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A B S T R A C T   

Acute myocardial infarction (MI) triggers oxidative stress, which worsen cardiac function, eventually leads to 
remodeling and heart failure. Unfortunately, effective therapeutic approaches are lacking. Fibroblast growth 
factor 7 (FGF7) is proved with respect to its proliferative effects and high expression level during embryonic 
heart development. However, the regulatory role of FGF7 in cardiovascular disease, especially MI, remains 
unclear. FGF7 expression was significantly decreased in a mouse model at 7 days after MI. Further experiments 
suggested that FGF7 alleviated MI-induced cell apoptosis and improved cardiac function. Mechanistic studies 
revealed that FGF7 attenuated MI by inhibiting oxidative stress. Overexpression of FGF7 actives nuclear factor 
erythroid 2-related factor 2 (Nrf2) and scavenging of reactive oxygen species (ROS), and thereby improved 
oxidative stress, mainly controlled by the phosphatidylinositol-3-kinase α (PI3Kα)/AKT signaling pathway. The 
effects of FGF7 were partly abrogated in Nrf2 deficiency mice. In addition, overexpression of FGF7 promoted 
hexokinase2 (HXK2) and mitochondrial membrane translocation and suppressed mitochondrial superoxide 
production to decrease oxidative stress. The role of HXK2 in FGF7-mediated improvement of mitochondrial 
superoxide production and protection against MI was verified using a HXK2 inhibitor (3-BrPA) and a HXKII 
VDAC binding domain (HXK2VBD) peptide, which competitively inhibits localization of HXK2 on mitochondria. 
Furthermore, inhibition of PI3Kα/AKT signaling abolished regulation of Nrf2 and HXK2 by FGF7 upon MI. 
Together, these results indicate that the cardio protection of FGF7 under MI injury is mostly attributable to its 
role in maintaining redox homeostasis via Nrf2 and HXK2, which is mediated by PI3Kα/AKT signaling.   

1. Introduction 

With the acceleration of population aging and the influence of un-
healthy lifestyles, the prevalence of cardiovascular disease risk factors is 
increasing [1,2]. Myocardial infarction (MI) exhibits high morbidity and 
mortality [3]. Therefore, effective therapies must be urgently developed 
to prevent or treat MI and thereby improve the outcomes of patients. 

Although therapies of reperfusion reduce the mortality, they don’t 
prevent cardiomyocyte death caused by ischemia [4,5]. Massive car-
diomyocyte death is the primary cause of MI-induced cardiac injury and 
heart dysfunction. Oxidative stress, which is elicited by acute myocar-
dial ischemia, is an important trigger of cell death and affects patho-
physiological processes of infarction [6]. During myocardial injury, 
production of oxidants is enhanced, and elimination of oxidants is 
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decreased, which leads to an imbalance of the redox state. A persistent 
imbalance cause massive cardiomyocyte death, aggravates myocardial 
injury, and exacerbate cardiac dysfunction [7]. Therefore, maintenance 
of redox homeostasis by activating antioxidant factors and reducing 
oxidant production is considered a potential strategy for myocardial 
protection. However, few regulators with such dual functions. 

Fibroblast growth factor 7 (FGF7) a member of the fibroblast growth 
factor family and has diverse biological functions, such as regulating cell 
differentiation, promoting mitosis, and inhibiting apoptosis [8–11]. 
During embryonic development, FGF7 is mainly distributed in the 
forebrain, interstitial tissue, and heart, and is especially highly 
expressed in ventricles and atria [12,13]. By contrast, FGF7 is down-
regulated in human pathological cardiac tissues compared with normal 
tissues [14]. It is also a protective factor that reduces postoperative 
pericardial adhesions by promoting mesothelial regeneration, and was 
developed into a drug (Palifermin) to treat mucositis caused by che-
motherapy/radiotherapy [15,16]. Moreover, it has been reported that 
FGF7 attenuates oxidative stress injury in tissue repair [9,10]. And FGF7 
reportedly increases nuclear factor erythroid 2-related factor 2 (Nrf2) to 
protect against oxidative stress [11]. These indicate that FGF7 may elicit 
beneficial effects in the heart by regulating oxidative stress. 

Nrf2, a redox-related transcription factor, is proposed to be an 
important target for regulating the expression and function of endoge-
nous antioxidants such as Catalase, superoxide dismutases (SODs), and 
heme oxygenase (HO)-1 [17]. Nrf2 ameliorates cardiac injury by upre-
gulating protective antioxidant response element genes [18,19]. 
Although numerous inducers of Nrf2 have been discovered or developed 
as possible treatments to scavenge free radicals, they have limited effects 
on formation of free radicals. 

Mitochondria is a main source of reactive oxygen species (ROS) [20]. 
Maintenance of mitochondrial homeostasis and reduction of ROS pro-
duction is considered a potential strategy to mitigate oxidative 
stress-induced damage. Hexokinase II (HXK2) is a rate-limiting enzyme 
in glycolysis [21,22]. Growing evidence indicates that HXK2 plays a key 
role in maintaining mitochondrial function, which in turn ameliorates 
ROS production and cell death, via binding to mitochondria [23,24]. 

FGF7 regulates the phosphatidylinositol-3-kinase α (PI3Kα)/AKT 
pathway [25,26], which is closely related to cell growth, migration, 
differentiation, proliferation, and metabolism in many diseases [27]. 
Increasing literature reports that activation of AKT protects against 
MI-induced injury [28–30], and AKT signaling promotes the nuclear 
accumulation of Nrf2 and thereby has an antioxidative function via ROS 
scavenging [31]. In addition, AKT phosphorylates HXK2 to increase its 
mitochondrial association, and thereby protects cardiomyocytes against 
ROS overproduction and apoptosis [23]. 

The present study aimed to determine whether FGF7 affects MI- 
induced cardiac injury and dysfunction, and to investigate whether 
the redox balance is involved in the mechanisms underlying the effects 
of FGF7. 

2. Materials and methods 

Please see the Major Resources Table in the Supplementary Data. 
Detailed experimental methods are provided in the Supplementary 

Data. 

2.1. Animal procedures 

C57BL/6 mice and Nrf2 knockout mice (Nrf2-KO, C57BL/6 back-
ground [32]) aged 6 weeks were used in this study. The apex of the 
mouse heart was injected with 1 × 1011 vector genomes of a recombi-
nation adeno associated virus (rAAV) serotype 9 carrying either FGF7 
(rAAV-FGF7) or rAAV serotype 9 carrying either control vector 
(rAAV-LacZ) with the c-TNT promoter. Briefly, the left third, fourth and 
intercostal muscles were incised, and the left pleural cavity was opened 
to expose the heart after the mice were anesthetized. 10 μL of rAAV 

vector (5 × 1010 vector genomes per point) was injected near the apex of 
heart and the anterior left ventricle using a syringe (with a 29-G needle), 
respectively. Two weeks after the treatment, mice were used for further 
analysis. Nrf2-KO mice with rAAV treatment were applied by above 
procedure. rAAV-FGF7 and rAAV-LacZ were obtained from OBiO 
Technology (Shanghai) Corp., Ltd. 

For inhibiting of AKT, mice were injected intraperitoneally with a 
PI3K inhibitor (LY294002, 2.5 mg/kg, Selleck) or saline from ligating 
the left anterior descending coronary artery (LAD) operation to 7 days 
after LAD operation. 

2.2. Mice MI model establishment 

Mice were performed by LAD to construct MI model. Briefly, mice 
were anesthetized and chest was opened to expose the hearts. Then, 
ligation of the LAD model was constructed by an 7-0 nylon suture. The 
sham group underwent the same operation but without ligation. Echo-
cardiography was used to evaluate the mice cardiac function after 7 
days, and experimental samples were harvested after euthanasia. 

2.3. Echocardiography 

Echocardiograms were acquired by a Vevo 1100 Ultrasound System 
(VisualSonics, Toronto, Canada). Echocardiography was performed 
after 1 week following LAD. The mice were anesthetized by using 1.5% 
isoflurane mixed in 1 L/min O2. The heart rates were maintained at 
400–500 beats per minute by adjusting the flow of isoflurane. Body 
temperature was maintained at 37.0 ◦C by a rectal temperature probe 
and heating blanket. The long-axis (M-mode) was used for analysis of 
systolic or diastolic ventricular diameter. Left ventricular fractional 
shortening (LVFS = [LVEDD - LVESD] × 100/LVEDD) and left ventric-
ular ejection fraction (LVEF = [LVEDV - LVESV] × 100/LVEDV) were 
evaluated for analysis of systolic function. The Vevo LAB software 
(version 3.1.1) (VisualSonics, Toronto, Canada) was used for the sub-
sequent analysis. 

2.4. Isolation and culture adult mouse cardiomyocytes (ACMs) and adult 
mouse fibroblasts (ACFs) 

ACMs and ACFs were from 8 to 12 weeks old C57BL/6 mice or MI 
mice were isolated as previously reported [33]. Isolated cardiomyocytes 
and fibroblasts were used for western bolt assays. 

2.5. Isolation, culture and oxygen glucose deprivation (OGD) treatment 
of neonatal rat cardiomyocytes (NRCMs) 

NRCMs were isolated from 1- to 2-day-old Sprague-Dawley (SD) rats 
according to previously method [34]. Briefly, the SD rat pups were 
rinsed rapidly in 75% ethanol solution for sterilization. Hearts were 
extracted and steeped ins cold DPBS (Gibco, 14190144). Tissues were 
minced with scissors (approximately 0.5–1 mm3), which were then 
placed into a tube containing trypsin medium [0.08% trypsin (Solarbio, 
T8150), 0.03% KCl (Sigma-Aldrich, V900068), 0.8% NaCl (Sigma-Al-
drich, V900058), 0.1% D-(+)-Glucose (Sigma-Aldrich, G7021), 0.035% 
NaHCO3 (Sigma-Aldrich, V900182) and 0.2% Hepes (Sigma-Aldrich, 
H3375)] with magnetic stirring (100 rpm for 8 min) in a 37 ◦C water 
bath. 

After digestion, the suspension was placed on top of a gradient so-
lution (Sigma, P4937). It was then centrifuged for 30 min at 3000 rpm. 
The cardiomyocytes were harvested from the newly layer. Finally, car-
diomyocytes were plated in collagen (Sigma-Aldrich, C919) coated six 
well culture plates (5 × 105 cells per well), which consisted of DMEM/F- 
12 (Gibco, 11330032) supplemented with 1% penicillin/streptomycin 
and 10% FBS. 

NRCMs were subjected to hypoxia (94% N2, 1% O2 and 5% CO2) in 
an oxygen control cabinet (ESCO, Singapore). The model of OGD was 
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performed according to previous method [35]. Briefly, the cells were 
cultured in serum/glucose-free medium and exposed to an environment 
of 1% O2 for 6 h with or without recombinant FGF7 (150 ng/mL). 

For pathway analysis, antagonist: LY294002 (Selleck, 10 μM) and 
ML385 (SML1833, Sigma-Aldrich, 30 μM) and N-acetyl-L-cysteine (NAC, 
a pharmacological anti-oxidant molecule, Sigma-Aldrich, V900429, 2 
mM) were pretreated for 2 h before OGD treatment and FGF7 admin-
istration, respectively. BGJ398 (Selleck, 872511-34-7, 1 mM), an in-
hibitor of FGFR, was applied to inhibit the receptor of FGF7 in NRCMs 
for 6 h HXK2VBD peptide (Merck, 376816, 100 μM) was pretreated for 1 
h before OGD treatment and FGF7 administration. 3-Bromopyruvate (3- 
BrPA, Sigma, 16490, 100 μM) was applied to inhibit the HXK2 expres-
sion in NRCMs for 6 h. For H2O2 treatment, cells were incubated in the 
200 μM H2O2. The duration of treatment was 6 h. 

2.6. Immunofluorescence staining of heart sections and NRCMs 

For immunofluorescence staining, heart tissue sections (10 μm) were 
incubated with primary antibodies including rabbit anti-c-TNT (Abclo-
nal, A4914; 1: 200), anti-CD34 (Abcam, ab81289; 1: 200), anti-Vimentin 
(Abcam, ab92547; 1: 200), anti-HXK2 (Proteintech, 22029-1-AP; 1:200) 
and mouse anti-FGF7 (Santa Cruz Biotechnology, sc-365440; 1: 200), 
anti-COXIV (Cell Signaling Technology, 11967S; 1:200) for 24 h at 4 ◦C, 
followed by secondary antibodies including the Alexa Flour 488-conju-
gated anti-rabbit (Abcam, ab150077; 1: 200) antibody and Alexa Flour 
647-conjugated anti-mouse (Abcam, ab150115; 1: 200) antibody for 1 h 
at room temperature. The nuclei were labeled with 4,6 Diamidino-2- 
phenylindole (DAPI) for 1 h. In addition, to evaluate Nrf2 nuclear 
localization in vivo, rabbit anti-Nrf2 antibody (Abcam, ab31163; 1: 200) 
and mouse anti-c-TNT (Huabio, EM1701-39; 1: 200) were used as pri-
mary antibodies. 

For NRCMs immunofluorescence staining, the cells were fixed in 4% 

paraformaldehyde (PFA)/PBS for 10 min, and further immersed in 0.5% 
Triton for 15 min. NRCMs were incubated with rabbit anti-Nrf2 antibody 
(Abcam, ab31163; 1: 200), anti-HXK2 (Proteintech, 22029-1-AP; 1:200) 
and mouse anti-COXIV (Cell Signaling Technology, 11967S; 1:200) 
overnight at 4 ◦C, followed by the anti-rabbit antibody (conjugated with 
Alexa Flour 488) and anti-mouse antibody (conjugated with Alexa Flour 
647) for 1 h. The nuclei were stained with DAPI for 1 h. 

Heart sections and NRCMs were imaged under a confocal microscope 
(Leica TCS SP8, Germany). 

2.7. Statistical analysis 

All data were analyzed by using GraphPad Prism 8.0 and were pre-
sented as mean ± SD. Two-tailed Student’s t-test (two groups) and one- 
way analysis of variance (multiple groups) were performed for com-
parisons. A value of P < 0.05 was considered to be statistically 
significant. 

3. Results 

3.1. FGF7 is downregulated in cardiomyocytes upon MI and oxygen- 
glucose deprivation (OGD) 

To explore the mechanistic link between FGF7 and cardiac apoptosis 
following ischemic injury in vivo, a mouse model of MI was constructed. 
The FGF7 level and colocalization of FGF7 and cardiac troponin (c-TNT) 
were decreased in the infarcted area of mice with MI according to 
immunofluorescence staining (Fig. 1A). By contrast, colocalization of 
FGF7 and vimentin was not significantly changed upon MI (Fig. 1B). 
Furthermore, double immunofluorescence staining of FGF7 and CD34 
showed that FGF7 was barely expressed in endothelial cells (Fig. 1C). To 
verify these results, we extracted cardiomyocytes and fibroblasts from 

Fig. 1. FGF7 is downregulated in cardiomyocytes upon MI and oxygen-glucose deprivation (OGD). (A–C) Representative images of immunofluorescence staining of 
(A) FGF7 (red), c-TNT (green) and DAPI (blue), (B) FGF7 (red), vimentin (green) and DAPI (blue) and (C) FGF7 (red), CD34 (green) and DAPI (blue) in the infarct 
zone of mouse hearts in sham group and 7 days after MI. c-TNT: cardiomyocytes marker. Vimentin: fibroblasts marker. CD34: endothelial cells marker. Scale bar, 50 
μm. (D) Western blotting analysis of FGF7 expression in adult cardiomyocytes (ACMs) and adult cardiac fibroblasts (ACFs) in sham or MI mice. n = 4 in per group. (E) 
Cell lysates of NRCMs were used to detect the FGF7, Bax, Bcl-2 as well as c-Cas-3 protein levels by Western blot and quantified by Image J software. c-Cas-3: cleaved- 
Caspase-3. n = 4 in per group. All values are presented as mean ± SD. N.S: non-significant, *P < 0.05, ***P < 0.001. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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adult hearts of sham group and mice with MI. Western blotting 
demonstrated that FGF7 was downregulated in cardiomyocytes, but not 
in fibroblasts, upon MI (Fig. 1D). Then we verified the above results in 
primary cultures of neonatal rat cardiomyocytes (NRCMs). As expected, 
FGF7 level was decreased in the OGD group accompanied by an increase 

of apoptosis compared with the control group (Fig. 1E). Overall, these 
results demonstrate that FGF7 is downregulated in cardiomyocytes upon 
MI injury. 

Fig. 2. FGF7 attenuates MI-induced cardiac dysfunction in vivo. (A) Experimental procedure for injecting mice with rAAV-FGF7 or rAAV-LacZ. (B) The efficiency of 
FGF7 overexpression by rAAV-FGF7 was assessed by Western blot and quantified with Image J software. n = 4 in per group. (C) Representative M-mode echo-
cardiograms obtained from rAAV-FGF7 injected and rAAV-LacZ injected mice subjected to MI or sham surgery. (D) Echocardiographic measurements of fractional 
shortening (FS), ejection fraction (EF), left ventricular end-systolic volume (LVESV), left ventricular end-diastolic volume (LVEDV), left ventricular end-systolic 
diameter (LVESD) and left ventricular end-diastolic dimeter (LVEDD) and in rAAV-FGF7 injected and rAAV-LacZ injected heart after sham operation or 7 days 
post-MI. (E) Summarized data of lung weight/body weight (LW/BW), heart weight/body weight (HW/BW) for sham- and MI-operated mice 7 days after surgery. (F) 
Plasma levels of LDH in rAAV-LacZ or rAAV-FGF7 injected mice after MI. (G–H) Masson trichrome staining (G) and TTC staining (H) of sequential heart cross sections 
from rAAV-FGF7 or rAAV-LacZ injected mice on day 7 after MI. Scale bar: G&H, 1000 μm n = 3–5 in per group. All values are presented as mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001. 
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3.2. FGF7 attenuates MI-induced cardiac dysfunction and injury in vivo 

To further elucidate the role of FGF7 in cardiomyocyte apoptosis and 
cardiac function, rAAV-FGF7 was used to overexpress FGF7 in mice 
prior to MI. Two weeks later, mice underwent permanent left artery 
ligation (LAD) and were sacrificed after 7 days following echocardiog-
raphy (Fig. 2A). The efficiency of FGF7 overexpression was determined 

by western blotting (Fig. 2B). 
To evaluate the potential role of FGF7 in cardiac function under 

ischemic and hypoxic conditions, echocardiography was performed. 
Echocardiographic parameters (including fractional shortening and left 
ventricular (LV) ejection fraction, LV internal diameter, and end-systolic 
volume at end systole) were significantly improved in FGF7- 
overexpressing mice compared with LacZ-injected mice after 7 days of 

Fig. 3. FGF7 mitigates cardiomyocyte apoptosis by attenuating oxidative stress. (A–B) Representative images of (A) DHE staining and (B) TUNEL staining of heart 
sections from rAAV-LacZ injected and rAAV-FGF7 injected mice after MI. n = 3–4 in per group, Scale bar: A&B, 50 μm. (C–D) Representative images of (C) DHE 
staining and (D) TUNEL staining of NRCMs treated with or without FGF7 under OGD treatment. Scale bar: C, 100 μm; D, 50 μm. (E–F) Representative images of (E) 
DHE staining and (F) TUNEL staining of NRCMs in the presence or absence of FGF7 treated with or without H2O2 (200 μM for 6 h). Scale bar: E, 100 μm; F 50 μm. 
(G–H) Representative images of (G) DHE staining and (H) TUNEL staining of NRCMs in the presence or absence of FGF7 treated with or without NAC (2 mM 
pretreated for 2 h) under OGD condition. Scale bar: G, 100 μm; H, 50 μm n = 4 in per group. All values are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P 
< 0.001. 
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MI (Fig. 2C&D). Morphological analysis indicated that the ratios of lung 
weight to body weight and heart weight to body weight were higher in 
LacZ-injected mice than in FGF7-overexpressing mice after 7 days of MI 
(Fig. 2E). These findings suggest that cardiac remodeling, pulmonary 
edema, and heart failure are attenuated in FGF7-overexpressing mice 
subjected to MI. 

Furthermore, MI- or OGD-induced cardiomyocyte apoptosis, as 
demonstrated by the increased the ratio of Bax/Bcl-2 and the level of 
cleaved-Caspase-3, was alleviated by FGF7 overexpression 

(Fig. S1A&B). Double immunofluorescence staining of cleaved-Caspase- 
3 and c-TNT showed that FGF7 overexpression significantly attenuated 
MI-induced cardiomyocyte apoptosis (Fig. S1C). Plasma levels of lactate 
dehydrogenase (LDH) indicated that the level of cell death was lower in 
FGF7-overexpressing mice than in LacZ-injected mice after MI (Fig. 2F). 
Masson’s trichrome and TTC staining of serial cross-sections of heart 
that were cut above the level of ligature and 0.5, 1.0, 1.5, and 2.0 mm 
below the ligation site demonstrated a modest reduction in infarct size in 
FGF7-overexpressing mice at day 7 after MI (Fig. 2G&H). To further 

Fig. 4. FGF7 promotes nuclear translocation of Nrf2 to scavenge excess ROS. (A) The protein levels of Nrf2, SOD-2, Catalase and HO-1 in heart tissues of mice 
injected with rAAV-FGF7 or rAAV-LacZ after MI and assessed by Western blot and quantified by Image J software. (B) Nrf2 nuclear translocation was determined by 
immunofluorescent staining in rAAV-FGF7 or rAAV-LacZ injected mice after MI. Scale bars: 100 μm. (C) Nuclear and cytosolic extracts of heart tissues were isolated. 
Protein levels of Nrf2 in heart tissues injected with rAAV-LacZ or rAAV-FGF7 measured by Western blot and quantified by Image J software. (D) Nrf2 nuclear 
translocation was determined by immunofluorescent staining in NRCMs transfected with si-Scramble or si-FGF7. The green area represented Nrf2 and the nucleus was 
blue. Scale bars: 20 μm n = 3 in per group. All values are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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elucidate the important role of FGF7 in cardiomyocyte apoptosis, FGF7- 
targeting small interfering RNA (si-FGF7) was used to inhibit FGF7 
expression in NRCMs prior to OGD. The increased ratio of Bax/Bcl-2 and 
level of cleaved-Caspase-3 indicated that silencing of FGF7 aggravated 
cardiomyocyte apoptosis (Fig. S2A). TUNEL staining of NRCMs further 
demonstrated that silencing of FGF7 promoted cardiomyocyte apoptosis 
upon OGD treatment (Fig. S2B). To determine whether the effect of 
FGF7 was receptor-mediated, cardiomyocytes were treated with an 
FGFR antagonist, BGJ398 (BGJ). As expected, BGJ abolished the car-
dioprotective effects of FGF7, as assessed by elevations of the percentage 
of TUNEL-positive cells, ratio of Bax/Bcl-2, and level of cleaved- 
Caspase-3 (Fig. S2C&D), which indicated that FGF7 attenuates OGD- 
induced NRCM apoptosis via FGFRs. Together, these findings suggest 
that overexpression of FGF7 attenuates MI-caused cardiomyocyte 
apoptosis and improves heart function after MI. 

3.3. FGF7 mitigates cardiomyocyte apoptosis by attenuating oxidative 
stress 

ROS play an essential role in apoptosis, and FGF7 restrains apoptosis 
by alleviating oxidative stress [6,36]. Therefore, we explored whether 
FGF7 mitigates cardiac apoptosis by attenuating oxidative stress. We 
first investigated the roles of FGF7 on regulation of oxidative stress in 
mouse myocardial tissues after MI. MI rapidly induced generation of 
ROS in mouse hearts accompanied by severe cell death, as evidenced by 
the increased intensities of dihydroethidium (DHE) fluorescence and 
TUNEL, respectively (Fig. 3A&B), together with accumulation of the 
oxidation product 3-nitrotyrosine (3-NT) (Fig. S3A) and elevation of the 
lipid peroxidation (LPO) level (Fig. S3B). However, FGF7 over-
expression suppressed MI induced oxidative stress and apoptosis. Simi-
larly, FGF7 inhibited oxidative stress and mitigated apoptosis in NRCMs 
upon OGD treatment (Fig. S2B, Fig. 3C&D, and Fig. S3C&D). 

We then treated NRCMs with H2O2. The increase in DHE fluorescence 
intensity and TUNEL-positive cells (Fig. 3E&F), accumulation of 3-NT 
(Fig. S3E), and elevations of the ratio of Bax/Bcl-2 ratio and cleaved- 
Caspase-3 level (Fig. S3F) were significantly alleviated by cotreatment 
with FGF7. Meanwhile, the increase of ROS levels, as demonstrated by 
DHE fluorescence and 3-NT immunoblotting, was restrained by N-acetyl 
cysteine (NAC) or FGF7 treatment (Fig. 3G and Fig. S3G). Consistently, 
NAC or FGF7 treatment also reduced the elevations of apoptotic cells, 
ratio of Bax/Bcl-2, and cleaved-Caspase-3 level (Fig. 3H and Fig. S3H). 
Together, these results indicate that FGF7 exerts its antiapoptotic 
function by inhibiting oxidative stress, and that its antioxidant activity is 
comparable with or greater than that of NAC, a well-known antioxidant. 

3.4. FGF7 promotes nuclear translocation of Nrf2 to scavenge excess ROS 

Nrf2 is an important regulator of the antioxidant system in many 
heart diseases, including MI [17,37]. To further explore whether FGF7 
elicits antioxidative effects by activating the Nrf2 signaling upon MI, we 
first examined the proteins levels of Nrf2 signaling-related proteins by 
western blotting. OGD treatment decreased the protein levels of Nrf2 
and its downstream antioxidant proteins, including Catalase, HO-1, and 
SOD-2. These effects were reversed by FGF7 administration (Fig. S4A), 

consistent with the results obtained in vivo (Fig. 4A). In parallel, OGD 
treatment significantly decreased the mRNA levels of Nrf2 and its target 
genes (HO-1, NQO1, NQO2, SOD-2, and Catalase), and these effects were 
reversed by FGF7 administration (Fig. S4B). Immunofluorescence 
analysis suggested that FGF7 promoted Nrf2 nuclear translocation upon 
OGD treatment (Fig. S4C). The results of Western blot analysis of nuclear 
extracts from NRCMs were consistent with the immunofluorescence 
staining results (Fig. S4D). Immunofluorescence staining of Nrf2 and 
c-TNT in heart tissue sections indicated that the protein level and Nrf2 
nuclear accumulation were significantly decreased in cardiomyocytes 
after MI, while FGF7 overexpression promoted nuclear accumulation of 
Nrf2 compared with LacZ-injected mice (Fig. 4B). Western blot analysis 
of nuclear extracts from heart tissues yielded similar findings (Fig. 4C), 
while si-FGF7 treatment significantly decreased nuclear accumulation of 
Nrf2 (Fig. 4D). Together, these results indicate that FGF7 increases the 
protein level and nuclear accumulation of Nrf2 upon MI and OGD 
treatment. 

3.5. Knockout (KO) or inhibition of Nrf2 partially impairs the 
cardioprotective effect of FGF7 in vivo and in vitro 

FGF7 induced activation of Nrf2 upon MI, and Nrf2 is an important 
regulator of heart injury upon MI [38–40]. Therefore, we further explore 
the potential role of Nrf2 in cardiac apoptosis and function, and explored 
whether the protective effects of FGF7 against MI are dependent on 
Nrf2. Nrf2-KO and WT mice with or without overexpression of FGF7 
were subjected to MI. The efficiency of Nrf2-KO was determined by PCR 
and western blotting (Fig. 5B). To determine the Nrf2 role in MI, 
Nrf2-KO and WT mice (8 weeks) were subjected to LAD ligation. 
Echocardiography analysis revealed that cardiac dysfunction after MI 
was significantly improved in FGF7-overexpressing WT mice compared 
with WT mice, and this improvement was partially abolished in Nrf2-KO 
mice (Fig. 5A&C). The results of morphological analysis and measure-
ments of plasma LDH levels and infract sizes were consistent with the 
echocardiographic results (Fig. 5D–G). Consistently, the protective ef-
fects of FGF7 were partially abolished in Nrf2-KO mice, as demonstrated 
by higher levels of ROS and apoptosis compared with 
FGF7-overexpressing WT mice (Fig. 5H&I and Fig. S5A). In addition, 
ML385 (an inhibitor of Nrf2) partly blocked the protective effect of FGF7 
in NRCMs upon OGD treatment (Fig. S5B), with increases of the DHE 
fluorescence intensity and TUNEL-positive cells (Fig. S5C&D). The ratio 
of Bax/Bcl-2 and levels of cleaved-Caspase-3 and 3-NT were increased in 
the presence of ML385 upon OGD treatment (Fig. S5E&F). Meanwhile, 
the levels of downstream of Nrf2 (Catalase and SOD-2) were also 
decreased in the presence of ML385 (Fig. S5E). Together, these results 
reveal that the cardioprotective effect of FGF7 is partially abolished by 
KO or inhibition of Nrf2. 

3.6. FGF7 promotes nuclear translocation of Nrf2 via PI3Kα/AKT 
signaling during MI 

Given that AKT is a crucial upstream mediator of Nrf2, and that FGF7 
induces AKT phosphorylation, we therefore hypothesized that FGF7 
activates Nrf2 via PI3Kα/AKT pathway upon MI injury. To verify this 

Fig. 5. Knockout (KO) or inhibition of Nrf2 impairs the cardioprotective effect of FGF7 in vivo and in vitro. FGF7 overexpression adeno-associated virus (rAAV-FGF7) 
and control vector (rAAV-LacZ) were injected of 6 weeks old male WT mice and Nrf2-KO mice respectively, two weeks after the injection, these mice were subjected 
to Sham or LAD operation for 7 days. (A) Representative M-mode echocardiograms obtained from wild-type (WT) and Nrf2-KO mice which inject rAAV-LacZ or 
rAAV-FGF7 subjected to MI or sham surgery. (B) The efficiency of Nrf2-KO was assessed by Western blot and PCR analysis. Western blot results quantified with Image 
J software. (C) Echocardiographic measurements of fractional shortening (FS), ejection fraction (EF), left ventricular end-systolic volume (LVESV), left ventricular 
end-diastolic volume (LVEDV), left ventricular end-systolic diameter (LVESD) and left ventricular end-diastolic dimeter (LVEDD) and in wild-type (WT) and Nrf2-KO 
mice which inject rAAV-LacZ or rAAV-FGF7 after sham operation or 7 days post-MI. (D) Summarized data of heart weight/body weight (HW/BW), lung weight/body 
weight (LW/BW) for WT and Nrf2-KO mice. (E) Plasma levels of LDH in WT and Nrf2-KO mice. (F–G) Masson trichrome staining (F) and TTC staining (G) of 
sequential heart cross sections from WT or Nrf2-KO mice. Scale bar: E&F, 1000 μm. (H–I) Representative images of (H) DHE staining and (I) TUNEL staining of heart 
sections from WT or Nrf2-KO mice injected with rAAV-LacZ or rAAV-FGF7 after MI. Scale bar: H&I, 50 μm n = 3–4 per group. All values are presented as mean ± SD. 
*P < 0.05, **P < 0.01, ***P < 0.001. 
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hypothesis, PI3Kα-targeting small interfering RNA (si-PI3Kα) was uti-
lized to inhibit PI3Kα/AKT signaling in NRCMs prior to OGD treatment. 
The efficiency of si-PI3Kα was determined by western blotting (Fig. 6B). 
Double immunofluorescence staining of Nrf2 and DAPI showed that 
FGF7 promoted nuclear accumulation of Nrf2 upon OGD treatment, but 
this effect was reversed by si-PI3Kα (Fig. 6A). Moreover, DHE staining 
and TUNEL showed that the levels of ROS and apoptotic cells upon OGD 
treatment were decreased by FGF7 administration, but these effects 
were reversed in the presence of si-PI3Kα (Fig. 6C&E). Western blot 
analysis of Nrf2 from nuclear extracts in NRCMs yielded consistent re-
sults as immunofluorescence staining in the presence of si-PI3Kα upon 
OGD treatment (Fig. 6D). 

Moreover, pretreatment with the PI3K inhibitor LY294002 largely 
reversed the promotion of Nrf2 nuclear translocation by FGF7, as indi-
cated by colocalization analysis of Nrf2 and DAPI immunofluorescence 
staining and western blotting of nuclear extracts (Fig. S6A&B). 
Furthermore, pretreatment with LY294002 abolished the antioxidative 
and antiapoptotic effects of FGF7 upon OGD treatment, as indicated by 
DHE staining and TUNEL (Fig. S6C&D). In addition, the level of 3-NT 
was upregulated in the presence of LY294002 compared with FGF7 
treatment upon OGD treatment (Fig. S6E). Meanwhile, LY294002 
largely impaired activation of AKT signaling and upregulation of the 
Nrf2 protein level by FGF7 in NRCMs upon OGD treatment (Fig. S6F). 
Moreover, AKT inhibition abolished downregulation of the ratio of Bax/ 
Bcl-2 and cleaved-Caspase-3 level by FGF7 after OGD treatment 
(Fig. S6F). Together, these results reveal that FGF7 activates Nrf2 by 
PI3Kα/AKT pathway and thereby protects the heart against MI injury. 

3.7. FGF7 promotes mitochondrial localization of HXK2 to protect 
against superoxide injury 

Considering that KO of Nrf2 only partially reversed the protective 
effect of FGF7 (Fig. 5), while inhibition of AKT abolished the 

antioxidative and antiapoptotic effects of FGF7 in NRCMs, we speculate 
that FGF7-AKT exert their cardioprotective effects through Nrf2 and 
other factors. Increased expression of HXK2 promote the coupling be-
tween HXK2 and mitochondria, which protects cells against mitochon-
drial oxidative stress [21,41,42]. AKT is an important upstream 
regulator of HXK2 and maintains mitochondrial homeostasis by pro-
moting mitochondrial localization of HXK2 [23]. Therefore, we hy-
pothesized that FGF7-AKT promote mitochondrial localization of HXK2 
to elicit antioxidative and antiapoptotic effects. To investigate the 
function of HXK2 in FGF7-mediated heart protection, we explored the 
role of FGF7 in regulation localization of HXK2 in mitochondria. FGF7 
promoted mitochondrial localization of HXK2, as indicated by an 
increased level of HXK2 in mitochondria (Fig. 7B) and increased 
co-staining of HXK2 puncta (green) and COX IV (red) (Fig. 7A&C). These 
effects were reversed in the presence of HXK2VBD, a HXK2 competitive 
inhibitory peptide. HXK2VBD counteracted the cardioprotective effects 
of FGF7 to some extent, as demonstrated by increases of mitochondrial 
depolarization (Fig. 7D and Fig. S7A), superoxide production (Fig. 7E), 
ROS level in NRCMs (Fig. 7F), and TUNEL-positive NRCMs (Fig. 7G). In 
addition, the HXK2 inhibitor 3-BrPA partly abrogated the beneficial 
effects of FGF7 in NRCMs subjected to OGD treatment, as determined by 
increases of the Bax/Bcl-2 ratio and protein level of cleaved-Caspase-3 
(Fig. S7B). Together, these results reveal that FGF7 promotes mito-
chondrial localization of HXK2 to protect against superoxide injury upon 
OGD treatment. 

3.8. FGF7 promotes mitochondrial localization of HXK2 via AKT to 
protect against oxidative stress in vivo and in vitro 

AKT phosphorylates HXK2, which increases mitochondrial associa-
tion of HXK2 to protect cardiomyocytes against apoptosis, and this 
function is independent of its enzymatic activity [23,41]. We debate 
whether FGF7 promotes mitochondrial localization of HXK2 via AKT. 

Fig. 6. FGF7 promotes nuclear translocation of Nrf2 via PI3Kα/AKT signaling during MI. (A) Nrf2 nuclear translocation was determined by immunofluorescent 
staining in NRCMs transfected with si-Scramble or si-PI3Kα. The green area represented Nrf2 and the nucleus was blue. Scale bars: 20 μm. (B) The efficiency of si- 
PI3Kα was assessed by Western blot analysis. Western blot results quantified with Image J software. (C) Images of DHE staining in NRCMs. Scale bars: 100 μm. (D) 
Nuclear and cytosolic extracts of NRCMs were isolated. Protein levels of Nrf2 in NRCMs transfected with si-Scramble or si-PI3Kα measured by Western blot and 
quantified by Image J software. (E) Images of TUNEL staining in NRCMs. Scale bars: 50 μm n = 3 in per group. All values are presented as mean ± SD. **P < 0.01, 
***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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FGF7 restored MI-downregulated the expression of HXK2 and promoted 
mitochondrial localization of HXK2, as demonstrated by increased 
mitochondrial binding of HXK2 (Fig. 8A). Double immunofluorescence 
staining of HXK2 (green) and COX IV (red) showed that FGF7 increased 
mitochondrial localization of HXK2, and this effect was blocked by 
pretreatment with LY294002 (Fig. 8B). Furthermore, LY294002 abro-
gated the antioxidant effects of FGF7 in vivo, as determined by upregu-
lated superoxide generation in cardiomyocytes after MI (Fig. 8C). In the 
presence of si-PI3Kα, the mitochondrial localization of HXK2 was 
decreased compared with that observed following FGF7 administration 
upon OGD treatment (Fig. S8A). Immunofluorescence analysis of HXK2 
and COX IV indicated that inhibition of PI3Kα/AKT signaling decreased 
the mitochondrial localization of HXK2 (Fig. S8B&C). Furthermore, 
si-PI3Kα largely reversed the antioxidant effects of FGF7, as demon-
strated by increased mitochondrial depolarization (Fig. S8D) and su-
peroxide generation (Fig. S8E). These results indicate that FGF7 
promotes mitochondrial localization of HXK2 via PI3Kα/AKT signaling 
to protect against OGD-induced injury. In the presence of HXK2VBD and 

ML385, the cardioprotective effects of FGF7 were largely abolished, as 
determined by increases of the ratio of Bax/Bcl-2 and level of 
cleaved-Caspase-3 (Fig. S9A). Meanwhile, DHE staining showed that 
HXK2VBD and ML385 treatment increased the ROS levels (Fig. S9B). 
Together, these findings demonstrate that Nrf2 and HXK2 are both 
critical for the protective effects of FGF7 against MI injury. 

4. Discussion 

Cardiomyocyte apoptosis is an important hallmark of MI [43,44]. 
Increased oxidative stress due to MI causes apoptosis, which is an 
important pathogenic mechanism underlying myocardial 
ischemia-associated complications, including fibrosis and adverse car-
diovascular outcomes [6]. ROS are considered as a double-edged sword. 
Low levels of ROS have multiple functions in various physiological 
processes, such as gene expression, the immune response, and cellular 
homeostasis maintenance [45]. By contrast, high levels of ROS elicit 
pathophysiological effects and damage components of cellular, 

Fig. 7. FGF7 promotes mitochondrial localization of HXK2 to protect against superoxide injury. HXK2VBD, which inhibits mitochondrial localization of HXK2, were 
pretreated for 1 h before OGD treatment and FGF7 administration in NRCMs. (A) Representative immunofluorescence analysis of HXK2 (green) in NRCMs. The COX 
IV immunostaining (red) highlights mitochondria, and nuclei were stained with DAPI (blue), scale bars: 10 μm. (B) Mitochondrial was isolated to detect the HXK2 
protein levels in NRCMs. COX IV and β-Actin were served as loading controls for mitochondrial. (C) White lines in merged images (A) indicate the area where the 
distances between HXK2, COX IV, and DAPI were analyzed using ImageJ. (D) Mitochondrial membrane potential was detected by TMRM fluorescence staining, scale 
bars: 25 μm. (E) mtROS of NRCMs was detected by MitoSOX staining assay, scale bars: 50 μm. (F–G) Representative images of (F) DHE staining and (G) TUNEL 
staining of NRCMs. Scale bar: F, 100 μm; G, 50 μm n = 3 in per group. mtROS: mitochondrial reactive oxygen species. All values are presented as mean ± SD. *P <
0.05, **P < 0.01, ***P < 0.001. 

Fig. 8. FGF7 promotes mitochondrial localization of HXK2 via AKT to protect against oxidative stress in vivo and in vitro. (A) Mitochondrial was isolated to detect the 
HXK2 protein levels in heart tissue sections. COX IV and β-Actin were served as loading controls for mitochondrial. (B) Representative immunofluorescence analysis 
of HXK2 (green) in heart tissue sections. The COX IV immunostaining (red) highlights mitochondria, and nuclei were stained with DAPI (blue), scale bars: 50 μm. (C) 
mtROS of heart tissue sections was detected by MitoSOX staining assay, scale bars: 50 μm n = 3 in per group. All values are presented as mean ± SD. *P < 0.05, **P 
< 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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including nucleic acids, proteins, and lipids [46]. Excessive accumula-
tion of ROS is defined as oxidative stress, which is a key mediator of cell 
death [47]. Therefore, ROS homeostasis must be strictly regulated to 
maintain cell health, and its disruption is considered a major cause of 
myocardial injury [48]. In addition, ROS-induced mitochondrial insults 
lead to greater ROS accumulation, which results in more severe mito-
chondrial damage and cell death [49]. 

Nrf2 is a vital mediator of the oxidative stress and increases 
expression of antioxidants to eliminate ROS. Accordingly, expression of 
its downstream targets, SOD-2 and Catalase, was decreased in heart 
tissue of Nrf2-KO mice (Fig. S5A). Nrf2 alleviates cardiac damage upon 
ischemic injury, and the Nrf2-KO heart is more susceptible to MI [19, 
38–40]. In this study, we confirmed that MI injury decreases the Nrf2 
level and increases ROS accumulation in cardiomyocytes, consistent 
with previous studies. Traditionally, researchers have tried to reverse 
oxidative stress injury by activating Nrf2 signaling to scavenge accu-
mulated ROS. However, protection against oxidative stress by Nrf2 is 
potentially limited because ROS are continually produced after injury 
[50]. Inhibiting overproduction and release of ROS is also an important 
strategy to alleviate oxidative stress-induced injury. 

HXK2 is a rate-limiting enzyme in glycolysis and localizes to mito-
chondria [21]. It modulates energy production and mitochondrial su-
peroxide generation [51–53]. HXK2 suppresses cell death by inhibiting 
formation of mitochondrial permeability transition pores, which is 
related to VDAC protein [22]. HXK2 deficiency exaggerates cardiac 
hypertrophy by increasing ROS production [54]. Furthermore, phos-
phorylation at Thr-473 promotes binding of HXK2 to mitochondria and 
protects cardiomyocytes against ROS [23]. Our laboratory also 
demonstrated that HXK2 is critical for alleviating generation of mito-
chondrial superoxide by translocating from the cytosol to mitochondria 
in a type 2 diabetes mouse model after acidic FGF stimulation [55]. In 
this study, mitochondrial translocation of HXK2 was reduced in MI 
stimulation accompanied by enhancement of oxidative stress, indicating 
that mitochondrial localization of HXK2 is closely related to steady-state 
maintenance of mitochondrial homeostasis, and thereby reduces ROS 
production and cell injury. Furthermore, the level of HXK2 was 
decreased in response to oxidative injury, consistent with previous re-
ports [56]. The aforementioned findings suggest that suppression of ROS 
production by activation of HXK2 is a potential antioxidative strategy. 
However, it is difficult to restore redox homeostasis by alleviating pro-
duction of ROS without increasing scavenging of ROS [57]. Therefore, 
regulation of both formation and scavenging of ROS may be an effective 
strategy to treat MI-induced oxidative injury. However, few regulators 
with such dual functions have been identified. 

FGF7, known as keratinocyte growth factor, is an important mitogen 
for regulating growth and division of epithelial cells [58]. It is mainly 
expressed in smooth muscle, the heart, and the forebrain [11,59]. FGF7 
plays pivotal roles in protection against ischemic injury upon flap injury, 
in the brain, and especially in the kidneys [59–63]. Recombinant FGF7 is 
used to treat chemoradiation-induced oral mucositis [64]. Importantly, 
FGF7 is considered to reduce oxidative stress by inducing expression of 
antioxidative genes [54,65]. These studies indicate that FGF7 negatively 
regulates oxidative stress. Furthermore, FGF7 is highly expressed in the 
myocardium during development [66,67]. Taken together, these reports 
suggest that FGF7 plays crucial roles in myocardial injury, which might 
be related to regulation of oxidative stress. 

To confirm this idea, we investigated expression of FGF7 in heart 
tissue upon MI and found that it was decreased in cardiomyocytes. 
Subsequent experiments revealed that overexpression of FGF7 in mice 
significantly improved cardiac function after MI and reduced myocar-
dial apoptosis, accompanied by attenuation of oxidative stress. These 
results were verified by exposing NRCMs to OGD in the presence or 
absence of FGF7.The present study provide the first evidence that FGF7 
is an important factor for amelioration of heart injury after MI. 

In view of the antioxidant function of FGF7, we speculated that its 
beneficial effect is closely related with oxidative stress [11,66,67]. 

Accordingly, we revealed that overexpression of FGF7 restored both the 
total and nuclear Nrf2 protein levels, accompanied by reductions of 
oxidative stress and apoptosis. Interestingly, the antioxidant effect of 
FGF7 upon MI injury was partly abolished in Nrf2-KO mice, indicating 
the probability that other regulator(s) is involved in the cardioprotective 
effect of FGF7 following MI injury. NAC, a scavenger of ROS, has potent 
antioxidative and antiapoptotic activities [68]. The antioxidant effect of 
NAC was slightly weaker than that of FGF7. This result reinforced our 
hypothesis that an additional factor(s) is involved in the antioxidant 
effect of FGF7. 

Redox homeostasis is mainly disturbed by enhancement of ROS 
production and attenuation of ROS elimination [69]. Therefore, we 
further speculated that the cardioprotective effect of FGF7 is not only 
dependent on scavenging of ROS mediated by Nrf2 but also on attenu-
ation of ROS generation. HXK2 is beneficial for maintaining mitochon-
drial homeostasis and reducing ROS production and cell death [23,24]. 
It is also a downstream target of FGFs [70]. Therefore, we next inves-
tigated whether HXK2 is another downstream element that mediates the 
protective functions of FGF7 against oxidative damage. FGF7 adminis-
tration significantly increased the mitochondrial localization of HXK2 
and subsequently attenuated mitochondrial ROS production upon OGD 
treatment. The function of HXK2 in FGF7-mediated alleviation of ROS 
generation and myocardial protection was confirmed using a competi-
tive inhibitory peptide, HXK2VBD, which inhibits HXK2 located in the 
mitochondria. In the presence of competitive peptide HXK2VBD, the 
antioxidant effect of FGF7 was only partially abolished. By contrast, the 
cardioprotective effect of FGF7 was largely abolished in the presence of 
both HXK2VBD and ML385. We predicted that FGF7 elicits antioxidant 
effects upon MI mainly through both Nrf2 and HXK2. 

PI3Kα/AKT signaling plays crucial roles in the pathological process 
of MI [71–73]. PI3Kα regulates multiple downstream pathways that 
control cell growth, survival, and proliferation. Inhibition of PI3Kα by 
BYL719 worsens cardiac remodeling after MI [71]. AKT activation is 
required for some therapeutic approaches upon heart ischemic injury 
[72,73]. In our study, in addition to promoting nuclear translocation of 
Nrf2, FGF7 increased Nrf2 expression, while inhibition of PI3Kα/AKT 
blocked the effects of FGF7. Thus, we speculated that FGF7 promotes 
expression of Nrf2 through AKT. In addition, it has been previous re-
ported that Glycogen Synthase Kinase 3β (GSK3β) phosphorylates Nrf2, 
and the phosphorylation induce ubiquitation therefore degradation of 
Nrf2 [74]. GSK3β is inhibited as a downstream target of PI3K/AKT. 
Mechanistically, PI3K activates AKT by phosphorylation, which in turn 
phosphorylates and inhibits GSK3β [74]. This cascade results in inhi-
bition of Nrf2 degradation and promotion its nuclear translocation. 
Furthermore, AKT phosphorylates HXK2 at Thr-473, leading to 
enhanced the binding of HXK2 to mitochondria and resistance to 
oxidative injury in cardiomyocytes [23]. However, it is unclear whether 
PI3Kα/AKT simultaneously regulate the functions of Nrf2 and HXK2 in 
heart hypoxia/ischemia models. Our results confirmed that FGF7 acti-
vates PI3Kα/AKT signaling, which is accompanied by increased activa-
tion of Nrf2 and HXK2 together with corresponding decreases in 
oxidative injury and cell death. By contrast, pharmacological inhibition 
of PI3Kα/AKT reversed the activation of Nrf2 and HXK2 by FGF7 in an 
OGD model, and largely abolished the antioxidant effects of FGF7. These 
results demonstrate that PI3Kα/AKT play a critical role in 
FGF7-mediated cardio protection upon MI. 

This study has some limitations. First, FGF7 is also expressed in fi-
broblasts, and although there was no significant change in FGF7 
expression in fibroblasts upon MI injury, it is worth exploring the po-
tential role of FGF7 in fibroblasts. Second, FGF7 is a paracrine factor and 
is therefore expected to signals via crosstalk between the car-
diomyocytes and other cell types. Future studies should investigate the 
potential functions of FGF7 in intercellular communication. Third, 
although Nrf2-KO mice have been used to study myocardial oxidative 
damage, cardiomyocyte-specific knockdown of Nrf2 would more pre-
cisely demonstrate its regulatory role in FGF7-mediated protection of 
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the heart. 
Overall, in the present study, we showed that FGF7 significantly 

preserves heart function after MI by activating PI3Kα/AKT signaling to 
promote nuclear translocation of Nrf2 and mitochondrial localization of 
HXK2, and thereby maintain the cellular redox balance (Fig. 9). 

5. Conclusion 

Our data demonstrated that FGF7 protects against MI-induced car-
diomyocyte apoptosis for the first time. Mechanistic studies showed that 
FGF7 overexpression/treatment promoted activation of Nrf2 to increase 
the elimination of oxidants as well as mitochondrial localization of 
HXK2 to reduce the production of oxidants in a PI3Kα/AKT-dependent 
manner, thereby alleviating oxidative stress and eventually car-
diomyocyte apoptosis. These findings improve understanding of the 
protective role of FGF7 against MI and could help to develop new 
pharmacological interventions for cardiovascular disease. 
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