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Chloramphenicol is an antibiotic that consistently suppresses the bone marrow
and induces sideroblastic anemia. It is also a rare cause of aplastic anemia. These
toxicities are thought to be related to mitochondrial dysfunction, since chloram-
phenicol inhibits mitochondrial protein synthesis. We hypothesized that chlor-
amphenicol-induced mitochondrial impairment alters the synthesis of ferritin and
the transferrin receptor. After treating K562 erythroleukemia cells with a thera-
peutic dose of chloramphenicol (10 wg/ml) for 4 days, there was a marked
decrease in cell surface transferrin receptor expression and de novo ferritin
synthesis associated with significant decreases in cytochrome c oxidase activity,
ATP levels, respiratory activity, and cell growth. Decreases in the transferrin
receptor and ferritin were associated with reduced and unchanged message
levels, respectively. The mechanism by which mitochondrial dysfunction alters
these important proteins in iron homeostasis is not clear. A global decrease in
synthetic processes seems unlikely, since the expression of the cellular adhesion
proteins VLA4 and CD58 was not significantly decreased by chloramphenicol,
nor were the message levels of B-actin or ferritin. The alterations were not
accompanied by changes in binding of the iron response protein (IRP) to the
iron-responsive element (IRE), although cytosolic aconitase activity was reduced
by 27% in chloramphenicol-treated cells. A disturbance in iron homeostasis due
to alterations in the transferrin receptor and ferritin may explain the hypochromic-
microcytic anemia and the accumulation of nonferritin iron in the mitochondria
in some individuals after chloramphenicol therapy. Also, these studies provide
evidence of a link between mitochondrial impairment and iron metabolism in
K562 cells. J. Cell. Physiol. 180:334-344, 1999. © 1999 Wiley-Liss, Inc.

Chloramphenicol, first isolated from Streptomyces
venezuela in 1947 (Ehrlich et al., 1947; Bartz, 1948), is
a potent antibiotic effective against a large number of
organisms. Unfortunately, it is also linked with serious
toxicities, including bone marrow suppression, sider-
oblastic anemia, and, more infrequently, with fatal
aplastic anemia (Yunis and Salem, 1980). Due to its
severe side effects, chloramphenicol is seldom pre-
scribed in the United States today except for the treat-
ment of life-threatening infections. However, due to its
effectiveness and low cost, it continues to be used ex-
tensively worldwide, particularly in developing coun-
tries (Holt et al., 1997). Elucidating the mechanism by
which chloramphenicol causes toxicity is essential in
order to design safer strategies for its use. In addition,
an understanding of the pathways by which the drug
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causes aplastic and sideroblastic anemia could provide
valuable insight into the pathogenesis of these dis-
eases, the causes of which, in most cases, have not been
determined.

Over the past 40 years, significant progress has been
made in understanding the pathogenesis of chloram-

Contract grant sponsor: NIH; Contract grant numbers: RO1HL-
15157, RO1HL-32854, and R01-HL45794-07; Contract grant
sponsor: NIH National Research Science; Contract grant sponsor:
NHLBI; Contract grant number: K08-HL-03235.

*Correspondence to: Kenneth R. Bridges, M.D., Division of Hema-
tology/Oncology, Brigham and Women’s Hospital, 75 Francis Street,
Boston, MA 02115. E-mail: bridges@calvin.bwh.harvard.edu

Received 2 December 1998; Accepted 13 April 1999



MITOCHONDRIAL DYSFUNCTION AND IRON METABOLISM

phenicol-induced hematological toxicity. Much atten-
tion has been focused on the role of mitochondrial in-
jury. Chloramphenicol limits bacterial growth by
inhibiting the 50S ribosomal subunit and consequently
protein synthesis. Unfortunately, the similarities be-
tween mitochondria and bacteria render these eukary-
otic organelles susceptible to this inhibition (Hayes,
1994). Mitochondrial DNA codes for 13 polypeptides,
which are subunits of enzyme complexes involved in
electron transport and oxidative phosphorylation, in-
cluding NADH dehydrogenase, ATPase, and cyto-
chrome ¢ oxidase (Attardi, 1993). Nuclear DNA does
not code for these subunits, leaving the cell completely
dependent on mitochondria for their synthesis. It is
generally agreed that chloramphenicol causes bone
marrow dysfunction, including defective heme synthe-
sis, secondary to its effect on mitochondrial metabo-
lism, although the pathway by which this occurs is not
known.

In this study, we investigated the effect of chloram-
phenicol on mitochondrial function in K562 cells, a
human erythroleukemia cell line frequently used as a
model for red blood cell precursors. We also examined
the drug’s effect on the synthesis of two key proteins in
iron metabolism: the transferrin receptor, which medi-
ates iron uptake; and ferritin, the iron storage protein.
Alterations in these proteins could affect iron uptake
and safe storage of iron. Thus, these studies may help
elucidate the mechanisms by which chloramphenicol:
1) impairs erythropoiesis and heme synthesis, which
processes are highly dependent on iron; and 2) causes
accumulation of nonferritin iron in the mitochondria of
erythroid precursors in individuals who develop sider-
oblastic anemia.

Chloramphenicol was found to substantially reduce
cell growth, cytochrome c oxidase activity, ATP synthe-
sis, aconitase activity, ferritin synthesis, and cell sur-
face transferrin receptor expression. Interestingly, the
alterations in ferritin synthesis and transferrin recep-
tor expression were not associated with changes in the
binding affinity of the iron response protein (IRP) to
the iron-responsive element (IRE). Numerous studies
in nonerythroid cell lines have shown that interactions
of IRPs with IREs on ferritin and transferrin receptor
RNA control iron metabolism in these cells (Harford et
al., 1994). However, there is less evidence that this
mode of regulation is as important in erythroid cells
(Ponka, 1997).

Although chloramphenicol penetrates all cells and
even crosses the blood-brain barrier, its side effects are
limited to the bone marrow and particularly to devel-
oping normoblasts. These cells have an extremely high
requirement for iron, and chloramphenicol’s effect on
key proteins in iron homeostasis in these cells may
explain their sensitivity to the drug’s effects. In addi-
tion, these findings suggest a relationship between mi-
tochondrial dysfunction and iron metabolism in K562
cells.

MATERIALS AND METHODS
Cell culture and treatments

Human K562 erythroleukemia cells (ATCC, Rock-
ville, MD) were maintained at a concentration of 1 X
10° cells/ml in RPMI 1640 medium (BioWhittaker,
Walkersville, MD) supplemented with 10% newborn
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calf serum (BioWhittaker) at 37°C, 5% CO,. Prior to all
experiments, cells were harvested and resusgended in
complete medium at a concentration of 2 X 107 cells/ml.
Treatments included: 1) 10, 25, or 40 pg/ml water-
soluble chloramphenicol (Sigma Chemical Co., St.
Louis, MO) for 2, 4, or 8 days; 2) 200 wg/ml ferric
ammonium citrate for 24 h; and 3) 100 uM desferriox-
amine (deferoxamine mesylate USP from CIBA, Sum-
mit, NJ) for 24 h. Iron uptake in ferric ammonium
citrate-treated cells was confirmed by Prussian blue
staining of fixed cells. Cells were counted on a hema-
cytometer and viability determined by trypan blue ex-
clusion. Cell cycle profiles were determined by pro-
pidium iodide staining followed by FACS analysis
using standard procedures (protocol accompanying
propidium iodide from Boehringer Mannheim Corp.,
Indianapolis, IN).

Isolation of mitochondrial fractions

Cells (1-2 X 107) were harvested and resuspended in
0.5 ml ice-cold hypotonic buffer containing 10 mM
NaCl, 1.5 mM MgCl,, 10 mM Tris-HCI, pH 7.5, and 1
mM phenylmethylsulfonylfluoride (PMSF), transferred
to 1.5 ml Eppendorf tubes, and maintained on ice for 10
min. Cells were then gently homogenized manually 20
times with a 6-cm polypropylene pestle (Kontes pellet
pestle, Fisher Scientific, Pittsburgh, PA) and mixed
with 0.7 ml mitochondrial solubilization buffer (0.525
M D-mannitol, 175 mM sucrose, 12.5 mM EDTA, and
12.5 mM Tris-HCI, pH 7.5) (Higuchi and Linn, 1995).
The mitochondrial fraction was obtained by centrifuga-
tion at 1,000 rpm in a microfuge for 5 min at 4°C (to
remove the nuclear fraction) followed by centrifugation
of the supernatant at 10,000 rpm for 10 min at 4°C.

Cytochrome ¢ oxidase (EC 1.9.3.1) activity

Mitochondrial fractions were resuspended in 200 pl
ice-cold 10 mM potassium phosphate buffer, pH 7.0.
Protein was quantitated colorimetrically with Coomas-
sie Brilliant Blue G-250 dye (Bio-Rad Laboratories,
Hercules, CA). Cytochrome ¢ oxidase was determined
by a modification of the assay of Smith (1955). Mito-
chondrial suspensions (5 pg) containing cytochrome c
oxidase were added to cuvettes containing 2.8 ml 10
mM potassium phosphate buffer and 0.2 ml reduced
1% w/v cytochrome c¢ (from horse heart, Sigma). Cyto-
chrome ¢ was reduced by adding 3—5 mg L-ascorbic acid
to 10 ml 1% cytochrome c (in 10 mM potassium phos-
phate buffer) and dialyzing overnight at 4°C. Cyto-
chrome c oxidase activity was determined by spectro-
photometric analysis by measuring a decrease in
optical density at 550 nm after 10 min at 37°C. Activity
was expressed as A O.D. 550/min/mg protein.

ATP determination

Cells (2 X 107) were harvested and resuspended in 1 ml
Tris-EDTA buffer (4 mM EDTA, 100 mM Tris, pH 7.75).
After removing aliquots for protein determination, cells
were boiled for 3 min and protein precipitates were re-
moved by centrifugation at 10,000 X g for 60 sec. Super-
natants were transferred to a fresh tube and maintained
on ice until ATP measurement. Cellular ATP was deter-
mined by adding 100 pl luciferase-luciferin reagent (Sig-
ma) (10 mg/ml) to the supernatant (10 pl) in 390 pl
Tris-EDTA buffer and immediately placed into a biolumi-
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nometer (Monolight 2010, Analytical Luminescence Lab-
oratory, Sparks, MD), integrating the light signal for 20
sec. ATP concentrations were calculated from a standard
curve using the log of ATP standards vs. the log of biolu-
minescent units. The data were expressed as nmole
ATP/mg protein in cell lysates.

Mitochondrial respiration

Mitochondrial metabolic function in vivo was as-
sessed with the use of a MitoTracker Orange CM-
H,TMRos dye (Molecular Probes, Eugene, OR) which,
upon entering an actively respiring cell, is oxidized to a
fluorescent mitochondrion-selective probe and seques-
tered in the mitochondria. A MitoTracker Green FM
probe (Molecular Probes), which fluoresces once it ac-
cumulates in the lipid environment of mitochondria,
was used as a measure of mitochondrial number. Cells
(5 X 10°%) were harvested and resuspended in RPMI
1640 medium containing 50 nM of each dye and incu-
bated at 37°C for 15 min in a waterbath. Cells were
washed three times with phosphate-buffered saline
(PBS) and fixed in 3.7% formaldehyde (in PBS) for 15
min. After washing twice with PBS, cells were cyto-
spun onto glass coverslips that were mounted with
aqueous Gel/Mount media (Fisher Scientific) onto glass
slides and sealed with nail polish. Cells were observed
using a Zeiss Axioskop epifluorescence microscope
equipped with differential interference contrast optics.
The cells were imaged at 250-1,000X magnification
using a CCD camera (Model CH250, Photometrics Ltd.,
Tucson, AZ) cooled to —40°C. Pseudocolor fluorescence
images were digitized. The cell fluorescence was mea-
sured using an image processor (Metamorph, Univer-
sal Imaging, West Chester, PA) and expressed in arbi-
trary units as fluorescence counts per cell.

Transferrin receptor, CD58, and VLA4 cell
surface expression

Transferrin receptor. Cells (10%ml) were incu-
bated with 10 pM fluorescein isothiocyanate (FITC)-
conjugated holo-transferrin (FITC-TF; Molecular
Probes) in PBS at 4°C for 90 min. Cells were then
washed twice with Hanks’ balanced salt solution
(HBSS; Sigma), fixed in 3.7% formaldehyde in PBS,
and maintained at 4°C for quantitative fluorescence
microscopy measurements.

CD58 and VLAA4. In order to test the specificity of
the effect of chloramphenicol on the transferrin recep-
tor, we also quantitated the cell surface expression of
two cellular adhesion molecules, CD58 and VLA4. Cells
(10%ml) were incubated with phycoerythrin (PE)-con-
jugated mouse monoclonal anti-human CD58 (LFA-3,
IgG) (Becton Dickinson Immunochemicals, San Jose,
CA) or FITC-conjugated mouse monoclonal anti-hu-
man a4B1 (CD49d, VLA4, IgG) (Calbiochem, La Jolla,
CA) (50 pg/ml) in complete medium for 60 min at room
temperature with frequent, gentle mixing. Cells were
washed twice with complete medium and the cell sur-
face expression of the transferrin receptor, CD58, and
VLA4 was measured by quantitative fluorescence mi-
croscopy as outlined above. Pseudocolor fluorescence
images were printed on a Phaser IISDX color printer
(Tektronix, Beaverton, OR).
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Ferritin synthesis

Cells (2 X 107) were harvested and resuspended in 5
ml RPMI 1640 medium without methionine or serum
and incubated for 15 min at 37°C. Cells were then
gently pelleted and resuspended in the same medium
containing 200 wCi 3°S-methionine and respective
treatments. After 1 h at 37°C, cells were harvested and
washed three times with cold PBS. Cell pellets were
resuspended in 200 pl cold lysis buffer containing 50
mM Tris, pH 7.6, 150 mM NaCl, 2 mM EDTA, 0.2%
NP40, and 1 mM PMSF. After 20 min on ice, samples
were spun at 10,000 rpm in a microfuge for 10 min at
4°C. Supernatants were immunoprecipitated with rab-
bit anti-human ferritin antibody (Boehringer Mann-
heim Corp.) for 1 h at 4°C on a rotator followed by
incubation with 20 pl immobilized Protein A (Pierce,
Rockford, IL) for 1 h at 4°C. Protein A beads were
pelleted by centrifuging samples at 1,500 rpm for 5 min
and washed three times with lysis buffer containing 0.5
M NacCl (first wash), 0.1% sodium lauryl sulfate (SDS)
(second wash) and lysis buffer alone, for 10 min each, at
4°C. Beads were then resuspended in 10 pl Laemmli
buffer, boiled for 5 min, and run on a 15% acrylamide
gel. The gel was fixed in 25% methanol and 7% acetic
acid (v/v) for 1 h, treated with fluorographic reagent
(Amersham, Pharmacia Biotech, Piscataway, NdJ) for
30 min, dried, and exposed to X-Omat Kodak film for
24 h at —80°C. Ferritin bands on the film were quan-
titated using a densitometer (Molecular Dynamics,
Sunnyvale, CA).

Total protein synthesis

The amount of **S-methionine incorporated into pro-
tein was assessed to determine whether total protein
synthesis was affected by chloramphenicol. Lysates (5
png) used for the ferritin immunoprecipitations were
mixed with an equal volume (5 pl) of 10 mg/ml bovine
serum albumin (BSA) and pipetted onto glass fiber
filters. Protein was precipitated onto the filters by ad-
dition of 10% trichloroacetic acid (TCA) and incubation
for 30 min at 4°C. After two 5-min washes with TCA,
filters were washed with 95% ethanol, dried, and quan-
titated in a scintillation counter.

Transferrin receptor, H-ferritin,
and L-ferritin mRNA

RNA isolation, electrophoresis, transfer, and North-
ern hybridization procedures were performed accord-
ing to the protocol included with Stratagene’s RNA
isolation kit (La Jolla, CA). Briefly, 25 pg of RNA was
run on a 1% agarose-formaldehyde gel and transferred
to a Hybond-N* nylon filter (Amersham) through cap-
illary transfer. RNA was fixed to the membrane by
baking for 2 h at 80°C. Hybridization probes for the
transferrin receptor, H-ferritin, L-ferritin, GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), and
B-actin were radiolabeled with 3?*P-dCTP using Strat-
agene’s Prime-It® Random Primer Labeling Kit and
purified on NucTrap probe purification columns (Strat-
agene). cDNA was obtained from a 700-bp Pst 1 frag-
ment of pCDTR-1 (transferrin receptor, McClelland et
al., 1984); a 600 Pst 1 fragment of pSV2H-ferritin (H-
ferritin, Constanzo et al., 1986); and a 670-bp Pst 1
fragment of SV2L-ferritin (L-ferritin, Dente et al.,
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1985). RNA levels on the film were quantitated using a
densitometer (Molecular Dynamics).

Cytosolic aconitase activity

Aconitase activity was measured by a modification of
a previously described method (Davies and Scopes,
1981). Cells were lysed in 500 wl ice-cold buffer con-
taining 10 mM HEPES, ph 7.5, 40 mM KCl, 5% glyc-
erol, 3 mM MgCl,, 0.3% Nonident-p40, and 1 mM
PMSF. After 5 min on ice, cells were centrifuged at
14,000 rpm for 30 min at 4°C. Cell lysates (50 pg) were
added to cuvettes containing 0.2 mM cis-aconitate in a
1-ml assay buffer (containing 50 mM Tris-HCI, pH 7.2,
100 mM NacCl, and 0.02% BSA). Activity was measured
spectrophotometrically by the disappearance of cis-ac-
onitate at 240 nm after 10 min. Activity was expressed
as WM substrate converted/mg protein/min.

Gel retardation assay

IRE-protein interactions were assayed by a modifi-
cation of the method of Leibold and Munro (1988).
Radiolabeled IRE probes were made with an RNA tran-
scription kit (Strategene), [« 3?P] rUTP (NEN, Life
Science Products, Boston, MA), and a 28-bp oligonucle-
otide encoding the human ferritin IRE. The IRE oligo-
nucleotide was obtained by digesting pSPT-fer plasmid
(the kind gift of Dr. Kuhn; see Mullner et al., 1989)
with Bam H1. Excess probe (50,000 cpm) was incu-
bated with 20 wg freshly prepared cell lysate (prepared
as in the aconitase assay method above) on ice for 30
min. RNAse T1 (1 U per reaction) and heparin (5 mg/
ml) were added sequentially for 10 min each. An addi-
tional set of reactions also contained 2% 2-mercapto-
ethanol, which causes full activation of IRP binding to
the IRE probe and thus allows determination of total
cellular IRP levels. IRE-protein complexes were re-
solved on a 10% nondenaturing polyacrylamide gel
(29:1 acrylamide, bis-acrylamide) containing 1X TBE
(tris-borate-EDTA) buffer.

Statistical analysis

ATP and mitochondrial respiration data were statis-
tically analyzed with the unpaired Student’s ¢-test. Ac-
onitase activity was analyzed by one-way analysis of
variance (ANOVA) and means were categorized by
Fisher’s LSD test. Significance was assumed at P <
0.05.

RESULTS
Chloramphenicol decreases cell proliferation

Figure 1A displays the effect of various doses of
chloramphenicol on K562 cell growth after 2, 4, 6, and
8 days of treatment. These doses were chosen because
they reflect the range of peak serum concentrations
found in patients after chloramphenicol administration
(10-25 pg/ml), as well as toxic concentrations found
more infrequently (40 wg/ml). All three levels of chlor-
amphenicol inhibited cellular proliferation by approxi-
mately 51% on day 2, 54% on day 4, 55% on day 6, and
62% on day 8. Cell cycle analysis revealed that growth
inhibition was associated with 1) a gradual increase in
the percent of cells in G1, averaging 37% higher than
untreated controls by day 8 of treatment; and 2) a
gradual decrease in the percent of cells in S-phase,
averaging 44% less by day 8 of treatment compared to
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untreated controls (data not shown). Apoptotic cells
were also present on day 8 of chloramphenicol treat-
ment, but not on day 4.

Chloramphenicol impairs
mitochondrial function

Cytochrome c¢ oxidase activity. Mitochondria
were isolated and cytochrome ¢ oxidase activity was
measured in order to confirm chloramphenicol’s pre-
viously reported effect of inhibiting mitochondrial
metabolic function (Fig. 1B). Mitochondria syn-
thesize 13 proteins of the inner mitochondrial
membrane, including three subunits of cytochrome ¢
oxidase. We expected that chloramphenicol’s sup-
pression of mitochondrial protein synthesis would
depress cytochrome c oxidase activity. Activity was
measured after treatment with 10, 25, or 40 pg chlor-
amphenicol/ml of culture medium for 2, 4, and 8
days. Cytochrome c oxidase activity fell sharply with
all doses of chloramphenicol by day 2, with activity of
treated groups averaging only about 24% that of
untreated controls. Activity declined further with
time, dipping to only about 11% that of untreated
groups by day 4 and 3% by day 8.

We directly assessed inhibition of mitochondrial pro-
tein synthesis by labeling cells for 2 h with 3*S-methi-
onine while inhibiting cytoplasmic protein synthesis
with cycloheximide. After isolating mitochondrial frac-
tions and resolving mitochondrial proteins on a 10—
20% SDS polyacrylamide gel followed by autoradiogra-
phy, only faint mitochondrial protein bands were
visible in chloramphenicol-treated cells (data not
shown).

Since the 10 pg/ml dose of chloramphenicol sup-
pressed both cell growth and cytochrome ¢ oxidase ac-
tivity to the same extent as the higher doses, we chose
the 10 pwg/ml dose for all subsequent experiments. Also,
since people normally take the drug for several days,
we maintained the cells in chloramphenicol for 4 days
in all subsequent experiments.

Total cellular ATP. Total cellular ATP measure-
ments assessed the effect of chloramphenicol on mito-
chondrial function (Fig. 1C). After 4 days of chloram-
phenicol (10 pg/ml) treatment, ATP levels were
significantly lower in chloramphenicol-treated cells
(53.5 = 5.9 nM/mg protein) (mean = SEM) compared to
untreated controls (119.4 + 13.7 nM/mg protein). Thus,
energy production in chloramphenicol-treated cells was
impaired as indicated by ATP levels of only 45% of
control values.

Mitochondrial respiration. To assess mitochon-
drial respiratory activity, we used MitoTracker Orange
CM-H,TMRos, which, upon entering an actively respir-
ing cell, is oxidized to a cationic fluorescent compound.
Thus, the fluorescence intensity is proportional to the
degree of oxygen utilization by the mitochondria. The
positive charge of these probes allows them to localize
to the negatively charged mitochondrial membrane
and bond with thiol groups on proteins and peptides to
form aldehyde-fixable conjugates. (The details of the
probe’s action are described in literature accompanying
this Molecular Probes product). We incubated K562
cells for 15 min with this dye to assess in vivo mito-
chondrial respiratory activity. Cells were fixed in 3.7%
formaldehyde and immediately visualized using an epi-
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Fig. 1. A: K562 cell growth after treatment with chloramphenicol

(10, 25, or 40 pg/ml) for 2, 4, 6, and 8 days. The cell counts are from
one set of experiments in duplicate and are virtually identical to
counts in all subsequent experiments. Cells were counted on a hema-
cytometer chamber after staining in trypan blue. B: Cytochrome c
oxidase activity in K562 cells after treatment with chloramphenicol
(10, 25, or 40 pg/ml) for 2, 4, and 8 days. Activity was measured by
adding mitochondrial suspensions to cuvettes containing reduced cy-
tochrome ¢ and following the optical density (550) decrease over 10
min at 37°C. Data are expressed as a percent of untreated controls
and represent the mean = SEM (n = 3, days 2 and 4, and n = 2, day
8). (Note: typical untreated control values average approximately 1.4
A O.D. 550/min/mg protein.) C: Total ATP in K562 cells treated with
chloramphenicol (10 pg/ml) for 4 days. Cellular ATP levels were

fluorescence microscope. Fluorescence was quantitated
in each cell by an image processor (see Materials and
Methods). Figure 1D shows that chloramphenicol sig-
nificantly decreased fluorescence, indicating that the
drug reduced mitochondrial respiratory activity in
these cells. This decrease indicated impaired respira-
tory activity and not fewer mitochondria per cell, since
no decrease in fluorescence was found after labeling
with MitoTracker Green FM fluorophore. Green FM
specifically accumulates in the mitochondrial lipid
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measured by bioluminometry. Luciferase-luciferin reagent was added
to supernatants after boiling to precipitate protein. Values are the
mean = SEM, n = 4. *Represents a significant difference by unpaired
Student’s ¢-test analysis with P < 0.01. D: Mitochondrial respiration
in K562 cells treated with chloramphenicol (10 pg/ml) for 4 days. Cells
were incubated for 15 min at 37°C with MitoTracker Orange CM-
H,TMRos which, upon entering an actively respiring cell, is oxidized
to a fluorescent probe and sequestered in the mitochondria. Cells were
observed using a Zeiss Axioskop epifluorescence microscope. The flu-
orescence in each cell was measured (in arbitrary units) using an
image processor (see Materials and Methods). Values are the mean =
SEM, n = 141 (untreated) and n = 181 (chloramphenicol-treated).
*Represents a significant difference by unpaired Student’s ¢-test anal-
ysis with P < 0.0001.

membrane and thus is a probe for mitochondrial num-
ber in each cell.

Chloramphenicol decreases cell surface
expression of the transferrin receptor,
but not CD58 and VLA4

Cell surface expression of the transferrin receptor,
CD58, and VLA4 was analyzed by quantitative fluores-
cence microscopy after incubating cells with FITC-conju-
gated transferrin, PE-conjugated anti-CD58 antibody,
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Fig. 2. Transferrin receptor, CD58, and VLA4 cell surface expression
in K562 cells treated with chloramphenicol (10 pg/ml) for 4 days. Cells
were incubated with A: FITC-TF; B: PE-conjugated anti-human
CD58; or C: FITC-conjugated anti-human VLA4 (a4B1). Cells were
observed using a Zeiss Axioskop epifluorescence microscope. Fluores-

and FITC-conjugated anti-a4p1 (VLA4) antibody, respec-
tively. As shown in Figure 2 and Table 1, cell surface
expression of the transferrin receptor fell by almost two
thirds in cells treated with chloramphenicol (10 pg/ml) for
4 days. The decrease was comparable to that seen in
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cence in each cell was measured (in arbitrary units) using an image
processor (see Materials and Methods). Bar graphs to the right of each
image show the mean = SEM fluorescence counts. *Represents a
significant difference by unpaired Student’s ¢-test analysis with P <
0.0001.

control cells treated with ferrotransferrin. An extensive
body of literature shows that addition of iron-saturated
transferrin to cells reduces transferrin receptor cell sur-
face expression, whereas addition of an iron chelator,
desferrioxamine, enhances expression. These observa-
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TABLE 1. Cell surface expression of the transferrin receptor, CD58, and VLA4*!
Transferrin receptor CD58 VLA4
Fluorescence Fluorescence Fluorescence
Treatment counts n? counts n counts n
No treatment 23.6 = 1.9 70 1454 + 10.8 28 13.3 = 0.7 31
Chloramphenicol 8.6 =04 104 124.2 + 8.7 22 12.0 = 0.9 19
Iron (0.5 pM 7.1*0.7 42 Not measured — Not measured —
transferrin)
Desferrioxamine 30.8 = 1.1 33 Not measured — Not measured —
(100 pM)

1 Fluorescence counts (arbitrary units) are expressed as the mean = SEM.
n = number of cells counted for fluorescence quantitation.

Iron +
No treatment  Chloramphenicol Iron Chloramphenicol
I e
— = =

Fig. 3. Ferritin synthesis. K562 cells were treated with chloram-
phenicol (10 wg/ml) for 4 days, iron (ferric ammonium citrate, 200
pg/ml) for 1 day, or both chloramphenicol (4 days) and iron (for 1
day—3 days after chloramphenicol addition). Cells were then incu-
bated in medium containing **S-methionine for 1 h at 37°C and lysed.
Ferritin was immunoprecipitated with anti-human ferritin antibody
and Protein A sepharose beads. Samples were run on a 15% SDS
polyacrylamide gel, followed by fluorography and autoradiography.

tions were confirmed in the present study. In contrast to
the transferrin receptor, cell surface expression of CD58
and VLA4 was similar to control values (Table 1).

Chloramphenicol decreases ferritin synthesis

Ferritin synthesis was measured by 2°S-methionine
metabolic labeling for 1 h followed by SDS-PAGE, flu-
orography, and autoradiography. As shown in Figure 3,
chloramphenicol decreased ferritin synthesis by an av-
erage of threefold over three separate experiments
compared to untreated controls. Further, cells treated
with both chloramphenicol and iron (FeAc, 200 wg/ml,
24 h) did not induce ferritin synthesis to the same
degree as cells treated with iron alone.

Chloramphenicol decreases protein synthesis

The rate of protein synthesis, measured by total 3°S-
methionine incorporation into protein over a 1-h pe-
riod, was decreased by an average of only 17% over
three separate experiments in chloramphenicol-treated
cells (data not shown). Thus, generalized suppression
of protein synthesis was not the only explanation for
the reduced rate of ferritin synthesis.

Chloramphenicol decreases transferrin
receptor mRNA but not H-ferritin
or L-ferritin mRNA

Northern hybridization experiments revealed a 2.5-
fold decrease in transferrin receptor message levels in
cells treated with chloramphenicol (10 wg/ml) for 4
days (Fig. 4). As expected, control cells treated with
iron (FeAc, 200 pg/ml) or desferrioxamine (100 wM), an
iron chelator, for 24 h, showed a decrease (fourfold) and

Transterrin
Receptor

H-Ferritin m .

L-Ferritin . u .

Fig. 4. mRNA levels of the transferrin receptor, H-ferritin, L-fer-
ritin, GAPDH, and B-actin in K562 cells treated with chloramphenicol
(10 pg/ml) for 4 days. Cells were also treated with iron (ferric ammo-
nium citrate, 200 pg/ml) or desferrioxamine (100 wM) for 24 h as
controls for decreased and increased transferrin receptor message
expression, respectively.

GAPDH

B-Actin

an increase (3.7-fold) in message levels, respectively. In
contrast, neither H-ferritin nor L-ferritin mRNA levels
were perturbed by chloramphenicol. The RNA levels of
GAPDH and B-actin were also examined. Interestingly,
GAPDH mRNA levels fell twofold in cells treated with
chloramphenicol while the B-actin message rose
slightly (30%). Desferrioxamine treatment also in-
creased B-actin mRNA levels (40%).

Chloramphenicol does not alter
IRE-IRP interactions

IRE-IRP interactions in chloramphenicol-treated cells
were assessed by a gel retardation assay. As shown in
Figure 5, no differences in the amount of protein binding
to 32P-labeled IRE probes were observed between un-
treated and chloramphenicol-treated cells. As expected,
protein binding was enhanced in desferrioxamine-treated
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Fig. 5. Gel retardation assay. K562 cells were treated with chloram-
phenicol (10 pg/ml) for 4 days, iron (ferric ammonium citrate, 200
pg/ml) for 1 day, both chloramphenicol (4 days) and iron (1 day), or
desferrioxamine (100 uM) for 1 day. Cell lysates (20 ng) were incu-
bated with excess *?P-labeled IRE probe. An additional set of reac-
tions also included 2% 2-mercaptoethanol, which activates IRP and
thus allows determination of total cellular IRP. RNA-protein com-
plexes were resolved on a 10% nondenaturing gel.

cells. Full activation of IRP by 2-mercaptoethanol re-
vealed no differences in total cellular IRP between chlor-
amphenicol and untreated cells.

Chloramphenicol decreases aconitase activity

Cytosolic aconitase activity was reduced in in chlor-
amphenicol-treated cells, as well as in cells treated
with both iron and chloramphenicol (Fig. 6). As ex-
pected, aconitase activity in desferrioxamine-treated
cells was reduced compared to both untreated and iron-
treated cells.

DISCUSSION

The goal of our study is to learn whether chloram-
phenicol-induced mitochondrial impairment is associ-
ated with alterations in some of the major proteins
regulating iron metabolism and, if so, to identify the
mechanisms underlying those changes. We are specif-
ically interested in erythroid cells since these cells are
the highest users of iron in the body and since they are,
for unknown reasons, specifically targeted by chloram-
phenicol.

Chloramphenicol, a powerful antibiotic, consistently
causes a dose-dependent suppression of erythropoiesis
and occasionally produces sideroblastic changes in the
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Fig. 6. Cytosolic aconitase activity. K562 cells were treated with
chloramphenicol (10 pg/ml) for 4 days, iron (ferric ammonium citrate,
200 pg/ml) for 1 day, both chloramphenicol (4 days) and iron (1 day),
or desferrioxamine (100 pM) for 1 day. Cell lysates (50 pg) were added
to cuvettes containing 0.2 mM cis-aconitate in a 1-ml assay buffer.
Activity was measured spectrophotometrically by the disappearance
of cis-aconitate at O.D. 240 nm after 10 min. Activity is expressed as
a percent of untreated control values (which average approximately
0.15 pM substrate converted/mg protein/min). Values are the mean *+
SEM, n = 8. *Represents significant differences (P = 0.0001) com-
pared to untreated and iron-treated cells by one-way ANOVA and
Fisher’s LSD test.

bone marrow. The drug has also been linked to fatal
aplastic anemia, which is the primary reason chloram-
phenicol is no longer routinely prescribed in the United
States (Yunis and Salem, 1980). Mitochondrial dys-
function is believed to be the primary cause of the
drug’s toxic effects. Even in concentrations within ther-
apeutic levels, chloramphenicol, both in vitro and in
vivo, reversibly inhibits mitochondrial protein synthe-
sis (Martelo et al., 1969). We confirmed this inhibition
in K562 cells in which chloramphenicol also caused a
marked reduction in the activity of cytochrome ¢ oxi-
dase, the terminal enzyme in respiration, as well as
total cellular ATP levels, which were 11% and 45% of
control levels, respectively (Fig. 1B,C). These decreases
were not unexpected, since chloramphenicol inhibits
the synthesis of three subunits of cytochrome ¢ oxidase
and two subunits of ATPase, all of which are encoded
on the mitochondrial genome (Attardi, 1993). Consis-
tent with this, we found a statistically significant 20%
reduction in respiratory activity (Fig. 1D). Respiration
was measured by incubating cells with a mitochondria-
specific probe that fluoresces in proportion to the
amount of oxygen entering the cell. It is noteworthy
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that an even lower activity may be masked by the likely
presence of reactive oxygen species in chloramphenicol-
treated cells, since these molecules can also cause the
probe to fluoresce. In agreement with our observations,
previous studies have found decreased oxygen uptake
in human leukocytes (Follette et al., 1956) and in the
basal metabolic rate in rats (Hallman, 1973) after
chloramphenicol administration.

Inhibition of the synthesis of mitochondrial-DNA-
coded respiratory chain enzymes and, hence, energy-
dependent processes, is thought to be responsible for
the cessation of cellular proliferation in a variety of
cells, including HelLa (Firkin and Linnane, 1968) and
bone marrow (Ratzan et al., 1974). In our study, K562
cell growth progressively declined over a 1-week period
after treatment with a range of chloramphenicol con-
centrations found in patients’ plasma (10, 25, and 40
pg/ml) (Fig. 1A) (Drug Information for the Health Care
Professional, 1995). Cell growth inhibition was associ-
ated with a gradual increase in the percent of cells in
the G1 phase of the cell cycle and a gradual decrease in
the percent of cells in S-phase (data not shown). It is
possible that the accumulation of cells in G1 is the
manifestation of cellular signals sensing ATP reduc-
tions (Dorward et al., 1997).

Chloramphenicol decreased cell surface transferrin
receptor expression (Fig. 2). Iron uptake is mediated
exclusively by transferrin in developing red cells and is
essential for heme synthesis and for the proliferation
and maturation of these cells (Ponka, 1997). Thus, a
decrease in the number of transferrin receptors could
decrease iron uptake and thereby play a role in the
erythropoietic abnormalities and in the hypochromic-
microcytic anemia observed in patients susceptible to
chloramphenicol toxicity (Bottomley, 1982). Also, this
observation is in keeping with findings of increased
plasma iron and decreased plasma °°Fe clearance in
these individuals (Yunis and Salem, 1980). The de-
crease in cell surface transferrin receptor expression
was accompanied by a 2.5-fold reduction in mRNA
levels (Fig. 4). It is not clear from our studies whether
the decrease in transferrin receptor message levels af-
ter chloramphenicol treatment is due to decreased
transcription or enhanced message degradation.

Chloramphenicol also caused a decrease in de novo
ferritin synthesis in K562 cells (Fig. 2) which was not
accompanied by a decrease in mRNA levels (Fig. 4).
Ferritin synthesis was appropriately induced by ferric
ammonium citrate (iron) after chloramphenicol treat-
ment, but not to the same extent as in cells treated
with iron alone (Fig. 3). This finding may indicate that
ferritin synthesis is reduced in chloramphenicol-
treated cells by a mechanism that is in part indepen-
dent of the mechanism by which transferrin receptor
expression is decreased, since Fe®" can permeate K562
cells by a pathway independent of transferrin (Inman
et al., 1994; Inman and Wessling-Resnick, 1993). How-
ever, it is also possible that the reduction of Fe®* to
Fe?* by K562 cell surface ferrireductase is impaired,
since this reaction is presumably a requirement for
nontransferrin iron transport (Inman et al., 1994).

Since transferrin receptor expression was reduced,
the finding of decreased ferritin synthesis was interest-
ing. Numerous studies in nonerythroid cells have
shown that ferritin and the transferrin receptor are
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regulated inversely at the translational level by the
IRP, which actually exists in two forms (IRP-1 and
IRP-2). In these cells, binding of the IRP to IREs on
transferrin receptor mRNA stabilizes this message,
whereas binding of this protein to an IRE on ferritin
mRNA inhibits its translation on ribosomes. Thus,
when expression of one is high, expression of the other
is low (Harford et al., 1994). The concomitant decrease
in both the transferrin receptor and ferritin in chlor-
amphenicol-treated K562 cells in our study implies
that, in certain circumstances, a different mode of reg-
ulation may be in effect. This is not actually surprising
since there is much evidence for unique modes of reg-
ulation of iron metabolism in erythroid cells (Ponka,
1997). Indeed, many studies in such cells would appear
to contradict the IRE/IRP control theory, demonstrat-
ing, for example, unidirectional increases in both
transferrin receptor expression and erythroid aminole-
vulinic acid synthase (ALA-S; Ponka 1997). ALA-S, the
first enzyme in the heme biosynthetic pathway, con-
tains an IRE in its 5" UTR (untranslated region) and
has been shown to be translationally regulated by the
IRP in a manner analogous to ferritin (Dierks, 1990;
Cox et al., 1991; Dandekar et al., 1991). In our study,
the binding affinity of the IRP to the IRE in chloram-
phenicol-treated cells was unchanged compared to un-
treated cells (Fig. 5). We cannot say with certainty that
this was true for both IRP-1 and IRP-2, since the two
proteins cannot be resolved with gel retardation assays
in human cells. Interestingly, chloramphenicol-treated
cells also displayed decreased cytosolic aconitase activ-
ity (Fig. 6). Purified IRP-1 has been shown to have
aconitase activity and may provide much of the cyto-
plasmic aconitase activity in cells (Hentze and Argos,
1991; Kaptain et al., 1991; Rouault et al., 1991). Acon-
itase catalyses the interconversion of citrate and isocit-
rate via cis-aconitate (Zheng et al., 1992). Many studies
have demonstrated that IRE binding and aconitase
activities of the IRP are inversely coupled depending on
the level of iron in the cell (Ponka, 1997). Thus, with
low intracellular iron, IRP-1 contains a [3Fe-4S] clus-
ter and has high IRE binding affinity and low aconitase
activity, whereas in iron-replete cells, IRP-1 contains a
[4Fe-4S] cluster with low IRE binding and high aconi-
tase activities. In our study, the fact that chloramphen-
icol-treated cells had low cytosolic aconitase activity
without increased IRP/IRE binding—even when iron
was also added to these cells (Fig. 6)—suggests that
signals from the mitochondria may override iron regu-
lation of cytosolic aconitase activity. Possibly, this en-
zyme, in certain circumstances, is regulated similarly
to the more well-known mitochondrial aconitase in the
Krebs cycle. It seems possible that this enzyme would
be inhibited by rising levels of Krebs cycle intermedi-
ates. An elevation in intermediates upstream of the
electron transport chain may also explain the reduction
in message levels of GAPDH (Fig. 4), an important
enzyme in the glycolysis pathway (Lehninger, 1982).
The association of mitochondrial dysfunction with
decreased synthesis of the transferrin receptor and
ferritin is interesting. One may speculate that the
changes are due to a general decline in the cell’s syn-
thetic machinery as a result of ATP depletion. Indeed,
total protein synthesis was moderately reduced (17%)
in chloramphenicol-treated cells (data not shown). Yet,



MITOCHONDRIAL DYSFUNCTION AND IRON METABOLISM

the process is obviously selective, since no decreases
were observed in cell surface expression of the cellular
adhesion molecules CD58 or VLLA4 (Fig. 2). In addition,
ferritin mRNA levels were not decreased and B-actin
mRNA levels were slightly increased in chloramphen-
icol- as well as in desferrioxamine-treated cells (Fig. 4).
This last result is intriguing, since recent studies sug-
gest that B-actin plays a role in cell growth (Mashima
et al., 1997) and/or apoptosis (Villa et al., 1988; Brown
et al., 1997); and reduced growth and induction of ap-
optosis have been associated with both treatments
(Holt et al., 1997; Hoffbrand et al., 1976; Lederman et
al., 1984; Riaz-Ul-Haq et al., 1995).

Alternatively, one may speculate that downregula-
tion of transferrin receptors is a deliberate attempt by
the cell to conserve energy by reducing growth while
sparing the cell of the energy-expensive process of
transferrin-mediated iron uptake and delivery (Ponka,
1997). Yet, a reduction in ATP levels alone would ap-
pear not at fault. Previous studies in our laboratory in
K562 cells showed that while cellular ATP depletion
decreases the translational mobility of cell surface
transferrin receptors, it actually increases the number
of transferrin receptors on the cell surface (Thatte et
al., 1996). Another possibility is that defective heme
synthesis, due to mitochondrial impairment, decreases
transferrin receptor expression. Indeed, others have
shown that inhibition of heme synthesis depresses
transferrin receptor synthesis in reticulocytes (Cox et
al., 1985) and erythroid cells (Grdisa et al., 1993). How-
ever, previous studies in our laboratory found that
complete inhibition of heme synthesis by succinylac-
etone had no effect on iron uptake in K562 cells (Bot-
tomley et al., 1985). A third possible explanation is that
reduced transferrin receptor expression occurs second-
ary to the observed decrease in ferritin synthesis (Fig.
3). Decreased ferritin synthesis may expand the che-
latable iron pool and thus downregulate transferrin
receptor expression, since it is thought that the size of
this intracellular transit iron pool reflects available
iron stores within the cell and hence regulates iron
acquisition (Halliday et al., 1994).

The relationship of ferritin synthesis to mitochon-
drial dysfunction is unclear. However, it is tempting to
speculate that ferritin synthesis is decreased in con-
junction with iron release from ferritin. One factor
causing iron release may be enhanced oxygen radical
production. Indeed, it is well established that free rad-
icals cause iron release from ferritin (Halliday et al.,
1994). Also, it has been postulated that defects in re-
spiratory enzymes reduce the availability of ferrous
iron for ferrochelatase, the last enzyme in the heme
synthetic pathway, and lead to accumulation of ferric
iron in mitochondria (Ponka, 1997). Hence, iron release
and decreased ferritin synthesis may be a compensa-
tory response under these circumstances in an effort to
deliver ferrous iron to mitochondria. Also, there is
much interest today in the links between iron and
citrate metabolism (Harrison and Arosio, 1996). One
may speculate that elevated citrate levels under these
circumstances may influence iron release from ferritin
(Treffry and Harrison, 1979).

In summary, we have shown that chloramphenicol-
induced mitochondrial inhibition is associated with
marked decreases in transferrin receptor expression
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and ferritin synthesis in K562 cells. The changes me-
diated by chloramphenicol are distinct from the well-
characterized regulation of ferritin and transferrin re-
ceptor regulation by the IRP/IRE interaction. These
data imply an association between mitochondrial func-
tion and specific regulation of nonmitochondrial pro-
teins and may also provide clues about the pathways by
which hematotoxicities develop. Red blood cell precur-
sors have a high demand for iron for heme synthesis,
and, quantitatively, most of the iron in the body is
found within the erythron (Hillman and Finch, 1992).
Normoblasts differ from most other cells in their nearly
complete dependence on transferrin receptors for iron
uptake (Ponka, 1997). Thus, developing normoblasts
are likely to be more susceptible to chloramphenicol’s
disturbances in iron homeostasis. Perhaps certain in-
dividuals have preexisting abnormalities in mitochon-
drial function or iron homeostasis, which make them
more vulnerable to the drug’s effects.

Since chloramphenicol continues to be used world-
wide, particularly in developing countries, it is impor-
tant to understand how this drug causes bone marrow
toxicities. Future studies in our laboratory will inves-
tigate the mechanisms by which mitochondrial dys-
function alters iron metabolism. It will be important to
ascertain whether the effect is selective and whether it
is a general occurrence in many cell types.
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