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hyperproliferation of skeletal muscle mitochondria
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Diabetes is associated with impaired glucose metabolism in the
presence of excess insulin. Glucose and fatty acids provide reducing
equivalents to mitochondria to generate energy, and studies have
reported mitochondrial dysfunction in type Il diabetes patients. If
mitochondrial dysfunction can cause diabetes, then we hypothe-
sized that increased mitochondrial metabolism should render ani-
mals resistant to diabetes. This was confirmed in mice in which the
heart-muscle-brain adenine nucleotide translocator isoform 1 (ANT1)
was inactivated. ANT1-deficient animals are insulin-hypersensitive,
glucose-tolerant, and resistant to high fat diet (HFD)-induced toxicity.
In ANT1-deficient skeletal muscle, mitochondrial gene expression is
induced in association with the hyperproliferation of mitochondria.
The ANT1-deficient muscle mitochondria produce excess reactive ox-
ygen species (ROS) and are partially uncoupled. Hence, the muscle
respiration under nonphosphorylating conditions is increased. Muscle
transcriptome analysis revealed the induction of mitochondrial bio-
genesis, down-regulation of diabetes-related genes, and increased
expression of the genes encoding the myokines FGF21 and GDF15.
However, FGF21 was not elevated in serum, and FGF21 and UCP1
mRNAs were not induced in liver or brown adipose tissue (BAT).
Hence, increased oxidation of dietary-reducing equivalents by ele-
vated muscle mitochondrial respiration appears to be the mechanism
by which ANT1-deficient mice prevent diabetes, demonstrating that
the rate of mitochondrial oxidation of calories is important in the
etiology of metabolic disease.

mitochondria | skeletal muscle | ANT1 | insulin sensitivity

M ultiple studies suggest that human diabetes and insulin
resistance are accompanied by impaired mitochondrial
oxidative metabolism. Studies of patients with type II diabetes
have revealed that mitochondrial gene expression is generally
down-regulated. In particular, the mitochondrial biogenesis tran-
scription factor PGC-1a and its downstream transcriptional targets
are lower in diabetics compared with controls (1-4); the enzymatic
activity of NADH dehydrogenase (complex I is reduced by 40%
in skeletal muscle biopsies from obese, insulin-resistant individuals
(5); mitochondrial size is diminished in obesity and diabetes (5, 6);
ADP-stimulated respiration is reduced in permeabilized muscle
fibers from obese, diabetic individuals (7, 8); and skeletal muscle,
which accounts for >80% of insulin-stimulated glucose disposal,
has impaired mitochondrial oxidative phosphorylation (OXPHOS)
in diabetics (9, 10). Mitochondrial DNA (mtDNA) rearrangements
(11, 12) and tRNA™"YYUR) nycleotide (nt) 3243A > G (13) mu-
tations have been linked to diabetes, and the tRNA nt 4291T > C
mutation has been associated with metabolic syndrome (14).

In mitochondrial myopathy, muscle mitochondrial stress is as-
sociated with the induction of the myokines fibroblast growth factor
21 (FGF21) (15, 16) and growth differentiation factor 15 (GDF15)
(17). Elevated FGF21 and GDF15 are associated with diabetes and

Www.pnas.org/cgi/doi/10.,1073/pnas.1700997 114

glucose intolerance (18, 19) but have been shown to reduce serum
glucose and insulin levels (20). Elevated FGF21 can act non-cell
autonomously to induce uncoupling protein 1 (UCP1) in brown
adipose tissue (BAT), resulting in increased mitochondrial oxida-
tion of lipids (21).

The mitochondrial inner membrane adenine nucleotide trans-
locators (ANTs) exchange mitochondrial ATP for cytosolic ADP.
The mouse has two major somatic ANT isoforms: ANT1, which is
predominantly expressed in heart, muscle, and brain; and ANT?2,
which is expressed in all tissues except muscle (22). Mice in which
the ANT1 gene is deleted develop mitochondrial myopathy in
association with the hyperproliferation of skeletal muscle mito-
chondria (23, 24).

Here we demonstrate that AntI~'~ mice have a striking resistance
to the metabolic toxicity of a high fat diet (HFD). This is associated
with excessive proliferation of partially uncoupled skeletal muscle

Significance

Mitochondrial dysfunction is associated with type Il diabetes and
metabolic syndrome, but whether it is cause or consequence is
debated. By showing that increased mitochondrial respiration
can impart glucose tolerance, insulin sensitivity, and resistance to
high fat diet (HFD) toxicity, we provide evidence that mitochon-
dria contributes to the etiology of metabolic disease. In-
activation of adenine nucleotide translocator isoform 1
(ANT1) results in proliferation of partially uncoupled muscle
mitochondrial respiration, creating a sink for excess calories.
Although ANT1-deficient muscle induces expression of Fgf21,
FGF21 level is not elevated in blood, and FGF21 and UCP1
mRNAs are not increased in liver or brown adipose tissue
(BAT). If increased mitochondrial respiration prevents HFD
toxicity, then decreased mitochondrial respiration may con-
tribute to metabolic disease.
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Fig. 1. ANT1 deficiency provides resistance to HFD and modulates metab-
olism. (A) Kaplan-Meier survival curve of Ant1** and Ant71~'~ mice fed a HFD.
(B) Body weight measured in mice fed a HFD. (C) Body composition measured
by MRI in 8-mo-old mice fed a HFD. (D) RER measured over 24 h in 8-9-mo-old
mice fed a HFD. (E) Activity levels measured over 24 h in 8-9-mo-old mice fed
a HFD. Data are represented as mean + SEM; n = 10-12 per group (A), 16-28
per group (B), and 6-9 per group (C-E). *P < 0.05; **P < 0.01; ***P < 0.001;
**%%p < 0.0001.

mitochondria resulting in higher than normal muscle respiration
levels. Although FGF21 and GDF15 mRNAs are induced in
muscle, FGF21 is not elevated in blood nor are FGF21 or UCP1
mRNAs induced in liver or BAT. Hence, in AntI ™~ mice, the high
degree of insulin sensitivity, glucose tolerance, and resistance to
HFD toxicity appears to be the result of the oxidation of excess
carbohydrates and fats in the muscle mitochondria.

Results

Protection from HFD Toxicity in ANT1-Deficient Mice. AntI 7~ mice are
markedly resistant to the toxicity of a HFD surviving past 1y, a
timepoint at which 75% of the AntI*"* mice had already died (Fig.
14). On a low fat diet (LFD) Ant1~'~ mice show a slight reduction in
survival (Fig. S14). AntI”~ mice have a 17% and 12% lower body
weight than AntI** mice on a HFD (Fig. 1B) and LFD (Fig. S1B),
respectively. Because they have similar levels of fat mass on the two
diets as evaluated by NMR, the weight difference must reside in a
reduction of lean mass on HFD (Fig. 1C) and LFD (Fig. S1C).

In 8-9-mo-old AntI™~ mice housed in metabolic cages on a
HFD, there is a slight decrease in the respiratory exchange ratio
(RER; VCO,VO,), indicating a greater reliance on lipid sub-
strates than glycolytic substrates (Fig. 1D). The LFD shifts this
relationship, such that there is a 6% increase in RER in the Ant1 ™'~

2706 | www.pnas.org/cgi/doi/10.1073/pnas.1700997 114

mice during the first 6 h of the dark cycle, indicating a greater
reliance on glycolytic substrates and greater metabolic flexibility
(Fig. S1D).

The AntI™'~ mice on a HFD are 39% less active than Ant1**
mice during the first 6 h of the light cycle and ~33% less active
during both 6-h phases of the dark cycle (Fig. 1E). AntI~~ mice on
a LFD have a similar 36% decrease in activity during the light
phase and a 45% decrease across both dark phases (Fig. S1E).
Despite decreased activity, there was no difference in O, con-
sumption or food intake between Antl ™'~ and Ant1™* on either
diet (Fig. S1 F-H). Therefore, for the same amount of activity, the
Ant1™"~ mice must consume more calories.

ANT1 Deficiency Promotes Glucose Tolerance and Insulin Sensitivity.
The fasting blood glucose levels of 9-mo-old AntI*"* and Ant1™~ on
a HFD (Fig. 24) and 24-mo-old AntI*"* and AntI™'~ mice on a
LFD (Fig. S24) showed no differences and fell within the eugly-
cemic range of 60120 mg/dL. However, the Ant1™~ mice have a
45% and 24% reduction in fasting plasma insulin levels on HFD
(Fig. 2B) and LFD (Fig. S2B), respectively, indicating the AntI*'*
mice develop age-related and diet-induced insulin resistance while
the AntI™'~ mice are protected.

When subjected to an i.p. glucose tolerance test (IPGTT), the
Ant]™~ mice showed faster glucose clearance than AntI** mice
when maintained on either the HFD (Fig. 24) or LFD (Fig. S24).
During the IPGTT, the plasma insulin levels were 40-50% lower
inAntI~'~ mice maintained on both HFD (Fig. 2B) and LFD (Fig.
S2B). Thus, better glucose clearance was achieved in the Antl1™"~
mice with minimal secretion of insulin. This data suggest that first-
phase insulin secretion was nearly absent in the AntI~'~ pancreas,
though Ant1 is not expressed in the pancreas or liver (22).

For mice maintained on a HFD for 8-9 mo, subjection to a
hyperinsulinemic-euglycemic clamp revealed that during hyper-
insulinemia, An¢1™~ mice had a 16% increase in the rate of glu-
cose disposal (Rd) and their glucose infusion rate (GIR) was 65%
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Fig. 2. ANT1 deficiency enhances insulin sensitivity. (A) Glucose tolerance test
performed in 9-mo-old mice fed a HFD for 6 mo. (B) Plasma insulin levels
during the glucose tolerance test. (C) Hyperinsulinemic—euglycemic clamp
performed on 8-9-mo-old mice fed a HFD. GIR, glucose infusion rate; Rd, rate
of glucose disposal. (D) '*C-2-deoxyglucose uptake in white fat and skeletal
muscle. Data are represented as mean + SEM; n = 16-28 per group (A and B)
and 7-9 per group (C and D). **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 3. Skeletal muscle morphology in Ant1~"~ mice. Ant7™* and Ant17~
mice fed a HFD were killed at 12 mon. Ant7~'~ mice show increased red-
dening in (A) whole-body skeletal muscle and isolated gastrocnemius.
(B) Representative electron micrographs of white gastrocnemius in the inter-
myofibrillar (IMF) and subsarcolemmal (SS) compartments. (C) Representa-
tive triple MHC labeling (MHCI, blue; MHClla, red; MHCllb, green; MHClIx,
black) performed in Ant7** and Ant1~"~ mice. (Scale bar, 2,000 um.). 1, white
gastrocnemius; 2, red gastrocnemius; 3, plantaris; 4, soleus. (D) Fiber type
proportion in white gastrocnemius from Ant7™* and Ant1~"~ mice. Data are
represented as mean + SEM; n = 2 per group. *P < 0.01; **P < 0.01.

higher than those of Ant1™* mice (Fig. 2C). The Ant1~~ mice on
a LFD had a 48% higher Rd and a 65% higher GIR, revealing
that Ant1~~ mice are more insulin-sensitive (Fig. S2C).

To measure glucose uptake '“C-2-deoxyglucose was injected into
the mice during the hyperinsulinemic—euglycemic clamp. The white
fat and skeletal muscle were removed from the animals, and
the radiolabeled glucose in these tissues was counted. On a HFD,
the AntI~'~ mice displayed a trend of increased glucose uptake in
the skeletal muscle (Fig. 2D). On a LFD, AntI™"~ mice had 70%
more glucose uptake in the white adipose tissue (WAT) than the
AntI*™ mice but no difference in skeletal muscle uptake
(Fig. S2D).

Mitochondrial Proliferation in Skeletal Muscle. To assess the effects of
the ANT1 defect on the skeletal muscle mitochondria, we isolated
whole gastrocnemius from 12-mo-old AntI** and AntI™~ mice
fed a HFD. At the macroscopic level, the Ant1 ™~ mice had darker
skeletal muscle tissue, indicative of mitochondrial proliferation
(25) (Fig. 34). The gastrocnemius muscle, which is composed of
glycolytic (white) and oxidative (red) fibers, was redder in the
Ant1~~ mouse.

Ultrastructural analysis by transmission electron microscopy
revealed hyperproliferation of swollen mitochondria with disor-
dered cristae in the AntI™~ mouse muscle. The intermyofibrillar
compartment of the AntI** mice have an ordered array of mito-
chondria with dense mitochondrial matrix along the Z-lines of the
sarcomeres, whereas the AntI~'~ mice exhibited hyperproliferation
of abnormal mitochondria, which displaced the myofibrils (Fig. 3B).
Similarly, in the subsarcolemmal compartment, the AntI*"* mice
have a normal number of dense mitochondria, whereas the Antl ™~
mice have numerous swollen mitochondria (Fig. 3B).

Morrow et al.

To determine if the reddening of the AntI ™~ muscle was due to

conversion of glycolytic fibers into oxidative fibers, we analyzed
cryosections for myosin heavy chain (MHC) isoforms type I, Ila,
IIb, and IIx by immunohistochemistry (Fig. 3C). In the Antl™~
white gastrocnemius muscle, there was an increase in oxidative type
IIa, type IIx, and coexpressing type IIb/IIx fibers and a decrease in
glycolytic type IIb fibers (Fig. 3D). Hence, ANT1 deficiency caused
a partial shift to more oxidative myofiber phenotypes.

Ant1~"~ Muscle Fiber Biochemistry. The striking resistance of Antl ™/~
mice to the toxicity of a HFD, together with the hyperproliferation
of mitochondria, which oxidize pyruvate and fatty acids, suggests
that the excess mitochondria may be protecting the mice from
calorie overload. Consistent with this hypothesis, in 12-mo-old
Antl™~ and Ant1™* mice fed a HFD, the citrate synthase (CS),
cytochrome ¢ oxidase (COX, complex IV), and succinate de-
hydrogenase (SDH, complex II) activity levels per mg muscle
protein were increased four- to sevenfold in white AntI~'~ gas-
trocnemius (Fig. 4 A-C) and three- to fourfold in the red Antl1~~
gastrocnemius (Fig. S3 A-C). Relative mtDNA content was in-
creased two- to fourfold in white (Fig. 4D) and red (Fig. S3D)
gastrocnemius, respectively.

To assess mitochondrial function, bundles of white and red
muscle fibers were dissected from the gastrocnemius, per-
meabilized with saponin, and the mitochondrial respiration was
measured. The sequential addition of glutamate and malate (G/M,
complex I substrates), ADP, and succinate (Succ, complex II
substrate) revealed an approximate 60% and 80% reduction in
state II and III respiration in Ant1 ™~ versus Ant1*"* white and red
muscle fibers when values were normalized by the specific activity
of CS, indicative of activity per individual mitochondrion (Fig. 4E
and Fig. S3E). These observations are consistent with limited
ADP/ATP exchange due to the ANT1 deficiency.

However, when the G/M (complex I) respiration rates were
normalized to muscle wet weight, the state II respiration rate,
which represents respiration not linked to ATP synthesis, was in-
creased in the Ant1™~ muscle by 161% for white fibers (Fig. 4F)
and 57% for red fibers (Fig. S3F). When metabolizing G/M in the
presence of ADP, the respiration rate was 14% lower in the Antl -
white muscle fibers and 31% lower in the AntI ™~ red muscle fibers,
consistent with ANT1 deficiency inhibiting ADP import into the
mitochondrion. However, when metabolizing both G/M and Succ
in the presence of ADP (complex I and II), respiration per unit of
muscle was 35% higher in AntI™~ white muscle fibers compared
with AntI*'* (Fig. 4F) and not significantly different between the
AntI™~ and AntI*"* red muscle fibers (Fig. S3F).

Finally, in the Antl™~ muscle, the respiratory control ratio
(RCR, state II/state II respiration) was 56% and 67% of AntI*'*
in white and red muscle fibers, respectively, consistent with the
electron transport chain being partially uncoupled from ATP
synthesis (Fig. S3 G and H). The exact molecular mechanism for
this apparent “uncoupling” is unknown, as it could result from
nonspecific leak across the inner membrane, flickering of the
mtPTP, or some other mechanism. However, the result is that the
increased mitochondrial mass and the decoupling of mitochon-
drial OXPHOS from limiting ATP synthesis in the Ant1~~ muscle
more than offsets the respiratory defect resulting from impaired
ADP/ATP exchange of the Antl™~ mitochondria, a result con-
sistent with the increased oxygen consumption in AntI ™~ mice.

To assess the effect of ANT1 deficiency on muscle mitochon-
drial ROS production, mitochondrial H,O, production was
quantified in permeabilized myofibers using Amplex Red, during
the sequential addition of G/M, Succ, ADP, and antimycin a
(AA). When metabolizing G/M, and normalized to CS, H,O,
production was reduced 81% in Ant1™~ white fibers (Fig. 4G) and
67% in Ant1”~ red fibers (Fig. S3/). When metabolizing Succ,
H,0,; production was reduced by 53% and 43% in white and red
fibers. When metabolizing G/M, Succ, and ADP, H,O, production

PNAS | March7,2017 | vol. 114 | no.10 | 2707
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Fig. 4. ANT1 deficiency causes alterations in mitochondrial enzymes and
OXPHOS activity. Ant7™* and Ant1™~ mice were fed a HFD and killed at
12 mo. Enzyme activity of (A) CS, (B) SDH, and (C) COX in isolated white
gastrocnemius muscle expressed as units of activity per wet weight of muscle
tissue. (D) Relative mtDNA content is represented by fold change of ND1
normalized to B2M in white gastrocnemius and graphed as geometric mean
with 95% confidence interval (Cl). (E) Oxygen consumption in permeabilized
muscle fibers from white gastrocnemius per unit of CS enzyme activity. ADP,
G/M + ADP; G/M, glutamate + malate; Succ, G/M + ADP + succinate. (F) Ox-
ygen consumption in permeabilized white muscle fibers per mg wet weight of
muscle tissue. (G) H,O, production in permeabilized white muscle fibers per
unit of CS enzyme activity. AA = G/M + Succ + ADP + antimycin A; ADP = G/M +
Succ + ADP; Basal = no substrates; G/M = glutamate + malate; Succ = G/M +
succinate. (H) H,O, production in permeabilized white muscle fibers per
mg wet weight of muscle tissue. (/) Free radical leak in permeabilized white
muscle fibers per unit of CS activity expressed as fold change of Ant71**. (J) CRC
in permeabilized white muscle fibers per unit of CS activity. Data are repre-
sented as mean + SEM; n = 8 per group. *P < 0.05; **P < 0.01; ***P < 0.001;
**x%P < 0.0001.

was 47% lower in white fibers, indicating that individual Ant1~~
mitochondria release less H,O, (Fig. 4G and Fig. S3I). By con-
trast, when H,O, production was normalized to muscle wet weight
to reflect whole muscle mitochondrial H,O, production, the white
and red muscle fiber H,O, production rates for G/M + Succ + ADP
were 2-2.5-fold higher in AntI ™~ muscle than Ant1** muscle (Fig.
4H and Fig. S3J).

White and red muscle fibers from AntI~~ gastrocnemius also
had a three- to fourfold increase in free radical leak during ADP-
stimulated respiration (Fig. 4/ and Fig. S3K), free radical leak being
an estimate of the proportion of electrons reacting with oxygen to
create reactive oxygen species (ROS) (26). Hence, the cumulative
muscle ROS production rate is increased in the 4nt/~”~ muscle.
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Ant1™~ muscle mitochondria are also acutely sensitive to
Ca®* activation of the mitochondrial permeability transition pore
(mtPTP) as quantified by the Ca** retention capacity (CRC) (27).
CRC normalized per mitochondrial content was reduced 70-80%
for both white and red fibers of the Ant1~~ mouse, indicating
increased predilection to mitochondrial permeability transition,
perhaps the result of the chronically increased muscle ROS pro-
duction (Fig. 4/ and Fig. S3L).

Induction of FGF21 and GDF15 in Muscle but Not Liver or BAT and No
Induction of UCP1. White gastrocnemius muscle RNA sequencing
confirmed the absence of ANT1 (Slc25a4) mRNA (Fig. 54 and
Table S1) and revealed the coordinate up-regulation of transcript
levels of mitochondrial bioenergetics genes consistent with the
hyperproliferation of mitochondria in ANT1-deficient skeletal
muscle (Fig. S44). Although the average up-regulation of the nu-
clear DNA OXPHOS genes is modest, likely due to only some of
the nuclear-coded OXPHOS proteins being rate limiting (Fig. 5B),
the up-regulation of the mtDNA-encoded OXPHOS genes is sub-
stantial (Fig. 5C). The mtDNA complex IV transcripts are strongly
up-regulated, as are the tRNA and rRNA transcripts (Fig. 5D).
Consistent with the induction of mitochondrial bioenergetics
genes, the mRNA for the transcriptional coactivator for nuclear-
coded mitochondrial genes, peroxisome proliferator-activated
receptor-y coactivator (PGC)-1p (Ppargclb), is up-regulated 2.46-
fold, although the mRNAs for PGC-1a (Ppargcla) and PGC-1-
related coactivator (Pprcl) are down-regulated (Table S1). Rip140
(Nripl), an inhibitor of mitochondrial biogenesis (28), is also
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Fig. 5. Alterations in transcript levels of ANT1-deficient gastrocnemius.
(A) Volcano plot showing distribution of the up- and down-regulated genes
in Ant1™~ versus Ant1*"* white muscle analyzed by RNA sequencing.
(B) Mean nuclear DNA (nDNA) transcript levels of the electron transport chain
complexes. Solid fill, Ant1*"*; dashed fill, Ant7~~. (C) mtDNA transcript levels
averaged by electron transport chain complexes, transfer RNAs (tRNA), and
ribosomal RNAs (rRNA). Solid fill, Ant1™*; dashed fill, Ant1™~. (D) mtDNA
transcripts shown individually in their sequential order on the mtDNA
genome. Data are represented as mean + SEM; n = 4 per group. *P < 0.01;
**P < 0.001; ***P < 0.0001. (E) Fold change relative levels of FGF21 mRNA
in gastrocnemius (gastroc) and liver and UCP1 mRNA in BAT by qPCR. H,
HFD; L, LFD. Data are represented as geometric mean with 95% Cls. n = 4
per group. **P < 0.01; ****P < 0.0001. (F) Serum FGF21 levels in Ant71*/*
and Ant1~~ mice. n = 4 per group.
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down-regulated by nearly 50% (Table S1). Additionally, the genes
related to apoptosis, cell death, and polyamine metabolism are
down-regulated (Fig. S4B).

Many transcripts of genes traditionally associated with diabetes
are reduced in the AntI~~ white muscle. The mRNAs for insulin
receptor substrates (IRS-1 and IRS-2), SHC2, PIK3CA, PDPKI1,
AKT3, GSK3B, and SGK1 are strongly reduced, as are the AMPK
pathway gene transcripts PRKAB2, PRKACB, PRKAG3, and
PRKARIA (Table S1). The mRNAs for the transcriptional reg-
ulators FOXO1 and FOS are down-regulated, whereas the
FOXO6 transcript level is up-regulated 6.91-fold. The glucose
transporter mRNA GLUT1 (Slc2al) is down-regulated, although
GLUT4 (Slc2a4) is not, even though GLUTI regulates basal
glucose uptake while GLUT4 regulates insulin-mediated glucose
uptake. Finally, PPARa (Ppara), which is implicated in FGF21
induction in liver (29), is not induced in AntI™~ muscle
(Table S1).

Strikingly, the mRNA levels for myokines associated with mi-
tochondrial myopathy and whole body energy homeostasis,
FGF21 and GDF15 (15-17), are strongly induced in skeletal
muscle (Fig. S4 C and D). FGF21 transcript is not detected in
white gastrocnemius muscle of AntI*'* mice, but it is increased
20-50-fold in Ant1~~ mice on a LFD and HFD, respectively (Fig.
SE and Fig. S4C). GDF15 transcript is also up-regulated in gas-
trocnemius muscle 4-12-fold on a LFD and HFD, respectively
(Fig. S4D). By contrast, UCP1 mRNA levels in white gastrocne-
mius are unchanged (Fig. S4F).

Although FGF21 mRNA is strongly induced in AntI™~ muscle
(Fig. 5E), the level of FGF21 in serum is decreased, not increased
(Fig. 5F). Moreover, FGF21 mRNA levels were not increased in
liver, WAT, or BAT on either LFD or HFD (Fig. 5E and Fig.
S4C). GDF15 mRNA was only increased in WAT on a LFD, not
in liver and BAT on LFD, and GDF15 mRNA is down-regulated
in BAT and WAT on a HFD (Fig. S4D). Finally, Ucp! expression
was not significantly changed in muscle or BAT on a HFD, de-
creased in BAT on a LFD, and not significantly increased in liver
or WAT on HFD, although expression was highly variable in
WAT on a HFD, which could suggest variable beige fat formation
(Fig. 5SE and Fig. S4E). BDNF mRNA, which was up-regulated in
gastrocnemius muscle, did not change in liver, WAT, or BAT on a
HFD (Fig. S4F).

Hence, the Ant1™~ mouse resistance to a HFD does not
appear to be the result of induction of FGF21 in liver, elevated
FGF21 in serum, or the induction of Ucp! in BAT, as reported
for the PolgA”*” mutator mouse. Hence, the resistance to a
HFD in the AntI™'~ mouse appears to be increased substrate
oxidation by the high levels of partially uncoupled mitochon-
dria in the skeletal muscle, although increased respiration of
WAT might also be a factor.

Discussion

Mice deficient in the heart-muscle-brain ANT isoform, ANT1, are
resistant to hyperglycemia, hypersensitive to insulin, and resistant
to HFD toxicity. Given that ANT1 deficiency results in reduced
ATP/ADP exchange between the mitochondria and the cytosol,
this observation might seem contrary to the hypothesis that mito-
chondrial dysfunction is central to the etiology of diabetes and
metabolic syndrome. However, a detailed analysis of the cellular
anatomy and physiology of the AntI~'~ mouse revealed that ANT1
deficiency is associated with a dramatic compensatory hyper-
proliferation of partially uncoupled skeletal muscle mitochondria
resulting in an overall increase in muscle mitochondrial oxidation
of substrates, even in the absence of physical activity.

This protection of Ant1~~ mice is not due to increased muscle
insulin signaling, as the genes for these pathways are down-regu-
lated. It is also not due to increased BAT hydrolysis of substrates
due to the induction by high serum FGF21 or Ucp! in BAT, as in
the PolgA”*°”* mutator mouse (21), as the Antl '~ mouse serum
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FGF21 levels were reduced and Ucp! is not induced in BAT.
Therefore, because the muscle is the primary user of systemic
glucose, the glucose tolerance and HFD resistance of the Antl ™/~
muscle is most likely due to increased muscle mitochondrial res-
piration, which depletes circulating glucose, nonesterified fatty
acids, and triglycerides (30).

In the PolgAP?”! mutator mouse, FGF21-mediated induction
of Ucpl with uncoupling of OXPHOS in BAT was proposed to
remove the excess calories and account for increased insulin sen-
sitivity and resistance to HFD-induced obesity (21). Because the
PolgAP* mutator mouse accumulates abnormally high levels of
mtDNA mutations in all tissues (31), increased metabolism of fats
and glucose through muscle mitochondrial might also contribute to
the glucose tolerance and insulin resistance of the Polg4”*™
mutator mice, and skeletal muscle mitochondrial function was not
analyzed in these animals.

In mice in which Ucpl was ectopically expressed in muscle (7g-
HAS-UCPI), the partially uncoupled muscle mitochondria are
associated with increased insulin sensitivity and resistance to a
HFD (32-34). Thus, like the Ant1™~ mice, increased muscle mi-
tochondrial respiration in the Tg-HAS-UCPI mice rendered them
resistant to high glucose and fat toxicity. This supports the notion
that increased skeletal muscle mitochondrial respiration due to
OXPHOS uncoupling can impart glucose tolerance, insulin sen-
sitivity, and resistance to HFD toxicity.

Therefore, the high glucose tolerance, insulin sensitivity, and
resistance to HFD toxicity of the AntI ™~ mice is more analogous to
that of the Tg-HAS-UCPI mice. This similarity is further enhanced,
as the knock-out of the Fgf21 gene in Tg-HAS-UCPI mice did
not abrogate their tendency to hypoglycemia and increased insulin
sensitivity (35).

As the PolgAP?™ Tg-HAS-UCPI, and AntI~~ mice all impart
resistance to hyperglycemia and HFD through uncoupling of
OXPHOS in muscle and/or WAT and BAT, then OXPHOS
uncoupling must be the basis of their hypoglycemia insulin sensi-
tivity and resistance to HFD. Given that increased mitochondrial
respiration protects against excessive substrate toxicity, then the
converse should also be true. Impaired mitochondrial OXPHOS
should contribute to predisposition to diabetes, obesity, and
metabolic syndrome. Modulation of mitochondrial function as an
oxidative sink for substrates may thus provide a potential thera-
peutic strategy for metabolic diseases.

Materials and Methods

Mice. Male Ant1~~ and Ant7™"* mice (C57BL/6JEiJ) were fed a LFD (13.5% kcal
from fat; Purina LabDiet 5001) or a HFD (60% kcal from fat; Purina TestDiet
58G9). Food and water were provided ad libitum. Mice were maintained on a
13:11 h light-dark cycle. All procedures were approved by the Children’s
Hospital of Philadelphia Institutional Animal Care and Use Committee.

Metabolic Analysis. Body composition was measured by MRI (Echo Medical
Systems). Mice were placed in a restraining device and scanned for 90 s. RER
and activity were measured over 24 h in metabolic cages (CLAMS; Columbus
Instruments) with ad libitum access to food and water.

Glucose Tolerance Test. Mice were fasted overnight for 12 h, and tail blood
was collected for glucose and insulin levels. Following i.p. injection of glucose
(1.5 g/kg), blood was collected at 20, 40, 60, 90, and 120 min. Glucose was
measured using a glucometer (Bayer Ascensia Contour). Insulin was measured
from heparinized plasma using an Ultra Sensitive Mouse Insulin ELISA Kit
(Crystal Chem).

Electron Microscopy and Immunohistochemistry. For EM studies, gastrocne-
mius was isolated, and red and white fibers were immediately dissected and
fixed with 2.5% (vol/vol) glutaraldehyde, 2.0% (vol/vol) paraformaldehyde in
0.1 M sodium cacodylate buffer, pH 7.4, overnight at 4 °C. For IHC studies,
the gastrocnemius, plantaris, and soleus complex was dissected as a whole
and frozen in isopentane cooled in liquid nitrogen. Serial cross-sections were
immunolabeled for MHC type |, lla, llb, and IIx (36).
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Mitochondrial Enzyme Activity and mtDNA Content. Red and white gastroc-
nemius was dissected and frozen in liquid nitrogen. CS enzyme activity was
determined by the change in absorbance of DTNB measured at 412 nm. COX
enzyme activity was determined by the change in absorbance of reduced
cytochrome ¢ measured at 550 nm. SDH enzyme activity was determined by
the change in absorbance of DCIP measured at 600 nm. Relative mtDNA
content was measured by quantitative PCR using primers for ND1 and B2M.

Muscle Fiber Biochemistry. Respiration was performed in saponin permeabilized red
and white gastrocnemius muscle fibers using an Oxygraph O2K (Oroboros In-
struments) at 37 °C. We added 10 mM glutamate, 5 mM malate, 2 mM ADP, and
10 mM Succ sequentially. ROS production was measured in permeabilized fibers
using Amplex Red (ThermoFisher) at 37 °C in a fluorometer. Then, 5 mM gluta-
mate, 5 mM malate, 5 mM Succ, 2 mM ADP, and 10 uM AA were added se-
quentially. Excitation at 563 nm and emission at 587 nm was measured. CRC was
measured in permeabilized fibers using Calcium Green (ThermoFisher) at 37 °Cin
a fluorometer. Excitation at 505 nm and emission at 535 nm was measured (37).
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RNA-Seq and FGF21 and GDF15 Analysis. Total RNA from white gastrocnmeius
was extracted with TRIzol and depleted of rRNA using RiboMinus (ThermoFisher).
Libraries were prepared with lon Library kit and sequenced using the lon Proton
Sequencer (ThermoFisher). RNA-seq data were analyzed using Partek Genomics
Suite software version 6.12.0109, DESEq. (38), and The Database for Annota-
tion, Visualization and Integrated Discovery v6.7 (DAVID) (39). Trlzol isolated
RNA from gastrocnemius, liver, WAT, and BAT was isolated from Ant1™~ and
ANTT*™* mice, and FGF21, GDF15, BDNF, and UCP1 mRNAs were quantifies by
TagMan assay. Serum FGF21 levels were determined by Rat-Mouse FGF21
ELISA Kit (EMD Millipore).
Additional methods are provided in S/ Materials and Methods.
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