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TABLE 2
DNOC CONTENT* OF BLOOD AND TISSUES OF RATS KILLED AT INTERVALS AFTER SUBCUTANEoUS INJECTION OF

ONE DOSE OF 1 5 MG. DNOC

Time after Injection Serum Brain T Spleen Kidney Liver Muscle Heart Lung
30 mins. .. .. 100 1-5 40 75 14-0 05 80 18-0

I hr. .. .. 89 35 40 75 12-0 20 13-5 200

2 hrs. .. .. 97 20 45 11-0 10-5 00 19-0 205

3 hrs. .. .. 93 40 80 110 115 35 140 15-5

4 hrs. .. .. 79 3-5 30 4-5 13-5 05 13-0 14-0

5 hrs. .. .. 76 20 40 4-5 8-5 20 14-0 145

6 hrs. .. .. 45 30 1-5 7-5 8-5 1-5 10-5 300
* DNOC content of tissue=,ug./lg. wet weight.

TABLE 3
COMPARISON OF DNOC CONCENTRATION IN SERUM, KIDNEY, AND LIVER OF RATS AFTER SINGLE AND 40 SUCCESSIVE DAILY

INJECTIONS EACH OF 20 MG. DNOC PER KG.

Concentration of DNOC 24 Hours after Last
Treatment No. of Injection (,tg/g. wet wt.)

Rats

Liver Kidney Serum

a. One injection .. .. .. 19 8 ± 0 7 jug* 7 ± 0 2 jig 45 i 1-6 jig
b. 40 daily injections 9.... .. 7 + 0 3 jig 7 i 0 3 ,ug 38 ± 1 0 ,ug

* Results expressed as means and standard errors.

access to food, and under-fed rats when the dose of
DNOC given was adjusted to their body weight.

Alcohol was given to rats as a 10% solution as
their sole source of fluid for three days before and
immediately after the injection of 20 mg. per kg.
DNOC. The toxic action and rate of recovery
from the effects of the DNOC were not affected.
Rejsek (1947) has stated that in man, alcohol may
cause a recrudescence of the symptoms of poisoning
after meta-dinitrobenzene. Although dinitroben-
zene does not resemble DNOC in its mode of action,
it was thought possible that alcohol may affect
adversely poisoning with aromatic nitro-derivatives,
in general. An experiment similar to that Rejsek
was tried with rats that had received a toxic dose of
DNOC. The rats were given 5 ml. of 6% alcohol
by stomach tube one, two, and three days after the
injection of DNOC. No symptoms other than
those attributable to the alcohol were observed.
The effects of heat and cold were also examined.

Tainter (1934) claimed that animals kept in the
cold were less susceptible to the action of DNP.
When the dose of DNOC just borders on the lethal
dose this effect of cold is readily observed. As
recorded above, it was found that deaths among

groups of rats receiving a series of daily injections
of 20 mg. per kg. DNOC were reduced from 310%
in rats kept in a warm laboratory (Table 1) to
between 8-5 and 3 6% when the animals were
placed in a cool, draughty corridor.
The effects of greater extremes of heat and cold

were also investigated. Rats were injected with
various doses of DNOC and then placed in warm
or cold rooms for the next four hours. Normal
rats kept under the same conditions were not
killed. The results are presented in Table 4.
The figures show that susceptibility was increased
significantly when the animals were kept at 36 to
37°C. A significant degree of protection from the
effects of larger doses was produced when the
animals were kept at 5 to 10°C.

Discussion
The observations reported in this paper have

been made for the most part on animals receiving
a lethal or near-lethal dose of DNOC. These
doses rapidly produce a severe disturbance of the
general metabolism which either proves fatal or
else it is completely reversed within a few hours.
Such a syndrome of acute poisoning can be produced
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TABLE 4
EFFECT OF ENVIRONMENTAL TEMPERATURE ON SENSITIVITY OF RATS TO SINGLE DOSE OF DNOC

233

Environment

Dose ofDNOC Cold 5-10°C Room Temperature 18-200C Warm 36-37°C
(mg./kg.)

No. of Mortality No. of Mortality No. of Mortality
Rats (0) Rats ( Rats (%)

15 28 0 18 6

20 27 0 88 5 43 60

25 30 23 1 8 39 - -

30 18 72 32 97 - -
D rtA+ L ; ..r{_+k:w+{AXr11_S.:S:Ue;-hRats were maintained in the hot or cold rooms ior tour hours atter the injection ot the LuNOt. Deaths all occurred within this tour 1

period.
Doses corresponding to 50%O mortality by converting the mortalities into probits (and using the maximum likelihood solution) are:-

Cold 5-IO'C. 27 7 mg., kg. 95%' fiducial limits - 26-4-29-7.
18-20°C. 24-8 mg. kg. 95% fiducial limits = 23-7-26-1
36-37°C. 19-2 mg./kg. 95% fiducial limits = 18-0-20 6

day after day for five to six weeks in rats without
leading to either cumulative poisoning or the
development of any tolerance towards the drug.
No histological changes indicative of structural
damage to vital organs can be observed. The
changes in cardiac and voluntary muscle recently
described by Hicks (1950) occur with equal fre-
quency in normal animals.
An increase in the respiratory rate is a constant

feature of poisoning by DNOC, and this persists
even while the animal is prostrate. Complete
prostration was seen constantly in animals injected
with a dose of 20 mg. per kg. DNOC, and in these
animals only the respiratory muscles and the heart
were apparently capable of functioning at the time
when poisoning was most severe. Hyperpyrexia is
an incidental, but by no means an essential, feature
of intoxication by DNOC in rats. Death, when it
occurs, appears to result from an acute failure of
muscular activity. The animals become prostrate,
with rapid, panting respiration. If they are observed
carefully it will be found that the skeletal muscles
become stiff just before the animal dies. Res-
piratory and cardiac activity cease simultaneously,
and at the moment of death muscular rigidity is
complete. An explanation of this sequence of
muscular paralysis followed by rigidity can be
sought in the recent biochemical studies of the
action of DNOC. It has long been recognized
that a characteristic action of DNOC on living
cells is to increase the intake of oxygen, and this
has been found not only in all mammals and birds,
but also in preparations as diverse as mitochondria
(Loomis and Lipmann, 1948); tissue slices (Alwall,
1936); sea urchin eggs (Crane and Keltch, 1949);
and bees (Goble and Patton, 1946). Loomis and
Lipmann (1948) threw new light on the problem

when they discovered that preparations of kidney
mitochondria treated with dinitrophenol (a com-
pound of similar properties to DNOC) took up
more oxygen, but failed to combine in the usual
way with the phosphate present in the suspending
fluid. These observations were extended by Judah
and Williams-Ashman (1951), who found that
mitochondria poisoned with DNP required in-
creasing amounts of carbohydrate to form organic
phosphate esters from inorganic phosphate and that
the formation of phosphate esters continuously
fell.
A tentative synthesis of these facts can now be

made. The oxidation of carbohydrate forms the
main source of energy of the body and the energy
is tapped off in the form of compounds containing
phosphate, e.g. the " high energy phosphate bonds "

of adenosine triphosphate (A.T.P.). This com-
pound is then a source of available energy to the
body. If DNOC poisoning in the whole animal
follows a similar pattern, the formation of adenosine
triphosphate would be inhibited. The oxidative
processes continue and indeed speed up, but the
energy cannot be converted in the body into a
useful form, and so it is dissipated as heat. This
would account for any rise in body temperature
that took place. In the muscle the initial source
of energy is believed by many to be the energy-rich
phosphate bonds of A.T.P. If the A.T.P. cannot
be resynthesised and is progressively broken down
to adenylic acid the muscle then goes into rigor.
A very similar result was produced first by Lunds-
gaard (1930) with iodoacetic acid. This compound
acts by inhibiting the enzyme triosephosphate
dehydrogenase and this also results in the progres-
sive breakdown of A.T.P. and death of the muscle
in rigor.
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The suggested mode of action of DNOC is
consistent with the acute form of poisoning that is
observed, but it would form a less satisfactory
explanation for any chronic effects on metabolism
if these were found. The only evidence of any
cumulative effect of DNOC is the slight amount
of DNOC that persists for some days in the serum
of the rat and the dog. In the dog this may be as
high as 60 Fg per ml. 24 hours after the injection of
10 mg. DNOC per kg. and its presence does not
appear to disturb the dog in any way. It can be
calculated that 60 ,ug. per ml. is three times the
concentration that will completely inhibit phos-
phorylation in mitochondrial preparations but this
comparison is a highly artificial and deceptive one.

However, Dr. J. D. Judah (personal communi-
cation) has shown that the DNOC in dog serum
(at a level of 60 Vg per ml.) is still active against
mitochondrial preparations, and behaves just as
an aqueous solution of DNOC would behave.
The naked mitochondria used by biochemists are
much more vulnerable than the mitochondria in
the cell protected by at least two semipermeable
membranes from toxic substances in the blood,
and it is probable that considerable extra-cellular
concentrations are necessary in order to get any
transport of the drug into the cell. The DNOC
circulating in the blood of the dog is at least, in
part, bound to protein and it is possible that this
bound DNOC may not readily pass through all
membranes.
The rapid recovery from the effects of DNOC,

and the fact that cumulative poisoning does not
occur unless the consecutive doses are given within
a few hours of each other, suggests that the animal
is able to get rid of DNOC rapidly. Only a very
small part of the injected DNOC is excreted in the
urine, and the conclusion can be drawn that the
DNOC must be converted in the body into some
inactive material. It is known that the reduction
of one of the two nitro groups of DNOC will result
in a compound devoid of all the metabolic stimu-
lating properties of DNOC. Homogenized pre-
parations of the liver and kidney will reduce DNOC
in vitro (Parker, to be published). When an animal
has been killed with DNOC, the compound disap-
pears rapidly from the liver after death, but much
more slowly from the blood. It is possible that
some of the DNOC is reduced in the tissues where
it actually exerts its effect upon metabolism, and
this is probably the large muscle mass of the body
which is so profoundly affected in DNOC poisoning.

Chronic poisoning by DNOC has not been
observed in experimental animals, although in the
dog, cat, and rat appreciable quantities of DNOC
may persist in the blood for several days after a

single sublethal dose. These animals do not seem
to be any more susceptible to DNOC when the
interval between injections is 24 hours. As many
as 40 consecutive doses have been administered
and under these conditions there is no progressive
accumulation of DNOC in the blood. If the doses
are spaced closely enough, as with hourly injections,
the effects of small doses can be cumulative. The
statement that DNOC has no chronic effects is
therefore relative, and is used in the usual sense of
effects produced days or weeks after the original
exposure.
The relevance of these findings to DNOC

poisoning in man is difficult to assess. The
symptoms of acute poisoning in animals closely
resemble those reported in man, and the muscular
rigidity that comes on immediately after death in
animals has been found in human fatalities (Malter,
1949). The question whether in man the toxic
effects of one day's absorption of DNOC can be
carried over to the next day cannot be answered by
animal experiments, although these suggest that
this chronic effect is unlikely. The need for
information on the blood level of DNOC in man
in the days following the absorption of a non-fatal
dose is obvious, but the interpretation of such
blood levels may be difficult. Animal experiments
have shown that the persistence of DNOC in the
blood at levels up to 45 ,Ag per ml. of serum does
not appear to increase the susceptibility of the
animal to a further sublethal dose. It is apparent
that the relation between blood levels of DNOC
and symptoms in man may not be simple, and that
caution must be observed before any particular
blood level is adopted as dangerous or critical.

Summary
The toxic reactions of animals to injections of

DNOC are described. A single dose approximating
to a lethal dose produces an acute reaction lasting
a few hours.
The same dose may be administered at daily

intervals for several weeks without producing
symptoms or signs of chronic poisoning. Adminis-
tered at intervals of 24 hours, DNOC shows no
cumulative effects nor do rats develop any tolerance
towards it.
The blood and tissue levels of DNOC have been

examined in rats and the blood levels in rats,
rabbits, dogs, and cats after an injection of DNOC.
The effect of alcohol and environmental tem-

perature on the susceptibility of rats have been
examined. Small changes of environmental tem-
perature may affect the mortality from a dose of
DNOC that is just not lethal at ordinary room
temperatures.
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The findings are discussed in relation to the
behaviour of DNOC in tissues in vitro.

We are grateful to Dr. J. 0. Irwin of the Statistical
Research Unit (M.R.C.) for the figures for the probit
analysis given in Table 4.
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