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Diabetic nephropathy (DN) is the most common cause of end-stage renal failure, oxidative damage and iron metabolism
disorder are related to DN progression, but the exact pathogenesis remains unclear. Grape seed proanthocyanidins extract
(GSPE) are one of the most widely distributed polyphenols with antioxidant properties. Here, we evaluated the mechanism
by which GSPE alleviates podocyte damage induced by high glucose and palmitic acid (HG/PA). Podocytes were cultured
in groups in normal environment; these were based on whether HG/PA and ML385 were present and the GSPE conc. 10, 25
and 50 mg/L. The flow cytometer, immunofluorescence staining, Western blot, quantitative real time-PCR (qRT-PCR), kit
method and fluorescence microscope were used, respectively. After HG/PA intervention, the podocyte morphology was
destroyed, the survival rate was reduced, the cell apoptosis was increased, and the fluorescence intensity of ROS detection
was increased, iron metabolism was disordered. After adding ML385, increased oxidative damage to podocyte, nuclear
factor erythroid 2-related factor 2 (Nrf2) and its downstream protein and mRNA expression levels were significantly
reduced. However, application of different concentrations of GSPE could reverse these situations. Our findings indicate that
GSPE regulates intracellular iron metabolism disorders and reduces the oxidative damage of podocytes possibly through

activation of the Nrf2 signaling pathway.
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Worldwide, there are about 537 million adults
reported to be suffering from diabetes'. Despite
extensive prevention and treatment measures, 20-40%
of diabetic patients will develop different degrees of
diabetic nephropathy (DN)?, primarily manifested as
proteinuria, excessive production of mesangial matrix,
renal hypertrophy, and fibrosis’. DN is the main cause
of end-stage renal disease and has become a global
health and socioeconomic burden®®. Although there
has been some progress in the treatment of DN, the
pathogenesis of DN remains unclear. Hence, research
on the prevention and treatment of DN is of great
significance.

Podocytes are a special type of glomerular cells
that are wrapped around capillaries to filter blood and
prevent plasma proteins from entering the urine
filtrate’. Along with mesangial cells, they maintain
structural integrity of the glomerulus®. Podocyte
dysfunction is a major factor in the pathogenesis of
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DN because it can lead to proteinuria, which is an
early symptom of DN’. In clinical practice, diabetic
patients are characterized by early podocyte loss, in
addition to impaired podocyte integrity'®. Decreased
podocyte density can be caused by apoptosis and
glomerular basement membrane detachment, which is
a predictor of DN progression''. Podocyte damage
caused by hyperglycemia, including apoptosis,
mitochondrial dysfunction, and oxidative stress, is
closely related to DN'*',

Iron is an essential trace metal for organisms, it
catalyzes highly toxic hydroxyl radicals through a
Fenton reaction and induces oxidative stress'
Previous literature showed the presence of increased
iron accumulation in the kidneys of diabetic rats
induced by streptozotocin'®. Renal iron accelerates the
progression of DN'". Oral iron removers can protect
the kidneys of DN rats by reducing oxidative stress,
inflammation, and other such conditions, and by
promoting iron chelation'®. Low-iron diet or iron
chelating agents can delay the progression of DN'.
As a new mechanism, iron is believed to regulate the
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progression of DN; however, knowledge about how
iron promotes the progression of DN is limited.

Grape seed proanthocyanidin extract (GSPE) is a
mixture of polyphenols which is composed of
catechin, epicatechin, and epicatechin gallate linked
mainly through C4-C6 or C4-C8 (B type)™ *'.
Numerous in vitro and in vivo researches have
reported the biological activities of GSPE including
anti-inflammatory properties, antioxidant activities,
anti-apoptotic and toxicity resistance”?*. Our
previous studies have shown that grape seed
proanthocyanidin extract (GSPE) reduces kidney
damage in diabetic rats by activating the Nrf2
signaling pathway”. Studies have also revealed that
the polyphenol structure of GSPE can exert anti-
oxidant properties and antagonize the damage caused
by excessive iron, indicating that GSPE can perform
these additional functions along with scavenging free
radicals and inhibiting lipid peroxidation”. GSPE also
exhibits great development and application prospects
in the prevention and treatment of DN.

In the present study, we explored whether GSPE
can regulate iron metabolism disorders, activate the
Nrf2 signaling pathway, increase the expression of its
downstream antioxidant enzymes, and reduce the
oxidative damage of podocytes, thereby playing a
significant role in the prevention and early treatment
of diabetic nephropathy (DN).

Material and Methods
Chemicals and Reagents

Mouse glomerular podocytes MPCS5 were
purchased from Shanghai Fuxiang Biological
Technology (XF1009, Shanghai, China). GSPE with
the content of polyphenols or proanthocyanidins is no
less than 95% was obtained from Beijing Soleibao
Technology (SP8520, Beijing, China). The total
protein assay kit (with standard: BCA method, A045-
4), malondialdehyde (MDA) Kit (A003-1),
superoxide dismutase (SOD) Kit (A001-3),
Glutathione (GSH) Kit (A006-2), and ROS Kit
(E004-1-1) were purchased from Nanjing built
biological products (Nanjing, China). Divalent metal
transporter 1 (DMTI1) Kit (JM-12129M1), and
Ferroportin 1(FPN1) Kit (JM-11755M1) were
purchased from Jiangsu Jingmei Biological
Technology (Jiangsu, China). CCK-8 method cell
proliferation detection kit (KGA317) and Apoptosis
detection kit (KGA101-KGA104) were obtained from

Jiangsu KGI Biotechnology (Jiangsu, China). Mouse
monoclonal antibody (B-actin,) were obtained from
Wuhan Boster Biological Technology. Mouse
monoclonal antibody (PCNA) was obtained from
Boster (California, USA). Mouse monoclonal
antibody (NQO1, HO-1), rabbit monoclonal antibody
(Hepcidin, FPN1), rabbit polyclonal antibody (Nrf2),
and goat polyclonal antibody (GST) were obtained
from Abcam (Cambridge, MA). TRIzol and
Transcriptor First Strand cDNA Synthesis Kit were
obtained from Invitrogen (Carlsbad, CA, USA) and
Roche (Basel, Switzerland). DAPI(C1002), FITC-
labeled Goat Anti-Rabbit IgG (H+L) (A0562), pARE-
luc(D2112), pRL-TK(D22760), Dual Luciferase
Reporter Gene Assay Kit (RGO027), Nuclear and
Cytoplasmic Protein Extaction Kit (P0027) were
obtained from Beyotime Biotechnology (Shanghai,
China). Lipofectamine 2000 reagent was obtained
from Invitrogen, Carlsbad, CA, USA (11668-019).
Lillie Staining Assay kit was obtained from Beijing
Soleibao Technology Co., Ltd.(G3320).

Cell culture and treatments

The MPC5 cells were incubated in DMEM
supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin at 37°C in a
humidified atmosphere of 5% CO,. Podocytes were
cultured in groups in normal environment; these were
based on whether high glucose and palmitate
(HG/PA) and ML385 were present and the GSPE
concentrations @ 10, 25 and 50 mg/L.

Cell viability assay

The 96-well plate was seeded with 7*10° cells/well
of differentiated and mature podocytes, and the cells
of each group were intervened according to the
experimental protocol. After 24 h, 10 uL of CCK-8
solution was added in the dark, and the cells were
cultured in a 37°C incubator for 1 hour. The OD value
of each well was detected at 450 nm wavelength.

Cell apoptosis assay

Cells were inoculated into a 6-well plate, and each
group of cells was intervened according to the
experimental protocol after the cells were adhered to
the wall. After 24 h, the cells of each group were
digested and collected and washed twice with pre-
cooled PBS by centrifugation. These cells were then
resuspended in 500 pL of 1*Binding Buffer. The cells
were transferred to EP tubes, 5 pLL of FITC and 10 puL
of PI were added to each tube and mixed gently. They
were then incubated in the dark at room temperature
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for 10 min and flow cytometry detection was
performed.

Cellular ROS analysis

The MPCS cells were seeded into 6-well plate for
culture. After the cells adhered to the wall, each group
of cells was intervened according to the experimental
protocol. Next, one mL of DCFH-DA probe was
added to each group and stained with DCFH-DA at
37°C for 40 min in the dark. The cell fluorescence
was monitored under a fluorescence microscope.

Cellular Iron Metabolism

We assessed the levels of DMT1 and TFRI in the
supernatants of cultured cells using the relevant
ELISA according to the manufacturer’s instructions.
Absorbance was measured at 450 nm using a micro-
plate reader. This assay was performed in triplicate.

This was followed by determining the iron content.
Each group of cells was intervened according to the
experimental protocol. Detection reagents were added
according to the instructions of the reagent manufacturer
and reacted for 10 min at room temperature. The wave-
length of the microplate reader was set to 490 nm, the
absorbance of each group was measured, and the total
iron level of each group was evaluated.

MDA, SOD, and GSH content assay

The relative content of MDA, SOD and GSH was
detected according to the manufacturer’s instructions.
Lillie staining

The cellular divalent iron was detected using a
Lillie Staining Assay kit following the manufacturer’s
protocol. Briefly, MPC5 cells were intervened
according to the experimental protocol, cells were
incubated with Lillie staining solution at 37°C for 1 h,
followed by staining the nucleus with nuclear fast red
for 2 min. The images were collected using fluorescence
microscope.

Immunofluorescence staining

MPCS5 cells were grown in six-well plates to 60%
confluence and each group of cells were intervened
according to the experimental protocol. The cells
were fixed in 4% paraformaldehyde, permeabilized
with 0.1% Triton X-100 in PBS for 20 min at room
temperature and washed thrice with PBS, then
incubated in blocking buffer (5% BSA) for 1 h and
then the cells were incubated overnight at 4°C with
the primary antibodies Nrf2 (1:500) and washed thrice
with PBS. Add goat anti-rabbit IgG H&L (FITC
1:1,000)) and incubate at room temperature for 2 h
and washed thrice with PBS. The nucleus staining

was incubated with DAPI for 3 min and washed thrice
with PBS. The images were collected using
fluorescence microscope.

ARE activity detection

MPCS5 cells seeded in 96-well culture plate, grown
to 80%-90%, were transfected with pARE-luc and
pRL-TK using Lipofectamine 2000 reagent according
to the manufacturer’s instructions, with a final
recombinant vectors concentration of 100 ng.
Incubate at 37°C for 6 h, remove the transfection
solution, and each group of cells was intervened
according to the experimental protocol. Cells were
collected and cell extracts were used to determine
luciferase activity according to the manufacturer’s
instructions. Luciferase activity value is collected
using a full-wavelength scanning multi-function
reader.

Western blot analysis

The total protein and nuclear protein of each group
was extracted separately and their concentration was
determined by the BCA method. Protein samples
were separated using SDS-PAGE and then transferred
onto the PVDF membranes. The membranes were
blocked at room temperature for 2 h with 5% skim
milk and incubated overnight at 4°C with the primary
antibodies, B-actin (1:500), PCNA (1:500), Hepcidin
(1:1,000), FPN1 (1:1,000), Nrf2 (1:1,000), GST
(1:3,000), HO-1 (1:1,000), and NQOT1 (1:1,000). The
membranes were washed thrice with PBST (TBS and
20% Tween 20) for 10 min each time, incubated with
the secondary antibodies at room temperature for 2 h,
and washed thrice with PBST. Finally, the membranes
were soaked with enhanced chemiluminescence
reagent and exposed to X-ray film. Image Lab 4.1 was
used to detect and analyze the results. All Western
blot analyses were performed in triplicate.

Real-time PCR

Total RNA was isolated from MPC5 cells using
TRIzol according to the manufacturer’s instructions.
cDNA synthesis was then executed by using the
Transcriptor First Strand cDNA Synthesis Kit. The
primer sequences for real-time PCR analysis are
shown in Table 1. The data were analyzed using the
242 method. The primer sequences for the real-time
PCR analysis are shown in Table 1.

Statistical analysis

Statistical analyses were performed using SPSS
20.0 and GraphPad Prism 5.0 software. The
experimental data of each group followed a normal
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Table 1 — Primer sequences for quantitative real-time polymerase

chain reaction

Name Primer Sequence Size
Mus GAPDH Forward ATGGGTGTGAACCACGAGA

Reverse CAGGGATGATGTTCTGGGCA 229
Mus Hepcidin Forward CTGTCTCCTGCTTCTCCTCC

Reverse TGGGGAAGTTGGTGTCTCTC 161
Mus FPN1 Forward GTGGAGACTACTTCCGTGCT

Reverse GCCCCAGAAGATATGTCGGA 148
Mus Nrf2 loop primer  CAGTGCTCCTATGCGTGAA

F primer GCGGCTTGAATGTTTGTCT 109
Mus HO-1 loop primer CCTCACTGGCAGGAAATCA

F primer TCGGGAAGGTAAAAAAAGC 217
Mus NQO1  Forward GGCTGGTTTGAGAGAGTGCT

Reverse GGAAGCCACAGAAACGCAG 205
Mus GST Forward GCTCTTTGGGGCTTTATGGG

Reverse GCAGGGTCTCAAAAGGCTTC 177

[FPN1: Ferroportin 1; Nrf2: nuclear factor erythroid 2-related
factor 2; HO-1: Heme Oxygenase 1; NQO1: NAD(P)H quinone
oxidoreductase 1; GST: glutathione S-transferase]

Control 10 25

Control 10 25
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distribution and are presented as the mean + standard
deviation. Comparison of differences in each group
was performed through analysis of variance.
The correlation analysis of the data was conducted
using the Spearman correlation coefficient. P <0.05
indicated statistical significance.

Results
Effect of GSPE on podocyte morphology, viability, ROS, Nrf2
and iron metabolism levels

To obtain the optimal concentration through
preliminary experiments, 10, 25 and 50 mg/L were
selected as the concentrations of GSPE. The cells were
co-cultured with above concentrations of GSPE, and it
was found that after adding GSPE, the cell morphology
did not change significantly compared with the control
group (Fig. 1A). Detection of cell viability with CCK8
showed that there was no statistical difference in cell
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Fig. 1 — Effect of grape seed proanthocyanidins extract (GSPE) on (A) morphology and structure; (B) survival rate; (C) ROS; (D)
divalent iron (blue); (E) relative intensity; (F) DMT1; (G) TFR1; and (H) Nrf2 (H) of podocytes. Control, Control group; GSPE treatment
groups @ 10, 25 and 50 mg/L. [Original magnification of (A, C & D) 400X]



LI et al.: GRAPE SEED PROANTHOCYANIDINS PROTECT PODOCYTES FROM GLUCOLIPOTOXICITY 269

viability between the 10, 25 and 50 mg/L GSPE
groups compared with the control group (P >0.05,
Fig. 1B). The fluorescence intensity of ROS was
observed under a fluorescence microscope, and it was
found that after adding GSPE, the ROS level was not
changed (Fig. 1C). No obvious blue spots were seen
in each group, indicating that there was no
accumulation of ferrous ions in the cells (Fig. 1 D-E).
There is no difference in the expression of DMT]I,
TFR1 and Nrf2 (Fig. 1 F-H). The above results
indicate that within this dose range, GSPE is safe and
harmless to podocytes, the use of GSPE in normal
podocytes did not cause iron metabolism disorders
and oxidative stress.

GSPE mitigates glucolipotoxicity-induced injury of podocytes

To study the role of GSPE in podocyte injury
induced by glycolipid toxicity, an in vitro injury
model induced by HG/PA was established while
administering different concentrations of GSPE.
Observed under a light microscope, the cell
morphology of the control group was spindle-shaped
and normal. After the HG/PA intervention, the
number of cell attachments decreased and the cells
shrank, indicating cell damage. After the intervention
of different concentrations of GSPE, compared with
the injury group, the number of adherent cells

AR

Control

increased, the cell shrinkage was improved, and some
cells returned to normal (Fig. 2A). After the HG/PA
intervention, the survival rate of podocytes decreased
and the rate of apoptosis increased (Fig. 2 B-D). After
assessing the level of ROS, it was found that the
fluorescence intensity under the fluorescence
microscope was increased (Fig. 2 E-F). After co-
cultivation with different doses of GSPE, the survival
rate of cells increased and the rate of apoptosis
decreased, ROS levels showed that the fluorescence
intensity under the fluorescence microscope gradually
decreased (P <0.05, Fig. 2 B-F).

GSPE regulates iron metabolism disorders in podocytes induced
by HG/PA

DMT1 and TFR1 are commonly used indicators
reflecting the level of cellular iron metabolism. After
HG/PA stimulation, the levels of DMT1, TFR1, total
iron, and intracellular iron in the injury group were
higher than those in the control group (P <0.05,
Fig. 3 A-E). The expression of Hepcidin, FPN1 protein,
and mRNA in the injury group was significantly
lower than that in the control group (P <0.05, Fig. 3
F-1). However, after adding different doses of GSPE,
the above situation was reversed (P <0.05, Fig. 3).
This shows that GSPE regulates the iron metabolism
disorder of podocytes induced by HG/PA.
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Fig. 2 — Effects of glucolipotoxicity and GSPE on (A) morphology and structure; (B) survival rate; (C & D) apoptosis; and (E & F) ROS
of podocytes. [Control, Control group; HG/PA, high glucose and palmitic acid group; GSPE treatment groups @ 10, 25 and

50 mg/L. Original magnification of (A) 400X]
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Fig. 3 — Effects of HG/PA and GSPE on cell (A) DMTI; (B) TFRI; (C) total iron levels; (D & E) divalent iron (blue); and (F-I)
Hepcidin, FPN1 protein and mRNA levels. [HG/PA, high glucose and palmitic acid group; GSPE, Grape seed proanthocyanidin extract;
GSPE treatment groups @ 10, 25 and 50 mg/L. Values are presented as mean + standard deviation (n=3). *P <0.05 vs. the control group;

#P <0.05 vs. the HG/PA group. Original magnification of (D) 400X]
GSPE reduces oxidative damage caused by HG/PA to podocytes
by activating Nrf2

Intervention was performed by adding or not adding
ML385 to inhibit the expression of Nrf2, while using
HG/PA to cause oxidative damage to podocytes.
Different doses of GSPE were applied to activate the
Nrf2 signaling pathway and detect oxidation- Anti-
oxidant damage index. Compared with the control
group, it was found that the SOD and GSH content in
the injury group were significantly reduced, and the
MDA content was significantly increased. After
adding different doses of GSPE, compared with the
injury group, the SOD and GSH content gradually
increased, and the MDA content gradually decreased
(P <0.05, Table 2). After pretreatment with Nrf2
inhibitor ML385, the treatment continued with
HG/PA and GSPE. The results showed that the SOD

and GSH content of the injury group was significantly
reduced compared with the control group, and the MDA
content further increased. However, after the combined
intervention of 50 mg/L GSPE in the injury group, the
SOD and GSH content increased compared with the injury
group, while the MDA content decreased (P <0.05, Table 2).
It is suggested that when the Nrf2 signal pathway is
inhibited, the antioxidant effect of GSPE is weakened.

Iron metabolism is related to oxidative damage

The results of the correlation analysis of oxidation-
antioxidant indexes and iron metabolism indexes
showed that SOD and GSH were negatively
correlated with DMT1, TFRI1, and total iron, and
that MDA was positively correlated with DMT],
TFR1, and molten iron (P <0.05, Table 3), suggesting
that iron metabolism is related to oxidative damage.
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Table 2 — Inhibition or activation of Nrf2 affects podocyte
oxidative damage induced by HG/PA

SOD GSH MDA
Control 23.61+0.54  34.69+037 9.07+0.62
HG/PA 13.68+0.48% 22.61+0.87* 17.28+0.28*
HG/PA+10 mg/L GSPE 18.55+0.73"  27.32+091" 15.56+0.40"
HG/PA+25 mg/L GSPE 20.53+0.73"  32.52+1.63" 14.17+0.52"
HG/PA+50 mg/L GSPE 21.37+039"  33.46£0.97" 9.86+0.50"
ML385 1249+121 13174030 16.46+0.78
ML385+HG/PA 7724075%  7.13+0.81% 20.30:0.94"
ML385+HG/PA+10mg/LGSPE ~ 8.14+043  6.17+0.76 17.68+0.56"
ML385+HG/PA+25 mg/LGSPE ~ 9.48+1.07"  7.91+035 15.39:+0.86"
ML385+HG/PA+50 mg/L GSPE ~ 9.69+0.97"  9.59+0.83" 14.20+0.58"
F 117.39 558.33 87.99

P <0.001 <0.001  <0.001

[Control, Control group; HG/PA, high glucose and palmitic acid,
ML385: ML385 treatment group. Values are presented as mean +
SD (n=3). *P <0.05 vs. the control group before and after Nrf2
inhibition, respectively; * P <0.05 vs. the injury group before and
after Nrf2 inhibition, respectively]

Table 3 — Correlation analysis of oxidation-antioxidant indexes
and iron metabolism indexes

SOD GSH MDA DMTI TFRI1 Total

iron
SOD - 0.943* —0.878* —0.957* —0.949* —(0.928*
GSH  0.943* - —0.886* —0.948* —0.966* —0.959*
MDA -0.878* —0.886* - 0.938* 0.937* 0.952*
DMT1 -0.957* —0.948* 0.938* - 0.950*% 0.957*
TFR1 -0.949* —0.966* 0.937* 0.950%* - 0.967*
Total -0.928* —0.959* 0.952* 0.957* 0.967* -

iron
[DMTI1, Divalent metal transporter; GSH, Glutathione; MDA,
malondialdehyde; 1; SOD, superoxide dismutase; TFRI,
Ferroportin 1. *Refers to P <0.05)]

Effect of GSPE on ARE levels and Nrf2, HO-1, GST, NQO1
protein and mRNA expression in HG/PA-induced podocyte injury

To further confirm that GSPE promoted HG/PA
induced distribution of Nrf2 in podocyte,
immunofluorescence staining was performed to
investigate the distribution of Nrf2. The images
indicated that GSPE could significantly increase Nrf2
staining (green) in the nucleus, suggesting that GSPE
promote the nuclear translocation of Nrf2 (P <0.05,
Fig. 4 A and B), and the results were consistent
western blot (P <0.05, Fig. 4C). The results of the
luciferase analysis revealed that GSPE significantly
increased ARE-mediated luciferase activity in a
concentration-dependent manner (P <0.05, Fig. 4D).
Compared with the control group, the protein and
mRNA expression levels of total Nrf2, HO-1, NQO1,
and GST in the injury group were significantly
reduced, after adding different doses of GSPE,
compared with the injury group, the Nrf2, HO-1,
protein, and mRNA expression of NQO1 and GST

increased significantly (P <0.05, Fig. 4 E-L). Using
ML385 to inhibit the expression of Nrf2, and
after the co-intervention with HG/PA and GSPE,
the protein and mRNA expression levels of Nrf2, HO-
I, NQOI, and GST in the ML385+HG/PA group
were lower than those of ML385 (P <0.05). After
adding 50 mg/L of GSPE to the ML385+HG/PA
group, the protein and mRNA expression of Nrf2,
HO-1, NQOI1, and GST increased, and there was a
statistical difference (P <0.05, Fig. 4 E-L). It is
suggested that GSPE can increase the expression of
Nrf2 and its downstream proteins and mRNA in
podocytes under HG/PA conditions, and activate Nrf2
into the nucleus.

Discussion

Although the pathogenesis of DN is not completely
clear, many studies have pointed out that oxidative
stress is involved in the occurrence and development
of DN** 3! When there are excessive iron ions in
the body, the excessive iron ions will become a
catalyst for oxidative damage in the body, generating
a large amount of hydroxyl free radicals and
aggravating the damage caused by oxidative stress®.
Studies have pointed out that GSPE can improve
the symptoms of DN by regulating oxidative stress™.
In this study, GSPE was used to interfere with
HG/PA-induced podocyte damage. The detection of
related indicators found that HG/PA can inhibit the
expression of Nrf2 and its related proteins, increase
DMT1 and TFRI1 levels, reduce FPN1 and Hepcidin
protein and gene expression, cause ROS
accumulation, reduce SOD and GSH activity, increase
MDA content, and increase cell apoptosis. GSPE
can reverse the damage caused by HG/PA to
podocytes. These results indicate that GSPE
regulates iron metabolism disorders and increases
antioxidant capacity by activating the Nrf2 signaling
pathway, thereby antagonizing the damage caused by
HG/PA to podocytes.

In the early stage of DN, podocyte apoptosis is the
key target of glomerular damage, it precedes the
development of DN and worsens the patient’s renal
function. Therefore, inhibiting podocyte apoptosis
caused by HG/PA is one of the important measures to
prevent and treat DN*. Consistent with previous
findings, in this study, cell morphology changed
under HG/PA conditions, survival rate decreased, and
podocyte apoptosis  levels increased’.  After
intervention with GSPE, this result was reversed,



272

Control

A
DAPI

MERGE

h -

C M -+

CMEml) . - WX ;n
Nrf2(cytosol) @ = & <8 68kDa
oo 42kDa

Lm0y

p-actin
Nrf2(nuclear)

INDIAN J EXP BIOL, APRIL 2023

0.8

@)

ARE activitie
(Firnﬂy/chiIIa ralio)

PCNA S 15 (D)

m

F
%

Nrf2/p actin
-
{E—
—
—

MLS e 4 . o W e \u,sx!

HGPAL - + + » + - » + + + GPA
GSPE (mgfL) . - 10 25 S - - 1028 S P A I

) ﬂﬂﬂnﬂﬂﬂ ] nﬂﬂ Hnmﬂﬂ

~~~~ ML38S o+ o+
......... HG/PA R T

1.0

e mRN,-\expr(-ssinn
HO-1 mRNA ﬂpressinn

ML38S

MAAE T M & e o e B @ W W ML38S
HG/PA I HGPA
>

il

G spr (nlg/l

GSPE (mgL) -

15 K 15

o

1.0

] nﬂﬂﬂﬂmﬂﬂ

.....

. L R R HGPA

°
@«

2§ GSTmRNAexpression

3 | NQO1 mRNA expression

i
£
H
5

- 10 25 S0

- 10 25 S0 -

HGPA - -
GSPE (mg/L) - GSPE (mg/L) - g i) = = 19 28 89 = GSPE (mg/L) -

Fig. 4 — GSPE treatment (A & B) activates Nrf2 into the nucleus through Immunofluorescence; (C) increases expression level of nuclear
Nrf2 protein and decrease the expression level of cytosol Nrf2 protein; (D) reverses the decreased ARE levels in the injury group caused
by HG/PA; (E-L) reverses the decreased protein and mRNA expression levels of Nrf2, HO-1, NQOI1, GST in the injury group caused by
HG/PA, and the use of ML385 to inhibit Nrf2 significantly inhibits the protein and mRNA of Nrf2, HO-1, NQO1, and GST Expression
level, but GSPE could reverse this situation. [HG/PA, high glucose and palmitic acid group; GSPE treatment groups @ 10, 25 and
50 mg/L. Values are presented as mean + standard deviation (n=3). *P <0.05 vs. the control group before and after Nrf2 inhibition,
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suggesting that GSPE could antagonize cell apoptosis
caused by glycolipid disorders.

Iron is one of the essential micronutrients of the
human body that is primarily responsible for the
transport of oxygen, it participates in the formation of
highly active free radicals, which can induce the
oxidative modification of various molecules®*>°. Iron-
mediated oxidative stress has been considered to be
an important cause of chronic kidney injury’’
Cellular iron levels are dependent on iron import,
storage, utilization and export, which are mainly
regulated by the iron response element-iron regulatory
protein system. In our research, the results of
correlation analysis between iron metabolism
indicators and oxidative damage indicators show the
existence of a correlation between these indicators. It
has been reported that the level of hepcidin is
decreased under conditions of high glucose

stimulation, which is consistent with the results of the
present study’®. Lower levels of hepcidin may
contribute to iron overload by preventing iron
exportation or increasing iron intake®*’) mainly by
upregulating the expression of TFR1 and DMTI,
resulting in iron accumulation within cells. Our study
also show that under HG/PA conditions, the iron
export protein FPN1 decreases, which directly
leads to the accumulation of intracellular iron,
and which 1is consistent with our measured
intracellular total iron levels and the results of
intracellular bivalent iron staining. When iron is
overloaded in cells, it will destroy the redox
homeostasis and catalyze the generation of ROS,
leading to oxidative stress>®

According to reports, polyphenols, curcumin and
quercetin can regulate the level of iron metabolism-
related proteins*'. This study found that GSPE as one
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of the most widely distributed flavonoids in the
plant kingdom can regulate iron homeostasis
caused by HG/PA in podocytes and maintain normal
cellular iron metabolism. GSPE can decrease the
levels of DMT1 and TFR1, reduce iron input, at the
same time, increase the expression of FPN1 and
Hepcidin, accelerate the transport of iron out of the
cell, finally, reduce the iron level of the cell*”. The use
of GSPE to regulate iron metabolism is expected to
improve DN.

An increasing number of studies show that
glucose-induced oxidative stress has become a key
pathogenic factor of DN*. In line with the results of
the previous studies, our results reveal that GSPE can
reverse the changes in podocyte ROS, SOD, GSH,
MDA, and other indicators induced by HG/PA. ROS
is key in inducing oxidative damage. The MDA
content reflects the degree of cell lipid peroxidation
damage, while SOD and GSH indirectly reflect the
body’s ability to scavenge oxygen free radicals. This
result shows that wunder certain conditions,
endogenous antioxidants cannot neutralize oxidative
stress. At this time, exogenous antioxidants are
needed to enhance the antioxidant system*. This is
consistent with our previous study of using GSPE to
protect kidney damage in diabetic rats®®. This shows
that GSPE has strong antioxidant properties, can
reduce the oxidative damage of the podocytes, and
protect the podocytes.

The Fenton reaction produces ROS due to iron
overload, excessive ROS are also produced in a high-
sugar state, which consumes the antioxidant proteins
that are increased by the body's own Nrf2/ARE
pathway activation, and weakens the body's ability to
resist oxidative stress*’. Basic research has proven
that Nrf2 has a protective effect on DN, it may be that
hyperactivation of nrf2 can increase GSH production
and prevent the progression of early renal ischemia-
reperfusion injury*™*. Therefore, we speculate that
the mechanism by which GSPE can antagonize
HG/PA-induced podocyte oxidative damage may be
related to the activation of the Nrf2 signaling
pathway. The results of this experiment show that
after GSPE activates Nrf2, it significantly improves
the oxidative damaged state of podocytes. The
inhibitory effect of Nrf2 inhibitor ML385 on Nrf2
reduces the protective effect of GSPE-mediated
against HG/PA-induced podocyte damage. In
addition, the degree of oxidative damage is
significantly enhanced. Thus, it is speculated that the

antioxidant effect of GSPE may be related to the
activation of the Nrf2 signaling pathway.

To clarify the mechanism of GSPE’s protective
effect on podocytes in a HG/PA environment, we
used immunofluorescence to detect the nuclear
transfer of Nrf2, western blot to detect the expression
of nuclear Nrf2 and cytosol Nrf2 protein, and tested
the activity of ARE. The results showed that GSPE
was found to promote the nuclear translocation of
Nrf2 and increase the level of ARE, thereby activating
the Nrf2/ARE pathway and its downstream
antioxidant proteins in podocytes induced by HG/PA.
Next, the expression of Nrf2 and its downstream
genes and proteins were analyzed, and it was found
that GSPE could improve the protein and mRNA
expression of Nrf2, HO-1, NQOI1, and GST in
podocytes of the injured group. This is consistent with
our previous study, which showed that the expression
of Nrf2, NQOI1, and HO-1 in the kidneys of diabetic
rats was increased after GSPE administration®.
However, GSPE did not cause changes in Nrf2
expression and in that of related proteins in normal
podocytes, further confirming that Nrf2 is activated
under oxidative stress. In the present study, it was
observed that the expression of total Nrf2 and its
downstream genes in podocytes decreased after
HG/PA stimulation, which is similar to the results of
Ali et al®®. Keapl is inactivated, leading to the
stabilization and accumulation of Nrf2 after HG/PA
stimulation, which is consistent with the detection of
Nrf2 accumulation in the nucleus and a decrease in
cytoplasmic Nrf2, while excessive oxidative stress
consumes a large amount of Nrf2, disrupting
homeostasis®’; therefore, total Nrf2 is reduced. Even
with inducers, the signal that promotes Nrf2 synthesis
is also eventually attenuated with continued
challenge, and although the mechanism of this
inhibitory response is unclear’’, it may be one reason
for the reduction of total Nrf2 and its related proteins
after HG/PA stimulation.

It has been reported that ML385 binds to the Nehl
DNA-binding domain of Nrf2, blocks the binding of
the Nrf2-MAFG complex to the ARE sequence in the
promoter, and reduces the transcriptional activity of
Nrf2*. To further clarify the activation effect of
GSPE on Nrf2, this study included ML385 in advance
to pretreat each group and used different doses of
GSPE to interfere with the cells under HG/PA
conditions. Compared with the inhibited control
group, the inhibition of the protein and mRNA
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expressions of Nrf2, HO-1, NQO1, and GST in the
injured group were lower. After co-intervention with
50 mg/L GSPE, the protein and mRNA expression
levels of Nrf2, HO-1, NQO1, and GST in the GSPE
group were higher than those in the inhibited injury
group, and as the dose of GSPE increased, the
inhibitory effect of ML385 on Nrf2 signaling pathway
weakened, suggesting that GSPE is a powerful
activator of Nrf2 signaling pathway.

Conclusion

Based on the results of our high glucose\palmitic
acid (HG/PA) podocyte injury model, our above study
on the antioxidative damage effect of grape seed
proanthocyanidins extract (GSPE) we can conclude
that GSPE can increase the survival rate of podocytes
under HG/PA conditions, reduce ROS accumulation,
and reduce apoptosis. In addition, it can regulate the
iron metabolism disorder in the podocytes under
HG/PA conditions, reduce iron accumulation, and
reduce oxidative damage. Its mechanism may be
through activating the Nrf2 signaling pathway,
enhancing the cell’s antioxidant capacity, reducing
intracellular iron deposition, regulating the iron
metabolism disorder,and then improving podocyte
damage caused by HG/PA.
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