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Key Points: 

 Exercise requires the coordinated function of multiple body systems to maintain oxygen 
supply, body temperature, acid base balance and muscular contraction.  

 Energy supply for muscular contraction relies primarily on oxidation of carbohydrate and 
fat sources. 

 The relative contribution of substrate sources is influenced by exogenous factors, 
including exercise intensity and duration, fitness, muscle composition, and nutritional 
status.  Many of these factors can be readily manipulated to benefit athletic performance. 
 

Combined physiology: Exercise stimulates a series of intricate and closely interrelated processes 
in the body with the aim of performing the required athletic task as efficiently as possible while 
avoiding fatigue and minimizing homeostatic perturbations. Many of the adaptations athletic 
species display to support exercise can be altered by training (such as cardiac size, plasma 
volume, and muscular strength or endurance); though some cannot (lung size) and others are 
difficult to assess (mental capacity for performance). Ultimately the best athletes will have 
optimal aerobic capacity, large intramuscular stores of energy substrates, an efficient gait, lean 
body condition, efficient thermoregulation, and excellent tolerance for discomfort.  

Cardiovascular system: This is one of the critical performance systems, and is highly 
responsive to training. The main role of the cardiovascular system is to maintain oxygen flow to 
optimize oxidative energy generation in the contracting muscle tissues. Some athletic species 
(horses, dogs) can immediately improve the oxygen carrying capacity of their blood by greatly 
increasing packed cell volume and blood hemoglobin concentration at the onset of exercise via 
splenic contraction. Blood volume increases substantially in the trained athlete to enhance 
cardiovascular and thermoregulatory stability for future acute exercise challenges. The increase 
in total body water guarantees extra volume to maintain venous return and cardiac output, and 
likely arises via aldosterone-mediated decrease in renal sodium and water loss. In addition there 
is rapid and profound growth of capillaries and arterioles in skeletal muscle, with a concurrent 
increase in sensitivity of arterioles in cardiac and skeletal muscle to vasoactive mediators. 
Although heart size can increase substantially with training, maximum heart rate does not, and is 
not a useful indicator of fitness. 

Thermoregulatory system: heat accumulation represents one of the major byproducts of 
exercise and is progressively understood to play a major role in pacing and fatigue. Heat loss 
mechanisms during exercise are highly species dependent but largely revolve around evaporative 
mechanisms from the oral cavity and skin.  

Respiratory system: The respiratory system has to adapt during exercise to meet a 30 fold 
increase in gas exchange requirements and to aid in heat dissipation. Unfortunately it is not very 
responsive to training, and therefore presents the limiting factor to athletic performance in some 
athletic species such as the horse. Hence conditioned horses will display greater arterial 
hypercapnia and hypoxemia than unfit horses during intense exercise due to the substantial 
increase in maximum oxygen consumption exceeding the capacity for oxygen supply in trained 
individuals.  
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Cellular Energy Supply: Muscle tissue often comprises upward of 50% of body mass in athletic 
species, hence exercise creates an immediate and profound demand for energy to sustain 
muscular contraction. Energy in the form of adenosine triphosphate (ATP) is required to 
maintain cellular membrane potential and to facilitate muscle contraction and relaxation. This 
demand is met via several interrelated processes which can be classified into systems providing 
immediate energy supply, and short term (anaerobic) and long term (aerobic) energy supply. 

Immediate energy supply:  Muscle cells contain a small but immediately available source 
of energy in the form of ATP and creatine phosphate (CP). Cleaving the phosphate bonds of 
ATP produces ADP, AMP, inorganic phosphate (Pi) and substantial energy (much of which is 
subsequently lost as heat). Creatine phosphate is more abundant, and the energy released during 
its cleavage is used to bind a new phosphate ion to ADP to create ATP.  However, these high 
energy phosphates can only supply a few seconds of exercise. After this time, a fall in the ratio of 
ATP to ADP/Pi stimulates anaerobic and aerobic energy metabolism pathways to generate ATP. 
  Short term energy supply:  Anaerobic metabolism provides energy from substrate sources 
without the simultaneous use of oxygen. Carbohydrate (glucose and glycogen) is the only 
substrate that can be effectively used in large amounts in anaerobic metabolism, via glycolysis 
and glycogenolysis. Hepatic and muscle glycogen represents the most important fuel source for 
anaerobic metabolism. Glucose and glycogen are metabolized to produce pyruvate and a small 
amount of ATP (3 ATP per glycogen molecule and 2 ATP per glucose molecule). In the absence 
of oxygen, pyruvate is converted to lactate (though if oxygen is present, pyruvate can instead 
enter the TCA cycle to produce much more ATP). 
  The purine nucleotide cycle can also supply ATP, but is used only during great anaerobic 
efforts or at fatigue during prolonged submaximal exercise. To help maintain ATP availability in 
these situations, surplus ADP in the cell is converted to AMP. At a low pH, AMP deaminase will 
drive the production of ATP by deaminating AMP to inosine 5’ monophosphate (IMP) and Pi. 
Deamination of AMP promotes ATP synthesis by stimulating anaerobic glycolysis and supports 
oxidative metabolism by producing intermediates of the TCA cycle. AMP deaminase is abundant 
in horse muscle but not in dog muscle, reflecting the greater anaerobic capacity of horses 
compared to dogs. Deamination of adenosine nucleotides provides ATP but depletes muscle 
nucleotide stores and produces ammonia and uric acid which may contribute to fatigue. 

Anaerobic metabolism provides a rapid and immediate energy supply that can service 
explosive power, and which is not dependent on oxygen supply. However, it is extremely 
inefficient compared to aerobic metabolism, cannot be sustained for long periods, and produces 
several by-products that contribute to fatigue. 

Long term energy supply:  Aerobic metabolism provides energy from the oxidative 
metabolism of proteins, fats and carbohydrates.  It is extremely efficient, and provides 
significantly more ATP per molecule of substrate than anaerobic glycolysis. Additionally, 
aerobic metabolism does not adversely influence intracellular pH (no lactate accumulation), and 
spares muscle glycogen stores via preferential usage of fat substrates. Aerobic energy supply is 
generated via the TCA cycle, oxidative phosphorylation, and beta oxidation of fatty acids. 
Aerobic metabolism can provide energy to supply many hours of exercise. 
 
Sources of substrate for energy production: Glycogen is the most substantial intramuscular 
substrate, constituting up to 2% of muscle weight. Small stores of triglyceride within type I and 
type IIA muscle fibers can also be utilized for energy.  Extra-muscular substrate sources are 
more abundant, with hepatic glycogen constituting up to 8% of liver wet weight. Extra-muscular 
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fat sources include plasma triglyceride, free fatty acids and ketones. FFA’s are released into 
circulation from adipose tissue and the liver and taken up by the muscle. Ketones might be used 
during exercise in dogs, and horses can produce volatile fatty acids (VFA’s) as an energy source, 
particularly acetic, propionic and butyric acid. 

 
Substrate hierarchy during exercise:  At rest oxidative metabolism of FFA’s and triglycerides 
provides the bulk of fuel for muscle tone, and glucose oxidation is minimal. When exercise 
commences, intramuscular ATP and CP stores are used immediately and energy is subsequently 
derived from the glycolytic and oxidative pathways. A drop in the ATP:ADP/Pi ratio activates 
glycolysis and ATP is provided by conversion of intracellular glycogen to pyruvate, which is 
then oxidized in the TCA cycle if oxygen is abundant, or converted to lactate if oxygen is 
limited. Within 15 minutes of exercise commencing, blood borne substrates (glucose, FFA’s) 
increase due to hepatic glycogenolysis and adipose and hepatic lipolysis. High rates of oxidative 
phosphorylation limit glucose oxidation in favor of beta-oxidation of FFA’s, preserving muscle 
glycogen stores. Although oxidative processes continuously release energy within the cell, they 
are complex, slow, and oxygen dependent. Therefore as exercise intensity increases, aerobic 
metabolism increases linearly with speed until a speed is reached at which oxygen delivery or the 
ability to utilize oxidative metabolism is limiting. At the point of maximum oxygen consumption 
(VO2 max) further energy to maintain power output must be generated by anaerobic glycolysis or 
by deamination of AMP in the purine nucleotide cycle. An exponential rise in lactate occurs at 
speeds at and beyond VO2 max due to anaerobic conversion of pyruvate to lactate.  Lactate is 
released into the circulation where it can be used as a substrate for other tissues (cardiac muscle) 
or must be buffered to control the decrease in plasma pH. The point at which the increased rate 
of lactate production can be detected in the plasma is called the lactate threshold and is defined 
by a plasma lactate of 4 mmol/L since after this point lactate production increases exponentially. 
 
Fatigue: During aerobic exercise fatigue likely arises from hyperthermia, electrolyte depletion, 
dehydration, and lack of motivation. However, fatigue from prolonged aerobic exercise is also 
related to intramuscular glycogen depletion, since oxidative fat metabolism requires a permissive 
effect of pyruvate derived from glucose metabolism. Glycogen depletion occurs in the order of 
fiber recruitment (Type I > Type IIA > Type IIX) and repletion occurs in reverse order on 
recovery, with repletion of Type I fibers occurring last. During anaerobic exercise, fatigue results 
from local acidosis (muscle cell pH can fall to 6.2), ATP depletion, and accumulation of 
inorganic phosphate. Muscle glycogen depletion can also reduce anaerobic power generation. 
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