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Introduction

Mitochondrial function is critical for maintenance of local and 
systemic metabolic homeostasis. Preservation of normal mito-
chondrial function requires proteostasis, which is dynamically 
controlled by mitochondria-specific chaperones and proteases 
(Jensen and Jasper, 2014; Quirós et al., 2015). Mitochondrial 
proteotoxic stress, which is characterized by the accumula-
tion of misfolded and unfolded proteins within mitochondrial 
compartments, activates a retrograde transcriptional response 
called the mitochondrial unfolded protein response (UPRmt). 

This adaptive response, which is aimed at reestablishing mito-
chondrial proteostasis, is conserved from worms to mammals. 
In multiple model organisms, genetic and pharmacological 
induction of the UPRmt exerts beneficial effects on lifespan, 
consistent with overall improvements in systemic metabolic 
homeostasis (Feng et al., 2001; Dillin et al., 2002; Durieux et 
al., 2011; Houtkooper et al., 2013; Owusu-Ansah et al., 2013). 
A recent study in Caenorhabditis elegans demonstrated that in-
duction of the UPRmt promotes glycolytic metabolism, allowing 
subsequent recovery of mitochondrial function and oxidative 
phosphorylation; these results establish a precedent for the idea 
that UPRmt induction has metabolic consequences (Nargund et 
al., 2015). However, it remains to be determined whether induc-
tion of the UPRmt by genetic or pharmaceutical means exerts 
beneficial effects on systemic metabolic homeostasis in mam-
mals. Moreover, in contrast to the situation in worm and fly, 
in mammals, the non–cell-autonomous signaling factors that 
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communicate the state of the UPRmt between tissues, and thus 
influence organismal homeostasis, remain unknown.

Mitochondrial function in skeletal muscle is a critical 
determinant of systemic fuel homeostasis (Owusu-Ansah et 
al., 2013; Demontis et al., 2014). In humans, the mitochon-
drial content and oxidative function of skeletal muscle vary 
widely, and dysfunction of skeletal mitochondria is associ-
ated with abnormal nutrient handling typical of insulin resis-
tance (Petersen et al., 2003; Morino et al., 2006; Jelenik and 
Roden, 2013). It remains unclear, however, whether muscle 
mitochondrial dysfunction results in insulin resistance or 
vice versa (Dumas et al., 2009; Samocha-Bonet et al., 2010). 
Investigations performed in animal models have ruled out 
a direct connection between deficiency of mitochondrial 
OxPhos in skeletal muscle and systemic insulin resistance. 
Indeed, studies of rodents with reduced mitochondrial func-
tion and mitochondrial stress in skeletal muscle revealed that 
these models are more insulin sensitive and thus protected 
against diet-induced obesity and diabetes, suggesting that 
dysfunctional mitochondria in a given tissue communicate 
with other tissues (Pospisilik et al., 2007; Han et al., 2011; 
Kim et al., 2013). Because the UPRmt is highly organ specific 
and depends on the duration or severity of OxPhos deficiency, 
the identification of the cell–non-autonomous mediators re-
sponsible for the interorgan communication of mitochondrial 
stress is a major challenge (Moisoi et al., 2009; Dogan et 
al., 2014; Wall et al., 2015). Furthermore, multiple cell–non- 
autonomous factors may interact to mediate systemic adapta-
tions to organ-specific OxPhos dysfunction. FGF21 has been 
proposed to act as a mitokine that is released upon mitochon-
drial dysfunction caused by deficiencies in the respiratory 
chain or autophagy (Tyynismaa et al., 2010; Suomalainen et 
al., 2011; Nunnari and Suomalainen, 2012; Kim et al., 2013; 
Wall et al., 2015). However, a recent study suggested that 
FGF21 is dispensable for whole-body metabolic adaptations 
upon muscle mitochondrial stress (Ost et al., 2015). It re-
mains unclear whether other mitokine factors are released 
upon mitochondrial dysfunction.

We wished to determine how tissue-specific activation 
of the UPRmt, in the context of altered mitochondrial proteo-
stasis with reduced OxPhos activity, controls systemic en-
ergy homeostasis. To this end, we developed mice harboring 
skeletal muscle-specific loss of function (LOF) in the Crif1 
gene, which encodes a newly defined protein of the large 
mitoribosomal subunit. Using these muscle-specific knock-
out (MKO) mice, we found that skeletal muscle-specific 
deficiency of Crif1 is sufficient to activate the UPRmt and 
stimulate production of mitokines that regulate systemic en-
ergy homeostasis. We identified growth differentiation factor 
15 (GDF15; Bootcov et al., 1997; Yokoyama-Kobayashi et 
al., 1997) as a critical cell–non-autonomous factor that pro-
motes oxidative function and lipolysis in liver and adipose 
tissues. We hypothesized that elevated production of GDF15 
was responsible for the marked decrease of fat mass, resis-
tance to obesity, and improved insulin sensitivity in MKO 
mice. Consistent with this hypothesis, administration of 
GDF15 to ob/ob mice promoted weight loss and increased 
insulin sensitivity. These findings provide robust evidence 
that the cell–non-autonomous factor GDF15 is a regulator 
of systemic energy homeostasis and is thus a potentially 
promising therapeutic agent for the treatment of obesity- 
associated insulin resistance.

Results

Skeletal MKO mice have reduced 
mitochondrial OxPhos function in 
skeletal muscle
Mitochondrial ribosomes (mitoribosomes) are responsible for 
translation of OxPhos components encoded in the mitochon-
drial genome (O’Brien, 1971; Greber et al., 2015). CRIF1, a re-
cently defined mitochondrial protein containing a long α-helix, 
is an integral component of the large subunit of the mammalian 
mitoribosome (Kim et al., 2012; Greber et al., 2014b). Homo-
zygous Crif1-null mouse embryonic fibroblasts (MEFs) are 
profoundly deficient in translation and expression of respiratory 
chain subunits (Kim et al., 2012; Ryu et al., 2013). Consistent 
with this, disruption of the mouse Crif1 gene results in OxPhos 
deficiency in vivo (Kim et al., 2015). To assess the effects of 
muscle-specific Crif1 LOF on systemic energy homeostasis, 
we generated skeletal muscle–specific Crif1-knockout mice as 
an in vivo model of primary OxPhos deficiency. These mice 
were produced by crossing conditional Crif1 mice (Crif1flox/flox; 
hereafter, control; Kim et al., 2012) with mice expressing a 
Cre-recombinase gene under the control of the myosin light 
chain 1 fast promoter (Mlc1f-Cre; Bothe et al., 2000). Off-
spring from heterozygote intercrosses were born in a normal 
Mendelian ratio, and the MKO mice were healthy and viable. 
Expression of Crif1 in skeletal muscles was markedly lower in 
MKO mice than in control mice (Fig. 1 A). As expected, gas-
trocnemius muscle (GM) and extensor digitorum longus (EDL) 
in MKO mice contained reduced levels of three OxPhos sub-
units (NDU​FA9, UQC​RC2, and COX1; Fig. 1 B), as well as 
markedly reduced levels of OxPhos complexes I and III; more-
over, subcomplex III (Fig.  1  C) had an abnormal appearance 
in blue native PAGE. In addition, electron microscopy revealed 
pronounced accumulation of abnormal, swollen mitochondria 
with disrupted cristae in GM of MKO mice (Fig. 1 D). MKO 
mice older than 13 wk exhibited overt features of mitochon-
drial myopathy, typified by lower muscle mass, myofibrillar 
disorganization with reduced fiber area, and reduced succinate 
dehydrogenase staining intensity (Fig. S1, A–C). In addition, 
MKO mice had reduced muscle strength in the grip test and la-
tency period in the rotarod test, which was also associated with 
increased drop frequencies (Fig. S1 D). Thus, loss of Crif1 in 
skeletal muscle results in progressive functional and structural 
deterioration of the skeletal musculature.

MKO mice have elevated insulin sensitivity
To observe the impact of OxPhos deficiency in skeletal muscle 
on systemic energy homeostasis, we monitored body weight and 
food consumption in both control and MKO mice fed a standard 
chow diet. After 12 wk, food intake and weight gain did not sig-
nificantly differ between control and MKO mice. After 13 wk, 
however, the MKO mice lost weight, and their muscle function 
progressively declined (Fig. S1, E and F).

To avoid the secondary effects of advanced muscle de-
terioration on metabolic parameters, we investigated the met-
abolic phenotype of 8-wk-old MKO mice. At that age, EDL, 
GM, and epididymal white adipose tissue (eWAT) mass was 
slightly lower in MKO mice than in controls (Fig. 1 E and 1F). 
However, whereas 8-wk-old MKO mice had reduced EDL mus-
cle fiber mass, they had a normal distribution of central nuclei 
in muscle fibers, suggesting no apparent degenerative changes. 
The white adipose tissue (WAT) contained smaller adipocytes, 
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whereas interscapular brown adipose tissue (BAT) contained 
markedly enlarged lipid droplets with unilocular deposition 
(Fig. 1 F). Fasting plasma glucose and insulin levels were also 
markedly reduced, although food consumption did not differ 
significantly from that of control mice (Figs. 1 G and S1 E). 
MKO mice exhibited improved glucose tolerance and insulin 
sensitivity in intraperitoneal glucose and insulin challenges 
(Fig. 1, H and I). Furthermore, glucose uptake and glucose in-
fusion rate during a hyperinsulinemic–euglycemic clamp were 
higher in MKO mice (Fig. 1 J). Collectively, these findings in-
dicated that OxPhos deficiency in MKO mice improved glucose 
tolerance and increased insulin sensitivity.

MKO mice are protected from HFD-induced 
obesity and insulin resistance
Given that MKO mice fed a standard chow diet were lean and 
had elevated glucose tolerance, we investigated weight gain on a 
high-fat diet (HFD). Remarkably, HFD-fed MKO (MKO-HFD) 
mice gained less weight than HFD-fed control (Ctrl-HFD) mice 
(Fig. 2 A). Dual-energy x-ray absorptiometry revealed that, at 
11 wk of age, MKO-HFD mice had significantly lower fat mass 

than Ctrl-HFD mice (Fig. S2 A). Consistent with this, MKO-
HFD mice had lower fasting glucose and insulin levels, concom-
itant with a decrease in insulin resistance index (Fig. 2 B), and 
also had higher glucose disposal rates than Ctrl-HFD mice in 
the intraperitoneal glucose tolerance test (IPG​TT; Fig. 2 C) and 
intraperitoneal insulin tolerance test (IPI​TT; Fig. 2 D). To ob-
tain further insight into whole-body and tissue-specific glucose 
metabolism in MKO-HFD mice, we performed a hyperinsulin-
emic–euglycemic clamp. Consistent with the results of the IPG​
TT and IPI​TT, MKO-HFD mice had higher whole-body glu-
cose uptake and glucose infusion rate, suggesting that they had 
higher whole-body and peripheral insulin sensitivity (Fig. 2 E). 
In addition, hepatic glucose production was significantly lower 
in MKO-HFD mice than in Ctrl-HFD mice (Fig. 2 E).

Energy expenditure, oxidative metabolism, 
and lipid catabolism are elevated 
in MKO mice
We next conducted indirect calorimetry after a short-term (1 
wk) HFD to determine calorimetric parameters in the early dy-
namic phase of weight gain (i.e., before the late static phase 

Figure 1.  Impairment of OxPhos in MKO mice protects against insulin resistance. (A) Immunoblotting of CRIF1, NDU​FA9 (a mitochondrial protein marker), 
and α-tubulin (a loading control) in gastrocnemius (GM) and extensor digitorum longus (EDL) muscle in chow-fed MKO and control (Ctrl) mice at 8 wk of 
age. Western blot (B) and blue native PAGE (C) of mitochondrial OxPhos complex subunits in GM and EDL muscle of Ctrl and MKO mice at 8 wk of age. 
(D) Mitochondrial morphology of Ctrl and MKO GM, visualized by electron microscopy. Bars: (top) 2 µm; (bottom) 1 µm. (E) Organ weights of 8-wk-old 
male Ctrl and MKO mice (n = 5 per group). (F) Representative images of hematoxylin and eosin staining of EDL, eWAT, and BAT in 8-wk-old male chow-fed 
Ctrl and MKO mice (n = 5 per group). Bars, 100 µm. (G) Overnight fasting glucose and insulin levels in MKO mice on a chow diet. (H) IPG​TT and (I) IPI​
TT in 8-wk-old male Ctrl and MKO mice fed a chow diet (n = 10 per group). (J) Hyperinsulinemic–euglycemic clamp. Glucose uptake and glucose infusion 
rate (GIR) in 8-wk-old male Ctrl and MKO mice on a chow diet (n = 5 per group). All data represent mean ± SEM. *, P < 0.05; **, P < 0.01. All blots are 
representative of more than three independent experiments.
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reached after prolonged HFD feeding). Energy expenditure 
(EE) adjusted for body mass was significantly higher in MKO-
HFD mice than in Ctrl-HFD mice (Figs. 2 F and S2 B), whereas 
spontaneous locomotor activity (Fig. S2 C) and food intake ad-
justed in the same manner did not differ between the two groups 
(not depicted). MKO-HFD mice exhibited markedly reduced ac-
cumulation of lipids, as assessed by oil red O staining, suggest-
ing that these mice were protected from hepatic steatosis upon 
an HFD challenge. Furthermore, the adipocytes in eWAT were 
smaller in MKO-HFD mice than in Ctrl-HFD mice (Fig. 2 G).

To further characterize the elevated EE in MKO-HFD 
mice, we analyzed gene expression in adipose tissue, liver, and 
skeletal muscle. Genes involved in β-oxidation and mitochon-
drial OxPhos function were robustly induced in WAT and liver, 
but not in skeletal muscle (Fig.  2, H–J). Consistent with the 
up-regulation of lipolytic genes in eWAT, liver, and EDL (Fig. 2, 
H–J), fasting plasma free fatty acid and glycerol concentrations 
were significantly higher in MKO-HFD mice (Fig. 2, K and L), 
suggesting elevated in vivo lipolysis. Next, we performed an ex 
vivo fatty acid oxidation (FAO) assay using major metabolic 

Figure 2.  Improved metabolic parameters in MKO mice fed an HFD. (A) Body weight evolution of male Ctrl and MKO mice fed an HFD for 6 wk (n = 8 per 
group). (B) Fasting glucose, fasting insulin, and homeostatic model assessment-insulin resistance in male Ctrl and MKO mice fed an HFD for 6 wk (n = 5–6 
per group). IPG​TT (C) and IPI​TT (D) in male Ctrl and MKO mice fed an HFD for 6 wk (n = 6 per group). (E) Hyperinsulinemic–euglycemic clamp. Glucose 
uptake, glucose infusion rate (GIR) and hepatic glucose production (HGP) in male Ctrl and MKO mice fed an HFD for 6 wk (n = 5 per group). (F) Energy 
expenditure (EE) adjusted for body mass by ANO​VA in 8-wk-old male Ctrl and MKO mice fed an HFD for 1 wk (n = 5 per group). (G) hematoxylin and 
eosin (H&E) and oil red O staining of liver (left) and eWAT (right) in male Ctrl and MKO mice fed an HFD for 6 wk (n = 5 per group). Bar, 100 µm. (H–J) 
Relative expression of genes related to β-oxidation (Ppara, Acadl, Acadm, Pgc1a, and Cpt1a/b), mitochondria (Cox1 and Ndufa9), and lipid metabolism 
(Hsl and Atgl, lipolysis; Fasn and Pparg, lipogenesis) in eWAT (H), liver (I), and EDL (J) in Ctrl and MKO mice fed an HFD for 6 wk (n = 5 per group). Plasma 
free fatty acid (K) and glycerol (L) concentrations in HFD-fed male Ctrl and MKO mice (n = 5 per group). (M) Ex vivo fatty acid oxidation (FAO) of infused 
1-14C-palmitate in eWAT, liver, BAT, and EDL of HFD-fed Ctrl and MKO mice (n = 5 per group). All data represent mean ± SEM. *, P < 0.05; **, P < 0.01.
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organs such as adipose (eWAT and BAT), liver, and skeletal 
muscle. The rate of FAO in eWAT and liver was significantly 
higher in MKO-HFD mice than in Ctrl-HFD mice, whereas 
FAO in BAT and EDL did not differ between the two groups 
(Fig.  2  M). Collectively, the reduced adiposity and improved 
insulin sensitivity of MKO-HFD mice could be attributed to el-
evated lipolysis, β-oxidation, and EE. Collectively, these data 
show that reduced OxPhos function in skeletal muscle protected 
mice against HFD-induced adiposity and insulin resistance and 
was characterized by elevated lipolysis and oxidative metabo-
lism in adipose tissue and liver.

Elevated circulating GDF15 in MKO mice
These robust phenotypic changes suggested that MKO mice ex-
pressed humoral factors involved in signaling from muscle to 
nonmuscle tissues. To identify the cell–non-autonomous factors 
secreted from skeletal muscle of MKO mice, we conducted a tran-
scriptomic analysis by RNA sequencing (RNA-seq; Fig. 3 A), 
focusing on genes encoding secreted peptides (red dots).

The mRNA levels of two secreted proteins, GDF15 and 
fibroblast growth factor 21 (FGF21), which are rarely ex-
pressed in wild-type skeletal muscle, were potently induced 
in OxPhos-deficient skeletal muscle (Fig.  3  A). Hence, we 
sought to determine whether the expression level of Gdf15 is 
negatively correlated with those of mitochondrial genes. To ad-
dress this question, we performed gene set enrichment analysis 
(GSEA) using entire muscle transcriptomes from selected lines 
of the BXD mouse genetic reference population. In particular, 
we analyzed transcriptomes of individuals that exhibited ei-
ther elevated (n = 5) or reduced (n = 5) expression of Gdf15 
under HFD (Fig. 3 B, left). In this dataset, Gdf15 and the mito-
chondrial gene sets were clearly negatively correlated (enrich-
ment score = −0.477, normalized enrichment score = −2.202,  
nominal P < 0.001, false discovery rate q < 0.001, and fami-
ly-wise error rate P < 0.001; Fig. 3 B, right). However, Fgf21 
and the mitochondrial gene set were not clearly correlated 
(Fig. 3 B, left). GDF15 expression is significantly induced in 
patients with mitochondrial diseases (Fujita et al., 2015). Con-
sistent with this, Gdf15 mRNA and protein were markedly 
up-regulated in the GM, EDL, soleus, and quadriceps mus-
cles of MKO mice (Fig. 3, C and D). Serum concentrations of 
GDF15 were also significantly higher in MKO mice (Fig. 3 E), 
suggesting that GDF15 produced in OxPhos-deficient skeletal 
muscles acts systemically as an endocrine signaling factor.

Elevated GDF15 expression is associated 
with activation of the UPRmt in MKO 
and POLG mice
We next asked whether the induction of GDF15 was a general 
consequence of mitochondrial stress in the muscle, using both 
in vivo (i.e., the polymerase gamma mutator [POLG] mouse) 
and in vitro (i.e., C2C12 myotubes) models. First, we ana-
lyzed young (8-wk-old) POLG mice, which carry a missense 
mutation that abolishes POLG proofreading activity, result-
ing in oxidative damage in skeletal muscle (Trifunovic et al., 
2004; Kolesar et al., 2014; Wall et al., 2015). As with MKO 
mice, Gdf15 mRNA and serum GDF15 levels were signifi-
cantly higher in POLG mice than in control mice (Fig. 3, F and 
G). Next, we chemically induced mitochondrial stress in cul-
tured C2C12 myotubes using doxycycline and the triterpenoid 
2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO), both 
of which trigger the UPRmt (Bernstein et al., 2012; Houtkooper 

et al., 2013). Expression of the intrinsic mitochondrial prote-
ases Clpp and Lonp1, the mitochondrial chaperones Hspd1 and 
Tid1, and Chop, a transcription factor that mediates the UPRmt 
(Horibe and Hoogenraad, 2007), was robustly up-regulated in 
C2C12 myotubes treated with doxycycline and CDDO, indic-
ative of mitochondrial stress (Fig. 3, H and I). Under the same 
conditions, Gdf15 was strongly induced, indicating that GDF15 
expression in skeletal muscle reflects activation of the UPRmt. 
These observations led us to analyze the UPRmt in MKO and 
POLG mice. Skeletal muscles from both strains expressed high 
levels of UPRmt transcripts such as Clpp, Lonp1, Hspd1, and 
Tid1 (Fig.  3, J and K). We also confirmed that Gdf15 induc-
tion was restricted to muscle: Gdf15 transcript levels in liver, 
eWAT, heart, and kidney did not differ between MKO and 
control mice (Fig. 3 C). Thus, activation of the UPRmt in skel-
etal muscle of POLG and MKO mice was associated with el-
evated GDF15 expression.

CHOP-dependent induction of GDF15 
in MKO skeletal muscle upon UPRmt 
activation
GDF15 expression is regulated by various transcriptional path-
ways, dependent on the cellular and signaling context (Ago and 
Sadoshima, 2006; Wang et al., 2014). Expression of Gdf15 is 
generally low in quiescent cells but is rapidly induced by stress 
stimuli that activate diverse signaling pathways (Vaňhara et al., 
2012; Wang et al., 2013).

Based on our observations that GDF15 expression is asso-
ciated with the UPRmt, we next explored the potential involve-
ment of transcription factors such as the ATFs and CHOP, which 
mediate stress responses in mammalian cells (Zhao et al., 2002; 
Horibe and Hoogenraad, 2007; Pellegrino et al., 2014). In C2C12 
myoblasts, Gdf15 promoter activity was not altered by overex-
pression of ATF4, ATF5, or ATF6 (Fig. S3, A–C). In contrast to 
the ATFs, overexpression of CHOP strongly induced both Gdf15 
mRNA levels and promoter activity (Fig. 4, A and B). Moreover, 
reporter assays revealed the functional importance of putative 
CHOP-responsive elements (CHOP REs) in the human GDF15 
promoter (Fig. 4 C). siRNA-mediated knockdown of Chop sup-
pressed Gdf15 expression in Crif1-deficient MEF cells (Fig. 
S3, D and E; and Fig. 4 D), demonstrating that CHOP induces 
GDF15 in these cells. Moreover, we developed a stable C2C12 
cell line harboring knockdown of Chop by lentivirus-mediated 
transduction of Chop-specific shRNA. In C2C12 shChop cells, 
CHOP was not induced after doxycycline treatment, and expres-
sion and secretion of GDF15 were not stimulated (Fig. 4 E). This 
observation confirmed that CHOP is required for UPRmt-induced 
expression of GDF15 in vitro. Consistent with this result, CHOP 
was highly expressed in skeletal muscle of MKO mice (Fig. 4 F).

CHOP, a member of the C/EBP family of transcription 
factors, is phosphorylated by p38 MAPK; this modification in-
creases the transcriptional activity of CHOP (Wang and Ron, 
1996). Given that skeletal muscle in MKO mice contained high 
levels of phosphorylated p38 kinase (Fig. 4 F), we hypothesized 
that the p38–CHOP pathway could regulate Gdf15 expression 
under mitochondrial stress. To validate the influence of p38 
kinase–CHOP on GDF15 expression, we treated Crif1-deficient 
MEF cells with two different p38 kinase inhibitors, SB203580 
and SB202190, resulting in attenuation of Gdf15 and Chop 
expression (Fig. 4 G). These findings indicate that p38 kinase 
is a key regulator of CHOP-dependent Gdf15 transcription in 
Crif1-deficient skeletal muscle (Fig. 4 H).
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GDF15 increases lipolysis and FAO
Because the circulating level of GDF15 was elevated in MKO 
mice, we next investigated its roles in metabolism and how 
they contribute to the phenotypes of MKO mice. Higher lev-
els of phosphorylated hormone-sensitive lipase (HSL S660) 
and ERK1/2 suggested that MKO mice had elevated lipolytic 

activities in eWAT and liver (Fig. 5 A). To determine whether 
the higher lipolytic activities in MKO mice were related to the 
increased activity of GDF15, we monitored phosphorylation of 
SMAD, ERK1/2, and p38 after recombinant GDF15 (rGDF15) 
treatment in differentiated 3T3-L1 adipocytes and primary cul-
tured mouse hepatocytes. rGDF15-induced phosphorylation of 

Figure 3.  GDF15 induction is associated with activation of the UPRmt in MKO and POLG mice. (A) Scatterplot of RNA-seq data, displaying transcript levels 
in EDL muscle of 8-wk-old male Ctrl (x axis) and MKO (y axis) mice. Gene sets encoding secretory proteins are represented in red. (B) Gene Set Enrichment 
Analysis was performed on skeletal muscle transcriptome data from BXD genetic reference population mice (Gdf15 expression in skeletal muscle transcrip-
tomes of BXD mice on HFD; GeneNetwork accession numbers GN379 and GN380). The gene set encompassing mitochondria genes has an enrichment 
score of −0.477, a normalized enrichment score (NES) of −2.202, nominal P < 0.001, false discovery rate (FDR) q < 0.001, and family-wise error rate  
P < 0.001. (C) Gdf15 mRNA expression levels in EDL, liver, eWAT, heart, and kidney of 8-wk-old MKO mice. (D) GDF15 expression in GM, EDL, soleus, 
and quadriceps muscles in 8-wk-old male Ctrl and MKO mice fed a chow diet (n = 5 per group). (E) Serum GDF15 concentration in chow-fed 8-wk-old male 
Ctrl and MKO mice in the fasting state (n = 6 per group). (F and G) Gdf15 mRNA expression in GM (F) and serum GDF15 concentration (G) of 8-wk-old 
male POLG and control mice fed a chow diet (n = 5 per group). (H and I) Expression of Gdf15 and UPRmt genes after treatment of C2C12 myotubes with 
doxycycline (H) or CDDO (I) for 24 h. (J) Relative mRNA expression of UPRmt (Clpp, Lonp, Htra2, Hspd1, Tid1, and Chop) and ER stress (Atf4 and Grp78) 
genes in GM in 8-wk-old Ctrl and MKO mice. (K) Relative mRNA expression of UPRmt genes in GM of 8-wk-old control and POLG mice. All data represent 
mean ± SEM. *, P < 0.05; **, P < 0.01.
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SMAD2 and SMAD3 was inhibited by the chemical inhibitor 
SB431542, a potent and selective inhibitor of TGF-β reversible 
inhibitor receptor kinases. Moreover, rGDF15-induced phos-
phorylation of ERK1/2 and p38 was inhibited by PD98059 
and SB203580, respectively (Fig.  5 B). rGDF15 significantly 
increased the amount of glycerol released into the media by 
3T3-L1 adipocytes after 3 h. Moreover, the lipolytic effect of 
GDF15 was suppressed by TGF-β reversible inhibitor and ERK 
inhibitors (Fig. 5 C). Based on these findings, we conclude that 
MKO-HFD mice are protected from obesity via activation of 
TGF-β reversible inhibitor receptor kinases by GDF15.

Next, we explored the effects of GDF15 on mitochondrial 
respiration in C2C12 myoblasts and cultured primary hepato-
cytes. In myoblasts and hepatocytes, rGDF15 treatment in-
creased basal, ATP-coupled, and maximal respiratory rates in 
a dose-dependent manner (Fig. 5 D). Consistent with this, we 
found that pretreatment of rGDF15 increased FAO both in myo-
blasts and hepatocytes (Fig. 5 E). The oxygen consumption rate 
(OCR) reverted to basal levels upon treatment with the CPT1 
inhibitor etomoxir, reflecting the fact that GDF15 promotes 
FAO and mitochondrial respiration (Fig. 5 E).

In light of these findings regarding the impact of GDF15 
on systemic energy homeostasis, we next investigated whether 
Gdf15 also impacts the same metabolic pathways in a complex 
systems genetics model, the BXD mouse genetic reference 
population (Andreux et al., 2012; Wu et al., 2014). Consistent 

with our observations in MKO mice, HFD-fed BXD mice with 
higher expression of Gdf15 transcripts in skeletal muscle exhib-
ited more favorable metabolic phenotypes than those express-
ing lower levels of Gdf15. Total, peritoneal, and subcutaneous 
fat mass, liver lipid content and weight, body weight gain, food 
intake, and serum glucose level were mostly positively cor-
related with one another (Pearson’s R > 0.5, represented as blue 
boxes and edges in Fig. 5, F and G, respectively), whereas those 
phenotypes were negatively correlated with Gdf15 expression 
(R < −0.5, displayed as red boxes and edges in Fig. 5, F and 
G, respectively). The improvement in the respiratory exchange 
ratio (RER) was also positively correlated with Gdf15 expres-
sion, but not significantly. In contrast, spontaneous locomotor 
activity was not significantly correlated with Gdf15 expression 
(Fig. 5, F and G). Furthermore, principal-component analysis 
confirmed that Gdf15 expression in skeletal muscles of HFD-
fed BXD strains was negatively correlated with peritoneal and 
subcutaneous fat mass, liver lipid content and weight, body 
weight gain, food intake, and serum glucose level (Fig. 5 H).

GDF15 determines metabolic phenotypes 
of MKO mice
Given that GDF15 is secreted at high levels from skele-
tal muscle of MKO mice, we investigated the in vivo role of 
GDF15 in determining metabolic phenotypes of MKO mice. 
To this end, we observed the metabolic phenotypes of double 

Figure 4.  CHOP-dependent induction of GDF15 during the UPRmt. (A) Gdf15 mRNA expression in C2C12 myoblasts transfected with either an empty 
(mock) or myc-tagged CHOP expression vector (CHOP-myc). (B) Luciferase activity of human GDF15 promoter in C2C12 myoblasts transfected with the 
CHOP-myc vector. (C) Luciferase activity of reporters with deletions or point mutations of the human GDF15 promoter in C2C12 myoblasts transfected with 
either an empty (mock) or CHOP expression vector for 36 h. (D) GDF15 expression in Crif1-deficient MEFs transfected with control siRNA (siCtrl) or Chop 
siRNA (siChop) for 48 h. Expression of CHOP was determined by Western blotting. (E) GDF15 expression (top) and secretion (bottom) in CHOP-knockdown 
cells using lentivirus-delivered CHOP-specific shRNA. 24-h doxycycline treatment induced GDF15 in stable shCtrl cells, but not in shChop cells. (F) Immu-
noblotting of CHOP, HSPD1, and phospho–p38 T180/Y182 expression in MKO mice. (G) A p38-specific inhibitor blocks p38-CHOP–induced GDF15 ex-
pression in Crif1-deficient MEF cells. GAP​DH is used as loading control. (H) A schematic model showing the UPRmt pathways governing GDF15 expression 
in Crif1-deficient skeletal muscle. All data represent mean ± SEM. **, P < 0.01. All results are representative of more than three independent experiments.
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Figure 5.  GDF15 induces lipolysis and FAO. (A) Immunoblotting for ATGL, phosphorylated HSL-Ser660 (pHSL), HSL, phospho-ERK1/2 (pERK1/2), and 
GAP​DH in eWAT or liver of male Ctrl and MKO mice fed an HFD for 6 wk (n = 5–6 per group). (B) Immunoblotting to detect SMAD (phospho-SMAD2, 
phospho-SMAD3, and SMAD2), phospho-ERK1/2, and phospho-p38 in differentiated 3T3-L1 adipocytes and primary cultured hepatocytes after exposure 
to 100 ng/ml rGDF15 in the absence or presence of 5 µM SB431542 (ALK4/5/7 inhibitor), 25 µM PD98059 (ERK1/2 inhibitor), and 10 µM SB203580 
(p38 inhibitor). GAP​DH was used as a loading control. (C) In vitro lipolysis assay. Glycerol content was measured in differentiated 3T3-L1 adipocytes 
treated with 300 ng/ml rGDF15 in the absence or presence of SB431542, PD98059, and SB203580. (D) Oxygen consumption rate (OCR) measured 
in C2C12 myoblasts (left) and primary cultured hepatocytes (right) treated with the indicated concentrations of rGDF15. CCCP, carbonyl cyanide m-chlo-
rophenyl hydrazine; Oligo, oligomycin. (E) Fatty acid oxidation (FAO) in C2C12 myoblasts and primary hepatocytes using palmitate-BSA as a substrate 
after pretreatment with different concentrations of rGDF15 in the presence or absence of 40 µM of the CPT1 inhibitor etomoxir. (F and G) Corrgram (F) 
and interaction network (G) showing correlations between Gdf15 mRNA levels in skeletal muscle of HFD-fed mice and the indicated clinical phenotypes 
across different mice strains of the BXD genetic reference population. Activity, locomotor activity for 24 h (counts per hour; n = 52); RER im, RER improve-
ment (ratio; n = 49); Glucose, serum glucose level (millimoles per liter); Food in, food intake (grams) in 24 h (n = 32); Hep Lip, hepatic lipid contents 
normalized to total protein; Liver we, liver weight (grams; n = 32); pWAT, peritoneal adipose tissue weight (grams); sWAT, subcutaneous fat weight (grams;  
n = 32); Fat Mass, total white adipose weight (grams; n = 32); and Bd We, body weight gain (grams; n = 32). In the corrgram (F), the depth of shading at 
the correlation matrices indicates the magnitude of the correlation. Positive and negative correlations are represented in blue and red, respectively. In the 
interaction network (G), positive Pearson’s correlation coefficients are represented as blue and red lines (r = 0.5–0.7 [normal], 0.7–1.0 [bold], and −1.0 
to −0.7 [bold], −0.7 to −0.5 [normal], respectively). (H) Principal-component analysis plot of the expression of Gdf15 and selected metabolic phenotype 
in the BXD genetic reference population, based on Pearson’s correlation coefficients. All data represent mean ± SEM. *, P < 0.05; **, P < 0.01. All results 
are representative of more than three independent experiments.
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Gdf15−/−MKO-knockout mice, which were generated by cross-
ing whole-body Gdf15-deficient (Gdf15−/−) mice with MKO 
mice. Several phenotypes of MKO mice, including reduced 
body weight and improved glucose tolerance, were atten-
uated in Gdf15−/−MKO mice (Fig.  6, A–C), and the elevated 
EE (adjusted by body weight) in HFD-fed MKO mice was not 
observed in HFD-fed Gdf15−/−MKO mice (Fig. 6 D). In addi-
tion, Gdf15−/−MKO mice exhibited prominent histological phe-
notypes of steatosis, which were absent in MKO mice fed an 
HFD (Fig. 6 E). Moreover, the reductions in fat weight and the 
number of small adipocytes in eWAT observed in MKO mice 
were absent in Gdf15−/−MKO mice, and the corresponding pa-
rameters reverted to the levels in control mice (Fig. 6, F and G). 
Thus, protection against obesity and improved insulin sensitiv-
ity were mostly determined by the cell–non-autonomous fac-
tor GDF15, which is induced in skeletal muscle in MKO mice 
under mitochondrial stress.

GDF15 reduces body weight and improves 
glucose tolerance in ob/ob mice
Although previous studies revealed that GDF15 exerts both pro-
longevity and protective effects on obesity in transgenic models 

(Macia et al., 2012; Chrysovergis et al., 2014; Wang et al., 
2014), the pharmacological effects of GDF15 on obesity and 
insulin sensitivity remained to be elucidated. To investigate the 
protective effects of GDF15 on weight gain and insulin resis-
tance, we intraperitoneally injected ob/ob mice three times per 
week with 0.5 mg/kg rGDF15 or vehicle for 3 wk, beginning 
at 6 wk of age. Injection of rGDF15 decreased body weight 
gain relative to vehicle-treated controls (Fig. 7 A), independent 
of food intake and locomotor activity (Fig. S4, A and B). In 
comparison with vehicle-treated ob/ob mice, GDF15-treated 
ob/ob mice had a higher glucose disposal rate in response to in-
traperitoneal glucose challenge and insulin stimulation (Fig. 7, 
B and C). Furthermore, oxygen consumption (VO2), carbon 
dioxide production (VCO2), and EE were significantly higher 
in rGDF15-treated ob/ob mice than in control mice (Fig. S4, 
C–E; and Fig.  7  D). In addition, hepatic steatosis and eWAT 
lipid droplet size were markedly reduced in rGDF15-treated ob/
ob mice (Fig. 7 E). As with MKO mice, the expression of lip-
olytic genes in liver, EDL, inguinal white adipose tissue, and 
eWAT was robustly induced (Fig. 7, F–I). Transcripts of genes 
involved in FAO and mitochondrial OxPhos were also consis-
tently up-regulated in WAT and liver (Fig. 7, F–I). Collectively, 

Figure 6.  The metabolic phenotypes of Gdf15−/−MKO double knockouts are attenuated relative to those of MKO mice. (A–C) Time course of changes 
in body weight (n = 6–7 per group; A), IPG​TT (n = 5–6 per group; B), and IPI​TT (n = 5–6 per group; C) in male Gdf15+/+Crif1f/f (Ctrl), Gdf15−/−Crif1f/f 
(Gdf15−/−), Gdf15+/+MKO (MKO), and Gdf15−/−MKO mice fed an HFD for 6 wk. The mice were fed an HFD from 6 to 12 wk of age, after which all 
metabolic analyses were performed. (D) Energy expenditure (EE) adjusted for body mass by analysis of variance in 8-wk-old male Ctrl and MKO mice 
fed an HFD for 1 wk (n = 5 per group). (E–G) Hematoxylin and eosin (H&E) staining of liver and eWAT (E), fat weight (F), and adipocyte diameter (G) in 
male Ctrl, Gdf15−/−, MKO, and Gdf15−/−MKO mice fed an HFD for 6 wk (n = 5 per group). Bar, 100 µm. All data represent means ± SEM. *, P < 0.05;  
**, P < 0.01. MKO vs. Gdf15−/−MKO, (n = 5−7 per group).
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these data indicate that administration of rGDF15 decreased 
adiposity and insulin resistance and stimulated lipolysis and 
oxidative metabolism, reminiscent of the metabolic pheno-
types observed in MKO mice.

Discussion

Crif1, an essential mitoribosome protein required for the synthe-
sis and insertion of mitochondria-encoded OxPhos polypeptides 
in the inner mitochondrial membrane, is abundantly expressed 
in skeletal muscle (Kim et al., 2012; Greber et al., 2014a). Loss 
of Crif1 function leads to OxPhos dysfunction caused by both 
aberrant synthesis and defective insertion of OxPhos proteins 
(Ryu et al., 2013; Kim et al., 2015). Consistent with this, we 
found that skeletal muscle deficiency of Crif1 induced pro-
gressive mitochondrial OxPhos dysfunction and activation of 

UPRmt in muscle, culminating in advanced muscular dystrophy 
and sarcopenia. Accordingly, to exclude potential confounding 
effects of advanced skeletal muscle and adipose tissue dysfunc-
tion on metabolism, we investigated metabolic phenotypes in 
young MKO mice at 8 wk of age, a time when control and MKO 
mice did not exhibit apparent phenotypic differences.

Although many studies have reported that primary defects 
in mitochondrial function in mouse skeletal muscle protect 
from obesity and insulin resistance, the molecular mechanisms 
and factors underlying the control of systemic energy homeo-
stasis remain to be identified (Wredenberg et al., 2006; Pospis-
ilik et al., 2007; Quintens et al., 2013). Reduced mitochondrial 
oxidative phosphorylation in mice with AIF LOF in skeletal 
muscle improves glucose tolerance and insulin sensitivity while 
reducing fat mass (Pospisilik et al., 2007). Cell-autonomous 
activation of AMP kinase in skeletal muscle with impaired 
OxPhos function is regarded as a potential explanation for the 

Figure 7.  Elevated insulin sensitivity and lipid catabolism in ob/ob mice injected with GDF15. (A) Body weight of ob/ob mice treated with recombinant 
GDF15 (rGDF15). ob/ob mice were injected intraperitoneally with rGDF15 (0.5 mg/kg, red) or vehicle (black) for 3 wk every other day (n = 5 per group). 
IPG​TT (B) and IPI​TT (C) in ob/ob mice administered rGDF15 or vehicle for 3 wk every other day (n = 5 per group). (D) Energy expenditure (EE) of ob/
ob-rGDF15 or ob/ob-vehicle mice was analyzed by indirect calorimetry over a period of 12 h light/12 h dark cycles. EE adjusted for body mass was 
compared by ANO​VA between ob/ob mice treated with rGDF15 for 3 wk and those treated with vehicle (n = 5 per group). (E) Representative images of 
hematoxylin and eosin and oil red O staining of liver (left) and eWAT (right) in ob/ob-rGDF15 or ob/ob-vehicle mice (n = 5 per group). Bars, 100 µm.  
(F–I) Relative expression of genes related to β-oxidation (Ppara, Acadl, Acadm, Pgc1a, and Cpt1a/b) mitochondria (Cox1 and Ndufa9), thermogenesis 
(Dio2, Cidea, and Ucp1), and lipid metabolism (Hsl and Atgl, lipolysis; Fasn and Pparg, lipogenesis) in liver (F), EDL (G), inguinal white adipose tissue 
(iWAT; H), and eWAT (I) in ob/ob-rGDF15 or ob/ob-vehicle mice (n = 5 per group). (J) Model of Gdf15 induction upon OxPhos dysfunction. All data 
represent mean ± SEM. *, P < 0.05; **, P < 0.01.
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up-regulation of catabolic processes such as glucose uptake and 
FAO (Towler and Hardie, 2007). Our data indicate that GDF15 
is a previously unrecognized circulating factor that regulates 
systemic energy homeostasis and protects against diet-induced 
obesity and insulin resistance in the context of selective muscle 
mitochondrial dysfunction and activation of the UPRmt.

Furthermore, our results show that p38 kinase activation 
of CHOP is required for the transcriptional activation of Gdf15 
expression in Crif1-deficient cells. This finding indicates that 
CHOP plays a critical role in the mitohormetic response, typ-
ified here by the induction of GDF15 to promote metabolic 
adaptation. Consistent with this role in mitochondrial stress sig-
naling, CHOP is an adaptive response gene that is induced by a 
variety of other stress signals, including hypoxia and cytokines 
(Zheng et al., 2012; Schönthal, 2013; Dong et al., 2014). Thus, 
our study identifies CHOP as essential for the adaptive GDF15 
response in mice with electron transport chain–incompetent 
mitochondria and activated UPRmt in skeletal muscle. Notably, 
patients with mitochondrial encephalomyopathy, lactic acido-
sis, and stroke-like episodes have high serum levels of GDF15; 
accordingly, this factor was proposed as a more sensitive and 
specific biomarker than FGF21 for diagnosis and therapeutic 
monitoring of mitochondrial diseases (Fujita et al., 2015).

In this study, we also showed that plasma concentrations 
of FGF21 were elevated in MKO mice (Fig. S3, G and H). This 
effect may be linked to the transcriptional activation of Fgf21 
in the wake of higher ATF4 expression resulting from Crif1 de-
ficiency in skeletal muscle (Fig. 3 J; Kim et al., 2013). FGF21, 
a marker of mitochondrial diseases, is a hormone that mediates 
the starvation-induced response in humans and mouse models 
(Tyynismaa et al., 2010; Kim et al., 2013). FGF21 induced in 
POLG mice, a model of mitochondrial disease and premature 
aging, provides metabolic benefits by increasing fat metabo-
lism and improving mitochondrial function, particularly when 
the mice are fed an HFD (Wall et al., 2015). Collectively, the 
metabolic phenotypes of MKO mice, characterized by elevated 
glucose tolerance, lipolysis, and FAO, can be attributed to the 
convergent metabolic actions of both GDF15 and FGF21. How-
ever, the precise cell–non-autonomous role of FGF21 remains 
poorly understood (Ost et al., 2015). Skeletal muscle–specific 
UCP1 transgenic mice, a model of mitochondrial uncoupling, 
exhibit metabolic adaptation associated with robust induc-
tion of FGF21 in muscle. Strikingly, in double-knockout mice 
generated by crossing UCP1 transgenic with Fgf21-knockout 
mice, FGF21 played a negligible role in improvements in obe-
sity resistance, glycemic control, and hepatic lipid homeosta-
sis related to muscle mitochondrial stress. These observations 
challenge the idea that FGF21 is the key metabolic mediator 
of mitochondrial stress adaptation during muscle mitochondrial 
disease. Consistent with results obtained in UCP1 transgenic 
and Fgf21-knockout mice, double Fgf21−/−MKO–knockout 
mice did not exhibit significant metabolic differences related 
to body weight, glucose tolerance, or insulin sensitivity (un-
published data). Based on these observations, we propose that 
GDF15 is a critical humoral factor that is released from skeletal 
muscle fibers upon mitochondrial stress to promote reorganiza-
tion and adaptation of systemic metabolism. Thus, GDF15 can 
be considered as a true myomitokine.

Consistent with the up-regulation of lipolytic genes and 
FAO in MKO mice, in vivo administration of rGDF15 in-
creased the expression of genes involved in lipolysis and FAO 
in adipose tissue and liver. This finding suggests that GDF15 

mobilizes free fatty acids from adipose deposits. Because 
GDF15 administration increased both free fatty acid mobiliza-
tion and oxidation, elevated GDF15 levels may be responsible 
for the metabolic benefits observed in MKO mice. The meta-
bolic phenotypes in MKO mice appear to mimic the phenotype 
of transgenic mouse models expressing human GDF15, which 
is characterized by elevated expression of lipolytic and thermo-
genic genes (Chrysovergis et al., 2014). Based on our results, 
rGDF15 activates activin receptor–like kinase (ALK)–mediated 
MAPK and SMAD 2/3 phosphorylation in adipose tissue and 
liver. The various members of the TGF-β ligand family, includ-
ing GDF15, TGF-β, and activins, play diverse roles in mouse 
and human models of obesity and systemic glucose tolerance. 
Although they share common signaling pathways mediated 
by ALK isoforms, each member has specific effects on the 
regulation of metabolic tissues. For example, the activins are 
multifunctional growth and differentiation factors. In the pan-
creas, these proteins stimulate the differentiation of β cells and 
secretion of insulin, enabling the cells to respond by taking up 
glucose efficiently (Ueda, 2000). In contrast, in liver, skeletal 
muscle, and WAT, activins negatively regulate organogenesis, 
leading to impaired insulin sensitivity (Rebbapragada et al., 
2003; Dani, 2013). In macrophages, activins induce a pheno-
typic switch from the M1 to M2 phenotypes, thereby dimin-
ishing inflammation. Because adipose inflammation is closely 
associated with insulin resistance and the onset of type 2 diabe-
tes, activins may improve insulin resistance via their antiinflam-
matory activity (Hashimoto and Funaba, 2011). The molecular 
pathways by which GDF15 exerts the observed pharmacolog-
ical effects on obesity and diabetes remain to be determined.

Previous studies showed that controlled treatment 
with mitochondrial uncouplers such as 2,4-dinitrophenol or 
niclosamide ethanolamine salt decreases insulin resistance 
and hepatic steatosis in various animal models, suggesting 
that mild mitochondrial uncoupling can improve metabolic 
profiles (Perry et al., 2013, 2015; Tao et al., 2014). Although 
the authors of those studies attributed the beneficial metabolic 
effects to futile cycling, they did not investigate the induction 
of UPRmt or mitokine action. A separate study in U2OS and 
HEK293 cells revealed that GDF15 was induced by the addi-
tion of carbonyl cyanide m-chlorophenyl hydrazine (CCCP) 
in an in vitro model, establishing a precedent for GDF15 in-
duction in response to mild mitochondrial uncoupling (Gleyzer 
and Scarpulla, 2011). These findings suggest that GDF15 is a 
mitokine intermediary partially responsible for the metabolic 
benefits reported in previous studies. In support of this idea, 
our in vivo experiments demonstrated that GDF15 protected 
against obesity and improved insulin sensitivity in ob/ob mice. 
Accordingly, we speculate that GDF15 or its analogues could 
be useful in the management of obesity-related diseases, in par-
ticular type 2 diabetes. Although we provided in vivo evidence 
that administration of rGDF15 could successfully protect from 
obesity and improve insulin sensitivity in animal models, a full 
understanding of the precise molecular mechanism of GDF15 
requires further study.

Various clinical studies have shown a positive correla-
tion between GDF15 and obesity, type 2 diabetes mellitus, and 
resultant comorbidities such as cardiovascular complications 
(Kempf et al., 2012; Dominguez-Rodriguez et al., 2014). Pa-
tients with obesity and insulin resistance may exhibit impaired 
mitochondrial function (Pagel-Langenickel et al., 2010; Hes-
selink et al., 2016). We observed expression and secretion of 
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GDF15 in both adipocytes (unpublished data) and skeletal 
myocytes, which have altered mitochondrial OxPhos function. 
Therefore, we suspect that induction of GDF15 in obesity is the 
result of compensation for muscle mitochondrial dysfunction. 
Thus, elevated GDF15 levels may reflect a physiological re-
sponse aimed at reestablishing metabolic homeostasis, albeit in-
sufficiently. This may explain why administration of rGDF15 to 
obese mice improved their metabolic phenotype. It should also 
be noted that multiple studies have reported that GDF15 plays a 
protective role in these diseases (Kempf et al., 2006, 2011; Xu 
et al., 2006; Preusch et al., 2013), consistent with our observa-
tions. Clinical studies will be needed to establish the therapeutic 
value of GDF15 in the context of human metabolic diseases.

In summary, our study revealed that OxPhos dysfunction 
in skeletal muscle increases the production of GDF15, which 
we classify as a novel myomitokine. GDF15 is an essential 
transmitter of systemic mitohormetic adaptation and redistribu-
tion of energy stores during OxPhos dysfunction (Fig. 7 J). Our 
findings lay the foundation for the identification of mitokines 
and their potential therapeutic applications in the treatment of 
obesity and insulin resistance.

Materials and methods

Mice
Floxed Crif1 (Crif1f/f) mice were generated as previously described 
(Kwon et al., 2008). Crif1f/f mice were bred with Mlc1f-Cre and 
GDF15-null (Gdf15−/−) mice (provided by S.J. Burden, New York Uni-
versity, New York, NY, and S. Lee, Johns Hopkins University School 
of Medicine, Baltimore, MD) to generate MKO and Gdf15−/−MKO 
mice, respectively. POLG mice were maintained as described previ-
ously (Wall et al., 2015). The HFD, which contained 60% fat, was pur-
chased from Research Diets Inc. (D12492). Mice were maintained in a 
controlled environment (12 h light/12 h dark cycle; humidity 50–60%; 
ambient temperature 22 ± 2°C) and fed a normal chow diet except as 
noted. All experimental procedures were conducted in accordance with 
the Institutional Animal Care and Use Committee of the Chungnam 
National University School of Medicine (Daejeon, Korea). The 5-wk-
old male ob/+ control mice and ob/ob C57BL/6J Lep(−/−) mice were 
purchased from Envigo. All mice were of the C57BL/6 background.

rGDF15 protein and reagents
Purified recombinant human GDF15 containing an N-terminal 
6-His tag was purchased from R&D Systems (957-GD/CF). Lyo-
philized protein was reconstituted with sterile 4 mM HCl and stored 
at −70°C.  SB431542, PD98059, SB203580, SB202190, oligomycin, 
CCCP, etomoxir, and all other reagents were purchased from Sig-
ma-Aldrich, unless otherwise noted.

Measurement of the OCR
The OCR was measured in using a Seahorse XF-24 analyzer (Seahorse 
Bioscience). Cells were seeded at 20,000–50,000 cells per well 18 h be-
fore the analysis. On the day before the experiment, the sensor cartridge 
was placed into the calibration buffer supplied by Seahorse Bioscience 
and incubated at 37°C in a non-CO2 incubator. Immediately before mea-
surement, cells were washed and incubated at 37°C with media lacking 
sodium bicarbonate. Three readings were taken after each addition of 
mitochondrial inhibitor, but before injection of the subsequent inhibi-
tor. 2 µg/ml oligomycin, 5 µM CCCP, and 2 µM rotenone were used as 
mitochondrial inhibitors. The OCR was automatically calculated and 
recorded by the sensor cartridge and Seahorse XF-24 software.

Serum biochemical measurements
Blood was collected from the heart under general anesthesia. Samples 
were centrifuged at 10,000 rpm for 5 min, and the supernatants were 
collected. Serum insulin (Alpco Diagnostics), FGF21 (R&D Systems), 
and GDF15 (R&D Systems) levels were measured by ELI​SA using kits 
obtained from the indicated suppliers. Biochemical analyses, including 
determination of free fatty acid and total cholesterols, were performed 
using a Hitachi 7180 auto analyzer and Wako reagents (Wako Pure 
Chemical Industries). Plasma glycerol levels were measured using the 
Free Glycerol Determination kit (Sigma-Aldrich).

Isolation of mitochondria and blue native PAGE
For mitochondrial isolation and blue native PAGE, cells or tissues were 
homogenized in isolation buffer B (210 mM mannitol, 70 mM sucrose, 
1 mM EGTA, and 5 mM Hepes, pH 7.2) with a Teflon-glass homoge-
nizer. The homogenate was centrifuged at 600 g for 5 min at 4°C. Mi-
tochondrial fractions were washed with buffer B and resuspended in the 
same buffer. Mitochondria were either used immediately or stored at 
−80°C for later use. For blue native PAGE, the mitochondrial fraction 
was analyzed using the Native PAG Novex Bis-Tris Gel system (Invi-
trogen) with 0.5% (wt/vol) n-dodecyl-β-d-maltoside to determine the 
content of the mitochondrial OxPhos complex. After electrophoresis, 
proteins were transferred to a polyvinylidene fluoride membrane and 
incubated with anti-OxPhos antibody cocktail (45-8099 and 45-7999; 
Invitrogen). After incubation in diluted primary antibody, the mem-
brane was washed and visualized using the Western Breeze Chromo-
genic Western Blot Immunodetection kit (Invitrogen).

Cell culture and isolation of primary hepatocytes
Wild-type and Crif1-deficient MEF cells were grown in DMEM sup-
plemented with 10% FBS, 1% penicillin streptomycin (Invitrogen), 
100 µg/ml pyruvate, and 50 µg/ml uridine (Sigma-Aldrich). 3T3-L1 
cells were maintained in DMEM supplemented with 10% bovine calf 
serum (Invitrogen). After 48 h, cells were differentiated with 0.5 mM 
IBMX, 1 mM dexamethasone, 10 mg/ml insulin, and 10% FBS (Ryu et 
al., 2013). C2C12 cells were cultured in DMEM containing 10% FBS. 
Myoblasts were differentiated with DMEM supplemented with 2% 
horse serum. Mouse primary hepatocytes were prepared from 8-wk-old 
male C57BL/6 mice using the collagenase perfusion method (0.8 mg/
ml collagenase; Chung et al., 2015). Isolated cells were further purified 
through a Percoll density gradient and plated in culture plates at an 
appropriate density in Medium 199 (Sigma-Aldrich). All cell lines used 
in this study were regularly tested for mycoplasma contamination using 
the MycoAlert PLUS kit (Lonza).

Plasmid constructs
The pcDNA-HA human ATF4, pcDNA-HA human ATF5, pcDNA-HA 
human ATF6, and pcDNA-human CHOP-myc expression vectors and 
the pGL3B-human GDF15 (−1,739/+70) luciferase reporter constructs 
were provided by H.S.  Choi (Chungnam National University, Dae-
jeon, Korea) and Y. Moon (Pusan National University, Busan, Korea). 
pGL3B-GDF15 deletion (CHOP RE [−670 bp]) and pGL3B-CHOP 
mutRE reporter constructs were constructed by inserting a PCR frag-
ment of the human GDF15 promoter into KpnI–XhoI-digested pGL-
3Basic (Promega). The nucleotide sequence of the 5′-flanking region of 
the GDF15 promoter was scanned, and one putative CHOP binding site 
(GDF15 [−598 to −588; 5′-TGC​AAT​AACA-3′]) was identified based 
on the nucleotide sequence. To create a CHOP mutRE point mutant 
reporter, the 5′-TGC​AAT​AACA-3′ sequence (−598 to −588) of the 
CHOP RE (−670-bp) vector was mutated to 5′-AAA​AAA​AACA-3′ by 
DpnI-based site-directed mutagenesis (Agilent Technologies). Nucleo-
tide sequences of all plasmids were confirmed by automatic sequencing.
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Knockdown of Chop expression by shRNA or siRNA and  
luciferase assay
Mouse shChop (NM_007837.2-501s1c1) and nontarget shRNA control 
(SHC001) in lentiviral vector pLKO.1 were purchased from Sigma- 
Aldrich. To generate stably expressing shRNA targeting shChop cells, 
the lentiviral vector was cotransfected into 293T (Takara Bio Inc.) cells 
with virus packaging mix (Sigma-Aldrich) using the Lipofectamine 
PLUS (Invitrogen) reagent. Chop expression levels were analyzed by 
RT-PCR and Western blot analyses. Chop siRNA (siChop) and control 
(siCtrl) were purchased from Invitrogen (siChop, 5′-CCA​GGA​AAC​
GAA​GAG​GAA​GAA​UCAAdTdT-3′; siCtrl, 5′-GCA​UCA​AGG​UGA​
ACU​UCAAdTdT-3′). Crif1-deficient or wild-type MEFs were cultured 
in six-well plates and transfected with 100 nM siCtrl or siChop using 
Lipofectamine 2000 (Invitrogen). For luciferase assays, C2C12 myo-
blasts were plated in 24-well culture plates and transfected with 100 
ng of a human GDF15 (−1,750/+70) promoter luciferase reporter and 
30 ng Renilla reporter vector, along with 100–300 ng of the indicated 
expression plasmids using Lipofectamine PLUS. pcDNA3 empty vec-
tor was added so that the same total amount of plasmid DNA was used 
per transfection. After transfection for the indicated times, cells were 
lysed, and luciferase assays were performed using a luciferase assay kit 
(Promega). The transfection efficiency was normalized against Renilla 
luciferase activity. All assays were performed at least in triplicate.

Hyperinsulinemic–euglycemic clamping
Hyperinsulinemic–euglycemic clamping was performed as previously 
described (Ryu et al., 2013). In brief, after an overnight fast, a 2-h 
hyperinsulinemic–euglycemic clamp was performed in 8-wk-old male 
MKO mice and age-matched littermate controls fed a chow diet. In 
addition, MKO and control mice fed an HFD for 6 wk starting at 5 wk 
of age were subjected to a hyperinsulinemic–euglycemic clamp at 11 
wk of age. The insulin clamp began with a primed-continuous infusion 
of 0.3 U/kg insulin. Blood samples were collected at 20-min inter-
vals for immediate measurement of plasma glucose concentrations, 
and 20% glucose was infused at variable rates to maintain glucose 
at basal concentrations (∼120 mg/dl). Basal and insulin-stimulated 
whole-body glucose uptake was estimated with a continuous infusion 
of 3H-glucose (PerkinElmer) for 2 h before clamping (0.05 µCi/min) 
and throughout clamping (0.1 CuI/min), respectively. At 75 min after 
the start of the clamp, 2-deoxy-d-1-14C glucose (PerkinElmer) was 
injected with a Hamilton syringe to measure insulin-stimulated glu-
cose uptake. To determine 3H-glucose and 2-deoxy-d-1-14C concentra-
tions, plasma samples were deproteinized with ZnSO4 and Ba(OH)2, 
dried, resuspended in water, and counted in scintillation fluid for 
detection of 3H and 14C.

Histological analysis
All tissue samples were obtained from 8-wk-old male Ctrl and MKO 
mice, Ctrl and MKO mice fed an HFD for 6 wk, or GDF15- and 
vehicle-treated ob/ob mice. Samples for light microscopy were 
fixed in 4% PFA for 1  h.  Paraffin embedding, sectioning, and he-
matoxylin and eosin and oil red O staining were performed accord-
ing to standard protocols.

Transmission electron microscopy
Tissue samples from mice were fixed in 1% (wt/vol) glutaraldehyde at 
4°C and then washed five times with 0.1 M cacodylate buffer, pH 7.2, at 
4°C. Washed tissues were fixed for 1 h at 4°C with 1% (wt/vol) OsO4 in 
0.1 M cacodylate buffer, pH 7.2, containing 0.1% (wt/vol) CaCl2. Sam-
ples were dehydrated by ethanol series and propylene oxide treatment, 
and then embedded in Embed-812 (Electron Microscopy Sciences). The 
resin was then polymerized at 60°C for 36 h. Tissues were sectioned 

using an EM UC6 ultramicrotome (Leica Biosystems) and stained with 
4% (wt/vol) uranyl acetate and citrate. Specimens were observed on a 
JEM ARM 1300S high-voltage electron microscope (JEOL).

Western blot analysis
Western blot analysis was performed according to standard methods 
using commercially available antibodies. Primary antibodies against 
mitochondrial OXP​HOS complex subunits (NDU​FA9, SDHA, UQC​
RC2, and COX1) were purchased from Invitrogen. Anti-CRIF1 (sc-
374122) and anti-GDF15 (sc-66905) were purchased from Santa Cruz 
Biotechnology, Inc. Anti–phospho-p44/42 MAPK (Erk1/2; Thr202/
Tyr204; 4370), anti–p44/42 MAPK (9102), anti–phospho SMAD2 
(Ser465/467; 3108), anti-SMAD2 (5339), anti–phospho-SMAD3 
(Ser423/425; 9520), anti-SMAD3 (9523), anti-ATGL (2138), anti- 
phospho HSL (Ser660; 4126), anti-HSL (4107), anti-CHOP (2895), 
anti-p38 MAPK (9212), anti–phospho-p38 MAPK (Thr180/Tyr182; 
9211), and anti-GAP​DH (2118) were obtained from Cell Signaling 
Technology. Anti-LONP1 (ab103809), anti-CLPP (ab124822), and 
anti-HSPD1 (ab46798) were purchased from Abcam. Images were 
scanned on an ODY​SSEY instrument and quantitated using Image Stu-
dio Software (LI-COR Biosciences).

Isolation of RNA and analysis by real-time PCR
Total RNA was isolated using TRIzol reagent (Thermo Fisher Scien-
tific), and cDNA was prepared from total RNA using M-MLV reverse 
transcription and oligo-dT primers (Invitrogen). The resultant cDNA was 
amplified on a 7500 Fast Real-Time PCR System (Applied Biosystems). 
Real-time PCR was performed in triplicate with individual time-matched 
vehicle-treated or control mice using 2× SYBR Green Mix (Applied Bio-
systems). All quantitative calculations were performed using the ΔΔCT 
method. All mouse primer sequences are listed in Table S1.

RNA-seq data and analysis
Total RNA was prepared from EDL muscle of 8-wk-old male and 
MKO mice using TRIzol (Invitrogen) reagent, and poly(A) RNA 
was extracted with Dynabeads Oligo(dT)25 (Ambion). Sequencing 
libraries were prepared using the Epicentre ScriptSeq v2 and then 
subjected to 100-nt paired-end sequencing on an Illumina HiSeq2000 
(Illumina). The libraries were quantitated by qPCR according to 
the qPCR Quantification Protocol Guide, and quality control was 
performed on an Agilent Technologies 2100 Bioanalyzer. Reads 
were processed from the sequencer and aligned to the Mus musculus 
reference genome (mm10) using TopHat v2.0.13 (Trapnell et al., 
2009). The reference genome and annotation data were downloaded 
from the UCSC Genome Browser (http​://genome​.uscs​.edu). Gene 
annotation information was used to run TopHat with the “-G” option. 
After alignment of reads to the genome, Cufflinks v2.2.1 (Trapnell 
et al., 2010) was used to assemble aligned reads into transcripts and 
estimate their abundance. To correct sequence expression count bias, 
the “–max-bundle-frags 50000000” option was used. The transcript 
counts in isoform level were calculated, and relative transcript 
abundances were measured in FPKM (fragments per kilobase of 
exon per million fragments mapped) using Cufflinks, as well as 
gene level expression values. Raw data were calculated as FPKM 
of each gene in each sample using the Cufflinks software. Genes 
with more than two zero FPKM values were excluded. To facilitate 
log2 transformation, 1 was added to each FPKM value of filtered 
genes. Filtered data were log2-transformed and subjected to quantile 
normalization. The resultant values were used for DEG analysis. A 
fold change of two or more was deemed significant.
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IPG​TT and insulin tolerance tests
For the IPG​TT, mice were fasted for 16 h, and then 1 or 2 g glucose 
per kilogram of body weight was injected into the intraperitoneal cav-
ity. Blood glucose levels were measured at 0, 15, 30, 60, 90, and 120 
min using a glucometer (ACCU-CHEK; Roche). The insulin tolerance 
test was performed by measuring blood glucose after 6  h of fasting 
followed by intraperitoneal injection of 0.75 U/kg insulin (Humalog).

Indirect calorimetry
Mice fed either standard chow or an HFD were placed into individual 
metabolic chambers, with free access to food and water. VO2, VCO2, 
EE (calculated according to the following formula: 1.44 × VO2 × 
(3.815 + 1.232 × respiratory quotient)), and ambulatory activity were 
determined by indirect calorimetry using a Physical cage system (Ox-
ylet; Panlab). VO2 and VCO2 were measured over a 24-h period. Data 
were analyzed using MET​ABO​LISM software, version 2.2.  (Oxylet; 
Panlab). Mean values during light and dark periods were calculated. 
Student’s t test was used to calculate p-values. Data distribution was 
assumed to be normal, but this was not formally tested.

In vitro lipolysis assay
3T3L1 cells were seeded in 96-well plates at 103 cells per well and 
allowed to differentiate for 5 d, after which the medium was replaced 
with Krebs-Ringer bicarbonate buffer supplemented with 25  mM 
Hepes and 1% BSA. Samples were treated at 37°C for 3 h with vehi-
cle or recombinant GDF15 (R&D Systems) at a final concentration of 
100–300 ng/ml. Glycerol released from adipose tissues was measured 
using the Free Glycerol Reagent (Sigma-Aldrich) and on a SpectraMax 
Gemini spectrophotometer (Molecular Devices).

Ex vivo FAO assay
Fresh tissues (eWAT, liver, and BAT, 100–300 mg) were immediately 
placed in ice-cold medium containing 250 mM sucrose, 1 mM EDTA, 
and 10  mM Tris-HCl, pH 7.4.  Tissues were rinsed to remove any 
blood and then homogenized in a glass homogenization tube with a 
motor-driven Teflon pestle. Diluted tissue homogenates were preincu-
bated with a 95% O2–5% CO2 mixture at 30°C for 15 min. Reaction 
mixture (100 mM sucrose, 10 mM Tris-HCl, 5 mM KH2PO4, 0.2 mM 
EDTA, 7.5% fatty acid–free BSA, 80 mM KCl, 1 mM MgCl2, 2 mM 
L-carnitine, 0.1 mM malate, 0.05 mM coenzyme A, 1 mM DTT, and 
2 mM ATP) was then added to the preincubated tissue homogenates. 
The substrate was 0.5 mM [1-14C] 0.5 µCi palmitate with 0.7% BSA. 
After 60 min of incubation at 37°C, 4 N sulfuric acid was injected to 
stop the reaction. CO2 produced during the 1-h incubation was trapped 
with 2 M sodium hydroxide. After acid treatment, the reaction superna-
tants and 14CO2 trap were transferred to scintillation fluid, and 14C ra-
dioactivity was counted using a Tri-Carb 2900TR by liquid scintillation 
analyzer (PerkinElmer).

Bioinformatic analyses
An unbiased bioinformatic analysis (GSEA; http​://www​.broadinstitute​
.org​/gsea) was performed using skeletal muscle transcriptome data 
from BXD genetic reference population mice as described in previous 
studies (Subramanian et al., 2005; Ryu et al., 2014). In brief, Gdf15 
expression was analyzed in skeletal muscle transcriptomes of both 
normal chow- and HFD-fed BXD mice (GeneNetwork accession 
numbers GN379 and GN380). Next, the transcriptomes of 10 HFD-fed 
BXD mouse lines exhibiting the largest alterations (highlighted in red 
and blue, Fig. 3 B) in Gdf15 expression were subjected to GSEA. Heat 
maps (Fig. 3 B, left) were built using GENE-E (The Broad Institute; 
http​://www​.broadinstitute​.org​/cancer​/software​/GENE​-E​/). Correlation 
and principal-component analyses (Fig. 5, F–H) were performed using 

the appropriate functions and packages in R (http​://www​.r​-project​.org). 
The depth of shading at the correlation matrices (corrgram) indicates 
the magnitude of the correlation (Pearson’s R). Positive and negative 
correlations are represented in blue and red, respectively. All raw data 
used in GSEA are available on the GeneNetwork website (http​://www​
.genenetwork​.org). Parameters for all assays were as follows. Activity: 
locomotor activity for 24 h (counts per hour), standard housing cage at 
23 wk of age, HFD, males (n = 52, GeneNetwork record ID 17714). 
RER imp: RER improvement (ratio) after 10 d of voluntary exercise, 
treadmill at 10° incline, chow diet, males (n = 49, GeneNetwork record 
ID 17749). Glucose: serum glucose level (millimoles per liter) at 70 
d in males fed an HFD from 4 wk (n = 32, GeneNetwork record ID 
15045). Food in: food intake [g] in 24 h at 16 wk of age, metabolic 
cage, chow diet, males (n = 36, 24 h at 16 wk of age, metabolic cage 
17633). Hep Lip: hepatic lipid (ratio of total lipid to total protein) 
measured by Fourier transform infrared spectroscopy in liver at 140 
d in males fed an HFD from 4 wk (n = 31, GeneNetwork record ID 
15095). Liver we: liver weight (grams) at 29 wk of age, chow diet, 
males (n = 50, GeneNetwork record ID 17767). pWAT: peritoneal 
adipose tissue weight (grams) at 20 wk in females and males fed an 
HFD from 4 wk (n = 32, GeneNetwork record ID 14981). sWAT: 
residual subcutaneous fat weight (grams) at 20 wk in females and 
males on HFD feeding from 4 wk (n = 32, GeneNetwork record ID 
14992). Fat mass: total white adipose weight (grams) at 20 wk in the 
whole body in females and males on HFD feeding from 4 wk (n = 
32, GeneNetwork record ID 14987). Bd We: body weight gain (grams) 
between 9 and 10 wk in females and males fed an HFD from 4 wk (n = 
32, GeneNetwork record ID 14952).

Statistical analysis
Statistical analyses were performed using Stat Graph Prism 5 (Graph-
Pad). Data are reported as mean ± SEM. All data from animal stud-
ies were analyzed by two-way repeated-measures analysis of variance 
followed by Bonferroni’s correction for multiple comparison, one-way 
analysis of variance followed by Tukey post hoc test, or two-tailed Stu-
dent’s t test. A p-value <0.05 was considered statistically significant.

Online supplemental material
Fig. S1 shows muscle phenotypes and metabolic parameters of MKO 
mice, demonstrating that Crif1 LOF leads to sarcopenia and reduced 
muscle function after 12 wk. Fig. S2 shows that MKO mice fed an 
HFD exhibited elevated EE and reduced muscle and fat mass. Fig. 
S3 shows that GDF15 promoter activity is independent of ATF4/5/6 
in Crif1-deficient MEF cells. GDF15 and FGF21 were induced in 
Crif1-deficient MEF cells and MKO mice. Fig. S4 shows that rGDF15 
treatment in ob/ob mice leads to elevated EE. Table S1 shows a list of 
primer sets used for quantitative RT-PCR analyses.
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