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Abstract
Fibroblast growth factor 21 (FGF21) is a pleiotropic hormone, secreted mainly by the liver, considered as
a major regulator of energy homeostasis. Recent research revealed that FGF21 could play an important
role in cardiac pathological remodeling effects and preventing cardiomyopathy, but the underlying
mechanism remained largely unknown. The aim of this study was to clarify the mechanism of FGF21
cardiac protective effects. We engineered FGF21 knock out mice, and the effects of FGF21 and its
downstream mediators were subsequently elucidated using western blot, qRT-PCR, and mitochondrial
morphological, functional analysis. FGF21 knock out mice resulted in cardiac dysfunction accompanied
by a decline in global longitudinal strain (GLS) and ejection fraction (EF) which was independently of
obesity. Mitochondrial quality, quantity and functions were abnormal accompanied with the decreased
levels of optic atrophy-1 (OPA1) in FGF21 KO mice. In contrast to FGF21 knockdown, the cardiac speci�c
overexpression of FGF21 can alleviate cardiac dysfunction caused by FGF21 de�ciency. In vitro study
FGF21 siRNA can deteriorate mitochondrial dynamics, functions impairment induced by CoCl2. Both
recombinant FGF21 and adeno virus mediated FGF21 overexpression can alleviate CoCl2 induced
mitochondrial impairment by restoring mitochondrial dynamics. FGF21 is essential for maintaining
mitochondrial dynamics and functions in cardiomyocytes. FGF21, as an important target in regulating
cardiomyocytes mitochondrial homeostasis under oxidative stress, will provide new therapeutic options
for heart failure patients.

Introduction
FGF21 is well known as an endocrine hormone increase fat mobilization and increase insulin
sensitive(1–4). FGF21 conduct its regulation of metabolic homeostasis mainly through FGFR1(5).
Consider the closely association between metabolism and cardiovascular system, there are research
investigated the cardiac effect of FGF21. The results show FGF21 could protect against hypertrophic
cardiomyopathy(6–8) which is the early stage of cardiac dysfunction in mice model(9). But there are
confusing results in clinical research, which is increased serum FGF21 in HFrEF patients and it is
correlated with worsen outcomes(10, 11). Whether FGF21 has protect effect or harmful directly for
cardiac function is still unknow.

Mitochondrial are important organelles that maintain cell energy production and other biological
processes(12). They can adapt to a variety of endogenous and exogenous stimuli mainly through
dynamic changing of �ssion and fusion,(13) so mitochondrial dynamics is a vital mechanism that
protecting mitochondrial from damage(14). Damaged mitochondrial is closely associated with the
cardiac dysfunction(15–17). OPA1 is dynamin like GTPase located in the inner mitochondrial membrane,
that regulate mitochondrial fusion and maintain mitochondrial cristae structure(18,19). OPA1 also play
an important role in maintain mitochondrial function by regulating respiratory supercomplexes assembly
and modulating mitochondrial calcium uptake(20, 21).
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To elucidate the effect of FGF21 on cardiac function we concentrated on what and how FGF21 effect
cardiac function. In this study, we observed cardiac dysfunction in FGF21 KO mice, and found that FGF21
de�ciency can cause sever mitochondrial damage both in vivo and in vitro. Both exogenous addition and
endogenous overexpression could alleviate mitochondrial damage cause by CoCl2 stimulation. Therefore,
we further investigated the mechanism that FGF21 maintaining mitochondrial homeostasis and found
that FGF21 could inhibition OPA1 degradation through activation of FGFR1 and increased FBXW11
degradation.

Results

FGF21 KO mice developed cardiac dysfunction before
impaired metabolic state onset
To understand the mechanism of how FGF21 possesses bene�cial effects on cardiovascular health, we
conducted FGF21 KO mice (Fig.S1 A-D), and we closely monitored the metabolic baseline data and
cardiac function of FGF21 KO mice. Unexpectedly, though FGF21 is a key regulator of metabolism, there
are signi�cant differences in cardiac diastolic function between FGF21 KO mice and their littermate in
young age (16 weeks old) but not in blood sugar and body weight, as evidenced by comparable global
longitudinal strain, longitudinal and radial strain time to peak (Fig. 1A-C, and Fig.S1E-1H). In young age
FGF21 KO heart also found mild hypertrophic features and increased cardiac �brosis (Fig. 1D, 1E).
Meanwhile, the cardiac impaired marker BNP, hypertrophy marker MYH7, and �brosis marker was also
increased (Fig. 1F). Although eject fraction has no signi�cant impairment in young age FGF21 KO mice,
severe systolic dysfunction developed after 22 weeks old (Fig. S2A, B). These results suggest that FGF21
play a key role in maintain cardiac function.

FGF21 KO mice OPA1 degradation increased, and
mitochondrial structure was severely damaged
To investigate how FGF21 de�ciency mediates the cardiac dysfunction, we next examined the
morphological and function of heart tissue in FGF21 KO mice and their littermates. TEM analysis
demonstrated that sarcomere arrangement and mitochondrial morphological were disrupted in FGF21 KO
mice (Fig. 2A). The average cross-sectional area of individual mitochondrial, mitochondrial perimeter, and
mitochondrial area were signi�cantly reduced in FGF21 KO mice (Fig. 2B). A 5-grade scoring system
analysis showed that FGF21 de�ciency induced severe damage in mitochondrial morphology with
in�ation, warped membranes, irregularities, and absence of cristae (Fig. 2C,2D, and Fig.S3A).

To elucidate the mechanism of mitochondrial damage, we further investigated mitochondrial dynamic
related protein, mitochondrial genesis associated protein, and mitophagy indicator. There was no
difference of mitochondrial genesis protein but in mitochondrial dynamic related protein OPA1 was
signi�cantly decreased, and mitophagy related protein PINK and PARKIN were signi�cantly increased in
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FGF21 KO mice (Fig. 2E, 2F). We further investigated the mRNA levels of related protein, there are no
differences between FGF21 KO mice and their littermates (Fig. 2G). To further investigate whether the
OPA1 decreased impact the mitochondrial dynamics in cardiomyocytes, we use Mitotracker staining to
evaluate the mitochondrial morphology in isolated adult cardiomyocytes. As expected, the FGF21 KO
isolated adult cardiomyocytes mitochondrial is characterized by increased splitting and swelling (Fig. 2H-
J). These results suggest that FGF21 de�ciency may cause increased OPA1 degradation and
mitochondrial damage.

Restoration of cardiac FGF21 reverses impaired cardiac
function in FGF21 KO mice
To con�rm FGF21 has cardiac-speci�c effect on protecting mitochondrial damage, an adeno-associated
virus carrying a TNT-GFP promoter (AAV-TNT-GFP) was used to monitor FGF21 cardiac-speci�c
overexpression in FGF21 KO mice (Fig. 3A, Fig.S4A). FGF21 cardiac-speci�c overexpression had no effect
on metabolic status (Fig.S4B, C), but obviously improved the cardiac dysfunction caused by FGF21
de�ciency 16 weeks after injection, as shown by the EF%, GLS% (Fig. 3B, C). Consistently, FGF21 cardiac-
speci�c overexpression reversed cardiac hypertrophy and �brosis caused by FGF21 de�ciency (Fig. 3D,
3E). Cardiac impaired marker BNP, hypertrophy marker MYH7, and �brosis marker was also decreased in
FGF21 cardiac-speci�c overexpression mice (Fig. 3F). Western blotting identi�ed that OPA1 expression
was increased and mitophagy is inhibited in FGF21 cardiac-speci�c overexpression mice (Fig. 3G, H).

Furthermore, Mitotracker staining of the FGF21 KO mice mitochondrial in isolated adult cardiomyocytes
reveal that FGF21 cardiac-speci�c overexpression reversed increased mitochondrial splitting and swelling
(Fig. 3I-3K). These results demonstrated that FGF21 cardiac-speci�c overexpression could reverse cardiac
dysfunction caused by FGF21 de�ciency.

FGF21 de�ciency caused OPA1 degradation and abnormal mitochondrial structure and function in vitro

To further explore the effect of FGF21 in maintaining mitochondrial homeostasis, we transfected
cardiomyocytes with siFGF21. As expected FGF21 de�ciency caused OPA1 degradation (Fig. 4A).
Mitotracker staining showed increased �ssion with decreased mitochondrial network branches and
branch length in cardiomyocytes with siFGF21 transfection (Fig. 4B, C). To validate whether FGF21
de�ciency could affect mitochondrial oxidative phosphorylation, we used an extracellular �ux analyzer to
assess mitochondrial function in cardiomyocytes. FGF21 de�ciency cardiomyocytes had similar levels of
basal respiration and proton leak compared with normal cardiomyocytes, but the maximal respiratory
capacity and spare capacity were markedly reduced (Fig. 4E-G).

Overexpression of FGF21 has no effect on physiological
mitochondrial function
As the role of FGF21 in maintaining mitochondrial homeostasis was con�rmed, we explored whether
FGF21 could regulates mitochondrial function under physiological condition. We further evaluated the
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mitochondrial dynamics and function after given recombination FGF21 or adFGF21. Under physiological
status recombination FGF21 or AdFGF21 has no effect on mitochondrial dynamics and function (FigS5A-
J).

In vitro both autocrine and exogenous FGF21 could defenses mitochondrial damage under stressing

To further explored whether FGF21 could defenses mitochondrial damage under stressing conditions, we
use different stimulators to detect the expression of FGF21 and OPA1 in cardiomyocytes. As shown in
(Fig.S6 A-F), CoCl2 can active Hif1-a expression, and inhibited FGF21 and OPA1 expression in dose- and
time-dependent manner. Moreover, CoCl2 stimulation also cause increased mitochondrial �ssion and
impairment of mitochondrial function (Fig.S6 G-K).

Under CoCl2 stimulation, recombination FGF21 and adFGF21 could both restore OPA1 levels (Fig. 5A-D).
Then we further investigated the mitochondrial morphology, given recombination FGF21or adFGF21 both
can restore mitochondrial dynamic, decrease �ssion, also could increase fusion and branches forming,
under CoCl2 stimulation (Fig. 5E-H). As expected, FGF21 overexpression dramatically improved both

spare and maximal respiratory capacity but did not affect basal respiration, H+ leak, or respiration
attributed to basal F1/F0 ATP synthase activity (Fig. 5I-K).

FGF21 is an endocrine protein, mainly secreted by liver but cardiomyocyte could also synthesis and
secrete FGF21. As shown in (Fig.S7A), the adFGF21 cardiomyocytes culture supernatant was with
signi�cantly high FGF21 levels. When given Monensin, which is an intracellular protein transport blocker,
the high FGF21 levels in the adFGF21 cardiomyocytes culture supernatant was decreased. In contrast,
Monensin administration ignored the rescue of adFGF21 on mitochondrial damage induced by CoCl2
(Fig.S7B-7G).

Inhibition of FGFR1 impairs the mitochondrial protected effect of FGF21 under CoCl 2 stimulation in vitro

As previous study(22, 23), FGFR1 and FGFR3 are the mainly expressed FGF21 receptors on heart (Fig.
S8A). To determine FGF21 to exert its effect on heart through FGFR1 or FGFR3. First, we transfected
cardiomyocytes with siFGFR1 or siFGFR3 respectively. Only FGFR1 de�ciency could inhibitor OPA1
restoration caused both by recombination FGF21 and endogenous FGF21 under CoCl2 stimulation (Fig.
S8B, C, Fig. 6A-6D). We next sought to validate whether FGF21 exert its effect on mitochondrial through
activating FGFR1. As expected, both endogenous or exogenous FGF21 couldn’t prevent OPA1 degradation
in FGFR1 absence cardiomyocytes (Fig. 6A-D) and Mitotracker staining shows in FGFR1 absent
cardiomyocytes FGF21 couldn’t restore decreased mitochondrial fusion caused by CoCl2 (Fig. 6E-H). We
also test the mitochondrial oxidative phosphorylation in these FGFR1 absent cardiomyocytes.
Upregulation of spare and maximal respiratory capacity by FGF21 in CoCl2 stimulated cardiomyocytes
was absent (Fig. 6I-N). These results suggest that activation of FGFR1 is required for FGF21-mediated
mitochondrial protected effect.
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OPA1 mediated mitochondrial damage caused by FGF21
de�ciency or under CoCl2 stimulation
To determine whether the regulating of OPA1 plays an important role in FGF21-induced the mitochondrial
homeostasis. We overexpressed the OPA1 by transfected with OPA1 plasmid in FGF21 knock down
cardiomyocytes or cardiomyocytes under CoCl2 stimulation and investigated the mitochondrial
morphological change. As shown in (Fig. 7A-D), overexpression of OPA1 could restore mitochondrial
dynamics with increased mitochondrial network branches and branch length in FGF21 knock down
cardiomyocytes or cardiomyocytes under CoCl2 stimulation. Overexpression of OPA1 could also restore
the mitochondrial function and reduce the mitophagy which cause by FGF21 de�ciency or CoCl2
stimulation (Fig. 7E-I). These results suggest that FGF21 maintain mitochondrial homeostasis through
regulating OPA1.

FGFR1 regulate OPA1 degradation through E3 ligase
FBXW11
Due to FGF21 de�ciency and overexpression of FGF21 has no effect on mRNA levels of OPA1, the
possible OPA1 degradation modulators were identi�ed in cardiomyocytes. Firstly, we found that MG132
could inhibitor OPA1 degradation in time-dependent manner (Fig. 8A, B). In contrast, FGF21
administration remarkedly reduced the OPA1 degradation in cardiomyocytes under CHX stimulation
(Fig. 8C, D). These results indicate that FGF21 regulated the degradation of OPA1.

To determine the E3 ligase binding to OPA1, we use UbiBrowser to predict potential OPA1 E3 ligase
(Fig.S9A). We evaluated several E3 ligases expression, FBXW11 was detected to obvious increase in
FGF21 KO mice heart compared to that in littermate mice in protein level but not in mRNA level (Fig. 8E, F,
and Fig. S9B). Further with CoCl2 stimulation, FBXW11 remarkedly increased in cardiomyocytes
associated with the reduction of OPA1 and FGF21 (Fig. 8G, H). As expected, silence of FGF21 increased
the FBXW11 expression, and overexpression of FGF21 decreased the FBXW11 expression (Fig. 8I-L).
Moreover, the OPA1 degradation increased after overexpression of FBXW11, and transfection of siRNAs
targeting FBXW11 reduced OPA1 degradation in cardiomyocytes caused by CoCl2 stimulation (Fig. 8M-P),
further suggesting that OPA1 is a possible physiologic substrate of FBXW11. To con�rm the result, we
detected the interaction between FBXW11 and OPA1 by IP assay. As shown in (Fig. 8Q, R) overexpression
of FBXW11 increased the ubiquitin of OPA1.

Because FGF21 exert its effect mainly through activation of FGFR1 which is tyrosine kinase receptor, we
continued to investigate whether FGFR1 could interact with FBXW11. In transfected siFGFR1
cardiomyocytes we found increase FBXW11 (Fig.S10A, B). Next, we further constructed FGFR1 plasmid
then we transfected FGFR1 after evaluated the phosphorylation levels of FBXW11, we found out
increased FBXW11 degradation (Fig.S10C, D). Collectively, these results support the notion that OPA1 is a
degradation substrate of the FBXW11 and FGFR1 activation could increase FBXW11 degradation.
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Discussion
In the present study, we demonstrated that cardiomyocytes mitochondrial is a direct target of autocrine
and endocrine FGF21, as summarized in Fig. S10E. The absence of FGF21 is associated with damaged
mitochondrial structure and function both in vitro and in vivo, which is caused by increase degradation of
OPA1. And endogenous or exogenous FGF21 both can protect cardiomyocytes mitochondrial from
stressing stimulation in vitro and in vivo. We also con�rmed that the degradation of OPA1 is meditated by
FGFR1 rather than FGFR3, and the inhibition of OPA1 degradation is mainly by increase FBXW11
degradation, which is an E3 ligase of OPA1.

FGF21 was discovered as a key regulator of metabolism status, that regulate lipid and glucose
metabolism(24), and has a role in many mitochondrial related diseases(25–27). And there are many
reports about the cardiovascular bene�cial(28). But the mechanism of how FGF21 exert bene�t effect on
cardiac is still not quite clear. There is previous study found that FGF21 could protect cardiac function
from cardiac hypertrophy(6), and signi�cant cardioprotective effective of FGF21 in a mouse model of
experiment MI(8, 29). And there are reports about FGF21 could protect diabetic cardiomyopathy
formation by inhibition ROS(30, 31). Although there are reports about FGF21 has effect on muscle and
live mitochondrial status(27), and serum FGF21 is a biomarker of mitochondrial(25, 26), but there is no
report about whether FGF21 has effect on cardiomyocytes mitochondrial morphology or function. We
found in FGF21 KO mice there are severely damaged mitochondrial accompany with increased
mitophagy. Moreover, we found that FGF21 also play a key role in maintaining mitochondrial normal
function. In summary, our present results are consistent with the heart being a direct target of FGF21 and
it plays a key role in maintaining mitochondrial homeostasis.

OPA1 is emerging as a critical regulator to balance mitochondrial fusion and �ssion(32, 33), and normal
mitochondrial dynamics is important for cardiac metabolism. OPA1 is needed for PTP-induced
mitochondrial swelling and mitochondrial respiratory supercomplexes assembly and oxidative
phosphorylation(34). In our present study we found that in FGF21 KO mice OPA1 is signi�cantly
decreased, and in vitro we found that FGF21 could regulate OPA1 degradation. There is no report about
the association about FGF21 and OPA1. In previous studies reports that FGF21 could reduce the ROS
production and protect mitochondrial from damage. Our results found a new mechanism how FGF21
regulated mitochondrial homeostasis. We further investigated the degradation of OPA1 and found that
FBXW11 exert the degradation of OPA1, which is inhibited by FGF21. In vitro study we found that CoCl2
stressing and FGF21 de�ciency both could increase FBXW11 level which is predicted as OPA1 E3 ligase.
And overexpression FBXW11 could downregulation OPA1 and knock down FBXW11 could upregulation
OPA1. These results in our present study shows that FGF21 could regulate OPA1 degradation through
FBXW11, which give much more detail about how FGF21 regulate OPA1.

In previous studies it is well established that cardiac could also secret FGF21 through the secretion is
much lesser than liver or white adipose tissue(35–37). For cardiac the FGF21 that works on
cardiomyocytes could be FGF21 came from circulation or from cardiac itself. So, in our study we prove
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that FGF21 could exert its effect through both endocrine and autocrine, by added exogenous
recombination FGF21 or overexpression by using AdFGF21. Both of two ways could have cardiac protect
effect. Then we through the knock down FGFR1 or FGFR3 to con�rm which receptor mediated the cardiac
protected effect of FGF21. Knock down FGFR1 could signi�cantly diminish the protected effects of
FGF21, and overexpression could increase the activation of FGFR1 and inhibition of OPA1 degradation
and downregulation of FBXW11. These results reveal that activation of FGFR1 could increase FBXW11
degradation and inhibition OPA1 degradation.

Collectively, the �nding reported in this study indicates that FGF21 is needed for maintaining
mitochondrial homeostasis and under stressing stimulation addition FGF21 restore the mitochondrial
damage. Reveal that FGF21-FGFR1-OPA1 axis could provide potential therapeutic targets for cardiac
dysfunction.

Materials And Methods

Animals
FGF21 knockout mice in C57BL/6J background were generated as previously described(38). All animals
were housed in temperature-controlled cages with a 12-h light dark cycle and provided free access to food
and water. All animal study procedures were approved by the Cardiovascular Research Institute and the
Department of Cardiology of the General Hospital of Northern Theater Command and conformed to the
National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. Adeno-associated
virus AAV-TNT-GFP-FGF21 and control virus AAV-TNT-GFP from HanbioTech (Shanghai, China) were
injected into the tail of mice.

Glucose tolerance tests
For glucose tolerance tests, fasting blood glucose levels from tail blood were measured after a 16-h fast,
using the glucometer. Mice were then given an intraperitoneal injection of glucose at a dose of 1.5 g per
kg body weight. We measured blood glucose at basal, 30, 60, 90, and 120 minutes from tail blood using
the glucometer.

Echocardiography measurements
Echocardiography was performed using the Vevo 2100 Ultrasound System (FUJIFILM, Visual Sonics).
Mouse cardiac echocardiography measurements were performed under 1% iso�urane anesthesia to
detect cardiac function, and mouse cardiac function was detected using a 30-MHz high-frequency scan
head as previously described. Parasternal long-axis images were acquired in B-mode with appropriate
positioning of the scan head and the maximum LV length identi�ed. In this view, the M-mode cursor was
positioned perpendicular to the maximum LV dimension in end-diastole and systole, and M-mode images
were obtained for measuring wall thickness and chamber dimensions. Speckle tracking-based strain
analyses were performed on parasternal long-axis B-mode loops using the Vevo Strain Software (Vevo
LAB) as previously described(39).
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Transmission electron microscopy (TEM)
First, fresh hearts removed from mice or freshly collected cardiomyocytes were perfused with an

electron microscope �xing solution (4% paraformaldehyde and 1% glutaraldehyde in 0.1 mol/L sodium
cacodylate buffer, pH 7.4, and 4% sucrose). Then, 2% osmium tetroxide and 0.8% potassium ferrocyanide
in a 0.1 mol/L sodium cacodylate buffer were employed to pre-�x for 2 h and odium cacodylate buffer
was used to wash three times. The samples were dehydrated using a density gradient of alcohol and
acetone. Finally, the samples were cut into 60–80 nm ultrathin slices, dyed, and dried overnight at room
temperature. The sections were imaged and analyzed using an H-7800 TEM (Hitachi High-Technologies
Europe GmbH, Krefeld, Germany). The average number of mitochondria from each sample was
determined from a randomly selected pool of 15 to 20 �elds under each condition. Mitochondrial
appearance in EM images was determined by using a �ve-grade scoring system as previously
described(40). Number of mitochondrial, average mitochondria cross-sectional area, cristae number were
determined as previously described with Image J.(41)

Cardiac perfusion
LV cardiomyocytes are isolated enzymatically using a Langendorff perfusion system as previously
described(42). Brie�y, Langendorff perfusion system was set up �rstly, then mice were anesthetized and

hearts were transferred to a 60-mm dish and wash it with NT solution. Mount the aorta onto the
Langendorff perfusion cannula, and then �rmly ligate the aorta onto the cannula. Then switch the
perfusate to A solution (Tyrode solution + 10 mM Taurine, 1 mg/mL BSA ) to stop the heartbeat and wash
the blood. Next, switch the perfusate to E isolation solution (A solution + 0.6 mg/mL type II collagenase)
for enzyme digestion for 12 min. Finally, place the heart in a 35-mm dish containing KB solution and cut
off the LV tissue into small pieces. Centrifuge at 150 x g for 30 s and discard the supernatant. Re-
suspend the myocytes in 10 mL KB solution, free settle for 6 min, discard the supernatant, and re-suspend
the pellet in KB solution for further treatment.

Histological and immuno�uorescent study
Heart tissues were dissected out and �xed with 4% paraformaldehyde. 5µm cross-sections from the �xed
hearts were stained with Sirius red according to the manufacture’s protocol. For Mitotracker staining, the
fresh cardiomyocytes were �xed in 10% formalin for 30min at room temperature and then washed 3
times in PBS. The �xed sections were then incubated with 4µM Mitotracker dye (Thermo Fisher Scienti�c)
for 30min. After washing, sections were stained with 4’,6’-diamidino-2-phenylindole (DAPI, Thermo Fisher
Scienti�c) and covered with glass coverslips. All slides were examined under the Zeiss colocalization
microscope. Mitochondrial network morphology analysis was performed with ImageJ as previously
described(41).

Cell culture
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Primary mouse cardiomyocytes were prepared from neonatal mice (days 0–2), digested with 0.2%
collagenase II, neutralized with two times the volume of serum, and �ltered with a 100 µm screen.
Cardiomyocytes were then cultured in H-DMEM supplemented with 20% FBS, penicillin (100 U/mL),

and streptomycin (100 µg/mL) at 37°C with 5% CO2 and 95% air. HL-1 cells were purchased from ATCC
(Manassas, VA). The cells were then divided into different groups according to the experiment, as follows:
adenovirus-loaded GFP or FGF21 (OBiO Technology, Shanghai, China), si-NC, si-FGF21, siFGFR1 and si-
FBXW11 (RIBOBIO, Guangzhou, China).

Gene silencing and adenovirus infection
Brie�y, cardiomyocytes were transfected with si-FGF21, si-FGFR1, si-FBXW11 (RIBOBIO, Guangzhou,
China) using RNAiMAX (Life Technologies, Carlsbad, CA). For overexpression of FGF21, adenovirus
encoding FGF21 (OBiO Technology, Shanghai, China) was used to transfect primary neonatal mouse
cardiomyocytes and HL-1 cells.

Western blotting
First, protein lysates were centrifuged at 12,000 × g at 4°C for 15 min, prepared with loading buffer, and
boiled for 5 min. Then, they were electrophoresed with 10% SDS and transferred onto polyvinylidene
�uoride membranes (Merck, Millipore). After blocking with 5% defatted milk for 1 h, membranes were
incubated with primary antibodies overnight at 4°C. Membranes were then incubated with horseradish
peroxidase-conjugated secondary antibodies for 2 h at room temperature. The target proteins signal was
detected using Amersham Imager 680 (GE, USA). Expression quanti�cation was calculated with ImageJ.
Detailed information for primary antibodies are listed in Supplementary Table S1.

Real-time quantitative PCR
Total mRNA was extracted by the Trizol Reagent method (Thermo Fisher Scienti�c), and complementary
DNA was synthesized from 500ng total RNA by reverse transcription with Prime Script RT reagent kit
(Takara) with random hexamer primers. Quantitative real-time PCR ampli�cation was performed using
SYBR Green (Takara), and GAPDH gene expression was used for normalization. Detailed primers are
listed in Supplementary Table S2.

Seahorse XF Cell Mito Stress Test
HL-1 cardiomyocytes after treatment were seeded in laminin-coated microplates, and culture for 24–48
hours before measure the oxygen consumption rate (OCR). The measure of OCR in the Seahorses
biosciences XF96 extracellular �ux analyzer (Agilent, USA) following the standard procedures as
previously described.

Statistical analysis
All data were analyzed using GraphPad Prism 8 software and are shown as the mean ± SEM. In our study,
t-tests and one-way analyses of variance were employed to evaluate statistical signi�cance. Statistical
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signi�cance was set at P < 0.05.
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Figure 1

16-week FGF21 KO mice developed diastolic dysfunction, mild cardiac hypertrophy, and �brosis

(A) Representative echocardiography images of vectors of wall trace tendency calculated by Vevo
Software. (B) Representative echocardiography images of vectors of radial and longitudinal strain
calculated by Vevo Software. (C) Left ventricular global longitudinal strain (GLS) was calculated by Vevo
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Software. (D) Representative cross-sections of heart stained for WGA, and Sirius red in 16-week WT and
FGF21 KO mice heart tissue. (E) Quantitative analysis of cardiomyocyte size (WGA staining), �brotic area
(red area in Sirius red staining). (F) qPCR analysis of mRNA expression levels of hypertrophic and �brotic
genes in the heart. (Representative data from three independent experiments are shown and presented as
mean ± SD. *p< 0.05, **p< 0.01, ***p< 0.001. n=5 mice/group)

Figure 2
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In FGF21 KO mice, mitochondrial morphology and functions are severely damaged.

(A) Representative electron microscopic (EM) images of heart sections. Per heart, 15 to 20 random �elds
were analyzed. (B) Quanti�cation of number of mitochondrial, average mitochondria cross-sectional area,
cristae number and mitochondria score. (C) Representative EM images of heart sections marked by a 5-
grade scoring system. (D) Pie chart depicts the prevalence of the individual score grades across the
analyzed mitochondrial population in each group. A total of 100 mitochondria in each sample were
randomly analyzed. (E-F) Representatives immunoblot images of total proteins extracted from the heart
tissues and quanti�ed by densitometric analysis. (G) Relative mRNA levels of the mitochondrial dynamic
related protein and mitochondrial genesis protein in the heart of 16-week WT and FGF21 KO mice. (H-J)
Representative confocal images and quanti�cation of isolated adult cardiomyocytes MitoTracker and
OPA1 staining. (Representative data from three independent experiments are shown and presented as
mean ± SD. *p< 0.05, **p< 0.01, ***p< 0.001. n=5 mice/group)
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Figure 3

Cardiac speci�c overexpression of FGF21 could restore cardiac function in FGF21 KO mice

(A) 32-week-old male FGF21 KO mice and their wild-type littermates were given AAV-TNT-FGF21-GFP and
AAV-TNT-GFP, then noninvasive echocardiographic assessments were performed to monitor cardiac
function for 24 weeks. (B) Ejection fraction was measured by echocardiography every 4 weeks in AAV-
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Con and AAV-TNT-FGF21 mice. (C) Left ventricular global longitudinal strain (GLS) was calculated by
Vevo Software every 4 weeks. (D) Representative cross-sections of heart stained for WGA, and Sirius red
in 16-week WT and FGF21 KO mice heart tissue. (E) Quantitative analysis of cardiomyocyte size (WGA
staining), �brotic area (red area in Sirius red staining). (F) qPCR analysis of mRNA expression levels of
hypertrophic and �brotic genes in the heart. (G-H) Representatives immunoblot images of total proteins
extracted from the heart tissues and quanti�ed by densitometric analysis. (I-K) Representative confocal
images and quanti�cation of isolated adult cardiomyocytes MitoTracker and OPA1 staining.
(Representative data from three independent experiments are shown and presented as mean ± SD. *p<
0.05, **p< 0.01, ***p< 0.001, n=5 mice/group)
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Figure 4

FGF21 knock down cardiomyocytes had abnormal mitochondrial structure and function

(A) Representatives immunoblot images to detect OPA1 after siFGF21 in cardiomyocytes. (B-D) FGF21
knock down cardiomyocyte damaged mitochondrial dynamics with decreased mitochondrial network
branches and branch length. (E) Representative oxygen consumption curves in the siFGF21 and siNC
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treated cardiomyocytes. Basal respiration rate was measured followed by proton leak after the addition
of oligomycin, maximal respiration after the addition of FCCP, and non-mitochondrial respiration after the
addition of rotenone. (F-G) Quanti�cation analysis of maximal respiratory and spare capacity.
(Representative data from three independent experiments are shown and presented as mean ± SD. *p<
0.05, **p< 0.01, ***p< 0.001)

Figure 5
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Both rFGF21 and advFGF21 could protect mitochondrial structure and function damage caused by CoCl2.

(A-D) Representatives immunoblot images to detect OPA1 in rFGF21 and advFGF21 treated
cardiomyocytes then treated with CoCl2 (200nm) for 24h. (E-H) Mitochondrial dynamics detected with
MitoTracker staining. In rFGF21 and advFGF21 treated cardiomyocytes then treated with CoCl2 (200nm)
for 24h, mitochondrial network branches and branch length. (I) Representative oxygen consumption
curves in rFGF21 and advFGF21 treated cardiomyocytes then treated with CoCl2 (200nm) for 24h. Basal
respiration rate was measured followed by proton leak after the addition of oligomycin, maximal
respiration after the addition of FCCP, and non-mitochondrial respiration after the addition of rotenone. (J,
K) Quanti�cation analysis of maximal respiratory and spare capacity. (Representative data from three
independent experiments are shown and presented as mean ± SD. *p< 0.05, **p< 0.01, ***p< 0.001)
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Figure 6

Knocked down FGFR1 impair the rFGF21 and advFGF21 mitochondria protection cause by CoCl2.

(A-D) Representatives immunoblot images to detect OPA1 in siFGFR1 and siNC treated cardiomyocytes
and transfected with rFGF21 or advFGF21 then treated with CoCl2 (200nm) for 24h. (E-H) Mitochondrial
dynamics detected with MitoTracker staining. In siFGFR1 and siNC treated cardiomyocytes and
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transfected with rFGF21 or advFGF21 then treated with CoCl2 (200nm) for 24h, mitochondrial network
branches and branch length. (I, L) Representative oxygen consumption curves in siFGFR1 and siNC
treated cardiomyocytes and transfected with rFGF21 or advFGF21 then treated with CoCl2 (200nm) for
24h. Basal respiration rate was measured followed by proton leak after the addition of oligomycin,
maximal respiration after the addition of FCCP, and non-mitochondrial respiration after the addition of
rotenone. (J, K, M, N) Quanti�cation analysis of maximal respiratory and spare capacity. (Representative
data from three independent experiments are shown and presented as mean ± SD. *p< 0.05, **p< 0.01,
***p< 0.001)
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Figure 7

Overexpression of OPA1 restore the excess mitochondrial �ssion caused by FGF21 de�ciency or under
CoCl2 stimulation

(A-B) Representative confocal images and quanti�cation of MitoTracker and OPA1 staining of siFGF21
cardiomyocytes then transfect pOPA1 and cardiomyocytes transfected pOPA1 then treated with CoCl2
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(200nm) for 24h. (C-D) Quanti�cation of mitochondrial network branches and branch length. (E)
Representative oxygen consumption curves in siFGFR1 and siNC treated cardiomyocytes and transfected
with advFGF21 and advCon then treated with CoCl2 (200nm) for 24h. Basal respiration rate was
measured followed by proton leak after the addition of oligomycin, maximal respiration after the addition
of FCCP, and non-mitochondrial respiration after the addition of rotenone. (F-G) Quanti�cation analysis of
maximal respiratory and spare capacity. (H) Representatives immunoblot images to detect relative
protein in siFGF21 and CoCl2 treated cardiomyocytes and transfected with pOPA1 and pECMV.
(Representative data from three independent experiments are shown and presented as mean ± SD. *p<
0.05, **p< 0.01, ***p< 0.001)
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Figure 8

FBXW11 mediated FGF21 regulation of OPA1 degradation

(A, B) Representatives immunoblot images to detect OPA1 showed cardiomyocytes treated with MG132
could inhibited OPA1 degradation after treated with CoCl2. (C, D) Representatives immunoblot images to
detect OPA1 showed cardiomyocytes treated with CHX (20μg/ml) then given rFGF21 (50ng/ml) could
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inhibited OPA1 degradation (E, F) Western blots showing the predicted OPA1 E3 ligase expression levels
in FGF21 KO mice heart tissue. (G-J) In cardiomyocytes treated with CoCl2 and in FGF21 knocked down
cardiomyocytes FBXW11 decreased, (K-L) Western blots showing overexpression of FGF21 in
cardiomyocytes could down regulated FBXW11. (M-P) Overexpression FBXW11 could decrease OPA1
levels and knocking down FBXW11 could increase OPA1 levels under CoCl2 stimulation. (Q-R) IP analysis
showed that FBXW11 could interacted with OPA1 and increased OPA1 ubiquitination. (Representative
data from three independent experiments are shown and presented as mean ± SD. *p< 0.05, **p< 0.01,
***p< 0.001)
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