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ABSTRACT

Our studies have shown conclusively that post-irradiation
olive-oil treatment approximately doubles the survival of mid-
lethally irradiated male mice. Olive oil is still beneficial when
administered to animals 24 hr after whole-body irradiation.

The efficacy of a number of other fatty materials against
X -radiation was tested to determine whether this protective effect
was peculiar to olive oil. Among these, methyl oleate, triolein,
and peanut oil were equally effective as olive oil. Safflower oil
fortified with antioxidant was also beneficial. Methyl stearate is
considered dietarily unessential, but it too was helpful. On the
other hand, methyl palmitate was ineffective. - | '

Linoleic acid is essential in animal diets. Therefore, pure
methyl linoleate and trilinolein were tested on our lethally irradiated
mice. Surprisingly, the linoleates potentiated lethality of our
X-irradiated animals. Experiments with antioxidants indicate that
this toxicity of linoleate is due probably to the formation of lipid
peroxides. |

These studies have shown that oleate is the most active
fatty-acid component in vegetable oils against X-radiation.

Comparative studies with mineral oil and robane (perhydro-
squalene) support the chemical nature of postirradiation protection

by olive oil.



A number of particulate substances have been reported to

. help animals recover from lethal irradiation. Protection by these

agents is attributed to a defensive mechanism of the animal against
infection. A typical thymic response characterized by marked
decrease in thymus weight is observed in animals 3 to 4 days after
particulate injection. Powdered glass and starch induced this char-
acteristic foreign-body reaction, but olive oil did not. These studies
lend further credence to the chemical nature of postirradiation
protection of animals by oils.

It is well established that mice and other mammals when
exposed to a single high dose of X-radiation become sterile after a
period of fertility which immediately follows the irradiation. Fur-
thermore, if permanent sterility has not been induced, these animals
will regain their fertility.

Our postirradiation oil-treated mice were twice as fertile
as the irradiated controls when they were mated 30 days after whole-
body irradiation.- The sizes of the litters from these matings were
similar. Oil treatment did not alter foetal viability.

The number of circulating leukocytes in the peripheral blood
of our oil-treated and untreated animals was essentially similar
during the first 2 weeks after irradiation. However, oil treatment
significantly shortened recovery time of the leukocyte values to the
normal level. These results support the view that postirradiation
oil treatment does not reverse radiation damage but facilitates the
recovery processes. '

Studies of blood-lipid changes in our mice havesshown a
significant increase in stearic acid with concomitant decrease in
oleic acid as early as 6 hr after 2000-r whole-body X-irradiation.

A marked increase in concentration of arachidonic acid was also
noted 48 hr after irradiation. These serum fatty-acid changes appear
associated with the marked serum triglyceride depression following

irradiation.



Modal analysis of our oil-treated animals has unmasked a
15—day lethality peak which is markedly suppressed by olive. oil treat-

" mett.

<



I. INTRODUCTION

Whatevér the basic mechanism of the action of ioniiing radi-
ations on biological systems may be, a principle concérn, in addition
. to that of academic intefest, is the matter of mitigating its effects on
man. 4 '
| The ever-increasing use of radioisotopes and nuclear dévices
increases ones chance of being exposed accidentally to lethal radiation.
A number of workers in atomic establishments and institutions where
nuclear reactors, particle accelerators, or large quantities of radio-
active materials are used, have been exposed to radiation, some
tragically (219, 333). However, excluding the possibility of war -
prorhpted radiation injuries as occurred at Hiroshima and Nagasaki
during World War II (87, 320) and cases like the Marshallese (1954)
and Japanese fisherman (1'956) who were injured when caught un -
wittingly in fallout radiations from nuclear tests, radiation injuries
will at present most likely be confined to workers .in nuclear establish-
ments. The most recent accident occurted at Idaho Falls (1961) where
three employees wefe lethally irradiated. But radiation hazards to the
whole population cannot be ignored. One must be naively optimistic
to assume that atomic weapons will not be used. in some future war.
Also foreseeable in the near future is space navigation with its radi-
ation hazards to astronauts. Therefore, a definite need exists for"
protective arid\ therapéutic agents against radiation injurie's.

The vervy harmful and frequency lethal effects of ionizing radi-
ations on li.virig organisms have been known for over half a century.
During this interim, as attested to by thousands of papers devoted to
this subject, mué-h has been done to elucidate t];leir' mechanism of
actions oh various systems.

The earliest reports on the deleterious effects of radiation in
man appeared immediately folldwing the discovery of X-rays by
Rl'o'ntgen in 1895, Leppin>(273)'and Stevens (339) observed that X-radi-
ations causes epilation and inflammation of the skin. Epilation re-
sulting from X-ray photography was reported by Daniel (103). Sub-
sequently, many excellent articles and reviews on this subject have

appeared.



In recent years wthe general bi’ochemical effects of ionizing
- radiations have been extens1ve1_y surveyed by Ord and Stocken (318,
319), DuB01s and Petersen (12.3) and Holmes(ZZ?) Other good re-
_‘1_v1ews dealmg with various aspects of rad1at1on b1ochem1stry have
appeared (95, 145 171, 181, 184, 212, 214, 249, 324, 390, 400).
.The problem of enzyme inactivation certa1nly cannot be excluded from
_this. l1st Errera (147) has recently publlshed a Very comprehen51ve
_rev1ew of the l1terature on th1s sub_]ect o ‘ o
Of the. many effects rad1at1on has on l1v1ng th1ngs, the genet1c
effects were among the. f1rst to be carefully studied, because such _
_ effects often produce morphologlcal changes Wh1ch are most. eas1ly :
,vobserved Many abnormaht1es reSult1ng from damage to the chro-
o mosomes that were observed in these p1oneer1ng stud1es are c1ted in
_ D_uggar s . classic treat1se on the "B1olog1cal Effects of Rad1at1on
_(125). Recently, a number of good papers on thls subJect have appeared
. (I72 131 2.2.0 250 353 354) Publ1cat1ons dealmg ‘with other aSpects
",of radloblology,dncludlng cellular (21 186, 310, 388, 423}, _h1sto—
 pathological (51, 174, 208, 263, 285), and physiological (53, 97, 101,
{_116 128 185 233 279, ‘316 323 349, 413) effects of 1on1z1ng

L radlatmns are also c1ted

The many ‘excellent books, sympOS1a and monographs on this

L Sub_]ect cannot be ignored. Among others, Hollaender (ZZO) Bacq

‘and Alexander (26), Lea (272), Dessauer (106), RaJewsky (338)
vSympos1um on Radiobiology (27, 314), Spear (389), Proceed1ngs of

. the Inte_rna.tlonal Conference on the Peaceful Uses of Atomic Energy

(333, 334), Progress in Radiobiology (304), Advances in Radiobiology -

(2l5‘)., .Proceedings of the International Congress of Radiation Research

(366) "Manhattan Project (49, 51, 426, 427), and Errera and Forssberg

(148) are all excellent sources of 1nformat1on on ‘the . act1ons of 1on1z1ng
radiations on b1olog1ca1 systems _ <«

v In the early days of rad1ob1olg1cal studles, before h1ghly reactive
| Substances {free radicals ) and ox1dants (perox1des) were established
as responsible for many-b1olog1cal effects, there seemed l1ttle _hope

 of modifying the actions of ionizing radiations with chemical agents.

il



However, it is interesting to note that as early as 1909--long before
the concept of direct and indirect actions of ionizing radiation on living
cells was published (272)--Schwartz (361) reported on the protective
role of ischemia in cutaneous radiation, Also known were fhe effects
on radiosensitivity of oxygen (228, 241, 311), hydration (330), and
temperature (228). |
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H11L RADIATION PROTECTION-=A REVIEW .

-~ A, Preirradiation Protection:

)

l. General Discussmn B

In 1929, Risse (341) first postuiated that X: rays decompose

L &

’ water intd6 OH and/H radicals. The 31gn1f1cance of this free radical
hypothesis was not realized until 1944 when Weiss (419) examined

the problem of the chemical basis of indirect action of ionizing radiation

in aqueous systems. In 1948, direct evidence of the existence of OH

radicals in aqueous media was furnished by Dainton (102), and a year

later Barron and his associates (40, 41) demonstrated that sulfhydryl

(-SH) enzymes as phosphoglyceraldehyde dehydrogenase and adenosine
‘triphosphatase in vitro can be protected against X.-irradiation and be
reactivated by adding glutathione. Subsequently, a number of papers
appeared on the efficacy of various chemicals against radiations. Patt

et al. (325, 326, 328), and Smith and his collaborators (370) demoi‘istrated
the protective effect of cysteine (-SH amino acid) and glutathione

(-SH tripeptide) in rats and mice. Chapman and his co-workers (73,

74) found that glutathione gave good protection if injected in the reduced

form immediately before irradiation. It is ineffective when given per

os (73, 74, 98, 325). In 1951, Bacq, Herve and colieagues (34) fii"st
demonstrated the excellent protective action of cysteamine (B-
mercaptoethylamine}. This has been confirmed by a number of investi-
gators (105, 211, 264, 286, 301, 352, 406, 422). Bacq and Herve (31)

and others (35, 119, 352, 406) have shown further that cysteamine v_vhen
administered intraperitoneally in equimolar quantities is over five

times as effective as cysteine in attenuating the effect of radiation in

mice. For example, where 1200 mg cysteine per kg body weight

elevated the LD50(30) survival dose from 765 to 1120 r, 150 mg .
cysteamine per kg body weight elevated the mid-lethal dose to about
1100 r (119). Cystamine, the decarboxylated form of cystine, unlike
the latter is also a very effective protector (31). It is reported to be

less toxic than cysteamine when fed continuously in the diet {25, 35).
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The systematic search for pfotective substances has resulted
in the di‘sycovery of new sulfhydrﬂ cﬁemicals with radibprétective
qualities (118, '246,_} 359, 363, 374, 416). ‘The most active of these
compounds are S, 2faminoethylisothiufoniurﬁ, Br- HBr {AET) and
S, 3—aminopropyiisothiuronium - Br . HBr (APT) which o‘n a molar
basis are reported to be three times as effectlve as cystearrnne in
protecting mice (119)

Studies of the relation between chemical structure and pro-
tective effect of the sulfhydryl compounds haye shown that -NH‘2 and
the -SH groups are essential for their protectivevactivities_ (8, 45,

117, 118, 266). Dohertyﬂ have shown further that the amine and
sulfhydryl radicals should be separated by no more than three methylene
groups for protective activity (117, 118). The ethyl and propyl thio{;lrea
compounds just described are effective when administered orally, intra-
peritoneally, or intré.venously (222). The oral route provides pro-
tection for about 6 hr in mice (119).

Other sulfhydryl compounds have been found to help animals
or microorganisms against radiation. Among the latter \re sodium
bisulfide (65), 2, 3-dimercaptopropanol (BAL) (22, 66, 225, 226, 234,
424), mercaptosuccinic acid, and mercaptopyruvic acid (66). Van
Bekkum (43) has reported on the excellent prptective action on mice
of dithiocarbamic acid derivatives and the cysteamine derivatives I-
amino-propanethiol-2 and 2- amino- propanethiol-1 (81)

Inasmuch as there are numerous reports on the benef1c1a1
value of a large variety of miscellaneous substances; and agents, we
will consider them only briefly because efficacies against radiation do
not measure up to the sulfhydryl-amine compounds descr)ibed above.
Cyanide injected before irradiation in toxic E_ut nonlethal doses. was
found to help mice survive 1ethai irradiation (22 33, 369), but Dowdy
et al. found cyanide ineffective in rats and concluded that it will protect
animals only 1£ it decreases tissue oxygen. tensmn (121). _Anox1a
induced prior to and maintained during exposure to radiation increases
survival of animals (121, 260, 274, 397, 398), microorgénisms (15,
223, 225, 228, 241, 311}, and mammalian tumor cells {94, 98, 201).
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The protective effect of hypotherthia in mice (231, 259, 260, 405) and
‘rats (11, 196, 293), ischemia’ of organs and tissues (70, 154, 293,
1317,_ 361) morph1ne (re, 244), p- am1noprop10phenone (188, 1404)
"p:itressin serotonin, _h1stam1ne, epmephrme, and other amlnes in

" mice (23, 29, 30, 31, 45, 47, 152, 187, 265, 268, 297, 396) sod1um
" nitrite (82), the py}rogallol derivatives 4—Kdecan'oylp'y1;ogallol and
4-1aurylpyrogallol (261), and carbon monoxide (55, 253) all'may be
<a conseouence of decreased tissue ‘oxygen teosion. ‘Beaumariage (42),

: I.’lowever,' was: unable to protect chicks with epinephrine agai:hst the
lethal effects of 2000-r whole -body irradiation. Also to be conS1dered
with these hypox1a 1nduc1ng agents as radiation modifiers are s1mple
alcohols and glycols in m1croorgan1sms (225) and in mammals’ (32, 83,
306 355) Massive doses of sugars are reported to help rats (31, 225,
278). M1croorg:ahisms are also aidéd by certain carboxylic acids

: . (2‘25,_ 394, ‘41'2), but mice are poorly protected (31). The ability of

these metabolit_es to alleviate fadiation lethality'i‘s also attribﬁted to
femoval of environmental and intracellular oxygen. However, Thompson

} et al. (412) have shown that aeration of the pyruvate -enriched culture
medlum during 1rrad1at1on does not alter: the protective capacity of

| pyruvic acid. Magne51um (52), cobalt {322}, glucosamme (127 262),
chohnerg1c agents (64, 200), homologous serum or plasma (407),_ _
colchicine (376), .anesthetic agents (190}, foreign protems (183), and
autolyzed y:‘east extracts and RNA (107, 282, 283) are reported to help -~
organ1sms survive .lethal exposure to ionizinhg radiation.

Some workers have claimed that antibacterial agents such as
terramycin (93, 192)streptomyc1n_(302), lycopene (167), properdin,
aym:osan,aod'; sirrd’ilaf'agents (305, 348)1 are effective in reducing radi-
ation mortality, when administered before or after irradiation,

- although others (20, 173, 179:, 254,' 384) have found them ineffective. . )

‘Some of the inconsistencies in the prote'ctive value of antibacterial agents
can be resolved by assuming the existence of enzootic differences among v

‘experimental animals.
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There are also a number of publications amply demonstrating
that dehydrétion ameliorates radioresistance in microorganisms,

seeds, and spores (69, 73, 113, 156, 175, 209, 221, 330).

2. Modes of Action of Protective Agents

In view of the existence of a seemingly endless and diverse
array of protective agents against radiation, it is small wonder that
in this chaotic list of substances some orderliness in protective be-
havior exists. Specifically, the current belief is that radiation
protection is mediated by one or more of the following basic processes:
(2) radical scavenging (8, 26, 118, 119), (b) chemical-complex
formation (132, ‘133, 195, 252), (c) anoxia induction (24, 45, 81, 187),
and (d) resonance or energy-transfer effect (67, 68, 182, 289, 393),
with the mechanism(s) depending on the protective material. The
various mechanisms of protective and sensitizing action against
ionizing radiations are lucidly discussed by Eldjarn and Pihl (133) in
their recent review. Also of interest are Maisin and Doherty's (287)
article on protection of erythropoietic, lymphopoietic, and other
mammalian tissues with AET, cysteamine, and serotonin, as well
as the reports of Kalkwarf (245) and Hollaender et al. (224) on radi-
ation protection and therapy with chemicals and bone-marrow treat-

ments. -

B. Postirradiation Protection

Protective drugs highly effective for short durations (few
hours) against radiation are now obtainable in the form of sugar-
coated pills. However, neither drug nor treatment with comparable
therapeutic value against radiation injuries is available today. But
bone-marrow and spleen transplantation therapy against hematopoietic
syndromes appear promising, and work along these lines has progressed

during the past decade to the stage of clinical experimentation.
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It has been known as early as 1903 that blood forrrnng t1ssues
are one of the most sens1t1ve to 1omz1ng rad1at10ns (205 208) Con-
sequently, a 1og1ca1 avenue of approach to study the problems of

lethal effects of ionizing radiations and experimental therapy against

w

such effects on mammals is through hematopoietic organ shielding.

In 1949, working on this premise,; Jacobson et al. discovered

that spleen'shielding during irradiation considerably reduced the
mortality of irradiated mice (239, 240). Transplantation of autologous
and i'so’iogous nonirradiated spleens and intraperitoneal injection of
isologous spleen cells were also effective. Lorenz and co-workérs
achieved impressive postirradiation protection in mice and guinea
pigs through isologous bone-marrow’injection (281). In'the succeeding
’ VYear.'s;" the therapeutic value of autdlogous, V'isol()g.'ou's, homologous, and |
heterologous bone-marrow and spleen transplants were investigated
in different species by a number of workers (12, 38, -90, 91, .‘115, 157,
160, 218, 238, 280, 331, 347, 360, 381), with varying degrees of
success, The most success-ful.’bone-marrov‘vtran‘s:pl’antaifions were
achieved in animals subjected to whole-body irradiation.in excess of
the minimal LD,,, doses. In many instances'80 to 100% of these
- lethally irradiated-treated animals have survived for 30 days. “Under-
standably, at higher doses which cause intestinal deaths, bone-marroew
therapy is no longer effective.

In view of their observations that horﬁologous and heterolegous
blood—fo:ming tissues xa.re therapeutically eff_ectiye against radiation
,dee}ths, Jacobson (236) and Lorenz et al. (90, 91,  280, 281) advanced

the idea of a humoral ‘factor (s) in:spleen and bone marrow capable of

- stimulating the regeneration of hematopoietic tissues. The work of
Coieﬁ#:__al._; (84, 85, 86) on the therapeutic value of cell-free extracts
of hemat_of)oie;tic tissues appeared to further substantiate this humoral
hypothesis.. Nevertheless, others including Barnes and Loutit (38)
found this humoral hypothesis of Jacobson and Lorenz uﬁa-cceptable. ¥
They found similar 30-day survival rates between homologous and

isologous spleen transplanted mice, but all of the homologous spleen-

treated animals died within 100 postirradiation days (38). No such’
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delayed mortality was observed in animals treated with isologous
tissues. They logically postulated that recovery is achieved in ‘
lethally irradiated animals through hematopoietic cell repopulation by
viable donor cells and advanced the cellular hypotheses (37). -

The identification of donor-type blood cells (166, 276, 288, 315,
417) in host animals several months after lethal irradiation is highly
convincing that hematopoietic cell elements are transplanted when
bone-marrow is. injected. A number of other direct and indirect
evidences in support of the cellular hypothesis have subsequently
appeared (36, 38, 165, 176, 238, 300, 345, 351, 364, 375, 420, 425),
demonstrating that cell-free preparations of hematopoietic tissues
are therapeutically,ineffevctive and that viable blood-tissue-regenerating
cells are necessary for recovery. As unequivocal as these results are, :
the report of Goldwasser and White (178) on the beneficial effect of
noncellular hog intestinal mucosol preparations and Ellinger's (136,
139, 143) consistent findings that postirradiation treatment with cell-
free spleen extracts increases survival of lethally irradiated mice and
guinea pigs, lend credeéence to this humoral hypothesis. Also of interest
is the beneficial effect of rat nucleic acid preparations (321). -As these
'"Thumoral factors' appear effective only in animals irradiated with less
‘than 100% lethal doses, it seems reasonable to assume that at sub-total-
lethal doses (disregarding infections), radiation death is not due solely
to aplasia of the hematopoietic tissues. '

Although bone-marrow transplantation against radiation injuries
is promising and has already been attempted cliniéally (207, 298, 340,
411), some extremely serious problems associated with secondary
disease (44) must be resolved before this technique can be safely adopted
for treating lethally irradiated human patients. Whether this usually
fatal disease, due to immunological incompatibility between host and
donor tissues {37, 39, 203, 235, 418), will ever be alleviated is
presently difficult to surmise. But, as host-donor -incémpatibility does
not seem to exist in many heterologous tumor-tissue transplants, this

immunological problem does not appear unsolvable.
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~~ Van‘Bekkum' has‘recently published a long treatise on the
effectiveness of radiation therapy and recovery of animals following
‘bone-marrow treatment, ‘the feasibility of marrow storage (bone-
marrow bank), optimal postirradiation tissue transphlntation tim”e', the
importance of radiation dose and viable-cell titer for successful graft,
"~ andother problems pertinent to this subject {44).

Hematopoietic regeneration is vital to fecovery of léthally
irradiated animals. Hence, the efficacy of agents known or believed
to stimulate hematopoiesis have been widely tested. In most instances,
however, these substances were rather ineffective therapéutically
against radiation injuries (10, 112, 295, 382, 402, 407). In fact,

- postirradiation hematopoietic treatment potentiated mottality in rats
~(337). : _ N
.+ The effect of batyl alcohol {{.d,l -a-octadecylglycerol ether) in
" mitigating lethality of X-irradiated mice is also contradictory (129, 178),
Neverthéless; this class of compounds appears to'stirmulate bone-
marrow functions (9, .60, 61; 155, 277).:

' A very interesting report has recently appeared on post- .
‘irradiation protection of animals with cysteine: In a series of exPe.ri—
ments, Klnkel et al. (256, 257, 258) have shown that survival of hi-
bernating dormice increases if they are treated with cysteine immedi-
" ately upon return to room temperature 21 days after irradiation. How-
ever, in similar experiments Smith (367, 368) was unable to ‘protect
. lethally irradiated -ground squirrels with cysteine or AET. Chemically
induced hiberrnation after irradiation is also claimed to be helpful {190).
Other substances that have been reported to benefit ahimals mildly
"when given after whole-body irradiation are atabrin (248), ground glass,
~and other inért materials (373, '383),14- bacterial endotoxins (3, 4,‘ 50,
'378; 379, 428), . phys'iologicél saline (142), vitamin K (137),- chloro-
promazine (198, 291, 403), and the flavendids (17,18, 19, 79; 126,
158,:-339), although others claim these latter vitamins are ineffective
' (99; 104, 197). :The B-vitamins (30, 31, 318) and vitamin E (199)
appear to potentiate radiosensitivity in*mice. It has been said that
folic acid administered after irradiation influences neither hematopoiesis

nor survival of swine (100) and mice {(177), but decreases leukopenia in
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mice (312). The protection of lethally irradiated rats by postirradiation
parabiosis with a healthy animal (58) is attributed to hematopoietic cell
repopulation (48). Recently, Powers and Kaleta (332) have shown that
hydrogen sulfide treatment following irradiation reduced lethality in
dry spores by about 50%.

Hormone treatments of animals following irradiation are not
uniformly effective. Both ACTH and cortisone appear to increase
- mortality of irradiated mice (141, 385, 410, 421), although Langendorff
et al. (267) as well as others (365) have found ACTH to lower radiation
mortality, In intense local irradiation, cortisone treatment was shown
to suppress ulceration of these tissues (46, 62, 92, 232, 292). In
these instances, since tissue.lesions recur even 3 months after
irradiation if treatment is discontinued, Bruce and Barclay (62) feel
that cortisone suppresses the inflammatory response and not the de-
generative changes occurring in the irradiated tissues. Deoxycortico--
stermeinjection succeeding irradiation is stated to reduce mortality of
animals in fhe lower lethal ranges (138, 140). Pretreatment with
:‘ estradiol is beneficial, but posttreatment is claimed by some to
aggravate mortality (271, 327, 414) and by others to help recovery
(303). Rixon et al. (342) have shown parathyroid extracts to be mildly
effective before or after irradiation. Male sex hormones have also
been tested with little success (303, 327), although testosterone v
cyclopentylpropionate treatment is reported to help male mice survive
lethal irradiation (391). Female mice in estrus have been shown to
be less sensitive to low doses of X-ray than at other times (350), but
radiosensitivity is not affected by pregrancy (387),

Fluid and electrolyte losses are believed to be responsible for
the early deaths observed in superlethally irradiated animals. .In

accordance with this idea, Conard et al. have shown that parenteral

- administration of electrolyte solutions following 1300-to 1800-r total-
body irradiation will double the mean survival time of treated dogs
over the controls and will greatly suppress the moribund state of the

animals resulting from dehydration(89).
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In common with severely ill animals, 'lethally irradiated
" ranimals often refuse food. Mice and .guinea pigs will continue feeding
- during the first:few days after lethal irradiation, but rats do not.
. However, all lethally.irradiated animals will invariably svtépf eating
after a few days. Attempts to alter survival of 'such animals by - @
force-feeding have not been uniformly successful (5, 89, 242, 371,
377, 380).. 1t is reported that even fasting for afew days after .
- irradiation does not significantly alter mortality in rats, mice, and
guinea pigs (377). Nevertheless, because lethally irradiated animals
-will lose:-weight continuously, ‘the nutritional state -of the;an,ifnals must
have some logical bearing on their demise. : Will a s_ubply-of,readily
available food (energy) prevent this precipitous weight:loss and thus
mitigate some of the injurious effects.of radiation?
Sugars are an excellent source of calories but only massive

~doses of sugars have been reported to help lethally irradiated rats
-and only if they are administered before,ifradiation (31, 225,.278).
Whether prolonged feeding of glucose will help animals maintain their
weights e;riafffig-ors and help them along the:-road to recovery has not
been ascertained. '

. Hemorrhage, fluid and electrolyté losses, bacterial infections,
and nutritional inadequacies will contribute to the de_m-isev of lethally
irradiated animals. Accordingly, Sorensen et al. (386) recently re-
duced significantly the mortality of lethally irradiated dogs through
.judicious administration of whole-blood transfusions, antibiotics,

‘parenteral fluids, and nutriments.
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III. STATEMENT OF THE PROBLEM

The .accumulation of lipids in organisms following whole-body
irradiation has been widely observed (114, 134, 146, 217, 346), but
little is known of the effect of lipids on lethally irradiated animals.
Nevertheless, in a series of experiments Cheng et al. have shown that
rats receiving a daily dietary supplement of as little as 2% cottonseed
oil or 10 mg of methyl linoleate were much more radioresistant than
animals on a fat-free diet when these animals were subjected to weekly
repeated sublethal doses of radiation (75, 76, 77, 110). Recently,
Ershoff reconfirmed the effects of low-fat diets on survival of X-
irradiated mice (150).

Alekseeva similarly noted that yeast cells rich in fats were
much more radioresistant than those poor in fats (7). He postulated
that this resistance was due to preferential oxidation of the fatty reserve -
to oxidation of vital cellular components.

~Fat is nature's emergency fuel during periods of fasting or
starvation. Hence, the administration of large amounts of fats to
irradiated animals may supply the temporary energy requirement :of :
the animals. Th1s should prevent or decelerate the catabolic degradatmn
of essential tissue elements, and mitigate one of the lethal effects of
radiation, |

Furthermovre, but for the proteins, lipids are the most'important
building biocks of living tissues and are essential to the welfare and
survival of all living things. In healthy adult animals, the dietary lipids
and their lipid reserves adequately supply the need for maintenance
and repair of tissues due to normal wear and tear. In irradiated
animals, this lipid reserve may be inadequate Aor_una‘vailable for tissue
reparation. If these suppositions are true, lipid treatment should
help animals recover from WBR. ‘

_Our preliminary studies on the effect of olive oil on lethally
irradiated mice support this hypothesis (20). 1In view of these and
other observations, it appeared advisable to pursue further the studies

of the protective effects of lipids on lethally irradiated animals.
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IV. PROCEDURE

" In radiation-protection studies the general concensus is to «
‘use a lethal or near-lethal dose for all'controls (31, 54} 287) because
~of the great variability in mortality of arimals irradiated at the mid- “
‘lethal doses (MLD). This, however, is not always a wise choice,
© particularly in postirradiation'protec'tion"Studie"s,"‘ becatise radiation
“syndrome varies with doses. ‘A chemical agent which is beneficial
at a given dose range may be ineffective at another:levél of exposure
(135). ' -

- Ellinger and his associates have shown that reproducibility

of lethality in whole-body X-irradiation in the mid-lethal range is
"possible if one rigidly adheres to certain physical and biological ex-
' perimental procedures and if proper precaution is exercised in the

‘care and handling of the animals (144). -

A. Breeding and Care of Experime'n’-tal'Animalsl

Two stra1ns of Sw1ss mice were employed exclus1ve1y in the

_ present studies.. The Namru strain was bred in our Iaboratory In

. order to obtain umformly heterozygous 11tters, the breedmg was

) carefully randomlzed The Webster strain was ‘obtained from Simonsen
Laboratory in G11roy, California. Generally, the offspr1ngs were
weaned at 28 days and caged 1nd1v1dually in 1abe11ed glass Jars (Fig. 1)

‘from 2 to 3 weeks prlor to 1rrad1at10n and until the experlments were
termlnated They were fed water and S1monsen Laboratory whlte diet
ad 11b1tum (See Table I) The JB.I‘S, which were 11ned with sterlle wood
shav1ngs, were cleaned \)yeekly In noncr1t1ca1 exper1ments groups of
10 to 12 animals were kept in 14- by 8«by-6 in., ster11e, sta1n1ess steel

' cages lined with sterile wood shav1ngs The cages were also o].eaned v

weekly.
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Fig. 1. Mouse cages made from ,IQpint wide -mouth Mason
glass jars for pre- and postirradiation isolation of ex-
perimental animals.
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-~ Table I. Simonsen Laboratory White Diet

Crude protein ~not less than . . . 24.0%
Crude fat - not less than . . . 6.75% .

' Fiber B : not more than . -, . 3.0%
Ash : . . .. .- . -notmore than:. RN 4.7%

Contents: GrOund wheat, dried skim milk, vc.asaein‘, iodized salt, rice
bran, vegetable oil, vitamin oil, minerals (ca1c1um carbonate,
d1ca1c1um phosphate, phosphat1c clay, calcium sulphate, magne51um
carbonate, manganese sulphate, iron sulphate, iron oxide, copper

' Sulphate, SOdium borate, disodi’ufng phosphate,, iron phosphate, po-

tassium iodide, cobalt carbonate, zinc sulphate, potassium anise).

B. Selecting _and -Grouping‘ of Experi'menta'l Animals

In order to have consistent un1form1ty, the. ammals were

e .-generally culled on the basis of age, we1ght ‘and we1ght gam Litter

offsprlngs were equally distributed among the experlmental groups.
. Unless 1nd1cated only 6 to 7 weeks old mice we1ght1ng
6:1:4 g. (Namru) and 28%'4 g (Webster) ‘and show1ng progre531ve welght

' .galn durlng the week preceding the exper1ments were used

Jae

C. Irradiation and Dosimetry

The X-ray source was from a Phillips 250-kv, 25-ma deep-
therapy unit operated at 200 kvp, 15 ma, with a 0.5-mm €u and 1.0-mm
Al filter. Dose rate was determined to £2% periodically during the
experiment with four 250-r-meter Victoreen thimble chambers. The
dosimeters Were -positi'oned in the lucite’'mouse holders as shown in
Fig. 2. - o

In our initial comparative experiments, the animals received
total-body X-irradiation in a single exposure at an air dose rate of
about 9 r per minute. In subsequent studies the dose rate was adjusted
to 20 vr per minute. Generally, 40 animals were irradiated simulta-
neously. Whenever possible, during any exposure, all experimental

groups were represented equally.

i
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Fig. 2. Experimental setup for simultaneously exposing
mice to uniform whole-body X-radiation. The irrad-
iation positioning wheel, lucite mouse canister, and
rotator are shown.
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D. Lucite Canister, Irradiation-Positioning Wheel, and Rotator

- The mouse canisters shown in Fig. 2 were made from 11/2-
in. o.d. ~molded lucite tublngs to the following spec:1f1cat1ons
‘ Machine bored to 1/16-in. uniform wall thickness
_Inside diameter 1 3/8 in.
Over-all length---3 3/4 in,

Air vents---16 uniformv-ly sypa.ce'd.l/v4 in. holes o;i i:he

a0 o oW

- canister wall and four on the end plate._ .
To minimize back scatter1ng, the can1sters were- separated from the
irradiation positioning wheel by means of 2lin. ~-long alum1num spindles.
'\In- order to have an absolutely" planar surfacey ,._t‘he_ po§1t1en1,_ng,wheel
was rhachined from a 1 1/4-in. thick dural plate.i The w.'hee‘ly’ vw"as

rotated at 3 rpm.

E. Comparative Study of Irradiation Met}iodolo'gy_ -

A study of irradiation techni‘que was conducted 'to test “th"e
reproducibility of 30‘—day survival under our experi‘meﬁtal conditions.
For this study, two groups of Swiss Namru male mice were used.

The mice in Group A (Table II) were handled accordlng to the general
procedure described above. -Group B animals (Table II) were not
uniformly heterozygous. On weaning at 21 to 28 days, groups of 10

to 12 animals were kept in stainless steel cages for 3 to 4 weeks. The
mice were not weighed during this period. Only healthy-appearing
animals weighing 25 %7 gﬁ were selected. They were fed water and
white diet ad libitum. The metal cages were cleaned weekly. The
technique of irradiation and dosimetry was identical for both groups,
but the mouse canisters used in Group B were of smaller diameter.

In these holders the larger animals were unable to move freely and
occasionally one would become wedged in the canister while attempting
to alter its position and become asphyxiated during irradiation. After
exposure the animals were returned to their respective cages for
observation. A dose-survival curve of our experimental animals for

whole-body irradiation was also obtained (Fig. 3).
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Fig. 3.

Dose-survival curve of 6 to 7 weeks old male Swiss
Webster white mice following whole-body X-irradiation.

The animals were individually caged and fed Simonsen
Laboratory white diet throughout the experiment. A
standard deviation is indicated where five or more measure-
ments were taken over a period of several months. In
such instances, each point represents over 40 animals.
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Table II. Effect of Methodology on the mortality of X-irradiated mice
in the mid-lethal range LD4O(3O) to LD60(30)

Group A : Group B
Rigorous control Nonrigorous control

Experiment Animals Dead Mortality Animals Dead Mortality

No. (%) (%)
1 10 5  50.0 10 1 10.0
2 19 8 42.1 9 8 88.9
3 11 6 54.5 10 4 40.0-
4 20 10 50.0 20 15 75.0
5 40 20 50.0 20 5 25.0
6 9 4 44.4 9 9 100.0
7 10 4 40.0 20 12 - 60.0
8 18 - 11 61.1 20- 0 0.0
9 10 6 60.0

10 10 4 40.0

Total 157 78 . 118 54
49.7+ 7.7 45.8437.2

Average mortality

* one standard deviation.
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F. Protective and Therapeutic Studies

The experimental animals generally received a single intra-
peritoneal injection of test material within an hour after WBR. When-
ever possible, the dose controls were similarly treated. As survival
frequencies of sham injected and uninjected animals were alike (Fig. 4),
the oil group controls were usually uninjected.

The vegetable oils, synthetic triglycerides, and methyl esters
of the fatty acids investigated for postirradiation protective properties
are listed in Table IIL. Also indicated are a numbér of substances that
were used to ascertain the role of lipids in WB irradiated animals.

The fatty—acid compositions of the vegetable oils are given in Table IV.

G. Fertility Tests

To sfudy the effect of postirradiation lipid treatment on re-
covery of male mice from radiation-induced sterility, two-hundred
8=to9-weeks -old male mice were exposed to whole-body X-irradiation.
A third unirradiated group was kept as control. One day after MLD
exposure, 10 males each from the irradiated-treated and -untreated,
and ﬁnirradiated groups were mated with four sexually mature (10-
weeks-old) females. The mated animals were kept in separate metdl
cages. Three days later, the males were removed and returned to
their respective jars. The females were sacrificed on the 16th post-
fertilization day and their uteri examined for developing foetuses. On
the sixteenth postirradiation day, 10 males each from the radiated
groups and 10 fr'ofn_‘the unirradiated controls were again mated and .
studied as described abovey. Similar tests were carried out on the

30 and 60 postirradiation-day survivors.
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H
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Fig. 4 Comparison of the survivals of sham injected and
uninjected animals following 625-r whole -body X-irradi-
ation.” The number of animals is indicated in parentheses.

’
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- ' Table 1II. -List of substances inv.___esstigated, their source,
and their relative effectiveness in mitigating the effects of WBR in Mice

Material Relative - Source
Effectiveness '

Olive oil ++++ McKess.on & Robbins'; Purepac

Safflower oilb +++ Pacific Vegetable Oil Corp.

Safflower 0il" ++ Pacific Vegetable Oil Corp.

Peanut oil ++++ Planters Edible Oil Co; -

Triolein ++++ Hormel Foundation

Trilinolein --- Hormel Foundation

Methyl oleate 4 Hormel Foundation

Methyl linoleate .- " Hormel Foundation

Methyl stearate +++ ‘Hormel Foundation

Methyl palmitate - Hormel Foundation

Mineral oil + E.R. Squibb & Sons

Normal saline 0 Cutter Laboratories

Corn starch + Corn Products Cofnp:any'

Powdered glass F Fisher Scientific Co.

Bovine alburhin -- Armour Pharmaceutical Co.

Terramycin 0 - Chas. Pfizer & Co., Inc.

Streptomycin-sulfate 0 “E.R. squibb & Sons

"Lycopene- 0 Hofmann-LaRoche

Oleic acid ---- Nutritional Biochemicals Corp.

Glycérine ---- Baker & Adamson

Squalene +++ Eastman Kodak C ompan'y'

Robane 0 »Robeco Chemicals, Inc. |

% } indicates beneficialness: mildly (+) to very beneficial (++++)

- indicates harmfulness: mildly (-) to very harmful (----)

0 indicates no effect

b

“No propyl gallate

With 0.01% propyl gallate




Table IV.

- 3N

Percent fatty-acid composition of some vegetable oils
N .. Vegetable oils® ' | .
_ Dole Chemical X ‘
Fatty acid  nomen- formula . Olive Peanut - “Safflower
clature ' .
Saturatéd: o
- Myristic " 14:0 C14H2802 0.1-1.1 -  0.1‘_.—1.5
Palmitic 160 | C,¢H3,0, 7-15 69 '3A-6
Stearic ~ 18:0 C gH, 0, 1-3.3 3.6 N 1-4
.Arachidic 20:0 CZOH4OOZ Trace 2-4 . 0,2-0.5
Behenic 22:0 C,,H,,0, - Trace-3 - -
Lognoceric 24:0 C24H4802. - 1-3 " _' _. ’ -
“"Unsaturated:
Palmitolei‘c 16:1 V616H3OOZ - T.'ra'ce' -
Oleic 18:1 G gH,,0, 70-86 53}71’ T 15-26
Linoleic’ 18:2 C18H3202 4-12 13-27 51-79
Linolenic 18:3 C18H3OOZ - - 0\,-1—8

®Condensed from The Chemistry of Fatty Acids, Armour Industrial

Chemical Company, 1959.

€



31-

\ H. Serum-Lipid Analysis

» Blood samples for lipid analysis were obtained from mildly
_etherized mice by direct heart puncture. One-milliliter disposable
syringes with inch-long ZO—gage needles were used. Although
heparinized syring:es were used initially, all blood was drawn sub-
sequéntly with nonhepavrinized Vs-yrivt.lges because tissue lipases inter-

fered with ultracen’t.r'i‘fugal fractionation of the serum lipids.

1. Ultracentrifugaf Fractionation and Silicic Acid Chromatography

of Serum Lipids.

After whole blood was centrifuged on the clinical centrifuge for
15 minutes, the lipids were extracted from the serum by a modi-
fication of the Sperry (392) method as adopted by Lindgren et al. (275).

Separation of serum lipoproteins into high-and low-density
fractions by successive preparative ultracentrifugation on the Spinco
Model-L ultré?centrifuge has also been lucidly described (392).

A silicic acid chromatographic column was used to separate the
ultracentrifuged lipids into cholesteryl esters, triglycerides, and
phospholipids, as described by Freeman.and his associates (169).-
The unesterified fatty acids in the albumin fraction were isolated by
the alkali-extraction method of Borgstrom (56).

2. Gas-Liquid Chromatographic Analysis

Because methyl esters of fatty acids are used in gas chromato-
graphic analysis, the lipid fractions were individually methylated by
transesterification (401) prior to analysis on the chromatographic
apparatus described by Upham et al. (415). Hormel gras'—chro’mato-
graphic methyi—ester rﬁvixtures and other pure rrﬁethyl—ester, mixtures
were used in calibrating' the apparatus. The chromatogram of a typical
fatty-écid este:r mixture is shown is Fig. 5. ° |

3. The Punch-Card Technique (409)

Quantitative determination of each fattyk,-acid cdrn}ponent in a gas-
liquid chromatographic analysis of serum lipids by the standard pro-
cedure of area determination through planimértr;y'and trian‘gulation is

~excéedingly laborious dand time-consuming. To facilitate this detef—

mination, the punch-card technique developed by Tandy and his
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Fig. 5. Standard reference chromatogram of known fatty-acid

methyl-ester mixtures for calibrating the gas-liquid chro-
matographic apparatus (courtesy of Tandy et al., Ref. 409).
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collaborators (409) was used to obtain the presént data. Briefly, for
a first-order approximation, the weight of each component of the
chromatogram- obtained from the value of the product of its peak
height and elution time is corrected by a factor that compensates
for the nonlinearity of peak-height-to-mass change (Fig. 6). The
weights of these fatty acid components from the first approximation
are éccurate to within 5 to 10%. If further accuracy is desired, a
second-order correction, compensating for retention time of the
components relative to methyl stearate, is applied (Fig. 7). These
data are then transcribed onto standard 80-column IBM punch cards
(Fig. 8) and processed in the IBM 650 electronic corﬁputer.

The fatty-acid data are reported on the basis of carbon-chain
lengths and number of double bonds per molecule (see Table IV) as
proposed by Dole (120). However, because there are 15 to 30 measure-
able components in a typical serum-lipid chromatogram, among which
are a number of unidentified components, comparison of experimental
data was facilitated by using certain simplifications adopted by Lindgren
et al. (275). Essentially, these unidentified components have been
grouped into the following four classes as indicated in Fig. 5: (a)
pre-16:0, (b) 16:0-18:0, {c) 18:2-20:4, and (d) post-20:4. These
four classes account for approximately 10 to 20% by weight of the
total fatty-acid components in our chromatogram. The greater 80-

to-90% fraction consists of identifiable methyl esters.
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Fig. 6. First-order correction factor which is used to compen-
sate for the nonlinearity of peak-height-to-mass change.
(courtesy of Tandy et al., Ref. 409).
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Fig. 7. Second-order correction factor which compensates for
retention time of the various components relative to methyl
‘stearate (courtesy of Tandy et al., Ref. 409).
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Fig. 8. Standard 80-column IBM punch card used for processing
the lipid data in the IBM 650 computer (courtesy of Tandy et al,
Ref. 409), ' '
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V. RESULTS AND DISCUSSION

A. Comparative Study of Irradiation Methodology

The ulltimate criterion for accepting a substance as. protective
or therapeutic is based on the difference in mortality between experi-
mental and control animals. It is, therefore, vitally important in
radiation-protection studies to be able to reproduce mortality in
irradiated animals. To achieve this, one must consistently adhere
to rigorous physical and biological experimental practices. The
results of our comparative study listed in Table II lucidly demonstrate .
this requirement. The average 30-day mortality of Group-A (rigorous-
control) mice in the mid-lethal range (LD40 to LD60 ) was 49.7:{:7.7%.
as compared to 45.8%37.2% in Group B (nonrigorous control). Group-
A mortality ranged from 40.0 to 61.1% as compared to Oto 100% in

Group B.

B. Lipid Therapy Against Whole-Body X-Irradiation

Without exception, survival of postirradiation oil-treated
animals was higher than the controls. The data presented in Table V
demonstrates this therapeutic value of certain vegetable oils and their
fatty-acid methyl esters.. As we have shown previously (20), olive
oil is mildly beneficial against total-lethal doses. The summary of.
experlments 5to 16 in Table V shows an. average increase in survival
of 37.5% in the treated over the dose controls, for a 625-r whole-body
dose. Experiments 1 to 4 were omitted from this summary because
the mouse strain and X-ray dose rate used in these fbur. experiments_
differed from those of experiments 5 to 16. A single intraperitoneal
injection of 1 ml of olive oil an hour before or after WB irradiation
was equally prbtective and therapeutic (Fig. 9).. Recent experiments
indicate that .protectioﬁ is even greater if olive oil is given to the ~
animals 24 hr before than immediately before or after irradiation
(Fig. 10). Olive oil is still beneficial when injected 24 to 48 hr after

irradiation. However, studies now in progress indicate that olive oil

The chi-square test was used to determine the probab111ty
x2~63 P << 0.001,

/



Table V‘ Therapeutlc value of fats ‘on whole -body X-irradiation
- of 6-weeks old male Swiss white mice -

Control

.Postirrad‘iation oil-treated .
" Exp. Mice Fat . . Dose Total No.. % Total ‘No. "~ %
" No. strain treatment . r/air - animals surv. surv. animals. surve - Survs
1 - Donner . Olive = = 660 - 116 19 16.4 77 4 5.2
2 Donner Olive 750 T 40 7.5 40 1 2.5
3 Donner Olive 625 14 8 57.1 13 4 30.8
4 Donner Olive 587 40 35 87.5 40, 20 50.0
5 Webster _ Olive = 625 24 T 17 70.8 24 11 - 45.8
S/L . :
- b Webster Olive 625 24. 16 66.7 24 8 33:3
- S/L , '
7 .. Webster Olive : . 625 20 18 90.0 30 13 43.3
s/L i
8  Webster . Olive 625 24 19 79.2 24 11 45.3
- s/u _ : B .
9 Webster = Olive © 625 24 15 62.5 24 9 T 375
10 Webster Methyl . 625 24 16 66.7 24 11 " 45.8
; .S/L oleate Co o : o
11 Webster Peanut - 625 24 i8 75.0 24 11 45.8
- /L , . - .. . '
12 Webster Safflower® 625 |24 17 70.8 24 11 . 45.8
S8/ o _ _
13 .- Webster Triolein 625 24 19 79.2 24 117 45.8
. S/L . ) ' : .
14 Webster - Methyl 625 24 19 79.2 24 11 45.8
s/L - oleate - . : ’ .
15  Webster Olive “+ 625 . 24 22 91.7 24 LT 45.8
. 0s/Ls stearate ' . o _ \ -
16 Webster | Olive + 625 24 18 75.0 24 9. 37.5
S/L. stearate . -
- S‘ummary‘of Webster S/L strain. (Exp. Nos. 5 to 16) . )
5-16 All oil 625 r 289 214 75.4 294 127 43.2

20.01% propyl gallate added as antioxidant.

L
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Fig. 9. Effect of | ml olive oil injected intraperitoneally within
an hour before or after whole-body X-irradiation on survival
of male Swiss white mice (48 animals per group)
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Percent 30-day survival
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Fig. 10. .Effect of time of intraperitoneal injection of one-ml
olive oil on survival of X-irradiated mice. The standard
deviations of survival of the 625-and 675-r controls are
indicated by shadings.



_41-

is not as effective when given to animals 3 days before or after ex-
. posure to radiation. Oil treatment 6 to 9 days after WB irradiation
even potentiated lethality.

"The controls in these oil-therapy experiments were usually
uninjected since percentage survivals of the sham-injected and un-
inject‘ed animals were similar (Fig. 4). Because olive: oil contains
traces of nonsaponifiable fats, these were concentrated by saponification
of the oil and tested on irradiated animals. The re sult (Flg 11) in-
dicates that this component is therapeutically ineffective. However,
chemically pure (> 99%) meth?l oleate and triolein (~99%) were as
“effective as olive oil (Fig. 12).

To asc_ertai.n-‘whether this therapeutic effect was peculiar to -
olive oil, the eff'ncacy.alg‘.ainst X-radiation of a number of other lipid,
nonlipid, and particulaté materials were tested. The results are
summarized in TableIIl. Peanut oil and safflower oil were found to
be equally effective (Fig. 13). Methyl stearate, which is considered
dietarily unessential, was also beneficial, while methyl palmitate was
not (Fig. 14), To confirm this ineffectiveness of palmitate, a similar
experiment was performed. Mineral oil was used in place of the olive
oil as the solvent. As expected, the palmitat.e was again ineffective
(Fig. 15). In fact, in both instances methyl palmitate potentiated the
harmful effect of radiation. Methyl linoleate is essential in animal
diet. But l-ml intraperitoneally injected into our animals was in-
effective and appeared even harmiful (Figi 16). This is consistent with
recent findings of Bowen and Thick (57)} who isolated from pine seed}
a factor similar to linoleic-acid that increases the sensitivity of seeds
to ionizing radiation. Trilinolé!in was even more foxic (Fig. 17).
Since these compounds were h1gh1y purlfled and precaut1on was exer -
cized to avoid oxidation, a lethally toxic oxidation’ product must form
when these substances are injected into irradiated animals. This
"fatty toxin'' may be the lipid hydroperoxides observed by Dubouloz,
Bacq, and others (28, 124, 229,230) in irradiated animals. Normal
unirradiated animals may have an adequate supply of antio,xddants in

their system to-inhibit the formation of these toxins from their body fats.
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Fig. 11. Effect of nonsaponifiable fraction (NSF) of olive, oil
on survival of lethally irradiated mice. The NSF was ex-
tracted from olive oil after saponification, dried under

.. nitrogen, and redissolved in pure olive oil. . One-half ml,
of this 50x NSF concentrated oil was injected intra-

- peritoneally | hr after irradiation. -The number of animals
is indicated in parentheses. :
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Fig. 12. Comparative therapeutic effect of 1 -ml methyl oleate,
triolein, and olive oil injected intraperitoneally in mice
(24 animals per group) within 1 hr after whole-body X-irradiation.
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Fig. 13. Comparative effect on survival of mice of 1 ml olive
oil, peanut oil, and safflower oil (0.01% propyl gallate added)
injected intraperitoneally within 1 hr after whole-body lethal
X-irradiation. FEach group was represented by 24 animals.
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Fig. 1.4. Modification of the therapeutic. value of olive oil on
X-irradiated mice (24 animals per group) by saturated fats.
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Percent survival
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Fig. 15. The inability of methyl palmitate to mitigate lethality
of X-irradiated mice (24 animals per group). One ml oil was
injected within 1 hr after whole-body irradiation."
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Fig. 16. Effect on survival of mice of 1 ml methyl linoleate
injected intraperitoneally within an hour after whole-body
X-irradiation. The number of animals is indicated in
‘parentheses. '
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Fig. 17. The ability of d, a-tocopherol to attenuate the toxic
effect of trilinolein on lethally'irradiated mice. Safflower
oil fortified with 0.01% propyl gallate was slightly better
than the oil without the antioxidant preservative. The
trilinolein control was unirradiated. The number of
animals is given in parentheses. Here + indicates with
antioxidant, - indicates without.
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However, one ml of trilinolein injected into unirradiated mice was
mildly lethal (Table VI). A lack of antioxidant in the animal's tissues
capable of'rcoi)ing with this suddeﬁ increase in oxidizable linoleates
could account for this toxicity. This would explain why antioxidant
containing safflower oil (51 to 79% linoleic acid; see Table IV) was
beneficial. Figure 17 also shows that a-tocopherol attenuates the
toxic effect of trilinolein (P < 0.02). ~This is not due to a direclt effect
of ‘a-tocopherol on the animal as evident from the result shown in
Fig. 18. At least the effect of a-tocopherol is not stat‘isticalvl.y signif-
icant. Nevertheless, Ershoff and Steers (151) have shown that some
antioxidants, e.g., propyl gallate, butylated hydroxy toluene, etc.
will significantly prolong survival of mice exposed to :multip.le‘ sub -~
lethal doses of X-radiation. The naturally occurring antioxidaﬁt,
" a-tocopherol, was not beneficial. Furth ét_i}.' have also administered
a-tocopherol in oil to rats before irradiation and found it ineffective (172).
The evidence presented above proves that certain oils do help
animais recover from MLD irradiation. Further, thié postirradiation
protective effect of oil is not due to the essential fatty acids, because
both methyl linoleate and trilinolein were ineffective, while dietarily
"unessential'' triolein and methyl oleate were as protective as olive

oil.

Olive oil, a Substitute for Oleate

Because it contains 70 to 86% oleic acid (Table IV), olive oil
was used in most of our studies on irradiated animals.

A series of experifnents were conducted to ascertain the optimum
dose for maximum protection. ‘The results, tabulated in Table VII,
show that intraperitoneal injection of 0.25 to 1.0 m1 olive oil will

protect eq\;ally animals exposed to MLD irradiation.
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. Table VI. Tox1c1ty of slngle 1ntraper1tonea1 1nJect1on of va.r1ous

substances in nomrradlated male mice

Weeks following injection

- o ) . _ _No. déé.(i o % Slirvival
Item " No. © Quantity - ' S
injected .~ - animals . injected .- .1 = 2 3 4
Olive oil 100 l'ml 07 0 0 100
Peanut oil ~ =~ 24 1 ml 0 0 0 100
Safflower 0il® ©24 1 ml 0° 0 0 100
Safflower oil 24 "1 wl 0 0 o 100
Mineral oil a4 1wl 0 0 0 100
Robane . 24 1 ml 0 0 o 100
Methyl oleate . - 40 1 ml 0 "0 0 100
Methyl palmltate 24 1 ml 0" 0 0 100
Méthyl stearate 40 1 ml 0 0 0 100
 Méthyl linoleate® 20 Imt -~ 0 0 0 100

Methyl 11noleate 20 1 ml 0 0 0 ' 100
Trilinolein 40 1 ml 2 0o 0 95
Triolein 40. 1wl o ‘0 o 100
Oleic acid : 24 1 ml 24 0 0 -0
Selachyl alcohol ' R .

tolive oil .30 2mg/05ml 1 0 0. 97

+ olive - . .90 3to b mg/ml .. 1 0 o 98.9

+ olive - 10 20mg/0.5 ml 0 0 0 - 100
Glass in'saline = . 24 20 mg/ml- 0 0 -0 -100
Starch in saline 24 0.1 g/ml 0...0 O 100
Glycerine : 5 - o1l ml 5.0 0 0

®With 0.01 per cent propyl gallate added

bWith 0.5 per cent by volume d, a-tocopherol added
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Fig. 18. Effect of d, a-tocopherol on survival of X-irradiated
mice (24 animals per group). One ml mineral oil with or
without 0.4% a-tocopherol (by volume) was injected into the
animals within 1 hr 'after whole-body irradiation.



Table VII. Effect of quantity of olive oil on 30-day
survival of male Swiss white mice exposed to 650-r
whole-body irradiation

Oil _ Control : One-hr postirrad. Six-hr postirrad.
1.P. . Total No. ' Total No. Total No.

injected animals surv. Surv. animals surv. Surv, animals surv. Surv.
(m1) (%) o (%) : : (%)
0.10 40 11 27.5 40 15 375 o
0.25 104 30 28.8 84 50 59.5 - 20 13 65.0
0.50 124 34 27.4 84 __ 48 57.1 40} 25 62.5
1.00 104 32 30.8 i 60 36 60.0 - 44 27 61.4
2.00 20 5 . 25.0 20 1 35.0

-Zg-

* *
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The ''chemical' Nature of Lipid Protection

Postirradiation protection with olive 0il could have been due to
physical factors alone, e.g., (a) inflammatory reaction stimulating
the reticulo-endothelial system (RES) in defense against infection,
arid (b) emollient action of the oil on the intestines to aid peristalsis.
Therefore, experiments designed to clarify the nature of this pro-
tective mechanism were conducted. '

Relatively nontoxic and nonutilizable oils may have a similar
physical effect on animals as olive oil. The effectiveness of mineral
oil in mitigating the lethal effects of WBR was therefore investigated.
Figure 19 shows that mineral oil is only one-third as. effective as
olive oil (P <€ 0.001), That mineral oil was not completely ineffective
appears to lend some credence to the physical nature of lipid protection.
However, prolonged use of mineral oil is reported to elicit a foreign-
body reaction characterized by the appearance of cells of chronic -
inflammation (14, 180, 408). Stryker has demonstrated the presence
of mineral oil in mesenteric lymph=nodes, liver and spleen of their
treated animals. Our histological studies on mice 30, 60, and 90 days
after treatment with mineral oil substantiate these findings(290). Un-
like mineral. oil, olive oil did not elicit - any inflammatory reaction.

Firket and Lindhoff (159) have shown further that intraperitoneal
injection of liquid paraffin (petrolatum) causes a typical caryoclastic
reaction in the thymus, lymph-nodes, and s'pleen of mouse. Because
this foreign-body reaction, although chronic, could account for the
mildly beneficial action of mineral oil on our irradiated mice, another
nontoxic and less irritating oil was tested for protective action.

Preliminary histopathological studies indicate that robane
(perhydrosqualene) is less irritating than mineral oil (290). It is a
saturated hydrocarbon of animal derivation prepared from squalene by
hydrogenation (343). We found this oil to be completely ineffective
against whole-body X-irradiation. bn the other hand, the unsaturated,
biogenic and digestible squalene was found to protect irradiated mice

(Table III).
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Fig.19. Survival of X-irradiated mice following intraperi-
toneal injection of 1 ml olive or mineral.oil (petrolatum) -
within 1 hr after whole-body irradiation. The number of
a.mrnals is 1nd1cated in rparentheses e



The thymus does not react to mineral oil and olive oil as it does
to particulate substances like powdered glass and starch. In 3 days,
the thymus weight of starch-and glass-injected animals decreased to
almost one-third normal (Fig. 20), but its weight in saline-, mineral-
oil-, and olive-oil-injected groups did not differ statistically from that
of the controls. o

'As parenteral administration of powdered glass is reported to
enhance survival of MLD irradiated animals by RES stimulation (373,
383), We.repeafed this experiment. Figure.2l confirms that powdered
glass does help irradiated animals. We then suspended glass in olive
oil and tested this mixture on our irradiated mice. Figure 22 shows
a mildly additive effect of glass and oil on survival of irfadiated
animals. However, further experiments are necessary to verify this
result.

Corn starch will also elicit a foreign-body reaction (Fig. 20).

Its protective effect was therefore investigated. It appeared mildly
beneficial on male mice exposed to 650-r WBR (Fig. 23)., but these
results are not s__‘ta;t?i‘s't'icallly significant (P ~0.3). Females are much
more resistant to WBR than males (2, 194, and Fig. 23). In females,
intraperitoneal injection of starch following irradiation was signifi-
cantly helpful (P < 0.05), (Fig. 23). -

' These results support our view that oil and particulate sub-
stances have different protective actions on irradiated animals.

If the beneficial effect of oils on lethally irradiated mice was due
to their emollient actions (lubricating the intesfine to facilitate peristaltic
actions), oral or subcut-anéous administration of the oil should have
been ineffective., But the percent survival was approximately three
times greater in ofa‘ily (P < 0.025) and subcutaneously (P < 0.001)

treated animals than in the irradiated controls (Fig. 24).
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Fig. 20. Effect of intraperitoneél’ injection of foreign
.substances on thymus weight of unirradiated male

mice 8 to 10 weeks old. One ml of olive oil, saline,
mineral oil, 0.2 gm starch per ml saline or 40. mg"
ground glass (< 40-p ) per ml olive oil was injected

_into the animals. One standard deviation in thymus

weight of the control animals is indicated by the
shading. The number of animals is indicated.in . . .
parentheses. '
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Percent survival
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Fig. 21. Effect of glass administered intraperitoneally
within an hour after whole-body irradiation on survival of
mice. Omne group of animals received 20 mg sterile glass
(~40 p) in 1 ml of normal saline. The saline group
received one ml of normal saline. The number of animals
is indicated in parentheses.
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Percent survival
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Fig. 22. Synergistic effect of glass and oil on survival of
letrally irradiated mice. Experimental animals received
intraperitoneally within an hour after whole-body irradi-
ation 1 ml of olive 9il containing 20 mg of sterile powdered
glass (~40 u). The number of animals is indicated in
parentheses. "~ ° ' o '
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Fig. 23. Effect of starch administered intraperitoneally with-
in 1 hr after whole-body X-irradiation on survival of 7-weeks-
old male and female Swiss mice. Experimental animals re-
ceived 0.1 gm of corn starch suspended in 1 ml of normal
saline. The controls received 1 ml of saline after irradi-
ation. The number of animals is given in parentheses.
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Fig. 24. Mode of olive oil administration on survival of
"~ lethally irradiated mice. The oral group given oil-.
- cornicentrated pellets 24 hr before irradiation consumed
- 0.6 0.3 gm of olive oil. " The injected animals received
1 ml of oil an hour before or after irradiation. The
number of animals is given in parentheses.
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C. Physiological Response to Lipid Treatment.
In view of the apparent chemical nature of postirradi‘a’ti‘on pro-
tection of'énimals with certain oils, fertility; hematologic, and other
studies were initiated to ascertain the effect of these oils on recowery

of damaged tissues.

1. Olive Oil in Radiation-Induced Sterility.

It is well established that mice and other mammals exposed to
a single high dose of X-radiation becomes sterile after a.period of
fertility which immediately follows irradiation. Furthermore, unless
permanent sterility had been induced (at extremely high doses), in
time these animals regain their fertility (59, 210, 220). With this
in mind, a series of 1t;;reeding experiments were conducted.

Table VIII shows olive oil-treated and untreated male animals
in the l-to 15-day postirradiation period to be equal btit somewhat

less fertile than the unirradiated controls. The olive oil-treated

Table VIII. Effect of olive-oil treatment on fertilitya of male mice
following exposure to 650-r whole-body X-radiation

Time of mating after irradiation

Experimental ' ST _
Groups ~1to 15 day 30 to 45 day - 60 to_{\?S day
' No. % N@ . % No. ) %
male fertile male fertile male fertile
Control 20 85 - - 100 98
Untreated 20 65 18 33 18 94
Treated 20 65 20 . 60 _ 20 100

aFertility is based on successful mating of irradiated males with

mature unirradiated females.
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animals in.the 30-to 45-day post1rrad1atlon group were twice as
fertxle as the correspond1ng 1rrad1ated untreated an1mals Neverthe -
less, they were only 60% as. fert11e as the un1rrad1ated controls. . By

| 60 to 75 days post1rrad1at10n, both groups appeared completely re-
covered The sizes of the litters from matlng these 1rrad1ated males
with sexually mature unirradiated females are Shown in 'Table IX.

The irradiated-oil-treated anirnals were much moresuccessful than

~ the unirradiated-untreated in the éatrly matings (l to 3 days). The

treated animals in the 15-to 17-day group wére less 'ablfe'it'q»mate than
‘the untreated animals. This probably is because animals which were
predestined to die without treatment were. protected by. oil treatment.
It is not unreasonable to assume that these animals were inherently
weaker '(more sensitive to-radiation), hence, less able to. mate -than
those that would have survived without treatmient. - But'the average
size of the litters in these two groups was the same. - -

The oil-treated animals were much more successful in-late
matings (30 to 45 days) than the untreated group. Even in the ‘60—to
75 ~day groups, mating was. higher in treated ammals - |

The 15-to 17-day mating (Table IX) has shown further that oil
treatment does not influence foetal viability.

Chi-square tests (Table X) show:that olive oil.treatment has
helped irradiated males significantly to recover sooner from sterility
caused by whole body radiation.

These results tend to support the hypothesm that post1rrad1at1on
oil treatment does not reverse radiation damage but fac1l1tates re-

covery.by stimulating the regenerative processes.

2. Hematologic Recovery Following Lipid Therapy

Spleen-and marrow-transplant studies. have shown that functional
blood-forming tissues are'necessary.for recovery fr orr) ‘lethal irrad-
iation {38). Studies have also shown that hematopoietic tissues are
extremely sensitive to 1on1z1ng rad1at1ons (237) In view of these
observations, it appeared-logical to analyze hematologlc recovery in

our postirradiation olive-oil-treated mice.



Table IX. Litter sizes from mating of postirradiation olive-oil-treated males with unirradiated
sexually mature female mice. Animals were exposed to 650-r whole body X-radiation. The

late postirradiation mating

number of females is given in parentheses.
Early postirradiation mating
Experimental - 1to3 day 15 to 17 dayaL 30 to 45 day 60 to 75 day
Group Percent - Average Percent Average Percent Average Percent Average
- with litter with litter with litter with litter
litter size litter size litter size:: litter size
Control - - 47.5 8.3 98.0 9.8 - -
© (40) ~ (100) '
Untreated 15.0 BT 37.5 - 4.0 11.1 3.1 73.0 9.2
(40)  (40) - (90) (89)
Treated 25.0 5.4 17.5 5.6 21.0 2.7 88.7  "10.5
(40) | (40) (100) 97

4Viable foetuses from the 15-to 17-day mating:

1. Control = - - 98.4%
2. Untreated - - 37%
3. Treated - - - - 36%.

_Eg_
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Table X. Chi- souared test on the significance of postirradiation
olive-oil treatment in accelerating recovery from radiation- 1nduced
sterlhty in male mice. - '

.Experimental Postirradiation

Group ’ test period ‘ . _l- 2' . P
(30 to 45 day) , X .o P

. See Table IX Treatedjvs.control: ‘ 1_3.13“-‘. - < O'.Tl'('l
'See Table IX  Untreated vs control 10.59 © 0.001
‘See Table IX = Treated vs untreated 2.70 L~ 010
_ See Table X Treated vs untreated. _:3;39_ ~ O'.'>05.

The change in the number of circulating ,leukooytes in peripheral
blood of postirradiati‘-on' oil-treated and untreated animals is’ sfhown in
Fig. 25. Consistent with the findings of other 1nvest1gators (237), our
irradiated-untreated controls showed mild leukocytosis follow1ng ex-
posure to radiation. This increase in the number of c1rculat1ng white
cells in peripheral blood was not apparent in. our oil-treated group.
Ow1ng to this leukocytos1s effect on the second postirradiation day,
there was almost a three-fold difference (1500 WBC/mm3 to 4000
WBC/mm ) in the number of circulating’ WBC between the experlmental
groups._ On the other hand, leukopen1a was essentlally the same in
both groups during the first 2 weeks following irradiation 1'I’he time
required for recovery of leukocyte value to the normal umrradlated
level was, however, significantly shorter in the oil- treated group.

Heart blood was used to determ1ne hematocrlt values of ex-
perlmental animals. But for a single po1nt (Flg 26), hematocr1t was
sllghtly hlgher in the oil-treated group. Nevertheless, as -the result
was not: stat1st1cally significant, it is 1mposs1ble to eval_ua:,t‘_e the effect

of oil treat__ment on erythropoiesis without further experi:mentvs.
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Fig. 25. . Effect of intraperitoneal injection of 1 ml of olive
oil an hour after whole-body irradiation on circulating
leukocyte values of 6-to. 7-weeks-old male mice. Eight
to 10 animals were pooled for each point. The controls
were uninjected. The standard deviations are indicated.
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‘Fig. 26 Effect of olive-oil treatment on hematocrit of whole-

* body X-irradiated animals. Heart-blood from five to six
‘mice was pooled to.determine the hematocrit-value of each
point.” One standard deviation is indicated. - The :standard
deviation of the unirradiated controls is shown by shading.
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3. Effect of Olive-Oil Treatment on Body Weight.

In common with any severely debilitating illness, animals
invariably lose weight after lethal exposure to ionizing radiations.
As postirradiation olive-oil treatment mitigates lethality, the weights
of treated and untreated animals were examined following WBR. Both
weight curves LD60 (Fig. 27) and LD93 (Fig;' 28y i'hdicéte,_that post-
irradiation oil-treated survivors fare better than the corresponding
irradiated conﬁrols. In the LD93 group, the greatest pfotection
against weight-loss occurred on the twelfth postirradiation day. The
maximum weight los’t by oil-treated animals was 7% as compared to
"16% in the' controls (Fig 28). The weights of treated and untreated
survivors in the LD60 group were smmlar up to the twelfth post-

irradiation day In the succeeding days the treated animals gained

more weight than the untreated group.

D. Lipid Treatment on Effects of .Fractionated Dose

Life span of'animals exposed to a single or multiple doses of
radiations are shortened (63, 80‘v 243). Even mildly irradiated
animals cannot escape this aging effect of radxat1on Hence, '"Can
medication given after an animal had been exposed to ionizing radiation
reverse or at least attenuate this aging process?"

Postirradiation olive-oil treatment helps animalsito recover
from a single lethal irradiation. An experiment was conducted,
therefore, to see what effect this oil treatment has on survival of an
-animal exposed to a second mildly lethal dose of X-radiation. The
result of the experiment is shdwn 1n Fig. 29. - After a total whole-
-body dose of 1130 r given“ in two separate doses vﬁthin an interval of
30 days, 65% of the treated animals were alive at the end of 60 days as
compared to 26% in the untreated group.

Unfortunately, this experiment was not extended beyond 60
vdays. Nevertheless, the trend of survival following oil therapy is

encouraging and warrants further studies along this line.
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Fig. 27. ,W'eight;-c.urve o'f‘LDéov(f?)o‘): whole-body X-irradiated male

- Swiss. white mice. The.treated animals received I'm"l-oli\ie oil

_ intraperitoneal_ly within an hour after exposure.
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Fig. 28. Weight curve of LD93(3O) whole-body X-irradiated male
Swiss Webster white mice . The treated animals received
1 m1 olive oil within an hour after exposure.



-70-

Percent survival

100 — ‘ —
— s _sExperimental .
L (69).
80} _\’__5:’. [
60}
B Controls (40}
a0} '
20} -
| 565‘r per exposure (air) Second irradiation R
< ' ’
0 ] o L 1
o] 10 20 30 40 50 60

Days after first irradiation

MU=22512

Fig. 29. Effect of olive oil on survival of mice exposed to 1130-r
whole -body X-irradiation delivered in 2 doses of 565 r each at_
30-day interval. The experimental animals received 0.5 ml oil
within an hour after the first and 1.0 ml oil following the second
exposure. The number of animals is given in parentheses.
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The ratios of percentage kill between the oil-trecated and un-
treated animals from the two irradiations were simila‘n, e g., first
kill, 85%: 17.5% = 0.49; second kill, 27.0% : 56.5% = 0.48. Hence,
oil treatment appears to have helped those animals that would have
succumbed to radiation otherwise to recover dufficiently and be
physically similar (against lethal effects of radiation) to the an’imals

‘ that su;‘vived naturally the first exposure,

An interesting experiment would be to see how animals pro-
tected from the first irradiation with oil will be affected by a second
exposure without oil therapy. An increase in survival over the
irradiated-untreated controls will definitely indicate that treated

animals remember less of the previous insult.

E. Plasma Fatty-Acid Changes Following Whole—Body Irradiation

Hayes and Hewitt have noted that an extremely large increase
of lipoproteins in the serum of lethally irradiated rabbits enhanced
their chances for survival (204). A similar effect was observed
earlier by Steadman (395). Their observations and our findings that
postirradiation oil treatment helps animals survive lethal exposures
to X-radiations led us to analyze lipids in our irradiated-treated and

untreated mice.

1. ~Acute Lipid Response

- In our preliminary studies, male mice were exposed to 1000-
and 2000-r whole-body total-lethal doses of X-radiation. These high
doses were selected because lipid response toradiation is likely to occur
sooner at higher doses. Gas-liquid chromatographic analysis of plasma
lipids showed a-significant increase in stearic acid with concomitant
decrease in the oleic acid fraction as early as 6 hr after irradiation
(Fig. 30). A marked increase in arachidonic acid within 48 hr
following exposure (Table XI)was also noted.

Of further interest was the general decrease in concentration
after irradiation of other unsaturated fatty-acid components with con-

comitant increase in the saturated acids (Table XII). Chevallier and
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Fig. 30. Effect of whole-body X- irradiation on oleate and stearate
concentrations in serum of 8- to'10-weeks-old male Swiss
Webster white mice. FEach point represents _the fatty acid (f.a.)
in serum pooled from seven to ten ammals ‘One ‘standard

' deviation is indicated. - : '



Table XI. Percent weight changes in the serum fatty-acid fractions of 7-weeks-old male Swiss mice following

exposure to 2000-r whole -body X-radiation

Treatment 0r? 20001 P _
Time sampled Time sampled after AY;/' Av.
after irrad. (hr) Av. irrad. (hr) Av. ga:no e change
0 24 wt. %" 6 24 48 96 wt. %° betwesen - after
No. animals =~ 12 10 22 +~11 8 9 9. 37 0 & 2000 rd' uil;,’j')d'
Fatty acid components: :
Pre 16:0  1.76  1.49 164 253 1.94 1.09 238 2.02  +0.38 ¥23.2
16:0  23.55  21.78 22.75  25.67 22.73 20.31 28.01 24.30 +1.55 + 6.8
16:1  2.55 1.77 2.20 2.03 1.69 1.54 1.55 1,72 -0.48 - -21.8
16:1-18:0 "0.83 - 0.86 0.84 1.04 0.94 * 0.54 0.58 0.78 -0.06 - 7.1
18:0.°  11.04 8.75 10.00 13.24 13.38 12.50 15.76 13.70 +3.70 +37.0 &1)
. 18:1 14.97  15.28 15.11 11.82 12.34 9.76 11.25 11.29 -3.82 -25.3 '
18:2 . 33.04  37.98 35.29  31.70 34.00 33.63 28.12 31.79 -3.50 - 9.9
18:2-20:4 3.6 3.22 3.24  2.67 3.05 238  1.94 2.50 -0.74 ~22.8
20:4 7.20 7.16 7.18 6.70 7.72 15.80  8.88  9.66 +2.48 4345
Post 20:4 3

1.83 1.74 1.79 2.68 2.23 2.48 1.54 2.26 +0.47 | +26.

il

a'Average volume of blood drawn from O-r animals is 0.52 ml; average weight of 0-r animals is 27.6 gm.
Average volume of blood drawn from 2000-r animals is 0.53 ml; average weight of 2000-r animals is 28.6 gm.
CAv. wt. % indicates.the welght per 100.

(+) indicates an increase; ( ), & decrease




Table XII. Quantitative changes observed in the serum fatty acids of 7-to8-weeks-old mé.le Swiss

mice following 1000-and 2000-r whole-body X-irradiation.

A, Unirradiated B. Irradiated
Treatment : _
. Av. 1000 r 2000 r Av. Av.wt. % Av.
Exp. Exp. 2 wt. % Exp. 1 Exp. 2 Wt..(% change change
. between after
No. animals 14 22 36 33 37 70 A and B exposure
( %)
Fatty-acid
components
Pre 16:0 1.00 1.64 1.39 0.80 2.02 1.44 +0.05 + 3.6
16:0 21.92 22.75 22.43 22.53 24.30 23.47 +1.04 + 4.6
16:1 2.70 2.20 2.39 2.36 1.72 2.02 -=0.37 -15.5
16:1-18:0 1.07 0.84 0.93 1.05 0.78 0.91 -0.02 - 2.2
18:0 9.34 10.00 9.74 10.22 13.70 12.06 +2.32 +23.8
18:1 15.23 15.11 15.16 13.26 11.29 12.22 -2.94 -19.4
18:2 30.38 35.24 - 33.35 32.81 31.79 32.27 -1.08 - 3.2
18:2-20:4 5.38 3.24 4.07 3.55 2.50 3.00 -1.07 -26.3
20:4 10.96 7.18 8.65 11.83 9.66 10.68 +2.03 +23.5
Post 20:4  -2.00 1.79 1.87 1.25 - 2.26 - 1 -0.09 - 4.8

.18

_vz_
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Burg have shown that radiation oxidizes fatty ac1ds accerding to their
degree oflunsaturation (78). Br1e£1y, the order of ox1dat10n is:
linoleic (18'2.) >oleic (18:1) > stearic (18: 0). But for arach1don1c acid,
this would explaln the postirradiation 1r1crease 1n saturated fatty acid
and decrease in unsaturated fatty acid (Table X1 and XII) However,
the concentration of the polyunsaturated arach1don1c acid was con- '
51stent1y higher after 1rrad1at10n .

Analysis of serum from our ammals showed a total 11p1d drop of
18.2 /o after whole-body irradiation (Table XIII). Ultracentrlfugal
studies d1selosed a decrease of 69.2% in LDL, 18.0% in HDL and 12.8%
in the UFA (Table XIII).

Table XIII. Total lipids in whole-serum and ultracentrifugated-serum
fractions of nonfasting irradiated and unirradiated mice.:

Fractionated

Total

Factor No. serum : :
animals . (mg/cc) . LDL HDL UFA Total

s (mg/cc) (mg/cc) (mg/cc) (mg/cc)
Or 35 5.60 1.80 1.79 0.57. . 4.16
2000-r
20 hr _ .
postirrad. 33 4,58 1.15 1.62 0.45 3.22
Change - 1.02 0.65 0.17 0.12 . - 0.94
(Q-ZOOO)

Percent of
total change - 18.1 69.2 18.0° 12.8 -
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Generally, tr1g1ycer1des account for over half of the lipid in
‘LDL fractions. Therefore, the fall in total serum hp1d that we ob--
served in our animals may be ‘caused by a drop in serur_n tr1g1ycer1des.
Chemical analysis confirmed this View as our irradiated animals
showed a 66.7% decrease in serum tr1g1ycer1de (Table XIV) ‘Could
this marked tr1g1ycer1de depress1on fOHOW1ng 1rrad1at1on account for
the individual serum fatty-acid changes? ) "

Further analysis showed that 87.2% of the total serum 11p1ds
were 1ncorporated in the LD and HD fractions (Table XIII) Therefore,
a marked drop in LDL should greatly affect the serum fatty acia
spectrum. _ Let us consider the following five principal fatty acids in

our LD fraction:

Table XIV,- Chermcal fract1onat1on of serum obta1ned by heart punc—
ture from 1rrad1ated and unirradiated male Swiss mice.

a 2000 rb e Percent
Fractions 0r 20-hr Post. Change of
(mg/cc) (mg/cc) - (mg/cc) total change
Cholesteryl ester 1.01 0.91 - -0.10 - - 7.6
Triglyceride 1:87 0.99 -0.88 -66.7
UFA 0.29 0.18 -0.11 -'8.3
~Cholesterol _ 0.17. 0.19 +0.02 + 1.5
Phospholipid 1.72 1.47 -0.26 -19.7
. Total 5.06 3.74 132

2Zero-r serum pooled from 33 animals.

b?.OOO r serum pooled from 35 animals.

C . . . '
(+) indicates an increase; (—)_, a decrease.
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palmitic (16:0), stearic (18:0), oleic (18:1), linoleic (18:2), an'd
arachidonic (20;4). On a weight % basis, a 50% drop in LDvarivll‘
markedly increase the serum concentration of stearic and arachidonic
acid, since their Weightsvare low in LD fraction and high in HD
fraction (Table XV). Conversely, a drop in LD fraction will have a
depressing effect on serum oleic-acid concentration. Because the
weight percent concentration of palmitic and linoleic acids are com-
parable in LDL and HDL fractions {(Table XV), the same V‘LDL_change
described above will not greatly influence the total concentration of

these two acids.

2. Effect of Fasting on Blood Lipids

The three principal lipids in blood are triglycerides (neutral
fat), phospholipids, and cholesteryl esters. These compounds are
considerably influenced by diet, fasting, pathological conditions; such
as diabetes, and numerous other physiological factors. When fats
are ingested, there is a marked increase in blood triglycerides followed
after a time.by changes in concentration of phospholipids and cholesteryl
esters. In prolonged fasting or starvation, depot fat is believed to be
mobilized and transported by the _V‘Abl.ood to liver and to extrahepatic
tiSsueé for oxidation (108, 168). o | , |

Reports on the effect of fasting on blood lipids are rather
variable. Nevertheless, because fasting alters tile blood-lipid pic-
ture, we investigated this éffect on our irradiated and unirradiated:
animals. A marked decrease in LLDL with concomitant increase in |
HDL was noted in our unirradiated, 24-hr-fasted mice (313). Hence,

a fasting effect resulting from exposure to 2000-r whole-body’ irradiation
would explain the postirradiation drop in plasma LDIL. Because our
nonfasting animals showed a 6 to 7% weight loss 24 hr after irradiation

. (bur unirradiated fasting animals lost 15% of their. weight. in 24 hr), -

. it is plausible that they were virtually fasting, unless fat absorption .

- was selectively impaired in these animals. Howe\}ei‘, this is unlikely,

as Mead et al. have shown that there is little interference with fat

absorption in irradiated mice (296). Nevertheless, Conard has intimated



Table XV Analys1s of the fatty acids in ultracentrlfuged serum fractions from 7 weeks old male
Swiss mice. Blood was obtained by heart puncture from 33 unirradiated and 35 1rrad1ated mice
(20 hr after 2000-r whole: body X-~irradiation).

Lipid =~ . LDL (wt %) - _ HDL (wt %) . UFA (wt %) | Cor,rec'tedv
fractions . : S » Toe ' - rav. (wt %)
Fatty acids 0 r> - 2000> - Or  2000r Or  2000r  Or " - 2000r
Pre 16:0  0.77 . 0.66 ~  0.42 0.41  .1.21 ° 0.78 0.78 059
C16:0-  25.01 © 21.74 18.05 - - 16.25  27.95  29.37 23.04 120.19
o 16:1 2.34 1.94  0.98. 0.83 - 2.85 - 2.00 1.98 - 1.46
16:1-18:0 0.90  0.83 0.91 0.85 1.28 105 097 0,84 3
18:0- 4.97 . 5.82 10.70 11.16 5.87  ©7.95 121 . 8.72 Y
18:1°  24.07 22.16 - 891  7.35  19.84  16.88 17.81 - 11;'14f.'98”; ?°
18:22 33.77 . 37.43  39.33 37.94 32,51 32,85 3527 : .?.;36‘;;.95.,‘
18:2:20:4 - '3.86 _ 3.53  3.38  3.72 ' 3.98 358  3.82 . 335
2004 . 3.60 461 1635 - 2031 .3.35 445 . 8.18 1162
Post 20:4 0.76 . 1.3z . 099 ° 1.1 120 115 . 095 130

-aA\}er.age, volume of blood drawn from 0-r-animals is 064 ml; average weight of these anirxﬁaléﬁis

3llgm

Average volume. of blood drawn from 2000-r anlmals is 0.72 ml average welght of these an1mals

is 30. ng
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that normal'absorption of small amounts of nutriment does not necessarily
indicate normal absorption of large oxr normal amounts (88).

Published data on HDL (phosph/olipid is the major component in
this fraction) or the phospholipid-phosporus (PLP) fraction in mouse

plasma following irradiation are varied. Entenman et al, have shown

an increase in PLP concentration in plasma of mice exposed to 2250-r
whole-body X-irradiation and subjected to fasting (146). Hewitt and
Hayes have shown increased HDL concentration in plasma of nonfasting
mice 24-hr after 800-r irradiation {(216). In this study, a decrease was
noted in HDL concentration in the plasma of 2000-r X-irradiated non-
fasting animals (Table XIII). In view of these diverse results and since
fasting alone will markedly increase the plasma phopholipid concentration
(146, 313), we are currently investigating further the effect of fasting

on changes in plasma phospholipid in X-irradiated mice.

3. - Nutritive Value of Triglycerides
" Thé irﬁpbrtance of neutral fat in the diet for optimal growth is

unequivocal. Forbes et al. (161, 162, 163, 164, 170) and Deuel et al.
(109, 111, 112, 356, 357, 358) have demonstrated that rats on an
adequate fat diet show greater capacity for work, increased resistance
to starvation, gréate'r’ nitrogen retention, etc. than animals on a low-
fat or fat-free diet. Deuel et al. (111) have further shown that this
effect is;not due entirely to essential fatty acids in fat. Additional '
| e&idence of the irﬁportanée of triglycerides in the diet of rats, dogs,
and humans comes from Meng, who further believes that fats facilitate
the efficie‘nt utili_zation of calories, since rats on fat-free diet showed

the poorest growth inspite of having the highest caloric uptake (299).

4. Effect of Fat in Radiation-Induced Metabolic Changé=s and Tissue

Breakdown . v

A very consisfent effect of lethal who_le‘-body irradiation is the
similarity in death due to acute star.‘vation.. Because gfoss depletion of
tissue proteins occurs.in these animals, sfud_ies on metabolic changes
‘following exposure to whole ;_body X—radiationl have received wide-

attention. As early as 1907, Edsall and Pemberton attributed radiation

~
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sickness as a toxic reaction to tissue deg’radation {130). This hypothesis
has been supported by a number of subsequent investigators (202,309,

- 344). Additional evidence along this line has appeared in recent years.
"Altman ‘and his associates haverfed'Clv4—labeled glycine-to animals prior
to irradiation and have noted a ten-fold increase in protein breakdown
following whole-body irradiation (I3). - Increased excretion .of nitrogenous
- material and other catabolic products have also been observed (6, 71,
191, 193, 247, 255,.270, 329). :

- A high-fat diet facilitates the retention of nitrogen. Hence, if
this postirradiation tissue breakdown is -part'ly due .to increased caloric
-demand, fat treatment should help irradiated animals by alleviating
their transient energy need:and mitigate catabolism. DBut resuits on
‘alterations in basal metabolic rates in animals following X-irradiation

are equivocal. Kirchner et al. have found-a slight increase in oxygen

consumption following mild exposure (251) In acutely irradiated rats
(death at 3 to 5 days), an increase of 35% in QO was’ noted 24 hr after
irradiat.ion Smith et al. have observed an increase in the metabolism
of fasted rats exposed to 800 r, but were unable to confirm this in-
crease on fed animals (372). Mole also found no 1Tnmed1ate change in
basal metabolic rate of rats exposed to X radiation (307)

Reports on uptake of iodine by the thyr01d glands of whole body—
irradiated animals are also varied. (153 308) In view of these in-
con51stenc:1es on postirradiation thyroid function and on basal metabolic
changes, the general concensus today is that thyr01d function is not
significantly altered after whole body irradiation Nevertheless
Mateyko and Edelmann (294) have observed 51gnif1cant 1ncrease in
thyroid-stimulating hormone in the pituitary of whole- body and hypo-
physeal-irradiatedv rats 6 hr after irradiation (294)." If, therefore,
the thyroid does fbecome hyperactive immediately following whole -
body irradiatio.nl, and since the beneficial effect of fat in hyperthyroidism
has been proven by Aberlin and others (1, 149, 189), injection of fat
should help irradiated animals bv reducing their basal metabolism or
by supplying them with sufficient calories to meet their increased

energy need. Furthermore ‘there aré indications that animals are
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temporarily incapable of utilizing carbohydrates after they have been
exposed to radia_'tion (213, 362), if this is true, their caloric require-
ment should become even . greater. Metabolic studies on X-irradiated
oil-treated and untreated animals should therefore yield some very

interesting information.

F. The Lipid Syndrome

Much has been written about the relationship of various factors--
intensity of dose, time after irradiation, animal species used, and type
of radiation used--to modes of death following lethal irradiation. These
modes of death or lethality peaks have been associated with a variety
of syndromes (95, 96, 269, 335, 336). | ]

An interesting approach to the study of death modes, based on
"selective modification of mortality peaks with protective agents, was
proposed by Luchnik {284) and Quastler and Zucker (336). The latter
investigators have suggested that irradiated animals treated with
specific protectors may reveal heretofore-unknown syndromes and
help us to better understand already-known radiation syndromes.

Death from exposure to ionizing radiation is believed due to a
number of competing factors. Changing any of these modifying factors
will alter the dominance of one mechanism over the other {335). Hence,
animals protected from the 3-to 5-day intestinal death by intestine-
shielding or by parenteral administration of fluids and electroytes (89)
will die later of bone-marrow aplasia (marrow syndrome), unless they
were also protected against this syndrome.

In view of the above proposal, we investigated the modes of
death of our lethally irradiated oil-treated and untreated.animals,
hoping to better ‘understand these syndromes. About 1700 animals

. were used for this study. |

Mice irradiated with whole-body MLD to TLD invariably die of
marrow death w‘ith,a lethality peak at around day 11 or 12 (20, 96).
The mortality distributions of our mice for the dose ranges LD90_100
and LD are shown in Fig. 31. Only the period from day 9 to .

50-75 ‘
day 17 inclusive will be considered here, because postirradiation oil
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Fig. 31. X-ray mortality peaks of 6- to 7-weeks-old male Swiss
Webster white mice for whole-body irradiation. Olive-oil
treatment unmasked a second peak in the bone’ marrow (B)
peak of the LD group which corresponds to the 15-day
lipid (L) peak ofothe group. The 15-day peak was
greatly suppressed by o1l treatment. T
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treatment maximally affected survival during this period. Moreover,
75% of our MLD irradiated and 90% of our near-TLD irradiated mice
died during this period. The LD90—100

single marrow peak at day 12. In the corresponding oil-treated group,

controls showed the typical

the bone-marrow peak became bimodal as in the MLD control. Un-
masking of the 14-day peak (corresponding to the 15-day peak in the
MLD control) in the TLD oil-treated group indicates that at least two
factors are responsible for marrow syndrome, one of which is highly
lipid sensitive. Modal analysis of the MLD groups showed that oil
treatment had markedly suppressed the 15-day peak. The l12-day
(marrow) peak of the oil-treated group was also smaller than that of
the control.

The statistical significance of the changes in the 12-day and
15-day peak heights were analyzed by comparing the number of
animals dying between days 9 to 13 and days 13 to 17 in the oil-treated
and untreated groups. In the 9-to l13-day group, 107 out of 652
. treated animals died as compared to 95 dead out of 450 untreated. A
chi-square test gave XZ =3.93, P <0.05. Inthe 13-to 17-day group,
101 out of 652 treated animals died as compared to 143 dead out of
‘450 untreated. A chi-square test gave XZ =40.97, P< < 0.001.

In view of these studies, there can be little doubt regarding the
authenticity of the 15-day (lipid) peak. Nevertheless, it must be
emphasized that we do not know the chemical mechanism(s), whereby

' fats help animals recover from this lipid syndrome.
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VI. SUMMARY

1. In radiation protectioﬁ studies one must be able to consistently
reproduce lethality.. Because this is a difficult task, investig'ators
have often used total-lethal or near total-lethal doses for such studies.
This is not always wise, because .chemicals that may be .therapeutically
ineffective at total-lethal doses, but very effective against mi_d—lethal
doses can easily be overlooked. ‘

| Our first objective was, therefore, to achievevreproduﬁcibilit,y
by standardizing' the physical and biological experimental conditions.
By vigorous adherence to certain experimental practices, we were
able to consistently maintain an average LD50 mortality of 49',7 £7.7%.
In contrast; the average LD50 mortality of our routinely handled con-
trols was 45.8 £37.2%. '
2. Qualitative and quantitative changes in lipids following whole-body
irradiation have been extensively investigated, but little is known of
their effects on lethally irradiated animals. Nevertheless, much
tangible evidence strongly suggests that fats may be actively involved
in radiation syndromes. Studies on the effect of lipids on pre- and
post-irradiated mice were, therefore, undertaken. Olive oil was
fortuitously chosen for the preliminary studies. On the basis of total
survival, the Beneficial effect -of olive o0il was small in the near total-
lethal dose irradiated animals. But there was. a thi‘ee -fold increase in
survival of the treated (16.4% to 5.2% and 7.5% to 2.5%) over the dose
controls. In.the mid-lethal-dose irradiated groups, survival of the
olive-~oil-treated animals was approximately double the controls
(75.4% to 43.2%).
3. To ascertain ‘whether this postirradiation protective effect was
peculiar to olive oil, the beneficial effect against X-radiation of
nonsaponifiable fats in olive oil, safflower oil, robane, squalene, etc.
was investigated. Some of these oils and esters were equally as .
effective as olive oil, other less effective, and some were even harm-
fui. The linoleates per se were toxic. However, antioxidants were
able to mitigate this toxic effect. »

~
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4. The effect on survival of time, mode, and quantity of oil injected
was analyzed. Survival following intraperitoneal injection of 0.25 to
1.0 m1 olive oil was essentially similar. Most effective time of in-

- jection was 24 hr before irradiation. Injecting oil immediately before
or after exposure of the é.nimals to mid-lethal dose was equally effective.
Olive oil was beneficial even,wher-1 given 24 hr after whole-body
irradiation. Intraperitoneal injection was superior to oral or sub-
cutaneous administration. ,

5. Experiments designed to clarify the nature of postirradiation
protection by lipids are presented. Evidences from these experiments
support a.chemical mechanism. _

6. In view of the apparent chemical nature of protection by oil,
fertility, hematologic, and other studies were conducted to ascertain
the effect of oil on recovery of damaged tissues. Theée studies hin—
dicate that postirradiation oil treatment does not reverse radiation
damage but facilitates the recovery process. The 30- to 45-day post-
irradiation olive-oil-treated animals were twice as fertile as the.
corresponding untreated group, but.by 60 to 75 days postirradiation,
both groups appeared completely recovered, The 15-to 17-day post-
irradiation oil-treated animals were less able to mate than the un-
treated animals, but by 30 to 45 days after irradiation the oil-treated
animals were better able to mate than the corresponding untreated

. group.

The number of circulating leukocytes in the peripheral blood of
treated and untreated animals were similar during the first 2 weeks.
following whole-body irradiation, but the time required for fecovery
of the leukocyte value to the normal level was significantly shorter
in the oil-treated animals. '

7. Concomitantly, blood-lipid changes in our experimental animals
were investigated on the gas-liquid chromatographic apparatus.

A significant stearic acid increase with corresponding decrease
in oleic acid concentration was observed in the plasma of our mice as
early as 6 hr after 2000-r whole-body X-irradiation. Marked in-

crease in concentration of arachidonic acid was also noted 48 hr after
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exposure. But in general, there was a decrease in concentration of
unsaturated fatty acids with concomitant increase in saturated fatty
acids in the plasma. The marked serum triglyceride depression
following irradiation appeared to cause these plasma.fatty-acid changes.
A slight decrease in the concentration of high-density lipids‘in plasma
was also noted after irradiation. Fasting can account for the low- .
‘density-lipid (triglyceride) and high-density-lipid (phospholipid) changes
in plasma. |
8. The possible effect of fats in mitigating radiation-induced metabolic
changes and tissue breakdown are a‘lsdidiscussed; o
9. Mice irradiated with whole-body mid-lethal to total-lethal doses
predominantly die of bone-marrow aplasia.. Modal 'analysisfsho'ws a
lethality peak at around day 11 or 12. Our total-lethal do,se‘: irradiated
animals showed the characteristic bone‘—fnarrow peak on the twelfth
postirradiation day, but our mid-lethally irradiated mice showed two
distinct mortality peaks, one at day 12 and another at'day 15.-

' Modal analysis of our oil-treated aﬁimals, furthermore, un-
masked a 15-day peak in the total-lethal dose group. In the mid-
lethal dose group, oil treatment markedly suppressed this 15-day
peak. '
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APPENDIX AB BR EVIA TIONS

_ The follow1ng abbrev1at10ns have been used 1n the text and are’

l1sted alphabet1ca11y _ ‘ o o
ACTH - admenocormcotroplc hormone ”

_AET - S 2- am1noethyl1soth1uromum . .B_‘r.- HBr o
’APT - S, 3. am1nopropy11soth1uron1um . Br o HBr ,‘v -
'BAL - 2 3- dlmercaptopropanol ' '

.f a. - fatty ac1d ._
‘ HDL hlgh dens1ty hpld

kvp - kllovolt peak -

D¢y —‘50% lethal dose at 30 days

4 LDL - low- den51ty 11p1d

MLD - m1d lethal dose _

NSF, - nonsapomflab_le fract‘ion_ |

PLP - phospholipid;p‘hosphoro‘s

RES - retlculo endothehal system

RNA - r1bonuc1e1c acid

TLD - total-lethal dose

UFA - unester1f1ed fatty ac1d

WB - whole-body

WBC - wh1te blood _celll
WBR - whole-body radiation
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