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ORIGINAL ARTICLE

Resting MAPK expression in chronically trained endurance runners

JUSTIN X. NICOLL 1, ANDREW C. FRY1, ANDREW J. GALPIN2, DONALD
B. THOMASON3, & CHRISTOPHER A. MOORE4

1Osness Human Performance Laboratories, Department of Health, Sport, and Exercise Sciences, University of Kansas,
Lawrence, KS, USA; 2Center for Sport Performance, Department of Kinesiology, California State University-Fullerton,
Fullerton, CA, USA; 3Department of Physiology and Biophysics, University of Tennessee-Memphis, Memphis, TN, USA &
4Human Performance Laboratories, Department of Health and Sport Science, University of Memphis, Memphis, TN, USA

ABSTRACT
Purpose: There is a paucity of research investigating the expression of mitogen-activated protein kinases (MAPK) in
chronically trained (CT) athletes. Thus, it is unclear how MAPK may contribute to performance and muscle adaptation
in CT subjects. The purpose of this study was to determine MAPK total protein, and phosphorylated expression of
extracellular signal-regulated kinases 1 and 2 (ERK1/2), c-Jun N-terminal kinase (JNK), and p38-MAPK (p38) between
untrained, and chronically trained runners. Methods: Tissue samples were analysed from sedentary (SED; n= 5) controls
and chronically trained runners (CT; n= 5). Resting muscle biopsy samples were analysed for total-MAPK – and ratio of
phosphorylated/total (p-MAPK) – ERK1/2, JNK, and p38-MAPK via western blotting. Mann–Whitney U tests and effect
sizes were utilized to determine differences in total MAPK protein content and phosphorylation status between SED and
CT subjects. Results: There was no difference in total-MAPK expression between SED and CT (p> .05). p-p38-MAPK
tended to be greater for CT compared to SED (p= .07). There were moderate effect sizes of decreased pERK/total-ERK
(d=−0.69) and increased pJNK/total-JNK (d= 0.54) in CT compared to SED. There was a positive correlation between
p-p38-MAPK/total-MAPK and the percentage of type I fibres (r= 0.73, p= .016). Conclusion: Contrary to previous
studies, chronic endurance training does not greatly influence total MAPK protein expression in chronically trained
runners. However, resting phosphorylation of p38-MAPK may contribute to enhanced oxidative metabolism at
chronically trained levels. These alterations are likely involved in the different physiological adaptations that occur
following long-term training or at highly competitive levels.

Keywords: Signal transduction, endurance capacity, cell signalling, chronic exercise

Highlights
. Chronic endurance exercise induces many adaptations that improve muscular and cardiovascular health.
. Adaptations in skeletal muscle following many years of endurance exercise training may be mediated by mitogen-activated

protein kinases (MAPK), however there are few studies examining alterations in these signaling proteins following chronic
endurance training (>10 years) in humans.

. MAPK mediate gene transcription and muscle phenotype that may prove beneficial to endurance exercise performance.

. We report total content of MAPK are not altered following many years of endurance exercise, however the resting
activation of these proteins differ compared to sedentary individuals. Furthermore, the resting expression of select
MAPK are related to type I and type II muscle fiber types.

Introduction

The physiological adaptations associated with aerobic
exercise occur as a result of the stress incurred from
repeated bouts of training (Fluck, 2006). Many of
the training adaptations following exercise occur via
altered activity of signal transduction molecules
(Coffey & Hawley, 2007). These pathways activate

a cascade of events which translate extracellular and
metabolic stresses to transcription factors within the
nucleus, resulting in subsequent myofiber adaptation
(Cargnello & Roux, 2011; Coffey & Hawley, 2007).
Within skeletal muscle, exercise stimuli activate intra-
cellular signalling proteins that regulate translational
and transcriptional events within the myofiber
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nucleus. Signal transduction networks influence
physiological adaptations to exercise and perform-
ance such as mitochondrial biogenesis, protein syn-
thesis, and contractile properties of muscle tissue
(Hawley, Hargreaves, Joyner, & Zierath, 2014).
Mitogen-activated protein kinases (MAPK) extra-
cellular signal-regulated kinases 1 and 2 (ERK1/2),
c-Jun N-terminal kinase (JNK), and p38-MAPK are
activated via growth factors, cytokines, and mechan-
ical and metabolic stresses that ultimately contribute
to skeletal muscle adaptations to exercise. ERK1/2
and p38-MAPK are altered with both acute
(Galpin, Fry, Chiu, Thomason, & Schilling, 2012)
and chronic exercise (Galpin et al., 2016; Lee,
Bruce, Spurrell, & Hawley, 2002; Macaluso et al.,
2012; Yu et al., 2001), yet the role of JNK in these
adaptations is not frequently reported. Protein
expression of total ERK and p38-MAPK are differen-
tially altered in “well trained amateur” endurance
runners (trained ∼47 km wk−1) compared to seden-
tary controls (Yu et al., 2001). Thus, altered
MAPK expression likely contributes to muscle phe-
notypes that are beneficial to aerobic performance.
There is a paucity of data investigating differences in

expression ofMAPKmolecules with long-term endur-
ance training history in highly trained athletes. Protein
phosphorylation is altered after acute exercise
(Boppart et al., 1999, 2000; Coffey et al., 2006), yet
few studies have reported differences inMAPK follow-
ing many years of aerobic exercise training due to the
difficulty of obtaining biopsies between several years
of training. Given that JNK is quantitatively related to
mechanical tension (Gehlert et al., 2015; Martineau
& Gardiner, 2001) and p38-MAPK regulates many
processes associated with mitochondrial and fibre-
type composition, understanding expression of these
proteins in highly/chronically trained athletes may give
deeper insight to the mechanical stresses, remodelling,
and fibre-type adaptations associated with chronic
(years) aerobic exercise.
Using a cross-sectional analysis, it has been pre-

viously reported there is a differential expression of
ERK1/2 along a continuum of resistance training
histories (Galpin et al., 2016). Furthermore, that
novel evidence suggests that resting protein content
of total and phosphorylated forms of this MAPK is
altered as one participates in short-term resistance
training (novice), versus chronically (highly
trained) lifters (Galpin et al., 2016). In reference to
endurance training, if potential differences do
occur as the length of training history increases, it
may provide evidence of molecular signalling
expression mediating improved performance at com-
petitive levels, versus those often reported in endur-
ance programmes implemented to improve general
health. Identifying the unique adaptations in

chronically trained athletes may enhance our knowl-
edge of signalling responses, regulation, and speci-
ficity across a wide spectrum of training statuses.
Therefore, the purpose of this study was to investi-
gate MAPKs ERK1/2, JNK, and p38-MAPK in
sedentary participants, and in subjects who experi-
enced many years of highly competitive endurance
running training.

Materials and methods

Participants

Five chronically trained runners (CT;mean ± SD; age
= 32.6 ± 5.2 yrs; bodyweight = 67.5 ± 4.2 kg; height =
176.0 ± 2.5 cm; training experience = 14 ± 6 years,
10 km time = 33.9 ± 0.9 min) participated in this
study. More description of these participants is avail-
able elsewhere (Fry et al., 2016). The sedentary
participants (SED; n= 5; mean ± SD age = 24 ± 4
years; body mass = 93 ± 20 kg; height = 180 ± 4 cm)
reported they had not performed regular physical
activity for at least three years prior to the start of the
study. All subjects signed an informed consent state-
ment as approved by the University Institutional
Review Board and in accordance with the Helsinki
Declaration.

Muscle biopsies

All vastus lateralis muscle biopsies were performed
as previously described (Fry et al., 2016; Galpin,
Fry, et al., 2012; Galpin et al., 2016; Nicoll et al.,
2016). Participants reported to the laboratory
fasted, and were rested in the supine position for at
least 30 minutes prior to extraction of the tissue
samples. All participants were not taking any anti-
inflammatory drugs or pain medications as required
by the inclusion criteria for subject participation. Par-
ticipants were instructed to abstain from exercise
training for at least 24 hours prior to biopsy pro-
cedures. Muscle biopsies (50–100 mg) were
extracted from the vastus lateralis muscle by percuta-
neous needle biopsy. Prior to the biopsies, the sur-
rounding area was cleaned with antiseptic solution
and 2% xylocaine was administered subcutaneously.
Precaution was taken not to inject the anaesthetic
through the fascia of the muscle tissue. The biopsy
needle was inserted approximately 2.5 cm into the
muscle at mid-belly, immediately anterior to the ilio-
tibial band. All biopsies were obtained during resting
conditions using the double-chop technique (Staron,
1991) with suction (Evans, Phinney, & Young,
1982), oriented in tragacanth gum, and immediately
cooled to −159°C by liquid nitrogen, and stored at
−80°C.

2 J. X. Nicoll et al.
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Fibre-type distribution

Routine mATPase histochemical analysis using the
methods of Brooke and Kaiser (1970) were per-
formed using preincubation pH values of 4.3, 4.6,
and 10.2 to determine the muscle fibre-type distri-
bution. A composite photomontage of each
mATPase preparation (preincubation at pH 4.6)
was made using photo-micrographs (356X magnifi-
cation). These were used in combination with the
other histochemical preparations (preincubation pH
values of 4.3 and 10.6) to determine fibre-type per-
centages and total fibre number in each biopsy.

Per cent fibre-type area

The cross-sectional areas of at least 50 fibres per
major type (I, IIA, and IIX) per biopsy (McCall,
Byrnes, Dickinson, & Fleck, 1998) were determined
by the use of direct tracings (3200X magnification)
that were scanned and analysed for area using
public-domain NIH software. Although 7 fibre
types may be distinguished, the “hybrid” fibre types
(IC, IIC, IIAC, and IIAX) comprise such a small per-
centage of the total muscle fibres that it is not possible
to identify 50 of these fibres in a typical biopsy
sample. As such, fibre-type areas were determined
for only types I, IIA, IIAX, and IIX.

Tissue sample preparation for western blots

Muscle biopsy samples were warmed to −20°C and
10–15 serial cross-sections 12 μm thick were placed
in 0.5 mL of a lysing buffer containing 10% (w/v) gly-
cerol, 5% (v/v) β-mercaptoethanol, and 2.3% (w/v)
SDS in 62.5 mM Tris·HCl buffer (pH 6.8), as well
as a 1% solution of a protease and phosphatase inhibi-
tor cocktail for serine–threonine protein phosphatase
(Sigma-Aldrich, Inc., St. Louis, MO) and a phospha-
tase inhibitor cocktail (Thermo Fisher Scientific Inc.,
Waltham, MA) to inhibit both serine–threonine as
well as protein tyrosine phosphatase activity.
Samples were homogenized in a test tube (3 × 10 s)
using a Tissue Miser homogenizer (Fisher Scientific,
Pittsburgh, PA). The resulting suspensions were then
heated for 10 min at 60°C, and subsequently frozen
at –80°C.

Western blotting

Muscle homogenate samples were assayed for total
protein concentration using a micro Lowry method
with Peterson’s modification (Sigma Aldrich, Saint
Louis, MO. No. P5656). Following protein determi-
nation, aliquots of 40-μL were loaded on 15%

separating and 4% stacking, 15-well, large format
SDS–PAGE gels similarly as previously reported
(Galpin, Fry, et al., 2012; Galpin et al., 2016; Nicoll
et al., 2016). Once resolved, proteins were transferred
to a hydrophobic polyvinylidene difluoride (PVDF)
membrane (Amersham, Piscataway, NJ) using an
Idea Scientific Co. wet transfer apparatus (Minneapo-
lis, MN). After transfer, PVDF membranes were
blocked in Odyssey® blocking buffer (PBS without
Tween 20) for 1 h at room temperature. Following
blocking, membranes were then incubated with
primary antibodies for p-ERK1/2 (Thr202/Tyr204)
(1:1000, rabbit monoclonal, no. MAB1018; R&D
Systems Inc. (Minneapolis, MN)), total ERK1/2
(1:500, mouse monoclonal, no. MAB1576; R&D
Systems Inc. (Minneapolis, MN)), p-JNK (Thr183/
Tyr185, Thr221, Tyr223) (1:1000, rabbit polyclonal,
no. 07–175; Upstate Cell Signaling Solutions Inc.
(Lake Placid, NY)), total JNK (1:500, mouse mono-
clonal, no. MAB1387; R&D Systems Inc. (Minnea-
polis, MN)), p-p38-MAPK (Thr180/Tyr182) (1:1000,
rabbit monoclonal, no. P1491; Sigma-Aldrich Inc.
(Saint Louis, MO)), and total p38-MAPK (α, β, γ iso-
forms) (1:500, mouse monoclonal, no. M8432;
Sigma-Aldrich Inc. (Saint Louis, MO)) for 1 h at
room temperature with gentle agitation. Following
washing, membranes were then probed with infrared
(IR) secondary antibodies (1:5000) specific to the
host animal (700 nm anti-rabbit, 800 nm anti-
mouse) for 1 h at room temperature to label the
respective total and phospho-protein primary anti-
bodies. After secondary antibody incubation, mem-
branes were washed again (4 × 5 min) in PBST,
rinsed with PBS, and then scanned with an Odyssey
Infrared Imaging System and accompanying software
(v1.2, LI-COR Biosciences, Lincoln, NE) to quantify
IR intensity for each labelled protein band. Total and
phosphorylated ERK1/2, JNK, and p38-MAPK
bands were identified on the same membrane with
IR markers scanned at two different wavelengths
(700 nm; phospho-MAPK and 800 nm; total
MAPK). Infrared-labelled secondary antibodies
were obtained from Rockland Immunochemical Inc.
(Philadelphia, PA). Phospho-MAPK results were
normalized to total MAPK protein abundance, and
total MAPK protein abundance was normalized to
protein concentration loaded per lane (μg/40-μL).
Total MAPK and the ratio of phosphorylated

(pMAPK/totalMAPK) MAPK were determined
from the protein adjusted pixilated IR intensities.
All statistical analyses were performed on the
protein adjusted pixilated IR intensities. Moreover,
since the amount of total MAPK available and that
protein’s resting phosphorylation status indepen-
dently shape the myocellular environment (Shi
et al., 2008), a phosphorylation index (PI) was

MAPK following chronic endurance exercise 3
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calculated to account for both factors simultaneously
(Galpin et al., 2016; Nicoll et al., 2016). For
instance, the ratio of pMAPK/totalMAPK could be
similar between two groups, but one could have a sig-
nificantly different amount of total protein. This
would represent an important difference in the cellu-
lar environment. The phosphorylation index (PI)
accounts for such instances and has been published
previously (Galpin et al., 2016; Nicoll et al., 2016).
The index is expressed as:

Phosphorylation index = totalMAPK × [0.01
× (pMAPK/totalMAPK)].

Statistical analyses

Due to the small sample size in each group, non-para-
metric Mann–Whitney U tests were utilized to deter-
mine differences in total MAPK protein content and
phosphorylation status between SED and CT sub-
jects. Mann–Whitney U tests were also used to deter-
mine differences in percent fibre-type and fibre area
between SED and CT. Pearson correlations were
performed between MAPK and fibre-type data to
determine if relationships existed between MAPK
expression and fibre-type composition that is
unique to the training statuses of these cohorts.
Cohen’s d effect sizes were calculated to determine
small; d= 0.2, moderate; d= 0.5, and large; d= 0.8
effect sizes in MAPK proteins between CT subjects
and SED samples (Cohen, 1998). All MAPK signal-
ling data are reported as median and interquartile
range. Raw data are presented on figures as dots.
Alpha-level was set at p≤ .05 for all analyses.

Results

CT subjects had a significantly higher percentage
of type I fibres compared to SED (Mann–Whitney
U= 1; Z=−2.40; p= .016). CT had a lower percen-
tage of type IIX fibres compared to SED (Mann–
Whitney U= 0.0; Z=−2.62; p = .009). There was a
trend for SED to have a higher percentage of type IIA
fibres compared to CT (Mann–WhitneyU= 4.5; Z=
−1.67; p= .09). The percentage of hybrid type IIAX
fibres was not different between groups (Mann–
Whitney U= 10; Z =−.524; p= .6). Per cent
ATPase fibre-type data are presented in Figure 1(A).
SED had larger type IIA (Mann–Whitney U= 1;

Z=−2.40; p= .016) fibre areas compared to CT
(Figure 1(B)). There were no differences in type I
(Mann–Whitney U= 7; Z =−1.15; p= .251) or type
IIX (Mann–Whitney U= 6; Z=−1.36; p = .175)
fibre areas between groups (Figure 1(B)). A represen-
tative microscopy image of fibre staining and cross-
sectional areas is presented in Figure 2 panels A
and B.
A representative figure of western blot experiments

is presented in Figure 2(C). There were no
differences between groups in total-ERK1/2
(Mann–Whitney U= 10; Z=−0.522; p= .602;
Figure 3(A)), total-JNK (Mann–Whitney U= 12;
Z=−0.104; p= .917; Figure 3(C)), and total-p38-
MAPK (Mann–Whitney U= 10; Z=−0.522;
p= .602; Figure 3(E)).
pERK/total-ERK ratio was not significantly

different between groups (Mann–Whitney U= 6;
Z=−1.36; p = .175; Figure 3(B)), but there was a
moderate–large effect size (d=−0.69) for decreased

Figure 1. (A) Percent ATPase fibre types between CT (grey bars) and SED (white bars). Bars represent median values. Dots indicate raw data
for CT (black dots) and SED (white dots) subjects. # indicates significantly different in CT compared to SED (p< .05). ^ indicates trend for
significant difference between groups at the p= .1 level. (B) Cross-sectional areas of the major fibre types (type I, type IIA, and type IIX)
between CT (grey bars) and SED (white bars). Bars represent median values. Dots indicate raw data for CT (black dots) and SED (white
dots) subjects (p< .05). # indicates significantly different in CT compared to SED.
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Figure 2. Representative micrographs of mATPase histochemistry pre-incubated at 4.6 pH from endurance trained (CT; panel A) and seden-
tary (SED; panel B) subjects. Dark fibres = type I, light fibres = type IIA, intermediate fibres = IIX. Bar = 100 μm. Panel C Representative
western blot images of total-ERK1/2, p-ERK1/2 (Thr202/Tyr204), total-JNK, p-JNK (Thr183/Tyr185, Thr221, Tyr223), total-p38-MAPK,
and p-p38-MAPK (Thr180/Tyr182) in sedentary (SED) and chronically trained (CT subjects).

Figure 3. Resting expression of MAPK in sedentary subjects (SED) and chronically trained endurance runners (CT).White and grey box and
whisker plots indicate SED and CT groups, respectively. Black dots indicate individual values in respective groups. (A) Indicates total-ERK
protein content. (B) Indicates the ratio of p-ERK/total-ERK. (C) Indicates resting expression of total JNK. (D) Indicates the ratio of p-JNK/
total-JNK. (E) Indicates total-p38 protein content. (F) Indicates the ratio of p-p38/total-p38. ^ indicates trend for significance at the p= 0.1
level. d indicates a Cohen’s d effect size.
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pERK/total-ERK in CT compared to SED. The PI of
ERK1/2 decreased in CT compared to SED (SED=
100; CT = 64.3; Figure 4).
pJNK/total-JNK was not significantly different

between groups (Mann–Whitney U= 8; Z=−0.940;

p= .347; Figure 3(D)), but pJNK/total-JNK dis-
played a moderate effect size of increased phos-
phorylation in CT (d= 0.54) compared to SED
(Figure 3D). The PI increased in CT (SED= 100;
CT= 156.9; Figure 4).
p-p38-MAPK/total-p38-MAPK tended to be

higher in CT compared to SED (Mann–Whitney
U= 4; Z=−1.77; p= .076; Figure 3(F)). The PI dis-
played an increase in CT compared to SED subjects
(SED= 100; CT= 144; Figure 4).
Correlation analysis between total and phosphory-

lated MAPK expression and fibre characteristics
revealed several relationships. There was a positive
correlation between p-p38-MAPK/total-MAPK and
the percentage of type I fibres (r= 0.73, R2 = 0.54,
p= .016; Figure 5(A)). There was a negative corre-
lation between p-p38-MAPK/total-MAPK and
percentage of type IIA fibres (r =−0.73, R2 = 0.54,
p= .015; Figure 5(B)). p-ERK/total-ERK tended to
positively correlate with percentage of type IIA fibres
(r = 0.56, R2 = 0.32, p= .08; Figure 5(C)). Conver-
sely, total ERK protein expression tended to be nega-
tively correlated with the percentage of type IIA fibres
(r =−0.61, R2 = 0.38, p = .06; Figure 5(D)).

Figure 4. Phosphorylation index (PI). Mean values of phosphoryl-
ation of MAPK in CT after accounting for differences in total
MAPK content.

Figure 5. Pearson correlations between fibre-type composition andMAPK expression. Black dots indicate raw data for CT group.White dots
indicate raw data for SED group. Solid line indicates trend line and R2 between variables. Panels indicate relationship between (A) p-p38/
total-p38 and per cent of type I muscle fibres, (B) p-p38/total-p38 and percent of type IIA muscle fibres, (C) p-ERK/total-ERK and per
cent of type IIA muscle fibres, and (D) total ERK and per cent of type IIA muscle fibres.
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Discussion

This study indicates total protein content of MAPK
proteins (ERK, JNK, and p38-MAPK) are not
altered between sedentary and chronically trained
(∼14 years) endurance runners. The moderate
effect size (d= 0.54) for phosphorylated JNK
appeared to increase in CT subjects. Contrary to pre-
vious literature (Lee et al., 2002; Macaluso et al.,
2012), p38-MAPK phosphorylation status tended
to increase in individuals who performed chronic
endurance exercise. Furthermore, the expression of
phosphorylated MAPK are related to per cent fibre-
type characteristics. Though limited by our small
sample size, collectively our results suggest resting
phosphorylation of MAPK signalling proteins may
be differentially altered in individuals with approxi-
mately 14 years of endurance training history com-
pared to sedentary controls. However there is
minimal difference in total MAPK expression.
The ratio of phosphorylated ERK1/2 was not stat-

istically different in CT compared to SED, but did
display a moderate–large effect size of decreased
phosphorylation (d=−0.69). A down-regulation of
ERK signalling in endurance trained (∼6 years) sub-
jects (Johnson, Lanza, Short, Asmann, & Nair,
2014), and attenuation of kinase (ERK and p38-
MAPK) phosphorylation has been reported in
muscle fibres with greater mitochondrial content
(Ljubicic & Hood, 2009). Although not measured,
it is likely our CT had mitochondrial adaptations
from many years of training (Johnson et al., 2014;
Ljubicic & Hood, 2009). p38-MAPK contributes to
the induction of mitochondrial biogenesis (Pogo-
zelski et al., 2009) and higher aerobic capacity is
indirectly associated with lower phosphorylation of
p38-MAPK (Macaluso et al., 2012) possibly due to
greater mitochondrial content. In our study, p38-
MAPK phosphorylation was higher in CT compared
to SED, and this was not due to a change in total p38
protein expression since total content was unaltered.
Previous studies reported lower total content of p38-
MAPK in trained runners, and mice compared to
sedentary controls (Lee et al., 2002; Yu et al.,
2001). Our study suggests the resting phosphoryl-
ation of p38-MAPK in chronically trained aerobic
athletes may require up-regulation to previously
untrained values. For optimal chronic (∼14 years)
aerobic training, a higher phosphorylation state may
be necessary to maintain levels of aerobic adaptations
associated with many years of endurance exercise.
More research is warranted to substantiate and
clarify these hypotheses.
Fibre characteristics indicated CT had a higher

percentage of type I fibres and lower percentage of
type IIX compared to SED. The percentage of type

IIA tended to be higher in SED compared to CT
and the cross-sectional area of type IIA fibres in
SED were larger than CT. However there was no
difference in the cross-sectional areas of type I or
type IIX fibres. Furthermore, given these fibre
characteristics, the resting phosphorylation of p38-
MAPK was higher in subjects who expressed a
greater percentage of type I fibres. Phosphorylated
ERK was positively correlated with the percentage
of type IIA fibres. Shi and colleagues (2008, 2009)
reported that ERK activity and signalling is important
for the maintenance of the fast fibre phenotype and
maintenance of myofiber mass in an in vitro
myotube model and in vivo mouse model. Thus,
the greater expression of phosphorylated ERK and
its relationship to the larger percentage of type IIA
fibres may partially be explained by ERK’s role in
fibre-type determination. Interestingly, Galpin,
Raue, et al. (2012) reported an 87% greater p38-
MAPK protein content in type IIA fibres compared
to type I fibres of an endurance athlete with more
than 30 years of aerobic running, swimming, and
cycling experience. In the present study, while there
was no relationship between total p38 content and
fibre characteristics, phosphorylated p38-MAPK
was negatively associated with the number of type
IIA fibres. These data indicate, though speculative,
there may be different roles for the amount of total
MAPK content in diverse fibre types (potential
capacity for adaptation), compared to the resting
phosphorylation that may serve as a function for
maintenance of fibre phenotype. Alternatively, it
may be that the higher type I percentage in CT con-
tributed to their success to participate in endurance
exercise for many years. More research is needed to
understand the contribution of total versus phos-
phorylated MAPK and fibre characteristics and how
this may eventually contribute to endurance exercise
performance.
Phosphorylated JNK was elevated (moderate effect

size; d= 0.54) in CT subjects compared to the SED.
Previous research suggests total JNK was not altered
in endurance trained mice compared to sedentary
mice, yet the trained mice had significantly lower
phosphorylated JNK compared to the sedentary
mice (Vichaiwong et al., 2009). Similarly, JNK phos-
phorylation in aerobically trained cardiac muscle is
decreased after exposure to reactive oxygen species;
however, the same effect was not reported in skeletal
muscle (Vainshtein, Kazak, & Hood, 2011). In
human skeletal muscle tissue, 12 days of intense
(∼70–100% VO2

Max) cycle training decreases the
resting phosphorylation status of JNK (Hinkley,
Konopka, Suer, & Harber, 2017). Finally, in
human myotubes (Green, Bunprajun, Pedersen, &
Scheele, 2013) and rats (Kim, Lee, Choi, & Yi,
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2015), JNK activity is decreased following exercise
training, and this decrease depends on the duration
and frequency of training (Kim et al., 2015). Trans-
duction proteins involved in apoptotic signalling
events (independent of JNK) are decreased after
endurance training in skeletal muscle (Vainshtein
et al., 2011). Interestingly, exercise-induced JNK
phosphorylation is not related to aerobic fitness
(Boppart et al., 2000). However, while the phos-
phorylation of other MAPK proteins (ERK, p38-
MAPK) appear to attenuate with repeated exposures
to exercise (Coffey et al., 2006; Yu et al., 2003), JNK
remains highly responsive even in trained individuals
(Boppart et al., 2000; Gonzalez et al., 2016), which
may be due to JNK’s mechanosensitive properties
(Gehlert et al., 2015; Martineau & Gardiner, 2001).
Long-term endurance training may require strategies
that up regulate phosphorylated JNK expression
more than untrained levels in order accommodate
repeated exposures of oxidative stress, mechano-
transduction pathways, and remodelling of exercised
muscle tissue.
Practical application of this data suggests signalling

in chronically trained (∼14 yrs) subjects differs from
what has been previously reported in untrained and
recreationally trained subjects, highlighting the
unique physiology in long-term-trained athletes. Fur-
thermore, in a broader sense, much of the current
research concerning MAPKs is performed in animal
models, and there are very limited data concerning
these molecular signalling adaptations in highly/
chronically trained human subjects. Identifying the
unique adaptations in highly trained individuals
may enhance our knowledge of signal transduction
acute responses, regulation, and specificity across a
wide spectrum of training statuses.
There are several limitations that must be con-

sidered from the present data. We acknowledge the
small sample sizes in our respective groups is a limit-
ing factor, as these results may not be generalizable if
there were larger sample sizes in our groups and the
effect sizes reported may not have been as large.
However, the subjects in the present study were
specifically chosen to have divergent training his-
tories. Due to the large contrast in their training
history, these groups (though small) provide prelimi-
nary evidence of altered resting MAPK expression
after chronic exercise training, and these results
may be expanded upon in studies using larger
sample sizes. While altered phosphorylated
expression of select MAPKs are evident, a limitation
to the present study is that we did not have pre-train-
ing samples in our CT group, since they were not
available. Furthermore, inclusion of a short-term
(<12 weeks) training group, and recreationally
trained (∼2–3 years) group may have provided

another reference along a “continuum” of training
statuses (Galpin et al., 2016). However, we did not
have these samples available. Thus, given the tissue
samples available we suggest that comparing
untrained versus chronically trained exemplifies the
most extreme ends of the training spectrum and is
an appropriate method of describing MAPK
expression following long-term training in aerobically
trained runners.
In conclusion, previous research has indicated

altered MAPK protein expression or changes in
phosphorylation with extended periods of exercise
training (Galpin et al., 2016; Macaluso et al., 2012;
Yu et al., 2001). To date, the current authors are
not aware of any studies reporting differential
expression of JNK as a result of chronic exercise
training in humans. While previous research indi-
cated decreased resting phosphorylation of JNK and
p38-MAPK following repeated bouts of exercise
training, those performing chronic exercise (> 10
years), may require an increase in resting phosphoryl-
ation of these MAPKs. More work is still needed to
further illuminate the long-term adaptations of sig-
nalling proteins following chronic exercise training.
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