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A number of reports have been presented mentioning some inhibitory effects
of vitamin E-deficiency on oxidative phosphorylation®.

These results, however, were quite controversial, probably due to differences in
the experimental conditions, chiefly those in response of different tissues and ani-
mals.

MARZIUS obtained a decreased oxidative phosphorylation from vitamin E-de-
ficient rabbits diaphragm but not from liver mitochondria®.

However, Mc CAy and Caputto® as well as ZALKIN and TappEL? reported
that P/O ratio in liver mitochondria from dystrophic vitamin E-deficient rabbit
decreased.

On the other hand, little is known about the similar studies using mitochondria
from vitamin E-deficient rats.

Since the rat is known to be less sensitive to the vitamin deficiency, particular-
ly to the incidence of developing muscular dystrophy, as compared with other ex-
perimental animals, any significant change in oxidative phosphorylation may not
better be demonstrated than in rabbits.

However, ZALKIN and TAPPEL believe that lipid peroxidation damages some
sensitive membranes responsible for the impared respiration and possibly for dam-
aged oxidative phosphorylation, which was actually found in liver mitochondria of
rabbits rather than in dystrophic muscles®.

ScHWARZ reported that liver homogenate from vitamin E-deficient rats induced
by feeding the Torula yeast diet caused marked respiratory decline when a-ketoglu-
tarate or succinate was added as a substrate®.

It seems, therefore, to be worth investigating whether or not any changes take
place in oxidative phosphorylation in rat mitochondria prepared when certain
known symptoms of the deficiency have become evident.

In this connection, the authors attempted to elucidate this phenomenon by
using mitochondria of liver and heart and submitochondrial particles from rats fed
on vitamin E-deficient diet containing 20% casein as a protein source.
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EXPERIMENTAL

Weanling male albino rats from Wister strain were placed on the vitamin E-
free diet which comprizes the following constituents®, glucose 65.4 %, casein 20
% (vitamin-free), Salts 446" 4.0 9, choline chloride 0.1 %, vitamin mixture® 0.5
% and lard (vitamin E-free, Distillation Products Indust.) 10 %. The rats had free
access to the diet and to drinking water.

Experiments were made up of three different groups raised under similar feed-
ing duration which differed from five to eleven weeks.

The animals were well in appearances, although their growth rate was slightly
slower than that of the tocopherol-supplemented group, but the symptoms of vita-
min E-deficiency could be observed by increasing creatine excretion and fatal toxi-
city of methyl linoleate hydroperoxide (MLHP) which led to death by severe
haemolysis within about half an hour after the intravenous injection of purified
10 mg hydroperoxide (peroxide value 2,200)”'® in Im/ of mixture of ethanol and
16 % Tween 80 (1:9); while neither severe haemolysis nor fatality occured in the
tocopherol-supplemented control group.

After the definite period of feeding, ranging from five to eleven weeks, rats
were killed by decapitation and tissue was taken for the preparation of liver!® and
heart mitochondria®, and liver digitonine particles!?. Details of this were presented
in our previous report'®.

Oxygen consumption was measured by the conventional WARBURG method.
The reaction mixture for liver mitochondria and digitonine particles contained the
following substances in #moles: 65 Tris (pH 7.4), 25 phosphate (pH 7.4), 0.03 cyto-
chrome c¢ (Sigma), 3 ATP, 0.2 NAD (Sigma), 15 NaF, 30 MgCl; and 25 glucose
and 20-24 KM units of hexokinase (Sigma, type 3). Two hundred mg fresh liver
equivalent mitochondria or 5 mg protein containing digitonine particles were ad-
ded.

0.25 M sucrose was added too, to make a final volume of 3.0 m/. For heart
mitochondria the following constituents in #moles, in a final volume of 3.0 m/,
were used; 40 Tris (pH 7.4), 25 phosphate (pH 7.4), 50 KCl, 3 ATP, 45 NaF, 30
MgCl; and 25 glucose and 25 KM units hexokinase. Three to S mg protein equiva-
lent mitochondria in 0.4 M sucrose, containing 5% 10~ M EDTA, were used. In
each experiment, SO xmoles of succinate, ($-hydroxybutyrate or glutamate or 30
#moles of a-ketoglutarate and 10 #moles of malonate were added as a substrate.

After 7 minutes at 30° of shaking, glucose and hexokinase were tipped from a
side arm of the vessel and oxygen uptake was measured during 30-37 minutes at 5
minute intervals.

The reaction was stopped by adding 5 % trichloracetic acid and aliquotes were
taken for analysis of inorganic phosphate by the method of Lowry'®.

The amount of oxygen consumed during 30 minutes was expressed as gatoms
oxygen per mg protein. The latter was measured by using FOLIN’s phenol reagent!®.

Thiobarbituric acid (TBA)-reactants formed were measured by the method of



Vitamin E and Oxidative Phosphorylation 237

CorwIN'® using fresh mitochondrial suspension in 0.25 M sucrose, and values were
expressed as optical density at 532 my per mg mitochondrial protein.

RESULTS AND DISCUSSION

Table 1 shows the observed oxygen uptake in 30 minutes and P/O ratios by
fresh mitochondria from vitamin E-deficient and from vitamin E-supplemented rats
after nine weeks of feeding.

Table 1. Oxidative phosphorylation by liver mitochondria from vitamin E-deficient and
_supplemented rats (Experiment 1; Nine weeks of feeding on deficiency)

\
Supplemented*! 5‘ Deficient
Oxygen uptake 7 7 N - i);):gerilz)tdke - ) o
Nroa.t;)f rratoms P/O No. of patoms P/O
N st rats N
mg protein mg protein
Succinate Succinate
16 2.34 1.68+0. 48%2 13 2.05 1.54 1:0. 36%2
B-Hydroxybutyrate 3-Hydroxybutyrate
14 1.53 2.61:1-0.63 14 1.47 2.50-0.44
Glutamate Glutamate
10 2.01 2.63+0.47 8 1.87 2.52 +0.30
No. of Creatine/Creatinine No. of Creatine/Creatinine
rats rats
4 0.22:+-0.03 4 0.77+0.18
S Toxicity of MLHP % N
No. of No. of No. of No. of
rats death rats death
6 0 | 8 8
|
*], Two mg dl-atocopherol acetate was orally administered once a week.

*2 Average and its standard error.
*3 See in the text.

The values from succinate, S-hydroxybutyrate or glutamate did not change by
vitamin E-deficiency; even the symptoms were able to be known by the develop-
ment of creatinuria and the aforementioned fatal toxicity of MLHP, which had
been injected into the tail vain.

Similar results in oxidative phosphorylation are presented in Table 2, which
shows values from both liver and heart mitochondria and from liver digitonine
particles isolated from the rats fed for eleven weeks. In all the trials, measured P/O
ratio was not altered in the deficient groups when those substances were used,
whereas the addition of a-ketoglutarate together with malonate seemed to cause a
certain decline in oxygen uptake, but not in P/O ratio, during 30 minutes of the
reaction.
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Table 2. Oxidative phosphorylation by liver mitochondria and digitonine particles and
by heart mitochondria (Experiment 2; Eleven weeks of feeding on deficiency)

Supplemented*! Deficient
- O,uptake O,uptake
Nr‘;‘té’f ,tiatoms P/O Nl%t;’f ,Zatoms P/0
mg protein mg protein
Succinate Succinate
Liver 5 2.59+0.35 1.72+0.25 5 2.20+0. 31 1.36+0. 68
mitochondria
B-Hydroxybutyrate B-Hydroxybutyrate
4 0.92:+0.18 2.624-0. 31 4 0.97+0.21 2.62+0.35
a-KG + Malonate a-KG + Malonate
5 0.98+0.29%2  2,83--0.29 4 0.59+0.19*2  2,8140.22
No. of No. of
Digitonine trials*3 trials*3
particles B-Hydroxybutyrate B-Hydroxybutyrate
4 0.93:+0.12 2.10+0.20 4 0.84+0.25 1.76+0.31
No. of No. of
Heart trials*s trials*s
mitochondria Succinate Succinate
4 1.14+0.43 1.47+0.45 4 1.38+0.72 1.32+0.26
*1, dl-tocopherol was intraperitoneally injected once;"Week (two mg ih 1.0m/ of 1:9 ethanol-

16% Tween 80).

*2, Values are significant (P <0. 3).
*3, Figures represent the number of trials, each comprized pooled tissues from 10 rats for the
preparation of digitonine particles and 5 for that of heart mitochondria.

Table 3. Respiratory decline with a-ketoglutarate accompanying lipid peroxidation of
mitochondria from rats on vitamin E-deficiency (Experiment 3: Five weeks of
feeding on deficiency)

Supplemented*! Deficient

O,uptake O,uptake

Nroa.t;)f ;atoms P/O Nrc;.t;)f ;faw@_ P/O

mg protein mg protein
Liver B-Hydroxybutyrate B-Hydroxybutyrate
mitochondria 4 1. 38-:0.09 1.96+0. 35 4 1.59+0.21 2.34+-0.24

a-KG + Malonate a-KG+ Malonate
11 1.06+0.23*2 3,18 +0. 47 11 0.58+0.19%2 3,920, 82
- - TBA -reactants (0*15 53ig/z/mg protein) o
Liver . 3 0 .
mitochondria 10 0. 0066 -+-0. 0032*3 10 0.0362:1-0. 0156%3
Muscle . )
mitochondria 3 0. 0240-+-0. 0070 3 0. 0686 -+-0. 0083
*1, Two mg of dl-tocopherol was orally fed once a week.

*2, P<0.01
*3, P<0.02
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These phenomena were reexamined in experiment 3, which showed a highly
significant decrease in oxygen uptake, along with the development of lipid per-
oxidation even in the earlier period of the deficiency.

The respiration decline depending upon a-ketoglutarate is also shown in Fig. I.

From these results, it can be assumed that vitamin E-deficiency may not neces-
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Fig. 1. Comparison of a-ketoglutarate oxidation by liver mitochondria
in the presence of molonate from rats fed a vitamin E-deficient
diet with those from a vitamin E-supplemented diet. (Experiment
3) The arrows indicate the standard errors.

sary cause any observable changes in oxidative phosphorylation, even though several
signs of the deficiency could be detected by creatinuria, lipid peroxidation as well
as toxic effect of MLHP.

ZAaLKIN and TAPPELY suggested in their experiments using vitamin E-deficient
rabbits that lipid peroxidation may possibly be involved in the mechanism of dam-
aged oxidative phosphorylation, since TBA-reactans in isolated liver mitochondria
were significantly increased, although these differences between deficient and sup-
plemented groups were not significant in muscle mitochondria.

It was found in our previous studies' that the addition of MLHP to the
incubation media containing normal rat mitochondria caused uncoupled oxidative
phosphorylation which could be prevented by the simultaneous inclusion of a-toco-
pherol or of some antioxidants.

It was also found, in our unpublished data, that MLHP lowered ATP-Pi ex-
changes and increased ATP-ase activity.

These results may suggest that vitamin E-deficiency produces hydroperoxide
free-radicals in lipid constituents of mitochondria and directly attacks enzyme sites
responsible for oxidative phosphorylation. Therefore, lipid peroxide formed during
vitamin E-deficiency as could be seen by increasing TBA-reactants is a probable
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uncoupler in the respiratory chain, although attempts to observe consistent effect
of intravenously injected MLHP on mitochondrial respiration have failed, because
this substance seemed not to reach into the respiration sites but was merely trapped
within blood stream to produce severe haemolysis.

Respiratory decline, specifically related with a-ketoglutarate, seems to be one
of the characteristics of vitamin E-deficiency as is described by CorRwIN'®. By
his assumption, this decline was primarily due to the accumulation of oxaloacetate
in the presence of NAD, which can be reversed by a-tocopherol, and secondarily to
an inhibition at the site of lipoyl dehydrogenase in the system of a-ketoglutarate
dehydrogenase. :

However, the system used in our studies was something different from that
of CorRWIN, since the mitochondrial preparation which had been isolated from non-
necrotic vitamin E-deficient rat liver did not significantly decrease succinate ox-
idation in the presence of NAD, although ZALKIN and TAPPEL observed some
significant damages in succino oxidase system in the rabbit”. On the other hand,
relative intactness of succinate oxidation is supported by our previous studies using
MLHP as a potent in vitro uncoupler’®, which revealed relatively less stability
in the respiratory activity in NADH dependent substrate systems than that of suc-
cinate.

Moreover, MLHP inhibited preferentially phosphorylation rather than oxida-
tion, in the case using a-ketoglutarate.

Therefore, changes in a-ketoglutarate oxidation observed in our present results
are to be explained by other mechanisms than those proposed by ZALKIN and
TappeL® using dystrophic rabbit, by CorwIN'® using prenecrotic rat liver and by
our previous in vitro lipid peroxidation studies'®.

Further studies are necessary to allow definite conclusion to be drawn about
the possible role of vitamin E and lipid peroxidation on a-ketoglutarate oxidation
and oxidative phosphorylation.
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