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Abstract

Although heme oxygenase-1 and glutathione play important roles in the antioxidant defense sys-
tem, the sharing and/or cross-talking of the HO-1 and GSH system remain poorly understood. The
object of this study is to determine whether the glutathione system is involved in the antioxidant
function of hemin. Hydrogen peroxide decreased the viability of the human leukemic monocyte
lymphoma cell line U937. When these cells were pretreated with hemin before the addition of hy-
drogen peroxide, cell death was prevented. An inhibitor of heme oxygenase-1 or glutathione bio-
synthesis significantly abolished this protective effect of hemin. These results suggest that both
heme oxygenase-1 and glutathione are involved in the protective effects of hemin against U937
cell death, which was induced by hydrogen peroxide. Hemin induced an increase in glutathione
levels following the upregulation of the gene expression and protein levels of glutamate-cysteine
ligase catalytic subunit. The inhibitor of heme oxigenase-1 inhibited the upregulation of gluta-
mate-cysteine ligase catalytic subunit expression. These results suggest that hemin induces glu-
tathione synthesis through heme oxygenase-1 activation to protect cells from hydrogen peroxide-
induced oxidative stress.

Keywords

Glutathione, Heme Oxygenase-1, Hemin, Oxidative Stress, Gene Expression

1. Introduction

The excessive generation of reactive oxygen species (ROS), which contain hydrogen peroxide (H,0,) can lead
to several diseases, such as atherosclerosis, myocardial ischemia/reperfusion injury, diabetes mellitus and cancer
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[1]-[3]. All cell types have developed complex networks of antioxidant response machinery to adapt to oxidative
stress conditions [4]-[6]. These responses include the induction of heat shock protein synthesis as well as the
glutathione (GSH) system. Hemeoxygenase (HO)-1 is one of the primary proteins that respond to oxidative
stress conditions [7]-[9]. HO-1 catalyzes the degradation of heme and leads to the production of carbon monox-
ide, free iron and bilirubin. Bilirubin is a potent free radical scavenger [10] [11]. Carbon monoxide has vasodi-
latory, anti-apoptotic activity and anti-inflammatory actions, which support the cytoprotective effects of biliru-
bin [9] [12] [13]. In addition, free iron induces the expression of a secondary antioxidant protein, ferritin [14].
The protective effect of HO-1 against oxidative stress has been additionally confirmed by the use of pharmaco-
logical blockers of HO-1 activity and the deletion of the HO-1 gene [15]. Hemin, which is specifically described
as protoporphyrin IX containing a ferric iron ion, is a strong HO-1 inducer. The upregulation of HO-1 activity
by hemin treatment has been shown to have a beneficial role in various models of cellular and tissue injury dur-
ing oxidative stress [16] [17]. It is suggested that HO-1 activation may mediate these antioxidants and the pro-
tective effect of hemin.

Intracellular GSH strongly participates in detoxification reactions through its reducing potential, either di-
rectly or indirectly, as a cofactor for enzymes such as glutathione peroxidase (GPx) [6] [18]. The depletion of
intracellular GSH results in oxidative stress to cardiomyocytes, hepatocytes and renal tubular epithelial cells,
whereas the addition of GSH protects against cytotoxicity [19]-[21].

Given that the HO-1 system and GSH system could potentially share an induction mechanism, which is me-
diated by an antioxidant response master regulator, such as the nuclear factor-erythroid-2-related factor (Nrf-2),
and that the GSH system has strong antioxidant potential, the GSH system might participate in the protective
effect of hemin against oxidative stress. However, the sharing and/or cross-talking of the HO-1 and GSH system
remain poorly understood.

The aim of the present study is to elaborate on the connection between HO-1 induction and GSH synthesis in
the protective effect of hemin. We demonstrated that hemin enhanced glutamate-cysteine ligase catalytic subunit
(GCLC) expressions and GSH synthesis and that the administration of the HO-1 inhibitor abolished the expression
of GCLC, which resulted in the failure of hemin to exert a cytoprotective effect. We showed here that the increase in
intracellular GSH via HO-1 activation participated in the protection effect of hemin against oxidative stress.

2. Materials and Methods
2.1. Chemicals

H,0, was obtained from Kanto Chemical Co. Inc. (Tokyo, Japan). L-Buthionine-[S,R]-Sulfoximine (BSO) was
purchased from Calbiochem (San Diego, CA). The cell proliferation assay was obtained from Promega Co.
(Madison, W1). Dimethyl sulfoxide (DMSQO) was obtained from NakaraiTesque, Inc. (Kyoto, Japan). 5,5’-dithi-
obis-2-nitrobenzoic acid (DTNB) was obtained from Eastman Chemical Co. (Kingsport, TN). Fetal bovine se-
rum (FBS) was purchased from Biosource, Inc. (Camarillo, CA). Hemin was obtained from Alfa Aesor (Ward
Hill, MA). Phosphate buffer saline was obtained from Takara Bio, Inc. (Tokyo, Japan). RPMI 1640 medium and
penicillin-streptomycin were obtained from Invitrogen (Carlsbad, CA). Zinc (I1) protoporphyrin IX (ZnPP) was
obtained from Alexis Biochemicals (San Diego, CA). Glutathione reductase from yeast (GR) and fS-nicotina-
mide-adenine dinucleotide phosphate reduced form (NADPH) were obtained from Oriental Yeast Co., Ltd.
(Tokyo, Japan). The HO-1 antibody was obtained from Assay Designs, Inc. (Ann Arbor, MI). The GCLC anti-
body, actin antibody, rabbit anti-goat 1gG-HRP and goat anti-rabbit IgG-HRP were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). The radio immune precipitation assay (RIPA) buffer and BCA assay kit
were obtained from Thermo Scientific (Rockford, IL). ECL plus, Hyperfilm ECL, and an illustra™RNAspin
mini RNA isolation kit were obtained from GE healthcare (Little Chalfont, UK). A high-capacity cDNA reverse
transcription kit, TagMan Universal PCR Master Mix and TagManGene Expression Assay were obtained from
Applied Biosystems (Foster City, CA). All other chemicals that were used in this study were of the highest
grade available from commercial suppliers.

2.2. Cell Culture and Treatment

The human leukemic monocyte lymphoma cell line U937 was a kind gift from Dr. I. Kashiwakura and was cul-
tured in RPMI 1640 medium, which contained heat-inactivated 10% FBS, 100 U/mL penicillin and 100 pg/mL
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streptomycin, and incubated at 37°C in an atmosphere of 5% CO,/95% air as described previously [22]. U937
cells were seeded in 24-well plates containing 640 pl of culture medium at a density of 4 x 10° cells/well in
12-well plates containing 1.2 ml of culture medium at a density of 7.5 x 10° cells/well and in 6-well plates con-
taining 3 ml of culture medium at a density of 3 x 10° cells/well; in addition, H,O, was added to the medium af-
ter pretreatment with or without hemin overnight. Hemin, BSO or ZnPP was added to the medium at the same
time as cell seeding unless otherwise indicated. DMSO was not observed to have an influence as a vehicle at
solution concentrations of less than 0.1%.

To determine the viability of the cells, we measured the capability of cells to reduce 3-(4,5-dimethylthiazol-
2-yl)-2,5-dimethyl tetrazolium bromide (MTT) with a minor modification to a previously described protocol
[20]. Briefly, after removing the medium by centrifugation at 300 x g for 5 min, the cells were washed twice
with PBS. To assay the MTT reduction ability, fresh culture medium (50 uL) and a dye solution of MTT (7.5 uL)
were added to each of the cell-containing wells and were incubated for 2 h at 37°C. A solubilization/stop solu-
tion (50 uL) was then added for an additional overnight incubation. The absorbance readings at 570 nm (forma-
tion of formazan) and 690 nm (reference) were recorded using a microplate reader (Bio-Rad, Tokyo, Japan).

2.3. Real-Time RT-PCR

Total cellular RNA was extracted from H9c2 cells using an illustra™RNAspin Mini RNA Isolation Kit (GE
Healthcare, Buckinghamshire, UK), according to the manufacturer’s instructions, and the total RNA was quanti-
fied by absorbance at 260 nm. RNA (0.2 ug/uL) was reverse transcribed into cDNA using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) according to the manufacturer’s in-
structions. TagMan PCR primers and probes for HO-1 and GCLC target genes as well as18S rRNA, which is the
internal standard gene, was obtained from Applied Biosystems (Foster City, CA). TagMan PCR was performed
with 1 pL of sample cDNA in a 50-uL reaction mixture containing TagMan Universal PCR Master Mix and the
TagMan gene expression assay. Amplification was performed using the 7500 Real Time PCR System (Applied
Biosystems). Cycling conditions were 50°C for 2 min, 95°C for 10 min, followed by 50-cycleamplification at
95°C for 15 s and 60°C for 1 min. The threshold cycle number (C,) at which each PCR amplification reaches a
significant threshold level was calculated using the system software. C, is proportional to the number of target
and 18S rRNA copies existing in the reaction mixture. 18S rRNA was used to normalize mRNA expression.
Data were calculated using the AACt method.

2.4. Western Blotting

U937 cells were seeded in6-well plates and were incubated under various conditions. After the removal of the
medium by centrifugation at 300 x g for 5 min, the cells were washed twice with PBS. The pellet was resus-
pended in RIPA buffer and was incubated for 30 min on ice. We passed the cells through a 5 mL syringe with a
27-gage needle 6 times to lyse the plasma membrane. The supernatant was collected by centrifugation at 22,900
x g for 10 min at 4°C. Protein content was measured using the BCA protein assay kit with bovine serum albumin
as the standard. A solution of the sample protein was diluted with an equal volume of 0.1 M Tris-HCI buffer at
pH 6.8 containing 4% SDS, 12% 2-mercaptoethanol, 20% glycerol, and 0.01% bromophenol blue, and the mix-
ture was boiled for 10 min. Proteins (50 mg/well) from each sample were separated on a 10% SDS-polyacryla-
mide gel and transferred to a nitrocellulose membrane (GE Healthcare, Buckinghamshire, UK). The membrane
was blocked with 5% skim milk and incubated overnight with primary antibodies at 4°C. Probing of the mem-
branes was performed with a polyclonal HO-1 antibody (1:5000 dilution), a polyclonal GCLC antibody (1:4000
dilution) or a polyclonal actin antibody (1:5000 dilution). After blotting, the membranes were washed with wash
buffer and then incubated for 60 min at room temperature with secondary antibodies, including a donkey anti-
rabbit 1gG-conjugated HRP (1:20,000 dilution) and a rabbit anti-goat 1gG-conjugated HRP (1:5000 dilution).
The proteins that combined with the antibodies were detected by ECL plus Western blotting system detection
reagents, and immunocomplexes were visualized using an Epi-Light UV FA1100. For the quantification of band
density, films were analyzed using the Luminous Imager software (Aisin Cosmos, Toyama, Japan).

2.5. GSH Determination

Intracellular GSH was measured by the DTNB-GSSH reductase recycling assay [23]. Briefly, the cells were
seeded onto 6-well plate and incubated under various conditions for 24 h. The cells were collected by centrifu-
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gation at 300 x g for 5 min and were washed twice with PBS. The cell pellets were resuspended in 300 uL PBS
and were then sonicated with an ultrasonic disrupter (Model UR-200P, Tomy Seiko Co., Tokyo, Japan) three
times for 10 s at 35 W in icewater. The lysate was centrifuged at 22,900 x g for 10 min at 4°C. After incubation
with 4 mM NADPH and 6 U/mL GR for 5 min at 37°C, the supernatant was mixed with 2 mM DTNB and mea-
sured with a spectrophotometer (Shimadzu Co., Kyoto, Japan) at 412 nm. The amount of GSH in the mixture
was calculated using the coefficient of the resultant product, 5-mercapto-2-nitrobenzoate: &= 15,500 M *-cm ™.

2.6. Statistical Analysis

Data are represented as the mean + S.D. and were statistically analyzed by Student’s t-test or Welch’s t-test fol-
lowing the F-test for paired data. We also used Dunnett’s multiple comparison test after one-way analysis of va-
riance. p < 0.05 was considered statistically significant

3. Results
3.1. Protective Effect of Hemin against H,0; Cytotoxicity

As shown in Figure 1(a), H,0, induced a decrease in the viability of U937 cells in a dose-dependent manner
during the 24 h incubation period; the viabilities were 88%, 68%, 48% and 33% at 0.25, 0.50, 0.75 and 1.0
mMH,0,, respectively. Because there was an obvious decrease in cell viabilityat an H,O, concentration of 1.0
mM after the 24 h incubation period, this condition was chosen to induce cytotoxicity in U937 cells in the sub-
sequent experiments. The pretreatment of cells with hemin, an inducer of HO-1 for 24 h significantly prevented
the H,0,-induced cell death, and the viability concentration at 20 pM was 60% (viability without hemin was
20%) (Figure 1(b)). The pretreatment of cells with hemin in the presence of ZnPP, an inhibitor of HO-1, failed
to exhibit the protective effect of hemin. We next investigated whether intracellular GSH participates in the pro-
tective effect of hemin against cell death induced byH,O,. The pretreatment of cells with hemin in the presence
of BSO, an inhibitor of GSH biosynthesis, completely failed to prevent the cell death that was induced by H,0,
and markedly enhanced cytotoxicity (Figure 1(c)). BSO did not exert any cytotoxic effects at the concentrations
that were used in our study. These results suggest that both HO-1 and GSH participated in the protective effect
of hemin against the cell death that was induced by H,O,.

3.2. Hemin Induces the Activation of GSH Synthesis and HO-1 Expression

Figure 2 shows the changes in the GSH levels in U937 cells that were pretreated with hemin. Although no
change was observed until 6 h after pretreatment with hemin, the GSH levels increased after 12 h, and the GSH
levels at 24 h were approximately 2.2 times higher than that at 0 h. In the presence of BSO, intracellular GSH
levels in cells that were pretreated with hemin markedly decreased (Figure 2(a)). These results suggest that he-
min pretreatment induces an increase in intracellular GSH levels. We investigated the effect of hemin on the
gene expression and protein levels of GCLC, which is the catalytic subunit of y-GCS, in U937 cells. When U937
cells were pretreated with hemin for 24 h, an increase in the concentration of hemin resulted in an increase in the
expression of the GCLC gene in a dose-dependent manner. At a concentration of 20 uM hemin, which showed a
significant cytoprotective effect, the gene expression and protein levels of GCLC were 3.0 £ 0.1 and 2.2 + 0.6
times higher than those of the control, respectively (Figure 2(b) and Figure 2(c)). These results suggest that
hemin pretreatment of U937 cells induces the expression of the GCLC gene.

We also recorded the HO-1 gene and protein expression in cells that were pretreated with hemin. Upon pre-
treatment with hemin for 24 h, significant increases in HO-1gene expression were observed, and the expression
levels at 5, 10 and 20 uM hemin were 19, 28 and 64 times higher than those of control cells without hemin, re-
spectively (Figure 2(d)). Increasing the concentration of hemin resulted in increased in HO-1 protein levels in
U937 cells. At a concentration of 20uM hemin, the HO-1 levels were 6.4 + 0.1 times higher than those of con-
trol cells (Figure 2(e)). In control cells without hemin, no increase in the gene expression and protein levels of
HO-1 was observed during the 24 h incubation period. These results suggest that hemin caused the increase in
HO-1 expression during the 24 h treatment.

3.3. HO-1 Activity Mediates GSH Synthesis

We next investigated whether HO-1 induction by hemin pretreatment mediates the activation of GSH synthesis.
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Figure 1. Effect of hemin, ZnPP and BSO on cell death induced by H,0,. U937 cells were incubated with various
concentrations of H,0, for 24 h (a). p < 0.05 compared with control cells without H,0,. After pretreatment with 20 uM
hemin and 10 uM ZnPP (b) or 0.1 mM BSO (c), U937 cells were incubated with 1 mM H,O, for 24 h (b). Cell viability was
assayed by MTT methods. Data are represented as the mean + S.D.

As shown in Figure 3(a), upon the addition of ZnPP at different time points during hemin pretreatment, ZnPP
markedly abolished the protective action of hemin pretreatment at 24 h before the addition of H,O,. However,
ZnPP treatment at 1 h before the addition of H,O, failed to abolish the protective effect of hemin pretreatment.
This result suggests that HO-1 activation an early time point during hemin pretreatment might be important for
the protective effect of hemin. Figure 3(b) shows the time course of HO-1 and GCLC gene expression during
hemin pretreatment. A significant increase in HO-1 expression was observed during the 3 h after the addition of
hemin; the levels at 6 h were 284 + 7 times higher than those at 0 h and decreased at 12 and 24 h (approximately
30 times). Significant increases in GCLC expression were observed at 12 h after hemin pretreatment and the
levels at 12 and 24 h were 2.4 + 0.1 and 2.3 £ 0.2 times higher than those at 0 h, respectively. GCLC upregula-
tion follows HO-1 upregulation during hemin pretreatment. These results imply that the preceding activation of
HO-1 mediates GCLC gene expression to show the protective effect of hemin.

To address this hypothesis, we investigated whether the inhibition of HO-1 inhibits GSH synthesis by hemin.
Figure 4 shows the effect of ZnPP on GCLC expression. Although the GCLC gene expression that was induced
by hemin pretreatment for 24 h was approximately 2.5 times higher than that in control cells, ZnPP markedly
inhibited the increase in GCLC gene expression (approximately 1.5 times). In control cells, ZnPP did not affect
the basal GCLC expression level. Consistent with the gene expression data, the pretreatment with hemin induced
increasing levels of GCLC protein, which were 2.2 + 0.6 times higher than those in control cells at 24 h (Figure 4(b)).
In the presence of ZnPP, GCLC protein levels in cells pretreated with hemin for 24 h were 1.0 £ 0.5 times
higher compared with control cells, suggesting that ZnPP almost completely inhibits the upregulation of GCLC
protein. Figure 4(c) shows the effect of ZnPP on intracellular GSH levels in U937 cells treated with hemin. A
significant increase in intracellular GSH levels was observed at 24 h after the addition of hemin. The levels of
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Figure 2. Effect of hemin pretreatment on GSH levels andon GCLC and HO-1 gene and
protein expression. (a) U937 cells were pretreated with 20 uM hemin with or without 0.1
mM BSO for the indicated time. Data are represented as the mean + S.D. “p < 0.05. (b, d)
U937 cells were pretreated with various concentration of hemin for 24 h. The GCLC and
HO-1 gene expressions were determined in real-time using RT-PCR. Data are re-
presented as the mean + S.D. “p < 0.05 compared with control cells without hemin_(c, €)
U937 cells pretreated with 20 uM hemin for 24 h. GCLC and HO-1 protein levels were
determined by Western blotting. Data are represented as the mean + S.D. p < 0.05
compared with control cells without hemin.

GSH were 2.8 £ 0.2 times higher than at 0 h. ZnPP dramatically inhibited the increase in GSH levels that were
induced by hemin (1.3 + 0.1 times). These results suggest that the activation of HO-1 could participate in the
induction of GCLC gene expression and GSH synthesis.

4. Discussion

Cells orchestrate several antioxidative machineries in response to oxidative stress. Both HO-1 and GSH are ma-
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Figure 3. Involvement of HO-1 in the protective action of hemin and the time course of HO-1 and GCLC gene expression.
(a) After the pretreatment with 20 uM hemin for 24 h or 10 uM ZnPP for 24 or 1 h, U937 cells were incubated with 1 mM
H,0, for 24 h. Cell viability was assayed by MTT methods; (b) U937 cells pretreated with 20 uM hemin for various times.
HO-1 and GCLC gene expression were determined in real-time using RT-PCR. Data are represented as the mean + S.D. "p <
0.05 and “p < 0.05 compared with HO-1 and GCLC gene expression at 0 h, respectively.
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Figure 4. Effect of ZnPP on GCLC expression and increasing GSH levels induced by hemin. U937 cells were pretreated
with 20 pM hemin and 10 uM ZnPP for 24 h. The GCLC gene and protein expressions were determined in real-time using
RT-PCR (a) and Western blotting (b), respectively. Intracellular GSH levels were determined as described in Methods (c).
Data are represented as the mean + S.D.

jor antioxidative machinery against oxidative stress in various types of organism [15] [18]. Hemin is a ferric
iron-binding porphyrin and is well-characterized as activating the expression of HO-1 in various types of cells.
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The present study showed that pretreatment with hemin markedly increased the expression of HO-1 and induced
GSH synthesis, which in turn exhibited a cytoprotective effect against H,O»-induced cytotoxicity. This tolerance
to H,0O,-induced cytotoxicity was abolished by the presence of ZnPP, an inhibitor of HO-1, suggesting that
HO-1 participates in the protective action of hemin. HO-1 catalyzes the degradation of heme and produces bili-
rubin, a potent free radical scavenger, resulting in an increase in antioxidative potential [9]-[11]. Several re-
searchers reported that increased HO-1 activity provided cellular protection against diseases that were induced
by oxidative stress, including diabetes mellitus, cardio vascular disease and atherosclerosis [24] [25]. These findings
support our findings that inducing HO-1 plays an important role in the protective action against H,O»-induced
oxidative damages in hemin-pretreated cells.

GSH is a tripeptide containing cysteine and is an abundant antioxidant in all organisms. Under oxidative
stress conditions, GSHs are consumed by ROS and are rapidly filled primarily de novo synthesis and redox
cycling [19] [21]. Gamma-glutamylcysteine synthetase (y-GCS), which is a component in two ATP-requiring
GSH synthesizing enzymes, is responsible for GSH de novo synthesis. Gamma-GCS is a heterodimer of the
heavy, catalytic subunit (GCLC) and the light, regulatory subunit (GCLM). GCLC gene expression is the rate-
limiting step in GSH synthesis [26]. GCLC expression is mediated by inducible machineries that respond to
various stimuli, such as heat shock, oxidative stress and cytokines [15] [19] [27]. It has been demonstrated that
preconditioning, such as mild oxidative stress, induces the activation of GSH de novo synthesis and exhibits cy-
toprotective effect against oxidative stress [28] [29]. The importance of de novo synthesis is underscored by the
observations that the inhibition of GCLC can significantly deplete GSH in cultured cells and tissues within
hours [30]. In the present study, we demonstrated that hemin pretreatment induced GCLC upregulation and GSH
synthesis. BSO, an inhibitor of GSH biosynthesis, completely abolished the protective action of hemin pretreat-
ment against U937 cell death that was induced by H,O,. GSH is involved in several processes, such as scaveng-
ing ROS, maintaining redox status, detoxification and regulating apoptosis [18] [19] [21] [31]. In addition, GSH
and thiol compounds participate in the cell signaling response to oxidative stress [6] [32] [33]. These results
suggest that the activation of GSH synthesis participates in the protective effect of hemin pretreatment against
cell death that is induced by H,0..

One of the potential master regulators that control antioxidative machineries is a transcription factor, nuclear
factor-erythroid-2-related factor (Nrf-2). It has previously been demonstrated that the HO-1 gene and GCLC
gene promoters have the Nrf-2 consensus sequence ARE and can be activated by Nrf-2 [34] [35]. If the HO-1
expression and GCLC expression that are induced by hemin share the same activation mechanism, then it can be
expected that they would show similar expression profiles. However, we demonstrated that HO-1 and GCLC
showed different expression profiles during hemin pretreatment. HO-1 gene expression reached a peak by 6 h
and decreased at 12 and 24 h after hemin pretreatment. In contrast, GCLC gene expression showed no changed
by 6 h, increased at 12 h and continued to be upregulated until 24 h after hemin pretreatment. In addition, we
demonstrated that the inhibition of HO-1 by ZnPP inhibited the upregulation of GCLC gene expression and
GSH synthesis induction. Consistent with this observation, ZnPP markedly abolished the protective action of
hemin pretreatment when administered together with hemin at 24 h before the addition of H,0,. However, ad-
ministering ZnPP 1 h before the addition of H,O, failed to abolish the protective effect of hemin pretreatment.
ZnPP did not affect basal GCLC gene expression in control cells that were pretreated without hemin, and BSO
did not influence the gene and protein expression of HO-1. These data suggested that HO-1 could participate in
the GCLC gene upregulation that was induced by hemin. We hypothesize that GCLC gene expression occurs
downstream of HO-1 activated hemin. Further studies will be required to clarify the molecular mechanism of the
GCLC gene upregulation that is mediated by HO-1.

In conclusion, the findings of this study are schematically represented in Figure 5. We have demonstrated for
the first time that hemin exerts a cytoprotective effect via the upregulation of GSH synthesis against oxidative
stress that is induced by H,O, in U937 cells. The early event in this process appears to be an increase in
HO-1activity that occurs shortly after pretreatment with hemin. HO-1 catalyzes the decomposition of hemin to
CO,bilirubin and iron [9]-[12]. Carbon monoxide might activate Nrf-2, resulting in the upregulation of GCLC
expression and GSH synthesis [36]. The present study proposes the mechanism of hemin-induced cytoprotective
effect in which hemin activates GSH synthesis through HO-1 activation. It is interesting to speculate that the ac-
tivation of Nrf-2 by several compounds, such as hemin and CO, might result in the activation of different de-
fense pathways. To clarify these possibilities, further studies are needed.

Hemin is used for the treatment of some diseases, such as acute hepatic porphyrias, middle model thalassemia
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Figure 5. Schema summarizing the inhibition of H,O,-induced
cytotoxicity by hemin via the up-regulation of GCLC expre-
ssion through HO-1 activation..

and marrow a typicality syndrome [37] [38]. Bharucha et al. recently showed that hemin increases the plasma
HO-1 protein concentration and HO-1 activity in humans [39]. The concentration of hemin used in the present
study is obviously lower than the recommended therapeutic dose (3 mg/kg i.v.) for humans [40]. It is possible
that the intracellular GSH in leukocytes increases after 24 h, providing hemin for the patient. Based on these
findings, we propose the necessity of verifying the physiological and treated effect of GSH when HO-1 activity
is increased.
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