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Abstract-Heme oxygenase-1 (HO-1) is the inducible form of the rate-limiting enzyme of heme degradation; it
regulates the cellular contents of heme. HO-1 is up-regulated by various stimuli including oxidative stress so
that it is thought to participate in general cellular defense mechanisms against oxidative stress in mammalian
cells. To investigate the role of the cAMP-dependent protein kinase A (PKA) signaling pathway on nitrogen
oxidative stress-induced HO-1 gene expression, RAW 264.7 cell cultures were treated with sodium nitroprus-
side (SNP). SNP increased the expression of HO-1 mRNA and protein, time- and concentration-dependently.
Treatment with H89, PKA inhibitor, but not L'Y83583, guanylate cyclase inhibitor, significantly diminished the
HO-1 expression by SNP, indicating that cAMP plays a crucial role in the induction of HO-1. Incubation with
cAMP-elevating agents, such as forskolin or isoproterencl resulted in up-regulation of the expression of HO-1.
Forskolin-induced expression of HO-1 was inhibited by H89. Furthermore, propranolol, —adrenoceptor
blocker, inhibited the isoproterenol-induced HO-1 expression, supporting the importance of cAMP in the
induction of HO-1 expression. Higenamine-S, but not higenamineR, enhanced the HO-1 expression induced by
SNP. Furthermore, cellular toxicity induced by hydrogen peroxide was attenuated by the presence of SNP,
which was further increased by the presence of ZnPPIX, HO-1 inhibitor. Collectively, these results strongly
suggest that up-regulation of HO-1 expression in RAW 264.7 cells involves PKA signal pathway.
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Heme oxygenase (HO) is the rate-limiting enzyme for the
degradation of proheme IX to biliverdin, which is a precursor
of bililubin, the terminal heme-degradading product. Three
isoforms of HO have been identified. HO-1 is inducible
(Shibahara et al., 1985), whereas HO-2 and HO-3 are consti-
tutively expressed (Trakshel ez al., 1986, McCoubrey et al.,
1997). Carbon monoxide (CO) is another HO product of the
HO reaction, which has well been recognized as a physiologi-
cally important vasoactive substance rather than a toxic waste
product. This gaseous monoxide is necessary to maintain
microvascular patency in the liver under both unstimulated
and stress conditions (Suematsu er al., 2000; Kyokane et al.,
2001). The exact functional role of HO-1 induction in
response to oxidative stress is not fully understood. However,
as HO-1 provides cytoprotection in various cell culture and

*To whom correspondence should be addressed.

animal models, HO-1 gene activation is considered to be an
adaptive cellular defense mechanism (Lee et al., 1996, Abra-
ham et al., 1995). Over expression of the HO-1 gene has been
shown to attenuate the toxic effects of heme and hemoproteins
in transfected coronary endothelial cells and to protect pulmo-
nary epithelial cells against hyperoxia (Kyokane er al., 2001).
The important physiological function of HO-1 has been con-
firmed by observation in HO-1 knockout mice (Johnson et al.,
1995, Christou et al., 2000). Cultured fibroblast cells from
these animals are highly susceptible to heme- or hydrogen per-
oxide-mediated toxicity (Christou ef al., 2000).

In addition, exposure of HO-1 deficient mice to endotoxin
results in increased hepatocellular necrosis and in higher mor-
tality from endotoxic shock as compared to control animals
(Christou et al., 2000). The findings in HO-1 deficient mice
were essentially confirmed in human HO-1 deficiency (John-
son et al., 1996). Since the specific induction of heat shock
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proteins by pharmacological stimuli has significant clinical
implications (Miano et al., 1996, Abraham ez al., 1995). Tar-
geted induction of HO-gene expression by non-stressful stim-
uli may serve as a novel approach to therapeutic intervention.
Higenarnine (racemic mixture) showed positive inotropic and
chronotropic actions in experimental animals by cardiac [3-
adrenoceptor activation (Chang er al., 1986). In isolated car-
diac tissues, higenamine increased c-AMP contents, concen-
tration-dependently, which are inhibited by the presence of
propranolol (Chang er al., 1994). Recently we developed a
method to synthesize optical isomers of higenamine, hige-
namine-S and higenamine-R (Yun-Choi er al., 2001). Hige-
namine-S shows positive inotropic and chronotropic action
but R-isomer lacks such actions (Yun-Choi et al., 2001). In
cultured endothelial cells, cAMP-elevating agents show to
protect oxidative injury (Chang, unpublished data). One of the
possible mechanisms of this can be due Lo over expression of
HO-! in endothelial cells. To test this hypothesis we used
RAW 264.7 cells, in which HO-1 expression by cAMP-cle-
valing agents was investigated. Furthermore cyto-protective
effect was analyzed by cell survival test when oxidative stress
was induced by hydrogen peroxide.

MATERIALS AND METHODS

Cell culture and stimulation

RAW 264.7 cells were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). RAW
264.7 cells were grown in Roswell Park Memorial Institute-
1640 (RPMI-1640) medium supplemented with 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulphoneic acid (HEPES),
100 units/m! penicillin, 100 mg/ml streptomyein and 10%
heat-inactivated fetal calf serum.

Cell viability

Assay for MTT, an indicator of cell viability, was assessed by
mitochondral-dependent reduction of MTT to forrnazan (Gross
8S. and Levi V, 1992). Cells in 96-well plates were incubated in a
humidified 5% CO, incubator with MTT (1 mg/ml for 3.5 h).
Culture medium was removed by aspiration and cells were solu-
bilized in dimethyl sulfoxide (200 LU). The extent of reduction of
MTT to formazan within cells was quantified by measurement of
the absorbance at 570 nm.

Western blot
For Western blotting, Cells were lysed in PRO-PREP pro-

tein extract solution and sonicated. The sample was centri-
fuged at 13000 rpm 20 min at 4°C Protein concentration of
the lysates was determined by BSA. An equal volume of
2xSDS sample buffer (0.1 M Tris-Cl, 20% glycerol, 4% SDS
and 0.01% bromophenol blue) was added and the samples
were boiled for Smin. The samplcs (70 pg) were subjected to
electrophoresis on a 10% SDS-polyacylamide gel for 1.5 h at
130 V. The separated proteins were transferred to PVDF
membrane for 2h at 20 mA with Transblot SD Semi-dry
Transter Cell (Bio-Rad). Membranes were incubated for 1 h
in TBS and 1% Tween 20 (TBS-T) containing 5% nonfat milk
and were then incubated for 2 h with goat polyclonal antibody
against HO-1 (1:1000) dilution. After three washes in TBS-T
for 10 min each and were then incubated for lh with horse-
radish peroxidase (HRP) conjugated a secondary antibody.
The membranes were washed and then developed using a
Western Blotting Luminol Reagent system.

RT-PCR

RT-PCR was performed using the RT-PCR kit (Perkin
Elmer). Oligo (dT) was used as reverse transcription primers.
Specific primers for HO-1 ¢cDNA fragment were as follow;
primer 1, SCAGCATGCCCCAGGATTTGT3; primer 2, 5-
ACTATGTAAAGCGTCTCCAC3 For each RT-PCR, a sam-
ple without reverse transcriptase was processed in paralle] and
served as a negative control. Cycling parameters for amplify-
ing RT products were as tollows: 95 for 30 sec, 54 for 40 sec,
72 for 1min, for 35 cycles and then extension at 72 for another
5 min. After amplification, PCR products were electrophore-
sed on 1% agarose gel, stained with ethidium bromide, and
visualized under UV light.

Materials

HEPES, Boric acid, Polyclonal rabbit anti actin, Sodium
bicarbonate, Sodium citrate, TEMED, Sodium nitroprusside
(SNP), Tween 20, Sodium bicarbonate, Dimethylsulfoxide
(DMSO) and Ethylenediaminetetraacetic acid (EDTA) were
from Sigma (St. Louis, MO. USA). L.Y83583 and H-89 were
purchased from Calbiochem, USA. Anti-goat or anti-rabbit
IgG-HRP, Polyclonal goat anti-(HO-1) antibody and Western
Blotting Luminol Reagent were from Santa Cruz Biotechnol-
ogy, CA, USA. Fetal bovine serum, Penicillin-Streptomycin,
Penicillin, RPMI 1640 and Streptomycin were purchased
from GibcoBRL, NY, USA. Agarose was purchased from
FMC Bioproducts, ME, USA. ECL western blotting detection
system was from Amersham Life Science, Buckinghamshire,
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UK. PRO-PREP (protein extraction solution) was [rom
iNtRon Biotechnology.

RESULTS

Induction of HO-1 gene expression by SNP in RAW
264.7 cells.

In order to induce HO-1 gene expression in RAW 264.7
cells, one of reactive nitrogen species, NO, was utilized by
employing SNP. RAW 264.7 cells were treated with various
concertrations of SNP (10, 100, 250 and 500 mM) for 6 h and
proteing were isolated. Afterward, Western blot analysis was
performed. The resulls show that SNP induces HO-1 protein
expression in RAW 264.7 cells, which was dose dependent.
(Fig. 1). To characterize further as to whether the expression
of HO-1 is regulated at the transcriptional level, RT-PCR was
performed. As shown in Fig. 1, HO-1 mRNA was clearly
expressed by SNP (500 mM), the expression of HO-1 mRNA
was detected as early as 40 min and reached peak expression
at 4 hour and then reduced thereafter (data not shown).

Protein kinase A pathway involves in HO-1 induction
Cyclic nucleotides are tmportant signal molecules which
are related to many gene expression. To investigate the rela-
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Fig. 1. Concentration-dependent induction of HO-1 protein by
SNP in RAW 264.7 cells. Cells were exposed to different con-
centrations of SNP (0, 10, 100, 250 and 500 uM) for 6 h (upper
panel). Effects of PKA inhibitor, H89, and soluble guanylate
cyclase inhibitor, LY83583, on HO-1 mRNA cxpression by
SNP (lower panel). Cells were pretreated with H89 or LY 83583
for 30 min before incubation with SNP.

tive importance of cyclic nucleotide in the NO-induced HO-1
expression, we used H89, a PKA inhibitor, and L'Y83583, a
guanylate cyclase inhibitor. As shown in Fig 1, H-89, not
LY83583, significantly inhibited the expression of HO-1,
indicating that PKA signal pathway is involved in the regula-
tion of HO-1 induction in RAW 264.7 cells. .

Effect of forskolin on HO-1 protein expression.

To understand the relationship between the HO-1 induc-
tions and cAMP directly, RAW 264.7 cells were treated with
forskolin (1, 10 and 30 uM) for 6 h, in which H-89 (30 uM)
was added 30 min before treatment with forskolin. The result
showed that expression of HO-1 protein was up-regulated in a
concentration-dependent manner, an effect which was inhib-
ited by H89 (Fig. 2) supporting that PKA signal pathway may
be the common route for induction of HO-1 regardless of the
stimulant, NO or cAMP.

Effect of isoproterenol and propranolol on HO-1
protein expression.

To confirm further that cAMP can induce the expression of
HO-1, cells were treated with isoproterenol (1, 10 and 100
M) for 6 h, and in some experimental seltings propranolol
was introduced. Western blot analysis showed that isoprotere-
nol induced HO-1 protein expression in a concentration-
dependent manner, although the intensity of the expression
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Fig. 2. Induction of HO-1 protein by cyclic AMP-elevating
agents, forskolin, higenamine-$ and isoproterenol. Forskolin, con-
centration-dependently increased expression of HO-1, which was
inhibited by H89 (upper). Isoproterenol expressed HO-1 protein
concentration-dependent manner, which was inhibited by propra-
nolol (lower),



74 Young Shin Ko et al.

was smaller than that of forskolin. The enhanced expression
was antagonized by a B-antagonist propranolol (100 UM),
confirming that cAMP is important in the induction of HO-1
at least in RAW 264.7 cells (Fig. 2.)

Effect of higenamine on HO-1 protein expression.

As we are trying to develop more potent and selective B-
adrenoceplor acting drug among the isoquonoline alkaloids,
we recently established the method to synthesize the optical
isomers of isoquinoline alkaloids. When compared the phar-
macological effects on f~adrenoceptor activating action, hige-
namine-S isomer is more selective than R-isomer in cardiac
muscles (Chang et al, 2001). We therefore investigated
whether higenamine isomers differently affect the expression
of HO-1, because S-isomer is related to cAMP but R-form is
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Fig. 3. Effects of higenamine isomers (R and 8) and PDTC on
SNP-induced HO-1 protein expression. Higenamine-S increased
HO-1 protein concentration-dependently (upper). Higenamine-
S significantly augmented the expression of HO-1 protein by
SNP, but higenamine-R and PDTC were without effect (lower).
*indicates significantly different (P<0.05) from treatment with
SNP alove.

not. As shown in Fig. 3, S-isomer but not R-isomer, up-regu-
lated the expression of HO-1 in NO-stress stimuli. Hige-
namine, furthermore, is a potent antioxidant which is almost
equipotent as glutathione in quenching the peroxinitrite radi-
cals (Lee et al., 2001). To investigate whether the induction of
HO-1 by higenamine was related to antioxidant action, PDTC
was employed, where PDTC did not affect SNP-induced HO-
1, indicating that antioxidant action can be ruled out for the
induction of HO-1. Addition of higenamine-S along with
SNP enhanced the expression of HO-1, which was also con-
centration-dependent as shown in Fig. 4.

Cytoprotection effect of SNP from oxidant injury
Finally, we tested the cell survival rate by MTT assay in the
presence of HO-1 inducing agent, SNP, or HO-1 inhibitor, ZnP-
PIX, where high concentration of hydrogen peroxide was incu-
bated for 6 h. Results indicated that SNP concentration-
dependently increased the survival rate. In contrast, in the pres-
ence of ZnPPIX, the increased cell survival rate by the same con-
centraon of SNP was significantly decreased (Fig. 5).
Higenamine and forskolin also increased the survival rate in
hydrogen peroxide-induced cellular injury (data not shown).

DISCUSSION

The present study showed that for the first time that HO-1
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Fig. 4. Comparison of HO-1 protein expression by SNP in the
presence or absence of different concentrations of higenamine-
S. Higenamine-S, concentration-dependently up-regulated the
SNP-induced HO-1 proiein expression. *indicates significantly

(P<0.05) different from each corresponding controls.
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Fig. 5. Protective effects of SNP by hydrogen peroxide-induced
cellular injury. Cells were treated high dose of hydrogen perox-
ide for 6 h, in which different concentrations of SNP were pre-
treated and cell viability was measured by MTT. In some cases,
ZnPP, HO-1 enzyme inhibitor, also co-incubated with SNP 30
min before H,O,-treatment. *, and ** indicate that significantly
different from H,0O,-treated controls at P<0.05 and P<0.01,
respectively.

gene was up-regulated in RAW'264.7 cells by way of PKA
signal pathway. A protective role of HO-1 has been reported
in vitro for a variety of stress inducers such as hemoglobin,
hypoxia, glutathione depletion, cytokihes. NO is known to
induce HO-1 in many cells. Induction of HO-1 gene by SNP
in RAW 264.7 cells was not affected by soluble guanylate
cyclase inhibitor LY 83583 or ODQ (data not shown) but was
inhibited by a PKA inhibitor, H89. The present results raise a
question how NO released from SNP activates PKA signal
pathway. Some report, however, showed that induction of
HO-1 mRNA by NO is independent of cGMP signaling path-
way in smooth muscle cell. At the present time, we can not
explain how NO signal relates with PKA pathway. Or there
may be some other molecule than NO can be released from
SNP, such as Fe, or CN, which may contribute to induction of
HO-1. In the present study we would like to focus on the
cAMP and PKA signal pathway on the HO-1 induction in
RAW 264.7 cells. To investigate the involvement of cAMP on
HO-1 expression, we used forskolin, isoproterenol and hige-
namine. Forskolin, cAMP activator, clearly up-regulated HO-
1 expression in RAW 264.7 cells, indicating that cAMP by
itself, not stressful stimuli, can induce HO-1 expression in
RAW 264.7 cells like as in hepatocyte cells (Immenschuh et
al., 1998). To clarify the signal pathway up-regulating HO-1
by forskolin relates to PKA, the effect of H89 was investi-
galed. As with SNP-induced HO-1 suppressed by H89, for-
skolin-stimulated up-regulation of HO-1 also reduced by
H89, further supporting that PKA pathway is important in

expression of HO-1. It has been reported that expression of
HO-1 gene was via protein kinase C (PKC) or prostaglandin
or via activator protein-1 (AP-1) (Cambi ez al., 1998), and via
mitogen-activated protein kinases, ERK and p38, in Hela cells
(Chen er al., 2000). Therefore, the induction of HO-1 gene by
PKA signaling pathway in RAW 264.7 cells seems to be a cell
type-specific response. The cAMP-dependent induction of the
HO-1 gene is of physiological and pharmacological signifi-
cance for several reasons. The increase of HO-1 activity and
mRNA expression seems to be a protective response against
oxidative stress in in vive (Applegate et al., 1991) and in vitro
(Lautier et al., 1992). The cytoprotective effect of HO-1, the
toxicity caused by heme and hemoglobin was attenuated effi-
ciently when the HO-1 gene was over-expression in coronary
endothelial cell cultures (Ahmed er al., 2000). Therefore, the
induction of the HO-1 gene may be significant for the general
endogenous cellular protection during inflammation (Ahmed
et al., 2000). Higenamine was reported to inhibit NO produc-
tion and expression of inducible nitric oxide syntase (iNOS)
in endotoxin-stimulated RAW 264.7 cells and also posseses
an antioxidant action (Kang et al., 1999, Lee et al, 2001).
Recently, we developed a method to synthesize optical iso-
mers of higenamine and effect of each isomer on various cell
systems is actively investigating by us. So far, in general, S-
isomer is more potent than R-isomer in anti-platelet aggrega-
tion and inhibition of NO production. The most strikingly dif-
ferent action is on cardiac tissue. The S-form activates cardiac
B-adrenoceptor in isolated rat atrial tissue thereby accelerat-
ing heart rate and positive inotropic effect, while the R-isomer
is lacking such activity (Yun-Choi et al., 2001). To investigate
the effect of higenamine-S on HO-1 expression in RAW
264.7 cells, treatment with higenamine alone or with SNP
was made. Higenamine-S concentration-dependently increas-
ed HO-1 expression, which effect was clearly demonstrated in
the presence of SNP. In addition, this synergic effect was
inhibited by PKA inhibitor (data not shown), further confirm-
ing that PKA signal pathway is operating in this system.
Although we did not measure cAMP content in the present
experiment, higenamine-R isomer did not induce HO-1
expression in the presence of SNP, which can be explained
why R-isomer shows no cardiac stimulatory effect. At the
present time the functional significance of HO-1 expression is
not clear. However, many reports indicate that HO-1 plays
some role in cellular adaptive defense mechanisms. The
present results indicate that oxidant-injury by hydrogen per-
oxide was attenuated by the presence of SNP, which was more
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deteriorated by the presence of ZnPPIX, HO-1 inhibitor. Of
course, higenamine and forskolin protected hydrogen perox-
ide-induced cellular toxicity (in preparation). Based on the
result of PDTC on HO-1 expression, antioxidant chemical
may not induce HO-1 expression, so protective effect of hige-
namine on oxidant injury can be expected through its antioxi-
dant action and HO-1 induction. In concluston, present study
provides evidence that expression of HO-1 gene in RAW
264.7 cells is regulated by PKA signaling pathway. Since the
specific induction of HO-1 by pharmacological stimuli has
significant clinical implications, targeted induction of HO-1
gene expression by non-stressful stimuli, such as higenamine-
S. may serve as a novel approach to therapeutic intervention.

ACKNOWLEDGMENTS

This work was supported by grant from Ministry of Health
and Welfare (HMP-B-21200-0047).

REFERENCES

Abraham, N. G., Lavrovsky, Y., Schwartzman, M. L., Stoltx,
R. A., Levere R. D., Gerritsen M. E., Shibahara S. and
Kappas A. (1995). Transfection of the human heme
oxygenase gene into rabbit coronary microvessel endo-
thelial cells: protective effect against heme and hemoglobin
toxicity. Proc Natl Acad Sci USA., 92, 6798-6802.

Ahmed, A., Rahman, M., Zhang, X., Acevedo, C. H., Nijjar
S., Rushton I, Bussolati B. and St John J. (2000). Induction
of placental heme oxygenase-1 is protective against TNF-
alpha-induced cytotoxicity and promotes vessel relaxation.
Mol Med,. 6,391-409.

Applegate, L. A, Luscher, P. and Tyrrell, R. M. (1991).
Induction of heme oxygenase: a general response to oxidant
stress in cultured mammalian cells. Cancer Res., 51, 974-
978.

Cambhi, S. L., Alam, J., Wiegand, G. W., Chin, B. Y. and Choi,
A. M. (1998). Transcriptional activation of the HO-1 genc
by lipopolysaccharide is mediated by 5' distal enhancers:
role of reactive oxygen intermediates and AP-1. 4m J
Respir Cell Mol Biol., 18, 226-234,

Chang, K. C,, Chong, W. S. and Lee, L. J. (1994). Different
pharmacological characteristics of structurally similar
benzylisoquinoline analogs, papaverine, higenamine, and
GS 389, on isolated rat aorta and heart. Can. .J. Physiol.
Pharmacol., 72, 327-3345.

Chang, K. C., Lim, J. K. and Park, C. W. (1986). Synthesis of
higenamine and its cardiovascular effects in rabbit:
evidence for B-adrenoceptor agonist. Kor J. Pharmacol.,
22, 96-104.

Chen, K. and Maines, M. D. (2000). Nitric oxide induces

heme oxygenase-1 via mitogen-activated protein kinases
ERK and P38. Cell. Mol.. Biol., 46, 609-617.

Christou, H., Morita, T., Hsich, C. M., Koike, H., Arkonac, B.,
Perrella, M. A. and Kourembanas, S. (2000). Prevention of
hypoxia-induced pulmonary hypertension by enhancement
of endogenous herue oxygenase-1 in the rat. Circ Res,. 86,
1224-1229,

Gross, S. S. and Levi, R. (1992). Tetrahydrobiopterin
synthesis. An absolute requirement for cytokine-induced
nitric oxide generation by vascular smooth muscle. J Biol
Chem., 25, 267(36):25722-9

Immenschuh, S., Kietzmann, T., Hinke, V., Wiederhold, M.,
Katz, N. and Muller-Eberhard, U. (1998). The rat heme
oxygenase-l gene is transcriptionally induced via the
protein kinase A signaling pathway in rat hepatocyte
cultures. Mol Pharmacol., 53, 483-91

Johnson, R. A, Lavesa, M., Askari, B., Abraham, N. G. and
Nasjletti, A. (1995). A heme oxygenase product, presu-
mably carbon monoxide, mediates a vasodepressor role in
rats. Hypertension., 25, 166-169.

Johnson, R. A., Lavesa, M., DeSeyn, K., Scholer, M. J. and
Nasjletti A. (1996). Heme oxygenase substrates acutely
lower blood pressurc in hypertensive rats. 4m .J Physiol.,
271, H1131-H1138.

Kang, Y. I., Lee, Y. S, Lee, G. W,, Lee, D. H, Ryu, J. C,,
Yun-Choi, H. 8. and Chang, K. C. (1999). Inhibition of
activation of nuclear factor kB is responsible for inhibition
of inducible nitric oxide synthase expression by higen-
amine, and active component of aconite root. J. Pharmacol.
Exp. Ther., 291, 314-320.

Kyokane, T., Norimizu, S., Taniai, H., Yamaguchi, T.,
Takeoka, 8., Tsuchida, E., Naito, M., Nimura, Y., Ishirmura,
Y., Suematsu, M. (2001). Carbon monoxide from heme
catabolism protects against hepatobiliary dysfunction in
endotoxin-treated rat liver. Guastroenterology, 120, 1227-
1240.

Lautier, D., Luscher, P. and Tyrrell, R. M. (1992). Endogenous
glutathione levels modulate both constitutive and UVA
radiation/oxidant-inducible expression of the human heme
oxygenase gene. Carcinogenesis., 13, 227-232.

Lee, P. .J, Alam, I., Wiegand, G. W. and Choi, A. M. (1996).
Overexpression of heme oxygenase-1 in pulmonary
epithelial cells results in cell growth arrest and increased
resistance to hyperoxia. Proc Natl Acad Sci USA., 93,
10393-10398.

Lee, Y. S., Kang, Y. J, Lee, B. K., Ko, Y. S, Park, M. K., Seo,
H.G., Yun-Choi, H. S. and Chang, K. C. (2001). Down-
regulation of TNF-a and IL-6 by higenarnine is responsible
for reduction of infarct size and myocardial ischemic injury
in the rat. Kor. J. Appl. Pharmacol., 9, 167-175.

McCoubrey, W. K., 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.

Miano, L. L. J. M., Mercer, B, and Olson, E. N. (1996).
Expression of the SM22a promoter in transgenic mice



Signal fransduction of HO-1 in RAW 264.7 cells 77

provides evidence for distinct transcriptional regulatory Trakshel, G. M., Kutty, R. K. and Maines, M. D. (1986).

programs in vascular and visceral smooth muscle cells. .J Purification and characterization of the major constitutive

Cell Biol., 132, 849-859. form of testicular heme oxygenase. J Biol Chem., 261,
Shibahara, 8., Muller, R., Taguchi, H. and Yoshida, T. (1985). 11131-11137.

Cloning and expression of cDNA for rat heme oxygenase. Yun-Choi, H. 8., Lee, D. H. and Chang, K. C. (2001).

Proc Natl Acad Sci USA., 82, 7865-7869. Synthesis of optical isomers of tetrahydroisoquinoline
Suematsu, M. and Ishimura, Y. (2000). The heme oxygenase- compounds and its pharmaceutical composition. Korean

carbon monoxide system: a regulator of hepatobiliary Patent Application, 2001-21500.

fonctions. Hepatology., 31, 3-6



