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Anthocyanins inhibit high glucose-induced renal tubular
cell apoptosis caused by oxidative stress in db/db mice
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Abstract. Oxidative stress is an important contributory factor
resulting the development of kidney injury in patients with
diabetes. Numerous in vitro and in vivo studies have suggested
that anthocyanins, natural phenols commonly existing in
numerous fruits and vegetables, exhibit important anti-
oxidative, anti-inflammatory and antihyperlipidemic effects;
however, their effects and underlying mechanisms on diabetic
nephropathy (DN) have not yet been fully determined. In the
present study, the regulation of apoptosis metabolism and
antioxidative effects exhibited by anthocyanins [grape seed
procyanidin (GSPE) and cyanidin-3-O-f-glucoside chloride
(C3G)] were investigated, and the molecular mechanism
underlying this process was investigated in vivo and in vitro.
GSPE administration was revealed to suppress renal cell
apoptosis, as well as suppress the expression of Bcl-2 in
diabetic mouse kidneys. Furthermore, GSPE administration
was demonstrated to suppress the expression of thioredoxin
interacting protein (TXNIP), in addition to enhancing p38
mitogen-activation protein kinase (MAPK) and extracellular
signal-regulated kinase 1/2 (ERK1/2) oxidase activity in
diabetic mouse kidneys. In vitro experiments using HK-2 cells
revealed that C3G suppressed the generation of HG-mediated
reactive oxygen species, cellular apoptosis, the expression
of cleaved caspase-3 and the Bax/Bcl-2 ratio; and enhanced
the expression of cytochrome c released from mitochondria.
Furthermore, treatment with C3G was revealed to suppress
the expression of TXNIP, in addition to the phosphorylation of
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p38 MAPK and ERK1/2 oxidase activity in HK-2 cells under
HG conditions. In addition, treatment with C3G was revealed
to attenuate the HG-induced suppression of the biological
activity of thioredoxin, and to enhance the expression of thio-
redoxin 2 in HK-2 cells under HG conditions. In conclusion,
the present study demonstrated that anthocyanins may exhibit
protective effects against HG-induced renal injury in DN via
antioxidant activity.

Introduction

Diabetic nephropathy (DN) is a primary complication of
diabetes mellitus. Oxidative stress has been suggested to have
an important role in DN (1). The loss of resident renal tubular
epithelial cells via apoptosis has been demonstrated in experi-
mental DN, and renal tubular epithelial cell apoptosis has been
demonstrated to be associated with the progression of albu-
minuria (2). Normal cellular metabolism may produce reactive
oxygen species (ROS), and it has previously been revealed thata
number of environmental factors, including exposure to chem-
ical agents, may induce oxidative stress (3). The physiological
levels of ROS have important roles in intracellular signal
transduction, follicle development, ovulation and gene expres-
sion (4,5). Furthermore, excessive ROS production may result
in oxidative stress. According to previous studies, it has been
suggested that the suppression of high glucose (HG)-induced
apoptosis in tubular cells is a predominant cause of renal injury
in patients with diabetes (6,7). The hyperglycemia-induced
production of ROS has an important role in the progres-
sion of DN (8). It has been revealed that HG-induced renal
tubular epithelial cellular apoptosis is significantly decreased
following the administration of N-acetylcysteine and ascorbic
acid antioxidants (9,10). Numerous studies have demonstrated
that HG induces the apoptosis of renal tubular epithelial cells
via an oxidant-dependent mechanism. Therefore, the inhibi-
tion of oxidative stress may serve as a potential therapeutic
target for the treatment of DN.

A previous study demonstrated that the intake of naturally
grown fresh vegetables and fruits attenuates the progression of
diabetes and associated complications (11). For example, antho-
cyanins, the largest group of water-soluble pigments, belong
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to a family of phenolic flavonoid compounds that affect the
pigment of numerous plants. Anthocyanins have been demon-
strated to exhibit marked antioxidative properties in animal
models of diabetes mellitus and to exhibit protective effects
against hyperglycemia-induced kidney injury (12,13). In the
present study, in vivo and in vitro experiments were performed
to investigate the regulation of apoptosis metabolism and the
antioxidative effects exhibited by anthocyanins [grape seed
procyanidin (GSPE) and cyanidin cyanidin-3-O-f-glucoside
chloride (C3G)] in db/db mice. Furthermore, the present study
aimed to investigate the molecular mechanism underlying this
process using HG-stimulated HK-2 cells.

Materials and methods

Animals and treatment. Non-diabetic littermate, 6-8 weeks of
age, control male db/m mice and male BKS db/db C57BL6 mice
(body weight 40+2.5 g; total no. of mice, 40) were purchased
from the Model Animal Research Center of Nanjing University
(Nanjing, China). According to the guidelines of the National
Institutes of Health (Bethesda, MD, USA), all experimental
animals were housed in pathogen-free conditions with clean
sawdust bedding. All mice were acclimated for 1 week prior
to use and housed in polypropylene cages (30x21x10 cm), with
free access to food and water, a 12 h light-dark cycle and a
constant temperature of 23+2°C and a humidity of 50-60%.
All procedures and experiments involving mice were reviewed
and approved by the Ethics Committee of Hebei Medical
University (Shijiazhuang, China). At the age of 8 weeks, the
mice were divided randomly into 4 groups: Control group
(db/m mice; n=10), db/m + GSPE group (db/m mice treated
with GSPE; n=10), diabetes group (db/db mice; n=10) and
db/db + GSPE group (db/db mice treated with GSPE; n=10).
GSPE was dissolved in normal saline and administered to
mice (once per day) intraperitoneally. GSPE (30 mg/kg body
weight/day; Beijing Solarbio Science and Technology Co.,
Ltd., Beijing, China; purity 295%) was dissolved in normal
saline and administered to mice intragastrically for 12 weeks
(once per day). The mice in the control group and the diabetes
groups were administered the same quantity of normal saline
(once per day). At the age of 20 weeks, the mice were placed
in individual metabolic cages in order to collect urine samples
over a 24-h time period. Prior to blood sample collection, mice
fasted for 6 h following the termination of experiments. Plasma
and urinary supernatants were frozen and then stored at -80°C
for further analysis. Following this, animals were sacrificed
and kidneys were subsequently stored for further analysis.

Cell isolation, culture and treatment. HK-2 cells were
purchased from the American Type Culture Collection
(Manassas, VA, USA), and cultured in Dulbecco's modified
Eagle's medium (DMEM)-F12 medium (3:1) supplemented
with 5% fetal bovine serum (both Beijing Solarbio Science
and Technology Co., Ltd.) 2 mM I-glutamine, 100 U/ml peni-
cillin and 100 ug/ml streptomycin at 37°C in a 95% air-5%
CO, atmosphere. HK-2 cells were grown to 75-85% conflu-
ence, washed once with serum-free DMEM-F12, and
growth-arrested in serum-free DMEM-F12 at 37°C for 24 h
in order to synchronize cell growth. Following this, cells were
treated with normal glucose (NG; 5.6 mM), HG (30 mM),
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NG plus mannitol (24.4 mM) as an osmotic control, HG plus
C3G [50 pM (14)], HG plus SB203580 (10 M), or HG plus
PD98059 (50 uM) for 48 h.

Immunohistochemistry analysis. All samples were incubated
with 4% paraformaldehyde at room temperature for 12 h
and then embedded in paraffin for immunohistochemical
analysis used light microscope (magnification, x400).
Paraffin sections were cut into 4-mm sections, deparaffinized
using xylene, and rehydrated using gradient alcohol. Internal
peroxidase was inactivated using 3% hydrogen peroxide in
100% methanol at room temperature for 30 min. Antigen
retrieval was performed via incubation with 10 mM citrate
buffer at room temperature for 15 min. To block nonspecific
antibody binding, sections were incubated with 10% normal
goat serum (Beijing Solarbio Science and Technology Co.,
Ltd.) in PBS for 30 min at room temperature. The sections
were then incubated overnight at 4°C with primary anti-
bodies for thioredoxin interacting protein (TXNIP; 1:300;
cat. no. ab86983), B-cell lymphoma-2 (Bcl-2; 1:350; cat.
no. ab7973) and Bcl-2-associated X protein (Bax; 1:300; cat.
no. ab7977) (all from Abcam, Cambridge, UK). Following
washing with PBS, sections were incubated with biotinylated
secondary antibodies (SP-9000; 1:4,000; cat. no. 004-2013;
ZSGB-BIO; OriGene Technologies, Inc., Beijing, China)
and horseradish peroxidase-conjugated streptavidin at
37°C for 2 h. Chromogen detection was performed using
3,3'-diaminobenzidine at room temperature for 2-3 min to
produce a brown color, and sections were then counterstained
using hematoxylin at room temperature for 1-2 min. Negative
controls were not incubated with primary antibodies.

Determination of intracellular and urinary ROS. The
intracellular formation of ROS was determined using the
fluorescence probe 5-(and 6) chloromethyl-2'7'-dichlorodihy-
drofluorescein diacetate (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham,M A, USA). Following incubation in 6-well plates
under the differentexperimental conditions at room temperature
for 48 h, the cells were washed, trypsinized, suspended in PBS,
loaded with 10 uM dichloro-dihydro-fluorescein diacetate,
and incubated at 37°C for 30 min. ROS levels were determined
using a flow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA). To remove particulates, urine samples were centrifuged
at 600 x g for 10 min. The supernatants were removed, and
8-hydroxy-2-deoxyguanosine levels were determined using
a competitive in vitro ELISA kit (cat. no. YH8802; Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), in
accordance with the manufacturer's protocol.

Analysis of mitochondrial membrane potential (MMP). MMP
was investigated using JC-1 (Shanghai Genmed Pharmaceutical
Technology, Co., Ltd., Shanghai, China) staining. Cells
were seeded in 60 mm culture dishes (2.5x10° cells/well)
and incubated with 5 mM JC-1 dye (Shanghai Genmed
Pharmaceutical Technology, Co., Ltd.) at 37°C for 15 min.
Cells were washed three times with PBS and immediately
analyzed using a confocal microscope (magnification, x400;
DM4000B; Leica Microsystems GmbH, Wetzlar, Germany).
The MMP loss was quantified via the shift of JC-1 emission
from red (~590 nm) to green (~525 nm). Red emission
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revealed membrane potential-dependent JC-1 aggregates in
the mitochondria. Green fluorescence revealed the monomeric
form of JC-1 entering the cytoplasm following mitochondrial
membrane depolarization. This assay functions on the basis of
an electrochemical proton gradient at the mitochondrial inner
membrane (15).

Thioredoxin (TRX) activity analysis. TRX activity was
determined using the insulin disulfide reduction assay, as
previously described (16). Following incubation of the cells
in 6-well plates under the different experimental conditions
for 48 h, total cellular protein was extracted using a lysis
buffer (cat. no. PO013G; Nanjing Jiancheng Bioengineering
Institute). A total of 40 ul reaction mixture [200 ul HEPES
buffer (1 M, pH 7.6), 40 ul EDTA (0.2 M), 40 u1 NADPH
(40 mg/ml) and 500 gl insulin (10 mg/ml)] was incubated
with cellular protein extracts at 37°C for 15 min following
the administration of 10 ul bovine TRX reductase (Sekisui
Diagnostics, LLC, Lexington, MA, USA). The reaction
was terminated by the administration of 500 ul stop mix
(6 M guanidine HCI, I mM DTNB in 0.2 M Tris'HCI pH 8.0),
and then the absorption at a wavelength of 412 nm was
determined by Rayto RT-9600 semi-automatic biochemical
analyzer (Rayto Life and Analytical Sciences Co., Ltd.,
Shenzhen, China).

Apoptosis analysis. The apoptosis of proximal tubular epithe-
lial cells was investigated using a terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL)
assay kit (Promega Corp., Madison, WI, USA). The TUNEL
assay was performed in accordance with the manufacturer's
instructions. Fluorescence images were obtained using a
laser-scanning confocal microscope (magnification, x400;
Leica Microsystems GmbH). A total of 6 fields of each cover-
slip were randomly selected for counting, and 100 cells were
randomly counted from each field of vision. The numbers of
apoptotic cells and the total number of cells were counted
for all 6 fields of vision. The apoptosis rate was subsequently
determined.

Following this, slides were immersed in 4% formal-
dehyde in PBS at 4°C for 10 min and then incubated in
0.2% Triton X-100 in PBS for 10 min at room temperature.
Equilibration Buffer (100 pl; Promega Corp.) was added
to the cells at room temperature for 10 min, followed by
50 ul terminal deoxynucleotidyl transferase reaction mix
for 60 min at 37°C. Subsequently, slides were immersed in
2X saline-sodium citrate and propidium iodide (PI; 1:10,000),
at room temperature for 15 min, was used to stain all cells.
Green fluorescence of apoptotic cells on a red background was
imaged using fluorescence microscopy. In order to quantify the
number of TUNEL-positive (apoptotic) cells, =200 cells were
counted per group and the percentage of positively-labeled
cells was determined.

The number of apoptotic cells in different groups was deter-
mined using an Annexin V/PI apoptosis detection kit according
to the manufacturer's protocol (MultiSciences Biotech, Co.,
Ltd.,Hangzhou, China). Briefly, the cell pellet was resuspended
in 1X binding buffer and incubated with 5 ml Annexin V
(conjugated with fluorescein isothiocyanate) and 10 ml PI in
the dark at room temperature for 5 min. Cell fluorescence was
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analyzed using a flow cytometer (BD Biosciences). This assay
was used to discriminate between intact cells (Annexin V/PI),
early apoptotic cells (Annexin V*/PI') and late apoptotic cells
(Annexin V*/PT).

Western blot analysis. All cells were isolated via scraping in
lysis buffer (cat.no.PO013G; Nanjing Jiancheng Bioengineering
Institute). The protein concentration was determined using
Coomassie Protein assay reagent (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany). A total of 40 ug proteins was
loaded in each lane, separated by electrophoresis on a 30% gel,
and transferred to polyvinylidene fluoride membranes.
Membranes were blocked with 5% dry milk at 37°C for 2 h
and incubated overnight at 4°C with primary antibodies.
Following washing, the membranes, at room temperature for
45 min, were incubated with goat anti-rabbit or mouse immu-
noglobulin G horseradish peroxidase conjugate (1:5,000; cat.
nos. SA0O0001-2 and SA00001-1; ProteinTech Group, Inc.,
Chicago, IL, USA). In order to perform western blotting anal-
ysis, membranes were hybridized with the following primary
antibodies: Rabbit Bax (1:1,000; cat. no. ab7977), Bcl-2
(1:1,000; cat. no. ab7973), TXNIP (1:1,000; cat. no. ab86983)
(all from Abcam), cleaved caspase-3 (Aspl75; 1:1,000; cat.
no. 9661; Cell Signaling Technology, Inc., Danvers, MA, USA),
caspase-3 (1:1,000; cat. no. 19677-1-AP), thioredoxin 2 (TRX2;
1:1,000; cat. no. 13089-1-AP) (both from ProteinTech Group,
Inc.), p-p38 MAPK (Thrl180/Tyr182; 1:1,000; cat. no. 4092;
Cell Signaling Technology, Inc.), p-ERK1/2 (Thr202/Tyr204;
1:1,000; cat. no. 1150), p38 MAPK (1:1,000; cat. no. 9212),
ERK1/2 (1:1,000; cat. no. 1240) (all from Cell Signaling
Technology, Inc.), and mouse antibody cytochrome c (cyt c;
1:2,000; cat. no. sc-514435; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA). Subsequently, the membranes were incu-
bated with goat anti-rabbit or mouse IgG horseradish peroxidase
conjugate, and scanned using the Odyssey Fc System (LI-COR
Biosciences, Lincoln, NE, USA). The density of the bands was
quantified using LabWorks 4.5 software (UVP, LLC, Phoenix,
AZ, USA). Protein expression was quantified via comparison
with the internal control, $-actin (1:2,000; cat. no. 60008-1-Lg;
ProteinTech Group, Inc.).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was isolated from granulosa
cells using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol.
The first complementary DNA strand was synthesized using
PrimeScript RT Master Mix (Takara Biotechnology Co., Ltd.,
Dalian, China). The primers used for amplification were as
follows: Bax sense, 5-GCTTGCTTCAGGGTTTCATCCA-3'
and antisense, 5S“-TGTCCACGGCGGCAATCATC-3"; Bcl-2
sense, 5'-GGCGGAGAACAGGGTACGATAAC-3' and
antisense, 5'-CGGGATGCGGCTGGATGGGG-3'"; TXNIP
sense, 5'-CCGTTAGGATCCTGGCTTGC-3' and antisense,
5'-GGCGCCTTGTACTCATATTTGTTTC-3"; 18s rRNA
sense, 5'-ACACGGACAGGATTGACAGA-3' and antisense,
5-GGACATCTAAGGGCATCACAG-3'. The 18s rRNA was
used for normalization. RT-qPCR was performed in a 96-well
optical reaction plate using SYBR Premix Ex TaqIl (Takara
Biotechnology Co., Ltd.). The PCR amplification began
with a 5-min denaturation at 95°C, followed by 40 cycles of
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denaturation at 95°C for 45 sec, annealing at 55°C for 45 sec,
and extension at 72°C for 60 sec. The final extension was set
for 10 min at 72°C. PCR experiments were performed on
an Agilent Mx3000P qPCR System (Agilent Technologies,
Inc., Santa Clara, CA, USA). Relative expression levels were
determined using the 2244 method (17).

Statistical analysis. All data presented in bar graphs are
expressed as mean + standard deviation. Experiments
were performed in triplicate, and data were analyzed using
SPSS 15.0 for Windows (SPSS, Inc., Chicago, IL, USA).
One-way analysis of variance was followed by Dunnett's test
for multiple comparisons. P<0.05 was considered to indicate a
statistically significant difference.

Results

Treatment with GSPE reduces the body weight and the fasting
blood glucose (FBG), blood urea nitrogen, serum creatinine,
triglyceride, ROS and urine albumin excretion (UAE) levels
in db/db mice. In order to investigate the role of GSPE in the
progression of DN in db/db mice, 8-week-old db/db mice were
intragastrically administered 30 mg/kg GSPE (dissolved in
water) every second day for 12 weeks. Total body weight and
the FBG level of mice at the termination of the experiments
were determined, and the results are presented in Fig. 1. The
body weight and FBG levels were significantly enhanced in
the db/db group compared with the db/m group. Treatment of
db/db mice with GSPE suppressed the increase in body weight.
However, treatment with GSPE significantly increased the body
weight of the db/db + GSPE group compared with the db/db
group. All db/db mice exhibited markedly increased blood
glucose levels compared with db/m mice. Furthermore, db/db
mice treated with GSPE demonstrated significantly decreased
blood glucose levels compared with non-treated db/db mice
following 12 weeks of treatment. In addition, the exhibited
levels of blood urea nitrogen, serum creatinine, were signifi-
cantly enhanced in the db/db group compared with the db/m
group, however, this was significantly attenuated following
treatment with GSPE (Table I). These results suggested that
GSPE administration significantly stabilized metabolic
parameters and preserved the renal function of db/db mice.
Furthermore, the levels of ROS [8-Oxo0-2'-deoxyguanosine
(8-OHdAG)] were significantly elevated in the db/db group
compared with the control group (Table I). However, this effect
was attenuated via GSPE administration in the db/db + GSPE
group. There were no significant differences regarding the
biochemical and physical characteristics between the control
group and control + GSPE group.

Treatment with GSPE suppresses the apoptosis of renal tubular
cells in db/db mice. The level of apoptosis of renal tubular cells
wasdetermined using the TUNEL assay. The db/db group exhib-
ited enhanced levels of renal tubular cell apoptosis compared
with the control group (Fig. 2). This effect was significantly
attenuated following treatment with GSPE in the db/db + GSPE

group (Fig. 2).

Expression of apoptosis-associated proteins in the kidneys of
db/db mice is suppressed following treatment with GSPE. To

1611

—+— db/db+GSPE
+— db/db

db/m
db/m+GSPE

p=
5 0 = T |
[= =T -]

Body weight (g)
- N W B
o o o o

[=]

8 weeks 12 weeks 16 weeks 20 weeks

—4— db/db+GSPE

—8— db/db
30t =

25¢
20+ o

db/m+GSPE
db/m

FBG (mmol/l)

101 M e
#

5 . - F T

8 weeks 12 weeks 16 weeks 20 weeks

Figure 1. Treatment with GSPE suppresses (A) body weight and (B) FBG
excretion in diabetic mice. All values are expressed as the mean + standard
deviation. “P<0.01 vs. db/m group; “P<0.05 and ""P<0.01 vs. db/db group.
FBG, fasting blood glucose; GSPE, grape seed procyanidin.

further investigate the renal protective effects of GSPE admin-
istration in db/db mice, apoptosis-associated protein expression
levels were determined via western blotting. As demonstrated
in Fig. 3A and B, the Bax/Bcl-2 ratio was suppressed and
cleaved caspase-3 was markedly increased in db/db mice
compared with db/m mice. As revealed in Fig. 3C and D, the
expression level of TXNIP was markedly enhanced in db/db
mice, and treatment with GSPE markedly suppressed TXNIP
expression in db/db mice. This suggests that there is enhanced
intrinsic apoptosis in the kidneys of db/db mice compared
with db/m mice; however, treatment with GSPE significantly
attenuated these effects.

GSPE inhibits the phosphorylation of ERKI1/2, p38 MAPK
in db/db mice kidneys. The level of cyt c, in addition to the
p-ERK1/2/ERK1/2 and p-p38/p38 ratios, was investigated in
the kidneys of db/db mice via western blotting. The results
revealed that the level of cyt ¢ (Fig. 3E and F), in addition
to the p-ERK1/2/ERK1/2 and p-p38/p38 ratios (Fig. 4), were
significantly enhanced in db/db mice compared with db/m
mice. Furthermore, treatment with GSPE in db/db mice was
demonstrated to significantly attenuate these effects.

C3G protects HK-2 cells from HG-induced apoptosis. To
investigate whether treatment with C3G protects HK-2 cells
from oxidative stress, primary cultured cells were exposed to
HG conditions. Annexin V/PI staining of HK-2 cells isolated
from C3G-pretreated groups was significantly reduced
compared with the HG-treated group (Fig. 5A). In addition,
RT-qPCR analysis was performed in order to determine the
mRNA expression levels of caspase-3, Bax and Bcl-2 (Fig. 5B).
The results suggested that the Bcl-2/Bax and cleaved
caspase-3/caspase-3 ratios were significantly suppressed in
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Table I. Physical and metabolic parameters among different groups.

Parameters db/m db/m+GSPE db/db db/db+GSPE
Scr (umol/l) 6.92+2.76 6.67+3.38 11.48+2.06 8.52+5.81°¢
Upro (mg/24 h) 7.16+2.32 6.07+£1.92 29.91+10.01° 19.96+6.13¢
BUN (mmol/l) 4.08+1.31 591+2.28 20.43+10.41° 11.82+2.19¢
8-OHdG (ng/ml) 27.01£1.67 26.08+2.19 60.04+3.04° 31.23£2.28¢

Treatment with GSPE suppresses Upro, Scr, BUN and urinary 8-OHdG excretions in diabetic mice. All values are expressed as the
mean = standard deviation. P<0.05 vs. db/m group;"P<0.01 vs. db/m group; “P<0.05 vs. db/db group; ‘P<0.01 vs. db/db group. 8-OHdG, Urea
8-hydroxydeoxyguanosine; upro, urine protein; BUN, blood urea nitrogen; Scr, blood creatinine; GSPE, grape seed procyanidin.
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Figure 2. Effects of treatment with GSPE on apoptosis and Bcl-2/Bax expression in diabetic kidneys. (A) Apoptosis was determined using the TUNEL assay,
and Bcl-2/Bax expression was determined by immunohistochemistry and (B) determination of the mean apoptotic cells per field (magnification, x400).
Values are expressed as the mean + standard deviation. “P<0.01 vs. db/m group; “P<0.05 vs. db/db group. GSPE, grape seed procyanidin; TUNEL, terminal
deoxynucleotidyl-transferase-mediated dUTP nick end labeling; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma-2.

the HG + C3G group compared with the HG-treated group.
Furthermore, the expression of cyt ¢ was demonstrated to
be significantly suppressed in the HG group; however, this
effect was significantly attenuated following treatment with
C3G (Fig. 5C).

Treatment with C3G attenuates the HG-induced enhancement
of TXNIP expression, suppression of TRX2 expression,
suppression of TRX activity, alteration of MMP, and
enhancement of ROS production in HK-2 cells. The authors'
previous study demonstrated that TXNIP is involved in the
HG-induced apoptosis of mouse mesangial cells, and that
knockdown of TXNIP attenuates HG-induced suppression of
TRX activity (18). As revealed in Fig. 6A-D, HK-2 cells under
HG conditions demonstrated enhanced levels of MMP following
treatment with HG for 48 h. The HG-induced increase in MMP
in HK-2 cells was significantly attenuated following treatment
with C3G. In addition, to investigate whether TXNIP is involved
in the protective effect of C3G in HK-2 cells under HG treat-
ment, RT-qPCR analysis and western blotting were performed
to determine the expression of TXNIP. Following treatment
with HG for 48 h, the expression levels of TXNIP mRNA

were significantly increased in the HG group compared with
the control group, whereas treatment with C3G was revealed
to significantly suppress HG-induced expression of TXNIP in
HK-2 cells (Fig. 6E and F). Following this, the effect of C3G
treatment on TRX2 expression in HK-2 cells exposed to HG
was investigated. As revealed in Fig. 6E, HG exposure did not
markedly affect the expression of TRX2; however, the expres-
sion of TRX?2 was significantly enhanced in the HG + C3G
group compared with the HG group. Furthermore, the effect
of treatment with C3G on the activity of TRX in HK-2 cells
under HG conditions was investigated. Furthermore, following
exposure to HG for 48 h, the activity of TRX was significantly
suppressed, whereas treatment with C3G under HG conditions
significantly attenuated this effect (Fig. 6G).

These results suggest that C3G treatment inhibits ROS
production and suppresses MMP in HK-2 cells otherwise
induced by HG conditions.

C3G suppresses HG-induced apoptosis via inhibition of
p38 MAPK and ERKI/2 phosphorylation. The involvement
of p38 MAPK and ERK1/2 in HG-induced apoptosis in renal
tubular epithelial cells has previously been demonstrated (19).
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Figure 3. Effects of treatment with GSPE on the expression of apoptosis-associated proteins in diabetic kidneys. (A) The expression levels of cleaved caspase-3,
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db/m mice; however, this increase was significantly attenuated by treatment with GSPE compared with db/db group mice. (E) The protein expression of TXNIP
and cyt ¢ was analyzed by western blotting. (F) The protein expression of cyt ¢ exhibited a similar trend to that observed with TXNIP. Values are expressed as
mean + standard deviation. “P<0.01 vs. db/m group; “P<0.05 vs. db/db group. GSPE, grape seed procyanidin; B¢l-2, B-cell lymphoma-2; Bax, Bcl-2-associated
X protein; TXNIP, thioredoxin interacting protein; cyt ¢, cytochrome c.
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Figure 4. Treatment with GSPE enhances the phosphorylation of p38 MAPK and ERK1/2 in db/db mice. The expression levels of p-p38 MAPK, p38 MAPK,
p-ERK1/2 and ERK1/2 were determined using western blotting, and the relative intensities of the p-p38 MAPK and p-ERK1/2 bands were normalized to
the total p38 MAPK and ERK1/2, respectively. Values are expressed as the mean + standard deviation. “P<0.01 vs. db/m group; "P<0.05 vs. db/db group.
GSPE, grape seed procyanidin; p38 MAPK, p38 mitogen-activated kinase; p-p38 MAPK, phosphorylated p38 MAPK; ERK1/2, extracellular signal-regulated
kinase 1/2; p-ERK1/2, phosphorylated ERK1/2.

However, whether C3G is involved in HG-induced apoptosis via ~ p-ERK1/2 were significantly increased following HG expo-
p38 MAPK and ERK1/2 associated pathways remains unclear.  sure, whereas treatment with C3G significantly suppressed the
As demonstrated in Fig. 7A-C, the levels of p-p38 MAPK and  HG-induced increase of p-p38 MAPK and p-ERK1/2 levels.
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Figure 5. Treatment with C3G suppresses HG-induced apoptosis in HK-2 cells. HK-2 cells were incubated with NG (5.6 mM), NG + 244 mM M, M + C3G
(50 UM, M + C3G), HG (30 mM) and HG + C3G (50 uM, HG + C3G) for 48 h. (A) Apoptosis was determined via flow cytometry. C3G was revealed to
significantly suppress HG-induced cell apoptosis. (B) Expression levels of cleaved caspase-3, caspase-3, Bcl-2 and Bax were determined using western blotting.
The relative intensity of the cleaved caspase-3 band was normalized to the caspase-3 band. Normalization of Bax and Bcl-2 against (3-actin was performed
prior to the determination of the Bax/Bcl-2 ratio. C3G treatment significantly suppressed HG-induced expression of cleaved caspase-3 and the Bax/Bcl-2
ratio. (C) Western blot analysis of cyt ¢ in cytosolic fractions of HK-2 cells. The relative intensity of cyt ¢ was normalized to (3-actin. Cyt ¢ expression in the
cytosol fraction was enhanced following exposure of HK-2 cells to HG for 48 h; however, this effect was significantly attenuated by treatment with C3G.
Values are expressed as the mean + standard deviation (n=6). “P<0.01 vs. NG; *P<0.05 and “P<0.01 vs. HG. HG, high glucose; NG, no glucose; M, mannitol;
C3G, cyanidin-3-O-p-glucoside chloride; cyt ¢, cytochrome c; Bel-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein.

To investigate whether p38 MAPK or ERK1/2 signaling
affects HG-induced apoptosis, HK-2 cells were treated with
either specific p38 MAPK SB203580 (10 uM) or ERK1/2
PD98059 (50 M) inhibitors for 0.5 h. Following this, cells
were incubated under HG conditions, in the presence of
SB203580 or PD98059, for 48 h. Furthermore, the effects
of p38 MAPK and ERK1/2 knockdown regarding apoptosis
were investigated. HG exposure in HK-2 cells was revealed
to significantly enhance cellular apoptosis compared with
non-treated cells (Fig. 7D and E). In HK-2 cells, the increase
in apoptosis exhibited by HG-treated cells was significantly
suppressed following incubation with either SB203580 or
PD98059 (Fig. 7D and E). In addition, administration of C3G

to HG-treated HK-2 cells significantly attenuated the other-
wise enhancement of apoptosis (Fig. 7D and E). In conclusion,
these results suggested that HG-induced apoptosis may be
attenuated by suppression of p38 MAPK and ERK1/2 phos-
phorylation in HK-2 cells via treatment with C3G.

Discussion

In the present study, it was demonstrated that treatment with
GSPE in db/db mice suppresses kidney cell apoptosis and
superoxide production, thus suggesting that GSPE may have
a therapeutic effect regarding DN. Furthermore, C3G was
demonstrated to suppress HG-induced ROS generation, MMP,
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Figure 6. Effects of treatment with C3G on HG-induced MMP and ROS production, expression of TXNIP and TRX2 expression and TRX activity in HK-2
cells. HK-2 cells were incubated with NG (5.6 mM), NG + 30 mM M, M + C3G (50 uM, M + C3G), HG (30 mM) and HG + C3G (50 M, HG + C3G) for 48 h.
(A) Intracellular ROS was determined via flow cytometry and (B) quantified. (C) MMP was determined using a fluorescent probe, JC1, and (D) quantified. The
MMP loss was quantified from the shift of JC-1 emission from red (~590 nm) to green (~525 nm). The ratio of red/green fluorescence represented MMPin HK-2
cells. Treatment with C3G significantly suppressed intracellular ROS production in HK-2 cells exposed to HG conditions. (E) The expression levels of TXNIP
and TRX2 were determined using western blotting, and the relative intensities of the TXNIP and TRX2 bands were normalized to the f-actin band. (F) The
mRNA expression of TXNIP was determined via reverse transcription-quantitative polymerase chain reaction. (G) TRX activity was determined using an
insulin disulfide reduction assay. Values are expressed as mean + standard deviation (n=6). “P<0.01 vs. NG; "P<0.05 vs. HG. HG, high glucose; NG, no glucose;
M, mannitol; C3G, cyanidin-3-O-f-glucoside chloride; TXNIP, thioredoxin interacting protein; TRX, thioredoxin; TRX2, thioredoxin 2; MMP, mitochondrial
membrane potential; DCHF-DA, dichloro-dihydro-fluorescein diacetate.
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Figure 7. Treatment with C3G suppresses HG-induced phosphorylation of p38 MAPK and ERK1/2 in HK-2 cells. HK-2 cells were incubated with NG
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levels of p-p38 MAPK, p38 MAPK, p-ERK1/2 and ERK1/2 were determined by western blot analysis, and the relative intensities of (B) p-p38 MAPK and
(C) p-ERK1/2 were normalized to total p38 MAPK and ERK1/2, respectively. (D) Apoptosis of HK-2 cells was determined via the terminal deoxynucle-
otidyl-transferase-mediated dUTP nick end labeling assay and (E) images were captured. Values are expressed as the mean + standard deviation (n=6;
magnification, x400). “P<0.01 vs. NG; “P<0.05 vs. HG. HG, high glucose; NG, no glucose; PD, PD94059; SB, SB203580; C3G, cyanidin-3-O-f-glucoside
chloride; p38 MAPK, p38 mitogen-activated kinase; p-p38 MAPK, phosphorylated p38 MAPK; ERK1/2, extracellular signal-regulated kinase 1/2; p-ERK1/2,

phosphorylated ERK1/2.

cyt ¢ translocation from the mitochondria to the cytoplasm,
TXNIP expression, and the phosphorylation of p38 MAPK
and ERK. In addition, C3G was demonstrated to upregulate
TRX2 expression, stabilize the biological activity of TRX and
suppress HK-2 cellular apoptosis in response to hyperglycemia.

The enhancement of ROS production is an important
feature of microvascular and macrovascular complications
associated with deformity and death in patients with diabetes
mellitus type 2 (20,21). Furthermore, ROS levels have an
important role in the pathogenesis of DN (1,22). These results
suggest that ordinary and catalytic antioxidants may exhibit
protective properties against, or suppress the morbidity of,
DN, and a combination of methods to suppress excessive
production of ROS, and thus increase the elimination of
preformed ROS, may serve as a potential therapeutic agent
against the development and progression of DN. C3G has been
suggested to possess vigorous antioxidant and anti-inflam-
matory properties (23,24). Recent studies have revealed that
C3G is able to suppress 1,3-dichloro-2-propanol-induced
ROS generation and suppress the apoptosis of R2C leydig
cells (25). In a db/db model of DN, treatment with grape

seed procyanidin B2 (GSPB2) was demonstrated to result in
a suppression of triglyceride concentration in serum, total
cholesterol level, advanced glycation end products and UAE,
compared with vehicle-treated diabetic mice (26). Chronic
exposure to Diquat significantly enhances granulosa cell
damage, whereas treatment with GSPB2 suppresses granu-
losa cell apoptosis and causes the autophagy process in ICR
mice (27). In the present study, the results suggested that db/db
mice demonstrated markedly enhanced UAE, total body weight
and average glomerular volume at 12 weeks post-development
of diabetes (19). In addition, treatment with GSPE in db/db
mice attenuated albuminuria and the level of urinary 8-OHdG.
Furthermore, the results of the present study demonstrated
that GSPE administration suppressed renal cell apoptosis in
db/db mice, thus suggesting that GSPE exhibits therapeutic
effects on the diabetic kidney. However, Tyagi et al (28) and
Li et al (29) suggested that procyanidin B2 leads to apoptosis
in PCa cells of human prostate cancer and in endothelial cells
of diabetes mellitus. The discrepancy between the results of
the present study and previous studies may reflect differences
in the chosen cell lines.
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Apoptosis contributes to the development of DN (30).
Previous studies have suggested that HG-induced cellular
apoptosis is an important factor in the development of kidney
injury, and ROS results in the apoptosis of renal tubular
cells (31,32). A predominant factor of apoptosis is the accu-
mulation of ROS, which enhances intracellular DNA damage
and may induce cell apoptosis. C3G has been demonstrated
to suppress hyperglycemia-induced liver oxidative damage by
enhancing glutathione synthesis via a cyclic adenosine mono-
phosphate-protein kinase A-dependent signaling pathway (33).
In the present study, cellular apoptosis in db/db mouse kidneys
was significantly enhanced; however, this was attenuated by
treatment with GSPE. In vitro, it was revealed that treatment
with C3G suppressed HG-induced ROS generation, apoptosis,
the expression of cleaved caspase-3, the Bax/Bcl-2 ratio, and
cyt ¢ translocation from the mitochondria to the cytoplasm in
HK-2 cells. Furthermore, the results of the present study demon-
strated that C3G treatment reversed the HG-induced alteration
in MMP in HK-2 cells. The results suggest that anthocyanins
may attenuate diabetic renal injury via suppression of ROS,
and may thus protect mitochondrial function. Furthermore,
the results suggest that the administration of anthocyanins
enhances antioxidant function and decreases oxidative stress,
thus suppressing apoptosis.

The TRX system, a predominant thiol antioxidant pathway,
regulates the metabolic breakdown of intracellular ROS. TXNIP,
first identified as the product of the 1,25-dihydroxyvitamin D-3
inducible gene in HL-cells (additionally termed vitamin D3
upregulated protein 1 or thioredoxin binding protein-2), is the
endogenous inhibitor of cellular TRX, inhibiting its antioxida-
tive role by combining with redox-active cysteine residues (34).
TRX/TXNIP, a redox-sensitive signaling complex, may regulate
cellular redox status and has an important role in the association
of redox regulation with the etiopathogenesis of diseases (35).
In a recent study, it was demonstrated that TXNIP is upregu-
lated under HG conditions in mouse mesangial cells and renal
cells, and that TXNIP knockout may attenuate the HG-induced
suppression of TR X activity, and suppress HG-induced apoptosis
and ROS generation (10,18). In the present study, it was demon-
strated that the administration of anthocyanins significantly
suppressed TXNIP expression in the kidneys of db/db mice and
in HK-2 cells incubated under HG conditions. Furthermore,
the results suggested that C3G treatment enhanced TRX2
expression and attenuated the HG-induced suppression of TRX
activity in HK-2 cells. These results suggest that anthocyanins
attenuate oxidative stress in diabetic kidneys via regulation of
TXNIP and TRX expression.

Increasing studies have suggested that an increase in
the activity of p38 MAPK and ERK1/2 contributes to the
etiopathogenesis of DN (36,37). Numerous studies have
suggested that GSPEs may protect the kidney by suppressing
p38 MAPK and ERK1/2 phosphorylation (38,39). In the
present study, it was demonstrated that the expression levels of
p-p38 MAPK and p-ERK1/2 were significantly suppressed in
HK-2 cells following treatment with anthocyanin in vivo and
in vitro, thus suggesting that a reduction in the HG-induced
phosphorylation of p38 MAPK and ERK1/2 may be a
downstream effector of the anthocyanin associated pathway.
Furthermore, the present study revealed that treatment with a
p38 MAPK inhibitor (SB203580) or ERK inhibitor (PD98059)
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was able to suppress HG-induced apoptosis, thus suggesting
that ROS-MAPK and ROS-ERK is involved in apoptosis.

The present study demonstrated that treatment with
anthocyanins suppressed the TXNIP expression-enhanced
p38 MAPK and ERK1/2 activity, and suppressed renal cellular
apoptosis under diabetic conditions. Therefore, the results
suggest that anthocyanins (GSPE and C3G) may serve as
potential therapeutic agents for the treatment of DN.
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