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Abstract:
Background:
Mitochondrial dysfunction in retinal pigment epithelium (RPE) is a pathogenic factor in age-related macular degeneration (AMD). Improvement of
mitochondrial function may ameliorate RPE bioenergetics status, which may in turn nourish the retinal photoreceptors against degenerative loss.
Objective:
The purpose of this study is to examine the G-protein coupled receptor (GPCR) antagonistic drug CM-20 in modulating mitochondrial function in
RPE cells.
Methods:
Human-derived ARPE-19 cell line was differentiated to improve RPE morphology. Dose response of CM-20 was performed to examine
mitochondrial membrane potential (MMP). Secondary validation with multiplexed live-cell mitochondrial imaging was performed. Protection of
CM-20 to mitochondria against oxidative stress was detected under co-treatment with hydrogen peroxide.
Results:
Treatment with CM-20 elicited a dose-dependent increase of MMP. Multiplexed live-cell mitochondrial imaging showed consistent increase of
MMP at an optimal concentration of CM-20 (12.5 µM). MMP was significantly reduced under hydrogen peroxide-induced oxidative stress and
treatment with CM-20 showed rescue effects to MMP.
Conclusion:
CM-20 increases mitochondrial function and protects mitochondria under oxidative stress. As both GPCRs and mitochondria are potential drug
targets, retinal neuroprotective testing of CM-20 is warranted in animal models of retinal degeneration.
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1. INTRODUCTION
Age-related macular degeneration (AMD) is a leading
cause of irreversible vision impairment and loss in the elderly
population [1]. AMD occurs in two forms: the neovascular
(wet) form and the atrophic (dry) form. Anti-vascular
endothelial growth factor therapy is the standard care for the
treatment of wet AMD [2]. There is no approved therapy for
dry AMD to date. AMD typically initiates with degeneration of
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retinal pigment epithelial (RPE) cells, followed by
degeneration of their supporting cells, the retinal
photoreceptors [3]. There is evidence to suggest that RPE cells
and photoreceptors are maintained in a symbiotic relationship
[4]. Stressed RPE cells not only cause dysfunction and
degeneration of themselves per se but also lead to collateral
damage of photoreceptors [5]. In etiology, oxidative stress is
suggested to play key pathogenic roles in the early stage of
AMD [6]. There is an observation of greater loss of both
mitochondrial number and content in the RPE layer of AMD
eyes than normal aging eyes [7]. Increased mitochondrial DNA
damage is also found in the RPE cells of AMD eyes that is
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correlated with the disease stage [8]. Primary RPE cell cultures
derived from AMD eyes exhibited more loss in the capacity of
mitochondrial respiration than those derived from normal aging
eyes [9].
Our previous work using an unbiased phenotype-based
high-throughput chemical screen identified neuroprotective
lead compounds in photoreceptors against environmental risk
factor (light)-induced oxidative damage and mitochondriainitiated apoptosis [10, 11]. Given the symbiotic relationship
between RPE cells and photoreceptors, pharmaceutical drugs
that protect both RPE cells and photoreceptors would be more
desirable from a therapeutic standpoint. To test this idea and
integrate the strategy of polypharmacology using multitargeting drugs for more effective treatment of complex
diseases, including neurodegenerative disorders in the central
nervous system [12], we rescreened the photoreceptor
neuroprotective lead compounds in cultured RPE cells to see
whether positive hits targeting mitochondria can emerge. The
GPCR antagonist (CM-20) was identified as a leading hit.
CM-20 is an FDA-approved drug for the treatment of
hypertension and heart disease. Its pharmacological effect can
be attributed to its inhibition of alpha adrenoceptors (ARs)
[13]. In the visual system, the blockade of alpha ARs protected
the retina in animal models of retinal diseases, such as
Stargardt disease, retinal detachment, and diabetic retinopathy
[14 - 16]. The underlying mechanisms are not entirely clear.
They may involve a decrease in reactive oxygen species (ROS)
production and neurotrophic roles, such as increasing the
expression of photoreceptor genes [17]. Mitochondria are the
major cellular source of ROS production and are vulnerable to
damage under oxidative stress [18, 19]. In this report, we
extended our previous findings to test the role of CM-20 in
modulating mitochondrial function in cultured RPE cells.
2. MATERIALS AND METHODS
2.1. Cell Culture and Differentiation
Human RPE cell line (ARPE-19) was obtained from Fisher
Scientific (Pittsburgh, PA, ATCC CRL2302). Frozen cell stock
was thawed in a 37° C water bath. Cultures were established in
T75 flasks in a medium containing DMEM + GlutaMAX with
10% FBS and 1% penicillin/streptomycin at 37° C supplied
with 5% CO2. At confluence, cells were trypsinized with
TrypLE Express Enzyme phenol red and harvested for
differentiation for two weeks [20].
2.2. Compound Treatment
CM-20 was dissolved in methanol at 10 mg/ml. To reduce
potential confounding effects caused by growth factors, cellular
treatment was performed under a low serum condition (1%
FBS). The cells were treated with a serially increased
concentration of CM20 (0-85 μM) or a fixed concentration
(12.5 µM) for a period of 24-72 h.
2.3. Multiplexed Live-cell Mitochondrial Imaging
Mitochondrial membrane potential (MMP) was detected in
microplate cultures of dRPE cells using the mitochondrialspecific Image-iT TMRM fluorescent reagent (Thermo Fisher
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Scientific, Waltham, MA). Essentially, dRPE cells were
incubated with a non-quenching concentration (10 nM) of
TMRM at 37° C. Fluorescent signals were monitored in realtime with a Sartorius IncuCyte S3 microplate reader (Sartorius,
Göttingen, Germany) for 4 h. Controls included cells without
TMRM and blanks with or without TMRM. Fluorescent
2
signals, including total fluorescent object area (µm /image),
total fluorescent integrated intensity (RCU × µm2/image),
intensity raw value, total fluorescent cell counts, and mean
fluorescent intensity/cell, were calculated using IncuCyte Base
software. Fluorescent heat map was generated using Excel
under conditional formatting and selection of color scale from
different data groups.
2.4. Oxidative Stress and Detection of Cell Viability
Microplate cultures of dRPE cells were exposed to
hydrogen peroxide (250 µM-1 mM) in serum-free DMEM for
5 hours at 37° C. After that, the supernatant was removed with
a liquid handler, and the cells were subject to TMRM staining.
Cell viability was measured using CellTiter-Glo luminescent
reagent (Promega, Madison, WI) following the manufacturer’s
instructional protocol.
2.5. Statistical Analysis
Two-tailed student’s t-test was used to detect the difference
between two sample groups using Excel along with Daniel’s
XL toolbox [21]. To examine the difference between more than
two sample groups, one-way ANOVA was applied. A P value
of less than 0.05 was considered significant.
3. RESULTS
3.1. CM-20 Stimulated Mitochondrial Activity
To test the bioactivity of CM-20 on mitochondria, we first
performed dose-response experiments in differentiated
ARPE-19 (dRPE) cells. Following previously published
methods [20], we differentiated ARPE-19 cells in order to
improve RPE-related morphology. The dRPE cells displayed
cobblestone morphology in culture like native RPE cells as
compared to the undifferentiated cells, showing elongated
fibroblast-like cellular phenotype (Fig. 1A). Cultures of dRPE
cells were maintained in a regular medium containing 5% FBS.
At confluence, cultures were split and seeded on microplates
with equal cell density for 24 h. The medium was then replaced
with a low serum medium (1% FBS) to avoid potential
confounding effects by growth factors in the serum during
compound treatment. Microplate cultures were subjected to
one-time treatment with serially increased concentrations of
CM-20 for 24-72 h. Mock treatment with solvent (methanol)
was used as the control, with all other experimental conditions
being identical. Mitochondrial membrane potential (MMP),
denoting mitochondrial activity, was detected with the
mitochondria-specific fluorescent indicator TMRM [22 - 24].
There was a dose-dependent effect observed on TMRM
fluorescence in significant correlation with CM-20 treatment
(R2 > 0.7) (Fig. 1B). At 24 h, an increase in TMRM
fluorescence was observed starting above 3.2 µM compound
concentration. At lower compound concentrations (< 3.2 µM),
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Fig. (1). CM-20 treatment elicited a dose-dependent increase of mitochondrial membrane potential (MMP). (A) Cultured ARPE-19 cells were
differentiated for 2 weeks. Differentiated ARPE-19 cells (dRPE cells, right panel) displayed the cobblestone morphology of native RPE cells. (B)
Independent microplate cultures of dRPE cells were treated with CM-20 (0-25 µM, n=3) for 24, 48, or 72 h, after which MMP was detected with the
mitochondrial-specific fluorescent indicator TMRM. There was a significant correlation between MMP and treatment (R2 > 0.7).

there was no significant change observed in TMRM
fluorescence. This concentration-dependent effect in TMRM
fluorescence may result from a threshold effect in drug
treatment. At a too low drug dose, there would be no treatment
effect until an effective dose has been reached. Saturation of
TMRM fluorescence was observed at 12.5 μM of compound
concentration. A more pronounced increase in TMRM
fluorescence was found at 48 h post-treatment. There was no
significant loss of TMRM fluorescent signal even at 72 h posttreatment.
3.2. Secondary Assays
Mitochondrial Imaging

with

Multiplexed

TMRM fluorescence/cell showed high significance under
treatment with CM-20 at 48 h and 72 h. The significant level
(P-value) seemed to drop at 72 h, which could result from the
decline of compound efficacy overtime. We also conducted a
direct microscopic examination of TMRM fluorescence.
Fluorescent intensity of TMRM under treatment with CM20
was much higher and denser in individual dRPE cells (Fig. 3).
In summary, the live-cell mitochondrial imaging data are
consistent with the findings from dose-response experiments,
supporting the ability of CM-20 to stimulate mitochondrial
function.

Live-cell

To further evaluate the effect of CM-20 on mitochondrial
targeting, we conducted multiplexed live-cell mitochondrial
imaging of MMP in dRPE cells. The multiplexed assay format
significantly increased the robustness, reliability, data output,
and power of statistical analysis. Microplate cultures of dRPE
cells were treated with CM-20 (12.5 µM) for 24 h to 72 h,
followed by TMRM staining to detect MMP. Overall TMRM
fluorescence from multiplexed microplate cultures appeared
higher in signal intensity under treatment with CM-20 as
compared to that of non-treated control at 48 h and 72 h (Fig.
2). The data were further analyzed to reflect the mean TMRM
fluorescence at the individual cell level. In this regard, mean

3.3. Oxidative Stress Damaged Mitochondria but did not
Cause Cell Death
Given the effect of CM-20 on stimulating mitochondrial
activity, we next examined whether CM-20 could protect
mitochondria from damage under oxidative stress. We first
tested the sensitivity of mitochondria under oxidative stress.
Exposure of dRPE cells to the retina-generated endogenous
oxidative stressor (hydrogen peroxide) caused a significant loss
of MMP (Fig. 4A). To know whether oxidative stress-induced
mitochondrial damage is associated with cell death, we
detected cell viability in the same microplate samples.
Surprisingly, there was no significant loss of cell viability (Fig.
4B).

4 The Open Biochemistry Journal, 2022, Volume 16

Chang et al.

Fig. (2). Multiplexed live-cell mitochondrial imaging. Microplate cultures of dRPE cells (n=12) with equal cell density were treated with CM-20
(12.5 µM) or solvent control in low serum (1% FBS) medium for 48 or 72 h. MMP was detected with TMRM. Shown is the heat map of TMRM
fluorescence/well and scales of fluorescent intensity. Mean TMRM fluorescence/cell ± SD was significantly higher under treatment with CM-20 at 48
h (P = 1.72E-05) and 72 h (P = 0.00044) compared to solvent control.

Fig. (3). CM-20 treatment increased MMP fluorescence. dRPE cells were treated with CM-20 (12.5 µM) for 48 h, stained with TMRM, and imaged.
Treatment with CM20 showed a stronger and denser fluorescent signal of TMRM in virtually all individual cells in the visual field (white arrows)
than the solvent control.
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Fig. (4). Oxidative stress caused loss of MMP but not cell death. (A) dRPE cells were pretreated with CM-20 (12.5 µM, n=4) for 48 h, followed by
exposure to hydrogen peroxide (250 µM or 500 µM) for 5 h. There was a significant loss of MMP following exposure to hydrogen peroxide. (B) The
same cell samples were subject to detection of cell viability. There was no significant difference in cell viability with or without exposure to hydrogen
peroxide.

3.4. CM-20 Protected Mitochondria under Oxidative Stress
Next, we examined the protective effect of CM-20 on
mitochondrial activity under oxidative stress. Under exposure
to hydrogen peroxide, the heat map of TMRM fluorescence in
microplate dRPE cells pretreated with CM-20 showed stronger
signals than the non-treated controls (Fig. 5). Further analysis

of mean TMRM fluorescence/cell between CM-20 pretreated
and nontreated controls also showed a significant difference.
The protective effect of CM-20 on mitochondrial activity was
related to the level of oxidative stress. At 250 µM (or lower) of
hydrogen peroxide, mitochondrial activity was protected. At a
higher concentration of hydrogen peroxide (> 500 µM), no
obvious protective effect of CM-20 was observed.

Fig. (5). CM-20 rescued the loss of MMP under oxidative stress. Microplate cultures of dRPE cells were treated with CM-20 (12.5 µM, n=4) for 48 h
or 72 h, followed by exposure to hydrogen peroxide (250 µM) for 5 h. Shown is the heat map of TMRM fluorescence/well and scales of fluorescent
intensity. Mean TMRM fluorescence/cell ± SD was significantly higher with treatment of CM-20 at 48 h (P = 0.0096) and 72 h (P = 0.0021).

6 The Open Biochemistry Journal, 2022, Volume 16

4. DISCUSSION
In this report, we found novel bioactivity of an FDAapproved GPCR antagonist that could function as a
mitochondrial modulator in RPE cells. GPCRs are a major
class of drug targets for neurodegenerative diseases in the
central nervous system [25 - 27]. Mitochondria have been
considered as a therapeutic target for many prevalent diseases,
including AMD [28, 29]. Treatment with CM-20 stimulated
mitochondrial membrane potential in a dose-dependent
manner. Mitochondrial membrane potential is the most reliable
indicator for mitochondrial function in bioenergy production
during oxidative metabolism [22,, 30]. Using a multiplexed
live-cell mitochondrial imaging technique, we provided
additional supporting experimental evidence to validate the
findings from the dose-response study. While the direct use of
ARPE-19 cells can be an alternative model for in vitro
drug/compound testing, we chose to differentiate the cells to
more closely simulate native RPE cells. The differentiated
ARPE-19 cells showed typical cobblestone morphology of
native RPE cells (Fig. 1A). There was no cellular toxicity in
the tested 0-25 μM dose range of the compound. This is not
surprising and expected given its approved clinical use in
humans with an acceptable safety profile. Further, stimulation
of MMP by the compound did not cause cellular damage in the
cell viability assay. Treatment with CM-20 increased MMP in
a dose and time-dependent manner (Fig. 1B). This finding is
consistent with the secondary multiplexed mitochondrial
imaging assays with an optimal concentration of the compound
(Fig. 2). We did not present the data of TMRM-EC50 for
CM-20, as the calculated value was affected by the amount of
TMRM used in the assays and the treatment duration with
CM-20. In fact, different conditions in cell-based assays can
affect the EC50 value of the testing drug [31]. The intensity of
TMRM fluorescence can be an indicator of mitochondrial
abundance [32]. An increase in TMRM fluorescence under
CM-20 treatment suggests that the protective mechanism of
this drug compound may involve boosting mitochondrial
biogenesis.
Findings from our work indicate that mitochondria in
human RPE cells are vulnerable to functional damage under
oxidative stress (Fig. 4). Hydrogen peroxide we used in the
induction of RPE oxidative stress is an endogenous oxidative
stressor in the retina [33]. In our study, we observed a
significant loss of mitochondrial activity even under low to
moderate levels of oxidative stress. However, the cells have
been found resistant to oxidative stress-induced cell death. This
finding is consistent with a previous report showing that
differentiated ARPE-19 cells become more resistant to
oxidative stress [34]. Pre-treatment with CM-20 showed
rescuing effects on MMP under oxidative stress (Fig. 5). At the
single cell level, mean TMRM fluorescence seemed higher
under oxidative stress than that under low serum conditions
(Fig. 5). This may result from the difference in cell density in
microplates between experiments but does not necessarily
indicate a higher mean TMRM fluorescence per cell level
under oxidative stress.
A limitation of the study is the unknown effect of the
compound on mitochondrial respiration. How would the
compound affect mitochondrial respiration under resting
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conditions and under oxidative stress? A study on
mitochondrial respiration would provide additional information
to assess the utility of this drug for mitochondrial therapy.
CONCLUSION
We have provided experimental evidence showing that a
marketed drug of GPCR antagonist used to treat hypertension
and heart disease modulates mitochondrial function and
protects mitochondria from functional damage under oxidative
stress in RPE cells. This drug compound possesses previously
unappreciated dual targeting activities of both GPCR and
mitochondria. It offers the potential in polypharmacological
therapy for retinal degenerative diseases, such as AMD, via
repurposed applications.
LIST OF ABBREVIATIONS
RPE

=

Retinal Pigment Epithelial

dRPE

=

differentiated retinal pigment epithelial

MMP

=

Mitochondrial Membrane Potential

TMRM

=

Tetramethylrhodamine Methyl Ester

GPCR

=

G-protein Coupled Receptor

ER

=

Estrogen Receptor

FBS

=

Fetal Bovine Serum

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
Not applicable.
HUMAN AND ANIMAL RIGHTS
No animals/humans were used for studies that are the basis
of this research.
CONSENT FOR PUBLICATION
Not applicable.
AVAILABILITY OF DATA AND MATERIAL
Not applicable.
FUNDING
Internal funding has been received from Foundation
Fighting Blindness, Research to Prevent Blindness.
CONFLICT OF INTEREST
The authors declare no conflict of interest, financial or
otherwise.
ACKNOWLEDGEMENTS
A patent on method-of-use of CM-20 and structurally
similar compounds for retinal therapeutic use has been filed.
REFERENCES
[1]

Bourne, R.R.A.; Jonas, J.B.; Bron, A.M.; Cicinelli, M.V.; Das, A.;
Flaxman, S.R.; Friedman, D.S.; Keeffe, J.E.; Kempen, J.H.; Leasher,
J.; Limburg, H.; Naidoo, K.; Pesudovs, K.; Peto, T.; Saadine, J.;
Silvester, A.J.; Tahhan, N.; Taylor, H.R.; Varma, R.; Wong, T.Y.;
Resnikoff, S. Prevalence and causes of vision loss in high-income
countries and in Eastern and Central Europe in 2015: Magnitude,
temporal trends and projections. Br. J. Ophthalmol., 2018, 102(5),

GPCR Antagonistic Drug CM-20 Stimulates Mitochondrial Activity

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

575-585.
[http://dx.doi.org/10.1136/bjophthalmol-2017-311258]
[PMID:
29545417]
Kovach, J.L.; Schwartz, S.G.; Flynn, H.W., Jr; Scott, I.U. Anti-VEGF
Treatment Strategies for Wet AMD. J. Ophthalmol., 2012, 2012, 1-7.
[http://dx.doi.org/10.1155/2012/786870] [PMID: 22523653]
Sarks, J.P.; Sarks, S.H.; Killingsworth, M.C. Evolution of geographic
atrophy of the retinal pigment epithelium. Eye (Lond.), 1988, 2(5),
552-577.
[http://dx.doi.org/10.1038/eye.1988.106] [PMID: 2476333]
Kanow, M.A.; Giarmarco, M.M.; Jankowski, C.S.R.; Tsantilas, K.;
Engel, A.L.; Du, J.; Linton, J.D.; Farnsworth, C.C.; Sloat, S.R.;
Rountree, A.; Sweet, I.R.; Lindsay, K.J.; Parker, E.D.; Brockerhoff,
S.E.; Sadilek, M.; Chao, J.R.; Hurley, J.B. Biochemical adaptations of
the retina and retinal pigment epithelium support a metabolic
ecosystem in the vertebrate eye. eLife, 2017, 6, e28899.
[http://dx.doi.org/10.7554/eLife.28899] [PMID: 28901286]
Brown, E.E.; DeWeerd, A.J.; Ildefonso, C.J.; Lewin, A.S.; Ash, J.D.
Mitochondrial oxidative stress in the retinal pigment epithelium (RPE)
led to metabolic dysfunction in both the RPE and retinal
photoreceptors. Redox Biol., 2019, 24, 101201.
[http://dx.doi.org/10.1016/j.redox.2019.101201] [PMID: 31039480]
Beatty, S.; Koh, H.H.; Phil, M.; Henson, D.; Boulton, M. The role of
oxidative stress in the pathogenesis of age-related macular
degeneration. Surv. Ophthalmol., 2000, 45(2), 115-134.
[http://dx.doi.org/10.1016/S0039-6257(00)00140-5]
[PMID:
11033038]
Feher, J.; Kovacs, I.; Artico, M.; Cavallotti, C.; Papale, A.; Balacco
Gabrieli, C. Mitochondrial alterations of retinal pigment epithelium in
age-related macular degeneration. Neurobiol. Aging, 2006, 27(7),
983-993.
[http://dx.doi.org/10.1016/j.neurobiolaging.2005.05.012]
[PMID:
15979212]
Lin, H.; Xu, H.; Liang, F.Q.; Liang, H.; Gupta, P.; Havey, A.N.;
Boulton, M.E.; Godley, B.F. Mitochondrial DNA damage and repair in
RPE associated with aging and age-related macular degeneration.
Invest. Ophthalmol. Vis. Sci., 2011, 52(6), 3521-3529.
[http://dx.doi.org/10.1167/iovs.10-6163] [PMID: 21273542]
Ferrington, D.A.; Ebeling, M.C.; Kapphahn, R.J.; Terluk, M.R.;
Fisher, C.R.; Polanco, J.R.; Roehrich, H.; Leary, M.M.; Geng, Z.;
Dutton, J.R.; Montezuma, S.R. Altered bioenergetics and enhanced
resistance to oxidative stress in human retinal pigment epithelial cells
from donors with age-related macular degeneration. Redox Biol., 2017,
13, 255-265.
[http://dx.doi.org/10.1016/j.redox.2017.05.015] [PMID: 28600982]
Chang, Q.; Berdyshev, E.; Cao, D.; Bogaard, J.D.; White, J.J.; Chen,
S.; Shah, R.; Mu, W.; Grantner, R.; Bettis, S.; Grassi, M.A.
Cytochrome P450 2C epoxygenases mediate photochemical stressinduced death of photoreceptors. J. Biol. Chem., 2014, 289(12),
8337-8352.
[http://dx.doi.org/10.1074/jbc.M113.507152] [PMID: 24519941]
Chang, Q.; Peter, M.E.; Grassi, M.A. Fas ligand-Fas signaling
participates in light-induced apoptotic death in photoreceptor cells.
Invest. Ophthalmol. Vis. Sci., 2012, 53(7), 3703-3716.
[http://dx.doi.org/10.1167/iovs.11-8928] [PMID: 22499988]
Ramsay, R.R.; Popovic-Nikolic, M.R.; Nikolic, K.; Uliassi, E.;
Bolognesi, M.L. A perspective on multi‐target drug discovery and
design for complex diseases. Clin. Transl. Med., 2018, 7(1), 3.
[http://dx.doi.org/10.1186/s40169-017-0181-2] [PMID: 29340951]
Leren, P. The cardiovascular effects of alpha-receptor blocking agents.
J. Hypertens., 1992, 10(3)(Suppl. 3), S11-S16.
[http://dx.doi.org/10.1097/00004872-199200103-00002]
[PMID:
1353110]
Chen, Y.; Palczewska, G.; Mustafi, D.; Golczak, M.; Dong, Z.;
Sawada, O.; Maeda, T.; Maeda, A.; Palczewski, K. Systems
pharmacology identifies drug targets for Stargardt disease–associated
retinal degeneration. J. Clin. Invest., 2013, 123(12), 5119-5134.
[http://dx.doi.org/10.1172/JCI69076] [PMID: 24231350]
Li, T.; Yang, S.; She, X.; Yan, Q.; Zhang, P.; Zhu, H.; Wang, F.; Luo,
X.; Sun, X. Modulation of α-adrenoceptor signalling protects
photoreceptors after retinal detachment by inhibiting oxidative stress
and inflammation. Br. J. Pharmacol., 2019, 176(6), 801-813.
[http://dx.doi.org/10.1111/bph.14565] [PMID: 30588605]
Du, Y.; Cramer, M.; Lee, C.A.; Tang, J.; Muthusamy, A.; Antonetti,
D.A.; Jin, H.; Palczewski, K.; Kern, T.S. Adrenergic and serotonin
receptors affect retinal superoxide generation in diabetic mice:
relationship to capillary degeneration and permeability. FASEB J.,

The Open Biochemistry Journal, 2022, Volume 16 7

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

2015, 29(5), 2194-2204.
[http://dx.doi.org/10.1096/fj.14-269431] [PMID: 25667222]
Orban, T.; Leinonen, H.; Getter, T.; Dong, Z.; Sun, W.; Gao, S.;
Veenstra, A.; Heidari-Torkabadi, H.; Kern, T.S.; Kiser, P.D.;
Palczewski, K. A combination of G protein-coupled receptor
modulators protects photoreceptors from degeneration. J. Pharmacol.
Exp. Ther., 2018, 364(2), 207-220.
[http://dx.doi.org/10.1124/jpet.117.245167] [PMID: 29162627]
Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial reactive
oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev.,
2014, 94(3), 909-950.
[http://dx.doi.org/10.1152/physrev.00026.2013] [PMID: 24987008]
Guo, C.; Sun, L.; Chen, X.; Zhang, D. Oxidative stress, mitochondrial
damage and neurodegenerative diseases. Neural Regen. Res., 2013,
8(21), 2003-2014.
[PMID: 25206509]
Hazim, R.A.; Volland, S.; Yen, A.; Burgess, B.L.; Williams, D.S.
Rapid differentiation of the human RPE cell line, ARPE-19, induced
by nicotinamide. Exp. Eye Res., 2019, 179, 18-24.
[http://dx.doi.org/10.1016/j.exer.2018.10.009] [PMID: 30336127]
Kraus, D. Consolidated data analysis and presentation using an opensource add-in for the Microsoft Excel ® spreadsheet software. Medical
Writing, 2014, 23(1), 25-28.
[http://dx.doi.org/10.1179/2047480613Z.000000000181]
Zorova, L.D.; Popkov, V.A.; Plotnikov, E.Y.; Silachev, D.N.; Pevzner,
I.B.; Jankauskas, S.S.; Babenko, V.A.; Zorov, S.D.; Balakireva, A.V.;
Juhaszova, M.; Sollott, S.J.; Zorov, D.B. Mitochondrial membrane
potential. Anal. Biochem., 2018, 552, 50-59.
[http://dx.doi.org/10.1016/j.ab.2017.07.009] [PMID: 28711444]
Buckman, J.F.; Reynolds, I.J. Spontaneous changes in mitochondrial
membrane potential in cultured neurons. J. Neurosci., 2001, 21(14),
5054-5065.
[http://dx.doi.org/10.1523/JNEUROSCI.21-14-05054.2001] [PMID:
11438581]
Singh, A.V.; Maharjan, R.D.; Jungnickel, H. Evaluating particle
emissions and toxicity of 3D pen printed filaments with metal
nanoparticles as additives: In Vitro and in Silico discriminant function
analysis In: ACS Sustainable Chem. Eng; , 2021; 9, 35, pp.
11724-11737.
Sriram, K.; Insel, P.A. G Protein-Coupled Receptors as Targets for
Approved Drugs: How Many Targets and How Many Drugs? Mol.
Pharmacol., 2018, 93(4), 251-258.
[http://dx.doi.org/10.1124/mol.117.111062] [PMID: 29298813]
Huang, Y.; Todd, N.; Thathiah, A. The role of GPCRs in
neurodegenerative diseases: avenues for therapeutic intervention.
Curr. Opin. Pharmacol., 2017, 32, 96-110.
[http://dx.doi.org/10.1016/j.coph.2017.02.001] [PMID: 28288370]
Singh, A.V.; Chandrasekar, V.; Janapareddy, P.; Mathews, D.E.; Laux,
P.; Luch, A.; Yang, Y.; Garcia-Canibano, B.; Balakrishnan, S.;
Abinahed, J.; Al Ansari, A.; Dakua, S.P. Emerging application of
nanorobotics and artificial intelligence to cross the BBB: Advances in
design, controlled maneuvering, and targeting of the barriers. ACS
Chem. Neurosci., 2021, 12(11), 1835-1853.
[http://dx.doi.org/10.1021/acschemneuro.1c00087] [PMID: 34008957]
Murphy, M.P.; Hartley, R.C. Mitochondria as a therapeutic target for
common pathologies. Nat. Rev. Drug Discov., 2018, 17(12), 865-886.
[http://dx.doi.org/10.1038/nrd.2018.174] [PMID: 30393373]
Brown, E.E.; Lewin, A.S.; Ash, J.D. Mitochondria: Potential Targets
for Protection in Age-Related Macular Degeneration. Adv. Exp. Med.
Biol., 2018, 1074, 11-17.
[http://dx.doi.org/10.1007/978-3-319-75402-4_2] [PMID: 29721922]
Bagkos, G.; Koufopoulos, K.; Piperi, C. A new model for
mitochondrial membrane potential production and storage. Med.
Hypotheses, 2014, 83(2), 175-181.
[http://dx.doi.org/10.1016/j.mehy.2014.05.001] [PMID: 24907229]
Postnikova, E.; Cong, Y.; DeWald, L.E.; Dyall, J.; Yu, S.; Hart, B.J.;
Zhou, H.; Gross, R.; Logue, J.; Cai, Y.; Deiuliis, N.; Michelotti, J.;
Honko, A.N.; Bennett, R.S.; Holbrook, M.R.; Olinger, G.G.; Hensley,
L.E.; Jahrling, P.B. Testing therapeutics in cell-based assays: Factors
that influence the apparent potency of drugs. PLoS One, 2018, 13(3),
e0194880.
[http://dx.doi.org/10.1371/journal.pone.0194880] [PMID: 29566079]
Andreux, P.A.; Houtkooper, R.H.; Auwerx, J. Pharmacological
approaches to restore mitochondrial function. Nat. Rev. Drug Discov.,
2013, 12(6), 465-483.
[http://dx.doi.org/10.1038/nrd4023] [PMID: 23666487]
Yamashita, H.; Horie, K.; Yamamoto, T.; Nagano, T.; Hirano, T.

8 The Open Biochemistry Journal, 2022, Volume 16

Light-induced retinal damage in mice. Hydrogen peroxide production
and superoxide dismutase activity in retina. Retina, 1992, 12(1), 59-66.
[http://dx.doi.org/10.1097/00006982-199212010-00012]
[PMID:
1565873]

Chang et al.

[34]

Bailey, T.A.; Kanuga, N.; Romero, I.A.; Greenwood, J.; Luthert, P.J.;
Cheetham, M.E. Oxidative stress affects the junctional integrity of
retinal pigment epithelial cells. Invest. Ophthalmol. Vis. Sci., 2004,
45(2), 675-684.
[http://dx.doi.org/10.1167/iovs.03-0351] [PMID: 14744914]

© 2022 Chang et al.
This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

