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Abstract
Background: Retinal neurodegeneration is induced by a variety of environmental insults and stresses, but
the exact mechanisms are unclear. In the present study, we explored the involvement of cytosolic
mitochondrial DNA (mtDNA), resulting in the cGAS-STING dependent inflammatory response and
apoptosis in retinal damage in vivo.
Methods: Retinal injury was induced by white light or intravitreal injection of lipopolysaccharide (LPS).
After light- or LPS-induced injury, the amount of cytosolic mtDNA in the retina was detected by PCR. The
mtDNA was isolated and used to transfect retinas in vivo. WB and real-time PCR were used to evaluated
the activation of cGAS-STING pathway and the levels of apoptosis-associated protein at different times
after mtDNA stimulation. Retinal cell apoptosis rate was detected by TUNEL staining. Full-field
electroretinography (ERG) was used to assess the retinal function.
Results: Light injury and the intravitreal injection of LPS both caused the leakage of mtDNA into the
cytoplasm in retinal tissue. After the transfection of mtDNA in vivo, the levels of cGAS, STING, and IFN-β
mRNAs and the protein levels of STING, phosph-TBK1, phospho-IRF3, and IFN-β were upregulated.
mtDNA stimulation also induced the phosphorylation of caspase 3 and caspase 9. BAX and BAK were
increased at both the mRNA and protein levels. The release of cytochrome c from the mitochondria to the
cytosol was increased after mtDNA stimulation. The wave amplitudes on ERG decreased and retinal cell
apoptosis was detected after mtDNA stimulation.
Conclusion: Cytosolic mtDNA triggers an inflammatory response. It also promotes apoptosis and the
dysfunction of the retina.

Background
Retina is a sophisticated architecture in the eye. It is highly differentiated and metabolic demand to
maintain the homeostasis of all retinal cell types and support healthy vision[1]. The retinal cells have to
response to a variety of environmental insults and stresses, including age, light-induced damage,
oxidative stress, and inherited mutations[1]. Retinal degeneration that can be caused by numerous
mechanisms occurs in a group of clinical eye diseases characterized by the progressive loss of vision [2].
Among these mechanisms the degeneration and death of photoreceptors can result in many disorders[1,
3]. The extensive loss of photoreceptors, leaving a deafferented neural retina, is followed by extensive
remodeling and ultimately by neurodegeneration[4]. Numerous studies have addressed retinal
neurodegeneration, but the exact mechanism is still unclear. The previous studies of our team found that
light-injury and intravitreal LPS injection can lead to the inflammatory response or apoptosis in rats’
retina[5, 6]. Exposure to bright light upregulated the activation of caspase-3 and caspase-9, which caused
the apoptosis of photoreceptor cells and reduced the function of retina[7]. In the lipopolysaccharideinduced retinal inflammation in rats, we also found the increase of inflammation-related factors[8].
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Mitochondria have increasingly been implicated as the gatekeepers of cell fate, with decisive roles in
diverse cellular responses, including apoptosis, autophagy, and innate immunity[9, 10]. Mitochondria
facilitate the innate immune response to infection and injury by releasing mitochondrial DNA (mtDNA),
which is recognized as a damage-associated molecular pattern (DAMP) by the cell’s innate immune
components[11]. Various researchers have shown that cytosolic mtDNA drives the activation of the
noncanonical inflammasome in retinal pigment epithelial (RPE) cells and induces cell damage[12, 13].
We previously reported that pathological stimuli lead to the release of mtDNA into the cytosol in retinal
vascular endothelial cells in vitro and that cytosolic mtDNA is recognized by the DNA sensor cyclic GMPAMP synthase (cGAS), which increases the expression of inflammatory cytokines through the STING–
TBK1 signaling pathway[14]. In the present study, we further explored the retinal damage caused by
cytosolic mtDNA in vivo.

Methods
Animals and Induction of Retinal Injury by Light or Lipopolysaccharide (LPS)
The animal protocols used in the study were approved by the Animal Ethics Committee of the Eye and Ear
Nose Throat Hospital of Fudan University, Shanghai, China and the experiments complied with the
Association for Research in Vision and Ophthalmology’s Statement on the Use of Animals in Research.
Sprague–Dawley rats (male, 6–8 weeks old, approximately 200 g) were kept in a colony room on a 12-h
light/12-h dark cycle at 22–24 °C. Normal food and water were available ad libitum. All experiments were
performed on the animals after an intraperitoneal injection of 10% chloral hydrate (0.4 ml/100 g). At the
end of the experiments, the animals were anesthetized with an overdose of 10% chloral hydrate and killed
by cervical dislocation. All operations were performed in such a way as to minimize animal suffering.
Before light exposure, the animals’ pupils were dilated with 1% atropine eye drops (Santen
Pharmaceuticals Co., Ltd, Osaka, Japan). In the light-injury model, the rats were separated into individual
transparent boxes with wire tops and exposed continuously to bright light (5000 lux) in a light box to
induce retinal degeneration. After exposure for 24 h, the rats were returned to the normal light/dark cycle
and room conditions. In the intravitreal LPS injection model of retinal damage, phosphate-buffered saline
(PBS; HyClone, Logan, UT, USA) was used to dissolve and dilute LPS (Sigma-Aldrich, St. Louis, MO, USA)
solution to a concentration of 125 ng/μl. Rats were anesthetized and the pupils were dilated with atropine
sulfate (Santen Pharmaceuticals Co., Ltd). Then a Hamilton microinjector (Hamilton, Reno, NV, USA) was
used to perform the intravitreal injection with LPS (2 μl, 125 ng/μl) at the 1 mm posterior to the limbus.
The right retinal samples were collected before exposure or 1, 3, 5, and 7 days after light- or LPS-induced
injury for further analysis.
Isolation of Cytosolic and Mitochondrial Fractions and Detection of Cytosolic mtDNA
The anterior segment of each eye was removed and the retina was isolated after the eye had been
enucleated after light- or LPS-induced injury, according to the experimental schedule. The retinas were
weighed and cut up. Each fresh retina (usually ≤ 1 h after the animal was killed) was processed with the
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Mitochondria Isolation Kit for Tissue (C3606, Beyotime, Shanghai, China). The tissue was then mixed
with 10 times the volume of mitochondrial separating reagent A and homogenized with a Dounce tissue
grinder (10 passes). The homogenates were centrifuged at 600 × g for 10 min at 4 °C. The supernatants
were pipetted, transferred to fresh 1.5 ml tubes, and centrifuged at 11,000 × g for 10 min at 4 °C. The
mitochondrial DNA was isolated from the cytosolic supernatant. All experimental procedures were
performed on ice. The PCR assay was used to detect the cytosolic mtDNA, as described in our previous
work[14]. In brief, the above-mentioned mtDNA was mixed with Buffer FG1 and Buffer FG2 of the
FlexiGene DNA Kit (no. 51206, Qiagen) in a 2 ml tube. After inverting the tube three times, the mixture was
incubated at 65 °C for 10 min. Isopropanol (100%) was used to induce DNA precipitation. The tube was
centrifuged for 3 min at 10,000 × g. Then Buffer FG3 was used to dissolve the DNA precipitation at 65 °C
for 30 min. Quantitative PCR (qPCR) was used to amplify the sequence encoding mitochondrial
cytochrome c oxidase 1 (mt-Co1) to detect the mtDNA and to amplify the 18S rDNA sequence to detect
the nuclear DNA. The levels of mtDNA were normalized to the nuclear DNA and compared between
groups. Primer sequences are listed in Supplementary Table S1.
Preparation and Retinal Transfection of mtDNA
The mtDNA was isolated from normal rat retinal cells as previously described[14]. The rat retinal
microvascular endothelial cells were collected, washed with ice-cold PBS, and resuspended in 1 × Cytosol
Extraction Buffer. After incubation on ice for 10 min, the cells were homogenized with an ice-cold Dounce
tissue grinder. The homogenized mixture was centrifuged at 700 × g for 10 min at 4 °C. The supernatant
was decanted into a new 1.5 ml microcentrifuge tube and centrifuged at 10,000 × g for 30 min at 4 °C.
The pellet was resuspended in 1 × Cytosol Extraction Buffer and centrifuged again at 10,000 × g for 30
min at 4 °C, after which the supernatant was discarded. The pellet was resuspended in Enzyme Mix (5 μl)
and incubated in a 50 °C for at least 60 min. The mixture was then centrifuged at12500 × g for 5 min. The
supernatant was discarded and the pellet (mtDNA) was resuspended in Tris–EDTA (TE) buffer. The
mtDNA was then diluted to a concentration of 1 μg/μl for the subsequent experiments. A solution (0.02
μg/μl mtDNA) containing 1 μl of mtDNA (1 μg/μl), 47.5 μl of PBS, and 1.5 μl of Attractene Transfection
Reagent (Qiagen, 301,005) was prepared and incubated at room temperature for 15 min before
intravitreal injection. The control solution contained 48.5 μl of PBS and 1.5 μl of Attractene Transfection
Reagent (Qiagen, 301,005). According to our previous study[14] in retinal microvascular endothelial cells
stimulated with mtDNA, the concentration of mtDNA solution of intravitreal injection was 0.02 μg/μl. The
rats were anesthetized and injected intravitreally with the mtDNA solution (0.02 μg/μl, 2 μl) or control
solution (2 μl) 1 mm posterior to the limbus. After stimulation with mtDNA or control solution, the rats
were maintained under their original feeding conditions. For electroretinography (ERG), the right eye of
each rat was injected intravitreally with mtDNA and the left eye was injected with control solution. Only
the right eye of each rat was included in the western blotting, TUNEL staining, and PCR analyses.
ERG
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At 1, 3, 5, and 7 days after the intravitreal injection of mtDNA or control solution, retinal function was
evaluated with ERG, recorded as a scotopic electroretinogram (Espion Electrophysiology System;
Diagnosys LLC, Lowell, MA, USA). The rats were dark-adapted for 2 h and anesthetized. After the pupil
was dilated with atropine sulfate (Santen Pharmaceuticals Co., Ltd), oxybuprocaine (Santen
Pharmaceutical Co., Ltd) and carbomer (Bausch & Lomb, Rochester, NY, USA) were applied topically for
corneal anesthesia and hydration, respectively. Under illumination with dim red light, platinum ring
electrodes were placed on the corneal surface. A subdermal grounding electrode was placed
hypodermically on the tail and an identical electrode inserted into the rat’s nose as the reference
electrode. After 10 min dark adaptation, ERG signal recording was commenced as previously described
[7]. The amplitude of the a-waves was measured from baseline to the troughs of the a-wave. The b-wave
amplitude was measured from the negative peak of the a-wave to the positive peak of the b-wave.
TUNEL Staining
TUNEL staining was performed on the retinal sections using the In Situ Cell Death Detection Kit, TMR red
(cat. no. 12156792910, Roche, Germany). The eyes were prepared and and removed the anterior segment
of the eye 7 days after the intravitreal injection of mtDNA or control solution. 4% paraformaldehyde was
used to fixed the eyecups, and then the eyecups were dehydrated in sucrose solutions (20% for 2 h and
30% for overnight). The tissues were embedded and stored at −80 °C and sagittal sections cut (10 μm).
The tissue sections were fixed with 4% paraformaldehyde for 20 min at room temperature. The sections
were immersed and washed in PBS for 30 min. The sagittal sections were then incubated with
Permeabilization Solution (0.1% Triton X-100) for 30 min. The Enzyme Solution (vial 1) was added to the
Label Solution (vial 2) to obtain the TUNEL reaction mixture (vial 1: vial 2 = 1:9). The sagittal sections
were immersed in the TUNEL components and equilibrated for 60 min at 37 °C in a humidified
atmosphere in the dark. After the sections were washed twice in PBS for 10 min each, 4¢,6-diamidino-2phenylindole (DAPI; Beyotime, Shanghai, China) was used to counterstain the samples. The slides were
observed and photographed under a fluorescence confocal microscope (Leica TCS SP8 WLL, Wetzlar,
Hesse-Darmstadt, Germany). The approximate excitation/emission peaks of the TUNEL stain and DAPI
were 364/454 and 540/580 nm, respectively.
Western Blotting
The retinas were collected at 1, 3, 5, and 7 days after the intravitreal injection of mtDNA or control
solution. The retinas processed with the Mitochondria Isolation Kit for Tissue (C3606, Beyotime,
Shanghai, China), as previously described[14] and the proteins collected from the supernatant and
sediment were used for the detection of cytochrome c. Western blotting was performed according to
methods described in previous study[14]. The following primary antibodies were used: rabbit anti-BAX
(#2772, Cell Signaling Technology), rabbit anti-BAK (#12105, Cell Signaling Technology), rabbit anticaspase 9 (AF6348, Affinity Biosciences Ltd), rabbit anti-cleaved caspase 9 (AF5240, affbiotech), rabbit
anti-caspase 3 (ab44976, Abcam), rabbit anti-cleaved caspase 3 (ab49822, Abcam), anti-β-actin (ab8227,
Abcam), anti-cGAS (ab179785, Abcam), rabbit anti-STING (D1V5L) (#50494, Cell Signaling Technology),
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rabbit anti-TBK1/NAK (D1B4) (#3504, Cell Signaling Technology), rabbit anti-phospho-TBK1/NAK
(Ser172) (D52C2) XP® (#5483, Cell Signaling Technology), rabbit anti-IRF3 (D83B9) (#4302, Cell
Signaling Technology), rabbit anti-phospho-IRF3 (Ser396) (D6O1M) (#29047, Cell Signaling Technology),
anti-interferon β (ab140211, Abcam), rabbit anti-cytochrome c (10993-1-AP, Proteintech), rabbit antiVDAC1 (ab154856; Abcam). Three eyes from each group were tested.
Real-time PCR
The retinas were isolated 1, 3, 5, and 7 days after the intravitreal injection of mtDNA or control solution.
The total RNA was isolated from each retina with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions, and quantified with a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific). Complementary DNA was synthesized with the PrimeScript
RT Reagent Kit (Takara, Ohtsu, Shiga, Japan). A LightCycler® 480 II Real-Time PCR instrument (Roche,
Basel, Switzerland) was used to perform all real-time PCRs as previously published study[14]. The primer
sequences are shown in Table S1. Three eyes from each group were analyzed.
Statistical Analysis
Data were analyzed using the SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA). The ERG results
are the means of six rats were used per experiment. Differences between two groups were compared with
the Mann–Whitney U test. The Kruskal–Wallis test was used to compare differences among three or
more groups. Values of P < 0.05 were considered statistically significant. At least 3 independent
experiments were conducted for the quantitative results.

Results
Increased Cytosolic mtDNA Release in Retina after Injury
The amount of cytosolic mtDNA in the retina, measured by PCR, was significantly increased at 3, 5, and 7
days after light injury (Figure 1A). The released mtDNA in the retina was highest after 3 days, when it was
2.5 times higher than in the normal control (Figure 1A). To provide further evidence that pathological
stimuli cause the release of mtDNA, the cytosolic mtDNA was measured in rats after the intravitreal
injection of LPS (100 ng/ml). As shown in Figure 1B, the amount of cytosolic mtDNA in the retina
increased after LPS injection and was maximal after 7 days compared with the control level (Figure 1B).
The cGAS–STING–TBK1–IRF3 Signaling Pathway is Activated by Cytosolic mtDNA
After the retinal transfection of mtDNA, the transcription of cGAS mRNA increased significantly, as shown
in Figure 2B. Cytosolic cGAS was then activated by the cytosolic mtDNA and was then degraded by P62depdendent ubiquitination, as previously reported[15]. Therefore, consistent with previous research, the
amount cGAS protein decreased gradually after mtDNA stimulation (Figure 2A and 2C). STING, an
endoplasmic reticulum (ER)-membrane protein, is activated by the cytosolic mtDNA–cGAS complex. After
the retinal transfection of mtDNA, the transcription of Sting increased (Figure 2D), accompanied by an
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increase in STING expression (Figure 2A and 2E). The phosphorylation of IRF3 and TBK1 was
significantly increased by stimulation with mtDNA at 1, 3, 5, and 7 days after mtDNA stimulation (Figure
2A, 2F, and 2G). Simultaneously, mtDNA stimulation also promoted the transcription and expression of
IFN-β in the retina at 1, 3, 5, and 7 days after transfection (Figure 2A, 2H, and 2I).
Retinal mtDNA Stimulation Induces Retinal Apoptosis
A TUNEL assay was used to assess the retinal cell damage at 7 days after the retinal transfection of
mtDNA. As shown in Figure 3, compared with the normal control, the number of TUNEL-positive nuclei
was significantly increased in the transfected retinas, and they were located in the ganglion cell complex
(GCC), inner retinal nuclear layer (INL), and outer retinal nuclear layer (ONL) (control group, 3 ± 1 TUNELpositive cells; mtDNA-transfected group, 132.67 ± 11.24 TUNEL-positive cells; these are the total numbers
of TUNEL-positive cells, P < 0.01). Consistent with the TUNEL staining results, the caspase 9/caspase3
signaling pathway was activated by mtDNA stimulation. Caspase 9 was activated and increased timedependently on days 3, 5, and 7 after stimulation (Figure 4A–C). Cleaved caspase 3 was also notably
elevated 1 day after the intravitreal injection of mtDNA and peaked at 7 days. We then investigated the
effects of caspase 9 and caspase 3 signal activation. The transcription and expression of proapoptotic
proteins BCL-2-associated X (BAX) and BCL-2 antagonist/killer 1 (BAK) was significantly increased
(Figure 4A and 4D–G) at 1, 3, 5, and 7 days after retinal transfection with mtDNA, accompanied by the
increasing release of cytochrome c from the mitochondria to the cytosol (Figure 4A and 4H–I).
Retinal mtDNA Stimulation Causes Retinal Dysfunction
ERG was used to evaluate retinal function after mtDNA stimulation. The representative images were
recorded sequentially (Figure 5). No significant differences were detected in the a-wave amplitude on rodERG of the mtDNA-transfected group and the normal control group (Figure 6A). The amplitudes of the awaves on max-ERG were significantly lower in the eyes after mtDNA stimulation than in the normal
control eyes at 1 day (−119.7 ± 45.1 vs −69.6 ± 40.2 μV, respectively; P < 0.05), 3 days (−117.6 ± 43.5 vs
−65.1 ± 53.2 μV, respectively; P < 0.05), and 7 days after mtDNA stimulation (−101.2 ± 37.7 vs −76.1 ±
40.0 μV, respectively; P < 0.05) (Figure 6B). Figure 6C shows that there were no significant differences in
the a-wave amplitudes on cone-ERG between the mtDNA eyes and control eyes. The amplitudes of the bwaves on rod-ERG in the mtDNA-transfected rats were 128.1 ± 74.7 μV, 102.3 ± 97.3 μV, and 92.5 ± 48.0
μV on days 1, 3, and 7, respectively, whereas in the control eyes, the b-wave amplitudes were 185.7 ± 74.8
μV, 181.4 ± 99.4 μV, and 181.7 ± 91.3 μV, respectively (Figure 6D) (all P < 0.05). Like the b-waves on rodERG, the amplitudes of the b-waves on max-ERG were significantly lower in the mtDNA-transfected eyes
than in the control eyes, at 187.1 ± 91.6 μV, 131.1 ± 127.1 μV, and 143.5 ± 107.1 μV on 1, 3 and 7 days
after the intravitreal injection of mtDNA, respectively (all P < 0.05; Figure 6E). The b-wave amplitudes on
cone-ERG (Figure 6F) were also lower than in the control eyes on 1 day (52.3 ± 27.6 μV vs 63.1 ± 20.3 μV,
respectively; P < 0.05) and 3 days after mtDNA stimulation (36.1 ± 21.5 μV vs 68.6 ± 28.5 μV, respectively;
P < 0.05). Figure 6G shows that on flicker-ERG, the b-wave amplitudes were also reduced by mtDNA at 3
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days relative to the control values (26.9 ± 16.2 μV vs 54.5 ± 19.4 μV, respectively; P < 0.05). Therefore,
mtDNA stimulation induces retinal dysfunction in rats.

Discussion
Retinal degeneration occurs in a group of common retinal diseases that involve the progressive
deterioration of retinal photoreceptor cells, eventually culminating in their death, which can lead to visual
impairment[16]. These diseases include light-induced retinal degeneration[17], age-related macular
degeneration[18], and inherited retinal degeneration[19]. Despite recent advances in our understanding of
the mechanisms underlying these retinal degenerative diseases, their molecular pathology remains
unresolved, especially for age-related macular degeneration and retinitis pigmentosa[19, 20]. Much work
is still required to clarify the exact mechanism of each disease. In the present study, we have
demonstrated that mtDNA escapes from the mitochondria into the cytosol after retinal injury. We isolated
this mtDNA and used it to transfect the retinas of rats. We found that cytosolic mtDNA is recognized by
the DNA sensor protein cGAS, which triggers the activation of the STING–TBKI–IRF3–IFN-β signaling
pathway. The increased secretion of IFN-β leads to the activation of noncanonical inflammation and
promotes retinal injury. We also found that cytosolic mtDNA triggers the activation of the proapoptotic
effector proteins BAX and BAK. After the activation of BAX and BAK, these proteins accumulate at the
mitochondrial outer membrane and induce its permeabilization, causing the release of cytochrome c into
the cytoplasm. This cytosolic cytochrome c then activates caspase 3 and caspase 9, resulting in
apoptosis.
The cells of the retinal neuroepithelial layer are terminally differentiated neurons, with no regenerative
ability. Injuries such as infection, ischemia, and trauma in retinal neuroepithelial layer cells can lead to
visual impairment and even blindness[21]. Some retinal degenerative diseases involve progressive
photoreceptor cell loss and the degradation of RPE cells[22]. These diseases significantly affect the
quality of life of millions of people each year. Previous studies have shown that degenerative diseases
are the commonest cause of vision loss in those over the age of 65 in developed countries[23].
Furthermore, their prevalence is likely to increase with the exponential ageing of the population[24]. The
projected number of people with age-related macular degeneration in 2040 is 288 million[25]. Many
studies have focused on understanding retinal cell damage, and inflammation and apoptosis are
recognized as playing central roles in these progressive diseases[26, 27].
Inflammation is a plausible link between mitochondrial damage and retinal disease. Research has
demonstrated that the activation of retinal inflammation induces cell damage, such as the loss of retinal
ganglion cells in glaucoma[28], the apoptosis of pigment epithelium cells in retinitis pigmentosa[26], the
dysfunction of retinal photoreceptor cells in age-related macular degeneration[21], and even retinal
detachment[29], which can progress and induce an inflammatory response, resulting in retinal atrophy.
After cellular stress or tissue injury, cells release intracellular molecules into the extracellular space, which
trigger the stress signals called DAMPs. DAMP molecules are regarded as endogenous danger signals
because they induce potent inflammatory responses by activating the innate immune system during
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noninfectious inflammation[30]. The mitochondrial DAMPs have been identified as important mediators
of the innate immune response and are implicated in various degenerative conditions[31]. The
mitochondria are evolutionary endosymbionts that were derived from bacteria[32], with which they share
numerous similarities, including significant amounts of unmethylated CpG motifs in their genomes,
which also encode essential protein subunits of the oxidative phosphorylation system[33]. Recent studies
have shown that mtDNA is recognized by some important pattern recognition receptors (PRRs) of the
innate immune system, TLR9, cytosolic inflammasomes, and type I interferon[34–36]. mtDNA is also
recognized by another DNA sensing pathway, in which cGAS interacts with mtDNA and its receptor to
trigger a proinflammatory response[12]. CGAS, a cytosolic DNA sensor, activates the innate immune
response in various cells. Some research have demonstrated that the mtDNA can be recognized and
bound to cGAS with intermolecular hydrogen bonds[37]. Then the binary cGAS-DNA complex promoted
the generation of cGAMP from GTP and ATP[38]. Nagaraj Kerur et al. demonstrated that RPE
degeneration in human cell culture and in mouse models is driven by a noncanonical inflammasome
pathway[12]. In that study, they noted that when mtDNA escapes into the cytosol, it engages cGAS,
causing the elevation of caspase 4, gasdermin D, and IFN-β levels in the RPE. This suggests that cGASdriven IFN signaling is a conduit for mitochondrial-damage-induced inflammasome activation in
noninfectious human diseases, such as age-related macular degeneration.
Our previous studies have demonstrated light-injury and intravitreal LPS injection can lead to the
inflammatory response or apoptosis in retina in vivo[5–8]. We also found that pathological stimulation
can induce mtDNA leak into the cytosol of retinal microvascular endothelial cells. The DNA senor cGAS
was activated by the escaped mtDNA, with the subsequent expression of inflammatory cytokines[14]. The
findings of the present study suggest that light- or LPS-induced injury also leads to the release of mtDNA
in the retinal tissue in vivo. The cGAS–STING–TBK1–IRF3 signaling pathway was activated and IFN-β
accumulated after transfecting the retina with cytosolic mtDNA. Therefore, we speculate that stimulation,
such as light-injury and intravitreally injected LPS, causes the retinal neuroepithelial layer cells to release
mtDNA into their cytoplasm, which then activates the cGAS–STING signaling axis, mediating the
inflammatory response and retinal damage.
Apoptosis is a noninflammatory form of cell death that has been identified in many diseases[39]. It
quickly and efficiently removes dead cells without inducing an immune response. It is involved in retinal
neuroepithelial dysfunction in a variety of retinal diseases, including retinitis pigmentosa, age-related
macular degeneration, and glaucoma[17, 28, 40]. We have shown that retinal neuroepithelial cells,
including retinal ganglion cells, bipolar cells, and photoreceptor cells, underwent apoptosis after the
transfection of the retina with cytosolic mtDNA, and that caspase 3 and caspase 9 were strongly
activated. When we investigated this activation of caspase 3 and caspase 9, we found that the
transfection of mtDNA induced the transcription and translation of the proapoptotic molecules BAX and
BAK, members of the BCL-2 family, which controls and regulates the intrinsic (or mitochondrial) apoptotic
pathway. Members of the BCL-2 family are classified into three groups according to their function in
apoptosis and the number of BCL-2 homology (BH) domains they contain[41]. The proapoptotic effector
proteins BAX and BAK accumulate and induce mitochondrial outer membrane permeabilization, leading
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to the release of cytochrome c[42]. The maintenance of cytochrome c inside the mitochondrion is
essential for the mitochondrial respiratory function[43]. Once released into the cytosol, cytochrome c
binds to apoptotic peptidase activating factor 1 (APAF1), activating the formation of the ring-like
apoptosome[44, 45]. Apoptosomes activate procaspase 9, which in turn activates the effector caspase 3,
resulting in the activation of the apoptotic caspases[46, 47]. However, it is still unclear how cytosolic
mtDNA promotes the upregulation of the proapoptotic molecules BAX and BAK. Researchers have shown
that the BH3 domain of IRF3 interacts directly with BAX, and thus activates BAX through conformational
changes[48–50]. Therefore, we infer that retinal transfection with mtDNA induces cell apoptosis through
the cGAS–STING–TBK1–IRF3 axis[51]. How the complex regulation of apoptosis by mitochondrial
damage and the release of mtDNA into the cytoplasm trigger apoptosis must be examined in detail in
future research.
These types of damage all lead to retinal dysfunction, either through the retinal inflammatory response or
retinal neuronal apoptosis. We used ERG to evaluate the effects of cytosolic mtDNA on retinal function in
vivo and detected significant attenuation of the wave amplitudes on ERG. We conclude that stimulation
by mtDNA causes significant retinal dysfunctions in vivo.

Conclusion
Pathological stimulation induces the release of mtDNA into the cytosol of retinal cells[12, 14]. This
cytosolic mtDNA is recognized by the DNA sensor protein cGAS and triggers the cGAS–STING–TBKI–
IRF3–IFN-β pathway, leading to the accumulation of IFN-β and the activation of the inflammatory
response. Cytosolic mtDNA also promotes the expression of the proapoptotic molecules BAX and BAK,
leading to the release of cytochrome c and the subsequent activation of caspases 3 and 9, causing
mitochondrion-induced apoptosis and retinal dysfunction in vivo. In the next study, we will further explore
whether the prevention of mtDNA release can inhibit the inflammation and apoptosis in retina.

Declarations
Ethics approval and consent to participate
This study was approved by the Ethics Committee of the Eye and Ear Nose Throat Hospital of Fudan
University, Shanghai, China.
Consent for publication
Not applicable.
Availability of data and materials
Not applicable.
Competing interests
Page 10/19

None of the authors of this manuscript has any conflict of interest to declare.
Funding
This study was supported by the Youth Project of the National Natural Science Fund (81800846;
81700862). The Shanghai Committee of Science and Technology (grant no. 16411953700, China; grant
no. 16401932500, China). The Study on the Comprehensive Prevention and Control of Common Eye
Diseases in Xuhui District (XHLHGG201807)
Author contributions
YG performed the study and wrote the paper; RG designed and performed the study; DG, FH, YC, JY, BL,
and QS performed the data analysis; GX revised the paper.
Acknowledgements
Not applicable

References
1. Athanasiou D, Aguilà M, Bevilacqua D, Novoselov SS, Parfitt DA, Cheetham ME: The cell stress
machinery and retinal degeneration. Febs Lett 2013, 587:2008-2017.
2. Arnold E TSBG: The hormone prolactin is a novel, endogenous trophic factor able to regulate
reactive glia and to limit retinal degeneration. J Neurosci 2014, 34:1868-1878.
3. Campochiaro PA, Mir TA: The mechanism of cone cell death in Retinitis Pigmentosa. Prog Retin Eye
Res 2018, 62:24-37.
4. Schmidt KG, Bergert H, Funk RH: Neurodegenerative diseases of the retina and potential for
protection and recovery. Curr Neuropharmacol 2008, 6:164-178.
5. Gu R, Lei B, Shu Q, Li G, Xu G: Glucocorticoid-induced leucine zipper overexpression inhibits
lipopolysaccharide-induced retinal inflammation in rats. Exp Eye Res 2017, 165:151-163.
6. Tang W, Ma J, Gu R, Ding X, Lei B, Wang X, Zhuang H, Xu G: Lipocalin 2 Suppresses Ocular
Inflammation by Inhibiting the Activation of NF-κβ Pathway in Endotoxin-Induced Uveitis. Cell
Physiol Biochem 2018, 46:375-388.
7. Gu R, Tang W, Lei B, Ding X, Jiang C, Xu G: Glucocorticoid-Induced Leucine Zipper Protects the Retina
From Light-Induced Retinal Degeneration by Inducing Bcl-xL in Rats. Invest Ophthalmol Vis Sci 2017,
58:3656-3668.
8. Guo Y, Gu R, Yu J, Lei B, Gan D, Xu G: Synthetic Glucocorticoid-Induced Leucine Zipper Peptide
Inhibits Lipopolysaccharide-Induced Ocular Inflammation in Rats. Ophthalmic Res 2020, 63:434442.
9. Zhou R, Yazdi AS, Menu P, Tschopp J: A role for mitochondria in NLRP3 inflammasome activation.
Nature 2011, 469:221-225.
Page 11/19

10. Tait SW, Green DR: Mitochondria and cell signalling. J Cell Sci 2012, 125:807-815.
11. West AP, Shadel GS: Mitochondrial DNA in innate immune responses and inflammatory pathology.
Nat Rev Immunol 2017, 17:363-375.
12. Kerur N, Fukuda S, Banerjee D, Kim Y, Fu D, Apicella I, Varshney A, Yasuma R, Fowler BJ,
Baghdasaryan E, et al: cGAS drives noncanonical-inflammasome activation in age-related macular
degeneration. Nat Med 2018, 24:50-61.
13. Fukuda S, Varshney A, Fowler BJ, Wang SB, Narendran S, Ambati K, Yasuma T, Magagnoli J, Leung
H, Hirahara S, et al: Cytoplasmic synthesis of endogenous Alu complementary DNA via reverse
transcription and implications in age-related macular degeneration. Proc Natl Acad Sci U S A 2021,
118.
14. Guo Y, Gu R, Gan D, Hu F, Li G, Xu G: Mitochondrial DNA drives noncanonical inflammation activation
via cGAS-STING signaling pathway in retinal microvascular endothelial cells. Cell Commun Signal
2020, 18:172.
15. Chen M, Meng Q, Qin Y, Liang P, Tan P, He L, Zhou Y, Chen Y, Huang J, Wang RF, Cui J: TRIM14
Inhibits cGAS Degradation Mediated by Selective Autophagy Receptor p62 to Promote Innate
Immune Responses. Mol Cell 2016, 64:105-119.
16. Fletcher EL: Mechanisms of photoreceptor death during retinal degeneration. Optom Vis Sci 2010,
87:269-275.
17. Wenzel A, Grimm C, Samardzija M, Remé CE: Molecular mechanisms of light-induced photoreceptor
apoptosis and neuroprotection for retinal degeneration. Prog Retin Eye Res 2005, 24:275-306.
18. Okano K, Maeda A, Chen Y, Chauhan V, Tang J, Palczewska G, Sakai T, Tsuneoka H, Palczewski K,
Maeda T: Retinal cone and rod photoreceptor cells exhibit differential susceptibility to light-induced
damage. J Neurochem 2012, 121:146-156.
19. Sancho-Pelluz J, Arango-Gonzalez B, Kustermann S, Romero FJ, van Veen T, Zrenner E, Ekstr枚m P,
Paquet-Durand F: Photoreceptor cell death mechanisms in inherited retinal degeneration. Mol

Neurobiol 2008, 38:253-269.
20. Mitchell P, Liew G, Gopinath B, Wong TY: Age-related macular degeneration. Lancet 2018, 392:11471159.
21. Gao X, Zhu R, Du J, Zhang W, Gao W, Yang L: Inhibition of LOX-1 prevents inflammation and
photoreceptor cell death in retinal degeneration. Int Immunopharmacol 2020, 80:106190.
22. Xu L, Kong L, Wang J, Ash JD: Stimulation of AMPK prevents degeneration of photoreceptors and
the retinal pigment epithelium. Proc Natl Acad Sci U S A 2018, 115:10475-10480.
23. Friedman DS, O'Colmain BJ, Muñoz B, Tomany SC, McCarty C, de Jong PT, Nemesure B, Mitchell P,
Kempen J: Prevalence of age-related macular degeneration in the United States. Arch Ophthalmol
2004, 122:564-572.
24. Owen CG, Fletcher AE, Donoghue M, Rudnicka AR: How big is the burden of visual loss caused by
age related macular degeneration in the United Kingdom? Br J Ophthalmol 2003, 87:312-317.
Page 12/19

25. Wong WL, Su X, Li X, Cheung CM, Klein R, Cheng CY, Wong TY: Global prevalence of age-related
macular degeneration and disease burden projection for 2020 and 2040: a systematic review and
meta-analysis. Lancet Glob Health 2014, 2:e106-e116.
26. Natoli R, Fernando N, Madigan M, Chu-Tan JA, Valter K, Provis J, Rutar M: Microglia-derived IL-1β
promotes chemokine expression by Müller cells and RPE in focal retinal degeneration. Mol
Neurodegener 2017, 12:31.
27. Comitato A, Sanges D, Rossi A, Humphries MM, Marigo V: Activation of Bax in three models of
retinitis pigmentosa. Invest Ophthalmol Vis Sci 2014, 55:3555-3562.
28. Ou-Yang Y, Liu ZL, Xu CL, Wu JL, Peng J, Peng QH: miR-223 induces retinal ganglion cells apoptosis
and inflammation via decreasing HSP-70 in vitro and in vivo. J Chem Neuroanat 2020, 104:101747.
29. Augustine J, Pavlou S, Ali I, Harkin K, Ozaki E, Campbell M, Stitt AW, Xu H, Chen M: IL-33 deficiency
causes persistent inflammation and severe neurodegeneration in retinal detachment. J
Neuroinflammation 2019, 16:251.
30. Patel S: Danger-Associated Molecular Patterns (DAMPs): the Derivatives and Triggers of
Inflammation. Curr Allergy Asthma Rep 2018, 18:63.
31. Nakahira K, Hisata S, Choi AM: The Roles of Mitochondrial Damage-Associated Molecular Patterns
in Diseases. Antioxid Redox Signal 2015, 23:1329-1350.
32. Roger AJ, Muñoz-Gómez SA, Kamikawa R: The Origin and Diversification of Mitochondria. Curr Biol
2017, 27:R1177-R1192.
33. Qu Y, Yang C, Li X, Luo H, Li S, Niu M, Chen P, Yan Z, Jiang Y: CpG-Oligodeoxynucleotides Alleviate
Tert-Butyl Hydroperoxide-Induced Macrophage Apoptosis by Regulating Mitochondrial Function and
Suppressing ROS Production. Oxid Med Cell Longev 2020, 2020:1714352.
34. Riley JS, Tait SW: Mitochondrial DNA in inflammation and immunity. Embo Rep 2020, 21:e49799.
35. He Y, Feng D, Li M, Gao Y, Ramirez T, Cao H, Kim SJ, Yang Y, Cai Y, Ju C, et al: Hepatic mitochondrial
DNA/Toll-like receptor 9/MicroRNA-223 forms a negative feedback loop to limit neutrophil
overactivation and acetaminophen hepatotoxicity in mice. Hepatology 2017, 66:220-234.
36. Takaoka A, Wang Z, Choi MK, Yanai H, Negishi H, Ban T, Lu Y, Miyagishi M, Kodama T, Honda K, et al:
DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and an activator of innate immune response. Nature
2007, 448:501-505.
37. Gao P, Ascano M, Wu Y, Barchet W, Gaffney BL, Zillinger T, Serganov AA, Liu Y, Jones RA, Hartmann G,
et al: Cyclic [G(2',5')pA(3',5')p] is the metazoan second messenger produced by DNA-activated cyclic
GMP-AMP synthase. Cell 2013, 153:1094-1107.
38. Ablasser A, Goldeck M, Cavlar T, Deimling T, Witte G, R枚hl I, Hopfner KP, Ludwig J, Hornung V: cGAS
produces a 2'-5'-linked cyclic dinucleotide second messenger that activates STING. Nature 2013,
498:380-384.
39. Davidovich P, Kearney CJ, Martin SJ: Inflammatory outcomes of apoptosis, necrosis and necroptosis.
Biol Chem 2014, 395:1163-1171.
Page 13/19

40. Liang WJ, Yang HW, Liu HN, Qian W, Chen XL: HMGB1 upregulates NF-kB by inhibiting IKB-α and
associates with diabetic retinopathy. Life Sci 2020, 241:117146.
41. Adams JM, Cory S: The Bcl-2 protein family: arbiters of cell survival. Science 1998, 281:1322-1326.
42. McArthur K, Whitehead LW, Heddleston JM, Li L, Padman BS, Oorschot V, Geoghegan ND, Chappaz S,
Davidson S, San CH, et al: BAK/BAX macropores facilitate mitochondrial herniation and mtDNA
efflux during apoptosis. Science 2018, 359.
43. Pereira GC, Pereira SP, Tavares LC, Carvalho FS, Magalh茫es-Novais S, Barbosa IA, Santos MS, Bjork J,
Moreno AJ, Wallace KB, Oliveira PJ: Cardiac cytochrome c and cardiolipin depletion during
anthracycline-induced chronic depression of mitochondrial function. Mitochondrion 2016, 30:95-104.
44. Yadav N, Gogada R, O'Malley J, Gundampati RK, Jayanthi S, Hashmi S, Lella R, Zhang D, Wang J,
Kumar R, et al: Molecular insights on cytochrome c and nucleotide regulation of apoptosome
function and its implication in cancer. Biochim Biophys Acta Mol Cell Res 2020, 1867:118573.
45. Saleh A, Srinivasula SM, Acharya S, Fishel R, Alnemri ES: Cytochrome c and dATP-mediated
oligomerization of Apaf-1 is a prerequisite for procaspase-9 activation. J Biol Chem 1999,
274:17941-17945.
46. Katoh I, Sato S, Fukunishi N, Yoshida H, Imai T, Kurata S: Apaf-1-deficient fog mouse cell apoptosis
involves hypo-polarization of the mitochondrial inner membrane, ATP depletion and citrate
accumulation. Cell Res 2008, 18:1210-1219.
47. Acehan D, Jiang X, Morgan DG, Heuser JE, Wang X, Akey CW: Three-dimensional structure of the
apoptosome: implications for assembly, procaspase-9 binding, and activation. Mol Cell 2002, 9:423432.
48. Vince JE, Tschopp J: IRF-3 partners Bax in a viral-induced dance macabre. Embo J 2010, 29:16271628.
49. Chattopadhyay S, Yamashita M, Zhang Y, Sen GC: The IRF-3/Bax-mediated apoptotic pathway,
activated by viral cytoplasmic RNA and DNA, inhibits virus replication. J Virol 2011, 85:3708-3716.
50. Sze A, Belgnaoui SM, Olagnier D, Lin R, Hiscott J, van Grevenynghe J: Host restriction factor
SAMHD1 limits human T cell leukemia virus type 1 infection of monocytes via STING-mediated
apoptosis. Cell Host Microbe 2013, 14:422-434.
51. Petrasek J, Iracheta-Vellve A, Csak T, Satishchandran A, Kodys K, Kurt-Jones EA, Fitzgerald KA, Szabo
G: STING-IRF3 pathway links endoplasmic reticulum stress with hepatocyte apoptosis in early
alcoholic liver disease. Proc Natl Acad Sci U S A 2013, 110:16544-16549.

Figures

Page 14/19

Figure 1
Real-time PCR was used to measure the copy numbers of mtDNA in the cytoplasm of retinal tissue.
Copies of mtDNA released from the mitochondria into the cytoplasm of retinal tissues of the control and
after light-exposure at 1, 3, 5, and 7 days (A) or control and an intravitreal injection of LPS (2 μl, 100
ng/ml) (B) at 1, 3, 5, and 7 days. *P < 0.05, **P < 0.01, n = 3 biological replicates in each group.
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Figure 2
A: Western blotting was used to evaluate the changes in proteins in retinas at 1, 3, 5, and 7 days after
mtDNA stimulation (0.02 μg/μl, 2 μl). β-Actin was used as the loading control. Real-time PCR was used to
evaluate the transcription of cGAS (B), STING (D), and IFNB1 (I) in retinas after stimulation with mtDNA
(0.02 μg/μl, 2 μl) for different times. Western blotting analysis of cGAS (C), STING (E), phospho-TBK1 (F),
phospho-IRF3 (G), and INF-β (H) in retinas after stimulation with mtDNA (0.02 μg/μl, 2 μl) for different
times. *P < 0.05, **P < 0.01, n = 3 biological replicates in each group.

Figure 3
mtDNA stimulation (0.02 μg/μl, 2 μl) caused retinal cell damage, assayed with TUNEL staining after 7
days. (A) Representative retinal sections from the mtDNA retinal transfection group and normal control
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group. GCC, ganglion cell complex; INL, inner retinal nuclear layer; ONL, outer retinal nuclear layer. (B)
Statistical analysis of the percentage of TUNEL-positive cells in each group. In each section, two areas
500 µm away from the optic nerve head, were selected for analysis. The number of TUNEL-positive cells
was counted in each visual field and averaged. Only one section was chosen from each eye. n = 3
biological replicates in each group; **P < 0.01, scale bar: 50 μm.

Figure 4
Mitochondrial apoptotic signaling pathway was activated by mtDNA stimulation (0.02 μg/μl, 2 μl). (A)
Western blotting of retinal BAK, BAX, cleaved caspase 9, cleaved caspase 3, and cytochrome c protein
levels in the normal control group and mtDNA-transfected groups after 1, 3, 5, and 7 days. Western
blotting analysis of cleaved caspase 3 (B), cleaved caspase 9 (C), BAK (F), and BAX (G) in retinas after
stimulation with mtDNA (0.02 μg/μl, 2 μl) for different times. Real-time PCR was used to evaluate the
transcription of Bax (D) and Bak (E) in retinas after stimulation with mtDNA (0.02 μg/μl, 2 μl) for different
times. Western blotting of cytochrome c expression in cytosolic (H) and mitochondrial extracts (I) of
retinas from each group. β-Actin was used as the loading control. VDAC1 was used as the internal control
for mitochondrial proteins. *P < 0.05, **P < 0.01, n = 3 biological replicates in each group.
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Figure 5
Retinal function at 1, 3, and 7 days after mtDNA stimulation. Representative images of a- and b-waves on
rod-ERG, max-ERG, cone-ERG, and flicker-ERG in the control (left) eyes and mtDNA-treated (right) eyes
were recorded, in that order, using the Espion Visual Electrophysiology system.
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Figure 6
Statistical analysis of the amplitudes (μV) of the a- and b-waves on ERG at 1, 3 and 7 days after mtDNA
stimulation (0.02 μg/μl, 2 μl). The right eye of each rat was intravitreally injected with mtDNA and the left
eye of each rat was intravitreally injected control solution. (A) The a-wave amplitudes on rod-ERG. (B) The
a-wave amplitudes on max-ERG. (C) The a-wave amplitudes on cone-ERG. (D) The b-wave amplitudes on
rod-ERG. (E) The b-wave amplitudes on max-ERG. (F) The b-wave amplitudes on cone-ERG. (G) FlickerERG amplitudes. Data are means ± SD, n = 6 per group, *P < 0.05.
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