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Abstract
Aims/hypothesis The therapeutic benefit of physical activity
to prevent and treat type 2 diabetes is commonly accepted.
However, the impact of the disease on the acute metabolic
response is less clear. To this end, we investigated the effect
of type 2 diabetes on exercise-induced plasma metabolite
changes and the muscular transcriptional response using a
complementary metabolomics/transcriptomics approach.
Methods We analysed 139 plasma metabolites and hormones
at nine time points, and whole genome expression in skeletal
muscle at three time points, during a 60min bicycle ergometer
exercise and a 180 min recovery phase in type 2 diabetic
patients and healthy controls matched for age, percentage

body fat and maximal oxygen consumption (V
⋅
O2max).

Results Pathway analysis of differentially regulated genes up-
on exercise revealed upregulation of regulators of GLUT4
(SLC2A4RG, FLOT1, EXOC7, RAB13, RABGAP1 and
CBLB), glycolysis (HK2, PFKFB1, PFKFB3, PFKM, FBP2
and LDHA) and insulin signal mediators in diabetic partici-
pants compared with controls. Notably, diabetic participants
had normalised rates of lactate and insulin levels, and of glu-
cose appearance and disappearance, after exercise. They also
showed an exercise-induced compensatory regulation of
genes involved in biosynthesis andmetabolism of amino acids
(PSPH, GATM, NOS1 and GLDC), which responded to dif-
ferences in the amino acid profile (consistently lower plasma
levels of glycine, cysteine and arginine). Markers of fat oxi-
dation (acylcarnitines) and lipolysis (glycerol) did not indicate

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-015-3584-x) contains peer-reviewed but unedited
supplementary material, which is available to authorised users.

* Guowang Xu
xugw@dicp.ac.cn

* Peter Plomgaard
plomgaard@dadlnet.dk

* Cora Weigert
cora.weigert@med.uni-tuebingen.de

1 Centre of Inflammation and Metabolism, Centre for Physical
Activity Research, Department of Infectious Diseases,
Rigshospitalet, Blegdamsvej 9, 2100 Copenhagen, Denmark

2 Department of Clinical Biochemistry, Rigshospitalet,
Copenhagen, Denmark

3 Key Laboratory of Separation Science for Analytical Chemistry,
Dalian Institute of Chemical Physics, Chinese Academy of Sciences,
457 Zhongshan Road, Dalian 116023, China

4 Institute of Experimental Genetics, Helmholtz Zentrum München,
German Research Center for Environmental Health (GmbH),
Neuherberg, Germany

5 Division of Pathobiochemistry and Clinical Chemistry, Department
of Internal Medicine, University of Tübingen, Otfried-Müller-Str. 10,
72076 Tübingen, Germany

6 German Center for Diabetes Research (DZD), Germany,
http://www.dzd-ev.de/en

7 Chair of Experimental Genetics, Center of Life and Food Sciences
Weihenstephan, Technische Universität München, Freising-
Weihenstephan, Germany

8 Institute for Diabetes Research and Metabolic Diseases of the
Helmholtz Zentrum München, University of Tübingen,
Tübingen, Germany

Diabetologia (2015) 58:1845–1854
DOI 10.1007/s00125-015-3584-x

http://dx.doi.org/10.1007/s00125-015-3584-x


impaired metabolic flexibility during exercise in diabetic
participants.
Conclusions/interpretation Type 2 diabetic individuals
showed specific exercise-regulated gene expression. These
data provide novel insight into potential mechanisms to ame-
liorate the disturbed glucose and amino acid metabolism as-
sociated with type 2 diabetes.

Keywords Basic science . Exercise . Human .

Metabolomics . Microarray . Pathophysiology/metabolism

Abbreviations
HK2 Hexokinase 2
KEGG Kyoto Encyclopedia of Genes and Genomes
NGT Normal glucose tolerant
PFKFB 6-Phosphofructo-2-kinase/fructose-2,6-

bisphosphatase
PFKM Phosphofructokinase, muscle
PGC1α Peroxisome proliferator-activated receptor gamma

coactivator 1α
Ra Glucose rate of appearance
Rd Glucose rate of disappearance
V
⋅
O2max Maximal oxygen consumption

Introduction

Chronic metabolic disorders such as obesity, insulin resistance
and type 2 diabetes are characterised by an insufficient and
disturbed capacity to store and oxidise glucose and lipids
[1, 2] and are exacerbated by physical inactivity [3]. Con-
versely, exercise has been shown to improve glycaemic con-
trol, whole-body fat oxidation and insulin sensitivity and is
recommended for both the prevention and treatment of type 2
diabetes [4–6]. If regularly performed, physical exercise initi-
ates transcriptional and (post)translational mechanisms that
increase the capacity and efficiency of the muscle to utilise
fuels [7]. Great effort is being undertaken to provide tailored,
motivating exercise intervention programmes [8]. However,
despite numerous human and rodent exercise studies, the
complex nature of the mechanisms that lead to beneficial met-
abolic changes is incompletely understood. In particular, little
is known whether the existence of diabetes has consequences
for the acute metabolic response to exercise and the therapeu-
tic effect of exercise training.

Studies before the ‘omics’ era focused on differences in
substrate utilisation and metabolism during exercise in diabet-
ic patients and controls using tracer infusion techniques
[9–11]. Emerging metabolite profiling technologies have
now enabled comprehensive analyses of metabolic intermedi-
ates in body fluids and allow detailed investigation of complex
plasma metabolite changes during exercise and recovery

[12, 13]. In addition, whole genome expression analyses have
elucidated the global transcriptional response of human mus-
cle to exercise [14, 15], but the impact of diabetes on exercise-
regulated genes is unclear.

We therefore aimed to deepen our understanding of the acute
molecular responses of type 2 diabetic patients to physical ac-
tivity by carrying out a detailed investigation of plasma metab-
olite profiles combinedwith the transcriptional signatures of the
exercising muscle. To this end, we used a targeted liquid chro-
matography–mass spectrometry-based metabolomics platform
[16] to study the plasmametabolome of normal glucose tolerant
(NGT) and diabetic individuals in serial blood samples obtain-
ed during a 60 min bicycle ergometer exercise and a 180 min
recovery phase. To compare individuals with a similar fitness
level, NGTand diabetic participants were matched not only for
age and percentage body fat but also for maximal oxygen con-

sumption (V
⋅
O2max). [U-

13C]Glucose was infused intravenously
to assess the glucose rate of appearance (Ra) and disappearance
(Rd). Finally, we integrated the metabolomics data with whole
genome expression data of skeletal muscle biopsies obtained
from the same individuals at three time points: before and after
exercise and at the end of the recovery phase.

Methods

Participants The study comprised eight male patients with
type 2 diabetes and eight healthy male volunteers (NGT
group). Diabetic participants were receiving glucose-
lowering treatment with metformin (n=5), metformin and
glimepiride (n=1) or diet, as glucose-lowering treatment, to-
gether with simvastatin (n=4). The oral glucose-lowering
treatment was paused 1 week prior to the exercise experiment,
but treatment with simvastatin was continued. Of the eight
patients originally included in the diabetic group, one was
excluded in all final analyses due to very high fasting glucose
concentrations (>13 mmol/l) on the day of the experiment.

The study was approved by the local ethics committee and
conducted in accordance with the Declaration of Helsinki. All
participants gave written informed consent before the study
commenced. Pre-experimental assessments are shown in the
electronic supplementary material (ESM Methods).

Exercise experiment All participants were instructed to re-
frain from strenuous physical activity 24 h prior to the day of
the experiment and not to change their diet. On the day of the
experiment, participants reported to the laboratory at
07:30 hours after an overnight fast from 22:00 hours the pre-
ceding day. A catheter was placed in an antecubital vein on
each arm and baseline blood samples were drawn. After the
baseline blood sampling, a prime bolus of 17.6 μmol/kg
[U-13C]glucose was injected intravenously. This was followed
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by a continuous infusion of [U-13C]glucose (rate:
0.4 μmol kg−1 min−1 at rest and 0.8 μmol kg−1 min−1 during
the t r i a l ) . [U-13C]Pa lmi ta t e was in fused ( ra t e :
0.015 μmol kg−1 min−1 at rest and 0.03 μmol kg−1 min−1 dur-
ing the trial) to measure acylcarnitine enrichment. After
150 min to allow the tracers to reach steady state, participants
completed a 60 min bicycle ergometer exercise at approxi-

mately 50% of their individual V
⋅
O2max. Blood samples were

drawn at time points 5, 10, 30 and 60 min during exercise and
at 90, 120, 180 and 240 min during recovery. Blood was
collected in EDTA-coated containers and immediately spun
into plasma at 4°C. Plasma samples were stored at −80°C until
analysis. The participants fasted until the last blood sample
was obtained, but had free access to water. Skeletal muscle
biopsies were obtained immediately prior to the exercise bout,
immediately post exercise and after 180 min of recovery.

Plasma analysis Clinical chemical routine variables were mea-
sured using an ADVIA 1650 clinical chemical analyser (Siemens
Healthcare Diagnostics, Fernwald, Germany); insulin, cortisol
and growth hormone were analysed using an ADVIA Centaur
immunoassay system (Siemens Healthcare Diagnostics). Gluca-
gonwasmeasured byRIA (Millipore, Bedford,MA, USA). Plas-
ma glucose isotope enrichment, tracer-to-tracee ratio (TTR), was
measured by liquid chromatography–mass spectrometry after
derivatisation, as previously described [17]. Glucose Ra and Rd
were calculated using a steady-state model where [18]:

Ra ¼ Rd ¼ isotope infusion rate μmol kg−1min−1
� �

=TTR:

Metabolic profiling The samples were quantitatively
analysed using an ultra-HPLC 1290 Infinity system (Agilent,
Santa Clara, CA, USA) coupled to a 6400 Triple Quad mass
spectrometry system (Agilent) (ESM Methods). The follow-
ing were measured: 37 amino acids and amines, 37 fatty acids,
42 acylcarnitines and 14 lysophosphatidylcholines.

RNA isolation and microarray analysis Snap-frozen hu-
man muscle biopsies were homogenised using a TissueLyser
II (Qiagen, Hilden, Germany). Amplified cDNA was
hybridised on Affymetrix Human Gene 1.0 ST arrays (Santa
Clara, CA, USA) (ESM Methods). One NGT participant did
not meet the criteria for good-quality microarray data and was
excluded from the analysis.

Statistical analysis Statistical analyses of microarray data
were performed using the statistical programming environ-
ment R implemented in CARMAweb [19]. Gene-wise testing
for differential expression of time course analyses was carried
out using the paired limma t test in combination with the
Benjamini–Hochberg multiple testing correction (false
discovery rate <10%, average expression in at least one group
>8). Differential gene regulation between diabetic and NGT

samples at the indicated time points was done by applying the
limma t test on log2 ratios (average expression >8). Data were
analysed through the use of Qiagen’s Ingenuity Pathway
Analysis (www.qiagen.com/ingenuity). Enriched Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways as-
sociated with differences in gene expression and metabolite
levels were identified using InCroMAP [20]. Two-way
ANOVA analysis was used to assess the effect of time and
groups on measurements over time. If there was a statistically
significant difference over time, one-way ANOVA was used
to assess the effect of time in each group. To assess differences
between groups on baseline parameters, an unpaired t-test was
used. A p value <0.05 was considered statistically significant.
All analyses were performed using SAS software, version 9.1
(SAS Institute, Cary, NC, USA).

Results

Baseline characteristics of participants Baseline character-
istics of the participants are presented in Table 1. In summary,
the participants were matched for age, percentage body fat,

and V
⋅
O2max. Compared with the NGT group, the diabetic

group had higher fasting and 2 h glucose concentrations dur-
ing the OGTT and higher HbA1c levels. Diabetic participants
met the diagnostic criteria for type 2 diabetes of 2 h glucose
levels >11.1 mmol/l.

Glucose Ra/Rd and hormonal responses during the
trial All participants completed a 60 min bicycle ergometer

exercise at 50% of their individual V
⋅
O2max. The glucose con-

centration did not change during the experiment in either
group; diabetic participants had higher glucose levels
(Fig. 1a). Lactate levels were higher before exercise in the
diabetic group (1.06±0.11 vs 0.70±0.06 mmol/l, p=0.014)
and reached a higher plateau immediately after the start of
exercise (Fig. 1b). Lactate returned to comparable, lower
levels after 30 min of recovery in both groups. Diabetic par-
ticipants had higher glucoseRa/Rd at baseline (Fig. 1c). During
exercise, glucose Ra/Rd increased markedly to a similar level
in both groups and decreased to comparable values in the
recovery phase, indicating normalisation in the diabetic group.
Plasma glycerol constantly increased during exercise in both
groups and declined rapidly afterwards, indicating induction
and inhibition of lipolysis (Fig. 1d). However, while similar
before and during exercise, glycerol levels remained higher in
the diabetic group after exercise. Insulin levels were higher
before and during exercise in diabetic participants but did not
differ significantly in the recovery phase (Fig. 1e). In both
groups the highest insulin concentrations were seen at
90 min, the first time point in the recovery phase. Growth
hormone and cortisol increased in response to exercise in both
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groups (Fig. 1f, g). Growth hormone levels were lower in the
diabetic group after exercise. Glucagon levels did not differ
between groups during the trial and modestly increased during
exercise, reaching significance only in controls (Fig. 1h).

Effect of type 2 diabetes on metabolite changes during
exercise and recovery Metabolic profiling revealed that 62
plasma metabolites significantly changed during the trial
when all participants were analysed together (ESM Fig. 1;
p<0.05, one-way ANOVA). The metabolites that responded
to exercise and differed in their concentration between the
diabetic group and the NGT group are shown in ESM Table 1.

Alanine was increased after 30 and 60 min of exercise in
the diabetic group compared with the NGT group (Fig. 2a;
ESM Table 1), with a clear correlation between the higher
lactate and higher alanine concentrations at 5, 10, 30, 60 and

90 min of the trial, but not at baseline or at 120 and 180 min
(Fig. 2b; ESM Table 2). Glutamate levels were higher in dia-
betic participants during exercise (Fig. 2c), with significantly
higher baseline values (15.3±1.2 vs 9.6±1.3 μmol/l, p=
0.005). The concentrations of the amino acids arginine,
asparagine, cysteine, glutamine, glycine and threonine
were lower in the diabetic group and did not change
during the trial (ESM Table 3 and ESM Fig. 2). β-
Aminoisobutyric acid was not regulated upon exercise
and there was a tendency towards lower levels in dia-
betic participants (p=0.08; ESM Fig. 2).

The diabetic state had a strong effect on the regulation
during recovery of saturated and monounsaturated fatty acids
with 14–19 carbon atoms (p<0.05 for time×group effect). In
diabetic participants, fatty acids showed a clear increase after
90 min and remained at higher concentrations after 120 and

Table 1 Baseline characteristics
of NGT and type 2 diabetic
participants

Variable NGT (n=8) Type 2 diabetes (n=7) p value

Basic characteristics

Age, years 56.1±2.2 57.3±1.7 0.684

Height, cm 182.4±1.8 179.4±2.4 0.334

Weight, kg 91.2±3.8 78.9±2.9 0.023

BMI, kg/m2 27.4±1.1 24.6±1.0 0.082

Body fat, % 24.1±2.3 26.5±1.8 0.435

Heart rate, bpm 60.9±4.9 66.3±5.1 0.458

Systolic blood pressure, mmHg 141.5±6.6 139.6±3.2 0.797

Diastolic blood pressure, mmHg 92.0±2.9 88.4±3.2 0.425

Fitness

V
⋅
O2max, ml kg−1 min−1 37.0±2.0 32.4±1.8 0.112

Glucose variables

Fasting glucose, mmol/l 5.1±0.2 7.1±0.5 0.005

Fasting insulin, pmol/l 38.3±8.6 76.0±17.9 0.094

Fasting C-peptide, pmol/l 629.3±45.9 967.7±127.4 0.039

2 h glucose, mmol/l 5.0±0.6 15.2±1.2 <0.001

HbA1c, % 5.5±0.1 6.4±0.2 0.004

HbA1c, mmol/l 37±1.1 46±2.2

Biochemical variables

Haemoglobin, mmol/l 8.9±0.2 9.0±0.1 0.544

Leucocytes, ×109/l 5.5±0.5 5.8±0.5 0.627

Creatinine, μmol/l 79.9±5.4 66.0±2.2 0.041

Alanine aminotransferase, μkat/l 0.42±0.04 0.53±0.05 0.076

Factor II, VII, X, AUa 0.9±0.1 0.9±0.1 0.738

Total cholesterol, mmol/l 5.1±0.2 4.4±0.3 0.107

HDL-cholesterol, mmol/l 1.5±0.1 1.7±0.1 0.227

LDL-cholesterol, mmol/l 3.0±0.2 2.3±0.2 0.050

Triacylglycerol, mmol/l 0.8±0.1 1.0±0.2 0.375

C-reactive protein, nmol/l 13.3±3.8 10.5±1.0 0.577

Data are mean±SEM

p values were calculated using unpaired t test
a Arbitrary units, expressed as a proportion of 1.0
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180 min, as exemplarily shown for fatty acids C14, C15, C16
and C18 (Fig. 2d–g).

Acylcarnitines showed a strikingly similar response in the
two groups during the trial, particularly during the exercise
phase (Fig. 2h–j). Medium chain acylcarnitines were strongly
increased in the two groups and reached a similar peak after
60 min (Fig. 2h). The higher concentrations of acylcarnitine
C14 in diabetic participants may mainly reflect the higher
availability of the corresponding fatty acid C14 (Fig. 2i). Fur-
thermore, no difference was seen in the regulation of
acetylcarnitine C2, which not only reflects fatty acid oxidation
but also reflects oxidative glucose metabolism (Fig. 2j). The
plasma level of free carnitine did not differ between the two
groups (concentration before exercise: 44.3±6.6 μmol/l in

controls vs 45.6±5.0 μmol/l in diabetic participants) and did
not change during the trial (Fig. 2k). The ratio of C2 and C3
acylcarnitine to carnitine as an indicator of β-oxidation was
increased during exercise and peaked after 90 min, with no
difference between NGT and diabetic participants (data not
shown).

Lysophosphatidylcholines differed in their concentration in
the diabetic state but were not regulated by exercise (ESM
Table 3).

Exercise-regulated genes in skeletal muscle common to
type 2 diabetic and control participants Assessment of
skeletal muscle gene regulation revealed sets of commonly
regulated genes upon exercise in the two groups. We observed
29 significantly regulated probe sets immediately after exer-
cise (60 min) and 21 after recovery (240 min) (false discovery
rate <10%; fold change >1.5; ESM Fig. 3). Genes encoding
key regulators of the metabolic adaptation to exercise,
PPARGC1A (encoding peroxisome proliferator-activated re-
ceptor gamma coactivator 1α [PGC1α]), NR4A3 (encoding
the nuclear receptor subfamily 4, group A3), VEGFA
(encoding vascular endothelial growth factor) and EGR1
(encoding early growth response 1) were upregulated in the
two groups. Stress response genes were also induced to a
similar level, namely HMOX1 (encoding haem oxygenase)
and HSPH1, DNAJB1 and DNAJA1 (encoding heat shock
proteins).

Different transcriptional response of skeletal muscle genes
in the type 2 diabetic group and the relation to metabolic
pathways Exercise-dependent differential gene regulation
between muscle biopsies obtained from NGT and diabetic
participants was found for 189 and 229 probe sets after 60
or 240 min, respectively (p<0.01, ratio of fold change >1.2;
data not shown). Significantly enriched KEGG pathways with
differentially regulated probe sets and metabolites or differen-
tially regulated probe sets only are shown in ESM Table 4
(p<0.05). The enrichment for the insulin signalling pathway
is illustrated by exercise-induced upregulation of insulin sig-
nalling components (ESM Fig. 4 and ESM Table 5) and of
regulators of GLUT4 (encoded by SLC2A4) translocation and
expression (Fig. 3; ESM Tables 5 and 6). Further enrichment
of genes was found for the regulation of glycolysis (Fig. 3;
ESM Table 6). Expression of HK2 (encoding hexokinase 2),
PFKFB1 and PFKFB3 (encoding 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase), PFKM (encoding phosphofruc-
tokinase, muscle), FBP2 (encoding fructose-1,6-
bisphosphatase) and LDHA (encoding lactate dehydrogenase)
was induced by exercise in diabetic participants compared
with controls. Together with the increased plasma levels of
lactate and alanine, this reflects adaptation to higher non-
oxidative glucose metabolism during exercise in the diabetic
group. Enrichment was also found in the biosynthesis and
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Fig. 1 Glucose Ra/Rd and hormonal responses during the trial. Plasma
concentrations (mean±SEM) of glucose (a), lactate (b), glucoseRa/Rd (c),
glycerol (d), insulin (e), cortisol (f), growth hormone (GH) (g) and glu-
cagon (h) in NGT (solid lines) and type 2 diabetic participants (dotted
lines) during the trial; *p<0.05 for difference between the two groups
tested by two-way ANOVA; †significant effect over time in the NGT
group as indicated in the figure (p<0.05 tested by one-way ANOVA);
‡significant effect over time in the type 2 diabetic group as indicated in the
figure (p<0.05 tested by one-way ANOVA); §p<0.05 for time×group
effect tested by two-way ANOVA
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metabolism of amino acid pathways (Fig. 4; ESM Tables 4
and 6). The differential expression of GATM (encoding gly-
cine amidinotransferase), GLDC (encoding glycine dehydro-
genase, decarboxylating), GLUL (encoding glutamate-
ammonia ligase), GPT1 (encoding glutamic-pyruvate trans-
aminases), NOS1 (encoding nitric oxide synthase) and PSPH

�Fig. 2 Amino acids and fatty acids (FA) showing higher plasma
concentrations in type 2 diabetes during exercise or recovery. (a–c)
Amino acids with changes in plasma concentrations during the trial that
show differences between NGT (solid lines) and type 2 diabetic
participants (dotted lines). Time curves represent the plasma
concentrations of alanine (a) and glutamate (c) of both groups. (b)
Correlation of log-transformed (logex) lactate and alanine plasma
concentrations at 30 min (p=0.0003, r2=0.64). (d–g) FA C14, C15,
C16 and C18 were differentially regulated between NGT (solid lines)
and type 2 diabetic participants (dotted lines) in the recovery phase. (h–
k) Sum of all acylcarnitines (AC) C6–C12 (Σ AC 6–12), AC 14, AC 2
and carnitine in NGT (solid lines) and type 2 diabetic participants (dotted
lines). Values in (a–k) are shown as mean ± SEM. *p<0.05 for difference
between the two groups tested by two-way ANOVA; †significant effect
over time in the NGT group as indicated in the figure (p<0.05 tested by
one-way ANOVA); ‡significant effect over time in the type 2 diabetic
group as indicated in the figure (p<0.05 tested by one-way ANOVA);
§p<0.05 for time × group effect tested by two-way ANOVA
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(encoding phosphoserine phosphatase) is clearly associated
with the different plasma levels of glutamate, glycine, cyste-
ine, threonine and arginine.

Discussion

In this study we showed that type 2 diabetic patients have
higher non-oxidative glucose metabolism during exercise, ev-
idenced by higher plasma lactate and alanine levels. After
exercise, diabetic participants had normalised rates of glucose
Ra and Rd, lactate and insulin levels. The exercise-induced
increase in fatty acid oxidation and lipolysis was similar in
diabetic and NGT participants. Upon exercise, specific tran-
scriptional adaptations were found in the diabetic skeletal
muscle that could be a consequence of the disturbed glucose
and amino acid metabolism in the diabetic state.

The exercise-induced increased expression of regulators of
glucose transport and metabolism, as well as insulin signal

mediators, found in the diabetic participants may be involved
in long-term improvement. The glycolytic enzymes HK2 and
PFKM and the bidirectional regulators of glycolysis PFKFB1
and PFKFB3 were upregulated after exercise in the diabetic
participants. Notably, enhanced expression of PFKFB3 has
been shown to be involved in the improvement of insulin
sensitivity and protection against inflammation in obese mice
[21], indicating a function of PFKFB3 beyond regulation of
glycolysis. In addition, we found upregulation of glucose en-
hancer factor SLC2A4RG, a transcriptional activator of
GLUT4 expression [22], in the muscle of diabetic participants
after exercise. We did not detect significant differences in
GLUT4 mRNA expression before exercise in the two groups,
and no increase after exercise, but exercise training interven-
tions in diabetic patients have been shown to result in en-
hanced protein levels of GLUT4 [23]. It has been reported
that the increase in GLUT4 protein is more pronounced in
diabetic individuals compared with healthy controls after
6 weeks of exercise training, while the levels were similar at
baseline [24]. The increased expression of SLC2A4RG in di-
abetic participants in our study may be one possible mecha-
nism. Moreover, our metabolomics data indicate acute im-
provement in glucose control after a single bout of exercise
in diabetic participants. The comparable increase in glucose
Ra/Rd during exercise is consistent with earlier reports show-
ing that contraction-induced glucose uptake is not impaired in
type 2 diabetes [9, 10, 25]. Acute improvement in glucose
control after one single bout of exercise in individuals
with impaired glucose tolerance has also recently been
shown [26, 27].

Metabolite markers reflecting the capability to increase li-
polysis and fat oxidation during exercise revealed no impaired
regulation in diabetic individuals. Plasma concentrations of
acylcarnitines are not only a useful diagnostic marker to detect
disorders in mitochondrial fatty acid oxidation but also reflect
physiological changes in fatty acid oxidation flux [28–30].
Since the exercise-induced increase in short-, medium- and
long-chain acylcarnitines was not different between the control
group and the diabetic group, we conclude that the metabolic
flexibility of diabetic individuals to enhance fat oxidation dur-
ing acute exercise is not impaired. A limitation to this interpre-
tation may be that we compared diabetic and NGT participants
with similar fitness levels, yet diabetic individuals often have
reduced aerobic capacity comparedwith controls of similar age
and weight [31, 32]. Earlier studies have shown that the oxi-
dation of plasma-derived fatty acids is impaired in diabetes
during exercise, while the oxidation of triacylglycerol-
derived fatty acids is higher [1, 11].

In the recovery phase, fatty acids showed a clear group-
dependent regulation with constantly higher concentrations in
diabetic participants. This could be interpreted as impaired
fatty acid oxidation. However, the higher glycerol levels after
exercise indicate higher rates of lipolysis and release of fatty
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Fig. 4 Different transcriptional responses of diabetic skeletal muscle and
the relation to differences in plasma amino acid concentrations. The figure
illustrates biosynthesis and metabolism of amino acids. Metabolites
analysed in our study are included in text boxes. Histograms show the
ratio of the AUC0–60 min (exercise [ex]) or of AUC60–240 min (recovery
[rec]) of type 2 diabetic vs NGT participants of significantly different
metabolites according to ESM Tables 1 and 3 (mean±SEM; *p<0.05
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were not different between the two groups. Differentially regulated genes
after exercise (60 or 240 min; type 2 diabetes vs NGT, ratio of fold change
>1.2, p<0.05; ESM Table 6) are shown in italic capitals: red for upregu-
lation, blue for downregulation; NO, nitric oxide
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acids. Moreover, impaired fatty acid uptake in diabetic muscle
has been reported to enhance the increase in plasma fatty acids
[33]. Importantly, the concentration of plasma fatty acids
peaked, together with similar plasma insulin concentrations,
in both groups 30 min post exercise, but defective insulin
action in the diabetic participants may blunt the antilipolytic
effect of insulin. Studies in mice and humans have shown that
the combination of high concentrations of plasma fatty acids
and insulin resistance results in incomplete fatty acid oxida-
tion and release of the shortened acyl-CoA as carnitine ester
into the circulation [34, 35]. These shorter acylcarnitines did
not accumulate in the diabetic participants in our study; thus, it
is unlikely that impaired fat oxidation is the cause of increased
plasma fatty acids in the recovery phase.

Our findings reveal a strong association of the lower plas-
ma amino acid levels in the diabetic groups during the trial and
differential expression of genes involved in amino acid me-
tabolism in skeletal muscle after exercise (Fig. 4). The lower
levels of plasma glycine and glutamine and the higher plasma
glutamate levels in the diabetic participants are well in line
with those in other reports [36, 37]. The decrease in plasma
glycine is possibly due to an increased demand for glutathione
in diabetes [38], and this might be amplified by exercise when
glutathione synthesis from the amino acid precursors glycine,
cysteine and glutamate is enhanced [39]. Compensatory
mechanisms to rescue serine, glycine and also creatine levels
may be initiated by the differential expression of PSPH,
GATM and GLDC in the skeletal muscle of diabetic individ-
uals compared with controls. Importantly, a recent report
showed increased plasma glycine concentrations after exer-
cise training for 6 months in middle-aged obese individuals
at risk of developing diabetes [13]. The increase in glycine in
that study was associated with an improvement in insulin sen-
sitivity. Plasma amino acid data, which are available for 75
participants at baseline and after 9 months of combined exer-
cise and diet intervention in the Tübingen lifestyle interven-
tion programme, also showed a slight but significant correla-
tion for increased glycine (p=0.037,R2=0.06) and serine plas-
ma levels (p=0.005, R2=0.10) with increased insulin sensitiv-
ity [40]. Thus, the exercise-induced regulation of genes in-
volved in amino acid synthesis and metabolism in the muscles
of the diabetic participants may be important in normalising
plasma glycine concentrations but may also be involved in the
amelioration of insulin resistance. The lower arginine levels
found in diabetic participants may be a potential limitation for
the production of nitric oxide during exercise [41]. However,
it appeared to be balanced by upregulation of expression of
NOS1.

We did not detect elevated levels of branched chain amino
acids or of the branched chain amino acid-derived
acylcarnitines C3 and C5, which have previously not only
been associated with diabetes [42, 43] but also with obesity
[35, 44]. It must be considered that the diabetic participants in

our study were relatively lean (BMI 24.6±1.0 kg/m2) and
physically fit, which is in contrast to large parts of the diabetic
population. Thus, it appears that mechanisms related to altered
fat distribution and lipid metabolism are responsible for the
increase in branched chain amino acids.

Notably, our exercise study was designed for middle-aged
individuals with an ordinary level of physical fitness. In acute
exercise tests, intense workloads are sometimes applied to
provoke a pronounced molecular response, but the results
and the relevance of the identified regulated molecules and
pathways might not be transferable to the training sessions
performed by the normal population. This could explain
why we did not detect an increase in β-aminoisobutyric acid,
which was recently highlighted as a novel PGC1α- and
exercise-regulated metabolite involved in protection from
metabolic disorders [45].

To conclude, using a complementary metabolomics/
transcriptomics approach we have shown good coherence of
differences in plasma metabolite levels in diabetic and NGT
participants during exercise, as well as differential expression
of muscle genes related to these metabolic pathways. We pro-
vide evidence at the molecular level that supports the idea that
diabetes does not weaken the metabolic effects of regular
physical activity. Diabetic patients appear to derive even
greater benefits from moderate exercise, which could provide
an efficient means of treating disturbed glucose and amino
acid metabolism.
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