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Dissociation of HKII in retinal epithelial cells
induces oxidative stress injury in the retina
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Abstract. The retina is sensitive to injury resulting from
oxidative stress (OS) due to its high oxygen consumption.
Patients with retinitis pigmentosa suffer from excessive OS.
N-acetylcysteine (NAC) is used as a mucolytic agent for the
clinical treatment of disorders, such as chronic bronchitis and
other pulmonary diseases. The aim of the present study was
to investigate the role of hexokinase 2 (HKII) in retinal OS
injury. Amyloid § (Ap)1-40 was used to establish a cellular
model of OS. Cell viability was measured with a Cell Counting
Kit-8 assay, and the apoptosis, reactive oxygen species (ROS)
and mitochondrial membrane potential (MMP) of cells were
analyzed via flow cytometry with corresponding kits. The
mRNA and protein levels were detected by reverse transcrip-
tion-quantitative PCR and western blot analyses, respectively.
It was observed that AB1-40 reduced the expression of HKII in
the mitochondria of retinal pigment epithelial ARPE cells and
impaired mitochondrial antioxidant functions. Additionally,
knockdown of HKII promoted apoptosis, and increased
ROS levels and the MMP. NAC attenuated the inhibition of
mitochondrial functions induced by AB1-40. The knockdown
of HKII was revealed to decrease the levels of Bcl-2, manga-
nese superoxide dismutase (SOD) and copper-zinc-SOD, and
increase the levels of cleaved caspase-3, Bax and cytochrome c.
The present findings suggested that the dissociation of HKII
induced by OS induces apoptosis and mitochondrial damage.
This study provided improved understanding of the mecha-
nisms underlying the effects of OS on retinal epithelial cells.
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Introduction

Oxidative stress (OS), which was initially conceptualized
in 1985 (1), is regarded as an important phenomenon in redox
biology and medicine. OS was initially defined as an imbalance
between oxidants and antioxidants, which leads to a disrup-
tion of redox signaling and/or molecular damage (2). Reactive
oxygen species (ROS) were considered to be damaging agents
in living organisms; however, they were subsequently also
determined to serve positive roles in living organisms (3).
Thus, the definition of OS was revised to refer to an imbalance
between ROS generation and elimination (4). OS can be clas-
sified as basal, low intensity, intermediate intensity OS or high
intensity OS (4).

The eyes are susceptible to OS injury due to the production
of ROS, as eyes are exposed to various adverse environments
that are able to shift the cell redox status towards oxidizing
conditions, including ionizing radiation, light exposure, ultra-
violet rays, chemical pollutants and pathogenic microbes (5).
Additionally, the retina is vulnerable to OS due to its high
oxygen consumption (6,7). OS can induce peroxidation of
nucleic acids, bases, lipids, proteins and carbohydrates,
resulting in a number of eye conditions [dry eye syndrome,
diabetic retinopathy, autoimmune and inflammatory uveitis,
corneal and conjunctive diseases, cataracts, glaucoma,
age-related macular degeneration (AMD) and retinitis pigmen-
tosa (RP)], as well as chronic inflammation (5,8). Amyloid 3
(AB), which promotes the progression of AMD (9), can induce
OS; AP has been used in animal or cell models of OS and
AMD (10-12). In the present study, ROS were investigated in
ARPE-19 cells treated with Ap1-40.

Hexokinases (HKs) catalyze the first step of glucose
metabolism; glucose, which is transported through glucose
transporters in the mitochondrial membrane, is phosphorylated
by HKs, producing glucose-6-phosphate (G6P) (13-16); G6P
also provides feedback regulation of HK activity. HKs serve
important roles in the regulation of metabolic process, as G6P
is a precursor of ATP, glycogenesis, and pentose phosphate and
hexosamine biosynthetic pathways (13,14,16,17). HK has four
isomers (I, IL, IIT and IV) in mammalian cells; hexokinase II
(HKII) serves important roles in insulin-sensitive tissues, such
as skeletal muscle, heart and adipose tissue (18).

HKII has been reported to induce important effects on
mitochondrial function in myocardial cells (19). HKII, which
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binds to mitochondria, can suppress the mitochondrial translo-
cation of Bax and the release of cytochrome ¢ (Cyt ¢) (20,21),
therefore preventing cell apoptosis (22). It has been reported
that ischemia or glucose deprivation in adult hearts or isolated
cardiomyocytes can result in the dissociation of HKII from
mitochondria, thereby releasing mitochondrial Cyt ¢ to induce
apoptosis (23,24).

N-acetylcysteine (NAC), an antioxidant, is used as a muco-
lytic agent for treating various disorders, including paracetamol
intoxication, doxorubicin cardiotoxicity and ischemia-reperfu-
sion cardiac injury in clinical settings (25,26). The effects of
HKII on AB1-40-induced OS injury were studied in retinal
pigment epithelial (RPE) cells, using NAC as a control.

Materials and methods

Cell culture, oxidative stress model and morphological obser-
vation. The human RPE cell line (ARPE-19/HPV-16) was
purchased from the American Type Culture Collection. The
cell line was cultured at 37°C with 5% CO, in an incubator
(Thermo Fisher Scientific, Inc.) with DMEM/F-12 medium
(cat. no. 11330057; Gibco; Thermo Fisher Scientific, Inc.)
containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.) and 1% 10,000 U/ml penicillin/10,000 pg/ml
streptomycin (Gibco; Thermo Fisher Scientific, Inc,.). The
cells were subcultured every 3 days in a 35-mm culture flask
(Corning Inc.). After the cells (2x10* cells/well) were seeded in
96-well plates (Corning Inc.), and different concentrations of
AP1-40 (0,0.01,0.1,0.5, 1,5 and 10 gmol/ml; Sigma-Aldrich;
Merck KGaA) mixed with culture medium were added to the
cells in order to establish OS, the cells were incubated at 37°C
for 24 h. For subsequent experiments, 0.5 gmol/ml AB1-40
was used. Following culture for 24 h, the morphology of cells
in the control and 0.5 gmol/ml AB1-40 groups was observed
under an inverted phase contrast microscope (magnification,
x200; Olympus Corporation).

Cell viability. Cell viability was measured via a Cell Counting
Kit-8 (CCK-8) assay. ARPE-19 cells (2x10* cells/well) were
seeded in a 96-well plates (Corning Inc.) and cultured in an
incubator for 24 h at 37°C. Cells were cultured with various
concentrations (0.1, 1 or 10 ymol/ml) of NAC (Shanghai Aladdin
Bio-Chem Technology Co., Ltd.); for subsequent experiments,
1 ymol/ml NAC was used. A CCK-8 kit (Sigma-Aldrich;
Merck KGaA) was diluted with serum-free DMEM (1:9). The
culture medium was then replaced, and the cells were washed
three times with PBS (Gibco; Thermo Fisher Scientific, Inc.).
CCK-8 working solution (10 pl) was added to each well, and
plates were incubated in an incubator for a further 2 h. The
optical density at 490 nm was then detected using a microplate
reader (Thermo Fisher Scientific, Inc.).

Cell transfection. Small interfering RNA specific for HKII
(siHKII; 5'-GACCCTCTACAAGCTACAT-3') and negative
control (NC) siRNA (5'-GGTAAGCAAGGGAGATCAA-3")
were synthesized by Orbigen, Inc. (Allele Biotechnology).
Serum-free DMEM was diluted (1:1) with Lipofectamine®
(Invitrogen; Thermo Fisher Scientific, Inc.). Then, 50 nmol/l
siHKII or NC mixed with the Lipofectamine solution was
added to the cells for 1-2 h, following which the solution was
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replaced with normal culture medium. Subsequent experi-
ments were performed 72 h following transfection.

Apoptosis and ROS analysis. After the cells had been treated
with AB1-40 (0.5 ymol/ml), NAC (1 gmol/ml), AB1-40
(0.5 pmol/ml) + NAC (1 gmol/ml) or AB1-40 (0.5 gmol/ml) +
NAC (1 gmol/ml) + siHKII (50 nM) for 24 h, respectively, they
were collected by trypsin (Gibco; Thermo Fisher Scientific,
Inc.) via centrifugation at 800 x g for 5 min at 4°C. An
Annexin V-FITC/propidium iodide (PI) apoptosis detection
kit (BD Biosciences) and a fluorometric intracellular ROS kit
(cat.no. MAK143; Sigma-Aldrich; Merck KGaA) were applied
to detect the apoptosis and ROS contents of ARPE cells using
a flow cytometer (FACSCalibur; BD Biosciences). The cells
were incubated with Annexin V-FITC and PI in the dark
for 20 min at room temperature; the same temperature and
duration were used for ROS assays. The fluorescence inten-
sity was analyzed using CellQuest software (version 3.3; BD
Biosciences). Experiments were conducted according to the
manufacturers' protocols. The apoptosis rate was calculated as
the percentage of early + late apoptotic cells.

Mitochondrial membrane potential (MMP) analysis. The JC-1
fluorescent probe can be used to detect changes in the MMP; the
color of fluorescence is altered when the MMP changes (27).
Cells were seeded in a 6-well plate at 1x10° cells/well for
24 h, and the cells were treated as aforementioned for 24 h;
untreated cells were regarded as a control group. The cells
were collected with 0.25% trypsin for 5 min at 37°C and via
centrifugation at 800 x g for 5 min at 4°C, and 10° cells were
resuspended in 0.5 ml DMEM. A JC-1 MMP assay kit (Beijing
Leagene Biotech Co., Ltd.) was used to analyze the MMP.
The experimental procedure was performed according to the
manufacturer's protocols. The fluorescence was detected using
a flow cytometer (FACSCalibur) and CellQuest version 3.3
software at wavelengths of 530 and 590 nm.

Western blotting. The cells were seeded in 90-mm petri dishes
(Corning Inc.) at 10° cells/dish, and were treated as aforemen-
tioned for 24 h. The medium was discarded, and PBS was
used to wash the cells three times. Total protein was extracted
by a cell scraper (Thermo Fisher Scientific, Inc.) with 300 pul
cell lysis buffer (cat. no. RABLYSISI; Sigma-Aldrich; Merck
KGaA) on ice, and the cells were centrifuged at 4°C and
12,000 x g for 15 min. Mitochondria in ARPE-19 cells were
extracted with a mitochondria isolation kit (Sigma-Aldrich;
Merck KGaA). Cell lysis buffer (Sigma-Aldrich; Merck
KGaA) was used to extract protein from mitochondria via
centrifugation at 12,000 x g for 15 min at 4°C. A BCA assay
kit (Sigma-Aldrich; Merck KGaA) was used for determining
the amount of protein. Then, 40 ug protein was separated
via 12% SDS-PAGE and transferred to PVDF membranes
(Sigma-Aldrich; Merck KGaA). Protein membranes were
blocked with 3% bovine serum albumin (Sigma-Aldrich;
Merck KGaA) for 2 h at room temperature. Primary antibodies
were diluted in TBS with 0.1% Tween-20 (TBST). Cleaved
caspase-3 (1:1,000; cat. no. 9661; Cell Signaling Technology,
Inc.), Bcl-2 (1:1,000; cat. no. 4223; Cell Signaling Technology,
Inc.), Bax (1:1,000; cat. no. 5023; Cell Signaling Technology,
Inc.), manganese superoxide dismutase (MnSOD; 1:1,000;
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cat. no. 13141; Cell Signaling Technology, Inc.), copper/zinc
superoxide dismutase (CuZnSOD; 1:1,000; cat. no. 2770; Cell
Signaling Technology, Inc.), Cyt ¢ (1:1,000; cat. no. 11940;
Cell Signaling Technology, Inc.), HKII (1:1,000; cat. no. 2867,
Cell Signaling Technology, Inc.), GAPDH (1:1,000; cat.
no. 5174; Cell Signaling Technology, Inc.) and mitochondrial
marker Cyt ¢ oxidase subunit I'V (1:1,000; cat. no. 4850; Cell
Signaling Technology, Inc.) antibodies were used to incubate
the protein membranes for 12 h at 4°C. Following three washes
with TBST, horseradish peroxidase-conjugated anti-rabbit
secondary antibodies (1:10,000; cat. no. 7074; Cell Signaling
Technology, Inc.) were added to the membranes, and the
protein membranes were incubated for 1.5 h at room tempera-
ture. Bands were visualized using ECL reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). The protein bands were
analyzed using ImagelJ v1.45s (National Institutes of Health).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from cells using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to
the manufacturer's protocols. cDNA was synthesized from
mRNA by using a PrimeScript First Strand cDNA synthesis
kit (Takara Bio, Inc.); the RT reaction was performed at 45°C
for 20 min and 95°C for 5 min. gPCR was performed using
an SYBR Premix Ex Taq kit (Takara Biotechnology Co.,
Ltd.) under the following conditions: 94°C for 75 sec, then
50 cycles of 55°C for 45 sec and 72°C for 10 min. The primers
(Sangon Biotech Co., Ltd.) used for qPCR were as follows:
HKII, forward 5'-AGACTGTCCTTTCCACATGG-3', reverse
5'-TTCCAGGTGCATTCGACAAG-3'; GAPDH, forward
5-ACGGATTTGGTCGTATTGGG-3, reverse 5'-CGCTCC
TGGAAGATGGTGAT-3'. The 2444 method was employed to
analyze the relative levels of gene expression (28).

Statistical analysis. All values were presented as the
mean + SD. All experiments were repeated three times. For
comparison, one-way ANOVA followed by a Tukey's post
hoc test was performed with GraphPad Prism 5.0 software
(GraphPad Software, Inc.). The untreated experimental groups
were regarded as the control group. P<0.05 was considered to
indicate a statistically significant difference.

Results

Effects of AB1-40 on ARPE-19 cells. ARPE-19 cells were
treated with different concentrations of AB1-40 for 24 h
0,0.01,0.1,0.5, 1, 5, 10 gmol/ml). AB1-40 reduced ARPE-19
cell viability; the extent of inhibition increased with increasing
concentrations of ApB1-40 (Fig. 1) increased. Then, 0.5 gmol/ml
AP1-40 was selected to treat ARPE-19 cell; the extent of inhibi-
tion increased with prolonged duration of treatment (Fig. 2A).
As observed via microscopy, the cell morphology was altered
by APB1-40 treatment; cells shrunk, and cell fragments were
detected in the 0.5 gmol/ml APB1-40 group (Fig. 2B). In addi-
tion, the number of cells notably decreased. Additionally,
0.5 pmol/ml AB1-40 significantly increased the apoptosis
and ROS content of ARPE-19 cells (Fig. 2C-E). Notably, the
expression of HKII in ARPE-19 cells was not significantly
altered in the 0.5 ymol/ml AP1-40 group compared with the
control group; however, HKII expression in ARPE-19 cell
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Figure 1. AB1-40 inhibits ARPE-19 retinal pigment epithelial cell viability.
ARPE-19 cells were treated with various concentrations of AB1-40 (0, 0.01,
0.1,0.5, 1,5 and 10 gmol/ml) for 24 h. The viability of cells was assessed using
a Cell Counting Kit-8 assay. Data are presented as the mean =+ standard devia-
tion. "P<0.05, “P<0.01 vs. control. AB1-40, amyloid $1-40; OD; optical density.

mitochondria was significantly decreased following AB1-40
treatment (Fig. 2F-H).

Effects of siHKII on ARPE-19 cells. siHKII significantly
suppressed HKII expression in ARPE-19 cells, and signifi-
cantly decreased the viability and increased the apoptosis of
cells (Fig. 3A-D). Additionally, the ROS content of ARPE-19
cells was also significantly increased (Fig. 3E). The percentage
of early and late apoptotic cells was notably increased in the
siHKII group compared with the two control groups (Fig. 3F).
These findings indicated that inhibition of HKII damaged
RPE cells.

Knockdown of HKII alleviates the protective role of NAC
in AB1-40-induced OS injury. High concentrations of NAC
damaged ARPE-19 cells (Fig. 4); therefore, 1 gmol/ml NAC
was selected for subsequent experiments. NAC attenuated the
effects of AP1-40 on ARPE-19 cell viability; this was reversed
by knockdown of HKII (Fig. 5). NAC reduced the rate of apop-
tosis and ROS content in ARPE-19 cells treated with AP1-40
(Fig. 6A-C). Conversely, siHKII induced ARPE-19 cell
apoptosis in the AB1-40 + NAC group. Furthermore, Af1-40
treatment significantly decreased the MMP in ARPE-19 cells
(Fig. 6D); NAC attenuated the effects of AB1-40 treatment,
but siHKII reversed the effects of NAC, reducing the MMP in
AP1-40 + NAC-treated cells.

Effects of AB1-40, NAC and siHKII treatments on the levels
of apoptosis-associated and ROS-associated proteins in
ARPE-19 cells. As presented in Fig. 7, it was demonstrated that
AP1-40 treatment significantly downregulated Bcl-2, MnSOD
and CuZnSOD protein expression levels, and significantly
upregulated cleaved caspase-3, Bax and Cyt ¢ protein expres-
sion. NAC significantly attenuated the effects of Ap1-40 on
the expression of these proteins in ARPE-19 cells; however,
siHKII significantly decreased Bcl-2, MnSOD and CuZnSOD
expression, and increased cleaved caspase-3, Bax and Cyt ¢
levels in ARPE-19 cells treated with AB1-40 and NAC.

Effects of AB1-40, NAC and siHKII treatments on the
expression of HKII in ARPE-19 cells and mitochondria.
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Figure 2. Effects of AB1-40 on ARPE-19 retinal pigment epithelial cells. ARPE-19 cells were treated with 0.5 gmol/ml Af1-40; untreated cells were used
as a control group. (A) AB1-40 (0.5 ymol/ml) were added to cells for 12, 24, 48 and 72 h; cell viability was determined using a Cell Counting Kit-8 assay.
(B) Images of ARPE-19 cells following treatment with 0.5 gmol/ml AB1-40 for 24 h. Scale bar, 100 zm. After 0.5 gmol/ml Ap1-40 was added to cells for
24 h, (C and D) apoptosis and (E) ROS levels were determined via flow cytometry. Effects of A$1-40 (0.5 pmol/ml) on (F) HKII mRNA levels as determined
by a reverse transcription-quantitative PCR assay, and (G) cellular and (H) mitochondrial HKII protein levels as determined by western blotting. Data are
presented as the mean + standard deviation. “P<0.01 vs. control. AB1-40, amyloid 31-40; COX 1V, cytochrome ¢ oxidase subunit IV; HKII, hexokinase IT;
OD, optical density; PI, propidium iodide; ROS, reactive oxygen species.

NAC treatment markedly increased HKII mRNA levels in ~ with AB1-40 and NAC; HKII protein levels were not signifi-
ARPE-19 cells; however, siHKII resulted in a significant cantly altered by AP1-40 or NAC (Fig. 8B). Conversely,
reduction in HKIT mRNA expression compared with all ~ AB1-40 significantly downregulated HKII protein levels in
other groups (Fig. 8A). Furthermore, siHKII also signifi-  mitochondria, whereas NAC attenuated the effects of AB1-40
cantly reduced HKII protein levels in ARPE-19 cells treated  on mitochondrial HKII protein levels (Fig. 8C). siHKII
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Figure 3. Effects of siHKII on ARPE-19 retinal pigment epithelial cells. Cells were transfected with siHKII for 1-2 h, and analyzed 24 h later. (A) HKII mRNA
levels were determined via reverse transcription-quantitative PCR analysis. (B) Protein levels of HKII were determined via western blot analysis. (C) Cell
viability was determined using a Cell Counting Kit-8 assay. (D-F) Apoptosis and ROS levels were determined via flow cytometry. Data are presented as the
mean =+ standard deviation. ‘P<0.05, “P<0.01 vs. control; *P<0.05, **P<0.01 vs. NC. Con, control; HKII, hexokinase II; NC, negative control; PI, propidium
iodide; ROS, reactive oxygen species; si, small interfering (RNA).

significantly reduced HKII protein levels in the mitochondria ~ Discussion

of ARPE-19 cells treated with AB1-40 and NAC (Fig. 8C),

indicating that the changes in HKII induced by siHKII  Retinal degeneration, including AMD and RP, is one of the
mainly occurred in the mitochondria. most common neurodegenerative diseases globally (29). AMD
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Figure 4. Effects of NAC on ARPE-19 retinal pigment epithelial cell viability
ARPE-19 cells were treated with various concentrations of NAC (0, 0.1, 1
or 10 pmol/ml) for 24 h. The viability of cells was assessed using a Cell
Counting Kit-8 assay. Data are presented as the mean + standard deviation.
“P<0.05 vs. control. NAC, N-acetylcysteine; OD, optical density.

0.5
€
c
@ 0.4 = $
° $
3
g
o
(o] *&
c 0.34 .
3+
Q
2 I }
02 1 1 1 1 ]
S ¥ 2 Q QE
o - = = =L
[-=N + + 0
<< 3 3 +
o =
< <

Figure 5. NAC improves, and HKII knockdown reduces AB1-40-treated
ARPE-19 retinal pigment epithelial cell viability. ARPE-19 cells transfected
with siHKII or negative control siRNA were treated for 24 h with Af1-40
(0.5 ymol/ml) and/or NAC (1 ymol/ml). The viability of cells was assessed
using a Cell Counting Kit-8 assay. Data are presented as the mean =+ stan-
dard deviation. "P<0.05 vs. Con; *P<0.05 vs. AB1-40; ¥P<0.05 vs. AB1-40
+ NAC. AB1-40, amyloid 1-40; Con, control; HKII, hexokinase II; NAC,
N-acetylcysteine; OD, optical density; si(RNA), small interfering (RNA).

and RP are characterized by gradual faded central vision due
to photoreceptor cell degeneration; RPE cells, which are a
layer of cells in the retina, support the photoreceptors func-
tion, thus serving an important role in maintaining retinal
homeostasis (30,31). Patients with RP exhibit ocular OS and
damage from the absence of the ability to overcome systemic
OS; an imbalance between the generation and elimination of
ROS leads to OS, oxidation of macromolecules and eventually
retinal disease (32,33). ARPE-19 cell viability was inhibited,
and apoptosis and ROS contents were increased following
induction of OS via AB1-40 treatment.
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OS, inflammation and endoplasmic reticulum stress are
involved in glutamate excitotoxicity, contributing to mitochon-
drial dysfunction (34). The mechanism via which dissociation
of HKII induces mitochondrial dysfunction and apoptosis
in the retina remains unclear. It was previously reported that
when HKII dissociates from the mitochondrial membrane, Bax
translocates into the mitochondria and binds to unoccupied
voltage-dependent anion channels (VDACs) to form a large
pore, which exhibits 4- and 10-fold higher conductance levels
than VDACs and Bax channels, respectively; however, the large
pore lacks the ion selectivity of individual channels (21,35).
Furthermore, the VDAC-Bax pore can result in the release of
Cytctothe cytosol (36). Additionally, others have also suggested
that disaggregation of the VDAC-HKII interaction could open
the Bax-independent mitochondrial permeability transition pore
(PTP) (37,38), a multiprotein complex including cyclophilin D
in the matrix, adenine nucleotide translocator in the inner
membrane, and VDACsS in the outer membrane (39,40). The
opening of the PTP can lead to rapid MMP depolarization and
matrix swelling, therefore resulting in the unfolding of cristae
and breaches in the outer mitochondrial membrane, rendering
it permeable to proteins (41). In the present study, the results
showed that AP1-40 treatment decreased the MMP, which is
consistent with the research of Moreira et al (42). It has been
suggested that MMP depolarization is associated with apop-
tosis. Conversely, it has been reported that AB can potentiate
Ca*-induced PTP formation in liver mitochondria (42). In the
present study, AB1-40 may reduce the transmembrane potential
by reducing the concentration of Ca*", thereby causing changes
in mitochondrial membrane permeability, leading to the release
of proapoptotic substances and activation of the caspase family,
and promoting cell apoptosis. Mitochondria are not only the
primary cellular energy source under aerobic conditions, but
also an important an important component in apoptotic cell
death (43). A previous study reported that the MMP regulates
matrix configuration and Cyt ¢ release during apoptosis (44).
Additionally, outer mitochondrial membrane permeabilization
is a crucial signal for apoptosis, resulting in the liberation of
proapoptotic molecules such as cytochrome ¢ and pro-caspase
activation (45). Regardless of the mechanism, the findings from
the present study suggested that the dissociation of HKII from
the mitochondrial membrane inhibits proliferation, induces
apoptosis, increases the ROS levels and decreases the MMP
in RPE cells.

NAC, an antioxidant, has been reported to reduce retinal
superoxide radicals and promote cone cell survival in mouse
models (46). The present study further revealed that NAC
improved the viability and reduced the apoptosis of HPE
cells under OS induced by AB1-40 treatment. Previous
studies reported that increased expression of HKII provided
protection (47,48), and that decreased expression of HKII
promoted cell apoptosis (21). For example, overexpression
of HKII provided protection against peroxide in cardio-
myocytes (19,37). The present study demonstrated that the
inhibition of HKII mRNA expression decreased ARPE-19
cell viability, and promoted cell apoptosis and ROS, indicating
that decreased expression of HKII promoted cell damage.
However, a potential association between NAC and HKII, and
the mechanisms via which altered HKII expression induces
cell damage remain unclear.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 44: 1377-1387, 2019

1383

A AB1-40 AB1-40+NAC
DutPlotz) Con Dot Plot (2) AP1-40 potPiot(z) NAC DotPict 2)  +NAC DotPlot 2y  +SiHKII
g . 156LMD g 157LMD 2 158LMD 2 . 159LMD g . 160.LMD
8 1.40% 1.57% 90.26% 8.48% 50.19% 279% & 0.29% 479% £0.36% 6.11%
! 1 |
o o o a ol
(&) [} [ (&} &
o o " u = | | b= ke
4 ! 9 & 4 Y | & =
> TR ° 53 3 — i o] a
195.14% | 1.88%  181.45% 9.81%  |94.43% 259%  [89.35% 5.58%  83.56%| 9.97%
T Annexin FITG 10000 Annexin FITC 10000 Annexin FITC 10000 T Annexin FITC 10000 T Annexin FITC 10000
Histogram (2) Histogram (2) Histogram (2) Histogram (2) Histogram (2)
— Data286.LMD  _ Data287.LMD Data288LMD . Data290LMD o, Data291.LMD
& 2 o) i
ROS 10000 ROS Tig000 ROS 10000 ROS 10000 ROS 10000
Dot Plot (2) Dot Plot (2) Dot Plot (2) Dot Plot (2) Dot Flot (2)
g ¢ Data227.LMD g 5 Data228LMD & Data230.LMD  § t Data220 LMD . Data226.LMD
g g g g g
!
3 . T T T : ;
) 3 & f 4 § . 4 S
el w s mine s wmrrem v or rrree e e e rseem s or e .
FLi-H 10000 FL1-H 10000 FL1-H 10000 FL1-H 10000 FL1-H 10000
D Low membrane potential
I High membrane potential
B 25 C 200 125
W
— = L = T T
_ 150 1 e HHE g
&2 )
2 ® g 751
g o 1007 ss# 5
a o e 504
g $$ 8
< 50 - =
&) 25 T
0- 0
— c [=] + = =
5§ 2 24¢% § § 2 £4¢% S § 2 24%
C £ 2 ZII - Z2 Z <I o L 3 32T
oY T Z% = + 2% <= + Z o
< g4 R < g8
A z ¥ - 3
o = = o o
=% < = Y
<2 2 < 2

Figure 6. Effects of Ap1-40, NAC and siHKII treatment on ARPE-19 retinal pigment epithelial cells. ARPE-19 cells transfected with siHKII or negative
control siRNA were treated for 24 h with AB1-40 (0.5 gmol/ml) and/or NAC (1 ymol/ml). (A and B) Apoptosis and (C) ROS levels were determined via flow
cytometry. (D) Analysis of the MMP in treated ARPE-19 cells. Data are presented as the mean = standard deviation. "P<0.05, “P<0.01 vs. Con; *P<0.05,
$P<0.01 vs. AP1-40; "P<0.05, P<0.01 vs. NAC; ¥P<0.05 vs. AB1-40 + NAC. AB1-40, amyloid B1-40; Con, control; HKII, hexokinase IT; MMP, mitochondrial
membrane potential; NAC, N-acetylcysteine; PI, propidium iodide; ROS, reactive oxygen species; siitRNA), small interfering (RNA).

Akt, a member of the AGC kinase group, is important in
various cell functions, including proliferation, apoptosis and
metabolism (49). Previous studies reported that Akt was upreg-
ulated in tumors or following insulin treatment; HKII levels
were also increased under these conditions (19,50), suggesting
a potential association between the Akt pathway and HKII.
A number of studies have demonstrated that the Akt pathway
was associated with apoptosis pathways, and that apoptosis
was induced by inhibiting the Akt pathway (51,52). The present
study suggested that NAC reduced Ap1-40-induced damage
by upregulating HKII levels in the mitochondria, and that
the downregulation of HKII promoted apoptosis pathways,

including upregulated cleaved caspase-3, Bax and Cyt ¢, and
decreased Bcl-2 expression, all of which are involved in the
mitochondrial apoptosis pathway (53-55).

A previous study observed that activation of Akt increased
HK activity in mitochondria, and that mitochondrial HK was
required for the antiapoptotic properties of Akt signaling (56).
The function of living cells and mechanisms of energy can be
assessed via the MMP (57); a study indicated that antiprolif-
erative and proapoptotic effects occurred following loss of the
MMP (58). Downregulation of mitochondrial HKII, either by
AP1-40-induced OS or siHKII-mediated knockdown, resulted
in a lower MMP, increased apoptosis and downregulation of
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Figure 7. Effects of AB1-40, NAC and siHKII treatment on the levels of apoptosis- and reactive oxygen species-associated proteins in ARPE-19 retinal pigment
epithelial cells. ARPE-19 cells transfected with siHKII or negative control siRNA were treated for 24 h with Af1-40 (0.5 gmol/ml) and/or NAC (1 gmol/ml).
(A) Western blotting was performed to determine the protein expression levels of (B) caspase-3, (C) Bcl-2, (D) Bax, (E) MnSOD, (F) CuZnSOD and (G) Cyt c.
Expression was quantified using ImageJ. Data are presented as the mean = standard deviation. "P<0.05, “P<0.01 vs. Con; *P<0.05, **P<0.01 vs. AB1-40;
"P<0.05, "P<0.01 vs. NAC; ¥P<0.05, “P<0.01 vs. AB1-40 + NAC. AB1-40, amyloid $1-40; Con, control; Cyt ¢, cytochrome ¢; CuZnSod, copper-zinc-SOD;
HKII, hexokinase II; MnSOD, manganese-SOD; NAC, N-acetylcysteine; si(RNA), small interfering (RNA); SOD, superoxide dismutase.

SOD. NAC treatment attenuated the proapoptotic and antip-
roliferative effects of AB1-40-induced OS in ARPE-19 cells,
which was accompanied with restoration of the normal MMP;
however, knockdown HKII reversed these effects and again
decreased the MMP. CuZnSOD and MnSOD eliminate ROS
and maintain redox balance in the immune system (59). NAC

reduced ROS levels in AB1-40-induced ARPE-19 cells; HKII
knockdown enhanced ROS levels, potentially via the down-
regulation of CuZnSOD and MnSOD.

The aims of the present study were to investigate the
roles of HKII in OS-induced injury in RPE cells. The
present findings suggested that NAC reduced OS-associated
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Figure 8. Effects of AB1-40, NAC and siHKII treatment on the expression of HKII in ARPE-19 retinal pigment epithelial cells and mitochondria. ARPE-19
cells transfected with siHKII or negative control siRNA were treated for 24 h with AB1-40 (0.5 ymol/ml) and/or NAC (1 pgmol/ml). (A) HKII mRNA levels
in ARPE-19 cells, as determined via reverse transcription-quantitative PCR analysis. (B) Whole cell and (C) mitochondrial levels of HKII in ARPE-19
cells, as determined by western blotting. The stains were analyzed using Image J system. Expression was quantified using ImagelJ. Data are presented as the
mean = standard deviation. “P<0.05, “P<0.01 vs. Con; $P<0.05, %*P<0.01 vs. AB1-40; “P<0.05, #P<0.01 vs. NAC; ¥P<0.05, “4P<0.01 vs. AB1-40 + NAC. AB1-40,
amyloid 1-40; Con, control; COX IV, cytochrome ¢ oxidase subunit IV; HKII, hexokinase II; NAC, N-acetylcysteine; sii(RNA), small interfering (RNA).

damage, and increased the viability of RPE cells subjected to  These and other limitations will be resolved in future inves-
AP1-40-induced OS. It was further suggested that the effects  tigations.

of NAC on OS involved upregulation of mitochondrial HKII
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