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Mechanism of Aminonucleoside-Induced Nephrosis in the Rat. IV.

Hepatic Mitochondrial Oxidative Phosphorylation.*

(29548)

Paur BArTLETT, HEIDI SCHAEFER AND JANET KEEGAN
Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, Detroit, Mich.

Demonstration of significant reduction in
the disappearance of inorganic orthophos-
phate associated with the oxidation of sev-
eral tricarboxylic acid cycle intermediates by
mitochondria prepared from the kidneys of
rats treated with the nephrotogenic amino-
nucleoside, 6-dimethylamino-9-(3’-amino-3'-
deoxy-f-D-ribofuranosyl)-purine(1,2,3), has
raised several questions concerning the
mechanism of action of this agent. A priori,

* Supported in part by research grants from Michi-
gan Kidney Disease Foundation.

if this finding is indicative of a direct effect
of aminonucleoside on some aspect of the
enzymatic reaction sequence involved in mito-
chondrial oxidative phosphorylation, then in-
duction of similar effects in other tissue mito-
chondria should be demonstrable. Reported
herewith are studies of oxidative phosphoryl-
ation in rat liver mitochondria during the
course of induction of aminonucleoside-dis-
ease and in normal rat liver mitochondria
incubated in the presence of added amino-
nucleoside.

Methods. The procedures and methods em-
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TABLE I. Time-Course of Development of Elevation in Liver Mitoechondrial Oxidative Phos-
phorylation Associated with Oxidation of Succinate During Induection of Aminonucleoside
Disease in the Rat.*

No. of Days of Inorganic phosphate, Oxygen uptake,

Group rats treatment* AuM/mg Nt uAtoms/mg Nt P/0O
I 15 Nomne 14.8 + 1.8 81+1.5 1.8
II 6 2 15 5+3.1 8.0 +1.3 1.9
IIT 5 4 1.2 +6.2 9.2 +14 2.3
v 6 6 22 2+ 42 10.0 = 1.0 2.2
v 7 8 2.2 + 6.7 10.8 = 2.5 2.1
VI 5 10 27 6 + 4.3 13.3 = 2.8 21

Significance of differences: )
Group IIT - I P=.01 <2>1
IV-I1 P <01 <.05 >.02
V-I P <01 <.01
VI-1 P <01 <L <L01

*5 uM aminonucleoside/100 g body wt/day.

t Avg values = standard deviations.

1 Difference statistically analyzed by methods of Fisher(5).

ployed were essentially the same as those pre-
viously described(2,3) in studies of effects of
aminonucleoside on phosphorylation associ-
ated with the oxidation of the tricarboxylic
acid cycle intermediates—succinate, a-keto-
glutarate, fumarate and malate—in rat kid-
ney mitochondria. Oxidation of g-hydroxy-
butyrate was determined by estimation of
acetoacetate formation as described by Walk-
er(4). Acetoacetate concentrations were cal-
culated by difference from determinations of
the oxidation product on both heated and un-
heated protein-free filtrates from unincubated
reaction mixtures, from complete reaction
mixtures incubated for 20 minutes at 30°C,
and from unincubated reaction mixtures in
which the substrate was omitted and an equal
volume of 0.15 M KCl substituted.

Results and discussion. The effects of in-
duction of aminonucleoside-nephrosis on rat
liver mitochondrial oxidative phosphorylation
are in striking contrast to those previously
reported for kidney mitochondria(2,3). Al-
most equal and opposite effects are induced.
Thus, in 4 experiments with mitochondria
prepared from the livers of aminonucleoside-
treated (1.5 mg aminonucleoside/100 g body
weight/day for 10 days injected subcutane-
ously) and normal control rats, average val-
ues for the disappearance of inorganic ortho-
phosphate, associated with the oxidation of
succinate, were respectively 23.6 + 1.3 and
17.4 = 1.1 (expressed in terms of uM ortho-
phosphate/mg mitochondrial nitrogen). Cor-

responding oxygen uptake values were respec-
tively 10 == 0.3 and 6.5 = 0.5 (pAtoms oxy-
gen/mg mitochondrial nitrogen). Differences
were statistically significant at the P level of
0.01(5).

Table I summarizes data obtained in a
time-course study of the development of sig-
nificant alterations in the disappearance of
orthophosphate, associated with the oxidation
of succinate, in liver mitochondria of rats
treated with aminonucleoside. Analysis of
the significance of the differences between
the average values for the wvarious groups
clearly indicates significant elevation in the
disappearance of inorganic orthophosphate
as early as the 4th day during the period of
treatment of the animals with aminonucleo-
side, and initiation of significantly higher
oxygen uptake in liver mitochondria of rats
sacrificed on the 6th day of drug administra-
tion. Now, while on the one hand, an in-
crease in the phosphorylating capability of
the rat liver mitochondria might be ascribed
to a metabolic readjustment compensating
for the loss of such activity in kidney tissue
(1,2), the possibility must also be considered
that aminonucleoside acts directly on enzy-
matic processes involved in hepatic mitochon-
drial oxidative phosphorylation.

Results summarized in Table II do, in fact,
appear to support this view since incubating
normal rat liver mitochondria directly with
aminonucleoside in concentrations as low as
5.2 X 1073 M, stimulates oxidative phos-
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TABLE II. In vitro Effects of Aminonucleoside on Hepatic Oxidative Phosphorylation.

Inorganic
Aminonueleoside, orthophosphate, Oxygen uptake,
Exp molar ApM/mg N ApAtoms/mg N P/O
Normal rat liver mitochondria

I None 10.9 8.8 1.24
1.3 X 102 18.7 9.5 1.97

II None 11.1 8.1 1.37
2.6 X 10-2 11.7 9.5 1.23

5.2 X 108 13.5 10. 1.29

13.0 X 10-° 16.6 10.9 1.52

Normal rat liver submitochondrial phosphorylating complexes

I None 10.4 12.7 .82
5.2 X 10— 7.4 11.6 .64

II None 8.7 9.4 .93
13.0 X 102 6.8 11.3 .60

TABLE III. Effect of Aminonucleoside-Disease on Hepatic Mitochondrial Phosphorylation
Associated with Oxidation of g-Ketoglutarate, Malate, and Fumarate.

Source of liver Inorganie phosphate,  Oxygen uptake,

mitochondria Substrate ApM/mg Nt ApAtoms/mg Nt P/0O
Normal rats (4) a-KG 18.40 4+ 2.45 5.55 + .96 3.32
Treated rats* (3) a-KG 20.50 + 1.56 547 + .22 3.74
Normal rats (4) Fumarate 6.99 + 1.37 2.85 + .56 2.45
Treated rats* (3) Fumarate 7.34 + .86 3.98 + .52 1.84
Normal rats (3) Malate 7.18 +=1.35 3.69 =+ .93 1.95
Treated rats* (3) Malate 8.96 + .12 3.53 =+ .58 2.54

* Treated rats injected subeutaneously with 1.5 mg aminonucleoside/100 g body wt per day

for a period of 10 days.

t Avg values + standard deviations for number of experiments indicated in parentheses.

phorylation. Clearly, however, this effect of
aminonucleoside on hepatic mitochondrial
oxidative phosphorylation is dependent upon
maintenance of the intact mitochondrial struc-
ture, for incubating aminonucleoside directly
with normal rat liver submitochondrial phos-
phorylating complexes, prepared as described
by Abood and Alexander(6), impairs phos-
phorylation associated with the oxidation of
succinate. Results of such experiments are
summarized in the lower part of Table II.
In this respect, it seems of interest that the
response of both liver and kidney prepara-
tions to added aminonucleoside is the same.

Table IIT summarizes the effects of amino-
nucleoside-nephrosis on hepatic mitochondrial
oxidative phosphorylation associated with the
oxidation of 3 additional tricarboxylic acid
cycle intermediates. While phosphorylation
associated with the oxidation of each of these
substrates was impaired in kidney mitochon-
dria of rats treated with aminonucleoside(3),
no significant alterations were induced in

liver mitochondria.

Concerning fatty acid oxidation in the
aminonucleoside-nephrotic rat, Careddu and
Apollonio have reported(7) the oxidation of
octanoate to be significantly increased in both
liver and kidney tissue slices. Our laboratory
study of phosphorylation associated with the
oxidation of B-hydroxybutyrate has failed to
reveal any significant alteration. Results of
4 different experiments with mitochondria
prepared from normal and aminonucleoside-
nephrotic rat liver, for example, yielded aver-
age values of 9.6 &= 2.0 and 11.5 =+ 0.9 (ex-
pressed as uM P;/mg mitochondrial nitrogen)
respectively for the uptake of inorganic or-
thophosphate, and average values of 2.5 =+
0.2 and 2.8 =+ 0.4 (expressed as pM aceto-
acetate/mg mitochondrial nitrogen) respec-
tively for acetoacetate formation. Of interest
also and perhaps pertinent in this respect,
are the findings of Marsh and Drabkin(8)
in nephrotoxic serum nephrosis. Rates of in-
corporation of acetate-1-C'¢ into both liver
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and plasma total fatty acids were consider-
ably greater in nephrotic rats than in normal
rats. In experiments with rat liver slices from
control rats and from nephrotoxic serum ne-
phrotic rats, however, no difference in the
labeling of total fatty acids was noted.

Consideration has also been given to the
extent to which phosphorylation, measured in
terms of the disappearance of inorganic or-
thophosphate, is affected by the reverse proc-
ess, dephosphorylation of adenosine triphos-
phate (ATPase activity). In this respect the
stimulating effects of induction of aminonu-
cleoside disease on hepatic mitochondrial
oxidative phosphorylation become even more
striking, for Mg+? -}- Cat2-activated ATP-
ase activity is significantly higher in liver
mitochondria of aminonucleoside-nephrotic
rats than in similar preparations from un-
treated normal control rats. In 8 experi-
ments, average values of 47.5 == 12.7 and
36.6 = 9.4 (uM orthophosphate liberated/
mg mitochondrial nitrogen) respectively were
obtained in 20-minute assays conducted at
30°C.

From the present studies on liver and
those previously reported for kidney(1,2), it
seems readily apparent that induction of
aminonucleoside disease results in the devel-
opment of almost equal and opposite effects
on mitochondrial phosphorylation associated
with the oxidation of succinate. Concerning
the nature of these differences we can only
speculate. Relevant, however, may be dif-
ferences in the ATP requirement of normal
and aminonucleoside-nephrotic rat liver and
kidney tissue. In rats in which extensive albu-
minuria has been induced with nephrotoxic
serum, for example, Drabkin and Marsh(9)
estimate plasma albumin synthesis to be 3-
to 4-fold greater than it is in normal control
rats, and further, report(8) net synthesis of
albumin to be significantly higher in ne-
phrotic than in normal rat liver slices. Thus,
in the experimentally nephrotic rat the ATP
requirement of liver tissue engaged in the
energy-requiring process of plasma albumin
synthesis would be expected to be higher
than in kidney tissue in which breakdown of
albumin appears to be a major metabolic
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process(10). While these considerations form
an attractive explanation for the differences
observed in liver and kidney mitochondrial
oxidative phosphorylation in rats exhibiting
massive proteinuria, they do not account for
the induction of significant alterations in oxi-
dative phosphorylation prior to onset and
development of proteinuria.

Summary. 1. Phosphorylation associated
with the oxidation of succinate is significant-
ly higher in aminonucleoside-nephrotic rat
liver mitochondria than in normal rat liver
mitochondria. This alteration is induced as
early as the 4th day during a 10-day period
of induction of the disease with aminonucleo-
side. 2. Phosphorylation associated with the
oxidation of a-ketoglutarate, malate, fuma-
rate, and B-hydroxybutyrate is not signifi-
cantly altered in liver mitochondria of the
aminonucleoside-nephrotic rat. 3. Phospho-
rylation associated with the oxidation of suc-
cinate is also increased in normal rat liver
mitochondria incubated directly with amino-
nucleoside. In similar experiments conducted
with rat liver submitochondrial phosphorylat-
ing complexes, however, aminonucleoside in-
hibits oxidative phosphorylation.

We are indebted to Dr. J. M. Ruegsegger, Lederle
Medical Research Section, American Cyanamid Co.,
for aminonucleoside used in this study.
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