Factors Affecting Substrate Utilization
Several factors influence fuel choice during exercise:

e Diet: High carbohydrate diets increase reliance on carbs; high-fat diets favor fat
oxidation.

Exercise intensity: Higher intensities favor carbohydrate use.

Exercise duration: Longer durations shift toward fat utilization.

Environmental conditions: Cold conditions increase carbohydrate burning.

Age and gender: Older individuals tend to have reduced oxidative capacity; females
generally rely more on fat metabolism, possibly due to circulating hormone levels.

e Training: Enhances oxidative capacity, influencing substrate selection.

Carbohydrate Metabolism During Exercise

Overview of Energy Substrate Utilization

Glycogen stored in muscles and glucose derived from blood are primary carbohydrate sources,
while fatty acids from adipose tissue and within muscle cells serve as fat energy sources.

Glycogen and Glucose Metabolism

Glycogen stored in muscles is broken down into glucose-6-phosphate, which enters glycolysis.
Glucose from blood is transported into muscle cells via specific glucose transporters, mainly
GLUTA4. Once inside, glucose is rapidly phosphorylated to glucose-6-phosphate, a crucial step
for energy production.

Glycolysis converts glucose-6-phosphate into pyruvate, which can follow different pathways
depending on conditions. Under aerobic conditions, pyruvate is transported into mitochondria
and converted to acetyl-CoA by the enzyme pyruvate dehydrogenase, part of the mitochondrial
membrane complex. Acetyl-CoA then enters the Krebs cycle, generating reducing equivalents
(NADH, FADH2) that drive ATP synthesis via the electron transport chain. In anaerobic
conditions or high-intensity exercise, pyruvate may be converted into lactate, providing quick
energy but leading to lactate accumulation.

Fatty Acid Metabolism

Fatty acids are transported across cell membranes via specific transport proteins and then into
mitochondria through the CPT complex. Inside mitochondria, fatty acids undergo beta-oxidation,
producing acetyl-CoA, which enters the Krebs cycle similarly to carbohydrate-derived
acetyl-CoA. This process provides a significant energy source during prolonged, moderate
exercise.

Fatty acid oxidation is slower than carbohydrate metabolism but yields more ATP per molecule,
making it vital for sustained activity.



ATP Production and Energy Yield

Both carbohydrate and fat oxidation ultimately produce ATP, the energy currency of cells. The
Krebs cycle and electron transport chain are central to this process, with reducing equivalents
generated during these cycles used to synthesize ATP. The efficiency and rate of ATP
production depend on substrate availability and exercise intensity.

Muscle Glycogen Breakdown During Exercise

Muscle glycogen breakdown is influenced by exercise intensity and duration. Higher intensity
exercise (measured as a percentage of maximal oxygen uptake) accelerates glycogenolysis,
leading to rapid depletion of glycogen stores. Over time, the rate of glycogen breakdown
decreases as glycogen availability diminishes, potentially limiting exercise performance.

Extended exercise results in significant glycogen consumption, emphasizing the importance of
glycogen stores for sustained activity.

Regulation of Glycogen Breakdown
Glycogenolysis is regulated by local and hormonal factors:

e Hormonal regulation: Adrenaline binds to beta receptors on the sarcolemma, activating
cyclic AMP and protein kinase A, which stimulate glycogen phosphorylase, the enzyme
responsible for glycogen breakdown.

e Local factors: Increased calcium levels and inorganic phosphate during muscle activity
activate glycogen phosphorylase, linking muscle contraction to glycogen utilization.

The concentration of muscle glycogen itself influences breakdown; higher glycogen levels
promote more breakdown, although this is subject to debate. Glucose and FFA availability
inside and outside the muscle also affects glycogenolysis, with extracellular glucose delivery
being a key factor. Lastly, temperature is a factor.

Glycogen Utilization and Training Adaptations

When examining muscle glycogen use at the same absolute exercise intensity, it is observed
that glycogen utilization decreases following a period of training. This adaptation allows athletes
to rely more on carbohydrate metabolism at higher intensities. Consequently, during high-power
output exercises, athletes exercising at the same relative intensity tend to use similar amounts
of carbohydrate, but at the same absolute power output, glycogen use is reduced.

This reduction involves both aerobic and anaerobic contributions, the latter being measured by
lactate accumulation in blood and muscle. The decrease in glycogen use is significantly related
to increased muscle oxidative capacity, which develops with training, enhancing the muscle's
ability to utilize oxygen and burn fats more efficiently.



Glucose Uptake During Exercise

Glucose uptake during exercise is influenced by exercise intensity, measured in watts, and
exercise duration. As exercise intensity increases, there is a progressive rise in glucose uptake.
Initially, at a given intensity, glucose uptake increases sharply, then continues to rise gradually
over time with sustained activity. If exercise persists for several hours at low intensity, glucose
availability may become a limiting factor, eventually restricting further glucose uptake. This
highlights the importance of substrate availability in prolonged exercise scenarios.

Regulation of Glucose Uptake

Glucose uptake occurs via facilitated diffusion, which depends on the concentration gradient of
glucose across the muscle cell membrane. Extracellular glucose concentration, determined by
blood flow and glucose levels, influences the amount of glucose available for muscle uptake.

The primary glucose transporter in muscle is GLUT4, which facilitates glucose crossing the
sarcolemma. Once inside, glucose is rapidly phosphorylated to glucose-6-phosphate, a crucial
step during exercise and recovery, as it supports glycogen resynthesis.

Factors Affecting Glucose Delivery and Uptake

e Increased blood flow: Exercise causes a significant rise in muscle blood flow,
enhancing glucose delivery.

e Glucose concentration: Higher blood glucose levels, such as after carbohydrate
ingestion, increase uptake.

e Translocation of GLUT4: Exercise prompts GLUT4 movement from intracellular stores
to the sarcolemma and T-tubules, rapidly increasing glucose transport capacity.

There is debate about whether individual GLUT4 proteins become more active during exercise;
however, evidence suggests that the increase in glucose disposal is mainly due to translocation
rather than changes in transporter activity. The activation of glycolytic pathways and the TCA
ensures rapid utilization of glucose, low intracellular glucose levels.

Rate-Limiting Steps and Substrate Availability

During exercise, the rate of glucose uptake is no longer limited by transporter translocation, as
this process is highly effective. Instead, the rate may be limited by the activity of enzymes like
hexokinase, which phosphorylates glucose inside the cell. Elevated GLUT4 translocation
ensures efficient glucose entry, making intracellular phosphorylation the potential bottleneck.

Substrate availability also influences glucose uptake: high muscle glycogen levels tend to
reduce uptake, while elevated blood glucose levels, such as after carbohydrate intake, promote
higher uptake. The so-called glucose-fatty acid cycle suggests that increased fatty acids might
inhibit glucose uptake, but this is more relevant at rest than during exercise.



