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ABSTRACT

Diabetic retinopathy (DR) is a serious complication of diabetes mellitus and currently one of the
major causes of blindness. Several previous studies have demonstrated that autophagy, which is
regulated by HMGB1 (high mobility group box 1), is involved in DR development. However, the role
of autophagy in DR is quite complicated in that it promotes pericyte survival in early DR, whereas
excessive autophagy causes excess stress and leads to necrosis. Therefore, this study aimed to
investigate the relationship between HMGB1, the macroautophagy/autophagy-lysosome pathway,
and DR, as well as their underlying molecular mechanisms. In brief, the relationship between high
glucose (HG) and the autophagy-lysosome pathway was examined in retinal pigment epithelial (RPE)
cells. The relationship was studied by detecting classical autophagic features, and siRNAs targeting
HMGB1 and pharmacological regulators were used to explore the role of the autophagy-lysosome
pathway in DR development. The results demonstrated that HG inhibited autophagy and diminished
the degradative capacity of autophagy due to lysosome membrane permeabilization (LMP). In
addition, HMGB1 was found to be involved in LMP via the CTSB (cathepsin B)-dependent pathway,
but not the CTSL (cathepsin L)-dependent pathway. Knockdown of HMGB1 expression rescued LMP,
restored the degradative capacity of autophagy, decreased the expression of inflammatory factors
and VEGF (vascular endothelial growth factor), and protected against apoptosis in RPE cells in the
early stages of DR.
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Introduction matures into an autophagosome. Next, the autophagosomes
fuse with the lysosomes, resulting in the degradation of their
content by lysosomal hydrolases. Subsequently, lysosomes
release the end products of autophagic digestion (such as
amino acids, lipids, and nucleotides) into the cytoplasm,
which then participate in cellular metabolism [4]. Therefore,
any damage incurred throughout this process may result in
autophagic dysfunction. It has been reported that lysosomal
dysfunction is a major cause of reduced autophagic degrada-
tive capacity, resulting in the accumulation of damaged orga-
nelles and protein aggregates, thus leading to cellular toxicity
[5]. Therefore, the autophagy-lysosome pathway confers pro-
tection against certain cancers, infections, neurodegenerative
disorders, and metabolic diseases [6]. Previous studies have
shown that an abnormal level of autophagy will promote DR
occurrence, including promoting damage to vascular endothe-
lial cells, the release of VEGEF, neovascularization, and even
damage to the neuroepithelial layer of the retina [7-9].
Recently, some researchers have shown that autophagy-
lysosome pathway dysfunction is present in Miiller cells and
is involved in DR development [10]. The retinal pigment
epithelial (RPE) cells form the outer blood-retinal barrier
(BRB) and monitor retinal structure and function. However,
whether the autophagy-lysosome pathway in RPE cells is

Diabetic retinopathy (DR) is the most common complication
of diabetes and remains a major cause of blindness through-
out the world [1]. Several molecular mechanisms have been
proposed for DR, such as the formation of advanced glycated
end products, oxidative stress, polyol accumulation, and pro-
tein kinase C activation, which subsequently lead to disrup-
tion of the mitochondrial membrane potential (MMP), CYCS
(cytochrome ¢, somatic) release, and reactive oxygen species
(ROS) production [2]. These mechanisms regulate disease
progression by affecting cellular metabolism and signaling
pathways, which cause overproduction of inflammatory fac-
tors and VEGF (vascular endothelial growth factor), a known
therapeutic target for pharmacologic treatment of DR and
macular edema [3]. However, the exact biochemical pathways
underlying DR are not yet fully understood. Therefore,
further elucidation of the pathophysiological mechanisms of
DR is urgently needed to develop prevention strategies and
novel treatment modalities for this destructive disease.
Macroautophagy/autophagy is an evolutionarily conserved
catabolic pathway that degrades damaged organelles and
abnormal proteins and recycles cellular components. This
process is initiated by a double-membrane phagophore that
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dysfunctional and involved in DR is still unknown, and hence
the focus of our current research [11]. Human RPE (ARPE-
19) cells do not behave identically to human primary RPE
(HsRPE) cells [12]. Therefore, to validate our work, we con-
firmed the known data involving ARPE-19 cells by repeating
major findings in HsRPE cells.

HMGBI (high mobility group box 1) is a nuclear DNA-
binding protein with an array of functions throughout the
cell; for example, the detection and regulation of the cellular
stress response. HMGBI1 plays a significant role as a DNA
chaperone, chromosome guardian, autophagy sustainer,
immune modulator, and protector against apoptosis [13].
Under diabetic conditions, HMGB1 may trigger the produc-
tion of proinflammatory cytokines and angiogenic factors,
thereby promoting a high glucose (HG) milieu [14].
Additionally, HMGBLI is a critical mediator of autophagy in
many diseases, including diabetes [15]. It has been demon-
strated that DR patients exhibit increased HMGBI1 expression,
which is associated with DR development [16]. However, it
remains largely unknown whether HMGB1 can mediate the
autophagy-lysosome pathway in DR. Therefore, our study
aimed to investigate the relationship between HMGBI, the
autophagy-lysosome pathway, and DR, as well as their under-
lying molecular mechanisms.

Results

Autophagic markers and vacuoles accumulate in RPE
cells during the progression of DR

MAPILC3B/LC3B (microtubule associated protein 1 light
chain 3 beta) and BECN1/Beclin 1 are two well-established
markers of autophagy in mammalian cells [9]. To detect the
expression of markers of autophagy in diabetic rats, the RPE
cells of non-diabetic rats and streptozotocin (STZ)-induced
diabetic rats (all non-diabetic and STZ-induced diabetic rats
were fed with a regular diet) were flat-mounted and stained
for the detection of LC3B-II and BECNI. Significantly aug-
mented expression levels of LC3B-II and BECNI were
observed in the retinal tissues of STZ-induced diabetic rats
compared with the non-diabetic rats (Figure 1a). To verify the
immunofluorescence results in the retina, we performed wes-
tern blot analysis to quantify the expression of LC3B-II and
BECNI in the retinas of non-diabetic rats and STZ-induced
diabetic rats. The results showed that the expression levels of
LC3B-II/LC3B-I and BECNI1 were significantly increased in
RPE cells of STZ-induced diabetic rats (Figure 1b). The for-
mation of autophagic vacuoles, one of the most important
signs of autophagy [10], was analyzed through transmission
electron microscopy (TEM). Furthermore, to confirm our
results in vivo, we detected the autophagic vacuoles of
HsRPE and ARPE-19 cells (hereinafter referred to as RPE
cells) under HG conditions. Compared with the normal glu-
cose (NG) group, we found an increased number of autoly-
sosomes (ALs) in RPE cells under HG conditions (Figure 1d).
We examined the expression of LC3B-II in RPE cells by
immunofluorescence analysis. Compared with the NG
group, there was a larger number of LC3B-II-positive puncta
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in the cytoplasm of RPE cells after 24 h of exposure to HG
(Figure 1d).

To verify the immunofluorescence data, we quantified the
expression of LC3B-II and LC3B-I in RPE cells by western
blot. We found that LC3B-II/LC3B-I levels were significantly
increased in RPE cells in the HG group compared with the
NG group at 12, 24, 48, 72, and 96 h (Figure le). In addition,
the expression levels of ATG5 (autophagy related 5) and
BECNI, two markers of autophagy, were quantified by wes-
tern blot. We found that ATG5 and BECNI1 gave similar
results to LC3B-II (Figure le). Additionally, we detected the
mRNA levels of LC3B, ATG5, and BECN1 by real-time quan-
titative polymerase chain reaction (RT-PCR). There was an
increasing trend of LC3B, ATG5 and BECNI at the mRNA
level after HG treatment, but there were no statistically sig-
nificant changes found in ARPE-19 cells (Figure S1A). These
results indicate that autophagic markers and vacuoles accu-
mulate in RPE cells during the progression of DR.

Autophagy is inhibited by HG in RPE cells during DR

Further experiments were performed to investigate whether
the degradation of autophagy was stimulated in RPE cells
after HG exposure. SQSTM1/p62 (sequestosome 1), which
serves as a signaling hub for autophagic cargo, is degraded
by autophagy. The impairment of autophagic degradation is
often accompanied by SQSTMI1 accumulation [17]. The
SQSTM1 levels in RPE cells were detected by RT-PCR. The
results showed there was an increasing trend of SQSTMI at
the mRNA level after HG treatment; however, no statistically
significant changes were found (Figure S1B). Additionally, we
detected the expression of SQSTMI at the protein level by
western blot. The results showed that SQSTM1 levels were
increased significantly in RPE cells after exposure to HG at 12,
24, 48, 72, and 96 h. Notably, the expression levels of SQSTM1
reached a peak at 24 h and remained at a high level even at
96 h (Figure 2a). Hence, our subsequent experiments focused
on RPE cells with 24 h of HG exposure. To further verify our
western blot results, we performed an immunofluorescence
experiment to determine the levels of SQSTM1 in RPE cells.
Immunofluorescence analysis revealed many SQSTMI-
positive puncta in RPE cells exposed to HG for 24 h (Figure
2b). In addition, to further confirm our results in vitro, the
RPE cells of non-diabetic rats and STZ-induced diabetic rats
(all the non-diabetic and STZ-induced diabetic rats were fed
with a regular diet) were flat-mounted and stained for the
detection of SQSTMI. Significantly augmented levels of
SQSTM1 were observed in STZ-induced diabetic retinal tis-
sues in the RPE cell layer compared with the levels of non-
diabetic rats (Figure 2c). Consistent with the immunofluores-
cence results, western blot analysis showed that SQSTM1
levels were significantly higher in retinal tissues of STZ-
induced diabetic rats (Figure 2d) compared with non-
diabetic rats, which is an indicator of autophagy inhibition.
To determine which stage of autophagic degradation was
dysfunctional, both autophagosomes and autolysosomes (a com-
bination of autophagosome and lysosome) were examined inde-
pendently by transfecting ARPE-19 cells with mRFP-GFP
tandem fluorescent-tagged LC3B (tfLC3B). After tfLC3B
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Figure 1. Autophagic vacuoles and markers accumulate in RPE cells during DR progression. (a) The RPE cells of non-diabetic and STZ-induced diabetic rats were flat-
mounted (all the non-diabetic and STZ-induced diabetic rats were fed with a regular diet) and then stained for BECN1 and LC3B. The pictures were taken on the
upper retina 100 pm away from the optic nerve. Scale bars: 10 pm, n = 10. (b) Western blot was performed to quantify the expression levels of BECN1 and LC3B in
the retinas of non-diabetic and diabetic rats (all the non-diabetic and STZ-induced diabetic rats were fed with a regular diet); representative images from three
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independent experiments with biological and technical replicates are shown, n = 10. (c) After exposure to NG (5.5 mM) or HG (25 mM) for 24 h, HsRPE and ARPE-19
cells were processed for TEM imaging. Magnifications of the boxed areas are presented on the right. Arrowhead, autophagic vacuole; black delineation, AP; red
delineation, electron-dense AL. Note the accumulation of AL in HG conditions. Scale bars: 2 pm (left), 1 um (right), n = 6. (d) Immunofluorescence staining of LC3B-I
showing quantitative changes in HsRPE and ARPE-19 cells after exposure to NG or HG for 24 h; representative images from three independent experiments with
biological and technical replicates are shown. Scale bars: 25 um, n = 6. (e) After exposure to HG for 0, 12, 24, 48, 72, and 96 h, HsRPE and ARPE-19 cells were
subjected to western blot analysis using the indicated antibodies (BECN1, ATG5, LC3B, and ACTB). ACTB was used as a protein loading control; representative images
from three independent experiments with biological and technical replicates are shown, n = 6. #P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

transfection, autophagosomes in the cells displayed yellow dots
(overlay between red and green fluorescence), while autolysoso-
mes appeared as red dots (GFP is structurally disrupted in the
acidic environment of lysosomes). After NG-treated or HG-
treated cells were exposed to rapamycin (an autophagy inducer)
or chloroquine (a lysosomal inhibitor), both free red and yellow
dots were increased significantly in the rapamycin+NG-treated
group compared with the NG group, indicating that both auto-
lysosomes and autophagosomes were increased. Nevertheless,
yellow dots, but not the free red dots, were found to be signifi-
cantly increased in the NG+chloroquine-treated group com-
pared with the NG group, indicating that massive amounts of
autophagosomes were not degraded by lysosomes. Compared
with the NG group, yellow dots, but not the free red dots, were
found to be increased in the HG group. Compared with the
group treated with HG alone, yellow dots, but not the free red
dots, were significantly increased in the HG+rapamycin group.
However, the free red and yellow dots were not significantly
changed in the HG+chloroquine-treated group (Figure 2e).

As is known, bafilomycin A;, leupeptin, and chloro-
quine can block the fusion of autophagosomes and lyso-
somes, inhibit protease activity, and increase the
intralysosomal pH, respectively [18]. Therefore, we exam-
ined LC3B-II turnover and SQSTMI1 expression in the
presence or absence of these lysosomal inhibitors or rapa-
mycin [18]. Our results showed that the levels of LC3B-II
and SQSTM1 were increased after exposure to HG for
24 h in ARPE-19 cells. Compared with the NG group,
the levels of LC3B-II and SQSTMI1 were significantly
higher after the application of bafilomycin A;, leupeptin,
and chloroquine. Nevertheless, the levels of LC3B-II and
SQSTM1 were not further increased by the application of
bafilomycin A;, leupeptin, or chloroquine in the HG
group, compared with the levels in the HG group.
Compared with the NG group, the NG+rapamycin group
showed increased LC3B-II and decreased SQSTM1 levels.
Compared with the HG group, the HG+rapamycin group
showed significantly increased LC3B-II levels, and
SQSTM1 levels showed a non-significant decreasing ten-
dency (Figure 2f). These results suggest that LC3B-II and
SQSTMI1 are not degraded by lysosomes, and that auto-
phagic activity is inhibited in HG-treated RPE cells.

Lysosome membrane permeabilization contributed to
HG-triggered autophagic dysfunction in RPE cells

To investigate whether autophagic dysfunction was due to the
inhibited fusion between autophagosomes and lysosomes via
HG, double immunofluorescence staining was carried out for
LC3B and LAMP1 (lysosomal associated membrane protein 1;

a specific protein of the lysosome) [5]. The results showed
that LC3B dots exhibited a uniform distribution in the cellular
cytoplasm, and most of the LAMP1 puncta colocalized with
LC3B-positive granules in RPE cells after exposure to NG.
Under HG conditions, there was a large number of LC3B-
positive puncta in the cytoplasm, and most of the LC3B dots
remained colocalized with LAMPI-positive granules (Figure
3a). These data suggest that the fusion between autophagoso-
mes and lysosomes is not inhibited by HG.

It has been reported that lysosome membrane permeabiliza-
tion (LMP) can lead to the impairment of autophagy degradation
[19]. In cells and tissues, the best method for examining LMP is to
use LGALS3 (galectin 3) and its binding to lysosomal membrane
glycoproteins, which are exposed after LMP [20]. Therefore, to
determine whether LMP could take place in RPE cells following
exposure to HG, double immunostaining was carried out using
LGALS3 and LAMPI. The results showed that there was an
increase in LGALS3-positive dots in the HG group compared
with the NG group. Additionally, the puncta showing that
LGALS3 was colocalized with LAMP1 were markedly increased
after HG treatment (Figure 3b). Consistent with our immuno-
fluorescence data, western blot analysis showed that compared
with NG-treated cells, the CTSB (cathepsin B) levels in the lyso-
some were decreased, while the CTSB levels in the cytosol were
increased significantly in HG-treated ARPE-19 cells (Figure 3c).
These data indicate that LMP occur and CTSB is released from the
lysosomes into the cytosol under HG conditions.

To confirm the occurrence of LMP, we investigated the
lysosomal pH by detecting the acidic organelles (lysosomes) in
cells using a LysoTracker Red (LTR) fluorescent probe that
labels the acidic intracellular compartments in live cells and
measures the activities of CTSB and CTSL (cathepsin L). The
results showed that LTR fluorescence did not change at any
time points under NG conditions. However, LTR fluorescence
was decreased after exposure to HG, and reached the lowest
level at 24 h (Figure 3d). Moreover, under HG conditions, but
not NG conditions, there was a significant decline in the
enzymatic activity of CTSB at 24 h, similar to that of CTSL
(Figure 3e). The in vivo activities of CTSB and CTSL in STZ-
induced diabetic rats were obviously decreased compared to
non-diabetic rats (all the non-diabetic and STZ-induced dia-
betic rats were fed with a regular diet) (Figure 3f). Overall,
these results demonstrate that LMP was triggered by HG in
RPE cells. To determine whether LMP inhibited autophagic
activity, RPE cells were preincubated with geldanamycin
(GA), which is widely used to upregulate heat shock protein
family A to protect the lysosomal membrane against permea-
bilization [21], for 1 h before exposure to HG. The results
showed that compared to NG conditions, the accumulation of
SQSTM1 was significantly increased under HG conditions,
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Figure 2. Autophagy is inhibited by HG in RPE cells during DR. (a) After exposure to HG for 0, 12, 24, 48, 72, and 96 h, HsRPE and ARPE-19 cells were subjected to
western blot analysis using the indicated antibodies (SQSTM1 and ACTB). ACTB was used as a protein loading control. Representative images from three independent
experiments with biological and technical replicates are shown, n = 6. (b) Immunofluorescence staining of SQSTM1 showing quantitative changes in HsRPE and
ARPE-19 cells after exposure to NG or HG for 24 h. Representative images from three independent experiments with biological and technical replicates are shown.
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Scale bars: 20 um, n = 6. (c) The RPE cells of non-diabetic and diabetic rats were flat-mounted and stained for SQSTM1. The pictures were taken on the upper retina
100 um away from the optic nerve. Representative images from three independent experiments with biological and technical replicates are shown. Scale bars: 10 um,
n = 10. (d) Western blot analysis was performed to quantify the levels of SQSTM1 in the retinas of non-diabetic and diabetic rats (all the non-diabetic and STZ-
induced diabetic rats were fed with a regular diet). Representative images from three independent experiments with biological and technical replicates are shown,
n = 10. (e) Fluorescent microscopic analysis of ARPE-19 cells transfected with plasmid constructs harboring LC3B fused with a tandem mRFP-GFP tag (tfLC3B) and
treated with NG, NG+rapamycin (RAP, 1 pM), NG+chloroquine (CQ, 30 uM), HG, HG+rapamycin (RAP, 1 pM), or HG+chloroquine (CQ, 30 pM) for 24 h. The yellow
puncta indicate autophagosomes. The free red puncta indicate autolysosomes. Representative images from three independent experiments with biological and
technical replicates are shown. Scale bars: 10 pm, n = 6. (f) Western blot analysis of LC3B and SQSTM1. The difference in LC3B-Il and SQSTM1 levels between ARPE-19
cell samples with or without bafilomycin A, (Baf A1, 50 nM), leupeptin (LEU, 10 um), chloroquine (CQ, 30 uM), and rapamycin (RAP, 1 uM) was compared after
exposure to NG or HG for 24 h. Representative images from three independent experiments with biological and technical replicates are shown, n = 6. *P > 0.05;

*P < 0.05; **P < 0.01; *** P < 0.001.

while GA neutralized the effects of HG on SQSTM1 (Figure
3g). These data indicate that LMP contribute to the decline in
degradative capacity of autophagy observed in RPE cells upon
exposure to HG.

LMP is involved in HG-induced mitochondrial
dysfunction, cytokine release, and apoptosis of RPE cells

Previous studies have reported that HG treatment can induce
early signs of DR, including mitochondrial dysfunction, cyto-
kine release, and apoptosis of RPE cells [2,3]. Further experi-
ments were performed to evaluate whether the presence of
LMP had effects on mitochondrial function, cytokine release,
and apoptosis. RPE cells were preincubated with GA for 1 h
before exposure to HG or incubation with rotenone (a mito-
chondrial complex 1 inhibitor that induces mtDNA damage
[22]) in NG conditions. The results showed that compared to
NG-treated ARPE-19 cells, rotenone or HG treatment
resulted in a significant decrease in the mitochondrial electro-
chemical potential (A¥Ym) (Figure 4a) and increased CYCS
release and ROS production (Figure 4(b,c)). However, com-
pared to the HG group, the HG+GA group showed signifi-
cantly increased A¥Ym (Figure 4a), decreased CYCS release,
and decreased ROS production (Figure 4(b,c)).

Moreover, enzyme-linked immunosorbent assay (ELISA)
analysis revealed that HG increased the production of IL1B
(interleukin 1 beta), IL6 (interleukin 6), CXCL8 (C-X-C motif
chemokine ligand 8), and VEGF (Figure 4d) compared to
NG-treated ARPE-19 cells. In addition, flow cytometry ana-
lysis showed that HG enhanced the proportion of apoptotic
RPE cells (FigurE 4e). Compared with HG, HG+GA treat-
ment could significantly increase the A¥m value (Figure 4a),
decrease CYCS release, decrease ROS production (Figure 4(b,
C)), inhibit apoptosis of RPE cells (FigurE 4E), and down-
regulate the expression levels of IL1B, IL6, CXCL8, and VEGF
of RPE cells (Figure 4d). Terminal deoxynucleotidyl
transferaseTdT-mediated dUTP nick end labeling (TUNEL)
staining of rat RPE cells was performed to further verify the
results of our in vitro experiments. The results showed that
the number of TUNEL-positive cells in STZ-induced diabetic
rats was significantly higher than that in non-diabetic rats (all
the non-diabetic and STZ-induced diabetic rats were fed with
a regular diet). Fewer TUNEL-positive cells were found in
GA-treated STZ-induced diabetic rats than in STZ-induced
diabetic rats (Figure 4F). To further investigate whether auto-
phagy was involved in the mechanisms underlying the higher
apoptosis rates, we detected the autophagic vacuoles in ARPE-
19 cells and the RPE cells of STZ-induced diabetic rats with or
without GA. The TEM results showed that the number of

autolysosomes in ARPE-19 cells under HG conditions was
significantly increased, while the number of autolysosomes
was significantly decreased in GA- and HG-treated groups,
compared with the HG-treated group (Figure 4g). Consistent
with the results in vitro, the results in vivo showed that non-
diabetic rats showed few autolysosomes, whereas STZ-
induced diabetic rats exhibited an increased number of auto-
lysosomes compared with non-diabetic rats. However, fewer
autolysosomes were found in GA-treated STZ-induced dia-
betic rats than in STZ-induced diabetic rats (Figure 4h). These
results indicate that LMP is involved in HG-induced early
signs of DR.

Downregulation of HVUGB1 expression rescued
HG-induced LMP

HMGBI has been reported to play crucial roles in LMP
regulation and the inflammatory response [23]. Therefore,
the expression levels of HMGB1 were detected in RPE cells
after exposure to HG, and small interfering RNA (siRNA)-
HMGBI and silencer negative control scrambled siRNA (Scr-
siRNA) were applied. The data suggested that the expression
level of HMGBI1 was significantly increased in RPE cells after
24 h of HG exposure. After siRNA-HMGBI was applied, the
expression of HMGBI1 was significantly downregulated com-
pared with the group receiving HG treatment alone (Figure
5a). A further experiment with siRNA was performed to
investigate whether HMGBI1 regulated the dysfunction of
autophagy in RPE cells exposed to HG. Double immunostain-
ing was carried out on LGALS3 and LAMPI. The results
showed that there was a decrease in LGALS3-positive dots
in the HG+siRNA-HMGBI group compared with the HG
group. Additionally, the puncta showing that LGALS3 was
colocalized with LAMP1 were markedly decreased after
siRNA-HMGBI treatment (Figure 5B). Consistent with our
immunofluorescence data, western blot analysis showed that
compared with HG cells, lysosomal CTSB levels were higher,
while cytosolic CTSB levels were significantly lower in the HG
+siRNA-HMGBI-treated RPE cells (Figure 5C). These data
indicate that LMP occur and CTSB is released from the
lysosomes into the cytosol under HG conditions, and suggest
that HG-triggered LMP is remarkably decreased by siRNA-
HMGBI.

To further verify this result, we measured the lysosomal pH
by LTR, and the results indicated that LTR fluorescence was
decreased after exposure to HG for 24 h (Figure 5d).
However, LTR fluorescence was significantly increased in
HG-treated cells after HMGBI1 was downregulated by siRNA
compared to the cells treated with HG only (Figure 5d), which
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Figure 3. Lysosome membrane permeabilization (LMP) contributed to HG-triggered autophagic dysfunction in RPE cells. (a) Immunofluorescence signals after
double-staining for LC3B (red) and LAMP1 (green) in HsRPE and ARPE-19 cells after exposure to NG or HG for 24 h. Representative images from three independent
experiments with biological and technical replicates are shown. Scale bars: 25 um, n = 6. (b) Immunofluorescence signals after double-staining for LGALS3 (red) and
LAMP1 (green) in HsRPE and ARPE-19 cells after exposure to NG or HG for 24 h, and Manders’ coefficients for colocalization of LGALS3 with LAMP1. Representative
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images from three independent experiments with biological and technical replicates are shown. Scale bars: 10 um, n = 6. (c) After exposure to HG, HsRPE and ARPE-
19 cells were subjected to western blot analysis. Cytosolic and lysosomal CTSB levels were independently analyzed with anti-CTSB, anti-ACTB, and anti-LAMP1. ACTB
was used as a protein loading control in the cytosolic fraction, while LAMP1 was used as a protein loading control in the lysosomal fraction. The percentage of CTSB
released from lysosomes into the cytosol was analyzed; representative images from three independent experiments with biological and technical replicates are
shown, n = 6. (d) LTR staining and mean fluorescence intensity in HsRPE and ARPE-19 cells after exposure to HG for 0, 12, 24, or 48 h, as assessed by fluorescence
microscopy. Representative images from three independent experiments with biological and technical replicates are shown. Scale bars: 20 pm, n = 6. (e) Proteolytic
activity of CTSB and CTSL in HsRPE and ARPE-19 cells after exposure to NG or HG for 24 h, n = 6. (F) CTSB and CTSL activity in the retinas of non-diabetic and diabetic
rats (all the non-diabetic and STZ-induced diabetic rats were fed with a regular diet). The bars represent the cathepsin activity expressed as RFU corrected for protein
amount (ug), n = 10. (g) HsRPE and ARPE-19 cells were pretreated with complete medium containing geldanamycin (GA, 1 mM) or vehicle for 1 h and then exposed
to HG for 24 h; the levels of SQSTM1 were analyzed by western blot. Representative images from three independent experiments with biological and technical

replicates are shown, n = 6. #P > 0.05; **P < 0.01; ** P < 0.001.

indicates that downregulation of HMGBI expression rescued
HG-induced LMP. To confirm our results in vitro, we carried
out siRNA-Hmgbl intravitreal injections. STZ-induced dia-
betic rats (all the rats were fed with a regular diet) were
intravitreally injected with siRNA-Hmgbl or Scr-siRNA. The
in vivo immunofluorescence study clearly showed that the
expression level of Hmgbl was increased significantly in
RPE cells in the retina of STZ-induced diabetic rats compared
with non-diabetic rats (Figure 5e), and HMGB1 expression in
the siRNA group was significantly decreased. The RPE cells of
retina were flat-mounted and stained for detection of LGALS3
and LAMP1. The results showed that there was an increase in
LGALS3-positive dots, and the puncta showing that LGALS3
was colocalized with Lamp1 were markedly increased in STZ-
induced diabetic rats compared with non-diabetic rats. Also,
after siRNA-Hmgbl intravitreal injections, there was
a decrease in LGALS3-positive dots in siRNA-HmgbI-treated
STZ-induced diabetic rats compared with STZ-induced dia-
betic rats. Additionally, the puncta showing that LGALS3 was
colocalized with LAMP1 were markedly decreased after
siRNA-Hmgbl treatment (Figure 5f). All these results suggest
that downregulation of HMGBI1 expression rescues HG-
induced LMP.

Downregulation of HVUGB1 expression restored the
degradative capacity of autophagy

To determine whether HMGBI1 downregulation was related
to the degradative capacity of autophagy, western blot ana-
lysis was conducted to detect the levels of SQSTMI1. The
results showed that the accumulation of SQSTMI1 in HG-
treated RPE cells was significantly reduced after HMGB1 was
downregulated (Figure 6a). To further confirm our results
in vitro, the RPE cells of retina were flat-mounted and
stained for SQSTMI1. The results showed that the accumula-
tion of SQSTMI in STZ-induced diabetic rats was signifi-
cantly reduced after siRNA-Hmgbl treatment (all the rats
were fed with a regular diet) (Figure 6b). These results
indicate that the downregulation of HMGBI expression can
restore the degradative capacity of autophagy by rescuing
HG-induced LMP. Subsequently, we investigated whether
HMGBI downregulation could protect RPE cells by restoring
the degradative capacity of autophagy under HG conditions.
3-Methyladenine (3-MA), an autophagic inhibitor, was used
for the cell treatment. The results demonstrated that siRNA-
HMGBI treatment significantly increased A¥m, reduced
CYCS release, reduced ROS production (Figure 6(c-e)),
downregulated HG-induced overexpression of IL1B, IL6,

CXCLS, and VEGF (Figure 6f), and decreased apoptosis of
RPE cells (Figure 6g) compared to HG treatment only. 3-MA
reversed these protective effects of HMGBI silencing (Figure
6(c-g)). Collectively, these data indicate that the protective
effects of HMGBI1 downregulation on RPE cells are mediated
by restoration of the degradative capacity of autophagy.

Downregulation of HMGB1 expression rescued
HG-induced LMP via a CTSB-, but not CTSL-, dependent
pathway

To further analyze the relationship between downregulation of
HMGBI expression and the autophagy-lysosome pathway, wes-
tern blot analysis was conducted to detect the levels of CTSB
and CTSL in RPE cells. The results showed that the expression
levels of CTSB and CTSL were significantly increased after
exposure to HG for 24 h compared to the NG group (Figure
7a). The overexpression of cathepsins has been reported to
promote LMP, which leads to the decline of cathepsin activity
[24]. Therefore, in order to investigate the effects of cathepsins
on HG-induced LMP and whether siRNA-HMGBI could rescue
HG-induced LMP via a cathepsin-dependent pathway, CA-074
methyl ester (CA-074Me), a CTSB inhibitor, and Z-Phe-Phe-
fluoromethylketone (Z-FF-FMK), a CTSL inhibitor, were used.
RPE cells were incubated with CA-074Me or Z-FF-FMK for 1 h
before exposure to HG. Western blots showed that the expres-
sion levels of CTSB and CTSL were increased in RPE cells after
24 h of HG exposure compared to the NG group (Figure 7a).
After treatment with CA-074Me or Z-FF-FMK, LAMP1 and
LGALS3 were double-stained by immunofluorescence. The
results demonstrated that treatment with HG+CA-074Me or
Z-FF-FMK significantly decreased the number of puncta, show-
ing that LGALS3 was colocalized with LAMP1 in RPE cells,
compared to HG treatment alone (Figure 7b). These results
revealed that both CTSB and CTSL were involved in HG-
induced LMP. Additionally, we detected the mRNA levels of
both CTSB and CTSL. Consistent with what we observed at the
protein level, the mRNA levels of both CTSB and CTSL were
significantly increased after HG treatment. However, after
knockdown of HMGBI, the mRNA levels of CTSB, not CTSL,
were significantly decreased (Figure 7c). Further western blot
results showed that the expression level of CTSB, not CTSL, was
significantly decreased in the HG+siRNA-HMGBI group com-
pared to the HG group (Figure 7d). Taken together, these results
strongly indicate that siRNA-HMGBI rescues HG-induced
LMP through the CTSB-, but not the CTSL-, dependent
pathway.
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Figure 4. LMP is involved in HG-induced mitochondrial dysfunction, cytokine release, and apoptosis of RPE cells. (a) ARPE-19 cells were pretreated with GA (1 mM) or
rotenone (R, 0.5 pM) for 1 h and then exposed to HG for 24 h. The Aym values were analyzed by fluorometry, n = 6. (b) HsRPE and ARPE-19 cells were processed as
described in (A). Cytosolic and mitochondrial CYCS levels were independently analyzed by western blot with anti-CYCS, anti-ACTB, and anti-VDAC1. ACTB was used as
a protein loading control in the cytosol, while VDAC1 was used as a protein loading control in the mitochondria. The percentage of CYCS released from mitochondria
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into the cytosol was analyzed. Representative images from three independent experiments with biological and technical replicates are shown, n = 6. (c) ARPE-19 cells
were processed as described in (A). The intracellular ROS levels were analyzed using DCFH-DA with fluorometry, n = 6. (d) HsRPE and ARPE-19 cells were pretreated
with geldanamycin (GA, T mM) or vehicle for 1 h and then exposed to HG for 24 h. The levels of IL1B, IL6, CXCL8, and VEGF in serum were analyzed by ELISA, n = 6.
(e) HSRPE and ARPE-19 cells were pretreated with GA (1 mM) for 1 h and then exposed to HG for 24 h. The proportion of apoptotic cells was analyzed using ANXA5-
FITC-PI by flow cytometry, n = 6. (f) The RPE cells were flat-mounted, and TUNEL images were taken of RPE cells in non-diabetic rats, STZ-induced diabetic rats
(diabetic), and rats treated for 7 days with vehicle or GA (100 mg/kg by intraperitoneal injection). All rats were fed with a regular diet. The pictures were taken on the
upper retina 100 pm away from the optic nerve. Representative images from three independent experiments with biological and technical replicates are shown. Scale
bars: 20 pm, n = 10. (g) ARPE-19 cells were processed as described in (E). Representative TEM images. Magnifications of the boxed areas are presented on the right.
black delineation, AP; red delineation, electron-dense APL. Note the accumulation of APL in HG conditions. Scale bars: 2 pm (left), 1 pum (right), n = 6. (h) Rats were
processed as described in (F). Representative TEM images of retina sections in rats. Scale bars: 5 um (left), 2 um (right), n = 10. *P < 0.05; **P < 0.01; ***P < 0.001.

Discussion

DR, a consequence of multiple molecular interactions, has
developed various complex strategies to deal with environ-
mental stress [1]. To maintain normal cellular function, auto-
phagy is often activated in response to multiple environmental
stresses. HMGBI1 plays an important role not only in auto-
phagy, but also in DR [14,15]. In recent years, a growing
number of studies have demonstrated that autophagy is
involved in DR development [25,26]. However, to date, no
reports have indicated whether HMGBI is involved in the
autophagy-lysosome pathway, or which part of the autopha-
gy-lysosome pathway is dysfunctional in DR progression.
Specifically, our study focused on the role of the autophagy-
lysosome pathway in DR development and its molecular
mechanism, which was related to HMGB1 expression.

Our study showed that RPE cells under HG conditions exhib-
ited increased levels of autophagic markers and increased expres-
sion of SQSTM1, which indicated dysfunction in the autophagy-
lysosome pathway [17]. We also showed that LMP was induced in
RPE cells under HG conditions, which led to massive release of
cathepsins from ruptured lysosomes into the cytosol and subse-
quently autophagy-lysosome pathway dysfunction. The increased
expression of HMGBI in RPE cells under HG conditions could
upregulate CTSB expression and induce LMP. In line with this,
downregulation of HMGBI1 in RPE cells under HG conditions
could block CTSB overexpression and rescue LMP, thus restoring
the degradative capacity of autophagy. Hence, downregulation of
the overexpressed HMGB1 could significantly decrease HG-
induced inflammation, expression of VEGF, and apoptosis in
RPE cells. It was also verified in vivo that HMGB1 was involved
in regulating the autophagy-lysosome pathway.

RPE cells have a basal level of autophagy, however, the
manner in which the autophagy process changes in RPE cells
under HG conditions remains unclear. Autophagy of HsRPE
cells under HG conditions has not yet been reported. It is
reported that human induced pluripotent stem cell (hiPSC)-
derived RPE cell lines derived from type 2 diabetes patients
and healthy controls, with one biological replicate, show that
there is no differences in LC3B-II expression at different
glucose concentrations or between control and diabetic
hiPSC-RPEs. However, a clear accumulation of SQSTMI1 is
detected in diabetic hiPSC-RPEs compare with healthy con-
trol hiPSC-RPEs [27]. It is worth noting that protein aggre-
gates or damaged cell organelles are not detectable, and the
formation pattern of autophagosomes (LC3B-II) is similar in
this study, which suggests another mechanism behind the
elevated SQSTM1 levels in diabetic hiPSC-RPEs under NG

conditions. An evoked energy depletion, together with
induced antioxidant production via the NRF-2/ARE pathway,
may be responsible [28,29]. With respect to autophagy of
ARPE-19 cells under HG conditions, increased LC3B-II
expression is implicated in the activation of autophagy [26],
whereas decreased LC3B-II expression is indicative of inhibi-
tion of autophagy [30]. It is reported that glucose at
a concentration of 30 mM decrease LC3B-I and increase
LC3B-II expression; in this way, autophagy may play
a protective role against HG-induced injury in ARPE-19
cells [31]. It also has been reported that treatment of ARPE-
19 cells for 5 days with glucose at a concentration of 25 mM
leads to a significant decrease in LC3B-II and SQSTMI
expression, which indicated lysosomal degradation [32].
Additionally, it is also demonstrated that glucose at
a concentration of 15 mM increase LC3B-II and decrease
SQSTM1 expression, while glucose at a concentration of
50 mM decrease LC3B-II and increase SQSTM1 expression
[33], meaning that HG can induce both autophagy activation
and autophagy inhibition, depending on the concentration of
glucose. It has also been demonstrated that after 48 h of HG
treatment in ARPE-19 cells, LC3B-II expression is increased
and SQSTM1 expression is decreased, but after 14 days of HG
treatment, LC3B-II expression is decreased and SQSTM1
expression is increased [25], which indicates that HG activates
or inhibits autophagy depending on the duration of glucose
treatment. These discrepancies are most likely because these
studies mainly assessed the upstream autophagic pathway, but
not the downstream pathway, since the actual autophagy flux
was measured by the accumulation of LC3B-II in the presence
or absence of lysosomal inhibitors [34], such as bafilomycin
Ay, leupeptin, and chloroquine. We reported for the first time
that LC3B-II expression is not further increased by lysosomal
inhibitors in ARPE-19 cells under HG conditions.
Additionally, we reported that SQSTM1 (an autophagy sub-
strate, which accumulates under autophagy inhibition condi-
tions and was used as an indirect marker to assess autophagy
[17]) accumulated significantly during DR progression.
During the autophagic process, autophagosomes fuse with
lysosomes, leading to the degradation of autophagic cargoes
and cell substrates by lysosomal hydrolases. Any damage
incurred throughout this process may result in impaired
degradation of the autophagy-lysosome pathway [5]. We
observed that the fusion of autophagosomes and lysosomes
was not blocked by HG; however, LMP occurred. LMP has
been reported to be associated with many diseases, including
cancer and neurodegenerative, metabolic, and inflammatory
diseases [35-38]. During the occurrence of LMP, the acidic
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Figure 5. Downregulation of HMGB1 expression rescued HG-induced LMP. (a) HsRPE and ARPE-19 cells were transfected with siRNA-HMGB1 or Scr-siRNA and then
exposed to HG for 24 h. Cell samples were processed and analyzed by immunofluorescence staining with anti-HMGB1 and anti-ACTB antibodies. ACTB was used as
a protein loading control. Representative images from three independent experiments with biological and technical replicates are shown, n = 6. (b) HsRPE and ARPE-
19 cells were processed as described in (A). Immunofluorescence signals after double-staining for LGALS3 (red) and LAMP1 (green) in cell samples, and Manders’
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coefficients for colocalization of LGALS3 with LAMP1. Representative images from three independent experiments with biological and technical replicates are shown.
Scale bars: 10 pm, n = 6. (c) HsSRPE and ARPE-19 cells were processed as described in (A). Cell samples were processed and analyzed by immunofluorescence staining
with anti-CTSB, anti-ACTB, and anti-LAMP1. ACTB was used as a protein loading control in the cytosolic fraction, while LAMP1 was used as a protein loading control
in the lysosomal fraction. The percentage of CTSB released from lysosomes into the cytosol was analyzed. Representative images from three independent
experiments with biological and technical replicates are shown, n = 6. (d) LTR staining and mean fluorescence intensity in cell samples, as assessed by fluorescence
microscopy, after HSRPE and ARPE-19 cells were processed as described in (A). Scale bars: 20 pm, n = 6. (e) The RPE cells of non-diabetic, STZ-induced diabetic, STZ-
induced diabetic+siRNA-Hmgb1 injected (diabetic+siRNA), and STZ-induced diabetic+Scr-siRNA injected (diabetic+Scr) rats (all the rats were fed with a regular diet)
were flat-mounted and stained for HMGB1. The pictures were taken on the upper retina 100 um away from the optic nerve. Representative images from three
independent experiments with biological and technical replicates are shown. Scale bars: 10 pm, n = 10. (f) The RPE cells of non-diabetic, STZ-induced diabetic, STZ-
induced diabetic+siRNA-Hmgb1 injected (diabetic+siRNA), and STZ-induced diabetic+Scr-siRNA injected (diabetic+Scr) rats were flat-mounted and stained for
LGALS3 (red) and LAMP1 (green). The pictures were taken on the upper retina 100 um away from the optic nerve, and Manders’ coefficients for colocalization of
LGALS3 with LAMP1 were calculated. Representative images from three independent experiments with biological and technical replicates are shown. Scale bars:

20 pym, n = 10. ***P < 0.001.

environment where cathepsins are active and stable is
destroyed, and a massive amount of cathepsins is released
from lysosomes to the cytoplasm, thus leading to a decrease
in cathepsin activity [37]. In our study, we observed that
massive amounts of CTSB were released from the lysosomes
into the cytosol in RPE cells under HG conditions, accom-
panied by a decrease in the acidic organelles and the lysoso-
mal enzymatic activities of CTSB and CTSL, which are
extremely sensitive to acidic environments [39,40]. To further
determine whether LMP contributes to autophagic dysfunc-
tion, GA, which is widely used to upregulate HSPA (heat
shock protein family A (Hsp70)) to protect the lysosomal
membrane against permeabilization [21], was used. In both
in vivo and in vitro experiments, we observed that GA
decreased the accumulation of SQSTM1 and lysosomal
vacuoles. Moreover, GA protected against HG-induced
inflammation, expression of VEGF, and apoptosis.
Collectively, all these data indicate that LMP occurs, and
that LMP contributes to the dysfunction of the autophagy-
lysosome pathway. Consistent with our findings, a previous
study reported that LMP plays an important role in the
development of diabetic nephropathy, as evidenced by high
LMP in renal tubular epithelial cells [19].

The molecular mechanisms of LMP are not completely
understood. Nevertheless, previous studies indicated that
LMP can be induced by an array of factors, including proa-
poptotic Bcl-2 family proteins [41], p53 [42], caspases [8],
cathepsins [24,37], ROS [32,43], and kinases [44]. In our
study, we observed that the levels of CTSB and CTSL were
increased in RPE cells by HG. Furthermore, both CA-074Me
(CTSB inhibitor) and Z-FF-FMK (CTSL inhibitor) were
found to inhibit HG-induced LMP, suggesting that HG-
induced LMP occurrence is dependent on CTSB and CTSL.
Consistent with our findings, a previous study reported that
in a model of hepatocyte apoptosis induced by TNF-a, in
tissues lacking Ctsb, increased resistance to LMP was observed
[24]. However, a study about palmitic acid-induced lipotoxi-
city show that inhibition of CTSL, but not CTSB, could
reverse palmitic acid-induced LMP in nerve growth factor-
differentiated PC12 cells [36]. This discrepancy between dif-
ferent studies may be explained by the different disease mod-
els used in the experiments. While the mechanisms by which
LMP is induced by CTSB remain largely unknown, it is
possible that inhibited proteolysis of a transport/import pro-
tein in lysosomes may affect the pore shape. Some researchers
have suspected that bacterial proteins or proteolysis, which
may lead to the release of amphipathic peptides that bind to

other membrane proteins or are inserted directly in the mem-
brane, could induce this pore formation [45].

The underlying mechanisms by which lysosomal proteases
promote apoptosis are also not completely understood. The
present viewpoint is that when LMP takes place, a massive
amount of cathepsins is released from the lysosomes into the
cytoplasm. These released cathepsins not only result in caspase-
dependent or -independent apoptosis with or without involve-
ment of mitochondria [32,46,47], but also trigger a damaging
feedback loop to LMP, leading to more extensive LMP in the
cytoplasm [24]. Thus, LMP associated with cathepsin transloca-
tion may directly activate calpains and caspases. Additionally,
LMP may initiate MMP changes via interacting with BCL2
family members, with CYCS, and with ROS release, accompa-
nied with activation of the classical mitochondria—caspase path-
way. LMP may also trigger mitochondria- and caspase-
independent apoptosis [48]. Additionally, lysosome destabiliza-
tion under HG and mitophagic flux may also lead to inflamma-
some activation [32]. Changes induced by diabetes in retinal
lysosomes have been reported to be associated with some early
signs of DR, including enhanced inflammatory cytokine produc-
tion, VEGEF release, and apoptosis [10]. To determine the role of
LMP in HG-induced early signs of DR, MMP disruption, CYCS
release, ROS generation, inflammatory factors, VEGF release,
and apoptosis of RPE cells were evaluated in RPE cells treated
with GA. The results showed that, for lysosomes in HG condi-
tions, GA significantly decreased HG-induced MMP disruption,
CYCS release, ROS generation, and also the production of HG-
induced inflammatory factors and VEGF. In addition, GA pro-
tected RPE cells against HG-induced apoptosis. Taken together,
our findings indicated that LMP was involved in early signs of
HG-induced DR.

HMGBI is an important mediator of autophagy and is
involved in many diseases [49]. A previous study has shown
that HMGBI participates in autophagy by directly interacting
with BECNI1, modulating heat shock 27 kDa protein 1 expres-
sion and reacting with advanced glycosylation end product-
specific receptor (AGER/RAGE) to promote autophagy [50].
However, whether HMGBI can regulate the function of lyso-
somes in DR remains largely unclear. Consistent with previous
studies [51], our data showed that HG increased the expression
levels of HMGBI. Surprisingly, inhibiting the expression of
HMGBI1 by siRNA-HMGBI could rescue HG-induced LMP
and significantly reduce the HG-induced accumulation of
SQSTMI. Therefore, we hypothesized that downregulating
HMGBI expression can restore the degradative capacity of au-
tophagy by rescuing HG-induced LMP. Additionally, we
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Figure 6. Downregulation of HMGB1 expression restored the degradative capacity of autophagy. (a) HsRPE and ARPE-19 cells were transfected with siRNA-HMGB1
and Scr-siRNA and then exposed to HG for 24 h. Cell samples were processed and analyzed by immunofluorescence staining with anti-SQSTM1 and anti-ACTB
antibodies. ACTB was used as a protein loading control. Representative images from three independent experiments with biological and technical replicates are
shown, n = 6. (b) The RPE cells of non-diabetic, STZ-induced diabetic, STZ-induced diabetic+siRNA-Hmgb1 injected (diabetic+siRNA), and STZ-induced diabetic+Scr-
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siRNA injected (diabetic+Scr) rats (all rats were fed with a regular diet) were flat-mounted and stained for SQSTM1. The pictures were taken on the upper retina
100 um away from the optic nerve. Representative images from three independent experiments with biological and technical replicates are shown. Scale bars: 10 um,
n =10. (c) HsRPE and ARPE-19 cells were transfected with siRNA-HMGBT or pretreated with 3-MA (5 mM) for 1 h and then coincubated with HG for 24 h. The Aym
values were analyzed by fluorometry, n = 6. (d) HsRPE and ARPE-19 cells were processed as described in (C). Cytosolic and mitochondrial CYCS levels were
independently analyzed by western blot with anti-CYCS, anti-ACTB, and anti-VDAC1. ACTB was used as a protein loading control in the cytosol, while VDAC1 was
used as a protein loading control in the mitochondria. The percentage of CYCS released from the mitochondria into the cytosol was analyzed. Representative images
from three independent experiments with biological and technical replicates are shown, n = 6. (e) HsRPE and ARPE-19 cells were processed as described in (b). The
intracellular ROS levels were analyzed using DCFH-DA with fluorometry, n = 6. (f) HsRPE and ARPE-19 cells were processed as described in (b). The expression of IL1B,
IL6, CXCL8, and VEGF levels of serum was analyzed by ELISA, n = 6. (g) HsRPE and ARPE-19 cells were processed as described in (b). The proportion of apoptotic cells
was analyzed using ANXA5-FITC-PI by flow cytometry, n = 6. *P < 0.05; ** P < 0.01; *** P < 0.001.

observed that knockdown of HMGBI significantly decreased the
HG-induced CTSB, but not CTSL overexpression, which indi-
cated that HMGB1 downregulation rescued LMP under HG
conditions via a CTSB-, but not CTSL-, dependent pathway.
This is the first time that HMGB1 has been demonstrated to
interact with autophagy by regulating the function of lysosomes
by changing CTSB expression during DR progression.
Consistent with our findings in RPE cells, previous studies
revealed the release of HMGBI, which acts through AGER/
RAGE to initiate lung endothelial cell endocytosis of HMGBI,
and then triggers a cascade of molecular events, including LMP
and CTSB release from ruptured lysosomes [52,53]. However,
Jessop et al. demonstrated that the inhibition of CTSB can
decrease HMGBI release [54], a result similar to those reported
by Duncan [55]. Thus, we speculate that it is possible that CTSB
has a feedback effect on HMGBI1. Further studies are needed to
verify this speculation. Additionally, only two types of cathepsins
were examined in the present study. Therefore, further studies
are needed to confirm whether other cathepsins are involved in
HMGBI1-mediated LMP during DR progression.

HMGBI1 works through several receptors, such as TLR2
(toll like receptor 2), TLR4 (toll like receptor 4), and RAGE,
and results in increased expression of angiogenic and proin-
flammatory factors in many immune and inflammatory dis-
eases [56,57]. We observed that HG-induced MMP
disruption, CYCS release, and ROS generation were signifi-
cantly decreased by the downregulated expression of HMGBI.
Moreover, the production of inflammatory mediators and
VEGF was significantly decreased after HMGB1 downregula-
tion, as was the proportion of apoptotic RPE cells.
Nevertheless, inhibition of autophagy by 3-MA significantly
reversed these protective effects. All these data indicated that
HMGBI downregulation rescued HG-induced LMP and pro-
tected RPE cells against DR by restoring the degradative
capacity of autophagy during the early DR stage.

In summary, our results demonstrate, for the first time,
that autophagy is inhibited in DR by LMP, which decrease the
degradative capacity of autophagy. In addition, our data reveal
that HMGB1 overexpression can lead to LMP via regulating
the expression of CTSB. Knockdown of HMGBI rescued LMP
through the CTSB-dependent pathway, restored the degrada-
tive capacity of autophagy, and protected RPE cells against
apoptosis during the early stage of DR. These findings open
new perspectives of the relationship between HMGBI, the
autophagy-lysosome pathway, and DR, which in turn provide
a framework for further studies regarding the molecular
mechanisms that underlie DR pathogenesis.

Materials and methods
Cell culture

ARPE-19 cells were purchased from the American Type
Culture Collection (ATCC, CRL-2302), whereas HsRPE cells
were obtained from human donor eyes deposited in the
Chongging Eye Bank, with the written consent of the donor
or the donor’s family for use in medical research in accor-
dance with the 2013 version of the Declaration of Helsinki.
This study was approved by the Ethics Committee of the First
Affiliated Hospital of Chongqing Medical University. Twelve
human donors were included in this study (Table 1). The
HsRPE cells were isolated as described previously [12]. Both
HsRPE and ARPE-19 cells were cultured in Dulbecco’s mod-
ified Eagle’s medium F-12 nutrient mixture (DMEM/F-12;
Invitrogen; C11330500B) containing 10% fetal bovine serum
and 1% penicillin/streptomycin. The cells were maintained in
a humidified incubator with a 5% CO, atmosphere at 37°C.

Antibodies and reagents

The primary antibodies used were as follows: anti-LC3B
(ab192890), anti-SQTSM1 (ab109012), anti-BECN1
(ab207612), anti-ATG5 (ab108327), anti-LAMP1 (ab25630),
anti-LGALS3 (ab2785), anti-CTSB (ab125067), anti-CTSL
(ab6314), and bafilomycin A; (ab120497) were procured
from Abcam. Anti-HMGB1 (10,829-1-AP), anti-CYCS
(10,993-1-AP), anti-ACTB (20,536-1-AP), Alexa Fluor 594
(SA00006-4), Alexa Fluor 488 (SA00006-1), and horseradish
peroxidase-conjugated secondary antibodies (SA00001-2 and
SA00001-1) were procured from Proteintech Group.
Rapamycin  (R0395), chloroquine (C6628), leupeptin
(L9783), GA (467,214-21-7), and rotenone (R8875) were pro-
cured from Sigma-Aldrich. 3-MA (52767) and CA-074Me
(S7420) were procured from Selleck. Z-FF-FMK (108,005--
94-3) was procured from Santa Cruz Biotechnology.

Immunofluorescence analysis

Immunofluorescence analysis was performed on the RPE cells
as described previously [12,58]. After fixing the cells, the cover
glasses were incubated at 4°C overnight with different primary
antibodies, followed by incubation with the corresponding sec-
ondary antibodies. Then, the nuclei were stained with 4',6-dia-
midino-2-phenylindole (Polysciences, 09224-10) for 5 min. All
images were recorded using a digital camera connected to
a Leica fluorescence microscope (DMR, Deerfield, IL, USA).
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Figure 7. Downregulation of HMGB1 expression rescued HG-induced LMP via a CTSB- but not a CTSL-dependent pathway. (a) After exposure to NG or HG for 24 h,
the total protein of HsRPE and ARPE-19 cells was subjected to western blot analysis using the indicated antibodies (CTSB, CTSL, and ACTB). ACTB was used as
a protein loading control. Representative images from three independent experiments with biological and technical replicates are shown, n = 6. (b) HsRPE and ARPE-
19 cells were pretreated with complete medium containing CA-074Me (10 ng/mL) or Z-FF-FMK (40 pM) for 1 h and then exposed to HG for 24 h.
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Immunofluorescence signals after double-staining for LGALS3 (red) and LAMP1 (green) in cell samples are shown, and Manders' coefficients for colocalization of
LGALS3 with LAMP1 were calculated. Representative images from three independent experiments with biological and technical replicates are shown. Scale bars:
10 um, n = 6. (c) ARPE-19 cells were transfected with siRNA-HMGB1 and Scr-siRNA and then exposed to HG for 24 h. The mRNA expression of CTSB and CTSL in ARPE-
19 cells was measured by real-time PCR, n = 6. (d) HsRPE and ARPE-19 cells were transfected with siRNA-HMGBT and Scr-siRNA and then exposed to HG for 24 h. Cell
samples were subjected to western blot analysis using the indicated antibodies (CTSB, CTSL, and ACTB). ACTB was used as a protein loading control. Representative
images from three independent experiments with biological and technical replicates are shown, n = 6. *P > 0.05; **P < 0.01; ***P < 0.001.

Table 1. The information about donors.

Age Cause of
Donor Ethnicities (years) Gender Geographical origin Death
1 Chinese 36 Male No.78, Shijialiang Street,  Trauma
Han Beibei District
2 Chinese 26  Male No. 19, Sanpin Village, Cancer of
Han Damiao Town, Tongliang  the
District stomach
3 Chinese 38 Female No. 9, Group 7, Yuelong Renal
Han Village, Tiegiao, Kaizhou  failure
District
4 Chinese 16  Male No. 137-4, huangnixin Trauma
Han Village, Jiangbei District
5 Chinese 29 Male  No.222, giaodong Road,  Heart
Han Gaoan Town, Dianjiang disease
County
6 Chinese 37 Male  No. 30-12, Hongchoufang Trauma
Han Zhengjie, Shapingba
District
7 Chinese 33 Male No0.196-5, Guojiatuo Youyi Trauma
Han New Village, Jiangbei
District
8 Chinese 40  Female No. 127, Group 1, Wuyan Myocardial
Han Village, Shanghe Town, infarction
Tongnan County
9 Chinese 22 Male No.35, Group 8, Feima glioma
Han Village, Xiangshui Town,
Beibei District
10 Chinese 36 Female Room 12, Unit 2, No.1 Trauma
Han Xinshan Village, Dadukou
District
1 Chinese 30 Female 2-2, No. 13, Xinghua Trauma
Han Village, Jiangbei District
12 Chinese 39  Female Room 20-10, Building 15, Trauma
Han No. 4, Coral Road Wanda

Plaza, Nanping Street

Transmission electron microscopy

TEM was carried out as described previously [10]. In brief, RPE
cells were collected and fixed with 2% paraformaldehyde-2.5%
glutaraldehyde in 0.1 M phosphate buffer (Sigma-Aldrich,
G6257), pH 7.3, at 4°C overnight. After incubation, the cells
were washed three times with phosphate bulffer, followed by
post-fixation in 1% osmium tetroxide (Structure Probe, Inc.,
SPI-Pontm 812) for 30 min. The samples were dehydrated, and
then stained with 1% aqueous uranyl acetate (Structure Probe,
Inc., SPI-02624). The structures of autophagosome-like vesicles
were observed under a H-7500 transmission electron micro-
scope (Hitachi, Tokyo, Japan) operated at 80 kV.

Western blot analysis

Western blot analysis was performed on rat retinas or
human RPE cells as described previously [12]. The rat
retinas or human RPE cells were homogenized with
a complete lysis buffer (Cell Signaling Technology,

9803). Lysates were centrifuged at 18,760 g for 10 min
at 4°C. Protein concentrations were determined with the
Bicinchoninic Acid Protein Assay kit (Beyotime
Biotechnology, P0012S). Thirty micrograms of protein
was loaded onto each lane of a gel, separated by 12%
SDS-PAGE (Beyotime Biotechnology, P0012A), and then
transferred to a polyvinylidene difluoride membrane
(PVDF; Millipore, IPVH00010). For all cases, the protein
blot was blocked for 1 h at room temperature with block-
ing solution (5% nonfat dried milk [Cell Signaling
Technology, 9999] and Tris-buffered saline Tween 20
[TBST; Cell Signaling Technology, 9997]). The mem-
branes were incubated at 4°C overnight with different
primary antibodies, followed by incubation with the cor-
responding secondary antibodies. Chemiluminescent fluid
(Millipore, WBKLS0500) was dropped onto the surface of
the membrane evenly in the darkroom, and then the
membrane was covered by an appropriate size
X-sensitive film. The film was exposed in an X-ray cam-
era obscura (Guangdong Yuehua Medical Equipment
Factory, Guangdong, China). We then removed the film
and soaked it in the developer for 5 s before the immu-
noreactive bands were visualized under the red light.
Band detection was conducted within the linear range.
Three independent technical replicates were performed
for every blot.

RT-PCR

Total mRNA was extracted from the RPE cells by using Trizol
reagent (Invitrogen, 15,596,026), and cDNA was then synthe-
sized by in vitro reverse transcription using mRNA as the
template. The target gene expression was quantified by RT-
PCR using specific primers (RiboBio, Guangdong, China).
RT-PCR was performed using an ABI Prism 7900 HT
Sequence Detection System (Applied Biosystems, Foster
City, CA, USA) with a Tagman Gene Expression Master
Mix (Applied Biosystems, 4,370,074). All data are presented
as fold change compared with control after normalization to
ACTB.

Plasmid transfection

The tfLC3B plasmids, constructed by GenePharma (Shanghai,
China), were transfected into RPE cells using Lipofectamine
2000 (Invitrogen, 11,668,019) according to the manufacturer’s
instructions. After transfection, the cells were treated with NG
or HG for an additional 24 h before image capturing, as
described previously [59].
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LTR uptake test

The RPE cells exposed to HG for different periods were
incubated with 50 nM LTR (Invitrogen, L-7528) in complete
DMEM/F-12 for 2 h at 37°C Subsequently, the stained cells
were washed with phosphate-buffered saline (PBS; Beyotime
Biotechnology, C0221A) to remove excess LysoTracker dye.
Finally, the images were viewed under a microscope
(CKX41SF, Olympus, Japan) and recorded.

Enzymatic assays

The activities of lysosomal CTSB and CTSL were measured
using a fluorescent activity assay kit (BioVision, K140-100
and K142-100), according to the manufacturer’s instructions.
In brief, both assays were performed after cleavage of the
synthetic substrate with either cell or retinal tissue lysate.
The fluorescence was visualized by a multifunctional micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA) at
excitation and emission wavelengths of 400 and 505 nm,
respectively.

Transient transfection with siRNAs

The siRNA duplexes and scrambled siRNA sequences corre-
sponding to human HMGBI were constructed by
GenePharma (Shanghai, China). Transient transfection of
siRNAs for human HMGBI (20 nM) was carried out using
Lipofectamine 2000 in accordance with the manufacturer’s
protocol.

ELISA

The concentrations of IL1B, IL6, CXCL8, and VEGF (R&D
Systems, DY201, DY206, DY208, and DY293B) were deter-
mined using ELISA kits for humans according to the manu-
facturer’s instructions. A multifunctional microplate reader
(Molecular Devices, Sunnyvale, CA, USA) was used to mea-
sure the absorbance of each protein at a wavelength of
450 nm.

ANXAS5-FITC-PI apoptosis assay

The apoptosis assay was performed using an ANXA5/annexin
V-FITC-propidium iodide (PI) apoptosis detection Kkit
(Beyotime Biotechnology, C1062L). In brief, RPE cells were
washed three times with ice-cold PBS. The cells were resus-
pended with 300 uL 1x binding buffer and incubated with
5 pL ANXAS5-FITC for 10 min at room temperature.
Subsequently, the cells were incubated with 5 uL PI at room
temperature for 5 min in the dark. After incubation, apoptotic
cells were detected by flow cytometry (FACSAira, Becton
Dickinson, Franklin Lakes, NJ, USA) using 200 pL 1x binding
buffer per tube.

MMP assay

The Aym values of RPE cells were measured using a JC-1
mitochondria staining kit (Beyotime Biotechnology, C2006).

In brief, RPE cells were incubated with JC-1 staining solution
(5 ug/mL) for 20 min at 37°C. After incubation, the cells were
centrifugated at 600 x g for 3 min. The Aym values were
determined using fluorometry. For JC-1 monomers and
aggregates, fluorescence was measured using
a multifunctional microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

Extraction of lysosomal fraction

After RPE cells were washed twice with PBS and collected
by centrifugation at 500 x g for 3 min, the lysosomal protein
fraction was extracted using a lysosomal protein extraction
kit (Bestbio, BB-31,452-2) according to the manufacturer’s
instructions. In brief, collected cells were resuspended with
lysosome extraction reagent A and oscillated on ice for
10 min. Then the cells were homogenized 35 times in
a Dounce homogenizer (Dongguan Kemao Biological
Technology, KM-10-024-2) followed by centrifugation at
1,000 x g for 5 min. Supernatant fractions were centrifuged
at 30,000 x g for 30 min and the supernatant was collected
and labeled as the cytosolic fraction. The resulting precipi-
tates were resuspended with lysosome extraction reagent
B and further centrifuged at 30,000 x g for 30 min. The
precipitates were resuspended with lysosome extraction
reagent C and oscillated for 20 min followed by centrifuga-
tion at 14,000 x g for 15 min. The supernatant was taken as
the lysosomal protein fraction.

Isolation of mitochondria

In order to extract mitochondrial protein from mitochondria,
mitochondria were isolated from the cultured RPE cells using
a homogenization method with a Dounce homogenizer (25
strokes), followed by differential centrifugation at low speed
(600 x g) and high speed (11,000 x g) according to the protocol
of the Mitochondria Isolation Kit (Sigma, MITOISO2).

Measurement of intracellular ROS levels

Intracellular ROS levels were measured by 2'-7'-
dichlorodihydrofluorescein diacetate (DCFH-DA; Beyotime
Biotechnology, S0033). In brief, RPE cells were incubated
with 10 uM of DCFH-DA for 30 min at 37°C. After incuba-
tion, excess DCFH-DA was removed by washing with PBS
three times. Finally, the fluorescence signals were measured
using a multifunctional microplate reader.

Animal model establishment and experimental
procedures

All animal experiments were carried out in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. Male 8-week-old Sprague-Dawley rats were
obtained from the Animal Care Committee of Chongqing
Medical University (Chongging, China). High dose STZ
(Sigma-Aldrich, S0130MSDS; 60 mg/kg in 0.1 mM sodium
citrate buffer, pH 4.5) was administered via a single intraper-
itoneal injection after a fasting period of 8 h. Meanwhile, the



control animals received an equivalent amount of vehicle alone.
Three days after the injection, blood glucose levels were mea-
sured in the tail vein to evaluate the induction of diabetes
(hyperglycemia >16.7 mM) [60]. During the entire experimental
period, all the rats were fed with a regular diet.

Three months after intraperitoneal injection of STZ, we admi-
nistered GA or siRNA-HMGBI to rats with STZ-induced dia-
betes. STZ-induced diabetic rats were treated with 100 mg/kg GA
by intraperitoneal injection, while rats in the control group
received an equivalent amount of vehicle alone. The rats were
euthanized at 7 days after the GA injection. SIRNA-HmgbI intra-
vitreal injections were given to rats as described previously
[61,62]. SiRNA-Hmgbl was suspended in water at
a concentration of 0.5 ug/uL. SIRNA-HmgbI (1 uL) was mixed
with 1 uL Lipofectamine 2000 for 20 min before injection. SIRNA-
Hmgb1 intravitreal injections were given with the aid of a surgical
microscope. The needle was inserted ~1 mm behind the corneal
limbus, and 2 uL of siRNA-HmgbI-Lipofectamine 2000 mixture
was quickly pushed into the vitreous. Rats in the Scr-siRNA group
were injected with 2 pL of Scr-siRNA-Lipofectamine 2000 com-
posite. The intravitreal injection was administered twice, on day 1
and day 4, and the rats were euthanized on day 7 for subsequent
analysis.

Immunofluorescence staining of RPE cells in retina

Immunofluorescence staining was performed on the RPE cells
of the retina as described previously [63]. After enucleation,
the eyes of each rat were rinsed with PBS, the anterior eye
portion was removed, and the posterior eyecup was flattened
by performing four incisions. The neural retina was separated,
revealing the RPE, and blocked by 5% donkey serum
(Abbkine, BMS0140) and 1% BSA (Solarbio, A8010). The
blocked flat mounts were incubated with different primary
antibodies at 4°C overnight, followed by incubation with the
corresponding secondary antibodies. After incubation, the flat
mounts were rinsed, cover-slipped with antifade medium
containing nuclear stain, visualized, and recorded using
a digital camera connected to a fluorescence microscope.

TUNEL assay

The RPE cells of rats were flat-mounted, TUNEL staining was
performed according to the instructions of the manufacturer
(Beyotime Biotechnology, C1098), and cells were counter-
stained with 4',6-diamidino-2-phenylindole. TUNEL-positive
cells on the upper retina 100 um away from the optic nerve
were counted using Image] software.
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Statistical analysis

Experiments were conducted three times with independent biological
and technical replicates. The combined data from these experiments
were subjected to statistical analysis. All statistical tests were performed
using SPSS 26.0. One-way analysis of variance (ANOVA) and post-hoc
Bonferroni multiple comparison tests were used to analyze and compare
the differences between groups. Data are expressed as the mean +
standard deviation (SD) from at least three independent experiments.
A P value of less than 0.05 was considered statistically significant.
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