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JNK activation in TA and EDL 
muscle is load‑dependent in rats 
receiving identical excitation 
patterns
Einar Eftestøl1*, Martino V. Franchi2,3, Stephanie Kasper2 & Martin Flück2

As the excitation–contraction coupling is inseparable during voluntary exercise, the relative 
contribution of the mechanical and neural input on hypertrophy-related molecular signalling is still 
poorly understood. Herein, we use a rat in-vivo strength exercise model with an electrically-induced 
standardized excitation pattern, previously shown to induce a load-dependent increase in myonuclear 
number and hypertrophy, to study acute effects of load on molecular signalling. We assessed protein 
abundance and specific phosphorylation of the four protein kinases FAK, mTOR, p70S6K and JNK 
after 2, 10 and 28 min of a low- or high-load contraction, in order to assess the effects of load, exercise 
duration and muscle-type on their response to exercise. Specific phosphorylation of mTOR, p70S6K 
and JNK was increased after 28 min of exercise under the low- and high-load protocol. Elevated 
phosphorylation of mTOR and JNK was detectable already after 2 and 10 min of exercise, respectively, 
but greatest after 28 min of exercise, and JNK phosphorylation was highly load-dependent. The 
abundance of all four kinases was higher in TA compared to EDL muscle, p70S6K abundance was 
increased after exercise in a load-independent manner, and FAK and JNK abundance was reduced 
after 28 min of exercise in both the exercised and control muscles. In conclusion, the current study 
shows that JNK activation after a single resistance exercise is load-specific, resembling the previously 
reported degree of myonuclear accrual and muscle hypertrophy with repetition of the exercise 
stimulus.

The biomechanical stress produced in a contracting muscle is believed to activate biochemical1 and 
biomechanical2 signalling pathways, termed mechanotransduction3,4, leading to increased biosynthetic efficiency 
and capacity that in the long-run result in functional muscle growth5. A de novo hypertrophic response is also 
preceded6 and determined7 by myonuclear accretion8,9, further contributing to increased synthetic capacity.

Although there is scarce experimental evidence for the underlying mechanisms, biomechanical stress is widely 
accepted as a primary trigger for muscle hypertrophy10–12, and the effect of e.g. voluntary strength exercise or 
synergist-ablation induced overload on immediate-early signalling cues involved in protein synthesis and/or 
the long-term hypertrophic response is, by and large, implicated in mechanotransduction13. However, under 
the above-mentioned conditions, as well as under most other experimental conditions, the neural input changes 
concomitantly, as an increased firing frequency and motor unit recruitment orchestrates the magnitude of force 
output and the following biomechanical stress14–19. Thus, under experimental conditions that do not separately 
control neural input and mechanical stimuli it is difficult to properly address the importance of mechanotrans-
duction in hypertrophy; it follows that the intrinsic nature of the molecular pathways that are implicated in 
the mechano-induced activation of muscle protein synthesis is still poorly characterized and understood20–22.

A well characterized route of activation of skeletal muscle protein synthesis (and subsequent hypertrophy) in 
response to resistance exercise is regulated by changes in the translational efficiency and capacity via signalling 
through coupled kinases, and is further increased through myonuclear accrual23–26. The increased translational 
capacity following resistance exercise in humans is correlated with increased muscle mass27–29. The non-receptor 
tyrosine kinase FAK (focal adhesion kinase), and the downstream serine/threonine phosphotransferases mTOR 
(mammalian target of rapamycin) and p70S6K (70 kDa ribosomal protein S6 kinase) are implicated in the 
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load-induced hypertrophic response in cell culture30 and after reloading of unloaded rats31. Further, the post-
translational modification and subsequent activation of FAK and the functionally-associated mixed-lineage 
kinase JNK (c-jun N-terminal kinase), as well as mTOR and p70S6K, correlate with the mechanical load impact 
during acute electrically-paced exercise32–34. FAK and JNK have further been regarded to take part in the load-
regulated myogenic adaptations in skeletal muscle35,36. Especially, we have previously found that quantitative 
increases in the abundance and Y397 phosphorylation of FAK act upstream of muscle loading-related phos-
phorylation of T183/Y185-JNK and downstream of S63-c-jun and T421/S424-p70S6K31,37. Interestingly, these 
mechanical pathways are also suggested to act synergistically with changes in amino acid uptake and growth 
factor signalling to sustain mTOR and FAK signalling21,38,39. Thus, signalling pathways activated by e.g. mechano-, 
nutrient- and growth factor-stimuli probably modulate each other rather than working as independent pathways.

A few experimental studies have to a certain extent specifically addressed acute32–35,40,41 or long-term34,42 
effects of mechanical stimuli per se, either by passively stretching innervated33, (functionally) denervated43–45 or 
isolated35 muscles, or by standardizing the neural input by electrically-paced contractions either in vivo32–34,40–42,46 
or in isolated muscles47,48. However, a more comprehensive mapping and understanding of the activation of early 
mechanotransduction pathways connected to long-term outcomes are still warranted. To start on this quest, 
we previously developed a rat strength-exercise model and found that after a 6-week exercise regime under 
identical neural activity, differences in mechanical conditions had a major effect on the number of myonuclei 
and fibre size but not on fibre type22. Also, after one acute session a few molecular correlates were indicated 
in the mechano-response, e.g. myogenin and MRF4, implicated both in satellite cell activation and increased 
transcriptional response. Yet, no significant effect on the previously proposed mechano-responsive kinases Akt 
and p70S6K was observed22.

Thus, herein we investigate in more detail the acute responses to a single bout of the previously characterized 
exercise-model22 related to the proposed mechanosensitive kinases FAK, mTOR, p70S6K and JNK. We find that 
JNK signalling is highly sensitive to mechanical stimuli, and propose a potential role for all 4 kinases in the fol-
lowing mechano-dependent hypertrophic response.

Results
A single exercise session of electrically-paced contractions was evaluated for effects on specific phosphorylation 
(phosphorylated protein / total protein abundance of the respective protein) as well as total protein abundance 
(per 33 µg of isolated muscle protein) for the kinases FAK, mTOR, p70S6K and JNK. 50 rats were unilaterally 
exercised for a total time of 2 (N = 16), 10 (N = 18) or 28 (N = 16) minutes by stimulating the dorsiflexor muscle 
group (TA and EDL) non-invasively through skin-electrodes. Groups were equally allocated between a high-load 
or a low-load contraction, contralateral muscles functioning as non-stimulated controls. The low-load group 
obtained a peak tension of 50–60% of the high-load group.

Effects of a single high‑ or low‑load exercise bout on the phosphorylation of FAK, mTOR, 
p70S6K and JNK in the EDL and TA muscle.  A single 28-min-long exercise stimulus led to an increased 
specific phosphorylation of S2448-mTOR, T421/S424-p70S6K, and T183/Y185-JNK, but not Y397-FAK, in both 
the TA and EDL muscle compared to contralateral non-exercised controls (ANOVA results, see Table 1). At the 
post-hoc level, there was an effect of exercise in the high-load group in both EDL and TA for mTOR, p70S6K and 
JNK, but only for mTOR (EDL and TA) and p70S6K (TA) in the low-load group (Fig. 1). In addition, JNK had 
an increased specific phosphorylation in the exercised leg after the high-load compared to the low-load exercise 
for both EDL (p = 0.0085) and TA (p = 0.0097) (Fig. 1d). No such load-effect was observed at the post-hoc level 
for mTOR (Fig. 1b) or p70S6K (Fig. 1c). Total abundance (count) of phosphorylated protein per 33 µg of isolated 
muscle protein (not relative to respective kinase abundance) is shown in Supplementary Figures 1 and 2.

Muscle‑type differences in specific kinase phosphorylation.  The specific phosphorylation of S2448-
mTOR (p < 0.001) and T421/S424-p70S6K (p = 0.015) differed between the two muscles tested (Table 1), being 
higher for all groups in EDL when compared to their corresponding TA muscles from the same leg for mTOR 
(Fig. 1b), and lower in EDL than TA for the low-load exercised group for p70S6K (Fig. 1c).

Muscle‑type‑, exercise‑ and load‑effects on kinase abundance.  The protein abundance of 
all assessed protein kinases was higher in TA compared to EDL (Table 1). FAK and JNK protein abundance 
was ~ 2-times higher, and mTOR and p70S6K abundance was ~ 6-times higher in TA compared to EDL muscles 
(Fig. 2).

There was an increased abundance of p70S6K in exercised compared to control muscles for both low load 
(p = 0.007) and high load (p = 0.007) in TA, but not in EDL (Fig. 2c).

The abundance of JNK was reduced after 28 min of high-load exercise in TA (p = 0.041), but not after low-
load exercise (Fig. 2d).

Effects of exercise duration on the specific kinase phosphorylation in TA muscle.  We further 
assessed whether the increase in the specific phosphorylation of mTOR, JNK (and FAK) in TA muscle after 
28 min of exercise would be evident also at earlier time-points, i.e., after 2 or 10 min of exercise, and whether it 
would be load-dependent. The specific phosphorylation of S2448-mTOR and T183/Y185-JNK, but not Y397-
FAK, was affected by exercise in an exercise-duration dependent manner. The specific phosphorylation of T183/
Y185-JNK, alone, was in addition dependent on load (Table 1).

At the post-hoc level, the specific phosphorylation of S2448-mTOR in TA muscle was increased in the exer-
cised compared to the control leg after all durations of exercise, i.e., after 2, 10 and 28 min, in both the low-load 
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and high-load group (for all comparisons p < 0.001) except for after 2 min in the high-load group (Fig. 3b). Spe-
cific phosphorylation of T183/Y185-JNK in TA muscle was increased in the exercised compared to the control 
leg after 10 (p = 0.028) and 28 min (p < 0.0001) of exercise in the high-load group, but only after 28 min in the 
low-load group (p < 0.0002) (Fig. 3c).

The specific phosphorylation of S2448-mTOR was increased after 28 min relative to 2 min of high-load 
(p = 0.016), but not low-load exercise (Fig. 3b). For T183/Y185-JNK, specific phosphorylation was increased after 
28 min relative to 2 and 10 min of high-load (both p < 0.0001), but only relative to 2 min of low-load (p = 0.0007) 
exercise (Fig. 3c). Importantly, specific phosphorylation of T183/Y185-JNK was also increased in the high-load vs 
low-load group after 28 min of exercise (p < 0.0001), but not after 2- or 10 min (Fig. 3c). Total abundance (count) 
of phosphorylated protein per 33 µg of isolated muscle protein (not relative to respective kinase abundance) after 
2-, 10- and 28 min of exercise is shown in Supplementary Figure 2.

Effect of exercise duration on kinase abundance in TA muscle.  We further assessed whether altera-
tions in protein abundance contributed to the observed effects of exercise on the specific kinase phosphorylation 
in TA muscle. No effect of exercise nor load was observed for any of the kinases, but a main effect of exercise 
duration was identified for the abundance of FAK and JNK (Table 1). Compared to the 2- and 10-min dura-
tion of exercise, the abundance of FAK (p < 0.004) and JNK (p < 0.003) in TA muscle was lower after 28-min of 
exercise (Fig. 4).

Table 1.   Three-way ANOVA for the factors exercise, load and muscle type (corresponding to Figs. 1 and 2), 
or exercise, load and exercise duration (corresponding to Figs. 3 and 4), showing percent of total variation and 
corresponding p-value for the respective factors and interactions. P values < 0.05 highlighted in bold.

Figure 1 p-FAK p-mTOR p-p70S6K p-JNK

Source of variation % P value % P value % P value % P value

Load 0.556 0.4259 0.5599 0.2334 1.321 0.0094 10.82 0.0016

Muscle 2.355 0.5644 50.33 < 0.0001 5.15 0.0154 2.055 0.1333

Exercise 0.0686 0.8325 33.62 < 0.0001 58.32 < 0.0001 39.85 0.0001

Load × muscle 0.0686 0.7769 0.1308 0.528 0.444 0.471 0.00001881 0.9959

Load × exercise 0.2809 0.5213 1.013 0.0249 1.398 0.0041 10.64 0.0015

Muscle × exercise 0.208 0.511 1.009 0.0227 3.289 0.0192 1.075 0.2722

Load × muscle × exercise 0.003427 0.9639 0.0448 0.4715 0.2354 0.5938 0.002939 0.9467

Figure 2 FAK mTOR p70S6K JNK

Source of variation % P value % P value % P value % P value

Load 0.07586 0.5918 0.0011 0.9107 0.0002 0.9746 0.6114 0.0282

Muscle 60.22 0.0015 95.81 <  0.0001 87 <  0.0001 66.89 0.0004

Exercise 0.7377 0.2619 0.1215 0.1679 3.463 <  0.0001 3.744 0.0323

Load × muscle 0.01537 0.8323 0.0875 0.3562 0.1765 0.3254 0.9 0.0277

Load × exercise 0.4963 0.0956 0.0311 0.4017 0.0129 0.7796 1.483 0.0154

Muscle × exercise 1.093 0.0286 0.0572 0.306 1.449 0.0058 0.4823 0.283

Load × muscle × exercise 0.2397 0.4947 0.0399 0.3746 0.0112 0.7859 0.003449 0.8932

Figure 3 p-FAK p-mTOR p-JNK

Source of variation % P value % P value % P value

Duration 2.946 0.4101 30.66  < 0.0001 20.39  < 0.0001

Load 1.03 0.1746 6.028 0.0045 3.367 0.0022

Exercise 0.4182 0.5661 29.12  < 0.0001 25.87  < 0.0001

Duration × load 0.0264 0.9714 2.134 0.1577 4.707 0.0022

Duration × exercise 1.462 0.1197 2.253 0.0003 18.73  < 0.0001

Load × exercise 0.006945 0.9117 0.01774 0.7578 2.999 0.0023

Duration × load × exercise 0.116 0.9316 0.5369 0.1928 4.647 0.0006

Figure 3 FAK mTOR JNK

Source of variation % P value % P value % P value

Duration 41.37 0.0014 10.92 0.0634 25.56 0.0008

Load 0.02836 0.857 1.044 0.4124 2.487 0.0875

Exercise 0.6267 0.068 1.644 0.0595 0.093 0.5708

Duration × load 0.04421 0.9728 2.138 0.1661 1.012 0.5435

Duration × exercise 0.4248 0.3948 1.335 0.4997 1.916 0.2522

Load × exercise 0.1771 0.3908 0.1599 0.3419 0.7331 0.2183

Duration × load × exercise 0.1934 0.7647 0.4274 0.7462 0.2533 0.6828
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Discussion
The relationship between mechanical signalling following a single exercise stimulus and long-term adaptations 
under conditions where the neuronal input is standardized is poorly characterized. We here used an electrically-
paced, in-vivo rat strength exercise model which has previously been shown to induce myonuclear accretion and 
hypertrophy22 in order to investigate early effects of mechanical load on the activation of FAK, mTOR, p70S6K 
and JNK. These kinases have been implicated in the pre-translational regulation of protein synthesis, and have 
previously been suggested to be involved in mechanotransduction. We show here that JNK activation is highly 
load-dependent, and propose that observed effects of exercise, load, exercise duration and muscle-type on JNK, 
mTOR and p70S6K phosphorylation and abundance is important for consolidating the hypertrophic response.

JNK is activated by mechanical stimuli per se.  We found JNK to be phosphorylated and thereby acti-
vated in a load-dependent manner in both TA and EDL. This is supported by an exercise-duration dependent 
effect already after 10 min of exercise only in the high-load group, increasing further after 28 min, and finally 
having increased JNK phosphorylation in the high-load group compared to the low-load group after the full 
28-min exercise session. An interaction effect of exercise and load was also evident for mTOR and p70S6K. To 
our knowledge, the present result, for the first time, connect specific acute effects of load on JNK activation with 
established long-term hypertrophic effects of the same exercise stimulus22.

In rat plantaris muscle, an increased JNK phosphorylation has been shown to correlate with mechanical 
stress after a single bout of in situ eccentric (~ 10% length change) compared to concentric and isometric electri-
cally-paced contractions33. JNK activation is further shown to be required in synergist ablation-induced muscle 
hypertrophy35, involving the counteraction of myostatin signals which inhibit the AKT-mTOR pathways and the 
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Figure 1.   Exercise-induced JNK phosphorylation is load-dependent, while mTOR and p70S6K 
phosphorylation is muscle-type dependent. Specific phosphorylation (phosphorylated protein / total protein) 
of Y397-FAK (a), pS2448-mTOR (b), pT421/S424-p70S6K (c), and pT183/Y185-JNK (d) as measured in 33 µg 
soluble protein from exercised and contralateral control TA and EDL muscles after a 28-min exercise stimulus 
with a high or a low load. Post-hoc significant differences denoted with *, ** p < 0.05 and 0.01 versus control 
leg; + ,  ++ p < 0.05 and 0.01 vs EDL within same exercise group; $$ p < 0.01 versus low load exercised group 
within the same muscle. Data are presented as individual muscle values (circles), contralateral comparisons 
(lines) and group means (bars) (n = 8 per group).
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upregulation of ubiquitin-mediated proteasomal degradation49. These effects seem also to involve the activation 
of Jun expression which is elevated by muscle stretch50 in interstitial nuclei (e.g., satellite cells) and myonuclei51 
that may upregulate the promoter activity of muscle genes via Jun/Fos-heterodimers (e.g. AP-1)52,53. Neverthe-
less, the observed exercise-induced specific phosphorylation of JNK is likely not alone sufficient to explain the 
muscle- and load-dependent degree of hypertrophy observed in a previous study by Eftestøl et al.22 after the 
repeated impact of an identical 28-min protocol as herein over a period of 6 weeks. For instance, larger increases 
in the cross-sectional area of muscle fibres were reported with the high-load compared to the low-load protocol 
in the TA muscle (i.e., 33% vs 18%) compared to the EDL muscle (i.e., 16% vs 0%)22. The consistently higher 
abundance of all assessed protein kinases in TA compared to EDL combined with the muscle-type specific 
effects on mTOR and p70S6K phosphorylation observed herein reflects the previously observed higher degree 
of hypertrophy in TA compared to EDL muscle22. This correspondence suggests that quantitative differences in 
the expression of mTOR and p70S6K are part of the mechanism that sets the overall pace of the hypertrophic 
response. In addition, JNK activation could be related to other aspects of the observed load-dependent muscle 
responses such as the increased myonuclear number (i.e., satellite cell activation), as well as increased transcript 
expression of myogenin and MRF4 (myogenic regulatory factor 4)22.

Interestingly we observed an increased activation of both mTOR and p70S6K with exercise, including an 
interaction effect with load, yet this effect did not result at the level of statistical significance due to load per se. 
An important aspect of the present in-vivo setup is that due to the physical limits of the joint excursion-range, 
the peak tension in the low-load group could not be decreased to less than about 50–60% of the corresponding 
high-load group. This would require an even faster concentric contraction, resulting in a high-load isometric 
contraction towards the end of the stimulation. Notably, after 28 min of exercise, there was a consistently higher 
degree of phosphorylation (~ 10%) in the high-load vs low-load group for mTOR and p70S6K in both TA and 
EDL, which is also in line with previous observations for Akt and p70S6K phosphorylation22. It is thus intriguing 
to speculate that with a larger difference between the loading groups, all these kinases, that are widely known 
to be important in regulating protein synthesis (see introduction), would reveal a load-dependent activation. In 
fact, Rindom et al.47 has recently shown that, in response to acute exercise by electrically stimulating isolated rat 
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Figure 2.   Kinase abundance is dependent on muscle type, and p70S6K abundance is increased by exercise 
in TA, while JNK abundance is decreased by exercise in a load-dependent manner in TA. Kinase abundance 
of FAK (A), mTOR (B), p70S6K (C), and JNK (D) as measured in 33 µg soluble protein from exercised and 
contralateral control TA and EDL muscles after a 28-min exercise stimulus with a high or a low load. Post-hoc 
significant differences denoted with *, ** p < 0.05 and 0.01 vs control leg; ++ p < 0.01 vs EDL within same exercise 
group. Data are presented as individual muscle values (circles), contralateral comparisons (lines) and group 
means (bars) (n = 8 per group).
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measured in 33 µg soluble protein from exercised and contralateral control TA muscles after 2, 10 and 28 min 
of exercise with a high or a low load. Post-hoc significant differences denoted with ++ p < 0.01 versus 2- and 
10-min exercise irrespective of group. Data are presented as individual muscle values (circles), contralateral 
comparisons (lines) and group means (bars) (n = 8 per group for the 2 min and 28 min protocol, n = 9 per group 
for the 10 min protocol).
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EDL muscles, mTOR and p70S6K phosphorylation was load-dependent, while Jun and Fos mRNA transcription 
was dependent on both excitation and tension development47. Importantly, such in vitro setups are not prone 
to the same limitations as in-vivo setups, as they for instance are not limited by the joint excursion-range. Thus, 
through the use of chemical inhibitors of the muscle contraction together with passive stretch, Rindom et al.47 
were able to compare a high-load active contraction to both a high-load passively stretched group with compa-
rable tension development either with or without excitation, and also to an excited “low-load” group with ~ 100% 
reduction in tension development.

In summary, in light of the recent in-vitro work by Rindom et al.47, the in-vivo results presented herein 
strengthen the notion that mechanical stimuli per se, uncoupled from the active contraction, is an important 
signalling cue for protein synthesis, yet specific signalling cues from the excitation are important to achieve a full 
activation of protein synthesis and following hypertrophy. Further, JNK is likely activated by mechanical stimuli 
per se, further indicating that this is important for eliciting the mechanically-induced hypertrophic response 
previously observed with long-term strength exercise22. Also, it is likely that both mTOR and p70S6K are part 
of a mechanotransduction network in conjunction with JNK, modulated both by mechanical stimuli and other 
exercise-related stimuli21,54 like the excitation–contraction coupling and metabolic cues, all contributing to 
eliciting the hypertrophic response.

Effects of exercise duration and load on FAK and JNK abundance.  The abundance of FAK and 
JNK, but not mTOR, was affected to a considerable degree by the duration of the exercise experiment per se, 
which was explained by a reduced abundance in the assessed soluble protein fraction after the 28-min exercise 
bout in both the control and exercised leg. Stretch increases the phosphorylation of FAK in rat skeletal muscle 
within 20 seconds55, and translocation of activated FAK from sarcomeres to a nuclei-associated, Triton X-100 
insoluble, fraction has been reported to occur in the heart within 60 min of pressure overload, corresponding 
with increases in protein synthesis and myofibrillar assembly56. Intriguingly, total tyrosine 397 phosphorylation 
of FAK has been reported to be decreased in human elbow extensor muscle as a function of time, 15 min and 
3 h after resistance exercise, in function of whether the exercise was preceded by a bout of aerobic exercise57.

Our present data thus indicate a possible experimental model-related interference with FAK and JNK signal-
ling through effects on their solubility and/or calcium-induced degradation58 during the 28-min of exercise. Both 
FAK and JNK are part of a rescue pathway that can be conditioned by local ischemia to protect skeletal muscle 
from reperfusion injury59,60, suggesting that systemic effects in the exercising and control muscle may be due to 
the experimental procedure, including, but not limited to, exercise-induced ischemia. In this respect, an altered 
solubility may have influenced the observed increase in the specific phosphorylation of JNK 28-min, but not 2 
and 10-min, after exercise. That the JNK abundance in the assessed soluble fraction was lower in the high-load 
than the low-load group after the 28-min of exercise thus strengthens our conclusion that JNK is preferentially 
activated by load, given the notion that it is the activated form that translocates to the insoluble fraction61. Prob-
ably this relates to the activation of JNK in rat skeletal muscle by stretch or other mechanical cues33. However, 
we cannot rule out a possible exercise- and load-effect also on FAK that we were not able to detect, given the 
addressed limitations of the experimental setup, related to the rapid activation- and translocation dynamics of 
FAK62, as it has previously been indicated as an early mechanotransducing kinase in skeletal muscle1,37.

In conclusion, our study shows that JNK is specifically activated in a load- and exercise duration-dependent 
manner during in vivo strength exercise. It also furthers our understanding of the muscle-, exercise duration- and 
load-specific acute responses to electrically paced-exercise for the investigated kinases FAK, mTOR, p70S6K and 
JNK, and indicates how their regulation is linked to an increased protein synthesis and hypertrophic response.

Materials and methods
Animals were kept at the animal facility at the Department of Biosciences, University of Oslo, housed with a 12 h 
light/dark cycle with ad libitum access to food and water. A total of 50 rats were used for the experiments. All 
animal experiments were conducted in accordance with the Norwegian Animal Welfare Act of 20th December 
1974, and all experiments were approved by the Norwegian Animal Research Committee before initiation. The 
Norwegian Animal Research Authority provided governance to ensure that facilities and experiments were in 
accordance with the Act, National Regulations of January 15th, 1996, and the European Convention for the 
Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes of March 18th, 1986. 
Animals were euthanized by cervical dislocation while under deep anaesthesia.

Design.  The dorsal flexors, extensor digitorum longus (EDL) and tibialis anterior (TA), of the right lower 
leg of anesthetized 10 weeks old male Sprague Dawley rats with a mean body weight of 413 g were randomly 
subjected to electrically paced contractions under a high or low load for 2, 10 or 28 min. The non-stimulated 
left leg served as a within-animal control. 8–9 animals were used per protocol. Soluble protein from the excised 
muscles were subjected to electrochemiluminescence (ECL)-based immunoassays to quantify the abundance of 
FAK, mTOR, p70S6K and JNK, as well as the respective level of phospho-Y397-FAK, phospho-S2448-mTOR, 
phospho-T421/S424-p70S6K, and phospho-T183/Y185-JNK.

Electrically paced exercise.  Muscle contractions were electrically paced under identical excitation pat-
terns to have the stimulated right lower leg perform controlled isometric (high load) or concentric (low load) 
tetanic contractions under inhalation anaesthesia (isoflurane) essentially as described before22.

The skin of the lower leg of anesthetized rats was shaved, and two platinum skin electrodes measuring 5 times 
6 mm covered with electrode gel (Spectra 360; Parker Laboratories) were placed on the skin over the dorsiflexor 
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muscle group (TA and EDL) of the right leg about 5 mm apart. The electrodes were connected to a pulse genera-
tor (Pulsar 6 bp-a/s; FHC).

Exercise was conducted over 90, 360, or 900 short tetanic contractions during 2, 10 or 28 min, each contrac-
tion lasting about 120 ms. Stimulation was delivered in trains of 10 consecutive 0.5 ms symmetrical bipolar pulses 
delivered at an instantaneous frequency of 150 Hz at amplitude 30–45 V. Each pulse train was delivered every 
600 ms repeated 30 times. For the 2 min protocol, each such series was repeated every 40 s three times. For the 
10 min protocol, each series was repeated every 40 s six times, and each such session was delivered every 360 s 
two times. For the 28 min protocol, each session was repeated five times.

During exercise, the right leg was attached to a footplate connected to a DC motor (Dual lever-arm system 
305C-LR connected to a 600A Digital Controller; Aurora Scientific, Aurora, ON, Canada) in length-control 
mode, allowing the load to be differentiated during contraction. The high-load group performed pure isometric 
contractions while the low-load group performed mainly high velocity (550°/s) concentric contractions with 
50–60% of the peak force produced in the high-load group. The exercise was performed during the rats’ dark 
cycle, and different groups were always exercised alternately to minimize potential circadian differences in 
exercise response. The foot was positioned at an angle of 90° relative to the tibia during the contraction in the 
high-load group while the low-load group moved from 128.5° to 90°. EDL and TA from the stimulated (i.e., 
exercising) right leg and then the non-stimulated (i.e., control) left leg were harvested in sequential order imme-
diately after the exercise while rats were still anaesthetised, blotted dry from blood, and snap frozen in liquid 
nitrogen as previously described22.

Protein extraction.  Homogenate was prepared from pooled 20-µm-thick cryosections in ice-cold RIPA 
buffer (~ 3 mm3 volume per 200 µl of 2% Triton X-100, 1% NP-40, 300 mM NaCl, 20 mM Tris base, 2 mM 
EDTA, 2 mM EGTA; including one PhosStop tablet, and one tablet of Complete-mini EDTA-Free reagent per 10 
ml buffer (Roche Diagnostics, Mannheim, Germany)) with the help of a rotor–stator mixer (Polytron PT1200, 
KINEMATICA. AG, Lucerne, Switzerland). The soluble fraction of proteins was recovered from the supernatant 
after a 5 min centrifugation at 5′000 g at 4 °C, and protein concentration determined essentially as described 
previously37.

ECL‑based immunoassay.  A volume of supernatant corresponding to 33 µg of soluble muscle protein 
was analysed per sample for the abundance of p70S6K and phospho-T421/S424-p70S6K, mTOR and phos-
pho-S2448-JNK, JNK and phosphor-T183/Y185-JNK, FAK and phospho-Y397-FAK with a validated MESO 
scale system (K15114D-1, K15170D-1, K15111D-1, or customized U-PLEX development system; Meso Scale 
Discovery, USA) for electrochemiluminescence-based multiplex measurements in an ELISA plate as described 
previously37.

The abundance of a respective kinase and its phosphorylation site(s) was analysed on the same ELISA plate 
with one sample per sample point. Samples from TA and EDL muscle of the 28-min of exercise, and TA muscle 
from the 2 and 10 min of exercise, were analysed in a separate run on different days. Aliquots from four reference 
samples were run on both ELISA plates that were used to analyse the 28-min and 2 & 10-min sample points, 
respectively. The signal values (in counts) for the references were used to scale the ECL signals (in counts) for the 
kinase abundance and phosphorylation from the two runs (plates). This was achieved using the ratio between 
the average signals over the four reference samples on the respective plate as scaling factor. This procedure was 
carried out to control for inter-assay variability due to differences in sample handling on the day of the experi-
ment and variability in the quantitative relationship between the commercial and custom-prepared MESO scale 
plates from different batches.

The values for the resulting ECL signal in counts were exported in Microsoft Excel for Windows 365 (Micro-
soft Corporation, Redmond, USA) and used to express the relative abundance of each kinase per muscle protein, 
and calculate the specific phosphorylation of each kinase from the ratio of the ECL signal for the phosphorylated 
kinase versus the ECL signal for the respective kinase abundance. The fold differences in the specific phosphoryla-
tion of a kinase with exercise was calculated from the ratio of the respective values for the specific phosphoryla-
tion between muscles from the exercised leg and its contralateral control.

Statistics.  Data analysis and graphing was carried out with Prism version 9.0.0 for macOS (Graphpad Soft-
ware, LLC). Repeated measures ANOVAs were carried out on the ECL-based values for the kinase abundance 
and specific phosphorylation for the repeated factors exercise (control left leg, exercised right leg) and where 
applicable muscle (EDL, TA), and the not-repeated factor load (high load, low load) and duration of exercise (2, 
10 or 28 min). Sphericity was assessed with Mauchly’s test statistic (this assumption was never rejected).

Main effects (p-values) from the three-way ANOVA for the factors exercise, load and muscle type (corre-
sponding to Figs. 1 and 2), or exercise, load and exercise duration (corresponding to Figs. 3 and 4) are presented 
in the results section and in Table 1. Post hoc effects were localized with a Tukey’s multiple comparisons test and 
are denoted in the figures. Significance was declared at p < 0.05. All potential outliers are included in the statistics.

Received: 16 March 2021; Accepted: 12 July 2021

References
	 1.	 Olsen, L. A., Nicoll, J. X. & Fry, A. C. The skeletal muscle fiber: a mechanically sensitive cell. Eur. J. Appl. Physiol. 119(2), 333–349 

(2019).



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16405  | https://doi.org/10.1038/s41598-021-94930-x

www.nature.com/scientificreports/

	 2.	 Janota, C. S., Calero-Cuenca, F. J. & Gomes, E. R. The role of the cell nucleus in mechanotransduction. Curr. Opin. Cell Biol. 63, 
204–211 (2020).

	 3.	 Tschumperlin, D. J. Mechanotransduction. Compr. Physiol. 1(2), 1057–1073 (2011).
	 4.	 van Helvert, S., Storm, C. & Friedl, P. Mechanoreciprocity in cell migration. Nat. Cell Biol. 20(1), 8–20 (2018).
	 5.	 Figueiredo, V. C. Revisiting the roles of protein synthesis during skeletal muscle hypertrophy induced by exercise. Am. J. Physiol. 

Regul. Integr. Comp. Physiol. 317(5), R709–R718 (2019).
	 6.	 Bruusgaard, J. C., Johansen, I. B., Egner, I. M., Rana, Z. A. & Gundersen, K. Myonuclei acquired by overload exercise precede 

hypertrophy and are not lost on detraining. Proc. Natl. Acad. Sci. USA 107(34), 15111–15116 (2010).
	 7.	 Goh, Q. et al. Myonuclear accretion is a determinant of exercise-induced remodeling in skeletal muscle. Elife 8, e44876 (2019).
	 8.	 Hansson, K. A. et al. Myonuclear content regulates cell size with similar scaling properties in mice and humans. Nat. Commun. 

11(1), 6288 (2020).
	 9.	 Cramer, A. A. W. et al. Nuclear numbers in syncytial muscle fibers promote size but limit the development of larger myonuclear 

domains. Nat. Commun. 11(1), 6287 (2020).
	10.	 Rindom, E. & Vissing, K. Mechanosensitive molecular networks involved in transducing resistance exercise-signals into muscle 

protein accretion. Front. Physiol. 7, 547 (2016).
	11.	 Kirby, T. J. Mechanosensitive pathways controlling translation regulatory processes in skeletal muscle and implications for adapta-

tion. J. Appl. Physiol. 127(2), 608–618 (2019).
	12.	 Wackerhage, H., Schoenfeld, B. J., Hamilton, D. L., Lehti, M. & Hulmi, J. J. Stimuli and sensors that initiate skeletal muscle hyper-

trophy following resistance exercise. J. Appl. Physiol. 126(1), 30–43 (2019).
	13.	 Adams, G. R. & Bamman, M. M. Characterization and regulation of mechanical loading-induced compensatory muscle hyper-

trophy. Compr. Physiol. 2(4), 2829–2870 (2012).
	14.	 Sherrington, C. Ferrier lecture: some functional problems attaching to convergence. Proc. R. Soc. Lond. Ser. B Contain. Papers Biol. 

Charact. 105(737), 332–362 (1929).
	15.	 Liddell, E. G. T. & Sherrington, C. S. Recruitment and some other features of reflex inhibition. Proc. R. Soc. Lond. Ser. B Contain. 

Papers Biol. Charact. 97(686), 488–518 (1925).
	16.	 Adrian, E. D. & Bronk, D. W. The discharge of impulses in motor nerve fibres: part II—the frequency of discharge in reflex and 

voluntary contractions. J. Physiol. 67(2), i3-151 (1929).
	17.	 Cordo, P. J. & Rymer, W. Z. Motor-unit activation patterns in lengthening and isometric contractions of hindlimb extensor muscles 

in the decerebrate cat. J. Neurophysiol. 47(5), 782–796 (1982).
	18.	 Linnamo, V., Moritani, T., Nicol, C. & Komi, P. V. Motor unit activation patterns during isometric, concentric and eccentric actions 

at different force levels. J. Electromyogr. Kinesiol. Off. J. Int. Soc. Electrophysiol. Kinesiol. 13(1), 93–101 (2003).
	19.	 Moritani, T., Muramatsu, S. & Muro, M. Activity of motor units during concentric and eccentric contractions. Am. J. Phys. Med. 

66(6), 338–350 (1987).
	20.	 Franchi, M. V. et al. Regional regulation of focal adhesion kinase after concentric and eccentric loading is related to remodelling 

of human skeletal muscle. Acta Physiol. 223(3), 13056 (2018).
	21.	 Eftestol, E. Excitation and tension development-The Yin & Yang of muscle signalling. Acta Physiol. 13575, e13575–e13575 (2020).
	22.	 Eftestol, E. et al. Increased hypertrophic response with increased mechanical load in skeletal muscles receiving identical activity 

patterns. Am. J. Physiol. Cell Physiol. 311(4), C616–C629 (2016).
	23.	 Figueiredo, V. C. & McCarthy, J. J. Regulation of ribosome biogenesis in skeletal muscle hypertrophy. Physiology 34(1), 30–42 

(2019).
	24.	 Kim, H. G., Guo, B. & Nader, G. A. Regulation of Ribosome biogenesis during skeletal muscle hypertrophy. Exerc. Sport Sci. Rev. 

47(2), 91–97 (2019).
	25.	 von Walden, F., Casagrande, V., Ostlund Farrants, A. K. & Nader, G. A. Mechanical loading induces the expression of a Pol I regulon 

at the onset of skeletal muscle hypertrophy. Am. J. Physiol. Cell Physiol. 302(10), C1523-1530 (2012).
	26.	 Wen, Y., Alimov, A. P. & McCarthy, J. J. Ribosome biogenesis is necessary for skeletal muscle hypertrophy. Exerc. Sport Sci. Rev. 

44(3), 110–115 (2016).
	27.	 Brook, M. S. et al. Synchronous deficits in cumulative muscle protein synthesis and ribosomal biogenesis underlie age-related 

anabolic resistance to exercise in humans. J. Physiol. 594(24), 7399–7417 (2016).
	28.	 Figueiredo, V. C. et al. Ribosome biogenesis adaptation in resistance training-induced human skeletal muscle hypertrophy. Am. 

J. Physiol. Endocrinol. Metab. 309(1), E72-83 (2015).
	29.	 Reidy, P. T. et al. Post-absorptive muscle protein turnover affects resistance training hypertrophy. Eur. J. Appl. Physiol. 117(5), 

853–866 (2017).
	30.	 Crossland, H. et al. Focal adhesion kinase is required for IGF-I-mediated growth of skeletal muscle cells via a TSC2/mTOR/S6K1-

associated pathway. Am. J. Physiol. Endocrinol. Metab. 305(2), E183-193 (2013).
	31.	 Klossner, S., Durieux, A. C., Freyssenet, D. & Flueck, M. Mechano-transduction to muscle protein synthesis is modulated by FAK. 

Eur. J. Appl. Physiol. 106(3), 389–398 (2009).
	32.	 Rahnert, J. A. & Burkholder, T. J. High-frequency electrical stimulation reveals a p38-mTOR signaling module correlated with 

force-time integral. J. Exp. Biol. 216(Pt 14), 2619–2631 (2013).
	33.	 Martineau, L. C. & Gardiner, P. F. Insight into skeletal muscle mechanotransduction: MAPK activation is quantitatively related to 

tension. J. Appl. Physiol. 91(2), 693–702 (2001).
	34.	 Baar, K. & Esser, K. Phosphorylation of p70(S6k) correlates with increased skeletal muscle mass following resistance exercise. Am. 

J. Physiol. 276(1 Pt 1), C120-127 (1999).
	35.	 Lessard, S. J. et al. JNK regulates muscle remodeling via myostatin/SMAD inhibition. Nat. Commun. 9(1), 3030 (2018).
	36.	 Graham, Z. A., Gallagher, P. M. & Cardozo, C. P. Focal adhesion kinase and its role in skeletal muscle. J. Muscle Res. Cell Motil. 

36(4–5), 305–315 (2015).
	37.	 Ferrie, C., Kasper, S., Wanivenhaus, F. & Fluck, M. Focal adhesion kinase coordinates costamere-related JNK signaling with muscle 

fiber transformation after Achilles tenotomy and tendon reconstruction. Exp. Mol. Pathol. 108, 42–56 (2019).
	38.	 Miyazaki, M. & Esser, K. A. Cellular mechanisms regulating protein synthesis and skeletal muscle hypertrophy in animals. J. Appl. 

Physiol. 106(4), 1367–1373 (2009).
	39.	 Wilburn, D. T., Machek, S. B., Cardaci, T. D. & Willoughby, D. S. Carbohydrate-induced insulin signaling activates focal adhesion 

kinase: a nutrient and mechanotransduction crossroads. Nutrients 12(10), 3145 (2020).
	40.	 Ato, S., Makanae, Y., Kido, K. & Fujita, S. Contraction mode itself does not determine the level of mTORC1 activity in rat skeletal 

muscle. Physiol. Rep. 4(19), e12976 (2016).
	41.	 Ato, S. et al. The effect of different acute muscle contraction regimens on the expression of muscle proteolytic signaling proteins 

and genes. Physiol. Rep. 5(15), e13364 (2017).
	42.	 Garma, T. et al. Similar acute molecular responses to equivalent volumes of isometric, lengthening, or shortening mode resistance 

exercise. J. Appl. Physiol. 102(1), 135–143 (2007).
	43.	 Corpeno Kalamgi, R. et al. Mechano-signalling pathways in an experimental intensive critical illness myopathy model. J. Physiol. 

594(15), 4371–4388 (2016).
	44.	 Gutmann, E., Schiaffino, S. & Hanzlikova, V. Mechanism of compensatory hypertrophy in skeletal muscle of the rat. Exp. Neurol. 

31(3), 451–464 (1971).



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16405  | https://doi.org/10.1038/s41598-021-94930-x

www.nature.com/scientificreports/

	45.	 Mackova, E. & Hnik, P. “Compensatory” muscle hypertrophy in the rat induced by tenotomy of synergistic muscles. Experientia 
27(9), 1039–1040 (1971).

	46.	 Wong, T. S. & Booth, F. W. Skeletal muscle enlargement with weight-lifting exercise by rats. J. Appl. Physiol. 65(2), 950–954 (1988).
	47.	 Rindom, E. et al. Concomitant excitation and tension development are required for myocellular gene expression and protein 

synthesis in rat skeletal muscle. Acta Physiol. 231, e13540 (2020).
	48.	 Rindom, E., Kristensen, A. M., Overgaard, K., Vissing, K. & de Paoli, F. V. Activation of mTORC1 signaling in rat skeletal muscle 

is independent of the EC-coupling sequence but dependent on tension per se in a dose-response relationship. Acta Physiol. 227, 
e13336 (2019).

	49.	 Egerman, M. A. & Glass, D. J. Signaling pathways controlling skeletal muscle mass. Crit. Rev. Biochem. Mol. Biol. 49(1), 59–68 
(2014).

	50.	 Dawes, N. J., Cox, V. M., Park, K. S., Nga, H. & Goldspink, D. F. The induction of c-fos and c-jun in the stretched latissimus dorsi 
muscle of the rabbit: responses to duration, degree and re-application of the stretch stimulus. Exp. Physiol. 81(3), 329–339 (1996).

	51.	 Osbaldeston, N. J. et al. The temporal and cellular expression of c-fos and c-jun in mechanically stimulated rabbit latissimus dorsi 
muscle. Biochem. J. 308(Pt 2), 465–471 (1995).

	52.	 Paradis, P., MacLellan, W. R., Belaguli, N. S., Schwartz, R. J. & Schneider, M. D. Serum response factor mediates AP-1-dependent 
induction of the skeletal alpha-actin promoter in ventricular myocytes. J. Biol. Chem. 271(18), 10827–10833 (1996).

	53.	 Pedraza-Alva, G., Zingg, J. M. & Jost, J. P. AP-1 binds to a putative cAMP response element of the MyoD1 promoter and negatively 
modulates MyoD1 expression in dividing myoblasts. J. Biol. Chem. 269(9), 6978–6985 (1994).

	54.	 Egan, B. & Zierath, J. R. Exercise metabolism and the molecular regulation of skeletal muscle adaptation. Cell Metab. 17(2), 162–184 
(2013).

	55.	 Klossner, S., Li, R., Ruoss, S., Durieux, A. C. & Fluck, M. Quantitative changes in focal adhesion kinase and its inhibitor, FRNK, 
drive load-dependent expression of costamere components. Am. J. Physiol. Regul. Integr. Comp. Physiol. 305(6), R647-657 (2013).

	56.	 Fonseca, P. M. et al. Targeting to C-terminal myosin heavy chain may explain mechanotransduction involving focal adhesion 
kinase in cardiac myocytes. Circ. Res. 96(1), 73–81 (2005).

	57.	 Hansson, B. et al. Skeletal muscle signaling responses to resistance exercise of the elbow extensors are not compromised by a 
preceding bout of aerobic exercise. Am. J. Physiol. Regul. Integr. Comp. Physiol. 317(1), R83–R92 (2019).

	58.	 Carragher, N. O., Levkau, B., Ross, R. & Raines, E. W. Degraded collagen fragments promote rapid disassembly of smooth muscle 
focal adhesions that correlates with cleavage of pp125(FAK), paxillin, and talin. J. Cell Biol. 147(3), 619–630 (1999).

	59.	 Fluck, M., von Allmen, R. S., Ferrie, C., Tevaearai, H. & Dick, F. Protective effect of focal adhesion kinase against skeletal muscle 
reperfusion injury after acute limb ischemia. Eur. J. Vasc. Endovasc. Surg. 49(3), 306–313 (2015).

	60.	 Kalogeris, T., Baines, C. P., Krenz, M. & Korthuis, R. J. Cell biology of ischemia/reperfusion injury. Int. Rev. Cell Mol. Biol. 298, 
229–317 (2012).

	61.	 Mizukami, Y., Yoshioka, K., Morimoto, S. & Yoshida, K. A novel mechanism of JNK1 activation: nuclear translocation and activa-
tion of JNK1 during ischemia and reperfusion. J. Biol. Chem. 272(26), 16657–16662 (1997).

	62.	 Yi, X. P., Wang, X., Gerdes, A. M. & Li, F. Subcellular redistribution of focal adhesion kinase and its related nonkinase in hyper-
trophic myocardium. Hypertension 41(6), 1317–1323 (2003).

Acknowledgements
We thank Kenth-Arne Hansson for statistical advice.

Author contributions
E.E., M.V.F. and M.F. designed experiments. E.E. performed animal experiments, M.V.F., S.K. and M.F. performed 
molecular analyses,E.E. and M.F. wrote the manuscript with input from M.V.F., and E.E. prepared all figures. 
E.E., M.V.F. and M.F. analysed and interpreted the data.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​94930-x.

Correspondence and requests for materials should be addressed to E.E.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-94930-x
https://doi.org/10.1038/s41598-021-94930-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	JNK activation in TA and EDL muscle is load-dependent in rats receiving identical excitation patterns
	Results
	Effects of a single high- or low-load exercise bout on the phosphorylation of FAK, mTOR, p70S6K and JNK in the EDL and TA muscle. 
	Muscle-type differences in specific kinase phosphorylation. 
	Muscle-type-, exercise- and load-effects on kinase abundance. 
	Effects of exercise duration on the specific kinase phosphorylation in TA muscle. 
	Effect of exercise duration on kinase abundance in TA muscle. 

	Discussion
	JNK is activated by mechanical stimuli per se. 
	Effects of exercise duration and load on FAK and JNK abundance. 

	Materials and methods
	Design. 
	Electrically paced exercise. 
	Protein extraction. 
	ECL-based immunoassay. 
	Statistics. 

	References
	Acknowledgements


