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ABSTRACT

Objective: It has been shown that high-intensity interval training (HIIT) leads to skeletal muscle hypertrophy;
however, its mechanisms of cellular and molecular regulation are still unclear. The purpose of this study was
to investigate the effect of HIIT on muscle hypertrophy and major signal transduction pathways. Design: 12
male rats were randomly divided into two groups: control and HIIT. The exercise group performed 30-min
HIIT in each session (5 3 4-min intervals running at 85–95% VO2max separated by 2-min active rest at
55–60% VO2max), 3 days/week for 8 weeks. Muscle fiber cross-sectional area (CSA) and the expression of
signal transduction pathway proteins were determined in the gastrocnemius muscle. Results: In the HIIT
group, the expression of IGF-I, IGF-IR Akt, p-Akt, AMPKa, p-AMPKa and follistatin increased significantly,
whereas a significant decrease was observed in the expression of FoxO1, p-FoxO1, myostatin, ActRIIB,
Smad2/3 and p-Smad2/3 (P < 0.05). However, there were no significant differences between the HIIT and
control groups in the expression of mTOR, p-mTOR, P70S6K, and p-P70S6K (P > 0.05). In addition, CSA
and gastrocnemius muscle weight increased significantly in the HIIT group (P < 0.05). Conclusions: HIIT
induced muscle hypertrophy by improving IGF-I/Akt/FoxO and myostatin/Smad signal transduction pathways.
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INTRODUCTION

Muscle hypertrophy is characterized by a growth in muscle mass due to increased protein
synthesis in muscle fibers. Several mechanisms regulate protein synthesis and myofiber growth;
however, the major pathways of muscle growth regulation appear to be two signal transduction
pathways: insulin-like growth factor-I/Akt/mammalian target of rapamycin (IGF-I/Akt/mTOR)
and myostatin/Smad [1].

Increased protein synthesis induced by activation of the IGF-I/Akt/mTOR signal trans-
duction pathway leads to hypertrophy [2]; one of the main factors in this signaling pathway is
IGF-I, which stimulates muscle fiber growth by activating an intracellular cascade [3]. In
addition, the IGF-I/Akt pathway can inhibit translocation of the forkhead box O (FoxO)
transcription factor, which plays an important role in protein degradation [4]. Unlike the IGF-I/
Akt/mTOR pathway, the myostatin/Smad signaling pathway is a potent negative regulator of
skeletal muscle growth [5]. Myostatin functions are influenced by interactive factors such as
follistatin, which is known to be the most powerful antagonist of myostatin. By binding to the
myostatin receptor (activin IIb), follistatin inhibits myostatin cellular function [6].

High-intensity interval training (HIIT) is a unique training model consisting of alternating
periods of intensive exercise separated by inactive or active rest periods (low-intensity exercise).
HIIT is a powerful strategy for structural and functional changes in skeletal muscle. The changes
induced by HIIT are somewhat similar to what occurs following traditional endurance training:
increases in mitochondrial biogenesis, metabolic enzyme activity, and oxidative capacity of
muscle fibers [7]. It was recently shown that unlike traditional endurance training, HIIT leads to
skeletal muscle hypertrophy in both trained and untrained healthy participants [8]. In addition,
two studies found that muscle protein synthesis increased following HIIT in older adults and
healthy young participants [8, 9]. Robinson et al. reported that 12 weeks of HIIT in young and
older adults led to significant increases in the transcriptional and translational regulation of
muscle growth and mitochondrial pathway activity [8]. However, the mechanism responsible for
the effect of HIIT on skeletal muscle hypertrophy is not fully known.

The repetition of high loads of work in HIIT over a short time may affect skeletal muscle
hypertrophy by stimulating the expression of muscle growth factors [10]. However, muscle
growth factor responses to HIIT over long periods are not well understood. Therefore, the
purpose of the present study was to investigate the effect of 8 weeks of HIIT on muscle mass,
cross-sectional area (CSA) and the expression of factors such as IGF-I, Akt, mTORC1, P70S6K,
FoxO, myostatin, follistatin, Smad2/3, and AMP-kinase (AMPK) in the gastrocnemius muscle of
male rats.

MATERIALS AND METHODS

Animals

Twelve male Sprague-Dawley rats (mean weight 200–250 g, 10 weeks old) were obtained from
the animal laboratory of the Pasteur Institute of Iran. The animals were kept under standard
housing conditions for laboratory animals (12-h light-dark cycle, average temperature 22 ± 2 8C)
at the animal facility of the University of Tehran (Tehran, Iran). Rats were fed rodent pellet diet
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(diet #5001, Purina Mills, Richmond, IN) and given free access to water. In this study, 12 rats were
randomly divided into two groups: HIIT (n5 6) and control (n5 6). This study was approved by
the Animal Ethics Committee of the University of Tehran (IR.UT.Rec.1396012) and performed
according to the guidelines and instructions of the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (NIH publications No. 8023, revised 1978).

Exercise test and exercise training

The rats were familiarized with the treadmill by slow walking at a pace of 5 m/min for 5 min in 5
sessions. Then exercise capacity tests were done 2 days before the beginning of the intervention
and 2 days after the last exercise session at the end of week 8. The exercise test started with 10
min at 10 m/min, and then the treadmill band velocity was increased by 0.03 m/s every 2 min
until the animals were unable to run further. At the end of the exercise test, maximum treadmill
speed was record as the maximum running speed for each rat. In accordance with a previous
study by Hoydal et al. VO2max (intensity of exercise training) was calculated with the formula:
y 5 162x�1 (y 5 VO2 ml/kg/min, x 5 running speed m/s) [9].

This protocol was used 3 days/week for 8 weeks with a small animal treadmill (Danesh Salar
Iranian, Tehran, Iran), which included 5 min of warm-up at an intensity of 40–50% VO2max and
30 min of interval training. Each interval consisted of 4-min high intensity running (approxi-
mately 85–90% VO2max) and 2-min active recovery (approximately 50–60% VO2max). The
training session ended with a 5-min cool-down at 40–50% VO2max [10]. Training intensity was
adjusted over time based on previous studies, running pace, and VO2max. Therefore the intensity
was increased by 0.02 m/s every week [9].

Body weight and muscle sample collection

Initial and final body weights were recorded in grams before the first session of the HIIT
protocol and 48 h after the last training session. Forty-eight hours after the last training session,
the animals were anesthetized with an intraperitoneal injection containing xylazine solution (10
mg/kg body weight) and were euthanized with ketamine (90 mg/kg body weight). Immediately
after the rats were killed, their gastrocnemius muscles were excised, any connective tissue and fat
were removed, and free-fat gastrocnemius muscle mass was weighed on a digital scale. Then the
muscle samples were frozen in liquid nitrogen and stored at �80 8C until analysis. The muscle
was divided into two parts, which were used for histological and western blot analysis.
Accordingly, one part of the muscle was placed in 4% paraformaldehyde for histological eval-
uation.

Histological evaluation

After dissection, the gastrocnemius muscle was rapidly fixed in 4% paraformaldehyde for 24 h.
Then muscle tissues were embedded in paraffin and mounted on an ultrathin semiautomatic
microtome (Dako, Tokyo, Japan) [11]. After fixation, serial transverse sections 8–10 mm thick
were mounted on a glass slide and allowed to dry for 1 h. Then the slides were stained with
toluidine blue–1% borax. Images of 5 different regions were obtained with a light microscope
(Cxl, Labomed, Fremont, California, USA) equipped with a digital camera (Sony DSC S75,
Tokyo, Japan). The CSAs of 50 random fibers were chosen from each picture for measurement
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with an image analysis system software (version 4.1.1.0; Digimizer, Belgium). A total of 300
muscle fibers per animal were used for CSA determinations.

Enzyme-linked immunosorbent assay (ELISA)

For ELISA, frozen samples of the medial gastrocnemius muscle were dissolved in lysis buffer
containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% NP-40, and 10%
glycerol with a protease inhibitor cocktail tablet (Roche Diagnostics), and were homogenized
and incubated on ice for 20 min. The lysates were then centrifuged at 8,000 rpm for 1 h at 4 8C
to collect the supernatant for protein assay by IGF-I and IGF-IR (LifeSpan BioSciences, Seattle,
WS, USA) according to the manufacturer’s protocols. All samples were assayed in duplicate.
Intra- and inter-assay coefficients of variation were 5 and 4% respectively for IGF-I, and 6 and
8% for IGF-IR.

Western blotting

Western blotting was used to quantify the amount of Akt, mTORC1, P70S6K, myostatin, fol-
listatin, Smad 2/3, FoxO, ActRIIB, and AMP-kinase in the rat gastrocnemius muscle. First, 100
mg of medial gastrocnemius muscle tissue was homogenized in 200 ml lysis buffer (RIPA buffer)
(Sigma Aldrich, 10X, Munich, Germany) by cold protease inhibitor (Sigma Aldrich s8820). The
homogenized tissue was centrifuged at 1,200 rpm for 20 min at 4 8C. Then the supernatant was
isolated and stored at �20 8C. The protein concentration in the homogenate was determined
with the Bradford test. Equal amounts of protein (25 mg) in each sample were loaded for 12.5%
standard SDS-polyacrylamide gel electrophoresis and were transferred to polyvinylidene
difluoride (PVDF) membranes (Merck Millipore, Darmstadt, Germany) using a wet system
(Bio-Rad, Paris, France). The PVDF membranes were blocked overnight with a solution con-
taining non-fat milk in TBS-T buffer (100 mM Tris-HCl, 0.9% NaCl, and 0.1% Tween 20 [pH
7.4]) and were then incubated for 3 h at room temperature with one of the following primary
antibodies at a dilution of 1:1,000: Akt (EPR 16798, ab179463), mTOR (EPR390, ab134903),
myostatin (ab 198337), ActRIIB (EPR10739), Smad2/3 (ERP19557-4, ab202445), phospho-
Smad2/3 (T8, ab63399), follistatin (ab64490), beta Actin (ab8229) (all from Abcam, Cambridge,
UK), P70S6K (9202 S), phospho-P70S6K (Ser371, 9208 S), phospho-Akt (Ser473, 5012 S),
phospho-mTOR (Ser2448, 2971 S), AMPKa (2793 S), phospho-AMPKa (Thr172, 50081 S),
FoxO1 (C29H4, 2880 S), and phospho-FoxO1 (Thr24, 2599 S) (all from Cell Signaling Tech-
nology, Danvers, USA). The membranes were washed with TBS-T buffer 3 times for 15 min and
then incubated with the secondary antibody (goat anti-rabbit IgG HRP 1:10,000; ab97051) for 90
min at room temperature. Immunoreactivity was revealed by enhanced chemiluminescence
(ECL) (Amersham Biosciences, Freiburg, Germany). The blots were exposed to X-ray film
sensitive to blue light for 5–30 s. Quantitative analyses were carried out for monomeric band
data using Image J software. In additional, the phosphorylated protein/total protein ratio was
calculated with Image J software. All analyses were done by analysts who were blinded to the
group allocations of the samples. The antibodies were obtained from the Histogenotech
Pasargad Laboratory (Tehran, Iran).
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Statistical analysis

The Shapiro–Wilk test and the Levene’s test were used to verify the normality of distribution
and homogeneity of variance, respectively. Independent sample t-tests were used to compare the
mean values in the HIIT and control groups. All data are presented as means ± standard error of
the mean (SEM). All statistical analyses were conducted using GraphPad Prism-5 statistical
software (LaJolla, CA, USA). Statistical significance was set at P ≤ 0.05.

RESULTS

Effect of HIIT on body and gastrocnemius weight and CSA

Compared to the pretest results, body weight increased after 8 weeks of HIIT; however, this
increase was not significantly different between groups. Gastrocnemius muscle wet weight
increased significantly compared to the control group after 8 weeks of HIIT (P 5 0.049)
(Table 1). In addition, CSA increased significantly in the HIIT group compared to the control
group (P 5 0.047) (Fig. 1A).

Effect of HIIT on mTOR signal transduction pathway factors

The ELISA results showed that protein levels of IGF-1 (P 5 0.018) and IGF-1R (P 5 0.041)
increased significantly in the HIIT group compared to the control group after the 8-week
intervention (Fig. 2A and B). Western blot analysis showed that the expression of Akt (P 5
0.028) and p-Akt (P 5 0.045) increased significantly in the HIIT group compared to the control
group (Fig. 3A and B). However, there were no significant changes in the expression of mTOR
(P 5 0.096), p-mTOR (P 5 0.082), or P70S6K (P 5 0.091), p-P70S6K (P 5 0.089) proteins in
the HIIT group compared to the control group (Fig. 3C and F). The expression of FoxO1 (P 5
0.007) and p-FoxO1 (P 5 0.003) after the 8-week intervention decreased in the HIIT group
compared to the control group (Fig. 3G and H). Moreover, AMPKa (P 5 0.082) and p-AMPKa
(P 5 0.082) expression increased significantly in rats that received HIIT compared to untrained
animals (Fig. 3I and J).

Effect of HIIT on myostatin-Smad pathway factors

Myostatin expression in the HIIT group decreased significantly compared to the control group
(P < 0.0001, Fig. 4A). In addition, the expression of myostatin receptor (ActRIIB) was signifi-
cantly downregulated in the HIIT group (P 5 0.045, Fig. 4B). Smad2/3 are downstream of

Table 1. Body and gastrocnemius muscle wet weight in rats after HIIT

Control (n 5 6) HIIT (n 5 6) P values

Initial body weight (g) 225.5 ± 3.37 226.3 ± 3.58 0.870
Final body weight (g) 275.9 ± 2.81 274.8 ± 3.47 0.820
Gastrocnemius wet weight (g) 1.29 ± 0.006 1.31 ± 0.008* 0.049

Data are expressed as the mean ± SEM.
*P ≤ 0.05 vs. controls.
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myostatin signaling; Smad2/3 (P 5 0.006) and Smad2/3 phosphorylation (P 5 0.002) were
downregulated after 8 weeks of HIIT (Fig. 4C and D). In contrast, follistatin expression was
significantly upregulated after the HIIT intervention (P 5 0.002, Fig. 4E).

Fig. 2. Effect of high-intensity interval training (HIIT) on gastrocnemius muscle IGF-I. (A) and IGF-IR (B)
levels determined with ELISA. All data are presented as the mean ± SEM. *P ≤ 0.05 vs. controls

Fig. 1. Cross-sectional areas (CSA) of gastrocnemius muscle fibers. (A) Representative histological images
with toluidine blue staining in the gastrocnemius muscle. Scale bar 5 20 mm. All data are presented as the

mean ± SEM. *P ≤ 0.05 vs. controls
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Fig. 3. Effect of high-intensity interval training (HIIT) on the gastrocnemius Muscle Akt (A), p-Akt (B),
mTOR (C) and p-mTOR (D), P70S6K (E), p-P70S6K (F), FoxO1 (G), p-FoxO1 (H) AMPKa (I) and
p-AMPKa (J) content with Western blotting. All data are presented as the mean ± SEM. *P < 0.05, **P <

0.01, ***P < 0.001 vs. controls
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DISCUSSION

The main finding of this study was the significant increase in skeletal muscle hypertrophy through
IGF-I/Akt/FoxO and myostatin/Smad signal transduction pathways after long-term HIIT. Among
the beneficial effects of HIIT was an increase in the activity of factors such as Akt, p-Akt, AMPKa,
p-AMPKa, and follistatin protein expression; in addition, the intervention led to decreased
expression of factors such as FoxO1, p-FoxO1, myostatin, ActRIIB, Smad2/3 and p-Smad2/3.
However, no significant changes were observed in mTOR, p-mTOR, or P70S6K, p-P70S6K in the
gastrocnemius muscle of healthy rats with or without HIIT. The present results indicate that the
tissue protein content of IGF-I and IGF-IR was significantly enhanced following HIIT.

It is accepted that skeletal muscle growth is mediated by IGF-I, which acts through the PI3K/
Akt/mTOR/P70S6K pathway [12]. Our results showed that HIIT increased the content of IGF-I
and its receptor IGF-IR in the gastrocnemius muscle in rats. Moreover, Act content and its
phosphorylation levels also increased. Akt is downstream of the IGF-I signaling pathway, which
positively modulates hypertrophy through activation of mTOR [12] and inhibition of FoxO1 by
phosphorylation of these proteins [13]. However, in this study, muscle mTOR, p-mTOR and p-
P70S6K content did not change after HIIT. It has been shown that HIIT effectively stimulates

Fig. 4. Effect of high-intensity interval training (HIIT) on the gastrocnemius Muscle Myostatin (A),
ActRIIB (B), smad2/3 (C), p-smad2/3 (D) and Follistatin (E) content with Western blotting. All data are

presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. controls
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mitochondrial biogenesis by enhancing AMPK signaling in skeletal muscle [14]. Furthermore,
stimulation of AMPK was shown to inactivate mTOR through AMPK-mediated phosphoryla-
tion of both TSC2 and Raptor [15]. In this connection, it was also shown in both animal and
human studies that a single bout of exercise and exercise training led to increased AMPK and
the inhibition of mTOR [16, 17]. In the present study, after long-term HIIT, the phosphory-
lation of AMPKa at Thr172 increased significantly.

It is known that Akt/FoxO is one of the central signaling pathways that modulates skeletal
muscle hypertrophy by inhibiting muscle atrophy [18]. One study found that treadmill exercise
increased the expression of Akt and decreased levels of FoxO1 and FoxO1 phosphorylation,
which resulted in skeletal muscle hypertrophy [19]. Our results indicated that long-term HIIT
significantly activated Akt and decreased FoxO1 and FoxO1 phosphorylation; thus the Akt/
FoxO1 signal pathway may be involved in HIIT-induced muscle hypertrophy.

Our results also showed changes in the expression of myostatin and follistatin after long-term
HIIT, which appeared to be associated with muscular hypertrophy after HIIT. Myostatin is known
to be a negative regulator of skeletal muscle growth. It was shown that myostatin mutations in
both animals and humans led to a remarkable increase in skeletal muscle mass and strength [19,
20]. Previous studies also demonstrated that the inhibition of myostatin expression after exercise
training resulted in skeletal muscle hypertrophy [21–23]. Tang et al. have shown that endurance
training inhibited mRNA and the expression of myostatin and its receptor ActRIIB [19]. In
consonance with previous studies, our results showed that after long-term HIIT, the expression of
myostatin and its receptor ActRIIB, and p-Smad2/p-Smad3, were significantly reduced.

By suppressing the inhibitory effects of myostatin on the differentiation of myogenic pre-
cursor cells and growth, and also by increasing protein synthesis, follistatin enhances skeletal
muscle hypertrophy [11]. In one of the few studies designed to evaluate the effect of HIIT on
myostatin, Elliott et al. reported that after 6 weeks of HIIT, the plasma levels of follistatin
increased in sedentary participants [24]. In agreement with these previous findings, we show
here that in untrained rats, long-term HIIT increased follistatin in the gastrocnemius muscle.

Recent studies have shown that HIIT increased protein synthesis, which resulted in muscle
hypertrophy [8, 25]. The hypertrophy in our HIIT group can be explained by the remarkable
alterations in the myostatin/Smad and IGF-1/Akt/FoxO signaling pathways of skeletal muscle
growth. After long-term HIIT, gastrocnemius muscle weight and CSA were significantly increased.
In this connection, it was previously shown that myostatin/Smad signaling pathway inhibitors can
increase muscle protein synthesis by enhancing the activity of the AKT/FoxO pathway [26, 27].

Some limitations of this study should be noted. First, although protein content and nitrogen
balance are known to affect hypertrophy, we did not test energy, protein or nitrogen levels in our
animals. Second, we did not test a transgenic model of hypertrophy in rats because we lacked
access to transgenic animals. Further studies in transgenic animal models would shed further
light of the effects of HIIT on muscle hypertrophy.

CONCLUSION

We investigated the effects of 8 weeks of HIIT on the IGF-I/Akt/mTOR, IGF1/Akt/FoxO and
myostatin/Smad signaling pathways, and on CSA in the gastrocnemius muscle in rats. The HIIT
intervention increased CSA by upregulating the IGF-1/Akt/FoxO pathway and downregulating
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the myostatin/Smad pathway. However, the IGF-1/Akt/mTOR signaling pathway had no effect
on skeletal muscle growth after HIIT. To achieve a deeper understanding of the influence of
HIIT on muscle growth mechanisms, future studies should investigate the effect of HIIT in other
skeletal muscles and also in specific types of muscle fibers.
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