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ABSTRACT: High oxygen tension, exposure to light, and the biochemical events of vision generate significant
oxidative stress in the retina and the retinal pigment epithelium (RPE). Understanding the mechanisms
and basis of susceptibility to progressive retinal diseases involving oxidative damage such as age-related
macular degeneration (AMD) remains a major challenge. Here microsomal glutathioneS-transferase
(MGST1) is shown to be a dominant, highly expressed enzyme in bovine and mouse RPE microsomes
that displays significant reduction activity toward synthetic peroxides, oxidized RPE lipids, and oxidized
retinoids. This enzymatic reduction activity (GPx) can be partially neutralized with a monoclonal anti-
MGST1 antibody developed in this study. MGST1-transfected HEK293 cells exhibited greater viability
(70 ( 4% survival) compared with untransfected control cells (46( 4% survival) when challenged with
20 µM H2O2, and greater viability of MGST1-transfected cells following challenge with oxidized
docosahexaenoic acid was also observed. Cultured ARPE19 cells transfected with silencing MGST1 siRNAs
exhibited lower expression of MGST1 (12% and 26% of the controls) and significantly lower GPx activity
(44 ( 13%) and, thus, were more susceptible to oxidative damage. Immunoblotting revealed that the in
vivo expression of MGST1 in mouse RPE decreases 3-4-fold with age, to trace levels in 18-month-old
mice. GPx activity in the RPE was also found to be reduced in 12-month-old mice to∼67%. These
results support an important protective function for MGST1 against oxidative insult in the RPE that
decreases with age and suggest that this enzyme may play a role in the development of age-related diseases
such as AMD.

Aging of the retinal pigment epithelium (RPE)1 involves
many biochemical changes and alterations in the kinetics of
physiological renewal of the photoreceptor cells. The ap-
parent transformations in the RPE involve changes in and
loss of intact melanin granules, as well as accumulation of

the intracellular phototoxic lipofuscin. This pigment, com-
posed of oxidized lipids and retinoids plus highly conjugated
proteins, is linked to several oxidative changes, some leading
to apoptosis and a gradual decline in the number of the RPE
cells (1). In severe cases this process may lead to age-related
macular degeneration (AMD). AMD is a degenerative disease
of the macular photoreceptors, the RPE, and Bruch’s
membrane. It is the leading cause of irreversible blindness
in elderly people in developed countries (2). The cause of
AMD is not well understood, and rigorous studies related to
the function of the RPE are required in order to develop
effective treatment.

The RPE is affected by environmental factors, particularly
intense and long-term exposure to light, which can induce
damage to both the retina and the RPE (3). The greatest
susceptibility to this type of injury arises in animals exposed
to light at night, suggesting a circadian-dependent, oxidation-
induced loss of photoreceptor cells. The continuous exposure
of the RPE and photoreceptors to light, the large consumption
of oxygen by these cells, a significant daily shedding of the
photoreceptor cells and subsequent phagocytosis by the RPE,
and substantial levels of docosahexaenoate (DHA)-containing
lipids and retinoids in the retina are all exacerbating factors
in free radical formation and retinal oxidative injury. Light-
induced oxidative damage to the retina and the RPE has been
the subject of many recent studies. For example, the
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antioxidant ascorbic acid, which is abundant in the retina
but decreases during intense light exposure (4), appears to
help to alleviate retinal light damage (5). The pathways of
retinal oxidative damage remain to be determined; however,
evidence supports the involvement of highly oxidizable
retinoids and lipids. UV light can induce aggregation and
loss of activity of the retinal ATP-binding cassette transporter
in the presence of all-trans-retinal in vitro (6) and enhances
the rate of RPE microsomal-catalyzed reverse isomerization
of 11-cis-retinol (and 13-cis-retinol) to all-trans-retinol (7).
Dietary vitamin A-depleted rats as well as animals with
impaired visual cycle proteins are more resistant to light
damage than normal control animals (8-10). Free radical-
induced oxidation of DHA-containing lipids generatesω-(2-
carboxyethyl)pyrrole (CEP) protein adducts that are more
abundant in ocular tissues and plasma from AMD patients
than normal human donors and appear to contribute to the
pathogenesis of AMD (11, 12). A hydroxylation product of
DHA, 10,17(S)-docosatriene (neuroprotectin D1), potently
counteracts H2O2/necrosis factorR oxidative stress-triggered
apoptotic RPE DNA damage (13).

Glutathione S-transferases (GSTs) are one of several
detoxification enzymes. GSTs are divided into two evolu-
tionarily distinct families: the cytosolic, soluble enzymes
and the membrane-associated proteins in eicosanoid and
glutathione metabolism (MAPEG). In total, 20 human
cytosolic and 5 membrane-bound enzymes have been identi-
fied (14). The cGSTs are further subdivided into several
divergent classes:R, µ, ω, π, θ, and ê isoenzymes have
been described in mammals,π, τ, and λ isoenzymes are
expressed in plants,∆ is present in insects, andâ isoenzyme
is present in bacteria (15-19). Representatives from most
classes of soluble GSTs have been well studied and shown
to have glutathioneS-transferase, peroxidase, and isomerase
activities. GSTs are expressed at elevated levels in tumor
cells, inadvertently increasing the chemotherapeutic resis-
tance of these cells (20). MGST1 belongs to the MAPEG
superfamily. At present, other mammalian members of
MAPEG include two glutathioneS-transferase/peroxidases
(MGST2 and MGST3), 5-lipoxygenase activating protein,
leukotriene C4 synthase, and the closest relative to MGST1,
microsomal PGE2 synthase (21). MGST1 functions as a
glutathioneS-transferase and as a peroxidase, thus potentially
protecting cells from reactive components and oxidative
stress (22). MGST1 is an ER-bound enzyme (17) that forms
a functional homotrimer (23, 24). Its polypeptide chain of
155 amino acids traverses the ER membrane four times, with
both N- and C termini facing the lumen of the ER (24).

Toward the identification and characterization of dominant
RPE proteins, bovine RPE was used as an immunogen to
generate monoclonal antibodies (mAbs) by hybridoma
techniques. Microsomal glutathioneS-transferase 1 (MGST1)
was identified as one of the immunogens, and in subsequent
analyses we confirmed the abundant expression of this
enzyme in the RPE. Here we demonstrate that MGST1 is
one of the most active detoxification enzymes of the RPE.
In addition, we observed a gradual decline in the expression
of MGST1 in mouse RPE with age, suggesting a possible
correlation with progressive age-related retinal diseases
associated with oxidative injury such as age-related macular
degeneration.

MATERIALS AND METHODS

Chemicals and Antibodies.Bovine liver cGST, reduced
glutathione (GSH), oxidized glutathione (GSSG), glutathione
reductase (GR), all-trans-retinal, all-trans-retinol, retinyl
palmitate, 1-chloro-2,4-dinitrobenzene (CDNB), NADPH,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), dimethyl sulfoxide (DMSO), octadecane, and poly-
(ethylene glycol) (PEG, MW 1500) were purchased from
Sigma (St. Louis, MO). 13(S)-Hydroperoxy-9(Z),11(E)-
octadecadienoic acid [13(S)-HpODE] was obtained from
Cayman Chemical Co. (Ann Arbor, MI). Actin pAb and
R-tubulin pAb were obtained from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA). Anti-RPE65 pAb were generated
in rabbits against bacterially expressed RPE65 protein using
a method described previously (25).

Preparation of BoVine RPE Microsomes.Fresh bovine
eyes were obtained from a local slaughterhouse (Schenk
Packing Co., Inc., Stanwood, WA). RPE microsomes and
ROS were prepared as described previously (26, 27).
Microsomes were suspended in 10 mM 3-(N-morpholino)-
propanesulfonic acid (pH 7.0) containing 1µM leupeptin
and 1 mM dithiothreitol at a protein concentration of∼5
mg/mL as determined by the Bradford method (28). Aliquots
were stored at-80 °C and were typically used within 1
month of preparation.

H2O2 Treatment of Samples.For the H2O2 treatment of
the RPE, retinoids, and DHA, 10µL of 30% H2O2 was added
to the 200µL aliquots of the substrate and incubated for 10
min on ice. H2O2 was removed by evaporation on the Speed-
Vac. To ensure complete removal of residual amounts of
H2O2, the pellet was treated three to four times with freshly
added aliquots of ethanol and evaporated each time.

Monoclonal Antibody Production. Monoclonal antibodies
were generated by standard techniques as described previ-
ously (29). As the antigens, RPE microsomes (50µg) were
immunized subcutaneously to 6-week-old female BALB/c
mice (The Jackson Laboratory, Bar Harbor, ME). Hybridoma
cell lines were prepared by fusion of NS1 mouse myeloma
cells (American Type Culture Collection, Manassas, VT) (3
× 107) with splenocytes (1× 108) from immunized mice
using 50% PEG. The culture supernatants from resulting
hybridomas were screened with RPE microsomes by immu-
noblot. Positive hybridomas were subcloned at least three
times by the method of limiting dilution in microtiter plates.
A1 mAb (1 mg/mL) was used at 1:2000 dilution for the
immunoblotting.

SDS-PAGE and Immunoblotting. SDS-PAGE on 12.5%
or 15% polyacrylamide gels and Western blotting methods
were as described elsewhere (30, 31).

GST and GPx ActiVity. GST activity toward 1-chloro-2,4-
dinitrobenzene (CDNB) was determined spectrophotometri-
cally at 340 nm by the method of Habig et al. (32). One
unit of GST activity was defined as the amount of enzyme
catalyzing the conjugation of 1µmol of CDNB with GSH
per minute at 25°C. GPx activity toward hydroperoxide
substrates was determined using the GR-coupled assay of
Yang et al. (33). Briefly, the reaction mixture containing 3.2
mM GSH, 0.32 mM NADPH, 1 unit of GR, and 0.82 mM
EDTA in 0.16 M Tris (pH 7.0) was preincubated with GST
at the amounts indicated in the figure legends at room
temperature for 5 min. The total volume was 1 mL. The
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reaction was started by addition of appropriate hydroperoxide
substrates (prepared in methanol). The consumption of
NADPH was monitored at 340 nm for 5 min. For the
activation of MGST1, membranes were incubated in 0.16
M Tris (pH 7.0) containing 0.1% Triton X-100 and centri-
fuged at 275000g for 20 min; the supernatant was used in
the assay. One unit of GPx activity was defined as the amount
of enzyme necessary to consume 1µmol of NADPH/min.
Retinoids were extracted from RPE microsomes with 500
µL of hexane, dried with argon, and used as substrates in
the assays. A nonsubstrate blank as well as a nonenzyme
additional blank was used to correct for non-GR-dependent
NADPH oxidation and nonenzymatic peroxidase activity.
The results were examined using the one-way ANOVA test.

cDNA Cloning and Sequencing. Total RNA from fresh
bovine RPE was isolated using TRIzol reagent according to
the manufacturer’s protocol, and 2µg of total RNA was
reverse-transcribed using reverse transcriptase with oligo-
(dT) primers (Superscript II; Gibco-Life Technologies,
Rockville, MD). To obtain the bovine DNA sequence, PCR
amplifications were performed using the RT reaction mixture
with primer pairs from human MGST1 cDNA and EST
database sequences: sense, 5′-TATAGGATCCCTAATG-
GAGAATGAAGTATTC-3′; antisense, 5′-AATATGCAATG-
GTGTGGTAG-3′; sense, 5′-GTTTTTGCCAATCCAGA-
AGA-3′; antisense, 5′-TATAGAGCTCCAGGTACAATTT-
ACTTTTCAG-3′. PCR products were cloned into pCRII-
TOPO vector (TOPO TA cloning kit; Invitrogen, Carlsbad,
CA) and sequenced by the dideoxy terminator method (ABI-
Prism; Perkin-Elmer, Wellesley, MA).

Bacterial and Stable Cell Line Expression of MGST1.For
bacterial expression, human MGST1 was amplified from the
human RPE cDNA library (a generous gift from Dr. Zack
of Johns Hopkins University) by PCR with the primer pair:
5′-TATAGGATCCAAAATGGTTGACCTCACCC-3′ sense
and 5′-TATAGAGCTCCAGGTACAATTTACTTTTCAG-
3′ antisense primers. PCR products were digested with
BamHI andSalI and inserted into pET21a vector (Novagen,
Darmstadt, Germany). The T-Rex system (Invitrogen) was
used to produce tetracycline-inducible MGST1 cell lines.
Briefly, MGST1 cDNA was amplified from the bovine RPE
cDNA library with 5′-AAAATGGCCAACCTTTCGCAGC-
3′ sense and 5′-TTACAGGTACAGTTTACTCTTCA-3′ an-
tisense primers derived from the bovine MGST1 sequence.
PCR products were cloned into a pCRII-TOPO vector
(TOPO TA cloning kit; Invitrogen) and sequenced by the
dideoxy terminator method (ABI-Prism; Perkin-Elmer).
MGST1 was excised withBamHI and subsequently treated
with the Klenow nuclease fragment. Next, MGST1 cDNA
was cut withPstI and cloned into thePstI/XhoI site of the
pcDNA4 vector. Using MGST1-specific forward and reverse
primers, the entire product was sequenced for verification.
The plasmid was then transfected using Lipofectamine
(Invitrogen) into HEK293 cells (American Type Culture
Collection), T-Rex-293, stably expressing the tetracycline
repressor. These cells were grown under blasticidin selection.
After transfection, zeocin was added to the culture medium,
and surviving colonies of cells were isolated and subse-
quently expanded into six-well plates. HEK293 cells were
grown in Dulbecco’s modified Eagle’s medium containing
high glucose (Invitrogen) at 37°C in the presence of 5%
CO2. In all of the experiments, the cells expressing MGST1

were harvested after 48 h of induction with tetracycline (1
µg/mL).

Protein Identification by Mass Spectrometry.MGST1 was
identified by LC MS/MS utilizing well-established methods
(12, 34). Briefly, Coomassie blue-stained gel bands were
excised, Coomassie blue was washed away, proteins were
digested in-gel with trypsin, and peptides were extracted for
mass spectrometric analysis. Liquid chromatography elec-
trospray tandem mass spectrometry (LC MS/MS) was
performed using a CapLC system (Waters Corp., Milford,
MA) and a quadruple time-of-flight mass spectrometer
(QTOF2; Waters Corp., Milford, MA). Protein identifications
from MS/MS data utilized Micromass software ProteinLynx
Global Server, MassLynx, version 3.5, and the Swiss-Protein
and NCBI protein sequence databases.

Cytotoxicity Assay. For the MTT assay, 2× 104 cells in
190µL of medium were added to each well of 96-well flat-
bottomed microtiter plates. The medium was supplemented
with 10 µL of PBS containing various concentrations of
H2O2. Five replicate wells were used for each concentration
of H2O2. After treatment with H2O2 at 37 °C for 48 h, 10
µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (2 mg/mL in PBS) was added to
each well, and the plates were incubated for an additional 4
h at 37°C. The medium was aspirated; next, intracellular
formazan dye crystals were dissolved with 100µL of DMSO
at room temperature in the dark. The absorbance of formazan
at 560 nm was measured using a microplate reader. The
results were examined using the one-way ANOVA test.

DNA Fragmentation. Cells were treated with the indicated
concentrations of H2O2 in complete medium and washed with
10 mM phosphate (pH 7.5) containing 100 mM NaCl before
their genomic DNA was extracted (Genomic DNA extraction
kit; QIAGEN, Valencia, CA). DNA samples (1µg) were
loaded on 2% agarose gels containing ethidium bromide.
Electrophoresis was carried out for 2 h at 50 V, andgels
were visualized under UV light.

Inhibition of MGST1 Expression in Cultured RPE Cells
and Hyperoxia Induction in Vitro. Four targeting siRNA
sequences within human MGST1 were selected on the basis
of criteria proposed by Elbashir et al. (35-37). F136
represents sequence 5′-AATCCAGAAGACTGTGTAGCA-
3′ (position in the gene sequence: 136-157), F143 is
5-AAGACTGTGTAGCATTTGGCA-3′ (position in the gene
sequence: 143-164), F172 is 5′-AATGCCAAGAAG-
TATCTTCGG-3′ (position in the gene sequence: 172-193),
and F264 is 5′-AATTGGCCTCCTGTATTCCTT-3′ (position
in the gene sequence: 264-285). siRNA was prepared with
a Silencer siRNA construction kit (Ambion Inc., Austin, TX)
by following the manufacturer’s protocol.

Transfection of siRNA to ARPE19 cells (American Type
Culture Collection) was performed with the RNAiFect
Transfect reagent (QIAGEN) using guidelines provided by
the manufacturer. Twenty-four hours after transfection,
hyperoxia was induced in the cells by the addition of 30
µM H2O2. The results were examined using the one-way
ANOVA test.

Analysis of Lipid Peroxidation: Thiobarbituric Acid (TBA)
ReactiVe Substance (TBARS) Assay.Lipid peroxide levels
were determined by thiobarbituric acid-reactive substances
(TABRS) as described by Wagner et al. (38). Cells (3×
107) were collected by centrifugation at 500g for 10 min

482 Biochemistry, Vol. 44, No. 2, 2005 Maeda et al.



and washed twice with 10 mM sodium phosphate solution
(pH 7.5) containing 100 mM NaCl. The pellet was resus-
pended in 1 mL of 10 mM potassium phosphate buffer, pH
7.0, containing 0.4 mM butylated hydroxytoluene and
vortexed vigorously, and samples were immediately used for
TBARS assay. The cellular protein was precipitated by
mixing homogenates with 120µL of saturated trichloroacetic
acid solution. After centrifugation at 4000g for 15 min,
supernatants were transferred to glass test tubes and mixed
with 2-thiobarbituric acid solution in 0.1 N NaOH with a
final concentration of 3.5 mg/mL (total volume 1 mL). The
samples were incubated for 30 min at 75°C. After the
samples were cooled to room temperature, the absorbance
of the samples was measured at 535 nm. Lipid peroxidase
levels were expressed as picomoles of malonaldehyde per
milligram of cell protein. The extinction coefficient used for
malonaldehyde was 1.53× 105 M-1 cm-1.

Extraction of Proteins from Mouse Eyes. Mouse eyes were
enucleated, and the anterior segment, vitreous, and retina
were carefully removed under a microdissecting microscope.
RPE cells were floated by gently scraping eyecups with a
fine brush, using 100µL/eye of 10 mM sodium phosphate
solution (pH 7.5) containing 100 mM NaCl. The cell
suspension was removed and centrifuged at 275000g for 20
min. The pellet was then reconstituted in 10µL/eye of 10
mM sodium phosphate (pH 7.5) containing 100 mM NaCl.

RESULTS

A1 mAb against a Protein from BoVine RPE Microsomes.
To produce monoclonal antibodies against RPE specific
proteins, BALB/c mice were immunized with bovine RPE
microsomes, and hybridoma cell lines were prepared by
fusion of NS1 mouse myeloma cells with immunized mouse
splenocytes. Among the hybridoma cell lines, one designated
A1 reacted with a 17 kDa protein in bovine RPE microsomes
treated with 100 mM Na2CO3 (pH 10) to strip away
membrane-associated proteins (Figure 1A). Bovine retina and
ROS did not cross-react with A1 mAb, suggesting that the
expression was largely confined to the RPE. The 17 kDa
protein was also detected with A1 mAb in the human
ARPE19 cell line (Figure 1B). When soluble proteins and
membrane proteins from ARPE19 were separated, the 17
kDa antigen was found only in the insoluble fraction (data
not shown). Mouse tissues from several organs including the
RPE, whole eye, brain, heart, lung, liver, spleen, kidney, and
muscle were homogenized with 100 mM Na2CO3 (pH 10)
to test for immunoreactivity with A1 mAb. The equivalent
size of the samples loaded on the gel was verified by the
presence of similar amounts of actin (Figure 1C). MGST1
was abundant in the liver cells as well as in the RPE cells,
to an extent not seen in other tested tissues (Figure 1C). In
addition, protein extracts from cornea, lens, vitreous, and
sclera did not show cross-reactivity (data not shown). The
protein solubility profile, including requirement for a deter-
gent and lack of solubility at high pH buffer or in high ionic
strength buffers, suggests that the 17 kDa protein may be a
transmembrane protein (Figure 1D).

Molecular Identification of the 17 kDa Protein in BoVine
RPE Microsomes.Bovine RPE microsomes were washed
with 100 mM Na2CO3 (pH 10) and fractionated by SDS-
PAGE on 15% gels. The Coomassie blue-stained 17 kDa

protein band was excised, in-gel digested with trypsin, and
tentatively identified by tandem mass spectrometry as
MGST1 along other minor proteins in this band (Figure 2A).
On the basis of the primary amino acid sequence and
corresponding nucleotide sequence of other species, the
complete cDNA of bovine RPE MGST1 was then cloned
and sequenced using PCR methods (Figure 2B; deposited
in GenBank, accession number AY334548). The bovine
MGST1 sequence exhibits 84.5% homology with rat MGST1
and 88.4% homology with human MGST1.

To confirm bovine MGST1 as the immunogen recognized
by A1 mAb and not a contaminating protein with similar

FIGURE 1: Microsomal antigen recognized by A1 mAb in the RPE
and other tissues. (A) Microsomal proteins (5µg) from bovine RPE
were separated by 15% SDS-PAGE, and the gel was stained with
Coomassie blue (left panel). A 17 kDa band was visualized by
immunoblotting (right panel) using A1 mAb. SDS-PAGE, immu-
noblotting procedures, and preparation of RPE microsomes and A1
mAb are described in Materials and Methods. A longer exposure
of the immunoblot did not reveal any band other than the 17 kDa
antigen. (B) Expression of the 17 kDa antigen in the eye and in
ARPE19 cells. Proteins from bovine retina, bovine rod outer
segment (ROS), bovine RPE microsomes, and human RPE cultured
cells (ARPE19) were extracted using SDS sample buffer (50µg
each) and probed by immunoblotting with A1 mAb. The 17 kDa
antigen was found in the RPE microsomes and ARPE19 cells but
not in the retina and ROS. The equal loading of the sample was
verified by immunoblotting with anti-actin pAb. Three independent
experiments yielded similar results. (C) Expression of the 17 kDa
antigen in the RPE and in other organs. Indicated organs from a
BALB/c mouse were homogenized and washed three times with
100 mM Na2CO3 (pH 10), and pellets were collected by centrifuga-
tion at 275000g. The expression of the 17 kDa protein was probed
with A1 mAb. The equal loading of the sample was verified by
immunoblotting with anti-actin pAb. Three independent experiments
yielded similar results. (D) Solubility of the 17 kDa antigen protein.
Bovine RPE microsomes (50µg) were suspended in the different
extraction solutions (below); soluble and insoluble proteins were
separated by centrifugation. The solubility of the 17 kDa antigen
was examined by immunoblotting with A1 mAb. S is the soluble
fraction, and P is the pellet fraction. The following solutions were
used: (a) 100 mM K2CO3 (pH 10); (b) 50 mM K2CO3 and 5 mM
DM (pH 10); (c) 10 mM DM; (d) 4 M urea and 5 mM DM; (e) 8
M urea; (f) 2 M NH4Cl; (g) 1% SDS; (h) 25 mM CHAPS; and (i)
H2O. The 17 kDa antigen was solubilized only in the presence of
detergent, suggesting it is a microsomal protein. Three independent
experiments yielded similar results.
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molecular mass, the recombinant protein was expressed in
HEK293 cells and probed by immunoblotting with A1 mAb.
The A1 mAb reacted with tetracycline-induced MGST1 in
the HEK293 cells (Figure 2C) and with bacterially expressed
enzyme (data not shown), verifying the identification of the
antigen as MGST1. The mAb against MGST1 did not cross-
react with cGST derived from bovine liver (Figure 2C).

Enzyme ActiVity of MGST1 As Pertaining to Its Possible
Physiological Function. MGST1 displays GPx reduction
activity against lipid and retinoid peroxidates, a key reaction
in the detoxification of the RPE. Both RPE microsomes
(Figure 3A) and MGST1 expressed in HEK293 cells (Figure
3B) exhibited GPx activity against 13(S)-HpODE, a hydro-
peroxide derived from linoleic acid. In control experiments,
similar activity was observed in the presence of cGST (data
not shown). No specific GPx activity was detected in
uninduced MGST1-HEK293 cells or in tetracycline-treated
HEK293 cells transfected with an empty vector (data not
shown). In addition, A1 mAb specifically blocked 53( 7%
of the GPx activity in the RPE microsomes (Figure 3C).

Similarly, the GPx activity of recombinant MGST1 was
inhibited by A1 mAb (32( 5%). A1 mAb had no significant
effect on the GPx activity of the cGSTs mixture (Figure 3C).
GPx activity was measured using H2O2-treated DHA and
RPE microsomes, MGST1, and cGST (Figure 4A), with rates
of 2.8( 0.5, 3.4( 0.5, and 2.0( 0.5 nmol/min, respectively.
No GPx activity toward DHA could be detected without
H2O2 treatment. As predicted, these enzyme preparations
were not active against saturated lipid octadecane either
treated or untreated with H2O2 (Table 1). Because of the
structural similarity between retinoids and unsaturated lipids,
their importance in RPE physiology, and their susceptibility
to oxidative processes (39), we also explored the possibility
that oxidized retinoids might serve as substrates for GST.
Synthetic H2O2-treated all-trans-retinyl palmitate and all-
trans-retinol, but not all-trans-retinal, were found to undergo
GPx reaction rates of 1.1( 0.2 and 0.5( 0.1 µmol/min,
respectively (Figure 4B). In other analyses, cGST, RPE
microsomes, and MGST1 displayed 15.4( 1.4, 0.06( 0.01,
and 0.7( 0.1 µmol min-1 (mg-1 of transferase activity),

FIGURE 2: Identification of the 17 kDa antigen from RPE microsomes by liquid chromatography/mass spectrometry (LC MS/MS) and
immunoreactivity with recombinant MGST1. (A) LC MS/MS analysis of identified peptides from the 17 kDa antigen. (B) Cloning of
bovine MGST1 and amino acid sequence alignment with MGST1 from several species (b, bovine; h, human; p, pig; m, mouse; r, rat). The
identical residues are in black letters; residues that are preset in three or four species are shown in green and blue, respectively; in red are
residues that occur only once or twice among analyzed species. Asterisks indicate the sequence obtained by the in-gel cleavage and LC
MS/MS analysis. Transmembrane segments (23) are numbered and indicated by the gray bars. (C) Immunoreactivity of A1 mAb with
recombinant MSGT1 and GSTs from bovine liver. Bovine MGST1 was stably expressed in the HEK293 cells, using the tetracycline-
inducible Invitrogen T-Rex system as described in Materials and Methods. Expression of MGST1 (10µg of total proteins) was probed by
immunoblotting with A1 mAb. The expected molecular mass of bovine cGST and MGST1 is indicated on the right. A1 mAb did not
cross-react with cGST. Three independent experiments yielded similar results.
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respectively, with CDNB (Table 1). These results suggest
that MGST1 is a major enzyme responsible for the detoxi-
fication of oxidized products in the RPE. In addition, RPE
microsomes were treated with H2O2, retinoids were extracted

with hexane, and GPx activity was measured. RPE micro-
somes and recombinant MGST1 displayed initial reaction
rates of 3.7( 0.5 and 5.0( 0.4 nmol/min, respectively
(Figure 4B). The GPx reaction rate of cGST was 2.0( 0.4
nmol/min, while the control sample lacking GST showed

FIGURE 3: GPx assay and inhibition of GPx activity in the RPE
microsomes by A1 (anti-MGST1) mAb. (A) Time course of GPx
activity using different amounts of bovine RPE microsomes (0-
250 µg) activated by 0.1% Triton X-100 as a source of GST. The
reaction mixture containing 3.2 mM GSH, 0.32 mM NADPH, 1
unit of GR, and 0.82 mM EDTA in 0.16 M Tris (pH 7.0) was
preincubated with activated RPE, and the reaction was initiated by
addition of 100 µM 13(S)-HpODE (final concentration) and
monitored as a change of absorption at 340 nm. The assay
conditions are described in Materials and Methods. The mean(
SEM of five determinations is shown. (B) Time course of GPx
activity using different amounts of recombinant MGST1 expressed
in HEK293 membranes (0-60µg) activated by 0.1% Triton X-100
as a source of GST. The reaction mixture containing 3.2 mM GSH,
0.32 mM NADPH, 1 unit of GR, and 0.82 mM EDTA in 0.16 M
Tris (pH 7.0) was preincubated with activated membrane, and the
reaction was initiated by addition of 100µM 13(S)-HpODE (final
concentration) and monitored as a change of absorption at 340 nm.
The mean( SEM of five determinations is shown. (C) Inhibition
of GPx activity by A1 (anti-MGST1) mAb. Fifty micrograms of
A1 mAb or unrelated mouse anti-rhodopsin was preincubated for
30 min on ice with 1µg of cGST, 100µg of Triton X-100-activated
RPE microsomes, and 10µg of Triton X-100-activated MGST1
expressed in HEK293 cells. GPx activity was examined, and
activities were normalized to the controls. Results are the means
( SEM of five determinations. Key: **P < 0.01.

FIGURE 4: GPx activity toward H2O2-treated DHA, native RPE,
and synthetic retinoids. (A) GPx activity using H2O2-treated (+)
DHA (150 µM) as hydroperoxide substrates (see Materials and
Methods). Triton X-100-activated RPE microsomes (100µg/mL),
Triton X-100-activated MGST1 from HEK293 cell membranes (10
µg/mL), and cGST (1µg/mL) in the presence (+) or absence (-)
of H2O2-treated DHA (150µM) were used. The mean( SEM of
five determinations is shown. In control experiments, (1) the
reaction mixture minus membranes and (2) H2O2-untreated (-)
DHA (150µM) were employed. Key: **P < 0.01. (B) GPx activity
using H2O2-treated (+) retinoids (150 µM) as hydroperoxide
substrates. Purified retinyl palmitate, all-trans-retinol, and all-trans-
retinal were exposed to H2O2, and GPx activities of Triton X-100-
activated MGST1 from HEK293 cell membranes (10µg/mL) were
examined. The mean( SEM of five determinations is shown.
Key: ** P < 0.01; *P < 0.05. All-trans-retinyl esters and all-trans-
retinol, but not all-trans-retinal, generated GPx substrate(s) after
H2O2 treatment. In control experiments H2O2-untreated retinoids
were employed. (C) GPx activity using retinoids extracted from
H2O2-treated (+) RPE microsomes (500µg) as hydroperoxide
substrates (see Materials and Methods). Retinoids were extracted
from the RPE microsomes with 500µL of hexane and dried with
argon. Triton X-100-activated RPE microsomes (100µg/mL), Triton
X-100-activated MGST1 from HEK293 cell membranes (10µg/
mL), and cGST (1µg/mL) were used. The mean( SEM of five
determinations is shown. In control experiments, (1) the reaction
mixture minus membranes and (2) retinoids from H2O2-untreated
(-) RPE (500µg) were employed. Key: **P < 0.01.
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no GPx activity. The main products of the extraction were
retinoids such as retinols, retinyl esters, and retinals, although
we cannot exclude the possibility that some other hydro-
phobic compounds were also extracted.

Effect of MGST1 on Cell Viability. MGST1 also appears
to increase cell viability when challenged under oxidative
stress conditions. At H2O2 concentrations between 10 and
40 µM, HEK293 cells expressing MGST1 were more viable
than control cells transfected with an empty vector (P < 0.05)
(Figure 5A). These results were consistent with DNA
fragmentation assays (Figure 5B) and with the fact that H2O2

induces apoptosis (40). Moreover, the cell survival rate of
HEK293 cells expressing MGST1 was higher than that of
cells transfected with an empty vector challenged with
oxidized polyunsaturated fatty acids at concentrations of 60-
150µM (Figure 5C). The levels of lipid peroxides assessed
by TBARS showed that MGST1-transfected cells had a
significantly reduced amount of lipid peroxides. When 30
µM H2O2 was challenged to the cells, MGST1 overexpress-
ing cells produced 0.20(0.07 nmol/mg of malondialdehyde
(MDA), whereas vector-transfected cells had 0.50( 0.09
nmol/mg of MDA (Figure 5D). These results demonstrate
that, under the overexpression conditions employed, MGST1
attenuated H2O2-induced apoptosis by inhibiting production
of lipid peroxides in vitro.

Cell viability was also examined in the presence and
absence of H2O2 after siRNA inhibition of MGST1 expres-
sion. Four targeting siRNA sequences within human MGST1
were selected according to Elbashir et al. (35-37) as
described in Materials and Methods. Expression was evalu-
ated by immunoblot at different times after siRNA trans-
fection. Transfection of F172 and F264 siRNA inhibited
MGST1 expression in ARPE19 cells 24-96 h after treatment
as shown by immunoblotting with A1 Ab (Figure 6A), with
the largest changes occurring between 48 and 72 h. F172
and F264 siRNA reduced expression of MGST1 by 12% or
26%, respectively, in ARPE19 cells comparable to the control
cells transfected with lamin A/C siRNA. In cell viability tests,
absorbance of MTT assay indicated 1.8( 0.2 or 0.7( 0.2
without/with H2O2 stimulation in lamin A/C transfected
ARPE19 cells, and cytotoxicity effects of H2O2 were
observed (Figure 6B, left panel). When the viability of
MGST1 siRNA-transfected ARPE19 cells was compared
with lamin A/C siRNA transfection in the presence of 30

µM H2O2, ARPE19 cells transfected with F172 or F264
siRNA showed less viability (51( 7%, 60( 6%) than cells
transfected with F136 or F143 siRNA (93( 6%, 94( 6%)
(Figure 6B, right panel). Transfection of F136 or F143
siRNA did not reduce MGST1 expression and did not affect
cell viability (Figure 6A).

The correlation between the expression level of MGST1
and cell viability was also extended to GPx activity. In
ARPE19 cells transfected with F172 siRNA, GPx activity
toward 13(S)-HpODE was reduced by 44( 13% relative to
GPx activity in ARPE19 cells without siRNA treatment
(Figure 6C). These data suggest that MGST1 may also

Table 1: GPx and GST Activities of RPE Microsomes and
Recombinant MGST1a

specific activity (µmol min-1 mg-1)

activ-
ity substrate cGST

RPE
microsomes MGST1c

vector
alonec

GPx 13(S)-
HpODE

8.1( 0.6 0.03( 0.005 0.35( 0.06 NDb

DHAc 2.8( 0.5 0.03( 0.005 0.34( 0.05 NDb

DHA NDb NDb NDb NDb

retinoidsd 2.0( 0.4 0.04( 0.005 0.50( 0.04 NDb

retinoids NDb NDb NDb NDb

octadecaned NDb NDb NDb NDb

octadecane NDb NDb NDb NDb

GST CDNB 15.4( 1.4 0.06( 0.01 0.7( 0.1 ND
a The reactions were carried out as described in Materials and

Methods.b ND, not detected.c Cell membranes of transfected HEK293
cells. d H2O2 treated.

FIGURE 5: Cytotoxic effect of H2O2 and H2O2-treated DHA on
HEK293 cells transfected with MGST1. (A) Cytotoxic effect of
H2O2 on HEK293 cells transfected with MGST1. After 48 h
induction by 1µg/mL tetracycline, MGST1- or control vector-
transfected HEK293 cells were seeded into five replicate wells at
a concentration of 3× 104 with various H2O2 concentrations (0-
50 µM) in a 96-well plate and incubated for 48 h. The cytotoxic
effect of H2O2 was examined by MTT assay as described in
Materials and Methods. The control reference cells (100% survival)
were untreated with H2O2. Representative results from one of the
four independent experiments on H2O2 cytotoxicity are presented.
Key: error bars, SEM; **P < 0.01; *P < 0.05. (B) DNA
fragmentation. This figure shows DNA fragmentation after H2O2
treatment of HEK293 cells either expressing MGST1 or containing
empty vector. HEK293 cells were treated with 30µM H2O2 for 48
h. After the incubations, genomic DNA was extracted and run on
a 2% agarose gel. Apoptosis was examined by the appearance of
characteristic DNA laddering. (C) Cytotoxic effect of H2O2-treated
DHA on HEK293 cells transfected with MGST1. After 48 h
induction by 1µg/mL tetracycline, MGST1 or vector-transfected
HEK293 cells were seeded into five replicate wells at a concentra-
tion of 3× 104 with various H2O2-treated DHA concentrations (0-
150µM) in a 96-well plate and incubated for 24 h. DHA was treated
with 395 mM H2O2 as described in Materials and Methods. The
cytotoxic effect of H2O2 was examined by MTT assay as described
in Materials and Methods. The control reference cells (100%
survival) were untreated with H2O2. Representative results from
one of the four independent experiments on H2O2 cytotoxicity are
presented. Key: error bars, SEM; **P < 0.01; *P < 0.05. (D)
Effect on lipid peroxide. After 48 h induction by 1µg/mL
tetracycline, MGST1- or control vector-transfected HEK293 cells
were seeded into three replicate plates at a concentration of 3×
107 with various H2O2 concentrations (0-60 µM) and incubated
for 48 h. Lipid peroxide levels were determined by thiobarbituric
acid-reactive substances (TABRS) as described in Materials and
Methods. Key: error bars, SEM; **P < 0.01.
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function in vivo in increasing RPE cell viability under
conditions of oxidative stress.

Expression of MGST1 as a Function of Age.We investi-
gated whether GPx activity and MGST1 expression levels
fluctuated as a function of age. RPE cells were carefully
prepared from the eyecups of mice of two different strains
at the ages of 6 weeks, 12 months, and 18 months, and
MGST1 was probed with A1 mAb. Expression of MGST1
decreased gradually with age in both C57BL/6 and BALB/c
mice, with the most dramatic decline occurring in the
C57BL/6 mice between 12 months (3-4-fold reduction) and
18 months (trace amounts only) (Figure 7A). No apparent
change was observed in expression levels of membrane-
associated protein RPE65. Similar results were obtained from

two experiments per time point per mouse strain. GPx
activity toward 13(S)-HpODE was measured using RPE
extracts from 6-week-old and 12-month-old C57BL/6 mice
(n ) 4 eyes per time point), yielding specific GPx reaction
rates of 1.2( 0.1 and 0.8( 0.1 nmol/min, respectively
(Figure 7B). Thus, both GPx activity and MGST1 expression
levels were found to decease in mouse RPE with age.

DISCUSSION

Role of MGST1 in the RPE. GSTs are considered to be
ubiquitous enzymes, representing∼3% of all microsomal
proteins, a high level of expression similar to that in the liver
(17). Not surprisingly, we found MGST1 to be particularly
abundant in the RPE and liver and to constitute a major
immunogenic antigen in RPE microsomes. Interestingly,
MGST1 is not expressed at significant levels in the neural
retina. The RPE comprises a single layer of polarized cells
that separates the photoreceptors from their principal blood
supply in the choroid. Oxygen pressure is higher in choroidal
blood than in normal peripheral tissues (∼60 vs∼40 mmHg,
respectively) and contains 1-30 µM H2O2 (41, 42). More-
over, oxygen consumption is higher in the retina than in most
other tissues and 4-5 times higher in old retina than in young
retina, yet several enzymes providing protection to oxidative
stress are more active in the RPE than in the retina (43, 44).
The protective mechanisms in the RPE are therefore crucial
to healthy retinal physiology. Our cell survival tests in the
presence of an oxidative challenge demonstrate that MGST1
increases RPE cell viability in vitro, suggesting that MGST1
may also provide RPE protection against oxidative stress in
vivo.

FIGURE 6: Effects of RNA interference on cell survival and MGST1
activity. (A) Immunoblotting analysis of MGST1 expression by A1
mAb. ARPE19 cells were transfected with different siRNAs from
the MGST1 sequence as described in Materials and Methods. The
expression levels of MGST1 after 48 h posttransfection were
detected by immunoblotting with A1 MGST1 mAb. The equal
loading of the sample was verified by immunoblotting with anti-
R-tubulin pAb. (B) Survival assay of ARPE19 cells transfected with
different siRNAs. The level of cell survival under 30µM H2O2
stress for 48 h was examined by MTT assay as described in
Materials and Methods. Left panel: Absorbance from MTT assay
of lamin A/C siRNA-transfected ARPE19 cells with/without H2O2
is presented. Right panel: Survival rate of MGST1-derived siRNA-
transfected ARPE19 cells under 30µM H2O2 stress is shown.A560
values were normalized to cells without H2O2 treatment and then
compared with lamin A/C siRNA-transfected cells that showed
silencing expression of the protein (35-37). Representative results
from one of the four independent experiments on H2O2 cytotoxicity
are presented. Key: error bars, SEM; **P < 0.01. (C) GPx activity
of siRNA transfected ARPE19 cells was examined 48 h after
transfection. Microsomes were prepared as described in Materials
and Methods, and GPx activity toward 100µM 13(S)-HpODE was
analyzed. Triton X-activated microsomes (100µg) were used for
the assay. GPx activities were normalized to control ARPE19
microsomes without siRNA transfection. Representative results from
one of the four independent experiments on H2O2 cytotoxicity are
presented. Key: error bars, SEM; **P < 0.01.

FIGURE 7: MGST1 expression in young and old mice. (A) Mouse
RPE extract was prepared as described in Materials and Methods.
The extract equivalent of one eye was analyzed by immunoblotting
with A1 mAb and anti-RPE65 pAb. Antibody binding was detected
with the ECL system (Pharmacia) as described in Materials and
Methods. The expression of MGST1 was probed with A1 mAb.
Similar results were obtained in two independent experiments. (B)
GPx activity of mouse RPE. C57BL/6 mouse RPE was prepared
as described in Materials and Methods. GPx activity of Triton
X-activated RPE toward 100µM 13(S)-HpODE was analyzed (see
Materials and Methods). The equivalent of four eyes was used in
these experiments. The mean( SEM of three determinations is
shown. Key: **P < 0.01.
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The abundance of MGST1 in the RPE underscores its
potential importance in oxidative processes in these cells.
For example, a major role of the RPE is the phagocytosis
and degradation of oxidatively spent rod and cone photore-
ceptor outer segments, which are unusually rich in DHA-
containing lipids, polyunsaturated fatty acids, and retinoids.
In this study, MGST1 showed GPx activity not only toward
lipid peroxides but also against retinoids such as retinyl
palmitate treated with H2O2. The structural identity of retinoid
substrates generated by H2O2 treatment was not established
by reverse-phase HPLC or GC/MS; however, retinoids are
highly labile and readily oxidizable. Other enzymes in the
RPE likely supplement the GPx activity of MGST1, includ-
ing hGST 5.8, which reportedly provides protection against
oxidative stress (45). MGST1 may also serve important
detoxification functions in the retina through GST activity
from hydrophobic electrophiles. We speculate that a signifi-
cant fraction of the∼0.1 mmol thioethers secreted daily by
humans (14) may come from the RPE, where MGST1 is so
highly expressed.

MGST1 Relation with Aging Processes. Reactive oxygen
intermediates are continually generated in cells through
processes such as the univalent reduction of O2, metabolism
of xenobiotics by monooxygenases, and phagocytosis. The
role of these reactive species in initiating lipid peroxidation
may be the most damaging to cells because lipid peroxidation
can be propagated by autocatalytic reactions. Indeed, lipid
peroxidation has been implicated in atherogenesis (46),
neurodegenerative diseases (47), retinopathy (48), diabetic
complications (49), and AMD (11, 12). The protective role
of cGST isozymes against lipid peroxidation in ocular tissues
is suggested in cataractogenesis and retinal degeneration (48,
50, 51) but, above all, in the aging process of the retina and
in AMD (48, 52). Antioxidant enzymatic systems in the rat
and human retina decrease with age (53, 54). Here, we have
demonstrated lower expression of MGST1 and less GPx
activity in the in vivo RPE of older mice, suggesting that
this enzyme could be responsible for age-related changes
and lower oxidative resistance with age.

Although the causes of AMD are not well understood at
the molecular level, recent studies suggest that oxidative
stress is partly responsible (11, 12, 55). For example, CEP
protein adducts uniquely derived from oxidative fragmenta-
tion of DHA are elevated in AMD donor tissues such as
RPE/Bruch’s membrane/choroids and plasma (12). Further-
more, antioxidant vitamins and zinc can slow the progression
of AMD for select individuals (56). We suggest that the GPx
activity of MGST1 toward oxidized DHA may be a key
antioxidative defense mechanism in the RPE (54).

Polymorphisms of MGST1 may influence the susceptibil-
ity of the RPE to drugs, oxidative damage, and AMD (57).
Interestingly, Toba and Aigaki found that the life span of
Drosophila melanogasterlacking expression of MGST1 was
significantly reduced compared with control flies, suggesting
that MGST1 is involved in processes that slow aging (58).
The role of GSTs in human pathologies was also recently
strengthened by the finding that the GSTT1 null genotype
is associated with an increased risk for acquired aplastic
anemia in children (59). In summary, we have identified
MGST1 as a dominant protein in the RPE, demonstrated
antioxidant functions for the enzyme in vitro and in vivo,
and shown that expression levels and GPx activity decease

with age in mice. We propose that the detoxifying functions
of MGST1 may be pivotal in protecting the RPE/retina from
oxidative damage and in slowing the progression of diseases
such as AMD in the elderly population.
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