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ABSTRACT. We have shown that hemin (iron-protoporphyrin IX) selectively counteracts doxorubicin 
(Adriamycin, ADR)-induced cytotoxicity on human leukemia K-562 cells by preventing ADR from inhibiting 

mitochondrial cytochrome c oxidase (COX), a novel target site for anthracyclines. Here, we investigated 
whether or not (a) treatment with ADR promotes apoptosis and represses the expression of two COX genes (one 
nuclear and one mitochondrial) in human K-562 cells in the absence and presence of hemin, and (b) injection 

of hemin preserves bone-marrow cellularity in ADR-myelosuppressed rats. Cultured K-562 cells were incubated 
with varying concentrations of ADR.HCI (0.2 PM to 5 PM) in the presence and absence of hemin (30 PM) 

and assessed for DNA degradation, as well as for expression of mitochondrial COXII and nuclear COXIV genes 
by RNA Northern blot hybridization analysis. In parallel, we investigated whether or not hemin injected i.p. in 

myelosuppressed rats affected ADR-induced bone-marrow cytotoxicity. These studies have shown the following: 
(a) ADR caused a dose- and time-dependent DNA fragmentation, characteristic of apoptosis, in K-562 cells; (b) 
hemin reduced the frequency of cell death caused by ADR: this effect was specific for ADR, because hemin failed 

to prevent apoptosis induced by methotrexate (MTX) in these cells; (c) ADR suppressed expression of COXIV 
and COXII genes, and exposure of ADR-treated K-562 cells to hemin did not reverse this suppression; and (d) 
i.p. injection of hemin in ADR-myelosuppressed rats improved bone-marrow cellularity, promoted colony 
formation (CFU-GM and CFU-F), and stromal cell outgrowth; moreover, hemin increased WBC counts de- 
pressed 12 days after ADR treatment. These studies indicate that hemin is a selective inhibitor of ADR-induced 
apoptosis of human leukemia cells and preserves bone-marrow cellularity in rats injected with ADR. BIOCHEM 
PHARMACOL 52;5:713-722, 1996. 
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ADRt and analogues are potent antineoplastic agents with 
wide clinical applications in a large variety of human can- 
cers. However, their long-term clinical use is limited due to 
severe bone-marrow suppression and cumulative dose- 
dependent cardiovascular toxicity. Unfortunately, the pre- 
cise mechanisms by which ADR causes myelosuppression 
and cardiovascular toxicity are not fully understood. The 
fact that bone marrow consists of several hemopoietic pro- 
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genitors and stromal cells (fibroblasts, endothelial cells, adi- 
pocytes, and macrophages) that interact with each other uia 
growth factors [l] has made it difficult to determine wheth- 
er or not ADR preferentially kills a given cell population vs 
another in bone marrow (i.e. stromal fibroblastoid cells or 
hemopoietic progenitors or both), resulting in myelosup- 
pression. 

In recent years, a number of different mechanisms have 
been proposed to explain anthracycline-induced cytotoxic- 
ity: (a) direct interaction with the genome [2]; (b) interac- 
tion with plasma membrane phospholipids [3]; (c) promo- 
tion of lipid peroxidation [4]; (d) free radical formation [5]; 
(e) stabilization of the DNA-topoisomerase cleavage com- 
plex [6]; and (f) deterioration of mitochondrial structural 
and functional integrity [7-91. In addition, like most che- 
motherapeutic agents, anthracyclines can induce pro- 
grammed cell death (apoptosis) [lo]. Apoptosis is charac- 
terized by cytoskeleton disruption, cell shrinkage, alter- 
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ations in membane permeability, and a nonrandom 
degradation of nuclear DNA either into oligonucleosome- 
sized fragments or into larger DNA fragments, depending 
on specific cell types. 

We suggested earlier that ADR may cause a dual inhibi- 
tory action. On the one hand, it could inhibit biosynthesis 
of COX subunits at the transcriptional level and, on the 
other, inhibit COX activity directly [9]. The observation 
that apoptosis has been shown to involve mitochondrial 
impairment [l l] and that mitochondrial COX serves as a 
novel target of ADR [9] prompted us to examine whether or 
not: (a) ADR-induced cytotoxicity of leukemia cells is me- 
diated by apoptosis; (b) ADR represses the expression of 
COX genes in a way that is affected by hemin; and (c) 
hemin, an agent that prevents ADR-cytotoxicity on human 
leukemia K-562 cells, prevents apoptosis as well as bone- 
marrow cytotoxicity induced by ADR. 

MATERIALS AND METHODS 
Chemical and Biological Materials 

Hemin (iron-protoporphyrin IX) was purchased from East- 
man Kodak (Rochester, NY, U.S.A.), dissolved in slightly 
alkaline solution and sterilized by using a 0.44 p_.m Millipore 
filter. RPMI-1640 medium, MCCOY’S 5a medium (modi- 
fied, without serum, with L-glutamine), fetal calf serum 
(FCS), and horse serum, were all purchased from GIBCO, 
Life Technologies, Inc. (Paisley, Scotland). Doxorubicin 
(Adriamycin) hydrochloride, LiCl, NaCl, MOPS (3-N- 
Morrpholinol-propane-sulfonic acid), L-glutamine 200 mM 
(100 X) and L-serine were purchased from Sigma Chemical 
Co. (St. Louis, MO, U.S.A.). Urea was purchased from 
Mallinckrodt, Inc. (St. Louis, MO, U.S.A.). Ultra-pure 
agarose was purchased from Mallinckrodt, Inc. (St. Louis, 
MO, U.S.A.). Ultra-pure agarose was purchased from BRL, 
Life Technologies Inc., (USA). Hybridization transfer 
membranes HYBOND-N, Multiprime DNA Labelling Sys- 
tem and radioisotope [a- 32P]-dCTP were purchased from 
Amersham, U.K. Penicillin-streptomycin solution (10,000 
units of penicillin and 10,000 p,g streptomycin/ml) in sa- 
line, MEM amino-acid solution (50 x) without glutamine, 
MEM nonessential amino acids (100 x), MEM vitamin 
solution (100 x), sodium pyruvate MEM 100 mM, lyophi- 
lized beef embryo extract (BEE), bovine titrated plasma 
(BCP) and L-asparagine. H,O (ASP) all were purchased 
from GIBCO. May-Grunwald and Giemsa solutions were 
purchased from E. Merck (Darmstadt, Germany). 
Adriblastina (ADR.HCl), purchased in the form of lyoph- 
ilized powder from Farmitalia Carlo Erba (Italy), was re- 
constituted prior to injection. MTX sodium was also pur- 
chased in the form of lyophilized powder from Lederle 
(U.S.A.). Solu-Cortef (hydrocortisone sodium succinate) 
was a product of Upjohn (Puurs, Belgium). Topostatine, 
purchased as lyophilized thrombine (3000 units N.I.H.) 
from Roche (Basel, Switzerland), was used to speed up co- 
agulation of plasma clots. Conditioned medium (5637CM) 

enriched in GM-CSF, G-CSF, IL- 1, and IL-6 growth factors 
was obtained from confluent cultures of bladder carcinoma 
cell line 5637 after centrifugation at 600 x g for 5 min [12] 
and stored at 4°C. PBS containing NaCl (8 g/L), KC1 (0.2 
g/L), Na,HP0+2HzO (1.15 g/L) and KH,PO, (0.2 g/L) 
was prepared in our laboratory. Restriction enzymes were 
purchased from Minotech (Crete, Greece). 

Cell cultures 

Human K-562 erythroleukemia cells, originally developed 
by Lozzio and Lozzio [13], were seeded in culture at a con- 
centration of 2-3 x lo5 cells/mL in RPM1 1640 supple- 
mented with 10% FCS, streptomycin (100 pg/mL) and 
penicillin (100 Units/mL). The cells were kept in exponen- 
tial growth at 37°C in 5% COZ humifified atmosphere by 
replenishing the cultures with fresh medium every 48-72 
hr. Cell growth was determined at various time intervals by 
measuring the number of cells with a hemocytometer under 
a light microscope. 

Animals 

Adult albino Wistar rats (male, 200-300 g), used through- 
out this study, were bred in our animal house. Rats were 
injected i.p. either with saline (0.9% NaCl), ADR.HCl (10 
mg/kg), hemin (10 mg/kg), or both ADR.HCl and hemin 
according to the protocol shown in Fig. 6. Rats were anes- 
thetized with ethyl ether, samples of peripheral blood (2.5 
mL) were removed, and the animals sacrificed by cervical 
dislocation. 

DNA Probes 

A full-length human liver cDNA clone, pCOX4.111 (700 
bp), corresponding to subunit COX IV (pCOX41) [ 141, and 
a mitochondrial mt9 DNA fragment (846 bp), containing 
DNA sequences encoding tRNAS”, tRNAAsP, and COXII 
(pHmt9) [15], were kindly donated by Dr. Eric Schon (Co- 
lumbia University). Another cDNA fragment (451 bp) 
from rat pituitary tumor cells, corresponding to the gene 
COXII (pCOXII), was kindly donated by Dr. Priscilla Dan- 
nies (Yale University) [16]. 

DNA Isolation 

Total and/or nuclear DNA was isolated according to the 
method of Davis et al. [17]. 

Morphological Examination of Cell Colonies 

K-562 cells treated with ADR f hemin or hemin alone 
were removed from culture, washed twice with drug-free 
fresh medium and subcultured in plasma clots, like MEL 
cells [18]. After 14 days, outgrown colonies were stained 
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with benzidine and hematoxylin and examined under a 

light microscope. 

Detection of the DNA Apoptotic Ladder 

Eight kg of each isolated DNA sample, prepared at differ- 
ent time intervals, was subjected to agarose (1.2%) gel elec- 
trophoresis in TBE buffer (0.089 M Tris-borate and 0.089 
M boric acid, 0.02 M EDTA) at 8 V/cm. The DNA frag 
ments were stained with ethidum bromide, visualized under 
UV light, and photographed with PolaroidTM 667 film. 

RNA isolation and Northern Blot Analysis 

Total RNA was isolated according to the method of Auf- 
fray and Rougeon [19]. Briefly, cells were washed twice with 
PBS, homogenized in 6M urea/3M LiCl solution and kept 
overnight at 0°C. The RNA was pelleted by centrifugation 
at 14,000 x g for 30 min. RNA was dissolved in 10 mM 
Tris.HCl/O.S% SDS and extracted with phenol/chloroform/ 
isoamyl alcohol prior to ethanol precipitation. A constant 
amount of each RNA sample (25 kg) was electrophoreti- 
tally separated on 1% agarose-2.2 M formaldehyde gel (3.4 
V/cm for 12 hr), transferred onto a nylon membrane in 20 

x SSC (3 M sodium chloride, 0.3 M sodium citrate, pH 7.0) 
for 24 hr [20], and immobilized with UV light radiation for 
3 min. Hybridization was performed according to the 
method of Church and Gilbert [21], using the 32P-labeled 
DNA probes presented above. The filters were washed, ex- 
posed at low temperature (-7O”C), and autoradiographed 
using KodakrM XAR-5 film. Nylon membranes were 
stripped of the hybridized probe by immersion in sterile 
water at 100°C to be rehybridized once again. 

Evaluation of Peripheral Blood 
Counts and Bone-Marrow Cellularity 

Samples of peripheral blood, collected from control and 
drug-treated rats, were evaluated using a Coulter Counter, 
type S plus II, and WBC counts, as well as other peripheral 
blood counts, were recorded automatically. BMNCs were 
measured with a hemocytometer in aliquots of bone marrow 
aspirates removed from femurs. The latter were gently 
transferred under slightly hypotonic conditions that permit- 
ted lysis of RBC only, leaving the nucleated cells intact, as 
shown by light microscopy. 

FIG. 1. The effects of co-treatment with hemin and ADR on morphology of K-562 cell colonies. K-562 cells were incubated 
with 30 ph4 hemin in the absence and presence of 3 x lo-’ M ADR. Six days later, cells were removed from culture, washed 
with fresh medium and subcloned in drug-free plasma clots. After 14 days, colonies were outgrown, stained with benzidine and 
hematoxylin, and examined using a microscope (x 400). Cells were incubated with no drug (A), hemin (B), ADR (C), and 
ADR + hemin (D). 
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Long-Term Bone-Marroou Cultures (LTBMCs) 

Bone-marrow aspirates from control and drug-treated rats 
were prepared and evaluated for their ability to generate 
clusters and stroma as follows: bone marrow was flushed out 
from femurs removed from sacrificed rats with a sterile sy- 
ringe equipped with a 21G needle filled with 10 mL Mc- 
Coy’s 5a medium [supplemented with 12% heat-inactivated 
FCS, 12% heat-inactivated horse serum, hydrocortisone 
(2.4 x 10m5 M), 0.75% MEM amino acid solution, 0.4% 
MEM nonessential amino acids, 1% sodium pyruvate, 0.6% 
sodium bicarbonate, 1% penicillin-streptomycin solution, 
1% L-glutamine, 0.15% L-asparagine, 0.04% L-serine, and 
0.4% MEM vitamins]. Dispersed bone-marrow cells filtered 
through gauze were placed in flasks (25 cm2, Nunc, Dan- 
nish) and incubated at 33°C with the screw caps tightened. 
Cultures were then transferred for 2-3 hr each day in 5% 
CO, humidified atmosphere at 37°C and cells fed once 
weekly by replacing half of the culture medium with an 
equal volume of fresh medium [22], thus maintaining 
LTBMCs viable for several weeks. 

1B). The latter cells were smaller in size, synthesized he- 
moglobin as shown by staining with benzidine-H202 solu- 
tion, but were not committed to terminal maturation, as 
expected [27]. Cotreatment of K-562 cells with hemin and 
ADR increased the proportion of replicating cells (-15%) 
and permitted them to survive and give birth to mixed 
colonies [26]. Some cells in the mixed colonies remained 
undifferentiated, others continued to produce hemoglobin, 
and still others exhibited apoptotic morphology similar to 
that of cells treated with ADR. These data suggest that 
treatment with ADR and subsequent culture led to accu- 
mulation of apoptotic cells. This finding implies that ADR 
promotes alteration(s) that are transmitted and expressed 
to their progenies later. Analysis of mixed colonies derived 
from hemin-ADR-treated cells suggests that hemin inhib- 
its ADR to cause apoptosis in a portion of K-562 cells. 
These findings are consistent with our earlier observation 
that hemin selectively prevents, but does not abolish, 
ADR-induced cytotoxicity. 

The ability of bone-marrow aspirates to develop a stro- 
ma1 cell microenvironment was evaluated arbitrarily, with 
1+ indicating sporadic appearance of adherent stromal cells 
and 5+ indicating maximum coverage of the available sur- 
face on the bottom of the flasks by fibroblasts, reticular-type 
cells, endothelial cells, adipocytes, and macrophages. 

Hemin Counteracts ADR-Induced 

DNA Fragmentation in K-562~Cells 

The data shown in Fig. 1 prompted us to investigate 
whether or not ADR, known to cause DNA degradation, 

Assessment of Ctonogenic Potential ?-__+-++-+-d-j 
of Bone-Marrow Cells in Pkwna Clots 1 2 3 4 5 6 7 8 9 1011 1213 

Samples of bone marrow removed from control and drug- 
treated rats (2 x lo5 cells/400 FL in 4-well multidish Nunc, 
Dannish) were cultured in plasma clots containing 20% 
RPMI, 25% FCS, 1% bovine serum albumin, 1% aspara- 
gine, 1% beef embryo extract, 10e4 M P-mercaptoethanol, 
0.9 units topaotatine, and 1% bovine citrate plasma, 
supplemented with 5% conditioned medium from the 5637 
cell line, as defined previously [23-251. Hemopoietic CFU- 
GM clusters containing 4 to 64 cells and fibroblastoid 
CFU-F clusters were scored 5 days later, because simulta- 
neous growth of CFU-GM and CFU-F in the same dish 
could subsequently complicate the counting of clusters, and 
examined under an inverted light microscope. 
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RESULTS 

ADR Induces Apoptotic Phenotype in K-562 Cells 

As we have shown earlier, treatment of cells with ADR (3 
x lo-’ M) killed the majority of K-562 cells [26]. However, 
a small portion of K-562 cells (~1%) that survived ADR 
treatment gave rise to small colonies in drug-free plasma 
clots. These colonies were composed of cells with a pyc- 
notic nucleus and apoptotic morphology, as well as cells 
similar to control untreated cells. Apoptotic cells were 
markedly different from those seen in colonies developed 
from control (Fig. 1A) and/or hemin-treated cultures (Fig. 

FIG. 2. Effects of hemin on dose-dependent DNA fragmen- 
tation in Kd562 cells by ADR. K-562 cells were incubated 
for 48 hr at 37°C with various concentrations of ADR.HCl 
in the absence or presence of 30 pM hemin. At the end of 
incubation, nuclear DNA was isolated and subjected to aga- 
rose (1.2%) gel electrophoresis (8 pg of DNA per lane). (-) 
indicates incubation of cells in the absence of hemin and 
(+) in the presence of hemin. Lane 1: ADNA/Pst I digests 
served as molecular weight markers; DNA from control 
cells (lanes 2,3); and from cells treated with: 0.2 PM 
ADR.HCI (lanes 4,5), 0.5 pM ADR.HCl (lanes 6,7), 1 pM 
ADR.HCl (lanes 8,9), 2 pM ADR.HCl (lanes 10,l l), and 5 
PM ADR.HCl (lanes 12,13). 
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degrades cellular DNA by yielding an apoptotic ladder 
(DNA fragments of discrete size). Cells were exposed to 
varying concentrations of ADR for different times in the 
presence and absence of hemin (Fig. 2). DNA degradation 
with the characteristic pattern of internucleosomal ladder 
was observed in cells treated with concentrations of ADR 
larger than 1 p,M. Treatment with 5 p,M ADR caused more 
extensive degradation of DNA (rather than ladder-type 
damage). In the case of cotreatment of cells with ADR and 
hemin, ADR failed to cause apoptotic fragmentation of 
DNA. Only at the high concentration of 5 PM ADR was 
hemin unable to protect cells from DNA damage. The pro- 
tective effect of hemin on the dose-dependent induction of 
DNA fragmentation was specific, because hemin failed to 
protect K-562 cells from MTX-induced DNA fragmenta- 
tion (Fig. 3) under the same experimental conditions. 
Moreover, it was shown that ADR-induced DNA fragmen- 
tation in K-562 cells was also time-dependent (Fig. 4), be- 
cause the apoptotic ladder of DNA was observed after 36 hr 
incubation of cells with 2 FM ADR at 37°C. Cotreatment 
with hemin, once again, protected cells from ADR-induced 
DNA damage at all times examined. 

- +-+-+-+ 
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FIG. 3. Effects of hemin on dose-dependent DNA fragmen- 
tation in K-562 cells by MTX. K-562 cells were incubated 
for 48 hr at 37°C with various concentrations of MTX in the 
absence or presence of 30 m hemin. At the end of incu- 
bation, total DNA was isolated and subjected to agarose 
(1.2%) gel electrophoresis (8 pg of DNA per lane). (-) in- 
dicates incubation of cells in the absence of hemin and (+) 
in the presence of hemin. Lane 1: hDNA/Pst I digests served 
as molecular weight markers; DNA from control cells (lanes 
2,3); and from cells treated with: 0.5 pM MTX (lanes 4,5), 1 
pM MTX (lanes 6,7), and 5 PM MTX (lanes 8,9). 

ADR Causes Dose- and Time 
Dependent Repression of Two COX Genes 

Our previous results showing that the mitochondrial COX 
enzyme is a target site for anthracyclines, such as ADR and 
DAU, and that inhibition of this enzyme activity is pre- 
vented by exogenously added hemin in a dose-dependent 
fashion prompted us to further explore the mechanism by 
which ADR inhibits this enzyme. As we mentioned in an 
earlier report [9], ADR may impair the biosynthesis of this 
enzyme at the transcriptional level in addition to inhibiting 
enzyme activity directly. The first of these possibilities ap- 
peared reasonable, given the frame of action of anthracy 
clines at the DNA level [2]. Two COX genes were chosen 
for this study. The first is mitochondrial and encodes the 
subunit COXII, and the other is nuclear and encodes the 
subunit COXIV. We assessed the steady-state levels of the 
mRNAs of these two genes with two 32P-labeled DNA 
probes (pCOX41 and pHmt9). As indicated in Fig. 5, treat- 
ment of K-562 cells with varying concentrations (0.2-5.0 
FM) of ADR suppressed expression of the COXIV and 
COXII genes. Exposure of ADR-treated cells to hemin did 
not reverse this suppression. As shown in Fig. 5B, a second 
band was visualized at the lower portion of the autoradio- 
graph. This band corresponds to the tRNAS” and tRNAASp 
detected with the pHmt9 probe and was not detected when 
a similar membrane was hybridized with the pCOXI1 probe 
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FIG. 4. Effects of hemin on timevdependent DNA fragmen- 
tation in K-562 cells by ADR. K-562 cells were incubated 
for different times at 37°C with 2 pM ADR.HCl in the ab- 
sence or presence of 30 pM hemin. At the end of incubation 
nuclear DNA was isolated and subjected to agarose (1.2%) 
gel electrophoresis (8 pg of DNA per lane). (-) indicates 
incubation of cells in the absence of hemin and (+) in the 
presence of hemin. Lane 1: XDNAPst I digests served as 
molecular weight markers; DNA from control cells (lanes 
2,3); and from cells incubated with ADR.HCl for 12 hr 
(lanes 4,5), 24 hr (lanes 6,7), 36 hr (lanes 8,9), 48 hr (lanes 
lO,ll), and 72 hr (lanes 12,13). 
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containing only a piece of the COXII gene (data not 
shown). 

ADR.Induced Bone-Marrow 
Cytotoxicity in Rats: the Effect of Hemin 

Because hemin counteracts ADR-induced cytotoxicity uia 
different mechanisms, we attempted to determine whether 
or not hemin exerts any beneficial effect on bone-marrow 
cellularity in ADR-myelosuppressed animals. To this end, 
we carried out a series of in wivo studies, presented here. 

Preliminary studies from our laboratory have shown that 
a single injection of 10 mg/kg ADR.HCl led to myelosup- 
pression in rats. ADR injected i.p. led to a reduction in 
peripheral WBCs 6 days following treatment, and admin- 
istration of hemin alone, according to the protocol shown 
in Fig. 6, improved WBC counts above the control value 
(Fig. 6). Analysis of bone-marrow samples removed from 
ADR-treated rats revealed impaired bone-marrow functions 
and a lower number of BMNCs. In contrast to the stroma 
development and outgrowth of CFU-GM and CFU-F clus- 
ters seen in cultures of bone-marrow samples derived from 
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control rats (Fig. 7), all bone-marrow samples derived from 
ADR-treated rats and plated in LTBMCs failed to develop 
stromal cell environment (0 to 2+) (Table I) and to give 
birth to CFU-GM and CFU-F clusters (Fig. 6). However, in 
one case (day 6), the number of CFU-GM clusters observed 
in a few rats was quite high. This could be attributed to the 
idiosyncracy of these animals. Injection of hemin alone also 
stimulated bone-marrow cell growth (Fig. 6) and preserved 
stromal cell environment (4+ to 5+) (Table I). However, 
the effect of hemin on colony formation was transient, 
because the number of CFU-F clusters increased by day 2, 
reached a higher level by day 6 and 9, and approached 
initial levels by day 12. Injection of hemin in ADR-treated 
rats did not substantially improve the number of BMNCs. 
Samples of bone-marrow cells derived from rats injected 
with both ADR and hemin developed higher numbers of 
CFU-GM and CFU-F clusters, compared to animals treated 
with ADR alone (Fig. 6). Similarly, bone-marrow samples 
derived from rats injected with both ADR and hemin de- 
veloped adequate stromal cell environment (3+ to 4+) in 
LTBMCs, compared to rats injected with ADR alone 
(Table I). 
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FIG. 5. ADReinduced dose-dependent effects on COX gene expression in K-562 cells in the absence or presence of hemin. 
K-562 cells were incubated for 48 hr at 37°C with various concentrations of ADR.HCl in the absence or presence of 30 pM 
hemin and total RNA was isolated. Samples (25 pg) of each RNA were electrophoretically separated on 1% agarose-2.2 M 
formaldehyde gel, transferred onto a nylon membrane, and hybridized at 65”C, first with 32P-labelled DNA fragment 
(pCOX41) coding for nuclear COXIV mRNA (A), and then with a mitochondrial COXII DNA probe (pHmt9) (B). The 
membranes were washed at 65°C and autoradiographed. Panel C shows the corresponding ethidium bromide staining patterns 
of electrophoresed RNA samples (the positions of 28 S and 18 S rRNAs are indicated). RNA prepared from K-562 cells grown 
either without ADR.HCl (lanes 1,5) or with 0.2 pM ADR.HCI (lanes 2,6), 2pM ADR.HCl (lanes 3,7), and 5 pM ADR.HCl 
(lanes 4,8). 
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DISCUSSION 

We investigated the mechanism(s) by which ADR and he- 
min interact in human K-562 cultured cells, as well as in rat 
bone-marrow cells, in vko. In particular, we evaluated the 
effects of hemin on 3 related effects induced by ADR: (a) 
apoptosis; (b) inhibition of cytochrome c oxidase at the 
transcriptional level; and (c) myelosuppression in uiuo. 
Analysis of these 3 effects could uncover how ADR exerts 
antineoplastic and myelosuppressive action (bone-marrow 
cytotoxicity) and demonstrate whether or not hemin was 
able to restore cell growth, DNA structural integrity, and 
cytochrome c oxidase activity in ADR-treated cells and 
bone marrow. From the results shown in Figs. l-4, it is clear 
that ADR promotes apoptosis in cultured K-562 cells, as 
shown by the morphological appearance of K-562 cells and 
DNA fragmentation. It is particularly interesting that he- 

min, an agent that prevents ADR-induced cytotoxicity [9] 
and stimulates differentiation of K-562 cells [27], selec- 
tively reduces the frequency of apoptosis caused by ADR, 
but not by MTX, another antineoplastic agent. This selec- 
tive action of hemin may be attributed to the fact that both 
hemin and ADR interact at the chromatin level [26], as 
well as at the level of mitochondrial COX (an enzyme 
pivotal for cell respiration) [9]. 

Northern blot hybridization analysis (Fig. 5) indicated 
that ADR (which inhibits COX activity [9] represses the 
expression of two COX genes, one mitochondrial and the 
other nuclear, although to a different extent. ADR alone 
suppressed the expression of both the mitochondrial COXII 
gene and the nuclear COXIV gene, and, in the presence of 
hemin, the mitochondrial COXII gene was more suscep- 
tible than the nuclear gene to the cytotoxic action of ADR. 
This ADR-induced suppression of COX genes could play a 
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FIG. 6. Time-dependent effects of ADR and hemin on peripheral blood and bone marrow in i.p.-injected rats. Rats were 
injected i.p. either with 0.9% NaCl or ADR.HCl with or without hemin, as indicated in the upper panel. WBC counts and 
BMNCs were evaluated several days thereafter. Samples of bone marrow (2 x 10’ cells/400 pL in 4-well multidish), removed 
at various times, were cultured in drug-free plasma clots, and the number of hemopoietic CEU~GM clusters and fibroblastoid 
CFU-F cells were counted microscopically 5 days later. Each point represents the mean value (*SD) of measurements obtained 
from (N) numbers of rats cited in parentheses. The value of y axis at time “0” represents the control value obtained from rats 
injected with 0.9% NaCl alone. Rats treated with: hemin alone (-•-), ADR.HCl alone (-W-) and both ADR.HCl and 
hemin (-0-). Upper Panel: Protocol of i.p. injection of ADR.HCl and hemin in rats. Vertical arrows indicate time-points for 
injection of ADR and hemin. Time-points for peripheral blood sampling and bone marrow removal are indicated by curved 
upwards arrows. 
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FIG. 7. Morphology of bone marrow stroma and CFU-GM and CFU-F clusters outgrown in cultures of bone marrow cells 
removed from untreated rats. (A) We&developed (4+ to 5+) stromal cell environment in LTBMCs obtained from bone 
marrow samples of untreated control rats (May-Grunwald/Giemsa stain) (x 100). (B) Detailed morphology of well-developed 
(4+ to 5+) stromal cell environment in LTBMCs prepared from bone-marrow samples of untreated control rats (x 400). (C) 
CFUGM clusters outgrown from rat bone-marrow cells plated in drug-free plasma clots ( x 100) (see downward arrows). (D) 
CFU-F cluster outgrown from rat bone-marrow cells plated in drug&ee plasma clots (x 400). 

critical role in the biosynthesis of the corresponding sub- 
units and the overall final assembly of the COX holoen- 
zyme, leading to inhibition of COX enzyme activity overall. 

Whatever the precise mechanism of hemin-ADR an- 
tagonism, hemin could offer a protective effect in myelo- 
suppressed rats, because it prevented cytotoxicity induced 
by ADR [28] and apoptosis. If this were true, then the 
results could be of clinical value for ADR-treated patients. 
A single i.p. injection of ADR in rats caused reversible 
myelosuppression, characterized by a reduction in periph- 
eral WBCs and failure of bone marrow to generate colonies 
and develop stromal cell environment (data from Figure 6 
and Table I). It is well known that during hemopoiesis 
there is a constant renewal of blood cells from their hemo- 
poietic progenitors uia hemopoietic growth factors. ADR, 
which induces tumor cell death in K-562 cells, may also 
cause apoptosis in normal bone-marrow cells. Such a 
mechanism could explain the reduction of hemopoietic 
progenitors seen in ADR-treated animals, as shown in Fig. 
6 by the reduction in the number of cells forming CFU-GM 

and CFU-F colonies, as well as by the reduction of counts 
observed in peripheral blood. Although it is difficult to 
distinguish which of the two major types of bone-marrow 
cell populations (i.e. hemopoietic or fibroblastoid) is pref- 
erentially more susceptible to ADR, the data presented in- 
dicate that stroma fibroblastoid cells were more susceptible 
to ADR than hemopoietic progenitors. Neither CFU-F 
clusters nor stroma were developed from bone-marrow 
samples derived from the majority of ADR-treated rats. 
Injection of hemin alone promoted development of the 
stromal cell environment and outgrowth of CFU-GM and 
CFU-F clusters. The clusters formed by bone-marrow 
samples removed from rats injected only with hemin after 6 
and 9 days resulted from increased cell renewal of bone- 
marrow progenitor cells. This observation is in agreement 
with earlier reports claiming that hemin enhances the cell 
renewal capacity of erythroid CFU-Es, BFU-Es [29, 30, 311, 
as well as that of myeloid progenitors [32, 331. Hemin may 
also act directly as a growth factor to control blood-cell 
production by inhibiting apoptosis [ 1 l] or indirectly by trig- 
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TABLE 1. Development of stromal cell environment in loneterm bone-marrow cuhures (LTBMCs) 

Tie of bone-marrow Tie of evaluation 
sampling (day) of LTBMCs (days) 

Development of stromal cell environment 

ADR.HCl Hemin ADR.HCl + hemin 

2nd 6-9 
10-15 
16-20 

6th 6-9 
10-15 
1620 

9th 

12th 

6-9 
10-15 
16-20 

6-9 
10-15 
16-20 

damaged cells (3) 

+ (6) 
+ (6) 
+ (6) 

+ (5) 
++ (5) 
++ (5) 

damaged cells (3) 

+++ (6) 
++++ (5) 
++++ (4) 

damaged cells (3) 

++ (5) 
+++ (5) 
++++ (2) 

ND 

+++ (6) ++ (2) 
++++ (5) ++++ (2) 
+++++ (2) +++++ (1) 

+++ (6) ++ (1) 
+++ (2) +++ (1) 
++++ (2) ND 

Stromal cell environment in LTBMCs from control rats, injected with an equal volume of saline: (a) 69 days: +++ (16); (b) lo-15 d a s +++ (15); (c) 16-20 days: ++++ (11). y : 
(Fewer samples of bone marrow were evaluated on certam occasions due to detachment of cells.) LTBMCs were evaluated for stromal cell environment as described in Mater& 

and Methods. The number in uarentheses indicates the number of bone-marrow samDIes evaluated in each case and the results are presented m arbitrary units. ND, not determmed 

due ro technical difficulties. 

gering macrophages or other mononuclear cells to produce 
multilineage growth factors [33]. Injection of hemin in 
ADR-treated rats accelerated recovery from myelosuppres- 
sion (as indicated by an increase in WBCs), preserved 
bone-marrow stromal cell environment, and stimulated 
outgrowth of CFU-GM and CFU-F clusters. It is possible 
that hemin exerts beneficial effects on bone marrow of 
ADR-myelosuppressed rats by promoting hemopoietic ac- 
tivity in the presence of ADR or by correcting hemopoietic 
abnormalities as observed in treatment with azidothymi- 
dine [32-341. 

It is possible that hemin exerts a counteractive action on 
ADR-induced cytotoxicity by acting at various levels, in- 
teracting either directly or indirectly with ADR by preserv- 
ing vital target sites, such as the mitochondrial COX en- 
zyme in transformed K-562 cells and normal bone-marrow 
cells [9, 26, 28, 35, 361. Alternatively, hemin and ADR can 
antagonize each other at the level of DNA by affecting its 
conformation and transcription. The latter possibility could 
explain the ability of hemin to prevent apoptosis. Whether 
or not apoptosis and inhibition of COX gene expression are 
related to each other and whether or not both these effects 
are responsible for antineoplastic activity and myelosup- 
pression remains to be seen. Further investigations are 
needed to uncover the molecular events in the interaction 
between hemin and ADR to optimize their coadministra- 
tion for the best possible protection of bone marrow during 
ADR therapy for nonhemopoietic malignancies. 
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