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Mitochondrial Lesions in Reversible

Erythropoietic Depression Due to Chloramphenicol

FRANKC. FumaN

From the University of Melbourne Department of Medicine, St. Vincents
Hospital, Fitzroy, Victoria 3065, Australia

A B S T R A C T The mechanism underlying the reversible
depression of erythropoiesis by chloramphenicol has been
investigated in rabbits in which hemolytic anemia had
been induced by phenyihydrazine so that the compensa-
tory erythroid hyperplasia would provide a situation
where abnormalities in the bone marrow cells reflected
predominantly those of erythroid precursors.

Maintenance of chloramphenicol in the serum of these
animals at concentrations in the order of 15 /Ag/ml re-
sulted in erythropoietic depression after several days.
The onset of this depression corresponded to the develop-
ment of a cellular respiratory defect in the erythroid
precursors which was associated with an abnormality in
the composition of the mitochondrial respiratory path-
way. The abnormality took the form of a selective de-
pletion of cytochromes a + as and b which can be ex-
plained by an inhibitory effect of the antibiotic on their
formation by the mitochondrial protein-synthesizing sys-
tem. The relationship between the nmitochondrial lesion
and the depression of proliferative activity was further
indicated by the correlation between the restoration of
the cytochrome deficit and the recovery of erythropoiesis
after chloramphenicol administration was ceased.

The features of the reversible depression of erythro-
poiesis corresponded closely to those in man, so that a
specific action of chloramphenicol on mitochondrial
formation provides a reasonable explanation for this
important manifestation of chloramphenicol toxicity.

INTRODUCTION

Chloramphenicol therapy has been frequently connected
with toxicity in hemopoietic tissue, and the most com-
monly encountered form of toxicity in animals and man
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is a reversible depression of erythropoiesis (1-3). This
depression of erythropoiesis develops regularly in man
when the concentration of free chloramphenicol in the
serum is maintained at or above 15-20 /g/ml for several
days (2). As recovery of erythropoiesis takes place
rapidly after the suspension of chloramphenicol adminis-
tration, the antibiotic has been considered to exert a
reversible and concentration-dependent toxic effect in
erythroid precursors (2, 3). Several biochemical. proces-
ses in bone marrow cells are known to be inhibited by
chloramphenicol in vitro (4-8), but the process whose
inhibition by chloramphenicol is responsible for the re-
versible depression of erythropoiesis in vivo has not yet
been identified.

The purpose of the present study has been to determine
whether a specific effect of chloramphenicol on the forma-
tion of mitochondria is related to the depression of eryth-
ropoiesis. Such a mechanism was considered because
chloramphenicol has been shown to selectively inhibit
the synthesis of the mitochondrial cytochromes a + as and
b in HeLa cells at concentrations similar to those pro-
ducing erythropoietic depression in man (20 Mtg/ml).
The physiological significance of this action of the drug
was that it eventually led to impaired function of the mito-
chondrial respiratory pathway which in turn resulted in
depression of proliferative activity after the cells had
completed two divisions in the presence of chlorampheni-
col (9).

This study has been performed in the rabbit with the
object of determining the relationship between chlor-
amphenicol-induced changes in the mitochondrial re-
spiratory pathway of erythroid precursors and the state
of erythropoietic activity. It was considered that the task
of examining mitochondria from erythroid cells would
be greatly simplified by inducing erythroid hyperplasia
in the experimental animals, as mitochondria isolated
from bone marrow tissue under these conditions would
essentially represent those of erythroid precursors.
Erythroid hyperplasia was induced as a compensatory
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response to hemolytic anemia produced by the regular
administration of phenyihydrazine. It was also decided
to maintain the concentration of free chloramphenicol
in the serum of the experimental animals at approxi-
mately 15 ig/ml in order to provide a comparable situa-
tion with that in man where sustained concentrations of
this order produce erythropoietic depression (3). Due
consideration was given to the relatively greater ca-
pacity of the rabbit to eliminate chloramphenicol, which
necessitated the administration of larger doses of the drug
on a body weight basis to produce similar serum chlor-
amphenicol concentrations to those in man (10, 11).

METHODS
Drug administration. The study was performed in young

adult New Zealand white rabbits. Hemolytic anemia was
induced by single daily subcutaneous injections of phenyl-
hydrazine HC1 in a dose of 4 mg/kg body weight (12).
Chloramphenicol was administered in a depot form by
single daily subcutaneous inj ections of microcrystalline
chloramphenicol suspended in 0.5% carboxymethylcellulose,
at a dose of 600 mg/kg body weight.

Measurement of hematological indices. The packed eryth-
rocyte volume (PCV)' and reticulocyte count were esti-
mated in venous blood using conventional techniques and
the films of bone marrow particles were stained with
Leishman's stain.

Preparative procedures. Animals were sacrificed by ex-
sanguination via cardiac puncture and the blood collected
using sodium citrate at a final concentration of 0.38%o as
the anticoagulant. Erythrocytes were sedimented by cen-
trifugation at 200 g for 10 min. The supernate and buffy
coat were carefully discarded to reduce leukocyte contami-
nation. The erythrocyte pellet was washed twice in isotonic
saline and the supernate and buffy coat discarded as before.
Fewer than 200 leukocytes/mm8 were present in the final
erythrocyte pellet after completion of the washing steps.
Red bone marrow was obtained from the femur, humerus,
and upper third of the tibia. Bone marrow was suspended in
a medium consisting of 0.25 M sucrose, 0.1 mMEDTA,
and 10 mmtris buffer, pH 7.4, and gently homogenized in
a Potter-Elvehj em homogenizer to disperse the cells. The
cell suspension was then centrifuged at 600 g for 10 min
and the floating layer of fatty tissue discarded. Sedimented
bone marrow cells were resuspended in the same medium
for cell fractionation, or in 137 mmNaCl, 3 mmKCI, and 10
mm Na phosphate, pH 7.4 for estimation of respiratory
activity.

Mitochondrial fractions were isolated from peripheral
blood erythrocytes which comprised 30-35%o reticulocytes,
and from bone marrow cells. The cells were disrupted by
high speed homogenization which was continued until
examination of the homogenate by phase contrast micros-
copy indicated that greater than 95%o of the cells had
been ruptured. Mitochondrial fractions were prepared by
sedimentation at 8000 g for 15 min from the supernate
remaining after low speed centrifugation of the homoge-
nate had removed intact cells, nuclei, and large membrane
fragments (13). The mitochondrial fractions were washed
twice under the same conditions for biochemical studies,

'Abbreviation used in this paper: PCV, packed erythro-
cyte cell volume.

and three times before the determination of amino acid
incorporation into protein.

Assay procedures. Respiratory activity of bone marrow
cells was determined polarographically with an oxygen
electrode (Rank Brothers, Bottisham, U. K.). Respiration
was supported by succinate at a concentration of 5 mM.
Amino acid incorporation into protein by isolated mito-
chondria was assayed at 30'C during a 30 min period by
previously described methods (14) using uniformly labeled
L-leucine-J'C (151 jCi/Amole) obtained from C.E.A., Gif-
sur-Yvette, France. Aseptic techniques, autoclaved equip-
ment, and millipore-filtered solutions were used throughout
this part of the study to minimize contamination by bac-
teria. Total bacterial counts were determined routinely in
the final incubation mixtures. Activities of the following
enzymes were determined at 30°C: malate dehydrogenase
(15), fumarase (16), succinate dehydrogenase (17) and
cytochrome oxidase (18). Mitochondrial cytochromes were
estimated by difference spectroscopy using the extinction
coefficients of Estabrook and Holowinsky (19). Protein
was measured by the method of Lowry, Rosebrough, Farr,
and Randall (20). The concentration of chloramphenicol in
the serum was determined as the free form by the method
of Levin and Fishbach (21).

RESULTS

Effect of drug administration on hematological
status

Stimulation of erythropoiesis by phenylhydrazine ad-
ministration. Daily phenylhydrazine administration to
control animals produced hemolytic anemia with a pro-
gressive fall in the PCV until compensation of the he-
molytic state developed on the 5th treatment day and
subsequently maintained the PCV at approximately 24%
(Fig. 1). The reticulocyte counts rose to between 30
and 40% on the 4th treatment day and remained at this
level while phenylhydrazine was being administered.
Section of the long bones on the 5th and 7th days demon-
strated that red marrow had extended below the normal
lower limit in the upper half of the femur and humerus
to the midshafts of the distal long bones. Smears of red
marrow from various sites in the long bones at these
times revealed hypercellular particles and erythroid hy-
perplasia in which erythroid precursors comprised ap-
proximately 80% of the nucleated cells (Table I), an
increase from the value of approximately 50% in normal
animals.

Serum chloramphenicol concentrations during chlor-
amphenicol administration. The serum chloramphenicol
concentration was found to be 17+4 ,ig/ml (;mean +SE)
6 hr after the daily injections of 600 mg chloramphenicol/
kg body weight in rabbits receiving phenylhydrazine.
24 hr after the injections, the value was 12±2 Ag/ml, and
when chloramphenicol administration was ceased, the
concentration fell to 9±4 /Lg/ml after 48 hr and 0 gg/ml
after 72 hr. indicating a relatively slow rate of elimina-
tion under these circumstances.

Effect of chloramphenicol on erythropoiesis in phenyl-
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FIGURE 1 Effect of chloramphenicol administration on the
erythrocyte packed cell volume in the phenylhydrazine-
treated rabbit. Values are means ±+SE from six experimental
animals in each category.

hydrazine-treated rabbits. The PCV fell to a mean of
23% and the reticulocyte counts rose to 30-40% during
the first 4 days of chloramphenicol administration to
phenylhydrazine-treated rabbits. This was identical with
the sequence of events in the control animals (Fig. 1),
and indicated that chloramphenicol did not prevent the
initial reticulocyte response to phenylhydrazine-induced
hemolytic anemia.

However, it is evident that continued administration
of chloramphenicol prevented the development of a com-
pensated hemolytic state after this period. The PCV fell
steadily after the 4th day in the chloramphencol-treated
animals and they became progressively weaker and died
when the PCV had fallen to values in the order of 8%.
During this phase the reticulocyte count remained be-
tween 30 and 40%, so that with the fall in the PCVthere
was a proportional decline in the number of reticulo-
cytes in the circulation.

Section of the long bones on the 5th and 7th days
demonstrated the same degree of extension of the red
marrow as in the control animals. Cellularity of aspi-
rated particles from the red marrow was also similar
to that in control bone marrow, and erythroid precursors
comprised approximately 80% of the nucleated cell popu-
lation. In contrast to the distribution of erythroid pre-
cursors in control bone marrow, there was a decrease in
the proportion of orthochromatic and polychromatic
normoblasts and an increase in the proportion of less
mature erythroid precursors (Table I). This was simi-
lar to the picture of arrested maturation in the erythroid
series of patients immediately after the onset of erythro-
poietic depression due to chloramphenicol (2). Cyto-
plasmic vacuolation was present in some basophil nor-
moblasts, pronormoblasts, and myeloid precursors as
reported in chloramphenicol-affected human bone marrow
(2).

TABLE I
Effect of Chloramphenicol on the Bone Marrow Cell Population

in Phenylhydrazine-Treated Rabbits

Proportion of erythroid and myeloid precursors*

Ortho-
chromatic

and
poly- Myeloid

chromatic Basophil series and
normo- normo- Pronormo- other cell

blasts blasts blasts lines

Control bone marrow 44±4 2843 742 2142
Chloramphenicol-

affected bone marrow 2845 40±4 10±3 22±2

Values are means ±sE from four experimental animals in each category.
Differences between the control and chloramphenicol-affected bone marrow
were statistically significant in the proportions of orthochromatic and
polychromatic normoblasts (0.02 < P < 0.05) and basophil normoblasts
(0.02 < P < 0.05), but were not statistically significant in the case of
pronormoblasts and other cell series (P > 0.05).
* Per cent of total cell polulation.

Recovery of erythropoiesis after chloramphenicol with-
drawal. When chloramphenicol and phenylhydrazine
administration was suspended, the PCV continued to
fall for several days at a similar rate to that in animals
whose treatment had been continued. The PCVeventually
began to rise but the delay before this occurred was
considerably greater than after the suspension of phenyl-
hydrazine administration to the control animals (Fig. 2).
During the fall in the PCV after a 5 day course of
chloramphenicol and phenylhydrazine as illustrated in
Fig. 2, the reticulocyte count remained between 30 and
40% for 3 days until the nadir was reached and per-
sisted at this level for 4-5 days during the subse-
quent rise in the PCV. There was thus a progressive fall
in the number of reticulocytes in the circulation before

OmU ADOMISTRATIU
COMMED CEASED
AJe &

TIME
(DYS)

FIGURE 2 Response of the erythrocyte packed cell volume
to a limited course of drug administration in the rabbit.
Values are means ±SE from four experimental animals.
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the number began to increase 4 days after the suspen-
sion of chloramphenicol administration.

On the 1st day that the PCVand number of circulating
reticulocytes began to rise, bone marrow aspiration re-
vealed that the pattern of maturation in erythroid pre-
cursors had been restored to that in the corresponding
controls. The degree of erythroid hyperplasia and the
proportions of the various erythroid precursors were
identical with those in control animals on the 5th day
of phenylhydrazine treatment as illustrated in Table I.
Cytoplasmic vacuolation was no longer present.

Suspension of treatment after a longer period of
chloramphenicol and phenyihydrazine administration re-
sulted in the PCV falling to levels which were incom-
patible with survival. Hence studies on the recovery of
erythropoiesis were performed on animals whose treat-
ment was limited to a 5 day course.

Mitochondrial and respiratory abnormalities in
chloramphenicol-affected erythroid tissue

Two stages in the response of erythropoiesis to chlor-
amphenicol were selected for evaluating changes in mito-
chondrial composition and respiratory activity in ery-
throid tissue. These were when erythropoietic depression
had become established, and when recovery of erythro-
poiesis had clearly developed after the suspension of
chloramphenicol administration. The hematological pic-
ture on the 5th treatment day was considered representa-
tive of the former situation as compensation of anemia
could not be sustained, the circulating number of reticu-
locytes was declining in spite of worsening anemia, and
a picture of arrested erythroid maturation was present
-in the bone marrow. The hematological picture on the
4th day after the suspension of a 5 day course of chlor-
amphenicol administration was considered consistent
with resumption of active erythropoiesis as the PCVand
numbers of circulating reticulocytes had started to rise
and the pattern of erythroid maturation in the bone mar-
row had reverted to that in control animals.

Respiratory activity of chloramphenicol-affected eryth-
roid tissue. The rate of oxygen consumption in chlor-
amphenicol-affected bone marrow cells was 0.88±0.07 -L
02/10' nucleated cells/hr (mean +SE, four experiments),
and represented a statistically significant depression
(P < 0.01) of 27% in the value of 1.21±0.05 Al 02/106
nucleated cells/hr for bone marrow from control ani-
mals on the 5th treatment day. 4 days after the suspension
of treatment the values were 1.28±05 Al 02/106 nucleated
cells/hr in bone marrow from the animals which had
received chloramphenicol, and 1.27±0.06 Al 02/106 nu-
cleated cells/hr in the controls.

Mitochondrial composition in chloramphenicol-affected
erythroid tissue. The level of a number of respiratory
chain cytochromes was significantly reduced in mito-

chondria from the bone marrow of chloramphenicol-
treated rabbits on the 5th treatment day as illustrated
in Table II. This change involved cytochromes a + as
and b, and the decrease in the content of cytochromes
a + as demonstrated by difference spectroscopy was cor-
roborated by a similar decrease in the specific activity
of cytochrome oxidase in keeping with its role as the
enzymatic function of cytochromes a + as.

On the other hand, there was no significant change in
the content of the c group cytochromes or in the specific
activities of other representative mitochondrial enzymes
assayed, such as fumarase and malate and succinate de-
hydrogenases. There was also no detectable decrease in
the total protein content of the mitochondrial fraction
from chloramphenicol-affected bone marrow cells (8-10
mg/109 nucleated cells), so that the decreased content
of cytochromes a + as and b represents an alteration in
mitochondrial composition rather than an over-all de-
crease in the mitochondrial content of chloramphenicol-
affected bone marrow cells. It is of interest that the
cytochrome deficit appeared to be specific for cyto-
chromes a + as and b, as the c group cytochromes were
present in normal amounts.

4 days after suspension of drug administration, the
cytochrome levels and enzyme-specific activities in mito-
chondria isolated from the bone marrow of animals which
had received chloramphenicol were identical with those
from control animals. There was no statistically sig-
nificant difference between these values and the values
in the mitochondria of control animals on the 5th treat-
ment day as illustrated in Table II.

Mitochondrial composition in peripheral blood reticu-
locytes of chloramphenicol-treated animals. Cytochrome
oxidase activity was significantly decreased in mitochon-
dria isolated from peripheral blood erythrocytes of chlor-
amphenicol-treated animals on the 5th treatment day
(Table II). The mitochondria originated from the
reticulocytes which comprised from 30 to 40% of the
erythrocytes in the cells which had been subjected to
fractionation after leukocytes had been extensively re-
moved by repeated washing. This decrease in cytochrome
oxidase activity was similar to that in the bone marrow
mitochondria, and the selective nature of the defect was
again illustrated by the lack of change in the specific ac-
tivity of succinate dehydrogenase. As in the bone marrow
mitochondria, the specific activity of cytochrome oxidase
in reticulocyte mitochondria had reverted to control
values on the 4th day after the suspension of chlor-
amphenicol administration.

Action of chloramphenicol on amino acid incorporation
into protein by isolated bone marrow mitochondria.
Chloramphenicol inhibited leucine-14C incorporation into
protein by mitochondria isolated from control bone
marrow on the 5th treatment day. This effect was evi-
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TABLE I I
Mitochondrial Composition in Chloramphenicol-Affected Erythroid Tissue

Cytochrome levels and enzyme-specific
activities in mitochondria

Chlor-
Source of Nature of amphenicol

mitochondria mitochondrial component affected Control

P value
Bone marrow cells Cytochromes a + a3 0.023 0.074 <0.01

Cytochrome b 0.117 0.146 0.01 < P < 0.02
Cytochromes c + cl 0.149 0.166 >0.05
Cytochrome oxidase 0.32 1.15 <0.01
Succinate dehydrogenase 0.29 0.30 >0.05
Malate dehydrogenase 0.81 0.71 >0.05
Fumarase 0.41 0.40 >0.05

Peripheral blood Cytochrome oxidase 0.28 1.21 <0.01
Erythrocytes Succinate dehydrogenase 0.35 0.36 >0.05

These values are the means from four experimental animals in each category. The levels of the cyto-
chromes in the mitochondria are expressed as micromoles per milligram protein in the mitochondrial
fraction. Enzyme activity is expressed as micromoles substrate utilized/minute for malate dehydrogenase
and fumarase, as the A ODat 600 mM&/min for the decolorization of phenazine methosulphate (0.17 mg/ml)
for succinate dehydrogenase, and as the first order rate constant/minute for cytochrome oxidase. Specific
activities are per milligram protein in the mitochondrial fraction.

dent at a concentration of 20 Ag/ml and the degree of
inhibition increased with the concentration of the anti-
biotic (Table III). Cycloheximide, an inhibitor of amino
acid incorporation into protein by mammalian cytoplas-
mic ribosoxnes (22), did not affect the process which in-
dicated that contaminating cytoplasmic ribosomes did
not contribute to the amino acid incorporation. The very
low contamination by bacteria in the final incubation
systems (routinely less than 40 organisms/ml) indi-
cated that amino acid incorporation was also not due to
contaminating bacteria, as such small numbers of or-
ganisms do not significantly contribute to amino acid in-

TABLE III
Antibiotic Sensitivity of Amino Acid Incorporation into

Protein by Isolated Bone Marrow Mitochondria

Inhibition
Specific activity of amino

Concen- of mitochondrial acid incor-
Antibiotic tration protein poration

pg/ml cpm/mg %
Nil - 198 10 -

Chloramphenicol 20 140a=5 27
Chloramphenicol 50 121 : 7 38
Chloramphenicol 100 71 1 12 64
Lincomycin 100 197 8 0
Cycloheximide 100 200:111 0

Values are means A1SE from three experiments.

corporation into protein under the experimental condi-
tions employed (23). The lack of effect of lincomycin
on amino acid incorporation indicates that the sensitivity
to chloralmphenicol does not represent sensitivity to anti-
biotics in general, in keeping with the limited antibiotic
sensitivityof mitochondrial protein-synthesizing systems
in the tissues of other mammalian species (14).

Action of chloramphenicol on bone marrow cell res-
piration. The capacity of chloramphenicol to directly
affect cellular respiration was also examined using bone

100

75-

RESPIRATORY
ACTIVITY 5O

(%)

25-

100 200 300 400
CHLORAMPENICO GOUCENUTRAIMO

FIGURE 3 Action of chloramphenicol on the respiratory
activity of bone marrow cells isolated from the phenyl-
hydrazine-treated rabbit. Values are means +SE from four
experimental animals.
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marrow cells from control animals on the 5th treatment
day. Chloramphenicol did inhibit respiratory activity,
but this effect was manifested only at concentrations
greater than those attained in the serum of the experi-
mental animals (Fig. 3). The degree of inhibition was
only 5% at a concentration of 80 /Lg/ml but increased
progressively to 30% at a concentration of 320 /g/ml.

DISCUSSION

Chloramphenicol administration has been shown to pro-
duce a selective depression in the content of certain
respiratory enzymes in the mitochondria of erythroid pre-
cursors in the rabbit. The significance of this mitochon-
drial lesion is indicated by its close relationship to the
reversible depression of erythropoiesis by chlorampheni-
col.

The experimental approach involved the treatment of
the rabbits with phenylhydrazine in order to produce
hemolytic anemia and compensatory erythroid hyper-
plasia in the bone marrow. Under these conditions the
proportion of erythroid precursors increased to approxi-
mately 80%, so that the mitochondrial and respiratory
characteristics of the bone marrow tissue predominantly
reflected those of erythroid precursors. Administration
of chloramphenicol was commenced with the phenylhy-
drazine so that erythroid precursors would be exposed to
chloramphenicol from the start of their active prolifera-
tive response to the hemolytic anemia. It was reasoned
that development of erythropoietic depression under
these conditions would be manifested by abrupt changes
in the peripheral blood picture which would clearly indi-
cate a suitable time to evaluate underlying changes in
the erythroid precursors.

The number of circulating reticulocytes relative to that
in the control animals did in fact begin to decline
abruptly on the 5th day after the institution of chlor-
amphenicol treatment, and the underlying arrest of matu-
ration of erythroid precursors indicated that this re-
sponse was due to depression of reticulocyte production.
Studies on the bone marrow at this stage demonstrated
that cellular respiration was depressed, and it was
shown that this did not simply represent a direct effect
of free chloramphenicol on the cells. A specific cause
for depressed respiratory activity was present in the
form of an abnormality in the mitochondrial respiratory
chain, as there was a considerable decrease in the mito-
chondrial content of cytochromes a + a3 and b, and in
the specific activity of cytochrome oxidase. Cytochrome
oxidase activity in the reticulocyte mitochondria was
also considerably reduced, and as the reduction was
equivalent to that in bone marrow mitochondria it was
evident that mitochondrial composition had been affected
throughout the erythroid series in the chloramphenicol-
treated animals.

The mechanism of oxidative energy production by
mitochondria is involved by such a lesion in the respira-
tory pathway, which indicates how the abnormality can
interfere with proliferation of erythroid precursors. As a
similar degree of depletion of these cytochromes from
the mitochondria of HeLa cells is responsible for the
depression of proliferative activity of these cells by chlor-
amphenicol (9), it has to be considered that erythro-
poietic depression was also produced by this means.
When turnover rates of erythroid precursors are taken
into account, it would be expected by analogy with the
response of HeLa cells that proliferation of pronormo-
blasts and basophil normoblasts would become depressed
after two divisions, which would occur after approxi-
mately 2 days (24). However, the maturation of poly-
chromatic and orthochromatic normoblasts which occurs
without further cell proliferation would still continue to
yield reticulocytes for a further 2-3 days before reticulo-
cyte production became depressed. Such a course of
events is consistent with that observed in the experi-
mental animals. After the suspension of chloramphenicol
administration, the period before the number of circu-
lating reticulocytes began to rise is also consistent with
that required for maturation of cells derived from the
resumption of basophil normoblast proliferation after
chloramphenicol had been cleared from the serum. On
the grounds that the mitochondrial lesion was causally
related to erythropoietic depression, its recovery through-
out the erythroid series should have occurred at the
stage when the cohort of newly formed reticulocytes had
reached the circulation, and this is in agreement with
the experimental findings.

The means by which chloramphenicol selectively in-
terferes with the synthesis of cytochromes a + a3 and b
in erythroid precursors is suggested by findings in stud-
ies with other mammalian tissues. It had been shown
in these studies that the drug inhibited the synthesis of
a small proportion of mitochondrial proteins in the ab-
sence of an inhibitory effect on the synthesis of the ma-
jority of mitochondrial and other cellular proteins (9,
13, 22). Cytochromes a + aa and b were among the
,mitochondrial proteins whose synthesis was affected by
chloramphenicol. The selective nature of the inhibitory
effect was attributed to the capacity of chloramphenicol
to inhibit protein synthesis by mitochondria but not by
cytoplasmic ribosomes. Such a mechanism is also ap-
plicable to the erythroid precursors as protein synthetic
activity in the isolated mitochondria was inhibited by
chloramphenicol in vitro, and isolated cytoplasmic ribo-
somes from this tissue have been shown elsewhere to be
insensitive to the drug (25). The ability of chlorampheni-
col to affect protein-synthetic activity in isolated mito-
chondria has been known for some time, and provided
the basis for the speculation that such an effect was re-
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sponsible for toxicity (7, 13, 23, 26, 27). The importance
of the present findings is in providing evidence that an
effect of chloramphenicol on this system is operative
in erythroid precursors in vivo.

Development of such highly specific changes in the
mitochondria is not consistent with the consequences
of certain alternative mechanisms proposed to account
for chloramphenicol toxicity, because the suggested
mechanisms invoked an inhibition of major cellular syn-
thetic pathways which would have led to a generalized
rather than specific inhibition of the synthesis of mito-
chrondial components. These include the inhibition of
protein synthesis by cytoplasmic ribosomes proposed by
Weisberger and Wolfe (4), and the inhibition of ribo-
nucleic acid synthesis proposed by Ward (5). Depression
of ferrochelatase activity (8) also cannot account for the
changes produced in the mitochondria, as this would
have interfered with heme synthesis and thereby gen-
erally inhibited the formation of cytochromes. -Such a
situation was shown not to be the case as the c group
cytochromes were formed in normal amounts as in other
studies on the action of chloramphenicol in mammalian
tissues (9, 13).

Erythropoietic depression due to chloramphenicol in
this experimental situation closely resembles that in
man under clinical conditions in the pattern of develop-
ment and recovery, as well as in the morphological
changes in erythroid precursors (2, 3). The effective
chloramphenicol concentration in the rabbit is also com-
parable with the level of 15-20 Ag/ml at or above which
depression regularly develops in man (3). The serum
concentration rather than the administered dose of
chloramphenicol is believed to be the determining factor
in the development of erythropoietic depression (3, 11),
and it was only to compensate for the greater capacity
of the rabbit to eliminate chloramphenicol that a rela-
tively greater dosage on a body weight basis was ad-
ministered to them (10). Thus, in all essential features,
the response in the rabbit resembles that in man, so that
a similar mechanism can be proposed to account for the
reversible erythropoietic depression by chloramphenicol
in man.

Chloramphenicol also produced a direct effect on bone
marrow cell respiration at concentrations which were
considerably greater than those attained in the experi-
mental animals, and this second type of effect may be
related to a different form of human toxicity manifested
only at very high serum concentrations of the drug. In-
hibition of cell respiration has also been observed at
high concentrations in other mammalian tissues (14, 22,
28), and was shown to be due to inhibition of NADH
dehydrogenase which in turn led to depression of energy-
dependent synthetic processes (28). This mechanism pro-
vides an explanation for the potentially lethal generalized

toxicity known as the Grey syndrome, which develops
when chloramphenicol accumulates to very high con-
centrations (75-180 ug/ml) in the serum of neonates
as a consequence of their impaired capacity to detoxify
the drug (29).

ACKNOWLEDGMENTS
The technical assistance of Miss V. Squires is gratefully
acknowledged.

This work was supported by the National Health and
Medical Research Council of Australia.

REFERENCES
1. Smith, R. M., D. A. Joslyn, 0. M. Gruzkit, I. W.

McLean, M. A. Penner, and J. Ehrlich. 1948. Chloro-
mycetin: biological studies. J. Bacteriol. 55: 425.

2. Saidi, P., R. Wallerstein, and P. Aggeler. 1961. Effect
of chloramphenicol on erythropoiesis. J. Lab. Clin. Med.
57: 247.

3. Scott, J. L., S. M. Finegold, G. A. Belkin, and J. S.
Lawrence. 1965. A controlled double-blind study of the
hematological toxicity of chloramphenicol. N. Engl.
J. Med. 272: 1137.

4. Weisberger, A. S., and S. Wolfe. 1964. Effect of
chloramphenicol on protein synthesis. Fed. Proc. 23:
976.

5. Ward, H. 1966. Effect of chloramphenicol on ribonu-
cleic acid and heme synthesis in bone marrow cultures.
J. Lab. Clin. Med. 68: 400.

6. Haldar, D., and K. B. Freeman. 1968. The inhibition
of protein synthesis and respiration in mouse ascites
tumour cells by chloramphenicol and its isomers and
analogues. Can. J. Biochem. 46: 1009.

7. Martelo, O., D. R. Manyan, U. Smith, and A. A. Yunis.
1969. Chloramphenicol and bone marrow mitochondria.
J. Lab. Clin. Med. 74: 927.

8. Manyan, D. R., and A. A. Yunis. 1970. The effect of
chloramphenicol treatment on ferrochelatase activity in
dogs. Biochem. Biophys. Res. Commun. 41: 926.

9. Firkin, F. C., and A. W. Linnane. 1968. Differential
effects of chloramphenicol on the growth and respira-
tion of mammalian cells. Biochem. Biophys. Res. Com-
mun. 32: 398.

10. Schoenberg, M. D., R. D. Moore, and A. S. Weisberger.
1967. Differentiation and functional expression of po-
tential antibody-producing cells in the presence of chlor-
amphenicol. J. Cell Biol. 32: 401.

11. Suhrland, L. G., and A. S. Weisberger. 1969. Delayed
clearance of chloramphenicol from serum in patients
with hematological toxicity. Blood J. Hematol. 34: 466.

12. Borsook, H., A. Graybiel, G. Keighley, and E. Windsor.
1954. Polycythemic response in normal adult rats to a
non protein plasma extract from anemic rabbits. Blood
J. Hematol. 9: 734.

13. Firkin, F. C., and A. W. Linnane. 1969. Biogenesis of
mitochondria VIII. The effect of chloramphenicol on
regenerating rat liver. Exp. Cell Res. 55: 68.

14. Firkin, F. C., and A. W. Linnane. 1969. Phylogenetic
differences in the sensitivity of mitochondrial protein
synthesising systems to antibiotics. FEBS (Fed. Eur.
Biochem. Soc.) Lett. 2: 330.

Mitochondrial Lesions in Chloramphenicol Toxicity 2091



15. Davies, D. D., and E. Kun. 1957. Isolation and proper-
ties of malic dehydrogenase from ox-heart mitochondria.
Biochem. J. 66: 307.

16. Racker, E. 1950. Spectrophotometric measurements of
the enzymatic formation of fumaric and cis-aconitic
acids. Biochim. Biophys. Acta. 4: 211.

17. Arrigoni, O., and T. P. Singer. 1962. Limitations of
the phenazine methosulphate assay for succinic and
related dehydrogenases. Nature (Lond.). 193: 1256.

18. Smith, L. 1955. Cytochromes a, ai, as, and as. Methods
Enzymol. 2: 732.

19. Estabrook, R. W., and A. Holowinsky. 1961. Studies on
the content and organisation of the respiratory enzymes
of mitochondria. J. Biophys. Biochem. Cytol. 9: 19.

20. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R.
J. Randall. 1951. Protein measurement with the folin
phenol reagent. J. Biol. Chem. 193: 265.

21. Levine, J., and H. Fishbach. 1951. The chemical deter-
mination of chloramphenicol in biological materials.
Antibiot. Chemother. 1: 59.

22. Beattie, D. S. 1968. Studies on the biogenesis of mito-
chondrial protein components in rat liver slices. J. Biol.
Chem. 243: 4027.

23. Wheeldon, L. 1966. The problem of bacterial contami-

nation in studies of protein synthesis by isolated mito-
chondria. Biochem. Biophys. Res. Commun. 24: 407.

24. Killman, S.-A., E. P. Cronkite, T. M. Fliedner, and
V. P. Bond. 1964. Mitotic indices of human bone mar-
row cells. III. Duration of some phases of erythrocytic
and granulocytic proliferation computed from mitotic
indices. Blood J. Hematol. 24: 267.

25. Zelkowitz, L., G. K. Arimura, and A. A. Yunis. 1968.
Chloramphenicol and protein synthesis in mammalian
cells. J. Lab. Clin. Med. 71: 596.

26. Rendi, R. 1959. The effect of chloramphenicol on the
incorporation of labelled amino acids into proteins by
isolated subcellular fractions from rat liver. Exp. Cell
Res. 18: 187.

27. Kroon, A. M. 1963. Amino acid incorporation into the
protein of mitochondria and mitochondrial fragments
from beef heart. Biochim. Biophys. Acta. 69: 184.

28. Freeman, K. B., and D. Haldar. 1968. The inhibition
of mammalian mitochondrial NADH oxidation by
chloramphenicol and its isomers and analogues. Can. J.
Biochem. 46: 1003.

29. Bums, L. E., J. E. Hodgman, and A. B. Cass. 1959.
Fatal circulatory collapse in premature infants receiv-
ing chloramphenicol. N. Engi. J. Med. 261: 1318.

2092 F. C. Firkin


