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Abstract

Although 4-hydroxynonenal, a highly reactive lipid peroxidation product, is implicated in several age-related disorders such as

Alzheimer’s and Parkinson’s diseases, its role in age-related macular degeneration is not known. The purpose of this study was to determine

whether 4-hydroxynonenal increases vascular endothelial growth factor (VEGF) expression in human retinal pigment epithelial cells (ARPE-

19), a source of VEGF in choroidal neovascularization observed in age-related macular degeneration. In addition, it was the purpose of this

study to assess whether glutathione (GSH) and GSH precursors can inhibit the effects of 4-hydroxynonenal. At 1 AM, 4-hydroxynonenal did

not alter cell viability, but elevated VEGF secretion and mRNA expression by 35% ( p < 0.05) and 1.9-fold ( p < 0.05), respectively. However,

at concentrations 5 AM and above, 4-hydroxynonenal reduced VEGF secretion as well as cell viability. At 1 and 10 AM, 4-hydroxynonenal

did not induce apoptosis in ARPE-19 cells. 4-Hydroxynonenal (1 AM) reduced intracellular GSH by 25% ( p < 0.05) and increased oxidative

stress by 50% ( p < 0.05). GSH precursor pretreatment for 1 h, which increased intracellular GSH levels by 50% ( p < 0.05), as well as GSH

co-treatment, inhibited the VEGF-inductive and cytotoxic effects of 4-hydroxynonenal. Thus, 4-hydroxynonenal (1 AM) induces VEGF

expression and secretion in ARPE-19 cells. This effect is likely due to GSH depletion and an associated increase in intracellular oxidative

stress, resulting in increased VEGF mRNA levels. 4-Hydroxynonenal-mediated VEGF secretion as well as cytotoxicity can be reversed with

GSH precursor pretreatment or GSH co-treatment.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Vascular endothelial growth factor (VEGF), a homodi-

meric 34–45-kDa protein, is now emerging as a risk factor

for age-related macular degeneration, wherein vascular

hyperpermeability and neovascularization are observed

(Macular Photocoagulation Study Group, 1991). The

expression of VEGF is significantly increased in the retinas

(Frank, 1997; Kliffen et al., 1997) and plasma (Lip et al.,

2001) of age-related macular degeneration subjects. VEGF

is capable of inducing vascular permeability by binding to

Flt-1 receptor (Kd: 10–20 pM) (Park et al., 1994) and

angiogenic effect by binding to Flk-1 receptor (Kd: 75–125

pM) (Shalaby et al., 1995). Of the known five isoforms of

VEGF (with 206, 189, 165, 145, and 121 amino acids)

(Park et al., 1993; Whittle et al., 1999), human retinas

predominantly express VEGF165 and VEGF121, the secre-

tory forms of VEGF, and relatively low levels of VEGF189,

the non-secretory isoform (Gerhardinger et al., 1998).

Interestingly, retinal pigment epithelial cells (RPE) contrib-

ute significantly to the constitutive retinal VEGF expres-

sion (Adamis et al., 1993). Furthermore, RPE cells secrete

more VEGF towards basolateral or choroid side (Blaauwg-

eers et al., 1999), possibly facilitating its action on chorio-

capillaris. In addition, overexpression of VEGF in RPE

cells of the retina might be a responsible factor in the

development of choroidal neovascularization in vivo (Yi et

al., 1997; Husain et al., 1997). In age-related macular

degeneration subjects, VEGF expression is induced in
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RPE cells (Kliffen et al., 1997) and elevated levels of lipid

peroxidation products are observed adjacent to RPE cells

before the development of choroidal neovascularization

(Ishibashi et al., 1998).

In the plasma of age-related macular degeneration

patients, reactive oxygen species are elevated (Gottsch et

al., 1990) and glutathione (GSH), an endogenous antiox-

idant, is depleted (Samiec et al., 1998), possibly leading to

elevated oxidative stress in age-related macular degenera-

tion (Beatty et al., 2000). Interestingly, oxidative stress

induces VEGF expression (Kuroki et al., 1996), suggesting

a role for oxidative stress in neovascular age-related macular

degeneration (Hammes et al., 1999). The plasma levels of

oxidative stress marker, 4-hydroxynonenal, a highly reactive

lipid peroxidation product, are elevated progressively with

aging (Chiarpotto et al., 1995). Such an elevation in 4-

hydroxynonenal levels is now implicated in age-related

pathologies such as Parkinson’s disease (Selley, 1998) and

Alzheimer’s disease (Lovell et al., 1997). However, the role

of 4-hydroxynonenal in age-related macular degeneration is

not known.

The retinal 4-hydroxynonenal levels are elevated from

0.64 to 7.7 nmol/g under oxidative stress (Van Kuijk, 1988).

4-Hydroxynonenal can penetrate cells (Parola et al., 1998)

and stimulates several cellular functions such as adenyl

cyclase activity, phospholipase C activity, activator protein

(AP)-1 activity, heat-shock protein transcription factor activ-

ity and protein synthesis at 1 AM, and at higher concen-

trations (>10 AM), it inhibits these functions (Dianzani et

al., 1999). Also, 4-hydroxynonenal depletes cellular GSH,

thereby elevating oxidative stress (Uchida et al., 1999). 4-

Hydroxynonenal reduces cellular GSH levels either by

inhibiting glutathione reductase (Vander Jagt et al., 1997)

and the associated conversion of oxidized glutathione

(GSSG) to GSH or by spontaneously forming 4-hydroxy-

nonenal–GSH conjugates (Srivastava et al., 1994). Interest-

ingly, reduced plasma GSH (Gottsch et al., 1990) and

glutathione reductase activity (Cohen et al., 1994) and

elevated retinal oxidative stress (Ohia et al., 1994) were

observed with aging. Thus, there is a possibility that 4-

hydroxynonenal may deplete GSH in the aging retinas,

thereby increasing the oxidative stress and the expression

of VEGF.

Since GSH levels are depleted and oxidative stress, lipid

peroxidation products, and VEGF levels are elevated in

age-related macular degeneration, one objective of this

study was to determine whether 4-hydroxynonenal depletes

GSH and induces oxidative stress and VEGF expression in

ARPE-19 cells, a spontaneously formed cell line from

human RPE cells (Dunn et al., 1996). To this end, we

determined the effect of 4-hydroxynonenal on VEGF

mRNA expression and protein secretion in ARPE-19 cell

line. Also, the effect of 4-hydroxynonenal on intracellular

GSH levels, oxidative stress, and cell viability was deter-

mined. The second objective of this study was to determine

whether the effects of 4-hydroxynonenal could be reversed

with GSH supplements. To this end, the ability of GSH

precursor pretreatment and GSH co-treatment in inhibiting

the effect of 4-hydroxynonenal on VEGF secretion and cell

viability was assessed.

2. Materials and methods

2.1. Chemicals

Dulbecco’s modified Eagle’s medium (DMEM-F/12),

fetal bovine serum, penicillin–streptomycin and L-gluta-

mine were obtained from Gibco-BRL (Gibco, Grand

Island, NY). Cell culture flasks (T-75 cm2) and 96-well

plates were purchased from Becton Dickinson Labware

(Franklin Lakes, NJ). 4-Hydroxynonenal was purchased

from Cayman Chemicals (Ann Arbor, MI). 3-[4,5-dime-

thylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT),

GSH, GSSG, O-phthalaldehyde, and N-ethylmaleimide

were purchased from Sigma (St. Louis, MO).

2.2. Cell culture

ARPE-19 cells, obtained from American Type Culture

Collection (ATCC, Rockville, MD), were cultured in

DMEM/F-12 containing 10% fetal bovine serum, 100 U/

ml penicillin, 100 mg/ml streptomycin, and 2 mM L-gluta-

mine. The medium was changed every 2 days and all studies

were conducted by using confluent cells of passages 20–40

following a 12-h quiescence in serum-free medium. All the

experiments were repeated two to three times with n = 8 in

each experiment for VEGF secretion and cell viability

studies, and n= 4 for intracellular oxidative stress, GSH,

and GSSG estimations.

2.3. Estimation of VEGF

ARPE-19 cells grown in 96-well plates were incubated

with 4-hydroxynonenal (0–25 AM) dissolved in serum-free

medium. At the end of 12 h, supernatants were collected to

estimate secreted VEGF using an enzyme-linked immuno-

sorbent assay (ELISA) according to manufacturer’s recom-

mendations (Research Diagnostics, Flanders, NJ). Briefly,

supernatant samples of both cell types, standards, and

blank samples were added to an ELISA plate, which was

pre-coated overnight with the coating antibody (goat anti-

human VEGF antibody), which recognizes VEGF121 and

VEGF165. All the samples were allowed to incubate for 2

h with the coating antibody. Subsequently, the plate was

washed three times with wash buffer and the wells were

incubated with the detection antibody (biotin-conjugated

goat anti-human VEGF) for 2 h. Following secondary

antibody incubation, the plate was incubated with poly-

HRP80–streptavidin for 20 min. Subsequently, the plate

was washed three times and allowed to incubate in the

presence of substrate solution 3,3V,5,5V-tetramethylbenzi-
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dine (TMB-S) for 20 min until the reaction was stopped

with sulfuric acid (0.5 M). All the absorbances were

measured using a microtiter plate reader (Fischer Scientific,

PA) with a test wavelength of 450 nm and a reference

wavelength set at 550 nm.

2.4. Semi-quantitative analysis of VEGF mRNA

VEGF mRNA expression was determined using the

access reverse transcriptase-polymerase chain reaction

(RT-PCR) system (Promega, Madison, WI). Briefly, con-

fluent ARPE-19 cells grown in T-75 flasks were treated

with 1 AM 4-hydroxynonenal. At the end of 0, 1, 2, 4, and

6 h, 4-hydroxynonenal exposure was discontinued and the

total RNA was extracted using RNA STAT-60k RNA

isolation kit (TEL-TEST, Friendswood, TX). The RNA

pellet was dissolved in deionized autoclaved water, quan-

tified for RNA, and a volume equivalent to 5 Ag was taken

to amplify VEGF mRNA as described earlier (Bandi and

Kompella, 2001). The primers used can detect all the splice

variants of VEGF. However, only VEGF121 and VEGF165
are seen amplified in ARPE-19 cells. The VEGF mRNA

expression was normalized with GAPDH expression, a

housekeeping gene whose levels are not altered under

hypoxic stress (Grimshaw and Mason, 2001). The products

were separated by electrophoresis on a 2% agarose gel, and

VEGF165 mRNA (584 bp) and VEGF121 mRNA (452 bp)

were identified and quantified using densitometric analysis

(Nucleovisionk Imaging System, Nucleotech, San Mateo,

CA).

2.5. Intracellular GSH and GSSG estimation

ARPE-19 cells grown in 24-well plates were treated with

1 AM 4-hydroxynonenal for 0.1, 0.25, 0.5, 1, 2, 4, 6, 8, and

12 h. The cells were washed with ice-cold phosphate

buffered saline (PBS, pH: 7.4) and lysed with 500 Al of
lysis buffer containing 3.33% trichloroacetic acid. The

samples were centrifuged at 12,500� g for 10 min at 4

jC and 50 Al of the supernatant was taken to estimate GSH

and GSSG using a spectrofluoremetric method described

earlier (Hissin and Hilf, 1976).

2.6. Measurement of oxidative stress

The oxidative stress within the cells was determined

using 2V,7V-dichlorofluorescein diacetate (DCF-DA) as

described earlier (Carter et al., 1994). Briefly, confluent

ARPE-19 cells grown in T-75 flasks were incubated with 20

AM DCF-DA for 1 h at 37 jC. These cells were trypsinized
and suspended in PBS to obtain a final concentration of

1�106 cells/ml. To 0.5 ml of this cell suspension, 4-

hydroxynonenal solution with or without GSH was added

and incubated for 30 min at 37 jC and the fluorescence was

measured using flow cytometry (FACS Calibur, Becton

Dickinson).

2.7. Cell viability assay

ARPE-19 cells grown to confluency in 96-well plates

were exposed to 4-hydroxynonenal (0–25 AM) with or

without GSH co-treatment or GSH precursor pretreatment.

At the end of 12 h incubation, the supernatants were

removed and the cells were washed with ice-cold PBS three

times and incubated with 30 Al of 3-[4,5-dimethylthiazol-2-

yl]-2,5-diphenyltetrazolium bromide (MTT) solution (5 mg/

ml in PBS) for 1 h at 37 jC. Viable cells reduce MTT to

formazan, which was dissolved in 100 Al of dimethylsulf-

oxide. The absorbance of this solution was measured at a

dual wavelength of 550/650 nm using a micro-plate reader

(Fisher Scientific).

2.8. Cell apoptosis assay

To determine the effect of 4-hydroxynonenal on induc-

tion of apoptosis, flow cytometric analysis was performed

by staining the cells with propidium iodide (Mangipudy and

Vishwanatha, 1999). Briefly, ARPE-19 cells were treated

for 12 h with 4-hydroxynonenal (1 and 10 AM) and 1�106

cells/ml were aliquoted following culture. The aliquoted

cells were pelleted by centrifugation at 2000 rpm for 5 min.

The pellet was washed twice with PBS and the cells were

Fig. 1. 4-Hydroxynonenal induces VEGF secretion and VEGF mRNA

expression in ARPE-19 cells in a dose-and time-dependent manner. (A)

Dose-dependent effect of 4-hydroxynonenal on VEGF secretion at the end

of 12 h. Data are expressed as meanF S.D. for n= 8, *P < 0.05. (B) Time-

course of VEGF secretion in controls (5) and 1 AM 4-hydroxynonenal

treated (n) cells at the end of 0, 4, 8, and 12 h. Cumulative VEGF

secretion is expressed as meanF S.D. for n= 8, *P < 0.05.
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fixed with 1 ml of 70% ethanol, and the cells were dispersed

and incubated for 2 h at 4 jC. The cells were then spun

down at 2000 rpm for 5 min and ethanol was decanted.

After this, the cells were again washed twice with PBS and

spun down. Finally, 1 ml of Telford reagent (DNA stain for

ethanol fixed cells; containing RNAase A and propidium

iodide) was added and incubated overnight. The fluores-

cence in cells was analyzed for apoptosis using a flow

cytometer (Becton Dickinson).

2.9. Statistical analysis

Data are expressed as meanF S.D. Comparison of mean

values was done using a paired Student’s t-test. Differences

were considered statistically significant at p < 0.05.

3. Results

3.1. 4-Hydroxynonenal induces VEGF secretion and VEGF

mRNA expression

The effect of 4-hydroxynonenal on VEGF secretion from

ARPE-19 cells was determined by estimating VEGF levels

in the supernatants of the cells treated with or without 4-

hydroxynonenal. Secreted VEGF levels at the end of 12 h in

response 4-hydroxynonenal treatments (0, 0.1, 1, 5, 10, and

25 AM) are shown in Fig. 1A. The observed VEGF levels in

controls are similar to those reported for primary human

RPE cells (Mousa et al., 1999). The maximum induction

was observed with 1 AM 4-hydroxynonenal with an increase

in VEGF secretion from 1899F 199 pg/ml (50F 5.6 pM) to

2498F 99 pg/ml (90F 2.8 pM). However, higher concen-

trations of 4-hydroxynonenal reduced VEGF secretion. A

time-course indicated that ARPE-19 cells continuously

secrete VEGF, suggesting that VEGF secretion is constitu-

tive in ARPE-19 cells. The cumulative VEGF secretion is

significantly higher at 12 h after 4-hydroxynonenal treat-

ment (Fig. 1B). Also, 1 AM 4-hydroxynonenal significantly

increased the expression of VEGF165 and VEGF121 mRNAs

(Fig. 2A) by 1.9-fold as early as 1 h post-exposure in

ARPE-19 cells (Fig. 2B).

3.2. 4-Hydroxynonenal depletes intracellular GSH and

induces oxidative stress

Since 4-hydroxynonenal-induced biological effects are

linked to depletion of intracellular GSH and oxidative stress

Fig. 2. (A) Time-dependent effect of 1 AM 4-hydroxynonenal on VEGF

mRNA expression. At each time-point, 5 Ag RNA was taken for RT-PCR

analysis to amplify VEGF and GAPDH mRNAs. Key—Lane 1: untreated

ARPE-19 cells; Lanes 2, 3, 4, and 5: ARPE-19 cells treated with 4-

hydroxynonenal for 1, 2, 4, and 6 h, respectively. (B) Time dependency of

the ratios of VEGF165 (5) and VEGF121 (n) mRNAs to GAPDH band

intensities. Data are expressed as meanF S.D. for n= 3.

Fig. 3. 4-Hydroxynonenal depletes intracellular GSH and induces oxidative

stress in ARPE-19 cells. (A) Effect of 1 AM 4-hydroxynonenal on

intracellular GSH (n) and GSSG (o) at 0.08, 0.25, 0.5, 1, 2, 4, 6, 8, and 12

h post-exposure. Data are expressed as meanF S.D. for n= 4. (B) Effect of

1 AM 4-hydroxynonenal on oxidative stress measured using flowcytometer.

Key—1: Control ARPE-19 cells; 2: ARPE-19 cells treated with 1 AM 4-

hydroxynonenal; and 3: ARPE-19 cells treated with 1 AM 4-hydroxyno-

nenal and 3 mM GSH. The fluorescence intensity is expressed as

meanF S.D. for n= 4, * P < 0.05.
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(Dianzani, 1999), intracellular GSH levels and oxidative

stress were estimated after treating ARPE-19 cells with 1

AM 4-hydroxynonenal. We observed that 1 AM 4-hydrox-

ynonenal treatment significantly decreased intracellular lev-

els of GSH from 95F 5 to 76F 1 nmol/mg protein within

15 min of incubation and sustained these levels up to 12 h

(Fig. 3A).

Furthermore, GSSG levels were decreased from 3.2F 0.3

to 2.1F 0.06 nmol/mg protein within 15 min. Interestingly,

GSSG levels increased sharply to 3.8 nmol/mg protein at

the end of 1 h, beyond which they remained below baseline

up to 8 h. By the end of 12 h, GSSG levels returned to

control levels. Furthermore, 4-hydroxynonenal (1 AM)

treatment of DCF-DA-loaded ARPE-19 cells significantly

increased the intracellular mean fluorescence intensity from

210F 12 to 316F 23 (Fig. 3B), suggesting the induction

of oxidative stress. Co-treatment of ARPE-19 cells with 3

mM GSH inhibited 4-hydroxynonenal-induced oxidative

stress.

Fig. 4. Effect of GSH treatments on intracellular GSH levels and 4-

hydroxynonenal-induced VEGF secretion in ARPE-19 cells. (A) Effect of 1

mM each of GSH precursors (glycine, glutamine, and cystein) (.) and 3

mM GSH (o) on intracellular GSH. Data are expressed as meanF S.D. for

n= 4. (B) Effect of no treatment (5), GSH co-treatment (n), and pre-

treatment with GSH precursors for 1 h ( ) on 4-hydroxynonenal-induced

VEGF secretion at the end of 12 h. Data are expressed as meanF S.D. for

n= 8, *P< 0.05.

Table 1

Effects of GSH treatments on 4-hydroxynonenal-induced cytotoxicity in

ARPE-19 cells

4-Hydroxynonenal

(AM)

Control GSH

co-treatment

Precursors

pre-treatment

0 100F 3.14 100F 3.8 100F 12.7

0.1 95F 7.5 97.6F 1.5 90.7F 10.8

1 95.5F 3.5 91.2F 2.7 81.2F 6.8

5 49.5F 2.8a 94.4F 16.6 80.8F 1.4a

10 39.3F 8.4a 91.7F 11.9 73.5F 2.1a

25 23.1F 5.9a 102F 9.3 77.2F 16a

The % absorbance of formazan from MTT assay is expressed as

meanF S.D. for n= 8.
a Indicates statistically significant difference from 0 AM 4-hydroxyno-

nenal-treated control.

Fig. 5. Effect of 4-hydroxynonenal on apoptosis in ARPE-19 cells.

Representative DNA histograms of ARPE-19 cells treated for 12 h with A:

Control, B: 1 AM 4-hydroxynonenal, and C: 10 AM 4-hydroxynonenal.

After 12 h treatment with/without 4-hydroxynonenal, the cells were

subjected to FACS (fluorescence activated cell sorter) analysis after staining

with propidium iodide. The arrows point to the apoptotic peak (A0) and

values on the x-axis denote DNA content and the values on y-axis denote

cell counts.
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3.3. GSH co-treatment and GSH precursor pretreatment

inhibit 4-hydroxynonenal-induced VEGF secretion and

cytotoxicity

4-Hydroxynonenal-mediated oxidative stress and there-

fore VEGF secretion can potentially be countered by either

blocking 4-hydroxynonenal entry into the cells or by

increasing intracellular antioxidant capacity. One way to

minimize the entry of 4-hydroxynonenal into cells is to co-

treat with GSH, as GSH readily forms conjugates with 4-

hydroxynonenal (Esterbauer et al., 1975). An approach to

elevate cellular antioxidant capacity is to elevate intracel-

lular GSH levels by pre-incubating cells with GSH precur-

sors (1 mM each of glycine, glutamine, and cysteine).

Indeed, we observed that pretreatment with GSH precursors

elevated intracellular GSH levels by 50% within 15 min

(Fig. 4A). Consistent with a previous report (Davidson et

al., 1994), exogenous GSH (3 mM) failed to elevate intra-

cellular GSH significantly. GSH (3 mM) co-treatment as

well as GSH precursor-treatment completely inhibited

VEGF secretion induced by 1 AM 4-hydroxynonenal (Fig.

4B). Also, these treatments inhibited the reduction in VEGF

secretion observed at z 5 AM 4-hydroxynonenal. However,

these treatments were not effective in countering the effect

of 25 AM 4-hydroxynonenal.

The protective effect of glutathione against 4-hydroxy-

nonenal-induced cytotoxicity was assessed using MTT

assay. At the end of 12 h exposure, 1 AM 4-hydroxynonenal

did not significantly inhibit ARPE-19 cell viability. On the

other hand, 4-hydroxynonenal at 5 AM and above signifi-

cantly reduced cell viability (Table 1). GSH co-treatment as

well as GSH precursor pretreatment inhibited this 4-hydrox-

ynonenal-induced cytotoxicity. From propidium staining, it

is evident that 4-hydroxynonenal at tested concentrations (1

and 10 AM) did not change the A0 peak, suggesting no

induction of apoptosis by 4-hydroxynonenal at the end of 12

h (Fig. 5).

4. Discussion

As the retinal lipid peroxidation is elevated with aging

(Zhao et al., 1996) and RPE cell VEGF expression is

increased in age-related macular degeneration (Lopez et

al., 1996), we tested the hypothesis that 4-hydroxynonenal,

a lipid peroxidation product, induces VEGF expression and

secretion in a human retinal pigmented epithelial cell line

(ARPE-19). The results of this study indicate that 4-hydrox-

ynonenal elevates VEGF secretion from ARPE-19 cells at 1

AM and that it inhibits VEGF secretion at >5 AM. These

effects of 4-hydroxynonenal could be inhibited by increas-

ing intracellular GSH or by co-incubating cells with GSH.

The secretion of VEGF might be associated with VEGF

induction at the molecular level rather than burst discharge

from potentially pre-existing pools, as indicated by the

delayed increase in VEGF secretion (Fig. 1B). This is

supported by the induction of VEGF mRNA by 1 AM 4-

hydroxynonenal (Fig. 2A). Such induction may be associ-

ated with 4-hydroxynonenal-induced increase in the activa-

tor protein (AP-1) binding activity (Camandola et al., 2000),

which is known to induce the expression of VEGF (Damert

et al., 1997) in ocular tissues.

Oxidative stress is a potent stimulus for VEGF expres-

sion (Brown et al., 2000). An increase in oxidative insults or

a decrease in cellular antioxidant capacity can induce

oxidative stress. Treatment of ARPE-19 cells with 1 AM
4-hydroxynonenal depleted both oxidative (GSSG) and

reduced forms of intracellular GSH (Fig. 3A). Since the

GSSG is the cellular source of GSH, compensation of

GSSG for the cellular GSH might be responsible for its

depletion. A sharp rise in GSSG levels between 30 min and

1 h following 4-hydroxynonenal exposure is consistent with

an increase in oxidative insult levels and the associated

oxidation of GSH to GSSG. In addition, we observed that 1

AM 4-hydroxynonenal increased fluorescence intensity from

DCF-DA, an oxidative stress probe, by 55%, suggesting that

4-hydroxynonenal induces oxidative stress in ARPE-19

cells (Fig. 3B). Another possible mechanism for decreased

intracellular GSH is formation of GSH–4-hydroxynonenal

conjugates within the cell (Boon et al., 1999). Active

transport of these conjugates by multidrug resistance-asso-

ciated protein (MRP1) (Renes et al., 2000) and multi-

specific organic anion transporter (Dygas et al., 1998)

may also result in depleted cellular GSH. Indeed, evidence

exists for the presence of MRP1 in ARPE-19 cells (Auku-

nuru et al., 2001).

4-Hydroxynonenal-induced oxidative stress was inhi-

bited by 3 mM GSH co-treatment, possibly due to the

formation of 4-hydroxynonenal-GSH adducts in the

medium. Interestingly, anti-oxidant supplement therapy

reduced the risk of vision loss in age-related macular

degeneration subjects (Richer, 1996), supporting a potential

involvement of oxidative stress in the development of age-

related macular degeneration. Hence, we tested whether

GSH treatments inhibit 4-hydroxynonenal-induced VEGF

expression in ARPE-19 cells. At first, we examined intra-

cellular GSH levels after incubating ARPE-19 cells with

GSH and precursors of GSH (glycine, glutamine, and

cysteine). In agreement with a previous report (Davidson

et al., 1994), we observed an increase in intracellular GSH

only when cells were incubated with GSH precursors.

However, both co-treatment with GSH and 1 h pretreatment

with GSH precursors inhibited 4-hydroxynonenal-induced

VEGF secretion from ARPE-19 cells (Fig. 4B). While

elevation of intracellular GSH might be responsible for

the effect of GSH precursor pretreatment, formation of

impermeable 4-hydroxynonenal–GSH conjugates outside

the cell might be responsible for the effect of GSH co-

treatment. The cell viability assay indicated that 4-hydrox-

ynonenal induces VEGF secretion from ARPE-19 cells at 1

AM without altering cell viability (Table 1). However,

consistent with the previous reports (Ruef et al., 1998),
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higher concentrations (z 5 AM) reduced VEGF secretion as

well as cell viability, suggesting that 4-hydroxynonenal is

cytotoxic to ARPE-19 cells at these concentrations. The

cytotoxic effect might be either due to necrosis or apoptosis.

The cytotoxic effect of 4-hydroxynonenal in ARPE-19 cells

might be associated with induction of necrosis rather than

apoptosis as evidenced from propidium iodide staining

study (Fig. 5), which indicated the absence of apoptosis.

Indeed, 4-hydroxynonenal has been shown to induce

necrosis in a dose-dependent manner in rat liver cells

following oral administration (Nishikawa et al., 1992).

Interestingly, degeneration and necrosis of RPE cells has

been associated with the development of age related mac-

ular degeneration (Sarks, 1976). The findings of this study

may be of relevance to age-related macular degeneration

(Lopez et al., 1996; Zhao et al., 1996) and diabetic

retinopathy (Verdejo et al., 1999; Obrosova et al., 2000;

Armstrong et al., 1998; Toti et al., 1999), wherein retinal or

vitreal levels of VEGF and lipid peroxidation products are

elevated.

In conclusion, we demonstrated for the first time that 4-

hydroxynonenal induces VEGF expression in RPE cells.

The possible mechanism involves depletion of intracellular

GSH and resulting increase in oxidative stress, leading to

increased VEGF mRNA levels. 4-Hydroxynonenal-induced

VEGF expression and secretion can be inhibited by co-

incubating cells with GSH or by increasing intracellular

GSH levels using GSH precursors.
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