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I know you may hate mathematics, but there is no way around the need to understand 
mathematical expressions applied to biochemistry or physiology.  Get used to it!  
Mathematics is the universal language because it applies to so many aspects of life.  In 
this context, we use mathematics to understand the concept of energy, and how we can 
quantify energy to help us comprehend the order of cellular energy metabolism.  Have 
faith in my direction here.  If you can even slightly comprehend this computational order 
of metabolism, you will gain exponentially in your understanding of metabolism, and 
perhaps then surprise yourself in how you can raise your competence in learning 
exercise physiology. 

 
The international unit of energy is the joule.  The joule is a small unit, so for the body 
unit reference is given to one thousand joules, which is a kilojoule (kJ).  1 kJ is equal to 
0.2388 kilocalories (Kcals), or 1 Kcal is equal to 4.1868 kJ.  Thus an approximate 
conversion from Kcals to KJ is to simply multiple Kcals by 4. 
 
For chemical reactions, Gibbs free energy is based on substrate turnover to product, 
and therefore requires a reference number of molecules.  As is convention in chemistry, 
the molar unit is the standard unit for molecule numbers, so expressions of delta G are 
referenced to 1 mole of substrate turnover to product, or kJ/M, or Kcal/M.  As I first 
wrote this text in the United States of America, where we are still in the dark ages of lbs, 
inches, feet, yards, miles and temperature degrees Fahrenheit, I will express free 
energy units as Kcals/M.  You can use the conversion factor to calculate free energy in 
units of kJ/M if need be. 
 
Standard Gibbs’ Free Energy 
The value of Gibbs’ free energy for any given reaction is influenced by conditions other 
than the reaction itself.  Each of cell pH, cell temperature, and the concentrations of 
substrates and products can change the free energy release of a reaction.  Due to this, 
the standard Gibbs’ free energy is expressed relative to standard conditions for pH 

(pH=7.0), temperature (278 F), and substrate and product concentrations (each 1 M/L).  
These variables are used to compute the standard Gibbs’ free energy as expressed in 
Equation 1. 
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Note that R = molar gas constant. 

 
As the ratio between product and substrate concentrations is referred to as the 
equilibrium constant (K’eq) (Equation 2), Equation 1 can be simplified to Equation 3. 
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Figure 1. Diagram showing the conceptual 

assessment of the standard delta G. 

 eqKTRG 'ln'   Equation 3 

 
Now, do not get confused between 
the K’eq and that fact that for 
standard conditions, the 
concentrations of products and 
substrates all have to be 1 M/L.  The 
way Equation 1 and 2 work is that 
when testing for the standard delta G, 
the products and substrates start out 
at 1 M/L each, and then after being 
added together and the reaction 
allowed to proceed to an equilibrium 
(when products and substrates are no 
longer changing), the final 
concentrations are measured.  It is 
these altered product and substrate 
concentrations that are used in 
Equations 1 and 2.  I like to teach my 
students this using a visual 
demonstration, which is provided in 
Video 1 and summarized in Figure 1. 
 
The key point here is that if the substrates and products begin at each 1 M/L, then one 
of three things could happen. 
 

1. more products are formed 
2. more substrates are formed 
3. nothing 

 
If more products are formed, then the reaction has a standard directionality towards 
product formation.  Consequently, in this direction the reaction is exergonic, and by 
definition has a negative standard delta G.  The magnitude of the negative standard 
delta G is based on the final ratio of products to substrates. 
 
If more substrates are formed, then the reaction is exergonic in the opposite direction; 
that of substrate formation.  Thus, in reality for this reaction under standard conditions, 
the substrates are really the products. 
 
If there was no change in substrates or products, then this was an equilibrium reaction, 
and by definition standard delta G must equal 0. 
 
It is important that you try to understand the mathematics of these examples using 
equations 1 and 2.  More product formation makes the K’eq a number above 1.0.  The 
natural log of a number > 1 is positive, which when multiplied by the negative product of 
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the molar gas constant (R) and absolute temperature (278 F), gives a negative 
standard delta G. 
 
If more substrates were formed, this would make the K’eq a number < 1.0.  The natural 
log of a fraction < 1 is a negative number.  For example, ln 0.475 = -0.744.  When a 
negative number is multiplied by the negative product of the molar gas constant (R) and 
absolute temperature, the result is a positive standard delta G.  Remember, the correct 
way to interpret a positive standard delta G is that the reaction is exergonic in the 
reverse direction, yielding the negative value of the same standard delta G! 
 
The third conditional result of “nothing” would return a calculation of zero for a standard 
delta G because ln 1.0 = 0.  Multiplying zero by the molar gas constant (R) and absolute 
temperature still results in zero! 
 
Now, what I have to say next is very important.  My students (well at least some of 
them!) seem to repeatedly fail to recognize that the standard free energy change is 
strictly a theoretical number.  This number is measured during contrived laboratory 
conditions, and merely shows the underlying propensity for a reaction to proceed in one 
direction or another, or of course not at all.  This makes the standard delta G a 
reference value from which adjustments need to be made for conditions that stray from 
standard, such as higher muscle temperatures, lower cellular pH values, and of course 
substrate and product concentrations that are not only nowhere near 1 M/L, but are also 
different to each other. 
 
Absolute Gibbs’ Free Energy 
Metabolite concentrations within muscle can vary from 0.005 mmol/kg wet wt for ADP to 
> 250 mmol/kg wet wt for glycogen.   The concentrations of most muscle metabolites 
during rest conditions fall between about 0.01 to 1 mmol/kg wet wt.  However, there are 
some added notable exceptions other than glycogen.  The resting muscle ATP 
concentration approximates 8 mmol/kg wet wt, and the resting muscle creatine 
phosphate concentration approximates 30 mmol/kg wet wt.  Clearly, these are all far 
different from the 1 M/L assumed in calculating the standard delta G. 
 
You need to also be aware that exercise can lower muscle pH from 7.0 at rest to as low 
as 6.2 during repeated intense muscle contractions lasting 2 to 4 min in duration, ending 
in fatigue characterized by near complete contractile failure.  During these conditions, 

muscle temperature can increase from 37 C to above 41 C (310 to 314 K).  Clearly, 
equation 1 needs to be modified to account for these differences from standard 
conditions. 
 
Equation 4 presents the computation of the absolute delta G. 
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To reinforce the difference between the ratio of products to substrates in the 
computation of the absolute delta G, it is helpful to recognize that this ratio is referred to 
as the mass action ratio (L) (Equation 5), so Equation 4 can now be re-written as 
Equation 6. 
 

 
 substrates

products
L ln  Equation 5 

 

 LTRGG ln'   Equation 6 

 
Do not be misled by the similarity of Equation 4 to that of Equation 1.  In Equation 4, the 
ratio of products and substrates, or the mass action ratio, refers to the concentrations 
for any given cell condition at any given point in time.  This combined with the absence 
of the negative sign totally alters the computational implications for the relative 
differences between product and substrate concentrations.  For example, having more 
products than substrates results in a number > 1, which in turn yields a natural log result 
that is positive, which in turn computes a positive number after multiplication by the 
molar gas constant (R) and absolute temperature.  If product concentrations are much 
larger than substrate concentrations, then even if the standard delta G is negative, 
cellular conditions can cause a positive absolute delta G.  This means that the reaction 
is exergonic in the reverse direction inside of the cell. 
 
If the substrate concentrations are much larger than the products, then the ratio is a 
fraction < 1.0, resulting in a natural log value that is negative.  Calculating the product of 
this negative number, the molar gas constant (R) and absolute temperature yields a 
negative number that adjusts the standard delta G to be either less positive or more 
negative, or reverses a positive delta G to a negative value. 
 
The take home message here should be clear.  Inside a cell, referred to as in vivo, 
product and substrate concentrations can markedly alter the Gibbs free energy change 
of a chemical reaction, thereby changing the energy release that is able to be used by 
the cell to perform work, and perhaps even the directionality of a chemical reaction. 
 
When I first was taught cellular bioenergetics, I was blown away by this fact.  I had been 
taught as an undergraduate student that the energy of certain bonds determined how 
much energy was available for cell work.  Molecules such as ADP, ATP, creatine 
phosphate, and phosphoenolpyruvate were high energy molecules because of a high 
energy phosphate bond.  When this bond was broken, a large packet of energy was 
released.  Well, as I have just explained, and is clearly proven by the laws of 
bioenergetics and the computations of Gibbs free energy, such explanations were 
profoundly incorrect. 
 
Chemical energy is not just determined by the energy packaged in chemical bonds.  
The second law of thermodynamics also shows that such energy is determined by cell 
pH, cell temperature, and more importantly, by the differences between product and 
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substrate concentrations.  Too much product accumulation will decrease the free 
energy release of a chemical reaction, and added substrate will increase the free 
energy release.  These facts are profoundly important to metabolic regulation, as a cell 
needs to control substrate and product concentrations as accurately as possible to 
control free energy release from metabolism.  If a cell cannot do this well, then there is 
the possibility for a decrease in the free energy release from metabolism, resulting in 
less energy available for the cell to perform work, resulting in cellular dysfunction. 
 
During intense exercise, and when focused on skeletal muscle, such dysfunction occurs 
and is partly responsible for muscle fatigue.  Exercise cannot continue, and the muscle 
recovers during the enforced inactivity.  For healthy muscle and individuals, such 
recovery is only needed to be of short duration, in the order of minutes.  Details of the 
metabolic determinants of exercise recovery will be explained in the section of the 
Exercise and the Phosphate System. 
 

Glossary Words 
 
Joule (J) is the international unit of energy, which equals 0.2388 calories (1 kJ = 0.2388 
Kcals). 
 
kilojoule (kJ) is one thousand joules. 
 
kilocalories (Kcals) is one thousand calories, which equals 4.1868 kilojoules (kJ). 
 
molar refers to the mole unit, which equals the mass of atomic weight of an element or 
the summed atomic weights of the elements of a molecule, as well as Avogadro’s 
number of atoms of a given element or molecule (6.022 x 1023). 
 
pH is the inverse log of the hydrogen ion concentration (pH=log 1/[H+] = -log [H+]). 
 
temperature is the measurement of heat. 
 
standard Gibbs’ free energy change (delta G) is the delta G derived from the 
assessment of the chemical reaction under standard conditions consisting of pH = 7, 

temperature = 25 C, and product and substrate concentrations each starting and 1 
mol/L.  
 

standard conditions for chemical reactions are pH = 7, temperature = 25 C, and 
product and substrate concentrations each starting and 1 mol/L. 
 
equilibrium constant (K’eq) for bioenergetics is the ratio between the products to 
substrates at equilibrium when assessed under standard conditions.  This term is also 
used for equilibrium reactions in–vivo when at equilibrium. 
 
equilibrium is when there is no net change in substrate and product concentrations for 
a given reaction unaffected by enzyme inhibitors. 
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molar gas constant (R) is also known as the universal or ideal gas constant (R = 1.987 

cal/mol/K = 8.314472 J/mol/K = 0.001987 Kcals/mol/K). 
 
absolute temperature is the theoretical temperature at which matter no longer has any 

energy = 0 Kelvin (K) or -273 C (0 C = 273 K). 
 
absolute delta G is the free energy release for chemical reactions base on cellular 
conditions in-vivo. 
 
mass action ratio (L) is the ratio between products to substrates inside a cell. 

 
 


