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Abstract: In the sub-retinal pigment epithelium (sub-RPE) space of the aging macula, deposits of
oxidized phospholipids, oxidized derivatives of cholesterol and associated oxidized low-density
lipoproteins (OxLDL) are considered contributors to the onset and development of age-related
macular degeneration (AMD). We investigated the gene expression response of a human-derived
RPE cell line exposed for short periods of time to non-cytotoxic levels of OxLDL or LDL. In our
cell model, treatment with OxLDL, but not LDL, generated an early gene expression response
which affected more than 400 genes. Gene pathway analysis unveiled gene networks involved
in the regulation of various cellular functions, including acute response to oxidative stress via
up-regulation of antioxidative gene transcripts controlled by nuclear factor erythroid-2 related factor
2 (NRF2), and up-regulation of aryl hydrocarbon receptor-controlled detoxifying gene transcripts.
In contrast, circadian rhythm-controlling genes and genes involved in lipid metabolism were strongly
down-regulated. Treatment with low-density lipoprotein (LDL) did not induce the regulation of these
pathways. These findings show that RPE cells are able to selectively respond to the oxidized forms of
LDL via the up-regulation of gene pathways involved in molecular mechanisms that minimize cellular
oxidative damage, and the down-regulation of the expression of genes that regulate the intracellular
levels of lipids and lipid derivatives. The effect on genes that control the cellular circadian rhythm
suggests that OxLDL might also disrupt the circadian clock-dependent phagocytic activity of the RPE.
The data reveal a complex cellular response to a highly heterogeneous oxidative stress-causing agent
such as OxLDL commonly present in drusen formations.
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1. Introduction

Age-related macular degeneration (AMD) is the leading cause of legal blindness in the Western
world [1]. The pathogenesis of AMD is not fully understood, with age being the major risk factor,
though some genetic determinants and environmental factors are known to play an important role
in the progression of the disease [2–5]. Oxidative stress and inflammation are considered main
events leading to the pathophysiology of the disease [6,7]. The retinal pigment epithelium (RPE),
the principal tissue affected in early-stage AMD, is considered a major site of oxidative stress in the
retina due to its location: between the photoreceptor outer segment, exposed to photo-oxidative
light energy, and the choroid with a high oxygen content. In this study, we focused on oxidized
low-density lipoprotein (OxLDL), which is a major component of drusen and a known inducer of
cellular oxidative stress with pro-inflammatory properties [8]. OxLDL generates from low-density
lipoprotein (LDL) in a pro-oxidant tissue environment in which lipids and proteins become oxidatively
modified [9]—it comprises a heterogeneous group of macromolecular complexes consisting of various
classes of oxidized lipids associated with native or oxidized apolipoprotein B (apoB). As a structurally
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altered “modified self” form of LDL, OxLDL bears lipid peroxidation-derived structural moieties.
These so-called oxidation-specific epitopes (OSEs) enable recognition of OxLDL by cellular and soluble
pattern recognition receptors (PRRs) that mediate clearance of OxLDL as part of a protective response
by the innate immune system to maintain cellular homeostasis [10]. The transcriptome response of
ARPE-19 cells to oxidative stress induced with various agents has previously been reported. Weigel et al.
analyzed the transcriptome alteration in ARPE-19 cells after a 4-h exposure to various pro-oxidizing
agents including H2O2, 4-hydroxynonenal and tert-butylhydroperoxide [11]. Cano et al. performed
a transcriptomics analysis of ARPE-19 cells exposed for 24 h to cigarette smoke extract (CSE) [12].
Yamada et al. studied the effects of OxLDL-induced oxidative stress in ARPE-19 cells and focused on
the cellular response after 48 h of treatment [13].

To obtain a comprehensive outlook of the early transcriptome alterations induced by OxLDL
exposure, we performed microarray gene expression analyses in ARPE-19 cells following 2- and 4-h
treatments with non-toxic doses of OxLDL. We report that various gene pathways including genes
involved in antioxidative defense mechanisms, circadian rhythm regulation and lipid metabolism
are modulated in a time-dependent and selective fashion by the OxLDL treatment. Gene expression
changes as an early response to OxLDL exposure in RPE cells could help to better understand the early
molecular events in the pathogenesis of AMD and provide new opportunities to identify potential
druggable targets.

2. Results

Accumulation of OxLDL is believed to contribute to the pathogenesis of AMD by establishing
a low-grade, chronic inflammatory state in the macula. The molecular mechanisms that link the
accumulation of OxLDL to the development of AMD are poorly understood. Recent studies in cultured
human RPE cells suggest that OxLDL-induced cytotoxicity is mediated by binding through the CD36
cellular scavenger receptor and the activation of the NLRP3 inflammasome [14]. In agreement with this
and other studies [15], we confirmed that ARPE-19 cells internalize OxLDL and that CD36 is a major
contributor to the cellular uptake of OxLDL. Following pretreatment of the cells with the CD36-specific
irreversible inhibitor sulfo-N-succinimidyl oleate (SSO) [16], we observed a drastic decrease in OxLDL
uptake as measured by confocal microscopy imaging analysis (please see Appendix A Figure A1) and
quantitative flow cytometry (data not shown). To allow for the detection of a robust and early gene
expression response without significant cytotoxicity, we tested various exposure times and OxLDL
concentrations. We established that 2- and 4-h treatment of ARPE-19 cells with 100 µg/mL of OxLDL
had no detectable cytotoxicity as measured by the LDH cytotoxicity assay (Appendix A Figure A2),
and this dose was selected for subsequent transcriptomics analyses.

Cell treatment with 100 µg/mL of OxLDL for 2 and 4 h generated a reproducible and robust
gene expression response. To determine the specificity of the OxLDL-triggered gene expression
changes, cells were also treated for 4 h with 100 µg/mL of LDL, the non-oxidized form of OxLDL.
The microarray data showed a marked difference in gene expression profiles between the LDL and
OxLDL treatment (Figure 1a; see also Supplementary Table). The 4-h OxLDL treatment caused the
highest number of differentially expressed genes: 443 genes were differentially expressed as compared
to controls, whereas the LDL treatment caused expression changes in 38 genes (fold change ≥ 1.5,
FDR < 5%). Only eight genes were commonly up- or down-regulated between the two treatment
groups (Figure 1a). The OxLDL-induced alteration in gene expression was time-dependent, with an
increase in the number of differentially expressed transcripts at 4 h (Figure 1a). Interestingly, the data
showed that in response to 4-h OxLDL treatment, the highest number of differentially expressed genes
were down-regulated (Figure 1b); however, the transcripts with the largest magnitude in expression
change were up-regulated genes (Figure 2a). A heat map generated for the differentially expressed
genes (fold change ≥ 2.0, FDR < 5%) provides an overall view of the effects of the different treatments
(Figure 2b). From this analysis, it is evident that: (i) OxLDL triggered a much stronger transcriptomics
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response than LDL; and (ii) the OxLDL effects were time-dependent and much more pronounced after
the 4-h treatment.
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Figure 1. Overall gene expression changes induced by oxidized low-density lipoproteins (OxLDL) or 
LDL treatment in ARPE-19 cells. (a) Total number of treatment-specific and common genes 
differentially expressed following exposure of the cells to OxLDL (2 and 4 h) and LDL (4 h) (fold 
change ≥ 1.5, FDR < 5%). (b) Number of significantly up- and down-regulated genes following 
exposure to OxLDL (2 and 4 h) and LDL (4 h) (fold change ≥ 1.5, FDR < 5%). 

 
Figure 2. Analysis of differential gene expression in ARPE-19 cells following OxLDL or LDL 
treatment. (a) Scatter plot of the mean expression fold change versus significance following 4-h 
treatment with OxLDL. The horizontal dashed line represents the threshold limits for statistical 
significance (q = 0.05); the vertical dashed lines represent fold change threshold limits (≥ ±1.5). Down-
regulated genes are on the left; up-regulated genes are on the right. Genes with the highest magnitude 
of expression change are labeled (see text and Table 1 for details). (b) Heat map showing time-
dependent gene expression patterns following treatment with OxLDL (2 and 4 h) or LDL (4 h). Results 
for a subset of high-significance genes are shown. Red color represents up-regulation and blue color 
represents down-regulation. Intensities of the bars indicate the degree of expression change. 

Due to its higher significance, both in scope and magnitude, we performed functional and 
pathway analyses on the set of 4-h OxLDL-induced transcripts. These analyses, performed with 
DAVID and STRING bioinformatics tools, unveiled functional clusters and interaction networks 
involved in various cellular functions (Figure 3). Among the major biological themes, analysis of the 
down-regulated transcripts identified functional clusters relevant to lipid biosynthesis and circadian 
rhythm regulation. Analysis of the up-regulated gene transcripts revealed a group of genes relevant 
to antioxidative stress response. Ingenuity pathway analysis (IPA) of this group of up-regulated 
genes identified the nuclear factor erythroid 2–related factor 2 (NRF2) transcription factor as the main 
regulatory element of the antioxidant response (Figure 4). 

Figure 1. Overall gene expression changes induced by oxidized low-density lipoproteins (OxLDL) or
LDL treatment in ARPE-19 cells. (a) Total number of treatment-specific and common genes differentially
expressed following exposure of the cells to OxLDL (2 and 4 h) and LDL (4 h) (fold change ≥ 1.5,
FDR < 5%). (b) Number of significantly up- and down-regulated genes following exposure to OxLDL
(2 and 4 h) and LDL (4 h) (fold change ≥ 1.5, FDR < 5%).
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Figure 2. Analysis of differential gene expression in ARPE-19 cells following OxLDL or LDL treatment.
(a) Scatter plot of the mean expression fold change versus significance following 4-h treatment with
OxLDL. The horizontal dashed line represents the threshold limits for statistical significance (q = 0.05);
the vertical dashed lines represent fold change threshold limits (≥ ±1.5). Down-regulated genes are
on the left; up-regulated genes are on the right. Genes with the highest magnitude of expression
change are labeled (see text and Table 1 for details). (b) Heat map showing time-dependent gene
expression patterns following treatment with OxLDL (2 and 4 h) or LDL (4 h). Results for a subset
of high-significance genes are shown. Red color represents up-regulation and blue color represents
down-regulation. Intensities of the bars indicate the degree of expression change.

Due to its higher significance, both in scope and magnitude, we performed functional and pathway
analyses on the set of 4-h OxLDL-induced transcripts. These analyses, performed with DAVID and
STRING bioinformatics tools, unveiled functional clusters and interaction networks involved in various
cellular functions (Figure 3). Among the major biological themes, analysis of the down-regulated
transcripts identified functional clusters relevant to lipid biosynthesis and circadian rhythm regulation.
Analysis of the up-regulated gene transcripts revealed a group of genes relevant to antioxidative stress
response. Ingenuity pathway analysis (IPA) of this group of up-regulated genes identified the nuclear
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factor erythroid 2–related factor 2 (NRF2) transcription factor as the main regulatory element of the
antioxidant response (Figure 4).
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Figure 4. NRF2-controlled pathway up-regulated by OxLDL exposure (4 h). High-significance 
canonical pathway as revealed by ingenuity pathway analysis; differentially expressed genes from 
our dataset are indicated with a purple outline. 

Figure 3. Functional analysis for differentially expressed genes after 4-h OxLDL treatment. Selected
functional clustering results by DAVID and STRING. (a) Selected functional clustering results by DAVID.
Gray bars: biological processes down-regulated by OxLDL; red bars: processes up-regulated by OxLDL.
Molecular networks and pathways. (b) STRING gene interaction network. Selected, significantly
enriched biological processes are highlighted with colored circles. (c) STRING gene interaction network
encompassing members of NRF2-controlled oxidative stress response.
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Gene expression changes of selected high-significance differentially expressed genes from the
identified functional clusters/networks from DAVID and STRING analyses at 4-h OxLDL treatment, and
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the corresponding changes observed at 2-h OxLDL treatment are shown in Table 1. Gene expression
results observed for the 4-h LDL treatment are summarized in Table 2. Taken together, the data shown in
Tables 1 and 2 demonstrate the time dependency and treatment selectivity of the transcriptomic response.

Table 1. Time-dependent expression changes for selected high-significance genes following
OxLDL treatment.

Gene 2-h OxLDL/Con 1,2 4-h OxLDL/Con

Response to oxidative stress

HMOX1 129.6 624.7
SLC7A11 6.1 36.0
TRIM16L 3.3 17.6

GCLM 3.1 9.6
GCLC - 3.5
NQO1 1.7 3.4

AKR1C3 1.4 6.5
CYP1A1 - 2.4
SQSTM1 1.4 1.8

FTL 1.2 1.8
CAT 1.4 1.6
GSR - 1.7

TXNRD1 1.2 1.8
EPHX1 - 2.8

Lipid metabolism

ABCA1 - 2.0
ACACA −1.3 −2.5
FASN −1.4 −2.7
IDI1 −1.3 −2.8

SQLE −1.4 −3.2
INSIG1 −1.7 −4.7

HMGCS1 −1.8 −10.2
HMGCR −2.6 −12.6
HSD17B7 −1.4 −2.5

MVK −1.4 −2.6
SC5D −1.4 −2.1

NSDHL −1.4 −2.0
MVD - −2.0
LDLR −2.0 −12.7

Circadian rhythm

PPARGC1A 1.6 2.2
PHLPP1 −1.2 −2.0
NRIP1 −1.4 −2.2
KLF9 −1.4 −2.5
ETS1 −1.6 −2.7
ID1 - −2.8

KLF10 - −3.7
EGR1 −1.9 −7.9
PER1 - −1.8

BHLHE40 −1.8 −12.5
NR1D1 - −1.6

1 OxLDL/Con: oxidized LDL/vehicle control. 2 Dashes indicate gene expression did not significantly change at the
specified time point.
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Table 2. Changes in gene expression following LDL treatment.

Gene 4-h LDL/Con 1

Response to oxidative stress

HMOX1 3.2
GCLM 1.6

Lipid metabolism

HMGCS1 −2.0
HMGCR −2.1

LDLR −1.7

Other

PORCN 2.3
EHD3 2.0

NUDT6 −2.2
1 LDL/Con: LDL/vehicle control.

Finally, to validate the microarray gene expression results, selected transcripts were quantified
by qPCR. The validated transcripts belong to three different functional groups—antioxidative stress
response, lipid metabolism and circadian rhythm processes. The qPCR results (Table 3 and Appendix A
Figure A3) were overall consistent with the microarray data.

Table 3. Validation of expression changes for selected genes by qPCR.

Gene 2-h OxLDL/Con 1 4-h OxLDL/Con 1 4-h LDL/Con 1

HMOX1 34.3 *** 175.7 *** 11.9 ***
GCLM 4.4 *** 12.6 *** 1.8 **
NQO1 2.0 *** 6.8 *** 1.1

HMGCR −2.3 *** −7.9 *** −5.1 ***
ABCA1 1.3 *** 2.1 *** 1.9 ***
LDLR −1.2 * −4.7 *** −5.4 ***
SQLE −1.2 *** −2.3 *** −2.1 ***

BHLHE40 −2.1 * −15.9 *** 1.0 *
PER1 −1.1 *** −3.1 *** 1.2

1 Values represent GAPDH-adjusted fold changes (2−∆∆Ct); * p < 0.05; ** p < 0.01; *** p < 0.001 (n = 6).

3. Discussion

3.1. OxLDL and Antioxidative Stress Response

Age-related macular degeneration (AMD) manifests with the formation of drusen, originating
from cellular and inflammatory debris that accumulates between the RPE and the Bruch’s membrane.
Impairment of the innate immune response, high-fat/cholesterol diet and oxidative stress play a role in
the onset and development of AMD. The retina is very vulnerable to oxidative stress: it has a high
metabolic rate, high oxygen tension, high content of polyunsaturated fatty acids (PUFAs), presence
of retinal pigments and exposure to light. All these factors contribute to the presence of a highly
oxidative cellular and tissue milieu in which DNA, lipids and proteins become oxidized. The molecular
and cellular mechanisms that lead from oxidative stress to cell dysfunction, cell death and tissue
damage are poorly understood. To date, the strongest epidemiological evidence indicates two main
risk factors for AMD: (i) genetic polymorphism in genes involved in complement regulation and
(ii) environmental factors, i.e., cigarette smoking. Oxidative stress, specifically protein oxidation
and its deleterious consequences on cell viability, is sufficient to mechanistically account for both
observations. Weismann et al. demonstrated this clearly by showing a mechanistic link between CFH
(complement factor H) polymorphism, the highest genetic risk for developing AMD, and oxidative
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stress-induced protein modifications [17]. To counter the damaging effects of protein oxidation,
the RPE has developed numerous antioxidant protective mechanisms. One central component of
the protective network is the transcription factor nuclear factor erythroid-2 related factor 2 (NRF2),
which induces the expression of various detoxifying enzymes including enzymes of the glutathione
redox system, catalases (CAT), superoxide dismutases (SOD) and aldehyde dehydrogenases (ALDH).
The NRF2-mediated transcription regulation is a well-characterized antioxidative response mechanism
which involves, in the presence of intracellular reactive oxygen species (ROS), the release of the inactive
NRF2 protein from its interaction with Kelch-like ECH-associated protein 1 (KEAP1), translocation
to the nucleus and dimerization with MAF proteins, binding to the antioxidant response elements
(ARE) located in the promoter region of target genes (Figure 5) and initiation of transcription [18].
One of the target genes known to be up-regulated by the activation of NRF2 during the acute phase
of an antioxidative response is heme oxygenase 1 (HMOX1). Kronke et al. showed that the increase
in protein levels of HMOX1 in human umbilical vein endothelial cells following treatment with
oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine (OxPAPC), a component of
OxLDL, in addition to NRF2 transcription activation, involves the activation of the cAMP-responsive
element-binding protein (CREB) through a signaling cascade that includes the mitogen-activated protein
kinase p38 and ERK [19]. These findings suggest that cellular antioxidative stress responses to oxidized
phospholipids require the activation of multiple signaling cascade pathways that lead to a strong
up-regulation of HMOX1. In agreement with these studies, functional analyses of our transcriptomics
data clustered several of the most up-regulated genes around NRF2 (Figures 3 and 4). Within this
cluster of up-regulated transcripts, HMOX1 had the highest up-regulation at 2- and 4-h OxLDL
treatment (>129- and 620-fold increase, respectively; Table 1) in the entire dataset. The HMOX1 protein
(also termed HO-1) catalyzes the breakdown of heme into biliverdin, iron and carbon monoxide [20].
It is up-regulated in chronic and acute inflammation [21,22] and it has antioxidative stress and
anti-inflammatory properties [23–26]. Interestingly, polymorphism of the HMOX1 gene, which results
in an aspartic acid to histidine substitution at position 7 in the protein, has been shown to be associated
with increased susceptibility to dry AMD [27]. In addition to HMOX1, treatment of ARPE-19 cells with
OxLDL also induced a strong NRF2-dependent up-regulation of other gene transcripts whose protein
products have antioxidative enzymatic activity including: GCLM (glutamate-cysteine ligase modifier
subunit), NQO1 (NAD(P)H dehydrogenase [quinone] 1), GSR (glutathione-disulfide reductase), GCLC
(glutamate-cysteine ligase catalytic subunit), CAT (catalase), TXNRD1 (thioredoxin reductase 1) and
FTL (ferritin light chain).

3.2. OxLDL and Circadian Rhythms

The photoreceptors shed their outer segment (POS) tips daily through cellular processes dependent
on light conditions [28]. The RPE plays a critical role in removing the aged POS tips through
phagocytosis, a process synchronized with POS shedding and controlled by circadian rhythm
mechanisms [29,30]. In fact, there is a strong link between ocular physiology and circadian rhythm
with the circadian rhythmicity of the RPE playing a critical role for the support of the photoreceptors
and retinal function in all vertebrate animals, including humans [31,32]. Phagocytosis in the RPE is
known to increase ROS production, which can alter the renewal process such as delayed termination of
shedding or defects in RPE digestion and can cause accumulation of lipofuscin [33]. The accumulation
of lipofuscin is one of the major risk factors associated with macular degeneration [34,35]. However,
the mechanistic links between phagocytosis of POS, accumulation of ROS and lipofuscin, dysfunction
of the circadian rhythm and AMD onset and development are poorly understood [36]. Various
studies have shown that disruption of circadian rhythm promotes inflammation in mice as well
as in humans [37–39], and disruption of circadian rhythmicity in the retina results in increased
retinal inflammation in a diabetic mouse model [40]. Moreover, mice treated with dexamethasone
and triamcinolone acetonide, powerful anti-inflammatory agents, exhibited up-regulation of genes
involved in circadian rhythm regulation one week after treatment [41].
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Our studies with OxLDL, a strong pro-inflammatory agent, uncovered a novel regulated gene
pathway, which involves gene transcripts known to participate in circadian rhythm mechanisms
(Tables 1 and 3). We identified several circadian rhythm-associated transcripts that were
significantly down-regulated in the 4-h treatment group, indicating a time-dependent response.
The most down-regulated gene in this group was the class E basic helix-loop-helix protein 40
(BHLHE40), a transcription repressor involved in the regulation of the circadian rhythm [42].
Other significantly down-regulated transcripts included the nuclear receptor subfamily 1 group
D (NR1D1), another transcription repressor that regulates circadian rhythm in a heme-dependent
manner [43]. Other down-regulated genes implicated in circadian rhythm regulation were KLF9 and
KLF10 (kruppel-like factor 9 and 10) [44,45] and ID1 (DNA-binding protein inhibitor ID1) [46,47]. KLF9
is a circadian transcription factor that regulates cell proliferation. KLF10 is a transcriptional repressor
that binds to the GC box sequence in the promoter sequence of ARNTL and represses its transcriptional
activity. ID1 regulates the circadian clock by repressing the transcriptional activator activity of
the CLOCK/ARNTL heterodimer. Further, as a result of the 4-h OxLDL treatment, we observed a
down-regulation (1.8-fold decrease, FDR 0.1) of the period circadian protein homolog 1 transcript
(PER1), a core component of the circadian clock [48].

The mammalian cellular circadian molecular system consists of core clock genes Period (PER) 1
and PER2, cryptochrome (CRY) 1 and CRY2, CLOCK and ARNTL or BMAL1 (Aryl hydrocarbon receptor
nuclear translocator like) genes [49], and numerous transcription regulators. CLOCK and BMAL1 form
the core transactivating components, i.e., the positive components of the feedback loop, and PER and
CRY form the transinhibitory components, i.e., the negative components [50]. These genes generate a
circadian rhythm through coupled transcription/translocation feedback loops [41].
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Figure 5. Main gene pathways affected by OxLDL. (a) Under normal physiological conditions (top half),
NRF2 is part of a multi-protein complex, which is degraded by the proteasome. During OxLDL-mediated
oxidative stress (bottom half), this multi-protein complex is disrupted and NRF2 migrates to the nucleus
where it activates antioxidant genes by binding to ARE sequences. (b) In homeostatic conditions
(top half), the CLOCK-BMAL1 complex binds the E-BOX regulatory sequence and activates genes
involved in the daily processing of POS. OxLDL accumulation in the RPE cytoplasm (bottom half)
promotes the migration of the AhR transcription factor to the nucleus where it promotes the expression
of detoxifying enzymes, e.g., CYP1A1. AhR also binds BMAL1, disrupting the CLOCK-BMAL1 complex
and thus inhibiting the essential phagocytic and metabolic clearing processes of the retinal pigment
epithelium (RPE).
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Our results suggest a potential role of OxLDL in the inhibition of RPE phagocytic and metabolic
clearing processes through interference with circadian rhythm-related molecular processes. How the
uptake of OxLDL might interfere with circadian rhythm processes remains to be further investigated.
Nevertheless, based on our data and the published literature, we propose a molecular mechanism that
could explain the observed down-regulation of circadian rhythm transcripts by OxLDL, which involves
the activation of the aryl hydrocarbon receptor (AhR) by oxidized lipid or protein components of
OxLDL (Figure 5). Activation of AhR can induce two separate transcription pathways [51]: (i) Activated
AhR binds to ARNT and induces xenobiotic metabolism through binding to dioxin response elements
(DREs) and transcription of genes with detoxifying functions such as cytochrome P450, family 1,
member 1A (CYP1A1). Our data show an up-regulation of CYP1A1. (ii) Activated AhR binds to BMAL1
and prevents its binding to CLOCK, thus inhibiting the formation of the BMAL-CLOCK heterodimer
essential for the transcription of genes needed for POS phagocytosis.

3.3. OxLDL and Autophagy

The 4-h OxLDL treatment induced the up-regulation of the autophagy inducer sequestosome1
(p62/SQSTM1). The p62 gene is one of the most important genes involved in regulating the packing
and transporting of ubiquitinated, misfolded and aggregated proteins for clearance via autophagy in
mammalian cells [52]. Under oxidative stress conditions, induction of the p62 gene is regulated by
NRF2 and contributes to activation of NRF2-controlled target genes through a positive feedback loop
that enhances the cellular antioxidative stress response that includes the degradation and removal
of the NRF2 inhibitor KEAP1 protein via autophagocytic mechanisms [53]. In RPE cells, it has been
shown that p62 plays a central role in improving cellular viability when the proteasomal pathways
are disrupted due to oxidized protein aggregates [54]. Studies in other cell types have shown that
p62/SQSTM1 positively regulates NOD2-induced overexpression of genes related to inflammation
such as tumor necrosis factor alpha (TNF-α) and interleukin-1β (IL-1 β) [55]. Our transcriptomics
studies indicate that OxLDL induces the p62–KEAP1–NRF2 stress response axis in ARPE-19 cells [53]
(Figure 5).

3.4. OxLDL and Lipid Metabolism

The accumulation of lipids and lipid derivatives in the sub-RPE space and the association of genes
involving lipid metabolism such as APOE (apolipoprotein E), CETP (cholesteryl ester transfer protein),
LIPC (hepatic lipase gene) and LPL (lipoprotein lipase) with AMD provide support for the postulated
role lipids play in the pathogenesis of AMD [56–59]. In our study, we found a number of differentially
expressed genes involved in lipid metabolic pathways, with pronounced expression changes observed
after the 4-h OxLDL treatment. This set of highly down-regulated transcripts includes genes involved
in fatty acid synthesis, including fatty acid synthase (FASN) and acetyl-CoA carboxylase 1 (ACACA).
Excess intracellular cholesterol is known to suppress the expression of the low-density lipoprotein
receptor (LDLR) and cholesterol synthesis [60]. In agreement with these findings, our data show that
the treatment with OxLDL, and to a much lower level with LDL, had a major impact on the expression
of genes whose protein products regulate cholesterol metabolism (Tables 1 and 2). Following a 4-h
treatment with OxLDL, the most down-regulated transcript in the entire dataset was LDLR, which
showed a 12-fold decrease in expression as compared to the control. LDLR is a transmembrane receptor
responsible for the uptake of LDL, but not OxLDL. The down-regulation of the LDLR receptor likely
occurs in response to the intracellular release of the OxLDL lipid cargo, which includes cholesterol
and various lipid derivatives. The increase in the intracellular levels of cholesterol triggers signaling
mechanisms that result in the down-regulation of gene transcripts whose protein products are involved
in the uptake of extracellular LDL and the de novo synthesis of cholesterol. In addition to a marked
down-regulation of LDLR, our data show a significant down-regulation of INSIG1, a regulating
protein important for the activation of sterol-regulatory element-binding protein (SREBP) transcription
factors [61]. Furthermore, our set of down-regulated genes includes a number of enzymes from the de
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novo cholesterol biosynthesis pathway, including 3-hydroxy-3-methylglutaryl-CoA (HMGCR)—the
rate-limiting enzyme in this pathway—3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1),
mevalonate kinase (MVK), squalene monooxygenase (SQLE) and others (Table 1). In contrast to the
strong down-regulation of gene transcripts whose protein products regulate cholesterol uptake and
de novo synthesis, our data show a significant up-regulation of ATP binding cassette subfamily A
member 1 (ABCA1), a transporter responsible for efflux of intracellular cholesterol. Taken together,
the early response of ARPE-19 to the OxLDL-associated increase in intracellular sterol levels involves
attenuation of extracellular cholesterol uptake and of intracellular cholesterol synthesis, together with
enhancement of efflux pathways to promote cellular cholesterol release.

4. Materials and Methods

4.1. Cell Culture and RNA Preparation

The immortalized human retinal pigment epithelium cells ARPE-19 were purchased from ATCC
(Manassas, VA, USA) and maintained in DMEM-F12 medium (ATCC, Manassas, VA, USA) containing
2 mM L-glutamine supplemented with 10% fetal bovine serum (ATCC, Manassas, VA, USA) and
100 µg/mL of Primocin antibiotic (Invitrogen, Carlsbad, CA, USA) in a humidified atmosphere with
5% CO2 at 37 ◦C. OxLDL (TBARS: 29–44 nmol MDA/mg) and LDL were obtained from Alfa Aesar
(Tewksbury, MA, USA). Cells (150,000) were seeded on 6-well plates and grown until confluent.
Serum-starved (24 h) ARPE-19 cells were treated with 100 µg/mL of OxLDL and 100 µg/mL of LDL for
2 and 4 h, respectively. All microarray experiments were performed in multiple biological replicates
(n = 6). Total RNA was extracted with the Qiagen RNeasy mini kit after DNAse treatment, and RNA
quality and quantity were validated with the Agilent Bio Analyzer microfluidics chip RNA Nano 6000.
Samples were stored at −80 ◦C until further use.

For the SSO uptake studies, ARPE-19 cells were grown in coverslips and kept on serum-free
medium for 24 h before a one-hour treatment with 100µM of SSO. After the SSO treatment, the cells were
treated with 10 µg/mL of DiI-OxLDL for 5 h. Following removal of excess DiI-OxLDL by consecutive
washes with PBS (3 X), the cells were fixed and mounted on glass slides. Cell images were taken with a
confocal microscopy (Zeiss 710). Image J software was used to quantify cellular fluorescence.

For the cytotoxicity assay, cells were grown in 96-well plates in serum-containing medium.
Before LDL or OxLDL treatment, the cells were grown in serum-free medium for 24 h followed by
addition of OxLDL or LDL (0–800 µg/mL). After 24 h of treatment, 50 µL of the medium was transferred
to a fresh 96-well flat clear-bottom plate for measurement of lactate dehydrogenase (LDH) release with
CytoTox 96® according to the manufacturer’s recommendations. The plate’s absorbance at 490 nm
was measured with the Bio Tek Synergy 2 fluorescence reader. The EC50 value was calculated with
Prism v. 7.0 (GraphPad). All experiments were performed in multiple biological replicates (n = 4).

4.2. Microarray Analysis

RNA samples were analyzed with an Affymetrix Human Clariom S array using Affymetrix WT
Plus Amplification kit according to the manufacturer’s protocols. Arrays were washed and stained
on an Affymetrix Fluidics Station 450 and scanned on an Affymetrix Scanner GCS3000. Data were
normalized using the Affymetrix Expression Console. The differentially expressed gene transcripts
were determined based on fold change and Benjamini–Hochberg adjusted false discovery rate (FDR).
Cutoff values of |fold change| ≥ 1.5 and FDR < 5% were selected.

4.3. qPCR

cDNA was prepared from the isolated mRNA (1 µg) by reverse transcription using random
hexamers and Maxima H Minus reverse transcriptase according to the manufacturer’s recommendations
(ThermoFisher Scientific). Real-time qPCR analyses were performed using gene-specific primers
(Table A1) and Power SYBR™ Green PCR Master Mix (ThermoFisher, Waltham, MA, USA) with a
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StepOnePlus system (ThermoFisher, Waltham, MA, USA). Briefly, the reaction mixture consisted of
10 ng cDNA and 0.6 µM primers in a final volume of 50 µL reaction mixture. Each cycle consisted of a
denaturation step at 95 ◦C for 15 s and annealing and extension steps at 55 ◦C for 1 min for a total
of 40 cycles. A melting curve was generated for each reaction to confirm the absence of non-specific
amplification products. GAPDH was used for normalization. All experiments were performed with a
minimum of 6 replicates.

4.4. Bioinformatics and Statistical Analysis

Microarray data analysis was carried out in Microsoft Excel. The heat map and volcano plot were
generated in GraphPad Prism (v. 7.0) and Microsoft Excel, respectively. For functional annotation,
transcripts that were significantly up- or down-regulated were analyzed with the DAVID [62],
STRING [63] and Ingenuity Pathway Analysis—IPA (QIAGEN Inc., Germantown, TN, USA, https:
//www.qiagenbioinformatics.com/products/ingenuitypathway-analysis) [64] bioinformatics tools. Since
treatment of the ARPE-19 cells by OxLDL for 4 h induced the most pronounced gene expression
changes, both in scope and magnitude, the functional analyses focused on the biological alterations at
this time point. Additional manual inspection of the functional analysis results and searches of the
primary literature were also performed to pinpoint genes that are likely of key mechanistic significance,
and to select candidate genes for qPCR validation. Statistical analysis for comparison of differential
gene expression between OxLDL- or LDL-treated cells and controls was performed with unpaired
Student’s t-test in Microsoft Excel.

5. Conclusions

In the study reported here, we assessed, at the transcriptome level, the early response of
ARPE-19 cells to non-cytotoxic doses of OxLDL. The significant differences observed in the gene
transcription response to OxLDL versus the LDL treatment at 4 h highlight the ability of the RPE
cells to differentiate between LDL and its oxidized forms bearing oxidation-specific epitopes (OSE).
The relatively quick and selective transcriptomics changes, involving various cellular protective
pathways, reflect the homeostatic importance these mechanisms have at minimizing the potentially
devastating effects caused by the intracellular presence of oxidative stress-inducing species. OxLDL
requires transmembrane scavenger receptors for cellular uptake. Depending on the cell type, at least
three different scavenger receptors have been described as capable of binding OxLDL: SRAI/II, Lox1
and CD36 [9]. In the RPE, our data and previous published work [14,15] point to CD36 as playing
a major role in OxLDL uptake. The mechanisms that link the uptake of OxLDL by CD36 and the
subsequent gene expression events are only partially known. In macrophages and platelets, OxLDL
binding to the CD36 extracellular domain triggers the interaction of the CD36 C-terminal intracellular
domain with fyn and lyn src family kinases, which initiate a series of signaling events that lead to foam
cell formation in macrophages and increased reactivity in platelets [65]. In RPE cells, CD36-mediated
uptake of OxLDL has been shown to cause activation of the NLRP3 inflammasome and cell death [14].
A recent study has also shown that OxLDL-mediated cytotoxicity involves the activation of TLR-4
(toll-like receptor-4) signaling pathways [66]. These studies confirm the complexity of the cellular
pathways involved in RPE cells’ response to OxLDL and the need for additional studies to elucidate
such mechanisms. Furthermore, due to the OxLDL heterogeneity reflected in the composition of
its active OSE components, multiple cellular response mechanisms are simultaneously activated,
including NRF2 and AhR transcription-dependent pathways. At the same time, our data suggest that
the non-OSE-containing LDL component of OxLDL induces the expression of genes that mediate the
down-regulation of gene pathways involved in lipid metabolism and lipid synthesis. These results
depict complex cellular and molecular mechanisms, which involve various cellular response pathways
to OxLDL that are only partially overlapping. Ultimately, following the acute response phase,
characterized by the activation of the gene expression pathways described in this report, the long-term
fate of RPE cells exposed to accumulated OxLDL in the retina depends on the chemical nature and
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concentration of specific OSEs that represent the active components of OxLDL, on the duration of
exposure and on the interaction between RPE and other cell types such as microglial cells. Further
understanding of the molecular mechanisms involved and the specific response to selected forms of
OxLDL by the RPE will provide valuable knowledge on the etiopathogenesis of AMD.
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