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Acta Academiae Olympiquae Estoniae Voi. 14 No. 1/2, pp 5-17, 2006

EFFECT OF ENDURANCE TRAINING ON THE
CHARACTER OF SKELETAL MUSCLE KINETICS

Karin Alev, Teet Seene
Institute of Exercise Biology and Physiotherapy, University of Tartu

Role of oxidative capacity of muscle fibres in endurance tralning

Endurance training promotes numerous adaptations in skeletal muscle,
including enhancement of fibre oxidative capacity and muscle phenotype
transitions. It has been demonstrated that aerobic endurance training leads
to metabolic [36] and structural changes not only in slow-twitch (ST) but
also in fast-twitch (FT) muscle fibres [15, 31]. Changes in the expression
of myosin heavy chain (MyHC) and myosin light chain (MyLC) isoforms
are in good agreement with the above-mentioned findings [28]. Endurance
training increased the oxidative capacity in the plantaris muscle by 16%
and in the extensor digitorum longus muscle by 12%. It has been shown
that exercise training in FT fibres causes up-regulation of MyHC I1a and 1Ix
isoforms, whereas the MyHC IIb is down-regulated [10]. Multidirectional
changes have also been revealed in the relative contents of MyHC isoforms
in different FT muscles if the training volume is increased [29]. These chan-
ges might be related to the differences in oxidative capacity of muscles [31].
Until now the question to what extent gene expression of MyHC isoforms
is due to genetic predisposition or to the specificity of training remains
unanswered [1].

Changes in molecular motor of contractile machinery in
endurance tralning

The contractile protein myosin plays an important role in dictating the func-
tional properties of skeletal muscle fibres. Myosin is known to exist as mul-
tiple isoforms in skeletal muscle as a result of polymorphic expression of
both heavy and light chain components. It is unlikely that the whole vari-
ability in contractile machinery during endurance training depends on the



content of MyHC isoforms. MyHC isoforms are the main determinants of
muscle contraction, but it has been shown there is also some ground to be-
lieve that MyLC has a functional significance in the process of adaptation of
sarcomeric proteins to the long-lasting exercise.

As a myosin molecule is formed by MyHC and MyLC isoforms and the
functional significance of both in muscle contraction has been proved, it
should be more useful to study the expression of MyHC and MyLC isoforms
in parallel during endurance exercise training in order to obtain information
about the adaptive pecularities in the contractile machinery.

The effect of endurance exercise on the MyHC profile appears to be both
muscle specific and dose dependent, increase in the duration of training re-
sulted in a progressive fast-to-slow shift in MyHC composition in rat skele-
tal muscle [10]. Wahrmann et al. [41] reported obvious fast-to-slow transi-
tions of MyHC and MyLC profiles in rat hindlimb muscles with controlled
regimens of endurance training. Edurance training also evokes transition in
MyHC isoforms, in most cases transitions are limited to the fast-type sub-
types and thus consist of a decrease of the fastest MyHC IIb isoform with
attendedant increase in the MyHC Ila isoform [37].

The decrease of MyHC IIb isoforms during endurance training in FT
muscles does not necessarily show that in these muscles contractile proper-
ties change towards ST as the relative content of MyHC Ila and I1d isoforms
increases [28]. Rather, these changes show that it is more economical for the
FT muscles to perform the exercise. The decrease in slow isoforms both in
alkali and regulatory MyLC during endurance training and the increase in
MyLC 3, isoforms in FT muscles is at first glance not in logical agreement
with changes in the MyHC isoform pattern. However, the stoichiometry of
these subunits and their association with each other do not change (MyHC
IIb decreased but IId increased and MyLC 3, is associated with both, IIb and
[Id MyHC to form myosin molecules). This shows that there are no definite
adaptational borders between MyHC and MyLC isoforms in FT muscles to
the long-lasting endurance exercise [28]. The adaptation process consists of
both changes in MyHC and MyLC during aerobic endurance training and
MyLC may also be associated with transformation of muscle function [29].

The slowest and fastest MyHC isoforms have a higher sensitivity to the
process of degradation. In myopathic FT muscles MyHC IIb isoform is more




sensitive to the serine proteinase than other isoforms [30]. Together with the
slower synthesis rate [29] this may also explain the decrease in the MyHC
IIb isoform in FT muscles during six weeks of endurance exercise.

Changes in contractiie proteins turnover rate in
endurance training

As all myofibrillar proteins are in the continuous process of synthesis and
degradation, changes in the turnover rate of the main contractile protein,
myosin molecule, characterize these renewal processes in the contractile
apparatus during the adaptation to the aerobic endurance training. The turn-
over of MyHC and MyLC isoforms provides a mechanism by which the
type and amount of protein can be changed in accordance with the needs
of contractile machinery during the adaptation to the exercise training [29].
It has been demonstrated that the turnover rate of MyHC isoforms shows
differences between the FT muscles. The turnover rate is faster in FT musc-
les with a higher oxidative potential. Myosin turnover supports qualitative
remodelling of FT muscles, so that the former pattern of MyHC and MyLC
isoforms is changing, and the contractile process is better suited to new con-
ditions of long-lasting muscle activity [1].

Changes in the turnover rate of MyHC isoforms in the FT muscles du-
ring the adaptation to the endurance training characterize also changes in the
myofibrillar apparatus through protein metabolism [28, 29]. The latitude of
changes (increase, decrease) in the turnover rate of a certain myosin isoform
shows also the significance of MyHC isoforms in the process of adaptation
to the endurance training. During endurance training MyHC 1la, IIb, 1Id, and
MyLC 2 and 3, isoforms in FT muscles refiected explicitly the process of
adaptation through changes in the relative content of myosin isoforms.

When seeking an answer to the question how does the prolonged mecha-
nical activity affect the contractile apparatus in FT muscles, it is expedient
to begin with the backbone — the myosin molecule. Although the exact role
of MyLC isoforms in FT muscles during the adaptation to the aerobic endu-
rance training is not fully known, changes in the relative content of MyLC
1soforms and their relations with the character of training show that they



play an important role in the process of modulation of contractile machinery
during the increase in the oxidative capacity and more intensive degradation
rate of contractile proteins [29, 32]. Simultaneously with increased degra-
dation of contractile proteins, endurance training also increased the deg-
radation rate of MyHC isoforms. The degradation rate of MyHC isoforms
increases in spite of the increase in the oxidative potential of the FT skeletal
muscle. The decrease in the expression of MyHC IIb isoform in FT musc-
les is caused by the intensive degradation of the isoform during endurance
training, which is probably the main reason for unchanged turnover rate of
MyHC IIb isoform in endurance-trained rats [28]. During the adaptation
to the long-lasting endurance exercise a decrease in MyHC IIb isoform in
FT skeletal muscle points to the transformation of the muscle contractile
apparatus in accordance with the increase in muscle oxidative capacity. This
adaptational process shows coordination between changes in oxidative ca-
pacity and contractile machinery in skeletal muscle during the adaptation
to the endurance training first of all in relation to muscle metabolism [29].
Adaptational processes in FT muscles during endurance training show high
potential of recruiting these muscles [28].

Role of myosin in the diversity of skeletal muscie fibres

The generation of muscle fibre heterogenity is based on the gene regulation

through two main mechanisms.

1. Qualitative mechanism — muscle protein (like myosin) may exist in forms,
which are similar but not identical (isoforms). Replacement of isoforms
represents the frist mechanism generating diversity among muscle fibres

2. Quantitative mechanism — differential expression of the same gene. The
proportion of the products of these genes will therefore be modified and
new functional or structural features will appear [7].

During muscle development from embryonic till adult stage several myosin
isoforms are sequentially expressed. Synthesis of these isoforms is repres-
sed at a given stage of development when they are replaced by the adult
isoforms [42].



Myosin plays an important role in dictating the functional properties
of skeletal muscle fibres. Myosin is known to exist as muitiple isoforms
in striated muscle as a result of polymorphic expression of both its heavy
and light chain components [12]. At present nine distinct isoforms of the
MyHC have been identified in mammalian skeletal muscle, of which four
are thought to be expressed in rodent limb muscles [25]. Like the other
contractile proteins the MyLC represents a family of isoforms, at least three
isoforms of the alkali LC (one slow — LCI and two fast - LC1 and LC3))
and two isoforms of the regulatory LC — LC2_and LC2_have been identified
in rat skeletal muscle.

Changes in the expression of MyLC can be included in FT muscle by
chronic low-frequency stimulation [9]. Stimulation induces a sequential
exchange of fast light-chain isoforms with their slow counterparts. In vitro
experiments show, the alterations at the translation process change the pat-
tern of specific mRNAs. Studies of co-existence of MyHC and MyLC iso-
forms in the same muscle fibre show that MyHC Ila is preferably associated
with MyLC 1, whereas MyHC 1Ib is favourably associated with MyLC 3
Early studies of Pette et al. [24] considered that variations in an amount of
MyLC 3. in single type II fibres reflected subpopulations of type II fibres.

Prolonged endurance training elicits a decrease in the ratio of MyLC 3,
to MyLC 1, concurrently with the transformation from type MyHC IIb to
MyHC Ila fibres [38].

The possible lower affinity of MyLC 3_ for MyHC Ila than MyHC IIb
may be related to enhanced degradation of MyLC isoform [30]. In FT musc-
les stimulated with low frequency, MyLC 3, is related to an increase in the
free form on MyLC 3, concomitant with the replacement of MyHC IIb by
MyHC Ila [39]. However, it is uncertain whether or not in all mammalian
skeletal muscles such a relationship between MyLC and MyHC isoforms is
applicable and maintained with increased or decreased contractile activities
since the stimulation-induced changes in the MyLC pattern of rabbit FT
muscles vary greatly from those of the rat [9].

Force development and shortening in muscle result from interaction of
myosin and actin. In vertebrate muscle fibres, the extent of interaction be-
tween actin and myosin is regulated by the concentration of sarcoplasmic
Ca*. Ca- regulation of contraction in vertebrate striated muscle is mediated




by troponin and tropomyosin whereas striated muscles of various inverteb-
rate species are regulated by Ca** binding directly to myosin [22].

Information from the crystal structure of the subfragment 1 (S1) of
skeletal muscle myosin suggests that MyLC may stabilize the a-helical
neck region of the myosin head [23] so that the force resulting from con-
formational changes near the active site is transmitted to the rod region
of the molecule [26]. It has been shown that the removal of up to 50 per
cent of the endogenous regulatory MyLC has little effect on either maxi-
mum Ca?*-activated force or stiffness but significantly increases force and
stiffness at submaximum levels of Ca* of skinned skeletal muscle fibres
[14]. In vitro force measurements [35] confirmed the results of Hofmann
et al. [14] that the removal of regulatory MyLC has little effect on maxi-
mum force. Partial extraction of regulatory MyLC from skinned skeletal
fibres indicated that it may be involved in conferring Ca?" sensitivity on
cross-bridge transitions that limit the rate of force development in steadily
Ca®*-activated fibres [22]. In fibres containing a mutant myosin regulatory
LC having a defective divalent cation binding site, both maximum tension
and stiffness were significantly reduced compared to control values [11],
suggesting that myosin heads containing regulatory LC that is unable to
bind Ca?" or Mg?* have a reduced ability to form strongly bound cross-
bridges. These findings suggest that rather than playing a strictly structural
role such as stabilizing the structure of the myosin head, regulatory MyLC
may also serve a regulatory role, such as modulating the availability of
cross-bridges to bind to actin.

Two myosin LCs, one regulatory LC and one alkali LC, stabilize an ex-
tended a-helical segment in the hinge region of each MyHC. The MyLCs
are necessary for full force development [19]. Removal of either alkali or
regulatory LC markedly reduces myosin velocity in vitro motility assay [20].
Like the other contractile proteins, the alkali MyLCs represents a family of
isoforms. Five alkali MyLC isoforms have been found in human skeletal
muscle: embryonic alkali LC that is mainly expressed in embryonic muscle
tissue, a major and minor slow isoform, and two fast isoforms alkali LCI,
and LC3,, which are both encoded on the same gene. Alkali MyLC isoforms
can bring forward different contractile properties on a given MyHC [27]. The
alkali MyLCs are expressed in a fibre-type specific manner. In adult human



skeletal muscle, FT fibres contain fast MyLC, whcreas ST fibres contain alkali
MyLC | and variable amounts of the two fast alkali MyLCs [16].

Role of myosin in muscle fibres shortenine velocity

The MyHC isoform composition of individual muscle fibre is the primary
determinant its maximal shortening velocity and power output, while the
MyLC isoform complement has a modulatory influence in regulating these
properties [7]. It is generally accepted that the maximum velocity of shor-
tening correlates with the MyHC isoform, several observations suggest an
additional impact of the alkali light chain complement. Several studies sug-
gest that alkali MyLCs also have a role in determining maximum velocity
of shortening [4, 13, 18, 34].

Difficulties in establishing a relation between maximum shortening ve-
locity and myosin isoforms are caused by the preferential association be-
tween MyLC 3, and MyHC 1Ib and between MyLC | .and MyHC Ila [38].
The question whether the functional significance of variations in the relative
concentration of LC3_ has been adressed by several authors. The maximum
contraction velocity of a single type I fibre is approximately one tenth that of
type IIX fibre. The velocity of type IIA fibres is somewhere between those
of type I and type IIX. Although the maximum velocity of shortening corre-
lates with both MyHC and alkali MyLC isoforms, several authors suggest
an additional impact of regulatory MyLC [17, 21]. In vitro motility assay in-
dicates that the removal of a regulatory LC evokes a pronounced decline in
the velocity of actin filaments on myosin [20, 35]. The role of regulatory LC
in shortening velocity is supported by a single fibre study on human muscle
[17]. A role of MyLC 3 in maximum shortening velocity was suggested by
the findings that maximum shortening velocity is hioher fibres containing
larger amounts of MyLC 3, [4, 7]. The variability of maximum shortening
velocity observed in type 11 fibres is interpreted to be attributable primarily
to differences in the alkali MyLC complements.

IIB fibres, in fact, could be faster than IIA fibres, not because they con-
tamned MyHC IIb, but because they contained larger amounts of MyLC 3,
and vice versq [7]. To address this problem, it is necessary to relate maxi-



mum shortening velocity to the alkali MyLC ratio in single fibre containing
only one known MyHC isoform. The only paper that followed this approach
[17] had to deal not only with the inability to separate all three fast MyHC
isoforms but also with the problem that the human fast fibres showed co-
existence of two of regulatory MyLC isoforms (MyLC 2, and MyLC 2).
Under these circumstances, no relationship between maximum shortening
velocity and alkali MyLC ratio was found either in 11A or in IIB fibres.
Undetected MyHC co existence and variations in the alkali MyLC isoform
ratio might form the basis for the large variability of maximum shortening
velocity among fast fibres presumed to contain the same fast MyHC isoform
(5,8, 17].

It seems established that the high variability of maximum shortening
velocity in fibres with the same MyHC content can fully account for al-
kali MyLC composition, that is the higher the MyLC 3, content the grea-
ter the maximum shortening velocity [6, 7]. However, in human fibres, the
same considerable variability in shortening velocity cannot be satisfactorily
explained on the basis of MyLC isoform content. Alkali MyLC and regu-
latory MyLCs have no or hardly any role in explaining the variability in
maximum shortening velocity independently of MyHC isoforms in nornal
physiological conditions. So far the findings show that it is unlikely that the
whole variability in shortening velocity observed in human muscle fibres
depends on MyLC content. The wide scattering of the relative concentration
of LC3, within fibre types IIB, 1ID, and 11A indicated the existance of fibres
identical by their myosin heavy chain complement, but differing their fast
LC-based isomyosins. Differences in the fractional expression or the relative
concentration of LC3, are of special interest with regard to the fact that LC3,
and LCI are both encoded by the same gene, although their trancription
is under control of two specific promoters. The variable concentration of
LC3, within each of the three fast fibre populations points to an independent
regulation or to the existence of different thresholds of the two promoters
toward a common regulatory signal. In this respect, it is interesting to note
that the MyHC isoform, which seems more sensitive to alkali MyLC modu-
lation in the rat, that is MyHC l1b, is not present in human skeletal muscle.
This might partly explain why alkali LC has not been shown to significantly
affect shortening velocity in human fibres [3].
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In some studies, maximal shortening velocity was also affected by the
ratio of MyLC 3/MyLC 1[5, 34}. However, Larsson and Moss [17] found
no relationship between MyLC 3/MyLC 1 and in human. In rodent muscle,
MyLC 3/MyLC 2, content varied significantly among a population of fibres
that expressed only the 11B MyHC isoform and greater values of MyLC 3/
MyLC 2. were associated with increased maximum shortening velocity [4].

The maximal shortening velocity of fast-twitch fibres increase with de-
creasing LC1/LC3, ratios. In I1A fibres the LC1/LC3 ratio is higher than in
[IB fibres, but it is not entirely clear which subunits determine the contrac-
tile characteristics. Thus, although preliminary data showed differences in
the unloaded shortening velocity of rabbit tibialis muscle fibres depending
on whether they contain Ila or IIb MyHC isoform, these fibres also differed
in their LC1/LC3 ratio [34]. It has been shown that the unloaded shortening
velocity of rabbit soleus muscle fibres containing both type I and type Ila
MyHC isoforms was related to their ratio. Until now it has been impos-
sible to ascribe a role only to the MyLC of mammalian skeletal muscle.
Phosphorylation of the regulatory LC alters the force-calcium relationship
but has no clear effect on shortening velocity [33, 34]. Most studies have
examined the possible role of the two alkali LC heterogeneity of myosin
by measuring ATPase activity in vitro. In view of these findings, one may
assume that LC3_ is characterized by a lower affinity for MyHC I isoform
than for MyHC Ila, I1d(x), and IIb isoforms. It is likely that in ST fibres
are composed solely of MyHC I isoform but the majority of the translated
MyLC 3, exists in free form [40].

Although the MyLC does not seem to affect the actin-activated myosin
ATPase activity, it has a significant impact on the shortening velocity [21].
This influence is of interest in view of the existence of various isomyosins.
The existence of two fast alkali MyLCs (LC1 » LC3)) generates three com-
binatorial patterns — a MyLC 1 homodimer, a MyLC 1/ MyLC 3 heterodi-
mer, and a MyLC 3 homodimer. Their combination with a pair of regulatory
MyLC and a MyHC homodimer results in three electrophoretically distinct
1somyosins. Obviously, the number of isomyosins increases in hybrid fibres

especially by coexistence of fast and slow MyLC isoforms in combination
with MyHC isoforms.
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IS STRENGTH TRAINING IN SPORT
CENTRE AN AEROBIC ACTIVITY?

Toomas Karu', Ants Nurmekivi2, Jaan Loko? Tonis Saag!
Womax OU
*University of Tartu, Institute of Sport Pedagogy and Coaching

Abstract

The examination of athletes with stepwise increasing loads on an ergometer
or a treadmill mostly show heart rates on an anaerobic threshold in the range
of 160-180 beats per minute, measured with the methods of gas analysis
and blood lactate concentration analysis. Persons training strength in sport
centres claim that this is a pure aerobic activity, since the heart rate measu-
red with sport tester is usually 120-140 beats per minute. This study aims at
providing an analysis of the physiological effects produced in the organism
by usually practiced strength-type training programme in a sport centre. The
subjects investigated were two individuals who had been training in a fitness
centre for a long period of time. Each exercise was perforined 10 times; an
exercise series comprised a four-fold repetition of this 10-fold exercise. During
the whole training session the heart rate of the sportsmen was measured with
sport tester, after each series of exercises a fingertip blood sample was taken
to measure lactate concentration. After each exercise series the sportsmen
were asked to evaluate on a 10-point scale, how difficult it had been for
them to perform the series.

Conclusion. Strength exercises performed by fitness sportsmen in a sport
centre produce a strong acidosis effect, as they are essentially of an anae-
robic character. Simultaneously, relatively small changes occur in the heart
rate even in the case of a subjectively very strenuous strength training.
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