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ABSTRACT

Purpose: The purpose of the present study was to
evaluate whole-muscle content of several proteins
involved in the regulation of skeletal muscle mito-
chondrial protein content and anaerobic capacity fol-
lowing 4 weeks of extremely low-volume high-inten-
sity interval training (HIT). Methods: Young, healthy,
recreationally active adult males (n = 8) trained 4
times a week for 4 weeks on a cycle ergometer. Each
session involved 4 min of total exercise comprised of
eight 20 s intervals at ~170% of peak aerobic power
separated by 10 s rest. Muscle biopsies were taken
prior to (pre) and ~72 hrs post-training (post). Par-
ticipants completed an incremental peak oxygen up-
take (VO,peak) test and a Wingate test pre-, mid-,
and post-training. Results: VO,peak was elevated (p <
0.05) at mid- (p < 0.05) and post-training (pre: 40.5 +
3.8 ml'kg "min”!, mid: 43.4 + 2.5 ml'kg "-min”’, post-:
47.2 £ 2.9 ml*kg “min”"). Wingate mean power also
increased with training (pre-: 701.0 = 73.0 W, mid-:
745.5 £ 73.3 W, post-: 786.8 + 80.0 W). While maximal
citrate synthase activity was unchanged, protein ex-
pression of the mitochondrial protein cytochrome c
oxidase (COX) subunit I (+27%; p < 0.05) and COX
IV (+26%; p < 0.05), PDK2 (+28%; p = 0.08) in-
creased. Increases (p < 0.05) in both total PGC-1a
(+19%), and nuclear PGC-1a (+46%) were also ob-
served after 4 weeks of HIT. No changes were ob-
served in the whole-muscle contents of PDHela,
PDK4, SIRT1, mTOR, S6K1, MCT1, or PFK protein.
Conclusions: These results demonstrate that several
mitochondrial protein (but not citrate synthase activ-
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ity), PGC-1a protein content, and exercise capacity
can be improved in only 4 min of total training time
per day, 4 days per wk using HIT cycle training.
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1. INTRODUCTION

Improved exercise tolerance and increases in mitochon-
drial protein in skeletal muscle have been demonstrated
following high-intensity interval training (HIT) [1,2]. At
present, the available evidence suggests that increases in
exercise tolerance and mitochondrial protein following
short-term endurance training and HIT are similar [1,3,4].
Assuming equivalent adaptation, HIT represents an al-
ternative to endurance training requiring significantly
less exercise time [1-3]. However, while minimal doses
of maximal intensity HIT (2 - 3 min of exercise time per
training session) induce significant adaptation [1,2,5],
these protocols require long periods of recovery between
intervals such that total training time is still considerable
(~20 - 30 min). Whether less intense interval protocols
requiring less total training time produce similar in-
creases in skeletal muscle mitochondrial content is not
known.

The HIT protocol presented by Tabata et al. (1996),
subsequently termed the “Tabata protocol”, consists of
eight 20 s intervals at ~170% of maximal aerobic power
separated by 10 s of rest. This extremely low-volume
protocol totals less than 3 min of exercise time and only
4 min total training commitment per training session. In
humans, training with this protocol improves both aero-
bic and anaerobic exercise capacity, and muscle endur-
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ance [6,7]. However, the mechanism(s) by which this
minimal dose of exercise induces improvements in both
aerobic and anaerobic capacity in humans is currently
unclear.

While adapting the Tabata protocol to swimming in
rats does improve markers of oxidative capacity [4,8]
whether the Tabata protocol improves mitochondrial
protein content in human skeletal muscle, an adaptation
that could contribute to increased aerobic capacity, is not
known. The impact of the Tabata protocol on postulated
regulators of skeletal muscle transcriptional (peroxisome
proliferator-activated receptor y coactivator-1 alpha [PGC-
la], sirtuin 1 [SIRT1]), and translational (mammalian
target of rapamycin [mTOR] and ribosomal protein S6
kinase [S6K1]) control of mitochondrial biogenesis has
also not been examined in human skeletal muscle. In
addition to the mechanisms underlying aerobic adapta-
tions following HIT training, the mechanisms that under-
lie the observed increase in anaerobic capacity induced
by the Tabata protocol are also of interest. Specifically
whether adaptations typically associated with improved
anaerobic performance, including increased glycolytic
capacity [9] and lactate transport [10], are also improved
following extremely low-volume HIT is unknown.

The purpose of this study was twofold: 1) to confirm
the rapid improvements in aerobic and anaerobic capac-
ity previously observed following extremely low-volume
HIT utilizing the Tabata protocol; and 2) to examine
changes in markers of skeletal muscle mitochondrial
protein, proteins involved in the regulation of mitochon-
drial biogenesis, and protein associated with skeletal
muscle glycolytic capacity. We hypothesized that exer-
cise capacity (VO,peak and Wingate anaerobic test),
markers of mitochondrial content, and protein associated
with glycolytic capacity would all increase following 4
weeks of Tabata-based cycle training.

2. METHODS

The training intervention for this study involved 4 wks of
HIT using the “Tabata protocol” [7] 4 times per wk.
Muscle biopsies were obtained pre- and post-training,
while assessments of aerobic and anaerobic capacities
were performed at pre-, mid- and post-training. Pre-
testing was completed the wk prior to the beginning of
training and post-testing was completed 72 hr follow-
ing the final training session. Although we did not ex-
plicitly study a control group, we have previously shown
that VO,peak and several markers of muscular perform-
ance are unchanged over 4 wks when recreationally ac-
tive university students are assigned to a control group
[6].

Ten recreationally active males (20.6 + 1.6 y; 182 £ 7
cm; 79.7 £ 15.6 kg; VO,peak, 40.5 + 3.8 mL/min/kg;
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peak power 975 + 114 W) studying at Queen’s Univer-
sity volunteered to participate in the study. Two partici-
pants did not complete the study due to conflicts outside
of the study; all data associated with these participants
were excluded. The remaining participants (n = 8) com-
pleted all 16 training sessions over the 4 wk period. The
study was approved by the Health Sciences Human Re-
search Ethics Board at Queen’s University and all par-
ticipants provided written informed consent.

2.1. Training Protocol

The training protocol utilized has been described previ-
ously [7]. Briefly, participants completed eight 20 s in-
tervals separated by 10 s of rest on each training day.
Intervals were completed on a Monark Ergomedic 874 E
stationary bicycle ergometer (Vansbro, Sweden) with a
weight corresponding to 170% of peak aerobic power at
100 rpm. During rest periods participants cycled with no
load at a cadence of their choice. Participants trained 4
times per wk for 4 wks, amounting to a total exercise
time of 43 min (160 s per training session) and a total
training time commitment, including 10 s rest periods, of
64 min (i.e. 16 min of total exercise time commitment
per wk). During each participant’s first training session
heart rate (Polar Team2 Pro, Kempele, Finland) and
work rate were monitored continuously while acute af-
fect (Feeling Scale; a single item validated 11-point
Likert bipolar FS ranged from —5 [Very Bad] to +5
[Very Good)), telic state (Felt Arousal Scale; scales from
1 to 6 with anchors provided at 1 [low arousal] and 6
[high arousal]) and perceived exertion (Borg) were as-
sessed at rest, after the 4th and 8th interval, and 10 min
into recovery.

2.2. Physiological Testing

Participants arrived at the first laboratory visit in a fasted
state. One hr following a standardized breakfast, muscle
biopsies were performed under sterile conditions with
local anaesthesia (2% lidocaine) using a Bergstrom bi-
opsy needle [11] adapted with suction. Muscle tissue was
immediately frozen in liquid nitrogen, and stored at
—80°C until analysis.

Forty-eight hr following the muscle biopsy (pre- and
post-testing) and 72 hr after the final training session of
wk 2 (mid-testing), participants reported to the lab for a
VO,peak and Wingate cycling test. The VO,peak ramp
protocol consisted of 5 min of load-less cycling (Monark,
Ergomedic 874 E, Vansbro, Sweden) followed by step
increases in work rate of 25 W-min ' to volitional fatigue.
Gas exchange was measured throughout the protocol
with a metabolic cart (Moxus AEI Technologies, Pitts-
burgh, PA). VO,peak was calculated by averaging VO,
values from the final 30 s of the test. Following comple-
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tion of the VO,peak test, participants rested for 30 min
before completing a Wingate test.

2.3. Muscle Analysis

To prepare whole muscle lysates, frozen muscle tissue
(~30 - 40 mg) was homogenized in 1 mL of ice-cold
buffer containing: 50 mM Tris-HCI (pH 7.4), 1% Triton
X-100, 1 mM of EDTA and EGTA, 50 mM NaF, 10 mM
sodium b-glycerophosphate, 5 mM sodium pyrophos-
phate, 2 mM DTT and Halt Protease Inhibitor Cocktail
(100X, Thermo Fisher Scientific, Rockford, IL). Nuclei
were isolated from 30 - 40 mg of muscle tissue using a
commercially available nuclear extraction kit (Pierce
Biotechnology, Rockford, IL) as previously described
[12]. Purity of nuclear extracts was confirmed via West-
ern blot for cytosolic lactate dehydrogenase (LDH) and
nuclear histone 3 (H3).

Protein contents were determined for whole muscle
and nuclear extracts and equal amounts of total protein
were loaded and separated by SDS-PAGE using 8%,
(SIRT1, PGC-1a, mTOR, S6K1, GAPDH), or 10% (H3,
LDH, COX I, COX IV, PDHela, PDK2, PDK4, MCT]1
and PFK) gels, and were subsequently transferred to a
polyvinylidene difluoride membrane. Blotting was com-
pleted with commercially available antibodies for COX I,
COX IV, LDH, mTOR, S6K1 (all Cell Signaling Tech-
nology, Danvers, MA), GAPDH, SIRT1 (Millipore, Bil-
lerica, MA), H3, PDK4, PFK (Abcam, Cambridge, MA),
PDH (Invitrogen/Molecular Probes, Grand Island, NY),
PDK2 (Abgent, San Diego, CA), and PGC-1a (Calbio-
chem, San Diego, CA). The MCT1 antibody was a gift
from from Dr. A. P. Halestrap (Dept. of Biochemistry,
University of Bristol, Bristol, UK). Proteins were visual-
ized by chemiluminescence detection, according to the
manufacturer’s instructions (Millipore, Billerica, MA).
Blots were quantified using the Fluorochem HD2 System
(Cell Biosciences, Santa Clara, CA). Samples were run
in duplicate, except for nuclear extract samples, and
equal protein loading was confirmed with GAPDH
analysis and amido black staining.

An additional portion of muscle (~20 mg) was ho-
mogenized by hand for 30 s in glass hand homogenizers
on ice and used to determine maximal citrate synthase
(CS) activity. Total CS activity was measured spectro-
photometrically at 37°C wusing the colormetric agent
DTNB at 412 nm.

2.4. Statistical Analysis

Changes in VOjpeak, aerobic power, Wingate mean
power and Wingate peak power were analyzed using a
one-way repeated measures ANOVA. Significant changes
were subsequently analyzed using a Tukey’s Post-Hoc
test. All Western blot data were analyzed using paired
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Student’s ¢ tests. Significance was accepted at p < 0.05
and data are presented as means = SD unless otherwise
noted.

3. RESULTS

The heart rate and work rate response for a representative
participant’s first training session is presented in Figure
1(a). The group responses for perceived exertion, acute
affect, and felt arousal are presented in Figures 1(b) and
(c) respectively. Perceived exertion increased (p < 0.05)
from baseline (7.8 + 0.6) following the 4th interval (15.1
+ 0.5) and the 8th interval (18.4 + 0.4) and remained
elevated 10 minutes into recovery (14.4 £+ 1.0). Acute
affect decrease (p < 0.05) from baseline (2.3 + 0.3) fol-
lowing both the 4th (—0.4 + 0.7) and 8th interval (-2.15
+ 0.6) and remained lower than baseline during recovery
(0.1 £ 0.9). Felt arousal was unchanged (baseline, 3.4 +
0.3; 4th interval, 3.6 £+ 0.5; 8th interval, 3.6 £ 0.5; recov-
ery, 3.8 £ 0.4).

Both relative (Figure 2(a)) and absolute (Table 1)
VO,peak were significantly elevated (p < 0.05) from
baseline at both the mid- (+9%) and post-training (+19%)
time points. These increases corresponded to significant
increases (p < 0.05) in aerobic power (max power ob-
tained during VO,peak test; Table 1) from baseline (293
+ 24 W) at both mid- (327 + 21 W, +12%) and post-
training (334 + 31 W, +14%). No change in Citrate Syn-
thase maximal activity was observed following training
(p = 0.17; Figure 2(b)). Conversely, protein content of
both COX I (+27%) and COX IV (+26%; Figure 1(c))
were significantly elevated (p < 0.05) at the post-training
time point. No change in total protein content of PDHela
was observed (p > 0.05) while an increase in PDK2
(+28%; p = 0.08), but not PDK4 (+13%; p = 0.20) pro-
tein was observed (Figure 2(c)). GAPDH was used as a
loading control with no significant change from baseline
to post-training observed (see Figure 2(e) for representa-
tive blot).

Whole-muscle PGC-1a was significantly (p < 0.05)

Table 1. Participant characteristics before (pre), after 2 wks
(mid), and after (post) 4 wks of training.

Pre- Mid- Post-
Age, years 206+1.6
Height (cm) 182 +7
Weight (kg) 79.9+5.6 79.2+5.2 80.5+4.7
(Vm%l:;’;“;‘) 3182227  3455+192°  3786+438"F
Peak aerobic 203 + 24 327+21° 334+31°

power (Watts)

Values are mean + SD; "Significantly different (p < 0.05) than pre-training.
TSignificantly different (p < 0.05) than mid-training.
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elevated (+19%) following training. No significant chan-
ges were observed in the whole-muscle contents of
SIRT1, mTOR, or S6K1 (Figure 3(a)). As with mito-
chondrial protein, equal loading was confirmed using
GAPDH for all regulators of mitochondrial content (see
Figure 3(b) for representative blot). Due to tissue limi-
tations, we were only able to perform nuclear extraction
on 3-paired samples. In these samples, PGC-1a was ele-
vated in the post-training samples when expressed as
arbitrary units (+46%, p < 0.05) and when expressed
relative to our nuclear loading control H3 (+110%, p =

A1.5-

g *
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s 1.0 4
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0.07).

Mean power during Wingate testing was also signifi-
cantly elevated (p < 0.05) from baseline at both mid-
(+9%) and post-training (+11%; Figure 4(a)), while
peak power increased (p < 0.05) at the post-training time
point only (pre, 975 + 114 W; mid, 960 + 142 W; post,
1095 £ 166 W, +12%; Figure 4(b)). No change in either
the glycolytic protein PFK (p > 0.05; Figure 4(c)) or the
lactate transporter MCT1 (p > 0.05; Figure 1(d)) was
observed following training. Representative blots for
PFK, MCT1 and GAPDH are presented in Figure 4(e).

Pre Post
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SIRT1 - -

mTOR

S6K1

GAPDH
(b)

Figure 3. Change in whole-muscle protein content from baseline to post training for PGC-1a, SIRT1,
mTOR, and S6K1 (a). Representative blots for an individual participant are shown (b). "Significant in-
crease (p < 0.05) from Pre. Mammalian target of rapamycin (mTOR), peroxisome proliferator-activated
receptor y coactivator-1 alpha (PGC-1a), ribosomal protein S6 kinase (S6K1), silent mating-type informa-

tion regulator 2 homolog 1 (SIRT1).
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4. DISCUSSION

This study evaluated changes in potential intramuscular
mechanisms associated with increase in aerobic and an-
aerobic capacity induced by 4 wks of extremely low-
volume high-intensity cycling exercise. Consistent with a
previous report [7] we observed increases in both aerobic
and anaerobic capacity following 2, and 4 wks of train-
ing utilizing the Tabata protocol. Increases in aerobic
capacity coincided with increases in mitochondrial pro-
tein (COX I and IV), but not citrate synthase maximal
activity. PGC-la protein was also elevated following
training while no changes in SIRT1, mTOR or S6K1
were observed. The observed increase in anaerobic
power was not accompanied by increases in either PFK
or MCT]1 protein content.

4.1. Changes in Aerobic Capacity

While other low volume HIT protocols have reported
non-significant [13,14] or small (<10%) increases in
aerobic capacity [1,15] the current protocol induced rela-
tively large increases in both VO,peak (+19%) and an-
aerobic performance (+12% - 14%). These findings con-
firm the results of Tabata et al. (1996) who reported ecle-
vated VO,peak at both 3 and 6 wks of training, and
demonstrate that increases in VO,peak occur following 2
wks of training. Interestingly, while VO,peak is tradi-
tionally believed to be determined by cardiac output, a
recent report demonstrated increased VO,peak without
an accompanying increase in maximal cardiac output
following treadmill sprint interval training [16]. These
results, combined with our demonstration of elevated
skeletal muscle mitochondrial protein, suggest that ele-
vated aerobic capacity following low volume HIT may
be result from peripheral adaptations.

While the current HIT protocol appears to be very
time efficient, whether the absolute changes in mito-
chondrial content and aerobic capacity are greater than
those observed following training protocols requiring a
greater total training time commitment is of considerable
interest. While we were unable to compare our results
with another protocol in the current study, our results
appear to compare favorably to previously published
studies examining changes in aerobic capacity following
training interventions of a similar duration (i.e. 4 weeks).
Specifically, VO,peak improved 9% and ~6% following
4 weeks of high volume, steady state running [17] and
cycling [18] respectively compared to 19% in the current
study. While it is more difficult to compare changes in
protein content and enzyme activity across studies, the
increases in mitochondrial protein (~25%) appear in line
with increases observed previously following endurance
training and higher intensities of HIT [1,2]. Thus it
would appear that the adaptations following Tabata
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training are at least comparable to endurance training. A
future study performing a direct comparison of mito-
chondrial and aerobic adaptations following the low
volume training protocol utilized in the current study,
and higher volume endurance training would provide
valuable insight into the efficacy of the Tabata protocol.

4.2. Improved Mitochondrial Protein

These results demonstrate that HIT cycle training re-
quiring a total time commitment of 4 min per day (<3
min of exercise time), 4 days per week for 4 weeks can
increase skeletal muscle mitochondrial protein content
(COXI, COX 1V). Surprisingly, these increases were not
accompanied by an increase in maximal citrate synthase
activity. While previous studies have demonstrated simi-
lar increases in mitochondrial protein with similarly low
volume HIT [1,2,5], the extremely high intensities asso-
ciated with these protocols necessitates long recovery
periods and thus training time commitment (20 - 30 min
per session; 60 - 90 min per wk compared to only 16 min
in the current study). We have also observed an increase
(» = 0.08) in the protein content of PDK2, but not
PDHela or PDK4. These results are consistent with pre-
vious reports of no change in PDHela following HIT [1]
and the increase in PDK2, but not PDK4 typically ob-
served following training [19]. Increases in PDK2 are
associated with the inhibition of PDH and a greater reli-
ance on FFA oxidation during exercise [19] suggesting
that the Tabata protocol may also induce altered exercise
substrate utilization, however, this adaptation has not
been examined in humans.

Although the minimum volume of exercise required to
induce muscle mitochondrial adaptations remains unclear,
there appears to be a trade-off between volume and in-
tensity whereby adaptations can be induced with a very
low dose of exercise, provided the intensity is high. Our
results indicate that high-intensity interval sessions last-
ing only 4 min are sufficient for promoting these adapta-
tions in human skeletal muscle. Importantly, while the
current results extend our knowledge of the minimum
dose of HIT required, it is acknowledged that our find-
ings fall in line with a growing body of literature that
demonstrate a variety of intensities, durations, and work:
rest ratios of HIT improve skeletal muscle mitochondrial
protein content and fitness [20]. If HIT research is to
continue to progress in a meaningful way there is a need
for studies designed to optimize the beneficial adapta-
tions of HIT while minimizing the safety concerns asso-
ciated with supramaximal exercise [21]. The current re-
sults may serve as a starting point for this research, as, at
present, the Tabata protocol appears to represent the
most time efficient means of improving both skeletal
muscle mitochondrial protein and aerobic and anaerobic
performance.
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4.3. Changes in Regulators of
Mitochondrial Content

PGC-la is a critical regulator of oxidative enzyme ex-
pression [22] and the activation of genes that encode for
mitochondrial proteins [23] through its interaction with
both nuclear and mitochondrial transcriptional factors
[22,24,25]. Multiple investigators have identified in-
creases in whole-muscle [1,12,26] and nuclear [3,12]
content of PGC-1a following HIT. Our results corrobo-
rate these findings, and provide the first evidence of the
efficacy of the Tabata protocol at stimulating increases in
whole-muscle PGC-1¢ in human skeletal (Figure 2(a)).
While tissue limitations restricted our ability to examine
nuclear PGC-1a content in the current study, the results
from the 3 paired samples we were able to examine are
consistent with previous studies observing exercise in-
duced increases in nuclear PGC-1a [3,12,27] and suggest
that an increased abundance of PGC-la in the nucleus
may contribute to the molecular adaptations induced by
extremely low-volume HIT.

SIRTI, a deacetylase acting on PGC-1a [28,29], has
been suggested as a mediator of PGC-1a activation [29,
30], expression [31], and nuclear sequestration [3]. The
exact mechanisms by which SIRT1 contributes to exer-
cise-mediated mitochondrial biogenesis are unclear [12,
26] and both increases [3,31] and decreases [12,26,32] in
whole muscle SIRT1 protein content have been reported
following exercise training. While no change in SIRT1
protein was observed in the current study, we have pre-
viously hypothesized that nuclear SIRT1 activity, rather
than protein content per se, contributes to activation of
PGC-1la in human skeletal muscle [12]. Unfortunately,
we were unable to measure nuclear SIRT1 activity in the
current study due to tissue limitations. Despite this, our
results are consistent with a growing body of literature
that suggests an increase in whole muscle SIRT1 protein
is not required for enhanced muscle mitochondrial pro-
tein following HIT [33].

Exercise-induced increases in mitochondrial and myo-
fibrillar proteins are also hypothesized to be reliant on
transient increases in signalling proteins in the mTOR/
S6K 1 pathway [34,35]. Wilkinson ef al. (2008) reported
acute activation of mTOR and S6K1 following endur-
ance and resistance exercise in trained and untrained
individuals, however, little is known regarding regulation
of the mTOR/S6K1 pathway in response to interval
training. We observed no significant changes in whole-
muscle mTOR or S6K1 content 72 hr following the Ta-
bata training protocol (Figure 2(a)). While our results
suggest that neither mTOR nor S6K1 protein are up-
regulated by HIT, whether or not increased activity and/
or signalling responsiveness of the mTOR pathway con-
tributes to increased translation of proteins involved in

Copyright © 2013 SciRes.

adaptations to HIT remains a possibility worthy of future
research.

4.4. Mechanisms of Increased
Anaerobic Capacity

Consistent with the original report by Tabata ez al. (1996)
we have observed improvements in anaerobic capacity
following both 2 and 4 weeks of training. Increases in
anaerobic performance are typically associated with im-
proved content of glycolytic protein [9] and increased
capacity for lactate transport out of exercise muscle [10].
Surprisingly, we have not observed increases in either
PFK or MCT1 protein content. While others have also
failed to observe an increase in MCT1 and MCT4 fol-
lowing HIT [36] it is possible that MCT4 increased fol-
lowing training in the current study, resulting in im-
proved lactate export. While we were unable to measure
MCT4 this explanation seems unlikely as MCT1 and
MCT4 typically change in concert [5,36]. Alternatively,
the observed increases in anaerobic power may be a re-
sult of improved muscle buffering capacity. While in-
creases in buffering capacity have been observed fol-
lowing HIT training [2], no changes in buffering capacity
have also been reported following HIT [36]. The mecha-
nisms underlying the increases in anaerobic power in-
duced by the Tabata protocol, and HIT in general, remain
unclear.
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