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Abstract

Aims/hypothesis—Mitochondria are important regulators of the metabolic phenotype in type 2
diabetes. A key factor in mitochondrial physiology is the H™-ATP synthase. The expression and
activity of its physiological inhibitor, ATPase inhibitory factor 1 (IF1), controls tissue homeostasis,
metabolic reprogramming and signalling. We aimed to characterise the putative role of IF1 in
mediating skeletal muscle metabolism in obesity and diabetes.

Methods—We examined the ‘mitochondrial signature’ of obesity and type 2 diabetes in a cohort
of 100 metabolically characterised human skeletal muscle biopsy samples. The expression and
activity of H*-ATP synthase, IF1 and key mitochondrial proteins were characterised, including
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their association with BMI, fasting plasma insulin, fasting plasma glucose and HOMA-IR. IF1 was
also overexpressed in primary cultures of human myotubes derived from the same biopsies to
unveil the possible role played by the pathological inhibition of the H*-ATP synthase in skeletal
muscle.

Results—The results indicate that type 2 diabetes and obesity act via different mechanisms to
impair H*-ATP synthase activity in human skeletal muscle (76% reduction in its catalytic subunit
vs 280% increase in IF1 expression, respectively) and unveil a new pathway by which IF1
influences lipid metabolism. Mechanistically, IF1 altered cellular levels of a-ketoglutarate and L-
carnitine metabolism in the myotubes of obese (84% of control) and diabetic (76% of control)
individuals, leading to limited p-oxidation of fatty acids (60% of control) and their cytosolic
accumulation (164% of control). These events led to enhanced release of TNF-a. (10 = 2 pg/ml,
27 =+ 5 pg/ml and 35 £ 4 pg/ml in control, obese and type 2 diabetic participants, respectively),
which probably contributes to an insulin resistant phenotype.

Conclusions/interpretation—Ouverall, our data highlight IF1 as a novel regulator of lipid
metabolism and metabolic disorders, and a possible target for therapeutic intervention.

Keywords

Energy metabolism; H*-ATP synthase; Inhibitory factor 1 (IF1); Mitochondria; Obesity; Skeletal
muscle; Type 2 diabetes

Introduction

Interest in a pathophysiological role for mitochondria in obesity and type 2 diabetes has
increased in response to growing evidence linking metabolic diseases with mitochondrial
dysfunction [1, 2], especially in the case of skeletal muscle [3]. Genetic and metabolic
factors, oxidative stress, ageing, high-fat diets and sedentary lifestyles may affect
mitochondrial function, contributing to the development of insulin resistance [2]. However,
molecular mechanisms underlying skeletal muscle mitochondria dysfunction in the setting
of obesity and diabetes remain poorly understood.

Mitochondria are key regulators of cellular metabolism, influencing bioenergetics and cell
death, and mediating intracellular signalling [4, 5]. Glucose and lipid metabolism are largely
dependent on mitochondria. Normoxic cells oxidise pyruvate to CO,, generating the proton
electrochemical gradient used for ATP synthesis in oxidative phosphorylation (OXPHOS)
[4]. The cellular availability of ATP, NADH and Krebs cycle intermediates coordinates the
flux of glucose consumption and lipid metabolism in the short term [4]. A key transducer in
these processes is H*-ATP synthase, an enzyme localised to the inner mitochondrial
membrane [6] that has emerging roles in coordinating the activation of apoptosis [7], the
shape and structure of cristae [8], and reactive oxygen species (ROS)-mediated crosstalk
between mitochondria and the nucleus [9, 10].

As a consequence of the multiplicity of H*-ATP synthase functions, alterations in its
expression, phosphorylation and activity may contribute to a pathophysiological aetiology
common for many chronic diseases, including cancer [4] and type 2 diabetes [11-13].
Modulation of the expression/activity of the H*-ATP synthase physiological inhibitor,
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ATPase inhibitory factor 1 (IF1), is another strategy employed by cells to control energy
metabolism and activate nuclear programmes for survival and proliferation [14, 15]. This
protein of the mitochondrial matrix also plays a prominent role in metabolic reprogramming
exhibited by human cancer cells [16], as well as by induced pluripotent stem cells and stem
cells [17, 18]. However, the basic cell biology of IF1 in obesity and type 2 diabetes remains
surprisingly unknown.

Therefore, we aimed to characterise the putative role of IF1 in skeletal muscle, a tissue
highly dependent on mitochondrial activity, in the setting of these metabolic disorders. Our
hypothesis is that IF1, by inhibiting the H*-ATP synthase, could reroute energy and lipid
metabolism, contributing to an insulin resistant phenotype and to the onset and progression
of type 2 diabetes.

Human samples

Muscle biopsies were obtained from 100 participants (32 obese diabetic participants [O-
T2D], ten non-obese diabetic participants [nO-T2D], 24 obese nondiabetic participants [O-
nT2D] and 34 non-obese non-diabetic participants [nO-nT2D]; Table 1) as previously
described [19, 20]. Participants were recruited over a number of years for multiple studies
with institutional and ethical approval to use the samples and data collected for additional
evaluations. The experimental protocol was approved by the Human Research Protection
Programs of the VA San Diego Medical Center and University of California (San Diego,
CA, USA). Informed written consent was obtained from all participants. Muscle satellite
cells were prepared [19,20], transfected on day 4 after fusion using reported plasmids [9]
and experiments were performed at day 6. Where indicated, cells were treated with carnitine
(1 mmol/l), etomoxir (100 umol/l), oligomycin (5 pmol/l), dibutyryl cAMP (dbcAMP; 100
pmol/l) or H89 (10 pmoll/l).

Details for all procedures are provided and the buffers used are specified in the electronic
supplementary material (ESM) Methods.

Determination of the activity of OXPHOS complexes

Permeabilised skeletal muscle tissue (electron transport chain [ETC] complexes) or isolated
mitochondria (H*-ATP synthase) were used for the spectrophotometric determination of
activities [7, 21]. See ESM Methods: Determination of the activity of OXPHOS complexes
and Mitochondria isolation and H*-ATP synthase activity.

Glucose uptake assay and lactate determination

Uptake of the non-metabolised analogue 2-deoxyglucose (0.01 mmol/l) was measured in the
presence or absence of 100 nmol/l insulin [20]. The rate of lactate production was
determined in human primary culture of skeletal muscle cells (hSMC) media [9] using a YSI
2300 STAT Plus analyser (YSI Life Science, Yellow Springs, OH, USA). See ESM
Methods: Glucose uptake assay and Lactate determination.
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Determination of NEFA oxidation, glutathione, a-KG, NEFA, NAD/NADH and myokine

secretion

Proteomics,

Fatty acid metabolism was assayed by p-oxidation of the long chain fatty acid palmitate [22]
(see ESM Methods: NEFA oxidation). Muscle glutathione [7] and a-ketoglutarate (a.-KG)
concentrations were spectrophotometrically determined. The NEFA assay kit (Sigma-
Aldrich, St Louis, MO, USA), NAD/NADH quantification kit (Sigma-Aldrich) and the
RayBio C-Series Human Cytokine Antibody Array C3 (RayBiotech, Norcross, GA, USA)
were employed. A Specific Human TNF-a Quantikine HS ELISA (R&D Systems,
Minneapolis, MN, USA) was used to quantify TNF-a. levels in myotube media. See ESM
Methods: Determination of myokine secretion and Determination of glutathione, a-KG,
NEFA and NAD/NADH.

immunoblot and immunoprecipitation analysis

Proteins were digested in trypsin, labelled, fractionated and processed by LC-MS2/MS3 as
previously described [23]. Data were processed using the Proteome Discoverer 2.1 (Thermo
Fisher Scientific, Waltham, MA, USA). See ESM Methods: Proteomics for further details.
Proteomic raw data and annotated spectra have been uploaded to the online repository
ProteomeXchange through MassIVE (accession numbers: PXD006629 and
MSV000081125, respectively).

Tissue and cell lysates were fractionated by SDS-PAGE or incubated with IF1 antibody
bound to EZ View Red Protein G Affinity Gel at 4°C [24]. See ESM Methods:
Immunoprecipitation assays.

Details of antibodies are specified in ESM Methods: Western blot antibodies and
methodology.

Detection and quantification of bands were accomplished using the LiCor Odyssey CxL
system and Licor Image Studio analysis software (v.3.1.4).

Statistical analysis

Results

Statistical analyses were performed using a two-tailed Student’s #test. ANOVA and the post
hoc Tukey’s test were used for multiple comparisons, employing the SPSS 17.0 and
Graphpad Prism 7 software packages. Bonferroni correction was applied to avoid multiple
comparison errors. Regression lines were calculated using Excel and Graphpad Prism 7
software. The results shown are means + SEM or SD. A p < 0.05 was considered to be
statistically significant.

Obesity and type 2 diabetes induce dysfunction in skeletal muscle mitochondria

To assess the role of obesity in regulating human muscle mitochondria, we studied the
proteomic profile of mitochondrial enriched samples from hSMCs derived from O-nT2D
and nO-nT2D participants (Fig. 1a and Table 2). Among the mitochondrial proteins whose
expression was highly altered during obesity, 15 were repressed and 32 elevated compared
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with samples from non-obese participants (Fig. 1a and Table 2). Of obesity-induced
downregulated proteins, 42% are represented by subunits of H*-ATP synthase. Other up- or
downregulated proteins revealed impairments in the ETC, mitochondrial translation
machinery, biogenesis, Krebs cycle, lipid and amino acid metabolism, and oxidative stress
pathways (Fig. 1a and Table 2). Immunoblotting of hSMCs confirmed the results from
proteomic profiling of the downregulation in obesity of catalytic subunits a.- and p-F1-
ATPase of H*-ATP synthase (Fig. 1b).

These data were confirmed by determining the expression of mitochondrial proteins in
skeletal muscle biopsies from O-T2D, nO-T2D, O-nT2D and nO-nT2D individuals
(representative blots are presented in Fig. 1c; full quantification is shown in ESM Fig. 1).
Skeletal muscle immunoblot data correlated with hSMC protein abundance assessed by
proteomics, suggesting that hSMCs are valuable tools for the study of human pathologies. p-
F1-ATPase was highly repressed (76%) in both O-T2D and nO-T2D compared with nO-
nT2D participants. However, its inhibitor IF1 was overexpressed (280%) in obese
participants regardless of the presence of diabetes (Fig. 1¢ and ESM Fig. 1), suggesting that
the inhibition of OXPHOS is a common feature of obesity and diabetes. In addition, we
found diabetes-associated changes in the expression of the mitochondrial redox sensor
superoxide dismutase 2 (SOD2) and in the fusion/fission regulators mitochondrial dynamin-
like GTPase (OPA-1) and dynamin-related protein (DRP-1) (Fig. 1c and ESM Fig. 1). The
DRP-1/OPA-1 ratio was significantly correlated with fasting plasma glucose (FG) levels (/2
=0.191, p=0.049; ESM Fig. 2), supporting the idea that type 2 diabetes modifies the
balance between the machinery involved in the mitochondrial dynamic network in skeletal
muscle [25]. See ESM Results for more details.

In addition to their expression levels, even slight changes in OXPHOS complex activities
can contribute to the skeletal muscle bioenergetic impairment observed during metabolic
pathologies [2]. While neither obesity nor diabetes induced changes in the activity of
complexes 11+111, complex | activity was significantly reduced in O-nT2D (80%) and nO-
T2D (85%) compared with healthy individuals (Fig. 1d, e and ESM Fig. 3). Complex |
activity was inversely correlated with BMI (/2 = 0.338, p = 0.042; ESM Fig. 3). While
independent of BMI, complex 1V activity was impaired in O-T2D individuals (75%) and
inversely correlated with fasting plasma insulin (FI) (72 = 0.272, p= 0.051) and HOMA-IR
(72 =0.203, p=0.050; Fig. 1f and ESM Fig. 3). Both obesity and diabetes influenced the
activity of H*-ATP synthase, reducing it to 82% and 67% relative to nO-nT2D participants,
respectively (Fig. 1g).

Taken together, these data suggest that obesity and diabetes contribute in different ways to
impairments in the skeletal muscle mitochondrial network.

Increasing IF1/B-F1-ATPase ratio is a hallmark of obesity and type 2 diabetes

Despite metabolic pathologies acting distinctly on the expression of IF1 and p-F1-ATPase
proteins, the ratio of IF1/B-F1-ATPase, which serves as an indicator of impaired H*-ATP
synthase activity, was significantly increased in both diabetes (190%) and obesity (380%)
compared with nO-nT2D individuals (Fig. 2a—c). However, no changes in the IF1/p-F1-
ATPase ratio were observed in the nO-T2D group (Fig. 2c), suggesting that obesity is the
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primary modulator of the expression of these proteins. Accordingly, the IF1/B-F1-ATPase
ratio positively correlated with BMI (/2 = 0.448, p=0.011; Fig. 2d) but not with age (Fig.
2e), FG (Fig. 2f), FI (Fig. 2g) or HOMA-IR (Fig. 2h).

Having observed a significantly higher increase in the IF1/B-F1-ATPase ratio in O-T2D
compared with O-nT2D participants (Fig. 2¢) and as the number of nO-T2D participants
was relatively low, we were not convinced of the potential of these proteins of energy
metabolism to serve as biomarkers of both diseases. To investigate this issue further, we
carried out unsupervised hierarchical clustering of the biopsies using the expression of three
ratios (IF1/p-F1-ATPase, IF1/heat shock protein 60 [HSP60] and p-F1-ATPase/HSP60) for
aggregation purposes. Clustering of 80 biopsies from the four participant groups resulted in
two populations with a classification sensitivity of 85% (O-T2D vs others; Fig. 2i). This
suggests that a change in H*-ATP synthase activity, from either -F1-ATPase
downregulation or IF1 overexpression, could be a hallmark of both obesity and diabetes.

IF1 activity towards H*-ATP synthase can also be regulated by phosphorylation, which
inactivates the protein [24]. While no significant changes in RNA expression of human IF1
between control, obese or diabetic populations were reported [26], we found that IF1 was
significantly more phosphorylated in non-obese healthy individuals than in obese or type 2
diabetic individuals (Fig. 2j). This finding supports the idea of a third mechanism,
phosphorylation, by which these pathologies modulate the activity of H™-ATP synthase to
promote dysfunction in skeletal muscle [13].

IF1 perturbs metabolism in myotubes from obese and type 2 diabetic individuals

To study its role in the biology of muscle cells, we overexpressed IF1 in primary cultures of
hSMCs obtained from non-obese healthy, obese and diabetic participants (Fig. 3). IF1
overexpression resulted in a 300% increase in the protein expression (ESM Fig. 4),
comparable to that observed in skeletal muscle from obese and diabetic participants (Figs
1b, 2a—c). Consistent with the higher basal phosphorylation of IF1 in healthy individuals
(Fig. 2j), neither endogenous nor exogenous IF1 were active (Fig. 3, black bars), as neither
ATPase activity nor other assays (Figs 3, 4) were altered with IF1 overexpression (ESM Fig.
4). However, when IF1 was overexpressed in hSMCs from obese or diabetic participants, we
found a significant reduction (34% and 28%, respectively) in ATPase activity in comparison
to healthy individuals (Fig. 3a). As reported previously [20], glucose uptake in the absence
of insulin is reduced in myotubes from obese and diabetic individuals. Yet, IF1
overexpression in these myotubes resulted in increased glucose uptake (Fig. 3b) and
production of extracellular lactate (Fig. 3c). Inhibition of the rate-limiting enzyme of
OXPHOS by IF1 also prompted the accumulation of ETC substrates, as indicated by a
significant reduction in the NAD/NADH ratio in IF1-expressing cultures from O-nT2D and
O-T2D individuals (75% and 65% of control-transfected myotubes, respectively; Fig. 3d).
Moreover, in hSMCs from both obese and diabetic individuals, IF1 significantly reduced
mitochondrial NEFA (palmitate) B-oxidation (60% of control, Fig. 3e). The effect of IF1 is
totally abrogated by including carnitine during the oxidation assay (3 h treatment; Fig. 3f
and ESM Fig. 5), suggesting a role for IF1 in carnitine metabolism.
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Carnitine is essential for transport of NEFAs into the mitochondrial matrix [27]. Palmitate
oxidation in both control and IF1 overexpressing cells was blocked by the administration of
the irreversible inhibitor of carnitine palmitoyltransferase-1 (CPT-1) etomoxir (Fig. 3f, ESM
Fig. 5). In line with a role for IF1 in interfering with carnitine levels or functions, IF1
overexpression led to anaplerotic perturbations of the cellular metabolome. Specifically, this
was seen as a reduction in the amount of the Krebs cycle and carnitine biosynthesis
intermediate a-KG in myotubes from diabetic participants (Fig. 3g). This reduction was
more evident when the media was deprived of glutamine, a natural source of the metabolite
(Fig. 3h). Moreover, the cytosolic content of NEFAs in myotubes from diabetic individuals
were significantly increased when cells were transfected with IF1 (164% of control, Fig. 3i),
highlighting the involvement of H*-ATP synthase in controlling NEFA localisation and
metabolism.

IF1 prompts secretion of TNF-a, contributing to insulin resistance

pt?>Skeletal muscle has been identified as a secretory organ releasing ‘myokines’,
molecules that act in an autocrine, paracrine and/or endocrine manner to regulate tissue
metabolism. Overexpression of IF1 induced alterations in the secretory profile of hSMCs
from diabetic individuals (Fig. 4a). In particular, IF1 stimulated the secretion of the
proinflammatory myokine TNF-a from hSMCs derived from obese (10 + 2 pg/ml vs 27 £ 5
pg/ml) and type 2 diabetic (10 = 3 pg/ml vs 35 £ 4 pg/ml) participants (Fig. 4b). In line with
its phosphorylation state and previous results (Fig. 3), the overexpression of IF1 in hSMCs
from healthy participants had no effect on TNF-a secretion (7 £ 2 pg/ml vs 8 + 3 pg/ml; Fig.
4b).

TNF-a levels have been shown to interfere with insulin stimulation of glucose uptake [28].
As has been shown previously [20], insulin effects on glucose uptake were reduced and
absent in hSMCs from obese and diabetic individuals, respectively (Fig. 4c grey and white
bars, respectively). However, and consistent with the effect on TNF-a,, even this modest
insulin effect in hSMCs from obese participants (Fig. 4c CRL vs CRL + i, grey bars) was
lost after the overexpression of IF1 (Fig. 4c IF1 vs IF1 + i, grey bars), suggesting that
mitochondrial OXPHQOS contributes to insulin sensitivity in these myotubes. This effect is
not evident in myotubes from nO-nT2D participants (Fig. 4c, black bars), where IF1 is
inactive, and from O-T2D participants (Fig.4c, white bars) who are already insulin resistant.
Overall, IF1 overexpression induced glucose uptake and decoupled the glucose uptake from
the control of insulin, characterising an enhanced insulinindependent glucose uptake and
causing metabolic inflexibility.

IF1 effects are dependent on its phosphorylation state

IF1 activity is regulated by its expression levels, the mitochondrial matrix pH and by
phosphorylation [24]. We overexpressed constitutively active phosphodeficient (S39A) and
inactive phosphomimetic (S39E) mutants of IF1 [24] in hSMCs derived from O-T2D
participants (Fig. 5). Although IF1, S39A and S39E plasmids all induced an increase in the
expression of IF1 protein (Fig. 5a), only IF1 and S39A led to a significant inhibition of
ATPase activity (Fig. 5b) and a consequent reduction in the NAD/NADH ratio (Fig. 5c),
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suggesting that S39E-transfected cells respond like the IF1-insensitive hSMCs from healthy
individuals.

It has been demonstrated that a mitochondrial protein kinase A (PKA)-like kinase is
responsible for IF1 phosphorylation [24]. Accordingly, administration of the competitive
PKA inhibitor H89 (6 h) significantly reduced H*-ATP synthase activity, while 6 h treatment
with the PKA activator docAMP did not induce significant changes in ATPase activity in
myotubes from type 2 diabetic individuals (Fig. 5b and [24]). As might be expected,
palmitate oxidation was significantly modified by IF1, S39A and H89, but not by S39E,
dbcAMP or by the silencing of IF1 (Fig. 5d). Conversely, myotube TNF-a secretion was
significantly increased by the expression of IF1 (420%) and S39A (530%), while
phosphorylation of IF1 significantly halved its effect (Fig. 5e). Also, silencing of IF1 did not
alter ATPase activity (Fig. 5b), NADH pool (Fig. 5¢) and TNF-a secretion (Fig. 5¢),
highlighting dephosphorylation as one of the principle mechanisms of IF1 activation during
obesity and diabetes.

Discussion

Proteomic analysis of skeletal muscle biopsies, and the study of the biology of hSMCs from
a cohort of participants with obesity and/or type 2 diabetes, offer valuable tools for the
investigation of the relevance of mitochondrial impairment in these metabolic disorders. We
demonstrate that mitochondrial OXPHOS, ROS and dynamic machineries, involved in both
the pathogenesis and long-term complications of type 2 diabetes [29, 30], are modified
differently in obesity and diabetes, with the downregulation of H*-ATP synthase activity
being a common feature. The overexpression of the dephosphorylated active form of the H*-
ATP synthase inhibitor, IF1, in myotubes from obese and diabetic individuals boosts aerobic
glycolysis, altering the NADH and a.-KG pools, thus attenuating lipid metabolism and
insulin sensitivity while stimulating TNF-a release. Conversely, the phosphorylated
deactivated forms of IF1, either occurring naturally in healthy individuals or from the
inactive phosphomimetic (S39E) mutant, lack these effects. This paper provides the first
account highlighting the relevance of inhibiting the mitochondrial H*-ATP synthase activity
in glucose and lipid metabolism in human muscle, and stresses the potential value of IF1 as
a target for therapeutic intervention.

We have identified different processes by which muscle cells from obese or diabetic
individuals can repress H*-ATP synthase activity. Type 2 diabetes preferentially induces
downregulation of the catalytic subunit B-F1-ATPase (this study and [11]), while obesity
causes the upregulation of IF1 both ex vivo and in vitro. Moreover, in line with recent
reports about the dephosphorylation and activation of IF1 during hypoxic conditions,
carcinogenesis and lack of B-adrenergic stimulation [24], the dephosphorylated active form
of IF1 is prevalent in both obesity and type 2 diabetes. These findings provide further
support for the idea that H*-ATP synthase repression represents one of the principal
strategies of the cell to alter energy metabolism. Indeed, the impaired capacity to switch
between fatty acid and glucose oxidation that we have reported during IF1 overexpression
has been described in insulin resistance [31], as well as in obesity, in the heart with impaired
glucose tolerance [32] and in diabetic nephropathy [2, 12].
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Whether mitochondrial dysfunction is a cause or consequence of insulin resistance remains
controversial. Insulin has a stimulatory effect on ATP production and mRNA transcripts of
OXPHOS enzymes in skeletal muscle [33]. Moreover, it can activate PGCla and mitogen-
activated protein kinase pathways [34], favouring cell growth and mitogenesis, which could
become impaired during insulin resistance [33]. Mitochondrial dysfunction might impair
insulin signalling by altering fatty acid metabolism, resulting in increased cytosolic
diacylglycerol content [1] and blocking insulin signalling cascades. In line with this,
PGCla-stimulated mitogenesis has been shown to increase the energetic state of the cell,
upregulating the expression of subunits of H*-ATP synthase, thus counteracting chronic
pathologies such as diabetes [35]. Now, we report that IF1-dependent modulation of H*-ATP
synthase activity in hSMCs from both obese and diabetic individuals is sufficient to induce
alterations in fatty acid oxidation and insulin sensitivity. While IF1 has a significant effect
on lipid metabolism in hSMCs, the effect on insulin sensitivity is not evident in myotubes
derived from participants with type 2 diabetes who are already insulin resistant [21] or from
healthy individuals where IF1 is phosphorylated and inactive [24, 36].

We have shown that active IF1 OXPHOS inhibition indirectly alters the mitochondrial
NADH pool. This event has been linked with the inhibition of anaplerotic reactions of the
Krebs cycle, leading to perturbations in the mitochondrial metabolome [37, 38]. Consistent
with this, we demonstrated that levels of the Krebs cycle metabolite a.-KG are reduced
during IF1 overexpression. Interestingly, although complete loss of mitochondrial function is
detrimental, partial suppression of H*-ATP synthesis by increased a-KG or IF1 levels has
been shown to extend Caenorhabditis elegans lifespan [39] and protect neurons from
glutamate excitotoxicity [7]. This suggests that modulation of H*-ATP synthase activity is a
double-edged sword, dependent on substrate availability and metabolic conditions.
Accordingly, IF1 overexpression has no effect in non-obese healthy participants and a-KG
does not extend the lifespan of dietary-restricted animals [39].

Since a-KG is also a cofactor in L-carnitine biosynthesis, IF1 could cause an alteration in L-
carnitine levels, leading to an impairment of efficient carnitine-dependent entry of NEFAs
into the mitochondrial matrix (Fig. 5f). These events led to the cytosolic accumulation of
NEFAs and a subsequent reduction of mitochondrial B-oxidation of NEFAs, in line with the
decreased skeletal muscle lipid oxidation found in obesity and type 2 diabetes [22, 40]. A
high level of NEFAs coordinates a mitochondrial-to-cytosolic stress response [41] and is
associated with an increase in the release of TNF-a from the liver, adipocytes and skeletal
muscle cells [42, 43] that correlates with insulin resistance [28]. Given that skeletal muscle
is the largest organ in the human body, myokines have the potential to influence crosstalk
between different organs, playing a role in metabolic disorders such as obesity and type 2
diabetes [44, 45]. We have demonstrated that the overexpression of an active form of IF1
ultimately prompts myotube TNF-a secretion (Fig. 5f) in a concentration sufficient to alter
insulin sensitivity [28].

While the focus of the current work is on the role(s) of IF1 and H*-ATP synthase in line
with the smaller size and density of mitochondria in skeletal muscle biopsies from obese and
diabetic participants [46, 47], we also found differential effects of obesity and type 2
diabetes on components of the mitochondrial dynamics network that define mitochondrial
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morphology. These data, together with our findings regarding regulation of IF1 and H*-ATP
synthase, further highlight that obesity and type 2 diabetes contribute distinctly to skeletal
muscle mitochondrial dysfunction observed in both disorders. Indeed, whether a shared
disease process underlies obesity and diabetes is an ongoing question [48]. Improving the
understanding of how these diseases differ with respect to molecular and functional
mechanisms could help to develop more effective approaches to treatment.

Limitations of the current study include the incomplete metabolic phenotyping of the
participants, as substrate oxidation and mitochondrial activity were not measured in vivo, as
well as the smaller number of nO-T2D individuals available; although this lower proportion
reflects their prevalence in the general type 2 diabetes population. Further type 2 diabetes
proteomics and metabolomics profiling could provide additional insight. Strengths include
the number of participants and the ability to directly manipulate IF1 expression and
phosphorylation in myotubes derived from many of the same individuals, allowing us to
advance from observations of correlations to the investigation of potential mechanisms.

Overall, the results point to IF1 as an intrinsic player within the muscle cell that can alter
lipid metabolism during obesity and type 2 diabetes, and thus alter retrograde signalling to
the nucleus for programmes of myokine secretion and insulin resistance. Hence, we propose
H*-ATP synthase activity as a pivotal regulator of skeletal muscle endocrine signalling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Skgeletal muscle ‘mitochondrial signatures’ in pathology. (a) Proteomic analysis of
mitochondria-enriched hSMCs. Lateral pie charts represent the percentage of mitochondrial
downregulated (negative log,[O/non-0]) and upregulated (positive log,[O/non-0]) proteins.
A (-)log pvalue of >1.3 was considered to be statistically significant. (b) Immunaoblotting of
hSMCs showing catalytic subunits a- and B-F1-ATPase of H*-ATP synthase. (c)
Representative blots of mitochondrial proteins related to dynamics, ROS signalling and
OXPHQOS, and quantification of ETC complex activities (d—f) in 100 skeletal muscle
biopsies. (g) H*-ATP synthase activity in isolated mitochondria from hSMCs. AA, amino
acid; Core I, ubiquinol-cytochrome c reductase core protein Il; COX 1V, mitochondrially
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encoded cytochrome c oxidase 1V; MFN-1, mitofusin 1; MFN-2, mitofusin 2; SDH,
succinate dehydrogenase complex; TCA, tricarboxylic acid. Histograms show the mean +
SEM of the number of individuals analysed. *p < 0.05, **p< 0.01, ***p < 0.001 by
ANOVA multiple comparisons. Non-O, non-obese; O, obese. Also see ESM Figs 1-3 and
Tables 1, 2
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Fig. 2.
IF1/B-F1-ATPase ratio in skeletal muscle from participants with obesity and type 2 diabetes.

(a—c) Changes in IF1/B-F1-ATPase ratio. (d—h) Correlations between IF1/p-F1-ATPase ratio
and BMI (d), age (e), FG (f), FI (g) and HOMA-IR (h). (i) Hierarchical clustering analyses.
Rows indicate samples and columns indicate IF1/B-F1-ATPase, IF1/HSP60 and (B-F1-
ATPase/HSP60 ratios. Protein expression scores: red, high; green, low. Details are provided
in ESM Methods: Hierarchical clustering analyses. (j) Representative immunoprecipitation
(IP) of endogenous IF1 stained with phosphoserine antibody (two samples for each
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condition tested). Blots of IF1 input and B-actin are shown. Histograms show quantification
of three experiments. (a—c, j) Histograms show the mean + SEM of the number of
individuals analysed. **p < 0.01, ***p< 0.001 by Student’s ¢test and ANOVA multiple
comparisons
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Fig. 3.

IF1 drives a switch in hSMC metabolism. (a) ATPase activity in isolated mitochondria from
hSMCs of healthy, obese and diabetic individuals. Oligomycin (OL; 5 umol/l) was used as
an external control for ATPase inhibition; the histogram shows the quantification for the line
graph. Glucose uptake (b), lactate production (c), NAD/NADH ratio (d), palmitate oxidation
(e, f), amounts of a-KG (g, h) in hSMCs in the presence (+1F1) or absence of IF1. Effects of
glutamine-free media (—glutamine) and 3 h treatment with carnitine (+Car) or etomoxir
(+Et) are shown. (i) NEFA levels in the cytosolic fraction of O-T2D hSMCs. ‘Lean’
indicates non-obese. Black bars, healthy individuals; grey bars, obese individuals; white
bars, obese diabetic individuals. A, absorbance; CRL, control. Bars show the mean + SEM
of hSMCs from three healthy, four obese and ten obese diabetic individuals. *p < 0.05, **p
<0.01, ***p< 0.001, Tp= 0.06 by Student’s t test and ANOVA multiple comparisons. sp%,
specific percentage, representing the carrier-mediated portion of deoxyglucose uptake, after
correcting for diffusion and trapping in the unstirred layer. Also see ESM Figs 4, 5
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Fig. 4.

IF1 regulates myokine release and insulin sensitivity. (a) Comparison between secretomes of
control (CRL, white bars) and IF1-overexpressing (IF1, coloured bars) myotubes from O-
T2D participants. See ESM Fig. 6 for the array map and total myokine expression. Protein
expression scores: red, high; white, normal; green, low; orange border shows TNF-a. Bars
are mean + SEM of three independent experiments. Quantification (pg/ml) of TNF-a levels
(b) and rates of glucose uptake (c) in hSMCs. The effects of oligomycin (OL; 5 umol/l),
insulin (+ i, 100 nmol/l) and IF1 are shown. (b, c) Black bars, healthy individuals; grey bars,
obese individuals; white bars, obese diabetic individuals. Bars show mean + SEM for
hSMCs from three healthy, four obese and ten obese diabetic individuals. *p < 0.05, **p <
0.01, ***p < 0.001 by ANOVA multiple comparisons. ANG, angiogenin; ENA-78,
epithelial-derived neutrophil-activating peptide 78; G-CSF, granulocyte colony stimulating
factor; GM-CSF, granulocyte—-macrophage colony stimulating factor; GRO, growth-
regulated protein; GROa, growth-regulated protein a; MCP, monocyte chemotactic protein;
M-CSF, macrophage colony stimulating factor; MDC, macrophage-derived chemokine;
MIG, monokine induced by ¥ interferon; MIP, macrophage inflammatory protein; OSM,
oncostatin M; PDGFBB, platelet-derived growth factor-BB; RANTES, regulated on
activation, normal T cell expressed and secreted; SCF, skp, cullin, F-box containing
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complex; SDF, stromal cell-derived factor; sp%, specific percentage; TARC, thymus and
activation regulated chemokine; THPO, thrombopoietin; VEGF, vascular endothelial growth
factor
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IF1 expression and phosphorylation state regulate its activity. Effect of overexpression and
dephosphorylation of IF1 (IF1, S39A, H89 [inducing the active form of IF1]) in comparison
with the silencing and phosphorylation (si/F1, S39E, dbcAMP [inducing the inactive form of
IF1]) or with control (CRL). (a) Representative blots in hSMCs after 36 h transfection with
IF1 plasmids or siRNA (40% of IF1-expression in CRL). (b) ATPase activity in isolated

mitochondria from hSMCs. 5 umol/l

oligomycin was used to inhibit H*-ATP synthase. The

histogram shows the quantification for the line chart. (c) hSMC NAD/NADH ratio, (d)
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palmitate oxidation rates and (e) TNF-a release. (b—e) Bars are the mean = SEM of at least
four sets of myotubes from O-T2D individuals. *p < 0.05, **p< 0.01, ***p< 0.001, Tp=
0.07 by ANOVA multiple comparisons. (f) Schematic representation of the effects of the
obesity- and diabetes-driven overexpression and dephosphorylation of IF1 on the biology of
a skeletal muscle cell. AA, amino acids; cyt, cytochrome; OXPHOS, oxidative
phosphorylation
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