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ABSTRACT
Podocytes play a critical role in maintaining normal glomerular filtration, and podocyte loss from 
the glomerular basement membrane (GBM) initiates and worsens chronic kidney disease (CKD). 
However, the exact mechanism underlying podocyte loss remains unclear. Fructose-2,6-biphosphatase 
3 (PFKFB3) is a bifunctional enzyme that plays crucial roles in glycolysis, cell proliferation, cell 
survival, and cell adhesion. This study aimed to determine the role of PFKFB3 in angiotensin II 
(Ang II) kidney damage. We found that mice infused with Ang II developed glomerular podocyte 
detachment and impaired renal function accompanied by decreased PFKFB3 expression in vivo 
and in vitro. Inhibition of PFKFB3 with the PFKFB3 inhibitor 3PO further aggravated podocyte loss 
induced by Ang II. In contrast, activating PFKFB3 with the PFKFB3 agonist meclizine alleviated the 
podocyte loss induced by Ang II. Mechanistically, PFKFB3 knockdown likely aggravate Ang 
II-induced podocyte loss by suppressing talin1 phosphorylation and integrin beta1 subunit (ITGB1) 
activity. Conversely, PFKFB3 overexpression protected against Ang II-induced podocyte loss. These 
findings suggest that Ang II leads to a decrease in podocyte adhesion by suppressing PFKFB3 
expression, and indicates a potential therapeutic target for podocyte injury in CKD.

1.  Introduction

Terminally differentiated glomerular visceral epithelial cells 
(also known as podocytes) are located in the outer glomeru-
lar basement membrane (GBM) [1] that plays a key role in 
maintaining normal glomerular filtration [2,3]. Podocyte 
detachment from the glomerular basement membrane is an 
important feature of chronic kidney disease (CKD) [4] and it 
leads to proteinuria and CKD progression [5,6]. Apoptosis is 
considered a common mechanism of podocyte loss, but 
most data have been generated in vitro, and evidence of 
podocyte apoptosis in vitro is scant [7]. Podocyte detachment 
is not the result of apoptosis but precedes it [8].

Angiotensin II (Ang II) promotes podocyte detachment [9], 
but the exact mechanism remains obscure. Angiotensin II is 
the main effector of the renin-angiotensin system (RAS) 
[10,11]. The RAS is activated in various renal diseases [12,13] 
and is a major risk factor for CKD progression [14]. Angiotensin 
II was originally thought to affect renal function mainly by 
causing glomerular endothelial cells to alter glomerular 

filtration pressure. However, Ang II actually affects renal func-
tion not only by altering hemodynamics but also by directly 
acting on podocytes [15].

The homodimeric and bifunctional enzyme family of 
phosphofructokinase-2/Fructose-2,6-bisphosphatase (PFK-2/
PFKFB) promotes glycolysis by increasing levels of 
fructose-2,6-bisphosphate (F2,6P2), which in turn activates 
the key rate-limiting enzyme 6-phosphofructo-1-kinase 
(PFK-1) and enhances the conversion of fructose-6-phosphate 
(F6P) to fructose-1,6-bisphosphate (F1,6P2) in the glycolytic 
pathway. This causes increased glycolytic flux and increased 
ATP and NADH production [16]. Among the PFKFB family of 
four enzymes (PFKFB1-4), PFKFB3 has the highest ratio of 
kinase to phosphatase activity, which ensures a high glyco-
lytic rate [17]. Recent findings have indicated that PFKFB3 
exerts protective effects on the kidneys [18] and promotes 
the activation of cyclin-dependent kinase-1(cdk1) [19], which 
promotes talin1 phosphorylation [20]. Excessive talin1 phos-
phorylation promotes integrin beta1 subunit (ITGB1) activity 

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

CONTACT Guohua Ding  ghxding@whu.edu.cn  Division of Nephrology, Renmin Hospital of Wuhan University, Wuhan, Hubei 430060, China
#Xiaoxiao Huang and Zhaowei Chen contributed equally to this work.

 Supplemental data for this article can be accessed online at https://doi.org/10.1080/0886022X.2023.2230318.

https://doi.org/10.1080/0886022X.2023.2230318

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been 
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
Received 16 January 2023
Revised 21 June 2023
Accepted 22 June 2023

KEYWORDS
Angiotensin II; podocyte; 
PFKFB3; adhesion

mailto:ghxding@whu.edu.cn
https://doi.org/10.1080/0886022X.2023.2230318
https://doi.org/10.1080/0886022X.2023.2230318
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/0886022X.2023.2230318&domain=pdf&date_stamp=2023-7-8
http://www.tandfonline.com


2 X. HUANG ET AL.

on the cell surface [21]. Active ITGB1 is an important adhe-
sion molecule on the surface of podocytes, and its activation 
enhances podocyte adhesion capacity [22–25]. Inhibiting 
PFKFB3 significantly reduces the expression of cell adhesion 
molecules, resulting in diminished cell adhesion [26–29]. 
Therefore, we speculated that Ang II could inhibit talin1 
phosphorylation and ITGB1 activation through downregulat-
ing PFKFB3 expression. Therefore, we investigated the role of 
PFKFB3 in Ang II-induced podocyte injury and identified a 
novel target for CKD treatment.

2.  Materials and methods

2.1.  Establishment of Ang II-infused mouse model

C57BL/6 mice were acclimatized in a controlled environment 
under standard temperature and humidity and provided access 
to food and water ad libitum for one week. Twenty-four 8-week-
old C57BL/6 mice (weight, 18–22 g) were randomly allocated to 
the following experimental groups (n = 6 per group): normal 
saline (NS) infused using a subcutaneous micro-osmotic pump; 
700 ng/kg/min of Ang II (HY-13948; MedChem Express, 
Monmouth Junction, NJ, USA) infused by the pump for 4 weeks; 
Ang II (700 ng/kg/min) infused by the pumps plus a daily intra-
peritoneal injection of 70 mg/kg of the PFKFB3 inhibitor 3PO 
(A15932; Adooq Bioscience LLC., Irvine, CA, USA) [30] for 
4 weeks; and Ang II (700 ng/kg/min) infused by the pump plus 
a daily intraperitoneal injection of 100 mg/kg of the PFKFB3 
agonist meclizine (HY-B0349; MedChem Express) [31] for 
4 weeks, Thereafter, urine samples and kidneys were collected 
from the mice. All animal experiments were approved by the 
Animal Ethics Committee at Renmin Hospital, Wuhan University 
(Wuhan, China).

2.2.  Cell culture and treatments

Conditionally immortalized human podocytes provided by 
Dr. Moin A. Saleem, (Southmead Hospital, Bristol, UK) were 
cultured at 33 °C in Roswell Park Memorial Institute (RPMI) 
1640 medium (HyClone Laboratories Inc., South Logan, UT, 
USA) containing 10% heat-inactivated Gibco fetal bovine 
serum (FBS), 100 U/mL penicillin G, 100 μg/mL Invitrogen 
streptomycin, and 1× insulin-transferrin-selenium (ITS; all 
from Thermo Fisher Scientific Inc., Waltham, MA, USA). 
Differentiated podocytes were applied in all experiments. 
Podocytes were induced to differentiate in ITS-free medium 
at 37 °C for 10–14 days, then were stimulated with Ang II 
(10 μM), 3PO (10 μM) or meclizine (50 μM) for 24 h. We then 
transfected the podocytes with small interfering RNA (siRNA) 
to target PFKFB3 (Purchased from Sangon Biotech Co., Ltd., 
Shanghai, China, Supplementary Table 1) using HiPerFect 
(301704; Qiagen GmbH, Hilden, Germany) as described by 
the manufacturer. The recombinant expression plasmid 
pEnCMV-PFKFB3 was transfected into podocytes using 
Lipo3000 (ThermoFisher Scientific Inc.) as described by the 
manufacturer. The recombinant expression plasmid, 
pEnCMV-PFKFB3, was constructed using the Miaoling Plasmid 

Platform. All experimental results were confirmed using three 
independent podocyte clones.

2.3.  Measurements of urinary albumin

We measured total volumes of urine collected over a period 
of 24 h from mice housed in metabolic cages. We eliminated 
debris in the urine samples by centrifugation at 2000 rpm for 
3–5 min, then measured protein concentrations in the super-
natant using a urine protein quantitation kit (C035-2-1; 
Nanjing Jiancheng Bioengineering Institute, Nanjing, China). 
Total 24-h urinary protein was calculated based on the vol-
ume of the collected urine and the urinary protein 
concentration.

Mouse urine was collected for 24 h, and centrifuged at 
2000 rpm for 3–5 min. The supernatant was boiled in an SDS 
loading buffer for 5 min in a water bath. Protein samples 
were separated by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) (Bio-Rad Laboratories Ins., 
Hercules, CA, USA) using a stained protein (26,616; Thermo 
Fisher Scientific Inc., USA) as the molecular weight markers. 
The gels were stained with Koma Brilliant Blue. Thereafter, 
proteins were relatively quantified by comparing grayscale 
values of the gels obtained from the groups and multiplying 
them by the volume of mouse urine collected.

2.4.  Kidney histological and morphometric analyses

Mouse kidney tissues were fixed in formalin, embedded in 
paraffin, sectioned, and stained with hematoxylin-eosin (HE) 
and periodic acid-Schiff (PAS) reagent. Glomerular structures 
were visualized using a light microscope at 400× magnifica-
tion. All slide contained five non-overlapping fields per kid-
ney section.

2.5.  Immunofluorescent staining

We used 1:200-diluted anti-PFKFB3 (ab181861; Abcam Plc., 
Cambridge, UK) and 1:100-diluted synaptopodin (sc-515842; 
Santa Cruz, Dallas, TX, USA) to detect their respective anti-
gens in paraffin-embedded mouse kidney tissue sections. 
Antigens were retrieved from deparaffinized sections by 
immersion in citrate buffer (Epitope Retrieval Solution) Ph 6.0 
for 10 min. Nonspecific antigen binding was blocked by 
immersion in 10% BSA for 2 h, then the sections were incu-
bated with primary antibodies overnight at 4 °C. After incu-
bation with secondary antibodies (A-11012, A-11034; Thermo 
Fisher Scientific Inc., USA) for 1 h at 37 °C, the sections were 
counterstained with 4′,6-diamidino-2-phenylindole (DAPI). 
The sections were visualized using a confocal fluorescence 
microscope (FV1200, Olympus Corp., Tokyo, Japan), and 
images were acquired using a 100× objective lens. The set-
tings for the laser power, gain, and offset were optimized for 
each channel and were consistent for all samples. The acqui-
sition settings were as follows: excitation at 360 nm for DAPI, 
emission at 450–460 nm; excitation at 488 nm for PFKFB3, 
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emission at 505–550 nm; excitation at 594 nm for synaptopo-
din, emission at 610–650nm. Images were processed using 
FV10-ASW Viewer software (Olympus Corporation, 
Tokyo, Japan).

2.6.  Western blots

Proteins were extracted by lysing the kidney cortex or incu-
bating podocytes with RIPA buffer (Beyotime, Shanghai, 
China) containing 1 mM phenylmethylsulfonyl fluoride (PMSF). 
Stained proteins (26,616; Thermo Fisher Scientific Inc., USA, 
and WJ102; EpiZyme Biotechnology Inc., China) were the 
molecular weight markers. Total proteins (40 μg) were sepa-
rated by 10% SDS-PAGE (Bio-Rad Laboratories Inc., Hercules, 
CA, USA), then transferred to polyvinylidene difluoride (PVDF) 
membranes (Millipore Merck, Burlington, MA, USA) under a 
constant current of 100 amps per gel for 1.5 h in an ice bath. 
Nonspecific binding was blocked with 5% skimmed milk for 
1 h at 37 °C then the membranes were incubated with pri-
mary antibodies overnight at 4 °C. On the following day, the 
membranes were incubated with secondary antibodies at 
37 °C for 1 h. The blots were visualized using chemilumines-
cent reagents (G2014-50ML; Servicebio, Wuhan, China). The 
following primary antibodies were all diluted 1:5000 to detect 
their respective antigens: anti-PFKFB3 (ab181861; Abcam Plc., 
UK), anti-integrin beta1 (12G10) (ab30394; Abcam Plc., UK), 
anti-talin1 (YP1523; Immunoway Biotechnology Co., Plano, TX, 
USA), anti-GAPDH (600004-1; Proteintech Group Inc., 
Rosemont, IL, USA), The secondary antibodies were HRP-linked 
goat anti-rabbit IgG and HRP-linked goat anti-mouse IgG. 
Target proteins were normalized to the internal standard 
GAPDH, then quantified by densitometry using ImageJ soft-
ware (National Institutes of Health, [NIH] Bethesda, MD, USA).

2.7.  Adhesion assay

Podocytes were suspended in 2 mL of serum-free culture 
medium and counted using a hemacytometer. Podocytes 
(1 × 106) were cultured in six-well plates coated with type IV 
collagen (C7521; Sigma-Aldrich Corp., St. Louis, MO, USA) and 
incubated at 37 °C for 2 h. Five wells were used for each 
experimental group. The plates were washed twice with 
phosphate-buffered saline (PBS), then adherent podocytes 
were fixed in 4% paraformaldehyde (PFA), stained with crys-
tal violet, and assessed by microscopy. The numbers of 
adherent podocytes in each field of view were counted using 
ImageJ software then the count was averaged by the num-
ber of podocytes in five fields of view.

2.8.  RT-PCR and RT qPCR

Total RNA was extracted from cultured podocytes using the 
RNA isolator Total RNA Extraction Reagent (R401-01; Vazyme 
Biotech Co., Ltd., Nanjing, China) as described by the manu-
facturer. First-strand cDNA was generated by reverse tran-
scribing total RNA (1 μg) using NovoScript Plus All-in-one 1st 
Strand cDNA Synthesis SuperMix (gDNA Purge; E047-01A 

Novoprotein, Shanghai, China) as described by the manufac-
turer. Synthesized cDNA was amplified by RT-PCR using 
NovoStart SYBR qPCR SuperMix Plus (E096-01A; Novoprotein, 
China). The expression of gapdh and pfkfb3 was assessed 
using the primer (sequences listed in Supplementary Table 
2). Real-time PCR proceeded using a cytoflex flow cytometer 
(Beckman Coulter Inc., Brea, CA, USA), and the data were 
analyzed using the ΔΔCT method.

2.9.  Apoptosis assay

Podocyte apoptosis was assessed using BD Pharmingen™ PE 
Annexin V Apoptosis Detection Kit I (559763; BD Biosciences 
San Jose, CA, USA), as described by the manufacturer.

2.10.  Statistical analysis

All date were statistically analyzed using GraphPad Prism 9 
(GraphPad Software Inc., San Diego, CA, USA). Statistical data 
are presented as means ± standard deviation. Statistical differ-
ences between groups were analyzed using the Student 
t-test. Statistical differences between three or more groups 
were analyzed using one-way ANOVA. All experiments 
included at least three replicates. Statistical significance was 
set at p < 0.05.

3.  Results

3.1.  Angiotensin II-induced podocyte detachment and 
impaired kidney function

Staining with PAS and HE revealed significant glomeruloscle-
rosis in kidney sections obtained from Ang II-infused mouse 
models (Figure 1(A)). We then explored whether Ang II is 
involved in podocyte detachment. We assessed the effects of 
Ang II on podocyte adhesion in vivo and in vitro using the 
actin-associated protein synaptopodin as a specific podocyte 
marker [32,33]. Immunofluorescence staining revealed fewer 
synaptopodin-positive podocytes (Figure 1(B)) and partially 
fused and absent podocyte foot processes (Figure S1) in 
mice infused with Ang II. These changes resulted in impaired 
glomerular filtration and increased urinary protein excretion 
(Figure 1(C)). We also found decreased adhesion in podo-
cytes stimulated with Ang II in vitro compared with controls 
(Figure 1(D,E)). These results indicated that Ang II-induced 
podocyte detachment and impairs kidney function.

3.2.  Angiotensin II stimulation induced decreased PFKFB3 
expression in podocytes

We evaluated the effects of Ang II on podocyte expression of 
PFKFB3 in vivo and in vitro. Stimulation with Ang II decreased 
PFKFB3 transcription in cultured podocytes (Figure S2). 
Immunohistochemical analysis of kidney sections using 
anti-PFKFB3 antibodies revealed significantly reduced 
PFKFB3-positive staining in Ang II-infused mice compared 
with controls (Figure 2(A)). Confocal microscopy and 
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immunofluorescence staining confirmed that Ang II inhibited 
PFKFB3 expression in the cytoplasm and nuclei of human 
podocytes in vitro (Figure 2(B)). Double immunofluorescence 
staining for PFKFB3 and synaptopodin confirmed that Ang II 
inhibited PFKFB3 expression in mouse glomerular podocytes 
(Figure 2(C)). Western blots also confirmed that Ang II inhib-
ited PFKFB3 expression in glomeruli (Figure 2(D,F)) and cul-
tured podocytes (Figure 2(E,G)). These results indicated that 
Ang II suppressed PFKFB3 expression in podocytes.

3.3.  PFKFB3 participated in the regulation of adhesion 
molecule expression in vivo

Although Ang II affected PFKFB3 expression in podocytes, 
whether it functions in podocyte detachment remains 
unclear. We, therefore, investigated the role of PFKFB3 in 
podocyte adhesion in vivo by administering mice infused 
with Ang II with either 3PO or meclizine. The result showed 
that 3PO exacerbated, whereas meclizine reversed the Ang 
II-induced inhibition of synaptopodin expression in podo-
cytes (Figure 3(A,B)). Deleting PFKFB3 similarly exacerbated 
the Ang II-induced decrease in synaptopodin expression 

(Figure S3). These results suggested that PFKFB3 plays a role 
in podocyte damage induced by Ang II. We investigated lev-
els of activated ITGB1 and talin1 phosphorylation to clarify 
the mechanism of action of PFKFB3 in podocyte detachment. 
Angiotensin II inhibited PFKFB3 expression, resulting in 
decreased talin1 phosphorylation and ITGB1 activity com-
pared with saline-infused controls, and 3PO exacerbated this 
phenomenon (Figure 3(C,D)). Conversely, meclizine reversed 
the inhibition of talin1 phosphorylation and ITGB1 activity 
induced by Ang II (Figure 3(E,F)). These results showed that 
inhibiting PFKFB3 impaired podocyte adhesion, whereas 
upregulating it reversed the Ang II-induced decrease in 
podocyte adhesion.

3.4.  Regulation of podocyte adhesion was mediated by 
PFKFB3 in vitro

We used adhesion assays in vitro to investigate the regula-
tory role of PFKFB3 in podocyte adhesion. Co-treatment of 
podocytes with 3PO and Ang II resulted in reduced podocyte 
adhesion due to inhibition of PFKFB3 expression (Figure 
4(A,B)). In contrast, meclizine increased the population of 

Figure 1. A ngiotensin II-induced podocyte detachment and impaired kidney function. (A) Representative images of HE and PAS staining in normal saline 
(ctrl) and Ang II-infused mice. Scale bars:20µm. (B) Representative immunofluorescent staining of synaptopodin (podocyte‐specific marker, red) and DAPI 
(blue) in different groups, Scale bars:20µm. (C) Quantitative determination of 24h urine Total protein (UTP) in ctrl and Ang II-infused group (n = 6), *p < 0.05. 
(D) Representative images of adhesion assays in ctrl and Ang II-treated podocytes in cultures. Scale bars = 250µm. (E) Quantitative determination of podo-
cyte numbers in ctrl and Ang II-treated podocytes in cultures (n = 5), *p < 0.05.
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Figure 2. A ngiotensin II stimulation induced decreased PFKFB3 expression in podocytes. (A) Representative Immunohistochemical staining of PFKFB3 in 
glomeruli from different groups. Scale bars: 20 µm. (B) Representative immunofluorescence image of PFKFB3 in ctrl and Ang II-treated podocytes in cultures 
obtained by confocal microscopy, Scale bars: 20 μm. (C) Representative immunofluorescent staining of PFKFB3 (green) and synaptopodin (podocyte‐specific 
marker, red) in ctrl and Ang II-infused mice, Scale bars: 20 µm. (D) Representative Western blots of PFKFB3 in glomeruli from ctrl and Ang II-infused mice. 
(E) Representative Western blots of PFKFB3 in ctrl and Ang II-treated podocytes in cultures. (F) Quantitative determination of Western blots of PFKFB3 
expression in ctrl and Ang II-infused mice (n = 6), *p < 0.05. (G) Quantitative determination of Western blots of PFKFB3 expression in ctrl and Ang II- treated 
podocytes in cultures (n = 3), *p < 0.05.
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adherent podocytes stimulated by Ang II (Figure 4(C,D)). 
Moreover, PFKFB3 inhibition led to decreased talin1 phos-
phorylation and ITGB1 activity (Figure 4(E,F)). Meclizine nota-
bly reversed the Ang II-induced decrease in talin1 
phosphorylation and ITGB1 activity (Figure 4(G,H)). 
Collectively, these results suggested that PFKFB3 may play a 
role in regulating podocyte adhesion via the p-talin1-ITGB1 
pathway during Ang II-induced podocyte injury.

3.5.  Angiotensin II-induced podocyte detachment in vitro is 
exacerbated by PFKFB3 knockdown

We investigated the effects of PFKFB3 knockdown on podo-
cyte adhesion by transfecting podocytes with PFKFB3 siRNA 
in vitro. The population of adherent podocytes decreased 
after PFKFB3 knockdown (Figure 5(A,B)). Furthermore, PFKFB3 
knockdown reduced PFKFB3 expression in podocytes 

Figure 3.  PFKFB3 participated in the regulation of adhesion molecule expression in vivo. Representative immunofluorescent staining of synaptopodin 
(podocyte‐specific marker, red) and DAPI (blue) in 3PO (A) or meclizine (B) treated groups, Scale bars:20µm. (C) Representative Western blots of phosphor-
ylation of Talin1 and active ITGB1, and PFKFB3 in each treatment groups of mice. (D) Quantitative determination of Western blots of PFKFB3, ITGB1, p-Talin1 
expression in each group (n = 6), *p < 0.05. (E) Representative Western blots of phosphorylation of Talin1 and active ITGB1, and PFKFB3 in each treatment 
groups of mice. (F) Quantitative determination of Western blots of PFKFB3, ITGB1, p-Talin1 expression in each group (n = 6), *p < 0.05.
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transfected with PFKFB3 siRNA (Figure 5(C,D)), talin1 phos-
phorylation, and ITGB1 activity (Figure 5(E,F) and Figures S4 
and S5). Our results also showed that Ang II promoted podo-
cyte apoptosis and that PFKFB3 knockdown exacerbated Ang 
II-induced apoptosis (Figure S6). In summary, these findings 
highlight the potential inhibitory effects of PFKFB3 knock-
down on talin1 phosphorylation, ITGB1 activity, and podo-
cytes adhesion.

3.6.  Overexpressed PFKFB3 ameliorated Ang II-induced 
podocyte detachment in vitro

We investigated the effects of PFKFB3 overexpression on 
podocyte adhesion in vitro. Transfecting podocytes with plas-
mids overexpressing PFKFB3 augmented podocyte adhesion, 
effectively mitigating the Ang II-induced reduction in the 
population of adherent podocytes (Figure 6(A,B)). Western 
blots to evaluate PFKFB3 expression in podocytes transfected 

Figure 4.  Regulation of podocyte adhesion was mediated by PFKFB3 in vitro. (A) Representative images of adhesion assays in different treatment groups 
of podocytes, Scale bars = 250 µm. (B) Quantitative determination of podocyte numbers in each group (n = 5), *p < 0.05. (C) Representative images of 
adhesion assays in different treatment groups of podocytes, Scale bars = 250 µm. (D) Quantitative determination of podocyte numbers in each group 
(n = 5), *p < 0.05. (E) Representative Western blots of phosphorylation of Talin1 and active ITGB1, and PFKFB3 in different treatment groups of podocytes. 
(F) Quantitative determination of Western blot of PFKFB3, ITGB1, p-Talin1 expression in each group (n = 3), *p < 0.05. (G) Representative Western blots of 
phosphorylation of Talin1 and active ITGB1, and PFKFB3 in different treatment groups of podocytes. (H) Quantitative determination of podocyte numbers 
in each group (n = 3), *p < 0.05.

https://doi.org/10.1080/0886022X.2023.2230318


8 X. HUANG ET AL.

with plasmids overexpressing PFKFB3 revealed a substantial 
increase in PFKFB3 levels (Figure 6(C,D)). Transfecting podo-
cytes with plasmids overexpressing PFKFB3 notably facili-
tated talin1 phosphorylation and ITGB1 activity, further 
counteracting the inhibitory effects of Ang II (Figure 6(E,F)). 
All these results indicated that upregulated PFKFB3 expres-
sion may promotes podocyte adhesion through the p-talin1 
and ITGB1 pathways.

4.  Discussion

The present study unveiled the role of PFKFB3 in podocyte 
detachment in mouse models in vivo and in cell cultures in 

vitro under Ang II stimulation. The expression of PFKFB3 was 
decreased in Ang II-treated podocytes. Mechanistically, 
decreased PFKFB3 expression and inactivation might sup-
press the p-talin1/ITGB1 signaling pathway, which aggravated 
podocyte loss and kidney injury. Conversely, upregulated and 
activated PFKFB3 improved podocyte adhesion, suggesting 
protective effects against podocyte damage in CKD.

Chronic kidney disease is a global public health obsta-
cle with an increasing incidence [34]. The progression of 
CKD is often accompanied by a gradual decline in renal 
function, RAS activation, and glomerular pathological 
changes [35,36]. Podocytes are key components of the glo-
merular filtration barrier, playing a decisive role in 

Figure 5. A ngiotensin II-induced podocyte detachment in vitro is exacerbated by PFKFB3 knockdown. (A) Representative images of adhesion assays in 
NC-siRNA or siPFKFB3 transfected podocytes, Scale bars = 250 µm. (B) Quantitative determination of podocyte numbers in NC-siRNA or siPFKFB3 trans-
fected podocytes (n = 3), *p < 0.05. (C) Representative Western blots of PFKFB3 in Nc-siRNA and siPFKFB3 transfected podocytes. (D) Quantitative determi-
nation of Western blot of PFKFB3 expression in podocytes transfected Nc-siRNA and siPFKFB3mice (n = 3), *p < 0.05. (E) Representative Western blots of 
phosphorylation of Talin1 and active ITGB1, and PFKFB3 in podocytes transfected Nc-siRNA and siPFKFB3. (F) Quantitative determination of Western blot 
of phosphorylation of Talin1 and active ITGB1, and PFKFB3 expression in transfected Nc-siRNA and siPFKFB3 podocytes (n = 3), *p < 0.05.
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maintaining normal kidney function. Podocyte damage and 
detachment from the basement membrane contribute to 
proteinuria and are considered critical for the initiation and 
progression of CKD [37,38]. Classical RAS contains various 
angiotensins, among which the principal effector is Ang II 
[39,40]. This hormone initiates CKD progression and induces 
podocyte damage, detachment and apoptosis through cel-
lular metabolism and cytoskeleton remodeling [41–43]. 
Angiotensin II reduces the expression of podocyte adhe-
sion molecules [44,45]. We confirmed here that Ang II 
causes podocyte detachment and loss, thus promoting 
proteinuria and glomerulosclerosis.

Cell adhesion molecules on the cell surface are involved 
in numerous physiological processes such as cell adhesion, 
survival, proliferation, epithelial–mesenchymal transition, and 
drug resistance [46]. Podocytes are anchored to the GBM via 
many types of cell adhesion molecules [47]. Podocyte detach-
ment is a hallmark of kidney damage. Podocytes detach and 
become lost before apoptotic caspases are activated [8]. 
Reduced podocyte adhesion plays an important role in the 
progression of various podocyte diseases [48–50]. The molec-
ular mechanisms underlying podocyte detachment remain 
under investigation. Non-catalytic region of tyrosine kinase 
adaptor protein 1 (Nck) functions in regulating podocyte 

Figure 6.  Overexpressed PFKFB3 ameliorated Ang II-induced podocyte detachment in vitro. (A) Representative images of adhesion assays in pEnCMV or 
pEnCMV-PFKFB3 transfected podocytes Scale bars = 300 µm. (B) Quantitative determination of podocyte numbers in pEnCMV or pEnCMV-PFKFB3 trans-
fected podocytes (n = 5), *p < 0.05. (C) Representative Western blots of PFKFB3 in pEnCMV or pEnCMV-PFKFB3 transfected podocytes. (D) Quantitative 
determination of Western blot of PFKFB3 expression in pEnCMV or pEnCMV-PFKFB3 transfected podocytes. (n = 3), *p < 0.05. (E) Representative Western 
blots of phosphorylation of Talin1 and active ITGB1, and PFKFB3 in pEnCMV or pEnCMV-PFKFB3 transfected podocytes. (F) Quantitative determination of 
Western blots of phosphorylation of Talin1 and active ITGB1, and PFKFB3 expression in pEnCMV or pEnCMV-PFKFB3 transfected podocytes (n = 3), *p < 0.05.
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adhesion, controlling GBM composition, and sustaining filtra-
tion barrier integrity through actin organization [51]. The 
actin-binding protein, α-parvin, regulates the structure and 
composition of integrin adhesion complexes to prevent 
podocyte foot process effacement and detachment from the 
glomerular basement membrane [52]. Here we determined 
that PFKFB3, an important regulator of glycolysis, mediated 
podocyte adhesion in vivo and in vitro, thus revealing a new 
mechanism of podocyte detachment from the perspective of 
cellular metabolism.

The glycolytic enzyme PFKFB3 is involved in cancer, 
immunology, and inflammation [53–56], and its role in kid-
ney disease has recently attracted attention. The 
cyclin-dependent kinase 4/retinoblastoma tumor suppressor 
pathway, activated by PFKFB3 mediates tubular cell death in 
cisplatin nephrotoxicity [57]. Mutations in PFKFB3 attenuates 
renal inflammation in diabetic kidney disease [58]. 
Interleukin-22 attenuates kidney damage by reprogramming 
the metabolism of renal tubular epithelial cells via PFKFB3 
activation [18]. We found that PFKFB3 downregulation and 
pharmacological inhibition aggravated podocyte detachment 
and that its overexpression and activation played protective 
roles. This might represent a novel target for treating podo-
cyte detachment in CKD via metabolic reprogramming.

Integrins are important cell adhesion molecules on the 
surface of podocytes and are closely associated with podo-
cyte adhesion [59]. Integrins are heterodimers composed of 
non-covalently associated alpha and beta subunits that bind 
to extracellular matrix proteins and couple with intracellular 
signaling and cytoskeletal complexes [60]. The ITGB1 subunit 
is a vital member of the integrin family and is primarily 
responsible for podocyte adhesion [23,61,62]. The structural 
tail extension binding to GBM when ITGB1 is activated and 
folds to reduce such binding when ITGB1 is inactivated. This 
causes adherent podocytes recede [21]. We found here that 
decreased expression of ITGB1 and phosphorylated talin1 
aggravated the detachment of podocytes incubated with 
Ang II. Mechanistically, decreased PFKFB3 expression could 
mediate dysregulated ITGB1 activation and suppressed talin1 
phosphorylation. In contrast, upregulated and activated 
PFKFB3 may promote talin1 phosphorylation and further alle-
viated podocyte detachment. Altered cellular metabolic 
states impact the expression of adhesion molecules.

Angiotensin II promotes the expression of hypoxia-inducible 
factor-1α [63]. A feedback loop exists between PFKFB3 and 
HIF-1α, and a HIF-1α blockade restricts PFKFB3 enhancement 
[64]. However, details of the mechanism underlying PFKFB3 
downregulation by Ang II requires further investigation. Our 
study has several limitations: In this study, only Ang II-infused 
mouse models and Ang II-stimulated podocytes were used 
to investigate the effects and mechanisms. Therefore, our 
findings require validation in podocyte PFKFB3 conditional 
knockout mice and other mouse models of renal injury in 
forthcoming experiments. Although previous literature 
reports have demonstrated that PFKFB3 is capable of activat-
ing CDK1 and have indicated a direct interaction between 
CDK1 and p-Talin1 [19,20], the specific mechanism of PFKFB3 

regulating p-Talin1 expression still needs to be further 
studied.

In conclusion, our study shows that inhibition of PFKFB3 
decreases Ang II-mediated podocyte adhesion, possibly by 
inhibiting the Talin1-ITGB1 signaling pathway, which induces 
renal injury. These findings provide new insights into the 
mechanisms of altered RAS-activated podocyte adhesion and 
offers the potential for new modalities to treat podocyte 
damage in CKD.
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