
Low density lipoprotein (LDL) oxidation is believed
to play an important role in the development of
atherosclerotic plaques [1–5]. This view is supported
by LDL with characteristics similar to those of oxida-

tively modified LDL being present in atheromatous
lesions [6]. Studies in cultured cells have demonstra-
ted that oxidized LDL is chemotactic for monocytes
and stimulates monocyte endothelial cell interaction
[7, 8]. It can also cause initial endothelial cell damage
and increase uptake by scavenger receptors on mac-
rophages, leading to cholesterol accumulation and
foam cell formation [7, 9].

Oxidative modification of LDL is not likely to oc-
cur in circulation [3]. In view of the difficulties in iden-
tifying oxidized lipoprotein in plasma, many workers
have attempted to analyse the oxidation susceptibility
of isolated LDL particles in vitro [10, 11]. If LDL can
penetrate macrophages only after its modification
[3], the ability of LDL to resist oxidation could be an
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2 GlaxoWellcome SpA, Centro Ricerche, Verona, Italy

 Springer-Verlag 1997

Summary Troglitazone is a new oral antidiabetic
agent able to reduce lipid peroxidation. In this study
we evaluated its effect on the susceptibility of LDL
and HDL to in vitro oxidation induced by copper
ions and endothelial cells. In Cu ++ -induced LDL
modification, different amounts of troglitazone were
added to aliquots of the same pool of plasma with
subsequent ultracentrifuge separation of LDL and
HDL. Differences in LDL and HDL susceptibility to
in vitro oxidation with Cu ++ were studied by measur-
ing the changes in fluorescence intensity (expressed
as lag phase). LDL derived from plasma incubated
with different amounts of troglitazone were also incu-
bated with umbilical vein endothelial cells (HU-
VEC), the modification being monitored by LDL re-
lative electrophoretic mobility and fluorescence.
During Cu ++ - and HUVEC-induced LDL oxidation,
the decay rate of vitamin E, and the potency of trogli-
tazone as a radical scavenger in comparison with vita-
min E were also studied. Troglitazone determined a

significant, dose-dependent decrease in Cu ++ -in-
duced LDL and HDL oxidation. Incubation with
HUVEC was also followed by a progressive, signifi-
cant decrease of LDL relative electrophoretic mobili-
ty and fluorescence intensity. During Cu ++ - and HU-
VEC-induced-LDL modification, troglitazone signif-
icantly reduced the rate of vitamin E decay. In this
study we also demonstrated that under the same oxi-
dative stress, troglitazone was much more potent as
a radical scavenger than vitamin E. In conclusion,
the results demonstrate that troglitazone can reduce
LDL and HDL in vitro oxidation and that, during
this process, it can protect vitamin E. In addition to
ensuring blood glucose control, the drug may there-
fore be useful in inhibiting lipoprotein peroxidation.
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important factor in atherogenesis. The progression of
atherosclerotic lesions is counteracted by antioxidants
such as probucol [12, 13] and the LDL isolated from
antioxidant-treated animals shows a reduced suscept-
ibility to in vitro oxidation [13].

Many studies report increased susceptibility of
LDL to in vitro oxidation in patients with, or at risk
of developing, atherosclerosis. This enhanced sus-
ceptibility has been observed in patients with familial
hypercholesterolaemia [14, 15], coronary artery dis-
ease [16, 17], renal failure [18, 19], hypertension [20]
and diabetes mellitus [21].

Troglitazone is a new oral antidiabetic agent repor-
ted to enhance insulin sensitivity [22], increase the
conversion of glucose to glycogen in rat HepG2 cells
[22], reduce hepatic gluconeogenic enzyme activity
in rats and mice [23] and to improve metabolic con-
trol in non-insulin-dependent diabetic patients [24–
26]. Troglitazone has also been demonstrated to re-
duce lipid peroxidation [27].

Atherosclerosis is the major complication of dia-
betes, accounting for more than 70% of total mortal-
ity in all forms of the disease [28]. The extent and pro-
gression of atherosclerosis in non-human primates
are related to resistance of LDL to oxidation [13].
The present study analyses the effect of troglitazone
on the susceptibility of LDL to oxidation induced by
Cu ++ and endothelial cells in vitro. Since oxidative
modification of high density lipoprotein (HDL) has
been shown to cancel its ability to stimulate efflux of
cholesterol from foam cells [29], this study also inves-
tigates whether troglitazone can affect HDL oxida-
tion in vitro.

Materials and methods

Addition of troglitazone to plasma. Blood samples were collec-
ted from healthy volunteers into vacutainer tubes containing
EDTA (1 mg/ml), and immediately centrifuged at 2000 rev/
min for 20 min at 4 °C. Plasma was pooled and different
amounts of troglitazone (from 0 to 25.0 mg/ml plasma) were ad-
ded to aliquots of the same plasma pool for 12 h at room tem-
perature. The aliquots were then stored at 4 °C and processed
for separation of LDL and HDL within 3 days.

Subjects received a full verbal and written explanation of
the nature and purposes of the study and each gave written in-
formed consent prior to participation in the study. The study
was conducted in accordance with the Declaration of Helsinki.

Lipoprotein separation. LDL and HDL were isolated by se-
quential ultracentrifugation in NaBr solutions [30] containing
1 mg/ml EDTA and stored at 4 °C. In order to minimize LDL
and HDL oxidation during isolation, all solutions used in this
process were deoxygenated by bubbling with argon. LDL and
HDL were stored under nitrogen at 4 °C in a sterile, dark envir-
onment and used within 3 days. Immediately before oxidation
tests LDL and HDL were separated from EDTA and from dif-
fusible low molecular mass compounds, by gel filtration on
PD-10 Sephadex G-25 M gel (Pharmacia, Uppsala, Sweden)
in 0.01 mol/l phosphate-buffered saline (136.9 mmol/l NaCl,

2.68 mmol/l KCl, 4 mmol/l Na2HPO4, 1.76 mmol/l KH2PO4)
pH 7.4.

LDL and HDL oxidation by Cu ++ . The method for LDL and
HDL oxidation with Cu ++ and for the evaluation of its sus-
ceptibility to oxidation, i. e. evaluation of the length of the lag
phase, was based on the development of fluorescence during
copper-catalysed LDL oxidative modification. The method,
described elsewhere [11], was slightly modified for automa-
tion. Briefly, after gel-filtration to remove EDTA, the fractions
eluting at the void volume were pooled, adjusted with the same
buffer (10 mmol/l phosphate-buffered saline, pH 7.4) to a pro-
tein concentration of 0.2 mg/ml and used immediately in the
presence of 1 mmol/l Cu ++ . The HPLC for the automatic deter-
mination of the LDL and HDL oxidation curve was a Gold
system (Beckman Instruments, inc., Palo Alto, Calif., USA),
including one pump, an autosampler (Gilson, model 232 Bio;
Biolabo Instruments, Milano, Italy) with a stirrer and tempera-
ture control, a PS2/50 IBM computer with the Gold acquisition
and processing data software, and a fluorescence detector
(Spectrophotofluorimeter Shimadzu RF-5000, Kyoto Japan).
A mixing joint and a retarding stainless-steel coil, instead of
the column, were connected between the sample injection
valve and the detector. The size of the retarding coil was select-
ed to ensure a delay in reaction time, as measured from the
peak retention, of about 6 s at a flow rate of 1 ml/min. Fluores-
cence was checked every 20 min, from time 0 to 260 min.

Endothelial cell culture. Human umbilical vein endothelial
cells (HUVEC) were isolated from human umbilical veins ac-
cording to the method of Jaffe [31], and used at passage 2–4 as
previously described [32]. The cells were grown in 75 cm2 cul-
ture flasks (Falcon, Becton Dickinson, Lincoln Park, New Jer-
sey, USA) filled with 10 ml of Ham’s F-12 medium (Sigma, St.
Louis, Mo., USA) containing 10 % fetal calf serum (FCS) (Ser-
omed, Berlin, Germany), 2 mmol/l glutamine (Seromed), 30
mg/ml endothelial cell growth supplement (Sigma), 100 mg/ml
heparin (Sigma), 100 U/ml penicillin-streptomycin (Sigma),
100 mg/ml streptomycin (Sigma) and 2.5 mg/ml amphotericin
(Sigma). The flasks were incubated at 37 °C, 100 % humidity
and 5 % CO2. The medium was refreshed every 2 days. At the
beginning of each experiment the cells were detached by
0.01 % trypsin/EDTA (Sigma). The trypsin was inactivated by
dilution, and the cells were washed and counted. Cells were
plated at a concentration of 20 000 cells/cm2 on a multiwell
plate (9.6 cm2/well) (Falcon), grown for 3 days and then used
for the incubations. At that time the cells were non-confluent
(0.26–0.40 × 105 cells/cm2).

HUVECs were harvested and characterized in terms of
acetylated LDL binding and factor VIII expression, according
to previously described techniques [33].

LDL oxidation by HUVEC. Endothelial cell-modified LDL
was prepared by adding 1.5 ml of serum-free F-12 medium
containing 200 mg/ml LDL protein to each 35 mm well of endo-
thelial cells, and incubating for 3, 5, 8, 11, 15 and 22 h at 37 °C in
triplicate. LDL (200 mg protein/ml) was also oxidized in the ab-
sence of cells as a control. Oxidation was arrested by the addi-
tion of 200 mmol/l EDTA and refrigeration. LDLs correspond-
ing to the different times of incubation were re-isolated by
ultracentrifugation at density = 1.15. The degree of LDL oxi-
dation was evaluated by monitoring LDL fluorescence at 430
nm, with excitation at 360 nm (Spectrophotofluorimeter Shi-
madzu RF-5000), as previously described [11].

Cytotoxicity evaluation. To assess cell survival, hexosamini-
dase, a stable cytosolic enzyme released by cells when they
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undergo lysis, was measured according to the method of Lan-
degren [34]. Briefly, the substrate for the enzyme hexosamini-
dase, p-nitrophenol-N-acetyl-b-d-glucoseaminide (Sigma),
was dissolved at 7.5 mmol/l in 0.1 mol/l citrate buffer, pH 5.
The solution was then mixed with an equal volume of 0.5 %
Triton X-100 (Sigma) in water and added to cells in volumes
of 60 ml, for 60 min at 37 °C. The reaction was blocked by addi-
tion of 50 mmol/l glycine (Sigma) buffer, pH 10.4. Absorbance
was measured in a Bio-Rad microplate reader (Model 450;
Bio-Rad Laboratories S. r.L., Milan, Italy) at 405 nm. Results,
expressed as percentage toxicity, were calculated as (E-
S) × 100/M-S, where E represents the average absorbance
readings from the experimental wells, S the average sponta-
neous release and M the maximum release after cell lysis.

LDL vitamin E time course and decay rate during LDL oxida-
tion. The time course of LDL vitamin E and its initial decay
rate was measured during the Cu ++ - and HUVEC-catalysed
LDL oxidation. LDL alpha-tocopherol was determined by a
previously described HPLC method [35]. The initial rate of al-
pha-tocopherol decay was determined by fitting the points
with a single exponential model, using a non-linear regression
program based on the Marquard algorithm (Enzfitter, Biosoft,
London, UK).

To assess the potency of troglitazone as a radical scavenger
in comparison to vitamin E under the same oxidative stress,
the data on vitamin E initial decay rates were also analysed in
a previously described competitive kinetic model [36].

Other methods. Protein was measured by the Pierce BCA pro-
tein assay reagent [37].

The extent of LDL lipid peroxidation and LDL apoprotein
B modification induced by Cu ++ and HUVEC was also moni-
tored by evaluating the relative electrophoretic mobility
(REM) of LDL. LDL REM, evaluated on agarose gel at the
end of Cu ++ and HUVEC incubation, was expressed in terms
of REM as compared to LDL stored at 4 °C for not more than
1 week.

Troglitazone concentration in LDL was measured by an
HPLC system (Gold system; Beckman Instruments) with ul-
tra-violet detection.

Statistical analysis

Differences in lag phase, REM and vitamin E levels and decay
rate were analysed by one-way analysis of variance, followed
by a multiple comparison test.

To compare mean alpha-tocopherol and fluorescence va-
lues obtained from LDL containing different concentrations
of troglitazone after incubations with Cu ++ and HUVEC at
different times, a three-way analysis of covariance with repe-
ated measures was performed. The “V” BMPD program and
statistical software manual was used (University of California
Press, Berkeley, Calif., USA). When significant results were
obtained with the analysis of covariance, multiple comparison
between the three different concentrations was performed by
the Tukey test [38]. For each variable, the Dunnett test [39]
was used to compare the mean value at different times of incu-
bation with the mean at time 0.

Results

If otherwise not specifically indicated the results are
expressed as mean ± SD.

Under our experimental conditions, the exposure
of plasma to different amounts of troglitazone resul-
ted in increasing LDL drug concentrations. Figure 1
shows the correlation between the concentration of
troglitazone added to plasma and that found in
LDL. The increase was a linear function of the
amount added, up to 25 mg/ml plasma. The yield of in-
corporation was 6.1 ± 1.5%.

After incubation of plasma with increasing
amounts of troglitazone, LDL and HDL were separa-
ted by ultracentrifugation. Susceptibility to oxidation
(lag phase) was measured after incubation with
Cu ++ . A typical oxidation curve of LDL with, and
without troglitazone (at a concentration of 10 mg/ml
plasma), is shown in Figure 2. Results on LDL lag pha-
ses at the different troglitazone concentrations and
their absolute variations are indicated in Table 1.
When compared to control conditions, a significant in-
crease in the LDL lag phase ( + 13.2 ± 2.1min) was ob-
served at a drug concentration of 0.50 mg/ml plasma
(p < 0.01). Starting from this concentration, the expo-
sure of plasma to increasing amounts of troglitazone
determined a dose-dependent, significant increase in
LDL lag phase (p < 0.01).

The results of this study also show that the suscep-
tibility of HDL to oxidation was lower, and the length
of the lag phase accordingly longer in the presence of
troglitazone. Figure 3 shows the HDL lag phase at
different concentrations of troglitazone. At 10 and
25 mg/ml plasma of troglitazone, the HDL lag phase
increased from 75 ± 2.1 to 108 ± 1.9 min and
137 ± 2.4 min, respectively (p < 0.01).

After incubation with HUVEC, the REM of
control LDL was 1.79 ± 0.14 cm; the presence of

L. Cominacini et al.: Effect of troglitazone on LDL oxidation 167

Fig. 1. Correlation between the concentration of troglitazone
added to plasma and that found in LDL. Different amounts of
troglitazone (from 0 to 25.0 mg/ml plasma) were added to ali-
quots of the same plasma pool for 12 h at room temperature.
Samples were then processed by ultracentrifugation to sepa-
rate LDL and HDL as indicated in Materials and methods.
Troglitazone in LDL was assayed as indicated in Materials
and methods. Data are mean of six different assays



troglitazone reduced the LDL REM to 1.25 ± 0.10 cm
(p < 0.01), to 1.04 ± 0.09 cm (p < 0.01) and to
1.00 ± 0.06 cm (p < 0.01) at 2.5, 5 and 10 mg/ml plas-
ma, respectively.

The degree of HUVEC-induced LDL oxidation
was also evaluated by monitoring LDL fluorescence
at 430 nm with excitation at 360 nm at the indicated
times. This was done after re-isolation of LDL from
the medium by ultracentrifugation. Data on LDL
fluorescence are indicated in Figure 4. The analysis
of covariance showed significant differences in LDL
fluorescence values between the four different trogli-
tazone concentrations as well as between times for all

four. At all concentrations, p values ranged
from < 0.005 to < 0.001.

The extent of endothelial cell cytotoxicity (expres-
sed as percent cytotoxicity), induced by incubation
with LDL ( ± troglitazone) was always less than 3%.

LDL vitamin E values after incubation of LDL
with Cu ++ and HUVEC provided a good fit with a
single exponential decay model (r ranging from 0.90
to 0.98, p < 0.001). The exponential decay of LDL vi-
tamin E after incubation with HUVEC is shown in
Figure 5.

From the monoexponential decay equations, the
LDL vitamin E initial decay rate was calculated.
Data on LDL vitamin E initial decay rates are indica-
ted in Table 2. The LDL containing increasing
amounts of troglitazone showed significantly lower
decay rates than control LDL (p < 0.001).

Starting from the assumptions that vitamin E de-
cay is due to its reaction with free radicals and that
under the same oxidative stress troglitazone com-
petes with vitamin E in the same reaction, the effect
of troglitazone on vitamin E decay is assumed to be
proportional to its reactivity on free radicals. Conse-
quently the extent of vitamin E protection against
the decomposition induced by free radicals can be
considered a measure of the potency of a given radi-
cal scavenger. On the basis of these assumptions the
potency of troglitazone as a radical scavenger was as-
sessed in comparison to vitamin E in the following
competitive kinetic model:

V0/V = 1 + (Ktr/Ke) ⋅ ([Tr0]/[E0]) (1) where:
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Fig. 2. Typical oxidation curve of LDL induced by Cu ++ , with-
out or with troglitazone (10 mg/ml plasma). Troglitazone
(10 mg/ml plasma) was added to aliquots of the same plasma
for 12 h at room temperature. Samples were then processed
by ultracentrifugation to separate LDL as indicated in Materi-
als and methods. After gel-filtration for removing EDTA, the
fractions eluting at the void volume were pooled, adjusted to
a protein concentration of 0.2 mg/ml and oxidized immediately
with 1 mmol/l Cu ++

Table 1. Effect of different concentrations of troglitazone ad-
ded to plasma before LDL separation on LDL lag phase ex-
pressed in min and on its absolute variation in min (D min)

Drug added
(mg/ml)

Drug found
(mg/mg pro-
tein)

Drug found
(mol/mol)

Lag-phase
(min)

D

(min)

0 − − 94.0 ± 1.1
0.05 ND − 95.6 ± 1.2 1.6 ± 1.2
0.10 ND − 95.6 ± 1.1 1.6 ± 1.1
0.50 ND − 107.2 ± 1.4 13.2 ± 2.1
1.00 0.101 0.100 115.3 ± 0.9a 21.3 ± 1.8
2.50 0.193 0.232 121.7 ± 1.6a 27.7 ± 1.7
5.00 0.339 0.411 129.1 ± 0.9a 35.1 ± 1.9
10.0 0.651 0.789 135.4 ± 1.2a 41.4 ± 1.8
25.0 2.691 2.002 143.8 ± 1.5a 49.8 ± 1.8

Values of drug are mean of 6 different assays
Values of lag phase are mean ± SD of 6 different LDL oxida-
tions
a Means of lag phases that were significantly higher (p < 0.01)
by analysis of variance and multiple comparison test

Fig. 3. Data ( ± SD) on HDL lag phase at different concentra-
tions of troglitazone. Troglitazone (10–25 mg/ml plasma) was
added to aliquots of the same plasma for 12 h at room tem-
perature. Samples were then processed by ultracentrifugation
to separate HDL as indicated in Materials and methods. After
gel-filtration for removing EDTA, the fractions eluting at the
void volume were pooled, adjusted to a protein concentration
of 0.2 mg/ml and oxidized immediately with 1 mmol/l Cu ++ .
Data represent the mean of six different HDL oxidations.
*p < 0.01 compared to control



V0 = initial decay rate of LDL vitamin E without tro-
glitazone;
V = initial decay rate of LDL vitamin E with troglita-
zone;
Ktr = rate constant for the reaction between radicals
and troglitazone
Ke = rate constant for the reaction between radicals
and vitamin E
[Tr0] = initial LDL troglitazone concentration;
[E0] = initial LDL vitamin E concentration.

In Figure 6, the scatter plot is shown for [Tr0]/[E0]
against V0/V after incubation of LDL with Cu ++ and
HUVEC. These parameters proved to be associated
(correlation coefficient = 0.99, p < 0.001 for both
Cu ++ and HUVEC). From the equation 1, the slope
of the line, i. e. the ratio between the reactivity of tro-
glitazone compared to vitamin E (Ktr/Ke ratio), was
calculated. The Ktr/Ke ratio was (mean ± SEM)
5.94 ± 0.66 after incubation with Cu ++ , and
57.97 ± 6.7 after incubation of LDL with HUVEC.

Discussion

There is growing evidence of a relationship between
susceptibility of LDL to in vitro oxidation and ather-
osclerotic risk [13, 16, 17]. A novel strategy in the pre-
vention of atherosclerosis could therefore be to pre-
vent the deleterious effect of oxidized LDL by redu-
cing the oxidation rate.

The results of this study show that troglitazone, a
new oral antidiabetic agent with antioxidant capacity,
decreased the susceptibility of LDL to oxidation by
Cu ++ and HUVEC in a dose-dependent manner. At
least for the lowest concentrations, the troglitazone
concentrations used in these experiments compare
with the concentrations observed at therapeutic do-
ses in human subjects. The reported median fasting
plasma concentration of troglitazone at 400 mg two
times per day in healthy volunteers was 0.42 mg/ml,
while at 2 h post-dose it was 1.98 mg/ml [40].

The data for LDL oxidation induced by Cu ++ are
consistent with the classic kinetic model proposed by
Niki for lipid peroxidation [41], where the length of
the lag phase is directly related to the amount of anti-
oxidant and inversely related to the initiation rate.
The amount of LDL antioxidant, under circumstan-
ces in which other variables were probably largely un-
affected, is therefore critical in increasing the poten-
tial of scavenging radicals and thus delaying the in-
itiation of the lipid peroxidation chain. Our data are
also consistent with studies in which an increase of
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Fig. 4. Data ( ± SD) on the time course of LDL fluorescence
formation during incubation with umbilical vein endothelial
cells (HUVEC) of LDL containing different concentrations
of troglitazone. HUVEC-modified LDL was prepared by add-
ing 1.5 ml of serum-free F-12 medium, containing 200 mg/ml
LDL protein, to each 35 mm well of endothelial cells, and incu-
bating for 3, 5, 8, 11, 15 and 22 h at 37 °C. Oxidation was arres-
ted by the addition of 200 mmol/l EDTA and refrigeration.
LDLs corresponding to the different times of incubation were
re-isolated by ultracentrifugation at density = 1.15. The degree
of LDL oxidation was evaluated by monitoring LDL fluores-
cence, as described in Materials and methods. Data represent
the mean of six different LDL oxidations. *different from
time 0, p < 0.001; { higher than at a plasma troglitazone con-
centration of 2.5, 5 and 10 mg/ml, p < 0.005; } higher than
at a plasma troglitazone concentration of 5 and 10 mg/ml,
p < 0.001; ° higher than at a plasma troglitazone concentration
of 10 mg/ml, p < 0.001

Fig. 5. Exponential decay of LDL vitamin E, obtained after in-
cubation of LDL with HUVEC at different troglitazone con-
centrations. Different amounts of troglitazone (from 0 to
25.0 mg/ml LDL) were added to aliquots of the same plasma
pool for 12 h at room temperature. LDL was then oxidized by
HUVEC, as indicated in Materials and methods. At the
indicated times, LDL vitamin E was measured as described in
Materials and methods. The points (mean of 6 different LDL
oxidations) were fitted with a single exponential model by a
non-linear regression program, based on the Marquard algo-
rithm (see Materials and methods)



LDL antioxidants, by incubation or oral supplemen-
tation, always resulted in a strict proportional in-
crease in the length of the lag phase [42–44].

Troglitazone also determined a dose-dependent
decrease in modification of LDL by HUVEC. Al-
though cell-mediated oxidative modification of LDL
has been the subject of several studies, the mechan-
ism by which cells initiate LDL oxidation remains un-
clear. Both extracellular superoxide radical [45] and
lipoxygenase activity [46, 47] have been proposed.
Whichever mechanism of initiation may be involved,
this first led to the hypothesis that the action of the
modifying cells is to accelerate formation of lipid per-
oxides within the LDL particle. Recently, it has also
been proposed that the modifying cells could directly
provide peroxidative products to the LDL [32, 48].
Troglitazone could increase the potential of scaven-
ging lipid peroxyl radicals, but also modify the poten-
tial of the modifying cells to produce peroxidative
products and consequently delay the start of the lipid
peroxidation chain.

In this study we also demonstrated that the sus-
ceptibility to in vitro oxidation of HDL derived from
plasma supplemented with troglitazone was signifi-
cantly lower than that of control samples. Recently,
Nagano et al. [29] reported that oxidative modifica-
tion occurred in HDL, as in LDL. This modification
resulted in denaturation of apolipoprotein AI, with
an increased negative charge [29]. Interestingly, this
modified HDL lost its ability to stimulate efflux of
cholesterol from foam cells, thus suggesting that oxi-
dative modification of HDL may stimulate develop-
ment of atherosclerosis by limiting this efflux [29].
Further studies on patients at risk for atherosclerosis
are needed to establish whether susceptibility of
HDL to in vitro modification is an important risk fac-
tor in atherogenesis.

The results of this study also show that LDL vita-
min E levels obtained at the times of incubation with

Cu ++ and HUVEC fitted a single exponential decay
model.

At least for Cu ++ -induced LDL oxidation, this is
in agreement with previously reported data [42]. Tro-
glitazone added exogenously to LDL determined
dose-dependent reduction of the vitamin E initial de-
cay rate, and thus of LDL vitamin E consumption.
Even if the mechanism underlying this protective ef-
fect of troglitazone on vitamin E is unknown, one hy-
pothesis proposed by Thomas et al. [49] is that trogli-
tazone functions as a coantioxidant. In the model
proposed by these authors, vitamin E does not act as
a chain-breaking antioxidant, but facilitates the trans-
fer of radical reactions from the aqueous phase into
LDL and mediates radical chain reactions within the
lipoprotein particle. The vitamin thus exhibits pro-
oxidant activity. Since it is the isolation of the vitamin
E

.
within a lipoprotein undergoing oxidation that for-

ces it to react with the polyunsaturated fatty acids of
LDL, prevention of this oxidation depends on the ra-
pid destruction of vitamin E

.
. This implies that a com-

pound must have a high capacity to reduce and inter-
act with LDL-associated vitamin E

.
. The conversion

of the lipophilic vitamin E
.

into a harmless aqueous
radical is the process that actually prevents lipid hy-
droperoxide formation.

In this study we also demonstrated that, under
equal oxidative stress, troglitazone was a much more
potent radical scavenger than vitamin E. Our results
agree with those obtained under different experimen-
tal conditions by Nagasaka et al. [50], who studied the
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Table 2. Basal LDL troglitazone, LDL vitamin E and LDL vi-
tamin E decay rates obtained after incubation of LDL contain-
ing different concentrations of troglitazone with Cu++ and
HUVEC

Troglitazone
(mg/mg
protein)

Vitamin E
(mg/mg
protein)

Decay rate
(min−1)

Cu++ 0.000 4.95 1.13E-01 ± 0.291E-01
0.651 4.61 6.97E-02 ± 0.290E-02a

1.690 4.51 3.48E-02 ± 0.161E-02a

HUVEC 0.000 4.86 1.53E-03 ± 0.120E-03
0.193 4.65 6.99E-04 ± 0.41E-04a

0.396 4.65 2.68E-04 ± 02.6E-04a

0.599 4.61 1.83E-04 ± 0.25E-04a

Values of troglitazone and vitamin E are mean of 6 different
assays
Decay rate are mean ± SEM of 6 different LDL oxidations.
a p < 0.001 (vs troglitazone 0 mg/mg protein)

Fig. 6. Scatter plot for [Tr0]/[E0] against V0/V after incubation
of LDL with Cu ++ (r = 0.99, p < 0.001) and HUVEC (r = 0.99,
p < 0.001). The data on vitamin E initial decay rates were ana-
lysed in the following competitive kinetic model:
V0/V = 1 + (Ktr/Ke) ⋅ ([Tr0]/[E0]) where: V0 = initial decay rate
of LDL vitamin E at 0 mg/ml troglitazone; V = initial decay
rate of LDL vitamin E with troglitazone; Ktr = rate constant
for the reaction between radicals and troglitazone; Ke = rate
constant for the reaction between radicals and vitamin E;
[Tr0] = initial LDL troglitazone concentration; [E0] = initial
LDL vitamin E concentration



effect of troglitazone and vitamin E on LDL lipid per-
oxidation by 2,2 ′-azobis(2-aminopropane) dihy-
drochloride. These authors found that the 50 % inhi-
bitory concentrations of troglitazone and vitamin E
were 10 mmol/l and 25 mmol/l, respectively. Although
the mechanism of enhanced antioxidative activity of
troglitazone is not clear, it may be related to its struc-
ture. The hindered phenol of vitamin E acts as a
chain-breaking antioxidant, whereas the major func-
tion of the phytyl side chain is to retain the molecule
in LDL [44]. The thiazolidine ring of troglitazone
may affect its stability and thus its affinity for LDL
and hence its antioxidant capacity. Of course the pre-
sent results do not preclude that, under our experi-
mental conditions, troglitazone may protect vitamin
E by scavenging peroxyl radicals faster than vitamin
E, or that vitamin E can be regenerated by troglita-
zone as, for instance, by vitamin C [51].

Troglitazone was also shown to be much more po-
tent than vitamin E when LDL were oxidized by HU-
VEC than by Cu ++ . This finding raises new questions
as to how HUVEC modify LDL. If the contribution
of the modifying cells is only to favour LDL lipid per-
oxidation followed by metal-catalysed propagation,
the potency of troglitazone in the Cu ++ and HUVEC
model might be of the same order. If, as recently pro-
posed [32, 48], the modifying cells directly provide
peroxidative products to the LDL, a possible effect
of troglitazone on production of these compounds
cannot be ruled out. The present data allow no defini-
tive conclusion on the matter and this point requires
further study.

In conclusion, the results of this study demonstrate
that troglitazone, in addition to ensuring blood glu-
cose control, may be useful in inhibiting lipoprotein
peroxidation, and thus slow the development of
atherosclerosis in diabetes. Further studies are nee-
ded to confirm these results in the lipoproteins of dia-
betic patients.
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