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Abstract

Purpose.—Recently it has been suggested that a cellular pathway composed of integrin, integrin-

linked kinase (ILK), rapamycin-insensitive companion of mTOR (RICTOR), and Akt may 

facilitate long-term structural and functional adaptations associated with exercise, independent 

of the mTORC1 pathway. Therefore, we examined changes in integrin-ILK-RICTOR-Akt protein 

in vastus lateralis (VL) before and after 8 weeks of eccentric cycling training (ECC) which was 

expected to increase muscle function and VL cross-sectional area (CSA).

Methods.—Eleven men (23±4 years) completed 24 sessions of ECC with progressive increases 

in intensity and duration, resulting in a 2-fold increase in work from the first three (75.4±14.1 kJ) 

to the last three sessions (150.7±28.4 kJ). Outcome measures included lower-limb lean mass, VL 

CSA, static strength, and peak and average cycling power output. These measures and VL samples 

were taken before and 4–5 days after the last training session.

Results.—Significant (P<0.05) increases in integrin-β1 (1.64-fold) and RICTOR (2.99-fold) 

protein as well as the phosphorylated-to-total ILK ratio (1.70-fold) were found, but integrin-

α7 and Akt did not change. Increases in lower-limb, thigh, and trunk lean mass (2.8–5.3%, 

P<0.05) and CSA (13.3±9.0%, P<0.001) were observed. Static strength (18.1±10.8%) and both 

peak (8.6±10.5%) and average power output (7.4±8.3%) also increased (P<0.05). However, 

no significant correlations were found between the magnitude of increases in protein and the 

magnitude of increases in CSA, static strength, or power output.

Conclusion.—In addition to increased muscle mass, strength, and power, we demonstrate that 

eccentric cycling training increases integrin-β1 and RICTOR total protein and p-ILK/t-ILK, which 
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may play a role in protection against muscle damage as well as anabolic signaling to induce 

muscle adaptations.
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INTRODUCTION

Integrins are transmembrane glycoproteins that link the extracellular matrix (ECM) to the 

actin cytoskeleton to facilitate important cellular functions including migration, adhesion, 

and differentiation (1). Integrins are classified based on their β subunits, which form 

heterodimers with α subunits (2). The α7β1 integrin heterodimer is highly expressed within 

skeletal muscle and is essential for the maintenance of structural integrity, as the absence of 

the α7 integrin subunit in mice results in a progressive form of muscular dystrophy (3). The 

α7β1 integrin is also an important component of mechanosensing in skeletal muscle during 

contraction, relaying information across the membrane in a bidirectional manner (4).

Resistance exercise traditionally includes both shortening (concentric) and lengthening 

(eccentric) muscle actions. The mechanical force generated during unaccustomed eccentric 

muscle actions, while not metabolically demanding, causes ultrastructural disruption to 

sarcomeres and membrane damage that is frequently accompanied by immune cell 

infiltration, muscle functional loss and soreness for several days post-exercise (5–7). The 

myofiber initiates a stress response following damage, including upregulation of proteins 

necessary for repair and increased resilience to future mechanical stresses. While the entire 

repertoire of proteins responsible for adaptation has not been fully characterized, studies 

have reported consistent increases in α7β1 integrin mRNA and protein in both human and 

rodent skeletal muscle following acute eccentric exercise (1, 8–10). Mice genetically altered 

to overexpress the α7 integrin in skeletal muscle (MCK:α7BX2 integrin) are protected from 

mechanical-induced damage and demonstrate enhanced muscle hypertrophy following acute 

and repeated bouts of eccentric exercise (1, 11–13). While increased integrin protein at the 

membrane likely increases ECM adhesion in a manner that may or may not involve the 

integrin-linked kinase (ILK) (14, 15), the molecular mechanisms responsible for integrin-

mediated myofiber remodeling and growth remain unknown.

It has been well established that mTOR complex 1 (mTORC1) plays a central role in 

mechanical load-induced skeletal muscle growth (16), but less is known about the role 

of mTOR complex 2 (mTORC2) (17). mTORC2 binds with the rapamycin-insensitive 

companion of mTOR (RICTOR), and this complex can activate Akt (protein kinase B) 

to regulate cytoskeletal organization and survival (18). Moreover, ILK can directly bind 

RICTOR and facilitate mTORC2-mediated Akt phosphorylation and cell survival in cancer 

cells, as well as cytoskeletal organization in HeLa cells (19). These findings suggest the 

possible existence of an integrin-ILK-RICTOR-Akt protein complex in mammalian cells. 

Interestingly, Ogasawara and Suginohara (20) demonstrated that long-term (>6 h) elevations 

in protein synthesis were insensitive to the administration of rapamycin, suggesting that a 
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mTORC1-independent or rapamycin-insensitive pathway might exist to support myofiber 

growth in response to muscle contraction. When combined with the hypertrophic effects 

of increased integrin protein after eccentric exercise in mice (1, 11–13), the studies above 

suggest that eccentric exercise may promote the formation of the integrin-ILK-RICTOR-Akt 

protein complex at the fiber membrane, which could serve to facilitate long-term adaptations 

to training.

Large-volume eccentric exercise, including downhill running, has been used in previous 

studies to examine increases in integrin mRNA and protein in mouse skeletal muscle (1, 8). 

Although as few as 100 – 150 maximal eccentric muscle actions can induce increases in 

integrin-β1 gene expression at 3 – 24 h post-exercise (9, 10), the opportunity to introduce 

a greater number of eccentric muscle actions in a controlled manner exists. In eccentric 

cycling, the knee extensors perform only eccentric muscle actions, and the number of 

the actions within a 10-min cycling bout may exceed 500 (60 rpm × 10 min = 600). 

Eccentric cycling was used in the present study, because it was considered to be safer than 

downhill running due to reduced loading impact on lower extremity joints, and because 

it is easier to control exercise intensity, volume, and cadence. Moreover, eccentric cycling 

has been shown to be effective for increasing muscle mass (over 50% increase in myofiber 

cross-sectional area) in 24 – 33 sessions (21, 22). Thus, eccentric cycling appears to be a 

safe, well-controlled, and effective method to examine changes in both muscle mass and 

integrin-ILK-RICTOR-Akt complex proteins.

No previous studies to our knowledge have examined the effects of eccentric cycling 

on human muscle integrin or integrin-associated proteins. Given the important structural 

(protection against damage) and physiological (hypertrophic signaling) outcomes associated 

with integrin protein in muscle, and the lack of knowledge on the responses of the integrin-

ILK-RICTOR-Akt signaling complex in response to eccentric exercise training, the purpose 

of this study was to investigate the extent to which eccentric cycling training could increase 

integrin-ILK-RICTOR-Akt complex protein. A secondary aim was to examine whether 

baseline, or changes in, integrin-ILK-RICTOR-Akt complex proteins would correlate with 

changes in muscle function or muscle cross-sectional area after the training.

METHODS

Participants and study design

Eleven healthy young men (age: 22.7 ± 4.0 years, body mass: 88.4 ± 20.5 kg, height: 179.5 

± 7.8 cm) took part in the study. They had not performed eccentric exercise nor partaken 

in lower-limb exercise routines in the past 6 months, were not under any medication, and 

reported no history of orthopedic lower limb injuries or neurological disorders. They were 

instructed to refrain from exercise, caffeine, and alcohol for 48 h before each testing session, 

and to keep a consistent diet throughout the study. All participants completed a written 

informed consent form and a medical questionnaire before participating in the study. Ethical 

approval from the institution’s human research ethics committee was sought before study 

commencement.
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When the participants reported to the laboratory for the first time, body mass and height, 

and a dual-energy X-ray absorptiometry (DEXA) scan for body composition were taken 

followed by a muscle biopsy. On the next two separate days, they were familiarized with 

eccentric cycling as well as static strength and maximal concentric cycling tests performed 

on an eccentric ergometer (Grucox Eccentric Trainer, Grucox, South Africa). At least 72 

h later, a baseline testing session was completed in which a B-mode ultrasound scan 

was obtained for vastus lateralis cross-sectional area (CSA) measurement, and both static 

strength and maximal concentric cycling tests after a 2-min warm-up on the eccentric 

ergometer at 50 W were completed. After these tests, each participant performed the first 

eccentric cycling training session, as shown below. The training was performed 2–3 times 

a week for 24 sessions; all participants completed the sessions in 8 – 10 weeks, with some 

participants requiring additional rest days between sessions to recover from muscle soreness 

or fatigue. The post-training measures were taken 4 days after the last training session for 

the CSA and measures on the ergometer. On the following morning (5 days after the last 

training session), body composition assessment by DEXA and muscle biopsy sampling were 

conducted after an overnight fast.

Eccentric cycling

The participants performed 24 sessions of eccentric cycling in which they were instructed to 

consistently (smoothly) resist the backward rotations of the pedals while maintaining a target 

power output displayed on a computer screen set in front of the ergometer. The pedal straps 

were removed from the ergometer to ensure the participants only pushed against the pedals 

and did not pull when the pedals were moving away from their bodies to generate power 

using their knee and hip flexors (23, 24). In each session, participants completed 2 min of 

concentric cycling at 50 W as a warm-up before performing eccentric cycling.

As shown in Table 1, the intensity of the first three sessions was 33% of the average power 

output measured during a 10-s isokinetic concentric cycling sprint at 60 rpm. This intensity 

was determined based on our pilot studies in which the cycling effort was rated 3 – 4 out 

of 10 on the scale explained below. Eccentric cycling intensity was increased by 10% of the 

initial intensity at sessions 4, 10, 16, and 22 so that the intensity of the last three sessions 

(sessions 22–24) was 40% greater than that of the first three sessions. The cycling time 

was 1 min per set, and the number of sets was increased from 7 to 10, with an increment 

every 6 sessions. An interval training protocol was chosen as it has been shown that higher 

intensities of eccentric work can be performed with the interval than continuous eccentric 

cycling protocol (25).

The rate of perceived effort during the cycling was assessed using a modified version of 

Borg’s category-ratio scale (0 –10; 0: nothing at all, 10: maximal effort) (26), as it has been 

reported that measuring “effort” is more valid than “exertion” during eccentric cycling (27). 

At the end of each set, participants were asked to rank the physical effort required by their 

knee extensors to maintain the target power while cycling.
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Peak and average power output during eccentric cycling

Using the eccentric cycle ergometer, the peak (PPO) and average (APO) power outputs 

during maximal concentric cycling in isokinetic mode at 60 rpm for 10 s were assessed. 

Power data were sampled at 40 Hz and extracted to a spreadsheet that included the power 

of the left and right legs separately during the cycling. The maximum and average powers 

achieved for each leg were calculated, and the average of the right and left legs was used for 

further analyses.

Static strength test

Each participant performed a static strength test on the eccentric ergometer, using the “Static 

Strength Test” mode provided in the ergometer software. In this test, the pedals of the 

ergometer pushed the foot of the participant upward and the force applied was incrementally 

increased while the participant was instructed to keep the shaft of the ergometer crank 

parallel to the floor, and to remain seated. The torque at which the participant failed to 

provide sufficient resistance (i.e., braking strength) was recorded. The left leg was tested 

before the right leg, and the average of the two legs was used for further analyses.

Body composition

Participants were asked to come to the laboratory in a rested, fasted, and euhydrated state 

at the same time in the morning, wearing the same clothing for each scan; a researcher 

checked that these instructions were followed. The built-in computer software (Version 

12.4; QDR for Windows, Hologic, USA) of a DEXA (Horizon A, Hologic Inc., USA) 

displayed the lean tissue mass of the trunk and lower limbs (sum of both left and right legs). 

An additional segmental analysis of the right thigh (biopsy site) of each participant was 

performed following the method of Hart et al. (28).

Vastus lateralis cross-sectional area

VL CSA was measured using B-mode ultrasonography (Aloka SSD-alpha10, Aloka Co., 

Japan) with the extended field-of-view function, based on the method of Trezise et al. (29). 

Before the measurement, each participant was asked to rest for 20 min in a horizontal 

position to allow fluid shifts to stabilize. Water-soluble gel was placed on the probe to 

promote acoustic coupling. Each participant laid supine with the legs fully extended and 

leg muscles relaxed. A rolled towel was placed under the knee joint to remove muscle 

compression. A perpendicular line was drawn at 50% of the distance from the femoral 

lateral epicondyle to the greater trochanter, and the probe was moved transversely across the 

thigh while taking a continuous single view and applying consistent pressure throughout the 

motion. This ensured that CSA was obtained at the same muscle region as the muscle biopsy 

sample was taken, as described below. Three images were captured at each time point and 

analyzed three times per image using image analysis software (ImageJ, National Institute of 

Health, USA). The mean of the values was used for subsequent analyses.

Muscle sampling

Muscle samples were obtained from the right vastus lateralis (VL) of each participant at 

7 – 10 days before the first exercise session to allow for adequate tissue recovery after 
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the biopsy procedure, and 5 days after the last exercise session to minimize the effects 

of potential swelling on the DEXA and ultrasound scanning outcomes. Local anesthetic 

cream (Emla 5% Cream, AstraZeneca, UK) was applied around the sample site 40 min 

before taking the muscle biopsy. The pre-training biopsy sample was taken at 50% distance 

between the greater trochanter and lateral epicondyle using a disposable, spring-loaded 

microbiopsy system (14g × 10cm, MAX-CORE, Bard Biopsy Systems, USA). The post-

training sample was taken 2 cm adjacent to the first one, randomly selected between 

participants to be either more proximal or distal. From each site, three or four muscle 

samples were extracted for a total of at least 50 mg of tissue. The tissue samples were frozen 

immediately in liquid nitrogen and stored at −80°C for later analyses.

Western blotting

Muscle biopsy samples were homogenized using a handheld tissue homogenizer (Fisher 

Scientific) in ice-cold homogenization buffer containing 50 mM Tris-HCl (pH = 7.4), 

150mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% Sodium Deoxycholate, and 0.1% SDS, 

supplemented with protease inhibitor (Roche Complete Mini™) and phosphatase inhibitor 

(Roche PhosSTOP™). Homogenates were incubated on an inverter at 4°C for 1 h and then 

centrifuged at 14,000g for 5 min at 4°C. The supernatant was collected and stored for further 

analyses. Total protein measured with Bradford assay using bovine serum albumin (BSA) 

for the standard curve.

Equal amounts of protein (50 μg for all other proteins apart from integrins which 

required 100 μg) were reduced with Laemmli sample buffer containing dithiothreitol at 

95°C and separated in 8% acrylamide gels by SDS-PAGE. Proteins were transferred onto 

nitrocellulose membranes, and Ponceau S stain was used to verify equal loading of samples. 

Membranes were blocked in tris-buffered saline solutions containing 0.1% Tween20 (TBS-

T) with 5% non-fat dry milk (for integrin blots) or 5% BSA (for other blots) for 1 h and 

then incubated with appropriate primary antibodies overnight at 4°C. After several washes in 

TBST, membranes were incubated with an HRP-conjugated secondary antibody for 1 h. The 

following antibodies were used in the current study: integrin-α7 (1:500, Abcam, Ab182941), 

integrin-β1D (1:1000, a kind gift from Woo Keun Song, Kwangju Institute of Science and 

Technology, Korea) (30), RICTOR (1:1000, Cell Signaling Technology, 2114), phospho 

ILK [Ser246], (1:1000, Sigma Aldrich (MilliporeSigma), AB1076), total ILK (1:1000, 

Cell Signaling Technology, 3862), phospho AKT [Ser473] (Cell Signaling Technology, 

9271), total AKT (Cell Signaling Technology, 9272) and anti-Rabbit IgG HRP-conjugated 

antibody (1:2000, Cell Signaling Technology, 7074). Target proteins on the membrane were 

visualized using HRP Chemiluminescent Substrate (Thermo Scientific) and imaged with a 

Bio-Rad ChemiDoc imaging system. Quantitative analyses of the images were completed in 

Quantity One software (Bio-Rad).

Statistical analysis

The data were assessed for assumptions of normality using a Shapiro-Wilk test. Paired 

Student’s t-tests and Hedges’ gav effect sizes were used to assess changes in the criterion 

measures from pre- to post-training (31). For data that were non-normally distributed, a 

Wilcoxon signed-rank test was used. Pearson’s correlation coefficients (r) between baseline 
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and changes in the molecular levels with changes in muscle CSA and function were 

calculated. As the data, even after log transformation, did not satisfy the assumption 

of normality, Spearman’s rank order correlation (ρ) coefficients were computed for non-

normally distributed data. Using Cohen’s categories, we interpreted effect sizes ≥ |0.1| to 

|0.2| as trivial, from ≥ |0.2| to < |0.5| as small, from ≥ |0.5| to < |0.8| as moderate and 

scores of d ≥ |0.8| as a large effect (32). The significance level was set to P ≤ 0.05. All 

statistical testing was performed using Jamovi version 1.6.16 (Jamovi project, 2018). Data 

are presented as mean ± standard deviation (SD).

RESULTS

Eccentric cycling training

All participants completed the 24 sessions as planned, but the intensity varied between 

participants. Figure 1 shows the total mechanical work and effort for every 3 sessions over 

the 24 sessions. A significant (P < 0.01) increase in the effort was evident from the first three 

sessions (4.0 ± 1.7) to the last three training sessions (6.3 ± 1.0) with increases in average 

intensity from 180.0 ± 33.7 W to 251.0 ± 47.4 W (P < 0.001) and total mechanical work 

from 75.4 ± 14.1 to 150.7 ± 28.4 kJ (P < 0.001).

Lean mass

Right thigh lean mass increased significantly (P = 0.001, gav = 0.252) by 5.3 ± 4.3% from 

baseline (7,779 ± 1,416 g) to post-training (8,153 ± 1,332 g). Lower limb lean mass (left 

and right legs combined) increased significantly (P = 0.018, gav = 0.152) by 3.1 ± 3.6% 

from baseline (21,915 ± 3,730 g) to post-training (22,503 ± 3,399 g). Trunk lean mass also 

increased significantly (P = 0.006, gav = 0.114) by 2.8 ± 3.1% from baseline (29,535 ± 5,951 

g) to post-training (30,238 ± 5,418 g).

VL cross-sectional area

As shown in Figure 2A, CSA increased significantly (P < 0.001, gav = 0.53) from baseline 

(2,755 ± 590 mm2) to post-training (3,100 ± 617 mm2) by 13.3 ± 9.0%. The range 

of increases varied between participants (3.5 – 34.0%), with five participants having an 

increase less than 10%, four between 11 – 20%, and two greater than 20%.

Average (APO) and peak power output (PPO)

APO increased significantly (P = 0.008, gav = 0.275) from baseline (531.9 ± 116.6 W) 

to post-training (566.8 ±109.5 W) by 7.4 ± 8.3% and ranged −3.4% to 28.0%, with two 

participants showing a decrease, six participants showing an increase less than 10%, and 

three with more than 11% increase. Similarly, a significant increase (P = 0.016, gav = 0.313) 

was found for PPO from baseline (788.8 ± 181.5 W) to post-training (847.4 ± 163.4 W) by 

8.6 ± 10.5%, with a range −3.4% to 35.0% (Figure 2B).

Static strength

A significant increase (P < 0.001, gav = 0.58) in lower-limb static strength by 18.1 ± 10.8% 

was observed from baseline (180.7 ± 47.2 Nm) to post-training (211.7 ± 51.4 Nm). The 
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increase ranged from 5.4% to 31.4%, with three participants having an increase between 0 – 

10%, four between 11 – 20%, and four greater than 20% (Figure 2C).

Integrin-ILK-RICTOR-Akt Protein

Figure 3 shows the blots of the tested proteins for each participant, and Figure 4 shows 

the changes in protein. Integrin-β1D protein increased 1.64-fold (P = 0.046, gav = 0.818), 

ranging 0.43 – 10.2-fold with three participants showing a decrease, four showing increases 

less than 2-fold, and four showing an increase greater than 2-fold. RICTOR protein 

increased 3.0-fold (P = 0.019, gav = 0.64) on average, ranging 0.7 – 20.4-fold with two 

participants showing a decrease, six showing an increase less than 4-fold, and three greater 

than 4-fold. The p-ILK/t-ILK ratio increased 1.7-fold in average (P = 0.023, gav = 0.83) 

and ranging 0.65 – 13.9-fold, with two participants showing a decrease, eight showing an 

increase less than 4-fold, and one greater than 4-fold. No statistically significant changes 

were observed in the levels of integrin-α7, p-Akt, t-Akt, p-Akt/t-Akt, p-ILK or t-ILK after 

the training.

No significant correlations were evident between integrin-β1D and RICTOR (ρ = −0.018, P 

= 0.968), integrin-β1D and p-ILK/t-ILK (ρ = 0.328, P = 0.325), integrin-β1D and p-Akt (ρ = 

0.445, P = 0.173), RICTOR and p-Akt (ρ = 0.364, P = 0.273), or RICTOR and p-ILK/t-ILK 

(ρ = −0.055, P = 0.873) before training. Similarly, there were no significant correlations 

between the changes in integrin-β1D and RICTOR (ρ = 0.300, P = 0.371), changes in 

integrin-β1D and p-Akt (ρ = 0.465, P = 0.150), changes in integrin-β1D and p-ILK/t-ILK 

(ρ = 0.118, P = 0.734), changes in RICTOR and p-Akt (ρ = 0.114, P = 0.739), or changes 

in RICTOR and p-ILK/t-ILK (ρ = 0.027, P = 0.946) before and after training. However, 

positive correlations in integrin-β1D and RICTOR (ρ = 0.627, P = 0.044) were observed 

post-training, although no correlations were observed between RICTOR and p-ILK/t-ILK (ρ 
= 0.182, P = 0.592) or integrin-β1D and p-ILK/t-ILK (ρ = 0.132, P = 0.699).

Correlations between protein and muscle CSA and functional changes

Figure 5 shows results for some of the correlation analyses between baseline and change 

scores for integrin and RICTOR total protein and CSA and muscle function changes. No 

significant correlations were observed between the changes in CSA and baseline integrin-

β1D protein (r = −0.355, P = 0.284) or baseline RICTOR (ρ = −0.145. P = 0.673). No 

significant correlations were found between changes in static strength and either baseline 

integrin-β1D (r = 0.288, P = 0.501) or baseline RICTOR (ρ = −0.245. P = 0.468) protein. 

Similarly, no significant correlations were found between changes in PPO and baseline 

integrin-β1D (r = 0.051, P = 0.881) or baseline RICTOR (ρ = 0.164. P = 0.634).

Regarding the changes from pre- to post-training, no significant correlations were found 

between CSA and integrin-β1D (r = −0.184, P = 0.588) or RICTOR (ρ = −0.327. P = 0.327) 

protein, or between static strength and integrin-β1D (r = −0.272, P = 0.418) or RICTOR (ρ 
= −0.055. P = 0.881) protein. No significant correlations were found between changes in 

PPO and integrin-β1D (r = −0.106, P = 0.756) or RICTOR (ρ = −0.391. P = 0.237) protein. 

The magnitude of increase in CSA was correlated with the magnitude of increase in static 

strength (r = 0.782, P = 0.004) but not PPO (r = 0.114, P = 0.739).
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DISCUSSION

The present data show that the eccentric cycling training increased upper thigh (5.3%), 

whole leg (3.1%) and trunk (2.8%) lean mass, VL CSA (13%), average (7.4%) and 

peak (8.6%) concentric power outputs, and lower-limb static strength (18.1%) (Figure 2). 

Significant increases in integrin-β1D (1.64-fold), RICTOR (3-fold), and p-ILK/t-ILK (1.7-

fold) were observed from pre- to post-eccentric cycling training (Figure 4). However, no 

significant correlations were observed between the magnitudes of increase in integrin-β1D, 

RICTOR, p-ILK/t-ILK and the magnitudes of increase in the muscle size, strength, and 

power parameters (Figure 5). These results suggest that eccentric cycling was a potent 

stimulus for changes in integrin, RICTOR, and ILK signaling, yet the role of these proteins 

in intrinsic or extrinsic muscle remodeling remains unknown.

As shown in Figure 1, the total work during the training period doubled from 75.4 ± 14.1 

kJ from the first three to 150.7 ± 28.4 kJ to the last three training sessions. Although the 

perceived effort increased from 4.0 ± 1.7 to 6.3 ± 1.0 over the same time frame, it was 

not of a high magnitude, even in the highest intensity sessions. It should be noted that the 

exercise duration was short (10 min maximum) and the exercise intensity, which increased 

from ~180 to 250 W over the training period, was low when compared to the maximal 

possible eccentric cycling capacity, which could exceed 500 W (33). Despite this relatively 

lower-effort training, there were relatively larger muscle CSA and performance (strength 

and cycling power) increases than those reported in previous studies implementing eccentric 

exercise training (34).

The effects of eccentric cycling on lean mass, and muscle and myofiber CSA, have been 

shown in multiple studies (21, 22, 35, 36). For example, Julian et al. (36) reported a 1% 

(P < 0.01) increase in leg lean mass after 36 sessions of 10 – 30 min eccentric cycling at 

30 – 70% of VO2peak in obese adolescents. In the present study, a much greater increase in 

leg lean mass (5.3%) was observed. Whilst LaStayo et al. (21) reported a 52% increase in 

VL fiber CSA after 28 sessions of 15-min eccentric cycling (54 – 65% of peak heart rate) 

in young healthy men, no previous study has reported changes in VL CSA after eccentric 

cycling training. Marzilger et al. (34) reported a 5.1% increase in VL CSA after 33 sessions 

of 15–100 isokinetic eccentric knee extensions at 100% of maximal voluntary isometric 

contraction strength. The intensity of eccentric muscle actions performed during the cycling 

in the present study was lower, however it induced a greater CSA increase (13.3%) than the 

maximal isokinetic eccentric exercise training (5.1%) reported by Marzilger et al. (34). It 

appears that the training protocol used in the present study was substantially effective for 

inducing muscle hypertrophy. This could potentially be due to the much greater number of 

eccentric contractions performed during training (420 – 600 per session) when compared 

with that (15 – 100) in the study of Marzilger et al. (34). Due to the capacity to increase 

muscle mass with brief exercise sessions (20 – 30 min weekly) performed at low effort 

levels (4 – 6 out of 10), eccentric cycling appears to provide clinical value for individuals 

who are frail and have limited exercise capacity. Future research should examine the optimal 

dosage and prescription of eccentric cycling to optimize outcomes for older adults and 

clinical populations.
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The eccentric cycling training was also effective for increasing APO (7.4%), PPO (8.6%), 

and static strength (18.1%), as shown in Figure 2, although a large variation between 

participants existed. This increase is consistent with previous studies showing increases 

in cycling-specific performance parameters after eccentric cycling training (35, 37). For 

example, a 7% increase in PPO was reported after 21 sessions of 10 – 30 min eccentric 

cycling at 54 – 66% of maximum heart rate (37) and a 9% increase was reported after 16 

sessions of 5 – 11 min of eccentric cycling at 20 – 55% of maximum concentric cycling 

power (35). Previous studies have also shown increases in maximal voluntary isometric knee 

extension torque after 36 sessions of 10 – 30 min eccentric cycling at 30 – 70% of VO2peak 

(28%) (36) as well as after 28 sessions of 15-min eccentric cycling at 54 – 65% of peak heart 

rate (36%) (21). Although the extent of muscle adaptation induced by the eccentric cycling 

training varied between participants in the present study, the majority showed increases in 

lean body mass, CSA, PPO, APO, and static strength (Figure 2). Interestingly, increases in 

muscle CSA were correlated with increases in static strength (r = 0.782, P = 0.004) but not 

PPO (r = 0.114, P = 0.739). Speculatively, this could suggest that some changes in muscle 

function after eccentric cycling training are influenced by increases in muscle size. Taken 

together, the eccentric cycling training protocol implemented in the current study clearly 

provided a potent stimulus to the knee extensors, resulting in increases in muscle function 

that were comparable to or greater than those reported in previous studies (21, 35–37).

This is the first study to document changes in human muscle integrin-associated proteins 

in response to eccentric cycling training, although one human study previously reported 

changes in integrin-β1 protein after resistance training (38). Li et al. (38) reported a 1.4-fold 

increase in VL integrin-β1 protein after 27 sessions of 4 sets × 10 maximal concentric-

eccentric flywheel knee extensions in men, but integrin-β1 was 3-fold higher at an earlier 

time point (after the 10th training session). As shown in Figure 4, a significant increase 

in integrin-β1D (1.64-fold, gav = 0.818) was observed after the eccentric-only cycling 

training. It should be noted that the intensity and number of eccentric muscle actions were 

progressively increased in the present study, even though the intensity of eccentric muscle 

actions was always submaximal, unlike the study of Li et al. (38). As no muscle biopsy 

samples were obtained at a mid-training time point (i.e., after the 12th session) in the present 

study, it cannot be discounted that integrin-β1D protein might have been higher at some 

time other than at the end of training. Interestingly, Li et al. (38) also found a significant 

(1.2-fold) increase in VL integrin-β1 protein after 8 and 34 days of bed rest. These findings 

may suggest that integrin-β1 may not strictly increase in response to mechanical loading, but 

rather increase in response to ECM and cytoskeleton remodeling. Regardless, eccentric-only 

exercise can stimulate long-term changes in integrin-β1D muscle protein that persist for 

at least 5 days after the last exercise session. Further studies are required to elucidate the 

functional advantages of increased integrin-β1 in the remodeling of myofibers and the ECM.

Significant changes in integrin-α7 protein were not detected five days after training in 

the present study (Figure 4B). Similarly, no changes in integrin-α7 protein were detected 

after 18 sessions of electrically simulated isometric contractions in rats (39). However, 

integrin-α7 protein was increased 24 h after maximal eccentric knee extensions in humans 

(10) and downhill running in mouse gastrocnemius-soleus (1). These findings suggest that 

increases in integrin-α7 content may be more associated with short-term ECM remodeling 
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in response to eccentric exercise-induced muscle damage (9) rather than long-term changes 

in ECM structural integrity.

To the best of our knowledge, no previous study has examined changes in of RICTOR 

or ILK protein in response to exercise training. The eccentric cycling training imposed in 

the present study evoked significant increases in RICTOR protein and ILK phosphorylation 

(Figure 4), and a significant correlation between the post-training integrin-β1D and RICTOR 

(ρ = 0.627) was observed. ILK has been shown to play important roles in the regulation 

of muscle protein synthesis and fiber characteristics, such as fiber type (40). Moreover, 

ILK and RICTOR are both involved in long-term activation of Akt, thereby regulating cell 

proliferation, growth, survival, and metabolism (41). Increases in Akt phosphorylation were 

not observed in the current study, yet the time point (5 days after the last exercise session) 

was likely too late to detect any change in activation. Alternatively, both RICTOR and ILK 

are localized to the membrane may serve as an important scaffolding proteins necessary 

for muscle integrity (42, 43). Therefore, ILK and RICTOR upregulation may represent a 

mechanism necessary to protect muscle against damage, which is maximal by two weeks of 

training. Further studies are necessary to examine integrin-ILK-RICTOR complex formation 

during exercise training and the importance of this complex to muscular integrity and 

adaptation.

It was an unexpected finding that no relationships existed between baseline levels or changes 

in integrin-ILK-RICTOR- protein and changes in muscle CSA or function after the eccentric 

cycling training (Figure 5). Speculatively, an outlier with large increases in integrin-β1D, 

RICTOR, and p-ILK/t-ILK could have disproportionately influenced the results (Figure 4), 

however, reanalysis with the outlier removed resulted in the same outcome. Nonetheless, 

myofiber CSA was not directly measured in the current study, and no differentiation can be 

made between type I and II myofibers. Thus, the possibility exists that correlations may exist 

when examined at the fiber level.

In conclusion, 24 sessions of eccentric cycling training increased integrin-ILK-RICTOR 

protein, VL CSA, and lean mass of legs and trunk as well as muscle performance (strength 

and cycling power). The increases in protein were not directly correlated with muscle 

CSA or performance. However, the present data reveal, for the first time, increases in the 

integrin-ILK-RICTOR complex proteins in human muscle after exercise training, which may 

be necessary for protection, remodeling and/or adaptation.
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Figure 1. 
Three-session averages (mean and SD of 11 participants) of perceived effort (left Y-axis) and 

total mechanical work (right Y-axis) over 24 sessions of eccentric cycling training.
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Figure 2. 
Changes in vastus lateralis cross-sectional area (A), peak power output during a 10-s 

maximal concentric cycling effort at 60 rpm (B) and static strength (C) from pre- to 

post-training for 11 participants (mean and standard deviation are shown in white circles).

Mavropalias et al. Page 15

Med Sci Sports Exerc. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
RICTOR, integrin-α7, integrin-β1D, phosphorylated Akt (AktSer473), total (t-Akt), 

phosphorylated (ILKSer246) and total (t-ILK) immunoblots from samples obtained pre- and 

post-training from the participants. The molecular weight for each protein is indicated on the 

right.

Mavropalias et al. Page 16

Med Sci Sports Exerc. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Changes in integrin-β1 (A), integrin-α7 (B), RICTOR (C), phosphorylated ILK (ILKSer246) 

(D), total (t-ILK) (E), p-ILK/t-ILK ratio (F), phosphorylated (AktSer473) (G), total (t-Akt) 

(H), and p-Akt /t-Akt ratio (I), normalized to Ponceau S staining. Values depict pre- to 

post-training for 11 participants (mean and standard deviation shown by white circles).
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Figure 5. 
Scatterplots of relationships between baseline integrin-β1D and percent change in vastus 

lateralis cross-sectional area (VL CSA) (A), baseline RICTOR and percent change in VL 

CSA (B), fold-change in integrin-β1D and percent change in VL CSA (C), fold-change 

in RICTOR and percent change in VL CSA (D), fold-change in integrin-β1D and percent 

change in peak power output (PPO) (E), and fold-change in integrin-β1D and percent 

change in static strength (F). Pearson’s r, Spearman’s ρ and their respective P values are 

indicated in each graph. Dotted lines demonstrate 95% CIs for the linear regression line.
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Table 1.

Average ± SD (range) power, intensity and number of sets performed during eccentric cycling training 

protocol over the 24 sessions.

Session Power (W) Intensity Number of sets

1 – 3 179.6 ± 33.7 (123 – 234) 33% of APO 7

4 – 6 197.6 ± 37.2 (135 – 258) +10% of sessions 1–3 7

7 – 9 197.6 ± 37.2 (135 – 258) 8

10 – 12 215.4 ± 40.4 (147 – 281) +20% of sessions 1–3 8

13 – 15 215.4 ± 40.4 (147 – 281) 9

16 – 18 233.1 ± 43.9 (159 – 304) +30% of sessions 1–3 9

19 – 21 233.1 ± 43.9 (159 – 304) 10

22 – 24 251.2 ± 47.4 (171 – 328) +40% of sessions 1–3 10

APO: Average power output during maximal concentric cycling at 60 rpm for 10 s.
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