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Fibroblast growth factor 21, a stress regulator, inhibits Drp1
activation to alleviate skeletal muscle ischemia/reperfusion
injury
Baoxiang Li1 and Limin Liu 2,3✉
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Abnormal Drp1 activation and subsequent excessive mitochondrial fission play a critical role in ischemia-reperfusion injury (I/RI).
Although fibroblast growth factor 21 (FGF21) protects organs against I/RI and regulates metabolism, which indicates that FGF21 is
involved in mitochondria homeostasis, the detailed mechanism remains unclear. Herein, we investigated whether FGF21 had an
effect on Drp1 activation during skeletal muscle I/RI. Drp1 phosphorylation and its translocation to mitochondria, as regulated by
FGF21, was examined in mouse and C2C12 cell I/RI models. Mice overexpressing FGF21 displayed alleviation of serum index,
histological lesions and apoptosis levels. Moreover, FGF21 markedly decreased cyclin-dependent kinase 1 (CDK1) and Drp1
phosphorylation at Ser616, accompanied by reduced accumulation in mitochondria. In parallel in vitro studies, cells with FGF21
knockdown displayed enhanced Drp1 activation, and the reverse effect was found when FGF21 was added. More importantly,
FGF21 attenuated mitochondrial fission with linear mitochondria rather than fragmented mitochondria. Furthermore, a CDK1
inhibitor reduced Drp1 activation and mitochondrial fission due to FGF21 knockdown. This study shows that FGF21 inhibits Drp1
activation to protect mitochondria from fission, thereby rescuing cells from I/RI-induced apoptosis. Our findings may provide a new
therapeutic approach to ameliorate skeletal muscle I/RI.
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Ischemia-reperfusion (I/R) injury is caused by the restoration of
blood supply to tissues, and it aggravates the injury to the ischemic
tissue1,2. It is well known that when I/R occurs in skeletal muscle
followed by trauma, surgical operation, or embolism, a series of
complications with adverse outcomes will severely affect patient
quality of life3,4. Although some beneficial treatments have been
explored, unfortunately, there are still no effective clinical
therapies5,6. Therefore, it is necessary to explore the mechanism
of I/R injury. Furthermore, developing more effective strategies to
ameliorate I/R is also urgently required. Although the underlying
molecular mechanisms of I/R have remained unclear until now,
several crucial events such as oxidative stress, inflammation and
apoptosis have been proposed to contribute to I/R injury7,8. Of note,
apoptosis triggered by excessive mitochondrial fission has been
considered as one of the most critical contributors to I/R injury9.
Dynamic-related protein-1 (Drp1) is the most important fission

protein that mediates the dynamic process of mitochondrial
fission10. Drp1 was mainly located in the cytosol, but upon
activation, it is translocated to mitochondrial scission sites11.
Furthermore, when Drp1 was phosphorylated at the Ser616
residue, mitochondrial fission occurred12. Fragmented mitochon-
dria are unable to provide sufficient energy to cells and have been
linked to cell apoptosis13,14, and thereby the following I/R injury.
A large number of studies have shown that suppressing

mitochondrial fission by inhibiting Drp1 activation could greatly
mitigate apoptosis and alleviate I/R injury15,16. Activation of Drp1
is tightly regulated by protein kinase C (PKC) or cyclin-dependent
kinase (CDK) 1/Cyclin B17,18.
Fibroblast growth factor 21 (FGF21) is mainly secreted by the liver

but is also secreted by adipose and skeletal muscle19. FGF21 is
dramatically elevated during some pathological conditions, while its
levels are much lower under normal conditions20. FGF21 has
beneficial metabolic effects on decreasing body weight, lowering
glucose and lipid, increasing insulin sensitivity and energy
expenditure, as well as inducing browning of white adipose tissue
and adaptive thermogenesis. Besides, FGF21 is also a stress
hormone which can combat oxidative stress and elicit an anti-
inflammatory response, thereby exerting protective effects against
NAFLD, NASH, cardiac diseases and pancreatitis. In addition, FGF21
increases life expectancy as well as regulates bone homeostasis21,22.
Despite the fact that FGF21 can protect the heart and brain from I/R
injury23,24, the exact mechanism is not completely understood.
Many studies have proven the close relationship between FGF21
and metabolism, which mainly occurred in the mitochondria25,26.
Consistently, studies also demonstrated that FGF21 can enhance
mitochondrial function27,28. Collectively, all these data indicate us
that FGF21 is tightly related to mitochondria; however, the
underlying molecular mechanism by which FGF21 affects
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mitochondria warranted further study. It was reported that FGF21
regulated PKC in a dose-dependent manner29, while PKC is the
upstream regulator of Drp1, consequently, these data indicate us
that there is a great possibility that FGF21 regulate mitochondria
fission though Drp1, so as to affect apoptosis and protect against I/R
injury.
Therefore, we hypothesized that FGF21 could protect skeletal

muscle from I/R injury through a novel functional role and
regulatory mechanism on Drp1 activation. Our experiments
showed that FGF21 can significantly inhibit Drp1 activation,
mitochondria fission and consequent apoptosis by targeting CDK1
during skeletal muscle I/R. Our results identify a regulatory
pathway involving FGF21 and Drp1 in skeletal muscle I/R injury.

MATERIALS AND METHODS
Animal model of skeletal muscle I/R
Male C57BL/6 mice aged 8 weeks received humane care following the
NIH’s Guide for the Care and Use of Laboratory Animals approved by the
Shandong University (Shandong, China). The mice were randomly divided
into 6 groups: WT, WT+ I/R, Ad-FGF21, Ad-FGF21+ I/R (1 × 1010 pfu
FGF21-containing viral plasmid, intramuscular injection in situ), Ad-null,
Ad-null+I/R (injection of vector control the same as Ad-FGF21 group). After
7 days of viral transfection, mice underwent I/R. Mice were wrapped with a
rubber band around the groin for three circles to interrupt the blood
supply. After 4 h of ischemia, the rubber band was removed and mice were
sacrificed at 4 h of reperfusion.

Cell culture, RNA interference, and H/R
C2C12 myoblasts were incubated with Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum at 37 °C and 5% CO2.
Differentiation was induced with 2% horse serum for 6 days.
The RNA interference technique was used for knockdown experiments.

We have got three pairs of siRNA targeting mouse FGF21 mRNA (FGF21-
siRNA767, 570, and 325) synthesized by GenePharma (Shanghai, China). Cell
transfection was performed using LipofectamineTM RNAiMAX Transfection
Reagent (Cat.# 1378030, Thermo), following the manufacturers’ instructions.
The validity of the interference was examined by Western blotting.
After treated with FGF21 (100 ng/ml) for 24 h and transfection with

siRNA for 48 h, cells were simulated with H/R. Cells were incubated in
serum-free and no-glucose DMEM with a hypoxic treatment with 1%
oxygen, 5% carbon dioxide, and 94% nitrogen for 5 h, then returned to
conventional DMEM medium and normoxic environment for 2 h.

Antibodies and reagents
The antibodies applied in our experiments were as follows: FGF21 (Cat. #
ab171941, Abcam); Drp1 (Cat.# ab219596, Abcam); phospho-Drp1 Ser616
(Cat.# 3455, Cell Signaling Technology); CDK1 (Cat.# 19532-1-AP, Protein-
tech); Bax (Cat.# 60267-1-Ig, Proteintech). Reagents in our study were
purchased from the following suppliers: MitoTracker Deep Red (Cat.#
M22426, Invitrogen); Recombinant mouse FGF21 (USCN Life Science),
Minute™ Mitochondria Isolation Kit (Cat.# MP-007, Invent Biotechnologies),
TUNEL assay kit (Cat.# C1090, Beyotime).

Skeletal muscle damage assessment serum
creatine kinase (sCK) and lactate dehydrogenase (sLDH) levels, indicators of
skeletal muscle injury, were analysised by the clinical autoanalyzer (7600-
020; Hitachi, Tokyo, Japan).

Quantitative real-time PCR
Total RNA was isolated and converted to cDNA using the ReverTra Ace (TRT-
101; Toyobo, Osaka, Japan). Real-time quantitative PCRs were performed using
SYBR Green PCR master mix (QPK201; Toyobo). Primers used in these analyses
were as follows: FGF21, 5′-CTGCTGGGGGTCTACCAAG-3′ (forward) and 5′-CTG
CGCCTACCACTGTTCC-3′ (reverse); Drp1, 5′-CAGGAATTGTTACGGTTCCCTAA-3′
(forward) and 5′-CCTGAATTAACTTGTCCCGTGA-3′(reverse).

Confocal microscopy
Mitochondria was labeled with MitoTracker. Cells or frozen sections were
incubated with primary antibodies at 4 °C overnight, secondary antibody

staining was 1 h at room temperature in an Alexa Fluor 488/594 IgG
antibody solution. After nuclear staining with DAPI, staining was analyzed
using a Laser Confocal Microscope (Leica TCS-NT SP8, Germany).

Statistical analysis
Results were reported as the average of at least three biological
replications and expressed as means ± standard. The significance of
between-group differences was tested by t-test and two-way analysis of
variance.

RESULTS
FGF21 alleviates skeletal muscle I/R injury in mice
To investigate whether FGF21 is protective against I/R injury in an
in vivo model, mice were first transfected with FGF21-containing
viral plasmids or vector by intramuscular injection in situ. The
western blot results showed a robust increase in FGF21 protein
expression in the skeletal muscle 7 days after administration of
adenovirus to Ad-FGF21 mice compared with that in Ad-null mice.
Endogenous FGF21 expression in skeletal muscle exposed to I/R
was also analyzed. The I/R treatment obviously increased
endogenous FGF21 expression, which indicated the involvement
of FGF21 in I/R-induced skeletal muscle injury, but FGF21 in Ad-
null mice was still much lower than that in Ad-FGF21 mice after I/R
(Fig. 1A). Skeletal muscle from mice were subjected to 4 h of
ischemia followed by 4 h of reperfusion.
The histology showed that exposure to I/R induced significant

skeletal muscle damage compared with that of the control group.
Severe swollen and irregular muscle fibers and moderate
inflammatory cell infiltration were observed in the Ad-null and
WT mice that were subjected to I/R. However, FGF21-transfected
mice showed markedly attenuated muscle fiber swelling and a
more regular shape (Fig. 1B). Furthermore, serum CK and LDH
levels, used as markers for the destruction of muscle fibers, were
significantly increased in mice with I/R but decreased in Ad-FGF21
mice (Fig. 1C). Moreover, the ATP content was decreased after I/R
injury, whereas it was better maintained in Ad-FGF21 mice
(Fig. 1D). In addition, as another marker of liver injury, apoptosis
was evaluated. I/R treatment clearly increased the level of Bax,
whereas its elevation was prevented in the Ad-FGF21 mice
(Fig. 1E). To further confirm our findings, Bax was also assessed by
confocal laser microscopy. The red fluorescent spots representing
Bax were significantly elevated in mice subjected to I/R, whereas
FGF21 transfection dramatically inhibited this increase (Fig. 1F),
which echoed the above western blot results. Moreover,
considerable numbers of apoptotic TUNEL-positive cells were
identified in the skeletal muscle slides from the Ad-null group
compared with those from the Ad-FGF21 group after I/R (Fig. 1G).
Collectively, these results strongly suggest that FGF21 inhibits
apoptosis to combat I/R-induced skeletal muscle injury.

FGF21 inhibits Drp1 activation in skeletal muscle I/R injury
in vivo
We then analyzed whether FGF21 regulates Drp1 activation in I/R-
triggered skeletal muscle injury. Of note, the levels of Drp1 protein
were apparently increased in association with I/R injury, whereas
neither the Ad-null group nor the Ad-FGF21 group showed a
difference in Drp1 expression at the protein level (Fig. 2A). This
result suggests total Drp1 was unaffected by FGF21. To verify the
role of FGF21 in regulating the translocation and phosphorylation
of Drp1, mitochondrial and cytoplasmic fractions were isolated to
detect the subcellular compartmentalization of Drp1. Phosphory-
lated Drp1 and mitochondrial-located Drp1 obviously increased
with I/R treatment, whereas Ad-FGF21 exacerbated the increase.
On the contrary, I/R resulted in a significant decrease in
cytoplasmic Drp1 levels, but Ad-FGF21 prevented any further
decline. Considering that Drp1 is regulated by CDK1, we detected
the expression level of CDK1. I/R injury also resulted in a significant
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Fig. 1 Protective effects of FGF21 against I/R induced acute skeletal muscle injury in mice. A FGF21 expression in skeletal muscle at 7 days
after viral transfection and after I/R assayed by Western blot. B Skeletal muscle stained with hematoxylin and eosin. Severe swollen muscle
fibers were indicated with arrows. C Serum CK and LDH levels. D ATP levels in skeletal muscle. E Western-assisted analysis and relative density
ratio of Bax. F Immunofluorescence staining of Bax in skeletal muscle was detected by confocal microscopy. G TUNEL analysis of apoptosis.
TUNEL-positive were red and DAPI were blue under fluorescence microscopy. Data represents mean ± SD of 8 animals in each group. *P < 0.05;
**P < 0.01. Scale bars: 20 um (B); 100 um (F, G). WT, wild type; Ad-null, vector control viral transfection; Ad-FGF21, FGF21 viral transfection;
CK creatine kinase, LDH, lactate dehydrogenase.
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upregulation of CDK1, but the levels were robustly much lower in
the Ad-FGF21 group compared with that in the Ad-null group
(Fig. 2B). Furthermore, we’ve performed IHC staining to evaluate
the expression of CDK1 and p-Drp1. There was no significant
difference in the expression of CDK and p-Drp1 when mice were
treated without the I/R injury. However, CDK1 and p-Drp1
expression (stained in brown) was obviously increased after the
I/R damage while the intensity of CDK1, p-Drp1 was much

weakened in Ad-FGF21 mice (Fig. 2C and Supplementary
material). Together, these results suggest that FGF21 might inhibit
Drp1 activation and translocation to mitochondria.

Both FGF21 and activation of Drp1 are involved in H/R-
induced C2C12 myoblasts injury
To further determine the relationship between FGF21 and Drp1,
C2C12 myoblasts were used to generate an in vitro I/R model.

Fig. 2 FGF21 inhibits Drp1 phosphorylation and translocation to mitochondria in mice skeletal muscle underwent I/R. A Total Drp1
expression in skeletal muscle after I/R. B Analysis with Western blotting of effects of FGF21 on the phosphorylation of Drp1, CDK1 and
distribution of Drp1 in Cytoplasmic (cyto) versus mitochondria (mito). C Immunohistochemistry staining of CDK1 and p-Drp1 in skeletal
muscle. Data represents mean ± SD. *P < 0.05; **P < 0.01. Scale bars: 20 um (C). WT wild type, Ad-null, vector control viral transfection;
Ad-FGF21, FGF21 viral transfection; p-Drp1, phosphorylated-Drp1 cyto cytosolic fraction, mito mitochondrial compartment.
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We mimicked the I/R process with the hypoxia/reoxygenation (H/R)
model in C2C12 cells. Cells were exposed to hypoxia for 1, 3, or 5 h
and subsequently reoxygenated for 2 h. The result indicated that
there was a distinct upregulation of FGF21 mRNA but a
downregulation of Drp1 mRNA with H/R treatment. However,
exposure to different hypoxia times did not affect their mRNA
levels (Fig. 3A). At the same time, the FGF21 protein level was also
increased after hypoxia for 5 h. Of note, the Drp1 level was almost
unchanged, suggesting that total Drp1 may not be affected by H/R
in C2C12 cells (Fig. 3B).
Therefore, we further measured the phosphorylation levels and

the consequent translocation of Drp1 to mitochondria by western
blot analyses of cytoplasmic and mitochondrial proteins. Appar-
ently, not only the phosphorylation of Drp1 but also the Drp1
levels in mitochondria were obviously increased, but Drp1 levels in
the cytoplasm decreased with the H/R treatment in a time-
dependent manner (Fig. 3C). Furthermore, the ATP content was
reduced (Fig. 3D). To further verify our findings, C2C12 cells
treated with H/R were subjected to confocal laser microscopy. As
shown in Fig. 3E, in C2C12 cells that were not exposed to H/R, the
morphology of the mitochondria was more tubular, linear or rod-
like, while the green fluorescent puncta of p-Drp1 and its
attachment to the periphery of mitochondria were almost not
detected. However, H/R injury resulted in a sharp increase in the
green fluorescent puncta; in addition, the accumulation of p-Drp1
in mitochondria was markedly enhanced, accompanied by the
accelerated fragmentation of mitochondria with a more round
and punctate appearance, whose peak levels were reached at 5 h
of hypoxia. Consequently, exposure to hypoxia for 5 h and
subsequent reoxygenation for 2 h was selected for further
experiments. These results indicate that FGF21 and activation of
Drp1 are involved in H/R-induced C2C12 cell injury and that there
might be an interplay between them.

FGF21 inhibits the activation of Drp1 in H/R-induced C2C12
cell injury
To obtain the optimum conditions for the FGF21 regulation of
Drp1, C2C12 cells were treated with various concentrations of
FGF21 (50 ng/ml and 100 ng/ml) 24 h before H/R. Interestingly, the
accumulation of Drp1 in mitochondria was inhibited with both
concentrations, while 100 ng/ml was more effective (Fig. 4A).
Correspondingly, C2C12 cells treated with 100 ng/ml FGF21 were
used in the following experiment. Furthermore, the effect of
FGF21 was also confirmed through a knockdown approach. We
obtained three siRNAs targeting FGF21, and the validity of the
interference was examined by western blotting. Transfection of
these FGF21-siRNAs dramatically reduced the FGF21 protein
content (Fig. 4B). As Fig. 4C indicates, after H/R treatment, the
ATP content was significantly decreased; transfection of FGF21-
siRNA enhanced the reduction, while treatment of cells with
FGF21 alleviated the reduction. Moreover, H/R treatment also
resulted in a significant increase in Bax in siFGF21 cells compared
with siNC cells; in contrast, the increase in Bax was obviously much
lower in FGF21-treated cells (Fig. 4D). These results suggested that
FGF21 protects C2C12 cells from H/R injury.
We further detected the role of FGF21 in regulating Drp1

in vitro. As expected, the experimental results in vitro were
highly consistent with the previous in vivo results. FGF21
knockdown cells showed enhanced phosphorylation of Drp1
and its accumulation in mitochondria, but Drp1 was decreased in
the cytoplasm, and the reverse effect was found in cells treated
with FGF21 (Fig. 4D). Immunofluorescence staining was also used
to further assess the potential effects of FGF21 on the regulation
of Drp1. As shown in Fig. 4E, compared with those of the control
group, exposure to H/R enhanced fragmented mitochondria,
green fluorescent puncta of p-Drp1 and its translocation to
mitochondria, which were the most prominent in siFGF21 cells. In
contrast, these phenomena were markedly suppressed in cells

treated with FGF21. More importantly, linear or rod-like mitochon-
dria rather than fragmented mitochondria were better maintained
in the FGF21-treated cells than in the other two groups. Therefore,
consistent with our previous findings in mice, these in vitro results
confirm that FGF21 inhibits the activation of Drp1.

FGF21 inhibits Drp1 activation by suppressing CDK1
To gain insight into the underlying mechanism of how FGF21
regulates Drp1, we also tested whether CDK1 was altered because
CDK1 has been reported to stimulate Drp1 activation30,31. Consistent
with our in vivo results, H/R led to dramatic increases in the content
of CDK1 protein; FGF21 knockdown cells showed significantly higher
levels than siNC cells, while cells treated with FGF21 manifested the
opposite results. Meanwhile, FGF21 concentration increased after
ischemia reperfusion injury, but it was still lower in siFGF21 cells
than in siNC cells. Besides, the expression of FGF21 was highest
when cells treated with FGF21 (Fig. 5A).
We further sought to determine whether FGF21 regulates Drp1

through CDK1. Ro-3306, an inhibitor of CDK132,33, was added to
suppress the increase of CDK1 in siFGF21 cells during H/R. Similarly,
after ischemia reperfusion injury, enhanced Drp1 phosphorylation,
decreased localization of Drp1 in the cytoplasm, as well as increased
Drp1 in mitochondria were observed in siFGF21 cells comparing
with siNC cells, but these phenomena appeared to be stopped
by blockade of CDK1 with Ro-3306 in siFGF21 cells (Fig. 5B).
Correspondingly, accelerated Drp1 activation after exposure to H/R,
as evidenced by the Drp1 phosphorylation visualized by green
fluorescence and its recruitment to mitochondria was weakened in
the presence of Ro-3306. Treatment with Ro-3306 also resulted in
more elongated mitochondria (Fig. 5C). Collectively, these findings
suggested that the regulatory effect of FGF21 on Drp1 was at least
in part related to CDK1.

DISCUSSION
In this study, we demonstrated that (1) FGF21 alleviates apoptosis
and protects skeletal muscle against I/R injury; (2) FGF21 inhibits
Drp1 phosphorylation and its mitochondrial translocation; (3)
FGF21 regulates Drp1 by decreasing the levels of CDK1. Our
results highlight the importance of FGF21 in orchestrating Drp1
activation and its protective role in I/R-induced skeletal muscle
injury. This study provides new evidence documenting the key
role of FGF21 in the regulation of Drp1-mediated mitochondrial
fission in skeletal muscle I/R injury.
I/R injury is one of the major reasons for failed transplantations,

where excessive mitochondrial fission and apoptosis have been
described34. Although there are increasing numbers of innovations
aiming to elucidate strategies for mitigating I/R injury in skeletal
muscle, and some methods have been widely used, it remains a
challenge in clinical practice. Therefore, effective protectors are
urgently required to alleviate I/R injury of skeletal muscle.
FGF21 undoubtedly has advantages in I/R protection over other

growth factors owing to its protective effect. FGF21 has recently
attracted great interest as a therapeutic agent for various I/R
disease including cardiac and neurological diseases. In our study,
we found that targeted intervention of FGF21 is therapeutically
efficient in inhibiting skeletal muscle I/R injury. The protective
effects of FGF21 were not only demonstrated in an Ad-FGF21
mouse model with high expression of FGF21 but were also
demonstrated in C2C12 cells treated with FGF21 or knockdown.
Although the roles of apoptosis in skeletal muscle I/R injury

have not been fully elucidated35, many studies have shown that
targeting apoptosis is effective in inhibiting I/R. Previous studies
have shown that the protective effect of FGF21 during neuronal
I/R is achieved by attenuating apoptosis24; however, it was not
clear if FGF21 is involved in the regulation of apoptosis and
mitochondrial fission in skeletal muscle I/R damage. In our study,
this hypothesis was confirmed by both in vitro and in vivo
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Fig. 3 Analysis of FGF21 and Drp1 activation in C2C12 cells treated with different times of hypoxia, following reoxygenation for 2 h.
A Real-time quantitative PCR analysis of the mRNA level of FGF21 and Drp1. B Western blot analyses and density ratios of FGF21 and total
Drp1. C Phosphorylation of Drp1 as well as cytoplasmic (cyto) versus mitochondria (mito) fractionation was analyzed to compare the
distribution of Drp1. D ATP levels. E Accumulation of p-Drp1 (green) in mitochondria (red) by confocal microscopy. These experiments were
repeated at least three times. Data represents mean ± SD. *P < 0.05; **P < 0.01. Scale bars: 100 um (E). p-Drp1 phosphorylated-Drp1; cyto
cytosolic fraction, mito mitochondrial compartment.
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Fig. 4 Inhibition effects of FGF21 on Drp1 activation in C2C12 cells underwent H/R (5 h/2 h). A Effects of various concentrations FGF21 on
Drp1 in mitochondria. B RNA interference effect on FGF21 expression. C Cellular ATP content. D Western blot analyses of Bax, Drp1
phosphorylation and translocation to mitochondrial after added with FGF21 or knockdown. E Immunofluorescence staining of p-Drp1 (green)
in mitochondria (red). All data were repeated three times. Data represents mean ± SD. *P < 0.05; **P < 0.01. Scale bars: 100 um (E). siNC
transfection with scrambled siRNA, siFGF21 transfection with FGF21-siRNA, p-Drp1 phosphorylated-Drp1, cyto cytosolic fraction, mito
mitochondrial compartment.
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Fig. 5 CDK1 mediates the inhibition effect of FGF21 on Drp1 activation in C2C12 cells. A Western blot analyses of FGF21 regulating CDK1.
B Drp1 phosphorylation and translocation to mitochondrial after inhibiting CDK1 in FGF21 knockdown C2C12 cells. C: Colocalization of
p-Drp1 (green) and mitochondria (red). The assays were repeated at least three times. Data represents mean ± SD. *P < 0.05; **P < 0.01. Scale
bars: 100 um (C). siNC, transfection with scrambled siRNA; siFGF21, transfection with FGF21-siRNA; p-Drp1 phosphorylated-Drp1, cyto
cytosolic fraction, mito mitochondrial compartment.
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experiments. The overexpression of FGF21 reduced the expression
of Bax and TUNEL-positive cells in mouse skeletal muscle that had
undergone I/R. Furthermore, FGF21 reduced the Bax level and
reversed the reduction in ATP in C2C12 cells after H/R treatment.
Nevertheless, mitochondrial fragmentation is a potent trigger of
apoptosis that leads to cell death. Fragmented mitochondria
cannot produce energy, which in turn causes progressively greater
damage to cells. FGF21 also inhibited abnormal mitochondrial
morphology in the form of a spotted appearance, preserving a
more linear mitochondrial morphology that allowed for the
generation of more ATP after H/R. FGF21 alleviates mitochondrial
fission and apoptosis, both of which help to preserve mitochon-
drial functionality and contribute to sufficient inhibition of cell
damage. In support of other findings regarding its protective effect
on the heart and brain, our study similarly suggests that FGF21 also
plays a pivotal role in the protection of skeletal muscle against I/R
injury, which is a brand new area of study. However, it is interesting
to note that we found FGF21 mRNA level was increased but FGF21
protein took on a firstly decreasing and then increasing change
after H/R in C2C12 cell. We suspect that, due to H/R injury which
contributes to activation of many factors including FGF21 to
combat the stress, thereby resulting in more consumption of
FGF21 protein. In the early stage of injury, despite FGF21 mRNA
level was augmented on account of the gene sensibility, never-
theless it could not promptly and sufficiently to make up for the
loss of FGF21 protein, because the translation of protein lags
behind the transcription. As consequence, we observed that the
FGF21 protein was decreased. In addition, it is worth noting that
although FGF21 protein was decreased comparing with normal
conditions initially, it was gradually increased since 1 h after H/R,
expression of FGF21 protein was enhanced ultimately at 5 h after
H/R, which is identical to literatures that FGF21 is increased during
some pathological conditions.
Drp1 is a master mediator of mitochondrial fission that aids in

the maintenance of mitochondrial dynamic homeostasis36,37. Drp1
has been reported to be involved in the I/R process in the liver and
heart, and inhibiting Drp1 activation to thereby attenuate
mitochondrial fission and apoptosis is an effective approach to
mitigate I/R injuries38,39. We found that FGF21 significantly
weakened the activation of Drp1, at the same time, severe
destruction of mitochondrial morphology was effectively abol-
ished in cells treated with FGF21. All of these results suggest
inhibition of Drp1 activation by FGF21 could reduce mitochondrial
fission and consequently provide enough energy for cell survival
and I/R injury relief. Furthermore, we observed the interesting
discrepancy between Drp1 mRNA and protein. The amount of
protein are not only affected by mRNA, but also regulated by
many factors, such as post-translational modification. Drp1 is
regulated by several post-translational modifications like small
ubiquitin-like modification (SUMOylation), which is a common
protein degradation pathway. Indeed, it was observed that Drp1
mRNA was downregulated after H/R, but it was probably
hypothesized that except for change of Drp1 mRNA following
H/R, compensatory Drp1 post-translational modification (SUMOy-
lation) might be altered at the same time, facilitating attenuation
of Drp1 degradation, accordingly maintenance of protein level.
However, precious mechanism about the discrepancy between
the mRNA and protein remains to be continuously explored.
Identification of the possible mechanism by which FGF21

regulates Drp1 activation in skeletal muscle I/R has encouraged
further investigations into the mechanisms that have not been
characterized to date. Previous studies have shown that
Ca2+/calmodulin-dependent protein kinase Iα (CaMKIα), kinase II
(CaMKII), and CDK1 promote the phosphorylation of Drp1 at
Ser616 and increase Drp1 translocation to mitochondria40,41. In
this study, we found that CDK1 was also regulated by FGF21.
When combined with Ro-3306 to inhibit CDK1, the enhanced Drp1
activation and mitochondrial fission due to FGF21 knockdown

were obviously weakened, suggesting that FGF21 inhibited Drp1
activity at least partly through CDK1. Further study is needed to
identify the possible mechanism by which Drp1 is regulated by
FGF21 during I/R in skeletal muscle.

CONCLUSION
In conclusion, our data demonstrate the tight relationship among
FGF21, Drp1, CDK1, and apoptosis. Our study indicates that FGF21
plays an important role in regulating Drp1 activity and mitochon-
drial dynamics during skeletal muscle I/R (Fig. 6). Nevertheless, our
findings provide the rationale for classifying FGF21 as a protector
that may serve as a new therapeutic approach to ameliorate
skeletal muscle I/R injury.

DATA AVAILABILITY
Data supporting this study are available from the corresponding author upon
reasonable request.
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