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may help uncover distinctive metabolic effects during exer-
cise in T1D.
Clinical trial registration number is www.clinicaltrials.gov: 
NCT02068638.
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1 Introduction

Exercise in type 1 diabetes (T1D) involves a complex inter-
play of exogenous insulin use, counter-regulatory hormo-
nal response and changes in whole body insulin sensitivity 
(Basu et al. 2014). Various exercise modalities with differ-
ing glycaemic and hormonal effects have been evaluated 
in patients with T1D. Recently, a novel approach-intermit-
tent high-intensity exercise (IHE)—has been suggested to 
be metabolically beneficial in T1D due to its glycaemia-
stabilizing effects (Bally et  al. 2016; Dubé et  al. 2013). 
Although the direct effects of IHE on glycaemia and coun-
ter-regulatory hormones have been published (Bally et  al. 
2016; Guelfi et  al. 2005), few data are available on the 
downstream metabolic effects of this exercise modality.

Non-targeted metabolic profiling by ultra high-perfor-
mance liquid chromatography coupled to high-resolution 
mass spectrometry (UHPLC–HRMS) is an emerging 
technique that provides a deeper insight into metabolic 
pathways and their interaction (Dunn et  al. 2011). This 
discovery-oriented approach may contribute to bet-
ter understand exercise-associated metabolism in T1D, 
which remains understudied. Our aim was to use non-
targeted metabolomics with subsequent validation of 
tentative features by independent methods, to uncover 
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distinctive metabolic profiles in IHE compared to contin-
uous-moderate intensity exercise (CONT) in T1D.

2  Materials and methods

2.1  Study design and procedures

Metabolic profiling was performed in 12 male patients 
with T1D who underwent 90  min of exercise at 50% 
 VO2max, with (IHE) and without (CONT) interspersed 10s 
supramaximal sprints in a randomized crossover design 
(Bally et  al. 2016). The dose of usual basal insulin pre-
exercise was unadjusted. Glucose levels were kept stable 
using oral glucose solution. Serum samples were taken at 
baseline (0′), 80 min of exercise (80′) and 120 min post-
exercise (210′) and stored at −130 °C in FluidX storage 
plates until analysis. The study was approved by the local 
Ethics Committee (KEK 001/14). Study-related activi-
ties were undertaken following signed informed consent 
according to good clinical practice guidelines.

2.2  Laboratory analysis

Details of the method are provided in the supplementary 
information. A schematic diagram of our analytical strat-
egy is illustrated in Fig. S1. Briefly, metabolic profiling 
of serum samples was performed by UHPLC–HRMS. 
The complex serum samples were separated by reversed-
phase chromatography and ionized in the positive and 
negative mode. The discriminative features identified by 
global non-targeted analyses using comparative analyses 
of acquired metabolic profiles were subsequently vali-
dated using targeted mass spectrometry and conventional 
clinical laboratory assay.

2.3  Statistical analysis

For UHPLC–HRMS, discriminative features were iso-
lated by univariate and multivariate statistical analysis. 
Details of the analysis are provided in the supplementary 
information. Then, linear mixed model analysis, which 
accommodates for the repeated measurements on the 
same subjects, was performed in order to assess the effect 
of intervention and time of sampling on the metabolites 
of interest. Acylcarnitine levels (targeted and non-tar-
geted) were normalized to free carnitine levels. Tukey’s 
test for multiple comparisons was used for post-hoc anal-
ysis. The statistical software R version 3.1.2 was used for 
data analysis.

3  Results and discussion

In a first step, the serum metabolites regulated during 
CONT and IHE were identified by non-targeted metabolic 
profiling using UHPLC–HRMS (analytical strategy pre-
sented in Fig. S1). After data processing, 2612 and 1990 
metabolic features were detected by UHPLC–HRMS in 
the positive and negative ion mode, respectively. Principal 
component analysis of the non-targeted metabolic profile 
measured by UHPLC–HRMS revealed a time-dependent 
effect of both IHE and CONT in T1D (Fig. S2), while 
supervised analysis (sPLS-DA, Fig. S3) further revealed 
differences between the two exercise modalities. Within 
each exercise intervention, the discriminative metabolic 
features were isolated by comparing the normalized abun-
dances measured by UHPLC–HRMS of each metabolic 
feature during or after exercise to their baseline abundance 
(see supplementary information for details). After review-
ing of the potential identities found against the metabolite 
databases, acylcarnitines, purine metabolites and corti-
costeroids were further selected for identity confirmation 
and validation (Table  S2). Confirmation of the identity 
was first achieved by comparing retention times, adduct 
and fragmentation patterns obtained in serum to authentic 
metabolite standards. Results were in excellent agreement 
with the serum measurements (data not shown). Metabo-
lite Sets Enrichment Analysis of the regulated metabolites 
indicated that purine metabolism and the oxidation of fatty 
acids were the most significant pathways (Fig. S4). Fold-
changes of the regulated metabolites are shown in Tables 
S3–S5. Then, quantitative measurements of selected metab-
olites were used for profile validation. Exercise-induced 
increase in cortisol and related corticosteroids (cortisone 
and corticosterone, Fig. S5) without any significant differ-
ences between IHE and CONT was in line with previously 
reported results using conventional laboratory methods 
(Bally et al. 2016).

Acylcarnitine profiles were validated by quantitative 
UHPLC-MS/MS (Fig. 1; concentration ranges in Table S6) 
and confirmed the results obtained by UHPLC–HRMS 
(Fig. S6). Total and free carnitine levels at baseline were 
comparable between IHE and CONT (p = 1.0, Fig.  1). 
Exercise-induced increase in acetylcarnitine (C2) was 
observed during both IHE and CONT (p < 0.001 and 
p = 0.02, respectively). Between interventions, however, 
C2 levels were significantly higher in IHE during (80′) 
exercise (p < 0.001). After (210′) exercise, a trend to a 
higher C2 level was measured in IHE relative to CONT 
(p = 0.05 for targeted, p < 0.001 for non-targeted). Medium-
chain (C6–C12) acylcarnitines increased during CONT 
(p < 0.001), but not IHE (p = 0.97). Long-chain (C14–C18) 
acylcarnitines during and after exercise were comparable 
between interventions (p = 0.84 and 0.74, respectively).
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Inosine, hypoxanthine, guanosine and uric acid during 
exercise were significantly increased in IHE compared to 
CONT, which persisted after exercise for uric acid (Fig. 2, 
p < 0.001). This suggests significantly increased purine 
turnover during IHE compared to CONT which was con-
firmed for inosine, hypoxanthine and uric acid by the 
UHPLC–HRMS measurements in the negative ionisation 
mode (Fig.  2, p < 0.001) and by significantly higher uric 
acid levels after IHE measured by an enzymatic colori-
metric assay (Fig. S7; p < 0.001, fold changes in Table S7). 
Xanthine and adenosine levels were similar in both 
interventions.

Acylcarnitines and purine metabolites, which discrimi-
nate IHE from CONT in the present analysis, complement 
and expand our previously published findings acquired 
using conventional methods (e.g. measurements of glucose 
turnover, glycogen utilization and whole body substrate 
oxidation) (Bally et  al. 2016). In that study, we showed 
that IHE improved glycaemic stability due to a decrease 
in peripheral glucose disposal compared to CONT in T1D. 
Muscle glycogen utilization was comparable between the 
interventions. Notably, the relative contribution of fat oxi-
dation to overall energy yield was found to be significantly 
higher in IHE compared to CONT. Taken together, the 
significantly higher acetylcarnitine levels found in the pre-
sent UHPLC–HRMS-based metabolomics analysis, sug-
gests significantly higher beta-oxidation in IHE compared 
to CONT. Although IHE as an exercise modality has been 
previously shown by others to promote fat oxidation in 

non-T1D populations (Talanian et al. 2007; Tremblay et al. 
1994), no studies to date have confirmed the same in a T1D 
population.

Aside from the previously reported differences in coun-
ter-regulatory hormones (higher catecholamine and growth 
hormone levels in IHE), we speculate that higher beta-oxi-
dation rate in IHE was partly compounded by the increased 
ATP-turnover, with consequently elevated purine metabo-
lites. We hypothesize that the increased ATP-turnover dur-
ing the sprints in IHE led to an overflow of the purine sal-
vage pathway (Brault and Terjung 2001), with subsequent 
degradation into uric acid as supported by previous studies 
(Gerber et al. 2014; Stathis et al. 1999). The increased ATP-
turnover may potentially exert a stimulatory effect on beta-
oxidation via a direct and indirect mechanism, based on the 
following possible mechanisms. First, AMP accumulation 
activates AMP-kinase (AMPK) activity, which is a well-
known stimulator of beta-oxidation through decreased mal-
onyl-CoA and disinhibition of CPT-1 (carnitine palmitoyl-
transferase I), as well as terminal beta-oxidation enzymes 
(Winder et al. 2000; Thomson and Winder 2009). Second, 
the need for de novo ATP synthesis (due to the aforemen-
tioned overflow of salvage pathway) means that AMPK 
activation and consequently stimulation of beta-oxidation 
was further amplified by an intermediate of the purine de 
novo synthesis pathway, known as AICAR (5-aminoimida-
zole-4-carboxamide riboside) (Corton et al. 1995). Unfortu-
nately, this metabolite was not detected by our non-targeted 
UHPLC–HRMS based metabolomics approach, possibly 

Fig. 1  Acylcarnitines assessed 
using UHPLC-MS/MS analysis 
(targeted). Boxplots of levels of 
acetylcarnitine (C2), medium-
chain (C6–C12) and long-chain 
(C14–C18) acylcarnitines, 
normalized to free carnitine 
(C0). Dark grey boxes indicate 
continuous-moderate (CONT) 
and light grey boxes indicate 
intermittent high-intensity 
(IHE) exercise. Stars denote 
significant differences between 
groups at respective time points. 
For ***p < 0.001, while for 
**p < 0.05
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due to its low concentrations and rapid metabolization. 
Enhanced beta-oxidation, supported by higher acetylcar-
nitine levels, lower medium-chain and comparable long-
chain acylcarnitines during IHE compared to CONT in the 
present analysis, most likely occurred during the interval 
periods between sprints to allow for oxidative phospho-
rylation. The aforementioned metabolic constellation has 
been reported by others (Wolf et  al. 2013), strengthening 
its validity.

A possible argumentation against our hypothesis is that 
acetylcarnitine may also be derived from increased aero-
bic glycolytic activity during high-intensity exercise (Fos-
ter and Harris 1987). However, the counter-argument is 
that the increased anaerobic glycolytic activity during the 
sprints would lead to lactate, rather than acetyl-CoA for-
mation, as higher lactate levels were observed during IHE 
(Bally et al. 2016). Moreover, glucose disposal was lower 

and muscle glycogenolysis comparable, negating the pos-
sibility of carbohydrate utilization-derived acetylcarnitine 
accumulation.

Thus, findings from the present work suggest that IHE 
may induce metabolic flexibility by switching between car-
bohydrate and lipid utilisation. This supports the potentially 
beneficial role of this exercise modality in individuals with 
T1D, in whom supraphysiological insulin levels diminish 
lipid utilisation.

The strength of this work includes the randomised cross-
over design of the study and the standardised approach 
throughout the study. In addition, our findings were suc-
cessfully validated using quantitative approaches, thereby 
providing insights into exercise-induced downstream 
effects at the level of metabolic pathways in T1D. We 
acknowledge that UHPLC–HRMS-based metabolic profil-
ing of serum may not exclusively reflect intramyocellular 

Fig. 2  Purine metabolites assessed using UHPLC–HRMS (non-tar-
geted). Dark grey boxes indicate continuous-moderate (CONT) and 
light grey boxes indicate intermittent high-intensity (IHE) exercise. 

Stars denote significant differences between groups at respective time 
points. For ***p < 0.001, while for **p < 0.05
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metabolism (Schooneman et  al. 2014) and complemen-
tary techniques (e.g. magnetic resonance spectroscopy or 
muscle biopsies) (White et al. 2006) may therefore still be 
needed.

In conclusion, we have shown that UHPLC–HRMS 
metabolic profiling may instigate the generation of novel 
hypotheses, which could then be tested in future well-
designed studies and further improve our understanding of 
exercise-associated metabolism in T1D.
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