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Heme Oxygenase-1 in Tumors: Is It a False Friend?
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ABSTRACT

Heme oxygenase-1 (HO-1) catalyzes the oxidation of heme to biologically active products: carbon monoxide
(CO), biliverdin, and ferrous iron. It participates in maintaining cellular homeostasis and plays an important
protective role in the tissues by reducing oxidative injury, attenuating the inflammatory response, inhibiting
cell apoptosis, and regulating cell proliferation. HO-1 is also an important proangiogenic mediator. Most stud-
ies have focused on the role of HO-1 in cardiovascular diseases, in which its significant, beneficial activity is
well recognized. A growing body of evidence indicates, however, that HO-1 activation may play a role in car-
cinogenesis and can potently influence the growth and metastasis of tumors. HO-1 is very often upregulated
in tumor tissues, and its expression is further increased in response to therapies. Although the exact effect
can be tissue specific, HO-1 can be regarded as an enzyme facilitating tumor progression. Accordingly, inhi-
bition of HO-1 can be suggested as a potential therapeutic approach sensitizing tumors to radiation, chemo-
therapy, or photodynamic therapy. Antioxid. Redox Signal. 9, 2099–2117.
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HEME OXYGENASE-1 (HO-1)

HEME OXYGENASE (HO) is a microsomal enzyme catalyz-
ing the first, rate-limiting step in degradation of heme

and playing an important role in recycling of iron (103). It
cleaves the �-meso carbon bridge of heme, yielding equimolar
quantities of carbon monoxide (CO) and iron ions Fe2� and
biliverdin (156). CO is then exhaled from the organisms through
the lung (50). Free iron induces the expression of the iron-se-
questering ferritin and activates Fe-ATPase, an iron transporter,
which decrease intracellular Fe2� content. Finally, biliverdin is
converted by biliverdin reductase to bilirubin (144), which can
be oxidized by cytochrome P450 enzymes, such as Cyp1A1,
Cyp2B1, or Cyp2a5, or glucoronidated by UDP-glucuronyl-
transferase and subsequently eliminated as bilirubin glucoro-
nides by the biliary–fecal pathway (25).

The enzymatic activity of HO results in decreased oxidative
stress, attenuated inflammatory response, and a lower rate of
apoptosis (Fig. 1). This is due to removal of heme, a potent
prooxidant and proinflammatory agent, but also because of gen-
eration of biologically active products. Among them, CO is an
important cellular messenger, with the signaling function 
resembling that of nitric oxide (NO). Like NO, CO induces 

soluble guanylyl cyclase (sGC) and thereby inhibits platelet ag-
gregation, decreases leukocyte adhesion, and reduces endo-
thelial cell apoptosis. In addition, it exerts antiinflammatory 
effects by inhibition of tumor necrosis factor (TNF), inter-
leukin-1� (IL-1�), and macrophage inflammatory protein-1�
(MIP-1�), or by upregulation of interleukin-10 (IL-10) (123).
Ferrous iron, the second product of heme decomposition, can
be potentially toxic, giving rise to hydroxyl free radicals. Si-
multaneous upregulation of ferritin and cytosolic iron efflux,
however, protects cells from oxidative stress. Both biliverdin
and bilirubin, which have been long regarded as toxic end prod-
ucts of heme metabolism, are inhibitors of the complement cas-
cade and potent antioxidants, capable of reducing the inflam-
matory response and attenuating oxidative injury by scavenging
peroxyl radicals and decreasing peroxidation of membrane
lipids and proteins (144).

Three distinct mammalian HO isoforms (HO-1, HO-2, and HO-
3) have been identified, which are the products of different genes
(102). HO-1, the inducible 32-kDa isoform, is highly expressed
in the liver and spleen, but can be also detected in many other tis-
sues. HO-2 is a constitutively expressed 36-kDa protein, present
in high levels in the brain, testes, or endothelial cells. HO-3 was
postulated as a 33-kDa protein expressed in different organs, very
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similar to HO-2, but with much lower catalytic activity (109).
However, HO-3 has been found only in rats, and its expression
was demonstrated only at mRNA level; thus, it is supposed to be
a pseudogene derived from HO-2 transcripts (53).

Unlike the constitutively expressed HO-2, HO-1 can be
strongly induced in response to cellular stress and diverse ox-
idative stimuli, including its substrate heme (3), heat shock
(151), UV irradiation, reactive oxygen species (ROS) (81), ni-
tric oxide (NO) (38), inflammatory cytokines (157), prosta-
glandins (68), ethanol (174), and heavy metals (3). It can also
be induced by hypoxia, but this effect appears to be tissue and
species dependent (113, 141). Only in some unique types of
cells does HO-1 seem to be constitutively expressed. Among
them are renal inner medullary cells (46), Kupffer cells in the
liver (8), Purkinje cells in the cerebellum (117), and
CD4�/CD25� regulatory T cells (124).

EXPRESSION OF HO-1 IN TUMORS

Interestingly, expression of HO-1 is usually increased in tu-
mors, compared with surrounding healthy tissues (Table 1).

This was shown in lymphosarcoma (136), adenocarcinoma (47),
hepatoma (28), glioblastoma (26), melanoma (158), prostate
cancers (101), Kaposi sarcoma (108), squamous carcinoma
(162), pancreatic cancer (9), and in brain tumors (52). More-
over, the primary chronic myeloid leukemia cells express 
HO-1 in a constitutive manner, and BCR/ABL fusion protein
was found to upregulate HO-1 production (107). HO-1 is also
induced by viral G protein–coupled receptor (vGPCR), an onco-
gene encoded by HHV-8, a Kaposi sarcoma–associated herpes
virus (105). Of importance, expression of HO-1 in cancer cells
can be further increased in response to chemotherapy, radiation
(9), or photodynamic therapy (78, 120).

The exact location of HO-1 is not so clear and may depend
on the type of lesion. In many specimens, HO-1 was specifi-
cally expressed in macrophages, but only slightly in tumor cells,
as found in human melanomas (158) or in rat and human
gliomas (26). Prominent accumulation of HO-1–expressing
macrophages can be characteristic for perinecrotic areas of tu-
mors (26). In other cases, for example, in rat hepatoma, HO-1
was found only in tumor cells, not in macrophages (28). Fi-
nally, in human pancreatic cancer, cancer tissues revealed
marked HO-1 immunoreactivity in tumor cells and in tumor-
associated immunocytes (9).
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FIG. 1. Schematic demonstration
of HO-1 pathway and biologic ac-
tivities of HO-1 products.

TABLE 1. EXPRESSION OF HO-1 IN TUMORS. ND–NO DATA

Type of cancer Species Type of cells HO-1 Ref.

Brain tumors Human ND ↑ 52
Chronic myeloid leukemia Human Leukemic cells ↑ 107
Glioblastoma Rat Macrophages ↑ 26
Hepatoma Rat Tumor cells ↑ 28, 36
Lymphosarcoma Rat Hepatocytes ↑ 136
Melanoma Human Macrophages ↑ 158
Pancreatic cancer Human Tumor cells, macrophages ↑ 9
Prostate cancer Human Tumor cells ↑ 101
Renal adenocarcinoma Human ND ↑ 47
Squamous carcinoma Human Tumor cells ↑↓ 162
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HO-1 AND TUMOR GROWTH

HO-1 is very often upregulated in quickly proliferating cells
such as epithelium within the wounded skin or psoriatic lesions
(51) and cancer cells in growing tumors (101). Interestingly,
HO-1 has been shown to influence the cell cycle, although its
effects are cell-type specific and can be opposite in different
tissues (Fig. 2). In epidermal keratinocytes (22) and in vascu-
lar endothelium (67, 105), increased expression of HO-1 stim-
ulated proliferation, whereas inhibition of HO-1 enzymatic 
activity by administration of tin protoporphyrin (SnPPIX) or
targeted knockdown of HO-1 gene expression by siRNA re-
versed this pro-proliferative effect (22, 103). In contrast, HO-
1 is a negative regulator of growth in epithelium (2), astroglia
(147), T lymphocytes (146), fibroblasts (126), and smooth mus-
cle cells (29, 122). Here, the upregulation of HO-1 decreases
cell proliferation, and appropriately, the antiproliferative effect
is reversed by HO-1 inhibition (29).

Influence of HO-1 on proliferation can be also distinct in dif-
ferent types of cancer cells (Table 2). Direct pro-proliferative
action has been shown in pancreatic tumor cell lines, in which
downregulation of HO-1 by means of siRNA was associated
with a significant inhibition of growth (9), and in murine and
human melanoma cell lines, in which overexpression of HO-1
resulted in significantly augmented proliferation (167). Simi-
larly, enhanced proliferation of the transformed endothelial cells
infected with HHV-8 could be dependent on increased expres-
sion of HO-1, as suggested by abolishing effects of chromium
mesoporphyrin IX (CrMPIX), an HO-1 inhibitor (108).

Conversely, the opposite, antiproliferative results of HO-1
activity were shown for breast cancer cells. In this case, HO-1
inhibition with SnPPIX led to a small but significant increase
in proliferation of rat and human cell lines, whereas induction
of HO-1 with cobalt protoporphyrin IX (CoPPIX) drastically
decreased cell-cycle progression. A less dramatic but still sig-
nificant result was obtained with the other HO-1 inducer, heme,
or on transduction of breast cancer cells with lentiviral vectors
coding for HO-1 (57).

Importantly, the influence of HO-1 on the proliferation of
cancer cells has been supported by results of experiments per-
formed in animal models. Reports published hitherto confirm
the permissive role of HO-1 in tumor growth. High levels of
HO-1 expression resulting either from pharmacologic or genetic
manipulation were associated with faster growth of tumors, as
indicated by bigger volumes of nodules or by more numerous
cancer cells. This has been shown for pancreatic cancer (152),
angioma (105), and melanoma (167). Accordingly, inhibition
of HO-1 resulted in decreased growth of tumors, as demon-
strated in pancreatic cancer (9, 152), lung cancer (59), angioma
(105), hepatoma, and sarcoma (28).

Mechanisms involved in modulation of cell divisions by 
HO-1 still require elucidation (see Fig. 2). Microarray analysis
of murine melanoma transcriptome showed that although the
underlying signal-transduction pathways remain unknown, the
increased proliferation of HO-1 overexpressing cells can be as-
sociated with lower levels of two negative regulators of the cell
cycle, p21 and B-cell translocation gene-2 (BTG2) (167). The
cyclin-dependent kinase (Cdk) inhibitor p21, a major player in
cell-cycle control, is often downregulated in tumors, and its
binding to Cdk2 inhibits cell-cycle progression (7). Decreased
p21 expression resulting from HO-1 activation was observed in
endothelial cells (86) and a colon cancer cell line (12). Simi-
larly BTG2, a tumor suppressor, is reduced in many types of
cancers (150). It blocks proliferation through inhibition of
retinoblastoma protein (pRb) pathway, decreased expression of
cyclin D1, and by direct binding to Cdk2 (87). Importance of
downregulation of p21 has been already indicated in clinical
studies, in cutaneous malignant melanoma growth (70), whereas
inhibition of BTG2 was postulated as an essential step in renal
cancer development (150).

Additionally, overexpression of HO-1 in melanoma cells was
accompanied by increased production of epidermal growth fac-
tor (EGF) and by higher levels of two mitogenic receptors: en-
dothelial differentiation gene-7 (EDG-7), a specific receptor for
lysophosphatidic acid, and FGFR1, a receptor for fibroblast
growth factors (167). Earlier experiments done in ovarian can-
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FIG. 2. Schematic demonstration
of the tissue-specific role of the
HO-1 pathway in regulation of cell
proliferation. Suggested media-
tors are shown in the boxes.
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cer and melanoma cells have shown that EDG7 or FGFR1 may
increase proliferation (149), but the mechanism responsible for
regulation of EGF, EDG7, or FGFR1 by HO-1 are not recog-
nized.

Among the products of HO-1 enzymatic activity, the most
possible mediator of the pro-proliferative effects seems to be
CO. Its significance was shown in endothelial cells (67), and
the mechanism responsible for increased proliferation was the
downregulation of p21 (86). Confusingly, p21 was also sug-
gested as a protein mediating an HO-1–dependent inhibition of
proliferation. In this case, increased activity of HO-1 was as-
sociated with augmented expression of p21. Such a relation was
demonstrated in epithelial cells (46), vascular smooth muscle
cells (29), papillary thyroid carcinoma cells (18), and the gas-
tric cancer cell line (92). Again, the postulated effector mole-
cule in antiproliferative action of HO-1 is CO, which stimulates
the p38 mitogen-activated protein kinase (p38-MAPK) through
induction of sGC and elevation of cGMP. Activation or over-
expression of p38-MAPK can result in permanent cell-cycle ar-
rest and premature cell senescence (62).

An interesting recent study suggests that the antiproliferative
effect of CO can to be governed by caveolin-1 (75), the prin-
cipal structural component of caveolae, potentially regulating
many downstream signaling processes that originate in the
plasma membrane (139). It has been shown, for example, that
overexpression of caveolin-1 in mouse fibroblasts arrests these
cells in the G0/G1 phase of the cell cycle through a pathway de-

pendent on p53 and p21 (41). Interestingly, caveolin-1 nega-
tively regulates the enzymatic activity of HO-1 in endothelium
(74).

Elevated levels of caveolin-1 appear in aged animals and in
fully differentiated or senescent cells (165). Conversely, its ex-
pression is downregulated in tumors or in oncogene-trans-
formed cell lines (32). Activation of the p38-MAPK and
sGC/cGMP signaling pathways by CO may lead to an enhanced
expression of caveolin-1, as demonstrated in fibroblasts and
smooth muscle cells. This in turn results in an increased ex-
pression of p21, downregulation of cyclin A, and consequently,
in growth arrest (75). No data, however, show the effect of CO
on caveolin-1 expression in cancer cells.

It can be supposed that antiproliferative activity of HO-1 can
be also mediated by biliverdin/bilirubin, as shown in vascular
smooth muscle cells. Bilirubin can suppress expression of cy-
clin A, D1, and E, as well as cdk-2, and inhibit hyperphospho-
rylation of the pRb (122). Additionally, bilirubin significantly
inhibits phosphorylation of p38-MAPK. Despite results show-
ing the negative effect of p38-MAPK activation in cell prolif-
eration (62). p38-MAPK can be also an important positive 
mediator in cellular mitogenesis, necessary for cell-cycle pro-
gression (175). Thus, inhibition of p38-MAPK by bilirubin may
block proliferation. The discrepancies in opinions on the role
of p38 in proliferation are still not clarified, and the proposed
role for p38 as an effector kinase in bilirubin- or CO-mediated
regulation of cell cycle appears to be contradictory, even in the
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TABLE 2. EFFECTS OF ACTIVATION OF HO-1 IN TUMOR CELLS

Cancer Species Major effects of HO-1 activity Ref.

Adenocarcinoma Human ↓ Oxidative stress 47
Angioma Mouse ↑ Tumor growth 105
Astroglia Rat ↓ Proliferation 147
Bladder carcinoma Human ↓ Apoptosis 78
Breast carcinoma Rat, Human ↓ Proliferation 57
Chronic myeloid leukemia Human ↓ Apoptosis 107
Colon carcinoma Mouse, human ↓ Apoptosis 12, 120
Gastric cancer cell line Human ↓ Apoptosis 92
Glioblastoma Rat ↑ Tumor vascularization 26
Hepatoma Rat ↑ Proliferation 28, 59, 155

↓ apoptosis
Kaposi sarcoma ↑ Proliferation, ↑ angiogenic potential 105, 108
Leukemia ↓ Apoptosis 89
Lung cancer Mouse ↑ Tumor growth, ↑ angiogenic potential 59

↓ apoptosis
Melanoma Human ↑ Proliferation, ↑ angiogenic potential, 158, 167

↑ resistance to oxidative stress
↑vascularization of tumors

Melanoma Mouse ↑ Proliferation, ↑ angiogenic potential, 167
↑ resistance to oxidative stress
↑ tumor vascularization, ↑ metastasis,
↓ inflammatory of infiltration of tumors
↓ survival of tumor bearing mice

Pancreatic cancer Human ↑ Proliferation, ↑ tumor growth 9, 152
↑ vascularization of tumors

Sarcoma Mouse ↑ Tumor growth 28, 35, 59
↓ apoptosis

Squamous carcinoma Human ↑ Metastasis 162
Thyroid carcinoma Human ↓ Apoptosis 18



same cell type studied (75, 122). One can suppose that such
differences in interpretation arise because the specific roles of
individual isotypes of p38 MAPKs (�, �, �, �) remain incom-
pletely understood (75).

Finally, bilirubin was shown to inhibit phosphorylation 
of extracellular signal-regulated protein kinase-1/2 (ERK1/2)
and thereby decrease mitogenic response of airway smooth
muscle cells (154). The mechanisms responsible for role of
biliverdin/bilirubin in cancer cells are yet to be explored. It
should also be kept in mind that decrease in cellular heme con-
tent and resulting iron scarcity in cells with a very high level
of HO-1 expression may be also a cause of inhibition of tumor
growth (40).

The well-documented, but contradictory effects of HO-1 on
cell proliferation suggest that the final output does not depend
on HO-1 alone, but is rather determined by the mutual balance
of several players, including HO-1, biliverdin reductase (BvR),
P450 cytochromes, ferritin, iron-regulated proteins (IRPs),
caveolin-1, p38-MAPK isoforms, and possibly other, still not
recognized mediators.

HO-1 AND CELL DIFFERENTIATION

The role of HO-1 in cancer cell differentiation is not well es-
tablished. Significant changes in HO-1 expression were de-
scribed in erythroleukemia, in which the onset of erythroid dif-
ferentiation by treatment with dimethyl sulfoxide (DMSO) is
associated with a rapid decline in mRNAs for HO-1, heat-shock
protein-70 (Hsp-70), and nonspecific �-aminolevulinate syn-
thase (ALAS). These alterations are followed by sequential in-
creases in mRNAs for enzymes in the heme biosynthetic path-
way, such as erythroid-specific ALAS, �-aminolevulinate
dehydratase, porphobilinogen deaminase and uroporphyrinogen
decarboxylase (40).

Changes in HO-1 expression were also detected in differen-
tiating the myeloid leukemia cell line. These cells can differ-
entiate bidirectionally (i.e., to erythrocytes after treatment with

hemin) and to monocytes in response to 12-O-tetrade-
canoylphorbol 13-acetate (TPA). Both compounds can upreg-
ulate HO-1; however, inhibition of HO-1 activity by SnPPIX
suppresses TPA-induced maturation to monocytes. Thus, 
HO-1 could be suggested as a directional switch and permis-
sive enzyme in monocytic differentiation program of myeloid
leukemia (79). Conversely, pharmacologic activation of HO-1
can block maturation of dendritic cells (17) and prevent differ-
entiation of osteoclast precursors to osteoclasts (176).

Many cell-differentiation programs involve the activation of
p38-MAPK, including neuronal differentiation (111), matura-
tion of erythroid precursors (114), as well as myogenesis (24)
and adipogenesis (31). Keeping in mind the regulation of p38-
MAPK by HO-1–derived CO and bilirubin, one can expect that
HO-1 would contribute to these processes. Such an involve-
ment, including potential induction of differentiation of cancer
cells is, however, still mostly speculative and not supported by
strong experimental data.

HO-1 AND TUMOR RESISTANCE TO
STRESS AND APOPTOSIS

Studies on HO-1 knockout mice strongly support the cyto-
protective role of HO-1 in various cells and organs. HO-1 de-
ficiency results in sustained oxidative stress, enhanced lipid per-
oxidation, accentuated oxidative damage in cardiovascular
system, and progressive chronic inflammation in the kidney and
liver. Cultured HO-1�/� embryonic fibroblasts are also highly
sensitive to heme- or H2O2-mediated cytotoxicity (130). Ac-
cordingly, expression of HO-1 provides an effective protection
for cells and tissues under stressful conditions (Fig. 3).

Many studies have convincingly shown that HO-1 is a cyto-
protective and antiapoptotic enzyme also in tumor cells exposed
to oxidative stress, hypoxia, serum deprivation, or toxic com-
pounds. Pharmacologic or genetic upregulation of HO-1 sig-
nificantly improves survival of hepatoma (28), melanoma (167),
thyroid carcinoma (18), chronic myelogenous leukemia (107),
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FIG. 3. Schematic demonstration
of the role of the HO-1 pathway
in regulation of cell apopto-
sis. Suggested mediators are
shown in the boxes.
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gastric cancer (92), and colon cancer cell lines (12). Decreased
viability resulting from HO-1 inhibition was found in colon car-
cinoma (12) and in chronic myelogenous leukemia cells (107).
Importantly, HO-1 inhibitors or targeted knockdown of HO-1
expression makes the cultured tumor cell lines much more sen-
sitive to anticancer therapy, whereas HO-1 activation can effi-
ciently protect them. Thus, reduced survival after HO-1 inhibi-
tion was demonstrated in pancreatic cells subjected to
radiotherapy and chemotherapy (9), or in colon carcinoma (36)
and chronic myelogenous leukemia (107) treated with chemo-
therapy. In some cases, the efficacy of the treatment was in-
creased by more than 80% (36). Conversely, induction of HO-
1 makes tumor cells more tolerant to the therapies, as shown in
leukemia cells (89) and in bladder carcinoma cells subjected to
photodynamic therapy (78), or chronic myelogenous leukemia
treated with chemotherapeutic drugs (107). Interestingly, tumor
cell lines known to express HO-1 constitutively, such as 
human lung adenocarcinoma A549 cells, are resistant to some
toxic compounds [for example, to epigallocatechin 3-gallate
(EGCG), the major polyphenol found in green tea, which itself
upregulates HO-1 and exerts antiproliferative or proapoptotic
effects in many cancer cells (80)]. Interestingly, inhibition of
proliferation by EGCG is observed also in melanoma cells, in
which upregulation of HO-1 is a pro-proliferative event (116).
This indicates that HO-1 is relatively weak modulator of pro-
liferation, and its effect can be outweighed by cytostatics.

The most important observations seem to be, however, those
made in vivo, in tumor-bearing animals subjected to anticancer
therapies. Generally they confirm conclusions from data ob-
tained in vitro: induction of HO-1 protects tumor cells, whereas
its inhibition increases the efficacy of anticancer therapies.
Thus, administration of zinc protoporphyrin-IX (ZnPPIX) or
ZnPPIX-polyethylene glycol (ZnPPIX-PEG) resulted in a sig-
nificant increase in apoptosis of hepatoma cells in rats (155),
as well as sarcoma and lung tumor cells in mice. In contrast,
CoPPIX treatment increased HO-1 expression and reduced
apoptosis of hepatoma (59).

Surprisingly, some clinical data suggested that expression of
HO-1 in tumor tissues was associated with a higher sensitivity
of patients to radiotherapy, whereas lack of HO-1 in tumors was
much more common in the nonresponders. As a consequence,
the authors postulated that expression of HO-1 may be an use-
ful indicator of radiosensitivity, at least for esophageal cancer
patients (173). More clinical data, including other types of tu-
mors, are required to understand this relation and to explain the
inconsistency with animal models.

The mechanism underlying the cytoprotective activity of 
HO-1 in tumor cells is still not clarified equivocally. One pos-
sible explanation is the increase in biliverdin/bilirubin levels,
because supplementation of cultured cells with biliverdin or
bilirubin can mimic the effects of HO-1 induction, as shown
for hepatoma (155) and colon canceroma (12). Some other re-
sults suggest that cytoprotection of HO-1 is mediated by CO
(155). Many studies have reported that exogenous administra-
tion of CO augmented the viability of different cell types, in-
cluding fibroblasts, endothelial cells, and vascular smooth mus-
cle cells (20, 126). Finally, indications were noted that the major
cytoprotective compound may be ferritin, which is upregulated
by many HO-1 inducers, such as hemin, and then by iron re-
leased from the HO-1–mediated degradation of heme. Thus, it

has been demonstrated that sensitivity to oxidants in tumor cell
lines is inversely correlated with ferritin protein levels (14). In-
creased expression of ferritin was suggested as a mechanism
responsible for the protective effect of hemin in leukemia cells
subjected to photodynamic therapy (89). Evaluations of ferritin
levels in tumor tissue itself have revealed, however, a complex,
perhaps disease-specific picture: in some cases, such as colon
cancer and breast cancer, increase in ferritin in tumor tissue ver-
sus comparable normal tissue have been reported; in other cases,
including liver cancer, a decrease in ferritin is seen (159).

Aside from its antioxidative action, HO-1 can directly affect
cell viability by blocking apoptosis. This property was shown
first in fibroblasts (126) and then was confirmed in various cell
types (11, 145), as well as in animal models of inflammation,
ischemia–reperfusion injury, hypoxia, and organ transplantation
(102). Apparently, protection against apoptosis plays an im-
portant role in the cancer-supportive environment (140). More-
over, it may lead to a considerable resistance of tumors to che-
motherapy. Here, the meaning of HO-1 can be significant, as
its antiapoptotic efficacy has been already demonstrated both
in tumor cells cultured in vitro and in solid tumors growing in
animals (12, 18, 92, 107, 155).

Phosphorylation of Akt/protein kinase B has been reported
in many carcinomas as a pathway involved in blocking apop-
tosis (49). It may contribute also to antiapoptotic effects of 
HO-1 in cancer cells, as shown in a colon cancer cell line, in
which activation of Akt was accompanied by a higher B-cell
lymphoma-2 (Bcl-2) to Bcl-2–associated X protein (Bax) ratio
(12). In addition, elevated HO-1 can be related to increased cel-
lular caspase inhibitory protein-2 (cIAP2) and decreased activ-
ity of caspase-3 in gastric cancer cells (92). Finally, induction
of p21, observed in some HO-1–overexpressing cell lines, may
result in improved resistance to apoptotic stimuli (31, 92). It
seems, however, that no direct relation exists between resis-
tance to apoptosis and expression of a single gene. For exam-
ple, melanoma cells or colon cancer cells overexpressing 
HO-1 were more resistant to stressful conditions despite down-
regulated p21 (12). Instead, analysis of the transcriptome of
melanoma suggested that the cytoprotective effect of HO-1
overexpression could be associated with upregulation of met-
allothionein-1X (MT1X), superoxide dismutase-2 (SOD2), and
glutathione S-transferase A1 (GSTA1), which are known to 
enhance cancer resistance to radiotherapy, and with increased
expression of activating transcription factor-4 (ATF4), which
interacts with Nrf2 and increases production of enzymes of anti-
oxidant and xenobiotic detoxification functions (167).

Antiapoptotic effects of HO-1 can be directly associated with
its antioxidative potency, as ROS are the known inducers of
apoptosis in many cell types (65). On the one hand, it may re-
sult from decrease in the cellular levels of iron, as shown in
embryonic fibroblasts (37). On the other, the important role may
be played by the antioxidant bilirubin. The latter is suggested
on the basis of experiments performed in rat hepatoma, in which
supplementation with bilirubin was able to reverse proapoptotic
effects of ZnPPIX-induced HO-1 inhibition (155). Similarly,
bilirubin and biliverdin were indicated as antiapoptotic media-
tors in colon cancer cells (12).

Another molecule potentially involved in the inhibition of
apoptosis by HO-1 in tumors can be CO, which may act both
through activation of p38-MAPK (75) and by activation of sol-
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uble guanylyl cyclase (20). Importantly, CO was showed not
only to block release of the mitochondrial cytochrome c, the
crucial event for induction of apoptosis, but also to inhibit ex-
pression of the proapoptotic protein p53 (36). Actually, the ex-
posure to CO has been shown to reduce the TNF-induced apop-
tosis in cultured fibroblasts (126), endothelium (11), vascular
smooth muscle cells (91), and hepatocytes (161). However, in
colon carcinoma, gastric cancer cells, and chronic myelogenous
leukemia cells, CO did not seem to play a role (12, 107).

The induction of HO-1 is not always sufficient to protect the
cells. As demonstrated in breast carcinoma and B-lymphoblasts,
HO-1 did not protect the cells from chemotherapy-induced
apoptosis (5). Moreover, some observations showed that over-
expression of HO-1 increased oxidative damage to mitochon-
dria and resulted in augmented apoptosis in breast carcinoma
and astroglia (147). Detrimental effects of HO-1 overexpres-
sion have been reported also in other cell types, such as smooth
muscle cells (91). Nevertheless, the vast majority of experi-
ments performed in different tumor cells, such as hepatoma
(155), colon adenocarcinoma (12, 120, 155), thyroid carcinoma
(18), gastric carcinoma (92), melanoma (167), and myeloge-
nous leukemia cells (107), indicate that HO-1 is a potent cyto-
protective and antiapoptotic enzyme, which improves survival
of cancer cells subjected to different kinds of therapy.

Interestingly, some observations point to concomitant ex-
pression of HO-1 and multidrug resistance (MDR) or multidrug
resistance–associated (Mrp) proteins, which might additionally
decrease sensitivity of cancer cells to chemotherapy (118).
However, no data exist on the regulation of MDR or Mrp by
HO-1, and these genes can be induced independently, in re-
sponse to the same stressors. As HO-1 is upregulated with the
panel of other cytoprotective agents, it is always necessary to
use proper inhibitors or activators to clarify the specific role of
HO-1, and reliable conclusions cannot be drawn on the basis
of analysis of HO-1 expression only.

HO-1 AND TUMOR ANGIOGENESIS

Apart from the cytoprotective activities, HO-1 has been rec-
ognized as a proangiogenic enzyme. Angiogenesis, the for-

mation of new blood vessels from preexisting ones, plays a 
crucial role during growth and spreading of tumors; thus, proan-
giogenic action of HO-1 may further support tumor progression
(20).

The role of HO-1 in angiogenesis (Fig. 4) has been con-
vincingly demonstrated in both in vitro and in vivo experiments.
HO-1–deficient endothelial cells produced less vascular endo-
thelial growth factor (VEGF) than did the wild-type counter-
parts, and their response to exogenous VEGF and basic fibro-
blast growth factor (bFGF) was weaker (21). Accordingly,
transduction of the HO-1 gene into endothelial cells increased
production of VEGF and facilitated VEGF-induced activities.
Thus, overexpression of HO-1 led to more-efficient cell prolif-
eration and migration, improved formation of capillary-like
tubular structures in a Matrigel matrix, and augmented out-
growth of capillaries from endothelial spheroids in a collagen
gel (67). Stimulatory effects of HO-1 on the expression of
VEGF, one of the most important inducers of angiogenesis,
were also demonstrated in vascular smooth muscle cells (29)
and keratinocytes (63). At least in microvascular endothelium
and vascular smooth muscle cells, this effect appears to be me-
diated by CO (30, 67, 86). Importantly, the results of experi-
ments performed in vitro have been confirmed in vivo in the rat
ischemic hindlimb model, in which HO-1 gene transfer in-
creased VEGF synthesis, facilitated angiogenesis, and im-
proved the blood flow in the ischemic muscles (153).

The influence of HO-1 on angiogenesis in tumors was sug-
gested first on the basis of observations that expression of 
HO-1 in macrophages infiltrating the tumors seems to correlate
with increased vascular density (26, 152, 158), as shown in hu-
man gliomas (117) and human vertical growth melanomas
(158). Then it was reported that HO-1 accelerates pancreatic
cancer growth by promoting tumor angiogenesis in mice (152).
Moreover, targeted knockdown gene expression of HO-1 by
siRNA or chemical inhibition of HO-1 enzymatic activity by
SnPPIX impaired vGPCR oncogene-induced survival and
VEGF-A expression in the transformed endothelial cells (105).
A similar decrease in VEGF synthesis after treatment with HO-
1 inhibitor was found in the lung carcinoma (59).

A proangiogenic role of HO-1 (Fig. 5) was also directly ev-
idenced in murine melanoma (167) and murine lung cancer (59).
Interestingly, HO-1 overexpression in the melanoma cell line
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FIG. 4. Schematic demonstration of the
role of the HO-1 pathway in regulation of
angiogenesis in tumors. Suggested medi-
ators are shown in the boxes.
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did not lead to increased production of VEGF in vitro, and
VEGF did not contribute significantly to the increased angio-
genic potential of media harvested from such cells. Instead, the
transcriptome analysis demonstrated that overexpression of
HO-1 was accompanied by upregulation of EGF, thymosin-�4
(T�4), hyaluronidase-1 (HYAL-1), and malignant T cell–am-
plified sequence-1 (MCT-1) (167).

The involvement of these proteins in proangiogenic activity
of HO-1 has not been proven; however, their role can be hy-
pothesized. An especially interesting candidate seems to be
T�4, a small peptide present in the cytoplasm and nucleus of
cells and circulating in the blood, known for its G-actin–se-
questering capacities. Several observations suggested that T�4
plays a role in angiogenesis. First, T�4 can induce synthesis of
VEGF (15) and is a potent chemotactic agent for endothelial
cells (148). Second, transfection with a T�4-expression vector,
similar to the overexpression of the HO-1 transgene, was asso-
ciated with increased endothelial cell migration and stronger
tube formation on Matrigel (104). Of importance, the effects of
overexpression of T�4 in murine melanoma cells greatly re-
sembled those of HO-1, as in both cases, augmented angio-
genesis in tumors was observed (15).

Similarly, it was found that overexpression of HYAL1, an
endoglycosidase, which degrades hyaluronic acid into small an-
giogenic fragments, resulted in a higher microvessel density 
in bladder cancer (94) and in prostate cancer (143), whereas
MCT-1 was shown to induce angiogenesis in breast cancer (85).
Finally, comparison of endothelium originating from healthy
tissues and from tumors indicated that tumor-derived endothe-
lial cells, but not normal endothelial cells respond efficiently to
EGF. This suggested that gain of sensitivity to mitogenic sig-
nals of EGF by endothelium may constitute a switch that pro-
motes tumor neovascularization (4). Thus, the observed 
increase in EGF production in the HO-1–overexpressing mel-
anoma cells, together with upregulation of HYAL1 or MCT-1,
can potentially contribute to the observed increase in angio-
genesis. Tumors formed by such cells produced higher amounts
of VEGF. Keeping in mind the lack of correlation of HO-1 and
VEGF expression in melanoma cells themselves, one can sup-
pose that an indirect influence of HO-1 present in tumor cells
may exist on production of VEGF in stroma, especially in mac-
rophages. This effect could be possibly mediated by diffused
CO (167).

It seems that induction of HO-1 can be also a pathway re-
sponsible for proangiogenic effects of thymidyne phosphory-
lase (TP), the enzyme that is often upregulated in tumor tissues.
Increased formation of capillaries in vitro as well as augmented
vascularization in the tumors in vivo was observed as a result
of TP expression in endothelial cells and in tumor-infiltrating
macrophages, respectively (104, 158). TP directly induces HO-
1, and coexpression of these two proteins was detected espe-
cially in the melanoma tumors of advanced stages. The impor-
tance of HO-1 in TP-stimulated activities was confirmed by
observations that some effects of TP, such as regulation of pro-
liferation of vascular smooth muscle cells, were blocked by in-
hibitors of both TP and HO-1 (82).

For many years, tumor vascularization was explained solely
by the ingrowth of new vessels into the tumor tissue from pre-
existing ones. However, in recent years, additional mechanisms
have been recognized, and at present, great interest exists in

evaluating the role of endothelial progenitor cells and vasculo-
genesis in tumor neovascularization (48). The importance of
homing and engraftment of bone marrow–derived vascular pro-
genitors remains undefined. It seems, however, that at least in
some types of tumors, vasculogenesis may be meaningful (1).

One of the crucial factors governing vasculogenesis is VEGF,
regulation of which is influenced by HO-1. The second very
important agent is stroma-derived growth factor-1 (SDF-1), a
chemokine that plays a major role in migration, recruitment,
and retention of endothelial progenitor cells to sites of ischemic
injury and contributes to neovascularization. Analyses of in-
tracranial murine gliomas evidenced the production of SDF-1
in the vasculogenic tumors. Furthermore, enforced expres-
sion of SDF-1 augmented, whereas blocking SDF-1 receptor,
C-X-C motif receptor-4 (CXCR4), reduced homing and en-
graftment of vascular progenitors (1). These observations con-
firm an involvement of SDF-1 in tumor vasculogenesis.

No data are available on the contribution of HO-1 in this pro-
cess. Such an influence, however, is very possible, in light of
the very recent experiments demonstrating an important role of
HO-1 in SDF-1 activities. Thus, nanomolar concentrations of
SDF-1 potently activated HO-1 expression in human and
murine aortic endothelial cells and murine EPC. Pharmacologic
inhibition of HO activity or genetic ablation of HO-1 resulted
in the loss of SDF-1–mediated endothelial tube formation in
vitro and sprouting from aortic rings ex vivo, effects that were
restored by the addition of CO, but not bilirubin. HO-1 was also
required for the effects of SDF-1 on migration of mature en-
dothelial cells and circulating endothelial precursors in vitro, as
well as in vivo in Matrigel-plug, wound-healing, and retinal
ischemia models of angiogenesis (27). It would be worthwhile
to clarify the role of HO-1 in tumor vasculogenesis.

HO-1 AND METASTASIS

Angiogenesis is critical not only for tumor growth but also
for metastasis. The invasion and metastasis of tumors is a highly
complex and multistep process that requires a tumor cell to
modulate its ability to adhere, degrade the surrounding extra-
cellular matrix, migrate, proliferate at a secondary site, and
stimulate angiogenesis. The progression of a tumor from be-
nign and delimited growth to invasive and metastatic growth is
the major cause of poor clinical outcome in cancer patients
(131).

Because of stimulatory role of HO-1 in angiogenesis, one can
expect that HO-1 can also facilitate metastasis (Fig. 6). Mela-
noma cells overexpressing HO-1 formed many more nodules
in the lungs after the intravenous injection than did their wild-
type counterparts (167). Similarly, overexpression of HO-1 in
pancreatic cancer cells potentiated cancer aggressiveness and
increased the colonization of the lungs, whereas inhibition of
HO activity by stannous mesoporphyrin completely inhibited
the occurrence of metastasis (152).

The mechanisms responsible for prometastatic activity of
HO-1 are not recognized. It can be supposed that the same me-
diators that can augment angiogenesis can also improve colo-
nization of lung and growth of metastatic nodules. Thus, T�4
and HYAL1, which were upregulated in HO-1–overexpressing
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melanoma cells, have been already shown to play a role in tu-
mor metastasis. Expression of T�4 was demonstrated in meta-
static oral squamous cell carcinoma lines (164), melanomas
(167), fibrosarcomas (77), and in samples coming from patients
with non–small cell lung cancer (64). Enforced overexpression
was associated with an increase in melanoma cell migration and
with stronger vascularization of solid tumors, although it had
no effect on cell invasion, proliferation, or matrix metallopro-
teinase activities (15). In colon carcinoma cells, overexpression
of T�4 increased the growth rate, motility, and colony forma-
tion in soft agar, all good indicators for malignant progression
(166).

The second candidate, HYAL1, is the major hyaluronidase
expressed and secreted by the head and neck, prostate, and blad-
der cancer cells (39, 97, 98). In patients with bladder cancers,
increased HYAL1 level can serve as a marker of the high-grade
tumors (95), which illustrates its significance. HYAL1 is also
increased in metastatic breast cancer cells (100). Enzymatic ac-
tivity of HYAL1 reduces contact inhibition and promotes tu-
mor cell migration (55). It has been shown that overexpression
of HYAL1 in prostate cancer cells causes an increase in lung
metastasis (125). Accordingly, blocking HYAL1 expression in
an invasive bladder cancer cell line decreased tumor growth,
decreased microvessel density, and inhibited tumor infiltration
(94). Taken together, these observations show that HYAL1 is
a tumor promoter and can be hypothesized as a potential me-
diator of the prometastatic action of HO-1.

However, it should be kept in mind that HO-1 not always in-
creases tumor invasiveness. It has been demonstrated that in-
hibition of HO-1 in colon carcinoma by treatment with zinc
deuteroporphyrin 2,4-bis glycol (ZnDPBG) does not have any
effect on metastasis to the lung and even increases metastasis
to the liver (61). Furthermore, low-level HO-1 was associated
with an increased risk of developing lymph node metastasis in
oral and tongue squamous cell carcinoma. It could be associ-
ated with the lower expression of HO-1 in more undifferenti-
ated cells (172). Thus, the influence of HO-1 on the metastatic
potential of cancer cells is not univocal and may depend on the
type of cancer or other, still not defined factors.

HO-1 AND INFLAMMATION

HO-1 is commonly regarded as a potent antiinflammatory
enzyme (Fig. 7). Numerous reports demonstrated that activa-
tion of HO-1 diminishes inflammation and may result in im-
munosuppression (170). The importance of HO-1 is elegantly
illustrated by studies in HO-1�/� mice, in which HO-1 defi-
ciency results in strongly increased generation of proinflam-
matory cytokines, including IL-1�, interferon-� (IFN-�), TNF,
and interleukin-6 (IL-6), and, in general, Th1-weighted shift in
immune activity (69). Such animals develop progressive in-
flammatory disease characterized by splenomegaly, lym-
phadenopathy, leukocytosis, as well as hepatic and renal in-
flammation (130). Moreover, a constitutive expression of HO-1
observed in CD4�/CD25� regulatory T cells indicates its cru-
cial role in modulation of the immune response (124). Accord-
ingly, elevated HO-1 activity may lead to clonal deletion of
CD4� T cells, resulting in a specific immunomodulation and
in prolongation of transplanted organ survival (110).

Many data suggest that overexpression of HO-1 may defend
tissues and organs from immune-mediated injury, either through
protection against oxidative damage or via a local immunomod-
ulatory influence on infiltrating inflammatory cells (123, 124).
The exact mechanisms underlying the antiinflammatory func-
tions of the HO-1 have not been fully elucidated. However, the
signaling action of CO combined with the antioxidant properties
of biliverdin/bilirubin and the sequestration of iron by ferritin
could all contribute to suppression of inflammation.

CO has been described as an efficient antiinflammatory me-
diator in several models of inflammation and tissue injury.
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FIG. 5. HO-1 overexpression in murine B16(F10) melanoma
cells increases vascularization of tumors grown subcuta-
neously in mice. Blood vessels were stained in the frozen sec-
tions with anti-CD31 antibodies, visualized by peroxidase 
reaction. Tissues were counterstained with hematoxylin. Rep-
resentative pictures. Endothelial cells labeled by brownish re-
action product are indicated by arrows. WT, tumors formed by
the wild-type cells; HO-1, tumors formed by HO-1–overex-
pressing cells (after 167).

FIG. 6. HO-1 overexpression in the murine B16(F10) mel-
anoma line increases the metastatic potential of cells. Num-
ber of metastatic lung nodules in mice 3 weeks after intravenous
inoculation with the wild-type (WT) and HO-1–overexpressing
(HO-1) melanoma cells. (A) Representative photos showing the
lungs fixed with Bouin solution. (B) Quantitative analysis: bars
represent the mean � SEM of 10 values. *p � 0.05 in com-
parison with B16-WT animals (after 167).
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Thus, in lipopolysaccharide (LPS)-stimulated macrophages, it
decreased significantly the generation of inducible nitric oxide
synthase (iNOS)-derived NO and production of TNF or IL-6
(123, 135). These effects of CO can be caused by interfering
with AP-1 activity via a c-Jun N-terminal kinase (JNK)-de-
pendent pathway (112). Conversely, CO increases production
of antiinflammatory cytokine, IL-10, in macrophages (84, 123).

Similarly, biliverdin/bilirubin production and Fe2� chelation
can diminish inflammatory response. For example, they reduce
leukocyte adhesion to vascular endothelium via changes in ex-
pression of various adhesion molecules, such as E-selectin, in-
tracellular adhesion molecule-1 (ICAM-1), and vascular cell ad-
hesion molecule-1 (VCAM-1), the effects depending on
inhibition of nuclear factor-�B (NF-�B) activation (54). The
importance of biliverdin/bilirubin was also confirmed in 
HO-1–mediated reduction in monocyte chemotaxis in response
to oxidized low-density lipoprotein (LDL) (60), whereas the
role of iron was demonstrated in regulation of TNF in a mono-
cytic cell line (142).

It is well known that inflammation can be involved in tu-
morigenesis; thus, the modulation of an inflammatory response
by HO-1 may influence the progression of tumors. However,
the precise role of inflammation in tumor development is not
fully understood. On the one hand, the infiltration of leukocytes
into tumor tissue can be considered an antitumor response,
which results in reduction of tumor growth (88). On the other,
many data suggest that the infiltrating macrophages and lym-
phocytes are the major sources of proinflammatory cytokines,
growth factors, and angiogenic mediators. All these products
can influence cell proliferation and survival, promote angio-
genesis, stimulate migration of tumor cells into the stroma, and
increase metastasis (23).

Tumors are infiltrated by many types of leukocytes, includ-
ing T and B lymphocytes, NK cells, macrophages, dendritic
cells, neutrophils, mastocytes, and eosinophils. Most of them,
however, are lymphocytes, and the antitumor effects depend
mainly on the lymphocyte-derived cytokines (88). Macrophages
play an important role. They are able to destroy tumor cells by
releasing lysosomal enzymes, TNF, or macrophage-activating
factor (MAF) and function as the antigen-presenting cells,
thereby activating lymphocytes (56). Simultaneously, however,
macrophages can promote growth of tumors by production of

angiogenic factors such as IL-1�, IL-8, bFGF, VEGF, or EGF
(33), and by releasing proteolytic enzymes, which degrade ex-
tracellular matrix and stimulate tumor cell migration. Many
clinical data suggest that leukocyte infiltration within the tumor
is a negative prognostic factor for the patients (23). Moreover,
infiltration by early-phase inflammatory cells, both macro-
phages and neutrophils, is associated with increased progres-
sion of many types of tumors (119). This suggests that the an-
tiinflammatory action of HO-1 could be potentially beneficial
for patients.

Unfortunately, knowledge of the role of HO-1 in a tumor-as-
sociated inflammation is limited. Results obtained from murine
melanoma suggest that, at least in some models, HO-1 overex-
pression can inhibit inflammation, as indicated by less-pro-
nounced leukocyte infiltration of the tumors. In melanomas
growing subcutaneously, in which leukocyte infiltrates consist
mostly of neutrophils, this inhibition was accompanied by bet-
ter vascularization of tumors and worse survival of the tumor-
bearing mice (167). Because CO, the important mediator of the
antiinflammatory activity of HO-1, can diffuse through cell
membranes, overexpression of HO-1 in melanoma cells can di-
rectly modulate the activity of infiltrating immunocytes through
increased generation of CO. In this way, CO could reduce the
release of proinflammatory cytokines. Conversely, the
biliverdin/bilirubin system could protect melanoma cells from
oxidative stress mediators generated by activated neutrophils.

Mice bearing melanoma cells with a high level of HO-1 had
lower concentrations of TNF and higher levels of soluble TNF-
R1 in the blood and tumor tissues, which could contribute to
the observed reduction of the inflammatory reaction. Addition-
ally, it has been suggested that reduction of TNF availability
can promote vascularization of tumors, as the toxic effects of
high doses of TNF on tumor vasculature are well documented
(167). The endothelial cells of the tumor vessels seem to have
a stronger expression of TNF-R1, a receptor crucial for induc-
tion of apoptosis, than do those of the healthy vessels. There-
fore, tumor vessels could be more vulnerable to TNF-induced
apoptosis. Injury of vessels leads to increased permeability and
pronounced tissue edema (163). Actually, higher density of ves-
sels and smaller edema were both observed in melanomas over-
expressing HO-1, which could result from decreased TNF ac-
tivity.
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FIG. 7. Schematic demonstration of the
role of HO-1 pathway in the regulation of
inflammatory reactions in tumors. Sug-
gested mediators are shown in the boxes.
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Additionally, melanoma with enforced HO-1 expression gen-
erated more T�4 (167), which can also decrease an inflamma-
tory reaction (148), and produced less leukocyte-specific pro-
tein-1 (LSP-1), an intracellular molecule involved in leukocyte
migration and recruitment to sites of inflammation (167). How-
ever, the mechanism(s) responsible for the antiinflammatory ef-
fects of HO-1 in melanoma have not been proven. Similarly, it
is difficult to assess the real contribution of inhibition of in-
flammation in promoting the tumor development observed in
HO-1–overexpressing melanoma, and to clarify whether these
are causative or coincidental events.

HO-1 INHIBITION AS A POTENTIAL
THERAPEUTIC STRATEGY

Investigations of the role of HO-1 seem to be important not
only for better understanding of tumor-growth regulation but
also for clinical practice. Although some reports describe a se-
lective diminishing of HO-1 in malignant cancer cells, such as
adenocarcinoma or tongue squamous carcinoma (172), the ma-
jority of analyses indicate that the expression of HO-1 is
strongly upregulated in various tumors (26, 28, 47, 56, 101,
158, 162), especially in those treated with chemotherapeutics
or exposed to radiation or photodynamic therapy (56, 101).

This upregulation in response to therapeutic procedures may
have important consequences. For example, in the chronic
myeloid leukemia–derived cell line K562, induction of HO-1
was found to counteract Gleevec-induced apoptosis (107). Sim-
ilarly, increased expression of HO-1 in mice harboring adeno-
carcinoma and treated with photodynamic therapy resulted in
much faster regrowth of tumors (120). These results support the
idea that HO-1 may be a potential target in antitumor therapy.
Thus, pharmacologic inhibition of HO-1 has been suggested as a
new therapeutic option and potential sensitizer to chemotherapy,
radiotherapy, or photodynamic therapy for chronic myeloid leu-
kemia (107), colon carcinoma (36), adenocarcinoma (120), pan-
creatic cancer (9), and melanoma (167). The efficacy of such treat-
ments has been proven in animal models. Thus, administration of
ZnPPIX significantly suppressed the growth of hepatoma in rats
(28), and sarcoma (35) or lung cancer in mice (59).

However, ZnPPIX must be administrated in nonphysiologic
solutions. Therefore, especially interesting are the water-solu-
ble HO-1 inhibitors, such as polyethyleneglycol (PEG)-conju-
gated ZnPPIX (PEG-ZnPPIX). PEG can be bound to ZnPPIX
through newly introduced amino groups, in which ethylenedi-
amine residues are added at C6 and C7 of protoporphyrin. The
resulting compound becomes highly water soluble and forms
multimolecular associations in aqueous media (133).

It has been demonstrated that PEG-ZnPPIX administered in-
travenously has a circulation time in blood that is 40 times
longer than that for nonpegylated ZnPPIX. More important, it
preferentially accumulates in solid-tumor tissues and produces
tumor-selective suppression of HO activity. The major reason
for tumor-selective targeting of PEG-ZnPPIX is attributed to
the enhanced permeability and retention effect that is observed
commonly in solid tumors for biocompatible macromolecular
drugs (35). Similar accumulation within the tumor tissue was
demonstrated for PEG-conjugated xanthine oxidase (PEG-XO),

which mediates anticancer activity because of its ability to gen-
erate cytotoxic reactive oxygen species (134).

Intravenous administration of PEG-ZnPPIX induced apopto-
sis and suppressed the growth of sarcoma tumors in mice, with-
out any apparent side effects (35). Similar promising results
were obtained in the inhibition of growth of murine colon car-
cinoma (36). Therefore, possibly this type of compound could
be regarded as a potential anticancer drug, sensitizing tumors
to the different types of therapies.

It must be kept in mind, however, that many effects of phar-
macologic HO-1 inhibitors [e.g., SnPPIX, ZnPPIX, zinc meso-
porphyrin (ZnMPIX), ZnDPIX], as well as HO-1 activators
(e.g., heme, CoPPIX, CoCl2), are HO-1 independent, because
all these compounds display strong, unspecific functions (66,
93). For example, exposure of Hep3B cells to heme, CoCl2, and
SnPPIX resulted in a potent, HO-1–independent induction of
erythropoietin (99). Similar effects have been observed in en-
dothelial cells, in which CoPPIX upregulated synthesis of
proangiogenic and proinflammatory cytokine IL-8. This up-
regulation was not influenced by SnPPIX and therefore was
possibly not associated with increased HO-1 expression (93).
Finally, in THP-1 monocyte heme, ZnMPIX, ZnDPPIX, and
CoPPIX, regardless of their effects on HO-1, reduced the trans-
duction of the IFN-� signal, whereas SnPPIX enhanced it and
elevated the expression of MHC-II (169). It was shown that
CoPPIX, SnPPIX, and ZnPPIX are direct inhibitors of caspase-
3 and caspase-8, and thereby, they decrease the rate of apop-
tosis, independent of the HO-1 pathway (10).

Similarly, in vivo experiments showed that protoporphyrins
significantly decreased tumor blood flow in rats, but this effect
was apparently independent of HO-1, as both ZnPPIX (HO-1
inhibitor) and copper propoporphyrin-IX (CuPPIX, a compound
that does not modulate HO-1 activity) were similarly efficient
(72, 160). Finally, even a relatively high dose of ZnPPIX (45
�mol/kg) injected i.p. to the rats may be unable to inhibit the
activity of HO-1 in tumors, although it could produce HO-1–in-
dependent effects (160).

HO-1 AND CARCINOGENESIS

HO-1 can protect tumor cells and thereby contribute to the
progression of the disease. However, it acts as a cytoprotective
agent also in healthy tissues exposed to harmful stimuli, in-
cluding carcinogens. Therefore, the important question is
whether HO-1 can be involved in protection of cells from in-
duction of carcinogenesis or can promote this process. Unfor-
tunately, no data directly address that subject. It can be only
hypothesized that HO-1 may increase the resistance of cells to
carcinogenesis, at least to that induced by compounds acting
through generation of oxidative stress. Conversely, because of
inhibiting apoptosis, HO-1 might facilitate cell transformation
in response to mutagens. Most possibly, HO-1 can be an effi-
cient protective enzyme against oxidative injury caused by
heme. Heme is genotoxic, as shown in the human colon cell
line and primary human colonocytes (44), and it acts as a car-
cinogen, especially to the colon (128). However, even in such
experimental settings, the role of HO-1 in carcinogenesis has
not been definitely proven.
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Almost nothing is known, as well, about the effect of mod-
ulation of HO-1 on the expression or activity of the most im-
portant oncogenes or cancer-related genes. Only one report con-
cerns the telomerase activity. It demonstrates that telomerase
and telomerase reverse transcriptase (TERT), the major regu-
lator of telomerase function, are not influenced by HO-1 or by
tin mesoporphyrin-IX (SnMPIX) (43).

Nevertheless, many studies convincingly showed that treat-
ment of animals with carcinogens is very often associated with
induction of HO-1. For example, HO-1 was upregulated and
maintained elevated expression in rats exposed to alachlor, the
inducer of olfactory mucosal tumors (42). Similarly, induction
of HO-1 was increased in hepatic carcinogenesis induced by di-
etary p-dimethylaminoazobenzene (DAB). Here, the high level
of HO-1 activity was suggested to protect hepatocytes against
reactive oxygen species produced from DAB (132). HO-1 ex-
pression increased during the experimental trial in morpholog-
ically normal hepatocytes in DAB-treated animals, whereas it
diminished in altered hepatic foci and early preneoplastic le-
sions. Thus, in this experimental model, the downmodulation
of HO-1 expression correlated with malignancy progression
(13). Unfortunately, it is impossible to discriminate whether
HO-1 downregulation is a cause or consequence of transfor-
mation.

Divergent levels of HO-1 expression have been observed in
the rat strains of different sensitivities to cancerogenesis. Thus,
carcinogen-resistant DRH rats show a remarkably lower inci-
dence of liver tumors than did the carcinogen-sensitive Donryu
strain when they are fed diets containing hepatocarcinogens
such as DAB. In DRH rats exposed to DAB, much weaker in-
ductions of HO-1 and hepatocyte growth factor (HGF) were ob-
served. This was not regarded, however, as a mechanism re-
sponsible for carcinogen resistance, but rather as a marker of
milder injury of tissues. Weaker induction of HO-1 would be
an indicator of lower degradation of heme proteins, whereas a
lower level of HGF would result from a reduced rate of cell
death and less pronounced regeneration of the liver. Instead, the
suggested reason underlying the different susceptibility of DRH
and Donryu rats to carcinogens were the distinct levels of ex-
pression of cytochrome P-450 2E, which may contribute to the
generation of reactive oxygen species, and glutathione S-trans-
ferase or �-glutamyltranspeptidase, which can be marker en-
zymes of preneoplastic changes of hepatocytes (171).

Accordingly, the high levels of expression of HO-1 were de-
tected in the Long-Evans with a cinnamon-like color (LEC) rats,
a mutant strain that spontaneously develops acute hepatitis and
hepatoma. Upregulation of HO-1 in the LEC rat livers was,
however, not due to the actual cancer lesion but, rather, due to
the surrounding uninvolved tissues, including hepatocytes.
Again, it was suggested that the physiologic relevance of 
HO-1 induction might be an adaptive response to oxidative
stress (106).

Expression of HO-1 can be increased in response not only to
carcinogens, but also to some chemopreventive compounds.
One of them is diallyl sulfide (DAS), which can reduce chem-
ically induced hepatotoxicity, mutagenesis, and carcinogenesis.
It has been shown that DAS can induce the expression of 
HO-1 because of elevated production of ROS and subsequent
increase in activity of Nrf2 transcription factor, as well as ERK

and p38 kinases. The increase in HO-1 produced by DAS pro-
tected the HepG2 cells against toxicity by hydrogen peroxide
or arachidonic acid. Therefore, it has been proposed that in-
duction of HO-1 may play a role also in the anticarcinogenic
effects of DAS (45). Conversely, it has been implied that 
HO-1 expression and subsequent iron accumulation may be in-
volved in enhancement of oxidative DNA damage in epithe-
lium of small bile ducts induced by infection with Opisthorchis
viverrini, a risk factor of cholangiocarcinoma in hamsters (129).

The role of HO-1 in carcinogenesis has not been elucidated.
Data available can support either protective or detrimental ef-
fects. Experiments performed in HO-1–deficient animals or at
least in animals treated with pharmacologic inhibitors are nec-
essary to distinguish the primary effect of HO-1 activity on in-
duction of cancer from the secondary influence of carcinogen-
esis on expression of HO-1.

HO-1 POLYMORPHISM AND TUMORS

Some light can be shed on the role of HO-1 in carcinogene-
sis by analysis of clinical data and comparison of HO-1 allele
frequency distribution in the healthy people and the cancer pa-
tients. Importantly, the human HO-1 gene promoter is highly
polymorphic, mainly because of variation in the number of GT
repeats in a microsatellite DNA fragment ranging from 15 to
40 (76). This purine-pyrimidine–alternating sequence can neg-
atively affect transcription, especially as it is located between
the regulatory elements and TATA box of the HO-1 gene (121).
Indeed, transient transfections with reporter plasmids showed
that basal transcriptions from the short promoter constructs (GT,
16–20) were 2.5 times higher than those from long ones (GT,
29–38) and that only short promoters were induced in response
to oxidative stress (19).

These results are meaningful because the expression of 
HO-1 is regulated predominantly at the transcriptional level
(102). Their importance was confirmed in lymphoblastoid cell
lines derived from human subjects possessing short (S/S) or
long (L/L) HO-1 genotypes. After H2O2 stimulation, the S/S
cells showed much higher activity of HO-1 enzyme than did
their L/L counterparts. Furthermore, only S/S promoters en-
sured protection of lymphoblastoid cells from H2O2-induced
apoptosis (58).

Most important, HO-1 promoter polymorphism is of clinical
relevance. As demonstrated in many reports, the absence of the
short allele significantly augments the inflammatory reaction in
the vessel wall and increases the risk for restenosis in patients
undergoing balloon angioplasty (34) or stenting (137). It also
potentiates the oxidative stress, leading to the higher risk of
coronary artery disease in diabetic or hypercholesterolemic pa-
tients (19) and correlates with increased probability of devel-
opment of abdominal aortic aneurysms (138) and with de-
creased survival time of kidney transplants (6). Finally, the L/L
genotype carriers have a higher extent of lipid peroxidation in
serum, supporting the genetic linkage of HO-1 with oxidative
stress (19).

Finally, recent reports indicate that lack of short allele and
resulting lower activity of HO-1 can be associated with a higher
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incidence of cancers. One of studies was performed in the
Japanese population. In this case, the proportion of class L al-
lele frequencies was significantly higher in patients with lung
adenocarcinoma than in control subjects. Furthermore, the risk
of lung adenocarcinoma for L allele carriers versus non–L al-
lele carriers was much increased in the group of male smokers.
However, in the female nonsmokers, the proportion of L allele
carriers did not differ between patients and control subjects (73).

A second study concerned the oral squamous cell carcinoma
(OSCC) caused by betel chewing in an Asian population. Also
in this case, the longer (GT)n repeat allele in the HO-1 pro-
moter is associated with the increased risks of areca-related
OSCC, whereas the shorter (GT)n repeat allele may have pro-
tective effects for OSCC (16). Additionally, an insertion/dele-
tion polymorphism (-94ins/delATTG) in NF-�B promoter,
which may drive the ins allele twofold increase in NF-�B tran-
scription relative to the del allele, was recently found. Interest-
ingly, subjects carried both NF-�B ins and HO-1 L alleles had
significant risks for various subsets of OSCC, including those
of advanced stage or with node metastasis (90). Thus, one can
expect that lower resistance to oxidative stress, especially when
combined with increased inflammatory reactions, results in a
higher risk of cancers, especially in smokers and betel chew-
ers.

However, the role of HO-1 promoter polymorphism may de-
pend on the type of tumor. Differently than for OSCC or lung
cancers, the calculated risk for acquiring primary malignant
melanoma in L-allele carriers was twofold lower compared with
those with S/S types. Additionally, the S/S genotype was sig-
nificantly associated with primary tumors with deeper Breslow
thickness compared with L-allele carriers. These data suggest
that higher levels of HO-1 expression might facilitate the patho-
genesis and growth of malignant melanoma (121), which con-
firms data obtained in the murine melanoma model (167).

FINAL REMARKS

Some results suggest that HO-1 can act as a protective en-
zyme, decreasing the risk of development of some kinds of tu-
mors. However, the actual role of HO-1 in transformation of
cells and induction of carcinogenesis has not been clarified, and
the data available hitherto are not conclusive. Much more is

known of the function of HO-1 in the progression of tumors
(Fig. 8). Procancerogenic effects of HO-1 seem to be associ-
ated with its cytoprotective and antiapoptotic activities, which
result in better tumor cell survival and higher resistance to dif-
ferent types of therapies. Moreover, HO-1 is a proangiogenic
mediator, which augments vascularization of tumors and in-
creases the metastatic potential of cancer cells. In general, 
HO-1 seems to facilitate tumor growth and metastasis, although
the exact effects can depend on the type of disease.

Thus, we propose that HO-1 can be considered a “friend”
protecting healthy tissues from induction of some types of can-
cers. However, if, despite this protection, the disease starts to
develop, HO-1 turns into a “false friend,” as it will protect the
tumor cells, improving their survival and resistance to treat-
ments. Therefore, the inhibition of HO-1 activity can be pro-
posed as a potential therapeutic strategy that could sensitize
cancer cells to chemotherapy, radiation, or photodynamic ther-
apy.

ABBREVIATIONS

ALAS, aminolevulinate synthase; AP-1, activator protein-1;
ATF4, activating transcription factor-4; Bax, Bcl-2–associated
X protein; Bcl-2, B-cell lymphoma-2; bFGF, basic fibroblast
growth factor; BTG2, B-cell translocation gene-2; BvR,
biliverdin reductase; Cdk, cyclin-dependent kinase; c-IAP-2,
cellular caspase inhibitory protein-2; CoPPIX, cobalt protopor-
phyrin IX; CrMPIX, chromium mesoporphyrin IX; CuPPIX,
copper protoporphyrin-IX; CXCR-4, C-X-C motif receptor-4;
DAB, p-dimethylaminoazobenzene; DAS, diallyl sulfide;
DMSO, dimethyl sulfoxide; EDG7, endothelial differentiation
gene-7; EGCG, epigallocatechin 3-gallate; EGF, epidermal
growth factor; ERK,– extracellular signal-regulated protein ki-
nase; FGFR-1, fibroblast growth factor receptor-1; GSTA1, glu-
tathione S-transferase A1; HGF-1, hepatocuyte growth factor;
HO-1, heme oxygenase-1; HO-2, heme oxygenase-2; Hsp, heat-
shock protein; HYAL1, hyaluronidase-1; ICAM-1, intracellu-
lar adhesion molecule-1; IL-1�, interleukin-1�; IL-6, inter-
leukin-6; IL-8, interleukin-8; IL-10, interleukin-10; IFN-�,
interferon-�; iNOS, inducible nitric oxide synthase; IRP, iron-
regulated proteins; JNK, c-Jun N-terminal kinase; LDL, low-
density lipoprotein; LEC, Long-Evans with a cinnamon-like
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FIG. 8. Schematic summary of possible effects of
HO-1 activation on tumor growth.
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color; LPS, lipopolysaccharide; LSP-1, leukocyte-specific pro-
tein-1; MAF, macrophage-activating factor; MAPK, mitogen-
activated protein kinase; MCT-1, malignant T cell–amplified
sequence-1; MDR, multidrug resistance; MHC-II, major histo-
compatibility complex-II; Mrp, multidrug resistance–associated
proteins; MT1X, metallothionein-1X; MIP-1�, macrophage in-
flammatory protein-1�; NF-�B, nuclear factor �B; Nrf-2, NF-
E2–related factor-2; OSCC, oral squamous cell carcinoma;
PEG, polyethylene glycol; pRb, protein retinoblastoma; ROS,
reactive oxygen species; SDF-1, stromal cell-derived growth
factor-1; sGC, soluble guanylyl cyclase; SnMPIX, tin meso-
porphyrin-IX; SnPPIX, tin protoporphyrin-IX; SOD-2, super-
oxide dismutase-2; T�4, thymosin-�4; TERT, telomerase re-
verse transcriptase; TNF, tumor necrosis factor; TNF-R1, tumor
necrosis factor receptor-1; TP, thymidine phosphorylase; TPA,
12-O-tetracanoylphorbol 13-acetate; VCAM-1, vascular cell
adhesion molecule-1; VEGF, vascular endothelial growth fac-
tor; ZnDPBG, zinc deuteroporphyrin 2,4-bis glycol; ZnMPIX,
zinc mesoporphyrin-IX; ZnPPIX, zinc protoporphyrin-IX.
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