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Abstract

Background

Stress and mitogen activated protein kinase (SAPK) signaling play an important role in glu-
cose homeostasis and the physiological adaptation to exercise. However, the effects of
acute high-intensity interval exercise (HIIE) and sprint interval exercise (SIE) on activation
of these signaling pathways are unclear.

Methods

Eight young and recreationally active adults performed a single cycling session of HIIE

(5 x4 minutes at 75% Wpax), SIE (4 x 30 second Wingate sprints), and continuous moder-
ate-intensity exercise work-matched to HIIE (CMIE; 30 minutes at 50% of W), separated
by a minimum of 1 week. Skeletal muscle SAPK and insulin protein signaling were mea-
sured immediately, and 3 hours after exercise.

Results

SIE elicited greater skeletal muscle NF-kB p65 phosphorylation immediately after exercise
(SIE: ~40%; HIIE: ~4%; CMIE; ~13%; p < 0.05) compared to HIIE and CMIE. AS1605°%88
phosphorylation decreased immediately after HIIE (~-27%; p < 0.05), and decreased to the
greatest extent immediately after SIE (~-60%; p < 0.05). Skeletal muscle JNK (~42%;

p <0.05) and p38 MAPK (~171%; p < 0.05) phosphorylation increased, and skeletal muscle
AktS°™73 phosphorylation (~-32%; p < 0.05) decreased, to a similar extent immediately after
all exercise protocols. AS160°°"°8 phosphorylation was similar to baseline three hours after
SIE (~-12%; p > 0.05), remained lower 3 hours after HIIE (~-34%; p < 0.05), and decreased
3 hours after CMIE (~-33%; p < 0.05).

Conclusion

Despite consisting of less total work than CMIE and HIIE, SIE proved to be an effective stimu-
lus for the activation of stress protein kinase signaling pathways linked to exercise-mediated
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adaptation of skeletal muscle. Furthermore, post-exercise AS1605°°%8 phosphorylation
decreased in an exercise-intensity and post-exercise time-course dependent manner.

Introduction

High-intensity interval-exercise (HIIE) and sprint-interval exercise (SIE) are reported to elicit
comparable, and in some cases, greater improvements in measures of glycemic control, oxida-
tive stress, and mitochondrial biogenesis, compared to continuous moderate-intensity exercise
(CMIE) [1-5]. The mechanisms for improved skeletal muscle adaptation after HIIE and SIE
are unclear, but may involve exercise-induced stress protein kinase signaling [6-9].

Physical inactivity and excess adipose tissue can lead to the sustained activation of mito-
gen and stress-activated protein kinases (SAPK), in-part through increased mitochondrial
electron leak and the subsequent production of reactive oxygen species (ROS) [10, 11].
Important ROS sensitive SAPK proteins include c-Jun N-terminal kinases (JNK), p38 mito-
gen-activated protein kinases (p38 MAPK), and nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-«xB). Sustained activation of these protein signaling pathways leads to
impaired insulin sensitivity in part through serine phosphorylation of the insulin receptor
substrate 1 (IRS-1), IRS-1 degradation and attenuation of distal insulin signaling proteins
such as Akt substrate 160 (AS160) [11-13]. Paradoxically, acute exercise also results in
increased ROS production [14], albeit transiently and predominantly through NADPH oxi-
dase superoxide anion production [15], which is reported to contribute to the transient acti-
vation of SAPK signaling in skeletal muscle [16]. In contrast to the sustained activation of
SAPK signaling, the transient activation following acute exercise coincides with greater
AS160 phosphorylation post-exercise and improved insulin sensitivity [17-19]. Further-
more, exercise-induced SAPK signaling is also linked to the activation of skeletal muscle
transcription factors and coactivators that lead to skeletal muscle adaptation and long-term
improvements in cardiometabolic health [2, 5, 16, 20].

Although HIIE and SIE training are reported to elicit equivalent and in some cases superior
exercise-mediated cardiometabolic adaptations when compared to CMIE [1, 2, 5], the effects
of acute HIIE and SIE on post-exercise skeletal muscle SAPK signaling are equivocal. For
example, greater metabolic fluctuations induced through intermittent exercise are considered
to elicit greater post-exercise p38 MAPK phosphorylation [21]. However, previous studies
have reported similar exercise-induced p38 MAPK phosphorylation after acute work-matched
HIIE, SIE, and continuous exercise [22, 23]. The effects of low-volume SIE, compared to
higher-volume HIIE work-matched to continuous exercise of moderate-intensity, on post-
exercise skeletal muscle p38 MAPK phosphorylation are unknown. Furthermore, skeletal mus-
cle JNK and NF-kB phosphorylation and post-exercise insulin protein signaling have yet to be
explored after acute HIIE and SIE.

We compared the effects of a single session of HIIE, SIE, and CMIE work-matched to the
HIIE, on skeletal muscle SAPK and insulin protein signaling. It was hypothesized that SIE and
HIIE would elicit greater skeletal muscle SAPK and distal insulin protein signaling.

Materials and methods
Participants

Eight recreationally active adults, 6 males and 2 females, volunteered to participate in this
randomized cross-over study. Participant characteristics are reported in Table 1. Exclusion
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Table 1. Descriptive characteristics of participants.

Variable N=8
Participants 6 males and 2 females
Age (years) 25+2

Height (cm) 179.3+2.9
Weight 79.4+21

BMI (kg-m™) 25+ 1

Wnax during GXT (W) 327+ 25

Max heart rate during GXT (BPM) 183+4
VOomax (Ml-kg™-min™) 48.4+4.0

Values are mean + SEM.

doi:10.1371/journal.pone.0171613.t001

criteria for participation included smoking, musculoskeletal or other conditions that prevent
daily activity, symptomatic or uncontrolled metabolic or cardiovascular disease, and females
taking oral contraception. To minimize the effect of hormonal fluctuations on outcome mea-
sures, females were tested in the early follicular phase of the menstrual cycle (2-7 days after
the onset of menses). Verbal and written explanations about the study were provided prior
to obtaining written informed consent. This study was approved by the Victoria University
Human Research Ethics Committee and carried out in accordance with The Code of Ethics
of the World Medical Association (Declaration of Helsinki) for experiments involving
humans [24].

Participants were asked to abstain from physical activity (~72 hours), alcohol and caffeine
consumption (~24 hours) prior to each trial. Twenty-four hours before their first trial volun-
teers were asked to consume their habitual diet which was recorded in a diet diary and repli-
cated in their subsequent trials. Participants completed a screening session prior to completing
the three different exercise protocols in a randomized crossover fashion, separated by a mini-
mum of 1 week for males and ~4 weeks for females (Fig 1).

Screening and preliminary testing

Participants were screened via a medical history and risk assessment questionnaire. Eligible
participants underwent anthropometric measurement (height and weight) and completed a
graded exercise test (GXT) on a cycle ergometer (Velotron, USA) to measure peak aerobic
capacity (VOxpear) and maximal power output (W ,,,). The GXT protocol consisted of 1-min-
ute cycling stages at 50 watts which increased by 25 watts every minute until participants were
unable to maintain a cycling cadence of 60 RPM or greater. Expired gases were collected and
analyzed via an indirect calorimetry system (Moxus Modular VO, System, USA). The W .,
obtained during the GXT was used to calculate the workload for the three exercise protocols.

Experimental phase

On three separate occasions participants reported to the laboratory in the morning after an
overnight fast. A resting muscle biopsy and venous blood sample were taken prior to partici-
pants undergoing their randomized exercise protocol (SIE, HIIE or CMIE). Immediately fol-
lowing the acute session of exercise, a muscle biopsy and venous blood sample were taken, and
participants rested on a bed for three hours. A third muscle biopsy was taken 3 hours after
exercise and venous blood samples were taken in the middle of the exercise session, immedi-
ately after exercise, and 10 minutes, 30 minutes, 1 hour, 2 hours and 3 hours after exercise.
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Fig 1. Schematic overview of research methodology. After initial screening and determination of Wiax and VOopeax, participants
underwent three exercise sessions, separated by 7-14 days (~28 days for females), in a randomized crossover fashion. Venous
blood and skeletal muscle samples were taken at time-points indicated in the figure. CMIE: continuous moderate-intensity exercise.
HIIE: high-intensity interval exercise. SIE: sprint interval exercise. GXT: graded exercise test.

doi:10.1371/journal.pone.0171613.g001

Exercise protocols

All exercise sessions were performed on a Velotron cycle ergometer. The SIE protocol con-
sisted of 4 x 30 second all-out (Wingate) cycling sprints, interspersed with 4.5-minute passive
recovery periods. Pedaling resistance for the SIE was determined as a torque factor relative to
body mass which was optimized during the familiarization session. The HIIE protocol con-
sisted of 5 x 4-minute cycling bouts at 75% of W . (~77% of VO,peax), interspersed with
1-minute passive recovery periods. The CMIE protocol consisted of continuous cycling for 30
minutes at 50% of W . (~54% of VOypeai), €quating to the same total work performed

(294 + 23 KJ) in the HIIE protocol.

Skeletal muscle and blood sampling

Muscle samples were obtained from the vastus lateralis under local anesthesia (Xylocaine 1%,
Astra Zeneca, Australia) utilizing a Bergstrom needle with suction [25]. The samples were
immediately frozen in liquid nitrogen and stored at -80°C until analysis. Venous blood was
collected from an antecubital vein via an intravenous cannula and analyzed immediately for
blood glucose and lactate using an automated analysis system (YSI 2300 STAT Plus™ Glucose
& Lactate Analyzer).
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Skeletal muscle protein analysis

To avoid the potential loss of total cellular protein that can occur with centrifugation [26, 27],
phosphorylation and abundance of specific proteins in whole muscle lysate were determined
with all constituents present (i.e. no centrifugation). Whole muscle lysate was analyzed as previ-
ously reported [19]. In brief, thirty cryosections of skeletal muscle (20 um) were homogenized in
buffer (0.125M TRIS-HCL [pH 6.8], 4% SDS, 10% Glycerol, 10mM EGTA, 0.1M DTT, and with
0.1% v/v protease and phosphatase inhibitor cocktail [#P8340 and #P5726, Sigma Aldrich]).
Total protein content of muscle lysate was determined using the commercially available Red 660
Protein Assay kit with SDS neutralizer as per the manufacturer’s instructions (Red 660, G-Biosci-
ences, St. Louis, MO, USA). Eight ug of protein was prepared in 3 pl of Bromophenol blue (1%),
heated for 5 minutes at 95°C and separated by 7.5% Criterion™ TGX™ Pre-Cast Gels. The sepa-
rated proteins were transferred to a polyvinylidene difluoride membrane and blocked with Tris-
Buffered Saline-Tween (TBST) and 5% skim milk for 1 hour. Membranes were washed (4 x 5
minutes) with TBST and incubated at 4°C overnight with the following primary antibodies: phos-
pho-SAPK/JNK (Thr183/Tyr185; CST #9251), SAPK/JNK (CST #9252), phospho-p38 MAPK
(Thr180/Tyr182; CST #9211), p38 MAPK (CST #9212), phospho-NF-«B p65 (Ser536; CST
#3033), NF-xB p65 (CST #8242), IxBo. (CST #4814), phospho-IRS-1 (Ser307 in human; CST
#2384), phospho-AS160 (Ser588; CST #8730), AS160 (CST #2447), phospho-Akt (Ser473; CST
#9271), Akt (#9272), and IRS-1 (Millipore, 06-248). After incubation, membranes were washed
with TBST and incubated for 1 hour at room temperature with appropriate dilutions of horserad-
ish peroxidase conjugated secondary antibody. Membranes were re-washed and incubated in
SuperSignal West Femto Maximum Sensitivity substrate for 5 minutes prior to imaging. After
imaging, membranes were stained via a modified Coomassie staining protocol [19]. All densi-
tometry values are expressed relative to a pooled internal standard and normalized to the total
protein content of each lane obtained from the modified Coomassie staining protocol. Where
appropriate, phosphorylated proteins are expressed relative to specific total protein content.

Statistical analysis

Data were checked for normality and analyzed using Predictive Analytics Software (PASW
v20, SPSS Inc., Chicago, WI, USA). Comparisons of multiple means were examined using a
repeated measures analysis of variance (exercise protocol x time point). Post hoc analysis of
significant interaction and main effects were performed using Fisher’s protected LSD test. All
data are reported as mean + standard error of mean (SEM) and statistical analysis conducted
at the 95% level of significance (p<0.05). Trends were reported when p-values were greater
than 0.05 and less than 0.1.

Results
Blood glucose and lactate

Significant interaction effects (p<0.05) were detected for blood glucose and lactate (p<0.05).
Post-hoc analysis revealed that compared to baseline, blood glucose was significantly elevated
(p<0.05) after HIIE, and to the greatest extent after SIE (Fig 2). Furthermore, post-hoc analysis
revealed that compared to baseline, blood lactate was elevated after CMIE, HIIE, and to the
greatest extent after SIE (Fig 2).

Skeletal muscle SAPK signaling

A significant interaction effect (p < 0.05) was detected for NF-«xB p65 phosphorylation. Post-
hoc analysis revealed significantly greater (p < 0.05) NF-«B p65 phosphorylation immediately
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Fig 2. Blood lactate and blood glucose during and after exercise. (A) Blood lactate and (B) blood
glucose response to high-intensity interval exercise (HIIE), sprint-interval exercise (SIE), and continuous
moderate-intensity exercise (CMIE). a = p < 0.05 compared to baseline. Significantly different (p < 0.05) at
equivalent time point vs # = CMIE and 1 = HIIE

doi:10.1371/journal.pone.0171613.9002
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Tyri8s (B) NF-kB p65°°5%, (C) p38 MAPKTM180/TYr182 and total protein content of (D) IkBa relative to Coomassie protein content,
after high-intensity interval exercise (HIIE), sprint interval exercise (SIE), and continuous moderate-intensity exercise (CMIE).

a =p <0.05 compared to baseline; b = p < 0.05 compared to post-exercise. Significantly different (p < 0.05) at equivalent time point vs
#=CMIE and t =HIIE.

doi:10.1371/journal.pone.0171613.g003

after SIE compared to baseline, and greater phosphorylation immediately after SIE compared
to both HIIE and CMIE (Fig 3). Main time effects (p < 0.05) revealed greater phosphorylation
of p38 MAPK immediately after exercise, and greater JNK phosphorylation immediately after
and 3 hours after exercise compared to baseline (Fig 3). Main time effects (p < 0.05) revealed
lower protein abundance of IxBo immediately and 3 hours after exercise compared to baseline

(Fig 3).
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doi:10.1371/journal.pone.0171613.9004

Skeletal muscle insulin protein signaling

A significant interaction effect (p < 0.05) was detected for IRS- phosphorylation. Post-
hoc analysis revealed significantly greater IRS-1%"*” phosphorylation immediately after all
exercise bouts, and there was a trend for this to remain elevated at 3 hours after CMIE only
(Fig 4). IRS-1%°%7 phosphorylation was significantly greater immediately after HIIE compared

1 Ser307
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to CMIE, and greater 3 hours after CMIE compared to SIE. A significant interaction effect

(p < 0.001) was detected for AS160°*">*® phosphorylation. Post-hoc analysis revealed lower
phosphorylation of AS160°°°*® immediately after SIE and HIIE compared to baseline, and 3
hours after CMIE and HIIE compared to baseline (Fig 4). AS160°"** phosphorylation was
lower immediately after SIE compared to HIIE and CMIE, and was higher 3 hours after SIE
compared to CMIE. Phosphorylation of Akt*™”* was lower immediately after exercise com-
pared to baseline and tended to remain lower 3 hours after exercise (Fig 4). Despite increased
IRS-1°"%7 phosphorylation, total IRS-1 protein was not significantly influenced by exercise

(Fig 4).

Discussion

We report that a single session of SIE elicited greater skeletal muscle NF-kB p65 phosphoryla-
tion compared to HIIE and CMIE, a similar increase in JNK and p38 MAPK phosphorylation,
and a similar decrease in skeletal muscle IxBo: protein content. Thus, despite consisting of less
total work than CMIE and HIIE, SIE proved to be an effective stimulus for the activation of
stress protein kinase signaling pathways linked to exercise-mediated adaptation of skeletal
muscle.

Exercise intensity and skeletal muscle SAPK signaling

NF-kB p65 phosphorylation in human skeletal muscle was increased immediately after SIE,
but not after CMIE or HIIE. It is unclear why NF-«xB p65 phosphorylation was not increased
after CMIE or HIIE, as NF-«B activity/phosphorylation is increased in skeletal muscle of
rodents after 1 hour of swimming and treadmill exercise [7, 28]. It is possible that only intense
supramaximal exercise provides sufficient stimulus to increase NF-xB p65 phosphorylation in
human skeletal muscle immediately after exercise. In support, Petersen et al. [29] reported no
change in human skeletal muscle NF-xB p65 phosphorylation immediately after 45-minutes of
continuous cycling (71% VO,pcai) or after cycling to exhaustion (92% VOypear). In addition to
NEF-«B p65 phosphorylation, transcriptional activity of NF-xB requires ubiquitin-dependent
IxBo: protein degradation, a process which permits inactive cytosolic NF-«B to translocate to
the nucleus [30, 31]. Our findings align with others reporting decreased IkBo. protein abun-
dance in skeletal muscle after acute exercise [19, 29, 32]. This decrease appears to occur inde-
pendent of NF-xB p65 phosphorylation and exercise-intensity. It is possible that our biopsy
sampling times may not have captured peak NF-kB phosphorylation with CMIE and HIIE,
which is increased one hour after HIIE in human skeletal muscle [19], and is reported to peak
1-2 hours after exercise in human PBMC [31] and rat skeletal muscle [33].

Attenuation of the exercise-induced skeletal muscle NF-kB p65 signaling response in
humans and rodents, via allopurinol, apocynin, or n-acetylcysteine treatment/ingestion, coin-
cides with attenuation of PGC-1a, manganese superoxide dismutase, glutathione peroxidase,
citrate synthase, and mitochondrial transcription factor A gene expression [6, 7, 29]. As such,
greater NF-kB p65 phosphorylation after acute SIE may contribute to the equivalent or supe-
rior skeletal muscle and cardiometabolic adaptations previously reported with SIE training [1].

The p38 MAPK and JNK signaling pathways play an important role in exercise-mediated
mitochondrial biogenesis and antioxidant defense upregulation [34-38]. We provide evidence
that JNK and p38 MAPK phosphorylation are increased to a similar extent after SIE, CMIE,
and HIIE work-matched to CMIE. These findings support previous reports of similar post-
exercise p38 MAPK phosphorylation after continuous exercise work-matched to high-inten-
sity continuous cycling [39], HIIE [22], and SIE [23]. Furthermore, we showed that exercise-
induced skeletal muscle JNK phosphorylation in humans does not appear to occur in an
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exercise-intensity and/or volume manner, contradicting previous reports in rodents [40, 41].
Recently, Combes et al. [21] reported greater phosphorylation of p38 MAPK in human skeletal
muscle with intermittent cycling (30 x 1-min intervals at 70% VO2,c,i; 1-minute recovery
periods) compared to work and intensity matched continuous cycling (30 minutes at 70%
VO,peal)- It was proposed that increased oscillations of the cytosolic NADH/NAD+ redox
state [42] elicited through intermittent exercise may play a larger role in p38 MAPK signaling
compared to the manipulation of exercise volume or intensity. It is possible that the metabolic
demands induced through HIIE and SIE in this and other studies were insufficient to increase
p38 MAPK, and potentially JNK phosphorylation, above that of continuous exercise [22, 23].
Further research is required to confirm these findings with exercise protocols that incorporate
greater metabolic disturbances.

The present findings suggest that superior skeletal muscle adaptation previously reported
with HIIE and SIE when compared to CMIE [1, 2, 4, 5], may occur through protein signaling
pathways independent of p38 MAPK and JNK. Nevertheless, SIE consisted of considerably less
total work than HIIE and CMIE, and therefore appears to be an effective exercise mode for
stimulating post-exercise skeletal muscle phosphorylation of p38 MAPK, JNK, and in particu-
lar NF-xB p65.

Exercise-intensity and phosphorylation of skeletal muscle insulin protein
signaling

We provide evidence that IRS-1
and SIE, and to a greater extent after HIIE. Interestingly, IRS- phosphorylation was simi-
lar to baseline 3 hours after HIIE and SIE. The physiological role of IRS-1°"*"” phosphoryla-
tion is unclear, as it is reported to both positively and negatively regulate downstream insulin
signaling and glucose uptake [19, 43]. Akt>™”? phosphorylation, which is downstream of IRS-
1, decreased to a similar extent after all exercise protocols. Surprisingly, further probing of the
distal insulin signaling cascade revealed that phosphorylation of AS160°"**® was attenuated in
an exercise-intensity and post-exercise time-course dependent manner.

Phosphorylation of AS160 (also known as TBC1D4) results in GTP loading and activation
of Rabs, releasing GLUT4 vesicles from intracellular compartments and promoting GLUT4
vesicle plasma membrane docking and glucose uptake [44]. Serine 588 specific phosphoryla-
tion of AS160 increases with human skeletal muscle contraction, insulin stimulation via the
hyperinsulinaemic-euglycaemic clamp, and may play a role in the acute post-exercise enhance-
ment of insulin sensitivity [17, 19, 45, 46]. Previous research is equivocal, with studies report-
ing no change [47, 48] or increased phosphorylation of AS160°"°*® after exercise in both
rodents and humans [17, 19, 49, 50]. We are the first to report decreased AS1605"°*® phos-
phorylation immediately after SIE and HIIE. Using the PAS160 antibody, which primarily
detects AS160™%*2 but also AS160°°%8 [51, 52], Treebak et al. [53] also reported a decrease in
AS160 phosphorylation immediately after high-intensity continuous cycling exercise (20 min-
utes, 80% VO,peax), Whereas phosphorylation was unchanged immediately after CMIE (30
mins, ~67% VOspear). We extend previous findings by reporting that AS1605°88 phosphoryla-
tion is similar to baseline 3 hours after SIE, but remains lower after HITE and CMIE.

The mechanism for the substantial decrease in AS160°>%*
after SIE is unclear. The reported elevation in blood glucose during and immediately after SIE,
and to a lesser extent after HIIE, suggests a transient counter-regulatory hormonal response
previously reported after higher-intensity exercise [54]. Certainly, resistance exercise and
extreme muscle damaging exercise inhibit insulin protein signaling [55, 56], likely through
mTOR inhibition of the PI3K signaling pathway [57]. However, mTOR signaling does not

5¢1307 bhosphorylation is increased immediately after CMIE

15er307

phosphorylation immediately
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appear to be activated following acute SIE [9]. Alternatively, excess ROS such as hydrogen per-
oxide may override the potentiation of insulin signaling through the inactivation of protein
tyrosine phosphatases [58-60], by increasing JNK and NF-«kB mediated inhibition of the
PI3K/Akt signaling pathway [61, 62]. In TNF-a/NF-kB induced insulin resistant human myo-
tubes, targeted interference of the NF-«B signaling pathway restores insulin stimulated AS160
and Akt phosphorylation and glucose uptake, despite minimal effect on JNK phosphorylation
[13]. Taken together, it is possible that SIE induced NF-kB signaling may transiently suppress
AS160 phosphorylation immediately after exercise. Whether the differential effect of exercise-
05388 phosphorylation occurs at other AS160 phosphoryla-
tion sites, and whether these changes effect post-exercise insulin sensitivity, are unknown and

intensity on post-exercise AS16
warrant further investigation.

Limitations

A potential limitation of the study is a small sample size. However, previous invasive human
studies have used similar sample sizes to detect significant changes in SAPK signaling [21, 29,
63]. The combined analysis of both males and females may limit interpretation of the results.
Nevertheless, exercise-induced p38 MAPK protein signaling appear to be similar between
sexes [64]. Furthermore, in the current study we did not undertake subcellular fractionation,
immunohistochemistry, and/or direct measurements of kinase activity due to limited tissue
availability. Protein kinase signaling is reported to be spatial-temporally sensitive [30, 65] and
as such future studies are required to determine the subcellular localization of protein kinase
phosphorylation and kinase activity before and after exercise of different intensities and mode.
It is also important to note that the acute activation of protein signaling pathways in skeletal
muscle do not always reflect functional changes in protein synthesis and/or adaptations with
chronic exercise training [23, 66]. Finally, findings in this study are delimited to young recrea-
tionally active adults, the specific exercise-protocols investigated, and the investigation of a sin-
gle session of exercise. Future research is required to confirm these findings with subsequent
bouts of exercise over a longer period of time, in more diverse populations with different exer-
cise protocols.

Conclusions

These findings demonstrate that p38 MAPK and JNK phosphorylation increase to a similar
extent after CMIE, HIIE and SIE. On the other hand, skeletal muscle NF-«kB phosphorylation
was more responsive to intense exercise. Whether greater NF-xB phosphorylation post-SIE
contributes to the previously reported superior benefits of SIE on skeletal muscle adaption
warrants further investigation. Surprisingly, only CMIE and HIIE elicited a decrease in phos-
phorylation of the downstream glucose uptake signaling protein AS160 three hours after exer-
cise, despite substantially lower AS160 phosphorylation immediately after SIE. These findings
indicate that the time course of post-exercise AS160 phosphorylation, an important regulator
of contraction and insulin-stimulated glucose uptake, is influenced in an exercise-intensity
dependent manner. Taken together, exercise-intensity plays a role in regulating the complex
SAPK signaling pathways which are known to be involved in the adaptive cardiometabolic
responses to exercise.

Acknowledgments

A/Prof Levinger was supported by Future Leader Fellowship (ID: 100040) from the National
Heart Foundation of Australia. A/Prof Nigel Stepto was supported by the Australian Govern-
ments Collaborative Research Network. The authors wish to thank Dr. Andrew Garnham

PLOS ONE | DOI:10.1371/journal.pone.0171613 February 9, 2017 11/15



@° PLOS | ONE

Exercise-intensity, stress kinase and insulin protein signaling

(Victoria University University) and Dr. Mitchell Anderson for performing the muscle biop-
sies. Thank you to the participants involved in the research.

Author Contributions

Conceptualization: LP AT IL CSS NKS.

Data curation: LP AT IL CSS NKS.

Formal analysis: LP.

Funding acquisition: LP AT IL CSS NKS.

Investigation: LP AT IL CSS NKS.

Methodology: LP AT IL CSS NKS.

Project administration: LP AT IL CSS NKS.

Resources: LP AT IL CSS NKS.

Supervision: IL CSS NKS.

Visualization: LP.

Writing - original draft: LP.

Writing - review & editing: LP AT IL CSS NKS.

References

1.

Gibala MJ, Little JP, Macdonald MJ, Hawley JA. Physiological adaptations to low-volume, high-intensity
interval training in health and disease. J Physiol. 2012; 590(Pt 5):1077—-84. Epub 2012/02/01.

Ramos JS, Dalleck LC, Tjonna AE, Beetham KS, Coombes JS. The Impact of High-Intensity Interval
Training Versus Moderate-Intensity Continuous Training on Vascular Function: a Systematic Review
and Meta-Analysis. Sports Med. 2015; 45(5):679-92. doi: 10.1007/s40279-015-0321-z PMID:
25771785

Thompson WR. NOW TRENDING: Worldwide Survey of Fitness Trends for 2014. Acsms Health & Fit-
ness Journal. 2013; 17(6):10-20.

Weston KS, Wisloff U, Coombes JS. High-intensity interval training in patients with lifestyle-induced car-
diometabolic disease: a systematic review and meta-analysis. Br J Sports Med. 2014; 48(16):1227-34.
Epub 2013/10/23. doi: 10.1136/bjsports-2013-092576 PMID: 24144531

Liubaoeriijin Y, Terada T, Fletcher K, Boule NG. Effect of aerobic exercise intensity on glycemic control
in type 2 diabetes: a meta-analysis of head-to-head randomized trials. Acta Diabetol. 2016; 53(5):769—
81. Epub 2016/06/04. doi: 10.1007/s00592-016-0870-0 PMID: 27255501

Kang C, O’'Moore KM, Dickman JR, Ji LL. Exercise activation of muscle peroxisome proliferator-acti-
vated receptor-gamma coactivator-1alpha signaling is redox sensitive. Free Radic Biol Med. 2009; 47
(10):1394—400. doi: 10.1016/j.freeradbiomed.2009.08.007 PMID: 19686839

Henriquez-Olguin C, Diaz-Vegas A, Utreras-Mendoza Y, Campos C, Arias-Calderon M, Llanos P, et al.
NOX2 Inhibition Impairs Early Muscle Gene Expression Induced by a Single Exercise Bout. Front Phy-
siol. 2016; 7:282. Epub 2016/07/30. doi: 10.3389/fphys.2016.00282 PMID: 27471471

Gomez-Cabrera MC, Domenech E, Romagnoli M, Arduini A, Borras C, Pallardo FV, et al. Oral adminis-
tration of vitamin C decreases muscle mitochondrial biogenesis and hampers training-induced adapta-
tions in endurance performance. Am J Clin Nutr. 2008; 87(1):142-9. Epub 2008/01/08. PMID:
18175748

Gibala MJ, McGee SL, Garnham AP, Howlett KF, Snow RJ, Hargreaves M. Brief intense interval exer-
cise activates AMPK and p38 MAPK signaling and increases the expression of PGC-1a in human skele-
tal muscle. J Appl Physiol. 2009; 106(3):929-34. doi: 10.1152/japplphysiol.90880.2008 PMID:
19112161

PLOS ONE | DOI:10.1371/journal.pone.0171613 February 9, 2017

12/15


http://dx.doi.org/10.1007/s40279-015-0321-z
http://www.ncbi.nlm.nih.gov/pubmed/25771785
http://dx.doi.org/10.1136/bjsports-2013-092576
http://www.ncbi.nlm.nih.gov/pubmed/24144531
http://dx.doi.org/10.1007/s00592-016-0870-0
http://www.ncbi.nlm.nih.gov/pubmed/27255501
http://dx.doi.org/10.1016/j.freeradbiomed.2009.08.007
http://www.ncbi.nlm.nih.gov/pubmed/19686839
http://dx.doi.org/10.3389/fphys.2016.00282
http://www.ncbi.nlm.nih.gov/pubmed/27471471
http://www.ncbi.nlm.nih.gov/pubmed/18175748
http://dx.doi.org/10.1152/japplphysiol.90880.2008
http://www.ncbi.nlm.nih.gov/pubmed/19112161

@° PLOS | ONE

Exercise-intensity, stress kinase and insulin protein signaling

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

Fisher-Wellman KH, Neufer PD. Linking mitochondrial bioenergetics to insulin resistance via redox biol-
ogy. Trends Endocrinol Metab. 2012; 23(3):142-53. Epub 2012/02/07. doi: 10.1016/j.tem.2011.12.008
PMID: 22305519

Tiganis T. Reactive oxygen species and insulin resistance: the good, the bad and the ugly. Trends Phar-
macol Sci. 2011; 32(2):82-9. Epub 2010/12/17. doi: 10.1016/}.tips.2010.11.006 PMID: 21159388

Plomgaard P, Bouzakri K, Krogh-Madsen R, Mittendorfer B, Zierath JR, Pedersen BK. Tumor necrosis
factor-alpha induces skeletal muscle insulin resistance in healthy human subjects via inhibition of Akt
substrate 160 phosphorylation. Diabetes. 2005; 54(10):2939-45. PMID: 16186396

Austin RL, Rune A, Bouzakri K, Zierath JR, Krook A. siRNA-Mediated Reduction of Inhibitor of Nuclear
Factor-kB Kinase Prevents Tumor Necrosis Factor-a—Induced Insulin Resistance in Human Skeletal
Muscle. Diabetes. 2008; 57(8):2066—73. doi: 10.2337/db07-0763 PMID: 18443205

Fisher-Wellman K, Bloomer RJ. Acute exercise and oxidative stress: a 30 year history. Dyn Med. 2009;
8(1):1. Epub 2009/01/16.

Sakellariou GK, Jackson MJ, Vasilaki A. Redefining the major contributors to superoxide production in
contracting skeletal muscle. The role of NAD(P)H oxidases. Free Radic Res. 2014; 48(1):12-29. doi:
10.3109/10715762.2013.830718 PMID: 23915064

Kramer HF, Goodyear LJ. Exercise, MAPK, and NF-kappaB signaling in skeletal muscle. Journal of
applied physiology (Bethesda, Md: 1985). 2007; 103(1):388-95.

Treebak JT, Frosig C, Pehmoller C, Chen S, Maarbjerg SJ, Brandt N, et al. Potential role of TBC1D4 in
enhanced post-exercise insulin action in human skeletal muscle. Diabetologia. 2009; 52(5):891-900.
doi: 10.1007/s00125-009-1294-y PMID: 19252894

Frosig C, Richter EA. Improved Insulin Sensitivity After Exercise: Focus on Insulin Signaling. Obesity.
2009; 17:515-S20. Epub 2009/11/21. doi: 10.1038/0by.2009.383 PMID: 19927140

Parker L, Stepto NK, Shaw CS, Serpiello PR, Anderson M, Hare DL, et al. Acute High-Intensity Interval
Exercise-Induced Redox Signaling Is Associated with Enhanced Insulin Sensitivity in Obese Middle-
Aged Men. Frontiers in Physiology. 2016; 7:411. doi: 10.3389/fphys.2016.00411 PMID: 27695421

Radak Z, Zhao ZF, Koltai E, Ohno H, Atalay M. Oxygen Consumption and Usage During Physical Exer-
cise: The Balance Between Oxidative Stress and ROS-Dependent Adaptive Signaling. Antioxid Redox
Signal. 2013; 18(10):1208-46. Epub 2012/09/18. doi: 10.1089/ars.2011.4498 PMID: 22978553

Combes A, Dekerle J, Webborn N, Watt P, Bougault V, Daussin FN. Exercise-induced metabolic fluctu-
ations influence AMPK, p38-MAPK and CaMKII phosphorylation in human skeletal muscle. Physiologi-
cal Reports. 2015; 3(9):e12462. doi: 10.14814/phy2.12462 PMID: 26359238

Bartlett JD, Hwa Joo C, Jeong TS, Louhelainen J, Cochran AJ, Gibala MJ, et al. Matched work high-
intensity interval and continuous running induce similar increases in PGC-1alpha mRNA, AMPK, p38,
and p53 phosphorylation in human skeletal muscle. Journal of applied physiology (Bethesda, Md:
1985).2012; 112(7):1135—43.

Cochran AJ, Percival ME, Tricarico S, Little JP, Cermak N, Gillen JB, et al. Intermittent and continuous
high-intensity exercise training induce similar acute but different chronic muscle adaptations. Exp Phy-
siol. 2014; 99(5):782-91. doi: 10.1113/expphysiol.2013.077453 PMID: 24532598

World Medical A. World Medical Association Declaration of Helsinki: ethical principles for medical
research involving human subjects. JAMA. 2013; 310(20):2191—4. doi: 10.1001/jama.2013.281053
PMID: 24141714

Evans WJ, Phinney SD, Young VR. Suction Applied to a Muscle Biopsy Maximizes Sample-Size. Med
Sci Sports Exerc. 1982; 14(1):101-2. PMID: 7070249

Murphy RM, Lamb GD. Important considerations for protein analyses using antibody based techniques:
down-sizing Western blotting up-sizes outcomes. J Physiol. 2013; 591(23):5823-31. doi: 10.1113/
jphysiol.2013.263251 PMID: 24127618

Mollica JP, Oakhill JS, Lamb GD, Murphy RM. Are genuine changes in protein expression being over-
looked? Reassessing Western blotting. Anal Biochem. 2009; 386(2):270-5. doi: 10.1016/j.ab.2008.12.
029 PMID: 19161968

Ho RC, Hirshman MF, Li Y, Cai D, Farmer JR, Aschenbach WG, et al. Regulation of IkappaB kinase
and NF-kappaB in contracting adult rat skeletal muscle. American journal of physiology Cell physiology.
2005; 289(4):C794-801. Epub 2005/05/13. doi: 10.1152/ajpcell.00632.2004 PMID: 15888549

Petersen AC, McKenna MJ, Medved |, Murphy KT, Brown MJ, Della Gatta P, et al. Infusion with the anti-
oxidant N-acetylcysteine attenuates early adaptive responses to exercise in human skeletal muscle.
Acta physiologica. 2012; 204(3):382-92. Epub 2011/08/11. doi: 10.1111/j.1748-1716.2011.02344.x
PMID: 21827635

PLOS ONE | DOI:10.1371/journal.pone.0171613 February 9, 2017 13/15


http://dx.doi.org/10.1016/j.tem.2011.12.008
http://www.ncbi.nlm.nih.gov/pubmed/22305519
http://dx.doi.org/10.1016/j.tips.2010.11.006
http://www.ncbi.nlm.nih.gov/pubmed/21159388
http://www.ncbi.nlm.nih.gov/pubmed/16186396
http://dx.doi.org/10.2337/db07-0763
http://www.ncbi.nlm.nih.gov/pubmed/18443205
http://dx.doi.org/10.3109/10715762.2013.830718
http://www.ncbi.nlm.nih.gov/pubmed/23915064
http://dx.doi.org/10.1007/s00125-009-1294-y
http://www.ncbi.nlm.nih.gov/pubmed/19252894
http://dx.doi.org/10.1038/oby.2009.383
http://www.ncbi.nlm.nih.gov/pubmed/19927140
http://dx.doi.org/10.3389/fphys.2016.00411
http://www.ncbi.nlm.nih.gov/pubmed/27695421
http://dx.doi.org/10.1089/ars.2011.4498
http://www.ncbi.nlm.nih.gov/pubmed/22978553
http://dx.doi.org/10.14814/phy2.12462
http://www.ncbi.nlm.nih.gov/pubmed/26359238
http://dx.doi.org/10.1113/expphysiol.2013.077453
http://www.ncbi.nlm.nih.gov/pubmed/24532598
http://dx.doi.org/10.1001/jama.2013.281053
http://www.ncbi.nlm.nih.gov/pubmed/24141714
http://www.ncbi.nlm.nih.gov/pubmed/7070249
http://dx.doi.org/10.1113/jphysiol.2013.263251
http://dx.doi.org/10.1113/jphysiol.2013.263251
http://www.ncbi.nlm.nih.gov/pubmed/24127618
http://dx.doi.org/10.1016/j.ab.2008.12.029
http://dx.doi.org/10.1016/j.ab.2008.12.029
http://www.ncbi.nlm.nih.gov/pubmed/19161968
http://dx.doi.org/10.1152/ajpcell.00632.2004
http://www.ncbi.nlm.nih.gov/pubmed/15888549
http://dx.doi.org/10.1111/j.1748-1716.2011.02344.x
http://www.ncbi.nlm.nih.gov/pubmed/21827635

@° PLOS | ONE

Exercise-intensity, stress kinase and insulin protein signaling

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

JiLL, Gomez-Cabrera MC, Steinhafel N, Vina J. Acute exercise activates nuclear factor (NF)-kappaB
signaling pathway in rat skeletal muscle. FASEB J. 2004; 18(13):1499-506. doi: 10.1096/f].04-
1846com PMID: 15466358

Cuevas MJ, Aimar M, Garcia-Glez JC, Garcia-Lopez D, De Paz JA, Alvear-Ordenes |, et al. Changes in
oxidative stress markers and NF-kappaB activation induced by sprint exercise. Free Radic Res. 2005;
39(4):431-9. Epub 2005/07/21. PMID: 16028368

LiY, Soos TJ, Li X, Wu J, Degennaro M, Sun X, et al. Protein kinase C Theta inhibits insulin signaling by
phosphorylating IRS1 at Ser(1101). J Biol Chem. 2004; 279(44):45304—7. Epub 2004/09/15. doi: 10.
1074/jbc.C400186200 PMID: 15364919

Hollander J, Fiebig R, Gore M, Ookawara T, Ohno H, Ji L. Superoxide dismutase gene expression is
activated by a single bout of exercise in rat skeletal muscle. Pfligers Archiv. 2001; 442(3):426-34.
PMID: 11484775

Sen P, Chakraborty PK, Raha S. p38 mitogen-activated protein kinase (p38MAPK) upregulates cata-
lase levels in response to low dose H202 treatment through enhancement of mRNA stability. FEBS
Lett. 2005; 579(20):4402—6. doi: 10.1016/j.febslet.2005.06.081 PMID: 16055121

Akimoto T, Pohnert SC, Li P, Zhang M, Gumbs C, Rosenberg PB, et al. Exercise stimulates Pgc-1
alpha transcription in skeletal muscle through activation of the p38 MAPK pathway. J Biol Chem. 2005;
280(20):19587-93. Epub 2005/03/16. doi: 10.1074/jbc.M408862200 PMID: 15767263

Aronson D, Boppart MD, Dufresne SD, Fielding RA, Goodyear LJ. Exercise Stimulates c-Jun NH2Ki-
nase Activity and c-Jun Transcriptional Activity in Human Skeletal Muscle. Biochem Biophys Res Com-
mun. 1998; 251(1):106—10. http://dx.doi.org/10.1006/bbrc.1998.9435. PMID: 9790915

Cavigelli M, Dolfi F, Claret FX, Karin M. Induction of C-Fos Expression through Jnk-Mediated Tcf/Elk-1
Phosphorylation. EMBO J. 1995; 14(23):5957—64. PMID: 8846788

Gupta S, Campbell D, Derijard B, Davis RJ. Transcription Factor Atf2 Regulation by the Jnk Signal-
Transduction Pathway. Science. 1995; 267(5196):389-93. PMID: 7824938

Egan B, Carson BP, Garcia-Roves PM, Chibalin AV, Sarsfield FM, Barron N, et al. Exercise intensity-
dependent regulation of peroxisome proliferator-activated receptor y coactivator-1a mRNA abundance
is associated with differential activation of upstream signalling kinases in human skeletal muscle. J Phy-
siol. 2010; 588(Pt 10):1779-90. doi: 10.1113/jphysiol.2010.188011 PMID: 20308248

Martineau LC, Gardiner PF. Insight into skeletal muscle mechanotransduction: MAPK activation is
quantitatively related to tension. J Appl Physiol. 2001; 91(2):693-702. PMID: 11457783

Goodyear LJ, Chang PY, Sherwood DJ, Dufresne SD, Moller DE. Effects of exercise and insulin on
mitogen-activated protein kinase signaling pathways in rat skeletal muscle. Am J Physiol. 1996; 271(2
Pt 1):E403-8. PMID: 8770036

Li YJ, Dash RK, Kim JY, Saidel GM, Cabrera ME. Role of NADH/NAD(+) transport activity and glycogen
store on skeletal muscle energy metabolism during exercise: in silico studies. Am J Physiol-Cell Ph.
2009; 296(1):C25—C46. Epub 2008/10/03.

Weigert C, Kron M, Kalbacher H, Pohl AK, Runge H, Haring HU, et al. Interplay and effects of temporal
changes in the phosphorylation state of serine-302, -307, and -318 of insulin receptor substrate-1 on
insulin action in skeletal muscle cells. Mol Endocrinol. 2008; 22(12):2729-40. doi: 10.1210/me.2008-
0102 PMID: 18927238

Hutagalung AH, Novick PJ. Role of Rab GTPases in Membrane Traffic and Cell Physiology. Physiol
Rev. 2011; 91(1):119-49. doi: 10.1152/physrev.00059.2009 PMID: 21248164

Vind BF, Pehmoller C, Treebak JT, Birk JB, Hey-Mogensen M, Beck-Nielsen H, et al. Impaired insulin-
induced site-specific phosphorylation of TBC1 domain family, member 4 (TBC1D4) in skeletal muscle
of type 2 diabetes patients is restored by endurance exercise-training. Diabetologia. 2011; 54(1):157—
67. doi: 10.1007/s00125-010-1924-4 PMID: 20938636

Treebak JT, Pehmoller C, Kristensen JM, Kjobsted R, Birk JB, Schjerling P, et al. Acute exercise and
physiological insulin induce distinct phosphorylation signatures on TBC1D1 and TBC1D4 proteins in
human skeletal muscle. J Physiol. 2014; 592(2):351-75. Epub 2013/11/20. doi: 10.1113/jphysiol.2013.
266338 PMID: 24247980

lwabe M, Kawamoto E, Koshinaka K, Kawanaka K. Increased postexercise insulin sensitivity is accom-
panied by increased AS160 phosphorylation in slow-twitch soleus muscle. Physiol Rep. 2014; 2(12).
Epub 2014/12/17.

Castorena CM, Arias EB, Sharma N, Cartee GD. Postexercise improvement in insulin-stimulated glu-
cose uptake occurs concomitant with greater AS160 phosphorylation in muscle from normal and insu-
lin-resistant rats. Diabetes. 2014; 63(7):2297-308. Epub 2014/03/13. doi: 10.2337/db13-1686 PMID:
24608437

PLOS ONE | DOI:10.1371/journal.pone.0171613 February 9, 2017 14/15


http://dx.doi.org/10.1096/fj.04-1846com
http://dx.doi.org/10.1096/fj.04-1846com
http://www.ncbi.nlm.nih.gov/pubmed/15466358
http://www.ncbi.nlm.nih.gov/pubmed/16028368
http://dx.doi.org/10.1074/jbc.C400186200
http://dx.doi.org/10.1074/jbc.C400186200
http://www.ncbi.nlm.nih.gov/pubmed/15364919
http://www.ncbi.nlm.nih.gov/pubmed/11484775
http://dx.doi.org/10.1016/j.febslet.2005.06.081
http://www.ncbi.nlm.nih.gov/pubmed/16055121
http://dx.doi.org/10.1074/jbc.M408862200
http://www.ncbi.nlm.nih.gov/pubmed/15767263
http://dx.doi.org/10.1006/bbrc.1998.9435
http://www.ncbi.nlm.nih.gov/pubmed/9790915
http://www.ncbi.nlm.nih.gov/pubmed/8846788
http://www.ncbi.nlm.nih.gov/pubmed/7824938
http://dx.doi.org/10.1113/jphysiol.2010.188011
http://www.ncbi.nlm.nih.gov/pubmed/20308248
http://www.ncbi.nlm.nih.gov/pubmed/11457783
http://www.ncbi.nlm.nih.gov/pubmed/8770036
http://dx.doi.org/10.1210/me.2008-0102
http://dx.doi.org/10.1210/me.2008-0102
http://www.ncbi.nlm.nih.gov/pubmed/18927238
http://dx.doi.org/10.1152/physrev.00059.2009
http://www.ncbi.nlm.nih.gov/pubmed/21248164
http://dx.doi.org/10.1007/s00125-010-1924-4
http://www.ncbi.nlm.nih.gov/pubmed/20938636
http://dx.doi.org/10.1113/jphysiol.2013.266338
http://dx.doi.org/10.1113/jphysiol.2013.266338
http://www.ncbi.nlm.nih.gov/pubmed/24247980
http://dx.doi.org/10.2337/db13-1686
http://www.ncbi.nlm.nih.gov/pubmed/24608437

@° PLOS | ONE

Exercise-intensity, stress kinase and insulin protein signaling

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Schweitzer GG, Arias EB, Cartee GD. Sustained postexercise increases in AS160 Thr642 and Ser588
phosphorylation in skeletal muscle without sustained increases in kinase phosphorylation. Journal of
applied physiology (Bethesda, Md: 1985). 2012; 113(12):1852—61. Epub 2012/09/01.

Vendelbo MH, Mgller AB, Treebak JT, Gormsen LC, Goodyear LJ, Wojtaszewski JFP, et al. Sustained
AS160 and TBC1D1 phosphorylations in human skeletal muscle 30 min after a single bout of exercise.
J Appl Physiol. 2014; 117(3):289-96. doi: 10.1152/japplphysiol.00044.2014 PMID: 24876356

Geraghty Kathryn M, Chen S, Harthill Jean E, Ibrahim Adel F, Toth R, Morrice Nick A, et al. Regulation
of multisite phosphorylation and 14-3-3 binding of AS160 in response to IGF-1, EGF, PMA and AICAR.
Biochem J. 2007; 407(2):231—41. doi: 10.1042/BJ20070649 PMID: 17617058

Sano H, Kane S, Sano E, Miinea CP, Asara JM, Lane WS, et al. Insulin-stimulated phosphorylation of a
Rab GTPase-activating protein regulates GLUT4 translocation. J Biol Chem. 2003; 278(17):14599—
602. doi: 10.1074/jbc.C300063200 PMID: 12637568

Treebak JT, Birk JB, Rose AJ, Kiens B, Richter EA, Wojtaszewski JFP. AS160 phosphorylation is asso-
ciated with activation of a2p2y1- but not a282y3-AMPK trimeric complex in skeletal muscle during exer-
cise in humans. American Journal of Physiology—Endocrinology and Metabolism. 2007; 292(3):E715—
E22. doi: 10.1152/ajpendo.00380.2006 PMID: 17077344

Marliss EB, Vranic M. Intense exercise has unique effects on both insulin release and its roles in glucor-
egulation: implications for diabetes. Diabetes. 2002; 51 Suppl 1:5271-83. Epub 2002/01/30.

Howlett KF, Sakamoto K, Garnham A, Cameron-Smith D, Hargreaves M. Resistance Exercise and
Insulin Regulate AS160 and Interaction With 14-3-3 in Human Skeletal Muscle. Diabetes. 2007; 56
(6):1608—-14. doi: 10.2337/db06-1398 PMID: 17369524

Aoi W, Naito Y, Tokuda H, Tanimura Y, Oya-Ito T, Yoshikawa T. Exercise-induced muscle damage
impairs insulin signaling pathway associated with IRS-1 oxidative modification. Physiol Res. 2012; 61
(1):81-8. Epub 2011/12/23. PMID: 22188104

Harrington LS, Findlay GM, Lamb RF. Restraining PI3BK: mTOR signalling goes back to the membrane.
Trends Biochem Sci. 2005; 30(1):35—42. doi: 10.1016/j.tibs.2004.11.003 PMID: 15653324

Mahadev K, Motoshima H, Wu X, Ruddy JM, Arnold RS, Cheng G, et al. The NAD(P)H oxidase homo-
log Nox4 modulates insulin-stimulated generation of H202 and plays an integral role in insulin signal
transduction. Mol Cell Biol. 2004; 24(5):1844-54. doi: 10.1128/MCB.24.5.1844-1854.2004 PMID:
14966267

Seo JH, Ahn'Y, Lee SR, Yeol Yeo C, Chung Hur K. The major target of the endogenously generated
reactive oxygen species in response to insulin stimulation is phosphatase and tensin homolog and not
phosphoinositide-3 kinase (PI-3 kinase) in the PI-3 kinase/Akt pathway. Mol Biol Cell. 2005; 16(1):348—
57. Epub 2004/11/13. doi: 10.1091/mbc.E04-05-0369 PMID: 15537704

Chen K, Kirber MT, Xiao H, Yang Y, Keaney JF Jr. Regulation of ROS signal transduction by NADPH
oxidase 4 localization. J Cell Biol. 2008; 181(7):1129-39. Epub 2008/06/25. doi: 10.1083/jcb.
200709049 PMID: 18573911

Iwakami S, Misu H, Takeda T, Sugimori M, Matsugo S, Kaneko S, et al. Concentration-dependent dual
effects of hydrogen peroxide on insulin signal transduction in H4lIEC hepatocytes. PloS one. 2011; 6
(11):e27401. Epub 2011/11/22. doi: 10.1371/journal.pone.0027401 PMID: 22102892

MohammadTaghvaei N, Taheripak G, Taghikhani M, Meshkani R. Palmitate-induced PTP1B expres-
sion is mediated by ceramide-JNK and nuclear factor kappaB (NF-kappaB) activation. Cell Signal.
2012; 24(10):1964—70. Epub 2012/05/15. doi: 10.1016/j.cellsig.2012.04.019 PMID: 22580159

Thong FS, Derave W, Urso B, Kiens B, Richter EA. Prior exercise increases basal and insulin-induced
p38 mitogen-activated protein kinase phosphorylation in human skeletal muscle. Journal of applied
physiology (Bethesda, Md: 1985). 2003; 94(6):2337—41. Epub 2003/03/04.

Fuentes T, Guerra B, Ponce-Gonzalez JG, Morales-Alamo D, Guadalupe-Grau A, Olmedillas H, et al.
Skeletal muscle signaling response to sprint exercise in men and women. Eur J Appl Physiol. 2012; 112
(5):1917-27. Epub 2011/09/20. doi: 10.1007/s00421-011-2164-0 PMID: 21928060

Berdichevsky A, Guarente L, Bose A. Acute Oxidative Stress Can Reverse Insulin Resistance by Inacti-
vation of Cytoplasmic JNK. J Biol Chem. 2010; 285(28):21581-9. doi: 10.1074/jbc.M109.093633 PMID:
20430894

Wadley GD, Nicolas MA, Hiam DS, McConell GK. Xanthine oxidase inhibition attenuates skeletal mus-
cle signaling following acute exercise but does not impair mitochondrial adaptations to endurance train-
ing. Am J Physiol Endocrinol Metab. 2013; 304(8):E853-62. Epub 2013/03/07. doi: 10.1152/ajpendo.
00568.2012 PMID: 23462817

PLOS ONE | DOI:10.1371/journal.pone.0171613 February 9, 2017 15/15


http://dx.doi.org/10.1152/japplphysiol.00044.2014
http://www.ncbi.nlm.nih.gov/pubmed/24876356
http://dx.doi.org/10.1042/BJ20070649
http://www.ncbi.nlm.nih.gov/pubmed/17617058
http://dx.doi.org/10.1074/jbc.C300063200
http://www.ncbi.nlm.nih.gov/pubmed/12637568
http://dx.doi.org/10.1152/ajpendo.00380.2006
http://www.ncbi.nlm.nih.gov/pubmed/17077344
http://dx.doi.org/10.2337/db06-1398
http://www.ncbi.nlm.nih.gov/pubmed/17369524
http://www.ncbi.nlm.nih.gov/pubmed/22188104
http://dx.doi.org/10.1016/j.tibs.2004.11.003
http://www.ncbi.nlm.nih.gov/pubmed/15653324
http://dx.doi.org/10.1128/MCB.24.5.1844-1854.2004
http://www.ncbi.nlm.nih.gov/pubmed/14966267
http://dx.doi.org/10.1091/mbc.E04-05-0369
http://www.ncbi.nlm.nih.gov/pubmed/15537704
http://dx.doi.org/10.1083/jcb.200709049
http://dx.doi.org/10.1083/jcb.200709049
http://www.ncbi.nlm.nih.gov/pubmed/18573911
http://dx.doi.org/10.1371/journal.pone.0027401
http://www.ncbi.nlm.nih.gov/pubmed/22102892
http://dx.doi.org/10.1016/j.cellsig.2012.04.019
http://www.ncbi.nlm.nih.gov/pubmed/22580159
http://dx.doi.org/10.1007/s00421-011-2164-0
http://www.ncbi.nlm.nih.gov/pubmed/21928060
http://dx.doi.org/10.1074/jbc.M109.093633
http://www.ncbi.nlm.nih.gov/pubmed/20430894
http://dx.doi.org/10.1152/ajpendo.00568.2012
http://dx.doi.org/10.1152/ajpendo.00568.2012
http://www.ncbi.nlm.nih.gov/pubmed/23462817

