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Summary

Ozet

Muscle fatigue may be defined as a decreased power out-
put in terms of force production and speed and discussed in
central and peripheral origin. Peripheral fatigue is caused by
an impairment of force generation by the muscle. During in-
tensive muscle contraction, as a result of anaerobic glycolysis,
H' and lactate accumulates in the muscle cell and they may
negatively effect the force output. For many years fatigue-in-
ducing action of lactate was discussed together with pH. But in
1995, Hogan et al. showed pH independent fatigue-inducing
effect of lactate ion on skeletal muscle and changed this idea.
Following to this report, investigators were concentrated on
the mechanism of lactate's direct effect (pH independent) on
tension development. This review is focused on to distinguish
lactate ion and lactic acid induced fatigue from each other.
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Kas yorgunlugu, gii¢ olusumu ve hizindaki azalma olarak
tanmimlanabilmekte, merkezi ve periferik kaynakl olarak irde-
lenebilmektedir. Periferik yorgunluk kas tarafindan olusturu-
lan giicteki azalmadan kaynaklanwr. Yogun kas kasilmast
siiresince, anaerobik glikoliz sonucu H' ve laktat kasta birik-
mekte ve bunlar da giic olusumunu olumsuz yénde etkileye-
bilmektedir. Yillardwr laktatin yorgunluk yapici etkisi pH ile be-
raber degerlendirilmistiv. Ancak 1995'de, Hogan ve ark. laktat
iyonunun iskelet kasi tizerinde yorgunluk yapici etkisinin
pH'dan bagimsiz olarak da ger¢eklesebildigini gosterdi ve bu
konudaki goriis degisti. Bu bildiriden sonra aragtiricilar lak-
tatin gerim olusumu tizerine olan direkt (pH'dan bagimsiz) et-
kisinin mekanizmasi iizerine yogunlasti. Bu derlemede laktat
ivonu ve laktik asidin yorgunluk olusturma etkilerinin bir-
birinden ayrilmasi iizerinde durulmugtur.
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Muscle fatigue may be defined as a decreased
power output in terms of force production and
speed. During the contraction of the skeletal mus-
cle, impulses originated from the central nervous
system are transferred by the peripheral motor
nerve fibers towards the neuromuscular junction
and then to the skeletal muscle as the target tissue.
Voluntary muscle activity involves many steps
from the brain to the formation of actin - myosin
cross bridges within the muscle. Therefore muscle
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fatigue may occur as a result of failure at any one
of these steps and this phenomena may be dis-
cussed in two main groups: i. Central fatigue, is
caused by a failure in neural drive; ii. Peripheral fa-
tigue is impairment of force generation by the mus-
cle, which may occur at 3 different sites (1):

1. Excitation; spreading of the stimulus with-
in the neuromuscular junction.

2. Activation; mechanisms involved with Ca%*
releasing from the sarcoplasmic reticulum.

3. Contraction; actin - myosin interaction.

Factors involved with peripheral fatigue phe-
nomenon may be affected by the intramuscular
metabolic changes occurred during contraction. In
literature, there are two main hypothesis proposed
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to explain these intramuscular metabolites changes
(1):
1. Exhaustion hypothesis,

2. Accumulation hypothesis.

While the exhaustion hypothesis mainly con-
centrated on the insufficiency of energy substrates,
in terms of ATP, creatinine phosphate, and glyco-
gen, the accumulation hypothesis explained the
force reduction by increased amount of metabolites
such as H*, Pi, and lactate within the muscle cell.
In the present review we are concentrated on sole or
combined effect of accumulated end products (H*
and lactate), and/or insufficient washout of these
metabolites. Especially one of these end products,
lactate, is identified as fatigue-inducing agent and
many experiments were performed to clarify the ef-
fect of this metabolite on fatigue.

Terminology: Lactic acid versus Lactate

Lactic acid is present in lactate form in body
fluids. Since the pK value of lactic acid is 3.9, at
the pH values of 6.4, which measured in the fa-
tigued muscle and at the physiological pH of 7.4,
99.5 % of the lactic acid is in ionized form (2,3). It
is well known that lactate is the end product of
anaerobic glycolysis and, there are different possi-
ble pathways which determine the fate of this
metabolite. Thus lactate; i. accumulates in the mus-
cle cell; ii. is converted to glucose/glycogen (glu-
coneogenesis), or alanine via pyruvate (4); iii.
leaves the muscle cell may oxidate lactate by an-
other tissue in tricarboxylic acid cycle (TCA) (3,5-
7). Since entering to this cycle requires equal
amount of protons to lactate, and oxidation of this
metabolite has an alkalizing effect for muscle cell
(3). On the other hand the oxygen level in intracel-
lular milieu is one of the main determining factors
for the amount of utilized lactate in TCA, oxygen
insufficiency results in accumulation of this
metabolite with proton and, this reaction ends up
with acidification of the intracellular milieu (8).

Previous studies had shown the presence of a
stereospecific lactate carrier protein on the skeletal
muscle cell membrane for the L-(+) isomer (4).
Lactate and proton are transferred with this carrier
protein together and especially during exercise this
cotransporter is an important regulator of intracel-
lular pH (4,9,10). Because of this interaction be-
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tween lactate and H*, for many years fatigue-in-
ducing effect of lactate was explained with acidifi-
cation of the muscle cell (9-12).

Lactate - H* relationship during fatigue

For many years, all of the studies related to fa-
tigue was concentrated on the accumulation of H*,
and changes at the muscle pH (measured pH in fa-
tigue muscle 6.00-6.30) (13-19). Reduction of the
muscle pH results in:

1. Inhibition of the glycolytic enzymes (20).

2. Failure of excitation - contraction coupling
(12,16,18,21,22).

3. Inhibition of sarcoplasmic reticulum Ca?*re-
lease (18,23,24).

4. Competition with Ca?* for binding to tro-
ponin (25,26)

5. Direct inhibition of the cross bridges be-
tween actin and myosin (27).

Observation of synchronous changes at the in-
tracellular H* concentration with lactate concentrat-
ed investigators on lactic acid instead of lactate ion
(11,12). On the other hand, recent studies in intact
animal models, where muscle pH was measured di-
rectly, had shown that the reduction of tension de-
velopment during fatigue was more prominent
comparing to the changes at muscle pH, and re-
ported as an interesting finding (28). This study had
shown that at least another factor (such as Pi or in-
appropriate Ca?" release) might also involve in fa-
tigue. However, in a previous study, elevation of
the intracellular H* concentration together with Pi
was measured and additive effect of these two
metabolites was shown (29). On the other hand, in-
fluence of another metabolite, lactate with H™ on
muscle tension was also studied and isolated effect
of lactate was reported in one of these studies (28).
In that experiment, Chase and Kushmerick (28)
used skinned fiber preparation in a solution at pH of
7.1 and published the nonsignificant molecular ef-
fect of lactate ion at 50 mM concentration.

Molecular mechanisms of lactate induced fatigue

In 1995, the idea of pH-dependent fatigue in-
ducing effect of lactate was changed by Hogan et
al. (30). These investigators infused in situ isolated
dog gastrocnemius muscle with L-(+)-Lactate solu-
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tion at physiological pH and showed 17 % reduc-
tion at the muscle tension development. Data from
our laboratory and others had also shown pH inde-
pendent inhibitor effect of lactate on muscle tension
by using different experimental models such as
skinned fiber (31), and in vitro rat diaphragm mus-
cle (32). By putting all of these data together, be-
side the acidic effect of lactate, fatigue inducing ef-
fect of this molecule was found. After discovery
this direct action of lactate, recent studies related to
lactate-fatigue relationship are concentrated to un-
derstand the mechanism of lactate's molecular ef-
fect.

Possible explanations of reduced tension de-
velopment with high lactate at isopH may be high-
lighted as; changes at the ionic distribution, inhibi-
tion of calcium release from sarcoplasmic reticu-
lum or reduced calcium sensitivity of the contrac-
tile proteins (20).

Since lactate is carried through the cell mem-
brane with lactate-proton cotransporter, H' carried to-
gether with lactate may change the intracellular ionic
balance (such as Na*, K*, Ca?*) (20, 33) and thus by
effecting the electrical properties of the muscle cell, it
may reduce tension development. However, the data
from our laboratory had shown the reduction of ten-
sion development (approx. 20%) without changing
the excitability of the rat diaphragm muscle in 20 mM
lactate solution at iso pH (34).

On the other hand, Andrews et al. (31) exam-
ined the sensitivity of the contractile proteins to
calcium on the skinned fiber preparations. These
investigators found a small but significant effect on
the maximal CaZ*-activated force with 15, 20, 25
mM lactate and showed the reduction at the tension
development by 97.47 %, 96.28 %, and 98.78 %,
respectively. Interestingly, at that study beside the
low (5 -15 mM) lactate concentrations, no signifi-
cant inhibitor effect was reported for high concen-
trations (30-50 mM) as well. Actually this minimal
inhibitor effect of 50 mM lactate on tension devel-
opment at skinned fiber preparations was also re-
ported by Chase and Kushmerick (28) on 1988.
Even 20% reduction at the tension development
was recorded at in vitro and in situ skeletal muscle
preparations with 20 mM lactate at isopH, only 4%
reduction was measured at Ca?"-activated force in
skinned fiber preparations for the same lactate con-
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centration. This finding had shown the possible in-
hibitor effect of lactate molecule on the Ca?* sensi-
tivity of contractile proteins, but in addition to that
even more prominent mechanisms have to the re-
sponsible from this reduction.

To study the mechanisms of the molecular ef-
fect of lactate ion on rabbit white skeletal muscle,
in 1997, Favero et al. (35) was isolated the sar-
coplasmic reticulum. These investigators recorded
the channel activity of this organelle at 10 to 30
mM lactate concentrations and found that lactate
reduced the Ca?*- and caffeine-stimulated Ca?* re-
lease nearly 50% by binding to the 3H ryanodine
receptor (35). Data from our laboratory had also
shown a 16% reduction at tension development
with 20 mM of lactate was compensated with 10
mM of caffeine (36). By putting these data togeth-
er, the prominent mechanism of lactate ion-induced
fatigue may be explained with reduced sarcoplas-
mic reticulum Ca?* release.

Conclusion

For many years, lactate is known as a fatigue-
inducing agent. Insufficient washout of lactate that
induce intracellular acidity impairs the excitation,
contraction and metabolic processes; thus may de-
press the maximal power output and ends up with
muscle fatigue. However, in addition to lactate's
mentioned properties, following the discovery of
the inhibitor effect on tension development as a
molecule, number of studies concentrated on the
mechanisms of isolated molecular effects are in-
creasing.

Studies had shown that molecular effect of lac-
tate may reduce Ca?" release by binding to sar-
coplasmic reticulum ryanodine receptor. Beside
that, small but significant reduction at the sensitiv-
ity of the contractile proteins was also underlined.
It would be interesting to distinguish the acidic and
molecular effect of lactate from each other. Thus it
will be possible to clarify another effect of lactate
on this multifactorial phenomena, "fatigue".
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