
PROTECTION OF OXIDATIVE PHOSPH~RYLATION BY 
BENCYCLANE AGAINST THE DAMAGING EFFECT OF 

MITOCHONDRrAL SWELLING’~ 

Abstract-The effect of hencyotane on the relationship herwecn the ~ilcr~~~d~pend~il~ swelling and 
axidative ph~sp~(~r~l~ti~n was studied in isolated rabbit heart rnit(~~h~ildri~~, The oxygen consumpti~)n 
and the owwtiu voiume ehangcs of mitochondria as well 3s rflc ~str,?nritochonclrial profnn ccritccntrstion 
were simultaneously mensured in the Same sample. In sucrose medium the oxidative ph~sp~~r~l~ti~n 
was uncoupled and the electrun trirnsport chain inhibited by bcncyA;tne concentrations higher than 
II1 FM. In a medium of high potassium concentration the swilinp 01‘ mitochondria wa< accompanied 
both by a dectwlse r;ite XKI efficieny,of oxidative phosphor!laticrn. Both s\~cll~rrg and impairment of 
oxidative phosphorylation were inhIbIted by 2.5-10 FM bcncyclanc concentrations. The relation of 
these effects to the myocnrdial f’unction was discussed. 

INTROIXCTION 

The antispasmodic agent bencyclane which was 
introduced for the treatment of cerebral blood flow 
disturbances has been shown to possess a pro- 

nounced a&angina! action il. 13, 14. 151. During 
the past few years cons~der~ibie efforts were made 
to explain its therapeutic effect by an influence 
exerted on the celhtlar energetic processes. In experi- 
ments carried out on isolated nlitochondria prepared 
from beef heart [a], rat liver and rabbit heart j3], 
uncoupling of oxidative phosphoryl~~tion and inhi- 
bition of the respiratory chain have been demon- 
strated. On the basis of these observati~)ns it was 
suggested that the vasodilation caused by bencyclane 
is the result of the reduction of the intr~~cellular ATP 
stores and the accompany~~lg producti~~il of the free 
adenosine. 

In the present paper the effect of bencyciane on 
the relationship between the energy-dependent 
swelling and oxidative phosphorylation was studied 
in rabbit heart mitochondria. 

MATERIALS AND METHODS 

Mitochondria were isolated from the rabbit heart 
according to the method of Sordahl et rtl. 141. The 
isolation medium contained 0.18 M KCI. 0.01 M 
EDTA and 0.5 c/c bovine serum albumin: its pH ~3s 
adjusted to 7.40 at 4” by the addition of Tris base. 
The final mitochondrial pellet obtained was resus- 
pended in the same medium and the protein con- 
centration was determined by the biuret reagent (51. 

Oxygen consumpti~~n, proton concentr~ition and 
osmotic volume changes were simLilt~lneously meas- 
ured in the same mitochondrial suspension. Both 
Clarke type and glass oxygen electrodes as well as 
reference electrodes were immersed into a water- 

* Presented in part at the 7th intcrn~tion~l Congress of 
Pharmacology. Paris, France. 197X. 

jacketed cuvette developed in our laboratory. 
Through the quartz windows of the same cuvette the 
swelling-shrinkage cycles of mitochondria were 
determined photometrically. He Ne laser, n = 6328 A 
(CW Radiation Inc. model LSO5) served as a light 
source. The light intensity was measured by a selcn- 
ium photoelectric cell. The content of the cuvette 
was thermostabilized at 37” and magnetically stirred. 
The electrodes were attached to an oxygraph (Cilson 
Medical Electronics} and to a Radiometer PHM 64 
Research pH meter, respectively. All changes were 
simultaneously recorded by a four channels recorder 
(MTA KUTESZ type 175. Hungary). 

The 4 ml sample contained about 4-S mg mito- 
chondr~ai protein. Other additjons are indjcated on 
the figures. The exact concentration of the ADP 
solution was en~ym~iticaily determined using Boeh- 
ringer ADPiAMP test combinations. The ADP:O 
ratio was calculated according to Estabrook Its]. 

The chemicals used were Bencyclane, N-(3-( I- 
benzylcycloheptyl - oxy) - propylj - N,N - dirnethyl- 
ammoniumhydrog~nfumarat~ (EGYT Budapest), 
adenosine-S’-diphosphoric acid tryst. and 
ADPiAMP test combination (Boehringer), 2-4- 
dinitrophenol (Reanal. Budapest). 

RESULTS 

In the first part of the experiments the function 
of mitochondria was studied in sucrose medium (Fig. 
1). After addition of mitochondria to this medium, 
state 4 respiration, negligible swelling of the mito- 
chondria and nearly unchanged proton concentration 
in the medium could be recorded (Fig. I, control 
experiment). 

The addition of external ADP induced state 3 
respiration acc(~i~p~lltied by a moderate shrinkage 
of the rrlitt)chondria and by a c~~ilsiderabie decrease 
in the proton concerltr~itio~~ of the medium. When 

:d the added ADP was ph~?sphoryiated to ATP, the 
n~it~?ch(?n~ir~~~ returned to the state 4 respiration. i.e. 
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Fig. 1. Effects of bencyclane in sucrose medium. The experimental medium consisted ot’ 25OmM 
sucrose. 1 mM sodium pyruvate and 5 mM potassium phosphate buffer. pH 7.00. at 37”. In 4 ml medium 
4.6 mg mitoch~ndri~~l protein (M) was used. Additions are in~iic~lte~ by the arrows. Solid lines represent 
the oxygen consumption of mitochondria. hrokcn lines indicate the proton concentration changes in 
the medium and the dotted lines reprzsent the osmotic volume changes of mitochondria. The r;ltc of 

oxygen consumption was expreswd in nanoatom oxygen min ’ mg mitochondrinl protein ‘. 

the oxygen consumption was slowed down. moderate 
swelling and nearly conctant cxtr~~mitochol7dri~11 pro- 
ton concentration were measured. The subsequent 
addition of DNP grcatlv stimulated the respiration. 

induced a slow hut deinite shrinkage of the mito- 

chondria and fast increase of proton c~~nc~Iltr~~ti(~l~ 
in the medium. When all the oxygen content of the 
sample was used. the generation uf protons under 
the influence of DNP became even faster than under 
aerobic conditions. And finally when the proton 
c~~llcen~ration in the medium returned to about the 
level measured before the addition of ADP. shrink- 
age of the mitochondria was even pronounced. The 
calculated ADP:O ratio was 3.00 and the respirator\ 
control index (RCI) 11.7. both characteristics <;f 
function~~lly intact rilit~~chon~~ri~~. 

Bencyctane (20 PM) slightly increased the rate of 
the state 4 respiration measured after ADP induced 

state 3 respiration and decreased the KC1 to 7.9. 

Furthermore. the passive shrinkage of n~~t~~chol~dri~~ 
observed under anaerobic conditions was also 

reduced by bencyciane, but the other parameters 
were not in~uenced {Fig. l}. Higher concentratio!ls 
of bencyclane (40 PM) produced a moderate inhi- 
bition of both state 3 and DNP-stimulated respiration 
and resulted in a further decrease of the RCI 
(Fig. I). 

In the second part of our experiments the function 
of mitochondria was studied in an experimental 
medium containing similarly high concentration of 
potassium as can be found in the intracellular space. 
The effects of both inorganic phosphate and ben- 
cyclane were studied in this condition (Table i). The 
values of state 3 respiration and ADP:O ratio were 
slightly tower than those measured in the sucrose 
medium even in the case when only 2 mM inorganic 
phosphate was present. Furthermore. the elevation 
of phosphate concentration from 2 to 4 mM induced 
a significant depression of these parameters. The 
presence of 10 PM bencyclane was able to prevent 
the decrease in the state 3 respiration and sipnifi- 
cantly protected against the decrease in the ADP:II 
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Table 1. Effects of inorganic phosphate (Pi) and bencyclanc on the osidativr phos- 
phorylation of isolated heart mitochondria in an experirncntal ~~~e~lit~~~~ ~~)llt~liiliil~ 

high K+ concentration’ 

State 3 respiration .ADI’:O ratio 

2mMPi 145 + 6.3 2.50 2 0.(1X 
4mMPi 123 + 4.4.1 1 .s.3 k I). IS1 
4 mM Pi + IO PM Bencyclanc 1642 11.3:; -.- 1 ‘4 2 0.15:;: 

* The experimental medium consisted of 150 mM KCI. I mhl wdium p>-ru\atc 
and different concentration of potassium phosphate buffer, pH: 7.0 ai 37”. Whcrc 
indicated. 10 FM bencyclane was also present. In 5 ml medium 4-i mg mitochondrial 
protein was used. State 3 respiration was initiated by the addition ot 1 .i ,uumolcs 
ADP. The rate of ox,y&~n consumption was expressed in r~~ln~)~lton~ oxygen mX’ mg 

rnit~~hondri~~l protem Vafues are the mean I S.E. of titfht ~n~l~p~il~l~~~t cspui- 

merits. The results were statistically analysed by the Student I-tc‘st. 
: Statistically different from 2 mM Pi (P < 0.W). 
$ Statisticallv different from 4 mM Pi (P < (J.(J5). 

ratio induced by the elevation of the extramito- 
chondrial phosphate concentration. Figure 2 dem- 
onstrates the effects of bencyclane on the function 
of mitochondria in high potassium medium contain- 
ing 4mM inorganic phosphate. The experimentaf 
results displayed by the figure were from the same 
mitochondrial preparation. The rate of oxygen con- 
sumption of m~tochondria suspended in this medium 
(state 4 respiration) was about twice as high as that 
of mitochondria suspended in sucrose medium. At 
the same time a considerable swelling of the mito- 
chondria and a moderate increase in the extrami- 
tochondrial proton concentration was measured 
(Fig. 2, control experiment). The addition of ADP 
stimulated the respiration, stopped the swelling of 
the mitochondria (causing even a negligible shrink- 
age) and reduced the proton concentration of the 
medium. When the oxidative phosphorylation was 
stopped by the absence of ADP, the rate of oxygen 
consumption was slowed down. At the same time 
further swelling of the mitochondria and a small 
increase in the proton concentration of the medium 
could be recorded. Under anaerobic conditions 
swelling of the mitochondria stopped and an increase 
in the proton concentration of the medium was 
observed. The ADP:O was 1.25 and RCI 4.3, both 
characteristics of a greatly impaired function of the 
mitochondria. Under the influence of 10 FM ben- 
cyclane in the same medium the following significant 
changes were observed: the swelling of mitochondria 
measured before the addition of ADP was reduced, 
the rate of state 3 respiration and the accompanying 
consumption of protons from the extramitochondrial 
space were stimulated. the ADP:O ratio increased 
by 40 per cent and the RCI by 23 per cent (Fig. 2). 

DISCUSSION 

The oxidative phosphorylation of isolated rabbit 
heart mitochondria was measured both by polaro- 
graphic determination of the ADP:O ratio and by 
the direct measurement of the scalar proton con- 
sumption coupled to the mitochondrial ATP syn- 
thesis. The net ion transport of mitochondria, in our 
conditions presumably the potassium phosphate 

transport, was measured in the same sample by the 
photometric determination of the osmotic volume 
changes. This type of experimental setting made the 
study of the relationship between oxidative phos- 
phorylation and the energy-dependent ion transport 
of mitochondria possible. 

The function of initochondria and the influence 
of bencyciane were studied in two different experi- 
mental conditions. In sucrose medium the function 
of mitochondria is characterized by a high RCI and 
ADP:O ratio showing the intact oxidative phos- 
phorylation of mitochondria. The relatively small 
osmotic volume changes of mitochondria measured 
during the aerobic phase of these experiments indi- 
cate that if the extramitochondrial potassium con- 
centration is low, no significant net ion transport can 
be observed. Increase of the state 4 respiration and 
decrease of the RCI in the sucrose medium by 20 ,uM 
and higher bencyclane concentrations indicate the 
uncoupling effect of the drug. Decrease of the state 
3 and the DNP stimulated respiration by bencyclane 
concentrations higher than 20r;tM are the result of 
the inhibition of the mitochondrial electron transport 
chain 131, 

In the medium containing high potassium concen- 
tration similar to that of intracellular space, the 
function of mitochondria is characterized by 
decreased rate and efficiency of oxidative phos- 
phorylation. The impairment of oxidative .phos- 
phorylation largely depends on the extramitochon- 
drial concentration of inorganic phosphate. The 
increase of the phosphate concentration. which can 
be found also in the ischemic myocardial tissue, 
induced osmotic swelling of lnitochondria and 
resulted in the inhibition and uncoupling ofoxidative 
phosphorylation. The osmotic swelling of mitochon- 
dria was the result of ion accumulation, in our con- 
ditions mainly due to the uptake of potassium phos- 
phate. In the same medium lower bencyclane 
concentrations (2.510 PM) having neither uncoup- 
ling nor electron transport inhibitory effects, con- 
siderably inhibited the swelling of mitochondria. At 
the same time state 3 respiration and the ADP:O 
ratio were increased. The consumption of scalar 
protons was also stimulated by bencyclane, indicat- 
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as ii result of the elevated i~~tr~~c~iiui~ir inoynic 

phosphate concentration under ischemic condttlons. 
This latter is supported by_ the observations showing 

that the ~~cc~~nlt~l~~ti~~n ot potassium hl; the mito- 
chondria is greatly stimulated by the inorganic phos- 
phate [ I 1. 121. The uptake of ions results in changes 

demonstrated in the ischemic myocnrdium [<I. IO] 

and in our experil?~ents (Fi!. 1. control), namely 
swelling of the mitochondna and impairment of 

oxidative phosphorylatictn. Benqclane was found to 
be capable of inhibiting swelling of the mitochondria 
preventing thereby the impairment of oxidatiye 

phosphorylation. We assume that thii effect of hen- 
cyclane is related to its antianginal action. The 
unc~~uplin~ effect cxertecl only at higher concentr;i- 
tions may he rrlatecl to the side effects of this 

SUbStMCC. 
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