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Chapter 106
Reduced Metabolic Capacity in Aged Primary 
Retinal Pigment Epithelium (RPE) is Correlated 
with Increased Susceptibility to Oxidative Stress

Bärbel Rohrer, Mausumi Bandyopadhyay and Craig Beeson

Abstract  One of the affected tissues in age-related macular degeneration (AMD) 
is the retinal pigment epithelium (RPE), a tissue that consists of terminally differ-
entiated cells and that accumulates damage over time. In all tissues, mitochondria 
(mt), which play an essential role in both cell health (energy) and death (initiator 
of apoptosis), undergo an aging process through the accumulation of mtDNA dam-
age, changes in mitochondrial dynamics, a reduction in biogenesis, and mitophagy, 
leading to an overall reduction in mitochondrial energy production and other non-
energy-related functions. Here we have compared energy metabolism in primary 
human RPE cells isolated from aborted fetus or aged donor eyes and grown as 
stable monolayers. H2O2 treatment resulted in the generation of reactive oxygen 
species and superoxide, an effect that was significantly augmented by age. Mito-
chondrial metabolism, as analyzed by Seahorse respirometry, revealed reduced 
mitochondrial oxygen consumption (ATP production) at baseline and a complete 
loss of reserve capacity in aged cells. Likewise, glycolysis was blunted in aged cells. 
Taken together, these studies showed that RPE cells derived from aged donor eyes 
are more susceptible to oxidative stress, and exhibit a loss in mitochondrial respira-
tory reserve capacity and a reduction in glycolysis. These data suggest that while 
old cells may have sufficient energy at rest, they cannot mount a stress response 
requiring additional ATP and reducing agents. In summary, these data support the 
hypothesis that mitochondria or energy metabolism is a valid target for therapy in 
AMD.
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106.1  Introduction

AMD is a slowly progressing multifactorial disease involving genetic abnormali-
ties and environmental insults. Inflammation, oxidative stress and single nucleotide 
polymorphisms (SNPs) in genes in the complement cascade increase the risk for 
AMD. RPE cells are affected early and in all forms of AMD. The RPE is composed 
of a single layer of hexagonal highly pigmented cells, located between the retina 
and the choroid, forming part of the blood-retina barrier. Its many functions [re-
viewed by (Strauss 2005)] include: transport of molecules between the subretinal 
space and the choroidal blood supply; spatial ion buffering; secretion of growth fac-
tors, proteases, etc., that control the stability of photoreceptors, Bruch’s membrane 
(BrM) and the choroid; and finally, modulation of the immune response, since the 
RPE participates in control of immune privilege in the healthy eye or mounting of 
an immune response in the diseased eye.

The unique phagocytotic function of the RPE, and the need to efficiently recycle 
the polyunsaturated fatty acid-rich (PUFA) shed outer segments, exposes the RPE 
to high levels of oxidative stress [reviewed by (Cai et al. 2000)]. Oxidation of PUFA 
initiates a chain reaction producing many reactive oxygen species (ROS). Further-
more, RPE cells contain many photosensitizers, and exposure to intense visible 
light induces generation of ROS. To cope with these toxic oxygen intermediates, 
the RPE has evolved effective defenses against oxidative damage; it is particularly 
rich in anti-oxidants. Due to this specialization, the RPE can withstand oxidative 
stress at levels that would typically kill cells. For example, our own work and that 
published by others has shown that RPE cells grown as monolayers with stable 
resistance, are resistant to oxidative stress, withstanding H2O2 treatment up to a 
concentration of 1 mM (Bailey et al. 2004; Thurman et al. 2009). However, with 
increasing age, the RPE antioxidative capability appears to be reduced (Cai et al. 
2000). Likewise, old RPE cells appear to exhibit mitochondrial decay, such as mito-
chondrial fission and loss of mitochondrial morphology, bioenergetic deficiencies, 
and weakened antioxidant defenses (He and Tombran-Tink 2010), and the aging 
process overall is coupled to an increase in mitochondrial DNA mutations and mito-
chondrial disorganization (Miquel et al. 1980). Thus, it is likely that aged RPE cells 
are more susceptible to oxidative stress (Zarbin 2004). In support of this notion, the 
NEI-sponsored AREDS study demonstrated that subjects at risk for AMD and those 
with early AMD benefited from supplements containing high levels of antioxidants 
and zinc (Bartlett and Eperjesi 2003). While cellular bioenergetics (i.e., ATP pro-
duction) have been assessed at baseline in human RPE cells (He and Tombran-Tink 
2010), little is known about cellular bioenergetics under stress conditions.
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106.2  Results

106.2.1 � Oxidative Stress is Increased in Cells from Aged 
Donors

Primary human embryonic RPE cells as well as those isolated from donors (ages 
68–72) were grown on Transwell plates as published previously (Bandyopadhyay 
and Rohrer 2012). Monolayer formation was monitored using transepithelial resis-
tance (TER) measurements to ensure that monolayers of equal levels of differentia-
tion were used (200–300 Ω/cm2, obtained within 2–3 weeks of reaching conflu-
ence). At the time of the experiment, fetal bovine serum was removed from the 
growth media, which had no effect on the TER of established monolayers (Thurman 
et al. 2009). Monolayers could then be treated with apical application of 0.5 mM 
H2O2 to induce oxidative stress. Oxidative stress was analyzed by quantifying cy-
tosolic reactive oxygen species (ROS) generation and super oxide production (O2

−) 
with dichlorofluorescein diacetate and dihydroethedium, respectively (Fig. 106.1).

At baseline, in untreated cells, aged RPE cells appear to be under significant 
oxidative stress since ROS levels were significantly elevated by ~ 6-fold when com-
pared to embryonic cells. Similarly, O2

− are higher by ~ 4-fold. Interestingly, while 
in embryonic RPE cells, ROS levels increased significantly by ~ 3.5-fold in the 
H2O2-treated monolayers, no further increase over baseline levels could be observed 
in the aged RPE cells. In contrast, O2

− levels did not change in cells of either age 
upon H2O2-treated exposure. Lack of cytotoxic effect was confirmed by monolayer 
morphology and lack of effect on TER [see (Bandyopadhyay and Rohrer 2012) for 
embryonic cells; data not shown for aged cells].

Fig. 106.1   Oxidative stress is increased in aged RPE cells. Cytosolic a reactive oxygen species 
(ROS) and b superoxide (O2−) levels was measured using dichlorofluorescein diacetate dye and 
dihydroethidium, respectively. Both were significantly elevated in aged cells under control condi-
tion. Only in embryonic cells could ROS production be increased after exposure to oxidative stress 
(0.5 mM H2O2). Data are expressed as mean ± SEM ( n  = 3–4 per condition)
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106.2.2 � Aged RPE Cells have Reduced Mitochondrial  
and Glycolytic Metabolic Capacity

Cells take up substrates such as oxygen, glucose, fatty acids, etc., and convert them 
into energy stored as adenosine-triphosphate (ATP). ATP production requires a 
number of oxidation/reduction reactions involved in glycolysis (converts glucose 
into pyruvate), the tricarboxylic acid (TCA) cycle (oxidizes pyruvate-derived ace-
tyl-CoA to generate ATP and reducing agents), and oxidative phosphorylation (uti-
lizes NADH and succinate generated in the TCA cycle to establish a proton gradient 
to power the ATP synthase). As byproducts, heat, lactic acid and CO2 are released 
into the extracellular environment. We have published previously on the usefulness 
of the Seahorse Biosciences XF analyzer (Seahorse Bioscience, Billerica, MD) to 
track real-time changes in cellular metabolism (Perron et  al. 2012). This system 
uses fluorometric sensors to measure oxygen consumption rates (OCR) and extra-
cellular acidification rates (ECAR) for a single cell layer on the bottom of multi-
well plates (Ferrick et al. 2008). Cells were plated in 96-well custom plates and 
grown in parallel to cells on Transwell plates to determine the time point at which 
they differentiate and form a monolayer.

Rates were assessed at four stages, basal rate after 15 min of equilibration in 
the XF instrument, maximal respiratory capacity and mitochondrial oxygen con-
sumption. The latter two parameters were assessed using the following inhibitors: 
Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), a protonophore 
or an uncoupling agent, since it disrupts ATP synthesis by preventing the buildup 
of the proton gradient required as the energy source for oxidative phosphorylation; 
and, sodium azide, a potent inhibitor of mitochondrial respiration that blocks cy-
tochrome c oxidase (complex IV). The normalized OCR (Fig. 106.2a) and ECAR 
(Fig. 106.2b) values are presented for statistical analysis.

Fig. 106.2  Metabolism in RPE cells. Metabolism was assessed using Seahorse Extracellular Flux 
assays. Basal rate, maximal respiration (FCCP) and mitochondrial oxygen consumption ( azide) 
were assessed in embryonic and aged RPE monolayers. Data are expressed as mean ± SEM ( n  
= 3–5 per condition). a Summary for oxygen consumption rate (OCR); and b extracellular acidifi-
cation rates (ECAR). Basal mitochondrial metabolism is reduced, but maximal capacity is almost 
abolished in aged RPE cells, while mitochondrial-dependent O2 consumption was unaffected. 
ECAR was significantly reduced in aged cells for all three measures; with both age groups exhibit-
ing an increase in glycolysis when mitochondrial respiration was reduced
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RPE cells derived from embryonic donor eyes showed a typical behavior in the 
OCR analysis (Fig. 106.2a), with oxygen consumption rates being maximally stim-
ulated by FCCP (1.7-fold increase when compared to baseline) and significantly 
inhibited by azide. In comparison, OCR rates in RPE cells derived from aged donor 
eyes were only slightly inhibited by azide, and maximal respiratory capacity was 
completely abolished. On average, basal OCR rates of aged RPE cells were within 
30 % of those exhibited by embryonic cells, but the maximal respiratory capacity, 
the additional ATP that can be produced under stress condition, can only be elicited 
from young but not aged donor cells.

RPE cells, irrespective of the donor age, showed a typical behavior in the ECAR 
analysis (Fig. 106.2b), in that the glycolytic capacity of the cells increased in re-
sponse to the agents that interfered with oxidative phosphorylation. In both age-
groups, ECAR increased by 60–67 % after FCCP and by 118–128 % after azide 
application. However, overall, glycolytic capacity was reduced in aged cells by 
~ 75 %.

Finally, it was tested whether OCR and ECAR rates are affected by oxidative 
stress. Basal respiration was significantly decreased in young RPE cells after H2O2-
treatment (45 ± 2.8, P < 0.001), while rates were not affected in aged RPE cells when 
compared to untreated cells (13 ± 17.0, P = 0.6). Likewise, only the embryonic cells 
exhibited a drop in ECAR after H2O2-exposure (47 ± 7.7, P < 0.01), while the rates 
of aged RPE cells remained unchanged (basal: 8.0 ± 14.0, P = 0.5).

106.3  Discussion

Overall, the study was designed to determine the bioenergetics and antioxidant de-
fenses in aged RPE cells. The overall conclusions from this analysis can be summa-
rized as follows: (1) RPE cells from aged donors experience significant oxidative 
stress at baseline, which cannot be increased after exposure to H2O2; and concomi-
tantly, (2) these aged cells have reduced mitochondrial and glycolytic metabolic 
capacity that cannot be further reduced by oxidative stress. Taken together, these 
bioenergetic deficiencies coupled with weakened antioxidant defenses may signifi-
cantly reduce RPE function and contribute to age-related retinal anomalies.

The OCR and ECAR for a given cell type was correlated with the cells require-
ment for, or its ability to generate, energy and reducing agents. Here, we analyzed 
RPE cells in an artificial environment in which most of the normal tissue functions 
(i.e., retinoid metabolism, phagocytosis of rod outer segments, etc.) were eliminated. 
Stress was induced artificially by exposure of cells to H2O2 at a concentration known 
not to cause damage (Bandyopadhyay and Rohrer 2012). H2O2 has been shown previ-
ously to reduce state 3 respiration and reduce activity of TCA cycle enzymes (Nulton-
Persson and Szweda 2001).

Embryonic RPE cells were found to exhibit a robust increase in oxygen con-
sumption, demonstrating a significant mitochondrial respiratory capacity should 
additional energy be required. Likewise, embryonic cells appear to consume large 
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amounts of glucose, based on the ECAR levels, which can be elevated under mito-
chondrial stress conditions. Overall, between glycolysis and the pentose phosphate 
pathway (generation of reducing equivalents in the form of NADPH; not analyzed 
here), the embryonic cells appear to have sufficient reducing agents to maintain a 
non-oxidized environment. Exposure to H2O2 reduced mitochondrial respiration as 
well as glycolytic capacity, and concomitantly increased the amount of ROS present 
in the cells. In contrast, old RPE cells have reduced mitochondrial respiration and 
glycolytic capacity at baseline when compared to embryonic cells, which results in 
a highly oxidized cellular environment with elevated levels of ROS and O2

−. This 
level of oxidative stress did not reduce mitochondrial respiration or alter the already 
elevated levels of increased amounts of ROS and O2

− present in the cells; it did, 
however, further decrease the glycolytic capacity of the cell.

In future experiments, we wish to examine the possibility of ameliorating these 
bioenergetic deficiencies to increase energy production and bolster the cell’s anti-
oxidant defenses to improve RPE cell function and reduce its susceptibility to age-
related changes and risk factors of age-related macular degeneration.
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