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Abstract--The effect of three calcium antagonists on the synthesis of prostacyclin (PGI2, assayed as 6- 
Keto-PGFlalpha) and PGE2 by cultured rat cardiac myocytes and fibroblasts was investigated. In 
myocytes only, bepridil, diltiazem and verapamil (10  -9 tO 10 -7 M )  stimulated PGs synthesis by two- to 
three-fold, dose-dependently. At a concentration of 10 -6 o r  10 -5 M the intensity of the stimulation of 
PGI2 and PGE2 decreased. Cobalt chloride (2 × 10 -3 M) did not change PGs synthesis (pg/mg of 
protein/30 min; means -+ SE, N = 10; PGE2:365 -+ 59 and 463 -- 89 treated vs controls; PGI2:824 -+ 214 
and 799 -+ 143 treated vs controls). After 30 min exposure of myocytes to hypoxic conditions (glucose- 
free medium and low PO2), the glycogen content was half that of the controls (P < 0.001), ATP content 
did not change and PGI2 and PGE2 synthesis increased (x 1.5, P < 0.05). When applied to myocytes 
30 rain before inducing hypoxia, the three calcium antagonists stimulated PGs synthesis by three- to 
seven-fold at maximal effect, and bepridil (10 -8 M) or diltiazem (10 -7 M) prevented the hypoxia-induced 
decrease in glycogen content. With 10 -5 M drug concentration, the effect on PGs was not significant, 
except for the effect of bepridil on PGI2 (P < 0.05). It is concluded that therapeutic concentrations of 
calcium antagonists simultaneously prevent the decrease in myocyte glycogen induced by hypoxia and 
stimulate PGs synthesis by myocytes. 

Among prostaglandins (PGs), prostacyclin (PGI2) is 
a potent vasodilating agent [1] which may play a role 
in the physiological regulation of myocardial blood 
flow [2] and protect myocardium against ischemia 
[3]. Calcium antagonists, which are potent vaso- 
dilating agents [4], are used for the treatment of 
angina pectoris [5] and have been shown, in isolated 
heart and in animal models, to protect myocardium 
against ischemic injuries [6--8]. These effects are 
believed to be the consequence of calcium channel 
blockade and of the subsequent coronary vessel dil- 
ation. Whether or not calcium antagonists exert a 
direct protection of myocardium against ischemia 
remains controversial [9]. The similarity of the 
cardiac effects of PGs and calcium antagonists sug- 
gests that alterations of arachidonic acid metabolism 
could be instrumental in the effects of the latter. 
Indeed, verapamil (10 -5 to 10 -4 M) was shown not 
only to decrease thromboxane synthesis by platelets 
and to inhibit platelet aggregation [10] but also to 
increase the circulating PGs [11] and the production 
of PGs by isolated tissues [12]. 

We have investigated the effect of three calcium 
antagonists, bepridil, diltiazem and verapamil, on 
the synthesis of PGs by cardiac cells in culture, and 
on the effects of hypoxia on the cells. 

* Address for reprints: Dr Brigitte Escoubet, Facult6 de 
M6decine X. Bichat. INSERM U 251, 16 Rue H. Huchard, 
75018 Paris, France. 

MATERIALS AND METHODS 

Cell culture. Heart myocytes and fibroblasts were 
cultured from 3-day-old Sprague-Dawley rats 
(Charles River, France). Ventricular cells were dis- 
sociated with porcine trypsin (Choay Lab., France) 
and myocytes were separated from fibroblasts by 
differential plating [13]. Cultures were grown for 3 
days in Minimal Essential Medium (MEM) (Euro- 
bio, France) containing 10% new-born calf serum 
(Eurobio, France). 

Characterization of the culture, as myocyte or 
fibroblast, was made by indirect double immuno- 
fluorescence with specific antibodies against myosin 
and tubulin [14]. For immunofluorescence studies, 
cells were grown on coverglasses and exposed suc- 
cessively to both antibodies, fluorescein-labeled anti- 
rabbit immunoglobulins G and to rhodamin-labeled 
anti-guinea pig immunoglobulins G [15]. The same 
field of the culture dish was observed under a fluor- 
escence microscope (Leitz Dialux) to assess the pre- 
paration purity: the cultures, when used, contained 
at least 90% of the corresponding cell type (Fig. 1). 

Experimental procedure. All procedures were 
carried out at 30 ° on the fourth day of culture. 
Attached cells were washed three times with MEM 
and left resting for 1hr. The medium was then 
replaced by 2 ml of fresh MEM and incubated for 
two or three periods of 30min. After each 
incubation, l m l  of the incubate was removed for 
assay of PGs and replaced by 1 ml of fresh MEM or 
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Fig. 1. Characterization of myocyte and fibroblast cultures by indirect double immunofluoresccncc with 
anti-myosin and anti-tubulin antibodies. The figure shows the same field of cells labcled with the two 
fluorescent markers in a myocyte culture (a and b) and in a fibroblast culture (c and d). Tubulin is 

present in the two types of cell (b, d) whereas myosin is specific for myocytes (a, c). Bar : lt) !tin. 

M E M  conta in ing  the  drug. The  r e m o v e d  med ium 
was rapidly f rozen and  s tored at - 2 0  ° until  assay. 
The  first incuba t ion  was p e r f o r m e d  u n d e r  cont ro l  
condi t ions  and  the  addi t ional  two per iods  u n d e r  con- 
trol or t r ea t ed  condi t ions .  The  a m o u n t  of PGs  actu- 
ally p roduced  dur ing  the  cons idered  30 min of incu- 
ba t ion  was calcula ted by subt rac t ing  the a m o u n t  
of PGs svn the t ized  dur ing  the  prev ious  incuba t ion  

per iods  f rom the total  a m o u n t  assayed,  as previously 
descr ibed [16] in renal  g lomeru la r  cell cultures.  The  
cells were washed  with (1.9~ NaC1. harves ted  with 
a r u b b e r  pol iceman and assayed f'~r prote in  conten t  
[17]. 

Hypoxic condi t ions  were achicved by incubat ing  
the cells in glucose-free M E M  (Eurob io ,  France)  
sa tura ted  with 95c:2 N~, 5c~ ( ' ( ) ,  in order  to decrease  
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synthetized by heart cells in culture during three successive 30-rain periods 
means-  + SE, *P<0.05, ** P<0.01; N=25 for myocytes and N= 14 for 

fibroblasts. 
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the P02 (24 -+ 1.4 mmHg versus 121 -+ 2.6 mmHg in 
controls, P < 0.001). Gassing was performed 
through a rubber cap to allow sampling without 
opening the vial. Controls were gassed with 20% O,,  
75% N2, 5% CO2. 

Verapamil (Knoll Pharmaceutical Co.), diltiazem 
hydrochloride (LERS Synthelabo, France) and 
bepridil hydrochloride (Riom CERM Labs., France) 
were dissolved in MEM, kept protected from the 
light and were added to the cells 30rain before 
inducing hypoxia. Cobalt chloride (Sigma Chemical 
Co.), dissolved in MEM, was used at a concentration 
of 2 x 10 -3 M. Indomethacin (Sigma Chemical Co.) 
was dissolved in ethanol and further diluted in MEM, 
BW 755c (Wellcome Labs.) was dissolved in MEM. 

In separate experiments, 0.5/~Ci of 14C-arachi- 
donic acid (58 mCi/mmol,  the Radiochemical Centre 
Amersham, U,K.)  was added to the cells in a 3/A 
volume of ethanol. The cells were incubated for a 
single period of 30 min. 

Prostaglandin assay. In the experiments in which 
a4C-arachidonic acid was used, PGs were extracted 
from the acidified incubation medium, the extract 
purified by silicic acid chromatography [18] and the 
fraction containing PGs used for reverse-phase 
HPLC. PGs were separated with a C18 micro 
Bondapack column (Waters Assoc., 250 ram, 10 u 
particle size) with a mobile phase composed of 
acetonitri le/benzene/acetic acid/water (49.6/0.4/ 
0.2/49.6, v/v) using a 2.0 ml/min flow rate (Gilson 
302 pump). Fractions were collected every minute 
and counted for radioactivity by liquid scintillation 
(Packard M 4430, set up for dual label count). PGs 
were identified by the migration of the corresponding 
tritiated standard (150 Ci/mmol,  the Radiochemical 
Centre, Amersham, U.K.)  added before extraction. 

In all other experiments,  PGs were assayed by 
specific radioimmunoassay [18] in unextracted incu- 
bation medium. PGE2 and 6KetoPGFla lpha ,  the 
stable metabolite of PGI2, were assayed with anti- 
bodies from Institut Pasteur (Paris, France). Anti- 
6KPGFla lpha  antibody cross-reacted with PGE2 
(4%), PGE1 (13%) and d ihydroPGFla lpha  (4%), 
antiPGE2 antibody cross-reacted with PGE1 (10°A) 
and 15KPGE2 (13%). The cross-reactivity of both 
antibody with other PGs was below I%.  MEM, 
bepridil, diltiazem, verapamil and cobalt chloride did 

not cross-react with the radioimmunoassay. Results 
were expressed as pg/mg of protein/30 min. 

Glycogen and ATP assay. After  incubation, cells 
were scraped off on ice and assayed for glycogen [19] 
or ATP cell content [20]. 

Statistical analysis. The two-tailed paired t-test was 
used to compare the amount of PGs produced during 
treated and untreated periods. One-way variance 
analysis was used in other comparisons. 

R E S U L T S  

Synthesis of PGs by cardiac cells' in culture 

The chromatography disclosed that myocytes and 
fibroblasts produced PGI2, as assayed by its stable 
metabolite 6-Keto-PGFlalpha,  and PGE2 from a4C- 
arachidonic acid. As quantified by radioimmuno- 
assay, myocytes produced significantly greater 
amounts of PGE2 than fibroblasts (Fig. 2, P < 0.05), 
and similar amounts of PGI2. The synthesis of PGI2 
and PGE2 by myocytes and fibroblasts was decreased 
by 70% after 1 hr incubation with indomethacin 
(10 6 M), whereas BW755c (40 rag/l) did not change 
the synthesis of PGs. 

In controls, the amount of PGI2 and PGE2 pro- 
duced during 30 rain decreased by 55 + 5% when the 
cells were incubated for a second 30-min period. No 
further decrease in the synthesis of PGs was observed 
during a third incubation of 30 rain (Fig. 2). The 

Table 1. Effect of cobalt chloride (2 mM) on PGs synthesis 
by cardiac myocytes and fibroblasts in culture 

Control COC12 

PGE2 
Myocytes, N = 10 463 _+ 89 365 _+ 58 
Fibroblasts, N = 16 42 _+ 3.2 40 _+ 3.7 

PGI2 
Myocytes, N = 10 799 _+ 143 824 _+ 214 
Fibrohlasts, N = 10 296 _+ 38 214 -+ 33 

Data are expressed as pg/mg of protein/30min 
(means + SE). Controls are the control values expected for 
the corresponding incubation time. 
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Fig. 3. Effect of bepridil, diltazem and verapamil on the synthesis of PGs by cultured rat cardiac 
myocytes under normal conditions. Results are shown as the percentage of the value expected for the 
corresponding incubation under control conditions. Data are means -+ SE; N = 4 to 7: &, bepridil; ©, 

diltazem; 0 ,  verapamil; **P < 0.01, as compared with the paired controls. 

actual amount of PGs produced during the second 
or the third period of incubation was compared with 
the amount of PGs expected to be produced during 
the corresponding incubation period under control 
conditions. 

Effects of calcium antagonists on the synthesis of PGs 
At a concentration of 2 x 10 .3 M cobalt chloride 

did not change the rate of synthesis of PGs either by 
myocytes or by fibroblasts (Table 1). 

In contrast, the synthesis of PGs by myocytes was 
increased by bepridil, diltiazem and verapamil with 
a biphasic effect (Fig. 3). The maximal effect was a 
two- to three-fold increase and the stimulation of 
the synthesis of PGs decreased progressively when 
myocytes were incubated with higher concentrations 
of calcium antagonists. The calcium antagonists did 
not significantly affect the synthesis of PGs by 
fibroblasts. 

Cobalt chloride (10 .3 M) or bepridil, diltiazem and 
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Fig. 4. Effect of hypoxia on synthesis of PGs by cardiac 
myocytes and fibroblasts. *P < 0.05, as compared with the 
paired value expected for the corresponding incubation 
under control conditions. Data are means - SE; N = 33 

for myocytes and N = 45 for fibroblasts. 

verapamil, at concentrations equal to or greater than 
10 -7 M, abolished the spontaneous beating activity 
of myocytes (213 -+ 59 beats/min under control con- 
ditions), whereas at 10 -8 M no signifcant change in 
the spontaneous beating activity was observed in 
myocytes (197 +- 28 beats/min). 

Effects of hypoxia 
In myocytes, glycogen content was significantly 

decreased by hypoxia whereas no significant change 
was found in fibroblasts (17.2 -+ 3.8 mg/g of protein 
in controls vs 13.8 -+ 0.17 mg/g of protein in hypoxic 
cells; N = 4) (means---SE). ATP content did not 
change in myocytes or in fibroblasts (2.4+ 
0.05 nmol/mg of protein in control myocytes and 
2.23-+ 0.17nmol/mg of protein in hypoxic cells; 
N = 4). Under hypoxia, the spontaneous beating 
activity of myocytes was abolished. 

In myocytes, hypoxia induced a significant increase 
in the production of PGs, whereas no change was 
observed in fibroblasts (Fig. 4). 

Effects of calcium antagonists under hypoxia 
The treatment of myocyte cultures with bepridil, 

diltiazem or verapamil before inducing hypoxia 
increased the synthesis of PGs, as compared with 
untreated cells under control conditions (Fig. 5). 
The effect of the calcium antagonists on PGs was 
qualitatively similar to that on cells gassed with air. 
Nevertheless, the effect on PGs of 10 -6 M of bepridil 
was greater under hypoxia than under normal con- 
ditions (Table 2) and the stimulation of the synthesis 
of PGE2 was significantly greater during hypoxia 
than in control conditions with diltiazem or ver- 
apamil (10-SM) (Table 2). With higher con- 
centration of calcium antagonists (10 .5 M), the syn- 
thesis of PGs was not significantly different from 
controls except for PGI2 with bepridil (P < 0.05). 

The treatment of myocytes with bepridil (10 8 M) 
or diltiazem (10 -7 M) prevented the glycogen deple- 
tion induced by hypoxia (Table 3). 

Under hypoxia, the PGs synthesized by fibroblasts 
were not changed by calcium antagonists. 
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Fig. 5. Effect of bepridil, diltiazem and verapamil on synthesis of PGs by cardiac myocytes. Results are 
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compared with the paired controls. 

DISCUSSION 

The results show that calcium antagonists stimu- 
late the synthesis of PGI2 and PGE2 cardiac myo- 
cytes in culture under normal conditions and also 
under hypoxia. Treatment of myocytes with calcium 
antagonists prevented the depletion of glycogen 
induced by hypoxia. 

The synthesis of PGs by cardiac tissues has been 
previously described in cultured rat cardiac cells with 
the detection of PGI2 and PGE2 [21, 22] and in 
human heart homogenates [23, 24]. These PGs are 
potent vasodilating and platelet antiaggregating 
agents [25]. Cardiac PGs originate from endothelial 
cells [26] but also from myocytes and fibroblasts 
[21,22] and PGs are believed to modulate myo- 
cardial blood flow [2] and to protect the myocardium 
against ischemia [3, 27]. Since some of these studies 
were primarily qualitative, we quantified the pro- 
duction of PGs by heart cells in vitro. 

We have studied the modification of the synthesis 
of PGs by calcium antagonists in the hypothesis 
that an alteration of the PGs synthesis might be 
instrumental in the cardiac actions of these drugs. 
Indeed, our results show that calcium antagonists 
stimulate the synthesis of PGs in myocytes. 
Moreover,  the results show that the concentration 
of calcium antagonists which produces the maximal 

effect on the synthesis of PGs, in vitro, is close 
to the therapeutic plasma concentrations (10 _8 to 
10 .7 M) [28, 29] suggesting a clinical relevance of the 
alteration of PGs by calcium antagonists. 

The biphasic effect of the calcium antagonists, 
depending on the drug concentration, has been 
observed in other studies. In this context, it is worth 
mentioning recent studies [30, 31], in which it was 
shown that dihydropyridines (Bay K 8644 and nifed- 
ipine) have the opposite effect on cardiac inotropism 
depending on the drug concentration: negative 
inotropism with high concentration and positive 
inotropism or no change with low concentrations. 
Similar change in the cellular drug action might be 
involved in the alteration of cardiac PGs by low and 
high concentrations of the studied calcium antag- 
onists. Moreover,  the concentrations of calcium 
antagonists required to interfere with calcium trans- 
port in vitro are often much higher (10 -6 M or more) 
[32, 33] than those increasing the synthesis of PGs 
and greater than those achieved during clinical use 
[34]. The discrepancy between the calcium antag- 
onist concentration inhibiting calcium transport 
through the membrane and that promoting the syn- 
thesis of PGs, suggests that the latter effect might be 
independent of calcium entry blockade. Moreover,  
the lack of effect of cobalt chloride used at con- 

Table 2. Comparison of the effect of calcium antagonists on myocyte PGs synthesis 
under control and hypoxic experimental conditions 

Air Hypoxia 

Bepridil (10 6 M) PGE2 347 - 47 706 -+ 50* 
6KPGF1 o~ 1444 -+ 257 2400 -+ 407i 

Diltiazem (10 -8 M) PGE2 462 -+ 107 803 -+ 167" 
Verapamil (10 -8 M) PGE2 320 -+ 130 493 -+ 191" 

Data are expressed as pg/mg of protein/30 rain, as the mean -+ SE, N = 4 to 7; 
*P < 0.05, tP < 0.01, as compared to the paired control. 
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Table 3. Effect of bepridil (10 -s M) and diltiazem (10 -7 M) 
on myocyte glycogen content under control conditions and 
under hypoxia when the drugs were applied to the cells 

30 rain before hypoxia 

Air Hypoxia 

- -  (N = 7) 7.2 _+ 0.56 2.3 -+ 0.75* 
Bepridil (N = 4) 7.5 _+ 0.6 8.1 +- 0.88 
Diltiazem (N = 4) 8.3 -+ 1.6 10.1 -+ 1.73 

Results are expressed as mg/g of protein, means -+ SE; 
*P < 0.001. 

centrations known to inhibit the calcium influx 
through the calcium channels [35] is an argument 
against the direct responsibility of the blockade of 
the calcium channel by calcium antagonists in the 
effects of these drugs on the synthesis of PGs. Further 
investigation is needed for establishing the inter- 
actions between calcium movement, calcium antag- 
onists and the synthesis of PGs. Similarly, the 
decrease in the beating rate of the myocytes does 
not seem to be directly responsible for the observed 
effect on the synthesis of PGs by calcium antagonists 
as cobalt chloride does not alter the synthesis of PGs, 
whereas it stops cells beating. 

The second part of our study dealt with the effect 
of calcium antagonists during hypoxia. The results 
of the present study show that our hypoxic conditions 
induced moderate alteration of the cultured cells 
as ATP content was maintained whereas glycogen 
decreased. Hoerter and Opie [36] have described the 
particular resistance to hypoxia of hearts isolated 
from new-born rabbits or rats, as compared with 
adults. They found that the high glycogen content of 
new-born heart cells was responsible for the pres- 
ervation of the cellular ATP content during hypoxia 
by increasing the glycogenolysis [37]. The experi- 
mental conditions in our study might thus represent 
a model for in vitro study of moderate hypoxic myo- 
cardial injury and disclose the increased synthesis of 
PGs by myocytes under hypoxia as a possible adapt- 
ive mechanism of myocardium to hypoxia. 

The protection of the myocardium against 
ischemia by calcium antagonists has been described 
in isolated hearts [7] or in in oivo models [8] and is 
believed to be the consequence of the vascular action 
of the drugs [4, 9]. The protection of the myocardium 
against ischemia by calcium antagonists was also 
found in our study. Despite the similarity between 
our observation and that obtained from in vivo 
models, the interpretation may be different: in our 
study the effect of calcium antagonists cannot be 
mediated through vascular effects of the calcium 
antagonists, as no vascular structure was present in 
the culture. The decrease in the cell beating fre- 
quency induced by calcium antagonists has been said 
to play a part in the protection of the myocardium 
against hypoxia by calcium antagonists [38]. This 
effect is unlikely to be the reason for the observed 
myocyte protection against hypoxia, because 
hypoxia itself decreases the myocyte beating rate to 
a similar extent. Another possible explanation for 
the protection of myocytes against hypoxia by cal- 

cium antagonists might be the stimulation of the 
synthesis of PGs. PGs, and particularly PGI2, are 
known to have such an effect, either in isolated heart 
[3, 39] or in clinical situations [40]. The possible role 
of PGs in the protection of the myocardium by 
calcium antagonists is supported by some of our 
results: the stimulation of the production of PGs by 
myocytes is also observed under hypoxia, simul- 
taneously with the prevention of the decrease in the 
glycogen of myocytes. 

Despite difficulties of comparing in vitro models 
with clinical situations, the effect of therapeutic con- 
centrations of calcium antagonists on heart cells, 
under either normal or hypoxic conditions, suggests 
that calcium antagonists can directly protect myo- 
cardium against ischemia and that PGs might play a 
role in the therapeutic effects of calcium antagonists 
in coronary heart disease. 
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