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Purpost. Advanced glycation end products (AGEs) accumulate
during aging and have been observed in postmortem eyes
within the retinal pigment epithelium (RPE), Bruch’s mem-
brane, and subcellular deposits (drusen). AGEs have been as-
sociated with age-related dysfunction of the RPE—in particular
with development and progression to age-related macular de-
generation (AMD). In the present study the impact of AGEs at
the RPE-Bruch’s membrane interface was evaluated, to estab-
lish how these modifications may contribute to age-related
disease.

MerHODS. AGEs on Bruch’s membrane were evaluated using
immunohistochemistry. A clinically relevant in vitro model of
substrate AGE accumulation was established to mimic Bruch’s
membrane ageing. Responses of ARPE-19 growing on AGE-
modified basement membrane (AGE-BM) for 1 month were
investigated by using a microarray approach and validated by
quantitative (Q)RT-PCR. In addition to identified AGE-related
mRNA alterations, lysosomal enzyme activity and lipofuscin
accumulation were also studied in ARPE-19 grown on AGE-BM.

ResuLts. Autofluorescent and glycolaldehyde-derived AGEs
were observed in clinical specimens on Bruch’s membrane and
choroidal extracellular matrix. In vitro analysis identified a
range of dysregulated mRNAs in ARPE-19 exposed to AGE-BM.
Altered ARPE-19 degradative enzyme mRNA expression was
observed on exposure to AGE-BM. AGE-BM caused a significant
reduction in cathepsin-D activity in ARPE-19 (P < 0.05) and an
increase in lipofuscin accumulation (P < 0.01).

Concrusions. AGEs influence ARPE-19 mRNA expression pro-
files and may contribute to reduced lysosomal enzyme degra-
dative capacity and enhanced accumulation of lipofuscin. For-

From the 'Centre for Vision and Vascular Science, School of
Medicine, Dentistry and BioMedical Science, Queen’s University,
Northern Ireland, United Kingdom; the ZDcpartmcnt of Anatomy and
Cell Biology, University of Florida, Gainesville, Florida; the SDcpart-
ment of Medical Biochemistry, Graduate School of Medical and Phar-
maceutical Sciences, Kumamoto University, Kumamoto, Japan; and the
4School of Optometry and Visual Sciences, Cardiff University, Cathays,
Cardiff, United Kingdom.

Supported by Wellcome Trust Grant 066193/A/01/Z, Action Med-
ical Research, the Medical Research Council (MRC), and a Department
for Employment and Learning-Northern Ireland (DEL-NI) PhD stu-
dentship.

Submitted for publication January 11, 2008; revised June 2, 2008;
accepted October 24, 2008.

Disclosure: J.V. Glenn, None; H. Mahaffy, None; K. Wu, None;
G. Smith, None; R. Nagai, None; D.A.C. Simpson, None; M.E.
Boulton, None; A.W. Stitt, None

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be marked “advertise-
ment” in accordance with 18 U.S.C. §1734 solely to indicate this fact.

Corresponding author: Alan W. Stitt, Centre for Vision and Vascu-
lar Science, School of Medicine, Dentistry and BioMedical Science,
Queen’s University Belfast, Royal Victoria Hospital, Belfast BT12 GBA,
Northern Ireland, UK; a.stitt@qub.ac.uk.

Investigative Ophthalmology & Visual Science, January 2009, Vol. 50, No. 1
Copyright © Association for Research in Vision and Ophthalmology

Downloaded from iovs.arvojournals.org on 01/23/2021

mation of AGEs on Bruch’s membrane may have important
consequences for age-related dysfunction of the RPE, perhaps
leading to age-related outer retinal disease. (Invest Opbthalmol
Vis Sci. 2009;50:441-451) DOI:10.1167/iovs.08-1724

ruch’s membrane and the overlying RPE form a dynamic

filtration barrier between the dense vascular network of
the choriocapillaris and the retinal neuropile. This pentalami-
nar structure consists of complex layers of extracellular matrix
proteins that offer structural support, a scaffold for sequestra-
tion of biologically active molecules and sites for dynamic
RPE-substrate interactions.’

Bruch’s membrane displays structural and physiological
changes with age, including reconfiguration of chemical com-
position and an increase in overall thickness."> Component
collagens show decreased solubility and increased cross-link-
ing with age®; whereas, in general, there is an age-related
accumulation of granular, membranous, filamentous, and ve-
sicular material.* A progressive elevation in lipid content in
Bruch’s membrane also occurs throughout life> and an expo-
nential increase in phospholipids, triglycerides, fatty acids, and
free cholesterol content of Bruch’s membrane has been ob-
served from patients older than 50 years.® Such observations
are probably linked to the presence of extracellular drusen
which indicate the onset of age-related outer retinal disease.”

A well-established phenomenon during normal ageing is the
modification of proteins by Maillard reactions, leading to so-
called advanced glycation end products (AGEs).® Formation of
these adducts is related to reaction with glucose, lipid peroxi-
dation products or various a-oxaloaldehydes such as methylg-
lyoxal (MGO) and glycolaldehyde (GA).® AGEs accumulate
especially, but not exclusively, on long-lived structural proteins
such as collagens and lens crystallins® and are recognized as
important instigators of age-related disease by altering macro-
molecular structure and function.'® Qualitatively, AGEs are
increased in RPE, drusen, and Bruch’s membrane from ageing
eyes and in patients with age-related macular degeneration
(AMD),''"'> and it has been shown that these adducts also
occur in basal lamina deposits from human maculae.’® AGE
formation is associated with age-related chronic inflammation
at the outer retina in an in vivo model,'” and feeding mice high
levels of galactose (leading to enhanced AGE-formation) in-
duces agerelated defects in Bruch’s membrane.'® Further-
more, a new animal model of AMD has been proposed using
glycoxidized (AGE-modified) microspheres to mimic lipofuscin
accumulation in the outer retina.'® In vitro, AGEs can induce
various abnormal responses in ARPE-19, including induction of
enhanced VEGF expression, a response that may be modulated
by the AGE-binding protein galectin-3*® and the receptor for
AGEs (RAGE).*!

In the present study, we used an in vitro model of RPE
(ARPE-19 monolayers) exposed to an AGE-modified basement
membrane that has clinical relevance. The effects on ARPE-19
mRNA expression have been assessed by using a microarray
approach, followed by determination of how exposure to an
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AGE cross-linked substrate influences key aspects of age-re-
lated RPE dysfunction. After array outcomes, particular empha-
sis has been placed on cathepsin-D activity and subsequent
lipofuscin accumulation on AGE-exposed cells.

METHODS

AGEs in Bruch’s Membrane from Clinical Samples

Human eyes (Bristol Eye Bank/Cardiff University, United Kingdom; n =
8) were obtained from donors of various ages (34-89 years) and
gender, none of whom had a diagnosis of AMD. The eyes were
retrieved approximately 4 hours after death and fixed in 4% (wt/vol)
paraformaldehyde (PFA; Sigma-Aldrich Company Ltd., Dorset, UK) for
1 hour at room temperature. All methods were performed in accor-
dance with the tenets of the Declaration of Helsinki for any research
involving human tissue. In addition, informed consent was obtained
from relatives before the study, and ethical approval was obtained from
Research Ethics Committees of all involved Institutions.

After fixation, samples of RPE-Bruch’s membrane-choroid adjacent
to the macula were paraffin embedded and 5-um-thick sections cut and
placed onto slides. The sections were deparaffinized by washing in
xylene three times for 5 minutes each, followed by rehydration in
100% and 95% (vol/vol) ethanol and distilled H,O. All specimens for
immunostaining were permeabilized with phosphate-buffered saline
(PBS)-Tween (0.1%) for 20 minutes and then blocked with 5% normal
goat serum (NGS) in permeabilization buffer for 20 minutes.

Autofluorescent AGEs were visualized by using a high-resolution
confocal spectral imaging system (TCS SPE; Leica Microsystems, Milton
Keynes, UK). DAPI staining was used to visualize cell nuclei within
7-um donor eye sections, prepared as above. The dual lambda (A)
scanning approach allows for emission detection over a wider range
(tunable spectral detection, ~400 - 800 nm) and enabled detection of
several different AGEs at their characteristic wavelengths with defined
separation. Each different band was then pseudocolored for ease of
identification.

GA modifications were detected by using monoclonal antibodies
raised against anti-glycolaldehyde-pyridine, which were incubated on
the sections overnight at 4°C. Some sections were incubated with PBS
alone or murine IgG (DakoCytomation Ltd., Glostrup, Denmark), as
negative and isotype controls, respectively. Sections were gently
washed in PBS-Tween (five times for five minutes each) before incu-
bation with the appropriate Alexa 488 conjugated secondary antibody
(Molecular Probes-Invitrogen, Paisley, UK) for 1 hour at room temper-
ature. They were then washed with PBS-Tween (five times for five
minutes each) before mounting in medium containing propidium io-
dide (PI; Vectashield; Vector Laboratories, Burlingame, CA). The sec-
tions were visualized by fluorescence microscopy and recorded using
an image analysis system (Lucia GF; Nikon, Surrey, UK).

Cell Culture and Preparation of
AGE-Modified Matrix

The human RPE cell line ARPE-19 was obtained from ATCC (Rockville,
MD). The cells were maintained as described previously**; and on
reaching confluence they were maintained in 2% FCS for 1 month after
which time, stable, polarized monolayers had formed.

A solubilized substrate rich in common basement membrane (BM)
matrix components (Matrigel; BD Biosciences, Oxford, UK) is a suit-
able substrate to mimic the innermost face of Bruch’s membrane. AGE
modification of this BM extract (AGE-BM) was conducted as previously
described.?® Briefly, AGE-modified substrate (AGE-BM) was produced
by preincubating the BM matrix in a solution of 0.1 to 100 mM
glycolaldehyde (for 4 hours at 37°C). To ensure no contamination with
free glycating agents, the substrate was washed carefully five times
with PBS. Any free aldehyde groups remaining were neutralized by
incubating with 50 mM sodium borohydride (Sigma-Aldrich) overnight
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at 4°C. The substrate was further washed as just described before
seeding with cells. In addition control matrices (unmodified BM) were
produced in exactly the same way except for the step in which the
glycolaldehyde glycating agent is added. The AGE-BM was washed
thoroughly with PBS five times before all experiments. The degree of
AGE modification and collagen cross-linking in this model substrate has
been described by Stitt et al.>*

Ultrastructural Evaluation of Cells on AGE-BM

ARPE-19 cells growing for 1 month on BM or AGE-BM were processed
for transmission electron microscopy (TEM) by overnight fixation (in
situ) in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2)
for 30 minutes at room temperature. They were then postfixed in 1%
osmium tetroxide, washed several times in 0.1 M cacodylate buffer and
dehydrated in an ascending series of alcohol. The cells and their plastic
dishes were then embedded in Spurr’s resin. Sections were then cut
and stained with uranyl acetate and lead citrate and viewed in a
transmission electron microscope (H-7000; Hitachi Scientific Instru-
ments, Finchhampstead, UK).

DNA Microarray Analysis

Hybridization. Total RNA was extracted from ARPE-19 exposed
to unmodified (control) BM and AGE-BM for 1 month (Tri Reagent;
Sigma-Aldrich), according to the manufacturer’s instructions, and pu-
rified (RNeasy Mini Kit; Qiagen, Crawley, UK) with residual DNA
removed by DNase I digestion (Qiagen). The quantity of RNA in each
sample was determined spectrophotometrically (NanoDrop Technolo-
gies, LabTech International, Lewes, UK) and the integrity confirmed by
1% agarose gel electrophoresis.

Human 1 cDNA microarrays containing ~12,000 amplified cDNA
clones from sequence-verified clone sets (Incyte; Open Biosystems,
Huntsville, AL) were purchased from Agilent Technologies (Cheshire,
UK), and cDNA targets were indirectly labeled (Genisphere 3DNA
Submicro Expression Array detection kit; Genisphere Inc., Hatfield,
PA). Briefly, total RNA was reverse transcribed using reverse transcrip-
tion (RT) primers tagged with either an Alexa Fluor 546- or Alexa
Fluor 647 (Invitrogen-Molecular Probes)-specific 3DNA capture se-
quence. The cDNAs were concentrated with a centrifugal filter (Mi-
crocon YM-30; Millipore Ltd., Watford, UK) and combined into one
tube, and hybridization was performed according to the manufactur-
ers’ protocols. The tagged cDNAs were then fluorescently labeled by
Alexa Fluor 546 or 647 via the complementary capture sequences.

Microarray Analysis. The microarray slides were scanned us-
ing a confocal laser scanner (ScanArray Lite; GSI Lumonics, Poole, UK)
and images processed (ScanAlyze software; http://rana.lbl.gov/Eisen-
Software.htm/ written by Michael Eisen and provided in the public
domain by Eisen Lab, University of California, Berkeley, CA). Back-
ground-corrected intensities were calculated for each channel. MvA
plots were generated (where M is the log intensity ratio and 4 is the log
mean intensity), and Lowess normalization was performed.

A threshold of twofold change in expression was chosen to focus
on an apt number of genes. To validate that changes of this magnitude
were reliably detected, several genes (out of ~50) were chosen for
further analysis by qRT-PCR. Seven genes agreed, and therefore it was
reasonable to propose that most of the genes with greater than twofold
difference were correctly assigned.

Validation by qRT-PCR. The results of the microarray were
verified using qRT-PCR analysis of selected genes, on the same RNA
sample used in the array and a second independent sample. qRT-PCR
was performed on seven differentially expressed genes using a rapid
thermal cycler system (LightCycler; Roche Molecular Biochemicals,
UK), to monitor SYBR Green I fluorescence according to previously
outlined protocols.?* The specificity of the amplification reactions was
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TaBLE 1. Full Listings of Primer Sequences (5'-3") for qRT-PCR Analysis
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Accession Product

Gene Name Number Forward Primer Reverse Primer (bp)
Thymosin $54005 CTTCCCGCTCTCCACAGCCA CGGGGGTAGGAAATCCTC 77
DAD1 U84214 GGACCTTCCCCTTCAACT GGATGAAACTCCCCACAC 60
Adrenomodullin NM_001124 GTGGGAAGAGGGAACTGCGG CCTGTCTTCGGGGCTTCGAG 128
ApolipoproteinB X04506 AAGTCCCGGAAGCCAGAGCC GGGCACCCATCAGAAGCAGC 105
Metallothionein X97261 TGTGCCGGCTCCTGCAAA CACTTGGCACAGCCCACAGG 138
NET1 AK024919 TTGGTTCTGACTCGGCCCG TCCTCGAAAGGAGCCTCCCA 135

confirmed by melting-curve analysis and relative expression levels
quantified by reference to a standard dilution series.>> For each gene,
PCR amplifications were performed in triplicate on at least two inde-
pendent RT reactions and normalized to GAPDH and 285 mRNA ex-
pression (primer pairs are listed in Table 1).

Lysosomal Enzyme Activity Assay

ARPE-19 cells were cultured on AGE-BM (0, 10, 50, and 100 mM GA
modification) as described earlier and in parallel AGE-BM exposed
ARPE-19 monolayers cultured from O to 28 days. Lysates were prepared
for measurement of cathepsin-D enzymatic activity, as previously de-
scribed,?® ARPE-19 lysates were washed with PBS and incubated with
Triton X-100 and 50 mM phosphate buffer, followed by 2% hemoglobin
in 0.25 M sodium formate-buffered solution (pH 3.3) for 1 hour at
37°C. The reactions were stopped by incubation with ice cold 3% TCA.
The samples were then centrifuged at 100 rpm for 5 minutes, and
soluble proteolytic products measured using the BCA assay (Pierce
Biotechnology, Rockford, IL) at Ass, nm with tyrosine as a standard.
The data were then converted to absolute tyrosine equivalents.

Autofluorescent Inclusions in
ARPE-19 Monolayers

Photoreceptor outer segments (POS) were isolated as previously de-
scribed®” and stored at —20°C until use. ARPE-19 monolayers were
cultured for 1 month on AGE-BM and control matrices, fed with POS
(concentrations of 1 X 107/mL) every 48 hours between days 1 and 28
before being harvested by scraping into PBS and pelleted by centrifu-

FiGUure 1. AGE-linked autofluores-
cence in human Bruch’s membrane Q
choroid. A spectral imaging system

was used to determine the presence
of AGE-linked autofluorescence in
human specimens. Sections were as-
sessed by confocal microscopy, us-
ing a A scan approach to identifying
areas of autofluorescence within each
set wavelength. Each different band
was then pseudocolored for ease of
identification, as shown in a repre-
sentative sample from an 88-year-old
man with some evidence of drusen.
(A) Cell nuclei stained with DAPI
(blue, arrows). (B) Localization of
fluorescent AGEs within the RPE layer
and Bruch’s membrane with excita-
tion emission spectra in a 400- to
460-nm range (red; left arrowbead:
AGEs at the level of Bruch’s mem-
brane; right arrowbead: AGEs in the
RPE). The additional staining through-
out the section is indicative of ad-
ditional AGE accumulation in the
collagenous choroid. (C) RPE autofluo-
rescence (yellow) due to presence of
lipofuscin (). D) Composite image
of (A-C). Original magnification, X600.
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gation. At each appropriate time point, culture medium was removed
by aspiration followed by the addition of trypsin-EDTA (200 uL) to
detach cells. Cells were spun (250g, 4 mins, 4°C) to remove residual
trypsin-EDTA and the pellet resuspended in 500 wL of PBS. Flow
cytometry to identify inherent autofluorescence was performed ac-
cording to previously reported methods.*®

Statistical Analysis

Statistical analysis of the data obtained was performed by using com-
mercial software to calculate the mean and SD (Excel;, Microsoft,
Redmond, WA). Subsequently, a one-way analysis of variance (ANOVA)
with Bonferroni post hoc analysis, was conducted using another com-
mercial package (SPSS, Chicago, IL). Data were considered significant
at 95% (P < 0.05), where indicated.

RESULTS

AGE:s in Clinical Samples

Spectral imaging of human Bruch’s membrane showed the
presence of autofluorescence with excitation emission spectra
at 400- to 460-nm (the range associated with autofluorescent
AGEs; Figs. 1B, 1D). Distinct from that observed with AGEs,
autofluorescence of lipofuscin was also observed at a charac-
teristic wavelength within the RPE cytoplasm (Figs. 1C, 1D).
Immunohistochemical analysis of GA-derived AGEs in the
RPE and underlying Bruch’s membrane choroid demonstrated
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FIGURE 2. GA-derived AGE-immunoreactivity in human Bruch’s membrane and choroid. Paraffin-embed-
ded sections (7 wm) were subjected to immunolocalization by using specific monoclonal antibodies raised
against GA-modified protein. (A) GA-derived immunoreactive adducts were evident in Bruch’s membrane
(arrow) in a 53-year-old donor. (B) Intense immunofluorescence for GA-adducts was also detected in a
76-year-old donor in Bruch’s membrane (arrow), with more diffuse GA-immunoreactivity in the matrix
around the choriocapillaris (arrowbeads). (C) Immunoreactivity of these AGEs occurred in sub-RPE
deposits (). (D) Typical autofluorescence of lipofuscin in the RPE was evident in all specimens and
isotype-negative controls showed this characteristic autofluorescence of the RPE and to a degree, from the
innermost collagenous layer of Bruch’s membrane. In all images, nuclei are stained using PI. Original

magnification, X400.

the presence of significant AGE immunoreactivity at the level
of Bruch’s membrane (Fig. 2A). The intensity and extent of
tissue immunoreactivity for GA-derived AGEs were elevated in
elderly donors (>75 years), when compared to younger do-
nors, thus reinforcing the suitability of GA for use in an in vitro
model of Bruch’s membrane ageing (compare Figs. 2A, 2B).

AGEs in ARPE-19 Monolayers

Phase-contrast microscopy demonstrated little difference in
appearance between cells growing on a control unmodified
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BM or AGE-BM (Figs. 3A, 3B). However, TEM revealed
marked ultrastructural abnormalities on AGE-exposed cells.
Control ARPE-19 showed typical culture characteristics with
tight junction formation, fully-formed smooth and rough
endoplasmic reticulum (SER; RER), polyribosomes, numer-
ous mitochondria, and lysosomal-like inclusions. By con-
trast, cells on an AGE-BM showed less evidence of tight
junctions and many cells contained large, electron-lucent,
lipidlike inclusions toward the basal side of the cytoplasm
(compare Figs. 3C, 3D).

NP e 4 sl FiGure 3. Morphologic changes as-
sociated with exposure to AGE-BM.

Phase-contrast micrographs of ARPE-19

that were seeded onto control un-
modified BM (A) and AGE-BM (B).
On a gross level, the cells appeared
similar across treatments. By con-
trast, ultrastructural evaluation of
control (C) and AGE-exposed cells
(D) revealed that large lipid-like in-
clusions ([J) occurred in cells grow-
ing on AGE-BM. These were located
on the basal side of the cytoplasm. P,
plastic of the culture dish; N, nucleus;
arrow, tight junction. Magnification:
(A, B) X200; (C, D) X20,000.
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TABLE 2. RPE mRNAs Upregulated in Response to AGE-BM Exposure
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Unigene Chromosome Increase
Number Location Gene Function (x-fold)
Hs.490330 Chromosome 1 Natriuretic peptide receptor Gives guanylate cyclase activity. 8.6
A/guanylate cyclase A [NPRI1]
Hs.500972 Chromosome 1 Ste20 related serine/threonine kinase Binds ATP and DNA, has nuclease activity 5.9
[SLK]
Hs.407190 Chromosome 6 FK 506-binding protein 5 [FKBP5] Interacts with HSP90 and TEBP. 5.2
Hs.368157 Chromosome 20 Phosphorylase, glycogen, brain [PYGB] Allosteric enzyme in carbohydrate metabolism. 3.3
Hs.50861 Chromosome 12 Sir-2 like 4 [SIRT4) Probable NAD dependent deacetylase. 3.3
Hs.432818 Chromosome 5 Microfibrillar-associated protein 3 Component of elastin-associated microfibrils. 3.3
[MFAP3]
Hs.109514 Chromosome 1 Ryanodine receptor 2 (cardiac) [RYR2] Involved in communication between transverse 3.2
tubules and the sarcoplasmic reticulum.
Hs.12967 Chromosome 6 Synaptic nuclei expressed gene 1b Involved in maintenance of nuclear 3.0
[SYNEI] organization and structural integrity.
Hs.479944 Chromosome 12 Peroxisome receptor 1 [PEX5] Binds to C-terminal PTS1-type tripeptide 3.0
peroxisomal targeting signal (SKL-type), has
role in peroxisomal protein import.
Hs.502836 Chromosome 11 ADP-ribosylation factor-like 2 [ARL2] Component of regulated secretory pathway 2.9
involved in Ca (2+)-dependent release of
acetylcholine.
Hs.515560 Chromosome 19 Kallikrein-related peptidase 2 [KLK2] Cleaves Met-Lys and Arg-Ser bonds in kininogen 29
and enables release of Lys-bradykinin.
Hs.458273 Metallothionein IL [MTIL] Binds heavy metals. Transcriptionally regulated 2.8
by heavy metals and glucocorticoids.
Hs.11776 Chromosome 1 U4/UG-associated RNA splicing factor Participant in pre-mRNA splicing. May play a 2.6
[PRPF3] role in assembly of U4/U5/UG tri-snRNP
complex.
Hs.29499 Chromosome 4 Toll like receptor 3 [TLR3] Participant in innate immune response. May 2.5
have role in recognition of ds-RNA. Action
via MyD88 and TRAFG, leading to NF«xB
activation.
Hs.368160 Chromosome 5 Protocadherin 43/Protocadherin Calcium-dependent cell adhesion protein. 2.3
gamma subfamily C, 3 [PCDHGC3] Involved in establishment and maintenance
of neuronal connections.
Hs.435556 Chromosome 16 Apoptosis regulator [BFAR] Promoter of cell survival. Supressor of BAX- 2.1
induced apoptosis.
Hs.441047 Chromosome 11 Adrenomedullin [ADM] Hypotensive and vasodilatatory agent. Control 2.1
of homeostasis, hypotensive effects in
vessels.
Hs.515126 Chromosome 19 Intracellular adhesion molecule 1 Ligand for leukocyte adhesion LFA-1 protein 2.1
(ICAM1/CD 54) [ICAM]I] (Integrin alpha-L/beta-2).
Hs.434971 Chromosome X Trophinin [TRO] Directly responsible for homophilic cell 2.0
adhesion. Potential involvement with tastin
and bystin in cell adhesion molecule
complex.
Hs.446574 Chromosome 2 Thymosin, beta 10 [TMSB10] Cytoskeletal organization. Binds and sequesters 2.0
G actin monomers, inhibits actin
polymerization.

mRNA/Microarray Analysis

Exposure of ARPE-19 monolayers to AGE-BM induced both up-
and downregulation of a wide range of mRNAs when com-
pared to cells grown on a native (control) substrate (Tables 2,
3). Microarray analysis was performed on a single sample set;
therefore, parallel qRT-PCR was necessary to confirm array
results. qRT-PCR was performed on both the sample used for
the microarray and on an additional biological replicate to
validate the dataset. Microarray spots with greater than twofold
change were chosen for additional analysis, and seven mRNAs
were selected (Figs. 4, 5). Those with altered gene expression
could be further analyzed and categorized into functional
groupings such as the metalloproteinases, cathepsins, lysoso-
mal/degradative enzymes, and genes associated with attach-
ment, spreading, and immune responses using the DAVID
bioinformatics database (http://david.abcc.ncifcrf.gov/ pro-
vided in the public domain by the National Institute for Allergy
and Infectious Diseases, Bethesda, MD). All genes tested were
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confirmed by predictive analysis. Array data are tabulated in
Tables 2 and 3.

qRT-PCR was conducted on a range of mRNA candidates
from the array data that showed up- or downregulation on
exposure to AGEBM. Using these selected mRNAs, the
changes revealed by the array data were confirmed by qRT-PCR
analysis. In all the examples chosen, comparable and signifi-
cant (P < 0.05) changes were observed in comparison be-
tween ARPE-19 cells grown on BM and those grown on
AGE-BM (Figs. 4, 5).

Lysosomal Enzyme Activity

Microarray analysis revealed a significant downregulation of
a range of mRNAs encoding for lysosomal and degradative
enzymes such as the cathepsins on ARPE-19 exposed to
AGE-BM (Tables 2, 3). This finding led to a more thorough
investigation of lysosomal enzyme mRNAs using qRT-PCR.
Cathepsin-D is a key RPE lysosomal enzyme with reported
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TABLE 3. RPE mRNAs Downregulated in Response to AGE-BM Exposure

IOVS, January 2009, Vol. 50, No. 1

Unigene Chromosome Decrease
Number Location Gene Function (x-fold)
Hs.518270  Chromosome 3 Solute carrier family 21 (prostaglandin Transports PGD2, PGE1, PGF2 and PGF2A. May 17.2
transporter), member 2 [SLCO2A1] mediate release and transepithelial transport
of newly synthesized prostaglandins.
Hs.436893  Chromosome 13  Solute carrier family 15 (oligopeptide Proton-coupled intake of oligopeptides (2-4 9.1
transporter), member 1 [SLCI5A41] amino acids), with dipeptide preference.
Hs.120759  Chromosome 2 Apolipoprotein B (including Ag [x] antigen)  Recognition signal for cellular binding and 5.0
[APOB] internalization of LDL particles by apoB/E
receptor.
Hs.1290 Chromosome 5 Complement component C9 [C9] Final component added in MAC formation. 5.0
Responsible for formation of transmembrane
channels.
Hs.80485 Chromosome 3 Adipose most abundant gene transcript 1 Negative regulator in haematopoesis. Inhibits 4.2
[ACDC] endothelial NFkB signalling via cCAMP
dependent pathway. Inhibits TNFa
expression of endothelial adhesion
molecules.
Hs.1408 Chromosome 20 Endothelin 1 [EDN3] Endothelium derived vasoconstrictor. 4.0
Hs.415768  Chromosome 17  Nerve growth factor receptor (INFR Low-affinity receptor for NGF, BDNF, NT-3/NT- 3.9
superfamily, member 16). [NGFR] 4 and mediates survival and cell death of
neural cells.
Hs.524368  Chromosome 12 Vitamin D (1, 25-dihydroxyvitamin D3) Nuclear hormone receptor. Mediator of vitamin 38
receptor. [VDR] D3 action.
Hs.317632  Chromosome 5 Cadherin 18, type 2 [CDHI] Calcium dependent cell adhesion protein. 3.7
Hs.591484 Chromosome 1 Laminin gamma 2 [LAMCZ2] Mediator of attachment, migration and 3.5
organization of cells to tissues in
embryogenesis by extracellular matrix
interactions. Ladsin exerts cells scattering
activity.
Hs.632402  Chromosome 1 Connexin 59 gene [CX59/GJA10] or gap Involved in the action of connexons, through 3.5
junction protein, alpha 10, 59kDa which low-MW materials diffuse through
cells.
Hs.82890 Chromosome 14  Defender against cell death 1 [DADI] DADL1 loss triggers apoptosis. 3.4
Hs.138378  Chromosome 11  Caspase 4-apoptosis related cysteine Role in activation cascade of caspases, 3.2
protease [CASP4] responsible for the execution of apoptosis.
Hs.5302 Chromosome 19  Lectin, galactoside binding soluble (galectin ~ Binds lactose and related sugars. May be 3.1
4) [LGALS4] involved in the assembly of adherens
junctions.
Hs.35354 Chromosome 3 IGF-II mRNA binding protein 2 [IMP-2] Nuclear mRNA splicing. 3.0
Hs.2258 Chromosome 11 Matrix metalloproteinase 10 (stromelysin 2)  Degrades fibronectin, type I, III, IV and V 3.0
[MMP10] gelatins and collagen III, IV and V. Activates
procollagenase.
Hs.25155 Chromosome 10  Neuroepithelial cell transforming gene 1 Acts as guanine nucleotide exchange factor 29
[NETI] (GEF) for RhoA GTPase. May activate SAPK/
JNK pathway.
Hs.421724  Chromosome 14  Cathepsin G [CTSG] Proteolysis and peptidolysis. 2.9
Hs.443031 Chromosome 3 Lysosomal beta galactosidase [GLBI] Essential for activity of 3 galactosidase and 2.8

neuraminidase. Can deamidate tachykinins.

alterations during aging,?® and so this candidate was chosen
for qRT-PCR analysis. When exposed to AGE-BM, ARPE-19
showed significant downregulation of cathepsin-D mRNA
(P < 0.05; Fig. 6A). After the array and qRT-PCR analysis,
cathepsin-D-linked proteolytic activity from 14 days was
significantly reduced in ARPE-19 cultures exposed to modi-
fied AGE-BM (P < 0.05; Figs. 6B, 6C).

Lipofuscin Accumulation

Lipofuscin-associated autofluorescence at wavelengths associ-
ated with RPE lipofuscin was measured in ARPE-19 cells grow-
ing on native BM and AGE-BM and also on a separate group
coexposed to POS (1 X 107 segments/mL). The AGE-modified
substrate induced a moderate but significant increase in
autofluorescence when compared to ARPE-19 grown on native
BM (P < 0.05; Fig. 7). However, when cells were exposed to
POS, the AGE-BM group demonstrated a marked increase in
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accumulation of autofluorescent lipofuscin-like material (P <
0.01; Fig. 7).

DIScuUSSION

AGEs accumulate on long-lived skin and lens proteins in the
elderly.®® A progressive elevation of these pathogenic ad-
ducts also occurs on Bruch’s membrane where they could
make a significant contribution to age-related RPE dysfunc-
tion. AGE accumulation in Bruch’s membrane-RPE has been
reported by several groups,'!1214-1631.32 byt this is the
first time that GA-derived AGEs have been shown in this
tissue. AGE generation can occur via a variety of reactive
a-oxaloaldehydes, and we have previously used GA as an in
vitro AGE-forming substance and characterized the resultant
AGE-adducts and degree of cross-linking.?* GA-derived AGEs
have been shown previously to induce RPE attachment ab-
normalities and cause reduced viability®>>*# and therefore, as
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an AGE-forming agent, this a-oxaloaldehyde is a physiolog-
ically relevant choice for subsequent in vitro studies.

It has been reported that differences exist in the genetic
profiling of primary RPE versus ARPE-19 cells, although none of
our significantly regulated genes fall into this category.>®
Therefore, the use of the ARPE-19 immortalized cell line is
appropriate for this study, as it exhibits many characteristics of
primary human RPE. Noticeable differences in ARPE-19 gene
expression levels have also been reported with changes in
environment and in age (passage number).>> >’ To this end, all
cells in this study were cultured and used at a consistent
passage and differentiation state.

The microarray investigation conducted in the present
study has established a considerable dataset of both up- and
downregulated ARPE-19 mRNAs in response to prolonged ex-
posure to AGE-BM. A similar global analysis has been con-
ducted on “aged” RPE cells from galactose-treated mice,'” and
that study identified significant alterations in mRNA expression
of stress response elements and genes encoding extracellular
matrix production/modification and proinflammatory re-
sponses. Other studies have identified significant gene clusters
relating to ARPE-19 differentiation, cell cycle regulation, early
apoptosis, and Bruch’s membrane remodeling after short-term
(4-hour) RPE exposure to oxidative insults.>*®*° Functional
clustering analysis in our study using DAVID functional anno-
tations highlighted enrichment for extracellular matrix genes
(P < 0.005/P = 0.0029) and signal peptides (P < 0.001/P =
0.00,091). Functional clustering with high stringency, estab-
lished the importance of alterations to lysosomal enzyme gene
expression levels (cathepsin-S, -D, and -G; -galactosidase; ly-
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AGE-BM

AGE-BM

Native BM

sosomal beta mannosidase; and acid phosphatase) and the
expression of structurally important proteases such as several
matrix metalloproteinases and collagenases support previously
published results.*>-#!

The transcriptional response of several genes altered by
oxidative stress and programmed cell death were also signifi-
cantly altered in both our mRNA analyses. For example, a
twofold upregulation of the mRNA encoding thymosin (310
was observed, and this gene product has links to wound repair
and cytoskeletal organization via modulation of actin polymer-
ization. It also plays a potential role in the attenuation of RPE
damage after oxidative stress.¥2 Of interest, metallothionein
was also upregulated (2.8-fold) by ARPE-19 cells in response to
oxidant stress.*?

The most significantly upregulated mRNAs in response to
AGE-BM exposure were guanylate cyclase A, and Ste-20 serine/
threonine kinases. The natriuretic peptide system has a signif-
icant role in the retina and can modulate vascular permeability
and angiogenesis.** Serine/threonine kinases play a role in
ATP/DNA binding activity and are effected by the cytokine,
transforming growth factor-B,*> playing a role in cell differen-
tiation, apoptosis, and proliferation (Table 2).

The most significantly downregulated mRNA was prosta-
glandin transporter SLC21a2 (Table 3). Information in relation
to SLC21a2 in retinal disease is sparse, although prostaglandin
levels are known to be altered by AGE exposure in mesothelial
cells*® and retinal pericytes.”” The prostaglandin transporter is
widely expressed in the retina*® and is known to transport
prostaglandin D-2 synthase to prevent reactive oxygen species
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(ROS) generation.” This may link to the potential for AGEs to
induce oxidative stress in various cell types.’®~>>

The mechanism through which exposure to AGE-BM alters
RPE gene expression is relatively unknown. Previous work in
our laboratory has identified an upregulation of components of
the AGE receptor complex—in particular galectin-3 (AGER3),
found on RPE (D407) exposure to AGE-modified albumin.*® It
is likely that prolonged exposure of RPE to AGE-BM, as occurs
in normal aging, stimulates a progressive oxidative insult. It
should be borne in mind that this study is based on the
ARPE-19 human cell line that exhibits a lack of melanosomes,
which may alter the antioxidant capacity because these or-
ganelles bind divalent cations that could be used in the Fenton
reaction. However, the antioxidant potential of the RPE re-
mains equivocal, and a recent report suggests that melano-
somes have little antioxidant activity.“ Indeed, in aged indi-
viduals, the melanosomes actually become toxic.>>>” Thus, if
anything, the presence of melanosomes would most likely
potentiate the effect of AGE-BM.

Increased oxidative stress can occur as a direct result of
AGE receptor signaling,'? which, in itself, can lead to direct
upregulation of antioxidant defenses.>® In particular RAGE has
been identified in subretinal membranes of patients with
AMD’? and in macular RPE overlying basal laminar deposits'
and photoreceptors from AMD donors where it colocalizes
with immunoreactive AGEs.'> RAGE-receptor activation, if it
occurs, could transduce several cellular responses, including
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FIGURE 5. ARPE-19 mRNAs down-
regulated in response to AGE-BM:
comparison of array and qRT-PCR.
Apolipoprotein B was downregu-
lated after exposure to the AGE-BM,
and this result was subsequently con-
firmed by qRT-PCR. Analysis of the
microarray also revealed that NET1
was downregulated in response to
the AGE-BM, which was further con-
firmed by qRT-PCR. DAD1 was also
found to be downregulated in re-
sponse to the AGE-BM, and qRT-PCR
also confirmed this result (**P =
0.001, *P < 0.05).

RT-PCR-DAD1

AGE-BM

the activation of antioxidant defenses via initiation of NF«B
transcription.>® It is possible that AGE-BM, through interaction
with one or more AGE receptors, could lead to a prolonged
oxidative insult, thus evoking RPE defense mechanisms. Re-
cent studies have also linked the pathogenic significance of
RAGE activation through direct induction of VEGF secretion
within ARPE-19 cultures.*!

The mRNAs encoding the cysteine thiol proteases cathep-
sin-S and -G and the lysosomal enzymes acid phosphatase,
B-galactosidase, and B-mannosidase were significantly down-
regulated in AGE-BM-exposed ARPE-19 monolayers. This is an
important finding, because it is now widely recognized that
lysosomal enzymes are susceptible to age-related changes.®°
Previous studies have demonstrated an age-related decrease in
the activity of several RPE glycosidases, including [3-galactosi-
dase.®! Hjelmeland et al.®> have shown that senescent RPE
cultures accumulate 3-galactosidase-positive cells as a function
of population-doubling time. Recent studies have also identi-
fied the alteration of several cathepsins under conditions of
high oxidative burden.>® The significant role of initiators of
oxidative stresses (e.g., ROS, free radicals, and AGEs) and the
resultant lysosomal dysfunction are clearly evident from all data
sets under investigation in this study.

Lysosomal dysfunction is of prime importance in RPE age-
related disease, and lipofuscin accumulates in these cells as a
direct result of impaired degradative pathways.®® It has been
demonstrated that there is a downregulation of lysosomal as-
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partic and cysteine cathepsin mRNA expression and enzymatic
activity in the glomeruli of diabetic rats®* and in tubule epithe-
lium in response to AGE exposure.65 The current array data
have included assessment of AGE-BM-associated changes in
lysosomal enzyme mRNA expression, and significant alter-
ations have been confirmed by qRT-PCR analysis. Such findings
have been further strengthened by the observed reduction of
cathepsin-D enzymatic activity in AGE-BM exposed ARPE-19
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FIGURE 6. ARPE-19 grown on AGE-BM shows attenuated cathepsin-D
expression and activity. (A) ARPE-19 cell monolayers were cultured on
native BM or AGE-BM for 28 days, and cathepsin-D mRNA was analyzed
by qRT-PCR. AGE exposure resulted in a significant reduction in ca-
thepsin-D expression (n = 3; *P < 0.05). (B) Cathepsin-D enzymatic
activity was also significantly decreased in accordance with increasing
AGE modification of the BM (10-100 mM GA) when compared to
native BM controls (n = 3; *P < 0.0.5). (C) Cathepsin-D activity was
monitored over a time course for up to 28 days on native BM or
AGE-BM (100 mM GA). Activity was significantly suppressed after 14
days of treatment (n = 3, **P < 0.01). All values were normalized to a
medium only control. y-Axis label indicates nanograms of tyrosine
equivalents per 10° cells.
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FIGURE 7. Exposure to AGEBM increases lipofuscin in ARPE-19
monolayers. Low levels of fluorescence were detectable over the full
28 days in medium-only control cells (BM), with marginal increases
detectable in cells grown on a glycated matrix (AGE-BM) only, indicat-
ing incorporation into the cell lysosome of glycated matrix compo-
nents. Significant autofluorescent increases were noted when cells
were exposed to both POS and AGE-BM matrices with the most
significant increases (*P < 0.05) occurring after 14 days of exposure,
with maximum increases at 28 days (**P < 0.01) datasets that parallel
the microarray analyses time course.

and are likely to be linked to the observed accumulations of
lipofuscin in these cells. It has also been recently reported that
peroxidation and reactive aldehyde activity can increase the
resistance of POS to cleavage and proteolysis by lysosomal
cathepsins.®® The present study has shown that AGE-BM results
in a decrease in cathepsin-D enzymatic activity. Dysfunction of
this enzyme has been associated with increased accumulation
of autofluorescent inclusions in the RPE both in vitro and in
vivo and enhanced accumulation of autofluorescent material
occurs on AGE-BM membranes.?” 22758 Therefore, it is not
unreasonable to conclude that accumulation of autofluores-
cent material on AGE-BM membranes is due to a decrease in
lysosomal enzyme activity.

Taken together, AGEs appear to play an important role in
age-related dysfunction of the RPE. The use of complementary
proteomic technologies is ongoing in our laboratory and
should provide further insight into how Bruch’s membrane-
immobilized AGEs modulate pathophysiological responses in
ARPE-19 monolayers. Indeed, further investigation is war-
ranted to dissect the effects that AGE adduct formation has on
RPE function. Such studies would also serve to highlight the
potential for agents that can prevent or even break established
AGE-protein cross-links in the context of retinal ageing.
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