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Effects of X-ray irradiation on the lipid peroxidation and

swelling of mitochondria induced by ferrous ions
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Previous studies showed that there is a definite acceralation with X-ray irradiation in the lipid peroxi-
dation reaction in vitro”.  According to the accepted mechanism, chain autoxidation is initiated by
free redicals having a high content of chemical free energy, and may be terminated by formation of chemi-
cal low-energy free radicals®. The question whether X-ray induces autoxidation in _vivo as well as in vitro
ramains unsolved but there are some evidences suggesting the lipid peroxidat ion reaction in vwo_ with
various methods of peroxide estimation, an increased lipid peroxide was found in X-ray 1rrad1atn=d mice?,
Thus, it is clear that X-ray can initiate autoxidation i in vivo, though the observed peroxide might be formed
in some other way. In any case, from the idea that ionizing radiation produces lipid peroxide participat-
ing in the X-ray injury, it is important to reveal the mechanism of lipid peroxidation with X-ray irradi-
ation. In many chemical systems ferrous ions catalyze to produce free radicals of lipid and induce the
lipid peroxidation!#.13, Recently, Hunter etal’. observed the lipid peroxidation of mitochondria induced

by ferrous ions being accompanied wit hmitochondrial swelling. The mechanism of the Fe# -induced
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peroxidation is obscure but a part of the reaction is associated with the electron transfer system of mito-
chondria, especially with cytochrome C9 Therefore, studies on the lipid peroxidation of mitochondria
would give a new approach to clarify.the mechanism of the lipid peroxidation reaction in vivo. The
present paper describes about the findings that the X-ray irradiation shortened the lag period for the
formation of lipid peroxide in mitochondria induced by ferrous ions and decreased the proportion of

unsaturated fatty acids in mitochondria.

MATERIALS AND METHODS

Materials:  Albino rats, weighing 150—200 g, fed on a semisynthetic diet (products of Oriental Co.
Ltd.), were used for this investigation. Rats were irradiated in a petri dish under condition of maximum
backscatter. The physical factors were as follows: 200 KVp, 25 mA, filter; 0.5 mm Cu+0.5 mm Al,
H.V.L.; 1.37 mm Cu,dose rate; 116 R/min., whole body dose was 1000R. After irradiation in various
periods they were killed by decapitation, the livers were immediately removed, weighed and transferred
to ice cold sucrose solution (0.25 M). Mitochondria wereisolated as previously described?i?,

Adenosine 5 diphosphate (ADP), adenosine triphosphate and antimycin A were obtained from Sigma
Chemical Co. Other reagents were of analytical grade and were prepared by dissolving the deionized
distilled water.

Measurements: ‘The swelling of rat liver mitochondria was measured as the turbidity decrease of
dilute suspension at 520 my (D j55) or 90° light scattering at 650 my as described in previous papers!!.
The isolated mitochondria were incubated in amounts giving an initial ODj, mye of approximately 0.500
and incubation was carried out at 25°C in air environment in the medium of 0.15 M KC1-0.02 M Tris-

~HCI buffer, pH 7.4, equivalent in tonicitv. Readings were taken or aliquots were withdrann at time inter-
vals short enough to establish the character of the curves. There were 2 or 3 minutes in the early time
periods in every cases.

The changes of 90° light scattering, fluorescence intensity of pyridine nucleotides and oxygen uptake
were measured simultaneously by the apparatus constructed by the authors't,

Lipid peroxide formation was followed by a modification of the thiobarbituric acid (TBA) methods8.
A 1-ml] aliquot was withdrawn from the incubation mixture and pipetted into pyrex tube containing 409,
trichloroacetic acid (0.25 ml) and 5N HCI (0.125 ml). After mixing, 0.25 ml of 2 per cent 2-thiobarbitu-
rate was added promptly. The tube were topped with 18cm air-cooled condensers and placed in boiling
water bath for 10 minutes, cooled, centrifuged at 2500 r.p.m. for 10 minutes, and the supernatant was
volumed up to 4 ml with absolute ethanol. The color intensity was read at 532 my and the formation of
lipid peroxide was graphed directly*.

Oxidative phosphorylation of isolated rat liver mitochondria was tested by rotating platinum elect-
rode!!, . Other experimental details of each experiment were given in the text and legends to figures.

Fatty acids of mitochondria were extracted by the method of Folch et al®. The CHCIl,CH,OH
soluble fraction was saponified with 1 N KOH, extracted with ether and esterified with diazomethane solu-
tion in ice cooled ether. The methyl esters were analyzed by gas-liquid chromatography using Shimadzu
Model GC-1B.

Columns 255 mm Cu-tube wle_ré packed with 10 per cent diethylen glycol succinate polyester on 60

to 80-mesh fire brick. Hydrbgen was used as the carrier gas.
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RESULTS

Effect of Fe-4 on the oxygen uptake, oxidation-reduction state of pyridine nucleotides and volurne of

mitochondria:

The mitochondria isolated from non-irradiated rat liver show the oxygen uptake and oxidation of
pyridine nucleotides accompanied with the increase of TBA color reaction at a certain lag period after
addition of Fett (40 zM). The length of the lag period was lengthened by the increase of Fet, in the
medium of KCI-Tris buffer solution. At a certain period. after causing the lipid peroxidation by Fett,
it was followed by the mitochondrial swelling in a remarkable extent (so-called high amplitude swelling)
and uncoupling of oxidative phosphorylation, as shown in Fig. 1. These phenomena induced by Fett
were slightly inhibited by antimycin A (2 pg/ml) and KCN (1 mM) but'net by uncoupler of oxidative
phoshorylation and inhibitor of phosphorylating respiration. .

Fig. 1. Effect of Fe# on oxygen uptake, 90° light-scattering,
oxidation-reduction of pyridine nucleotides and lipid pero-
xide formation of the mitochondria isolatéd from normal -
rat liver by the method described in a previous paper in
the medium 0,15 M KC1-0.02M Tris-HCI buffer(pHT.4).
The mitochondria (0.56 mg protein) were incubated in 2
ml of the incubation mixture at 259, The amount. of lipid
peroxide formed was estimated by the malonaldehyde per
ml in the incubation mixture, Arrows indicate the addition
of 40 uM of ferrous ammonium sulfate.
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Effect of X-ray irradiation on the lipid peroxidation of mitochondria induced by Fet: The"lag

period of lipid peroxidation of mitochondria by Fett was shortened by Feftt. A similar phenomenon was
observed in the mitochondria isolated from the liver ‘of X-ray irradiated rat. Even the concentration
of Fet was the same for the lipid peroxidation of mitochondria, the lag period being shortened gradually
according to the time after X-irradiation, and about 12 to 22 hours after X-ray irradiation the- lag
period disappeared almost completely. Then the shortening action of X-ray 1rmd1atmn graduaHv

bl 15 b

disappeared from 48 hours after X-ray irradiation as shown in Table [.

- Oxidative phosphorylation and’ tespiratory ‘onirol index of mitochondria i " Oxidative’ phosphory-

lation and respiratory control index of rat liver mitochondria in the medium containing succinate, wer'e
traced by rotating platinum electrode following the method of B. Chance and R.C. Williams!. As
the result it was found that both of them were decreased in the mitochondria isolated :from the liver of
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Table 1. Effect of X-ray irradiation on the lag

period of Fe** induced swelling and lipid
peroxidation in rat liver mitochondria, In-
cubation mixture is consisted of 0.15M
KC1-0.02 M Tris-HCl buffer (pH 7.4)
and the concentration of added ions is 160
uM Fe**-+40 uM Fe'*. Deatails the
measurement of mitochondrial swelling
and of lipid peroxidation are as describ-
ed under ‘‘ methods .

for

HARS ‘hichiiney: S fERE  26% Hi4 2

Table 2. Oxidative phosphorylation and respira-

tory control index of rat liver mitochond-
ria  after whole body irradiation, ADP/O
ratio and respiratory control index are
measured by polarographic method in the
medium of 0.05 M sucrose, 0.02. M KCI,
0.01 M Tris-HCl buffer pH 7.4, 1mM
MygCl,, 100 pM EDTA, 3mM sodium su-
ccinate and 3 mM potasium phosphate
buffer (pH 7.4). Incubation is carried out

. . at 25°C.
E‘ir;cﬁi;{;?lr Lag period Animal groups: .
(hours) | Swelling (i) | LIPIG PoToxt pos: radiacion | ADPIO raio | SR
! Initial T~ 9 6— 7.8 Initial 2.0 3.6
4.5 7.3 5 5 4.5 1.6 2.5
f 12.0 4.5 3 i 6.0 1.6 2.6
22.0 1.0 0.5 ; 17.0 1.3 3.0
48.0 7.2 5 : 22.0 2.0 3.5
| 52.0 2.0 2.8

Table 3. Effect of X-ray irradiation on the
liver

composition of total fatty acids of mouse and rat
are isolated from non-irradiated
19 hours and 24 hours after irradiation for

mitochondria. Mitochoundria
mouse and rat liver:

and irradiated
mouse and rat

respectively.
Percentage composition
Group
Claio Cisu ‘ CIe:ll C|.s:| ! C:Is:z ‘ Cu.iz' ‘ ‘czul:o C:znhmiy
Mouse control 28.3 9.9 17.9 12.3 19.2 ! 5.7 3.6 | 3.3
I
Irradiated 36.8 5.6 24.6 10.6 15.9 2.0 0.65 2.4
Rat Control 19.5 10.6 14.8 15.2 17.0 10.3 6.5 6.4
Irradiated 34.8 6.8 | 28.5 10.3 10.2 2.2 2.8 2.0

rats irradiated with X-ray. The values of ADP/O ratio and respiratory control index reached to their
minimum at 3 to 6 hours after X-ray irradiation but these values returned gradually to normal level
at 12 to 17 hours after irradiation, as shown in Table 2.

Proportion of fatty acids in mitochondria: Analysis of fatty acids of total compound lipids proved the

reduction of unsaturated fatty acids in quantity in the mitochondria obtained from X-ray irradiated rats
comparing to that of non-irradiated one. The kind of fatty acids was quite similar as shown in Table 3
in both groups of X-ray irradiated and non-irradiated rats. But in the former, C;; monoenic, Ci4
monoenic, C,; trienoic, Cy, and C polyenoic acids were decreased in quantity and then C,; palmitic and
Cig stearic acids were increased.

These various changes in mitochondrial function after X-ray irradiation were observed in the liver

of mouse,
DISCUSSION

Mitochondrial swelling by Fett is characteristically associated with lipid peroxidation of mito-
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chondria in KCIl medium!?.%, This swelling is more extensive than electron transport chain supported
swelling®. As shown in this paper the mitochondrial swelling is followed to the transient increase of oxygen
consumption and of pyridine nucleotides oxidation which is closely correlated to the increase of malon-
aldehyde formation. Namely, Fe# -induced mitochondrial swelling is brought about by the formation
of lipid peroxide, even the question whether initiation of lipid peroxidation by Fett involves specific sites
or is a generalized non-specific effect in mitochondria is a very complicated one. At any rate, the exact
role of Fett in the mechanism of such reaction is still uncertain.

Under certain conditions as described in this paper this lipid peroxidation occurs at a certain lag
period,which is largely obliterated by addition of Felt with Fettt, Namely this function is coupled with
the oxidation-reduction of Fe ion. Although for explanation of the mechanism leading to the autoxidation
of lipid by X-ray irradiation is quite difficult,the most acceptable hypothesis is that the production of free
radical by X-ray irradiation induces the autoxidation of lipid. From this fact, there arises a question,
whether the shortened lag period of Fett induced peroxidation with X-ray irradiation is the result of increas-
ed autoxidizable lipid or increase of lipid free radicals in mitochondria by Fett.  Gas chromatographic
analysis of fatty acids shows the decrease of the substrate high unsaturated fatty acid to the formation
of malon-aldehyde. High unsaturated fatty acids readily form free radicals by the formation of conju-
gated double bonds by the treatment of some chemical catalizer. These results suggest that the possibility
of the increase of free radical or initiation of lipid peroxidation may be dismissed. Against this, a shortening
of the lag period for the lipid peroxidation by Fet is also observed on the aged mitochondria’.  There-
fore, it is possible to assume that the shortening of the lag period observed in the mitochondria isolated from
X-ray-irradiated rat liver may be due to the mitochondrial disorder. But the ratio and the respiratory
control index are decreased at 6—12 hours after X-ray irradiation inspite of the extensively shortened lag
period being at 24 hours.

Then the shortened lag period for the lipid peroxidation might have occurred by the complicated
mechanism and the mechanism of this shortened lag period remains obscur. But as demonstrated in
this experiment, the contents of unsaturated fatty acid are remarkably decreased in the mitochondria
which have shortened lag period for the Fett-induced lipid peroxidation. This results may mean an
increase of easily oxidizable unsaturated fatty acid content in mitochondria with X-ray irradiation.

SUMMARY

Effects of X-ray irradiation on the lipid peroxidation and swelling of the mitochondria of whole body
irradiated rat liver were studied by measuring the oxidative phosphorylation, lipid peroxidation, 90°
lightscattering or absorption at 520 my; after addition of Fett and obtained the following results.

1. The mitochondrial swelling induced by Fett is caused by the formation of lipid peroxide which is
formed at a certain lag perind after addition of certain concentration of Fett.

2. The activity of oxidative phosphorylation and respiratory control of mitochondria was reduced by
80 per cent after X-ray irradiation for 6 hours, which returned to normal after 12-—17 hous.

3. The lag period for the formation of lipid peroxide after addition. of Fett was shortened remarkab-
ly with X-ray irradiation for 22 hours, which returned to normal after 48 hours.

4. In the mitochondria isolated from rat liver after X-ray irradiation for 24 hours, a remarkable
decrease was observed in the content of unsaturated high fatty acids in comparison with that of non-

irradiated liver.
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