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Abstract
To examine whether free fatty acid receptor 4 (FFAR4) activation can protect against choroidal neovascularization (CNV), 
which is a common cause of blindness, and to elucidate the mechanism underlying the inhibition, we used the mouse model 
of laser-induced CNV to mimic angiogenic aspects of age-related macular degeneration (AMD). Laser-induced CNV was 
compared between groups treated with an FFAR4 agonist or vehicle, and between FFAR4 wild-type (Ffar4+/+) and knock 
out (Ffar4−/−) mice on a C57BL/6J/6N background. The ex vivo choroid-sprouting assay, including primary retinal pigment 
epithelium (RPE) and choroid, without retina was used to investigate whether FFAR4 affects choroidal angiogenesis. West-
ern blotting for pNF-ĸB/NF-ĸB and qRT-PCR for Il-6, Il-1β, Tnf-α, Vegf, and Nf-ĸb were used to examine the influence of 
FFAR4 on inflammation, known to influence CNV. RPE isolated from Ffar4+/+ and Ffar4−/− mice were used to assess RPE 
contribution to inflammation. The FFAR4 agonist suppressed laser-induced CNV in C57BL/6J mice, and CNV increased 
in Ffar4−/− compared to Ffar4+/+ mice. We showed that the FFAR4 agonist acted through the FFAR4 receptor. The FFAR4 
agonist suppressed mRNA expression of inflammation markers (Il-6, Il-1β) via the NF-ĸB pathway in the retina, choroid, 
RPE complex. The FFAR4 agonist suppressed neovascularization in the choroid-sprouting ex vivo assay and FFAR4 defi-
ciency exacerbated sprouting. Inflammation markers were increased in primary RPE cells of Ffar4−/− mice compared with 
Ffar4+/+ RPE. In this mouse model, the FFAR4 agonist suppressed CNV, suggesting FFAR4 to be a new molecular target 
to reduce pathological angiogenesis in CNV.

Keywords Free fatty acid receptor 4 (FFAR4) · NF-ĸb · IL-6 · Laser-induced choroidal neovascularization (CNV) · Age-
related macular degeneration (AMD)

Introduction

Age-related macular degeneration (AMD) is a leading cause 
of vision loss in industrialized nations. Almost two-thirds 
of the population over 80 years of age has signs of AMD, 
which is characterized initially by the presence of drusen. 

Later stages may progress to neovascular AMD, particu-
larly choroidal neovascularization (CNV) [1, 2]. Anti-VEGF 
therapy is not always effective in treating CNV. Because it 
is injected up to once per month it carries cumulative risks 
of infection and geographic atrophy [3–5]. The number of 
people with AMD is predicted to rise to 196 million in 2020 
and 288 million in 2040, thus effective alternative treatments 
are urgently needed [6].

Experimentally, laser-induced CNV model aspects of 
CNV are seen in neovascular AMD [7]. This model uses 
photocoagulation to disrupt Bruch’s membrane, inducing 
the growth of new choroidal vessels (CNV) into the subreti-
nal area [8]. We previously optimized details of the laser-
induced CNV model using an image-guided laser photoco-
agulation system [9]. This model has provided preclinical 
evidence to support the clinical evaluation of anti-VEGF 
drugs for ocular neovascular diseases [10].
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The pathogenesis of neovascular AMD is incompletely 
understood but inflammation is thought to be a potent initia-
tor of angiogenesis [11]. An important hallmark of AMD is 
the accumulation of lipid debris under the retinal pigment 
epithelium [12]. During aging, lipid metabolites, are pro-
cessed and deposited under retinal pigment epithelial (RPE) 
cells and may cause chronic inflammation initiating AMD 
[13, 14]. Therefore, it is important to consider the regula-
tion of lipid metabolism and inflammation when addressing 
this disease.

Our prior work showed that increased dietary intake 
of omega-3-polyunsaturated fatty acids (PUFAs) reduces 
pathological retinal angiogenesis in an animal model [15]. 
In addition, we have shown that free fatty acid receptor 
(FFAR)1, which binds omega-3 PUFA, is involved in the 
pathogenesis of neovascularization seen in very low-density 
lipoproteins receptor (VLDLR) deficient mice [16].

Another free fatty acid receptor, FFAR4, also known as 
G-protein coupled receptor 120 (GPR120), is expressed in 
retina as well as in hypothalamus, taste buds, liver, intes-
tine, pancreas, adipose tissue, macrophages [16–18]. FFAR4 
is linked to the regulation of body weight, inflammation, 
insulin resistance, and obesity [17, 19]. Omega-3 long 
chain polyunsaturated fatty acids inhibit inflammation and 
enhance systemic insulin sensitivity in mice with a high-
fat diet, but these effects are abolished in FFAR4 knockout 
(KO) (Ffar4−/−) mice [20]. FFAR4 has a key role in sensing 
dietary fat and controls energy balance in both humans and 
rodents [19]. FFAR4 also plays a role in the lipid-sensing 
cascade of ghrelin-expressing cells, to regulate energy 
and glucose homeostasis [21]. A FFAR4 selective agonist 
improves insulin resistance and chronic inflammation [22].

However, the relationship between FFAR4 and CNV has 
not been explored. In this study, we investigated whether 
FFAR4 influenced CNV and explored the mechanism.

Materials and methods

Animal

Male C57BL/6J mice were purchased from Jackson Labora-
tory. FFAR4 knockout mice (Ffar4−/−, C57BL/6N/6J back-
ground) were purchased from UC Davis. All animals were 
housed with a 12-h light/ dark cycle. The animals were anes-
thetized with ketamine hydrochloride and xylazine hydro-
chloride. To dilate mouse pupils, Cyclomydril (AX10094, 
Alcon Laboratories, Inc., Fort Worth, TX, USA) was topi-
cally used.

Laser‑induced CNV and drug treatment

CNV was induced in mice with laser as previously described 
[9, 23]. Six- to eight-week-old C57BL/6J (wild-type; WT) 
and Ffar4−/− mice were anesthetized with ketamine and 
xylazine. A green argon laser (an incident power of 240 
mW and pulse duration of 70 ms) with Micron IV imaging-
guiding system (Phoenix Research Laboratories, Pleasan-
ton, CA, USA) was used to produce laser burns applied to 
4 areas of the fundus of each eye. After laser photocoagu-
lation, FFAR4 agonist (CpdA, Merck & Co., Inc., South 
San Francisco, CA, USA) [22] or vehicle control (Dimethyl 
Sulfoxide 10%, Polyethylene glycol 30%, distilled water 
60%) were injected intraperitoneally (i.p.) or intravitreally to 
C57BL/6J or Ffar4−/− mice. Eyes were enucleated and fixed 
in 4% paraformaldehyde (PFA) for 1 h at room temperature. 
The choroid was permeabilized with 1% Triton X-100 PBS 
for 30 min at room temperature and stained overnight with 
fluorescent Griffonia Bandeiraea Simplicifolia Isolectin B4 
(Alexa Fluor 594, I21413, Molecular Probes, Grand Island, 
NY, USA; 10 µg/mL) in 1 mM CaCl2 in 1% Triton X-100 
PBS. The choroid was washed with PBS, whole mounted 
and photographed on a ZEISS Axio Observer Z1 microscope 
(ZEISS, Oberkochen, Germany). Lesion area was measured, 
and exclusion criteria were followed per previous publica-
tions [9].

Fundus fluorescein angiography (FFA)

Mice were injected intraperitoneally with fluorescein AK-
FLUOR® (NDC 17478-101-12, Akorn, Lake Forest, IL, 
USA) at 10 µg/g body weight under anesthesia with keta-
mine and xylazine at 6 days after laser photocoagulation. 
Mouse pupils were dilated with Cyclomydril and fundus 
images of fluorescence were taken with a retinal-imaging 
system (Micron IV; Phoenix Research Laboratories, Pleas-
anton, CA, USA) at 5 and 10 min after injection. We ana-
lyzed the integrated intensity of fluorescence as an indica-
tor of vascular leakage and subtracted 5 min readings from 
10 min readings using ImageJ.

Primary RPE isolation and quantitative real‑time 
RT‑PCR

Quantitative real-Time PCR was performed as previously 
described [23]. Freshly isolated retina, choroid, and RPE 
complex were lysed with QIAzol lysis reagent and incubated 
on ice for 15 min, and 20% chloroform was added. Mixtures 
were incubated for 5 min at room temperature. Primary RPE 
was also isolated from choroid RPE complex in 7-month-old 
C57BL/6J mice using RNAprotect® cell reagent (#76526; 
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QIAGEN, Hilden, Germany) as previously reported [24]. 
The mixture was centrifuged at 12,000×g for 15 min, and the 
supernatant was collected for RNA extraction according to 
the manufacturer’s instructions using a PureLink RNA Mini 
Kit (#12183018A; Invitrogen, Grand Island, NY, USA). 
RNA was then reverse transcribed using iScript cDNA syn-
thesis kit (#1708891; BioRad, Hercules, CA, USA). Gene 
expression (mRNA) was quantified using an Applied Biosys-
tems 7300 Real-Time PCR system (Thermo Fisher Schien-
tific, Waltham, MA, U.S.A) with SYBR Green Master mix 
kit (bimake.com, Houston, TX, USA). Gene expression was 
calculated relative to 18S internal control for mouse retina, 
choroid, RPE complex using the ΔΔCt method. The relative 
mRNA levels are presented as the ratio of change versus 
internal control (Gapdh). Oligonucleotide primers are listed 
in Table 1.

Western blotting

Choroidal-retinal explants were homogenized and protein 
was extracted in radio immunoprecipitation assay buffer 
(RIPA) (#89900; Pierce, Grand Island, NY, USA) supple-
mented with phosphatase inhibitor (1:100, #P0044, Sigma-
Aldrich Corp., St. Louis, MO, USA) and protease inhibitor 
(1:100, #P8340, Sigma-Aldrich Corp.) and left overnight 
at 4 °C, Forty micrograms protein lysate was used to detect 
the levels of phosphorylated NF-ĸB p65 (pNF-ĸB, 1:500, 
#3033; Cell Signaling, Beverly, MA, USA) and NF-ĸB p65 
(1:500, #3034, Cell Signaling). Signals were detected using 
corresponding horseradish peroxidase-conjugated second-
ary antibodies (1:5000, #NA934V, NA9310V, GE Health-
care Ltd., Great North Road Hatfield, UK) and enhanced 
chemiluminescence (#34095, Thermo Fisher, Waltham, MA, 

USA). GAPDH (1:1000, sc-32233; Santa Cruz, Dallas, TX, 
USA) was used as an internal control.

Enzyme‑linked immunosorbent assay (ELISA)

The retina, choroid, RPE complexes were isolated from the 
mice eyes (male and female) 7 days after photocoagulation. 
Two eyes were placed into 100 µL of lysis buffer supple-
mented with protease inhibitors and sonicated. The lysate 
was centrifuged at 13,000×g for 20 min at 4 °C, and the 
levels of IL-6 was determined with the mouse IL-6 ELISA 
kits (R&D Systems, Minneapolis, MN, USA) according to 
the manufacturer’s protocols.

Ex vivo choroid‑sprouting assay

Ex vivo choroid-sprouting assays were performed as pre-
viously described [25]. Briefly, choroid RPE complex 
(“choroid explants’’) were dissected from eyes from three-
week-old C57BL/6J, Ffar4−/− and Ffar4+/+ mice, then the 
peripheral area of the complexes was cut into approximately 
1 × 1 mm pieces. The explants were immediately embed-
ded in 30 µL growth factor reduced Matrigel (#354230, BD 
Biosciences, San Jose, CA, USA) in 24-well tissue culture 
plates. The choroidal explants were grown in CSC complete 
medium (#420-500, Cell Systems, Kirkland, WA, USA) sup-
plemented with growth factor Boost and 1% Penicillin/Strep-
tomycin (#15142, GIBCO, Grand Island, NY, USA) at 37 °C 
with 5%  CO2. After 6 days of ex vivo culture, images of the 
choroid sprouting were recorded, and the sprouting area was 
quantified using Image J.

Statistical analysis

Animal data are presented as mean ± standard error (SE). 
Student’s unpaired two-tailed t test and ANOVA with Tuk-
ey’s multiple comparison test was used for comparison of 
results as specified in the figure legends (Prism v8.0; Graph-
Pad Software, Inc., San Diego, CA, USA). Statistically sig-
nificant difference was set at p < 0.05.

Results

FFAR4 agonist decreased lesion size and vascular 
leakage in the laser‑induced CNV mouse model

To investigate the role of FFAR4 in CNV, we induced CNV 
by laser injury and treated mice with the FFAR4 agonist 
(CpdA, 30 mg/kg) or vehicle i.p. once a day from day 0 to 
day 6 and then quantified lesion size and vascular leakage 
at day 7 (Fig. 1a, b). CpdA treatment decreased lesion size 
by 47.3% at day 7 compared to the control group (p = 0.004) 

Table 1  Primers list for qRT-PCR

Gene Primer

18s-F 5′-ACG GAA GGG CAC CAC CAG GA-3′
18s-R 5′-CAC CAC CAC CCA CGG AAT CG-3′
Il-6-F 5′-TAG TCC TTC CTA CCC CAA TTTCC-3′
Il-6-R 5′-TTG GTC CTT AGC CAC TCC TTC-3′
Il-1β-F 5′- TTC AGG CAG GCA GTA TCA CTC-3′
Il-1β-R 5′-GAA GGT CCA CGG GAA AGA CAC-3′
Tnf-α-F 5′-CAT CTT CTC AAA ATT CGA GTG ACA A-3′
Tnf-α-R 5′-TGG GAG TAG ACA AGG TAC AACCC-3′
Vegfa-F 5′-GGA GAC TCT TCG AGG AGC ACTT-3′
Vegfa-R 5′-GGC GAT TTA GCA GCA GAT ATA AGA A-3′
Ffar4-F 5′-GCC CAA CCG CAT AGG AGA AA-3′
Ffar4-R 5′-GTC TTG TTG GGA CAC TCG GA-3′
Nfĸb-F 5′-GGA GAG TCT GAC TCT CCC TGA GAA -3′
Nfĸb-R 5′-CGA TGG GTT CCG TCT TGG T-3′
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(Fig. 1c). CpdA treatment decreased the intensity of vascular 
leakage by 36.1% compared to the control group (p = 0.012) 
(Fig. 1d, e).

To investigate whether CpdA affects the eye directly, we 
injected CpdA (50 µg/µl, 1 µl) or vehicle control into the 
vitreous humor immediately after laser photocoagulation. 
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Consistent with systemic administration of the CpdA, lesion 
size at day 7 was 38.5% decreased with intravitreal CpdA 
compared to the size in control group (p = 0.007) (Fig. 1f, g).

Ffar4−/− mice had larger laser‑induced CNV lesions

To further examine whether FFAR4 influences the develop-
ment of CNV in vivo, we laser-induced CNV in Ffar4+/+ and 
Ffar4−/− littermate mice (male and female) at 6–8 weeks of 
age and compared lesions 7 days later. The values of neovas-
cularization area before normalizing with littermate control 
were 12,731 µm2 for Ffar4−/− and 8735 µm2 for Ffar4+/+ 
(Fig. 1h). Ffar4−/− mice had 45.0% increase in CNV lesion 
area compared to Ffar4+/+ (p = 0.013) (Fig. 1i).

To address whether the CpdA acted specifically through 
FFAR4 and to exclude any off target effect, we injected 
CpdA (30 mg/kg) or vehicle (control) i.p. daily from day 
0 to day 6 after CNV laser induction to Ffar4−/− littermate 
mice and evaluated lesions 7 days later. CpdA had no effect 
on CNV in Ffar4−/− mice (p = 0.68) (Fig. 1j, k).

FFAR4 agonist suppressed inflammation 
in the retina, choroid, RPE complex of mice 
with laser‑induced CNV

To address the mechanism of FFAR4 agonism on CNV sup-
pression, we focused on inflammation which is known to 
play an important role in CNV and because FFAR4 agonism 
has been previously shown to have robust anti-inflamma-
tory effects [20, 22]. First, we measured the protein level of 
pNF-ĸB and NF-ĸB via immunoblot analysis in the retina, 
choroid, RPE complex of normal and laser-induced CNV 
mice with and without CpdA treatment (Fig. 2a). The ratio of 
pNF-ĸB to NF-ĸB in control was higher than in CpdA-treated 

mice; that is the CpdA reduced the ratio compared to that in 
the control eye (p = 0.004) (Fig. 2b).

To investigate inflammation downstream of the NF-ĸB 
pathway, we measured mRNA expression of Tnf-α, Il-6, Il-1β, 
and Vegfa in the retina, choroid, RPE complex of laser-induced 
mice with and without CpdA treatment using qRT-PCR anal-
ysis. CpdA reduced mRNA levels of major inflammation 
markers Il-6 and Il-1β compared to control (p = 0.01, 0.03, 
respectively) (Fig. 2c). CpdA also reduced protein levels of 
IL-6 with Sandwich ELISA compared to control in the retina, 
choroid, RPE complex of laser-induced mice (n = 10, male = 5, 
female = 5, p = 0.037, data not shown). Although there were no 
significant changes between two groups in Tnf-α, and Vegfa, 
CpdA tended to decrease Tnf-α. In contrast, CpdA did not 
influence inflammation markers in isolated retina (Fig. 2d). 
We confirmed that Ffar4 is expressed in the retina, choroid, 
RPE complex (Fig. 2e). We also examined the mRNA expres-
sion level of inflammation markers in laser-induced CNV in 
Ffar4−/− and Ffar4+/+ mice. Ffar4−/− mice had increased Il-6 
mRNA levels in the retina, choroid, RPE complex compared 
to Ffar4+/+ mice (p = 0.04) (Fig. 2f).

FFAR4 suppressed inflammation in RPE cells

We isolated RPE from Ffar4−/− and Ffar4+/+ littermate con-
trols and confirmed the expression of Ffar4 in the RPE in the 
Ffar4+/+ mice and the lack of expression in Ffar4−/− mice 
(Fig. 2g). We assessed the mRNA expression level of inflam-
mation markers Tnf-α, Il-6, Il-1β and Nf-ĸb. All four markers 
(Tnf-α, Il-6, Il-1β, and Nf-ĸb) were increased in the primary 
RPE cells of Ffar4−/− mice compared with Ffar4+/+ mice 
(p = 0.04, 0.04 and 0.003 respectively) (Fig. 2h).

FFAR4 agonist suppressed CNV ex vivo

We also evaluated the effects of loss of FFAR4 or the use of 
CpdA treatment on choroidal vascular sprouting using ex vivo 
choroid-sprouting assays, without retina present. Pieces of 
sclera and choroid with attached RPE were dissected from 
C57BL/6J, Ffar4−/− and Ffar4+/+ littermate mice and cultured 
as previously described [25]. The sprouting area in Ffar4+/+ 
explants showed significantly less vascular growth compared 
with Ffar4−/− explants at day 6 (p = 0.004) (Fig. 3a, b). Com-
pared to untreated explants, CpdA treatment (1 µM) signifi-
cantly reduced the choroidal sprouting from C57BL/6J mice 
at day 6 (p = 0.03) (Fig. 3c, d).

Discussion

We studied the influence of FFAR4 on CNV in an animal 
model. An FFAR4 agonist (CpdA) decreased the area of 
CNV compared to control. Ffar4−/− mice showed larger 

Fig. 1  FFAR4 activation decreased lesion size and leakage in the 
laser-induced CNV mouse model. a Representative retinal whole 
mount images of laser-induced vascular lesions (stained with red 
lectin) after intraperitoneal injection of vehicle control (left) or 
CpdA (right, FFAR4 agonist) at day 7. Scale bar = 500 µm (upper), 
100 µm (lower). b The time course of the experiment c CpdA treat-
ment decreased lesion size compared to control group (n = 50–52). 
d Representative whole mount laser-induced CNV images of control 
(left) and CpdA (right) treated retinas after fluorescein angiography at 
day 6. e CpdA decreased the intensity of vascular leakage compared 
to control (n = 31–41). f A representative image of laser-induced 
CNV lesion with intravitreal injection at day7. Left is the control. 
Right is CpdA treatment. g FFAR4 decreased lesion size compared 
to control (n = 41–42). scale bar = 100 µm h A representative image 
of laser-induced CNV lesion stained with red lectin in Ffar4+/+ (left) 
and Ffar4−/− mice (right) at day 7. i Ffar4−/− increased laser-induced 
CNV lesion area (n = 48–49). j A representative image of laser-
induced CNV lesion after i.p treatment with vehicle (left) and CpdA 
(right) in Ffar4−/− mice at day 7. k CpdA had no detectable effect on 
CNV lesion size in Ffar4−/− mice (n = 36–38). scale bars = 100 µm. 
The data were analyzed by Student’s t-test and were expressed as 
mean ± SE. *p < 0.05; **p < 0.01; n.s. p > 0.05

◂
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CNV areas after laser injury than Ffar4+/+ mice. We con-
firmed that the effect of the FFAR4 agonist was mediated 
through FFAR4 (Fig. 1). Activation of FFAR4 by a small-
molecule agonist downregulated NF-ĸB and decreased 
proinflammatory pathways (Fig. 2). Additionally, we found 
that FFAR4 activation suppressed neovascularization in 

the ex vivo choroid-sprouting assay (Fig. 3). To further 
identify the cell type primarily involved in the suppression 
of CNV we focused on RPE for the following reasons. 
First, inflammation markers were specifically increased 
in the choroid RPE complex and not in retina alone. Sec-
ond, the choroid-sprouting assay without retina but with 

Fig. 2  CpdA treatment in 
mice with laser-induced CNV 
decreased markers of inflam-
mation. a Representative image 
of Western blotting analysis of 
pNF-ĸB and NF-ĸB expres-
sion in the retina, choroid, RPE 
complex. b Western blotting 
quantification: ratio of pNF-ĸB 
to NF-ĸB. The data were 
presented as the mean ± SE 
(n = 5–6). c Quantitative (q) 
RT-PCR analysis of Tnf-α, 
Il-6, Il-1β, and Vegfa mRNA 
expression levels in control 
vs CpdA treatment (n = 6–8). 
The samples are both retina, 
choroid, RPE complex. d qRT-
PCR analysis of Tnf-α, Il-6, and 
Il-1β mRNA expression level 
in control vs CpdA treatment 
in the retina (n = 3,4). e FFAR4 
mRNA expression level in the 
retina, choroid, RPE complex 
in Ffar4+/+ vs Ffar4−/− (n = 6). 
f qRT-PCR analysis of Tnf-α, 
Il-6, Il-1B, and Vegfa mRNA 
expression level in Ffar4+/+ vs 
Ffar4−/− (n = 7–9). g qRT-
PCR analysis of Ffar4 mRNA 
expression level between 
Ffar4+/+ vs Ffar4−/− littermate 
mice (n = 4, pooled RPE per 
group) in the primary RPE. h 
qRT-PCR analysis of Tnf-α, 
Il-6, Il-1β and Nf-ĸb mRNA 
expression level in Ffar4+/+ vs 
Ffar4−/− in the primary RPE 
(n = 4, pooled RPE per group). 
The data were analyzed by 
Student’s t-test or ANOVA 
with Tukey’s multiple com-
parison test and were expressed 
as mean ± SE. *p < 0.05; 
**p < 0.01; ****p < 0.0001; n.s. 
p > 0.05
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RPE showed decreased sprouting when treated with the 
FFAR4 agonist. Third, without RPE, the choroid com-
plex will not sprout under assay conditions, suggesting 
that RPE is required for choroidal sprouting. Fourth, we 
confirmed that FFAR4 is present in RPE. In isolated RPE 
from Ffar4−/− mice, the expression levels of Il-6, Il-1β, 
Tnf-α, and Nfĸb were increased compared to Ffar4+/+ 
mice, consistent with our in vivo study. Taken together, 
these results suggest that RPE is involved in the inflam-
mation pathway. Therefore, FFAR4 may suppress CNV by 
suppressing inflammation signaling in the RPE although 
other cell types may also be involved.

A previous study showed that the RPE and choroid are 
involved in neovascularization [25]. Others have also shown 
that RPE integrity is critical to CNV formation. When the 
RPE is damaged before or at the time of laser coagula-
tion, CNV does not form [26]. We confirmed that Ffar4 is 
expressed in RPE as previous study reported [18]. We also 
showed that FFAR4 influenced ex vivo choroid sprouting 

(without retina present). FFAR4 agonist did not influence 
inflammation markers in the retina, only in RPE (Fig. 2).

Several groups have shown that activated FFAR4 
recruits, binds and internalizes β-arrestin2 protein [20, 22]. 
β-arrestin-2 inhibits the activation of NF-ĸB, thereby pro-
moting anti-inflammatory effects in several cells such as 
macrophages and adipocytes [20, 27, 28]. A group showed 
that FFA4 agonism by Docosahexaenoic acid (DHA) inhibits 
NLRP3 inflammasome activity, inhibits NF-κB, and reduces 
proinflammatory IL-1β production, in a manner dependent 
on β-arrestin-2 signaling [29]. Others showed that toll-like 
receptor 4 (TLR4) signaling through NF-κB, is inhibited 
by activation of FFAR4 in a β-arrestin-2-dependent manner 
[30]. FFAR4 could be also involved in NF-κB signaling via 
β-arrestin-2 in the RPE.

In CNV membranes from AMD patients, IL-1β is 
secreted by RPE and is a possible pro-angiogenic media-
tor in AMD [31]. IL-1 β induces vascular sprouting in aor-
tic rings where sprouting is inhibited by IL-1R antagonist. 
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Fig. 3  CpdA suppressed choroidal neovascularization. a Representa-
tive images of the sprouting assay with choroid from Ffar4+/+ vs 
Ffar4−/− mice: upper image is the choroid of Ffar4+/+, lower image 
is Ffar4−/− choroid. b Choroid sprouting is increased in Ffar4−/− vs 
Ffar4+/+ mice (n = 6–8). c Representative images of choroid sprout-

ing: upper image shows vehicle treatment (control); lower image 
shows CpdA treatment. d CpdA suppressed choroidal sprouting com-
pared to control (n = 10–12). Scale bars = 500 µm. The data were ana-
lyzed by Student’s t-test and were expressed as mean ± SE. *p < 0.05; 
**p < 0.01
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Thus, inflammation might be involved in vascular sprout-
ing [32]. IL-6 levels in aqueous humor correlate with CNV 
size and macular thickness in patients with AMD [33, 34]. 
Another study indicates that CNV is suppressed by IL-6 
receptor blockade in the laser-induced CNV model [35]. 
Our study also suggests that the effect of FFAR4 on CNV is 
independent of Vegfa (Fig. 2c, f). Taken together, our results 
suggest that in laser-induced CNV, FFAR agonist inhibits 
IL-6 and IL-1β via inhibiting NF-ĸB signaling in RPE cells 
to suppress CNV.

FFAR4 activation in primary adipose tissue and 3T3-
L1 adipocytes leads to an increase in glucose transport 
and translocation of GLUT4 to the plasma membrane [28]. 
FFAR4 activation stimulates GLUT1 production [36]. Fur-
thermore, FFAR4 activation stimulates β-oxidation in brown 
adipocytes [37]. However, in the laser-induced CNV model, 
FFAR4 did not influence GLUT1, GLUT4, or markers of β 
-oxidation (data not shown).

Several groups have suggested that omega-3 fatty acids 
prevent nonalcoholic fatty liver disease (NAFLD) and non-
alcoholic steatohepatitis (NASH) via FFAR4 activation 
[22, 38–40]. FFAR4 may also be a potential target for the 
treatment of type 2 diabetes and obesity [41]. In addition, a 
FFAR4 agonist is in an ongoing clinical trial for type 2 dia-
betes and obesity. If it is approved as an anti-diabetic drug, 
a FFAR4 agonist could be repurposed as an anti-neovascular 
AMD drug.

In summary, we found that an FFAR4 agonist sup-
pressed inflammation via the NF-ĸB pathway in laser-
induced CNV via FFAR4 (Fig. 4) and suppressed CNV. 

This is the first study of the relationship between FFAR4 
and CNV in an animal model of CNV seen in neovascular 
AMD. Our results suggest FFAR4 to be a new molecu-
lar target to reduce pathological angiogenesis in AMD 
patients.
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