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Although accumulated evidence supports the notion that calpain contributes to eye disease, the mechanisms by which calpain
promotes RPE injury are not defined. The present study is aimed at investigating whether the effect of NaIO3-exos (exosomes
derived from RPE cells under NaIO3 stimulation) on the dysfunction of the autophagy-lysosomal pathway (ALP) and
apoptosis is based on its regulation of calpain activation in ARPE-19 cells and rats. The results showed that calpain-2
activation, ALP dysfunction, and apoptosis were induced by NaIO3-exos in ARPE-19 cells. NaIO3-exo significantly increased
autophagic substrates by activating lysosomal dysfunction. ALP dysfunction and apoptosis in vitro could be eliminated by
knocking down calpain-2 (si-C2) or the inhibitor calpain-2-IN-1. Further studies indicated that NaIO3-exo enhanced calpain-2
expression, ALP dysfunction, apoptosis, and retinal damage in rats. In summary, these results demonstrate for the first time
that calpain-2 is one of the key players in the NaIO3-exo-mediated ALP dysfunction, apoptosis, and retinal damage and
identify calpain-2 as a promising target for therapies aimed at age-related macular degeneration (AMD).

1. Introduction

Age-related macular degeneration (AMD) is a progressive
neurodegenerative disease with a high rate of blindness,
which affects vision in older individuals worldwide [1].
AMD is subdivided into two forms: wet AMD (about 5%)
and dry AMD (more than 90%). The degeneration of the
retinal pigment epithelial (RPE), which results in the sec-
ondary death of photoreceptors and drusen, is the primary
feature observed in dry AMD. However, wet AMD is charac-
terized by choroidal neovascularization (CNV) [2]. RPE loss
may also cause loss of the choriocapillaris. Therefore, RPE
plays a key role in AMD [3].

RPE cells can secrete exosomes in a paracrine manner to
interfere with neighboring cells. Furthermore, the patholog-
ical process of eye diseases could be influenced by exosomes
delivered via intranasal, intraocular, intravenous, and other

mechanisms [4]. The role of RPE-derived exosomes in a
potentially harmful oxidative response has been well estab-
lished under photooxidative blue-light stimulation condi-
tions [5]. Exosomes secreted by rotenone could increase
cell apoptosis, oxidative injury, and inflammation in
ARPE-19 cells [6]. RPE cell necrosis followed by photore-
ceptor cell apoptosis and choriocapillaris was evoked in
NaIO3-treated mice [7]. However, the role of exosomes
induced by NaIO3 (NaIO3-exo) in RPE insult is unknown.

The pathological changes including apoptosis, autoph-
agy, and oxidative stress occur during the AMD process.
Autophagy is an evolutionarily conserved and lysosome-
dependent protein degradation process. AMD is usually
associated with autophagy-lysosomal pathway (ALP) dys-
regulation [8]. We have previously found that Earle’s bal-
anced salt solution (EBSS) induced autophagy in ARPE-19
cells, whereas the detailed roles of the dynamic changes in
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the autophagy-lysosomal function remain unclear [9]. Cal-
pains can be activated by calcium influx and play critical
roles in neurodegenerative disease [10–12]. Calpain-2 is usu-
ally identified as the major harmful form of calpain in AMD.
Activated calpain-2 has been shown to break down
autophagy-related proteins and mitochondrial membrane
proteins, which may participate in EBSS-induced RPE death
[13]. It has been shown that lysosomal and autophagy
defects caused by calpain-induced lysosomal membrane per-
meabilization (LMP) are closely associated with the loss of
the polycystic kidney disease gene 1 (PKD1) in kidney dis-
ease [14]. Evidence has shown that calpain-2 can modulate
autophagy by cleaving the autophagy-related proteins
ATG3 (autophagy related 3) and ATG7 (autophagy related
7) in ischemia–reperfusion injury [15]. Calpain-2 also plays
a pivotal role in the tumor necrosis factor- (TNF-) α-
induced autophagy in mouse hippocampal neurons [16].
Moreover, the tunicamycin-mediated calpain-2-dependent
endoplasmic reticulum stress pathway leads to hepatic stel-
late cell apoptosis [17]. In addition, it has been reported that
calpain-2 is involved in neuronal apoptosis induced by poly-
brominated diphenyl ether-153 [18]. However, the role of
calpain-2 in regulating ALP function and apoptosis in
NaIO3-exo-induced RPE insult is so far unknown.

In the present study, we investigated the role of calpain-2
in regulating ALP functions and apoptosis in NaIO3-exo-
induced RPE insult in ARPE-19 cells and rats. First, the goal
was to explore the effects of NaIO3-exo on the calcium flux,
autophagic flux defects, lysosome dysfunction, and apoptosis
in ARPE-19 cells. Chloroquine (CQ) and 3-methyladenine
(3-MA) were used to confirm whether the increase in
autophagic substrates was due to lysosomal dysfunction.
Knocking down of the calpain-2 or inhibitor calpain-2-IN-
1 was used to study the possible role of calpain-2 on the
dynamic changes of the ALP function and apoptosis in
ARPE-19 cells. Finally, NaIO3-exo-induced calpain-2 activa-
tion, ALP dysfunction, apoptosis, and retinal damage were
evaluated in rats. Our data show that NaIO3-exos induce
autophagic/lysosomal defects and apoptosis through
calpain-2 in ARPE-19 cells and rats.

2. Materials and Methods

2.1. Cell Culture and Treatment. ARPE-19 cells, purchased
from Shanghai GuanDao Biotech Co. Ltd., were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12
(Hyclone, Logan, UT, USA) containing 10% free exosome
FBS (Gibco, Grand Island, NY, USA). Cells that had grown
to 80% confluence were used in the experiments. ARPE-19
cells were subcultured in 6-well plates at a seeding density
of 2 × 105 cells/well for 24h. Then, the cells were exposed
to NaIO3-exos (40μg/ml) for 6, 12, or 24 h for our experi-
ments. The cultures were exposed to con-exos (40μg/ml)
or normal medium for 24 h and used as negative controls.

2.2. Exosome Isolation and Characterization. The NaIO3-
induced ARPE-19 cells and untreated ARPE-19 cells were
centrifuged at 4°C and 300 g for 10 minutes. Cell culture
supernatants were collected and centrifuged at 4°C sequen-

tially for 10min at 2000 g, 30min at 10 000 g, and 70min
at 100 000 g. The suspension was filtered through a
0.22μm membrane and centrifuged again for 70min at 100
000 g (Optima XPN-100 Ultracentrifuge, Beckman, USA).
The exosome secreted from untreated ARPE-19 cells was
named the con-exo group, while the exosome secreted from
the NaIO3-induced ARPE-19 cells was named the NaIO3-
exo group. The exosome concentration was measured using
a BCA protein assay kit (Beyotime Biotech). The final exo-
some concentration was 1.48mg·ml-1. The morphology of
the exosomes was observed and photographed using a trans-
mission electron microscope (H-7650 TEM, Hitachi, Japan).
Particle size distribution of exosomes was analyzed by Nano-
particle Tracking Analysis (NTA). Potential surface markers
were examined by western blotting and flow cytometry
assay.

2.3. Flow Cytometry. The results from the flow cytometric
analysis of exosomes labeled with TSG101 (ab125011) or
CD63 (ab271286) were compared to a rabbit monoclonal
IgG (ab172730) isotype control. The cytosolic-free calcium
was detected using Fluo-3 AM. The number of dead cells
was determined by FITC-AnnexinV (AV)/propidium iodide
(PI) double staining (Absin, Shanghai, China, ABS50001A).

2.4. Immunofluorescence. Cells were fixed with 4% parafor-
maldehyde (PFA). After extensive washing, the cells were
incubated overnight at 4°C with primary antibodies LAMP1
(1 : 500; Abcam, ab24170), LC3 (1 : 1000; Abcam, ab63817),
and DAPI (1 : 200; Beyotime Biotech) in PBS. Next, cells
were washed and incubated with a fluorochrome-coupled
secondary antibody (1 : 200; Beyotime Biotech, Alexa Fluor
488, Alexa Fluor 594). The images were taken using a confo-
cal microscope (Olympus; Tokyo, Japan). Images were ana-
lyzed with the Image-Pro Plus 6.0 software (Media
Cybernetics, Silver Spring, MD).

2.5. Cell Transfection. To silence calpain-2, ARPE-19 cells
were transfected with calpain-2 siRNA or nonspecific siRNA
using Lipofectamine 2000 for 12h. After changing the
medium, the cells were incubated for another 48h. The con-
trol sequence was 5′-UUCUCCGAACGUGUCACGUTT-3′.
The specific siRNA against calpain-2 was 5′-GAAGUGGAA
ACUCACCAAATT-3′. Transfection efficiency was evalu-
ated by western blotting (GenePharma; Shanghai, China).

2.6. Western Blotting. The protocol of the western blot anal-
ysis is described in detail elsewhere [9]. The primary anti-
bodies were as follows: calpain-1 (1 : 1000; Cambridge, MA,
USA, ab108400), calpain-2 (1 : 1000; Abcam, ab126600),
LAMP1 (1 : 1000; Abcam, ab24170), CTSB (1 : 1000; Milli-
pore, 06480-1), LC3 (1 : 1000; Abcam, ab63817), Beclin-1
(1 : 1000; CST, Technology, Boston, MA, USA, #3495), P62
(1 : 1000; Abcam, ab109012), ATG5 (1 : 500; CST, #12994),
TSG101 (1 : 1000; Abcam, ab125011), CD63 (1 : 1000;
Abcam, ab271286), V-ATPase (1 : 500; Abcam, ab105937),
VAMP7 (1 : 1000; CST, #13920), and β-actin (1 : 500; Pro-
teintech, Chicago, USA, 66009).
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Figure 1: Continued.
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2.7. Animals and NaIO3-Exo-Induced AMD Rat Model. 6–8
week-old male Sprague-Dawley (SD) rats for the AMD
model were supplied by the Experimental Animal Centre
of the Shenyang Pharmaceutical University. All experi-
ments were carried out according to the Regulations of
the Experimental Animal Administration issued by the
State Committee of Science and Technology of China.
Approval for this study was obtained from the Institu-
tional Ethics Review Board of Shenyang Pharmaceutical
University.

The rats were randomly divided into three groups: con-
trol group, con-exo group, and NaIO3-exo group. Rats were
anesthetized by intraperitoneal injection of 1% pentobarbital
sodium salt (30mg/kg), supplemented with topical applica-
tion of proparacaine hydrochloride (0.5%; provided by
Zhongshan University). 5μL con-exo or NaIO3-exo was
injected into the subretinal cavity of the right eye of each
animal in the con-exo and the NaIO3-exo groups. The eyes
of the controls were injected with saline solution as previ-
ously reported [19]. Ofloxacin eye ointment was applied to
the rats after each injection to prevent infection, and the ani-
mals were examined with a slit lamp.

2.8. Exosome Tracking. Before injection, exosomes were
incubated with molecular probes (Vybrant™ DiO) at a final
concentration of 1μM at 37°C for 30min. The labeled exo-
somes were isolated by Exoquick-TC (System Biosciences)
and centrifuged at 14 000 g for 30 minutes. The exosomes
were washed with PBS and resuspended in PBS on ice. Exo-
somes were recorded on days 0, 7, and 14 after injection. All
retina images were obtained using a confocal microscope
(Olympus, Tokyo, Japan).

2.9. Hematoxylin and Eosin (HE) Staining. The rats were
euthanized two weeks after injection. Their eyes were per-
fused and stored in Bouin’s solution (n = 4/group). The eyes

were embedded in paraffin after generating 4μm-thick serial
sections. The eye sections were processed according to the
standard procedure and then stained with H&E staining.
The images were acquired using a light microscope (Olym-
pus BX40, Tokyo, Japan).

2.10. TUNEL Assay. Cell apoptosis rate in ARPE-19 cells and
rat retinal tissues was visualized by using the terminal deox-
ynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay with an apoptosis detection kit (Roche, Mannheim,
Germany). The TUNEL assay was performed according to
the manufacturer’s protocol.

2.11. Statistics. Statistical analysis was performed using SPSS
21.0 (SPSS Inc., Chicago, IL) and GraphPad Prism 6.0
(GraphPad Software Inc). Results are reported as the mean
± standard error of themean (SEM). One-way ANOVA
and Dunnett’s posttest were used to determine the statistical
significance. The values were considered significant when P
was <0 05.

3. Results

3.1. The Characterization of Exosomes Secreted by ARPE-19
Cells or NaIO3-Stimulated ARPE-19 Cells. The morphology
of exosomes secreted by untreated ARPE-19 cells or
NaIO3-stimulated ARPE-19 cells was examined using
TEM. The TEM images showed that the exosomes were
cup-shaped with diameters between 50 and 150nm
(Figure 1(a)). Western blotting demonstrated that the exoso-
mal protein markers of TSG101 and CD63 were highly
expressed in isolated particles (Figure 1(b)). Consistent with
the findings from TEM, NTA results indicated that the par-
ticle diameter ranged from 50 to 150nm (Figure 1(c)). Addi-
tionally, flow cytometric analysis revealed that the positivity
rates of CD63 and TSG101 in the control group are 99.0%
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Figure 1: The characterization of exosomes secreted by ARPE-19 cells or NaIO3-stimulated ARPE-19 cells. (a) Exosome morphology
detected by TEM. (b) The expression levels of the specific exosomal biomarker TSG101 and CD63 proteins were examined by western
blotting. (c) Diameter distribution of the particles detected by NTA (nm). (d) Flow cytometry results indicated that the exosomes in the
control group were CD63 (99.0%) and TSG101 (99.6%) positive. (e) Flow cytometry results indicated that the exosomes were CD63
(99.0%) and TSG101 (94.7%) positive in the NaIO3 group.
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Figure 2: Continued.
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and 99.6%, respectively (Figure 1(d)). The positivity rates of
CD63 and TSG101 in the NaIO3 group are 99.0% and 94.7%,
respectively (Figure 1(e)).

3.2. Exosome (NaIO3) Induced Calcium Overload,
Autophagy, and Apoptosis in ARPE-19 Cells. First, our data
showed no significant difference in calcium flux, autophagic
flux, and lysosome function between the control group and
the con-exo group at 0 h, 6 h, and 24h. Therefore, a time
period of 24 h was selected for our experiments (Figure 1
in the Data Supplement). To explore the role of NaIO3-exo
on calcium flux in the ARPE-19 cells, the extracted con-
exos (40μg/ml) were cocultured with ARPE-19 cells for
24 h, and the extracted NaIO3-exos (40μg/ml) were
cocultured with ARPE-19 cells for 6 h, 12 h, and 24h. The
data showed that NaIO3-exo significantly increased
cytosolic-free calcium compared with the control group,
which suggests that NaIO3-exo triggered calcium overload
in the ARPE-19 cells (Figures 2(a) and 2(b)). P62 levels in
both Triton X-100-soluble and Triton X-100-insoluble
fractions, autophagic marker LC3, and calpain-1/2 were
detected by western blotting. The results showed that
NaIO3-exo markedly increased the expression of calpain-2,
the autophagic marker LC3II, and the insoluble P62 in
ARPE-19 cells in the time frame of 6 to 24 h, which is
consistent with the effects of NaIO3 (Figures 2(c)–2(e),
Figure 2C-E in the Data Supplement). Our previous study
had demonstrated that NaIO3 increased the cell apoptosis
rate at 24 h in ARPE-19 cells (Figure 2F, G in the Data

Supplement). Consistently, NaIO3-exo significantly
promoted apoptosis in ARPE-19 cells compared with the
control group (Figures 2(f) and 2(g)). Our data suggest
that NaIO3-exo induced calpain activation, autophagy, and
cell apoptosis in ARPE-19 cells.

3.3. Exosome (NaIO3) Induced Lysosome Dysfunction in
ARPE-19 Cells. The lysosome is an essential organelle for
the digestion of autophagic substrates [20]. To further
explore whether NaIO3-exo induces autophagosome accu-
mulation by increasing the formation or decreasing the deg-
radation of autophagosomes, we examined changes in the
expression of the lysosomal markers LAMP1 and CTSB.
The protein expression of Mat-CTSB decreased from 6h
until 24 h, and the expression of LAMP1 significantly
increased at 6 h and then gradually decreased compared with
the control group, indicating that lysosomes ruptured at the
late stage of the NaIO3-exo action. V-ATPase, a proton
pump that is responsible for establishing and maintaining
the acidic environment of lysosomes, was also examined.
The findings suggest that the expression of ATP6V0A1
significantly decreased compared with the control group.
Moreover, the expression of VAMP7, a member of the
SNARE complex, responsible for the fusion of lysosomes with
autophagosomes, significantly decreased (Figures 3(a)–3(d))
[21, 22]. We also assessed lysosomal function by using confo-
cal microscopy to examine LAMP1. Consistent with the west-
ern blotting results, immunofluorescence analysis of LAMP1
showed that the fluorescence signal initially increased and
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Figure 2: The effects of exosomes (NaIO3) on calcium fluxes, calpain activation, autophagic flux defects, and apoptosis in ARPE-19
cells. (a, b) The cytosolic-free calcium was detected using a flow cytometer. (c–e) Western blot analysis was performed to detect the
expression levels of calpain-1, calpain-2, and autophagy-related proteins in ARPE-19 cells. (f, g) The apoptosis rate of ARPE-19 cells
was evaluated by flow cytometry. #P < 0:05, ##P < 0:01 vs. Con (control group).
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then decreased again (Figures 3(e) and 3(f)). These findings
reveal that NaIO3-exo induced marked lysosomal dysfunction
in ARPE-19 cells.

3.4. The Effect of Exosomes (NaIO3) on the Defects in ALP
due to Lysosome Dysfunction. To determine whether the
effect of NaIO3-exo on ARPE-19 cells was related to
autophagy-lysosomal pathway (ALP) dysfunction, we inves-
tigated the ALP-related proteins in the presence of two dif-
ferent autophagy inhibitors, 3-methyladenine (3-MA,
1mM) or chloroquine (CQ, 40μM). The data showed that
NaIO3-exo caused increased LC3II and insoluble P62 levels
as compared with the control group, while downregulating
LAMP1, Mat-CTSB, and soluble P62 levels. These levels
were not altered in the presence of CQ, suggesting that the
autophagic flux was markedly impaired. However, 3-MA
markedly decreased the LC3II and insoluble P62 levels,
and the expression levels of LAMP1 and Mat-CTSB were
increased. No change was observed in the calpain-2 level in
the presence of NaIO3-exo, CQ, or 3-MA (Figures 4(a)–
4(c)). Similarly, confocal microscopy analysis showed that
NaIO3-exo dramatically increased the expression of LC3II,

but 3-MA slightly decreased the LC3II level (Figures 4(d)
and 4(e)). These data confirmed that the increase in autoph-
agic substrates was due to lysosomal dysfunction.

3.5. Calpain-2 Involvement in the Promotion of ALP
Function and Apoptosis in ARPE-19 Cells. The knocking
down of calpain-2 (si-C2) or the inhibitor calpain-2-IN-1
was used to further explore the possible role of calpain-2
on the dynamic changes of the ALP function and apoptosis
in ARPE-19 cells. It has been demonstrated that calpain-2
cleaves ATG proteins [15]. Therefore, we also examined
the expression of Beclin1 and ATG5. The data showed that
the protein levels of calpain-2, Beclin1, ATG5, and LC3II
were significantly upregulated in the si-NC or NaIO3-exo
groups, relative to the control group. Inhibition of calpain-
2 by genetic knockdown with si-C2 or the pharmacological
inhibitor calpain-2-IN-1 markedly decreased the expression
of calpain-2, Beclin1, ATG5, and LC3II, suggesting that
calpain-2 activation can promote autophagosome accumula-
tion. We also examined lysosome function under calpain-2
inhibition conditions. Inhibition of calpain-2 by either si-
C2 or calpain-2-IN-1 increased the expression of LAMP1
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Figure 3: Exosome (NaIO3) induced lysosome dysfunction in ARPE-19 cells. (a–d) The levels of LAMP1, CTSB, ATP6V0A1, and VAMP7
were detected by western blotting. (e, f) Confocal microscopy images of ARPE-19 cells labeled with anti-LAMP1 (green) and nuclear-stained
labeled with DAPI (blue). #P < 0:05, ##P < 0:01 vs. Con (control group).
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and Mat-CTSB (Figures 5(a)–5(c) and 6(a)–6(c)). In addi-
tion, we further examined the role of calpain-2 on ARPE-
19 cell apoptosis. The TUNEL assay revealed that the apo-
ptosis rate significantly increased in the si-NC or NaIO3-
exo group but was ameliorated by the si-C2 or calpain-2-
IN-1 treatment (Figures 5(d), 5(e), 6(d), and 6(e)). These
results provide evidence that NaIO3-exo–activated calpain-
2 participates in the ALP function and ARPE-19 cell
apoptosis.

3.6. Exosome (NaIO3) Induced Calpain-2 Activation, ALP
Dysfunction, Apoptosis, and Retinal Damage in Rats. To
determine the dynamic distribution of NaIO3-exo in the ret-

ina, NaIO3-exos were labeled with DiO before injection.
NaIO3-exos started to appear in the retina at 1 h after injec-
tion. They diffused throughout the retinal pigment epithe-
lium (RPE) at 1 h and gradually spread to the retinal
ganglion cells (RGCs). They showed no green fluorescence
on day 14 (Figure 7(a)).

Next, we examined the effects of the NaIO3-exo on the
retinal injury. On postinjection day 14, images of HE
staining revealed that RGCs and RPEs showed low num-
bers and disordered nuclei in the NaIO3-exo group. Fur-
thermore, there were a lot of RPEs that seemed to have
moved from the subretinal space to the choroid
(Figure 7(b)). The TUNEL assay showed that, compared
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Figure 4: The effects of CQ or 3-MA on the ALP dysfunction and calpain-2 in ARPE-19 cells. (a–c) Calpain-2 and ALP-related proteins were
examined by western blotting. (d, e) Representative immunofluorescence images and quantitative analysis of autophagosomes (LC3-positive
cells shown in red). #P < 0:05, ##P < 0:01 vs. Con (control group). ∗P < 0:05, ∗∗P < 0:01 vs. NaIO3-exo group. &P < 0:05 vs. CQ group.
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Figure 5: Knockdown of the calpain-2 enhanced ALP function and attenuated apoptosis in ARPE-19 cells. (a–c) Western blotting showed
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with the control group, the cell apoptosis rate markedly
increased in the NaIO3-exo group. A comparison between
the control and con-exo group showed no significant dif-
ferences (Figures 7(c) and 7(d)).

In addition, the expression levels of calpain-2 and ALP-
related proteins were examined by western blotting in the

retina. As shown in Figures 7(e)–7(g), compared with the
control group, calpain-2 and ALP-related proteins signifi-
cantly increased by NaIO3-exo. These data suggest that
NaIO3-exo enhanced calpain-2 expression, ALP dysfunc-
tion, apoptosis, and retinal damage in rats. These results
are consistent with the in vitro data.
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Figure 7: Exosome (NaIO3) induced calpain-2 activation, ALP dysfunction, and apoptosis in rat retina. (a) Exosome tracking analysis was
used to assess the location of exosomes in the retina on day 0, day 7, and day 14 after injection. The white arrows are pointing toward the
RPE cell layer. (b) HE staining and light micrographs were performed on the retinal cross-sections. The black arrows are pointing toward the
RPE cells. (c, d) The TUNEL assay examined the retinal cell apoptosis in rats. GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner
nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; POS: photoreceptor outer segments; RPE: retinal pigment epithelium;
CH: choroid. (e–g) Calpain-2 and ALP-related proteins were examined by western blotting. #P < 0:05, ##P < 0:01 vs. Con (control group).
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4. Discussion

Sodium iodate (NaIO3) is widely used to simulate the dam-
age during progressive AMD. In treatment with NaIO3, ret-
inal pigment epithelium (RPE) is generally accepted as the
primary cause of lesions, and photoreceptors are the second
one contributing to visual impairment [23, 24]. In the previ-
ous study, we evaluated the toxic effect of NaIO3 on ARPE-
19 cells at different doses. The results indicate that NaIO3
induced calpain activation, autophagy, and cell apoptosis
in ARPE-19 cells. It should be noted in particular that exo-
somes derived from RPE cells under NaIO3 stimulation
mediated autophagy, apoptosis, and other signaling path-
ways led to RPE injury in this study, rather than NaIO3.
Because the exosome concentration selected in this study
was 40μg·ml-1, 2.5mM (800μg·ml-1) of sodium iodate, it
did not affect ARPE-19 cells (Figure 2 in the Data
Supplement).

ARPE-19 is a line of human RPE cells that show differ-
entiating properties of RPE in vivo. To verify that ARPE-
19 cells preserved their RPE phenotype, RPE65 immunoflu-
orescence was performed. The expression of RPE65 con-
firmed that ARPE-19 preserved their RPE phenotype
(Figure 3A in the Data Supplement). Staining of ZO-1
revealed an overall “cobblestone” appearance and
intercellular tight junctions in ARPE-19 cells (Figure 3B in
the Data Supplement). A TER assay was used to evaluate
the integrity of the RPE barrier. The TER in DMEM-F12
with 1% FBS gradually increased and reached a plateau at
46.33 Ω·cm-2 after 4 weeks of culture, which was similar to
the original TER report for this medium (Figure 3C in the
Data Supplement) [25–31]. Our results demonstrate that
ARPE-19 cells have structural and functional properties
characteristic of RPE cells in vivo and suggest that this cell
line could be used for in vitro studies of retinal pigment
epithelium physiology.

Exosomes are released outside the cell by exocytotic
activity. The released exosomes carry double-stranded
DNA, mRNA, noncoding RNA (microRNA and lncRNA),
and undigested or partially digested proteins out of the cell.
This suggests that exosomes act as vital mediators during
intercellular communication [32, 33]. Exosomes perform
important roles in both physiological and pathological pro-
cesses in AMD [34, 35]. Recent analysis has indicated that
exosomes have therapeutic effects on pathological retinal
angiogenesis [36]. However, some studies showed that,
under certain conditions, exosomes mediate inflammation
and apoptosis during retinal injury [5, 6]. In addition, it
has been shown that in aged RPE in vivo, there is an age-
related increased exocytotic activity leading to the release
of intracellular proteins via exosomes, which contribute to
the formation of drusen [37]. We hypothesize that local
delivery of NaIO3-exo (exosomes from RPE cells under
NaIO3 stimulation) could be harmful to normal ARPE-19
cells. The extracted exo or NaIO3-exo was cocultured with
ARPE-19 cells for 24 h. The data showed that NaIO3-exo
induced calpain activation, autophagy, and cell apoptosis
in ARPE-19 cells, which is consistent with the toxic effect
of NaIO3. For further evaluation of the exosome role in

AMD, specific components of exosomes secreted by injured
RPE cells should be targeted in future studies.

It is well known that abnormal autophagy and apoptosis
contribute to the development of AMD [38, 39]. Our data
showed that the dying cells displayed a large-scale accumu-
lation of autophagosomes following NaIO3 insult. NaIO3-
exo significantly promoted apoptosis in ARPE-19 cells.
These results support the idea that RPE cell death is poten-
tially related to autophagy.

An increasing number of researchers have investigated the
autophagic flux and autophagosomes using various AMD
models [40]. Here, we explored the dynamic change of the
autophagy-lysosomal pathway (ALP) function induced by
NaIO3-exo in both ARPE-19 cells and rats. Western blot anal-
ysis of cell lysates prepared in Triton X-100-containing lysis
buffers under autophagic conditions shows a reduction in
P62 levels. However, this does not necessarily indicate that
P62 is degraded because P62 aggregates are insoluble under
these particular detergent lysis conditions [41]. Therefore,
both Triton X-100-insoluble and Triton X-100-soluble P62
fractions were investigated in our study. We found that
NaIO3-exo markedly upregulated the expression of the
autophagic marker LC3II and the substrate insoluble P62
but downregulated the soluble P62 level in ARPE-19 cells.

The accumulation of the LC3II protein or autophago-
somes can be related to the decreased lysosomal degradation
of autophagosomes [41, 42] because autophagosomes fuse
with and are then degraded by lysosomes. Therefore, we
investigated whether lysosomal dysfunction and defective
autophagosome/lysosome fusion could be present. In our
study, the protein expression of the lysosomal marker Mat-
CTSB decreased from 6h to 24 h. However, the LAMP1
expression significantly increased at 6 h and then gradually
decreased compared with the control group, suggesting that
lysosomal function was induced at the early stage, as
reflected by the higher expression of the lysosomal marker
LAMP1, which then declined at later stages. V-ATPase is a
proton pump that establishes and maintains the acidic envi-
ronment of lysosomes [21]. VAMP7 is a member of the
SNARE complex that is responsible for the fusion of lyso-
somes with autophagosomes [22]. We could show that the
expression of V-ATPase and VAMP7 significantly decreased
compared with the control group. Thus, we suppose that
NaIO3-exo increased the abnormal accumulation of auto-
phagosomes and substrates by impairing lysosomal function
and reducing autophagosome/lysosome fusion.

To further confirm this hypothesis, we treated ARPE-19
cells with CQ (an agent that prevents lysosomal acidifica-
tion) or 3-MA. It must be pointed out that 3-MA may have
dual roles in autophagy. It has been shown that 3-MA pro-
motes autophagyic flux in nutrient-rich models, while others
have shown that 3-MA inhibits autophagy during starvation
[43]. Our data showed that no significant change was
detected in the expression of calpain-2 and ALP-related pro-
teins treated with CQ. However, ALP-related proteins could
be reduced by 3-MA. Thus, these data confirmed that the
increase in autophagic substrates was due to lysosomal dys-
function and did not affect the normal baseline autophagic
pathway proteins.
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Evidence has shown that calcium-dependent calpain
protease activation can enhance apoptosis, which is medi-
ated by multiple triggers, including aberrant endoplasmic
reticulum stress, oxidative stress, metabolic alterations, and
amyloid beta aggregation [44, 45]. Calpain activation
induced permeabilization of the lysosomal membrane and
consequent photoreceptor cell death in retinitis pigmentosa
[41]. LAMP1 is crucial for the completion step of autophagy.
Secreted hydrolases such as CTSB assist in the maturation of
growth factors and the degradation of extracellular matrix
components, facilitating cell proliferation and tumor inva-
sion [46–48]. Calpain-mediated proteolysis of lysosomal
proteins such as V-ATPase, LAMP1, and CTSB occurs in
both pkd1−/- cells and primary epithelial cells [14]. Our
finding that knocking down calpain-2 (si-C2) or the
calpain-2 blocker calpain-2-IN-1 partially rescues lysosomal
function and prevents RPE apoptosis indicates that calpain-
2 plays a key role in RPE damage. To further evaluate the
role of calpain-2 in AMD, studies of female and other
AMD models and species should be considered in future
research.

In conclusion, we discovered for the first time that
NaIO3-exo induced calpain-2 activation, autophagy, lyso-
somal dysfunction, and cell apoptosis in ARPE-19 cells.
The increase in autophagic substrates is related to lysosomal
dysfunction. Furthermore, NaIO3-exo–activated calpain-2
participates in the ALP function and apoptosis in ARPE-19
cells. In addition, NaIO3-exo enhanced calpain-2 expression,
ALP dysfunction, apoptosis, and retinal damage in rats.
These results are in accordance with the in vitro data. Col-
lectively, our present study provides a mechanistic link
between calpain-2 and impaired ALP function and identifies
calpain-2 as a promising molecular target for AMD therapy
(Figure 8).
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