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Abstract

Aims/hypothesis—Blood-retina barrier leakage in diabetes results in extravasation of plasma
lipoproteins. Intra-retinal modified LDL have been implicated in diabetic retinopathy (DR), but
their effects on retinal pigment epithelial (RPE) cells and the added effects of extravasated
modified HDL are unknown.

Methods—In human retinas from individuals with and without diabetes and DR,
immunohistochemistry was used to detect ApoB, ApoAl and endoplasmic reticulum (ER) stress
markers. In cell culture, human RPE cells were treated with native LDL (N-LDL) or heavily-
oxidised glycated LDL (HOG-LDL) with or without pretreatment with native HDL (N-HDL) or
heavily-oxidised glycated HDL (HOG-HDL). Cell viability, oxidative stress, ER stress, apoptosis
and autophagy were assessed by Cell Counting Kit-8 assay, dichlorofluorescein assay, western
blotting, immunofluorescence and TUNEL assay. In separate experiments, RPE cells were treated
with lipid oxidation products, 7-ketocholesterol (7-KC, 5-40 umol/l) or 4-hydroxynonenal (4-
HNE, 5-80 pmol/l), with or without pretreatment with N-HDL or HOG-HDL.

Results—ApoB, ApoALl staining and RPE ER stress were increased in the presence of DR.
HOG-LDL but not N-LDL significantly decreased RPE cell viability and increased reactive
oxygen species generation, ER stress, apoptosis and autophagy. Similarly, 4-HNE and 7-KC
decreased viability and induced ER stress. Pretreatment with N-HDL mitigated these effects,
whereas HOG-HDL was less effective by most, but not all, measures.
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Conclusions/interpretation—In DR, extravascular modified LDL may promote RPE injury
through oxidative stress, ER stress, autophagy and apoptosis. N-HDL has protective effects, but
HOG-HDL is less effective. Extravasation and modification of HDL may modulate the injurious
effects of extravasated modified LDL on the retinal pigment epithelium.
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Introduction

Diabetic retinopathy (DR) is the leading cause of acquired blindness among working-age
adults [1]. The main risk factors include duration of diabetes, long-term severity of
hyperglycaemia and hypertension [2], but other factors, including dyslipoproteinaemia [3,
4], are also implicated. Dyslipoproteinaemia is an established risk for atherogenesis in
people with and without diabetes. The term extends beyond quantitative measures and
includes “post-synthetic’ modifications of plasma lipoproteins (e.g. by glycation and
oxidation). Such modifications may occur in plasma but predominantly occur in tissues
following lipoprotein extravasation and sequestration (e.g. in the arterial intima) [5, 6]. In
diabetes, modification is enhanced by elevated glucose, increased oxidative stress and
prolongation of exposure resulting from enhanced crosslinking to matrix proteins [7, 8].
Modified lipoproteins are considered central to the pathogenesis of atherosclerosis, wherein
their harmful effects occur predominantly at the site of disease (i.e. in tissue, not in plasma).

The retina is a highly specialised tissue and extravasation of plasma constituents, including
lipoproteins, is normally prevented by the inner and outer blood-retina barriers (BRBs) [9].
In DR, BRB leakage is an early feature. We hypothesised that plasma lipoproteins play a
‘hidden’ but important role in DR, critically dependent upon the presence and extent of BRB
leakage and thus not primarily determined by, or related to, dyslipoproteinaemia. In support,
we demonstrated immunostaining of ApoB100 (the principal apolipoprotein of LDL) and
oxidised LDL (ox-LDL) in retinas of people with diabetes, even in the absence of clinical
DR, and among those with DR to a greater extent and proportional to disease severity [9]. In
early DR, immunostaining for ox-LDL was initially localised near the inner BRB (i.e. in the
ganglion cell layer) while in more advanced DR it permeated all layers of the retina [9]. No
immunostaining for ApoB or ox-LDL was found in retinas from people without diabetes.

Epidemiological data are consistent with an indirect link between dyslipoproteinaemia and
DR: there are highly significant, yet relatively weak, associations between plasma
lipoprotein levels and DR severity [3, 10, 11]. The weakness of these associations has, we
contend, led to a lack of appreciation of the important role lipoproteins play in propagating
DR, one that is only operative after BRB leakage, but significant regardless of plasma
lipoprotein concentrations.

Further support for our hypothesis comes from previous cell culture work documenting the
effects of modified LDL on retinal capillary endothelial cells [12] and pericytes [9, 13-16].
We showed that the mechanisms of LDL-mediated pericyte injury include oxidative and
endoplasmic reticulum (ER) stresses, apoptosis and autophagy [16]. We have also
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demonstrated deleterious effects of modified LDL on retinal Muller cells [17], suggesting a
retinal insult that extends beyond vascular cells.

Accumulating evidence suggests that early in DR, barrier leakage affects not only the inner
but also the outer BRB [18]. The outer BRB is comprised of tight junctions between retinal
pigment epithelial (RPE) cells. The retinal pigment epithelium is a multi-functional cell
monolayer and is critically important to retinal health. Exposure of the retinal pigment
epithelium to modified LDL could therefore mediate significant retinal injury, including
leakage of the outer BRB.

The present study employs human tissues for immunochemistry and cell culture studies on
the effects of modified LDL on human RPE cells in culture and, since extravasation of LDL
implies extravasation of HDL and also since extravasated HDL is subject to the same
modifying stresses as LDL, we also studied the effects of normal and modified HDL. HDL
has particular relevance to the retinal pigment epithelium. There is extensive cholesterol
transport across the RPE monolayer and intra-retinal “HDL-like particles’ mediate export of
cholesterol from retinal rods and cones to the retinal pigment epithelium [19]. Two
important products of lipid peroxidation, 7-ketocholesterol (7-KC) and 4-hydroxynonenal
(4-HNE), were also employed to confirm findings and to define the utility of these
compounds as surrogates for modified LDL in future studies.

The study was approved by the Institutional Review Board at the University of Oklahoma
Health Sciences Center.

Human retinal tissues

Normal human eyes and eyes from individuals with diabetes, fixed in 10% neutral buffered
formalin within 12 h of death, were obtained from the National Diseases Research
Interchange (NDRI; Philadelphia, PA, USA). Three groups (eyes from three individuals per
group) were included in the study: without diabetes, with type 2 diabetes but without
retinopathy and type 2 diabetes with retinopathy. Ophthalmological records provided DR
status and the absence of other retinal diseases, including macular oedema. Eyes from
individuals with diabetic neuropathy or nephropathy were excluded. Paraffin-embedded
retinal sections (5 um) were prepared and used for immunohistochemistry studies.

Human lipoproteins: preparation, modification and characterisation of LDL and HDL

Native LDL (N-LDL) and modified LDL were prepared as previously described [9, 20], and
native HDL (N-HDL) and modified HDL were prepared using similar protocols. Briefly,
human LDL and HDL were isolated from pooled plasma obtained from male and female
healthy volunteers (n=4 for each preparation), aged 20-40 years, who were not taking
antioxidant vitamins or any prescribed medications. N-LDL and N-HDL were isolated by
sequential ultracentrifugation (350,000 g, N-LDL density [d]=1.019-1.063, N-HDL density
[d]=1.063-1.21) of pooled plasma. ‘Highly oxidised glycated’ (HOG-) LDL and HOG-HDL
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were prepared by first glycating N-LDL or N-HDL in the presence of freshly prepared 50
mmol/l D-glucose for 72 h at 37°C under antioxidant conditions (1 mmol/I
diethylenetriaminepentaacetic acid (DTPA), 270 umol/l EDTA, under nitrogen). The
glycated lipoproteins were oxidised by incubation in 10 pmol/lI CuCl, (24 h, 37°C), followed
by extensive dialyses to remove copper ions and glucose [20]. Protein content was
determined (BCA protein assay; Pierce, Rockford, IL, USA). Lipoproteins were
characterised by gel electrophoresis (Paragon Lipo Gel; Beckman, Fullerton, CA, USA), by
fluorescence (360 nm excitation/430 nm emission; Gilford Fluorometer 1V; Oberlin, OH,
USA) and by absorbance at 234 nm (DUG650 spectrophotmeter; Beckman). The protocols
aimed to simulate the initial in vivo glycation of lipoproteins in plasma and their subsequent
oxidation after extravasation and sequestration in tissues. Lipoprotein preparations were
stored in the dark under nitrogen at 4°C, and were used within one month of preparation.
Experiments were repeated using different LDL preparations.

Human RPE cell cultures

Telomerase-immortalised human RPE (hTERT-RPE) cells (ATCC, Manassas, VA, USA)
were cultured in DMEM containing 4.5 g/l glucose, 10% FCS, 100 U/ml penicillin and 100
ug/ml streptomycin. Cells were grown to 80-90% confluence and were made quiescent by
overnight exposure to serum-free medium (SFM) before the addition of lipoproteins.

Immunohistochemistry in human diabetic retinas

Immunostaining of ApoB, ApoAl, ER stress marker 78 kDa glucose-regulated protein
(GRP-78; Lys-Asp-Glu-Leu) and retinal pigment epithelium-specific 65 kDa protein
(RPE65) in human retinas was performed as described [9]. Briefly, retinal sections were
incubated with primary anti-ApoB (1:100), anti-ApoA1 (1:100) and anti-GRP-78 (1:50)
(Abcam, Cambridge, MA, USA) or anti-RPE65 (1:100; Millipore, Billerica, MA, USA)
(4°C, overnight), then incubated with secondary antibodies (37°C, 2 h). Immunostaining for
ox-LDL and 4-HNE employed primary antibodies from Abcam. Fluorescence signals were
visualised under a fluorescence microscope (Nikon E800 Epifluoresence Microscope,
Tokyo, Japan).

Cell viability assay

hTERT-RPE cells were cultured in 96-well plates (15,000 cells/well). Cells were exposed to
N- or HOG-LDL (200 pg protein/ml), 7-KC (5-40 pmol/l) or 4-HNE (5-80 umol/l), with or
without pretreatment with N- or HOG-HDL (500 pg/ml). Cell viability was measured by
Cell Counting Kit-8 assay (CCK-8; Dojindo Molecular Technologies, Rockville, MD, USA)
according to manufacturer’s instructions. Briefly, treated cells were washed with SFM,
incubated with CCK-8 solution (2 h, 37°C) and absorbance was measured at 450 nm.

Immunocytochemistry: activating transcription factor 6 translocation and TUNEL assay

RPE cells were cultured to 80% confluence on glass coverslips, then treated with N- or
HOG-LDL (200 pg/ml) for 12h, with or without pretreatment with N- or HOG-HDL (500
ug/ml). After fixation (4% paraformaldehyde fixation buffer, 15 min) and permeabilisation
(0.5% Triton X-100 in PBS, 15 min), cells were incubated with anti-ATF6 (Abcam)

Diabetologia. Author manuscript; available in PMC 2015 September 02.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Du et al.

Page 5

(overnight, 4°C), then with Alexa Fluor 594-conjugated anti-rabbit IgG (2 h, room
temperature). Fluorescence was visualised using a Nikon E800 Epifluoresence Microscope.

Cell death was detected by TUNEL assay (In Situ Cell Death Detection Kit; Roche
Diagnostics, Indianapolis, IN, USA). Briefly, RPE cells grown on glass coverslips were
incubated with TUNEL reaction mixture, counterstained with DAPI and positive nuclei
were identified (bright green signal).

Dichlorofluorescein assay

Intracellular reactive oxygen species (ROS) were measured using a dichlorofluorescein
(DCF) kit (Invitrogen, Carlsbad, CA, USA). RPE cells were studied following exposure to
N- or HOG-LDL (200 pg/ml) for up to 1 h, with or without pretreatment with N- or HOG-
HDL (500 pg/ml, 1 h). Briefly, cells were incubated with 10 pmol/l 2',7'-
dichlorodihydrofluorescein diacetate solution (37°C, 30 min) before N-LDL treatment. DCF
fluorescence was detected by a microplate reader (excitation: 485 nm; emission: 538 nm)
(VICTORS3 V Multilabel Counter; PerkinElmer Life and Analytical Sciences, Waltham,
MA, USA) and expressed as a ratio of baseline levels.

Western blotting

RPE cells were treated with N- or HOG-LDL (200 ug/ml), 7-KC (10 umol/l) or 4-HNE (20
pumol/l) for 12 h, with or without pretreatment with N- or HOG-HDL (500 pg/ml, 1 h). Cells
were washed with PBS, lysed (RIPA lysis buffer; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and protein extracts (30 ug) were run on 12% SDS-PAGE gels, then transferred
onto nitrocellulose filter membranes (Pall Life Sciences, Port Washington, NY, USA).
Membranes were incubated with specific primary antibodies and detected with horseradish
peroxidase-conjugated secondary antibodies. Probed proteins were visualised (Super Signal
ELISA Femto Maximum Sensitivity Substrate; Thermo Scientific, Rockford, IL, USA) and
detected (BioSpectrum Imaging System; UVP, Upland, CA, USA). Band intensities were
normalised to B-actin and quantified using UVP analysing software (VisionWorksLS Image
Acquisition and Analysis Software, UVP).

Data analysis

Results

Data are presented as mean + SE of at least three independent experiments. Differences
between groups were examined using one-way or two-way ANOVA followed by Dunnett’s
test. A p value of <0.05 was considered statistically significant.

Detection of ApoB and ApoAl in retinas from humans with and without diabetes and DR

To determine whether extravasated LDL is present in the vicinity of the retinal pigment
endothelium, we performed double-staining for ApoB and RPEG5 in retinal sections from
individuals with type 2 diabetes with and without DR, and from non-diabetic individuals
(Fig. 1a). To detect HDL, we performed immunostaining for ApoA1l, the principal
apolipoprotein of HDL (Fig. 1b). Consistent with our previous reports [9], ApoB staining
was negligible in non-diabetic retinas but was present in diabetic retinas, especially in the
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presence of DR. Furthermore, in retinas from individuals with DR, increased ApoB staining
was observed immediately adjacent to the retinal pigment epithelium most clearly on its
apical aspect, but also on the basolateral side (Fig. 1a). The staining of ApoAl (Fig. 1b) was
almost entirely in the vicinity of the retinal pigment epithelium in non-diabetic retinas, but in
diabetic eyes, it was observed in the inner retina and in the presence of DR, there was
widespread immunostaining throughout the retina.

HOG-LDL decreases RPE cell viability: protection by N-HDL but not HOG-HDL

Exposure of RPE cells to HOG-LDL (50, 100, 200, 300 pug/ml) reduced cell viability
compared with SFM or N-LDL (200 pg/ml) (Fig. 2a). In time course studies, HOG-LDL
(200 pg/ml) reduced RPE cell viability by 12 h (Fig. 2b). Pretreatment of cells with N-HDL
(Fig. 2c¢) but not HOG-HDL (Fig. 2d) for 1 h prevented this effect. The protective effect of
N-HDL was dose-dependent, whereas pretreatment with HOG-HDL amplified the toxic
effect of HOG-LDL. HOG-HDL alone did not decrease viability. The effects of LDL and
HDL on viability were visualised by microscopy (Fig. 2e).

HOG-LDL induces RPE cell apoptosis: inhibition by N-HDL but not HOG-HDL

Cells were exposed to N-LDL or HOG-LDL (200 pg/ml, 12 h), with or without pretreatment
with N-HDL or HOG-HDL (500 pg/ml, 1 h). Apoptosis, detected by TUNEL assay, was
markedly increased by HOG-LDL vs N-LDL, and was mitigated by pretreatment with N-
HDL but not HOG-HDL (Fig. 3a). Expression of cytochrome ¢ (Cyt-C) was markedly
increased by HOG- LDL vs N-LDL, and this increase was ameliorated by N-HDL
pretreatment, but not by HOG-HDL (Fig. 3b). In contrast, cleaved poly-(ADP ribose)-
polymerase (PARP) was only slightly affected by the lipoproteins (Fig. 3c).

HOG-LDL increases intracellular ROS and decreases glutathione peroxidase 1 expression
in RPE cells: inhibition by N-HDL but not HOG-HDL

Treatment of RPE cells for up to 60 min with HOG-LDL vs N-LDL significantly increased
the production of ROS (Fig. 4a,b) and decreased the expression of glutathione peroxidase 1
(GPX-1) (Fig. 4c, d). Pretreatment with N-HDL dramatically reduced the ROS ratio in
HOG-LDL-treated cells, and HOG-HDL was less effective (Fig. 4b). In the presence of
HOG-LDL, N-HDL significantly increased GPX-1 expression whereas HOG-HDL had no
effect (Fig. 4d). Superoxide dismutase 2 (SOD-2) expression (western blots) was unaffected
by the lipoproteins (data not shown).

HOG-LDL induces ER stress: inhibition by N-HDL but not HOG-HDL

ER stress was determined by expression of GRP-78, CCAAT/enhancer-binding protein
homologous protein (CHOP), phosphorylation of elF2a and nuclear translocation of
activating transcription factor 6 (ATF6). Representative western blots are shown in Fig. 5a,b
and data from triplicate experiments in Fig. 5¢c-h. HOG-LDL vs N-LDL (200 pg/ml)
increased GRP-78 and CHOP expression and elF2a phosphorylation (Fig. 5a,c—e).
Pretreatment with N-HDL blocked HOG-LDL-induced ER stress, but HOG-HDL only
partially inhibited CHOP expression and elF2a phosphorylation (Fig. 5b,f~h). Translocation
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of ATF6 (cytoplasm to nucleus) was induced by HOG-LDL but not N-LDL at 12 h, and was
prevented by pretreatment with N-HDL but not HOG-HDL (Fig. 5i).

HOG-LDL induces autophagy: inhibition by both N-HDL and HOG-HDL

During autophagosome formation, conversion of unconjugated soluble microtubule-
associated protein 1 light chain 3 (LC3)-I to its conjugated form, LC3-II, is a marker of
autophagy. HOG-LDL vs NLDL (200 ug/ml, 12-24 h) increased LC3-11 expression (Fig.
6a). Pretreatment with either N-HDL or HOG-HDL (500 pg/ml, 1 h) inhibited HOG-LDL-
induced LC3-11 expression (Fig. 6b). Expression of another autophagy-related protein,
Beclin-1, was not altered by HOG-LDL or N-LDL, or by pretreatment with N-HDL or
HOG-HDL (western blots in Fig. 6a, b).

GRP-78 expression is increased in retinal pigment epithelium of retinas from individuals
with DR vs non-DR diabetic or non-diabetic individuals

To define the clinical relevance of our in vitro findings, we performed double-staining for
GRP-78 and RPES65 in retinas from diabetic individuals with and without DR and from non-
diabetic individuals (Fig. 7). GRP-78 staining was very faint and homogenous in retinas
from non-diabetic individuals and from diabetic individuals without DR, but was increased
in diabetic retinas in the presence of DR (Fig. 7). Merged images (yellow) revealed partial
co-localisation of GRP-78 in the retinal pigment epithelium layer, suggesting a role for ER
stress in RPE cells in the pathogenesis of DR.

7-KC and 4-HNE decreased RPE cell viability and induced ER stress: protection by N-HDL
and partial protection by HOG-HDL

LDL is a large particle and during oxidation numerous products are generated, including 7-
KC and 4-HNE. We treated RPE cells with these specific lipid oxidation products and the
results are shown in electronic supplementary materials (ESM) Figs 1, 2. Both 7-KC and 4-
HNE decreased RPE cell viability in a dose-dependent manner (ESM Fig. 1) and increased
levels of the ER stress markers p-elF2a, X-box binding protein-1 and CHOP (ESM Fig. 2).
The effects of 7-KC and 4-HNE were effectively mitigated by pretreatment with N-HDL but
less so by HOG-HDL.

Detection of ox-LDL and 4-HNE in human retinas

We observed increased staining for ox-LDL and 4-HNE in diabetic retinas in the vicinity of
the retinal pigment epithelium, more marked in the presence of clinical DR (ESM Fig. 3).

Discussion

The present study provides further support for our hypothesis that plasma lipoproteins play a
central role in the propagation of DR, but one that is mainly operative after BRB leakage has
led to lipoprotein extravasation and modification. We contend that modified lipoproteins
then mediate toxicity towards many different retinal cell types, both vascular and non-
vascular. In support of this, we previously identified the presence of extensive amounts of
modified LDL in the diabetic retina and we defined its toxicity towards retinal capillary
pericytes [9, 13-15], endothelial cells [12] and Muller cells [17].
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This study is the first to address the effects of modified LDL on the retinal pigment
epithelium, and to investigate the role of extravasated modified HDL. In human diabetic
retinas, we demonstrate increased presence of ApoB adjacent to the retinal pigment
epithelium on both sides, augmenting previous findings [9]. Supporting an involvement of
HDL, we demonstrate increased ApoAl staining in diabetic retinas, consistent with HDL
extravasation. Such staining in diabetic retina was previously demonstrated by Sima et al
[21] and was accompanied by increased expression of mMRNA. This was attributed to
increased production by the retinal pigment epithelium and we contend that HDL leakage is
also likely to contribute. Furthermore, we demonstrate the presence of ox-LDL and 4-HNE
in the vicinity of the retinal pigment epithelium in DR, using immunohistochemistry (ESM
Fig. 3). We also demonstrate RPE ER stress in the presence of DR, consistent with effects of
modified LDL in our cell culture studies. In cell culture, we show that modified LDL is
toxic towards RPE cells, consistent with mediation of outer BRB injury and with recent
evidence that not only the inner but also the outer BRB is compromised in DR [18]. We
define mechanisms for the effects of modified LDL on the retinal pigment epithelium, and
show that native HDL is protective, whereas modified HDL is, in general, not protective.

Our overall hypothesis draws analogies with the role of ox-LDL in atherosclerosis, but with
important differences. First, in arteries, LDL extravasation begins in childhood [22] whereas
in healthy retina, lipoprotein extravasation is rigorously prevented throughout life. Thus,
with both BRBs intact, dyslipoproteinaemia may be largely irrelevant to retinal function, but
once BRB breakdown occurs, as in diabetes, the “fold increase’ in extravasated lipoproteins
between diabetic vs healthy retina may greatly exceed that in arterial intima. Second, the
retina differs markedly in structure from the artery. The retinal ‘neuropile’ is
embryologically part of the brain [23] and although only approximately 0.5 mm thick,
comprises a complex assembly of specialised cell types with negligible interstitial space:
both BRBs are immediately adjacent to neurons and neural support cells. The retina
consumes more oxygen per gram [24] and has a higher blood flow [25, 26] than any other
tissue; it also contains a high concentration of unsaturated, oxidisable lipids. In DR, the
protection normally provided by the intact BRB is compromised, exposing many different
retinal cell types to modified, cytotoxic plasma lipoproteins.

Leakage of the inner BRB is well-recognised in DR and recent work by ourselves [9] and
others [18] suggests that the outer BRB is also compromised. The outer BRB comprises
tight junctions between cells of the RPE monolayer, and separates the choroidal circulation
from the neural retina. The retinal pigment epithelium performs numerous other functions
critical to intra-retinal homeostasis [27, 28], including control of cholesterol flux [29, 30].
We now show that HOG-LDL but not N-LDL causes apoptosis of RPE cells, and that this
effect is mediated by oxidative stress, ER stress and autophagy. The injurious effects of
HOG-LDL were ameliorated by pretreatment with native HDL; pretreatment with HOG-
HDL was less effective and sometimes enhanced toxicity (e.g. decreased cell viability
compared with HOG-LDL alone). As in previous work with retinal capillary pericytes and
Muller cells [9, 13, 15-17], we endeavoured to ensure that cell culture conditions (LDL
concentration, extent of modification) simulated stresses present in vivo in human DR.
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We demonstrate that in RPE cells, HOG-LDL induces ROS production and decreases levels
of GPX-1. Increased oxidative stress may damage susceptible lipids, proteins and other
biomolecules and is a recognised mediator of atherosclerosis [31, 32], diabetes [33] and (as
found in our own recent work) pericyte injury in DR [16, 17]. GPX-1 is the most important
cytosolic and mitochondrial antioxidant enzyme in humans. It detoxifies hydrogen peroxide
and lipid peroxides and its decreased activity is associated with increased risk for
cardiovascular disease and diabetes [34, 35]. HDL has known antioxidant effects and in the
present study of RPE cells, N-HDL completely suppressed the HOG-LDL-induced increase
in ROS, but HOGHDL was much less effective.

The ER serves vital functions, including lipid and protein synthesis, maturation and
transportation, and ‘ER stress’ is linked to major diseases including cancer,
neurodegenerative diseases and diabetes [36]. ER stress, mediated by excessive fatty acid
flux, may induce protein misfolding and trigger the ‘unfolded protein response’ [37]. In the
diabetic eye, ER stress has been implicated in the death of retinal neurons and vascular cells
[38]. The ER is sensitive to oxidative stress induced by exposure to ox-LDL, as shown in
our studies of retinal pericytes [16, 17]. In the present study, ER stress was induced by
HOG-LDL in human RPE cells, and this effect was inhibited by pretreatment with N-HDL
but only partially by HOG-HDL. Prolonged ER stress ultimately results in cell apoptosis via
activation of the pro-apoptotic transcription factor CHOP and in our study HOG-LDL
dramatically induced CHOP expression. Both N- and HOG-HDL inhibited the increase in
CHOP expression.

Autophagy plays a key role in maintaining the intracellular environment, removing damaged
organelles, cell membranes and proteins, and preserving nutrients for energy [39]. It may be
induced by ER stress, which in turn it may alleviate by promoting degradation of damaged
proteins [40]. Prolonged ER stress may switch autophagy from a protective role to one
promoting cell death. Recent evidence implicates autophagy in the intracellular degradation
of ox-LDL in human vascular endothelial cells [41]. We have shown that autophagy
mediates the effects of HOG-LDL on retinal pericytes and Muller cells [16, 17]. In the
present work, we show that treatment of RPE cells with HOG-LDL promotes conversion of
LC3 from its cytosolic (LC3-1) to its membrane-bound form (LC3-11), an essential step in
autophagosome formation. Not only N-HDL but also HOG-HDL prevents this effect. The
mechanisms whereby both N-HDL and HOG-HDL can block CHOP activation and prevent
the activation of autophagy need further study, and this emphasises the great complexity and
multiple functions of HDL [42]. It is reported that in atherosclerosis ox-LDL triggers Cyt-C
release, leading to caspase activation and vascular cell apoptosis, thereby promoting plaque
formation [43]. We have documented HOG-LDL-induced apoptosis in retinal pericytes and
Muller cells [9, 16, 17], and our present results with RPE cells are analogous: HOG-LDL
induces apoptosis through upregulation of pro-apoptotic Cyt-C and PARP. N-HDL protects
RPE cells from HOG-LDL-induced apoptosis by blocking expression of these proteins, but
HOG-HDL is ineffective.

HDL is generally considered to be atheroprotective by removing excess cholesterol from
cells, inhibiting lipid oxidation and inhibiting inflammatory responses [44-46]. Qualitative
changes in HDL occur in diabetes, including enhanced glycation of ApoAl molecules [47],
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and these may impair HDL function. For example, the capacity of HDL for reverse
cholesterol transport is reduced by glycation [48] or oxidation [49]. Consistent with this, the
anti-atherogenic properties of HDL isolated from the plasma of individuals with diabetes are
impaired compared with HDL isolated from non-diabetic individuals [50]. This implies that
once BRB leakage occurs, the diabetic retina suffers a double insult from both LDL and
HDL: not only do the lipoproteins gain access to a space from which they are normally
excluded but also the quality of those lipoproteins is already compromised by glycation in
plasma, and is further compromised by subsequent modification.

Finally, we tested the effects of two model compounds of lipoprotein oxidation, 7-KC and 4-
HNE. These are much more readily studied than modified LDL and had effects on RPE cells
that were generally similar to those of HOG-LDL. They may serve as useful surrogates for
HOG-LDL, at least for exploratory experiments.

In conclusion, we demonstrate that HOG-LDL may cause oxidative stress, ER stress and
autophagy in RPE cells, thus mediating RPE cell apoptosis, and potentially contributing to
compromise of the outer BRB. In DR, immunostaining for ApoB shows its presence in the
vicinity of the retinal pigment epithelium, and for ApoA1l suggests extravasation of HDL. N-
HDL completely blocked the oxidative stress, ER stress, autophagy and apoptosis induced
by HOG-LDL. Modification of HDL, first by glycation then by oxidation, abolished some
but not all its protective properties, and by one measure rendered it actively toxic,
emphasising the structural and metabolic complexity of this particle. Overall, the findings
suggest an important new role for extravasated and modified plasma lipoproteins in
promoting DR: they may compromise the many important functions of the retinal pigment
epithelium, including the integrity of the outer BRB. Future studies should define the
differential effects of modified LDL on the apical and baso-lateral aspects of the retinal
pigment epithelium. Improved understanding of these disease mechanisms may lead to new
strategies to treat and prevent the development and progression of DR.
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Fig. 1.
Presence of ApoB and ApoAl in the human retina. Representative retinal images for (a)

ApoB (green) and RPE65 (red) and (b) ApoAl staining (red) from five non-diabetic
individuals, three individuals with type 2 diabetes with no DR and three individuals with
type 2 diabetes with non-proliferative DR (NPDR). ApoAl was detected in RPE layers in all
three groups. It was also present in the inner retina of diabetic individuals and was widely
distributed in those with NPDR. Magnification: (a) 40x, (b) 20x; scale bar, 200 pm. ONL,
outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer
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Fig. 2.

HOG-LDL reduced RPE cell viability: protection by N-HDL but not HOG-HDL. RPE cells
were cultured in 96-well plates to 80% confluence then made quiescent by exposure to SFM
overnight. (a) Dose-dependent changes of viability in RPE cells treated with HOG-LDL for
24 h. (b) Time course of 200 pg/ml HOG-LDL-induced RPE cell viability loss. RPE cells
were pretreated with (c) N-HDL or (d) HOG-HDL (both 500 pg/ml) for 1 h, then treated
with 200 pug/ml HOG-LDL for 24 h. Cell viability was determined by CCK-8 assay. Data are
presented as mean + SE (*p<0.05 vs SFM; Tp<0.05 vs HOG-LDL). Cell density changes of
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RPE cells treated with (e) N-LDL or (f) HOG-LDL (both 200 pg/ml) for 24 h, with and
without pretreatment with (g) N-HDL or (h) HOG-HDL (both 500 pg/ml) for 1 h. Images
were obtained using phase-contrast microscope. Data are representative of three independent
experiments. Magnification: 10x; scale bar, 60 um
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HOG-LDL induced apoptosis in RPE cells: protection by N-HDL but not HOG-HDL.
Confluent RPE cells were exposed to N-LDL or HOG-LDL (both 200 ug/ml) for 12 h, with
and without pre-incubation with N-HDL or HOG-HDL (both 500 pg/ml) for 1 h. (a)
Representative images of TUNEL staining. Apoptotic RPE cells were revealed by TUNEL-
positive labelling (green) and nuclei were counterstained with DAPI (magnification: 40x;
scale bar, 20 pm). (b, c) Cell lysates were assessed for apoptotic markers Cyt-C and cleaved-
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PARP by western blot analysis; 3-actin was loaded as protein control. Data are presented as
mean + SE (*p<0.05 vs SFM; Tp<0.05 vs HOG-LDL)
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HOG-LDL induced ROS production and reduced antioxidant enzyme GPX-1 expression in
RPE cells: prevention by N-HDL but not HOG-HDL. ROS were measured by DCF
fluorescence. Results were expressed as ratio of baseline SFM condition. (a) Confluent RPE
cells were exposed to N-LDL or HOG-LDL (both 200 ug/ml) for 10, 30 and 60 min
(*p<0.05 vs SFM). Triangle, HOG-LDL,; square, SFM; circle, N-LDL. (b) RPE cells were
pre-incubated with N-HDL or HOG-HDL (both 500 pg/ml) for 1 h, followed by co-
incubation with HOG-LDL (200 pg/ml) for 1 h (*p<0.05 vs SFM; Tp<0.05 vs HOG-LDL).
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H»0, (1 mmol/l) was used as positive control. (c) HOG-LDL (200 pg/ml) reduced GPX-1
expression in RPE over 24 h. (d) Using concentrations of LDL and HDL as in (b), the HOG-
LDL-induced reduction of GPX-1 expression was mitigated by N- but not by HOG-HDL.
Data are presented as mean + SE (*p<0.05 vs SFM; Tp<0.05 vs HOG-LDL)
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Fig. 5.

ER stress was involved in HOG-LDL-induced RPE cell injury: protection by N-HDL and
partial protection by HOG-HDL. (a, b) Representative western blots performed on total
protein extracts are shown. (a) Time course of ER stress protein expression in RPE cells
treated with N-LDL or HOG-LDL (200 pg/ml). (b) RPE cells were pretreated with N-HDL
or HOGHDL (500 pg/ml) for 1 h, followed by co-incubation with HOG-LDL (200 pg/ml)
for 12 h. (c—e) Quantification of blots from triplicate experiments as in (a). (f-h)
Quantification of blots from triplicate experiments as in (b). (i) Representative images of
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cytoplasmic staining and nuclear translocation of ATF6 in RPE cells treated with N-LDL or
HOG-LDL (200 pg/ml) for 12 h, with and without pre-incubation with N-HDL or HOG-
HDL (500 pg/ml) for 1 h (magnification: 40x%; scale bar, 20 pm)
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Fig. 6.

HOG-LDL increased autophagy in RPE cells: mitigation by N- and HOG-HDL. (a) Time
course of LC3-I1 expression in RPE cells treated with N-LDL or HOG-LDL (200ug/ml). (b)
RPE cells were pretreated with N-HDL or HOG-HDL (500ug/ml) for 1 h, followed by
HOG-LDL (200ug/ml) treatment for 12 h. Western analysis were performed on total protein
extracts and blots were quantified relative to control (*p<0.05 vs. SFM; Tp<0.05 vs. HOG-
LDL)
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Fig. 7.
Detection of GRP-78 in retinal sections from non-diabetic human subjects, type 2 diabetes

with and without diabetic retinopathy. Human retinal sections were stained with antibody
against GRP-78 (green) and RPEGS5 (red), and the nuclei were counterstained with DAPI
(blue). Images were representative of three independent experiments. Yellow in merged
images represents overlapping of green and red signals, indicating increased expression of
GRP-78 in human RPE layer. Magnification: 60x%; scale bar, 20um
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