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Abstract: Retinal pigmented epithelial (RPE) cells possess high mitochondria content for energy
production, which is required for phagocytosis and vision cycle metabolism. The mitochondrial
integrity in RPE cells helps the homeostasis of photoreceptor turnover and prevents retina aging and
degeneration. Mitochondrial transplantation benefits the recovery of several acute inflammatory
diseases, leading us to investigate the effects of mitochondrial transplantation on retina degeneration.
Allogeneic mitochondria were isolated and delivered into the vitreous chamber in the Royal College
of Surgeons (RCS) rats, which exhibit inherited and early-onset retina degeneration. The progress
of retina degeneration was examined with optical coherence tomography (OCT) and visual evoked
potential (VEP) to determine the retina thickness and integrity of afferent electrical signals from
affected eyes, respectively. We found that mitochondria engraftment moderately attenuated the
degeneration of retinal layers in RCS rats by histological examination. This result was consistent
with the OCT measurement of retina thickness around the optic disc. The VEP analysis revealed
that the peak one (N1) latency, representing the arriving time of electrical impulse from the retina
to cortex, was substantially maintained as the normal value after the mitochondrial transplantation.
This result suggests that the intra-vitreous transplanted mitochondria ameliorate the degeneration of
photoreceptors in RCS rats and might be potential for clinical application.

Keywords: mitochondrial transplantation; retinal degeneration; retinitis pigmentosa; macular degeneration

1. Introduction

Retinal degeneration is a global threat to irreversible visual loss in the elderly. Etiolo-
gies of retinal degeneration include hereditary genetic defects, the aging process, photo-
damage, toxicity, etc. Retinitis pigmentosa (RP), a congenital retinal degeneration, mainly
affects the young population; in contrast, age-related macular degeneration (AMD) is a
leading cause of blindness in the elderly. Research evidence indicates that mitochondrial
dysfunction contributes to retina degeneration of both RP and AMD [1,2]
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In photoreceptors cells, the localization of the mitochondria is most restricted in the
dendrite and inner segment (IS) discs. The outer segment (OS) discs of the photoreceptor
cells are daily shed and phagocytized by RPE cells. This phagocytosis requires active
mitochondria to produce high contents of ATP in RPE cells [3]. Damaged mitochondria
in aged RPE cells will consequently reduce the respiratory rate, ATP synthesis, and dys-
functional phagocytosis. The accumulative non-phagocytized OS debris may cause local
inflammation and steer neovascularization and drusen deposit, the classical features of RP-
and AMD-affected retina [4,5].

Although there are many causes of retinal degeneration, the final result is often retinal
atrophy. Currently, limited therapy is available to treat retina atrophy. Treating RP patients
with nutritional supplements can only delay RP’s progression. Anti-angiogenesis agents,
such as Ranibizumab, Aflibercept, and Bevacizumab [6], are the first-line treatments for
wet AMD by blocking the invasion of choroidal vascular endothelial cells. These anti-
VEGF (vascular endothelial growth factor) therapies could reduce macular leakage and the
regression of choroidal neovascularization. Still, they cannot rescue damaged retina from
cell loss and atrophy.

Mitochondrial transplantation is an effective intervention to prevent the progression
of acute inflammation such as cardiac infarct, cerebral stroke, and acute respiratory distress
syndrome in experimental animals [7,8]. Interestingly, a recent paper demonstrated that
intravitreal injection of mitochondria provided neuroprotection from optic nerve injury
and modulation of oxidative metabolism [9]. Here, we aim to evaluate the transplanted
allogeneic mitochondria as a new approach to treating retinal degeneration. We use
Royal College of Surgeons (RCS) rats as the retinal degeneration animal model, which
show inherited retinal degeneration and exhibit similar pathogenesis to RP [10,11]. The
integrity of the retina layers in vivo and the functional transmission of nerve impulses were
investigated for rescuing degenerative cells in the mitochondrial engrafted eyes.

2. Materials and Methods
2.1. Animals

The RCS/Kyo rats were obtained from the Institute of Laboratory Animals, Graduate
School of Medicine, Kyoto University. These rats inherit a mutation of MertK, a receptor
tyrosine kinase gene and have the impaired phagocytosis of RPE cells [12]. RCS rat is
a classical disease model of RP in humans [10,11], and the rapid degeneration of the
photoreceptor cells after 3 weeks of age is also a unique feature of macular degeneration [13]
(http://www.anim.med.kyoto-u.ac.jp, accessed on 9 October 2022). Each group includes
both male and female rats.

The experimental protocols and procedures were approved by the Institutional Animal
Care and Use Committee of National Chung Hsing University (IACUC 104-008). We
performed the animal experiments under Taiwan Animal Protection Act. Animals were
housed and maintained at 25 ◦C under a light/dark cycle of 12 h environment. The food
and water were provided ad libitum.

2.2. Mitochondria Extraction

The applied mitochondria were isolated from the livers of RCS rats. The rats show
normal aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities,
implying the integrity of liver mitochondria (https://rgd.mcw.edu, accessed on 9 October
2022, RGD ID, 1302660). The method of isolating mitochondria from the rat liver followed
a general protocol [14] and showed high purity of isolated mitochondria in our previous
study [15]. In brief, eight- to twelve-week-old RCS rats were sacrificed and systemically
perfused with normal saline. The liver was washed with SEH buffer (0.25 M sucrose,
0.5 mM ethylene glycol tetraacetic acid[EGTA], 3 mM N-(2-Hydroxyethyl) piperazine-
N’-ethanesulfonic acid [HEPES], pH 7.2; all from Sigma-Aldrich, Saint Lious, MI, USA)
and homogenized by handheld homogenizer (IKA T10 basic, Homogenizer workcenter,
IKA, Staufen, Germany). The 4 mL homogenates were centrifuged at 1000× g (Tomy

http://www.anim.med.kyoto-u.ac.jp
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Digital Biology, MX-301, Tokyo, Japan) for 15 min. The supernatants were applied to a
discontinuous sucrose density gradient (30%, 40%, 55%) to separate the cell debris and the
organelles by centrifuging at 35,000× g (Optima L-100K Ultracentrifuge, Beckman-Coulter,
Brea, CA, USA) for 30 min. The mitochondrial fraction, between 40% and 55% sucrose
density layer, was extracted and washed twice with 10 mL SEH at 13,000× g. The pellet of
isolated mitochondria was resuspended in 2 mL SEH buffer and finally stored in Dulbecco’s
Modified Eagle medium (DMEM, Gibco, Carlsbad, CA, USA) with 20 µL protease inhibitors
(Sigma-Aldrich) with a 1:100 ratio. The quantity of mitochondria was measured by the total
protein concentration of the mitochondrial pellets, determined by the Bradford method
(Bio-Rad, Hercules, CA, USA). The process and storage of the isolated mitochondria were
kept on the ice up to 5 h before the engraftment.

2.3. Mitochondria Transplantation and Tissue Analyses

RCS rats at 4 weeks old (N = 14) were anesthetized with isoflurane and received
one intravitreal injection with a 33G Hamilton syringe per week. One eye received five
injections during 5 weeks. In the control group, rats received 2 µL DMEM only. In the
experiment group, rats received 50 µg or 100 µg mitochondria in 2 µL DMEM. The treated
eyes were clear but showed low opacity at 1 day post-injection, especially in the 100 µg
mitochondria group. The rats’ behavior was normal, and no severe adverse effect was
observed in both control and experimental groups.

The eye samples were fixed with a buffer (formaldehyde:acetic acid:ethanol:distilled
water = 2:10:35:53) and embedded in the paraffin by the end of the experiment. RCS rats
were sacrificed at 9 weeks of age after the experiment. We commissioned the Animal
disease diagnostic center (ADCC) at the college of veterinary medicine, National Chung
Hsing University, to prepare tissue paraffin sections and hematoxylin and eosin (H&E)
stains. A well-experienced pathologist diagnosed the severity of the RPE damage level
between control and experimental groups at ADCC. H&E stain slices were obtained by
serial cross-sectioning of the eye near the optical nerve. Eleven to twelve pictures were
taken from each slice for retina assembly and measurement of retina thickness and ONL
cell numbers (Supplementary Figure S1). The retina thickness was measured with the
freeware of Meazure (C-thing, version 2.0.1).

2.4. Visual Function Determination

At 3, 5, and 9 weeks of age, RCS rats were anesthetized with an intramuscular injection
of 20 mg/kg Zoletil (Virbac, Nice, France) and 50 µg/kg Dexdomitor (Zoetis, Kalamazoo,
MI, USA). Before the examination of the visually evoked potential (VEP) and optical
coherence tomography (OCT), each eye was treated with one drop of alcaine solution (0.5%,
Alcon, Hünenberg, Switzerland) and tropicamide (0.5%, Akorn, Lake Forest, IL, USA) to
dilate the pupil and help eye examination.

VEP signals were recorded with an Espion Visual Electrophysiology System E2
(Diagnosys LLC, Lowell, MA, USA) by implanting a recording electrode (OZ) on the occipi-
tal bone (7 mm behind the bregma and 3 mm lateral of the midline) and a reference electrode
(FZ) into the scalp (12 mm behind the bregma), following previous protocols [16,17]. The
ground electrode was placed into the tail. The patterned stimulus intensity was 3 cds/m2.
The frequency of the flash stimulus was 1.02 Hz. After the VEP experiment, we added a
drop of 1% methylcellulose on the rat eye and consequently conducted OCT with Phoenix
Image-Guided OCT System (Phoenix Research Lab, Pleasanton, CA, USA) to measure and
record the retina thickness of rats.

2.5. APRE-19 Cells Experiment

ARPE-19 cell is an immortalized human RPE cell line. Mitochondria used in in-
vitro experiments were isolated from 2 × 107 ARPE-19 cells. The adherent cells were
isolated by trypsinization, and the collected cells were ground with SEH buffer on ice.
After centrifugation at 1000× g for 15 min, the supernatants were collected and further
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centrifuged at 9000× g for 15 min (Tomy Digital Biology, MX-301, Tokyo, Japan). The
pellets were resuspended in SEH buffer with a 1:100 diluted cocktail of protease inhibitors
(Sigma-Aldrich). The mitochondrial mass was determined by Bradford method (Bio-Rad,
Hercules, CA, USA).

Prior to the mitochondria treatment, 2 × 104 ARPE-19 cells were grown in each well of
a 24-well plate overnight. The cells were pretreated with indicated doses of H2O2 for two
hours and then incubated with the exogenous mitochondria (0, 5 µg, 10 µg) for 24 h. We
detected the fluorescence intensity of alamar blue reduction (BIO-RAD, Kidlington, UK) to
reflect the mitochondrial activities of NADH, NADPH, as well as the cytochromes in the
treated cells.

2.6. Statistic Analysis

Pair student t-test or ANOVA with bonferroni post hoc analysis were used to determine
the significance of differences between the experimental groups. Graphics creation and
statistical analysis in this study were conducted by using GraphPad Prism 5 (GraphPad,
La Jolla, CA, USA).

3. Results
3.1. Retinal Degeneration in RCS Rats

We first characterized the progress of retinal degeneration and pathological hallmarks
in RCS rats. The retina at three weeks old was intact but showed decreased cell numbers
in the outer nuclear layer (ONL) and the loss of inner and outer segments (IS/OS) of
photoreceptors at eight weeks old. Severe cell loss and the drastically diminished thickness
of outer and inner cell layers were noticed at 13 and 46 weeks old by the histological
examination near the optic disc and in vivo OCT tracking (Figure 1A–D). The continuous
in vivo recording by OCT illustrated that the retina thickness sharply decreased from
207 µm to 133 µm between four and eight weeks old (18.5 µm/week reduction). The
thickness became 109 µm till the age of 11 weeks (8 µm/week reduction), with the feature
of missing outer nuclear layer and IS/OS (Figure 1E–H).
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latency were detected around 50 mini-second (ms). In contrast, nine-week-olds showed a 
drastic amplitude reduction and prolonged N1 latency. These results suggest that the age 
period between five and nine weeks initiates the early pathogenesis process and should 
be a proper window to evaluate potential treatment for intervening the retina degenera-
tion in RCS rats (Figure 2A–D). 

 

Figure 1. Retinal degeneration in RCS rats. (A–D) the histological structure of the rat retina at 3, 8, 13,
and 46 weeks (wks) of age. (E–H) the representative photos of optical coherence tomography (OCT)
at the fundus of RCS rats at 3, 5, 7, and 9 weeks of age. GCL: ganglion cell layer; IPL: inner plexiform
layer; INL: inner nuclear layer; ONL: outer nuclear layer; IS/OS: inner segments/outer segments;
RPE: retinal pigment epithelium. Scale bar in panel (A–D), 20 µm; scale bar in panel (E–H), 100 µm.
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The nerve conduction test by VEP revealed that the three-week-old retinae of RCS
rats exhibited standard physiological VEP profiles. The classical wave amplitude and N1
latency were detected around 50 mini-second (ms). In contrast, nine-week-olds showed a
drastic amplitude reduction and prolonged N1 latency. These results suggest that the age
period between five and nine weeks initiates the early pathogenesis process and should be
a proper window to evaluate potential treatment for intervening the retina degeneration in
RCS rats (Figure 2A–D).
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3.2. Mitochondrial Transplantation Moderately Ameliorated Retina Degeneration

Due to the small size and instability of the mitochondria, validation of surgical pro-
cedures and tracing the engrafted mitochondria in vivo for a long term are challeng-
ing [9,18,19]. To validate the success of intravitreal injection in rats, homogenous fluorescent
beads (7.5 µm, Becton-Dickinson) were applied to imitate mitochondria initially. Images
of computational tomography (CT) and fluorescent spectrometry revealed that the beads
were exclusively accumulated in the vitreous bodies, supporting the reliability of the exper-
imental surgical procedure of mitochondrial transplantation (Supplementary Figure S2).

Our previous studies have shown that, following our established protocol, the isolated
mitochondria from livers were morphologically intact, high-purity, and had functional
respiratory activities [15]. In this study, 50 µg and 100 µg allogeneic mitochondria were
transplanted into the vitreous bodies of RCS rats at four weeks old, and the integrity of the
retina was examined at nine weeks old. The eyes (mock, N = 6; 50 µg group, N = 8; 100 µg
group, N = 8) were collected and subjected to histological examination. H&E staining
indicated that engrafted mitochondria rescued the loss of the outer cell layer and also the
layers of IS/OS (Figure 3A–C). The trend of the therapeutic effect of mitochondria was
illustrated in Figure 3D,E, showing the rescue of both the retina layer thickness and the
outer cell layer thickness from the optic disc’s central and peripheral loci (3 mm diameter)
from one representative eye of each group. We further counted the ONL cell numbers
within the same range of Figure 3D of all eyes (mock, N = 6; 50 µg group, N = 8; 100 µg
group, N = 8). The average cell numbers of the transverse section in mock, 50 µg, and 100 µg
mitochondria-treated eyes were 59.5 ± 5.3, 129.8 ± 36.0, and 162.4 ± 33.5, respectively
(mock vs. 100 µg group, student t-test, p < 0.05) (Figure 3F). These H&E results indicated
that both 50 µg and 100 µg mitochondrial treatment at nine weeks old exhibited moderate
potency in preventing retina degeneration (Figure 3).
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Figure 3. (A–C) The retina layer thickness in the central and peripheral optic disc regions of the
mitochondria-treated eyes. The representative retina histology with H&E stain, located at a 1 mm
distance from the optic disc, in mock-treated RCS rats and mitochondria-treated groups. (D) The
horizontal thickness distributions of the retina near the optic disc in mock-treated RCS rats and
mitochondria-treated groups, summarized from the results of serial sections of eyes. Normal: the
retina of 3-wks old RCS rats. (E) The ONL thickness in panel (D). (F) The average cell numbers of
ONL in panel (E), analyzed from mock- (N = 6) and mitochondria-treated eyes (50 and 100 µg, N = 8
for each group). Mock vs. 50 µg, p = 0.105; mock vs. 100 µg, * p = 0.018, paired t-test). The scale bar:
20 µm. GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; ONL: outer
nuclear layer; RPE: retinal pigment epithelium.

3.3. OCT Recording of the Retina after Mitochondrial Transplantation

In addition to the histological examination, we provided in vivo degeneration data
of mock-treated control and mitochondria-treated groups by examining optical coherence
tomography (OCT) (Figure 4) (mock, N = 6; 50 µg group, N = 9; 100 µg group, N = 9).
We found that the thickness loss at five weeks old was slightly attenuated after 50 µg
mitochondrial transplantation (16.9 ± 3 µm vs. 26.9 ± 5.5 µm) (p-value, 0.11) (Figure 4A,B).
This anti-degeneration activity was sustained at nine weeks old in the 50 µg and 100 µg
groups (64.8 ± 4 µm and 63.1 ± 3 µm, respectively) compared to that of the mock-treated
control (82.7 ± 6 µm) (p-value, 0.03 and 0.01, respectively) (Figure 4C) (summarized from
Figure 4D–L. This result was consistent with the statistical results of the retina histological
sections in Figure 3D–F.
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Figure 4. The rescue of the progressive retina degeneration after mitochondrial transplantation in
RCS rats. (A) one of RCS rat retina thickness continuous recording by OCT from 4 to 11 weeks of
age. The losses of the retina thickness at 5 weeks (wks) of age (B), and at 9 weeks of age (C) were
compared between the mock-treated control and the mitochondria-treated groups (50 µg and 100 µg).
The value of thickness reduction was the reduced length (µm) of the retina relative to the individually
measured retina thickness at 3 weeks of age. * p < 0.05. (D–L) Representative OCT images of the
control group and mitochondria-treated group of the rats at 3, 5, and 9 weeks of age. Scale bar in
panel (D–L), 100 µm. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer;
RPE: retinal pigment epithelium.

3.4. VEP Recording of the Retina after Mitochondria Transplantation

The time of afferent nerve impulses from the eyes to the cortex, determined by VEP,
was investigated in this study to reflect the retina’s electrical activity. At the ages of
three (prior to treatment) and five weeks (one-week post-treatment), the averaged N1
latencies in mock-treated RCS rats were 48.25 ± 4.5 and 74.4 ± 7.9 ms, respectively
(Figure 5B and Figure 5C lane 1, each group N ≥ 4). After mitochondrial transplanta-
tion at five weeks old, VEP recording showed 62.4 ± 6.4 ms and 56.3 ± 5.7 ms N1 latency
in 50 µg and 100 µg mitochondria groups, respectively (Figure 5A,C). Although there was
no significant difference between the results of each group (Figure 5C), the prolonged N1
latency was attenuated by mitochondrial transplantation with a dose-dependent trend
(12.0 ms and 18.1 ms, after 50 µg and 100 µg mitochondria treatment, respectively).
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Figure 5. VEP recording of RCS rats after mitochondrial transplantation. (A) Representative VEP
waveforms in the control rat and mitochondria-treated groups at 5 weeks of age. (B–D) The summary
of the timing of VEP N1 latency in the control rat and mitochondria-treated groups at 3 (B), 5 (C),
9 weeks (D) of age. VEP: visual evoked potential.

We continued the mitochondrial transplantation weekly for five weeks and observed
the VEP at nine weeks old. All VEP data exhibited a non-classical profile and prolonged N1
latency over 70 ms. No significant difference was detected among the recording results of
each group (Figure 5D). These results suggest that at the late stages of retina degeneration,
the damage is too severe to show the functional difference, or VEP test is not sensitive to
evaluate functional recovery in this study [20].

4. Discussion

A recent clinical trial showed that mitochondrial injection might be a promising ap-
proach to prevent the death of cardiomyocytes and restore heart functions in pediatric
patients [21]. Animal experiments also reveal that local mitochondrial transplantation suc-
cessfully attenuates acute tissue injuries and preserves physiological activities in damaged
heart, liver, lung, and nerve systems [7,22,23]. In this pilot experiment, we provide the first
evidence that delivered mitochondria in the vitreous bodies could moderately attenuate
photoreceptor degeneration in rats with inherited retina degeneration. We demonstrated
the ONL and IS/OS reservation by OCT examination and the joint restored function by
VEP activity.

It is critical to illustrate the mechanism of action (MOA) that underlies the protective
effects before human mitochondrial transplantation is applied. Although many studies
reproduce the therapeutic effects of engrafted mitochondria, it is still challenging to trace
the systemically or locally delivered mitochondria in targeted tissues [24]. This limita-
tion prevents the evaluation of pharmacokinetics (PK) and pharmacodynamics (PD) of
mitochondrial therapy. For instance, injected mitochondria in hearts were dispersed in
extracellular mesenchyme, or phagocytized by cardiomyocytes. Infiltrated immune cells
can uptake the mitochondria and transfer them to the circulating reticuloendothelial system
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(RES) and microcapillary system [7]. Moreover, the injection site milieu, the injury severity,
and the RES clearing activity can affect the biodistribution profile.

These dynamic biodistributions of the transferred mitochondria complicate the explo-
ration of the underlying MOA. The anti-degeneration of engrafted mitochondria may be
mediated by rescuing the death of target cells via released metabolites or anti-oxidative
activity of mitochondria per se. The necessity and the efficacy of the internalization of the
mitochondria into target cells should be validated [25]. It is also plausible that delivered
mitochondria modulate the activities of infiltrated monocytes, macrophage, or endothelial
progenitor cells and consequently attenuate local inflammatory reaction and destructive
cytokine storm [26].

Deficiency of MertK-related phagocytosis results in defective elimination of abnormal
mitochondria, reduced respiration capacity, and even the activation of the inflammasome
in other tissues [27,28]. In the RCS rats, the defective MertK gene disrupts RPE cells’
phagocytosis activity, resulting in impaired elimination of outer segment fragments of
photoreceptors, photoreceptor degeneration, and retina atrophy. In this study, we provide a
simplified in vivo model to investigate the mechanism of mitochondria-mediated treatment.
Delivered mitochondria were restricted in a closed chamber of the affected eye, and the
in vivo therapeutic effect can be quantified by the OCT recording. The inner nuclear layer
(INL) of RCS rats was generally intact, suggesting that the activity of INL cells, such as
müller glial cells and amacrine cells, and integrity of the inner limiting membrane were
sustained. It is practical to trace labeled mitochondria periodically and elucidate the
diffusion rates or active transportation for the mitochondrial distribution in retina layers
through tangential sections of the engrafted retina [29].

In our model, the therapeutic effect of mitochondrial transplantation was first observed
at five weeks old. This improved visual function and reduced tissue degeneration might be
related to the rescued mitochondrial activities in photoreceptors, the increased growth factor
secretion by Mueller glial cells or the restored phagocytosis by RPE cells. The transplanted
mitochondria might increase the mtDNA contents or fuse with the abnormal mitochondria
of targeted cells to rescue its function or prevent the formation of inflammasomes in retinal
cells [15]. In addition, neuroprotective mitochondria-derived peptides may play some
roles in mitochondria-mediated retina protection [30]. Moreover, whether transplanted
mitochondria directly or indirectly prevent the apoptosis or necroptosis of the photoreceptor
cells needs to be addressed. According to the histopathological evidence, it is more plausible
that transplanted mitochondria mainly prevent the necroptosis at the late stage of the
retina degeneration, but not the early-stage apoptosis [13]. These issues are critical to
distinguishing the role of transplanted mitochondria in coping against photoreceptor
cell death [22]. We have in vitro evidence that treating APRE-19 cells with exogenous
mitochondria can restore the mitochondrial biochemical activities (Figure S3), suggesting
that the engrafted mitochondria might rescue the mitochondrial functions and damaged
phagocytosis of RPE cells in RCS rats.

5. Conclusions

In this study, we demonstrate a new ocular animal model for the study of mitochondria-
mediated therapy. Several critical issues for the mitochondria-mediated therapy could be
investigated in this model, such as the in vivo shelf-life of mitochondria, the biodistribution,
the PK/PD information, and the dose-escalation relationship on cytotoxic and therapeutic
effects without the interference of immune cells and vascular endothelial cell invasion.
The necessity, efficacy, and potential mechanism of the internalization of the mitochondria
into target cells can also be validated and traced by high-resolution images and immuno-
histological staining. With these consequential investigations, we may glimpse the potential
of mitochondria-mediated therapy in ocular disorders.
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Supplementary Materials: The following supporting information can be downloaded at: https:
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intravitreal injection 1 day; Figure S3: Dose-effects of exogenous mitochondria on rescuing the Alamar
blue reduction ability and cell numbers of H2O2-treated APRE-19 cells.
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