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Keywords SUMMARY
angina, . 1 L ) .
cochlea, Trimetazidine exerts antianginal properties at the cellular level, without haemo-
heart, dynamic effect in clinical and experimental conditions. This cytoprotection was

lipid metabolism,

attributed to a decreased utilization of fatty acids for energy production, balanced by

liver, an increased incorporation in structural lipids. This study evaluated the influence of
myocyte'. ' Trimetazidine on complex lipid synthesis from [2-’H] glycerol, in ventricular
phospholipid, myocytes, isolated rat hearts and in vivo in the myocardium and several other
retina, . . . : 1. . . .

A tissues. In cardiomyocytes, Trimetazidine increased the synthesis of phosphatidyl-
triacylglycerol,

trimetazidine

choline (+ 80%), phosphatidyl-ethanolamine (+ 210%), phosphatidyl-inositol
(+ 250%) and cardiolipid (+ 100%). The common precursor diacylglycerol was also
increased (+ 40%) whereas triacylglycerol was decreased (—70%). Similar results
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were obtained in isolated hearts with 10 pM Trimetazidine (phosphatidyl-choline
+ 60%, phosphatidyl-ethanolamine + 60%, phosphatidyl-inositol + 100% and
cardiolipid + 50%), the last two phospholipids containing 85% of the radioactivity.
At 1 pM, Trimetazidine still stimulated the phospholipid synthesis although the
difference was found significant only in phosphatidyl-inositol and cardiolipid. In vivo
studies (10 mg/kg per day for 7 days and 5 mg/kg, i.p. before the experiment)
revealed significant changes in the intracellular lipid biosynthesis, with increased
labelling of phospholipids and reduced incorporation of glycerol in nonphosphorous
lipids. Trimetazidine increased the glycerol uptake from plasma to the other tissues
(liver, cochlea, retina), resulting in an altered lipid synthesis. The anti-anginal
properties of Trimetazidine involve a reorganisation of the glycerol-based lipid
synthesis balance in cardiomyocytes, associated with an increased uptake of plasma
glycerol that may contribute to explain the pharmacological properties reported in
other organs.

*correspondence and reprints:
grynberg@jouy.inra.fr

INTRODUCTION

Trimetazidine (TMZ, 1-[2,3,4-trimethoxy-benzyl] piper-
azine, 2 HCl), which was introduced as an antianginal
drug 20 years ago, exerts its properties at the cellular
level, without haemodynamic effects in clinical condi-
tions [1-3]. Bricaud et al. [4] demonstrated the beneficial
effect of a long-term TMZ treatment in ischemic cardiop-
athy without associated adverse effects. In vitro, the

beneficial properties of the molecule were reported in
isolated perfused heart models, which confirmed that the
mechanism of the beneficial effect was not associated to
any haemodynamic component [5,6]. Using a similar
model, Lavanchy et al. [7] showed that during a global
normothermic ischemia, TMZ prevented acidosis and
inorganic phosphate accumulation and increased the
recovery of adenosine triphosphate (ATP) at reperfusion.
Similar results were obtained on cardiomyocyte cultures
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submitted to hypoxia, in which the presence of the
molecule decreased the intracellular accumulation of
Ca’* and Na® and protected cardiac cells against
accumulation of H" [8,9]. The direct cytoprotective effect
was confirmed by the observation that TMZ significantly
reduced the hypoxia-induced enzyme leakage [10] and
prevented the electro-mechanical alterations in cellular
models [11]. Several studies raised the hypothesis that
this cytoprotective effect could be associated with a
reduction of the fatty acid utilization for energy produc-
tion. The reduced palmitoyl-carnitine B-oxydation in
isolated mitochondria [12], and increased glucose
dependence of ATP production in isolated cardiomyocytes
[13] suggested that the cytoprotective effect of TMZ might
be due to reduction of the fatty acid utilization for energy
production, possibly through the inhibition of B-oxyda-
tion. As a matter of fact, TMZ was described to inhibit
long chain fatty acid 3-ketoacetylCoA thiolase [14].

However, such a mechanism of action addresses two
questions. The first is the fate and toxicity of the excess of
nonoxidized fatty acids [15]. During the past 20 years of
TMZ utilization for angina treatment in humans, or in
any experimental investigation no report indicated any
adverse effect possibly correlated with an excess of fatty
acid (or metabolite) storage. The second is the efficiency
of TMZ in the noncardiac diseases, such as in the
treatment of vertigo and tinnitus and ophthalmologic
disorders of ischemic origin. Apart from the reduction of
the B-oxidation pathway, TMZ might act at the level of
phospholipid metabolism. Interestingly, in a previous
paper, we reported that TMZ is able to induce in cardiac
myocytes a large increase in phospholipid synthesis from
inositol and ethanolamine [16]. This effect was associ-
ated with a significant increase in the incorporation of
fatty acids in phospholipids [17], which could explain the
absence of adverse effects due to fatty acid nonoxidation.

The present study was intended to evaluate the
influence of TMZ on the synthesis of complex lipids from
glycerol at the myocyte level, and in the heart in vitro
and in vivo.

METHODS

In vitro studies on myocytes

These investigations were performed on neonatal rat
cardiac myocytes in culture. The hearts were removed
under sterile conditions from 2 to 4 days-old Wistar rats,
and the myocytes were isolated and cultured according to
published procedures [18]. The ventricles were collected
in sterile conditions, cut to small pieces, washed three
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times and minced in calcium free saline at 30 °C. The
tissue was then submitted to a six step proteolytic
dissociation (10 min, 30 °C) with trypsin (1 : 250;
DIFCO, Paris, France). The supernatants were pooled
and centrifuged (1000 g, 15 min), and the cell pellet was
resuspended in culture medium. The myocyte proportion
was increased through a two-step selective adhesion
procedure. The isolated myocytes were suspended in the
culture medium (4 x 10° cells/ml) and seeded in 60 mm
plastic dishes (Falcon Primaria; Becton Dickinson, Pont de
Claix, France) at a density of 2 x 10° cells per dish. The
culture was grown in Ham'’s F 10 basal medium supple-
mented with 10% fetal calf serum (SEROMED, Biochrom,
Berlin, Germany), 10% human serum, penicillin and
streptomycin. The free calcium concentration in the
medium was standardised at 1.2 mM. The medium was
renewed 24 h after seeding, and every 2 days thereafter.
The cells were incubated at 37 °C in a humidified
atmosphere (with 5% CO,). Confluence was reached
within 2 days, and all the experiments were conducted on
5-day-old cultures. The cells were pre-treated overnight
with TMZ (500 pM in Puck G saline solution or Puck G
saline alone for control), and then incubated in the same
solution containing [2-*H] glycerol (10 uM, 1.1 pCi/mL)
(NEN). After 105 min, the cells were harvested in
methanol (2 mL), and homogenized with an ultrasonic
processor. Chloroform was added (4 mL), and 0.73% NaCl
(1.2 mL) to cause phase separation. The phospholipids
(PL) were separated from nonphosphorous lipids (NPL) on
silica cartridges (Waters, Touzart et Matignon, Courta-
boeuf, France). The PL classes were separated by thin
layer chromatography on silica plates (Polygram Sil-G;
Macherey-Nagel, Hoerdt, France), in the solvent system
chloroform/methanol/acetic acid/petroleum spirit 35—
60/boric acid (40/20/10/30/1.8 v/v/v/v/w) [19]. The
separation of the classes of NPL was achieved by thin layer
chromatography [20] in the solvent system hexane/
diethyl ether/methanol/acetic acid (90/20/30/2 v/v/v/v).
Each experiment was carried out on three dishes per
group and repeated on five culture preparations. The data
were expressed as mean + SEM, and submitted to a two-
way analysis of variance (ANovAa) with TMZ and culture as
fixed factors [21]. Because the culture effect and the cross-
interaction were not significant, only the results of the
TMZ effect are presented. When significantly different, the
means were compared by the Newman—Keuls test.

In vitro studies on the isolated heart
These investigations were performed using the isolated
perfused rat heart model. The hearts (n=6) were
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isolated from 10 week-old Wistar rats, 300-320 g
(CERJ, Le Genest St Hisle, France) and perfused in
Langendorff mode for 20 min with Krebs—Henseleit
medium gazed with a CO,/0, mixture (5/95), contain-
ing TMZ (1 or 10 uM) or free of TMZ for control. After
stabilisation, the perfusion solution was turned to
the same solution containing 1 mM [2-*H] glycerol
(1 pCi/mL) for 20 min. At the end of perfusion, the
heart was washed out from the remaining radio-
labelled medium by 10 mL of Krebs—Henseleit solution
injected through the cannula. The hearts were homo-
genized in 30 mL chloroform/methanol (2/1 v/v). The
homogenate was filtered and a sample (100 pL) was
withdrawn for the radioactivity counting. A 0.73%
NaCl solution was added to cause phase separation. The
radioactivity was determined in samples of the aqueous
and organic fractions, and PL and NPL were separated
on silica cartridge (Waters). The PL and NPL classes
were separated as described above. The data were
expressed as mean *+ SEM, and submitted to a one-way
ANOVA [21].

In vivo studies

The experiment was performed on 180 g Long Evans
rats under sodium pentobarbital anaesthesia. This strain
was choosen for in vivo experiments because of the
natural colouring of retina and cochlea, which warrants
an exhaustive dissection of these two organs. The rats
were divided into one control group and two TMZ treated
groups (n = 6), and fed for one week a diet containing
TMZ to achieve a daily intake of 10 or 50 mg/kg, or no
TMZ for control. The animals were then allowed to fast
overnight and received an intraperitoneal injection of
half a daily dose of TMZ in 0.9% NacCl (5 or 25 mg/kg) or
vehicle for control. After 10 min, the animals were
given, through the femoral vein, an injection of [2-*H]
glycerol (50 pCi/rat, in 200 pL of 0.9% NaCl). The
incorporation of [2->H] glycerol in tissue lipids was
investigated 30 min after tracer injection. A blood
sample was withdrawn as well as the heart, cochlea
(x 2), retina (x 2) and a liver sample. The whole cochlea
was isolated from the temporal bone and weighed
without further microdissection. The organs were
homogenized in chloroform/methanol (2/1) and frac-
tionated as described above. The data were expressed as
mean + SEM, and submitted to a two way ANovA with
TMZ and organ as fixed factors [21]. When significantly
different, the means were compared by the Newman—
Keuls test.
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RESULTS

Effect of Trimetazidine on ventricular

myocytes lipids

As shown in Figure 1, the radio-labelled glycerol was
incorporated in the complex lipids of cultured ventric-
ular myocytes. In the nonphosphorous lipids, the entire
radioactivity was recovered in diacylglycerols and
triacylglycerols. The most important part of the radio-
activity in the phospholipid fraction was recovered in
phosphatidyl-choline, although a significant amount of
radio-labelling was also observed in phosphatidyl-etha-
nolamine, phosphatidyl-inositol and in the mixture
cardiolipid + phosphatidic acid. The radio-labelling of
sphingomyelin and phosphatidyl-serine was always
low. When TMZ was added to the medium, the total
glycerol uptake was significantly increased (approxi-
mately + 40%, P < 0.01). However, in spite of this
enhanced uptake, the intracellular available glycerol
remaining in the aqueous fraction was reduced by 30%
(P < 0.05), suggesting that the metabolism rate is
increased. This effect of TMZ was confirmed by the
observation that the presence of the molecule signifi-
cantly enhanced the incorporation of glycerol in most
of the phospholipid classes. The synthesis of phosphat-
idyl-choline, phosphatidyl-inositol, phosphatidyl-etha-
nolamine, and cardiolipid (+ phosphatidic acid) were
increased by 55%, 300%, 140%, and 100%, respectively

1 Control
*k T™Z w%

w1 g é

25 104 i

10? dpm/mg protein
*
*
*
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o éo_ D EJ[Z é.==.|:sD|:|
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TOT AQ DAG TAG SM PC PS PL PE CL+PA

Figure 1 Influence of Trimetazidine (500 uM) on the uptake of
[2-3H]-glycerol by cultured ventricular myocytes (TOT) and its
incorporation in the various lipid fractions. (DAG and TAG, di- and
triacylglycerol; SM, sphingomyelin; PC, phosphatidyl-choline;

PS, phosphatidyl-serine; PI, phosphatidyl-inositol; PE, phosphatidyl-
ethanolamine; CL, cardiolipid + phosphatidic acid; AQ, aqueous
fraction). Data are expressed as mean + SEM (n = 15, 3 dishes per
point repeated on 5 different cultures). (*P < 0.05, **P < 0.01).
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(P <0.01). Conversely, TMZ did not influence the
synthesis of sphingomyelin and phosphatidyl-serine
(Figure 1), or the labelled amount of lysophosphatidyl-
choline (data not shown). In the non-phosphorous lipid
fraction, the treatment with TMZ resulted in an
increased radiolabelling of diacylglycerol (+ 100%),
and a significant reduction of triacylglycerol synthesis
(-45%) (P < 0.01).

Effect of Trimetazidine on the lipids

of isolated perfused rat heart

The results obtained with [2->H] glycerol perfusion in
isolated perfused rat hearts are presented in Figure 2 and
Figure 3. After 20 min of perfusion, the amount of
radioactivity was significantly higher in the hearts
perfused with TMZ (10 uM) than in control (+ 90%).
This result was associated with a large increase in both
the labelled glycerol remaining in the aqueous fraction
(+ 110%), and the labelled glycerol in the organic
fraction (+ 50%) featuring the glycerol incorporated in
complex lipids. However, this increase in complex lipid
labelling affected the various lipid fractions differently.
As shown in Figure 2, TMZ significantly increased the
radioactivity in the phospholipid fraction (+ 70%) but
decreased the radioactivity in the nonphosphorous lipid
fraction (—30%). This result suggests that TMZ specific-
ally influence the biosynthesis of the phospholipids.
Another experiment was carried out in similar condi-
tions, but with a perfusion time increased to 40 min to
reach an equilibrium state. In these conditions, the
differences were no longer significant, except in the

2% 1 Control

% % T™Z
¥k
1000 |
100 &

500

10° cpm/mg protein

50 4
*%

*%k

. 7 4, . D %

T T T T T
TOT AQ OR NPL PL

Figure 2 Effect of Trimetazidine (10 pM) on the radioactivity in the
fractions collected from isolated perfused rat heart after 20 min
perfusion with [2-3H] glycerol (n = 6). (AQ, aqueous fraction;

OR, organic fraction; NPL, nonphosphorous lipids; PL, phospholi-
pids.) (*P < 0.05, **P < 0.01).
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aqueous fraction, which was still higher by 30% in the
TMZ group (data not shown).

The dispatching of the radiolabelled glycerol in the
various lipid classes after 20 min of perfusion confirmed
that TMZ specifically affected the incorporation of glycerol
in phospholipids (Figure 3a). The synthesis of phosphat-
idyl-choline, phosphatidyl-inositol, phosphatidyl-ethanol-
amine, and cardiolipid were increased by 60%, 110%,
60% and 50%, respectively (P < 0.01). As already
observed in isolated cells, TMZ did not significantly
influence the synthesis of the other PL classes (sphing-
omyelin, phosphatidyl-serine and lysophosphatidyl-cho-
line). More than 80% of the radio-labelled glycerol
incorporated in phospholipids was found in phosphat-
idyl-inositol and cardiolipid, although these two classes
represent, in mass, less than 20% of the total cardiac
phospholipids. In the nonphosphorous lipids, TMZ slightly
reduced the incorporation of glycerol in diacylglycerol
and did not alter the synthesis of triacylglycerol.

(a) **;_
[ Control
30 1 TMZ (10 uM) 2
v
£
E
20
20
E
g
E
10 V
*% g *%
/ %% %
0 - Dm 4 —lZa Ciza [j A
T T T T T T T
DAG TAG PC PI PS PE CL+PA
30 -{ (b) o
1 Control i
TMZ (1 pM)
§ 20 |
%" *%
g
S
— 10 -
N n7 D cm L L2

T T T T T T
DAG TAG PC PI PS PE CL+PA

Figure 3 Influence of Trimetazidine (a) 10 pM and (b) 1 uM on the
incorporation of [2->H]-glycerol in the various lipid fractions of
isolated perfused rat heart. (n = 6). (DAG and TAG, di- and
triacylglycerol; PC, phosphatidyl-choline; PS, phosphatidyl-serine;
PI, phosphatidyl-inositol; PE, phosphatidyl-ethanolamine; CL + PA,
cardiolipid + phosphatidic acid). (*P < 0.05, **P < 0.01).
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This experiment was repeated with 20 min perfusion
at a lower dose of TMZ (1 pM). In these conditions, only
the incorporation of glycerol in phospholipid was stimu-
lated by TMZ. In those classes in which the radioactivity
was low at 10 pM TMZ (phosphatidyl-choline, phos-
phatidyl-serine and phosphatidyl-ethanolamine), no dif-
ference could be detected between the TMZ group and
the control group at 1 pM TMZ. Conversely, as shown on
Figure 3b, TMZ at 1 pM induced a significant increase in
the synthesis of phosphatidyl-inositol and cardio-
lipid, + 80% and + 60%, respectively (P < 0.01).

Effect of Trimetazidine on glycerol metabolism

in vivo

In the group of rats given TMZ for one week (per os
10 mg/kg per day) and half the daily dose just before
experiment (5 mg/kg i.p), the radioactivity in the plasma
was significantly lower after 30 min than in the control
group (310 £ 9.1 vs. 388 £ 22.3 kepm/mlL, P < 0.01).
Moreover, increasing the dose of TMZ to 50 mg/kg per
day and 25 mg/kg i.p further decreased the plasma
radioactivity (290 £ 6.4 kcpm/mL, P < 0.01). Con-
versely, in the organs investigated, the total radioactivity
was higher in the TMZ treated groups than in the control
group (Figure 4). All the organs were collected after
30 min, which may hide some important kinetic differ-
ences, as evidenced by the significant ‘organ’ effect
(P < 0.01). Nevertheless, the two-way ANOVA revealed a
significant TMZ effect (P < 0.01), which was mainly due
to the higher dose. The absence of a significant cross
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interaction suggests that the increase affected all the
organs investigated. Both the aqueous fraction and lipid
fraction displayed a higher radioactivity in the TMZ-
treated groups than in the control group (Figure 5 and
Figure 6, respectively). This difference was significant in
the aqueous fraction for both the TMZ effect (P < 0.01)
and the organ effect (P < 0.01), as well as in the lipid
fraction (P < 0.05 and P < 0.01, respectively). These
data indicate that TMZ increased both the glycerol
uptake from the plasma and the glycerol incorporation
in complex lipids. In the aqueous fraction, the significant
cross interaction (P < 0.01) suggests that the amplitude
of the glycerol-uptake increase due to TMZ may differ
among the organs. Conversely, the absence of significant
cross interaction in the lipid fraction outlines that the
TMZ-induced increase in the incorporation of glycerol in
complex lipids may affect all the organs (Figure 6).

In the heart samples, the phospholipids were separated
from the nonphosphorous lipids, and the radioactivity
was determined in these two lipid fractions (Figure 7).
TMZ induced an alteration of intracellular lipid biosyn-
thesis. The synthesis of phospholipids was significantly
increased + 25% and + 45% at the lower and higher
TMZ doses, respectively. Conversely, the synthesis of
nonphosphorous lipids (mainly TAG) was significantly
decreased (—20% approximately). The analysis of the
heart revealed that TMZ significantly influenced the
incorporation of glycerol in cardiac lipids (after 5 mg/kg
i.p). Asin all the in vitro investigations, this effect resulted
in a significant increase in phospholipid turnover, which
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(n=29).

was, in vivo, balanced by a slightly reduced incorporation

of glycerol in nonphosphorous lipids.

DISCUSSION

This study investigated the influence of TMZ on the fate
of glycerol in lipid metabolism in the myocardium, at

various organization levels. In the mammalian heart,
phospholipids are synthesized de novo via the intra-
cellular acylation of glycerol-3-phosphate produced from
the glycerol transported across the membrane [22]. The
glycero-3-phosphate is further metabolized to phosphati-
dic acid and then to diacylglycerol by dephosphorylation
of phosphatidic acid. The results of the present study
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Figure 7 In vivo influence of Trimetazidine (0, 10 or 50 mg/kg per
day for 7 days and O, 5, and 25 mg/kg i.p just before the
experiment, respectively) on the incorporation of radioactivity in

show that TMZ increases the incorporation of glycerol in
complex lipids of the heart. Moreover, this increase is
specific to the phospholipids, which confirms the results
in our previous paper [16]. In the cardiac myocyte, TMZ
stimulated the incorporation of radio-labelled glycerol
in the four main phospholipid classes (phosphatidyl-
choline, phosphatidyl-inositol, phosphatidyl-ethanol-
amine, cardiolipid). Two main pathways were described
for the synthesis of phospholipids in the heart [23].
Phosphatidyl-inositol (and cardiolipid in a parallel
pathway) is synthesized through the transfer of cyti-
dine-diphosphate (CDP) on phosphatidic acid by a
cytidylyl-transferase (or CDP-diacylglycerol synthase).
In a second step, the CDP moiety is withdrawn from
CDP-diacylglycerol and replaced by inositol in the
phosphatidyl-inositol synthase-catalyzed reaction. The
main precursor of this pathway is phosphatidic acid,
which appears to be upstream of the diacylglycerol and
then the synthesis of phosphatidyl-inositol and cardioli-
pid does not require diacylglycerol. In cultured cardiac
myocytes, TMZ also induced a significant increase of
phosphatidyl-choline and phosphatidyl-ethanolamine
synthesis. Phosphatidyl-choline is synthesized through
the so-called CDP-choline pathway, characterized by the
transfer of CDP to the hydrophilic moiety (phosphoch-
oline) by CTP : phosphocholine cytidylyltransferase, the
key enzyme of the pathway [24,25]. Then, the cytidylyl
moiety is exchanged with diacylglycerol by a diacylglyc-
erol : CDP-phosphocholine transferase to build phos-
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phatidyl-choline. The CDP-ethanolamine pathway
parallels the CDP-choline pathway, but involves etha-
nolamine-specific enzymes, except for the initial kinase,
because choline kinase was shown to act also on
ethanolamine [26]. In the data presented here, the
amount of radio-labelled diacylglycerol was increased in
cultured cardiomyocytes and that of triacylglycerol was
decreased. This lowered triacylglycerol synthesis may be
attributed to the strong increase in phosphatidyl-choline
and phosphatidyl-ethanolamine synthesis, which may
redirect the utilization of diacylglycerol from triacylglyc-
erol to phospholipids. Using inositol as precursor for
phosphatidyl-inositol [17], it was shown that the
increase in phospholipid turnover in isolated cardiomyo-
cytes could be observed from 10 uM TMZ. In this study,
we used glycerol as precursor, with the advantage of
labelling all the complex lipids, and the disadvantage of a
reduced sensitivity of the response. For this reason, the
investigations in cultures cardiomyocytes were carried
out at 500 uM TMZ, the most efficient concentration of
the dose-response curve with inositol [17]. However, the
requirement of high doses is specific to the cell culture
models and lower concentrations, close to therapeutic
conditions, were used on isolated heart model and
in vivo.

As in cultured myocytes, TMZ (10 pM) stimulated the
incorporation of glycerol in the four main PL classes in the
isolated perfused heart (phosphatidyl-inositol, phosphat-
idyl-ethanolamine, phosphatidyl-choline and cardiolipid).
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However, the radioactivity incorporated in phosphatidyl-
inositol and cardiolipid represented more than 85% of the
total radioactivity recovered in the lipid fraction. This is
probably the reason why only these two phospholipid
classes appeared significantly affected with the lower
concentration of TMZ (1 pM). Although the isolated heart
responded at a much lower concentration of TMZ than
the cultured cells, these experiments qualitatively gave
similar results in the two preparations and showed a
significant increase in PL synthesis, concerning mainly
the phosphatidyl-inositol/cardiolipid pathway. At high
TMZ concentration (500 pM in cells and 10 uM in
isolated heart) the CDP-choline and CDP-ethanolamine
pathways seem to be also increased. The qualitative
differences observed between cardiomyocytes and isolated
heart could be due to the high content of nonmuscle cells
in the heart. Moreover, cultured cardiomyocytes are
extracted from neonatal rat hearts, although perfused rat
heart or in vivo experiments are performed with adult
cells. Such developmental differences may explain the
small differences observed in lipid metabolism. The
treatment with TMZ resulted in an increased radio-
labelling of diacylglycerol in the cardiomyocytes that was
not observed in the isolated heart. This difference may
account for the differences observed in the PL pathways.
In the myocytes, the increase in diacylglycerol synthesis
is consistent with the large increase in CDP-choline and
CDP-ethanolamine pathways, and the lower increase in
phosphatidyl-inositol + cardiolipid + phosphatidic acid
synthesis. In the heart, the high increase in phosphatidyl-
inositol + cardiolipid + phosphatidic acid synthesis
outlines the central role played by diacylglycerol. At
10 uM TMZ, the phosphatidyl-inositol/cardiolipid syn-
thesis from phosphatidic acid is favoured. The dephosph-
orylation of phosphatidic acid to diacylglycerol is then
reduced and the increase in phosphatidyl-choline and
phosphatidyl-ethanolamine is balanced by the decrease in
diacylglycerol. At 1 uM TMZ, only the main effect is
significant. The synthesis of phosphatidyl-choline and
phosphatidyl-ethanolamine, as well as the dephosphory-
lation of phosphatidic acid to diacylglycerol were not
significantly altered. These data suggest that the main
effect of TMZ on the phospholipid metabolism may
concern the biosynthesis pathway of phosphatidyl-inos-
itol and cardiolipid through their activated intermediate
CDP-diacylglycerol. Such a mechanism confers to TMZ
some common trends with several other amphiphilic
compounds [27]. Chlorpromazine was reported to inhibit
PC synthesis [28], methyl-lidocaine to favor phosphatidyl-
inositol synthesis in the heart [29], and lidocaine to

E. Sentex et al.

increase both phosphatidyl-inositol and phosphatidyl-
ethanolamine synthesis in the hamster heart [30].

The results of the investigations presented in this study
also demonstrate that in addition to a strong effect on
phospholipid metabolism, TMZ affected glycerol uptake.
In the cardiomyocytes, TMZ increased the total radio-
activity uptake by 40%. In these conditions, the accel-
eration of all the phospholipid pathways increased the
demand in phosphatidic acid and diacylglycerol, and
thus increased the acylation of phosphoglycerol. This
may explain the decreased available radioactivity in the
aqueous fraction, associated with a higher labelling of
diacylglycerol. In the isolated heart, the total radio-
activity uptake increase by TMZ was close to + 100%,
much higher than in the isolated cells. Moreover, the
metabolic demand focused more on phosphatidic acid
than on diacylglycerol, and the flux from glycerol to
diacylglycerol was reduced as compared with the cellular
model. This may explain why in the isolated heart, TMZ
increased the radioactivity in the aqueous fraction and
reduced that of the diacylglycerol. Similar trends were
observed in the in vivo investigations. TMZ reduced
significantly the radioactivity in plasma and increased
globally the total radioactivity uptake in the organs
investigated, heart, liver, retina and cochlea. This
increase significantly affected both the aqueous fraction
and the lipid fraction. In retina and cochlea, phospho-
lipids represent the major part of the total lipid fraction
and the effect of TMZ on lipid fraction can largely be
attributed to an effect on phospholipid synthesis.

The results collected here support the hypothesis of a
membrane-related mechanism of action for TMZ, in
agreement with several reports in cardiac as well as
noncardiac effects. It is not possible to estimate which
membranes are concerned (plasma, mitochondria)
because of the weak specificity of the PLs involved.
However it can be hypothesized that most of the
membrane type may be affected. Increasing the turnover
of both phosphatidyl-inositol and cardiolipid may influ-
ence the plasma membrane, which contains a large part
of the cell phosphatidyl-inositol, and the mitochondrial
membrane, which is rich in cardiolipid. Another inter-
esting question raised by these results is the mechanism
of this effect. Interestingly the phospholipids responding
to the lower TMZ concentration (phosphatidyl-inositol
and cardiolipid) are those displaying a synthesis pathway
that largely occurs in the membrane (particularly
mitochondrial). On the contrary, for those PLs respond-
ing only to higher TMZ concentrations (phosphatidyl-
choline and phosphatidyl-ethanolamine) numerous
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synthesis steps occur within the cytoplasm. Due to its
amphiphilic properties, TMZ may be trapped in the
membrane, and thus influence membrane-bound
enzymes and other proteins. Moreover, recent data
reported the occurrence of high affinity TMZ binding
sites in rat brain and liver mitochondria membranes
consistent with the suggestion that mitochondria is the
major target responsible for the anti-ischemic effect of
the drug [31]. But the alteration by TMZ of the other
membrane dynamic properties, including fluidity, was
also suggested in the outer leaflet of the plasma
membrane in human platelets and erythrocyte ghosts
[32], and the plasma membrane of cardiomyocytes [11].
More recently Gil-Loyzaga et al. [33] reported a
protective effect of TMZ on cochlear electric activity in
kainic acid-induced neurotoxicity. The membrane effect
of TMZ observed here in cochlea may outline the studies
showing the clinical efficiency of TMZ in vertigo [34],
cochleo-vestibular disorders associated with Meniere’s
disease [35] and tinnitus [36]. Interestingly, phosphatidyl
-inositol was reported to be the phospholipid displaying
the fastest turnover in the inner ear [37], and increasing
PI turnover by TMZ in inner ear may represent a
beneficial event in various pathological situations.
Recent studies reported the protective effect of TMZ on
retinal ischemia. This effect could be correlated to the
TMZ blockade of excitatory amino acid-mediated neuro-
toxicity as previously described by Delbarre et al. [38],
where changes in phospholipid turnover might be of
influence. Moreover, by altering electric activity and
accelerating the phospholipids turnover, TMZ might be of
potential therapeutic benefit for combating retinal isch-
emia and particularly in age-related macular degener-
ation (AMD), a heterogeneous group of disorders, which
is the leading cause of blindness in the elderly. The
cellular and molecular mechanisms underlying the death
of photoreceptors and other retinal cells remain poorly
understood. Nevertheless, ischemic events seem to be a
major factor for the development of the severe form of
AMD and particularly for the development of choroidal
neovascularization. Interestingly, the effect of TMZ on the
membrane may influence the natural course of AMD.
However, the influence of TMZ on the total glycerol
uptake cannot only be attributed to the increased flux of
glycerol acylation for phospholipid synthesis, since all the
situations (except the cultured cardiac cells) showed an
increase of radioactivity in the aqueous fraction. This
suggests that in addition to the increased phospholipid
synthesis, TMZ may affect glycerol uptake in the heart
and the other organs considered in this study. The entry of
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glycerol in the inner ear fluids, endolymph and perilymph,
is limited by two barrier, an endothelial blood—perilymph
barrier which shares similarities with the blood brain
barrier, and an epithelial barrier between perilymph and
endolymph compartments. The transfer rate constant of
glycerol into perilymph, calculated after intravenous
injection of radioactive glycerol, is rapid (k;, = 0.025/
min), similar to those observed for electrolytes [39].
Nevertheless, to our knowledge, the cellular uptake and
turnover of glycerol has not been studied in this structure.

CONCLUSION

TMZ was shown in this study to increase both the uptake
of glycerol and the metabolic flux from phosphoglycerol
to several phospholipids, and mainly phosphatidyl-
inositol. The efficiency of the drug in angina pectoris is
attributed to a decreased B-oxidation, which results
either from a direct effect on B-oxidation enzymes [14]
or from the redirection of fatty acids to phospholipid
biosynthesis [16,17], or both. This study demonstrates
that the membrane effect of TMZ, which can also be
observed in noncardiac tissues, is a significant contri-
bution to the mechanism of action of this drug.

ACKNOWLEDGEMENT

The authors thank Dr F. Oudot for his contribution to the
experiments.

REFERENCES

1 Sellier P. Chronic effects of trimetazidine on ergometric
parameters in effort angina. Cardiovasc. Drugs Ther. (1990)

4 822-823.

2 Detry J.M., Sellier P., Pennaforte S., Cokkinos D., Dargie H.,
Mathes P. Trimetazidine: a new concept in the treatment of
angina. Comparison with propranolol in patients with stable
angina. Trimetazidine European Multicenter Study Group.

Br. J Clin. Pharmacol. (1994) 37 279-288.

3 Detry J.M., Leclercq P.]. Trimetazidine European Multicenter
Study versus propranolol in stable angina pectoris: contribution
of Holter electrocardiographic ambulatory monitoring. Am. J.
Cardiol. (1995) 76 8B-11B.

4 Bricaud H., Brottier L., Barat J.L., Combe C., Boussens B.,
Bonnet J. Cardioprotective effect of trimetazidine in severe
ischemic cardiomyopathy. Cardiovasc. Drugs Ther. (1990) 4
861-866.

5 Libersa C., Honoré E., Adamantidis M., Rouet E., Dupuis B.
Antiischemic effect of trimetazidine: enzymatic and electric
response in a model of in vitro myocardial ischemia. Cardiovasc.
Drugs Ther. (1990) 4 808-809.

© 2001 Blackwell Science Fundamental & Clinical Pharmacology 15 (2001) 255-264

858017 SUOWILLIOD @A ea10 3(edldde aup Aq pausenob ae seoie YO ‘85N JO Sa|nJ Joj A%eid18uluO A8|IA UO (SUORIPUOO-pUe-SW.BI W00 A8 |IM AeIq U1 |UO//SdNL) SUORIPUOD pUe SWie | 8L 88S *[€202/60/TT] Uo Ariqiauliuo (1M ‘osdiq - Seiul Aq X' TE000 TO0Z 9028-22T [/9r0T 0T/I0p/woo A8 | 1M AseIq Ul uo//Sdny wouy pepeojumod ‘v ‘TO0Z ‘90282.5T



264

6

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Drake-Holland A.]., Belcher P.P., Hynd J., Noble M.I. Infarct size
in rabbits: a modified method illustrated by the effects of
propranolol and trimetazidine. Basic Res. Cardiol. (1993) 88
250-258.

Lavanchy N., Martin J., Rossi A. Anti-ischemic effects of
trimetazidine: 31P-NMR spectroscopy in the isolated rat heart.
Arch. Int. Pharmacodyn Ther. (1987) 286 97-110.

Renaud J.F. Internal pH, Na+, and Ca2+ regulation by
trimetazidine during cardiac cell acidosis. Cardiovasc. Drugs
Ther. (1988) 1 677-686.

Lagadic-Gossmann D., Le Prigent K., Feuvray D. Effects of
trimetazidine on pHi regulation in the rat isolated ventricular
myocyte. Brit. J. Pharmacol. (1996) 117 831-838.

Fantini E., Demaison L., Sentex E., Grynberg A., Athias P. Some
biochemical aspects of the protective effect of trimetazidine on
rat cardiomyocytes during hypoxia and reoxygenation. J. Mol.
Cell. Cardiol. (1994) 26 949-958.

Fantini E., Athias P., Demaison L., Grynberg A. Protective
effects of trimetazidine on hypoxic cardiac myocytes from the
rat. Fundam. Clin. Pharmacol. (1997) 11 427-439.
Demaison L., Fantini E., Sentex E., Grynberg A., Athias P.
Trimetazidine: In vitro influence on heart mitochondrial func-
tion. Am. J. Cardiol. (1995) 76 B31-B37.

Grynberg A., Demaison L. Fatty acid oxydation in the heart.
J. Cardiovasc. Pharmacol. (1996) 28 S11-S17.

Kantor P.F., Lucien A., Kozak R., Lopaschuk G.D. The Antian-
ginal Drug Trimetazidine Shifts Cardiac Energy Metabolism
From Fatty Acid Oxidation to Glucose Oxidation by Inhibiting
Mitochondrial Long-Chain 3-Ketoacyl Coenzyme A Thiolase.
Circ. Res. (2000) 86 580-588.

Grynberg A. The role of lipids in cardiac metabolism.
Medicographia (1999) 21 116-124.

Sentex E., Sergiel J.P., Lucien A., Grynberg A. Trimetazidine
increases phospholipid turnover in ventricular myocytes. Mol.
Cell Biochem. (1997) 175 153-162.

Sentex E., Sergiel J.P., Lucien A., Grynberg A. Is the Cytopro-
tective Effect of Trimetazidine Associated with Lipid Metabolism?
Am. J. Cardiol (1998) 82 18K-24K.

Athias P., Grynberg A. Electrophysiological Studies on Heart
Cells in Culture. In: Pinson A. (Ed.) Heart Cell Culture, Vol 1.
CRC Press, Boca Raton, 1987, pp. 125-158.

Gilfillan A.M., Chu A.]., Smart D.A., Rooney S.A. Simple plate
separation of lung phospholipids including desatured phos-
phatidyl choline. J. Lipid Res. (1983) 24 1651-1656.

Brown J.L., Johnston ]J.M. Radioassay of lipid components
separated by thin-layer chromatography. J. Lipid Res. (1962)
4 480-481.

Dagnelie P. Théories et méthodes statistiques. Presses Agro-
nomiques de Gembloux, Gembloux, 1975.

Robinson J., Newsholme E.A. Glycerolkinase activities in rat
heart and adipose tissue. Biochem. J. (1967) 104 2C—4C.
Vance D.E. Glycerolipid biosynthesis in eukaryotes. In: Vance,
D.E., Vance, J.E. (Eds), Biochemistry of Lipids, Lipoproteins and
Membranes. Elsevier, Amsterdam, 1996, pp. 153-180.

24

26

27

28

29

30

31

32

33

34

35

36

37

38

39

E. Sentex et al.

Zelinski T.A., Choy P.C. Phosphatidyl ethanolamine bio
synthesis in isolated hamster heart. Can. J. Biochem. (1982)
60 817-823.

Zelinski T.A., Savard J.D., Man R.Y.K., Choy P.C. Phosphatidyl-
choline biosynthesis in isolated hamster heart. J. Biol. Chem.
(1980) 225 11423-11428.

Ishidate K. Choline transport and choline kinase. In: Vance D.E.
(Ed.) Phosphatidyl Choline Metabolism. CRC Press Boca Raton,
1989, pp. 47-64.

Allan D., Michell R.H. Enhanced synthesis de novo of phos-
phatidyl inositol in lymphocytes treated with cationic amphi-
philic drugs. Biochem. J. (1975) 148 471-478.

Pelech S.L., Vance D.E. Trifluoperazine and chlorpromazine
inhibit phosphatidyl choline biosynthesis and CTP. phospho-
choline cytidylyl transferase in HeLa cells. Biochim. Biophys.
Acta (1984) 795 441-446.

Lee E., Tardi P.G., Man R.Y.K., Choy P.C. The modulation of
phosphatidyl inositol biosynthesis in hamster hearts by methyl-
lidocaine. Biochem. J. (1995) 309 871-876.

Wong ].T., Man R.Y.K., Choy P.C. The effect of lidocaine on de
novo phospholipid biosynthesis in the isolated hamster heart.
Lipids (1994) 29 391-396.

Morin D., Sapena R., Elimadi A. et al. [(3) H|-trimetazidine
mitochondrial binding sites: regulation by cations, effect of
trimetazidine derivatives and other agents and interaction with
an endogenous substance. Br. J. Pharmacol. (2000) 130
655-663.

Devynck M.A., Sang K.H.L.Q., Joulin Y., Mazeaud M. Acute
membrane effects of trimetazidine in human platelets. Eur. J.
Pharmacol. (1993) 245 105-110.

Gil-Loyzaga P., Hernandez E., Carricondo F., Simon F., Poch-
Broto J. Trimetazidine prevents cochlear lesions induced by
intraperitoneal and perilymphatic administration of kainic acid.
Brain Res. (1999) 826 95-103.

Klyskens P., Lambert P., D'Hooge D. Trimetazidine contre
betahistine dans la maladie de Méniére. Etude a double insu.
Ann. Otolaryngol. Paris (1990) 107 11-19.

Wayoff M. Etude double insu contre placebo de I'activité de la
trimétazidine dans les atteintes cochleo-vestibulaires. La
semaine des Hopitaux de Paris (1984) 60 2729.

Morgon A., Pech A., Labaeye P., Wayoff M., Lacomme Y.,
Bébéar J.P. A two-month multicenter double blind placebo
controlled study of trimetazidine in tinnitus. Ann. Otolaryngo.
Paris (1990) 107 66-77.

Niedzielki A.S., Schacht J. Phospholipid metabolism in the
cochlea: differences between base and apex. Hearing Res.
(1991) 57 107-112.

Delbarre B., Delbarre G., Calinon F. Action of trimetazidine on
retina gerbils after ischemia reperfusion insult: determination of
‘OH, aminoacids, and electroretinogram. Ann. NY Acad. Sci.
(1994) 738 334-340.

Sterkers O., Ferrary E., Saumon G., Amiel C. Na and nonelec-
trolyte entry into inner ear fluids of the rat. Am. J. Physiol.
(1987) 253 F50-F58.

© 2001 Blackwell Science Fundamental & Clinical Pharmacology 15 (2001) 255-264

858017 SUOWILLIOD @A ea10 3(edldde aup Aq pausenob ae seoie YO ‘85N JO Sa|nJ Joj A%eid18uluO A8|IA UO (SUORIPUOO-pUe-SW.BI W00 A8 |IM AeIq U1 |UO//SdNL) SUORIPUOD pUe SWie | 8L 88S *[€202/60/TT] Uo Ariqiauliuo (1M ‘osdiq - Seiul Aq X' TE000 TO0Z 9028-22T [/9r0T 0T/I0p/woo A8 | 1M AseIq Ul uo//Sdny wouy pepeojumod ‘v ‘TO0Z ‘90282.5T



