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recovery of tritium as this metabolite (Table 3)
and multiplying by 100 and by 0-99. The latter
figure is & correction factor equal to the ratio of
the molecular weights of progesterone and 3a-
hydroxy-58-pregnan-20-one (314 and 318 re-
spectively).

In the equation employed by Pearlman (1957)
for calculating P on the basis of the specific
activity of urinary 3«:20«-diacetoxy-58-pregnane,
the correction factor was incorrectly given as 0-98,
although the values for P were correctly stated.
The correction factor in that particular form of the
equation should be 1-28, which is the ratio of the
molecular weights of 3a:20a-diacetoxy-58-pregnane
and progesterone (404 and 314 respectively).

SUMMARY

1. [16-3H]Progesterone was injected intramus-
cularly into two women in the last trimester of
pregnancy and into two oophorectomized-hyster-
ectomized patients who served as a control group.
The urinary recovery of tritium in the various
components of the neutral ketonic fraction is
reported. '

2. The major ketonic radiometabolite in both
experimental groups is 3«-hydroxy-58-pregnan-20-
one; & minor constituent is 58-pregnane-3:20-dione.

3. A significant portion, 10-14 9, of the radio-
activity in the ketonic fraction in pregnancy urine is
in an unidentified highly polar material. This radio-
active material was not detected in the urine of
oophorectomized-hysterectomized subjects.

4. The daily endogenous production of pro-
gesterone in advanced pregnancy was estimated
from measurements of the specific activity of
urinary 3«-hydroxy-58-pregnan-20-one; these esti-
mates were in fair agreement with those previously
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obtained on the basis of the specific activity of
urinary 58-pregnane-3«:20«-diol.

5. Procedures for the separation of certain
urinary progesterone metabolites by reverse-phase
partition column chromatography are described.
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The Effect of Plasmodium berghei Malaria on
Mouse-Liver Mitochondria

By M. V. RILEY anxp T. DEEGAN
Department of Tropical Medicine, Liverpool School of Tropical Medicine, Liverpool 3

(Received 11 November 1959)

Recent investigations into the pharmacological
or toxic actions of various drugs, hormones and
steroids have been concerned with a possible
correlation of such actions with impairment of the
normal functions of the mitochondria of tissue
cells. To this end, the properties of isolated liver
mitochondria, after treatment in wvivo or in witro

with the substance under investigation, have been
employed as test systems by comparison with the
same properties of untreated mitochondria. By
means of this approach, for example, Christie &
Judah (1954) have shown that fatty degenera-
tion and necrosis caused by oral administration
of carbon tetrachloride are accompanied by
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disorganization of the mitochondria with conse-
quent loss of integrated enzymic activity. Aldridge
& Cremer (1955), studying the toxic trialkyltins,
demonstrated that the site of action of the drug was
upon the oxidative-phosphorylation processes of the
mitochondria, and Zetterstrém & Ernster (1956)
found a similar effect in incubation of bilirubin with
liver mitochondria in vitro, in connexion with a
possible explanation of the causes of kernicterus
(bilirubin encephalopathy) in children. Disinte-
gration of mitochondrial activity by progesterone
was also shown in studies in vitro by Wade &
Jones (1956) and similar findings were reported by
Salmony (1956) and by Dickens & Salmony (1956)
for the action of stilboestrol. The well-established

uncoupling action of thyroxine with respect to

oxidative phosphorylation in liver mitochondria
(Lardy & Feldott, 1951; Martius & Hess, 1951;
Lardy, 1955; Tapley, Cooper & Lehninger, 1955;
Tapley & Cooper, 1956) is another example of the
same type of phenomenon.

It was considered that similar processes might be
contributing towards the liver damage occurring in
malarial infections. That the centrilobular damage
which occurs (Maegraith, 1948) is not due to a
severe decrease in the oxygen-carrying capacity of
the blood, even when the blood is heavily para-
sitized, has been shown by Maegraith, Jones &
Andrews (1951). In the present work, the experi-
ments were undertaken to determine the type and
extent of the biochemical changes, if any, detect-
able in liver mitochondria isolated from mice
during the progress of infection with Plasmodium
berghei malaria.

P. berghei infection in rats and mice induces an
erythropoietic response (Deegan & Maegraith,
1958) with appearance in the circulation of large
numbers of reticulocytes, which serve as host cells
for about 959, of the parasites (Thurston, 1953).
The metabolic character of these reticulocytes,
with their associated respiratory activity (Jones,
Maegraith & Gibson, 1953), necessitated the
removal of as much blood as possible from the
livers before treatment for the isolation of mito-
chondria. Accordingly, the viscera of all the
infected animals were viviperfused with ice-cold
0-9 9%, sodium chloride solution, and a similar pro-
cedure was applied to the normal animals killed as
controls for each group of infected mice.

The erythropoietic response accompanying P.
berghei infection does not prevent an increasing
anaemia of infection. In order to determine the
contribution of a highly anaemic condition
towards the effects observed in malarial infection,
normal mice were made anaemic by daily bleedings
over a period approximating to the duration of the
malarial infection. The characteristics of the mito-
chondria of the livers of these animals, again isolated
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after viviperfusion of the viscera, were also deter-
mined.

Some aspects of these investigations have been
reported briefly by Maegraith, Deegan & Riley
(1959).

METHODS

Malarial infection. Mice (Glaxo GFF strain; 20-25 g.)
were injected intravenously with blood from strain mice
infected with P. berghei (strain originally obtained from the
London School of Hygiene and Tropical Medicine). In-
focted animals and control animals, of the same weight,
were maintained at 70-75° F on a cube diet (M.R.C. Diet
no. 41) and water without restriction.

The course of the infection was followed by daily exami-
nation, under the i in. oil-immersion objective, of Leish-
man-stained thin blood smears from the tails of the mice.
The parasitaemia was expressed as the percentage of in-
fected cells in the circulation; 1000 cells were counted in
each examination. The extent of the associated anaemia of
infection was determined by counting the red-cell content
of blood samples from the tail; standard procedures were
adopted.

Production of anaemia in normal mice. Groups of normal
mice, of the same strain and weight as those infected with
malaria and housed under identical conditions, were bled
from the tail daily over a prolonged period (15-18 days).
About 0-2-0-3 ml. of blood was removed at each bleeding.
The fall in red-cell count was followed in the same manner
as in the malarial infection.

Preparation of mitochondria. Before the removal of the
livers from the infected, control and anaemic mice each
animal was anaesthetized with ether and its viscera were
perfused with ice-cold 0-9 %, sodium chloride solution. For
this purpose, an extensive mid-line incision was made, a
cannula was inserted into the thoracic aorta and the vena
cava cut above the liver. With practice the perfusion was
complete in 5 min. After perfusion the livers were removed,
blotted lightly and immersed in ice-cold sucrose solution.
With all types of animal studied the livers from two to four
animals were combined to provide sufficient weight of
tissue.

Mitochondria were isolated by one of two techniques. In
the work on oxidative phosphorylation, the particles were
obtained from homogenates in 0-25M-sucrose by the
method of Schneider & Hogeboom (1950); when adenosine
triphosphatase (ATP-ase) activity was estimated, mito-
chondria were isolated by the procedure of Aldridge (1957),
with 0-3 M-sucrose as the homogenizing medium.

Manometric measurements. Oxygen uptake together with
associated phosphorylation was measured with the three
substrates, succinate, glutamate and B-hydroxybutyrate.
With air as the gas phase, at 28°, the basic flask consti-
tuents were orthophosphate buffer (AnalaR; 32 mu;
pH 7-2), hexokinase (Sigma Chemical Co.; 200 units),
glucose (AnalaR; 24 mm), sodium adenosine triphosphate
(ATP) (Sigma Chemical Co.; 2mm), MgSO, (AnalaR;
6 mm) and MnCl; (AnalaR; 0-5 mm). Succinate was em-
ployed in & concentration of 60 mym and glutamate and 8-
hydroxybutyrate in a concentration of 16 mm. Dependence
of respiration upon added diphosphopyridine nucleotide
(DPN) (C. F. Boehringer und Sohne; 0-9 mm) was tested
with the two last-named substrates. Mitochondria (0-4 ml.,
equivalent to 200 mg. wet wt. of the livers) were added last
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to the flasks, which were pre-cooled in ice. The total volume
in each flask was 2:56 ml.; 0-2 ml. of 2N-KOH was added to
the centre wells.

The flasks were equilibrated for 10 min. and oxygen
uptake was measured for a further 2040 min. Reactions
were stopped by addition of 2 ml. of 109, (w/v) trichloro-
acetic acid at 0° and orthophosphate was measured by the
method of Martin & Doty (1949). Oxygen uptakes were
expressed as ul. of oxygen/mg. of N/hr. (go,); the nitrogen
content of the mitochondria was estimated by the micro-
Kjeldahl technique.

Measurement of adenosine-triphosphatase activity. For
this series of measurements mitochondria (0-2 ml., equiva-
lent to 60 mg. wet wt. of liver) were suspended at 28° in a
medium consisting of ATP (Sigma Chemical Co.; 6 mm)
and sucrose (0-2M), to which were added MgCl; (AnalaR;
8 mMm) or 2:4-dinitrophenol (0-25 mm) in a final volume of
2ml. The particles were incubated for 15 min. and the
reaction was then stopped by addition of 2ml. of 109,
(w/v) trichloroacetic acid at 0°.

Comparison was made of the ATP-ase activity of freshly
prepared mitochondria and of mitochondria aged in
0-3 M-sucrose at 28° for 20 min. Orthophosphate was deter-
mined by the method of Martin & Doty (1949). The results
were expressed in terms of ug.atoms of phosphorus released/
mg. of N/15 min,

In addition, the orthophosphate contents of the freshly
prepared suspensions of mitochondria in 0-3 M-sucrose were
determined, and also after aging at 28° for 20 min. in the
absence of any supplements. The same method of determi-
nation was employed.

RESULTS

Course of the malarial infection

Infected blood cells were detectable in thin blood
films on the third day after inoculation and the
parasitaemia rose with appearance of increasing
numbers of parasitized reticulocytes until 8-10 days
after inoculation (Fig. 1). After this period of time
the infection either maintained itself at a maximum
parasitaemia equivalent to 30-409, of the circu-
lating blood cells, as in Fig. 1, or increased to the
region of 50 9, parasitaemia.
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Fig. 1. Relationship between parasitaemia (O), expressed
as the percentage of circulating red cells infected, and the
associated anaemia of infection (@), evaluated in terms of
the red-cell count (millions/mm.? of blood), in a typical
case of P. berghei infection in mice.
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In the former case, which was typical of the in-
fections when the oxidative phosphorylation of
isolated liver mitochondria was studied (Table 1),
the static parasitaemia was accompanied by a
progressively . increasing anaemia of infection
(Fig. 1). The animals became anorexic from about
8-10 days after inoculation, moribund and cold to
the touch from the twelfth day and death usually
occurred between 14 and 18 days.

‘When parasitaemia increased to 50 9, the general
symptoms were similar but the increasing para-
sitaemia throughout the entire course of the in-
fection resulted in an earlier death, in 12-14 days
after inoculation. These conditions were typical of
the infections when ATP-ase activity of the iso-
lated liver particles was measured.

In groups of animals bled to induce anaemia,
the amounts removed, equivalent to 10-20 %, of the
blood volume of the mice at each daily operation,
produced in the final stages a fall in the circulating
red cells similar to that shown in the course of the
longer-term malarial infection. The physical condi-
tion of the bled animals also closely resembled that
of the infected animals which followed this course.

Oxidative phosphorylation of liver mitochondria

The results of the manometric experiments, in
terms of rates of oxidation and associated P/O
ratios for each enzyme system studied, are ex-
pressed in relation to the duration of the malarial
infection in Table 1. A marked difference in
behaviour was apparent between normal liver
mitochondria and infected liver mitochondria after
the infection had progressed for 14 days after in-
oculation, but no appreciable change in either
oxidation rates or associated P/O ratios was
detected in the mitochondria of livers from infected
mice killed before this period had elapsed. The
affected mitochondria showed a lowered oxidative
capacity together with a lowered P/O ratio.
Addition of DPN to the glutamate and B-hydroxy-
butyrate systems produced a slight increase in the
rate of oxidation but had no effect upon the P/O
ratio. No similar effects were observed with the
mitochondria from the control animals or the
animals killed in the earlier period of infection. The
results of a typical experiment illustrating the
effects of DPN supplementation upon glutamate
oxidation by normal and long-term infected-liver
mitochondria are shown in Fig. 2.

The larger standard deviations associated with
the results from the groups of animals killed after
14 days deny any absolute significance to the
findings. However, it must be remembered that
the variation in the physical condition of each
individual animal was greater after infection had
lasted for 14 days and thus the degree of mito-
chondrial disturbance would be expected to vary
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more within this group than within the other
groups studied.

The liver mitochondria from the animals which
had been suffering prolonged severe anaemia, and
whose physical condition resembled that of the
malarial mice, showed an interesting property
(Table 1). Although the rates of oxidation with
respect to glutamate and succinate were lower than
the corresponding results for normal mitochondria,
glutamate oxidation was insensitive to added DPN
and the associated P/O ratios for both substrates
were unchanged. This was in contrast with the
sensitivity of glutamate oxidation to added DPN
and the lowering of the P/O ratios experienced in
the same oxidations by mitochondria from mice
which had been infected for a similar period (15—
18 days). Mitochondria from one group of mice
which were bled for 20 days did exhibit the effect
of a lowered P/O ratio in addition to a lowered rate
of oxidation. Data from this source are not in-
cluded in Table 1 as malarial infections lasting
20 days were not experienced, and hence a direct
comparison with data from liver mitochondria of
comparably infected mice could not be made.

The insensitivity of glutamate respiration to
added coenzyme together with the normal P/O
values for both substrates indicate that the mito-
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Fig. 2. Oxygen consumption and associated phosphoryla-
tion during glutamate oxidation by liver mitochondria
from normal mice and mice infected with P. berghei for
more than 14 days. A, A, Respective characteristics of
unsupplemented and DPN-supplemented liver mito-
chondria from normal mice; @, O, respective character-
istios of unsupplemented and DPN-supplemented liver
mitochondria from infected mice. Conditions employed
are described in the text. Figures in parentheses represent
P/O values.

Table 1. Effect of duration of malarial infection and of anaemia upon oxidative phosphorylation of liver mitochondria
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Figures in parentheses refer to the number of groups of mice killed for each value presented and results are expressed as means 1 s.E. Conditions were as

described in the Experimental section.
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chondria from the anaemic animals possessed inte-
grated enzymic activity. The lower rates of
oxidation, however, suggest that the mitochondria
had a lowered metabolic capacity, which might
possibly have been due to a lowered working
enzyme concentration.

Adenosine triphosphatase of liver mitochondria

The results of the experiments upon ATP-ase
activity (Table 2) indicate, in confirmation with
other workers (Kielley & Kielley, 1951; Lardy &
Wellman, 1953; Potter, Siekevitz & Simonson,
1953), a low rate of ATP breakdown in freshly
prepared normal mitochondria, except in the
presence of added dinitrophenol. On aging, the
latent and Mg?* ion-stimulated ATP-ase effects
were apparent whereas the dinitrophenol-stimu-
lated breakdown decreased.

The mitochondria from the livers of the infected
animals, which, it will be recalled, were from the
group showing a continuously increasing infection,
showed characteristics, when freshly prepared,
which were similar to those exhibited by the aged
particles from the control livers. Higher basic and
Mg?2+ ion-stimulated activities were coupled with
a lower dinitrophenol-stimulated ATP breakdown.
The changes on aging were less marked than with
the mitochondria from the control mice.

The orthophosphate content of the two prepara-
tions of mitochondria also differed. Initially the
orthophosphate content of the control particles was
low but increased upon aging; that of the particles
from the infected livers gave an initially higher
value which also increased on aging, the final
figure being in the same range as that for the aged
normal mitochondria. Such increases in the ortho-
phosphate content of the mitochondria may reflect
the breakdown of high-energy-phosphate com-
pounds or structural-phosphate compounds in the
aged and infected mitochondria.
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DISCUSSION

The biochemical changes which are apparent in
the properties of the liver mitochondria from mice
which had been infected for more than 14 days are
similar in many respects to those described in the
investigations on liver mitochondria cited at the
beginning of this paper. A lowered oxidative
capacity, associated with a lowered P/O ratio; an
inability to carry out DPN-linked oxidations,
partially reversed by addition of DPN; increased
ATP-ase and Mg?+ ion-induced ATP-ase activities—
all these symptoms correspond, as indicated by
Ernster & Lindberg (1958), to the ‘aging’
symptoms of normal mitochondria, and, as such,
cannot be considered as specific to the condition
investigated. These factors may be described as a
biochemical syndrome accompanying and contri-
buting towards liver damage, but, with the limited
data available, cannot be designated the initially
active factors promoting the appearance of the
damage. It is conceivable that, especially in
malaria, other processes such as localized circu-
latory disturbance (Maegraith, 1948) may possibly
provide the initial stimulus to liver degenera-
tion, the final manifestations of which, in the
biochemical sense, are changes of the type
described.

Although no changes in mitochondrial function
were detectable in livers from animals killed earlier
than 14 days after inoculation, it cannot be
assumed that a measure of disturbance had not
occurred by this time. It must be remembered that
the technique used sampled the entire liver, where-
as the liver changes occurring in malaria are
localized in the centrilobular regions. Hence it is
probable that signs of early damage were masked
by the preponderance of normal tissue over
damaged tissue in the mitochondrial preparations,
and differences in activity became apparent only

Table 2. Effect of malarial infection upon the adenosine-triphosphatase activity
and orthophosphate content of liver mitochondria

Conditions were as described in the Experimental section. Infected mice taken in the terminal stages of
infection were from the group dying in 12-14 days (see text). Figures in parentheses refer to the number of groups
of mice killed for each value presented and results are expressed as means+S.E.

Mitochondria from normal mice
A

Mitochondria from infected mice

Freshly Aged 20 min. ) Freshly Aged 20 min. i
prepared at 28° prepared at 28°
ATP-ase activity (ug.atoms of P liberated/mg.
of N/15 min. at 28°)
Basic incubation medium (6) 1.64-0-8 14-8+57 42416 82430
Basic + Mg?+ ions (3) 0-6+0-5 16:0+6-0 9-04+4-3 132455
Basic +dinitrophenol (6) 46-01+-6-2 21-845-2 19-8+8-5 13-6+4-9
Orthophosphate content of mitochondria 0-14+0-02 0-40 +0-02 0-274+0-05 0-48 +0-06

(pg.atoms of P/mg. of N) (3)
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when the damaged area constituted a marked pro-
portion of the whole.

At this stage in the infection the animals had
been grossly anaemic for some time and the results
obtained from normal mice which had been bled to
simulate this condition indicate that anaemia of
this magnitude acting over this duration can itself
produce some effect upon liver mitochondria.
However, the changes appeared less advanced in
the liver mitochondria from the anaemic animals,
since the P/O ratios were normal and glutamate
oxidation was insensitive to added coenzyme. It
would appear certain that malaria produces effects
of a more severe nature when acting over the same
period, but the contributory effects of the pro-
longed anaemia of infection towards the changes
described in the behaviour of the liver particles
from the infected mice cannot be ignored. The
extent of this contribution may be more clearly
defined in similar experiments with a more rapidly
acting strain of malaria and preliminary results
suggest that some changes in liver-mitochondrial
metabolism are produced within a period when
anaemia is neither as severe nor as long-acting as in
the reported work.

Although the strain of mouse, method of trans-
mission, housing and diet were identical in all
respects, the course of the malarial infection in the
groups for the study of oxidative phosphorylation
and of ATP.ase activity was different. Such
changes in the degree of response to malarial in-
fection by the same type of animal to the same
species of Plasmodium are by no means uncommon.
In relation to the results obtained, however, it is
not considered that the change in the course of the
infection would influence the nature of the terminal
biochemical changes reported, and, as such, both
the results of the experiments upon oxidative phos-
phorylation and those upon ATP-ase activity may
be presented in a complementary fashion as
descriptions of the overall effects of malaria upon
the metabolism of the liver particles.

SUMMARY

1. Infection of mice with Plasmodium berghei
malaria produces demonstrable disturbance in the
behaviour of liver mitochondria.

2. Oxidation rates of succinate, glutamate and
B-hydroxybutyrate are depressed and addition of
coenzyme to the diphosphopyridine nucleotide-
linked oxidations effects only partial reactivation;
P/O ratios are lowered with each substrate oxidized.

3. Both latent and Mg?+ ion-stimulated adeno-
sine-triphosphatase activities are increased, where-
as dinitrophenol-stimulated activity is decreased.
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4. The relation of these changes to the duration
of the infection and to the degree and duration of
the accompanying anaemia is described, and the
similarity of the findings to mitochondrial distur-
bance in toxic liver damage is discussed.
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of Professor B. G. Maegraith throughout this work; and
also the assistance of the technicians of this Department.
The investigations were aided by the loan of equipment by
the Medical Research Council and were carried out during
the tenure by one of us (M.V.R.) of a Colonial Medical
Research Committee Fellowship.
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