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Cytoprotective role of humanin in lens epithelial
cell oxidative stress-induced injury
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Abstract. Oxidative stress-induced injury and apoptosis of
human lens epithelial cells (HLECs) are early events in the
development of age-related cataracts (ARCs). Humanin (HN)
is a mitochondrial-related peptide that serves a cytoprotective
role in various cell types and animal models. Following HN
knockdown or overexpression, the level of reactive oxygen
species (ROS), mitochondrial membrane potential and mito-
chondrial DNA copy number, cell viability, LDH activity and
apoptosis of HLECs under oxidative stress were detected,
and apoptosis and autophagy were detected via transmission
electron microscopy. The results suggested that HN may be
involved in the response of HLECs to oxidative stress, and that
HN expression was significantly upregulated under oxidative
stress conditions. Furthermore, exogenous HN reduced intra-
cellular ROS content and mitochondrial damage, and enhanced
mitochondrial biosynthesis; however, this protection was lost
in an endogenous HN knockdown cell model. In addition, to
the best of our knowledge, the present study was the first to
identify that HN increased mitochondrial autophagy, which
was involved in reducing ROS production under oxidative
stress. The present study indicated a potential mechanism
underlying the anti-oxidative damage and apoptotic effects
of HN under oxidative stress. In conclusion, HN may be a
potential therapeutic target for ARCs as it has a significant
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cellular protective effect on HLECs under oxidative stress;
therefore, further study is required to investigate its role in the
occurrence and development of ARCs.

Introduction

Age-related cataracts (ARCs) are characterized by an increase
in the opacity of the lens with age; however, there are currently
no effective drugs that can inhibit or reverse the progression
of ARCs (1). The exact mechanism of ARC development is
not fully understood, but it has been confirmed that oxidative
stress serves a key role in its pathogenesis (2). UV rays, nutrient
starvation, H,O, in aqueous humor, amongst other factors can
damage the lens by oxidative stress, particularly via oxidative
damage to human lens epithelial cells (HLECs) (3). HLECs
are a thin layer of cells in the anterior lens capsule that are
responsible for the defense of the lens against oxidative stress
and are therefore vulnerable to oxygen free radicals (3). Under
oxidative stress, reactive oxygen species (ROS), a byproduct
of metabolism, accumulate in HLECs and cause oxidative
damage to nucleic acids, lipids and organelles, eventually
leading to apoptosis (4-6). Furthermore, apoptosis of HLECs
is considered to be an early event in the development of
cataracts (4,5,7-9). In response to oxidative stress, particularly
the increase in ROS production in HLECsS, lens proteins are
denatured, modified and aggregated, which eventually leads to
cataract formation (10). In addition, oxidative stress has been
shown to induce lens opacification in experimental animal
models and in cultured rat lenses (11).

Humanin (HN) was the first identified mitochon-
drial-derived peptide (MDP), which comprises 21-24 amino
acids expressed by the open reading frame of mitochondrial
16S rRNA (12). HN is expressed in various tissues, including
neuronal cells, skeletal muscle cells (13), retinal pigment
epithelial cells (14) and blood-derived cells (15). Previous
studies have reported that HN may serve a role in metabolic
regulation and antioxidant injury in nerve cells, cardiomyo-
cytes, epidermal stem cells and other cell types, as well as
in pathological models, such as Alzheimer's disease, type 2
diabetes mellitus (T2DM) and age-related macular degen-
eration (AMD). These effects include H,O,-induced cell
death (16), p-amyloid toxicity (17), serum starvation-induced
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neuronal cell death (18) and protective effects of oxidized
low-density lipoproteins-induced vascular endothelial cell
death (19). Furthermore, knockdown of endogenous HN
increased the sensitivity of cells to apoptosis induced by oxida-
tive stress (12). However, to the best of our knowledge, there
have been no previous studies examining the expression and
function of HN in HLECs, and the role of HN in the preven-
tion or treatment of ARCs.

Considering the important role of oxidative stress and ROS
in the pathogenesis of cataracts, the present study investigated
the role of HN in HLECs under oxidative stress and its under-
lying mechanisms. Moreover, the present study examined
the relationship between HN and the formation of ARCs, by
administering exogenous HN or knocking down endogenous
HN to assess whether HN can reduce oxidative damage and
apoptosis.

Materials and methods

Cell culture and treatment. HLECs (HLE-B3; American Type
Culture Collection) were grown and maintained in 1:1 DMEM
and Ham's F-12 medium (DMEM/F-12; cat. no. 10-092-CV,
Corning, Inc.), which was supplemented with 10% FBS
(Biological Industries) and 100 units penicillin and strepto-
mycin (Gibco; Thermo Fisher Scientific, Inc.) at 37°C with 5%
CO,. HN peptides were chemically synthesized and purified
to >95% purity (Nanjing Taiye Chemical Industry Co., Ltd.).
The HN group was incubated with DMEM containing 50 M
HN at 37°C for 2 h before receiving type B UV (UVB) radia-
tion. In the small interfering RNA (siRNA) HN group, HN
siRNA was transfected into cells using Lipofectamine® 3000
(Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h, after
which, cells received UVB radiation. For the rescue experi-
ment, the siHN group was incubated with DMEM containing
50 uM HN at 37°C for 2 h prior to UVB radiation. For serum
starvation, after pretreatment with 50 xM HN for 2 h or trans-
fection with siHN for 48 h, cells were incubated in serum-free
medium after being rinsed twice with PBS, for 72 h before
experiments. Cells incubated in DMEM containing 10% FBS
were considered the nutrients group.

For UVB irradiation, cells were treated as aforementioned,
rinsed with PBS and treated with a given dose of UVB
(0, 10, 20, 30 and 50 mJ/cm?; 37°C; air). Cells were exposed
to UVB light (from the bottom) in PBS (37°C; air) for 2.5 min
using a Spectroline ‘medium wave’ UV lamp (Spectroline) at
a distance of 0.8 cm. Control cells were treated similarly, but
were not exposed to UVB light. UVB levels reaching the cells
were determined with a radiometer (UVX Digital; UVP, Inc.)
equipped with a UVB sensor at 312 nm (UVX-31). Following
UVB exposure, cells were rinsed twice with PBS and cultured
for 24 h in DMEM containing 10% FBS. The morphological
analysis of HLECs was conducted using a fluorescence micro-
scope (Leica Microsystems GmbH; magnification, x400).

RNA interference. The siRNAs were designed and synthe-
sized by Guangzhou Ribobio Co., Ltd. The sequence of
HN-specific siRNA was: 5-GGGUUCAGCUGUCUCUUA
C-3". A nonsilencing siRNA (cat. no. SI03650318; Qiagen, Inc.)
was used as a negative control. At 50% confluence, cells were
transfected with siRNA (5 nmol/1) using Lipofectamine® 3000
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(Invitrogen; Thermo Fisher Scientific, Inc.). A total of 48 h
post-transfection, subsequent experiments were performed.
Control transfection was also performed using Lipofectamine®
3000 without nucleic acids (Mock). The knockdown of HN
was confirmed by reverse transcription-quantitative PCR
(RT-gPCR) and western blotting.

RT-gPCR. Total RNA was extracted from cells using TRIzol®
reagent (Thermo Fisher Scientific, Inc.). Total RNA concen-
tration was estimated by spectrophotometry. Total RNA
was reverse transcribed into cDNA using the PrimeScript
RT reagent kit (Takara Biotechnology Co., Ltd.). qPCR
was performed using Power SYBR Green PCR Master Mix
(cat. no. 4367659; Thermo Fisher Scientific, Inc.) and the
StepOnePlus RT PCR system (Applied Biosystems; Thermo
Fisher Scientific, Inc.) to investigate the expression levels of
apoptosis, autophagy, endoplasmic reticulum (ER) stress and
antioxidant-associated genes. Each sample was run in tripli-
cate. The following thermocycling conditions were used for
gPCR: Initial denaturation for 1 min at 94°C, followed by
30 cycles of 30 sec at 94°C, 30 sec at 60°C, 2 min at 72°C; and
a final extension step at 72°C for 5 min. RT-qPCR data were
analyzed using the 2224 method (20). ACq was the differ-
ence between the quantification cycle (Cq) of the target gene
and Cq of the housekeeper gene (reference gene). AACq was
calculated by subtracting ACq of each experimental group
from ACq of the control group. Fold change was calculated
using the following formula: Fold-change=2-244,

The primers used for RT-qPCR were as follows: Human
NADH dehydrogenase 1 (NDI1) forward, 5'-ATACCCATG
GCCAACCTCCT-3' and reverse, 5-GGGCCTTTGCGTAGT
TGTAT-3"; human B-globin forward, 5-GTGCACCTGACT
CCTGAGGAGA-3' and reverse, 5'-CCTTGATACCAACCT
GCCCAG-3'; B-actin, forward, 5-GAGAGGGAAATCGTG
CGTGAC-3' and reverse, 5'-CTGCTGGAAGGTGGACAG
TGAG-3"; HN, forward, 5-CTCCACGAGGGTTCAGCT
GT-3' and reverse, S-TTATGTCCGCCTCTTCACGG-3'; and
human GAPDH, forward, 5-GGTGAAGGTCGGAGTCAA
CG-3' and reverse, 5S'-CAAAGTTGTCATGGATGHACC-3'.

Cell viability assay. Cytotoxicity was assessed using a
Cell Counting Kit-8 (CCK-8) assay (Dojindo Molecular
Technologies, Inc.). Briefly, 24 h before UVB treatment, 1x10*
cells were seeded in each well of a 96-well plate. Cells were
rinsed twice with PBS and treated with a given dose of UVB
(0, 10, 20, 30 and 50 mJ/cm?; 37°C; air). Following incubation
for 24 h, the medium was removed, and the cells were washed
with PBS. Each well was then refilled with 90 ul DMEM/F12
supplemented with 10% FBS and 10 p1 CCK-8 reagents, which
was incubated at 37°C for 3 h. Cell viability was evaluated at
an optical density of 450 nm using a 96-well microplate reader
(Bio-Rad Laboratories, Inc.).

Lactate dehydrogenase (LDH) cytotoxicity assay. The
percentage of living cells was determined using a LDH
Cytotoxicity assay kit (Beyotime Institute of Biotechnology).
Briefly, 1x10* cells were seeded in each well of a 96-well plate
and incubated for 24 h. Cells were rinsed twice with PBS and
treated with a given dose of UVB (0 or 30 mJ/cm?; 37°C; air).
After incubation for 24 h, the culture media was collected
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and centrifuged for 5 min at 2,442 x g at room temperature.
The supernatant was dispensed into a 96-well plate and LDH
assay reagent was added to each well. The plate was incubated
at room temperature for 30 min. Absorbance values were
measured at 450 nm using a microplate reader. The living
cells (%) was calculated as follows: Cytotoxicity (%) = (absor-
bance of test sample-absorbance of low control)/(absorbance of
maximum enzyme activity-absorbance of low control) x100.

Measurement of intracellular ROS.ROS were measured using
2'7'-dichlorofluorescein diacetate (DCFH-DA, Beyotime
Institute of Biotechnology). Following incubation for 24 h
after UVB exposure, HLECs were washed three times with
PBS. DCFH-DA, diluted to a final concentration of 10 uM,
was added to HLECs and incubated for 30 min at 37°C in the
dark. After the cells were washed three times with serum-free
medium, the fluorescence intensity was detected with a
multi-detection microplate reader with excitation at 488 nm
and emission at 530 nm within 15 min. Fluorescence signals
were captured using a fluorescence microscope (Leica
Microsystems GmbH). Intracellular levels of ROS were
calculated by the average fluorescence intensity as analyzed
by Image-Pro Plus software (version 6.0; National Institutes of
Health). The measured fluorescence values were expressed as
a percentage of the fluorescence in control cells.

Mitochondrial membrane potential (A¥Ym) measurement.
JC-1 was used to measure the AWm of HLECs. Briefly,
5x10° cells were collected into 2 ml tubes and incubated with
10 ug/ml JC-1 for 20 min at 37°C. The fluorescence intensity
was detected with a flow cytometer (BD FACSAria I cell
sorter; Becton, Dickinson and Company). The wavelengths of
excitation and emission were 514 and 529 nm, for detection
of the monomeric form of JC-1. In addition, 585 and 590 nm
were used to detect aggregation of JC-1. The ratio of aggre-
gated JC-1 and monomeric JC-1 represented the AWm of
HLECs. The data were analyzed using Quantity One software
(version 4.6.6; National Institutes of Health). Images were
captured by fluorescence microscopy (Leica Microsystems
GmbH; magnification, x400).

Transmission electron microscopy (TEM). Cells were fixed
for 2 h at 4°C in glutaraldehyde and paraformaldehyde
(3 and 4%, respectively) in 0.1 M cacodylate buffer (pH 7.2).
After washing in 0.1 M cacodylate buffer, cells were post-fixed
with 1% osmium tetroxide in 0.1 M cacodylate buffer (pH 7.2)
for 1 h at room temperature. Cells were dehydrated using a
graded acetone series and embedded in EPON-82 resin
(Sigma-Aldrich; Merck KGaA) for 72 h at 60°C. Ultra-thin
sections (80 nm) were stained with uranyl acetate (5%;
10 min) and lead citrate (2%; 30 min) at room temperature and
observed using a JEM-1200EX TEM (magnification, x25,000;
JEOL Ltd.) at 120 V. Data were analyzed using Image-Pro
Plus software (version 6.0; National Institutes of Health).

Cell apoptosis assay. Cells of each experimental group
(5x10° cells/ml) were cultured in 35 mm? dishes and incu-
bated for 24 h. Cells were rinsed twice with PBS and treated
with a given dose of UVB (0 or 30 mJ/cm?; 37°C; air). After
24 h incubation, cells were collected by trypsinization
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and centrifugation at 2442 x g for 5 min. The cell pellet
was washed twice with cold PBS and resuspended in 1X
Annexin-binding buffer (BD Biosciences). Subsequently, the
cell suspension (100 ul) was incubated with 5 ul Annexin V
and 1 ul 100 pg/ml PI working solution (BD Biosciences) at
room temperature for 15 min in the dark. After the incubation,
400 ul 1X Annexin-binding buffer was added. After mixing,
the fluorescence intensity was detected with a flow cytometer
(CyAn ADP; Beckman Coulter, Inc.) at 530 and 575 nm
emission, and 488 nm excitation. BD FACSdiva Software
(version 8.0.1; BD Biosciences) was used to analyze the data.
The percentage of cells stained by AnnexinV*/PI', which
indicates early apoptosis, was presented as a bar chart.

Determination of mitochondrial DNA (mtDNA) copy number.
The mtDNA copy number was defined as the total mtDNA
copies divided by the total nuclear DNA (nDNA) copies.
gPCR was performed to measure the mtDNA and nDNA
copies of each experimental group. Total DNA of the cells in
each experimental group was extracted using the DNA/RNA
Isolation kit (Qiagen GmbH) according to the manufacturer's
instructions. For each qPCR, 1 ul sample DNA (10 ng/ul) was
amplified in a 10-ul reaction mixture that contained 0.25 ul
each primer (20 pM; human NDI1 for mtDNA; human 3-globin
for nDNA; B-actin reference gene), 5 ul SensiFAST SYBR
Hi-ROX premix (Thermo Fisher Scientific, Inc.) and 3.5 pul
PCR-grade water. In each experiment, 1 ul HLECs DNA
(1 ng/ul) and PCR-grade water were used as the positive
and negative controls, respectively. The following thermo-
cycling conditions were used for qPCR: Initial denaturation
for 30 sec at 95°C; followed by 45 cycles of denaturation for
15 sec at 95°C, annealing for 20 sec at 60°C, extension for
20 sec at 72°C. After obtaining Cq values, the mtDNA copies
and nDNA copies of the sample DNA (10 ng) relative to those
of HLECs were determined according to the aforementioned
equations.

Western blotting. After treatment, total protein was extracted
from HLECs using RIPA lysis buffer (cat. no. r0020; Beijing
Solarbio Science & Technology Co, Ltd.) and a bicinchoninic
acid protein assay kit (cat. no. B9643-1L; Sigma-Aldrich;
Merck KGaA) was used to determine the total protein
concentration. Equal concentrations of total protein samples
(8 ul/lane) were loaded into the wells of 4-12% Bolt mini
gels (Thermo Fisher Scientific, Inc.) followed by SDS-PAGE.
The proteins were then transferred onto PVDF membranes.
Following transfer, membranes were blocked with 5% fat-free
milk in TBS for 30 min at room temperature and then incubated
with primary antibodies against HN (cat. no. LS-C109400;
1:2,000; LifeSpan BioSciences), Bcl-2 (cat. no. 4223;
1:2,000; Cell Signaling Technology, Inc), Bax (cat. no. 5023;
1:2,000; Cell Signaling Technology, Inc.), cleaved caspase 3
(cat. no. 9665; 1:2,000; Cell Signaling Technology, Inc.) and
[-actin (cat. no. sc-47778; 1:5,000; Santa Cruz Biotechnology,
Inc.) overnight at 4°C. Subsequently, goat anti-mouse IgG
H&L (cat. no. ab205719; 1:5,000; Abcam) and goat anti-rabbit
IgG H&L (cat. no. ab205718; 1:5,000; Abcam) horseradish
peroxidase-conjugated secondary antibodies or 2 h at
room temperature. Protein bands were visualized using the
SuperSignal™ Western Blot Substrate bundle (Pierce; Thermo
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Fisher Scientific, Inc.). Data were analyzed using Image-Pro
Plus 6.0 software (version 6.0; National Institutes of Health).

Statistical analysis. Statistical analysis was performed using
one-way ANOVA followed by Tukey post hoc test using
GraphPad InStat (version 3.05; GraphPad Software, Inc.). Data
are presented as the mean = SD. P<0.05 was considered to
indicate a statistically significant difference. Each experiment
was repeated at least three times.

Results

HN expression in HLECs is associated with oxidative stress. It
was revealed that 24 h after UVB treatment, the morphology of
HLECsSs changed (Fig. 1A); UVB induced cell loss, disordered
intracellular structure and enhanced the appearance of apop-
totic bodies. Moreover, the higher the UVB dose used to treat
HLEC:s, the more significant the change in cell morphology,
indicating that the cells were under high oxidative stress. To
further investigate the relationship between endogenous HN
expression and oxidative stress, RT-qPCR was used to detect
the mRNA expression levels of HN in HLECs treated with
various doses of UVB (0, 10, 30 and 50 mJ/cm?; Fig. 1B). It was
demonstrated that the expression levels of HN were increased
12 h after UVB irradiation and HN expression was positively
associated with UVB exposure. Moreover, the mRNA expres-
sion levels of HN were upregulated by 62% (P<0.05) at the
dose of 10 mJ/cm?, 138% (P<0.01) at 30 mJ/cm? and 219%
(P<0.01) at 50 mJ/cm? compared with the control group.
Therefore, the present results suggested that UVB irradiation
may induce upregulation of HN in HLECs, and that HN may
be involved in the response of cells to oxidative stress.

HN protects HLECs from oxidative damage. To investigate
whether HN has a protective effect on HLECs under oxida-
tive stress, a HN knockdown cell line was established by
gene silencing. qPCR and western blot analysis of HN were
performed and it was confirmed by qPCR analysis that the
expression of HN was downregulated by 83% compared with
the notransfection group (Fig. 2A and B). In addition, a CCK-8
assay was used to detect the viability of HLECs (Fig. 2C). The
results revealed that knockdown of HN significantly decreased
the viability of HLECs (P<0.05). In addition, the present study
treated the HN knockdown group with different levels of
UVB; the results demonstrated that cell viability was reduced
by ~50% in the control group treated with UVB irradiation
(30 mJ/cm?) and by 77% (P<0.01) in the HN knockdown
group compared with the control group (0 UVB; Fig. 2C).
Therefore, 30 mJ/cm? was used as the UVB irradiation dose
in follow-up experiments. The viability of HLECs pretreated
with various doses of exogenous HN 24 h after UVB irra-
diation was then measured (Fig. 2D). It was demonstrated that
the cellular protective effect of HN was dose-dependent, but
there was no significant increase in response to 100 xM HN
compared with 50 yM HN; therefore, the present study used
50 uM HN (P<0.01) as the concentration of exogenous HN
in the follow-up experiments. Furthermore, 30 mJ/cm?> UVB
exerted significant cytotoxicity on HLECs (P<0.01). However,
pretreatment with HN reduced UVB cytotoxicity (P<0.05) and
reduced LDH activity by 20% (Fig. 2E), whereas knockdown
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Figure 1. Expression of HN in HLECs at different levels of oxidative stress.
(A) Images of HLECs 24 h after exposure to a 0, 10, 30 or 50 mJ/cm? dose
of UVB. (B) HLECs were subjected to different doses of UVB (0, 10,
30 or 50 mJ/cm?), and the mRNA expression levels of HN were detected
by reverse transcription-quantitative PCR at 2, 4, 12 and 24 h. Data are
presented as the mean + SD, n=3. "P<0.05, “P<0.01 vs. 12 h 0 mJ/cm? UVB.
HN, humanin; HLECs, human lens epithelial cells; UVB, type B UV.

of HN significantly increased the sensitivity of HLECs to
UVB cytotoxicity (P<0.01). Collectively, the present results
indicated that HN may effectively protect HLECs from oxida-
tive damage induced by UVB.

HN inhibits ROS production in HLECs. Under oxidative stress,
the level of ROS in cells increases significantly (4). ROS derived
from damaged mitochondria are important physiological
signaling molecules that regulate gene expression, apoptosis
and cell proliferation (5,6). Excessive ROS can further impair
mitochondrial function and affect cell viability (21,22).
Therefore, the present study hypothesized that HN may reduce
the production of ROS in HLECs and act as an antioxidant. The
present study detected intracellular ROS using the fluorescent
probe DCFH-DA, and it was found that the level of ROS in
HLEC:s increased under oxidative stress (Fig. 3). In addition,
the level of ROS in the HN siRNA group was significantly
higher compared with the control group, regardless of whether
there was UVB treatment. However, HLECs pretreated with
50 uM HN under oxidative stress showed lower ROS levels
compared with the UVB-treated control group (P<0.05). Thus,
the present results suggested that HN can significantly reduce
ROS production in HLECs under oxidative stress.

HN protects mitochondria from oxidative stress in HLECs.
The present study identified a significant increase in ROS
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Figure 2. Effects of HN on the viability and LDH cytotoxicity of HLECs subjected to UVB. (A and B) Cells were transfected with siHN for 48 h. NC siHN
group cells were transfected with NC siRNA for 48 h. Mock transfection was performed using Lipofectamine® 3000 without nucleic acids. (A) mRNA
expression levels of HN were detected by reverse transcription-quantitative PCR. (B) Protein expression levels of HN were examined using western blotting.
(C and D) Cell Counting Kit-8 assay. (C) After transfection with siHN and NC siRNA for 48 h, the cells were washed twice with PBS, and HLECs were
subjected to different doses (0, 10, 20, 30 and 50 mJ/cm?) of UVB. (D) After incubation with a given concentration (0, 10, 20, 50 or 100 zM) of HN for 2 h, the
cells were washed twice with PBS, and HLECs were treated with UVB at a dose of 30 mJ/cm?. (E) After pretreatment with 50 xM HN for 2 h or transfection
with siHN or NC siRNA for 48 h, the cells were washed twice with PBS, and then HLECs were subjected to UVB radiation at a dose of 30 mJ/cm?. After 24 h,
LDH release was determined using a commercial kit. Data are presented as the mean = SD, n=3. "P<0.05 and “'P<0.01 vs. Cont. HN, humanin; LDH, lactate
dehydrogenase; HLECs, human lens epithelial cells; UVB, type B UV; siHN, HN siRNA; siRNA, small interfering RNA; NC, negative control; Cont, control.
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levels in UVB-treated HLECs, which aggravated mitochon-
drial damage under oxidative stress. Due to the poor repair
ability of mtDNA, damage to mtDNA can cause energy
metabolism disorders, apoptosis and cell necrosis (23). To
further investigate whether HN is involved in mitochondrial
protection, the present study detected the Aym using JC-1
staining. JC-1 aggregates in normal mitochondria and has red
fluorescence. It was found that UVB treatment increased green
fluorescence in HLECs, indicating a decrease in Aym and an
increase in depolarizing mitochondria (Fig. 4A). A decrease
in Aym is also considered an important event during early
apoptosis (23). Moreover, the HN-administered group exhib-
ited a higher red-green fluorescence ratio after UVB treatment
compared with the control group (P<0.01), whereas the HN
siRNA group had a significantly lower red-green fluorescence
ratio compared with the control group and the HN knockdown
group supplemented with exogenous HN (P<0.01; Fig. 4B).
The present study also examined the mtDNA copy number
to assess the degree of mtDNA damage and biosynthesis
(Fig. 4C). It was demonstrated that HN knockdown resulted
in a decrease in mitochondrial copy number under oxidative
stress (P<0.01). However, exogenous HN significantly reversed
the damage to mitochondria in the siHN group (P<0.01).
Moreover, the number of mitochondria per cell was counted
after 24 h of UVB irradiation by TEM (Fig. 4D). Consistent
with the results of mtDNA copy number, exogenous HN could
increase mitochondrial number in HLECs induced by oxida-
tive stress (Fig. 4E; P<0.05). Furthermore, a significant increase
in mitochondrial autophagosomes was identified (Fig. 4D) in
HLECs administered with exogenous HN compared with the
UVB control cells, thus HN may enhance mitophagy (Fig. 4F).
This allows HLECs to remove damaged mitochondria in time
to prevent ROS accumulation within cells (24). In summary,
the present results indicated that HN has a beneficial effect
on mitochondrial damage and biosynthesis in HLECs under
oxidative stress.

HN protects HLECs from oxidative stress-induced apoptosis.
Under oxidative stress, elevated levels of intracellular ROS
and damaged mitochondria can lead to apoptosis, which is
also considered to be an early event in the development of
cataracts (2). To investigate the effect of HN on oxidative
stress-induced apoptosis of HLECs, cells were stained with
Annexin V-FITC/PI to analyze the apoptotic rate of HLECs
induced by UVB (Fig. 5A) or serum starvation (Fig. S1) using
flow cytometry. HLECs exhibited significant apoptosis after
UVB irradiation or serum starvation (P<0.001), and apoptosis
in the HN siRNA group was more significant compared with the
control group with or without oxidative stress (Fig. 5A and B;
P<0.01). Under UVB irradiation, HN-pretreated cell apoptosis
was decreased by 11% compared with the control group
(P<0.05), while under serum starvation, HN-pretreated cell
apoptosis was decreased by 42% compared with the control
group (P<0.01). Thus, exogenous HN may serve a moderate
protective role in UVB-induced HLEC apoptosis. Compared
with the control group, oxidative stress significantly increased
the protein expression levels of Bax and cleaved caspase-3,
and decreased the expression levels of Bcl-2 (P<0.01; Fig. 5C).
Furthermore, under UVB treatment, the HN-administered
group displayed higher Bcl-2 expression levels compared with
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the control group (37.5%; P<0.05; Fig. 5D), but 17 (P<0.05)
and 18% (P<0.05) lower Bax and cleaved caspase3 expres-
sion levels compared with the control group. Collectively,
the present results suggested that HN may inhibit apoptosis
by regulating the expression levels of Bcl-2 and Bax, and the
activation of caspase-3.

Discussion

Epidemiology has linked oxidative stress to the development
of cataracts, and oxidative stress-induced apoptosis of HLECs
has been reported as a key early event of ARC develop-
ment (22,25,26). The in vitro experiments suggested that HN
may act as an antioxidant MDP in HLECs. To the best of our
knowledge, the present study was the first to identify that
exogenous HN enhanced the resistance of HLECs to oxidative
stress and reduced apoptosis by inhibiting the production of
ROS, preventing the decrease of Aym, increasing mitochon-
drial membrane biosynthesis and enhancing the autophagy of
mitochondria. Furthermore, it was revealed that HN knock-
down increased the sensitivity of HLECs to oxidative damage
and led to increased apoptosis.

The present study revealed that HN was expressed in
HLECs and responded to oxidative stress. The level of ROS
in HLECs has previously been reported to be positively asso-
ciated with the dose of UVB and induced different degrees
of oxidative stress in cells (27). The results indicated that
4-12 h after UVB irradiation, HN expression increased, which
was associated with UVB irradiation. Thus, HN, as a highly
conserved cytoprotective peptide, may have an important
role in the survival mechanism of HLECs under oxidative
stress. HN expression in various tissues and cells, as well
as age-related pathological models, has been reported to be
associated with oxidative stress resistance (13,19,28). It was
previously shown that HN expression was elevated in polar-
ized retinal pigment epithelium monolayers, which increased
their resistance to oxidative stress (14). Moreover, HN levels
were downregulated in patients with T2DM, which reduced
their antioxidant capacity (29).

Under oxidative pressure (29,30), characteristic changes
in cells include a significant increase in intracellular ROS
and mitochondrial depolarization (31). High concentrations
of ROS in cells may cause oxidative injury to lipids, proteins
and nucleic acids, and could damage the integrity of various
biomolecules (23). In addition, excessive ROS may have a
central role in the pathogenesis of various human diseases,
such as cataracts, cardiovascular disease, AMD, diabetes
and aging (32,33). The oxidative phosphorylation process of
depolarized mitochondria is a major source of intracellular
ROS (34,35). Furthermore, mitochondria are sensitive to
oxidative stress, and the repair of mtDNA is slower compared
with that of nDNA (23). Decreased resistance to oxidative
damage or lack of rapid removal of damaged mitochondria
may result in a significant accumulation of ROS within the
cell, which may cause more severe oxidative damage to
mitochondria and various biomolecules (36), and eventu-
ally lead to apoptotic cell death (31,34). Therefore, reducing
ROS production and protecting mitochondrial function are
critical for HLEC resistance to oxidative stress. The present
study revealed that knockdown of HN resulted in a significant
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Figure 3. Endogenous HN inhibits UVB-induced ROS production in HLECs. After pretreatment with 50 M HN for 2 h or transfection with siHN or NC
siRNA for 48 h, HLECs were subjected to 30 mJ/cm? UVB radiation. After 24 h, intracellular ROS levels were determined by 2',7'-dichlorofluorescein
diacetate. (A) Observation under a fluorescence microscope and (B) detection by a fluorescence microplate reader. Data are presented as the mean + SD,
n=3. "P<0.05, “P<0.01. HN, humanin; HLECs, human lens epithelial cells; UVB, type B UV; ROS, reactive oxygen species; siHN, HN siRNA; siRNA, small
interfering RNA; NC, negative control; Cont, control.

increase in the levels of ROS in HLECsS, particularly under  present study hypothesized that the primary reason for this
oxidative stress, whereas exogenous HN significantly reduced  was that the expression of endogenous HN may be important
the levels of ROS in HLECs under oxidative stress. The  for cells to maintain a low level of ROS, and under oxidative
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fluorescence indicates the ratio of JC-1 aggregates/monomer. Data are presented as the mean + SD, n=6. (C) Determination of mtDNA copy number. After 24 h
of cultivation, NDI and B-actin expression levels were detected by reverse transcription-quantitative PCR.

stress HN reduces the production of endogenous ROS via its
protective effect against mitochondrial damage. Moreover,
it was found that HN effectively enhanced mitochondrial
resistance to oxidative stress, and that exogenous HN pretreat-
ment significantly increased Aym in UVB-treated HLECs. In
addition, it was demonstrated that HN co-treatment rescued

the increased sensitivity of mitochondria to oxidative stress.
Furthermore, the present results suggested that the changes
in HN altered mitochondrial biosynthesis and mitochondrial
numbers. In HLECs with HN knockdown, the mtDNA copy
number was significantly reduced compared with the control
group, whereas exogenous HN could rescue this reduction
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Figure 4. Continued. HN protects mitochondria from oxidative stress in HLECs. After pretreatment with 50 M HN for 2 h or transfection with siRNA for
48 h, HLECs were subjected to 30 mJ/cm? UVB radiation. (D) Mitochondria and mitophagosomes were detected by TEM (magnification, x25,000X). The thin
arrow indicates mitochondria and the thick arrow indicates mitochondrial autophagosomes. (E) Average number of mitochondria per cell. Record the number
of mitochondria in 15 cells and get the average value. (F) Average number of mitophagosomes per cell. Record the number of mitochondria in 15 cells and
get the average value. Data are presented as the mean + SD, n=3. "P<0.05, “"P<0.01. A¥m, mitochondrial membrane potential; mtDNA, mitochondrial DNA;
HN, humanin; HLECs, human lens epithelial cells; UVB, type B UV; siHN, HN siRNA; siRNA, small interfering RNA; NC, negative control; Cont, control.

in mtDNA copy number, as verified by the TEM results. regulator protein, to regulate mitochondrial transcription
Sreekumar et al (15) reported that HN upregulated the expres-  initiation (37,38). Similarly, the present results indicated that
sion of mitochondrial transcription factor A, a key biogenesis HN increased the copy number of mtDNA with or without
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Figure 5. Apoptosis assay of HLECs under oxidative stress induced by UVB. After pretreatment with 50 M HN for 2 h or transfection with siRNA for 48 h,
HLECs were subjected to 30 mJ/cm? UVB radiation. (A) Annexin V/PI staining detected by flow cytometry. (B) Quantification of flow cytometry results.
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oxidative stress. Therefore, HN may maintain mitochondrial
germination and normal function by promoting the initiation
of mtDNA transcription, thereby increasing the resistance of
HLEC:s to oxidative stress and preventing oxidation of lipids
and proteins, which is important for maintaining the transpar-
ency of the lens (39).

HN may promote the removal of damaged depolarized
mitochondria from cells (15). Mitochondrial damage caused
by oxidative stress induces mitophagy to restore and maintain
cellular energy metabolism, reduces mitochondria-mediated
cell and tissue damage, and induces apoptosis (40). The present
TEM results identified that exogenous HN pretreatment
significantly enhanced mitophagy in HLECs under oxidative
stress. However, as shown by results from previous studies,
the relationship between HN and autophagy is controversial.
Gong et al (41) reported that HN induced chaperone-medi-
ated autophagy as opposed to macroautophagy. However,
Han et al (42) found that HN induced macroautophagy in the
nervous system. Cataracts are associated with lens epithe-
lial cells and lens fiber cells. Moreover, lens fibroblasts are
differentiated from lens epithelial cells. The programmed
removal of organelles from differentiating lens fiber cells
contributes towards lens transparency via the formation of an
organelle-free zone (OFZ). Disruptions in OFZ formation are
accompanied by the persistence of organelles in lens fiber cells
and can contribute towards cataracts (43). Furthermore, mito-
chondrial autophagy can eliminate damaged or unnecessary
mitochondria in HLECs, which ensures the continuous differ-
entiation of lens epithelial cells into lens fibroblasts, and plays
an important role in lens development and the maintenance
of lens transparency (44). Costello ef al (45) reported that the
loss of mitophagy may result in retention of mitochondria in
the OFZ, leading to light scattering and cataract formation.
Mutations in the autophagy gene FYVE and coiled coil
domain containing 1 have been confirmed to cause congenital
cataracts (46). In addition, in lens fiber cells, crystallin is dena-
tured, modified and aggregated, which can eventually lead to
cataracts (10). Therefore, further research on lens fiber cells
is necessary. To the best of our knowledge, the present study
is the first to use TEM to demonstrate that HN significantly
promoted mitochondrial autophagy in HLECs under oxida-
tive stress. However, further investigation is required into
the relationship between HN and mitochondrial autophagy,
and its role in cataract formation. Future studies will detect
autophagy-related proteins, such as microtubule-associated
protein 1A/1B-light chain 3, and study the specific molecular
pathways of HN to promote mitochondrial autophagy via
the use of various autophagy regulators. Overall, the present
results identified the mechanisms of HN in reducing intracel-
Iular ROS and clearing damaged mitochondria, which is of
great significance for understanding the repair of oxidative
damage and maintaining cell homeostasis.

Apoptotic cell death of HLECs under oxidative stress
may involve complex mechanisms, including the mitochon-
drial pathway, Bcl-2 protein family and caspase-3 activation.
In damaged mitochondria, the decrease in Aypm, massive
production of ROS and the release of nucleotide-modified
mitochondrial proteins from mitochondria into the cytosol or
nucleus play a key role in apoptosis (47). The present study
demonstrated that under oxidative stress, HN may have an
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important role in maintaining HLEC viability, reducing
cytotoxic sensitivity and preventing apoptosis. Moreover, it
was found that exogenous HN pretreatment alleviated apop-
tosis of HLECs induced by UVB or serum starvation, while
knockdown of HN increased apoptosis in HLECs. In addition,
Gross et al (48) found a common checkpoint in the mammalian
cell death pathway, which is at the level of the pro-apoptotic
Bax and anti-apoptotic Bcl-2. The present study found that
exogenous HN treatment upregulated Bcl-2 protein levels and
reduced the expression of Bax in HLECs treated with UVB.
Furthermore, in untreated HLECs, HN pretreatment did not
further reduce the apoptotic rate, but the levels of Bcl-2 and Bax
proteins were altered. Thus, it is hypothesized that exogenous
HN may inhibit apoptosis at the protein level in untreated condi-
tions, but it is difficult to further reduce apoptosis due to its low
basal rate. Gottardo et al (49) revealed that in untreated GH3
cells, HN was able to upregulate Bcl-2 expression, reduce Bax
expression and significantly increase the ratio of Bcl-2 to Bax,
which is a good index of antiapoptotic cell behavior. Therefore,
HN may be involved in the regulation of Bcl-2 family proteins
and have a complex relationship with apoptosis-related proteins
involved in the mechanism of preventing apoptosis; the binding
between HN and Bax has been previously reported (12).
Furthermore, caspase-3 plays a key role in the execution of
apoptosis and the apoptotic pathway in the development of
cataracts (50-52), and caspase activities may be activated by the
release of cytochrome c from mitochondria (48). Moreover, the
present results suggested that HN reduced the levels of cleaved
caspase-3 in UVB-treated HLECs.

In conclusion, the present results indicated that HN may
reduce the damage and apoptosis of HLECs under oxidative
stress by reducing the production of intracellular ROS and
protecting the function of mitochondria. To the best of our
knowledge, the present study was the first to demonstrate that
exogenous HN may enhance the occurrence of intracellular
mitochondrial autophagy to remove dysfunctional mitochon-
dria, and remove harmful byproducts and oxidants to help
maintain intracellular environmental balance and cell survival.
Moreover, the expression levels of HN have been reported to
decrease with age, thus a deficiency in endogenous HN may
lead to insufficient oxidative resistance and may be involved
in the pathogenesis of age-related diseases (53). The present
study investigated the protective effect of HN on HLECs under
in vitro oxidative stress. The lack of in vivo studies or clinical
data is the main limitation of the present study. To examine the
role of HN in the process of cataracts, further in vivo study of
HN is required. Given the multiple protective effects of HN in
HLECSs under oxidative stress, HN may be a valuable potential
protective molecule in the prevention and treatment of ARCs.
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