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PURPOSE. Retinal detachment (RD) leads to photoreceptor (PR) hypoxia due to separation
from the retinal pigment epithelium (RPE). Hypoxia stabilizes retinal hypoxia-inducible
factor 1-alpha (HIF1α), crucial for PR survival during RD. This study explores the
regulatory role of HIF1α in PR cell survival pathways during RD.

METHODS. Experimental RD was created in C57BL/6J and HIF1α�rod mice by injecting 1%
hyaluronic acid into the subretinal space. The 661W photoreceptor cells were exposed
to hypoxic conditions. Markers of endoplasmic reticulum stress (ERS), mitophagy, and
accumulation of polyubiquinated proteins were evaluated using RT-PCR and western
blot analyses. Cell death of PR cells was quantified using trypan blue exclusion assay
and TUNEL staining. Retinal cell death was assessed using a DNA fragmentation assay.

RESULTS. In C57BL/6J mice and 661W cells, there were increases in HIF1α protein
levels: 2.2-fold after RD (P = 0.04) and threefold after hypoxia (P = 0.057). Both
the in vivo and in vitro RD models showed increased protein expression of ERS
markers (including BIP, CHOP, and IRE1α), mitophagy markers (Parkin, PINK, and
FUNDC1), and polyubiquitinated proteins. In 661W cells, hypoxia resulted in a loss of
mitochondrial membrane potential, an increase in mitochondrial reactive oxygen species,
and a decrease in intracellular adenosine triphosphate levels. Lack of HIF1α in rods
blocked the upregulation of mitophagy markers after RD.

CONCLUSIONS. RD results in the activation of ERS, mitophagy, mitochondrial dysfunction,
and accumulation of polyubiquitinated proteins. Results suggest a role for HIF1α in acti-
vation of the mitophagy pathway after RD, which may serve to protect the PR cells.

Keywords: retinal detachment, hypoxia-inducible factor 1-alpha, ER stress, mitochondrial
dysfunction, mitophagy

Retinal detachment (RD) is a serious ocular condition
characterized by the separation of the neurosensory

retina from the underlying choroid and retinal pigment
epithelium (RPE).1,2 When RD occurs, the oxygen supply
to photoreceptor (PR) cells is impaired, leading to hypoxia
of these cells, induction of inflammation, and increase in
reactive oxygen species (ROS) formation, all of which ulti-
mately result in apoptotic PR death.3,4 An interesting para-
dox exists regarding the timing of PR death after RD. The
high metabolic demand of the PR cells would suggest that
loss of oxygen and metabolic support from the choroid/RPE
would result in early and massive PR loss. Clinical experi-
ence, however, shows that PR loss after RD is more grad-
ual, and this provides a therapeutic window of opportunity
for repairing the detachment and recovering some amount
of vision. Work in experimental models has shown that,
in addition to the rapid induction of cell death pathway
activation, there is a concomitant and counteracting acti-
vation of pro-survival pathways such as autophagy.5 We
have previously shown that RD also results in the stabi-

lization of hypoxia-inducible factor 1-alpha (HIF1α) and
upregulation of various stress response genes.6,7 Our previ-
ous work suggests that HIF1α stabilization is protective
of PRs, yet the mechanism of this effect remains largely
unknown.

HIF1α is a key transcription factor that plays a central
role in the cellular response to hypoxia.8,9 Under normoxic
conditions, HIF1α is quickly hydroxylated and targeted
for degradation.10 Under hypoxic conditions such as those
caused by RD, HIF1α is stabilized and translocates to the
nucleus where it forms a heterodimer with HIF1β.10 This
complex binds to hypoxia response elements, leading to
the transcriptional upregulation of various genes involved
in angiogenesis, cell survival, and metabolism.10,11

The hypoxia of RD is associated with oxidative stress,
inflammation, and generation of ROS resulting in activa-
tion of endoplasmic reticulum stress (ERS) and the unfolded
protein response (UPR). Prolonged oxidative stress is often
associated with mitochondrial dysfunction and can result in
the triggering of apoptosis.18,19
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Mitochondrial biogenesis is the process by which cells
increase their mitochondrial mass and function to meet the
cellular energy demands.12 This process involves the repli-
cation of mitochondrial DNA and assembly of new mito-
chondria from pre-existing ones.13 Mitochondrial biogen-
esis is regulated by several factors, including peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1α) and nuclear respiratory factor 2 (NRF2).14 On the
other hand, mitophagy is a selective form of autophagy
where damaged or dysfunctional mitochondria are selec-
tively engulfed by autophagosomes for transport to and
degradation by lysosomes.15 In the retina, mitophagy plays a
crucial role in maintaining cellular homeostasis and prevent-
ing the accumulation of damaged mitochondria.16 During
RD, the disruption of nutrient and oxygen supply and
increased oxidative stress can lead to ocular mitochondrial
dysfunction and cell death.17 Mitophagy is triggered as a
protective mechanism to eliminate these dysfunctional mito-
chondria and prevent further damage.16

In this study, we hypothesized that RD results in ERS,
mitochondrial dysfunction, mitophagy, and increased accu-
mulation of polyubiquinated proteins. We sought to under-
stand the relationship between the activation of these path-
ways and HIF1α stabilization, and we tested these hypothe-
ses using our in vivo rodent model of experimental RD, as
well as our in vitro model of hypoxic PR cells.

MATERIALS AND METHODS

Experimental Retinal Detachment

All animal experiments in this study adhered to the guide-
lines established by the Institutional Animal Care & Use
Committee at the University of Michigan and followed the
ARVO Statement for the Use of Animals in Ophthalmic
and Visual Research. Male and female C57BL/6J mice were
sourced from The Jackson Laboratory (Bar Harbor, ME,
USA). The HIF1α�rod mice were generated as previously
described.18 Mice were kept in a 12-hour light/dark cycle.
For all experiments, mice were between 8 and 14 weeks of
age. Detachments were created as previously described.18–20

Briefly, mice were anesthetized using a combination of
ketamine (16 mg/mL) and xylazine (2 mg/mL), adjusted
according to their individual body weights. Pupils were
dilated using phenylephrine 2.5% and tropicamide 1%. A
small incision was made approximately 1 mm posterior to
the limbus with a 31-gauge needle. Then, 1 to 2 μL of 1%
sodium hyaluronate (Healon, #10240011; Johnson & John-
son Vision, Irvine, CA, USA) was carefully injected into the
subretinal space to elevate the retina from the RPE. Animals
were euthanized and eyes removed at either 24 hours (1 day)
or 72 hours (3 days) following RD. Retina samples were
harvested, snap-frozen in liquid nitrogen, and stored at –
80°C until further use.

Cell Culture Model of Photoreceptor Hypoxia

For in vitro experiments, we used the 661W PR cell line,
which was obtained from Muayyad Al-Ubaidi, PhD (Univer-
sity of Oklahoma Health Sciences Center, Oklahoma City,
OK, USA).21 Cells were cultured in Gibco Dulbecco’s Modi-
fied Eagle Medium (DMEM, #11885084; Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS, #35-015-CV; Corning, Corning,
NY, USA), 1% Gibco penicillin–streptomycin (#15140122;

Thermo Fisher Scientific), 32-mM putrescine, 40-μL/L β-
mercaptoethanol, 40-μM hydrocortisone 21-hemisuccinate,
and 40-μM progesterone. Cells were incubated at 37°C in
a humidified atmosphere of 5% CO2 and 95% air. Simulation
of the hypoxia of detachment was performed as previously
described22 by placing the cultured 661W photoreceptor cell
culture dishes in a specialized incubator chamber (Billups-
Rothenberg, Del Mar, CA, USA) that was set at 37°C and filled
with humidified hypoxic air (1% O2, 5% CO2, 94% N2).

Pre-designed HIF1α small interfering RNA (siRNA,
#4390771; Thermo Fisher Scientific) was used to silence
HIF1α, and non-targeting siRNA (#4390843; Thermo Fisher
Scientific) served as a negative control and was used at
the same concentration. The 661W cells were seeded into
six-well or 96-well plates. After 24 hours, each well was
transfected with the appropriate siRNAs in Gibco Opti-MEM
Reduced Serum Medium (#31985062; Thermo Fisher Scien-
tific) with Invitrogen Lipofectamine RNAiMAX Transfection
Reagent (#13778075; Thermo Fisher Scientific), following
the supplier’s protocol. The cells were incubated with the
siRNAs for 12 hours. The medium was then replaced with
complete growth medium, and the cells were incubated
for an additional 24 hours. Subsequently, the cells were
subjected to hypoxic conditions in the hypoxic chamber for
24 hours.22

Western Blot Analysis

Cells and retinal tissues were lysed using radioimmuno-
precipitation assay (RIPA) buffer (#R0278; Sigma-Aldrich,
St. Louis, MO, USA) containing Pierce phosphatase and
protease inhibitors (#A32957 and #A32955, respectively;
Thermo Fisher Scientific). Protein concentration was deter-
mined using the RC DC Protein Assay Kit (#5000120;
Bio-Rad Laboratories, Hercules, CA, USA). Following this,
20 μg of protein was loaded into each well, separated
using the 4–15% Mini-PROTEAN TGX Precast Protein Gels
(#4561086; Bio-Rad Laboratories), and then transferred onto
a polyvinylidene fluoride membrane (#1620177; Bio-Rad
Laboratories). Subsequently, the membranes were blocked
with 5% bovine serum albumin (BSA, #A7906; Sigma-
Aldrich) in Tris-buffered saline (TBS, #1706435; Bio-Rad
Laboratories), and incubated overnight at 4°C with the
primary antibody. The following antibodies were used: anti-
mouse CHOP (#2895, 1:1000; Cell Signaling Technology,
Danvers, MA, USA); anti-rabbit pIRE1α (#NB100-2323SS,
1:1000; Novus Biologicals, Littleton, CO, USA); anti-mouse
BiP/Grp78 (#610979, 1:1000; BD Biosciences, Franklin
Lakes, NJ, USA); anti-mouse mono-and polyubiquitinylated
conjugates (#BML-PW8810, 1:1000; Enzo Life Sciences, Long
Island, NY, USA); anti-mouse caspase 3 (#NB100-56113,
1:1000; Novus Biologicals); anti-mouse HIF1α (#MAB1536,
1:1000; R&D Systems, Minneapolis, MN, USA), anti-rabbit
FUNDC1 (#NBP1-81063, 1:1000; Novus Biologicals); anti-
rabbit PINK1 (#NB100-493, 1:1000; Novus Biologicals); anti-
rabbit Parkin (#NBP2-67017, 1:1000; Novus Biologicals); and
anti-mouse PGC-1α (#sc-517380, 1:500; Santa Cruz Biotech-
nology, Dallas, TX, USA). Following three washes with a
solution of 0.1% Tween 20 in TBS, membranes were incu-
bated for 1 hour with the suitable secondary antibody:
either anti-rabbit IgG, HRP linked (#7074S, 1:5000; Cell
Signaling Technology), or anti-mouse IgG (#NA931, 1:8000;
GE HealthCare, Chicago, IL, USA). For loading control,
either anti-mouse Invitrogen GAPDH Monoclonal Antibody
(#AM4300, 1:1000; Thermo Fisher Scientific) or Millipore-
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Sigma anti-mouse α tubulin (#T6199, 1:1000; Sigma-Aldrich)
antibodies were used. In this study, protein quantifica-
tion was conducted utilizing single bands located within
the appropriate molecular-weight region of each studied
protein. However, for polyubiquitinated proteins, a different
approach was employed. Given the heterogeneous nature
of polyubiquitinated proteins, the wide range of mobili-
ties of polyubiquitinated proteins extending across the gel
from 50 kDa to 250 kDa in each lane was considered.
Membranes were developed using the SuperSignal West Pico
PLUS Chemiluminescent Substrate (#34580; Thermo Fisher
Scientific). Finally, blots were imaged and analyzed using
cSeries Capture Software (#c500; Azure Biosystems, Dublin,
CA, USA).

Immunocytochemistry

For immunocytochemistry (ICC), cells were cultured on
coverslips and then treated with a 4% paraformaldehyde
solution for fixation. After fixation, the cells were perme-
abilized with 0.1% Triton X-100, blocked using 2% BSA,
and subsequently subjected to an overnight incubation with
the antibodies against FUNDC1 (1:250; Novus Biologicals)
or anti-mouse LC3B (#83506, 1:250; Cell Signaling Technol-
ogy). Following three washes, the cells were exposed to the
appropriate secondary antibody, Goat anti-Rabbit IgG (H+L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 555
(#A-21429, 1:500; Thermo Fisher Scientific) or Goat anti-
Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Anti-
body, Alexa Fluor 488 (#A-11029, 1:500; Thermo Fisher
Scientific) for 1 hour. Nuclear staining was with Invitro-
gen Hoechst (#H3570, 1:1000; Thermo Fisher Scientific) for
10 minutes. Finally, coverslips were affixed onto slides using
a glycerol-based liquid mounting solution.

Images for ICC were acquired utilizing the Leica STEL-
LARIS 8 FALCON Confocal Microscope with a 40× objec-
tive lens (Leica Microsystems, Wetzlar, Germany). To ensure
specificity of the immunostaining, all experimental samples
included negative controls, where the primary antibody was
substituted with normal IgG (1 mg/mL).

RNA Extraction, cDNA Preparation, and
Quantitative Reverse-Transcription PCR

Total RNA was extracted from retinal tissue using the RNeasy
Plus Micro Kit (#74034; Qiagen Sciences, Hilden, Germany),
following the manufacturer’s instructions. The concentration
and quality of RNA were assessed using a NanoDrop instru-
ment (Thermo Fisher Scientific). Subsequently, complemen-
tary DNA (cDNA) was synthesized from the total RNA
using the High-Capacity cDNA Reverse Transcription Kit
(#4368813; Thermo Fisher Scientific), following the provided
protocol. Quantitative reverse-transcription PCR (qRT-PCR)
was conducted using a CFX384 Touch (Bio-Rad Laborato-
ries), employing the following primer sequences:

Hspa5 (encoding GRP78/BiP)—forward, ACTTGGGGAC-
CACCTATTCCT; reverse, ATCGCCAATCAGACGCTCC)23

Ddit3 (encoding CHOP)—forward, GGAGCTGGAAGCCTG-
GTATG; reverse, GGATGTGCGTGTGACCTCTG)24

Prkn (encoding Parkin)—forward, AAACCGGATGAGTGGT-
GAGT; reverse, AGCTACCGACGTGTCCTTGT)25

Tfam—forward, AGCCAGGTCCAGCTCACTAA; reverse,
AAACCCAAGAAAGCATGTGG)26

Pgc1a (encoding PGC-1α)—forward, AGCCGTGACCACTGA-
CAACGA; reverse, GCTGCATGGTTCTGAGTGCTA)26

Pink1—forward, GCTTGCCAATCCCTTCTATG; reverse,
CTCTCGCTGGAGCAGTGAC)27

Pum1 (used as a housekeeping gene)—forward, ACAGC-
CTGCCAACACGTCCTTG; reverse, CCACTGCCAGTGTTG-
GAGTTTG28

Applied Biosystems Fast SYBR Green Master Mix
(#4385612; Thermo Fisher Scientific) was also used. The
total reaction volume was 10 μL. Relative gene expression
levels were determined using the ��CT method.

Terminal Deoxynucleotidyl Transferase dUTP
Nick-End Labeling

The 661W cells were grown on coverslips and exposed to
hypoxia for different times, fixed using 4% paraformalde-
hyde, and processed for terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL) staining, using the
DeadEnd Fluorometric TUNEL System (#G7360; Promega,
Madison, WI, USA). Normoxic cells were used as the control
group.

Trypan Blue Exclusion Assay

For the trypan blue exclusion assay, we initially placed cells
at a density of 5 × 104 per well in 24-well flat-bottom
culture plates. The next day, the cells were exposed to differ-
ent durations of hypoxia in a hypoxia chamber. Following
hypoxia exposure, we collected all cells, including those
that had detached, and stained them with a 0.4% trypan
blue solution for 2 minutes. Using a hemocytometer, we
counted live cells (trypan blue–negative) and dead cells
(trypan blue–positive). Then, we calculated the percent-
age of cell death by comparing it to the total number
of cells.

DNA Fragmentation

DNA fragmentation was assessed using the Cell Death Detec-
tion ELISA kit (#11774425001; Roche, Basel, Switzerland).
After harvesting, retinas were weighed and subsequently
homogenized in lysis buffer using a plastic micropestle.
Samples were then incubated for 30 minutes at room
temperature under gentle shaking, followed by centrifuga-
tion (12,500 rpm for 10 minutes at 4°C). The supernatant was
collected and transferred to the assay plate, and immunore-
agents were added as per the manufacturer’s instructions.
Following a 2-hour incubation period and careful washing
of the plate, Roche ABTS Solution was applied to each well,
followed by incubation on a plate shaker (250 rpm) for
10 minutes. Finally, a stop solution was added, and the plate
was read at 405 nm with a reference wavelength of 490 nm.
Results were normalized by retinal mass.

Mitochondrial Functional Assays

Levels of intracellular adenosine triphosphate (ATP) were
assessed using the ATPlite Luminescence Assay System kit
(#6016941; PerkinElmer, Waltham, MA, USA) following the
supplier’s instructions. Briefly, 3 × 105 cells were seeded
in six-well plates. After treatments, cell supernatant was
collected, cells were washed twice with PBS, and lysis buffer
was added to the wells and incubated for 5 minutes under
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shaking. Then, 200 μL of PBS was added, and 150 μL of the
resulting solution was transferred into a white microplate.
Next, 50 μL of the substrate solution was added and lumines-
cence evaluated. Quantitative analysis was performed after
normalizing the results to untreated controls.

For evaluation of mitochondrial ROS and mitochon-
drial membrane potential, 1 × 104 cells were seeded
in 96-well black/clear-bottom culture plates. For mito-
chondrial ROS, superoxide indicator Invitrogen MitoSOX
(#M36008; Thermo Fisher Scientific) was used, following
the supplier’s instructions. Briefly, after the appropriate
treatment period, cell growth media was aspirated, and
cells underwent a 20-minute incubation at 37°C with 5-μM
MitoSOX reagent in Gibco Hanks’ Balanced Salt Solution
(HBSS) media (#14025092; Thermo Fisher Scientific). Cells
were gently washed three times with warm HBSS buffer,
and fluorescence was measured using excitation/emission of
510/580 nm. Results were normalized to untreated controls.

Mitochondrial membrane potential (��M) was evalu-
ated using Invitrogen Tetramethylrhodamine, Ethyl Ester,
Perchlorate (TMRE) staining (#T669; Thermo Fisher Scien-
tific) following the manufacturer’s instructions. In short, after
appropriate treatment time, the cell growth media were
removed, and cells were incubated at 37°C for 20 minutes
with a 250-nM TMRE reagent working solution in HBSS.
Next, cells were washed twice with HBSS and fluorescence
quantified with excitation/emission of 488/570 nm. Quanti-
tative analysis was performed after normalizing the results
to untreated controls.

Mitochondrial labeling with Invitrogen MitoTracker Red
CMXRos Dye (#M46752; Thermo Fisher Scientific) was
employed as an additional technique to assess mitochondrial
membrane potential. Specifically, 3 × 105 cells were plated
onto coverslips in six-well plates and subjected to appropri-
ate treatments. Following treatment, cells were exposed to a
500-nM working solution of the MitoTracker probe in HBSS
at 37°C for 20 minutes, as per the manufacturer’s instruc-
tions. Subsequently, cells were washed with prewarmed
HBSS and fixed with a 4% paraformaldehyde solution for
15 minutes at 37°C. Following fixation, cells were washed
three times with PBS and imaged using a fluorescence micro-
scope (excitation/emission of 579/599 nm). Results were
normalized to untreated control.

The methylthiazolyldiphenyl–tetrazolium bromide (MTT)
assay was employed to assess cellular viability and mito-
chondrial activity. Briefly, after an appropriate treatment
period, the cells were washed once with PBS and incu-
bated with a 0.5-mg/mL solution of Thiazolyl Blue Tetra-
zolium Bromide (#M5655; Sigma-Aldrich) for 3 hours. The
crystals formed were then dissolved with isopropanol, and
absorbance was measured at 540 nm.

To evaluate the role of ERS in mitochondrial function,
the chemical chaperone 4-phenylbutyric acid (4-PBA,
#SML0309; Sigma-Aldrich) and IRE1α inhibitor 8-formyl-
7-hydroxy-4-methylcoumarin (4μ8C, #SML0949; Sigma-
Aldrich) were utilized. In all cases, cells were incubated
with the reagents for 2 hours before being subjected to
hypoxia.

Statistical Analysis

Data are depicted as the mean ± standard error of the
mean (SEM). Statistical analysis was conducted utilizing
Prism 9.1.0 (GraphPad, Boston, MA, USA). Statistical anal-
ysis was performed using one-way ANOVA with repeated

measures followed by Tukey’s post hoc test or Šídák’s
multiple-comparisons test, unless otherwise specified. In
graphs, asterisks (*) indicate statistical significance: *P <

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

RESULTS

Hypoxia-Induced Initiation of Programmed Cell
Death in 661W Cells

In RD, animal models and clinical studies have demonstrated
that PR degeneration is primarily attributed to PR apopto-
sis.29 To further elucidate the effect of RD-induced hypoxia
on PR cells, we subjected 661W cells to hypoxia as previ-
ously described,30 and cell death was assessed using the
trypan blue exclusion assay, which is based on the principle
of loss of membrane integrity upon cell death.31 We detected
a significant and progressive loss of cell viability, both in
vivo in the RD mouse model, demonstrated by an increase in
DNA fragmentation (Fig. 1A), as well as in vitro using 661W
cells. In vitro, approximately 15% (P < 0.0001) and 37% (P
< 0.0001) cell death were observed after 48 and 72 hours
of hypoxia, respectively (Fig. 1B), whereas the normoxic
control exhibited only 2% cell death. In 661W cells subjected
to hypoxia, we further confirmed time-dependent increases
in levels of pro-caspase-3, which has been reported to be
a HIF-responsive gene,32 as well as increases in levels of
cleaved-caspase-3 (Fig. 1C). This correlated to a similar time-
dependent increase in TUNEL-positive 661W cells subjected
to hypoxia (Fig. 1D). These results correspond to our previ-
ously described findings in the mouse model of experimen-
tal detachment, suggesting that our in vitro hypoxia model
approximates the in vivo pathology.

Retinal Detachment Triggers ERS and Protein
Ubiquitination

ERS has been shown to have a causal role in retinal degen-
eration,33–36 and several studies have suggested that ERS
can be involved in the induction of apoptosis following
RD.37–40 To examine the levels of ERS in RD more compre-
hensively, we created RD in C57BL/6J mice and evaluated
markers of the UPR at 1 and 3 days post retinal detach-
ment (dprd). We observed a time-dependent increase in
protein expression of the ERS markers BIP, CHOP, and p-
IRE1α (Fig. 2A, Supplementary Fig. S1A). We also observed
accumulation of polyubiquitinylated proteins (Fig. 2B). We
further assessed mRNA expressions of Hspa5 (encoding
GRP78/BiP) and Ddit3 (encoding CHOP/GADD153) in reti-
nas and found high mRNA expression for both Hspa5 and
Ddit3 at 1 dprd and 3 dprd (Figs. 2C, 2D). In addition,
we evaluated the same markers in 661W cells subjected to
8 hours, 18 hours, and 24 hours of hypoxia, and we observed
similar increases of protein markers of ERS, polyubiquiti-
nated protein accumulation, and elevated mRNA expression
of these markers (Figs. 2E–H, Supplementary Fig. S1B). Thus,
our results further demonstrate similarities between the
models.

Hypoxia Results in Mitochondrial Dysfunction

It is well established that there is significant crosstalk
between the ER and mitochondria under various stress
conditions.41 To understand how RD affects mitochondrial
function, we measured various mitochondrial function mark-
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FIGURE 1. Hypoxia triggered time-dependent activation of programmed cell death in photoreceptor cells. (A) Cell death evaluation by DNA
fragmentation assay in retinas of C57BL/6J mice at 1 day and 3 days following retinal detachment. (B) Cell death evaluation assessed by
the trypan blue exclusion test in 661W cells subjected to 24 hours, 48 hours, and 72 hours of hypoxic conditions, compared to normoxic
controls (21% oxygen). (C) Representative immunoblots of pro-caspase-3 and cleaved caspase-3 obtained from 661W cells subjected to
8 hours, 18 hours, and 24 hours of hypoxia (1% oxygen), compared to normoxic control (21% oxygen). Blots are representative of three
independent experiments in each condition. (D) Qualitative detection of apoptotic cell death was assessed using the TUNEL assay. The 661W
cells exhibited TUNEL staining after 48 and 72 hours of hypoxia. Green indicates TUNEL-positive cells; blue, DAPI. Scale bar: 10 μm. Bar
graphs represent mean ± SEM. Statistical analysis was performed using one-way ANOVA with repeated measures followed by Tukey’s post
hoc test. *P < 0.05; ****P < 0.0001.

ers in PR cells under normoxic and hypoxic conditions. Mito-
chondrial function evaluation involves assessing metabolic
activity and functional parameters, such as excessive produc-
tion of mitochondrial ROS (mtROS) and changes in mito-
chondrial membrane potential.42 In our study, we observed
a decrease in mitochondrial membrane potential (��M) in
hypoxic 661W cells (P < 0.0001) compared to the normoxic
controls (Figs. 3A, 3B), as measured using the mito-
tracker red and ratiometric fluorescence dye TMRE. Further-
more, when subjected to hypoxia, 661W cells displayed
increased mitochondrial ROS (P = 0.0149) (Fig. 3C),
reduced ATP levels (P < 0.0001) (Fig. 3D), and increased
total ROS levels (Fig. 3E) as compared to the normoxic
controls.

We hypothesized that crosstalk mechanisms between
the ER and mitochondria lead to cell death. To test this,
we employed a 2-hour pretreatment with the chemical
chaperone 4-PBA, which inhibits ERS,43 before subject-
ing 661W cells to hypoxia. We assessed mitochondrial
membrane potential levels 24 hours after the onset of
hypoxia exposure. Our findings confirmed that blocking

ERS rescued hypoxia-induced mitochondrial abnormality
in 661W cells (Fig. 3F). We also observed a reduction
of total ROS levels with 4-PBA treatment (Fig. 3G). To
confirm the role of ERS in the observed protective effects
observed with 4-PBA,we used 4μ8C, an IRE1α inhibitor. This
resulted in a 65% reduction in mitochondrial ROS gener-
ation under hypoxic conditions (Fig. 3H). These findings
suggest that the ERS induced by hypoxia plays a causal
role in mitochondrial impairment and in the generation of
ROS.

We further investigated mitochondrial biogenesis, which
is regulated by several factors, including PGC-1α, mitochon-
drial transcription factor A (TFAM), and NRF2.14 In the
mouse detachment model, we evaluated markers of mito-
chondrial biogenesis at 1 dprd and 3 dprd. We observed a
decrease in the level of PGC1-α protein (Fig. 4A) and in the
expression of Pgc1a and Tfam mRNAs in retinal samples
obtained at 1 dprd and 3 dprd (Figs. 4B, 4C). This finding
suggests that the disruption of these regulatory factors may
contribute to the impairment of mitochondrial biogenesis in
the context of RD.
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FIGURE 2. Retinal detachment and hypoxia triggered ERS and accumulation of protein polyubiquinated proteins. (A) Representative
immunoblots of p-IRE1α, BIP, and CHOP proteins from retinas of C57BL/6J mice at 1 dprd and 3 dprd. Blots are representative of six
independent animals in each condition; GAPDH was used as the loading control. (B) Representative immunoblots of polyubiquitinated
proteins from retinas of C57BL/6J mice at 1 day and 3 days following retinal detachment. Blots are representative of three independent
animals in each condition; α-tubulin was used as the loading control. (C) Relative mRNA expression of Hspa5 obtained from retinas of
C57BL/6J mice at 1 day (n = 6) and 3 days (n = 5) following retinal detachment. Pum-1 was used as a housekeeping control gene for
normalization. (D) Relative mRNA expression of Ddit3 obtained from retinas of C57BL/6J mice at 1 day (n = 6) and 3 days (n = 6) following
retinal detachment. Pum-1 was used as a housekeeping control gene for normalization. (E) Representative immunoblots of p-IRE1α, BIP,
and CHOP proteins from 661W cells subjected to 8 hours, 18 hours, and 24 hours of hypoxia. Blots are representative of three indepen-
dent experiments in each condition; α-tubulin was used as loading control. (F) Representative immunoblots of polyubiquitinated proteins
obtained from 661W cells subjected to 8 hours, 18 hours, and 24 hours of hypoxia. Blots are representative of three independent experi-
ments in each condition; α-tubulin was used as loading control. (G) Relative mRNA expression of Hspa5 (encoding GRP78) in 661W cells
subjected to 8 hours, 18 hours, and 24 hours of hypoxia. Pum-1 was used as a housekeeping control gene for normalization. (H) Relative
mRNA expression of Ddit3 (encoding CHOP) in 661W cells subjected to 8 hours, 18 hours, and 24 hours of hypoxia. Pum-1 was used as a
housekeeping control gene for normalization. Bar graphs represent mean ± SEM. Statistical analysis was performed using one-way ANOVA
with repeated measures followed by Tukey’s post hoc test. *P < 0.05; **P < 0.01.

Mitophagy Activated in Response to RD and
Hypoxia

Mitophagy plays a critical role in maintaining cellular home-
ostasis in the retina and preventing the accumulation of
damaged mitochondria.26 When dysfunctional mitochondria
are present, mitophagy is activated as a protective mech-
anism to eliminate these impaired organelles and prevent
further damage.26 To study the involvement of mitophagy
in photoreceptors under the stress of RD, we examined
mitophagy markers in 661W cells over varying durations
of hypoxia. Additionally, we assessed mitophagy markers in
mouse retinal samples collected at 1 dprd and 3 dprd. We
found an increase in the protein expression of PTEN-induced
kinase 1 (PINK1), Parkin, and FUN14 domain-containing 1
(FUNDC1) in 661W cells with increasing time of hypoxia
(Fig. 5A, Supplementary Fig. S2A). We also observed the
colocalization of FUNDC1 and LC3b in 661W cells under
hypoxic conditions (Fig. 5B). This in vitro finding correlated
with the upregulation of the mitophagy markers Parkin and
FUNDC1 in retinal samples from detached mice (Fig. 5C,

Supplementary Fig. S2B). We also evaluated gene expres-
sion levels of Pink1 in mice samples (Fig. 5D), which were
increased in both time points evaluated. However, Prkn
(Fig. 5E) mRNA expression levels were not significantly
different in RD samples as compared to the contralateral
controls. These findings are consistent with the hypothesis
that mitophagy is activated in response to hypoxia and RD.

HIF1α Is Associated With Mitophagy Induction
After RD and Protection of Mitochondrial
Function Following Hypoxia

Stabilization of HIF1α has been shown to trigger the
activation of mitophagy.44 Consistent with our previously
published results,18,30 we observed a trend for increases at 18
hours (P= 0.0570) and 24 hours (P= 0.0825) in HIF1α levels
in hypoxic 661W cells (Fig. 6A, Supplementary Fig. S3A).
We further observed that knocking down HIF1α resulted
in a more detrimental effect on mitochondrial ROS levels
(Supplementary Fig. S3C), as well as decreases in mitophagy
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FIGURE 3. Retinal detachment in photoreceptors exposed to hypoxia leads to mitochondrial dysfunction and is reversed by chemical
chaperone treatment. (A) Representative images of MitoTracker Red CMXRos–stained mitochondria (50 nM, 20 minutes) showing loss of
mitochondrial membrane potential of 661W cells subjected to 24 hours of hypoxia compared to normoxic control. Red indicates MitoTracker-
positive cells; blue, DAPI. Scale bar: 10 μm. (B) Mitochondrial membrane potential assessed by TMRE-stained (250 nM, 20 minutes) 661W
cells subjected to 24 hours of hypoxia compared to normoxic control (n = 8). (C) Levels of mitochondrial ROS in 661W cells subjected to
24 hours of hypoxia compared to normoxic control, assessed with MitoSOX superoxide indicator (n = 4). (D) Intracellular ATP levels of
661W cells subjected to 24 hours of hypoxia compared to normoxic control (n = 6). Results are in relative light units (RLUs). (E) Levels of
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total cellular ROS in 661W cells subjected to 24 hours of hypoxia compared to normoxic control, using dichlorodihydrofluorescein diacetate
(DCFDA) probe. (F) Mitochondrial membrane potential assessed by TMRE probe in 661W cells subjected to 24 hours of hypoxia compared
to normoxic control, in the presence (unfilled bars) or absence (patterned bars) of 5 mM of the chemical chaperone 4-PBA (n = 5).
(G) Levels of total cellular ROS assessed by DCFDA probe in 661W cells subjected to 24 hours of hypoxia compared to normoxic control,
in the presence (unfilled bars) or absence (patterned bars) of 5 mM of the chemical chaperone 4-PBA (n = 5). (H) Levels of mitochondrial
ROS in 661W cells subjected to 24 hours of hypoxia, assessed with MitoSOX superoxide indicator in the presence (unfilled bars) or absence
(patterned bars) of 1.25 μM of 4μ8C. Bar graphs represent mean ± SEM. Statistical analysis was performed using t-tests (B, C) or one-way
ANOVA with repeated measures followed by Tukey’s post hoc test (F, G). *P < 0.05; ***P < 0.001; ****P < 0.0001.

FIGURE 4. Retinal detachment in mice leads to mitochondrial perturbation. (A) Representative immunoblots and bar graph of PGC-1α
proteins from retinas of C57BL/6J mice at 1 day and 3 days following retinal detachment. GAPDH was used as the loading control.
(B) Relative mRNA expression of Pgc1a obtained at 1 dprd and 3 dprd compared to the contralateral eye (fellow). Pum-1 was used as
a housekeeping control gene for normalization. (C) Relative mRNA expression of Tfam obtained at 1 dprd and 3 dprd compared to the
contralateral eye (fellow). Pum-1 was used as a housekeeping control gene for normalization. Bar graphs represent mean ± SEM. Statistical
analysis was performed using one-way ANOVA with repeated measures followed by Tukey’s or Šídák’s test. *P < 0.05; **P < 0.01.

FIGURE 5. Hypoxia and retinal detachment activate mitophagy markers in retinal cells. (A) Representative immunoblots of PINK1, Parkin
and FUNDC1 proteins from 661W cells subjected to 8 hours, 18 hours, and 24 hours of hypoxia. Blots are representative of three independent
experiments in each condition; α-tubulin and GAPDH were used as loading controls. (B) Representative immunocytochemistry images of
LC3B (green) and FUNDC1 (red) stained 661W cells subjected to 24 hours of hypoxia compared to normoxic control. Scale bar: 64 μm.
(C) Representative immunoblots of Parkin and FUNDC1 proteins from retinas of C57BL/6J mice 1 day and 3 days following retinal detachment.
Blots are representative of three independent animals in each condition; α-tubulin was used as the loading control. (D) Relative mRNA
expression of Pink1 obtained at 1 dprd and 3 dprd compared to the contralateral eye (fellow). Pum-1 was used as a housekeeping control
gene for normalization. (E) Relative mRNA expression of Prkn obtained at 1 dprd and 3 dprd compared to the contralateral eye (fellow).
Pum-1 was used as a housekeeping control gene for normalization. Bar graphs represent mean ± SEM. Statistical analysis was performed
using one-way ANOVA with repeated measures followed by Tukey’s test. *P < 0.05; **P < 0.01.
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FIGURE 6. HIF1α is associated with mitophagy induction after RD in retinal cells. (A) Representative immunoblots of HIF1α protein from
661W cells subjected to 8 hours, 18 hours, and 24 hours of hypoxia. Blots are representative of three independent experiments in each
condition; α-tubulin was used as the loading control. (B) Representative immunoblots of HIF1α protein from retinas of C57BL/6J mice at 1
dprd and 3 dprd. Blots are representative of three independent animals in each condition; α-tubulin was used as the loading control. (C)
Relative mRNA expression of Hspa5 obtained from retinas of Rho/Cre+ and HIF1α�rod mice at 3 dprd compared to the contralateral eye
(fellow). Pum-1 was used as a housekeeping control gene for normalization. (D) Relative mRNA expression of Ddit3 obtained from retinas
of Rho/Cre+ and HIF1α�rod mice at 3 dprd compared to the contralateral eye (fellow). Pum-1 was used as a housekeeping control gene for
normalization. (E) Relative mRNA expression of Pgc1a and Tfam obtained from retinas of Rho/Cre+ and HIF1α�rod mice at 3 dprd compared
to the contralateral eye (fellow). Pum-1 was used as a housekeeping control gene for normalization. (F) Representative immunoblots of
Parkin and FUNDC1 proteins from retinas of Rho/Cre+ and HIF1α�rod mice at 3 dprd compared to the contralateral eye (fellow). GAPDH
and α-tubulin were used as the loading control. (G) Relative mRNA expression of Prkn obtained from retinas of Rho/Cre+ and HIF1α�rod
mice at 3 dprd compared to the contralateral eye (fellow). Pum-1 was used as a housekeeping control gene for normalization. (H) Relative
mRNA expression of Pink obtained from retinas of Rho/Cre+ and HIF1α�rod mice at 3 dprd compared to the contralateral eye (fellow).
Pum-1 was used as a housekeeping control gene for normalization. Bar graphs represent mean ± SEM. Statistical analysis was performed
using two-way ANOVA with repeated measures followed by Tukey’s test. *P < 0.05; **P < 0.01; ***P < 0.001.

markers such as Parkin, PINK1, and FUNDC1 (Supplemen-
tary Figs. S3D–S3F) in 661W cells. To strengthen our find-
ings, we examined HIF1α expression in retinal samples from
mice with RD. Consistent with the cellular system, the in
vivo data also confirmed increased expression of HIF1α in
RD samples (Fig. 6B, Supplementary Fig. S3G). We previ-
ously described the creation of a mouse strain with the
conditional knockout of HIF1α in rod photoreceptors, which
we denoted as the HIF1α rod.18 To better understand the
role of HIF stabilization in hypoxia-induced cellular path-
ways such as ERS, mitochondrial biogenesis, and mitophagy,
we assessed the presence of their respective markers in the
HIF1α rod mouse.We found that the ERS markersHspa5 and
Ddit3 did not exhibit any changes in HIF1α rod retinas at
the mRNA level (Figs. 6C, 6D, Supplementary Fig. S3J). Addi-
tionally, mRNA expression of the mitochondrial biogenesis
markers Pgc1a and Tfam were also not changed (Fig. 6E).
However, we did find significant reductions in expression
of the mitophagy markers Pink1 and Prkn on the mRNA
level, as well as FUNDC1 on the protein level. We observed
that these markers, whose levels had previously increased in
response to RD, exhibited a notable reduction in expression
in HIF1α rod retinas (Figs. 6F–H, Supplementary Figs. S3H,
S3I). These findings suggest that HIF1α has a role as a regu-

lator of mitophagy within the context of RD. The summary
of key findings of this study are illustrated in Supplementary
Figure S4.

DISCUSSION

In RD, the neurosensory retina is separated from the under-
lying RPE, leading to hypoxia and the stabilization of HIF1α.
In addition, there is a significant disruption of retinal func-
tional and nutritional balances, eventually leading to PR
degeneration.2 We and others have previously demonstrated
that the primary mechanism driving PR death following
detachment is apoptotic.45,46 We have also shown that HIF is
stabilized after RD and results in the transcriptional activa-
tion of HIF response genes.18 Here, we aimed to investigate
the impact of HIF1α stabilization on downstream regulators
of cell death and cell survival—in particular, the effect of
HIF on the ERS/UPR response and mitophagy. Using both
in vitro and in vivo models of RD, we demonstrated that
HIF is less involved in the former and more in the latter.

Previous studies have suggested that HIF1α levels can be
regulated by ERS.47 It has also been demonstrated that ERS
markers are elevated and can correlate with the apoptosis of
retinal cells after RD, as well as induce inflammation and the
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generation of ROS.37–40 In our study, we observed increases
in markers of ERS, which gradually increased over time
(specifically, GRP78, CHOP, and p-IRE1α). The ERS marker
elevation was inversely associated with the loss of cell viabil-
ity, which suggested that ERS may have a central role in the
promotion of cell death in RD. Ubiquitination helps mark
short-lived proteins for destruction in eukaryotic cells. In
our study, we found that, after 661W cells were exposed to
hypoxia and in mice samples after RD, there was a time-
dependent increase in polyubiquinilated proteins. Under
homeostatic conditions, the proteasome efficiently breaks
down these tagged proteins. However, when there is an
accumulation of misfolded or aggregated proteins, or certain
mutant proteins, it can overwhelm the proteasome. This
leads to a general decrease in the ability of the proteasome
to function and may trigger the UPR.48–50 The mechanisms
behind this are not fully understood but may involve disrup-
tions with proteasome components connected to the ER or
the AAA+ ATPase Cdc48, affecting ER-associated degrada-
tion. Future studies will explore how ERS and HIF1α impact
proteasomal degradation following RD and whether these
pathways are interconnected or independent.

Due to the well-established crosstalk between the ERS
and mitochondria,41 we sought to assess mitochondrial func-
tion and whether or not it is impacted by RD. In our
study, we observed the presence of mitochondrial abnor-
malities marked by loss of mitochondrial membrane poten-
tial, increase of mitochondrial ROS levels, and decrease in
mitochondrial biogenesis markers, including PGC1-α, NRF2,
and TFAM, following RD. However, it is noteworthy that
these abnormalities were only evident at later time points
and not during the early stages, suggesting that mitochon-
drial abnormalities represent a progressive dysfunction due
to prolonged stress in RD and/or these are secondary to
upstream activation of other pathways. Our research further
suggests that ERS serves as a contributor to mitochondrial
dysfunction following RD. Blocking ERS with the chaper-
one 4-PBA successfully prevented the loss of mitochondrial
membrane potential. However, although 4-PBA treatment
was able to significantly reduce ROS generation, the reduc-
tion was not complete, indicating that there may be addi-
tional contributors of ROS in response to hypoxia, or that the
4-PBA is not completely (100%) effective.51 To further inves-
tigate, we tested an additional ERS inhibitor, 4μ8C, which
also resulted in a significant, yet incomplete reduction in
mitochondrial ROS generation.

Mitochondria, the primary organelle for energy produc-
tion, also plays a central role in maintaining intracellular
homeostasis. The preservation of mitochondrial function
and integrity is paramount for sustaining normal cell phys-
iology.52,53 The removal of impaired mitochondria through
mitophagy is essential in preventing elevated levels of ROS,
which play a significant role in the death of photorecep-
tors following RD. The elimination of damaged mitochondria
has been demonstrated to be associated with a neuropro-
tective effect on photoreceptors after RD.4,54,55 Our present
findings reveal an increase in mitophagy markers such as
Parkin, PINK1, and FUNDC1 following RD. This suggests
the involvement of mitophagy in the context of RD. In our
earlier research, our group has demonstrated the activa-
tion of pro-survival pathways, particularly the interleukin-
6 pathway and the autophagy pathway, in response
to RD.21,56

Our lab has shown that the initiation of survival path-
ways, including autophagy, depends on the presence of

HIF1α during the early stages of RD.22 In previous work, we
have also demonstrated that RD can increase the expression
of BCL2/adenovirus e1B 19-kDa protein interacting protein
3 (BNIP3),30 a protein that plays a key role in the media-
tion of mitophagy, particularly under hypoxic conditions.57

Additionally, it has been shown that HIF1 stabilization
with prolyl-4-hydroxylases inhibitor increases the expres-
sion of BNIP3 and FUNDC1, key markers of mitophagy.58

In the present study, we utilized rod HIF1α knockout mice
and HIF1α knockdown 661W cells and demonstrated that
the levels of mitophagy markers decrease when HIF1α is
absent. We also found that knocking down HIF1α results in
increased levels of mitochondrial ROS. Our data indicate that
HIF1α stabilization acts to regulate pro-survival pathways,
preserving mitochondrial function and mitigating apoptotic
cell death, indicating a central role of HIF1α stabilization in
the promotion of photoreceptor survival following RD.

Interestingly, the ERS pathway did not exhibit any signif-
icant changes in the HIF1α KO mice samples, suggesting
that it is activated independently of HIF1α. Furthermore,
we observed that mitochondrial biogenesis markers, partic-
ularly PGC1-α, were not reduced at the mRNA level in the
HIF1α�rod mice, contrary to what is observed in B6 and of
Rho/Cre+ mice.

In summary, we have begun to demonstrate the intricate
interplay among hypoxia, ERS, mitochondrial dysfunction,
and apoptosis in the context of RD. We have identified a
sequential chain of events, starting with hypoxia-induced
ERS, which subsequently triggers mitochondrial dysfunc-
tion. Notably, we emphasize the pivotal role of HIF1α as a
key player in the survival pathway, particularly in mitophagy,
following RD. This finding underscores the potential of
targeting ERS and promoting mitophagy to devise innova-
tive treatment strategies for improving PR survival after RD.
Future research will focus on further examining and defin-
ing the mechanisms governing the activation of mitophagy
and ERS pathways by hypoxia and HIF1α.
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