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Heme Oxygenase-1 as a Potential Therapeutic Target for Hepatoprotection
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Heme oxygenase (HO), the rate limiting enzyme in the

breakdown of heme into carbon monoxide (CO), iron and

bilirubin, has recently received overwhelming research

attention. To date three mammalian HO isozymes have

been identified, and the only inducible form is HO-1 while

HO-2 and HO-3 are constitutively expressed. Advances in

unveiling signal transduction network indicate that a

battery of redox-sensitive transcription factors, such as

activator protein-1 (AP-1), nuclear factor-kappa B (NF-

κB) and nuclear factor E2-related factor-2 (Nrf2), and

their upstream kinases including mitogen-activated protein

kinases play an important regulatory role in HO-1 gene

induction. The products of the HO-catalyzed reaction,

particularly CO and biliverdin/bilirubin have been shown

to exert protective effects in several organs against oxidative

and other noxious stimuli. In this context, it is interesting to

note that induction of HO-1 expression contributes to

protection against liver damage induced by several chemical

compounds such as acetaminophen, carbon tetrachloride

and heavy metals, suggesting HO-1 induction as an

important cellular endeavor for hepatoprotection. The

focus of this review is on the significance of targeted

induction of HO-1 as a potential therapeutic strategy to

protect against chemically-induced liver injury as well as

hepatocarcinogenesis.
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Introduction

Heme oxygenase (HO) is the first and the rate limiting

enzyme in the catabolism of heme (Maines, 2005; Maines and

Gibbs, 2005) to yield equimolar amounts of biliverdin, carbon

monoxide (CO) and free iron (Fig. 1). To date three isoforms

of HO designated as HO-1, HO-2 and HO-3 have been

identified in mammals (Maines, 1988; Maines et al., 1986;

McCoubrey et al., 1997). HO-1 is also known as heat shock

protein 32. Its human form is composed of 288 amino acids

with a molecular mass of 32,800 Da and shares about 80%

amino acid sequence identity with rat HO-1 (Yoshida e al.,

1988). On the other hand, human HO-2 is a 36 kDa protein

that consists of 316 amino acids with three cysteine residues

(McCoubrey et al., 1992; Ishikawa et al., 1995). HO-3, a 33

kDa protein, has been recently described as a weak catalyst

for heme degradation and is not inducible. HO-1 is highly

inducible by hemin and other none-heme agents such as

ultraviolet (UV), hydrogen peroxides, heavy metals, hypoxia,

and nitric oxide (Keyse et al., 1989; Tyrrell et al., 1993;

Janssen et al., 1994; Motterlini et al., 2000).

Immunochemical studies with specific monoclonal antibodies

have revealed the distribution of HO-1 and HO-2 in the rat

liver with distinct topographical patterns (Goda et al., 1998).

Thus, HO-1 has been shown to be expressed principally in

Kupffer cells while HO-2 is expressed in parenchymal cells

(Bauer et al., 1998). Trakshel et al. (1986) demonstrated that

under unstimulated conditions, the activity of HO-2 was 2- to

3-fold higher than that of HO-1, while the activity of HO-1

increased more than 100 fold in the presence of cadmium or

cobalt. Under conditions of oxidative stress, hypoxia or

hyperthermia, the induction of HO-1 would account for the

majority of heme breakdown leading to the formation of

bilirubin and CO.

Since HO-1 is induced as a protective mechanism in

response to various stimuli, targeted induction of this stress-

response enzyme may be considered as an important

therapeutic strategy for the protection against inflammatory

processes and oxidative tissue damage. In this article, recent

findings on the implications of HO-1 induction in cellular

adaptive cytoprotective response to chemical insults and
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inflammatory conditions are reviewed, with particular emphasis

placed on targeted HO-1 induction for hepatoprotection.

Protective Roles of HO-1 in Experimentally-induced 
Hepatic Damage

Induction of HO-1 has been shown to protect against a wide

array of noxious stimuli, such as ultraviolet radiation,

hyperoxia, lipopolysaccharide (LPS) and heme-induced

damage (Alam et al., 1989; Motterlini et al., 2000, Naito et

al., 2004; Fuji et al., 2003). In a model of ischemia-

reperfusion injury, increased expression of HO-1 correlates

with improved survival and organ functions in the heart,

kidney and liver (Amersi et al., 1999; Tamion et al., 2001;

Masini et al., 2003). The induction of HO-1 by certain

chemical compounds and some pathophysiologcal conditions

is depicted in Fig. 2.

HO-1 has been shown to be protective in several disparate

models of hepatic injuries. In an ex-vivo transplant model, up-

regulation of HO-1 prevented ischemia/reperfusion injury

(Amersi et al., 1999, 2002). HO-1 induction was subsequently

shown to alleviate ischemia-reperfusion injury in aged rat

liver (Wang et al., 2004, 2005).

Some HO-1 inducers have potential for use as effective

preconditioning agents in solid organ transplantation. Curcumin,

a candidate pharmacological preconditioning agent, was recently

demonstrated to protect hepatocytes against oxidative injury

and this protection was mediated through HO-1 induction

(McNally et al., 2006). In addition, curcumin pretreatment

resulted in up-regulation of HO-1 during simulated cold

preservation and reperfusion, which was associated with

cytoprotection. Thus, curcumin may be of therapeutic benefit

in liver transplantation by harnessing the stress response and

allowing for prolonged duration of cold storage usually needed

for hepatic allografts during the transplantation process.

Pannen et al. (1998) demonstrated that HO-1 was

hepatoprotective in a systemic model of rat hemorrhagic

shock and resuscitation. In addition, over-expression of HO-1

has been shown to be protective against endotoxin mediated

hepatic dysfunction (Kyokane et al., 2001; Dorman et al.,

2004). In addition, Wunder et al. (2002) demonstrated that in

remote organ injury initiated by 1-h bilateral hindlimb

ischemia followed by either 1- or 1.5-h reperfusion (I-R) in

male C57BL/6 mice, the induction of HO-1 reduced leukocyte

accumulation within liver sinusoids and postsinusoidal venules.

Furthermore, this study demonstrated that suppression of HO

activity by chromium mesoporphyrin, a competitive inhibitor

of HO, elicited a significant increase in leukocyte adhesion

within postsinusoidal venules and elevation of sinusoidal

plugging by leukocytes (Wunder et al., 2002). Induction of

HO-1 in protecting human hepatocytes against hypoxia has

recently been demonstrated, suggesting that HO-1 induction

may have therapeutic potential against inflammatory insults

(Tuzuner et al., 2004).

Further evidence underscoring the role of HO-1 in cellular

defense came from investigations using mice deficient in HO-

1. Adult mice deficient in HO-1 were more susceptible to

hepatic necrosis, and developed anemia when subjected to

endotoxin (Poss et al., 1997; Takahashi et al., 2003). The HO-

1 knock-out mice also show growth retardation, and their

kidneys and livers elicit iron deposition and hepatospenomegaly

Fig. 2. The induction of HO-1 by a wide array of hepatotoxic

chemicals and conditions conferring adaptive cytoprotective

response.

Fig. 1. Heme degradation pathway. HO degrades heme to biliverdin,

carbon monoxide (CO) and iron. Biliverdin is subsequently

converted to bilirubin by cytosolic biliverdin reductase. Iron is

normally sequestered by ferritin, preventing it from participating

in the detrimental Fenton reaction. CO produced possesses anti-

inflammatory, anti-oxidant, anti-apoptotic, anti-proliferative and

vasodilatory effects. Biliverdin and bilirubin are known to have

potent anti-oxidant properties.
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and periportal inflammation (Wunder and Porter, 2003). A

single case of human HO-1 deficiency was reported (Yachie

et al., 1999). This patient exhibited growth retardation and

persistent anemia, and eventually died of intracranial hemorrhage

at 6 years (Kawashima et al., 2002).

The role of HO-1 in immune-mediated liver injury has also

been demonstrated. Sass et al. (2003) found that up-regulation

of endogenous HO-1 rescued mice from apoptotic liver damage

induced by anti-CD95 antibody (Ab) or D-galactosamine in

combination with anti-CD3 Ab, LPS, or tumor necrosis factor

α (TNF-α). In addition, overexpression of HO-1 by adenoviral

gene transfer ameliorated apoptotic liver damage, and during

the systemic inflammatory response syndrome (McCarter et

al., 2004), thus providing a therapeutic modality for

inflammatory liver diseases. Although, the mechanistic basis

of the hepatoprotective role of HO-1 has not been fully

elucidated, the products of this enzyme, namely bilverdin/

bilirubin, CO, and ferritin, have been considered to be involved.

Cytoprotective Effects of HO-1 Products

Biliverdin and bilirubin. Although biliverdin and bilirubin,

the metabolites of heme produced by HO, were used to be

regarded as useless or toxic products, they are now recognized

as important endogenous antioxidants (Fig. 1). Antioxidant

activities of biliverdin and bilirubin have been demonstrated

both in vitro and in vivo (Stocker et al., 1987a b; Llesuy and

Tomaro, 1994). Recent studies have revealed the potent

cytoprotective effects of biliverdin against hepatic ischemia

reperfusion injury in rats (Fondevila et al., 2004). Under

certain experimental conditions, bilirubin was found to be as

potent as α-tocopherol in scavenging peroxyl radicals in vitro

(Stocker et al., 1987b). Bilirubin at nanomolar concentrations

has been shown to rescue cells from hydrogen peroxide-

induced damage (Baranano et al., 2002). Studies by Ossola

and colleagues (1997) suggested inverse correlation between

HO induction and oxidative stress in rat liver. In their study,

administration of bilirubin significantly suppressed oxidative

stress in rats treated with copper sulfate. The antioxidant

activity of bilirubin and HO-1 induction was further

demonstrated in rat liver exposed to UVA (Ossola and

Tomaro, 1998). Bilirubin also elicited an antioxidant effects in

rat hepatoma AH 136B primary cells. (Tanaka et al., 2003;

Fang et al., 2004).

Carbon monoxide. CO, a gaseous by-product of heme

metabolism, is produced at relatively high levels in injured

tissues via induction of HO-1, and contributes to the

attenuation or resolution of pro-inflammatory processes. CO

has potent protective effects on acute and chronic inflammation

(More et al., 2005). CO suppresses the pro-inflammatory

response while it enhances the anti-inflammatory function of

macrophages (Yachie et al., 1999). Thus, CO was demonstrated

to attenuate the inflammatory response induced by LPS in

RAW264.7 murine macrophages (Sawle et al., 2005) and also

in rat liver via modulation of iNOS expression and NO

production (Sarady et al., 2004; Sawle et al., 2005). Moreover

CO inhibits platelet activation and aggregation, thereby

suppressing thrombosis and the pro-inflammatory damage

induced by activated platelets (Brune and Ullrich, 1997).

Other anti-inflammatory effects elicited by CO include down-

regulation of the expression in macrophages of plasminogen

activator inhibitor type 1 and prevention of apoptosis in

several types of cells, such as endothelial cells, fibroblasts and

hepatocytes (Brouard et al. 2002; Petrache et al., 2000;

Otterbein et al., 2003).

CO has been shown to have potent vasoactive properties.

Thus, CO was demonstrated to stimulate soluble guanylate

cyclase, leading to increased production of cGMP. Through

this process CO can alter smooth muscle cell activity within

the wall of vessels thereby causing vasodilation (Pannen et al.,

1998). Suematsu et al. (1995) demonstrated that CO maintained

a low vascular tone of liver sinusoids via cGMP-mediated

relaxation of hepatic stellate cells, an effect that is particularly

eminent when HO-1 gene is induced upon oxidative stress

(Bauer et al., l996). Furthermore, CO has been shown to

affect vascular resistance indirectly by inhibiting the

cytochrome P450-mediated production of endothelin-1, a

vasoactive compound known to increase sinusoidal resistance

(Coceani et al., 1997). Studies have shown that, cGMP or p38

mitogen-activated protein kinase (MAPK) plays a role in

mediating the cytoprotective effects of CO. For instance,

cGMP, was shown to be involved in the antiapoptotic effects

of CO in fibroblasts (Otterbein et al., 2003). The anti-

thrombotic effect of CO in platelets requires both cGMP and

p38 MAPK (Petrache et al., 2000). By utilizing an ex-vivo

model of CO exposure, Amersi et al. (2002) found that the

p38 MAPK signaling pathway could represent a key molecular

mechanism by which CO protects against hepatic I/R insult.

Fe
2+

 and ferritin. The oxidation of heme by HO-1 leads to

the production of iron (Fe2+). Generally, Fe2+ even at a low

concentration is known to cause cytotoxicity by catalyzing the

production of hydroxyl radicals but studies have shown that

the level of ferritin, the Fe2+-sequestering protein, is elevated

when HO-1 is induced, and decreased when HO activity is

suppressed (Eisenstein et al., 1991). Other studies have also

shown that the ATPase pump that actively removes intracellular

iron from the cell is increased in tandem with the expression

of ferritin, and in this process the intracellular pool of Fe2+ is

decreased (Ferris et al., 1999). The relative contribution of the

ATPase pump and ferritin to the overall cytoprotective effects

of HO-1 has not been clarified, but both entities appear to play

pivotal roles in removing Fe 2+ from the cell when HO-1

expression is elevated.

Although increased ferritin levels are often observed in

conjunction with HO-1 induction, the cytoprotective effects of

HO-1 do not necessarily correlate with expression of ferritin.

For instance, in rats subjected to endotoxic shock, HO-1
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induction was shown to be ferritin independent (Otterbein et

al., 1997), while in an oxidative stress-induced cytotoxicity

model, HO-1 induction and cytoprotection were found to be

ferritin-dependent (Balla et al., 1992). In spite of the controversy

concerning the role of ferritin as a cytoprotective agent

resulting from HO induction, recent studies continue to favor

the notion that expression of ferritin is indeed related to HO

activity. Hydrogen peroxide-mediated toxicity in cultured

human endothelial cells (ECV 304) was accompanied by a

significant induction of HO activity and ferritin synthesis

(Grosser et al., 2004). Gonzales et al. (2005) demonstrated

that the induction of HO-1 by cobalt chloride in rat liver

preceded an increase in ferritin and ferritin-bound iron. A

significant correlation was observed between the increased

levels of HO-1 and ferritin in patients with non-alcoholic fatty

liver disorders (Malaguanera et al., 2005).

Signal Transduction Network for HO-1 Gene 
Regulation

A number of intracellular signaling molecules have been

identified to be involved in regulating the induction of HO-1

(Fig. 3). Some of the major upstream protein kinases and their

downstream transcription factors responsible for the up-

regulation of HO-1 are discussed below. 

Roles of upstream kinases in signal transduction mediating

HO-1 induction. Among upstream signaling kinases,

extracellular signal-regulated protein kinase (ERK), c-Jun N-

terminal kinase (JNK), and p38 MAPK have been considered

to play major roles in controlling up-regulation of HO-1.

Activation of either one or more of these MAPKs by external

stimuli triggers HO-1 gene expression. ERK1/2 and p38

MAPK are involved in the induction of HO-1 gene transcription

by sodium arsenite in the hepatoma cell line (Elbirt et al., 1998).

Other signaling enzymes that are likely to be implicated in

HO-1 induction include protein kinase (PKC), protein kinase

A (PKA), and phosphatidyl inositol 3-kinase (PI3K). A number

of studies have recently demonstrated the role of PKC in the

regulation of HO-1 gene expression (Li et al., 2004; Numazawa

et al., 2003). Intracellular levels of cAMP are elevated by a

large number of hormones and external stimuli, resulting in

the activation of PKA. Immenschuh et al. (1998) reported that

treatment of primary rat hepatocytes with the PKA-stimulating

agents, such as Bt2cAMP and glucagon, resulted in a dose-

dependent induction of HO-1. In contrast, Bt2cAMP and

glucagon inhibited HO-1 induction by cobalt (Co2+) in chick

embryo hepatocytes, suggesting that PKA-dependent

induction of HO-1 is cell- or stimuli-specific. In addition,

cGMP formed via activation of soluble guanylate cyclase,

either directly by NO-releasing agents or by the induction of

inducible nitric oxide synthase (iNOS), has been shown to up-

regulate HO-1 gene expression (Polte et al., 1997; 2000).

The PI3K/Akt pathway controls the intracellular levels of

ROS by regulating the expression of HO-1 (Salinas et al.,

2003). A recent study from our laboratory also suggested the

involvement of PI3K/Akt signaling pathway in the induction

of HO-1 by 15-deoxy-∆12,14-prostaglandin J2 (15d-PGJ2) in

human mammary cancer (MCF-7) cells (Kim et al., 2004).

The PI3K-mediated activation of nuclear factor E2-related

factor-2 (Nrf2) has been proposed to be a major signaling

Fig. 3. Regulation of HO-1 by transcription factors and their upstream kinases. Under normal conditions, transcription factors, such as

NF-κB, AP-1 and Nrf2, are located in the cytosol. Upon external stimuli, the active forms of these transcription factors translocate to

the nucleus where they bind to the specific DNA sequence leading to the transcription of HO-1 gene.
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pathway in HO-1 induction by hemin in human neuroblastoma

SH-SY5Y cells (Nakaso et al., 2003). Besides its role in

regulating HO-1 expression at the transcriptional level, Akt/

PKB has also been shown to induce posttranslational

modifications of HO-1 via phosphorylation of its serine-188

residue (Salinas et al., 2004).

Roles of transcription factors in HO-1 induction. Activator

protein (AP)-1 is a major transcription factor that can

transactivate HO-1 by binding to the promoter region of the

gene. AP-1 is a dimeric combination of basic leucine zipper

(bZIP) proteins of the Jun and Fos family, Jun dimerization

partners and the closely related activating transcription factor

sub-families (Karin et al., 1997). Several studies have

demonstrated that the induction of HO-1 by oxidative stimuli,

such as heme (Shan et al., 2004), sodium arsenite, cobalt

chloride (Lu et al., 2000), and cobalt protoporphyrin (CoPP)

(Shan et al., 2004), is mediated via AP-1 activation.

Nuclear factor-κB (NF-κB) has also been implicated in the

induction of HO-1 expression in response to diverse stimuli,

such as hemin, cadmium (Chen et al., 2004), and LPS

(Wijayanti et al., 2004) as the inhibition of NF-κB leads to

attenuation of HO-1 induction by these agents (Liu et al.,

2004). In addition, overexpression of NF-κB in human

hepatoblastoma-derived HepG2 cells resulted in an increased

HO-1 mRNA level (Lavrovsky et al. (2000).

Nrf2, a 66-kDa protein and a member of the cap‘n’collar

family of bZIP transcription factors, has been shown to play

an essential role in the ARE-mediated expression of phase II

detoxifying, antioxidant, and stress-inducible genes including

HO-1 (Itoh et al., 1997). Nrf2 is sequestered in the cytoplasm

as an inactive complex with its cytosolic repressor Keap1.

Dissociation of Nrf2 from the inhibitory protein Keap1 is a

prerequisite for nuclear translocation of this transcription

factor. After forming a heterodimer with small Maf protein,

the active Nrf2 binds to cis-elements having common core

sequences, alternatively known as Maf recognition element

(MARE), ARE, or electrophile/stress response elements (EpRE/

StRE) (Lee and Surh, 2005), leading to the expression of a

battery of target genes, including HO-1.

Protective Role of HO-1 in Chemically-induced 
Liver Damage

Acute liver damage continues to pose serious problems in

critical care due to a high rate of mortality (Gill and Sterling,

2001). Although viral hepatitis especially hepatitis B virus has

been suspected to account for the majority of the liver cancer

cases, but exposure to drugs and aflatoxin B1-contaminated

foods have also been implicated in the etiology of human

hepatocarcinogenesis (Gill and Sterling, 2001). Numerous

chemicals including acetaminophen, carbon tetrachloride and

heavy metals have been classically used to induce hepatotoxicity

in laboratory animals (Aleksunes et al., 2004). Expression of

HO-1 and other hepatic antioxidant and detoxification genes

is induced in rat liver as a consequence of chemical injury

(Chiu et al., 2002; Nakahira et al., 2003). The representative

hepatotoxicants and the role of HO-1 in protecting hepatic

lesions caused by these chemicals are described below.

Acetaminophen. Acetaminophen is considered a relatively

safe analgesic drug at a therapeutic dose but an overdose has

been shown to cause hepatic damage in experimental animals

and humans (Laskin et al., 1995; Makin and Williams, 1997).

More than 50% of all cases of acute liver failure in the United

States from 1997 to 2002 have been shown to result from

exposure to drugs, and 40% of these have been attributed to

acetaminophen ingestion (Lee, 2003). Acetaminophen is

bioactivated by cytochrome P450 enzymes, particularly the

2E1 isoform, to N-acetyl-p-benzoquinone imine (NAPQI)

(Nelson, 1990). NAPQI is a highly reactive electrophile that

covalently binds to cellular macromolecules causing toxicity.

Hepatic and non-hepatic parenchymal cells have been shown

to produce ROS which have been implicated in acetaminophen-

induced tissue damage (Gardner et al., 1998; Michael et al.,

1999). It has been reported that expression of HO-1 is rapidly

up-regulated in the liver following administration of toxic

doses of acetaminophen (Bauer et al., 2000; Noriega et al.,

2000). Up-regulation of HO-1 and multidrug resistance-

associated proteins by a hepatotoxic dose of acetaminophen

has been recently reported (Aleksunes et al., 2005). Chiu et al.

(2002) demonstrated a time dependent induction of HO-1 in

the liver following treatment of rats with a toxic dose of

acetaminophen, and pretreatment with hemin prevented

acetaminophen hepatotoxicity. In another study, treatment of

rats with acetaminophen induced HO-1 and its mRNA

transcript, and inhibition of HO activity by tin protoporphyrin

(SnPP) abrogated acetaminophen-induced hepatic neutrophil

accumulation and NF-κB activation (Bauer et al., 2000).

Nrf2 has been shown to play an important role in the

detoxification of acetaminophen. Studies by Chan et al.

(2001) revealed that mice deficient in Nrf2 are more prone to

acetaminophen-induced hepatotoxicity. A direct evidence for

the Nrf2 activation following acetaminophen treatment was

recently demonstrated in vivo (Goldring et al., 2004). According

to this study, there was a dose dependent increase in nuclear

levels of Nrf2 in the liver which was consistent with a

pronounced nuclear translocation of this transcription factor.

Carbon tetrachloride. It is generally thought that carbon

tetrachloride (CCl4) hepatotoxicity is due to a reactive

intermediate trichloromethyl radical which is generated by its

reductive metabolism by hepatic cytochrome P450. In the

presence of oxygen, the trichloromethyl radical forms

trichloromethyl peroxy radical species which preferentially

causes lipid peroxidation resulting in the breakdown of

cellular membranes (De Groot and Sies, 1989). Studies have

shown that HO-1 is induced in the liver of rats treated with

CCl4. In a rat model of acute CCl4-induced hepatic injury,
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Schiaffonati and Tiberio (1997) demonstrated an increase in

the steady-state levels of mRNAs for HO-1, Mn and Cu/Zn

superoxide dismutases and H and L ferritin subunits. In this

study, induction of c-fos and c-jun protooncogenes is the

earliest event after CCl4 administration providing evidence

that activation of specific stress response genes is primarily

related to the defense against the rapidly occurring cell

damage. Subsequently, Nakahira et al. (2003) demonstrated a

marked increase in hepatic HO-1 expression both at

transcriptional and translational levels in hepatocytes, especially

around the central vein. Parallel with the induction of HO-1,

there were significant increases in the hepatic malondialdehyde

content, severe liver cell injury, and elevated hepatic TNF-α

mRNA expression and DNA binding activity of NF-κB.

These findings suggest that induction of HO-1 following CCl4
treatment is an adaptive response which can confer

hepatoprotection against further oxidative damage.

Halothane and Isoflurane. Halothane and isoflurane are

anesthetic agents used in major hepatic surgeries such as liver

transplantation, in which ischemic injury to the liver is a

major obstacle (Chapin and Newland 1989). Halothane has

been shown to cause hepatic injury including severe hepatitis

(Kenna and Jones, 1995) whereas isoflurane is considered to

be less hepatotoxic since it undergoes quantitatively much less

metabolism to form reactive metabolites and also preserves a

better hepatic blood flow (Kenna and Jones, 1995).

The metabolism of halothane is considered to occur via two

different pathways both of which are catalyzed by microsomal

cytochrome P450, especially the 2E1 isoform (Kenna and

Jones, 1995). Halothane is metabolized under normoxia to

trifluoroacetyl chloride, an unstable and reactive intermediate

that induces covalent trifluroacetylation of several proteins of

the endoplasmic reticulum leading to hepatic damage (Kenna

and Jones, 1995). Under hypoxic conditions, however, halothane

is metabolized by a reductive pathway to produce a free

radical intermediate which initiates lipid peroxidation and

hepatic damage (Awad et al., 1996). In the halothane-hypoxia

model, induction of HO-1 mRNA and its protein product

occurred principally in the hepatocytes around the central vein

with concomitant increase in serum alanine transaminase

activity (Odaka et al., 2000). In addition, hemin pretreatment

induced hepatic HO-1 which abrogated the halothane-induced

hepatotoxicity in this model. In contrast, the inhibition of HO

activity by pretreatment with the HO-1 inhibitor, tin

mesoporphyrin (Sn-MP) abolished the effect of hemin,

lending further support for the implications of HO-1 induction

in the protection of hepatic damage by halothane-induced

hypoxia (Odaka et al., 2000).

Yamasaki et al. (2001) reported that under hypoxic conditions,

isoflurane failed to induce HO-1, suggesting that much less

heme is formed by isoflurane-hypoxia whereas halothane-

hypoxia induced HO-1 significantly. Their study demonstrate

differential effects of isoflurane and halothane on the expression

of HO-1 under hypoxic conditions and that isoflurane may

cause hepatic damage to a lesser extent than halothane

justifying the notion that isoflurane may be a safer anesthetic

compared with halothane. In agreement with the above

finding, recent studies have demonstrated the ability of

isoflurane to induce HO-1 activity and expression under

normoxia (Hoetzel et al., 2002; Shmidt et al., 2004; Buzalel

and Batlle, 2005). Schmidt et al. (2004) demonstrated specific

over-expression of HO-1 mRNA and protein in the liver,

followed by an elevated HO enzyme activity in rats treated

with isoflurane. This effect reduced portal venous resistance.

In addition, HO inhibition by SnPP augmented portal resistance

in isoflurane pretreated animals which was associated with the

increased portal pressure and the reduced portal flow. These

findings may implicate the HO-1 induction in therapeutic

potential of isoflurane as an anesthetic agent. In mechanistic

terms, Hoetzel et al. (2006) recently elucidated the underlying

mechanisms of HO-1 induction by isoflurane. It was found

that the compound induced HO-1 specifically in the pericentral

region of the liver and the induction depended on the Kupffer

cell function, PKC and phospholipase A2.

Heavy metals. HO-1 can be induced in a wide range of

animal tissues, particularly liver following a number of

stressful stimuli including heavy metals (Dorman et al., 2005).

The effects of heavy metals such as cobalt chloride (CoCl2)

and cobalt protoporphyrin (CoPP) on the transcription of the

HO have been examined using cDNA for rat HO as a probe

(Lin et al., 1990). CoCl2 increased HO mRNA by 40-to 60-

fold after 2 h of metal exposure and this increase was prevented

by co-administration of actinomycin D or cycloheximide,

indicating that up-regulation of HO requires de novo protein

synthesis which was regulated at the transcriptional level.

Furthermore, the induction of chicken HO-1 by CoCl2 was

reported to be regulated by AP-1 elements (Lu et al., 2000).

CoCl2 is known to produce oxygen-derived free radicals

which leads to oxidative damage (Christova et al., 2002)

resulting in over-expression of HO-1 as a compensatory reaction

(Kaliman et al., 2001). Gonzales et al., 2005 demonstrated an

increase in lipid peroxidation and a decrease in GSH synthesis

with concomitant induction of HO-1 expression and activity

following treatment of rats with CoCl2. CoCl2 elicited over-

expression of HO-1 which protected the rat liver from

ischemia/reperfusion injury with extended cold preservation

(Kato et al., 2001). Sass et al. (2003) demonstrated that up-

regulation of endogenous HO-1 by CoPP rescued mice from

immune-mediated apoptotic liver damage. CoPP treatment

also protected isolated primary hepatocytes from anti-CD95-

induced apoptosis.

Arsenic as arsenite has been shown to induce the activity

and expression of HO-1 in experimental animals (Brown et al,

1997; Kitchin et al., 1999), in the chicken hepatoma cell line

(Gabis et al., 1996), human hepatoma cells (Mitani et al.,

1990) and chick embryo liver cells and hepatocytes (Lu et al.,

1997; Jacobs et al., 1999). In mice treated with sodium

arsenite, maximal increases of hepatic HO-1 and plasma total
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bilirubin occurred at 24 h with concomitant decreases in the

total hepatic cytochrome P450 monooxygenase content and

catalytic activities (Suebert et al., 2002). Arsenite was

reported to activate MAPKs (Liu et al., 1996; Cavigelli et al.,

1996), potently stimulates AP-1 transcriptional activity and

efficiently induces c-fos and c-jun gene expression (Cavigelli

et al., 1996). In a chicken hepatoma cell line (LMH), sodium

arsenite induced the activity of MAPKs, such as ERK, JNK

and p38, which appeared to be regulated by an AP-1 element

(Elbirt et al., 1998). This study implicates the role of MAPK

signaling cascades in sodium arsenite-mediated induction of

HO-1 gene expression.

Cadmium (Cd), a representative environmental heavy metal,

has been shown to be a potent inducer of a number of stress

proteins including HO-1 in various animal models as well as in

transgenic mice expressing the luciferase reporter gene (Abe et

al., 2000; Malstrom et al., 2004). Treatment of primary rat

hepatocytes or hepatoma cells with CdCl2 (10 mM) or CoCl2
(300 mM) induced HO-1 mRNA expression in parallel with

23 kDa heme-binding protein (HBP23) (Immenschuh et al.,

1995). The upstream stimulatory factor (USF) binding site that

is functional in transcription of the HO-1 gene was

demonstrated to play an important role in the induction of rat

HO-1 expression by cadmium (Maeshima et al., 1996). By

using the yeast two-hybrid assay, He et al. (2001) identified

activating transcription factor (ATF) 4 as a potential Nrf2-

interacting protein and confirmed association between Nrf2 and

ATF4 in mammalian cells by co-immunoprecipitation and

mammalian two-hybrid assays. Furthermore, the Nrf2-ATF4

dimer was found to bind to ARE that harbors the consensus

sequence from the HO-1 gene. This study revealed that

increased expression of ATF4 in mouse hepatoma cells and

detectable induction of ATF4 protein by CdCl2 preceded HO-1

induction, suggesting that ATF4 regulates basal and CdCl2-

induced expression of the HO-1 gene.

Furthermore, Cd-induced HO-1 expression was mediated

by MAPKs and transcription factors such as AP-1 and NF-κB

(Elbirt et al., 1998; Hart et al., 1999; Liu et al., 2002). Liu et

al. (2002), by using wild-type and metallothionein-I/II-null

mice models, showed the activation of JNK1 and JNK 2 as

well as ERK1/2 in MT-null mice following administration of

Cd. In addition, AP-1 was remarkably activated after Cd

intoxication in wild-type mice.

HO-1 as a Potential Target of Hepatoprotective 
Agents

Although significant progress has been made in the

management of liver diseases, acute liver failure still remains

a serious problem (Takahashi et al., 2004). Liver transplantation

which is currently employed in the treatment of hepatic failure

is still a limited way of therapy with many drawbacks such as

exorbitant costs and shortage of donors. Presently there have

been limited strategies to protect liver cells from damage and

degeneration. In view of the increasing experimental evidence

demonstrating the antioxidant and anti-inflammatory effects of

HO-1 products, the induction of this enzyme or its catalytic

activity by either natural or synthetic compounds may

represent an effective strategy to intervene in liver

carcinogenesis and other hepatic disorders.

A wide variety of chemopreventive agents eliciting

cytoprotective, anti-inflammatory, and antioxidant effects via

HO-1 induction have been recognized. While continuous

efforts should be geared towards searching for novel

hepatoprotective agents targeting HO-1, some synthetic or

naturally occurring substances presently identified to induce

HO-1 as part of their chemoprevention/chemoprotection against

hepatocarcinogenesis or other liver disorders are listed below.

Oltipraz and structurally related dithiole thiones. Oltipraz

[4-methyl-5-(2-pyrazinyl)-1,2-dithiole-3-thione] and related

dithiolethiones exert their chemopreventive activities by

enhancing the expression of carcinogen detoxification and

antioxidant genes (Kensler, 1997; Roebuck et al., 2003).

Oltipraz was shown to protect against acute toxicities mediated

by carbon tetrachloride, acetaminophen, allyl alcohol, and

aflatoxin in mice, hamsters and rats (Kwak et al., 2004). The

chemopreventive effects of oltipraz and related thiols have

been attributed to their ability to reduce the formation of

reactive metabolites of chemicals and/or to enhance their

detoxification (Kwak et al., 2004).

According to Primiano et al. (1996), treatment of rats with

1,2-dithiole-3-thione resulted in a significant increase in

hepatic HO-1 activity that corresponded to increased HO-1

protein levels. Nrf2 plays a central role in regulating the

induction of HO-1 and other multiple phase 2 and antioxidative

enzymes by chemoprotective dithiolethiones in vivo (Petzer et

al., 2003; Kwak et al., 2004). Petzer et al. (2003) reported that

a major metabolite of oltipraz, when treated to murine hepatoma

cells containing a luciferase gene under the control of the

ARE from the mouse HO-1 gene, induced the luciferase

activity, to a greater extent than that achieved with the parent

compound. Western blots of nuclear proteins isolated from

Hepa1c1c7 cells indicated a stimulation of nuclear

translocation of Nrf2 from the cytosol (Petzer et al., 2003).

Organosulfur compounds in garlic. Some organosulfur

compounds such as diallyl sulfide, diallyl disulfide and diallyl

trisulfide present in garlic have been shown to possess

pronounced chemoprotective and chemopreventive properties

(Herman-Antosiewicz et al., 2004). Certain garlic-derived

organosulfur compounds can inhibit metabolic activation of

carcinogens, thereby blocking initiation of carcinogenesis

(Milner, 2001; Yang et al., 2001). In addition, the induction of

antioxidant and phase II detoxifying enzymes by organosulfur

compounds has been reported (Guyonnet et al., 1999; Sheen

et al., 1999). Since allylsulfides undergo metabolic conversion

to form sulfone derivatives (Germaine et al., 2003) that may

act as electrophiles, these organosulfur compounds are
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thought to target cysteine sulfhydryl of Keap1, thereby

activating Nrf2-regulated gene transcription and ARE activity.

In support of this hypothesis, Chen et al. (2004) recently

reported that treatment of human hepatoma HepG2 cells with

various organosulfur compounds resulted in Nrf2 activation

leading to the induction of HO-1. Nrf2-mediated HO-1

induction by diallyl sulfide in HepG2 cells has also been

reported by Gong et al. (2004). According to this work, diallyl

sulfide-induced HO-1 gene expression was accompanied by a

transient increase in ROS production. Treatment of HepG2

cells with N-acetyl-L-cysteine, a ROS scavenger, blocked

diallyl sulfide-induced ROS production, ERK activation,

nuclear translocation of Nrf2, and subsequently HO-1

expression. However, the same study revealed that diallyl

trisulfide-induced ARE activity was mediated via Ca+2-

dependent signaling, but not that of MAPKs or PKC (Chen et

al., 2004). Therefore, the differential effects of garlic-derived

organosulfur compounds on the MAPK-mediated activation

of Nrf2 and HO-1 induction may be due to structural

differences in terms of the number of the sulfur moiety and

the length of alkyl side chain, which may confer varying

degrees of electrophilicity to parent compounds as well as

their active metabolites (Prawan et al., 2005).

Sulforaphane. The isothiocyanate sulphoraphane, a constituent

of broccoli and some other cruciferous vegetables, has been

intensively investigated for its bifunctional chemopreventive

effects characterized by inhibition of phase I enzymes and

induction of phase II enzymes (Langouet et al., 2000; Munday

and Munday, 2004). The compound also increases the binding

of Nrf2 to ARE, resulting in the induction of a battery of

phase II detoxification genes (Zhang et al., 2003). Recent

studies by Jeong and colleagues (2005) using HepG2 cells

demonstrated that sulphoraphane strongly induced expression

and ARE-mediated transcriptional activation of Nrf2, retarded

degradation of Nrf2 through inhibition of Keap1, and induced

the expression of HO-1.

Conclusion

There has been increasing evidence supporting that HO-1 is

protective in several disparate models of hepatic stress. The

metabolic products of HO-catalysed heme breakdown have

been shown to play pivotal role in cellular defense including

hepatoprotection. Furthermore, the up-regulation of HO-1

expression, mediated through signal transduction network

involving AP-1, NF-κB, Nrf2 and MAPKs, points to the

central role of these signaling molecules in the maintenance of

cellular redox homeostasis. As induction of HO-1 expression

may hence hold therapeutic promises, continuous efforts

towards identifying novel hepatoprotective antioxidant/anti-

inflammatory substances that target HO-1 and establishment

of well designed in vivo models properly evaluating the

efficacy of these agents will be warranted.

Acknowledgments This work was supported by the National

Research Laboratory (NRL) grant from the Ministry of

Science and Technology, Republic of Korea (YJS). EOF

acknowledges funding support from the NRL grant, while on

sabbatical leave at the Seoul National University, South

Korea.

References

Abe, T., Yamamoto, O., Gotoh, S., Yan, Y., Todaka, N. and

Higashi, K. (2000) Cadmium-induced mRNA expression of

Hsp32 is augmented in metallothionein-I and -II knock-out

mice. Arch. Biochem. Biophys. 382, 81-88. 

Alam, J., Shibahara, S. and Smith, A. (1989) Transcriptional

activation of the heme oxygenase gene by heme and cadmium

in mouse hepatoma cells. J. Biol. Chem. 264, 6371-6375.

Aleksunes, L. M., Slitt, A. M., Cherrington, N. J., Thibodeau, M.

S., Klaassen, C. D. and Manautou, J. E. (2005) Differential

expression of mouse hepatic transporter genes in response to

acetaminophen and carbon tetrachloride. Toxicol. Sci. 83, 44-

52.

Amersi, F., Buelow, R., Kato, H., Ke, B., Coito, A. J., Shen, X.

D., Zhao, D., Zaky, J., Melinek, J., Lassman, C. R., Kolls, J.

K., Alam, J., Ritter, T., Volk, H. D., Farmer, D. G., Ghobrial,

R. M., Busuttil, R. W. and Kupiec-Weglinski, J. W. (1999) Up

regulation of heme oxygenase-1 protects genetically fat Zucker

rat livers from ischemia/reperfusion injury. J. Clin. Invest. 104,

1631-1639.

Amersi, F., Shen, X. D., Anselmo, D., Melinek, J., Iyer, S.,

Southard, D. J., Katori, M., Volk, H. D., Busuttil, R. W.,

Buelow, R. and Kupiec-Weglinski, J. W. (2002) Ex vivo

exposure to carbon monoxide prevents hepatic ischemia/

reperfusion injury through p38 MAP kinase pathway.

Hepatology 35, 815-823.

Awad, J. A., Horn, J. L., Roberts, L. J 2nd and Franks J. J. (1996).

Demonstration of halothane-induced hepatic lipid peroxidation

in rats by quantification of F2-isoprostanes. Anesthesiology. 84,

910-916.

Balla, G., Jacob, H.S., Balla, J., Rosenberg, M., Nath, K., Apple,

F., Eaton, J. W. and Vercellotti, G. M. (1992) Ferritin: a

cytoprotective antioxidant strategem of endothelium. J. Biol.

Chem. 267, 18148-18153.

Baranano, D. E., Rao, M., Ferris, C. D. and Snyder, S. H. (2002)

Biliverdin reductase: a major physiologic cytoprotectant. Proc.

Natl. Acad. Sci. USA 99, 16093-16098.

Bauer, I., Vollmar, B., Jaeschke, H., Rensing, H., Kraemer, T.,

Larsen, R. and Bauer, M. (2000) Transcriptional activation of

heme oxygenase-1 and its functional significance in

acetaminophen-induced hepatitis and hepatocellular injury in

the rat. J. Hepatol. 33, 395-406.

Bauer, I., Wanner,. G. A., Rensing, H., Alte, C., Miescher, E. A.,

Wolf, B., Pannen, B. H., Clemens, M. G. and Bauer, M. (1998)

Expression pattern of heme oxygenase isoenzymes 1 and 2 in

normal and stress-exposed rat liver. Hepatology 27, 829-838.

Bauer, M., Pannen, B. H., Bauer, I., Herzog, C., Wanner, G. A,

Hanselmann, R., Zhang, J. X., Clemens, M. G. and Larsen, R.

(1996) Evidence for a functional link between stress response

and vascular control in hepatic portal circulation. Am. J.



Heme Oxygenase-1 in Hepatoprotection 487

Physiol. 271, 929-935. 

Brouard, S., Berberat, P. O., Tobiasch, E., Seldon, M. P., Bach, F.

H. and Soares, M. P. (2002) Heme oxygenase-1-derived carbon

monoxide requires the activation of transcription factor NF-

kappa B to protect endothelial cells from tumor necrosis factor-

alpha-mediated apoptosis. J. Biol. Chem. 277, 17950-17961. 

Brown, J. L., Kitchin, K. T. and George M. (1997) Dimethylarsenic

acid treatment alters six different rat biochemical parameters:

relevance to arsenic carcinogenesis. Teratog. Carcinog.

Mutagen. 17, 71-84.

Brune, B. and Ullrich, V. (1987) Inhibition of platelet aggregation

by carbon monoxide is mediated by activation of guanylate

cyclase. Mol. Pharmacol. 32, 497-504.

Buzaleh, A. M. and Batlle, A. M. (2005) Glutathione depletion

and anaesthesia in mice alter heme and drug metabolizing

enzymes. Biochim. Biophys. Acta. 1723, 128-134. 

Cavigelli, M., Li, W. W., Lin, A., Su, B., Yoshioka, K. and Karin,

M. (1996) The tumor promoter arsenite stimulates AP-1

activity by inhibiting a JNK phosphatase. EMBO J. 15, 6269-

6279.

Chapin, J. W., Newland, M. C. and Hurlbert, B. J. (1989)

Anesthesia for liver transplantation. Semin Liver Dis. 9, 195-

201.

Chen, C., Pung, D., Leong, V., Hebbar, V., Shen, G., Nair, S., Li,

W. and Kong, A. N. (2004) Induction of detoxifying enzymes

by garlic organosulfur compounds through transcription factor

Nrf2: effect of chemical structure and stress signals. Free

Radic. Biol. Med. 37, 1578-1590. 

Chen, G. G., Liu, Z. M., Vlantis, A. C, Tse, G. M., Leung, B. C.

and van Hasselt, C. A. (2004) Heme oxygenase-1 protects

against apoptosis induced by tumor necrosis factor-alpha and

cycloheximide in papillary thyroid carcinoma cells. J. Cell.

Biochem. 92, 1246-1256. 

Chiu, H., Brittingham, J. A. and Laskin, D. L. (2002) Differential

induction of heme oxygenase-1 in macrophages and

hepatocytes during acetaminophen-induced hepatotoxicity in the

rat: effects of hemin and biliverdin. Toxicol. Appl. Pharmacol.

181, 106-115. 

Christova, T. Y., Duridanova, D. B. and Setchenska, M. S. (2002)

Enhanced heme oxygenase activity increases the antioxidant

defense capacity of guinea pig liver upon acute cobalt chloride

loading: comparison with rat liver. Comp. Biochem. Physiol. C

Toxicol. Pharmacol. 131, 177-184. 

Coceani, F., Kelsey, L., Seidlitz, E., Marks, G. S., McLaughlin, B.

E., Vreman, H. J., Stevenson, D. K., Rabinovitch, M. and

Ackerley, C. (1997) Carbon monoxide formation in the ductus

arteriosus in the lamb: implications for the regulation of muscle

tone. Br. J. Pharmacol. 120, 599-608.

De Groot, H. and Sies, H. (1989) Cytochrome P-450, reductive

metabolism, and cell injury. Drug Metab. Rev. 20, 275-284.

Dorman, R. B., Bajt, M. L., Farhood, A., Mayes, J. and Jaeschke,

H. (2004) Heme oxygenase-1 induction in hepatocytes and

non-parenchymal cells protects against liver injury during

endotoxemia. Comp. Hepatol. 3, 42.

Dorman, R. B., Wunder, C. and Brock, R. W. (2005) Cobalt

protoporphyrin protects against hepatic parenchymal injury and

microvascular dysfunction during experimental rhabdomyolysis.

Shock. 23, 275-280. 

Eisenstein, R. S., Garcia-Mayol, D., Pettingell, W. and Munro, H.

N. (1991) Regulation of ferritin and heme oxygenase synthesis

in rat fibroblasts by different forms of iron. Proc. Natl. Acad.

Sci. USA 88, 688-692.

Elbirt, K. K., Whitmarsh, A. J., Davis, R. J. and Bonkovsky, H. L.

(1998) Mechanism of sodium arsenite-mediated induction of

heme oxygenase-1 in hepatoma cells. Role of mitogen-

activated protein kinases. J. Biol. Chem. 273, 8922-8931. 

Fang, J., Akaike, T. and Maeda, H. (2004) Antiapoptotic role of

heme oxygenase (HO) and the potential of HO as a target in

anticancer treatment. Apoptosis. 9, 27-35. 

Ferris, C. D., Jaffrey, S. R., Sawa, A., Takahashi, M., Brady, S.

D., Barrow, R. K., Tysoe, S. A., Wolosker, H., Baranano. D.

E., Dore, S., Poss, K. D. and Snyder, S. H. (1999) Haem

oxygenase-1 prevents cell death by regulating cellular iron.

Nat. Cell. Biol. 1, 152-157.

Fondevila, C., Shen, X. D., Tsuchiyashi, S., Yamashita, K.,

Csizmadia, E., Lassman, C., Busuttil, R. W., Kupiec-Weglinski,

J. W. and Bach, F. H. (2004) Biliverdin therapy protects rat

livers from ischemia and reperfusion injury. Hepatology 40,

1333-1341. 

Fujii, H., Takahashi, T., Nakahira, K., Uehara, K., Shimizu, H.,

Matsumi, M., Morita, K., Hirakawa, M., Akagi, R. and Sassa,

S. (2003) Protective role of heme oxygenase-1 in the intestinal

tissue injury in an experimental model of sepsis. Crit. Care

Med. 31, 893-902.

Gabis, K. K., Gildemeister, O. S., Pepe, J. A., Lambrecht, R. W

and Bonkovsky, H. L. (1996) Induction of heme oxygenase-1

in LMH cells. Comparison of LMH cells to primary cultures

of chick embryo liver cells. Biochim. Biophys. Acta 1290, 113-

120. 

Gardner, C. R., Heck, D. E., Yang, C. S., Thomas, P. E, Zhang,

X. J., DeGeorge, G. L., Laskin, J. D. and Laskin, D. L. (1998)

Role of nitric oxide in acetaminophen-induced hepatotoxicity in

the rat. Hepatology 27, 748-754.

Germain, E., Chevalier, J., Siess, M. H. and Teyssier, C. (2003)

Hepatic metabolism of diallyl disulphide in rat and man.

Xenobiotica 33, 1185-1199. 

Gill, R. Q, and Sterling, R. K. (2001) Acute liver failure. J. Clin.

Gastroenterol. 33, 191-198. 

Goda, N., Suzuki, K., Naito, M., Takeoka, S., Tsuchida, E.,

Ishimura, Y., Tamatani, T. and Suematsu, M. (1998)

Distribution of heme oxygenase isoforms in rat liver.

Topographic basis for carbon monoxide-mediated microvascular

relaxation. J. Clin. Invest. 101, 604-612.

Goldring, C. E., Kitteringham, N. R., Elsby. R., Randle, L. E.,

Clement, Y. N. and Williams, D. P., McMahon, M., Hayes,

J.D., Itoh, K., Yamamoto, M. and Park, B.K. (2004) Activation

of hepatic Nrf2 in vivo by acetaminophen in CD-1 mice.

Hepatology. 39, 1267-1276.

Gong, P., Hu, B. and Cederbaum, A. I. (2004) Diallyl sulfide

induces heme oxygenase-1 through MAPK pathway. Arch.

Biochem. Biophys. 432, 252-260. 

Gonzales, S., Polizio, A. H., Erario, M. A. and Tomaro, M. L.

(2005) Glutamine is highly effective in preventing in vivo

cobalt-induced oxidative stress in rat liver. World J.

Gastroenterol. 11, 3533-3538. 

Gonzales, S., Polizio, A. H., Erario, M. A. and Tomaro, M. L.

(2005) Glutamine is highly effective in preventing in vivo

cobalt-induced oxidative stress in rat liver. World J.

Gastroenterol. 11, 3533-3538. 

 Grosser, N., Oberle, S., Berndt, G., Erdmann, K., Hemmerle, A.



488 Ebenezer Olatunde Farombi and Young-Joon Surh

and Schroder, H. (2004) Antioxidant action of L-alanine: heme

oxygenase-1 and ferritin as possible mediators. Biochem.

Biophys. Res. Commun. 314, 351-355. 

Guyonnet, D., Siess, M. H., Le Bon, A. M. and Suschetet, M.

(1999) Modulation of phase II enzymes by organosulfur

compounds from allium vegetables in rat tissues. Toxicol. Appl.

Pharmacol. 154, 50-58. 

He, C. H., Gong, P., Hu, B., Stewart, D., Choi, M. E., Choi, A.

M. and Alam, J. (2001) Identification of activating transcription

factor 4 (ATF4) as an Nrf2-interacting protein. Implication for

heme oxygenase-1 gene regulation. J. Biol. Chem. 276, 20858-

20865.

Herman-Antosiewicz, A. and Singh, S. V. (2004) Signal

transduction pathways leading to cell cycle arrest and apoptosis

induction in cancer cells by Allium vegetable-derived

organosulfur compounds: a review. Mutat. Res. 555, 121-131. 

Hoetzel, A., Geiger, S., Loop, T., Welle, A., Schmidt, R., Humar,

M., Pahl, H. L., Geiger, K. K. and Pannen B. H. (2002)

Differential effects of volatile anesthetics on hepatic heme

oxygenase-1 expression in the rat. Anesthesiology 97, 1318-

1321.

Hoetzel, A., Leitz, D., Schmidt, R., Tritschler, E., Bauer, I., Loop,

T., Humar, M., Geiger, K. K. and Pannen, B. H. (2006)

Mechanism of hepatic heme oxygenase-1 induction by

isoflurane. Anesthesiology, 104, 101-109.

Immenschuh, S., Kietzmann, T., Hinke, V., Wiederhold, M., Katz,

N. and Muller-Eberhard, U. (1998) The rat heme oxygenase-1

gene is transcriptionally induced via the protein kinase A

signaling pathway in rat hepatocyte cultures. Mol. Pharmacol.

53, 483-491. 

Immenschuh, S., Iwahara, S., Satoh, H., Nell, C., Katz, N. and

Muller-Eberhard, U. (1995) Expression of the mRNA of heme-

binding protein 23 is coordinated with that of heme oxygenase-

1 by heme and heavy metals in primary rat hepatocytes and

hepatoma cells. Biochemistry 34, 13407-13411. 

Ishikawa, K., Takeuchi, N., Takahashi, S., Matera, K. M., Sato,

M., Shibahara, S., Rousseau, D. L., Ikeda-Saito, M. and

Yoshida, T. (1995) Heme oxygenase-2. Properties of the heme

complex of the purified tryptic fragment of recombinant human

heme oxygenase-2. J. Biol. Chem. 270, 6345-6350.

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. (1997) An Nrf2/small Maf heterodimer

mediates the induction of phase II detoxifying enzyme genes

through antioxidant response elements. Biochem. Biophys. Res.

Commun. 236, 313-322.

 Jacobs, J. M., Marek, D., Walton, H. S., Sinclair, P. R. and

Sinclair, J. F. (1999) Effect of sodium arsenite on heme

metabolism in cultured chick embryo hepatocytes. Arch.

Biochem. Biophys. 371, 8-14. 

Janssen, Y. M., Marsh, J. P., Absher, M. P., Gabrielson, E., Borm,

P. J., Driscoll, K. and Mossman, B. T. (1994) Oxidant stress

responses in human pleural mesothelial cells exposed to

asbestos. Am. J. Respir. Crit. Care Med. 149, 795-802. 

Jeong, W. S, Keum, Y. S, Chen, C., Jain, M. R., Shen, G., Kim, J.

H., Li, W. and Kong, A. N. (2005) Differential expression and

stability of endogenous nuclear factor E2-related factor 2

(Nrf2) by natural chemopreventive compounds in HepG2

human hepatoma cells. J. Biochem. Mol. Biol. 38, 167-176.

Kaliman, P. A., Nikitchenko, I. V., Sokol, O. A. and Strel'chenko,

E. V. (2001) Regulation of heme oxygenase activity in rat liver

during oxidative stress induced by cobalt chloride and mercury

chloride. Biochemistry (Mosc). 66, 77-82. 

Karin, M., Liu, Z. and Zandi, E. (1997) AP-1 function and

regulation. Curr. Opin. Cell. Biol. 9, 240-246. 

Kato, H., Amersi, F., Buelow, R., Melinek, J., Coito, A. J., Ke, B.,

Busuttil, R. W. and Kupiec-Weglinski, J. W. (2001) Heme

oxygenase-1 overexpression protects rat livers from ischemia/

reperfusion injury with extended cold preservation. Am. J.

Transplant. 1, 121-128. 

Kawashima, A., Oda, Y., Yachie, A., Koizumi, S. and Nakanishi,

I. (2002) Heme oxygenase-1 deficiency: the first autopsy case.

Hum. Pathol. 33, 125-130.

Kenna, J. G. and Jones, R. M. (1995) The organ toxicity of

inhaled anesthetics. Anesth Analg. 81, 51-66. 

Kensler, T. W. (1997) Chemoprevention by inducers of carcinogen

detoxication enzymes. Environ. Health Perspect. 105, 965-970.

Keyse, S. M. and Tyrrell, R. M. (1989) Heme oxygenase is the

major 32-kDa stress protein induced in human skin fibroblasts

by UVA radiation, hydrogen peroxide, and sodium arsenite.

Proc. Natl. Acad. Sci. USA 86, 99-103.

Kim, E. H., Kim, D. H., Na, H. K. and Surh, Y. J. (2004) Effects

of Cyclopentenone Prostaglandins on the Expression of Heme

Oxygenase-1 in MCF-7 Cells. Ann. N. Y. Acad. Sci. 1030, 493-

500. 

Kitchin, K. T., Del Razo, L. M., Brown, J. L., Anderson, W. L.

and Kenyon, E. M. (1999) An integrated pharmacokinetic and

pharmacodynamic study of arsenite action. 1. Heme oxygenase

induction in rats. Teratog. Carcinog. Mutagen. 19, 385-402

Kwak, M. K., Wakabayashi, N. and Kensler, T. W. (2004)

Chemoprevention through the Keap1-Nrf2 signaling pathway

by phase 2 enzyme inducers. Mutat. Res. 555, 133-148.

Kyokane, T., Norimizu, S., Taniai, H., Yamaguchi, T., Takeoka, S.,

Tsuchida, E., Naito, M., Nimura, Y., Ishimura, Y. and

Suematsu, M. (2001) Carbon monoxide from heme catabolism

protects against hepatobiliary dysfunction in endotoxin-treated

rat liver. Gastroenterology 120, 1227-1240.

Langouet, S., Furge, L. L, Kerriguy, N., Nakamura, K., Guillouzo,

A. and Guengerich, F. P. (2000) Inhibition of human

cytochrome P450 enzymes by 1,2-dithiole-3-thione, oltipraz

and its derivatives, and sulforaphane. Chem. Res. Toxicol. 13,

245-252.

Laskin, D. L., Gardner, C. R., Price, V. F. and Jollow, D. J. (1995)

Modulation of macrophage functioning abrogates the acute

hepatotoxicity of acetaminophen. Hepatology 21, 1045-1050.

Lavrovsky, Y., Song, C. S., Chatterjee, B. and Roy, A. K. (2000)

Age-dependent increase of heme oxygenase-1 gene expression

in the liver mediated by NF-kappa B. Mech. Ageing Dev. 114,

49-60. 

Lee J-S and Surh Y-J. (2005).Nrf2 as a molecular target for

chemoprevention. Cancer Lett. 224, 171-184. 

Li, P, Jiang H, Yang L, Quan S, Dinocca S, Rodriguez F,

Abraham, N.G and Nasjletti, A. (2004) Angiotensin II induces

carbon monoxide production in the perfused kidney:

relationship to protein kinase C activation. Am. J. Physiol.

Renal. Physiol. 287, 914-920. 

Lin, J. H., Villalon, P., Martasek, P. and Abraham, N. G. (1990)

Regulation of heme oxygenase gene expression by cobalt in rat

liver and kidney. Eur. J. Biochem. 192, 577-582.

Liu, J., Kadiiska, M. B., Corton, J. C., Qu, W., Waalkes, M. P.,



Heme Oxygenase-1 in Hepatoprotection 489

Mason, R. P., Liu, Y. and Klaassen, C. D. (2002) Acute

cadmium exposure induces stress-related gene expression in

wild-type and metallothionein-I/II-null mice. Free Radic. Biol.

Med. 32, 525-535. 

He, C. H., Gong, P., Hu, B., Stewart, D., Choi, M. E., Choi, A.

M. and Alam, J. (2001) Identification of activating transcription

factor 4 (ATF4) as an Nrf2-interacting protein. Implication for

heme oxygenase-1 gene regulation. J. Biol. Chem. 276, 20858-

20865. 

Liu, Z. M., Chen, G. G., Ng, E. K., Leung, W. K., Sung, J. J. and

Chung, S. C. (2004) Upregulation of heme oxygenase-1 and

p21 confers resistance to apoptosis in human gastric cancer

cells. Oncogene 23, 503-513. 

Liu, Y., Guyton, K. Z, Gorospe, M., Xu, Q., Lee, J. C. and

Holbrook, N. J. (1996) Differential activation of ERK, JNK/

SAPK and P38/CSBP/RK MAP kinase family members during

the cellular response to arsenite. Free Radic. Biol. Med. 21,

771-81.

Llesuy, S. F and Tomaro, M. L. (1994) Heme oxygenase and

oxidative stress. Evidence of involvement of bilirubin as

physiological protector against oxidative damage. Biochim.

Biophys. Acta. 1223, 9-14.

Lu, T. H, Shan, Y., Pepe, J., Lambrecht, R. W. and Bonkovsky, H.

L. (2000) Upstream regulatory elements in chick heme

oxygenase-1 promoter: a study in primary cultures of chick

embryo liver cells. Mol. Cell. Biochem. 209, 17-27. 

Lu, T. H., Pepe, J. A., Gildemeister, O. S., Tyrrell, R. M. and

Bonkovsky, H. L. (1997) Regulation of expression of the

human heme oxygenase-1 gene in transfected chick embryo

liver cell cultures. Biochim. Biophys. Acta. 1352, 293-302. 

Lu, T. H., Shan, Y., Pepe, J., Lambrecht, R. W. and Bonkovsky,

H. L. (2000) Upstream regulatory elements in chick heme

oxygenase-1 promoter: a study in primary cultures of chick

embryo liver cells. Mol. Cell. Biochem. 209, 17-27. 

Maeshima, H., Sato, M., Ishikawa, K., Katagata, Y. and Yoshida,

T. (1996) Participation of altered upstream stimulatory factor in

the induction of rat heme oxygenase-1 by cadmium. Nucleic

Acids Res. 24, 2959-2965. 

Maines, M. D. (1988) Heme oxygenase: function, multiplicity,

regulatory mechanisms, and clinical applications. FASEB J 2,

2557-2568. 

Maines, M. D. (2005) The heme oxygenase sytem: Update 2005.

Antiox Redox Signal 7, 1761-1766.

Maines, M. D. and Gibbs, P. E. (2005) 30 some years of heme

oxygenase: from a “molecular wrecking ball” to a

“mesmerizing” trigger of cellular events. Biochem. Biophys.

Res. Commun. 338, 568-577. 

Maines, M. D., Trakshel, G. M. and Kutty, R. K. (1986)

Characterization of two constitutive forms of rat liver

microsomal heme oxygenase. Only one molecular species of

the enzyme is inducible. J. Biol. Chem. 261, 411-419. 

Makin, A. J. and Williams, R. (1997) Acetaminophen-induced

hepatotoxicity: predisposing factors and treatments. Adv. Intern.

Med. 42, 453-483. 

Malaguarnera, L., Madeddu, R., Palio, E., Arena, N. and

Malaguarnera, M. (2005) Heme oxygenase-1 levels and

oxidative stress-related parameters in non-alcoholic fatty liver

disease patients . J. Hepatol. 42, 585-591. 

Malstrom, S. E., Jekic-McMullen, D., Sambucetti, L., Ang, A.,

Reeves, R., Purchio, A. F., Contag, P. R. and West, D. B.

(2004) In vivo bioluminescent monitoring of chemical toxicity

using heme oxygenase-luciferase transgenic mice. Toxicol.

Appl. Pharmacol. 200, 219-228. 

Masini, E., Vannacci, A., Marzocca, C., Pierpaoli, S., Giannini, L.,

Fantappie, O., Mazzanti, R. and Mannaioni, P. F. (2003) Heme

oxygenase-1 and the ischemia-reperfusion injury in the rat

heart. Exp. Biol. Med. (Maywood). 228, 546-549.

McCarter, S. D., Badhwar, A., Scott, J. R., Akyea, T. G., Bihari,

A., Dungey, A. A., Harris, K. A. and Potter, R. F. (2004)

Remote liver injury is attenuated by adenovirus-mediated gene

transfer of heme oxygenase-1 during the systemic inflammatory

response syndrome. Microcirculation 11, 587-595.

McCoubrey, W. K Jr., Ewing, J. F. and Maines, M. D. (1992)

Human heme oxygenase-2: characterization and expression of a

full-length cDNA and evidence suggesting that the two HO-2

transcripts may differ by choice of polyadenylation signal.

Arch. Biochem. Biophys. 295, 13-20.

McCoubrey, W. K. Jr., Huang, T. J. and Maines, M. D. (1997)

Isolation and characterization of a cDNA from the rat brain

that encodes hemoprotein heme oxygenase-3. Eur. J. Biochem.

247, 725-732. 

McNally, S. J, Harrison, E. M., Ross, J. A., Garden, O. J. and

Wigmore, S. J. (2006) Curcumin induces heme oxygenase-1 in

hepatocytes and is protective in simulated cold preservation

and warm reperfusion injury. Transplantation 81, 623-626.

Michael, S. L., Pumford, N. R., Mayeux, P. R., Niesman, M. R.

and Hinson, J. A. (1999) Pretreatment of mice with

macrophage inactivators decreases acetaminophen hepatotoxicity

and the formation of reactive oxygen and nitrogen species.

Hepatology. 30, 186-195.

Milner, J. A. (2001) Mechanisms by which garlic and allyl sulfur

compounds suppress carcinogen bioactivation. Garlic and

carcinogenesis. Adv. Exp. Med. Biol. 492, 69-81.

 Mitani, K., Fujita, H., Sassa, S. and Kappas, A. (1990) Activation

of heme oxygenase and heat shock protein 70 genes by stress

in human hepatoma cells. Biochem. Biophys. Res. Commun.

166, 1429-1434. 

Moore, B. A., Overhaus, M., Whitcomb, J., Ifedigbo, E., Choi, A.

M., Otterbein, L. E. and Bauer, A. J (2005) Brief inhalation of

low-dose carbon monoxide protects rodents and swine from

postoperative ileus. Crit. Care Med. 33, 1317-1326. 

Motterlini, R., Foresti, R., Bassi, R., Calabrese, V., Clark, J. E.

and Green, C. J. (2000) Endothelial heme oxygenase-1

induction by hypoxia. Modulation by inducible nitric-oxide

synthase and S-nitrosothiols. J. Biol. Chem. 275, 13613-13620.

Munday, R. and Munday, C. M. (2004) Induction of phase II

detoxification enzymes in rats by plant-derived isothiocyanates:

comparison of allyl isothiocyanate with sulforaphane and

related compounds. J. Agric. Food Chem. 52, 1867-1871. 

Nakahira, K., Takahashi, T., Shimizu, H., Maeshima, K., Uehara,

K., Fujii, H., Nakatsuka, H., Yokoyama, M., Akagi, R. and

Morita K. (2003) Protective role of heme oxygenase-1

induction in carbon tetrachloride-induced hepatotoxicity.

Biochem. Pharmacol. 66, 1091-1105.

Nakaso K., Yano, H., Fukuhara, Y., Takeshima, T., Wada-Isoe, K.

and Nakashima, K. (2003) PI3K is a key molecule in the Nrf2-

mediated regulation of antioxidative proteins by hemin in

human neuroblastoma cells. FEBS Lett 546, 181-184. 

Nelson, S. D. (1990) Molecular mechanisms of the hepatotoxicity

caused by acetaminophen. Semin Liver Dis. 10, 267-278. 



490 Ebenezer Olatunde Farombi and Young-Joon Surh

Noriega, G. O., Ossola, J. O., Tomaro, M. L. and Batlle, A. M.

(2000) Effect of acetaminophen on heme metabolism in rat

liver. Int. J. Biochem. Cell. Biol. 32, 983-991. 

Numazawa, S., Ishikawa, M., Yoshida, A., Tanaka, S. and

Yoshida, T. (2003) A typical protein kinase C mediates

activation of NF-E2-related factor 2 in response to oxidative

stress. Am. J. Physiol. Cell. Physiol. 285, 334-342. 

Odaka, Y., Takahashi, T., Yamasaki, A., Suzuki, T., Fujiwara, T.,

Yamada, T., Hirakawa, M., Fujita, H., Ohmori, E. and Akagi,

R. (2000) Prevention of halothane-induced hepatotoxicity by

hemin pretreatment: protective role of heme oxygenase-1

induction. Biochem. Pharmacol. 59, 871-880.

Ossola, J. O. and Tomaro, M. L. (1998) Heme oxygenase

induction by UVA radiation. A response to oxidative stress in

rat liver. Int. J. Biochem. Cell. Biol. 30, 285-292.

Ossola, J. O., Groppa, M. D. and Tomaro, M. L. (1997)

Relationship between oxidative stress and heme oxygenase

induction by copper sulfate. Arch. Biochem. Biophys. 337, 332-

337.

Otterbein, L., Chin, B. Y., Otterbein, S. L., Lowe, V. C., Fessler,

H. E. and Choi, A. M. (1997) Mechanism of hemoglobin-

induced protection against endotoxemia in rats: a ferritin-

independent pathway. Am. J. Physiol. 272, 268-275.

Otterbein, L. E., Soares, M. P., Yamashita, K. and Bach, F. H.

(2003) Heme oxygenase-1: unleashing the protective properties

of heme. Trends Immunol. 24, 449-455.

Pannen, B. H., Kohler, N., Hole, B., Bauer, M., Clemens, M. G.

and Geiger, K. K. (1998) Protective role of endogenous carbon

monoxide in hepatic microcirculatory dysfunction after

hemorrhagic shock in rats. J. Clin. Invest. 102, 1220-1228.

Pannen, B. H., Kohler, N., Hole, B., Bauer, M., Clemens, M. G.,

and Geiger, K. K. (1998) Protective role of endogenous carbon

monoxide in hepatic microcirculatory dysfunction after

hemorrhagic shock in rats. J. Clin. Invest. 102, 1220-1228.

Petrache, I., Otterbein, L. E., Alam, J., Wiegand, G. W. and Choi,

A. M. (2000) Heme oxygenase-1 inhibits TNF-alpha-induced

apoptosis in cultured fibroblasts. Am. J. Physiol. Lung. Cell.

Mol. Physiol. 278, 312-319.

Petzer, J. P., Navamal, M., Johnson, J. K., Kwak, M. K., Kensler,

T. W. and Fishbein, J. C. (2003) Phase 2 enzyme induction by

the major metabolite of oltipraz. Chem. Res. Toxicol. 16, 1463-

1469.

Polte, T., Abate, A., Dennery, P. A. and Schroder, H. (2000)

Heme oxygenase-1 is a cGMP-inducible endothelial protein

and mediates the cytoprotective action of nitric oxide.

Arterioscler Thromb. Vasc. Biol. 20, 1209-1215. 

Polte, T., Oberle, S. and Schroder, H. (1997) The nitric oxide

donor SIN-1 protects endothelial cells from tumor necrosis

factor-alpha-mediated cytotoxicity: possible role for cyclic

GMP and heme oxygenase. J. Mol. Cell. Cardiol. 29, 3305-

3310.

Poss, K. D. and Tonegawa, S. (1997) Reduced stress defense in

heme oxygenase 1-deficient cells. Proc. Natl. Acad. Sci. USA

94, 10925-10930.

Prawan A., Kundu, J. K. and Surh A. J. (2005) Molecular basis of

heme oxygenase-1 induction: implications for chemoprevention

and chemoprotection. Antioxid Redox Signal 7, 1688-1703.

Primiano, T., Kensler, T. W., Kuppusamy, P., Zweier, J. L. and

Sutter, T. R. (1996) Induction of hepatic heme oxygenase-1 and

ferritin in rats by cancer chemopreventive dithiolethiones.

Carcinogenesis 17, 2291-2296.

Roebuck, B. D., Curphey, T. J., Li, Y., Baumgartner, K. J.,

Bodreddigari, S., Yan, J., Gange, SJ, Kensler, T.W. and Sutter,

T.R. (2003) Evaluation of the cancer chemopreventive potency

of dithiolethione analogs of oltipraz. Carcinogenesis 24, 1919-

1928. 

Salinas, M., Diaz, R., Abraham, N. G., Ruiz de Galarreta, C. M.

and Cuadrado, A. (2003) Nerve growth factor protects against

6-hydroxydopamine-induced oxidative stress by increasing

expression of heme oxygenase-1 in a phosphatidylinositol 3-

kinase-dependent manner. J. Biol. Chem. 278, 13898-13904. 

Salinas, M., Wang, J., Rosa de Sagarra, M., Martin, D., Rojo, A.

I, Martin-Perez, J., Ortiz de Montellano, P. R. and Cuadrado,

A. (2004) Protein kinase Akt/PKB phosphorylates heme

oxygenase-1 in vitro and in vivo. FEBS Lett 578, 90-94. 

Sarady, J. K., Zuckerbraun, B. S., Bilban, M., Wagner, O.,

Usheva, A., Liu, F., Ifedigbo, E., Zamora, R., Choi, A. M. and

Otterbein, L.E. (2004) Carbon monoxide protection against

endotoxic shock involves reciprocal effects on iNOS in the

lung and liver. FASEB J. 18, 854-856.

Sass, G., Seyfried, S., Parreira Soares, M., Yamashita, K.,

Kaczmarek, E., Neuhuber, W. L. and Tiegs, G. (2004)

Cooperative effect of biliverdin and carbon monoxide on

survival of mice in immune-mediated liver injury. Hepatology

40, 1128-1135. 

Sass, G., Soares, M. C., Yamashita, K., Seyfried, S., Zimmermann,

W. H., Eschenhagen, T., Kaczmarek, E., Ritter, T., Volk, H. D.

and Tiegs, G. (2003) Heme oxygenase-1 and its reaction

product, carbon monoxide, prevent inflammation-related

apoptotic liver damage in mice. Hepatology 38, 909-918.

Sawle, P., Foresti, R., Mann, B. E., Johnson, T. R., Green, C. J.

and Motterlini, R. (2005) Carbon monoxide-releasing

molecules (CO-RMs) attenuate the inflammatory response

elicited by lipopolysaccharide in RAW264.7 murine

macrophages. Br. J. Pharmacol. 145, 800-810.

Schiaffonati, L. and Tiberio L. (1997) Gene expression in liver

after toxic injury: analysis of heat shock response and oxidative

stress-inducible genes. Liver 17, 183-191.

Schmidt, R., Hoetzel, A., Baechle, T., Loop, T., Humar, M.,

Bauer, M., Pahl, H. L., Geiger, K. K. and Pannen, B. H.

(2004) Isoflurane pretreatment lowers portal venous resistance

by increasing hepatic heme oxygenase activity in the rat liver

in vivo. J. Hepatol. 41, 706-713. 

Seubert, J. M., Webb, C. D. and Bend, J. R. (2002) Acute sodium

arsenite treatment induces Cyp2a5 but not Cyp1a1 in the

C57Bl/6 mouse in a tissue (kidney) selective manner. J.

Biochem. Mol. Toxicol. 16, 96-106.

Shan, Y., Lambrecht, R. W. and Bonkovsky, H. L. (2004)

Identification of key elements that are responsible for heme-

mediated induction of the avian heme oxygenase-1 gene.

Biochim. Biophys. Acta 1679, 87-94. 

Sheen, L. Y., Chen, H. W., Kung, Y. L, Liu, C. T. and Lii, C. K.

(1999) Effects of garlic oil and its organosulfur compounds on

the activities of hepatic drug-metabolizing and antioxidant

enzymes in rats fed high- and low-fat diets. Nutr. Cancer 35,

160-166. 

Stocker, R., Glazer, A. N. and Ames, B. N. (1987) Antioxidant

activity of albumin-bound bilirubin. Proc. Natl. Acad. Sci. USA

84, 5918-5922. 

Stocker, R., Yamamoto, Y., McDonagh, A. F., Glazer, A. N. and



Heme Oxygenase-1 in Hepatoprotection 491

Ames, B. N. (1987) Bilirubin is an antioxidant of possible

physiological importance. Science 235, 1043-1046.

Suematsu, M., Goda, N., Sano, T., Kashiwagi, S., Egawa, T.,

Shinoda, Y. and Ishimura Y. (1995) Carbon monoxide: an

endogenous modulator of sinusoidal tone in the perfused rat

liver. J. Clin. Invest. 96, 2431-2437.

Takahashi, T., Morita, K., Akagi, R. and Sassa, S. (2004). Heme

oxygenase-1: A novel therapeutic target in oxidative tissue

injuries. Curr. Med. Chem. 11, 1545-1561.

Tamion, F., Richard, V., Bonmarchand, G., Leroy, J., Lebreton, J.

P. and Thuillez, C., (2001) Induction of heme-oxygenase-1

prevents the systemic responses to hemorrhagic shock. Am. J.

Respir. Crit. Care Med. 164, 1933-1938.

 Tanaka, S., Akaike, T., Fang, J., Beppu, T., Ogawa, M., Tamura,

F., Miyamoto, Y. and Maeda, H. (2003) Antiapoptotic effect of

haem oxygenase-1 induced by nitric oxide in experimental

solid tumour. Br. J. Cancer. 88, 902-909.

Trakshel, G. M., Kutty, R. K, and Maines, M. D. (1986)

Purification and characterization of the major constitutive form

of testicular heme oxygenase. The non inducible isoform. J.

Biol. Chem. 261, 11131-11137.

Tyrrell, R. M., Applegate, L. A. and Tromvoukis, Y. (1993) The

proximal promoter region of the human heme oxygenase gene

contains elements involved in stimulation of transcriptional

activity by a variety of agents including oxidants.

Carcinogenesis 14, 761-765. 

Wang, X. H., Wang, K., Zhang, F., Li, X. C., Li, J., De, W., Guo,

J., Qian, X. F. and Fan, Y. (2005) Heme oxygenase-1 alleviates

ischemia/reperfusion injury in aged liver. World J.

Gastroenterol. 11, 690-694.

Wang, X. H., Wang, K., Zhang, F., Li, X. C., Qian, X. F., Cheng,

F., Li, G. Q. and Fan Y. (2004) Alleviating ischemia-

reperfusion injury in aged rat liver by induction of heme

oxygenase-1. Transplant Proc. 36, 2917-2923.

Wijayanti, N., Huber, S., Samoylenko, A., Kietzmann, T. and

Immenschuh, S. (2004) Role of NF-kappaB and p38 MAP

kinase signaling pathways in the lipopolysaccharide-dependent

activation of heme oxygenase-1 gene expression. Antioxid.

Redox Signal 6, 802-810. 

Wunder, C, and Porter, R. F. (2003) The heme oxygenase system:

Its role in liver inflammation. Curr. Drug Target- Cardiovas.

Haematological Disorders, 3, 199-208.

Wunder, C., Brock, R. W., McCarter, S. D., Bihari, A., Harris, K.,

Eichelbronner, O and Potter, R. F. (2002) Inhibition of haem

oxygenase activity increases leukocyte accumulation in the

liver following limb ischaemia-reperfusion in mice. J. Physiol.

540, 1013-1021. 

Yachie, A., Niida, Y., Wada, T., Igarashi, N., Kaneda, H., Toma,

T., Ohta, K., Kasahara, Y. and Koizumi, S. (1999) Oxidative

stress causes enhanced endothelial cell injury in human heme

oxygenase-1 deficiency. J. Clin. Invest. 103, 129-135.

Yamasaki, A., Takahashi, T., Suzuki, T., Fujiwara, T., Hirakawa,

M., Ohmori, E. and Akagi R. (2001) Differential effects of

isoflurane and halothane on the induction of heat shock

proteins. Biochem. Pharmacol. 62, 375-382. 

Yang, C. S., Chhabra, S. K., Hong, J. Y. and Smith, T. J. (2001)

Mechanisms of inhibition of chemical toxicity and

carcinogenesis by diallyl sulfide (DAS) and related compounds

from garlic. J. Nutr. 131, 1041-1045. 

Yoshida, T., Biro, P., Cohen, T., Muller, R. M. and Shibahara, S.

(1988) Human heme oxygenase cDNA and induction of its

mRNA by hemin. Eur. J. Biochem. 171, 457-461.

Zhang, D. D. and Hannink, M. (2003) Distinct cysteine residues

in Keap1 are required for Keap1-dependent ubiquitination of

Nrf2 and for stabilization of Nrf2 by chemopreventive agents

and oxidative stress. Mol. Cell. Biol. 23, 8137-8151.


