BS3050 Physiology of Sport and Exercise

Metabolic causes of fatigue in skeletal muscle 

Aims: to explain how an athlete's capacity to perform both high intensity and endurance exercise is limited by metabolic factors

Learning Outcomes: 

An understanding of the concept of anaerobic threshold

An understanding of the various factors which can contribute to fatigue.

A knowledge of the strategies used to combat fatigue arising from different types of exercise.

Oxygen Debt

If an athlete sprints 100 meters they need about 6 litres O2 delivered to the muscle.

But the maximal amount of O2 that can be physically delivered to the muscle in that time is only 1.2 litres (VO2max-see later). Therefore there will be an oxygen debt of 4.8 litres O2. This must be repaid by breathing rapidly and deeply after finishing the race to restore homeostasis. This is triggered mainly by high levels of H+ in the blood, which indirectly stimulates the respiratory centre in the brain. This debt can be repaid faster in the trained athlete.

Anaerobic Threshold

Maximum aerobic power may be measured by measuring oxygen consumption (VO2max) during a standard exercise, on treadmill or cycle ergometer. Oxygen consumption (measured in ml/min/kg body weight) is measured as work-rate is increased in incremental steps lasting a few minutes until the subject becomes exhausted and there is a plateau of oxygen consumption. Other parameters such as pulse rate and lactate levels are also monitored to ensure that the maximum has been reached. Since oxygen is ultimately consumed by the mitochondria in oxidative phosphorylation, VO2max is a measure of the maximal rate at which ATP can be synthesised aerobically. Endurance athletes such as international middle distance runners have VO2max values of 65 – 85 ml/min/kg body weight while sprinters have values of 50-60  and the unfit have values in the 30’s

The factor limiting VO2max  in unfit individuals is often the capacity  to absorb and transport O2 but  as training proceeds VO2max it becomes a measure of the efficiency of the muscles . The value can vary from activity to activity some of the highest values have been observed in cross-country skiers who exercise both arms and legs strongly during their activity.

Blood lactate accumulation is regarded as being an indication of the amount of anaerobic metabolism required to sustain a particular effort. In a fit individual subjected to a steadily increasing workload, the blood lactate concentration remains low and constant until at least 50% of the VO2max has been reached. Effectively this means that the rate of lactate production (i.e. lactate production via glycolysis) is matched by the rate of disposal (a) via pyruvate and the citric acid cycle and (b) via the Cori cycle. If the rate of glycolysis exceeds the rate of removal of lactate clearly lactate accumulates in the muscle and this is reflected in an increase in blood glucose.  The work-rate at which lactate levels reach 2 mM is termed the lactate threshold (LT)

A further phenomenon is observed at a slightly higher work-rate when the blood lactate levels rise even if the work-rate is held constant. This is termed the onset of blood lactate accumulation (OBLA) which is defined at the work-rate at which lactate levels reach 4 mM. Lactate levels are thus used as indicators of levels of fitness and as training aids.

The Lactate Threshold

Fig 2  {Spurway N.C. (1992) British Medical Bulletin Vol 48 569-91} shows a comparison in blood lactate levels of a power athlete and an endurance performer

The Anaerobic threshold can be defined as the level of work-rate or O2 consumption just below that at which metabolic acidosis occurs.

Value of Lactate Threshold in training

Optimal times in marathons are achieved by performing at or just below the lactate threshold while in middle distance running an individual can perform at speeds closer to the OBLA. The latter can withstand a certain amount of metabolic acidosis because of the relatively short duration of the effort.

The rationale of training is to overload the muscular system regularly during training so that the tissue adapts gradually to the extra load. It follows therefore that overtraining is counterproductive because it depletes glycogen too much or causes the onset of acidosis too quickly 

Endurance Training

Promotes cardiac growth. The maximum amount of blood pumped  by the heart can be increased from 20 l/min in untrained to about 40 l/min in a trained athlete. This results in a higher capacity to transport O2 and nutrients around the body.

Skeletal muscles also adapt, with a change in musculature from fast to slow fibres. Marathon runner show high capacity for ATP production  because of an increase in mitochondrial biogenesis. And there are also more subtle changes such as an elevated Ca2+[cyt] leading to changes in signalling pathways resulting in long term adaptation . A number of signalling components, calcineurin, ERK1/2, AMPK and PGC-1a are all activated, leading to more mitochondria

Metabolic Causes of Fatigue after High Intensity Exercise

Ca2+ The decline in force output during high intensity exercise may be related in part to a decrease in release of Ca2+ from the sarcoplasmic reticulum. This may affect the interaction of myosin and actin inhibiting the peak rate of power output. One possible cause is a decrease in the efficiency of the Ca2+ re-uptake mechanism which is dependent on a Ca2+ ATPase in the SR membrane.

ATP depletion: This is unlikely to be a major factor because it has been demonstrated that ATP only falls to about 70% of the pre-exercise level after high-intensity exercise. This is not sufficient to significantly effect the myosin ATPase reaction. Some of this ATP may be compartmentalized in the mitochondria and not available for muscular contraction. However, rigor mortis, which sets in after death is due to the lack of ATP but this tension does not occur after strenuous exercise which is a good argument that lack of ATP is not a direct factor in muscle fatigue.

Decrease in phosphocreatine levels The decline in CP appears to precede the decline in force output of muscle but since the ATP concentration does not decrease below 70% it is unlikely that CP is a limiting factor. However it is accepted that creatine supplementation of the diet will increase the muscle creatine phosphate levels within two days; while this does not increase maximum power output it may enhance total work output in repeated bouts of exercise.

Proton accumulation in muscle: H+ accumulates as a by -product of anaerobic glycolysis, which may lower the pH to about 6.0, reduce the activation of phosphorylase and inhibit PFK which therefore inhibits glycolysis. The affinity of troponin (the Ca2+ sensor) for Ca2+ is reduced at low pH thus inhibiting the signal for muscle contraction. Myosin ATPase activity is reduced as pH is lowered which would slow release of ADP which is a rate -limiting step in the actin - myosin cycle in contraction.

Inorganic Phosphate (Pi) accumulation inhibits the release of  Pi from the myosin which again inhibits the cycle

Glycogen depletion - unlikely to be significant because not all the glycogen disappears in the short term

Hypoglycaemia - unlikely to be a significant factor in the short term

Metabolic Causes of Fatigue after Endurance Exercise

Glycogen depletion is generally accepted as a major cause of fatigue although this may take as long as 2 hours or more while exercising at high intensity for a prolonged period.  Glycogen stores will therefore last just about the time it takes to complete a marathon

Hypoglycaemia - the body generally feels fatigued (central fatigue) during prolonged bouts of hypoglycaemia because less glucose is reaching the brain. Endurance can be prolonged by the ingestion of carbohydrate during exercise.

Carbohydrate availability and glycolysis is essential for the oxidation of fatty acids. You will recall that the oxaloacetate supply to the citric acid cycle is essential to maintain an efficient oxidation of Acetyl CoA to CO2
 Central Fatigue - Increase in the concentration of free tryptophan/ branched chain amino acids ratio. As endurance exercise proceeds mobilisation of muscle protein occurs with the release of amino acids. The branched chain aminoacids are metabolised while tryptophan levels in the blood may accumulate leading to an increase in free tryptophan reaching the brain. This amino acid is transported bound to albumin in the bloodstream but is displaced by the increase free fatty acid level in exercise. Tryptophan is a precursor of serotonin in the brain and this neurotransmitter is associated with the onset of lethargy and sleepiness. Athletes therefore feel less mentally alert and therefore fatigued.
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