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The survival signal elicited by the phosphatidylinosi-
tol 3-kinase (PI3K)/Aktl pathway has been correlated
with inactivation of pro-apoptotic proteins and attenu-
ation of the general stress-induced increase in reactive
oxygen species (ROS). However, the mechanisms by
which this pathway regulates intracellular ROS levels
remain largely unexplored. In this study, we demon-
strate that nerve growth factor (NGF) prevents the ac-
cumulation of ROS in dopaminergic PC12 cells chal-
lenged with the Parkinson’s disease-related neurotoxin
6-hydroxydopamine (6-OHDA) by a mechanism that in-
volves PI3K/Akt-dependent induction of the stress re-
sponse protein heme oxygenase-1 (HO-1). The effect of
NGF was mimicked by induction of HO-1 expression
with CoCl,; by treatment with bilirubin, an end product
of heme catabolism; and by infection with a retroviral
expression vector for human HO-1. The relevance of
HO-1 in NGF-induced ROS reduction was further dem-
onstrated by the evidence that cells treated with the
HO-1 inhibitor tin-protoporphyrin or infected with a
retroviral expression vector for antisense HO-1 exhib-
ited enhanced ROS release in response to 6-OHDA, de-
spite the presence of the neurotrophin. Inhibition of
PI3K prevented NGF induction of HO-1 mRNA and pro-
tein and partially reversed its protective effect against
6-OHDA-induced ROS release. By contrast, cells trans-
fected with a membrane-targeted active version of Aktl
exhibited increased HO-1 expression, even in the ab-
sence of NGF, and displayed a greatly attenuated pro-
duction of ROS and apoptosis in response to 6-OHDA.
These observations indicate that the PISK/Akt pathway
controls the intracellular levels of ROS by regulating
the expression of the antioxidant enzyme HO-1.

High levels of reactive oxygen species (ROS)! induce cell
death in the nervous system and have been associated with a
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number of pathologies such as Parkinson’s disease (1). Neuro-
trophins, including nerve growth factor (NGF), promote sur-
vival of target neurons and attenuate ROS-induced cell death
(2). A prominent mechanism involved in NGF-induced cell sur-
vival consists of the activation of phosphatidylinositol 3-kinase
(PISK) and its downstream effectors, including the protein
kinase B/Akt family of Ser/Thr kinases (3-5). This pathway
exerts protective actions against oxidative damage in central
and peripheral neurons (6). In this context, neuregulin pre-
vents H,0, induction of ROS in a PI3K-dependent manner (7).
Loss of oxidative stress tolerance with aging has been linked in
part to reduced Akt kinase activity in old rats (8). Concerning
neurodegeneration, we have recently reported the protective
effect of active Aktl against peptides of B-amyloid protein,
characteristic of senile plaques found in the brains of Alzhei-
mer’s patients (9); against the Parkinson’s disease-inducing
toxin 1-methyl-4-phenylpyridinium (10); and against apoptotic
concentrations of H,O, (11). In these cases, expression of a
constitutively active version of Akt prevented the increase in
ROS that follows treatment of PC12 cells with these toxins.

However, although those studies support an involvement of
Akt in counteracting oxidative damage in neurons, a direct role
of this pathway in the regulation of canonical antioxidant de-
fenses, represented by the superoxide dismutases and/or the
catalase/glutathione peroxidase system, has not been identi-
fied. On the contrary, recent reports on the dauer stage of
Caenorhabditis elegans and quiescent mammalian cells indi-
cate that, in the absence of active PISK and Akt, forkhead
transcription factors (DAF-16 and FOXO3a, respectively) in-
crease the expression of mitochondrial superoxide dismutase
(12, 13). Moreover, mutations in the daf-2 network of C. elegans
that inactivate PISK and Akt lead to up-regulation of a cyto-
solic catalase (14); and in Drosophila melanogaster, inactiva-
tion of this pathway results in increased superoxide dismutase
activity (15). Therefore, activation of PISK and Akt must lead
to up-regulation of other ROS detoxification systems.

In addition to the well characterized ROS scavenger systems
mentioned above, emerging evidence supports a role for heme
oxygenase (HO) enzymes as important components of the cel-
lular antioxidant armamentarium (16, 17). The heme oxygen-
ase family is composed of at least two well characterized isoen-
zymes: inducible HO-1 and constitutive HO-2. HO-1, also
known as HSP32 (heat shock protein of 32 kDa), is a stress
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response protein whose expression is induced in practically all
tissues and cells tested in response to multiple oxidative insults
such as heme, UV light, heavy metals, glutathione depletion,
and H,0,. This enzyme catalyzes the stepwise degradation of
heme to release free iron and equimolar concentrations of car-
bon monoxide (CO) and the linear tetrapyrrol biliverdin, which
is converted to bilirubin by the enzyme biliverdin reductase.
Many reports have established the potent antioxidant activity
of biliverdin and bilirubin and the cytoprotective actions of CO
on vascular endothelium and nerve cells (16-19). Therefore, it
is now widely accepted that induction of heme catabolism rep-
resents an adaptive, and ultimately protective, response to
oxidative injury. Of particular relevance to this study, it has
also been shown that the normally low levels of HO-1 expres-
sion in neurons (20, 21) dramatically increase after formation
of brain neurofibrillary tangles in Alzheimer’s patients (22) and
neuronal Lewy bodies in the substantia nigra of Parkinson’s
patients (23) and that cerebellar granular neurons overex-
pressing HO-1 are resistant to glutamate-mediated oxidative
stress (24).

The progressive deterioration of catecholaminergic cells in
Parkinson’s patients has been attributed, at least in part, to the
high vulnerability of these cells to oxidative damage. One po-
tential source of ROS in the substantia nigra includes the
autoxidation of the neurotransmitter dopamine to generate
6-hydroxydopamine (6-OHDA) (25). In fact, 6-OHDA is present
in rodent and human brains and has been widely used in
experimental models of Parkinson’s disease. Evidences derived
from in vivo and in vitro experimental models of this disease
have demonstrated that 6-OHDA neurotoxicity involves oxida-
tive damage to catecholaminergic neurons (26) via the genera-
tion of hydroxyl radicals, monoamine oxidase-mediated forma-
tion of H,0,, and mitochondrial generation of superoxide (25).

With the aim to determine whether PISK and Akt modulate
the heme oxygenase system of ROS detoxification, we analyzed
the effect of NGF on the regulation of HO-1 expression in
catecholaminergic PC12 cells. We show that NGF-induced ac-
tivation of PI3K/Akt up-regulates the expression and activity of
HO-1, which, in turn, provides protection against 6-OHDA-
induced oxidative damage in PC12 cells. These data contribute
to revealing the mechanism whereby NGF and PI3SK/Akt pro-
vide protection against oxidative injury and may be potentially
relevant in the development of new therapies for neurodegen-
erative disorders such as Parkinson’s disease.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfections, and Reagents—PC12 cells (a gift of Dr.
H. Kleinman, NIDCR, National Institutes of Health, Bethesda, MD)
were grown in Dulbecco’s modified Eagle’s medium supplemented with
7.5% fetal bovine serum, 7.5% heat-inactivated horse serum, and 80
ng/ml gentamycin. Eukaryotic expression vectors for enhanced green
fluorescent protein (EGFP) and myristoylated (myr)-EGFP-Aktl have
been described elsewhere (13). Stable transfection of PC12 cells was
performed with Superfect transfection reagent (QIAGEN Inc., Valencia,
CA) according to the manufacturer’s instructions. The amphotropic
retroviral packaging cell lines PT67 and PA317 (Clontech) were used to
collect replication-deficient retroviruses containing the retroviral vector
(LXSN) expressing human HO-1 antisense ¢cDNA under the control of
the human HO-1 promoter (LSN-HOP-HHO-1-AS) and human HO-1 in
the sense orientation (LSN-HHO-1), respectively. These retroviral con-
structs have been described elsewhere (27). PC12 cells infected with the
pLNCX retroviral vector (a generous gift of Dr. R. Perona, Instituto de
Investigaciones Biomédicas, Universidad Auténoma de Madrid) were
used as controls for HO-1 infections. Transfected and infected cells were
selected in 0.5 mg/ml G418. The reagents employed were NGF (Pepro-
tec, Rocky Hill, NJ), tin-protoporphyrin (Protoporphyrin Products,
Logan, UT), and 6-OHDA, actinomycin D, cycloheximide, 1.Y294002,
hemin, bilirubin, and CoCl, (Sigma).

HO Assays—Microsomal HO-1 activity was determined spectropho-
tometrically in PC12 cell microsomes incubated for 1 h in the dark at
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37 °C in the presence of hemin (10 um), NADPH (20 uM), and 1 mg of
protein from rat liver cytosol as a source of biliverdin reductase (28).
Reactions were terminated by adding 1 ml of chloroform, and the
concentration of bilirubin was determined from the difference in ab-
sorbance between 464 and 530 nm using an extinction coefficient of 40
mM ' em

Analysis of mRNA Levels by Reverse Transcriptase-PCR—Total cel-
lular RNA was extracted using TRIzol reagent (Invitrogen) (29). Equal
amounts (1 pg) of RNA from the different treatments were reversed-
transcribed (75 min, 42 °C) using Superscript II reverse transcriptase
(Invitrogen). Amplification of cDNA was performed in 25 ul of PCR
buffer (10 mm Tris-HCI, 50 mm KCl, 5 mm MgCl,, and 0.1% Triton
X-100, pH 9.0) containing 2.5 mM digoxigenin-dUTP, 0.6 units of Taq
DNA polymerase, and 30 pmol of synthetic gene-specific primers for
HO-1 (forward, 5'-AAGGCTTTAAGCTGGTGATGG-3'; and reverse, 5'-
AGCGGTGTCTGGGATGAACTA-3'). To ensure that equal amounts of
reverse-transcribed RNA were added to the PCR, the glyceraldehyde-
3-phosphate dehydrogenase or B-actin housekeeping gene was ampli-
fied using commercially available oligonucleotides (Clontech). After an
initial denaturation step (4 min, 94 °C), amplification of each cDNA was
performed for 17, 19, 21, 23, and 25 cycles (HO-1, glyceraldehyde-3-
phosphate dehydrogenase, or B-actin) using a thermal profile of 1 min
at 94 °C (denaturation), 1 min at 58 °C (annealing), and 1 min at 72 °C
(elongation). The optimal number of cycles within the linear range of
amplification were selected as 23 for HO-1 and 19 for glyceraldehyde-
3-phosphate dehydrogenase or B-actin (data not shown). The amplified
PCR products were resolved by 1.8% agarose gel electrophoresis and
transferred to nylon membranes. Chemiluminescence detection was
performed with a digoxigenin luminescence detection kit (Roche Molec-
ular Biochemicals, Basel, Switzerland).

Immunoblotting—Primary anti-HO-1 antibodies were purchased
from Stressgen and Oxys. Anti-protein-disulfide isomerase antibodies
were a gift from Dr. J. G. Castafio (Instituto de Investigaciones Bio-
médicas, Universidad Auténoma de Madrid-Consejo Superior de Inves-
tigaciones Cientificas). Cells were grown in 60-cm plates, washed once
with cold phosphate-buffered saline, and lysed on ice with 200 ul of lysis
buffer (1% Nonidet P-40, 10% glycerol, 137 mm NaCl, 20 mMm Tris-HCI,
pH 7.5, 1 pg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 20 mm
NaF, 1 mM sodium pyrophosphate, and 1 mm Na,VO,). Lysates were
precleared by centrifugation, resolved by SDS-PAGE, and transferred
to Immobilon-P membranes (Millipore Corp., Madrid, Spain). Blots
were analyzed with anti-HO-1 antibodies (1:1000). Appropriate perox-
idase-conjugated secondary antibodies (1:10,000) were used to detect
the proteins of interest by enhanced chemiluminescence. Relative pro-
tein levels were determined by scanning densitometry and analysis
with NIH Image software.

Confocal Microscopy—Cells were seeded on glass-bottom 35-mm
plates (Willco, Amsterdam, The Netherlands). Following overnight se-
rum starvation, cells were incubated with 40 um 6-OHDA for 6 h or with
1 mMm H,0, for 45 min and afterward with 2 pum hydroethidine (HE)
(Molecular Probes, Inc., Eugene, OR) for 1 h at 37 °C. Confocal micros-
copy was performed using a Leica SP2 system. For HE, we used an
excitation wavelength of 488 nm, and fluorescence was detected at
wavelengths between 557 and 740 nm. For Hoechst 33258, we used an
excitation wavelength of 351 nm, and fluorescence was detected at
wavelengths between 386 and 512 nm.

Flow Cytometry—A FACScan flow cytometer (BD Biosciences,
Madrid) was used to analyze fluorescence from HE (band pass 575/24
nm), annexin V-phycoerythrin (PE) (band pass 620/22 nm), and 7-ami-
noactinomycin D (7-AAD) (band pass 575/24 nm). Intracellular ROS
were detected with HE. Cells were detached from the plates, washed
with phosphate-buffered saline, incubated with 2 um HE for 1 h at
37 °C, and analyzed immediately. Base-line incorporation of the probe
was determined in serum-starved cells incubated in 2 um HE at 4 °C.
Variations in HE fluorescence between experiments were attributed to
slight differences in the photomultiplier parameters used during data
acquisition and to small differences among batches of HE. For apoptosis
assays, floating and attached cells were transferred to conical tubes and
spun at 300 X g for 10 min. Cells were resuspended in annexin V
binding buffer (10 mm HEPES-NaOH, pH 7.4, 140 mm NaCl, and 2.5
mM CaCl,) at 10° cells/ml. Cells were incubated for 15 min at 25 °C in
a 1:20 solution of annexin V-PE (Pharmingen, Madrid) supplemented
with 1 ug/ml 7-AAD (Sigma) and analyzed immediately.

Statistics—Student’s ¢ test was used to assess differences between
groups. A p value of <0.05 was considered significant. Unless indicated,
all experiments were performed al least three times with similar re-
sults. The values in graphs correspond to the average of at least three
samples. Bars indicate S.D.
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Fic. 1. 6-OHDA induces a rise in ROS in PC12 cells as deter-
mined by HE staining. A, confocal microscopy pictures of represent-
ative fields from untreated and 6-OHDA- and H,O,-treated cells
stained with HE and Hoechst 33258. Serum-starved PC12 cells were
treated with 40 um 6-OHDA for 6 h or with 1 mm H,0, for 45 min, and
2 uM HE was added during the last hour of the experiment. B, quanti-
tative determination by flow cytometry of 6-OHDA-induced oxidative
stress by HE staining. Cells were treated as described for A with the
indicated concentrations of 6-OHDA. A representative sample of 10,000
cells is shown for untreated and 20 and 40 um 6-OHDA-treated cells.

RESULTS

6-OHDA Induces ROS Generation in PC12 Cells—To assess
variations in ROS production, we used the ROS-sensitive flu-
orescent probe HE, a well established sensor of oxidative
stress, most specific of superoxide anion (10, 30, 31). Mitochon-
dria are the primary sites of HE oxidation; and once converted
to ethidine, this product accumulates intercalated into nucleic
acids at the nucleus (31). Serum-starved PC12 cells were
treated with 40 um 6-OHDA for 6 h or with 1 mm H,0, for 45
min as a control of oxidative stress, and 2 um HE was added for
1 h. As shown in Fig. 1A, counterstaining of these cells with the
nuclear dye Hoechst 33258 and analysis with confocal micros-
copy evidenced HE accumulation mostly in the nuclei of cells
submitted to oxidative damage. We then quantified the incor-
poration of HE in 6-OHDA-treated cells by flow cytometry as
shown in Fig. 1B. Untreated cells exhibited weak HE incorpo-
ration, indicating that the basal amount of ROS in these cells is
low. By contrast, 6-OHDA induced a dose-dependent incorpo-
ration of the probe. Similar results were obtained with the
green-emitting fluorophore 2’,7'-dichlorodihydrofluorescein di-
acetate (data not shown). However, because heme and hemo-
proteins may interfere with the oxidation of this dye in a
ROS-independent manner (32), we concentrated the rest our
work on HE.

Next, we analyzed the effect of NGF on prevention of
6-OHDA-induced release of ROS. As shown in Fig. 24, a 16-h
pretreatment with 20 ng/ml NGF significantly reduced the
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Fic. 2. NGF antagonizes the oxidant effect of 6-OHDA. A, NGF
prevents 6-OHDA induction of ROS. Serum-starved cells were treated
with 20 ng/ml NGF for 16 h, and 6-OHDA and HE were added for the
last 6 and 1 h, respectively. B, prevention of 6-OHDA-induced ROS by
NGF depends on the length of the NGF pretreatment. Serum-starved
cells were incubated with 20 ng/ml NGF for the indicated times. They
were then treated with 40 um 6-OHDA for 6 h and with HE for 1 h.
Asterisks denote p < 0.001, NGF-treated versus untreated groups. a.u.,
absorbance units.

6-OHDA-induced incorporation of HE, indicating that NGF
attenuates ROS production. Moreover, as shown in Fig. 2B,
this effect was dependent on the length of NGF pretreatment.
Thus, attenuation of ROS release by NGF required the pres-
ence of this neurotrophin at least 3 h prior to the addition of
6-OHDA. These results suggest that NGF induces the expres-
sion of a gene(s) essential to ROS antagonism.

NGF Up-regulates HO-1 Expression—Considering that HO-1
is an inducible enzyme with strong antioxidant properties, we
studied the effect of NGF on the expression of this protein.
Treatment of PC12 cells for 6 h with NGF resulted in a 2-3-fold
increase in HO activity (Fig. 3A). This increase was sensitive to
pretreatment with actinomycin D or cycloheximide, suggesting
that NGF enhances the expression of the inducible heme oxy-
genase isoform, HO-1. Indeed, as shown in Fig. 3 (B and C), the
increase in HO activity correlated with increased levels of
HO-1 mRNA and protein. Moreover, the increase in mRNA was
also sensitive to cycloheximide, suggesting, in agreement with
other studies (33, 34), that induction of HO-1 transcription
involves de novo protein synthesis. Moreover, as shown in Fig.
3D, NGF markedly elevated HO-1 mRNA, reaching a maxi-
mum within 3 h of treatment and declining by 9 h of NGF
exposure. In addition, induction of HO-1 protein by NGF was
delayed (Fig. 3E). There was a slight increase observed at 1.5-3
h, with a maximum 6—8-fold elevation at 9 h; but HO-1 protein
levels remained elevated for at least for 12 h after NGF stim-
ulation. NGF failed to stimulate HO-2 expression (data not
shown), further indicating that this neurotrophic factor specif-
ically up-regulates the HO-1 isoform.

Induction of HO-1 Expression and Exogenous Addition of
Bilirubin Attenuate ROS Generation by 6-OHDA—To assess
the relevance of HO-1 in 6-OHDA detoxification, we treated
PC12 cells with CoCl,, a well established inducer of HO-1
expression that promotes depletion of the intracellular GSH
pool and does not appear to significantly alter the activity of
other antioxidant enzymes, including superoxide dismutase,
catalase, and glutathione peroxidase (35). Heme oxygenase
expression was induced in PC12 cells following incubation with
CoCl, for 12 h as indicated in Fig. 4A. Plateau induction of
HO-1 protein was observed with ~100 um CoCl,. Contrary to
hemin, another commonly used inducer of HO-1, CoCl,, did not
display significant toxicity, at least for the length of these
experiments (data not shown). Following 12 h of CoCl, induc-
tion of HO-1, cells were treated with 6-OHDA as indicated in
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Fic. 3. NGF induces HO-1 expression. A, heme oxygenase activity
of PC12 cells treated with hemin, NGF, actinomycin D (Act D), and
cycloheximide (CHX) as indicated. B, semiquantitative reverse tran-
scriptase-PCR showing induction of HO-1 mRNA. Upper panel, HO-1
mRNA; lower panel, B-actin mRNA used for normalization. C, immu-
noblot showing induction of HO-1 protein. Upper panel, blot with anti-
HO-1 antibodies; lower panel, blot with anti-protein-disulfide isomerase
(PDI) antibodies showing a similar amount of protein/lane. For A-C,
serum-starved cells were untreated or pretreated with 50 um cyclohex-
imide or 10 pg/ml actinomycin D for 2 h prior to the addition of 50 um
hemin or 20 ng/ml NGF for an additional 6 h. D, time course of HO-1
mRNA expression by NGF. Upper panel, semiquantitative reverse tran-
scriptase-PCR showing HO-1 mRNA; lower panel, B-actin mRNA used
for normalization. E, time course of HO-1 protein expression by NGF.
Upper panel, immunoblot with anti-HO-1 antibodies; lower panel, im-
munoblot with anti-protein-disulfide isomerase antibodies showing a
similar amount of protein/lane. F, densitometric quantification of rela-
tive HO-1 mRNA and protein levels after treatment with NGF. For D
and E, serum-starved cells were treated with 20 ng/ml NGF and then
analyzed for HO-1 mRNA expression and protein at the indicated times.

Fig. 4B. CoCl, pretreatment strongly attenuated the produc-
tion of ROS in the presence of 6-OHDA. To further confirm that
the CoCl,, protection was due to induction of HO-1, we analyzed
the protective effect of bilirubin. Serum-starved cells were pre-
treated with 10 uMm bilirubin for 12 h prior to the treatment
with 6-OHDA. As shown in Fig. 4B, bilirubin also significantly
attenuated the 6-OHDA induction of ROS, although to a lesser
extent compared with CoCl,. These results indicate that induc-
tion of HO-1 prevents ROS production by 6-OHDA.

Moderate Quverexpression of HO-1 Attenuates 6-OHDA-in-
duced ROS Production—We also overexpressed HO-1 in PC12
cells and determined its effect on 6-OHDA-induced HE fluores-
cence. PC12 cells were infected with the retroviral expression
vector LSN-HHO-1, which has been described previously (27).
We could not find cell clones with levels of HO-1 overexpression
higher than 2-3-fold, suggesting that higher constitutive levels
of HO activity may be deleterious (see “Discussion”), probably
as a result of the depletion of intracellular heme reservoirs. A
pool of five clones overexpressing HO-1 by 2.3 = 0.3-fold (Fig.
4C) was used to assess the relevance of this enzyme in the
6-OHDA-induced production of ROS. Although modest, com-
parative levels of overexpression conferred protection against
glutamate-mediated oxidative stress in neurons of transgenic
mice (24). As shown in Fig. 4D, HO-1-overexpressing cells
exhibited a 6-OHDA-induced HE incorporation that was inter-
mediate between that induced by the toxin in control untreated
and NGF-treated cells. These results further suggest an anti-
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Fic. 4. Pharmacological induction of HO-1 expression with
CoCl, and moderate overexpression of HO-1 with a retroviral
expression vector attenuate 6-OHDA-induced oxidative stress.
A, dose effect of CoCl, on HO-1 expression. Upper panel, immunoblot
with anti-HO-1 antibodies; lower panel, immunoblot with anti-protein-
disulfide isomerase (PDI) antibodies showing a similar amount of pro-
tein/lane. B, HE staining of 6-OHDA-treated cells in the presence of
CoCl,, or bilirubin. Serum-starved cells were pretreated with 100 um
CoCl, or 10 uM bilirubin for 12 h and then treated with 40 um 6-OHDA
for 6 h and 2 um HE for 1 h. Cells were analyzed for HE staining by flow
cytometry. Asterisks denote p < 0.001, control versus CoCl,- or biliru-
bin-treated groups. C, immunoblot showing HO-1 levels in control and
LSN-HHO-1-infected cells. Densitometric analysis of three immunob-
lots indicated a 2.3 = 0.3-fold increase in HO-1 protein over the level in
control non-infected cells. D, HE staining of control and HO-1-overex-
pressing cells treated with NGF and 6-OHDA. Serum-starved cells were
untreated or treated with 20 ng/ml NGF for 16 h and then treated with
40 uMm 6-OHDA for 6 h. Cells were incubated with HE for 1 h and
analyzed by flow cytometry. a.u., absorbance units.

oxidant effect of HO-1. Interestingly, NGF produced a similar
attenuation of ROS in both control and HO-1-overexpressing
cells in the presence of 6-OHDA, suggesting that the levels of
HO-1 induced by the neurotrophin may be already at saturat-
ing doses. An additional interpretation might be that NGF
induces other antioxidant genes or pathways that, in concert
with HO-1, facilitate maximum protection against 6-OHDA-
induced ROS (see “Discussion”).

NGF Does Not Prevent 6-OHDA-generated ROS in HO-1-
depleted Cells—To determine the relevance of HO-1 induction
in the NGF protection against oxidative stress, we analyzed the
effect of pharmacological inhibition of heme oxygenase with
tin-protoporphyrin, a competitive inhibitor of HO-1. PC12 cells
were treated with 20 ng/ml NGF and various tin-protoporphy-
rin concentrations in combination as indicated in Fig. 5A. Tin-
protoporphyrin alone dose-dependently increased HE incorpo-
ration, indicating that inhibition of heme oxygenase increases
cellular ROS levels. Interestingly, NGF could not prevent ROS
generation in the presence of tin-protoporphyrin either in un-
treated cells or in cells treated with 6-OHDA, particularly at
the highest doses.

We also analyzed the 6-OHDA-induced HE incorporation in
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Fic. 5. Pharmacological inhibition of heme oxygenase with tin-protoporphyrin and depletion of HO-1 with an antisense HO-1
retroviral construct abolish the protective effect of NGF against 6-OHDA-induced production of ROS. A, obstruction of the antioxidant
effect of NGF through inhibition of HO-1. Serum-starved cells were co-treated with 20 ng/ml NGF and the indicated concentrations of the HO-1
inhibitor tin-protoporphyrin (SnPP) for 16 h. They were then treated with 40 um 6-OHDA for 6 h as indicated. Finally, cells were treated with 2
uM HE for 1 h and analyzed by flow cytometry. B, basal and hemin-induced levels of HO-1 protein in control PC12 cells and in two clones (AS1
and AS2) stably transduced with antisense retroviral vector LSN-HOP-HHO-1-AS. Upper panel, immunoblot with anti-HO-1 antibodies; lower
panel, immunoblot with anti-protein-disulfide isomerase (PDI) antibodies showing a similar amount of protein/lane. Serum-starved cells were
untreated or treated with 50 um hemin for 6 h. Densitometric analysis of three immunoblots indicated reductions in the levels of total HO-1 to 54 =
8% (AS1) and to 46 = 12% (AS2) compared with control cells. C, comparison of HE staining in control, AS1, and AS2 cells treated with 6-OHDA
in the presence or absence of NGF. Serum-starved cells were untreated or pretreated with 20 ng/ml for 12 h and then treated with 6-OHDA for
6 h. Cells were incubated with HE for 1 h and analyzed by flow cytometry. a.u., absorbance units.

cells retrovirally transduced with antisense HO-1 constructs.
The antisense retroviral expression vector for HO-1 under the
control of its own promoter (LSN-HOP-HHO-1-AS) has been
described previously (27). In agreement with previous reports
(36), cells transfected with this antisense constructs grew more
slowly (data not shown), suggesting abnormalities in cell cycle
progression. Fig. 5B shows the endogenous levels of HO-1 in
control PC12 cells and in two clones (AS1 and AS2) selected
after retroviral transduction with LSN-HOP-HHO-1-AS. Both
cell clones exhibited lower HO-1 protein levels compared with
control cells (54 + 8 and 46 = 12% of the control for AS1 and
AS2, respectively). Moreover, hemin yielded lower HO-1 pro-
tein levels in both antisense clones, indicating that HO-1 ex-
pression is impaired in these cells. We then analyzed the levels
of 6-OHDA-induced incorporation of HE as shown in Fig. 5C.
Treatment with 40 um 6-OHDA induced a significantly higher
incorporation of HE in the antisense clones compared with
control cells, indicative of stronger production of ROS in the
HO-1-depleted cells. Interestingly, pretreatment with NGF for
16 h did not prevent 6-OHDA induction of ROS in either of the
antisense HO-1-transduced cells. These observations suggest
that induction of HO-1 is essential for NGF to attenuate
6-OHDA-induced production of ROS; and because both anti-
sense clones still harbor a fraction of HO-1 protein, it is likely
that cells require a threshold amount of HO-1, above that
present in these cells, to be efficiently protected against this
neurotoxin. Taken together, these results further support a
role for HO-1 in the NGF-induced antioxidant response.

NGF Induces HO-1 Expression in a PI3K- and Akt-dependent
Manner—Next, we investigated the contribution of the NGF-
activated PI3K/Akt survival pathway to the induction of HO-1
expression. For this purpose, PC12 cells were transfected with
either a control expression vector for EGFP or a membrane-
targeted active fusion of EGFP and Aktl (myr-EGFP-Aktl),
which has been described previously (13). The main advantage
of using these constructs is to select transfected PC12 cells by
preparative cell sorting. Serum-starved control EGFP cells
were pretreated for 15 min with 40 um LY294002, an inhibitor
of PI3K, and then stimulated with 20 ng/ml NGF for 6 h. As
shown in Fig. 6, the PI3K inhibitor significantly blocked the
NGF induction of both HO-1 mRNA (Fig. 6A) and protein (Fig.
6B) in control EGFP cells. Interestingly, myr-EGFP-Akt1 cells
exhibited higher basal levels of HO-1 mRNA (Fig. 64) and
protein (Fig. 6C) compared with control EGFP cells. Moreover,
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Fic. 6. NGF induces expression of HO-1 in a PI3K-dependent
manner. A, semiquantitative reverse transcriptase-PCR of EGFP and
myr-EGFP-Akt1 cells treated with the PISK inhibitor LY294002 and
NGF as indicated. Upper panel, HO-1 mRNA; lower panel, glyceralde-
hyde-3-phosphate dehydrogenase (G3PDH) mRNA used for normaliza-
tion. B, immunoblots showing a partial block of the NGF-induced in-
crease in HO-1 protein levels in the presence of LY294002. Upper panel,
immunoblot with anti-HO-1 antibodies; lower panel, immunoblot with
anti-protein-disulfide isomerase (PDI) antibodies showing a similar
amount of protein/lane. For A and B, serum-starved cells were pre-
treated with 40 um LY294002 for 15 min and then stimulated with 20
ng/ml NGF for 6 and 12 h, respectively. C, immunoblots showing HO-1
protein levels in myr-EGFP-Aktl cells and in untreated and 50 um
hemin-treated EGFP cells. Upper panel, immunoblot with anti-HO-1
antibodies; lower panel, immunoblot with anti-protein-disulfide isomer-
ase antibodies showing a similar amount of protein/lane.
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the inhibition of PI3K in myr-EGFP-Akt1 cells produced only a
small decrease in HO-1 mRNA (Fig. 6A), suggesting that myr-
istoylated Aktl kinase, which does not require 3D’-phospho-
inositides for membrane anchorage, is sufficient to activate
HO-1 expression. Similar results were obtained when cells
were treated with 100 nM wortmannin, another PI3K inhibitor
without structural homology to LY294002 (data not shown).
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Fic. 7. The PI3K/Akt pathway mediates attenuation of
6-OHDA-generated ROS. A, the PI3K inhibitor LY294002 prevents
attenuation of 6-OHDA-induced ROS by NGF. Serum-starved cells
were pretreated with 40 um LY294002 (LY) for 15 min, stimulated with
20 ng/ml NGF for 12 h, and then submitted to a 6-h induction with
6-OHDA and a 1-h incubation with 2 um HE. HE staining was analyzed
by flow cytometry of 10,000 cells/sample. B, cells overexpressing active
Akt1 exhibit strong attenuation of 6-OHDA-induced production of ROS.
Serum-starved EGFP and myr-EGFP-Akt1 cells were treated with 40
uM 6-OHDA for 6 h and with 2 um HE for 1 h. HE staining was analyzed
by flow cytometry of 10,000 cells/sample. a.u., absorbance units.

Taken together, these results demonstrate that active Akt in-
duces the expression of HO-1 and that NGF regulates the
expression of this enzyme, at least in part, through the PI3K/
Akt pathway.

The PI3K/Akt Pathway Is Necessary and Sufficient to Atten-
uate 6-OHDA Generation of ROS—We then analyzed the effect
of the PI3K/Akt pathway on the attenuation of 6-OHDA-in-
duced oxidative stress. Serum-starved PC12 cells were pre-
treated for 15 min with 40 um LY294002 prior to the addition
of NGF. Following a 16-h incubation with NGF, cells were
treated with 6-OHDA for 6 h. As shown in Fig. 7A, LY294002
reversed the protective effect of NGF against 6-OHDA-induced
ROS, further supporting the concept that the PISK survival
pathway controls ROS levels, at least in part, by inducing HO-1
expression. We also analyzed 6-OHDA-induced ROS produc-
tion in myr-EGFP-Aktl cells, which harbored higher HO-1
levels compared with control EGFP cells (Fig. 6). As shown in
Fig. 7B, HE incorporation was fully prevented in myr-EGFP-
Aktl cells at low 6-OHDA concentrations (20 uMm) compared
with control EGFP cells. At higher concentrations (40 wum),
myr-EGFP-Akt1 cells still exhibited a strong attenuation of HE
staining. In conclusion, active Akt protects PC12 cells against
6-OHDA-induced oxidative stress, at least in part, by activat-
ing the expression of the antioxidant enzyme HO-1.

Active Akt Prevents 6-OHDA-induced Apoptosis—Finally, we
investigated whether the deregulated and active form of Akt
might attenuate the apoptotic effect of 6-OHDA. We analyzed
the loss of plasma membrane asymmetry, which characterizes
early apoptosis and results in the exposure of phosphatidyl-
serine to the outer plasma membrane leaflet. This alteration
was determined by staining with the phosphatidylserine-bind-
ing protein annexin V conjugated to PE. To discriminate early
apoptosis from late apoptosis and necrosis, cells were simulta-
neously stained with 7-AAD, which stains only cells lacking
membrane integrity. Serum-starved control EGFP and myr-
EGFP-Aktl cells were submitted to 6 h of incubation with 40
uM 6-OHDA and then stained with annexin V-PE (1:20, v/v)
and 2 pum 7-AAD prior to flow cytometric analysis. As shown in
Fig. 84, most untreated EGFP and myr-EGFP-Akt1 cells were
annexin V-PE- and 7-AAD-negative, indicating that they were
viable. However, as shown in Fig. 8B, after a 6-h treatment
with 40 um 6-OHDA, ~12% of the EGFP cells were annexin
V-PE-positive and 7-AAD-negative, indicating that this popu-
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FiG. 8. Overexpression of membrane-targeted active Akt pre-
vents apoptosis induced by 6-OHDA. A, quantitative determination
by flow cytometry of 6-OHDA-induced apoptosis in cells stained with
annexin V-PE and 7-AAD. EGFP and myr-EGFP-Aktl cells were
treated with 40 um 6-OHDA for 6 h and then incubated for 15 min with
annexin V-PE (1:20 v/v) and 2 um 7-AAD. A representative sample of
10,000 cells is shown for each experimental condition. B, comparison of
the percentage of cells in apoptosis as determined from the lower right
quadrants in A.

annexin V-PE

lation was undergoing early apoptosis. By contrast, the fraction
of myr-EGFP-Akt1 cells that were annexin V-PE-positive and
7-AAD-negative after the 6-OHDA insult did not increase sig-
nificantly. These results indicate that, in addition to attenua-
tion of 6-OHDA-induced oxidative stress, the Akt survival
pathway also protects against 6-OHDA-induced apoptosis.

DISCUSSION

This study documents a new physiological role for the PISK/
Akt survival pathway activated by the neurotrophic factor
NGF': control of intracellular levels of oxygen free radicals by
regulating the expression of HO-1. Previous studies have indi-
cated that NGF elicits a protective effect against oxidative
stress both in PC12 cells and in cultured neurons (37, 38). It
has also been shown that NGF may modulate the canonical
antioxidant machinery of ROS detoxification by increasing the
expression of catalase and glutathione peroxidase activities
(39, 40). Our experiments further demonstrate that NGF reg-
ulates the expression of the novel antioxidant mechanism in-
volving the stress protein HO-1. Moreover, enhanced HO-1
expression is essential for NGF function in ROS detoxification
because cells expressing antisense HO-1 retroviral constructs
were insensitive to NGF protection against 6-OHDA-induced
oxidative stress. Although PI3K/Akt is a well documented
pathway involved in protecting against apoptosis insults, in-
cluding oxidative stress, this is the first report linking this
survival pathway with a specific enzyme involved in ROS de-
toxification of mammalian cells. We show that the PISK/Akt
pathway is both necessary and sufficient for NGF-dependent
abrogation of ROS levels in PC12 cells exposed to 6-OHDA.

The protective role of the stress protein HO-1 in the brain
has not been accepted until recently. Initially, post-mortem
examination of human brain specimens revealed that expres-
sion of HO-1 immunoreactivity decorates Lewy bodies in the
substantia nigra of Parkinson’s patients (23). This led to the
assumption that HO-1 overactivity might not protect, but
rather contribute to the development of parkinsonism because
iron accumulation in dopaminergic neurons may contribute to
chronic oxidative damage, leading to neurodegeneration in Par-
kinson’s patients. A protective role for HO catabolism in the
nervous system has been also challenged by the fact that hy-
perbilirubinemia is commonly associated with nerve cell injury
and brain damage during severe neonatal jaundice and Crigler-
Najjar type II syndrome (41, 42). Consistent with these obser-
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vations, we could not obtain high constitutive levels of HO-1
expression either in HO-1-overexpressing cells (2.3-fold) or in
myr-EGFP-Akt1 cells (2.5-fold). It is interesting, however, that
short-term stimulation with NGF or other inducers of HO-1
such as hemin and CoCl, may yield much higher transient
levels of HO-1 expression. These observations are in agreement
with the notion that HO-1 is a stress response protein (HSP32).

Therefore, a key point toward establishing the protective or
noxious effect on the HO system under conditions of oxidative
injury may be related to the relative abundance of HO enzymes
and their products. Low concentrations of bilirubin derived
from HO-2 overexpression protect against neuronal oxidant
injury (43), and moderated levels of bilirubin exert antioxidant
actions in the neonate and protect against retinopathy in pre-
mature newborns (44). Likewise, recent reports have shown
that transgenic mice overexpressing moderate levels of HO-1
display augmented resistance to neural damage in animal mod-
els of cerebral ischemia (45) or after H,O,- and glutamate-
induced oxidant stress in vitro (24). Accordingly, we have
shown that constitutive but moderate overexpression of HO-1
attenuated 6-OHDA-induced ROS generation.

The HO-1 gene contains a complex promoter with a large
variety of regulatory elements (46). Some of these sequences
might be putative candidates for regulation by PI3K and Akt.
As a heat shock protein, the promoter of HO-1 contains several
heat shock elements that may be negatively regulated by gly-
cogen synthase kinase-3-mediated phosphorylation of heat
shock factor-1. Because Akt phosphorylates and inhibits glyco-
gen synthase kinase-3 (47), these might be sites of indirect
regulation by this pathway. Another putative site involves the
antioxidant-responsive element. During oxidative stress, the
basic leucine zipper transcription factor Nrf2 heterodimerizes
with small Maf to bind and activate antioxidant-responsive
element sequences (48). Although the putative regulation of
Nrf2 by PI3K is poorly defined, recent reports suggest that
PISK regulates nuclear translocation of Nrf2 through actin
rearrangement in response to oxidative stress (49). We are
currently analyzing these and other promoter regions that
might ultimately respond to PISK/Akt regulation.

Given the variety of enzymes involved in oxidative detoxifi-
cation, a striking finding of this study is the strong dependence
on HO-1 to protect against 6-OHDA-induced oxidative stress.
This may be explained by considering the mechanism involved
in 6-OHDA toxicity. Probably, H,O, is the most abundant form
of ROS generated by 6-OHDA (25), and bilirubin is particularly
well suited to deal with this compound because nanomolar
amounts of bilirubin reduce micromolar amounts of H,O, (43).
Moreover, other antioxidant enzymes may be regulated by by-
products of HO-1 activity, thus contributing to ROS detoxifica-
tion. For example, HO-1 activates the expression of mitochon-
drial superoxide dismutase in neonatal rat astroglia challenged
with dopamine (50).

Finally, we discovered that membrane-targeted active Akt
prevented the effects of 6-OHDA not only on ROS production,
but also on apoptosis, further suggesting that moderate over-
expression of HO-1 through the PISK/Akt survival pathway
may be an important element for prevention of both phenom-
ena. Considering the importance of apoptosis and ROS in neu-
rodegeneration, this study suggests that activation of the PI3K/
Akt pathway might have a therapeutic use in the treatment of
oxidative stress-related neurodegenerative disorders such as
Parkinson’s disease.
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