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Abstract

e AIM: To investigate whether intravitreal injection of
oxidized low-density lipoprotein (OxLDL) can promote laser-
induced choroidal neovascularization (CNV) formation in
mice and the mechanism involved, thereby to develop a
better animal model.

e METHODS: C57BL6/J mice were randomized into three
groups. Immediately after CNV induction with 532 nm
laser photocoagulation, 1.0 pyL of OxLDL [100 ug/mL in
phosphate-buffered saline (PBS)] was intravitreally injected,
whereas PBS and the same volume low-density lipoprotein
(LDL; 100 pg/mL in PBS) were injected into the vitreous
as controls. Angiogenic and inflammatory cytokines were
measured by quantitative real-time polymerase chain
reaction (qRT-PCR) and Western blotting (WB) after 5d,
and CNV severity was analyzed by choroid flat mount and
immunofluorescence staining after 1wk. In vitro, retinal
pigment epithelial (RPE) cell line (ARPE19) were treated
with OxLDL (LDL as control) for 8h. Angiogenic and
inflammatory cytokine levels were measured. A specific
inhibitor of lectin-like oxidized low-density lipoprotein
receptor 1 (LOX1) was used to evaluate the role of LOX1
in this process.

e RESULTS: At 7d after intravitreal injection of 1 uL (100 pg/mL)
OxLDL, T15-labeled OxLDL was mainly deposited around

the CNV area, and the F4/80-labeled macrophages, the
CD31-labeled vascular endothelial cells number and CNV
area were increased. Meanwhile, WB and qRT-PCR results
showed that vascular endothelial growth factor (VEGF), CC
chemokine receptor 2 (CCR2), interleukin-6 (IL-6), IL-1[3,
and matrix metalloproteinase 9 (MMP9) expressions were
increased, which was supported by in vitro experiments in
RPE cells. LOX1 inhibitors significantly reduced expressions
of inflammatory factors IL-13 and VEGF.

e CONCLUSION: A modified laser-induced CNV animal
model is established with intravitreal injection of 1 uL (100 ug/mL)
of OXxLDL at 7d, which at least partially through LOX1. This
animal model can be used as a simple model for studying
the role of OxLDL in age-related macular degeneration.
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INTRODUCTION
A ge-related macular degeneration (AMD) is the most
common eye disease that causes blindness in the
elderly"’. According to different pathological changes, AMD
can be categorized into dry (atrophic) and wet (neovascular)
types, with wet AMD showing more severe effects on visual
acuity”. The main pathological change in wet AMD is the
formation of choroidal neovascularization (CNV)". Therefore,
elucidation of the pathogenesis of CNV is essential for treating
wet AMD.
An early sign of AMD is drusen formation, which highly
enriched with cholesterol, lipoproteins and polyunsaturated
fatty acid phospholipids. The macular is in a high oxidative
stress environment. These phospholipids are highly susceptible to

oxidative stress and can be modified to oxidized phospholipids
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(OxPLs)™. OxPLs can induce CNV formation by promoting
the secretion of inflammatory and angiogenic factors from
retinal pigment epithelial (RPE) cells™™®. Using oxidized
low-density lipoproteins (OxLDL) as carriers of OxPLs,
we previously demonstrated that subretinal injection of
OxLDL can cause CNV-like changes. As this model brought
oxidize stress into pathogenesis of CNV, it was thought to
be closer to the actual situation”'”. However, this model
shows disadvantages such as difficulty in operation, poor
reproducibility, and inconvenience of CNV quantification.
Therefore, it is necessary to develop a better animal model
for studying the role of OxLDL in the pathogenesis of AMD.
Nowadays, the most commonly used animal model of CNV
is induced with laser photocoagulation by destroying the
Bruch’s membrane. However, this laser-induced model is
created on a normal eye, it does not affect through oxidize
stress. Intravitreal injection is one of the commonly used ways
of intervention and is easier to perform when comparing with
subretinal injection''*. The study aimed to evaluate whether
OxLDL intravitreal injection can enhance laser-induced CNV
formation, thus to develop a new and feasible model to study
the role of OXLDL in AMD.

MATERIALS AND METHODS

Ethical Approval All animal procedures in this study were
in compliance with guidelines by the Association for Research
in Vision and Ophthalmology (ARVO) Statement in the use
of animals research. The protocols were approved by the
Institutional Animal Ethics Committee of the Fourth Military
Medical University.

Animals Male C57BL/6J mice, aged 6-8wk and weighing
20-25 g had free access to food and water with 12h/12h light/
dark cycle.

OxLDL Injection and Laser Application As previously
described, male C57BL/6J mice were anesthetized. An
Iridex OcuLight GL 532 nm laser photocoagulator (Iridex)
was used to create four burns with the following parameters:
120 mW power, 75 pum spot size, and 100ms duration. The
burns postions are three disk diameters away from the optic
disk. Production of a bubble after the time of laser treatment
is an important factor in inducing CNV; therefore, only
burns in which a bubble was produced and the absence of
haemorrhaging were included in this study. Next, 1.0 puL of
OxLDL [100 pg/mL in phosphate-buffered saline (PBS)]
was intravitreally injected for the experimental group, while
the control group was injected with the same volume of low-
density lipoprotein (LDL; 100 pg/mL in PBS), and the blank
control group was injected with the same volume of PBS.
Evaluation of CNV Lesions As previously described"”,
7d after laser photocoagulation, mice were anesthetized and
the chest was cut open to expose the heart. After sequential
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perfusion with PBS and 4% paraformaldehyde through
the heart, the eyeballs were harvested and fixed in 4%
paraformaldehyde at 4°C for approximately 30min. Next, the
connective tissue around the eyeball, the anterior segment and
the retinal neural layer were removed under a microscope. The
remaining RPE-choroid-sclera complex was immunolabeled
with Isolection-IB4, Alexa Fluor™ 488 conjugate (1:100,
Invitrogen, Carlsbad, CA, USA) overnight at 4°C. After
washing with PBS, the choroid complex was given 4-6 radial
cuts and then flat mounted on a glass slide and sealed with 50%
glycerol. Images were acquired with an AX100 fluorescence
microscope (Carl Zeiss, Inc., Oberkochen, Germany), and the
CNV area was measured using Image J software.

Frozen Section and Immunofluorescence Staining Seven
days after modeling, the eyeball was obtained after perfusion
and fixation as described above. Then the anterior segment
and vitreous were removed, and the posterior eyecups were
cryoprotected in 30% sucrose solution at 4°C overnight, and
then embedded and sectioned with a thickness of 10 um.
Sections of eyeballs were washed 3 times with PBS and
blocked with 1% Triton X-100 in 1% bovine serum albumin
at room temperature overnight. Immunofluorescence staining
was performed using the mouse monoclonal IgM antibody
T15 (Sigma), the rat monoclonal IgG antibody F4/80 (Abcam),
the rabbit polyclonal IgG antibody CD31 (Abcam), followed
by Alexa Fluor Plus 488 rabbit anti-mouse IgM secondary
antibody (Invitrogen), Alexa Fluor Plus 594 goat anti-rat
IgG secondary antibody (Invitrogen), and Alexa Fluor Plus
647 goat anti-rabbit IgG secondary antibody (Invitrogen), as
secondary antibodies. Then these sections were stained with
DAPI (Molecular Probes, Thermo Fisher Scientific Inc., USA)
and sealed with 50% glycerol. Immunofluorescence was
visualized using a confocal microscope.

Quantitative Real-time Polymerase Chain Reaction
Five days after modeling, mice were over anesthetized by
intraperitoneal injection of 50 mL/kg body weight of 1%
sodium pentobarbital, and eyeballs were quickly removed and
choroidal tissue was obtained. Total RNA from choroidal tissue
was extracted with Trizol (Invitrogen) reagent according to the
manufacturer’s instructions. Complementary DNA (cDNA)
was synthesized using a cDNA Synthesis Kit (TaKaRa, Japan),
and PCR amplification was conducted using SYBR® Green
PCR Master Mix Reagent (TaKaRa, Shiga, Japan) on the
ABI PRISM Step One Plus real time PCR system (Applied
Biosystems, Foster City, CA, USA). The mRNA expression
was normalized to that of the endogenous reference gene
B-actin. The primer sequences are listed in Table 1.

ARPE19 Cell Culture and Treatment The human RPE
cell line ARPE19 was purchased from the Chinese Academy
of Sciences cell bank and was routinely cultured in low-
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Table 1 Primers used in qRT-PCR

Gene Forward primer (5°-3°) Reverse primer (5°-3’)
B-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA
IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
IL-1B GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
CCR2 ATCCACGGCATACTATCAACATC CAAGGCTCACCATCATCGTAG
MMP9 CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG
LOX1 CAAGATGAAGCCTGCGAATGA ACCTGGCGTAATTGTGTCCAC

qRT-PCR: Quantitative real-time polymerase chain reaction.

Table 2 Primary antibodies used in WB

Antibody Host species Concentrations Catalog number Company
-actin Mouse 1:2000 #3700 CST, American
B-tubulin Rabbit 1:2000 #2148 CST, American
GAPDH Rabbit 1:2000 #5174 CST, American
IL-1B Rabbit 1:1000 ab9722 Abcam, American
IL-6 Rabbit 1:1000 ab6672 Abcam, American
CCR2 Rabbit 1:1000 ab203128 Abcam, American
VEGFA Rabbit 1:1000 ab46154 Abcam, American
T15 (IgM) Mouse 1:1000 330001 Avanti Lipids, American
MMP9 Rabbit 1:1000 #13667 CST, American
LOX1 Rabbit 1:1000 ab60178 Abcam, American
F4/80 Rat 1:1000 ab6640 Abcam, American

WB: Western blotting; IL: Interleukin; CCR2: CC chemokine receptor 2; VEGFA: Vascular endothelial growth factor-A;

MMP9: Matrix metalloproteinase 9; LOX1: Lectin-like oxidized low-density lipoprotein receptor 1.

glucose DMEM medium containing 10% fetal bovine serum
in a humidified environment of 5% CO, at 37°C. The cultured
ARPE19 cell was divided into 3 groups, and 25 ng/mL OxLDL
was treated for the experimental group, while the control group
was treated with 25 pg/mL LDL, and the blank control group
was added with the same concentration of PBS.

Western Blotting Tissues were harvested 5d after modeling,
and ARPE19 cells were harvested at 8h after treatment.
Proteins were extracted using cell lysis buffer supplemented
with proteinase and phosphatase inhibitors, and protein
concentration was determined by BCA protein assay kit
(Sangon Biotech, Shanghai, China). Equal amounts (20 pg)
of protein were separated by SDS-PAGE and transferred to
polyvinylidene fluoride membranes (Millipore, Billerica,
MA, USA). After blocking in 5% skim milk for 2h at room
temperature, the samples were incubated overnight at 4°C with
primary antibodies (Table 2). After washing three times with
TBST, the samples were incubated 1h at room temperature
with the secondary antibody. Bound antibodies were and
visualized by enhanced chemiluminescence reagents ECL
(Pierce, Rockford, IL, USA).

Statistical Analysis Statistical analysis was performed using
SPSS 22.0 software (SPSS, Inc., Chicago, IL, USA). Data
between two groups were compared using Student’s ¢-test; one-
way ANOVA was used to compare multiple sample means,

and LSD-¢ test was used for comparison between groups. All
analyses and graphic representations were performed using
GraphPad Prism software (version 4.0c; GraphPad, Inc., La
Jolla, CA, USA). Values are represented as the meantstandard
error of the mean (SEM). P values of less than 0.05 were
considered as significant.

RESULTS

Intravitreal Injection of OXLDL Promotes Laser-induced
CNV Formation First, we evaluated the effects of OxLDL
and LDL on CNV formation in vivo. Flat mount staining
showed that CNV area after 7d of the OxLDL group was
significantly larger than that of the LDL and control groups
(OXLDL 48 256.13+14 480.49 um’, LDL 28 490.7+9095.84 pn’,
control 25 936.4+8358.05 um’; P<0.05, n=12; Figure 1). These
results suggest that intravitreal injection of OxLDL can
significantly promote laser-induced CNV, whereas LDL and
PBS does not.

OxLDL Promotes Macrophage Aggregation and VEGF
Expression in CNV Lesions Immunofluorescence staining
was performed with CD31, T15, and F4/80 as markers
of vascular endothelial cells, OxLDL, and macrophages,
respectively. OxLDL was deposited around the CNV, consistent
with F4/80-positive macrophage localization (Figure 2A, 2B).
The expression of vascular endothelial growth factor (VEGF)
in the choroidal tissue of the OxLDL group was significantly
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Figure 1 OxLDL promoted laser-induced CNV in mice A: Representative images of CNV in different groups. Blood vessels in choroidal
flatmounts were stained with Alexa Fluor™ 488 conjugate Isolection-IB4. B: The quantification result of CNV area. Data are mean+=SEM.
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Figure 2 OxLDL promotes macrophage aggregation and VEGF expression in CNV lesions A: Immunofluorescence staining: T15 mark

OxLDL, F4/80 mark macrophages, CD31 mark vascular endothelial cells, and DAPI; B: Representative WB analysis and quantification of
relative expression of T15. Data are mean+=SEM. “P<0.001. C: Representative Western blot analysis and quantification of relative expression of

VEGE. Data are mean+=SEM. "P<0.01.

higher than that of the LDL and control groups (Figure 2C). around CNV area, promotes macrophage aggregation and
OxLDL diffuses from the damaged retina to subretinal and ~ VEGF expression, thereby promoting CNV formation.
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Figure 3 OxLDL promotes expression of inflammatory cytokine secretion A: qRT-PCR assay analyzed some of the angiogenic factors;
B: Quantification of relative expression of CCR2, IL-6 and IL-1p. Data are meantSEM. ‘P<0.05, °P<0.01, °P<0.001. C: Representative WB

analysis of CCR2, IL-6 and IL-1p.
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Figure 4 OxLDL promotes the expression of its receptor LOX1 A: qRT-PCR assay analyzed LOX1; B: Quantification of relative expression

of LOX1. Data are mean=SEM. ‘P<0.001. C: Representative WB analysis of LOX1.

Vitreous Injection of OxLDL Promotes Inflammatory
Cytokine Secretion The quantitative real-time polymerase
chain reaction (QRT-PCR) results showed that the mRNA
levels of CC chemokine receptor 2 (CCR2), interleukin-1f
(IL-1B), IL-6, and matrix metalloproteinase 9 (MMP9), in the
choroidal tissues of the OxLDL and LDL groups were up-
regulated and higher than those in the control group. Cytokine
levels in the OXLDL group were higher than those in the LDL
group (Figure 3A). Western blotting (WB) showed that the
protein expression of CCR2, IL-6, and IL-1f in the OXxLDL
and LDL groups was higher than that in the control group, and
the expression in the OXxLDL group showed a more obvious
increase (Figure 3B, 3C).

OxLDL Promotes the Expression of its Receptor LOX1
in Choroidal To study the mechanism of OxLDL, we
further evaluated the effect of OxLDL on the expression of

lectin-like oxidized low-density lipoprotein receptor 1 (LOX1),
which is the main receptor of OXLDL. The results of qRT-
PCR and WB showed that OXLDL significantly promoted the
expression of LOX1, while LDL had no such effect (Figure 4).
OxLDL Promotes LOX1, VEGF, IL-6, and IL-1p
Expression of RPE Cells We investigated the expression
changes of inflammatory and angiogenic factors after treated
by OxLDL. The experiment demonstrated that OxLDL
promotes the expression of VEGF, IL-6, and IL-1f in
ARPE19 cells. We further observed the effect of OXLDL on its
receptor’s expression and found that LOX1 was activated in a
dose-dependent manner (Figure 5).

OxLDL Regulates the Cytokines Expression Through
LOX1 Our experiments showed that OxLDL promotes the
expression of inflammatory factors expression. However,
whether the inflammatory factor expression is LOX1
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Figure S OXLDL promotes expression of LOX1, VEGEF, IL-6, and IL-1p A: Quantification of relative expression of LOX1, VEGF, IL-6, IL-1p.
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Figure 6 OxLDL regulates the cytokines expression through LOX1 A-C: Quantification of relative expression of MMP9, IL-1f3 and LOX1.
Data are meantSEM. "P<0.01. D: Representative WB analysis of VEGF, IL-1p and LOX1.

dependent was not clear. Thus, we added LOX1 inhibitor to
the culture medium and then observed the effect of OxLDL on
the expression of inflammatory factors. WB analysis showed
that the expression of IL-18 and VEGF was decreased when
the expression of LOX1 was inhibited (Figure 6).
DISCUSSION

OxLDL can cause disorders of lipid metabolism, and in
addition it can cause an inflammatory response, further
promoting pathological angiogenesis"*'”. OxLDL induces the
accumulation of reactive oxygen species (ROS) intracellular
and promotes inflammatory responses, and there is evidence
that high concentrations can lead to apoptosis of cells"*. There
are many studies have shown that OxLDL to be associated
with the incidence of retinopathy and other diseases. OXxLDL
leads to increased oxidative stress and vascular endothelial
cell dysfunction via interaction with a cell surface scavenger
receptor, CD36"”. Study in diabetic retinopathy demonstrated
OxLDL causes increased oxidative stress, increased VEGF
expression, and apoptosis, causing retinal damage”. In
the study of AMD, it is confirmed that OXLDL is a major
component of drusen, which promotes CNV formation of wet-
AMD, but the specific mechanism has not proved yet".

While the detailed mechanism of CNV and how to control it
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remained to be revealed, an ideal animal model is needed. The
laser-induced CNV model is now the most commonly used
model, in which the laser directly damages the choroid-Bruch’s
membrane-RPE complex, choroid tissue then fills the wound

11,13,22 . . . .
321 This is similar

and expands into the subretinal cavity'
to the CNV process of AMD patients™. As the parameters
of laser can be accurately controlled, the CNV lesions of
this model are consistent, moreover, it is also convenient to
quantify the CNV by using choroidal flat mounts. Therefore,
the laser-induced CNV model is considered as reliable and
stable!"”). However, this model is not an ideal one as it created
in healthy eyes and different from the situation in patient, for
example, it does not include the oxidative stress factor.

In our previous experiments, we induced CNV-like change
in mice before injecting OXLDL into the subretinal space.
As OxLDL is mainly deposited around RPE cells, OxXLDL
subretinal injection-induced CNV is more relevant to the real
situation'”. However, subretinal injection is more difficult to
perform. Even if the trans-vitreous and trans-scleral approaches
are adopted, bleeding, retinal detachment, complicated cataract,
and other complications are more common'. In addition, the
actual injected volume is inconsistent and the CNV area cannot

be conveniently calculated.
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Intravitreal injection is now widely used in ocular drug delivery,
for example, anti-VEGF treatment for retinal and choroidal
diseases”™. In contrast to subretinal injection, intravitreal
injection is much easier, shows better repeatability, and causes
lower levels of damage. Based on above, we speculated
whether intravitreal injection of OXLDL could promote the
laser induced CNV in mice, thus creatinga better model to
study the detailed mechanism of OXLDL in wet-AMD.

We injected OxLDL into the vitreous after laser photocoagulation
and found that the mean CNV area of the OxLDL injection
group was significantly larger than that of LDL and PBS
injection groups, suggesting that intravitreal injected OxLDL
could promote the formation of laser-induced CNV. About the
mechanism, we think that there may have two possibilities.
One is that OxLDL spreads firstly through the laser-damaged
retinas to the sub-retinal space and then stimulates the release
of inflammatory and growth factors which further cause
aggregation of inflammatory cells or promote angiogenesis.
This possibility was confirmed by the finding that there had
an increased content of OxPLs and macrophages surrounding
CNV lesions™?", and increased expression of IL-1p, IL-6,
MMP9, and CCR2 in Choroid-RPE complex. Another
possibility is that OxLDL in the vitreous stimulates the
surrounding retinal cells to release cytokines and growth
factors, which then diffuse through the retina to the subretinal
cavity to exert their functions.

Similar to the results of our previous experiments, in vitro
experiment with ARPE19 showed that OXLDL promotes
the expression of IL-1B, IL-6, and VEGF, whereas LDL
has no such effect. LOX1 is one of the main receptors of
OxLDL, some of its effects were LOX1 dependent™. In our
experiment, increased LOX1 expression was found in a dose-
dependent manner when treated with OxLDL. In order to
confirm whether LOX1 is involved in this process, we then
inhibited LOX with its specific inhibitor and found that the
expression of IL-1P and VEGF was decreased. This means that
the effects of OXLDL on RPE cells are at least partly through
LOX1%.

Different from in vitro results that LDL has no effect on
the expression of IL-1f, IL-6, CCR2, and MMPY, in vivo
experiment showed that expression of these factors in the
choroidal tissue from the LDL group was increased when
compared with that in the PBS group, although this increase
was less than that in the OXLDL group. Considering the reason
behind this, we speculated that the difference in LDL species
might be the cause. The OxLDL and LDL we used were
derived from the human serum, and this kind of LDL might
induce some extent of immune response when injected into
mouse vitreous, even in the absence of immune cells.

In summary, using intravitreal injection of OXLDL and laser

photocoagulation, we created a new CNV model. As this
model involves both oxidative stress and Bruch’s membrane
damage, it is theoretically closer to the pathological changes of
CNV in AMD patients. Furthermore, this method is relatively
simple, shows good repeatability and the convenience for CNV
quantification. Thus, this animal model is a simple and reliable
one for studying the detailed mechanism of CNV formation
and its interventions.
The shortcoming of our experiments is that we did not measure
the cytokines and growth factors in vitreous, so we could
not prove or exclude the second possibility that how OxLDL
works when injected into the vitreous. Besides, the OxLDL is
located beneath the retina in AMD patients, so this model we
created is a trade-off between idealization and simplification, it
is still not a perfect one.
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