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Acute kidney injury (AKI) is a serious clinical disease that is mainly caused by
renal ischemia-reperfusion (I/R) injury, sepsis, and nephrotoxic drugs. The pathologic
mechanism of AKI is very complex and may involve oxidative stress, inflammatory
response, autophagy, apoptosis, and endoplasmic reticulum (ER) stress. The basic
fibroblast growth factor (FGF2) is a canonic member of the FGF family that plays a crucial
role in various cellular processes, including organ development, wound healing, and
tissue regeneration. However, few studies have reported the potential therapeutic effect
of FGF2 in the repair of renal ischemic injury in the past two decades. In the present
study, we investigated the protective effect of FGF2 on renal I/R injury using Sprague-
Dawley and NRK-52E cells. Our results showed that FGF2 significantly attenuates the
apoptosis of kidney tissues after I/R injury through the inhibition of excessive ER stress.
Moreover, FGF2 also alleviated the excessive ER stress and apoptosis in cultured NRK-
52E cells injured by tert-Butyl hydroperoxide (TBHP). Significantly, phosphatidylinositol
3-kinase (PI3K)-selective inhibitor LY294002 and mitogen-activated protein kinase
kinase (MEK)-selective inhibitor U0126 were utilized in the present study to examine
the protective mechanism of FGF2. Our in vitro experimental results confirmed that
both LY294002 and U0126 largely abolished the protective effect of FGF2. Taken
together, the findings of the present study indicated that FGF2 attenuates I/R-induced
renal epithelial apoptosis by suppressing excessive ER stress via the activation of the
PI3K/AKT and MEK-ERK1/2 signaling pathways.

Keywords: ischemia-reperfusion, acute kidney injury, FGF2, apoptosis, ER stress

INTRODUCTION

Despite the advances in medical technology in the past decades, acute kidney injury (AKI)
remains a serious medical problem associated with high morbidity and mortality (Ishani
et al., 2009). Ischemia-reperfusion (I/R) injury, which can be elicited in many conditions
including surgery, hemorrhagic shock, and kidney transplantation, is the primary cause
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of AKI (Eltzschig and Eckle, 2011; Basile et al., 2012). Currently,
many clinical and experimental studies have investigated renal
I/R injury. However, the pathogenesis of AKI caused by I/R
injury is not yet fully understood (Chertow et al., 2005; Wu
et al., 2018). The pathologic mechanism of AKI is complicated
and may involve inflammation, microvascular dysfunction,
autophagy, apoptosis, oxidative stress, mitochondrial damage,
and maladaptive endoplasmic reticulum (ER) stress (Bonventre
and Yang, 2011). Extensive renal tubular cell death, including
apoptosis and necrosis, leading to interstitial edema and decline
of glomerular filtration rate (GFR), is the critical factor in the
occurrence of AKI (Bohle et al., 1976; Winterberg and Lu, 2012).
So far, there are no reliable drugs or surgical therapies for the
prevention and treatment of AKI (Soares et al., 2019). Effective
treatment for AKI is urgently needed.

Endoplasmic reticulum plays an important role in protein
homeostasis and is extremely sensitive to changes in the cellular
microenvironment (Brodsky and Skach, 2011; Walter and Ron,
2011; Cybulsky, 2017). Under various pathologic conditions,
increased demand for protein folding or disruption of normal
protein folding lead to excessive accumulation of unfolded or
misfolded proteins in ER and thus elicit ER stress and the
unfolded protein response (UPR). Currently, the role of ER stress
in the regulation of cell growth, cell migration, cell differentiation,
and apoptosis has been confirmed. Many studies have shown the
relationship between excessive activation of ER stress and various
kidney diseases, including AKI, chronic kidney disease (CKD),
glomerular disease, and diabetic nephropathy (Inoue et al., 2019).
Apoptosis, a form of programed cell death characterized by DNA
cleavage and nuclear condensation, has been observed and well
recognized in AKI (Schumer et al., 1992; Linkermann et al., 2014).
Many studies have reported the significant role of ER stress in the
process of apoptosis (Hetz, 2012; Wang et al., 2012). Therefore,
a therapeutic strategy aimed at the inhibition of tubular cell
apoptosis induced by ER stress may facilitate the treatment of
AKI after renal I/R injury.

The basic fibroblast growth factor (FGF2) is a canonic
member of the FGF family, which mediates various cellular
processes through binding and activating relevant FGF receptors
(FGFR) (Li et al., 2016). The therapeutic potential of FGF2 for
cardiovascular disease, wound healing, and tissue regeneration
has been identified (Beenken and Mohammadi, 2009; Xiao
et al., 2010). Furthermore, previous studies revealed that FGF2
expression is upregulated in kidney during the recovery phase
after I/R injury (Villanueva et al., 2006). Our previous study
also verified the regulation of FGF2 in oxidative stress and
inflammatory response after renal I/R injury (Tan et al., 2017). As
mentioned above, ER stress plays a crucial role in the apoptosis of
renal tubular epithelial cells after ischemic injury. However, the
relationship between the protective effect of FGF2 and ER stress
during AKI has not yet been completely clarified. The mitogen-
activated protein kinases (MAPKs), a type of serine/threonine
kinase, are involved in the regulation of various cellular processes,
such as cell survival, proliferation, differentiation, and apoptosis
(Kwon et al., 2006). The extracellular signal-regulated kinase
(ERK) signaling pathway is an important member of MAPK,
which is activated by MAPK/ERK kinase (MEK) in response

to multiple stimuli, including growth factors, pro-inflammatory
cytokines, and viral infection (Pearson et al., 2001). Many studies
have reported that renal tubular epithelial cell survival after I/R
injury is dependent on the activation of the ERK pathway (di
Mari et al., 1999; Kwon et al., 2006). Protein kinase B (PKB), also
known as Akt, is also involved in the repair process during renal
I/R injury (Cai and Semenza, 2004). The relationship between the
activation of the PI3K/Akt and MEK-ERK1/2 pathways and the
regulation of ER stress has been studied in various diseases (Wang
et al., 2012; Hsu et al., 2017). However, it is not clear whether the
activation of PI3K/Akt and MEK-ERK1/2 pathways is involved in
the protective effect of FGF2 after reperfusion.

In the present study, we hypothesized that FGF2 can protect
kidneys from I/R injury by inhibiting renal tubular epithelial
cell apoptosis and suppressing excessive ER stress. The role of
FGF2 in the regulation of apoptosis and ER stress depends on
the activation of PI3K/Akt and MEK-ERK1/2 signaling pathways.
We verified the hypothesis with a kidney ischemia-reperfusion
injury model in SD rat and NRK-52E cells injured by TBHP.
Our results confirmed that the protective effect of FGF2 against
I/R injury in kidney is intimately related to ER stress, which is,
at least partially, mediated by the PI3K/Akt and MEK-ERK1/2
signaling pathways.

MATERIALS AND METHODS

Reagents and Antibodies
Recombinant human FGF2, Tert-Butyl hydroperoxide (TBHP)
solution, LY294002 (selective PI3K inhibitor), and U0126
(selective MKK1/2 inhibitor) were purchased from Sigma-
Aldrich Corp. (St. Louis, MO, United States). Fetal bovine
serum (FBS), Dulbecco’s Modified Eagle Medium (DMEM)
and 4′, 6-Diamidino-2-phenylindole (DAPI) were purchased
from Invitrogen/Gibco Corp. (Carlsbad, CA, United States).
Antibodies against cleaved Caspase-3 (catalog number: 9661),
Akt (catalog number: 4685), phospho-Akt (catalog number:
4060), and phospho-ERK1/2 (catalog number: 9101) were
purchased from Cell Signaling Technology (CST) Inc. Anti-
ERK1/2 antibody (catalog number: 82380) was purchased
from Thermo Fisher Scientific (Sunnyvale, CA, United States).
Antibodies against CHOP (catalog number: ab11419), GRP78
(catalog number: ab21685), ATF-6 (catalog number: ab203119),
XBP1 (catalog number: ab37152), β-actin (catalog number:
ab179467), and GAPDH (catalog number: ab9485) were
purchased from Abcam Inc. (Cambridge, MA, United States).
The secondary antibodies were purchased from Cell Signaling
Technology (CST) Inc. (Danvers, MA, United States) or Santa
Cruz Biotechnology (Santa Cruz, CA, United States). The
terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) Assay Kit was purchased from Abcam, Inc.
(Cambridge, MA, United States).

Renal I/R Injury Model and Assessment
of Renal Function
A renal I/R injury model was established in rats to clarify the
protective effect of FGF2 against I/R injury in kidney. Male
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Sprague-Dawley (SD) rats (8 weeks old) were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd.,
and were housed in an Specific-pathogen-free (SPF) facility. The
experimental protocol in the present study was approved by the
Institutional Animal Ethical and Use Committee of Wenzhou
Medical University. The renal I/R injury model was created as
we described in previous studies (Tan et al., 2013, 2017). Briefly,
SD rats were anesthetized with an intraperitoneal (ip) injection of
25 mg/kg of Pentobarbital sodium and placed on a thermostatic
surgical pad. The right kidney was carefully liberated from
surrounding tissue, and nephrectomy was performed. The left
kidney was exposed after a midline incision, and the renal
artery was occluded with a vascular clamp for 45 min, after
which renal blood flow was re-established. For measurement
of renal function, serum creatinine (Cr) was measured at 6,
24, and 72 h after renal ischemia-reperfusion in the hospital
medicine biochemical laboratory (the First Affiliated Hospital
of Wenzhou Medical University). Kidneys were harvested and
stored in a cryogenic refrigerator for further experiments. Rats
were randomly divided into four groups in the present study.
(a) Sham group: 0.5 ml saline was given to rats by ip injection
half an hour before sham operation; (b) FGF2 group: 0.5 mg/kg
FGF2, dissolved in equivalent amount of sterile saline, was
given to rats by ip half an hour before sham operation; (c) I/R
group: kidneys were subjected to 45 min of ischemia through
clipped renal artery followed by reperfusion; (d) I/R-FGF2 group:
0.5 mg/kg FGF2 was given to rats by ip half an hour before renal
ischemia operation.

Cell Culture
Cell culture was performed to further clarify the role of
the PI3K/AKT and MEK-ERK1/2 signaling pathways in the
protective effect of FGF2. NRK-52E, a rat renal tubular epithelial
cell line, was used. The NRK-52E cell line was purchased from the
American Type Culture Collection (Manassas, VA, United States)
and maintained in DMEM supplemented with 10% FBS and
incubated under 37◦C, 95% air, and 5% CO2. NRK52E cells were
plated at 2 × 105 in each 35-mm culture dish for 24 h, and then
serum starvation was performed for 12 h in DMEM containing
1% FBS. Serum stimulation was performed by switching the
culture medium to 10% FBS after serum starvation. TBHP is an
oxidant for I/R injury in various cultured cells, including renal
epithelial cells (Paller and Manivel, 1992; Wu et al., 2017; Chen
et al., 2018; Shen et al., 2019). In order to determine the effect of
FGF2 on TBHP-induced ER stress, NRK-52E cells were divided
into six groups randomly: (a) Vehicle group: NRK-52E cells were
cultured in complete medium without any supplement; (b) FGF2
group: NRK-52E cells were cultured in complete medium and
treated with recombinant human FGF2 (100 ng/ml) for 2 h; (c)
TBHP group: NRK-52E cells were cultured in complete medium,
and then TBHP (200 µmol/L) was added for an additional
12 h; (d) TBHP-FGF2 group: NRK-52E cells were pretreated
with recombinant human FGF2 (100 ng/ml) for 2 h, and then
TBHP (200 µmol/L) was added for an additional 12 h; (e)
LY294002 group: NRK-52E cells were pretreated for 2 h with
specific Akt pathway inhibitor LY294002 (20 µmol/L), and then
cells were treated as in the TBHP + FGF2 group. (f) U0126

group: NRK-52E cells were pretreated for 2 h with specific
ERK1/2 pathway inhibitor U0126 (20 µmol/L), and then cells
were treated as in the TBHP-FGF2 group. All experiments were
repeated three times.

Western Blot Analysis
The regulation role of FGF2 on ER stress and apoptosis was
assessed by analyzing the expression of proteins by Western
blot. For protein analysis of renal tissue in different groups,
kidney tissues (containing both cortex and medulla but not
containing renal fibrous capsule) were homogenized, and total
proteins were extracted using tissue lysis buffer. For protein
analysis of in vitro samples, NRK-52E cultured in a petri dish
was rinsed with PBS buffer three times, and total proteins were
extracted using cell lysis buffer. An equivalent of 100 µg protein
extracted from kidney tissues (or 30 µg protein extracted from
NRK-52E cells) was separated by SDS-PAGE gels and then
transferred onto PVDF membrane for immunoblot analysis with
the primary antibodies directed against the relevant proteins.
Primary antibodies against cleaved Caspase-3 (1:1000), Bax
(1:3000), Bcl-2 (1:1000), GRP78 (1:1000), CHOP (1:5000), XBP-
1 (1:1000), ATF-6 (1:2000), Akt (1:1000), phosphor-Akt (1:1000),
ERK1/2 (1:1000), and phosphor-ERK1/2 (1:1000) were used in
the present study. GAPDH (1:2500) or β-actin (1:2000) were
used to quantify the protein expression levels. The signals
were visualized with the ChemiDocTM XRS + Imaging System
(Bio-Rad Laboratories). The band densities were quantified
with Multi Gauge Software of Science Lab 2006 (FUJIFILM
Corporation, Tokyo, Japan).

Renal Immunofluorescence and
Immunohistochemistry
Immunohistochemistry and immunofluorescence staining were
performed in order to observe the expression and location of
ER stress- and apoptosis-relevant proteins in kidney. Kidneys
were excised and harvested 6, 24, or 72 h following I/R injury.
Renal tissue embedded in paraffin was cut into 5-µm sections
and then incubated with antibodies against cleaved Capase-3,
GRP78, and CHOP at 4◦C overnight. After being incubated
with primary antibodies, the slides were then incubated with
secondary antibodies for 1 h at room temperature. Cell apoptosis
in the kidney was detected using the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) assay kit
(Roche, Mannheim, Germany). The apoptosis index was analyzed
based on five randomly selected images from each group.
All images were captured under a Laser confocal microscope
(Nikon, Ti-E&A1 plus).

Renal Histopathology Damage
Assessment
In order to evaluate the degree of renal histopathology damage,
sections were stained with hematoxylin and eosin (H&E). Images
were captured under a light microscope (Nikon ECLIPSE 80i).
The degree of renal histopathology damage was evaluated
based on intraluminal necrotic cells, cell swelling, interstitial
congestion, edema, and protein casts. The following 5-point
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scoring system was utilized to assess renal damage: 0 points
- normal renal morphology, 1 point - damage of kidney
tissue ≤ 10%, 2 points - damage of kidney tissue 11–25%, 3
points - damage of kidney tissue 26–45%, 4 points - damage
of kidney tissue 46–75%, and 5 points - damage of kidney
tissue≥ 76%. The pathologists assessing the images were blinded
to allocation group.

Statistical Analysis
The statistical evaluation of the data was performed using
one-way Analysis of Variance (ANOVA), and when more
than two groups were compared, the statistical evaluation of

the data was performed using two-way ANOVA. Values of
∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001 were considered
statistically significant.

RESULTS

FGF2 Ameliorates Renal Histological
Damage and Protects Renal Function via
the Activation of FGFR After I/R Injury
In the present study, a rat model of renal I/R injury was
established to assess the protective effect of FGF2 on AKI.

FIGURE 1 | Fibroblast growth factor 2 protects kidney against renal I/R injury via the activation of FGFR. (A) Renal histological evaluations were assessed with H&E
staining at 6, 24, and 72 h after reperfusion. Asterisks show interstitial congestion, edema, and proteinaceous casts. Arrows represent intraluminal necrotic cellular
debris. Images are representative of five animals in each group. Scale bar represents 50 µm. (B) Renal tubular injury scores were quantified and analyzed based on
H&E staining. Results are representative of five animals in each group. (C) Serum creatinine levels of rats from the Sham, FGF2, I/R, and I/R-FGF2 groups at 6, 24,
and 72 h after reperfusion. Representative data of five individual samples in each group. (D) Immunohistochemistry staining for phosphor-FGFR at 24 h after
reperfusion. Images are representative of five animals in each group. Scale bar represents 50 µm. *P < 0.05, **P < 0.01, ***P< 0.001; ns indicates not statistically
significant.
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FIGURE 2 | Fibroblast growth factor 2 inhibits cell death in kidneys caused by I/R injury. (A) Representative sections of kidney tissues 24 h after reperfusion for the
detection of nuclear DNA fragmentation performed by terminal deoxynucleotidyltransferase-mediated dUTP nick-end labeling (TUNEL) staining. Images are
representative of five animals in each group. Scale bar represents 50 µm. (B) Quantitative analysis of the number of TUNEL-positive renal tubular cells in kidney of
each group: 1.18% in the Sham group, 0.89% in the FGF2 group, 28.89% in the I/R group, and 8.15% in the I/R-FGF2 group. FGF2 treatment dramatically
decreases the proportion of TUNEL-positive cells in kidney tissues 24 h after reperfusion. Representative data of five individual samples in each group. ***P < 0.001;
ns indicates not statistically significant.

FIGURE 3 | Fibroblast growth factor 2 reduces the expression of pro-apoptotic proteins in kidney tissues. (A) Immunohistochemistry staining of cleaved Caspase-3
in kidney tissues at 24 h after reperfusion. The expression of cleaved Caspase-3 was detected in the cytoplasm of renal tubular cells in kidney tissues of the IR
group. FGF2 treatment significantly attenuated the expression of cleaved Caspase-3. Images are representative of five animals in each group. Scale bar represents
50 µm. (B) Western blotting analysis of expression of cleaved Caspase-3, Bax, and Bcl-2. Total kidney tissues including both cortex and medulla were used to
analyze the expression of pro-apoptotic proteins in each group. µ -actinwas used as a loading control. (C,D) The bar charts show the normalized optical density
analysis. FGF2 significantly reduced the expression of cleaved Caspase-3 and Bax compared with the I/R group. Representative data of five individual samples in
each group. **P< 0.01, ***P< 0.001; ns indicates not statistically significant.
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As shown in Figure 1A, renal histomorphology changes were
assessed by H&E staining at 6, 24, and 72 h after reperfusion. No
obvious renal pathological damage was observed in the kidney
tissues of either the Sham group or the FGF2 group (Figure 1A
a–f), whereas kidneys of the I/R group rapidly exhibited typical
features of AKI (Figure 1A g–i). Renal interstitial congestion
proteinaceous casts and edema (shown as asterisks) were
observed at 6, 24, and 72 h after reperfusion, and large masses
of necrotic cellular debris (shown as arrows) were detected,
especially at 24 h after reperfusion. The extent of renal damage of

I/R rats at 72 h was reduced compared to at 24 h, which indicates
self-recovery of kidney after I/R injury. As shown in Figure 1A
j–l, administration of FGF2 significantly attenuated the degree of
renal damage and largely preserved renal integrity. As shown in
Figure 1B, the degree of tubular injury was quantified based on
H&E staining. FGF2 treatment significantly ameliorated kidney
damage after I/R injury. There is no significant difference in the
renal tubular injury between the I/R-FGF2 group and the Sham
group. Serum creatinine (Cr) levels were separately measured
at 6, 24, and 72 h after reperfusion to assess renal function. As

FIGURE 4 | The expression of ER stress-relevant proteins in kidney tissues after reperfusion. (A) The expressions of CHOP, GRP78, ATF-6, and XBP-1 were
analyzed with Western blotting. GAPDH was used as a loading control. Images are representative of five animals in each group. (B–E) The bar charts show the
normalized optical density analysis. FGF2 treatment strikingly reduced the expression of CHOP, GRP78, XBP-1, and ATF-6. Representative data of five individual
samples in each group. (F) Double-staining of CHOP and TUNEL, GRP78 and TUNEL, was detected by immunofluorescence. Images are representative of five
animals in each group. *P < 0.05, **P < 0.01, ***P< 0.001; ns indicates not statistically significant.
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expected, the level of serum Cr was markedly elevated in the I/R
group compared to the Sham group, whereas FGF2 significantly
reduced the level of serum Cr in I/R-FGF2 rats compared to that
of I/R rats at 24 h and 72 h after reperfusion (Figure 1C).

We further examined the activation of FGFR by
immunohistochemistry staining with phosphor-FGFR
antibody. FGF family members perform their diverse biological
functions through binding and activating FGFR (Beenken and
Mohammadi, 2009). As shown in Figure 1D, few phospho-
FGFR-weakly positive tubular epithelial cells were detected in
kidney tissues of the Sham group. The number of phospho-
FGFR-positive epithelial cells was increased in the kidney
tissues of the FGF2 group and I/R group. Significantly, the
phosphorylation of FGFR was substantially increased in the
kidney tissue of the I/R-FGFR group compared to the I/R group.
Activation of FGFR in the present study was similar to that in our
previous study (Tan et al., 2017). Furthermore, we observed that
most of the phospho-FGFR-positive epithelial cells were present
in distal tubule. Based on these results, we speculated that FGF2
is responsible for the protective effect on renal I/R injury via the
activation of FGFR in distal tubular epithelial cells.

FGF2 Prevents I/R-Induced Apoptosis of
Renal Tubular Cells
On the basis of observation of renal histological damage and
detection of serum Cr at different time points after reperfusion,
we generally find that the extent of renal damage peaked at
24 h after reperfusion. Therefore, we used TUNEL staining to
assess apoptosis and necrosis of renal cells 24 h after reperfusion
in kidney tissues of each group. As shown in Figure 2A, few
TUNEL-positive cells were observed in the kidney tissues of the
Sham group and FGF2 group, whereas the proportion of TUNEL-
positive cells was dramatically increased in I/R rats. Notably, the
proportion of TUNEL-positive cells was much lower in the I/R-
FGF2 group compared to the I/R group. Quantification of the
proportion of TUNEL-positive cells in kidney revealed that the
average percentage of apoptotic cells was 1.18% in the Sham
group, 0.89% in the FGF2 group, 28.89% in the I/R group,
and 8.15% in the I/R-FGF2 group (Figure 2B). FGF2 treatment
dramatically decreased the proportion of TUNEL-positive cells
in kidney tissues 24 h after reperfusion.

As TUNEL staining can be used in the identification of both
apoptosis and necrosis, expression of key apoptotic proteins,
including cleaved Caspase-3, Bax, and Bcl-2, were also detected
to distinguish the protective effect of FGF2 against I/R injury.
Caspase-3, also known as CPP32, is synthesized as an inactive
proenzyme that is processed to the active form (cleaved Caspase-
3) in cells undergoing apoptosis (Fernandes-Alnemri et al., 1994).
In the present study, increased production of cleaved Caspase-3
was observed in renal tubular epithelial cells of kidney tissues in
I/R rats on the basis of immunohistochemistry staining, whereas
the expression of cleaved Caspase-3 was strikingly decreased in
kidney tissues of the I/R-FGF2 group (Figure 3A). We further
used Western blotting to quantify the expression of cleaved
Caspase-3, Bax, and Bcl-2 at 6, 24, and 72 h after reperfusion
(Figures 3B–D). The production of Bax and cleaved Caspase-3

was markedly increased after I/R injury, whereas the expression
of Bcl-2 was decreased. FGF2 can substantially inhibit the
expression/activation of Bax and cleaved Caspase-3. Together,
the present results indicate that FGF2 administration protects
kidneys by preventing apoptosis of renal tubular epithelial cells
after I/R injury.

The Protective Effect of FGF2 on I/R Rats
Is Mediated by Inhibition of Excessive ER
Stress via the PI3K/AKT and
MEK-ERK1/2 Pathways
Endoplasmic reticulum stress is generally considered to be
an important pathological mechanism in cell survival in
various diseases. To investigate the association between the
renoprotective effect of FGF2 and ER stress, we examined the
expression of ER stress-relevant proteins CHOP, GRP78, XBP-
1, and ATF-6, which could participate in the regulation of

FIGURE 5 | The effect of FGF2 on the phosphorylation of Akt and ERK1/2.
(A) The phosphorylation of Akt and ERK1/2 was determined by immunoblot
analysis. GAPDH was used as a loading control. Images are representative of
five animals in each group. (B,C) The histograms show the normalized optical
density analysis. The phosphorylation of Akt and ERK1/2 in the I/R group was
transiently increased at 6 h after reperfusion compared to the Sham group,
whereas there was no significant difference between the I/R group and the
Sham group at 24 and 72 h. FGF2 treatment strikingly increased the
phosphorylation of Akt and ERK1/2 at 24 and 72 h after reperfusion compared
to the I/R group. Representative data of five individual samples in each group.
*P < 0.05, **P < 0.01, ***P< 0.001; ns indicates not statistically significant.
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the unfolded protein response and thus contribute to cellular
homeostasis in kidney. As shown in Figures 4A–E, the expression
of ER stress-relevant proteins in kidney tissues of I/R rats was
dramatically increased, whereas FGF2 treatment significantly
reduced their expression. To further investigate the relationship
between the protective effect of FGF2 against apoptosis and ER
stress, immunofluorescence double-staining was performed at
24 h after reperfusion. As shown in Figure 4F, most TUNEL-
positive cells simultaneously exhibit a high expression of CHOP.
The results of GRP78 and TUNEL double-staining is similar to
the result of CHOP. These results suggest that the administration
of FGF2 can effectively attenuate tubular cell apoptosis through
inhibition of excessive ER stress induced by I/R injury.

Several studies have revealed the role of ERK1/2 signaling
pathways in the resistance of apoptosis via down-regulation
of ER stress (Guo et al., 2012; Wang et al., 2012; Bright
et al., 2018; Kim and Woo, 2018). Given that FGF2 elicits the
regulatory functions by high-affinity binding to FGF receptors
and activating downstream signal pathways, we examined the
phosphorylation of Akt and ERK1/2 in kidney tissues after I/R
injury. As shown in Figures 5A–C, I/R injury caused a transient
increase in the phosphorylation of Akt and ERK1/2 compared

to the Sham group at 6 h after reperfusion, which indicates the
activation of the PI3K/Akt and MEK-ERK1/2 signaling pathways
in the self-recovery of kidney tissues after reperfusion. There
was no significant difference between the I/R group and the
Sham group at 24 and 72 h. FGF2 administration substantially
improved the phosphorylation of Akt and ERK1/2 compared to
the I/R group at 24 and 72 h after reperfusion. However, there is
no significant difference in the activation of the Akt and ERK1/2
pathways between the Sham group and the FGF2 group. Based
on these results, we may preliminarily conclude that the role
of FGF2 in the regulation of ER stress after renal I/R injury
is associated with the activation of the PI3K/Akt and ERK1/2
signaling pathways.

Inhibition of the PI3K/AKT or
MEK-ERK1/2 Pathway Largely Reversed
the Protective Effect of FGF2 in vitro
To further clarify the role of FGF2 in the regulation of ER stress
and the resistance to apoptosis, we determined the protective
effect of FGF2 on NRK-52E cells induced by TBHP. The
expressions of cleaved Caspase-3, Bax, and Bcl2 were detected

FIGURE 6 | The effect of FGF2 on the inhibition of apoptosis and ER stress and the activation of the Akt and ERK1/2 signaling pathway was detected in vitro.
(A) The expression of pro-apoptotic proteins, the expression of ER stress-relevant proteins, and the phosphorylation of Akt and ERK1/2 were detected by Western
blotting. Images are representative of five animals in each group. (B–I) The histograms show the normalized optical density analysis. FGF2 significantly decreased
the expression of cleaved Caspase-3, Bax, CHOP, GRP78, ATF-6, and XBP-1 in NRK-52E treated with TBHP. The phosphorylation of Akt and ERK1/2 was
increased in the TBHP-FGF2 group compared with the TBHP group. Representative data of five individual samples in each group. *P < 0.05, **P < 0.01,
***P< 0.001; ns indicates not statistically significant.
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by Western blotting, as described (Figure 6A). The results
indicate that FGF2 treatment effectively reduced TBHP-induced
cleaved Caspase-3 and Bax. Figures 6B,C the expression levels
of CHOP, GRP78, ATF-6, and XBP-1 were also examined by
Western blotting (Figure 6A). TBHP remarkably increased the
expression of CHOP, GRP78, ATF-6, and XBP-1 in NRK-52E
cells (Figures 6D–G). Similar to the results of the in vivo
experiment, FGF2 significantly reduced the expression of ER
stress-relevant proteins in NRK-52E cells treated with TBHP.
Furthermore, the phosphorylation of AKT and ERK1/2 was
significantly increased in the TBHP-FGF2 group compared to
the TBHP group (Figures 6H,I). Different from the results of
FGF2 treatment in vivo, FGF2 could active the Akt and ERK1/2
pathways in NRK-52E cells cultured with normal medium. There
may be many reasons for the discrepancy, but the strong binding
of FGF2 to heparan sulfate (HS) is likely one of the main causes.
Many studies have reported that HS in the tissue can stabilize the
biological functions of canonical paracrine/autocrine FGFs (Kan
et al., 1988, 1991; Li et al., 2016). Tissue matrix HS acts as an FGF
depot and limits the access of FGFs to cellular membrane FGFR
except when needed (McKeehan et al., 1998).

To further clarify whether PI3K/Akt or ERK1/2 pathways
are involved in the protective effect of FGF2, we examined the
phosphorylation of Akt and ERK1/2 in vitro using selective
PI3K inhibitor (LY294002) and selective MEK inhibitor (U0126).
As shown in Figure 7, FGF2 treatment significantly activated
the phosphorylation of Akt and ERK1/2 compared to the
TBHP group, which is consistent with the in vivo results. As
expected, pre-addition of LY294002 and U0126 respectively
largely abolished the effect of FGF2 on the activation of the
PI3K/Akt and MEK-ERK1/2 signaling pathways in NRK-52E
cells induced by TBHP.

To clarify the role of the PI3K/Akt and ERK1/2 pathways
in the regulation of ER stress, the expression of ER stress-
relevant proteins CHOP, GRP78, ATF-6, and XBP-1 was detected
by Western blotting (Figures 8A–E). The results indicated that
FGF2 significantly reduced the production of CHOP, GRP78,
ATF-6, and XBP-1, whereas both LY294002 and U0126 inhibited
the role of FGF2, individually. To clarify the role of the
PI3K/Akt and ERK1/2 pathways in apoptosis, the expression
of cleaved Caspase-3, Bax, and Bcl2 was detected by Western
blotting (Figures 8A,F,G). The results indicated that FGF2
treatment effectively reduced the activation of Caspase-3 and the
expression of Bax, whereas either LY294002 or U0126 abolished
the protective effect of FGF2. These results strongly suggest that
FGF2 could prevent excessive ER stress-mediated apoptosis in
kidney tissues after I/R injury. The activation of the PI3K/Akt
and MEK-ERK1/2 signaling pathways plays a crucial role in the
protective effect of FGF2.

DISCUSSION

Acute kidney injury, mainly caused by renal I/R injury, remains
a vexing health problem around the world. Despite the recent
biological and clinical advances in supporting measures and
prophylactic approaches, the mortality rate of AKI patients

FIGURE 7 | LY294002 and U0126 abolish the effect of FGF2 on the
phosphorylation of Akt and ERK1/2 in vitro. (A) The phosphorylation of Akt
and ERK1/2 was determined by Western blotting analysis. GAPDH was used
as a loading control. Images are representative of five animals in each group.
(B,C) The histograms show the normalized optical density analysis. LY294002
inhibited the effect of FGF2 treatment on the phosphorylation of Akt, whereas
U0126 strikingly blocked the effect of FGF2 on the phosphorylation of
ERK1/2. Representative data of five individual samples in each group.
*P < 0.05, **P < 0.01, ***P< 0.001; ns indicates not statistically significant.

remains fairly high (Ishani et al., 2009; Winterberg and Lu,
2012). As a member of the FGF family, the role of FGF2
in organ development, tissue repair, regeneration, and diseases
has been widely investigated (Beenken and Mohammadi, 2009).
The protective effect of FGF2 has been investigated in several
disease conditions, such as cerebral ischemia injury and wound
healing (House et al., 2003; Wang et al., 2012, 2015; Zhang
et al., 2013; Villanueva et al., 2014; Liu et al., 2018). In our
previous study, we demonstrated that FGF2 could protect against
renal I/R injury via attenuation of mitochondrial damage and
HMGB1/TLR2-mediated inflammatory response (Tan et al.,
2017). In addition, other findings revealed that ER stress is
involved in AKI triggered by renal I/R injury and nephrotoxic
drugs (Gallazzini and Pallet, 2018; Yan et al., 2018). Many
studies have reported that ER stress could trigger inflammatory
responses and regulate mitochondrial metabolic status through
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FIGURE 8 | LY294002 and U0126 abolish the effect of FGF2 on the inhibition of ER stress and apoptosis in vitro. (A) The expression of ER stress-relevant proteins
and pro-apoptotic proteins were detected by Western blotting. Images are representative of five animals in each group. (B–G) The histograms show the normalized
optical density analysis. Both LY294002 and U0126 could largely suppress the effect of FGF2 on apoptosis and ER stress. Representative data of five individual
samples in each group. *P < 0.05, **P < 0.01, ***P < 0.001.

the UPR signaling pathway (Bronner et al., 2015; So, 2018;
Gallazzini and Pallet, 2018; Inoue et al., 2019). However, whether
ER stress is involved in the protective effect of FGF2 on AKI
has not yet been fully clarified. Our present study provides
in vivo and in vitro experimental evidence that exogenously
administered FGF2 protects renal tubular epithelial cells against
apoptosis via the regulation of ER stress. We also examined
the role of the PI3K/Akt and ERK1/2 signaling pathways in the
protective effect of FGF2.

Disturbances such as glucose depletion, hypoxia, and
oxidative stress can lead to excessive ER stress and UPR, which
have previously been demonstrated to perform a pivotal role in
I/R-induced apoptosis and functional damage (Kim et al., 2008;
Belaidi et al., 2013; Cao and Kaufman, 2014). The molecular
mechanism underlying ER stress and UPR in renal I/R injury
remains poorly understood. The association of ER stress and
apoptosis in kidneys during AKI has also been reported (Inagi,
2009). Excessive ER stress for a prolonged period of time can
elicit cell death and thus contributes to both glomerular and

tubular damage in patients with AKI as well as chronic kidney
diseases (Bhatt et al., 2008; Inagi, 2009; Xu et al., 2016). Many
studies have reported that CHOP (C/EBP homologous proteins),
also known as DDIT3 (DNA damage-inducible transcript 3), is
the most important regulator of maladaptive ER stress-induced
apoptosis (Rutkowski et al., 2006). Our results indicate that
the expression of ER stress response proteins, including CHOP,
GRP78, XBP-1, and ATF-6, was significantly increased upon
I/R injury. Importantly, FGF2 treatment strikingly reduced the
expression of relevant ER stress proteins after I/R injury. It
is generally accepted that moderate ER stress is beneficial to
cell survival, whereas excessive ER stress stimulates apoptotic
pathways (Zhao and Ackerman, 2006). Our results suggest that
the reno-protective effect of FGF2 against I/R injury in kidney is
consequential to its alleviation of excessive ER stress.

The PI3K/Akt and MEK-ERK1/2 pathways are among the
most commonly activated signaling pathways associated with
various kidney diseases, including renal I/R injury (Tian
et al., 2000; Zhang et al., 2018; Lieberthal et al., 2019).
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The PI3K/Akt and ERK1/2 signaling pathways are particularly
important in mediating cell survival under a wide range of
cellular circumstances. However, the molecular mechanisms
of the PI3K/Akt and ERK1/2 signaling pathways underlying
the protective effect of FGF2 on renal histology integrity
and function remain poorly understood (Feliers and Kasinath,
2011; Zhang and Cai, 2016). To examine the potential role of
the PI3K/Akt and ERK1/2 pathways in the protective effect
of FGF2 on AKI, we examined the activation of PI3K/Akt
and ERK1/2 in kidney tissues. Transient activations of the
PI3K/Akt and MEK-ERK1/2 signaling pathways were detected
in I/R kidneys at 6 h after reperfusion compared to in the
Sham group. The increased expression of phosphor-Akt and
phosphor-ERK1/2 indicate the self-activation of the PI3K/Akt
and MEK-ERK1/2 signaling pathways in kidney tissues after
reperfusion. It has been reported that both the PI3K/Akt
and ERK1/2 signaling pathways can inhibit excessive ER
stress after injury. Combined with the expression of relevant
ER stress proteins in the I/R group, we inferred that the
transient self-activation of the PI3K/Akt and ERK1/2 pathways
was insufficient to inhibit the excessive ER stress. Moreover,
FGF2 substantially improved the phosphorylation of Akt and
ERK1/2 compared to the I/R group at 24 and 72 h after
reperfusion. Based on these results, we concluded that the role
of FGF2 in the regulation of ER stress after renal I/R injury
is associated with the activation of the PI3K/Akt and ERK1/2
signaling pathways.

To further clarify the relationship between the PI3K/Akt and
MEK-ERK1/2 pathways in the regulatory role of FGF2 on ER
stress and apoptosis after reperfusion, we examined the protective
effect of FGF2 in NRK-52E cells. Treatment of NRK-52E cells
with TBHP, a widely used oxidative stress inducer, led to the
activation of ER stress and apoptosis. In addition, blockade of
PI3K/Akt and MEK-ERK1/2 signaling by LY294002 or U0126,
respectively, can partially abrogate the anti-apoptotic activity of
FGF2. Both LY294002 and U0126 can reverse the effect of FGF2
on the expression of ER stress-relevant proteins. Pretreatment
of NRK-52E cells with LY294002 or U0126 also suppressed
the phosphorylation of Akt or ERK1/2 and thus abolished the
protective effect of FGF2 against apoptosis in renal tubular
epithelial cells. Although our experimental results confirmed
the role of the PI3K/Akt and MEK-ERK1/2 pathways in the

protective effect of FGF2, the present study did not exclude the
role of other signaling pathways that may be involved in the
regulation of cells survival after I/R injury.

In summary, the present study demonstrated that FGF2
treatment attenuates renal tubular epithelial cell apoptosis via the
inhibition of excessive ER stress. The regulatory role of FGF2
in ER stress and apoptosis is, at least partially, mediated by the
activation of the PI3K/Akt and MEK-ERK1/2 signaling pathways.
This study suggests that FGF2 treatment should be considered as
a therapeutic strategy for acute kidney injury caused by I/R.
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