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Silencing of PFKFB3 protects podocytes against high
glucose-induced injury by inducing autophagy
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Abstract. Diabetic nephropathy (DN) is a diabetic compli-
cation that threatens the health of patients with diabetes. In
addition, podocyte injury can lead to the occurrence of DN.
The protein 6-phosphofructo-2-kinase/fructose-2,6-biphos-
phatase 3 (PFKFB3) may be associated with diabetes;
however, the effects of PFKFB3 knockdown by small inter-
fering (si)RNA on the growth of podocytes remains unknown.
To investigate the mechanism by which PFKFB3 mediates
podocyte injury, MPC5 mouse podocyte cells were treated
with high-glucose (HG), and cell viability and apoptosis were
examined by Cell Counting Kit-8 assay and flow cytometry,
respectively. In addition, the expression of autophagy-related
proteins were measured using western blot analysis and
immunofluorescence staining. Cell migration was inves-
tigated using a Transwell assay and phalloidin staining
was performed to observe the cytoskeleton. The results
revealed that silencing of PFKFB3 significantly promoted
MPCS5 cell viability and inhibited apoptosis. In addition, the
migration of the MPCS5 cells was notably downregulated by
siPFKFB3. Moreover, PFKFB3 silencing notably reversed
the HG-induced decrease in oxygen consumption rate, and
the HG-induced increase in extracellular acidification rate
was rescued by PFKFB3 siRNA. Furthermore, silencing
of PFKFB3 induced autophagy in HG-treated podocytes
through inactivating phosphorylated (p-)mTOR, p-AMPKa,
LC3 and sirtuin 1, and activating p62. In conclusion, silencing
of PFKFB3 may protect podocytes from HG-induced injury
by inducing autophagy. Therefore, PFKFB3 may serve as a
potential target for treatment of DN.
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Introduction

Diabetic nephropathy (DN) is a common diabetic complica-
tion, the incidence of which was 20-40% among patients with
diabetes in 2019 worldwide, which develops from permanent
uncontrolled diabetes. Furthermore, it typically causes
end-stage renal disease (1). DN is characterized, clinically,
by hypertension, progressive proteinuria and renal disease
resulting in multiple diseases, including uremic symptoms (2).
The main characteristics of DN are increased thickness of the
basement membrane and mesangial expansion in the glom-
erulus resulting from the accumulation of the extracellular
matrix, followed by hypercellularity, which ultimately leads to
glomerular sclerosis and renal fibrosis (3-5). As high-glucose
(HG)-induced injury of podocytes has been associated with
DN progression (6), it is important to identify novel strategies
for protecting podocytes from injury against HG.

Increased glycolysis in podocytes has been regarded as
a primary cause of DN (7). One of the key mediators and
the first committed factor of glycolytic flux is 6-phospho-
fructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) (8).
PFKFB3 serves a role in the synthesis and degradation of
fructose-2,6-bisphosphate, which has been associated with
diabetes (9), cell cycle mediation (10) and drug resistance (11).
However, the biological function of PFKFB3 in podocyte
injury remains unclear.

Autophagy is a cellular process that is characterized by the
formation of an isolation membrane called a phagophore (12).
Numerous studies have indicated that autophagy serves an
important role in cell growth and differentiation (13,14).
Furthermore, autophagy is associated with the progression
of various diseases, including Alzheimer's disease (15),
cancer (16) and microorganism infection (17). In addition,
it has been previously reported that induction of autophagy
protects podocytes from injury (18). Therefore, the aim of
the present study was to investigate the association between
PFKFB3 and autophagy. Enolase-1, glyoxalase and aldose
reductase (AR) are considered three important markers in
DN, and the regulation of these three factors may modulate
the progression of DN (19,20). Therefore, AR was used
as a positive control to study the effect of PFKFB3 siRNA
on enolase-1 and glyoxalase. The effects of PFKFB3 small
interfering (si)RNA on the growth of HG-induced podocytes
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in vitro was also determined to identify novel targets for the
treatment of DN.

Materials and methods

Cell culture and treatment. MPC5 mouse podocyte cells
were purchased from the Tongpai Biotechnology Co. Ltd.
RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc.) medium
containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.),
1% penicillin and streptomycin and 10 IU/ml recombinant
murine IFN-y (Invitrogen; Thermo Fisher Scientific, Inc.) was
utilized to culture MPCS5 cells at 37°C and 5% CO,. Podocytes
were maintained at 37°C in the absence of IFN-y for 10-14 days
to induce differentiation, and then cultured for 12 h at 37°C in
FBS-free RPMI-1640 medium containing 5.6 mM D-glucose
(Sigma-Aldrich; Merck KGaA) before subsequent experiments
and cell transfection. In addition, MPCS5 cells were treated
with 25 mM glucose (HG; Sigma-Aldrich; Merck KGaA)
or 10 mM glucose [normal glucose (NG); Sigma-Aldrich;
Merck KGaA] at 37°C for 48 h. In order to maintain the
osmotic pressure, MPC5 cells were treated with 19.5 mM
mannitol (Sigma-Aldrich; Merck KGaA) at 37°C for 48 h.

Human primary podocytes (cat. no. BNCC340460; BeNa
Culture Collection; Beijing Beina Chunglian Institute of
Biotechnology) were cultured at 33°C in RPMI-1640 medium
with 10% FBS (both Gibco; Thermo Fisher Scientific, Inc.),
100 pg/ml streptomycin, 100 U/ml penicillin G and 1X
insulin-transferrin-selenium (ITS; Invitrogen) for 48 h. To
induce differentiation, cells were cultured at 37°C for 10-14 days
with ITS-free medium. The differentiated cells were stimulated
for 48 h at 37°C with NG (10 mM) or HG (25 mM).

Reagents. Chloroquine (CQ) and rapamycin are known
autophagy inhibitors; thus, they can be used in rescue experi-
ments to further confirm the role of PFKFB3 in autophagy.
CQ and rapamycin were obtained from Sigma-Aldrich
(Merck KGaA). To investigate the role of PFKFB3 in cell
autophagy, MPC5 cells were treated with CQ (5 mM) or
rapamycin (10 uM) for 48 h at 37°C.

Cell transfection. Cell transfection was performed following
HG treatment. MPCS cells or primary podocytes were seeded
at 3x10° cells/well in a 6-well plate and cultured to 70% conflu-
ence. The cells were subsequently transfected with AR siRNA
(10 nM), PFKFB3 siRNA1 (10 nM), siRNA2 (10 nM) or
siRNA3 (10 nM), or negative control (NC, 10 nM) siRNA
using Lipofectamine® 2000 reagent (Thermo Fisher Scientific,
Inc.) for 24, 48 or 72 h at 37°C. The siRNAs targeting AR,
PFKFB3 and NC siRNA were designed and synthesized
by Shanghai GenePharma Co., Ltd.; the sequences were as
follows: AR siRNA, 5'-GCAATCTGAGTCTCCAACT-3
PFKFB3 siRNA1, 5-GCAAUUGAAAGUUUGGUAA-3;
PFKFB3 siRNA2, 5'-CCCACAACCUUUAGACUGA-3"
PFKFB3 siRNA3, 5-GAAUCCAUAUCACUACGAA-3"; and
NC siRNA, 5-GUACAGAGUUACUACUUAG-3'. After 48 h
of transfection, the transfected cells were used in subsequent
analysis.

Cell Counting Kit (CCK)-8 assay. MPCS5 cells or primary
podocytes were seeded in 96-well plates (5x10° cells/well)

overnight at 37°C. Then, the cells were treated with NC
siRNA + NG, AR siRNA + NG, PFKFB3 siRNA + NG, NC
siRNA + HG, AR siRNA + HG or PFKFB3 siRNA for 48 h,
as aforementioned. A total of 10 1 CCK-8 reagent (Beyotime
Institute of Biotechnology) was added to each well and incu-
bated for 2 h at 37°C. Finally, the absorbance of MPCS cells was
measured at 450 nm using a microplate reader (Thermo Fisher
Scientific, Inc.).

Glucose uptake detection. The supernatant of MPCS5 cells was
collected by centrifugation at 100 x g at 4°C for 10 min, then
the concentration of glucose and diacylglycerol (DAG) was
detected as previously described (21). The absorbance of MPCS5
cell supernatants was measured at 505 nm using a microplate
reader (Thermo Fisher Scientific, Inc.). The concentration was
calculated as previously described (21).

Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) measurement. OCR measure-
ments were performed on a Seahorse XFp analyzer using
the Seahorse XF Cell Mito Stress Test kit (both Agilent
Technologies, Inc.) according to the manufacturer's instruc-
tions. Briefly, podocytes were seeded on XFe96 plates
at 5x10* cells/well. OCR was measured following exposure
to mitochondrial modulators as follows: Oligomycin (1 ¥M),
which inhibits ATP synthase and decreases OCR; carbonyl
cyanide 4-trifluoromethoxyphenylhydrazone (1.5 M), which
uncouples oxygen consumption from ATP production and
raises OCR to a maximal value; and a combination of rotenone
and antimycin A (both 0.5 gM), which decrease OCR to a
minimal value. After the OCR readings were completed, cells
were fixed in 4% paraformaldehyde at room temperature for
10 min and stained with a 0.05% crystal violet solution at room
temperature for 30 min. Next, podocytes were washed and
lysed in 1% SDS. Absorbance of each well (which reflects cell
number) was read at 595 nm using an Infinite 200 Pro plate
reader (Tecan Group Ltd.). OCR values were normalized to
cell number.

For ECAR measurement, podocytes (3x10° per well) were
cultured on 8-well culture microplates (Agilent Technologies,
Inc.) coated with Rat Tail Collagen-I Solution (Sigma-Aldrich;
Merck KGaA) overnight. Next, growth medium was replaced
with assay medium (minimal DMEM supplemented with
2 mM L-glutamine; Gibco; Thermo Fisher Scientific, Inc.)
and cells were allowed to stabilize at 37°C for 1 h. ECAR
values were determined using the Seahorse XFp Analyzer
before (baseline state) and after cells were treated with 10 mM
D-glucose, 1 uM oligomycin or 50 mM 2-deoxy-D-glucose.
Glycolytic flux parameters were determined from the slopes
of the ECAR values in real-time analysis. Baseline and
post-exposure rates were measured three times every 3 min
(total time, ~80 min). The results were normalized to the
protein concentrations determined for each cell culture plate
well using the Bradford method.

Cell apoptosis analysis. Cell apoptosis was detected using
Annexin V-FITC/PI apoptosis detection kit (cat. no. 556570;
BD Biosciences). MPC-5 cells or primary podocytes were
seeded in a 6-well plate (1x10/well) at 37°C overnight. Cells
were trypsinized, then washed, fixed with 70% ethanol at 4°C
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for 1 h and re-suspended in Annexin V Binding Buffer.
Subsequently, the cells were stained with 5 yl FITC and PI
(BD Biosciences) in the dark at 4°C for 15 min. The rate of
early + late-stage cell apoptosis was calculated using a flow
cytometer (BD Biosciences), and the results were analyzed by
flow cytometry (FACSCalibur; BD Biosciences) with FlowJo
(v10.6.2; FlowJo LLC).

Western blot analysis. Total protein was extracted from
cell lysate using RIPA buffer (Beyotime Institute of
Biotechnology) and quantified using a BCA protein kit
(Thermo Fisher Scientific, Inc.). Proteins (40 pg per lane) were
separated using SDS-PAGE (10%) and transferred onto PVDF
membranes. Subsequently, the membranes were blocked with
3% skimmed milk at room temperature for 1 h, incubated
with primary antibodies at 4°C overnight, then incubated with
HRP-conjugated secondary anti-rabbit antibody (1:5,000;
cat. no. ab7090; Abcam) at room temperature for 1 h. The
membranes were scanned using an Odyssey Imaging System
and data was analyzed using ImagelJ software (version 1.8.0;
National Institutes of Health). The primary antibodies were
as follows: Anti-synaptopodin (cat. no. DF12173; Affinity
Biosciences), anti-enolase-1 (cat. no. ab227978; Abcam),
anti-PFKFB3 (cat. no. DF3307; Affinity Biosciences),
anti-glyoxalase 1 (cat. no. DF6700; Affinity Biosciences),
anti-AR (cat. no. DF6554; Affinity Biosciences), anti-Wilms
tumor 1 (WT-I;cat. no. 12609-1-AP; ProteinTech Group,
Inc.), anti-E-cadherin (cat. no. ab40772; Abcam),
anti-a-smooth muscle actin (SMA; cat. no. ab7817; Abcam),
anti-p62 (cat. no. abl09012; Abcam), anti-light chain (LC)3
(cat. no. ab192890; Abcam), anti-phosphorylated (p)-mTOR
(cat. no. ab109268; Abcam), anti-mTOR (cat. no. ab32028;
Abcam), anti-sirtuin (SIRT)1 (cat. no. ab32441; Abcam),
anti-AMPKa (cat. no. ab32047; Abcam), anti-p-AMPKa
(cat. no. ab133448; Abcam) and anti-GAPDH (cat. no. ab8245;
Abcam) (all 1:1,000). GAPDH was used as an internal control.

Transwell assay. For the migration assay, transfected cells
(3x10* cells/well) in serum-free DMEM (100 ul) were seeded
into the upper chamber of a Transwell plate (24-wells;
pore size, 8 ym; Corning, Inc.). A total of 600 xl DMEM
containing 10% FBS was added into the lower chamber of
each well. Following incubation for 24 h at room temperature,
the non-migrated cells on the upper surface were removed,
and the migrated cells on the lower surface were fixed with
4% paraformaldehyde at 4°C for 15 min, followed by staining
with 0.5% crystal violet at room temperature for 30 min. The
number of migrated cells was calculated using a light micro-
scope, x400 magnification; three random fields of view were
selected.

Immunofluorescence staining. Following treatment for
72 h, as aforementioned, MPC-5 cells were blocked with
4% paraformaldehyde at room temperature for 15 min, then
incubated with anti-phalloidin (cat. no. ab176753) or anti-LC3
(cat. no. ab192890) antibody (both 1:1,000; both Abcam)
overnight at 4°C. Subsequently, the cells were incubated
with the Goat Anti-Rabbit IgG H&L antibody (1:5,000;
cat. no. ab150077; Abcam) at room temperature for 1 h. DAPI
(Beyotime Institute of Biotechnology) was used to stain the
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nuclei for 5 min. Finally, the cells were observed under a fluo-
rescence microscope (magnification, x200). The fluorescence
intensity was measured using ImageJ software (version 1.8.2;
National Institutes of Health); a total of three random fields of
view were selected.

Statistical analysis. All data are presented as the mean =+ stan-
dard error of the mean. The CCK-8 assay was repeated five
times; immunofluorescence staining, RT-qPCR, Transwell and
flow cytometry assays were repeated three times. Comparisons
between two groups were analyzed by unpaired Student's t-test.
One-way ANOVA followed by Tukey's post hoc test was used
for multiple group comparisons. The normality of data was
assessed using Shapiro-Wilk test. Data were analyzed using
GraphPad Prism (version 7; GraphPad Software, Inc.). P<0.05
was considered to indicate a statistically significant difference.

Results

AR and PFKFB3 siRNAs significantly decreased the level of
AR and PFKFB3 in MPC5 cells, respectively. To establish
an in vitro model of DN, MPC5 cells were treated with HG
as previously described (22,23). As AR inhibitors have been
shown to inhibit the progression of DN (24,25), AR siRNA
was used in preliminary experiments (cell viability, migration
and synaptopodin expression). HG treatment significantly
increased the protein expression levels of enolase-1, PFKFB3
and AR in MPCS5 cells at 48 and 72 h (Fig. 1A). By contrast,
the protein expression levels of glyoxalase 1 were significantly
downregulated in the presence of HG. As the aforementioned
four proteins are key markers of DN (26-29), the results
suggested that the in vitro model of DN was successfully
established. Next, western blot analysis was performed to
detect the transfection efficiency of siRNAs. Knockdown of
AR significantly decreased the protein expression level of
AR in MPCS5 cells (Fig. 1B). Similarly, the expression level
of PFKFB3 protein in MPCS5 cells was significantly inhibited
by silencing of PFKFB3 (Fig. 1B); PFKFB3 siRNA3 showed
the most significant transfection efficiency and was selected
to be used in the subsequent experiments. mRNA expression
of PFKFB3 in primary podocytes was significantly decreased
by PFKFB3 siRNA3 (Fig. S1A and B). Taken together, these
results indicated that AR and PFKFB3 siRNAs significantly
decreased the expression levels of AR and PFKFB3 in MPC5
cells, respectively.

HG-induced inhibition of cell viability is reversed by PFKFB3
siRNA. To investigate the effect of PFKFB3 or AR on the
viability of MPCS5 cells, CCK-8 assay was used. Viability
of MPCS5 cells in the presence of NG was slightly affected
by AR siRNA but was significantly enhanced following
PFKFB3 knockdown (Figs. 2A and S2A). In addition, HG
significantly inhibited the viability of MPCS5 cells. However,
PFKFB3 siRNA significantly rescued the inhibitory effect of
HG on cell viability. Mannitol did not affect the viability of
HG-treated MPC5 cells. Western blot analysis was used to
measure the expression levels of synaptopodin. The protein
expression levels of synaptopodin in MPCS5 cells in the pres-
ence of NG were significantly increased by PFKFB3 silencing
(Fig. 2B). HG significantly decreased the protein expression
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Figure 1. AR and PFKFB3 siRNAs are successfully transfected into MPC5 cells. MPCS5 cells were treated with HG for 48 or 72 h. (A) Protein expression
levels of enolase-1, PFKFB3, glyoxalase 1 and AR in MPCS5 cells were detected by western blot analysis and normalized to GAPDH. (B) MPCS5 cells were
transfected with siRNA NC, siRNA AR or PFKFB3 siRNAI, -2 or -3 for 24 h. Then, the protein expression levels of PFKFB3 and AR were measured
by western blot analysis and normalized to GAPDH. “P<0.01 vs. Control (NG). AR, aldose reductase; HG, high glucose; NC, negative control; PFKFB3,
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; siRNA, small interfering RNA.
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Figure 2. HG-induced cell viability inhibition and cell migration is reversed by PFKFB3 siRNA. MPCS5 cells were treated with NC siRNA + NG, AR
siRNA + NG, PFKFB3 siRNA + NG, NC siRNA + HG, AR siRNA + HG, PFKFB3 siRNA + HG or HG + mannitol for 48 h. (A) Cell viability was measured
by Cell Counting Kit-8 assay. (B) Protein expression levels of synaptopodin in MPCS5 cells were detected by western blot analysis and normalized to GAPDH.
(C) Cell migration was examined by Transwell assay. "P<0.05, “P<0.01 vs. NC siRNA + NG; "'P<0.01 vs. NC siRNA + HG. AR, aldose reductase; HG,
high-glucose; NC, negative control; NG, normal glucose; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; siRNA, small interfering RNA.
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Figure 3. Silencing of PFKFB3 reverses HG-induced podocyte injury. (A) Phalloidin immunofluorescence staining was performed to detect the cytoskeleton,
and the area of MPCS5 cells was calculated. (B) Glucose uptake in MPCS5 cells was tested using a microplate reader. (C) Cell apoptosis was detected by flow
cytometry. (D) Levels of DAG in MPCS5 cells were detected using a microplate reader. OCR or ECAR in MPCS5 cells was investigated by Seahorse analyzer.
“P<0.05, “P<0.01 vs. NC siRNA + NG or as indicated; *P<0.01 vs. NC siRNA + HG. DAG, diacylglycerol; ECAR, extracellular acidification rate; HG,
high-glucose; NC, negative control; NG, normal glucose; OCR, oxygen consumption rate; PEKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3;

siRNA, small interfering RNA.

levels, and PFKFB3/AR knockdown partially reversed this
inhibitory effect of HG on synaptopodin protein expression
levels (Fig. 2B). Transwell assay was performed to assess
cell migration; migration of the MPCS5 cells was significantly
upregulated in the presence of HG compared with NG, which
was partially reversed in the presence of AR or PFKFB3
siRNAs (Fig. 2C). Taken together, these results indicated that
HG-induced cell viability inhibition, migration and decrease
of synaptopodin expression were reversed by PFKFB3 siRNA.

Silencing of PFKFB3 reverses HG-induced podocyte injury.
Phalloidin staining was performed to examine the cytoskel-
eton. The results revealed that HG treatment significantly
changed the shape and decreased the area of MPC5 cells,

whereas knockdown of PFKFB3 significantly rescued the
injury caused by HG (Fig. 3A). In addition, glucose uptake by
the MPC5 cells was significantly increased after 48 or 72 h
of HG treatment, which was partially inhibited by PFKFB3
siRNA (Fig. 3B). Similarly, PFKFB3 siRNA significantly
reversed the HG-induced apoptosis of MPC-5 cells and
primary podocytes (Figs. 3C and S2B). Furthermore, DAG
concentration and ECAR in MPCS5 cells were significantly
upregulated by HG; this was partially reversed in the presence
of PFKFB3 siRNA (Fig. 3D). By contrast, the HG-induced
decrease of OCR in podocytes was significantly reversed in
the presence of PFKFB3 siRNA (Fig. 3D). Taken together,
these results indicated that silencing of PFKFB3 reversed
HG-induced podocyte injury.
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Figure 4. Knockdown of PFKFB3 reverses podocyte injury through inhibition of the epithelial-mesenchymal transition process. Protein expression levels of
(A) PFKFB3, (B) WT-1 and (C) E-cadherin and a-SMA in MPCS5 cells were determined by western blot analysis and normalized to GAPDH. “P<0.01 vs.
NC siRNA + NG; "P<0.01 vs. NC siRNA + HG. HG, high-glucose; NC, negative control; NG, normal glucose; PFKFB3, 6-phosphofructo-2-kinase/fruc-
tose-2,6-biphosphatase 3; SMA, smooth muscle actin; siRNA, small interfering RNA; WT-1, Wilms tumor-1.

Knockdown of PFKFB3 reverses podocyte injury by inhibiting
the epithelial-mesenchymal transition (EMT) process. Western
blot analysis was performed to measure the expression levels
of PFKFB3, WT-1 and EMT-related proteins in the MPC5
cells. Protein expression levels of PFKFB3 in MPCS5 cells with
NG or HG treatment were significantly decreased by PFKFB3
siRNA compared with NC siRNA + NG or NC siRNA + HG
(Fig.4A). Meanwhile, the expression of PFKFB3 in MPCS5 cells
was notably upregulated by HG, compared with NG (Fig. 4A).
Furthermore, knockdown of PFKFB3 significantly suppressed
the inhibitory effect of HG on protein expression level of WT-1
(Fig. 4B). In addition, HG significantly decreased the protein
expression levels of E-cadherin and increased those of a-SMA
(Fig. 4C). However, the effect of HG on these two proteins was
significantly reversed following knockdown of PFKFB3. As
E-cadherin and a-SMA are two key regulators in the EMT
process (30,31), these results indicated that knockdown of
PFKFB3 may reversed podocyte injury through suppression
of the EMT process.

Silencing of PFKFB3 inhibits podocyte injury through
activation of autophagy. To determine the association
between PFKFB3 and autophagy in HG-treated MPCS5 cells,
autophagy inhibitors (rapamycin and CQ) were used. Protein
expression levels of LC3 II in HG-treated MPC-5 cells were
significantly upregulated in cells transfected with PFKFB3
siRNA (Fig. 5A-C). Consistently, the ratio of LC3 II/LC3 1
in HG-treated MPC-5 cells was significantly enhanced in
the presence of PFKFB3 siRNA compared with in the NC
siRNA + HG + rapamycin group. These data suggested that
PFKFB3 may exert an inhibitory effect on autophagy. By
contrast, knockdown of PFKFB3 significantly decreased the
protein expression levels of p62 in MPCS5 cells in the pres-
ence of HG, whereas CQ or rapamycin (autophagy inhibitors)
partially reversed the inhibitory effect on p62 (Fig. 5A and D).
In addition, CQ or rapamycin further enhanced the effect
of HG on increased protein expression levels of PFKFB3 in
MPC-5 cells (Fig. SA and E). This showed that downregula-
tion of PFKFB3 induced autophagy in MPC-5 cells. LC3
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Figure 5. Silencing of PFKFB3 inhibits podocyte injury through activation of autophagy. MPCS5 cells were treated with NC siRNA + NG, PFKFB3 siRNA + NG,
NC siRNA + NG + rapamycin, NC siRNA + NG + CQ, NC siRNA + HG, PFKFB3 siRNA + HG, NC siRNA + HG + rapamycin, NC siRNA + HG + CQ,
PFKFB3 siRNA + HQ + rapamycin or PFKFB3 siRNA + HQ + CQ. (A) Protein expression levels of PFKFB3, p62, LC3 I and LC3 II were detected by western
blot analysis. (B) Relative expression levels of LC3 II were normalized to GAPDH. (C) Ratio of LC3 II/LC3 I was calculated. Relative expression levels of
(D) p62 and (E) PFKFB3 were normalized to GAPDH. ""P<0.01. CQ, chloroquine; HG, high-glucose; LC3, light chain 3; NC, negative control; NG, normal
glucose; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; siRNA, small interfering RNA.

staining indicated that the expression of LC3 (represented by
staining intensity) in MPC-5 cells was significantly decreased
by HG, which was reversed by PFKFB3 knockdown (Fig. 6).
HG treatment significantly inhibited the levels of p-AMPKa
and SIRTI, and significantly upregulated the expression of
p-mTOR; these effects were reversed following PFKFB3
knockdown (Fig. 7A-D). Rapamycin significantly enhanced
the effect of PFKFB3 siRNA on p-mTOR expression, whereas
HG-mediated p-AMPKa and SIRT1 expression was not
significantly affected by CQ or rapamycin (Fig. 7A-D). Taken
together, these results indicated that silencing of PFKFB3 may
inhibit podocyte injury by activating autophagy.

Effect of PFKFB3 siRNA on apoptosis and migration of
HG-treated podocytes was reversed by autophagy inhibitor.
To verify the association between PFKFB3 and cell autophagy
in MPC-5 cells, CCKS8, flow cytometry and Transwell assays
were performed. Inhibition of PFKFB3 significantly increased
primary podocyte viability (Fig. S3A) and suppressed podocyte

apoptosis (Fig. S3B) and MPC-5 cell migration (Fig. 8A) in the
presence of NG, compared with NG + NC siRNA. In addition,
rapamycin inhibited the migration of MPCS5 cells compared
with in the NG/HG + NC siRNA groups (Fig. 8A). HG
increased cell migration compared with the NG + NC siRNA
group (Fig. 8A). Besides, HG-induced increase of cell migra-
tion was reversed by PFKFB3 siRNA or rapamycin, whereas
it was enhanced by CQ (Fig. 8A). Meanwhile, the inhibitory
effect of PFKFB3 siRNA on migration of HG-treated MPC5
cells was enhanced by rapamycin but slightly rescued by
CQ (Fig. 8A). Furthermore, the HG-induced decrease of
cell area was notably reversed by knockdown of PFKFB3.
However, CQ notably reversed the inhibitory effect of PFKFB3
siRNA on cell morphology (Fig. 8B). In summary, the effect
of PFKFB3 siRNA on apoptosis and migration of HG-treated
podocytes was reversed by an autophagy inhibitor.

Autophagy inhibitor reverses the effect of PFKFB3 siRNA
on the viability and DAG of HG-treated podocytes. Glucose
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Figure 7. Silencing of PFKFB3 induces autophagy by mediating p-mTOR and p-AMPKa. (A) Protein expression levels of SIRT1, mTOR, p-mTOR, p-AMPKa
and AMPKo in MPCS5 cells were investigated by western blotting. (B) Relative expression of p-AMPKa was normalized to AMPKa. (C) Relative expres-
sion of p-mTOR was normalized to mTOR. (D) Relative expression of SIRT1 was normalized to GAPDH. “P<0.01 vs. NC siRNA + NG; #P<0.01 vs. NC
siRNA + HG; “'P<0.01 vs. PFKFB3 siRNA + HG. CQ, chloroquine; HG, high-glucose; NG, normal glucose; NC, negative control; p-, phosphorylated;
PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; siRNA, small interfering RNA; SIRT, sirtuin 1.
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Figure 8. HG-induced increase in cell migration is reversed by PFKFB3 siRNA. (A) Cell migration was tested by Transwell assay. Scale bar, 200 gm.
(B) Phalloidin immunofluorescence staining was performed to detect the cytoskeleton and the area of MPC5 cells was calculated. Scale bar, 20 pm. "P<0.05,

“P<0.01. CQ, chloroquine; HG, high-glucose; NC, negative control; NG, normal glucose; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3;

siRNA, small interfering RNA.

uptake of MPC-5 cells was detected. The inhibitory effect of
PFKFB3 siRNA on glucose uptake of HG-MPC-5 cells was
partially reversed by CQ after 24, 48 and 72 h of incubation
(Fig. 9A). Similarly, knockdown of PFKFB3 significantly
reversed the HG-induced increase in DAG levels in MPC5
cells; this was partially rescued by CQ (Fig. 9B). CCK-8
assay results demonstrated that downregulation of PFKFB3
significantly increased the viability of MPCS5 cells in the
presence of HG compared with the NC siRNA + HG group,
and the effect was notably inhibited by CQ (Fig. 9C).
Furthermore, western blot analysis was used to detect the
expression levels of synaptopodin and WT-1 in the MPC5
cells. Protein expression levels of synaptopodin and WT-1
in the presence of HG were increased following inhibition
of PFKFB3, although this was only significant for synap-
topodin expression levels (Fig. 9D). However, the effect of
PFKFB3 siRNA (in the PFKFB3 siRNA + HG group) on
WT-1 levels was slightly rescued by CQ (in the PFKFB3
siRNA + HG + CQ group).

Discussion

A number of previous studies have demonstrated that mRNA
expression levels are dysregulated in a variety of serious

human diseases, including DN (32-34). In the present study,
the molecular mechanisms by which PFKFB3 siRNA allevi-
ated HG-induced podocyte injury were investigated. PFKFB3
expression levels were upregulated in MPCS5 cells following
HG treatment. In addition, it has been reported that induction
of autophagy alleviates podocyte injury (35), which is consis-
tent with the results of the present study. This may be because
activation of autophagy may inhibit cell apoptosis (22).

A recent study demonstrated that multiple distinct mRNAs
(SIRT1, DNMT]I, etc.) modulate the progression of DN by
targeting a wide range of signaling pathways associated with
HG (36,37). A range of interrelated factors, including genetics,
ischemia, inflammation and hypoxia, have been shown to
promote DN progression (38-40). Numerous mRNAs (SIRTS3,
LC3, etc.) modulate DAG and glucose uptake in cells by
targeting the AMPK signaling pathway (41,42). The present
study explored the detailed mechanism by which PFKFB3
regulates the progression of DN.

In the present study, the effect of PFKFB3 on autophagy
was investigated. Autophagy is the biological cellular process
by which intracellular components undergo lysosome-medi-
ated self-digestion and recycling (43). Autophagy is associated
with the progression of numerous diseases, such as inflam-
mation and cancer (44-46). Previous reports have indicated
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Figure 9. CQ reverses the effect of PFKFB3 siRNA on podocyte proliferation. (A) Glucose uptake in MPCS5 cells was calculated at 24, 48 or 72 h. (B) Levels
of DAG in MPCS cells were tested using a microplate reader. (C) Cell viability was determined by Cell Counting Kit-8 assay. (D) Protein expression levels
of synaptopodin and WT-1 in MPC5 cells were examined by western blot analysis and normalized to GAPDH. "P<0.05, “P<0.01. CQ, chloroquine; DAG,
diacylglycerol; HG, high-glucose; NC, negative control; NG, normal glucose; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; siRNA, small

interfering RNA; WT-1, Wilms tumor-1.

that activation of autophagy ameliorates the symptoms of
DN (47-49), which was similar to the results of the present
in vitro study; knockdown of PFKFB3 activated autophagy.
Results from the present study also indicated that PFKFB3
siRNA may mediate the expression of LC3, p-mTOR,
p-AMPKa and SIRT1 in podocytes. As these proteins are
crucial factors during cell autophagy (50,51), it may be
concluded that PFKFB3 knockdown induced cell autophagy
through the modulation of these protein expressions. By
contrast, La Belle Flynn et al (52) revealed that inhibition of
PFKFB3 significantly inhibits autophagy in the progression of

breast cancer. This discrepancy may be due to different cell
types being investigated.

During the activation of autophagy flux, LC3 II accu-
mulation increases, while soluble p62 is decreased (53,54).
In addition, certain reports have indicated that p62
downregulation does not always activate autophagic flux
as LC3 I may not be converted to LC3 II (55,56). In the
present study, LC3 II accumulation was increased in the
PFKFB3 siRNA + HG + CQ group compared with the NC
siRNA + HG + CQ group. Moreover, p62 accumulation was
notably inhibited in the PFKFB3 siRNA + HG + CQ group
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compared with the NC siRNA + HG + CQ group. Thus, these
data suggested that PFKFB3 siRNA activated autophagic flux
in MPCS5 cells. Moreover, the present results suggested that
PFKFB3 silencing reversed HG-induced podocyte apoptosis.
It has been confirmed that autophagy serves an important role
in cell apoptosis (57). Despite their distinct mechanisms and
functions, apoptosis and autophagy are closely associated.
Autophagy usually mediates the cell apoptosis (58). Thus, it can
be concluded that PFKFB3 knockdown reversed HG-induced
podocyte apoptosis by inducing autophagy.

It was observed in the present study that CQ and rapamycin
did not always have the same effect on PFKFB3 siRNA-medi-
ated DN. Rapamycin is known to function as an inhibitor of
the mTOR pathway, whereas CQ can suppress autophagy via
inhibiting the binding between autophagosomes and lyso-
somes (59,60). Thus, the different mechanism by which CQ and
rapamycin regulate autophagy may result in different results.
Notably, CQ and rapamycin were shown to have no effect on
LC3 levels. LC3 is involved in the formation of autophago-
somes, and it is not associated with the mTOR pathway or
the binding between autophagosomes and lysosomes (55,56);
therefore, this may explain why CQ and rapamycin had no
effect on LC3 levels.

There are certain limitations in the present study. First,
in vivo experiments are required to further support the results.
In addition, the association between TGF-f3 and the EMT
process in podocytes is unclear. Therefore, more investigations
are required in the future.

In conclusion, knockdown of PFKFB3 may protect podo-
cytes from HG injury by inducing autophagy. Thus, PFKFB3
may serve as a novel target for the treatment of DN.
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