
Philippe et al. SpringerPlus  (2016) 5:1455 
DOI 10.1186/s40064-016-3062-z

RESEARCH

Acute effects of concentric and eccentric 
exercise matched for energy expenditure 
on glucose metabolism in healthy females:  
a randomized crossover trial
Marc Philippe1*, Georg Junker1, Hannes Gatterer1, Andreas Melmer2 and Martin Burtscher1

Abstract 

Background:  Single bouts of muscle damaging eccentric exercise (EE) affect glucose metabolism negatively while 
single bouts of concentric (CE) and not muscle damaging eccentric exercise have positive acute short-term effects 
on glucose metabolism. It has been proposed that long-term endurance EE might be more effective in improving 
glucose metabolism than long-term CE when adjusted for energy expenditure. This would imply that adaptations of 
glucose metabolism are dependent on the type of exercise. Interleukin-6 (IL-6) released from the exercising muscles 
may be involved in and could therefore explain acute adaptations on glucose metabolism. The aim of the study was 
to investigate the effects of a single bout of CE and a single bout of EE inducing no or just mild muscle damage, 
matched for energy expenditure, on glucose metabolism.

Methods:  7 healthy but sedentary female participants (age 20.7 ± 2.9 years; BMI 22.45 ± 1.66 kg m−2; VO2peak 
39.0 ± 4.5 ml kg−1 min−1) took part in a randomized cross over trial consisting of 1 h uphill (CE) respectively downhill 
(EE) walking on a treadmill. Venous blood samples were drawn before, directly after and 24 h after exercise. An oral 
glucose tolerance test (OGTT) was performed before and 24 h after exercise.

Results:  CE and EE lead to comparable changes of glucose tolerance (area under the curve of the OGTT) 
(−16.0 ± 25.81 vs. −6.3 ± 45.26 mg dl−1 h−1, p = 1.000) and HOMA insulin resistance (−0.16 ± 1.53 vs. −0.08 ± 0.75, 
p = 0.753). Compared to baseline, IL-6 concentration increased significantly immediately after EE (1.07 ± 0.67 vs. 
1.32 ± 0.60 pg ml−1, p = 0.028) and tended to increase immediately after CE (0.75 ± 0.29 vs. 1.03 ± 0.21 pg ml−1, 
p = 0.058). TNF-α concentration decreased significantly immediately after EE (1.47 ± 0.19 vs. 1.06 ± 0.29 pg ml−1, 
p = 0.046) but not after CE (1.27 ± 0.43 vs. 1.24 ± 0.43 pg ml−1, p = 0.686) compared to baseline.

Conclusions:  Acute effects of a single bout of exercise inducing no or just mild muscle damage on glucose toler-
ance and insulin resistance seem to be primarily energy expenditure dependent whereas acute anti-inflammatory 
activity induced by a single bout of exercise appears to be rather exercise type dependent.

Trial registration: NCT01890876, clinicaltrials.gov, https://clinicaltrials.gov/.
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Background
Performing concentric (muscle shortening contractions; 
CE) and eccentric (muscle lengthening contractions; 
EE) endurance exercises on a regular basis has been 
suggested to be similarly effective in improving glucose 
metabolism in sedentary healthy subjects (Drexel et  al. 
2008; Zeppetzauer et  al. 2013). When considering cal-
culated energy expenditure, the adaptations of glucose 
tolerance to EE seem to be even superior as compared to 
those elicited by CE. This might indicate an exercise type 
dependency (Zeppetzauer et  al. 2013). However, these 
findings remain controversial (Marcus et  al. 2009) and 
physiological explanations are missing.

Single bouts of concentric endurance exercise elicit 
similar acute short-term effects on glucose metabolism as 
long-term CE and are generally associated with improved 
insulin action and glucose transport (Wojtaszewski et al. 
2002). However, muscle damage induced by an unaccus-
tomed bout of eccentric exercise may negatively affect 
glucose metabolism (Kirwan and del Aguila 2003). Nev-
ertheless, Philippe et al. (2016) showed that a single bout 
of non-muscle-damaging EE can positively influence glu-
cose tolerance. Yet, no mode dependency was found as 
the effects on glucose metabolism were predominantly 
influenced by energy expenditure but not by exercise 
type (Philippe et  al. 2016). These results indicate that 
by avoiding muscle damage, single bouts of CE and EE 
would elicit similar acute short-term effects on glucose 
metabolism when matched for energy expenditure. The 
acute short-term EE effects on glucose metabolism may 
also reflect long-term adaptations as was already shown 
for CE.

Interleukin 6 (IL-6) released by muscle contraction 
(Steensberg et  al. 2000) supports the maintenance of 
metabolic homeostasis during exercise (Febbraio and 
Pedersen 2002). Moreover, IL-6 concentrations after non-
muscle-damaging exercise could be a direct indicator for 
GLUT4 translocation and may therefore help to explain 
changes in glucose metabolism after exercise (Carey et al. 
2006). In addition, muscle derived IL-6 inhibits the pro-
duction of the pro-inflammatory cytokine tumor necro-
sis factor alpha (TNF-α) (Petersen and Pedersen 2005; 
Starkie et  al. 2003). This acute exercise induced anti-
inflammatory effect may be exercise type dependent, 
favoring EE over CE (Philippe et al. 2016).

To the best of the authors’ knowledge, no study investi-
gated the effects of a single bout of CE and a single bout 
of EE inducing no or just mild muscle damage, matched 
for energy expenditure, on glucose metabolism and anti-
inflammatory responses. However, this would be inter-
esting to further investigate as acute short-term effects 
on glucose metabolism may also reflect long-term adap-
tations and may therefore clarify if EE could actually be 

considered more effective as deducted from calculations 
(Zeppetzauer et al. 2013).

Based on the above, we hypothesize that a single bout 
of CE and a single bout of EE inducing no or just mild 
muscle damage have similar positive acute short-term 
effects on glucose metabolism but different anti-inflam-
matory effects. 

Methods
Study participants
Based on the results reported by Philippe et  al. (2016), 
a total sample size of N =  6 for >80  % power has been 
calculated for changes in glucose tolerance due to CE 
(G*Power, Version 3.1.5). Seven young and healthy 
females volunteered to participate in the study. Each par-
ticipant underwent medical routine examination includ-
ing medical history. The subjects had to match following 
criteria: female sex, being sedentary (less than 2.0  h of 
physical exercise per week), non-smoker, no acute or 
chronic diseases that would hamper the safe performance 

Fig. 1  Immediate changes of interleukin 6 (IL-6) concentration 
(#significant change within EE; *tendential change within CE); base-
line = PRE, immediately after exercise = stat POST

Fig. 2  Immediate changes of tumor necrosis factor alpha (TNF-α) 
concentration (# significant change within EE; ‡significant interaction 
between CE and EE); baseline = PRE, immediately after exer-
cise = stat POST
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of exercise tests, and must not be accustomed to eccen-
tric training. Characteristics of the study participants are 
shown in Table  1. Written informed consent was pro-
vided by every participant. The study was approved by 
the institutional review board of the Department of Sport 
Science of the University of Innsbruck. All study proce-
dures comply with the declaration of Helsinki 1964 and 
its later amendments.

Study protocol
The study was designed as a randomized crossover trial. 
On a pre-test day subjects underwent routine examina-
tion followed by a maximal incremental treadmill exer-
cise. One week later (PRE) between 7:30 a.m. and 9:30 
a.m., the subjects appeared in a fasting state (minimum 
10 h without food intake and water as the only fluid) and 
underwent venous blood sampling from the antecubital 
vein and an oral glucose tolerance test (OGTT). This was 
followed by 1 h of either eccentric (going downhill—EE) 
or 1  h of concentric (going uphill—CE) treadmill exer-
cise. The participants were not allowed to eat between 
the OGTT and the 1 h exercise or during the 1 h exercise. 
However, they were allowed to drink water during the 1 h 
exercise. Immediately after finishing the walking exer-
cise (stat POST), venous blood samples were taken again. 
24 h later (24 h POST), the subjects appeared again in a 
fasting state and underwent venous blood sampling and 
an oral glucose tolerance test (OGTT). Two weeks later, 
the subjects completed the same protocol with the oppo-
site exercise type. The participants were asked to pursue 
their normal eating habits during the study phase.

To avoid muscle damage that could hamper potential 
beneficial effects of EE (Kirwan et al. 1992; Pokora et al. 
2014), a treadmill slope of +14 % for CE and −14 % for 
EE and a walking speed that was adapted to match an 
exercise intensity corresponding to 40 % of the VO2max 
was chosen. The energy expenditure was controlled by 
gas analysis after 15, 30 and 45  min during the walking 
trials and walking speed was adapted if necessary. The 
average walking speed for CE was 0.80 ± 0.10 m s−1 and 
for EE 1.67 ± 0.13 m s−1.

The exercise capacity tests and the walking tests were 
performed on the same treadmill in the same room dur-
ing January and February 2015. The mean ambient room 
temperature was 22 ± 1 °C.

Exercise capacity
Exercise capacity was assessed on a treadmill (Pulsar, 
h/p/cosmos, Nussdorf-Traunstein, Germany) by using 
respiratory gas analysis (Oxycon Mobile, Viasys Health-
care, Hoechberg, Germany). The test began at a velocity 
of 2 km h−1 and an elevation of 10 % for 2 min followed 
by 2 min at the same speed at 12 % of elevation and 1 min 
at the same speed at 14 % of elevation. After that, the ele-
vation remained unchanged and the velocity increased by 
0.5 km h−1 each minute until exhaustion or limitation by 
symptoms.

Measurements of glucose metabolism, IL‑6, TNF‑α
Venous blood samples were used to assess insulin sen-
sitivity PRE and 24  h POST by using the homeostasis 
model assessment [HOMA =  fasting insulin (μU  ml−1) 
fasting glucose (mg  dl−1)/405]. Additionally IL-6 and 
TNF-α were determined PRE, stat POST and 24 h POST. 
All parameters were assessed using standard, state of the 
art techniques at the laboratory of the Medical University 
of Innsbruck. Plasma glucose was quantified using a com-
mercially available enzymatic kit (Roche Diagnostic Sys-
tems, Basel, Switzerland) on a Hitachi 902 autoanalyzer 
(Roche Diagnostic Systems, Basel, Switzerland). Insulin 
was determined using automated analyzers within the 
central clinical laboratory at the Medical University of 
Innsbruck. IL-6 and TNF-α were both determined using 
ELISA kits commercially available (R&D systems, Min-
neapolis, Minnesota, USA) following the manufacturer’s 
instructions. Glucose tolerance was assessed PRE and 
24  h POST via an oral glucose tolerance test (OGTT). 
Participants had to drink 75 g glucose dissolved in 300 ml 
water. Capillary blood samples were drawn and analyzed 
before (OGTT0) and 1  h (OGTT1) and 2  h (OGTT2) 
after ingestion (Biosen C-Line, EKF-Diagnostics, Ger-
many). The area under the curve (AUC) of the OGTT 
was calculated with the trapezoidal rule as proposed by 
Le Floch et al. (1990).

Measurement of muscle damage and delayed onset 
muscle soreness (DOMS)
Creatine kinase (CK) as an indirect indicator for muscle 
damage was assessed from capillary blood at the time 
points PRE and 24 h POST (Reflotron Sprint, Boehringer 
Mannheim, Mannheim, Germany). 24  h POST CE and 
EE DOMS was assessed via a graded scale for muscle-
pain and muscle-soreness respectively, ranging from 1 to 

Table 1  Characteristics of the study participants (N = 7)

Mean ± SD

Age (years) 20.7 ± 2.9

Height (m) 1.70 ± 0.06

Body mass (kg) 60.0 ± 11.8

BMI (kg m−2) 22.5 ± 1.7

Hfpeak (beats min−1) 192.3 ± 7.8

VO2peak (ml kg−1 min−1) 39.0 ± 4.5
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10 (1 meaning no pain/soreness and 10 meaning maximal 
pain/soreness).

Statistical analysis
Due to the small sample size non-parametric statisti-
cal tests were used (IBM, SPSS Statistics, Version 20). 
Changes from PRE to stat POST respectively 24  h 
POST within each group were calculated with Wilcoxon 
Matched Pairs Test. Interactions (time × group) between 
CE and EE were computed from the differences of stat 
POST respectively 24 h POST and PRE values with Wil-
coxon Matched Pairs Test. Relations between changes of 
glucose metabolism and acute concentrations changes of 
IL-6 were calculated with Spearman’s rank correlation 
coefficient. Differences were considered statistically sig-
nificant at p ≤ 0.05.

Results
All baseline values (PRE) values did not differ signifi-
cantly between CE and EE.

Glucose metabolism and inflammatory parameters PRE CE/
EE to 24 h POST CE/EE
Changes of all baseline metabolic and inflammatory 
parameters compared to 24 h post-exercise are presented 
in Table 2. OGTT0 tended to improve 24 h POST CE but 
not 24 h POST EE. Overall glucose tolerance (AUC) and 
insulin resistance (HOMA) had slightly improved 24  h 
POST CE and EE but did not reach statistical signifi-
cance for both trials. No other metabolic or inflamma-
tory parameters were significantly modified 24  h POST 
CE or EE, respectively. There was a significant interaction 
for OGTT0 between CE and EE.

Assessment of muscle damage and delayed onset muscle 
soreness (DOMS)
EE resulted in mild muscle damage. CK concentra-
tions were significantly higher 24  h POST than PRE EE 
(Table 2) and pain and soreness scores were significantly 
higher 24 h POST EE than 24 h POST CE (3.1 ± 2.4 vs. 
1.0 ± 0.0, p = 0.042; 2.6 ± 2.4 vs. 1.0 ± 0.0, p = 0.034).

IL6 and TNF‑α concentration changes immediately after CE 
and EE
IL-6 concentration increased significantly from PRE 
to stat POST EE (1.07 ±  0.67 vs. 1.32 ±  0.60  pg  ml−1, 
p  =  0.028) and tended to increase stat POST CE 
(0.75 ± 0.29 vs. 1.03 ± 0.21 pg ml−1, p = 0.058). There was 
no interaction between CE and EE (p =  0.753)  (Fig.  1). 
TNF-α concentration decreased significantly from PRE to 
stat POST after EE (1.47 ± 0.19 vs. 1.06 ± 0.29 pg ml−1, 
p  =  0.046) but not stat POST CE (1.27  ±  0.43 vs. 
1.24 ± 0.43 pg ml−1, p = 0.686). There was a significant 
interaction between CE and EE (p = 0.046) (Fig. 2).

Correlation analysis
We found a significant negative correlation between 
insulin concentration changes (24  h POST minus PRE) 
and immediate IL-6 concentration changes (stat POST 
minus PRE) for CE (R = −0.886, p = 0.019).

Discussion
The main findings of this study are as follows. First, single 
bouts of CE or EE with the same energy expenditure led 
to comparable acute short-term effects on glucose toler-
ance and insulin resistance, indicating an energy expend-
iture dependency and not exercise type dependency. 

Table 2  Baseline (PRE) and 24 h after exercise (24 h POST) metabolic and inflammatory parameters after 1 h of uphill (CE) 
and downhill (EE) walking at the same energy expenditure

CE concentric exercise, EE eccentric exercise, OGTT oral glucose tolerance test, OGTT0 fasting glucose concentration in capillary blood, OGTT1 glucose concentration 
in capillary blood 1 h after drinking 75 g of glucose dissolved in 300 ml of water, OGTT2 glucose concentration in capillary blood 1 h after drinking 75 g of glucose 
dissolved in 300 ml of water, AUC area under the curve of the oral glucose tolerance test, HOMA homeostasis model assessment of insulin resistance, IL-6 interleukin 6, 
TNF-α tumor necrosis factor alpha, CK creatine kinase; within group changes were calculated with Wilcoxon test, interactions (time × group) were calculated from the 
mean differences with Wilcoxon test

PRE CE 
mean ± SD

24 h POST CE 
mean ± SD

Within p values PRE EE 
mean ± SD

24 h POST EE 
mean ± SD

Within p values Interaction p 
values

OGTT0 (mg dl−1) 82.8 ± 11.8 74.2 ± 12.9 0.091 79.1 ± 13.7 85.0 ± 6.3 0.128 0.018

OGTT1 (mg dl−1) 114.0 ± 28.8 104.2 ± 19.4 0.128 118.2 ± 23.2 109.4 ± 15.1 0.499 0.735

OGTT2 (mg dl−1) 91.5 ± 16.4 87.8 ± 14.3 1.000 100.3 ± 18.9 99.5 ± 11.1 1.000 0.735

AUC 
(mg dl−1 h−1)

201.2 ± 31.7 185.2 ± 26.9 0.128 207.9 ± 35.5 201.6 ± 17.0 0.499 1.000

Insulin (mU l−1) 9.45 ± 3.87 8.80 ± 5.23 0.674 7.23 ± 3.06 6.63 ± 2.72 0.917 0.917

HOMA 2.18 ± 0.97 2.02 ± 1.17 0.753 1.63 ± 0.63 1.55 ± 0.63 0.917 0.753

IL-6 (pg ml−1) 0.75 ± 0.29 0.88 ± 0.23 0.173 1.07 ± 0.67 0.86 ± 0.26 0.917 0.249

TNF-α (pg ml−1) 1.27 ± 0.43 2.17 ± 1.78 0.600 1.47 ± 0.19 3.36 ± 3.82 0.173 0.917

CK (U l−1) 117.8 ± 63.6 97.0 ± 42.0 0.172 98.8 ± 61.5 197.2 ± 58.5 0.046 0.028
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Secondly, TNF-α production was inhibited stronger 
immediately after EE compared to CE assuming an exer-
cise type dependency of this acute exercise induced anti-
inflammatory reaction.

Although the acute effects on glucose tolerance and 
insulin resistance were not statistically significant, CE as 
well as EE led to metabolic changes in a positive direc-
tion. This is in contrast to the common findings in lit-
erature reporting acute negative effects of EE on glucose 
metabolism, especially transient insulin resistance, non-
insulin dependent glucose uptake and muscle glycogen 
replenishment (Asp et  al. 1996; del Aguila et  al. 2000; 
Doyle et al. 1993; Green et al. 2010; Ide et al. 1996; Kir-
wan et al. 1992; Sherman et al. 1992). Our findings con-
firm that even a single bout of EE can provoke positive 
acute short-term effects on glucose metabolism (Philippe 
et  al. 2016). We did not completely achieve our goal of 
avoiding muscle damage. Despite choosing a low slope 
gradient and a low workload, some participants may 
have experienced muscle damage after EE that may have 
masked additional positive effects. However, after EE the 
change of AUC and the change of CK did not correlate 
(R =  0.368; p =  0.473). Therefore, we may assume that 
muscle damage was mild and not interfering with glucose 
metabolism at the time point of our POST measurement.

Our results are different to the results of Zeppetzauer 
et al. (2013) who reported a higher effectiveness of long-
term EE in improving glucose tolerance compared to 
long-term CE when adjusted for energy expenditure. 
When considering that single bouts of concentric endur-
ance exercise elicit similar acute short-term effects on 
glucose metabolism as long-term CE (Wojtaszewski 
et al. 2002) and that EE may elicit the same acute short-
term positive effects when muscle damage is avoided 
(Philippe et al. 2016), our findings give a strong indica-
tion that adaptations of glucose metabolism seem to be 
energy expenditure dependent and not exercise type 
dependent.

The immediate changes of IL-6 concentrations after 
CE and EE even strengthen our assumption of an energy 
dependency as IL-6 is considered as an energy sen-
sor of the muscle (MacDonald et  al. 2003; Pedersen 
2012). While we could show in our previous study that 
the immediate rise of IL-6 was significantly higher stat 
POST CE compared to EE, where CE and EE were not 
adjusted for energy expenditure (Philippe et  al. 2016), 
IL-6 concentration increased nearly identically directly 
after CE and EE when adjusted for energy expenditure. 
Thus, the overall metabolic cost influenced by exercise 
intensity, time and muscle mass involved is assumed to 
be the major trigger for IL-6 release and the related met-
abolic adaptations to exercise (Pedersen and Febbraio 
2008).

The negative correlation between immediate con-
centration changes of IL-6 (stat POST minus PRE) and 
short-term insulin concentration changes (24  h POST 
minus PRE) are an indication for an improved insulin 
sensitivity after CE as it was shown that IL-6 produced 
by the exercising muscle enhances insulin stimulated glu-
cose disposal (Carey et  al. 2006). The slightly improved 
insulin sensitivity may explain the slightly improved glu-
cose tolerance 24  h POST CE. However no such corre-
lation could be found after EE. It may be assumed, that 
despite having exercised at the same energy expendi-
ture, EE induced higher strain on the working muscles 
(Camillo et al. 2015; Johnson et al. 2002), as indicated by 
muscle damage and may therefore be more comparable 
to a resistance endurance training than to aerobic exer-
cise. This would favor insulin independent GLUT4 trans-
location and glucose transport mediated via IL-6 (Carey 
et  al. 2006) and via a non-energy dependent pathway 
over the GTPase Rac1 induced by muscle stretching, i.e. 
mechanical stress (Sylow et al. 2013, 2014, 2015). These 
mechanisms could explain the slightly improved glucose 
tolerance found 24 h POST EE.

It was shown that IL-6 secreted by the working muscle 
during exercise stimulates the appearance of other anti-
inflammatory cytokines in the circulation and inhibits 
the production of the pro-inflammatory cytokine TNF-α 
(Petersen and Pedersen 2005; Starkie et  al. 2003). Pre-
viously we showed that CE and EE may lead to acute 
TNF-α concentration reductions directly after exercise 
(Philippe et al. 2016). In the present study, where CE and 
EE were performed at the same energy expenditure, we 
found concentration reductions immediately after CE 
and EE but the decrease of TNF-α concentration was 
only significant immediately after EE and significantly 
higher immediately after EE compared to CE. This is 
further evidence that exercise induces acute anti-inflam-
matory activity but our findings suggest that there is an 
exercise type dependency of this exercise induced anti-
inflammatory reaction.

Limitations
First of all, the small sample size may be considered to 
be a weakness of our study which we tried to overcome 
by the use of a crossover design. Secondly, we could not 
completely avoid muscle damage after EE. Future stud-
ies could avoid muscle damage by exposing their par-
ticipants to a bout of unaccustomed EE causing muscle 
damage with reduced muscle function and impaired 
glucose tolerance prior to testing, as it appears to be 
protective against further negative effects for 1–4 weeks 
(Green et  al. 2010; Maeo et  al. 2015). Thirdly, the over-
all metabolic cost of our single bouts of CE and EE may 
have been too low to elicit significant changes to glucose 
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metabolism. In prospect of avoiding muscle damage, this 
issue could best overcome by choosing longer exercise 
durations but no higher exercise intensity.

Fourthly, we only measured concentration changes 
of two cytokines which may not be sufficient to reflect 
a general inflammatory status. However, as IL-6 is the 
cytokine produced in the highest quantity directly by the 
exercising muscle, upregulating other anti-inflammatory 
cytokines and downregulating TNF-α being a key regu-
lator of inflammatory response (Petersen and Pedersen 
2005), IL-6 and TNF-α may be sufficient to describe 
acute exercise induced anti-inflammatory action. Fifthly, 
there was a substantial difference of standard deviations 
between IL-6 PRE CE and IL-6 PRE EE. This originated 
from one participant who had a relatively high IL-6 con-
centration PRE EE (2.09 pg ml−1 PRE EE vs. 0.92 pg ml−1 
PRE CE). As TNF-α levels of the same participant were 
slightly higher PRE EE compared to PRE CE too (1.37 vs. 
0.93 pg ml−1), there may have been a low-grade inflam-
mation. However, the higher IL-6 level PRE EE did not 
affect the results as the IL-6 stat POST EE value of the 
same participant was 2.10 pg ml−1.

Conclusion
Single bouts of CE or EE with the same energy expendi-
ture led to comparable acute short-term changes in 
glucose tolerance and insulin resistance, indicating an 
energy expenditure dependency and not exercise type 
dependency. This assumption is supported by the find-
ing that IL-6 secretion of the working muscle is similar 
immediately after single bouts of CE and EE when both 
exercise types are performed at the same energy expendi-
ture. We could confirm that exercise induces acute 
anti-inflammatory activity but TNF-α concentration 
decreased more pronounced directly after EE compared 
to CE assuming an exercise type dependency of this exer-
cise induced anti-inflammatory response.

Authors’ contributions
MP participated in the design and the realization of the study, performed the 
statistical analysis and drafted the manuscript. GJ participated in the design 
and the realization of the study and performed the statistical analysis. HG 
participated in the realization of the study and helped to draft the manuscript. 
AM carried out blood analysis. MB participated in the design of the study, 
helped drafting the manuscript and contributed to the discussion of the find-
ings. All authors read and approved the final manuscript.

Author details
1 Department of Sport Science, Medical Section, University of Innsbruck, 
Fürstenweg 185, 6020 Innsbruck, Austria. 2 Department of Internal Medicine I, 
Medical University of Innsbruck, Anichstraße 35, 6020 Innsbruck, Austria. 

Acknowledgements
We would like to thank all the participants who were willing to sacrifice their 
free time for this study.

Competing interests
The authors declare that they have no competing interests.

Ethics approval and consent to participate
See “Methods” section.

Funding
The present project is supported by the National Research Fund, Luxembourg.

Received: 3 June 2016   Accepted: 12 August 2016

References
Asp S, Daugaard JR, Kristiansen S, Kiens B, Richter EA (1996) Eccentric exercise 

decreases maximal insulin action in humans: muscle and systemic 
effects. J Physiol 494:891–898

Camillo CA, Burtin C, Hornikx M, Demeyer H, de Bent K, van Remoortel H, 
Osadnik CR, Janssens W, Troosters T (2015) Physiological responses during 
downhill walking: a new exercise modality for subjects with chronic 
obstructive pulmonary disease? Chron Respir Dis 12:155–164

Carey AL, Steinberg GR, Macaulay SL, Thomas WG, Holmes AG, Ramm G, 
Prelovsek O, Hohnen-Behrens C, Watt MJ, James DE, Kemp BE, Pedersen 
BK, Febbraio MA (2006) Interleukin-6 increases insulin-stimulated glucose 
disposal in humans and glucose uptake and fatty acid oxidation in vitro 
via AMP-activated protein kinase. Diabetes 55:2688–2697

del Aguila LF, Krishnan RK, Ulbrecht JS, Farrell PA, Correll PH, Lang CH, Zierath 
JR, Kirwan JP (2000) Muscle damage impairs insulin stimulation of IRS-1, 
PI 3-kinase, and Akt-kinase in human skeletal muscle. Am J Physiol Endo-
crinol Metab 279:206–212

Doyle JA, Sherman WM, Strauss RL (1993) Effects of eccentric and concentric 
exercise on muscle glycogen replenishment. J Appl Physiol 74:1848–1855

Drexel H, Saely CH, Langer P, Loruenser G, Marte T, Risch L, Hoefle G, Aczel S 
(2008) Metabolic and anti-inflammatory benefits of eccentric endurance 
exercise—a pilot study. Eur J Clin Invest 38:218–226

Febbraio MA, Pedersen BK (2002) Muscle-derived interleukin-6: mechanisms 
for activation and possible biological roles. FASEB J 16:1335–1347

Green MS, Doyle JA, Ingalls CP, Benardot D, Rupp JC, Corona BT (2010) Adapta-
tion of insulin-resistance indicators to a repeated bout of eccentric exer-
cise in human skeletal muscle. Int J Sport Nutr Exerc Metab 20:181–190

Ide K, Higaki Y, Nishizumi M, Kiyonaga A, Shindo M, Tanaka H (1996) Impaired 
non-insulin mediated glucose uptake after downhill running in rats. Life 
Sci 59:1601–1605

Johnson AT, Benjamin MB, Silverman N (2002) Oxygen consumption, heat 
production, and muscular efficiency during uphill and downhill walking. 
Appl Ergon 33:485–491

Kirwan JP, del Aguila LF (2003) Insulin signalling, exercise and cellular integrity. 
Biochem Soc Trans 31:1281–1285

Kirwan JP, Hickner RC, Yarasheski KE, Kohrt WM, Wiethop BV, Holloszy JO (1992) 
Eccentric exercise induces transient insulin resistance in healthy individu-
als. J Appl Physiol 72:2197–2202

Le Floch JP, Escuyer P, Baudin E, Baudon D, Perlemuter L (1990) Blood 
glucose area under the curve. Methodological aspects. Diabetes Care 
13:172–175

MacDonald C, Wojtaszewski JFP, Pedersen BK, Kiens B, Richter EA (2003) Inter-
leukin-6 release from human skeletal muscle during exercise: relation to 
AMPK activity. J Appl Physiol 95:2273–2277

Maeo S, Yamamoto M, Kanehisa H (2015) Muscular adaptations to short-term 
low-frequency downhill walking training. Int J Sports Med 36:150–156

Marcus RL, Lastayo PC, Dibble LE, Hill L, McClain DA (2009) Increased strength 
and physical performance with eccentric training in women with 
impaired glucose tolerance: a pilot study. J Womens Health 18:253–260

Pedersen BK (2012) Muscular interleukin-6 and its role as an energy sensor. 
Med Sci Sports Exerc 44:392–396

Pedersen BK, Febbraio MA (2008) Muscle as an endocrine organ: focus on 
muscle-derived interleukin-6. Physiol Rev 88:1379–1406

Petersen AMW, Pedersen BK (2005) The anti-inflammatory effect of exercise. J 
Appl Physiol 98:1154–1162

Philippe M, Krüsmann P, Mersa L, Eder E, Gatterer H, Melmer A, Ebenbichler C, 
Burtscher M (2016) Acute effects of concentric and eccentric exercise on 
glucose metabolism and interleukin-6 concentration in healthy males. 
Biol Sport 33:153–158



Page 7 of 7Philippe et al. SpringerPlus  (2016) 5:1455 

Pokora I, Kempa K, Chrapusta SJ, Langfort J (2014) Effects of downhill and 
uphill exercises of equivalent submaximal intensities on selected blood 
cytokine levels and blood creatine kinase activity. Biol Sport 31:173–178

Sherman WM, Lash JM, Simonsen JC, Bloomfield SA (1992) Effects of downhill 
running on the responses to an oral glucose challenge. Int J Sport Nutr 
2:251–259

Starkie R, Ostrowski SR, Jauffred S, Febbraio M, Pedersen BK (2003) Exercise and 
IL-6 infusion inhibit endotoxin-induced TNF-alpha production in humans. 
FASEB J 17:884–886

Steensberg A, van Hall G, Osada T, Sacchetti M, Saltin B, Klarlund Pedersen B 
(2000) Production of interleukin-6 in contracting human skeletal muscles 
can account for the exercise-induced increase in plasma interleukin-6. J 
Physiol 529:237–242

Sylow L, Jensen TE, Kleinert M, Mouatt JR, Maarbjerg SJ, Jeppesen J, Prats C, 
Chiu TT, Boguslavsky S, Klip A, Schjerling P, Richter EA (2013) Rac1 is a 
novel regulator of contraction-stimulated glucose uptake in skeletal 
muscle. Diabetes 62:1139–1151

Sylow L, Møller LLV, Kleinert M, Richter EA, Jensen TE (2014) Rac1—a novel 
regulator of contraction-stimulated glucose uptake in skeletal muscle. 
Exp Physiol 99:1574–1580

Sylow L, Møller LLV, Kleinert M, Richter EA, Jensen TE (2015) Stretch-stimulated 
glucose transport in skeletal muscle is regulated by Rac1. J Physiol 
593:645–656

Wojtaszewski JFP, Nielsen JN, Richter EA (2002) Invited review: effect of 
acute exercise on insulin signaling and action in humans. J Appl Physiol 
93:384–392

Zeppetzauer M, Drexel H, Vonbank A, Rein P, Aczel S, Saely CH (2013) Eccentric 
endurance exercise economically improves metabolic and inflammatory 
risk factors. Eur J Prev Cardiol 20:577–584


	Acute effects of concentric and eccentric exercise matched for energy expenditure on glucose metabolism in healthy females: a randomized crossover trial
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study participants
	Study protocol
	Exercise capacity
	Measurements of glucose metabolism, IL-6, TNF-α
	Measurement of muscle damage and delayed onset muscle soreness (DOMS)
	Statistical analysis

	Results
	Glucose metabolism and inflammatory parameters PRE CEEE to 24 h POST CEEE
	Assessment of muscle damage and delayed onset muscle soreness (DOMS)
	IL6 and TNF-α concentration changes immediately after CE and EE
	Correlation analysis


	Discussion
	Limitations

	Conclusion
	Authors’ contributions
	References




