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Abstract
Aims/hypothesis Obesity is an important risk factor for the
development of type 2 diabetes, but not all obese
individuals develop this complication. The clinical signs
of type 2 diabetes can often be reversed with weight loss;
however, it is unknown whether the skeletal muscle
oxidative stress associated with type 2 diabetes remains
after weight loss. We hypothesised that chronic exposure to
high glucose and insulin would re-elicit impaired metabo-
lism in primary myotubes from patients with a history of
type 2 diabetes.
Methods Obese participants with or without type 2 diabetes
completed a standardised weight loss protocol, following
which all participants were euglycaemic and had similar
indices of insulin sensitivity. Satellite cells were isolated
from muscle biopsies and differentiated under low or high
glucose and insulin conditions (HGI).

Results Cells from participants with no history of type 2
diabetes showed robust increases in mitochondrial content,
citrate synthase and cytochrome c oxidase activities when
exposed to HGI. This increase in oxidative capacity was
absent in cells from patients with a history of type 2
diabetes. High glucose and insulin caused increased
oxidative damage in cells from the latter, despite higher
superoxide dismutase expression. Cells from patients with a
history of type 2 diabetes were unable to decrease
mitochondrial membrane potential in response to HGI,
potentially due to lower levels of uncoupling protein-3.
Conclusions/interpretation This is the first report to note
that primary myotubes from patients with a history of type
2 diabetes are unable to adapt to a hyperglycaemic–
hyperinsulinaemic challenge. We have demonstrated that
impaired mitochondrial biogenesis and an inability to
manage oxidative stress define a muscle phenotype at risk
of obesity-associated type 2 diabetes.
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TMRE Tetramethylrhodamine, ethyl ester, perchlorate
UCP3 Uncoupling protein-3

Introduction

Obesity is a major risk factor for several chronic diseases
including cardiovascular disease, certain cancers and type 2
diabetes mellitus, as reviewed by Kopelman [1]. Among
adults diagnosed with diabetes, 57% are obese and 28% are
overweight [2]. Conversely, only 14% of obese adults have
diabetes [3]. Thus while obesity is a well-recognised risk
factor for type 2 diabetes, the relatively small percentage of
obese individuals who also develop type 2 diabetes is
consistent with the general knowledge that type 2 diabetes
has a strong genetic component. However, despite recent
advances, genetic and other determinants of risk for
obesity-associated type 2 diabetes have not been fully
elucidated [4].

One of the hallmarks of type 2 diabetes is insulin
resistance. Normally, skeletal muscle accounts for ~80% of
postprandial glucose disposal, but in type 2 diabetes it
becomes the primary site of insulin resistance [5]. The
molecular mechanisms responsible for the progression of
insulin resistance are still poorly understood. Ectopic
accumulation of lipid in skeletal muscle (intramuscular
triacylglycerol [IMTG]) is associated with obesity and
highly correlated with the development of insulin resistance
[6–8]. However, the observation that lean, insulin-sensitive
endurance-trained athletes have high levels of IMTG has
led to the hypothesis that altered or incomplete lipid
metabolism may be an important factor in the progression
of insulin resistance (reviewed by van Loon and Goodpaster
[9]). Along these lines, it has been proposed that the
overflow of triacylglycerol metabolites in skeletal muscle
mitochondria leads to an uncoupling of the tricarboxylic
acid cycle and the electron transport chain (ETC), resulting
in an accumulation of incompletely oxidised long-chain
fatty acids [10]. These may thus be diverted from the
tricarboxylic acid cycle into other lipid metabolites such as
ceramides, diacylglycerol and/or acylcarnitines, which in
turn can interfere with the insulin signalling pathway [10,
11], as discussed in reviews [12–14]. Indeed, decreased
mitochondrial content and impaired oxidative capacity are
correlated with insulin resistance and associated with
obesity [15–18], but effects can be mitigated by weight
loss and physical activity [19, 20].

The delivery of a surfeit of metabolic substrates to
mitochondria can lead to augmented reactive oxygen species
(ROS) production and impaired mitochondrial function. ROS
can cause lipid peroxidation, generating products such as
methylcholanthrene and 4-hydroxynonenal (HNE), which
can subsequently bind proteins, forming adducts and impair-

ing protein function, as reviewed by Eriksson [21], Pieczenik
and Neustadt [22], and Civitarese and Ravussin [23].
Oxidative stress has been implicated in the development of
insulin resistance [24–28]; however the role of ROS in
diabetic skeletal muscle is an emerging field. Recently,
Chung et al. demonstrated that treatment of human skeletal
muscle cells with high levels of hydrogen peroxide led to
destruction of the insulin signalling pathway, but that pre-
treatment with troglitazone could prevent this ROS-induced
insulin resistance [29]. The production of ROS by skeletal
muscle and the mechanisms by which this tissue mitigates
oxidative damage in the context of type 2 diabetes are areas
of great interest.

The overall aim of the current preliminary study was to
determine whether impaired metabolism could be detected in
primary muscle cells of patients with a history of obesity-
associated type 2 diabetes. Although no differences in
oxidative capacity or oxidative damage were detected under
standard low glucose and insulin conditions (LGI), cells from
patients with a history of type 2 diabetes were unable to
undergo mitochondrial biogenesis and had an increased
susceptibility to oxidative damage when exposed to chronic
high glucose and insulin conditions (HGI). These novel
findings define a muscle phenotype at risk of obesity-
associated type 2 diabetes and set the stage for future
explorations.

Methods

Participants Test participants (hereafter referred to as post-
diabetes mellitus participants) were obese and had a
documented history of obesity-associated type 2 diabetes
prior to weight loss. Inclusion criteria were: BMI≥30 kg/
m2, fasting blood glucose >7.0 mmol/l and HbA1c >7%, or
treatment with hypoglycaemic agent(s) prior to weight loss.
Age-, sex- and BMI-matched participants who had been
similarly obese but normoglycaemic acted as non-diabetic
controls. These non-diabetic participants had no family
history of type 2 diabetes; however, two of the seven post-
diabetes mellitus participants had at least one parent or
sibling with type 2 diabetes. Physical activity was measured
by questionnaire, which was adapted from a previous
publication [30]. There were no differences in physical
activity between non-diabetic and post-diabetes mellitus
groups (3.3±3.8 h/week and 4.6±3.2 h/week, respectively).
Both populations underwent a 26-week standard clinical
weight loss programme at the Ottawa Hospital Weight
Management Clinic (details, see Electronic supplementary
material [ESM] and previous publications [31, 32]).
Following weight loss, post-diabetes mellitus participants
exhibited consistently normal blood glucose and HbA1c

levels (≤6.1 mmol/l and ≤5.7%, respectively). Some
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participants experienced a modest weight gain after
completing the programme; however, all participants had
had stable body weight for a minimum of 14 weeks prior
to study (weight stability ranged from 14 to 102 weeks).
Weight stability was defined as weight maintenance
within 5% of body weight. Participant characteristics
pre- and post-weight loss as well as at the time of study
are described in Table 1.

All participants gave informed consent and these inves-
tigations were approved by the Human Research Ethics
Committees of the Ottawa Hospital and the University of
Ottawa Heart Institute.

Euglycaemic–hyperinsulinaemic clamp Insulin infusate
was prepared in isotonic saline, to which 2 ml of
participant’s blood was added per 50 ml infusate to prevent
absorption of insulin by glass/plastic. Regular insulin was
diluted to 300 mU/ml in 0.9% saline (wt/vol.) and infused
as 10 min priming infusion, followed by fixed infusion of

40 mU/m2. Glucose was infused as 20% dextrose (wt/vol)
and was started 4 min after initiation of insulin infusion at a
rate of 2.0 mg kg−1min−1 for 4 to 10 min and at
2.5 mg kg−1min−1 for 10 to 15 min. Blood samples were
taken every 5 min. Glucose infusion was adjusted to
maintain plasma glucose at 5.0 mmol/l [33].

Body composition Whole-body fat mass, fat free mass and
regional fat distribution were assessed by dual-energy x-ray
absorptiometry (DEXA) (LUNAR Prodigy; GE Medical
Systems, Madison, WI, USA). The precision of repeated
measurements is expressed as the per cent coefficient of
variation (2.2% for fat mass percentage).

Muscle biopsies Biopsies of vastus lateralis were obtained
from seven post-diabetes mellitus and seven non-diabetic
participants using a 5 mmBergstrom needle (Opitek, Glostrup,
Denmark) as described previously [34]. Participants had
refrained from physical activity for 3 days and had fasted

Variables Non-diabetic Post-diabetes mellitus

Age (years) 52.1±11.0 51.8±11.0

Men/women (n) 6/1 6/1

Family history of type 2 diabetes 0 2

No family history of type 2 diabetes 7 5

Pre-weight loss

Body weight (kg) 144.7±30.3 137.6±35.4

BMI (kg/m2) 47.6±9.7 45.6±9.5

Fasting blood glucose (mmol/l) 5.7±0.76 6.4±1.28a

Fasting blood glucose range (mmol/l) 4.3–6.8 4.4–7.8a

HbA1c (%) N/Ab 7.0±1.6

Diabetes medication 0 5

Post-weight loss at week 26

Weight (kg)c 104.9±21.9 108.5±25.6

BMI (kg/m2) 34.5±6.8 36.06±6.9

Fasting blood glucose (mmol/l) 5.03±0.72 4.96±0.35

HbA1c (%) N/Ab 5.2±0.4

Diabetes medication 0 0

At time of study

Time between week 26 and study (weeks) 52.0±10.5 50.8±10.4

Duration of weight stability (weeks) 31.7±31.8 32.4±13.1

Body weight (kg)c 117.5±20.0 113.4±23.5

BMI (kg/m2) 38.7±6.4 37.9±5.9

Basal metabolic rate (kJ/day) 9109±1406 8392±1666

Per cent fat-free mass (DEXA) 61.8±6.0 59.8±3.4

Per cent fat mass (DEXA) 39.6±3.41 34.7±2.85d

Per cent total body fat as truncal fat (DEXA) 64.4±2.8 58.5±4.7

Fasting blood glucose (mmol/l) 5.0±0.8 4.9±0.5

HbA1c (%) 5.3±0.1 5.4±0.2

Diabetes medication 0 0

Table 1 Pre- and post-weight
loss characteristics of post-
diabetes mellitus and non-
diabetic participants

Unless otherwise stated, values
are means±SD, n=7, Student’s
t test for each variable
(NS, except where noted)
a Blood glucose for post-
diabetes mellitus was measured
while on diet and pharmacolog-
ical treatment for diabetes
b HbA1c was not evaluated in
non-diabetic participants prior to
or during weight loss
programme
c The moderate weight gain
in non-diabetic and post-
diabetes mellitus groups
occurred between the end
of the weight loss programme
(at week 26) and the beginning
of the weight stability period
(all participants had stable body
weight for a minimum
of 14 weeks prior to study)
d Non-diabetic vs post-diabetes
mellitus, p<0.05

N/A, not applicable
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for 12 h prior to biopsy. A sample of muscle (~10 mg) was
frozen in optimal cutting temperature compound for determi-
nation of fibre type ratio and IMTG. The remainder of muscle
biopsy was processed for satellite cell isolation and culture.

Cell culture Freshly biopsied vastus lateralis was minced,
subjected to trypsin digestion and plated in Ham’s F-10
media supplemented with 15% fetal bovine serum (vol./vol.),
0.5 mg/ml BSA, 1 μmol/l dexamethazone, 10 ng/ml EGF,
0.5 mg/ml fetuin and 0.25 pmol/l insulin. Muscle satellite
cells were isolated using an immuno-based magnetic
sorting technique as previously described [34]. Myoblasts
were differentiated for 7 days prior to experimentation in
LGI DMEM (5.5 mmol/l glucose, supplemented with
0.25 pmol/l insulin, 2% horse serum (vol./vol.), 1%
antibiotic–antimycotic (vol./vol.) and 2.5 mg/ml gentamycin)
or in HGI DMEM (25 mmol/l glucose, supplemented with
10 pmol/l insulin, 2% horse serum, 1% antibiotic–antimycotic
and 2.5 mg/ml gentamycin).

Fibre type ratio Frozen tissues were sectioned and mounted
on Superfrost slides (Fisher, Ottawa, ON, Canada). Type 1
and type 2 fibres were immunostained sequentially using
A4.840 and N2.261 (Developmental Studies Hybridoma
Bank, Iowa City, IA, USA) primary antibodies and
biotinylated goat anti-mouse (BA-9200; Vector Laborato-
ries, Burlington, ON, Canada) secondary antibody. Type 1
fibres were stained red (SK5100; Vector Laboratories) and
type 2 fibres were stained blue (SK5300; Vector Laborato-
ries). The number of type 1 and type 2 fibres was counted
in three fields of view in each of three sections per
participant. The fibre type ratio was determined from these
numbers.

Intramuscular triacylglycerol IMTG content was evaluated
ex vivo and in vitro. Ex vivo determinations were
conducted as described previously [34]. Frozen tissues
were sectioned, mounted on Superfrost slides and fixed in
10% neutral buffered formalin (vol./vol.). Sections were
stained with 1% osmium tetroxide (wt/vol.) and counter-
stained with haematoxylin and eosin. Three fields of view
in each of three sections per participant were quantified
using Northern Eclipse imaging software (Empix Imaging,
Mississauga, ON, Canada) to determine the amount of
IMTG relative to the cross-sectional fibre area.

For in vitro analyses, differentiated myotubes were
suspended in 25mmol/l Tris-HCl pH7.5with 1mmol/l EDTA.
Lipids were extracted via chloroform–methanol (2:1),
evaporated under N2 gas and dissolved in 2-propanol.
Triacylglycerol concentration was determined spectrophoto-
metrically (L-Type TG H; Wako, Richmond, VA, USA) and
normalised to protein content as determined by bicincho-
ninic acid assay.

Glycogen Differentiated myotubes were suspended in PBM
buffer (20mmol/lKH2PO4, 10 μmol/l CaCl2, 1 mmol/l MgCl2,
pH6.1) and lysed by freeze–thaw. Samples were boiled for
20 min in 30% KOH (wt/vol.) saturated with anhydrous
Na2SO4. Glycogen was precipitated with 95% ethanol
(vol/vol.), dissolved in double-distilled H2O and incubated
at 100°C for 20 min with 0.2% anthrone (wt/vol.) in H2SO4.
Glycogen concentration was determined spectrophotometri-
cally by measuring absorbance at 620 nm relative to an
oyster glycogen standard curve, and normalised to protein
content.

Mitochondrial enzyme activities Intact mitochondria were
isolated from differentiated myotubes using a mitochondrial
isolation kit (MITOISO2; Sigma, St Louis, MO, USA).
Mitochondrial yield was expressed as mitochondrial protein
content per cellular protein content. Cytochrome c oxidase
activity was assayed in intact mitochondria using a kit
(Cytocox1; Sigma). Citrate synthase activity was deter-
mined in lysed mitochondria using a kit (CS0720; Sigma).
Enzyme activities were normalised to mitochondrial and
cellular protein contents.

Mitochondrial membrane potential Myoblasts were seeded
at 20,000 cells/well in 96-well plates and differentiated in
LGI/HGI media for 7 days. Cells were incubated with
800 nmol/l tetramethylrhodamine, ethyl ester (TMRE)
perchlorate in either LGI-PBS (5.5 mmol/l glucose,
0.25 pmol/l insulin) or HGI-PBS (25 mmol/l glucose,
10 pmol/l insulin). Incubation was for 15 min at 37°C in the
dark. Control wells contained no cells. Fluorescence was
measured 15 min post-incubation (excitation 544 nm,
emission 590 nm). TMRE is a lypophilic cationic dye that
accumulates in the mitochondria proportional to membrane
potential and through mitochondrial accumulation quenches
TMRE fluorescence [35]. Membrane potential was
expressed as the absolute value of the decrease in TMRE
fluorescence and normalised to mitochondrial protein
content.

Western blotting Electrophoresis of cell lysates or isolated
mitochondria was carried out on a 10% polyacrylamide gel
(wt/vol.). Proteins were then transferred to a nitrocellulose
membrane. Primary antibodies were: uncoupling protein-3
(UCP3) (ab-3477; Abcam, Cambridge, MA, USA), β-actin
(4967; Cell Signaling, Danvers, MA, USA), manganese
superoxide dismutase (MnSOD) and succinate dehydroge-
nase (SDH) (sc-30080 and sc-59687, respectively; Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Secondary
antibodies were: goat anti-rabbit horseradish peroxidase
and goat anti-mouse horseradish peroxidase (sc-2030 and
sc-2031, respectively; Santa Cruz). Visualisation was
achieved using an enhanced chemiluminescence kit
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(Amersham Pharmacia, Baie d’Urfe, QC, Canada). Spot
densitometry was performed using an Alpha multi-image
light camera and Alpha imaging software (Alpha Imaging,
Willoughby, OH, USA). Values represent the integrated
density value (IDV) of UCP3 or MnSOD divided by the
IDV of β-actin or SDH.

HNE–histidine adducts HNE–histidine adduct content was
determined by ELISA (STA-334; Cell Biolabs, San Diego,
CA, USA). Protein samples were absorbed on to a 96-well
ELISA plate in triplicate for 2 h at 37°C. Wells were probed
with an anti-HNE–histidine antibody and horseradish
peroxidase-conjugated secondary antibody. Absolute
HNE–histidine adduct content was determined spectropho-
tometrically by comparing samples with a standard curve of
HNE–BSA standards at 600 nm.

Statistical methods A Student’s t test was used to assess
statistical differences between clinical variables as well as
differences in fibre type percentage, MnSOD expression
and UCP3 expression. A one-way ANOVA with Tukey’s
post-test was used to assess statistical differences in IMTG
content, glycogen content, mitochondrial yield, citrate
synthase activity, cytochrome c oxidase activity, HNE–
histidine adducts and mitochondrial membrane potential
(Figs 1, 2, 3 and 4). Confidence intervals were set at 95%.

Results

Study participants Prior to weight loss, all post-diabetes
mellitus participants met the American Diabetes Associa-
tion criteria for diabetes [36] or were taking oral glucose-
lowering agents. Following weight loss, post-diabetes
mellitus participants became normoglycaemic and remained
so at the time of study. Non-diabetic participants did not
meet the criteria for diabetes before or after weight loss
(mean fasting glucose 5.7±0.76 mmol/l). At the time of
study, the two groups showed no differences in fasting
blood glucose, HbA1c or fat-free mass; however, the non-
diabetic group had a slightly higher percentage of body fat
(Table 1). As assessed by a euglycaemic–hyperinsulinaemic
clamp, participant groups demonstrated similar insulin-
stimulated glucose disposal rates and insulin sensitivity
indices (Table 2). No differences were detected in the
insulin sensitivity of primary myotubes from non-diabetic
compared with post-diabetes mellitus participants, as
assessed by insulin-stimulated glucose uptake and insulin-
stimulated glycogen synthesis (ESM Fig. 1).

Fibre type ratio No differences were observed in the fibre
type distribution between the non-diabetic and the post-
diabetes mellitus populations (Fig. 5). The fibre type
distribution for both was approximately 40% type 1 and
60% type 2.

Fuel storage Similarly, there were no differences in ex vivo
IMTG content between non-diabetic and post-diabetes
mellitus participants (63.78±6.58 arbitrary units [AU] vs
71.79±12.18 AU, respectively). IMTG content was also
assessed in vitro in myotubes differentiated in standard LGI
conditions or in ‘diabetes-like’ HGI conditions. Surprisingly,
no differences were detected in IMTG content between
LGI and HGI conditions in post-diabetes mellitus or non-
diabetic participants. There were also no differences in
IMTG content between post-diabetes mellitus and non-
diabetic participants in either condition (Fig. 1a). Post-
diabetes mellitus myotubes exhibited ~50% lower intracellular
glycogen levels than those of non-diabetic participants in LGI
(p<0.01) and ~30% lower levels of glycogen in HGI
(Fig. 1b).

Mitochondrial content and oxidative capacity No differ-
ences were seen in mitochondrial content between non-
diabetic and post-diabetes mellitus myotubes under LGI
conditions; however, mitochondrial content was nearly
doubled in non-diabetic myotubes when exposed to HGI
(p<0.01), whereas no increase was observed in post-diabetes
mellitus participants under the same conditions (Fig. 2a).

Cellular citrate synthase activity was assessed as a
marker of mitochondrial content. Non-diabetic myotubes
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showed an overall increase of ~65% in citrate synthase
activity when exposed to HGI (p<0.01), whereas post-
diabetes mellitus myotubes exposed to HGI showed no
differences in citrate synthase activity (Fig. 2b). When
normalised to mitochondrial content, there was a trend for
post-diabetes mellitus myotubes to have lower citrate

synthase activity than non-diabetic myotubes in LGI and
HGI, although this did not reach statistical significance
(Fig. 2c). These data suggest that the lack of an HGI-
induced increase in citrate synthase activity in post-diabetes
mellitus myotubes is due mainly to the lack of mitochon-
drial biogenesis under these conditions.
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Fig. 2 Oxidative capacity.
(a) Mitochondrial yield as mito-
chondrial (mito) protein content
per cellular protein content,
(b) citrate synthase activity nor-
malised to cellular protein,
(c) citrate synthase activity nor-
malised to mitochondrial pro-
tein, (d) cytochrome c oxidase
activity normalised to cellular
protein and (e) cytochrome c
oxidase activity normalised to
mitochondrial protein in (a–e)
myotubes from non-diabetic
participants (white bars) and
post-diabetes mellitus partici-
pants (black bars) that had been
differentiated under LGI or HGI.
Values are means±SD, n=3,
one-way ANOVA, Tukey’s
post-test, *p<0.05, **p<0.01,
***p<0.001
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Cellular cytochrome c oxidase activity was used as a
second marker of mitochondrial content. When normalised
to cellular protein, non-diabetic myotubes showed an
overall increase of ~80% in cytochrome c oxidase activity
when exposed to HGI conditions (p<0.05). Post-diabetes
mellitus myotubes, in contrast, did not show a significant
increase in overall cytochrome c oxidase activity (Fig. 2d).
When normalised to mitochondrial content, non-diabetic
and post-diabetes mellitus myotubes showed an increase in
cytochrome c oxidase activity in HGI conditions compared
with LGI conditions (p<0.01), indicating an upregulation
of ETC capacity per mitochondrion (Fig. 2e). There were
no differences in ETC capacity between non-diabetic and

post-diabetes mellitus myotubes in LGI or HGI conditions
at the level of the mitochondrion. Altogether, these data
indicate that due to higher mitochondrial content, overall
oxidative capacity is higher in non-diabetic myotubes than
in post-diabetes mellitus myotubes, when these are exposed
to HGI conditions.

Oxidative damage and mitochondrial membrane potential
Oxidative damage was assessed by measuring HNE–protein
adducts. There were no differences in HNE–protein adduct
content in non-diabetic and post-diabetes mellitus myotubes
under LGI conditions; however, when myotubes were
differentiated in HGI conditions, a significant increase was
observed in HNE–adduct content in the post-diabetes
mellitus group (p<0.01), but not in the non-diabetic group
(Fig. 3).

In response to higher ROS production, genes involved in
antioxidant pathways are typically upregulated. Levels of
MnSOD, the mitochondrial form of superoxide dismutase,
were found to be higher in post-diabetes mellitus myotubes
when differentiated under LGI (p<0.05) and HGI (p<0.01)
(Fig. 6), indicating that although higher oxidative damage
was not observed in post-diabetes mellitus cells under LGI
conditions, it is likely that higher amounts of ROS were
being produced.

Lower rates of ROS production have been associated
with lower mitochondrial membrane potential. The mito-
chondrial membrane potential in non-diabetic myotubes
was decreased in HGI compared with LGI (p<0.01), but
this was not observed in post-diabetes mellitus myotubes
(Fig. 4). It has been hypothesised that UCP3 may mitigate
ROS production by uncoupling oxidative phosphorylation
in situations of high membrane potential [37–39]. No
overall differences in UCP3 protein content were observed
between post-diabetes mellitus and non-diabetic myotubes
under LGI conditions (Fig. 7a, c). However, upon exposure
to HGI conditions, post-diabetes mellitus myotubes
exhibited threefold lower levels of UCP3 (p<0.05)
(Fig. 7b, d). When UCP3 was normalised to mitochondrial
content, post-diabetes mellitus participants had ~35% less
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Fig. 5 Fibre type ratio. Type 1 fibres stained red and type 2 fibres
stained blue in representative muscle sections of (a) a non-diabetic
(Non-DM) and (b) a post-diabetes mellitus (Post-DM) participant.
c Fibre type ratio expressed as a percentage. Values are means±SD,
n=6, Student’s t test for each fibre type, NS. White bars, non-diabetic
participants; black bars, post-diabetes mellitus participants

Table 2 Post-weight loss measurements taken during the euglycaemic–hyperinsulinaemic clamp

Variables Non-diabetic participants Post-diabetes mellitus participants

Baseline blood glucose (mmol/l) 5.67±0.63 5.40±0.71

Baseline blood insulin (pmol/l) 47.6±33.6 70.0±21.4

HOMA index 1.66±2.86 2.32±4.24

60–120 min insulin (pmol/l) 1071±413 1002±222

Insulin-stimulated glucose disposal (mmol kg−1min−1) 0.272±0.103 0.262±0.132

Insulin sensitivity (M /Iclamp) (nmol kg−1min−1 pmol−1) 319.8±232.0 282.5±180.7

Values are means±SD, n=7, Student’s t test for each variable (NS)

Iclamp, euglycaemic–hyperinsulinaemic clamp (as described in the Methods; see also DeFronzo et al. [33])
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UCP3 than non-diabetic participants (p<0.05), indicating
decreased levels of UCP3 per mitochondrion (Fig. 7f).

Discussion

Weight loss through restriction of energy intake improves
glycaemic control in patients with type 2 diabetes [40, 41].

In order to better understand the mechanistic associations
between obesity and type 2 diabetes, and to avoid the
confounding effects of concurrent hyperglycaemia or
diabetes medications, we compared the skeletal muscle
characteristics of participants with or without a history of
obesity-associated diabetes, all of whom were similarly
euglycaemic following weight loss.

IMTG is best correlated with an individual’s degree of
insulin resistance, regardless of BMI [6–8]. No differences
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in IMTG were observed in LGI or HGI, indicating that
hyperglycaemia–hyperinsulinaemia is not sufficient to elicit
higher levels of IMTG in myotubes of post-diabetes
mellitus participants. Conversely, glycogen levels in post-
diabetes mellitus myotubes were lower in LGI and HGI.
These results are consistent with reports that overall muscle
glycogen content is lower in individuals at risk of type 2
diabetes as well as in those who have the disease [42, 43].
Interestingly, however, glycogen levels were lower in post-
diabetes mellitus cells, although no differences in insulin
sensitivity were seen between non-diabetic and post-
diabetes mellitus cells. Glycogen deficit may therefore be
an early marker of dysfunctional metabolism in muscle of
individuals prone to obesity-associated diabetes or perhaps
an imprint left in the satellite cells of individuals who have
had type 2 diabetes, despite reversal of clinical symptoms
of the disease via weight loss.

It has been previously shown that genes involved in
oxidative metabolism andmitochondrial biogenesis are down-
regulated in skeletal muscle of individuals with type 2
diabetes, in individuals who are insulin-resistant and in healthy
offspring of type 2 diabetes patients [16]. Functional
impairment of skeletal muscle mitochondria has also been
shown in these populations [18, 44]. Our data suggest that, in
individuals prone to obesity-associated diabetes, the defect in
oxidative metabolism lies in the inability of myotubes to
undergo mitochondrial biogenesis in response to HGI.
Although overall impaired induction of citrate synthase and
cytochrome c oxidase activities was observed in post-
diabetes mellitus cells, these deficiencies can be accounted
for by the lack of mitochondrial biogenesis. Cytochrome c
oxidase activity was upregulated per mitochondrion in non-
diabetic and post-diabetes mellitus participants when exposed
to HGI, indicating that no impairment in ETC function exists
at the level of the mitochondrion. These results indicate that
the re-eliciting of impaired oxidative metabolism in cells
from post-diabetes mellitus participants exposed to HGI is
due to impaired stimulus of mitochondrial biogenesis.

Increased oxidative stress has been closely associated with
insulin resistance and diabetes in a number of tissues,
including skeletal muscle and adipose, as reviewed by Unoki
and Yamagishi [45]. We found no differences in oxidative
damage between non-diabetic and post-diabetes mellitus
myotubes under LGI, but did see increased oxidative
damage in post-diabetes mellitus myotubes under HGI.
Taken alone, this result suggests that increased ROS
production occurred under HGI, but post-diabetes mellitus
cells were unable to mitigate that increase. However, the fact
that MnSOD protein levels were increased in post-diabetes
mellitus cells under LGI and HGI suggests that ROS
production was increased under both conditions and that
this antioxidant system was sufficient to prevent ROS
damage in these cells under LGI, but not under HGI. To

explore a possible mechanism that could explain the differ-
ences in oxidative damage between post-diabetes mellitus
and non-diabetic cells, we measured mitochondrial mem-
brane potential. The decrease in membrane potential that was
observed in non-diabetic cells exposed to HGI may explain
their resistance to oxidative damage. Post-diabetes mellitus
cells were not able to lower their membrane potential in the
face of increased reducing equivalents entering the ETC (i.e.
under HGI) and therefore ROS production was augmented.

There are at least two possible explanations for the
underlying mechanism of decreased mitochondrial mem-
brane potential in non-diabetic cells but not in post-diabetes
mellitus cells exposed to chronic HGI. The decrease in
membrane potential in non-diabetic cells can at least be
partially explained by the HGI-induced increase in mito-
chondrial content. With an ~85% increase in mitochondrial
content, the non-diabetic cells would be well equipped to
metabolise the reducing equivalents provided by increased
glycolytic flux, unlike the post-diabetes mellitus cells,
which had no increase in mitochondrial content. The robust
increase in oxidative capacity seen in non-diabetic cells
may explain the resultant drop in mitochondrial membrane
potential: substrates would be distributed among almost
double the amount of mitochondria. With fewer reducing
equivalents being delivered to the ETC per mitochondrion,
lower membrane potential would ensue.

The mechanisms underlying the absence of a decrease in
membrane potential in post-diabetes mellitus cells are likely to
be multi-factorial. A second possible explanation relates to
ROS signalling within the mitochondrion. High glucose
exposure (i.e. more substrates being delivered to cells) would
initially result in more reducing equivalents being delivered to
the ETC per mitochondrion, driving up mitochondrial
membrane potential and increasing ROS production. HNE
can then be produced by ROS–lipid interaction. UCP3 is a
mitochondrial inner membrane protein with unresolved
physiological function(s). However, it has been hypothesised
to mediate a proton leak when activated by HNE, reducing
mitochondrial membrane potential and mitigating production
of ROS in a negative feedback loop [39]. Interestingly, there
were no differences in UCP3 expression between non-
diabetic and post-diabetes mellitus participants under LGI
conditions, but post-diabetes mellitus cells had lower
expression of UCP3 at both the cellular and mitochondrial
levels when exposed to HGI. These results corroborate
previous reports of decreased UCP3 expression documented
in vastus lateralis of individuals with type 2 diabetes [46],
but now link decreased UCP3 expression to failed membrane
potential response and increased oxidative damage under
HGI. Thus, although the HNE signal is being generated in
post-diabetes mellitus cells, it appears to be unable to
activate UCP3 to effect a lower membrane potential and
ultimately decrease ROS production.
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One of the limitations of this study was that individuals
participating in the weight loss protocol had BMIs in the
class III obesity range (≥40 kg/m2) prior to weight loss.
Following weight loss, they had BMIs in the class II
obesity range (35–39.9 kg/m2) (Table 1). Since the
metabolic characteristics of primary myotubes from ex-
tremely obese participants may differ from those of obese
participants [47], the conclusions drawn from this study
may be limited to the population studied. Another limita-
tion was the varying duration of the participants’ weight
stability prior to biopsy. However, the effect of inter-
participant weight stability variability did not affect the
clear differences in myotube metabolism observed between
non-diabetic and post-diabetes mellitus donors.

Overall, this preliminary study has shown that impaired
metabolism can be elicited in muscle cells from obese
euglycaemic participants with a history of obesity-associated
diabetes, despite resolution of the clinical diabetic state
through weight loss. We have documented defects in
mitochondrial biogenesis as well as the inability of muscle
cells to mitigate ROS production and oxidative damage in
response to situations of chronic HGI. These results provide
new insight into the metabolic differences between individu-
als who are prone to obesity-associated diabetes and those
who are not. However, it should be noted that these results do
not necessarily apply to lean individuals at risk of type 2
diabetes. Although this study has provided clues as to the
mechanisms of perturbed metabolism, it remains to be
determined whether these phenotypic characteristics are
genetically programmed or acquired epigenetically.
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