Gene Cell Tissue. 2022 April; 9(2):e119242. doi: 10.5812/gct.119242.

Published online 2021 December 26. Research Article

Activating the Protein Synthesis Signaling by HIIT Concomitant with
the Suppression of Protein Degradation in Wistar Rats’ Skeletal
Muscle

1, 2

Majid Gholipour ©* " and Soheyla Mazaheri

'Physical Education Department, Sharif University of Technology, Tehran, Iran
2Payam Noor University, Tehran, Iran

" Corresponding author: Physical Education Department, Sharif University of Technology, Tehran, Iran. Email: gholipour@sharif.edu

Received 2021 September 03; Revised 2021 September 28; Accepted 2021 October 10.

Abstract

Background: Muscle loss occurs in some conditions such as aging, sarcopenia, and cancer. The interaction between protein syn-
thesis and degradation signaling components induced by high-intensity interval training (HIIT) is not well studied.

Objectives: The purpose of the present study was to simultaneously examine the effect of eight-week HIIT on the gene expression
of both signaling components.

Methods: Sixteen male Wistar rats were randomly assigned to HIIT and non-exercise control groups. The HIIT group ran on a tread-
mill, five days/week for eight weeks, with 0° slope, including five interval sets of high and low intensity. Forty-eight hours after the
last exercise session, dissected soleus muscles were stored at -80°C for later analyses.

Results: The gene expression of Aktl, mTORC1, and S6K1 were increased in the HIIT group compared with the control group (All
P < 0.031) concomitant with the suppression of eIF4EBP1. The results of the S6K1 and eI[F4EBP1 mRNA were also confirmed by the
Western blotting. According to the inhibitory effect of Akt1, the gene expressions of FoxO3a and, consequently, MuRF1 and LC3A were
significantly inhibited (All P < 0.003). Western blot analysis did not confirm the LC3A protein expression, which may underline the
role of LC3A in autophagy to promote cell survival.

Conclusions: The intensities and durations of the exercise training protocol are sufficient to increase protein synthesis signaling
components and especially inhibit the atrophy-related gene expression, which may lead to attenuating muscle loss and increasing
muscle mass. Accordingly, it may be considered for rehabilitation and/or prevention of some conditions such as sarcopenia and
cachexia.
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1. Background cial role in protein synthesis and skeletal muscle growth
by phosphorylating and activating the S6Ki (1, 2). In ad-
dition, mTORC1 phosphorylates and suppresses the activ-

The percentage of the aging population is rising, and
ity of elF4EBP1; otherwise, non-phosphorylated elF4EBP1

it is estimated that 80 million individuals will be over
the age of 65 years by the year 2050. Sarcopenia, termed inhibits the formation of the eIF4F complex (eIF4E, elF4A,
age-related skeletal muscle loss, which is a geriatric syn-  2nd elF4G) by binding to the eIF4E (3). Furthermore, skele-
drome and public health issue that will spread between  t&l muscle protein degradation is controlled by two pro-
10 to 20% and along with cachexia, muscle loss related to teolytic systems, ubiquitin-proteasome, and autophagy-
disease and immobility, may lead to disability, poor qual- lysosomal pathways. FoxO transcription factors regulate
ity of life, and mortality. Skeletal muscle mass is con- both pathways by inducing two critical atrophy-related
trolled by the balance between muscle protein synthesis, ~ °3 ligases, MuRF1 and.MAFbx, and also seve.ral .autophagy-
termed “hypertrophy” and protein degradation, termed related genes, including MAPILC3 (4). Activation of both
“atrophy”. As shown in Figure 1, IGF1/PI3K/Akt signaling syftems, e.g., in some §ond1t10ns s'uch as cancer and heart
pathway regulates protein synthesis and muscle growth. failure, leads to protein degradation and skeletal muscle
IGF-1 activates the Akt through the activation of PI3K, and loss (5)-

consequently, mTORCI is activated by Akt to play a cru- Given that exercise training has beneficial effects on
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Figure 1. Protein synthesis and degradation signalings, including ubiquitination and autophagy. The left cascade is related to protein synthesis signaling, and the protein
degradation signaling is presented in the right cascade. The red lines indicate the inhibitory effect of each molecule on protein synthesis, and the black arrows depict sig-
naling components involved in the activation of protein synthesis. Abbreviations: IGF-1, Insulin-like growth factor 1; PI3K, Phosphatidylinositol 3-kinase; Akt, Protein kinase B;
TSC1/TSC2, Tuberous Sclerosis 1/2; Rheb, Ras homolog enriched in brain; mTOR, Mammalian Target of Rapamycin; S6K1(RPS6K1), Ribosomal Protein S6 Kinaset; eIF4E eukaryotic
translation Initiation Factor 4E; el[F4EBP1, elF4E-Binding Protein 1 (also known as 4E-BP1); FOXO Forkhead box O; MuRF1, Muscle Ring Finger 1; MAFbx, Muscle Atrophy F-box.

the prevention and/or improvement of some diseases such
as obesity, hypertension, cachexia, and sarcopenia (6), the
exercise training-induced alteration of gene expressions
related to skeletal muscle protein synthesis and degrada-
tion signaling components have less been studied, espe-
cially simultaneously. Recently, a study investigated the ef-
fects of six-week high-intensity interval training (HIIT) on
muscle atrophy-related genes and concluded HIIT may im-
prove muscle atrophy (7). In addition, the effect of HIIT
on both signaling components was recently examined in
a study in which the exercise protocol was designed ac-
cording to the studies of patients with heart failure (8).
HIIT has been known as an effective modality for improv-
ing muscle size (9). Considering the lack of information,
particularly gene mRNAs related to ubiquitin-proteasome
and autophagy-lysosome system, simultaneously compar-
ison the alteration and interaction of both protein syn-
thesis and degradation signaling components may reveal
the potential therapeutic target and/or help to design a
more effective exercise training program for the preven-

tion and|or rehabilitation of related diseases.

2. Objectives

The purpose of the present study was to investigate the
alterations of Aktl, mTORC1, S6K1, e[F4EBP1, FoxO3a, MuRFi,
MAPILC3A (Hereafter referred to as LC3A) gene expression
induced by HIIT. In addition, the protein expressions of
S6K1, e[F4EBP1, and LC3A were evaluated by Western blot-
ting for further confirmation of the mRNA results.

3. Methods

3.1. Study Design and Subjects

All research protocols were performed in accordance
with the declaration of Helsinki 1975. Sixteen male Wistar
rats, 8-month-old, were randomly divided into two groups,
including HIIT (217.38 £ 10.88 gm) and control (219.86 +
13.79 gm). They were kept, 4 rats per cage, in a light-dark
12 h cycle, 22 - 24°C temperature, 60 + 5% humidity, with
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free access to standard rat chow and water. Two-week fa-
miliarization and adaptation to the main exercise proto-
col, at a gradual increase in running time and speed, was
conducted. To determine exercise intensity, the maximal
oxygen uptake (VO,n,) test was performed as previously
described and was repeated once every two weeks through-
out the study (10, 11). Briefly, after 20 min warm-up at 50 -
60% VO,max, the velocity of the treadmill was increased by
0.03 m/s every two min until the rat was not able to run fur-
ther.

3.2. Exercise Training Intervention

Eight-week of HIIT, five days per week, included five in-
terval sets of high (85-90% VO,max) and low intensity (50
- 60% VOymax). The running time for high-intensity run-
ning on the treadmill with 0° slope was 4 min in the 1st
week, 6 min in the 2nd week, and 8 min from 3rd to 8th
week, whereas low-intensity running time was considered
two min throughout the intervention. Each exercise ses-
sion consisted of five min warm-up and cool-down at 50 -
60% VO,max (11, 12). An identical condition was considered
for the control group except exercise training. Due to the
death, the final number of seven rats remained in the con-
trol group. Forty-eight hours after the last exercise session,
the soleus muscle was dissected from the hindlimb of each
anesthetized rat and stored at -80°C for qRT-PCR and West-
ern blot analyses.

3.3. Gene Expression

Quantitative real-time polymerase chain reaction (qRT-
PCR) was used to assess the gene expression levels. Then
40 - 50 mg of soleus muscle was homogenized, and ac-
cording to the manufacturer’s instruction (QIAGEN, Ger-
many), total RNA was isolated using TRizol reagent (Qiazol,
(cat. no. 79306, USA). RNA purity and concentration were
determined spectrophotometrically by NanoDrop 2000
(Thermo Scientific, Rockford, USA), and RNA integrity was
checked electrophoretically by 1% agarose gel stained with
Nancy-520 (Sigma-Aldrich, Sao Paulo, SP, Brazil). Then
cDNA was synthesized using a cDNA synthesis kit (Fermen-
tas, Glen Burnie, MD, USA), and mRNA levels of the tar-
get genes and reference gene (GAPDH) were assessed sepa-
rately by qRT-PCR. Forty cycles were considered for each RT-
PCR cycle at the temperatures of 94°C maintained for 20s,
58 - 60°C for 30s, and 72°C for 30s. Melting point dissocia-
tion curves were used to confirm the purity of the ampli-
fication products (13). The sequences of the gene’s primer
are shown in Table 1.

3.4. Western Blot Analysis

Homogenized soleus muscles in RIPA buffer (Cy-
tomatingene) with a protease inhibitor cocktail (Sigma)
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were centrifuged at 15,000 rpm for 10 min at 4°C. Through
collected supernatant, protein content was assessed by
the Lowry method. Then, proteins were separated by
polyacrylamide gel electrophoresis (Bio-Rad) via 4 - 20%
gradient polyacrylamide gels containing 0.1% sodium do-
decyl sulfate for ~2 h at 95 V and were transferred to PVDF
membranes (Roth) for 80 min at 80 V (Bio-Rad). Nonspe-
cific sites were blocked overnight at 4°C in TBS containing
Tween and 5% nonfat milk (sigma). Membranes were
then incubated for 2h with primary antibodies directed
against the proteins of interest at room temperature. The
protein abundance of S6Ki, elF4EBP1, LC3A, and GAPDH
(Served as a loading control to normalize protein loading
and transfer) were determined in muscle samples. Fol-
lowing incubation with primary antibodies, membranes
were washed extensively with PBS-Tween and then incu-
bated with secondary antibodies 1h at room temperature.
Then, membranes were developed using DAB, and related
images were captured and analyzed using the Image |
software (14).

3.5. Statistical Analysis

The results are expressed as mean =+ standard error
of the mean (SEM). Independent student t-test and Mann-
Whitney U test were used to evaluate between-group differ-
ences. Statistical significance was accepted at P < 0.05 us-
ing SPSS version 24.

4. Results

In this experimental study, the alterations of gene ex-
pression involved in protein synthesis and degradation
signaling pathways induced by eight-week HIIT were eval-
uated.

4.1. Protein Synthesis Signaling

In the present study, the Akt-mTOR-S6K1 signaling path-
way was investigated. As shown in Figure 1, compared with
the control group, the expression of Aktl was increased sig-
nificantly (P < 0.001; F; ;3 = 4.122, P = 0.063) in HIIT (Figure
2A), which was followed by a significant increase (P=0.031;
Fi;3 = 8.272, P = 0.013) of mTORCI expression (Figure 2B).
Accordingly, the S6K1 expression levels were significantly
increased (P < 0.001; F;;3 = 3.873, P = 0.071) in HIIT com-
pared with the control group (Figure 2C). Furthermore, the
S6ki gene expression was confirmed by Western blot anal-
ysis (Figure 3A). Similar to the mRNA expression, the HIIT
group possessed higher levels of S6K1 protein (P = 0.031)
compared with the control group (Figure 3B).



Gholipour M and Mazaheri S

Table 1. The Primer Sequences of Genes

Gene name Gene ID Forward Sequence Reverse Sequence
Akt1 24185 5"- TGTGGGAAGATGTGTATGAGAA -3’ 5"- TTGATGAGGCGGTGTGATGGTGA -3’
mTOR 56718 5- TGATTTTGGGAGAACAGAAGATGA -3’ 5- GAGGTAACAGGATGGTGGAGTG -3’
S6K1 83840 5- GTGTTGTGGATTGGTGGAGT -3’ 5- TTGTTGTGTGAGGTAGGGAGG -3’
elF4EBP1 116636 5"-GGACACAGTGATGCTTCT-3' 5"-GGAGGTATGTGCTGGTAT-3’
FoxO3a 294515 5’- GCCTCATCTCAAAGCTGGGT -3 5-TGCTCTGGAGTAGGGATGCT -3’
MuRF1 140939 5"- GGTGTGACGAAGGTGGAAGAGA -3 5"- CAAGGCAGATGGGGCAGATGAG -3
LC3A 362245 5"- GGGTGGATTAGGCAGAGATGTGA -3 5"- GATGAGGGGCAAGATGGGTAGA -3
GAPDH 108351137 5"-AAGTTCAACGGCACAGTCAAGG-3’ 5"-CATACTCAGCACCAGCATCACC-3’
A Aktl mRNA expression B mTORC1 mRNA expression C S6K1 mRNA expression
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Figure 2. Effect of eight-week HIIT on protein synthesis signaling components in rats’ soleus muscle. The exercise training protocol caused a significant increase in Akt1 (A),
mTORC1 (B), and S6K1 (C) mRNA expressions in the HIIT group (n = 8). Data are expressed as mean =+ SEM. * Indicates significant difference (P < 0.031) compared with the

control group (n=7).

4.2. Protein Degradation Signaling

In an atrophy condition, muscle hypertrophy is pre-
vented by binding 4EBP1 to eIF4E. But, the increased lev-
els of Aktl and mTORCI in the HIIT group inhibited the
elF4EBP1 to form the 4EBP1-e[F4E complex. Accordingly, the
expression of elF4EBP1 was significantly decreased in the
HIIT group (P < 0.001) compared with the control group
(Figure 4A). On the other hand, the expression of FoxO3a,
asamainregulator of atrophy, was significantly reduced (P
< 0.001; F;3=17.564, P = 0.001) in the exercise group com-
pared with the control group (Figure 4B). Accordingly, the
gene expression of MuRFl, as a downstream target of the
FoxOs, was significantly reduced (P < 0.001; F;;3 =9.077, P
=0.010) in the HIIT group (Figure 4C), and the expression
of autophagy-related gene LC3A, which also is regulated
by FoxO3a, was significantly suppressed in the HIIT group
(Figure 4D) compared with the control group (P = 0.003;
Fi13=25.081,P < 0.001).

Western blot analysis revealed (Figure 5A), the expres-
sion level of eIF4EBP1 was significantly reduced (P = 0.012)
in the HIIT group (Figure 5C). Although the protein level of
LC3A (Figure 5B) was considerably lower in the HIIT group
compared with the control group (Figure 5D), the between-

group difference was not significant (P = 0.141). The results
indicate that only the protein expression of eIF4EBP1 was
significantly inhibited.

5. Discussion

The present study simultaneously examines the alter-
ation of gene expressions involved in protein synthesisand
degradation signaling induced by HIIT.

The PI3K/Akt pathway plays an important role in the
regulation of multiple cellular physiological and patho-
logical processes, including proliferation, cell cycle, and
growth. Indeed, PI3K is activated by extracellular stimuli
such as growth factors and hormones. Serine/threonine ki-
nase Akt then is phosphorylated and activated by PI3K to
translocate from the cell membrane to phosphorylate mul-
tiple related downstream targets (15). It has been proven
that Akt/mTOR pathway is downregulated under muscle
atrophy conditions and upregulated during hypertrophy
(16), so that 8-week moderate intensity of aerobic exercise
training was sufficient to activate IGF-I/Akt/mTOR signal-
ing pathway to prevent muscle wasting in heart failure
mice (17). Indeed, Akt indirectly activates mTOR by phos-
phorylation and inhibition of tuberous sclerosis 2 (TSC2),

Gene Cell Tissue. 2022; 9(2):e119242.
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Figure 3. The protein expression of S6K1and GAPDH in rats’ soleus muscle (A). The eight-week HIIT caused a significant increase of S6K1 protein levels in the HIIT group (n =
8). Data are expressed as mean =+ SEM. * Indicates significant difference (P = 0.031) compared with the control group (n=7).

which, in turn, inactivates the Rheb, as an mTOR inactiva-
tor (18). However, other distinct mechanisms, including
ERK and leucine have been identified, which may cause a
greater stimulation of mTOR (19). The significant increase
in gene expression of Aktt and mTORC1 induced by the HIIT
protocol of the present study (Figure 2A and B) are con-
sistent with the finding, which indicates the activation of
mTOR is necessary and sufficient to induce skeletal mus-
cle hypertrophy (20). Activated mTORCI, in response to
stimuli such as nutrition, stress, and hormones, phospho-
rylates two downstream substrates S6K1 and elF4EBP1. The
inactive form of S6K1 is bound to the elF3 complex. When
mTORC1 is activated binds to eIF3-S6K1 and phosphorylates
S6K1. Activated S6KI1 is then released from elF3-S6K1 and
subsequently phosphorylates the translational targets to
promote protein synthesis (21). Accordingly, the S6K1 gene
expression in the present study, which was confirmed by
Western blot analysis (Figure 3A and B), increased signifi-
cantly in the HIIT group compared with the control group.
The findings indicate that the exercise training protocol
was capable to increase the expression of genes involved
in Akt/mTORCI1/S6K1 signaling, which are necessary for
protein synthesis and skeletal muscle hypertrophy. Also,
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mTORCI phosphorylates and inhibits e[F4EBP1 (4E-BP1) to
binds to eukaryotic translation initiator (eIF4E), forming
4EBP1-eIF4E complex. Otherwise, dissociation from the
4EBP1-eIF4E complex, elF4E binds to elF4A and elF4G, form-
ing the elF4F complex, which is a key step for translation
initiation and protein synthesis in skeletal muscle (3). The
reduction of elF4EBP1 gene expression occurs; for exam-
ple, under growth conditions, when the protein synthe-
sis signaling becomes more active than degradation. Our
findings revealed that the exercise training protocol was
able to reduce the mRNA and protein expression levels of
elF4EBP1 (Figures 4A and 5A, respectively) compared with
the control group (Figure 5C). On the other hand, Fox03a,
asakeyregulator of muscle atrophy, modulates a variety of
cellular processes, including autophagy and apoptosis, in
response to growth factors, nutrition status, and stress sig-
naling (22). In this regard, crosstalk between protein syn-
thesis and protein degradation signaling components has
been documented (23). Although the Akt-mTOR-S6K1 sig-
naling pathway initiates the translation to promote mus-
cle hypertrophy (24), Akt can also inhibit the nuclear tran-
scriptional activity of the FoxO to attenuate atrophy and
skeletal muscle loss. The role of FoxO3a on proteolysis de-
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Figure 4. Effect of eight-week HIIT on the protein degradation signaling components in rats’ soleus muscle. The exercise training protocol caused a significant reduction in
eIF4EBP1 (A), FoxO3a (B), MuRF1 (C), and LC3A (D) mRNA expressions in the HIIT group (n = 8). Data are expressed as mean = SEM. * Indicates significant difference (P < 0.003)

compared with the control group (n=7).

pends on its cellular location. FoxO3a is inactive when is
phosphorylated by Akt at three conserved residues, Thr?,
Ser®3, Ser’”, thereby is excluded from the nucleus to the
cytosol to be degraded (4, 22). Consistent with the non-
exercise reports, the repressed FoxO3a gene expression in
the HIIT group (Figure 4B) was associated with a signif-
icant increase of Aktl gene expression, which may lead
to muscle protein synthesis. Based on a suggestion, the
skeletal muscle autophagy is not affected by inhibition of
mTORCI, whereas inhibition of Akt leads to translocation
of FoxO3 to the nucleus, and consequently, autophagy is
induced. Although Akt, not mTORCI1, has been known as a
FoxO3 regulator (25), MST1 (Mammalian sterile 20-like ki-
nase 1) has also been identified as a positive activator for
promoting the nuclear translocation and transcription ac-
tivity of FoxO3a by phosphorylation and inhibition its as-
sociation with 14-3-3 protein (26). FoxO3a, in turn, con-
trols muscle protein degradation through two proteolytic

systems, ubiquitin-proteasome, and autophagy-lysosome
pathways. MuRFi, one of two muscle-specific ubiquitin lig-
ases, has been known as a master gene in muscle wast-
ing and a marker for muscle atrophy. However, an in-
crease in gene expressions of the FoxO3a and MuRF! in
human skeletal muscle immediately after running exer-
cise has been reported (27), the acute effect of exercise
should be considered. In agreement with our findings (Fig-
ure 4C), it has been shown that both FoxO3a and MuRF1
gene expressions in soleus muscle were suppressed by a
short-term (5 consecutive days) endurance treadmill run-
ning (14). Recently, four-week and eight-week HIIT did
not alter the mRNA expression of AKT, mTOR, 4E-BP1, and
MuRF], possibly because of the exercise intensities and du-
rations; however, a significant difference in the phosphory-
lated/dephosphorylated ratio in each gene was observed.
The exercise protocol included 80% VO, for 3-min as
the high-intensity and 40% VO,na.x for 3-min as the low-

Gene Cell Tissue. 2022; 9(2):e119242.
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Figure 5. The protein expression of e[F4EBP1, LC3A, and GAPDH in rats’ soleus muscle (A and B). The protein levels of eIF4EBP1 were significantly reduced by the eight-week
HIIT (C). In comparison to the significant reduction in mRNA expression, the expression of LC3A protein in the HIIT group (n = 8) was not significantly reduced compared with
the control group (D). Data are expressed as mean + SEM. * Indicates significant difference (P < 0.05) compared with the control group (n=7).

intensity (8). In another study, the HIIT-induced MuRF1
gene expression was not significantly reduced in young
male Wistarrats, whereas, in aged rats was suppressed. The
exercise training protocol is not well described to inter-
pret the unchanged MuRF1 mRNA but may be influenced
by the age differences (7). In addition to MuRF1, FoxO3 also
activates several autophagy genes, including LC3 to pro-
mote lysosomal protein degradation, which occurs dur-
ing pathological conditions and causes muscle and my-
otubes atrophy (4, 5). In the present study, LC3A gene ex-
pression was suppressed in the HIIT group compared with
the control group (Figure 4D), which did not confirm by
Western blot analysis (Figure 5B); however, the protein ex-
pression of LC3A was considerably inhibited by the exer-
cise training protocol (Figure 5D). This result may under-
score the need for LC3A and autophagy to maintain cell sur-
vival (28). Apart from the fact that the repression of LC3A is
partly due to the FoxO3a inhibition, MST1 has recently been
identified as the LC3 regulator. Indeed, LC3 gene expres-
sion increases through activation of FoxO3a by the upreg-
ulation of the MST1. In other words, the deletion of MST1
suppresses the gene expression of the Foxo3a, which, in
turn, results in a reduction of LC3 mRNA (29). We have re-
cently shown that gene expression of the MST1in cardiomy-
ocytes, one of the Hippo signaling pathway components,
is suppressed by an eight-week endurance treadmill run-
ning at 15° inclination (30). Accordingly, it can be inter-
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preted that the significant reduction of FoxO3a and MuRF1
gene expressions in the present study may partly be af-
fected by the HIIT-induced MST1 suppression. In addition
to many factors, the alterations of two proteolytic systems
components depend on nutrition status (Calorie restric-
tion) and also exercise intensity and duration. It has been
shown that nutrition deficiency is a potent stimulus for ac-
tivation of MuRF1 (Ubiquitin-proteasome system)and LC3A
(Autophagy-lysosome system), leading to muscle atrophy,
and FoxO3 plays a role as a regulator. In contrast, feeding
prevents the expression of both genes (31-33). Accordingly,
given free access to standard food, it does not seem that
the results of the present study be affected by the energy
deficit. In addition, autophagy is influenced by exercise in-
tensity and duration. Exercise intensity (e. g., high Vs. low)
and duration (e. g., long Vs. short distance) are more ef-
fective to trigger autophagy mainly by activating FoxO3a
and AMPK. Moreover, FoxO3a is regulated by many factors
as described above. AMPK, as a major regulator of cellular
energy homeostasis, mainly is activated by nutrient depri-
vation and strenuous exercise (34, 35).

5.1. Conclusions

The findings of the present study revealed that the in-
tensity, percentage of VO,n,x, and duration of exertion of
HIIT significantly impact the gene expression levels. The in-
tensities and durations of the HIIT protocol were sufficient
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toincrease the gene expression of protein synthesis signal-
ing components and suppress the atrophy-related gene ex-
pressions, which can lead to attenuating muscle loss and
increasing muscle mass. Accordingly, the HIIT protocol can
be considered for some conditions such as sarcopenia and
cachexia.
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