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Grape seed proanthocyanidins protect against
streptozotocin-induced diabetic nephropathy by attenuating
endoplasmic reticulum stress-induced apoptosis
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Abstract. Diabetic nephropathy (DN) is by far the most
common cause of end-stage renal disease (ESRD) in industrial
countries, accounting for ~45% of all new ESRD cases in the
United States. Grape seed proanthocyanidin extracts (GSPE)
are powerful antioxidants, with an antioxidant ability 50-fold
greater than that of vitamin E and 20-fold greater than that of
vitamin C. The present study investigated whether GSPE can
protect against streptozotocin (STZ)-induced DN and aimed
to elucidate a possible mechanism. Male Sprague Dawley rats
were randomly divided into three groups: Control group (N),
diabetes mellitus group (DM) injected with 40 mg/kg STZ,
and the GSPE treatment group (intragastric administration of
250 mg/kg/day GSPE for 16 weeks after diabetes was induced
in the rats). Blood and kidney samples were collected after
treatment. The renal pathological changes were determined
with periodic acid-Schiff (PAS) staining, while the protein
expression levels of glucose-regulated protein 78 (GRP78),
phosphorylated-extracellular signal-regulated kinase (p-ERK)
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and Caspase-12 were determined by western blotting and
immunohistochemical staining. Apoptosis was determined
with a terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay. Compared with the DM group, the
GSPE group had no significant changes in the blood urea
nitrogen (BUN) level and serum creatinine (Scr) level, but
showed a significant decline in the renal index (RI) level and
24-h urinary albumin level (P<0.05). The histopathology
results indicated very little pathological damage in the GSPE
group. Compared with the DM group, the GSPE group had
a significantly reduced number of TUNEL-positive cells
(P<0.05), and the GSPE group had an obvious reduction in
the protein expression of GRP78, p-ERK, and Caspase-12
(P<0.05). In this study, the results indicated that GSPE can
protect renal function and attenuate endoplasmic reticulum
stress-induced apoptosis via the Caspase-12 pathway in
STZ-induced DN.

Introduction

Diabetic nephropathy (DN) is by far the most common cause
of end-stage renal disease (ESRD) in industrial countries,
making up approximately 45% of all new ESRD cases in the
United States (1). Its pathogenesis is a chronic and complex
process. At the later stages of DN, the gradual decline of renal
function, tubular atrophy and interstitial fibrosis occurs (2).
Several studies have shown that apoptosis could be considered
a vital component in the processes of DN (3-6). However,
several pathways can induce apoptosis, including the intrinsic
pathway, the extrinsic pathway and the endoplasmic reticulum
stress (ERS) pathway (7).

The ER is the site of lipid biosynthesis, protein folding and
protein maturation in eukaryotic cells. The ER is extremely
sensitive to the factors that affect intracellular energy levels,
the oxidation state, and the calcium concentration. When
the cells receive a shock (such as from hypoxia, and toxic
drugs), the ER environment is destroyed, inducing calcium
metabolism disorder, ER function disorder, an increase in
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unfolded or misfolded proteins in the ER, and calcium imbal-
ance. We designated this state as ERS. One major response
of ERS is dissociation of glucose-regulated protein 78
(GRP78) with transmembrane receptor which leads to its
activation to deal with the accumulated unfolded proteins (8).
Phosphorylated-extracellular signal-regulated kinase (p-ERK)
is transmembrane protein in the ER, which plays a signal
transduction role. p-ERK is known as an initial, crucial
protector for survival during even mild stress (9). Slight and
medium ERS can protect the cell from death, but severe ERS
induces Caspase-12-dependent cell apoptosis (9). Since the
ERS has both protective and deleterious features, a better
understanding of the molecular pathways of the ERS could
reveal novel therapeutic strategies in chronic renal diseases,
including diabetic kidney disease.

Grape seed proanthocyanidin extracts (GSPE) are derived
from grape seeds and have been shown to possess potent
antioxidant, anti-inflammatory, radical-resistance, anti-tumor,
and cardiovascular protecting properties (10-12). In this study,
we treated a streptozotocin (STZ)-induced DN rat model with
GSPE to investigate the effect of GSPE on STZ-induced DN.
In order to ascertain whether a protective effect of GSPE on
DN occurred through the inhibition of ERS-induced apop-
tosis, We investigated the protein expression levels of GRP7S,
p-ERK and Caspase-12 by Western blotting and immunohis-
tochemical staining. We used TUNEL kit to detect apoptosis.

Materials and methods

Reagents. Grape seed proanthocyanidin (purity exceeds 96%,
Lot no. G050412) was purchased from Tianjin Jianfeng Natural
Product R&D Co., Ltd. (Tianjin, China). STZ was purchased
from Sigma. TUNEL staining kit (in situ Cell Death Detection
kit) was obtained from Roche Diagnostics, (Indianapolis, IN,
USA). Primary antibodies used in this study include: Rabbit
anti-Caspase-12, rabbit anti-GRP78 (Abcam Ltd., Hong Kong,
China), rabbit anti-p-ERK, rabbit anti-ERK antibodies (Cell
Signaling Technology, Inc., Danvers, MA, USA), mouse
anti-B-actin (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA). Anti-mouse and anti-rabbit secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories, Inc.
(West Grove, PA, USA).

Animals. Fifty-five adult male SD rats (8-12 weeks of age),
weighing 120-160 g were provided by the Beijing Vital River
Laboratory Animal Technology Co., Ltd (Beijing, China). The
current study was approved by the Animal Ethics Committee
of Shandong University (no. DWLL-2013-053; Jinan, China).
Forty-five randomly selected rats were given a high-fat
diet (45% fat, 20% protein and 35% carbohydrate, as a
percentage of total kcal; product no. D12451, provided by
the Beijing Vital River Laboratory Animal Technology Co.,
Ltd.) for one month, and then intraperitoneally injected with
40 mg/kg STZ dissolved in pH 4.5 citrate buffer, while the ten
remaining rats were given the same dosage of citrate buffer
at pH 4.5 and given a normal diet (N group). Hyperglycemia
was confirmed by measuring the venous circulating plasma
concentration of glucose. Seven days post-STZ injection,
blood samples were obtained from the rat tail vein after 12 h
of fasting, and the glucose concentration was determined
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with an automatic analyzer (a Comfore automatic analyzer
purchased from Shanghai). Forty rats showed the diabetic
rat standard of a fasting blood glucose level higher than
300 mg/dl, while the value in the control group of rats injected
with citrate buffer ranged from 90 to 130 mg/dl. Then, twenty
randomly selected rats were continued on the high-fat diet
(DM group) until 16 weeks, and the other twenty rats received
intragastric administration of 250 mg/kg/day GSPE as well as
the high-fat diet (GSPE group) until 16 weeks. At the end of
the experiment, 16 rats survived in the DM group and 15
in the GSPE group. Three rats in the GSPE group died of
asphyxiation due to gavage errors. The animals were placed
in individual metabolic cages for 24 h to collect urine samples
before the experimental rats were sacrificed. No difference of
total water intake among groups was observed. Total urinary
protein (g/1) was measured by the sulfosalicylic acid method
(722N; China) (13). At the end of the experiments, the animals
were fasted overnight for 18 h and then anesthetized with
intraperitoneal injection of sodium pentobarbitone (60 mg/kg;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and
sacrificed. All animals were weighed before sacrifice. Blood
was collected from the heart before sacrifice, and the serum
was separated by centrifugation (912 x g at 4°C for 20 min) and
stored at -80°C until it was assayed. Each kidney was cut in
half by coronal plane after excision and weighed. Two pieces
of kidney were stored at -80°C for a Western blotting analysis.
The other pieces were fixed in 4% buffered paraformaldehyde
at 4°C and embedded in paraffin for immunohistochemical
histopathologic observation, and a terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay.

Assessments of renal function. Blood urea nitrogen (BUN)
and serum creatinine (Scr) were analyzed on a Cobas 8000
(Roche Diagnostics) in Qilu Hospital, Shandong University.
The renal index (RI) was calculated as follows: both kindey
weights (g)/animal's weight (g) x100.

Histopathologic and Immunohistochemical staining. The
renal pathological changes were determined by periodic
acid-Schiff (PAS) staining. The kidneys were sliced and fixed
in 4% paraformaldehyde for no more than 24 h and then taken
to 0.5% paraformaldehyde for long-term preservation. They
were embedded in paraffin and cut into 4-pym-thick sections
for staining with PAS or immunohistochemical staining.

The PAS-positive area present in the mesangial region
excluding cellular elements indicated mesangial matrix expan-
sion. The percentage of the PAS-positive area in the glomerulus
was analyzed by using Leica QWin version 3 image analysis
software (Leica Microsystems GmbH, Wetzlar, Germany).

For immunohistochemical analysis, the tissue slices were
microwaved for 10 to 15 min in 0.01% sodium citrate buffer
(pH 6.0) for antigen retrieval. The tissue slices were cooled
at room temperature or in ice water and then washed with
PBS three times. The tissue slices were immersed in 0.1%
Triton X-100 for 15 min. To block endogenous peroxidase,
all tissue slices were incubated with 3% hydrogen peroxide
for 10 min in the dark. The tissue slices were incubated
with 10% goat serum for 60 min at 37°C, then with primary
antibody at 4°C overnight (anti-GRP78 1:200, anti-p-ERK
1:50, anti-Caspase-12 1:100). The negative control sections
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Table I. Blood glucose of animals.
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Blood glucose (mmol/l)

Group 4 weeks 8 weeks 12 weeks 16 weeks
N 7.05+0.73 7.24+0.46 7.33+0.47 7.04£1.06
D 7.74+1.09 25.28+4.50° 24.23+421* 26.49+3.14
G 7.74+1.09 26.15+4.38" 24.14+5.03* 24 .89+3.05°

“P<0.05 compared with the N group. Data are presented as means + standard deviation. N, the control group; D, the diabetes mellitus group; G,

the grape seed proanthocyanidin extracts group.

Table II. Animal data and biochemical parameters.

Group n RI Pro (x107 g) BUN (mmol/l) Scr (umol/l)
N 10 0.64+0.036 5.48+1.36 6.28+0.43 50.2+7.79
D 16 1.07+£0.074* 44 82+5.39* 5.84+0.81 49.63+7.21
G 15 0.98+0.085*° 35.12+6.89%° 5.79+0.70 48.00+5.29

1P<0.05 compared with the N group. "P<0.05 compared with the D group. Data were presented as means * standard deviation. n, the number of
the survived animal in each group; RI, renal index; BUN, blood urea nitrogen level; Scr, serum creatinine level; Pro, the lever of 24 h urinary
album in; N, the control group; D, the the diabetes mellitus group; G, the grape seed proanthocyanidin extracts group.

were incubated with PBS instead of the primary antibody.
All sections were incubated with secondary antibodies for
60 min at 37°C and then stained with DAB and hematoxylin.
The stained slides were analyzed by light microscopy. Brown
areas were designated as positive. A semi-quantitative analysis
was performed on the colored sections using an Image-Pro
Plus 5.0.

TUNEL staining. TUNEL staining was performed according
to the manufacturer's instructions. The sections were incubated
with proteinase K at 37°C for 15 min, then washed in PBS for
5 min; the enzyme solution and label solution were then mixed
(1:9) at 37°C for 60 min in the dark. The sections immersed in
label solution served as negative controls. The sections were
then stained with DAPI for 10 min. TUNEL-positive nuclei
were expressed as a percentage of the total nuclei per field. Ten
fields per section and two sections per kidney were assayed in
each experiment.

Proteins sample preparation. The tissue samples were homog-
enized in TRIzol (50-100 mg tissue per 1 ml TRIzol). After
chloroform was added (0.2 ml chloroform per 1 ml TRIzol),
the homogenates were centrifuged at 12,000 x g for 15 min at
4°C. The supernatants were discarded, isopropanol was added
(1.5 ml isopropanol per 1 ml TRIzol) to the lower phase, and
then the samples were centrifuged at 12,000 x g for 15 min
at 4°C. The pellets were washed with 0.3 M guanidine hydro-
chloride (2 ml guanidine hydrochloride per 1 ml TRIzol) three
times, then dissolved in 1% SDS (100 uI SDS per 1 ml TRIzol)
at 50°C for 30 min. The concentration of protein was deter-
mined using the Pierce BCA assay Kkit.

Western blotting. Protein (50 ug) was subjected to 10% or 12%
SDS-polyacrylamide gel electrophoresis and transferred to
cellulose acetate membranes. The membranes were blocked
at room temperature for 1 h or more with 5% skim milk, then
incubated with the primary antibodies (anti-GRP78 1:250,
anti-p-ERK 1:1,000, anti-ERK 1:1,000, anti-caspase 12 1:500,
anti-f-actin 1:2,500) at 4°C overnight. After incubation with
the secondary antibodies at room temperature for 1 h, the
membranes were soaked with enhanced chemiluminescence
(ECL) reagent and exposed to X-ray film. Quantification of
the luminosity of each identified protein band was performed
using Adobe Photoshop software (Adobe Photoshop 7.0;
Adobe, San Jose, CA, 2002). The Western blotting analysis
used a ratio of GRP78, p-ERK, and Caspase-12 in the N group
to the other groups.

Statistical analysis. Data were displayed as means + standard
deviation. Differences between groups were analyzed using
the post hoc test used for multiple comparisions following
one-way ANOVA. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

GSPE protects against STZ-induced DN. As shown in
Table I, the blood glucose in the DM group and the GSPE
group was higher during the entire experiment, and it was
statistically significant compared with the control group. As
shown in Table II, 10 rats survived in the N group, 16 rats
survived in the DM group, and 15 rats survived in the GSPE
group at the end of the study. The BUN level and Scr had
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ECM of glomeruli

Figure 1. GSPE protects Streptozotocin-induced diabetic nephropathy. Animals were divided into three group: The control group (N), the DM group (D), the
GSPE group (G), Sections were stained with PAS and were examined by microscopy. Original magnification, x400. The glomerular hypertrophy, thickness
of the glomerular basement membrane in the D group can be found. In G group, the change of glomerular was significant reduced. The histogram means the
relative ECM accumulation of each group to the N group, N group was set to 1. The ECM in the D group is 5.46+0.61, and in the G group is 1.04+0.09. Higher
ECM accumulation was observed in the kidneys of D group rats compared with that of the N group, Lower ECM accumulation was observed in the kidneys of
the G group rats compared with the D group. "P<0.05 compared with the N group; “P<0.05 compared with the D group. DM, diabetes mellitus; GSPE, grape
seed proanthocyanidin extracts; PAS, periodic acid-Schiff; ECM, extracellular matrix.

no significant changes among the three groups, but the 24-h
urinary albumin level and the RI increased in the DM group
compared with the N group. Compared with the DM group,
the level of 24-h urine albumin and R1I significantly decreased
in the GSPE group.

The histopathology results are shown in Fig. 1. PAS
staining indicated the presence of glomerular hypertrophy
and thickening of the glomerular basement membrane in
the DM group, which showed that the diabetic rats suffered
from diabetic nephrology. In the GSPE group, the glomerular
changes were significantly reduced, which indicated that the
GSPE had a protective effect against diabetic nephrology.
Quantitative analysis of the percentage of the PAS-positive
area in the glomeruli is summarized in the histogram. The
extracellular matrix (ECM) accumulation was significantly
higher in the glomeruli of the D group than that of the N group
(P<0.05), and the G group was significantly shorter than that
of the D group (P<0.05).

GSPE inhibits apoptosis in the DM group rats. To assess
whether GSPE inhibited cell apoptosis in DN, the tissue
sections were labeled with an in sifru TUNEL assay. As shown
in Fig. 2, apoptotic cells were visible with a red color. The
DM group had high expression of TUNEL-positive cells
compared with the N group (P<0.05). In the GSPE group the
TUNEL-positive cells were significantly reduced compared
with the DM group (P<0.05). In the N group and the GSPE
group, little apoptosis was evident.

GSPE inhibits the expression of GRP78, p-ERK and
caspase-12. Apoptosis occurred in the cells with DN. To
investigate whether GSPE protects against DN by attenuating
ERS-induced apoptosis, we determined the expression of
p-ERK, GRP78, and Caspase-12, important participants in
ERS-induced apoptosis, by Western blotting and immuno-
histochemical methods. The two approaches showed that
GRP78, p-ERK and Caspase-12 were highly expressed in the
DM group, while their levels were significantly reduced in the
GSPE group (P<0.05; Figs. 3 and 4). These proteins showed
limited expression in the N group.

Discussion

Diabetes mellitus (DM) is a multifactorial chronic metabolic
disease characterized by hyperglycaemia (14). DM can be
divided by the etiology type into type 1 diabetes (T1DM),
type 2 diabetes (T2DM) and other special types of diabetes,
and approximately 90-95% of diabetic patients have T2DM.
T2DM is the most common form of diabetes, and it is caused
by genetic and environmental factors. Patients with T2DM
develop DN after 15 years (15). DN is one of the most serious
complications of diabetes, and it is by far the most common
cause of ESRD in industrial countries (16). It has been shown
that several genetic and environmental factors probably
contribute to its development, although the precise mecha-
nisms are unknown (17). Accumulating evidence suggests
that ERS-induced apoptosis may play an important role in the
progression of DM and its complications (14).

In our study, we first established a model of type 2 diabetes.
The establishment of a T2DM model can be induced with a
high-fat diet for a period of time to induce insulin resistance,
and then a small dose of intraperitoneal injection of STZ
is given to destroy the islets, resulting in insulin secretion
deficiency-induced hyperglycemia disease, in order to mimic
the pathogenesis of human type 2 diabetes (18). The high-fat
diet and low-dose STZ-induced rat model was initially devel-
oped by Reed et al (19) and modified by Srinivasan et al (20),
and it closely mimics the natural history of human metabolic
syndrome and T2DM. In this study, the DM group showed
a significant increase in the level of 24-h urine albumin
and RI compared with the N group. The histopathology
results showed that the DM group had significant structural
glomerular damage compared with the N group. The number
of TUNEL-positive cells was significantly increased in the
DM group compared with the N group. However, compared
with the DM group, the GSPE group showed a significant
decline in the level of 24-h urine albumin and RI. The histo-
pathology results also showed that the GSPE group had very
little glomerular damage. These observations are consistent
with previous studies (12). It has been shown that GSPE is safe
in animals with normal kidneys (12). Compared with the DM
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Figure 2. GSPE inhibits apoptosis in DM group rats. Arrows are representative of TUNEL-positive cells. Original magnification, x400. Animals were divided
into three group: The control group (N), the DM group (D), the GSPE group (G). Data are presented as means + SD. 'P<0.05 compared with the N group;
"P<0.05 compared with the D group. DM, diabetes mellitus; GSPE, grape seed proanthocyanidin extracts; TUNEL, terminal deoxynucleotidyl transferase

dUTP nick-end labeling.

group, the GSPE group had a significant decline in the number
of TUNEL-positive cells, which showed that GSPE can inhibit
apoptosis in DN, reduce the generation of proteinuria and
delay the development of kidney damage. This phenomenon
is associated with the antioxidant activities of GSPE, for
which it has been shown that oxidative stress proteins can
be down-regulated by GSPE in DN (11,12). Recent studies
have shown that GSPE has powerful antioxidant activity. Its
antioxidative activity is much stronger than that of vitamin C
and vitamin E (12). Additionally, GSPE has an anti-apoptosis
function in diabetes (21). Some recent studies have found that
apoptosis caused by the ERS pathway plays an important
role (4,9). Studies have even shown that apoptosis induced
by ERS is involved in diabetic kidney disease (4). However,
whether GSPE can protect against STZ-induced DN by attenu-
ating ERS-induced apoptosis is unknown, so we investigated it
in the present study.

A variety of factors, including ischemia, hypoxia, glucose
starvation, heat shock and Ca?* overload, can disturb ER
function and result in ERS (9). Gentle ERS can protect
cells from damage, but prolonged or severe stress leads to
apoptosis (22-24). ERS is evident in various renal diseases,
including primary glomerulonephritides, acute kidney injury,
chronic kidney disease, renal fibrosis, glomerulopathies

associated with genetic mutations and DN. The induction of
ERS may be cytoprotective, or it may be cytotoxic by acti-
vating apoptosis (25,26). In mammalian cells, there are three
major arms of the ERS: PERK, inositol-requiring protein-1
(IRE1), and activating transcription factor-6 (ATF6) pathways.
In response to ERS, the pERK pathway rapidly attenuates
protein translation, the IRE1 pathway upregulates expression
of factors involved in ER-associated degradation in order to
degrade unfolded proteins, while the ATF6 pathway increases
expression of ER chaperones such as GRP78/BiP and calre-
ticulin in order to refold unfolded proteins accumulated in the
ER. These pathways are designed to relieve the accumulation
of misfolded ER proteins; however, when these pathways are
overwhelmed by sustained ERS, then initiates proapoptotic
pathways (25,27-30). GRP78, which is localized in the ER, is
an important molecular chaperone, and it has been used exten-
sively as an indicator of the induction of ERS (31). p-ERK
is known as an initial, crucial protector for survival during
even mild stress (9). p-ERK is transmembrane protein in the
ERS, which plays a signal transduction role. In the inactive
state, p-ERK and two other ERS sensors (IRE-1 and ATF6)
are associated with the ER chaperone GRP78/BiP. When
unfolded and/or misfolded proteins increase, they dissociate
from GRP78/BiP and activate downstream molecules (14).
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Caspase-12 plays a key role in ERS-induced apoptosis (32). of apoptosis. It has been demonstrated that Caspase-12
Caspase-12 is localized only in the ER, and it is a marker = mediated apoptosis was specific to the ER, and Caspase-12
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cannot be activated when apoptosis occurs via membrane or
mitochondrial targets (33). In brief, GRP78 and p-ERK are
markers of ERS, and Caspase-12 is a marker of ERS-induced
apoptosis (34).

In our study, the expression of ERS markers, including
GRP78, p-ERK and Caspase-12, was upregulated in DN.
GRP78 and p-ERK are two different proteins that lead to
ERS. The increase of the two proteins in diabetic nephropathic
rats showed that ERS had indeed occurred. The results of the
TUNEL assay indicated the occurrence of apoptosis in the
diabetic nephropathic kidneys. Compared with the normal
group, the expression of Caspase-12 in the DM group and the
GSPE group was significantly increased, while it was signifi-
cantly decreased in the GSPE group compared with the DM
group. It has been demonstrated that Caspase-12-mediated
apoptosis is specific to the ER, and Caspase-12 cannot be acti-
vated when apoptosis occurs via membrane or mitochondrial
targets (35). Therefore, it was shown that ERS-mediated apop-
tosis occurred via the Caspase-12 pathway in the DM group.
GRP78, p-ERK, and Caspase-12 were significantly lower
in the GSPE group, which showed that GSPE has a protec-
tive effect against DN, which is achieved by attenuating the
ERS-mediated apoptosis via the Caspase-12 pathway.

A large number of evidence suggests that ERS plays an
important role in the development and progression of DN, and
that reducing ERS may thwart the kidney disease progres-
sion (30). In this study, we concluded that GSPE can protect the
renal function in DN. The mechanism is related to the attenu-
ation of ERS-induced apoptosis by the Caspase-12 pathway
in STZ-induced DN. It may be a novel therapeutic approach
in DN. In our study, we only selected a few representative
proteins, such as GRP78, p-ERK, and Caspase-12. We hope to
be able to investigate other ERS markers such as the splicing
of XBP1, the cleavage of ATF6, ATF4 and CHOP induction,
the phosphorylation of elF2 alpha etc in further study to find
out whether there are other mechanisms exist in DN, in order
to better serve the clinic.
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