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Abstract: Native and oxidized (OX) low-density lipoprotein (LDL) may contribute to the pathogenesis of age-related 
macular degeneration (AMD). In this study, we investigated the effects of lipoproteins, including n-LDL and OX-LDL, 
on the expression of inflammation factors, interleukin-6 (IL-6) and interleukin-1β (IL-1β), in vivo and in cultured reti-
nal pigment epithelial (RPE) cells. The potential role of Toll-like receptor 4 (TLR4) was preliminarily explored. Fifteen 
male Sprague-Dawley rats were randomized into three groups and injected intravenously with PBS, low n-LDL (1 
mg/kg), and high n-LDL (4 mg/kg) for 14 days. Immunohistochemistry analysis of retina sections was conducted 
to detect IL-6 and IL-1β. ARPE-19 cells were incubated with 10-100 mg/mL n-LDL or OX-LDL for 24 h. Reverse 
transcription polymerase chain reaction was used to detect IL-6, IL-1β and TLR4 mRNA levels in ARPE-19. IL-6 and 
IL-1β protein expression was measured by enzyme-linked immune sorbent assay. Activation of TLR4 and extracel-
lular signal-regulated kinase (ERK) protein were evaluated by western blot analysis. One-way analysis of variance 
was used to compare differences. As a result, circulating LDL increased both IL-6 and IL-1β expression in rat retina 
tissue. OX-LDL treatment increased IL-6 and IL-1β expression in ARPE-19 cells, and activated TLR4-ERK signaling 
pathway. In conclusion, LDL activates inflammation cytokines in rat retina. OX-LDL induces inflammation promotion 
and TLR4-ERK signaling pathway upregulation in cultured RPE cells.
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Introduction

Age-related macular degeneration is the most 
popular cause of irreversible blindness in peo-
ple over the age of 55 in developed countries 
[1]. The pathological features of AMD include a 
relationship with age, and the presence of pig-
mentary disturbances, drusen, thickening of 
Bruch’s membrane (BrM), and basal laminar 
deposits, followed by a secondary deterioration 
of the photoreceptors [2, 3]. However, the 
underlying etiology of AMD seems multifactori-
al and needs to be further elucidated [4, 5].

Oxidative stress has been associated with 
many aging disorders, including atherosclero-
sis (AS), Alzheimer’s disease (AD) and AMD [6, 
7]. The retina suffers from a low-grade chronic 
oxidative insult, which increases in level with 
advancing age. In the aging macular, a large 
amount of oxidized phospholipid (oxPL) is gen-

erated resulting from sunlight exposure and 
high oxygen content [8]. OxPL induces lipid 
accumulation in aged retinal pigment epithelial 
(RPE) cells and leads to membranous basal 
deposits onto the BrM [9]. The apolipoprotein 
B-containing particles pool in the BrM, forming 
esterified and unesterified cholesterol-enriched 
lipid deposits named drusen [10]. A variety of 
oxidation-modified proteins and lipids have 
been detected in drusen and BrM [11, 12]. By 
binding to RPE and macrophages, oxPL initiates 
inflammation and activates downstream inflam-
matory cascades [13, 14]. Local inflammation 
could promote drusenformation, RPE degenera-
tion and BrM destruction, boosting multiple 
pathophysiological events of AMD [15].

In our previous study, continuous intravenous 
injection of low-density lipoprotein (LDL) in- 
duced AMD-like alternations in rat retina, such 
as RPE changes, thickening of the BrM, retinal 
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TUNEL-positive cells, inflammatory cell infiltra-
tion and decreased retinal sensitivity [16]. In 
vitro studies showed that oxidized-LDL (OX-LDL) 
treatment induced ARPE-19 cell apoptosis,  
vascular endothelial growth factor (VEGF)/pig-
ment epithelium derived factor (PEDF) ratio 
and matrix metalloproteinase-2 (MMP-2)/tis-
sue inhibitors of metalloproteinase-3 (TIMP-3) 
ratio dysregulation [17, 18]. LDL-induced inflam-
matory response in the retina is not analyzed 
yet. A pathogen-associated molecular pattern 
receptor, TLR4, has been proved to initiate 
chronic OX-LDL induced inflammatory respon- 
se in AS and AD [19-21]. TLR4 and its corecep-
tor CD14 have been found to be expressed  
by a variety of ocular tissues and cells including 
RPE cells [22]. In this study, we tested the 
hypothesis that in ARPE-19, TLR4 was activat-
ed by OX-LDL and mediated inflammation cyto-
kines. In order to further evaluate the inflam-
matory impact of OX-LDL in the retina and RPE 
cells, we investigated important inflammation 
cytokine expression as well as TLR4 activation 
in the RPE and the underlying pathways.

Materials and methods

This study was approved by the Ethical 
Committee of the School of Medicine, Shanghai 
Jiaotong University, shanghai, China. It was 
conducted according to the Declaration of 
Helsinki principles, with written informed con-
sent obtained from all study participants. 

Animals

All experimental and raising procedures were 
conducted as previously described [16]. Fifteen 
healthy male Sprague-Dawley rats weighing 
350 to 380 g were purchased from the 
Shanghai Laboratory Animal Center of the 
Chinese Academy of Sciences. Human LDLs 
were purchased from AppliChem (Darmstadt, 
Germany). Rats were randomized into PBS, low 
native LDL (n-LDL; 1 mg/kg body weight), and 
high n-LDL (4 mg/kg body weight) groups con-
taining 5 rats each. The rats were injected intra-
venously with PBS, low n-LDL, and high n-LDL 
in the tail vein for 14 days under aseptic 
conditions.

Immunohistochemistry 

To prepare tissue samples, rats were sacrificed 
by an overdose of anesthesia, and their eye-
balls were enucleated and fixed in 4% parafor-

maldehyde for 24 hours at 4°C. Fixed retinal 
tissues were embedded in paraffin, and 5-μm 
sections were cut through the optic disk. 
Sections were used for immunohistochemistry 
(IHC) analysis with the following antibodies:  
rabbit anti-IL-6 (1:400, Novus Biologicals, 
Littleton, Colorado, USA) and anti-IL-1β (1: 
100, Novus Biologicals). After incubation with 
goat anti-rabbit IgG secondary antibodies 
(1:500, Novus Biologicals), sections were incu-
bated with 3,39-Diaminobenzidine (DAB).

ARPE-19 cell culture

ARPE-19 cells were seeded at 1×104 cells/100 
μL/well and cultured in Dulbecco’s modified 
Eagle’s medium/F12 medium containing 10% 
fetal bovine serum (FBS, Thermo Fisher 
Scientific, Waltham, MA, USA), 2 mmol/L gluta-
mine, 100 IU/mL penicillin, and 100 μg/mL 
streptomycin. Cells were grown to 70-80% con-
fluence and placed in serum-free medium 
(SFM) for 24 h. The cells were then treated with 
SFM, native LDL or OX-LDL (0-100 mg/L) for 24 
h.

Lipoprotein preparation and oxidation

Lipoproteins were isolated from healthy donors 
by gradient ultracentrifugation (1.019<d< 
1.063) [23]. Briefly, blood for lipoprotein isola-
tion was collected in EDTA (1 mg/mL) after 12 h 
of fasting. After density adjustment with  
KBr, LDL was isolated from plasma via prepara-
tive ultracentrifugation (50,000 rpm, 22 hr, 
Beckman ultracentrifuge, type 50 rotor). LDL 
preparations were washed by ultracentrifuga-
tion, dialyzed against phosphate-buffered 
saline (PBS) solution containing 1 mmol/L 
EDTA, passed through an Acrodisc filter (0.22-
μm pore size, PALL, New York, USA) to remove 
aggregates, and then stored under nitrogen in 
the dark. LDL oxidation was achieved by incu-
bating freshly isolated LDL (diluted in PBS,  
pH 7.4, to a final concentration of 300 μg/mL  
in the presence of 10 μmol/L Cu2+) at 37°C  
for 18 hr. The reaction was quenched by the 
addition of 200 μmol/L EDTA and 40 μmol/L 
butylhydroxytoluene (BHT). OX-LDL was dia-
lyzed against PBS containing 200 μmol/L EDTA 
and 40 μmol/L BHT.

Quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from tissue in 3.5-cm 
Petri dishes using RNeasy Mini Kit (Qiagen). 
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Structural integrity of the RNA samples was 
confirmed by electrophoresis on 1% Tris-
acetate-EDTA agarose gels. Yield and purity 
were determined photometrically. After RNA 
isolation, mRNA was transcribed into cDNA 
using the PrimeScript RT Master Mix (Takara-
Bio, Kusatsu, Shiga, Japan). This cDNA was 
subjected to qPCR. Quantification of human 
TLR4, IL-6 and IL-1β mRNA was performed 
using specific sense/antisense primers as fol-
lows: TLR4, 5’-CCT GTG CAA TTT GAC CAT 
TG-3’/5’-AAG CAT TCC CAC CTT TGT TG-3’; IL-6, 
5’-CAA TGA GGA GAC TTG CCT GG-3’/5’-GGC 
ATT TGT GGT TGG GTC AG-3’; IL-1β, 5’-TGG CAA 
TGA GGA TGA CTT GT-3’/5’-GTG GTG GTC GGA 
GAT TCG TA-3’; and β-actin, 5’-CAC GAA ACT 
ACC TTC AAC TCC-3’/5’-CAT ACT CCT GCT TGC 
TGA TC-3’.

The QuantiNova SYBR Green PCR kit (Qiagen, 
Hilden, Germany) and a real-time PCR cycler 
(ABI ViiA7 Real-Time PCR Systems, Applied 

Biosystems Life Technologies, Foster City, CA, 
USA) were used according to the manufactur-
er’s instructions. The mean fold-change in 
TLR4, IL-6 or IL-1β mRNA expression relative to 
that of β-actin expression was determined 
using the 2-ΔΔCT method.

Elisa

The IL-6 concentrations in cell media were 
measured with a Valukine IL-6 enzyme-linked 
immunosorbent assay (ELISA) Kit (R&D Sys- 
tems, Minneapolis, MN, USA). A Valukine IL-1β 
ELISA Kit (R&D Systems) was purchased to 
quantify the levels of IL-1β in cell media. Serial 
dilutions of recombinant human IL-6 and IL-1β 
were included in all assays to serve as 
standards.

Western blotting

ARPE-19 cells grown in 10-cm dishes were 
homogenized in lysis buffer [50 mmol/L Tris-

Figure 1. IL-6 and IL-1β IHC analysis of rat retina sections after the 14-day intravenous LDL treatment. The expres-
sion levels of IL-6 and IL-1β detected by IHC were determined by assessing its staining using software image pro-plus 
6.0. The results were showed as integrated optical density (IOD)/area. Three different sections and five different 
fields in each section have been detected. (n = 3, Mean ± SD, asterisk* indicates P<0.05 versus PBS, ***P<0.01).
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HCl, pH7.4, 10% glycerol, 2 mmol/L EDTA, 150 
mmol/L NaCl, 1 mmol/L MgCL2, 50 mmol/L 
glycerophosphate, 2 mmol/L Na3VO4 20 mmol/ 
L NaF, 1 mmol/L phenylmethylsulfonyl fluoride, 
10 μg/mL leupeptin, 10 μg/mL aprotinin and 
1% nonidet P-40] and centrifuged (12,000 rpm, 
15 min, 4°C). The protein concentrations in the 
supernatants were measured using the Bio-
Rad DC protein assay. Protein from each sam-
ple (50 μg) was subjected to sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and electrophoretically transferred 
onto a polyvinylidine difluoride filter mem-
branes (EMD Millipore, Bedford, MA, USA).The 
sheet was blocked in 5% nonfat dried milk  
solution and incubated overnight with a partial-
ly purified rabbit anti-TLR4 monoclonal anti-
body (R&D Systems). Polyclonal antibodies 
directed against phospho-ERK1/2, phospho-
JNK1/3, phospho-p38 MAPKs, phospho-NF- 
κB (1:1000; Cell Signaling Technology, Danvers, 
MA, USA) were used to analyze the activation of 
intracellular signaling during OX-LDL-induced 
RPE cell death. β-actin expression was exam-
ined using a monoclonal anti-β-actin antibody 
(Cell Signaling Technology) as an internal load-
ing control.

Statistical analysis

All experiments were performed at least three 
times. For each experiment, the mean and 
standard deviation were determined from three 
independent experiments. The SPSS software 
(ver. 13.0; Chicago, Illinois, USA) was used to 
analyze differences among group means via 
one-way analysis of variance (ANOVA). P-value 
less than 0.05 were deemed to indicate statis-
tical significance.

Results

LDL-treated rat retina present evident inflam-
matory cytokine secretion

The main inflammatory cytokines participating 
in AMD, IL-6 and IL-1β, were generally detected 
in the LDL-treated rats’ retina, including photo-
receptor layer, and the choriocapillaris-BrM-
RPE complex. Immunohistochemistry analysis 
of serial sections showed expressed high levels 
of IL-6 and IL-1β in the two LDL groups (P<0.01). 
High n-LDL group (4 mg/kg body weight) retina 
presented higher IL-6 and IL-1β than low n-LDL 
group (1 mg/kg body weight) (P<0.05) (Figure 
1).

OX-LDL promotes IL-6, IL-1β and TLR4 mRNA 
expression in ARPE-19

Real-time PCR was used to quantify IL-6, IL-1β 
and TLR4 mRNA expression after treatment 
with LDL or OX-LDL at concentrations of 10, 50 
or 100 mg/mL. mRNA expression in cells treat-
ed with SFM was used as the baseline (i.e., set 
at 1.0) (Figure 2). IL-6, IL-1β and TLR4 mRNA 
expression increased after OX-LDL treatment 
significantly, while not in a dose-dependent 
way. Whereas IL-6 and TLR4 expression 
increase in LDL treatment is insignificant.

OX-LDL increases IL-6, IL-1β secretion, pro-
motes TLR4 protein expression and activates 
ERK phosphorylation.

To determine total IL-6, IL-1β protein levels 
released into the culture medium after treat-
ment with lipoproteins, an ELISA was used. The 
basal level of IL-6 and IL-1β proteins in untreat-

Figure 2. Analysis of effects of lipoprotein on IL-6, IL-1β and TLR4 mRNA expression in cultured human ARPE-19 
cells. Cells were treated with variant concentrations of LDL or OX-LDL for 24 h under serum-free conditions. The 
mean fold change in IL-6, IL-1β and TLR4 mRNA expression relative to that of β-actin expression was determined 
using the method. Data represent the mean ± SD of three independent experiments (Asterisk* indicates P<0.05 
versus SFM, ***P<0.01).
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ed control cells was 270.0 ± 2.50 pg/mL and 
4.286 ± 0.301 pg/mL, respectively. Treatment 
of RPE cells with 100 mg/mL n-LDL and 50, 
100 mg/mL OX-LDL increased both IL-6 and 
IL-1β protein secretion (Figure 3). Western blot 
analysis shows that TLR4 protein expression in 
ARPE-19 cells increased after treatment with 
50 or 100 mg/mL LDL and OX-LDL (Figure 4). 
To examine the role of MAPK signal transduc-
tion in LDL- and OX-LDL-induced TLR4 expres-
sion, the effects of LDL and OX-LDL on MAPKs 
were analyzed in ARPE-19 cells. ERK 1/2 was 
phosphorylated by OX-LDL with the significant 
increase stimulated by 50 and 100 mg/mL 
OX-LDL (Figure 4), whereas the levels of phos-
phorylated p38 and JNK didn’t change (not 
shown in this article).

Discussion

In this study, the inflammation response after 
LDL treatment of rat retina is observed, and the 
potential relation between LDL-induced inflam-
mation upregulation of RPE cells and TLR4 sig-
naling pathways is preliminarily investigated.

The exact etiology of AMD is still unclear. It has 
been suggested that the hallmark lesions of 
AMD, drusen and basal linear deposits, evolve 
from the lipid wall [24]. The lipid wall results 
from a continuous accumulation of neutral lip-
ids in BrM through adulthood [25]. Circulating 
human plasma LDL could go through fenestrat-
ed junctions in the choriocapillaris endotheli-
um, either staying in BrM, or crossing BrM to 

reach RPE [26, 27]. In our previous study, many 
morphologic features similar to human AMD 
were observed in LDL-induced rat retina degen-
eration [16]. These features include incrassa-
tion of BrM, inflammatory infiltration, and pho-
toreceptor apoptosis. RPE cells have been 
reported to express both LDL receptors and its 
coreceptor, CD36, and plasma LDL could be 
internalized by the RPE in vivo and in vitro [26, 
28]. As formerly demonstrated, LDL and OX-LDL 
make various biological effects on RPE resem-
bling AMD pathogenic changes in vitro, such as 
accelerated senescence, apoptosis, extracel-
lular matrix accumulation, oxidative stress, 
VEGF upregulation, and inflammation [17, 29, 
30]. OX-LDL was reported to induce multiple 
transcriptional alterations in genes related to 
inflammation, mediated by multiple signaling 
pathways [30, 31].

Inflammation is now thought to be a key event 
in human AMD. A large range of adverse condi-
tions followed by inflammation instigators, such 
as infection and tissue injury, trigger the recruit-
ment of leukocytes and plasma proteins and 
affect the tissue site [32]. Tissue stress or  
malfunction similarly induces an adaptive 
response, which is referred to as para-inflam-
mation. This response is intermediate between 
the basal homeostatic state and an inflamma-
tory response. Para-inflammation is probably 
responsible for the chronic inflammatory condi-
tions that are associated with modern human 
diseases, including AMD [33]. Retina cells in 

Figure 3. IL-6, IL-1β protein secretion by RPE cells were treated with 10, 50, and 100 mg/mL n-LDL or ox-LDL for 24 
hours and analyzed by ELISA; 100 mg/mL n-LDL and 50, 100 mg/mL OX-LDL increased both IL-6 and IL-1β protein 
secretion. Data represent the mean ± SD of three independent experiments with similar results (Asterisk* indicates 
P<0.05 versus SFM, ***P<0.01).
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Figure 4. Effects of LDL and OX-LDL on protein expression levels of TLR4 and phosphorylated ERK (p-ERK). Total 
lysates were analyzed by western blot with specific anti-TLR4, antiphospho-ERK and anti-ERK antibodies. Equal 
protein loading was confirmed through the use of an internal control (β-actin antibody). After treatment with 50 mg/
mL, 100 mg/mL OX-LDL, TLR4 protein and p-ERK increased. Data represent the mean ± SD of three independent 
experiments with similar results (Asterisk* indicates P<0.05 versus SFM, ***P<0.01).

the macular area are under strong oxidative 
stress with high metabolisms in the long term. 
Chronic inflammation infiltration result in 
increased complement activation in RPE and 
BrM as well as subretinal microglial accumula-
tion [34].

AS and AMD share similar etiology and patho-
physiologic features [35, 36]. Toll-like receptors 
(TLRs) are a family of surface molecules, involv-
ing innate immune responses and inflammato-
ry responses, including AS [37]. In all members 
of TLRs, TLR4 is the most relevant one with AS, 
playing a substantial role in lipid-mediated 
para-inflammatory signaling in AS [38]. TLR4 is 
also expressed by a variety of ocular tissues 
and cells, including RPE cells [22].

We observed increased activation of inflamma-
tion cytokines after LDL treatment both in vivo 

and in vitro. Furthermore, the OX-LDL-induced 
upregulation of TLR4-ERK signaling pathway in 
ARPE-19 is proved.

The mitogen-activated protein kinases (MAPKs: 
p38 and c-Jun N-terminal kinase, JNK, not 
extracellular signal-regulated kinase, ERK) 
have been proved to be involved in OX-LDL up-
regulated VEGF expression, senescence and 
apoptosis in RPE [17, 39]. Inhibitors of JNK have 
explicitly been shown to be protective against 
retinal neuronal cell death [40]. If a general 
involvement of JNK in RPE cell death and ERK 
in RPE cell inflammation in AMD pathology can 
be verified, the inhibition of them may be an 
interesting new approach to prevent progres-
sion of dry AMD, as it may protect the overlying 
neuroretina as well. Further studies should be 
aimed at deciphering these particular pathways 
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in order to elucidate possible options of 
intervention.

In summary, we demonstrate in this work the 
inflammatory responses in circulating LDL-
induced AMD-like retina in vivo. The upregula-
tion of inflammatory cytokines in correlation 
with activated TLR4as well as its downstream 
signaling pathways in ARPE-19 cells is prelimi-
narily confirmed. Accordingly, this study pro-
vides a stronger basis for the role of lipopro-
teins in the pathogenesis of AMD and implies 
that deactivation of TLR4 by humanized anti-
body may effectively attenuate the pathogene-
sis of AMD.

Acknowledgements

This project was supported by the National 
Natural Science Foundation of China (No. 8120- 
0702).

Disclosure of conflict of interest

None

Address correspondence to: Drs. Lili Yin and Xingwei 
Wu, Department of Ophthalmology, Shanghai 
General Hospital, Shanghai Jiaotong University 
School of Medicine, 100 Haining Road, Hongkou 
District, Shanghai, China. Tel: +86-13585819498; 
E-mail: yll144@aliyun.com (LLY); Tel: +86-1391875- 
7688; E-mail: wxweye@sina.com (XWW)

References

[1] Congdon N, O’Colmain B, Klaver CC, Klein R, 
Muñoz B, Friedman DS, Kempen J, Taylor HR, 
Mitchell P; Eye Diseases Prevalence Research 
Group. Causes and prevalence of visual im-
pairment among adults in the United States. 
Arch Ophthalmol 2004; 122: 477-485.

[2] Young RW. Pathophysiology of age-related 
macular degeneration. Surv Ophthalmol 1987; 
31: 291-306.

[3] McLeod DS, Grebe R, Bhutto I, Merges C, Baba 
T and Lutty GA. Relationship between RPE and 
choriocapillaris in age-related macular degen-
eration. Invest Ophthalmol Vis Sci 2009; 50: 
4982-4991.

[4] Chakravarthy U, Wong TY, Fletcher A, Piault E, 
Evans C, Zlateva G, Buggage R, Pleil A and 
Mitchell P. Clinical risk factors for age-related 
macular degeneration: a systematic review 
and meta-analysis. BMC Ophthalmol 2010; 
10: 31.

[5] Swaroop A, Chew EY, Rickman CB and Abeca-
sis GR. Unraveling a multifactorial late-onset 
disease: from genetic susceptibility to disease 

mechanisms for age-related macular degener-
ation. Annu Rev Genomics Hum Genet 2009; 
10: 19-43.

[6] Seddon JM, George S and Rosner B. Cigarette 
smoking, fish consumption, omega-3 fatty acid 
intake, and associations with age-related mac-
ular degeneration: the US Twin Study of Age-
Related Macular Degeneration. Arch Ophthal-
mol 2006; 124: 995-1001.

[7] Hollyfield JG, Bonilha VL, Rayborn ME, Yang X, 
Shadrach KG, Lu L, Ufret RL, Salomon RG and 
Perez VL. Oxidative damage-induced inflam-
mation initiates age-related macular degener-
ation. Nat Med 2008; 14: 194-198.

[8] Suzuki M, Kamei M, Itabe H, Yoneda K, Bando 
H, Kume N and Tano Y. Oxidized phospholipids 
in the macula increase with age and in eyes 
with age-related macular degeneration. Mol 
Vis 2007; 13: 772-778.

[9] Sato R, Yasukawa T, Kacza J, Eichler W, Nishi-
waki A, Iandiev I, Ohbayashi M, Kato A, Yafai Y, 
Bringmann A, Takase A, Ogura Y, Seeger J and 
Wiedemann P. Three-dimensional spheroidal 
culture visualization of membranogenesis of 
Bruch’s membrane and basolateral functions 
of the retinal pigment epithelium. Invest Oph-
thalmol Vis Sci 2013; 54: 1740-1749.

[10] Tserentsoodol N, Sztein J, Campos M, Gordiy-
enko NV, Fariss RN, Lee JW, Fliesler SJ and Ro-
driguez IR. Uptake of cholesterol by the retina 
occurs primarily via a low density lipoprotein 
receptor-mediated process. Mol Vis 2006; 12: 
1306-1318.

[11] Crabb JW, Miyagi M, Gu X, Shadrach K, West 
KA, Sakaguchi H, Kamei M, Hasan A, Yan L, 
Rayborn ME, Salomon RG and Hollyfield JG. 
Drusen proteome analysis: an approach to the 
etiology of age-related macular degeneration. 
Proc Natl Acad Sci U S A 2002; 99: 14682-
14687.

[12] Hollyfield JG, Salomon RG and Crabb JW. 
Proteomic approaches to understanding age-
related macular degeneration. Adv Exp Med 
Biol 2003; 533: 83-89.

[13] e Jong PT. Age-related macular degeneration. 
N Engl J Med 2006; 355: 1474-1485.

[14] Curcio CA, Johnson M, Huang JD and Rudolf M. 
Apolipoprotein B-containing lipoproteins in reti-
nal aging and age-related macular degenera-
tion. J Lipid Res 2010; 51: 451-467.

[15] Kijlstra A, La Heij E and Hendrikse F. 
Immunological factors in the pathogenesis 
and treatment of age-related macular degen-
eration. Ocul Immunol Inflamm 2005; 13: 
3-11.

[16] Yin L, Shi Y, Liu X, Zhang H, Gong Y, Gu Q, Wu X 
and Xu X. A rat model for studying the biologi-
cal effects of circulating LDL in the choriocapil-
laris-BrM-RPE complex. Am J Pathol 2012; 
180: 541-549.



OX-LDL induces inflammation and TLR4 activation in RPE

8230 Int J Clin Exp Pathol 2016;9(8):8223-8230

[17] Yin L, Wu X, Gong Y, Shi Y, Qiu Y, Zhang H, Liu X 
and Gu Q. OX-LDL up-regulates the vascular 
endothelial growth factor-to-pigment epitheli-
um-derived factor ratio in human retinal pig-
ment epithelial cells. Curr Eye Res 2011; 36: 
379-385.

[18] Yating Q, Yuan Y, Wei Z, Qing G, Xingwei W, Qiu 
Q and Lili Y. Oxidized LDL induces apoptosis of 
human retinal pigment epithelium through ac-
tivation of ERK-Bax/Bcl-2 signaling pathways. 
Curr Eye Res 2015; 40: 415-422.

[19] Yang K, Zhang XJ, Cao LJ, Liu XH, Liu ZH, Wang 
XQ, Chen QJ, Lu L, Shen WF and Liu Y. Toll-like 
receptor 4 mediates inflammatory cytokine se-
cretion in smooth muscle cells induced by oxi-
dized low-density lipoprotein. PLoS One 2014; 
9: e95935.

[20] Murad S. Toll-like receptor 4 in inflammation 
and angiogenesis: a double-edged sword. 
Front Immunol 2014; 5: 313.

[21] Buchanan MM, Hutchinson M, Watkins LR and 
Yin H. Toll-like receptor 4 in CNS pathologies. J 
Neurochem 2010; 114: 13-27.

[22] Kindzelskii AL, Elner VM, Elner SG, Yang D, 
Hughes BA and Petty HR. Toll-like receptor 4 
(TLR4) of retinal pigment epithelial cells par-
ticipates in transmembrane signaling in re-
sponse to photoreceptor outer segments. J 
Gen Physiol 2004; 124: 139-149.

[23] Rubic T and Lorenz RL. Downregulated CD36 
and oxLDL uptake and stimulated ABCA1/G1 
and cholesterol efflux as anti-atherosclerotic 
mechanisms of interleukin-10. Cardiovasc Res 
2006; 69: 527-535.

[24] Malek G, Li CM, Guidry C, Medeiros NE and 
Curcio CA. Apolipoprotein B in cholesterol-con-
taining drusen and basal deposits of human 
eyes with age-related maculopathy. Am J 
Pathol 2003; 162: 413-425.

[25] Curcio CA, Presley JB, Millican CL and Medeiros 
NE. Basal deposits and drusen in eyes with 
age-related maculopathy: evidence for solid 
lipid particles. Exp Eye Res 2005; 80: 761-
775.

[26] Gordiyenko N, Campos M, Lee JW, Fariss RN, 
Sztein J and Rodriguez IR. RPE cells internalize 
low-density lipoprotein (LDL) and oxidized LDL 
(oxLDL) in large quantities in vitro and in vivo. 
Invest Ophthalmol Vis Sci 2004; 45: 2822-
2829.

[27] Cankova Z, Huang JD, Kruth HS and Johnson 
M. Passage of low-density lipoproteins through 
Bruch’s membrane and choroid. Exp Eye Res 
2011; 93: 947-955.

[28] Ryeom SW, Silverstein RL, Scotto A and 
Sparrow JR. Binding of anionic phospholipids 
to retinal pigment epithelium may be mediated 
by the scavenger receptor CD36. J Biol Chem 
1996; 271: 20536-20539.

[29] Yu AL, Lorenz RL, Haritoglou C, Kampik A and 
Welge-Lussen U. Biological effects of native 
and oxidized low-density lipoproteins in cul-
tured human retinal pigment epithelial cells. 
Exp Eye Res 2009; 88: 495-503.

[30] Yamada Y, Tian J, Yang Y, Cutler RG, Wu T, 
Telljohann RS, Mattson MP and Handa JT. 
Oxidized low density lipoproteins induce a 
pathologic response by retinal pigmented epi-
thelial cells. J Neurochem 2008; 105: 1187-
1197.

[31] Yu Y, Zhang L, Liu Q, Tang L, Sun H and Guo H. 
Endoplasmic reticulum stress preconditioning 
antagonizes low-density lipoprotein-induced 
inflammation in human mesangial cells 
through upregulation of XBP1 and suppression 
of the IRE1alpha/IKK/NF-kappaB pathway. 
Mol Med Rep 2015; 11: 2048-2054.

[32] Medzhitov R. Origin and physiological roles of 
inflammation. Nature 2008; 454: 428-435.

[33] Xu H, Chen M and Forrester JV. Para-
inflammation in the aging retina. Prog Retin 
Eye Res 2009; 28: 348-368.

[34] Chen M, Forrester JV and Xu H. Dysregulation 
in retinal para-inflammation and age-related 
retinal degeneration in CCL2 or CCR2 deficient 
mice. PLoS One 2011; 6: e22818.

[35] Tan JS, Mitchell P, Smith W and Wang JJ. 
Cardiovascular risk factors and the long-term 
incidence of age-related macular degenera-
tion: the Blue Mountains Eye Study. Ophthal- 
mology 2007; 114: 1143-1150.

[36] Fischer T. [The age-related macular degenera-
tion as a vascular disease/part of systemic 
vasculopathy: contributions to its pathogene-
sis]. Orv Hetil 2015; 156: 358-365.

[37] Moghimpour Bijani F, Vallejo JG and Rezaei N. 
Toll-like receptor signaling pathways in cardio-
vascular diseases: challenges and opportuni-
ties. Int Rev Immunol 2012; 31: 379-395.

[38] Xu XH, Shah PK, Faure E, Equils O, Thomas L, 
Fishbein MC, Luthringer D, Xu XP, Rajavashisth 
TB, Yano J, Kaul S and Arditi M. Toll-like recep-
tor-4 is expressed by macrophages in murine 
and human lipid-rich atherosclerotic plaques 
and upregulated by oxidized LDL. Circulation 
2001; 104: 3103-3108.

[39] Klettner A, Koinzer S, Meyer T and Roider J. 
Toll-like receptor 3 activation in retinal pigment 
epithelium cells-Mitogen-activated protein ki-
nase pathways of cell death and vascular  
endothelial growth factor secretion. Acta 
Ophthalmol 2013; 91: e211-218.

[40] Bessero AC, Chiodini F, Rungger-Brandle E, 
Bonny C and Clarke PG. Role of the c-Jun 
N-terminal kinase pathway in retinal excitotox-
icity, and neuroprotection by its inhibition. J 
Neurochem 2010; 113: 1307-1318.


