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Abstract. Filtration barrier injury induced by high glucose 
(HG) levels leads to the development of diabetic nephropathy. 
The endothelial glycocalyx plays a critical role in glomerular 
barrier function. In the present study, the effects of pipera‑
zine ferulate (PF) on HG‑induced filtration barrier injury of 
glomerular endothelial cells (GEnCs) were investigated and 
the underlying mechanism was assessed. Immunofluorescence 
was used to observe the distribution of the glycocalyx as well 
as the expression levels of syndecan‑1 and Zonula occludens‑1 
(ZO‑1). Endothelial permeability assays were performed 
to assess the effects of PF on the integrity of the filtration 
barrier. Protein and mRNA expression levels were measured 
by western blotting and reverse transcription‑quantitative 
PCR analyses, respectively. In vitro experiments revealed that 
adenosine monophosphate‑activated protein kinase (AMPK) 
mediated HG‑induced glycocalyx degradation and endothelial 
barrier injury. PF inhibited the HG‑induced endothelial barrier 
injury and restored the expression levels of heparanase‑1 
(Hpa‑1), ZO‑1 and occludin‑1 by AMPK. In vivo assays 
demonstrated that PF reduced the expression levels of Hpa‑1, 
increased the expression levels of ZO‑1 and attenuated glyco‑
calyx degradation in the glomerulus. These data suggested that 
PF attenuated HG‑induced filtration barrier injury of GEnC by 
regulating AMPK expression.

Introduction

Diabetic nephropathy (DN) is associated with damage to the 
glomerular filtration barrier (GFB), which consists of the three 
following layers: The endothelial layer, the glomerular base‑
ment membrane and the podocytes (1,2). GFB is responsible for 
filtering water and small molecules from circulating plasma. 
Accumulating evidence has demonstrated that glomerular 
endothelial cells (GEnCs) act as the first barrier to prevent 
macromolecules from passing the GFB (2,3). Glycocalyx is 
the main component of the endothelial surface layer, which 
constitutes a molecular size‑ and charge‑specific selective 
barrier together with the fenestrations (4,5). The degradation 
of the glycocalyx and the decreased number of fenestrations 
are the most important characteristics of filtration barrier 
injury to GEnCs during DN (6). Since glycocalyx dysfunction 
exerts an important role in the development of DN, the preven‑
tion of glycocalyx degradation may be an alternative approach 
to treat DN.

Adenosine monophosphate‑activated protein kinase 
(AMPK) is a ubiquitous heterotrimeric protein composed of a 
catalytic subunit (α) and two regulatory subunits (β and γ) (7). 
A previous study demonstrated that AMPK is an important 
molecule that regulates the progression of DN (8). Renal 
hypertrophy (9) and podocyte apoptosis (10) in diabetes are 
regulated by AMPK, whereas metformin, an activator of 
AMPK, has been demonstrated to decrease albuminuria 
in diabetic rats as well as in patients with type 2 diabetes 
mellitus (11,12). Furthermore, AMPK has been shown to 
mediate low shear stress‑induced glycocalyx impairment (13). 
This evidence indicates that AMPK may be a possible drug 
target to prevent glomerular filtration injury.

Piperazine ferulate (Piperazine 3‑methoxy‑4‑hydroxy‑
cinnamate; PF; Fig. 1A) is a derivative of ferulic acid that 
exhibits anti‑hypertensive effects (14), reduces IgA‑mediated 
nephropathy (15) and prevents the development of DN (16). 
A systematic meta‑analysis indicated that PF combined 
with irbesartan could improve the efficiency of treatment 
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of DN (17). Our previous study also demonstrated that PF 
retarded the progression of DN (16) and attenuated the high 
glucose (HG)‑induced mesangial cell injury (18). However, it 
remains unclear whether the mechanism of PF against DN is 
associated with the regulation of GEnC filtration barrier injury. 
In the present study, the effects of PF on the HG‑induced filtra‑
tion barrier injury of GEnCs were investigated. Moreover, the 
potential mechanism of its action was assessed.

Materials and methods

Materials. PF was provided by Hunan QianJinXiangJiang 
Pharmaceutical Industry Co., Ltd. Fluorescein isothiocyanate 
(FITC)‑dextran and FITC conjugated wheat germ agglutinin 
(FITC‑WGA) were obtained from Sigma‑Aldrich (Merck 
KGaA). Rabbit polyclonal anti‑occludin‑1 (cat. no. DF7504) 
and anti‑heparanase (Hpa‑1) antibodies (cat. no. DF12411) 
were purchased from Affinity Biosciences. Rabbit polyclonal 
anti‑AMPK (cat. no. 2532) and anti‑phosphorylated (p)‑AMPKα 
(Thr172) antibodies (cat. no. 2535) were obtained from Cell 
Signaling Technology, Inc. Rabbit polyclonal anti‑Zonula 
occludens‑1 (ZO‑1; cat. no. PB9234) and mouse monoclonal 
anti‑β‑actin antibody (cat. no. BM0627), as well as the 
syndecan‑1 (Sdc‑1) ELISA kits (cat. no. EK1339 and EK1554) 
were purchased from Boster Biological Technology, Ltd. 
SYBR® Premix Ex Taq™ and PrimeScript reverse transcrip‑
tion reagent kit were obtained from Takara Bio, Inc. TRIzol® 
was obtained from Thermo Fisher Scientific, Inc. RIPA lysis 
buffer, 5‑aminoimidizole‑4‑carboxamide riboside (AICAR), 
the bicinchoninic acid (BCA) assay kit and a BeyoECL Plus 
kit were obtained from Beyotime Institute of Biotechnology. 
Glucose and mannitol were purchased from Guoyao Chemical 
Reagent Co. Compound c was obtained from Selleck 
Chemicals.

Cell culture and treatment. Human GEnCs were purchased 
from the ScienCell Research Laboratories, Inc. and cultured 
under standard cell culture conditions at 37˚C with 5% CO2 in 
a humidified incubator using endothelial cell medium (ECM; 
Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd.), 
supplemented with 100 U/ml penicillin, 100 µg/ml strepto‑
mycin, 10% (v/v) FBS and 1% endothelial cell growth factor 
(Zhongqiaoxinzhou Biotech). Cells between passages 3 and 8 
were used for the experiments. To study the role of AMPK 
in the protective effect of PF on HG‑induced‑GEnCs injury, 
GEnCs were preincubated with 20 µM Compound c for 1 h 
and subsequently treated with HG (30 mM) in the presence 
or absence of PF for 48 h. Next, the permeability of GEnCs to 
FITC‑dextran was determined.

Endothelial permeability assays. FITC‑dextran was used to 
measure permeability of GEnC monolayers. GEnC mono‑
layers were cultured on the apical chamber of the Transwell 
inserts (0.4 µm pore size; Corning, Inc.) until they reached 
100% confluence and were subsequently treated with 5.5 mM 
glucose (control), 30 mM HG or mannitol (5.5 mM glucose 
+ 24.5 mM mannitol) with or without PF (25‑200 µM) for 
the indicated time periods. Dextran was dissolved in ECM 
and added to the apical chamber at a concentration of 2.0 g/l 
following different experimental treatments. Following 1 h of 

incubation, the amount of fluorescence of FITC‑dextran in the 
basolateral chamber was measured using fluorescence spec‑
trophotometry with an excitation and emission wavelength 
of 490 and 520 nm, respectively. The results are presented as 
fold‑change following normalization to the control group.

Small interfering RNA (siRNA)‑mediated knockdown. 
Specific and negative control siRNAs were purchased from 
Guangzhou RiboBio Co., Ltd. siRNA‑AMPK (40 nM; cat. 
no. siB1456165958‑1‑5) was transfected into GEnCs using 
Dharma FECT transfection reagent (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. The negative 
control group were GEnCs transfected with scrambled RNA 
(40 nM, cat. no. siN0000001‑1‑5). Following transfection, the 
cells were incubated for 24 h and used for further experiments.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from renal tissues using TRIzol® reagent 
and cDNA was synthesized using a PrimeScript reverse 
transcription reagent kit according to the manufacturer's 
protocol. RT‑qPCR was performed using a LightCycler96® 
(Roche Diagnostics GmbH) and SYBR‑Green master mix. 
The RT‑qPCR cycling conditions were as follows: Initial 
denaturation at 95˚C for 30 sec followed by 45 cycles of 
denaturation at 95˚C for 5 sec and annealing 60˚C for 30 sec. 
The species‑specific primer sequences were as follows: Mouse 
occludin‑1 forward, 5'‑CTA CGG AGG TGG CTA TGG AG‑3' 
and reverse, 5'‑AAG GAA GCG ATG AAG CAG AA‑3'; mouse 
ZO‑1 forward, 5'‑ATG ACT CCT GAC GGT TGG TC‑3' and 
reverse, 5'‑GGC TCC AAC AAG GTA ATT CG‑3'; and mouse 
β‑actin forward, 5'‑ACT GCT CTG GCT CCT AGC AC‑3' and 
reverse, 5'‑ACA TCT GCT GGA AGG TGG AC‑3'. Gene expres‑
sion was calculated using the 2‑ΔΔCq method (19). The data are 
expressed as the fold‑change normalized to β‑actin.

Western blot analysis. Total protein was extracted from cells 
using RIPA lysis buffer and the protein concentration was 
determined using the BCA method according to the manu‑
facturer's protocol. A total of 35 µg protein/lane was loaded 
onto a SDS‑PAGE (10%) and separated at 120 V. The proteins 
were transferred to PVDF membranes and blocked in 5% 
non‑fat milk for 1 h at room temperature. Subsequently, the 
blots were incubated with primary antibodies against ZO‑1 
(1:500), occludin‑1 (1:500), AMPK (1:500), hpa‑1 (1:500), 
p‑AMPKα (Thr172, 1:300) and β‑actin (1:500) at 4˚C over‑
night. The blots were incubated with HRP‑conjugated goat 
anti‑mouse (Boster Biological Technology; cat. no. BA1050) 
or HRP‑conjugated goat anti‑rabbit (Boster Biological 
Technology; cat. no. BA1054) diluted with secondary anti‑
body dilution buffer (Beyotime Institute of Biotechnology, 
cat. no. P0023D) for 1 h at room temperature. The bands were 
visualized using a BeyoECL Plus kit. Densitometry analysis 
was performed using ImageJ version 1.45s (National Institutes 
of Health). The protein expression levels were normalized to 
those of β‑actin.

Animal model. The animal experimental protocol was 
approved by the Ethics Committee of Animal Experiments 
of the Central South University and was performed in accor‑
dance with the Guidelines for the Care and Use of Laboratory 
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Animals (20). Male C57BL/6J mice, aged 8 weeks (weight, 
19‑22 g), were purchased from the Experimental Animal 
Center of SiLaiKeJingDa. The animals were maintained under 
a constant 12 h light/dark cycle at 22±2˚C and allowed free 
access to food and water at least for 1 week. Type 1 diabetic 
mice were established using a streptozotocin (STZ) injection as 
previously described (16). Briefly, the mice were intraperitone‑
ally injected for 5 consecutive days with STZ (65 mg/kg body 
weight). After 2 days, the levels of blood glucose were measured 
by the mouse tail snipping method using a glucometer (Sannuo 
Biotech Ltd.). Mice with blood glucose levels ≥16.7 mmol/l 
were considered diabetic. Normal control mice were injected 
with citrate buffer solution (0.1 M, pH 4.0). Then, 1 week after 
blood glucose stabilization, diabetic mice were divided into 
the two following groups (n=15 per group): The diabetic mice 
group were treated with vehicle (DM) and the PF group of 
mice treated with PF (100 mg/kg, DM+PF). PF was provided 
by intragastric administration daily for 12 weeks. All mice 
were anaesthetized using sodium pentobarbital (50 mg/kg 
body weight) and blood samples (1‑1.2 ml) were collected from 
the retro‑orbital sinus after eyeball removal. Finally, the mice 
were sacrificed by exsanguination under anesthesia (50 mg/kg 
sodium pentobarbital) and the kidney tissues were collected. 
Collected blood was left to stand at room temperature for 
1 h, and then centrifuged at 2,000 x g at 4˚C for 15 min. The 
supernatant was transferred to a new tube and stored at ‑80˚C.

Immunofluorescence analysis. Renal tissues were fixed in 
4% paraformaldehyde at 4˚C overnight, embedded in paraffin 
and cut into 5 µm‑thick slices. The slices were processed by 
dewaxing, gradient alcohol dehydration, antigen repair with 
10 mM sodium citrate (pH 6.0, microwaved for 10 min) and 

finally washed in PBS three times. The sections were incu‑
bated with FITC‑WGA (10 µg/ml) at room temperature for 2 h, 
stained with DAPI at room temperature for 10 min and exam‑
ined using fluorescence microscopy (Zeiss AG; magnification, 
x400). Immunofluorescence was performed by incubating the 
slides with ZO‑1 (1:200)/CD31 (1:200) or Sdc‑1 (1:200)/CD31 
(1:200) overnight at 4˚C. The slides were incubated with the 
corresponding anti‑FITC‑conjugated secondary antibody 
(Beyotime Institute of Biotechnology; cat. no. A0562; 1:500) 
or Cy3‑conjugated secondary antibody (Beyotime Institute of 
Biotechnology; cat. no. A0516; 1:500) diluted with secondary 
antibody dilution buffer for 1 h at room temperature in 
the dark. The cell nuclei were stained with DAPI at room 
temperature for 5 min. Finally, the images were captured using 
fluorescence microscopy (magnification, x400).

Immunohistochemical analysis. The renal tissue slices were 
incubated overnight with anti‑p‑AMPKα (Thr‑172) or Hpa‑1 
antibodies at 4˚C overnight, followed by incubation with the 
corresponding secondary antibody conjugated with horseradish 
peroxidase (Boster Biological Technology; cat. no. BM3894; 
diluted with secondary antibody dilution buffer, 1:1,000) 
and 3,3'‑diaminobenzidine peroxidase substrate. Finally, the 
sections were stained with hematoxylin at room temperature 
for 1 min and evaluated using conventional light microscopy 
(Olympus Corporation; magnification, x400).

Transmission electron microscopy. The kidney tissues were 
fixed in 2.5% glutaraldehyde at 4˚C overnight and post‑fixed 
in 1% osmium tetroxide at 4˚C for 2 h. Following dehydration, 
the samples were embedded in EMbed 812 resin (Thermo 
Fisher Scientific, Inc.) and polymerized at 60˚C for 48 h. The 

Figure 1. AMPK mediates HG‑induced filtration barrier injury of GEnCs. (A) Structure of PF. (B) Effect of HG on the permeability of GEnCs to 
FITC‑dextran. (C) Western blot analysis of p‑AMPKα (Thr‑172) and total AMPK. (D) Densitometric analysis of AMPK, p‑AMPKα (Thr‑172) and the 
p‑AMPKα (Thr‑172)/AMPK ratio. (E) Effect of AICAR (1 mM) on the HG‑induced permeability of GEnCs. (F) Representative images of glycocalyx staining 
with FITC‑WGA. Data are presented as the mean ± standard deviation of three repeats. **P<0.01, ***P<0.001 vs. control group; ##P<0.01 vs. HG group. 
AMPK, adenosine monophosphate‑activated protein kinase; HG, high glucose; GEnCs, glomerular endothelial cells; FITC, fluorescein isothiocyanate; 
p‑, phosphorylated‑; AICAR, 5‑aminoimidizole‑4‑carboxamide riboside; WGA, wheat germ agglutinin.
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ultrathin sections (60‑80 nm) were cut and stained with 1% 
uranyl acetate at room temperature for 10 min, followed by 
2% lead citrate buffer for 2 min at 37˚C. The structure of the 
glomerulus was observed using a Hitachi High‑Tech 7700 
electron microscope (magnification, x5,000).

Determination of the expression levels of soluble Sdc‑1. The 
levels of soluble Sdc‑1 in the cell culture supernatant or serum 
were measured using the Sdc‑1 ELISA kits according to the 
manufacturer's protocols.

Determination of glycocalyx via endothelial surface 
analysis. Following treatment, GEnCs were washed with 
PBS and fixed in 4% paraformaldehyde at room tempera‑
ture for 10 min. Subsequently, the cells were incubated with 
FITC‑WGA(10 µg/ml) at room temperature for 30 min. Finally, 
the images were captured using fluorescence microscopy 
(magnification, x400).

Statistical analysis. Data are presented as the mean ± standard 
error of at least three independent experiments. Data were 
analyzed using SPSS software (version 17.0; SPSS, Inc.). A 
one‑way ANOVA followed by a post‑hoc Tukey's test was 
performed to compare difference between multiple groups. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

AMPK mediates HG‑induced filtration barrier injury of 
GEnCs. The effects of HG on the permeability of the GEnC 
barrier to FITC‑dextran were examined. HG (30 mM) 
increased the permeability of FITC‑dextran after 48 h, 
whereas mannitol did not have an effect for 48 h (Fig. 1B). 
Subsequently, the effects of HG on the expression levels of 

AMPK and p‑AMPKα (Thr‑172) were measured by western 
blot analysis. GEnCs treated with HG exhibited decreased 
levels of p‑AMPKα (Thr‑172), although the total expression 
levels of AMPK were not altered notably (Fig. 1C and D). The 
effects of AMPK on the permeability of GEnC to FITC‑dextran 
were further examined using AICAR, a selective agonist of 
AMPK. As shown in Fig. 1E, GEnCs pretreated with AICAR 
(1 mM) decreased the HG‑induced permeability of GEnC to 
FITC‑dextran. Similarly, the results of FITC‑WGA staining 
demonstrated that AICAR significantly inhibited the decrease 
of the glycocalyx content in GEnC induced by HG (Fig. 1F). 
These data suggested that AMPK mediated HG‑induced 
filtration barrier injury of GEnCs.

AMPK regulates the expression of Hpa‑1 and tight junction 
(TJ) proteins. Sdc‑1 is the main constituent of the glycocalyx. 
This protein can be cleaved by Hpa‑1, an enzyme capable of 
degrading polymeric heparan sulfate molecules of Sdc‑1 into 
shorter chain length oligosaccharides (21). HG increased the 
expression levels of Hpa‑1 without affecting the expression 
levels of Sdc‑1 in GEnCs (Fig. 2A). Therefore, the expression 
levels of Sdc‑1 in the cell culture supernatant were determined. 
The results demonstrated that the expression levels of Sdc‑1 
were increased in the HG group. These changes were signifi‑
cantly inhibited by co‑incubation of the cells with AICAR 
(Fig. 2A‑D). Furthermore, the effects of AICAR on the expres‑
sion of TJ proteins, ZO‑1 and occludin‑1 were investigated. 
AICAR significantly inhibited the HG‑induced downregula‑
tion of the expression of occludin‑1 and ZO‑1 at the protein 
level (Fig. 2A, E and F). These data suggested that AMPK 
mediated the HG‑induced filtration barrier injury of GEnCs by 
regulation of the expression levels of Hpa‑1 and TJ proteins.

PF attenuates HG‑induced filtration barrier damage. 
The effects of PF on the permeability defects of GEnCs 

Figure 2. AMPK regulates the expression of Hpa‑1 and TJ proteins. (A) Western blot analysis of Hpa‑1, Sdc‑1, occludin‑1 and ZO‑1 expression. Densitometric 
analysis of (B) Hpa‑1 and (C) Sdc‑1 expression. (D) Expression levels of Sdc‑1 in the cell culture supernatant. (E) Densitometric analysis of occludin‑1 and (F) ZO‑1 
expression. Data are presented as the mean ± standard deviation of three repeats. *P<0.05, **P<0.01, ***P<0.001 vs. the control group; #P<0.05, ##P<0.01 vs. HG. 
AMPK, adenosine monophosphate‑activated protein kinase; Hpa‑1, heparanase‑1; TJ, tight junction; Sdc‑1, syndecan‑1; ZO‑1, Zonula occludens‑1; HG, high glucose.
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induced by HG were assessed. Incubation of GEnCs with PF 
(100 and 200 µM) significantly inhibited the increase noted 
in the HG‑induced permeability of GEnCs to FITC‑dextran 
(Fig. 3A). The specific dose of PF used for further investiga‑
tions was 100 µM. Preincubation of GEnCs with PF attenuated 
the increase of soluble Sdc‑1 expression levels in the cell 
culture supernatant (Fig. 3B). Moreover, it increased the glyco‑
clayx content of GEnCs (Fig. 3C and D). PF ameliorated the 
HG‑induced increase in the expression levels of Hpa‑1 protein 
in GEnCs (Fig. 3E and F). Similarly, PF inhibited the decrease 
in the expression levels of ZO‑1 and occludin‑1 in GEnCs 
exposed to HG (Fig. 3E, G and H). GEnCs incubated with PF 
exhibited a significant increase in the p‑AMPK/AMPK ratio 
compared with those noted in the HG group (Fig. 3E and I). 
These finding suggested that PF inhibited HG‑induced 
filtration barrier injury in GEnCs.

PF alleviates HG‑induced filtration barrier injury via AMPK. 
The regulatory mechanism of PF on HG‑induced filtration 
barrier injury was further investigated. GEnCs were preincubated 
with Compound c (AMPK inhibitor, 20 µM) for 1 h and subse‑
quently treated with HG (30 mM) in the presence or absence of 
PF for 48 h. Compound c abolished the protective effects of PF 
on the HG‑induced increased of the permeability of GEnCs to 

FITC‑dextran and increased the Sdc‑1 levels in the cell culture 
supernatant (Fig. 4A and B). Following knockdown of AMPK in 
GEnCs by siRNA (Fig. S1), the effects of PF on the HG‑induced 
upregulation of Hpa‑1 expression and the downregulation of 
ZO‑1 and occludin‑1 were inhibited (Fig. 4C‑F). Taken together, 
the data revealed that AMPK mediated the protective effects of 
PF on the HG‑induced filtration barrier injury.

PF alleviates endothelial glycocalyx injury in vivo. In vitro 
experiments demonstrated that diabetic mice treated with 
PF for 12 weeks exhibited an increase in the number of 
GEnC fenestrations compared with that of the model group 
(Fig. 5A and B). Immunofluorescence analysis indicated that 
the glycocalyx content was increased in the glomerular cells of 
the PF‑treated group compared with that of the diabetic mice 
(Fig. 5C and D). Immunohistochemical analysis indicated that 
PF significantly increased p‑AMPKα (Thr‑172) protein expres‑
sion (Fig. 5E and F) and inhibited the increase in Hpa‑1 protein 
levels in the glomerular cells of diabetic mice (Fig. 5G and H). 
Immunofluorescence analysis indicated that the expression levels 
of Sdc‑1 (Fig. 6A) and ZO‑1 (Fig. 6B) in GEnCs were increased 
in PF‑treated mice compared with those noted in diabetic mice. 
In addition, treatment of diabetic mice with PF inhibited the 
increase noted in the expression levels of Sdc‑1 in the serum 

Figure 3. PF attenuates HG‑induced filtration barrier damage. (A) Effects of various concentrations of PF on HG‑induced permeability of GEnCs to FITC‑dextran. 
(B) Expression levels of Sdc‑1 in the cell culture supernatant. (C) Representative images of glycocalyx stained with FITC‑WGA. (D) Quantification analysis 
of FITC‑WGA staining. (E) Western blot analysis of Hpa‑1, occludin‑1, ZO‑1, p‑AMPK and total AMPK. Densitometry analysis of (F) Hpa‑1, (G) occludin‑1, 
(H) ZO‑1 and (I) the p‑AMPK/AMPK ratio. Data are presented as the mean ± standard deviation of three repeats. *P<0.05, **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; GEnCs, glomerular endothelial cells; FITC, fluorescein isothiocyanate; 
WGA, wheat germ agglutinin; Hpa‑1, heparanase‑1; ZO‑1, Zonula occludens‑1; p‑, phosphorylated‑; AMPK, adenosine monophosphate‑activated protein kinase.
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(Fig. 6C). It concomitantly increased the expression levels of 
ZO‑1 and occludin‑1 in kidney tissues (Fig. 6D and E). Taken 
together, these finding indicated that PF reduced GFB damage.

Discussion

Endothelial barrier injury is characterized by increased 
endothelial permeability and is associated with acute and 
chronic nephropathy (22). Emerging evidence has revealed 
that damage to the GEnC barrier plays an important role 
in the onset and progression of DN development (4). Our 
previous study demonstrated that PF attenuated the levels of 
24 h‑albuminuria, blood urea nitrogen and serum creatinine in 

STZ‑induced DN mice (16), and it also reduced HG‑induced 
mesangial cell injury (18). The results of the present study 
indicated that PF exerted a protective effect on GFB injury. 
The effects of PF were investigated on HG‑induced filtra‑
tion barrier injury of GEnCs, and the results suggested that 
this compound could reduce the damage to the glycocalyx 
degradation noted in GEnCs. These findings highlight a novel 
mechanism by which PF retards the progression of DN. This 
mechanism of action may restore endothelial filtration barrier 
injury.

Endothelial glycocalyx maintains the vascular function and 
plays an important role in vascular permeability, leucocyte, 
platelet adhesion as well as transduction of fluid shearing 

Figure 4. PF alleviates HG‑induced filtration barrier injury via the AMPK pathway. (A) Permeability of GEnCs to FITC‑dextran. (B) Expression levels of Sdc‑1 
in the cell culture supernatant. (C) Western blot analysis of Hpa‑1, ZO‑1 and occludin‑1. Densitometry analysis of (D) Hpa‑1, (E) ZO‑1 and (F) occludin‑1. Data 
are presented as the mean ± standard deviation of three repeats. *P<0.05, **P<0.01, ***P<0.001 vs. control. #P<0.05, ##P<0.01, ###P<0.001 vs. HG; $P<0.05, $$P<0.01 
vs. HG + PF or siCon + HG + PF. PF, piperazine ferulate; HG, high glucose; AMPK, adenosine monophosphate‑activated protein kinase; GEnCs, glomerular 
endothelial cells; FITC, fluorescein isothiocyanate; Sdc‑1, syndecan‑1; Hpa‑1, heparanase‑1; ZO‑1, Zonula occludens‑1; si, small interfering; NC, negative 
control.
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forces (23,24). FITC‑WGA has been shown to bind to the glyco‑
protein of the glycocalyx (25). This marker was used to evaluate 
the effects of PF on glomerular endothelial glycocalyx. The data 
indicated that PF prevented HG‑induced glycocalyx degrada‑
tion in vivo and in vitro. Hpa‑1 is an endo‑β‑D‑glucuronidase 
that releases 5‑7 kDa fragments of heparan sulfate from intact 
heparan sulfate chains of proteoglycans (26). In addition, Hpa‑1 
regulates the expression levels and turnover of syndecans (27). 
The results of the present study showed that HG increased the 
expression levels of Hpa‑1 in vitro and in vivo. PF attenuated 
the increased expression of Hpa‑1 in HG‑induced GEnCs as 
well as in the glomeruli of diabetic mice. However, the expres‑
sion levels of Sdc‑1 did not decrease in HG‑stimulated GEnCs. 
The effect of HG on the expression of Sdc‑1is similar to those 
of Singh et al (28). Immunofluorescence analysis indicated that 
Sdc‑1 levels in the glomeruli of diabetic mice were decreased, 
whereas PF inhibited these changes. The possible reason for 

the discrepancy noted between the in vivo and in vitro experi‑
ments is the inconsistent exposure factors used for the different 
models. The degradation of glycocalyx in vivo may be affected 
by blood glucose levels, inflammatory factors and the course of 
diabetes (29). The exposure of GEnCs to HG involved a short 
term period (24 h), while the course of diabetes was completed 
following 12 weeks.

In the present study, the effects of PF on the TJ of GEnCs 
were also evaluated. The expression levels of ZO‑1 were 
decreased in GEnCs of STZ‑induced diabetic mice and in 
HG‑treated GEnCs, respectively. PF treatment increased 
the expression levels of ZO‑1. TJs between endothelial cells 
regulate the passage of ions and small molecules through the 
paracellular pathway and are involved in the pathogenesis of 
DN (30). The integrity of glomerular GFB is also maintained 
by TJ proteins that consist of at least 40 different proteins 
including transmembrane proteins, cytoplasm accessory ZO 

Figure 5. PF alleviates endothelial glycocalyx injury in vivo. (A) Transmission electron microscopy of glomeruli extracted from different groups of animals. 
(B) The number of glomerular endothelial fenestrations. (C) FITC‑WGA staining for endothelial glycocalyx in the glomerulus. Magnification, x400. 
(D) Quantification analysis of FITC‑WGA staining. (E) Immunohistochemical images of p‑AMPKα (Thr‑172). Magnification, x400. (F) Quantification 
analysis of immunohistochemical staining of p‑AMPKα (Thr‑172). (G) Immunohistochemical staining of Hpa‑1. Magnification, x400. (H) Quantification 
analysis of immunohistochemical staining of Hpa‑1. Data are presented as the mean ± standard deviation of three repeats. **P<0.01, ***P<0.01 vs. the control 
group; #P<0.05, ##P<0.01 vs. the model group. PF, piperazine ferulate; FITC, fluorescein isothiocyanate; WGA, wheat germ agglutinin; p‑, phosphorylated‑; 
AMPK, adenosine monophosphate‑activated protein kinase; Hpa‑1, heparanase‑1.
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proteins and cytoskeletal proteins (30). HG influences the 
expression levels and/or redistribution of ZO‑1, which leads to 

TJ destruction and filtration barrier injury (31,32). Thus, cell 
junctions may serve as a therapeutic target of DN.

Figure 6. PF restores GFB injury. (A) Immunofluorescence images of Sdc‑1 in the glomerulus. Magnification, x400. (B) Immunofluorescence image of ZO‑1 
in the glomerulus. Magnification, x400. (C) Expression levels of Sdc‑1 in the serum. (D) ZO‑1 mRNA expression levels in the kidney tissues. (E) Occludin‑1 
mRNA expression levels in the kidney tissues. Data are presented as the mean ± standard deviation of three repeats. **P<0.01, ***P<0.001 vs. the control group; 
#P<0.05, ##P<0.01 vs. model group. PF, piperazine ferulate; GFB, glomerular filtration barrier injury; Sdc‑1, syndecan‑1; ZO‑1, Zonula occludens‑1.

Figure 7. Schematic of pathways involved in the protective effects of PF on filtration barrier injury of GEnCs in diabetic mice. HG induces glycocalyx 
degradation in GEnCs and TJ damage between GEnCs in diabetic mice. PF inhibits glycocalyx degradation by regulation of AMPK. PF, piperazine ferulate; 
GEnCs, glomerular endothelial cells; HG, high glucose; TJ, tight junction; AMPK, adenosine monophosphate‑activated protein kinase.
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AMPK is an important energy‑sensing enzyme that 
controls cellular energy metabolism and is considered a poten‑
tial pharmacological target for the treatment of DN (33,34). 
Phosphorylation of the α subunit at Thr‑172 is essential for 
AMPK activity (35). Pharmacological activation of AMPK by 
AICAR results in restoration of the permeability of podocytes 
to albumin (36). It also increases the epithelial TJ assembly 
following calcium switch (37). In addition, ampkinone is an 
AMPK activator, which can be used to attenuate endothelial 
glycocalyx impairment induced by low shear stress (13). The 
results of the present study demonstrated that AMPK mediated 
HG‑induced glycocalyx impairment and TJ injury in GEnCs. 
Based on western blotting, p‑AMPK expression was decreased 
under HG conditions; however AMPK expression was not 
altered; whereas, PF increased the phosphorylation of AMPK 
following HG treatment. It is worth noting that treatment of 
GEnCs with the AMPK siRNA or inhibitor (compound c) 
abolished the protective effects of PF on the HG‑induced 
filtration barrier injury. Specific molecular mechanisms may 
be involved in the phosphorylation of AMPK regulated by PF. 
A previous report indicated that ferulic acid, which is one of 
the components of PF, regulated the phosphorylation of liver 
kinase B1 and AMPK in C2C12 myoblasts via activation of 
sirtuin 1 (Sirt1) (38). An additional study demonstrated that 
ferulic acid stimulated the Sirt1/p‑AMPK pathway in human 
cervical carcinoma cells (39). Therefore, PF may regulate 
AMPK phosphorylation via the Sirt1/LKB1 pathway.

In conclusion, the present study indicated that PF improved 
filtration barrier injury of GEnCs in a model of early DN, and 
that this action was mediated by AMPK (Fig. 7). Therefore, 
restoration of GFB injury via modulation of AMPK activity 
may serve an alternative approach for future treatment of DN.
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