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Purpose: This study aimed to determine the effect and its mechanism of fenofibrate on retinal pigment epithelium (RPE) injury
induced by excessive fat in vitro and in vivo.

Methods: ARPE-19 cells were co-incubated with palmitic acid (PA) and fenofibric acid (the active form of fenofibrate after
metabolism in vivo) and mice fed with high-fat diet (HFD) were supplemented with fenofibrate. The following methods were used:
Western blot and immunofluorescent staining to determine expressions of reactive oxygen species (ROS)-associated factors and
proinflammatory cytokines; electroretinogram (ERG) c-wave to evaluate RPE function; TUNEL staining to detect the apoptotic cell in
RPE tissue. Additionally, ARPE19 cells were treated with PI3K/AKT inhibitor or agonist to investigate the mechanism of fenofibric
acid inhibiting PA-induced RPE damage.

Results: We found that the application of PA inhibited RPE cell viability in a dose-dependent manner, and increased the levels of
NAPDH oxidase 4 (NOX4), 3-nitrotyrosin (3-NT), intracellular adhesion molecule-1(ICAM1), tumor necrosis factor alpha (TNFa)
and vascular endothelial growth factor (VEGF) at 400uM. The application of fenofibric acid resulted in the inhibition of NOX4, 3-NT,
TNFa, ICAM1 and VEGF expression in ARPE-19 cells treated with PA. Moreover, wortmannin, as a selective inhibitor of PI3K/AKT
pathway, abolished the effects of fenofibrate on the oxidative stress and inflammation in ARPE-19 cells. In addition, 740Y-P,
a selective agonist of PI3K/AKT pathway, enhanced the protective action of fenofibrate. Meanwhile, in vivo dosing of fenofibrate
ameliorated the downregulated amplitudes of ERG c-wave in HFD-fed mice and suppressed the HFD-induced oxidative injury and
inflammatory response in RPE tissues.

Conclusion: Our results suggested that fenofibrate ameliorated RPE cell damage induced by excessive fat in vitro and in vivo, in part,
through activation of the PI3K/AKT signaling pathway.
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Introduction
As a part of blood-retinal barrier, retinal pigment epithelium (RPE) integrity is an important factor in maintaining the
health and proper functioning of the outer retina. Oxidative stress and local inflammation likely play a role as potential
common mechanisms common for retinal diseases.'* Therefore, a study of RPE dysfunction induced by pathogenic
factors may have an important role in early prevention and treatment of retinal degeneration.

Lipid homeostasis disruption is considered to be involved in the pathogenesis of retinal diseases, based on finding
lipid deposits on the retina, Bruch’s membrane and in soft drusen.™® Total and saturated fat consumption may contribute
to retinal diseases, but epidemiological evidence is mixed.” High-fat diet (HFD) rich in saturated fatty acid (FFAs) have
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been utilized in rodent models to understand the effect of dietary fat on diabetic retinopathy (DR) and age-related
macular degeneration (AMD) and possible mechanisms.® Application of HFD led to increased thickness and lipid
depositions in Bruch’s membrane and impaired RPE integrity in the other disease models.”' However, few studies
reported the effects and its mechanism of HFD alone on RPE damage and dysfunction.

Fatty acids are chemically classified as saturated and unsaturated (monounsaturated and polyunsaturated). Saturated
FFAs were considered as the key players in the pathogenesis of HFD-enhanced skin inflammation.'" Palmitic acid (PA) is
the most common saturated FFAs present in the diet and in serum.'? In in vitro cell cultures, PA is widely used to
investigate the liopotoxicity effects on non-adipose cells.'>'> Furthermore, it was shown that PA is present as a major
fatty acid in human lipofuscin granules'® and application of PA induced remarkable cytostatic effect on an RPE cell line
(R-50 cells).'” However, the mechanism of PA alone-induced RPE cells cytotoxicity remained unclear. Therefore, a study
of RPE damage in an HFD-fed mice model and a PA-induced cell model, may be helpful to improve our understanding
of the complicated relationship between high fat and retinal degeneration.

Fenofibrate is a selective agonist of peroxisome proliferative activated receptor alpha (PPARa) and can promote the
B-oxidation of fatty acids.'® Two large randomized clinical trials, the Fenofibrate Intervention and Event Lowering in
Diabetes (FIELD) and the Action to Control Cardiovascular Risk in Diabetes (ACCORD) studies suggest that fenofibrate
reduced the progression of diabetic retinopathy.'*?° Under diabetic conditions, it has been demonstrated that fenofibrate
(or fenofibric acid) could prevent the inflammatory process, oxidative stress, angiogenesis, disorganization of tight
junction proteins and the hyperpermeability in RPE.*' 7 Above studies focused on investigating the effect of fenofibrate
on RPE in the context of diabetic retinopathy. However, rare studies have been published describing a direct effect of
fenofibrate on RPE tissue induced by high fat and underlying mechanism. Our study aimed to characterize the effect of
fenofibrate on RPE dysfunction and pathological changes from a novel aspect of high fat intake and to illustrate a key
mechanism of fenofibrate protecting RPE from the effects of lipid overload.

Materials and Methods

Reagents

Fenofibrate (Feno) and palmitic acid (PA) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Fenofibric acid
(FA) and wortmannin were purchased from Abmole (Houston, TX, USA). 740Y-P was purchased from APEXBIO
(Houston, TX, USA).

ARPEI9 Cells Culture

ARPEI19 cells were purchased from Cell resource center, Shanghai Institute of life sciences, Chinese Academy of
Sciences (Shanghai, China) and maintained in Dulbecco’s modified Eagle’s medium F-12 (DMEM/F12) (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (HyClone, Logan, Utah, USA) in
a humidified incubator with 5% CO2 at 37°C. The morphology of ARPE-19 cells used in this study was shown in
Supplementary Figure 1. Validation of the used ARPE-19 cells with RPE cell-specific markers including Rlbpl and

RPE65 was shown in Supplementary Figure 2.

PA Solution Preparation

PA was dissolved in 0.1 mol/L NaOH and shook in water bath at 75°C for 30 minutes to obtain 40mmol/L PA. This
solution was diluted at ratio of 1:1 in preheated 40% (w/v) bovine serum albumin to give a stock PA solution (20 mmol/L
PA), which was diluted in supplemented medium to obtain appropriate concentration to use. In vitro, the experimental
control group was treated with the vehicle (bovine serum albumin) of 400uM (in Figures 1D-L and 2-4) or 600uM (in
Figures 1A-C) palmitic acid in ARPE-19 cells.

Cell Viability Assay
Cell Counting Kit-8 (CCK-8) (Dojindo, Kyushu, Japan) was used to measure the relative cell viability. Briefly, ARPE19 cells
(2 x 10* cells/well) were plated in 96-well plates for 24h. After the treatment of PA or FA or vehicle for 24h, CCK8 dilution
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Figure | PA induced oxidative stress and inflammation in ARPE|9 cells. (A-C) Results from cell viability assay (A) and EdU staining of cell proliferation (B and C) in ARPE|9 cells
treated with nothing (blank group), the vehicle (bovine serum albumin) of 600uM PA (control) or various concentration of PA (100, 200, 400, 600 M) for 24 hours (Green: EdU,
Blue: Hoechest 33,342). Scale bars: 50um (B). (D) Representative Western blot images of NOX4, 3-NT in ARPE|9 cells treated with vehicle for 24 hours or 400uM PA for 6, 12 and
24 hours. (E-F) Analysis of Western blot data of NOX4 and 3-NT. (G-J) Images (G) and statistical analysis (H-J) of Western blot data of ICAMI, TNFa and VEGF levels in ARPEI9
cells before and after PA administration. (K) Representative images of Western blot of p-AKTand AKT in ARPE |9 cells treated with vehicle for 24 hours (control), or 400uM PA for
6, 12 and 24 hours. (L) Statistical analysis of Western blot data (K) of p-AKT/AKT. Control cells were incubated with the vehicle (bovine serum albumin) of 400M PA alone for 24
hours (D-L). Data were obtained from three independent experiments. One-way analysis of variance (ANOVA) followed by a post-hoc analysis Tukey’s test was applied to evaluate
significant difference between groups. Bar graphs represent mean values * SD. *P < 0.05, **P < 0.01, **P < 0.001.

was added to each well of ARPE-19 cells. The blank well (without ARPE-19 cells) added with only CCKS8 dilution was
considered as the technical control. After incubation for 4 hours at 37°C in the dark, the absorbance at 450nm was measured
with a microplate reader (Thermo Scientific, Carlsbad, CA, USA). The relative cell viability was determined by using the
following formula: CV=[(As-Ab)/(Ac-Ab)] *¥100%, where CV was the relative cell viability, As was the average absorbance
of treated cells, Ac was the average absorbance of control cells, Ab was the average absorbance of blank well.

EdU Staining Assay

EdU staining assays were performed using BeyoClick™ EdU Cell Proliferation Kit (Beyotime, Nantong, China). Briefly,
ARPE-19 cells were fixed with 4% paraformaldehyde for 1h. After washing with PBS, the cells were incubated with
0.3% TritonX-100 for 20 min. Click additive solution and click reaction solution were prepared according to the
manufacturer’s instructions, then incubated in the dark for 30 min at room temperature. The staining solution was
discarded. ARPE-19 cells were washed with PBS, and incubated with Hoechest 33,342 for 10 min at room temperature

for the nuclear staining. After washing with PBS, the positive cells were observed by fluorescence microscopy.

Animal Models
Four-week-old male C57BL/6J mice were purchased from Shanghai Slack Laboratory Animal Co., Ltd., (Shanghai,
China). The animals were fed with a standard-fat diet (SD, 10% energy from fat, Research Diets XTCONS50J or identified
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as D12492, Jiangsu XIETONG Bioengineering Co., Ltd, Nanjing, Jiangsu, China) (n = 15) or high-fat diet (HFD, 60%
energy from fat, Research Diets XTHF60 or identified as D12450J, Jiangsu XIETONG Bioengineering Co., Ltd,
Nanjing, Jiangsu, China) (n = 15) for 5 months. Compositions of the above two research diets were listed in
Supplementary Table 1. Another two groups (n=15/group) were fed the SD or HFD for 5 months and supplemented
with 0.1% fenofibrate in the last month. Fenofibrate (Sigma-Aldrich, St. Louis, MO, USA) was dissolved with DMSO
(5% w/v) and then well-mixed in the mouse chow to obtain a concentration of 0.1% (w/w) for use. The body weight and

body size of mice in the four group was shown in Supplementary Figure 3. All studies were approved by the

Experimental Animal Ethics Committee of Suzhou Institute of Biomedical Engineering and Technology, Chinese
Academy of Sciences and were performed in accordance with the standards in the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.

Western Blot Analysis

After treatment, ARPE19 cells or RPE-choroid-sclera tissues were lysed and the total protein concentrations were
determined by BCA protein assay kit (Beyotime, Nantong, China). Equal quantities of protein were resolved by
electrophoresis through 10% or 12% tris-glycine SDS polyacrylamide gel and then transferred to a PVDF membrane.
The membrane was blocked with 5% (w/v) skim milk in tris-buffered saline containing 0.1%TWEEN-20 (TBST) for 1h
or QuickBlock Western blocking buffer (Beyotime, Nantong, China) for 15min at room temperature, subsequently
incubated overnight at 4°C with primary antibodies, as listed in Supplementary Table 2. After washing three times (10

min per time) with TBST, the membranes were incubated for 1h at room temperature with an appropriate Horseradish-
peroxidase (HRP)-conjugated secondary antibody. The protein bands were detected using a commercial imaging system
(ChemiScope 6300; Clinx Science Instrument Co. Ltd, Shanghai, China). The grayscale value of immunoreactive bands
were determined via Image J software. We analyzed the differences of the protein expression levels via the comparison of
the grayscale ratio of experimental groups vs control group.

Electroretinogram (ERG)

Retinal function was assessed using a visual ERG system (Celeris #D430, Diagnosys, USA). Briefly, mice were dark-
adapted at least 12 hours. The animals were anesthetized with inhalation (0.8L/min) of 2% isoflurane for induction phase
and then 1.8% isoflurane for maintenance phase. Pupils were dilated with tropicamide/phenylephrine hydrochloride
under dim red light. Dark-adapted ERG was performed using flashes with intensities at 0.01, 0.03, 0.1, 0.3, 1.0, 3.0 and
10.0 cd.s/m?, respectively. For c-wave recording, stimulus was presented for 100 ms with intensities of 150 cd.s/m?.
Responses were averaged and analyzed using the Diagnosys Espion software.

Immunofluorescent Staining

The enucleated mice eyes were fixed in 4% paraformaldehyde for 1h at 4°C and the cornea and lens were removed. The
remaining eye cups were transferred successively into 10%, 20% and 30% sucrose solutions for dehydration, and
embedded in an OCT compound. Cryosections of eye cups transverse sections were obtained at a thickness of 12um. The
ARPE-19 cells were also fixed in 4% paraformaldehyde for 1h at 4°C. Retinal sections or ARPE-19 cells were incubated
in 0.3% Triton X-100 for 20min. After washing with PBS and blocking with 5% normal goat serum, the sections or
ARPE-19 cells were incubated with primary antibodies, as listed in Supplementary Table 2, at 4°Covernight and

secondary antibodies conjugated with Alexa Fluor™ 488 for 1h in the dark at room temperature. Sections were then
counterstained with 40, 6-diamidino-2-phenylindole (DAPI) and photographed on a fluorescence microscope.

TUNEL Staining

TUNEL assays were performed on cells or RPE-choroid-sclera flat mounts using the Dead End Fluorometric TUNEL
System according to manufacturer’s instructions. The flat mounts were co-stained with ZO-1 antibody to confirm the
apoptotic cells of RPE tissue. RPE-choroid-sclera flat mounts were then counterstained with DAPI. Images were acquired
using the fluorescence microscope (Carl Zeiss Imaging Systems, Oberkochen, Germany).
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Statistical Analysis

The statistical analysis was performed with GraphPad Prism v. 5.01 (GraphPad Software, La Jolla, CA). Quantitative
data are presented as means + SD. One-way analysis of variance (ANOVA) followed by a post-hoc analysis Turkey’s test
or two-way analysis of ANOVA followed by a post-hoc analysis Bonferroni test was applied to evaluate significant
difference between groups, and P < 0.05 was considered statistically significant.

Results
PA-Induced Oxidative Stress and Inflammation in ARPE-19 Cells

In an in vitro cell model, we investigated the effect of palmitic acid (PA) on oxidative stress and inflammation in ARPE-
19 cells. ARPE-19 cells were treated once with vehicle or various concentrations of PA (100, 200, 400, and 600uM) for
24 hours. This resulted in a decrease in cell viability of approximately —2%, 5%, 24% and 45%, respectively (Figure 1A).
In the above cell viability tests, 400uM PA was the lowest concentration that resulted in a significant decrease (>30%) in
cell viability. In addition, Edu proliferation experiments demonstrated that 400uM and 600uM PA significantly inhibited
ARPE-19 cells proliferation (Figures 1B and C). Therefore, ARPE-19 cells were treated with 400uM PA in subsequent
experiments.

We then investigated the effect of PA on oxidative stress in ARPE-19 cells. The levels of NAPDH oxidase 4 (NOX4),
a key enzyme of ROS generation,”® and 3-nitrotyrosin (3-NT), a marker of oxidative stress*” were detected to estimate
the level of oxidative injury. Incubation of ARPE19 cells with 400uM PA resulted in a clear increase in the level of
NOX4 protein and 3-NT protein at 24 hours (Figure 1D-F). Western blot analysis showed that PA increased pro-
inflammatory cytokines intracellular adhesion molecule-1 (ICAM1), tumor necrosis factor alpha (TNFa) and vascular
endothelial growth factor (VEGF) at 24 hours compared with control group (Figure 1G-J). Taken together, these findings
indicated that the application of PA induced oxidative stress and inflammation in ARPE19 cells.

PI3K/AKT signaling pathway plays an important role in cellular oxidative stress and inflammation.***' Therefore, we
then investigated whether PI3K/AKT signaling pathway was involved in the process of ARPE19 cell damage induced by
PA. After PA treatment for 0—24 hours, the protein expression of p-AKT and AKT were analyzed by Western blot. We
found that the p-AKT/AKT levels significantly decreased after PA treatment at 24 hours (Figures 1K and L), suggesting
the involvement of p-AKT/AKT in PA-induced ARPE-19 injury.

Fenofibric Acid Inhibited PA-Induced ARPE-19 Injury

Here, we investigated the effect of fenofibrate on the PA-induced ARPE-19 injury. Fenofibric acid (FA), as an active form
of fenofibrate after metabolism in vivo, was used as a substitute for fenofibrate in in vitro experiments.”’33 Therefore,
ARPE-19 cells were treated for 24 hours with 400uM PA in the absence or presence of various concentrations of FA. Edu
staining analysis (Figures 2A and B) demonstrated that 20uM and 50uM FA significantly promoted the ARPE-19 cells
proliferation, which was consistent with the result of cell viability in CCKS8 assay (Figure 2C). We determined the
changes of 3-NT and NOX4 after treatment of FA in PA-induced oxidant injury in ARPE19 cells. As shown by the
Western blot analysis in Figures 2D-F, FA at the lowest concentration of 20uM significantly suppressed the increased
levels of NOX4 and 3-NT induced by PA. Immunostaining analysis showed FA significantly inhibited 3-NT upregulation
induced by PA from the concentrations of 20uM to 50uM (Figure 2D and Supplementary Figure 4A). To further verify if

the inflammatory response was inhibited by FA in the ARPE19 cells after exposure to PA, we determined the protein
levels of the inflammatory cytokines ICAM1, TNFa and VEGF. As shown in Figures 2H-J, the ICAM1 and TNFa
upregulations induced with PA were effectively decreased by FA treatment from the concentrations of 20uM. In addition,
VEGF expression level in the PA-treated group was markedly inhibited by FA at the concentrations from 10uM to 50uM
(Figures 2H and K). Immunostaining analysis also demonstrated FA significantly inhibited PA-induced upregulation of
TNFa and VEGF (Figures 2L and M and Supplementary Figures 4B and C). Collectively, these findings indicated that
FA alleviated ARPE19 cells injury induced by PA via regulations of oxidative stress and inflammation.

Numerous studies have demonstrated that many drugs or nutritional products with anti-oxidant and anti-inflammatory
activities could regulate PI3K/AKT signaling pathway.>**> We then investigated whether PI3K/AKT signaling pathway
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Figure 2 Fenofibric acid (FA) inhibited ARPEI9 cells injury induced by PA. ARPEI9 cells treated with 400uM PA and DMSO or various concentrations of FA (0, 10, 20,
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of Western blot data (N) of p-AKT/AKT. Data were obtained from three independent experiments. One-way analysis of variance (ANOVA) followed by a post-hoc analysis
Tukey’s test was applied to evaluate significant difference between groups. Bar graphs represent mean values + SD. *P < 0.05, **P < 0.01, ***P < 0.001.

p-AKT / AKT
% of Control

was associated with the process in which FA protected against ARPE-19 cell damage induced by PA. Western blot
analysis indicated that the decreased p-AKT/AKT level induced by PA recovered significantly upon FA treatment at
a concentration from 20uM to 50uM (Figures 2N and O). The data showed that FA ameliorated PA-induced inhibition of
p-AKT/AKT in ARPE-19 cells.

Suppression of PI3K/AKT Pathway Prevented the Ameliorative Effect of Fenofibric
Acid (FA) on ARPE-19 Injury

Next, we investigated the role of PI3K/AKT signaling in FA ameliorating ARPE19 cells injury induced by PA. Prior to
treatment with 400uM PA and 50uM FA, ARPE-19 cells were incubated with PI3K/AKT inhibitor wortmannin (0, 100,
200, 400nM) for 1 hour. As shown in Figures 3A and B, wortmannin significantly inhibited the upregulation of p-AKT/
AKT after FA treatment in a concentration-dependent manner. In addition, we found that the positive effect of FA on
oxidative stress was weakened after treatment with PI3K/AKT inhibitor (wortmannin) in a concentration-dependent manner
(Figure 3C-E). Similarly, the effect of FA as an inhibitor of the inflammatory response as noted by suppression of ICAMI1,
TNFa and VEGF was attenuated by the PI3K/AKT inhibitor in a concentration-dependent manner (Figures 3F-I). Together,
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data presented in C. (F) Representative images of Western blot of ICAMI, TNFa and VEGF; (G-I) statistical analysis of the data presented in F. Note that cells were treated with FA
I hour after the initiation of PA-induction. Data were obtained from three independent experiments. One-way analysis of variance (ANOVA) followed by a post-hoc analysis Tukey’s
test was applied to evaluate significant difference between groups. Bar graphs represent mean values + SD. *P < 0.05, **P < 0.01, **P < 0.001.

these results indicated that the suppression of PI3K/AKT signaling pathway prevented the ameliorative effect of FA on PA-
induced ARPE-19 cells injury.

Activation of PI3K/AKT Pathway Strengthened the Positive Effect of Fenofibric Acid

(FA) on ARPE-19 Injury
ARPE-19 cells were pre-treated with 20uM PI3K/AKT agonist 740 Y-P for 1 hour, and then incubated with 400uM PA
and 20uM FA. Western blot analyses showed that p-AKT/AKT upregulation induced by FA was further elevated
significantly by 740Y-P treatment (Figures 4A and B). We also found that the alleviation of oxidative stress (measured
by NOX4 and 3-NT) induced by FA was significantly enhanced upon treatment with 740Y-P (Figures 4C-E).
Consistently, the levels of inflammatory factors ICAM1, TNFa and VEGF were significantly inhibited by the application
of FA, and this process was further enhanced by 740 Y-P (Figures 4F-I). These results suggested that PI3K/AKT
activation increased the inhibitory effects of FA on oxidative stress and inflammation induced by PA.

Fenofibrate Ameliorated HFD-Induced Retinal Dysfunction

We then investigated the effect of fenofibrate on the HFD-induced RPE injury in vivo, mice were fed with 0.1% fenofibrate,
which was added in their diet in the last month of high-fat diet regimen. High-intensity ERG flash stimulation was applied, and
an evaluation of the c-wave was performed to estimate the effect of HFD and fenofibrate on the functioning of RPE. After HFD
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Figure 4 Activation of PI3K/AKT pathway strengthened the alleviation of fenofibric acid (FA) in ARPE-19 cells injury. ARPE-19 cells were pre-treated with 20uM 740Y-P for
| hour, and then exposed to 400M PA with or without 20uM FA for 24 hours. (A) Representative images of Western blot of p-AKT and AKT levels; (B) Statistical analysis
of data (A) of p-AKT/AKT. (C) Representative images of Western blot of NOX4 and 3-NT levels; (D and E) Statistical analysis of the data presented in C. (F) Representative
images of Western blot of ICAMI, TNFa and VEGF; (G-I) statistical analysis of the data presented in F. Note that cells were treated with FA | hour after the initiation of PA-
induction. Data were obtained from three independent experiments. One-way analysis of variance (ANOVA) followed by a post-hoc analysis Tukey’s test was applied to
evaluate significant difference between groups. Bar graphs represent mean values + SD. *P < 0.05, **P < 0.01, **P < 0.001.

feeding for 5 months, the c-wave amplitudes (at 150cd.s/m* stimulus luminance) were 51.9% of those in SD-fed mice
(Figures 5A and B). Fenofibrate treatment partially (by ~33.6%) reversed the decreased amplitudes of ERG c-wave in the HFD
mice (Figures 5A and B). In an additional analysis, we also evaluated the changes in ERG a- and b-waves, which reflect the
bioelectrical activity of photoreceptors and bipolar cells in the retina. As shown in Supplementary Figure 5, HFD for 5 months
significantly reduced a-wave (by ~46.9%) and b-wave (by ~48.6%) amplitudes under scotopic conditions at the light stimulates
of 10cd.s/m?, which were partially reversed by fenofibrate supplementation (by ~20% in a-wave and ~23% in b-wave). These

results indicated that fenofibrate treatment significantly ameliorated HFD-induced RPE and neuroretina dysfunction.

Fenofibrate Ameliorated RPE Injury Induced by HFD in Mice

We next examined the effect of HFD and fenofibrate on the pathological changes in RPE tissue. RPE-choroid-sclera flat
mounts showed that fenofibrate supplementation reversed the HFD-induced increase in the percentage of TUNEL
staining positive cells (Figures 6A and B), which indicated fenofibrate had a protective effect on HFD-induced apoptosis
cells of RPE tissue. Subsequently, we further evaluated the effect of HFD and fenofibrate on the oxidative stress and
inflammation in RPE tissue. Western blot analyses indicated that HFD triggered oxidative stress and an inflammatory
response, because the expression level of oxidative stress markers (such as: 3-NT, 4-HNE) (Figures 6C-E) and
proinflammatory cytokines (such as: ICAM1, TNFa and VEGF) (Figures 6G-J) dramatically increased in RPE-choroid-
sclera tissues of HFD-fed mice. Fenofibrate treatment significantly reduced 3-NT and 4-HNE protein (Figures 6C-E), as
well as ICAMI1, TNFa and VEGF protein expression levels (Figures 6G-J). Immunostaining showed that NOX4 and
TNFa increased significantly in RPE tissue after a 5-month HFD, and fenofibrate treatment down-regulated the
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Figure 5 Fenofibrate ameliorated HFD-induced RPE dysfunction. Mice were fed with HFD for 5 mouths and supplemented with 0.1% fenofibrate (Feno) in their diet in the
last month. (A) Representative electroretinogram (ERG) c-wave for four groups in response to a light stimulation intensity of 150.0 cd.s/m2 under scotopic conditions. (B)
Statistical analysis of amplitude changes of ERG c-wave under stimulus intensities of 150.0 cd.s/m2 under scotopic conditions. n=13 (SD), 12 (HFD), 14 (SD_ Fe), 11 (HFD_
Fe). One-way analysis of variance (ANOVA) followed by a post-hoc analysis Tukey’s test was applied to evaluate significant difference between groups. Bar graphs represent
mean values * SD. ns: not significant, *P < 0.05, **P < 0.001.

expression of NOX4 (a biomarker of oxidative stress) (Figures 6F and Supplementary Figure 6A) and TNFa (Figures 6K

and Supplementary Figure 6B) in RPE tissue. These results suggested fenofibrate treatment ameliorated the level of

oxidative stress and inflammatory activity in RPE cells induced by HFD in mice.

Therefore, we further determined the expression of p-AKT and AKT in RPE-choroid-sclera tissues of mice. The
Western blot analysis showed that the ratio of p-AKT/AKT were downregulated after 5 months of HFD feeding, and
fenofibrate supplementation significantly inhibited the decreased level of p-AKT/AKT (Figure 6L and M). These results
indicated that fenofibrate could reduce the inhibition of p-AKT/AKT in RPE-choroid-sclera tissues of HFD-fed mice.

Discussion

We provided novel evidence demonstrating antioxidant and anti-inflammatory effects of fenofibrate on RPE, using RPE
injury model induced by excessive fat in vitro and in vivo. These results are consistent with our previous finding that
fenofibrate has anti-inflammatory effects against retinal inflammation induced by HFD.’® The current study also
demonstrated that the one of the underlying mechanisms of fenofibrate protection of the RPE is via the activation of
the PI3K/AKT signaling pathway.

Free fatty acids (FFAs), including palmitic acid (PA) and oleic acid (OA), have been considered as the two main
compositions in lipofuscin.'® Saturated PA has been widely used in in vitro cell cultures to induce DNA damage and
generate genotoxicity in insulin-secreting cells.>” However, monounsaturated OA was reported to protect pancreatic cells
against PA-induced apoptosis.®® In the RPE, unsaturated OA may enhance autophagy flux, but did not induce apoptotic
cell death signal.'” Autophagy flux is thought to play a cytoprotective role against various external insults, and inhibition
of autophagy flux could induce RPE cell death.*® Conversely, oxidative stress and inflammation have both physiological
and potentially pathological roles in RPE degeneration.*® Recent study reported that saturated PA could aggravate high
glucose-induced inflammatory response in ARPE-19 cells.*' Therefore, we speculated that saturated PA may play
a critical role in RPE degeneration. In the current study, we demonstrated that the direct application of saturated PA
on RPE cells for 24 hours results in RPE damage by activation of oxidative stress and inflammatory response in an
in vitro model.

In vivo, the effect of dietary fat on the retinal function and structure has recently become a popular topic.*? However,
very few studies have reported the effect of HFD alone on the RPE tissue. Recent study found that RPE thickness and
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retinal function (measured by ERG a-wave and b-wave) did not deteriorate, however, AMD-linked proteins clusterin and
TIMP3 accumulated in the RPE and Bruch’s membrane of mice fed with 45% HFD for 12 months.** In contrast, another
study demonstrated that application of 60% HFD impaired retinal function after 6 months.** In the present study, we
revealed that administration of 60% HFD for 5 months significantly decreased the ERG a-, b- and c-wave amplitude.
This finding suggested that retinal and RPE dysfunction occurred in mice at 5 months of 60% HFD feeding. In addition,
our study also demonstrated that 60% HFD for 5 months was responsible for pathological damage (including apoptosis,
oxidative stress and inflammation) in RPE.

Fenofibrate (as a PPARa agonist) exerted its beneficial effects on retina in a PPARa-dependent or independent
mechanisms. Chen et al supported that fenofibrate attenuated retinal vascular leakage in a streptozotocin-induced diabetic
rat model via activation of PPARa.* Inconsistently, it was reported that fenofibrate prevented human retinal endothelial
cells death induced by serum deprivation through a PPARa-independent manner.*® Besides, fenofibric acid also alleviate
RPE barrier impairment induced by heavily oxidized, glycated low-density lipoprotein through a PPARa-independent
mechanism.?” However, it was unclear what the effect of fenofibrate on high fat-induced RPE damage would be and
which underlying mechanism would be involved. In the current study, supplementing the HFD with fenofibrate partially
reversed the inhibited amplitudes of ERG c-wave, and also reversed the increased oxidative stress levels and proin-
flammatory cytokines in RPE tissue in vivo. Furthermore, fenofibric acid reduced the levels of reactive oxygen species
and proinflammatory cytokines in ARPE-19 cells induced by PA.

In terms of mechanism, the difference between two research diets was the proportion of fatty acid, especially the
proportion of lard abundant with saturated FFAs (Supplementary Table 1). HFD rich in saturated FFAs might not

stimulate the PPARa-mediated fatty acid-f-oxidation because PPARa natural ligands are omega-3 polyunsaturated fatty
acid (PUFA).*" In addition, high-throughput real-time PCR showed that PA (known as saturated FFAs) alone did not alter
the expression of PPARa in HepG2 cells.*® Taken together, PPARa might not be a target for RPE injury induced by high
saturated FFAs. Therefore, we speculated that fenofibrate inhibited RPE injury induced by HFD or PA in a PPARa-
independent manner.

AKT, as a protein kinase downstream of PI3K, regulated lipid and glucose metabolism.*” Previous study has reported
that PA inhibited PI3K/AKT signaling, which is associated with the reduction of glucose uptake in HepG2 cells.”
Consistently, in this study, high fat significantly suppressed AKT phosphorylation in ARPE19 cell and RPE tissue. In
addition, PI3K/AKT signaling pathway has been evidenced to be involved in alleviating oxidative stress in the retina and
ARPEI19 cells.”’>* Our study further investigated whether PI3K/AKT signaling, by introducing PI3K/AKT inhibitor or
agonist, was the target for the protective effect of fenofibrate on RPE injury induced by high fat. Our data showed that
inhibition of PI3K/AKT signaling reduced the protective effects of fenofibrate on oxidative stress and inflammation. In
addition, PI3K/AKT signaling activated by 740Y-P promoted the inhibition of oxidative stress and inflammation. These
findings indicate that at least one essential mechanism by which fenofibrate prevents from RPE injury induced by high fat
is through activation of the PI3K/AKT signaling pathway.

Our work has some limitations. Firstly, ARPE-19 cells were limited in aspect of assessment of the pharmacology data
compared with primary RPE cells. Secondly, we did not control the daily intake of research diet and fenofibrate. Finally,
the full scope of fenofibrate RPE protective action, likely through various lipid metabolism changes, remains elusive.
Future studies are warranted in order to reveal the multitude of underlining mechanisms.

Conclusions

In conclusion, our results indicated that high fat likely induced RPE damage, as indicated by the results of PA-induced
cell model and HFD-induced animal model. Furthermore, fenofibrate was able to protect against RPE injury induced by
high fat via the activation of PI3K/AKT signaling pathway. Overall, these findings would contribute to our understanding
of the pathophysiology associated with the effect of dietary lipids on RPE health and points to potential treatment
strategies for retinal degenerative diseases.

Data Availability

Data is contained within the article or the Supplemental Material.
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