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Abstract-The effect of two phenothiazines, chlorpromazine (CPZ) and trifluoperazine (TFP) on the 
copper and endothelial cell-induced peroxidation of low density lipoprotein (LDL) has been studied 
and compared to that of drugs previously shown to protect LDL against peroxidation: probucol (PBC) 
and butylated hydroxytoluene (BHT). Incubation with CPZ or TFP inhibited in a dose-dependent 
manner LDL peroxidation induced either by copper ions or by cultured endothelial cells. Both the 
electrophoretic mobility and the thiobarbituric reactive substance content of LDL returned to almost 
normal values in the presence of 50pM CPZ or TFP. The two studied phenothiazines also strongly 
inhibited the hydrolysis of LDL phosphatidylcholine which accompanies copper or endothelial cell- 
induced peroxidation of the particle. CPZ and TFP were as effective as PBC and BHT in inhibiting the 
LDL peroxidation. Whereas copper or endothelial cell-oxidized LDL were recognized and rapidly 
catabolized by mouse peritoneal macrophages, CPZ- or TFP-, as well as PBC- or BHT-treated LDL 
were not. Moreover, it was found that, in contrast to vitamin E, neither CPZ nor PBC reacted with 
model peroxy radicals formed by gamma irradiation of aerated ethanol. The possible mechanisms 
underlaying this protective effect of phenothiazines against LDL oxidative modification are discussed. 

Low density lipoprotein (LDLT) is the main chol- 
esterol carrier in plasma and is, in most tissues, 
specifically recognized and catabolized via the apo 
B/E receptor pathway, which leads to feed-back of 
cellular cholesterol biosynthesis and up-regulation of 
cholesteryl ester formation [ 11. During the last years, 
attention has been focused on the importance of low 
density lipoprotein oxidation in atherogenesis. When 
oxidized by endothelia1[2,3] or smooth muscle cells 
[3,4], LDL is no longer recognized by the apo B/E 
receptor but avidly taken up by the scavenger recep- 
tor of macrophages, inducing cholesteryl ester 
accumulation. This process is currently believed to 
play a role in the atherogenic process [5,6]. 

LDL incubated with endothelial cells are oxidized, 
as demonstrated by the increase in thiobarbituric 
reactive substance (TBARS) content [2,3]. Its elec- 
trophoretic mobility is increased, due to an increase 
in the negative net charge of the particle [2,3]. 
Moreover, about 50% of the LDL phosphatidyl- 
choline is hydrolysed [7]. It is worthy of note that 
LDL oxidized in vitro by incubation with copper ions 
exhibits very similar modifications [8]. 

Recently, the protective effect of probucol (PBC), 
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an hypocholesterolemic drug, against endothelial cell 
or copper-induced LDL oxidative modification has 
been demonstrated [9]. PBC has also been reported 
to have a marked anti-atherogenic action in animal 
models [lo, 111. This anti-atherogenic action is sup- 
posed to be related to its so-called “antioxidant” 
effect rather than to its relatively weak hypo- 
cholesterolemic potency [lo]. Nevertheless, the 
actual mechanism of this important phenomenon 
is still unclear. Indeed, it has never been directly 
demonstrated that PBC could scavenge superoxide 
anion or oxy radicals which have been postulated to 
be involved in copper or endothelial cell-induced 
modification of the LDL particle. Recent studies 
pointed out that other lipophilic compounds, which 
are not classically considered as good radical scav- 
engers, such as chlorpromazine, are in certain con- 
ditions able to inhibit the peroxidation of microsomal 
phospholipids [12,13]. We thus investigated the 
effect of two phenothiazines, chlorpromazine (CPZ) 
and trifluoperazine (TFP) on copper and endothelial 
cell-induced LDL modification. We found that under 
our experimental conditions, CPZ and TFP were as 
effective as PBC in protecting LDL against per- 
oxidation. 

MATERIALS AND METHODS 

Biochemicals. Chlorpromazine, trifluoperazine, 
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butyl hydroxytoluene (BHT), vitamin E and CuS04 
were from the Sigma Chemical Co. (St Louis, MO, 
U.S.A.). Probucol was a generous gift of Merrell- 
Dow Laboratories. Ham FlO and RPM1 1640 medi- 
ums, fetal calf serum, penicillin and streptomycin 
were from Gibco (Grand Island, NY, U.S.A.). The 
CBA mice were from IFFA-CREDO (l’Arbresle, 
France). The l-stearoyl-2-[14C]arachidonoyl 
phosphatidylcholine (2.1 GBq/mmol) was from 
Amersham (Buckinghamshire, U.K.). Silica gel 
plates F1500 were from Schleicher and Schuell (Das- 
sel, F.R.G.). 

Cell culture. The rabbit endothelial cell line, 
initially established by Buonassisi and Ventner [14], 
was a gift from Prof. D. Steinberg (La Jolla, Uni- 
versity of San Diego, CA, U.S.A.). Cells were grown 
in 35mm Nunc Petri dishes containing 1 mL Ham 
FlO medium supplemented with 15% foetal calf 
serum, penicillin and streptomycin, at 37” in 5% CO2 
humidified atmosphere. Experiments were per- 
formed on confluent cells. 

LDL preparation. LDL was prepared from fresh 
normal human blood by sequential ultra- 
centrifugation according to Have1 et al. [15]. LDL 
was taken as the 1.024-1.050 fraction. After exten- 
sive dialysis against 5 x 10e3 M Tris/S X lo-* M 
NaCl pH 7.4 buffer containing 0.04% EDTA, LDL 
was filtered through 0.45 ,uM Millipore and stored at 
4”. Protein determination was done according to 
Lowry et al. [16]. 

Oxidative modification of LDL. For all experi- 
ments dealing with LDL oxidation, LDL was pre- 
viously dialysed against 5 x 10e3 M Tris/S X lo-* M 
NaCl pH 7.4 buffer devoid of EDTA. Auto-oxi- 
dation by Cu*+ was performed by incubating 0.2 mg 
LDL with 5 X 10e6 M CuS04 in 1 mL of serum-free 
Ham FlO medium, for 24 hr at 37”. Endothelial cell- 
induced modification of LDL was achieved by incu- 
bating 0.2 mg/mL of the LDL solution for 24 hr at 
37” in the presence of confluent cells in 1 mL of 
serum-free Ham FlO medium. 

The extent of lipid peroxidation was assessed by 
measurement of the thiobarbituric acid-reactive 
products (TBARS) according to Hessler et al. [17], 
calculated as nanomoles of malondialdehyde per mil- 
ligram of LDL protein and expressed as percentage 
of control (LDL oxidized in the absence of drugs). 
In the case of endothelial-cell induced LDL per- 
oxidation, the control was the LDL incubated with 
cells during 24 hr at 37” in Ham FlO medium in the 
absence of drugs. The electrophoretic mobility of 
the LDL was checked by agarose gel electrophoresis 
using a Ciba-Corning system. Results are expressed 
as the relative electrophoretic mobility of the 
particle, i.e. the ratio of the electrophoretic mobility 
of the oxidized LDL vs the electrophoretic mobility 
of the control (LDL incubated in the absence of 
copper or endothelial cells). 

In experiments dealing with phosphatidylcholine 
hydrolysis, [ 14C]phosphatidylcholine-loaded LDL 
was prepared according to Steinbrecher [18]. The 
specific radioactivity of the labeled LDL was about 
4.8 x lo* dpm/mg protein. After a 24 hr incubation 
of 0.2 mg of labeled LDL in the presence of 
5 x W6M CuS04 or confluent endothelial cells, 

lipid analysis was performed by thin layer chroma- 
tography as previously described [19]. Results are 
expressed as percentage of [ 14C]phosphatidylcholine 
hydrolysed. 

LDL degradation by mouse peritoneal macro- 
phages. For experiments dealing with LDL degra- 
dation by mouse peritoneal macrophages, either 
native LDL or Cu*+-treated LDL (incubated in the 
absence or in the presence of 50 PM PBC, CPZ or 
BHT) were labeled using [i*?]Na according to the 
method of Bilheimer et al. [20 . After extensive 
dialysis against 5 x 10e3 M Tris 1 5 x lo-* M NaCl/ 
0.04% EDTA pH 7.4 buffer, LDL fractions were 
filtered through 0.45 PM Millipore and stored at 4”. 
The specific radioactivity was about 300 dpm/ng 
LDL protein, and the free iodine content of each 
fraction was under 2.5%. Mouse peritoneal macro- 
phages were prepared from CBA female mice (lg- 
22 g) as described by Edelson and Cohen [21]. After 
a 48-hr culture in RPM1 medium supplemented with 
10% heat-inactivated fetal calf serum, cells were 
washed and incubated for 5 hr at 37” in Ham FlO 
medium supplemented with 0.2% bovine serum 
albumin, in the presence of either [‘251]native LDL 
(control), or [ 12sI]Cu2+ -treated LDL, or [ 1251]Cu2+- 
treated LDL incubated with 50 ,uM PBC or CPZ or 
BHT. LDL degradation was measured according to 
Goldstein and Brown [22]. Results are expressed as 
nanograms of LDL (native or modified)/milligrams 
of cellular proteins. 

Reactivity of PBC, CPZ and vitamin E with free 
radicals. Peroxy radicals were produced by gamma 
radiolysis of aerated pure ethanol [23]. The dose 
delivered was up to 800Gy. The PBC, CPZ and 
vitamin E final concentrations were 10e4 M. 

PBC BHT CPZ TFP Vit.E 

Fig. 1. Effect of probucol (PBC), butylated hydroxytoluene 
(BHT). chlororomazine (CPZ). trifluoperazine (TFP) and 
Gitamik E (<it. E) on ihe l%ARS content of copper- 
oxidized LDL. The LDL (0.2 mg/mL) was incubated for 
24 hr at 37” in Ham FlO medium containing 5 x lo- 6 M 
CuS04 in the absence or in the presence of-the drugs at 
indicated concentrations. TBARS were determined by the 
thiobarbituric acid assay (see Materials and Methbds). 
Results are expressed as percentages of control (LDL 
oxidized in the absence of drugs). Means of six experimental 

values f SD. 
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PBC BHT CPZ TFP Vit.E 

Fig. 2. Effect of probucol (PBC), butylated hydroxytoluene 
(BHT), chlorpromazine (CPZ), trifluoperazine (TFP) and 
vitamin E (Vit. E) on the TBARS content of endothelial 
cell-oxidized LDL. The LDL (0.2 mg/mL) was incubated 
for 24 hr at 37” with confluent endothehal cells in the 
absence or in the presence of the drugs at indicated con- 
centrations. TBARS were determined by the thiobarbituric 
acid assay (see Materials and Methods). Results are 
expressed as percentages of control (LDL oxidized in the 
absence of drugs). Means of six experimental values f SD 
for PBC, BHT, CPZ and TFP. Means of three experimental 

values 2 SD for vitamin E. 

The reactivity of PBC and vitamin E with peroxy 
radicals was followed by high performance liquid 
chromatography using a 5 ,u Nova Pak Cis column 
(Waters) at a flow rate of 1.5 mL/min, with methan- 
01:ethanol:water 86: 10:4 (by vol.) as eluent 
(spectrophotometric detection at 210 nm). Under 
these conditions, retention times were 1.45 and 
4.35 min for probucol and vitamin E, respectively. 
The CPZ separation was also achieved by high per- 
formance liquid chromatography, but using a 5 p 
Porasil column (Waters) at a flow rate of 2 mL/min, 
with dichlorobutane : ethanol : ammonia (100 : 10 : 1 
(by vol.) as eluent (spectrophotometric detection at 
250 nm) . 

RESULTS 

Figures 1 and 2 display the effects of CPZ, TFP, 
PBC, BHT and vitamin E on copper or endothelial 
cell-induced peroxidation of LDL, as assessed by 
the measurement of their TBARS content. It was 
observed that CPZ and TFP reduced the TBARS 
level in a dose-dependent manner, both in copper 
and endothelial cell-treated LDL. More than 85% 
reduction of the copper-induced formation of 
TBARS was observed in the presence of either 10 PM 
CPZ or TFP (Fig. 1). At the same concentration, 
these compounds decreased by 75-80% the oxidation 
of the particle by endothelial cells (Fig. 2). It can 
also be observed in Figs 1 and 2 that CPZ and TFP 
were as efficient as PBC or BHT in inhibiting both 
copper or endothelial cell-induced LDL peroxi- 
dation. On the other hand, it is of note that under 
10 yM, vitamin E appeared less efficient than the 
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Fig. 3. Effect of probucol (PBC), butylated hydroxytoluene 
(BHT), chlorpromazine (CPZ), trifluoperazine (TFP) and 
vitamin E Wit. E) on the relative electroohoretic mobility 
of copper-oxidized LDL. The LDL (0.2 mg/mL) was incu- 
bated for 24 hr at 37” in Ham FlO medium containing 
5 x 10e6 M CuSO, in the absence or in the presence of the 
drugs at indicated concentrations. The relative elec- 
trophoretic mobility was calculated as the ratio of the 
electrophoretic mobility of the copper-oxidized LDL vs the 
electrophoretic mobility of the control (unoxidized) LDL. 
Means of six experimental values 2 SD. (0) PBC; (A) 

BHT; (0) CPZ; (W) TFP; (W) vitamin E. 

other studied compounds in protecting LDL against 
copper-induced peroxidation, whereas it strongly 
reduced the TBARS formation in LDL incubated 
with endothelial cells (more than 90% reduction in 
the presence of 50 ,uM vitamin E). 

CPZ or TFP also reduced in a dose-dependent 
manner the relative electrophoretic mobility of the 
copper-treated LDL, and these compounds were as 
effective as PBC or BHT. Figure 3 shows that the 
relative electrophoretic mobility of the LDL was 
reduced to about 1.05 for 10 PM CPZ or TFP, and 
to about 1.1. for PBC and BHT at the same con- 
centration, whereas the mean relative electro- 
phoretic mobility of the copper-treated LDL was 
1.7 t 0.06 as compared to the control (native LDL). 
As observed for the TBARS content, the protective 
effect of vitamin E against the copper-induced 
increase in LDL electrophoretic mobility was less 
marked, at low concentrations, than that of BHT, 
PBC or phenothiazines (Fig. 3). Concerning the 
endothelial-cell induced modification of the LDL, 
10pM of PBC, BHT, CPZ, TFP or vitamin E 
reduced the relative electrophoretic mobility to 1.05- 
1.1 vs 1.36 +- 0.03 for the particle incubated with cells 
in the absence of the drugs (data not shown). 

Since LDL modified either by copper ions or by 
endothelial cells are recognized by the scavenger 
receptor of macrophages [2,8], we also investigated 
the effect of phenothiazines on the recognition of 
copper-treated LDL by mouse peritoneal macro- 
phages. Table 1 shows that, as expected, native LDL 
was very weakly catabolized by mouse peritoneal 
macrophages, whereas copper-oxidized LDL was 
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Table 1. Effect of probucol (PBC), butylated hyd- 
roxytoluene (BHT) and chlorpromazine (CPZ) on the 
degradation of Cu 2+-treated LDL by mouse peritoneal 

macrophages 

Degradation by mouse peritoneal 
Conditions macrophages (ng/mg cell protein) 

Native LDL 2.0 f 0.1 
Cu*+-oxidized LDL 

without drug 109.5 + 14.8 
+50 PM PBC 11.5 5 0.5 
+50/4M BHT 17.1 2 0.5 
+50 PM CPZ 14.1 f 0.7 

After a 24 hr preincubation with 5 M Cu*+ in the absence 
or in the presence of the drugs, LDL fractions were labeled 
with [1251]Na and then tested for degradation by mouse 
peritoneal macrophages as described in Materials and 
Methods. Results are expressed as ng [ ‘251]LDL degraded/ 
mg of cell protein (on a LDL protein basis). Means of 
three experimental values t SD. 
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Table 2. Effect of probucol (PBC), chlorpromazine (CPZ) 
and trifluoperazine (TFP) on the LDL phosphatidylcholine 
hydrolysis induced by copper ions or by endothelial cells 

Fig. 4. Comparative reactivity of vitamin E, probucol and 
chlorpromazine with peroxy radicals formed by gamma 
radiolysis of aerated pure ethanol. The final concentration 
of all compounds was 1OO~M. Results are expressed as 
the percentage of unalterated compound, checked by high 
performance liquid chromatography as described in 
Materials and Methods. (W) Vitamin E; (0) probucol; (0) 

Phosphatidylcholine hydrolysis (%) 
induced by 

chlorpromazine. 

Drug (50 PM) cu*+ Endothelial cells 

None 54.2 f 4.0 35.0 * 12.2 
PBC 7.5 f 2.0 6.6 * 3.0 
CPZ 3.2 2 1.8 4.6 ‘- 1.6 
TFP 5.5 f 2.4 6.2 2 2.8 

The LDL was labeled with [14C]phosphatidylcholine as 
described in Materials and Methods. The specific radio- 
activity was about 4.8 X lo5 dpm/mg LDL protein. After 
a 24 hr incubation of 0.2 mg of labeled LDL with 5 PM 
Cu2+ or with confluent endothelial cells in the absence or 
in the presence of the drugs at 50pM, lipid analysis was 
performed by thin layer chromatography. Results are 
expressed as percentage of [ “C]phosphatidylcholine 
hydrolysis. Means of six experimental values * SD for 
copper-induced peroxidation of LDL, and of eight experi- 
mental values 2 SD for endothelial cell-induced modi- 
fication. 

Experiments were also carried out to study the 
reactivity of PBC and CPZ with peroxy radicals, 
which are the most important oxygenated radicals 
encountered in lipid peroxidation [24,25]. For this 
purpose, we used model peroxy radicals (R02’) 
obtained by gamma radiolysis of aerated ethanol. It 
can be observed in Fig. 4 that whereas vitamin E was 
readily destroyed, as expected, by peroxy radicals, 
PBC did not significantly react with R02’, up to 
800 Gy. The CPZ was also poorly reactive in our 
experimental system, since only 20-25% of the drug 
were destroyed following 800 Gy irradiation. 

DISCUSSION 

actively degraded. As previously shown [9], PBC 
strongly reduced the degradation of copper-treated 
LDL by macrophages. It can be also observed that 
CPZ was at least as efficient as PBC, at the same 
concentration (50 PM), in preventing macrophage 
degradation of copper-treated LDL. 

The LDL peroxidation is also accompanied by 
the hydrolysis of about half of the phosphatidyl- 
choline of the particle [7]. We thus investigated the 
effect of phenothiazines on this phenomenon 
using [ 14C]arachidonoylphosphatidylcholine-labeled 
LDL. In the presence of 50,~M CPZ or TFP, the 
phosphatidylcholine hydrolysis was reduced by more 
than 85% in LDL incubated either with copper ions 
or endothelial cells (Table 2). In both cases, PBC 
also inhibited phosphatidylcholine hydrolysis, with a 
similar efficiency. 

Taken all together, our results clearly demonstrate 
that phenothiazines strongly protect LDL against 
copper or endothelial cell-induced modification, as 
assessed by the TBARS content and the elec- 
trophoretic mobility of the particle. They also inhibit 
phosphatidylcholine hydrolysis which accompanies 
LDL oxidative modification. Moreover, pheno- 
thiazine-treated LDL incubated with copper ions or 
endothelial cells are no longer recognized by the 
scavenger receptor of mouse peritoneal macro- 
phages. In fact, in the presence of 50pM CPZ or 
TFP, all the studied parameters returned to almost 
normal values. It is also worthy of note that the two 
studied phenothiazines were as efficient as probucol 
or as the well known free radical scavenger BHT in 
preventing LDL oxidative modification. Concerning 
BHT, Van Hinsberg et al. [26] previously reported 
the protective effect of this compound against both 
copper and endothelial cell-induced peroxidation of 
LDL. The less efficiency of vitamin E at low con- 
centrations (under 5 PM) is also consistent with 
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observations of Esterbauer et al. [27], which found 
that addition of l-5 yM vitamin E only poorly 
increases the lag-phase of LDL oxidation induced by 
copper ions. By contrast, vitamin E readily protects 
LDL against cell-induced modification as described 
for endothelial cells [7,26], monocytes [28] and 
macrophages [29]. 

The mechanisms by which phenothiazines can pro- 
tect LDL against both copper and endothelial cell- 
induced modification remain unclear. The question 
of a possible “free radical scavenging effect” of these 
drugs has to be discussed. In our experimental 
system, chlorpromazine reacted very poorly with 
model peroxy radicals. Janero and Burghardt [13] 
also failed to demonstrate a significant free radical 
scavenging effect of chlorpromazine. Katsuoka and 
Ohnishi [30], studying the protective effect of chlor- 
promazine against rat heart ischemia, found a little 
scavenging effect of the drug using l,l-diphenyl-Z 
picrylhydrazyl as a free radical generating system, 
but only at 10e4 M. It is worthy of note that at 30 PM, 
a concentration which in our experiments led to 
S&90% inhibition of the LDL peroxidation, these 
authors did not observe any significant reaction of 
chlorpromazine with free radicals [30]. In another 
experimental system, using tetraphenylporphyrin as 
photosensitizer and arachidonic acid as a lipid radical 
generating system, chlorpromazine at 10pM only 
slightly inhibited diene and triene production (Dr 
Iliou, personal communication), whereas at this con- 
centration we already observe a marked protective 
effect of the drug against LDL peroxidation (see Figs 
1 and 2). 

The effect of phenothiazines on the LDL mic- 
roviscosity and its eventual influence on the propa- 
gation of the oxidative process has also to be 
considered. Nagatsuka and Nakazawa [31] pointed 
out a possible role of the physical state of the lipid 
phase in the susceptibility of lipids to peroxidation: 
these authors showed that compounds which 
decrease membrane fluidity such as cholesterol and 
cepharantin inhibited the radiation-induced per- 
oxidation of lipids in liposomes, although they have 
no significant radical-trapping ability. It is of note 
that phenothiazines are known to interact with 
phospholipids [32], affecting membrane microv- 
iscosity [33,34]. Since phospholipids represent about 
25% in mass of the LDL [35], an effect of pheno- 
thiazines on the physical state of the LDL could be 
involved in the inhibition of the copper or endothelial 
cell-induced peroxidation of the particle. Experi- 
ments are now undertaken in our laboratories in 
order to check the effect of phenothiazines on the 
LDL physico-chemical properties during the time- 
course of its oxidative modification by copper ions 
or endothelial cells. 

Concerning the protective effect of probucol 
against LDL peroxidation induced either by endo- 
thelial cells or by copper ions, although it is now 
admitted that it is due to “antioxidant” properties of 
the drug, such properties have to our knowledge 
never been directly demonstrated. It is worthy of 
note that, in our experimental system probucol did 
not react with model peroxy radicals produced by 
irradiation of aerated ethanol whereas vitamin E was 
almost completely destroyed. However, in recent 

studies, Barnhart et al. [36] demonstrated the appear- 
ance of the probucol oxidation products spir- 
oquinone and diphenoquinone during the course of 
LDL auto-oxidation. But even in this case, there is 
no clear argument allowing to correlate the pro- 
duction of such compounds to the protective effect 
of the drug against LDL oxidative modification. 
Thus, the contribution of a “physical” effect of pro- 
bucol in its protective effect against LDL per- 
oxidation cannot be ruled out. Probucol has been 
shown to interact with the LDL particle [37,38], 
and recently Goldberg and Mendez [39] evoked the 
marked effect of this drug on lipid structure: at very 
low concentrations, probucol markedly reduced the 
phase-transition temperature of phospholipids. 

In conclusion, the mechanisms by which drugs 
such as phenothiazines or even probucol can protect 
LDL against copper or cell-induced peroxidation are 
not entirely elucidated. But it clearly appears, in our 
experimental system, that compounds which are not 
believed to be classical “anti-oxidants” such as 
phenothiazines are as efficient as probucol or as free 
radical scavengers such as BHT or vitamin E in 
preventing LDL modification. Thus, although 
further experiments are needed to support this 
hypothesis, we suggest that LDL peroxidation could 
be prevented by different mechanisms, i.e. not only 
by the presence of actual free radical scavengers, but 
also by insertion of lipophilic compounds such as 
phenothiazines or probucol, which can alter the LDL 
structure and render the particle less sensitive to the 
oxidative attack. It is conceivable that many other 
lipophilic drugs could have a similar effect. This 
opens a wide field of research in the investigation of 
drugs which can slow down the atherogenic process 
by inhibiting LDL lipid peroxidation. 
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