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Summary.-Normal and tumour tissues from rats, blood from normal and tumour
bearing rats, and normal human blood were examined using the electron para-
magnetic resonance (epr) technique. At low temperature a triplet epr signal, which
is known to be produced by a NO -haemoprotein complex, was detected in some
tumour samples and in decaying normal liver. At room temperature all of the
tumour samples examined gave a doublet signal. This signal was also detected in
blood but not in other normal tissues. The signal has a g value of 2.0054 + 0-0002
and a hyperfine splitting of 1-80 + 0.05 G and is assigned to the ascorbyl free radical.
Model experiments suggest that the appearance of detectable concentrations of this
radical result from a disturbance of the normal state of the ascorbic acid, dehydro-
ascorbic acid redox system. It was verified that cell division is not responsible for
the ascorbyl radical although autolysis may be involved. A possible relationship
between the formation of ascorbyl radicals and other paramagnetic species in
tumours is discussed.

THE epr technique has been used to
study the differences between normal and
malignant tissues using lyophilized (Com-
moner, Townsend and Pake, 1954; Saprin
et al., 1966a, b, c; Driscol et al., 1967;
Mulay and Mulay, 1967; Wallace et al.,
1970), frozen (Nebert and Mason, 1963;
Hodgkinson and Cole, 1965; Slater and
Cook, 1969) and wet samples (Mallard and
Kent, 1966; Swartz, Lewis and Darin,
1971; Swartz, 1972; Duchesne and Van de
Vorst, 1970). However, these differences
are difficult to interpret, due primarily to a
lack of identifiable paramagnetic species.
There are 3 notable exceptions to this.
The first is a signal with a g value of 2-035
observed in the liver of rats fed with
several different carcinogens (Vithayathil,
Ternberg and Commoner, 1965). The
second is a signal showing a nitrogen trip-
let hyperfine splitting and seen in frozen
samples of a virus-induced reticulum cell
sarcoma of the spleen and a neuroblastoma
of mice (Brennan, Cole and Singley, 1966),
in a hepatoma, sarcoma and Walker

carcinoma (Emanuel et al., 1969) and in a
human bladder tumour sample (Matsu-
naga, 1969). The third is a narrow doublet
signal reported in low speed cleared
sucrose homogenates ofmouse melanomata
examined at room temperature (Duke,
Hourani and Demopoulos, 1967; Duke,
1968). This communication reports the
occurrence of a similar doublet signal in
wet tissue slices from several rat tumours.
The interrelationship of the 3 signals is
examined and possible metabolic links are
discussed.

MATERIALS AND METHODS

Slices of normal and malignant tissue
weighing 15-30 mg and about 0-5 mm thick
were examined at room temperature in flat
quartz cells and at low temperature in 3 mm
(i.d.) quartz tubes using a Varian E9 epr
spectrometer equipped with a variable tem-
perature accessory (Varian E-257). Blood
samples were examined at room temperature
in a Varian aqueous solution sample cell.
Spectra were recorded as first derivatives of
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the absorption, using 100 kHz modulation,
with an amplitude of 041-0 5 G. The inci-
dent microwave power was 10 mW. Normal
and malignant tissues were obtained from
male and female Wistar rats of approximately
250 g body weight under ether narcosis.
Blood samples were obtained by cardiac
puncture. Specimens were stored in covered
petri dishes on ice before examination at room
temperature and in liquid N2 when required
for low temperature examination. The
chemicals used were obtained from Koch-
Light Laboratories Ltd.

RESULTS AND DISCUSSION

The signal. A doublet epr signal
(Fig. 1) was repeatedly detected in several
different rat tumour tissues (Table I)
examined at room temperature within
minutes of excision. The signal had a g
value of 2-0054 ± 0-0002, a hyperfine
splitting of 1P80 ± 0 05 G and a line width
of 0 35 ± 0 05 G. Microwave power satu-

ration was observed at incident powers
greater than 20 mW. Between 3 ancd 5
samples were taken from each tumour.
The magnitude of the signal varied from
one area of a tumour to another, in somne
cases by a factor as great as 10. It was
not detected in the apparently normiial
tissue surrounding the tumour. How-
ever, no consistent variation of signal
height with distance from the centre of the
tumour was observed in different tumoturs
of the same type and age. It is estimated
that the free radical concentration of all
the tumours examined was between
5 x 1013 and 5 x 1014 radicals g-1.
When tumour samples were stored on ice
the doublet signal did not change signifi-
cantly for at least 2 days. However, the
signal from tumour slices examined in the
flat quartz cell at room temperature, whlile
showing no change for the first 30 miil,
decayed by about 5000 in the next 60 mill.
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Fia. 1. Epr signal from 30 mg of tissue freshly excised from a transplanted rat hepatoma. The
signal was recorded at room temperature with a modulation amplitude of 0-1 G. The magnetic
field increases to the right.

TABLE I. Tumour Tissues from Wistar Rats found to Show the Doublet EPR Signal

Tuimour

Primary hepatoma

Hepatoma D23

Lung tumour

Yoshida (AIDAIS sensitive)
Yoshida (MDMS resistant)
Walker

Rat

Sex Age Pro(duction of tumour
5 8 months Rats fed diet containing 4-dimethyl-

aminoazo-benzene (Baldwin, 1964)
5 6-85weeks Transplantation. Originally derived

from primary hepatoma
c) 6-85weeks I.V. injection of D23 cells, grown in

culture
'' 12 weeks Transplantation

12 weeks Transplantation
12 weeks Transplantation

Number of
tumoLurs
examined

3

7

1()

1 ()
4
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This decay is about 5 times faster than that
reported for the free radical population in
normal rat liver (Duchesne and Van de
Vorst, 1970).

The doublet signal was not detected in
freshly excised samples of liver, heart,
spleen, lung, kidney, adrenal, testis or
thymus, but was detected in heparinized
fresh whole blood from normal and
tumour bearing animals as well as in
normal human blood. It is therefore not
unique to tumours, but is indicative of
differences between normal and malignant
tissue within, for example, liver. The
signal in blood corresponded to a concen-
tration of about 5 x 1013 radicals g-1.
This is very close to the value of 0.1 x 10-9
mol g-1, i.e., 6 x 1013 radicals g-1, report-
ed previously (Mallard and Kent, 1966)
although in that case no hyperfine struc-
ture was observed. The contribution
made by blood to the signal in tissue is
negligible, as demonstrated by the absence
of a detectable signal in either blood filled
or exsanguinated normal liver. The
doublet from blood was localized in the
plasma or serum, which gave a signal 5-10
times greater than whole blood. It was
undetectable in the cell fraction and on
recombining plasma and cells the signal
was reduced to the level originally observ-
ed in whole blood.

Nature of the radical.-The spectral
parameters of the doublet are similar to
those of the signal observed in mouse
melanoma homogenate (Duke et al., 1967;
Duke, 1968) and suggest the presence of
the ascorbyl radical (Fig. 2). This is the
reactive intermediate in the ascorbic acid,
dehydroascorbic acid redox system. The

H OH OHIHC =C
Cl- Co-, C=O

HO CH

CH20H

Ascorbic acid

assignment is made for the following
reasons: (a) The ascorbyl radical, which
has recently been shown to exist as the
anion with the unpaired electron delocaliz-
ed over a highly conjugated tricarbonyl
system (Laroff, Fessenden and Schuler,
1972), gives a spectrum with a g value of
2-0052, consisting of a doublet of triplets
(Lagercrantz, 1964) with splittings of
1-76 G and 0-19 G and an additional
doublet splitting of 0 07 G (Laroff et al.,
1972). Although it has not been possible
to demonstrate any structure in the doub-
let from tumour tissue, the line width
observed does not rule out unresolved fine
structure. (b) A solution of ascorbic acid
in distilled water gave a signal, showing
only the doublet splitting, that was identi-
cal to the signals of biological origin. (c)
Addition of ascorbic acid to plasma in-
creased the magnitude of the signal with-
out producing any detectable increase in
line width. It is therefore believed that
the doublet signal detected in tumour
tissue and blood is due to the ascorbyl
radical, and is referred to as such from now
on.

A possible chemical model.-The ascor-
byl radical can be formed by oxidation of
ascorbic acid or reduction of dehydro-
ascorbic acid. The following experiment
suggests that it is formed, in tumours, by
oxidation. When a slow stream of moist
02 was passed over the tumour slice in the
epr cavity the radical concentration in-
creased relative to that in air, whereas
flowing N2 over the slice decreased the
radical concentration. These changes,
which are comparable with those reported
for mouse melanoma homogenates (Duke
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I
cl C=O

HO CH

CH20H

C-
H °1 If

C'- oC-C= 0

HO CH

CH20H

Ascorbyl radical . Dehydroascorbic acid

FiG. 2.-The structural formulae of ascorbic acid, the ascorbyl radical and dehydroascorbic acid.
The ascorbyl radical is an intermediate in the redox system.
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et al., 1967; Duke, 1968) could be pro-
duced repeatedly, but both in 02 and in N2
a slow irreversible decay occurred. The
reducing agent H2S rapidly removed the
ascorbyl radicals.

Liver slices, which contain a similar
concentration of ascorbic acid to the
hepatoma or other tumours (Robertson,
1943), failed to show the presence of
ascorbyl radicals on storage in air at room
temperature or when exposed to a stream
of 02 for several hours. Similarly adre-
nals, which have one of the highest
ascorbic acid levels of any tissue, did not
show the ascorbyl doublet signal when
examined shortly after excision or after
storage for several hours on ice. This
suggests intracellular control of the oxida-
tion of ascorbic acid.

A possible control mechanism.-Gluta-
thione reduces dehydroascorbic acid to
ascorbic acid at a pH above 6 (Edgar,
1969, 1970) and may influence the state of
the redox system in vivo. When tumour
slices were soaked for several minutes in
saline containing glutathione the ascorbyl
radical concentration was reduced, where-
as soaking in saline alone had little effect.
Addition of glutathione to plasma reduced
the ascorbv-l radical concentration and the
presence of glutathione in erythrocytes
may explain the markedly higher concen-
tration of radicals detected in plasma than
in whole blood.

Possible biological models.-Since liver
tumours undergo more rapid.cell division
than normal liver, it was decided to
examine foetal and regenerating liver for
the appearance of ascorbyl radicals.
Foetal rat liver failed to show the presence
of ascorbyl radicals. Liver from normal
adult rats was examined following partial
hepatectomy. Samples were taken 24
hours after the operation, when DNA syn-
thesis is near maximal in this laboratory
strain (O'Connor, 1971), and one week later
when new tissue was present. In neither
case were ascorbyl radicals detected. It
is concluded that the appearance of the
radicals in tumour tissue is not due simply
to processes associated with cell division.

Tumours outgrowing their blood supply
show necrotic foci (van den Brenk, 1969),
as do autolysing adrenals. Therefore, rat
liver was examined after poisoning and
after autolysis. Rats were given an oral
dose of 25% CC14 in liquid paraffin (1 ml
CCl4/kg body weight) which was sufficient
to produce necrosis within 24 hours
(Wigglesworth, 1964). Necrosis was con-
firmed histologically, but the liver did not
show the ascorbyl doublet signal. Liver
which was kept at room temperature for
2 days also failed to show the presence of
ascorbyl radicals. However, when adrenal
slices were kept in the epr cell, ascorbvl
radicals were detected after about 60 miin
at room temperature and 4 hours at O0C.
In contrast, when they were sliced and
placed in the cell under N2, ascorbyl
radicals were undetectable even after
4 hours at room temperature, although on
admission of air or 02 to the cell the
ascorbyl radical signal appeared within
20 min. Experiments demonstrated that
the appearance of detectable concentra-
tions of ascorbyl radicals in adrenal slices
was a result of both autolysis and autoxi-
dation. In liver slices the release of
ascorbic acid by autolysis may be insuffi-
cient to give a detectable number of
ascorbyl radicals on autoxidation. The
results suggest that the appearance of
relatively high concentrations of ascorbvl
radicals in tumour tissues may result from
autolytic changes occurring tn vivo.

Relationship of the doublet signal to other
epr signals in tissues. Samples of a
Yoshida sarcoma, showing the ascorbyl
radical signal at room temperature, showed
in addition a 1: 1: 1 triplet signal, with a
g value of 2-01 and hyperfine splitting of
16-17 G, when examined at - 160°C.
This signal is from a NO-haemoprotein
complex (Maruyama et al., 1971). Several
samples from different areas of a Walker
tumour all showed the ascorbyl radical
signal but only those from the dark red,
blood filled areas showed the NO-haemo-
protein complex signal. Since degenerat-
ing normal tissue also shows this signal
(Muruyama et al., 1971) rat liver waas
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examined after storage for 2 days at room
temperature. The NO-haemoprotein
complex was detected but not the ascorbyl
radical. In contrast, the singlet at
g-2.035, from NO-Fe2+ complexes of
thiol containing non-haeme proteins,
which has been reported in the livers of
carcinogen fed rats before the appearance
of tumours (Commoner et al., 1970;
Vithayathil et al., 1965; Woolum and
Commoner, 1970), was not detected in any
of the tissues examined.

Paramagnetic NO-protein complexes
and ascorbyl radicals are not always
observed in the same tissue, but their
formation in vitro is linked. Ascorbic acid
promotes the formation of NO-protein
complexes by reaction with nitrites to
form NO and ascorbyl radicals (Woolum,
Tiezzi and Commoner, 1968; Maruyama
et al., 1971). Ascorbic acid also blocks the
formation of carcinogenic nitroso-com-
pounds by scavenging nitrites in vitro
(Mirvish et al., 1972) and possibly in vivo
(Kamm et al., 1973). The formation of
ascorbyl radicals in tumour tissue may
result from reactions of ascorbic acid,
some of which give NO, which in turn may
be responsible for formation of the para-
magnetic NO-complexes observed.
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