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Protective Role of Heme Oxygenase-1 in Renal Ischemia

TORU TAKAHASHI,! KIYOSHI MORITA,! REIKO AKAGI,? and SHIGERU SASSA3

ABSTRACT

Ocxidative stress, which has been implicated in the pathogenesis of ischemic renal injury, degrades heme pro-
teins, such as cytochrome P450, and causes the elevation in the level of cellular free heme, which can catalyze
the formation of reactive oxygen species. Heme oxygenase-1 (HO-1), the rate-limiting enzyme in heme degra-
dation, is induced not only by its substrate, heme, but also by oxidative stress. In various models of oxidative
tissue injuries, the induction of HO-1 confers protection on tissues from further damages by removing the
prooxidant heme, or by virtue of the antioxidative, antiinflammatory, and/or antiapoptotic actions of one or
more of the three products, i.e., carbon monoxide, biliverdin IX«a, and iron by HO reaction. In contrast, the
abrogation of HO-1 induction, or chemical inhibition of HO activity, abolishes its beneficial effect on the pro-
tection of tissues from oxidative damages. In this article, we review the protective role of HO-1 in renal
ischemic injury, and its potential therapeutic applications. In addition, we summarize recent findings in the

regulatory mechanism of ho-1 gene expression. Antioxid. Redox Signal. 6, 867-877.

INTRODUCTION

ACUTE RENAL FAILURE (ARF) is a syndrome associated
with high mortality in humans, specially in the inten-
sive care unit setting (42, 50). Current therapy is limited to
supportive measures and preventive strategies, which fails to
show definitive improvement in mortality (51, 82). Renal
ischemia followed by reperfusion is known to result in signif-
icant renal epithelial cell injury (70), termed ischemic acute
renal failure (IARF) (13). IARF, the major form of ARE, is
often associated with sepsis in intensive care units (42). IARF
injury is thought to be due to reactive oxygen species (ROS)
generated by reperfusion (48, 66), which has been shown to
be due, in part, to a rapidly increased free heme released from
microsomal cytochrome P450 (CYP) (46, 65).

Heme oxygenase (HO) is the rate-limiting enzyme in the
degradation of heme (104), which is catalyzed by a sequence
of three enzymatic reactions, i.e., NADPH-cytochrome P450
reductase, HO, and biliverdin reductase. HO converts heme to
biliverdin IXa, carbon monoxide (CO), and iron (76, 90).
Among the three HO isoforms reported, HO-1 is highly in-
ducible by hemin and a vast array of other stimuli, including

oxidative stresses (63, 76). In contrast, HO-2 and HO-3 are
both expressed in constitutive fashion, and appear to function
as heme binding molecules in normal cells (44, 49). The
heme-derived metabolites were thought to be useless waste or
toxic products; however, recent data suggest that the three
products are not waste products, but useful metabolites that
have significant biological properties, such as antioxidant,
antiinflammatory, and/or antiapoptotic activities (15, 64, 83).
The strong adaptive response of HO-1 to various stimuli sug-
gests that HO-1 serves as a protective gene to confer resis-
tance against inflammatory and oxidative tissue injuries, both
of which are characteristics in the pathogenesis of ischemic
renal injury.

HO-1 INDUCTION IN THE
EXPERIMENTAL MODEL OF ARF

AREF is one of the best representative models of oxidative
tissue injuries in which the roles of ROS and HO-1 can defin-
itively be documented (4, 86). There are several experimental
models of ARF, each with characteristic features.
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Glycerol-induced ARF

The glycerol-induced ARF in rats is the most commonly
used model and is prepared by subcutaneous or intramuscular
injection of hypertonic glycerol to animals (23). In this
model, there are skeletal muscle injuries, termed “rhabdomy-
olysis,” resulting in the release of myoglobin into plasma. Ap-
proximately one third of the patients with rhabdomyolysis are
known to develop ARF (27), and rhabdomyolysis accounts
for ~10% of all cases of ARF (27). A large amount of heme
released from myoglobin may be directly responsible for the
attendant lipid peroxidation that is associated with rhabdomy-
olysis (29).

Following the treatment with glycerol, HO-1 mRNA was
found to increase >50-fold compared with that in untreated
animals (57). The inhibition of increased HO activity by tin
protoporphyrin (Sn-PP), a competitive inhibitor of HO activ-
ity (36), significantly aggravated the renal injury in this
model. In contrast, induction of HO-1 by pretreatment of ani-
mals with hemoglobin resulted in the protection against ARF
development (57). Thus, exposure of the kidney to an inordi-
nate amount of hemoglobin elicited an adaptive cellular re-
sponse that facilitates the clearance of cytotoxic free heme.
These findings indicate that induction of HO-1, which itself
is a free heme-catalyzed process, serves to clear an excess
amount of free heme, ultimately resulting in a beneficial
adaptive response. Moreover, treatment of rats with nephro-
toxic serum prepared from sheep injected with a purified rat
glomerular basement membrane extract, 24 h before the in-
duction of glycerol-induced ARF, reduced functional and
structural injury that occurs in this model (94). Of interest to
note, HO-1 mRNA was induced in the kidney after the
nephrotoxic serum administration, renal tubules were identi-
fied as the site of expression of HO protein, and inhibition of
HO by Sn-PP prevented the protection afforded by nephro-
toxic serum, suggesting that HO-1 is also a critical contribu-
tor in the acquired resistance (94).

Cisplatin-induced toxic renal injury

Cisplatin is a commonly used anticancer drug, but its use
is often curtailed by its nephrotoxicity, particularly that on
proximal tubules (71). However, by virtue of this unique ef-
fect, cisplatin has been utilized to prepare an experimental
model of ARF. In contrast to the glycerol-induced ARF, iron
derived from renal CYP is thought to be important in ROS for-
mation in the cisplatin-induced ARF (7). In fact, it has been
reported recently that CYP2E1-deficient mice show marked
functional and histologic protection associated with the reduc-
tion of apoptotic cell death against cisplatin-induced renal in-
jury. Incubation of the kidney slices in CYP2E1-deficient
mice with cisplatin results in a significant decrease in the
generation of ROS and attenuation of cytotoxicity as com-
pared with that of the wild-type mice (43). HO-1 has been
shown to be induced in a time- and dose-dependent fashion in
the kidney following cisplatin administration. Administration
of Sn-PP aggravated the renal injury (3), whereas preinduc-
tion of HO-1 by hemin treatment, or an overexpression of the
ho-1 gene by gene transfer, resulted in a significant ameliora-
tion of the cisplatin-induced renal injury (81).
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IARF

The IARF injury is thought to be due, in part, to ROS gen-
erated by reperfusion (13, 66), which may also be the result of
the rapid release of heme from microsomal CYP (46, 65). The
reversibility of renal function in IARF critically depends on
the length of the ischemic treatment prior to reperfusion, e.g.,
longer than 60 min of ischemia resulting in an irreversible
renal damage (22). There have been two types of IARF
model: rats with bilateral ligation followed by reperfusion,
and rats with a unilateral nephrectomy and the ligation of a
contralateral renal artery. Maines et al. reported that renal
HO-1 mRNA and its protein levels along with its enzyme ac-
tivity were significantly increased after 30 min of bilateral
renal ischemia followed by reperfusion in the rat (46). We
also found that 40 min of renal ischemia in the uninephrec-
tomized rat, which resulted in reversible IARF, significantly
induced HO-1 mRNA and its enzyme activity (80). Inhibition
of HO activity by tin mesoporphyrin (Sn-MP), a specific
competitive inhibitor of HO (18), resulted both in a marked
increase in intracellular heme content, and in the aggravation
of renal function (Fig. 1). HO-1 induction thus plays an im-
portant role in the protection of renal dysfunction due to ox-
idative damages (80).

THE ROLE OF FREE HEME IN HO-1
INDUCTION AND TISSUE INJURY IN IARF

Heme is not only the substrate for HO-1, but also a strong
inducer of HO-1 (76, 77). It is also involved in the repression
of the nonspecific 8-aminolevulinate synthase (ALAS1), the
rate-limiting enzyme in heme biosynthesis (25, 26, 34, 101).
We determined the level of microsomal heme and the gene
expression of ALASI1, in the kidney following ischemia/
reperfusion. We found that, prior to HO-1 induction, there
was a rapid and significant increase in microsomal heme con-
centration, which was followed by the inhibition of the gene
expression of ALAS1 (80). These findings indicate that free
heme concentration in the kidney is rapidly increased follow-
ing ischemia/reperfusion, which may contribute to the induc-
tion of HO-1, as well as the repression of ALAS], in the kid-
ney. CYP represents the major heme source in the kidney
because of its large content and rapid turnover (62, 72). It was
also reported that ischemia/reperfusion of the kidney resulted
in a significant decrease in the amount of microsomal CYP in
rat kidney (46, 89). Although the nature of an increased mi-
crosomal heme in the kidney after reperfusion is not yet en-
tirely clear, it is likely that microsomal CYP may be the
source of “free heme.” Thus, we speculate that ischemic renal
cellular injury may destabilize heme from hemoproteins such
as CYP, resulting in the induction of HO-1.

Although heme is required as the prosthetic group for
heme proteins that are necessary for cellular viability (73), an
excess amount of free heme is deleterious, because it would
act as a prooxidant, leading to the generation of oxygen radi-
cals (28). Free heme is also highly lipophilic and intercalates
into the lipid bilayer of adjacent cells. Exposure of cells to
heme is known to stimulate the expression of adhesion mole-
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FIG. 1. Effect of SnCl, and Sn-MP administration on serum creatinine concentration, renal histopathology, and micro-
somal heme concentration in rats with IARF. Rats were uninephrectomized and subjected to unilateral ischemia for 40 min to
produce IARF. SnCl, (10 mg/100 g of body weight) was administered subcutaneously, and Sn-MP (1 umol/kg) was administered
intravenously, at 24 h and 1 h prior to renal ischemia, respectively. After the initiation of reperfusion, whole blood was collected
for the determination of serum creatinine concentrations, and kidney was removed for measurement of microsomal heme concen-
tration and histological examination. SnCl, pretreatment ameliorated renal dysfunction with a decrease in microsomal heme con-
centration. In contrast, inhibition of HO activity by treatment with Sn-MP, which led to the accumulation of microsomal heme
content, resulted in an aggravation of renal dysfunction. Columns indicate microsomal heme content. (Insets) 7op: Kidney sec-
tions stained immunohistochemically, using anti-rat HO-1 as a primary antibody. After IARF, HO-1 protein was induced in tubu-
lar epithelial cells, while the induction became obvious in IARF with SnCl, pretreatment. Bottom: Kidney sections stained with
hematoxylin and eosin. Extensive necrosis with cast formation in the proximal tubular cells was observed in IARF with vehicle
treatment. It was aggravated in IARF with Sn-MP, in contrast to the relief from the injury in IARF with SnCl, pretreatment.

cules ICAM-1, VCAM-1, and E-selectin on endothelial cells
in vitro, probably through heme-mediated generation of ROS,
which underscores various reactive inflammatory changes
(95). It has also been reported that heme, released from
methemoglobin, catalyzes the oxidation of low-density lipo-
protein, which in turn induces endothelial cytolysis caused by

lipid hydroperoxides, suggesting its relevance to a variety of
disorders, such as renal failure associated with intravascular
hemolysis (35). We found that hemin treatment of intact rats
significantly increased the DNA binding activity of nuclear
factor-kB in a dose-dependent manner in the liver, which can
lead to the activation of a proinflammatory cascade (55). We
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also found that inhibition of HO activity by Sn-MP resulted in
a marked increase in microsomal heme content, and in the ag-
gravation of renal dysfunction in the IARF model (80). Thus,
an enhanced and sustained increase in intracellular free heme
concentration may aggravate the ischemic renal injury by ac-
celerating the inflammatory process, and HO-1 induction
plays an important role by removing the prooxidant, heme, in
the protection of renal dysfunction.

HO-1 OVEREXPRESSION ALLEVIATES
RENAL INJURY WITH IARF

Accumulating evidence overwhelmingly indicates that
induction of HO-1 provides cytoprotective effects in various
in vitro and in vivo models of the oxidative cellular injury
(4, 63, 86). The importance of HO-1 in the protection
against oxidant stresses is further documented in mice and
humans that are deficient in HO-1 (69, 99). The adult HO-1-
deficient mice developed an anemia associated with low
serum iron levels, but increased serum ferritin levels. Non-
heme iron accumulated in renal proximal cortical tubules,
Kupffer cells, and hepatocytes. Such iron deposits con-
tribute to oxidative damage by ROS production through the
Fenton reaction and result in tissue injury and chronic in-
flammation. In fact, the extent of lipid peroxidation and pro-
tein carbonyls in the kidney of HO-1-deficient mice was
significantly higher than that in control animals (68). It was
also reported that the clipping of renal artery in HO-1-defi-
cient mice led to an acute increase in ischemic renal damage
and death (97). Moreover, adult HO-1-deficient mice were
more vulnerable to death when challenged with endotoxin
than control mice (69). The absence of HO-1 in a patient
with hereditary HO-1 deficiency also accompanied an ab-
normally elevated serum heme concentration (~0.5 mM) and
various oxidative, as well as inflammatory, complications
(99). The HO-1-deficient patient also had persistent protein-
uria and hematuria due to renal tubular injury (60). In con-
trast, overexpression of HO-1 by pharmacological interven-
tion or by a gene transfer has been reported to prevent tissue
injury in various models (1, 31). Maines and co-workers re-
ported that a spin trap agent, N-fert-butyl-a-phenylnitrone,
potentiated the induction of HO-1 at both transcriptional
and protein levels in the kidney of IARF, which resulted in
the decreased staining of iron and lipid peroxidation, sug-
gesting that suprainduction of HO-1 protected the kidney
from free radical-mediated injury (47). In contrast to warm
ischemia in [IARF, cold ischemic injury due to a long cold
preservation time in kidney transplantation causes not only
acute tubular necrosis, but also serious vascular endothelial
cell injury (17, 103). Endothelial cells are vulnerable to ox-
idative stress in human HO-1 deficiency (99), and HO-1
overexpression in endothelial cells has been shown to confer
protection against oxidative stress (2, 102). Recently, Tul-
lius et al. reported that up-regulation of HO-1 in donor or-
gans of the rat using cobalt protoporphyrin ameliorated
ischemia/ reperfusion injury and improved the function of
the grafted kidney for a long term (92). HO-1 overexpres-
sion in the donor kidney using a gene transfer approach also
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reduced the mortality and attenuated the ischemia/reperfu-
sion injury in a rat renal isograft model (12).

Amelioration of IARF by tin chloride treatment

Tin chloride (SnCl,) treatment is known to potently induce
HO-1 in the kidney in a highly tissue-specific manner (37).
We examined the effect of SnCl, treatment prior to isch-
emia/reperfusion and found that the treatment improved renal
dysfunction, as shown by a marked decrease in serum creati-
nine concentration (Fig. 1). Whereas there was significant
damage in proximal tubular cells in IARF control animals,
there was hardly any damage in these cells in SnCl,-pre-
treated animals (Fig. 1) (91). Following SnCl, treatment, a
marked elevation of renal HO-1 mRNA was also observed,
followed by increases in HO-1 protein expression and HO
activity (91). HO-1 protein accumulated also specifically in
the renal tubular epithelial cells following SnCl, treatment
(Fig. 1). We also found that SnCl, treatment significantly at-
tenuated the sustained increase in microsomal heme concen-
tration after ischemia/reperfusion (Fig. 1). In contrast, inhibi-
tion of HO activity by the administration of Sn-MP, which led
to the accumulation of microsomal heme, abolished the bene-
ficial effect of SnCl, pretreatment on IARF, indicating the
fundamental role of HO-1 activity by removing the prooxi-
dant free heme, in the protection of renal epithelial cell in-
juries in IARF (Fig. 2) (91).

Very recently, it has been reported that SnCl, pretreatment
is effective for the amelioration of the renal damage in an-
other type of ARF. Chromium is commonly used in industrial
chrome plating, welding, painting, metal finishes, steel man-
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FIG. 2. Hypothetical sequence for the protection of renal
epithelial cells by kidney-specific HO-1 induction. Renal
ischemia/reperfusion destabilizes heme proteins, which results
in an increase in intracellular “free heme” concentration. Kidney-
specific HO-1 induction by pharmacological intervention, such
as SnCl, treatment, or so-1 gene transfer degrades an excess
amount of toxic free heme, leading to the amelioration of the
ischemic renal injury.
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ufacturing, alloy, cast iron, and wood treatment (9). Massive
absorption of chromate is known to cause ARF in humans
(96), and ARF induced by potassium dichromate (K,Cr,0,)
has been used as a model to study the pathophysiology of the
disease. Experimental data show that chromate selectively
damages the convoluted section of the proximal tubules (96),
and ROS has been implicated in its pathogenesis (6). Barrera
et al. reported that renal HO-1 overexpression induced by
SnCl, is responsible for the attenuation of renal damage and
oxidative stress in K,Cr,0,-induced ARF of rats (11). They
also showed that the protective effect of SnCl, is not associ-
ated with the induction of other antioxidant enzymes, such as
superoxide dismutase, glutathione peroxidase, and catalase,
suggesting that HO-1 induction is specific and indispensable
in the protective effect of SnCl, on the K,Cr,0,-induced
ARF (10).

MECHANISM OF ho-1
GENE REGULATION

HO-1 shows marked induction responses to treatment
with hemin, as well as by a number of nonheme substances,
such as insulin, epinephrine, endotoxin, heavy metals, hydro-
gen peroxide, ultraviolet, or sulfhydryl reagents (38, 45). The
5'-flanking region of both the human and the rat so-/ genes
contains several potential cis-regulatory elements, such as
cadmium-responsive element (Cd-RE), activator protein-1
(AP-1), interleukin-6-responsive element (IL6RE), and heat-
shock element (HSE), which may facilitate gene transcription
under stress (Fig. 3) (38, 53). Among them, Cd-RE, a 10-bp
sequence, TGCTAGATTT, located at —4 kb, was shown to be
necessary for the cadmium-mediated induction of the ho-1
gene (88). On the other hand, Cd-RE is not apparently in-
volved in ho-I gene activation by hemin, cobalt protopor-
phyrin IX, or sodium arsenite (88). AP-1, which is located
immediately downstream of Cd-RE, is not involved in the
cadmium-mediated induction of the human 4o-1 gene. On the
other hand, AP-1 overlaps with Maf recognition element
(MARE), an important domain that has a critical role in the
ho-1 gene transcription. HSE is the cis-acting element re-
sponsible for transcriptional activation of heat shock protein
genes by heat shock. Heat shock treatment of rat cells, in fact,
induces HO-1 at the transcriptional level (61, 78). In contrast
to rat cells, however, HO activity in cultured cells derived
from human, monkey, pig, and mouse is not necessarily in-
duced by heat shock, suggesting that there may be inter-
species difference in the heat-shock regulation of HO-1 ex-
pression (76). The proximal promoter region of the human
ho-1 gene also contains two copies of an IL6RE in normal
orientation, and another in reverse orientation, and two func-
tional CANNTG motifs, known as an E-box (52, 54, 74).
Each IL6RE overlaps with the HSE or the E-box. Interleukin-6
(IL-6), an inducer of the acute-phase reaction, increases the
expression of HO-1 and haptoglobin in human hepatoma cells
(52). Thus, HO-1 is a positive acute-phase reactant in human
hepatoma cells.

HO-1 induction responses in human cells appear to be also
variable depending on the type of stresses used. It is generally
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thought that HO-1 is inducible by treatment with proinflam-
matory cytokines such as interferon-y (IFN-v), in both ani-
mal and human cells. For example, combined treatment with
lipopolysaccharide (LPS) and IFN-y in the human acute
monocytic leukemia cell line, THP-1, induced ko-1 gene ex-
pression (54), whereas IFN-vy treatment of the human glio-
blastoma T98G cell line suppressed it (85). Of note, Bachl,
the heme-responsive transcriptional repressor of the /o-1 gene,
was induced by IFN-vy, whereas HO-1 expression was re-
pressed by the same treatment in T98G cells (39).

As mentioned earlier, the AP-1 site also constitutes the
MARE, or the nuclear factor erythroid 2 (NF-E2) site (30).
NF-E2 is a heterodimer of an erythroid-specific subunit (p45)
and a member of the Maf family of transcription factors (p18)
(32). Recently, a transcription repressor Bach1 was identified
as a mammalian heme-responsive transcription factor, and its
repression activity on the ho-1 gene was lost by heme bind-
ing, which in turn leads to transcriptional activation of the ho-1
gene through the MAREs (59). Heme also up-regulates nu-
clear translocation of Nrf2, a partner molecule for the Maf
family (14, 33), and promotes stabilization of Nrf2 (5). Thus,
when intracellular heme concentration is increased, Bachl is
displaced from the MARE sequences by heme binding, which
then allows binding of Nrf2 and other small Maf proteins, ul-
timately resulting in transcriptional activation of target genes
that include /o-1, thioredoxin, and keratinocyte growth factor
(Fig. 3) (14, 59). The MARE is also required for the hypoxic
repression of the human 4o-1 gene expression (39). Thus, an
appropriate control of the Maf/NF-E2 system by the switch-
ing on-off of Bachl and Nrf2 binding to the MARE sequence
appears to be critical for normal cellular functions. For exam-
ple, it is known that its deregulation leads to tumorigenesis
(16). Therefore, various repressors and activators, such as
Bachl and Nrf2, respectively, may be importantly involved
in the transcriptional control of the ho-1 gene. The fact that
the DNA binding activity of Bachl is regulated by heme sug-
gests that the stability of the gene expression program by
Bachl is directly influenced by intracellular heme concentra-
tions. It should be noted that Bachl knockout mice showed
also significant ho-1 gene activation, suggesting that low-
level HO-1 expression in the wild-type mice under normal
physiological conditions is due to repression by Bachl,
rather than a lack of activation (84). Thus, the Bachl—ko-1
system is the first example in higher eukaryotes that involves
a direct regulation of a transcription factor for an enzyme
gene by its substrate (84).

Regulation of ho-1 gene expression by hypoxia is also
species-specific. For example, hypoxia treatment of cultured
cells from rat (20), mouse (98), bovine (39), and monkey cells
(39) induced ho-1 gene activation, whereas many human cells
studied in culture, with one exception of human dermal fi-
broblasts (67), showed suppression of gene expression (39,
56). Similar to rat cell cultures, HO-1 is also inducible in the
rat brain in vivo following transient forebrain ischemia (87).
During hypoxia, the level of hypoxia-inducible factor (HIF)-
la increases because its normal degradation is suppressed by
hydroxylation of a specific proline residue in its oxygen-
dependent prolyl hydroxylase domain (PHD) (75). The ho-1
gene contains an HIF-binding site (40), although the func-
tional significance of HIF in the induction of HO-1 in
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FIG. 3. Hypothetical mechanism of ho-1 gene regulation. Hypothetical mechanism of 4o-/ gene regulation by oxidative
stress is shown, based largely on findings in the liver, lung, and kidney cells, but the concept may apply widely. Various oxidative
stresses, such as LPS, inflammation, IL-6, sepsis, UV, halothane, CCl,, IARF, and multiple organ dysfunction syndrome, result in
the production of free heme, most likely released from CYP. Free heme is then involved in the generation of ROS, which result in
a change in the redox state in the cell, and in the activation of the MAPK signaling pathway. Free heme also binds with Bach1, the
transcriptional repressor of #o-1, and permits its detachment from MARE sequence in the /o-1 promoter. This in turn allows Nrf2
binding with MARE, and results in the transcriptional activation of the ko-/ gene. Heme is also known to stimulate nuclear
translocation of Nrf2. Increased HO-1 activity metabolizes free heme to iron, CO, and biliverdin IX«. Iron is directly sequestered
and inactivated by coinduced ferritin. CO suppresses apoptosis of endothelial cells via the activation of p38 MAPK. Biliverdin
IXa is rapidly converted to bilirubin [Xa by biliverdin reductase and serves as a major antioxidant. Thus, all these metabolites of
the HO reaction act as members of the adaptive response and confer protection to cells against oxidative injuries. (Insets) The
composite enhancer and the proximal cis-acting elements of the #o-1 gene are schematically shown. Also shown is the polymor-
phic (GT), repeat in the ho-1 promoter. Human Ao-1 gene contains a potential HSE, although it appears to be silent in most human
cells. It also contains two IL6REs in normal orientation, and another in reverse orientation, and it is known that IL-6 treatment in-
duces ho-1 gene expression. The upstream cis-acting element of the human /o-1 gene, located at —4 kb, consists of the Cd-RE
and an AP-1 binding site. The AP-1 site also constitutes the MARE sequence, the key cis-regulatory sequence of the /o-1 gene. A
transcriptional repressor, Bachl, binds with MARE, to keep the /o-1 gene repressed in normal cells. Its repression is released
when Bachl binds with heme.

response to hypoxia remains elusive. These equivocal find-
ings appear to be due, in part, to different species used in the
study. Recently, it was shown in mouse cardiomyocyte cul-
tures that activation of the PHD oxygen-sensing mechanism

increased by metabolic inhibition, which also accompanied
the induction of HO-1 (98). This finding suggests that hy-
poxia may induce HO-1 via the PHD oxygen sensor as the
mediator (98).
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In addition, a (GT), dinucleotide repeat in the 5'-flanking
region of human ho-1 gene shows length polymorphism and
could modulate the level of gene transcription (Fig. 3). The
long (GT), repeat in the ho-I gene promoter appears to re-
duce HO-1 inducibility by ROS, such as those in cigarette
smokers, and contribute to the development of chronic pul-
monary emphysema (100). In contrast, the small size of a
(GT), allele was found to be associated with a reduced inci-
dence of emphysema. Short repeat (GT), alleles were also as-
sociated with reduced postdilation restenosis following bal-
loon dilation in percutaneous transluminal angioplasty (19),
suggesting that up-regulation of the 4o-1 gene may be an im-
portant protective factor against emphysema or restenosis.
However, longer (GT), repeats may also have an advantage in
certain conditions, such as cerebral malaria, a severe compli-
cation of malarial infection (79). In this case, it appears that
lower HO-1 expression in the longer (GT), repeats may be
adapted to decrease intracellular concentration of iron,
thereby providing protection against the development of cere-
bral malaria. Cerebral malaria appears to be an exception to
the rule. It may be due, in part, to the following: (a) several
genes are known to have been selected as the protective factor
against malaria over the long history of human diseases;
(b) malarial infection might be especially significant in the
selection of HO-1 as a protective gene because of intensive
production of hemozoin throughout one’s life; and (c) cere-
bral malaria is one of the most deadly diseases known to date.

METABOLIC CONSEQUENCES
OF HO-1 INDUCTION

The immediate and adaptive response of HO-1 specific to
the wide variety of oxidative injuries clearly suggests an im-
portant role of HO-1 in the protection of oxidative stresses, in
addition to its key role in heme catabolism. The absence of
HO-1 is associated with an abnormally elevated serum heme
concentration and results in various oxidative and inflamma-
tory complications (69, 99), indicating the fundamental role
of HO-1 in the protective response.

Free heme can be liberated from heme proteins under ox-
idative conditions (55, 58, 80). Heme is known to activate en-
dothelial cells and promote proinflammatory gene expression
probably mediated through heme-dependent ROS generation
(95). HO breaks down the prooxidant heme into three ele-
ments, i.e., iron, biliverdin IXa, and CO (Fig. 3). Iron, which
is an oxidant, is directly sequestered and inactivated in the
cell by coinduced ferritin (93). HO-1 has been reported also
to prevent cell death by exporting intracellular iron in vivo
(68) and in vitro (21). Biliverdin IXa is rapidly converted by
biliverdin reductase to bilirubin IXa. Both biliverdin IXa and
bilirubin X, as well as their glucuronides, are potent an-
tioxidants (83). The recent description of redox cycling in
which biliverdin is converted to bilirubin by biliverdin reduc-
tase, with bilirubin being recycled back to biliverdin, sug-
gests a mechanism that would amplify the antioxidant effects
of these bile pigments (8). CO produced from heme by HO
can also suppress apoptosis of endothelial cells via the activa-
tion of p38 mitogen-activated protein kinase (MAPK) (15).
CO at low concentrations also differentially and selectively
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inhibited the LPS-induced expression of proinflammatory cy-
tokines and increased the expression of the antiinflammatory
cytokine via p38 MAPK (64). Recently, it was also reported
that the ability of an antiinflammatory cytokine interleukin-10
(IL-10) to suppress tumor necrosis factor-a expression in
macrophages requires the presence of HO-1 and the genera-
tion of CO. In this model, HO-1 expression and CO adminis-
tration had comparable effects as those of IL-10 (41). The
protective effect of IL-10 in the lethal endotoxic shock model
in mice was also strictly dependent on HO-1 expression and
CO production (41). HO-1-deficient mice also exhibit lethal
ischemic lung injury, but can be rescued from death by CO
inhalation. In this model, CO exerted ischemic protection by
activating soluble guanylate cyclase and thereby suppressed
hypoxic induction of the gene encoding plasminogen activa-
tor inhibitor-1 (PAI-1) in mononuclear phagocytes. As a re-
sult, accrual of microvascular fibrin was suppressed, and CO-
mediated ischemic protection observed in the wild-type mice
was not observed in mice null for the PAI-1 gene expression,
suggesting a critical link between CO and prevention of isch-
emic injury (24). Thus, in addition to the removal of the
prooxidant heme, all these metabolites of the HO reaction
constitute the protective response axis, and serve against ox-
idative stimuli, by additional mechanisms (Fig. 3).

CONCLUSION

In this review, recent evidence concerning the protective role
of HO-1 in oxidative tissue injury was summarized with partic-
ular focus on the ischemic renal injury. Both inhibition of HO
activity and suppression of /o-1 gene expression led to marked
aggravation of the ischemic renal injury. In contrast, induction
of HO-1 by gene transfer, or by pharmacological induction,
conferred significant protection against the ischemic renal in-
jury at least in part removing the prooxidant free heme. The
three metabolites of heme by HO reaction also contribute to the
protection of cells from oxidative damage. These findings sug-
gest that HO-1 may play a critical role in the defense against the
ischemic renal injury. Tissue-specific HO-1 expression in the
kidney, such as by HO-1 gene transfer, or by treatment with
SnCl,, which specifically induces kidney HO-1, may provide a
new therapeutic modality for the ischemic renal injury.
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tivator inhibitor-1; PHD, prolyl hydroxylase domain; ROS,
reactive oxygen species; SnCl,, tin chloride; Sn-MP, tin
mesoporphyrin; Sn-PP, tin protoporphyrin.

10.

11.

12.

REFERENCES

Abraham NG. Therapeutic applications of human heme
oxygenase gene transfer and gene therapy. Curr Pharm
Des 9:2513-2524, 2003.

Abraham NG, Lavrovsky Y, Schwartzman ML, Stoltz
RA, Levere RD, Gerritsen ME, Shibahara S, and Kappas
A. Transfection of the human heme oxygenase gene into
rabbit coronary microvessel endothelial cells: protective
effect against heme and hemoglobin toxicity. Proc Natl
Acad Sci U S 4 92: 6798-6802, 1995.

. Agarwal A, Balla J, Alam J, Croatt AJ, and Nath KA. In-

duction of heme oxygenase in toxic renal injury: a pro-
tective role in cisplatin nephrotoxicity in the rat. Kidney
Int 48: 1298-1307, 1995.

Akagi R, Takahashi T, and Sassa S. Fundamental role of
heme oxygenase in the protection against ischemic acute
renal failure. Jpn J Pharmacol 88: 127-132, 2002.

Alam J, Killeen E, Gong P, Naquin R, Hu B, Stewart D,
Ingelfinger JR, and Nath KA. Heme activates the heme
oxygenase-1 gene in renal epithelial cells by stabilizing
Nrf2. Am J Physiol Renal Physiol 284: F743-F752,2003.
Bagchi D, Stohs SJ, Downs BW, Bagchi M, and Preuss
HG. Cytotoxicity and oxidative mechanisms of different
forms of chromium. 7oxicology 180: 5-22, 2002.

Baliga R, Zhang Z, Baliga M, Ueda N, and Shah SV. Role
of cytochrome P-450 as a source of catalytic iron in
cisplatin-induced nephrotoxicity. Kidney Int 54: 1562—
1569, 1998.

Baranano DE, Rao M, Ferris CD, and Snyder SH.
Biliverdin reductase: a major physiologic cytoprotectant.
Proc Natl Acad Sci U S A 99: 16093-16098, 2002.
Barceloux DG. Chromium. J Toxicol Clin Toxicol 37:
173-194, 1999.

Barrera D, Maldonado PD, Medina-Campos ON,
Hernandez-Pando R, Ibarra-Rubio ME, and Pedraza-
Chaverri J. Protective effect of SnCl, on K,Cr,0.-
induced nephrotoxicity in rats: the indispensability of
HO-1 preinduction and lack of association with some an-
tioxidant enzymes. Life Sci 73: 3027-3041, 2003.
Barrera D, Maldonado PD, Medina-Campos ON, Hernan-
dez-Pando R, Ibarra-Rubio ME, and Pedraza-Chaverri J.
HO-1 induction attenuates renal damage and oxidative
stress induced by K,Cr,0,. Free Radic Biol Med 34:
1390-1398, 2003.

Blydt-Hansen TD, Katori M, Lassman C, Ke B, Coito
Al, Iyer S, Buelow R, Ettenger R, Busuttil RW, and

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

TAKAHASHI ET AL.

Kupiec-Weglinski JW. Gene transfer-induced local heme
oxygenase-1 overexpression protects rat kidney trans-
plants from ischemia/reperfusion injury. J Am Soc Nephrol
14: 745-754, 2003.

Bonventre JV. Mechanisms of ischemic acute renal fail-
ure. Kidney Int 43: 1160-1178, 1993.

Braun S, Hanselmann C, Gassmann MG, auf dem Keller
U, Born-Berclaz C, Chan K, Kan YW, and Werner S. Nrf2
transcription factor, a novel target of keratinocyte growth
factor action which regulates gene expression and in-
flammation in the healing skin wound. Mol Cell Biol 22:
5492-5505, 2002.

Brouard S, Otterbein LE, Anrather J, Tobiasch E, Bach
FH, Choi AM, and Soares MP. Carbon monoxide gener-
ated by heme oxygenase 1 suppresses endothelial cell
apoptosis. J Exp Med 192: 1015-1026, 2000.

Chesi M, Bergsagel PL, Shonukan OO, Martelli ML,
Brents LA, Chen T, Schrock E, Ried T, and Kuehl WM.
Frequent dysregulation of the c-maf proto-oncogene at
16923 by translocation to an Ig locus in multiple my-
eloma. Blood 91: 4457-4463, 1998.

. Dragun D, Hoff U, Park JK, Qun Y, Schneider W, Luft

FC, and Haller H. Prolonged cold preservation augments
vascular injury independent of renal transplant immuno-
genicity and function. Kidney Int 60: 1173—-1181, 2001.
Drummond GS, Galbraith RA, Sardana MK, and Kappas
A. Reduction of the C2 and C4 vinyl groups of Sn-
protoporphyrin to form Sn-mesoporphyrin markedly en-
hances the ability of the metalloporphyrin to inhibit in vivo
heme catabolism. Arch Biochem Biophys 255: 64—74, 1987.
Exner M, Schillinger M, Minar E, Mlekusch W, Schlerka
G, Haumer M, Mannhalter C, and Wagner O. Heme
oxygenase-1 gene promoter microsatellite polymorphism
is associated with restenosis after percutaneous translu-
minal angioplasty. J Endovasc Ther 8: 433—440, 2001.
Eyssen-Hernandez R, Ladoux A, and Frelin C. Differen-
tial regulation of cardiac heme oxygenase-1 and vascular
endothelial growth factor mRNA expressions by hemin,
heavy metals, heat shock and anoxia. FEBS Lett 382:
229-233, 1996.

Ferris CD, Jaffrey SR, Sawa A, Takahashi M, Brady SD,
Barrow RK, Tysoe SA, Wolosker H, Baranano DE, Dore
S, Poss KD, and Snyder SH. Haem oxygenase-1 prevents
cell death by regulating cellular iron. Nat Cell Biol 1:
152-157, 1999.

Finn WF and Chevalier RL. Recovery from postischemic
acute renal failure in the rat. Kidney Int 16: 113-123,
1979.

Fischer DB and Badr KF. Renal circulatory and nephron
function in experimental acute renal failure. In: Acute
Renal Failure, 3rd edit., edited by Lazarus JM and Bren-
ner BM. New York, NY: Churchill Livingstone, 1993, pp.
53-68.

Fujita T, Toda K, Karimova A, Yan SF, Naka Y, Yet SF, and
Pinsky DJ. Paradoxical rescue from ischemic lung injury
by inhaled carbon monoxide driven by derepression of fi-
brinolysis. Nat Med 7: 598604, 2001.

Granick S and Urata G. Increase in activity of delta-
aminolevulinic acid synthetase in liver mitochondria in-
duced by feeding of 3,5-dicarbethoxy-1,4-dihydrocolli-
dine. J Biol Chem 238: 821-827, 1963.



PROTECTIVE ROLE OF HO-1 IN ISCHEMIC RENAL INJURY

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Granick S, Sinclair P, Sassa S, and Grieninger G. Effects
by heme, insulin, and serum albumin on heme and pro-
tein synthesis in chick embryo liver cells cultured in a
chemically defined medium, and a spectrofluorometric
assay for porphyrin composition. J Biol Chem 250:
9215-9225, 1975.

Guglielminotti J and Guidet B. Acute renal failure in
rhabdomyolysis. Minerva Anestesiol 65: 250-255, 1999.
Herbert V, Shaw S, Jayatilleke E, and Stopler-Kasdan T.
Most free-radical injury is iron-related: it is promoted by
iron, hemin, holoferritin and vitamin C, and inhibited by
desferoxamine and apoferritin. Stem Cells 12: 289-303,
1994.

Holt S and Moore K. Pathogenesis of renal failure in
rhabdomyolysis: the role of myoglobin. Exp Nephrol §:
72-76, 2000.

Igarashi K, Hoshino H, Muto A, Suwabe N, Nishikawa S,
Nakauchi H, and Yamamoto M. Multivalent DNA bind-
ing complex generated by small Maf and Bachl as a pos-
sible biochemical basis for beta-globin locus control re-
gion complex. J Biol Chem 273: 11783-11790, 1998.
Immenschuh S and Ramadori G. Gene regulation of
heme oxygenase-1 as a therapeutic target. Biochem Phar-
macol 60: 1121-1128, 2000.

Inamdar NM, Ahn Y1, and Alam J. The heme-responsive
element of the mouse heme oxygenase-1 gene is an ex-
tended AP-1 binding site that resembles the recognition
sequences for MAF and NF-E2 transcription factors.
Biochem Biophys Res Commun 221: 570-576, 1996.

Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh'Y,
Oyake T, Hayashi N, Satoh K, Hatayama I, Yamamoto M,
and Nabeshima Y. An Nrf2/small Maf heterodimer medi-
ates the induction of phase II detoxifying enzyme genes
through antioxidant response elements. Biochem Biophys
Res Commun 236: 313-322, 1997.

Iwasa F, Sassa S, and Kappas A. delta-Aminolaevulinate
synthase in human HepG2 hepatoma cells. Repression by
haemin and induction by chemicals. Biochem J 262:
807813, 1989.

Jeney V, Balla J, Yachie A, Varga Z, Vercellotti GM, Eaton
JW, and Balla G. Pro-oxidant and cytotoxic effects of cir-
culating heme. Blood 100: 879-887, 2002.

Kappas A and Drummond GS. Control of heme metabo-
lism with synthetic metalloporphyrins. J Clin Invest 77:
335-339, 1986.

Kappas A and Maines MD. Tin: a potent inducer of heme
oxygenase in kidney. Science 192: 60-62, 1976.

Keyse SM and Tyrrell RM. Heme oxygenase is the major
32-kDa stress protein induced in human skin fibroblasts
by UVA radiation, hydrogen peroxide, and sodium arsen-
ite. Proc Natl Acad Sci U S A 86: 99-103, 1989.
Kitamuro T, Takahashi K, Ogawa K, Udono-Fujimori R,
Takeda K, Furuyama K, Nakayama M, Sun J, Fujita H,
Hida W, Hattori T, Shirato K, Igarashi K, and Shibahara
S. Bachl functions as a hypoxia-inducible repressor for
the heme oxygenase-1 gene in human cells. J Biol Chem
278:9125-9133, 2003.

Lee PJ, Jiang BH, Chin BY, Iyer NV, Alam J, Semenza
GL, and Choi AM. Hypoxia-inducible factor-1 mediates
transcriptional activation of the heme oxygenase-1 gene in
response to hypoxia. J Biol Chem 272: 5375-5381, 1997.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

875

Lee TS and Chau LY. Heme oxygenase-1 mediates the
anti-inflammatory effect of interleukin-10 in mice. Nat
Med 8: 240-246, 2002.

Liano F, Junco E, Pascual J, Madero R, and Verde E. The
spectrum of acute renal failure in the intensive care unit
compared with that seen in other settings. The Madrid
Acute Renal Failure Study Group. Kidney Int Suppl 66:
S16-S24, 1998.

Liu H and Baliga R. Cytochrome P450 2E1 null mice
provide novel protection against cisplatin-induced neph-
rotoxicity and apoptosis. Kidney Int 63: 1687-1696,
2003.

Maines MD. Heme oxygenase: function, multiplicity,
regulatory mechanisms, and clinical applications. FASEB
J2:2557-2568, 1988.

Maines MD and Kappas A. Studies on the mechanism of
induction of haem oxygenase by cobalt and other metal
ions. Biochem J 154: 125-131, 1976.

Maines MD, Mayer RD, Ewing JF, and McCoubrey WK
Jr. Induction of kidney heme oxygenase-1 (HSP32)
mRNA and protein by ischemia/reperfusion: possible
role of heme as both promotor of tissue damage and regu-
lator of HSP32. J Pharmacol Exp Ther 264: 457-462,
1993.

Maines MD, Raju VS, and Panahian N. Spin trap (N-7-
butyl-alpha-phenylnitrone)-mediated suprainduction of
heme oxygenase-1 in kidney ischemia/reperfusion model:
role of the oxygenase in protection against oxidative in-
jury. J Pharmacol Exp Ther 291: 911-919, 1999.
McCord JM. Oxygen-derived free radicals in postisch-
emic tissue injury. N Engl J Med 312: 159-163, 1985.
McCoubrey WK Jr, Huang TJ, and Maines MD. Isolation
and characterization of a cDNA from the rat brain that
encodes hemoprotein heme oxygenase-3. Eur J Biochem
247:725-732, 1997.

Mehta RL. Outcomes research in acute renal failure.
Semin Nephrol 23: 283-294, 2003.

Metnitz PG, Krenn CG, Steltzer H, Lang T, Ploder J,
Lenz K, Le Gall JR, and Druml W. Effect of acute renal
failure requiring renal replacement therapy on outcome
in critically ill patients. Crit Care Med 30: 2051-2058,
2002.

Mitani K, Fujita H, Kappas A, and Sassa S. Heme oxyge-
nase is a positive acute-phase reactant in human Hep3B
hepatoma cells. Blood 79: 1255-1259, 1992.

Muller RM, Taguchi H, and Shibahara S. Nucleotide se-
quence and organization of the rat heme oxygenase gene.
J Biol Chem 262: 6795-6802, 1987.

Muraosa Y and Shibahara S. Identification of a cis-
regulatory element and putative trans-acting factors
responsible for 12-O-tetradecanoylphorbol-13-acetate
(TPA)-mediated induction of heme oxygenase expression
in myelomonocytic cell lines. Mol Cell Biol 13:7881—
7891, 1993.

Nakahira K, Takahashi T, Shimizu H, Maeshima K, Ue-
hara K, Fujii H, Nakatsuka H, Yokoyama M, Akagi R,
and Morita K. Protective role of heme oxygenase-1 in-
duction in carbon tetrachloride-induced hepatotoxicity.
Biochem Pharmacol 66: 1091-1105, 2003.

Nakayama M, Takahashi K, Kitamuro T, Yasumoto K,
Katayose D, Shirato K, Fujii-Kuriyama Y, and Shibahara



876

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

S. Repression of heme oxygenase-1 by hypoxia in vascu-
lar endothelial cells. Biochem Biophys Res Commun 271:
665-671, 2000.

Nath KA, Balla G, Vercellotti GM, Balla J, Jacob HS,
Levitt MD, and Rosenberg ME. Induction of heme oxy-
genase is a rapid, protective response in rthabdomyolysis
in the rat. J Clin Invest 90: 267-270, 1992.

Odaka Y, Takahashi T, Yamasaki A, Suzuki T, Fujiwara T,
Yamada T, Hirakawa M, Fujita H, Ohmori E, and Akagi
R. Prevention of halothane-induced hepatotoxicity by
hemin pretreatment: protective role of heme oxygenase-1
induction. Biochem Pharmacol 59: 871-880, 2000.
Ogawa K, Sun J, Taketani S, Nakajima O, Nishitani C,
Sassa S, Hayashi N, Yamamoto M, Shibahara S, Fujita H,
and Igarashi K. Heme mediates derepression of Maf
recognition element through direct binding to transcrip-
tion repressor Bachl. EMBO J 20: 2835-2843, 2001.
Ohta K, Yachie A, Fujimoto K, Kaneda H, Wada T, Toma
T, Seno A, Kasahara Y, Yokoyama H, Seki H, and
Koizumi S. Tubular injury as a cardinal pathologic fea-
ture in human heme oxygenase-1 deficiency. Am J Kid-
ney Dis 35: 863-870, 2000.

Okinaga S and Shibahara S. Identification of a nuclear
protein that constitutively recognizes the sequence con-
taining a heat-shock element. Its binding properties and
possible function modulating heat-shock induction of the
rat heme oxygenase gene. Eur J Biochem 212: 167-175,
1993.

Orrenius S, Ellin A, Jakobsson SV, Thor H, Cinti DL,
Schenkman JB, and Estabrook RW. The cytochrome P-
450-containing mono-oxygenase system of rat kidney
cortex microsomes. Drug Metab Dispos 1: 350-357,
1973.

Otterbein LE and Choi AM. Heme oxygenase: colors of
defense against cellular stress. A4m J Physiol Lung Cell
Mol Physiol 279: 1L1029-L1037, 2000.

Otterbein LE, Bach FH, Alam J, Soares M, Tao Lu H,
Wysk M, Davis RJ, Flavell RA, and Choi AM. Carbon
monoxide has anti-inflammatory effects involving the
mitogen-activated protein kinase pathway. Nat Med 6:
422-428, 2000.

Paller MS and Jacob HS. Cytochrome P-450 mediates
tissue-damaging hydroxyl radical formation during re-
oxygenation of the kidney. Proc Natl Acad Sci U S A 91:
7002-7006, 1994.

Paller MS, Hoidal JR, and Ferris TF. Oxygen free radicals
in ischemic acute renal failure in the rat. J Clin Invest 74:
1156-1164, 1984.

Panchenko MV, Farber HW, and Korn JH. Induction of
heme oxygenase-1 by hypoxia and free radicals in human
dermal fibroblasts. Am J Physiol Cell Physiol 278:
C92-C101, 2000.

Poss KD and Tonegawa S. Heme oxygenase 1 is required
for mammalian iron reutilization. Proc Natl Acad Sci
USA94:10919-10924, 1997.

Poss KD and Tonegawa S. Reduced stress defense in
heme oxygenase 1-deficient cells. Proc Natl Acad Sci
U SA494:10925-10930, 1997.

Racusen LC. The histopathology of acute renal failure.
New Horiz 3: 662—668, 1995.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

86.

TAKAHASHI ET AL.

Ries F and Klastersky J. Nephrotoxicity induced by can-
cer chemotherapy with special emphasis on cisplatin tox-
icity. Am J Kidney Dis 8: 368-379, 1986.

Roberts BJ, Shoaf SE, Jeong KS, and Song BJ. Induction of
CYP2EI1 in liver, kidney, brain and intestine during chronic
ethanol administration and withdrawal: evidence that
CYP2EI possesses a rapid phase half-life of 6 hours or less.
Biochem Biophys Res Commun 205: 1064—1071, 1994.
Sassa S. Recent progress in heme synthesis and metabo-
lism. In: Regulation of Heme Protein Synthesis, edited by
Fujita H. Dayton, OH: AlphaMed Press, 1994, pp. 1-10.
Sato M, Ishizawa S, Yoshida T, and Shibahara S. Interac-
tion of upstream stimulatory factor with the human heme
oxygenase gene promoter. Eur J Biochem 188: 231-237,
1990.

Semenza GL. HIF-1, O,, and the 3 PHDs: how animal
cells signal hypoxia to the nucleus. Cell 107: 1-3, 2001.
Shibahara S. Regulation of heme oxygenase gene expres-
sion. Semin Hematol 25: 370-376, 1988.

Shibahara S, Yoshida T, and Kikuchi G. Mechanism of in-
crease of heme oxygenase activity induced by hemin in
cultured pig alveolar macrophages. Arch Biochem Bio-
phys 197: 607-617, 1979.

Shibahara S, Muller RM, and Taguchi H. Transcriptional
control of rat heme oxygenase by heat shock. J Biol
Chem 262: 12889-12892, 1987.

Shibahara S, Kitamuro T, and Takahashi K. Heme degra-
dation and human disease: diversity is the soul of life. An-
tioxid Redox Signal 4: 593—602, 2002.

Shimizu H, Takahashi T, Suzuki T, Yamasaki A, Fujiwara
T, Odaka Y, Hirakawa M, Fujita H, and Akagi R. Protec-
tive effect of heme oxygenase induction in ischemic
acute renal failure. Crit Care Med 28: 809-817, 2000.

. Shiraishi F, Curtis LM, Truong L, Poss K, Visner GA,

Madsen K, Nick HS, and Agarwal A. Heme oxygenase-1
gene ablation or expression modulates cisplatin-induced
renal tubular apoptosis. Am J Physiol Renal Physiol 278:
F726-F736, 2000.

Siegel NJ and Shah SV. Acute renal failure: directions for
the next decade. J Am Soc Nephrol 14: 21762177, 2003.
Stocker R, Yamamoto Y, McDonagh AF, Glazer AN, and
Ames BN. Bilirubin is an antioxidant of possible physio-
logical importance. Science 235: 1043-1046, 1987.

Sun J, Hoshino H, Takaku K, Nakajima O, Muto A,
Suzuki H, Tashiro S, Takahashi S, Shibahara S, Alam J,
Taketo MM, Yamamoto M, and Igarashi K. Hemoprotein
Bachl1 regulates enhancer availability of heme oxygenase-1
gene. EMBO J21: 5216-5224, 2002.

. Takahashi K, Nakayama M, Takeda K, Fujia H, and

Shibahara S. Suppression of heme oxygenase-1 mRNA
expression by interferon-gamma in human glioblastoma
cells. J Neurochem 72: 23562361, 1999.

Takahashi T, Akagi R, Shimizu H, Hirakawa M, and
Sassa S. Heme oxygenase-1: a major player in the de-
fense against the oxidative tissue injury. In: Heme Oxyge-
nase in Biology and Medicine, edited by Abraham NG,
Alam J, and Nath KA. New York, NY: Kluwer Aca-
demic/Plenum Publishers, 2002, pp. 387-398.

. Takeda A, Onodera H, Sugimoto A, ItoyamaY, Kogure K,

and Shibahara S. Increased expression of heme oxyge-



PROTECTIVE ROLE OF HO-1 IN ISCHEMIC RENAL INJURY

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

nase mRNA in rat brain following transient forebrain
ischemia. Brain Res 666: 120—124, 1994.

Takeda K, Ishizawa S, Sato M, Yoshida T, and Shibahara
S. Identification of a cis-acting element that is responsi-
ble for cadmium-mediated induction of the human heme
oxygenase gene. J Biol Chem 269: 22858-22867, 1994.
Tamura Y, Imaoka S, Gemba M, and Funae Y. Effects of
ischemia—reperfusion on individual cytochrome P450
isoforms in the rat kidney. Life Sci 60: 143—149, 1997.
Tenhunen R, Marver HS, and Schmid R. The enzymatic
conversion of heme to bilirubin by microsomal heme
oxygenase. Proc Natl Acad Sci US A 61: 748755, 1968.
Toda N, Takahashi T, Mizobuchi S, Fujii H, Nakahira K,
Takahashi S, Yamashita M, Morita K, Hirakawa M, and
Akagi R. Tin chloride pretreatment prevents renal injury
in rats with ischemic acute renal failure. Crit Care Med
30: 1512-1522, 2002.

Tullius SG, Nieminen-Kelha M, Buelow R, Reutzel-
Selke A, Martins PN, Pratschke J, Bachmann U, Leh-
mann M, Southard D, Iyer S, Schmidbauer G, Sawitzki B,
Reinke P, Neuhaus P, and Volk HD. Inhibition of isch-
emia/reperfusion injury and chronic graft deterioration
by a single-donor treatment with cobalt-protoporphyrin
for the induction of heme oxygenase-1. Transplantation
74: 591-598, 2002.

Vogt BA, Alam J, Croatt AJ, Vercellotti GM, and Nath
KA. Acquired resistance to acute oxidative stress. Possi-
ble role of heme oxygenase and ferritin. Lab Invest 72:
474-483, 1995.

Vogt BA, Shanley TP, Croatt A, Alam J, Johnson KJ, and
Nath KA. Glomerular inflammation induces resistance to
tubular injury in the rat. A novel form of acquired, heme
oxygenase-dependent resistance to renal injury. J Clin In-
vest 98: 2139-2145, 1996.

Wagener FA, Feldman E, de Witte T, and Abraham NG.
Heme induces the expression of adhesion molecules
ICAM-1, VCAM-1, and E selectin in vascular endothe-
lial cells. Proc Soc Exp Biol Med 216: 456463, 1997.
Wedeen RP and Qian LF. Chromium-induced kidney dis-
ease. Environ Health Perspect 92: 71-74, 1991.

Wiesel P, Patel AP, Carvajal IM, Wang ZY, Pellacani A,
Maemura K, DiFonzo N, Rennke HG, Layne MD, Yet SF,
Lee ME, and Perrella MA. Exacerbation of chronic reno-
vascular hypertension and acute renal failure in heme
oxygenase-1-deficient mice. Circ Res 88: 1088—1094,
2001.

98.

99.

100.

101.

102.

103.

104.

877

Wright G, Higgin JJ, Raines RT, Steenbergen C, and
Murphy E. Activation of the prolyl hydroxylase oxygen-
sensor results in induction of GLUT1, heme oxygenase-1,
and nitric-oxide synthase proteins and confers protection
from metabolic inhibition to cardiomyocytes. J Biol
Chem 278: 20235-20239, 2003.

Yachie A, Niida Y, Wada T, Igarashi N, Kaneda H, Toma
T, Ohta K, Kasahara Y, and Koizumi S. Oxidative stress
causes enhanced endothelial cell injury in human heme
oxygenase-1 deficiency. J Clin Invest 103: 129-135,
1999.

Yamada N, Yamaya M, Okinaga S, Nakayama K,
Sekizawa K, Shibahara S, and Sasaki H. Microsatellite
polymorphism in the heme oxygenase-1 gene promoter is
associated with susceptibility to emphysema. Am J Hum
Genet 66: 187-195, 2000.

Yamamoto M, Kure S, Engel JD, and Hiraga K. Structure,
turnover, and heme-mediated suppression of the level of
mRNA encoding rat liver delta-aminolevulinate synthase.
J Biol Chem 263: 15973-15979, 1988.

Yang L, Quan S, and Abraham NG. Retrovirus-mediated
HO gene transfer into endothelial cells protects against
oxidant-induced injury. Am J Physiol 277: L127-L133,
1999.

Yin M, Currin RT, Peng XX, Mekeel HE, Schoonhoven
R, and Lemasters JJ. Different patterns of renal cell kil-
ling after warm and cold ischemia. Ren Fail 24: 147—
163, 2002.

Yoshinaga T, Sassa S, and Kappas A. A comparative
study of heme degradation by NADPH-cytochrome c re-
ductase alone and by the complete heme oxygenase sys-
tem. Distinctive aspects of heme degradation by NADPH-
cytochrome ¢ reductase. J Biol Chem 257: 7794-7802,
1982.

Address reprint requests to:

Toru Takahashi, M.D.

Department of Anesthesiology and Resuscitology
Okayama University Medical School

2-5-1 Shikata-cho

Okayama 700-8558, Japan

E-mail: takatoru@cc.okayama-u.ac.jp

Received for publication May 20, 2004; accepted June 13,
2004.



Thisarticle has been cited by:

1. Takeki Uehara, Jyoji Yamate, Mikinori Torii, Toshiyuki Maruyama. 2011. Comparative Nephrotoxicity of Cisplatin and
Nedapl atin:Mechanisms and Histopathological Characteristics. Journal of Toxicologic Pathology 24:2, 87-94. [ CrossRef]

2. Toru Takahashi, Hiroko Shimizu, Hiroshi Morimatsu, Kyoichiro Maeshima, Kazuyoshi Inoue, Reilko Akagi, Masaki
Matsumi, Hiroshi Katayama, Kiyoshi Morita. 2009. Heme Oxygenase and Carbon Monoxide: Medicine Chemistry and
Biological Effects Guest Editor: Yuji Naito Heme Oxygenase-1 is an Essential Cytoprotective Component in Oxidative
Tissue Injury Induced by Hemorrhagic Shock. Journal of Clinical Biochemistry and Nutrition 44:1, 28-40. [ CrossRef]

3. Toru Takahashi, Hiroko Shimizu, Kazuyoshi Inoue, Hiroshi Morimatsu, Kana Umeda, Emiko Omori, Reiko Akagi, Kiyoshi
Morita. 2007. Protective role of HO-1 in oxidative tissue injuries. Folia Pharmacologica Japonica 130:4, 252-256.
[CrossRef]

4. Prof. Mahin D. Maines . 2005. The Heme Oxygenase System: Update 2005The Heme Oxygenase System: Update 2005.
Antioxidants & Redox Sgnaling 7:11-12, 1761-1766. [Citation] [PDF] [PDF Plus]


http://dx.doi.org/10.1293/tox.24.87
http://dx.doi.org/10.3164/jcbn.08-210-HO
http://dx.doi.org/10.1254/fpj.130.252
http://dx.doi.org/10.1089/ars.2005.7.1761
http://www.liebertonline.com/doi/pdf/10.1089/ars.2005.7.1761
http://www.liebertonline.com/doi/pdfplus/10.1089/ars.2005.7.1761

