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Abstract
Oxidized cholesterols and lipids accumulate in Bruch’s membrane in age-related macular degeneration (AMD). It remains 
unknown what causal relationship exists between these substances and AMD pathophysiology. We addressed the hypothesis 
that a prevalent form, 7-ketocholesterol (7KC), promotes choroidal endothelial cell (CEC) migration and macular neovas-
cularization in AMD. Compared to control, 7KC injection caused 40% larger lectin-stained lesions, but 70% larger lesions 
measured by optical coherence tomography one week after laser-injury. At two weeks, 7KC-injected eyes had 86% larger 
alpha smooth muscle actin (αSMA)-labeled lesions and more collagen-labeling than control. There was no difference in 
cell death. 7KC-treated RPE/choroids had increased αSMA but decreased VE-cadherin. Compared to control-treated CECs, 
7KC unexpectedly reduced endothelial VE-cadherin, CD31 and VEGFR2 and increased αSMA, fibroblast activation protein 
(FAP) and transforming growth factor beta (TGFβ). Inhibition of TGFβ receptor-mediated signaling by SB431542 abrogated 
7KC-induced loss of endothelial and increase in mesenchymal proteins in association with decreased transcription factor, 
SMAD3. Knockdown of SMAD3 partially inhibited 7KC-mediated loss of endothelial proteins and increase in αSMA and 
FAP. Compared to control, 7KC-treatment of CECs increased Rac1GTP and migration, and both were inhibited by the Rac1 
inhibitor; however, CECs treated with 7KC had reduced tube formation. These findings suggest that 7KC, which increases 
in AMD and with age, induces mesenchymal transition in CECs making them invasive and migratory, and causing fibrosis 
in macular neovascularization. Further studies to interfere with this process may reduce fibrosis and improve responsiveness 
to anti-VEGF treatment in non-responsive macular neovascularization in AMD.
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Introduction

Age-related macular degeneration (AMD) is a complex dis-
ease and a leading cause of vision loss world-wide [1, 2]. 
Outcomes have been revolutionized with the use of agents 
that interfere with the bioactivity of vascular endothelial 
growth factor (VEGF); however, only about 50% of eyes 
respond with long-term improved vision largely due to pro-
gression to macular atrophy or fibrosis [3–5]. Part of the 
complexity of AMD may relate to its strong association with 

genetic variants, [6, 7] and late manifestation in life. A num-
ber of studies have investigated external factors related to 
AMD [8, 9]. Some associated risk factors involve lifestyle, 
whereas others relate to age- and AMD-related changes in 
Bruch’s membrane [10–12].

We have been interested in mechanisms that activate cho-
roidal endothelial cells (CECs) to migrate into the neural 
retina, an event that causes vision loss in type 2 macular 
neovascularization (type 2 MNV) in AMD [13]. To explore 
mechanisms of CEC activation and migration, we have 
used physiologically relevant human cell cultures to study 
various stresses involved in AMD pathophysiology. We 
found that activation of the Rac1, a small GTPase protein, 
increased CEC migration [14], and that several AMD-related 
stresses activated Rac1, including inflammatory cytokines, 
e.g., tumor necrosis factor alpha (TNFα) [15]; angiogenic 
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factors, VEGF [16, 17] and C-C motif chemokine 11 [18, 
19]; and reactive oxygen species generated by NADPH 
oxidase [2]. In this study, we explored the role of extracel-
lular deposits that accumulate in Bruch’s membrane with 
increased age [20] and in AMD [21, 22]. These deposits and 
drusen are composed of a number of substances, including 
complement, proteins, cholesterol and oxysterols. A preva-
lent oxysterol in Bruch’s membrane and drusen in AMD is 
7-ketocholesterol (7KC) [22, 23], which is synthesized in 
the retina [24] or can form from non-enzymatic oxidation of 
blood-borne lipids and cholesterol [25, 26]. 7KC is cytotoxic 
[20], but nontoxic effects involve pathways of inflammation, 
oxidation [27], and angiogenesis including through VEGF 
[28]. 7KC is also the predominant oxysterol in the blood of 
patients with cardiovascular disease [29], an associated risk 
of AMD [20].

We proposed the hypothesis that 7KC in the blood stream 
and Bruch’s membrane would have access to and activate 
CECs to become migratory and form MNV. We addressed 
this hypothesis using experimental methods with isolated 
human CECs and in mice treated with laser-injury to induce 
choroidal neovascularization (CNV). As predicted, we found 
7KC activated Rac1 in CECs and increased CNV induced by 
laser injury. Unexpectedly, we found 7KC also reduced the 
expression of endothelial markers on CECs and increased 
the expression of mesenchymal markers. We, therefore, 
refined our studies to address the predictions that 7KC 
induces endothelial-mesenchymal transition (EndMT) and 
increases migratory invasiveness of the transitioned cells, 
leading to enlarged lesions and fibrosis. We provide evidence 
that 7KC induces EndMT of CECs and leads to aggressive 
migratory characteristics and invasion that lead to fibrosis 
in an experimental model of neovascular AMD. The transi-
tioned cells lack VEGFR2, and this may render them poorly 
responsive to anti-VEGF treatment.

Materials and methods

Animals and ethical statement

Wild type C57Bl/6J mice purchased from Jackson Labo-
ratory (Bar Harbor, ME) were used in this study. All the 
experimental procedures were approved by Institutional Ani-
mal Care and Use Committee and the Institutional Biosafety 
Committee of Utah, and followed the Guide for the Care and 
Use of Laboratory Animals of the University of Utah and 
the Association for Research in Vision and Ophthalmology 
Statement for the Use of Animals in Ophthalmic and Vision 
Research. Inhalation of isoflurane (Millipore Sigma, St. 
Louis, MO) and intraperitoneal injections of Ketamine (90 
mg/Kg) and Xylazine (10 mg/Kg) for anesthesia, and cervi-
cal dislocation was used for euthanasia under anesthesia.

Intravitreal injections of 7KC, laser‑induced CNV 
model and optical coherence tomography

Six-week-old mice received bilateral intravitreal injec-
tions of 7KC (1 µl of 5 µM 7KC/eye) or the vehicle 
control, 2-Hydroxypropyl-β-cyclodextrin (HPBCD, 
Sigma-Aldrich). One-week post injection, mice were 
then treated with laser using the Phoenix Image-Guided 
Laser System 94 (Phoenix Micron IV, Pleasanton, CA). 
As described previously [30], following dilation with 
1% tropicamide ophthalmic solution and pain control 
with 0.5% proparacaine hydrochloride Ophthalmic solu-
tion (California Pet Pharmacy, Hayward, CA), mice were 
treated with laser at settings of 460 mW intensity and 
100 ms duration to induce CNV. Each eye received four 
laser spots that were located at approximately two disc 
diameters from the optic nerve. Right after laser, mice 
received the second intravitreal 7KC or HPBCD injec-
tions through a site separate from the previous site. 
Lesion volumes were measured by spectral domain opti-
cal coherence tomography (OCT) at one week post laser 
under anesthesia as described previously [31]. One week 
or two weeks after laser, mice were euthanized and eyes 
were collected for RPE/choroidal flatmounts for lesion 
volume or protein analysis.

RPE/choroidal flat mount preparation, staining, 
and lesion volume quantification

Fresh enucleated eyes were first fixed in 4% paraform-
aldehyde (Electron Microscopy Sciences, Hatfield, PA) 
for 1 h and followed by an additional 1 h after remov-
ing the cornea, lens, vitreous and retina. The posterior 
eyecups were then blocked in phosphate-buffered saline 
(PBS) containing 1% bovine serum albumin (BSA) and 
0.5% Triton X-100 at room temperature, and followed 
by staining with AlexaFluor 568-conjugated Isolectin 
B4 (1:500, Invitrogen, Carlsbad, CA), and alpha smooth 
muscle actin (αSMA) (1:200, Cell Signaling Technol-
ogy, Danvers, MA) overnight at 4 °C. To label αSMA 
staining, the eyecups were stained with FITC-conjugated 
goat anti-Rabbit secondary antibody (1:200, Invitrogen, 
Carlsbad, CA) for 1 h at room temperature. After three 
washes, the eyecups were flattened by cutting incisions 
radially and mounted onto a microscope slide with 
VECTASHIELD mounting medium (Vector Laborato-
ries, Burlingame, CA).

Confocal images of each lectin or αSMA-labeled lesion 
with the z-stack set at 1 nm intervals were captured at 488 
and 568 nm using a 20X objective on a Confocal Laser 
Scanning Microscope (Olympus Corporation, Japan). 
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Images were imported into IMARIS (the Oxford Instru-
ments, Switzerland), and lesion volumes were determined 
using the Surfaces Module (Version 9.1.2, Bitplane, Santa 
Barbara, California, USA). Lesions with obvious hemor-
rhage or bridging CNV were excluded.

Immunostaining in mouse retinal cryosections

For staining in retinal cryosections, eyes were first fixed 
in 4% paraformaldehyde for 1 h and an additional 1 h after 
removing the cornea and lens. Eyecups were then dehy-
drated in 15% sucrose for 2 h at room temperature, fol-
lowed by 30% sucrose overnight at 4 °C, and embedded in 
optimal cutting temperature (OCT) (Tissue Tek, Hatfield, 
PA). The frozen OCT-embedded tissues were sectioned 
into 12 μm sections using a cryotome cryostat (Ther-
moFisher Scientific). After blocking in 5% normal goat 
serum in PBS/0.3% Triton X-100 for 1 h at room tempera-
ture, cryosections were then incubated with rabbit anti-
collagen I (1:150, Thermofisher Scientific) overnight at 
4 °C and followed by 1 h incubation at room temperature 
with Cyanine CyTM3-conjugated goat anti-rabbit IgG anti-
body (1:200, Jackson ImmunoResearch Lab, West Gove, 
PA) with isolectin B4-488 (1:500, Invitrogen) and TO-
PRO-3 (1:500, ThermoFisher Scientific, Waltham, MA) to 
stain CNV lesions and nuclei, respectively. Sections were 
then washed in PBS for three times and mounted in Fluo-
romount-G (SouthernBiotech, Birmingham, AL). Images 
were captured using a confocal microscope (FV1000, 
Olympus, Japan). The integrated density of collagen I at 
the CNV lesions was quantified using Image J (developed 
by National Institute of Health of the United States, USA).

TUNEL staining in retinal cryosections

TUNEL staining was performed using the In Situ Cell 
Death Detection Kit-TMR red (Roche Diagnostics GmbH, 
Mannheim, Germany). Following instructions in the kit, 
sections were washed in PBS (pH 7.4) and incubated in 
freshly prepared permeabilization solution (0.1% Triton 
X-100 in 0.1% sodium citrate). After two rinses with PBS, 
sections were incubated with the TUNEL reaction mixture 
(50 µl Enzyme solution to 450 µl Label solution) for 1 h 
at 37 °C. Sections pre-incubated with DNase I recombi-
nant (3000 U/ml–3 U/ml in 50 mM Tris-HCl, pH 7.5, 1 
mg/ml BSA) for 10 min at room temperature were used 
as positive controls. Sections incubated with only the 
Label solution were used as negative controls. After three 
rinses in PBS for 5 min each, coverslips were mounted 
in DAPI-Fluoromount-G (SouthernBiotech, Birmingham, 

AL). TUNEL positive cells were detected under a confocal 
microscope (FV1000, Olympus, Japan) at 580 nM.

Cell culture, siRNA transfection and treatment

Human choroidal endothelial cells (CECs) were isolated 
from human donor eyes (20–40 years of age) (Utah Lions 
Eye Bank, Salt Lake City, UT). Human Subjects Committee 
of University of Utah deemed our use of de-identified donor 
eyes to isolate human CECs was exempt. Experiments were 
replicated in CECs from three different donors. As described 
previously [30], CECs at passages 2–5 were grown in 
Endothelial Growth Medium (EGM2; Lonza, Walkersville, 
MD) with 5% fetal bovine serum (FBS).

To knock down SMAD3, CECs at 80% confluence were 
transfected with siRNA targeting human SMAD3 gene or 
silencer selective control siRNA (Applied Biosystems, Fos-
ter City, CA).

For treatment, CECs in EGM2 were treated with 7KC 
(10 µM, Cayman Chemical, Ann Arbor, Michigan) or 
tumor growth factor beta (TGFβ) (10ng/ml, R&D Sys-
tems, Minneapolis, MN), or respective solvent control, 
45% (2-Hydroxypropyl)-β-cyclodextrin (HPBCD, Sigma-
Aldrich) or PBS. Some CECs were pretreated with  a TGFβ 
receptor inhibitor, SB431542 (10 μM, Selleckchem, Pitts-
burgh, PA), Rac1 inhibitor (50 μM, MilliporeSigma, Burl-
ington, MA) or vehicle control.

Rac1 activity assay by immunoprecipitation

After treatment, CECs were collected and lysed in radioim-
munoprecipitation assay (RIPA) buffer (50 mM Tris pH 7.4, 
150 mM sodium chloride, 0.5% sodium deoxycholate, 0.1% 
sodium dodecyl sulfate, 1% Triton X-100 and 10% glycerol) 
with protease inhibitors (Roche Diagnostics, Indianapolis, 
IN) and phosphatase inhibitors (Thermo Scientific, Roch-
ford, IL). The protein concentration in cell lysate was quanti-
fied using Bicinchoninic acid assay kit (Thermo Scientific). 
Three hundreds microlitters of cell lysates containing 300 µg 
of protein were processed for immunoprecipitation (IP) with 
an antibody to Rac1GTP (1:100; NewEast Biosciences, King 
of Prussia, PA) by gently rocking at 4 °C. The antibody/pro-
tein complex was pulled down with 10 µl of Dynabeads pro-
tein G (Invotrogen, Carlsbad, CA) and re-suspended in 2X 
sample buffer (ThermoFisher Scientific) after three washes 
in RIPA buffer. Rac1GTP in the IP products were measured 
by Western blots using an antibody to Rac1 (BD Transduc-
tion Laboratories, Franklin Lakes, NJ).

Western blots

After quantitation of protein concentration, 10–20 µg pro-
tein from cells and tissues was separated by NuPAGE 4% to 
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12% Bis-Tris Gels (Invitrogen) and transferred to a PVDF 
membrane using iBlot 2 Gel Transfer Device (ThermoFisher 
Scientific). The PVDF membranes were first blocked in tris-
buffered saline (TBS) (Quality Biological, Gainthersburg, 
MD) blocking buffer with 5% BSA for 1 h at room tempera-
ture and then incubated with antibodies to vascular endothe-
lial growth factor receptor 2 (VEGFR2), CD31, vascular 
endothelial cadherin (VE-cadherin), αSMA, TGFβ, SNAIL 
(Cell signaling Technology, Danvers, MA) or fibroblast acti-
vation protein (FAP) (abcam, Cambridge, MA) overnight at 
4ºC. The membranes were reprobed with HRP-conjugated 
β-actin (Santa Cruz Biotechnology, Dallas, Texas) as loading 
controls. Densitometry analysis was performed with the use 
of the software UN-SCAN-IT version 7.1 (Silk Scientific, 
Orem, UT).

Transwell cell migration and tube formation assays

Migration assays similar to what we previously developed 
[14] for retinal pigment epithelium and CECs but fashioned 
after Boyden assays for CECs were performed in 24-well 
plates with 6.5 mm diameter Transwell inserts (8 μm pores; 
Corning, NY). After 72 h treatment with 7KC or HPBCD 
in the presence of the Rac1 inhibitor or PBS control, CECs 
were stained with Vybrant DiO (Invitrogen, Carlsbad, CA) 
for 10 min at 37 °C, and seeded into the inserts at 50,000 
cells in 200 µl of EGM2 media. Five hundred microlitters 
of EGM2 were added into each well beneath the insert. The 
plates were allowed to incubate at 37 °C, 5% CO2. The cells 
that had not migrated and were still located in the inserts 
were carefully removed using cotton tips, and the inserts 
were then fixed in 4% paraformaldehyde. The cells that had 
migrated to the underside of the insert were imaged with a 
confocal microscope (FV1000, Olympus, Japan) and quanti-
fied by two masked reviewers.

For the tube formation assay, growth factor-reduced 
Matrigel (Corning, New York), thawed overnight, was plated 
onto 48-well plates and incubated for 30 min at 37 °C to 
solidify. After 72 h treatment with 7KC or HPBCD, CECs in 
EBM-2 were seeded on top of Matrigel at 40,000 cells/well. 
After 12 h of incubation, tubes were imaged using phase-
contrast on a BZ-X810 fluorescent microscope (Keyence, 
Itaska, IL) at 10× magnification. Images were imported into 
FIJI software and tube cavitations were quantified.

Statistical analysis

The statistical significance of CNV lesions was analyzed 
with a mixed effects linear regression model using STATA-
14 software (StataCorp LLC, College Station, TX). The 
model included both fixed and random effects to account 
for biological variation between litters by comparing exper-
imental to control groups. In general, one eye from each 

animal was used for the analysis of lesions, and the fellow 
eye was used for protein analysis. A two-tailed t-test was 
used to determine the difference in protein from tissues and 
cells. A statistical significance was determined when the 
P value was < 0.05. For animal studies, at least 33 CNV 
spots from at least 11 animals were included. For immuno-
labeled cryosections, 3–4 sections at 60 µm intervals were 
taken from one eye, and a total of two eyes from different 
animals were included in each group. For protein analy-
ses, each treatment included at least six different animals 
from 3 litters. For in vitro studies, each experimental con-
dition included an n = 3–6 from at least two independent 
experiments, and CECs from three different donor eyes were 
included. Results were presented as Mean ± SEM or SD as 
indicated in Figure legends.

Results

7KC Increases CNV lesions in a laser‑induced model

We postulated that 7KC, which activated pro-inflammatory 
and oxidative signaling in the ECs in other models [28, 32], 
would activate CECs to migrate and increase laser-induced 
CNV. We tested this prediction by injecting 7KC or control 
HPBCD into the vitreous of both eyes of 6-week-old wild 
type C57Bl/6J mice and, one week later, treated the eyes 
with laser and additional bilateral intravitreal injections of 
7KC or HPBCD. CNV volumes were measured by OCT and 
lectin-stained RPE/choroidal flat mounts 7 days after laser. 
Compared to HPBCD-treated mice, those that received intra-
vitreal 7KC had 1.44-fold larger CNV volumes measured on 
lectin-labeled flat mounts (Fig. 1a and b). However, volumes 
measured from OCTs were 1.8-fold greater in 7KC-treated 
vs. HPBCD-treated eyes (Fig. 1c and d).

7KC increases fibrosis of laser‑induced lesions 
without inducing cell death

To address possible causes for the fold differences between 
OCT and lectin-labeled CNV lesions in 7KC- vs. HPBCD-
treated eyes, we colabeled choroidal flat mounts with differ-
ent markers, lectin, αSMA or collagen 1, which have been 
reported in MNV [33]. We found αSMA surrounded lectin-
stained lesions (Fig. 2a). The volumes of lesions stained by 
αSMA in 7KC-treated eyes were significantly greater than in 
HPBCD-treated eyes (Fig. 2b) two weeks after laser. There 
was also a pattern of increased collagen 1 labeling in 7KC-
treated eyes (p = 0.08) at two weeks (Fig. 2c, d). (Collagen 
I staining was not detected in sections incubated with only 
secondary antibody (non-primary control, Supplemental 
Fig. 1a)). Taken together, these findings suggest that 7KC 
increases fibrosis in laser-induced CNV lesions.
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7KC can be toxic [20]. To determine if 7KC treatment 
increased cell death in the retina, TUNEL staining was per-
formed in retinal cryosections of eyes treated with 7KC or 
HPBCD two weeks after laser. Compared to HPBCD, 7KC 
treatment did not increase TUNEL positive cells in the retina 
treated with laser (Fig. 3), suggesting that 7KC did not lead 
to increased cell death. (Sections incubated only with Label 
Solution without Enzyme Solution were used as negative 
controls and sections pre-incubated with DNase I recombi-
nant (3U/ml) for 10 min prior to incubation with TUNEL 
reaction mixture were used as positive controls (Supplemen-
tal Fig. 1b)).

7KC promotes choroidal endothelial mesenchymal 
transition

We then quantified mesenchymal cell markers, αSMA and 
FAP and endothelial markers, VE-cadherin and VEGFR2 
in RPE/choroids 7 days after laser from 7KC- and HPBCD-
treated mice. Compared to HPBCD, αSMA (Fig. 4a) and 
FAP (Fig. 4b) were significantly increased in RPE/choroids 
of 7KC-treated eyes, and VE-cadherin was significantly 
decreased in the same tissue lysates (Fig. 4c). VEGFR2 
also tended to be reduced in 7KC-treated compared to 

HPBCD-treated (p=0.175 vs. HPBCD, Fig. 4d). These find-
ings support the hypothesis that 7KC increased mesenchy-
mal transition.

In eyes, 7KC might affect mesenchymal transition and 
fibrosis by recruiting mesenchymal cells or fibroblasts, or as 
reported in cancer and cardiovascular disease, 7KC might 
affect signaling mechanisms in endothelial or epithelial cells 
to induce mesenchymal transition (EndMT or EMT, respec-
tively) [34]. Given the loss of VE-cadherin, we tested the 
prediction that CECs were transitioning into mesenchymal 
cells after exposure to 7KC. We cultured CECs with 7KC or 
HPBCD and found that compared to HPBCD, CECs treated 
with 7KC for 48 or 72 h had significantly increased mesen-
chymal proteins, αSMA (Fig. 5a and b) and FAP (Fig. 5c 
and d), and increased TGFβ (Fig. 5e and f), which is a regu-
lator of EMT and EndMT [34, 35]. However, in the same 
cell lysates, endothelial proteins, VEGFR2 (Fig. 6a and b), 
VE-cadherin (Fig. 6c and d) and CD31 (Fig. 6e and f), were 
significantly reduced in 7KC-treated compared to HPBCD-
treated CECs. The findings provided further support that 
7KC caused mesenchymal transition, specifically EndMT 
of CECs.

Fig. 1   Intravitreal injections of 7KC increase CNV lesion in a laser-
induced CNV model. a Representative images of RPE/choroidal flat 
mounts stained with lectin (scale bar: 100 µm), b fold increase in lec-
tin-stained CNV volume; c representative OCT images lesions and d 

fold increase in lesion volume measured by OCT in wild type mice 
one week post laser treatment (*p < 0.05, **p < 0.01 vs. HPBCD; 
Results were Mean ± SEM)
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7KC promotes EndMT via TGF β‑dependent SMAD3 
upregulation

The data in Figs. 4, 5, 6 provide evidence 7KC promotes 
EndMT of CECs and lesion fibrosis in mice, shown in 
Figs.  1 and 2. We, therefore, explored the mechanisms 
whereby 7KC mediated EndMT in CECs. TGFβ, which 
was upregulated by 7KC (Fig. 5e and f), is a well-studied 
growth factor that regulates EMT and EndMT [36, 37]. By 
binding its receptor, TGFβ receptor II, TGFβ transduces the 
signal to increase mesenchymal proteins. To gain insight 
into potential roles of TGFβ-mediated signaling in 7KC-
induced CEC EndMT, CECs were incubated with TGFβ for 
48 h and compared to CECs treated with 7KC, or respec-
tive controls. Similar to 7KC treatment, TGFβ treatment 

reduced VEGFR2, VE-cadherin and CD31 compared to PBS 
(Fig. 7a); however, in the same cell lysates, FAP, αSMA 
and TGFβ were increased (Fig. 7b). Outcomes were abro-
gated in CECs pretreated with the TGFβ receptor inhibi-
tor, SB431542, for 30 min prior to incubation with 7KC or 
HPBCD (Figs. 7c and 7d). (SB431542 effectively blocked 
the effects of TGFβ in reducing VEGFR2 and in increasing 
TGFβ (Supplemental Fig. 2a)). These findings support the 
thinking that 7KC mediates EndMT of CEC through TGFβ-
dependent signaling.

The process of TGFβ-mediated EndMT is tightly regulated 
by the transcription factors, including the SMADs [38]. To 
determine if SMAD was involved in 7KC-mediated EndMT 
of CECs, SMAD2/3 were measured by western blots using 
an antibody to recognize both SMAD2 and SMAD3 in CECs 

Fig. 2   Intravitreal injections of 7KC promote fibrosis of lesions 
induced by laser treatment. a Representative images of RPE/choroidal 
flat mounts stained by lectin and αSMA (Green: lectin; Red: αSMA; 
scale bar: 100 µm)) and b quantification of lesion volume stained by 
αSMA; c immunostaining of collagen I in retinal cryosections (scale 
bar: 100 µm) and d quantification of collagen I density at lesions of 
wild type mice 2 weeks post laser treatment (Green: lectin; Red: Col-

lagen I; Gray: Topro3 to stain the nuclei; GCL, ganglion cell layer; 
INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pig-
ment epithelium; the white arrows point to lesions; the areas labeled 
with dashed lines indicate the places where integrated density of col-
lagen I was quantified) (p = 0.08, **p < 0.01 vs. HPBCD; Results 
were Mean ± SEM)
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treated with 7KC. Compared to HPBCD, 7KC increased 
SMAD2/3 and pretreatment with SB431542 blocked 7KC-
mediated SMAD2/3 upregulation (Fig. 8 a). To determine if 
SMAD2/3 was the transcriptional regulator for 7KC-mediated 
EndMT of CECs, we first tested EndMT in CECs transfected 
with SMAD2siRNA. We found that knockdown of SMAD2 did 
not affect 7KC-mediated EndMT of CECs (data now shown). 
We next measured VEGFR2, CD31, VE-cadherin, FAP and 
αSMA in CECs transfected with SMAD3siRNA to knock-
down SMAD3 (Fig. 8b) and treated with 7KC or HPBCD 
for 72 h. In ControlsiRNA-transfected CECs, 7KC decreased 
VEGFR2, CD31 and VE-cadherin (Fig. 8c) and increased FAP 
and αSMA (Fig. 8d). 7KC-mediated loss of VEGFR2 and VE-
cadherin was partially blocked in CECs knocked down for 
SMAD3 (Fig. 8c). Conversely, knockdown of SMAD3 inhib-
ited both HPBCD- and 7KC-mediated induction of αSMA and 
FAP (Fig.8d). This finding suggests that SMAD3 upregulation 

is required for 7KC-mediated loss of endothelial proteins and 
induction in mesenchymal proteins.

EndMT of CECs shows increased migratory 
phenotypes via active Rac1

EndMT reported in cancer and cardiovascular disease 
leads to the transition of specialized endothelial cells to 
highly invasive mesenchymal cells [39, 40], which lose 
their function as endothelial cells. To determine if CECs 
that had undergone EndMT  still maintain endothelial 
cell functions, we measured cell migration for invasive 
characteristics and tube formation, to assess endothelial 
function, after treatment with 7KC for 3 days. 7KC treat-
ment activated Rac1 determined by increased Rac1GTP 
(Fig. 9a) and significantly increased cell migration (sup-
plemental Fig. 2b and Fig. 9b) but did not increase tube 

Fig. 3   Intravitreal injections of 
7KC do not increase cell death 
determined by TUNEL staining 
in the retina of wild type mice 
two weeks post laser treatment. 
a Representative images of 
TUNEL staining in retinal cryo-
sections (Red: TUNEL positive 
cells; Blue: DAPI to stain the 
nuclei; scale bar: 100 µm) and b 
quantification of TUNEL posi-
tive cells (Results were Mean 
± SEM)



590	 Angiogenesis (2021) 24:583–595

1 3

Fig. 4   Intravitreal injections 
of 7KC increase mesenchymal 
proteins and reduce endothelial 
proteins in the RPE/choroids 
from wild type mice one week 
after laser treatment. Western 
blots of a αSMA, b FAP, c 
VE-cadherin and d VEGFR2 
(top panels: representative 
gel images; bottom panels: 
quantification of densitometry) 
(p=0.175, *p < 0.05, **p < 
0.01 vs. HPBCD; Results were 
Mean ± SEM)

Fig. 5   7KC increases mes-
enchymal cell markers in 
choroidal endothelial cells 
(CECs). Western blots of (a and 
b) αSMA, (c and d) FAP and 
(e and f) TGFβ in CECs treated 
with 7KC or HPBCD for 24, 48 
or 72 h (a, c and e: representa-
tive gel images; and b, d and f: 
quantification of densitometry) 
(***p < 0.001 vs. HPBCD at 48 
h; ‡p < 0.05 and ‡‡‡p < 0.001 
vs. HPBCD at 72 h; Results 
were Mean ± SD)
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formation (Fig. 9c and d). To determine if 7KC-mediated 
cell migration depended on activation of Rac1, CECs were 
pretreated with a Rac1 inhibitor 30 min to inhibit 7KC-
mediated Rac1 activation (Fig. 9a) prior to incubation with 

7KC or HPBCD. Compared to control, treatment with the 
Rac1 inhibitor significantly inhibited 7KC-mediated cell 
migration (Fig. 9b).

Fig. 6   7KC reduces endothe-
lial cell markers in choroidal 
endothelial cells (CECs). West-
ern blots of (a and b) VEGFR2, 
(c and d) VE-cadherin and (e 
and f) CD31 in CECs treated 
with 7KC or HPBCD for 24, 48 
or 72 h (a, c and e: representa-
tive gel images and b, d and f: 
quantification of densitometry) 
(**p < 0.01 vs. HPBCD at 24 h; 
†p < 0.05 and †††p < 0.001 vs. 
HPBCD at 48 h and ‡p < 0.05 
and ‡‡‡p < 0.001 vs. HPBCD at 
72 h; Results were Mean ± SD)

Fig. 7   7KC promotes EndMT 
of CECs via TGFβ-dependent 
signaling. Western blots of (a) 
VEGFR2, VE-cadherin and 
CD31 and (b) αSMA, FAP and 
TGFβ in CECs treated with 
7KC or TGFβ or respective 
controls for 72 h; Western blots 
of (c) VEGFR2, VE-cadherin 
and CD31, and (d) αSMA, FAP 
and TGFβ in CECs in CECs 
pretreated with SB431541 and 
incubated with 7KC or HPBCD 
for 72 h.
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Fig. 8   Upregulation of SMAD3 
is involved in 7KC-mediated 
EndMT of CECs. Western 
blots of (a) SMAD3 in CECs 
pretreated with control or 
SB431542 and treated with 
HPBCD or 7KC for 72 h, and 
(b) SMAD3 (c) VEGFR2, 
VE-cadherin and CD31, and 
(d) αSMA, FAP and TGFβ in 
CECs transfected with SMAD3 
siRNA or ControlsiRNA and 
treated with 7KC for 72 h

Fig. 9   7KC promotes cell migration via Rac1GTP dependent signal-
ing, but does not induce tube formation. a Rac1 activity assay and 
b cell migration assay were performed in CECs after treatment with 
7KC or HPBCD for 72 h in the presence of the Rac1 inhibitor or 
vehicle control (***p < 0.001 vs. HPBCD of Vehicle control; ††p < 

0.01 vs. 7KC of Vehicle control; Results were Mean ± SEM); (c and 
d) tube formation assay were performed in CECs treated with 7KC 
or HPBCD for 72 h (c, representative images of tube formation; ‡p < 
0.05 vs. HPBCD; Results were Mean ± SD)
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Discussion

Although anti-VEGF agents have revolutionized neo-
vascular AMD management, only ~50% of patients have 
improved long-term vision and 50% respond minimally 
with progressive pathology from macular atrophy and 
fibrosis [3–5]. Understanding causes of non-responsive 
macular neovascularization are needed to improve out-
comes in AMD. Our study is novel in that we identified 
mechanisms whereby 7KC induces EndMT and fibro-
sis, which may be a cause for non-responsive neovascu-
lar AMD to anti-VEGF agents, and is a leading cause of 
failed AMD treatment. Previous studies provide evidence 
of EMT of RPE cells and retinal EndMT in AMD [34, 41].

7KC, an oxidized form of cholesterol, accumulates in age 
and in diseases including cancer and heart disease. 7KC is 
the most predominant oxysterol in the serum with increas-
ing age [20] and accumulates in Bruch’s membrane and in 
drusen with increasing age and in AMD [22]. In this study, 
we tested the hypothesis that accumulation of 7KC mediates 
activation of CECs to transmigrate the RPE into the neural 
retina, become MNV and cause vision loss. In the murine 
laser-induced model, we unexpectedly found that intravitreal 
injections of 7KC not only significantly increased lectin-
stained CNV volumes, but also increased αSMA-stained 
lesion and OCT-measured volumes to a greater extent 
than control. In laser-treated RPE/choroids, mesenchymal 
markers, αSMA and FAP, were increased and endothelial 
marker, VE-cadherin, reduced by 7KC. Although VEGFR2 
was not significantly reduced by 7KC in RPE/choroids, it is 
possible that measured VEGFR2 expressed in other cells, 
such as the RPE, may have diluted the effect of 7KC on 
choroid. In cultured CECs, 7KC increased mesenchymal 
proteins and reduced endothelial proteins, VEGFR2, CD31 
and VE-cadherin. These findings support the thinking that 
increased 7KC in drusen and the blood stream during aging 
promotes EndMT of CECs and, therefore, leads to invasive 
MNV with vision loss and subretinal fibrosis that expresses 
less VEGFR2 and is less responsive to anti-VEGF treatment.

An important inducer and downstream effector of EndMT 
is TGFβ [42]. In pathologic conditions, inflammation, 
hypoxia and oxidative stress aggravate mesenchymal transi-
tions through intricate signaling networks, involving TGFβ, 
Wnt-β catenin and Notch [43]. We observed TGFβ was 
increased in 7KC-treated CECs, and that CECs pretreated 
with the TGFβ receptor inhibitor, did not experience mes-
enchymal transition, supporting the hypothesis that 7KC-
mediated EndMT of CECs involved TGFβ-regulated sign-
aling. TGFβ signaling involves transcriptional factors that 
are involved in mesenchymal transition, including SMADs, 
or SNAIL, which have shown involved in TGFβ-mediated 
EMT [39]. 7KC treatment upregulated SMAD2/3 in CECs, 

whereas inhibition of TGFβ signaling inhibited 7KC-medi-
ated upregulation of SMAD2/3. Knockdown of SMAD3 by 
siRNA, but not SMAD2, partially inhibited 7KC-mediated 
loss of endothelial markers and increase in mesenchymal 
proteins, suggesting SMAD3 may function as a transcription 
factor of 7KC-mediated EndMT of CECs but interacts with 
other factors or signaling pathways. These findings provide 
evidence that SMAD3 is involved in 7KC mediated CEC 
EndMT through TGFβ-mediated signaling.

We also tested if CECs that had undergone EndMT in 
response to 7KC would be more invasive and found that 
CECs treated with 7KC increased cell migration but failed 
to form cell connections. Although the tube assay does not 
represent the complex interactions involved in angiogenesis 
[44], it allowed us to determine if the transitioned cells could 
still form connections. We found that 7KC-treated cells lost 
the capacity to form connections between cells. Both out-
comes support the hypothesis that 7KC induces EndMT of 
CECs and causes them to become invasive migratory mesen-
chymal cells that no longer function as endothelial cells and 
promote fibrosis. Activation of Rac1 is required for VEGF-
mediated CEC migration [45]. Inhibition of Rac1 activa-
tion blocked cell migration induced by 7KC, supporting 
the hypothesis that 7KC may play a role in invasive forms 
of macular neovascularization in AMD as well as invasive 
migratory transitioned mesenchymal cells. Together, these 
findings suggest broader or regulatory treatments besides 
anti-VEGF treatment may be useful in neovascular AMD 
when fibrosis can be predicted.

In summary, increased 7KC in the blood of chorio-
capillary vessels and in Bruch’s membrane during aging 
promotes EndMT of CECs via TGFβ-dependent SMAD3 
upregulation. The mesenchymal cells derived from CECs 
have a greater migratory phenotype, and can lead to type 2 
MNV in the neural retina, which is a leading cause of vision 
loss in neovascular AMD. Change of CECs to mesenchymal 
cells may lead to fibrosis and reduced sensitivity to anti-
VEGF agents.
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