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4-Hydroxynonenal, a Product of Oxidative Stress, Leads to an
Antioxidant Response in Optic Nerve Head Astrocytes
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Department of Ophthalmology, Northwestern University, Chicago, IL and Department of
Ophthalmology and Visual Sciences, Washington University School of Medicine, St. Louis, MO.

Abstract

Oxidative stress has been implicated in the pathogenesis of several neurodegenerative disorders
including primary open angle glaucoma (POAG) an optic neuropathy characterized by loss of retinal
ganglion cell (RGC) axons and remodeling of the optic nerve head (ONH). Previous findings in
glaucomatous astrocytes suggested increased oxidative stress and lipid peroxidation in human optic
nerves. We studied the dose and time dependent effects of 4-hydroxynonenal (HNE), a by-product
of lipid peroxidation, on the viability of primary cultures of human ONH astrocyte. A significant
depletion of glutathione (GSH) level was observed in normal astrocytes after exposure to HNE for
1h and 3h. Untreated glaucomatous astrocytes exhibited depleted levels of GSH which increased
slightly after exposure to HNE. Both normal and glaucomatous astrocytes recovered GSH levels
after 24h of removal of HNE. HNE caused significant increases in expression of antioxidant enzymes,
glutamate cysteine ligase catalytic subunit (GCLC), aldoketo reductase 1C family member 1
(AKR1C1) and glutathione-S-transferase-a4 (GSTA4). HNE induced expression of the transcription
factor Nrf2, which coordinates the upregulation of detoxification enzymes. In addition, ONH
astrocytes responded to HNE by activation and transcription of cFOS and NFkB, which regulate
physiological protective responses against oxidative stress. Our results indicate that ONH astrocytes
exhibit a strong antioxidant response to HNE treatment by inducing the transcription factors cFOS,
NFkB, and Nrf2, which upregulate the expression of GCLC, to produce more GSH in the cell.
AKR1C1 was also upregulated after HNE treatment to inactivate HNE, independent of GSH
availability in the cells. Collectively these data indicate that ONH astrocytes can efficiently
counteract the neurotoxic effects of HNE offering protection in the optic nerve by releasing GSH
and antioxidant enzymes to eliminate the products of chronic oxidative stress.
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Introduction

Oxidative stress is believed to play an important role in neuronal cell death associated with
many neurodegenerative diseases such as Alzheimer’s Disease (AD), amyotrophic lateral
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sclerosis (ALS), and Parkinson’s Disease (PD) (Keller and Mattson, 1998). Oxidative DNA
damage has been found in the trabecular meshwork of the eye in patients with primary open
angle glaucoma (POAG) (lzzotti et al., 2003) and may contribute to the pathogenesis of POAG
(Saccaetal., 2005). POAG is an optic neuropathy that can lead to blindness and is characterized
by loss of retinal ganglion cell (RGC) axons and cupping of the optic disk. This disease affects
an estimated 67 million people worldwide (Quigley and Broman, 2006; Friedman et al.,
2004). In human glaucoma and experimental models of glaucoma, irreversible damage of the
axons occurs at the level of the lamina cribrosa in the optic nerve head (ONH), anterior to the
RGC:s of the optic nerve (Hernandez and Pena, 1997; Quigley, 1999).

Astrocytes are the most abundant glial cell type in the adult CNS. Normally, astrocytes provide
metabolic and structural support to neurons and participate in the maintenance and
detoxification of the extracellular space of the CNS. In neurodegenerative diseases or following
CNS injury, quiescent astrocytes acquire a reactive phenotype and produce many enzymes,
proteins, cytokines, and free radicals that are not produced under normal conditions (Hernandez
et al., 2000; Ridet et al., 1997; Theodosis and Poulain, 1999). Previous studies from our
laboratory reported that several genes related to lipid synthesis and metabolism, steroid
metabolism and glutathione (GSH) metabolism were upregulated in ONH astrocytes cultured
from patients with POAG (Hernandez et al., 2002). Glaucomatous ONH astrocytes express
high levels of 20a (3a)-dihydrodiol dehydrogenase mRNA (AKR1C1 or DDH), a steroid
metabolizing enzyme that can inactivate products of lipid peroxidation (Hernandez et al.,
2002; Agapova et al., 2003). In addition, expression of several members of the alcohol and
aldehyde dehydrogenase families were also upregulated in glaucomatous ONH astrocytes
suggesting that these cells have multiple enzymatic pathways to inactivate products of lipid
peroxidation. These findings led to the present study of oxidative stress in ONH astrocytes.

During oxidative stress, reactive oxygen species (ROS) are generated which can induce
peroxidation of lipids (either cellular membrane lipids or circulating lipoprotein molecules)
and generate highly reactive aldehydes (Esterbauer etal., 1991). The brain exhibits high oxygen
consumption and is enriched with polyunsaturated fatty acids, so it is quite vulnerable to lipid
peroxidation (Neely et al., 1999). Aldehydes are more stable than ROS, so they can diffuse
within or escape from the cell and attack targets far from the site of origin (Uchida, 2003). One
of the most important and toxic products of lipid peroxidation is the highly reactive aldehyde
4-hydroxy-2E-nonenal (HNE) (Uchida and Stadtman, 1992).

HNE is neurotoxic and present at increased concentrations in brain tissue and cerebrospinal
fluid of AD patients, in spinal cord of ALS patients, and is found in Lewy bodies in brain stem
neurons in PD patients (Zarkovic, 2003). There are significantly higher plasma levels of another
aldehyde by-product of lipid peroxidation, malondialdehyde, in POAG patients compared to
controls (Yildirim et al., 2005). HNE detoxification primarily occurs via conjugation to GSH,
which can be catalyzed by glutathione S-transferases (GSTSs). 1zzotti et al (2003) discovered
that lack of the GSTML1 gene predisposes patients to have increased oxidative DNA damage
and to have enhanced prevalence of POAG. Alternative ways of inactivating HNE also includes
reduction by aldoketoreductases such as AKR1C1 and alcohol dehydrogenases, or oxidation
by aldehyde dehydrogenases and carbonyl reductases (Esterbauer et al., 1991).

The purpose of this study is to determine the effects of oxidative stress generated by HNE in
human ONH astrocytes. We have found that ONH astrocytes are able to efficiently protect
themselves, and possibly neurons, from oxidative stress by way of several mechanisms
following treatment with HNE. First, normal ONH astrocytes conjugate HNE to GSH, which
depletes the cell of GSH while simultaneously inactivating HNE. After allowing a recovery,
astrocytes are able to rebound and produce great amounts of GSH above basal levels. Also,
interestingly, our data indicates that glaucomatous ONH astrocytes are able to handle HNE
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treatment according to GSH levels after recovery. Second, HNE induces the upregulation of
alternative antioxidant enzymes including AKR1C1, which can reduce HNE to the inactive 1,
4-dihydroxy-2-nonene (DHN) (Burczynski et al., 2001), and glutamate cysteine ligase catalytic
subunit (GCLC), which catalyzes the first step in de novo synthesis of GSH (Forman et al.,
2003). Finally, HNE upregulates the transcription factors cFOS, nuclear transcription factor
kappaB (NFkB), and nuclear factor erythroid 2-related factor 2 (Nrf2), which are involved in
the transcriptional activation of detoxification enzymes and antioxidant proteins.

Materials and Methods

Materials

Cell proliferation/viability assay kit was purchased from Chemicon International (Temecula,
CA). HNE and GSH Assay Kit were purchased from Cayman Chemical (Ann Arbor, MI).
Rabbit polyclonal anti-HNE-Michael adduct antibody was purchased from Calbiochem (San
Diego, CA). Rabbit polyclonal cFOS and rabbit polyclonal NFkB antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal Nrf2 antibody was
purchased from Stressgen Bioreagents (Victoria, BC Canada).

Astrocyte cell cultures

Normal human eyes from three male donors (ages: 19, 29, and 65) and glaucomatous human
eyes from three male donors (ages: 61, 70, and 83) were obtained from the National Disease
Research Interchange (NDRI) and from Mid-America Eye Bank (St. Louis, MO) within 24 h
of death. ONHSs were dissected and processed to generate ONH (type 1B) astrocyte cultures.
Primary cultures of human ONH astrocytes were purified, characterized, and maintained as
previously described (Kobayashi et al., 1997; Yang and Hernandez, 2003). ONH astrocytes
were cultured at 37°C in Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12 containing
5-10% fetal bovine serum (FBS) under a humidified atmosphere of 95% air and 5% CO». All
experiments used astrocytes at the fourth or fifth passages with 5% FBS DMEM/F-12.

Cell viability assay

Cells were grown to confluence in a 24-well plate. Cells were treated with varying
concentrations of HNE (1-250 uM) for 1-24 h, and then each well was incubated with 50 pl
of the WST-1/ECS solution for 3 h under a humidified atmosphere of 95% air and 5% CO,.
The plate was put on a shaker for one minute and absorbance was measured at 430 nm using
a spectrophotometer. Cell viability was calculated as a percentage of treated absorbance
divided by control absorbance. This assay is based on the cleavage of the tetrazolium salt
WST-1 to formazan by cellular mitochondrial dehydrogenases. Therefore, as cells die there is
a decrease in overall activity of the mitochondrial dehydrogenases in the sample, which leads
to a decrease in the amount of the formazan dye formed. Changes in the amount of formazan
dye produced by viable cells are measured by the absorbance of the dye solution at 430 nm.
All cultures and treatments were carried out in triplicate and student’s t-test was used to
calculate statistical significance.

RNA Isolation

ONH astrocytes were treated for 1 h and 3 h with 25 uM HNE in 5% FBS DMEM/F-12. After
HNE treatment, HNE-containing medium was removed and replaced with fresh 5% FBS
DMEM/F-12 for 6 h, then cytoplasmic RNA was isolated from ONH astrocytes as previously
described (Agapova et al., 2001). Briefly, following HNE treatment, total RNA from ONH
astrocytes was isolated in TRIzol (Invitrogen Life Technologies; Carlsbad, CA). After
isolation, RNA was treated with DNase I, precipitated, and resuspended in 10 ul nuclease-free
water. RNA absorbance at 260 nm and the absorbance ratio at 260/280 nm were measured.
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Real-time quantitative RT-PCR

First-strand cDNA was prepared from 1 pg of total RNA and RT-PCR was performed as
described by Agapova et al. ( 2003). Primers were designed for real-time PCR against
AKR1C1, alpha-B-crystallin, alcohol dehydrogenase class | alpha polypeptide, alcohol
dehydrogenase class | beta polypeptide, aldehyde dehydrogenase 1 family member 3, cFOS,
cJUN, GCLC, glutathione-S-transferase-alphad4 (GSTAA4), glutathione S-transferase-theta2
(GSTT2), heat shock 27 kDa protein (HSP27), NFkB, Nrf2, and super oxide dismutase 2
(SOD2) using the Primer Express program (PE Applied Biosystems; Forster City, CA) (Table
1). Quantitative RT-PCR was preformed by monitoring in real time the increase in fluorescence
of SYBR-Green using the MyiQ Single Color Real-Time PCR Detection System (Bio-Rad,;
Hercules, CA). Relative amounts of RNA for target genes were determined and normalized to
relative amounts of reference gene RNA (18S). The mean and standard deviation of relative
expression level of triplicate determinations were calculated for each target gene. Experiments
were carried out in three cultures of normal ONH astrocytes. Data were analyzed using
Student’s t-test and ANOVA, and significance was determined as P < 0.05.

Immunofluorescence staining

ONH astrocytes were treated with 25 pM HNE for 1 h and 3 h, and were immediately prepared
for immunofluorescence staining. Coverslips were transferred to phosphate-buffered saline
(PBS), and then fixed in 4% paraformaldehyde in PBS and processed for standard indirect
immunofluorescence. Fixed coverslips were washed in PBS and then permeabilized with 0.1%
Triton X-100 in distilled water. Coverslips were blocked with 10% donkey serum (Sigma) in
0.5% bovine serum albumin (BSA)/PBS for 30 min. Primary antibodies (cFOS 1:400 and
NFkB 1:100) were diluted in the blocking mixture and incubated with the coverslips for 1 h.
Then coverslips were washed in PBS and incubated with the appropriate secondary antibody
[Alexa Fluor 488 goat anti-mouse 1gG or Alexa Fluor 568 goat anti-rabbit 1gG (Molecular
Probes)] for 45 min. Finally, coverslips were washed with PBS and mounted on slides using
Vectashield mounting medium with DAPI (Vector Laboratories; Burlingame, CA).

Quantitation of cFOS- and NFkB-labeled ONH astrocyte nuclei

Following HNE treatment, astrocytes were stained with a cFOS or NFkB antibody as described
above and mounted with DAPI for nuclear staining. Quantitation of cFOS- and NFkB-labeled
nuclei was carried out as previously described by Hashimoto et al. (Hashimoto et al., 2005).
Briefly, images were photographed at 20x magnification for 15-20 random um? areas per
coverslip and saved as .tif files. Total number of nuclei (DAPI) and cFOS or NFKB nuclei were
counted using Optimas 6.2 image analysis software (Bothel, WA). Experiments were carried
out in all three ONH astrocyte cultures and run in triplicate coverslips per condition. Data were
expressed as percentage of the cFOS- or NFkB-positive nuclei divided by the total number of
nuclei. Data were analyzed using Student’s t-test and significance was determined as P < 0.05.

Western blots

ONH astrocytes were treated for 1 h and 3 h with 25 pM HNE in 5% FBS DMEM/F-12. After
HNE treatment, HNE-containing medium was removed and replaced with fresh 5% FBS
DMEMY/F-12 for 6 h prior to collecting protein. Western blot analysis was carried out as
previously described by Salvador-Silva et al. ( 2001). Briefly, for protein extraction, ONH
astrocytes were grown on 35 or 100 mm plates to ~95% confluence, washed twice in cold PBS
and incubated for 15 min in 150 or 300 pl of ice-cold IP buffer [50 mM Tris-HCI, pH 7.4, 150
mM NaCl, 1 mM EDTA, .05% sodium azide, Roche protease inhibitors (Roche Molecular
Biochemicals; Indianapolis, IN)]. Cells were then scraped with disposable cell lifters and
centrifuged for 15 min at 4°C and 14,000 rpm. The supernatant was recovered and protein
concentrations in cell lysates were determined by the Bio-Rad Protein Assay Kit (Bradford
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method). Cell lysates were stored at —80°C until further use. For nuclear proteins, cell pellets
were washed twice with lysis buffer (20 mM HEPES, pH 7.0, 10 mM KCI, 2 mM MgCl,, 0.3%
IGEPAL CA-630), and nuclear proteins were extracted at 4°C overnight in 50 ul lysis buffer
with 0.5 M NaCl. Samples were run on 4-15% Tris-HCI SDS-PAGE and transferred to Bio-
Rad nitrocellulose membranes. Membranes were blocked for 30 min in blocking solution [Tris
buffered saline solution containing 0.2% Tween-20 (TBS-T) with 5% Amersham blocking
agent (Amersham Pharmacia Biotech; Piscataway, NJ)] and incubated overnight with primary
antibody diluted in TBS-T/2.5% blocking agent. The following primary antibodies were used:
polyclonal anti-cFOS (1:500), polyclonal NFkB (1:500), polyclonal Nrf2 (1:1000). Between
5-20 ng protein were used per lane. Membranes were washed in TBS-T and then incubated
with the appropriate secondary antibody conjugated to horseradish peroxidase for 1.5 h. For
detection of membrane-bound primary antibodies, we used the enhanced chemiluminescence
plus Western blotting detection system (Amersham Pharmacia). All cytoplasmic protein was
normalized to actin and all nuclear protein was normalized to Histone H3 as loading controls
and measured for significance (data not shown). Western blots were run in triplicate.

Glutathione (GSH) assay

Results

Total GSH content was quantified in astrocyte cell lysates based on the method of Tietze
(1969) using the Glutathione Assay Kit from Cayman Chemical as previously described by
Hu et al. (2003). Normal or glaucomatous ONH astrocytes were grown to ~95% confluence
in 100 mm dishes, and then treated for 1 h and 3 h with 25 uM HNE in 5% FBS DMEM/F-12.
Immediately after HNE treatment, or after a 24 h recovery in 5% FBS DMEM/F-12, cells were
collected in 1.0 mL sterile PBS using disposable cell lifters. Cells were centrifuged, supernatant
was removed, and 100 pl of 50 mM phosphate buffer were added to the cell pellet and sonicated
for 10 min. Samples were then centrifuged for 15 min at 4°C, the supernatant was collected,
and 5 pl of the supernatant were used to measure the protein concentration using the Bio-Rad
Protein Assay Kit (Bradford method). The remaining supernatant was deproteinated as
described in the assay protocol. Standards and samples were diluted and aliquoted in a 96-well
plate. Freshly prepared assay cocktail was added to each well, then the plate was incubated in
the dark on an orbital shaker for 25 min. Absorbance was measured at 405 nm using a
platereader. Total GSH content for each sample was calculated based on the standard curve,
and results were expressed as total GSH content (uM) per pg protein. Statistical significance
was calculated on three sets of determinations using Student’-t-test

Effect of HNE on cell viability

To determine the appropriate concentration of HNE for use in further experiments, astrocytes
were cultured and treated with increasing concentrations of HNE (1 uM —250 uM) for 1, 3, 6,
and 24 h. Cell viability was measured using a cell proliferation assay kit as described in the
methods. The optimal concentration of HNE was determined to be 25 uM for 1 h and 3 h.
Higher concentrations and longer treatments with HNE resulted in drastic reductions in cell
viability; 50 uM HNE resulted in 50% reduction of cell viability and 100-250 uM HNE was
lethal to the cells within 6 h of treatment (Figure 1 A). Treatment with 25 uM HNE for 3 h
only lead to a 10% reduction in cell viability, however, after 6 h 25 pM HNE treatment there
was a 70% reduction in cell viability (Figure 1 B). The percentage of viable cells for 1 h, 3 h,
6 h, and 24 h treatment with 25 uM HNE were 100%, 90%, 32%, and 7%, respectively.

Effect of HNE on Glutathione (GSH) levels

To determine the effect of HNE treatment on cellular GSH content, ONH astrocytes were
grown to ~95% confluence, treated for 1 h and 3 h with 25 uM HNE and cell lysates were
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collected. Normal ONH astrocytes have high levels of GSH that become depleted after 25
pwM HNE treatment for 1h. After 3h the levels of GSH are undetectable (Fig. 2A).

To determine whether the effects of HNE were reversible, age-matched normal and
glaucomatous ONH astrocytes were treated with 25 uM HNE for 1 h and 3 h and had the HNE-
containing media removed and replaced with fresh 5% FBS DMEM/F-12, allowed to recover
for 24h. In normal OHN astrocytes, the levels of GSH are over 2-fold higher than basal level
after a 24 h recovery from the initial HNE treatment for 1h or 3h (Fig. 2 B). These results
indicate that ONH astrocytes fully recover from oxidative stress induced by HNE.

The GSH concentration in untreated glaucomatous ONH astrocytes was undetectable, after
exposure to HNE for 1h and 3 h GSH levels increased by 40% and 78% respectively (P<0.05).
After 24h recovery levels of GSH were markedly increased by ~ 400% in glaucomatous ONH
astrocytes (Fig 2 C). Similar results were obtained from three astrocyte cultures from
glaucomatous donors. These results demonstrate the ability of glaucomatous ONH astrocytes
to recover from oxidative stress as well as normal astrocytes.

Effect of HNE on expression of antioxidant enzymes

To determine the effect of HNE on mRNA, astrocytes were grown to ~95% confluence, treated
for 1 hand 3 hwith 25 uM HNE, and then the HNE-containing media was removed and replaced
with fresh media. RNA was isolated 6 h later and prepared for RT-PCR as described above.
According to recent microarray data, AKR1C1 upregulation in glaucomatous astrocytes
(Hernandez et al., 2002) suggested that these cells reduce HNE into the non-toxic 1, 4-
dihydroxy-2-nonene (DHN). Here we determined whether HNE induced upregulation of
AKR1C1 mRNA by quantitative RT-PCR. The relative expression of AKR1C1 mRNA is
normalized to 1.00 in controls, and is 5.56 times higher after 1 h HNE treatment, and 2.77 times
higher after 3 h HNE treatment, when compared to controls. The relative expression of
AKR1C1 mRNA increased by a large amount after 1 h HNE treatment (~5.6 fold change) and
increased to a lesser degree versus controls after 3 h HNE treatment (~2.8 fold change) (Figure
3A).

Glutamate cysteine ligase, catalytic subunit (GCLC) mRNA, the first rate limiting enzyme in
the synthesis of GSH was upregulated in glaucomatous astrocytes in microarray experiments
(Hernandez et al., 2002). The relative expression of GCLC mRNA increased 6.5 fold and 3
fold after HNE treatment for 1h and 3 h respectively compared to control levels. HNE-induced
upregulation of GCLC suggests that these cells are actively synthesizing GSH. Here we
demonstrate that exposure to HNE induces upregulation of GCLC.

The alcohol dehydrogenases class | o polypeptide, ADH1A, and ADH1 3 polypeptide,
ADH1B, exhibited a decrease in expression levels after 1h and 3 h of exposure to HNE which
was not significant. Aldehyde dehydrogenase 1 family member 3, ALDH1AS3, did not exhibit
any change in expression level (data not shown).

Expression of glutathione S-transferase A4 (GSTAA4) increased after 1h and 3h exposure to
HNE (P<0.005) (Fig 3C) whereas glutathione S-transferase theta 2 (GSTT2) exhibited a
marked decrease in expression in the same experimental conditions.

We also tested other genes involved in responses to oxidative stress that were upregulated in
glaucomatous ONH astrocytes (Table 1) however, changes in mRNA levels induced by
exposure to HNE were not consistent amongst three normal ONH astrocyte cultures used in
the present study thus significance was not achieved.
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Regulation of transcription factors by HNE

Effect of HNE on expression of transcription factors—To determine the effect of
HNE on mRNA, total RNA was isolated and prepared for real time RT-PCR as described
above. The relative expression of Nrf2 mRNA increased in response to HNE treatment to 1.80
and 1.75 times higher than control levels after 1h and 3h, respectively (Figure 4 A).The relative
expression of cFOS mMRNA increased after 1 h and 3 h HNE treatment. A smaller increase of
cFOS mRNA occurred after 1 h HNE treatment (~1.9 fold change) and a great increase of
cFOS mRNA occurred after 3 h HNE treatment (~35 fold change) (Figure 4 B). No other
significant changes in MRNA expression were detected in the expression of other transcription
factors listed in Table 1, including cJUN and NFKB, either because the level of the target gene
was undetectable, or there was no effect of the HNE treatment on expression of the mRNA.

Effect of HNE on nuclear translocation of transcription factors—To determine if
HNE treatment led to nuclear translocation of cFOS or NFkB, astrocytes were grown to ~95%
confluence, treated for 1 h and 3 h with 25 pM HNE, and then stained with a cFOS or NFkB
antibody and DAPI for nuclear staining (Figure 5 A). HNE treatment consistently increased
the number of nuclei labeled with cFOS and NFkB all cultures of primary ONH astrocytes.
Percentage of cFOS-positive nuclei in control, 1 h HNE, and 3 h HNE-treated astrocytes were
28.82%, 53.67%, and 75.07%, respectively. The increase in cFOS nuclear localization with
HNE treatment was ~45% and ~60% at 1h and 3h respectively. Percentage of NFkB-positive
nuclei in control, 1 h HNE, and 3 h HNE-treated astrocytes were 54.15%, 63.46%, and 73.29%,
respectively. (Figure 5 B). A ~20% increase in NFKB nuclear localization with 3h HNE
treatment was significant at P<0.05.

To further determine the effect of HNE on cytoplasmic and nuclear translocation of protein,
ONH astrocytes were grown to ~95% confluence and treated for 1 h and 3 h with 25 uM HNE,
then the media containing HNE was removed and replaced with fresh media. Protein was
collected 6 h following HNE treatment as described above. Immunablots of cytoplasmic
protein showed no change in levels of NFkB in the cytoplasm. Immunoblots of nuclear protein
showed that there is no NFKB protein in the nucleus in untreated astrocytes. After treatment
for 1 h and 3 h with 25 uM HNE, NFKB protein was detected in the nucleus. Nrf2 and cFOS
were detected in the nucleus and cytoplasm without discernable changes after HNE treatment
(Figure 5 C). It is possible that no changes in cFOS and Nrf2 nuclear protein were detected
because translocation of protein occurred earlier than when protein was collected.
Alternatively, cFOS and Nrf2 protein levels were abundant in the nucleus and cytoplasm under
control conditions, obscuring small changes in protein translocation from the cytoplasm to the
nucleus that could not be detected by Western blot. Immunocytochemistry of Nrf2 nuclear
translocation was not performed because no differences were seen in the protein by Western
blot and no change in mRNA level was detected by qRT-PCR after exposure to HNE.

Discussion

Recent microarray analysis demonstrated that glaucomatous ONH astrocytes express high
levels of lipid metabolizing enzymes which, as a byproduct, produce HNE a neurodestructive
product of lipid peroxidation involved in the pathogenesis of several neurodegenerative
diseases.(Hernandez et al., 2002).

HNE covalently binds to cellular proteins and DNA, causing extensive and permanent damage
to the cell. As a defense mechanism, GSH binds covalently to HNE in order to inactivate HNE.
GSH is the most abundant nonprotein thiol in the cell and a key cellular antioxidant important
in the inactivation of HNE (Dickinson et al., 2004; lles and Liu, 2005) . Human OHN astrocytes
treated with HNE showed immediate decreased cellular levels of GSH, which in turn induced
expression of GCLC, the rate-limiting enzyme in the synthesis of GSH. The strong induction
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of GCLC and new synthesis of GSH after a 24 h recovery from the HNE treatment indicates
that ONH astrocytes can manage oxidative stress. These results are consistent with similar
experiments performed with Madin-Darby canine kidney |1 cells (MDCK II) (Ji et al., 2004),
transformed human bronchial epithelial (HBEZ1) cells (Dickinson et al., 2002), and rat
astrocytes (Ahmed et al., 2002).

Glaucomatous ONH astrocytes compared to normal ONH astrocytes have lower basal levels
of GSH, which may imply acompromised oxidation-reduction system or a depleted antioxidant
response in the glaucomatous optic nerve. This observation is consistent with a study that
assessed the levels of plasma GSH in patients with untreated POAG and found lower levels of
circulating GSH in glaucoma patients when compared to control subjects (Gherghel et al.,
2005). However, unlike the normal ONH astrocytes, glaucomatous ONH astrocytes exhibited
increased levels of GSH immediately following treatment with HNE. This result may be
consistent with findings by Ferreira et al (Ferreira et al., 2004) that found 3-fold higher GSH
activity in the aqueous humor of patients with glaucoma compared to patients with cataracts.
If the same phenomenon occurs in the glaucomatous ONH our data suggests faster mobilization
of GSH in glaucomatous astrocytes immediately following HNE exposure compared normal
astrocytes. Interestingly, glaucomatous astrocytes also exhibit a strong recovery following
HNE treatment. Our data shows that basal GSH levels are lower in glaucomatous astrocytes
suggesting active detoxification activity. Moreover GSH can recover to levels similar or higher
than normal astrocytes suggesting that in vivo a primed antioxidant system exists in the
glaucomatous ONH as a consequence of chronic exposure to oxidative stress.

Normal ONH astrocytes treated with HNE led to the increased production of GCLC mRNA.
The strong induction of GCLC as a result of decreased GSH levels led to high levels of de novo
synthesis of GSH, as seen after a 24 h recovery following HNE treatment. The GCLC promoter
contains many cis-acting elements, including NFkB and AP-1 (Dickinson et al., 2004; lles and
Liu, 2005).

ONH astrocytes upregulate expression of the alternative antioxidant enzyme AKR1C1
following treatment with HNE, which can inactivate HNE. AKR1CL1 acts as a reductase
converting HNE to DHN (an inactive metabolite), thereby eliminating the ability of HNE to
bind to protein or DNA (Burczynski et al., 2001) . AKR1C1 has been shown to be over-
expressed in glaucomatous optic nerves, suggesting a constitutive response to chronic oxidative
stress (Agapova et al., 2003). AKR1C1 may play a more important role in the inactivation of
HNE when the primary stores of GSH are depleted in the cell, as exhibited immediately
following treatment with HNE in normal ONH astrocytes, because AKR1C1 can reduce HNE
independent of GSH.

Glutathione-S-transferases (GST) catalyze the conjugation of HNE to GSH thus contributing
to the detoxification of HNE. GTSA4 encodes an enzyme with glutathione peroxidase activity
that functions in the detoxification of lipid peroxidation products such as HNE (Raza et al.,
2002;Cheng et al., 2001); GTSA4 has been localized to astrocytes in the rat cerebellum
(Martinez-Lara et al., 2003). In contrast, expression of GSTT2, another member of the GST
family exhibited a decrease in ONH astrocytes exposed to HNE suggesting that GST isoforms
may have differential responses to HNE as demonstrated in transfected neuroblastoma cells
(Xie et al., 2001).

HNE induces expression of the transcription factor Nrf2, which coordinates the upregulation
of detoxification enzymes and antioxidant proteins. Nrf2 is a transcription factor that binds to
the promoter sequence antioxidant responsive element (ARE) leading to the coordinate
upregulation of ARE-driven detoxification and antioxidant genes (Lee et al., 2005). Nrf2 can
upregulate GCLC (Sun et al., 2005), which was also found after HNE treatment.
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ONH astrocytes respond to HNE by the activation and transcription of cFOS and NFkB, which
in turn regulate physiological responses related to cellular protection against oxidative stress.
cFOS and NFKkB are also able to act as cis-regulatory elements in the promoter of GCLC
(Dickinson et al., 2004); (lles and Liu, 2005), helping to promote the synthesis of GSH, which
can conjugate to HNE and is the primary method of inactivating HNE.

In this study, we found that normal ONH astrocytes exhibit a strong antioxidant response to
HNE treatment by inducing the transcription factors cFOS, NFkB, and Nrf2, which can all
upregulate the expression of GCLC, to produce more GSH in the cell. Oxidative stress has
been identified as a component of the pathogenesis of glaucoma (Izzotti et al., 2003; Sacca et
al., 2005). Moreno et al ( 2004) analyzed retinal oxidative damage in rats with induced
glaucoma and found decreased SOD and catalase activities, as well as decreased GSH levels,
suggesting that retinal oxidative stress may be involved in the glaucomatous cell death of
RGCs.

Glial cells are well know protectors of neurons and are involved in the antioxidant defense in
the brain by synthesizing GSH, mostly located in astrocytes in the brain (Pearce et al., 1997)
and by providing precursors that neurons require to make their own GSH (Sagara et al.,
1993; Dringen et al., 1999). Since astrocytes have high levels of antioxidants (Makar et al.,
1994; Dringen et al., 1993), they can sustain the presence of ROS and therefore prevent their
neurotoxicity (Wilson, 1997), which we have demonstrated after HNE treatment.

Neurons when cultured alone have low levels of cellular GSH whereas neurons co-cultured
with astrocytes exhibit a significant increase in neuronal GSH content (Bolanos et al., 1996);
(Dringen et al., 1999). Astrocytes can transport GSH conjugated to HNE out of the cell via the
multidrug-resistance protein (MRP1) (Hirrlinger et al., 2002) or through the RLIP76 (Ral
binding protein) (Yang etal., 2003). Once outside of the cell, the released GSH cannot be taken
up by neurons, so gamma-glutamy| transpeptidase (GGT) present on the plasma membrane of
astrocytes cleaves GSH into components that can be further cleaved and taken up by neurons.
(Heales et al., 2004). Therefore, ONH astrocytes may offer neuroprotection in the optic nerve
by releasing GSH and antioxidant enzymes to eliminate the products of chronic oxidative stress
that may be contributing to the progression of neurodegeneration in POAG.
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Figure 1. A. Cell viability assay

Normal ONH astrocytes were treated with varying concentrations of HNE for 6 h. Treatment
with HNE at concentrations of 50 pM and higher led to a greater than 50% reduction in cell
viability over 6 h. The data is expressed as % of viable cells of the untreated control. Asterisks
indicate significant difference (*P<0.05).

B. Time course of HNE (25 pM) treatment. Normal ONH astrocytes were treated with 25
uM HNE for different exposure times. Treatment with 25 pM HNE for 3 h led to a 10%
reduction in cell viability and was used in future experiments. Asterisks indicate significant
difference (*P<0.05).
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Figure 2. A. Effect of HNE on Glutathione (GSH) content of normal astrocytes
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Normal ONH astrocytes from a 29 year old donor were treated with 25 pM HNE for 1 h and
3 H. In normal ONH astrocytes levels of GSH become depleted after 25 uM HNE treatment.
Asterisks indicate significant difference (*P<0.05).
B. Glutathione (GSH) content of normal astrocytes. Normal ONH astrocytes from a 65 year
old donor were treated with 25 uM HNE for 1 h and 3 h, and GSH content was measured
immediately after treatment, as well as after a 24 h recovery without HNE-containing medium
following each treatment duration. Levels of GSH become depleted after 25 uM HNE treatment
for 1h and 3h in normal astrocytes. After a 24 h recovery from HNE treatment, the levels of
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GSH are over 2-fold higher than basal levels. Asterisks indicate significant difference
(*P<0.05) from control and from treatment with HNE.

C. Glutathione (GSH) content of glaucomatous astrocytes. Glaucomatous ONH astrocytes
from a 70 year old donor were treated with 25 uM HNE for 1 h and 3 h, and GSH content was
measured immediately after treatment, as well as after a 24 h recovery without HNE-containing
medium following each treatment duration. Glaucomatous astrocytes exhibit basal levels of
GSH below the level of detection compared to normal astrocytes, which increase slightly after
25 uM HNE treatment for 1h and 3h. After a 24 h recovery from HNE treatment, the levels of
GSH are higher. Asterisks indicate significant difference (*P<0.05) from control and from
treatment with HNE.
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Figure 3. Effects of exposure to HNE in gene expression of antioxidant enzymes

Normal astrocytes were treated for 1 h and 3 h with 25 uM HNE, then the HNE-containing
media was removed and RNA was collected 6 h later. Relative amount of target mMRNA in
ONH astrocytes measured by quantitative RT-PCR as described in the Methods. Values
represent mean £SD of target mMRNA level normalized to 18S RNA (internal control). All
experiments were done in triplicate using three normal astrocytes cultures. Asterisk indicates
significance of P <0.05

A. Expression of AKR1C1. The relative expression of AKR1C1 mRNA is 5.56 times higher
after 1 h HNE treatment, and 2.77 times higher after 3 h HNE treatment, when compared to
controls.

B. Expression of GCLC. The relative expression of GCLC mRNA increased after 1 h HNE
treatment to 6.49 times higher than control levels, and to a lesser extent after 3 h HNE treatment
to 3.02 times higher than control levels.

C. Expression of GSTAA4. The relative expression of GSTA4 mRNA increased after 1 h HNE
treatment to 2.2 times higher than control levels, and 2.8 times higher than control levels after
3 h HNE treatment.

D. Expression of GSTT2. The relative expression of GSTT2 mRNA was 4.60 times lower
than control levels after 1 h HNE treatment to, and 3.89 times lower than control levels after
3 h HNE treatment.
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Figure 4. Effects of HNE on transcription factor gene expression

Normal astrocytes were treated for 1 h and 3 h with 25 uM HNE, then the HNE-containing
media was removed and RNA was collected 6 h later. Relative amount of target mMRNA in
ONH astrocytes measured by quantitative RT-PCR as described in the Methods. Values
represent mean +SD of target mMRNA level normalized to 18S RNA (internal control). All
experiments were done in triplicate using three normal astrocytes cultures. Asterisk indicates

significance of P <0.05.

A. Increased expression of Nrf2 using gRT-PCR. The relative expression of Nrf2 mRNA
increased in response to both a 1 h and 3 h HNE treatment to 1.80 and 1.75 times higher than
control levels, respectively.
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B. Induction of cFOS expression. The relative expression of cFOS mRNA increased after 1
h and 3 h HNE. A smaller increase of cFOS mRNA occurred after 1 h HNE treatment to 1.86
times higher than control levels, and a great increase of cFOS mRNA to 34.96 times higher
than control levels occurred after 3 h HNE treatment.

C. Expression of NFkB. The relative expression of NFkB did not change after treatment with
HNE. All experiments were done in triplicate using three normal astrocytes cultures.
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Figure 5. HNE affects the nuclear localization of c-Fos in normal human ONH astrocytes

A. cFOS and NFkB nuclear localization. Treatment of normal ONH astrocytes with 25 pM
HNE for 1 h and 3 h led to nuclear localization of both cFOS and NFkB, identified by
immunofluorescence staining. cFOS and NFkB are stained in red; nuclei are stained in blue
with DAPI, and localization of cFOS or NFKB to the nucleus results in a pink staining of nuclei.
B. cFOS and NFkB nuclear translocation measurements. Treatment of normal ONH
astrocytes with 25 uM HNE led to nuclear translocation of cFOS and NFKB. Percentage of
nuclear localization of cFOS in control astrocytes was 28.82%. Upon exposure to HNE for 1h
and 3 h, c-Fos nuclear localization increased to 53.67%, and 75.07%, respectively. Percent of
NFkB-positive nuclei in control, 1 h HNE, and 3 h HNE-treated astrocytes were 54.15%,
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63.46%, and 73.29%, respectively. Asterisk indicates significance of P <0.05. All experiments
were done in triplicate | ONH astrocytes fro three normal donors.

C. Western blots of nuclear and cytoplasmic protein. Normal astrocytes were treated for 1
h and 3 h with 25 uM HNE, then the HNE-containing media was removed and protein was
collected 6 h later. In controls we detected abundant cFOS protein in the nucleus and cytoplasm.
No discernable changes in cFOS cytoplasmic or nuclear protein were detected, nor any changes
in NFkB cytoplasmic protein levels. In controls there were very low levels of NFKB protein
detected in the nucleus which increased after treatment for 1 h and 3 h with 25 pM HNE. Nrf2
protein was detected in the nucleus and cytoplasm but there were no changes after exposure
to HNE.
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