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I. Introduction

It is well known that the hemolysis and uncoupling of oxidative phosphorylation are
caused with X-ray irradiationh??®, although the mechanisms of these phenomena are still
obscure.

Surface active agent, such as fatty acid especially in cis form of unsaturated one,
will produce lysis of the plasma membrane and uncoupling of oxidative phosphorylation
in different type of cells®%)6)), Namely the surface active agent will induce the similar
results as it was observed with X-ray irradiation.

Recently the changes of lipid metabolism with X-ray irradiation have been considered
with keen interesti0D12)13)14)15)16) and the quantities of increased phospholipid, lysophosph-
atide and neutral fat and of no changes of free fatty acid were observed!®1l). The increased
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lysophosphatide contains rather small amount of unsaturated fatty acid suggesting the
liberation of unsaturated one from phospholipid). Thus, the qualitative change of fatty
acid in the fatty acid fraction would be expected after X-ray irradiation.

One of the authors, Inaba, has been found an uncoupling factor of oxidative phosphory-
lation induced with X-ray irradiation in the lipid fraction of ascites fluid of Ehrlich
ascites tumor bearing mouse. Furthermore the several uncoupling factors isolated from
natural materials have been shown to contain long-chain fatty acids as an active substance,
i.e., extracted from rat liver microsome??), insect sarcosome?, {urnor mitochondria and
hepatome cellsD. Since, the fatty acid plays an important role in biological effect of X-ray
irradiation and of its biochemical properties of X-ray irradiated rabbit liver.

II. Materials and Methods

Mitochondria were isolated by the method of Hogeboom and Schneider!” and lg tissue
equivalent mitochondria were suspended just before use in 1 ml of 0.25 M sucrose solution
as the stock mitochondrial suspension. These procedures were carried out at 0-4° C.

Ehrlich ascites tumor cells were harvested 7-9 days after transplantation and were
washed 3 times with physiological saline solution to remove the red blood cells.

IFatty acid fraction was extracted by the method of Seno and Yamamoto3) with some
modification from normal and X-ray irradiated rabbit liver. These fatty acids were mixed
with 1/20 volume of Tween 80 and emulsified by adding physiological saline solution to 1
per cent in concentration.

ADP (adenosine diphosphate) was obtained from Shigma Chemical Co.

Effect of the fatty acid on the cell membrane was observed by the method of Hodes?
for stainability to nigrosin: the cell suspension was diluted to 7.5x 106 cells per ml. Five
ml of the suspension of tumor cells containing 0.075 per cent nigrosin was stirred gently
on ice with a magnetic stirrer. Samples were withdrawn and counts were made from each
sample approximately 5 minutes after addition of fatty acid ranging 0.005-0.05 per cent at
final concentration. The cells to be counted were diluted twenty times in a white cell
pipette with 0.15 per cent nigrosin in isotonic saline, then counted in a blood counting
chamber.

Tests of mitochondrial swelling were carried out as described in previous publication®s);
the incubation mixture was composed of 4 ml of 0.15 M KC1-0.02 M Tris aminomethan-HCl
buffer solution (pH 7.4), 0.5ml of 0.05 per cent fatty acid and 0.05 m! of mitochondrial
suspension. The colloidal solution of fatty acid was diluted with the KCI-Tris buffer
solution to 0.05 per cent. The incubation was performed at 25°C. for 30 mimutes and the
mitochondrial swelling was carried out optically in Bechman specirophotometer at 520 my.

Oxidative phosphorylation and physiological swelling-shrinkage of mitochondria were
carried out as described in previous paper®): simultaneous measurement of 90° light scatter-
ing and oxygen uptake of mitochondria were carried out by the special apparatus construct-
ed by one of the authors, K. Utsumi, in the medium consisted of 0.05 M sucrose, 0.02 M
K-phosphate 0.0204 KCl and 0.1 2M EDTA (pH 7.5) at 25°C. Two ml of the incubation
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mixture was introduced to the sample chamber of the apparatus and 0.2 ml of stock
mitochondrial suspension was added to the incubation mixture (state 1 and 2), After one
minute 0.02 ml of 1 M sodium succinate was added (state 4) and 1 minute later 0.02 ml of
10 mM of ADP was again added (state 3). After reversing to state 4 (changed ADF to
ATP),0.04 ml of 0.1 percent fatty acid solution was added.

Ehrlich ascites tumor cells were incubated for 30 minutes at 37°C. in the incubation
mixture consisted with 10ml of Krebs-Ringer solution containing 2g of Ehrlich ascites
tumor cells, 1 ml of 0.02 M K-phosphate buffer solution containing 30 uc of P¥and 1 ml of
0.05 per cent fatty acid diluted with physiological saline solution. The acid soluble phos-
phorous compound fraction of the cells was separated by the method of Teradal® and the
incorporation of P¥ was studied.

III. Results

Effect of fatty acid fraction on the cell membrane: Most of the fresh untreated cells
are unstained by nigrosin. As fatty acid is added, an increasing number of cells is stain-
ed black first in nucleus and the cytoplasm followed. The effects of fatty acid fractions
extracted from X-ray irradiated and non-irradiated rabbit on the staining are shown in Fig.
1. The effect of irradiated one is more than that of non-irradiated one, and that of oleic
acid is the lowest. As shown in Fig. 1, the percentage of stained cells increases with the
fatty acid concentration and all the cells are stained at the concentration of 0.05 per cent

of all fatty acid examined.

NED CELLS (%)

_PER CENT OF STA

0.03 005
CONCENTRATION (96)

Fig. 1. Effect of oleic acid and fatty acid fraction extracted from norral
and X-ray irradiated rabbit liver on the nigrosin stainability of
Ehrlich ascites tumor cells.

Effect of fatty acid on the mitochondrial swelling: Oleic acid causes a great acceler-
ation of the swelling of rat liver mitochondria suspended in a medium of 0.15 M KCl1-0.02
M Tris buffer solution at pH 7.4 as shown in Fig. 2. The acceleration of the mitochon-
drial swelling is observed by the fatty acid fraction especially by the X-ray irradiatec one
with the same concentration (0.005%).

Effect of fatty acid on the physiological swelling-shrinkage and the change of respiratory
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Fig. 2. Effect of fatty acid fraction extracted from normal and X-ray irradiated rabbit
liver on the swelling of rat liver mitochondria. Concentration of each fatty acid is
0.005 per cent. Incubated at 25°C for 30 minutes in the 0.15 M KCL.0.02 M Tris
buffer solution (pH 7.4). The effect of the fatty acids was compared with swelling
action of sodium oleate at same concentration.

activity of mitochondria :

The effects of fatty acid on the mitochondrial structure, i.e.,

swelling and shrinkage traced by 90°light scattering, and its function, i. e., respiratory acti-
vity measured by oxygen electrode are shown in Figs. 3 and 4. First of all, liver mitocho-
ndria were added to aerobic medium. Endogenous substrate is not allowed to disappear
for several minutes (state 2). The addition of an sxidizable substrate, succinate, acceler-
ated respiration 1.2 times (state 4). In this condition the mitochondrial swelling until a
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Fig. 3. Effect of fatty acid fraction extracted from
normal rabbit liver on the respiration and
physiological swelling of rat liver mitochondr.
ia. Respiratory release and mitochondrial shr-
inkage were observed by the addition of the
fatty acid fraction.

Fig. 4. Effect of fatty acid fraction extracted from
X-ray irradiated rabbit liver on the respirat-
ion and physiological swelling of rat liver
mitochondria. Potent respiratory release and
mitochondrial shrinkage were observed by the
addition of the fatty acid fraction,
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lower steady state level of shrinkage is obtained (physiological swelling). If then the phos-
phate acceptor, ADP, is added, electron transport is increased 5 times (state 3). In this
condition oxidative phosphorylation occurs, and as indicated in Figs. 3 and 4, the ADP:
O ratio is 2.1 calculated by the polarographic method. The addition of ADP also causes
reversal swelling (physiological shrinkage). When the small amount of added ADP is
phosphorylated to ATP, respiration declines to the succinate substrate level, and swelling
of mitochondria occurs again. If the fatty acid is added at this stage, electron transport
is increased about 3 times and as shown in Figs. 3 and 4 the reversal swelling is induced
to the level of prior to the substrate addition. In this condition oxidative phosphorylation
is uncoupled and no observable changes in respiration and swelling are occured by the addition
of ADP. These phenomena are found also by oleic acid® but more uncoupling and shrink-
age are induced by the fatty acid fraction, especially by X-ray irradiated one at a concentr-
ation of 0.002 per cent. Even in the physiological condition, however, if excess amount of
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Fig. 5. A column chromatogram of acid soluble fraction of Ehrlich ascites
tumor cells after incubation for 30 minutes with Krebs-Ringer pho-
sphate solution.

fatty acid is added, the physiological shrinkage of mitochondria will be change into drastic
mitochondrial swelling and into irreversible uncoupling. The effect of X-ray irradiated
fatty acid on drastic swelling is more than that of non-irradiated one as shown in Fig. 2.

Effect of faity acid fraction on the incorporation of F32 into acid soluble phosphorous
compound: The column chromatogram of acid soluble phosphorous compound fractions
from Ehrlich ascites tumor cells incubated with 0.005 per cent of fatty acid fraction ex-
tracted from X-irradiated rabbit liver exhibits the low peak of ATP and high peaks of
AMP and ADP as shown in Figs. 5 and 6. In this case the incorporation of P3 into ATP
and GTP is decreased but not into ADP. Namely, the specific activity is decreased remar-
kably in ATP and is relatively little decreased in ADP showing the hydrolysis of ATP to
ADP and inorganic phosphate by ATPase activity which is accelerated by the fatty acid.
From the data of total activity it is shown that the treatment of the fatty acid causes
the uncoupling of oxidative phosphorylation and the stimulation of mitochondaial ATPase.
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7. A column chromatogram of acid-soluble frac-
tion in Ehrlich ascites tumor cells after incu-
bation for 30 minutes with Krebs-Ringer phos-
phate solution containing 0.005 per cent of
fatty acid fraction extracted from X-ray irrad-
iated rabbit liver. Decrement of ATP and
increment of AMP and ADP were observed.
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Fig. 8. Radioactivity of each fraction in Fig. 7.

Showing the decrement in
ATP and GTP.

radioactivity of
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9. Gas chromatogram of fatty acid fraction
extracted from normal and X-ray irradiateds
rabbit liver showing decrement of palmitic
acid and increment of oleic and linoleic acids
in X-ray irradiated one.
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Gas chromatography of fatty acid fraction : Fatty acid composition of non-irradiated

and X-ray irradiated rabbit were analysed by gas chromatography.
of palmitic, stearic, oleic and linoleic acids were compared and the following
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obtained. Relative amount of palmitic and stearic acids are decreased but that of oleic and
linoleic acids increased remarkably in X-ray irradiated one compared with non-irradiated
one. And the non-identified peak, may be palmitoleic acid, is appeared following the peak
of palmitic acid. Namely the increment of unsaturated fatiy acid and the decrement of
saturated one are observed in the fatty acid fraction of X-ray irradiated rabbit liver.

IV. Disecussion

The experimental results described above demonstrate that the X-ray irradiation in-
duces the increment of unsaturated fatty acid in the irradiated rabbit liver and this has
the strong activity of lytic and uncoupling action. The lytic and uncoupling action of
X-ray could be observed in the X-ray irradiated animals. Therefore, these actions of the
fatty acid increased by X-ray irradiation are assumed to be related to X-ray disturbances.
With respect to the changes of lipid metabolism by X-ray irradiation Elko and Luzio®D
presented the elevation of phospholipid and neutral fat content and no alteration of free
fatty acid in the plasma and liver of X-ray irradiated rabbit, but did not studied the com-
ponent of faity acid fraction. At the present staie of research in this field nothing is yet
known abont the raechanisms which may involve enzyme reactions to increase unsaturated
fatty acids. The following two possibility, however, can be considered: one of them is a
splitting of unsaturated fatty acid from compound lipid and the other is an unsaturation
of fatty acid. The former possibility is supported by the following reason that the quanti-
tatively increased lysoposphatide with X-ray irradiation contains the relative small amout
of unsaturated fatty acid®). The latter one is supported by the following reason that the
ionizing radiation causes the oxidation of hydrocarbon and faity acid & vitve and finally
produces the double bond or the short chain fatty acids!®0),

The stainability of Ehrlich ascites tumor cell with nigrosin is accelerated by the treat-
ment of fatty acid and the degree of acceleration by the faity acid extracted from X-ray
irradiated rabbit liver is larger than that of non-irradiated one. Hodes® described the accel-
erated siainability of tumor cells to nigrosin by the teatment of surface active agents and
found that the sulphonates and sulfates with Ci2 or Ci side chains of the anionic sur-
factants were most effective on the staining effect. The potentiating action of unsaturated
fatty acid in uncoupling oxidative phosphorylation, especially in cis form, observed in the
previous work®) using purified samples indicates that these substances play a role in damag-
ing or deformation of membrane structure by its surface activity. With respect fo the
effect of fatty acid, Lardy and Pressman®), and Borst et al.t) are reported same results.
Namely, the increased stainability of Ehrlich ascites tumor cell by the treatment of fatty
acids may be due to their surface activity.

As the physical properties of fatty acid, the surface activity is stronger and melting
point is lower in unsaturated state than that of saturated one. The action of surfactants
is due to their ability to combine with lipid and or protein in membrane. The hemolysis
by X-ray irradiation would not be only due to the increased unsaturated fatty acid but to
unsaturation of membrane lipid because membrane permeability would be changed by the
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steric hindrance and charge transfer in molecular structure of cell membrane.

Oxidative phosphorylation of rat liver mitochondria is severely uncoupled by fatiy acid
fraction obtained from X-ray irradiated rabbit liver. It is already known that the oxidative
phosphorylation is uncoupled by X-ray irradiation but the mechanism is not clear. Lehn-
inger™ found the endogenous uncoupling factor in the isooctane soluble fraction from aged
and swollen mitochondria. The properties of the uncoupling agent suggest that it may be
long-chain fatty acid. These endogenous uncoupling factors may be formed from pho-
spholipid of membrane by the phospholipase and the other enzyme activity may be changed
by the changing of physiological state of membrane structure. Recently one of the authars,
Inaba?, found an uncoupling factor in the lipid fraction of X-ray irradiated tumor bearing
mouse which containg aboundantly unsaturated fatty acid. In general, saturated and unsat-
urated fatty acids, especially in ¢is form of unsaturated one, act as a potent uncoupler of
oxidative phosphorylation. In addition, the faity acids have profound effect on ATPase
activity of mitochondria5.6)8),

Thus the evidences described in this paper indicate that the increased unsaturated fatty
acid in rabbit liver by X-ray irradiation acts as a part of the hemolytic action and uncoup-
ling action of oxidative phosphorylation.

V. Summary

Fatty acids from normal and X-ray irradiated rabbit liver are studied on the chemical
composition and its biochemical properties and obtained following results.

1) The fatty acid acts as a damaging agent of cell membrane. Faity acid obtained
from X-ray irradiated rabbit liver accelerates more nigrosin permeability than that of non-
irradiated one.

2) Rat liver mitochondria is swollen by the treatment of fatty acid. The swelling
action of fatty acid extracted from X-ray irradiated rabbit liver is stronger than that of
non-irradiated one.

3) Oxidative phosphorylation of rat liver mitochondria is uncoupled by the faity acid.
The uncoupling action of fatty acid exiracted from X-ray irradiated rabbit liver is stronger
than that of non-irradiated one.

4) Latent ATPase of rat liver miiochondria and Ehrlich ascites tumor cells are sti-
mulated by the faity acid extracted from X-ray irradiated rabbit liver.

5) The quantity of unsaturated fatty acid of fatiy acid fraction obtained from X-ray
irradiated rabbit liver is more than that of non-irradiated one.
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