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Effects of protoporphyrins on production of nitric oxide and
expression of vascular endothelial growth factor in vascular
smooth muscle cells and macrophages.
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Heme oxygenase-1 (HO-1), an inducible enzyme degrading heme to biliverdin, iron
and carbon monoxide, is involved in regulation of inflammation and angiogenesis. Tin
protoporphyrin (SnPPIX) and zinc protoporphyrin (ZnPPIX) are commonly used as
competitive inhibitors of HO-1. We aimed to compare the effects of SnPPIX and
ZnPPIX on the production of vascular endothelial growth factor (VEGF), activity of inducible nitric oxide synthase (iNOS) and cell viability. All experiments were performed on rat vascular smooth muscle cells and murine RAW264.7 macrophages
treated with 3–10 mM protoporphyrins. Some cells were additionally stimulated with
IL-1b or with lipopolysaccharide. After a 24 h incubation period SnPPIX and ZnPPIX
significantly reduced the generation of VEGF in vascular smooth muscle cells and
RAW264.7, both in resting and stimulated cells. The inhibitory potentials of both
protoporphyrins on VEGF synthesis were very similar. In contrast, analysis of iNOS
activity revealed that results obtained with different HO-1 inhibitors are discrepant.
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Generation of nitric oxide by iNOS was significantly increased by SnPPIX but
strongly decreased by ZnPPIX. Similar differences were observed when cell viability
was compared. SnPPIX improved the cell survival rate, whereas the same doses of
ZnPPIX exerted some cytotoxic effects. In summary, SnPPIX and ZnPPIX can be
used as HO-1 inhibitors in some experimental models. However, these compounds
produce also HO-independent effects, which can make the interpretation of experiments very uncertain. Thus the involvement of the HO-1 pathway should be always
confirmed by more specific methods.

Heme oxygenases (HOs) are involved in the
degradation of heme, resulting in the generation of biliverdin, iron and carbon monoxide.
Three distinct variants of HOs have been described so far. HO-2 and HO-3 are constitutively expressed, whereas HO-1 can be potently induced by heme, prostaglandin-J2, oxidized lipoproteins, inflammatory cytokines,
hypoxia, nitric oxide or heavy metals (Snyder
& Baranano, 2001; Józkowicz et al., 2002).
The last decade has brought a dramatic upsurge in the interest in biologic effects of HO-1
activity. Numerous studies have demonstrated that products of this enzymatic reaction have important anti-oxidant, anti-inflammatory or cytoprotective functions, and can
modulate inter- and intracellular signaling
mechanisms (for a review see: Snyder &
Baranano, 2001). In consequence, HO-1 has
been shown to have salutary effects in pathological states as diverse as atherosclerosis, hypertension, sepsis, and transplant rejection
(for a review see: Morse & Choi, 2002).
The mechanisms by which HO-1 confers its
protective effects are as yet poorly understood, but this area of investigations is active
and rapidly evolving. The simplest and most
commonly used pharmacological tools employed by researchers are metalloporphyrins,
competitive inhibitors of HO-1.
The potency of metalloporphyrins as blockers of HO-1 is affected by the metal cation associated with the porphyrin ring as well as by
different ring substituents (Vreman et al.,
1993). Inhibition of HO-1 enzymatic activity
has been demonstrated for zinc protoporphyrin-IX (ZnPPIX), zinc deuteroporphyrin-IX (ZnDPIX), zinc mesoporphyrin
(ZnMPIX), tin protoporphyrin-IX (SnPPIX),

and tin mesoporphyrin-IX (SnMPIX). At a
concentration of 10 mM, the weakest inhibitor
was ZnDPIX (30% inhibition), whereas
ZnPPIX, ZnMPIX, SnPPIX and SnMPIX decreased HO-1 activity by 60%–85% (Anderson
et al., 1984; Appleton et al., 1999; Beri &
Chandra, 1993; Dulak et al., 2002a; Lutton et
al., 1997; Vreman et al., 1993; Vreman et al.,
1996; Weiss et al., 1993; Steffensrud, 1998).
All these compounds are being widely used in
studies performed in vitro to clarify the molecular pathways involved in HO-1 signal
transduction and in experiments in vivo designed to establish the role of HO-1 or to prevent and treat hyperbilirubinemia (Zakhary et
al., 1996; Grunemar & Ny, 1997; Steffensrud,
1998; Doi et al., 1999; Cavicchi et al., 2000;
Tamion et al., 2001). Finally, ZnPPIX,
SnPPIX and SnMPIX have been exploited
therapeutically to reduce jaundice in the neonates (Quato & Maines, 1985; Anderson et al.,
1986; Drummond, 1987).
Little is known, however, about the specificity of these inhibitors and some data identified important differences between the biological and toxicological properties of particular
porphyrins. It has been shown that ZnPPIX,
but not SnPPIX or ZnDPIX, applied to pituitary cells led to an irreversible attenuation of
Ca2+ current (Linden et al., 1993). Likewise,
ZnPPIX, but not SnPPIX, significantly inhibited hematopoiesis in rabbit and human bone
marrow (Lutton et al., 1997). Even more striking differences were reported in experiments
performed on monocytes, where ZnMPIX almost fully inhibited IFN-g-induced degradation of tryptophan, whereas SnPPIX enhanced the IFN effects (Weiss et al., 1993).
This lack of specificity of the heme oxygenase
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inhibiting metalloporphyrins impedes the interpretation of the obtained results.
Numerous studies have demonstrated that
metalloporphyrins can modulate the expression or activity of mediators involved in
angiogenesis and inflammation. In particular,
they influence the production of nitric oxide
(NO) by inducible nitric oxide synthase
(iNOS) (Dulak et al., 1999; Cavicchi et al.,
2000) and affect the generation of vascular endothelial growth factor (VEGF), one of the
most prominent pro-angiogenic proteins
(Dulak et al., 2002a; Józkowicz et al., 2002).
They can also modulate the viability of cells
(Lutton et al., 1997). In most reports, however, only one pharmacological HO-1 inhibitor
was employed, thus some unspecific activities
of the metalloporphyrin used could not be excluded.
Therefore, in the present study we decided
to compare the effects of several metalloporphyrins on generation of VEGF, activity of
iNOS and cell viability. To avoid a false generalization of possible cell-specific effects, we
performed experiments on two distinct cell
types, namely on rat vascular smooth muscle
cells and on murine RAW264.7 macrophages.

MATERIALS AND METHODS

Chemicals. Interleukin-1b (IL-1b) and
lipopolysaccharide (LPS) were purchased
from Sigma, culture media (DMEM F-12,
RPMI-1641) and fetal calf serum (FCS) were
from Gibco. CytoTox-96 assay and Griess Reagent System were bought from Promega.
ELISA kit for mouse/rat VEGF was obtained
from R&D Systems. Tin protoporphyrin-IX
(SnPPIX), copper protoporphyrin-IX (CuPPIX), zinc protoporphyrin-IX (ZnPPIX), zinc
deuteroporphyrin-IX (ZnDPIX), and cobalt
protoporphyrin-IX (CoPPIX) were purchased
from PorphyrinProducts.
Cell culture. Murine macrophage-like cells
RAW264.7 were cultured in RPMI-1641 medium supplemented with 10% FCS. Vascular
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smooth muscle cells (VSMC) were isolated by
collagenase digestion of rat thoracic aorta and
cultured in DMEM F-12 medium supplemented with 5% FCS. VSMC of 5th to 10th
passages were used for the experiments.
VSMC or RAW264.7 were seeded in a 24-well
plate and grown to confluence. Before experiments, the cells were starved over night in medium containing 0.5% FCS. Then the medium
was replaced with fresh one and cells were
supplemented with protoporphyrins (1–10
mM). Half an hour later, some VSMC and
RAW264.7 were additionally stimulated with
IL-1b (5 ng/ml) or LPS (100 ng/ml), respectively. As we have demonstrated in earlier
studies, these doses of IL-1b and LPS did not
exert any cytotoxic effects on VSMC and
RAW264.7 (Józkowicz et al., 2000). After a
24 h incubation period the culture media were
harvested and frozen.
Measurement of VEGF protein concentrations. Concentrations of VEGF protein in
the culture media were quantified using the
sandwich ELISA, following the manufacturer’s instructions.
Cell viability assay. Cell viability was assessed by colorimetric measurement of LDH
release according to vendor’s protocol.
Statistical analysis. All experiments were
performed in duplicates or triplicates and
were repeated at least 3 times. Data are presented as mean ± E.M. Statistical evaluation
was done with ANOVA followed by Tukey test.
Differences were accepted as statistically significant at P < 0.05.

RESULTS
Effect of protoporphyrins on synthesis of
VEGF

The protoporphyrins SnPPIX and ZnPPIX
are commonly used as competitive inhibitors
of heme oxygenase-1 (HO-1) (Zakhary et al.,
1996; Grunemar & Ny, 1997; Doi et al., 1999;
Cavicchi et al., 2000). To determine their ef-
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Figure 1. Effect of SnPPIX (A) and ZnPPIX (B) on
release of VEGF from rat vascular smooth muscle
cells.
Concentration of VEGF in culture medium was measured by ELISA. Each bar represents the mean ± S.E.M.
of 3–5 experiments, expressed as % of control value
(control, untreated cells). *P < 0.05 in comparison to untreated cells, #P < 0.05 in comparison to IL-1b-treated
cells.

fects on the production of VEGF by rat VSMC
and murine RAW264.7 we measured by
ELISA the concentrations of VEGF protein in
the culture media. After a 24 h incubation period, both types of cells released comparable
amounts of VEGF, approx. 100–200 pg/ml.
IL-1b significantly increased the generation of
VEGF in VSMC (Fig. 1), while stimulation of
RAW264.7 macrophages with LPS slightly inhibited the VEGF synthesis (Fig. 2).
In VSMC, SnPPIX (Fig. 1A) and ZnPPIX
(Fig. 1B) significantly reduced the generation
of VEGF both in resting and in IL-1b-stimulated cells. The inhibitory potentials of both
protoporphyrins were very similar. SnPPIX
and ZnPPIX at doses of 10 mM inhibited basal
VEGF synthesis by 39.7% and 38.5%, respectively. Similarly, the IL-1b-stimulated VEGF
was reduced by 37.6% and 30.1%. Furthermore, SnPPIX and ZnPPIX strongly and
dose-dependently attenuated the synthesis of

Figure 2. Effect of SnPPIX (A) and ZnPPIX (B) on
release of VEGF from RAW264.7 murine macrophage-like cells.
Concentration of VEGF in culture medium was measured by ELISA. Each bar represents the mean ±
S.E.M. of 3–5 experiments, expressed as % of control
value (control, untreated cells). *P < 0.05 in comparison to untreated cells, #P < 0.05 in comparison to
LPS-treated cells.

VEGF in resting and LPS-stimulated
RAW264.7 macrophages (Fig. 2A, B). Also in
these cells the potencies of both HO-1 inhibitors were comparable. Noticeably, the same
doses (3 and 10 mM) of CuPPIX, a protoporphyrin which does not influence the HO-1
activity (Chernick et al., 1989), did not affect
the VEGF synthesis, while ZnDPIX, another
potent inhibitor of HO-1, also attenuated
VEGF synthesis (see: Dulak et al., 2002b;
Józkowicz et al., 2002). This suggests that the
observed decrease in the generation of VEGF
in cells treated with SnPPIX or ZnPPIX may
result from the inhibition of HO-1.
Effect of protoporphyrins on iNOS activity

Treatment of rat VSMC with 10 mM SnPPIX
increased strongly (by 54.6%) the IL-1b-stimulated activity of iNOS. Furthermore, it in-
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Figure 3. Effect of
SnPPIX (A), ZnPPIX
(B), ZnDPIX (C),
CoPPIX (D), and
CuPPIX (E) on production of NO by
iNOS in rat vascular
smooth muscle cells.
Generation of NO was
assessed by measurement of nitrite concentration in culture media
using Griess method.
Each bar represents the
mean ± S.E.M. of 3–14
experiments, expressed
as % of control value
(control, IL-1b-stimulated cells). *P < 0.05 in
comparison to untreated cells, #P < 0.05 in
comparison to IL-1btreated cells.

duced some nitrite accumulation in resting
cells, not stimulated with IL-1b (Fig. 3A). The
same effects, and even more pronounced,
were observed in RAW264.7, where the treatment with 10 mM SnPPIX resulted in
three-fold enhancement of LPS-induced NO
synthesis (Fig. 4). Surprisingly, the effects of
ZnPPIX under the same experimental conditions were completely different. Incubation
with 10 mM ZnPPIX significantly decreased
the synthesis of NO, reducing it by 20% and
45% in rat VSMC and RAW264.7, respectively
(Figs. 3B and 4B). A similar decrease was observed in VSMC incubated with another
zinc-containing protoporphyrin, ZnDPIX
(Fig. 3C). CuPPIX did not influence significantly the generation of nitric oxide (Figs. 3E
and 4D), whereas CoPPIX (protoporphyrin
which induces HO-1 activity) did not change
nitrite accumulation in VSMC, but strongly
inhibited it in RAW264.7 macrophages (Figs.
3D and 4C). This demonstrates that SnPPIX
and ZnPPIX can exert distinct, non-specific ef-

fects on iNOS, which are not associated with
inhibition of HO-1.
Effects of protoporphyrins on cell viability

Analogous differences in the activities of
SnPPIX and ZnPPIX were observed when cell
viabilities were compared. SnPPIX improved
significantly the cell survival rates both in rat
VSMC and RAW264.7 (Figs. 5A and 6A), as
assessed by colorimetric measurement of
LDH activity in culture media. Treatment
with SnPPIX reduced the release of LDH by
31.3%, 19.1% and 21.7% in non-stimulated
VSMC, non-stimulated RAW264.7 and in
LPS-activated RAW264.7, respectively. Only
in VSMC stimulated with IL-1b such a protective effect of SnPPIX was not observed. In
contrast, incubation of cells with ZnPPIX significantly decreased the cell viability. This
cytotoxic effect was particularly pronounced
in rat VSMC stimulated with cytokine
(Fig. 5B) and in RAW264.7 activated with
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Figure 4. Effect of SnPPIX (A), ZnPPIX (B), CoPPIX (C), and CuPPIX (D) on production of NO by iNOS
in RAW264.7 murine macrophage-like cells.
Generation of NO was assessed by measurement of nitrite concentration in culture media using Griess method.
Each bar represents the mean ± S.E.M. of 3–6 experiments, expressed as % of control value (control, LPS-stimulated cells). *P < 0.05 in comparison to untreated cells, #P < 0.05 in comparison to LPS-treated cells.

Figure 5. Effect of SnPPIX (A), ZnPPIX (B), ZnDPIX (C), CoPPIX (D), and CuPPIX (E) on viability of rat
vascular smooth muscle cells.
The amount of dead cells was assessed by colorimetric measurement of LDH activity in culture medium. Each bar
represents the mean ± S.E.M. of 3–7 experiments, expressed as % of control value (control, untreated cells).
*P < 0.05 in comparison to untreated cells, #P < 0.05 in comparison to IL-1b-treated cells.
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endotoxin (Fig. 6B). Some cytotoxicity was
also induced by CoPPIX and CuPPIX,
whereas ZnDPIX did not affect the viability of
the cells (Fig. 5C, D, E and Fig. 6C, D). Thus,
like in the case of nitric oxide production, also
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does not affect HO-1 (Chernick et al., 1989),
does not change the VEGF expression (Dulak
et al., 2002b; Józkowicz et al., 2002), our experiments strongly suggest that the effects of
SnPPIX and ZnPPIX on VEGF production re-

Figure 6. Effect of SnPPIX (A), ZnPPIX (B), ZnDPIX (C), and CoPPIX (D) on viability of RAW264.7
murine macrophage-like cells.
The amount of dead cells was assessed by colorimetric measurement of LDH activity in culture media. Each bar represents the mean ± S.E.M. of 3 experiments, expressed as % of control value (control, untreated cells). *P < 0.05 in
comparison to untreated cells, #P < 0.05 in comparison to LPS-treated cells.

the effects of protoporphyrins on cell viability
cannot be attributed solely to the modulation
of HO-1 activity.

DISCUSSION

In previous papers we demonstrated that
SnPPIX and ZnDPIX reduce the generation of
VEGF in vascular smooth muscle cells (Dulak
et al., 2002a; Dulak et al., 2002b) and in
microvascular endothelial cells (Józkowicz et
al., 2002). Here we confirmed and extended
these findings, demonstrating that two HO-1
blockers, SnPPIX and ZnPPIX, exert the same
inhibitory influence on VEGF synthesis and
that similar effects are displayed in VSMC
and in macrophages. Together with the observation that CuPPIX, a protoporphyrin which

sult from the inhibition of heme oxygenase activity. This supposition is in concert with reports showing that pharmacological activation or genetical overexpression of HO-1 augment the synthesis of VEGF mRNA and protein in VSMC (Dulak et al., 2002a; Dulak et al.,
2002b), microvascular endothelial cells
(Józkowicz et al., 2002) and in placenta
(Kreiser et al., 2002). This augmentation,
caused by an increased transcription rate
from the VEGF promoter, is possibly mediated by HO-generated carbon monoxide
(Dulak et al., 2002a; Dulak et al., 2002b).
In contrast to the impact on the synthesis of
VEGF, the influence of SnPPIX and ZnPPIX
on nitric oxide production is strongly disturbed by their HO-independent actions. In
fact, the effects of these HO-1 inhibitors on
iNOS activity are opposite. SnPPIX signifi-
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cantly augments generation of NO both in
IL-1b-stimulated VSMC and in LPS-stimulated macrophages. In contrast, ZnPPIX
under the same experimental conditions
down-regulates the activity of iNOS. Interestingly, a similar level of inhibition is observed
when VSMC are treated with another zinccontaining HO-1 inhibitor, ZnDPIX. Finally,
the effects of CoPPIX, a HO-1 activator, are
cell type-dependent: CoPPIX does not influence nitrite generation in VSMC, but inhibits
it in RAW264.7.
It is well-known that both endogenous and
exogenous NO induce the expression of HO-1
(Foresti et al. 1997; Doi et al., 1999; Polte et
al., 2000; Kampfer et al., 2001). The reverse
relation, that is the effect of HO-1 activation
on nitric oxide production is less clear, although some findings suggest the mutual interplay between the iNOS and HO-1 systems
(Dulak et al., 1999; Cavicchi et al., 2000). Thus
it was supposed that HO-1-generated carbon
monoxide can bind the heme prosthetic
group, thereby inhibiting nitric oxide synthase function. Additionally, high activity of
HO-1 could lead to shortage of heme, the cofactor necessary for NO synthases (White &
Marletta, 1992). In fact, it was shown that the
heme-mediated induction of HO-1 in human
intestinal epithelial cells or in murine
RAW264.7 macrophages inhibits cytokine-induced iNOS activity (Wolff et al., 1996;
Cavicchi et al., 2000). This inhibitory effect
was abolished by SnPPIX (Cavicchi et al.,
2000). However, when zinc porphyrin was
used as an inhibitor of HO-1, the effect of
HO-1 induction could not be reversed, but instead, ZnPPIX further inhibited iNOS (Wolff
et al., 1996). These apparently contradictory
results are in full agreement with our findings. On the basis of a direct comparison of
the effects of SnPPIX and ZnPPIX we postulate that the influence of the inhibition of the
HO-1 enzymatic activity are masked by HO-1
independent effects of metalloporphyrins on
nitric oxide synthase. Taken together, our results reveal that protoporphyrins which mod-
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ulate HO-1 activity are not a suitable tool to investigate the role of the HO-1 pathway in nitric oxide production.
Some of those HO-independent actions could
be associated with cytotoxicity of metalloporphyrins. For example, CoPPIX does not exert any cytotoxic effect and does not influence
nitrite generation in rat VSMC, whereas it reduces cell viability and decreases NO production in murine RAW264.7 cultures. However,
ZnDPIX, which strongly inhibits iNOS activity in VSMC, is not cytotoxic. Correspondingly, CuPPIX, which demonstrates some toxicity to RAW264.7, does not reduce NO generation in these cells, showing that not all inhibitory effects can be explained simply by the influence of protoporphyrins on cell survival.
Our experiments demonstrate also that, in
contrast to other protoporphyrins, SnPPIX
enhances the survival rate of VSMC and
RAW264.7. A similar improvement of cell viability was found in human umbilical vein endothelial cells, human microvascular endothelial cells or murine fibroblasts, indicating that
the protective effect of SnPPIX is cell-type independent (not shown). It cannot be also interpreted as a result of HO-1 inhibition, as
other HO-1 blockers exert dissimilar effects:
ZnDPIX does not influence the cell survival
rate, whereas ZnPPIX at the same doses is
cytotoxic for VSMC and RAW264.7, especially when cells are additionally stimulated
with IL-1b or LPS.
A similar difference in the cytotoxicity of
SnPPIX and ZnPPIX was reported by Lutton
et al. (1997), who found that ZnPPIX was toxic
for bone marrow cells, whereas SnPPIX did
not show any significant influence on
hematopoietic cell viability. Their and our
data strongly confirm that the nature of the
central metal atom in heme analogues profoundly affects the biological properties of
metalloporphyrins. Tin incorporated in the
porphyrin ring structure of SnPPIX is extremely stable and there is no known physiological mechanism by which the element can
be removed from the porphyrin complex. In
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contrast, zinc porphyrins are highly labile in
this regard (Lutton et al., 1997). Thus it was
postulated that their cytotoxicity may be in
part due to the release of zinc atom from the
porphyrin ring, thus permitting the porphyrin
macrocycle to exert a direct toxic effect on the
cells (Greenbaum & Kappas, 1991; Lutton et
al., 1997). Also, zinc itself can substantially alter normal cell functions, leading to inhibition
of iNOS activity (Sakaguchi et al., 2002) and
increasing cell death rate (Koh et al., 1996;
Lutton et al., 1997).
On the other hand, inhibition of HO-1 might
additionally contribute to the ZnPPIX toxicity. It has been shown that blocking HO-1 by
protoporphyrins increases sensitivity of rat
artery smooth muscle cells to the injury
evoked by hemin (Marton et al., 2000), augments cytotoxic effects of TNF-a in endothelial cells (Polte et al., 1997) and enhances mortality of RAW264.7 macrophages induced by
UV-irradiation (Chen et al., 2002). Inhibition
of HO-1 reduces also the viability of murine
glial cells exposed to hemoglobin (Regan et al.,
2000) and increases sensitivity of murine motor neurons to high doses of nitric oxide
(Bishop et al., 1999). Regarding those reports,
the protective effect of SnPPIX in our experiments is surprising and the mechanisms by
which SnPPIX improves cell viability are not
established. Because the increased survival
rate was observed primarily in resting cells,
which display a low activity of heme oxygenase, one can suppose that the protective effect of SnPPIX is independent of the HO-1
pathway.
The mechanisms responsible for the HO-independent activities of metalloporphyrins are
not well recognized. It was demonstrated, for
instance, that some effects are mediated by
oxidative stress and can be reversed by
co-administration of antioxidants (Linden et
al., 1993; Chandra et al., 2000). Finally,
ZnPPIX, ZnDPIX and SnPPIX may directly
inhibit soluble guanylyl cyclase activity and
down-regulate cGMP production (Luo & Vincent, 1994; Serfass & Burstyn, 1998).
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In summary, a direct comparison of the effects of SnPPIX and ZnPPIX indicates that
these metalloporphyrins can be used as HO-1
inhibitors in some experimental models, e.g.
in studies on regulation of VEGF synthesis, as
all compounds studied showed consistent results. However, the observed effects are also
associated with a range of HO-independent actions, which can make the interpretation of
experiments very uncertain. Thus the involvement of the HO-1 pathway should be always
confirmed by more specific methods.
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