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INTRODUCT ION

>

Studies reported in the earlier section have demonstrated
a significant deleterious effect of whole-body radioexposure on
hepatic mitochondrial oxidative phosphorylation. It is now well
recognised that among the many metabolic disturbances arising from
whole-body irradiation of animals, some may be categorised as Eeing
primary, whereas others arise secondarily as a consequence of such
primary damage. The mediation of various endocrine glands in the
development of some radiation responses has also been postulated

from time to time {cf 1).

The evidence in literature, on the factors that may
contribute to the radiation induced alterations in oxidative meta-
bolism, is rather fragmentary. The observation that isolated
mitochondria require very high doses of radiation (2) as compared
to the dose in vivo for obtaining a similar degree of derangement
oé oxidative metabolism suggests that the effect may be indirect.
That the impaired oxidative phosphorylation is possibly abscopal
in nature is also indicated by studies using hormonal inhibitors
or those in which specific organs are shielded from exposure to
radiation (3 - 5), It is difficult to draw any generalised inference
from the findings of different investigations as they have not been
carried out under comparable conditions. On the other hand, it
would appear that no single study has made an in-depth assessment
of all the factors that are of likely relevance to the induction

of radiation damage to mitochondrial function.
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In the studies feported in this section, the following
aspects of damage to mitochondrial oxidative metabolism following

whole-body irradiation of rats have been investigated:

(i} the relevance, if any, of the decreased food intake of
the irradiated animals to the observed effects on coupled phos-
phorylations

(1i) the possibility of damage to oxidative metabolism
resulting from whole-body irradiation acting as a general stress
and consequent hyperactivity of the adrenals;

{iii) the influence of shielding a part of the body, so as to
prevent the exposure of the liver to ionising radiation, on
coupled phosphorylation in hepatic mitochondrias

{iv) comparison of the effects of whole-body irradiation
with those following exposure of isolated liver mitochondria; and

(v) the possibility of modifying radiation effects on
mitochondrial oxidative phosphorylation by prior administration
of some radioprotective chemicals or agents that are know to

affect mitochondrial metabolism in vivg.

MATERIALS AND METHODS ,

Chemicalss

In addition to the chemicals whose Sources are indicated
in the earlier section, serotonin {S-hydroxy-tryptamine), and
2-aminoethyl isothiouronium bromide hydrobromide (AET) were obtained

from Sigma Chemical Co., St. Louis, Mo., UeS.A. Ethyl- ={p-



chlorophenoxy isobutyrate (CPIB) was obtained as a gift from
Imperial Chemical Industries Limited, Pharmaceuticals Division,

Macclesfield, Great Britain,

Animals:

Male Albino rats of Wistar strain, weighing about 125 ¢
and reared on a nutritionally adequate laboratory stock diet were

used.

Bilateral adrenalectomy:

Access to the adrenals was gained via the dorsal route
with the rats under licht ether anesthesia and the endocrine glands
were excised out carefully to ensure their total removal. The
operated animals were provided with drinking water containing
0.% saline. They were irradiated 7 days following adrenalectomy
and were sacrificed 72 h after irradiation. Control rats were

sham operated.

Liver shielding:

Each rat was placed on & wooden board with its dorsal
side up and with its legs firmly tied to the board to render it
immobile. Five lead strips, 6.5 cm wide and of a total thickness
of 3.0 ¢m, and bent to a dimension slightly larger than the abdo-
minal contour were placed over the rat so that the portion of thé
body 3.5 c¢m from the head of the rat to 4.5 cm from the base of
the tail was shielded when the animal was exposed to radiation.

Control animals were sham irradiated in the same manner.



Pair feeding studies:

In one set of experiments the daily food intake of the
irradiated rats was measured and the controls were pair fed the
same amount of diet, with a 24 h phase difference between the

two groups.

Administration of serotonin and AET:

Serotonin creatine sulphate was dissolved in water (7.5
mg/ml) and injected intraperitoneally at a dose of 30 mg /kg body
weight of rat, 95, 2 amino ethyl thicurium bromide~hydrobromide
(AET) was taken in 0.9% NaCl {45 mg/ml), neutralised with 0,1 N
NaOH and administered intraperitoneally at dose of 180 mg/kg body
weight. The solutions of both these radioprotective agents were
prepared just prior to use and were given to the animals 10 min

before radioexposure.

Administration of CPIB (={-p-chlorophenoxy isobutyrate):

After being maintained for 10 days on the normal stock
diet, experimental animals were given a dietary supplement of
0.5% {ii/M) of CPIB for another 10 days, after which some of the

animals were irradiated.

In vitro irradiation of mitochondria:

A gamma cell 200 {Atomic Energy of Canada, Ltd.) containing

cobalt-60 was used as the source of radiation for these studies.

Liver mitochondria were irradiated at a dose rate of 3000 r/min
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*
KPO4 buffer (pH 7.4)
either as a pellet or as a suspension in 0,154 M/ {20 mg of

protein/ml), in glass test tubes kept immersed in a beaker
containing ice, Dosimetry was carried out using ferrous sulfate

s

and ceric sulfate (6).

RESULTS .

Data on the effect of restricting the dietary intake
of control rats to that of the irradiated ones, on oxidative
phosphorylation in liver mitochondria avepresented in Table 1,

It would appear that the decreased food intake per se results

in a slightlyenhanced oxygen uptake without any alteration in the
P/0 ratio. The oxygen consumption as well as P/O ratio of mito-
chondria from livers of irradiated rats are decreased as compared

to those of both the ad-libitum and pair-fed control rats.

The possible role of the adrenals in contributing to
the radiation effects haS.- been assessed by studying mitochondrial
oxidative metabelism in adrenalectomised rats subjected to whole
body irradiation. From the results summarised in Table 2, it may
be observed that adrenalectomy in i%self results in a significant
decrease of both oxygen uptake as well as P/O ratio. It is even
more interesting that it enhances the inhibitory effect of irra-
diation on P/O ratio, so that in the adrenalectomised rats, no

coupled phosphorylation is evident at 72 h post-irradiation.

Shielding a portion of the abdomen, inclusive of the

liver, during exposure of the rats to x-rays considerably minimises
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the radiaticon effect on hepatic mitochondrizl oxidative metabolism,
although it does not totally abolish it (Table 3). Thus, the lead-
shielded animals do not show any significant radiation effect up

to 24 h post-irradiation and even by 72 h the degree of derangement
is only about half of that suffered by the rats which are whole~
body irradiated without any shielding (Section 2, Table 2). By

far the most significant difference between these studies and the
earlier one without shielding is with respect to the reversibility
of the damage. The shielded rats exhibit total recovery by 96 h

as against the progressively increasing damage shown by those that

are not.

Observations on the effect of irradiation of isolated
liver mitochondria on oxidative phosphorylation are presented in
Table 4. The radiation dose required to elicit a response of
similar magnitude during in vitro irradiation to that observed in
the whole animal is many times greater. Qualitatively, however,
the effects seem to be similar since the decreased phosphorylation
is not accompanied by‘aﬁy increase in the rate of oxy%en uptake.
When the mitochondria are irradiated as a pellet {as obtained by
centrifugation at 10000 xg for 10 min and subsequent decanting off
the supernatant), a dose as high as 600 KR is required to decrease
the efficiency of coupled phosphorylation by about 25 per cent, A
somewhat smaller dose of radiation (300 KR) is seen to be suffi-
cient to obtain a significant damage to the phosphorylating
function when the mitochondria are irradiated as a suspension in

an agueous medium.
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Studies on the modifying influence, if any, of serotonin,
a known radioprotective agent, on liver mitochondrial function of
irradiated rats reveal almost total protection and the data are
tabulated in Table 5. The findings from similar studies with AET,
which has been documented to be one of the most effective chemicals
for protection against radiation injury, are presented in Table 6.
The administratign of serotonin per se brings about a significant
reduction in oxygen uptake by the liver mitochondria in the rats
killed immediately after whole body irradiation. However, no such
alteration in oxygen uptake is noticeable at 72 h and 96 h post-
irradiation in the serotin administered rats. Protection with AET
does not show any influence on the rate of oxidation of substrate
at any of the time periods studied. While both these radiation
protection chemicals are quite effective in preventing the decrease
in P/0 ratio of liver mitochondria, serotonin is slightly more
efficient than AET. A mixture of the two was not any more effective
than the individual components, but was found to be far more toxiec

as seen by increased mortality in even control rats.

The influence of the prior feeding of CPIB, on mito-
chondrial oxidative phosphorylation, c¢an be assessed from the
data pre§ented in Table 7. Administration of the drug for ten
days prior to whole-body irradiation {800 rads) shows only a marginal
effect on the radiation induced decreaser in oxidative phosphorylation.
Rats fed this drug also show a decrease in P/0 ratio which increases
with time, and these animéls do not show any difference in mortality

from the irradiated rats not administered the drug. Liver mitochondria

e
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from the drug-treated rats show, in general, a significant lowered

ability to oxid .ise succinate.

DISCUSSICN

Although the studies described in the earlier section
had clearly demonstrated a decreased capacity of liver mitochondria
from irradiated rats to carry out phosphorylation coupled to the
oxidation of substrates, the possibility remained that this
decrease reflected differences in the nutritional status of the
contrel and irradiated rats, Whole bedy irradiation is known to
result in a severe degree of inanition (cf 7) and starvation has
been reported to have an adverse influence on mitochondrial oxida-
tive phosphorylation {2). The present studies permit a comparison
of the irradiated rats with pair fed controls and it would appear
that the impairment of oxidative phosphorylation following whole-
body radicexposure is not related to the decreased food intake of
these rats. It should be mentioned, that whereas the ad libitum
fed control and the irradiated rats were sacrificed at the same
time, the pair-fed animals could be killed only after the 24 h
phase difference necessitated by the methodology. However, every
precaution was taken to have the experiments conducted under
identical conditions, in so far at least as all the known experi-

mental variables are concerned,

Some of the biochemical abnormalities in the irradiated

rat are believed to be secondary to endocrinal disturbances. 1In



81

particular, it has been suggested that the radiation effect on
oxidative phosphorylation in different tissues is indirect and
mediated through a hormonal response invelving the pituitary-
tﬁyroid or the pituitary-adrenal axis (5). Adrenal hyper-activity
has been specifically implicated in the derangement of hepatic
oxidative metabolism {®) in irradiated rats. The present findings
do not, however, favour an involvement of the adrenal hormones in
the radiation induced lowering of P/0 ratio in liver mitochondria.
While tbese studies do not rule out the contribution of other
endocrine glands to the radiation effect, the failure of adrenal-
ectomy to abolish the radiation damage to oxidative met;bolism is
indicative of such an effect not representing a generalised response

to a stress condition.

Notwithstanding the fact that a specific involvement of
the adrenals has been shown to be unlikely, three lines of evidence
point to the abscopal nature of the derangement of liver mitochondrial

oxidative phosphorylation resulting from whole body irradiation.

While the radiation effect is considerably minimised,
it is still quite significant when a portion of the -abdomen inclusive
of the liver is shielded during exposure of the animals to x-rays.
This would strongly suggest neurohormonal involvement as a major
factor in the impairment of hepatic mitochondrial function. The
manifestation of a radiation effect in a tissue which has itself
not been irradiated could also arise from the diffusion of radio-

lytic products from other irradiated tissues. It is of interest



to note in this context that gamma globulin from irradiated
rabbits when administered into mice bearing ascites tumour consi-
derably lowered the mitotic index in the tumour cells (8). Other

studies in this laboratory have shown that in situ perfusion of

liver with irradiated isotonic sucrose solution for a brief period
can also lead to a significant deterioration of coupled phospho-
rylation {9). These observations serve to emphasise the possibility
of tissues or organs manifesting deleterious effects without their
being directly exposed to radiation, The decreased response as

well as the better recovery of the shielded rats observed in the
present study may also be due, at least in part, to the non-exposure

of other vital organs such as spleen which are highly radiosensitive.

Yet ancther indication of the indirect nature of radiation
damage to mitochondria is the great disparity in the radiation dose
required to elicit the response in the whole animal and in isolated
mitochondria, It would appear that mitochondria per se are relati-
vely radioresistant and that the observed effect following whole
body irradiation is not a direct consequence of radiation but a
secondary manifestation of radiation injury. This view is further
supported by the fact that the decrease in P/0 ratio in the whole
body irradiated rats is gradual with time and is not seen immediately

following irradiation.

Although the irradiation of isolated rat liver mitochondria
and its effect on oxidative phosphorylation have been studied earlier

(10 - 14), some of these investigations (2, 14) are complicated by

82
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the fact that the irradiation has been carried out in an agqueous
medium containing sucrose. Irradiated sucrose solution itself

is known to exert a pronounced toxic effect on mitochondria
suspended in it, resulting in decreased oxidative phosphorylation
(9). Thus, the impairment of oxidative phosphorylation observed

in mitochondria irradiated in sucrose solution could represent

the superimposition of a direct effect, if any, on the toxicity
resulting from radiolytic products of sucrose, The present

findings show a decreased oxidative phosphorylation even when

the mitochondria are irradiated as a pellet or in an agueous

medium devoid of sucrose. On the'o’chex hand, 3caife and Hill (13)
h%ve not been able to observe aﬁy decrease in P/O ratio of liver
mitochondria following their irradiation; this could, however,

be due to the very low doses of radiation employed by these investi-
gators. The greater sensitivity of the mitochondria when irradiated
as a suspension could presumably result from the incgeased avail-

ability of free radicais following radiolysis of water.

Serotonin and AET are effective radioprotective chemicals
and the present studies poiﬁt to their ability also to prevent the
radiation induced damage to liver mitochondrial oxidative meta-
bolism. These observatiéns lend additional support to the concept

that damage to mitochondrial function could be of major signifi-~

cance in the development of radiation injury.

.

The quality and quantity of mitochondria has been suggested
as an important factor determining the radiation sensitivity of cell

types. In view of the reported finding that administration of the



%

hypocholesterclemic drug; CPIB, to rats increases the mitochondrial
content of liver (15), the influence of this drug on the radiation
induced impairment of mitochondrial metabolism has been investigated.
Although rats administered this drug do not show the same degree of
protection as serotonin and AET at earlier time periocds, liver mito-
chondria from these animals have normal P/C ratios of 96 h post-

irradiation.

SUMMARY

The decrease in liver mitochondrial oxidative.phospho-
rylation resulting from whole body irradiation of rats is not .
related to the lowered food consumption of these animals. The
effect does not also appear to be mediated through adrenal hyper-

activity, as in a general stress response, since it is not abolished

by adrenalectomy.

The great disparity in the in _vivo and in vitro radiation
doses required for the manifestation of radiation damage and the
failure of liver shielding in totally preventing the decreased
efficiency of hepatic mitochondrial phosphorylation point to the

indirect nature of the deleterious effect of radioexposure on

mitochondrial oxidative phosphorylation.

Prior administration of serotonin and AET offer:ccmplete
vrotection against‘radiation induced decrease in mitochondrial
oxidative phosphorylation. Treatment with the hypocholesterolemic
drug, CPIB, also enables total recovery of the deranged mitochondrial

function,
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