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Abstract
PURPOSE—To examine changes of select reduction-oxidation (redox) sensitive proteins from
human donor retinal pigment epithelium (RPE) at four stages of age-related macular degeneration
(AMD).

DESIGN—Experimental study.

METHODS—Human donor eyes were obtained from the Minnesota Lions Eye Bank and graded
using the Minnesota Grading System (MGS) into four stages that correspond to stages defined by
the age-related eye disease study (AREDS). Protein content in RPE homogenates was measured
using Western immunoblotting with protein-specific antibodies.

RESULTS—The content of several antioxidant enzymes and specific proteins that facilitate
refolding or degradation of oxidatively damaged proteins increased significantly in MGS stage 3.
These proteins are involved in the primary (copper-zinc superoxide dismutase [CuZnSOD],
manganese superoxide dismutase [MnSOD], and catalase) and secondary (heat shock protein [HSP]
27, HSP 90, and proteasome) defense against oxidative damage. Additionally, the insulin pro-
survival receptor exhibited disease-related upregulation.

CONCLUSIONS—The pattern of protein changes identified in human donor tissue graded using
the MGS support the role of oxidative mechanisms in the pathogenesis and progression of AMD.
The MGS uses nearly identical clinical definitions and grading criteria of AMD that are used in the
AREDS, so our results apply to clinical and epidemiologic studies using similar definitions. Results
from our protein analysis of human donor tissue helps to explain altered oxidative stress regulation
and cell-survival pathways that occur in progressive stages of AMD.

Age-related macular degeneration (amd) is the leading cause of blindness in developed
countries1–9. The number of affected individuals in the United States alone is expected to
increase nearly twofold, to approximately three million by the year 2020.10 Fortunately,
therapeutic options are improving. The use of antioxidant vitamins has been shown to delay
disease progression at an intermediate stage,11 and rapid innovation in the use of
antiangiogenic therapies has resulted in new clinical methods to treat the exudative phase of
AMD.12–18 However, developing new treatment and prevention strategies targeting earlier
stages of the disease requires a better understanding of the underlying disease mechanisms.

Findings from the Age-Related Eye Disease Study (AREDS) clearly support the hypothesis
that oxidative mechanisms play a significant role in the progression of AMD. Although several
studies have shown that the intake of antioxidant-rich foods lowers the risk of AMD,19–24
others have not supported this conclusion.25–27 Cigarette smoking, a pro-oxidant,
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significantly increases the risk of AMD, and this association is well supported in numerous,
well-designed studies.28–35

The retinal pigment epithelium (RPE) is subject to a particularly high level of oxidative stress
because of locally elevated oxygen tension, high polyunsaturated lipid content (phagocytosed
photoreceptor outer segments), focused light exposure, direct interface with oxidative
biochemicals (free radicals) generated by photoreceptor outer segment phagocytosis, and
secondary photosensitizing agents (lipofuscin) that accumulate with aging.36 The RPE
regulates oxidative stress using protective mechanisms for reactive oxygen species
detoxification by using antioxidant enzymes such as superoxide dismutases (e.g., cytosolic
copper-zinc superoxide dismutase [CuZnSOD] or mitochondrial manganese superoxide
dismutase [MnSOD]). After damage to proteins caused by oxidative stress, molecular
chaperones such as the heat shock proteins (HSPs) and the ubiquitin-proteasome pathway are
involved in oxidative repair mechanisms by refolding or degrading damaged proteins.37

The etiology of AMD is multifactorial and involves genetic and environmental elements.
Animal and cell culture models used to investigate the role of oxidative stress cannot replicate
the true biochemical mechanisms of the human condition. Therefore, our approach has been
to use nonpreserved, human eye bank tissue from donors with AMD and grade it according to
well-accepted standard definitions of disease progression using the Minnesota Grading System
(MGS).38 Briefly, the MGS uses high-resolution, digital, stereoscopic fundus images of freshly
prepared eye bank eyes, carefully graded by examining the bare RPE and identifying key
features of disease progression, using the same clinical phenotypic definitions described in the
AREDS.39 As a correlate, the Alabama Grading System provides a well-characterized method
for evaluating postmortem globes that is ideal for studying histopathologic features.40 Because
of details of the Alabama Grading System methodology, our study design preferred the MGS
to examine specific biochemical changes that are best seen using nonpreserved tissue. Herein,
we investigate known pathways involved in oxidative stress response mechanisms and
correlate these findings with the specific stage of AMD. These data provide valuable insights
into the protein expression patterns of selective redox and quality control proteins from the
RPE involved in early and late AMD.

METHODS
Donor eyes were obtained from the minnesota lions Eye Bank and maintained at 4 C in a moist
chamber until dissection and photography. All tissue was acquired with consent for use in
medical research from the donor or donor’s family according to the Declaration of Helsinki.
An Internal Review Board exemption from the University of Minnesota was obtained for this
study. The neurosensory retina from one globe was dissected to expose the RPE cells and high-
resolution, digital, stereoscopic images were obtained and graded independently by two
clinicians (X.F. and T.W.O.).

The globes were classified using the MGS into four progressive stages (MGS1-MGS4; Figure
1) according to AREDS criteria based on area of drusen, pigmentary abnormalities, geographic
atrophy, choroidal neovascularization, fibrosis, and disciform scar formation. Exclusion
criteria included diabetic retinopathy, advanced glaucoma, or atypical retinal disease not
consistent with AMD. MGS1 served as a control group. MGS2 represents an early stage of
AMD with numerous small drusen and pigmentary changes. MGS3 is an intermediate stage
of the disease defined by numerous intermediate size drusen, a single large drusen, or
noncentrally located geographic atrophy. MGS4 represents end-stage AMD with central
geographic atrophy (atrophic or aAMD) or choroidal neovascularization (exudative or eAMD;
MGS4). A minimum of five samples per stage was used for each analysis.
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Globes were frozen in liquid nitrogen and stored at −80 C. RPE cells were harvested and treated
as previously described to obtain the RPE homogenates.41,42 Protein concentrations were
determined with the bicinchoninic acid protein assay (Pierce, Rockford, Illinois, USA) using
bovine serum albumin as a standard.

Using one-dimensional gel electrophoresis, RPE proteins were electrophoretically separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis43 with a 13% and 4%
polyacrylamide resolving (14 × 12.5 cm) and stacking gel, respectively, at constant amperage
(25 mA per gel) for ~5.5 hours. For each antibody, protein loads between 5 and 25 μg produced
a linear signal. Loads from preparations of human RPE cells were 15 to 20 μg per lane.

Next, we used Western immunoblot analysis of one-dimensional gels. RPE proteins were
electrophoretically transferred to polyvinylidene diflouride membranes using a semi-dry
transfer cell apparatus (Bio-Rad, Hercules, California, USA). Western immunoblotting using
the BSP/NBIT (5-bromo-4-chlor-3′-iodolyl phosphate p-toluidine/nitro blue tetrazolium
chloride) substrate (Bio-Rad) was performed as previously described.44 Primary antibodies
and their dilutions are provided in Table 1. Densitometric analysis was performed on the
immunoreaction of individual protein bands to determine the relative content of the different
proteins in the RPE preparations (SigmaScan Pro, Systat Software, Inc, San Jose, California,
USA).

Data were normalized to a standard reaction in all blots and to a chemiluminescent HSP70
reaction as a loading control (LC). Preliminary studies showed the housekeeping proteins
glyceraldehyde phosphate dehydrogenase (GAPDH) and actin exhibited altered expression
between stages and therefore could not be used as the loading control. However, HSP70
immunoreactivity did not change between MGS stages for an independent series of blots.

The results are expressed as mean ± SEM (standard error of the mean). Differences among
experimental groups were evaluated by linear regression analysis using the statistic package
in Origin 7.5. Significance was defined at P < .05.

RESULTS
There were 22 males and 18 females with relatively balanced distribution between groups
(slightly greater male:female ratio in MGS2; 8:3). This trend is consistent with donor ratios of
the Minnesota Lions Eye bank, rather than reflecting prevalence demographics of AMD. Time
from death to tissue freezing was 16.6 ± 1.2 hours (n = 40). The estimated smoking history
was not significantly different between the four groups. Comparison of the donor ages by MGS
category showed that while MGS1, 2, and 3 were not different (67 ± 8, 67 ± 11, 70 ± 9,
respectively), donors in MGS4 were significantly older than the other groups (83 ± 11, P = .
0014); therefore, we cannot exclude an age effect in MGS4 data.

The cellular response to elevated oxidative stress is mediated by the activation of several redox-
sensitive transcription factors (Table 2). We measured the gene products regulated by these
transcription factors to assess the primary and secondary oxidative stress response in donor
eyes with AMD. The primary defense response includes antioxidant enzymes that are involved
in detoxifying or eliminating free radicals. When the primary defense is inadequate, reactive
oxygen species can damage cellular proteins, cause them to unfold, lose function, and
aggregate.37 Secondary defenses protect against cytotoxicity from reactive oxygen species
damaged proteins and include chaperones from the HSP family and proteases, such as the
proteasome, that refold or degrade damaged proteins, respectively.45 Finally, cellular
responses to oxidative stress involve upregulation of pro-survival factors that prevent apoptosis
until the primary and secondary defenses have counteracted the oxidative injury.
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The relative content of three antioxidant enzymes (CuZnSOD, MnSOD, and catalase) was
compared in donors at all MGS levels. The content of all three antioxidant enzymes showed a
linear increase with disease progression, although the extent of increase was lowest for
CuZnSOD. Protein content increased 140% for CuZn-SOD, whereas MnSOD and catalase
content increased 200% and 320%, respectively, compared with MGS1 (Figure 2).

HSPs, representing the second line of defense, consist of a large family of proteins that are
categorized based on their molecular mass.42 In the current study, we determined the relative
content of four different family members (HSP27, HSP60, HSP70, and HSP90). For HSP60
and HSP70, no change in content was observed throughout the disease. However, both HSP27
and HSP90 exhibited a 300% and 250% increase, respectively, from MGS1 to MGS4 (Figure
3).

The catalytic core of the proteasome consists of four stacked rings, each containing seven
subunits.46 The α-subunits make-up the two outer rings of the complex. Because these subunits
are part of every catalytic core, their content provides a valid estimate of the total amount of
proteasome present in the cell. Therefore, we measured the content of Alpha 6- and Alpha 7-
subunit to evaluate proteasome content changes through progressive MGS stages. We observed
a 350% and 200% increase (respectively) in content of these Alpha-subunits through disease
progression (Figure 4).

Although there are numerous additional redox sensitive proteins, we focused on the insulin
receptor because it is an important component of the survival pathway and crucial for the
survival of post-mitotic tissues such as the RPE.47 The insulin receptor is a tyrosine kinase
with an α- and β-chain that activates the pro-survival Akt/PKB pathway. The content of the
β-chain of the insulin receptor was increased approximately 200% (Figure 5).

As a negative control, we also compared the relative content of enolase, a glycolytic enzyme
that is not redox-sensitive. As expected from the hypothesis that oxidative stress specifically
plays a role in AMD pathogenesis, enolase content did not change during AMD progression
(Figure 5).

DISCUSSION
The oxidative stress hypothesis of amd proposes that cumulative oxidative damage to proteins,
lipids, and DNA leads to disease progression.48,49 The primary advantage of our approach is
in studying responses to oxidative stress using human donor eyes that have been carefully
examined for phenotypic features of AMD, thereby avoiding some limitations of cell culture,
dichotomous grading systems (± AMD), or animal model systems. A direct measure of reactive
oxygen species is technically not feasible because of their extremely short half-lives; therefore,
we chose to examine the content of several proteins that are regulated by redox-sensitive
transcription factors as an indicator of increased oxidative stress. Herein, we focused on
specific proteins that mediate primary and secondary defenses against oxidative stress and cell
survival.

Our data suggest that intracellular antioxidant proteins and pathways are directly upregulated
with progressive clinical stages of disease, represented by the MGS, of eye bank eyes with
AMD. We propose that the primary RPE response to oxidative stress is the upregulation of
antioxidant enzymes that detoxify or eliminate free radicals generated by rod outer segment
phagocytosis or other pro-oxidant events. MnSOD and CuZnSOD convert superoxide anions
to hydrogen peroxide, which is then converted to water by peroxidases such as catalase.52,
53 Superoxide dismutase (SOD) and catalase upregulation may thus reflect increased reactive
oxygen species production since oxidative stress induces their expression through redox-
sensitive transcription factors (Table 2).
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Previous studies by Frank and associates50 examined RPE from eyes with advanced AMD
using electron microscopic immunocytochemistry and found marginally increased CuZn-
SOD; however, they did not find changes in catalase content. There may be several reasons
for the discrepancy. First, we separated specific clinical stages of AMD in our study using the
MGS, compared with early vs late AMD comparison. Next, some of the tissue used in previous
studies was processed at 48 hours postmortem as compared with fresh tissue from our data
(15–18 ± 3 hours; Table 3). Finally, in some of their tissue specimens, macular drusen were
not observed. Liles and associates51 reported no change in SOD activity and a decrease in
catalase activity in the RPE from human donor eyes with AMD. We did not measure enzymatic
activity, and it is possible that the observed increases in SOD and catalase protein content were
not accompanied by a corresponding increase in enzymatic activity.

Increased antioxidant enzyme expression suggests a compensatory response to high oxidative
stress. However, this response may be inadequate to completely detoxify reactive oxygen
species because markers of oxidative damage, such as advanced glycation end products, Ne-
(carboxymethyl) lysine, and carboxyethylpyrrole are all increased in human donor eyes with
advanced AMD.55–58 Therefore, upregulation of secondary defenses, including HSPs and the
proteasome, are necessary to protect the RPE from damage caused by protein unfolding and
aggregation. After exposure to an oxidative stress, HSP27 in cultured RPE cells has been shown
to be upregulated.59,60 These findings are in agreement with our results that demonstrate
increased HSP27 content. HSP90 content also increases, but not mitochondrial HSP60 and
cytosolic HSP70. The specific upregulation of HSP27 and HSP90 may reflect differences in
the transcription factors regulating their expression (Table 2). However, we previously found
changes in a subset of HSP60 and HSP70 proteins using two-dimensional gel electrophoresis
that may not be evident using Western immunoblotting, which measures total protein content.
41

The total proteasome content also increases with clinically relevant disease progression. Other
investigators have reported an increase in proteasome content after exposure of cells to reactive
oxygen species45 that confers protection against oxidative damage.61 Taken together, these
data are consistent with the idea that proteasome content can be regulated by the cellular redox
status and is an important component in the cellular defense against oxidative damage.

The insulin receptor as well as MnSOD and catalase are regulated by the redox-sensitive
transcription factor Fork-head box O 3A (FOXO).62 Previous studies have shown that insulin
receptor activation increases survival rates in different tissues, including the RPE.47,63–65
Increased insulin receptor content suggests that the RPE, in critical stages of AMD, may
upregulate pro-survival signaling, in response to increased oxidative stress.

Certainly, age is the primary risk factor for AMD. Not surprisingly, when comparing the ages
of all donors used in this study, MGS4 donors were significantly older than the other groups.
However, significant biochemical changes were observed at MGS3, in which donor age did
not differ from MGS1. Therefore, the changes we observed most likely reflect AMD
progression.41,54 Age-matched controls would be ideal; however, we are limited by tissue
availability for this direct comparison.

Our results provide evidence for increased content of redox-sensitive proteins in human donor
eyes with AMD, and identify specific proteins that may mediate the upregulation of defense
mechanisms that protect the RPE from oxidative stress.

In summary, we present biochemical evidence of altered oxidative stress regulation and cell-
survival pathways that occur during clinically relevant stages of AMD progression that may
serve to help identify potential targets of future therapy and intervention.
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FIGURE 1.
Minnesota Grading System (MGS) stages 1–4. Representative, digital images (stereo not
shown) of human eye bank eyes for each stage38 that corresponds to the clinical definitions
used in the Age-Related Eye Disease Study (AREDS).39 Images demonstrate MGS1 (Top
left), MGS2 (Top right; inset showing small hard drusen), MGS3 (Bottom left), and MGS4
(Bottom right).
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FIGURE 2.
Select redox proteins in Minnesota Grading System (MGS) stages of age-related macular
degeneration (AMD); antioxidant enzyme content. Retinal pigment epithelial (RPE) proteins
(15 μg) were subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis
followed by Western immunoblotting. Data were normalized to a standard reaction in all blots
and to heat shock protein 70 (HSP70) as a loading control (LC). Individual donor relative
densities from four age groups are shown (gray symbols). Group mean ± standard error of the
mean (SEM) and the results of linear regression analysis are shown. n = 5–7 donors/stage. Inset
shows representative Western immunoblot of antioxidant enzymes catalase (Top), manganese
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superoxide dismutase (MnSOD) (Middle), and copper-zinc superoxide dismutase (CuZnSOD)
(Bottom) at MGS 1–4 and the LC-HSP70.
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FIGURE 3.
Select redox proteins in Minnesota Grading System (MGS) stages of age-related macular
degeneration (AMD); heat shock protein (HSP) content. Retinal pigment epithelial (RPE)
proteins (15 μg) were subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis
followed by Western immunoblotting. Data were normalized to a standard reaction in all blots
and to HSP70 as a loading control (LC). Individual donor relative densities from four age
groups are shown (gray symbols). Group mean ± standard error of the mean (SEM) and the
results of linear regression analysis are shown. n = 5–7 donors/stage. Inset shows representative
Western immunoblot of heat shock proteins HSP90 (Top left), HSP70 (Top right), HSP60
(Bottom left), and HSP27 (Bottom right) at MGS 1–4 and the LC.
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FIGURE 4.
Select redox proteins in Minnesota Grading System (MGS) stages of age-related macular
degeneration (AMD); total proteasome content. Retinal pigment epithelial (RPE) proteins (15
μg) were subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis followed
by Western immunoblotting. Data were normalized to a standard reaction in all blots and to
heat shock protein 70 (HSP70) as a loading control (LC). Individual donor relative densities
from four age groups are shown (gray symbols). Group mean ± standard error of the mean
(SEM) and the results of linear regression analysis are shown. n = 5–7 donors/stage. Inset
shows representative Western immunoblot for proteasome subunits Alpha 6 (Top) and Alpha
7 (Bottom) at MGS 1–4 and the LC.
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FIGURE 5.
Select redox proteins in Minnesota Grading System (MGS) stages of age-related macular
degeneration (AMD); insulin receptor and enolase content. Retinal pigment epithelial (RPE)
proteins (15 μg) were subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis
followed by Western immunoblotting. Data were normalized to a standard reaction in all blots
and to heat shock protein 70 (HSP70) as a loading control (LC). Individual donor relative
densities from four age groups are shown (gray symbols). Group mean ± standard error of the
mean (SEM) and the results of linear regression analysis are shown. n = 5–9 donors/stage. Inset
shows representative Western immunoblot for insulin receptor β subunit (Top) and enolase
(Bottom) at MGS 1–4 and the LC.

DECANINI et al. Page 16

Am J Ophthalmol. Author manuscript; available in PMC 2008 May 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

DECANINI et al. Page 17

TABLE 1
Antibody Information Used for Western Immunoblot Analysis of Retinal Pigment Epithelial Proteins in Age-
Related Macular Degeneration

Primary antibody Type* Dilution Company

Alpha 7 M 1:1,000 Biomol International, Exeter, United Kingdom
20S C2 P 1:1,000 Affinity Bioreagents, Golden, Colorado, USA
CuZnSOD P 1:3,000 Stressgen, Victoria, British Columbia, Canada
MnSOD P 1:3,000 Stressgen, Victoria, British Columbia, Canada
Catalase P 1:2,000 Abcam, Cambridge, United Kingdom
HSP27 M 1:500 Affinity Bioreagents, Golden, Colorado, USA
HSP60 M 1:5,000 BD Biosciences, San Jose, California, USA
HSP70 P 1:10,000 Stressgen, Victoria, British Columbia, Canada
HSP90 M 1:1,000 Santa Cruz Biotechnology, San Diego, California, USA
Enolase P 1:200 Santa Cruz Biotechnology, San Diego, California, USA
InR P 1:500 Upstate, Lake Placid, New York, USA

*
M = monoclonal; P = polyclonal; LMP = low molecular weight protein; CuZnSOD = copper-zinc superoxide disumutase; HSP = heat shock protein;

MnSOD = manganese superoxide dismutase; InR = insulin receptor.
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TABLE 2
Transcription Factors and Gene Product, Measured in Response to Oxidative Stress in the Retinal Pigment
Epithelium in Age-Related Macular Degeneration

Redox Sensitive Transcription Factors Target Gene Products

FOXO52,66–68 MnSOD Catalase InR
NF-kB52,66,69 MnSOD Catalase CuZnSOD
Nrf-270 MnSOD Alpha 6 Alpha 7 HSP90
HSF-171,72 HSP27 HSP70

FOXO = forkhead box O 3A; Nrf-2 = nuclear factor-2; MnSOD = manganese superoxide dismutase; NF-kB = nuclear factor kappa-beta; CuZnSOD =
copper-zinc superoxide disumutase; HSP = heat shock protein; HSF-1 = heat shock factor; InR = insulin receptor.
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