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EFFECT OF PURINE NUCLEOSIDES AND NUCLEOTIDES ON THE

' . IN VIVO RADIATION RESPONSE OF NORMAL TISSUE IN THE RAT

JOSEPH B. WEISSBERG, M.DD. AND JAMES J. FISCHER, M.D., PH.D.

Deparument of Therapeutic Radiology, Yale University Schual of Medicing, 333 Cedar Street,
! New Haven, Ct 06510

WAG/Rij rats were exposed to single doses of radiation following intraperitonesl injection of inosine, pyruvate and

=% - inorganic phosphate (IFP), When skin reactions and structural damage were scored in the hind fags of irradiated
7 rats, IPT was abserved (o decrease radiation sensitivity. Radioprofection was alse observed in rafs that were

=, prefreated with inosine alome and with the purive nucleosides adenosing and puanosine. The purine nucleotides
>.- S-inesine morophasphate (TMP), 5'-adenosine monephosphate (AMD), 5-guanosine monaphosphate (GVIP) and

" cyelic adenosine 3,5-monophesphate (eyclic AMP) were also protective. ‘The purine bases hypoxanthine, adcaine

.- and guznine were not protective, A decline in blood pressure was observed foltowing administration of either IPP or

" inosine alonc but not following AMP or cyclic AMP. The mechanism(s) whereby the purine nucleosides and

< nucleofides result in radioprotection are corrently being investigated.

. Radioprotection, Purine nucleosides and nucleatides.

_ INTRODUCTION
Diphosphoglycerate (DPG) is a red ccll metabolite
owers the affinity of hemoglobin for oxygen'” and
by serves a physiological role in the regulation of
gen delivery to Lissues. Compensatory clevations in
#G - have been observed in the adaptation to various
tions associated with lowercd arterial oxygen
n'"? and result in increased tissuc oxygenation.
dxic foci within temors are known to limit the effec-
ness of low linear-encrgy-transfer ionizing radiation,
cexlensive clforls have been dirceted toward the
elopment of methods that increase the radiosensitivity
ypoxic tumor cells. The present studies were under-
N-to investigale the possibility of increasing tumor
enation and thereby enbancing radiosensitivity in
rut through elevation of red ceil DPG.

reatmenl of stored blood with the combination of
ine, pyruvate and inorganic phosphate (IPP) has
. shown Lo raise red cell DPG." /n vive studies in
sts monkeys' and in rabbits” have also demonstrated
ation in red cell DPG following infusion of IPP. The
finistration of inosine and phosphate has been shown
evate DPG in human subjects.* When {PP is given to
& WAG/Rij rat, DPG is maximally elevated four hours
Howing drug administration.”

We have investipaled the effect of [PP on normal
sue tolerance and tumor control in irradiated WAG/

Rij rats in arder lo determine whether elevations in red
cell DPG increase the therapeutic effectiveness of irra-
diation. Tumor control data in animals bearing the
BA1112 rhabdomyosarcoma show no erhancement of
radiosensitivity by IPP and are described elsewhere.®
The unexpected observation that PP protects normal
tissue against radiation damage prompted an investiga-
tion of the effect of various purine nucleosides and
nucleotides on the radiation response of normal tissue in
the WAG/Rij rat und constitutes the basis- for this
report.

METHODS AND MATERIALS

Six to eight-week-old male and female WAG /Rij ruts
were anesthetized with inteaperitoneal sodium pentobar-
bital (50 mg/kg in females and 70 mg/kg in males)
approxtmately 30 minutes prior lo irradiation. The lefl
hind legs of anesthelized animals were treated with single
fractions of 250 KVp X rays with a half value layer of
0.55 mm copper. Further details of the radiation proce-
dure are described elsewhere.'? Skin reactions and struc-
tura] damage were scored on arbitrary scales (Tables 1
and 2) adapted from the work of Field 4nd Thomliason.®
The skin rcactions were recorded twice a week [or the
first 50 days post-irradiation and ence a week from 30 Lo
100 days post-irradiation. Structural damage was scored
by two observers at 50 and {00 days. Statistical compari-
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Tabiel. Stages of skin reaction

Score

Skin reaction

0.5 No apparent diffcrence (rom normal

0.75  Slight reddcning, scaling or crusting

100 Definite reddening, scaling or crusting

£.25 Severc reddening, scaling or crusting

.50 Severe reddening and scaling and possible break-
down

1.75  Seall areas of breakdown

200 10-25% breakdown

225 25-50% breakdown

2,50 50-75%. breakdown

2.5 75 90% breakdown

300 More than 90% breakdown

Table 2. Stages of structursl damage

Scare Structural darage

0.5 No apparent difference from normal
1.00  Slight damage to toes

1.5¢  Definite damage and/or slight fusion of tocs
1.75  Definite fusion of some toes

2060 Most toes fuscd, but general shape unchanged
250 Fool almost shapeless, only stubs of tocs present
275 Foot shapeless, no toes

3.00  Only stub of faot remaining

sons of Lhe scores among different groups of rats were
made using pairwise Mann-Whitney U tests.'® Rats were
given the purine nucleuside inosine, pyruvate and biso-
dium phosphate (IPP) in a 0.1 M concentration. The
purine bases hypoxanihine. adenine and guanine, the
purine nucleosides adenosine and puanosing, and the
puring nucleotides 5-inosine monophosphate (IMP), -
adenosine monophosphate (AMP), cychic adenosine 37,5
monophosphate (¢yclic AMP) and S'-guanasine mano-
phosphate (GMP) were also prepared in 0.) M concen-
tration. All solutions were administered intraperitoneally
in a volume of 0.02 ml/gm of body weight to yield a final
concentralion in the animal of 2 mM.* Rat tail vein
pressures were measured with an electrosphygmomanom-
eler.T

RESULTS

Figure 1 shows mean skin reactions observed on the
hind legs of WAG/Rij rats as a function of time follow-
ing a single dose of radiation in arimaly given saline, 1PP
immediately prior 10 irradiztion (IPP-0} and PP four
hours prior (o irradiation (1PP-4). At day 25 following
2250 rad, scores of 1.8 .1 (breakdown of skin), 0.5 + 0
(no effect) and 1.3 + .3 (severe reddening and scaling)
were observed for saline, TPP-0 and [PP-4 groups of rats,
respectively. The observed differences between the [PP-0
and saline groups and beiween the IPP-0 and IPP-4
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Fig. I. Meun skin reactions following single-dosc radiztion o -
the hind legs of saline-injecied WAG/RE rais (Q) and rats
injected with IPP immediately prior (@) and four hours priar
{A) 1o irradiation. Four animals were trealed in each group at
the dases shown. Skin reactions were scored on an arhitrary
scate, and each point represents mean = [ S.E.

Eroups were statistically significant (p = .01}, Similarly,
following a single dose of 3000 rad, rats administercd 1PP
immediately prior Lo irradiation showed less skin reaction
al 25 days (p = .02) than rats that were injected with
cither saline or [PP administered four hours prior 0
irradiation, While skin reaction was lowest in the iPp-0 -
group, the diffcrences were not statistically significunt at
3750 rad.
Table 3 records the structural damage observed follow-
ing single doses of radiation in saline, IPP-0 und Lpp-4
groups of rats. Within cach group, comparable levels of
damage were noted at both 30 and 100 days. (PP
protected against structural damage following a single
dose ol 2250 rad whether administercd four hours o
immediately prior to radiation. At 100 days following
irradiation, scores of .5 x 0 {no chunge) werc observet
in both groups of IPP-treuted rats, compired to 1.2 = 3
{toe damage) in the saline-injected animals. The differ-
ence was statistically significant (p = .01). At 100 days
following a dose of 3000 rad, no change was seen in the .

e

*The purine bases, nucleosides and nucleotides were abtained
from Sigmu Chemical Company, St. Louis, Missouri,

TNARCO Biosystem Programmed Elcctrosphygmomanont
cter.
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Table 3. Average structural damage Following irradiation of rat hind legs*

Saline IPP-D 1PP-4
50d 100d 50d {o0d 50d Qg d
09 & 27 1.2 2.3 0.5+ 0 G520 0.5z 0 05«0
1.8 « ] 1.8 2.2 0.5+ 0 05+ 0 I4 .2 [.3=.2
1.9 + 1 20z .2 1= .3 1.2 .3 1.8 x.1 1Y =2

fMcan = 1 8.0

LRP-0 rats, compared to marked damage {definite fusion
he toes) in saline-injected animals; the scores were
tistically sigaificantly different (p = .01). A1 this dose
igl, while fess damage was observed in the IPP-4 rats
nipared to the saline group, the differcuces were not
nificant. At a dosc of 3750 rad, therc was no difference
een the 1PP-4 and the saline groups, but again the
0 rats showed significantly less struclural damage
.02).

_investigaic further the protective effect of IPP
ist radiation-induced skin reactions, IPP administra-
ii.zand irradiation were carried out at varying intervals.
icn TPP was administered either 15 minutes or imme-
itcly prior Lo a single dosc of 2250 rad, minimal or no
changes were noted, compared to marked levels of
i reaction in suline-injected rats (p — .01 at day 25).
reactions in rats injected with PP 30 minutes prior
radiation were also significantly less than those

30 50

UAYS AFTER TREATMENT

18- 2. Mean skin reactions fallowing 2250 rad in single dose
he hind legs of saline-injected WAG/Rij rats {#) and rats
Hecled immediately prior to irradiation with hypoxanthine
“inosinc (A} and IMP {U). Four animals were treated in
group, and skin reactions were scored on an arbitracy
1e. Each point represents mean = 1 S.E,

“our animals irradiated in each group; damage scored according to arbilrary scale after S0 and 100 days: rats injected either with
e, IPP immediately prior Lo irradiation (1PP-0) or IPP 4 hours prior La irradiation {(1PP-4).

observed in the saline group (p = .02). Protection was
maximal when IPP was administered at closer intervals
prior to irradiation. When 1PP was administered immedi-
ately following irradiation, skin reaction was also consid-
erably less thun that observed in saline-injected rats (p -
02).

Skin reactions were obscrved in rats following irradia-
tion with 4 single duse of 2250 rad when inosinc, pyruvate
and phosphate were administered individually immedi-
ately prior to irradiation. Animals injected with pyruvate
or phosphate underwent radiation-induced skin changes
that did not ditfer from those of saline-injected controls.
Skin reactions were significantly reduced in rais treated
with inosine alone (p == 02 ut day 25).

Inosine is a purine nucleoside formed from the purine
base hypoxanthine. Figure 2 depicts mean skin reaclions
as a function of time following 2250 rad in a single dosc
when saline, hypoxanthine, inosine and Lhe puripe

2.5 B -

MEAN SKIN REACTION

20 50

DAYS AFTER TREATMENT

Fig. 3. Mean skin rcactions following 2250 rad in a single dose
ta the hind tegs of WA G /Rij rats treated with saline (0), AMP
{®), GMP (A} and cyclic AMP (B) prior to irradiation. Four
unitnals were treated in each group, and skin reaclions were
scored on un arbitrary seale, Bach point Tepresents mean - |
S.E.
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Tuble 4. Blout pressure measuremests from the tail veins of rats following administration of purine nucleosides and nuclentides*

Drug Controlt IPP Inosine Cyclic AMP [iypoxanthine

Mo. Animals 7 8 6 7 6
Blood pressure {mm Hg) '

Pre-drug 99 + 4% 98 = 4 100 « 2 103 + 3 98 + 3

| min post drug 11546 106 +9 81 2 11 9% £ 8 122 + 10

5 min post drug 113 +6 53 & 10 60 & 18 93 & 16 128 27

10 min post drug 3«7 43 1 7 60 £ 18 100 = 15 1E4 14

15 min post drug [15+7 52 & 1t B9 + 13 103 = 16 114 + 16

*Al drugs administered intraperitoneally in 0.1 M concentraiion at .02 ml/gm body wcight..

tControls injected with either bacteriostatic water or pyruvale plus Na,HPO,,

IMean + | SE.

nucleotide IMP were administered to rals immediately
prior to irradiation. Radiation effects werc equivalent in
the saline-injected conirols and the hypoxanthine-treated
animals. Inosine and IMP were both protective, ecsulting
in lowered mcan skin rcactions (p - .01) than were
observed in the saline and hypoxunthine groups. in addi-
tion to hypoxanthine, we lested the purine bases adenine
and guaninc. Neither modified skin reaction when
administered o the WAG/Rij rat prior to a single dose of
2250 rad.

Mean skin reactions were observed following 2250 rad
when vartous purine aucleosides were administered to the
rat prior {o irradiation. Animals that were given adeno-
sine and guanasine demonstrated a reduced skin reaction
when compared o saline-injeeted controls (p = .02 at day
25). However, the protective effcet did not appear as
marked as that observed following the administration of
inosine. The purine nucleotides AMP and GMP shawed a
protective effect comparable to that of IMP, Cyclic AMP
was also proteciive in this system (Figure 3).

Blood pressurc measurements were obtained From rut
1ail veins following drug administration to investigate the
possibility that a physiological mechanism sech as
bypoxia could cxplain the radioresistance observed
following administration of purine' nuclepsides and
nucleotides (Table 4). A rapid and sustaified falt in bloed
pressure was observed in iPPafeated rals. Inosine
lowered the blood pressure ip-mast animals (4 of 6).
Neither cyclic AMP nor hypoxanthine caused a blood
pressure decline. The effect of AMP was studied in two
rats, and no change in blood pressurc was observed.

DISCUSSION

The present studies were undertaken with the expecla-
tion that increased red cell DPG would provide a method
for oxygenating previously hypoxic cells and thereby
merease tumor radiation sensitivity. On the contrary, we
have observed that the combinution of inosine, pyruvate
and inorganic phosphate, which clevates DPG, cxeris 5
protective cffect against radiation-induced skin reactions
and stractural damage in the WAG /Rij rat. The protec-
tive efficct of 1PP is maximal when the drugs are adminis-
lered immedialely prior to radialion, However, structural

damage is significantly reduced in IPP-treated rats whey
the drugs are administered four hours prior Lo ireadiation,
at which time DPG elevations arc maxiinal. Skin damage
is reduced when the drugs are administered immedjately
following irradiation. Inosine alone has a protective efleet
comparable to that of the PP combination. The purine
nucleosides adenosine and puanesine are protective to g
lesser degree. The purine bases do not protect at all, and
the purine nocleotides AMP, GMP, IMP and cvelic
AMP arc nearly fully protective.

The observed decline in blood pressure following
administration of cither IPP or inosine alone suggest
that the radioprotective action of these agents may be
explained by a physiological mechanism whereby
hypoxia is induced. However, there is a smaadl but measur-
able proteclive effect of [PP administered in the post-
irradiation period, at which time alteration in tissue
oxygenalion would noL be expected to modify radiatien
damage. This supggests that some compouent of the
proteetive effect of PP is independent of hypoxia. Clear-
Iy, another mechanism must be invoked (o account for the
radioprotective effect of the nucleotides cyclic AMP and
AMP, neither of which was observed 1o lower bluod
pressure.

Previous studies have shown that egents which elevate

intraceliular cyclic AMP either by stimulation of adenyl
cyelasc or by inhibition of cyclic AMP phosphodiesterase

*“can modify the radiafion response of numerous culturcd

mammalian cell fines including human kidney T cells,”
Hel.a ccils,”® Chinese hamster ovarian cefls,'® mause
ascites tumer cells® and V-79 cells,” A direct radioprotec-
tive effect of cychic AMP in vitro has not been observed.”
In vive stadies have shown increased radioresistance
following both elevation of intracellular cyclic AMP and
administration of ciogenous cyclic AMP. The mean
lethal dose {or mice that were given whole body irradia-
tion increases from [ 150 to 1500 rad when animals were
pretrcated with diethylaminoreserpine, an inhibitor of
cyclic AMP phosphodiesterase.'® Numerous agents Lhat
act lo increase intracellular concentration of eyctic AMP
have also been shown to increase the survival of clono-
genic cells of the epithelium of mouse small intesting
following irradiation.'” lncreased survival following



e body irradiation has been demonstrated for mice
reated with a combination of cyclic AMP and ATP
with AMP administered singly.? Dibutyryl cyclic
KiP administered to the mouse prior to irradiation has
4ian.shown 1o increase the survival of hair follicles and
tinal stem cells.”
he present studies extend the list of radiopratectors to
de not only AMP and cyclic AMP but alsa the
¢ nucleosides and the nucleotides of bascs other than
ine. The mechanisny whereby these compounds exert
ioprotective effect is now under study. n vitro® and
vo'® investigations of intracellular cyclic AMP have
ested that protection is related to enhancement of the
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size of the shoulder on (he cell survival curve with
increased capacity of cells to accumulate sublethal
damage. {n vitro studics also suggest that intracellular
cyclic AMP increases the slope of the exponential region
of the cell survival curve, possibly on the basis of failure
to tepair potentially lethal damage.” The radioprotective
action of intracellular eyclic AMP may differ from that
of exogcnous eyclic AMP, which may be metabolized
extraceliularly to base analogues that mediate its effect.
It is to be hoped that continued study of the various base
analogues shown to be radioprotective in the present
investigations will enhance understanding of the mecha-
nism of radiation injury,
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