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Background: Obesity and aging are associated with increased oxidative stress,
activation of stress and mitogen activated protein kinases (SAPK), and the development
of insulin resistance and metabolic disease. In contrast, acute exercise also increases
oxidative stress and SAPK signaling, yet is reported to enhance insulin sensitivity and
reduce the risk of metabolic disease. This study explored this paradox by investigating
the effect of a single session of high-intensity interval-exercise (HIIE) on redox status,
muscle SAPK and insulin protein signaling in eleven middle-aged obese men.
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Methods: Participants completed a 2 h hyperinsulinaemic-euglycaemic clamp at rest,
and 60 min after HIIE (4 × 4 mins at 95% HRpeak ; 2 min recovery periods), separated by
1–3 weeks.
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Results: Irrespective of exercise-induced changes to redox status, insulin stimulation
both at rest and after HIIE similarly increased plasma superoxide dismutase activity,
plasma catalase activity, and skeletal muscle 4-HNE; and significantly decreased plasma
TBARS and hydrogen peroxide. The SAPK signaling pathways of p38 MAPK, NF-κB
p65, and JNK, and the distal insulin signaling protein AS160Ser588 , were activated with
insulin stimulation at rest and to a greater extent with insulin stimulation after a prior bout
of HIIE. Higher insulin sensitivity after HIIE was associated with higher insulin-stimulated
SOD activity, JNK, p38 MAPK and NF-κB phosphorylation (r = 0.63, r = 0.71, r = 0.72,
r = 0.71; p < 0.05, respectively).
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Conclusion : These findings support a role for redox homeostasis and SAPK signaling
in insulin-stimulated glucose uptake which may contribute to the enhancement of insulin
sensitivity in obese men 3 h after HIIE.
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INTRODUCTION

role in contraction-induced (Sandström et al., 2006) and insulinstimulated glucose uptake (Kim et al., 2006; Bashan et al., 2009;
Loh et al., 2009; Trewin et al., 2015); whether these redoxsignaling pathways are activated with insulin stimulation after a
single session of exercise are unknown. High-intensity interval
exercise (HIIE) is an effective exercise mode for improving
glycemic control in clinical populations (Gibala et al., 2012;
Liubaoerjijin et al., 2016), however the impact of acute HIIE
on redox-sensitive protein signaling and insulin sensitivity in
obese middle-aged males is unknown. The aim of this study
was to test the hypothesis that a single session of HIIE would
transiently increase oxidative stress and SAPK signaling and
insulin signaling which may, at least in part, be related to postexercise enhancement of insulin sensitivity in middle-aged, obese
males.

Obesity is a major risk factor for insulin resistance and type 2
diabetes. Regular physical activity improves glycemic control and
as such is a key lifestyle goal for the prevention and management
of obesity and type 2 diabetes (Malin and Braun, 2016). Even a
single session of exercise can enhance insulin sensitivity in the
hours after exercise (Frosig and Richter, 2009). However, the
mechanisms by which exercise improves insulin sensitivity are
not completely understood, but may include oxidation-reduction
(redox) reactions and their inherent capacity to both impair
and/or facilitate insulin signaling and insulin-stimulated glucose
uptake (Tiganis, 2011).
Oxidative stress is defined as an imbalance between reactive
oxygen species (ROS) production and endogenous antioxidant
defenses (Radak et al., 2013). While modest increases in ROS
are regulated by endogenous antioxidants, certain ROS-inducing
stimuli, such as exercise, diet, age, and disease, may overpower
these systems in favor of oxidative stress (Valko et al., 2007).
Chronic systemic oxidative stress is associated with obesity,
insulin resistance, and type 2 diabetes (Valko et al., 2007; Bashan
et al., 2009). Oxidative stress-induced insulin resistance can occur
through protein modification via both lipid peroxidation and
the activation of stress and mitogen activated protein kinase
signaling (SAPK) pathways (Tanti and Jager, 2009; Tiganis,
2011). Sustained activation of these redox-sensitive signaling
pathways leads to inhibitory phosphorylation of the insulin
receptor substrate 1 (IRS-1) at human serine residues 312 and
307, promoting IRS-1 degradation, impaired insulin signaling,
and attenuation of insulin-stimulated glucose uptake (de Alvaro
et al., 2004; Werner et al., 2004; Gual et al., 2005; Archuleta et al.,
2009; Tanti and Jager, 2009; Pillon et al., 2012). The prevention of
IRS-1 degradation through the inhibition of ROS and/or SAPK
signaling has been shown to restore insulin signaling and insulinstimulated glucose uptake (Somwar et al., 2000; Geiger et al.,
2005; Tiganis, 2011; Pillon et al., 2012). Collectively, these studies
suggest a pathological role of redox induced lipid peroxidation
and SAPK signaling in aberrant insulin signaling and subsequent
insulin resistance.
Paradoxically, ROS produced during and after muscular
contraction also transiently activate SAPK signaling pathways
and lipid peroxidation (Kramer and Goodyear, 2007), however
during this period glucose uptake and insulin sensitivity are
reported to be enhanced (Frosig and Richter, 2009). An
accumulation of research now suggests that depending on
the biological context, redox signaling is integral for optimal
physiological functioning and adaptation to physiological stress
(Radak et al., 2013). Redox-signaling may play an important

MATERIALS AND METHODS
Participants
Eleven middle-aged (58.1 ± 2.2 years mean ± SEM, range 40–70
years), obese men (BMI = 33.1 ± 1.4 kg·m−2 ), without diabetes
(fasting glucose: 5.3 ± 0.2 mmol·L−1 and HbA1C : 5.6 ± 0.1%; 34
± 1.1 mmol/mol), participated in the study (Levinger et al., 2014).
Verbal and written explanations about the study were provided
to participants prior to providing written consent. Exclusion
criteria for participation included medications known to affect
insulin secretion and/or insulin sensitivity; musculoskeletal or
other conditions that prevent daily activity; and symptomatic
or uncontrolled metabolic or cardiovascular disease. 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.

Screening and Preliminary Testing
Participants were asked to complete a symptom limited
incremental cycle V̇O2peak determination test as previously
described (Levinger et al., 2007). Ventilatory expired gas (15
second averages) was collected from each participant and
analyzed using a metabolic cart (Medgraphics, Cardio2 and
CPX/D System, USA).

Study Design
Participants abstained from food (overnight fast), physical
activity (72 h), and alcohol and caffeine consumption (24 h)
prior to each trial day. To avoid glycogen depletion volunteers
were provided dietary information and asked to consume
approximately 300 g of carbohydrate 24 h prior to their first trial.
This was recorded in a diet diary and replicated for their second
trial. For the main experimental trial participants completed a
2 h hyperinsulinaemic-euglycaemic clamp (insulin clamp) at rest
(rest trial), and 60 min after HIIE (exercise trial), separated by
1–3 weeks.

Abbreviations: 4-HNE, 4-hydroxynonenal; AS160, akt substrate of 160 kDa;
GSK-3, glycogen synthase kinase 3; HEC, hyperinsulinaemic-euglycaemic clamp;
HIIE, high-intensity interval exercise; IL-6, interleukin 6; IRS-1, insulin receptor
substrate 1; IκBα, nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor, alpha; JNK, c-Jun N-terminal kinases; MAPK, mitogen activated protein
kinase; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; PKC,
protein kinase C; ROS, reactive oxygen species; SAPK, stress and mitogen activated
protein kinase; SOD, superoxide dismutase; TBARS, thiobarbituric acid reactive
substances.
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Rest Trial
Participants arrived in the morning following an overnight fast
and a 2 h insulin clamp was performed to measure baseline
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SOD activity is defined as the amount of enzyme needed to
exhibit 50% dismutation of the superoxide radical. TBARS
is expressed in nmol/ml of malondialdehyde equivalents.
Plasma hydrogen peroxide is expressed in nmol/ml. Intraassay coefficients of variation were determined from each
duplicate for all participants and resulted in a coefficient
of variation of 1.05, 1.99, 4.91, and 1.88% for TBARS,
SOD, catalase and hydrogen peroxide, respectively. Inter-assay
coefficients of variation for assay standards were 0.65, 3.65,
2.30, 1.20, for TBARS, SOD, catalase, and hydrogen peroxide,
respectively.

insulin sensitivity via methods previously reported (Hutchison
et al., 2011; Stepto et al., 2013; Levinger et al., 2014). In brief,
insulin (Actrapid; Novo Nordisk, Bagsvaerd, Denmark) was
infused at 40 mU.m−2 per minute for 120 min inducing a stable
state of hyperinsulinemia (Levinger et al., 2014). Concomitantly,
exogenous glucose was infused at a rate necessary to maintain a
stable blood glucose reading of ∼5 mmol.l−1 which was assessed
every 5 min during the insulin clamp with an automated analyzer
(YSI 2300 STAT Plus Glucose & Lactate Analyzer, USA). Insulin
sensitivity was calculated by averaging the glucose infusion rate
(GIR, mg·kg−1 ·min−1 ) over the final 30 min of the insulin clamp
and normalized to serum insulin levels (M-Value) (Howlett
et al., 2008). Muscle biopsies and venous blood samples were
taken at baseline and after the 2 h insulin clamp (∼3 h after
exercise).

Skeletal Muscle Protein Analysis
Abundance of specific proteins in muscle samples were
determined with all constituents present (i.e., no centrifugation)
(Murphy and Lamb, 2013). Thirty cryosections of skeletal
muscle (20 µm) were cut (Cryostat HM550, Thermo Scientific,
Australia) and homogenized with 300 µl of homogenizing
buffer (0.125 M TRIS-HCL (pH 6.8), 4% SDS, 10% Glycerol,
10 mM EGTA, and 0.1 M DTT). Samples were rotated for
1 h at room temperature, vortexed and frozen at −80◦ C.
Samples were then thawed on ice and protein content was
determined using the Red 660 Protein Assay (G-Biosciences, St.
Louis, MO, USA) as per the manufacturer’s instructions. Eight
Microgram of protein was prepared in 3 µl of Bromophenol
blue (1%), heated for 5 min at 95◦ C and separated by 7.5%
CriterionTM TGXTM Pre-Cast Gels. The separated proteins
were transferred to a membrane (Trans-Blot Turbo PVDF
Transfer Pack, Bio-Rad, Richmond, CA) with a Trans-Blot
Turbo Transfer System (Bio-Rad). Membranes were blocked
with Tris-Buffered Saline-Tween (TBST: 0.1 M Tris Base, 1.5 M
NaCl, 0.1% Tween-20) and 5% skim milk for 1 h and then
washed (4 × 5 min) with TBST. Membranes were incubated at
4◦ C overnight with the following primary antibodies: PhosphoSAPK/JNKThr183/Tyr185 (Cell Signaling Technology; CST #9251),
SAPK/JNK (CST #9252), phospho-p38 MAPKThr180/Tyr182 (CST
#9211), p38 MAPK (CST #9212), phospho-NF-κB p65Ser536
(CST #3033), NF-κB p65 (CST #8242), IκBα (CST #4814),
phospho-PKC δ/θSer643/676 (CST #9376), phospho-IRS-1Ser307
(CST #2384), phospho-AS160Ser318 (CST #8619), phosphoAS160Ser588 (CST #8730), phospho-GSK-3α/βSer21/9 (CST
#9331), AS160 (CST #2447), 4-Hydroxynonenal (Abcam,
ab46545), and IRS-1 (Millipore, 06-248). After incubation,
membranes were washed with TBST, incubated at room
temperature (1 h) with horseradish peroxidase conjugated
secondary antibody, re-washed and incubated in SuperSignal
West Femto Maximum Sensitivity substrate for 5 min, and
protein densitometry measured via ChemiDocTM MP System
(Bio-Rad) and Image Lab software (Bio-Rad). Membranes were
then washed briefly in TBST, stained with 0.1% Brilliant Blue
R-350 (Sigma Aldrich, USA) in 1:1 methanol/distilled water
(dH2 O) solution for 3 min, de-stained in 1:5:4 ethanol/acetic
acid/dH2 O solution for 40 s, and rinsed with dH2 O and airdried for ∼1 h prior to imaging. Densitometry 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,

Exercise Trial
Approximately 1–3 weeks later participants arrived after an
overnight fast and performed 30 min of HIIE on a Lode cycle
ergometer (Corvial, Lode B.V., Groningen, The Netherlands).
The HIIE included a 4 min warm-up at 50–60% HRpeak , followed
by 4 × 4 min cycling bouts at 95% HRpeak , interspersed with
2 min active recovery at 50–60% HRpeak . The target HR for
the exercise session was determined by the heart rate reserve
method using the following formula: Exercise target HR = %
of target intensity (HRpeak –HRrest ) + HRrest . After the exercise
bout participants underwent 1 h of passive recovery after which
the 2 h insulin clamp was performed as per the previous
trial.

Skeletal Muscle and Blood Sampling
Vastus lateralis muscle and venous blood samples were taken
at baseline and after the insulin clamp in the rest trial; and at
baseline, pre-insulin clamp (1 h post-exercise) and post-insulin
clamp (∼3 h post-exercise) in the exercise trial. Muscle samples
were obtained from the vastus lateralis under local anesthesia
(xylocaine 1%) utilizing a Bergström needle with suction (Evans
et al., 1982). The samples were immediately frozen in liquid
nitrogen and stored at −80◦ C until analysis. Venous blood was
collected from an antecubital vein (contra-lateral to infusions)
via an intravenous cannula and appropriate collection tubes.
Blood samples were centrifuged at 3500 rpm for 15 min at 4◦ C
and plasma subsequently aliquoted and stored at −80◦ C until
analyzed.

Plasma Redox Status Analysis
Plasma thiobarbituric acid reactive substances (TBARS; Cayman
Chemical, Ann Arbor, MI, USA), Catalase activity (Cayman
Chemical, Ann Arbor, MI, USA), Superoxide Dismutase (SOD)
activity (Cayman Chemical, Ann Arbor, MI, USA), and
Hydrogen Peroxide (Amplex UltraRed assay; Molecular Probes,
Eugene, Oregon, USA) were analyzed by a spectrophotometer
(xMark microplate spectrophotometer, Bio-Rad Laboratories,
Mississauga, ON, Canada) in duplicate as per the manufacturer’s
instructions. One unit of catalase activity is defined as the
amount of enzyme required to cause the formation of 1.0
nmol of formaldehyde per minute at 25◦ C. One unit of
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phosphorylated proteins are expressed relative to total specific
protein content.

(p ≤ 0.05). Trends were reported when p-values were greater than
0.05 and less than 0.1.

Statistical Analysis

RESULTS

Data were checked for normality and analyzed using Predictive
Analytics Software (PASW, USA). Comparisons of means at
baseline and after insulin stimulation in the rest and exercise
trial were examined using a two way (intervention x time point)
repeated measures analysis of variance (ANOVA). Comparisons
of multiple means within the exercise trial were examined using
a one way repeated measures ANOVA. Post-hoc analysis were
conducted using Fisher’s LSD. Associations between insulin
sensitivity, redox status and SAPK signaling were analyzed using
Pearson’s coefficient of correlation. Cook’s Distance was used as a
measure of influence where observations greater than one Cook’s
D were excluded from correlation analysis (Cook, 1979). All data
are reported as mean ± standard error of mean (SEM) and all
statistical analysis were conducted at the 95% level of significance

Insulin Sensitivity
Previously reported, exercise significantly increased insulin
sensitivity (glucose infusion rate and m-value) by ∼34–40%
compared to the rest trial (Levinger et al., 2014).

Plasma Redox Status
One hour after the HIIE session (prior to insulin stimulation)
catalase activity significantly increased and TBARS and hydrogen
peroxide decreased (Figure 1). Insulin stimulation both at rest
and after exercise elicited a similar decrease in plasma hydrogen
peroxide and TBARS, and increase in plasma catalase and
superoxide dismutase activity (Figure 1).

FIGURE 1 | Exercise, insulin stimulation, and plasma redox status. Oxidative stress and antioxidant enzymatic activity biomarkers in plasma 1 h after exercise
(prior to insulin stimulation), and pre and post insulin stimulation at rest and 3 h after exercise (n = 11). (A) Hydrogen Peroxide; (B) Thiobarbituric acid reactive
substances (TBARS); (C) Catalase activity; (D) Superoxide dismutase activity (SOD). *p < 0.05 and **p < 0.01 are significantly different. Black bars = rest trial.
Diagonal line bars = exercise trial. Ex. = High-intensity interval exercise. Ins. = insulin stimulation via the hyperinsulinaemic-euglycaemic clamp.
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Skeletal Muscle SAPK Signaling

increased p38 MAPK, NF-κB p65, and JNK signaling did not
coincide with greater IRS-1(ser307) phosphorylation, decreased
phosphorylation of AS160(ser318, ser588) , or impaired insulin
sensitivity. Sustained activation of 4-HNE, NF-κB, JNK, p38
MAPK, and PKC signaling have been linked to attenuated insulin
action and signaling via IRS-1 serine phosphorylation (de Alvaro
et al., 2004; Gual et al., 2005; Archuleta et al., 2009; Pillon et al.,
2012). In contrast, the transient activation of SAPK signaling
pathways may augment insulin signaling and insulin-stimulated
glucose uptake (Somwar et al., 2000; Thong et al., 2003; Geiger
et al., 2005; Kim et al., 2006; Sandström et al., 2006; Berdichevsky
et al., 2010). Our findings support redox sensitive SAPK signaling
as a regulator of in vivo insulin-stimulated glucose uptake which
may, at least in part, contribute to the post-exercise enhancement
of insulin sensitivity.
We report similar insulin stimulated phosphorylation of IRS1(ser307) both at rest and after a prior bout of HIIE. Insulinstimulated phosphorylation of IRS-1ser307 may occur due to
feedback inhibition of the insulin signaling cascade reported
during conditions of hyperinsulinemia (Lee et al., 2003; Werner
et al., 2004). Alternatively, IRS-1(ser307) phosphorylation may
be necessary for insulin-stimulated propagation of the insulin
signaling cascade and glucose uptake (Danielsson et al., 2005).
Regardless of the biological role, IRS-1(ser307) phosphorylation
was similar between rest and exercise trials and therefore
unlikely to be contributing to the post-exercise enhancement
of insulin sensitivity. These findings support previous reports
that post-exercise enhancement of insulin sensitivity likely occurs
downstream in the insulin signaling cascade (Frosig and Richter,
2009; Castorena et al., 2014).
p38 MAPK can be activated by both insulin and contraction
of skeletal muscle, and may play a role in glucose metabolism
(Somwar et al., 2000; Thong et al., 2003). Current cell culture and
animal research is divided with research reporting a role for p38
MAPK in both insulin sensitivity (Somwar et al., 2000; Geiger
et al., 2005) and insulin resistance (Diamond-Stanic et al., 2011).
The discrepancy in findings may be the result of non-specific
p38 MAPK inhibitors which can influence metabolism through
modification of AKT, GSK-3 and AMPK signaling pathways
independent of p38 MAPK (Kim et al., 2006; Diamond-Stanic
et al., 2011). However, even when a specific p38 MAPK inhibitor
was used phosphorylation/activity of p38 MAPK was either not
measured or did not change under the conditions of interest
(Diamond-Stanic et al., 2011). In humans, a recent study found
a small but significant reduction (∼6%) in post-exercise insulin
sensitivity with the infusion of the antioxidant n-acetylcysteine
(Trewin et al., 2015). Although p38 MAPK phosphorylation
was decreased immediately after exercise with n-acetylcysteine
infusion, phosphorylation 3 h after exercise and a further 2 h
later after insulin stimulation were not different to baseline levels
or the placebo intervention (Trewin et al., 2015). In contrast,
Thong et al. (2003) reported p38 MAPK phosphorylation in
human skeletal muscle to be increased 3 h after one-legged knee
extensor exercise which was further phosphorylated after insulin
stimulation. In support of the insulin sensitizing role of p38
MAPK in humans, we measured increased phosphorylation with
insulin stimulation at rest, 1 h after exercise (prior to insulin

The acute session of exercise (prior to insulin stimulation)
significantly increased phosphorylation of JNKThr183/Tyr185 ,
p38 MAPKThr180/Tyr182 , NF-κB p65Ser536 , GSK-3α/βSer21/9 ,
and 4-HNE protein modification (Figures 2, 3). In contrast,
phosphorylated PKC δ/θSer643/676 was significantly lower
after exercise (Figure 3). Insulin stimulation in the rest trial
significantly increased phosphorylation of JNKThr183/Tyr185 , p38
MAPKThr180/Tyr182 , and 4-HNE protein modification (Figure 2).
The prior bout of HIIE significantly increased insulin-stimulated
phosphorylation of JNK, p38 MAPK, and NF-κB p65 to a greater
extent. PKC δ/θ phosphorylation remained lower compared
to baseline. Total protein content of IκBα was significantly
lower after insulin stimulation in both the rest and HIIE trial
(Figure 2). There was a tendency for increased phosphorylation
of GSK-3α/β after insulin stimulation in both the rest and
exercise trial.

Skeletal Muscle Insulin Signaling
Insulin stimulation both at rest and after HIIE elicited a similar
increase in phosphorylation of IRS-1Ser307 and AS160Ser318
(Figure 4). There was a tendency for increased AS160Ser588
phosphorylation after HIIE (Figure 4). Insulin stimulated
AS160Ser588 phosphorylation was greater after a prior bout of
HIIE.

Insulin Sensitivity Correlations
Insulin sensitivity (m-value) following exercise was positively
associated with higher levels of insulin-stimulated SOD activity
(r = 0.634, p = 0.036, n = 11), phosphorylated-JNK (r = 0.709, p
= 0.007, n = 10), p38 MAPK (r = 0.724, p = 0.018, n = 10) and
NF-κB p65 (r = 0.708, p = 0.022, n = 10), and tended to correlate
with lower levels of phosphorylated PKC δ/θ (r = −0.571, p =
0.066, n = 11). No correlations between insulin sensitivity and
the variables of interest were detected in the rest trial (p > 0.05).

DISCUSSION
We report the novel finding that insulin-stimulated
phosphorylation of p38 MAPK, NF-κB p65, and JNK occurred to
a greater extent after a prior bout of HIIE in obese middle-aged
males. Furthermore, increased SAPK signaling coincided with
enhanced insulin signaling and whole body insulin sensitivity,
indicating a potential role for SAPK signaling in the post-exercise
enhancement of insulin sensitivity. We also reported that insulin
stimulation increased plasma antioxidant activity, decreased
plasma oxidative stress, and increased 4-HNE in skeletal muscle
to a similar extent, irrespective of exercise-induced changes in
redox status.

PRIOR EXERCISE, INSULIN STIMULATION,
AND SAPK AND INSULIN SIGNALING
We report for the first time that in middle-aged obese males, p38
MAPK, NF-κB p65, and JNK signaling pathways are activated
with insulin stimulation at rest, and to a greater extent with
insulin stimulation after a prior bout of HIIE. Surprisingly,
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FIGURE 2 | Exercise, insulin stimulation, and skeletal muscle SAPK signaling. Phosphorylation relative to total protein content in skeletal muscle 1 h after
exercise (prior to insulin stimulation), and pre and post insulin stimulation at rest and 3 h after exercise (n = 11). (A) JNK(Thr183/Tyr185) ; (B) p38 MAPK(Thr180/Tyr182) ;
(C) IκBα; (D) NF-κB p65(Ser536) ; (E): 4-hydroxynonenal. *p < 0.05, **p < 0.01, ***p < 0.001 and # is significantly different to all time-points in both the rest and
exercise trial. Black bars = rest trial. Diagonal line bars = exercise trial. Ex. = High-intensity interval exercise. Ins. = insulin stimulation via the
hyperinsulinaemic-euglycaemic clamp.
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FIGURE 3 | Exercise, insulin stimulation, and skeletal muscle glycogen synthase kinase and protein kinase C signaling. Phosphorylation relative to total
protein content in skeletal muscle 1 h after exercise (prior to insulin stimulation), and pre and post insulin stimulation at rest and 3 h after exercise (n = 11). (A)
GSK-3α/β(Ser21/9) ; (B) PKC δ/θ(Ser643/676) . *p < 0.05 and **p < 0.01 are significantly different. Black bars = rest trial. Diagonal line bars = exercise trial. Ex. =
High-intensity interval exercise. Ins. = insulin stimulation via the hyperinsulinaemic-euglycaemic clamp.

sensitivity through downstream insulin signaling events. Indeed,
elevated ROS production caused by glutathione peroxidase1 knockout mice results in increased phosphorylation of
AKT(Ser473) and enhanced insulin sensitivity 60 min after
treadmill exercise (Loh et al., 2009). Furthermore, acute
hydrogen peroxide exposure (500 µM for 3 h) in C2C12
myoblasts increases insulin-stimulated glucose uptake alongside
increased phosphorylation of JNK, AKT(Ser473) , AKT(Thr308) ,
and decreased GSK3-α/β activity (Berdichevsky et al., 2010). In
contrast, isolated skeletal muscle of lean Zucker rats incubated
in hydrogen peroxide (90 µM for 2 h) is reported to increase
p38 MAPK phosphorylation while concomitantly decreasing
AKT(Ser473) phosphorylation and insulin sensitivity (Dokken
et al., 2008). In the present study, we found increased insulinstimulated SAPK signaling after exercise to coincide with
enhanced insulin sensitivity and increased phosphorylation of
AS160(Ser588) (Levinger et al., 2014). Modulation of glycogen
synthesis by oxidative stress-induced SAPK signaling is also
suggested to mediate glucose metabolism (Dokken et al., 2008;
Berdichevsky et al., 2010). However, similar insulin-stimulated
GSK-3α/β(Ser21/9) phosphorylation at rest and post-HIIE suggests
this as an unlikely pathway for post-exercise enhancement of
insulin sensitivity.
Protein kinase C has multiple isoforms which are suggested
to play a role in insulin-stimulated glucose uptake (Frosig
and Richter, 2009; Tiganis, 2011). The novel PKC δ/θ
isoforms are sensitive to both change in redox status and the
concentration of the lipid intermediate diacylglycerol (Ragheb
et al., 2009). PKC δ/θ activation impairs insulin signaling
through serine phosphorylation of IRS-1 (Greene et al., 2004;
Li et al., 2004). Interestingly, phosphorylated PKC δ/θ was
attenuated 1 h after HIIE and continued to be so 3 h later
after insulin stimulation. This may be clinically important
as obese individuals exhibit elevated levels of plasma free

stimulation), and the greatest phosphorylation with insulin
stimulation after the prior bout of HIIE. The discrepancy in
findings between Trewin et al. (2015) and ours may be due to
differences in exercise intensity (55 min at 65%V̇O2peak vs. HIIE),
the participants’ age (young vs. middle-aged), level of physical
activity (recreationally active vs. inactive), body composition
(BMI 24.8 vs. 33.1 kg·m−2 ), and muscle biopsy sampling times.
The redox sensitive JNK pathway can be activated by acute
exercise and has been suggested to play a role in insulin signaling
and glucose metabolism (Ropelle et al., 2006; Berdichevsky
et al., 2010; Tiganis, 2011). In contrast to the current findings,
Castorena et al. (2014) reported enhanced insulin sensitivity 3
h after exercise in both high fat diet and low fat diet fed rats,
despite minimal effect on JNK and IRS-1(ser307) phosphorylation.
Furthermore, Ropelle et al. (2006) found that a single session of
exercise in male rats reversed diet-induced insulin resistance 16 h
later which coincided with decreased JNK, IκB–NF-κB, and IRS-1
serine phosphorylation. In support of the findings of the current
study, Berdichevsky et al. (2010) reported that both chronic
oxidative stress (1 µM of hydrogen peroxide for 48 h) and acute
oxidative stress (500 µM of hydrogen peroxide for 3 h) similarly
increased JNK phosphorylation in insulin resistant muscle cell
lines. Remarkably, chronic oxidative stress increased IRS-1(ser307)
phosphorylation and insulin resistance whereas acute oxidative
stress rescued insulin sensitivity and insulin signaling through
redistribution of active cytoplasmic JNK into the nucleus. The
effect of JNK and NF-κB protein signaling on the enhancement
and/or impairment of insulin sensitivity is likely spatial-temporal
sensitive. The current findings support a potential insulin
sensitizing role of exercise-induced JNK phosphorylation in
overweight, middle-aged males, however further mechanistic
research is required to confirm these findings.
In the absence of changes in proximal insulin signaling,
exercise-induced SAPK signaling may influence insulin
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FIGURE 4 | Exercise, insulin stimulation and skeletal muscle insulin signaling. Phosphorylation relative to total protein content of insulin signaling proteins in
skeletal muscle 1 h after exercise (prior to insulin stimulation), and pre and post insulin stimulation at rest and 3 h after exercise (n = 11). (A) IRS-1(ser307) ; (B)
AS160(ser588) ; (C) AS160(ser318) . *p < 0.05, **p < 0.01, ***p < 0.001 and # is significantly different to all time-points in both the rest and exercise trial. Black bars =
rest trial. Diagonal line bars = exercise trial. Ex. = High-intensity interval exercise. Ins. = insulin stimulation via the hyperinsulinaemic-euglycaemic clamp.

REDOX STATUS AND INSULIN SIGNALING

fatty acids (Boden, 2008) and increased PKC activity in
response to insulin (Li et al., 2004). Indeed, lower insulinstimulated PKC δ/θ phosphorylation in the exercise trial
tended to correlate with higher insulin sensitivity, however
phosphorylated IRS-1(Ser307) was similar between the rest
and exercise trial. SAPK signaling, PKC δ/θ activity, and
insulin resistance often occur concomitantly (Ragheb et al.,
2009). In the present study, SAPK signaling increased, PKC
δ/θ phosphorylation decreased, and insulin sensitivity was
enhanced after HIIE, suggesting independent pathways for
PKC δ/θ and SAPK phosphorylation post-HIIE. Thus, PKC
δ/θ phosphorylation may be a good candidate for further
investigation with respect to post-HIIE enhanced insulin
sensitivity in humans.

Frontiers in Physiology | www.frontiersin.org

The important role of redox biology in promoting and/or
attenuating insulin sensitivity is well established in non-human
models (Tiganis, 2011). We provide evidence that insulin
stimulation increases plasma antioxidant capacity, decreases
plasma oxidative stress, and increases 4-HNE in human skeletal
muscle. Furthermore, this insulin stimulated shift in redox
status also occurred with insulin stimulation after acute HIIE.
Interestingly, the redox shift elicited by exercise (prior to insulin
stimulation) had minimal effect on insulin stimulated redox
status. Mahadev et al. (2004) reported that insulin stimulation
increases hydrogen peroxide via increased NADPH oxidase
activity, promoting insulin signaling and glucose uptake in part
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hypertrophy, inflammation, and gene transcription leading to
cell proliferation, differentiation, and apoptosis (Kramer and
Goodyear, 2007; Egan and Zierath, 2013). Our findings indicate
that acute HIIE can transiently shift systemic redox status and
activate redox-signaling pathways in skeletal muscle involved in
adaptation to exercise in obese middle-aged men.
A potential limitation of the study is the small sample size.
However, the present study was adequately powered to detect
changes in insulin sensitivity and p38 MAPK phosphorylation in
human skeletal muscle (Thong et al., 2003; Trewin et al., 2015).
Additionally, only a single marker of oxidative stress was used
to determine redox status in skeletal muscle. Measurement of
multiple redox markers in skeletal muscle would allow for greater
interpretation of the influence of skeletal muscle redox status
under the conditions of interest. This study is limited to the
measurement of muscle and plasma responses to a single session
of HIIE and insulin stimulation. Future research would benefit
by investigating these findings with respect to subsequent bouts
of exercise over a longer period of time. The inclusion of an
exercise only control trial would allow for greater understanding
of the combined effects of exercise and insulin stimulation on the
measured outcomes. Data presented in this study are delimited
to obese middle-aged males and the specific HIIE protocol used.
Further research is required to confirm these findings in other
populations and different exercise protocols.

via decreased protein tyrosine phosphatase activity. Furthermore,
previous research has shown that hydrogen peroxide can both
attenuate and/or enhance insulin-stimulated glucose uptake
in-vitro depending on its concentration (Iwakami et al., 2011).
It is possible that redox status may be regulated by endogenous
antioxidant defenses to maintain a redox environment conducive
for optimal insulin signaling and glucose uptake. Indeed,
alteration of redox homeostasis through exogenous antioxidants
in humans are reported to attenuate the benefits of both acute
and regular exercise on insulin sensitivity (Ristow et al., 2009;
Trewin et al., 2015). We provide novel in vivo evidence in humans
to support the important role of ROS and redox homeostasis in
insulin-stimulated glucose uptake (Bashan et al., 2009; Tiganis,
2011).

ACUTE EXERCISE AND REDOX STATUS
A single session of HIIE increased plasma catalase activity
and decreased plasma TBARS and hydrogen peroxide in obese
middle-aged males. These findings contradict previous reports of
increased systemic oxidative stress in obese individuals (Vincent
et al., 2004, 2005). The discrepancy in findings are unclear, but
may relate to increased antioxidant activity after HIIE, whereas
previous studies have reported either no change or decreased
antioxidant defense after continuous aerobic exercise (Vincent
et al., 2004, 2005). Certainly, we and others have previously
shown that higher-intensity exercise can elicit greater plasma
antioxidant defense in untrained healthy males without incurring
changes in plasma oxidative stress (Schneider et al., 2005; Parker
et al., 2014). Obesity and aging is associated with higher levels
of systemic oxidative stress which over time causes oxidative
damage to proteins, lipids, and DNA, and the development of
numerous pathological conditions (Valko et al., 2007). Transient
shifts in redox homeostasis with regular exercise leads to the
upregulation of antioxidant defense, reduces chronic oxidative
stress and inflammation, and improves overall metabolic health
(Ristow et al., 2009; Malin and Braun, 2016). We provide
evidence that regular HIIE may be a beneficial exercise model
for improving redox status and metabolic health in clinical
populations.
ROS are beneficial and a necessary requirement for optimal
physiological functioning and adaptation to exercise (Radak
et al., 2013). We found 4-HNE protein modification, a marker
of oxidative stress, to be increased in skeletal muscle 1 h
after HIIE. This contradictory redox shift between plasma
(decreased oxidative stress) and skeletal muscle (increased
oxidative stress) may reflect the inability of plasma to accurately
reflect skeletal muscle redox status (Veskoukis et al., 2009).
Increased oxidative stress in skeletal muscle likely reflects
localized cellular stress associated with muscular contraction and
supports the important signaling role of ROS in the adaptation
to exercise (Radak et al., 2013). Indeed, phosphorylation of
redox-sensitive signaling proteins JNK, p38 MAPK, and NFκB were significantly increased one after HIIE. Activation of
these pathways with exercise is known to promote improvements
in redox homeostasis, regulation of energy metabolism, muscle

Frontiers in Physiology | www.frontiersin.org

CONCLUSION
In summary, we provide evidence that redox status and SAPK
signaling are affected by both insulin stimulation and a single
session of HIIE in obese middle-aged males. A prior bout of HIIE
elicited greater insulin stimulated JNK, p38 MAPK, and NF-κB
signaling which coincided with enhanced distal insulin signaling
and whole body insulin sensitivity. These findings support the
role of SAPK signaling in glycemic control and provide potential
signaling pathways for the post-exercise enhancement of insulin
sensitivity. Future research is required to explore potential
mechanisms.
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