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Abstract

Mitochondrial dynamics is a conserved process by which mito-
chondria undergo repeated cycles of fusion and fission, leading to
exchange of mitochondrial genetic content, ions, metabolites, and
proteins. Here, we examine the role of the mitochondrial fusion
protein optic atrophy 1 (OPA1) in differentiated skeletal muscle by
reducing OPAL gene expression in an inducible manner. OPA1 defi-
ciency in young mice results in non-lethal progressive mitochon-
drial dysfunction and loss of muscle mass. Mutant mice are
resistant to age- and diet-induced weight gain and insulin resis-
tance, by mechanisms that involve activation of ER stress and
secretion of fibroblast growth factor 21 (FGF21) from skeletal
muscle, resulting in increased metabolic rates and improved
whole-body insulin sensitivity. OPAl-elicited mitochondrial
dysfunction activates an integrated stress response that locally
induces muscle atrophy, but via secretion of FGF21 acts distally to
modulate whole-body metabolism.
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Introduction

Mitochondria are highly dynamic organelles, which experience
cycles of fusion and fission, a process known as mitochondrial
dynamics. Mitochondrial dynamics regulate various cellular
processes, including organelle distribution during cell proliferation,
bioenergetics, mitochondrial calcium flux, and autophagy (Dorn &
Kitsis, 2015). Fission is regulated by dynamin-related protein 1

(DRP1) and by its partners fission 1 (FIS1), mitochondrial fission
factor (MFF), and mitochondrial division (MID). Mitochondrial
fusion is regulated by a family of outer mitochondrial membrane
GTPases mitofusin 1 and mitofusin 2 (Mfnl and Mfn2) and optic
atrophy 1 (OPA1), which resides on the inner mitochondrial
membrane (Kasahara & Scorrano, 2014). In addition to, and inde-
pendently from its role in mitochondrial fusion, OPA1 regulates
apoptotic cristae remodeling and maintenance (Frezza et al, 2006).
Moreover, OPA1, by maintaining mitochondrial cristae morphology,
has a direct metabolic effect, stabilizing respiratory chain supercom-
plexes. Indeed, mild Opal overexpression corrects a model of Cox15
skeletal muscle-specific knockout (Civiletto et al, 2015) and protects
from acute muscle atrophy induced by denervation, by blunting
mitochondrial dysfunction and expression of MuRF1 (Varanita et al,
2015).

Insulin resistance is oftentimes associated with mitochondrial
dysfunction. Mechanisms include transcriptional repression of mito-
chondrial genes, lipotoxicity, and direct effects of insulin resistance
(Montgomery & Turner, 2015). However, in skeletal muscle, mito-
chondrial dysfunction can occur without insulin resistance and
conversely, insulin resistance has been demonstrated in the absence
of mitochondrial dysfunction (Pagel-Langenickel et al, 2010). An
additional paradox is the observation that mutations that limit mito-
chondrial function in skeletal muscle may lead to a striking
improvement in insulin sensitivity and protection against diet-
induced obesity and insulin resistance (Pospisilik et al, 2007; Kim
et al, 2013). These adaptations that develop in response to mito-
chondrial stress exemplify the phenomenon of hormesis (Pulliam
et al, 2013). Pathways implicated in this process include reactive
oxygen species (ROS; Ristow & Schmeisser, 2014), AMPK activation
(Sharma, 2015), and activation of ER stress pathways (Kim et al,
2013). Studies also suggest that such adaptations may involve secre-
tion of myokines, including IL-6 (Munoz-Canoves et al, 2013),
Fndc5/Irisin (Bostrom et al, 2012), and, more recently, fibroblast
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growth factor 21 (FGF21) (Kim et al, 2013), a hormone that is
expressed in multiple tissues and functions physiologically to main-
tain energy homeostasis, by increasing energy expenditure and
insulin sensitivity (Potthoff & Finck, 2014).

Recent studies have suggested that perturbations in mitochon-
drial dynamics may contribute to the pathophysiology of insulin
resistance (Jheng et al, 2012; Quiros et al, 2012). Reduced levels of
Opal and Mfn2 have been described in humans with insulin resis-
tance (elderly subjects and patients with type 2 diabetes) and in
obese primates (Liesa et al, 2009). Moreover, insulin resistance
might be exacerbated by mutations in or altered expression of mito-
chondrial dynamics proteins that impair fusion or promote mito-
chondrial fission (Civitarese et al, 2010; Zorzano et al, 2010;
Sebastian et al, 2012). We have previously reported that exposure
of cardiac and skeletal muscle cells (in vivo or in vitro) to physiolog-
ical hyperinsulinemia increases OPA1 mRNA and protein, promot-
ing mitochondrial fusion in concert with increased mitochondrial
oxygen consumption and ATP generation (Parra et al, 2014). These
studies underscore the complex interactions between mitochondrial
dynamics, metabolic homeostasis, and insulin resistance, but leave
unresolved a precise understanding of the tissue-specific role of
OPALI in muscle, to regulate insulin sensitivity in vivo.

In the present study, we fill an important gap in knowledge
regarding the interaction of insulin sensitivity, OPA1 function in
skeletal muscle, mitochondrial bioenergetics, and in vivo metabolic
homeostasis. Our data reveal that OPA1 deficiency in muscle results
in progressive non-lethal mitochondrial dysfunction and reduced
ATP synthesis. Locally, OPAl-elicited mitochondrial dysfunction
was accompanied by increased MuRF1 protein levels and modest
muscle atrophy; however, via mechanisms that include ER stress
activation, OPAl-deficient muscle induces Fgf21 expression and
secretion, thereby counteracting age- and diet-induced obesity and
insulin resistance.

Results

OPA1 deficiency disrupts mitochondrial cristae structure and
progressively impairs mitochondrial respiratory capacity

To understand the role of OPA1 in skeletal muscle fibers, we gener-
ated mice that were homozygous for a floxed OPA1 allele and also
expressed a tamoxifen-inducible Cre transgene (Cre-ER™) under the
control of the human alpha-skeletal actin (HSA) promoter. To excise
the floxed OPA1 alleles, we treated the mice with tamoxifen at
4 weeks of age, thereby generating muscle-specific OPA1 hypo-
morph mice (mOPA1 KO mice). Relative to WT mice (mice lacking
the Cre-ER™), mOPA1 KO mice have a 70% lower level of OPA1
protein in gastrocnemius muscle (Fig 1A) and about 50% lower
level in soleus muscle (Fig EV1A). OPA1l deficiency resulted in
impaired mitochondria cristae structure in soleus muscle, character-
ized by loss of cristae content and abnormal vacuolated ultrastruc-
ture (Fig 1B). Various indices of mitochondrial capacity such as
BN-PAGE gel quantification of mitochondrial OXPHOS proteins
(Fig 1C), citrate synthase activity (Fig 1D), and mtDNA copy
number (Fig 1E) were unchanged between WT and KO mice. Addi-
tionally, mRNA expression of genes involved in mitochondrial
biogenesis, namely Pgc-1z and Tfam, was equivalent between
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genotypes at 12 weeks of age (Fig 1F), suggesting maintenance of
mitochondrial number, despite morphological changes. Interest-
ingly, OPA1 deficiency induced protein levels of the outer mitochon-
drial membrane fusion proteins Mfnl and Mfn2 (Fig EV1B). To
investigate the effects of reduced OPAIl levels on mitochondrial
respiratory capacity, we measured ADP-driven mitochondrial
oxygen consumption (v-ADP) and ATP synthesis rates in the pres-
ence of succinate and rotenone in permeabilized soleus fibers at
three different time points (12, 20 and 40 weeks of age). Oxygen
consumption was impaired starting at 20 weeks of age (Fig 1G) and
was further reduced at 40 weeks of age (Fig EV1C) in mOPA1 KO
mice relative to WT mice. ATP synthesis rates were reduced as early
as 12 weeks and persisted at later time points (Figs 1H and EV1D).
ATP/O ratios were decreased at the age of 12 weeks (Data not
shown), which could reflect mitochondrial uncoupling, but dif-
ferences in ATP/O were not seen in older animals. Consistently,
oxygen consumption was also mildly but significantly reduced in
the presence of various substrates in permeabilized white and red
gastrocnemius muscle fibers obtained from 20-week-old OPA1 KO
mice relative to WT mice. Palmitoyl-carnitine/malate-supported
respirations were unchanged in red gastrocnemius, but were
reduced in white gastrocnemius of KO mice. Conversely, succinate-
supported respirations were reduced in red gastrocnemius muscle
but were unchanged in white gastrocnemius of KO mice. Pyruvate/
malate and glutamate/malate-supported respirations were reduced
in both muscle types (Fig 1I and J). These data underscore a critical
role for OPA1 in mitochondrial energetics.

Reduced OPA1 levels in muscle attenuate age-induced weight
gain and glucose intolerance and induce muscle atrophy

As early as 12 weeks of age, a small but consistent reduction in body
weight was observed in mOPA1 KO mice (Fig 2A). To determine
whether this decrease in body weight was attributable to loss of fat or
lean mass, nuclear magnetic resonance (NMR) was performed. Inter-
estingly, at 12 weeks, fat mass was unchanged between WT and
mOPA1 KO mice (Fig 2B), however, total lean mass (Fig 2C) was
significantly reduced in mOPA1 KO mice. Weight gain was dramati-
cally attenuated over time (Fig 2A), which was accompanied by
reduced fat mass starting at 20 weeks of age (Fig 2B), and reduced
lean mass (Fig 2C). To determine whether the reduction in muscle
mass was due to reduced fiber diameter, cross sections of gastrocne-
mius and soleus muscles were analyzed after wheat-germ agglutinin
staining. This analysis revealed reduced muscle fiber diameter at
20 weeks of age in mOPA1 KO mice relative to their WT littermate
controls (Figs 2D and E, and EV2A and B), and the number of
myocytes per area was increased in KO mice relative to WT (Fig 2F).
Protein levels of the E3 ubiquitin ligase MuRF1 were significantly
increased in mOPA1 KO mice relative to WT mice (Fig 2G and H), and
mRNA expression of the E3 ubiquitin ligase MAF-bx/Atrogin-1 was
also elevated in gastrocnemius muscle of mOPA1 KO mice, consistent
with muscle atrophy (Fig 2I). Because muscle mass was reduced in
mOPA1 KO mice, overall muscle health was assessed. Surprisingly,
exhaustion tests revealed that 20-week-old mOPA1 KO mice reached
comparable distances as WT mice; however, at 40 weeks, KO mice
ran significantly more than WT mice before reaching exhaustion
(Fig EV2C). Blood lactate levels under random-fed conditions were
elevated to the same extent at the end of the test, indicating equivalent
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Figure 1. OPA1 deficiency disrupts mitochondrial cristae structure and progressively impairs mitochondrial respiratory capacity.

A Representative immunoblot of OPAL in gastrocnemius muscle from 12-week-old WT and mOPA1 KO (KO) mice and densitometric analysis of OPA1 normalized by

VDAC (n = 6).

Citrate synthase activity in gastrocnemius muscle of 12-week-old mice (n = 6).
mtDNA copy number in gastrocnemius muscle of 12-week-old mice (n = 6).
mMRNA expression of mitochondrial biogenesis genes (n = 4-6).

— - IToTmMmgOnw

Electron micrographs from soleus muscle of 12-week-old mice (arrows highlight mitochondria with abnormal cristae structure) (n = 4). Scale bar = 0.32 pm.
BN-PAGE in gastrocnemius muscle of 12-week-old mice (n = 4). I-V, mitochondrial OXPHOS complexes I-V; SC1, super complex 1; SC2 super complex 2.

Maximally stimulated succinate-supported mitochondrial respirations in soleus from 12- and 20-week-old mice (n = 4-7).
Succinate-supported ATP synthesis rates in soleus from 12- and 20-week-old mice (n = 3-6).

Maximally stimulated mitochondrial respirations in white gastrocnemius muscle from 20-week-old mice (n = 3-4).
Maximally stimulated mitochondrial respirations in red gastrocnemius muscle from 20-week-old mice (n = 3-4).

Data information: Data are expressed as means + SEM. Significant differences were determined by Student’s t-test, using a significance level of P < 0.05. (*) Significantly

different vs. WT mice.
Source data are available online for this figure.

exhaustion levels were achieved (Fig EV2D). To account for body
weight differences between WT and mOPA1 KO mice, especially at
40 weeks of age, vertical work was calculated. Although 40-week-old
mOPA1 KO mice ran longer, the work performed was the same
between WT and mOPA1 KO mice at both ages (Fig EV2E). Addition-
ally, grip strength was significantly reduced in mOPA1 KO mice rela-
tive to WT mice at 40 weeks of age (Fig EV2F).

To investigate the mechanisms for reduced body weight and fat
mass, animals were placed in metabolic chambers, before body
weight differences were observed (8 weeks of age) and at 40 weeks of
age. No differences in food consumption or activity levels were
observed between WT and mOPA1 KO mice at 8 or 40 weeks of age
(Fig 2J and K). Activity levels and energy expenditure declined with
age in WT mice, but were preserved in mOPA1 KO mice (Fig 2K and
L), which could have contributed to the slower weight gain rate
observed in these mice. Reduced body weight in mOPA1 KO mice was
accompanied by improved whole-body glucose homeostasis. Glucose
tolerance tests demonstrated that the age-induced impairment in
glucose tolerance observed in WT mice at 20 and 40 weeks of age was
completely prevented in mOPA1 KO mice (Fig 2M and N).

Muscle-specific OPA1 deficiency prevents diet-induced obesity
and insulin resistance and increases circulating FGF21

To test the response of mOPA1 KO mice to a metabolic challenge,
mice were fed a high-fat diet (HFD) for 12 weeks. Consistent with

findings on normal chow, weight gain was prevented in high-fat-fed
mOPA1 KO mice (Fig 3A). The increase in fat mass observed in WT
mice after 12 weeks of HFD was completely blunted in mOPA1 KO
mice (Fig 3B). Total lean mass was equivalently reduced in mOPA1
KO mice regardless of the diet (Fig 3C). Therefore, reduced body
weight in high-fat-fed mOPA1 KO mice can be attributed to both
reduced fat mass and lean mass. To investigate the basis for this
reduction in body weight, HF-fed WT and mOPA1 KO mice were
placed in metabolic chambers. Although food consumption (Fig 3D)
and activity levels (Fig 3E) were unchanged between WT and
mOPA1 KO mice, energy expenditure was significantly increased in
mOPA1 KO mice (Fig 3F). In addition, HFD fed mOPA1 KO mice
showed improved glucose tolerance (Fig 3G and H), decreased fast-
ing insulin levels (Fig 3I), and improved insulin sensitivity
compared to WT controls (Fig 3J and K). Taken together, these data
indicate that mOPA1 KO mice have significantly increased insulin
sensitivity and improved glucose homeostasis in response to a HFD
challenge. Diet-induced hepatic steatosis and increased serum
concentrations of triglycerides were also prevented in mOPA1 KO
mice (Fig EV3A and B). A brief survey for myokines in gastrocne-
mius muscle revealed that mRNA expression of IL-6 and IL-1S5,
which have been reported to have distal effects to improve whole-
body metabolism (Ahima & Park, 2015), was unchanged between
WT and mOPA1l KO mice (Fig EV3C). However, Fgf2 mRNA
expression was dramatically induced in muscle of mOPA1 KO mice
(Fig 3L), but not in liver (Fig 3M) or white adipose tissue (WAT;

Figure 2. Reduced OPA1 levels in muscle attenuates age-induced weight gain and glucose intolerance and induces muscle atrophy.

A Body weight over time (n = 8-13).

B Total fat mass over time (n = 8-13).
C Total lean mass over time (n = 8-13).
D

Cross sections of gastrocnemius muscle from 20-week-old mice stained with wheat-germ agglutinin (WGA). Scale bar = 20 um (main images) and 40 pm

(magnification inserts).

E Measurements of muscle fiber diameter in gastrocnemius muscle from 20-week-old mice (n = 3-5).

F Measurements of the number of myocyte/area (n = 3-5).

quantification is relative to GAPDH (n = 5).

(G) Western blot analysis and (H) densitometric quantification of MuRF1 and GAPDH in gastrocnemius muscle from 40-week-old mice. Densitometric

| mRNA expression of Atrogin-1 in gastrocnemius muscle of 20-week-old mice (n = 5). Data are represented as fold change vs. WT mice.

M Glucose tolerance tests (n = 7-11).
Area under the curve (AUC) for glucose tolerance tests (n = 7-11).

CLAMS data in 8- and 40-week-old WT and mOPA1 KO (KO) mice. () Daily food intake (n = 5-9). (K) Activity levels (n = 6-9). (L) Energy expenditure (n = 6-9).

Data information: Data are expressed as means + SEM. Significant differences were determined by Student’s t-test, using a significance level of P < 0.05. (*) Significantly

different vs. WT mice or 8-week-old mice from the same genotype.
Source data are available online for this figure.
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Figure 3. Muscle-specific OPA1 deficiency prevents diet-induced obesity and insulin resistance and increases circulating FGF21.

A Weekly body weight during 12 weeks of control or HFD feeding (n = 5-9).
B Total fat mass after 12 weeks on control or HFD (n = 9-11).

C Total lean mass after 12 weeks on control or HFD (n = 9-11).
D

—F CLAMS data in high-fat-fed WT and mOPA1 KO (KO) mice at the end of 12 weeks of feeding. (D) Daily food intake (n = 5-7). (E) Activity level (n = 5-7). (F) Energy

expenditure (n = 6-7).

Glucose tolerance tests in control and high-fat-fed WT and mOPA1 KO (KO) mice at the end of 12 weeks of feeding (n = 5-9).

Fasting insulin levels (n = 5-9).

Insulin tolerance test in control and high-fat-fed WT and KO mice at the end of 12 weeks of feeding (n = 5-8).

G
H Area under the curve (AUC) for glucose tolerance tests (n = 5-9).
|
J
K

Area under the curve (AUC) for insulin tolerance tests (n = 5-8).

(n =3-7).

FGF21 mRNA expression in 20-week-old mice at the end of 12 weeks of feeding. (L) Skeletal muscle (n = 3-5). (M) Liver (n

= 4-5). (N) White adipose tissue (WAT)

(o] FGF21 plasma levels in control and high-fat-fed WT and KO mice at the end of 12 weeks of feeding (n = 3-6).

Data information: Data are expressed as means £ SEM. Significant differences were determined by ANOVA followed by Tukey multiple comparison test, using a
significance level of P < 0.05 (*) vs. WT Cont (#) vs. WT HFD except panel (F) where significance was determined by Student’s t-test; (*) significantly different vs. WT HFD.

Source data are available online for this figure.

Fig 3N), organs that have been previously shown to produce FGF21
(Markan et al, 2014; Fasshauer & Bluher, 2015). Increased Fgf21
mRNA levels in gastrocnemius muscle correlated with an approxi-
mate eightfold increase in circulating levels of FGF21 in mOPA1 KO
mice relative to WT controls (Fig 30). FGF21 protein levels were
also elevated in soleus muscle of 20-week-old mOPA1l KO mice
(Fig EV3D). To explore potential mechanisms for FGF21-mediated
increase in energy expenditure, we examined markers of brown
adipose tissue activation and beiging of white adipose tissue
(WAT). UCP1 and PGC-1a protein levels were unchanged in BAT of
20-week-old mOPA1 KO mice (Fig EV3E); however, UCP1 levels
were elevated in inguinal fat (scWAT) (Fig EV3F), indicative of
browning of white adipose tissue.

Established diet-induced obesity and insulin resistance are
reversed by reducing OPAL1 levels in muscle in parallel with
increased FGF21

To test whether OPA1 deficiency could also ameliorate HFD-induced
weight gain and insulin resistance, WT and mOPA1 KO mice were
fed either a control or a HFD for 8 weeks, prior to inducing OPA1
gene recombination. After 8 weeks of HF feeding, body weight was
significantly increased (Fig 4A) and glucose tolerance was equiva-
lently impaired (Fig 4C and D) in WT and mOPA1 KO mice. Mice
were then administered tamoxifen and metabolically phenotyped.
Five weeks after administration of tamoxifen, body weight progres-
sively declined in mOPA1 KO mice (Fig 4A). At the end of 20 weeks
of HF feeding, body weight was completely normalized in mOPA1
KO mice fed a HFD compared to WT mice fed the same diet
(Fig 4B). Body weight was also reduced in mOPA1 KO mice fed a
control diet relative to WT mice (Fig 4B). Glucose intolerance was
completely reversed at the end of 20 weeks of HF feeding in mOPA1
KO mice fed a HFD, relative to WT mice (Fig 4E and F). These meta-
bolic improvements correlated with elevated circulating levels of
FGF21 (Fig 4G).

Muscle-derived FGF21 plays an essential role in the favorable
metabolic phenotype observed in OPA1-deficient mice

Based on these data, we hypothesized that muscle-derived FGF21
mediates the metabolic improvements observed in mOPA1 KO

© 2017 The Authors

mice. To test this hypothesis, we generated muscle-specific OPA1/
FGF21 double knockout (DKO) mice and phenotyped these mice
on a HFD. Consistent with our gene expression data, FGF21
protein levels were elevated in mOPA1 KO gastrocnemius muscle,
but not in DKO mice (Fig 5A). Plasma FGF21 levels were also
elevated in mice with reduced OPA1l expression in muscle, but
were completely blunted in mOPA1/FGF21 DKO mice (Fig 5B),
confirming that mice lacking the Fgf21 gene in muscle are unable
to increase FGF21 circulating levels in response to OPAl-elicited
mitochondrial stress. OPA1 levels were reduced by approximately
50% in DKO mice relative to WT mice at 12 weeks of age
(Fig EV4A). Similar to what was observed in mOPA1 KO mice, no
differences were found in mitochondrial OXPHOS proteins by BN-
PAGE (Fig EV4B) or mtDNA copy number (Fig EV4C) in DKO
mice relative to their WT littermate controls. Nonetheless, mito-
chondrial oxygen consumption (Fig EV4D) and ATP synthesis rates
(Fig EV4E) in permeabilized soleus fibers were reduced in
20-week-old DKO mice. ADP-supported mitochondrial respiration
(Fig EV4F) and grip strength (Fig EV4G) were also significantly
reduced in 40-week-old DKO mice. Although no significant dif-
ferences were observed in body weight, total fat mass, and total
lean mass in 12-week-old DKO mice compared to WT (Fig EV4H),
myocyte diameter was significantly reduced in DKO mice, suggest-
ing mild muscle atrophy (Fig EV4l and J). After DIO, NMR
revealed that DKO and their WT control mice gained equivalent
amounts of weight when fed a HFD (Fig 5C) and exhibited equiva-
lent fat mass expansion (Fig 5D). Total lean mass was unchanged
between WT and DKO regardless of the diet (Fig 5E). Food intake
(Fig SF), activity level (Fig 5G), and energy expenditure (Fig SH)
were all unchanged between WT and DKO mice. Glucose tolerance
was equivalently impaired (Fig 5I and J), and fasting insulin levels
were similarly increased (Fig 5K) in WT and DKO mice fed a HFD
relative to mice fed a control diet. Insulin tolerance tests revealed
that upon high-fat feeding, both WT and DKO mice became equiv-
alently insulin resistant relative to mice fed a control diet (Fig 5L
and M). As expected, the rise in FGF21 circulating levels observed
in mOPA1 KO mice was entirely prevented in DKO mice (Fig 5N).
These data confirm that muscle is the source for increased circulat-
ing FGF21 levels in mOPAl KO mice and that muscle-derived
FGF21 prevents the diet-induced obesity and insulin resistance
observed in these mice.
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Figure 4. Reducing skeletal muscle OPA1 in mice with diet-induced obesity and insulin resistance promotes weight loss and normalizes glucose tolerance in

parallel with increased FGF21.
Final body weight after 20 weeks of control or HFD (n = 6).
Area under the curve (AUC) for glucose tolerance tests (n = 6-9).

Area under the curve (AUC) for glucose tolerance tests (n = 5-8).

O mMmgON @ >

Weekly body weight before and after tamoxifen injections (total of 20 weeks of control or HFD) (n = 6).
Glucose tolerance tests in control and high-fat-fed WT and mOPA1 KO (KO) before tamoxifen injection (8 weeks of control or HFD) (n = 6-9).
Glucose tolerance tests in control and high-fat-fed WT and mOPA1 KO (KO) 12 weeks after tamoxifen injection (20 weeks total of control or HFD) (n = 5-8).

FGF21 plasma levels after 20 weeks of control or HFD (12 weeks after tamoxifen injections) (n = 6-8).

Data information: Data are expressed as means + SEM. Significant differences were determined by ANOVA followed by Tukey multiple comparison test, using a

significance level of P < 0.05. (*) vs. WT Cont (#) vs. WT HFD.
Source data are available online for this figure.

Activation of ER stress plays a significant role on FGF21 induction
in OPA1-deficient muscle cells

To identify potential mechanisms involved in FGF21 induction,
pathways previously implicated in Fgf2I mRNA induction in
muscle were evaluated. Measurements of 4-hydroxynonenal,
nitrotyrosine, and MnSOD, markers of oxidative stress, were
unchanged between WT and mOPAl KO mice at 12 weeks of
age (Fig 6A and B). Conversely, AMP-dependent kinase (AMPK)
activation, which is normally induced during bioenergetic stress,
was significantly increased in mOPAl1 KO mice (Fig 6A and B)
compared to WT mice. Markers of ER stress activation, such as
increased phosphorylation of elF2a, augmented BiP protein levels
(Fig 6A and B), and increased mRNA expression of Atf4, Chop,
BiP, and spliced Xbpl (Fig 6A-C) were all observed in mOPA1l
KO mice relative to WT mice. Insulin-mediated activation of
AKT was equivalent in gastrocnemius muscle of WT and mOPA1
KO mice at 12 weeks of age (Fig 6D and E), whereas insulin-
stimulated phosphorylation of S6, downstream of mTORC1, was
significantly increased in KO mice relative to WT (Fig 6D and
E). Because ER stress markers were robustly induced in our
model, we sought to determine whether attenuation of ER stress
could prevent the rise in FGF21 in mOPA1 KO mice. Four weeks
after tamoxifen injections, mice were treated either with PBS or
with tauroursodeoxycholic acid (TUDCA), a known ER chaper-
one, for 4 weeks (12 weeks of age). TUDCA treatment attenuated
the induction of FGF21 in muscle of mOPA1 KO mice, concur-
rent with reduced activation of ER stress, as demonstrated by
decreased BiP protein levels (Fig 6F and G). The rise in FGF21
circulating levels in mOPAl KO mice was also prevented after
TUDCA treatment (Fig 6H). Similar to earlier observations
(Fig 2M), 4 weeks of OPAIl deletion was not associated with a
change in glucose tolerance or significant changes in body

composition (Fig 6I). At the end of TUDCA treatment, no
changes in body weight, body composition (Fig 6I), or glucose
tolerance (Fig 6J) were observed between WT and mOPA1l KO
mice.

To further investigate the role of ER stress activation on FGF21
induction, we utilized an in vitro system. Primary satellite cells were
obtained from OPA1 floxed mice. After differentiation into primary
myotubes, cells were infected either with a GFP-expressing aden-
ovirus (WT) or with an adenovirus expressing a GFP-tagged Cre
recombinase (KO). Similar to in vivo observations, OPA1 deletion
in vitro activated ER stress pathways and induced FGF21 protein
levels in cells lysates (Fig 7A), and in the culture media (Fig 7B).
Upon attenuation of ER stress with 4-phenylbutyrate (PBA), a
molecular chaperone, FGF21 levels were significantly reduced in
OPA1 KO myotubes, and in the media (Fig 7A and B). Short-term
deletion of OPA1 in vitro also induced activation of AMPK, indicat-
ing energetic stress, which was not prevented with PBA treatment
(Fig 7A). Basal and ATP-linked mitochondrial respirations were
reduced in OPA1 KO myotubes. Proton leak was also reduced in
these cells, while maximally stimulated respirations and reserve
capacity were unchanged between OPA1 KO and WT myotubes
(Fig 7C). Conversely, glycolysis and glycolytic capacity were both
increased in OPA1 KO myotubes upon a glycolysis stress test
(Fig 7D). Mitochondrial membrane potential, as measured by
TMRM staining, was more rapidly reduced in OPA1 KO myotubes in
response to H,0, treatment (Fig 7E and F). Studies in C2C12
myotubes corroborate the role of bioenergetic stress and ER stress
on FGF21 induction. Myotubes were treated for 8 h with either
oligomycin, an inhibitor of mitochondrial respiratory complex V, or
tunicamycin, an ER stress inducer. Both treatments increased FGF21
levels in cell lysates as well in the media (Fig EVSA and B). Oligo-
mycin treatment also induced the expression of Fgf21 and ER stress
genes (Fig EV5C). Similar to findings in OPA1 KO myotubes,

Figure 5. Muscle-derived FGF21 mediates the metabolic phenotype observed in OPA1-deficient mice.

A Representative immunoblot of FGF21 in gastrocnemius muscle from 12-week-old mice and densitometric analysis of FGF21 normalized by GAPDH (n = 4).
B FGF21 serum levels in 12-week-old mOPA1 KO (KO), DKO mice, and their respective WT controls (WT) (n = 5).

Metabolic data in DKO mice and their respective WT controls after 10 weeks of control or HFD. (C) Final body weight (n = 5-9). (D) Total fat mass (n = 5-9). (E)

Total lean mass (n = 5-9). (F) Daily food intake (n = 4). (G) Activity level (n = 4). (H) Energy expenditure (n = 4). (I) Glucose tolerance tests (n = 9-16). (J) Area
under the curve (AUC) for the GTT (n = 9-16). (K) Fasting insulin levels (n = 5-11). (L) Insulin tolerance test (n = 7-10). (M) Area under the curve (AUC) for the ITT

(n = 7-10). (N) FGF21 plasma levels (n = 5-10).

Data information: Data are expressed as means + SEM. Significant differences were determined by ANOVA followed by Tukey multiple comparison test, using a

significance level of P < 0.05 (*) vs. WT or WT Cont (#) vs. OPA1 KO.
Source data are available online for this figure.
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Figure 6. ER stress activation is necessary for FGF21 induction in OPA1-deficient muscle.

A Representative immunoblots in gastrocnemius muscle from 12-week-old WT or mOPA1 KO (KO) mice.
B Densitometric analysis of immunoblots of 4-hydroxynonenal (4-HNE), nitrotyrosine, MnSOD (n = 5), and BiP (n = 3) normalized to GAPDH protein levels (n = 5) and

of pPAMPK/AMPK (n = 5) and pelF2a/elF2a ratios (n = 5).

C mRNA expression of ER stress genes in gastrocnemius muscle from 20-week-old WT or mOPA1 KO (KO) mice (data are expressed as fold change vs. WT mice,

represented as the dashed line) (n = 3-5).

D AKT phosphorylation at Ser 473 and S6 phosphorylation at Ser235/236, 30 min after an i.p. injection of either saline or insulin, normalized by total AKT and total S6

levels, respectively.
Densitometric analysis of pAKT/AKT and pS6/S6 immunoblots (n = 3).

— - T o mTmm

Representative immunoblots in soleus muscle from 12-week-old WT or mOPA1 KO (KO) mice treated with TUDCA for 4 weeks.
Densitometric analysis of immunoblots of OPA1, FGF21, and BiP normalized to GAPDH protein levels (n = 4).

FGF21 serum levels in 12-week-old mOPAL KO mice and their respective WT controls 4 weeks after TUDCA treatment (n = 3-4).
Body weight and body composition in 12-week-old mice 4 weeks after TUDCA treatment (n = 3-5).

Glucose tolerance test in 12-week-old mice 4 weeks after TUDCA treatment (n = 4-6).

Data information: Data are expressed as means + SEM. Significant differences were determined by Student’s t-test (B, C), using a significance level of P < 0.05; (*)
significantly different vs. WT mice or by ANOVA followed by Tukey multiple comparison test (E, G, H), using a significance level of P < 0.05 (*) vs. WT, WT vehicle, or WT

PBA; (#) vs. KO PBS.

co-treatment of C2C12 myotubes with PBA significantly reduced
oligomycin- and tunicamycin-mediated induction of FGF21
(Fig EV5A and B). Because AMPK activation was induced in OPA1
KO muscles in vivo and OPA1 KO myotubes, we tested whether
agonist-mediated activation of AMPK would be sufficient to induce
Fgf21 mRNA expression. C2C12 myotubes were treated with
S-aminoimidazole-4-carboxamide ribonucleotide (AICAR) to induce
phosphorylation and activation of AMPK (Fig EV5D); however,
direct activation of AMPK failed to induce Fgf2I mRNA levels
(Fig EVSE).

Discussion

Mitochondrial dynamics plays a crucial role in various cellular
processes and is an essential mechanism for mitochondrial quality
control (Dorn & Kitsis, 2015). Mild overexpression of the fusion
protein OPA1 has recently been shown to ameliorate two models of
mitochondrial disease (Civiletto et al, 2015) and to protect from
acute muscle atrophy induced by denervation (Varanita et al, 2015).
In addition, reduced OPA1 levels have been described in humans
with insulin resistance and in obese primates (Liesa et al, 2009).
Taking together, these data suggest maintaining OPA1l levels in
muscle may be protective in these pathologies. Here, we investi-
gated the role of OPA1 in skeletal muscle fibers under normo-caloric
conditions and in response to a high-fat diet challenge, by reducing

OPAL1 levels specifically in skeletal muscle of young adult mice. We
demonstrate that OPAl is critical for normal mitochondrial
morphology and function, with its deficiency precipitating progres-
sive mitochondrial dysfunction in muscle in vivo and in vitro.
OPA1l-deficient muscle cells also display glycolytic compensation
and impaired ability to maintain mitochondrial membrane potential
in vitro. Although, locally, OPA1 deficiency activates atrophy signal-
ing pathways resulting in mild muscle loss as early as 8 weeks after
recombination, OPA1-elicited mitochondrial dysfunction induces an
integrated stress response, leading to increased expression and
secretion of FGF21 from muscle, which acts distally to improve
whole-body energy expenditure and insulin sensitivity.

Our findings underscore the importance of OPA1 for maintain-
ing mitochondrial structure and function, and how its disruption
was detrimental to overall muscle health. Muscle atrophy has been
observed in other mouse models in which mitochondrial dynamics
and function are disrupted, such as in the Mfn1/2 muscle-specific
double knockout mice (Chen et al, 2010) and in Atg7 muscle-
specific knockout mice (Kim et al, 2013). The severity of muscle
atrophy in these models seems to correlate with the degree of
mitochondrial dysfunction. Mitochondrial defects that have been
associated with muscle wasting include decreased biogenesis,
impaired protein folding, reduced mitophagy, increased fission
(Russell et al, 2014), accumulation of mtDNA point mutations, and
severe mtDNA depletion (Chen et al, 2010). Here, we report that
mild mitochondrial dysfunction due to reduced levels of OPA1l

Figure 7. OPA1 deletion in primary myotubes confirms a role for OPA1-induced mitochondrial dysfunction and ER stress on FGF21 secretion.

A Representative immunoblots in primary myotubes obtained from OpPAL/"

mice and infected with Ad-GFP or Ad-Cre. Cells were treated with either vehicle (PBS)
PBA for 3 days. Densitometric analysis of immunoblots of OPA1, CHOP, XBP-1, and FGF21 normalized to GAPDH protein levels and of pAMPK/AMPK ratios (n = 6)

or

B Secreted FGF21 levels measured in the media (n = 6).
C Measurement of oxygen consumption rates (OCR) in primary myotubes 3 days after adenoviral infection (n = 8-10 technical replicates).
D Measurements of extracellular acidification rates during a glycolysis stress test in primary myotubes 3 days after adenoviral infection (n = 8-10 technical replicates).
E TMRM fluorescence over time after treatment with H,0, (n = 3 technical replicates).
F Representative pictures of primary myotubes stained with TMRM at times O (immediately after addition of H,0,) and 100 min after H,0, treatment. Scale
bar = 100 um.

Data information: Data are expressed as means + SEM. Significant differences were determined by Student’s t-test (C-E), using a significance level of P < 0.05; (*)
significantly different vs. WT cells or by ANOVA followed by Tukey multiple comparison test (A, B), using a significance level of P < 0.05 for the studies in which cells were

treated with PBA. (*) vs. WT; (#) vs. KO.
Source data are available online for this figure.
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elicits modest muscle atrophy, resulting in loss of total lean mass,
and reduced muscle strength. Although the precise mechanisms
for the decline in muscle mass were not investigated in the present
study, we have observed that muscle atrophy in mOPA1 KO mice
is accompanied by increased levels of MuRF1, an E3 ubiquitin
ligase that promotes skeletal muscle atrophy during muscle dener-
vation and certain other stress conditions (Bodine & Baehr, 2014).
This finding, coupled with the previous finding that OPA1 overex-
pression reduces MuRF1 expression in denervated muscle (Varan-
ita et al, 2015), suggests that OPA1 is necessary and sufficient to
repress MuRF1 expression in skeletal muscle and supports the
notion that MuRF1 may be a crucial mediator of skeletal muscle
atrophy in mOPA1 KO mice. It is also unlikely that FGF21 induc-
tion drives the muscle atrophy observed, as muscle atrophy
persisted when FGF21 expression was deleted in muscle of OPA1
KO mice. Another potential mediator of muscle atrophy in mOPA1
KO mice is ATF4, a bZIP transcription factor subunit that is suffi-
cient to induce skeletal muscle fiber atrophy and is required for
skeletal muscle atrophy during fasting, immobilization, and aging
(Ebert et al, 2010, 2012, 2015; Bongers et al, 2013; Fox et al,
2014). Our data indicate that skeletal muscle atrophy in mOPA1
KO mice is associated with an increased level of Atf4 mRNA, as a
result of ER stress, which could potentially promote muscle loss
by elevating the level of ATF4 protein in skeletal muscle fibers.
Interestingly, growth-promoting pathways, such as insulin signal-
ing through AKT leading to mTORC1 activation, were somewhat
augmented in mOPA1 KO mice, which could be counteracting the
effects secondary to activation of the canonical atrophy signaling
pathways.

Surprisingly, mOPA1 KO mice were leaner and exhibited
improved insulin sensitivity and glucose homeostasis in response
to aging and DIO. Our data demonstrate that these effects are
mediated by muscle-derived FGF21, which is locally induced in
response to OPA1 deficiency. Several myokines have been
suggested to be secreted by skeletal muscle, which exert distal
effects to improve whole-body metabolism, those include IL-15,
IL-6, and BNDF (Ahima & Park, 2015). Studies in animal models
(Keipert et al, 2014; Kim et al, 2013; Tyynismaa et al, 2010) and
in humans (Suomalainen et al, 2011) suggest that, specifically in
the context of mitochondrial stress, FGF21 mRNA expression is
induced in skeletal muscle, which also correlates with increased
FGF21 circulating levels. Although skeletal muscle may be able to
induce expression of FGF21 (Keipert et al, 2014; Guridi et al,
2015; Harris et al, 2015), to date, definitive data confirming that
skeletal muscle is the specific origin of circulating FGF21 in
mouse models of muscle mitochondrial stress were lacking. Here,
we provide compelling evidence that skeletal muscle can secrete
FGF21 in a cell autonomous manner, and this capacity is
increased in response to OPA1l deficiency. These findings open
numerous possibilities to study the role of muscle-derived FGF21
in physiology and therapeutically. Of note, our data challenge a
recent study, suggesting that FGF21 plays a negligible role in
the whole body metabolic adaptations reported in mice with
decreased muscle mitochondrial efficiency due to increased respi-
ratory uncoupling (Ost et al, 2016). In contrast, we were able to
completely the whole body metabolic adaptations
observed in OPAl-deficient mice, by simultaneously deleting
FGF21 from skeletal muscle, suggesting a clear role for muscle-

reverse

© 2017 The Authors

The EMBO Journal

derived FGF21 in the metabolic improvements observed in our
model. Differences in the source of mitochondrial stress, the
temporal nature of our inducible OPA1l deletion, and the tissue
specificity of FGF21 deletion in our model could underlie the dif-
ferences between our data and that of the aforementioned study
(Ost et al, 2016). Decreased ATP/O ratios in young mice suggest
that mitochondrial uncoupling could exist in the OPAl-deficient
mice examined in this study, and we did not directly determine
whether increased complex Ill-generated superoxide could contri-
bute to this. However, our in vivo and in vitro models suggest
that additional mechanisms contribute to the bioenergetic failure
following OPA1 reduction. These include impaired electron trans-
port chain function, decreased ATP generation, and potentially
impaired mitochondrial membrane potential, likely related to
disrupted crista structure. These defects in aggregate may activate
mechanisms that lead to induction of FGF21, in contrast to the
scenario when mitochondrial uncoupling is the primary basis for
mitochondrial energetic compromise.

The molecular mechanisms governing FGF21 regulation in
skeletal muscle are incompletely understood. Studies have linked
diverse signaling pathways with FGF21 induction in muscle;
those include activation of AKT (Izumiya et al, 2008), ER stress,
activation of ATF4 (Kim et al, 2013), oxidative stress (Ribas
et al, 2014), and more recently activation of mTORC1 (Guridi
et al, 2015). Our data indicate that AKT activation and induction
of oxidative stress are probably unlikely factors contributing to
FGF21 induction in our model. However, our findings reinforce
the idea that activation of ER stress may be necessary and suffi-
cient to induce FGF21 in muscle cells. OPAl-induced mitochon-
drial dysfunction in mice lead to activation of elF2a and induced
several genes involved in the ER stress response. Activation of
ER stress and induction of FGF21 were also observed in primary
myotubes deficient for OPA1 and in C2C12 myotubes in which
mitochondrial stress or ER stress was induced pharmacologically.
Interestingly, pharmacological inhibition of ER stress with PBA
in vitro and TUDCA in vivo partially prevented FGF21 induction,
suggesting that ER stress is at least one of the mechanisms
downstream of bioenergetic stress to induce FGF21 in muscle.
We also examined the role of AMPK activation on FGF21 induc-
tion. Although AMPK is activated in both in vivo and in vitro in
response to OPA1l deficiency, activation of AMPK with AICAR
was insufficient to induce Fgf21 mRNA expression in C2C12
myotubes. Indeed, a recent publication excludes a role for AMPK
on FGF21 induction in UCP1-expressing muscle (Ost et al, 2014).
Thus, our data suggest that OPAl-elicited mitochondrial dysfunc-
tion in skeletal muscle activates an integrated stress response
pathway, resulting in increased FGF21 expression and secretion,
and reveals that activation of ER stress is sufficient and neces-
sary to induce FGF21 expression in and secretion from muscle
cells.

Together, these observations underscore a conserved mitochon-
drial stress pathway by which mitochondrial stress in skeletal
muscle is communicated to the entire organism via a stress-
related endocrine pathway that is mediated via FGF21. It remains
to be determined whether modest activation of this pathway, as
seen in our model of hypomorphic OPA1 insufficiency in skeletal
muscle, could be harnessed to combat the metabolic sequelae of
obesity and insulin resistance. The specific mechanisms by which
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mitochondrial dysfunction activates ER stress and the molecular
mediators linking ER stress and induction of FGF21 remain to be
elucidated.

In conclusion, these studies support a conserved role for Opal in
maintaining mitochondrial structure and function in differentiated
skeletal muscle, and that mitochondrial dynamics may represent an
important homeostatic mechanism to preserve mitochondrial bioen-
ergetics in adult skeletal muscle. Moreover, although locally a
modest reduction in OPA1 protein levels mediates mild muscle atro-
phy, mOPA1 KO mice have normal survival rates and are resistant
to age- and diet-induced obesity and insulin resistance via mecha-
nisms that include local activation of ER stress pathways and secre-
tion of FGF21 as a myokine. Therefore, mitochondrial dynamics
may represent a critical mechanism by which skeletal muscle may
regulate systemic metabolism via an FGF21-mediated endocrine
mechanism.

Materials and Methods

Animals and animal care

Animal work was performed in accordance with protocols approved
by the University of lowa Animal Care and Use Committee (IACUC).
Unless otherwise stated, all experiments were performed in male
mice on a C57Bl/6J background or that were backcrossed into the
C57B1/6J background for more than five generations. OPA1"" mice
were generated as previously described (Zhang et al, 2011) and
were kindly provided by Dr. Sesaki. FGF21"/® mice were generated
as previously described (Potthoff et al, 2009). Tamoxifen-inducible
HSA-CreER™ mice were a kind gift from Dr. Pierre Chambon,
University of Strasbourg. For generation of mOPA1 KO mice and
OPA1/FGF21 DKO mice, recombination was induced in 4-week-old
mice via i.p. injections of tamoxifen (Sigma, St. Louis, MO, USA,
T5648; 20 mg/kg) for 5 days. Mice were allowed 4 weeks to recover
from tamoxifen injections, after which they were either kept on
standard chow (2029X Harlan Teklad, Indianapolis, IN, USA) or
were fed special diets. Mice were divided into a control-diet group
(Cont; 10% Kcal from fat—Research Diets, New Brunswick, NJ,
USA, D12450J) or a high-fat diet group (HFD; 60% Kcal from
fat—Research Diets D12492) and were kept on these respective diets
for 10-12 weeks (special diet was initiated when mice were 8 weeks
of age). A subset of animals was fed the aforementioned special
diets for 8 weeks, after which they were then injected with tamox-
ifen (20 mg/kg) for 5 days. To inhibit ER stress, a different cohort
of mice was injected intraperitoneally with TUDCA (Millipore,
Billerica, MA, USA; 250 mg/kg) once a day, five times a week for a
total a 4 weeks. Controls for TUDCA received the same volume of
vehicle (PBS) by intraperitoneal injection. Animals were housed at
22°C with a 12-h light, 12-h dark cycle with free access to water and
standard chow.

Measurements of mitochondrial function
Soleus fibers were freshly excised and permeabilized with saponin.
Respiration and ATP synthesis were measured using succinate

(5 mM) with rotenone (10 mM). Soleus muscles were permeabi-
lized for 30 min at 4°C in buffer A containing 50 pg/ml saponin and
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(in mmol/1) 7.23 K,EGTA, 2.77 K,CaEGTA, 6.56 MgCl,, 20 imida-
zole, 0.5 dithiothreitol, 53.3 K-methans, 20 taurine, 5.3 Na,ATP, 15
PCr, and 3 KH,PO,4, (pH 7.1 adjusted at 25°C). Next, fibers were
washed twice for 10 min in buffer B containing (in mmol/l) 1.38
MgCl,, 20 imidazole, 0.5 dithiothreitol, 100 K-methans, 20 taurine,
3 KH,PO4, 2 mg/ml BSA, 5 succinate, and 10 rotenone as substrate,
(pH 7.1 adjusted at 25°C).

Mitochondrial oxygen consumption

The respiratory rates of soleus fibers were measured using an
oxygen sensor probe (Ocean Optics, Dunedin, FL, USA) in 1 ml of
KCl buffer at 25°C containing (in mmol/1) 125 KCl, 20 HEPES, 3 Mg-
acetate, 0.4 EGTA, 2 mg/ml BSA, 5 KH,PO, and 0.3 dithiothreitol, 5
succinate, and 10 rotenone as substrate, (pH 7.1 adjusted at 25°C).
Oxygen consumption was determined following ADP stimulation
(I mM; Vapp). The solubility of oxygen in KCl buffer was
246.87 nmol of O,/ml. Oxygen consumption rates were expressed
as nmol of O, x min~! x mg dry fiber weight .

Mitochondrial ATP production

For measurement of ATP production, ADP was added to 1 ml of
buffer B to a final concentration of 1 mmol/l. Next, 10 pl buffer B
from the respiration chamber was added to 190 pl DMSO on ice,
every 10 s for a 1-min time period. ATP production was determined
by a bioluminescence assay based on the luciferin/luciferase reac-
tion with the ATP assay kit (Promega Corporation, Madison, WI,
USA; Boudina et al, 2012).

Mitochondrial respiration in permeabilized fibers from red and
white gastrocnemius muscle was measured using the Oroboros O,K
Oxygraph system (Oroboros Instruments, Innsbruck, Austria).
Following dissection, muscle samples were placed in ice-cold (4°C)
Buffer X containing (mM) 7.23 K,EGTA, 2.77 CaK,EGTA, 20 imida-
zole, 20 taurine, 5.7 ATP, 14.3 phosphocreatine, 6.56 MgCl,.6H,0,
and 50 MES (pH 7.1, 295 mosmol/l). Under a dissecting microscope,
small bundles of fibers were prepared (1-3 mg wet weight per fiber
bundle). Fiber bundles were treated with 50 pg/ml saponin for
30 min. Following permeabilization, myofiber bundles were washed
in ice-cold buffer Z containing (mM) 110 K-MES, 35 KCl, 1 EGTA, 5
K,HPO,, 3 MgCl,.6H,0, and 5 mg/ml bovine serum albumin (BSA;
pH 7.4, 295 mosmol/l) and remained in buffer Z on a rotator at 4°C
until analysis. To prevent contraction, 20 pM blebbistatin was added
to the wash buffer, in addition to the respiration medium during
experiments (Fisher-Wellman et al, 2013). The following substrates
and nucleotides were utilized: palmitoyl-carnitine (50 mM) + malate
(2 mM), pyruvate (5 mM) + malate (2 mM), glutamate (5 mM), and
succinate (5 mM), followed by addition of ADP (5 mM).

Electron microscopy

Soleus muscle was freshly excised and immediately washed in
ice-cold saline. Samples were processed as previously described
(Boudina et al, 2007) at the University of lowa Microscopy Core
Facility.

Blue native PAGE

BN-PAGE was performed as described previously (Wittig et al,
2006). Gastrocnemius muscle was homogenized in 5% digitonin.
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The homogenate was then solubilized in lysis buffer (Thermo Fisher
Scientific, Waltham, MA, USA) containing 1% digitonin and 0.2%
G-250 sample additive (Thermo Fisher Scientific) and resolved on a
4-16% gradient native gel (Thermo Fisher Scientific).

Mitochondrial DNA content

Mitochondrial DNA content was quantified by real-time poly-
merase chain reaction (RT-PCR). Briefly, total DNA was extracted
and purified from gastrocnemius muscle with the DNeasy Kit
(Qiagen Inc., Valencia, CA, USA). Five ng of DNA was used to
quantify mitochondrial and nuclear DNA markers. RT-PCR was
performed using an ABI Prism 7900HT instrument (Applied
Biosystems, Foster City, CA, USA) in 384-well plate format with
SYBR Green I chemistry and ROX internal reference (Invitrogen).
Analysis of results was automated using scripting with SDS 2.1
(Applied Biosystems), Microsoft Access, and Microsoft Excel.
B-actin was used as a nuclear DNA marker. Mitochondrial DNA
content (CoxI) was expressed relative to genomic Rpli3a gene.
The following primers were utilized:

Primers (5’ to 3'):

Cox1-fwd: gce cca gat ata gca ttc cc

Cox1-rev: gtt cat cct gtt cct gct cc

Rpl13a-fwd: gag gec cct acc att tec ga

Rpll3a-rev: ggc ttc agc cga aca acc tt

Citrate synthase activity

Citrate synthase enzyme activity was determined as previously
described (Boudina et al, 2005). Briefly, muscle fragments were
homogenized on ice in 20% (wt/vol) homogenization buffer
containing (in mmol/1) HEPES 20, EDTA 10, pH 7.4. The homoge-
nates were then frozen for 1 h to liberate CS from mitochondrial
matrix and were then diluted 1:10. The reaction was performed in
200 pl of reaction buffer containing (in mmol/l) HEPES 20, EGTA 1,
sucrose 220, KCI 40, DTNB 0.1, and acetyl-CoA 0.1, pH 7.4 at 25°C,
and was started by the addition of 0.05 mmol/l oxaloacetate and
finally monitored at 412 nm for 3 min with a Synergy HT Multi-
Detection Reader (BioTek Instruments).

WGA staining and stereological quantification

Fragments of gastrocnemius muscle were embedded in paraffin,
portioned into 5-pum-thick sections, stained with wheat-germ agglu-
tinin (WGA)-Alexa Fluor 488 conjugate (Invitrogen Corporation,
Carlsbad, CA, USA), and covered with SlowFade Gold antifade
reagent with 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen).
Images were obtained and processed at the University of Utah Fluo-
rescence Microscopy Core Facility. From each sample, 20 micro-
scopic fields were analyzed at random, the stage of the microscope
being moved blindly. For stereological analysis, cross-sectioned
myocytes were selected. Myocyte diameter and number were deter-
mined using the Image-Pro Plus software package (Media Cybernet-
ics, Bethesda, MD, USA; Riehle et al, 2014). WGA-stained images
from soleus and gastrocnemius muscle from DKO mice were
analyzed wusing the CellProfiler software (Broad Institute,
Cambridge, MA, USA).
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Glucose and insulin tolerance tests, CLAMS, nuclear magnetic
resonance, and serum analysis

Glucose tolerance tests (GTT) were performed after a 6-h fast, and
mice were administered glucose (2 g/kg body weight), as described
(Tabbi-Anneni et al, 2008). Insulin tolerance tests (ITT) were
performed after a 2-h fast by injecting insulin (0.75 U/kg body
weight; Humulin, Eli Lilly, Indianapolis, IN, USA). Blood glucose
was determined using a glucometer (Glucometer Elite; Bayer, Tarry-
town, NY, USA). Dosages were based on body weight, prepared in
sterile 0.9% saline, and administered intraperitoneally. Plasma
insulin (Ultra Sensitive Mouse Insulin ELISA Kit, Chrystal Chem,
Downers Grove, IL, USA) and FGF21 (BioVendor ELISA Kit, Ashe-
ville, NC, USA) were measured using commercially available kits
according to the manufacturers’ directions. Whole body composi-
tion was measured using the Bruker Minispec NF-90 instrument
(Bruker, Billerica, MA, USA). For analysis of whole animal energy
expenditure, animals were placed in the CLAMS (Comprehensive
Lab Animal Monitoring System, Columbus Instruments) instruments
(Columbus, OH, USA), an open circuit system that directly measures
various parameters over a 72-h period, such as heat production,
food intake, and movement. NMR and CLAMS were performed at
the University of lowa Fraternal Order Of Eagles Diabetes Research
Center Metabolic Phenotyping Core. A subset of 12-week-old mice
fed regular chow was given intraperitoneal injections of either vehi-
cle (PBS) or 5 mU/g body weight insulin (Novo Nordisk, Plains-
boro, NJ, USA) after a 6-h fast. Ten minutes after insulin injection,
mice were sacrificed and gastrocnemius muscles were collected for
analysis of insulin signaling (Hinchee-Rodriguez et al, 2013).

Analysis of triglyceride levels

Triglycerides levels were measured in liver and in serum collected
after a 6-h fast using the EnzyChrom™ Triglyceride Assay Kit
(BioAssay Systems, Hayward, CA, USA). Liver triglycerides were
extracted using a solution of isopropanol and Triton X-100, as
recommended by the manufacturers (Tam et al, 2010).

RNA extraction and quantitative RT-PCR

Total RNA was extracted from tissues with TRIzol reagent (Invitro-
gen) and purified with the RNeasy kit (Qiagen Inc). RNA concentra-
tion was determined by measuring the absorbance at 260 and
280 nm using a spectrophotometer (NanoDrop 1000, NanoDrop
products, Wilmington, DE, USA). Total RNA (~3 pg) was reverse-
transcribed using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Carlsbad, CA), followed by qPCR reactions
using SYBR Green (Life Technologies, Carlsbad, CA) (Boudina et al,
2007). Samples were loaded in a 384-well plate in triplicate, and
real-time polymerase chain reaction was performed with an ABI
Prism 7900HT instrument (Applied Biosystems). The following cycle
profile was used: 1 cycle at 95°C for 10 min; 40 cycles of 95°C for
15 s; 59°C for 15 s, 72°C for 30 s, and 78°C for 10 s; 1 cycle of 95°C
for 15 s; 1 cycle of 60°C for 15 s; and 1 cycle of 95°C for 15 s. Data
were normalized to GAPDH, and results are shown as fold change
vs. WT mice. qPCR primers were designed using Primer-Blast or
previously published sequences (Kim et al, 2013; Baehr et al, 2014;
Cubillos-Ruiz et al, 2015). Utilized primers are listed in Table 1.
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Table 1. Primers.

Gene

name Forward Reverse

Fgf21 TGACGACCAAGACACTGAAGC TTTGAGCTCCAGGAGACTTTCTG
Atf4 AGCAAAACAAGACAGCAGCC ACTCTCTTCTTCCCCCTTGC
Chop GTCCCTAGCTTGGCTGACAGA TGGAGAGCGAGGGCTTTG

BiP TCATCGGACGCACTTGGAA CAACCACCTTGAATGGCAAGA
Xbp-1 ACACGTTTGGGAATGGACAC CCATGGGAAGATGTTCTGGG
splicing

Atrogin-1 ~ CTTTCAACAGACTGGACTTCTCGA  CAGCTCCAACAGCCTTACTACGT
Gapdh ACTCTCTTCTTCCCCCTTGC TCCACGACATACTCAGCAC
Ppargcla  GTAAATCTGCGGGATGATGG AGCAGGGTCAAAATCGTCTG
Tfam CAAAAAGACCTCGTTCAGCA CTTCAGCCATCTGCTCTTCC

Western blot analysis

Immunoblotting analysis was performed as previously described
(Pereira et al, 2013). Approximately, 50 mg of frozen tissue was
homogenized in 200 pl lysis buffer containing (in mmol/l) 50
HEPES, 150 NaCl, 10% glycerol, 1% Triton X-100, 1.5 MgCl,, 1
EGTA, 10 sodium pyrophosphate, 100 sodium fluoride, and
100 pmol/l sodium vanadate. Right before use, HALT protease/
phosphatase inhibitors (Thermo Fisher Scientific) were added to the
lysis buffer and samples were processed using the TissueLyser II
(Qiagen Inc.). Tissue lysates were resolved on SDS-PAGE and trans-
ferred to PVDF membranes (Millipore Corp). Membranes were incu-
bated with primary antibodies overnight and with secondary
antibodies for 1 h.

Antibodies

Primary Antibodies: OPA1 (1:1,000, BD Biosciences, San Jose,
CA, USA, #612606), FGF21 (1:1,000, Abcam, Cambridge, UK
#ab171941), VDAC (1:1,000, Thermo Scientific, #PA1-954A),
GAPDH (1:1,000, Cell Signaling Technology, Danvers, MA, USA,
#2118), phospho-Akt Ser 473 (1:1,000, Cell Signaling Technology
#9271), Akt (1:1,000, Cell Signaling Technology #2920), 4-HNE
(1:1,000, Abcam #ab46545), nitrotyrosine (1:1,000, Cell Signaling
Technology #9691), phospho-elF2o (1:1,000, Cell Signaling Tech-
nology #3597), elF2a (1:1,000, Santa Cruz Biotechnology, Dallas,
TX, USA, #5C81261), AMPK (1:1,000, Cell Signaling Technology
#2793), phospho-AMPK (1:1,000, Cell Signaling Technology
#4181), PGCl-oo (1:500, Santa Cruz Biotechnology #SC13067),
Mfnl (1:1,000, Abcam #ab57602), Mfn2 (1:1,000, Abcam #
ab101055), MuRF1 (1:1,000, Abcam #ab172479), pS6 (1:1,000,
Cell Signaling Technology #2211), S6 (1:1,000, Cell Signaling
Technology #2317), MnSOD (1:1,000, Cell Signaling Technology
#13141), BiP (BD Biosciences, 1:1,000, #610978), XBP-1 (1:500,
Santa Cruz Biotechnology #SC7160), CHOP (1:500, Santa Cruz
Biotechnology #SC7351 H1908). Secondary antibodies: IRDye
800CW anti-mouse (1:10,000, LI-COR, Lincoln, NE, USA, #925-
32212) and Alexa Fluor anti-rabbit 680 (1:10,000, Invitrogen
#A27042). Fluorescence was quantified using the LiCor Odyssey
imager.
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Cell culture and treatments

Satellite cell isolation was performed as previously described (Groh
et al, 2009). Satellite cells from OPA1"™ were plated on BD Matrigel-
coated dishes and activated to differentiate into myoblasts in DMEM-
F12,20% fetal bovine serum (FBS), 40 ng/ml basic fibroblast growth
factor (R&D Systems, 233-FB/CF), 1x non-essential amino acids,
0.14 mM B-mercaptoethanol, 1x penicillin/streptomycin, and Fungi-
zone. Myoblasts were maintained with 10 ng/ml basic fibroblast
growth factor and differentiated in DMEM-F12, 2% FBS, 1x insulin—-
transferrin—selenium, when 90% confluency was reached. Three
days after differentiation, myotubes were infected with adenovirus
for ntGFP or GFP-Cre for OPA1 deletion. Adenoviruses were obtained
from the University of lowa Viral Vector Core facility. Experiments
were performed between 3 and 7 days after infection. To inhibit ER
stress, myotubes were treated with either vehicle or 500 uM PBA for
3 days (4 days after adenoviral infection). On the third day, the
media was switched to 2% FBS phenol-red-free DMEM/F12 (dif-
ferentiation media), and fresh PBA was added at 8 am. Eight hours
later, the supernatant was collected for FGF21 measurements and
cells were processed for protein analysis by Western blot. This exper-
iment was performed three separate times. Each time four to six
replicates/condition were obtained. Representative data from six
replicates are shown. Additional sets of cells were used for cellular
respiration with the XF24 extracellular flux (XF) bioanalyzer (Agilent
Technologies/Seahorse Bioscience, North Billerica, MA, USA). Cells
were plated at a density of 20 x 10% per well and differentiated. After
3 days of differentiation, adenoviruses for ntGFP or GFP-Cre were
added, as described above, at a multiplicity of infection sufficient to
infect > 95% of the cells based on the GFP fluorescence with mini-
mal cell death. Three days after infection, medium was changed to
XF-DMEM and cells were kept in a non-CO, incubator for 60 min.
Basal oxygen consumption rate (OCR) was measured in XF-DMEM.
Oxygen consumption was then measured after the addition of each
of the following compounds: oligomycin (1 pug/ml), carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 1 uM), rote-
none (1 uM), and antimycin A (10 uM; Wende et al, 2015). For the
glycolysis stress test, prior to analysis cells were switched to glucose-
free XF-DMEM and were kept in a non-CO, incubator for 60 min.
Extracellular acidification rate (ECAR) was measured in XF-DMEM
followed by these additional conditions: glucose (10 mM), oligo-
mycin (1 puM), and 2-DG (100 mM). Data shown for Seahorse experi-
ments reflect the results of one Seahorse run/condition in which
eight replicates were utilized. For analysis of mitochondrial
membrane potential (Ay) in primary myotubes, primary myoblasts
were seeded on 24-well glass-bottom plates (Mattek, Thermo Fisher
Scientific) coated with BD Matrigel. Cells were differentiated and
infected, as described above. Three days after infection, media were
switched to FluoroBrite DMEM Media (Thermo Fisher Scientific)
supplemented with 2% FBS and 2 mM GlutaMax. Cells were then
incubated with 50 nM tetramethylrhodamine methyl ester (TMRM)
for 30 min. Media were refreshed, and 100 uM H,0, was added.
TMRM fluorescence was then continuously measured across identi-
cal fields at 5-min intervals in live cells using RFP/TRITC filter set on
a EVOS FL Auto 2 microscope (Thermo Fisher Scientific) for a total
of 100 min. Quantitative analysis of the decline of TMRM fluores-
cence in the same field over time was measured using ImageJ
(National Institutes of Health, Bethesda, MA, USA). Data represent
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the mean + standard error of the mean (SEM), with n of three repli-
cates per group. A total of four fields/well/time point were analyzed.
C2C12 myoblasts were maintained at 37°C under 5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/1
glucose supplemented with 10% fetal bovine serum. When cells
were confluent, medium was changed to DMEM supplemented with
2% horse serum for myotube differentiation. Five days after differen-
tiation, myotubes were treated with either vehicle (ethanol), 0.1 pM
oligomycin, or tunicamycin (1 pg/ml) + 500 uM PBA for 8 h, after
which cells were harvested and processed for Western blot or qPCR
analysis as described above. For experiments in which secreted
FGF21 was measured in the media, cells were cultured in phenol-
red-free DMEM during the 8-h treatment. Media were collected and
processed, and FGF21 was then measured in the supernatant and in
cell lysates using a BioVendor ELISA kit (Asheville, NC, USA),
according to the manufacturers’ directions. These studies were
repeated independently three times.

Exhaustion test

Exercise tolerance was measured on a motor-driven treadmill as previ-
ously described (Arany et al, 2007; Hakimi et al, 2007). To encourage
the mice to run, the treadmill is equipped with an electrical shock grid
at the rear of the treadmill. The shock grid was set to deliver 0.2 mA,
an uncomfortable shock that does not cause harm or injury. On days
0-2, mice were acclimated by being placed on the treadmill (set at
14 m/min at 0% grade) for 5 min/day. On day 3, exercise capacity
was determined at a constant treadmill incline of 10% using the
following protocol: First, mice underwent a 5-min run-in period at
10 m/min. Next, treadmill speed was increased by 2 m/min every
2 min. Mice were then forced to run to exhaustion, which was defined
as sitting on the shock pad for 10 s without attempting to restart
running. Blood lactate was measured under random-fed conditions
before the test and after exhaustion was reached using a Fisher Lactate
Scout Analyzer (San Antonio, TX, USA).

Grip strength

Forty-week-old WT and mOPA1 KO mice were allowed to grab the
pull bar attached to the force meter with their forelimbs and were
pulled backward by the tail. The peak tension was recorded by the
meter when their grasp failed. This procedure was repeated five

times total per session, with at least 7 days between sessions (Meyer
et al, 1979; Costa et al, 1999).

Calculations of vertical work
Vertical work was calculated using the following formula:
W (J) = F(N) x (distance (m) x % incline),
where F = body weight (kg) x 9.8 m/s>.
Data analysis
Unless otherwise noted, all data are reported as mean + SEM.

Student’s t-test was performed for comparison of two groups, and
ANOVA followed by Tukey multiple comparison test was utilized
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when more than three groups were compared. A probability value
of P < 0.05 was considered significantly different. Statistical calcula-
tions were performed using the GraphPad Prism software (La Jolla,
CA, USA).

Expanded View for this article is available online.
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