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\ CHAMICAL LUMINESCENCL JF LUMINOL UNDER THE BFFECT OF IONIZING mmnoi.
AND ITS INFLUSNCING BY MEANS OF ANTIRADIATION AGENTS
by
Doocent Dr. Heinrich Bergstersann

Medical Polyclinic of the University of Munich

Strahlentherapie, Vol 93, 1955,
PP ¥ 0.

* luolear reseirch, with its man:‘old dangers of injury caused by
jonieing rediation, hes placed the problem of radiation biology in‘c the
forefront of sclentific intersat, ani has direoted the attention to the
possibilitiss of limiting radistion-csused injuries by means of prophyle
actic and therapeutic measures. From among the numerous publications
on this subject the work of Patt et sl (1949) deserve particular atten-
tion. They chownd that oysteiae exerts a marked protection egainst
radiation when adainistered in sufficient doses pricr to the application
of ionizing rayo. when given nrter 1rraulntian. 1t is ccapletely ine

sffsastivs, " .

————

e

It is known from enayme chamistry that cysteine i1a un outstanding
means Tor the reduction of S=S linkazes. Enzymes inactivated through
vxidation, which require & thiol group for their activity, mey in many
¢ ases be resctivated with aysteine [Hopkius 1938, Bersin 1935, Bergster-
mann, 1948}, It was thsrefore obvious tc assume & similar action of
cysteine also in radiation protsction., Barrin (1947) has shown that
slready very small Xeray doses injur, reversibly, ensymes contalning
sulfhydryl groups by oxidetion ¢{ the latter. We ourselves have obtained in
the framework of intoxication experimsnts with sucoinic aoid dehydrogenase
that the substrate suocinic acid, and also malonio and fumaric acids,
oxhibit a certain proiective effect against the action of X-rays, while
the inaotivation caused by ultraviolet cannot be preventod either by
sutocinice or by malouic acid. Apparontly here ths substrate or substcrate-
like malonie acid exerts, through complex forsation with the ensyme, & pro-
teotive offect agalst the oxidation of “heir tuiol group btmought about
by the X-rays.
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If cysteine were to reactivate enzymes and other active groups
oxidatively demaged by ionigin; a:: solely by reduction cf oxidized
sulfhydiyl groups, then it wou.. t« Lard to understand why an unequivocal
protect’ve affect is attained oriy :hen admirietersd befors the appli-
oation of Xerays. It 4s more prcistle that t.e detoxication effect of
oysteinn sets in already Seforo vitol substrates, sensitive to oxidation,
dad been attacked,

On the basis cof the theor.tical considerations of J. Woiss (19k4),
supported by many experimental r sults, we may assume that under the
effect of lonising radiation watsr rmolecules are split to shortelived
eleavage producta, particularly = atoms as well as OH and H20 radicals,
a3 woll as Hy and Hy 0% molecules. Scue of the most important reactions

ond rmhuuuou aré as follows:
- )
I R T 1 O o —- 1 - o l !
H ; }
2 = HC — Il - oo - n
2a. ¢ o+ W el it
L H + 1 - ily
Ya H R + N - iy,
o nGy  * HY, - Uy -+ ity
Lon - 01— ha 0 0 + 0 -0

(Swmnarising Reprsaentation, Allen, 1952)

This theory is in harmony with the radiochemical transformations
in aquedous solutions which have veon noted so far. It enables us to
understand the observation that substances are oxidised or reduced
acovording to thelr redox potential. It explains the considerable in-
crease of toxioity of lonising rays, by the fact that the oxygen which
418 dissoived in water TPrevents the rescombtination of water radicals to
820, and tharehy gives rise to oxycan radicals of strunz oxidicing
affect. It gives & simple explaratiun for the protective eifecti of many '
subatances added to wataer, including particularly those which are
roadily oxidisable, such as uystaine and similar compounds, by assuming
that these substancos are suitsble to"cstch" the shortelived radicals
formed in the water. According to this theory a great part of the raaiation
effect s brought about mot by means of direct action (impact) om the
molecule itself, but through the intermediary of the solvent (indirect
alfect){Dale, 1943, 1947; Minder, 1306, 1952). Actually the chemical
transformations brought about per X-rasy dose are markedly dependent cu
the volume of the iiradiated squecus solvent while concentration changes
=~ within a medium concentration rings —- play : & much smsller role, This
obsorvation can hardly have any otner sxplanation but that the greater
part of the radiation energy is cuptursd by the water molecules and cnly
thsn lsd ¢ the resacting substance. To what extont the energy transport
throughk the distance of many water molecules takes pisle by diffusion of
water radioculs or by other enerzy-conduciion processes is as yet completely
unclear, Mumercus observations point to a dependence of radiochemical
processes on Giffusion (of. ¢.g. Minder 1952, Dessauer 195%). Ia fluore
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esoence studies using highly dil . iuorescent substsnces in aromatilo

solvent: it was possible to det: -  :-onduction of energy through a
great nuabar of aromatic melecul 5  .ved in Allen, 1953§.

Hore recent reviews on th - .otoctive effect of various substances
sgainst radiction injury are giv - . Patt (1953), Latirjet and Gray

(195%) und Bacq and Herve (1954) .i-:ording to these studies cysteamine
vas found, in animal experiments +: te the most effective of all pro-~

teotive substances studied so fa.-. s oxidation product, oystamine,
exhibitu & similarly gooa protec .iv: offect in the animal organism, but
was inejffective in pes seedlings. :-::ellent raiiation protection vas

exhibited alsoc by oysteine, glut: tl.:one, thiourea and other thiol-group-
contsining substances, In additicn, s protective effect was demonstrated
vith nunerous amines, e.g. metbhy:a-iie, tyramine and histxmine. Even
KCN is supposedly effective in tio :3se of a variety of animal material.
No noteworthy protective effect was ascertained after the application
¢f cystine and ergothionsine. BAL his s protective aotlon in vitre
(Burnett et al, 1951), but is hardl: offective in animal experiments.

In our own animal exneriments we, too, were able to achievs good pro-
teoctive effects wi.h oystaamine, critelne and glutathione, in the case
of an irradiatisn with shout 800 r; the order of magnitude of these ¢f-
feota agress well with that descrit:i by other authors. On the other
band owr studies relating to the prolective effect of KCN gave no cone
clusive result.

In order to obtain & better insight into the mechanism of effect
of various biologically effective radiation=protection agents we looked
for o simple reagent for activatod oxygen and believe that luminol
(aminophthalic hydraside) is par.icularly suitable for such model expe-
riments.

Acoording to Harvey (1929) luninol reacts, ln the presence of
sctivated oxygen, with the production of luminscence (of. also Albrecht
1928, Drew 1939). According to C. Clou and K. Plammstiel {(1530), the
luminescence is consideradly intcnsified when luminol is treated with
beain after the addition of Hz0, - ..s is & result of the liberation
of activated oxygen from the Hz0O . .:, ourselves, were able to note the
luminescence of aqueous luminol :ol.uion st metal borders under the
cotion of atmospharie oxygen. T i sicochemical process which underlias
this luninescencs is still not f .11 explained: anong the processes dise
Cussed are reversible dehydroge:n ti.a processes; formation of
noleculs bridges in the hydrazid : riag (Far aday Soc, Disec, 19333; ato.
Frobably we must differeantiate b.tu:2n a reversibls and an irreversible
process involving the oxidation of luminol (Druckrey 1941).

Experimental Results

Lhen irrsdisted with X-rays, lumlinol ciysilals exhibited oniy a
woak f{luorescence. When, however, an squeous luminol solution is exposed
to the action of ionixzing raye, tarked luminescence is brought abeut

at 100 MA, 80 KV and 70 om tube distance. At a layer thickness of

several om of water the lumincscence is detectable already at 3 MA and
3
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80 kV. The studies were carried out in paraffin-covered a&luminum dishes,
sincoe glass and wost plastics exhibit fluorescence under the effect of
I-rays. The starting solution contsined 0.1% luminol in 5% soda, &nd was
diluted up to 10 times in the variou: studies. The influen.ing of light
phenoaena was sscertained through comparisons in two equally large

dishes placcd next 10 each other and irrsdiated at the same time, So far
we wers unable to overcome the teohniocal difficulties of an objsotive
geasursnent by means of an appropria e photometer. A measureaent of
Guantitative difference would be very valusble fot the numerical ascertain-
nent of the oourse of the reactions.

The lurinescence phenomen:. occurring in the agueous luminol solution
under the ef ect of lonizipng rad!ation are dependent on oxygen. Hence we
sre dealing with chemical lumine:cunce. The luminescent phenomena wers
pot intoasified by tho adiition ¢f Lomatin, Hence it may be assumed that
the H,0, formed in the water by the effect of ionigzing rays plays no
decisive role. Much rather it is to be assumed that == according to
Welsas' voncepts ~- there is an effect of oxygen-containing raaicals whiech
form in the weter under the influen:s of radiation. Waen the thickness
of the water layer is increased through the addition of distilled water
or a oorresponding sods solution, the luminesceno. becomes more intensive
correspooding to the thickness of tholayer. Hence we have 1o do pre=
dominantly with an indireot radiction effect in w.ioh the radistion
enargy is teken up by the aquecus medium and then oonducted to the luminol
under the acticn of oxygea.

Numerous observations sxist to the effect that radiochemicsl pro=-
cesgses are oonsiderably weakened by reezing the aqueous sclution; e.g.
the splitting of chlorine from orzanic chloro compounds (Minder et al),
These observations indicate that in rediochemical trensformations diffusion
process sre of importance. Oun th. other hand . the iuminescence induced by
radiation in luminol was not reccgnizably weakened by freesing to =10°,
These luainescence phenomena are markedly independent of diffusion, even
though we hawa ¢o do widh 4ndircot »adicticon sffects wheire Lhe enviyy is
taken up by water and then conducted to the luminel) through the inter-
pediary of oxygen, probably through several water mc-lecules. The role of
oxygen reaains unclarified; the diffusion of exygea in the ice phase
ought to be considerably reduced in comparison to its diffusicn in the
squeous solution. It is possible that certain addition compounds of
oxygea and luminol {(Drew 1939) form alreadr before frecsing, to that a
diffusion of oxygen bLecomes unnecessary.

The rediation-induced luminescence phenomona are sliminated almost
conplc‘.el.{ b{ 0{ teamines snd cysteine in larger concentrations - that
is, at & luminol/cysteine rstio of abrut 1110 and greatar. Iz oysteize
concentrations that ars bioclogicully eoffective a marked weakening is de-
tectable, The agreement of the effective concentrations in ¥vivo and vitro

¢ Qrateinine was kindly plsced at cur disposal by Labex Co, Brusseus;
cysteine by the liordmark Werksea and Chemiewerkean domburg; and oystamine
by the Pbarmassll Ce.
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speak for an identlcal radiocher. .. reoaction. The idea ococcurred that
cysteino may have extracted the « - n from wa er, through its oxidation
(cf. Palt 1953). Against this sp. . the fact that the protective effect
is depenient on concentration bu. . :tle dependent on time., Immedistely
after the addition of cysteine t..u ‘ull protective effect is detectable
Since cystelne oxidizes only slo .l tho ramovel ol oxygen must have
tecome noticesble only after sc- . :o and must have equaliced again alter
shaking. Tho eXpusiments were co .. :ed with glasz~distilled water and
snalytic-grade substances so as .o iclude the oxidationeacoslerating
effeot of heavy=-metal traces as :.uc. as possible. It is muoh more likely
that *'+ have to do with en 1nter - n of radiation-induced, shortelived,
exygen-containing radicals with .. .:ine. As a proof, ons can refer

to the Yaot that this process is d. :ndent on diffusion. Freeeing to ~10°
completuly eliminates the prote-tiss effect of cysteine. The radiatione
induced luminescence, extinguis! . addition of ocysteine, is again
detectalle at =10° at full inten . It is again extinguished after
thawing. From tnis it may be con 1:..2 that the protectiva effect is
linked %o the oxidation to oysti.ie. Ihis reaction i= diffusion-dependent
snd no longer takes place in the i.: phass,

- s gL
.

A8 was the cage in blolog:.cil experiments, cysteamine shows the
strongest protective offeot agsi s. .edlationeinduced luminescence of
Juminol. Cysteine is somewhat luv s feotive, The weakast effect is dise-
played ty glutathione, Histamine an. NaCN show no protective sffect even
in the highest doses. In the cas: o NaCN wve even think that we observed
& 8light intensification in Bore ex sriments, These results necessitate
«n acourate verification by mean: of an improved methodology. Apparently
the protective effect of amines ..ni ::aCN described by Bacg lies on @
camplet:ly different level. In t.e :ase of NaCN we might assume that the
disruption of the oxygen transport :nd thus an accumulation of metabolic
products with negative reduction potontiel plays & role in the area of
radiation-sensitive, biologicall:- :ignificant cell structures, thus,
the radistion protection takes plice in the same manner ss in the case of
hypoxemia,

In ocontrast to the results in animal experiments, oystamine is
ineffective in luminol experimen<s. Since sccording to Recq cystamine
oxhibite no protective effect ag:inst radiation in the case of pea
sesdlings either, it may be sssu-ec that in the animal organisz cystamine
L8 rapicly reduced at sultable rod.-tion sites, probadly by fixed SE
groups vhioh, in turn, oan be only :=_ightly protsotive against redistion
due to thair fixed position. Thus we were able %o note that in the test
tube cysteine is oxidised by oystamine to the difficultly soluble cystine.
In regard to the transformation of SH- and S-S groups, ses also Bersin
(2938). The explanation given by Bacq himsslf that the protective effect
of oystamine 4is to b explained by the liberation of histamine is
thought by us to be less probabl..

Diacussion

ly recaloulation of the ernergy deposited during the actiorn of
londsing radiation and of tho gene r utations sttained, Timofeeff=Ressovsky,
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2immer nnd Dolbruck wore the fi: cou to the conclusion, in 1935,

that tho onergy deposit leading :  rutation is situated in a region
shich is considerably larger th: wne~carrying chromomer. Further cone
sidarstions, too, have 141 to ti: - clusion that the so-called offected
volume is substantia ly larger : . that corresponding to the actual
comain of the radiatione-ssnaitiv , .vlogically important cellular element

(control centers of the cells ac .:.::ng to Jordan). These experimental
results led Lo the assumption th. L t.v deposited energy can migrate

over large areas -~ the cell atr:cture. It was thought that long-chain
prot.oir.s. above a.l, were suitab o substrates for such energy conduotions
Virts 1947, Bvans and Gergely 1'%/, cited in Dessauer 195“?

Even in the cuse of most :adiochamlcal processes in dilute aquecus
snd orgunio (Minder 1952) soluti:.s a calculation gives a oonsiderable
differsnce in size between the o: ucted volume (deposit density) and the
zolecular donsity (concentration) of the reacting chamical szubstance. From
this 1t is possibla to derive an energy transport from the enargy-absorbing
solvent molecules to the site of reaction where the energy takean up can
be utilisad for s consequent chemiocal reaction.

For dilute aqueous solutions the above-discussed radiocsl theory
(Weiss) gives conorets idwas. On the basis of the available literature
the described indirect reactions exhibit a more or less pronocunced
temperature dependence. This is attributed to a diffusion exchange during
the reaction. We bave 0 av l‘sre mcst likely with consequent processes,
while the first step of the energy uptake under the uffeut of ionizing
rediation is uninfluensed by temperaturs., Most authors seew inclined to
assume, in the case of indircat radiztion effects in aqueous solutions,

s diffusion of eaergy through diffusion of water radioals (ef. e.g.,
Dessauer 195 ).

The udnt.ion-i.nducod oher ical luminascence of luminel, too, is

2 dmdlecnad wmw.dd s ... - ad bod o~ a 3
L v} MMQUU & @i vaUis “A“\-. M a »JLUV& o el Vad l“-.! ‘PUM&H.& w.

dependenie of the light intensity o1 the volime of irradiated solvant, the
oxygen dependence as well as the protective effect of oystsine and other
SHecontaining substances. It 1s notasorthy that this physlological pro-
cess which may be detested, without chemical transformations, by its
luminescsance phonomena, is unaffectod ty temperature and accor-dingly tuns
its ocourse in a markedly diffusicn-independent manner. This seems to in-
dicate taat ot oniy the uptake cf irradiated einergy but alsc the energy
transport tskes place without belng partiocularly influenced by diffusion
proocesser, Acoordingly cne must assumo that under the action of ionising
radiaticas on no* only solid crystailine substances but also in aqueous
solutions (paraorystalline structurs; and probably alyo in organis sole-
vents (Minder), there take place onnorgy Jdisplacements to tha reaction
sites whare this energy may be very readily utiliced for oconsequen’ pro-
Gedsed, dus to a favurable eneryy prudleni.

Ia contrast to the radiation-induced photon emiassion in the case of
the chemiocal luninescence of lunincl, the protective effect of oysteine
takes place through a chexioal process, to wit, oxidation to cystine.
Probably the first step of the reaction is ths removal of an H atom under

6
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foruatios of a cysteine radical. . . icwe phase, too, oysteine radiocals

will forua. Novertheless the migs «f hylrogon and the formation of

cystine are pravented due to the . .ruction of diffusion, so that the

cysteino radical and H are recoxn in-: without further conduoction of the i

anergy. :
The combination of tamper .. - -indupendent- and temperaturce !

sonsitive reaction courses appéa - ba vary instruoctive and prozising

of further conclusions with rega | the understanding of the transport
of radiation-induced energy depo. 1.. in aqueous solvents as well as in
exporimontal biological material: w...ch in most cases contain abundant
Guaniities of water.. As menticnud above, the transport tukes place in
the form of slectronic energy displacements thruugh the aquejus solvent,
GOBL proovauiy tw ths roastian eites with the greatest energy gradient.
The initiated roactions taite placos in the biological material by circume
vantion of the physiological re: i: ..ry processes. It is obvicus that
lahile structures, in the proces: c¢. rocoastruction, are particularly
sensitive, and radiation injurie. ors zost enduring at sites whise
duplicants ars affected, It is drue that energy migrations over energy-
level baads of protein chains, sijzusted by numerous authors as the
explanation of biological effects or radiation, appear possible on the {
basis of theoretioal considerati n: ‘wWirtz 1947, Evens and Gergely 1949), :
nevertheless at the present time ¢ onclusive exp.rimental basis exists
for such a hypothesis.

Surzary ,

l.Uader the influence of X.. .. an ajueous solution of luminol ;
exhibite a marked chemical lumis .. .co. We heave to do here with an in- :
dirsot radiation effect. It 4s . ;. - dependent on the concentration in

the concantraticn range of C.0l-: .2 .. It is linked to the presence of
oxygen &3d can be weakened by cy. .¢ ‘ie in concentrations corresponding to

tha binlagicelly aeffective agnaa.tr.rions.

2. Tie radiationeinduced cherical luminescence is independent on the
tenperature and takes place wita tho same intensity in the ice phase,
hence it is independent of diffu:ici processes. An energy transport
through slectron displscements ir. tho water phase is discussed.

3. By contrast, the protectivo offect of cysteins is temperature-
dependant and is lost upon freezing.

4%, Protective effect agailnst radiction is exhibited by cysteamine,
cysteine and glutathione. Cystamine, histamine snd KCN are ineffective,
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