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A two-strata energy flux system driven by a stress hormone
prioritizes cardiac energetics
Zhiheng Rao1,2, Zhichao Chen1, Yuxuan Bao1, Zhenzhen Lu1, Yuli Tang1, Jiamei Zhu1, Jianjia Ma1, Siyang Dong1, Jiawei Shi1,
Suhui Sheng1, Yajing Chen1, Jiaojiao Wang1, Alan Vengai Mukondiwa1, Ziyue Li1, Xulan Wang1, Zibo Huang1, Chi Li1,
Wumengwei Ding1, Mengjie Chen1, Ziyi Han1, Cong Wang1, Xuebo Pan1, Xiaojie Wang1,3, Hong Zhu4, Li Lin1,3, Zhifeng Huang 1,3,
Weiqin Lu5, Xiaokun Li 1,3✉ and Yongde Luo1,3,4✉

The heart, an organ with a continuously high demand for energy, inherently lacks substantial reserves. The precise mechanisms that
prioritize energy allocation to cardiac mitochondria, ensuring steady-state ATP production amidst high-energy organs, remain
poorly understood. Our study sheds light on this process by identifying a two-strata flux system driven by the starvation hormone
FGF21. We demonstrate that systemic disruptions in interorgan metabolite mobilization and transcardiac flux, arising from either
adipose lipolysis or hepatic ketogenesis due to FGF21 deficiency, directly impair cardiac energetic performance. Locally, this
impairment is linked to compromised intracardiac utilization of various metabolites via ketolysis and oxidation pathways, along
with hindered mitochondrial biogenesis, TCA cycle, ETC flow, and OXPHOS. Consequently, the heart shifts to a hypometabolic,
glycolytic, and hypoenergy state, with a reduced capacity to cope with physiological stressors such as fasting, starvation, strenuous
exercise, endurance training, and cold exposure, leading to a diminished heart rate, contractility, and hemodynamic stability.
Pharmacological or genetic restoration of FGF21 ameliorates these defects, reenergizing stress-exhausted hearts. This hierarchical
energy-prioritizing mechanism is orchestrated by the LKB1-AMPK-mTOR energy stress response pathways. Disrupting cardiac LKB1
or mTOR pathways, akin to stalling mitochondrial energy conduits, obstructs the FGF21-governed cardiac energetic potential. Our
findings reveal an essential two-strata energy flux system critical for cardiac energetic efficiency regulated by FGF21, which
spatiotemporally optimizes interorgan and transcardiac metabolite flux and intracardiac mitochondrial energy sufficiency. This
discovery informs the design of strategies for treating cardiac diseases linked to mitochondrial or energy deficiencies.
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INTRODUCTION
The heart, a relentless engine, demands an exceptionally high and
incessant supply of ATP to maintain functional efficiency and
hemodynamic stability,1,2 outstripping any other high-energy
organs that get to rest during sleep or inactivity. Notably, it does
not store sufficient metabolic substrates but relies on a constant
supply from the bloodstream, primarily sourced from the liver,
adipose depot, and dietary intake. The timely availability of
sufficient free fatty acids (FFAs), amino acids, ketone bodies (beta-
hydroxybutyrate and acetoacetate), and sugars to the heart is
critical for managing or surviving energy crises, including
physiological fluctuations, nutrient shifts, fast/starvation, strenu-
ous workload, aerobic exercise, endurance training, cold, and
pathological challenges. Mitochondria enriched in cardiomyocytes
are essential for processing these metabolites into a steady-state
ATP pool through catabolic pathways, oxidation, glycolysis,
ketosis, and ultimately, the TCA cycle and oxidative phosphoryla-
tion (OXPHOS). They also ensure metabolic flexibility and manage
calcium dynamics in the heart. Mitochondrial dysfunction or

insufficient energy generation underpins cardiac energy insuffi-
ciency and functional inefficiency, hallmark features of major
cardiovascular diseases (such as cardiomyopathy and heart
failure), metabolic disorders, and issues in fitness and longevity.
Replenishing metabolites, especially ketones and short-chain FFAs,
can partially energize diseased hearts.3,4 However, the mechan-
isms that prioritize cardiac energy allocation among vital organs,
ensuring immense ATP production, remain elusive, hindering
innovative therapeutic approaches.
Recent studies have highlighted the salutary effects of FGF21 as

a stress-responsive hormone on systemic metabolic homeostasis
and, particularly, as a sensitive signal for mitochondrial defects
manifesting in muscular and neurological diseases.5–13 These
findings position FGF21 as a plausible candidate regulator for
optimizing energy allocation and ensuring cardiac energy priority.
Metabolically, FGF21 is known to promote ketogenesis and
lipolysis during fasting or energy stress. However, the liver and
white adipose tissue (WAT) do not utilize these products
themselves. Except for brown adipose tissue (BAT), which benefits
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from the action of FGF21 but only for cold adaptation, the chief
beneficiary organ(s) of these FGF21-driven metabolic processes
remain unidentified. Furthermore, elevated serum FGF21 levels
are associated with increased cardiovascular risk and mortality,
including cardiomyopathy and heart failure, particularly in
patients with reduced ejection fraction and systolic or diastolic
dysfunctions.14–17 Genetic Mendelian meta-analyses have identi-
fied major alleles of rs838133, rs739320 and rs499765 in the
regulatory and exon 1 regions of the FGF21 gene that are
associated with cardiometabolic outcomes, serum lipid levels, and
dietary preferences.18–20 FGF21 analogs or mimetics improve
cardiometabolic parameters in conditions such as steatohepatitis,
fibrosis, obesity, hyperlipidemia, or type 2 diabetes, which are risk
factors for cardiovascular events.21–23 In mouse models, diseased
hearts (or cardiomyocytes) secrete FGF21, and FGF21 improves
pathological agent-induced cardiomyopathy, hypertrophy,
ischemic damage, and heart failure by reducing lipid accumula-
tion, oxidative stress, inflammation, and apoptosis, while promot-
ing mitochondrial health.24–27 Paradoxically, unlike adipose
tissues, the pancreas, and the liver, cardiomyocytes express very
low, if any, levels of KLB, the obligatory coreceptor for FGF21,
leaving the mechanism underlying the cardiac effects of FGF21
unclear.
In this study, we unveil a hitherto unappreciated, unified

mechanism through which a hierarchal, two-pronged energy flux
system driven by FGF21 governs cardiac energetic efficiency.
FGF21 deficiency results in a hypometabolic, glycolytic, and
hypoenergetic state, rendering the heart intolerant to stressors
such as fasting, starvation, physical exertion, endurance training,
and cold challenge, leading to compromised heart rate and
contractility. Reinstating FGF21 reestablishes cardiac energetic
performance. This is achieved by coordinating intracardiac
oxidative catabolism of diverse metabolites and intermediates,
ketolysis, and mitochondrial function, along with systemic hepatic
ketogenesis and adipose tissue lipolysis, in a spatiotemporal
manner. The control of cardiac energetics and functional
performance by FGF21 under stress is indirect and mediated by
the nutrient-sensing pathways LKB1-AMPK and mTOR, which are
likely activated by influxing metabolites such as AICAR, AMP,
arginine, and leucine. Disruption of these systemic and local
metabolic processes impairs the cardiac energetics maintained by
FGF21. Thus, FGF21 emerges as a critical determinant factor for
sustaining heart energy sufficiency and functional efficiency by
driving a systemic-to-intracardiac energy flux network, with
centrality on prioritizing intracardiac mitochondrial energy pro-
duction. Our findings provide significant new insights into
mitochondrial function, metabolic flux, and heart physiology, as
well as potential strategic designs for cardiovascular diseases
associated with mitochondrial and energy deficiencies.

RESULT
Germline FGF21 deletion triggers systemic metabolic shifts linked
to mitochondrial and cardiac energetic defects
Although the heart is shielded from hypertrophy and dysfunction
by FGF21 treatment under agent-induced pathological condi-
tions,24 only minor to mild cardiovascular changes are observed
under basal, unstressed conditions, alongside insignificant global
morphometric and metabolic abnormalities, in mice with germline
deletion of Fgf21.24,28–30 This leaves the heart’s reliance on FGF21
and its underlying mechanisms unclear. Given that the heart
directly draws metabolic substrates from the circulation sourced
from peripheral organs, we approached this question by first
examining plasma metabolites. Among 71 out of 986 metabolites,
L-palmitoylcarnitine, L-oleoylcarnitine and L-linoleoylcarnitine,
which are signature precursors of mitochondrial fatty acid
oxidation (FAO), decreased significantly in the FGF21-deficient
mice (Fig. 1a, supplementary Fig. 1a–b and supplementary Table

1). The levels of cis-aconitate and citraconate, which are TCA cycle
intermediates linked to succinyl-CoA, were decreased (Fig. 1b),
suggesting defective mitochondrial FAO and TCA cycle activity.
These changes resemble serum anomalies in patients with FFA
dehydrogenase or carnitine-acylcarnitine translocase deficiencies,
who present with myopathies.31–33 Coincidently, several fatty
acids (e.g., palmitic acid, 3(s)-OH-lauric acid, docosahexaenoic acid,
and eicosatetraenoic acid) and oxylipins were reduced, indicating
defective FFA flux. Likewise, the levels of phosphatidylcholines
and their precursors (choline and alpha-GPC) (supplementary Fig.
1c), which are essential for mitochondrial and neuromuscular
function,34–36 were altered. Hydroxylated FFA changes are linked
to mitochondrial FAO disorders caused by MTP (HADHA or
HADHB) defects, leading to cardiomyopathy with impaired
ketogenesis and energy insufficiency.37 In support of this finding,
N8-acetylspermidine, an MTP activator and cardiomyopathy
marker, was reduced (Fig. 1b).38–41 Additionally, oxylipins such
as HETEs and alpha PGF1/2 are associated with tachycardia,
muscle contraction, and vascular tone.42–45

The serum creatinine and L-homocitrulline levels decreased,
whereas the DL-arginine and L-homoarginine levels increased (Fig.
1b and supplementary Fig. 1d). Creatinine and homoarginine are
metabolically linked to creatine (a myocytic energy carrier) and
polyamines and are cardiovascular disease biomarkers.46,47 These
findings suggest potential reductions in the phospho-creatine
content (supplementary Fig. 1d, lower), which may affect cardiac
energetics. Several amino acids and derivatives, including
arginine, glutamine, betaine, and L-citrulline, among others, were
altered (supplementary Fig. 1e), impacting the mitochondrial fuel
supply, complex IV activity, and peroxisome energy metabolism.
Coincidentally, thiamine, taurine, and uridine were significantly
reduced,48–52 of which thiamine is a cofactor for key TCA cycle
enzymes, whereas taurine and uridine are required for electron
transport chain (ETC) complex I assembly. These reductions are
linked to dry/wet beriberi, cardiomyopathy or heart failure.53–55

Serum S-D-lactoylglutathione (SDL), a byproduct of acetone or
methylglyoxal (a glycolysis product) detoxification, was reduced
(Fig. 1b), indicating a potential shift to a glycolytic and/or ketotic
state under stress. Serum purine and thymidine nucleosides (9%),
particularly adenosine, cytosine, AICAR, uridine, and hypoxanthine,
were reduced, while inosine was increased (Fig. 1c). They are
important for mitochondrial turnover, energy expenditure and
endurance training.56–59 Adenosine regulates heart rate, vasodila-
tion, and energy via ATP, whereas cytidine is important for energy
transfer via CTP and for phospholipid synthesis via CDP-DAG.
AICAR is an activator of AMPK, a key player with LKB1 in energy
metabolism.60,61 Additionally, uridine, through UTP and TPP (via
thiamine), is linked to the TCA cycle and respiration.62 Taken
together, these findings indicate that FGF21 loss causes profound
changes in systemic metabolites, many of which are essential
catabolic substrates, intermediates and regulators of mitochon-
drial energy metabolism, potentially impacting energy-dependent
tissues such as the heart.
To determine whether disturbances in circulating metabolites

truly reflect cardiac function changes, we examined heart energetic
performance under faulty FGF21 signaling. We synchronized the
mice to a torpor-like state, reducing their metabolic rate and
physical activity with short-term anesthesia, followed by recovery to
an active state upon anesthetic removal. An electrocardiogram (ECG)
revealed a significant reduction in the basal heart rate (HR) during
both the “sleep” and especially the energy-demanding awakening
phases in Fgf21-ablated mice (Fig. 1d–f, supplementary Fig. 2a),
indicating a reduction in the overall performance of the heart.
Echocardiography (Echo) revealed significant decreases in myocar-
dial mechanoenergetic efficiency (MEE), ejection fraction (EF),
fractional shortening (FS), and cardiac output (CO) without
significant changes in left ventricular end-systolic (LVESD) or end-
diastolic (LVEDD) diameters at comparable HRs, indicating reduced
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contractility and blood-pumping efficiency (Fig. 1g, h, supplemen-
tary Fig. 2b–e). There was also a significant decrease in E/A without
significant changes in E/E’ or E’/A’ (supplementary Fig. 2f–h),
indicating a tendency toward impaired left ventricular diastolic
capacity. In vivo telemetry showed a similar reduction in basal HR in

conscious, unstressed Fgf21-deleted mice fed ad libitum (Fig. 1i, j,
supplementary Fig. 2i), alongside trends toward statistically insignif-
icant decreases in autonomous pedestrian locomotion and body
temperature during the dark phase (supplementary Fig. 2j–l). These
findings suggest that, under nonstress, physiological baseline
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conditions, FGF21 loss leads to mild but unison declines in HR
maintenance and critical systolic and diastolic parameters, particu-
larly during the active (dark) phase, without significantly affecting
physical activity, body temperature, or behavior, especially during
the inactive (light) phase. Thus, the heart is the primary organ that is
functionally impacted by whole-body FGF21 deficiency.
Morphometric and anatomical assessments revealed that

FGF21 deficiency led to increased heart weight and a trend
toward increased size (supplementary Fig. 3a–b), which is
consistent with an early report.24 Light microscopy revealed
increased myocyte cross-sectional areas without significant
fibrosis (supplementary Fig. 3c–d). Ultrastructural examination
revealed typical intermyofibrillar networks intercalated with
mitochondria in both mouse lines (Fig. 1k, supplementary Fig.
3e–f). However, in FGF21-deprived mice, cardiac mitochondria
were enlarged by approximately 25%, more disarrayed, and
frequently vacuolated, with broader but mildly fuzzy or diffuse,
cardiomyocytic Z-lines. The mitochondrial DNA (mtDNA) con-
tent was significantly reduced (Fig. 1l), which was consistent
with reduced serum nucleosides (Fig. 1c). Analysis of ETC
complexes I-IV revealed insignificant changes in catalytical
activity under normal, energy-sufficient, and resting conditions
in Fgf21-/- mice (Fig. 1m). However, following a 12-h fast, which
limits the external energy supply, these activities significantly
decreased, unlike those in wild-type (WT) mice. Considering the
amplification effect of the enzymatic cascade, these stepwise
reductions suggest substantial ETC impairments, which lead to
ATP insufficiency due to FGF21 abolition (see later sectional Fig.
7g and supplementary Fig. 12a), undermining the energy stress
response. This finding is concordant with the reduced levels of
circulating metabolites as sources of myocardial energy. Contra-
rily, the administration of rhFGF21 (recombinant human FGF21)
for 2 hours (h) acutely improved Complex I-IV activity, suggest-
ing a correctable metabolic vulnerability rather than an
irreversible myocyte development defect. Correspondingly,
rhFGF21 restored HR, EF, and FS and improved LVESD and
LVEDD without significantly affecting CO under normal condi-
tions (Fig. 1n–q, supplementary Fig. 3g–i). During the later
awakening stage, the HR of Fgf21-null mice remained lower than
that of WT mice, suggesting the need for extended treatment.
These findings suggest that cardiac dysfunction in FGF21-
deficient mice, resembling mild mitochondrial cardiomyopathy,
is attributable to impaired mitochondrial structure and function,
leading to reduced energy flow rather than defects in cardiac
tissue development. This finding aligns with the roles of FGF21
as a regulator of energy homeostasis and a biomarker for
mitochondria deficiencies in muscle and neural diseases.11,12

Systemic FGF21 deficiency impairs cardiac efficiency under
physiologically reversible energy stress
The heart is highly sensitive to energy stress and relies on external
energy supplies due to limited internal reserves. Our findings
suggest that FGF21 loss disrupts systemic metabolite flow and
stalls cardiac mitochondrial ATP production, rendering cardio-
myocytes vulnerable to stress. We tested cardiac function
performance under diverse mild, reversible energy stressors,
namely, fast/starvation, strenuous exercise, training, cold, and
mild high-fat diet (HFD) feeding. These stressors are revolutionarily
relevant and physiologically adaptable. Unlike calorie restriction, a
mild HFD reflects overnutrition, which is beneficial for high-energy
processes.
The heart adapts to fasting by lowering HR to conserve energy.

After 12 hours of fasting, HR decreased while EF and FS increased
in both the Fgf21-/- and WT mice under anesthesia-induced
inactivity (Fig. 2a–f, supplementary Fig. 4a–f). Fgf21-/- mice
presented a more pronounced drop in HR and MEE and a greater
increase in EF and FS, with a minimal change in CO. These
differences persisted at levels with standard caloric intake. LVESD
and LVEDD decreased slightly but without statistical significance.
Following 2 h of refeeding, the HR escalated in both genotypes
but did not fully return to the prefast level in the FGF21-deficient
mice (Fig. 2c, d, supplementary Fig. 4a, b), indicating incomplete
recovery. Refeeding decreased EF and FS and increased LVESD
and LVEDD in WT mice but not in Fgf21-null mice (Fig. 2e,
supplementary Fig. 4c–e). Acute 2-h rhFGF21 treatment corrected
the HR deficits observed under fasting and more effectively than
refeeding in the FGF21-depleted mice, which reached the levels
observed in the WT littermates under resting conditions. A similar
trend of lowered efficiency was again observed during the late
stage of the awakening phase following acute rhFGF21 treatment
(Fig. 2c, 1n and supplementary Fig. 4a). The additive effect of
rhFGF21 was less pronounced in fasted WT mice, which are
expected to have increased levels of endogenous FGF21.6

Interestingly, rhFGF21 elevated EF and FS while reducing LVESD
and LVEDD in Fgf21-null but not WT mice, in stark contrast to
refeeding. Consequently, the large discrepancy in CO seemed to
be offset (Fig. 2f). rhFGF21 was also effective at restoring HR after a
24-h fast (supplementary Fig. 4g). These findings highlight the
specific roles of FGF21 in regulating heart rate and contraction.
The heart is intolerant to calorie restriction without FGF21, with
dysfunctions that refeeding alone cannot remedy autonomously.
Strenuous exercise or workload imposes energy stress on the

heart, as much of the systemic energy is directed to skeletal
muscle and pulmonary respiration. The mechanism regulating
adequate cardiac energy allocation remains unknown. Amidst a

Fig. 1 FGF21 deficiency alters systemic metabolites linked to mitochondrial and cardiac energetic defects. a–c Heatmap of significantly
altered serum metabolites, including mitochondrial FAO precursors, fatty acids and oxylipins, TCA cycle intermediates, and nucleosides, in
Fgf21−/− (n= 3) and WT (n= 3) mice. p < 0.05; fold change (FC) > 1.5 or < 0.67. See also Fig. S1a–c and S1e. For changes in serum
phosphocreatine levels, see Fig. S1d. S, supplementary. d Experimental procedure for electrocardiogram analysis under anesthesia and
anabiosis simulating ‘sleep’ (anesthesia on) and ‘awakening’ (anesthesia off ) stages of torpor. ‘Sleep’, a sedentary state under anesthetic
inhalation; Awakening, a recovery and active state following anesthetic removal. e Heart rate (HR) changes in Fgf21−/− (n= 95) vs WT (n= 56)
mice measured in d under normal conditions. BPM, beats per minute. f Area-under-curve (AUC) analysis of the HR excursion curves in e. See
Fig. S2a. g, h Echocardiogram analysis of the mechano-energetic efficiency (MEE), ejection fraction (EF) and cardiac output (CO) of Fgf21-/-

(n= 51) vs WT (n= 51) mice. See Fig. S2b-S2h for other Echo parameters. i Telemetry monitoring of HR changes over 24 hours in
representative Fgf21-/- vs WT mice under normal conditions. j AUC analysis of cumulative HR excursion curves of Fgf21-/- (n= 6) vs WT (n= 6)
mice in i. Changes in ambulatory movement and body temperature are shown in Fig. S2j-S2l. k Representative TEM images of left ventricle
cross-sections from Fgf21-/- vs WT mice under normal conditions. Yellow arrowhead, mitochondria. Cyan arrowhead, Z line. See Fig. S3e for
broader, low-magnification images. The changes in cardiac morphometric parameters, mild dilatation and insignificant fibrosis are shown in
Fig. S3. l Mitochondrial DNA content of hearts from Fgf21-/- (n= 11-12) vs WT (n= 12) mice. m Catalytic activities of mitochondrial complexes
I-IV in the hearts of Fgf21-/- (n= 7-9) vs WT (n= 7-9) mice. h, hour. n, o HR Changes (n) with rhFGF21 treatment (n= 12) and AUC analysis (o) of
Fgf21-/- (n= 78) vs WT (n= 47) mice under normal conditions. p, q Changes in EF and LVSED with rhFGF21 treatment (n= 22) in Fgf21-/-

(n= 51) vs WT (n= 51) mice, as in n. See Fig. S3g-S3i for other parameters. The data are presented as the means ± s.e.m.s. (a–c, e–j) Two-tailed
unpaired Student’s t-test; (l–q) ordinary one-way ANOVA followed by Tukey’s test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. *, Fgf21-/- vs
WT groups by Student’s t test or one-way ANOVA. $, between treatment groups in WT mice. #, between treatment groups in Fgf21-/- mice. All
these also apply to other figures
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10-min session of intense, telemetry-monitored exercise, the
HR surged in both genotypes (data not shown), eliminating the
resting HR difference (Fig. 1e, i). Remarkably, after prefasting
for 24 hours, the HR dropped sharply within 4 minutes of
forced track-field running (Fig. 2g, supplementary Fig. 5a),

along with reduced running speed and duration exclusively in
the Fgf21-null mice (Fig. 2h, i). Body temperature remained
unchanged (supplementary Fig. 5b). These findings suggest
that without FGF21, the heart is intolerant to high-intensity
exercise under energy stress. While the heart is particularly
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sensitive to FGF21 loss, skeletal muscle is also affected under
such conditions.
Long-term endurance training typically results in a reduced HR

and increased EF and CO. However, in Fgf21-null mice, 2 hours of
daily exercise for 56 days led to negligible changes or even
elevations in HR, in contrast to the reductions in WT mice
(Fig. 2j, k, supplementary Fig. 5c–e). Additionally, EF and FS
decreased while LVESD and LVEDD increased, contrary to the
improvements noted in WT mice (Fig. 2l, m, supplementary Fig.
6a–b). Improvements in CO and LVAW;s also lagged behind those
in WT mice (supplementary Fig. 6c–e). These findings suggest that
FGF21 loss causes cardiac maladaptation and a significant loss of
endurance, leading to resistance to functional improvement and
reduced performance, which aligns with the findings showing
increases in serum FGF21 after both acute and chronic exercises in
humans and mice.
Cold exposure increases heat production and, concomitantly,

HR to maintain body temperature and blood flow. This
heightened metabolic demand can strain heart’s energy influx,
leading to potential functional inefficiency. While FGF21 promotes
cold tolerance by activating brown and beige adipose tissues
through induced expression63 (supplementary Fig. 6k), its effects
on cardiac function during cold conditions are unclear. Telemetry
revealed that, unlike WT mice, Fgf21-null mice presented elevated
basal body temperature under normal conditions (supplementary
Fig. 6f) but experienced a significant, progressive drop in core
body temperature during the initial 24 h of exposure to 4 °C,
indicating early cold intolerance (Fig. 2n). After 24 hours of fasting
to reduce energy reserves (supplementary Fig. 6g), cold exposure
increased the HR in both the Fgf21-null and WT mice, but the HR
was significantly lower in the Fgf21-null mice than that in the WT
mice (Figs. 2o and 1i, j, supplementary Fig. 6h) or under conditions
without prefasting (not shown). This was accompanied by
significant decreases in core body temperature and ambulatory
movement (Fig. 2p, q, supplementary Fig. 6i, j). These findings
suggest significant cardiac inefficiency under cold and energy
stress without FGF21, along with decreased body temperature and
physical activity.
FGF21 is increased in patients with obesity, which is detrimental

to cardiovascular health. However, moderate HFD feeding could
provide an energy-rich metabolic milieu for cardiac energetic
functions. Following 12 weeks of HFD, the reduced HR from FGF21
loss under normal or fasting conditions normalized and became as
sensitive to FGF21 replenishment as in WT mice (Fig. 3a, b,
supplementary Fig. 7a, b). Interestingly, HR increased significantly
during the energy-consuming awakening phase in FGF21-
depleted mice but decreased drastically during the ‘sleep’ phase

in WT mice, indicating an effect of fat-centric catabolism that
requires more oxygen. Overall, HR tended to decrease in WT mice
but increase in Fgf21-knockout mice, resulting in a similar profile.
Echo parameters also improved and became more responsive to
rhFGF21 treatment (Fig. 3c, d, supplementary Fig. 7c). Despite this,
HR remained lower in Fgf21-null mice toward the end of the
awakening phase, suggesting that FGF21 loss-caused defects are
predominantly of energy origin, which can be adaptively masked
by fat indulgence, rendering energy self-sufficiency. However,
some cardiac defect(s) may persist due to long-term adaptation.
Notably, Fgf21-null mice exhibited greater sensitivity to rhFGF21
treatment for improving EF, FS, LVESD, and LVEDD. The changes in
CO were similar in both genotypes, but the overall changes were
more significant in the knockout mice. These cardiac function
changes concurred with mild changes in the relevant systemic
metabolic parameters (Fig. 3e, f; a more detailed result description
in supplementary Fig. 8). Together, these findings suggest that a
moderate HFD affords heart energy self-sufficiency, masking
mitochondrial defects and overcoming FGF21 deficiency-
induced energy insufficiency. This finding underscores the
essential role of energy supply, especially from FFAs, in maintain-
ing heart functionality. Although FGF21 may become dispensable
when the energetic threshold is met, cardiac functions could be
further enhanced by rhFGF21, which is consistent with FGF21’s
primary role in promoting lipid catabolism. The enhanced fat
conversion into mechanical energy in the heart or muscle also
accounts for FGF21’s antiobesity effects. Thus, a defective energy
flux is fundamental to heart defects associated with Fgf21
nullification across various stress conditions.

Restoring FGF21 rectifies heart dysfunction by enhancing
macronutrient flexibility and mitochondrial energy flux
To elaborate on the importance of cardiac energy flux regulated
by FGF21, we restored FGF21 in Fgf21-null mice using a TBG
promoter-driven minigene (supplementary Fig. 9a and g). This
restoration resulted in time-dependent HR increases, peaking on
day 14 post-AAV injection in mice fed ad libitum (Fig. 3g,
supplementary Fig. 9b). Concurrently, MEE, EF, FS and CO
increased, while LVESD and LVEDD decreased over 28 days (Fig.
3h, i, supplementary Fig. 9c–e), indicating improved cardiac
energetic performance. Transmission electron microscopy (TEM)
of heart sections showed that FGF21 restoration normalized
mitochondrial crista density and interfibrillar array and corrected
the vacuolation degeneration seen in the Fgf21-null hearts (Fig. 1k,
supplementary Fig. 9f and 8h) or hearts with control vector (not
shown). To assess the associated systemic energy status, we
measured energy expenditure and substrate utilization by indirect

Fig. 2 FGF21 deficiency impairs cardiac energetic performance under various physiologically relevant stress conditions. a Experimental
outline for assessing heart function following 12 hours (h) of fasting. Note that food deprivation for both 12 and 24 hours is referred to as fast
(fs) hereafter, except where time constraints are specified (fast, 12-h; fast, 24-h; starvation, 48 h or 2 days). All experiments, except refeeding,
were conducted while the mice were still in fasting/starvation after the initial food-deprivation period. b Heart rate (HR) changes during
fasting in Fgf21-/- (n= 17) vs WT (n= 17) mice. c Comparative HR changes in fasted Fgf21-/- mice after refeeding and rhFGF21 treatment (1 mg/
kg, i.p.). For HR changes after a 24-h fast, see Fig. S4g. d Area-under-curve (AUC) analysis of HR changes in fasted Fgf21-/- vs WT mice after
refeeding and rhFGF21 treatment for 2 hours. See Fig. S4a for more detailed HR comparisons and S4b for simplified AUC plots. e, f Changes in
ejection fraction (EF) and cardiac output (CO) under the same conditions as in c. Fgf21-/- refeeding, n= 27; rhFGF21, n= 28; WT, rhFGF21,
n= 38. See Fig. S4c–e. g HR changes measured by telemetry in response to involuntary running in Fgf21-/- (n= 7) vs WT (n= 11) mice after
24 hours of fasting. For the experimental scheme see Fig. S5a. h Changes in running speed (steps per minute) in the indicated mice as in g.
i Changes in running duration (total steps in 30minutes) in the indicated mice as in g. For body temperature changes, see Fig. S5b. j Impacts
of endurance training (2 hours/day for 56 days) on the HR (AUC) in Fgf21-/- (n= 11) vs WT (n= 8) mice. For HR changes at 7, 14, 28 days, see Fig.
S5c–e. k HR changes after 56 days of endurance training in the indicated mice. d, day. l,m Changes in EF and LVESD after 28 days of endurance
training in the indicated mice. See Fig. S6a–e. n Changes in core body temperature in Fgf21-/- (n= 7) vs WT (n= 6) mice subjected to a 4 °C
challenge for 48 hours. ΔT, core body temperature change between 4 °C and room temperature, as measured by a rectum probe. See Fig. S6f.
o HR changes measured by telemetry in Fgf21-/- (n= 8) vs WT (n= 8) mice after 24 hours of fasting and then 2 hours of exposure to 4°C. See
Fig. S6g-S6h. p Changes in core body temperature in the indicated mice as in o. See Fig. S6i. q Changes in cumulative pedestrian activities
(total steps in 2 hours) in the indicated mice as in o. See Fig. S6j. Data are means ± s.e.m.s; (b, g–q) Two-tailed unpaired Student’s t-test; (c–f)
ordinary one-way ANOVA followed by Tukey’s test
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calorimetry in FGF21-restored, FGF21-deficient, and WT mice
under basal, 2-day starved, and refed conditions (Fig. 3j–p, see a
detailed result description in supplementary Figs. 10 and 11).
FGF21 restoration via minigene overexpression significantly
increased respiratory exchange ratio (RER) under normal basal

conditions compared to Fgf21-null mice, and even exceeded
values in WT mice, which typically have low circulating FGF21
levels (Fig. 3j, supplementary Fig. 11a). During 2-day starvation,
FGF21-deficient mice exhibited a marked reduction in the RER to
0.7-0.8, which was lower than the >0.8 observed in WT mice and
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moderately lower than that in FGF21-restored mice, especially
during the first dark phase (Fig. 3k, supplementary Fig. 11b). These
data suggest that FGF21 deficiency induces a mitochondria-
centric hypoenergy state characterized by energy incompetency,
fuel inflexibility, impaired glucose utilization, and a shift toward fat
and potentially ketone utilization, reducing overall energy flux
capability and fast adaptation. Thus, FGF21 signaling facilitates
macronutrient utilization and efficient energy expenditure,
thereby supporting heart functionality.

Loss of FGF21 results in a hypometabolic and glycolytic state with
cardiac defects in pathways for mitochondrial energy flux
To delve deeper into the regulation of cardiac energetics, we
performed targeted intracardiac energy metabolomic analysis
following a 12-h fast. Cardiac TPP, cis-aconitate, and AMP (another
AMPK activator associated with AICAR and ATP) were reduced in
the FGF21-deficient mice (Fig. 4a, supplementary Fig. 12a and
Table 2), mirroring changes in the circulation (Fig. 1b, c). TPP is
essential for several dehydrogenase complexes that feed into or
constitute the TCA cycle. Correspondingly, a broad range of TCA
cycle intermediates were reduced. The decreases in alpha-
ketoglutarate and malate were also consistent with increases in
serum glutamine and arginine-citrulline, likely due to their
reduced entry into the TCA cycle (Fig. 1b, supplementary Fig.
1e). NADH and FMN (with succinate, precursors of FADH2), which
feed into ETC complexes I and II respectively, decreased (Fig. 4a,
supplementary Fig. 12a). Consequently, ATP, and less significantly,
GTP levels were diminished. In contrast, F-1,6-BP, a central
intermediate of glycolysis,64 was elevated, indicative of a shift
toward glycolysis due to a reduced TCA cycle and respiration or at
the expense of gluconeogenesis. NADPH, NAD+ and cAMP also
tended to decrease, further suggesting a hypometabolic state.
These findings align with indirect calorimetry data and serum SDL
changes in Fgf21-/- mice (Figs. 3j, k and 1b). Conversely, acute
rhFGF21 treatment increased TPP, citrate, cis-aconitate, isocitrate,
αKG, succinate, and OAA while reducing F-1,6-BP and GDP (Fig. 4a,
supplementary Fig. 12a), with ATP and GTP trending upward,
although longer treatment might be necessary (Fig. 4b, supple-
mentary Fig. 12a). Taken together, FGF21 deficiency leads to a
cardiac hypometabolic, glycolytic, and hypoenergetic state, while
FGF21 signaling reinstates cardiac energy flux.
Furthermore, transcriptomic analyses (supplementary Fig.

12b–d, supplementary Table 3) revealed significant pathway
alterations in cardiac mitochondrial structure, function, and
energy conversion, including the TCA cycle, ETC, ATP synthesis,
mitochondrial translation, MICOS complex, crista formation, and
biogenesis, in fasted Fgf21-deficienct mice (Fig. 4c, supplementary
Fig. 13a–b). At the tissue level, pathways/processes related to
cardiac contraction rate and force, myofibril assembly, sarcomere
organization, sarcoplasmic reticulum Ca2+ transport, muscle
contraction, and blood circulation were altered most significantly
(Fig. 4c–e, supplementary Fig. 13a–b). Notably, the FGF21-driven

changes occurred without direct cardiac action, as indicated by
negligible KLB expression65 and a lack of EGR1 induction
(supplementary Fig. 12e). Heart rate regulation was notably
affected, consistent with the observed HR alterations under
various stress conditions. Pathways for cardiac conduction, blood
vessel diameter maintenance, and pressure regulation were also
significantly altered (supplementary Fig. 13c–e). At the metabolite
level, changes were predominant in the catabolism of FFAs and
branch-chain amino acids (BCAAs), mitochondrial/peroxisomal
and proteasomal protein processing, and the biosynthesis of
acetyl-CoA, acyl-CoAs and purine nucleotide bisphosphates. These
findings are in accordance with the serum and cardiac metabolite
profiles (Figs. 1a–c and 4a, supplementary Fig. 1c–e) and
demonstrate cardiac versatility in the use of diverse energy
substrates. These pathways were exclusively downregulated in
fasted Fgf21-null mice but notably reinvigorated by acute rhFGF21
treatment (supplementary Fig. 14a–c). In addition, FGF21 signaling
positively impacted pathways for mitochondrial calcium flux,
membrane potential, vitamin and cofactor metabolism, substrate
transport, heme (an ETC cofactor) synthesis, ROS production, and
endothelial function (supplementary Fig. 14a, b, supplementary
Fig. Table 3 - heatmaps not shown).
Confirmative qPCR analysis revealed that under normal condi-

tions, FGF21 loss had limited effects on genes involved stepwise in
TCA cycle, ETC and OXPHOS. However, a 12-h fast uniformly
reduced their expression in FGF21-deficient but not WT mice,
while rhFGF21 treatment reversed this effect (Fig. 4a, b,
supplementary Fig. 15a–c). During prolonged fasting, this trend
remained, although some genes lost response to Fgf21 loss and
rhFGF21 treatment (supplementary Fig. 16a, b, j). The mitochon-
drial biogenic factor PGC1a followed a similar trend (supplemen-
tary Fig. 16c). Notably, complex I (the entry site for NADH
oxidation) and III/IV were the most affected (supplementary Fig.
13a, 14a, b and 15c). Correspondingly, cardiac NADH production
was impaired in Fgf21-null mice but was recovered by acute
rhFGF21 treatment (supplementary Fig. 16d), which was corre-
lated with notable changes in cardiac ATP levels (Fig. 4a,
supplementary Fig. 12a). Organelle biogenesis and ER/Golgi-
associated vesicle transport were significantly impacted, high-
lighting FGF21’s role in energy substrate collection and flux
(supplementary Fig. 17a, supplementary Table 3). Interestingly,
changes in FGF21-responsive genes such as OXCT1, the SUCL
complex, PDHA1, OGDH, ACO2, IDH3B, and ETC components (MT-
CO2, COQ9, UQCRQ, SDHB/D and NDUFB7) are linked to
mitochondrial deficiency syndromes manifesting cardiomyopathy
and encephalopathy. Inhibiting DLD (an E3 component of
pyruvate-, αKG- and BCAA-dehydrogenases) with Cpi-613, which
undermines the TCA cycle, reduced rhFGF21’s efficiency for
improving HR, EF and CO in fasted Fgf21-null mice (Fig. 4f,
supplementary Fig. 17b). These findings suggest that FGF21
regulates TCA cycle to meet cardiac energy demand during
energy stress.

Fig. 3 FGF21 restoration improves heart dysfunction under stress by promoting mitochondrial energy flux and macronutrient flexibility.
a Effects of increased energy flux via a high-fat diet (HFD) and rhFGF21 on heart rate (HR) in Fgf21-/- (n= 12) vs WT (n= 12) mice. w, week. See
Fig. S7a. b Area-under-curve (AUC) analysis of HR changes in a. See Fig. S7b. c, d Changes in EF and CO in the same groups as in a. See Fig. S7c.
e, f Changes in serum triglycerides (TG) and free fatty acids (FFA) in Fgf21-/- (n= 6) vs WT (n= 6) mice as in a, as well as after 3-week rhFGF21
treatment. For other hepatic and serum metabolic parameters, see Fig. S8a–g. For the HFD effects on cardiac mitochondria, see Fig. S8h. For
glucose intolerance status, see Fig. S8i, j. g Time courses of the effects of FGF21 restoration on HR via AAV-mediated overexpression in Fgf21-/-

(n= 12) vs AAV control (n= 12) mice. See Fig. S9a for experimental scheme and Fig. S9b for HR excursion curves. h, i Time-dependent changes
in MEE, EF and LVESD after FGF21 restoration in Fgf21-/- mice (n= 31). See Fig. S9c–e. j, k Energy expenditure (RER, VCO2, HEAT) by indirect
calorimetry under basal conditions, after 48 hours of starvation, and after 24 hours of refeeding in the mouse groups as in g. See Fig. S10a for
experimental design and Fig. S10b–i for other analyses. For changes in energy expenditure parameters between the Fgf21-/- and WT mice
under similar conditions, see Fig. S11a–d. CN, control vector. SV, starvation. Left, excursion curves. Right, AUC of the respective curve. The AUC
plot without a title indicates total (light + dark) AUC. l n= 18 per group. m n= 6 per group. l–p Changes in food intake and water
consumption in the same groups and conditions as in j–k. Data are means ± s.e.m.s; (e–p) two-tailed unpaired Student’s t test; (a–d) ordinary
one-way ANOVA followed by Tukey’s test
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Pathway enrichment revealed key susceptibilities to developing
cardiomyopathies and ischemia due to FGF21 deficiency during
fasting, which was potentially mitigated by rhFGF21 treatment
(supplementary Fig. 13b and 14c). Under normal conditions,
cardiac contraction genes showed minimal changes, but 12-h

fasting disrupted Tnni3 and Myh7 expression (linked to cardio-
myopathies), which was prevented by rhFGF21 replenishment
(Fig. 4d, supplementary Fig. 17c). The levels of CKM, mitochondrial
CKMT2, GATM, GAMT, and SLC6A8, which are involved in cardiac
creatine synthesis and transport, exhibited similar alterations
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(supplementary Fig. 16e, f and 1d). GATM converts taurine and
arginine into phosphagen taurocyamine, which, together with
uridine, stabilizes the ETC and improves heart failure; all these
metabolites were altered in FGF21-deficient serum. The levels of
CDO1, CSAD, and SLC6A6, which are involved in cardiac taurine
synthesis and import, were correlated with changes in TCA cycle/
ETC and serum taurine levels (Fig. 1b supplementary Fig. 16g). The
thiamine transporter SLC19A2 (linked to fulminant Beriberi)
showed a similar pattern, correlating with changes in cardiac
thiamine metabolism and serum thiamine (Fig. 1b, supplementary
Fig. 16h, i). Unitedly, these findings suggest that FGF21 loss
autonomously undermines cardiac mitochondrial energy metabo-
lism, thereby impairing the energetic functions of the heart.

FGF21 orchestrates cardiac catabolism of various substrates to
ensure cardiac energy flexibility and sufficiency under stress
To comprehend how FGF21 deficiency causes low energy in
cardiac mitochondria, we further examined upstream energy
substrate flux and utilization pathways. Under normal conditions,
FGF21 loss had minimal effects on most cardiac FAO genes, except
peroxisomal Ehhadh, Hsd17b4, and ER-residing Hacd1/2 (linked to
congenital cardiomyopathy) (Fig. 5a, b, supplementary Fig. 18a–c).
Following a 12-h fast, FGF21 deficiency caused stepwise, uniform
decreases in their expression levels, which became less pro-
nounced with extended fasting likely due to diminished
metabolite availability. Changes in lipid importer CD36 and the
lipases PNPLA2 (ATGL) and LPL became more prominent after 24 h
of fasting, indicating profoundly impaired lipid catabolism yet
increased lipid reliance during extended energy crises (supple-
mentary Fig. 18d). Conversely, acute rhFGF21 replenishment
restored/upregulated the expression levels of these genes (Fig.
5b, supplementary Fig. 18a–d). Other genes related to TG,
phospholipids, sphingolipids, peroxisome FAO, and plasma
lipoprotein catabolism, including cardiac lipases for TG and
phospholipids (Plaat1/3, Pnpla8, Pla2g5/12a, Plbd1, but not
Pla2g4b), were all downregulated following FGF21 loss during
fasting (supplementary Fig. 18e), exclusively signifying a lipid
hypometabolic state. Mutant PNPLA2 and PNPLA8 are causal for
neutral lipid storage- or mitochondria-associated cardiomyopa-
thies.66,67 Supplementing palmitate, which compensates for serum
deficiency due to FGF21 loss (Fig. 1a), increased HR in both
genotypes; however, after 12-h fasting, Fgf21-/- mice showed
much less effective recovery during the awakening phase (Fig. 5c,
supplementary Fig. 19a), which was consistent with reduced FAO
enzymes due to FGF21 deficiency. This response differs partly
from HFD effects, suggesting a need for extended treatment or
mixed FFA oxidation for better fuel flexibility.
Hepatic ketone bodies are crucial energy sources for fast/

starvation. Ketone utilization was the most enriched pathway
(supplementary Fig. 19b). Under normal conditions, FGF21 deficit
minimally affected genes involved in cardiac beta-
hydroxybutyrate (BHB) ketolysis and import. However, both the
12-h and 24-h fasts significantly reduced their expression

exclusively in the Fgf21-null mice (Fig. 5d, e, supplementary Fig.
19c). Although not dramatic in individual genes, their cumulative
effect within the enzymatic cascade can cause profoundly
defective ketolysis. Contrarily, replenishing FGF21 restored their
expression, indicating a critical role of FGF21 in regulating cardiac
ketolysis throughout fasting, although prolonged fasting caused
inflexibility in ketone utilization. Changes in GLO1 and HAGH
(GLO2), which degrade acetone (or glycolytic methylglyoxal) via
SDL to lactate, followed a similar pattern, which was consistent
with altered serum SDL (Fig. 1b, supplementary Fig. 19b and 19d).
The levels of AACS, which converts acetoacetate to acetyl-CoA,
paralleled these changes (supplementary Fig. 19e). Notably, FGF21
loss downregulated, while rhFGF21 upregulated, cardiac ketogen-
esis (supplementary Fig. 19b).68 Whether this complements for
early fasting ketolysis is an interesting question, as hepatic
ketogenesis occurs during prolonged fasting (see Fig. 6b).6

Injection of 1,3-butanediol monoester (BHB precursor) improved
HR in both the Fgf21-/- and WT mice undergoing 12-h fasting (Fig.
5f, supplementary Fig. 20a). However, the HR of Fgf21-/- mice still
lagged behind that of the WT mice during the awakening phase.
Improvements in EF and CO post-BHB injection were more
pronounced in fasted Fgf21-/- mice (Fig. 5g, supplementary Fig.
20b). Serum BHB levels remained low, while FFA and glucose were
high post-injection, indicating increased reliance on exogeneous
BHB due to impaired utilization of other metabolites in fasted
Fgf21-null mice, compared to WT mice (Fig. 5h, supplementary Fig.
20c). Cardiac-specific knockdown of Oxct1, encoding the rate-
limiting enzyme for BHB and acetoacetate ketolysis, significantly
reduced the HR response to a 12-h fast (the median fasting point)
and negated rhFGF21’s effects on improving cardiac function (Fig.
5i, supplementary Fig. 20d, e), especially in the resting phase that
requires less oxygen, which was consistent with the improve-
ments caused by exogenous BHB (Fig. 5f). Contrarily, EF, FS and
CO increased while LVESD and LVEDD decreased, resisting
normalization by rhFGF21, indicating elevated contractility to
compensate for the severely depressed heartbeat (Fig. 5i,
supplementary Fig. 20f). These findings suggest that FGF21
regulates cardiac ketolysis, a less oxygen dependent, efficient
energy release process, to meet cardiac energetic demands during
fasting.
Concertedly, FGF21 signaling enhanced catabolic pathways for

various amino acids, particularly BCAAs, which enter the TCA cycle
via succinyl-CoA, pyruvate/acetyl-CoA, and αKG (Figs. 4c and 5j, k,
supplementary Figs. 13a, b, 14 and 21a). The expression of genes
for BCAA catabolism, αKG and pyruvate dehydrogenases followed
similar trends as those for FAO and ketolysis under both 12-h and
24-h fasts (Fig. 4a, supplementary Fig. 21b, c). Although a bolus
injection of leucine alone had limited effects on HR, it reduced
Echo parameters in fasted Fgf21-/- mice and, notably, enhanced HR
together with rhFGF21 during the awakening phase with normal-
ized Echo parameters (supplementary Fig. 22a–c). The low
efficiency may also indicate a need for a longer treatment or a
BCAA mix. Interestingly, the proteasome, endopeptidases/

Fig. 4 FGF21 deficiency induces a hypometabolic and mitochondrial hypoenergy state leading to cardiac dysfunction during fasting.
a, b Changes in mitochondrial metabolite/energy flux and key metabolic pathway enzymes involved in the TCA cycle, ETC and OXPHOS in
Fgf21-/- (n= 5-15) vs WT (n= 6-14) mice after 12 hours of fasting (fs) or 2 hours of rhFGF21 treatment, as analyzed by targeted cardiac energy
metabolomics and qRT-PCR. See Fig. S12a for a summary heatmap. c Transcriptomic and pathway enrichment in mitochondrial energy
metabolism and cardiac function changes in Fgf21-/- (n= 3) vs WT (n= 3) mice, with Reactome terms. For the GO-term and KEGG-term results,
see Fig. S13a, b. For pathway enrichments in the Reactome term, GO term and KEGG term in Fgf21-/- mice before and after rhFGF21 treatment,
see Fig. S14. For mitochondrial biogenesis, TCA cycle, ETC complexes I-IV, and OXPHOS, see Figs. S15, S16d, and S17a. For 24-h fasting effects,
see Fig. S16a–c. d, e Significant pathway defects associated with striated muscle contraction and heart rate regulation in the hearts of Fgf21-/-

(n= 3) vs WT (n= 3) mice and pathway normalization after 2 hours of FGF21 treatment (n= 3). For cardiac conduction, blood vessel diameter
maintenance, and blood pressure regulation, see Fig. S13c–e and S17c. f Inhibiting the TCA cycle with Cpi-613 (1 mg/mouse, i.p.) reduced
rhFGF21-promoted heart rate (HR) improvements in fasted Fgf21-/- mice (same n= 6-16 mice per group). See Echo parameters in Fig. S17b.
Data are means ± s.e.m.s; c two-tailed unpaired Student’s t-test; a, b, d–f ordinary one-way ANOVA followed by Tukey’s test. a, f images are
generated in PowerPoint
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peptidases, and lysosomal lytic activity, which recycle amino acids
from unused or damaged proteins or organelles under fasting,
were similarly affected (supplementary Figs. 22d, e and 23a).
Consistent with serum citraconate changes, these findings high-
light the critical role of FGF21 in catabolizing amino acids, viz.,

BCAAs, and proteins, to overcome the stress-induced cardiac
hypometabolic/hypoenergy state.
Carbohydrates and glycogen are also key cardiac fuels, while

nucleotide flux is essential for mitochondrial DNA synthesis,
translation, turnover, and energy conversion. During fasting,
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FGF21 loss and restoration similarly impacted the cardiac
metabolic flux of glucose/glycogen and nucleotides, alongside
lipids, ketone bodies, and amino acids (detailed results are
described in supplementary Fig. 23 and 24a-c). These changes
correspond with changes in cardiac F-1,6-BP, VCO2/VO2, AMP, ATP,
and NADH levels, as well as serum adenosine, AICAR, uridine and
hypoxanthine levels (Figs. 1c, 3j and 4a, supplementary Fig. 12a).
Moreover, during fasting but not at baseline, cardiac glycogen and
phospholipids, but not triglycerides, were reduced significantly in
Fgf21-null mice compared with WT mice, again indicating
impaired fuel utilization. Following 2 h of rhFGF21 replenishment,
cardiac triglycerides declined while glycogen and phospholipids
moderately increased (supplementary Fig. 24d). Altogether, data
from serum and cardiac metabolomes, pathway metabolons, and
transcriptomes suggest that FGF21 loss induces a hypometabolic,
hypoenergetic cardiac state, while FGF21 signaling promotes
substrate flux to ensure efficient stress adaptation and optimal
functional performance.

FGF21 choreographies multiorgan metabolic flux to cope with
dynamic cardiac energetic performance during prolonged fasting
The heart depends on peripheral metabolic organs for energy,
with the liver being the source of ketones. FGF21 is a starvation
hormone promoting hepatoketogenesis,6 but its role in directing
hepatoketogenesis to cardiac ketolysis is unclear. rhFGF21
treatment acutely activated the hepatic marker gene Egr1
(supplementary Fig. 25a). Without stress, FGF21 loss minimally
impacted hepatic ketogenic and FAO gene expression (Fig. 6a, b,
supplementary Fig. 25b–e). However, after a 24-h but not a 12-h
fast, FGF21 deficiency reduced the expression of these genes and
those for FFA transport and activation, suggesting defects in
ketogenesis and FAO during protracted fast, which was correlated
with spatially reduced cardiac ketolysis extending to 24 hours
(supplementary Fig. 19c). Conversely, rhFGF21 treatment restored/
enhanced their levels. Correspondingly, hepatic lipases and
cofactors were highly induced by rhFGF21 only after 24 h of
fasting (supplementary Fig. 25f), which is consistent with other
reports.6 Given the significant impacts on cardiac ketolysis during
both 12-h and 24-h fasts and the greater effects on cardiac FAO
and BCAA catabolism during 12-h fasts (Fig. 5e, supplementary
Fig. 21b, c), these findings suggest a spatiotemporal regulation of
systemic energy flow to cardiac utilization by FGF21. The heart
likely combusts available (intracardiac and blood-transcardiac)
glucose, FFAs, and amino acids, but during prolonged fasting, it
outsources ketones, which help reduce excessive oxygen use, as
well as FFAs and amino acids.
Blood serves as a carrier and a reservoir for metabolites. Serum

BHB, FFA, TG, and glucose levels exhibited complex, dynamic

alterations during fasting and FGF21 alterations (Fig. 6c, supple-
mentary Fig. 26a). Under normal conditions, FGF21 loss minimally
affected serum BHB and TG but subtly reduced FFA and glucose.
Fasting raised BHB and FFA levels while subtly reducing glucose
without significantly changing TG. However, the increase in BHB
was less pronounced in FGF21-deficient mice. rhFGF21 reduced
FFAs and increased BHB in Fgf21-/- mice, especially after a 24-h
fast. Glucose was consumed earlier than FFAs and BHB during
fasting, regardless of genotype or treatment, and TG levels
remained low, particularly with rhFGF21 treatment. These findings
highlight the specific role of FGF21 in the complex, dynamic
mobilization of systemic metabolites, particularly FFAs and BHB.
The differential changes in serum BHB levels underscore FGF21’s
significant role in BHB flux during prolonged fasting. Knockdown
of hepatic Hmgcs2, the rate-limiting enzyme in ketogenesis,
prevented rhFGF21-driven HR improvements, especially during
the inactivity phase, with significantly reduced serum BHB, in
Fgf21-null mice after a 24-h fast (Fig. 6d, e, supplementary Fig.
26b–d). EF, FS and CO showed compensatory changes but did not
reach the levels shown in rhFGF21-treated Fgf21-null mice
(supplementary Fig. 4c–g). Interestingly, these change patterns,
particularly those of HR, resemble those of cardiac Oxct1
deficiency (Fig. 5i, supplementary Fig. 20e). These findings support
the role of FGF21 in regulating a systemic metabolic axis from
hepatic ketogenesis to meet cardiac ketolysis, sustaining cardiac
energetic function during extended stress.
WAT is the primary FFA source during prolonged fast, matching

the timing of hepatic ketogenesis and serum BHB elevation 24 hours
postfast (Fig. 6b, c, supplementary Fig. 25f).6 Data from analyzing
pathway gene expression involved in WAT lipolysis indicate that
FGF21 promotes WAT lipolysis to meet hepatic ketogenesis under
prolonged fasting (detailed description of the results in supplemen-
tary Fig. 27a–c).6,69 Interestingly, during a 24-h fast, FGF21 loss
minimally affected BAT lipolysis, while rhFGF21 suppressed it
(supplementary Fig. 27d), suggesting that under thermoneutral
fasting conditions, FGF21 conserves lipid energy by limiting
nonshivering thermogenesis in BAT.
To assess the impact of WAT lipolysis on heart energetic

function, we generated an adipocyte-specific Fgfr1 ablation
(Fgfr1f/f;AdipoQCre) model. Loss of adipocyte FGFR1 had little effect
on HR under unstressed conditions compared to the floxed mice.
However, a 24-h fast significantly reduced the heartbeat in FGFR1-
deficient mice with decreased serum FFAs, similar to those in
Fgf21-/- mice. Notably, the deficiency negated the beneficial
effects of both acute rhFGF21 treatment and hFGF21 over-
expression on improving HR, EF, CO, LVEDD, LVESD, and CO and
serum BHB (Fig. 6f, g, supplementary Fig. 28a, b), suggesting a
functional link from WAT to heart that is regulated by the FGF21-

Fig. 5 FGF21 promotes cardiac catabolic pathways for diverse metabolites to ensure cardiac energetic efficiency under stress. a, b Analysis of
the expression of representative mitochondrial FAO pathway genes by qRT-PCR in the hearts of fasted Fgf21-/- (n= 7-14) vs WT (n= 7-15) mice
and with rhFGF21 treatment (n= 8-15). For transcriptomic enrichment of the FAO pathway, see Fig. S18a. For FAO under a 24-h fast, see Fig.
S18b, c. For the metabolism of TG, phospholipids, and lipoproteins, see Fig. S18d, e. c Effects of palmitate supplementation (2 mmol per
mouse, i.p.) on the heart rate (HR) of fasted Fgf21-/- (n= 11) vs WT (n= 10) mice. See Fig. S19a for other related comparisons. d, e Changes in
mitochondrial beta-hydroxybutyrate (BHB) ketolysis pathway determined by qRT-PCR in the hearts of fasted Fgf21-/- (n= 7-15) vs WT (n= 7-
14) mice and those with rhFGF21 treatment (n= 8-15). See Fig. S19b for transcriptomic enrichment of ketolysis and Fig. S19c for ketolysis after
a 24-h fast. For utilization of other ketones, see Fig. S19d, e. f Effects of 1,3-butanediol monoester (BHB precursor, 10 mmol/mouse via tail vein)
on HR in fasted Fgf21-/- (n= 11) vs WT (n= 12) mice. See Fig. S20a for other related comparisons. g Effects of 1,3-butanediol monoester on EF
in fasted Fgf21-/- (n= 29) vs WT (n= 30) mice. See Fig. S20b for effects on CO. h Effects of 1,3-butanediol monoester on serum BHB levels in
fasted Fgf21-/- (n= 6) vs WT (n= 6) mice. See Fig. S20c for effects on serum FFA, TG, glucose, and total cholesterol. i Effects of cardiac Oxct1
knockdown (KD) by AAV-mediated shRNA (2.5 ×1011 GC/mouse via tail vein) on rhFGF21-promoted HR improvement in fasted Fgf21-/- mice
(n= 10) vs those with control AAV (n= 11-12). See Fig. S20d for the knockdown efficiency and Fig. S20e, f for more detailed comparisons and
Echo parameters. j, k Transcriptomic changes in branched-chain amino acid (BCAA) oxidation pathway in the hearts of fasted Fgf21-/- (n= 3) vs
WT (n= 3) mice and those with rhFGF21 treatment (n= 3). See Fig. S21b, c for detailed pathway changes under both 12-h and 24-h fasts, and
Figs. S21a, S22d, e and S23a for amino acid metabolism and protein turnover. See Fig. S22a–c for leucine supplementation effects. IV-CoA,
isovaleryl-CoA; MB-CoA, 2-methylbutyryl-CoA; IB-CoA, isobutyryl-CoA. Data are means ± s.e.m.s; (c, f, i) two-tailed unpaired Student’s t-test;
(b, e, g, h, k) ordinary one-way ANOVA followed by Tukey’s test. (a, d, g) Images are generated in PowerPoint
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(adipose) FGFR1 signaling axis in response to prolonged fast or
starvation. To understand the contribution of lipolysis during early
fast, e.g., via myocytic lipid droplets, the circulation system, and
other organs collectively,67 we utilized an ATGL inhibitor after a
12-h fast, not a 24-h fast (Fig. 6h, supplementary Figs. 28c, 25f and

27b). Pretreatment with Atglistatin prevented rhFGF21 from
improving HR in Fgf21-null mice (Fig. 6h, supplementary Fig.
28d). Echo parameters were elevated in a compensatory manner
by Atglistatin but resisted changes caused by rhFGF21 (supple-
mentary Fig. 28e), alongside persistent reductions in serum FFAs
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(Fig. 6i), indicating that HR is also impacted by early fasting
lipolysis, which directly flows to the heart (not hepatic ketogen-
esis) and is controlled by FGF21. This result is consistent with the
reduced signature carnitine esters, which are precursors of
mitochondrial FAO (Fig. 1a). These findings support that energy
flux axes from lipolysis to heart function are critically regulated by
FGF21 in a spatiotemporal manner during energy crises. They also
underscore the importance of lipids in providing continuous
cardiac energy flow.

FGF21 governs cardiac energy flux through the coordination of
the LKB1-AMPK-mTOR energy regulatory pathways
Unbiased pathway enrichment identified LKB1-AMPK-mTOR as the
top energy-linked regulatory pathways associated with FGF21’s
cardiac effects during fasting (Fig. 7a), which were correlated with
changes in serum AICAR, glucose, arginine and cardiac AMP, ADP
and NAD+ levels (Fig. 1b, c, supplementary Fig. 12a and 26a),
known activators of these kinases, and the observed hypometa-
bolic state in fasted FGF21-deficient mice. A 12-h fast led to
uniform reductions in cardiac expression of major genes in these
pathways in the FGF21-deficient mice, which were reversed by
rhFGF21 (Fig. 7a). Levels of cardiac pLKB1 (S431) and pAMPK
(T172) were markedly reduced in Fgf21-/- mice but were restored
by rhFGF21 via phosphorylation and increased protein levels (Fig.
7b, supplementary Fig. S29a). While changes in pmTOR (S2448)
were not statistically significant, the expression of its pathway
components showed notable changes (Fig. 7a). These findings
suggest that FGF21 may act through cardiac LKB1-AMPK and
mTOR pathways, thereby impacting heart energetic function.
Cardiomyocyte-specific knockout of Stk11 (Stk11f/f;Myh6Cre) mini-
mally affected HR under normal conditions but markedly reduced
it after a 12-h fast, similar to FGF21 abolition. Notably, LKB1 loss
abolished rhFGF21’s ability to acutely improve HR, EF, FS, and, to a
lesser extent, LVESD and LVEDD, which coincided with persistent
AMPK and mTOR pathway deactivation (Fig. 7c, d, supplementary
Fig. 29b–e). Interestingly, chronic FGF21 overexpression promoted
adaptive improvements in myocardial and mitochondrial structure
(supplementary Fig. 30A). The cardiac TCA cycle and contractile
gene expression remained lower than those of the Fgf21-/- mice in
response to rhFGF21 treatment (Fig. 7e). Pretreatment with the
mTOR inhibitor Torin-1 severely reduced HR and nullified
rhFGF21’s acute effects on improving HR in fasted Fgf21-/- mice,
alongside a reduction in cardiac ATP content similar to that
caused by hepatic Hmgcs2 loss (Fig. 7f, g, supplementary Fig. 29f-
g). Echo parameters were not comparable because of large,
nonadjustable HR differences. Contrarily, replenishing AICAR,
which was deficit in circulation (Fig. 1c), restored heart function
in FGF21-deficient mice subjected to fasting, without significant
additive effects with rhFGF21 except at the later awakening phase

(Fig. 7h, supplementary Fig. 30b–d), indicating that reactivation of
AMPK effectively compensates for FGF21 deficiency. These
findings support a critical role of the LKB1-AMPK-mTOR pathways
in mediating FGF21’s effects on mitochondrial energy flux and
heart rate maintenance, which is consistent with their known roles
in energy stress response. However, given the negligible cardiac
KLB expression and lack of EGR1 and c-FOS responses to rhFGF21,
this effect is likely indirect, potentially through systemic factors or
metabolites mobilized by FGF21.
Interestingly, major members of the V-ATPase, LAMTOR, and

Rag GTPase families were altered significantly (Fig. 7a and i),
which are involved in regulating nutrition sensing, lysosome
function, and mitophagy to maintain nutrition recycling,
mitochondrial health, and amino acid signaling to mTORC1
during energy crises. Macroautophagy, particularly PINK1-PRKN
and Fundc1 mediated mitophagy, which clear damaged
organelles, was defective in the hearts of FGF21-null mice but
was normalized by rhFGF21 replenishment (Fig. 7i, supplemen-
tary Fig. S30e). These processes are known to be associated with
the AMPK-mTOR pathways. This result aligns with significant
defects in lysosomal lytic function, autophagosome formation
(supplementary Fig. 22e and 30f), reduced serum N8-acetyl-
spermidine (an autophagy regulator), and impaired mitochon-
drial ultrastructure, biogenesis, and energy flux due to FGF21
loss (Figs.1b, l and 4a-c, supplementary Fig. 14a), all of which
were robustly reinstated by FGF21 restoration. These findings
support that FGF21 promotes the mobilization of all sources of
fuel under energy stress to maintain robust mitochondrial
turnover, energy flux and cardiac contractility, which, at least in
part, hinges on the energy-centric LKB1-AMPK-mTOR pathways.

DISCUSSION
Mitochondrial dysfunction and energy deficits are among the
known causes of cardiomyopathies, heart failure, and other
cardiovascular or tissue-specific diseases.1,2 Understanding mito-
chondrial function and energy flux regulation in the heart is key to
uncovering underlying mechanisms and designing effective
therapies. Here, we present comprehensive evidence that a
spatiotemporally stratified, two-front energy flux system governed
by FGF21 is an essential mechanism for ensuring cardiac energy
priority and energetic efficiency. Locally, FGF21 is obligatory for
robust cardiac mitochondria function, promoting intracardiac
utilization of diverse metabolites and driving cellular and
mitochondrial respiration, although likely in a secondary mode
of action, to ensure cardiac ATP sufficiency. Systemically, FGF21 is
crucial for interorgan substrate mobilization and transcardiac flux
via circulation from major metabolic tissues such as the liver and
adipose tissues, ensuring cardiac energy substrate sufficiency.

Fig. 6 FGF21 promotes peripheral and transcardiac metabolic flux to meet cardiac energy needs during prolonged fasting. a, b Expression
analysis of representative genes in hepatic ketogenesis pathway by qRT-PCR in Fgf21-/- (n= 5) vs WT mice (n= 5), under basal, 24-h fast, and
acute rhFGF21 treatment (n= 5) conditions. For the response to rhFGF21, see Fig. S25a. For the 12-h fast effects, see Fig. S25b. The bar
symbols follow those in Fig. 5b. For pathway changes in FFAs sourced from WAT lipolysis, see Fig. S27a-S27c. c Changes in serum beta-
hydroxybutyrate (BHB) and FFAs in Fgf21-/- (n= 7-12) vs WT mice (n= 8-12) after fasting (both 12-h and 24-h) and rhFGF21 treatment (n= 7-
12). For serum glucose and TG, see Fig. S26a. d Effects of hepatic Hmgcs2 knockdown (KD) on rhFGF21-promoted improvement of HR in
Fgf21-/- mice subjected to a 24-h fast compared with control AAV (n= 6-9 per group). Right: AUC of HR excursion curves; see Fig. S26b, c for
more details. For the Echo parameters, see Fig. S26d. e Changes of serum BHB levels upon hepatic Hmgcs2 KD and rhFGF21 treatment in
Fgf21-/- mice after a 24-h fast. f Effects of adipocyte-specific ablation of Fgfr1 (Fgfr1f/f;AdipoqCreERT) on the improvement of HR promoted by
acute rhFGF21 treatment or AAV9-TBG-hFGF21 mediated overexpression (hFGF21OE) in mice fasted for 24 hours (n= 11-12 per group). OE,
overexpression. hFGF21, human FGF21 coding sequence. Right: AUC analysis, in which star symbols for p-values without underlines indicate a
comparison to Fgfr1-ablated mice under normal conditions (baseline). See Fig. S28a for experimental scheme and S28b for the Echo
parameters. g Changes of serum FFAs in Fgfr1f/f;AdipoqCreERT mice. h Effects of the ATGL inhibitor Atglistatin (1.42 mg/mouse, i.p.) on the
rhFGF21-promoted improvement of HR in Fgf21-/- mice fasted for 12 hours (n= 11-12 per group). See Fig. S28c for experimental scheme and
notes, Fig. S28d for more comparisons, and Fig. S28e for the Echo parameters. i Effects of Atglistatin on the rhFGF21-promoted increases in
serum FFAs in Fgf21-/- mice fasted for 12 hours (n= 9-10 per group), from which the heart draws FFA fuel. Data are means ± s.e.m.s; (d, g, h)
Two-tailed unpaired Student’s t-test; (b, c, e, f, i) ordinary one-way ANOVA followed by Tukey’s test. (a) Image is generated in PowerPoint
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FGF21’s cardiac action is likely mediated indirectly through
nutrient-sensing LKB1-AMPK and mTOR pathways, which are
activated by the increased influx of metabolites such as AMP,
AICAR, arginine, and leucine under energy stress and FGF21
regulation. By coordinating the dual-fuel processes, FGF21

sustains incessant, robust intracardiac ATP flux, ensuring cardiac
energetic function, particularly under stress (Fig. 8). Thus, our
findings identify FGF21 as a first-known signaling factor for
prioritizing cardiac energetics via an integrative two-strata flux
system.

A two-strata energy flux system driven by a stress hormone prioritizes. . .
Rao et al.

15

Signal Transduction and Targeted Therapy          (2025) 10:315 



The heart is perpetually the most energy-demanding organ,
which depends on clustered mitochondria for continuous ATP
flux, a crucial intracardiac event. Untargeted plasma metabolomic,
targeted cardiac energy metabolomic and transcriptomic analyses
revealed that FGF21 is essential for this mitochondria-centric
event. Whole-body loss of FGF21 results in compromised cardiac
mitochondria, exhibiting intrafibrillar disarray, dilation, reduced
mtDNA copy number, cristae vacuolation, and critical reductions
in each catalytic step of the TCA cycle, ETC and OXPHOS. This loss
also compromises each step of intracardiac catabolic pathways for
FFAs, ketones, amino acids, glucose/glycogen, and even nucleo-
sides, resulting in insufficient flux to the TCA cycle and ETC for ATP
production. Consequently, the heart enters a hypometabolic,
glycolytic, hypoenergetic state with compromised cardiac function
efficiency, including reduced heart rate (an indicator of overall
performance), contractility, and hemodynamic function. Despite
normal heart development except for minor cardiac dilatation, the
unhealthy mitochondria and energy insufficiency render the heart
vulnerable and intolerant to even physiologically relevant
stressors like fasting, starvation, strenuous exertion, endurance
training, and cold. In contrast, treatments with both acute and
chronic FGF21, but not metabolites alone, rejuvenate mitochon-
dria and normalize/enhance heart energetic efficiency. Several
studies highlight the cardioprotective effects of FGF21 against
pathological insults and suggest several disparate mechanisms
such as reducing lipid accumulation, glycolipotoxicity, oxidative
damage, inflammation, fibrosis, and apoptosis, while promoting
mitochondrial health.24–27 Our findings heretofore unify these
mechanisms, advocating for a underlying physiological mechan-
ism in which FGF21 acts as a determining factor for mitochondrial
fuel sufficiency and cardiac energetic efficiency. All intracardiac
pathways impacted by loss- and gain-of-function FGF21 revive
around mitochondrial biogenesis, metabolite and intermediate
flux, and energy generation, which aligns with the regulation of
heart rate, striated muscle contraction, conduction, and hemody-
namic performance. Our study thus elucidates why FGF21 is a key
marker of mitochondrial damage in muscle and neural dis-
eases,7,10–12 highlighting FGF21’s central role in orchestrating
metabolite flux and mitochondrial function essential for cardiac
efficiency and underscoring its therapeutic potential for these
conditions. This finding also implies that training under a faulty
FGF21 signal would fail to achieve the strength-building and
longevity benefits.
Although the heart is endlessly energy dependent, it lacks

significant reserves and relies on systemic and transcardiac energy
substrate flux, especially under prolonged stress. Ensuring
sufficient energy allocation to the heart is critical for survival,
health and lifespan; however, its regulation is not clearly under-
stood. Previous studies have highlighted FGF21’s roles in
promoting hepatic ketogenesis and adipose tissue lipolysis during

fasting and reducing plasma glucose, FFAs and TG in metabolic
diseases.5,6,9,30,70 Unlike BAT, an energy consumer that benefits
from FGF21’s action on mobilizing ketones and FFAs during cold
exposure, the liver and WAT do not utilize these products
themselves. The primary target of FGF21’s metabolic benefits
remains undetermined. We demonstrate that during prolonged
fasting, FGF21 loss impairs hepatic ketogenesis and associated
hepatic lipolysis and FAO, whereas FGF21 replenishment restores
ketogenesis and activates adipose tissue lipolysis. Blocking hepatic
ketogenesis or (FGFR1-mediated) adipose lipolysis directly impairs
rhFGF21’s ability to restore heart rate and contractility in FGF21-
deficient mice, suggesting the obligatory role of FGF21 in
regulating energy provision from the liver and adipose tissue to
the heart during fasting/starvation. Furthermore, FGF21-regulated
interorgan and transcardiac crosstalk occurs in a spatiotemporal
manner. In the FGF21-deficient intracardiac milieu, glucose is
consumed early, with continuous FAO, ketolysis, and amino acid
oxidation, which are attenuated chronologically with fasting.
FGF21 facilitates hepatic ketogenesis and adipose lipolysis only
during prolonged fasting, meeting intracardiac ketolysis and FAO
when intracardiac and plasma fuels are gradually depleted,
thereby ensuring a continuous TCA cycle and efficient respiration.
Interestingly, FGF21 inhibits BAT thermogenesis under prolonged
fasting, strongly suggesting a specific role in ensuring energy
allocation for the heart. Furthermore, FGF21 enhances intracardiac
proteasome and lysosomal activities, mitophagy, and macroauto-
phagy, which recycle unused or damaged proteins and organelles
to stabilize the fuel supply and maintain the energetic perfor-
mance of the heart under stress. These effects are, at least in part,
mediated by the LKB1-AMPK-mTOR energy stress response
pathways and aligns with the significant longevity effect of
FGF21.71 Our findings position FGF21 as a key regulator in
prioritizing systemic, transcardiac, and intracardiac substrate-
energy flux, optimizing cardiac energetic efficiency under stress.
This highlights the heart as the primary target of the benefits of
FGF21, surpassing other high-energy organs like BAT, skeletal
muscle and the CNS. Unlike skeletal muscle and the brain, which
minimize energy consumption during rest and sleep, the heart
continuously maintains its high-energy demand. Even under cold
conditions, it is required to distribute BAT-generated heat
throughout the body, ensuring survival. On the other hand,
promoting fat/energy conversion to cardiac mechanical force may
partly explain FGF21’s antiobesity or leptogenic effects under HFD
challenge, complementing BAT-mediated heat dissipation. Of
note, the physiological role of FGF21 in supporting heart rate and
cardiac performance becomes evident under high-energy stress
coupled with limited reserves rather than during basal, mild or
energy-sufficient pathological state. Nonetheless, pharmacological
FGF21 may still be effective under such conditions or in the
presence of FGF21 resistance. Although its transcardiac and

Fig. 7 FGF21 orchestrates cardiac energy flux by engaging the LKB1-AMPK-mTOR energy stress pathways. a Transcriptomic enrichment of the
LKB1-AMPK and mTOR energy regulation pathways in the hearts of fasted Fgf21-/- (n= 3) vs WT (n= 3) mice and those with rhFGF21
treatment (n= 3). b Representative Western blot analysis of total kinase activities of cardiac LKB1, AMPK, and mTOR in the indicated mice
(n= 3-6 for each group). Total kinase activity = (p-Kinase/Kinase) x (Kinase/Beta-actin), see also Fig. S29a. c Effects of cardiac-specific Stk11
(LKB1) ablation (Stk11f/f;Myh6Cre) on HR. AUC analysis on the right. See Fig. S29b for experimental scheme, Fig. S29c for the AUC in the ‘Sleep’
and Awakening phases, and Fig. S29d for the Echo parameters. d Representative Western blot analysis of total kinase activities of cardiac
AMPK, and mTOR in the indicated groups of mice (n= 3-6 for each group). See Fig. S29e. e Expression of representative genes involved in the
TCA cycle, ETC, OXPHOS, and heart contraction in fasted Stk11f/f;Myh6Cre and Fgf21-/- mice 2 hours after rhFGF21 treatment. For changes in
cardiac myofibrillar and mitochondrial structure, see Fig. S30a. f Effects of mTOR inhibitor Torin-1 (0.05 mg per mouse, i.p.) on rhFGF21-
induced HR improvements in fasted Fgf21-/- mice (n= 11-12 per group). See Fig. S29f, g for experimental scheme and total AUC. g Effects of
Torin-1 and liver-specific Hmgcs2 deficiency on the cardiac ATP content in acute rhFGF21-treated Fgf21-/- mice (n= 6 per group) following 12-h
and 24-h fasts, respectively. h Effects of the AMPK activator AICAR (1.25 mg/mouse, i.p.) (n= 6) on rhFGF21-induced HR improvements in
fasted Fgf21-/- mice (n= 12 and 17, respectively). See Fig. S30b-S30c for experimental scheme and total AUC, and Fig. S30d for the Echo
parameters. i Transcriptomic enrichment of mitophagy, macroautophagy and associated LKB1-AMPK-mTOR energy stress pathways in the
mice as in a. See Fig. S30e, f for mitophagy regulation by LKB1-AMPK-mTOR and autophagosome assembly. Data are means ± s.e.m.s; (d, e)
Two-tailed unpaired Student’s t-test; (a–c, f-i) ordinary one-way ANOVA followed by Tukey’s test
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intracardiac action is likely indirect rather than through direct
receptor-mediated signaling in cardiomyocytes or mitochondria,
the coordination of these dual energy flux pathways represents a
central physiological mechanism for sustaining cardiac perfor-
mance and systemic energy balance under stress.
In conclusion, our study reveals a novel two-strata energy flux

system pivotal for cardiac energetic efficiency, comprising intra-
cardiac energy flux and systemic-transcardiac metabolite flux.
FGF21 serves as a master regulator, strategically prioritizing fuel
allocation to cardiac mitochondria in a spatiotemporally orche-
strated manner under energy stress. Our findings unify the current
understanding of FGF21’s metabolic roles and physiological targets,
leveraging transformative insights into heart physiology, metabolic
flux, and mitochondrial biology, which have profound strategic
implications for (1) developing pharmacotherapies targeting cardiac
diseases associated with mitochondrial and energy deficiencies,
alongside MASH, hyperlipidemia, and obesity,22,23 and (2) designing
caloric restriction and physical training interventions to improve
physical strength, fitness, aging, and longevity.
We identified a previously unrecognized role of FGF21 in

maintaining critical cardiac function under stress. While the heart
is the primary target, although mechanistically indirect, owing to its
omnivorous, relentless demand for energy, our results show that
FGF21 also affects other mitochondria-rich, energy-intensive tissues,
such as skeletal muscle, warranting further investigation. We
observed abnormal serum serotonin and choline levels but no
significant involvement of the sympathetic/parasympathetic or
adrenergic systems, suggesting the need to further examine the
role of serotonin. Similarly, dissecting the contributions of systemic
versus intracardiac FGF21 will be insightful. The heart mitochondria
act like a furnace, rapidly burning upon fuel infusion, while
upstream FGF21 works to promote shoveling of the fuel from
systemic and local sources. Elucidating the systemic-to-local flux
pathways for each class of substrate would require targeted stable
isotope tracing. Moreover, the intricate roles of the LKB1, AMPK and
mTOR energy stress pathways in mediating FGF21-regulated
cardiac energy flux, without the participation of cardiac FGFR-KLB,
remains to be fully understood. Many FGF21-affected genes are p53
targets, raising intriguing questions about the central downstream
transcriptional mechanism(s). Our study also suggests intracardiac
ketogenesis during early fasting, warranting further investigation.
Nevertheless, our experimental system and novel assessment
approaches offer a strong platform for these investigations. Finally,
we advocate for accelerating clinical trials of FGF21 mimetics for
conditions related to mitochondrial and energy deficiencies.

MATERIALS AND METHODS
KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

1. Antibodies

Rabbit anti-Phospho-AMPK
alpha (Thr172)

Cell Signaling
Technology

2535, RRID:
AB_331250

Mouse anti- AMPK alpha 1 Santa Cruz
Biotechnology

sc-130394, RRID:
AB_2169710

Mouse anti-Phospho-mTOR
(Ser2448)

Proteintech Group 67778-1-Ig, RRID:
AB_2889842

Mouse anti- mTOR Proteintech Group 66888-1-Ig, RRID:
AB_2882219

Mouse anti-Phospho-LKB1
(Ser431)

Santa Cruz
Biotechnology

sc-271924, RRID:
AB_10610759

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse anti-LKB1 (Ley 37D/G6) Santa Cruz
Biotechnology

sc-32245, RRID:
AB_627890

Rabbit anti- PINK1 Proteintech Group 23274-1-AP, RRID:
AB_2879244

Mouse anti- ATP5A1 Proteintech Group 66037-1-Ig, RRID:
AB_11044196

Rabbit anti- OXCT1 Proteintech Group 12175-1-AP, RRID:
AB_2157444

Rabbit anti- ATGL Proteintech Group 55190-1-AP, RRID:
AB_11182818

Rabbit anti-ACAT1 Proteintech Group 16215-1-AP,
RRID:AB_2220210

Rabbit anti- SUCLG1 Proteintech Group 14923-1-AP, RRID:
AB_2197177

Rabbit anti- Phospho-ERK1/2 Proteintech Group 28733-1-AP, RRID:
AB_2881202

Rabbit anti-ERK1/2 Proteintech Group 11257-1-AP, RRID:
AB_2139822

Rabbit anti- ACADL Proteintech Group 17526-1-AP, RRID:
AB_2219661

Mouse anti-Alpha Tubulin Proteintech Group 66031-1-Ig,
RRID:AB_11042766

Goat anti-mouse IgG, HRP-
conjugated

Proteintech Group SA00001-1
RRID: AB_2722565

Goat anti-rabbit IgG, HRP-
conjugated

Proteintech Group SA00001-2, RRID:
AB_2722564

Goat anti-mouse IgG,
CoraLite488-conjugated

Proteintech Group SA00013-1, RRID:
AB_2810983

Goat anti-rabbit IgG,
CoraLite647-conjugated

Proteintech Group SA00014-9, RRID:
AB_2935614

2. Bacterial and virus strains

pAAV9-TBG-mCherry-
mir30shRNA(mHmgcs2)-WPRE

PackGene Biotech N/A

pAAV9-cTnT-EGFP-shRNA(-
mOxct1)-WPRE

VectorBuilder N/A

pAAV9-TBG-hFGF21-HA-IRES-
EGFP-WPRE

VectorBuilder N/A

pAAV9-TBG-shRNA-Scramble VectorBuilder N/A

pAAV9-cTnT-shRNA-Scramble VectorBuilder N/A

3. Chemicals, peptides, and recombinant proteins

Recombinant human FGF21 This paper N/A

Picro-Sirius red Leagene
Biotechnology

DC0041

Polyethylenimine (PEI) Polysciences 23966

PrimeSTAR® HS DNA
Polymerase

Takara R010A

DAPI Solarbio C0065

TRIzol Invitrogen 15596026CN

Hieff Trans® Liposomal Trans-
fection Reagent

YEASEN 40802ES03

1,3-butanediol MedChemExpress HY-77490A

Sodium palmitate Sigma-Aldrich P9767

Atglistatin MedChemExpress HY-15859

AICAR MedChemExpress HY-13417

L-Leucine MedChemExpress HY-N0486

Torin 1 MedChemExpress HY-13003

Devimistat MedChemExpress HY-15453

iFluor 488-Wheat Germ
Agglutinin (WGA) Conjugate

Solarbio I3300

A two-strata energy flux system driven by a stress hormone prioritizes. . .
Rao et al.

17

Signal Transduction and Targeted Therapy          (2025) 10:315 



REAGENT or RESOURCE SOURCE IDENTIFIER

Glucose monohydrate Sigma-Aldrich Y0001745

4. Critical Commercial Assays

Modified Masson’s Trichrome
Stain kit

Solarbio G1346

EndoFree Maxi Plasmid kit TIANGEN DP117

HiScript III 1st Strand cDNA
Synthesis Kit

Vazyme R312

ChamQ Universal SYBR qPCR
Master Mix

Vazyme Q711

CheKine™ Micro Mitochondrial
complex I Activity Assay Kit

Abbkine KTB1850

CheKine™ Micro Mitochondrial
complexⅡ Activity Assay Kit

Abbkine KTB1860

CheKine™ Micro Mitochondrial
complex Ⅲ Activity Assay Kit

Abbkine KTB1870

CheKine™ Micro Mitochondrial
complex Ⅳ Activity Assay Kit

Abbkine KTB1880

Enhanced BCA Protein Assay
Kit

Beyotime P0010

Triglyceride assay kit Jiancheng
Bioengineering

A110-1-1

Nonesterified Free fatty acids
assay kit

Jiancheng
Bioengineering

A042-2-1

β-Hydroxybutyric acid (β-HB)
Content Assay Kit

Solarbio BC5085

Mouse phosphocreatine ELISA
KIT

Biotopped TOPEL30254

Phospholipid Assay Kit CELL BIOLABS, INC MET-5085

Liver/Muscle glycogen assay
kit

Jiancheng
Bioengineering

A043-1-1

Triglyceride assay kit Jiancheng
Bioengineering

A110-1-1

Mouse Fibroblast Growth Fac-
tor 21 (FGF21) ELISA Kit

JONLNBIO JL22924

Human Fibroblast Growth Fac-
tor 21 (FGF-21) ELISA Kit

JONLNBIO JL19322

5. Experimental models: Organisms/strains

Mouse: C57BL/6 J Beijing Vital River
Laboratory Animal
Technology

Strain code: 219

Mouse: Fgf21-/- Original gift from
Dr. Steven Kliewer

N/A

Mouse: Fgfr1flox/flox Gift from Dr. Zhih-
feng Huang

S-CKO-02414

Mouse: Stk11flox/flox Cyagen Biosciences
(Suzhou)

S-CKO-05368

Mouse: Myh6Cre Cyagen Biosciences
(Suzhou)

C001009

Mouse: AdipoQCre Cyagen Biosciences
(Suzhou)

C001186

6. Recombinant DNA

Oligonucleotides

shRNA targeting sequence for
mouse Hmgcs2: AGC-
CATGTCTGTCTACACGAAA

This paper N/A

shRNA targeting sequence for
mouse Oxct1: ACGGAAG-
GATGTCAGTAATCAA

This paper N/A

Primers sequences for mouse
genotyping

Table S4 N/A

REAGENT or RESOURCE SOURCE IDENTIFIER

Primers sequences for qRT-PCR Table S5 N/A

7. Deposited data

The raw data of cardiac RNA-
Seq generated

This paper PRJNA1189445

The raw of serum metabolo-
mics generated

This paper Table S1,
MTBLS11726

The raw of cardiac energy
metabolomics generated

This paper Table S2,
MTBLS11725

8. Software and algorithms

GraphPad Prism 9 GraphPad https://
www.graphpad.com/
scientific-software/
prism/

ImageJ NIH https://imagej.net/
Fiji

R package (v4.2.2) The R Foundation https://www.r-
project.org

9. Other

Standard rodent chow Dyets D100000

Rodent Diet With 60 kcal% Fat Research diets D12492

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mouse models
All animal procedures were conducted in compliance with
protocols (wydw2022-0484 and wydw2022-0321) approved by
the Institutional Animal Care and User Committee (IACUC) of
Wenzhou Medical University and in accordance with National
Institutes of Health (NIH, USA) guidelines. The mice were housed
in a pathogen-free, temperature-controlled environment under a
12-h light/dark cycle, with free access to water and a standard
rodent chow diet at 23 ± 3 °C and 30-70% humidity. Only age-
matched male mice were used in the study. For blinding, the
mice and samples were numbered independent of genotypes.
The mice were sacrificed by cervical dislocation.
The mouse strain with a germline knockout of exons 1-3 of the

Fgf21 gene (Fgf21-/-) was generated on a C57BL/6 J background
originally by Dr. Steven Kliewer’s group.30 Cardiomyocyte-specific
knockout of Lkb1 (Lkb1f/f;Myh6Cre) was achieved by crossbreeding
the Lkb1f/f line (#S-CKO-05368) and the Myh6Cre (#C001009) line
purchased from Cyagen Biosciences, Inc. (Suzhou, China). The
exons 2-8 in the Lkb1 gene allele were floxed. Adipocyte-specific
knockout of Fgfr1 (Fgfr1f/f;AdipoqCre) was achieved by crossbreed-
ing the Fgfr1f/f line (#S-CKO-02414) and the AdipoqCre (#C001186)
line, also from Cyagen Biosciences, Inc. These conditional knockout
mouse lines were all generated on a background of C57BL/6 J via
the CRISPER/Cas-mediated genome engineering approach. The
genotyping of offsprings was performed by PCR amplification of
genomic DNA extracted from their tails using the primers listed in
Table S4. Experiments were conducted in Lkb1f/f;Myh6Cre and Fgfr1f/
f;AdipoqCre mice after fasted for 12 and 24 hours, respectively.
To generate the FGF21 restoration mouse model, 8-week-old

Fgf21-/-mice were intravenously injected with 100 μl of 2.5 × 1011 AAV
virus containing AAV9-TBG-hFGF21-HA-IRES-EGFP-WPRE mini-gene
(VectorBuilder, China) via tail vein, with an EGFP-only vector as the
control. The coding sequence of full-length human FGF21 (hFGF21)
with 209 aa starting with the first Met was used. An HA tag was
inserted into the sequence after Ala-28 for expression validation by
Western blotting or qRT-PCR analysis with a pair of primers F, 5’-
CCATACGATGTTCCAGATTACGC and R, 5’-ATCTCCAGGTGGGCTTCTGT.
Mice were monitored for heart function performance at days 0, 7, 14,
21 and 28. For indirect calorimetry, the mice were placed into
metabolic cages one month after AAV injection.
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To establish a compound mouse model with disrupted cardiac
ketolysis, 8-week-old Fgf21-/- mice were injected with 100 μl of
1.5 × 1011 AAV virus containing AAV9-nTnT-EGFP-shRNA(mOxct1)-
WPRE mini-gene (VectorBuilder, China) via tail vein, with an EGFP-
only vector as the control. The shRNA target sequence was 5’-
ACGGAAGGATGTCAGTAATCAA. Experiments were then per-
formed 2 weeks post-injection after a 12-h fast.
To establish a compound mouse model with disrupted hepatic

ketogenesis, 8-week-old Fgf21-/- mice were injected with 100 μl of
1.5 × 1011 AAV virus containing AAV9-TBG-mCherry-mir30shR-
NA(mHmgcs2)-WPRE mini-gene (PackGene Biotech, China) via tail
vein, with the mCherry-alone vector as the control. The shRNA target
sequence was 5’-AGCCATGTCTGTCTACACGAAA. Experiments were
then performed 2 weeks post-injection after a 24-h fast.
To establish a mouse model of TCA cycle disruption, 8-week-

old Fgf21-/- mice were fasted for 12 hours and then injected with
Cpi-613 (1.0 mg/mouse, i.v.) (MedChemExpress, USA). After 1.5 h,
the mice were injected with rhFGF21 (1 mg/kg, i.p.). The

functional experiments were then conducted 1.5 hours post-
injection.
To establish a mouse model of adipose lipolysis disruption, 8-

week-old Fgf21-/- mice were fasted for 12 hours and then injected
with Atglistatin (1.42 mg/mouse, i.p.) (MedChemExpress, USA).
After 2 hours, mice were injected with rhFGF21 (1 mg/kg, i.p.). The
functional analysis experiments were then conducted 2 hours
post-injection.
To establish a mouse model with mTOR inhibition, 8-week-old

Fgf21-/- mice were injected with Torin-1 (0.05 mg/mouse, i.p.)
(MedChemExpress, USA) followed by a 12-h fast. The mice were
then injected with Torin-1 again at the same dose. After 2 hours,
mice were injected with rhFGF21 (1 mg/kg, i.p.). The functional
analysis experiments were then conducted 2 hours after the
rhFGF21 injection.
To establish a mouse model with AMPK activation, 8-week-old

Fgf21-/- mice were fasted for 12 hours followed by an injection
with rhFGF21 (1 mg/kg, i.p.). Two hours later, AICAR (1.25 mg/

Fig. 8 A mechanistic model for the regulation of heart energy allocation by energy stress hormone FGF21. The heart is an unrelenting
bioengine that relies on a robust and uninterrupted influx of energy substates. Under physiologically relevant stressors, cardiomyocyte-
derived or endocrine FGF21 acts to maintain heart rate, contractility, and hemodynamic stability by activating a dual energy flux system.
Systemically, FGF21 directly promotes lipolysis in white adipose depots, releasing free fatty acids (FFAs) for liver uptake or direct transcardiac
uptake via intracardiac microvascular circulation. It also promotes hepatic fatty acid oxidation and subsequent ketogenesis, supplying ketones
for intracardiac ketolysis during prolonged fasting or starvation. These interorgan substrate mobilization effects ensure intracardiac energy
substrate sufficiency. Locally, FGF21 signaling promotes transcardiac and intracardiac flux of various substrates for oxidative utilization, as well
as cardiac mitochondrial biogenesis and respiration (the TCA cycle, ETC and OXPHOS), ensuring intracardiac ATP sufficiency. These processes/
effects are mediated by the LKB1–AMPK and mTOR pathways and occur secondary to FGF21’s systemic actions. By coordinating these dual
fuel systems, FGF21 signaling prioritizes incessant, robust intracardiac ATP flux, and thereby, cardiac energetic efficiency, particularly under
stress. Thus, FGF21 is the first-known signaling factor for prioritizing cardiac energy needs and functional efficiency via a novel two-strata flux
system. The image is generated in PowerPoint
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mouse, i.p.) (MedChemExpress, USA) was injected. The functional
analysis experiments were then conducted 1 hour post-treatment.
To assess the effects of fatty acid supplementation on heart

function, 8-week-old Fgf21-/- mice were fasted for 12 hours and
then injected with sodium palmitate (2 mmol/mouse, i.v.) (Sigma
Aldrich, USA) via tail vein. Functional analysis experiments were
conducted 2 hours post-injection for 15 min, compared with those
of WT mice.
To assess the effects of amino acid supplementation on heart

function, 8-week-old Fgf21-/- mice were fasted for 12 hours and
then injected with leucine (0.5 mg/mouse, i.v.) (Sigma Aldrich,
USA). The functional analysis experiments were then conducted
2 hours post-injection for 15min, compared with those of
WT mice.
To assess the effects of ketone supplementation on heart

function, 8-week-old Fgf21-/- mice were fasted for 12 hours and
then injected with 1,3-butanediol monoester (a racemic precursor
of BHB) (10 mmol/mouse, i.v.) (MedChemExpress, USA). Functional
analyses were then performed 2 hours post-injection for 30min.

METHOD DETAILS
Untargeted serum metabolomics
Metabolite extraction. Fasting blood samples were collected in
5 ml Vacutainer tubes containing EDTA and centrifuged at 1500 g
for 15 min at 4 °C. Aliquots of 150 μl of the plasma were stored at
−80 °C until LC-MS analysis. For extracting metabolites, plasma
samples were thawed on ice and 100 μl aliquots were mixed with
400 μl of cold methanol/acetonitrile (1:1, v/v) and vortexed to
remove proteins. The mixture was centrifuged at 14000 g for
20min at 4 °C. The supernatant was dried in a vacuum centrifuge.
For LC-MS analysis, samples were redissolved in 100 μl acetoni-
trile/water (1:1, v/v) solvent, vortexed, and centrifuged at 14000 g
for 15 min at 4 °C, and then injected into the LC system.

LC-MS analysis. TripleTOF 6600 Mass Spectrometer (SCIEX, USA)
and Q Exactive HF-X Mass Spectrometer (Thermo, USA), both
equipped with an electrospray ionization (ESI) source, were used
for the analyses of untargeted serum metabolites. The mass
spectrometers were coupled upstream with an Agilent 1290
Infinity UHPLC system (Agilent, USA) and a Vanquish UHPLC
system (Thermo, USA), respectively. 2 μl of serum metabolite
extract was injected via a 4 °C automatic injector into a HILIC
column (ACQUITY UPLC BEH Amide, 150mm×2.1 mm i.d., 1.7 µm,
Waters, USA) maintained at 45 °C. In both ESI positive and
negative modes, the mobile phases were as follows: phase A -
25mM ammonium acetate and 25mM ammonium hydroxide in
water, and phase B - acetonitrile. The gradient was set as follows:
95% B for 0.5 min, linearly reduced to 65% in 6.5 min, to 40% in
1min and kept for 1 min, then increased to 95% in 0.1 min, with a
3 min re-equilibration period. Quality control samples were set for
each interval to evaluate the stability and repeatability of the
system. The source conditions of ESI in both positive and negative
ion modes were as follows: source temperature at 450 °C, ion
source gas1 at 60, ion source gas2 at 60, curtain gas at 30 psi, ion
source temperature at 600 °C, IonSpray voltage floating at 5500 V.
MRM mode was used to detect ion pairs. The primary mass-to-
charge ratio detection range was 80–1200 Da, with a resolution of
60000, scan accumulation time of 100 ms, scan accumulation time
of 50 ms, and dynamic exclusion time of 4 s.

Data processing. The raw MS data were converted to MzXML files
using ProteoWizard MSConvert before being imported into the
XCMS software. For peak detection, the following parameters were
used: centWave m/z at 10 ppm, peak width at c (10, 60), and
prefilter at c (10, 100). CAMERA (Collection of Algorithms of
MEtabolite pRofile Annotation) was used for annotating isotopes
and adducts. In the extracted ion features, only variables with

more than 50% of non-zero measurement values in at least one
group were retained. Compound metabolite identification was
done by comparing the accuracy of m/z value (<10 ppm) and MS/
MS spectra to an in-house database established with authentic
standards.

Statistical analysis. After sum-normalization, the processed data
were analyzed using the R package (ropls) and subjected to
multivariate data analysis, including Pareto-scaled principal
component analysis (PCA) and orthogonal partial least-squares
discriminant analysis (OPLS-DA). The robustness of the model was
evaluated using 7-fold cross-validation and response permutation
testing. The variable importance in the projection (VIP) value of
each variable in the OPLS-DA model was calculated to indicate its
contribution to classification. Student’s t-test determined the
significance of differences between two groups of independent
samples. Variables with VIP > 1 and p value < 0.05 were considered
statistically significant.

Targeted mitochondrial energy metabolomics
Metabolite extractions. This analysis covers important metabo-
lites in the tricarboxylic acid cycle, glycolytic pathway, and
oxidative phosphorylation. Heart samples stored at −80 °C were
quickly cut without melting. 60 ± 5mg of each sample was placed
in a homogenizer tube together with 200 μl of cold methanol and
10 μl of 10mM SUCCINIC ACID-D6 (internal standard). The samples
were homogenized 3 times (20 s each) in a vertex and quenched
by liquid nitrogen for 5 s. 400 μl of cold chloroform was added and
mixed by vortexing for 30 s. The mixture was sonicated in an ice
bath for 5 min and mixed by vortexing for 10 min. Then, 100 μl of
deionized water was added and mixed by vortexing again for
10min. The final mixture was centrifuged at 14,000 g at 4 °C for
20min. 200 μl of the supernatant was stored at −80 °C until use or
directly vacuum-dried at room temperature. The dried samples
were reconstituted with 100 μl of acetonitrile-water solution (1:1,
v/v), vortexed for 30 s, and centrifuged at 14000 g at 4 °C for
15min. The supernatant was stored at −80 °Cuntil use or directly
used for LC-MS analysis.

LC-MS analysis. The samples were separated using an Agilent
1290 Infinity LC ultra-high-performance liquid chromatography
system (Agilent, USA). 2 μl samples were placed in an automatic
sampler at 4 °C and injected into a HILIC column (ACQUITY UPLC
BEH Amide, 150 × 2.1 mm i.d., 1.7 µm, Waters, USA) maintained at
35 °C, which was developed by the following mobile phases:
phase A: 50 mM ammonium acetate aqueous solution and 1.2%
hydroxide ammonia, and phase B: 1% acetone acetyl in ethanol, at
a flow rate of 300 μl/min. The following mobile phase gradient was
used: within 0–1min, 70% B; within 1–10min, B linearly changes
from 70% to 60%; within 10–12min, B changes from 60% linearly
to 30%; 12–15min, 30% B; and 15–22min, 70% B. Quality control
samples were set for each interval of experimental samples in the
sample queue to detect and evaluate the stability and repeat-
ability of the system. A mixture of standard compounds was used
to correct retention time in the chromatography. Mass spectro-
metry was performed using a 5500 QTRAP mass spectrometer
(SCIEX, USA) in both positive and negative ion modes. The 5500
QTRAP ESI source conditions were as follows: source temperature
450 °C, ion source gas 1 at 45, ion source gas 2 at 45, curtain gas at
30, IonSpray Voltage Floating at 4500 V. The MRM mode is used to
detect the target ion pairs.

Data process. The Multiquant software was used to extract
chromatographic peak area and retention time. The QCs were
processed together with the biological samples. Retention times were
corrected using standards of the target substances for metabolite
identification. Metabolites in QCs with coefficient of variation less than
30% were denoted as reproducible measurements.
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Data analysis. Statistical significance (p < 0.05) was determined
using Student t test. Metabolites with p < 0.05, fold changes > 1.5
or fold changes < 0.67 were considered significantly changed. For
hierarchical clustering, Cluster3.0 and the Java Treeview software
were used. The Euclidean distance algorithm for similarity
measure and average linkage clustering algorithm were selected
for clustering.

RNA-seq
RNA extraction. Total RNA was extracted from the heart using
TRIzol® Reagent according to the manufacturer’s instruction. RNA
samples quality was determined using 5300 Bioanalyser (Agilent,
USA) and quantified using ND-2000 (NanoDrop Technologies,
USA). Only the high-quality RNA samples (OD260/280= 1.8 ~ 2.2,
OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, and >1 μg) were used to
construct the sequencing library.

Library preparation and sequencing. RNA purification, reverse
transcription, library construction and sequencing were performed
at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shang-
hai, China) according to the manufacturer’s instruction (Illumina,
USA). The heart RNA-seq transcriptome library was prepared
following Illumina® Stranded mRNA Prep anLigation, with 1 μg of
isolated total RNA. Messenger RNA was isolated using polyA
selection by oligo(dT) beads and fragmented in fragmentation
buffer. Double-stranded cDNA was synthesized using the Super-
Script double-stranded cDNA synthesis kit (Invitrogen, USA) with
random hexamer primers (Illumina, USA). The synthesized cDNA
mix was subjected to end-repair, phosphorylation, and ‘A’ base
addition according to Illumina’s library construction protocol.
Libraries were size selected for cDNA target fragments of 300 bp
on 2% Low Range Ultra Agarose gel, followed by PCR amplifica-
tion using Phusion DNA polymerase (NEB) for 15 cycles. After
quantification by Qubit 4.0, paired-end RNA-seq sequencing
library was sequenced on the NovaSeq 6000 sequencer
(2 × 150 bp read length) (Illumina, USA).

Quality control and read mapping. The raw paired end reads
were trimmed and quality-controlled by fastp (v0.19.5) with
default parameters. The clean reads were separately aligned to
reference genome with orientation mode using HISAT2 (v2.1.0).
The mapped reads of each sample were assembled by StringTie
(v2.1.2) by a reference-based approach.

Differential expression analysis and functional enrichment. Differ-
ential expression analysis was performed using the R package
DESeq2 (v1.38.0). DEGs with |log2FC| ≧ 1 and FDR ≤ 0.05 were
considered significantly differentially expressed. Functional enrich-
ment analysis, including GO, KEGG and Reactome, identified DEGs
significantly enriched in GO term, KEGG pathways, and Reactome
pathways at a Benjamini-Hochberg-corrected p-value ≤ 0.05 com-
pared to the whole-transcriptome background. GO functional
enrichment, KEGG pathways analysis and Reactome pathways
analysis were carried out using Goatools (v0.6.5) and KOBAS
(v2.1.1), respectively.

Electrocardiogram
All mice were anesthetized with isoflurane gas inhalation and
positioned supine on a thermostat. Three electrodes were
attached to the upper limbs and right lower limb and connected
to the PowerLab (High-performance data acquisition hardware,
ADInstruments, USA) to acquire the ECG data. Mice were placed
onto monitoring platform under anesthesia. Once a stable ECG
wave was achieved, anesthesia administration was discontinued,
and the mice were allowed to revive. At the start of the
experiment, mice were given isoflurane gas at a rate of 2.4 mg/
h, and ECG recordings were initiated to capture ECG data from the
anesthetized mice. After 7 minutes of recoding under the ‘sleep’

phase, anesthesia administration was discontinued and ECG
recording continued until the mice regained full consciousness
and spontaneous movement, which lasted about 8 min. Heart
rates of each experimental mouse were analyzed and plotted as
XY curve and the corresponding area-under-curve (AUC) values
were calculated in GraphPad 9 software.

Echocardiogram
Mouse echocardiographic parameters were obtained using a Vevo
3100 system with a 30 MHz probe (Fujifilm VS, Canada). Mice were
anesthetized with isoflurane for echocardiography. Left ventricular
(LV) end systolic and diastolic diameters were calculated in 2D
M-mode and the cardiac parameters were analyzed in a double-
blind manner. For comparative analysis between different
genotype groups or conditions, HR was maintained at equal
levels unless otherwise specified (impossible to adjust to an equal
HR level). LV fraction shortening (LVFS%) and LV ejection fraction
(LVEF%) parameters were calculated using LV end-systolic
diameter (LVESD) and LV end-diastolic diameter (LVEDD). Cardiac
Output (CO) was calculated based on stroke volume (SV) and heart
rate (HR). Left ventricular anterior wall end-systolic and end-
diastolic dimensions (LVAW;s and LVAW;d), and left ventricular
posterior wall end-systolic and diastoli dimensions (LVPW;s and
LVPW;d) were also calculated in 2D M-mode and analyzed in a
double-blind manner. In the apical three-chamber view, the
pulsed Doppler sample volume was placed at the center of the
mitral annulus to obtain the peak trans-mitral flow velocities in
early diastole (E) and during atrial contraction (A), as well as trans-
mitral early (E’) and atrial (A’) peak filling flow rates, which were
used to calculate the E/A, E/E’, and E’/A’ ratios. Imaging data were
processed with speckle tracking-based strain analysis on para-
sternal short- and long-axis B-mode loops using the Vevo Strain
Software (Vevo LAB, Fujifilm VS, Canada).

Cardiac efficiency
The assessment of cardiac efficiency is based on two calculations.
In all conditions, the ejection fraction (EF) obtained from
echocardiography analysis serves an accepted surrogate for
cardiac efficiency, which is calculated as [(Stroke volume) / (End-
diastolic volume) x 100%]. In some conditions, we also further
calculated myocardial mechano-energetic efficiency (MEE) using
the formula: (CO x HR-2), as described,72 which integrates cardiac
functional output (CO) measured by echocardiogram relative to
heart rate (HR) measured by electrocardiogram to better reflect
energy efficiency of cardiac work. Since exo vivo Langendorff
perfusion analysis of oxygen consumption in isolated heart would
not recapitulate FGF21’s systemic effects, we use it as a simplified,
noninvasive surrogate estimate of myocardial external efficiency.

Telemetry (Heart rate, body temperature, and locomotive activity)
Animal preparation and HR E-Mitter implantation. All mice were
anesthetized prior to preparation, with the ventral surface of the
abdomen and the thorax to the area of the axilla shaved. Skin
incisions were made along the abdominal midline below the
diaphragm, approximately 1–2 cm in length. Mouse abdomen was
then incised along the linea abla (the “white line” of fascia where
the abdominal muscles join on the midline) for 2 cm. The E-Mitter
implant (STARR Life Sciences Corp, USA) was positioned in the
abdominal cavity along the sagittal plane and in front of the
caudal arteries and veins but dorsal to the digestive organs. The
negative and positive leads of the implanted device were secured
in place within the right subclavian pectoralis superficialis and the
left 8th intercostal pectoralis superficialis. The abdominal opening
was closed with 5-0 Vicryl® absorbable sutures using a continuous
interlocking stitch. The skin was then closed with 34-gauge
stainless steel sutures using interrupted mattress stitches. Mice
were allowed to recover for three weeks, with daily monitoring for
the first week, then every three days for the following two weeks.
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Acquisition and analysis of Telemetry data. After recovery, mice
were placed individually into groups corresponding to their
assigned receivers (E-Mitter Telemetry System, Starr Life Sciences,
USA). Following a 3-day acclimation period, heart rate, body
temperature, and locomotive activity were measured and
recorded based on experimental group conditions. Telemetry
data were then exported and analyzed using VitalView software.

Transmission electron microscopy (TEM)
Longitudinal-section (along the direction of muscle filament)
cubes ( ~ 1 mm3) were freshly isolated from mouse hearts and
fixed in 2.5% glutaraldehyde solution at 4 °C overnight, followed
by 1% osmic acid solution for 2 h. After wash with 0.1 M
phosphoric acid buffer (pH7.0), the heart sample was dehy-
drated through a gradient of alcohol and acetone, then
embedded in resin overnight. Embedded samples were sec-
tioned into 70–90 nm ultrathin sections using LEICA EM UC7
microtome (Leica Microsystems, Germany), stained in lead
citrate in dioxane acid solution, and dried overnight at room
temperature. The sections were imaged using an FEI Tecnai G2
Spirit TWIN system (Thermo Fisher Scientific, USA). Heart
structure, especially mitochondria cristae structure, shape, and
array, in each sample was determined from a randomly selected
pool of 10 to 20 image fields. The number of mitochondria,
average mitochondrial cross-sectional area, and cristae number
were evaluated with ImageJ.
Mitochondrial size was quantified as the cross-sectional area of

individual mitochondria in randomly acquired TEM images (n= 10
per mice) from random heart sections (n= 11 mice per group).

Mitochondrial respiratory complex activity
The catalytical activities of ETC complexes I-IV in heart mitochon-
dria were measured using CheKineTM kits according to manufac-
turer’s instructions (Abbkine, USA). Briefly, 0.1 gram of heart
tissues were isolated freshly from model mice, rinsed, and
homogenized in cold isolation buffer. Mitochondrial fraction was
obtained by sequential centrifugation at 600 g for 5 min and
11,000 g for 10min at 4 °C. The functional activity of each ETC
complex was assessed in a 96-well plate using colorimetry on
BioTek Synergy NEO2 (Agilent, USA) plate reader. A Bradford
Protein Assay Kit (Beyotime, Shanghai, China) was used to quantify
the mitochondrial samples. The results were expressed as U/g
total protein.

Mitochondrial DNA copy number
Total DNA was isolated from fresh or snap-frozen heart tissues.
Relative mitochondrial DNA copy number was determined by
qPCR using a primer pair for the mitochondria DNA-encoded gene
Mt-nd1: F, 5’-GAGCTTTACGAGCCGTAGCC and R, 5’-GAATGGGC
CGGCTGCGTA, yielding a 271 bp amplicon. This was normalized to
the nuclear gene beta-2-microblobulin detected using a primer
pair of F, 5’-ATGGGAAGCCGAACATACTG and R, 5’-CAGTCTCAG
TGGGGGTGAA, yielding a 177 bp amplicon. The qPCR conditions
and procedures followed those used for qRT-PCR in determining
gene expression levels.

Fast/starvation challenge
Mice were given ad libitum access to food during the feeding
period. 12-h fast (fs) was initiated by removing food at the
beginning of the dark cycle at 8:00 PM, which lasted for
12 hours overnight. 24-h fast was initiation at the beginning of
the light cycle at 8:00 AM and continued through the dark
cycle, which lasted for 24 hours. 48-h starvation (sv) followed
the same time schedule but lasted for 2 days. Mice were given
free access to water with bedding materials removed. Except
refeeding, all experiments were conducted while still in fasting
or starvation after the initial 12-h, 24-h or 48-h food-
deprivation period.

Acute involuntary physical exertion
To assess FGF21’ role in regulating heart function under acute
strenuous activity or workload, involuntary running frequency and
duration in model mice were monitored in conjunction with
telemetry method as described above. Mice were individually
housed in treadmill belt in each channel and forced to run by
electric stimuli with defined exercise parameters (belt speed, pulse
intensity, channel incline) controlled by computer in ZH-PT/5S
Small Animal Treadmill (Zhenghua Biological Apparatus, China).
Running time, distance and stimulus frequency were recorded and
used for assessing exercise capacity, which was linked to real-time
changes in heart rate, body temperature and other physical
parameters.

Endurance training
To assess FGF21’s role in regulating heart function under chronic
body fitness exercise, model mice were grouped and placed on
the belts for forced daily exercise for 2 hours for a total of 56 days
in treadmill as described above. Telemetry, electrocardiogram and
echocardiogram analyses were conducted on day 0, 7, 14, 28,
and 56.

Cold exposure
To assess FGF21’s role in regulating heart function under cold
challenge, model mice were placed in a 4 °C cold room for 2 hours
or 2 days in conjunction with telemetry as described above.
Changes in heart rate, body temperature, and pedestrian
locomotive activity were recorded. In addition, body temperature
was also measured with rectum probe (KW-8 Multi-channel Body
Temperature Monitor, KEW Basis, China).

Indirect calorimetry
To assess the association of FGF21-regulated energy expenditure
with heart energetic function under normal diet, 24-h fast, 48-h
starvation, and 1-day refeeding conditions, telemetry-monitored
Fgf21-/- mice and Fgf21-/- mice with AAV9-mediated overexpres-
sion of human FGF21 two-month post injection were placed in
metabolic cages (PhenoMaster, TSE Systems, Germany) and
allowed to acclimate for 2 days. Experiments were then conducted
according to manufacturer’s instruction. Changes in RER, VO2,
VCO2, HEAT, food intake, and water consumption were recorded
and analyzed in PhenoMaster program.

Metabolite measurements
Total lipids were extracted from ∼50mg of liver. Triglyceride
contents of the liver and plasma were measured using an L-type
TG H triglyceride kit (Jiancheng Bioengineering, China). Plasma
free fatty acids were measured using a NEFA C kit (Jiancheng
Bioengineering, China). Plasma β-hydroxybutyrate concentrations
were measured using a D-3-hydroxybutyric acid kit (Solarbio,
China). Plasma D-glucose concentrations were measured using a
Glucometer (Yuyue, China).

Heart morphometric and structural parameters
Changes in cardiomyocyte size were assessed in the left ventricles.
Paraffin-embedded cross-sectional heart tissue sections were
deparaffinized, rehydrated, and incubated with iFluor-488 labeled
WGA at 37 °C for 30 min. After wash with 1 x PBS, sections were
sealed with DAPI-containing resinous medium. Tissue slides were
visualized under a fluorescent microscope (Nikon, Japan). Images
were analyzed using QuPath software. Only cross-sectional, near
circular shaped cardiomyocytes were included in the analysis. The
QuPath polygon tool was used to encircle the cells and determine
the area.
Mouse body weight was measured prior to sacrifice. Freshly

isolated heart was drained of blood and weighed on a micro-scale.
Heart length was measured from atrium Sinistrum to Apex Cordis.
Tibia length was also measured for each mouse. The

A two-strata energy flux system driven by a stress hormone prioritizes. . .
Rao et al.

22

Signal Transduction and Targeted Therapy          (2025) 10:315 



corresponding values for each mouse were used to calculate HL/
TL and HW/BW ratios.

Histological analyses
Fresh cross-sectional heart tissue slices and liver tissue slices
were fixed in 10% neutral buffered formalin, dehydrated
through graded alcohols, cleared in xylene and embedded in
paraffin wax. Tissue blocks were sectioned into 4-5 μm thick
slices using a microtome (Leica Biosystems, Germany). The tissue
section slides were then deparaffinized in xylene, rehydrated
through graded alcohols to water, and stained with Hematoxylin
& Eosin (H&E).
For cardiac fibrosis evaluation, the rehydrated heart tissue slides

were stained sequentially with Weigert’s iron Hematoxylin,
Biebrich Scarlet-Acid Fuchsin, and Aniline Blue (Modified Masson’s
Trichrome Stain Kit, Solarbio, China). Slides were then dehydrated,
cleared again, and mounted with a resinous medium. Images were
capture under a high-resolution light microscope (Nikon, Japan).

High-fat diet treatment
8-week-old Fgf21-/- and WT mice were fed a high-fat diet (60 kcal%
fat, Research Diets, USA) for only 12 or 15 weeks. Metabolic and
heart function experiments were then conducted. The metaboli-
cally healthy stage of chronic high-fat diet intake was determined
by the lack of changes in serum AST marker levels using a Micro
Glutamic-oxalacetic Transaminase (GOT) Assay Kit (Solarbio,
China).

Cumulative body weight
Fgf21-/- and WT mice were fed a chow diet or a high-fat diet
continuously ad libitum. The body weights of individual mice were
recorded at weekly interval. At week 12, serum AST levels was
measured. Mice without AST changes were used for metabolic,
heart rate and contractility analyses.

Glucose tolerance test (IPGTT)
Glucose tolerance test was carried out in 8-week-old mice
following a 12-h fast and standard procedures. After measuring
fasted blood glucose levels, mice were injected intraperitoneally
with glucose (2 mg/g body weight, 20% glucose solution; Sigma-
Aldrich). Blood glucose levels were determined at 15, 30, 60, and
90min after glucose injection using Glucometer. Area-under-curve
value of glucose excursion curve for each mouse was calculated in
GraphPad 9.

Recombinant human FGF21
A cDNA fragment encoding human FGF21 (Ala28-Leu209) was
subcloned into the bacterial expression vector pET-3c. After
expression in the E. coli BL21 DE3 strain, recombinant FGF21 was
purified from inclusion body by sequential chromatograph with
DEAE Sepharose, Phenyl Sepharose-6, and Sephadex G-25
desalting columns. The protein fraction was lyophilized by
vacuum at −80 °C for storage. Before used for animal study, the
protein powder was dissolved in 1 x PBS, and its biological activity
was assessed in a HEK293 cell line engineered to ectopically
express betaKlotho.

Acute rhFGF21 treatment
Pure and active rhFGF21 was injected (i.p. or i.v. where indicated)
into mice at a concentration of 1 mg/kg body weight in a 100 μl
buffered saline solution into experimental mice. For experiments
involving both 12-h and 24-h fasts, mice were injected at 8:00 AM
immediately following the 12-h or 24-h fast. Mice were
experimented or euthanized 2 h after the injection.

RNA isolation and quantitative RT-PCR
Total RNA was isolated from mouse heart, eWAT, iWAT or liver
using RNAiso Plus (TaKaRa, Japan) including DNase treatment.

Total RNA (1 μg) was retrotranscribed with HiScript III 1st Strand
cDNA Synthesis kit (Vazyme, China) in the presence of random
primers following the manufacturer’s instruction. Two microliters
of a 1/10 dilution of the 1st strand cDNA mixture were used in
each PCR reaction in a total reaction volume of 10 μl using ChamQ
Universal SYBR qPCR Master Mix (Vazyme, China). The qPCR
amplification scheme was one cycle of 95 °C for 5 min followed by
40 cycles of 95 °C for 10 seconds and 60 °C for 30 seconds,
performed in a CFX96 Touch™ Real-Time PCR Detection System
(Bio-Rad Laboratories, Inc., Hercules, USA). The qPCR primers were
listed in Table S5. After confirming the specificity of the PCR
products with melting curve, the comparative cycle threshold
method (2-ddCT) was used for calculating the relative expression
levels of interest genes and normalized to the expression level of
18S, Rplp0 or Hprt1.

Immunoblot
Heart, liver and WAT samples were isolated freshly and frozen at
−80 °C. Protein lysates were extracted in cold RIPA lysis buffer.
20–25 μg of total cellular protein for each sample were separated
by standard SDS-PAGE and transferred onto PVDF membranes.
Proteins were detected with the indicated antibodies listed in the
Antibody table, and blots were imaged using Amersham Imager
680 (GE HealthCare, USA). ImageJ was used for densitometric
protein quantification.

Active kinase levels
Cardiac kinase activation for LKB1, AMPK, and mTOR were
assessed on Western Blotting with specific antibodies for
pLKB1(S431), pAMPK(T172), pmTOR(S2448), and their respective
total proteins. The total relative active protein level for each kinase
was determined as: total kinase activity = (p-Kinase/Kinase) x
(Kinase/internal standard).

Quantification and statistical analysis
For experiments with two groups, the two-tailed unpaired
Student’s t test was used for statistical comparison. Ordinary
one-way ANOVA with Tukey’s HSD post-hoc test, as indicated
in the figure legends, was used for the comparisons within
multiple groups. Data are expressed as the means ± standard
errors of the means (SEM) unless otherwise stated. A p value
of < 0.05 was considered statistically significant: *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. For clarity, different types
of symbols are used to distinguish test groups where indicated:
* for comparisons between the Fgf21-/- and WT groups by
Student’s t test or one-way ANOVA, $ for comparisons between
treatment groups in WT mice, and # for comparisons between
treatment groups in Fgf21-/- mice, unless otherwise specified.
Comparisons without a p value or the above symbols are not
statistically significant. For RNA-Seq, p values were calculated
using the Wald test with Benjamini-Hochberg correction.
Statistical analysis and data visualization were conducted
using Microsoft Excel, GraphPad Prism 9 (GraphPad Software,
USA), Instant Clue, and R (v4.4.2).

DATA AND RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact,
Yongde Luo (yongdeluo08@wmu.edu.cn).

DATA AVAILABILITY
Cardiac RNA-Seq data have been deposited in the Sequence Read Archive (SRA)
under the access number PRJNA1189445 and are presented in Table S3. Untargeted
serum metabolomic data and targeted cardiac energy metabolomic data have been
deposited to MetaboLights (MTBLS11725, MTBLS11726) and are presented in Tables
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S1 and S2. Source data and uncropped blots are provided in Data S1 in
supplementary materials. No original code was generated in this study. Any
additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.

MATERIALS AVAILABILITY
The mouse lines generated in this study are available from the lead contact upon
request.

CODE AVAILABILITY
Cardiac RNA-Seq data have been deposited in the Sequence Read Archive (SRA)
under the access number PRJNA1189445 and are presented in Table S3. Untargeted
serum metabolomic data and targeted cardiac energy metabolomic data have been
deposited to MetaboLights (MTBLS11725, MTBLS11726) and are presented in Tables
S1 and S2. Source data and uncropped blots are provided in Data S1 in
supplementary materials. No original code was generated in this study. Any
additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.
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