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Abstract

Background Obesity among older adults has increased tremendously. Obesity accelerates ageing and predisposes to
age-related conditions and diseases, such as loss of endurance capacity, insulin resistance and features of the metabolic
syndrome. Namely, ectopic lipids play a key role in the development of nonalcoholic fatty liver disease (NAFLD) and
myosteatosis, two severe burdens of ageing and metabolic diseases. Adiponectin (ApN) is a hormone, mainly secreted
by adipocytes, which exerts insulin-sensitizing and fat-burning properties in several tissues including the liver and the
muscle. Its overexpression also increases lifespan in mice. In this study, we investigated whether an ApN receptor ag-
onist, AdipoRon (AR), could slow muscle dysfunction, myosteatosis and degenerative muscle markers in middle-aged
obese mice. The effects on myosteatosis were compared with those on NAFLD.
Methods Three groups of mice were studied up to 62 weeks of age: One group received normal diet (ND), another,
high-fat diet (HFD); and the last, HFD combined with AR given orally for almost 1 year. An additional group of young
mice under an ND was used. Treadmill tests and micro-computed tomography (CT) were carried out in vivo. Histolog-
ical, biochemical and molecular analyses were performed on tissues ex vivo. Bodipy staining was used to assess
intramyocellular lipid (IMCL) and lipid droplet morphology.
Results AR did not markedly alter diet-induced obesity. Yet, this treatment rescued exercise endurance in obese mice
(up to 2.4-fold, P < 0.05), an event that preceded the improvement of insulin sensitivity. Dorsal muscles and liver den-
sities, measured by CT, were reduced in obese mice (�42% and �109%, respectively, P < 0.0001), suggesting fatty in-
filtration. This reduction tended to be attenuated by AR. Accordingly, AR significantly mitigated steatosis and cellular
ballooning at liver histology, thereby decreasing the NALFD activity score (�30%, P< 0.05). AR also strikingly reversed
IMCL accumulation either due to ageing in oxidative fibres (types 1/2a, soleus) or to HFD in glycolytic ones (types
2x/2b, extensor digitorum longus) (�50% to �85%, P < 0.05 or less). Size of subsarcolemmal lipid droplets, known
to be associated with adverse metabolic outcomes, was reduced as well. Alleviation of myosteatosis resulted from im-
proved mitochondrial function and lipid oxidation. Meanwhile, AR halved aged-related accumulation of dysfunctional
proteins identified as tubular aggregates and cylindrical spirals by electron microscopy (P < 0.05).
Conclusions Long-term AdipoRon treatment promotes ‘healthy ageing’ in obese middle-aged mice by enhancing en-
durance and protecting skeletal muscle and liver against the adverse metabolic and degenerative effects of ageing
and caloric excess.
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Introduction

As society ages, the incidence of physical limitations is dra-
matically increasing. An important cause of physical limita-
tions is the age-related loss of skeletal muscle mass, referred
to as sarcopenia. Muscle function is impaired as well, and the
endurance capacity declines.1 Beyond physical performance,
muscles also play a crucial role in insulin sensitivity and fuel
homeostasis. Muscle disturbances may thus contribute to
insulin resistance and metabolic syndrome.1

Obesity among older adults aged 65 and over has in-
creased noticeably over the last decades on all continents,
and its prevalence is reaching 35% in the United States
where it is expected to at least double by 2050.2 Obesity
accelerates ageing and predisposes an individual to
age-related conditions and diseases. Thus, obesity and age-
ing go hand in hand with loss of muscle mass, function
and endurance capacity, insulin resistance, and features of
the metabolic syndrome.3 Two additional burdens associated
with this syndrome involve ectopic lipid deposition in the
liver and the skeletal muscle, namely, nonalcoholic fatty liver
disease (NAFLD)/steatohepatitis (NASH) and myosteatosis,
whose rising prevalence tends to parallel that of obesity
and ageing.4,5

Adiponectin (ApN) is a hormone, mainly secreted by the
adipose tissue, which is known to be tightly linked to the met-
abolic syndrome. ApN exerts insulin-sensitizing, fat-burning
and anti-inflammatory actions, thereby effectively
counteracting several facets of this syndrome. Liver and
muscle are two of its main target tissues. The ApN receptor,
AdipoR2 is predominantly expressed in the liver, whereas
AdipoR1 is predominantly expressed in the skeletal muscle.
In the liver, ApN stimulates fatty-acid oxidation and reduces
glucose production.6 In skeletal muscle, we have shown that
ApN does also exert powerful protective effects in mdx mice,
a model with a severe muscle disease (Duchenne muscular
dystrophy). Thus, ApN reduces muscle inflammation and
oxidative stress and enhances the myogenic program,
thereby decreasing muscle damage while increasing force/
endurance.6,7 Importantly, overexpression of ApN in trans-
genic mice prolongs life span8 whereas complete deficiency
of ApN in knockout mice shortens it.9

ApN has a complex three-dimensional structure and must
be injected to produce its effects.6 The development of
novel molecules that mimic the beneficial effects of ApN is
therefore relevant. AdipoRon is an orally active synthetic
agonist of ApN receptors, which, based on data in animal
models, has been proposed for the treatment of type 2
diabetes and other obesity-related disorders.10–12 Relevant
for translational applications, AdipoRon remains efficient in
AdipoR1-humanized mice.13 We have recently shown that,
like ApN, AdipoRon protects the skeletal muscle of mdx
mice.14 However, its potential beneficial properties on age-
ing muscle have been scarcely addressed.15 It is also un-

known whether this molecule does effectively prolong life
span in normal (wild-type) mice. An effect on longevity has
been observed in a mouse model with a severe form of
genetic diabetes; hence, the marked alleviation of diabetes
provoked by AdipoRon was, in this case, a major confound-
ing factor.10

The overall aim of this work was to explore whether
AdipoRon could promote healthy ageing in middle-aged
obese mice on a normal genetic background. Mice were
rendered obese by chronic excess of caloric intake in order
to mimic our western-life style habits and the high prevalence
of obesity in the elderly. Some of these mice were concomi-
tantly treated with AdipoRon for approximately 1 year.
Herein, we investigated whether an ApN receptor agonist,
AdipoRon, could slow down muscle dysfunction, myosteatosis
and degenerative muscle markers in middle-aged obese mice.
The effects on myosteatosis were compared with those on
NAFLD.

Methods

Experimental design and animals

Male C57BL/6J mice were divided into three groups and
studied up to 62 weeks of age. They are referred to as old
(O) mice (Figure 1A). Two of these groups received a high-
fat diet (HFD): mice in one HFD group were orally treated
with AdipoRon (AR) for approximately 1 year (30 mg/kg/day
scaled up to 50 mg/kg/day; O-HFD + AR), while mice in the
other group were left untreated (O-HFD). HFD groups were
compared with O mice kept on a normal diet (O-ND). An
additional group of young (12-week-old) mice under a normal
diet (Y-ND) was also studied. Mice were subjected to tread-
mill exhaustion tests at 32 and 56 weeks of age and to
micro-computed tomography (CT) at 59 weeks. Histological,
biochemical and molecular analyses were performed on tis-
sues ex vivo. Mice were purchased from Janvier Labs, Genest,
France, and AdipoRon from Bio-Techne, Minnesota, USA.
Please see the Supporting Information S1 for detailed
experimental procedures.

Results

Long-term administration of AdipoRon protects
against impaired glycaemia, dyslipidaemia and
improves endurance

The body weight of O-HFD mice steadily increased and was
twice that of O-ND animals at the end of study (Figure 1B).
In line with others,10 AdipoRon did not markedly alter
obesity and only stabilized the body weight at the end of
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Figure 1 Chronic administration of AdipoRon improves insulin sensitivity, endurance and enhances computed tomography (CT) scan muscle and liver
densities in middle-aged obese mice. (A) Experimental protocol. Four groups of mice were studied. Three groups were studied up to 62 weeks of age
and are referred to as old (O) mice. Two of these groups received a high-fat diet (HFD) from 8 weeks. One HFD group was orally treated with AdipoRon
(AR), starting from 18 weeks (30 mg/kg/day scaled up to 50 mg/kg/day; O-HFD + AR), while the other one was left untreated (O-HFD). Both groups
were compared with O mice kept on a normal diet (O-ND). An additional group of young (12-week-old) mice under a normal diet (Y-ND) was also used
for comparison. At the indicated times, mice were submitted to treadmill exhaustion test (T) or micro-CT. (B–D) Evolution of body weight, glycaemia
and insulin resistance index during the study. (E) Mice were submitted to an uphill treadmill exhaustion test at different ages, with each time a protocol
adapted to mice conditions. Endurance capacity was expressed as work to consider the differences in body weight (kg) over the distance covered (m).
(F) Micro-CT evaluation of dorsal muscle and liver density, a decrease in density reflecting fatty infiltration. Data are means ± SEM for 6 Y-ND, and 9–12
mice in the other three groups. Statistical analysis was performed using a mixed-effects analysis (B) or one-way ANOVA followed by Tukey’s test to
compare the three groups of O mice (C–F). Comparisons between Y-ND and O-ND were carried out using unpaired two-tailed t-test. *P < 0.05,
***P < 0.001, ****P < 0.0001 versus O-ND mice.

†
P ≤ 0.07,

#
P < 0.05,

##
P < 0.01,

###
P < 0.001 versus O-HFD mice.
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the protocol. Likewise, daily energy intake, which was ap-
proximately 60% higher under HFD, was not modified by
AdipoRon (Figure S1). Yet AdipoRon, when administered at
the highest dose (50 mg/kg/day), progressively decreased
fasting blood glucose levels, which were moderately ele-
vated in HFD-fed mice, to reach O-ND values (Figure 1C).
The insulin resistance index was attenuated as well (Figure
1D). Moreover, AdipoRon decreased plasma cholesterol
levels induced by HFD, possibly through increased efflux,
without modifying other circulating lipids (Table S1). Plasma
ApN levels were decreased in old mice compared with
young ones (O-ND vs. Y-ND), and this decrease was further
amplified in obese mice when data were normalized by
white fat mass (i.e., expressed per ‘secretion unit’16; Table
S1).

We next evaluated the effect of AdipoRon on muscle func-
tion by using an uphill treadmill exhaustion test. This test was
performed twice, with each time a protocol adapted to age
and obesity of the mice (Figure 1E, see Supporting informa-
tion). At 32 weeks, exercise endurance capacity, expressed
as work, was reduced in O-HFD mice compared with O-ND
ones and was corrected by AdipoRon. At 56 weeks, work of
O-HFD was drastically reduced (73% vs. O-ND), while it was
partially rescued by AdipoRon. Thus, AdipoRon was able to
partially or totally rescue exercise endurance of
middle-aged obese mice. This already occurs at the low dose
of AdipoRon (30 mg/kg/day), which did affect neither glucose
homeostasis nor the body weight (compare Figure 1E left
panel vs. Figure 1B,C).

Effects of AdipoRon on body composition, and liver
and muscle density

We measured in vivo the body composition of mice as well
as liver and muscle density by micro-CT. Whole body fat
mass, which was markedly increased in O-HFD mice, was
reduced by 20% under AdipoRon treatment (Figure S1B), in
line with the decreased subcutaneous fat measured ex vivo
(Table S1). However, AdipoRon did not significantly alter
total lean mass (Figure S1C), in agreement with the
unchanged dorsal muscle area, an index of muscle mass17

(Figure S1D) and the unchanged weight of several muscles
sampled ex vivo (Table S1). Dorsal muscle density was
decreased in HFD mice, suggesting fatty infiltration (Figure
1F, left). However, this decrease tended to be less pro-
nounced under AdipoRon treatment, a result confirmed a
posteriori by lipid dosage of dorsal muscle (Figure S1E). Like-
wise, liver density was reduced in both groups of HFD-mice,
but this reduction also tended to be attenuated by AdipoRon
(Figure 1F, right). These data suggest therefore that
AdipoRon treatment lessens hepatic steatosis and
myosteatosis induced by HFD.

AdipoRon reduces the severity of NAFLD

To further investigate the effects of AdipoRon on the liver,
several parameters including steatosis, hepatocellular
ballooning and inflammation were quantified on histological
sections using the NAFLD activity score (NAS score) (Figure
2A,B). O-ND mice had almost normal liver histology
(NAS = 0.4). O-HFD mice were diagnosed with nonalcoholic
steatohepatitis (NASH) (i.e., NAS ≥ 3 with at least 1 point in
each sub-score) as they exhibited steatosis (>2), inflamma-
tion (>2) and ballooning (>1). By contrast, O-HFD + AR mice
did not reach NASH stage: They had lower scores of steatosis
(<2), inflammation (<2) and ballooning (<1). Strikingly, only
3 out of 10 O-HFD + AR mice presented ballooning versus 7
out of 8 in untreated HFD ones. The protective effect of
AdipoRon on steatosis was corroborated by liver lipid dosage
and liver weight (Figure 2C; Table S1). These data indicate
that AdipoRon partially protected against liver fatty infiltra-
tion and mitigated the severity of NAFLD in diet-induced
obese mice.

AdipoRon drastically blunts diet- or age-induced
accumulation of Intramyocellular lipids

We next examined the effects of AdipoRon on myosteatosis
and more specifically on the excessive accumulation of
intramyocellular lipids (IMCLs) that leads to insulin resistance
in obesity and type 2 diabetes.18,19 With this accumulation
being fibre type-dependent, we quantified IMCL content
and analysed lipid droplet (LD) morphology in the soleus, a
slow-twitch oxidative muscle, and in the extensor digitorum
longus (EDL), a fast-twitch glycolytic one. We performed fibre
typing and LD staining on serial muscle cryosections.

The total number of fibres in each muscle was similar be-
tween the four groups of mice (data not shown). Fibre typing
was carried out by immunofluorescence staining of different
MyHCs isoforms (Figure 3A). As expected, the soleus
contained a large proportion of slow-oxidative type 1 (blue,
~38%) and 2a fibres (green, ~50%), whereas the EDL was
mainly composed of fast-glycolytic type 2b (black, ~65%)
and 2x (red, ~17%) fibres (Figure 3A,B). There was also a small
proportion of hybrid fibres. Overall, the proportion of fibre
types in each muscle did not significantly differ between
the four groups of mice (Figure 3B). Thus, AdipoRon did not
induce a fibre switch towards a more oxidative phenotype
in middle-aged obese mice, unlike in mdx mice.14 Fibre size,
assessed by both cross-sectional area and minimum Feret’s
diameter, was also roughly similar in the different groups
(not shown).

Next, by Bodipy staining, we quantified IMCL content and
LD size on a fibre type and subcellular (peripheral vs. central)
specific basis (Figures 3C and 4). The overall lipid content was
higher in the peripheral (subsarcolemmal) region than at the
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centre of the myofibre. Peripheral IMCL accumulation has
been associated with insulin resistance18,19 and could also
exert a mechanical stress on sarcolemma. As shown on
Figure 3C, the plasma membrane presented scalloped edges
(arrows) due to the presence of large subsarcolemmal LDs.
In Types 1 and 2a fibres of soleus, IMCL content (expressed
as the percentage of stained area) was significantly increased
in O-ND mice compared with that in the Y-ND ones (both cen-
trally and peripherally) and was not significantly modified by
HFD (Figure 4A). However, when compared with HFD-fed
mice, AdipoRon reduced total IMCL content in both fibre
types. In EDL (type 2x and type 2b fibres), IMCL content of
O-ND mice was roughly similar to that of Y-ND mice (except
for the periphery in 2x fibres) (Figure 4B). By contrast, this
content was significantly increased by HFD in both fibre types
(compare O-HFD vs. O-ND mice). AdipoRon drastically
reduced HFD-induced IMCL accumulation in both types of
fibres and in both regions. Moreover, it tended or reduced
LD size in soleus (especially in 2a fibres) and in EDL in both fi-

bre types, both centrally and peripherally (Figure 4C,D).
Taken together, these results indicate that AdipoRon strik-
ingly reversed IMCL accumulation either due to ageing in
oxidative fibres or to HFD in glycolytic ones. It reduced LD
size as well.

We then analysed whether AdipoRon enhanced fatty
acid oxidation by stimulating the AMP-activated protein
kinase (AMPK)-peroxisome proliferator-activated receptor γ
coactivator-1α (PGC-1α/Ppargc1a) axis (Figure S2).6 The phos-
phorylated and active form of AMPK (P-AMPK) and protein
levels of PGC-1α doubled under AdipoRon when compared
with the other two groups of O-mice. The expression of rele-
vant target genes of this transcriptional co-activator was (or
tended to be) increased by AdipoRon, including those involved
in fatty acid oxidation or energy dissipation (represented by
dark blue boxes, part 1 on Figure S2). Thus, AdipoRon en-
hanced (or tended to enhance) mRNA abundance of
medium-chain acyl-CoA dehydrogenase (Acadm), acyl-CoA ox-
idase (Acox) and uncoupling protein 3 (Ucp3) (Figure 5B).

Figure 2 Chronic administration of AdipoRon reduces the severity of nonalcoholic fatty liver disease (NAFLD) in middle-aged obese mice. (A) Repre-
sentative haematoxylin and eosin-stained liver sections from the different groups of mice. Arrows indicate hepatocellular ballooning, scale
bar = 50 μm. (B) Histological NAFLD activity score (NAS) calculated on sections like those shown in (A). (C) Lipid content in liver (biochemical measure).
Data are means ± SEM for 6 Y-ND, and 8–10 mice in the other three groups. Unless otherwise specified, statistical analysis was performed using
one-way ANOVA followed by Tukey’s test (comparing three groups of O-mice) or by unpaired two-tailed t-test (Y-ND vs. O-N).

$$$
P < 0.001 versus

Y-ND mice. ***P < 0.001, ****P < 0.0001 versus O-ND mice. #P < 0.05 versus O-HFD mice.
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Figure 3 Effects of AdipoRon on fibre type composition and lipid infiltration in soleus and EDL from middle-aged obese mice. Fibre typing and Bodipy
staining were performed on serial muscle cross-sections in an oxidative (soleus) and a glycolytic (EDL) muscle. (A) Fibre typing was carried out by im-
munofluorescence staining of different myosin heavy chains isoforms (MyHCs). Type 1 fibres were labelled in blue, type 2a in green, 2x in red while 2b
were nonlabelled (black). Laminin antibody was used to delineate basal membrane (white). Representative sections for each group are shown. Scale
bar = 200 μm. Insets: Higher magnification of immunostaining images (scale bar = 50 μm). (B) Fibre type proportion for each muscle in the 4 groups of
mice. Data are means for six mice per group. Statistical analysis was performed using one-way ANOVA followed by Tukey’s test (comparing three
groups of O-mice) or by unpaired two-tailed t-test (Y-ND vs. O-ND).

$
P < 0.05 versus Y-ND mice. (C) Bodipy staining of lipids (red) on muscle

cross-sections to quantify IMCL content on a fibre type specific-basis. Laminin was coloured in cyan. Peripheral (subsarcolemmal, SS) lipid droplets
(LDs) are usually more abundant than central ones. Arrows indicate scalloped edges of sarcolemma facing large SS LDs. Representative sections for
six mice per group are shown. Scale bar = 20 μm.
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AdipoRon improves muscle mitochondrial function

PGC-1α also promotes mitochondrial biogenesis and function
via the transcriptional regulation of nuclear transcription fac-

tors such as nuclear respiratory factor-1 (NRF-1) (Part 2 on
Figure S2). Expression of NRF-1 tended to be increased by
AdipoRon (Figure 5C). Moreover, AdipoRon doubled the ex-
pression of mitochondrial transcription factor A (Tfam),

Figure 4 AdipoRon drastically blunts diet- or age-induced accumulation of intramyocellular lipids (IMCL) in middle-aged obese mice. (A) IMCL content
of soleus in peripheral and central subcellular regions in type 1 and 2a fibres stained by Bodipy and (B) IMCL content of EDL in subcellular regions in
type 2x and 2b fibres. IMCL content in each region was expressed as the percentage of stained area normalized to total fibre area. Symbols for differ-
ences among central regions are in dark blue, among peripheral regions in turquoise blue, and those for the total content in black. (C) LD size in pe-
ripheral and central subcellular regions in type 1 and 2a fibres from soleus and (D) in type 2x and 2b fibres from EDL. Data are means ± SEM for five
mice per group. Statistical analysis was performed using one-way ANOVA followed by Tukey’s test (comparing three groups of O-mice) or by unpaired
two-tailed t-test (Y-ND vs. O-ND). $P < 0.05 versus Y-ND mice. *P < 0.05, **P < 0.01 versus O-ND mice. #P < 0.05, ##P < 0.01, ###P < 0.001 versus
O-HFD mice.
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downstream of NRF1, which binds to mitochondrial DNA
(mtDNA) and activates mitochondrial biogenesis and
function20 (Figures 5C and S2).

Myofibre mitochondrial content was assessed by
immunodetection of the translocase of outer mitochondrial
membrane 20 (TOMM20) in soleus and EDL, in a fibre- and
subcellular-specific way (Figures 6 and S2). As described,21

in soleus, type 2a fibres, which are more oxidative than type
1, have a higher mitochondrial content (Figure 6A,B; compare
the percentage of stained area between the 2 fibre types).
Likewise, in EDL, type 2x fibres have more mitochondria than
2b, which are more glycolytic and whose mitochondrial con-

tent was barely detectable21 (Figure 6A,B). Mitochondria
were usually more abundant in the subsarcolemmal region.
In soleus, total mitochondrial content rose under HFD (mainly
due to an increase in subsarcolemmal mitochondria) in line
with other reports,22 but this content was not influenced by
the treatment. Mitochondria content decreased with age in
2x fibres (Figure 6B). Overall, there was no major change in
mitochondrial content induced by AdipoRon in any muscle.
Yet, as shown in Figures 6C and S3, (immuno)fluorescence
co-labelling (TOMM20/Bodipy) revealed physical contacts
between LDs and mitochondria, which may facilitate the traf-
ficking of fatty acids released from LDs to mitochondria,

Figure 5 AdipoRon increases or tends to increase the expression of genes involved in fatty acid oxidation, mitochondrial biogenesis and function in
soleus of middle-aged obese mice. (A) AMPK activity and protein levels of PGC-1α (gastrocnemius), early signalling events of the cascade leading to
enhancing effects on mitochondria. (B) mRNA levels of medium-chain acyl-CoA dehydrogenase (Acadm) and acyl-CoA oxidase 1 (Acox1) implicated
in fatty acid oxidation and uncoupling protein 3 (Ucp3) in energy dissipation. (C) mRNA levels of nuclear respiratory factor-1 (Nrf1), a target gene
of PGC-1α and of mitochondrial transcription factor A (Tfam). mRNA levels were normalized to cyclophilin, and the subsequent ratios presented as
relative expression compared with O-ND values. The active phosphorylated form of AMPKα (P-AMPK) and PGC-1α protein levels were quantified by
ELISA, and absorbance data were presented as relative expression compared with O-ND values. Data are means ± SEM for 6 Y-ND, and 8–10 mice
in the other three groups (A–C). Statistical analysis was performed by one-way ANOVA followed by Tukey’s test (comparing three groups of O-mice)
or by unpaired two-tailed t-test (Y-ND vs. O-ND). $P < 0.05, $$P < 0.01, $$$P < 0.001 versus Y-ND mice. §P = 0.059, *P < 0.05, **P < 0.01,
****P < 0.0001 versus O-ND mice.

†
P ≤ 0.08,

#
P < 0.05,

####
P < 0.0001 versus O-HFD mice.
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Figure 6 Quantification of mitochondrial content in muscle of middle-aged obese mice treated or not with AdipoRon. (A) Mitochondrial content was
assessed by immunodetection of the translocase of outer mitochondrial membrane 20 (TOMM20) in soleus and EDL from the four groups of mice on a
fibre dependent manner. Representative images for each group are shown. Scale bar = 20 μm. (B) Quantification of mitochondrial content in peripheral
(subsarcolemmal) and central (intermyofibrillar) subcellular regions for each fibre type in soleus or EDL. Mitochondrial content in each region was
expressed as the percentage of stained area normalized to total fibre area. Data are means ± SEM for 5–6 mice per group. Statistical analysis was per-
formed by one-way ANOVA (comparing three groups of O-mice) or by unpaired two-tailed t-test (Y-ND vs. O-ND). $P < 0.05 versus Y-ND mice.
*P < 0.05, **P < 0.01 versus O-ND mice. Symbols for differences among central regions are in dark green, among peripheral regions in light green,
and those for the total content in black. (C) Lipid droplet (LD)-mitochondrion contacts. Left, confocal fluorescence micrographs of soleus from an
O-HFD mouse: LDs were stained with Bodipy in red, mitochondria with anti-TOMM20 in green, the edge of the fibre with anti-laminin in cyan and
nuclei with DAPI in blue. Some mitochondria co-localized with LDs when channels were merged. Scale bar = 10 μm. Inset: Higher magnification (scale
bar = 5 μm). Right, transmission electron micrograph of rectus femoris from an O-HFD + AR mouse illustrating LD-mitochondrion contact. Scale
bar = 1 μm (top right) and 0.25 μm (inset, bottom right).
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where they are oxidized. Transmission electron microscopy
(TEM) confirmed such close contacts (Figure 6C).

Because mitochondrial content did not increase with
AdipoRon, while the treatment significantly reduced LD accu-
mulation, we tested the hypothesis that AdipoRon mainly
enhanced mitochondrial function. We measured the activity
of two respiratory enzymes: Cytochrome C oxidase (COX),
whose catalytic subunits are partly encoded by mtDNA, and
succinate dehydrogenase (SDH), which is entirely encoded
by nuclear cDNA (Figure S2). For COX, the proportion of dark
fibres indicating high activity was increased in O-HFD + AR
compared with the other groups of old mice (+34% vs. O-
ND and +26% vs. O-HFD) while the proportion of pale fibres
was decreased (Figure 7A,B). In addition, COX activity was re-
duced in O-ND mice compared with Y-ND, reflecting impaired
mitochondrial activity with ageing. By contrast, SDH activity
was roughly similar between the different groups of mice
(Figure 7C,D). As mtDNA integrity is essential for the success-
ful synthesis of active COX, these results indicate that mito-
chondrial function, which is impaired with ageing, was im-
proved and even corrected with AdipoRon.

Because abnormal mitochondrial ultrastructure is associ-
ated with impaired mitochondrial function, we qualitatively
analysed mitochondrial morphology by TEM in each group
of mice. Figure 7E illustrates mitochondria and LDs in the sub-
sarcolemmal region of the rectus femoris. The two groups of
untreated old mice showed a greater abundance of aberrant
mitochondria (painted in pale green): swollen mitochondria,
organelles with disrupted cristae, vacuoles-like structure for-
mation and reduced electron density of the matrix, whereas
AdipoRon treatment alleviated these abnormalities (normal
mitochondria in dark green).

AdipoRon reduces aged-related tubular aggregate
and cylindrical spiral formation

Tubular aggregates (TAgs) and cylindrical spirals (CSs) were
observed in rectus femoris of middle-aged mice. These are
two distinct ultrastructural abnormalities that share similar
histochemical staining characteristics.23 By bright field mi-
croscopy, they appear as pale or slightly basophilic inclusions
with haematoxylin–eosin, bright red ones with Gomori tri-
chrome (Figure 8A) or unstained with COX or SDH detection
(see Figure 7A,C). By electron microscopy, TAgs may display
different forms, the most typical being straight single-walled
or double-walled tubules, regularly organized in tightly
packed aggregates with a para-crystalline order, while CSs ap-
pear as accumulations of spiral lamellae (Figure 8B).

These abnormal structures (bright red inclusions) were
quantified on Gomori sections from the four groups of mice
(Figure 8C). They were almost absent in young mice but were
much more abundant in old ones. Strikingly, AdipoRon
reduced by almost 50% the accumulation of these

ageing-related structures in myofibres. Because these struc-
tures represent intracellular bins for dysfunctional accumula-
tion of proteins, we instigated autophagy-related players
(Figures 8D and S4). Autophagy marker light chain 3 (LC3)
II/I ratio was unchanged in the four groups of mice. However,
p62 expression was reduced by 53% in O-HFD + AR mice com-
pared with O-ND, suggesting that AdipoRon stimulates au-
tophagy. Moreover, AdipoRon enhanced the phosphorylation
of UNC-51 like kinase (ULK1) at Ser555 (~40% vs. other O-
mice), in line with the fact that AMPK phosphorylates and ac-
tivates this autophagy marker.24

AdipoRon and muscle inflammation

Lastly, we studied the potential anti-inflammatory effect of
AdipoRon on the muscle. AdipoRon reduced approximately
20% of NF-κB activity, assessed by the active and phosphory-
lated form of the p65-subunit (Figure S5). However, the other
markers of inflammation (TNFα, IL1-β and CD68) or oxidative
stress (peroxiredoxin 3 and hydroxy-2-nonenal), measured ei-
ther at the mRNA or protein level, were extremely low or un-
detectable and were not influenced by AdipoRon (not
shown).

Discussion

Long-term administration of AdipoRon improves exercise en-
durance, attenuates ectopic lipid deposit and reduces degen-
erative markers in the muscle of obese and middle-aged
mice. Thus, AdipoRon administration close to 1 year pro-
motes healthy ageing in mice on a normal genetic back-
ground. These findings extend the effects observed in mice
with a genetic defect (db/db) where the marked alleviation
of the severe diabetic status by AdipoRon was a major con-
founding factor.10 This is the longest treatment with
AdipoRon ever reported so far. Its persisting effects indicate
that there is no habituation to this compound. This long
treatment was also well tolerated and safely promotes bene-
ficial effects.

Plasma ApN levels were low in old mice compared with
young ones (O-ND vs. Y-ND). Likewise, in a ‘classical’ popula-
tion of geriatric patients, those who were also more likely to
be functionally dependent had lower plasma ApN levels than
the others.25 Conversely, in most studies, plasma ApN levels
were higher among centenarians than in elderly individuals,
and those levels correlated with a preferable metabolic
phenotype.26 Hence, there could be a rationale for therapeu-
tic correction of ApN in ageing.

By reducing ectopic lipids in both liver and muscle,
AdipoRon protects obese and middle-aged mice against
burdens associated with the metabolic syndrome: NASH
and myosteatosis. NAFLD is the most common chronic liver
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Figure 7 Chronic administration of AdipoRon enhances mitochondrial function and protection in muscle of middle-aged obese mice. (A,C) Histochem-
istry staining of COX and SDH activity in the rectus femoris of the four groups mice, the darkest colour being associated with the highest activity. Rep-
resentative images of both stainings for each group are shown. Scale bar = 100 μm. (B,D) quantification of COX and SDH activity. Activity was expressed
as the percentage of stained area normalized to the cross-sectional area of the muscle, for each of the three staining intensities (set up as correspond-
ing to pale, intermediate or dark colour). Data are means ± SEM for 4–6 mice per group. Statistical analysis was performed by one-way ANOVA (com-
paring three groups of O-mice) or by unpaired two-tailed t-test (Y-ND vs. O-ND). $P < 0.05, $$P < 0.01 versus Y-ND mice. *P < 0.05, **P < 0.01,
***P < 0.001 versus O-ND mice.

#
P < 0.05,

##
P < 0.01 versus O-HFD mice. (E) Transmission electron micrographs of mitochondria in the subsarco-

lemmal region of rectus femoris in the four groups of mice. For the sake of clarity, abnormal mitochondria are false-coloured in pale green, while nor-
mal mitochondria are coloured in dark green, LDs in red and the blue line delimits the sarcolemma. Representative images of each group are shown.
Scale bar = 1 μm.
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Figure 8 Chronic administration of AdipoRon reduces aged-related tubular aggregate (TAg) and cylindrical spiral (CS) formation in muscle of middle-
aged obese mice. (A) TAgs and CSs (indicated by arrows) appear in rectus femoris from the different groups of mice as pale or slightly basophilic in-
clusions with haematoxylin–eosin (HE) and bright red ones with Gomori Trichrome. Scale bars = 50 μm. (B) Confirmation of these structures by trans-
mission electron microscopy. Scale bars = 1 μm. (C) Quantification of TAg/CS abundance expressed as the percentage of stained area (bright red
inclusions) normalized to the cross-sectional area of the muscle after Gomori trichrome. Data are means ± SEM for six mice per group. (d) Effects
of AdipoRon on autophagy markers in muscle from the four groups of mice. LC3II/LC3I ratio and p62 were analysed by western blotting and the phos-
phorylated form (Ser555) of ULK1 by ELISA. p62 levels were normalized to Ponceau S staining (shown in Figure S4). Results were then presented as
relative expression compared to O-ND values. Data are means ± SEM for 6–10 mice per group. Statistical analysis was performed by one-way ANOVA
followed by Tukey’s test (comparing three groups of O-mice) or by unpaired two-tailed t-test (Y-ND vs. O-ND). $$$$P < 0.0001 versus Y-ND mice.
**P < 0.01 versus O-ND mice.

###
P < 0.001 versus O-HFD mice.
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disease in the world due to the rising prevalence of obesity
and ageing. NAFLD encompasses steatosis and NASH. NASH
is the severe form of NAFLD with lobular inflammation and
hepatocyte ballooning; this stage has a clear potential of
progression to cirrhosis and hepatocellular cancer.17 Herein,
in spite of receiving HFD for more than 1 year, mice treated
with AdipoRon exhibit NAFLD that does not progress into
NASH, as assessed by the NAS score. These data extend the
decreased hepatic lipid content measured by chemical ex-
traction after 2 weeks of AdipoRon in HFD mice or db/db
mice10 and the lessening of liver injury caused by toxic agents
under AdipoRon.12

The protective effects of AdipoRon against myosteatosis
have been poorly studied so far.10 Yet myosteatosis is
emerging as a public health problem. It increases with age
and obesity and is recognized to negatively correlate with
muscle mass, strength and mobility, and disrupts metabo-
lism (insulin resistance and diabetes).4 It is also a negative
prognostic factor for cancer,27 cardiovascular disease28 or
NAFLD.17 IMCLs are predominantly stored in LDs to serve
as metabolic fuel during physical exercise. However, when
lipid supply exceeds demand, or when mitochondria become
dysfunctional, IMCLs are also implicated in muscle insulin re-
sistance as in obesity and type 2 diabetes.29,30 Yet, endur-
ance athletes have similar, if not higher, IMCL content than
obese patients with type 2 diabetes, while maintaining high
insulin sensitivity. This ‘athlete’s paradox’ is explained by a
more nuanced appraisal of muscle LDs, including localization
and size.19,29 Peripheral LDs exert a more deleterious effect
on insulin sensitivity than central ones, which are more ded-
icated to produce fuel for contraction.19,29 LD size also plays
a role on overall metabolism as this parameter is inversely
correlated to insulin sensitivity and physical fitness.18,29 In
fact, smaller LDs exhibit a larger surface area for lipase ac-
tion and thus potentially have a greater capacity to mobilize
lipids.29 By using Bodipy staining, we quantified IMCL con-
tent and analysed LD size and subcellular distribution in a
fibre-specific manner. Our study highlights a differential im-
pact of ageing and dietary fat overload on IMCL content ac-
cording to fibre type. Thus, ageing promotes accumulation
of IMCLs in oxidative fibres while dietary fat overload pro-
motes such an accumulation in glycolytic ones. The latter
observation is concordant with the elevated fatty acid con-
tent observed in EDL, but not in soleus, after 5 weeks of
HFD administration to mice.31 The lower impact of HF over-
load on soleus may be explained by the concomitant upreg-
ulation of mitochondrial content in oxidative fibres22 (see
Figure 6B), which may partly cope with lipid excess. A novel
and important finding is that AdipoRon strikingly reversed
IMCL accumulation whether due to ageing in oxidative fibres
(Types 1 and 2a) or to HFD in glycolytic ones (Types 2x and
2b). This correction occurs in both subcellular regions. The
size of LDs, especially subsarcolemmal ones was reduced
as well.

Besides being associated with adverse metabolic out-
comes, large LDs could also affect muscle contractile capacity
as previously suggested.32 Herein, we proposed that large
subsarcolemmal LDs could exert a mechanical stress on
plasma membrane as supported by scalloped edges of sarco-
lemma. Other mechanisms could also contribute to
impair contractility: inhibition of sarco/endoplasmic
reticulum Ca2+-ATPase (SERCA) or of mitochondrial function
by fatty acid metabolites for instance.31 Even in single
myofibre isolated from obese older or normal weight sub-
jects, there was an inverse relationship between IMCL con-
tent and fibre contraction, power and force development,
raising the possibility of a vicious circle between IMCL accu-
mulation and functional muscle impairment, thereby further
worsening obesity.33 Taken together, our data show that
AdipoRon potently protects against myosteatosis caused by
ageing or calorie excess. As total numbers of fibres in each
muscle and cross-sectional area for each fibre type were sim-
ilar between the four groups of mice, this raises the possibil-
ity that the true contractile mass was actually higher in
AdipoRon mice due to lower IMCL accumulation. When com-
paring the protection afforded by AdipoRon against ectopic
lipid deposit in the liver and the skeletal muscle, the allevia-
tion of steatosis was more drastic in the muscle where the
correction was complete.

We next examined the mechanisms underlying the marked
reduction of myosteatosis and focused on mitochondrial bio-
genesis and function, which are known to be stimulated by
AdipoRon.10 The mitochondrial content, assessed by
TOMM20 staining was not modified by AdipoRon, while
COX activity was enhanced. As mtDNA integrity is essential
for synthesis of active COX, these results suggest that mito-
chondrial function is impaired with ageing,34 but then mark-
edly improved with AdipoRon. Consistently, the expression
of genes involved in fatty acid oxidation or energy dissipation
was—or tended to be—increased as well, in line with a previ-
ous report.10 The beneficial effects of AdipoRon on mitochon-
drion are reinforced by TEM analysis indicating that there
were less damaged—presumably less dysfunctional—mito-
chondria in the muscle of AR-treated mice than in
age-matched untreated groups. Comparing these results with
those of TOMM20, we assume that some damaged mito-
chondria could still remain immunoreactive for TOMM20.
Taken together, these data indicate that AdipoRon protects
against the decline of mitochondrial function due to ageing.

By using TEM, we fortuitously found the presence of tubular
aggregates (TAgs) and cylindrical spirals (CSs) in glycolytic
myofibres of middle-aged mice.35,36 These structures corre-
spond to abnormal accumulation of sarcoplasmic reticulum
(SR) components. Immunohistochemical studies showed that
TAgs were derived from the whole SR, while CSs were derived
merely from the longitudinal one.23,35 In humans, the pres-
ence of TAgs defines a clinically heterogenous group of disor-
ders termed TA myopathies (TAM) characterized by muscle
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weakness, while CSs have been implicated in some rare
familial muscle disorders.23,35 Yet, the presence of TAgs or
CSs has not been studied in the elderly, but TAgs virtually iden-
tical to those of TAM patients have been found in ageing
mice.36 TAg abundance in old mice is accompanied by im-
paired ability to restore internal Ca2+ stores from extracellular
space, which could contribute to muscle weakness. Herein, an
original finding is that AdipoRon strikingly reduced the accu-
mulation of TAgs and CSs in middle-aged mice and improved
exercise endurance. In line with this observation, long-term
regular exercise counteracted TAg formation in aged mice,
while improving the capability of fibres to use extracellular
Ca2+.36

Because AdipoRon reduced damaged mitochondria as well
as TAgs and CSs, we speculated that this mimic could stimu-
late autophagy in the muscle of middle-aged obese mice. Dif-
ferent lines of evidence indicate that autophagy declines with
ageing, while autophagy stimulation may have beneficial ef-
fects on lifespan.37 We found no changes in autophagy
markers in our two groups of middle-aged mice that did not
receive AdipoRon. However, such changes are usually ob-
served in older mice (~24 months).38 Yet, AdipoRon activated
the phosphorylation (Ser555) of ULK1, an autophagy marker
under the control of AMPK.24 It also markedly decreased
the p62 protein, a receptor for cargo including protein aggre-
gates destined for clearance.37 Taken together, these data
suggest that autophagy clearance was actually stimulated
by AdipoRon in the muscle, in line with other studies.39,40

AdipoRon is known to increase exercise endurance.10

Here, we extend these data to severely obese and
middle-aged mice. Improved endurance was linked to pre-
served mitochondrial function, higher lipid oxidation and alle-
viation of myosteatosis. Reduced accumulation of dysfunc-
tional SR proteins and improved capability of fibres to use
extracellular Ca2+ could contribute as well. Conversely, pre-
vention of muscle dysfunction in aged mice thanks to endur-
ance training was attenuated by neutralizing antibodies
against ApN or AdipoR1.41 The better performance of AR
mice was not due to a higher motivation of these mice: A
panel of behavioural tests did not demonstrate any attitude
differences between our HFD mice treated or not (not
shown), unlike data obtained in a mouse model of
depression.

In conclusion, long-term AdipoRon treatment enhances
muscle endurance in obese middle-aged mice and protects

the skeletal muscle and the liver from the adverse metabolic
and degenerative effects of ageing and calorie excess. By pro-
moting ‘healthy ageing’, AdipoRon could hence serve as a
crucial step towards enhancing both healthspan and lifespan.
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