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Abstract

Background: Neurodegenerative diseases, including age-related macular degeneration (AMD), may be linked to mitochondrial dysfunc-
tion and endoplasmic reticulum (ER) stress. We examined whether Pigment epithelium-derived factor (PEDF) could prevent changes in
the structure and function of these organelles by accelerating by rotenone (ROT), a mitochondrial inhibitor, in human retinal pigment
epithelium (RPE) cells of chronological age. Methods: RPE cells from 9–20, 50–55, 60–70, and >70-year-old donors were isolated,
grown as primary cultures, harvested, and treated with ROT and PEDF for electron microscope (EM), western blot analysis, and poly-
merase chain reaction (PCR). Reactive oxygen species (ROS) and cytoplasmic calcium [Ca2+]c and mitochondrial calcium [Ca2+]m
levels were measured by flow cytometry using 2′,7′-dichlorodihydrofluorescin diacetate (H2-DCF-DA), fluo-3/AM, and Rhod-2/AM,
and ATP levels were measured using a luciferin/luciferase-based assay. Mitochondrial membrane potential (∆Ψm) was detected us-
ing 5,5′,6,6′-tetrachloro1,1′,3,3′-tetraethylbenzimid azolocarbocyanine iodide (JC-1), and susceptibility of the cells to ROT toxicity and
PEDF-protective effect was determined by propidium iodide (PI) staining and lactate dehydrogenase (LDH) assay. The expression of
ER stress-related genes was detected using real-time (RT)-PCR. Results: We observed decay in the mitochondria of aged RPE cells,
including matrix abnormalities, elongation, loss of cristae, and disruption of membrane integrity after ROT treatment. We also observed
lower [Ca2+]c, higher ROS and [Ca2+]m levels, decreased∆Ψm after ROT treatment, and greater susceptibility to ROT toxicity in aged
RPE cells. PEDF can protect the cristae and integrity of the mitochondrial membrane, increase ATP levels and ∆Ψm, and lower ROS,
[Ca2+]c, and [Ca2+]m in aged RPE cells induced by ROT. In addition, there was an increase in RDH expression in RPE cells with increas-
ing age after PEDF treatment. Similarly, PEDF decreased the expression of ROT-induced ER stress-related genes. Conclusions: Our
study provides evidence that PEDF can reduce bioenergetic deficiencies, mitochondrial decay, and ER stress in aging RPE, a condition
that may trigger the onset of retinal diseases such as AMD.
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1. Introduction
Retinal pigment epithelium (RPE) is a monolayer of

cuboidal cells located between the retinal neurosensory
photoreceptors and choriocapillaris, playing a crucial role
in visual processing. Disruptions in these processes and
defects in the RPE result in retinal degeneration and con-
tribute to the progression of age-related macular degener-
ation (AMD) [1–8]. AMD is a multifactorial disease, and
its etiology, in part, stems from age-related cumulative ox-
idative damage to the RPE due to an imbalance between
the generation and elimination of reactive oxygen species
(ROS) [9–11].

Mitochondria (MT) serve as the main source of cel-
lular ROS and adenosine triphosphate (ATP), and play a
vital role in regulating cellular survival and death mech-
anisms [12–14]. Therefore, mitochondrial health and ac-
tivity are central to the aging process, with evidence sug-
gesting a link, albeit a tenuous one, between mitochon-
drial respiration and longevity. Moreover, compelling ev-
idence suggests that age-related mitochondrial dysfunction

is an initiating factor in various neurodegenerative disor-
ders, including Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), and AMD [15–19]. The endoplasmic reticulum
(ER) is an important organelle involved in the biosynthe-
sis of proteins, lipids, and sugars, as well as cellular home-
ostasis [20]. Previous studies have revealed that MT and
the ER play a key role in regulating neurological activi-
ties. Altered ER-mitochondrial signaling, resulting in mito-
chondrial damage, ER stress, dysregulation of Ca2+ home-
ostasis, lipid metabolism defects, and autophagy, is com-
mon in neurodegenerative diseases [21,22]. ER stress me-
diated by oxidative stress can overactivate autophagy, lead-
ing to RPE dysfunction [23,24]. Although AMD primarily
involves photoreceptor damage in the central retina, histo-
logical changes in the RPE precede vision loss in the early
stages of AMD [25]. Oxidative damage-induced mitochon-
drial dysfunction and ER stress are the key contributors to
the pathogenesis of ADM, given the susceptibility of the
RPE to oxidative stress [1,26–28].
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Pigment epithelium-derived factor (PEDF), a glyco-
protein belonging to the superfamily of serine protease in-
hibitors, is a highly effective inhibitor of angiogenesis in
cell culture and animal models [15,29]. In addition, PEDF
has been detected in the vitreous humor, retina, and choroid,
with decreased levels observed in AMD [16,17]. The
therapeutic potential of PEDF has been extensively stud-
ied in vitro, revealing its antioxidant, anti-inflammatory,
and pro-survival effects on various ocular cells, including
RPE, photoreceptors, pericytes, and ganglion cells [30–
33]. Additionally, PEDF evaluation in clinical trials has
demonstrated the effectiveness of intravitreal, subretinal,
or periocular injections of an adenoviral vector encoding
PEDF in suppressing choroidal neovascularization in AMD
[18,19,34–39].

Collectively, these findings suggest a common ori-
gin of neurodegenerative diseases associated with advanced
aging, involving mitochondrial dysfunction and ER stress.
Therefore, agents that improve bioenergetic efficiency play
a crucial role in combating aging and age-related diseases
[40,41]. Targeted interventions that reduce cyclooxygenase
activity, ROS production, or lipofuscin accumulation may
delay the detrimental effects of oxidative stress on mito-
chondrial decay, ER stress, and RPE degeneration, ulti-
mately preventing vision loss. In this study, we investigate
whether PEDF can protect the structure and function of MT
and the ER from damage mediated by ROT-induced ROS in
human RPE cells across different age groups. Our findings
provide experimental evidence that supports the clinical po-
tential of PEDF in AMD treatment.

2. Materials and Methods
2.1 Ethics Approval

This study applied the same PRE cell lines as our pub-
lished studies [42]. The study was carried out in accordance
with the guidelines of the Declaration of Helsinki and ap-
proved by the Ethics Committee of the Second Affiliated
Hospital of Xi’an Medical University.

2.2 Materials

All the tissue culture reagents were obtained
from Gibco (Gaithersburg, MD, USA). 2′,7′-
dichlorodihydrofluorescin diacetate (H2-DCF-DA),
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimid azolo-
carbocyanine iodide (JC-1), Mito Tracker Green, and
Mito Tracker Red were obtained from Molecular Probes
(Interchim, Montlucon, France). Goat anti-human UCP2
antibody was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). ROT and the luciferin/luciferase-
based ATP assay kit was purchased from Sigma-Aldrich
(St. Louis, MO, USA) and the lactate dehydrogenase
(LDH) assay kit was purchased from Roche Pharmaceuti-
cals (Nutley, NJ, USA). Stock solutions of ROT (10 mM)
were prepared in dimethyl sulfoxide (DMSO).

2.3 Primary Human RPE Cell Culture
Human RPE cells were cultured as previously de-

scribed [43] andmaintained in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 5% fetal bovine
serum and 1% penicillin-streptomycin-neomycin. Cultures
in the third or fourth passage from four groups of human
donors, aged 9–20, 50–55, 60–70, and>70 years were used
for the experiments. Five to seven different donor RPE lines
were used for each age group. As the study we published
earlier [42]. All cell lines were validated by STR profiling
and tested negative for mycoplasma. Cells were all cultured
in a humidified incubator at 37° and 5% CO2.

2.4 Treatments with Mitochondrial Complex Ⅰ Inhibitor
and PEDF

For each experiment, either 1.25 or 5 µM ROT was
added to the cells [44,45]. For some experiments, 100
µg/mL PEDFwas added to the cells 2 days prior to the ROT
treatment. To measure ROS, mitochondrial membrane po-
tential (∆Ψm), mitochondrial fluorescence, cytosolic cal-
cium concentration ([Ca2+]c), mitochondrial calcium con-
centration ([Ca2+]m), and LDH release and to assess mor-
phological changes in both untreated cultures and cultures
treated with ROT, the cells were treated with 5 µMROT for
1 h. For experiments involving evaluation of morphologi-
cal changes in the mitochondria using electron microscopy,
measurement of cellular ATP levels, and assessment of cell
viability using propidium iodide (PI) staining, the cells were
treated with 1.25 µM ROT for 24 h. For RT- and real-time
PCR, and western blot analysis, the cells were treated with
100 µg/mL PEDF for 48 h.

2.5 PI Staining and LDH Assay
Cell death in the cultures was evaluated by measur-

ing red fluorescence and LDH activity in the conditioned
medium using PI staining and colorimetric assays, respec-
tively. Briefly, PI staining was conducted by seeding un-
treated and PEDF-treated RPE cells in 6-well plates at a
density of 1 × 106 cells/well and incubating them for 24
h. The untreated and pretreated (100 µg/mL PEDF) cells
were then exposed to 1.25 µM ROT for 24 h and 48 h, re-
spectively. The cells were harvested and incubated with 4
µg/mL PI (diluted in phosphate buffered saline [PBS]) for
60 min at room temperature. Subsequently, the cells were
rinsed twice in PBS and immediately analyzed by flow cy-
tometry at 488 nm excitation. Red fluorescence was mea-
sured at 590 nm. The results were expressed in arbitrary
units as median fluorescence intensity.

For LDH analysis, the cells were seeded in 96-well
plates at a density of 1 × 104 cells/well. The untreated and
pretreated cells were exposed to 5 µM ROT in 50 µL of
culture medium for 1 h and 48 h, respectively. After treat-
ment, 50 µL of the culture supernatant from each sample
was transferred into a fresh 96-well plate and reacted with
50 µL of the reaction mixture at room temperature for 30

2

https://www.imrpress.com


Fig. 1. Pigment epithelium-derived factor (PEDF) protects aging retinal pigment epithelium (RPE) cells from rotenone (ROT)
toxicity. (A) Phase-contrast micrographs of primary cultures of human RPE cells, showing that RPE cells obtained from 9–20 and 50–
55-year-old donors were round and more regularly shaped compared to the elongated features of those obtained from the 60–70 and>70
years age groups. After treatment with 5 µM ROT for 1 h, the aged RPE cells had a generally unhealthy and degenerative appearance.
Fewer cells were observed in the aging group after ROT treatment, partly due to cell detachment and, in part, cell death. RPE cells from
9–20-year-old donors maintained a relatively healthy appearance, even in the presence of ROT. Pretreatment with PEDF (100 ng/mL)
for 48 h blocked the effects of ROT on aged RPE cells (60–70 and >70 years). Scale bar = 30 µm. (B) PEDF prevents ROT-induced
RPE cell death. The histogram illustrates the relative percentage of cell death in cultures after ROT treatment and protection by PEDF.
(Upper) Relative amount of PI fluorescence intensity in RPE cultures determined by flow cytometry. Treatment with 1.25 µM ROT for
24 h caused an increase in PI levels in aged RPE cultures (50–55, 60–70, and >70 years) but had minimal effect on the cultures of the
9–20 years age group (1 × 106 cells were used). Pretreatment of RPE cells with 100 ng/mL PEDF for 48 h prevented the increase in PI
levels when the cells were treated with ROT, as was evident in cultures from donors aged 50–55, 60–70, and>70 years. (Lower) Increase
in LDH release after 1 h of ROT treatment. The fold-changes in LDH release were 1.54 (± 0.24), 1.81 (± 0.26), and 2.23 (± 0.24) for
the 50–55, 60–70, and >70 years age groups, respectively, indicating that aged RPE cells were more susceptible to death caused by
ROT-induced toxicity. Pretreatment of cells with PEDF (100 ng/mL) for 48 h significantly reduced LDH release into the cytoplasm after
ROT treatment compared with untreated cells. The fold-changes in LDH release were 1.12 (± 0.26), 1.23 (± 0.22), and 1.30 (± 0.31),
for the 50–55, 60–70, and >70 years age groups, respectively. Data are presented as fold-changes in PI intensity or LDH release from
treated RPE cells compared to untreated control cells. The results are expressed as the mean ± S.E. of three independent experiments,
each performed in triplicate. * Indicates a significant difference from the untreated control RPE cells set at p < 0.05.

min. The reaction was terminated by adding a stop solu-
tion, and the absorbance was measured at 490 nm using
the Benchmark Microplate Reader. The extent of cell death
was estimated as a percentage based on LDH activity, with
an untreated internal control serving as a reference for total
cell death.

2.6 Electron Microscopy

The cells were seeded in 6-well plates with specific
substrates in the culture media and incubated for 48 h. For
primary fixation, the RPE cells were treated with a solu-

tion of 2% glutaraldehyde and 85 mM cacodylate buffer
for 3 h at room temperature. For secondary fixation, the
cells were treated with 1% buffered osmium tetroxide at
4 °C overnight. Following dehydration in a graded se-
ries of ethanol solution, the samples were infiltrated with
propylene oxide and EMbed 812 (1:1) and allowed to rotate
overnight before embedding in 100% EMbed 812. Semi-
thin sections were obtained, stained with toluidine blue and
examined under a lightmicroscope. If the sections appeared
satisfactory under light microscopy, the EMbed 812 blocks
were mounted and sectioned on a Sorvall MT2-B ultrami-
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crotome at a thickness of 0.08 µm (800 Å) in preparation for
electron microscopy. The ultrathin sections were mounted
on square 200 mesh copper grids, stained with uranyl ac-
etate and lead citrate, and examined using a Philips 400
transmission electron microscope [46,47].

2.7 Morphological Analysis of Mitochondria in RPE
Cultures

The morphology of the mitochondria and mitochon-
drial cristae was observed at a magnification of 35,000×.
Morphometric analysis was performed by two experienced
observers at our core facility using the NIH ImageJ program
(version 1.48; National Institute of Health, Bethesda, MD,
USA). In cases where discrepancies arose, a third observer
re-evaluated the samples.

2.8 Measurement of Reactive Oxygen Species

Cellular oxidative stress is determined by the amount
of ROS in the cytoplasm [48,49]. Following trypsinization,
RPE cells were harvested and incubated at a concentration
of 2 × 106 cells/mL with freshly prepared ROS indicator
H2-DCF-DA in serum-free media in the dark at 37 °C. H2-
DCF-DA penetrates the cells and emits green fluorescence
upon oxidation by reacting with H2O2 and, to a certain ex-
tent, NO. To obtain stable and reproducible results, we used
0.4 µM H2-DCF-DA for 30 min for flow cytometry mea-
surements. The treated cells were rinsed twice with PBS
to remove excess H2-DCF-DA, and the samples were im-
mediately analyzed by flow cytometry using the FL chan-
nel (excitation wavelength: 488 nm, emission wavelength:
530 nm). Flow cytometric analyses were performed us-
ing a flow cytometer (BD FACSAria™, Becton Dickinson,
Franklin Lake, NJ, USA). At least 10,000 cells from each
donor were analyzed, and the data were processed using the
FCS Express software. The results were expressed as the
median fluorescence intensity in arbitrary units, calculated
from the average of triplicate measurements for each donor
sample.

2.9 Measurement of Cellular ATP

The ATP levels were determined using a
luciferin/luciferase-based ATP assay. Briefly, cells
were grown in 96-well plates and untreated and pretreated
(100 µg/mL cells) RPE cells were exposed to 1.25 µM
ROT in 50 µL of culture medium for 24 h and 48 h,
respectively. After treatment, the cell membranes were
permeabilized using 50 µL of somatic cell ATP-releasing
reagent (FL-SAR; Sigma-Aldrich) and allowed to react
with 50 µL of ATP Assay Mix Reagent (FLAA; Sigma-
Aldrich) containing luciferin and luciferase. Luminescence
was immediately measured using the Orion II Luminome-
ter (Berthold Detection Systems, Oak Ridge, TN, USA).
Cellular ATP levels were expressed as the fold change in
luminescence intensity compared to that of untreated RPE
control cells.

2.10 Measurement of Mitochondrial Membrane Potential
(∆Ψm)

The ∆Ψm indicator, JC-1, was used to evaluate
changes in ∆Ψm in RPE cells of various ages. JC-1 is a
lipophilic cationic dye that permeates the plasma and mito-
chondrial membranes. The dye fluoresces red upon aggre-
gation in the matrix of healthy high-potential mitochondria,
whereas it fluoresces green in cells with low ∆Ψm. JC-1
was freshly diluted in serum-free DMEM to a final concen-
tration of 1 µg/mL and added to suspensions of treated or
non-treated cells at a density of 2× 106 cells/mL. The sam-
ples were incubated for 20 min at 37 °C in the dark, rinsed
twice with PBS, and immediately analyzed using flow cy-
tometry at an excitation wavelength of 488 nm. Data were
collected at emission wavelengths of 530 nm for green fluo-
rescence and 590 nm for red fluorescence. The results were
expressed in arbitrary units as median fluorescence inten-
sity.

2.11 Measurement of Calcium Levels in the Cytoplasm
([Ca2+]c) and Mitochondria ([Ca2+]m) of RPE Cells

Changes in [Ca2+]c and [Ca2+]m were measured us-
ing the fluorescent probes fluo-3/AM and Rhod-2/AM (Kd
~570 nM), respectively, as previously described [50,51].
Fluorescence intensity was measured using flow cytome-
try andconfocal microscopy. For flow cytometry analysis,
the cells were cultured in 6-well plates at a density of 1
× 105 cells/well. After some cells were exposed to 5 µM
ROT for 1 h only, or treated RPE cells with 100 µg/mL
PEDF for 48 h only, or pretreated RPE cells with 100 µg/mL
PEDF for 48 h before 5 µM ROT was added for 1 h, cells
were loaded with either 1 µM fluo-3/AM for 30 min, or 1
µM rhod-2/AM for 1 h. The cells were then trypsinized,
washed twice with cold PBS, resuspended in 200 µL PBS,
and immediately analyzed by flow cytometry (fluo-3/AM,
excitation wavelength: 488 nm, emission wavelength: 525
nm; Rhod-2/AM, excitation wavelength: 549 nm, emission
wavelength: 581 nm). The fluorescence intensity of 10,000
labeled cells was routinely collected for each analysis, and
the data were expressed as the median fluorescence inten-
sity in arbitrary units, calculated from the average of at least
three separate experiments.

2.12 RT- and Real-Time PCR

Total mRNA from primary cultures of human RPE
cells was isolated using an RNeasy kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s protocol. First-
strand cDNA was synthesized using the iScript cDNA syn-
thesis kit (Bio-Rad, Hercules, CA, USA) and RT-PCR was
carried out using iTaq polymerase (Bio-Rad) with an an-
nealing temperature of 58 °C for 35 cycles to amplify retinol
dehydrogenase (RDH). The primer sequences for RDH
were 5′-GGCATTGTTGATTAGGATGG-3′ (sense) and 5′-
GCTCTTAGCCTTGCAGTTTG-3′ (antisense). GAPDH
was used as the internal RNA loading control, and sam-
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Fig. 2. Electron micrographs (magnification: 35,000×) showing that the mitochondria appear abnormal in RPE cells from aged
donors and that PEDF preserves mitochondrial structural integrity, even in the presence of ROT (A–D). Mitochondria in cells
from donors aged 9–20 and 50–55 years are regular and oval shaped, and have intact cristae. In contrast, the mitochondria in cells from
donors aged 60–70 and >70 years are elongated and irregularly shaped. These mitochondria also demonstrate a loss of cristae integrity
and highly electron-dense matrices. Treatment with ROT (1.25µM for 24 h) induced aging-like elongation in the mitochondria of cells
from 9–20-year-old donors. However, the finer cristae structures remain clear, and there is minimal change in the matrix. In contrast,
mitochondria in cells from older donors (50–55, 60–70, and >70 years) exhibit fragmentation, swelling, and unclear cristae structures
after ROT treatment. Pretreatment with PEDF (100 ng/mL for 48 h) preserved the mitochondrial structure during ROT exposure. This
is especially evident in mitochondria in cells from older donors (50–55, 60–70, and >70 years), where the cristae structure was more
clearly defined and the matrix less electron-dense in the PEDF-treated samples. These results indicate that the mitochondria in aged RPE
cells are more sensitive to ROT than younger cells, and that PEDF can protect mitochondria from ROT-induced damage. Scale bar = 1.5
µm; black arrows: mitochondria; blue arrows: ER.

ples where no reverse transcriptase was added were used
as negative controls to ensure that amplification was RNA-

dependent. The PCR products were resolved by 1% agarose
gel electrophoresis. For quantitative real-time PCR, the
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two-step amplification protocol was performed using the iQ
SYBR green supermix solution (Bio-Rad). Both melting
curve and gel electrophoretic analyses were used to deter-
mine amplicon homogeneity and data quality.

2.13 Statistical Analysis
Data were statistically analyzed via SPSS 23.0 Soft-

ware (SPSS, Inc., Chicago, IL, USA). All assays were per-
formed using at least 3 repeated experiments in triplicates
and data were expressed as means ± standard error (S.E.).
Multi-group comparisons were done utilizing a one-way
ANOVA and using an SNA-Q test for pairwise compari-
son between two groups. Statistical significance was set at
p < 0.05.

3. Results
Cumulative oxidative damage to the RPE causes tis-

sue degeneration and is the primary pathology of AMD [9–
11]. Based on previous experimental evidence supporting
a link between mitochondrial dysfunction, ER stress, and
age-related degenerative diseases, we studied mitochon-
drial structure and function in human RPE cells obtained
from donors of different age groups, including young, adult,
and older individuals. In our previous study, we provided
ultrastructural and biochemical evidence for mitochondrial
decay in aging human RPE cells. The mitochondria of
these cells exhibited fragility and swelling and were elon-
gated and tubular in structure. Moreover, we observed al-
terations in matrix density and poorly defined intramembra-
nous cristae within the mitochondria. Additionally, there
was a significant loss of mitochondria and decreased ATP
and ROS levels. The concentration of [Ca2+]c decreased,
while that of [Ca2+]m increased. Moreover, the aging RPE
cells exhibited decreased ∆Ψm and increased susceptibil-
ity to H2O2 toxicity. These findings correlated with the
morphological changes observed in primary RPE cell cul-
tures. Here, we present evidence that PEDF protects mito-
chondrial function in aging RPE cells, including decreased
ROS, [Ca2+]c, and [Ca2+]m levels, and increased ATP gen-
eration, ∆Ψm, and UCP2 expression in RPE cells. All ex-
periments were performed in triplicate and repeated three
different times for each donor sample.

3.1 PEDF Protects Aging RPE Cells from ROT Toxicity
Fig. 1A shows light micrographs of primary cultures

of human RPE cells obtained from donors of different ages.
Notable morphological differences were observed between
the monolayer cultures of younger (9–20 and 50–55 years)
and aged (60–70 and >70 years) RPE cells. The younger
RPE cells were more regular and cuboidal-like in shape and
formed tight monolayers compared to the aged cells. With
increasing chronological age, the cells appeared more elon-
gated and fibroblast-like and did not form a completemono-
layer, even after extended culture time. There were areas
in the culture dish where aged cells did not migrate and

populate, possibly because of a growth-negative secretory
product from cells in those areas or a diminished migration
capacity resulting from alterations in adhesion properties.
After treatment with 5 µM ROT for 1 h, aged RPE cells
showed a general unhealthy and degenerative appearance.
Fewer cells were observed in the aging group after ROT
treatment, owing to cell detachment and, in part, cell death.
In contrast, RPE cells from 9–20-year-old donors main-
tained a relatively healthy appearance, even in the presence
of ROT. Pretreatment with PEDF (100 ng/mL) for 48 h mit-
igated the effects of ROT on aged RPE cells. These re-
sults indicated that aged RPE cells were more susceptible
to ROT-induced toxicity than younger cells and that PEDF
provided protection to aged RPE cells.

Fig. 1B shows that PEDF prevented ROT-induced
RPE cell death. The histogram shows the relative percent-
ages of cell death in cultures after ROT treatment, with and
without PEDF protection. Treatmentwith 1.25 µMROT for
24 h led to increased PI levels in aged RPE cultures (50–
55, 60–70, and >70 years) but had minimal effect on the
younger cultures (9–20 years) (1 × 106 cells were used).
Retreatment of RPE cells with 100 ng/mL PEDF for 48 h
prevented the elevation of PI levels when the cells were
treated with ROT. This protective effect was observed in
RPE cultures in aged individuals. Upon ROT treatment for
1 h, there was a significant increase in LDH release from
the RPE cells with fold-changes of 1.54 (± 0.24), 1.81 (±
0.26), and 2.23 (± 0.24) for the 50–55, 60–70, and >70
years age groups, respectively. This indicated that the aged
RPE cells were more susceptible to death by ROT than the
younger cells. In contrast, pretreating the cells with PEDF
(100 ng/mL) for 48 h significantly reduced LDH release
into the cytoplasm after ROT treatment, compared to un-
treated cells. The fold-changes in LDH release were 1.12
(± 0.26), 1.23 (± 0.22), and 1.30 (± 0.31) for the 50–55,
60–70, and >70 years age groups, respectively. Notably,
the effects of PEDF-pretreatment on cells from individuals
aged 9–20 years were minimal after ROT treatment.

3.2 Ultrastructural Differences are Evident in the
Mitochondria of RPE Cells with Aging after ROT and
PEDF Treatment

Comparison of electron microscopic images of cul-
tures obtained from donors of different chronological ages
revealed significant variations in mitochondrial morphol-
ogy after ROT and PEDF treatment. Fig. 2 demonstrates
that PEDF preserved the mitochondrial structural integrity,
even in the presence of ROT. Electron micrographs (mag-
nification: 35,000×) of primary RPE cultures illustrate that
mitochondria in RPE cells from the younger donors (9–
20 and 50–55years) were regular and oval shaped and had
intact cristae. In contrast, the mitochondria in cells from
the older donors (60–70 and >70 years) were elongated,
irregularly shaped, and swollen. Additionally, there was
a loss of cristae integrity, and the matrices were highly

6

https://www.imrpress.com


Fig. 3. PEDF reduces ROS levels in aged RPE cells. Distribution of the ROS indicator, H2-DCF-DA, fluorescence intensity in RPE cell
cultures using flow cytometry. Younger RPE cultures (9–20 and 50–55 years) had stronger H2-DCF-DA fluorescence intensity than aged
RPE cultures (60–70 and >70 years) (upper). The relative amount of total H2-DCF-DA fluorescence intensity in RPE cultures (lower)
shows that treatment with 5 µM ROT for 1 h caused an increase in ROS level in the aged cells compared to untreated cells by 2.12-fold
(± 0.82), 2.29-fold (± 0.22) and 3.0-fold (± 0.18) in cells from donors aged 50–55, 60–70 and >70 year, respectively. However, it had
a minimal effect on cells from donors aged 9–20 years. Pretreatment of the cells with 100 ng/mL PEDF for 48 h prevented an increase
in ROS levels induced by ROT, particularly in the cells from older donors. A fold change decrease in ROS level of 0.99, 1.12, and 1.22
was observed compared to non-pretreated cells. Data are presented as fold-changes in fluorescence intensity levels of treated RPE cells
compared to untreated control cells. The results are expressed as the mean± S.E. of repeated experiments, each performed in triplicate.
* Indicates a significant difference from the untreated control RPE cells at p < 0.05.

electron-dense. ROT treatment (1.25 µM for 24 h) in-
duced mitochondrial aging-like elongation in the cells of
9–20-year-old donors. However, finer cristae structures re-
mained discernible, and minimal changes were observed
in the matrix. In contrast, mitochondria in cells from the
older donors (50–55, 60–70, and >70 years) demonstrated
fragmentation, swelling, and unclear cristae structures fol-
lowing ROT treatment. Notably, pretreatment with PEDF
(100 ng/mL for 24 h) preserved the mitochondrial structure

in the presence of ROT. This was particularly evident in
the RPE cells from the older donors (50–55, 60–70, and
>70 years), where cristae structures were more clearly de-
fined and the matrix exhibited lower electron densities in
the PEDF-treated samples. These results indicate that mi-
tochondria in aged RPE cells are more susceptible to ROT-
induced damage than younger cells and that PEDF provided
protection against ROT-induced damage to the mitochon-
dria.
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Fig. 4. ATP levels decrease with increasing RPE cell aging. The luciferin/luciferase-based ATP Assay results demonstrated that the
ATP levels in RPE cells from donors aged 50–55, 60–70, and >70 years were 31%, 35%, and 45% lower than those in the cells from
9–20-year-old donors, respectively. Treatment with 1.25 µM ROT for 24 h resulted in a further decrease in ATP levels by 0.75-fold
(± 0.12), 0.64-fold (± 0.16), and 0.55-fold (± 0.14) in cells from donors aged 50–55, 60–70, and >70 years, respectively. However,
ROT treatment had minimal effects on RPE cells from the younger donors (9–20 years). Pretreatment with PEDF (100 ng/mL for 48 h)
increased the ATP levels by blocking the ROT effects on ATP levels. This was particularly evident in the cells from older donors aged
50–55, 60–70, and>70 years which showed a 1.63-, 1.98-, and 2.51-fold increase in ATP levels, respectively, compared to non-pretreated
cells. Data are presented as fold-changes in fluorescence levels of treated RPE cells compared to untreated control RPE cells. The results
are expressed as the mean ± S.E. of three repeated experiments, each performed in triplicate. * Indicates a significant difference from
the untreated control RPE cells set at p < 0.05.

3.3 PEDF Reduces ROS Levels in Aged RPE Cells

The RPE cultures from younger donors (9–20 and 50–
55 years) exhibited stronger H2-DCF-DA fluorescence in-
tensity than those from older donors (60–70 and>70 years).
The relative total H2-DCF-DA fluorescence intensity in
RPE cultures is presented in Fig. 3 (lower panel). Treat-
ment with 5 µM ROT for 1 h resulted in an increase in ROS
levels in aged cells compared to untreated cells. The fold-
changes in ROS level were 2.12 (± 0.82), 2.29 (± 0.22),
and 3.0 (± 0.18) in cells from donors aged 50–55, 60–70,
and>70 years, respectively. However, this effect was min-
imal in cells from 9–20-year-old donors. Pretreatment of
the cells with 100 ng/mL PEDF for 48 h prevented a rise in
ROS levels induced by ROT, particularly in the cells from

the donors aged 50–55, 60–70, and >70 years. The PEDF-
pretreatment resulted in a decrease of 0.99-, 1.12-, and 1.22-
fold compared to non-pretreated cells (Fig. 3). The experi-
ments were repeated thrice in triplicate (p < 0.05).

3.4 PEDF Increased Endogenous ATP Levels in Aging
RPE Cells

The results presented in Fig. 4 demonstrate a decrease
in ATP levels with increased aging of the RPE cells. ATP
levels in cells from donors aged 50–55, 60–70, and >70
years were 31%, 35%, and 45% lower, respectively, than
in cells from 9–20-year-old donors (p < 0.05). Treatment
with 1.25 µM ROT for 24 h resulted in a further decrease
in ATP levels by 0.75-fold (± 0.12), 0.64-fold (± 0.16),
and 0.55-fold (± 0.14) in cells from donors aged 50–55,
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Fig. 5. Mitochondrial membrane potential (∆Ψm) decreases with increasing RPE cell aging. ∆Ψm was examined using flow
cytometry and the fluorescence indicator JC-1. The∆Ψm is 1.2-fold (± 0.1), 1.52-fold (± 0.2), and 2.1-fold (± 0.3) lower in RPE cells
from donors aged 50–55, 60–70, and>70 years after 5 µM ROT treatment, respectively, compared to RPE cells from donors aged 9–20.
Relative amount of red/green fluorescence intensity ratio in RPE cultures. 5 µM ROT treatment for 1 h leads to an additional decline in
∆Ψm by 0.65 fold (± 0.13), 0.56 fold (± 0.15), and 0.49 fold (± 0.10) in RPE cells from donors aged 50–55, 60–70 and >70 years,
respectively, compared to non-treated cells. Pretreatment of the cultures with 100 ng/mL PEDF for 48 h prevented the decrease in∆Ψm
induced by ROT, especially in RPE cells from donors aged 50–55, 60–70 and >70 years, respectively, by 1.65-, 1.91- and 2.00-fold
compared to ROT treatment alone. Results are expressed as the mean fold decrease in fluorescence levels in untreated samples ± S.E.
of all experiments performed in triplicates. * Indicates a significant difference from the untreated control RPE cells at p < 0.05.

60–70, and >70 years, respectively. However, treatment
with ROT had a minimal effect on RPE cells from 9–20-
year-old donors. Pretreatment with PEDF (100 ng/mL for

48 h) increased the ATP levels. Thus, PEDF effectively
counteracted the effects of ROT on ATP levels, particularly
in cells from donors aged 50–55, 60–70, and>70 years. In
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these groups, 1.63-, 1.98-, and 2.51-fold increases in ATP
levels were observed compared to non-pretreated cells.

3.5 PEDF Increased Mitochondria Membrane Potential
(∆Ψm) in Aging RPE Cells

Given the lower bioenergetic profiles observed with
increased aging, we measured the ∆Ψm in cells from dif-
ferent age groups. The results revealed a decrease of 1.2-
fold (± 0.1), 1.52-fold (± 0.2), and 2.1-fold (± 0.3) in RPE
cells from donors aged 50–55, 60–70, and >70 years after
5 µM ROT treatment, respectively, compared to RPE cells
from donors aged 9–20 years (Fig. 5). These findings pro-
vide compelling evidence of increased mitochondrial depo-
larization and impaired mitochondrial function across dif-
ferent chronological ages in RPE cells. Furthermore, treat-
ment with 5 µM ROT for 1 h resulted in an additional de-
cline in the ∆Ψm. Specifically, there was a decrease of
0.65-fold (± 0.13), 0.56-fold (± 0.15), and 0.49-fold (±
0.10) in∆Ψm inRPE cells from donors aged 50–55, 60–70,
and >70 years, respectively, compared to untreated cells.
Pretreatment of cultures with 100 ng/mL PEDF for 48 h
prevented the decrease in ∆Ψm induced by ROT, particu-
larly in RPE cells from donors aged 50–55, 60–70, and>70
years. In these age groups, PEDF exhibited a protective ef-
fect, resulting in ∆Ψm values that increased by 1.65, 1.91,
and 2.00-fold, in cells from donors aged 50–55, 60–70, and
>70 years, respectively, compared to non-pretreated cells.

3.6 Aged RPE Cells (60–70 and >70 yrs) have Lower
Levels of Calcium in the Cytoplasm ([Ca2+]c) and Higher
Mitochondria ([Ca2+]m) Compared to 9–20 yr

To assess calcium concentrations, we measured
[Ca2+]c and [Ca2+]m in RPE cells using the fluorescent
Ca2+ indicators fluo-3/AM (Fig. 6A) and Rhod-2/AM
(Fig. 6B), respectively, with flow cytometry. A significant
decrease in [Ca2+]c and an increase in [Ca2+]m was ob-
served in the aged RPE cells compared to the cells from
9–20-year old donors. Pretreatment with PEDF decreased
the [Ca2+]c concentration in aged RPE cells. The rela-
tive amount of total fluo-3/AM fluorescence intensity in
RPE cultures, following treatment with 5 µM ROT for 1
h, resulted in a decrease in [Ca2+]c by 0.77-fold (± 0.22),
0.56-fold (± 0.14), and 0.57-fold (± 0.17) in RPE cells
from donors aged 50–55, 60–70, and >70 years, respec-
tively, compared to non-treated cells. However, pretreat-
ment of the cultures with 100 ng/mL PEDF for 48 h fur-
ther decreased the [Ca2+]c induced by ROT, particularly in
RPE cells from donors aged 50–55, 60–70, and >70 years,
by 0.51-fold (± 0.29), 0.34-fold (± 0.08), and 0.36-fold
(± 0.08), respectively, compared to non-pretreated cells
(Fig. 6A, lower). Furthermore, the distribution of [Ca2+]m,
as indicated by the Rhod-2 fluorescence intensity in RPE
cell cultures using flow cytometry, revealed that RPE cul-
tures from younger donors (9–20 and 50–55 years) exhib-
ited lower Rhod-2 fluorescence signals than those from

older donors (60–70 and >70 years). Pretreatment with
PEDF decreased the [Ca2+]m in aged RPE cells (Fig. 6B,
upper). The relative amount of total Rhod-2 fluorescence
intensity in RPE cultures, following treatment with 5 µM
ROT for 1 h, resulted in an increase in [Ca2+]m by 1.55-
fold (± 0.91), 1.75-fold (± 0.85), and 1.81-fold (± 0.94)
in RPE cells from donors aged 50–55, 60–70, and >70
years, respectively, compared to non-treated cells. How-
ever, pretreatment of the cultures with 100 ng/mL PEDF for
48 h decreased ROT-induced [Ca2+]m, especially in RPE
cells from donors aged 50–55, 60–70, and >70 years, by
2.18-, 2.22-, and 2.23-fold, respectively, compared to non-
pretreated cells (Fig. 6B, lower).

3.7 PEDF Increases RDH Expression in aged RPE Cells
As shown in Fig. 7A,B, there was a decreased expres-

sion of RDH in aged RPE cells, as determined by RT-and
real-time PCR. Pretreatment with PEDF (100 ng/mL for 48
h) significantly increased the mRNA level of RDH in aged
RPE cells.

3.8 PEDF Regulates ER Stress-Related Genes Induced by
ROT

As shown in Fig. 7C,D, after RPE cells were treated
with ROT (1.25 µM for 24 h), the expression of ER stress-
related genes, including IP3R, RyR3, HERK, APP, GRP,
PARK, GADD34, PERK, CHOP, and IRE1 were increased.
However, the expression of these ROT-induced ER stress-
related genes decreased significantly in cells pretreatedwith
PEDF (100 ng/mL for 48 h), indicating a protective effect.

4. Discussion
The pigment epithelium is located in the retina and is

constantly exposed to ROS and waste products from pho-
toreceptors. Accumulative oxidative damage to the RPE
can lead to tissue degeneration [9–11] and may be the pri-
mary underlying cause of certain visual disorders. Given
the presence of experimental evidence supporting a link be-
tween mitochondrial dysfunction, aging, and several age-
related degenerative diseases, we examined the structure
and function of the mitochondria in primary cultures of hu-
man RPE cells obtained from donors of varying ages. In
a previous study, we demonstrated that, as human RPE
cells undergo normal aging, the number of mitochondria
decreases and mitochondrial dysfunction increases, includ-
ing numeric loss of mitochondria and lower levels of ATP
and ROS. Additionally, we observed a lower [Ca2+]c and
higher [Ca2+]m, decreased∆Ψm, and greater susceptibility
to H2O2 toxicity. Here, we provided evidence that PEDF
protects mitochondrial function in aging RPE cells. This
evidence included decreased ROS levels and [Ca2+]c, and
increased [Ca2+]m, ATP generation, and ∆Ψm. Addition-
ally, enhanced expression of UCP2 and RDwas observed in
aged RPE cells. Our study provides evidence for bioener-
getic deficiencies in aging RPE cells, a condition that may
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Fig. 6. PEDF decreases the level of calcium in the cytoplasm ([Ca2+]c) and mitochondria ([Ca2+]m) in aged RPE cells (60–70 and
>70 years) compared to cells from donors aged 9–20 years. (A upper) Distribution of the [Ca2+]c indicated, fluo-3AM fluorescence
intensity in RPE cell cultures using flow cytometry. Younger RPE cultures (9–20 and 50–55 years) have stronger fluo-3AM fluorescence
signal than aged RPE cultures (60–70 and >70 years). Pretreatment with PEDF decreases [Ca2+]c levels in aged RPE cells. (A lower)
Relative amount of total fluo-3AM fluorescence intensity in RPE cultures showing 5 µM ROT treatment for 1 h leads to a decline in
[Ca2+]c by 0.77-fold (± 0.22), 0.56-fold (± 0.14) and 0.57-fold (± 0.17) in 50-55, 60-70 and>70 yr RPE cells compared to non-treated
cells. Pretreatment of the cultures with 100 ng/mL PEDF for 48 h also further the decreased in [Ca2+]c induced by ROT, especially in
RPE cells from donors aged 50–55, 60–70, and >70 years by 0.51-fold (± 0.29), 0.34-fold (± 0.08), and 0.36-fold (± 0.08) compared
to non-treated cells. (B upper) Distribution of the [Ca2+]m indicated the Rhod-2 fluorescence intensity in RPE cell cultures using flow
cytometry. Younger RPE cultures (9–20 and 50–55 years) have lower Rhod-2 fluorescence signal than aged RPE cultures (60-70 and>70
yr). Pretreatment with PEDF decreases the level of [Ca2+]m in aged RPE cells. (B lower) Relative amount of total Rhod-2 fluorescence
intensity in RPE cultures showing 5 µM ROT treatment for 1 h leads to an increase in [Ca2+]m by 1.55-fold (± 0.91), 1.75-fold (± 0.85),
and 1.81-fold (± 0.94) in RPE cells from donors aged 52, 62, and 76 years, respectively, compared to non-treated cells. Pretreatment
of the cultures with 100 ng/mL PEDF for 48 h decreased [Ca2+]m induced by ROT, especially in RPE cells from donors aged 50–55,
60–70, and >70 years by 2.18-, 2.22-, and 2.23-fold decrease, respectively, compared to ROT treatment alone. Data are expressed as a
fold change in fluorescence levels to 9–20 yr. Results are expressed as the mean± S.E. of the three experiments performed in triplicate.
* Indicates a significant difference from 9–20 year at p < 0.05.

contribute to the onset of certain retinal diseases, such as
AMD. ROT, a complex I inhibitor, can exacerbate these
conditions, and was used in our study to help us understand
the pathology of aging in RPE cells. In contrast, PEDF can
reduce the progression of this condition.

Mitochondrial structural and functional changes are
commonly observed with aging. In older organisms, there
is a decrease in the number of mitochondria but an increase
in the organelle’s size. For instance, synaptic terminals in
old animals exhibit a higher percentage of oversized or-
ganelles known as megamitochondria [52]. These megami-
tochondria are typically found in adverse conditions and
pose a serious threat to cell survival [53,54]. It is believed

that the decrease in mitochondrial number loss is due to im-
paired duplication capacity, while the shift in size serves
as a compensatory mechanism to maintain constant volume
density throughout an individual’s lifespan, thus increas-
ing the mitochondrial area involved in cellular respiration
[52,55–57].

We observed that, with increased chronological age,
there is a marked decrease in the number of mitochon-
dria and an increase in their size in RPE cells, which is
consistent with reports on other aging tissues. Moreover,
we found that treatment with ROT further exacerbated the
morphological changes in mitochondria in aged RPE cells.
These abnormal mitochondria had partial-to-complete loss
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Fig. 7. PEDF increases retinol dehydrogenase (RDH) mRNA levels in aged RPE cells. (A) RT- and real-time PCR show that the
expression of RDH is lower in aged RPE cells than in the cells from donors aged 9–20 years. (B) Pretreatment with PEDF (100 ng/mL
for 48 h) significantly increased the mRNA level of RDH in aged RPE cells. (C,D) The expression of genes of IP3R, RyR3, HERK, APP,
GRP, PARK, GADD34, PERK, CHOP, and IRE1 associated with ER stress in aged RPE cells was measured by RT-PCR. GAPDH was
used as the control. *Indicates a significant difference from the control group at p < 0.05. # Indicates a significant difference from the
ROT treated group at p < 0.05.

of cristae and increased matrix density. We ruled out the
possibility that the morphological changes were due to fix-
ation and processing artifacts by processing all the samples
similarly. These findings are similar to those reported by
Feher et al. [19], who showed mitochondrial abnormalities
in RPE cells in situwith increased aging of the human retina
and that this condition worsened in eyes with AMD. Based
on these observations and our findings, we propose that im-
paired mitochondrial function or loss of this organelle ren-
ders aging RPE cells more susceptible to oxidative damage,
which could be a precursor to the development of AMD.
Pretreatment with PEDF protect mitochondria from mor-
phological changes induced by ROT in aged RPE cells.

The free radical theory of aging [58] states that
changes in biological function over time are due to cu-
mulative cellular damage caused by ROS. This theory is
supported by studies showing progressive, even exponen-
tial, accumulation of ROS-damaged proteins, lipids, and

nucleic acids as cells and organisms age [59]. Oxidative
injury to cells is associated with several diseases, includ-
ing Alzheimer’s disease [60], amyotrophic lateral sclero-
sis [61], muscular dystrophy [62], Parkinson’s disease [63],
AMD [64], and cataract [65]. These are all late- or slow-
onset diseases in which damage accumulates over time. Mi-
tochondrial damage has been demonstrated inmany of these
diseases [66], implicating this organelle as a key player
in disease progression. However, we observed decreased
ROS levels in the RPE cells from older donors. This con-
tradicts popular findings indicating that RO production is
increased in aged tissues. One explanation for this is that
the mitochondria in these cells are less metabolically active
and, therefore, produce less ROS. Our results showed that
there was significantly lower ATP generation as the RPE
aged, supporting this hypothesis. Less ROS production
may be a mechanism for “self” preservation, potentially ex-
tending the lifespan of these cells. However, despite the re-

12

https://www.imrpress.com


duced ROS production, the overall mitochondrial function
impairment we observed renders these cells more suscep-
tible to environmental challenges. Defects in complex I of
the mammalian mitochondrial respiratory chain are known
to be related to an increase ROS production, which is linked
to several degenerative disorders [19,57]. To study whether
the increase in ROS production in the aging RPE cells is a
result of mitochondrial complex I defects, we used an in-
hibitor of mitochondrial function, including ROT (a com-
plex I inhibitor). Our data showed that ROT triggers a rapid
increase in ROS production, which exceeded the levels al-
ready present in aged RPE cells, with no significant changes
in younger RPE cells (9 years), indicating a direct link be-
tween mitochondrial complex I defects and elevated ROS
levels in aged RPE cells. PEDF blocks ROT-induced in-
crease in ROS levels in aged RPE cells.

Because of its role as the major energy source of the
cell, mitochondrial dysfunction underlies key events lead-
ing to apoptosis [12–14]. Some mitochondrial-specific ac-
tions leading to apoptosis include loss of ∆Ψm, induc-
tion of MPT opening, and cytosolic translocation of apop-
togenic factors, such as cytochrome c [67,68]. Here, we
found that RPE cells of aged donors have a lower ATP level
and ∆Ψm than those of younger donors. We showed that
mitochondria were depolarized in aged RPE cells; how-
ever, there was no significant release of cytochrome c by
these cells. Treatment with ROT caused further ATP deple-
tion and mitochondrial depolarization in aged RPE cells,
whereas younger RPE cells (9 years old) were relatively
unaffected by ROT treatment. The increased sensitivity of
aged RPE cells to mitochondrial complex I suggested the
presence of an intrinsic mitochondrial complex I defect in
these cells. PEDF increases ATP generation and ∆Ψm in
aged RPE cells.

Ca2+ plays a central role in cell signaling [69–71].
Its concentration in the cellular environment changes in re-
sponse to a range of signals that allow it to modulate cellu-
lar functions. The mitochondria are complex cellular struc-
tures that participate in various intracellular processes, in-
cluding cellular Ca2+ signaling. They can modulate the
amplitude and spatiotemporal organization of cytoplasmic
Ca2+ signals because of their ability to rapidly accumulate
and release Ca2+ into the cytosol [50,69–72]. Mitochon-
dria Ca2+ overload leads to ROS overproduction, which,
in turn, triggers the MPTP opening and apoptosis mecha-
nisms [73,74]. In a previous study, we found lower [Ca2+]c
and higher [Ca2+]m in aged RPE cells, suggesting a possi-
ble role of Ca2+ dysregulation in RPE degeneration. Cells.
In this study, we demonstrated Ca2+ dysregulation in aged
RPE cells, with further decreases in [Ca2+]c and increased
[Ca2+]m levels after ROT treatment. PEDF prevents ROT-
induced increases in [Ca2+]c and [Ca2+]m levels.

The highest level of RDH expression was observed
in the retina, where it was localized to the inner segments
and cell bodies of Rod and cone photoreceptors [75]. In

vitro, RDH catalyzes the oxidoreductive interconversion
of all-trans- and cis-isomers retinoids. This enzyme also
catalyzes the production of medium-chain aldehydes with
lower affinity. This dual specificity of the substrate leads
to the following: Role of RDH in the reduction of all-
trans retinal to all-trans retinol in the visual cycle [75].
Although bidirectional in vitro, RDH acts as a retinal re-
ductase in living cells by shifting retinoid homeostasis.
Towards increased retinol levels and decreased bioactive
retinoic acid levels. RDH reductase activity protects cul-
tured cells from death caused by the addition of exogenous
retinaldehyde, and this effect is correlated with lower Lev-
els of retinoic acid in DHH-expressing cells. However,
RDH contributes to all-trans retinal clearance due to its loss
results in a slightly increased accumulation of retinotoxic
N-retinylidene-N-retinylethanolamine (A2E), that accumu-
lates when all-trans retinal is not normally metabolized. In
the present study, the increased expression of RDH after
PEDF treatment partly explains the protective function of
PEDF against mitochondrial dysfunction by reducing A2E
levels.

Mitochondria-ER contact sites (MERCS) are morpho-
functional units located in the tightly adherent sites of the
ER. Endomembrane and outer mitochondrial membranes.
MERCS is believed to play a pivotal role in several func-
tions maintain cellular homeostasis, including mitochon-
drial quality control, calcium homeostasis, lipid biosynthe-
sis, Autophagy, apoptosis, unfolded protein response, and
ER stress [76–78]. According to previous studies, dys-
function in the The MERCS is associated with neurode-
generative diseases [79]. ROT treatment results in changes
in intracellular mitochondria-ER contact sites, leading to
ER stress [79,80]. Similar to the results of our study,
ROT-induced ER stress and Increased expression of ER
stress-related genes such as IP3R,RyR3,HERK,APP,GRP,
PARK, GADD34, and PERK CHOP and IRE1. However,
PEDF treatment decreased the expression of ROT-mediated
ER stress-related genes. It further suggested that PEDF pro-
tects ROT-damaged RPE cells by protecting mitochondrial
and ER functions.

5. Conclusions
In conclusion, we present strong evidence that PEDF

protects mitochondrial and ER function in aging RPE cells,
including decreased ROS, [Ca2+]c, and [Ca2+]m levels, in-
creased ATP generation, ∆Ψm, and RDH expression, and
decreased ROT-mediated ER stress-related gene expression
in RPE cells.
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