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Abstract
Background: Fibroblast growth factors (FGFs) are heparin-
binding proteins involved in a variety of biological process-
es, and part of them may act through binding with cell mem-
brane receptor FGFR2. Objectives: To clarify the role and 
mechanisms of FGFR2 signaling in tubular cell survival and 
acute kidney injury (AKI). Method: In this study, kidney isch-
emia/reperfusion (IR) or cisplatin injection was used to in-
duce AKI in mice. Results: In the kidneys after IR or cisplatin 
injection, the expression of FGFs and Erk1/2 phosphoryla-
tion were elevated. To investigate the role of FGFs in tubular 
cell survival and AKI, a mouse model with tubular cell spe-
cific FGFR2 gene disruption was generated. The knockouts 
were born normal. At 2 months of age, about one-third of  
the knockouts developed mild hydronephrosis. Ablation of 
FGFR2 in tubular cells aggravated acute kidney dysfunction 

as well as tubular cell apoptosis induced by IR or cisplatin. In 
addition, Erk1/2 phosphorylation was less in the knockout 
kidneys than in control littermates at day 1 after cisplatin in-
jection. In cultured NRK-52E cells, recombinant FGF2 protein 
induced Erk1/2 phosphorylation and inhibited cisplatin-in-
duced cell death. PD98059 abolished Erk1/2 phosphoryla-
tion and partly reversed the protective effect of FGF2 on cis-
platin-induced cell death. Conclusions: This study indicates 
that FGF/FGFR2 signaling plays an important role in protect-
ing against tubular cell death and AKI, which is partly through 
stimulating Erk1/2 activation. © 2020 The Author(s)

Published by S. Karger AG, Basel

Introduction

Acute kidney injury (AKI), manifested as a rapid de-
cline of renal function within hours to days, is a common 
and devastating disease in critical care unit patients. Al-
though tremendous efforts have been made, the short-
term mortality for the AKI patients remains extremely 
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high, and some patients who survived AKI may develop 
chronic kidney disease in the end [1–3]. It has been well 
demonstrated that many pathological processes are in-
volved in the initiation and progression of AKI, including 
endothelial and epithelial cell death, tubular lumen ob-
struction, as well as inflammation [4, 5]. Among of them, 
tubular cell death plays an essential role in renal dysfunc-
tion and AKI [6–9].

Fibroblast growth factors (FGFs) are a group of hepa-
rin-binding proteins involved in many biological pro-
cesses, such as embryonic development, tumorigenesis, 
cell proliferation, differentiation, as well as cell survival 
[10]. The role and mechanisms of FGFs in kidney devel-
opment and disease are very complicated. As previously 
reported, FGF2 may protect cultured rat metanephric 
mesenchymal (MM) cells from apoptosis. Mice null for 
FGF7 or FGF10 have smaller kidneys, but with normal 
appearance of nephron, while conditional deletion of 
FGF8 from MM interrupts nephron formation in mice 
[11–13]. In adult rats, long-term treatment of FGF2 may 
result in focal segmental glomerulosclerosis [14, 15]. 
Hoffman et al. reported that FGF2 is increased in the 
urine from neonates with AKI, suggesting a potential in-
volvement of FGF2 in AKI [16]. In LPS-induced AKI in 
mice, FGF2 treatment had a protective effect [16]. In con-
trast, FGF1 may disturb kidney repair after ischemia/re-
perfusion (IR) [17].

At least four types of FGF receptors (FGFRs) have been 
identified in both developing and mature mammalian 
kidneys. The function of FGFRs is regulated by its FGF 
ligands through the variety of ligand binding affinity and 
specificity [13]. In most of the cell types, binding of FGFs 
with FGFRs may activate intracellular signaling pathways 
including MAP kinase, PI3k/AKT and phospholipase Cγ 
[10, 18]. Although four types of FGFR can be detected in 
the embryonic kidneys, previous studies showed that only 
FGFR1 and FGFR2 are indispensable for nephron devel-
opment. FGFR1 expression is dominant in MM lineages 
[19, 20], whereas FGFR2 is mainly located in Wolffian 
duct, ureteric bud (UB) tree, and the differentiating neph-
ron (beginning with vesicle) [19, 21]. Transgenic and 
conditional knockout approaches in whole animals have 
shown that FGFR1 and FGFR2 in kidney mesenchyme 
are critical for early MM and UB formation. Loss of 
FGFR2 in the MM leads to kidney and urinary tract 
anomalies such as vesico-ureteral reflux [13, 22–24]. It 
seems that FGFR signaling is critical for patterning of vir-
tually all renal lineages at early and later stages of devel-
opment. Dr. Bates found that concurrently deleting 
FGFR1 and FGFR2 in MM results in small kidneys, fewer 

nephron as well as unbranched UB. Much more cell 
apoptosis is present in the mutant mesenchyme dorsal 
and the UB in the knockout mice [22]. Although many 
lines of evidence have documented the critical role of 
FGFs/FGFRs in kidney development, the role and mech-
anisms of FGFR in AKI remain largely unknown.

In this study, we found that the members of FGFs were 
upregulated in tubular cells with IR or cisplatin-induced 
AKI in mice. Mice with tubular cell-specific deletion of 
FGFR2 were born normal but susceptible to cisplatin or 
IR induced AKI. In cultured NRK-52E cells, recombinant 
FGF2 protein could activate Erk1/2 signaling and protect 
against cisplatin-induced cell death. Blockade of Erk1/2 
signaling could partially antagonize FGF2-promoted cell 
survival. These findings suggest that FGFR2 protects 
against tubular cell death and AKI partially through the 
Erk1/2 signaling pathway.

Materials and Methods

Mice and Animal Model
The FGFR2-floxed mice and Ksp-Cre transgenic mice were 

purchased from Jackson lab [25]. By mating the FGFR2-floxed 
mice with Ksp-Cre mice, mice heterozygous for the FGFR2-floxed 
alleles (genotype: FGFR2fl/wt, Cre+/–) were generated. In order to 
inactivate both FGFR alleles, these mice were crossbred. Then, we 
obtained the conditional knockout mice in which the FGFR2 gene 
was specifically disrupted in renal tubular epithelial cells (geno-
type: FGFR2fl/fl, Cre+/–). The breeding protocol also generated het-
erozygous littermates (genotype: FGFR2fl/wt, Cre+/–), and wild type 
and several groups with different genotypes (FGFR2fl/fl, Cre–/–, or 
FGFR2fl/wt, Cre–/–). Transgenic litters were identified using a PCR 
reaction from DNA isolated from tail specimen at 3 weeks after 
birth. The primers used for genotyping were as follows: Cre: sense: 
5′-GCAGATCTGGCTCTCCAAAG-3′ and anti-sense: 5′-AGG
CAAATTTTGGTGTACGG-3′; FGFR2: sense: 5′-TTCCTGTT
CGACTATAGGAGCAACAGGCGG-3′ and anti-sense: 5′-GAG
AGCAGGGTGCAAGAGGCGACCAGTCAG-3′. The same gen-
der littermates with genotypes (FGFR2fl/fl, Cre–/–) were used as 
control through the experiment. 

Male CD-1 mice weighing 18–22 g were acquired from the An-
imal Center of Nanjing Medical University. Male CD-1 mice, tu-
bule-FGFR2–/– mice, or their control littermates were anesthetized 
by 5% chloral hydrate at the dosage of 0.1 mL/10 g body weight. By 
exposure of the kidneys through a midline incision, the right renal 
pedicle was clamped for 40 min. Mice were kept in the incubator 
at a temperature of 38  ° C, and the abdominal cavity was hydrated 
with saline-moistened gauze. Following clamp removal, the kidney 
was visually assessed for reperfusion within 1 min. Then, the left 
kidney was ablated. Groups of control mice were prepared as 
above, without clamping of the right renal pedicle or ablation of 
the left kidney. Groups of sham mice were only removed with the 
left kidney. After surgery, the animals were returned to their cages 
and allowed free access to food and water. Mice were sacrificed at 
1, 2, 4, 7 days after reperfusion. Blood samples were collected for 
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determining BUN and serum creatinine. Kidney tissues were har-
vested and snap-frozen in liquid nitrogen, then stored at –80  ° C for 
extraction of RNA and protein. 

Male CD-1 mice, Tubule-FGFR2–/– mice, and their control lit-
termates received single intraperitoneal cisplatin injection at a 
dose of 25 mg/kg body weight. Animals were sacrificed on days 1, 
2, and 3 after injection. Blood samples were collected for determin-
ing BUN and creatinine. Kidney tissues were harvested and snap-
frozen in liquid nitrogen, then stored at –80  ° C for extraction of 
RNA and protein. For histological evaluation, kidneys were fixed 
in 10% phosphate-buffered formalin followed by paraffin embed-
ding.

Cell Culture and Treatment
Rat kidney tubular epithelial cells (NRK-52E) were obtained 

from ATCC (CRL-1571TM, Manassas, VA, USA). NRK-52E cells 
were cultured in DMEM/F12 medium supplemented with 10% fe-
tal bovine serum (Invitrogen, Grand Island, NY, USA) at 37  ° C. 
Before treatment, the cells were starved with serum-free medium 
for at least 12 h. Cells were treated with FGF2 for different times. 
Cisplatin at a concentration of 25 µg/mL was used to induce apop-
tosis in NRK-52E cells. PD98059 (Mek1 inhibitor, Cat: P215) and 
cisplatin (Cat: 479306) were purchased from Sigma-Aldrich, and 
the FGF2 (Cat: 3139-FB) was purchased from R&D Systems.

Urinary Albumin, Creatinine, Lysozyme, and  
N-Acetyl-β-D-Glucosaminidase Assay
Urinary albumin concentration was measured by using a 

mouse Albumin ELISA Quantification kit (Bethyl Laboratories, 
Montgomery, TX, USA). Urinary creatinine was determined by 
using a creatinine Assay kit (DICT-500; BioAssay System, Hay-
ward, CA, USA). Urinary N-acetyl-β-D-glucosaminidase (NAG) 
was detected by using the NAG assay kit (Nanjing Jiancheng Bio-
engineering, Nanjing, China). Urinary lysozyme was detected by 
using Micrococcus luteus as its substrate. Briefly, 20 μL of urine or 
ddH2O was incubated at 37  ° C for 3 min with 200 μL of the sub-
strate solution at a concentration of 100 μg/mL at pH 6.4; then, the 
absorbance was read at 450 nm, and the lysozyme in urine (mg/dL) 
was calculated.

Detection of Serum BUN and Creatinine
Serum BUN and creatinine levels were measured using a mouse 

BUN ELISA Quantification kit (Cat: DIUR-500, BioAssay System) 
and creatinine assay kit (mentioned above), respectively, accord-
ing to the manufacturer’s protocol.

RNA Extraction and Real-Time Quantitative RT-PCR
Total RNA isolation was extracted with Trizol Reagent (Invit-

rogen, Carlsbad, CA, USA) according to the manufacturer’s in-
struction. The first-strand cDNA synthesis was using 1 μg of RNA 
with Reverse Transcription System kit (Vazyme, Nanjing, China), 
following the instructions of the manufacturer. Quantitative RT-
PCR was performed with 2 × SYBR Green PCR Master Mix Re-
agents (Roche, Germany), 1 μL of cDNA, and specific primer pairs 
in the 7300 real-time PCR system (Applied Biosystems, Foster 
City, CA, USA). Quantitative RT-PCR reaction was carried out us-
ing standard conditions including a single denaturation cycle at 
95  ° C for 3 min, an amplification protocol of 40 cycles of denatur-
ation at 95  ° C for 15 s, and annealing and extension at 60  ° C for  
60 s. A postamplification melt-curve analysis was run to assess the 

efficiency of primer pairs. The relative levels of FGF family mRNA 
were calculated using the 2(–ΔΔCt) method. 

Western Blot Analysis
Cultured NRK-52E cells were lysed in 1 × SDS sample buffer. 

Proteins from kidney tissue were extracted in RIPA buffer contain-
ing 1 × PBS, 1% NP-40, 0.1% SDS, 0.1% sodium deoxycholate,  
1 μM sodium orthovanadate, 100 nM PMSF, 1% protease inhibitor 
cocktail (Cat: P8340, Sigma-Aldrich, St. Louis, MO, USA), and 1% 
phosphatase II and III inhibitor cocktail (Cat: P5726 and P0044, 
respectively, Sigma-Aldrich) on ice. The supernatants were collect-
ed after centrifugation at 16,000 g for 30 min at 4  ° C. Protein levels 
were measured using the BCA assay (Pierce), and equal amount of 
protein (50–100 μg) was separated on 8–12% tris-glycine polyacryl-
amide gels. Then, after being transferred onto nitrocellulose mem-
branes, the target proteins were detected by using specific primary 
antibodies. The primary antibodies used were as follows: anti-FGF2 
(Cat: ab-72316, Abcam, Cambridge, UK), anti-FGF7 (Cat: sc-1366, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-FGF10 
(Cat: sc-7917, Santa Cruz Biotechnology), anti-p-ERK1/2 (Thr202/
Tyr204) (Cat: 4370, Cell Signaling Technology, Beverly, MA, USA), 
anti-ERK1/2 (Cat: 4695, Cell Signaling Technology), anti-phos-
pho-Bad (Ser112) antibody (Cat: 9291, Cell Signaling Technology), 
anti-FGFR2 (Cat: sc-122, Santa Cruz Biotechnology), anti-GAPDH 
(Cat: FL-335, Santa Cruz Biotechnology), and anti-β-actin (Cat: sc-
1616, Santa Cruz Biotechnology). Quantification was performed by 
measuring the intensity of the signals with the Image J software.

Immunohistochemistry and Immunofluorescence Staining
The NRE-52E cells were cultured on the coverslips. Cells were 

fixed with cold methanol/acetone (1: 1) for 10 min at –20  ° C. The 
coverslips were blocked with 2% BSA in 1 × PBS buffer for 40 min 
at room temperature, incubated in primary antibodies overnight 
at 4  ° C or for 2 h at room temperature, and stained with FITC or 
TRITC-conjugated secondary antibody sequentially. Cell cover-
slips were double stained with DAPI to visualize the cell nuclei. 

The kidney tissues were fixed in 4% neutral formalin at room 
temperature and embedded in paraffin. Then the tissues were 
cut into 3-μm-thick slices, deparaffinized in xylene, hydrated, 
and stained with HE and PAS. For quantitative analysis of the 
kidney injury, the injury scores were measured. The injury score 
was defined as the proportion of the damaged tubule on total 
tubule under a high-power field (HPF). Score 0 represents in-
jury area less than 10%, whereas 1, 2, 3, and 4 represent the in-
jury involving 10–25%, 25–50%, 50–75%, and > 75% of the total 
kidney tubules, respectively. At least five randomly chosen HPF 
were evaluated for each mouse, and an average composite score 
was calculated. In some experiments, tissue sections were im-
munostained with primary antibodies against anti-cleaved cas-
pase 3 (Cat: 9664, Cell Signaling Technology), anti-FGF7, anti-
FGF2, and anti-FGF10, p-Erk1/2 (mentioned above). The cell 
coverslips and kidney tissue sections were viewed with a Nikon 
Eclipse 80i Epi-fluorescence microscope equipped with a digital 
camera (DS-Ri1, Nikon).

TUNEL Staining
The apoptotic cell death was detected by terminal deoxynucle-

otidyl transferase-mediated dUTP nick-end labeling staining us-
ing Apoptosis Detection System (Promega, Madison, WI, USA), 
following the manufacturer’s protocol.
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Statistical Analysis
The experiment data are presented as mean ± SEM. Statistical 

analysis of the data was performed using SPASS 13.0 software. 
Comparison between groups was made using one-way ANOVA, 
followed by post hoc SNK or post hoc LSD. For comparison be-
tween two groups, Student’s t test was used, and paired t test was 
used for group comparison. p < 0.05 was considered statistically 
significant.

Results

FGF Gene Expression in Kidneys with AKI
In this study, an AKI model was induced in male CD1 

mice by unilateral kidney IR or cisplatin injection. To de-
termine FGF mRNA expression in kidneys from the sham 
or the AKI group, FGF mRNA abundance was quanti-
tated by real-time qRT-PCR analysis. Of all 22 FGF mem-
bers, 15 could be detected in sham kidneys. In kidneys 
after IR, mRNA abundance including FGF2, FGF6, FGF7, 
FGF10, FGF12, FGF13, and FGF22 was increased at all 
time points as indicated. FGF3, FGF4, FGF5, FGF6, FGF8, 
FGF14, FGF20, and FGF21 remained unchanged, and 
FGF1 expression was slightly decreased compared to 
those in sham kidneys (Fig. 1a). We also determined the 
mRNA expression of those FGFs that changed in the IR 
kidneys of the cisplatin-induced AKI model. Among of 
them, only FGF2 and FGF18 mRNAs were significantly 
upregulated, whereas the others were similar to the con-
trol (Fig. 1b).

We also detected the protein abundance for FGF2, 
FGF7, and FGF10 in the IR kidneys by Western blot assay, 
as their mRNA abundance was upregulated especially at 
day 1 and day 2. FGF2 protein abundance was signifi-
cantly increased in kidneys at both day 1 and 2 after IR, 
while the other two members of FGF family were signifi-
cantly upregulated at day 2 after IR compared to those in 
the sham control (Fig. 1d, e). FGF2 abundance was also 
markedly increased in kidneys with cisplatin-induced 
AKI (Fig.  1f, g). To further identify the localization of 
these three FGFs in the IR kidneys, immunostaining was 
deployed, and the results showed that FGF2, FGF7, and 
FGF10 were very weak in tubular cells from the sham 
group, but all of them were markedly induced in tubular 
cells within IR kidneys (Fig. 1c). 

FGFR Signaling Is Activated in the Kidneys with AKI
The above data demonstrated that FGF gene expres-

sion was upregulated in the IR or cisplatin-induced AKI 
kidneys. Erk1/2 is a well-known intracellular FGFR sig-
naling molecule. In kidneys with AKI, Western blotting 

assay showed that the abundance of phosphorylated 
Erk1/2 was markedly increased at day 1 and day 2 after 
IR, and declined thereafter (Fig. 2b). In cisplatin-induced 
AKI kidneys, Erk1/2 phosphorylation was induced at day 
1 and day 2 after cisplatin injection (Fig. 2c). Immunohis-
tochemical staining revealed that Erk1/2 phosphoryla-
tion was largely elevated in both IR and cisplatin-induced 
AKI kidneys and mainly localized in tubular cells (Fig. 2a). 
Together, these results demonstrated that Erk1/2 was 
stimulated in tubular epithelial cells during the early stage 
of AKI induced by IR or cisplatin. 

Generating the Mice with Tubule-Specific Ablation of 
FGFR2
FGFR2 is a common receptor for FGF2, 7, and 10. To 

explore the physiological role of FGFs in tubular cells, we 
generated a mouse model with FGFR2 gene-specific dele-
tion in kidney tubular cells by using the Cre-LoxP system 
[25]. As shown in Figure 3a, mice with tubule-specific 
ablation of FGFR2 were designated as Tubule-FGFR2–/– 
(genotype: FGFR2fl/fl, Cre+/–, lane 1), whereas the litter-
mates of the same gender were used as control (genotype: 
FGFR2fl/wt, Cre–/–, or FGFRfl/fl, Cre–/–, lane 3 or 4). Tu-
bule-FGFR2–/– mice are viable, fertile, and with a normal 
lifespan. 

Western blot analysis showed that FGFR2 protein lev-
el was reduced in the kidney tissue from Tubule-FG-
FR2–/– mice compared to that from control littermates 
(Fig. 3b). Immunohistochemical staining confirmed the 
reduction of FGFR2 protein in kidney tubule from Tu-
bule-FGFR2–/– mice (Fig. 3c). There was no difference in 
body weight and kidney weight index at 1, 4, and 12 
months after birth between two groups (Fig. 3d, e). Kid-
ney function reflected as serum creatinine, urea, urinary 
NAG, urinary lysozyme, and urinary albumin level was 
comparable between Tubule-FGFR2–/– mice and the con-
trol littermates at 1 year of age (Fig. 3f–j). There was mild 
hydronephrosis in one-third of the knockouts at 2 months 
of age, but no obvious kidney histological change between 

Fig.  1. FGF gene and protein expression in kidneys with AKI.  
a, b Quantitative real-time PCR analysis showing the altered ex-
pression of FGF mRNA in kidneys from mice after IR (a) and cis-
platin injection (b). * p < 0.05 vs. sham or vehicle control, n = 3–8. 
c Representative micrographs of immunohistochemistry staining 
revealing increased FGF2, FGF7, and FGF10 protein expression in 
renal tubules after IR. d–g Western blot and quantitative analysis 
demonstrating that FGF2, FGF7, and FGF10 protein expression 
was induced in IR kidneys (d, e) and FGF2 protein expression in 
mice after cisplatin injection (f, g). * p < 0.05 vs. sham or vehicle 
control, n = 3. (For figure see next page.)
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Tubule-FGFR2–/– mice and their control littermates at 1 
and 12 months after birth (Fig. 3h). Glomerular number 
in the kidney sections was comparable between Tubule-
FGFR2–/– mice and control littermates at 1 and 12 months 
of age (Fig. 3k).

Mice with Tubule-Specific Deletion of FGFR2 Are 
More Susceptible to AKI 
To investigate the role of FGF/FGFR2 signaling in tu-

bular cell survival and AKI, the mice at 2 months of age 
were operated with IR or injected with cisplatin to induce 
AKI. Figure 4a showed that serum creatinine and urea 
were significantly increased at day 1 and day 2 after IR. 
Specific deletion of FGFR2 aggravated the IR-induced 
acute kidney dysfunction (Fig. 4a, b). PAS staining showed 
that in Tubule-FGFR2+/+ mice, tubular injury presented 
as loss of brush border and tubular cell death after IR. And 

more severe kidney injury was presented in the knockout 
kidneys after IR (Fig. 4c, d). Similar to the IR model, at 
day 3 after cisplatin injection, the kidneys from control 
littermates had tubular injury, while in the knockout kid-
neys, the damage was worse compared to that in the con-
trol littermates (Fig. 4g, h). Together, the results indicate 
that specific deletion of FGFR2 worsens IR or cisplatin-
induced kidney injury.

Ablation of FGFR2 in Tubular Cells Promotes 
Tubular Cell Apoptosis 
Tubular epithelial cell apoptosis plays a critical role in 

the pathogenesis of AKI. As shown in Figure 5a and c, the 
number of TUNEL-staining positive tubular cells was 
dramatically increased in the Tubule-FGFR2+/+ kidneys, 
while more apoptotic tubular cells were found in Tubule-
FGFR2–/– kidneys after IR than in Tubule-FGFR2+/+ kid-

p-
ER

K1
/2

Sham IR 1d Control Cisplatin 1d

a
20 μm

b

IR (d)

p-ERK1/2

ERK1/2

40

40

1 2
Sham

1 2
1

1 2
2

1 2
4

c

Cisplatin (d)

p-ERK1/2

ERK1/2

2
21 3

40

40

–
321

1
21 3

Fig. 2. Erk1/2 signaling is activated in the kidneys with AKI. a Representative immunohistochemical staining images for p-Erk1/2 in 
kidneys at day 1 after IR or cisplatin injection, showing the activation of Erk1/2 signaling in tubular cells. b, c Western blot analysis 
showing the abundance of p-Erk1/2 in kidneys at different time points after IR (b) and cisplatin injection (c). The number indicates the 
individual animal.

Fig.  3. Generation of mice with tubular cell-specific deletion of 
FGFR2. a Genotyping the mice by the PCR assay of genomic DNA. 
Lane 1, genotype: FGFR2fl/fl, Cre+/–, designated as Tubule-FGFR2–/–; 
lane 2, genotype: FGFR2fl/wt, Cre+/–; lane 3, genotype: FGFR2fl/wt, 
Cre–/–; lane 4, genotype: FGFR2fl/fl, Cre–/–; lane 4 designated as Tu-
bule-FGFR2+/+ control. b Representative micrographs of immuno-
histochemical staining showing the loss of FGFR2 in kidney tubules 
in Tubule-FGFR2–/– mice. c Western blot analysis showing the re-
duction of FGFR2 protein in the kidneys of Tubule-FGFR2–/– mice 

compared to control littermates. d–j Mice with tubular-specific abla-
tion of FGFR2 exhibited little difference in body weight (d), kidney 
weight index (e), serum BUN (f), creatinine (g), urinary NAG (h), 
urinary lysozyme (i), and urinary albumin (j) levels at different time 
points after birth, n = 3–7. k Glomeruli were counted in Tubule-
FGFR2–/– mice and control littermates at 1 and 12 months after birth, 
n = 3–7. l Representative images for PAS and HE staining showing 
no obvious kidney histological abnormality in Tubule-FGFR2–/– 
mice compared to control littermates at 1 and 12 months after birth.

(For figure see next page.)
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neys. Similarly, in mice after cisplatin injection, the num-
ber of TUNEL staining-positive tubular cells was in-
creased in control littermates, and more apoptotic tubular 
cells were detected in the knockouts after cisplatin injec-
tion (Fig. 5b, d). 

Anti-cleaved caspase 3 staining results showed that 
there were few cleaved caspase 3 staining-positive cells in 
either knockout or control littermate kidneys under 
physiological conditions. After IR, the number of posi-
tive-staining cells was dramatically increased in control 
littermate kidneys, which was more significant in the 

knockout kidneys (Fig. 6a, c). Similar to the IR model, the 
number of cleaved caspase 3 positive-staining tubular 
cells was increased in control littermate kidneys after cis-
platin injection, which was more significant in the knock-
out kidneys (Fig. 6b, d).

Erk1/2 Phosphorylation Is Diminished in the Kidneys 
from Tubule-FGFR2–/– Mice after Cisplatin Injection 
Erk1/2 is a major downstream mediator of FGF/

FGFR2 signaling. We found that Erk1/2 was phosphory-
lated in the kidney tubule after cisplatin injection in mice. 
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We then investigated whether Erk1/2 phosphorylation 
was decreased in the knockout kidneys compared to their 
control littermates after cisplatin injection. As shown in 
Figure 7b, the phosphorylation of Erk1/2 was elevated 
and peaked at day 1, slightly declined at day 2, and re-
turned to baseline at day 3 after cisplatin injection in Tu-
bule-FGFR2+/+ mice, while in the knockouts, the change 
pattern for Erk1/2 phosphorylation is different. The 
phosphorylated Erk1/2 was slightly elevated at day 1, con-
tinued to increase at day 2, and declined at day 3 after 
cisplatin injection (Fig. 7b, c), while Erk1/2 phosphoryla-
tion increased slower and less in Tubule-FGFR2–/– kid-
neys compared to that in Tubule-FGFR2+/+ kidneys 
(Fig.  7c). Immunohistochemical staining for p-Erk1/2 
further confirmed the results of Western blot assay 

(Fig.  7a). These results indicate that the loss of FGFR2 
may partly abolish Erk1/2 phosphorylation induced by 
cisplatin soon after cisplatin injection.

It has been reported that Bad may be the downstream 
target of Erk1/2 signaling. We detected the Bad phos-
phorylation in the kidney tissue at day 1 after cisplatin 
injection. As shown in Figure 7d and e, p-Bad abundance 
was significantly reduced in Tubule-FGFR2–/– mice 
compared to their control littermates after cisplatin in-
jection.

FGF2 Protects against Cisplatin-Induced Cell 
Apoptosis via the Erk1/2 Pathway in NRK-52E Cells 
To further investigate the role and mechanisms of FGF 

in tubular epithelial cell survival, we treated the NRK-52E 
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cells with recombinant FGF2 protein for different times. 
As shown in Figure 8a and b, Erk1/2 phosphorylation was 
increased at 15 min and peaked at 4 h after FGF2 treat-
ment. PD98059, a specific MEK1 inhibitor, abolished 
FGF2-stimulated Erk1/2 phosphorylation. We then test-
ed whether Erk1/2 signaling mediated the protective ef-
fect of FGF2 on cisplatin-induced cell death. As shown in 
Figure 8c and d, immunostaining for anti-cleaved caspase 
3 showed that cisplatin could significantly induce tubular 
cell apoptosis. FGF2 at 10 ng/mL remarkably inhibited 
cisplatin-induced caspase 3 cleavage and cell apoptosis. 
In addition, PD98059 could partly abolish the pro-survi
val effect of FGF2. These results suggest that FGF2 pro-
motes tubular cell survival partly through stimulating 
Erk1/2 signaling.

Discussion

We report here that numerous FGF family proteins 
were expressed in kidneys with ischemic/reperfusion or 
cisplatin-induced AKI, and specific ablation of FGFR2 
from tubular cells rendered the mice susceptible to AKI 
and tubular cell apoptosis. In cultured kidney tubular 
cells, FGF2 could activate Erk1/2 signaling and inhibit 
cisplatin-induced cell death, whereas inhibiting this sig-
naling could partially antagonize FGF2-inhibited cell 
death. 

FGFs are a group of growth factors which are involved 
in development, cell proliferation, differentiation, cell 
survival, as well as angiogenesis [18]. Members of the FGF 
family proteins are indispensable for kidney development 
and maturation [26]. We found in this study that numer-
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ous FGF family members, such as FGF2, FGF7, FGF 10, 
FGF12, FGF13, FGF18, and FGF22 were upregulated in 
IR-induced AKI, indicating that these FGFs may play a 
role in AKI. Among of them, FGF2, 7, and 10 bind with 

the receptor FGFR2. Thus, in this study, mice with a dele-
tion of tubular cell FGFR2 were used to investigate the 
role of those FGFs in AKI. It has been reported that 
FGFR2 signaling affects growth and maturation of the 
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metanephric mesenchyme (MM) and UB. Loss of FGFR2 
in the MM leads to many kidney and urinary tract anom-
alies, while deletion of FGFR2 from the UB results in se-
vere ureteric branching and mesenchymal defects [13, 21, 
22, 27]. Here, we crossbred mice expressing Cre driven by 
kidney-specific protein promoter with FGFR2-floxed 
mice. About one-third of them developed mild hydrone-
phrosis at 2 months after birth, suggesting FGFR2 plays 
an important role in the development of the tubule sys-
tem in the mammals. However, during the observation 
period, no obvious phenotypic change in the body weight 
or serum creatinine level was found in the knockouts 
compared to the control littermates.

In an AKI model, kidney tubular cells are susceptible 
to various injuries including ischemia and toxin, and tu-
bular cell death is tightly related to the decline of the renal 
function. It has been reported that necrosis and apoptosis 
are the main forms of cell death in AKI [28–31]. In our 
study, we found that ablation of FGFR2 from tubular cells 
aggravated the IR or cisplatin-induced acute kidney dys-
function and tubular injury. Meanwhile, the number of 
apoptotic cells in the tubules was greater in knockouts, 
suggesting that the protective effect of FGF/FGFR2 against 
AKI may be through inhibiting tubular cell apoptosis.

The Erk1/2 signaling pathway mediates renal cell re-
sponse to a diverse range of stimuli, and is involved in the 
pathogenesis of acute and chronic kidney injury [32–34]. 
As reported, in IR-induced AKI, the abundance of phos-
phorylated Erk1/2 increases by activating an EGFR/Ras/
Raf signaling cascade in tubular cells, and the blockade of 
Erk1/2 signaling deteriorates cell injury after IR [35, 36]. 
In a rat model of progressive membranous nephropathy, 
inhibiting Erk1/2 worsened DNA damage in podocytes 
and upregulated p21 expression [37]. In this study, FGF2 
was able to protect NRK-52E cells against cisplatin-in-
duced apoptotic cell death. This protective effect of FGF2 
is partly mediated by the Erk1/2 signaling pathway, as 
blockade of Erk1/2 with PD98059 could partly abolish the 
effect of FGF2 on the inhibition of caspase 3. These results 
are consistent with the in vivo data that the Erk1/2 phos-
phorylation is inhibited in Tubule-FGFR2–/– mice at day 
1 after cisplatin injection. However, on the second and 
third days after cisplatin injection, the abundance of 
phosphorylated Erk1/2 was comparable between Tubule-
FGFR2–/– and Tubule-FGFR+/+ kidneys, which suggests 
that FGFR2 signaling may be dispensable for Erk1/2 sig-
naling activation in kidneys at the late stage.

Previous studies showed that Erk1/2 signaling activa-
tion plays an antiapoptotic role in various cell types 
through regulating bcl-2 family members [38–40]. The 

phosphorylation of Bad, a member of this family, has 
been shown to maintain the integrity of the mitochon-
drial membrane and prevent caspase activation, thus in-
hibiting cell apoptosis [41, 42]. Since inhibiting Erk1/2 
signaling could only partly reverse the protective effect of 
FGF2 on cisplatin-induced apoptosis, it is highly proba-
ble that other pathways such as PI3K/Akt signaling may 
contribute to the pro-survival effect of FGF2 on tubular 
cells [9, 28, 43]. 

In this study, we found that more FGFs members were 
upregulated in the kidneys after IR than those in the cis-
platin-induced AKI model. In parallel, greater tubular 
cellular proliferation and regeneration were found in kid-
neys after IR than in cisplatin-induced AKI [28, 44, 45]. 
It is possible that the upregulation of FGF members such 
as FGF7 in kidneys after IR may account for the increased 
tubular cell proliferation compared to the cisplatin-in-
duced AKI model [46]. 

In summary, we demonstrated that FGF/FGFR2 plays 
an important role in promoting tubular cell survival in IR 
and cisplatin-induced AKI. Erk1/2 signaling pathway ac-
tivation partly mediates the protective effect of FGF/
FGFR2. 
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