
Journal of Strmd Biochemistry. 1975. Vol. 6, pp. 1235-1242. Pergamon Press. Printed in Great Britain 

STRUCTURAL REQUIREMENTS OF STEROIDS FOR 
THEIR ACTION AS INHIBITORS OF OXIDATIVE 

PHOSPHORYLATION. EFFECT OF wTOCOPHEROL 
ON THE INHIBITION OF OXIDATIVE 

PHOSPHORYLATION BY PROGESTERONE 

JULUN ~ERCZY~KI, ZENON ALEKSANDROWICZ and LEON ~ELEWSKI 

Department of Biochemistry, Medical School, 8&210 Gdansk, Poland 

(Received 16 September 1974) 

SUMMARY 

1. Inhibition by progesterone of succinate (+rotenone) and of b-hydroxybutyrate oxidation in intact 
rat liver mitochondria in metabolic state 3 was reversed by a-tocopherol. The percentage of reversal 
of the inhibition was a function of the a-tocopherol concentration. Inhtbition of succinate oxidation 
by progesterone was reversed more efficiently than the inhibition of j-hydroxybutyrate at the same 
concentration of a-tocopherol. Tocopherol acetate reversed the inhibitory effect of progesterone on 
succinate oxidation much more weakly than a-tocopherol. Inhibition of succinate oxidation in metabolic 
state 3 was studied with various steroids bearing structural resemblance to progesterone. It was found 
that C-20.C-21(CH,--CLO) group of the steroids examined plays a decisive role in the inhibition 

of succinate oxidation. 
2. Progesterone inhibited mitochondrial ATP synthesis with succinate (+ rotenone) as substrate. This 

inhibition was also reversed by a-tocopherol. 
3. Inhibition by progesterone of NADH oxidation was also reversed by a-tocopherol in sonic par- 

ticles. 
4. Inhibition of NAD-linked substrates oxidation in intact mitochondria by: deoxycorticosterone, 

corticosterone, cortisol, oestradiol and testosterone was not reversed by a-tocopherol at concentrations 
which reversed the inhibitory effect of progesterone in metabolic state 3. 

5. a-Tocopherol was without effect on succinate oxidation inhibited by protamine, phenethylbi- 
guanide (DBI) and oligomycin. 

6. Inhibition of /I-hydroxybutyrate oxidation by rotenone in intact mitochondria was not reversed 
by a-tocopherol, neither was succinate oxidation inhibited by stilboestrol or antimycin A. 

7. Binding of progesterone to rat liver mitochondria was slightly increased by a-tocopherol. 
8. A hypothesis involving the possible formation of a chemical complex between progesterone and 

a-tocopherol is offered to explain the mechanism of x-tocopherol action on oxidative phosphorylation 
inhibited by progesterone. 

INTRODUCTION 

Progesterone and other hormonal steroids have been 
shown to inhibit oxidative phosphorylation by acting 
directly on the respiratory chain or on the energy 
conserving processes [l-7]. These compounds inhibit 
respiratory chain electron transport at two different 
sites, the more sensitive one being located in the 
NADH-flavoprotein region [2,3,6], the second in the 
cytochrome b and cytochrome c region [6]. Stoppani 
et aI.[7] showed (using heart muscle sarcosornal frag- 

Trivial names and abbreviations used: Corticosterone, 
1 l/l.21-dihydroxy-4-pregnene-3,20-dione; Cortisol, 
1 lAl7,2l-trihydroxy-4-pregnene-3,20-dione; Deoxycorti- 
costerone, 21-hydroxy-4-pregnene-3,20-dione; 17-Hydroxy- 
progesterone, 17-hydroxy-4-pregnene-3,20_dione; Oestra- 
diol, oestra-1.3,5-triene-3,17p-diol; Pregnanolone, 3a-hyd- 
roxy-pregnan-20-one; Progesterone, 4-pregnene-3,20- 
dione; Testosterone, 17/I-hydroxy-4-androsten-3-one; NEA 
(19~nor-ethynyltestosterone acetate) 4-estren-17a-ethynyl-3- 
one-17yl-acetate; Stilboestrol. trans-4,4’-dihydroxy-c@ 
diethylstilbene; DBI, phenethylbiguanide-HCl; BSA, 
bovine serum albumin: Hexokinasae. ATP: D-hexose 6- 
phosphotransferase (EC 2.7.1.1). 

ments) that inhibition of electron transport by ster- 
oids depends on the structural characteristics of the 
steroid molecule, particularly its shape and size, and 
presence of properly oriented polar substituents at 
critical sites. Yielding and Tomkins[ 111 reported that 
inhibition by progesterone of NADH oxidation in 
microsomes was reversed competitively by x-toco- 
pherol. 

Progesterone is supposed to affect the energy con- 
serving mechanism at the second phosphorylation site 
according to Vallejos and Stoppani[S], or at the first 
phosphorylation site as claimed by Chance et aI.[4]. 
Our recently published results [%lO] lead us to pro- 
pose a new model aimed at explaining the inhibition 
of oxidative phosphorylation by progesterone. It is 
implicit from this model that progesterone interacts 
with the mitochondrial membrane causing inhibition 
of proton transport into the mitochondrion. 

The above investigations inspired the present study, 
the aim of which is to obtain information: (a) con- 
cerning the relationship between the structure of the 
steroids and their inhibitory effect on mitochondrial 
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respiration with succinate (+ rotenone) as substrate 
(which is mainly caused by inhibition of oxidative 
phosphorylation): (b) whether x-tocopherol reverses 
the inhibitory effect of progesterone on energy con- 
serving mechanisms and on the electron transport 
chain of rat liver mitochondria. 

We have shown that: (a) the CH3--C==O function 
of progesterone is directly responsible for inhibition 
of oxidative phosphorylation; (b) inhibition by pro- 
gesterone of the energy conserving mechanisms and 
electron transport was reversed by x-tocopherol. The 
mechanism of r-tocopherol action on the inhibition 
by progesterone oxidative phosphorylation is dis- 
cussed. 

MATERIALS AND METHODS 

Mitochorldria and sonic particles 

Rat liver mitochondria were prepared as described 
previously [9]. The mitochondria thus obtained (from 
about 15 g of livers) were suspended in 40 ml of 25 
mM Tris-HCl buffer (pH 7.3). washed and centrifuged 
at 15,OOOg for 10 min. The pellet was suspended in 
20 ml of 25 mM Tris-HCl buffer (pH 7.3) and soni- 
cated at 0°C at 16 kHz for 2 x 15 s with a 1 min 
break using a MSE 100 W Ultrasonic Disintegrator. 
After sonication the disrupted mitochondria were cen- 
trifuged at 15,000 g for 10 min, and the supernatant 
obtained was centrifuged at 105,000 g for 30 min. The 
final pellet was suspended in 25 mM TrisHCl (pH 
7.3) and was used as sonic particles. The protein con- 
centration of the mitochondrial and sonic particle 
suspension was determined by the biuret method 
[12]. 

Measurrmer~t of rnitochondrial respiration 

Respiration was measured with a Clark electrode 
at 25°C in a medium containing: 15 mM KCl. 50 
mM Tris-HCl (pH 7.3), 5 mM MgSO,, 5 mM potas- 
sium phosphate, 1 mM ADP and either 5 mM suc- 
cinate (+ rotenone). or 5 mM /3_hydroxybutyrate, or 
other NAD-linked substrates. Reaction was started 
by addition of 01 ml mitochondrial suspension. 
Other additions are indicated in the legends to the 
figures. 

Measurement of NADH osidation 

NADH oxidation was measured by following the 
decrease of absorbancy at 340 nm using a Unicam 
SP-800 recording spectrophotometer. The incubation 
medium (final volume 3 ml) contained: 15 mM KCl, 
50 mM Tris-HCl (pH 7.3), 05 mM EDTA and 0.2 
mM NADH. The reaction was started by addition 
of 0.2 mg sonic particle protein. Other additions are 
indicated on the figure. 

Measurement of oxidative phosphorylation 

Oxidative phosphorylation was estimated accord- 
ing to Skulachev et a[.[131 by measuring H+ con- 
sumption with a combined glass calomel electrode 
GR 232 Radiometer and N 512 pH-meter Elpo. 

Oxygen consumption was measured in the same vcs- 
se1 with a Clark oxygen electrode. Both oxygen and 
pH were registered with two synchronised recorders 
type I 37/N from Zip. The incubation medium (final 
volume 2.6 ml) contained: 200 mM sucrose, 15 mM 
KCl. 1 mM MgSO,, I mh4 ADP. I mM potassium 
phosphate. 3 mM Tris-HCl (pH 7.3). 5 mM potas- 
sium succinate (+ rotenone) and X mg mitochondrial 
protein. The reaction was started by addition of ADP. 
Measurements were carried out at 25°C. 

Measurertmt qf‘ [3H]-progrsterorIr hirlding to rnito- 
chorldria 

Mitochondrial suspension (5 mg) was incubated in 
1 ml medium containing: 15 mM KCl, 50 mM Tris- 
HCl (pH 7.3) 5 mM potassium phosphate, 5 mM 
MgSO,. 1 n-M ADP, 5 mM potassium succinate, 4 
pg rotenone and [3H]-progesterone (specific radioac- 
tivity 0.13 &i/pmol) at increasing concentrations as 
indicated on the figure. with or without 100 PM X- 
tocopherol. Incubation was carried out at 25°C for 
5 min. After the incubation, the sample was trans- 
ferred to a 0°C bath and centrifuged at 17,OOfl g for 
5 min. The pellet obtained was immediately washed 
three times at 0°C with 2 ml of medium containing: 
15 mM KC1 and 50 mM Tris-HCl (pH 7.3). The last 
pellet was placed in a glass counting vial and dis- 
solved in 0.2 ml of 1 M methanolic solution of hya- 
mine. The radioactivity was determined in a 
spectrometer for liquid scintilation Nuclear Chicago 
Mark 1, after 10 ml of scintillator solution (which 
contained 4 g PPO and 0.2 g POPOP in 1 1. toluene) 
had been added. 

Steroids, x-tocopherol and r-tocopherol acetate 
were dissolved in ethanol and added in a 10 ~1 
volume. The same volume of solvent was added to 
the control samples. 

Reagrrtrs 

All steroids examined, a-tocopherol* succinate, b- 
hydroxybutyrate, oligomycin, rotenone. antimycin A. 
NADH. stilboesterol. 2,4-dinitrophenol and EDTA 
were purchased from Sigma Chem. Co., ADP from 
AM Lodi-Poland, protamine and hyamine from 
Koch-Light, DBI from Polfa Poland. tocopherol ace- 
tate from Merck. 

REWLTS 

EJtict qfx-tocopherol 011 the irlhibitiorl by progesterone 
qf succirlate (+ rotenorle) or /I-hydrouyhutyrate o.ui- 
dation in metabolic state 3 

In metabolic state 3 progesterone inhibited suc- 
cinate (+ rotenone) oxidation. Fig. la shows that this 
inhibition was almost completely reversed by z-toco- 
pherol. When r-tocopherol was added prior to pro- 
gesterone, the latter only slightly inhibited succinate 
oxidation in metabolic state 3 (Fig. lb). The exper- 
iments presented in Figs. la and lb suggest that c(- 
tocopherol acts on progesterone inhibition of suc- 
cinate oxidation in metabolic state 3 like a classical 
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Fig. 1. 

Mitochondria Mitochondria Mitochondrio 

Effect of a-tocopherol on inhibition of rat liver mitochondrial succinate oxidation by 
one. Experimental conditions as described in Materials and Methods. 

uncoupling agent-2,4-dinitrophenol (Fig. Id). It led 
us to examine the effect of a-tocopherol on succinate 
oxidation in metabolic state 4. Tocopherol in these 
conditions did not affect succinate oxidation (Fig. lc). 
This indicated that a-tocopherol does not act on 
mitochondria as classical uncoupling agents do. It has 
been shown previously that inhibition of succinate 
oxidation by progesterone is a consequence of the 
action of this steroid on energy conserving 
mechanisms [9]. Progesterone inhibited oxidation of 
NAD-linked substrates by (i) direct action on the res- 
piratory chain and (ii) by action on energy conserving 
mechanisms. As indicated on Fig. 2, a-tocopherol par- 
tially reversed progesterone inhibition of fi-hydroxy- 
butyrate oxidation. Addition of a-tocopherol prior to 
progesterone decreased the inhibitory effect of proges- 
terone on P-hydroxybutyrate oxidation in metabolic 
state 3. The differences between the effect of a-toco- 
pherol on inhibition by progesterone of succinate (+ 
rotenone) oxidation or /Shydroxybutyrate oxidation 
in metabolic state 3 are shown on Fig. 3. This figure 
shows the effect of different concentrations of cr-toco- 
pherol on inhibition by progesterone of succinate oxi- 
dation or j$hydroxybutyrate oxidation in intact rat 
liver mitochondria. As indicated the percentage of 
reversal of inhibition is a function of a-tocopherol 

Mitochondrio 
Mitochondria 

( B-hydroxybutyrate 
I 

fi - hydroxybutyrate 

_ --i_ ADP <, ADP 

Fig. 2. Effect of a-tocopherol on inhibition of rat liver 
mitochondrial b-hydroxybutyrate oxidation by progester- 
one. Experimental conditions as described in Materials and 

Methods. 

progester- 

concentration. The experiments revealed also that at 
the same concentration of a-tocopherol the progester- 
one inhibition of succinate oxidation was reversed to 
a larger extent than the oxidation of B-hydroxybutar- 
ate. 

Effect of cc-tocopherol on progesterone inhibition of oxi- 
dative phosphorylation 

It has been shown recently [9] that some anions 
reverse not only inhibition of succinate oxidation by 
progesterone but also progesterone inhibited, oxida- 
tive phosphorylation. In contrast, uncoupling agents 
reversed only inhibition of succinate oxidation but 
not progesterone inhibited oxidative phosphorylation 
with succinate as substrate. Therefore it was very in- 
teresting to examine the effect of a-tocopherol on pro- 
gesterone inhibition of oxidative phosphorylation. 
Using the pH-meter technique for measurement of 
oxidative phosphorylation, we have shown that pro- 
gesterone inhibited oxidative phosphorylation and 
that this inhibition could be released by a-tocopherol 
(similar to the case with succinate ox&tin) (Fig. 4). 
The release by a-tocopherol of the progesterone inhi- 
bition of oxidative phosphorylation has been demon- 
strated also by measuring Pi uptake in the presence 
of hexokinase and glucose (not shown here). By using 

100 r 
Succinate 

p - hydroxybutrote 

a- tacopherol , mM 

Fig. 3. Effect of different concentration of a-tocopherol on 
inhibition of succinate or /3-hydroxybutyrate oxidation by 
progesterone. Experimental conditions as described in 

Materials and Methods. 
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Fig. 4. Effect of ot-tocopherol on inhibition of oxidative 
phosphorylation by progesterone. Experimental conditions 

as described in Materials and Methods. 

I 
this method of measurement, we have found that pro- 
gesterone at a concentration of 01 mM, inhibited 
ATP synthesis only by about 300/, whereas at the 
same con~ntration of progesterone succinate oxi- 
dation was inhibited by about 70-80%. This, as we 
have shown, was caused by the binding of progester- 
one to the hexokinase added. 

Relationship between inhibition of respiration by ster- 
oids and their ~~rn~a~ structure. The &ect of n-toco- 
pherol 

Vallejos et aI.[S] observed that deoxycorticosterone 
acetate acts on succinate oxidation in metabolic state 
3 similar to progesterone. This observation is in ac- 
cordance with our previously published results [93. 
However, deoxycorticosterone was without effect on 
succinate oxidation. In this study we have examined 
15 steroids for their ability to inhibit succinate (+ 
rotenone) oxidation in metabolic state 3. Table 1 lists 
the relevance of the structures of some of the more 
important ones to the inhibitory activity. Pregnano- 
lone, lacking the 3-keto-4-ene structure of progester- 
one, had a similar effect on succinate oxidation. Preg- 
nandiol in which the 20-keto group is reduced to a 
hydroxyl group was without effect on succinate oxi- 
dation. These results indicate that the 20-keto group 
of progesterone is directly responsible for inhibition 
of energy conserving mechanisms. This is strongly 
supported by the data of experiments with andros- 

Table 1. Structural requirements of steroids for their 
action as inhibitors of succinate oxidation in metabolic 

state 3 

Additions Rate of respiration 

None 142 
progesterone 40 
pregnanolone 40 
pregnandiol 142 
androstendione 142 
testosterone 142 
testosterone acetate 40 
17a-hydrox~rogest~rone 142 
deoxycorticosterone 142 
deoxycorticosterone acetate 40 

Experimental conditions were as described in Fig. 1. All 
tested steroids were used at 100 m concentration. 

Rate of respiration is expressed as natoms O/min/mg of 
mitochondria~ protein. 

Table 2. Comparison of the effects r-tocopherol and ,x- 
tocopherol acetate on inhibition of succinate oxidation in 

metabolic state 3 

Additions 

None 
x-tocopherol, 100 PM 
progesterone, 70 ,uM 
r-tocopherol, 100 PM + 

Rate of respiration 

360 
360 
160 

progesterone, 70 PM 
a-tocopherol acetate, 100 &S 
a-tocopherol acetate, 100 FM -I- 

260 
360 

progesterone. IO j&l 200 

Rate of respiration is expressed as natoms O/min/3.1 mg 
of mitochondrial protein. Experimental conditions were as 
described in Fig. 1. 

tenedione and testosterone, 3-keto-4ene steroids 
which have i%keto or 17-hydroxy group and were 
without effect on succinate oxidation in metabolic 
state 3. On the other hand, testosterone acetate which 
has a CH+?=O system affected mitochondrial res- 
piration in a way similar to progesterone. 17or-hyd- 
roxy and 21-hydroxy substituents in a 3-keto4ene 
steroids (17~-hydroxyprogesterone and deoxycorticos- 
terone respectively) showed no inhibitory effect. 
Deoxycorticosterone acetate acted like progesterone. 
Other steroids examined: corticosterone, cortisone, 
androsterone, aldosterone, oestradiol and oestriol 
were without effect (not shown in table). The above 
observation led us to include that the C&--y 
system of progesterone is directly responsible for the 
inhibition of oxidative phosphorylation with suc- 
cinate as substrate. The remaining hydrophobic part 
of the progesterone molecule reacting with the mito- 
chondrial membrane provides condition in which the 
CH,--F group can display its inhibitory action. 
The inhibitory effect of steroids presented in Table 
1 was reversed by a-tocopherol (not shown). 

A comparison of the effect qf’a-tocopherol acetate and 
wtocopherol on progesterone inhibition of succinate 
oxidation in metabolic state 3 

Experiments were done to determine whether n- 
tocopherol acetate affects the inhibition of succinate 
oxidation in metabolic state by progesterone similarly 
to a-tocopherol. As may be seen from the data pre- 
sented in Table 2, cl-tocopherol acetate had a smaller 
effect on progesterone inhibition of succinate oxi- 
dation than ct-tocopherol at the same con~ntration. 

Lack of the efSect of wtocopherol on inhibition of SUC- 

cinate oxidation by protamine, DBI and oligomycin 

In an attempt to check whether ol-tocopherol is 
effective in reversing inhibition of oxidative phosphor- 
ylation caused by other ~orn~und~ we tested the 
effect of n-tocopherol on inhibition of succinate oxi- 
dation by protamine. DBI or oligomycin. Protamine 
and DBI have been chosen because there are many 
analogies between the action of these compounds and 
progesterone on succinate oxidation in metabolic 
state 3 [ref. 9, 14 171. oligomycin has been used as 
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Mitochondr ia Mitochondria Mitochondria 

Oligomycin 5~9 

Tocopherol 0.1 mM 

2 2min 

(a) (b) (c) 

Fig. 5. Effect of a-tocopherol on inhibition of succinate oxidation by protamine, DBI or oligomycin. 
Experimental conditions as described in Materials and Methods. 

a classical inhibitor of oxidative phosphorylation. 
Figure 5 shows that a-tocopherol at the concentration 
in which it reversed inhibition by progesterone of suc- 
cinate oxidation in metabolic state 3, was without 
effect on inhibition of succinate oxidation by prota- 
mine or DBI. Citrate at the same concentration in 
which it reverses the inhibitory effect of progesterone 
[9] released completely the inhibitory effect of prota- 
mine and DBI (Fig. 5). a-Tocopherol did not reverse 
the oligomycin inhibition of succinate oxidation. The 
results presented above suggest that the action of a- 
towpherol on inhibition of succinate oxidation by 
other compounds is not as effective as on the inhibi- 
tion caused by progesterone and the steroids of 
related chemical structure. 

Binding of progesterone to rat liver mitochondria. The 
effect of a-tocopherol 

It may be seen from Fig. 6 that a-tocopherol 
slightly increased the binding capacity of progester- 
one to mitochondria under conditions in which pro- 
gesterone inhibition of succinate oxidation was 
released by a-towpherol. The binding of progesterone 
to rat liver mitochondria increased with the increas- 
ing concentration of this steroid in the incubation 
medium. It may be seen that in the concentration 
range of 25-100 @I progesterone binding to rat liver 

+ IOO~M a- tocopherol 

Fig. 6. Progesterone binding to rat liver mitochondria in 
the presence or absence of a-tocopherol. For experimental 

conditions see text. 

mitochondria was linear both in the absence and 
presence of 100 @I a-tocopherol. 

Effect of cc-tocopherol on progesterone inhibition of 
NADH oxidation by sonic particles 

As indicated above, progesterone may affect oxida- 
tive phosphorylation by acting both on the respira- 
tory chain and on the energy conserving mechanism. 
When succinate is used as substrate, inhibition of its 
oxidation is caused mainly by the action of progester- 
one on energy conserving processes. On the other 
hand, when /I-hydroxybutyrate is the oxidized sub- 
strate inhibition of its oxidation by progesterone is 
caused both by the action of progesterone on the elec- 
tron transport chain and on the energy conserving 
mechanisms. As shown on Fig. 3, inhibition of suc- 
cinate oxidation by progesterone is reversed more effi- 
ciently than the inhibition of j-hydroxybutyrate at 
the same concentration of a-tocopherol. This is prob- 
ably caused by a dual mechanism of progesterone 
action: (a) on the respiratory chain and (b) on the 
energy conserving processes. The effect of progester- 
one on the respiratory chain alone was studied by 
using nonphosphorylating sonic particles prepared 
from rat liver mitochondria. Figure 7 shows that pro- 
gesterone inhibited NADH oxidation in sonic par- 
ticles and the inhibition was released by cz-tocopherol. 

I , Sonic particles 
I 

-l 
v-r01 20pM 

Progesterone 20pM 

I 
I min 

\ 
Progesterone 40pM 
/ 

Fig. 7. Effect of a-tocopherol on progesterone inhibition 
of NADH oxidation in sonic particles. Experimental condi- 

tions as described in Materials and Methods. 
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Table 3. Efkct of r-tocopherol on inhibition of @-hydroxy- 
butyrate or succinate oxidation in rat liver mitochondria 
by different steroids. stilboestrol and typical inhibitors of 

the respiratory chain 

Add,t,on, 

Methods. All steroids tested were used at 100 PM con- 
centration. (-) without effect, (+) inhibition reversed. 

However. there are differences between the reversing 

effect of x-tocopherol on progesterone-inhibited sub- 
strate oxidation in intact rat liver mitochondria and 
NADH oxidation in sonic particles. Inhibition of sub- 
strate oxidation by progesterone in intact mitochon- 
dria was reversed by a-tocopherol at a concentration 

ratio progesterone: r-tocopherol of 1: I, at these con- 
dition inhibition of NADH oxidation by progesterone 
was not reversed by x-tocopherol in sonic particles. 

A higher concentration of z-tocopherol had to be 
used in order to achieve the release of inhibition (Fig. 

7). 

The effect of a-tocopherol OH succinate or /I-hydroxybu- 
tyrate ovidatiorl inhibition by mrious steroids, stilboes- 
trol and inhibitors of the respiratory chain 

It has been shown previously that the oxidation 
of NAD-linked substrates may be inhibited by several 
steroids and related substances [l-7]. On the other 

hand. oxidative phosphorylation with succinate as 
substrate may be inhibited only by progesterone and 

deoxycorticosterone acetate as shown by Vallejos et 
al.[5] and Aleksandrowicz et aI.[9]. In this paper we 
have demonstrated that pregnanolone and testoster- 
one acetate affect mitochondrial respiration in meta- 
bolic state 3 with succinate as substrate in a way simi- 
lar to progesterone. Table 3 shows the effect of a- 
tocopherol on the inhibition of succinate or b-hydrox- 
ybutyrate oxidation in metabolic state 3 by some ster- 
oids. stilboestrol and typical inhibitors of respiratory 
chain. It was found that x-tocopherol reversed the 

inhibitory effect of progesterone, pregnanolone, deoxy- 
corticosterone acetate and testosterone acetate but 
not the inhibitory effect of other steroids examined, 
stilboestrol and typical inhibitors of the respiratory 
chain. 

DISCUSSION 

The results of the present investigation indicate that 
x-tocopherol reverses the inhibitory effect of proges- 
terone both on the energy conserving mechanism and 
on the electron transport chain. The experiments de- 
scribed previously suggested that inhibition of oxida- 
tive phosphorylation by progesterone in rat liver 

mitochondria was exerted by interference with the 
uptake of protons into the mitochondrion [X-IO]. 
This inhibition may be reversed by compounds speci- 
fic for H’ translocation into the mitochondrion r.g. 
classical uncoupling agents or some anions 18.91. As 
indicated above, x-tocopherol did not affect succinate 
oxidation in metabolic state 4. These experiments sug- 
gest that this vitamin does not act on mitochondrial 

respiration as an uncoupling agent. The results of ex- 
periments presented on Fig. 5 show that a-tocopherol 
did not affect inhibition of succinate oxidation in 
metabolic state 3 by protamine and DBI. Therefore, 

it may be assumed that r-tocopherol does not act 
on oxidative phosphorylation as a compound specific 
for H+ translocation in the presence of progesterone 

or other inhibitors of H+ movements across the mito- 
chondrial membrane. It has been shown previously 
that inhibition of mitochondrial respiration by NEA 
[ 181 and progesterone [ 193 is reversed by bovine 
serum albumin. It is probably due to binding of ster- 
oids with albumin and in consequence to a decrease 
of the concentration of steroids in the mitochondrial 
membrane. The results of experiments presented on 
Fig. 6 show that x-tocopherol slightly increases bind- 
ing of progesterone to rat liver mitochondria. These 
data suggest that a-tocopherol does not act on inhibi- 
tion of oxidative phosphorylation by progesterone in 

a manner similar to albumin. From the comparisons 
on Table 1, it appears that the CH3-y=0 system 
of progesterone is directly responsible for the inhibi- 
tion of energy conserving mechanisms. The remaining 
hydrophobic part of progesterone molecule reacting 
with the mitochondrial membrane provides condi- 

tions in which the CH,-y=O group can display 
its inhibitory action. According to the above, it is 

a reasonable assumption that the substances which: 
(a) change the interaction between the hydrophobic 
part of progesterone molecule with mitochondrial 
membrane and (b) block the CH,-_C=O system, 

would give a release of the inhibition of oxidative 
phosphorylation. 

The chemical structures of progesterone and a- 
tocopherol provide possibilities for intermolecular 
binding of the following types: (a) hydrogen bonding 
between hydroxyl group of r-tocopherol and carbonyl 
groups of progesterone; (b) n-bonding between the 
aromatic ring of x-tocopherol and the $-unsaturated 
carbonyl system of progesterone; (c) hydrophobic 
bonding between the hydrocarbon nucleus of each of 
the two compounds. We have shown previously that 
an interaction takes place between progesterone and 
r-tocopherol in nonaqueous solution and that hydro- 
gen bonding between the hydroxyl group of z-toco- 
pherol and carbonyl groups of progesterone plays an 
important role in this interaction [ZO]. It is possible 
that hydrogen bonding between the hydroxyl group 
of r-tocopherol and carbonyl groups of progesterone 
in the mitochondrial membrane is formed. Therefore 
we proposed that the formation of a complex between 
progesterone and x-tocopherol is taking place in the 
mitochondrial membrane. One can suppose that oxi- 
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dative phosphorylation is less inhibited by a proges- 
teronetocopherol complex than by progesterone 
alone. Many features of the proposed mechanism are 
clearly speculative and refined physical methods will 
be needed to test the ~ssibiiity of the complex forma- 
tion between a-tocopherol and progesterone. Never- 
theless, this model has proved useful in explaining 
why only the steroids which have the CH,+=O 
system are able to inhibit oxidative phosphorylation 
by a direct action on energy conserving mechanisms, 
and why steroids which have a CH,-C=O system 
and a hydroxyl group near this system are without 
effect. It has been shown (Table 1) that 17a-hydroxy- 
progesterone, which differs from progesterone by the 
presence of a hydroxyl group at the Ci, position 
is without effect on oxidative phosphorylation with 
succinate as substrate. This tact can be explained by 
the assumption that between the hydroxyl group at 
the Ci, position of 17cc-hydroxyprogesterone and the 
carbonyl group at Czo position of this steroid intra- 
molecular hydrogen bonding is formed. 

Why deoxycorticosterone did not affect succinate 
oxidation in metabolic state 3 and deoxycorticoster- 
one acetate inhibited it can be explained similarly. 
In the molecule of deoxycorticosterone, intramolecu- 
lar hydrogen bonding between the carbonyl group at 
Czo position and hydroxyl group at Cz, position can 
be formed. The proposed mechanism proved useful 
also in explaining why cr-tocopherol reversed the in- 
hibitory effect of progesterone and other steroids 
which act in a manner similar to progesterone on 
oxidative phosphorylation more strongly than cc-toco- 
pherol acetate (Table 2). These results suggest that 
a free hydroxyl group is essential for a-tocopherol 
action on mitochondrial respiration inhibited by pro- 
gesterone. According to the proposed m~hanism, the 
free hydroxyl group is required for hydrogen bonding 
formation with the carbonyl group of progesterone. 
Taking into account that tocopherol acetate also 
reversed the inhibitory effect of progesterone on suc- 
cinate oxidation (significantly less, however, than 
tocopherol), we assume, inde~ndently of the above 
proposed mechanism, that tocopherol displays a par- 
tial reversal of the inhibitory effect of progesterone 
by changing the interaction between the hydrophobic 
part of the progesterone molecule and the arrange- 
ment of the mitochondrial membrane. As indicated 
above, or-tocopherol reversed also the inhibitory effect 
of progesterone on respiratory chain (Fig. 7). Taking 
into account that many steroids and related sub- 
stances which have no CH,-C==O system are able 
to inhibit the electron transport, we assume that the 
mechanism of progesterone action at this level is dif- 
ferent from progesterone action on energy conserving 
mec~nisms. Probably the reversing m~hanism of ix- 
tocopherol is dependent on the change of the interac- 
tion between a-tocopherol, progesterone and the 
mitochondrial membrane. 

Irrespective of the exact nature of the intermolecu- 
lar interaction, the fact that the presence of a-toco- 
pherol greatly weakens the effect of progesterone on 

oxidative phosphorylation, may well be important in 
the biological function of these compounds. The 
results presented do raise the interesting possibility 
that a direct molecular interaction between progester- 
one and a-tocopherol may determine at least in part 
their mode of physiological action. 

Taking into account that very large concentrations 
of progesterone have been used in our experiments 
our results do not allow a firm conclusion that inhibi- 
tion of electron transport and oxidative phosphoryla- 
tion plays a primary role in the physiologi~l action 
of progesterone. The high concentrations of steroids 
exhibit an undoubted effect on oxidative phosphory- 
lation and electron transport chain; however we 
observed [9] that progesterone at concentration as 
low as 6 PM exerts also inhibitory effect on oxidative 
phosphorylation in mitochondria isolated from rat 
liver. The physiologi~l concentration of hormonal 
steroids in tissues are not known precisely. Neverthe- 
less one may suspect that in steroidogenic tissues e.g. 
in placenta where progesterone synthesis is taking 
place, the concentration of this hormone is sufficiently 
high to inhibit electron transport chain and oxidative 
phosphorylation. It is known that mit~hondria iso- 
lated from full term placenta in the absence of BSA 
oxidize substrates more slowly and have lower phos- 
phorylating ability than mitochondria isolated in the 
same manner in the presence of BSA [21]. It has 
been shown [l&19] that BSA whose steroid binding 
properties are well known [22] releases also the in- 
hibitory effect of steroids on oxidative phosphoryla- 
tion in rat liver mitochondria. We suggest that rat 
liver mitochondria treated with progesterone are a 
good model of mitochondria from steroidogenic tis- 
sue. The results presented may explain partially the 
differences between the liver and steroidogenic tissue 
mitochondria as far as their respiration and oxidative 
phosphorylation is concerned. 
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