
Article
Mitophagy Directs Muscle
-Adipose Crosstalk to
Alleviate Dietary Obesity
Graphical Abstract
Highlights
d Muscle FUNDC1 is a crucial regulator of fat utilization and

exercise capacity

d FUNDC1-dependent mitophagy regulates mitochondrial

function in muscle

d Loss of muscle FUNDC1 alleviates high-fat-diet-induced

obesity and insulin resistance

d FUNDC1 deficiency triggers muscle-adipose crosstalk to

promote fat burning in adipose
Fu et al., 2018, Cell Reports 23, 1357–1372
May 1, 2018 ª 2018 The Author(s).
https://doi.org/10.1016/j.celrep.2018.03.127
Authors

Tingting Fu, Zhisheng Xu, Lin Liu, ...,

Min-Sheng Zhu, Quan Chen, Zhenji Gan

Correspondence
chenq@ioz.ac.cn (Q.C.),
ganzj@nju.edu.cn (Z.G.)

In Brief

Mitochondrial quality is essential to

muscle function. How muscle

mitochondrial quality is regulated and its

physiological impacts remain unclear. Fu

et al. show that loss of FUNDC1-

dependent mitochondrial quality control

in muscle alleviates high-fat-diet-induced

obesity and improves systemic glucose

homeostasis through promoting

exercise-independent fat burning in

adipose tissue.
Data and Software Availability
GSE99803

mailto:chenq@ioz.ac.cn
mailto:ganzj@nju.edu.cn
https://doi.org/10.1016/j.celrep.2018.03.127
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2018.03.127&domain=pdf


Cell Reports

Article
Mitophagy Directs Muscle-Adipose Crosstalk
to Alleviate Dietary Obesity
Tingting Fu,1,4 Zhisheng Xu,1,4 Lin Liu,1 Qiqi Guo,1 Hao Wu,2 Xijun Liang,1 Danxia Zhou,1 Liwei Xiao,1 Lei Liu,2 Yong Liu,3

Min-Sheng Zhu,1 Quan Chen,2,* and Zhenji Gan1,5,*
1The State Key Laboratory of Pharmaceutical Biotechnology and MOE Key Laboratory of Model Animals for Disease Study, Model Animal

Research Center of Nanjing University, Nanjing 210061, China
2The State Key Laboratory of Membrane Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China
3Hubei Key Laboratory of Cell Homeostasis, College of Life Sciences, Institute for Advanced Studies, Wuhan University, Wuhan 430072,
China
4These authors contributed equally
5Lead Contact
*Correspondence: chenq@ioz.ac.cn (Q.C.), ganzj@nju.edu.cn (Z.G.)

https://doi.org/10.1016/j.celrep.2018.03.127
SUMMARY

The quality of mitochondria in skeletal muscle is
essential formaintainingmetabolic homeostasis dur-
ing adaptive stress responses. However, the precise
control mechanism of muscle mitochondrial quality
and its physiological impacts remain unclear. Here,
we demonstrate that FUNDC1, a mediator of mitoph-
agy, plays a critical role in controlling muscle
mitochondrial quality as well as metabolic homeo-
stasis. Skeletal-muscle-specific ablation of FUNDC1
in mice resulted in LC3-mediated mitophagy defect,
leading to impaired mitochondrial energetics. This
caused decreased muscle fat utilization and endur-
ance capacity during exercise. Interestingly, mice
lacking muscle FUNDC1 were protected against
high-fat-diet-induced obesity with improved sys-
temic insulin sensitivity and glucose tolerance
despite reduced muscle mitochondrial energetics.
Mechanistically, FUNDC1 deficiency elicited a retro-
grade response in muscle that upregulated FGF21
expression, thereby promoting the thermogenic
remodeling of adipose tissue. Thus, these findings
reveal a pivotal role of FUNDC1-dependent mito-
chondrial quality control in mediating the muscle-
adipose dialog to regulate systemic metabolism.
INTRODUCTION

Mitochondria are essential organelles that require continuous

surveillance to maintain their functional integrity. Mitophagy

serves as a major quality control mechanism for selective target-

ing and removal of damaged or dysfunctional mitochondria to

ensure metabolic demands (Liu et al., 2014; Okamoto, 2014;

Pickrell and Youle, 2015; Rugarli and Langer, 2012; Youle and

Narendra, 2011). Dysregulation of mitophagy has been impli-

cated in the pathogenesis of many chronic diseases, including
Ce
This is an open access article under the CC BY-N
neurodegenerative diseases, metabolic disorders, and heart fail-

ure (Choi et al., 2013; Hara et al., 2006; Levine et al., 2015). How-

ever, the in vivo physiological relevance and molecular working

mechanisms of mitophagy remain unclear.

The quality of mitochondria is particularly important in skeletal

muscle, the largest metabolic demanding tissue that depends

critically on mitochondrial function, accounting for�40% of total

body mass. The capacity of muscle mitochondria to burn

the chief fuels (fatty acids and glucose) is a critical determinant

of metabolic homeostasis. Exercise training is well known to

enhance muscle mitochondrial quality and fuel burning, resulting

in improvements in whole-body metabolic homeostasis (Egan

and Zierath, 2013). Numerous studies in mice, and in humans,

have shown a close association between derangements in mus-

cle mitochondrial function and the development of obesity and

insulin resistance (Lowell and Shulman, 2005; Szendroedi

et al., 2011). However, mitochondrial dysfunction as cause

versus effect, or adaptive versus maladaptive, in the develop-

ment of obesity and insulin resistance is under debate. Signifi-

cant evidence suggests that impaired activity of mitochondrial

oxidative phosphorylation could lead to obesity and insulin

resistance (Muoio and Neufer, 2012; Szendroedi et al., 2011),

whereas it has also been shown that mice with reduced mito-

chondrial respiration capacity in skeletal muscle actually were

more insulin sensitive and protected against diet-induced

obesity (Holloszy, 2013; Pospisilik et al., 2007), and this phenom-

enon has been linked to mitohormesis, a beneficial response

caused by mild mitochondrial stress that originally has been

postulated in C. elegans model (Rattan, 2008; Yun and Finkel,

2014). Given that dysfunctional mitochondria are identified and

sequestered by themitochondrial surveillance system, we there-

fore speculated the existence of a mitochondrial quality control

mechanism in determining the metabolic outcomes of various

muscle mitochondrial stresses.

Both ubiquitin-dependent and receptor-dependent mitoph-

agy pathways have been deciphered in mammals (Escobar-

Henriques and Langer, 2014; Khaminets et al., 2016; Liu et al.,

2012; Novak et al., 2010; Pickrell and Youle, 2015; Youle and

Narendra, 2011). Elegant studies in cultured cells have demon-

strated that these pathways engage the core autophagy
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Figure 1. Skeletal-Muscle-Specific Deletion of FUNDC1 Causes Decreased Muscle Fat Utilization and Endurance during Exercise

(A) Western blot analysis of FUNDC1 expression in white vastus lateralis (WV), gastrocnemius (GC), and soleus muscles of WT and FUNDC1 mKOmice. n = 3–7

mice per group.

(B) Left: schematic depicts the increments of speed over time. Right: respiratory exchange ratio (RER) during a graded exercise regimen as described in

Experimental Procedures is shown (n = 7–9 mice per group).

(C) VO2 (oxygen consumption) during an exercise bout in 3-month-old female FUNDC1 mKOmice. n = 7–9 mice per group. The gray shaded area in the VO2 line

graphs illustrate the difference in speed to exhaustion in FUNDC1 mKO mice compared to WT controls.

(D) Peak VO2 (VO2 at the time of failure) and peak DVO2 (increase in oxygen consumption) are graphed. n = 7–10 mice per group.

(E) Bars represent mean blood lactate levels for 3-month-old female FUNDC1mKO andWT control mice following a 25-min run on a motorized treadmill. n = 4–6

mice per group.

(legend continued on next page)
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machinery to activate mitochondrial clearance in response to

various stress stimuli (Hara et al., 2006; Lazarou et al., 2015;

Liu et al., 2012; Novak et al., 2010; Okamoto et al., 2009). For

example, PINK1 protein mainly serves as a sensor for the mito-

chondrial polarization state, and the E3 ubiquitin ligase parkin

acts downstream of PINK1 to trigger selective autophagy of de-

polarized mitochondria upon acute stresses (Lazarou et al.,

2015; Pickrell and Youle, 2015; Youle and Narendra, 2011). We

recently reported that, in response to hypoxia, mitophagy recep-

tor FUNDC1 is dephosphorylated to enhance its interaction with

LC3 through a LC3-binding motif, thereby triggering mitophagy

(Chen et al., 2014; Liu et al., 2012, 2014). Studies in mouse

models also highlighted the importance of mitophagy mediators

under specific physiological stress. For instance, gene knockout

studies in mice have demonstrated the cardioprotective roles for

PINK1, BNIP3, NIX, and FUNDC1 mitophagy programs in the

regulation of mitochondrial homeostasis, although they may

not be essential for cardiac mitochondria turnover at baseline

(Dorn, 2010; Hamacher-Brady et al., 2006; Kubli et al., 2013;

Zhang et al., 2016). Genetic ablation of NIX also impairs mito-

chondrial clearance during red blood cell differentiation, causing

a defect in erythrocyte development (Sandoval et al., 2008).

In this study, we generated conditional knockout mouse

model for FUNDC1 and examine the role of FUNDC1-mediated

mitophagy in skeletal muscle, a metabolic demanding tissue

sensitive to mitochondrial quality. Our results uncovered an

essential role of mitophagy receptor FUNDC1 in controlling

muscle mitochondrial quality as well as metabolic homeostasis.

Ablation of FUNDC1 in skeletal muscle resulted in LC3-mediated

mitophagy defect, leading to impaired mitochondrial energetics.

These mice exhibited many features of deficient muscle fat

utilization and endurance during exercise. Interestingly, mice

lacking FUNDC1 in muscle were protected against chronic

high-fat-diet-induced obesity and insulin resistance despite

reduced muscle mitochondrial energetics. Mechanistically, we

demonstrated that FUNDC1 deficiency elicits a retrograde

response in muscle to induce thermogenic remodeling of adi-

pose tissue via FGF21. Thus, we uncovered a FUNDC1-depen-

dent mitophagy signaling in skeletal muscle that communicates

with adipose tissue, conferring leanness by promoting exercise-

independent fat burning in adipose tissue. Our study also em-

phasizes a whole-body metabolic rescue of mitochondrial

function defect in muscle by promotion of white fat beiging.

RESULTS

Skeletal-Muscle-Specific Deletion of FUNDC1 Causes
Decreased Muscle Fat Utilization and Endurance during
Exercise
To investigate the importance of FUNDC1-dependent mito-

chondrial quality control in skeletal muscle in vivo, we
(F–I) Blood glucose (F), insulin (G), fatty acid (H), and b-hydroxybutyrate (I) levels i

group.

(J) Left: schematic depicts the increments of speed over time. Right: bars represe

and WT on a motorized treadmill. n = 13–14 mice per group. Values represent

sedentary.

See also Figure S1.
generated skeletal-muscle-specific Fundc1-knockout mice

(referred to as FUNDC1 mKO) by breeding Fundc1-floxed

mice (Fundc1f/f) with myosin creatine kinase (MCK)-Cre

mice. Mice with muscle-specific knockout of Fundc1 were

born at normal Mendelian ratios and were grossly normal on

inspection. The expression of Fundc1 mRNA and protein

levels were markedly reduced in multiple muscle types of

FUNDC1 mKO mice compared to wild-type (WT) littermates

(Figures 1A and S1A), whereas the protein levels of PINK1,

BNIP3, NIX, and Beclin1 remain unchanged (Figure S1B). It

has been shown that autophagy is important for muscle

glucose metabolism during exercise (He et al., 2012); we

thus evaluated muscle fuel utilization of FUNDC1 mKO mice

during exercise. Real-time respiratory exchange ratio (RER)

and oxygen utilization (VO2) were measured during a high-in-

tensity exercise protocol. Consistent with a switch to carbohy-

drates as the chief fuel during the high-intensity exercise, the

RER increased with exercise in both WT and in the FUNDC1

mKO group (Figure 1B). Interestingly, FUNDC1 mKO mice

had a higher RER than WT controls during exercise, and this

was accompanied by reduced exercise tolerance (Figure 1B).

Because a higher RER typically reflects a substrate shift

in favor of carbohydrate metabolism, these data suggest

that FUNDC1 mKO mice consume less fat and depend on

glucose metabolism more than WT controls during exercise.

This is consistent with observations that FUNDC1 mKO mice

consumed less oxygen during the exercise period (as re-

flected by peak DVO2) and had reduced maximal peak oxygen

consumption (VO2max) compared with WT controls (Figures 1C

and 1D). In contrast, FUNDC1 mKO mice showed significantly

higher levels (�60%) of blood lactate, a marker of increased

glycolysis, following exercise than in WT controls (Figure 1E).

Notably, pre-exercise muscle glycogen levels were decreased

in FUNDC1 mKO muscle (data not shown). Furthermore, we

also measured glucose and fatty acid levels in blood from

WT and FUNDC1 mKO mice before and after exercise.

FUNDC1 mKO mice showed significantly lower blood glucose

levels compared to WT controls after 80 min exercise (Fig-

ure 1F). Insulin levels were reduced after exercise in both ge-

notypes (Figure 1G). Conversely, blood fatty acid levels were

significantly higher after exercise in FUNDC1 mKO mice (Fig-

ure 1H). Notably, post-exercise blood ketone body b-hydrox-

ybutyrate levels mirrored the changes of blood fatty acids, as

they were also increased in FUNDC1 mKO mice (Figure 1I).

Together, these results demonstrate a change in metabolic

flexibility in the absence of muscle FUNDC1 that compro-

mises fat utilization during exercise.

To further assess the physical impacts of impaired muscle fat

utilization in FUNDC1mKOmice, additional low-intensity (endur-

ance) exercise testing was conducted. Endurance exercise per-

formance depends heavily on high capacity for fat utilization.
n mice of indicated genotypes at rest or after 80 min exercise. n = 6–9 mice per

nt mean running time and distance for 10-week-old female FUNDC1mKOmice

mean ± SEM; *p < 0.05 versus corresponding WT controls; zp < 0.05 versus
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Figure 2. Loss of FUNDC1 Impairs Mitochondrial Energetics in Skeletal Muscle
(A) Left: representative western blot analysis performed with GC muscle total protein extracts prepared from WT and FUNDC1 mKO mice using LC3, P62,

FUNDC1, and a-tubulin (control) antibodies. Middle: immunoblot analysis of mitochondrial-associated LC3 and P62 levels in mitochondrial-enriched pellet from

indicated mice is shown. Right: quantification of the mitochondrial-associated LC3-II/Tim23 and P62/Tim23 signal ratios normalized (= 1.0) is shown. n = 3 mice

per group.

(B) Exercise-induced autophagy flux is decreased in FUNDC1 mKO muscle. Left: western blot analysis of mitochondrial-associated LC3-II in GC muscle from

indicated mice is shown. Mice were treated for 24 hr with colchicine (Col) and subjected to 80-min exercise (Ex) as indicated. Right: quantification of the

mitochondrial-associated LC3-II/Tim23 signal ratios normalized (= 1.0) to WT sedentary is shown. n = 4 mice per group.

(C) Mitochondrial respiration rates were determined from the extensor digital longus muscle of the indicated genotypes using pyruvate/malate as substrate.

Pyruvate/malate (Py/M)-stimulated, ADP-dependent respiration, and oligomycin-induced (oligo) are shown. n = 4 mice per group.

(D) ATP levels were detected and normalized to the percentage in the WV muscle of the WT mice. n = 5 mice per group.

(legend continued on next page)
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Therefore, we hypothesized that muscle FUNDC1 deficiency

would worsen exercise intolerance on an endurance exercise

regimen protocol. Indeed, FUNDC1 mKO mice could run for

significantly shorter time and distance (�40%) compared to

WT littermates (Figure 1J). Together, these results established

a crucial role of muscle FUNDC1 for fat utilization and endurance

during exercise.

Loss of FUNDC1 Impairs Mitochondrial Energetics in
Skeletal Muscle
To define the molecular basis of the reduced muscle fat meta-

bolism and exercise endurance in FUNDC1 mKO mice, we first

examined the biochemical hallmarks of mitophagy in the muscle

of FUNDC1 mKO mice. As shown in Figure 2A, although no

changes in the expression of LC3 and P62 protein levels were

observed in total gastrocnemius (GC) muscle lysate from

FUNDC1 mKO mice, LC3-II and P62 protein levels were mark-

edly reduced in mitochondrial-enriched samples prepared from

FUNDC1 mKO muscle compared to WT controls (Figure 2A),

whereas maintained expression of Tim23 protein, which reflects

mitochondrial mass, was observed in FUNDC1 mKO muscle

(Figure 2A). To further confirm the impaired mitophagy in

FUNDC1 mKO muscle during exercise, we performed auto-

phagy flux analysis by treating mice with colchicine. As shown

in Figure 2B, exercise-induced autophagy flux was reduced in

GC muscle from FUNDC1 mKOmice. Together, these in vivo re-

sults suggest a LC3-mediated mitophagy defect in FUNDC1

mKO muscle, which is consistent with our original in vitro study

showing that FUNDC1 interacts with LC3 to mediate mitophagy

(Liu et al., 2012).

Mitochondrial respiration rates were then determined in the

extensor digital longus (EDL) muscle of FUNDC1 mKO mice

and WT controls. Both pyruvate-driven and maximal ADP-

stimulated (�35%) respiration rates were significantly lower

in FUNDC1 mKO muscle compared to WT controls (Figure 2C).

Consistent with impaired mitochondrial respiration capacity,

ATP levels were significantly lower in FUNDC1 mKO muscle

compared to WT controls (Figure 2D). The reduced exercise

endurance in FUNDC1 mKO mice were not due to changes

in type I muscle fibers (WT, 81 ± 5 per section versus FUNDC1

mKO, 67 ± 3 per section; n = 5–8 mice per group; p = 0.078)

and succinate dehydrogenase (SDH) activity in GC muscle

(Figures 2E and S1C). Similar no change in slow myosin heavy

chain (MHC) expression was observed in the soleus and white

vastus lateralis (WV) muscle of the FUNDC1 mKO mice (Fig-

ure S1D). These results suggest that FUNDC1-deficiency-
(E) Cross-section of the GC muscle from a 3-month-old female WT and FUNDC

shown. The scale bar represents 500 mm. n = 5–8 mice per group.

(F) Top: immunoblot analysis of mitochondrial-associated LC3 and P62 levels in

mice. Bottom: quantification of the mitochondrial-associated LC3-II/Tim23 and P

(G) ROS levels were detected by flow cytometry. Dichlorofluorescein (DCF) fluores

the percentage in WT myotubes. n = 6.

(H) Mitochondrial membrane potential was analyzed by flow cytometry after stai

value in WT myotubes. n = 5.

(I) ATP levels were detected and normalized to the percentage of DMSO-treatedW

rotenone (Rot) as indicated in the key. n = 6. Values represent mean ±SEM; *p < 0.

controls.

See also Figure S1.
mediated defective mitophagy led to reduced muscle mito-

chondrial energetics. Notably, electron microscopy revealed

no obvious change in mitochondrial volume density and

morphology in the soleus muscle of FUNDC1 mKO mice

compared with littermate controls (Figure S1E). In addition,

qRT-PCR revealed no changes in mtDNA levels in FUNDC1

mKO muscle compared with WT controls (Figure S1F). Simi-

larly, the protein levels of several components of mitochon-

drial electron transport chain (ETC) complexes (I–V) were not

different in FUNDC1 mKO muscle relative to WT controls

(Figure S1G).

Fundc1 loss-of-function study was also conducted in a pri-

mary skeletal myocyte culture system. Analysis of biochemical

markers of mitophagy in primary myotubes isolated from mus-

cle of FUNDC1 mKO mice showed similar mitophagy defect to

those in vivo in FUNDC1 mKO muscle. LC3-II and P62 protein

levels were significantly decreased in mitochondrial-enriched

fractions prepared from FUNDC1 knockout (KO) myotubes

compared to WT controls (Figure 2F). Moreover, reactive

oxygen species (ROS), an indicator of mitochondrial dysfunc-

tion, was markedly increased (100%) in FUNDC1 KO myo-

tubes, and mitochondrial membrane potential was significantly

decreased (Figures 2G and 2H). FUNDC1 deficiency reduced

basal ATP levels and further intensified rotenone-mediated

suppression effect (Figure 2I). Thus, in vitro manipulation

of FUNDC1 did recapitulate defective mitophagy and impaired

mitochondrial energetics as observed in FUNDC1 mKO

muscle.

The effects of carbonyl cyanide p-(trifluoromethoxy)phenyl-

hydrazone (FCCP), a commonly used inducer of mitophagy,

were also assessed in the presence or absence of FUNDC1

in myoblasts. As expected, FCCP treatment resulted in conver-

sion of the LC3-I to LC3-II and degradation of the mitochondrial

protein Tim23, an effect that was abolished upon KO of

FUNDC1 (Figure 3A). Moreover, we confirmed that FCCP-

induced marked increase in the overall red mt-Keima fluores-

cence, an indicator of mitophagy, was blocked in FUNDC1

KO myocytes (Figure 3B). Furthermore, transmission electron

microscopy revealed an accumulation of autophagic vacuoles

in WT myocytes subjected to FCCP treatment (Figure 3C).

However, no autophagic vacuoles were observed in FCCP-

treated FUNDC1 KO myocytes (Figure 3C). Taken together,

these results suggest that disruption of FUNDC1 in skeletal

muscle cells results in defective mitophagy, leading to impaired

mitochondrial energetics, which causes reduced muscle fat uti-

lization and endurance during exercise.
1 mKO stained for MHC immunofluorescence. Representative images were

mitochondrial-enriched pellet from primary myotubes isolated from indicated

62/Tim23 signal ratios normalized (= 1.0) is shown. n = 6.

cence intensity was quantified using BD FACS. ROS levels were normalized to

ning with tetramethylrhodamine ethyl ester (TMRE) and was normalized to the

T myotubes. Myotubes were treated for 30 min with DMSO (vehicle) or 0.5 mM

05 versus correspondingWT controls; zp < 0.05 versusWT sedentary or DMSO
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Figure 3. Loss of Myocyte FUNDC1 Causes

Defective Mitophagy

(A) Left: representative western blot analysis per-

formed with primary myoblasts isolated from

indicated mice using Tim23, LC3, FUNDC1, and

a-tubulin (control) antibodies. Cells were treated

for 6 hr with DMSO (vehicle) or FCCP (10 mM)

as indicated. Right: quantification of the Tim23/

tubulin and LC3-II/tubulin signal ratios normalized

(= 1.0) to the WT vehicle control is shown. n = 3.

(B) Top: time-lapse images of primary myoblasts

expressing mt-Keima and treated with vehicle

(DMSO) or FCCP (10 mM) at 6 hr. The emission

signal obtained after excitation with the 458-nm

laser is shown in green, and that obtained after

excitation with the 561-nm laser is shown in red.

The scale bar represents 10 mm. Bottom: quanti-

fication of the red/green mt-Keima signal ratios

normalized (= 1.0) to the WT vehicle control is

shown. n = 3.

(C) Mitophagy was detected by transmission

electron microscopy. The panels on the right show

magnified areas of the panels on the left. The scale

bar represents 1 mm. Arrowheads indicate auto-

phagic vacuoles in WT myoblasts treated with

FCCP (10 mM) for 6 hr. No autophagic vacuoles

were observed in the other groups (n = 10 cells).

Values represent mean ± SEM; *p < 0.05 versus

corresponding WT controls; zp < 0.05 versus

DMSO controls.
Muscle FUNDC1 Deficiency Protects against HFD-
Induced Obesity and Improves Glucose Homeostasis
Reducedmuscle mitochondrial energetics is associated with the

development of obesity and insulin resistance (Lowell and Shul-

man, 2005;Muoio andNeufer, 2012; Szendroedi et al., 2011).We

next evaluated how FUNDC1 mKO mice could adapt to meta-

bolic stress. When fed a normal chow diet, FUNDC1 mKO

mice exhibited similar metabolic phenotypes compared to WT

controls, including body weight, food intake, and locomotor ac-

tivity (Figures S2A–S2C). FUNDC1 mKO mice showed slight de-

creases in energy expenditure at night, probably reflecting the

impaired mitochondria respiration in skeletal muscle (Figures

S2D–S2F). We next challenged FUNDC1 mKO mice with a

high-fat diet (HFD) (60% kcal from fat) for 3months. Interestingly,

loss of muscle FUNDC1 alleviates HFD-induced obesity, which

was contrary to our expectation that muscle FUNDC1 deficiency

would exacerbate HFD-induced obesity. We observed signifi-

cantly lower body weight and weight gain in FUNDC1 mKO

mice as compared to WT control mice throughout the entire
1362 Cell Reports 23, 1357–1372, May 1, 2018
HFD feeding period (Figures 4A and 4B).

HFD-fed FUNDC1 mKO mice were

grossly smaller and had significantly less

fat mass (�50%) compared with HFD-

fed WT controls (Figures 4C and 4D). To

explain the apparent resistance to HFD-

induced obesity, we performed indirect

calorimetric analysis in HFD-fed mice

using the Comprehensive Lab Animal

Monitoring System (CLAMS). Whereas
no difference in food consumption was found (Figure 4E), a

significant increase in oxygen consumption (VO2) and carbon

dioxide production (VCO2) was observed in FUNDC1 mKO

mice during both light and dark cycles (Figures 4F and 4G). Un-

adjusted energy expenditure was also significant higher in HFD-

fed FUNDC1 mKO mice compared to WT controls during both

light and dark cycles (Figure 4H). These data suggest that

the observed reduction in adiposity resulted from an increase

in systemic energy expenditure caused by FUNDC1 deficiency

in skeletal muscle.

We then determined glucose homeostasis inWT and FUNDC1

mKOmice following HFD feeding. Both fasting glucose and insu-

lin levels were significantly lower in FUNDC1 mKO mice relative

to WT controls (Figure 4I), suggesting that FUNDC1 mKO mice

have an improved sensitivity to insulin. Indeed, glucose and

insulin tolerance tests demonstrated that HFD-fed FUNDC1

mKO mice were more tolerant to glucose challenge and more

sensitive to insulin stimulation compared to HFD-fed WT con-

trols (Figures 4J and 4K). Thus, these data indicate that loss of



Figure 4. Muscle FUNDC1 Deficiency Protects against HFD-Induced Obesity and Improves Glucose Homeostasis

(A and B) Growth curves (A) and increase in body weight (B). n = 13–18 mice per group.

(C) Pictures of mice fed with HFD for 16 weeks.

(D) Body composition measured to determine fat mass and lean tissue mass. n = 8–11 mice per group.

(E) Food consumption. n = 8–12 mice per group.

(F) Oxygen consumption per hour during the light/dark cycle. n = 8–12 mice per group.

(G) Carbon dioxide production per hour during the light/dark cycle. n = 8–12 mice per group.

(H) Energy expenditure per mouse. n = 8–12 mice per group.

(I) Fasting glucose and insulin levels. n = 8–11 mice per group.

(J) Glucose tolerance test (GTT). Inset: area under the curve for GTT is shown. n = 8–11 mice per group.

(K) Insulin tolerance test (ITT). Inset: area under the curve for ITT is shown. n = 8–11 mice per group.

Data are represented as mean ± SEM. *p < 0.05 versus corresponding WT controls. See also Figure S2.
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Figure 5. Fundc1f/f/HSA-Cre Mice Show Deficient Exercise-Induced Fat Utilization but Are Resistant to HFD-Induced Obesity and Insulin

Resistance

(A) Left: schematic depicts the increments of speed over time. Right: RER during a graded exercise regimen as described in Experimental Procedures is shown.

n = 7–8 mice per group.

(B) Bars represent mean blood lactate levels for 12-week-old female Fundc1f/f/HSA-Cre mice and WT controls following a 25-min run on a motorized treadmill.

n = 6–7 mice per group.

(C and D) Growth curves (C) and increase in body weight (D). n = 9 mice per group.

(E) Body composition measured to determine fat mass and lean tissue mass. n = 9 mice per group.

(F) Food consumption. n = 7–8 mice per group.

(legend continued on next page)
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Fundc1 in skeletal muscle improves whole-body glucose ho-

meostasis following HFD feeding.

The muscle-specific deletion of Fundc1using MCK-Cre also

resulted in a decrease of FUNDC1 protein in the heart (Fig-

ure S1A). However, no apparent signs of abnormal cardiac func-

tion were observed in FUNDC1 mKO mice under basal condi-

tions via histological or echocardiographic assessment (Table

S1). To rule out the possible heart FUNDC1-mediated metabolic

effects on the phenotypes described above, Fundc1f/f mice were

bred with human skeletal actin Cre (HSA-Cre) mice to establish

another skeletal-muscle-specific deletion of the Fundc1 alleles.

As expected, the protein expression of Fundc1was dramatically

decreased in multiple muscle types, but not in the heart,

from Fundc1f/f/HSA-Cre mice (Figure S3A). Fundc1f/f/HSA-Cre

mice had higher RER during a treadmill exercise stress testing

(Figure 5A), indicative of shift in substrate usage from fat to

glucose metabolism. In addition, Fundc1f/f/HSA-Cre mice showed

increased lactate release after exercise (Figure 5B). More-

over, Fundc1f/f/HSA-Cre mice also consumed less oxygen and

showed markedly reduced (�40%) endurance during the exer-

cise period (Figures S3B–S3D). Similar to FUNDC1 mKO mice,

Fundc1f/f/HSA-Cre mice also displayed apparent resistance to

weight gain following HFD feeding (Figures 5C and 5D), showing

significantly less (37%) fat mass when compared to WT litter-

mates (Figure 5E). Fundc1f/f/HSA-Cre mice had no difference

in food consumption (Figure 5F) but exhibited a significant

increase in energy expenditure (Figures 5G–5I). In addition,

Fundc1f/f/HSA-Cre mice showed an improved whole-body glucose

and insulin sensitivity after 12 weeks of HFD feeding (Figures 5J

and 5K). Together, the similarity of the phenotypes of FUNDC1

mKO and Fundc1f/f/HSA-Cre mice strongly demonstrate that,

despite its importance in muscle fat burning and exercise

endurance, muscle FUNDC1 deficiency is able to induce a

striking increase in systemic energy expenditure and confers

resistance to HFD-induced obesity and insulin resistance.

Muscle FUNDC1 Deficiency Leads to Activation of
Adipose Tissue Adaptive Thermogenesis
To gain further insight into skeletal muscle energy metabolism

in FUNDC1 mKO mice during hypernutrition stress, we further

examined the mitochondrial remodeling in skeletal muscle of

FUNDC1 mKO mice following HFD feeding. Although the pro-

tein levels of several components of mitochondrial ETC com-

plexes were not different (Figure S4A), and the type I muscle

fibers that might affect metabolic parameters were not altered

in the GC muscle (WT, 62 ± 7 per section versus FUNDC1

mKO, 48 ± 18 per section; n = 3–6 mice per group; p =

0.42; Figure S4B), multiple lines of evidence confirmed a

decreased mitochondrial energetics in HFD-fed FUNDC1

mKO muscle. First, the ATP production was markedly reduced
(G) Oxygen consumption per hour during the light/dark cycle. n = 7–8 mice per g

(H) Carbon dioxide production per hour during the light/dark cycle. n = 7–8 mice

(I) Energy expenditure per mice. n = 7–8 mice per group.

(J) Left: GTT. Right: area under the curve for GTT is shown. n = 9 mice per group

(K) (Left) ITT. Right: area under the curve for ITT is shown. n = 9 mice per group.

Values represent mean ± SEM; *p < 0.05 versus corresponding WT controls; p

Figure S3.
(�50%; Figure S4C), and both pyruvate-driven and palmitoyl-

carnitine (PC)-driven state 3 (maximal ADP-stimulated) respira-

tion rates were significantly lower (Figures S4D and S4E) in

skeletal muscle of HFD-fed FUNDC1 mKO mice compared

to WT controls. Notably, neither p-AMPK nor p-AKT signaling

change between HFD-fed FUNDC1 mKO muscle and WT con-

trols (Figure S4F), and the mRNA levels of Ucp3 remain un-

changed (Figure S4G).

We next examined lipid metabolism in adipose tissue. Both

the visceral and subcutaneous white adipose tissue (WAT)

pads were smaller with less lipid accumulation in the HFD-fed

FUNDC1 mKO mice relative to their WT controls (Figures 6A

and 6B). Histological analysis also showed smaller adipocytes

in WAT of FUNDC1 mKO mice (Figure 6C). Interestingly, no

obvious changes in the adipocyte size and lipid accumulation

were observed in brown adipose depots from HFD-fed FUNDC1

mKO mice compared with WT mice (Figures 6A–6C). Moreover,

HFD-fed FUNDC1 mKOmice had markedly elevated expression

of key thermogenic genes, such as Ucp1 (17-fold), Cidea

(13-fold), and Dio2 (9-fold) in epididymal white adipose tissue

(eWAT) (Figure 6D). Marked induction of Ucp1 (25-fold) mRNA

was also observed in iWAT from FUNDC1mKOmice (Figure 6E).

Interestingly, we did not see an increase but rather a mild

decrease in the mRNA expression of genes associated with

thermogenesis in brown adipose from FUNDC1 mKO mice (Fig-

ure S5A). We also observed a modest increase in the mRNA

expression of genes involved in lipolysis (e.g., Pnpla2) and fatty

acid oxidation (e.g., Cox4 and Cpt2) in eWAT of HFD-fed

FUNDC1 mKO mice (Figure 6D). Notably, we did not observe

an increase in the mRNA expression of genes associated with

thermogenesis in eWAT from FUNDC1 mKO mice on standard

chow (Figure S5B). Consistent with enhanced beige thermogen-

esis, PC-driven state 3 (maximal ADP-stimulated) mitochondrial

respiration rates were significantly higher in iWAT of HFD-fed

FUNDC1mKOmice compared toWT controls (Figure 6F). Taken

together, these results suggest that the enhanced thermogenic

activity of adipose tissue, instead of that in skeletal muscle, is

the predominant contributor for promoting energy expenditure

in FUNDC1 mKO mice during HFD feeding.

HFD-induced obesity leads to triglyceride (TG) accumulation

in the liver. Gross anatomical analysis of livers revealed mark-

edly reduced hepatic steatosis in HFD-fed FUNDC1 mKO

mice compared to WT controls (Figure 6G). H&E and oil red

O staining of histological sections provided further evidence

of dramatically reduced liver fat deposition in HFD-fed FUNDC1

mKO mice (Figure 6G). Biochemical measurements confirmed

a pronounced (�60%) decrease in TG levels in HFD-fed

FUNDC1 mKO livers (Figure 6H). Notably, we did not detect

changes in the expression of genes associated with fatty acid

import, de novo fatty acid lipogenesis, and fatty acid oxidation
roup.

per group.

.

value was determined using two-tailed unpaired Student’s t test. See also
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Figure 6. Activation of Adaptive Thermogenesis in White Adipose Tissue from FUNDC1 mKO Mice Fed on HFD

(A) Pictures of eWAT, iWAT, and brown adipose tissue (BAT) from indicated mice fed on HFD for 16 weeks.

(B) Weight of eWAT, iWAT, and BAT from indicated mice fed on HFD for 16 weeks. n = 5–7 mice per group.

(C) H&E stain of eWAT, iWAT, and BAT. The scale bar represents 100 mm. n = 5–7 mice per group.

(D and E) Expression of genes (qRT-PCR) related to lipolysis, thermogenesis, and mitochondrial fatty acid oxidation in the eWAT (D) and iWAT (E) from HFD-fed

FUNDC1 mKO mice and WT controls. n = 5–7 mice per group.

(F) Mitochondrial respiration rates were determined from the iWAT of HFD-fed FUNDC1 mKO mice and WT controls using palmitoylcarnitine (PC)/malate as

substrate. PC/malate (PC/M)-stimulated, ADP-dependent respiration, and antimycin-induced are shown. n = 4 mice per group.

(G) H&E and oil red stain of liver from HFD-fed FUNDC1 mKO mice and WT controls. The scale bar represents 100 mm. n = 5–7 mice per group.

(H) Liver triglyceride levels from HFD-fed FUNDC1 mKO mice and WT controls. n = 5–7 mice per group.

Data are represented as mean ± SEM. *p < 0.05 versus corresponding WT controls. See also Figures S4 and S5.
from liver of HFD-fed FUNDC1 mKO mice (Figure S5C), sug-

gesting that reduced hepatic TG accumulation may result

from decreased fatty acid import from adipose tissue to liver

in FUNDC1 mKO mice.
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How could local skeletal muscle mitochondrial stress impact the

adaptive thermogenic reprogramming of WAT in FUNDC1 mKO



Figure 7. Muscle FUNDC1 Regulates WAT Thermogenesis through Endocrine Actions of FGF21

(A) Serum FGF21 levels from indicated mice fed a HFD. n = 6–9 mice per group.

(B and C) Growth curves (B) and increase in body weight (C). n = 6–11 mice per group.

(D) Body composition measured to determine fat mass and lean tissue mass. n = 6–11 mice per group.

(E and F) Fasting glucose (E) and insulin levels (F). n = 5–11 mice per group.

(G) GTT. Inset: area under the curve for GTT is shown. n = 6–11 mice per group.

(H) ITT. Inset: area under the curve for ITT is shown. n = 6–11 mice per group.

(I) Gene expression (qRT-PCR) in primary adipocytes. Differentiated adipocytes were treated with either WT CM or FUNDC1 KO CM, with or without the

anti-FGF21 antibody. n = 3–6.

(legend continued on next page)
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mice? Evidence has emerged that manymyokines released from

muscle can mediate inter-organ metabolic communications in

the body (Baskin et al., 2015; Pedersen and Febbraio, 2012).

To explore this possibility, we performed RNA sequencing

(RNA-seq) analysis with muscle RNA from HFD-fed FUNDC1

mKOmice and WT controls. We identified 44 genes upregulated

and 126 genes downregulated in FUNDC1 mKO muscle, with a

cutoff of 1.5-fold and p < 0.05. Gene ontology (GO)-based anal-

ysis revealed that the primarily regulated genes were those en-

coding secreted proteins (Figure S6A), raising the possibility

that FUNDC1 mKO muscle could produce secretory signals for

inter-organ communications. We next conducted qRT-PCR to

validate the expression of known secreted myokines that are

released from skeletal muscle to modulate systemic energy ho-

meostasis (Figures S6B and S6C). Of particular interest was the

expression pattern of Fgf21, a known marker of mitochondrial

stress (Kharitonenkov et al., 2005; Suomalainen et al., 2011;

Wall et al., 2015) that has been implicated in metabolic control

(Inagaki et al., 2007; Kharitonenkov et al., 2005; Owen et al.,

2014, 2015). Fgf21 gene expression was significantly increased

in muscles of HFD-fed FUNDC1 mKO mice (Figure S6C),

whereas the expression of other putative myokines, such as iri-

sin, interleukin-6 (IL-6), and several members of the fibroblast

growth factor (FGF) and growth differentiation factor (GDF) fam-

ily, was not different between FUNDC1 mKO and WT controls

(Figure S6B). Fgf21 mRNA expression in the liver and WAT of

FUNDC1mKOmice was not altered relative to control mice (Fig-

ure S6C), which is in accordance with muscle-specific mitoph-

agy stress. Consistently, ELISA analysis confirmed that FGF21

protein levels were increased in FUNDC1 mKO muscle (Fig-

ure S6D), indicating the likelihood that muscle-derived FGF21

is released into the blood stream to exert an endocrine effect.

Indeed, serum FGF21 concentration was significantly higher

in HFD-fed FUNDC1 mKO (�4-fold) mice (Figure S6E). ELISA

analysis also showed increased FGF21 secretion (�3-fold)

from FUNDC1-deficient myotubes (Figure S6F). Thus, FGF21

produced from FUNDC1-deficient muscle may act as an endo-

crine factor in the systemic control of energy metabolism.

To test whether muscle FUNDC1 deficiency can trigger WAT

thermogenesis through such a FGF21-dependent muscle-adi-

pose crosstalk, we generated muscle-specific FUNDC1 KO

mice in FGF21 KO background and phenotyped these mice on

a HFD. Consistent with FGF21 KO, serum FGF21 levels elevated

in HFD-fed FUNDC1mKOmicewere completely blunted in HFD-

fed FUNDC1/FGF21 DKOmice (Figure 7A). As expected, disrup-

tion of FGF21 abolished the FUNDC1 deficiency-mediated

body-weight-lowering effect during HFD feeding (Figures 7B

and 7C). In contrast to FUNDC1 mKO mice, DKO and their WT

control mice gained equivalent amounts of weight when fed a
(J and K) Results of Fgf21mRNA (J) and protein (K) levels for primary mouse myo

(vehicle) or 0.5 mM rotenone (Rot) as indicated in the key. n = 3.

(L) Results of Fgf21 mRNA levels for primary myotubes isolated from indicated m

Trolox (50 mM) as indicated. n = 3.

(M) Left: representative western blot analysis performed with primary mouse myot

a-tubulin (control) antibodies. Right: quantification of the FGF21/tubulin, p-eIF-2

Data are represented asmean ±SEM. *p < 0.05 versus correspondingWT controls

(IgG) controls. See also Figures S6 and S7.
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HFD (Figures 7B and 7C) and exhibited equivalent fat accumula-

tion (Figure 7D). Moreover, disruption of FGF21 prevented the

FUNDC1-deficiency-mediated improvement of insulin sensitivity

and glucose tolerance following HFD feeding (Figures 7E–7H).

Taken together, these results provide strong evidence that

FGF21 is required for the observed muscle FUNDC1-defi-

ciency-mediated favorable effects on systemic metabolism.

We also treated cultured WT primary subcutaneous adipo-

cytes with serum-free media conditioned by myotubes isolated

from FUNDC1 mKO or WT skeletal muscle. As shown in Fig-

ure S6G, the media from FUNDC1 mKO myotubes resulted in

increased mRNA levels of several thermogenesis markers in ad-

ipocytes (Figure S6G). This strongly suggests that FUNDC1 defi-

ciency renders the muscle cells to secrete FGF21 that can

directly promote the WAT thermogenic gene program, recapitu-

lating the in vivo thermogenic response in FUNDC1 mKO mice.

We next asked whether blocking muscle-cells-driven FGF21

would be sufficient to ablate FUNDC1-KO-myotubes-induced

thermogenic gene expression in adipocytes. Media conditioned

by FUNDC1 KO myotubes were incubated with control or anti-

FGF21 antibodies before they were applied to adipocytes. As

shown in Figure 7I, the FGF21 antibody blunted the induction

of thermogenic genes by FUNDC1-KO-myotubes-conditioned

media. Together, these results suggest that muscle-cells-driven

FGF21 may directly mediate the effect of FUNDC1-deficient

muscle upon the adaptive thermogenesis in WAT.

Next, we determined the mechanism by which FGF21 expres-

sion was regulated in FUNDC1 mKO muscle. To verify that my-

otube FGF21 is induced under mitochondrial stress, we treated

differentiated primary myotubes with rotenone, a commonly

used mitochondrial stressor. Myotube Fgf21 mRNA levels were

markedly increased (27-fold) at 8 hr post-treatment with rote-

none (Figure 7J), indicating that myocytes are indeed capable

of synthesizing and secreting FGF21 in response to mitochon-

drial stress. Interestingly, whereas Fgf21 expression was acti-

vated (3-fold) by FUNDC1 deficiency, combination of rotenone

and FUNDC1 deficiency resulted in a synergistic activation (60-

fold) of Fgf21 gene expression in primary myotubes (Figure 7J).

As shown in Figure 7K, increased FGF21 protein levels were

also detected by ELISA in FUNDC1 KO myotubes (Figure 7K).

These results demonstrate that loss of Fundc1 in muscle

cells triggers an intrinsic induction of FGF21, recapitulating the

in vivo observations in FUNDC1 mKO muscle. Because loss of

FUNDC1 results in increased mitochondrial ROS levels, a known

signaling molecule that can induce a retrograde response in

mammals (Quirós et al., 2016), we speculated that the ROS

signaling may link FUNDC1 deficiency to muscle FGF21 produc-

tion. To test this possibility, we treated the FUNDC1 KO myo-

tubes with Trolox, a potent anti-oxidant to reduce oxidative
tubes isolated from indicated mice. Myotubes were treated for 8 hr with DMSO

ice. Myotubes were treated for 8 hr with DMSO (vehicle), 0.5 mM Rot, or Rot +

ubes isolated from indicated mice using p-eIF-2a, eIF-2a, ATF4, FUNDC1, and

a/T-eIF-2a, and ATF4/tubulin signal ratios normalized (= 1.0) is shown. n = 3.

; #p < 0.05 versus FUNDC1mKO; zp < 0.05 versus DMSOor immunoglobulin G



stress. Interestingly, Trolox had no effect on rotenone-induced

FGF21 expression but completely abolished the FUNDC1-KO-

mediated stimulatory effect (Figure 7L). Together, these results

further establish the relevance of FUNDC1-mediated regulation

of FGF21 gene expression and demonstrate the importance of

ROS signaling in this mechanism.

We confirmed that the expression of Atf4, along with higher

phosphorylation of eIF-2a, the upstream regulator of ATF4 dur-

ing the retrograde response (De Sousa-Coelho et al., 2012;

Quirós et al., 2016; Wan et al., 2014), was induced in myotubes

isolated from FUNDC1 mKO muscle compared to WT controls

(Figure 7M). Notably, the expression of Atf5 together with

markers of mitochondrial unfolded protein response (UPRmt)

was not changed in FUNDC1 mKO muscle (Figure S7A),

suggesting that UPRmt pathway was not activated by Fundc1

ablation. We then tested whether ATF4 signaling mediated the

upregulation of FGF21 arising from FUNDC1 deficiency. Loss-

of-function experiments in primary myotubes showed that small

interfering RNA (siRNA) knockdown of Atf4 reduced basal Fgf21

expression and abolished the synergistic stimulatory effect of

FUNDC1 deficiency/rotenone (Figure S7B). Taken together,

these data support a model in which genetic deletion of Fundc1

in skeletal muscle results in defective mitophagy, leading to

increased production of mitochondrial ROS and thereby trig-

gering a retrograde response to induce expression of Fgf21,

which acts in an endocrine manner to drive the thermogenic

gene program in WAT.

DISCUSSION

The quality and functional integrity of mitochondria is undoubt-

edly critical for muscle functions. In this study, we described a

crucial role of FUNDC1-dependent mitochondrial quality control

signaling in the regulation of skeletal muscle mitochondrial func-

tion and systemic energy homeostasis. Exercise is known to

enhance muscle mitochondrial quality and fuel burning. Deletion

of the mitophagy receptor Fundc1 specifically in skeletal muscle

resulted in mitophagy defect, leading to impaired mitochondrial

energetics and significant reduced fat utilization and endurance

during exercise. Interestingly, mice lacking muscle FUNDC1

were markedly resistant to HFD-induced obesity with improved

systemic insulin sensitivity and glucose tolerance despite

reduced muscle mitochondrial energetics. This seemingly para-

doxical phenotype was due to increased adaptive thermogenic

program and enhanced fat burning in WAT through induction

of muscle-driven FGF21. Thus, these findings reveal a pivotal

role of FUNDC1-dependent mitophagy in mediating the mus-

cle-adipose dialog that regulates systemic metabolism. Our cur-

rent study also emphasizes a whole-body metabolic rescue of

mitochondrial function defect in muscle by promotion of WAT

beiging.

Mitophagy has been considered as a major mitochondrial

quality control mechanism in mammalian cells (Liu et al., 2014;

Okamoto, 2014; Pickrell and Youle, 2015; Rugarli and Langer,

2012; Youle and Narendra, 2011). Several mitophagy mediators,

such as PINK1/Parkin, NIX/BNIP3, FUNDC1, BCL2L13, and

PBH2 have been reported to be important for selective targeting

and removal of dysfunctional mitochondria in vitro cells (Liu et al.,
2012, 2014; Ney, 2015; Novak et al., 2010; Pickrell and Youle,

2015;Wei et al., 2017; Youle and Narendra, 2011), but our under-

standing of the in vivo physiological relevance and mechanisms

of mitophagy remains largely convoluted. In this study, we

clearly showed that FUNDC1-mediated mitophagy regulates

mitochondrial quality in both primary skeletal myotube and skel-

etal muscle. We detected a marked reduction in biochemical

hallmarks of mitophagy and significantly impaired mitochondrial

respiration in FUNDC1 KOmuscle cells, which is consistent with

our recent in vivo proof of FUNDC1-mediated mitophagy in

platelet (Zhang et al., 2016). Interestingly, however, although

we found that FUNDC1 is required for stress-induced mitophagy

in muscle cells, we did not observe a change in mitochondrial

mass in FUNDC1 mKO muscle under both basal conditions.

These results could suggest a context-dependent effect of

FUNDC1-mediated mitophagy. It is also possible that absence

of mitochondrial accumulation in FUNDC1 mKO muscle may

reflect opportunistic compensation by other mechanisms, such

as mitochondrial dynamism. Indeed, knockdown of Fundc1

has been shown to prevent mitochondrial fission and enhance

mitochondrial fusion (Chen et al., 2016). Previous studies have

reported that autophagy regulates muscle metabolism (He

et al., 2012; Kim et al., 2013; Lo Verso et al., 2014; Nascimbeni

et al., 2012). Herein, we demonstrated that FUNDC1 is a crucial

regulator of muscle fat utilization and endurance capacity during

exercise. Thus, our study has expanded the role of FUNDC1-

mediated mitophagy to include pivotal muscle exercise physio-

logical functions other than removal of damaged mitochondria

upon hypoxia stress. Consistent with this notion, recent study

also showed that Parkin is not only necessary for the clearance

of dysfunctional mitochondria but also for the mitochondrial

metabolic transition in the heart during the perinatal period

(Gong et al., 2015).

Remarkably, we found that FUNDC1-dependent mitochon-

drial quality control signaling in skeletal muscle could sense

chronic HFD stress and trigger an inter-organ communication

signals to promote the thermogenic remodeling in WAT, leading

to profound systemic impacts on metabolic homeostasis. These

results are consistent with previous report that autophagy defi-

ciency in skeletal muscle led to reduced body susceptibility for

metabolic stress (Kim et al., 2013). Our data strongly suggest

that the perturbation in muscle mitochondrial quality control

mechanism will generate a signal that could modulate the sys-

temic energy demand or overall stress defenses of the body.

This is consistent with the concept of mitohormesis, in which

benefits caused by mild mitochondrial stress can be transmitted

non-autonomously to tissues unaffected by the initial insult (Dur-

ieux et al., 2011; Yun and Finkel, 2014). Thus, our results suggest

that mitochondrial quality control is coupled to mitohormesis, a

pathway that could potentially be targeted to treat metabolic

disorders.

The role of WAT beiging in whole-body metabolic adaptations

has been controversial. The study shown herein demonstrates a

systemic metabolic rescue of mitochondrial function defect in

muscle by promotion of WAT beiging. FUNDC1 mKO mice ex-

hibited paradoxical improvements upon HFD-inducedmetabolic

stress despite mitochondrial energetic defect in muscle. We

found that FUNDC1 deficiency resulted in a retrograde response
Cell Reports 23, 1357–1372, May 1, 2018 1369



in muscle that triggered an inter-organ communication signal to

promote the thermogenesis remodeling in WAT. We propose

that FGF21 functions as a critical transmitter of metabolic de-

mands from stressed muscle mitochondria to fat tissue in

FUNDC1 mKO mice. The observed role of FGF21 is of interest,

given its role in regulating fat thermogenic remodeling, and is a

well-knownmarker of mitochondrial stress (Gong et al., 2016; In-

agaki et al., 2007; Kharitonenkov et al., 2005; Owen et al., 2014,

2015; Suomalainen et al., 2011; Wall et al., 2015). Several lines of

evidence present here strongly suggest that the major effect of

FUNDC1 on fat remodeling might be mediated through FGF21.

First, the mRNA and protein expression of Fgf21, but not other

myokines, was significantly induced in FUNDC1 mKO muscle.

The circulating FGF21 levels were also markedly increased

in FUNDC1 mKO mice. Second, the metabolic phenotype of

FUNDC1 mKO mice appears to resemble that of mouse model

that transgenic overexpression or pharmacological administra-

tion of FGF21, including increasing energy expenditure without

decreasing food intake, improves insulin sensitivity and reverses

hepatic steatosis (Kharitonenkov et al., 2005; Owen et al.,

2015). Third, double KO FUNDC1 and FGF21 mice experiments

demonstrated that FGF21 is required for the observed muscle

FUNDC1-deficiency-mediated favorable effects on systemic

metabolism. Lastly, we have found an ROS-dependent FGF21

induction in FUNDC1 KO muscle cells, providing a mechanistic

link between FUNDC1 and FGF21. Our data indicate that

the enhanced thermogenic activity of adipose tissue, but not

that of skeletal muscle, is the predominant contributor to the

increased energy expenditure and reduced hepatic steatosis in

FUNDC1 mKO mice fed on HFD. This is consistent with recent

report that muscle-driven FGF21 is critical for WAT thermogenic

remodeling and systemic metabolism (Ost et al., 2015; Pereira

et al., 2017). Notably, it has been recently shown that progres-

sively damaged mitochondria-induced FGF21 could be detri-

mental (Tezze et al., 2017); it is tempting to speculate that

different dosage and type of mitochondrial perturbation could

indeed have distinct physiological effect.

In summary, we have revealed a crucial role of FUNDC1-

dependent mitophagy in mediating the muscle-adipose dialog

that regulates systemic metabolism. These findings suggest

that muscle mitophagy pathways could potentially be targeted

to counteract metabolic disorders, such as obesity.

EXPERIMENTAL PROCEDURES

Animal Studies

All animal studies were conducted in strict accordance with the institutional

guidelines for the humane treatment of animals and were approved by the

IACUC committees at the Model Animal Research Center (MARC) of Nanjing

University. Generation of Fundc1f/f mice has been described elsewhere (Zhang

et al., 2016). Fundc1f/f mice were crossed with mice expressing Cre recombi-

nase under control of a muscle creatine kinase (MCK) promoter (Jackson Lab-

oratory; stock no. 006475) or the human skeletal actin (HSA) promoter (Jack-

son Laboratory; stock no. 006139) to achieve muscle-specific deletion of

FUNDC1. FGF21 KO mice were generated by the Transgenic Mouse facility

at the Model Animal Research Center (MARC) of Nanjing University.

Mitochondrial Respiration Studies

Mitochondrial respiration rates were measured in saponin-permeabilized

extensor digital longus muscle fibers and white fat tissue with pyruvate/malate
1370 Cell Reports 23, 1357–1372, May 1, 2018
or PC/malate as substrate as described previously (Liang et al., 2016; Liu et al.,

2016).

Cell Culture

Primary muscle cells were isolated from skeletal muscles as previously

described (Gan et al., 2011, 2013). For differentiation, cells were washed

with PBS and re-fed with 2% horse-serum/DMEM differentiation medium

and re-fed daily.

Statistics

All mouse and cell studies were analyzed by Student’s t test (2-tailed) or

ANOVA coupled to a Fisher’s least significant difference (LSD) post hoc test

when more than two groups were compared. No statistical methods were

used to predetermine sample sizes. Data represent the mean ± SEM, with a

statistically significant difference defined as a value of p < 0.05.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is GEO:
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