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Abstract

Background Sarcopenic obesity is a highly prevalent disease with poor survival and ineffective medical interventions.
Mitochondrial dysfunction is purported to be central in the pathogenesis of sarcopenic obesity by impairing both
organelle biogenesis and quality control. We have previously identified that a mitochondrial-targeted furazano
[3,4-b]pyrazine named BAM15 is orally available and selectively lowers respiratory coupling efficiency and protects
against diet-induced obesity in mice. Here, we tested the hypothesis that mitochondrial uncoupling simultaneously
attenuates loss of muscle function and weight gain in a mouse model of sarcopenic obesity.
Methods Eighty-week-old male C57BL/6J mice with obesity were randomized to 10 weeks of high fat diet (CTRL) or
BAM15 (BAM15; 0.1% w/w in high fat diet) treatment. Body weight and food intake were measured weekly. Body com-
position, muscle function, energy expenditure, locomotor activity, and glucose tolerance were determined after treat-
ment. Skeletal muscle was harvested and evaluated for histology, gene expression, protein signalling, and mitochon-
drial structure and function.
Results BAM15 decreased body weight (54.0 ± 2.0 vs. 42.3 ± 1.3 g, P < 0.001) which was attributable to increased
energy expenditure (10.1 ± 0.1 vs. 11.3 ± 0.4 kcal/day, P < 0.001). BAM15 increased muscle mass (52.7 ± 0.4 vs.
59.4 ± 1.0%, P < 0.001), strength (91.1 ± 1.3 vs. 124.9 ± 1.2 g, P < 0.0001), and locomotor activity
(347.0 ± 14.4 vs. 432.7 ± 32.0 m, P < 0.001). Improvements in physical function were mediated in part by reductions
in skeletal muscle inflammation (interleukin 6 and gp130, both P < 0.05), enhanced mitochondrial function, and
improved endoplasmic reticulum homeostasis. Specifically, BAM15 activated mitochondrial quality control
(PINK1-ubiquitin binding and LC3II, P < 0.01), increased mitochondrial activity (citrate synthase and complex II
activity, all P < 0.05), restricted endoplasmic reticulum (ER) misfolding (decreased oligomer A11 insoluble/soluble
ratio, P < 0.0001) while limiting ER stress (decreased PERK signalling, P < 0.0001), apoptotic signalling (decreased
cytochrome C release and Caspase-3/9 activation, all P < 0.001), and muscle protein degradation (decreased 14-kDa
actin fragment insoluble/soluble ratio, P < 0.001).
Conclusions Mitochondrial uncoupling by agents such as BAM15 may mitigate age-related decline in muscle mass and
function by molecular and cellular bioenergetic adaptations that confer protection against sarcopenic obesity.
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Introduction

Adults over the age of 65 constitute the largest and most rap-
idly expanding demographic globally.1 Age-related loss of
skeletal muscle mass and function, known as sarcopenia, is
a significant contributor to physical immobility, frailty, malnu-
trition, and reduced quality of life.2 Sarcopenia is a strong
predictor of hospitalization, institutionalization, and mortality
in older adults.3 Obesity is observed in ~35% of adults over 65
and exacerbates sarcopenia by accelerating fat accumulation
and lowering physical activity.4 Adults with sarcopenic obe-
sity are at high risk for long-term disability, worsened quality
of life, and death, representing a serious public health
concern.4 As such, interventions that prevent, delay, or re-
verse the causes and consequences of sarcopenic obesity
may reduce morbidity and enhance lifespan in older adults.
Mitochondria are the primary site of energy production, a
process maintained by the coupling of electron transfer and
proton pumping to gradient-driven synthesis of ATP, and thus
highly influence muscle function. Ageing is associated with
several mitochondrial derangements including reduction of
volume, enzymatic activity, respiratory function, membrane
dynamics, and quality control.5,6 Obesity exacerbates
age-related mitochondrial stress by increasing substrate flow,
oxidative stress, inflammation, and endoplasmic reticulum
(ER) stress, exacerbating the decline in structure and function
as well as protein degradation.7 Interestingly, pharmacologic
and genetic lowering of mitochondrial coupling efficiency
confers lifespan extension in rodents8 and insects.9 However,
the effects of mitochondrial uncoupling in the context of
sarcopenic obesity remain entirely unknown. We have previ-
ously reported a mitochondrial protonophore named BAM15
((2-fluorophenyl){6-[(2-fluorophenyl)amino](1,2,5-oxadiazolo
[3,4-e]pyrazin-5-yl)}amine) that prevents diet-induced obe-
sity and preserves lean mass to a greater extent than dietary
restriction in young mice.10 Here, we identified that sustained
mitochondrial uncoupling concomitantly prevented
age-related deterioration of muscle function. We observed
that BAM15-mediated mitochondrial uncoupling restored mi-
tochondrial quality control and performance, thereby en-
hancing mitochondria-ER crosstalk and lowering systemic
and muscular inflammation. Taken together, our findings indi-
cate that limiting coupling efficiency may provide therapeutic
value in the treatment of sarcopenic obesity.

Methods

Animal care

Male C57BL/6J mice (n = 12) were purchased from Jackson
Laboratory, multihoused, and kept on a standard chow diet
(Purina 5015). At 72 weeks of age, mice were single housed
at 27–28°C with a relative humidity of 50 ± 10% on a 12 h

of light:dark cycle with ad libitum access to food and water.
Animals were fed a high fat diet (HFD; 60% fat, 20% protein,
and 20% carbohydrate, HFD Research Diets) during treat-
ment. All procedures involving animals were approved by
the Institutional Animal Care and Use Committee.

Experimental design

At 80 weeks of age, animals were randomized by body weight
to 10 weeks of HFD (CTRL, n = 6) or HFD + BAM15 (BAM15;
0.1% w/w BAM15, n = 6). One animal died during treatment
and was excluded from analysis. The dosing strategy and de-
livery for BAM15 was adapted from previous work in
wildtype C57BL/6J mice.10,11 Body temperature, body weight,
and food intake were measured daily. At study end, mice
were euthanized using isoflurane followed by rapid cervical
dislocation.

Body temperature

Body temperature was recorded via infrared thermometry
during weighing (Fluke 572-2 Infrared Thermometer; Fluke,
Everett, WA, USA) as described previously.10

Body composition

Body composition was assessed 10 weeks after treatment via
nuclear magnetic resonance using an LF110 BCA Analyser
(Bruker Corporation, Billerica, MA, USA) as described
previously.10

Metabolic chamber study

Whole-body energy expenditure, oxygen consumption, car-
bon dioxide production, body weight, food intake, and phys-
ical activity were monitored over a 7-day period in a meta-
bolic chamber (Sable Systems) after treatment as described
previously.10

Intraperitoneal glucose tolerance test

Glycaemic control was assessed by intraperitoneal injection
(2 g/kg body weight) and subsequent measures of glucose
as described previously.10 Whole blood was additionally
collected for assessment of fasting insulin (Mercodia) and
C-peptide (Crystal Chem) by ELISA according to the manufac-
turer’s instruction.
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Grip strength

Peak muscular force was determined using a commercially
available Grip Strength Meter (Bioseb). Briefly, mice were
held by the base of the tail and allowed to grasp the wire grid
with all limbs. After the animal grasped the grid, the experi-
menter pulled backwards until grip was lost. Grip strength
was quantified as the average of three trials with 1–2 min
rest between trials, repeated on four different days.

Biochemical measurements

Blood samples were obtained by cardiac puncture in animals
under terminal anaesthesia into a capillary tube coated with
K3-EDTA. Plasma was isolated by centrifugation at 2000g
for 20 min at 4°C and stored at �80°C until assay. Tumour ne-
crosis factor alpha (TNF-α), interleukin 6 (IL-6), IL-1β, inter-
feron gamma, and interleukin 10 concentrations were deter-
mined by bead-based multiplex assay (Bio-Plex Pro™, Biorad)
according to manufacturer’s instructions.

RNA extraction and quantitative real-time PCR

Gastrocnemius muscle was homogenized in TRIzol™, and total
RNA was isolated according to the manufacturer’s instruc-
tions. Quantitative real-time qPCR and quantification was
performed as described previously.10 Expression was normal-
ized to beta-actin (β-actin). Primer sequences are provided in
Supporting Information, Table S1.

Mitochondrial isolation

Mitochondrial isolation was performed as described
previously.12 Briefly, gastrocnemius muscle (~50 mg) was
minced and homogenized in a Wheaton Glass tube with
2 mL of cold isolation buffer with phosphatase and protease
inhibitors. After centrifugation at 600g for 10 min, superna-
tant containing the mitochondrial pellet was washed at
7000g for 10 min. Mitochondria and cytosol were stored in
�80°C for subsequent analysis.

Immunoblotting

Gastrocnemius and soleus proteins were solubilized and
detected by immunoblotting as described previously.13

Expression was normalized relative to total protein and/or
endogenous controls (VDAC) as noted in the figure legends.
Phosphorylated proteins were normalized relative to both
total protein and loading controls. Antibodies are displayed
in Table S1.

Immunoprecipitation assay

Mitochondrial pellets were lysed (20 mM of Tris pH 7.4,
137 mM of NaCl, 1% of NP-40, 1 mM of PMSF, 20% of glycerol,
10 mM of sodium fluoride, 1 mM of sodium orthovanadate,
2 μg/mL of leupeptin and aprotinin) in the presence of prote-
ase and phosphatase inhibitors (Sigma) and centrifuged at
12 000g for 15 min at 4°C. Mitochondrial lysates were incu-
bated with a polyclonal PINK1 antibody followed by incuba-
tion with protein A/G agarose beads (Santa Cruz Biotechnol-
ogy) overnight at 4°C. Proteins were separated by SDS-PAGE,
transferred, and incubated overnight with ubiquitin (P37)
antibody followed by HRP-tagged secondary antibody.

Actin cleavage and insoluble protein aggregates
isolation

Caspase-3-generated 14-kDa actin fragments and insoluble
protein aggregates were determined in soleus muscle. Tissue
(~15 mg) was homogenized on ice-cold buffer (10% of glyc-
erol, 10 mM of Tris pH 7.4, 1% of Triton-X 100, 150 mM of
NaCl with protease inhibitors) and centrifuged at 15 000g
for 20 min at 4°C. The supernatant was transferred to a
chilled tube, and the pellet (insoluble fraction) was washed
twice with 500 μL of PBS with protease inhibitors and lysed
with detergent buffer (10 mM of Tris pH 7.4, 1% of Triton-X
100, 150 mM of NaCl, 10% of glycerol, 4% of SDS and prote-
ase inhibitors). Samples were sonicated for 20 s, chilled on ice
for 30 min, and centrifuged for 30 s at 6000g. Final superna-
tant and pellet fractions were mixed with Laemli two times
sample loading buffer, denatured at 100°C for 20 min, and
run on 10% (Oligomer A11) and 15% (14-kDa actin fragment)
SDS-PAGE gels.13 Anti β-actin produced in rabbit using C-ter-
minal actin fragment (C11 peptide attached to multiple anti-
gen peptide backbone) was used to recognize the 14-kDa
fragment.

Myofibre cross-sectional area

Gastrocnemius tissue was embedded in optimal cutting tem-
perature compound, frozen, and stored at �80°C until analy-
sis as previously described.13 Transverse serial cross-sections
(10 μm) were obtained using a cryostat maintained at �25°C,
mounted onto glass microscope slides, and stained with
haematoxylin–eosin. Images were captured at ×20 magnifica-
tion and quantified using ImageJ.

Transmission Electron microscopy

Red gastrocnemius muscle was collected at the time of
necropsy and assessed for mitochondrial ultrastructure and
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content as described previously.10 Briefly, small pieces of tis-
sue were fixed by immersion in Karnovsky’s solution, rinsed
in 0.1 M of phosphate buffer pH 7.4, and then postfixed in
a mixture of 2% osmium tetroxide and 3% potassium ferricy-
anide. Thin sections were stained with acidified uranyl
acetate followed by a modification of Sato’s triple lead stain.
Mitochondrial content was determined by manual tracing of
clearly discernible outlines of mitochondria and quantified
using threshold analysis using ImageJ.

Mitochondrial DNA

Soleus muscle was lysed (10 mM of Tris pH 7.4, 100 mM of
NaCl, 10 mM of EDTA, 10% of SDS) in the presence of
proteinase K (ThermoScientific) overnight at 55°C. DNA was
extracted by phenol-chloroform and centrifuged at
14 000 rpm 10 min at 4°C. Supernatant was collected and
centrifuged at 14 000 rpm for 10 min. The pellet was cleaned
in ice-cold 100% ethanol and suspended in 100 μL of TE
buffer (10 mM of Tris pH 7.4, 1 mM of EDTA). RT-qPCR was
performed as previously described10 using mitochondrial
encoded cytochrome C oxidase subunit II (mtCox2) and
nuclear-encoded 18S ribosomal (18S) genes.

Mitochondrial enzyme activity

Mitochondrial enzyme activity was determined as described
previously.14 Briefly, muscle tissue (~50 mg) was powdered
and lysed in 5% cholate. Complex II activity was measured
as the thenoyltrifluoroacetone (TTFA)-sensitive succinate-2,6
dichlorophenol-indophenol (DCPIP) reductase and total com-
plex II determined with coenzyme Q1 added. Antimycin
A-sensitive decylubiquinol cytochrome C reductase (complex
III) was utilized to determine the activity of complex III. Cyto-
chrome C oxidase (complex IV) activity was measured as the
cyanide-sensitive rate of reduced cytochrome C oxidation.
Citrate synthase activity was determined by the formation
of citrate in the presence of acetyl-CoA before and after addi-
tion of oxaloacetate.

Statistical analysis

All data are expressed as means ± standard error of the mean
(SEM) unless otherwise stated. Prism 9 software was used for
testing statistical significance. Normality of the data was
assessed by Kolmogorov–Smirnov. Two-way ANOVA followed
by post hoc tests and unpaired Student’s t-tests were
used to compare quantitative variables where appropriate.
Between-group differences in energy expenditure were
determined using a generalized linear model with total body
mass as a covariate using CalR as described previously.15

Significance was set a priori at P ≤ 0.05.

Results

Mitochondrial uncoupling prevents diet-induced
obesity and improves glucose tolerance in aged
mice

To investigate the role of bioenergetic efficiency in the regula-
tion of sarcopenic obesity, 80-week-old male C57BL/6J mice
with obesity were randomized to 10 weeks of either CTRL or
BAM15. We observed that BAM15 conferred sustained pro-
tection against diet-induced weight gain compared to CTRL,
consistent with previous observations in young mice10,11

(Figure 1A). Food intake was comparable between BAM15
and CTRL animals despite the reduction in body weight
(Figure 1B). Differences in total body weight were attributable
to a reduction in fat mass, with decreased inguinal and go-
nadal white adipose tissue (iWAT and gWAT, respectively)
mass with BAM15 compared with CTRL (Figure 1C). Next, we
sought to determine whether prevention of diet-induced
obesity was associated with improved glucose clearance.
BAM15 reduced fasting and 120-min plasma glucose following
intraperitoneal glucose injection but did not alter total area
under the curve for glucose compared with CTRL (Figure 1D).
BAM15-treated animals displayed favourable improvements
in fasting plasma insulin, C-peptide, hepatic extraction,
and HOMA-IR (Figure 1E–F). Overall, these data suggest
that BAM15-induced mitochondrial uncoupling prevents
diet-induced obesity, improves glucose homeostasis, and
restores insulin sensitivity in aged mice.

Mitochondrial uncoupling preserves muscle mass
and function in aged mice

Given that body weight is intimately coupled to physical per-
formance in the context of ageing,16 we sought to determine
the role of BAM15-mediated mitochondrial uncoupling in the
regulation of muscle mass and function. We observed that
lean mass and weight of the gastrocnemius muscle normal-
ized to tibia length were increased with BAM15 compared
with CTRL (Figure 2A). Myofibre cross-sectional area (fCSA)
was increased with BAM15 compared with CTRL (Figure
2B). Functionally, BAM15-treated animals displayed improved
muscular strength over the course of repeated measure-
ments (Figure 2C), which was also associated with increased
locomotion compared with CTRL (Figure 2D). To determine
whether the maintenance of muscle mass and reductions in
body weight following BAM15 treatment was associated with
alterations in energy expenditure, animals were placed in a
metabolic chamber and evaluated over 7 days. Energy expen-
diture was increased with BAM15, driven by increased oxy-
gen consumption during the active dark phase with no differ-
ence during the resting light phase (Figure 2E). Given the
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muscular improvements, we then sought to investigate
mechanisms whereby BAM15 maintains muscle mass and
function. We observed a significant increase in the
fast-twitch muscle myosin heavy chain type 2 (MyHCII) but
not the slow-twitch type I (MyHCI) protein expression with
BAM15 compared with CTRL (Figure 2F). Taken together,
these data suggest that BAM15-mediated mitochondrial un-
coupling preserves skeletal muscle mass and function in aged
mice, and these adaptations are linked to increased
fast-twitch fibre expression and energy expenditure.

Mitochondrial uncoupling attenuates IL-6/STAT3-
induced systemic and skeletal muscle inflammation
in aged mice

Based on the observations that BAM15 preserves muscle
mass and function, we sought to investigate the effect of
BAM15 on systemic inflammation and muscle-specific cyto-
kine expression in aged mice. BAM15 treatment decreased
circulating TNF-α, interferon gamma, interleukin 6 (IL-6),
and interleukin 10, whereas IL-1β remained unchanged com-

Figure 1 Mitochondrial uncoupling prevents diet-induced obesity and improves glucose tolerance in aged mice. (A) Cumulative body weight and delta
(post–pre) body weight changes; (B) average and cumulative food intake; (C) inguinal and gonadal white adipose tissue (iWAT and gWAT, respectively)
weight and total fat mass; (D) plasma glucose concentrations at 0, 15, 30, 60, 90, and 120 min following intraperitoneal injection of glucose and total
area under the curve (AUC) of glucose; (E) fasting plasma insulin and plasma C-peptide and hepatic extraction; and (F) whole-body homeostatic model
of insulin resistance (HOMA-IR). Data are expressed as mean ± SEM with exception to panel A (right) which is displayed as a box (mean ± 95% CI) and
whiskers (minimum to maximum values) plot. Repeated measures in panels (A), (B), and (D) were assessed by two-way repeated measures ANOVA
with Tukey’s multiple comparisons. Two-group comparisons in panels (A), (B), (C), (D), (E), and (F) were assessed by unpaired Student’s t-test.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 indicate statistical significance for between-group comparisons, respectively.
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pared with CTRL (Figure 3A). In addition, we evaluated
markers of immune cell infiltration and macrophage activa-
tion in skeletal muscle. BAM15 downregulated F4/80 and
Cd45, whereas Cd64 and Cd68 expression remained unal-
tered (Figure 3B). We also assessed the expression of
cytokine-related signal transduction proteins in skeletal mus-
cle. Consistent with what we observed in the circulation,
BAM15 decreased muscle cytokine protein expression of IL-
6 along with one of its transmembrane receptors, glycopro-
tein 130 (gp130) with BAM15, with no change in IL-1β com-

pared with CTRL (Figure 3C). We evaluated two major
mitogen-activated protein kinase (MAPK) cascades that trans-
duce extracellular signals related to inflammation into skele-
tal muscle. There was no difference in c-Jun N-terminal ki-
nase phosphorylation, whereas extracellular signal-regulated
kinase 1/2 (ERK 1/2) phosphorylation was diminished with
BAM15 (Figure 3C). Furthermore, the difference found in
fast-twitch muscle fibres was not associated with activation
of the mechanistic target of rapamycin (mTOR) pathway, a
master regulator of anabolic signalling (Figure 3D). However,

Figure 2 Mitochondrial uncoupling preserves skeletal muscle mass and function in aged mice. (A) Lean mass and gastrocnemius (gastroc) weight nor-
malized to tibia length. (B) Representative haematoxylin–eosin (H&E) staining of gastrocnemius muscle (scale = 50 μm) and quantification of fibre
cross-sectional area (fCSA). (C) Grip strength averaged over four repeated trials and (D) spontaneous physical movement over a 7-day period. (E) Total,
dark, and light phase energy expenditure averaged over a 5-day period. (F) Representative bands of MyHCI, MyHCII, and VDAC from gastroc tissue
extracts and quantification of protein expression. All comparisons were assessed by unpaired Student’s t-test. *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001 indicate statistical significance for between-group comparisons, respectively.
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Figure 3 Mitochondrial uncoupling attenuates age-related IL-6/STAT3-induced systemic and skeletal muscle inflammation in aged mice. (A) Plasma
concentrations of TNF-α, INF- γ, IL-6, IL-1β, and IL-10. (B) Gene expression of F4/80, Cd45, Cd64, and Cd68 normalized to β-actin. (C) Representative
bands of IL-6, gp130, IL-1β, JNKThr183/Tyr185, ERK1/2Thr202/Tyr204, and VDAC from tissue extracts and quantification of protein expression. (D) Represen-
tative bands of pmTORSer2448, total mTOR, pAMPKThr172, total AMPK, and VDAC from gastroc tissue extracts and quantification of protein expression.
(E) Representative bands of pSTAT3Ser727, pSTAT3Tyr705, total STAT3, mtCO2, and GAPDH from the cytosolic and mitochondrial compartments of tissue
extracts and quantification of protein expression. Data are expressed as mean ± SEM. All comparisons were assessed by unpaired Student’s t-test.
*P < 0.05 and ****P < 0.0001 indicate statistical significance for between-group comparisons, respectively.
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consistent with our previous findings that BAM15 protected
against diet-induced obesity in an AMP-activated protein ki-
nase (AMPK) -dependent manner,10 we observed an increase
in AMPK phosphorylation with BAM15 compared with CTRL
(Figure 3D). During inflammation, pro-inflammatory factors,
such as IL-1β and IL-6, can activate cell surface receptors that
stimulate ERK 1/2 phosphorylation.17,18 We observed that
ERK 1/2 activation and IL-6 expression were decreased after
BAM15 treatment with no change in IL-1β expression, sug-
gesting that ERK 1/2 activation in muscle inflammation was
mediated through IL-6, in our model. To clarify mechanisms
whereby mitochondrial uncoupling lowers muscle inflamma-
tion, we measured signal transducer and activator of tran-
scription 3 (STAT3) phosphorylation and intracellular mito-
chondrial localization, the downstream target of IL-6.
Cytosolic STAT3 phosphorylation at Ser727 and Tyr705 was
decreased with BAM15 compared with CTRL (Figure 3E). Con-
versely, mitochondrial STAT3 phosphorylation at Ser727 was
increased with BAM15 compared with CTRL (Figure 3E). Over-
all, these data suggest that BAM15-mediated mitochondrial
uncoupling reduces systemic and skeletal muscle tissue in-
flammation in part by regulating IL-6/IL6R/gp130-signalling,
consequently decreasing ERK-pathway and activating mito-
chondrial STAT3-pathway in skeletal muscle.

Mitochondrial uncoupling enhances mitochondrial
quality control and respiratory activity in aged
mice

STAT3 is constitutively present in the mitochondrial matrix
and regulates the rate of electron transfer.19 To better under-
stand if mitochondrial STAT3 activation corresponds to
changes in mitochondrial dynamics and function in aged mice,
we first assessed protein expression of several markers re-
lated to mitochondrial proteostasis in isolated mitochondria.
We observed that BAM15 increased the expression of ATP
synthase but no other mitochondrial complexes, compared
with CTRL (Figure 4A). Additionally, BAM15 increased protein
expression of the transcriptional coactivator peroxisome
proliferator-activated receptor- γ coactivator-1α (PGC-1α)
(Figure 4A–B), a master regulator of mitochondrial biogenesis
and mitochondrial DNA content (Figure 4C). We subsequently
conducted electron microscopy analysis of muscle mitochon-
dria and observed that BAM15 increased mitochondrial con-
tent, favouring larger, more densely packed tubular shaped
networks (Figure 4D–E). To confirm whether mitochondrial
biogenesis contributes to increased function, we analysed
enzymatic activity of citrate synthase and mitochondrial
complexes II, III, and IV. BAM15 treatment increased citrate
synthase and mitochondrial complex II activity, without
significant differences for mitochondrial complexes III and IV
activity (Figure 4F). Taken together, BAM15 increases

mitochondrial ATP synthase expression, mitochondrial bio-
genesis, and activity in skeletal muscle of aged mice.

Given that loss of proteostasis and mitochondrial dysfunc-
tion are hallmarks of ageing,20 we isolated mitochondria and
assessed protein expression of components of mitochondrial
dynamics. Although, dynamin-1-like protein (DRP1) was not
changed, we observed changes in other fission mediators
with a decrease in mitochondrial outer membrane protein
2 (Mid49), mitochondrial outer membrane protein 1
(Mid51), and mitochondrial fission 1 (FIS1) (Figure 5A–B).
With respect to mediators of mitochondrial fusion, BAM15
treatment increased the expression of the outer mitochon-
drial membrane protein, mitofusin 2 (MFN2), but decreased
the expression of the inner mitochondrial membrane pro-
tein, dynamin like GTPase (OPA1) (Figure 5A and C). Inter-
estingly, expression of the mitochondrial quality control pro-
teins PTEN-induced kinase 1 (PINK1) was increased with
BAM15 compared with CTRL, whereas Parkin was unaltered
(Figure 5A and C). Mitophagy marker expression was also in-
creased in response to BAM15 with an increase in the
microtubule-associated protein 1 light chain 3 (LC3) ratio
of LC3II to LC3I isoforms (Figure 5A–C). From these data,
we concluded that BAM15 decreased mitochondrial fission
and increased mitochondria quality control signalling in aged
skeletal muscle. Mitochondrial quality control proteins, such
as PINK1, are usually ubiquitin dependent. Because we
observed a significant increase in PINK1 protein expression
in isolated mitochondria from skeletal muscle, we sought to
confirm that ubiquitination is a primary mechanism whereby
BAM15 triggers mitochondrial quality control and mitophagy
in muscle. These observations were supported by a
BAM15-mediated increase in ubiquitination in total lysates
and isolated mitochondria (Figure 5D–E). This was further cor-
roborated by increased ubiquitin-PINK1 protein–protein inter-
action (Figure 5F). These data suggest that BAM15 drives
PINK1 ubiquitination to facilitate mitochondrial quality
control in aged muscle. In summary, the data support the view
that BAM15-related improvements in muscle function may
contribute to increases in mitochondrial content and improve-
ments in quality control and function.

Mitochondrial uncoupling reduces skeletal muscle
ER stress, apoptotic signalling, and muscle protein
degradation in aged mice

Mitochondrial functions are intricately regulated by the ER.21

Certain conditions, such as obesity and ageing, disrupt ER ho-
meostasis and lead to the accumulation of unfolded or
misfolded proteins within the ER lumen.22 To determine if ER
stress response is attenuated by BAM15, we first analysed
the protein expression of an ER transmembrane stress sensor
and downstream signalling proteins. BAM15 decreased pro-
tein kinase R (PKR)-like endoplasmic reticulum kinase (PERK)
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protein expression (Figure 6A–B). This corresponded to a de-
crease in the signalling cascade including reduced eukaryotic
translation initiation factor 2A (eiF2) activation by BAM15
compared with CTRL (Figure 6A–B). Furthermore, protein ex-

pression of activating transcription factor 4 (ATF4), a potent
transcription factor, was decreased by BAM15 compared with
CTRL without changes in activating transcription factor 3
(ATF3) (Figure 6A–B). Additionally, we found that BAM15

Figure 4 Mitochondrial uncoupling enhances skeletal muscle mitochondrial biogenesis and respiratory activity in aged mice. (A) Representative bands
of respiratory complex V (CV), III (CIII), IV (CIV), II (CII), and I (CI), PGC-1α, and VDAC and (A–B) quantification of protein expression. (C) Mitochondrial
DNA (mtDNA) content quantified as the expression of mitochondrial cytochrome C oxidase subunit 2 (mtCO2) normalized to 18S (18S). (D) Represen-
tative transmission electron micrographs of subsarcolemmal and intermyofibrillar mitochondria and (E) quantification of mitochondria content from
electron micrographs. (F) Enzymatic activity of citrate synthase, complex II, complex III, and complex IV normalized to tissue wet weight. All compar-
isons were assessed by unpaired Student’s t-test. *P < 0.05 and **P < 0.01 indicate statistical significance for between-group comparisons,
respectively.
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Figure 5 Mitochondrial uncoupling enhances skeletal muscle mitochondrial function by increasing quality control and network surveillance in aged
mice. (A) Representative bands of DRP1, Mid49, Mid51, FIS1, MFN2, OPA1, PINK1, Parkin, LCIII, and VDAC in isolated mitochondria from tissue extracts
and (B–C) quantification of protein expression. (D) Representative bands of ubiquinated proteins in total lysates and mitochondrial fraction and
Ponceau S. stain and (E) quantification of protein expression. (F) Protein–protein interaction between PINK1 and ubiquitin (input: PINK1, immunoblot:
ubiquinated proteins) and quantification. Panels (B), (C), (E), and (F) were assessed by unpaired Student’s t-test. *P < 0.05, **P < 0.01, and
****P < 0.0001 indicate statistical significance for between-group comparisons, respectively.
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treatment increased the soluble but decreased the insoluble
misfolded protein isomer amyloid 11 (A11) oligomer as well
as decreased the insoluble/soluble fraction ratio, indicative
of a net decrease in ER misfolded proteins (Figure 6C–D). We
then examined cytochrome C expression and intracellular lo-
calization, which is retained by intact mitochondria and re-
leased in response to stress and injury.23 BAM15 decreased cy-
tochrome C release, evidenced by decreased expression in the
cytosol and increased retention by the mitochondria (Figure
6E–F). Moreover, we observed decreased activation of both
the initiator Caspase-9 as well as an executioner Caspase-3
following BAM15 compared with CTRL (Figure 6G–H).

Caspase-3 is a protease that interacts with the
ubiquitin-proteasome system to stimulate muscle protein
degradation by cleaving the actin-myosin complex (called ac-
tomyosin) and accelerating protein degradation.24 To confirm
whether the observed reduction in Caspase-3 activation is as-
sociated with a decrease in actomyosin degradation, we de-
termined the presence of insoluble and soluble 14-kDa actin
fragment in skeletal muscle. BAM15 increased the soluble
and decreased the insoluble 14-kDa actin fragment and de-
creased the insoluble/soluble fraction ratio (Figure 7A–B).
Similarly, BAM15 downregulated expression of skeletal mus-
cle atrophy-associated markers, the muscle RING-finger pro-
tein-1 (MuRF1) and Atrogin-1 but did not alter expression
of myostatin (MSTN) compared with CTRL (Figure 7C). Taken
together, BAM15 decreases skeletal muscle ER stress re-
sponse and apoptotic signalling, mediated in part by en-
hanced cytochrome C retention and ER-protein folding, thus
attenuating muscle degradation.

Discussion

Sarcopenia and obesity have overlapping pathophysiological
ramifications that diminish health span.4,16 Although ageing
and obesity are both characterized by impaired skeletal mus-
cle mitochondrial function and chronic inflammation, the mo-
lecular mechanisms linking inflammation to mitochondrial
impairments remain poorly understood. Here, we provide
the first evidence that mitochondrial uncoupling prevents
sarcopenic obesity in aged mice mediated via an inflamma-
tion-mitochondria-ER axis (Figure 8). Using BAM15, we found
that mitochondrial uncoupling: (1) increased muscle mass
and function; (2) stimulated mitochondrial IL-6/STAT3 signal-
ling; (3) increased mitochondrial biogenesis, quality control,
and OXPHOS activity; and (4) reduced muscle ER stress, apo-
ptotic signalling, and protein degradation.

Energy imbalance is essential to sarcopenic obesity patho-
genesis as ageing is associated with a decline in expenditure,
whereas environmental obesity is associated with increased
intake. Consistent with previous reports in adolescent mice,10

BAM15-mediated mitochondrial uncoupling was associated

with increased energy expenditure independent of food in-
take, in effect restoring energy balance. However, unlike ado-
lescent uncoupling models, we observed that both muscle
function and physical activity were also improved. Increased
oxygen consumption can result from both on-target uncou-
pling action as well as indirect effects such as altered behav-
iour and/or improved muscle function.25 Given the relatively
short half-life of BAM1510 and rapid uptake into metaboli-
cally active tissues,10,11 it is more likely that increased dark
phase energy expenditure is explained solely by
uncoupling-mediated thermogenesis and that the increase
in locomotor function occurred as a secondary effect of de-
creased body weight and increased muscle mass.

Chronic low-grade inflammation in the context of ageing,
coined ‘inflammaging’, accelerates the biological ageing pro-
cess and is exacerbated by obesity, stimulating overproduc-
tion of pro-inflammatory cytokines such as TNF-α or IL-
6.23,26 In previous investigations, we observed that BAM15
decreased systemic markers of inflammation, which was ob-
served in concert with improved liver health and decreased
adiposity.10,11 Chronically elevated IL-6 is associated with
muscle wasting, loss of muscle function, and mortality in
the elderly.27 In muscle stem cells, IL-6 is produced by matur-
ing myofibres and is required for hypertrophy.28 In contrast,
IL-6 production in terminally differentiated myofibres stimu-
lates activation of the nuclear transcription factor STAT3 at
the canonical Tyr705 site, thus increasing oxidative stress,
whereas loss of mitochondrial STAT3 phosphorylation at the
alternative Ser727 site increases instability in electron trans-
fer and decreases mitochondrial respiration.23 Consistently,
we observed that BAM15 decreased muscle IL-6 expression
and subsequently reduced STAT3 Tyr705 phosphorylation
and increased mitochondrial activated STAT3 Ser727.
Mitochondrial STAT3 phosphorylation has been previously
shown to be important for maintaining redox balance through
regulating the opening of the permeability transition pore
(MPTP) and STAT3 import.29,30 Of note, STAT3 may reside in
mitochondria-associated ER membranes (MAMs).31 As such,
BAM15 may increase mitochondria-ER contacts and thus
enrich STAT3 activity within the MAM, rather than the mito-
chondria itself. Importantly, we observed increased electron
transfer activity and decreased mitochondrial-related apopto-
sis in concert with increased STAT3 with BAM15, indicative of
attenuation of obesity-induced muscle wasting in aged mice.

While the impact of mitochondrial STAT3 signalling on
electron transfer and MPTP opening has been investigated
in numerous disease models, the influence on components
of mitochondrial quality control remains poorly
understood.32 Mitochondria are dynamic organelles, whose
morphology and function are regulated through continuous
balancing of fission and fusion processes.33 For example, ge-
netic ablation or overexpression of DRP1, the primary media-
tor of mitochondrial fission, impairs skeletal muscle integrity,
induces muscle wasting, and diminishes metabolic control
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Figure 6 Mitochondrial uncoupling reduces skeletal muscle endoplasmic reticulum (ER) stress and apoptotic signalling in aged mice. (A) Representa-
tive bands of PERK, eiF2Ser51, total eiF2, ATF3, ATF4, and VDAC and (B) quantification of protein expression. (C) Representative bands of oligomer A11
expression in the soluble and insoluble fractions and Ponceau S. stain and (D) quantification of protein expression (insoluble/soluble fraction ratio). (E)
Representative bands of cytochrome C in the cytosolic and mitochondrial compartments, mtCO2 and GAPDH and (F) quantification of protein expres-
sion. (G) Representative bands of uncleaved and cleaved caspase-9, caspase-3, and VDAC and (H) quantification of protein expression. Panels (B), (D),
(F), and (H) were assessed by paired Student’s t-test. **P < 0.01, ***P< 0.001, and ****P< 0.0001 indicate statistical significance for between-group
comparisons, respectively.
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throughout the lifespan.34,35 We found that BAM15 reduced
mitochondrial fission in aged muscle indirectly by lowering
expression of MiD49/51 and FIS1, the proteins responsible
for DRP1 binding and docking on the outer mitochondrial
membrane.36 Importantly, restricting receptor/adaptor activ-
ity prevents excessive fission and generation of dysfunctional
mitochondria while allowing routine fission to occur.37

BAM15 increased the outer mitochondrial membrane fusion
protein, MFN2, but decreased the inner mitochondrial mem-
brane fusion protein, OPA1, indicating that BAM15 did not
stimulate mitochondrial fusion activity but likely improved
mitochondrial networking contacts.

Parallel to reductions in inflammation and improved
mitochondrial networks, BAM15 protected against muscle
wasting, mitochondrial content loss, and dysregulated
mitophagy. Sarcopenia is consistently observed to produce
upregulation of catabolic pathways resulting in increased
protein degradation, decreased mitochondrial biogenesis,
and impaired autophagy.4 Specifically, sarcopenic obesity
can decrease AMPK activity and its downstream transcription
regulator PGC-1α, both linked with mitochondrial dysfunction
in the muscle.38 We found that BAM15 reduced protein
degradation and increased mitochondrial biogenesis through
an AMPK-stimulated PGC-1α axis resulting in downregulation

of the muscle-wasting effects of FoxO3-stimulated transcrip-
tion of key atrogenes.39 Additionally, BAM15 increased
mitophagy through the AMPK/PINK1/LC3II pathway. Notably,
this increase in mitophagy was not mediated through an
increase in Parkin, which suggests improved detection of
uncoupled, depolarized mitochondria through PINK1 recruit-
ment and accumulation.40 Parkin may then be selectively
recruited from the cytosol to PINK1 flagged-damaged mito-
chondria and ubiquitinate mitochondrial proteins and recruit
autophagosomes.40 Prototype mitochondrial uncouplers such
as FCCP or CCCP rapidly depolarize mitochondrial membrane
potential, leading to PINK1 accumulation primarily in the long,
uncleaved form (~63 kDa), with only minimal expression of
the shortened, processed form (~50 kDa).40 Conversely, we
found that BAM15 increased the expression of the processed,
short form of PINK1 in the mitochondria as well as increased
ubiquitination suggesting that PINK1 may have been rapidly
turned over by proteolysis in the remaining, healthy
mitochondria and reintegrated into the network.41,42

In addition to reduced protein degradation, BAM15 de-
creased the presence of misfolded proteins and decreased
intrinsic apoptosis. Obesity and ageing induce widespread
cellular stress, leading to the accumulation of unfolded or
misfolded proteins within the muscle ER lumen, activation

Figure 7 Mitochondrial uncoupling reduces skeletal muscle protein degradation in aged mice. (A) Representative bands of soluble and insoluble
14-kDa β-actin fragment and Ponceau S. stain in tissue extracts and (B) quantification of protein expression (insoluble/soluble fraction ratio). (C) Gene
expression of MuRF1, Atrogin-1, and myostatin (MSTN) normalized to β-actin. Panels (B) and (C) were assessed by unpaired Student’s t-test.
**P < 0.01, ***P < 0.001, and ****P < 0.0001 indicate statistical significance for between-group comparisons, respectively.
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of apoptosis, and eventual death of the muscle cell.4,22 Im-
portantly, cell fate is intricately linked to mitochondrial-ER
network health and communication through physical con-
tacts, known as the mitochondria-associated membrane
(MAM).21 The outer mitochondrial membrane fusion pro-
tein MFN2 is also a master regulator of MAMs serving as
a tether of ER-mitochondrial coupling.21 Previous data sug-
gest that MFN2 expression modulates ER stress and that re-
duced MFN2 decreases mitochondrial-ER contacts and trig-
gers ER stress.21 In this view, BAM15 may increase MFN2
expression and enhance the ER-mitochondria contact by im-
proving myocyte adaptation to stress, enhancing the mito-
chondrial Ca2+ overload control in the muscle, and ulti-
mately limit or prevent apoptosis. Indeed, BAM15
decreased the mitochondrial cytochrome C release into
the cytosol as well as mitochondrial-related apoptotic cas-
cade. Importantly, Caspase-3 is a protease that interacts
with the ubiquitin-proteasome system to stimulate muscle
protein degradation by cleaving actomyosin, creating a
14-kDa actin proteolytic ‘footprint’.24 Interestingly, muscle

wasting may also be exacerbated by canonical STAT3 phos-
phorylation at Tyr705, which further stimulates Caspase-3
activation.24 We observed that the BAM15-induced switch
from canonical to noncanonical IL-6/STAT3 signalling is
linked with a decrease in cleaved Caspase-3 expression
and culminated in a reduction of the muscle-wasting
‘footprint’.

In summary, we demonstrate that mitochondrial uncou-
pling decreases muscle inflammation and enhances
mitochondrial-ER network health, which confers protection
against sarcopenic obesity in aged mice. Promisingly,
BAM15 effectively protected against the loss of muscle mass
and function with additional improvements in overall meta-
bolic health. Taken together, prolonged mitochondrial uncou-
pling induces noncanonical STAT3 signalling, promotes mito-
chondrial turnover, reduces ER stress, and decreases
apoptosis-mediated muscle degradation in skeletal muscle.
More broadly, these data highlight that mitochondrial uncou-
plers may plan an important role in improving health span in
advanced age.

Figure 8 Working model of mitochondrial uncoupling-mediated attenuation of sarcopenic obesity in aged mice. Ageing in the context of obesity ac-
celerates skeletal muscle mitochondrial damage via chronic inflammation and insulin resistance. The release of cytochrome C from damaged mitochon-
dria triggers activation of caspase-mediated apoptosis, increasing the rate of protein degradation and over time, resulting in diminished muscle mass
and function. Mitochondrial uncoupling preserves muscle mass and function by enhancing mitochondrial quality control, biogenesis, and fusion. Im-
proving mitochondrial fitness restricts the release of cytochrome C and activation of intrinsic apoptotic signalling, improving networking with endo-
plasmic reticulum, and subsequently decreasing muscular inflammation and improving muscle quality.
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