
Page 1/13

Homocysteine promotes scavenger receptor CD36 mediated oxLDL uptake
eliciting PON2 antioxidant defense response in ARPE-19 and THP-1
macrophage cells
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Abstract

Oxidative stress is the major cause of dysfunctional phagocytic cells such as the macrophages causing atherosclerotic changes in cardiovascular disease
(CVD) and the retinal pigment epithelium (RPE) showing lipofuscin accumulation seen in age-related macular degeneration (AMD). Systemic homocysteine
(Hcy) is associated with CVD and AMD pathology. The study evaluated the prooxidant Hcy on the metabolic activity of ARPE-19 cells and THP-1
macrophage cells in vitro, since localized macrophages are involved in AMD pathology. These cells were exposed to Hcy and homocysteine thiolactone
(HCTL) showed increased oxLDL uptake assessed by �uorimetry along with increased protein expression of oxLDL receptor, CD36 in both the cells. Cellular
Paraoxonase 2 (PON2), an antioxidant was signi�cantly increased in both ARPE-19 and THP-1 macrophages possibly to counteract the intracellular
oxidative stress. The increased PON2 and CD36 expression observed were mediated by the increased SP1 and PPARγ transcription factors, respectively. The
lysosomal activity assessed in terms of cathepsin D expression was signi�cantly increased indicating accumulation of the intracellular oxLDL. Further,
immunohistochemistry revealed relatively higher expression of PON2 and CD36 in the RPE of AMD donor eye sections compared to control, supporting
dysregulated oxLDL metabolism and antioxidant defense by PON2 enzyme observed in vitro. Thus, Hcy increases oxLDL uptake and promotes oxidative
stress that potentially causes RPE dysfunction contributing to AMD pathology, while the cellular PON2 is promoted as an antioxidant response.

Introduction

Oxidized LDL can trigger in�ammation through the activation of macrophages and other cells and has been associated with atherosclerotic plaque
formation in cardiovascular disease [1]. Recently, we had shown that oxLDL promote cytokine release, macrophage in�ltration and pro-angiogenic effect in
ARPE-19 cells [2].

Several prooxidant metabolites are associated with LDL oxidation. Notably, Homocysteine (Hcy) can bring about LDL oxidation through modi�cation in
apolipoprotein B (apoB) of LDL [3].

Hyperhomocysteinemia and elevated levels of oxLDL could be the independent risk factor for cardiovascular diseases [4].

Hcy is a known pro-oxidant present also in vitreous [5] apart from systemic circulation [6]. Excess of Hcy may affect the RPE structure and function that
progress to the development of AMD-like features [7]. Paraoxonase 2 (PON2) is an intracellular antioxidant enzyme induced by ROS [8] that can prevent the
formation of oxLDL [9]. Elevated levels of plasma Hcy as well as homocysteine thiolactone (HCTL), are metabolites associated with the AMD pathology
reported earlier [10–12]. Both oxLDL and Hcy promote reactive oxygen species (ROS) generation that is reduced with N-acetyl cysteine (NAC) treatment [2].

Earlier, we reported on the increased serum oxidized low-density lipoprotein (oxLDL) levels in AMD cases [13]. CD36 is the principal receptor for oxLDL
uptake in macrophages involved in the atherosclerosis development [14], which is also expressed in RPE [15]. RPE dysfunction leads to the pathogenesis of
AMD. Oxidative stress and deranged lipid metabolism in the RPE play a major role in the chronic in�ammatory response in RPE that contributes to AMD
pathogenesis [16–18].

Macrophage dysfunction is key in the pathogenesis of AMD [19]. Both RPE and macrophages are phagocytic cells that are involved in the process of
engul�ng the oxidized photoreceptor outer segments (POS) and apoptotic cells respectively [20]. The oxidized lipids from the POS is internalized by RPE
through CD36 receptor [21] and over a period it leads to the accumulation of lipofuscin causing RPE degeneration [22]. Picard et al reported on the sub-RPE
accumulation of oxLDL along with basement membrane thickening associated with AMD pathology [23]. However, there are limited studies on the role of
oxLDL in AMD pathology.

This study explored how excess Hcy promotes AMD pathology at the level of RPE and tissue macrophages. The effect of the prooxidant on the oxLDL
uptake in ARPE-19 cells as well as THP-1 macrophage cells were evaluated in vitro.

Materials And Methods

ARPE-19 culture:

Adult human Retinal Pigment Epithelial cells, ARPE-19 (ATCC-CRL-2302) was cultured with Dulbecco’s Modi�ed essential medium and F12 (DMEM/F12)
(Sigma-Aldrich, USA) supplemented with 10% Fetal Bovine Serum (FBS) (Gibco, USA), Antibiotic-Antimycotic solution (Gibco, USA) for 3 weeks. After that,
they were subjected to serum starvation for overnight and exposure was given in DMEM/F-12, supplemented with 1% FBS at various time point. Cells were
used between passages 5 and 10.

THP-1 Macrophage culture:

Human monocytic cell line, THP-1 (Riken, Japan) was differentiated into macrophages by 50 ng/ml phorbol 12-myristate-13-acetate (PMA) for 48 hours
under Roswell Park Memorial Institute 1640 (RPMI 1640) medium (Gibco, USA), supplemented with 10% FBS. After 48 hours, they were subjected to serum
starvation for overnight and exposure was given in RPMI 1640, supplemented with 1% FBS at various time point.

LDL isolation by density gradient method:

Low-density Lipoprotein (LDL) was isolated from human plasma by density gradient method using Optiprep (60% Iodixanol solution) (Axis-Shield, Norway)
by the method of Davies et. al [24].

DiI Labelling of LDL, in vitro oxidation and validation:

The LDL was labelled with the �uorescent probe 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate (DiI) (Molecular Probes, USA) as per the
standard protocol [25]. LDL was incubated with DiI (DiI-LDL) at 37ºC for 16 h. Oxidized LDL (oxLDL) and DiI labelled oxLDL (DiI-oxLDL) were generated by
incubating the plasma LDL and DiI-LDL with 10 µM CuCl2 at 37oC for 24 h respectively [26]. The oxidation of LDL was validated by various methods
mentioned earlier [2]. The LDL preparations were stored at 4℃ until use and used within a week of preparation or discarded.

DiI-oxLDL uptake assay by spectro�uorimetry:
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DiI-oxLDL uptake was assessed by incubating DiI-oxLDL with cells cultured in 12 well plate for 2 hours at 37ºC with various concentrations [27]. Speci�city
of uptake was determined with 5 to 10-fold excess of unlabelled oxLDL along with DiI-oxLDL. DiI-oxLDL uptake assay was performed after exposed to
prooxidants for 3 h, ARPE-19 and THP-1 macrophage cells was incubated with 20 µg/mL and 50 µg/mL DiI-oxLDL for 2 h respectively, and the DiI-oxLDL
uptake was measured in the cell lysate by �uorimetry. After incubation, cells were washed twice with 0.4% bovine serum albumin (BSA) in 1X PBS and
washed thrice with 1X PBS and incubated the cells with 500 µl of lysis buffer (0.1% SDS, 0.1 M NaOH) for 30 min at room temperature (RT). Fluorescence
was measured from the cell lysate on black microtiter plate in Spectramax (Molecular Devices, CA, USA) with excitation and emission set at 520 and 580
nm respectively. Cellular protein was determined by the Bradford method. DiI-oxLDL uptake was normalised to cellular protein [28].

DiI-oxLDL uptake study by �uorescent microscopy

The cells were seeded onto round coverslip in 24 well cell culture plate. DiI-oxLDL uptake assay was performed for 2 h in ARPE-19 and THP-1 macrophage
cells with DiI-oxLDL (10 µg/mL) after exposed to prooxidants for 3 h. After DiI-oxLDL incubation, the cells were washed with 1X PBS for three times with
shaking. Then the cells were �xed with 4% paraformaldehyde for 20 min at RT. After that, the cells were washed with 1X PBS for three times. The cell nuclei
were stained with Hoechst stain (Sigma-Aldrich, USA) for �ve min and mounted using anti-fade mounting medium (Life Technologies, USA). The cells were
observed under Axio Observer Z.1 microscope (Carl Zeiss, Germany). Intensity of the �uorescence was assessed using Image-J software (NIH, Bethesda,
USA).

Gene expressions by Real-Time PCR:

The RNA was isolated from the experimentally treated cells by TRI reagent (Favorgen Biotech Corp, Taiwan) and the cDNA conversion was performed by
iScript cDNA synthesis kit (Bio-Rad, USA). The cDNA was used to determine the gene expressions of PON2, CD36, SP1 and PPARγ by Real-Time Polymerase
Chain Reaction (qPCR), which was performed with the CFX96 Touch Real-Time detection system (Bio-Rad, USA) by SYBR Green chemistry (Bio-Rad, USA).
The qPCR conditions were 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C for 15 s and 72°C for 20 s. The comparative 2(−∆∆Ct) method was
used to analyse the results of the genes of interest relative to internal control gene (18S rRNA) [29]. The primer sequences were given in the Supplementary
File 1 (Table S1).

Protein expression by western blot:

The cell lysate was prepared with lysis buffer and the total protein estimation was measured using Pierce BCA protein assay kit (ThermoFisher Scienti�c,
USA) as per the manufacturer’s instructions. The protein resolved in 10% SDS-PAGE was transferred onto Hybond-P PVDF membrane (Amersham
Pharmacia Biotech, UK), blocked with 5% BSA and probed with 1: 2000 dilutions of primary antibodies for Cathepsin D (Cell Signaling Technology, USA),
PON2, and CD36 (Santa Cruz Biotechnology, USA). Then the blot was probed with 1:20000 dilutions of corresponding HRP-conjugated secondary antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) and developed with Clarity™ Western ECL Substrate (Bio-Rad, USA) and the image was captured using
FlourChem FC3 gel documentation system (Protein Simple, California, USA). β-actin was used as loading control. The loading control protein (β-actin) was
reprobed with the same blot after performing the stripping protocol by immersing the blot with stripping buffer (62.5 mM Tris HCl, pH 6.8, 2% SDS, 0.8% β-
mercaptoethanol) for 15 min at RT and then washed thoroughly with PBST twice for 10 min to ensure no traces of β-mercaptoethanol left on the membrane;
�nally two more washes with 1X PBS. The intensity of the bands was assessed using ImageJ software (NIH, Bethesda, USA) and normalized to β-actin.

Culturing of senescent ARPE-19 cells:

The ARPE-19 cells was converted to prematurely senescent cells by repetitive oxidative stress as previously described [30]. Con�uent ARPE-19 cells grown in
T25 cell culture �asks were treated daily with 6mM tert-Butyl hydroperoxide (tBHP) for 1 h at 37°C. After stress, the cells were washed twice with 1X PBS and
allowed to recover in complete culture medium for 24 h. The procedure of tBHP treatment was repeated for 5 consecutive days. After the last tBHP
treatment, the cells were allowed to recover for 3 days before we conducted further experiments. The cells were then trypsinized and replated at various
densities, depending on the experiments.

Analysis of senescence-associated β-galactosidase activity in ARPE-19:

The senescent cells shown to have β-galactosidase activity, which was detectable at pH 6.0, termed as senescent-associated β-galactosidase activity (SA-
βgal). This activity was distinct from the acidic β-galactosidase activity (lysosomal) detectable at pH 4.0, present in all cells. The SA-βgal activity was
determined by using the chromogenic substrate 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside (X-gal), which yields an insoluble blue compound when
cleaved by β-galactosidase in senescent cells at pH 6.0. The SA-βgal activity was strongly associated with senescent cells alone, since it was not detectable
in quiescent cells or terminally differentiated cells [31]. After exposure, the culture medium was removed and washed the cells with 1X PBS twice. The
senescent ARPE-19 cells (sARPE-19) were �xed with X-gal �x buffer (5 mM EGTA, 2 mM MgCl2, 0.2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.3) for
15 min at RT. After �xation, the cells were washed with X-gal wash buffer (2 mM MgCl2 in 0.1 M phosphate buffer, pH 7.3) twice for 5 min each. Then the
cells were incubated with X-gal staining buffer (2 mM MgCl2, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 1 mg/mL X-gal in 0.1 M
phosphate buffer, pH 7.3) in 37°C for 12–16 h. After staining, the cells were washed with 1X PBS twice and took images under bright �eld through Nikon
Eclipse Ts2 microscope (Nikon Instruments Inc., USA) at 20X magni�cation.

Immuno�uorescence based detection of PON2 and CD36 in RPE of AMD and Control donor eye tissues:

The donor eyeballs were obtained from the CU Shah Eye Bank, Medical Research foundation, Chennai. Depara�nization of wax-embedded tissue sections
were done using stored blocks of AMD and Control Donor eye using xylene for 10 min (twice) and hydrated with 100% ethanol for 4 min (twice), followed by
95%, 80%, 70%, and 60%, ethanol treatment for 4 min each. Finally, the tissue sections were rinsed with distilled water. Tissue sections were used for
Haematoxylin and Eosin (H & E) staining and observed under bright �eld microscope to assess the histology characteristic of control and AMD. The
remaining sections were used for the immuno�uorescence studies. Antigen retrieval was performed by incubating the tissue sections with 0.05% Trypsin
solution at 37°C for 30 min. The tissue sections were washed with 1X PBS twice and blocked with 1% BSA in PBS for 30 min at RT. Subsequently, the tissue
sections were incubated with primary PON2 and CD36 antibodies at 4°C for overnight in a moisture chamber to avoid evaporation. The tissue sections were
washed with 1X PBST (1X PBS with 0.1% Tween-20) twice and incubated with �uorescein isothiocyanate (FITC)-conjugated secondary antibody (Life
Technologies, USA) for 1 h 30 min in the dark at RT, counterstained with Hoechst stain and mounted using 50% glycerol in PBS. The tissue sections were
observed under �uorescence microscope (Life Technologies, USA). AMD eye was identi�ed by the pathologist based on the drusens and degenerative RPE
compared to the control eye in the H & E-stained sections of the donor eyes.
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Statistical analysis:

All data were expressed as Mean ± SEM of three independent experiments done not less than triplicate unless indicated. Statistical signi�cance was
assessed by Student’s t-test. p < 0.05 was considered as statistically signi�cant.

Results

Homocysteine as prooxidant promotes oxLDL uptake in ARPE-19 and THP-1 Macrophages:

In order to �nd if Hcy in�uences lipofuscin formation through oxLDL uptake by RPE and by tissue macrophages, labelled oxLDL uptake was studied in the
presence of Hcy in ARPE-19 cells and in THP-1 macrophage cells in vitro.

As DiI-oxLDL uptake measured by spectro�uorimetry showed a dose-dependent increase in ARPE-19 and THP-1 macrophages. Speci�city of uptake was
determined with a 5 to 10-fold excess of unlabelled oxLDL, which shows a fall in the labelled uptake, compared to DiI labelled alone (Fig. S1a and S1b).
There was a time-dependent increase in DiI-oxLDL uptake observed in ARPE-19 and THP-1 macrophages (Fig. S1c and S1d).

The oxLDL uptake was signi�cantly increased on treatment with Hcy, HCTL (p < 0.05), hydrogen peroxide (H2O2) (p < 0.01) in both ARPE-19 and THP-1
macrophage cells. The NAC treatment signi�cantly reduced the DiI-oxLDL uptake induced by H2O2 condition in both ARPE-19 (p < 0.05) and THP-1
macrophages (p < 0.001) (Fig. 1a and 1b).

In addition, immuno�uorescence images also revealed that oxLDL uptake was signi�cantly increased in the cells exposed to the prooxidant conditions in
both ARPE-19 and THP-1 macrophage cells (p < 0.05). The NAC treatment signi�cantly reduced the DiI-oxLDL uptake induced by H2O2 condition in both
ARPE-19 and THP-1 macrophages (p < 0.05) (Fig. 2). This con�rms that increased oxLDL uptake is promoted by the prooxidants such as Hcy in the cells
studied.

Homocysteine promotes scavenger receptor expression in ARPE-19 and THP-1 macrophages:

Scavenger receptor CD36 is responsible for the oxLDL uptake in both RPE and macrophage cells. Since oxLDL uptake was increased under prooxidant
conditions, CD36 protein expression was studied in ARPE-19 and THP-1 macrophage cells under prooxidant conditions. CD36 protein expression was
signi�cantly increased under all the prooxidant conditions at all the time point in ARPE-19 cells (Fig. 3a). A signi�cant increase in oxLDL uptake was
observed within 3 hours, and the overall CD36 protein expression was increased under prooxidants conditions at all the time points in THP-1 macrophage
cells (Fig. 3b). 3 hour seems to be suitable for the macrophage.

Regulation of CD36 expression by PPARγ under prooxidant insults:

The transcription factor, peroxisome proliferator-activated receptor gamma (PPARγ) is involved in modulating the CD36 gene expression. Hence, the CD36
and PPARγ gene expression was studied under prooxidants conditions in ARPE-19 and THP-1 macrophage cells. PPARγ gene expression was found to be
increased at 3 h exposure and showed a decreased trend over time in ARPE-19 cells (Fig. 4a). However, PPARγ gene expression was increased with exposure
time in THP-1 macrophage cells unlike an early response in 3 h as seen in ARPE-19 cells (Fig. 4b).

Homocysteine promotes PON2 expression in ARPE-19 and THP-1 macrophages:

As oxLDL uptake is increased under the oxidative stress conditions, PON2 protein expression was studied as it prevents oxidation and promotes LDL
regeneration. PON2 protein expression was signi�cantly increased under all prooxidants at all the time points. NAC pre-treatment to H2O2 treated cells at 24
hours in both ARPE-19 and THP-1 macrophage cells did not improve PON expression but was signi�cantly reduced compared to H2O2 alone treated cells
indicating ROS induced PON2 expression (Fig. 5).

Regulation of PON2 expression by SP1 under prooxidant insults:

SP1 is one of the key transcription factors regulating PON2 expression in ARPE-19 cells as reported in our earlier study in ARPE-19 under oxidative stress
condition. Hence, SP1 gene expression was studied under these prooxidant conditions in ARPE-19 and THP-1 macrophage cells. SP1 gene expression was
signi�cantly increased under the prooxidant conditions in ARPE-19 cells and THP-1 macrophage cells. SP1 gene expression was signi�cantly increased with
oxLDL treatment at all the time points studied and increased expression was seen with Hcy and HCTL treatment as well (Fig. 6).

Effect of prooxidants on Cathepsin D expression in ARPE-19 and THP-1 macrophages:

As oxLDL uptake increased in ARPE-19 and THP-1 macrophages under prooxidants conditions, the lysosomal activity of ARPE-19 and THP-1 macrophage
cells under prooxidant conditions were studied in terms of cathepsin D protein expression by western blot. The cathepsin D protein expression was found to
be higher at 3 h and 24 h exposure in ARPE-19 cells on exposure to the prooxidant metabolites. At 72 h exposure, cathepsin D protein expression was
increased under oxLDL exposure but decreased under Hcy, HCTL and H2O2 exposure (Fig. 7a). In THP-1 macrophages, there was initial drop in cathepsin D
expression at 3 h exposure which was increased at 24 h and 72 h (Fig. 7b).

Role of PON2 and scavenger receptor in oxLDL uptake in senescent ARPE-19:

In order to relate more closely to the RPE in AMD pathology, the ARPE-19 cells were subjected to senescence by tBHP treatment. Senescence was proven by
SA-βgal activity (Fig. 8a). Like ARPE-19, the DiI-oxLDL uptake was signi�cantly increased under oxidative stress conditions in sARPE-19 (Fig. 8b). The PON2
protein expression in sARPE-19 was signi�cantly increased with prooxidant treatments. NAC treatment did not abrogate the H2O2 induced PON2 similar to
the 72 h treatment in normal ARPE-19 cells as shown in Fig. 5. The CD36 protein expression was signi�cantly increased under the oxidative stress
conditions, and it was further increased under NAC treatment. The cathepsin D protein expression was signi�cantly reduced under the oxidative stress
conditions, and it was reversed by the NAC treatment (Fig. 8c).
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PON2 and CD36 expression in RPE of AMD and Control eye tissues:

To further infer, we analysed the PON2 and CD36 expression in RPE of AMD and control donor eye tissues which is devoid of AMD related changes such as
absence of drusen and RPE alterations. The PON2 and CD36 expression were found to be higher in the RPE of AMD eye tissues compared to control (Fig. 9).

Discussion

Evidence from various studies suggests that RPE cells are prone to oxidative stress [32]. The oxLDL is a trigger for early events in the pathogenesis of AMD,
since the metabolism of oxLDL and ROS generation can promote RPE dysfunction and augmented apoptosis [33]. Serum LDL and oxLDL readily enters the
retina through the choriocapillaries via RPE [34]. ApoB, a major protein in the LDL and oxLDL molecules are reportedly present in the cholesterol-containing
drusen and the basal deposits in human eyes with AMD [35]. Hcy mediated accumulation of cholesterol in THP-1 macrophages has been shown [36, 37].
However, the accumulation of oxLDL mediated by Hcy warrants more studies. Macrophages and RPE interactions are reported to be associated with AMD
pathology [38, 39]. Though, plasma Hcy association with AMD pathology is reported [40–42] the cellular pathology triggered by Hcy at the level of RPE is
incompletely understood.

This study therefore focussed on the localized effects of these systemic prooxidants namely Hcy and oxLDL associated with AMD pathology that were
evaluated in both ARPE-19 as well as in THP-1 macrophage cells in vitro. An augmented oxLDL uptake by ARPE-19 cells and THP-1 macrophages were
observed in cells exposed to Hcy and its thiolactone form along with increased expression of CD36 and PPARγ in both the cells. The CD36 receptor is the
principal receptor, responsible for oxLDL uptake and plays an important role in the clearance of oxLDL in ARPE-19 cells [23]. The CD36 transcription and
oxLDL uptake could be induced by the activation of PPARγ [43]. Thus, this study reveals that Hcy induces oxLDL uptake that promotes cellular stress. The
cellular response in ARPE-19 cells due to Hcy and oxLDL promoting in�ammation and chemotaxis of macrophage cells was earlier reported by us [2].
Malfunction of choroidal macrophages and RPE leads to incomplete removal of debris from sub-RPE and transported to the choroid that results in the
development of drusen and basal laminar deposits [19]. Further, there is oxidative stress response in RPE with the increased phagocytic and metabolic
activity [44].

PON, an antioxidant enzyme (PON1 and PON3) prevents oxidation of LDL at systemic level [45]. Elevated protein levels and PON activity is reported by us in
AMD [13] and at cellular level (PON2) [9]. As the oxidative stress potentially increases in response to Hcy and HCTL mediated accumulation of oxLDL, the
antioxidant PON2 protein expression was evaluated in ARPE-19 and THP-1 macrophages that showed an increased expression, mediated by increased SP1
transcription factor. This is suggestive of a defense mechanism that seems to set in to metabolise the oxLDL and counteract the intracellular oxidative
stress. We earlier reported on such a defense in chlorpyrifos induced oxidative stress in ARPE-19 cells in vitro, wherein such an increase in PON enzyme
activities and PON2 expression was observed mediated by SP1 transcription factor [8]. There are other similar reports as well [9, 46].

As there is increased oxLDL uptake, accumulation of oxidized cholesteryl esters in lysosomes can occur [47, 48]. Hence, the lysosomal activity in terms of
cathepsin D expression in ARPE-19 and THP-1 macrophages was studied. In ARPE-19 cells, the cathepsin D protein expression was signi�cantly increased
under oxidative stress. The oxLDL promoted the cathepsin D expression in ARPE-19 cells. The oxidized lipids generated by the prooxidants are known to
induce RPE and macrophage degeneration under chronic conditions due to lysosomal destabilization [49], apart from in�ammation and apoptosis were
reported [2]. In THP-1 macrophage cells, there was initial drop in cathepsin D expression at short exposure (3 h) but the expression increased with time in
vitro (24 and 72 h). Previous reports suggest that uptake of oxLDL in macrophage results in partial lysosomal enzyme inactivation and relocation to the
cytosol contributing to poor degradation activity of lysosomes [50, 51].

We further evaluated the key observations in the cultured premature senescent ARPE-19 cells (sARPE-19) to relate closely to AMD pathology. The oxLDL
uptake in sARPE-19 was found to be increased under oxidative stress conditions similar to the observation in ARPE-19 cells. The antioxidant response was
signi�cant in terms of PON2 protein expression in sARPE-19 under oxidative stress conditions similar to the observations in ARPE-19 cells. However, unlike
ARPE-19, NAC treatment in sARPE-19 did not alter the oxLDL uptake that was increased by H2O2 treatment. Higher concentration of NAC needs to be
evaluated. A signi�cant increase in CD36 protein expression under the oxidative stress conditions was similar to that of ARPE-19. However, NAC treatment
seems to further augment the CD36 expression in sARPE-19 unlike ARPE-19 that showed no such increase. A signi�cant decrease in the cathepsin D protein
expression in sARPE-19 was seen similar to ARPE-19 cells (72 h) revealing that the lysosomal activity is drastically reduced under prolonged oxidative stress
which improves with the NAC treatment. NAC thus improved the CD36 and cathepsin D expression in the senescence model of ARPE-19 cells exposed to
prooxidant metabolites associated with AMD pathology.

Further, PON2 and CD36 expression were found to be increased in RPE of AMD eye tissues compared to control tissues based on immunolocalization,
which supports the inference from the in vitro data. There are no reports up to our knowledge that have studied about the PON2 and CD36 expression in RPE
of AMD eye tissues. Increased PON2 expression localized to RPE is observed in this study in the AMD eyes for the �rst time and therefore, PON2 might be
considered as disease marker of oxidative stress in AMD, apart from being a systemic marker as reported by us earlier [13]. Prolonged increase in CD36
expression also observed in the AMD eyes results in oxLDL accumulation causes oxidative stress in the RPE cells apart from direct ROS generation by Hcy
as reported in the in vitro studies in ARPE-19 [2]. Antioxidant response in terms of PON expression is observed, while treatment with antioxidants can be
bene�cial in improving the cathepsin D activity and therefore in the rescue of lysosomal activity. Autophagy and proteasomal clearance are thus promoted
by the lysosomal activity of hydrolases including cathepsin D in AMD [52, 53]. Though increased cathepsin D immunoreactivity around drusen was reported
the enzyme activity is crucial [54]. Loss of cathepsin D activity initiated by oxidative stress contributes to accumulation of undegraded substrates,
in�ammasome formation leading to RPE dysfunction apoptosis and AMD pathogenesis [55].

Conclusion

The metabolites Hcy and HCTL as prooxidants induced the oxLDL uptake in both ARPE-19 similar to THP-1 macrophages. The oxLDL uptake was mediated
through scavenger receptor CD36. The antioxidant PON2 expression was increased to counteract the intracellular oxidative stress in ARPE-19 and THP-1
macrophages. CD36 and PON2 expressions were increased in AMD eyes. The lysosomal activity in terms of cathepsin D expression was triggered in ARPE-
19 cells which seems to decrease with time unlike THP-1 macrophage cells which was prominent in the early phase. Similarly, the susceptibility of RPE to
oxLDL accumulation was also observed in senescent ARPE-19 that showed increased CD36 expression but decreased cathepsin D activity indicating RPE
dysfunction, promoting AMD pathogenesis. Thus, this study supports senescent models of ARPE-19 to explore AMD pathogenesis. While PON2 increase is
proposedly a biomarker of AMD pathology, interventions to promote lysosomal activity such as the antioxidants can be bene�cial.

Abbreviations



Page 6/13

AMD, Age-related Macular Degeneration; apoB, Apolipoprotein B; BSA, Bovine Serum Albumin; DiI, 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine
perchlorate; FBS, Fetal Bovine Serum; FITC, Fluorescein isothiocyanate; H & E, Haematoxylin and Eosin; HCTL, Homocysteine thiolactone; Hcy,
Homocysteine; LDL, Low-Density Lipoprotein; NAC, N-acetyl cysteine; oxLDL, oxidized LDL; PBS, Phosphate-Buffered Saline; PBST, Phosphate-Buffered
Saline with 0.1% Tween-20; PMA, Phorbol 12-myristate-13-acetate; PON, Paraoxonase; POS, Photoreceptor Outer Segment; qPCR, Real-Time Polymerase
Chain Reaction; ROS, Reactive Oxygen Species; RPE, Retinal Pigment Epithelium; RT, Room Temperature; SA-βgal, senescent-associated β-galactosidase;
SEM, Standard error of the mean; tBHP, tert-Butyl Hydroperoxide; X-gal, 5-bromo-4-chloro-3-indolyl β-D-galactopyranoside.    
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Figure 1

DiI-oxLDL uptake assay in ARPE-19 and THP-1 macrophages by spectro�uorimetry

DiI-oxLDL uptake assay in ARPE-19 and THP-1 macrophages was performed with DiI labelled oxLDL. DiI-oxLDL uptake was measured in cell lysate of (a)
ARPE-19 and (b) THP-1 macrophage cells exposed to Hcy, HCTL, H2O2 and NAC + H2O2 conditions for 3 h by �uorimetry. H2O2, a known prooxidant and
NAC, a known antioxidant were used as the controls. The bar graph represented as relative percentage to control. The data are expressed as Mean ± SEM of
three independent experiments done not less than triplicate. *;#p < 0.05, **p < 0.01, ###p < 0.001, considered as signi�cant. *Control vs prooxidants, #H2O2 vs
NAC + H2O2.
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Figure 2

DiI-oxLDL uptake assay in ARPE-19 and THP-1 macrophage by immuno�uorescence

DiI-oxLDL uptake was measured in (a) ARPE-19 and (b) THP-1 macrophage cells exposed to Hcy, HCTL, H2O2 and NAC + H2O2 conditions based on the pink
immuno�uorescence of the DiI. The bar graph showing the pixel intensity of the �uorescence analysed in (c) ARPE-19 and (d) THP-1 macrophages images
by Image J software. The values are expressed as Mean ± SEM of three independent experiments done not less than triplicate. *;#p < 0.05, considered as
signi�cant. *Control vs prooxidants, #H2O2 vs NAC + H2O2.

Figure 3

CD36 protein expression in ARPE-19 and THP-1 macrophage cells

Effect of the prooxidants on CD36 protein expression was analysed by Western Blot in (a) ARPE-19 and (b) THP-1 macrophage cells for (i, ii) 3 hours, (iii, iv)
24 hours and (v, vi) 72 hours exposure. The data is expressed as relative percentage with respect to control and normalized to endogenous control β-actin.
The data represented from three independent experiments done not less than triplicate. *;#p < 0.05, **p < 0.01, ***p < 0.001, considered as signi�cant.
*Control vs prooxidants, #H2O2 vs NAC + H2O2.
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Figure 4

PPARγ gene expressions in ARPE-19 and THP-1 macrophage cells

The bar graph showed the status of PPARγ gene expressions under prooxidant conditions in (a) ARPE-19 and (b) THP-1 macrophage cells. The data
represented from three independent experiments done not less than triplicate. *;#p < 0.05, **,##p < 0.01, ***p < 0.001, considered as signi�cant. *Control vs
prooxidants, #H2O2 vs NAC + H2O2.

Figure 5

PON2 protein expression in ARPE-19 and THP-1 macrophage cells

Effect of prooxidants on PON2 protein expression was analysed by Western Blot in (a) ARPE-19 and (b) THP-1 macrophage cells for (i, ii) 3 hours, (iii, iv) 24
hours and (v, vi) 72 hours exposure. The data is expressed as relative percentage with respect to control and normalized to endogenous control β-actin. The
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data represented from three independent experiments done not less than triplicate. *;#p < 0.05, **;##p < 0.01, ***;###p < 0.001, considered as signi�cant.
*Control vs prooxidants, #H2O2 vs NAC + H2O2.

Figure 6

SP1 gene expressions in ARPE-19 and THP-1 macrophage cells

The bar graph showed the status of SP1 gene expressions under prooxidant conditions in (a) ARPE-19 and (b) THP-1 macrophage cells. The data
represented from three independent experiments done not less than triplicate. *;#p < 0.05, **p < 0.01, ***p < 0.001, considered as signi�cant. *Control vs
prooxidants, #H2O2 vs NAC + H2O2.

Figure 7
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Cathepsin D protein expression in ARPE-19 and THP-1 macrophage cells

Effect of prooxidants on cathepsin D protein expression was analysed by Western Blot in (a) ARPE-19 and (b) THP-1 macrophage cells for (i, ii) 3 hours, (iii,
iv) 24 hours and (v, vi) 72 hours exposure. The data is expressed as relative percentage with respect to control and normalized to endogenous control β-
actin. The data represented from three independent experiments done not less than triplicate. *;#p < 0.05, **p < 0.01, ***;###p < 0.001, considered as
signi�cant. *Control vs prooxidants, #H2O2 vs NAC + H2O2.

Figure 8

Effect of prooxidants on protein expressions and oxLDL uptake in senescent ARPE-19 cells

(a) Senescent-associated β-galactosidase activity (SA-βgal) of tert-Butyl hydroperoxide (tBHP) treated ARPE-19 cells. The senescence was con�rmed by the
blue coloured pigment formed in the tBHP treated ARPE-19 cells as shown by arrow. (b) DiI-oxLDL uptake was measured in sARPE-19 cells exposed to Hcy,
HCTL, H2O2 and NAC + H2O2 conditions based on the pink immuno�uorescence of the DiI. The bar graph showing the pixel intensity of the �uorescence
analysed by Image J software. (c) Effect of prooxidants treatment on PON2, CD36 and Cathepsin D protein expression was analysed by western blot in
sARPE-19 cells for 24h exposure. The values are expressed as Mean ± SEM. The data represented from three independent experiments done not less than
triplicate. *;#p < 0.05, considered as signi�cant. *Control vs prooxidants, #H2O2 vs NAC + H2O2.
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Figure 9

PON2 and CD36 expression in RPE of AMD and control eye tissues

Immuno�uorescence for PON2 and CD36 (Green �uorescence) was observed in RPE of control and AMD eye tissue sections of para�n blocks. Hoechst
stain was used for nuclei staining (Blue �uorescence). The arrow mark in the Haematoxylin and Eosin (H & E) staining shows drusens in the AMD donor eye
tissue. Image magni�cation: 40X; Scale bar: 100 µm.
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