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Purpose: Dry age-related macular degeneration (DAMD) is the leading cause of vision loss in developed countries,
yet there are no FDA-approved treatments currently available. Mitochondria play a significant role in the pathology of
DAMD; the retinal pigment epithelium cells of patients with DAMD exhibit mitochondrial dysfunction, elevated levels of
mitochondrial DNA lesions, and increased mitochondrial reactive oxygen species. Investigations into the mitochondrial
contributions to DAMD are complex as human tissue is challenging to acquire, and animal models do not fully recapitu-
late disease phenotypes. Cytoplasmic hybrid (cybrid) cells, formed by depleting the mitochondria of an immortalized cell
line and fusing with patient platelets, are a possible model for mitochondrial studies on DAMD. This study evaluates if
cybrid models of DAMD recapitulate the mitochondrial hallmarks of the disease, including mitochondrial dysfunction,
decreased mitochondrial protein levels, lipid accumulation, and mitochondrial DNA lesions.

Methods: The mitochondrial functions of five healthy and five DAMD cybrid cell lines were compared based on mito-
chondrial oxygen consumption rates, membrane potential, and protein expression. Secondary factors of mitochondrial
dysfunction, including lipid accumulation and mitochondrial DNA stress response, were also examined.

Results: Compared to healthy control cybrid lines, we found no alterations in bioenergetics, protein levels, and lipid
accumulation in DAMD cybrid lines. Mitochondrial DNA stress responses were aberrant in DAMD cybrids compared
to healthy controls, suggesting some conserved mitochondrial dysfunction.

Conclusions: Taken together, this study suggests that these DAMD cybrids do not fully recapitulate DAMD mitochondri-
al pathology, though this is limited to the study population of males with the H mtDNA haplogroup. However, there may
be a niche for cybrid cell lines in investigating mitochondrial DNA phenotypes in patients with DAMD. This is likely
because DAMD is a multifactorial disease, dependent upon an individual’s genetics and the retinal microenvironment.
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Age-related macular degeneration (AMD) is a leading
cause of vision loss globally, affecting ~150 million people
in 2020, with that number expected to increase by nearly
50% by 204 [1,2]. AMD is divided into two classifications:
neovascular AMD (nAMD) and Dry AMD (DAMD). nAMD
is an uncommon but severe form of AMD, resulting from
neovascularization from the choroid into the retina near the
macula; this releases plasma and whole blood into the eye,
causing central vision loss and blindness if untreated [3.,4].
Following years of study, nAMD is well characterized, and
robust therapies for intervention center around the suppres-
sion of VEGF and neovascularization signaling proteins [5,6].
DAMD pathology is characterized by localized atrophy of
the macular Retinal Pigment Epithelium (RPE), a key player
in retinal metabolism and photoreceptor support; the loss of
these RPE cells inevitably leads to photoreceptor cell death
and visual abnormalities, including central vision loss [7-10].
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Clinically, DAMD is characterized by the presence of
drusen, yellowish lipid and protein deposits that form under
the RPE [11-13]. Drusen are hypothesized to be expelled
metabolic byproducts and cellular waste, and their accu-
mulation is linked to RPE metabolic dysregulation [14,15].
Indeed, DAMD is associated with several metabolic and
mitochondrial hallmarks, including elevated reactive oxygen
species (ROS), decreased mitochondrial amount, disruption
of mitochondrial cristae, and altered metabolism, with a shift
toward glycolysis [16-18]. As RPE cells depend heavily on
mitochondria for energy production in the retinal microenvi-
ronment, these disruptions in normal RPE function may serve
as targets to prevent disease progression [19-21]. Despite our
current understanding of DAMD, no FDA-approved therapies
for the disease are available [22,23]. Therefore, additional
work is urgent to determine the underlying causes behind
DAMD and generate targets for treatment.

As metabolic and mitochondrial hallmarks are evident
in DAMD, significant work has been performed to determine
if mitochondrial therapies could improve DAMD outcomes.
Despite this, investigating the mitochondrial hallmarks of
DAMD involves several challenges. Studies using human
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eyes, both in vitro and in vivo, are subject to individual vari-
ability in environmental exposures and genetics; addition-
ally, eye donation for research has decreased in recent years,
limiting supply [24]. Non-human primate models of DAMD
rarely develop DAMD spontaneously, requiring intervention
to induce disease phenotypes [25-27]. The aging DAMD
primate models also require 20—40 years to develop fully,
limiting high throughput research. Rodents lack a macula
and, therefore, cannot develop DAMD, requiring significant
intervention to mimic the disease [28,29]. Therefore, our
group developed a cytoplasmic hybrid (cybrid) cell line using
mitochondria derived from patients with DAMD and healthy
controls as a novel form of studying DAMD.

A cybrid cell line is a fusion between a mitochondri-
ally depleted (p°) cell and mitochondria from a donor cell
[30,31]. Our laboratory generates p° ARPE-19 cells through
ethidium bromide treatment; ethidium bromide intercalates
into genomic and mitochondrial DNA (mtDNA), decreasing
the replication rate [32,33]. Genomic DNA can overcome this
limitation, typically through base excision repair; however,
mtDNA lacks similar mechanisms, resulting in mtDNA
and, eventually, total mitochondrial depletion [34-37]. The
resultant p® ARPE-19 cells are then fused with mitochondria
from a donor cell, typically platelets. These platelets, lacking
a nucleus but abundant in mitochondria, are placed in culture
with the p° cells and polyethylene glycol, forcing cellular
fusion [38-40]. The resulting cell population is pruned,
creating an immortalized line with mitochondria unique to
the donor. Our laboratory utilizes platelets from patients with
and without DAMD, creating cybrid lines that emulate patient
mitochondrial processes without requiring tissue harvest or
repeated blood draws.

Cybrid cell lines offer a unique way to test hypotheses
related to AMD's mitochondrial aspects. Our laboratory has
successfully studied nAMD using cybrid models, including
epigenetic alterations, VEGF expression, and the effect of
mitochondria-derived peptides on nAMD cybrid viability
[41-44]. This project attempts to validate that cybrid cell lines
can recapitulate the mitochondrial hallmarks of DAMD to
determine if cybrids are a suitable model for the mitochon-
drial phenotypes of the disease. We interrogated key find-
ings in the previous literature surrounding DAMD, including
mitochondrial respiration, mitochondrial membrane poten-
tial (AWm), lipid raft accumulation, mitochondrial protein
contents, and mtDNA copy number.
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METHODS

Human subjects: The University of California, Irvine’s
Institutional Review Board approved research with human
subjects (Approval #2003-3131). All participants provided
informed consent, and clinical investigations were performed
according to the tenets of the Declaration of Helsinki.

Cell culture: Cybrids were generated as previously described
[45]. In brief, cybrid cells were prepared through polyethylene
glycol fusion of p® ARPE-19 cells with platelets derived from
healthy or DAMD patients. Cybrids from passages 5 to 10
were used during this study. All cybrids used for this study
belonged to the ‘H” mtDNA haplogroup and were males from
67 to 89 (Average age of DAMD patients: 824+4.6, Healthy
Patients: 78.2+7.02, p value 0.39; Shown in Table 1). Our
ARPE-19 cells have been validated using RPE-specific
markers such as Bestrophin 1, Cellular retinaldehyde binding
protein-1, and Keratin-18 [46]. Cybrid status and donor
mtDNA involvement were confirmed using allelic discrimi-
nation, Sanger Sequencing, and Next-Generation Sequencing.

Culture conditions: Cybrid cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM)-F12 Medium (Cat. #
10—-092CM, ThermoFisher Scientific, Pittsburgh, PA). Our
media is supplemented with 10% fetal bovine serum (FBS),
100 units/ml penicillin, 100 pg/ml streptomycin, and 50 ug/
ml gentamycin. All cells are cultured at 37 °C with 5% CO,
in a humidified incubator.

Bioenergetics assay: Bioenergetics were analyzed using a
Seahorse XF96 Analyzer (Agilent Technologies, Santa Clara,
CA) to determine oxygen consumption rate (OCR). A cellular
response curve of 30 K, 40 K, 60 K, 80 K, 100 K, and 120 K
cells per well was performed to determine optimal seeding
density, which was ultimately determined to be 120 K cells per
well. Additionally, drug optimization tests were performed,
and 1 pmol/1 for oligomycin, 1 pmol/l for carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone (FCCP), and 0.5 pmol/l
of rotenone+0.5 pmol/l of antimycin A (R+A) were deter-
mined to be the optimal concentration for a cellular response.
Healthy and DAMD cybrids were plated and allowed to rest
for 24 h before beginning the assay. Seahorse analyses were
performed in Seahorse XF Base Media supplemented with
glucose (25 mM/1), sodium pyruvate (1 mM/I), and gluta-
mine (2 mM/l). Measurements were performed three times
at five-minute baseline increments, followed by a fresh media
addition and six additional measurements. This was followed
by sequential oligomycin, FCCP, and R+A treatment with
three measurements each for a total of eighteen measure-
ments. Raw OCR data was normalized to cell count. In brief,
following the assay, cells were fixed with 4% paraformalde-
hyde for 20 min at room temperature and then washed with
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TABLE 1. PATIENT INFORMATION.

Cybrid cell line Haplogroup Age Sex Group
13-128 H7e 86 M DAMD
14-132 H3an 78 M Healthy
14-143 Hlcl 84 M DAMD
15-161 H5al 67 M Healthy
15-171 HV5a 87 M DAMD
17- 193 H 89 M Healthy
17-201 H 77 M Healthy
17-203 H 76 M DAMD
18-221 H 77 M DAMD
18-241 H 80 M Healthy

Cybrid cell lines were generated using patient platelets. Demographics of these patients, including age, sex,

and mitochondrial haplogroup, are listed above.

DMEM before being incubated with BioTracker 488 Nuclear
Green Dye (Cat. # SCT120, Millipore Sigma, Temecula, CA)
for 30 min. Cells were washed with live cell imaging solution
(Cat. #A59688DJ, ThermoFisher Scientific) and imaged using
a Sartorius Incucyte® S3 Live-Cell Analysis System (Sarto-
rius, Gottingen, Germany) at 4x resolution. Quantification of
Green Count was determined using the IncuCyte Software
2019B with a —15 edge and Max Area of 1500.

Mitochondrial membrane potential assay: AYm was deter-
mined using a Biotium JC-1 Assay (Cat. #30001, Biotium,
Fremont, CA) performed according to the recommended
protocol. In brief, cybrids were plated in a 96-well plate at
40,000 cells/well and incubated overnight before testing.
Media was removed, and cells were incubated with 100 ulnof
the JC-1 working reagent for 15 min at 37 °C. The reagent was
removed, and cells were washed with Live Cell Imaging Solu-
tion (Cat. #A59688DJ, ThermoFisher Scientific). Fluorescent
intensity was determined using a SpectraMax Gemini XPS
(Molecular Devices, San Jose, CA). Red fluorescence was
measured at an excitation of 550 nm and emission of 600
nm, while green fluorescence was measured at an excitation
of 485 nm and emission of 535 nm. A¥Ym was quantified
through the ratio of red fluorescence/green fluorescence. Ten
uM FCCP, a mitochondrial uncoupler, was used as a negative
control for A¥Ym.

Western blotting: Cybrid cells were incubated with ice-cold
RIPA lysis buffer (Cat. # 89,900, Life Technologies, Carlsbad,
CA) containing protease inhibitors. Protein concentrations
were determined using a Pierce BCA Protein Assay Kit (Cat.
# 23225, ThermoFisher Scientific). Thirty ug of protein was
loaded into 4%—-20% polyacrylamide gels (Cat. # 4,561,096,
Bio-Rad Laboratories) and separated using SDS-PAGE

electrophoresis. Western blotting was performed using Total
OXPHOS Human WB Antibody Cocktail at a 1:300 dilution
(Cat. # abl10411, Abcam, Cambridge, UK), TOM20 at a
1:1000 dilution (Cat. # D8T4N, Cell Signaling, Danvers, MA),
and Actin at a 1:5,000 dilution (Cat. # 13ES, Cell Signaling)
as primary antibodies. For the Total OXPHOS Human WB
Antibody Cocktail, IRDye 800CW Goat anti-Mouse [1gG
(Cat. #925-32210, Li-Cor Bio, Lincoln, NE) was used as a
secondary antibody at a concentration of 1:10,000. REVERT
700 Total Protein Stain (Cat. # 926—11021, Li-CorBio) was
the total protein stain loading control. Blots were imaged on
a LICOR Odyssey CLx (LICOR Bio) using Image Studio
software version 5.2 (LICOR Bio). Blots were analyzed
using Emperia Studio software version 2.1 (LICOR Bio).
For TOM20 and Actin, secondary anti-rabbit and anti-mouse
horseradish peroxidase-conjugated antibodies were used at
a concentration of 1:10,000. Protein expression was visual-
ized using SuperSignal West Femto Maximum Sensitivity
Substrate (Cat. # 34,095, ThermoFisher Scientific) with a
ChemiDoc MP Imaging System (Bio-Rad Laboratories,
Hercules, CA). Western blot densitometries were performed
with Image Lab software version 6.1 (Bio-Rad Laboratories).
Actin was used as a loading control.

BODIPY staining: Lipid aggregates were determined using
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY),
a neutral compound with high lipophilicity [47]. BODIPY
staining was performed based on the protocol from Qui et al.
[48] In brief, cells were plated at 10,000 cells per coverslip in
a 6-well plate and allowed to incubate overnight before treat-
ment. Oleic acid stimulates cellular triglyceride synthesis,
increasing lipid raft accumulation within the cell membrane.
Therefore, as a positive control, cells were pretreated
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overnight with 60 uM oleic acid conjugated to BSA, with
unconjugated BSA acting as a vehicle control. The next day,
cells were washed and incubated with 6 uM BODIPY for 15
min. Cells were washed and fixed in 4% paraformaldehyde
for 20 min at room temperature. Coverslips were mounted
on microscope slides using Fluoroshield Mounting Medium
with DAPI (Cat. # ab104139, Abcam). Slides were allowed to
harden in the dark for three days before imaging.

Fluorescent imaging and analysis: Imaging was performed
on a Leica (Leica Microsystems, Wetzlar, Germany) Stellaris
8 confocal microscope. BODIPY staining was visualized
using the BODIPY FL setting (Excitation- 488 nm; Emission-
550 nm), while DAPI was visualized using the DAPI (dsDNA)
setting (Excitation- 405 nm; Emission- 450 nm). Lipid raft
punctae were identified and defined using the Intermodes
thresholding algorithm in FIJI/Imagel] and counted using
the Analyze Particles function. Particle size was thresholded
from 10- oo with the Pixel Units option on. Nuclei were manu-
ally counted, and the punctae per cell were calculated for each
analyzed image.

Mitochondrial DNA copy number gPCR analysis: Cybrid
lines were treated with 1 uM FCCP for four hours per day for
0, 1, 2, or 3 days before collection to stimulate mitochondrial
stress and metabolic insult. Healthy and DAMD cybrids had
total DNA extracted using a PureLink Genomic DNA Kit
(Cat. # K182002, ThermoFisher Scientific) and quantified
using a NanoDrop 1000 Spectrophotometer. DNA amounts
were normalized, and quantitative PCR was performed using
TagMan gene expression assays for 18S and MT-ND2 (Cat.
# 4,331,182, ThermoFisher Scientific) genes and TagMan
Gene Expression Master Mix (Cat. # 4,369,016, ThermoFisher
Scientific). Relative mtDNA copy number was determined
using ACt. Triplicates were used for each sample.

Statistical analysis: All experiments were independently
replicated in triplicate. Values are presented as mean =SD.
Mean group differences were determined using the Student
t test, with values of p<0.05 being considered statistically
significant.

RESULTS

Bioenergetics are unchanged between age-related macular
degeneration and healthy cybrids: RPE cells from patients
with DAMD are notably deficient in energy production, and
previous studies show a metabolic shift from oxidative phos-
phorylation to glycolysis [17,18]. We performed a Seahorse
bioenergetic analysis to investigate this trend in DAMD
cybrids. DAMD cybrids exhibited no change in cellular
metabolism compared to healthy cybrids (Figure 1A). This
trend occurred across basal respiration, maximal respiration,
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and respiratory control ratio (RCR; Figure 1B,C,E). Interest-
ingly, when taken as a percentage of basal respiration, all lines
showed a 200% increase in maximal respiration, suggesting
a conserved mitochondrial respiratory capacity (Figure 1D).
Proton leak, an indicator of mitochondrial membrane perme-
ability and dysfunction, was similarly unchanged (Figure 1F).
Bioenergetic studies were confirmed by examining A¥Ym, as
alterations in A¥m can correlate with energy production.
Similarly, JC-1 assays showed no difference in A¥m between
healthy and DAMD cybrids (Figure 1G).

Lipid accumulation is unchanged in age-related macular
degeneration cybrids: Lipid accumulation is well charac-
terized in DAMD, with drusen partially made up of lipid
deposits [49]. Additionally, transmission electron microscopy
of ex vivo DAMD retinas shows lipid droplets and accumula-
tion in the RPE, suggesting that drusen may begin as accumu-
lations within the cell [16,18]. To determine if DAMD cybrids
exhibit lipid accumulation within their membranes, cybrids
were stained with BODIPY, and lipid rafts were visualized
using fluorescent microscopy and then counted with Imagel.
Oleic acid, which stimulates cellular triglyceride synthesis,
was used as a positive control (Figure 2B). There were no
differences in lipid raft accumulation in DAMD cybrids
compared to healthy cybrid lines (Figure 2C).

Mitochondrial mass and electron transport chain contents
are unchanged in dry age-related macular degeneration
cybrids: Despite consistent bioenergetics, we next assessed
overall mitochondrial mass and mitochondrial ETC protein
expression to detect any underlying abnormalities that may
suggest mitochondrial dysfunction. Using TOM?20, a ubiqui-
tously expressed mitochondrial transporter subunit, overall
mitochondrial mass was not different between DAMD and
healthy cybrids (Figure 3G). ETC complexes II-V were
analyzed and similarly showed no differences in expression
level, suggesting no underlying mitochondrial stress (Figure
3B-E).

Mitochondrial DNA stress response is aberrant in some dry
age-related macular degeneration cybrids but unchanged
overall: mtDNA replication is significantly elevated during
the mitochondrial stress response to ensure an adequate
supply of mitochondrial proteins to sustain energy produc-
tion within the cell [50,51]. To determine if this protective
pathway is functional in DAMD, cybrid lines were treated
with low-dose FCCP for 4 h per day for up to three days.
Healthy cybrid mtDNA levels correlate positively with days
treated with FCCP (Figure 4A). DAMD cybrids showed a less
consistent response, and their mtDNA levels are not corre-
lated with FCCP treatment (Figure 4B). When compared,
there is no difference in mtDNA levels between healthy and
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DAMD cybrids, though they gradually differ as days progress
(Figure 4C).

DISCUSSION

The goal of this study was to develop an in vitro model of
DAMD for mitochondrial research. This model would couple
the ease of use of ARPE-19 cells with the applicability of
human-derived mitochondria, providing more insight into
human responses to DAMD than typical in vitro studies. As
previously stated, mitochondrial and bioenergetic dysfunc-
tion play a significant role in DAMD pathology. Therefore,
a cybrid model that can recapitulate the mitochondrial
phenotypes of DAMD RPE would be a valuable approach for
future research into DAMD pathology. This study evaluated
the viability of cybrid cell lines as a vector to study DAMD.
Currently, there are limited mechanisms by which researchers
can explore DAMD, especially in a human context.

Human in vivo studies of DAMD are limited to imaging
of the retina, through processes including optical coherence
tomography and fundus imaging, and therefore lack the
ability to interrogate intracellular events [22]. Post-mortem
studies of ex vivo retinas are a powerful tool for investigating
DAMD. However, these are limited by supply and do little to
aid in diagnosis and disease prevention. Retinal organoids
are a recently developed tool for investigating DAMD in an
in vitro setting. However, these require long culture periods
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to develop and do not naturally develop DAMD pathology,
limiting their applicability [52-54]. Consequently, many
researchers have turned to animal models of DAMD to inves-
tigate the disease's pathology further.

Animal models of DAMD are typically divided into non-
human primate and rodent models. Non-human primates are
the animal model most closely related to humans; however,
using them for DAMD research can be challenging. Rhesus
macaques develop human-like drusen, even having structural
similarities [25]. However, these monkeys rarely spontane-
ously develop late-stage DAMD or wet AMD, calling into
question the model’s accuracy [26,27]. Additionally, working
with primates is a slow, laborious, and expensive prospect,
with an aging model taking 20—40 years before results can
show promise. Rodent models have long been a staple for in
vivo research; however, rodents lack a macula, making inves-
tigations into a localized disease challenging [28]. Despite
this, there are still several rodent models which attempt to
model DAMD despite lacking a macula; Cfh™ mice and
CFH Y402H mice utilize transgenic alterations of the CFH
pathway to model the complement alterations seen in humans;
Ccl27~ and Ccr2™ mice are used to investigate the role of
chemokines and macrophages in DAMD; and SOD1™ and
Cigarette smoke/hydroquinone™™ high-fat diet”" blue light
mice are important in determining the role that oxidative
stress plays in DAMD development [29].
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Figure 1. Healthy and DAMD cybrids show no differences in mitochondrial bioenergetics. Bioenergetic analysis of healthy and DAMD
cybrids (A) showed no difference in basal (B) or maximal OCR (C), RCR (D), or proton leak (E). Interestingly, maximal respiration was
always nearly 200% of basal OCR, suggesting conserved mitochondrial efficiency (F). A¥m was assessed with a JC1 assay and showed no
difference between healthy and DAMD cybrids (G). Ten uM FCCP was used as a negative control. Healthy Cybrids: n=4, DAMD Cybrids:

n=4.
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Figure 2. Lipid accumulation was similar between healthy and DAMD cybrids. Healthy and DAMD cybrids were treated with BODIPY,
a fluorescent molecule that binds to pockets of lipid accumulation, to determine if lipid accumulation was altered in DAMD cybrids (A).
Oleic acid bound to BSA (60 uM) was used as a positive control as it stimulates cellular triglyceride synthesis, while unbound BSA was
used as vehicle control (B). No differences between healthy and DAMD cybrids were seen in trial conditions (C). Healthy Cybrids: n=5,

DAMD Cybrids: n=5. .

Finally, in vitro models also play a role in DAMD
research. Cultured primary RPE cells from human donors
are an excellent way to stretch human donations beyond
single-globe dissections. Fetal RPE cells and iPSC cells can
both be induced to grow into an RPE cell model of AMD,
which spontaneously produces drusen; however, this process
requires significant time and testing to ensure that the cells
growing have not become aberrant during the culturing and
differentiation processes [55]. Porcine RPE cells may also
provide a model of human AMD, producing drusen similar
to those in human RPE, but they lack the human genome
that the other options possess [56]. Immortalized human RPE
cells (ARPE-19) may also provide a basic model of human

201

RPE activity. Issues with in vitro models include the lack of
a complex environment that indeed recapitulates the retinal
microenvironment, the accumulation of mutations as passage
number increases, and a minimal accumulation of drusen
[28].

Due to the limitations of currently available models for
DAMD research, there is a niche that DAMD cybrids can
fill. Cybrids are a valuable model for exploring mitochon-
drial disorders as the conserved nuclear genotype between
cell lines allows for controlled studies into how mitochondria
drive phenotypic cellular changes. Establishing cybrids has
improved over time, with the introduction of new techniques,
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including the inhibition of mitochondrial DNA polymerase
v and the supplementation of dideoxynucleotides, making
cybrid generation more accessible [57]. Once established,
cybrids can be maintained for several passages with conven-
tional cell culture practices and require minimal investment
from the researcher. Therefore, this study aimed to evaluate
the ability of cybrid cells to recapitulate a DAMD mito-
chondrial phenotype, as there is significant mitochondrial
pathology in DAMD, despite it not being an explicit mito-
chondrial disease.

The established DAMD mitochondrial pathology
involves progressive mitochondrial dysfunction in the RPE,
which exacerbates cellular stressors and results in cell death
[20,21]. Indeed, multiple studies have demonstrated that
cultured RPE cells from AMD donors exhibit decreased
mitochondrial function compared to those from healthy
controls [18,58]. AMD RPE demonstrates decreased mito-
chondrial mass and ETC content, consistent with decreased
mitochondrial output [59-61]. As mitochondrial production
falters, lipid and lipofuscin deposits, hallmarks of DAMD
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progression, begin to accumulate, likely contributing to
drusen formation. Supporting this idea, electron microscopy
reveals intracellular lipid deposits in the RPE of people with
DAMD [16,18,59]. mtDNA lesions are also notable hallmarks
of DAMD progression, with damage accumulating with age
and disease pathology [62-64].

To asses our cybrid model for its ability to recapitulate
the mitochondrial pathology of DAMD, we phenotyped these
differences in healthy and DAMD cybrids, including bioen-
ergetics output, mitochondrial mass, and lipid accumulation.
We found no difference in the bioenergetic output or A¥m in
DAMD cybrids. Our results demonstrate that mitochondrial
mass and ETC protein expression were unchanged. Lipid raft
accumulation under control and stimulated conditions was
consistent between healthy and DAMD cybrids. Perhaps
the most interesting finding is that mtDNA alterations
under stress conditions were consistent in healthy cybrids,
increasing in response to mitochondrial stress, but showed
individual variability in DAMD cybrids, with several lines
showing decreases or no changes in mtDNA content.
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Figure 3. Mitochondrial mass and electron transport chain proteins were unchanged between healthy and DAMD cybrids. western blotting
of TOM20 (A), a ubiquitously expressed transport protein subunit, was used to quantify total mitochondrial mass, which was unchanged
between healthy and DAMD cybrids (B). To assess mitochondrial protein expression, western blotting of several ETC proteins was performed
(C). There was no difference found between healthy and DAMD cybrids in protein expression of SDHB of complex II (D), UQCRC2 of
complex IIT (E), COX II of complex IV (F), and ATPS of complex V (G). Healthy Cybrids: n=5, DAMD Cybrids: n=5. .

202



Molecular Vision 2026; 32:196-208 <http://www.molvis.org/molvis/v32/196>

When mitochondria are exposed to oxidative stress and
metabolic insult, mtDNA replication is induced to preserve an
intact mitochondrial genome and provide additional genetic
material to produce necessary proteins [50,65,66]. This
phenomenon is proposed as an anti-apoptotic mitochondrial
adaptation, and it is most apparent in cancer cells exposed to
chemotherapeutic agents [51]. Alterations suggest a mitochon-
drial inability to adapt to and combat oxidative and metabolic
stressors. DAMD cybrid mtDNA levels do not respond to the
administration of stress treatment, suggesting maladaptive
changes compared to healthy controls. This result is consis-
tent with the pathology of DAMD and suggests that cybrid
models retain specific mitochondrial phenotypes. Previous
studies on mtDNA mutations in DAMD have shown an eleva-
tion in mtDNA single-nucleotide polymorphisms (SNPs) in
all regions of the mtDNA genome; notably, however, is the
finding by Udar et al. in 2009, which showed that people with
DAMD had higher SNPs in the mitochondrial genome control
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region [62,67,68]. The mtDNA control region is a 1122-base-
pair-long non-coding area of DNA which contains the Heavy-
strand origin of replication and the origins of transcription
for both strands [69-72]. Therefore, it may be that conserved
mutations within the mtDNA control region limit the DAMD
cybrids from replicating mtDNA following stress responses,
although this hypothesis must be confirmed experimentally.

While these results show a limited impact of the
cybrid model of DAMD metabolic phenotypes, this study
has notable limitations that impact its generalizability and
robustness. First, cybrid subjects were restricted to men
of the H mtDNA haplogroup. As a preliminary study, we
sought to minimize confounding factors within this study,
which leads to limitations in the scope of the translatability
of the results to women and other haplogroups. Second,
the limited sample size, with five subjects in each group,
reduces statistical power. Human variability also generally
requires higher sample sizes to detect significant changes
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in phenotypes, prompting further questions of robustness.
Third is the use of ARPE-19 cells as the p0 parental cell line.
While ARPE-19 cells are optimal cybrid parental cells due
to their hardiness and ease of use, they lack several key RPE
proteins expressed in vivo, are transcriptionally different than
RPE cells, and may exhibit chromosomal abnormalities in
culture [57,73]. ARPE-19 cells are therefore not able to fully
recapitulate normal RPE pathology, which must be taken into
consideration when assessing these findings. Future studies
interested in generating a cybrid model of DAMD mitochon-
drial pathology should utilize larger sample sizes and explore
other cellular vehicles, such as induced pluripotent stem cells
(iPSCs), to enhance statistical power and applicability. It
would be important in future model development to consider
elucidating the contributions of sex and mtDNA haplogroup
on DAMD mitochondrial pathology, as these are essential in
understanding the underlying disease pathology. However,
results from our study will assist with future studies that can
use our outcomes for subsequent power analyses.

Additionally, in vitro studies are notorious for failing
to accurately replicate the microenvironment of the system
they are simulating, with this study being no exception. In
this study, DMEM/F12 media supplemented with FBS and
antibiotics were used to ensure consistency with previous
studies on ARPE-19 cells and to facilitate accessibility for
future researchers. However, this approach differs signifi-
cantly from the natural environment of the retina. Extra-
cellularly, the metabolic microenvironment of the retina is
complex. The RPE takes glucose from the choroid, passes
it unused to the photoreceptors for glycolytic use, and then
resorbs leftover lactic acid for oxidative phosphorylation
[74-76]. Future studies may consider modifying the in vitro
metabolic microenvironment to more closely resemble the
retinal microenvironment, perhaps by reducing glucose
levels, supplementing with lactate, or co-culturing with iPSC-
derived photoreceptors [77,78].

Despite these limitations, it is essential to highlight
the information that negative data can provide and the new
hypotheses that stem from this work. Perhaps the most
important finding is that this work highlights that DAMD
is a multifactorial disease, with mitochondrial alterations
being only a subset of the pathology. Intracellularly, the
connection between DAMD and genetic factors, specifically
the CFH3, HTRALI, and APOE genes, is well established
and has been extensively studied [4,23,79]. A cybrid model,
which controls for nuclear genetic variation, cannot assess
the nuanced relationship between genetic variation and
mitochondrial dysfunction. A compelling hypothesis is that
the intact ARPE-19 genome removes the negative nuclear
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influences that the donor’s nucleus had on the mitochondria.
Furthermore, the ARPE-19 genome may activate compensa-
tory mechanisms for mitochondrial regulation in the trans-
planted mitochondria; together, this would abolish DAMD
phenotypes. Future investigations detailing transcriptomic
and epigenomic alterations in ARPE-19 cells, donor cells,
and the resulting cybrids would provide essential insight into
the nuclear regulatory mechanisms of mitochondrial func-
tion. Future findings may suggest that nuclear-mitochondrial
crosstalk is essential for maintaining or disrupting mitochon-
drial phenotypes in DAMD.

Additionally, while mitochondrial function is aberrant in
DAMD pathology, this pathology may be ameliorated outside
of the context of the retinal microenvironment. It is notable
that the mitochondria used for cybrid generation come from
patient-derived platelets and are therefore not subjected to
the same stressors as those within the retina. This may be
explored in future studies, which could involve taking platelet
mitochondria and retinal mitochondria from post-mortem
donors and generating cybrids to compare mitochondrial
function. This would clarify the role of cybrids as vectors for
niche mitochondrial analysis and whether it is mitochondrial
origin or cybridization that alters mitochondrial function.

Finally, it is well documented that the inflammatory
response is an integral part of DAMD pathology, including
the complement system, cytokine production, and microg-
lial activation [80]. Mitochondria are often activated during
inflammatory responses, elevating ETC activity and
producing additional ATP to supply the cell with energy
[81]. However, this can be a vicious cycle, where elevated
mitochondrial activity leads to increased ROS levels and
oxidation events, which can further stimulate inflammatory
processes and cell death [81]. While RPE mitochondria are
subject to these stressors consistently, an in vitro model of
DAMD is separated from these complex systems. Therefore,
the lack of an inflammatory system may allow mitochondria
to decrease activity and return to a less pathological state.
Future studies may coculture RPE cybrid cells with microglia
or add exogenous cytokines to attempt to recreate an inflam-
matory system and elucidate the mitochondrial reaction to
these events.

This work aimed to develop a cybrid model of DAMD
mitochondrial phenotypes, as traditional models of DAMD
investigation have difficulty interrogating mitochondrial
contributions to disease pathology. A cybrid model would
thereby enhance the study of the disease and make research
of this kind more accessible to other researchers. This study
found that our cybrid model of DAMD did not fully recapitu-
late the phenotypes observed in the literature, except mtDNA
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instability following stress responses, but was limited in its
scope and generalizability. Despite the limited success of this
study, we propose new hypotheses for exploration, namely
how the cybrid generation process affects mitochondria from
different tissue types, how nuclear regulation may influence
mitochondrial compensation and epigenetics, and whether
inflammatory processes are key to understanding mitochon-
drial dysfunction in DAMD, in the hopes that this may still
contribute to our current understanding of cybrid cells and
DAMD.
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