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Figure 1. The structure of a 
typical mitochondrion as 
seen in thin cross-section 
through an electron 

microscope. 

To date you have not studied muscle metabolism with any reference to or explanation of 
the consumption of oxygen (VO2).  Well, here we are!  You will learn that our capacity 
for sustained exercise (endurance) is dependent on muscle densely packed with 
mitochondria, along with the nutrient and cardiopulmonary support 
systems necessary to sustain repeated muscle contractions.  
However, the study of oxidative phosphorylation and broader 
mitochondrial function is also necessary to further understand 
intense exercise.  In short, knowing how and why mitochondria are 
connected metabolically to the cytosol, which is where the contractile 
proteins are, enables greater understanding of the roles of the 
mitochondria in lactate production, metabolic acidosis, recovery from 
intense exercise, and the transitions from one exercise 
condition/intensity to another.  You will learn that such non-steady 
state conditions are more the norm than the exception to daily and 
competitive exercise performance, and as such, have tremendous 
relevance to your understanding of metabolic responses to exercise 
and activities of daily living. 

 
Mitochondria 
Mitochondria are specialized organelles responsible 
for a high capacity for ATP regeneration through the 
consumption of oxygen via a process called oxidative 
phosphorylation.  This two term name combines the 
oxidation of carbohydrate, fat and amino acid fuels 
leading to the transfer of electrons in successive steps of 
oxidation and reduction with the phosphorylation of ADP 
to ATP.  As you will learn, this is a coupled process in 
that the free energy from substrate oxidation is 
transferred to the development of a proton (H+) 
concentration gradient, from which free energy is then 
transferred to substrate (ADP) phosphorylation. 
 
Mitochondria are unique organelles in that they have a 
double membrane, and have a separate nucleus and 
pool of DNA to the typical cell nucleus.  The structure of 
a typical mitochondrion is presented in Figures 1 and 2.  
The space between the two membranes, the inter-
membranous space, is where the H+ gradient is 
generated in oxidative phosphorylation.  The inner region 
surrounded by the inner membrane, called the mitochondrial matrix, is where the 
reactions of mitochondrial respiration occur, with a subset of these reactions structurally 
connected to the inner membrane.  For example, the reactions and structural 
components of the electron transport chain (ETC) occur along and within the inner 
membrane, and some reactions of the tricarboxylic acid (TCA) cycle are also 
structurally linked to the inner membrane. 
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Figure 2. A diagrammatic presentation of a 

mitochondrion. 

Notice that the inner membrane is highly 
convoluted, in that it repeatedly folds into 
the matrix region.  Such folds, called 
cristae, increase the surface area of the 
inner membrane, thereby increasing the 
possible number of molecule transporters 
and components of oxidative 
phosphorylation.  Interestingly, in tissues 
known to have a high demand for the 
consumption of oxygen, such as heart 
muscle and slow twitch skeletal muscle, 
mitochondria have a more intricate network 
of cristae to support their greater demand 

for high rates of substrate flux through complete oxidation, which of course requires 
oxygen consumption and along the way produces carbon dioxide. 
 
The double membrane of the mitochondria still allows selective molecular transport into 
and from the mitochondria.  The outer membrane is freely permeable to many small 
molecules and ions, and a transport system allows the inward movement of H+ but 
prevents H+ movement from the inter-membranous space to the cytosol.  This is 
important during intense exercise and will again be presented in the section on 
metabolic acidosis.  Certain molecules can be transported in and out through the inner 

membrane, such as the TCA cycle intermediates acetyl CoA, citrate, oxaloacetate, -
keto-glutarate and malate.  Many amino acids can also be transported through the inner 
membrane such as glutamate, aspartate, arginine, histidine, isoleucine, etc.  
Carbohydrate enters the mitochondria in the form of pyruvate through the pyruvate 
dehydrogenase enzyme complex.  Fats enter the mitochondria via processes 
dependent on their chain length.  Short chain fatty acids (< 15 carbons) enter the 
mitochondria by passive diffusion.  Long chain fatty acids, such as palmitate, require a 
special transport system known as the carnitine shuttle.  Thus, mitochondrial 
respiration is a site within cellular biochemistry that accounts for the complete oxidation 
of carbohydrates, fats, and the carbon side-chains of amino acids. 
 
Main Pathways of Mitochondrial Respiration 
Figure 3 reveals the main metabolic pathways of the mitochondria within skeletal 
muscle.  Pyruvate enters the mitochondria through the pyruvate dehydrogenase 
complex, and is converted to acetyl CoA.  Fatty acids are catabolized in the pathway of 

–oxidation, named for the emphasis on the second, or –carbon, of the fatty acid 

molecule that is the focus of the eventual cleavage of the end two carbon structures (- 

and -carbons) to form acetyl CoA.  Thus, acetyl CoA is produced from both 
carbohydrate and fat oxidation, and therefore carbohydrate and fat oxidation share the 
same metabolic fate in subsequent mitochondrial respiration.  Conversely, differences 
between carbohydrate and fat catabolism in the ATP yield, free energy release, and 
carbon dioxide production must therefore be accounted for by metabolic events that 
precede and include acetyl CoA production. 
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Figure 3. The metabolic pathways of mitochondrial respiration. 

Acetyl CoA is the entry substrate for the TCA cycle, where electrons and protons are 
released and captured through the reduction of NAD+ to NADH and FAD+ to FADH.  
The TCA cycle consists of 8 reactions that account for the conversion of the first 
intermediate product of the cycle, citrate, which contains 6 carbons, to the final 
intermediate, oxaloacetate, which contains 4 carbons.  The two carbon deficit is 
accounted for by the production of 2 carbon dioxide molecules per cycle. 
 
Amino acids enter into cytosolic and mitochondrial respiration pathways at different 
points, depending on the carbon chain length of the side chain.  However, the majority 
of amino acids that enter into catabolism do so at specific intermediate steps of the TCA 
cycle.  This involvement requires the removal of the amine (NH2) group, which is either 
re-used to form other amino acids, or converted to ammonia or alanine and circulated 
to the liver for urea production and eventual excretion from the body via urine 
production in the kidney. 
 
The TCA cycle captures electrons and protons by reducing NAD+ to NADH and FAD+ to 
FADH.  Both NADH and FADH diffuse to the components of the electron transport chain 
on and within the inner membrane cristae.  Here, components of the ETC have a higher 
affinity for electrons than each of NAD+ and FAD+, and electrons and H+ are released to 



Overview of Mitochondrial Respiration 
 

4 

 

reform NAD+ and FAD+.  Electrons move along the ETC, where they are finally released 
and used to reduce molecular oxygen with the addition of two H+ to the production of 
water.  As will be explained in latter Topics, the H+ released along the ETC are 
deposited within the inter-membranous space, forming a proton gradient, from which 
free energy is released to cause substrate phosphorylation of ADP to ATP. 
 
Mitochondria Consume Oxygen and Produce Carbon Dioxide 
As you have learned in this overview, the mitochondria are the location where cellular 
metabolism consumes O2 and produces CO2.  Notice that the locations for these 
metabolic events differ within the mitochondria, with CO2 production occurring in the 
TCA cycle, and O2 consumption occurring at the end of the ETC.  Also notice that the 
production of ATP, which is the phosphorylation component of oxidative 
phosphorylation, occurs in association with the inner membrane at locations separate to 
the ETC.  Despite these physical differences in where these processes occur, latter 
explanation of each process will reveal how they are physically disconnected, but 
biochemically connected, or coupled, according to the chemi-osmotic theory of 
oxidative phosphorylation. 
 

Glossary Words 
 
mitochondria are the double membrane cellular organelles where oxidative 
phosphorylation occurs. 
 
organelles are intracellular structures that have specialized functions. 
 
oxidative phosphorylation is the process where electrons and protons are removed 
from substrates and used to consume oxygen and regenerate ATP. 
 
coupled refers to the enzymatic process where two separate chemical reactions are 
combined, and in the process the free energy changes of the reactions are summed.  
Such coupling enables metabolism to combine highly exergonic (free energy releasing) 
reactions to otherwise endergonic (free energy consuming) reactions to ensure 
completion of the reaction (only net exergonic reactions can occur as explained by the 
first law of thermodynamics/bioenergetics). 
 
inter-membranous space refers to the space between the outer and inner 
mitochondrial membranes. 
 
mitochondrial matrix is the inner region of the mitochondria, within the inner 
membrane. 
 
tricarboxylic acid (TCA) cycle is the metabolic pathway that converts acetyl CoA to 
oxaloacetate within the mitochondria, releasing CO2, electrons and protons, and 
regenerating ATP. 
 
cristae are the folds of the inner mitochondrial membrane. 
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pyruvate dehydrogenase is the enzyme complex that converts pyruvate to acetyl CoA, 
with bi-products of NAD+ and CO2.  In fact, this reaction produces the first CO2 during 
carbohydrate catabolism. 
 
palmitate is a 16-carbon saturated fatty acid, and the main fatty acid used in energy 
catabolism in cells of the human body. 
 
carnitine shuttle is the multi-reaction transport process for transferring long chain (>15 
carbon) fatty acids from the cytosol to the mitochondria. 
 

–oxidation is the mitochondrial metabolic pathway that sequentially cleaves acetyl 
CoA molecules from fatty acids. 
 
acetyl CoA is the entry point of carbohydrate and fat catabolism to mitochondrial 
respiration. 
 
NAD+ is the abbreviation for nicotinamide adenine dinucleotide in its oxidized form. 
 
NADH is the abbreviation for nicotinamide adenine dinucleotide in its reduced form. 
 
FAD+ is the abbreviation for flavin adenine dinucleotide in its oxidized form. 
 
FADH is the abbreviation for flavin adenine dinucleotide in its reduced form. 
 
citrate is the main product of the first reaction of the TCA cycle, catalyzed by the 
enzyme citrate synthase. 
 
oxaloacetate is the main substrate, along with acetyl CoA of the citrate synthase 
reaction. 
 
amino acids are the building blocks of proteins, and are structurally characterized by 
the presence of a central carbon (α-carbon) linked to an amine group, as well as a 
carbon side-chain. 
 
amine (NH2) is a chemical functional group containing nitrogen and two hydrogen 
elements. 
 
Alanine is an amino acid produced in muscle, and accounts for a meaningful amount of 
amine group export from muscle during intense exercise. 
 
chemi-osmotic theory provides the explanation of oxidative phosphorylation proposed 
by Peter Mitchell where the flow of electrons to the eventual reduction of molecular 
oxygen to form water drives the movement of protons from the mitochondrial matrix to 
the inter-membranous space, which provides the physico-chemical energy for the 
phosphorylation of ADP + Pi to ATP. 

 


