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ABSTRACT The effects of selected heme analogues on
heme oxygenase activity in tissues and on human and rabbit
bone marrow hematopoietic colony growth were examined.
Zinc protoporphyrin (ZnPP) and zinc mesoporphyrin
(ZnMP), at concentrations ranging between 1 and 20 mM,
produced significant inhibition of human and rabbit bone
marrow erythroid (CFU-E, BFU-E) and myeloid (CFU-GM)
colony growth. The growth inhibition produced by ZnPP or
ZnMP was not overcome with exposure of cultures to elevated
levels of the growth factors erythropoietin and granulocyte–
macrophage colony stimulating factor. In contrast, tin pro-
toporphyrin and tin mesoporphyrin did not display any
significant bone marrow toxicity when used at similar con-
centrations. In other studies, differential effects of tin meso-
porphyrin and ZnMP administered intravenously on kidney
heme oxygenase were demonstrated. Chromium mesoporphy-
rin administered intravenously proved lethal to animals.
These results indicate that exposure of bone marrow to ZnPP
and ZnMP can be deleterious to hematopoietic cells and raise
the possibility that ZnPP, which is endogenously formed and
found in high concentration in red blood cells in lead-poisoned
children, may itself participate in the bone marrow toxicity
produced by this metal.

Hematopoietic cell growth and differentiation within the bone
marrow microenvironment are dependent on a complex in-
terplay of cells, cytokines, growth factors, and heme oxygenase
(HO) activity, with the latter enzyme playing a major regula-
tory role in this system. Heme, a potent inducer of HO
expression has been shown to have modulatory effects on
hematopoiesis (1). A comprehensive study comparing the
effects on hematopoietic cells of synthetic heme analogues,
which inhibit HO activity has, not previously been undertaken.
Information from this type of study is of special importance
because of the clinical potential (2–8) of certain of these
compounds.
In this study we compared the effects of tin and zinc

porphyrins on hematopoietic cell growth and colony formation
in animal and human bone marrow cultures. Such cell systems
are especially vulnerable to the nature of their microenviron-
ment and thus can provide sensitive indices of the deleterious
potential of various chemical agents.
The results of this study indicate that zinc porphyrins are

toxic to both myeloid and erythroid cell growth even at low
concentrations. In contrast, tin porphyrins, even at high con-
centrations, displayed no toxic effects on hematopoiesis. In
other experiments tin and zinc porphyrins were shown to have
differing effects on renal HO activity when administered

intravenously (i.v.). Chromiummesoporphyrin (CrMP) proved
lethal to animals when administered by the iv route.
These findings provide additional examples of the differen-

tial effects of HO inhibitors on cell functions based on their
central metal atom and on their route of administration. The
inhibitory actions of zinc porphyrins on bone marrow cell
growth represent newly identified deleterious properties of
these metalloporphyrins and extend the range of cell systems
in which zinc compounds display cellular toxicity. The bone
marrow toxicity displayed by zinc protoporphyrin (ZnPP) also
raises the possibility that this endogenously formed compound
may be involved, in part, in the pathogenesis of the hemato-
logical abnormalities characterizing lead poisoning, a disorder
in which high concentrations of ZnPP are found in red blood
cells.

MATERIALS AND METHODS

Preparation of Cells. Human bone marrow cells were ob-
tained from the posterior iliac crest of normal donors. In all
cases, informed consent was obtained. Adult New Zealand
White rabbits were also used as bone marrow donors. Animals
were sacrificed by anesthesia, femurs removed, and bone
marrow flushed with Iscove’s modified Dulbecco’s medium
(IMDM) (GIBCO). Bone marrow low-density nucleated cells
were then separated by Histopaque (Sigma) density gradient
centrifugation, washed, and resuspended in IMDM with 2%
fetal calf serum (GIBCO). The nonadherent cells were sepa-
rated by allowing adherent cells to attach to the bottom of Petri
dishes over a 24-hr period of incubation.
Chemicals. Heme analogues were obtained from Porphyrin

Products (Logan, UT) and included tin mesoporphyrin
(SnMP), tin protoporphyrin (SnPP), zinc mesoporphyrin
(ZnMP), ZnPP, CrMP, protoporphyrin IX (PPIX), mesopor-
phyrin IX (MPIX), and heme. The heme analogues, except for
ZnMP and ZnPP, were prepared and added to cultures as
described (1). Zinc porphyrins were first dissolved in propylene
glycol to give a final concentration of 10% (volyvol) and then
prepared as described (1).
Hematopoietic Colony Assays. Bone marrow hematopoietic

colonies were grown in methylcellulose cultures similar to
previously described procedures (9, 10). Human and rabbit
erythroid colonies (CFU-E, BFU-E) were grown in methyl-
cellulose in the presence of erythropoietin (Epo, Amgen
Biologicals). Myeloid colonies were grown in methylcellulose
cultures in the presence of granulocyte-macrophage colony-
stimulating factor (GM-CSF, Amgen). All cultures were then
incubated at 378C for 5–14 days after which colonies were
scored.
Heme Oxygenase Assay. Immediately after death, livers
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kidney were removed and homogenized in three volumes of
0.1 M potassium phosphate buffer (pH 7.40) containing 0.25
M sucrose. Microsomal fractions were prepared from homog-
enates as described (11). The cytosolic fraction obtained from
the livers of adult control animals served as a source of
biliverdin reductase in the HO assay. HO activity, expressed as
nanomoles of bilirubin formed per milligram of protein per
hour, was determined as described (11). Protein concentra-
tions were determined according to the method of Lowry et al.
(12).

RESULTS

Effect of CrMP, SnMP, and ZnMP on Rabbit HO Activity.
Metalloporphyrins are potent inhibitors of HO activity in
humans and animals and the route of administration of the
metalloporphyrins may result in differences in distribution
within the organism (13, 14). HO activity was measured in the
liver, kidney, and spleen of rabbits administered SnMP, ZnMP,
and CrMP i.v. at a dose of 10 mMykg body weight (Table 1),
a dose in excess of the dose of SnMP employed clinically (3).
SnMP produced a significant decrease in enzyme activity in all
three tissues; no enzyme activity was detectable in liver and
kidney. ZnMP produced a significant decrease in HO activity
in liver and spleen, but not in kidney. ZnMP, like SnMP,
administration resulted in no detectable enzyme activity in
liver. CrMP administered at the above dose resulted in the
death of all animals, whereas the metalloporphyrin adminis-
tered at a dose of 5 mMykg body weight killed one-third of
treated animals (results not shown).We therefore focused only
on zinc and tin porphyrins in subsequent studies of the effects
of heme analogues on bone marrow hematopoietic growth.
Effect of Metalloporphyrins on Rabbit Bone Marrow

Growth. We examined the dose effects of different metal-
loporphyrins on rabbit bone marrow in vitro hematopoiesis. As
shown in Figs. 1 and 2, ZnPP and ZnMP inhibited hemato-
poiesis at all concentrations examined (1–20 mM). SnMP and
SnPP did not inhibit hematopoiesis (Figs. 1 and 2). ZnPP (5
mM), when added to BFU-E and CFU-GM cultures (Fig. 1 A
and B), resulted in growth that was 41 and 56%, respectively,
of control growth; when 20 mM of ZnPP was used, the growth
was 25% and 1%, respectively, of control growth. Similarly,
when 5 mM of ZnMP was included in BFU-E and CFU-GM
cultures, the percent of control growth was 38% and 36%,
respectively; when 20 mM of ZnMP was used, the percent of
control growth was 12% and 3%, respectively (Fig. 2 A and B).
Similar results were obtained for CFU-E growth in the pres-
ence of both zinc porphyrins. In contrast, when 20 mMof SnPP
was included in BFU-E and CFU-GM cultures, the percent of
control growth was 108% and 100%, respectively (Fig. 1 A and
B); when 20 mM of SnMP was used, the percent of control
growth was 100%, 98%, and 124%, respectively (Fig. 2 A and
B). Thus, there were marked differences in the zinc and tin
porphyrins with respect to their effects on bone marrow colony
growth. In other experiments, mesoporphyrin IX itself was
found to be toxic to bone marrow cultures at the concentra-

tions tested (1–20 mM): protoporphyrin IX produced some
toxicity at the highest concentration (20 mM) studied, though
at lesser concentration protoporphyrin IX was less toxic than
ZnPP. (results not shown).
Effect of Metalloporphyrins on Human Bone Marrow

Growth.We have previously shown that heme enhances in vitro
erythropoiesis (1, 15). We therefore examined the dose effects
of ZnPP and SnPP on human bone marrow erythroid colony
growth (CFU-E, BFU-E). These results are presented in Table
2. Control numbers of CFU-E and BFU-E were 142 6 9 and
94 6 6 3 105 cells, respectively. SnPP at doses ranging from 1
to 20 mMhad no effect on CFU-E or BFU-E erythroid growth.
In contrast, ZnPP at doses ranging from 1 to 20 mM inhibited
cell growth. Cultures containing 10 mM of ZnPP generated

FIG. 1. Dose effects of ZnPP and SnPP on rabbit bone marrow
BFU-E (A) and CFU-GM (B) colony-forming units. Results represent
percent of control growth. p, P , 0.001; pp, P , 0.005.

Table 1. Effect of ZnMP and SnMP on tissue heme
oxygenase activity

Treatment

Heme oxygenase, nmol bilirubin formed
per mgyhr*

Liver Spleen Kidney

Control 0.70 6 0.09 8.19 6 2.0 1.16 6 0.16
SnMP ND 2.76 6 0.90** ND
ZnMP ND 2.90 6 1.12** 0.91 6 0.18

Animals were injected i.v. with a dose of 10 mMykg body weight and
sacrificed 48 hr later. ND, no detectable activity.
*Mean 1 SD.
**P , 0.025 compared with control.
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CFU-E and BFU-E at levels of only 49% and 36% of control
growth, respectively; a more pronounced inhibition was seen
with the highest dose (20 mM) of ZnPP examined (32% and
23% of control growth, respectively, Table 2). Thus, the data
demonstrate that SnPP does not affect erythroid growth in the
concentration range examined (1–20 mM), whereas ZnPP is a
potent inhibitor of cell growth. Similar results were obtained
with the mesoporphyrin derivatives of the metals (data not
shown).
Since Epo is critical for the growth and development of

erythroid colonies, we examined whether ZnPP growth inhi-
bition could be overcome with increasing concentrations of
Epo. Optimal CFU-EyBFU-E growth is usually obtained with
1–1.5 units of Epo per ml. ZnPP (10 mM) was inhibitory to

CFU-E and BFU-E growth when cultures contained 1, 2, or 4
units of Epo per ml (Fig. 3). The highest concentration (6 units
per ml) of Epo examined did not reverse the inhibition of
growth caused by ZnPP (data not shown). Control CFU-E
growth with 4 units of Epo per ml was 134 6 10 colonies,
whereas when ZnPP was included in cultures the CFU-E
growth was only 72 6 9 colonies (Fig. 3). Control BFU-E
growth was 99 6 9 colonies, whereas growth was only 35 6 3
colonies for BFU-E cultures with ZnPP. ZnPP thus proved to
be a potent inhibitor of in vitro erythropoiesis and its inhibitory
effect could not be overcome with Epo.
We then examined the effects of the metalloporphyrins on

human myeloid CFU-GM growth. These results are shown in
Fig. 4. The two analogues of zinc, ZnMP and ZnPP (10 mM),
produced significant inhibition of CFU-GM growth; as shown
in this figure, control CFU-GM growth was 1046 10 colonies,
whereas colony growth for cultures containing ZnPP and
ZnMP was only 17 6 6 and 30 6 5 colonies, respectively.
Mesoporphyrin IX was even more toxic than ZnPP and ZnMP
(data not shown). SnMP, in contrast, was without significant
effect on colony growth. ZnPP inhibited bone marrow
CFU-GM growth at all GM-CSF levels employed (Fig. 5).
Control growth in the presence of 50 units per ml of GM-CSF
was 44 6 2 colonies, whereas when ZnPP was included, only
22 6 2 colonies were generated. In a similar manner, control
growth with 200 units per ml of GM-CSF was 806 5, and only
336 4 colonies when ZnPP was included in culture. ZnPP thusFIG. 2. Dose effects of ZnMP and SnMP on rabbit bone marrow

BFU-E (A) and CFU-GM (B) colony-forming units. Results represent
percent of control growth. p, P , 0.001; pp, P , 0.005.

FIG. 3. Dose effects of Epo on human bone marrow erythroid
CFU-E and BFU-E growth in the presence of 10mMZnPP;M6 SEM,
n 5 6.

Table 2. Dose effect of ZnPP and SnPP on human bone marrow
erythroid CFU-E and BFU-E growth

Additions

% of control growth

CFU-E,
142 6 9y5 3 105 cells

BFU-E,
94 6 6y5 3 105 cells

Epo alone 100 100
1 ZnPP, mM
1 80 79
5 64 51
10 49* 36*
20 32* 23*

1 SnPP, mM
1 101 100
5 99 102
10 103 98
20 100 104

Human bone marrow cells were grown in methylcellulose cultures in
the presence of 1–2 units per ml of Epo for CFU-E and BFU-E,
respectively. Additions of analogues were made and then colonies
scored after 7–14 days of incubation at 378C. Control numbers of
CFU-E and BFU-E are given as (M 6 SEM), n 5 6, and remaining
results presented as percent of control growth.
*P , 0.001.
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proved toxic to myeloid cell growth at all levels of GM-CSF
tested.

DISCUSSION

The results of these studies demonstrate that ZnPP and ZnMP
significantly inhibit in vitro hematopoiesis in both human and
rabbit bone marrow. This effect was made manifest by a direct
inhibition of erythroid (CFU-E, BFU-E) and myeloid (CFU-
GM) growth when the compounds were included in cultures at
concentrations ranging from 1 to 20 mM. Furthermore, ele-
vated levels of hematopoietic growth factors did not reverse
the inhibition of erythroid and myeloid cell growth produced
by the zinc porphyrins. In contrast, SnPP and SnMP did not
show any significant bone marrow toxicity when used at the
same concentrations as ZnPP and ZnMP. These data thus
identify important differences between tin and zinc porphyrins
in relation to hematopoiesis and provide further evidence that
the nature of the central metal atom in synthetic heme
analogues profoundly influences the biological and toxicolog-
ical properties of these compounds (16, 17). The suppressive
effects of zinc porphyrins on hematopoiesis described in this
report raise a caution about their proposed clinical use in
newborns to control hyperbilirubinemia.
The mechanism of hematopoietic inhibition by zinc porphy-

rins is unclear; however, it is not restricted to a single lineage,
since both myeloid and erythroid elements are affected. It is
known that ZnPP is endogenously derived in lead poisoning
and in certain anemias resulting in accumulation of the
metalloporphyrin within red blood cells (18–20). Thus, accu-
mulation of ZnPP within the cells of the bone marrow micro-
environment could result in a direct toxic effect on progenitor
cells. In this regard, the extensive incorporation ('45% of the
administered dose) of exogenous ZnPP in circulating red
blood cells of primates indicates that this heme analogue has
direct access to and enters into erythroid cells (8). In addition,
ZnPP can act as an interleukin 1 antagonist (21–23), thus
disturbing the cytokine network of the bone marrow stroma.

It is also apparent from these studies that free protoporphyrin
and mesoporphyrin have toxic effects on bone marrow cells
raising the possibility that the mechanism of toxicity of zinc
porphyrins may be due in part to release of the central zinc
atom from the metal–porphyrin complex in situ, thus permit-
ting the porphyrin macrocycle to exert a direct cell toxicity.
Zinc porphyrins are known to be highly labile in this regard
(24). In contrast, tin incorporated in the porphyrin ring
structure to form either SnPP or SnMP is extremely stable and
there is no known physiological mechanism by which the
element can be removed from the porphyrin complex.
Finally, zinc itself can substantially alter normal cell func-

tions; recent data have, for example, been reported that
indicate that zinc is a potent inhibitor of bone resorption
activity (25) and that zinc toxicity plays a significant role in
neuronal ischemia leading to degeneration and cell death
(26–30). Thus, if the metal is released from ZnPP or ZnMP
intracellularly, the element itself could additionally contribute
to the toxicity exerted by the free porphyrin macrocycle.
In this study, the degrees of inhibition of HO that resulted

from the i.v. administration of SnMP and ZnMP compounds
were similar in liver and spleen, whereas in kidney, SnMP
was considerably more potent than ZnMP. Previous studies
have indicated that SnMP is a more potent inhibitor of HO
activity in vivo than ZnMP when administered by the sub-
cutaneous route (14). These findings thus indicate that the
route of administration of ZnMP may be important in
determining the ability of zinc porphyrins to inhibit HO
activity in various tissues. Preliminary in vivo experiments
with rabbits (data not shown) have shown that administra-
tion of ZnMP, but not SnMP, produces a significant inhibi-
tion of hematopoiesis and progenitor cell mobilization, thus
confirming in vivo the deleterious impact of ZnMP on bone
marrow cells, in vitro, reported here.
CrMP administered i.v. at a dose of 10 mMykg body weight

resulted in the death of all treated animals; at a dose of 5
mMykg body weight CrMP administration i.v. still proved
lethal to a significant number (one-third) of the animals.
Pathological examination of treated animals showed wide-
spread lysis of liver cells. These results show that CrMP, while
tolerated when administered by the subcutaneous route in
animals, can in the same doses be lethal when administered by
the i.v. route. In contrast, SnMP, administered i.v. to humans
for prolonged periods of time and in very large cumulative
dosage, has been shown to be without significant side effects
(31, 32).
The findings reported in these studies bear on the suitability

of the metalloporphyrins examined for use in humans, espe-
cially newborns, to regulate heme degradation to bilirubin for
clinical purposes.
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