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Abstract

Background: Previous investigations have established the anti-
inflammatory properties of fibroblast growth factor 21 (FGF21). 
However, the specific mechanism through which FGF21 mitigates 
myocardial ischemia/reperfusion (I/R) injury by inhibiting neutrophil 
extracellular traps (NETs) remains unclear.

Methods: A mice model of myocardial I/R injury was induced, and 
myocardial tissue was stained with immunofluorescence to assess 
NETs. Serum NETs levels were quantified using a PicoGreen kit. In 
addition, the expression levels of adenosine monophosphate (AMP)-
activated protein kinase (AMPK) and FGF21 were evaluated by Wes 
fully automated protein blotting quantitative analysis system. Moreo-
ver, a hypoxia/reoxygenation (H/R) model was established using 
AMPK inhibitor and agonist pretreated H9c2 cells to further explore 
the relationship between FGF21 and AMPK.

Results: Compared with the control group, serum NETs levels were 
significantly higher in I/R mice, and a large number of NETs were 
formed in myocardial tissues (97.63 ± 11.45 vs. 69.65 ± 3.33, P < 
0.05). However, NETs levels were reversed in FGF21 pretreated mice 
(P < 0.05). Further studies showed that FGF21 enhanced AMPK ex-
pression, which was significantly increased after inhibition of AMPK 
and decreased after promotion of AMPK (P < 0.05).

Conclusions: FGF21 may exert cardioprotective effects by inhibiting 
I/R injury-induced NETs via AMPK.

Keywords: Fibroblast growth factor 21; Myocardial ischemia/rep-
erfusion injury; Neutrophil extracellular traps; AMP-activated pro-
tein kinase

Introduction

Acute myocardial infarction (AMI) is a common clinical car-
diovascular emergency. Emergency percutaneous coronary 
intervention (PCI), which significantly reduces mortality, is 
the main strategy for reperfusion therapy in patients with AMI 
[1]. However, myocardial reperfusion therapy, while essential 
for restoring coronary blood flow, may also cause additional 
myocardial damage known as myocardial ischemia/reperfu-
sion (I/R) injury, which accounts for approximately 50% of 
the final myocardial area of injury [2-4]. Despite technological 
advances in myocardial reperfusion therapy, including contin-
uous improvements in PCI techniques and drugs, an effective 
approach for preventing I/R injury remains elusive [5].

Myocardial I/R injury involves various pathophysi-
ological mechanisms, prominently featuring the inflamma-
tory response, oxidative stress, and mitochondrial dysfunction. 
Among these factors, the inflammatory response and oxidative 
stress are pivotal [6]. In the initial hours of AMI, inflammatory 
cells, notably neutrophils, extensively infiltrate the infarcted 
area [7]. Neutrophils become activated in response to various 
factors, including proinflammatory cytokines, activated plate-
lets, damaged vascular endothelium, and oxygen free radicals. 
Activated neutrophils release chromatin and granulocyte en-
zymes outside the cell, forming a net-like structure termed 
neutrophil extracellular traps (NETs) [8]. While NETs play a 
critical role in the inflammatory response and benefit various 
infectious diseases, they promote inflammation in sterile dis-
eases by releasing active molecules in substantial quantities 
[9].

NET levels in the peripheral blood of AMI patients are 
correlated with disease severity and prognosis, and elevated 
NET levels in intracoronary thrombi are correlated with a re-
duced left ventricular ejection fraction and infarct size [10-13]. 
Additionally, NET levels independently predict major adverse 
cardiac event (MACE) occurrence within a year following 
AMI [14]. NETs promote thrombosis by causing damage to 
vascular endothelial cells, inducing an inflammatory response, 
serving as a scaffold for platelet aggregation and activation, 
and activating the coagulation system while inhibiting the fi-
brinolytic process [15]. In a mouse AMI model, the anti-in-
flammatory effects of colchicine significantly inhibited NET 
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formation and inflammatory responses, improved myocardial 
tissue remodeling, and increased survival rates [16].

Fibroblast growth factor 21 (FGF21), which has anti-in-
flammatory properties and attenuates myocardial I/R injury, is 
significantly increased in the serum of patients with AMI and 
is correlated with MACE [17, 18]. However, whether FGF21 
can mitigate myocardial I/R injury by inhibiting NETs remains 
unexplored. In this study, we explored the mechanism of 
FGF21 inhibition of NETs during I/R injury by using a mouse 
I/R injury model and a myocardial hypoxia/reoxygenation 
(H/R) model.

Materials and Methods

Experimental study design

Six- to eight-week-old male C57BL/6WT mice were purchased 
from Spivey (Beijing) Biotechnology Co. All the mice were 
maintained in specific-pathogen-free (SPF) chambers at tem-
peratures between 20 and 26 °C, humidity between 40% and 
75%, and a light/dark cycle of 12 h. The mice had free access to 
standard laboratory chow and water. Following 1 week of adap-
tive feeding, the mice were randomly allocated to one of the 
four groups: the control group (n = 6), I/R group (n = 6), I/R + 
FGF21 group (n = 6), and I/R + compound C group (n = 6). All 
protocols in this study were approved by the Nantong University 
Laboratory Animal Center (approval no. S20210820-002) in ac-
cordance with all the applicable institutional ethical guidelines 
for the care, welfare and use of animals.

Before the myocardial I/R injury model was established, 
the mice in the I/R + FGF21 group received subcutaneous in-
jections of recombinant FGF21 protein (0.1 mg/kg/day, Novo-
protein, China) for 14 consecutive days. The mice in the I/R 
+ compound C group were intraperitoneally injected with 5 
mg/kg compound C (MCE, USA) 1 h before I/R injury was 
induced.

H9c2 cells were pretreated with compound C (10 µmol/L, 
MCE, USA) and 5-aminoimidazole-4-carboxamide ribonucle-
otide (AICAR) (1 mmol/L, MCE, USA) for 24 h before mod-
eling. H9c2 cells were then randomly divided into a control 
group (n = 3), H/R group (n = 3), H/R + compound C group (n 
= 3), and H/R + AICAR group (n = 3).

Establishment of an animal model of myocardial I/R 
injury

After the mice were subjected to 10% chloral hydrate (3.5 mL/
kg) intraperitoneal anesthesia, the fourth rib at the left margin 
of the sternum was clipped. After the pericardium was bluntly 
separated and clipped, the anterior descending branch was li-
gated with sutures under a body mirror to establish a model 
of myocardial I/R injury. The I/R injury model was induced 
by occluding the left anterior descending coronary artery for 
30 min, followed by 24 h of reperfusion. There were no extra 
surviving mice in this experiment due to the strict control of 
the use of experimental animals. The mice were sacrificed by 

cervical dislocation at the end of the experiment. The hearts 
were promptly immersed in liquid nitrogen for preservation. 
Peripheral blood samples were collected, and after centrifuga-
tion at 3,000 rpm for 10 min, the supernatant was stored in 
tubes at -80 °C.

Cell culture and establishment of H/R models

H9c2 cardiomyocytes obtained from ATCC were cultured in a 
medium comprising 90% Dulbecco’s modified Eagle medium 
(DMEM) and 10% fetal bovine serum (FBS) and maintained 
in an incubator at 37 °C with 5% CO2. To establish anaerobic 
conditions, H9c2 cardiomyocytes were placed in a 2.5 L sealed 
culture jar (MGC, Japan) with a 2.5 L anaerobic gas-producing 
bag (MGC, Japan). The sealed jars were incubated at 37 °C for 
12 h. H9c2 cells were subsequently removed from the sealed 
jars and incubated for an additional 24 h at 37 °C to establish 
the H/R model.

2,3,5-Triphenyl tetrazolium chloride (TTC) staining

The myocardial tissue was rapidly cooled to -20 °C for ap-
proximately 15 min. Subsequently, it was meticulously sliced 
into five 2 mm thick sections in the coronal direction. These 
sections were then immersed in a 2% TTC solution at 37 °C 
until normal myocardial tissue displayed a red hue, while the 
infarcted tissue exhibited a white appearance. Once a color 
change was achieved, the sections were carefully retrieved. 
The treated sections were immersed in a 4% paraformaldehyde 
solution for 1 h and subsequently examined at the macro level. 
Using Image-Pro Plus 5.0 image analysis software, we quanti-
fied the area of myocardial infarction. To calculate the volume 
of myocardial infarction for each section, the mean number of 
infarction areas was multiplied by the section thickness. The 
total myocardial infarct volume of the mice was then deter-
mined by summing the infarct volumes of all the slices. To 
express the magnitude of myocardial infarction as a percent-
age, the infarct volume was divided by the total volume, and 
the resulting value was multiplied by 100%.

Hematoxylin and eosin (H&E) staining

The myocardial tissue was fixed with a 4% formaldehyde so-
lution and dehydrated through a series of graded ethanol solu-
tions (75%, 85%, 95%, 95%, 100%, and 100%). After being 
washed with xylene, the myocardial tissues were embedded 
in paraffin and sectioned at a thickness of 2 µm. The result-
ing sections were subjected to a sequential treatment involving 
immersion in xylene, graded ethanol, pure water, and hema-
toxylin staining solution. Next, the sections were rinsed with 
tap water and reblued with Scott’s bluing solution. To facili-
tate staining, the rinsed sections were then immersed in eosin 
staining solution, followed by swift dehydration in a graded 
ethanol series and sealing with a sealer. The sections were me-
ticulously examined using an Olympus microscope at various 
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angles and magnifications, and photographs were captured for 
subsequent analysis. The obtained results were subjected to 
detailed analysis.

Immunofluorescence staining

The dewaxed sections were subjected to heat treatment in an 
autoclave with an antigen repair solution until boiling. After 
natural cooling, the sections were subjected to treatment with 
5% bovine serum albumin (Solarbio, China) for 30 min at 37 
°C. Primary antibodies, specifically myeloperoxidase (MPO) 
(Proteintech, USA) and histone H3 (Abcam, UK), were used 
to incubate the myocardial tissue sections overnight at 4 °C. 
Following this incubation, the sections were rinsed with phos-
phate-buffered saline (PBS) and then treated with either Cy3-
conjugated goat anti-rabbit IgG antibody (ABdonal, China) 
or goat anti-rabbit IgG/488 (ZSGB, China) for 30 min at 37 
°C in the dark. Subsequently, the nuclei were stained with 
4’,6-diamidino-2-phenylindole (DAPI) (KeyGEN, China), 
and the sections were blocked with a solution containing an 
anti-fluorescence quencher. The treated sections were then 
observed and analyzed via a fluorescence microscope (BX53, 
Olympus). The percentage of myocardial infarction volume 
was calculated as follows: myocardial infarction volume (%) 
= the sum of the infarct volumes of all slices/the left ventricu-
lar volume × 100%.

PicoGreen quantification of dsDNA

The working solution was prepared following the instructions 
provided with the PicoGreen kit (Yesen, China). Subsequently, 
100 µL of the sample and 100 µL of the prepared working solu-
tion were added to a 96-well plate and incubated at room tem-
perature for 5 min while avoiding exposure to light. The fluo-
rescence intensity of the samples was measured via an enzyme 
marker with excitation at 480 nm and emission at 520 nm.

Cell activity assay

The medium from H9c2 cardiomyocytes inoculated into 96-
well plates was aspirated. Subsequently, 80 µL of CellCount-
ing-Lite 2.0 (Vazyme, China) was added to each well, shaken, 
mixed, and left at room temperature for 5 min. Following this 
incubation, the luminescence signal was detected.

Using the Wes Fully Automated Protein Blotting and 
Quantitative Analysis System for detecting protein expres-
sion

Proteins were extracted from mouse myocardial tissue and 
H9c2 cells via lysis and centrifugation, and their concentra-
tions were determined via the BCA method (MA0082, China). 
For the samples, primary antibodies, including FGF21 (Ab-
cam, UK), adenosine monophosphate (AMP)-activated protein 

kinase (AMPK) (Affinity, USA), glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) (TransGen, China), and luminescent 
solutions, were prepared according to the guidance instructions 
of the Wes Fully Automated Protein Blotting and Quantitative 
Analysis System (Bio-Techne, USA), after which they were 
added sequentially to the plates and run on the machine. The 
assay results were analyzed via Compass software.

Statistical analysis

Statistical analyses were conducted using the SPSS 22.0 sta-
tistical package, and graphical representations were generated 
with GraphPad Prism 8.0.0. Quantitative variables are pre-
sented as the means ± standard deviations and were compared 
using the Student’s t-test. For comparisons involving multi-
ple groups, one-way analysis of variance (ANOVA) was em-
ployed, and statistical significance was considered at a P value 
of < 0.05 (two-tailed).

Results

FGF21 reduced the volume of myocardial I/R injury

The myocardial infarction volume post-I/R was assessed via 
TTC staining. The results revealed that, compared with the 
control mice, the mice subjected to I/R injury developed larger 
myocardial infarcts, constituting approximately 11.15±2.97% 
of the infarct volume in the left ventricle (P < 0.05). In con-
trast, the percentage of myocardial infarct volume in mice 
pretreated with FGF21 before I/R injury was approximately 
7.69±1.75%, which was significantly lower than that in the 
I/R group (P < 0.05) (Fig. 1). However, there was no signifi-
cant difference in the myocardial infarction volume between 
the control and control + FGF21 groups. These results showed 
that FGF21 could reduce the infarct volume caused by myo-
cardial I/R injury.

FGF21 attenuated myocardial tissue damage caused by 
I/R injury

H&E staining revealed that the myocardial cells in the con-
trol group and the control + FGF21 group presented a neat 
and tightly arranged structure, a regular morphology, and no 
apparent edema or inflammatory cell infiltration. Conversely, 
myocardial cells in the I/R injury group exhibited abnormal 
morphology, disorganized arrangement, and a substantial in-
flux of inflammatory cells. Notably, pathological changes in 
the myocardium were markedly improved in mice with I/R 
injury pretreated with FGF21 (Fig. 2). These findings demon-
strated the ability of FGF21 to attenuate myocardial I/R injury.

FGF21 inhibited I/R injury-induced NETs

To further investigate the mechanism by which FGF21 at-
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tenuates myocardial I/R injury, we first examined NET ex-
pression after myocardial I/R injury via immunofluorescence. 
Immunofluorescence revealed almost no NET formation in 
the control group or the control + FGF21 group. However, 
histone H3 and MPO expression significantly increased in the 
myocardial tissue of the I/R group, indicating substantial NET 
expression due to the presence of I/R (P < 0.05). In contrast, 
NET expression was significantly lower in I/R-injured mice 
pretreated with FGF21 compared to those in the I/R group (P 
< 0.05) (Fig. 3).

Using PicoGreen, the detection of dsDNA, the main com-
ponent of NETs, revealed that the serum levels of NETs were 
significantly greater in the I/R group (97.63 ± 11.45 vs. 69.65 
± 3.33) compared to the control group (P < 0.05). In contrast, 
NET levels were significantly lower in the I/R + FGF21 group 
compared to the I/R group (69.60 ± 5.66 vs. 97.63 ± 11.45, P < 
0.05) (Fig. 4). However, there was no statistically significant dif-
ference in NET levels between the control and control + FGF21 
groups. These studies demonstrated that FGF21 could inhibit 
the expression of NETs induced by myocardial I/R injury.

Figure 2. Myocardial tissue after myocardial I/R injury in mice pretreated with FGF21 (H&E staining, × 400). The black arrows 
represent obvious pathological changes in myocardial tissue. FGF21: fibroblast growth factor 21; H&E: hematoxylin and eosin; 
I/R: ischemia/reperfusion.

Figure 1. FGF21 inhibited I/R injury in myocardial tissue (TTC staining). (a) TTC staining of myocardial tissue. (b) Myocardial 
infarction volume calculated based on TTC staining. *P < 0.05 versus control group; #P < 0.05 versus control + FGF21 group; &P 
< 0.05 versus I/R group. FGF21: fibroblast growth factor 21; I/R: ischemia/reperfusion; TTC: 2,3,5-triphenyl tetrazolium chloride.
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Inhibition of AMPK exacerbates myocardial tissue I/R 
injury

In order to investigate the mechanism by which FGF21 inhib-
ited the expression of NETs induced by myocardial I/R injury, 

we first observed myocardial tissues after the inhibition of 
AMPK during I/R injury via H&E staining. In the I/R injury 
group, myocardial cells exhibited abnormal morphology, disor-
ganization, and infiltration by a high quantity of inflammatory 
cells. Conversely, these pathological changes were significant-
ly exacerbated in I/R-injured mice pretreated with compound 
C, an inhibitor of AMPK (Fig. 5). This study demonstrated that 
the inhibition of AMPK exacerbated myocardial I/R injury.

Increased expression of NETs after AMPK inhibition

The expression of NETs in the myocardium of mice pretreated 
with an AMPK inhibitor was detected by immunofluores-
cence. Immunofluorescence revealed almost no histone H3 or 
MPO expression in the myocardial tissues of the control and 
control + compound C groups, indicating the absence of NET 
expression. In contrast, NET expression was greater in I/R-
injured mice pretreated with compound C, compared to those 
in the I/R group (Fig. 6).

Next, NET levels were quantified by PicoGreen and found 
to be significantly greater in the serum of the mice in the I/R 
group compared to those in the control group (103.03 ± 21.79 
vs. 75.08 ± 8.03, P < 0.05). In contrast, NET levels were signif-
icantly greater in the I/R + compound C group compared to the 
I/R group (153.00 ± 20.11 vs. 103.03 ± 21.79, P < 0.05) (Fig. 
7). However, there was no statistically significant difference 
in NET levels between the control and control + compound 
C groups. These results suggest that the inhibition of AMPK 
exacerbates NET expression during myocardial I/R injury.

Figure 3. NETs formation in myocardial necrotic tissues was detected after the establishment of a myocardial I/R injury model in 
FGF21 pretreated mice (immunofluorescence, × 400). *P < 0.05 versus control group; #P < 0.05 versus control + FGF21 group; 
&P < 0.05 versus I/R group. FGF21: fibroblast growth factor 21; I/R: ischemia/reperfusion; NETs: neutrophil extracellular traps.

Figure 4. Measurement of peripheral serum dsDNA levels in FGF21 
pretreated mice using the PicoGreen assay. *P < 0.05 versus control 
group; #P < 0.05 versus control + FGF21 group; &P < 0.05 versus I/R 
group. FGF21: fibroblast growth factor 21; I/R: ischemia/reperfusion.
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Figure 5. Myocardial tissue after myocardial I/R injury in mice pretreated with AMPK inhibitor (H&E staining, × 400). The black 
arrows represent obvious pathological changes in myocardial tissue. AMPK: AMP-activated protein kinase; H&E: hematoxylin 
and eosin; I/R: ischemia/reperfusion.

Figure 6. NETs formation in myocardial necrotic tissues was detected after the establishment of a myocardial I/R injury model in 
compound C pretreated mice (immunofluorescence, × 400). *P < 0.05 versus control group; #P < 0.05 versus control + FGF21 group; 
&P < 0.05 versus I/R group. FGF21: fibroblast growth factor 21; I/R: ischemia/reperfusion; NETs: neutrophil extracellular traps.
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AMPK mediated the inhibition of myocardial I/R injury 
by FGF21

To further explore the relationship between FGF21 and 

AMPK, AMPK protein expression levels were measured by 
establishing an I/R injury model in mice preinjected with 
FGF21. AMPK protein expression levels were increased in the 
I/R group compared with those in the control group and further 
increased in the I/R + FGF21 group (P < 0.05) (Fig. 8a).

FGF21 protein expression levels were subsequently meas-
ured by establishing an I/R injury model in mice preinjected 
with compound C. FGF21 protein expression levels were sig-
nificantly higher in the I/R group than in the control group and 
further increased in the I/R + compound C group (all P < 0.05) 
(Fig. 8b). These studies highlighted the involvement of AMPK 
in the cardioprotective effects of FGF21.

The H/R model was then established after pretreatment 
of H9c2 cells with compound C, an inhibitor of AMPK, and 
AICAR, an agonist of AMPK. Different hypoxia groups (2, 6, 
and 12 h) were set up with a reoxygenation time of 12 h to de-
tect cellular activity. Compared with that of the control group, 
the cell activity of the H/R group decreased significantly (P 
< 0.05) (Fig. 9). Compared with that of the H/R group, the 
cell activity of the H/R + compound C group decreased fur-
ther (P < 0.05), whereas the cell activity of the H/R + AICAR 
group increased significantly (P < 0.05). However, there was 
no statistically significant difference in cell activity among the 
control, control + compound C, and control + AICAR groups. 
Moreover, as the duration of hypoxia increased, the cell activ-
ity of each group gradually decreased and reached a minimum 
at 12 h of hypoxia. Consequently, 12 h of hypoxia was chosen 
as a critical time point to study further. This study demonstrat-
ed that AMPK was able to inhibit H/R-induced cardiomyocyte 
injury and had a cardioprotective effect.

Figure 7. Measurement of peripheral serum dsDNA levels in compound 
C pretreated mice using the PicoGreen assay. *P < 0.05 versus control 
group; #P < 0.05 versus control + FGF21 group; &P < 0.05 versus I/R 
group. FGF21: fibroblast growth factor 21; I/R: ischemia/reperfusion.

Figure 8. The interaction of FGF21 and AMPK was detected in a mouse model of myocardial I/R injury or an H/R model of H9c2 
cells. (a) AMPK protein expression levels were measured in mice preinjected with FGF21. (b) FGF21 protein expression levels 
were measured in mice preinjected with AMPK inhibitor compound C. (c) FGF21 protein expression levels were measured in 
H9c2 cells pretreated with compound C, an inhibitor of AMPK, or with AICAR, an agonist. *P < 0.05 versus control; #P < 0.05 
versus I/R group; &P < 0.05 versus H/R + compound C group. AMPK: AMP-activated protein kinase; FGF21: fibroblast growth 
factor 21; H/R: hypoxia/reoxygenation; I/R: ischemia/reperfusion.
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Finally, FGF21 protein expression levels were examined 
following pretreatment of H9c2 cells with the AMPK inhibi-
tor compound C and the AMPK agonist AICAR. The FGF21 
protein expression level in the H/R + compound C group was 
greater than that of the H/R group (P < 0.05), whereas the 
FGF21 protein expression level in the H/R + AICAR group 
was significantly lower than that of the H/R + compound C 
group (P < 0.05) (Fig. 8c). These findings suggest that AMPK 
plays an important role in the mechanism by which FGF21 
inhibits myocardial H/R injury.

Discussion

The results of the present study suggested that FGF21 can at-
tenuate myocardial I/R injury by inhibiting NET expression. 
Furthermore, the cardioprotective effect of FGF21 was medi-
ated through the involvement of AMPK.

Numerous prior studies in this field have produced re-
sults that are consistent with our findings, demonstrating that 
FGF21 attenuates myocardial I/R injury, increases cardiomyo-
cyte activity, and decreases the rate of cardiomyocyte apop-
tosis [19-21]. In a rat model of myocardial I/R injury, notable 
upregulation of NET expression was observed within the is-
chemic zone. Interestingly, deoxyribonuclease I was used to 
facilitate the degradation of NETs, which led to a reduction in 
myocardial infarct size and a significant improvement in left 
ventricular remodeling induced by I/R injury in rats [22]. In a 
mouse model of chronic pancreatitis, mice treated with FGF21 
presented significantly reduced levels of MPO, a biomarker of 
NETs, and improved inflammatory states of the serum, pan-
creas, and peritoneal macrophages [23]. For the first time in 
this field of study, our current investigation made important 

discoveries within a myocardial I/R injury model, revealing 
that FGF21 can inhibit the expression of NETs induced by I/R 
injury, thereby attenuating myocardial I/R injury.

Previous studies have shown that FGF21 is an endocrine 
factor that can regulate energy metabolism and that AMPK, 
as an energy sensor, is a target for FGF21 signaling [24]. 
FGF21 activates AMPK both directly through the FGF recep-
tor 1 (FGFR1)/Klotho-β complex and indirectly by inducing 
the expression of lipofuscin and corticosterone [25]. Once 
activated, AMPK plays a crucial role in regulating mitochon-
drial activity by stimulating sirtuin 1 (SIRT1) and peroxisome 
proliferator-activated receptor coactivator 1-α (PGC-1α) [26]. 
Furthermore, AMPK contributes to the maintenance of lipid 
homeostasis, protein synthesis regulation, and the promotion 
of glucose metabolism, all of which are aimed at sustaining 
optimal intracellular adenosine triphosphate levels [27].

In addition to its role in stimulating AMPK to regulate en-
ergy metabolism, FGF21 also has anti-inflammatory properties. 
Studies have shown that a lack of FGF21 increases susceptibil-
ity to inflammation, leading to local and systemic inflammatory 
responses, and supplementation with exogenous FGF21 has 
been shown to reverse elevated levels of these inflammatory 
markers [28-30]. In hypertensive and diabetic mouse models, 
the absence of FGF21 resulted in a pronounced exacerbation 
of the inflammatory response and oxidative stress. Conversely, 
the administration of FGF21 significantly alleviated these con-
ditions by promoting the phosphorylation of AMPK, highlight-
ing the crucial role of FGF21 in mitigating inflammatory and 
oxidative stress pathways [31, 32]. Subsequent investigations 
revealed that FGF21 exerts its anti-inflammatory, antioxidant, 
and inhibitory effects on myocardial remodeling and apoptosis 
through two distinct pathways. The first pathway involves the 
AMPK-AKT2-Nrf2 antioxidant pathway, whereas the second 

Figure 9. AMPK inhibited H/R injury in H9c2 cells in a time-dependent manner. *P < 0.05 versus control; #P < 0.05 versus H/R 
group; &P < 0.05 versus H/R + compound C group. AMPK: AMP-activated protein kinase; H/R: hypoxia/reoxygenation.
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pathway operates through the AMPK-ACC-CPT-1 lipid-lower-
ing pathway, both of which are mediated by AMPK [33].

Studies have shown that imbalances in the mechanisms 
that produce or eliminate NETs can lead to tissue damage, 
which is an important mechanism in autoimmune and inflam-
matory diseases that are closely linked to cardiovascular dis-
ease, and that inhibiting NET expression has been shown to be 
beneficial [34, 35]. Several studies have consistently demon-
strated that AMPK, known for its anti-inflammatory effects, 
plays a pivotal role in the expression of NETs [36-39]. The 
activation of AMPK both inhibits NET expression and pro-
motes NET clearance to reduce NET levels [40, 41]. However, 
inhibition of AMPK significantly increased the levels of NETs 
in the peripheral circulation and ischemic tissues [42].

It was found that statin and metformin, which are routinely 
applied in clinical practice, can activate AMPK, protect cardiac 
tissues from I/R-induced excessive damage, and improve clini-
cal prognosis [43, 44]. In addition, clinical studies found that 
plasma FGF21 levels were significantly increased in AMI pa-
tients with spironolactone application, and further studies found 
that spironolactone could improve cardiac function and adverse 
cardiac remodeling by promoting the expression of FGF21 [45]. 
In summary, a variety of drugs that promote the expression of 
FGF21 and AMPK have the potential to be used as adjunctive 
therapeutic agents to existing reperfusion therapy.

The present study has several limitations. Owing to the 
limitations of funds and experimental equipment, cardiac ul-
trasonography was not performed in I/R-injured mice in this 
study, so it was not possible to judge the improvement in car-
diac function in mice after the application of FGF21. Although 
this study suggests a possible mechanism by which FGF21 in-
hibits the expression of NETs through the activation of AMPK, 
the actual biological mechanism is likely to be more complex, 
and other unconsidered signaling pathways or cell types may 
also be involved.

Conclusions

In the present study, we observed a significant elevation in NET 
levels in both serum and myocardial tissue during myocardial 
I/R injury. Notably, the administration of FGF21 significantly 
reversed the increase in NET levels. Subsequent studies delved 
into the underlying mechanisms, suggesting that FGF21 may 
inhibit I/R injury-induced NET expression through the activa-
tion of AMPK. These findings highlight a potential therapeutic 
role for FGF21 in mitigating NET-mediated responses in the 
context of myocardial I/R injury.
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