e rol from total plasma cholestero l .
Total plasma apolipoprotein (apo) A1 and B
was determined by immunonephelometry
(12). To achieve accurate results in re l a t i o n
to the Centers for Disease Control Stan-
d a rdization Program, the obtained plasma
apoB results were recalculated on the basis of
exchange of sera with Dr. S. Marc o v i n a
( N o rthwest Lipid Research Laboratory, Seat-
tle, WA). LDL subfractions were detected by
single spin density-gradient ultracentrifuga-
tion according to a previously described
method (13).

Oxidation of LDL
Plasma isolation was immediately followed
by LDL isolation by density-gradient ultra-
centrifugation (40,000 rpm for 18 h at 4°C)
using an SW40 rotor (Beckman). The oxi-
dation experiments were perf o rmed by a
m o d i fication of the Esterbauer method (14).
Each LDL preparation was oxidized twice in
two separate oxidation runs on the same
d a y. The interassay CVs for lag time and oxi-
dation rate were 1.2 and 5%, respectively (n
= 10). The content of thiobarbituric
a c i d – reactive substances (TBARS), mainly
malondialdehyde, in plasma was measure d
by re c o rding the flu o rescence spectrum of
the thiobarbituric acid–malondialdehyde
complex between 500 and 600 nm on a
Shimadzu RFF-5000 re c o rding spectro flu-
o ro m e t e r. The vitamin E concentrations in
LDL were determined by high-perf o rm a n c e

liquid chro m a t o g r a p h y, as described pre v i-
ously (15).

Statistical analysis
C o e fficients of plasma glucose variation
during the last 30 min of the clamp were
3.1 ± 0.4% (placebo) and 3.1 ± 0.3%
( t roglitazone). Whole-body glucose uptake
was defined as the glucose infusion rate
during the last 30 min of the clamp and
e x p ressed in µmol k g 1 m i n 1 (16). Dif-
f e rences in values for lipid, lipopro t e i n s ,
whole-body glucose uptake, and fasting
glucose and insulin concentrations during
placebo and during troglitazone were
tested by Student’s t test. Pearson corre l a-
tion coefficients were calculated to deter-
mine the association between changes in
various parameters. All statistical analyses
w e re perf o rmed using the SPSS personal
computer software package (SPSS,
Chicago). Results in tables and fig u res are
e x p ressed as means ± SE unless otherw i s e
indicated. Significance was set at a P v a l u e
of 0 . 0 5 .

R E S U LT S — The study population con-
sisted of 15 subjects (M/W: 9/6), mean (±
SD) age 37.4 ± 4.6 years, body weight 96.0
± 9.0 kg, BMI 31.7 ± 2.9 kg/m2. Tro g l i t a z o n e
was well tolerated by all subjects. Compare d
with normal values for insulin sensitivity in
lean subjects in our laboratory, the obese
subjects were clearly insulin re s i s t a n t .

Effect of troglitazone on metabolic
parameters
Fasting plasma glucose did not change
(placebo, 5.6 ± 0.2; troglitazone, 5.5 ± 0.1
mmol/l; NS). Fasting insulin concentration
tended to decrease (placebo, 85.6 ± 8.2;
t roglitazone, 69.8 ± 6.8 pmol/l; P = 0.11).
Body weight did not significantly change
during either treatment period (placebo,

0.75 ± 0.46 kg; troglitazone, 0.41 ±
0.48 kg; NS). Blood glucose levels and
steady-state plasma insulin concentrations
w e re similar in both clamp pro c e d u re s .
Troglitazone increased whole-body glucose
uptake from 26.8 ± 3.0 to 31.9 ± 3.3 µmol
k g 1 m i n 1 (P = 0.028 vs. placebo), with

a mean percentage increase of 23.1 ±
10.5% (P = 0.047).

Effect of troglitazone on lipid
concentrations and LDL subclass
pattern
Table 1 shows the effects of troglitazone on
plasma lipid levels and LDL subclass pat-
t e rn. Troglitazone treatment was associated

Table 1—Effects of troglitazone on lipids and (apo)lipoproteins and oxidation parameters in
15 obese subjects

Placebo Troglitazone P value

Cholesterol (mmol/l) 4.91 ± 0.26 5.11 ± 0.27 0.22
Triglyceride (mmol/l) 2.11 ± 0.59 1.68 ± 0.35 0.34
VLDL cholesterol (mmol/l) 1.36 ± 0.30 1.34 ± 0.32 0.93
VLDL triglyceride (mmol/l) 1.80 ± 0.58 1.39 ± 0.33 0.34
HDL cholesterol (mmol/l) 0.98 ± 0.06 0.99 ± 0.07 0.67
LDL cholesterol (mmol/l) 2.58 ± 0.18 2.77 ± 0.20 0.03

LDL1 0.45 ± 0.04 0.62 ± 0.09 0.008
LDL2 0.96 ± 0.13 1.13 ± 0.09 0.087
LDL3 1.17 ± 0.20 1.02 ± 0.22 0.16

ApoA1 (mg/l) 1,211 ± 38 1,174 ± 42 0.15
ApoB (mg/l) 1,128 ± 70 1,156 ± 93 0.58
LDL oxidation

Lag time (min) 97.4 ± 2.4 100.9 ± 2.2 0.012
Oxidation rate 14.1 ± 0.5 14.5 ± 0.6 0.53
(mg mmol 1 min 1)

TBARS (nmol/l) 1.06 ± 0.07 0.92 ± 0.04 0.04
Vitamin E (mg/g LDL protein) 2.90 ± 0.22 3.13 ± 0.21 0.29

Data are means ± SEM. LDL oxidation data refer to 10 subjects.
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with small decrements in NEFA (from 0.61
± 0.07 to 0.47 ± 0.05 mmol/l, P = 0.06),
w h e reas total cholesterol, HDL cholestero l ,
and triglyceride concentrations did not
change signific a n t l y. A small but signifi-
cant increase in LDL cholesterol was
o b s e rved. This increase was due to an
i n c rease in LDL1 subfraction, whereas the
L D L3 subfraction tended to decrease. As a
result, the ratio of LDL1 to LDL3 i n c re a s e d
f rom 0.65 ± 0.15 to 1.15 ± 0.26 (P = 0.02).

Effect of troglitazone on resistance
to oxidation of LDL
During troglitazone treatment, plasma
TBARS concentration decreased signifi-
cantly (Table 1). Troglitazone appeared to
have a small but significant beneficial eff e c t
on resistance of the LDL particle against
oxidation: during treatment, oxidation lag
time increased. The rate of oxidation did
not change. The effect on lag phase was not
due to changes in the concentration of vit-
amin E (Table 1).

Correlation between changes in
insulin sensitivity and lipid levels
No correlations were found between tro g l i-
tazone-induced changes in insulin sensi-
tivity (change in whole-body glucose
uptake during the clamp) and changes in
lipid or lipoprotein levels. Corre l a t i o n s
between the change in insulin sensitivity
(glucose uptake during the clamp) and
changes in LDL, LDL3, HDL, triglyceride,
and lag time were 0.08, 0.14, 0.25, 0.11,
and 0.08 (NS for all).

C O N C L U S I O N S — The major obser-
vation of the present study is that tro g l i t a-
zone treatment improves the ratio of larg e
buoyant to small dense LDL despite the
absence of a clear change in plasma and
VLDL triglycerides and HDL cholestero l .
F u rt h e rm o re, troglitazone appears to
enhance the resistance of LDL particles to
oxidation in vitro (increase in lag time) and
to reduce lipid oxidation in vivo (decre a s e
in TBARS). Because changes in lipopro t e i n
p ro files were unrelated to changes in
insulin sensitivity, these effects of tro g l i t a-
zone appear to re flect a direct eff e c t .

Effects of troglitazone on lipoprotein
profiles
R e c e n t l y, in a 48-week parallel random-
ized placebo control trial in patients with
NIDDM, treatment with tro g l i t a z o n e
induced an increase in total cholestero l ,
HDL cholesterol, and LDL cholesterol and

d e c reased triglyceride concentration com-
p a red with glyburide; the ratio of HDL to
LDL was unchanged (17). In yet unpub-
lished data, treatment with troglitazone was
associated with dose-dependent alterations
in serum lipid concentrations. With the
highest dose used (600 mg), an increase in
LDL cholesterol of 7–10% is re p o rt e d
(Parke-Davis: Data available at http://www.
w a rn e r- l a m b e rt . c o m / i n f o / re z u l i n . h t m l ) .
The ratio of HDL to LDL cholesterol did
not change. ApoA concentration also
remained unchanged. Because tro g l i t a z o n e
s i g n i fic a n t l y, albeit slightly, increases LDL
c h o l e s t e rol concentration, it is important to
know what the qualitative pro p e rties of
that LDL are. We demonstrate in this study
that the increase in LDL cholesterol is due
to an increase in large (buoyant) LDL,
w h e reas the concentration of small dense
LDL tends to decrease. As a result, the ratio
of LDL1 to LDL3 i n c reased. The quantitative
i n c rease in LDL is thus associated with a
less atherogenic subclass pattern .

Earlier in vitro studies have re p o rt e d
that troglitazone increased resistance of the
LDL particle to oxidation (9,10). We have
demonstrated for the first time that small
dense LDL is more susceptible to in vitro
oxidation (15), as confirmed by several
other groups (18). As such, it may be antic-
ipated that a more favorable distribution of
LDL size will be associated with an
i n c reased resistance to in vitro oxidation.
This expectation is now confirmed in this
s t u d y. However, our results refer only to 10
subjects and need confirmation. The
o b s e rved significant decrease of TBARS
during troglitazone treatment in this study
s u p p o rts an antioxidative eff e c t .

Troglitazone and insulin resistance
The obese state re p resents “pure” insulin
resistance, and thus changes in insulin sen-
sitivity cannot be caused by changes in
blood glucose concentrations (“glucose tox-
icity”) (19). Troglitazone improved total-
body insulin-mediated glucose uptake in
this group of subjects, consistent with ear-
lier studies in humans (5,6), but the
changes in this group of subjects under
these strictly double-blind placebo-con-
t rolled conditions were modest. We found
no relationship between the effects of tro g l i-
tazone on lipoprotein pro files and the eff e c t
of insulin on insulin sensitivity. There f o re ,
the effects of troglitazone may re flect a dire c t
action on lipid metabolism, possibly re l a t e d
to the specific biochemical (antioxidant)
s t ru c t u re. In this study, we cannot pro v i d e

d i rect evidence for this hypothesis. Recently,
an increase in lag time during in vitro oxi-
dation was re p o rted in normal volunteers
after only 2 weeks’ use of troglitazone (20).
Given the fact that the effect of tro g l i t a z o n e
on insulin sensitivity appears to take at least
4 weeks to develop (17), this finding may
s u p p o rt the concept that troglitazone exert s
its effect on lipid oxidation by an antioxi-
dant effect and not by a change in insulin
s e n s i t i v i t y. It will be important to compare
the possible direct antioxidant effect of
t roglitazone with administration of vitamin
E in future trials. An alternative explanation
for the effect of troglitazone on lipid com-
position is that troglitazone may have cro s s -
reactivity with the receptors for which
fibrates are the ligands (peroxisome pro l i f-
e r a t o r-activated re c e p t o r- ). Recent fin d-
ings, however, appear to oppose this
mechanism (21). Although the changes in
lag time to in vitro oxidation appear small,
it is currently not known to what extent
changes in lipid oxidation correlate with
clinical events.

In conclusion, we re p o rt that in obese,
n o rmotensive individuals, treatment with
the insulin-action enhancer troglitazone is
associated with a more beneficial ratio of
l a rge buoyant to small dense LDL. Tro g l i t a-
zone treatment appears to enhance the re s i s-
tance to oxidation. These qualitative changes
may compensate for the slight increases in
total serum and LDL cholesterol and may
i m p rove the cardiovascular risk pro fil e
related to insulin resistance. The changes in
l i p o p rotein parameters were not related to
changes in insulin sensitivity, which sug-
gests for a separate mode of action.

A c k n o w l e d g m e n t s — This work was part l y
s u p p o rted by a grant of the Glaxo We l l c o m e
F o u n d a t i o n .

We thank Janine Vogelaar and Magda Hec-
tors for expert technical assistance.

R e f e re n c e s
1 . Syvänne M, Taskinen M: Lipids and

l i p o p roteins as coro n a ry risk factors in non-
insulin-dependent diabetes mellitus. L a n c e t
350 (Suppl. 1):20–23, 1997

2 . Taskinen MR: Hyperlipidaemia in diabetes
mellitus. B a i l l i e res Clin Endocrinol Metab
4:743–75, 1990

3 . Sobenin IA, Te rtov VV, Orekhov AN:
A t h e rogenic modified LDL in diabetes.
Diabetes 45 (Suppl. 3):S35–S39, 1997

4 . Frayn KN: Insulin resistance and lipid
metabolism. C u rr Opin Lipidol4 : 1 9 7 – 2 0 4 ,
1 9 9 3



DIABETES CARE, VOLUME 21, NUMBER 5, MAY 1998 799

Tack and Associates

5 . Suter SL, Nolan JJ, Wallace P, Gumbiner B,
Olefsky JM: Metabolic effects of new oral
hypoglycemic agent CS-045 in NIDDM
subjects. Diabetes Care15:193–203, 1992

6 . Nolan JJ, Ludvik B, Beerdsen P, Joyce M,
Olefsky J: Improvement in glucose toler-
ance and insulin resistance in obese sub-
jects treated with troglitazone. N Engl J Med
331:1188–1193, 1994

7 . Saltiel AR, Olefsky JM: Thiazolidinediones in
the treatment of insulin resistance and type
II diabetes. D i a b e t e s45:1661–1669, 1996

8 . Caixàs A, Ordónez-Llanos J, de Leiva A,
Playés A, Homs R, Pérez A: Optimization of
glycemic control by insulin therapy
d e c reases the pro p o rtion of small dense
LDL particles in diabetic patients. D i a b e t e s
46:1207–1213, 1997

9 . Cominacini L, Garbin U, Pastorino AM,
Campagnola M, Fratta Pasini A, Davoli A,
Lo Cascio V: Effects of troglitazone on in
v i t ro oxidation of LDL and HDL induced
by copper ions and endothelial cells. D i a -
b e t o l o g i a40:165–172, 1997

1 0 . Noguchi N, Sakai H, Kato Y, Tsuchiya J,
Yamamoto Y, Niki E, Horikoshi H, Kodama
T: Inhibition of oxidation of LDL by tro g l i-
tazone. A t h e ro s c l e ro s i s123:227–234, 1996

1 1 . Demacker PNM, Hijmans AG, Vo s - J a n s s e n

HE, van’t Laar A, Jansen AP: A study of the
use of polyethylene glycol in estimating
c h o l e s t e rol in high-density lipoprotein. C l i n
C h e m26:1775–1779, 1980

1 2 . L o p e s - Vi rella MF, Vi rella G, Evans G,
Malenkos SB, Colwell JA: Immunoneph-
e l o m e t ry assay of human apolipopro t e i n
AI. Clin Chem26:1205–1208, 1980

1 3 . D o rmans TP, Swinkels DW, de Graaf J,
Hendriks JCM, Stalenhoef AFH, Demacker
PNM: Single-spin density-gradient ultra-
centrifugation vs. gradient gel elec-
t ro p h o resis: two methods for detecting
l o w - d e n s i t y - l i p o p rotein heterogeneity com-
p a red. Clin Chem37:853–858, 1991

1 4 . de Rijke YB, Bredie SJH, Demacker PNM,
Vogelaar JM, Hak-Lemmers HLM, Stalen-
hoef AFH: The redox status of coenzyme
Q10 in total LDL as an indicator of in vivo
oxidative modification: studies in subjects
with familial combined hyperlipidemia. A rt e -
rioscler Thromb Vasc Biol 17:127–133, 1997

1 5 . de Graaf J, Hak-Lemmers HLM, Hectors
MPC, Demacker PNM, Hendriks JCM, Stal-
enhoef AFH: Enhanced susceptibility to in
v i t ro oxidation of the dense low density
l i p o p rotein subfraction in healthy subjects.
A rterioscler Thro m b11:298–306, 1991

1 6 . B e rgman RN, Finegood DT, Ader M:

Assessment of insulin sensitivity in vivo.
Endocr Rev6:245–285, 1985

1 7 . Ghazzi NM, Perez JE, Antonucci TK, Driscoll
JH, Huang SM, Faja BW, Whitcomb RW:
C a rdiac and glycemic benefits of tro g l i t a-
zone treatment in NIDDM: the Tro g l i t a z o n e
Study Group. D i a b e t e s46:433–439, 1997

1 8 . Chait A, Brazg RL, Tribble D, Krauss RM:
Susceptibility of small dense low density
l i p o p rotein to oxidative modification in
subjects with the atherogenic lipopro t e i n
phenotype. Am J Med94:350–356, 1993

1 9 . Y k i - J a rvinen H: Glucose toxicity. E n d o c r
R e v13:415–431, 1992

2 0 . Cominacini L, Young MMR, Capriati A,
Garbin A, Fratta Pasini A, Campagnola M,
Davoli A, Rigoni A, Contessi GB, Lo Cascio
V: Troglitazone increases the resistance of
low density lipoprotein to oxidation in
healthy volunteers. Diabetologia 4 0 : 1 2 1 1 –
1218, 1997

2 1 . L e f e b v re AM, Peinado-Onsurbe J, Leiters-
d o rf I, Briggs MR, Paterniti JR, Fru c h a rt JC,
Fievet C, Auwerx J, Staels B: Regulation of
l i p o p rotein metabolism by thiazolidine-
diones occurs through a distinct but com-
p l e m e n t a ry mechanism relative to fib r a t e s .
A rterioscler Thromb Vasc Biol1 7 : 1 7 5 6 – 1 7 6 4 ,
1 9 9 7


