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HIGH-INTENSITY EXERCISE TRAINING
INDUCES MORPHOLOGICAL AND BIOCHEMICAL
CHANGES IN SKELETAL MUSCLES
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ABSTRACT: In the present study we investigated the effect of two different exercise protocols on fibre composition
and metabolism of two specific muscles of mice: the quadriceps and the gastrocnemius. Mice were run daily
on a motorized treadmill, at a velocity corresponding to 60% or 90% of the maximal running velocity. Blood
lactate and body weight were measured during exercise training. We found that at the end of training the body
weight significantly increased in high-intensity exercise mice compared to the control group (P=0.0268), whereas
it decreased in low-intensity exercise mice compared to controls (P=0.30). In contrast, the food intake was
greater in both trained mice compared to controls (P<0.0001 and P<0.0001 for low-intensity and high-intensity
exercise mice, respectively). These effects were accompanied by a progressive reduction in blood lactate levels
at the end of training in both the exercised mice compared with controls (P=0.03 and P<0.0001 for low-
intensity and high-intensity exercise mice, respectively); in particular, blood lactate levels after high-intensity
exercise were significantly lower than those measured in low-intensity exercise mice (P=0.0044). Inmunoblotting
analysis demonstrated that high-intensity exercise training produced a significant increase in the expression of
mitochondrial enzymes contained within gastrocnemius and quadriceps muscles. These changes were associated
with an increase in the amount of slow fibres in both these muscles of high-intensity exercise mice, as revealed
by the counts of slow fibres stained with specific antibodies (P<0.0001 for the gastrocnemius; P=0.0002 for
the quadriceps). Our results demonstrate that high-intensity exercise, in addition to metabolic changes consisting
of a decrease in blood lactate and body weight, induces an increase in the mitochondrial enzymes and slow
fibres in different skeletal muscles of mice, which indicates an exercise-induced increase in the aerobic metabolism.
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INTRODUCTIOIN 15—

Skeletal muscle, like other biological systems, has an elevated plas-
ticity which is revealed by its capacity to produce a functional response
in different conditions. In fact, when a specific pattern of muscle
activity is repetitively applied, a series of biochemical and morpho-
logical changes occur, which allow a more appropriate functional
response to be produced, depending on the specific stimulation [22].
This phenomenon is common in individuals who regularly practise
sports. In fact, exercise training aimed at improving performance is
always associated with several phenotypic modifications of the skel-
etal muscles [17]. These changes involve several components of the
locomotor system, such as the contractile apparatus and/or the me-
tabolism of the muscles [17], in order to modify muscular force,
endurance and contractile capacity.

In mammals skeletal muscles can be generally classified into two
major groups, slow-twitch and fast-twitch, based on their intrinsic

contractile properties. Slow muscles, such as the soleus and the vas-
tus intermedius, which play a strong antigravity function, predomi-
nantly express the slow type | myosin heavy chain (MHC) isoform with
avariable percentage of type lla MHC, the slowest of the fast MHCs [341.
Fast muscles, such as the gastrocnemius-plantaris complex and the
vastus lateralis, predominantly express the two fast isoforms, IIx and
[Ib, in variable percentages, depending on the muscle, the region of
the muscle, and the animal species [11]. Although the IIb MHC gene
has been identified in the human genome [42], there is no evidence
for the expression of the related protein in human muscles. Thus, in
all mammals, including humans, the MHC slow isoform is type | and
the two MHC fast isoforms, Ila and Ilx, are present in humans where-
as in rodents the MHC fast isoforms are lla, 1lb and lix [40].

In rodents, acquisition of the adult profile of MHC gene expression
in the skeletal muscles is a process that begins during the latter
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stages of fetal development and continues in the postnatal life [9].
In fact, at birth both slow and fast muscles are still in an undif-
ferentiated state and during the first 3-4 weeks of neonatal devel-
opment they rapidly grow and differentiate into their adult MHC
phenotype [9]. This process occurs under the control of several
factors. In fact, an intact innervation is needed to allow the correct
muscle development [2], although environmental conditions seem
to play an important role. In this respect, recent studies demon-
strated that in rodents slow muscles are dependent on weight-
bearing activity for both normal growth and the optimal expression
of type | MHC [11].

Another factor which influences the fibre composition of skeletal
muscles is exercise training. The type of training influences the
presence of the different muscle fibres on the basis of specific motor
activity. In fact, several studies have demonstrated the presence of
different percentages in slow or fast fibres in specific muscles of
individuals who performed endurance training, sprint or recreation-
al activity [21,25]. In fact, depending on the stimulus, skeletal
muscle can increase in size [10], alter the composition in the type
of muscle fibres [29], as well as increase enzyme activities [18].
For example, endurance trained individuals have a higher percentage
of type | slow fibres (about 65% type | fibres in the gastrocnemius
muscle), compared to recreationally active individuals (about 50%
type | fibres in the gastrocnemius muscle) [21]. Slow and fast fibres
differ considerably in maximum shortening velocity (type | about
four to five times slower than type IIx) and power generating capac-
ity [36]. In particular, type IIx fibres show an enzymatic profile in-
volved in anaerobic metabolism [8] such as a high concentration of
glycolytic enzymes [31]. In contrast, type | fibres have a high content
of oxidative enzymes that favour aerobic metabolism [31]. Therefore,
type Il fibres, which depend for their energy supply on the anaerobic
pathway, are more vulnerable to fatigue, due to fast energy depletion
which impairs most cellular activities [16]. On the other hand, type
| fibres confer to muscle elevated resistance to fatigue due to
the elevated production of chemical energy derived from the en-
hanced aerobic metabolism [6].

It is well known that different exercise training influences the
oxidative potential. In fact, repeated exercise requires an increase in
the aerobic metabolism to sustain the prolonged muscle activity [6],
whereas a brief burst of muscle exercise needs rapid production of
energy obtained by anaerobic metabolism [41]. Therefore in re-
peated training, sustained by aerobic energy metabolism, an increase
in muscle oxidative potential was reported [24, 28].

In the present study we investigated the effect of two different
exercise protocols on fibre composition of specific skeletal muscles
in mice. In particular, we used two models of prolonged exercise
training, consisting of:

a) brief sequences of intense exercise (running at 90% of the

maximal intensity) interspersed with recovery periods;
b) continuous exercise at moderate activity (running at 60% of
maximal intensity).

Toti L. et al.

Both training groups ran for a distance of 1,000 metres. This
exercise was repeated 5 day per week, for a total of 8 weeks [4].

The two protocols represent two different endurance training meth-
ods which differ regarding the intensity of the activity. In a previous
study we found that each experimental schedule modifies differently
the levels of blood lactate measured at the end of the training peri-
od [4]. Therefore, the aim of the present study was to evaluate
whether these changes in the levels of blood lactate might be related
to modifications in the energy metabolism developed within the
muscle fibres at the end of the training period. Since the two exercise
schedules represent two different forms of prolonged, endurance ex-
ercise, we expected that an increase in the aerobic metabolism would
occur. For this purpose, we analysed by immunoblotting and immu-
nohistochemistry two different skeletal muscles, the gastrocnemius
and the quadriceps, in order to evaluate the effect of each exercise
schedule on the expression of specific enzymes involved in the oxida-
tive metabolism as well as the slow fibre composition.

MATERIALS AND METHODS I
Animals. Ten-week-old male C57BL mice (n=24) (Harlan Labora-
tories, San Pietro al Natisone, UD, ltaly), weighing 25.6 + 0.1 g,
were used. Before the experiment, the animals were housed one per
cage in a temperature-controlled room (20 + 2°C) with a 12/12 h
light/dark cycle and were allowed access to standard chow (Harlan
Laboratories) and water ad /ibitum, except one hour before and
during the experiment (see below). All experimental procedures were
performed in accordance with the ethical committee of the Univer-
sity of Pisa and the Helsinki Declaration for the use and care of
laboratory animals.

Experimental set-up

This experimental work used a motorized treadmill (Columbus Instru-
ments, Columbus, OH, USA) to perform exercise training. The tread-
mill consisted of 6 single lines, and each mouse could individually
run in a single line.

After a period of adaptation (1 week) to the motorized treadmill,
mice underwent an incremental exercise test for five consecutive
days (from Monday to Friday), modified from Ferreira et al. [15], in
order to establish for each mouse the highest running velocity (max-
imal velocity). In detail, we started from a basal velocity of
6 m-mint for 3 min at 0% grade, which was progressively increased
by 3 m-min! every 3 min, until mice were unable to maintain the
required running intensity for 3 min [15]. At the end of this period,
for each mouse we were able to determine the maximal velocity, as
the highest velocity which was maintained for at least 3 min.

Considering all experimental mice, the values of maximal veloc-
ity ranged from 27 to 39 m-min™’. These values were used to divide
the mice into three groups, each containing mice with similar values
of maximal velocity (Table A). Mice belonging to each group were
assigned to two different types of exercise training or used as controls,
as reported below.
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The two different training types were selected on the basis of
different pattern of exercise:

-a sequence of short periods (2 min) of intense effort running at

90% of the maximal running velocity followed by 1 min recov-
ery (HIT);

-continuous submaximal running at 60% of the maximal running

velocity (LOW).

In particular, mice with the highest maximal velocity were con-
sidered HIT, mice with lower maximal velocity were considered LOW,
whereas mice with more heterogeneous values of maximal velocity
were considered CON (controls).

Therefore, we obtained three experimental groups:

1) High-intensity interval running (HIT) (n=8)

2) Continuous submaximal running (LOW) (n=8)

3) Unexercised (sedentary) mice (CON) (n=8).

To avoid potential bias derived from significant differences in
the maximal velocity between mice belonging to the same experi-
mental group, we created experimental groups composed of animals
with a similar range of performance (Table A).

Since the experimental groups were composed of 8 animals, we
could divide each group into 2 subgroups, each composed of 4 mice,
with the same maximal velocity (Table A). Mice belonging to each
subgroup could run in the same session. Therefore, two lines of the
treadmill remained empty in all running sessions.

The distance to run was determined based on the incremental
test, by considering the mean distance covered during 45-60 min
of continuous moderate running at 15 m-min''. The mean distance
was fixed at 1,000 m, thus keeping constant the total workload in
both types of exercise training.

Exercise training
The exercise training started at 10 a.m. each weekday (from Monday
to Friday) for 8 weeks and for a total of 40 sessions.

We carried out the experiment starting always at the same time
of the day for an overall training time of 3 hours (10 a.m. -1 p.m.).

TABLE A. VALUES OF MAXIMAL VELOCITY OBTAINED DURING
THE INCREMENTAL TEST USED TO CREATE THE EXPERIMENTAL
GROUPS

CON LOW HIT
30 30 39
27 27 36
30 30 36
27 30 39
36 30 36
36 27 39
30 27 39
36 27 36

Note: CON - Unexercised (sedentary) mice, LOW - Continuous submaximal
running, HIT - High-intensity interval running

This time interval allowed us to avoid diurnal effects on training
performance [13], which were further minimized by varying for each
group the starting time of training.

In each session, running mice (namely, LOW and HIT mice) were
run for a distance of 1,000 metres, and the session ended when
the whole distance was covered. Sedentary mice were placed for
30 minutes on the turned off treadmill.

For all animals food was stopped one hour before physical exercise.

To evaluate correlations between food consumption and weight
increase, food intake was measured every other day, whereas mouse
weight was measured once a week.

Blood lactate concentration

To evaluate the effect of exercise training on running performance
before the 1% session and at the end of the 1%, 20" and 40 session,
the blood lactate concentrations were measured. Capillary blood
samples were taken at steady state 2 min before the 1% session of
training and 3 min after the 1%, 20" and 40" session from the tail
vein and transferred to 0.2 mL vials containing heparin. The samples
were singly dropped on Bm-Lactate strips (Roche Diagnostics GmbH,
Mannheim, Germany) and the blood lactate concentration was mea-
sured using an Accutrend/Accusport Lactate Portable Analyzer (Roche
Diagnostics GmbH), according to Bishop [5]. The time frames for
blood collection were kept constant for all mice.

Tissue preparation and immunohistochemical analysis

Mice were sacrificed by deep anaesthesia using chloral hydrate (450
mg/kg); for each mouse, gastrocnemius and quadriceps muscles were
rapidly dissected out and immersed in Carnoy’s fixative solution (60%
ethanol absolute, 30% chloroform, 10% acetic acid) for 24 h and
then transferred to 70% ethylic alcohol overnight at 4°C. Samples
were dehydrated in increasing alcohol solutions (80%, 96% and
100% ethylic alcohol), immersed in xylene for 4 h, and finally em-
bedded in paraffin. Tissue blocks were sectioned using a microtome
in order to obtain 7 um thick slices. Such a sample was completely
cut and consecutive serial sections were collected in strict anatomi-
cal order on SuperFrost plus™ slides (Fisher Scientific SAS, lllkirch
Cedex, France).

In each muscle, immunohistochemistry was done every 10th
section for a total of about 250-300 sections.

Sections assigned to immunohistochemistry were dried at 37°C
for about 12 h and immunolabelled with mouse primary antibody
(Abl) against slow skeletal myosin (1:1000, Sigma Aldrich, St.
Louis, MO USA). Briefly, de-paraffined and re-hydrated sections were
immersed in 0.1% Triton X-100 (Sigma Aldrich) in TBS for 15 min.
Then, sections were quenched for endogenous peroxidase activity
(3% H,0, for 10 min), incubated in a blocking solution of 10%
normal goat serum (Vector Laboratories, Burlingame, CA USA) and
TBS, for 1 h at room temperature and finally immersed in the above
described antibody solutions also containing 2% normal goat serum
in TBS overnight at 4°C.
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After washing out, slices were incubated with secondary anti-mouse
biotinylated antibody (Vector Laboratories) diluted 1:200 in TBS for
1 h, followed by ABC kit (Vector Laboratories) and diaminobenzidine
(DAB, Vector Laboratories). Finally, slices were dehydrated in increas-
ing alcohol solutions, mounted with DPX (Sigma Aldrich) and observed
at light microscope (Nikon Eclipse 80i, Japan) coupled to a colour
video camera equipped with Nis Element Software (Nikon).

These sections were used to count the number of the slow fibres
in both gastrocnemius and quadriceps muscles. Counts were carried
out at 4x magnification by two different observers, unaware of the
experimental groups.

In each mouse, contralateral muscles were dissected and sub-
jected to immunoblotting (see below).

Transmission electron microscopy

Two mice for every group were anaesthetized with an intraperito-
neal injection of chloral hydrate and then thoracotomized. Subse-
quently they were perfused with a fixing solution (2% paraformal-
dehyde and 0.1% glutaraldehyde in phosphate buffer solution)
through the left ventricle. Both quadriceps and gastrocnemius
muscles of each animal were dissected, gently stretched for
10 seconds and immersed in the same fixative solution for 3 h.
Samples were then post-fixed in buffered 1% osmium tetroxide for
1.30 h, dehydrated in ethanol and embedded in Epon-araldite.
To be sure to analyse the same area of each muscle in each ex-
amination group, we cut little blocks of about 5 mm? in the central
part and in the extremities of the muscles. These blocks were cut
and non-serial ultrathin sections (leaving a space of a few microm-
eters from each other) were collected on grids. We obtained
20 grids for each sample. Since biological structures vary in ap-
pearance depending upon position and orientation, we used blocks
in which the fibres of each sample were found in longitudinal
orientation. This allowed us to observe the structures of interest
always in the same placement. The grids were stained with uranyl
acetate and lead citrate and examined with the Jeol Jem 100 SX
transmission electron microscope. Contralateral muscles were im-
mersed in 4% paraformaldehyde in PBS for 24 h and then sub-
jected to the paraffin embedding procedure for light microscopy,
as already described (see above).

Mitochondrial isolation and western blot assay
Isolation of the intact mitochondria from the muscles (gastrocnemius
and quadriceps) was performed using a Mitochondria Isolation Kit
purchased from MitoSciences (Eugene, Oregon, USA). Immediately
after dissection, samples were washed twice with 1.5 ml of wash
buffer solution, and placed in a pre-chilled Dounce homogenizer.
The rupture of tissues was performed by 30-40 Dounce strokes with
2.0 ml of isolation buffer.

Homogenates were centrifuged at 1,000 g for 10 min at 4°C and
the supernatant was subsequently centrifuged at 12,000 g for
15 min at 4°C.
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After removing the supernatant, the pellet was re-suspended in
1 ml of isolation buffer supplemented with 10 ul of protease inhibi-
tor cocktail. Two consecutive centrifugations at 12,000 g for 15 min
at 4°C allowed us to obtain the mitochondrial fraction from each
muscle sample. The pellet was then re-suspended in 500 ul of the
isolation buffer supplemented with protease inhibitor cocktail.

An aliquot of supernatant obtained from the isolated mitochondria
was used to determine the protein concentration by a protein assay
kit (Sigma Aldrich). Samples containing 5 ug of total protein for
quadriceps and gastrocnemius were solubilized and electrophoresed
on 12% sodium dodecyl sulfate-polyacrylamide gel. Following elec-
trophoresis, the proteins were transferred to PYDF membrane (GE
Healthcare, Milan, Italy). The membrane was immersed in blocking
solution (5% non-fat dried milk in PBS containing 0.05% Tween-20)
overnight, at 4°C, and incubated with the primary antibody cocktail
anti-Oxidative Phosphorylation Rodent complex (1:250) (MitoSci-
ences) for 1.30 h at 4°C. The blot was probed with horseradish
peroxidase-labelled anti-mouse secondary antibody (1:500) and the
bands were visualized with enhanced chemiluminescence reagents
(GE Healthcare). Films of Western blots were scanned and the opti-
cal density of the bands was measured using NIH Image 1.61 soft-
ware. Each result was confirmed in triplicate.

Statistical analysis

Data related to food intake, body weight and blood lactate levels from
each mouse were used to obtain the mean value + SEM for each
group. Concerning the morphological analysis, the counts performed
from each observer for each mouse were used to obtain the mean
values + SEM of each group.

Finally, values related to the densitometric analysis represent the
mean + SEM of three independent measurements.

Comparisons among groups were made by using a one-way
ANOVA combined with Scheffé’s post hoc test. Comparison between
blood lactate levels before and after training within the same group
was made using Student’s t-test for paired data.

The null hypothesis was rejected for P < 0.05.

All statistical analyses were performed between independent groups.

RESULT S |
Body weight and food intake. Body weight did not differ among the
groups before the beginning of the exercise protocol. At the end of

TABLE I. BODY WEIGHT EVALUATION PERFORMED AT Ty AND
T40 AND BODY WEIGHT GAIN AT T,49 FOR ALL EXPERIMENTAL
GROUPS (CON, LOW AND HIT)

To (gr) Tao (gr) Increase (%)
CON 25.5+0.3 28.8+0.4 12.7+0.5
LOW 25.840,3 28.0+0,3 8.7+0.6*
HIT 25.5+0.3 30.1+0.2* # 18.2+1.4* #

Note: *P<0.05 vs CON; #P<0.001 vs LOW
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TABLE 2. CORRELATIONS BETWEEN FOOD CONSUMPTION

AND WEIGHT INCREASE EVALUATED AT THE END OF
THE EXERCISE PROTOCOL (T40) FOR EACH GROUP
LOw HIT
Food intake (%)* +10.9 ¥ +26.2 1
Weight increase (%)* -30.8 +42.2
Weight increase compared 376+ +12.6 1

to food intake (%)*
Note: Data are expressed as percentage compared to CON. - p<0.0001

training body weight gain was greater in the HIT group (18.2 =
1.4%) compared to LOW (8.7 = 0.6%, P < 0.0001) and CON (12.7
+ 0.5%, P < 0.005) groups, and it was lower in the LOW group
compared to the CON group (P < 0.05) (see Table 1). In contrast,
the food intake of both HIT and LOW mice was greater compared to
the CON group (P < 0.0001). In order to compare the body weight
increase in relation to the food intake, Table 2 shows that LOW mice,
despite consumption of significantly more food compared to CON
mice, underwent a smaller weight increase; in contrast, the weight
increase of HIT mice, in accordance with a food consumption level
significantly more elevated compared to both LOW (P < 0.0001)
and CON groups, was significantly greater (see Table 2).

Blood lactate

Before the first training session (T,) no difference in blood lactate
concentration between the groups was found. At the end of the first
training session (T;) blood lactate concentrations measured both in
HIT (5.10+0.06, P < 0.0001) and LOW (4.93+0.13, P < 0.0001)
were significantly higher compared with CON (4.09+0.12). These
levels became similar between groups at the end of the twentieth
training session (T,q), whereas after the last training session (T,0),
blood lactate concentrations in both LOW and HIT (3.51+0.09,
2.95+0.12, respectively) were decreased. In particular, at T,4 blood
lactate measured in LOW and HIT mice appeared significantly low-
er compared with CON (P < 0.005, P < 0.0001, respectively) and
also with the levels measured at T; in the same groups, as expected
from effective training. Moreover, blood lactate levels of HIT mice at
the end of the training (T,o) were significantly lower than those
measured in LOW mice (P < 0.005) (see Table 3).

TABLE 3. BLOOD LACTATE CONCENTRATIONS MEASURED
BEFORE THE 1ST SESSION AND AT THE END OF THE 15T, 20™
AND 40™ TRAINING SESSION

(mm(T)(I)- L (mmI)?- L (mm-I;JZIq L (mm-lglo- L
CON 4.075+0.11 4.09+0.12 4.06+0.10 4.10+0.11
LOW 4.03+0.11 4.93+0.13* 3.73+0.08 3.51+0.09*$
HIT 4.06+0.09 5.10+0.06* 4.09+0.13  2.95+0.12%%8

Note: *P<0.0001 vs CON; #P<0.005 vs LOW; §P<0.0001 vs the
same group at T; and T,g

Morphological analysis and immunohistochemistry
Immunohistochemistry shows that low-intensity training did not pro-
duce any change in the positivity for myosin skeletal slow protein
within the quadriceps muscle compared with CON mice (Figs. 1b,
1a, respectively). In contrast, we found increased immunopositivity
for this protein in the quadriceps muscle of HIT mice (Fig. 1c). Simi-
lar results were obtained for the gastrocnemius muscle (data not
shown).

These qualitative results were confirmed by the count of the number
of slow fibres (namely, those fibres immunopositive for the myosin
skeletal slow protein) both in quadriceps and gastrocnemius muscles
of all the experimental groups. In the CON group, the percentage of
slow fibres counted in the quadriceps muscle was 8.88 + 1.20%.
The percentage of slow fibres counted at the end of the experiment
in the LOW group was not different from CON (8.81 = 1.13%),
whereas in the HIT group it was significantly higher compared to both
CON and LOW groups (18.46 + 1.60%; P < 0.0005) (Fig. 1d ).
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FIG.

I. IMMUNOPOSITIVITY FOR SLOW SKELETAL MYOSIN IN
THE QUADRICEPS AND GASTROCNEMIUS MUSCLES OF MOUSE AFTER
EXERCISE TRAINING

Note: Representative immunoperoxidase stains for slow skeletal myosin in
the quadriceps muscle from CON (a), LOW (b), and HIT mice (c) are shown.
The immunopositivity for this protein is increased in mice after high-intensity
exercise training (c), as confirmed by the histograms showing the percentage
of slow fibres among total muscle fibres in the quadriceps muscle (d).
The same result was observed in the gastrocnemius muscle (e).

*P<0.001 versus CON and LOW

Scale bar= 33.48 um
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Gastrocnemius muscle

CON |

FIG. 2. ULTRASTRUCTURAL ANALYSIS OF GASTROCNEMIUS MUSCLE OF
MOUSE AFTER EXERCISE TRAINING

Note: Representative micrographs of gastrocnemius muscle from CON (a),
LOW (b) and HIT mice (c). No ultrastructural alterations were detected in any
of the mice groups. The myofibres are well formed, with repeating sections of
dark and light bands.

In fig. 2 c the nucleus (N) of a myofibre.

Scale bars: a, b, c = 0.62 um

Toti L. et al.

A similar trend was found when the slow fibres of the gastrocne-
mius were counted. In fact, in the gastrocnemius of the HIT group
the percentage of slow fibres (21.19 = 2.03%) was found to be
significantly higher compared to CON (8.98 + 1.03%; P < 0.0001)
and LOW (8.90 + 1.06%; P < 0.0001) (Fig. 1e).

In electron microscopy no ultrastructural alterations were de-
tected in LOW and HIT groups compared to CON mice. In fact,
gastrocnemius muscle (Fig. 2) and quadriceps muscle (data not
shown) belonging to all groups presented well-formed myofibres in
which it is possible to recognize the sarcomere organization in dark
and light bands and the typical morphology of the nucleus (Figs. 2a,
b, c).

Western blot on mitochondrial complex enzymes

Immunoblotting analysis showed a significant increase in the expres-
sion of mitochondrial complex enzymes in HIT mice compared with
CON mice (Fig. 3a), both in gastrocnemius and quadriceps muscle.
In particular, this increase is significant for the enzymes correspond-
ing to Complex IV, Il and | of the mitochondrial chain, as presented
in the graphs (Fig. 3b). In contrast, despite the prolonged exercise,
no change in the expression of mitochondrial enzymes was found in
LOW mice (Figs. 3a,b).

DISCUSSION 1
The present study demonstrates that exercise training is a power-
ful inducer of muscle plasticity, by producing specific changes in
muscle fibre composition.

We show that prolonged high-intensity exercise training pro-
duces specific biochemical and morphological changes in

Gastrocnemius muscle
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FIG. 3. EFFECTS OF EXERCISE TRAINING ON MITOCHONDRIAL COMPLEX ENZYME EXPRESSION

Western blotting analysis for mitochondrial chain proteins in the gastrocnemius and quadriceps muscles of mice after exercise training (a). The expression of
the enzymes corresponding to Complex IV, Il and | of the mitochondrial chain is significantly increased in HIT mice compared with CON mice in both muscles.
No difference was observed between CON and LOW mice. (b) Densitometric analysis of protein expression for HIT mice compared to CON is expressed in
arbitrary units. Data represent the mean = SEM of three independent experiments. *P < 0.001 VERSUS CON
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the quadriceps and the gastrocnemius muscles of mice, consisting
of changes in the expression of specific mitochondrial enzymes and
in the amount of slow-twitch muscle fibres. These effects are ac-
companied by progressive reduction in blood lactate levels during
training and increase in body weight at the end of the training pe-
riod.

In contrast, a different type of exercise training, consisting of
continuous activity at moderate intensity, is unable to modify either
mitochondrial enzyme expression or muscle fibre composition in the
quadriceps and gastrocnemius of trained mice. In these mice, lactate
levels appear slightly decreased at the end of the training, whereas
body weight is unchanged.

The protocol of prolonged, intermittent, high-intensity exercise
training was selected in order to produce strong bursts of anaerobic
exercise interspersed with short resting periods, whereas prolonged,
continuous activity at moderate intensity is mainly sustained by
aerobic effort [6,41]. In this study HIT mice show a significant de-
crease in blood levels of lactate at the end of the whole training
period. This effect suggests the occurrence of a metabolic “switch”,
leading the high-intensity trained skeletal muscle to reduce the an-
aerobic consumption of glucose and to increase the aerobic me-
tabolism. In contrast, LOW mice, trained at moderate activity, show
a mild decrease in the blood lactate at the end of the training period,
suggesting only a slight increase in the rate of aerobic muscle activ-
ity.

On the other hand, comparing the increase in body weight between
the two trained groups after the training period appears to produce
contradictory results. In fact, the lack of physiological increase in
body weight found in LOW mice at the end of training is consistent
with the hypothesis that prolonged, continuous but moderate exercise
induces aerobic energy consumption which leads to an increased
basic metabolism [6]. For instance, aerobic exercise stimulates pro-
tein turnover by increasing protein breakdown and synthesis during
the recovery in human skeletal muscle, thus increasing the energy
demand [7]. These general metabolic effects produce a net decrease
in body mass [20].

To solve this point, i.e. whether HIT or LOW mice undergo
an effective increase in aerobic metabolism, we investigated the
effect of each training protocol on slow-twitch muscle fibre composi-
tion as well as the content of mitochondrial enzymes in two skeletal
muscles, the gastrocnemius and the quadriceps.

We found that in HIT mice both the quadriceps and the gastroc-
nemius show increased immunopositivity for the slow type | MHC
protein isoform. In particular, the number of slow type | immu-
nopositive fibres shows a more than two-fold increase in the quad-
riceps and gastrocnemius from HIT mice compared to CON. In con-
trast, no change in immunopositivity for the slow type | MHC fibres
was found in either muscles from LOW mice compared to CON.

Slow and fast fibres of skeletal muscles are characterized by
a different modality of energy consumption, prevalently anaerobic in
fast fibres and aerobic in slow fibres [8,31]. In fact, slow-twitch type

| muscle fibres are rich in mitochondria and possess high oxidative
capacity, which makes them resistant to fatigue, while fast-twitch
type Il muscle fibres are characterized by a prevalently anaerobic
metabolism and low resistance to fatigue [41].

On the other hand, our data suggest that brief sequences of
highly intense exercise, instead of enhancing “anaerobic-linked” fast
fibres, induce an increase in the “aerobic-linked” slow fibres within
specific skeletal muscles. To substantiate this hypothesis, we evalu-
ated whether changes in the fibre composition are accompanied by
specific modulation of mitochondrial enzymes. Western blot and
related densitometric analysis in isolated mitochondria from HIT mice
show increased expression of Complex IV and Il of the mitochon-
drial respiratory chain in the gastrocnemius and Complex 1V, Il and
| in the quadriceps, whereas no change in these mitochondrial en-
zymes was found in LOW mice.

These results indicate that the increase in the slow fibres observed
in HIT mice at the end of the training is effectively associated with an
increase in the aerobic metabolism, as suggested by the increase in
the mitochondrial enzymes and the decrease in the blood lactate levels.

We are not able to establish the origin of these slow type |-positive
fibres. It remains obscure whether these changes in muscle fibre
composition are due to generation of new fibres from an undifferen-
tiated cellular pool or induction of a new pattern of gene expression
leading to a fast-to-slow transition of muscle fibres. Transitions be-
tween MHC isoforms are described in a sequential, reversible order
from type | type Il A type IIX and vice versa [32,38].

Recent studies showed that transcriptional events underlie mus-
cular plasticity after exercise, supporting the concept that the struc-
tural and functional changes induced by training on skeletal muscle
might reflect the transient modulation in gene expression produced
by the exercise [17]. In fact, highly repetitive, low-load exercise in-
duces differentiation of muscle fibres towards a fatigue-resistance
phenotype to sustain a high number of slow contractions, and in-
creased levels of MRNAs encoding mitochondrial proteins are pro-
duced by endurance exercise training [33]. Nonetheless, occurrence
of hybrid fibres in both developing and adult skeletal muscles, where
a polymorphism of MHC gene expression leads each single myofibre
to co-express more than one MHC isoform in various combina-
tions [371], suggests that exogenous stimuli, such as exercise, might
act through modulation of the expression of a specific MHC gene in
hybrid fibres.

In order to translate our results to the human condition, it is
important to note that mice have a muscle mitochondrial density
higher than humans, and consequently, an elevated basal VO,max,
which is comparable to trained humans [23]. However, in highly
trained humans, as in mice, low intensity continuous training is un-
able to further improve the performance through increased oxygen
consumption, which is already elevated. Increasing the exercise in-
tensity might be effective in improving aerobic fitness [26].

Various studies have reported an increase in citrate synthase
maximal activity, as well as peak oxygen uptake (VO,), after only
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2 weeks of daily sprint training [40], indicating that improvements
in aerobic energy metabolism can be rapidly stimulated by brief bouts
of very intense exercise [35].

In line with this, endurance athletes have higher oxygen uptake
during a repeated sprint test, indicating that sprint generates a great-
er contribution of aerobic metabolism to energy supply [19].

In our experimental protocol, we found that in HIT mice blood
lactate is not significantly reduced at the intermediate time peri-
od (T20), and it is increased after the first exercise session (T1)
compared to CON, suggesting that repeated bouts of high-intensity
activity require a progressively reduced amount of anaerobically derived
energy, and, if the training is long lasting (in our protocol, at least
8 weeks), a significant increase in the aerobic metabolism occurs at
the end of the training period.

Therefore, our study indicates that two variables are equally fun-
damental to obtain an improvement in the aerobic performance: the
intensity and the time interval of the training. In fact, only by using
a training protocol with long-lasting and repeated high-intensity ex-
ercise did we obtain a significant increase in the aerobic metabolism.

Our training protocol, consisting of long-lasting, repeated brief
periods of high-intensity activity, appears to be able to increase the
aerobic metabolism to an extent which is higher than that produced
by prolonged, continuous, moderate activity.

This leads us to speculate that insertion of brief bursts of high-
intensity activity within a typical aerobic exercise might improve the
performance due to the high efficacy in stimulating aerobic metabolism.

Toti L. et al.

Finally, the identification of the molecular mechanisms responsi-
ble for this muscular plasticity is a stimulating challenge to understand
the compensatory processes induced by exercise in normal conditions
as well as the exercise-induced motor recovery in several movement
disorders.

CONCLUSION S /55
Our study demonstrates that prolonged, repeated high-intensity ex-
ercise (HIT) produces biochemical and morphological changes
within specific peripheral muscles of mice. We previously reported
that the very same exercise training produces morphological chang-
es in the adrenal gland of mice, which are suggestive of functional
modifications of the adrenal activity [4]. In this paper we demon-
strated that HIT mice show increased expression of specific mito-
chondrial enzymes involved in the respiratory chain and an increase
in the number of slow-twitch type I-immunopositive muscle fibres.
This occurs concomitantly with decreased production of blood lactate.
We demonstrated that such plastic modifications are dependent on
the specific training protocol, being absent in LOW mice that under-
went prolonged, continuous moderate activity. Our results suggest
that our protocol of prolonged training characterized by brief periods
of high-intensity exercise might be promising in further improving
aerobic performance of highly trained subjects.
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