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The distribution of eukaryotic initiation 
factor 4E after bouts of resistance exercise 
is altered by shortening of recovery periods
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Abstract 

Insufficient duration of recovery between resistance exercise bouts reduces the effects of exercise training, but the 
influence on muscle anabolic responses is not fully understood. Here, we investigated the changes in the distribution 
of eukaryotic initiation factor (eIF) 4E, a key regulator of translation initiation, and related factors in mouse skeletal 
muscle after three successive bouts of resistance exercise with three durations of recovery periods (72 h: conventional, 
24 h: shorter, and 8 h: excessively shorter). Bouts of resistance exercise dissociated eIF4E from eIF4E binding protein 
1, with the magnitude increasing with shorter recovery. Whereas bouts of resistance exercise with 72 h recovery 
increased the association of eIF4E and eIF4G, those with shorter recovery did not. Similar results were observed in 
muscle protein synthesis. These results suggest that insufficient recovery inhibited the association of eIF4E and eIF4G, 
which might cause attenuation of protein synthesis activation after bouts of resistance exercise.

Keywords: Resistance exercise, Recovery, Skeletal muscle, Protein synthesis, Translation initiation complex

© The Author(s) 2020. 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/.

Background
Skeletal muscle mass is regulated by muscle protein 
metabolism, and the accumulation of protein synthe-
sis causes muscle hypertrophy. Resistance exercise is 
well known to transiently activate protein synthesis, and 
resistance exercise training promotes muscle growth. The 
recovery period is one of the determinants of the training 
effect, and a period of 2 or 3 days is regarded as adequate 
for inducing muscle hypertrophy [1]. Resistance exer-
cise training with an excessively short recovery period 
can lead to inadequate responses, such as suppression of 
protein synthesis and activation of muscle protein degra-
dation systems [2–4]. However, little information is avail-
able on the mechanisms underlying the suppression of 
acute and chronic responses of muscle anabolism after 

bouts of resistance exercise training with insufficient 
recovery.

Although the detailed mechanisms for the activation 
of muscle protein synthesis and muscle hypertrophy in 
resistance exercise training are not fully understood, 
mechanistic target of rapamycin complex (mTORC) 
plays a role in this process [5–7]. A recent study reported 
that mTORC1 plays a minor role in the acute activation 
of muscle protein synthesis but is essential for mus-
cle hypertrophy induced by chronic mechanical over-
load [8]. Additionally, repetitive resistance exercise with 
excessively short recovery is known to highly activate 
mTORC1 [2–4]. On the other hand, as mentioned above, 
this type of exercise training does not induce the acute 
activation of muscle protein synthesis and chronic mus-
cle hypertrophy even though mTORC1 is highly activated 
[2–4]. These facts indicate the possibility that an exces-
sively shortened recovery influences the downstream tar-
gets of the mTORC1 pathway.

mTORC1 has two main downstream targets, p70S6K 
and 4E binding protein 1 (4EBP1), which are used as 
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indicators of mTORC1 activity. 4EBP1 binds eukaryotic 
initiation factor 4E (eIF4E) and regulates translation ini-
tiation, and activation of mTORC1 promotes dissocia-
tion of 4EBP1 from eIF4E, a cap-binding protein [9]. The 
dissociated eIF4E binds to eIF4G, a scaffold protein, and 
forms the eIF4F complex with eIF4A. The formed eIF4F 
complex mediates the recruitment of the 43S preinitia-
tion complex to the mRNA, promoting cap-dependent 
translation [10]. However, some types of stress can 
cause mTORC1-independent effects on eIF4F complex 
formation. In a septic condition characterized by sys-
temic inflammation, leucine administration is reported 
to increase the phosphorylation of p70S6K but not the 
phosphorylation of 4EBP1, the dissociation of eIF4E from 
4EBP1, or the association of eIF4E with eIF4G in rat skel-
etal muscle [11]. Another study reported that sepsis also 
inhibited the association of eIF4E with eIF4G, but the 
phosphorylation of p70S6K, phosphorylation of 4EBP1, 
and dissociation of eIF4E from 4EBP1 were unaffected 
in rat gastrocnemius muscle perfused with insulin [12]. 
Repetitive resistance exercise with insufficient recovery 
is also known to activate inflammation [2–4]. Therefore, 
this type of exercise training possibly impairs eIF4F com-
plex formation, even though mTORC1 is highly activated, 
which may contribute to the attenuation of chronic mus-
cle hypertrophy and/or acute activation of muscle pro-
tein synthesis.

To gain new insight into the mechanisms underlying 
the blunting of resistance training effects by insufficient 
recovery, we subjected the mice to resistance exercise 
every 72, 24, and 8  h and investigated the changes in 
eIF4E distribution and related factors after three suc-
cessive bouts of resistance exercise. Resistance exercise 
training with 72 h of recovery is recommended and prac-
tically used in humans and known to activate effective 
protein synthesis in mouse skeletal muscle [3, 13]. Based 
on these facts, we used 72 h of recovery as the standard 
recovery period. Moreover, we used 24  h of recovery, 
which can be used in humans as a short recovery period, 
and 8 h of recovery, which is virtually impractical as it is 
too short of a recovery period. In our previous study, we 
observed that phosphorylation and activation of 4EBP1 
after bouts of resistance exercise were not inhibited by an 
excessively shortened recovery [3]. Therefore, we hypoth-
esized that excessive shortening of recovery attenuates 
the association of eIF4E with eIF4G.

Materials and methods
Animals and experimental design
Eighteen male C57BL/6J mice (10  weeks old, 22–25  g) 
were obtained from CLEA Japan (Tokyo, Japan). All 
animals were housed in an environment maintained 
at 22 ± 2  °C under a 12-h/12-h light–dark cycle and 

provided with food and water ad libitum. Mice were ran-
domly divided into three groups, which were subjected 
to resistance exercise every 72 (72H, n = 6), 24 (24H, 
n = 6), and 8 h (8H, n = 6). All animals completed 3 ses-
sions of resistance exercise for the right gastrocnemius 
muscle. Six hours after the last exercise session, mice 
were anesthetized and euthanatized by cervical disloca-
tion, and muscle samples were collected. Three hours 
before the last exercise session, food was withdrawn, and 
the mice were fasted. To reduce the influence of fasting 
on the quality of recovery, especially in the 8H group, 
we shortened the fasting length from overnight, which 
was performed in our previous study, to 3  h before the 
last exercise session [3]. Collected muscles were frozen 
at  −  80 °C until use. This study was approved by the Eth-
ics Committee for Animal Experiments at the University 
of Tokyo (27-13).

Resistance exercise protocol
Resistance exercise was conducted according to the pro-
tocol described by Ogasawara et  al. [14] with a slight 
modification. Briefly, under isoflurane anesthesia, the 
hair on the right hind limb of each mouse was shaved off, 
and the skin was cleaned with alcohol wipes. The right 
foot of each mouse was firmly attached to the footplate 
(the ankle joint angle was positioned at 90° relative to the 
tibia) in the prone position, electrodes (Vitrode V, Ag/
AgCl; Nihon Kohden, Tokyo, Japan) were placed on both 
sides of the gastrocnemius muscle, and the muscle was 
stimulated percutaneously. Resistance exercise was per-
formed by maximal isometric contractions (five sets of 
3 s × 10 contractions with a 7-s interval between contrac-
tions and 3-min rest intervals). The left gastrocnemius 
muscle was unstimulated, and that in the 72H group 
served as the control. In a previous study, we contracted 
the tibialis anterior muscle via percutaneous stimulation 
on the deep peroneal nerve [3]. However, stimulating the 
muscle directly could eliminate the influence on the con-
dition of the motor nerve, possibly caused by repeated 
electrical stimulation. Additionally, using the gastrocne-
mius muscle, we can obtain more samples compared with 
the tibialis anterior muscle. For these reasons, we used 
direct percutaneous electrical stimulation on the gastroc-
nemius muscle in the present study.

Muscle protein synthesis
Muscle protein synthesis was measured according to the 
SUnSET method [15]. Under anesthesia, 0.04  μmol/g 
body weight puromycin diluted in phosphate-buffered 
saline was intraperitoneally injected into each mouse. 
The gastrocnemius muscles were removed 15  min after 
puromycin administration. Following homogenization, 
samples were centrifuged at 2000×g for 3  min at 4  °C, 
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and the supernatant was collected and processed for 
western blotting using an anti-puromycin antibody (Cat 
# MABE343, Merck Millipore).

Western blotting
For western blotting analysis, muscle samples were 
homogenized and analyzed as described previously 
[4]. Briefly, muscle samples were homogenized in RIPA 
buffer (Thermo Fisher Scientific, Waltham, MA, USA) 
containing Halt™ protease and phosphatase inhibitor 
cocktail (Thermo Fisher Scientific) and centrifuged at 
10,000×g for 10  min at 4  °C. The supernatant was col-
lected, and the protein concentration of each sample was 
determined using a protein concentration determina-
tion kit (DC™ Protein Assay kit, BioRad, USA). Samples 
were diluted in 3× Blue Loading Buffer [Cell Signaling 
Technology (CST), Danvers, MA, USA] and boiled at 
95  °C for 5  min. Equal amounts of proteins were then 
subjected to 7.5%, 10%, or 12% TGX gel (BioRad) electro-
phoresis and subsequently transferred to polyvinylidene 
difluoride membranes. Membranes were blocked in 5% 
skim milk in Tris-buffered saline with Tween 20 (TBST) 
for 1 h at room temperature and subsequently incubated 
overnight at 4 °C with the following primary antibodies: 
p-p70S6K (Thr389, #9205; CST), p70S6K (#2708; CST), 
p-rpS6 (Ser240/244, #2215; CST), rpS6 (#2217; CST), 
p-4EBP1 (Thr37/46, #9459; CST), 4EBP1 (#9644; CST), 
eIF4E (#2067; CST), eIF4G (#2617; CST), eIF4A (#2013; 
CST), eIF4H (#3469; CST), p-eEF2 (Thr56, #2331; CST), 
eEF2 (#2332; CST), p-eIF4B (Ser422, #3591; CST), eIF4B 
(#3592, CST), p-eIF2α (Ser51, #3597; CST), and eIF2α 
(#5324; CST). Membranes were then incubated for 1 h at 
room temperature with the appropriate secondary anti-
bodies and visualized using chemiluminescent reagents 
(Clarity™ Western ECL Substrate, BioRad). Bands were 
detected and quantified with ChemiDoc XRS (BioRad).

Immunoprecipitation assays
Muscle samples were homogenized in lysis buffer con-
taining 25  mM Tris-HCl (pH = 7.4), 50  mM NaCl, 1% 
Nonidet P-40, 1  mM EDTA, 5% glycerol, and cOm-
plete Mini protease inhibitor cocktail (Sigma-Aldrich, 
St. Louis, MO, USA). Immunoprecipitations were per-
formed using the  Dynabeads® Protein A immunopre-
cipitation kit (Invitrogen, Carlsbad, CA, USA) according 
to the manufacturer’s instructions using an anti-eIF4E 
antibody (RN006M; Medical & Biological Laboratories, 
Japan). To confirm the validity, a negative control sam-
ple was prepared using a mouse IgG2a isotype control 
antibody (M076-3; Medical & Biological Laboratories, 
Japan). Bound protein was eluted in 3× Blue Loading 
Buffer (CST). The lysate was then processed by western 

blot analysis using anti-4EBP1 (#9644; CST), anti-eIF4G 
(#2617; CST), and anti-eIF4E (#2067; CST) antibodies.

Statistical analysis
Data were analyzed using one-way ANOVA and post 
hoc analysis was performed using t-test with Benjamini–
Hochberg false discovery rate correction for multiple 
comparisons when appropriate. All values are expressed 
as the mean ± standard error of the mean (SEM). Statisti-
cal significance was indicated by P < 0.05. Statistical anal-
yses were performed using GraphPad Prism 8 (GraphPad 
Software, CA, USA).

Results
Muscle protein synthesis
Bouts of resistance exercise increased muscle protein 
synthesis in the 72H group (P = 0.004), but the response 
was decreased with shortening of recovery, and that in 
the 8H group was significantly lower than that in the 72H 
group (P = 0.021, Fig. 1).

mTORC1 signaling
The phosphorylated form of p70S6K was increased in 
all exercise groups, with the magnitude increasing with 
shortening of recovery (Control vs. 72H, P = 0.004; Con-
trol vs. 24H, P = 0.002; Control vs. 8H, P = 0.001; 72H 
vs. 24H, P = 0.029; 72H vs. 8H, P = 0.002; 24H vs. 8H, 
P = 0.004; Fig. 2a). Similar results were observed for the 
phosphorylated form of rpS6 (Control vs. 72H, P = 0.001; 
Control vs. 24H, P < 0.001; Control vs. 8H, P < 0.001; 
72H vs. 24H, P = 0.031; 72H vs. 8H, P = 0.001; 24H vs. 
8H, P = 0.005; Fig. 2c). Total p70S6K expression was not 
changed by exercise (Control vs. 72H, P = 0.1381; Control 
vs. 24H, P = 0.051; Control vs. 8H, P = 0.075; 72H vs. 24H, 
P = 0.407; 72H vs. 8H, P = 0.268; 24H vs. 8H, P = 0.590; 
Fig.  2b), whereas total rpS6 expression was increased 

Fig. 1 Muscle protein synthesis after three bouts of resistance 
exercise. Data are expressed relative to the Control as the mean ± SE. 
*P < 0.05 vs. Control, †P < 0.05 vs. 72H group
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in all exercise groups (Control vs. 72H, P = 0.032; Con-
trol vs. 24H, P = 0.032; Control vs. 8H, P = 0.047), but 
the degree was not different among the groups (72H 
vs. 24H, P = 0.918; 72H vs. 8H, P = 0.661; 24H vs. 8H, 
P = 0.715; Fig.  2d). The phosphorylated form of 4EBP1 
was increased in all exercise groups compared with the 
control (Control vs. 72H, P = 0.003; Control vs. 24H, 
P = 0.003; Control vs. 8H, P = 0.046), and no significant 
differences were observed between any of the exercise 
groups (72H vs. 24H, P = 0.515; 72H vs. 8H, P = 0.695; 
24H vs. 8H, P = 0.649; Fig.  2e). The active form ratio (γ 
form ratio), a marker of 4EBP1 activity, was increased 
in all exercise groups (Control vs. 72H, P = 0.001; Con-
trol vs. 24H, P = 0.001; Control vs. 8H, P < 0.001), and the 
highest ratio was observed in the 8H group (72H vs. 8H, 
P = 0.004; 24H vs. 8H, P = 0.009; Fig. 2f ).

Expression of eIF4F components
To confirm the effect of shortening recovery on the 
expression of eIF4F components, we measured the pro-
tein expression of eIF4E, eIF4G, and eIF4A, which are 
components of the eIF4F complex. As shown in Fig.  3, 
no significant differences in protein expression were 
observed between any of the groups (one-way ANOVA 
P = 0.912, 0.994, and 0.602 for eIF4E, eIF4G, and eIF4A, 
respectively; Fig. 3a–c).

eIF4E distribution
We next investigated alterations in eIF4E distribution to 
examine the influence of shortening recovery on regula-
tory steps in translational control. Bouts of resistance 
exercise decreased the expression of 4EBP1 associated 
with eIF4E, with the magnitude increasing with the 
shortening of recovery (Control vs. 72H, P = 0.008; Con-
trol vs. 24H, P < 0.001; Control vs. 8H, P < 0.001; 72H 
vs. 24H, P = 0.009; 72H vs. 8H, P < 0.001; 24H vs. 8H, 
P = 0.006; Fig.  4a). In contrast, bouts of resistance exer-
cise increased the expression of eIF4G associated with 
eIF4E in the 72H group (P = 0.048), but the magnitude 
was decreased with shortening of recovery, and that in 
the 8H group was significantly lower than that in the 72H 
recovery group (P = 0.048, Fig. 4b).

eIF4B and eIF4H
We additionally investigated the expression of eIF4B and 
eIF4H, accessory proteins for eIF4A. Bouts of resistance 

exercise increased phosphorylated eIF4B expression, with 
the magnitude increasing with the shortening of recovery 
(Control vs. 72H, P < 0.001; Control vs. 24H, P < 0.001; 
Control vs. 8H, P < 0.001; 72H vs. 24H, P = 0.064; 72H vs. 
8H, P < 0.001; 24H vs. 8H, P < 0.001; Fig. 5a). No signifi-
cant differences in total protein expression of eIF4B and 
eIF4H were observed between any of the groups (one-
way ANOVA P = 0.149 and 0.664, respectively; Fig. 5b, c).

Other translation‑controlling factors
Finally, we investigated eEF2 and eIF2α, which are fac-
tors. Bouts of resistance exercise decreased phospho-
rylated eEF2 expression, which was unaffected by the 
duration of recovery time (Control vs. 72H, P = 0.028; 
Control vs. 24H, P = 0.027; Control vs. 8H, P = 0.027; 
72H vs. 24H, P = 0.608; 72H vs. 8H, P = 0.493; 24H vs. 
8H, P = 0.732; Fig. 6a). The levels of total eEF2 and both 
phosphorylated and total eIF2α were not changed by 
bouts of resistance exercise or shortening of recovery 
(one-way ANOVA P = 0.185, 0.478, and 0.481, respec-
tively; Fig. 6b–d).

Discussion
The present study investigated the effects of shorten-
ing recovery between bouts of resistance exercise on 
translation-controlling factors. The main findings of this 
study are as follows: (1) shortening of recovery further 
promoted dissociation of eIF4E from 4EBP1 after bouts 
of resistance exercise, but the association of eIF4E with 
eIF4G was decreased, (2) three successive bouts of resist-
ance exercise did not change the expression of eIF4F 
components regardless of the duration of recovery, and 
(3) similar to the previous study, three successive bouts of 
resistance exercise with 8-h recovery activated mTORC1 
to a greater extent than with 72-h recovery but did not 
increase protein synthesis. These results suggest that 
excessive shortening of recovery between exercise bouts 
inhibits the formation of eIF4F even though mTORC1 is 
highly activated, which may be involved in the attenua-
tion of protein synthesis activation after bouts of resist-
ance exercise.

Three successive bouts of resistance exercise with 
72-h recovery increased the association of eIF4E with 
eIF4G in the present study. However, in shorter recov-
ery groups, bouts of resistance exercise did not increase 
the association of eIF4E to eIF4G. In previous studies, 

Fig. 2 Protein expression of mTORC1 signaling‑related factors after three bouts of resistance exercise. Protein expression of phosphorylated p70S6K 
(Thr389, a), p70S6K (b), phosphorylated rpS6 (Ser240/244, c), rpS6 (d), phosphorylated 4EBP1 (Thr37/46, e), 4EBP1 gamma form ratio (f), and 
representative bands (g). Data are expressed relative to the Control as the mean ± SE. *P < 0.05 vs. Control, †P < 0.05 vs. 72H group, ‡P < 0.05 vs. 24H 
group

(See figure on next page.)
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the association of eIF4E with eIF4G and protein synthe-
sis showed similar changes in physiological conditions 
[16–20]. Considering that the expression of eIF4F com-
ponents did not change among groups, our results sug-
gest that shortening of recovery inhibited the formation 
of eIF4F, resulting in attenuation of protein synthesis 
activation. In contrast, shorter recovery groups activated 
mTORC1 to a greater extent and promoted dissociation 
of eIF4E and 4EBP1 more than the 72-h recovery group in 
the present study. Previous studies reported correspond-
ing changes between mTORC1 activity and association of 
eIF4E with eIF4G [21–25]. However, as mentioned above, 
some studies reported mTORC1-independent inhibition 
of eIF4F formation in vivo and in vitro [11–13]. Although 
the detailed mechanisms regulating eIF4F complex for-
mation remain unclear, our results provide evidence that 
mTORC1 does not dominantly regulate the eIF4F com-
plex. Elucidating the underlying mechanisms would con-
tribute to the development of a new method to enhance 
the efficiency of resistance exercise training.

eIF4A is a DEAD-box RNA helicase that unwinds the 
secondary structure of mRNA [26]. eIF4B and eIF4H 

potentially enhance the translation rate through modu-
lation of helicase activity of eIF4A [27, 28]. The present 
study reported that the expression of phosphorylated 
eIF4B after bouts of resistance exercise increased with 
shortening of recovery. eIF4B is known to be phosphoryl-
ated by p70S6K [29], a downstream target of mTORC1, 
and a previous ex  vivo study reported that muscle con-
traction not only activated mTORC1 but also phospho-
rylated eIF4B [30]. These findings lead us to predict that 
the greater increase in phosphorylated eIF4B expression 
observed in shorter recovery groups likely results from 
increased phosphorylation by p70S6K. In contrast, the 
expression of eIF4H was not changed by bouts of resist-
ance exercise and shortening of recovery in the present 
study. To our knowledge, changes in eIF4H by physiolog-
ical anabolic stimulus have not been reported. A previous 
study observed no significant changes in eIF4H expres-
sion in synergist ablated mouse extensor digitorum lon-
gus muscle [31]. These results suggest that mechanical 
stress does not affect the expression of eIF4H. How-
ever, the status of eIF4B and eIF4H likely did not affect 
the inactivation of muscle protein synthesis after bouts 

Fig. 3 Protein expression of eIF4F components after three bouts of resistance exercise. Protein expression of eIF4E (a), eIF4G (b), eIF4A (c), and 
representative bands (d). Data are expressed relative to the Control as the mean ± SE
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of resistance exercise caused by excessive shortening of 
recovery.

To explore other factors involved in translation, we 
investigated eEF2 and eIF2α. Resistance exercise dephos-
phorylates eEF2, which is thought to promote transla-
tion [32]. eEF2 is regulated by its kinase, eEF2K. eEF2K 
is a Ca/calmodulin-dependent kinase that is known to 
be inactivated by mTORC, p70S6K, and others [33]. 
In the present study, shorter recovery groups acti-
vated mTORC1 to a greater extent than the 72-h recov-
ery group. Therefore, eEF2 was expected to be mainly 
dephosphorylated in shorter recovery groups. Sur-
prisingly, three successive bouts of resistance exercise 
decreased the expression of phosphorylated eEF2, but 
the magnitude was not affected by shortening of recov-
ery. eEF2 is phosphorylated through eEF2K by AMP-acti-
vated protein kinase (AMPK) and oxidative stress, which 
are known to be activated or increased by repetitive 
resistance exercise with shorter recovery [2, 3, 34–36]. 
These facts may indicate that dephosphorylation of eEF2 
induced by mTORC was offset by activation or increase 
of AMPK and oxidative stress in shorter recovery groups. 
Meanwhile, a previous study reported that the dephos-
phorylation of eEF2 induced by resistance exercise was 
inhibited by the ATP-competitive mTOR kinase inhibitor 
AZD8055 but not rapamycin in rats [7]. These facts also 

suggest that repetitive resistance exercise with shorter 
recovery did not enhance the activation of rapamycin-
insensitive mTORC, resulting in modest dephospho-
rylation of eEF2. To elucidate these mechanisms, further 
investigations are required. eIF2α is activated by various 
cellular stress (e.g., oxidative stress, endoplasmic reticu-
lum stress) and downregulates translation. A previous 
study reported that unaccustomed resistance exercise 
increases its mRNA expression in human skeletal mus-
cle [37]. However, consistent with our previous study [3], 
bouts of resistance exercise did not change phosphoryl-
ated eIF2α expression despite changing the recovery 
duration. These observations lead us to conclude that 
eEF2 and eIF2α are not involved in the suppression of 
protein synthesis activation caused by excessively short 
recovery periods.

In agreement with a previous study, shorter recovery 
groups activated mTORC1 to a greater extent but did 
not activate protein synthesis [3]. However, the pre-
sent study did not show significant increase of protein 
synthesis in the 24-h recovery group, in contrast to the 
previous study. As mentioned above, the experimental 
design of the present study was different from the pre-
vious study, which possibly influenced the responses. 
Fasting is known to reduce muscle protein synthesis 
[15]. In comparison with our previous study, the fasting 

Fig. 4 Distribution of eIF4E after three bouts of resistance exercise. Protein expression of 4EBP1 associated with eIF4E (a), eIF4G associated with 
eIF4E (b), and representative bands (c). Data are expressed relative to the Control as the mean ± SE. *P < 0.05 vs. Control, †P < 0.05 vs. 72H group, 
‡P < 0.05 vs. 24H group
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period was shortened from overnight to 3 h [3]. Short-
ening of the fasting period would attenuate the reduc-
tion in basal muscle protein synthesis, which possibly 
made it more difficult to detect the activation of mus-
cle protein synthesis after bouts of resistance exercise 
in shorter recovery groups. Additionally, the gastroc-
nemius muscle is one of the agonist muscles for walk-
ing in mice [38]. Although the tibialis anterior muscle 
is also used in walking, there is a difference in load for 
each muscle. Activity levels were not measured in the 
present study, and no significant difference in protein 
synthesis was observed between control legs among 
groups (data had not shown). However, mice in shorter 
recovery groups possibly avoided using exercised legs 
because of muscle soreness, which might attenuate 
muscle protein synthesis in exercised legs and contrib-
ute to the differences between our previous and present 
study. Therefore, shortening of the fasting period and 
using the gastrocnemius muscle could cause differences 
in the response to various recovery times after bouts of 
resistance exercise.

Conclusion
Our results indicate that repeated bouts of resist-
ance exercise with conventional recovery activated 
mTORC1, dissociated eIF4E and 4EBP1, increased the 
association of eIF4E and eIF4G, and increased muscle 
protein synthesis. In contrast, shortening of recovery 
augmented the activation of mTORC1 and the disso-
ciation of eIF4E and 4EBP1 but suppressed the increase 
in the association between eIF4E and eIF4G and mus-
cle protein synthesis after bouts of resistance exercise. 
Considering that the expression or phosphorylation 
of eIF4B, eIF4H, eEF2, and eIF2α were not negatively 
affected by shortening of recovery, the reduced associa-
tion of eIF4E and eIF4G was possibly involved in atten-
uation of resistance exercise training effects caused by 
shortening of recovery. These findings contribute to a 
better understanding of the mechanisms involved in 
the blunting of resistance training effects by insufficient 
recovery. Further studies are required to clarify the 
mechanism underlying the dissociation of eIF4E and 

Fig. 5 Expression of accessory proteins for eIF4A. Protein expression of phosphorylated eIF4B (Ser422, a), eIF4B (b), eIF4H (c), and representative 
bands (d). Data are expressed relative to the Control as the mean ± SE. *P < 0.05 vs. Control, †P < 0.05 vs. 72H group, ‡P < 0.05 vs. 24H group
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eIF4G caused by excessive shortening of recovery after 
bouts of resistance exercise. Additionally, investigating 
the responses in humans would be useful for clinical 
application in the future.
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