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Abstract

Aims/hypothesis Autophagy is a catabolic process that main-
tains cellular homeostasis by degradation of protein aggre-
gates and selective removal of damaged organelles, e.g. mito-
chondria (mitophagy). Insulin resistance in skeletal muscle
has been linked to mitochondrial dysfunction and altered pro-
tein metabolism. Here, we investigated whether abnormalities
in autophagy are present in human muscle in obesity and type
2 diabetes.

Methods Using a case—control design, skeletal muscle biop-
sies obtained in the basal and insulin-stimulated states from
patients with type 2 diabetes during both euglycaemia and
hyperglycaemia, and from glucose-tolerant lean and obese
individuals during euglycaemia, were used for analysis of
mRNA levels, protein abundance and phosphorylation of
autophagy-related proteins.

Results Muscle transcript levels of autophagy-related genes
(ULKI, BECNI, PIK3C3, ATGS5, ATG7, ATG12,
GABARAPLI, MAPILC3B, SQSTM1, TP53INP2 and
FOXO034 [also known as FOXO3]), including some specific
for mitophagy (BNIP3, BNIP3L and MULI), and protein
abundance of autophagy-related gene (ATG)7 and Bcl-2/
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adenovirus E1B 19-kDa-interacting protein 3 (BNIP3), as
well as content and phosphorylation of forkhead box O3A
(FOXO3A) were similar among the groups. Insulin reduced
lipidation of microtubule-associated protein light chain 3
(LC3)B-I to LC3B-II, a marker of autophagosome formation,
with no effect on p62/sequestosome 1 (SQSTM1) content in
muscle of lean and obese individuals. In diabetic patients,
insulin action on LC3B was absent and p62/SQSTM1 content
increased when studied under euglycaemia, whereas the re-
sponses of LC3B and p62/SQSTMI1 to insulin were normal-
ised during hyperglycaemia.

Conclusions/interpretation Our results demonstrate that
the levels of autophagy-related genes and proteins in
muscle are normal in obesity and type 2 diabetes. This
suggests that muscle autophagy in type 2 diabetes has
adapted to hyperglycaemia, which may contribute to
preserve muscle mass.

Keywords Autophagy - Human - Hyperglycaemia - Skeletal
muscle - Type 2 diabetes

Abbreviations

ATG Autophagy-related gene

BNIP3 Bcl-2/adenovirus E1B 19-kDa-interacting
protein 3

BNIP3L BNIP3-like

ERK Extracellular signal-regulated kinase

FOXO03 Forkhead box O3

GDR Glucose disposal rate

JNK c-Jun N-terminal kinase

LC3 Microtubule-associated protein light chain 3

mTOR Mechanistic target of rapamycin

mTORC1  mTOR complex 1

p70S6K p70 S6 kinase
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gPCR Quantitative PCR
ROS Reactive oxygen species
SQSTM Sequestosome 1

TPS3INP2  Tumour protein p53 inducible nuclear protein 2

Introduction

Skeletal muscle is the major site of insulin-stimulated glucose
uptake [1, 2] and correspondingly an important site of insulin
resistance in obesity and type 2 diabetes. Insulin resistance in
human skeletal muscle is characterised by decreased insulin-
stimulated glucose disposal and metabolism, triacylglycerol
accumulation, as well as reduced content and functional
capacity of mitochondria [3—7]. At the molecular level, there
is evidence of impaired insulin signalling through IRS-1,
phosphatidylinositol 3-kinase (PI3K), Akt, and glycogen
synthase in skeletal muscle of insulin-resistant individuals
[8—13]. Moreover, insulin resistance in obesity and type 2
diabetes is characterised by abnormal protein metabolism
[14, 15]. The two main proteolytic systems in skeletal muscle
are the ubiquitin—proteasome system and macroautophagy
(hereafter referred to as autophagy). Increased content of sev-
eral proteasome subunits was recently demonstrated in skele-
tal muscle in obesity and type 2 diabetes [16], whereas a
potential role of muscle autophagy in these conditions remains
to be clarified.

Autophagy is a highly conserved catabolic pathway, which
is essential for the maintenance of cellular homeostasis. This
process is responsible for degradation of protein aggregates
and dysfunctional organelles, and is constantly ongoing at low
levels in most cell types. Autophagy is therefore of particular
importance in long-lived post-mitotic cells, such as skeletal
muscle fibres and neurons [17]. In skeletal muscle, autophagy
is known to be induced by fasting, atrophy, and exercise
[18-20]. When autophagy is activated, the Unc-51 like au-
tophagy activating kinase 1 (ULK1)-complex initiates the for-
mation of the autophagosome [21, 22]. Recruitment of the
BCL2 interaction myosin/moesin like coiled-coil protein 1
(BECLIN1)-vacuolar protein sorting 34 (VPS34) complex
for generation of phosphatidylinositol 3-phosphate, as well
as conjugation of autophagy-related gene (ATG)12 and
ATGS5 by ATG7 and ATG10, and lipidation of microtubule-
associated protein light chain 3 (LC3)-I to LC3-II, or other
members of the ATGS family (e.g. gamma-aminobutyric acid
(A) receptor-associated protein like 1 [GABARAPLI1]), by
ATG3 and ATG7, is necessary for the formation of the mature
autophagosome [21-23]. The autophagosome fuses with a
lysosome for degradation of the sequestered materials [22,
24]. Autophagy was long considered a non-selective degrada-
tion pathway, but there is increasing evidence for selective
forms of autophagy mediated by specific autophagy receptors,
such as p62/sequestosome 1 (SQSTM1) (hereafter p62) and
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neighbour of BRCA1 gene 1 (NBR1) for degradation of
ubiquitinated protein aggregates, and Bcl-2/adenovirus E1B
19-kDa-interacting protein 3 (BNIP3) and BNIP3-like
(BNIP3L) for selective removal of mitochondria
(mitophagy) [17, 22].

Recent reports have highlighted the importance of autoph-
agy in skeletal muscle. Thus, muscle-specific knockout of the
crucial autophagy gene, A7g7, in mice caused loss of muscle
with accumulation of abnormal mitochondria [25, 26], de-
creased respiratory capacity [26] and increased oxidative
stress [25, 26]. While starvation is thought to induce autoph-
agy in skeletal muscle, insulin may inhibit autophagy by two
Akt-dependent mechanisms involving mechanistic target of
rapamycin (mTOR)-mediated repression of autophagy [23,
27] and blocking of forkhead box O3 (FOXO3)-mediated
transcription of autophagy-related genes such as VSP34,
LC3, GABARAPLI, ATG7, BNIP3, BNIP3L, MULI and
CTSLI [18, 20, 28]. Since both deficient and excessive au-
tophagy is harmful, a well-orchestrated regulation of this pro-
cess is of great importance for muscle homeostasis. Based on
the presence of impaired insulin signalling to Akt [4, 11],
mitochondrial dysfunction and altered protein metabolism,
we hypothesised that autophagy is dysregulated in human
skeletal muscle in obesity and type 2 diabetes.

The objectives of this study were therefore to investigate
whether the basal levels of autophagic markers and the activ-
ity of the autophagic machinery are altered in skeletal muscle
and adipose tissue in obesity and type 2 diabetes, and whether
autophagy responds differently to insulin in skeletal muscle of
insulin-resistant individuals.

Methods

Study participants The present study investigated material
previously collected and reported by Vind et al [4]. Compared
with the original report, two additional lean individuals were
included. In a case—control design, ten obese patients with
type 2 diabetes were carefully matched to 12 healthy, lean
and ten obese, non-diabetic volunteers (Table 1). The eligibil-
ity criteria are given in the Electronic Supplementary Material
(ESM) Methods. Informed consent was obtained from all par-
ticipants before participation. The study was approved by the
Regional Scientific Ethical Committees for Southern
Denmark and was performed in accordance with the
Helsinki Declaration.

Study design Participants were instructed to abstain from
strenuous physical activity for a period of 48 h prior to the
experiment. Following an overnight fast, the lean and obese
individuals underwent a euglycaemic—hyperinsulinaemic
clamp with tracer glucose and combined with indirect calo-
rimetry. Patients with type 2 diabetes were clamped twice,
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Table 1  Clinical and metabolic characteristics

Lean Obese Type 2 diabetic

n (female/male) 12 (6/6) 10 (4/6) 10 (6/4)
Age (years) 54.5+1.3 554+1.2 53.9+1.6
BMI (kg/m?) 23.4+0.5 31.1£0.9%** 29 .8+] 3%%*
Fat mass (kg) 17.6+33 30.3+£1.9%%  29.6+1.3%*
Fasting plasma glucose 55+0.1 5.8+0.1 8.9+0.7++*TT
(mmol/l)
Fasting serum insulin 30+4 4046 85+16.3%*T
(pmol/l) .
Fasting C-peptide (pmol/l) 507+29  633+48 1,181+140%#* Tt
HbA | (%) 55+0.1 53+0.1 6.8+0. 4% TTT
HbA  (mmol/mol) 36.2+1.0 34.3+13 51.2+3.9%#TTT
Plasma triacylglycerols 0.8+0.1 1.0+0.3 1.6+0.2%%* T
(mmol/l)
Serum insulin, clamp 409+£19 397+16 428+14
(pmol/l)
GDR, basal 76+3 74£6 73+3
(mg min! mﬁz) .
GDR, clamp 380+25  309+24* 160-£26+#+ 71T

(mg min' m™?)

The data are presented as means+SEM

*p<0.05, **p<0.01 and ***p<0.001 vs lean controls; T p<0.05,
9<0.01 and "7p<0.001 vs obese controls

separated by 4-6 weeks, randomly starting with either a
euglycaemic— or isoglycaemic—hyperinsulinaemic clamp as
described [4]. All participants were asked to eat the same meal
on the evening before the study.

Euglycaemic/isoglycaemic—hyperinsulinaemic clamp
and muscle biopsies The study participants initially
underwent a 2 h basal tracer (3-H>-glucose) equilibration pe-
riod after which a euglycaemic—hyperinsulinaemic clamp (4 h
insulin infusion using 40 mU m > min ') was performed [9,
10, 29]. Muscle biopsies were taken from m. vastus lateralis
before and after the 4 h insulin infusion period. Details about
the clamp and biopsies are given in ESM Methods.

RNA isolation and cDNA synthesis For isolation of total
RNA, 10-20 mg muscle biopsy and 30-70 mg subcutaneous
fat biopsy were homogenised in 1 ml TRI reagent (Sigma-
Aldrich, St Louis, MO, USA) with ceramic beads (1.4 mm
zirconium oxide beads) using the PreCellys24 system (5,
000 rpm/2x20 s; Bertin Technologies, Montigny-Le-
Bretonneux, France). Hereafter, total RNA was extracted ac-
cording to the manufacturer’s guidelines. The RNA concen-
tration was determined using a NanoDrop 1000 (Thermo
Scientific, Waltham, MA, USA) and 1.5 pug total RNA was
subsequently treated with DNasel (Amplification Grade,
Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions and reverse transcribed using a high capac-
ity cDNA reverse transcription kit (Applied Biosystems,
Foster City, CA, USA).

Quantitative real-time PCR analysis Real-time quantitative
PCR (qPCR) was performed on an ABI Prism 7900HT
Sequence Detection system (Applied Biosystems) using
TagMan custom Arrays (Applied Biosystems) according to
the manufacturer’s instructions. The specific primer—probe
pairs used are listed in ESM Table 1. All samples were run
in triplicate and the data analysed using qBasePlus Biogazelle
software (Zwijnaarde, Belgium) [30, 31]. In both adipose tis-
sue and skeletal muscle, the mRNA levels were normalised to
the geometric mean of two suitable reference genes, which
were not different among the groups and were not affected
by insulin. The mRNA levels in muscle were normalised to
PPIA and B2M, while mRNA levels in adipose tissue were
normalised to PPI4 and ACTB.

Muscle lysates, SDS-PAGE and western blot For extraction
of protein, frozen muscle biopsies were freeze-dried, dissected
free of visible fat, blood and connective tissue. The muscle
lysates were prepared as described in ESM Methods. Muscle
proteins were separated by SDS-PAGE on self-cast 8-15%
Tris-HCI polyacrylamide gels, and transferred (semidry) to a
PVDF membrane (Immobilon transfer membrane, Millipore,
Denmark). For each protein probed on a western blot, the
same amount of total lysate protein was loaded for each sam-
ple on the gels. Western blots were conducted in a balanced
design (samples from all experimental conditions present on
all gels) and internal control samples were included on each
gel to correct for possible variations between gels. On one gel,
a standard curve of muscle lysate was loaded to ensure that
quantification of each protein probed for was within the linear
range. In the western blot analyses, the relative protein abun-
dance from a known quantity of total lysate protein was de-
termined. Further details and the identity and specificity of the
primary antibodies used are given in ESM Methods and ESM
Table 2.

Statistics The experimenters were not blinded to group as-
signment. The statistical analyses were performed using
Sigma-Stat version 3.5 (Systat Software, San Jose, CA,
USA). The data were transformed in cases where they did
not display normal distribution or equal variance. Two-tailed
paired ¢ tests and one-way or two-way ANOVA with repeated-
measures using Student—Newman—Keuls post hoc testing
were used to evaluate differences among and within groups.
Significance was accepted at p<0.05. Data are presented as
means+SEM.

Results
Clinical and metabolic characteristics At study entry,

fasting levels of plasma glucose and triacylglycerols, glycated
haemoglobin and serum insulin and C-peptide were elevated
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in the diabetic group compared with both control groups
(Table 1). Insulin administration increased glucose disposal
rate (GDR) in all three groups. However, insulin-stimulated
GDR was reduced in the diabetic group compared with both
control groups, but was also slightly lower in obese vs lean
individuals.

Muscle and adipose tissue transcript levels of autophagy-
related genes The mRNA levels of genes encoding proteins
involved in autophagy were examined by real-time qPCR.
The analysis showed no differences in the muscle transcript
levels of ULKI, BECNI, PIK3C3, ATGS5, ATG7, ATG12,
MAPILC3B, GABARAPL1, SOQSTM1, BNIP3, BNIP3L,
MULI, TP53INP2, CTSLI and FOXO3A [also known as
FOXO3] among the lean, obese and diabetic groups in the
basal state (Fig. 1a-b). Furthermore, we found no differences
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Fig. 1 mRNA expression of genes involved in autophagy in the basal
and insulin-stimulated state in skeletal muscle of lean (white bars, n=12),
obese (hatched bars, n=8) and type 2 diabetic (black bars, n=10) indi-
viduals (a, b), and (c) in the basal state in subcutaneous adipose tissue
(lean, n=8; obese, n=8; type 2 diabetes, n=7). The data are presented
as meanstSEM. *p<0.05, **p<0.01 and ***p<0.001 basal vs
insulin-stimulated
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in the expression of 4TG5, ATG7, BECNI, BNIP3,
MAPILC3B, PIK3C3 and SOSTM1 in subcutaneous adipose
tissue in the basal period (Fig. 1¢). Four hours of insulin infu-
sion, which increased serum insulin to ~400 pmol/l, decreased
the expression of BECNI and GABARAPLI, while it in-
creased MULI expression in skeletal muscle, with no differ-
ences among the groups (Fig. 1a—b). Furthermore, insulin de-
creased FOXO34 expression in muscle from all three groups
(Fig. 1b). When evaluating the fold-changes induced by insu-
lin, no significant differences in any of the above mentioned
muscle transcripts were observed among the groups (data not
shown).

Abundance of key proteins involved in autophagy in skel-
etal muscle To identify potential regulation of autophagy at
the post-transcriptional level, the content of selected key pro-
teins involved in autophagy was investigated. No differences
in the protein abundance of ATG7, BNIP3 and p62 were ob-
served among the groups in the basal, resting state, and protein
content of ATG7 and BNIP3 was not regulated by insulin
(Fig. 2a-b). Previous work has shown that the level of
LC3B-II is closely correlated with the number of auto-
phagosomes, thus serving as a good indicator of auto-
phagosome formation [32]. To elucidate whether auto-
phagosome formation was different among the lean, obese
and diabetic groups, the levels of LC3B-I and LC3B-II protein
were measured and the LC3B-II/I ratio was calculated
(Fig. 2c—e). This was enabled by the fact that the two LC3B
isoforms migrate differently in SDS-PAGE and the shift in
isoform can be detected using western blotting. Four hours
of insulin infusion reduced the protein content of LC3B-II
and the LC3B-II/I ratio in skeletal muscle in the lean and the
obese group indicating that autophagy is inhibited by insulin
administration. This effect of insulin was not seen for the
LC3B-II protein content or LC3B-II/I ratio (»p=0.515 and
p=0.111, respectively) in muscle of diabetic patients when
studied under euglycaemia. We identified no changes in the
abundance of LC3B-I.

The protein levels of LC3B-II alone cannot be used as a
conclusive marker of the autophagic flux [32]. We therefore
determined the abundance of the autophagy receptor p62,
which is degraded during autophagy in most cell types [32].
In this study, we observed no effect of insulin on the protein
content of p62 in muscle of lean and obese individuals.
However, p62 content was significantly increased in response
to insulin in muscle of diabetic patients, when studied under
euglycaemia, indicating impaired breakdown of
autophagosomes (Fig. 2f).

Effect of hyperglycaemia on muscle autophagy in type 2
diabetes During the 4 h euglycaemic—hyperinsulinaemic
clamp, the plasma glucose levels of diabetic patients were
lowered from 8.9 to 5.4 mmol/l. The metabolic characteristics
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Fig.2 Protein content of (a) ATG7, (b) BNIP3, (¢) LC3B-I, (d) LC3B-II,
(e) LC3B-II/I ratio and (f) p62/SQSTMI1 in skeletal muscle of lean (n=
12), obese (n=8) and type 2 diabetic (T2D) individuals (»=9) before
(white bars) and after insulin (black bars). (g) Representative blots. Data
are means+SEM. (*)p=0.075, **p<0.01 and ***p<0.001 basal vs insu-
lin-stimulated. AU, arbitrary units

for the isoglycaemic—hyperinsulinaemic clamp are
summarised in ESM Table 3. To examine whether this decline
in plasma glucose has an impact on autophagy, we compared
the effect of insulin on the LC3B-II and p62 protein abun-
dance in muscle of patients with type 2 diabetes (n=8), who
underwent both a euglycaemic— and an isoglycaemic—
hyperinsulinaemic clamp (ESM Table 3). This revealed that
despite an inability of insulin to decrease LC3B-II protein
abundance or the LC3B-II/I ratio under euglycaemia (p=
0.365 and p=0.083, respectively), administration of insulin
significantly decreased LC3B-II protein and the LC3B-II/1
ratio during hyperglycaemia (Fig. 3a-b). Interestingly, the in-
crease in p62 content seen upon insulin administration under
euglycaemia was abolished when the patients were studied
under isoglycaemic conditions (prevailing levels of fasting
hyperglycaemia) (p=0.542; Fig. 3c). Also, when comparing
insulin-induced changes (5-values), hyperglycaemia signifi-
cantly enhanced suppression of LC3B-II protein (p=0.024)
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Fig. 3 Protein content of (a) LC3B-II, (b) LC3B-1I/I ratio and (¢) p62/
SQSTMI in skeletal muscle of patients with type 2 diabetes (T2D) before
(white bars, n=8) and after (black bars, n=8) a euglycaemic— and an
isoglycaemic—hyperinsulinaemic clamp, respectively. (d) Representative
blots. Data are means+SEM. **p<0.01 and ***p<0.001 basal vs insu-
lin-stimulated. AU, arbitrary units

and the LC3B-II/T ratio (p=0.047), and tended to attenuate
(»p=0.073) the increase in p62 observed during euglycaemia.

No apparent differences in the activity of FOXO3A
and mTOR To identify whether known autophagic regula-
tors, such as the mTOR kinase and the transcription factor
FOXO3A, mediate the inhibitory effect of insulin on auto-
phagy in human skeletal muscle, we measured the protein
abundance and phosphorylation of FOXO3A and the p70 S6
kinase (p70S6K), a downstream mTOR target. Insulin signif-
icantly upregulated FOXO3A protein content (Fig. 4a),
whereas no changes either in the Ser253 phosphorylation of
FOXO3A (Fig. 4¢) or in the FOXO3A pSer253/protein ratio
(data not shown) were seen (see also ESM Fig. 1). Insulin
increased Thr389 phosphorylation of p70S6K (Fig. 4d), but
there were no differences in the p70S6K protein content
(Fig. 4b) or in the p70S6K pThr389/protein ratio (data not
shown). We did not identify any differences among the groups
when we measured the p70 S6K and FOXO3A phosphoryla-
tion and protein abundance.

Discussion

In this study, we examined several key markers of autophagy
in the basal, resting state in skeletal muscle and adipose tissue,
as well as the autophagic response to insulin in skeletal muscle
of patients with type 2 diabetes and lean and obese, glucose-
tolerant individuals. Overall, we found no influence of obesity
or type 2 diabetes on basal mRNA levels or protein abundance
of autophagic markers in skeletal muscle or fat, despite
hyperglycaemia in patients with type 2 diabetes.
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Fig. 4 Protein abundance of (a) FOXO3A and (b) S6K, and (c) Ser253
phosphorylation (pSer253) of FOXO3A and (d) Thr389 phosphorylation
(pThr389) of S6K in skeletal muscle of lean (n=12), obese (n=8) and
type 2 diabetic (T2D) individuals (n=9) before (white bars) and after
insulin (black bars). (e, f) Representative blots. Data are means+SEM.
*p<0.05 and **p<0.01 basal vs insulin-stimulated. AU, arbitrary units

Furthermore, we show that stimulation with physiological
insulin concentrations decreases the protein content of
LC3B-II, a key marker of autophagosome formation, in
skeletal muscle of lean and obese individuals. Interestingly,
this response was absent in diabetic patients when studied
during euglycaemia, but normalised when studied at their
prevailing levels of fasting hyperglycaemia. Our results
provide evidence that markers of autophagy in skeletal muscle
and fat are not affected by obesity and type 2 diabetes, and
suggest that muscle autophagy has adapted to hyperglycaemia
in type 2 diabetes. This adaptation may in part contribute to
the relative preservation of muscle mass seen in type 2 diabetes
as compared with the muscle loss seen in dysregulated patients
with type 1 diabetes.

Little is known about the activity and regulation of auto-
phagy in humans, but there is increasing evidence to support
the hypothesis of dysregulated autophagy in obesity and type
2 diabetes. First, impaired insulin signalling, mitochondrial
dysfunction and altered protein metabolism in skeletal muscle
and/or adipose tissue are known characteristics of insulin
resistance and type 2 diabetes [3, 5-9, 11-13], which may
all relate to perturbations in autophagy, including selective
degradation of mitochondria (mitophagy) [25, 26]. Second,
knockout of Azg7 in skeletal muscle of mice leads to loss of
muscle mass, abnormal mitochondria, decreased respiratory
capacity and increased production of reactive oxygen species
(ROS) [25, 26]. This suggests that impaired autophagy
produces abnormalities similar to those reported in muscle
of patients with type 2 diabetes. Furthermore, there is
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experimental evidence that hyperglycaemia can cause both
inhibition and induction of autophagy [33]. One mechanism
by which hyperglycaemia may induce autophagy seems to
involve activation of p38 mitogen-activated protein (MAP)-
kinase, extracellular signal-regulated kinase (ERK) or c-Jun
N-terminal kinase (JNK) due to increased oxidative stress
and ROS production [33]. Consistently, hyperglycaemia-
associated oxidative stress was recently shown to induce au-
tophagy through induction of the ROS—-ERK/JNK—p53 path-
way in skeletal muscle of Goto Kakizaki rats [34]. A major
finding in the present study is that the basal levels of multiple
markers of autophagy in skeletal muscle and fat of patients
with type 2 diabetes are not different from the levels seen in
lean and obese individuals, despite hyperglycaemia. Together
with the observation that hyperglycaemia normalised insulin
action on markers of autophagosome formation in muscle of
diabetic patients, our data indicate that muscle autophagy has
adapted to hyperglycaemia in type 2 diabetes. This adaptation
to hyperglycaemia in one of the main proteolytic systems may,
in part, explain why muscle mass is relatively spared in type 2
diabetes.

In obesity, chronic exposure to an increased calorie intake
may negatively affect autophagy in major metabolic tissues
such as liver, skeletal muscle and adipose tissue. Indeed, a
decrease in hepatic autophagy has been reported in both ge-
netic and dietary-induced mouse models of insulin resistance
and obesity [35-38]. To our knowledge, the influence of obe-
sity on autophagy in human skeletal muscle has not previously
been reported. In the present study, we show that basal and
insulin-stimulated mRNA levels and protein abundance of
autophagic markers are similar in skeletal muscle of lean
and obese individuals. Moreover, the insulin-mediated inhibi-
tion of LC3B lipidation in skeletal muscle was intact in obe-
sity. These data suggest that obesity per se, does not influence
autophagy in human skeletal muscle. Since the insulin sensi-
tivity in the obese individuals was only slightly lower than in
the lean individuals, further studies are needed to rule out that
a higher degree of insulin resistance or morbid obesity in the
absence of hyperglycaemia may affect autophagy in skeletal
muscle.

There is increasing evidence that insulin resistance in skel-
etal muscle in obesity and type 2 diabetes is linked to abnor-
malities in content, function and morphology of mitochondria
[6, 7, 16, 39, 40]. These reports suggest a potential role for
altered muscle mitophagy in obesity and type 2 diabetes.
BNIP3 and BNIP3L act as mitophagy receptors that target
mitochondria for removal by autophagosomes [17, 21],
whereas mitochondrial E3 ubiquitin protein ligase 1 (MUL1)
is a mitochondrial E3 ligase, which has been shown to pro-
mote the fragmentation and clearance of mitochondria
through mitophagy during skeletal muscle wasting [28]. The
fact that we did not identify any differences in the expression
of BNIP3, BNIP3L and MULI or protein abundance of BNIP3
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among the groups suggests that mitophagy is not influenced
by obesity and has adapted to hyperglycaemia in type 2 dia-
betes. We observed a small but significant increase in MUL!
expression after insulin stimulation with no differences among
the groups. This suggests the possibility that insulin promotes
clearance of damaged mitochondria. However, given that in-
sulin is known to cause an overall inhibition of autophagy,
further studies are warranted to confirm a potential positive
effect of insulin on mitophagy.

The insulin-mediated decrease in the lipidation of LC3B, a
marker of autophagosome formation, provides evidence that
autophagy is inhibited in response to insulin in skeletal muscle
of lean and obese, glucose-tolerant individuals. In most cell
types, induction of autophagic flux is reflected by both in-
creased levels of LC3B-II and reduced levels of p62 [41].
However, in some cell types, there is no change in p62 levels
despite strong levels of autophagy induction [41]. In the pres-
ent study, we observed no effect of insulin on p62 abundance
in skeletal muscle from either lean or obese individuals. This
is consistent with recent data showing no effect of insulin on
p62 levels in muscle biopsies from young healthy male indi-
viduals before or after prolonged fasting [42]. These data sug-
gest that p62 is not a useful marker of insulin-mediated inhi-
bition of autophagy in human skeletal muscle.

While starvation is known to be a potent inducer of autoph-
agy [43], a similar role of glucose deprivation is less well
established in mammals [33]. However, the lack of insulin-
mediated suppression of muscle LC3B-II in type 2 diabetes,
when studied under euglycaemia, suggests the possibility that
the inhibitory action of insulin on LC3B lipidation was
counteracted by a simultaneous positive effect of glucose-
lowering on autophagosome formation. If the inhibitory ac-
tion of insulin on autophagy is independent of p62 content in
skeletal muscle, as suggested by our data and a recent report
[42], then glucose-lowering may increase autophagolyso-
somal degradation of another cargo receptor causing p62 to
accumulate by displacement with no net effect on LCB3
lipidation. Such a p62-independent mechanism involving
tumour protein p53 inducible nuclear protein 2 (TPS3INP2)
was proposed recently [44]. In fact, we observed increased
p62 content in patients with type 2 diabetes in response to
insulin when studied at euglycaemia. To test whether this
increase in p62 was explained by displacement, we measured
TP53INP2 expression in the muscle samples. Although we
could not prove a significant insulin-mediated increase in
TP53INP2, the muscle transcript levels of TP53INP2 tended
to increase in response to insulin in diabetic patients studied at
euglycaemia. In contrast to a recent report of decreased
muscle expression of TP53INP2 in obesity and type 2 diabetes
[44], we could not demonstrate any differences in TP53INP2
levels among lean, obese and diabetic individuals. This is
consistent with the similar basal levels of all autophagic
markers including p62. In the study of Sala et al [44], the

average age in the obese and diabetic groups was much higher
than in the lean group, suggesting that this was responsible for
reduced 7P53INP2 [44]. Overall, our results do not support
the hypothesis that TPS3INP2 displaces p62 as a cargo
receptor as proposed recently [44]. On the other hand, we
are unable to provide measurements of TP53INP2 protein
levels or studies of co-localisation of p62 and LC3, and of
TPS53INP2 and LC3, which would be necessary to clearly
support or disapprove the hypothesis.

A previous study of muscle from almost the same cohort
showed a robust insulin-mediated phosphorylation of Akt at
Thr308 and Ser403 in all groups, although these effects were
significantly reduced in patients with type 2 diabetes [4].
However, this effect of insulin on Akt was not reflected by
significant changes in the activity of the mTOR target,
p70S6K, or the transcription factor FOXO3A—evaluated as
the phosphorylation/protein ratios—in either glucose-tolerant
or diabetic individuals. The apparent absence of insulin-
mediated activation of the mTOR pathway has previously
been reported in healthy individuals and may be due to a
decrease in circulating amino acids during insulin infusion
[45]. In addition to Akt-dependent phosphorylation, a Ras-
related GTP binding protein A (RAG)-dependent transloca-
tion to the lysosomal surface seems necessary for mTOR com-
plex 1 (mTORCI) activation [46, 47]. Thus, measurement of
p70S6K may not fully account for the mTORC1-mediated
regulation of autophagy [20, 48]. Although FOXO3 has been
shown to regulate autophagy activity in skeletal muscle [18,
20], the lack of changes in FOXO3A phosphorylation in our
study is consistent with the absence of transcriptional regula-
tion of most autophagy-related genes after insulin stimulation.
Taken together, our data suggest that insulin activation of Akt
in skeletal muscle of lean and obese individuals is not associ-
ated with measureable changes in the mTOR target p70S6K or
FOXO3A activity, which could explain the observed reduc-
tion in LC3B-II. Furthermore, the reduced insulin action on
Akt observed in diabetic muscle, both at euglycaemia and
hyperglycaemia [4], suggests that the normalisation of muscle
autophagy by hyperglycaemia in type 2 diabetes is, at least in
part, Akt-independent.

The limitations of the present study include the small sam-
ple size and the lack of sequential muscle biopsies. Thus, for
some markers of autophagy, we may have insufficient power
to exclude small (<20%), but potentially relevant differences,
and we have no data on the time course of autophagy regula-
tion. Moreover, the observational nature of the data, the in-
ability to visualise the dynamic machinery of autophagy, and
to perform mechanistic studies, means that our study provides
only one piece of evidence that autophagy may be normal in
obesity and has adapted to hyperglycaemia in type 2 diabetes.

In summary, we have shown, for the first time, that there
are no differences in the basal mRNA or protein levels of
multiple markers of autophagy in skeletal muscle or
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subcutaneous adipose tissue among lean and obese, glucose-
tolerant individuals and patients with type 2 diabetes.
Moreover, we have shown that physiological insulin concen-
trations decrease a marker of autophagosome formation, and
that this effect does not appear to involve regulation of the
mTOR kinase or FOXO3A. Furthermore, we demonstrate that
the effect of insulin on markers of autophagosome formation
in muscle is lost in patients with type 2 diabetes, when studied
at euglycaemia, but restored when the same patients are
clamped at their prevailing level of fasting hyperglycaemia.
These findings suggest that autophagy in skeletal muscle of
patients with type 2 diabetes has adapted to hyperglycaemia.
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