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Abstract

Oxidative damage contributes to cone cell death in retinitis pigmentosa and death of rods, cones, and retinal
pigmented epithelial (RPE) cells in age-related macular degeneration. In this study, we explored the strategy of
overexpressing components of the endogenous antioxidant defense system to combat oxidative damage in RPE
cells and retina. In transfected cultured RPE cells with increased expression of superoxide dismutasel (SOD1) or
SOD2, there was increased constitutive and stress-induced oxidative damage measured by the level of carbonyl
adducts on proteins. In contrast, RPE cells with increased expression of glutathione peroxidase 1 (Gpx1) or Gpx4
did not show an increase in constitutive oxidative damage. An increase in Gpx4, and to a lesser extent Gpxl1,
reduced oxidative stress-induced RPE cell damage. Co-expression of Gpx4 with SOD1 or 2 partially reversed the
deleterious effects of the SODs. Transgenic mice with inducible expression of Gpx4 in photoreceptors were
generated, and in three models of oxidative damage-induced retinal degeneration, increased expression of Gpx4
provided strong protection of retinal structure and function. These data suggest that gene therapy approaches to
augment the activity of Gpx4 in the retina and RPE should be considered in patients with retinitis pigmentosa or

age-related macular degeneration. Antioxid. Redox Signal. 11, 715-724.

Introduction

ETINAL PHOTORECEPTORS are packed with mitochon-
dria and have extremely high metabolic activity and
oxygen consumption. Since run-off from the electron trans-
port chain is a major source of oxidative stress, photoreceptors
are challenged under normal circumstances. In patients with
retinitis pigmentosa (RP), one of a number of different mu-
tations causes death of rods which drastically reduces oxygen
consumption and elevates oxygen levels in the outer retina
(16). Prolonged exposure to high levels of oxygen causes
progressive oxidative damage to cones (14), and their gradual
death results in progressive constriction of visual fields and
eventual blindness. Antioxidants significantly slow cone cell
death in several models of RP (8, 9); therefore, clinical trials
investigating the effects of antioxidants in patients with RP
are being planned.
Oxidative damage has also been implicated in another
highly prevalent eye disease, age-related macular degenera-

tion (AMD). One of the first hints came from epidemio-
logic studies that showed a negative correlation between
the presence of AMD and consumption of a diet rich in anti-
oxidants. This led to the Age-Related Eye Disease Study
(AREDS) in which it was shown that antioxidant vitamins
and/or zinc reduced the risk of progression to advanced
AMD and severe loss of vision (1). The protective effects of
AREDS formulation is clinically meaningful and it is now part
of standard care in AMD patients with phenotypic charac-
teristics associated with a high risk of progression; however,
despite its use there are still large number of patients that
develop advanced AMD. Reactive oxygen species are con-
tinuously generated in different cellular compartments and
rapidly interact with critical host macromolecules unless they
are intercepted. Oral administration of antioxidants is a rela-
tively inefficient way to counter the constant bombardment
by reactive oxygen species (ROS). A complementary strategy
is to increase expression of components of the endogenous
antioxidant defense system. But there are several components
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of the antioxidant defense system, and it is difficult to know
which component might be best for a particular application
without systematic testing. We have previously demonstrated
that superoxide dismutase 1 (SOD1) is an important compo-
nent of the antioxidant defense system in the retina, because
compared to the retinas of wild-type mice, those from mice
deficient in SOD1 show high basal levels of oxidative damage
and more extensive retinal degeneration when challenged by
exposure to oxidants (6). Transgenic mice with increased ex-
pression of SOD1 driven by the f-actin promoter showed
partial protection of the retina from severe oxidative stress
compared to wild-type mice, but also showed increased basal
oxidative stress. This study provided proof-of-concept for the
overall approach of bolstering the endogenous antioxidant
defense system for treatment of oxidative damage-induced
retinal degeneration, but left doubt as to whether SOD1 is the
best transgene candidate.

The SODs convert superoxide radicals to hydrogen per-
oxide which is then metabolized by glutathione peroxidases
(Gpx) and catalase. In this study, we compared the effects of
overexpressing SOD1, SOD2, Gpx1, and Gpx4 in RPE cells
exposed to various types of oxidative stress. Cells expressing
Gpx4 were particularly well-protected against oxidative
stress, and therefore the effect of increased expression of Gpx4
in photoreceptors of the retina was also examined.

Materials and Methods
Construction of expression plasmids

The pIRES2-EGFP vector (BD Biosciences Clontech,
Mountain View, CA) was used as the expression vector in
RPE cells. The primers for construction were mouse Gpx1:
forward: 5 GCCTCGAGATGTGTGCTGCTCGGCTCTC 3/,
reverse: 5 GCGGATCCTTAGGAGTTGCCAGACTGCT 3,
mouse Gpx4: forward: 5 GCCTCGAGATGTGTGCATCCCG
CGATGA 3, reverse: 5’ GCGGATCCCTAGAGATAGCACG
GCAGGT 3, mouse Sodl: forward, ATGGCGATGAAAG
CGGTGTGC, reverse: 5 TTACTGCGCAATCCCAATCAC 3,
mouse Sod2, forward: 5 ATGTTGTGTCGGGCGGCGTGC 3/,
reverse; 5 TCACTTCTTGCAAGCTGTGTA 3'. Fragments of
DNA containing full-length murine Gpx1, Gpx4, Sod1, or Sod?2
were subcloned into pGEM-T vector (Promega, Madison, WI).
Each construct was sequenced to confirm the correct sequence
and then excised from pGEM-T and ligated into pIRES2-EGFP
expression vector. The expression vectors were used in tran-
sient transfections in ARPE19 cells (American Type Culture
Collection, Manassas, VA) using Lipofectamin (Invitrogen
Corp., Carlsbad, CA). Control cells were prepared by trans-
fection with pIRES2-EGFP vector that did not contain an
insert.

Cell culture

Transfected and control cells were grown in Dulbecco’s
Modified Eagles’s Medium supplemented with 10% fetal
bovine serum, 100 U/ml penicillin, and 100 ug/ml strepto-
mycin (all from Invitrogen Corp, Carlsbad, CA) at 37°C and
5% COs,. Confluent cells were washed and placed in growth
medium supplemented with or without 7mM paraquat (Al-
drich, Wilwaukee, WI), or 0.5 mM H,O, (Sigma, St. Louis,
MO) for 1 day. To expose cells to hyperoxia, cells were grown
to confluence in a 25cm? flask, which was filled with 100%
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oxygen for 1 min, then the cap was loosened and the flask was
returned to the 5% CO, incubator. This was repeated twice a
day until the cells were scraped into lysis buffer and collected
as described previously (11).

Cell viability

Cells were plated (50,000 cells per well) in 96-well plates
and after attachment they were transiently transfected with
one of the experimental or control expression vector. The
following day, the transfected cells were incubated with 7 mM
paraquat or 0.5mM H,O, for 24h. The medium was then
replaced with normal growth medium. The number of viable
cells was determined with the methylthiazoletetrazolium
(MTT) cell viability assay kit (American Type Culture Col-
lection, Manassas, VA), which determines the number of vi-
able cells by bioreduction of MTT into a colored formazan
product which is detected by absorbance at 590 nm with a 96-
well plate reader.

ELISA for protein carbonyl content

Cells were scraped into lysis buffer (10 mM Tris-HCl, pH
7.2, 50 mM NaCl, 1 mM EDTA 0.5% Triton X-100). One pro-
teinase inhibitor cocktail tablet (Roche, Indianapolis, IN) was
added to each 10ml of lysis buffer. Mouse retina was dis-
sected and placed into lysis buffer. Cells or retinas were vor-
texed and freeze-thawed three times, centrifuged at 16,000 g
for 10 min at 4°C, and supernatants were collected and protein
concentrations were determined using the BCA protein assay
kit (BioRad, Hercules, CA). Protein concentrations were ad-
justed to 4 mg/ml by dilution with TBS, and protein carbonyl
content was measured by ELISA as previously described (5,
11). Briefly, cell or retinal lysates (15 ul of 4 mg/ml) were in-
cubated with 45ul of 10mM 2, 4-dinitrophenylhydrazine
(DNPH; Sigma, St. Louis, MO) in 6 M guanidine-HCI, 0.5 M
potassium phosphate, pH 2.5 for 45 min at room temperature,
mixing every 15 min. Five ul of each sample was then added to
995 ul of PBS and 200 yul aliquots were added to triplicate wells
of a 96-well plate with a MaxiShorp surface (Nalgene Nunc
International, Rochester, NY), and incubated overnight at
4°C. Dilutions of oxidized bovine serum albumin (BSA) were
also added to triplicate wells to generate a standard curve.
Oxidized BSA was prepared and determined as described (5,
10). Unbound protein was washed away with PBS (3x400 ul)
and nonspecific sites were blocked for 2 h at 37°C with 250 ul
per well of 0.1% reduced BSA in PBS. After five washes with
400 pl of phosphate-buffered saline (PBS), the wells were in-
cubated with 200 ul of anti-DNPH mouse monoclonal IgE
(1:1,000 dilution in PBS with 0.1% reduced BSA and 0.1%
Tween 20; Sigma, St. Louis, MO) at room temperature for 1 h
with shaking. After three washes with PBS, 200 ul of rat anti-
mouse monoclonal IgE conjugated to alkaline phosphatase
(1:2,000 dilution in PBS with 0.1% reduced BSA and 0.1%
Tween 20; Southern Biotechnology Associates. Inc, Birming-
ham, AL) was added to each well and incubated at room
temperature for 1h. After three washes with PBS and three
washes with alkaline phosphatase buffer (100mM NaCl,
5mM MgCl,, 100mM Tris-HCl, pH 9.5), 200 ul of para-
nitrophenyl phosphate (pNPP, Sigma, St. Louis, MO, 2 mg/ml
in alkaline phosphatase buffer) was added to each well and
incubated at 37°C for 30 min. The absorbance was measured
at 405 nm using a 96-well plate reader. The carbonyl content
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(nmol/mg protein) of cell lysates was calculated using the
oxidized BSA standard curve.

Construction of double transgenic mice
with inducible expression of Gpx4

A 529 bp BamH I and Hind III fragment containing full-
length murine Gpx4 cDNA was subcloned into pGEM-T vec-
tor (Promega, Madison, WI) and then excised and ligated into
pTRE2 (Clontech. Mountain View, CA) containing the tetra-
cycline response element (TRE). After transformation, a clone
with correct orientation of the Gpx4 fragment was identified
by DNA sequencing. Purified DNA was linearized with Aat II
and Spal, yielding a 2437bp TRE2/Gpx4/-globin poly A fu-
sion gene. The fusion gene was purified and transgenic mice
were generated by Johns Hopkins Transgenic Mouse Core
Laboratory. Mice were screened by polymerase chain reaction
(PCR) of tail DNA using an upstream primer in the TRE do-
main (5" CACGCTGT TTTGACCTCC 3') and a downstream
primer in the Gpx4 domain (5" GTCTGGCAACTCCTAA 3').
Tail DNA was obtained by digestion of a 1-cm tail seg-
ment in 0.4ml of 50mM Tris-HCl, pH 7.5. 400mM NaCl,
20mM EDTA, and 0.1% sodium dodecyl sulfate with 5 ul of
20mg/ml proteinase K, at 55°C. Founders of transgenic
TRE2/Gpx4 mice were crossed with C57BL/6 mice to obtain
independent lines of TRE2 /Gpx4 transgenic mice and crossed
with homozygous opsin promoter/reverse tetracycline trans-
activator (opsin/rtTA) transgenic mice that have been previ-
ously described (3, 12) to yield opsin/rtTA-TRE/Gpx4 (Tet/
opsin/Gpx4) double transgenic mice. The expression level of
Gpx4 was assessed by Western blot analysis after treatment
with 2mg/ml of doxycycline in drinking water for 2 weeks.

Western blot analysis

Retinal or RPE cell lysates containing 50 ug of protein
were subjected to SDS-PAGE using 12% polyacrylamide re-
solving gel (BioRad). After electrophoresis, the slab gel was
transferred onto a nitrocellulose membrane (Amersham, Pis-
cataway, NJ). The membrane was incubated with rabbit anti-
Gpx4 polyclonal antibody (1:1,000, Cayman, Ann Arbor, MI),
followed by incubation with horseradish peroxidase conju-
gated to goat anti-rabbit IgG (1:2,000, Sigma). For SOD2, the
membrane was incubated with goat anti-SOD2 polyclonal
antibody (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA),
and followed by incubation with horseradish peroxidase
conjugated to rabbit anti-goat IgG (1:2,000, Sigma). Chemilu-
minescence reaction product was detected using the ECL kit
(Amersham). To assess loading levels of protein, blots were
incubated with rabbit anti-actin polyclonal antibody (1:1,000,
Sigma), followed by incubation with horseradish peroxidase
conjugated to goat anti-rabbit IgG (1:2,000, Sigma).

Paraquat model of oxidative damage-induced
retinal degeneration

Tet /opsin/Gpx4 mice were tested in the paraquat model of
oxidative damage-induced retinal degeneration (4) using
techniques similar to those previously described (6). Briefly,
double hemizygous transgenic mice were given unsup-
plemented drinking water (controls) or water containing
2mg/ml of doxycycline, and after 2 weeks a 1 ul intraocular
injection of 0.75 mM paraquat (Sigma) was done in the left eye
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and 1 ul of PBS was injected in the right eye. Electroretino-
grams (ERGs) were done 1 and 8 days after injection. After 2
weeks, the mice were euthanized and protein carbonyl con-
tent was measured in the retinas of some mice, while outer
nuclear layer thickness was measured in others.

Hyperoxia-induced oxidative damage

Tet /opsin/Gpx4 mice were tested in a model of hyperoxia-
induced retinal degeneration (6, 13, 15). Double hemizygous
Tet/opsin/Gpx4 mice from the same litters received un-
supplemented water or water containing 2 mg/ml of doxy-
cycline. As an additional control, wild-type C57BL /6 mice. All
were exposed to 75% oxygen for 2 weeks and then had ERGs
and were euthanized for measurement of carbonyl protein
content and measurement of outer nuclear layer (ONL)
thickness.

Recording of ERGs

Scotopic ERGs were recorded (Espion ERG; Diagnosys
LLL, Littleton, MA), as previously described (13). Briefly, mice
were dark adapted overnight and anesthetized with an in-
traperitoneal injection of ketamine and xylazine. Pupils were
dilated with Midrin P consisting of 0.5% tropicamide and
0.5%. phenylephrine hydrochloride (Santen Pharmaceutical
Co., Osaka, Japan). The mice were placed on a pad heated to
39°C and platinum loop electrodes were placed on each cor-
nea after application of gonioscopic prism solution (Alcon
Laboratories, Fort Worth, TX). A reference electrode was
placed subcutaneously in the anterior scalp between the eyes,
and a ground electrode was inserted into the tail. The head of
the mouse was held in a standardized position in a Ganzfeld
bowl illuminator that ensured equal illumination of the eyes.
Recordings for both eyes were made simultaneously with
electrical impedance balanced. The a-wave was measured
from the baseline to the negative peak and the b-wave was
measured from peak to peak. An average was calculated from
six measurements at eleven intensity levels of white light
ranging from —3.00 to +1.40log cd-s/m”.

Measurement of outer nuclear layer thickness

The ONL consists of the cell bodies of photoreceptors and
its thickness provides an assessment of photoreceptor sur-
vival. Thickness of the ONL was done as previously described
(13). Briefly, mice were killed and the eyes were removed and
frozen in embedded compound. Ten um frozen sections were
cut parallel to 12:00 meridian through the optic nerve and
fixed in 4% paraformaldehyde. The sections were stained with
hematoxylin and eosin and examined with an Axioskop mi-
croscope (Zeiss, Thornwood, NY). Images were digitalized
using a three-charge coupled device color video camera (IK-
TU40A; Toshiba, Tokyo, Japan) and a frame grabber. Image-
Pro Plus software (Media Cybernetics, Silver Spring, MD)
was used to calculate the area of the ONL. The Images for
display were captured with a Nikon microscope equipped
with Nikon Digital Still Camera DXM1200.

Statistical analysis

Statistical comparisons were done using analysis of vari-
ance (ANOVA) with Dunnett’s test for multiple comparisons.
Differences were judged statistically significant at p < 0.05.
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Results

Increased expression of SOD1 or 2 causes oxidative
damage in RPE cells, while increased expression of
Gpx1 or 4 provides protection against oxidative stress

Measurement of the carbonyl content of proteins by ELISA
provides a good quantitative assessment of oxidative damage
(2, 4). Compared to control RPE cells, those overexpressing
Gpx1 or 4 showed similar protein carbonyl content, whereas

those overexpressing SOD1 or 2 showed significant in-
creases in carbonyl content (Fig. 1A). Cells with increased
levels of SOD2 also showed reduced viability (Fig. 1B). Co-
transfections showed that increased levels of Gpx4, but not
Gpx1, partially reversed the deleterious effects of increased
SOD1 or 2. Figure 1C demonstrates that cells co-transfected
with expression constructs for Gpx4 and SOD1 or 2 showed
increased levels of both enzymes. This suggests that increased
levels of SOD1 or 2 enhance constitutive oxidative damage in
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FIG. 2. Glutathione peroxidase 1 - A
(Gpx1) and Gpx4 protect RPE cells from
oxidative stress. Twenty-four hours after
transfection with an expression construct

for glutathione peroxidase 1 (Gpx1),
Gpx4, SOD1, or SOD2, RPE cells were
treated with 7mM paraquat, 0.5mM
H,0,, or hyperoxia for 24 h. Untransfected
RPE cells were treated in the same way to
serve as controls. Cell lysates were used to
measure protein carbonyl content by
ELISA (A) and cell viability by MTT (B).
The bars represent the mean (=SEM) cal-
culated from four experimental values.
(A) When exposed to oxidative stress,
compared to control cells, those over-
expressing Gpx1 or Gpx4 showed signifi-
cantly less carbonyl content for two of
three, or three of three types of stress,
respectively. In contrast, cells over-
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ANOVA with Dunnett’s correction for
multiple comparisons. (B) Compared to
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SOD1 or SOD2 had a significant reduction

in viability for two of three, or one of three types of oxidative stress, respectively. Cells co-expressing Gpx1 with SOD1 or 2
showed reduced viability for one type of oxidative stress, while cells co-expressing Gpx4 with SOD1 or 2 showed increased
viability for one type of oxidative stress. *p < 0.05 for increase from control cells; +p < 0.05 for decrease from control cells by

ANOVA with Dunnett’s correction for multiple comparisons.

RPE cells secondary at least in part to elevated levels of H,O,
that is partially detoxified by a simultaneous increase in Gpx4.

Control RPE cells that were challenged with paraquat,
hydrogen peroxide, or hyperoxia had carbonyl levels in the
range of 1.2nM, compared to 0.6 nM in unchallenged cells. In
the presence of each of the three types of oxidative stress, RPE
cells overexpressing Gpx4 had significantly less carbonyl
content than control RPE cells (Fig. 2A). Cells overexpressing
Gpx1 had less carbonyl adducts on proteins than that seen in
control cells when exposed to H,O, or hyperoxia. Viability of
untransfected RPE cells was not reduced by hyperoxia, but
was significantly reduced by exposure to paraquat or H;O,
and the paraquat- and H,O,-induced cell death was signifi-
cantly blocked by over-expression of Gpx4 or Gpx1 (Fig. 2B).
In contrast, cells overexpressing SOD1 or SOD2 showed sig-
nificantly increased carbonyl levels compared to control RPE
cells when challenged with oxidative stress and increased
hyperoxia-induced cell death. Increased levels of Gpx4, but
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FIG. 3. Transgenic mice with doxycycline-inducible ex-
pression of glutathione peroxidase 4 (Gpx4). Tetracycline
response element (TRE)/Gpx4 mice were generated as de-
scribed in Methods and crossed with opsin/rtTA transgenic
mice to generate Tet/opsin/Gpx4 double transgenic mice.
Adult Tet/opsin/Gpx4 mice or littermates lacking one of the
transgenes were given drinking water containing (+) or
lacking (-) 2mg/ml doxycycline. After 2 weeks, mice were
euthanized, and retinal homogenates were assayed for
protein concentration; samples containing 50 ug were run
in immunoblots for Gpx4. The blots were stripped and re-
probed for actin. There was an increase in Gpx4 in the retinas
of Tet/opsin/Gpx4 mice treated with doxycycline.
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not Gpxl, partially reversed the deleterious effects of over-
expression of SODs in RPE cells challenged with oxidative
stress. Oxidative damage and viability were not worse in cells
co-expressing Gpx4 and an SOD than that seen in control RPE
cells and was significantly better for some types of stress, but
in general, protection from oxidative stress was less in cells
overexpressing both Gpx4 and an SOD compared to cells
overexpressing Gpx4 alone. These data suggest that increased
levels of Gpx4 or Gpx1 improve the antioxidant defense sys-
tem of RPE cells, whereas increased levels of SOD1 or SOD2
have a negative effect. While in some instances over-
expression of Gpx1 provides comparable protection to over-
expression of Gpx4, the latter provided protection for the
greatest number of stress conditions, particularly the oxida-
tive damage associated with overexpression of the SODs.

Increased expression of Gpx4 in photoreceptors
reduces paraquat- and hyperoxia-induced
oxidative damage

The encouraging protective effects seen with increased
expression of Gpx4 in RPE cells prompted investigation of the
effects of increasing Gpx4 in photoreceptors in vivo. To ac-
complish this goal, TRE/murine Gpx4 transgenic mice were
generated. Six founders were obtained and crossed with
opsin/rtTA mice to generate opsin/rtTA-TRE/Gpx4 (Tet/
opsin/Gpx4) double transgenic mice. Mice from each of the six
double transgenic lines were given drinking water containing
2mg/ml of doxycycline for 2 weeks, and immunoblots of
retinal homogenates were performed. Only one line showed
increased levels of Gpx4 in the retina after treatment with
doxycycline (Fig. 3); this line was used for all subsequent
experiments.

When 1 ul of 0.75mM paraquat was injected into the vit-
reous cavity of littermate control mice or doxycycline-treated
Tet /opsin/Gpx4 mice, the protein carbonyl content in the ret-
ina was increased compared to mice injected with PBS, but the
latter had significantly lower levels than the former (Fig. 4A).
In contrast, Tet/opsin/Gpx4 mice that were not treated with
doxycycline had similar paraquat-induced elevation of pro-
tein carbonyl levels in the retina compared to littermate con-
trol mice. When placed in 75% hyperoxia for 2 weeks,
Tet/opsin/Gpx4 mice that were treated with doxycycline had
significantly lower protein carbonyl content in the retina than
doxycycline-treated littermate control mice. Tet/opsin/Gpx4
mice that were not treated with doxycycline had similar
hyperoxia-induced elevation of protein carbonyl levels in the
retina compared to littermate control mice (Fig. 4B).

Increased expression of Gpx4 in photoreceptors
reduces paraquat- and hyperoxia-induced
thinning of the outer nuclear layer (ONL)

The ONL of the retina contains the cell bodies of the pho-
toreceptors and death of photoreceptors results in thinning
of the ONL. Two weeks after intraocular injection of 1 ul of
0.75mM paraquat, Tet/opsin/Gpx4 mice that were treated
with doxycycline had significantly thicker ONLs than
Tet/opsin/Gpx4 mice that were not treated with doxycycline
or doxycycline-treated littermate control mice (Fig. 5). The
protection of photoreceptors by induced expression of Gpx4
was partial, because ONL thickness was significantly less in
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FIG. 4. Doxycycline-induced expression of Gpx4 in Tet/
opsin/Gpx4 double transgenics reduces oxidative damage
in the retina. Tet/opsin/Gpx4 double transgenic mice or lit-
termates lacking one of the transgenes (controls) were given
drinking water containing or lacking 2 mg/ml of doxycycline
for 2 weeks and then assessed for effects of paraquat (A) or
hyperoxia (B) on carbonyl content in the retina. (A) Mice
were given an intravitreous injection of 1 ul of PBS contain-
ing 0.75 mM paraquat in one eye and 1 ul of PBS in the other
eye, and after 24h the protein carbonyl content in the ret-
ina was measured by ELISA. The bars represent the mean
(£SEM) calculated from 6 mice in each group. For paraquat-
injected eyes, the carbonyl content was significantly less
(*r <0.05 by ANOVA with Dunnett’s correction) in the ret-
inas of Tet/opsin/Gpx4 mice that received doxycycline com-
pared to retinas of Tet/opsin/Gpx4 mice that did not receive
doxycycline or retinas of control mice either treated with
doxycycline or not (**p <0.005). Paraquat-injected eyes had
greater carbonyl content in the retina than fellow eyes-
injected with PBS. (B) Mice were placed in 75% oxygen for
2 weeks and then carbonyl content was measured in the
retina. The bars represent the mean (=SEM) calculated from
5 mice in each group. Retinal carbonyl content was signifi-
cantly less in Tet/opsin/Gpx4 mice treated with doxycycline
(*p <0.05) compared to Tet/opsin/Gpx4 mice that did not
receive doxycycline or control mice whether or not they re-
ceived doxycycline.

paraquat-injected Tet/opsin/Gpx4 mice that were treated with
doxycycline than in PBS-injected littermate control mice.
After 2 weeks in 75% oxygen, Tet/opsin/Gpx4 mice that
were treated with doxycycline had significantly thicker ONLSs
than Tet/opsin/Gpx4 mice that were not treated with doxy-
cycline or doxycycline-treated littermate control mice (Fig. 6).
The protection of photoreceptors by induced expression of
Gpx4 was partial, because ONL thickness was significantly
less in hyperoxia-exposed Tet/opsin/Gpx4 mice that were
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FIG. 5. Induced expression of Gpx4 re-
duces paraquat-induced thinning of the
outer nuclear layer (ONL) of the retina.
Tet /opsin/Gpx4 double transgenic mice re-
ceived drinking water containing or lacking
2mg/ml of doxycycline, and littermate con-
trol mice were given normal drinking water.
After 1 week, the mice were given an intra-
ocular injection of 1 ul of 0.75 mM paraquat in
the left eye and 1 ul of PBS in right eye. After
another 2 weeks of water containing or lack-
ing doxycycline, the mice were euthanized
and outer nuclear layer (ONL) thickness was
measured as described in Methods. The bars
represent the mean (+SEM) calculated from
5 mice in each group. Compared to identical
regions of the retina in eyes of control mice
injected with PBS (A), those from paraquat-
injected eyes of doxycycline-treated Tet/

opsin/Gpx4 mice appeared to have a slightly [E

[ Control/no Doxy/PBS
Tet/opsin/Gpxdino Doxy/PQ

W Tet/opsin/Gpx4/Doxy/PQ
E Control/no Doxy/PQ

—— -

*k
I

0.05
thinner ONL, and this was confirmed by
image analysis (E, *p < 0.05, by ANOVA with |
Dunnett’s correction for multiple compari- ’é 0.04
sons), but significantly thicker than the ONL | &
from paraquat-injected eyes of Tet/opsin/ [ 0.03
Gpx4 mice that were not treated with doxy- |&@
cycline (C, *p <0.001) or paraquat-injected e
eyes of control mice (D, **p < 0.001). S 002
£
-
0.01
0

ONIL

treated with doxycycline than in littermate controls that were
not exposed to hyperoxia.

Increased expression of Gpx4 in photoreceptors
reduces loss of retinal function after injection
of paraquat or exposure to hyperoxia

ERGs provide a global assessment of retinal functioning.
One day after injection of 1 ul of 0.75mM paraquat, all mice
injected with paraquat showed significantly reduced ERG
a- and b-wave amplitudes compared to mice injected with
PBS (Fig. 7A and C). However, 8 days after paraquat injection,
Tet /opsin/Gpx4 mice that were treated with doxycycline had
a- and b-wave amplitudes that were significantly greater than
those seen in littermate controls or Tet/opsin/Gpx4 mice that
were not treated with doxycycline, and were no different from
those seen in mice that had been injected with PBS (Fig. 7B and
D). After 2 weeks in 75% oxygen, Tet/opsin/Gpx4 mice that
were treated with doxycycline had a- and b-wave amplitudes
that were significantly greater than those seen in littermate
controls or Tet/opsin/Gpx4 mice that were not treated with
doxycycline (Fig. 8).

Discussion

Increased expression of components of the antioxidant
defense system is an appealing strategy for treatment of reti-
nal degenerations in which oxidative damage plays an im-
portant role. However, there are several components of the
antioxidant defense system, and it appears that the effects of
increased expression of various components may vary de-
pending upon the cell type and the nature of the oxidative
stress. We had previously found that transgenic mice with
increased expression of SOD1 had reduced damage to pho-
toreceptors when challenged with severe oxidative stress, but
in unchallenged mice there was higher than normal consti-
tutive oxidative stress, resulting in mild reduction in retinal
function (6). In this study, we compared the effects of in-
creased expression of SOD1, SOD2, Gpx1, and Gpx4 in cul-
tured RPE cells. Similar to the situation in wvivo, increased
expression of SOD1 or 2 in RPE cells enhanced oxidative
damage in unchallenged cells, but surprisingly exposure to
oxidative stress resulted in greater increases in oxidative
damage in cells overexpressing SOD1 or 2 than in control
cells. In contrast, RPE cells overexpressing Gpx1 or 4 showed
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FIG. 6. Induced expression of Gpx4
reduces hyperoxia-induced thinning
of the outer nuclear layer (ONL) of the
retina. Tet/opsin/Gpx4 double trans-
genic mice were placed in 75% O, and
given drinking water containing or
lacking 2 mg/ml of doxycycline. Litter-
mate controls were also placed in 75%
oxygen or left in room air. After 2
weeks, the mice were euthanized, 10 um
ocular frozen sections were stained
with hematoxylin and eosin, and the
ONL thickness was measured as de-
scribed in Methods. The bars represent
the mean (+SEM) calculated from 5
mice in each group. Compared to con-
trol mice that remained in room air
(A, n=5), the ONL of the same region
of the retina from eyes of hyperoxia-
treated Tet/opsin/Gpx4 mice (B, n=>5)
appeared somewhat thinner which
was confirmed by image analysis
(E, *p<0.05 by ANOVA with Dun-
nett’s correction), but was significantly
thicker than the ONL of hyperoxia-
exposed Tet/opsin/Gpx4 mice that did
not receive doxycycline (C, n=5, *p <
0.002) or hyperoxia-treated control
mice (D, n=>5, *p <0.002).
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Amplitude (uV)
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—B— Tet/opsin/Gpx4/no Doxy/PQ —a— Control/Doxcy/PQ
—e— Control/no Doxy/PQ

FIG. 7. Induced expression of Gpx4 prevents
loss of retinal function assessed by electro-
retinograms (ERGs) after intraocular injection of
paraquat. Tet/opsin/Gpx4 double transgenic or lit-
termate control mice were given water containing
or lacking 2 mg/ml of doxycycline, and after 1 week
received an intraocular injection of 1 ul of 0.75 mM
paraquat in one eye and PBS in the fellow eye.
Scotopic ERGs were performed at 2 and 8 days after
injection. The points represent the mean (£SEM)
calculated from 6 mice in each group. At 2 days
after injection, all eyes injected with paraquat
showed a significant reduction in a-wave (A) and b-
wave (C) amplitude compared to eyes injected with
PBS. However, at 8 days after injection, paraquat-
injected eyes of Tet/opsin/Gpx4 mice that received
doxycycline showed a-wave (B) and b-wave (D)
amplitudes that were essentially identical to those
of PBS-injected eyes, and significantly greater than
all other paraquat-injected eyes.
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FIG. 8. Induced expression of Gpx4 prevents [§ 400
hyperoxia-induced loss of retinal function :5_ 800
assessed by electroretinograms (ERGs). Tet/ |[E€
opsin/Gpx4 double transgenic or littermate con- < 800
trol mice were given water containing or lacking -1000
2mg/ml of doxycycline, and after 1 week were
placed in 75% oxygen. After another 1 (A and C) 2000
and 2 (B and D) weeks, scotopic ERGs (the g
points represent the mean+SEM calculated [ 1500
from 6 mice in each group) showed that eyes [Z
of Tet/opsin/Gpx4 mice exposed to hyperoxia = 1000
had significantly greater a-wave (A, B) and b- [E 544
wave (C, D) amplitudes than Tet/opsin/Gpxd [<
that did not receive doxycycline or control mice 0
that received water containing or lacking
doxycycline.
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no increase in constitutive oxidative damage and less oxida-
tive damage than control cells when challenged. Cells in
which expression of Gpx1 was increased in combination with
SOD1 or 2, showed high carbonyl content no different from
that in cells with increased expression of SOD1 or 2 alone.
Cells in which expression of Gpx4 and SOD1 or 2 was in-
creased showed a significant reduction in carbonyl content
compared to cells with increased expression of SOD1 or 2
alone, but still higher than that in untransfected cells. Also, in
co-transfected cells challenged with oxidative stress, in-
creased levels of Gpx4, but not Gpx1, partially reversed the
deleterious effects of overexpression of SODs. These data
suggest that the more efficient dismutation of superoxide
radicals by high levels of SOD yielding a higher steady state
concentration of H,O; is likely to contribute to toxicity from
overexpression of SOD1 or 2 in RPE cells and the excess H,O,
is better detoxified by Gpx4 than Gpx1.

There are some theoretical advantages of Gpx4 that may
help to explain its ability to provide greater protection than
Gpx1 against oxidative stress in RPE cells. In addition to re-
ducing hydrogen peroxide, alkyl peroxide, and fatty acid
peroxide, it also reduces hydroperoxides in lipoproteins,
complex lipids, and phospholipids (7). Therefore, over-
expression of Gpx4 might be particularly advantageous in
tissues with high content of polyunsaturated fatty acids, such
as the photoreceptors and RPE cells.

It is clear that SOD1 is an important component of the en-
dogenous antioxidant defense system in the retina because
mice that lack SOD1 are much more susceptible to oxidative
stress (6), but that is a different issue than whether its over-
expression can provide therapeutic benefits. Our data dem-
onstrate that despite their role in the endogenous antioxidant
defense system, increased levels of SOD1 or 2 in RPE cells
have deleterious effects. Furthermore, one might expect that
co-expression of Gpx4 with SOD1 or 2 would provide supe-
rior protection against oxidative stress than increased ex-
pression of Gpx4 alone, but this was not the case. There are a
number of possible reasons for this observation. It may be that
a precise balance between SOD and Gpx activity is required
and was not achieved. Mismatches in terms of activity levels

within particular cellular compartments might also lead to
problems. For instance, overexpression of SOD2 would be
expected to increase levels of H,O, most within mitochon-
dria, and combining this with increased levels of Gpx1 or
Gpx4 in cytoplasm, as was the case in this study, might cause
a problem that might have been circumvented if the mito-
chondrial form of Gpx4 had been used. Also, catalase is an-
other component of the defense system that helps to detoxify
H,0, and we do not know if its overexpression would pro-
vide advantages. Finally, the lack of complete reversal of
SOD-induced damage by Gpx1 or 4 leaves open the possi-
bility that there is another mechanism in addition to excess
production of H;O, that contributes to oxidative damage in
cells overexpressing SOD1 or 2 such as misfolding of the
overexpressed SODs. All of these potential pitfalls under-
score the need to carefully investigate effects of over-
expressing components of the endogenous antioxidant
defense system to make sure theoretical benefits are truly
realized.

All in vitro model systems are imperfect. For example,
cultured cells are normally exposed to relative hyperoxia
compared to cells in vivo which could cause adaptations that
alter their response to more severe hyperoxia or other oxida-
tive stresses. Thus, while in vitro experiments can help to select
promising candidates, the effects of overexpressing antioxi-
dant enzymes within cell types of interest in relevant animal
models is likely to be more predictive for gene-based treat-
ment strategies. Increased expression of Gpx4 in photore-
ceptors of double transgenic mice provided strong protection
against paraquat- and hyperoxia-induced damage indicated
by reduced protein carbonyl content, preservation of retinal
function assessed by ERGs, and reduced photoreceptor cell
death. Considering these results in transgenic mice, the in vitro
results in RPE cells, and the results of a previous study in
which effects of overexpressing SOD1 were investigated in
these models (6), it appears that Gpx4 may be a better choice
for a therapeutic transgene than Sod1 for treatment of RP and
AMD. While additional studies are needed to evaluate other
transgene candidates, it will also be important to assess the
effects of viral vector-mediated overexpression of Gpx4 in
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animal models of retinal degeneration to further evaluate the
potential of that therapeutic strategy.
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