MOLECULAR MEDICINE REPORTS 22: 4307-4319, 2020

ITCH regulates oxidative stress induced by high
glucose through thioredoxin interacting protein
in cultured human lens epithelial cells
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Abstract. Thioredoxin (Trx) is an important protein that
controls oxidative damage in almost all eukaryotic cells. Trx
interaction protein (Txnip) has been reported to negatively
regulate the bioavailability of Trx and inhibit its biological
function. The E3 ubiquitin ligase ITCH can specifically
degrade Txnip via ubiquitination. The apoptosis of human
lens epithelial cells (HLECSs), which are highly sensitive to
redox caused by oxidative stress, is a significant factor for the
development of sugar cataract in a high-glucose environment.
However, whether Trx, Txnip and ITCH contribute to the
progression of sugar cataracts and the underlying mechanisms
remain unknown, and thus, identifying these were the aims
of the present study. The present results suggested that the
expression levels of Trx, Txnip and ITCH in HLECs cultured
with different glucose concentrations were detected by reverse
transcription-quantitative PCR and western blotting, and the
apoptotic rate of the cells was detected by flow cytometry and
superoxide detection assay. The interaction between ITCH
and Txnip was determined by co-localization immunofluo-
rescence and co-immunoprecipitation. In addition, a vector
and small interfering RNA of ITCH were transfected to
overexpress and knockdown ITCH, respectively, to alter the
expression of downstream proteins and cell apoptosis. It was
found that Txnip was highly expressed in cultured HLECs in
high-glucose environment, and the antioxidative function of
Trx was restricted and suppressed, thus promoting apoptosis.
The overexpression of ITCH increased the expression of Trx
and decreased oxidative stress and apoptosis by decreasing
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Txnip in cultured HLECs, while downregulation of ITCH
significantly decreased the expression of Trx and enhanced
oxidative stress and apoptosis. Therefore, the present results
indicated that ITCH could regulate the apoptosis of HLECs
that were cultured in high-glucose concentration and that it
may be a treatment target for sugar cataract.

Introduction

Cataract is the most common eye disease that can lead to
blindness worldwide and is associated with several factors,
such as aging, genetic, malnutrition, immune and metabolic
abnormalities, trauma, radiation and poisoning (1). Separately
or combined, these factors induce high levels of lens epithelial
cell apoptosis, which ultimately results in cataract, which
affects the eyesight of the patients to some extent (2). With
regards to the risk factors of cataract, metabolic diseases,
especially diabetes, have become the second most important
factor, with age being the first, gradually increasing the
incidence of cataracts (3,4). Previous studies have shown that
reactive oxygen species (ROS) also play an important role in
the development of sugar cataract (5,6).

Thioredoxin (Trx), which combats against oxidative
damage, is widely distributed in the human body (7). Trx exists
in almost all eukaryotic cells and maintains the homeostasis of
the organism against oxidative damage caused by ROS (8). Trx
contains disulfide/dithiol, which acts as an active site for redox
reactions, making it a scavenger of ROS (9). Another protein,
thioredoxin interacting protein (Txnip), is closely linked to Trx
in human HL-60 cells and can give rise to 1,25-vitamin D3
gene expression in high quantities, and thus, is referred to as
vitamin D3 upgrade protein (VDUP) (10). Previous studies
have also revealed the interaction between Trx and Txnip
using yeast two-hybrid method (11). Txnip serves a negative
regulatory role by changing the Trx disulfide bond conforma-
tion via binding itself onto the redox active site of Trx, greatly
weakening the Trx redox function (12,13). Furthermore, a
high-glucose environment is a trigger of Txnip production (14).

The main role of ubiquitination is to degrade target
proteins. Under the environment of high glucose, ubiquitina-
tion, as one of protein modification after translation, is very
active (15). Therefore, it was speculated that the specificity
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of ubiquitin modification may degrade Txnip to restore the
function of Trx. The process of ubiquitin degradation protein
is a tertiary enzyme linked process: Ubiquitin activating
enzyme-El makes a thioester bond with the carboxy-terminal
glycine residue of ubiquitin. Then, the ATP-activated ubiquitin
is transferred to ubiquitin conjugating enzyme-E2 via a cova-
lent thioester linkage with the aid of E1 (16). Finally, ubiquitin
ligase-E3 completes the transfer of activated ubiquitin onto
the substrates and degrades them. There are only two types
of El and a few types of E2, and both of these are abundant
in vivo, which is similar to the ubiquitin molecules (17).
However, the most important enzymes in this pathway are
E3s, as they recognize specific substrates. E3 ubiquitin ligase,
as the key regulator of target protein degradation in the
ubiquitin-proteasome pathway, can specifically identify and
bind to the substrate protein (18).

Atrophin-1 interacting protein 4 (AIP4) or ITCH gene
was identified at the agouti locus in mouse coat color study
and encodes a 113 kDa HECT type Nedd4-like E3 ubiquitin
ligase (19). Moreover, ITCH plays an important role in regu-
lating apoptosis and other biological processes (19). It has
also been shown that in myocardial cells, Txnip is a target
protein of ubiquitin molecules (20). By interacting with E3
ligase-ITCH, Txnip protein expression is degraded by ubiq-
uitin, thus reversing the degree of myocardial cell apoptosis
caused by myocardial infarction (20). However, to the best
of our knowledge, whether this mechanism can be applied in
the model of sugar cataract has not been previously reported.
Given that Txnip is a key factor of diabetes (14) and the effect
of ITCH on Txnip degradation, this mechanism may be suit-
able for application in sugar cataracts, which are caused by
oxidative stress.

In the present study, in order to explore the pathogenesis
of sugar cataract, it was proposed that ITCH may regulate
high glucose-induced oxidative stress through Txnip in sugar
cataracts. Following which, the changes and interactions of
Txnip, Trx and ITCH in human lens epithelia cells (HLECs)
were examined in a high glucose environment. It was deter-
mined that oxidative stress was regulated through ITCH and
altered the apoptosis of cells. This may help to identify a novel
methods to guide clinical treatment and help the development
of effective and high safety anti-cataract drugs.

Materials and methods

Cell culture and grouping. The human lens epithelial cell
(HLEC) line (SRA01/04) was provided by the Ophthalmic
Lens Key Laboratory of The Fourth Affiliated Hospital of the
Chinese Medical University. Cells were incubated in DMEM
(Gibco; Thermo Fisher Scientific, Inc.) with 25 mM glucose
(Sigma-Aldrich; Merck KGaA), 10% FBS (Serana Europe,
GmbH), 100 U/ml penicillin and 100 ug/ml streptomycin
(Invitrogen; Thermo Fisher Scientific, Inc.), at 5% CO, satura-
tion and 37°C in a cell incubator. When the cell confluence
reached ~70%, the glucose concentration for cells was changed
and cells were randomly divided into the following groups:
Low-glucose group (LG; 5.5 mM glucose concentration
in culture); high-glucose 1 group (HGI; 12.5 mM glucose
concentration in culture); high-glucose 2 group (HG2; 25 mM
glucose concentration in culture); high-glucose 3 group (HG3;
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50 mM glucose concentration in culture) and mannitol (Sangon
Biotech Co., Ltd.) group (5.5 mM glucose concentration and
50 mM mannitol in culture) The aforementioned culture
conditions were used and cells were cultured for 24 h. The
original cells were treated with 50 mM glucose for different
incubation time (0, 6, 12 and 24 h) (21).

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA of each group of cells was extracted
with the TRIzol® reagent (Takara Bio, Inc.) via centrifuga-
tion at 3,000 x g for 10 min at room temperature. After
total RNA was quantified, RT was performed to synthesize
cDNA using PrimeScript RT Master Mix (Takara Bio, Inc.).
RT was conducted at 37°C for 15 min and 85°C for 5 sec.
gPCR was conducted using cDNA, forward and reverse
primers, SYBR Premix Ex Taqll (Takara Bio, Inc.) and ROX
Reference Dye II (50X; Takara Bio, Inc.) under the following
conditions: Initial denaturation at 95°C for 30 sec, followed
by 40 cycles at 95°C for 5 sec and 60°C for 34 sec. Relative
expression levels of mRNA were calculated using the 2-44¢4
method (22).

The following primers were designed and synthesized
to detect Trx, Txnip, ITCH and B-actin cDNA: Trx forward,
5'"TGTGGGCCTTGCAAAATGA-3";, Trx reverse, 5'-GGA
ATATCACGTTGGAATACTTTTCA-3'; Txnip forward,
5'-ACCTGCCCCTGGTAATTGG-3'; Txnip reverse, 5'-TTC
GGCTGGCCATGCT-3" ITCH forward, 5'-ACCGGCTGC
CATCTTAGTCT-3"; ITCH reverse, 5-GGAAAACCTGAA
GTTCTCACAGT-3"; p-actin forward, 5'-GTGGGGCGC
CCAGGCACCA-3'; and B-actin reverse, 5-CTCCTTAAT
GTCACGCAGGATTTC-3". Then, RT-qPCR amplification
and analysis were performed using an Applied Biosystems
7500 RT-qPCR machine (Applied Biosystems; Thermo Fisher
Scientific, Inc.). 3-actin was used as the internal reference.

Western blotting. When cell confluence reached ~90%,
total protein was extracted using RIPA protein lysis with
PMSF (Beijing Solarbio Science & Technology Co., Ltd.).
After bicinchoninic acid (BCA; Wanleibio Co., Ltd.)
measurement, the proteins (40 pg/lane) were added to
10% SDS-PAGE (Nanjing KeyGen Biotech Co., Ltd.) and
separated, and then transferred to PVDF membrane (EMD
Millipore). After blocking with 5% non-fat milk at room
temperature for 2 h, membranes were incubated overnight
at 4°C with primary antibodies and secondary antibodies
at room temperature for 2 h. Antibody incubations were
performed at the following dilutions: Trx (cat. no. ab26320;
1:5,000; Abcam), Txnip (cat. no. 14715s; 1:1,000; Cell
Signaling Technology, Inc.), ITCH (cat. no. 12117s;
1:1,000; Cell Signaling Technology, Inc.), GAPDH (cat.
no. 10494-1-AP; 1:5,000; ProteinTech Group, Inc.), caspase-3
(cat. no. 19677-1-AP; 1:5,000; ProteinTech Group, Inc.) and
horseradish peroxidase-conjugated secondary antibodies
against rabbit (cat. no. 10285-1-AP; 1:10,000; ProteinTech
Group, Inc.). The blots were visualized using ECL (Thermo
Fisher Scientific, Inc.) and an ECL system (Fluor Chem
FC2, Alpha Innotech, Inc.) was used to visualize the bands.
Densitometric analysis was performed by ImagelJ software
(version 1.8.0; National Institutes of Health). GAPDH was
used to normalize the expression data.
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Immunofluorescence and co-immunofluorescence. Cells were
plated into 24-well plates at 5x10* cells per well and cultured
for 24 h. When the cell confluence reached ~50%, cells were
fixed with 4% paraformaldehyde (Sangon Biotech Co., Ltd.) at
room temperature for 30 min and solubilized in 0.1% Triton
X-100 (Sangon Biotech Co., Ltd.) at room temperature for
10 min. After blocking with 5% non-fat milk at room tempera-
ture for 2 h, the cells were incubated with primary antibodies
at 37°C for 4 h and secondary antibodies at 37°C for 2 h in a
dark environment. For immunofluorescence, the primary anti-
body of Trx were added, and for co-immunofluorescence, the
primary antibodies of Txnip and Itch were added at the same
time. Antibody incubations were performed at the following
dilutions: Trx (cat. no. ab26320; 1:5,000; Abcam), Txnip (cat.
no. 14715s; 1:100; Cell Signaling Technology, Inc.), ITCH
(cat. no. sc-28367; 1:100; Santa Cruz Biotechnology, Inc.),
donkey anti-mouse IgG highly cross-adsorbed secondary anti-
body-Alexa Fluor 488 (cat. no. A-21202; 1:2,000; Invitrogen;
Thermo Fisher Scientific, Inc.) and goat anti-rabbit IgG highly
cross-adsorbed secondary antibody-Alexa Fluor 594 (cat.
no. A-11012; 1:1,000; Invitrogen; Thermo Fisher Scientific,
Inc.). DAPI (Beyotime Institute of Biotechnology) was used
for staining at room temperature for 3 min. Subsequently, a
fluorescence microscope (magnification, x400) was used to
observe and collect the images.

Co-immunoprecipitation (COIP). Cells were plated at
5x106 cells per well into three dishes with 10-cm diameter and
cultured until cell confluence reached ~100%. Subsequently,
total protein was extracted as aforementioned in the western
blotting protocol and the protein concentration was deter-
mined using the BCA method. Total protein lysate, primary
antibodies or IgG, incubation buffer (ProteinTech Group, Inc.)
and Protein A sepharose beads slurry (ProteinTech Group,
Inc.) were added into the spin columns and incubated at 4°C
overnight. Subsequently, protein A sepharose beads slurry were
added to the mixture for another incubation overnight at 4°C.
Antibody incubations were performed at the following dilu-
tions: Txnip (cat. no. 14715s; 1:50; Cell Signaling Technology,
Inc.), ITCH (cat. no. 12117s; 1:200; Cell Signaling Technology,
Inc.), Trx (cat. no. ab26320; 1:5,000; Abcam) and IgG (cat.
no. sc-2025; 1:100; Santa Cruz Biotechnology, Inc.). The
products were washed with elution buffer (ProteinTech Group,
Inc.) and mixed with Alkali neutralization buffer (ProteinTech
Group, Inc.) and protein loading buffer (ProteinTech Group,
Inc.) and boiled for 5 min. Finally, the products were collected
for western blotting.

Overexpression and knockdown of ITCH in HLECs. ITCH
full-length cDNA was amplified from HLECs and ligated to
a pEGFP-CI1 vector (Thermo Fisher Scientific, Inc.) with the
restriction sites of SAC1 and BamH]1. For overexpression of
ITCH, pEGFP-CI-ITCH or empty vector [negative control
(NC)] was mixed with Lipofectamine® 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.) in serum-free DMEM for
5 min. The mixtures were then added into each well in 6-well
plates (1x109 cells) and incubated for 48 h at 37°C with 50 mM
glucose, before the cells were harvested for subsequent experi-
ments. For knockdown of ITCH, small interfering (si)RNA
or siNC (Guangzhou RiboBio Co., Ltd.) was mixed with
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RiboFECT™ CP Reagent (Guangzhou RiboBio Co., Ltd.)
and RiboFECT™ CP Buffer (Guangzhou RiboBio Co., Ltd.)
in serum-free DMEM medium for 15 min. The mixtures
were added into each well in 6-well plates (1x10° cells) and
incubated for 48 h at 37°C with 50 mM glucose, and then
subsequent experiments were conducted.

The following primers were designed and synthesized to
detect ITCH full-length cDNA. ITCH forward, 5-CGAGCT
CAAATGTCTGACAGTGGATCACAA-3'and reverse, 5'-CGC
GGATCCTTACTCTTGTCCAAATCCTTCTGTTTC-3'. PCR
was performed under the following conditions: Initial denatur-
ation at 98°C for 5 min, followed by 35 cycles at 98°C for 10 sec,
55°C for 15 sec, 68°C for 1 min and 68°C for 10 min.

siRNA sequences were as follows: si-ITCH_01: GGAGCA
ACATCTGGATTAA,; si-ITCH_02: CAGCAATGGCAGAGT
ATAT; and si-ITCH_03: GAGAAGAAGGTTTAGATTA.

MGI32 treatment for cells. A specific ubiquitination inhibitor
MG132 (Sangon Biotech Co., Ltd.) (23) 10 uM was added to
cells that had been transfected with pPEGFP-C1-ITCH after
incubation for 44 h.

Cell proliferation assay by cell counting Kit-8 (CCK-8). Cell
suspension was counted and inoculated in 96-well plates
with 5x10° cells per well. Cells were adherent to the wall and
cultured for 48 h in groups according to the following: LG,
HGI1, HG2, HG3, siNC, siRNA-ITCH, pEGFP-C1-ITCH,
pEGFP-C1 empty vector and MG132-pEGFP-CI1-ITCH. The
glucose concentration of each transfected group was 50 mM.
Each group was divided into five multiple wells and a blank
control group (only the culture medium without cells) was set
up. 48 h after transfection, the new DMEM was replaced and
10 pl of CCK-8 reagent (Beyotime Institute of Biotechnology)
was added for a further culture for 1 h. Then, 450 nm absor-
bance was detected by the automatic microplate reader
(ELX-800, BioTek Instruments, Inc.).

Intracellular superoxide assay. Cells were plated in 96-well
plates at 5x10° cells per well, cultured and grouped as
mentioned for the CCK-8 assay, and were incubated with
200 ul of the superoxide-detecting reagents, including WST-1
and catalase (Beyotime Institute of Biotechnology) at 37°C
for 3 min. An automatic microplate reader (ELX-800; BioTek
Instruments, Inc.) was used to detect absorbance in 450 nm.

Insulin disulfide reduction experiment for Trx activity assay.
Trx activity was evaluated with insulin disulfide reduction
assay, as previously reported (24,25). NP40 protein lysis with
PMSF (Beyotime Institute of Biotechnology) was added to
the cells to extract the total protein. Lysate was incubated
with 2 ul DTT active buffer composed of 50 mM HEPES
(pH 7.6), 1 mM EDTA, 1 mg/ml BSA and 2 mM DTT
solution (Beyotime Institute of Biotechnology) at 37°C for
20 min. Then, the reaction buffer containing 200 xl 1 M
HEPES (pH 7.6),40 x10.2 M EDTA, 40 1 40 mg/ml NADPH
(Beyotime Institute of Biotechnology) and 500 1l 10 mg/ml
insulin (Beyotime Institute of Biotechnology) was added. The
reaction was started by the addition of 10 ul recombinational
Trx reductase (Abcam) and incubated for 20 min at 37°C.
The reaction was terminated by the addition 0.5 ml 6 mol/l



4310

A

2 30+

E *H A

s o L

3 20- .

o

<

=

% 10

3

=

@ 0- T

LG HG1 HG2 HG3

C x 2.0q

1.5

*#

Relative mRNA levels of Trx
o
1

*H# A
. ==
0.0- T
LG HG1 HG2Z HG3
E I 2.5+
2
5 2.0
L)
@
é 1.5 .
Z 1.0
E *# A
S 0.5
5
& 0.0-

LG HG1 HG2 HG3

JIANG et al: ITCH MEDIATES TXNIP AND REGULATES OXIDATIVE STRESS

B

(4]
(=]
1

K
=]
1

-
(=]
1

Relative mRNA levels of Txnip
o
1

0 6 12 24
Time (h)

-
L4
]

-
(=]
1

*#

*H# A

Relative mRNA levels of Trx
o
o
L

e
°
1

0 6 12 24
Time (h)

d
[}
]

*

N
o
1

-
[/}
1

-
[=]
1

et
3,
1

Relative mRNA levels of ITCH

e
o
1

0 6 12 24
Time (h)

Figure 1. mRNA expression levels of Txnip, Trx and ITCH in HLECs. HLECs were treated with different concentration of glucose (LG, 5.5 mM; HGI,
12.5 mM; HG2, 25 mM; HG3, 50 mM) for 24 h or treated with 50 mM glucose for different incubation time (0, 6, 12 and 24 h). (A and B) Txnip. (C and D) Trx.
(E and F) ITCH. Data are presented as the mean + standard deviation and analyzed by ANOVA followed by Tukey-Kramer multiple comparison post hoc tests.
“P<0.05 vs. LG or 0 h; ”P<0.05 vs. HG1 or 6 h; "P<0.05 vs. HG2 or 12 h. Txnip, thioredoxin interaction protein; Trx, thioredoxin; HLECs, human lens epithelial

cells; LG, low glucose; HG, high glucose.

guanidine-HCI and 1 mmol DTNB (Beyotime Institute of
Biotechnology) and absorbance at 412 nm was measured
using an automatic microplate reader (ELX-800; BioTek
Instruments, Inc.).

Flow cytometry for cell apoptosis assay. Cells were cultured
and treated for 48 h in the same condition as mentioned for the
CCK-8 assay, and then the procedure was performed according
manufacturer's instructions of the Annexin V-APC/7-AAD
apoptosis kit (Wanleibio Co., Ltd.). Then, flow cytometry
(Accuri C6; BD Biosciences) was used to determine the
apoptotic rate of each group.

Statistical analysis. SPSS 24.0 statistical software (IBM
Corp.) and GraphPad Prism 8.0 (GraphPad Software, Inc.)
were used for data statistics and analysis. One-way ANOVA
followed by Tukey-Kramer multiple comparison post hoc

tests was used for multiple groups. P<0.05 was considered to
indicate a statistically significant difference.

Results

Expression levels of Txnip, Trx and ITCH were affected by
high glucose in HLECs. It was found that the mRNA and
protein expression levels of Txnip in HLECs were increased in
a time-dependent and concentration-dependent manner after
glucose stimulation (P<0.05; Figs. 1A and B and 2A and B).
However, the trends of Trx and ITCH showed an opposite
effect to Txnip (P<0.05; Figs. 1C-F and 2C-F). The mRNA
expression levels of Txnip, Trx and ITCH showed no signifi-
cant difference between LG and mannitol groups (Fig. SIA-C).
The insulin disulfide reduction assay results indicated that the
activity of Trx protein in the LG group was the highest, which
gradually decreased with the increase in glucose concentration
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Figure 2. Protein expression levels of Txnip, Trx and ITCH in HLECs. HLECs were treated with different glucose concentration (LG, 5.5 mM; HG1, 12.5 mM;
HG2, 25 mM; HG3, 50 mM) for 24 h or treated with 50 mM glucose for different incubation time (0, 6, 12 and 24 h). (A and B) Txnip. (C and D) Trx.
(E and F) ITCH. (G) Activity levels of Trx protein via insulin disulfide reduction experiment in different groups. Data are presented as the mean + standard
deviation and analyzed by ANOVA followed by Tukey-Kramer multiple comparison post hoc tests. “P<0.05 vs. LG or 0 h; “P<0.05 vs. HG1 or 6 h; "P<0.05 vs.
HG?2 or 12 h. Txnip, thioredoxin interaction protein; Trx, thioredoxin; HLECs, human lens epithelial cells; LG, low glucose; HG, high glucose.

(P<0.05; Fig. 2G). Using immunofluorescence localization,
it was demonstrated that the expression localization of Trx
protein in LG group was in nucleus and cytoplasm, and the
main expression location was in the nucleus (Fig. 3A-C). In
the HG3 group, with the increase of glucose concentration, the
expression of Trx was transferred from the nucleus to the cyto-
plasm, and the main expression was located in the cytoplasm
(Fig. 3D-F).

Cell proliferation, intracellular superoxide accumulation and
apoptosis were affected by high glucose in HLECs. The CCK-8
results suggested that the proliferation rate of cells showed a
significant increase with rising glucose concentration (P<0.05),
while the 25-mM concentration (HG2 group) was an inflection
point. Subsequently, with the continuing increase in concen-
tration of glucose, proliferation was decreased (HG3 group;
P<0.05; Fig. 4A). The intracellular superoxide detection assay
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Merge

Figure 3. Trx localization in HLECs in LG and HG3. (A-C) Localization of Trx protein in LG group was found to be in the nucleus and cytoplasm, mainly in
the nucleus. (D-F) In the HG3 group, the localization of Trx was transferred from the nucleus to the cytoplasm, and the main expression was located in the
cytoplasm. Txnip, thioredoxin interaction protein; Trx, thioredoxin; HLECs, human lens epithelial cells; LG, low glucose; HG, high glucose.

results identified an increase of superoxide in the HG1 group
compared with the LG group, and this continued to increase
with the elevated glucose concentration (P<0.05; Fig. 4B).

For cell apoptosis, the content of the classical apoptotic
protein caspase-3 in each group was detected by western
blotting, and it was found that compared with the LG group,
caspase-3 expression gradually decreased in HG1, HG2 and
HG3 groups (P<0.05; Fig. 4C). Furthermore, flow cytometry
was used to quantitatively determine the apoptotic rate of each
group of cells, which demonstrated the same trend as western
blotting (P<0.05; Fig. 4D).

Interaction between ITCH and Txnip, Txnip and Trx.
Immunofluorescence co-localization reflected that Txnip
and ITCH proteins were expressed in both the nucleus and
cytoplasm of HLECs cultured with 50 mM glucose (Fig. 5A).
Subsequently, Image Pro Plus 6.0 was used for co-location
analysis of these two proteins and the results were as follow:
Pearson's correlation, r=0.953276, suggested a strong correla-
tion between the two proteins in HLECs (Fig. 5B). For the HG3
group, COIP analysis indicated a prominent band expression of
ITCH at 105 kDa after IP Txnip (rabbit monoclonal antibody) and
adding ITCH antibody (rabbit monoclonal antibody) (Fig. 5C).
Furthermore, Txnip antibody (mouse monoclonal antibody) was
added and a significant band of Txnip expression was observed
at 55 kDa. After IP with ITCH (rabbit monoclonal antibody),
Txnip antibody (mouse monoclonal antibody) was added and
the expression of Txnip protein band was identified at 55 kDa
(Fig. 5C). In addition, ITCH antibody of rabbit origin was also
added, and there was a significant ITCH protein band expres-
sion at 105 kDa (Fig. 5C). For the LG group, COIP analysis
indicated that after IP Txnip, there was no prominent ITCH
band at 105 kDa and after IP ITCH, the Txnip band was barely
visible at 55 kDa (Fig. 5D). For the HG3 group, COIP analysis
also demonstrated that after IP Txnip (rabbit monoclonal anti-
body), and Trx antibody (rabbit monoclonal antibody) was
added, a prominent band of Trx at 12 kDa was shown (Fig. SE).
After IP Trx (rabbit monoclonal antibody), and Txnip antibody
(mouse monoclonal antibody) was added, the expression of
Txnip protein band at 55 kDa was observed (Fig. SE).

Transfection of pEGFP-CI-ITCH plasmid and siRNA-ITCH
causes changes in the expression of associated proteins
in high-glucose environment. Compared with the HG3
group, ITCH protein overexpression after transfection of
pEGFP-CI1-ITCH led to a series of changes in the downstream
proteins: After the increase in ITCH expression, Txnip was
significantly degraded, while Trx expression was increased
(P<0.05; Fig. 6A). In addition, caspase-3 expression was
increased (P<0.05; Fig. 6A). However, the relative expression
of each protein in the cells transfected with empty plasmid
was not statistically different compared with the HG3
group (P<0.05; Fig. 6A). When MG132 was added to the
transfection group, Txnip expression was increased, which
reversed the trend of the overexpression of ITCH (P<0.05;
Fig. 6A). Compared with the HG3 group, ITCH expression
was significantly decreased following the knockdown of
ITCH mRNA, while the expression of downstream proteins
Txnip, Trx and caspase-3 proteins demonstrated an opposite
trend compared with the pEGFP-C1-ITCH group (P<0.05;
Fig. 6B). The activity of Trx in different groups were detected
under high-glucose concentration (50 mM) by the insulin
disulfide reduction experiment. Trx activity was highest in
pEGFP-CI1-ITCH group, while MG132 reversed the increase
and caused a decrease in Trx activity (P<0.05); whilst Trx
activity was significantly decreased in the siRNA-ITCH group
(P<0.05; Fig. 6C).

Effects of overexpression and knockdown of ITCH on
cell proliferation, superoxide content and apoptosis in
high-glucose environment. The CCK-8 results indicated that
the cell proliferation in the pPEGFP-C1-ITCH group was higher
compared with the HG3 group, but this trend was reversed
by MGI132 and the proliferation rate decreased (P<0.05).
Furthermore, the proliferation rate of the siRNA-ITCH group
was lower compared with the HG3 group (P<0.05; Fig. 7A).
With regards to the detection of intracellular superoxide, it
was found that the content of superoxide in the pPEGFP-C1-ITCH
group was lower compared with the HG3 group, but increased
significantly after MG132 treatment (P<0.05); the superoxide
content of the sSiRNA-ITCH group was also higher compared
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Figure 4. Cell proliferation, intracellular superoxide accumulation and apoptosis are affected by high glucose in HLECs. (A) Cell proliferation levels of HLECs
that were treated with different glucose concentrations (LG, 5.5 mM; HGI, 12.5 mM; HG2, 25 mM; HG3, 50 mM) for 48 h were analyzed via Cell Counting
Kit-8. (B) Intracellular superoxide levels of HLECs in each group. (C) Protein expression levels of caspase-3 measured via western blotting. (D) Cell apoptotic
rate of each group assessed via flow cytometry. Data are presented as the mean + standard deviation and analyzed by ANOVA followed by Tukey-Kramer
multiple comparison post hoc tests. "P<0.05 vs. LG; “P<0.05 vs. HG1; "P<0.05 vs. HG2. HLECs, human lens epithelial cells; LG, low glucose; HG, high glucose.

with the HG3 group (P<0.05; Fig. 7B). The flow cytometry
assay demonstrated that the apoptotic rate of the cells were
consistent with the results of the superoxide content (P<0.05;
Fig. 7C and D).

Discussion
To the best of our knowledge, the present study was the first

to demonstrate the association between oxidative stress and
Trx and Txnip in HLECs cultured in a high-glucose-induced

oxidative stress status. Cataract is the most common eye disease
causing blindness worldwide (1), and its occurrence is associ-
ated with numerous factors, among which oxidative stress is
an important pathway (26). In addition, as a disease associated
with oxidative stress, diabetes accelerates and aggravates the
development and progression of cataract (27).

Trx is an important protein that widely exists in eukary-
otic cells to protect against oxidative stress. Trx has a stable
and unique catalytic group-cys-gly-pro-cys and through this
group, Trx in a reduced state can provide H* for other proteins
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containing disulfide bonds, which reduces the oxidation of the
target protein (28). Txnip was originally identified as a protein
that induces high levels of vitamin D3 expression in human
HL-60 cells, and hence was named VDUPI1 (29). Txnip is
synthesized in large quantities in a high-glucose environment,
and strongly binds cysteine residues to the reduce Trx via a
disulfide exchange reaction, resulting in Trx losing its ability
to resist oxidative stress (11). The present study quantitatively
analyzed the changes in the expression levels of Txnip and Trx
in culture environments with different glucose concentrations
at different durations of action. It was demonstrated that with
the increase in glucose concentration in the medium and the

extension of the time of action, the expression of Txnip was
increased, while Trx decreased. Although the mRNA expres-
sion of Trx in the HGI group increased, it was speculated that it
was an adaption to the rise in high glucose concentration in the
early stage of oxidative stress. In line with previous studies, the
present results suggested that Txnip and Trx were closely associ-
ated with glucose concentration in HLECs cultured in vitro, and
showed an opposite trend, thus indicating that they may have
antagonistic effects. The mRNA expression levels of Txnip, Trx
and ITCH showed no significant difference between LG and
mannitol groups, which suggested that the changes should not be
caused by osmotic pressure. Spielberger's study (30) showed that
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Figure 6. Overexpression and knockdown of ITCH in HLECs and the changes in the downstream proteins. (A) Transfection of pPEGFP-C1-ITCH plasmid and
MG132 treatment showed changes in the expression of associated proteins: ITCH, Txnip, Trx and caspase-3 via western blotting in low- and high-glucose
environment. (B) Transfection of siRNA-ITCH revealed changes in the expression of associated proteins in low- and high-glucose environment via western
blotting. (C) Change in Trx activity in the pEGFP-CI-ITCH-, MG132-treated and siRNA-ITCH group in high-glucose environment via insulin disulfide
reduction experiment. Data are presented as the mean + standard deviation and analyzed by ANOVA followed by Tukey-Kramer multiple comparison post hoc
tests. "P<0.05 vs. LG; "P<0.05 vs. HG3; "P<0.05 vs. pPEGFP-C1-ITCH. Txnip, thioredoxin interaction protein; Trx, thioredoxin; HLECs, human lens epithelial

cells; siRNA-ITCH, small interfering RNA-ITCH; NC, negative control.

the expression of Trx1 was also correlated with the cell density:
The amount of Trx1 was greater in sparse (low density; 20%
confluent) cultures compared with confluent (high density; 95%
confluent) cultures in HeLa cells, A549 cells and 293 cells. In
human lens epithelial cells, it was unknown whether cell density
affected the expression of Trx1. Therefore, the same initial cell
density (70% confluence) was used in order to measured Trx
expression between cultures with similar cell density, to avoid
the deviation by the effect of cell proliferation. The present
results suggested that the changes in Txnip expression induced
by glucose affected Trx expression.

Immunofluorescence experiments demonstrated that Trx
was located both in nucleus and cytoplasm in the LG group,
mainly with nuclear expression. However, in the HG3 group,
its expression was transferred from the nucleus to the cyto-
plasm, and thus it was speculated that Trx was transferred
to mitochondria, the main site of oxidative stress response,
to play its role. The insulin disulfide reduction experiment
also identified that the activity of Trx was decreased in the
high-glucose environment.

The CCK-8 results indicated that with the increased
concentration of glucose, cell proliferation rate at first
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Figure 7. Overexpression and knockdown of ITCH in HLEC: altered the cell proliferation and intracellular superoxide content in high-glucose environment.
(A) Change in cell proliferation in pPEGFP-C1-ITCH-, MG132-treated and siRNA-ITCH group in high-glucose environment shown by the Cell Counting Kit-8
experiment. (B) Variation in intracellular peroxide content in the aforementioned groups. (C and D) Apoptotic rate of cells were detected by flow cytometry.
Data are presented as the mean + standard deviation and analyzed by ANOVA followed by Tukey-Kramer multiple comparison post hoc tests. ‘P<0.05 vs. HG3;
"P<0.05 vs. pEGFP-CI-ITCH. HLECs, human lens epithelial cells; siRNA-ITCH, small interfering RNA-ITCH; NC, negative control.

increased, but then began to decrease at the inflection point
at 25 mM glucose. Therefore, it was suggested that this may
be a response caused by overnutrition before 25 mM glucose.
Moreover, the results demonstrated that superoxide content was
closely associated with glucose. It has been reported that Txnip
protein induces apoptosis via several pathways, including the
classical caspase pathway, the MAPK pathway and the NLR
family pyrin domain containing 3 pathway (31,32). Therefore,
the present study examined the caspase-3 protein expression
in the caspase pathway and found that with the increase in

glucose concentration, the expression of caspase-3 was gradu-
ally decreased. Subsequently, flow cytometry experiments
further indicated that with the gradual increase in glucose, the
apoptotic rate of cells showed an increasing trend.
Ubiquitination is a reversible covalent modification and a
multistage enzyme-linked reaction process, which is completed
via the continuous action of ubiquitin-activated enzyme El,
ubiquitin-conjugating enzyme E2 and ubiquitin ligase E3 (18).
ITCH, as one of the E3 ligases in the HECT family, has been
reported to be closely associated with several diseases, such as
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Figure 8. Schematics of the proposed pathway of ITCH in high glucose-induced apoptosis of HLECs. Left, normal HLECs. Right, ITCH-overexpressing
HLECs. Txnip, thioredoxin-interacting protein; Trx, thioredoxin; ROS, reactive oxygen species.

autoimmune disease, chronic pulmonary disease, rheumatoid
arthritis and allergic dermatitis, as well as abnormalities in
the morphology of cranial and facial muscles (33). A previous
study has shown that ITCH consumption can cause intracel-
lular oxidative stress and induce apoptosis (34). However, its
presence, mechanism and effect in ocular lens epithelial cells
have not been previously reported. In the present study, ITCH
mRNA and protein expression levels in HLECs were detected,
and the changes in expression, which was similar to Trx,
was confirmed in the different groups. In line with previous
studies, it was speculated that ITCH was associated with
oxidative stress in HLECs. It has been reported that Txnip is
the specific target protein of ITCH in 293T, H1299 and U20S
cells, which mediates the degradation of Txnip and regulates
apoptosis (34). Therefore, in the present study, the co-location
analysis at 50 mM glucose concentration suggested a strong
correlation between Txnip and ITCH. Moreover, the interac-
tion between Txnip and ITCH in HLECs was assessed by
co-localization of immunofluorescence and COIP in the HG3
group; it was demonstrated that the interaction between ITCH
and Txnip was very weak at 5.5 mM glucose concentrations
compared with 50 mM. In addition, the interaction between
Txnip and Trx was observed in HLECs in 50 mM glucose
concentration.

In the present study, ITCH was used to regulate the oxida-
tive stress process caused by Txnip. ITCH was overexpressed
by transfection, which downregulated Txnip and caused the
release of active Trx, leading to the increase in proliferation
rate, the decline in superoxide content and apoptotic rate in
cells. To investigate whether the changes were caused by

ubiquitination, MG132, a specific ubiquitination inhibitor,
was added and it was found that MG132 completely reversed
the changes in protein expression and cell function caused by
the transfection. It was also demonstrated that MG132 mainly
inhibited the binding of ubiquitin molecules to target proteins
instead of degrading them. In the MG132 treatment group, it
was identified that with the increase in ITCH expression, there
was no reduction in Txnip. Moreover, the degradation of ITCH
itself is dependent on the ubiquitin-proteasome proteolytic
digestion system, and the specific protein identification of
ITCH by ubiquitin E3 ligase is via ITCH itself (35). Therefore,
MGI132 inhibited ubiquitination and ITCH degradation at the
same time, which lead to an increase in ITCH expression, while
no decrease in Txnip expression, and this process also identi-
fied that the regulation of oxidative stress was accomplished
via ubiquitination. Collectively, it was speculated that the ubiq-
uitination of ITCH by transfection with ITCH overexpression
plasmids reversed the oxidative stress of Txnip. Furthermore,
the knockout of ITCH found that the downstream associated
protein showed an opposite change in trend compared with the
overexpression of [TCH.

In conclusion, the present results indicated a potential
anti-oxidative stress function of the protein ITCH in sugar
cataract. The overexpression of ITCH inhibited the apoptosis
of HLEC:s (Fig. 8). Therefore, the upregulation of ITCH may be
a potential treatment approach for patients with sugar cataract.

In the present study, although it was verified that osmotic
pressure had no significant effect on the results at the RNA
level, further experiments were not conducted and thus,
this was only a cursory conclusion. Further studies will be
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conducted in the future to investigate the role of osmotic pres-
sure in ITCH, Txnip and Trx in HLECs. In addition, the effect
of cell density on the expression of Trx in HLECs was also not
studied, which was another limitation of this study, and will be
investigated in future studies.
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