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Abstract. Diabetic nephropathy (DN) is a severe micro‑
vascular complication of diabetes. Hyperglycemia‑induced 
glomerular mesangial cells injury is associated with microvas‑
cular damage, which is an important step in the development 
of DN. Piperazine ferulate (PF) has been reported to exert 
protective effects against the progression of DN. However, 
whether PF prevents high glucose (HG)‑induced mesangial 
cell injury remains unknown. The aim of the present study was 
to investigate the effects of PF on HG‑induced mesangial cell 
injury and to elucidate the underlying mechanisms. Protein 
and mRNA expression levels were determined via western 
blot analysis and reverse transcription‑quantitative PCR, 
respectively. IL‑6 and TNF‑α levels were measured using 
ELISA. Reactive oxygen species levels and NF‑κB p65 nuclear 
translation were determined via immunofluorescence analysis. 
Apoptosis was assessed by measuring lactate dehydrogenase 
(LDH) release, as well as using MTT and flow cytometric 
assays. The mitochondrial membrane potential of mesangial 
cells was determined using the JC‑1 kit. The results revealed 
that LDH release were increased; however, cell viability and 
mitochondrial membrane potential were decreased in the 
HG group compared with the control group. These changes 
were inhibited after the mesangial cells were treated with PF. 
Moreover, PF significantly inhibited the HG‑induced produc‑
tion of inflammatory cytokines and the activation of NF‑κB in 
mesangial cells. PF also attenuated the HG‑induced upregula‑
tion of the expression levels of fibronectin and collagen 4A1. 

Furthermore, the overexpression of p66Src homology/collagen (Shc) 
abolished the protective effect of PF on HG‑induced mesan‑
gial cell injury. In vivo experiments revealed that PF inhibited 
the activation of inflammatory signaling pathways, glomerular 
cell apoptosis and mesangial matrix expansion in diabetic 
mice. Collectively, the present findings demonstrated that PF 
attenuated HG‑induced mesangial cells injury by inhibiting 
p66Shc.

Introduction

Diabetic nephropathy (DN) is a serious complication of 
diabetes, and is the most common cause of end‑stage renal 
disease in developed countries (1). It was estimated that the 
total number of individuals with diabetic mellitus worldwide 
will reach 693 million in 2045 (2). In addition, ~20‑40% of 
all diabetic patients will develop DN (3). High glucose (HG) 
and HG‑induced oxidative stress, inflammation and hemody‑
namic changes serve an important role in glomerular injury, 
which is a hallmark of DN (4,5). In diabetes, HG affects all 
cells in the kidneys, including endothelial cells, renal tubular 
epithelial cells, renal interstitial fibroblasts, podocytes and 
mesangial cells (6‑8). Mesangial cells are specialized smooth 
muscle cells between capillary loops of the glomerular capil‑
lary, and are involved in the physiological and pathological 
changes of glomera function (9). Mesangial cell injury, char‑
acterized by an increase in apoptosis, excessive inflammatory 
cytokine production and extracellular matrix synthesis, is a 
basic pathological change of DN (7,9). Clinical, animal and 
in vitro studies have revealed that HG can induce mesangial 
cell apoptosis, which aggravates the pathological process of 
DN (10,11). The hyperglycemia‑induced excessive generation 
of reactive oxygen species (ROS) has been recognized as one 
of the causes for DN (10‑12); however, the precise mechanisms 
involved are yet to be fully elucidated.

p66Src homology/collagen (Shc) is a member of the ShcA protein 
family and acts as a response protein that modulates the 
response to oxidative stress (13). p66Shc is mainly located in the 
cytoplasm; however, when it is activated under stress condi‑
tions, it enters the mitochondria and acts with cytochrome c to 
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produce ROS (14). Moreover, p66Shc is known to serve a major 
role in various kidney diseases, such as drug‑induced acute 
kidney injury (15), hypertension‑induced nephropathy (16) and 
DN (17). p66Shc knockout has been reported to protect mesangial 
cells from HG‑induced apoptosis (17), as well as protect against 
renal tubular injury (18) and injury to podocytes (19). Therefore, 
treatments targeted at p66Shc may be beneficial for DN.

Piperazine ferulate (PF; C4H10N2·2C10H10O4; 474.51 g/mol; 
Fig. 1A), a compound synthesized by ferulic acid and pipera‑
zine, is used in the treatment of various types of kidney 
disease including DN, nephritis (20) and immunoglobulin (Ig)
A nephropathy (21) in China. Previous research has revealed 
that PF reduces the levels of blood urea nitrogen and serum 
creatinine in rats subjected to 5/6 nephrectomy (22) and exerts 
anti‑hypertensive effects via the activation of endothelial nitric 
oxide synthase (eNOS) (23). Another previous study reported 
that PF administration can restore the HG‑induced expression 
of eNOS in glomerular endothelial cells and delay the develop‑
ment of DN (24). However, it remains unknown as to whether 
PF restores mesangial cell injury under hyperglycemic condi‑
tions by inhibiting p66Shc.

In the present study, the effects of PF on the mesangial cell 
injury under hyperglycemic conditions were investigated.

Materials and methods

Materials. The lactate dehydrogenase (LDH) activity kit, 
TRIzol® reagent, BCA protein assay kit, primary antibody dilu‑
tion buffer, RIPA, PMSF, dihydroethidium and the BeyoECL 
plus kit were obtained from Beyotime Institute of Biotechnology. 
The IL‑6 ELISA kit (cat. no. EK0411) and TNF‑α ELISA kit 
(cat. no. EK0527) were purchased from Boster Biological 
Technology. SYBR® Premix Ex Taq™ and the PrimeScript 
reverse transcription reagent kit were obtained from Takara 
Biotechnology Co., Ltd. The Annexin V‑FITC kit was 
purchased from BD Biosciences. MTT assay and the JC‑1 probe 
were purchased from Beijing Solarbio Science & Technology 
Co., Ltd. PF was obtained from Hunan QianJinXiangJiang 
Pharmaceutical Industry Co., Ltd. D‑glucose, D‑mannitol, 
5% bovine serum albumin (BSA) blocking buffer and the 
Masson's Trichrome stain kit (cat. no. G1340) were purchased 
from Beijing Solarbio Science & Technology Co., Ltd. All 
antibodies used for western blotting are detailed in Table I.

Animal experiment. Male C57BL/6J mice (weight, 18‑22 g; 
age, 8 weeks) were purchased from the Experimental 
Animal Center of Silaikejingda. Mice were kept under a 
12‑h light‑dark cycle with a controlled temperature (24±1˚C) 
and humidity (50±10%), and allowed free to access to food 
and water. All experimental protocols were approved by the 
Ethics Committee of Animal Experiments of the Central 
South University, and were performed in accordance with the 
Guidelines for the Care and Use of Laboratory Animals.

A total of 45 mice were randomly divided into three 
groups (n=15 mice per group) as follows: A control group, 
a model group (DN) and the model + PF group (DN + PF 
group). Diabetic model mice were established according to 
a previously described protocol (24). PF was dissolved in 
0.5% sodium carboxymethyl cellulose (CMC‑Na). DN + PF 
group mice were treated intraperitoneally with PF (100 mg/kg) 

once daily for 12 consecutive weeks. Mice in the control and 
DN groups were administered the same amount of CMC‑Na 
(0.5%). Finally, the mice were anaesthetized with sodium 
pentobarbital (50 mg/kg body weight) and sacrificed by 
exsanguination. The kidney tissue was collected for histo‑
pathological analysis.

Immunohistochemistry analysis. Kidney tissue was fixed 
with 4% paraformaldehyde overnight at 4˚C, embedded in 
paraffin blocks and cut into 5‑µm‑thick sections. The sections 
were dewaxed in xylene at room temperature, rehydrated in a 
descending series of ethanol (100, 95, 80 and 70%), and washed 
with distilled water at room temperature, followed by blocking 
with 3% hydrogen peroxidase at room temperature for 10 min, 
and blocking with 5% BSA for 30 min at 37˚C. The sections were 
incubated with fibronectin (1:200) and collagen 4A1 (Boster 
Biological Technology; cat. no. BA2174; 1:200) overnight 
at 4˚C, followed by incubation with the HRP‑conjugated goat 
anti‑rabbit (Boster Biological Technology; cat. no. BA1054; 
1:5,000) for 1 h at room temperature. Subsequently, the sections 
were incubated with the HRP substrate diaminobenzadine for 
color development and stained with hematoxylin (0.5%) for 
1 min at room temperature. All stained sections were evaluated 
using conventional light microscopy (magnification, x400).

Masson's trichrome staining. Masson's trichrome staining was 
performed using the Masson's Trichrome staining kit according 
to the manufacturer's instructions. Briefly, kidney tissue was 
fixed with 4% paraformaldehyde overnight at 4˚C, embedded 
in paraffin blocks and cut into 5‑µm thick sections. The 
sections were dewaxed with xylene at room temperature and 
then rehydrated with gradient ethanol (100, 95, 80 and 50%). 
After washing with distilled water, sections were incubated 
with 0.5% Weigert's iron hematoxylin at room temperature 
for 10 min. After rinsing in distilled water, the sections were 
stained with 1% hydrochloric acid‑alcohol at room temperature 
for 10 sec, and then stained with 0.7% Ponceau 2R‑0.3% acid 
fuchsin solution at room temperature for 10 min, followed by 
staining with 1% phosphomolybdic acid solution for 2 min and 
2% aniline blue for 2 min at room temperature. Slides were 
then dehydrated in graded ethanol (30, 50, 70, 95 and 100%) 
and sealed with neutral gum. The images were captured using 
a light microscope (magnification, x400).

Cell culture and treatment. Mouse mesangial cells (SV‑40 
MES‑13 cells) were purchased from the China Infrastructure 
of Cell Line Resource, and cultured in DMEM (HyClone; 
Cyclone) containing 5% FBS (HyClone; Cytiva) at 37˚C in a 
humidified incubator with 5% CO2. To examine the effects of 
HG on the cell viability, mouse mesangial cells were treated 
with various concentrations of HG (20, 25, 30 and 35 mM) or 
mannitol (24.5 mM D‑mannitol + 5.5 mM glucose) at 37˚C for 
24 h. D‑mannitol was used to as an osmotic control for the HG. 
MTT method was used to evaluate the cell viability.

Cell viability and apoptosis assay. The viability of mouse 
mesangial cells was evaluated using an MTT assay. Cells were 
plated in 96‑well plates at a density of 1.0x105 cells per well 
and treated with HG (30 mM) with or without PF (25, 50, 
100 and 200 µM) at 37˚C for 24 h. MTT solution (5 mg/ml) 
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was added to each well, and incubated with the cells at 37˚C 
for 4 h. Following incubation, 150 µl DMSO was added to each 
well. The optical density (OD) value was measured using a 
microplate reader at a wavelength of 450 nm.

The level of LDH released in the cell culture supernatant 
was detected using the LDH cytotoxicity assay detection kit. 
Briefly, the cell culture supernatant was obtained following 
centrifugation at 1,000 x g for 10 min at 4˚C. The supernatant 
was harvested, and the level of LDH was determined following 
the manufacturer's instructions of the kit.

Overexpression plasmids. A mouse p66Shc expression 
plasmid (pcDNA‑p66Shc) was constructed by Hunan Fenghui 
Biotechnology Co., Ltd. Mesangial cells grown in 24‑well 
plates were transfected with the p66Shc overexpression plasmid 
(pcDNA3.1‑p66Shc; 1 or 2 ng/µl) or vector (pcDNA3.1; 2 ng/µl) 
using Lipofectamine® 3000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) at 37˚C for 24 h. Mesangial cells were treated 
with HG (30 mM) in the presence or absence of 100 µM PF 
at 37˚C for 24 h.

Western blot analysis. Protein expression levels were determined 
via western blot analysis. Cells or kidney tissue lysates were 
prepared with RIPA lysis solution containing 10% PMSF. The 
protein concentration was determined using a BCA protein assay 
kit and each protein was then denatured at 95˚C for 5 min. Protein 
samples (35 µg each) were separated by SDS‑PAGE on 10% gels 
and transferred onto a PVDF membrane (EMD Millipore). After 
blocking with 5% skim milk in TBS containing 0.1% Tween‑20 
at room temperature for 1 h, the membrane was incubated 
with primary antibodies against p66Shc, p‑P66Shc, caspase‑3, 
p‑IKKα/β (Ser176), IKKα/β, Bcl2, Bax, fibronectin, IκBα, 
p‑NF‑κB p65 (S536) and β‑actin overnight at 4˚C. Antibodies 
were diluted with primary antibody dilution buffer (as indicated 
in Table I). Subsequently, the membrane was incubated with 
HRP‑conjugated goat anti‑rabbit (Boster Biological Technology; 
cat. no. BA1054; 1:5,000), HRP‑conjugated goat anti‑mouse 
(Boster Biological Technology; cat. no. BA1050; 1:5,000) or 
HRP‑conjugated rabbit anti‑goat secondary antibodies (Boster 
Biological Technology; cat. no. BA1060; 1:5,000). Blots were 
visualized by the BeyoECL Plus kit, and were captured using an 
Amersham Imager 600 (Amersham; Cytiva) and semi‑quantified 
using ImageJ 1.37c software (National Institute of Health). The 
protein level was normalized to that of β‑actin.

RNA preparation and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was extracted from the treated cells 
or kidney tissue using TRIzol according to the manufacturer's 
instructions. Total RNA (400 ng) was reverse transcribed to 
cDNA using the PrimeScript RT reagent kit at 37˚C for 15 min 
and 85˚C for 15 sec. qPCR was performed using SYBR‑Green 
dye I and the LightCycler96® (Roche Diagnostics GmbH). The 
sequences of the RT‑qPCR primers were as follows: Fibronectin 
forward, 5'‑AGG CTG GAT GAT GGT GGA CT‑3' and reverse, 
5'‑TGC TCC ACG TGT CTC CAA TC‑3'; collagen 4A1 forward, 
5'‑GGC ATT GTG GAG TGT CAA CC‑3' and reverse, 5'‑ACA 
GGC AAG GCA GCT CTC TC‑3'; and β‑actin forward, 5'‑ACT 
GCT CTG GCT CCT AGC AC‑3' and reverse, 5'‑ACA TCT GCT 
GGA AGG TGG AC‑3'. The thermal profile settings were as 
follows: Initial denaturation at 95˚C for 30 sec, followed by 

40 cycles of denaturation at 95˚C for 5 sec and annealing 
at 60˚C for 31 sec. The relative mRNA expression levels were 
normalized to the expression of β‑actin and calculated using 
the 2‑ΔΔCq method (25).

Determination of inflammatory cytokine levels. The levels of 
IL‑6 and TNF‑α in the cell supernatants were measured using 
ELISA kits. Briefly, the cell culture supernatant was obtained 
following centrifugation at 1,000 x g for 10 min at 4˚C and 
the levels of IL‑6 and TNF‑α were determined according to 
the manufacturers' instructions. All samples were measured 
in triplicate.

ROS measurement. Intracellular ROS levels were measured 
using dihydroethidium. Following treatment, mesangial cells 
were washed with PBS, and then incubated in serum‑free 
DMEM with 5 µM dihydroethidium for 30 min at 37˚C. The 
fluorescence of ethidium was detected using a fluorescence 
microscope (Carl Zeiss AG) at an excitation wavelength of 
535 nm and emission wavelength of 610 nm.

Immunofluorescence analysis. The cells were fixed in 4% para‑
formaldehyde for 15 min at room temperature, and then washed 
three times with 0.01 M PBS for 5 min each. Following incu‑
bation with 0.1% Triton X‑100 at room temperature for 10 min, 
the cells were blocked in PBS‑B solution and incubated with 
specific anti‑NF‑κB p65 primary antibody at 4˚C overnight. 
The cells were then incubated with Cy3 antibody (Beyotime 
Institute of Biotechnology; cat. no. A0516; 1:500) for at room 
temperature for 1 h and the nuclei were stained with DAPI at 
room temperature for 10 min. Images were captured using a 
fluorescence microscope (magnification, x400).

JC‑1 staining. The mitochondrial membrane potential of the 
mesangial cells was determined using a JC‑1 kit according to 
the manufacturer's instructions. This method is based on the 
ability of JC‑1 to form red fluorescent in normal mitochondria 
(aggregates state of JC‑1). The loss of mitochondrial membrane 
potential generates the reduction of red fluorescence and a 
concomitant increase in green fluorescence (monomeric state 
of JC‑1) (26). The cells were washed with PBS three times and 
incubated in JC‑1 dye at 37˚C for 30 min. Images were captured 
using a fluorescence microscope at an excitation/emission 
wavelength of 485/590 nm (magnification, x400).

TUNEL assay. TUNEL staining was used to label apoptotic 
cells in the glomerulus, according the manufacturer's protocol. 
Briefly, the kidney tissue was fixed with 4% paraformaldehyde 
at 4˚C overnight, and then dehydrated in an ascending series 
of ethanol (70, 80, 90, 95 and 100%), embedded in paraffin 
and sectioned (5‑µm thickness). Subsequently, the sections 
were deparaffinized with xylene at room temperature, rehy‑
drated with a descending series of ethanol (100, 90 and 70%), 
and then incubated with proteinase K for 30 min at room 
temperature. After washing with PBS, the sections were incu‑
bated with TUNEL reaction mixture (Beyotime Institute of 
Biotechnology; cat. no. C1089) at 37˚C for 1 h. After washing 
with PBS thrice, the sections were stained with DAPI (5 µg/ml) 
at room temperature for 5 min, prior to addition of the antifade 
mounting medium (Beyotime Institute of Biotechnology; 



YANG et al:  PIPERAZINE FERULATE ATTENUATES HG‑INDUCED MESANGIAL CELL INJURY4

cat. no. P0126). Finally, the images were captured using a fluo‑
rescence microscope (magnification, x400) in six randomly 
selected fields of view.

Flow cytometry analysis. Following HG treatment, mesangial 
cells were collected and washed with PBS three times. A 
total of 1‑5x105 cells were suspended in binding buffer, and 

Table I. Specific details of the antibodies used in western blot analysis.

Target Supplier (cat. no.) Clone Species Dilution

p66Shc Novus Biological, LLC (NBP2‑20352) Polyclonal Ab. Rabbit 1:500
p‑p66Shc (Ser36) Abcam (ab54518) Monoclonal Ab. Mouse 1:1,000
IκBα Abcam (ab32518) Monoclonal Ab. Rabbit 1:500
p‑NF‑κB p65 (S536) Abcam (ab76302) Monoclonal Ab. Rabbit 1:1,000
p‑IKKα/β (Ser 176) Santa Cruz Biotechnology, Inc. (sc‑21661) Polyclonal Ab. Goat 1:500
IKKα/β Affinity Biosciences (AF6014) Polyclonal Ab. Rabbit 1:300
NF‑κB p65 Beyotime Institute of Biotechnology (AF1234) Monoclonal Ab. Rabbit 1:500
Caspase‑3 Beyotime Institute of Biotechnology (AF0081) Polyclonal Ab. Rabbit 1:500
Bcl2 Boster Biological Technology (BA0412) Polyclonal Ab. Rabbit 1:300
Fibronectin Boster Biological Technology (BA1772) Polyclonal Ab. Rabbit 1:500
Bax Boster Biological Technology (A00183) Polyclonal Ab. Rabbit 1:500
β‑actin Boster Biological Technology (BM0627) Monoclonal Ab. Mouse 1:500

Ab, antibody; p‑, phosphorylated; Shc, Src homology/collagen.

Figure 1. PF prevents the mesangial cell injury induce by HG. (A) Structure of PF. (B) Effect of various concentration of HG on cell viability. (C) Effect 
of various concentration of PF on HG‑induced cell damage (HG, 30 mM). (D) Representative flow cytometric results. (E) Statistical analysis of the flow 
cytometry data. (F) Level of LDH released in the supernatant of cultured cells. Data are expressed as the mean ± SEM, n=3. **P<0.01, ***P<0.001 vs. control 
group; #P<0.05, ##P<0.01, ###P<0.001 vs. HG group. PF, piperazine ferulate; HG, high glucose; OD, optical density; LDH, lactate dehydrogenase; +PF, HG + PF.
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5 µl Annexin V‑FITC and 5 µl PI were added. After mixing, 
the tube was incubated in the dark at room temperature for 
15 min. The samples were analyzed using a BD FACSCalibur 
cell sorting system (BD Biosciences) within 1 h, and data were 
analyzed using FlowJo 7.6.1 software (FlowJo LLC).

Statistical analysis. Statistical analysis was performed using 
SPSS software (version 17.0; SPSS, Inc.). One‑way ANOVA 
followed by Tukey's test was performed for multiple groups 
(≥3) comparisons. Data are presented as the mean ± SEM 
from ≥3 independent experiments. P<0.05 was considered to 
indicate a statistically significant difference.

Results

PF inhibits the mesangial cells injury induced by HG. Mouse 
mesangial cells were treated with various concentrations of 
HG (20, 25, 30 and 35 mM) to examine the effects of HG on 
the cell viability. As presented in Fig. 1B, HG (30 or 35 mM) 
treatment resulted in a significant decrease in cell viability 

compared with the control group, while mannitol (30 mM) 
exerted no effect on cell viability.

The effect of various concentrations of PF (25, 50, 
100 and 200 µM) on the HG‑induced decrease in the viability 
of mesangial cells was examined. The results demonstrated that 
pre‑incubation of the mesangial cells with PF (100 and 200 µM) 
caused in an increase in cell viability compared with the HG 
(30 mM) group (Fig. 1C). The subsequent experiments were 
performed using 100 µM concentrations of PF.

The results of flow cytometry and LDH release assay 
revealed that cell apoptosis and LDH release were signifi‑
cantly increased in the HG group, compared with the control 
group, and these effects were attenuated by incubation with 
PF (Fig. 1D‑F). These results suggested that PF prevented 
mesangial cell injury induced by HG.

PF attenuates HG‑induced inflammatory cytokine and fibrosis 
in mesangial cells. The effects of PF on the HG‑induced 
inflammatory response and fibrosis in mesangial cells were 
evaluated. As presented in Fig. 2A and B, compared with the 

Figure 2. PF attenuates the production of inflammatory cytokines and fibrosis in mesangial cells induced by HG. (A) Fibronectin mRNA expression. 
(B) Collagen 4A1 mRNA expression. (C) Level of IL‑6 in cell culture supernatant. (D) Level of TNF‑α in cell culture supernatant. (E) Immunofluorescence 
image of NF‑κB p65; x400 magnification. Data are expressed as the mean ± SEM, n=3. *P<0.05, ***P<0.001 vs. control group; #P<0.05 vs. HG group. PF, 
piperazine ferulate; HG, high glucose; +PF, HG + PF.
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control group, the mRNA expression levels of fibronectin and 
collagen 4A1 in mesangial cells were increased following 
HG treatment, and these changes were mitigated when the 
mesangial cells were incubated with PF. Likewise, treatment of 
the mesangial cells with PF significantly reversed the increase 
in the IL‑6 and TNF‑α levels in the cell supernatant induced 
by HG (Fig. 2C and D).

The results of immunofluorescence analysis demon‑
strated that, compared with the control group, HG induced 
p65 translocation from the cytoplasm to the nucleus, and 
PF attenuated this effect in the HG‑treated mesangial cells 
(Fig. 2E). Taken together, these results suggest that PF attenu‑
ates the HG‑induced production of inflammatory cytokines 
and fibrosis in mesangial cells.

PF inhibits the expression of p‑p66Shc in HG‑induced mesan‑
gial cells. It has been previously reported that p66Shc is involved 
in the progression of DN (27), and the phosphorylation of p66Shc 
at serine 36 serves a key role in p66Shc activation (28). The 
present study identified that HG induced an increase in p‑p66Shc 
or p‑p66Shc/p66Shc protein expression levels in mesangial cells 
compared with the control group, but had no effect on p66Shc 
expression. Moreover, co‑incubation with PF decreased the 
HG‑induced phosphorylation of p66Shc (Fig. 3A‑C). Similarly, 
treatment of the mesangial cells with PF reversed the increase 
in the expression levels of p‑IKKα/β/IKKα/β and p‑NF‑κB 
p65/NF‑κB p65 induced by HG (Fig. 3D‑F). The result of 
immunofluorescence analysis demonstrated that PF prevented 
the HG‑induced ROS generation in mesangial cells (Fig. 3G). 
These results indicate that PF inhibits the HG‑induced phos‑
phorylation of p66Shc, IKKα/β and NF‑κB p65, as well as ROS 
generation.

PF regulates HG‑induced mesangial cells injury by inhibiting 
p66Shc. To assess whether p66Shc mediates the protective 
effects of PF against mesangial cell damage induced by HG, 
the overexpression of the p66Shc gene was induced using a 
p66Shc plasmid (Fig. 4A and B). PF treatment attenuated the 
HG‑induced the increased level of IL‑6 in the cell culture 
supernatant, while co‑treatment of the mesangial cells with 
pcDNA‑p66Shc abolished the cytoprotective effects of PF 
(Fig. 4C). PF was demonstrated to attenuate the increase in 
cleaved caspase‑3, p‑IKK, Bax and fibronectin expression 
levels and the decrease in Bcl2 expression in mesangial cells 
exposed to HG, and co‑treatment with pcDNA‑p66Shc was able 
to reverse the protective effects of PF under HG conditions 
(Fig. 4D‑I). Furthermore, PF treatment restored the decrease 
in the mitochondrial membrane potential of mesangial cells 
exposed to HG, and the protective effects of PF were abrogated 
when the mesangial cells were transfected with p66Shc plasmid 
(Fig. 4J). These data indicated that PF exerted its protective 
effects via the inhibition of p66Shc.

PF attenuates inflammation and apoptosis in the kidney tissue 
of diabetic mice. Subsequently, the effects of PF on apoptosis 
and inflammatory signaling molecules in the kidney tissues 
of diabetic mice were assessed. As presented in Fig. 5A‑D, PF 
attenuated the HG‑induced increase in the protein expression 
levels of p66shc, p‑p66shc, p‑p66Shc/p66Shc, p‑NF‑κB p65/NF‑κB 
p65 and p‑IKK/IKK, and restored the loss of IκBα protein 
expression observed in kidney tissue of diabetic mice. The 
results of TUNEL assay revealed that PF treatment also caused 
a notable decrease in glomerular cell apoptosis (Fig. 5E). These 
results indicated that PF inhibited the activation of inflamma‑
tory signals and apoptosis in vivo.

Figure 3. PF inhibits the expression of p‑p66Shc in HG‑exposed mesangial cells. (A) Western blot analysis of p‑p66shc and total p66shc. (B) Densitometric 
analyses of p‑p66shc/p66shc and (C) p‑p66shc. (D) Western blot analysis of IKKα/β, p‑IKKα/β, NF‑κB p65 and p‑NF‑κB p65. (E) Densitometric analyses of 
p‑IKKα/β/IKKα/β and (F) p‑NF‑κB p65/NF‑κB p65. (G) Fluorescence image of ROS detected using dihydroethidium; x400 magnification. Data are expressed 
as the mean ± SEM, n=3. *P<0.05, **P<0.01, ***P<0.001 vs. control group; #P<0.05, ###P<0.001 vs. HG group. PF, piperazine ferulate; HG, high glucose; 
p‑, phosphorylated; Shc, Src homology/collagen; +PF, HG + PF.
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PF attenuates mesangial matrix expansion in diabetic 
mice. The results of RT‑qPCR revealed that the mRNA 
expression levels of collagen 4A1 and fibronectin were 
increased in the model group when compared with the 
control group. Furthermore, PF reversed these changes in 

the mRNA expression levels of collagen 4A1 and fibronectin 
(Fig. 6A and B). Immunohistochemistry revealed that hyper‑
glycemia increased the expression levels of collagen 4A1 
and fibronectin in the glomerulus, and these effects were 
inhibited by PF (Fig. 6C‑E). Masson's trichrome staining 

Figure 4. PF regulates HG‑induced mesangial cell injury by inhibiting p66shc. (A) Effect of pcDNA‑p66shc (1 ng/µl or 2 ng/µl) on the expression of p66shc. 
(B) Western blot analysis verified the validity of the pcDNA‑p66Shc. (C) Level of IL‑6 in the cell culture supernatant. (D) Western blot analysis of caspase‑3, 
p‑IKKα/β, total IKKα/β, Bcl2, Bax, fibronectin and β‑actin. Densitometric analyses of (E) caspase‑3, (F) p‑IKK/IKK, (G) Bcl2, (H) Bax and (I) fibronectin. 
(J) Representative image of mesangial cells stained with JC‑1 (red for aggregate form of JC‑1 and green for monomeric form); x400 magnification. Data are 
expressed as the mean ± SEM, n=3. **P<0.01, ***P<0.001 vs. vector group; #P<0.05, ##P<0.01, ###P<0.001 vs. vector + HG group; $P<0.01 vs. vector + HG + PF 
group. PF, piperazine ferulate; HG, high glucose; vector, empty vector control; p‑, phosphorylated; Shc, Src homology/collagen.
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identified that PF reversed glomerular fibrosis induced by 
hyperglycemia (Fig. 6F and G). These results suggested that 
PF reversed the HG‑induced mesangial matrix expansion in 
the glomerulus.

Discussion

DN is the leading cause of end‑stage renal failure, but the 
pathogenesis of DN is not yet fully understood. Persistent 

Figure 5. PF attenuates kidney injury in diabetic mice. (A) Western blot analysis of p‑p66shc, total p66shc, IκBα, p‑NF‑κB p65, total NF‑κB p65, p‑IKKα/β, 
total IKKα/β and β‑actin. (B) Densitometric analysis of p‑p66shc and total p66shc. (C) Densitometric analyses of p‑p66shc/p66shc and p‑NF‑κB p65/NF‑κB p65. 
(D) Densitometric analyses of IκBα and p‑IKKα/β/IKKα/β. (E) Representative image of the TUNEL staining; x400 magnification; white arrowheads indicate 
TUNEL‑positive cells. Data are expressed as the mean ± SEM, n=3. *P<0.05, **P<0.01 vs. control group; #P<0.05, ##P<0.01 vs. HG group. PF, piperazine 
ferulate; HG, high glucose; p‑, phosphorylated; Shc, Src homology/collagen; +PF, diabetic nephropathy + PF.
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hyperglycemia leads to increased glycation end products, 
oxidative stress, the production of inflammatory cytokines 
and hemodynamic abnormalities (29). These factors individu‑
ally and/or synergistically result in the pathological features 
of DN, including the thickening of the glomerular basement 
membrane, damage to glomerular cells, mesangial matrix 
expansion and tubulointerstitial fibrosis (30). HG‑induced 
damage to glomerular cells, including glomerular endothe‑
lial cells, podocytes and mesangial cells, is a key factor in 
exacerbating the progression of DN (11,30‑32). Moreover, 
damage to glomerular endothelial cells and podocytes causes 
filtration barrier damage and accelerates the excretion of 
albuminuria (7,31). Mesangial cells maintain the structure and 
function of the glomerulus, and also regulate filter barrier func‑
tion by controlling the capillary surface area (31). Therefore, 
preventing mesangial cell apoptosis is of utmost importance 
for the prevention and treatment of DN.

ROS serve a key role in glomerular mesangial cell apop‑
tosis under hyperglycemic conditions (33). Some in vivo 

studies have reported that antioxidant compounds, such as 
N‑acetylcysteine (34), folic acid (35) and carnosic acid (36), 
were able to delay the progression of DN by regulating the 
production of ROS. However, none of these compounds have 
been approved for clinical use as anti‑diabetic nephropathy 
drugs. Therefore, the therapeutic targets of DN warrant further 
investigation.

p66Shc is predominantly located in the cytoplasm, with 
10‑40% located in the mitochondrial membrane space in a 
complex with the mitochondrial heat shock protein (37), and 
is involved in the apoptosis of mesangial cells under hypergly‑
cemic conditions (17).

In China, PF is used in the treatment of various kidney 
diseases, and no severe adverse reactions have been reported 
to date. An acute toxicity test revealed that the median lethal 
dose of PF to Kunming mice was 3,580.1±251.7 mg/kg. 
Moreover, reproductive toxicity studies have reported that 
PF has no obvious embryonic side‑effects and teratogenic 
effects (the data are from the package insert of PF) (38). In 

Figure 6. PF attenuates mesangial matrix expansion in diabetic mice. Effect of PF on the mRNA expression levels of (A) collagen 4A1 and (B) fibronectin. 
(C) Immunohistochemistry images of collagen 4A1 and fibronectin; x400 magnification. (D) Quantification analyses of immunohistochemistry staining 
of collagen 4A1. (E) Quantification analyses of immunohistochemistry staining of fibronectin. (F) Masson's trichrome staining; x400 magnification. 
(G) Quantification analyses of Masson's trichrome staining. Data are expressed as the mean ± SEM, n=3. *P<0.05, **P<0.01 vs. control group. #P<0.05, ##P<0.01 
vs. model group. PF, piperazine ferulate; +PF, diabetic nephropathy + PF.
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the present study, it was found that PF was an efficient drug 
against HG‑induced mesangial cell injury by inhibiting p66Shc. 
For example, PF decreased the levels of IL‑6 and TNF‑α, the 
generation of ROS and the nuclear translocation of NF‑κB 
p65 in HG‑treated mesangial cells. Furthermore, PF inhibited 
the HG‑induced upregulation of fibronectin and collagen 4A1 
expression levels in in vitro and in vivo experiments. It was 
also demonstrated that the multiple pharmacological func‑
tions of PF, including anti‑inflammatory, anti‑apoptotic and 
anti‑fibrotic effects, were abolished when the mesangial cells 
overexpressed of p66Shc. The phosphorylation of p66Shc is a 
critical step for the production of ROS, and both UV radiation 
and H2O2 can phosphorylate the serine residue of p66Shc (39). 
The present study identified that PF decreased the protein 
expression level of p‑p66Shc in mesangial cells exposed to HG. 
However, the present study also has limitations. Although the 
study demonstrated that PF could inhibit the phosphoryla‑
tion level of p66Shc in both in vivo and in vitro experiments, 
the mechanism by which PF inhibits the phosphorylation of 
p66Shc is not clear. Further studies are required to determine 
the mechanisms via which PF inhibits the phosphorylation 
of serine of p66Shc through molecular docking and molec‑
ular‑protein interaction test.

In conclusion, the present study demonstrated that the 
inhibition of p66Shc activation may be used as a therapeutic 
approach to attenuate mesangial cells damage induced by 

hyperglycemia, and that PF attenuated HG‑induced mesangial 
cell injury by inhibiting p66Shc (Fig. 7). The results provided 
a potential mechanism via which PF attenuates the develop‑
ment of DN, but further studies are warranted to evaluate the 
exact mechanisms underlying the regulatory effects of PF on 
p66Shc.
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