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Now that you know that lactate production does not cause acidosis, we must search for 
the valid explanation.  Obviously, intense exercise to fatigue can lower muscle pH from 
7.0 to 6.1, and lower blood pH from 7.4 to as low as 7.1.  Metabolic acidosis is also 
associated with a large volume of non-metabolic CO2 production caused by proton 
release from muscle and subsequent buffering by the bicarbonate-ventilation system.  
While the change in muscle [H+] is small, the total proton load of intense muscle 
contraction is comparatively enormous.  What can account for all this proton release 
from muscle energy catabolism? 
 
 
 
 
 

 
First of all, I want to clarify an issue, or an argument, for the cause of metabolic 
acidosis.  Some physiologists believe that the movement of strong ions between fluid 
compartments within muscle can alter the proton component of the ion product of water.  
Basically, body fluid protons increase (pH decreases) in association with (not 
necessarily caused by!) a decrease in the net charge difference between positive and 
negatively charged ions and molecules, and an increase in blood PCO2.  This argument 
has been based on a physico-chemical approach to acid-base balance, as was 
proposed by Peter Stewart, a Canadian physiologist, in 1981.  A website exists (search 
Peter’s name) with the intent to sustain and promote this physico-chemical explanation 
of acid-base balance.  The Stewart approach, as it has come to be known, has not been 
validated, and it has not been critically reviewed.  While some physiologists have 
accepted this explanation of acidosis, the fact remains that many have not.  
Furthermore, Stewart’s approach has not yet been able to explain muscle or blood pH 
changes that occur during exercise with acceptable accuracy. I summarize the Stewart 
approach in the Topic “The Physico-Chemical Theory of Acid-Base Balance”.  For this 
topic, let me just say that I view the Stewart approach useful for explaining the final cell 
or blood pH response to exercise stress, but it does not explain where the protons come 
from that cause the tremendous proton release from muscle energy catabolism and the 
enormous systemic proton buffering by the bicarbonate-ventilation system. 
 
Accurate estimations of the proton loads from energy catabolism can be derived from 
applications of another branch of analytical chemistry.  The experimentally determined 
dissociation constants for many of the metabolites of intermediary metabolism have 
been determined and complied in different data bases.  I have used one such data base 
from the National Institute of Standards and Technology (NIST) (see web resources), 
from which I obtained dissociation constants for specific cation bound species of 
conjugate acid-base pairs of metabolites of the phosphagen and glycolytic energy 
systems.  These metabolites are presented in Tables 1 and 2, and as shown, all final 

pKa values were standardized to a temperature of 25 C, and an ionic strength of 0.1 
mmol/L. 
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Table 1. The pKa data for all cation bound species of the metabolites of the phosphagen energy 
system. 

Metabolite-Cation Complexes Reference Data Final 
pK 

Generic Name [ ]
#
 Binding pK (IS) (25, 0.1) 

Phosphagen System 
Hydrogen phosphate 4.0 Pi-H 11.59 (25;0.1) 11.59 
  Pi-H2 6.75 (25;0.1) 6.75 
  Pi-H3 1.99 (25;0.1) 1.99 
  Pi-Mg 3.4 3.4 
  Pi-HMg 1.8 1.8 
  Pi-H2Mg 0.7 0.7 
  Pi-K 0.54 (25;0.5) 0.60 
  Pi-HK 0.5 (25;0.1) 0.5 
  Pi-H2K 0.3 (25;0.0) 0.19 
  Pi-HK2 11.24 (25;0.0) 11.13 
  Pi-K2 0.83 (25;0.0) 0.72 
  Pi-Na 1.43 (25;0.0) 1.32 
  Pi-HNa 0.61 (25;0.1) 0.61 
  Pi-NaH2 0.3 (25;0.0) 0.19 
  Pi-Na2 1.16 (25;0.0) 1.05 
  Pi-Na2H 10.73 (25;0.0) 10.62 
Inosine monophosphate 8.0E

-6
 IMP-H 6.34 (25;0.1) 6.34 

  IMP-H2 1.3 (25;0.1) 1.3 
  IMP-H2 0.4 (25;0.1) 0.4 
  IMP-Mg 1.68 (25;0.1) 1.68 
Adenosine monophosphate 8.0E

-6
 AMP-H 6.29 (25;0.1) 6.2 

  AMP-H2 3.8 (25;0.1) 3.8 
  AMP-Mg 1.97 (25;0.1) 1.97 
  AMP-K 0.7 (25;0.1) 0.7 
  AMP-Na 0.88 (25;0.1) 0.88 
Ammonia 0.01 NH3-H 9.26 (25;0.1) 9.26 
  NH3-Mg 0.24 (25;0.002) 0.15 
Adenosine diphosphate 0.0135 ADP-H 6.38 (25;0.1) 6.38 
  ADP-H2 3.87 (25;0.1) 3.87 
  ADP-H3 1.8 (25;0.0) 1.69 
  ADP-Mg 3.23 (25;0.1) 3.23 
  ADP-HMg 1.59 (25;0.1) 1.59 
  ADP-Mg2 1.7 (25;0.0) 1.59 
  ADP-K 1.00 (25;0.1) 1.00 
  ADP-Na 1.12 (25;0.1) 1.12 
Adenosine triphosphate 10.0 ATP-H 6.48 (25;0.1) 6.48 
  ATP-H2 3.99 (25;0.1) 3.99 
  ATP-H3 1.9 (25;0.1) 1.9 
  ATP-H4  1.0* 
  ATP-Mg 4.10 (25;0.1) 4.10 
  ATP-HMg 2.32 (25;0.1) 2.32 
  ATP-Mg2 1.7 (25;0.1) 1.7 
  ATP-K 1.17 (25;0.1) 1.17 
  ATP-Na 1.31 (25;0.1) 1.31 
Creatine phosphate 32.0 CrP-H  14.3* 
  CrP-H2  4.5* 
  CrP-H3  2.7* 
  CrP-H4  2.0* 
  CrP-HMg  1.6* 
  CrP-K  0.74* 



Biochemistry of Exercise-Induced Metabolic Acidosis 
 

3 

 

  CrP-HK  0.31* 
  CrP-H2K  -0.13* 
Creatine 5.4 Cr-H  14.3* 
  Cr-H2 2.63 (25;0.0) 2.52 

 
Table 2. The pKa data for all cation bound species of the metabolites of glycogenolysis and the 
glycolytic energy system. 

Metabolite-Cation Complexes Reference Data Final 
pK 

Generic Name [ ]
#
 Binding pK (IS) (25, 0.1) 

Glycogenolysis and Glycolysis 
Glucose 0.1 Glc-H 12.28 (25;0.0) 12.17 
Glucose-1-phosphate 0.11 G1P-H 6.09 (25;0.1) 6.09 
  G1P-H2 1.5 (25;0.1) 1.5 
  G1P-Mg 2.48 (25;0.0) 2.37 
Glucose-6-phosphate 2.43 G6P-H  6.11 
Fructose-6-phosphate 0.38 F6P-H 5.89 (25;0.1) 5.89 
  F6P-H2 1.1 (25;0.1) 1.1 
Fructose-1,6-bisphosphate 0.2 F1,6P-H 6.64 (25;0.1) 6.64 
  F1,6P-H2 5.92 (25;0.1) 5.92 
  F1,6P-H3 2.32 (25;0.1) 2.32 
  F1,6P-H4 2.06 (25;0.1) 2.06 
  F1,6P-Mg 2.7 (25;0.1) 2.7 
  F1,6P-HMg 2.12 (25;0.1) 2.12 
Dihydroxyacetone phosphate 0.4 DHP-H 5.9 (25;0.1) 5.9 
  DHP-Mg 1.57 (25;0.1) 1.57 
Glyceraldehyde-3-phosphate 0.86 G3P-H  6.45* 
1,3 bisphosphoglyceric acid 0.4 1,3BPG-H  7.5* 
3-phosphoglyceric acid 0.4 3PG-H  6.21* 
2-phosphoglyceric acid 0.4 2PG-H 7.0 (25;0.1) 7.0* 
  2PG-Mg 2.45 (25;0.1) 2.45* 
  2PG-K 1.18 (25;0.1) 1.18* 
Phosphoenolpyruvic acid 0.4 PEP-H 6.35 (25;0.1) 6.35 
  PEP-H2 3.45 (25;0.1) 3.45 
  PEP-Mg 2.26 (25;0.1) 2.26 
  PEP-K 1.08 (25;0.1) 1.08 
Pyruvic acid 0.27 PYR-H 2.26 (25;0.1) 2.26 
  PYR-Mg 1.1 (25;0.1) 1.1 
Lactic acid 1.4 La-H 3.67 (25;0.1) 3.67 
  La-Mg 0.98 (25;0.1) 0.98 

 
The resulting computations produced a phenomenal amount of data.  You can interpret 
the proton coefficients as the fraction of protons released per flux through the reaction, 
or pathway of reactions.  For example, if the fraction is -0.4, then this would mean that 
for each mole of substrate flux, 0.4 M (400 mmol) of protons would be released.  A 
positive proton coefficient indicates proton uptake by the reaction. 
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Figure 1. The net changes in proton exchange for each of 
the phosphagen and glycolytic energy systems, in addition 
to metabolic ATP turnover (mostly muscle contraction) 
during 3 min of intense exercise to fatigue.  Negative 
numbers = H

+
 release. 

Table 3. The reactions of phosphagen energy system, glycogenolysis, and the glycolytic energy 
system. 

Reaction Enzyme ΔH
+
 

Phosphagen System  

HCrP + ADP + H
+
  Cr + ATP Creatine kinase +1 

ADP + ADP  ATP + AMP Adenylate kinase 0 

AMP + H
+
  IMP + NH4 AMP deaminase +1 

ATP + H2O  ADP + Pi +H
+
 ATPase -1 

Glycogenolysis 

Glycogen(n) + HP  Glycogen(n-1) + G1P Phosphorylase 0 

G1P  G6P Phosphogluco mutase 0 

Glycolysis 

Glucose + ATP  G6P + ADP + H
+
 Hexokinase -1 

G6P  F6P Glucose-6-phosphate isomerase 0 

F6P + ATP  F1,6P + ADP + H
+
 Phosphofructokinase -1 

F1,6P  DHP + G3P Aldolase 0 

DHP  G3P Triosephosphate Isomerase 0 

G3P + HPi + NAD+  1,3BPG + NADH + H
+
 Glyceraldehyde-3-phosphate 

dehydrogenase 
-1 

1,3BPG + ADP  3PG + ATP Phosphoglycerate kinase 0 

3PG  2PG Phosphoglycerate mutase 0 

2PG + ADP  PEP Enolase 0 

PEP + ADP + H+  Pyr + ATP Pyruvate kinase +1 

Lactate Production 

Pyr + NADH + H
+
  La + NAD

+
 Lactate dehydrogenase +1 

 
OK, now we are in a position to simply sum all proton coefficients for metabolites of a 
given reaction across a pH range, and then derive the net proton coefficient for the 
reaction.  I did this for all reactions and present this in Table 3.  These pH specific 
proton coefficients were then used based on a known, or assumed substrate flux for 
each reaction for a given 
exercise condition.  I have 
used the condition of 3 min 
of intense exercise to 
fatigue, as such an exercise 
condition has a large prior 
research background from 
which to obtain reasonably 
accurate and representative 
changes in muscle 
metabolites to estimate the 
substrate flux for each 
reaction. 
 
Figure 1 presents the tally of 
proton consumption and 
proton release from the 
different energy systems and 
sources of protons during 
such an exercise condition.  
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Note that the phosphagen system is net proton consuming, while each of glycolysis and 
ATP turnover (ATP used to fuel muscle contraction) are proton releasing.  The net 
proton release (integral of net H+ balance) calculates to 50 mmol/L muscle water.  Of 
this net proton release, approximately 35 mmol/L is buffered within muscle, leaving 15 
mmol/L.  If assuming an exercised muscle mass of 15 kg comprising 11.25 L muscle 
water, these computations reveal a total proton load that is needed to be buffered by the 
blood bicarbonate-ventilation and protein system approximating 170 mmol of protons. 
 
Clearly, there are a large number of protons released from muscle metabolism during 
intense muscle contractions.  While these are almost entirely dealt with by buffering 
systems, the non-metabolic CO2 produced from the bicarbonate-ventilation system can 
overpower ventilation, causing an increase in arterial PCO2 (PaCO2).  This is where the 
Stewart approach to understanding blood acid-base balance may be beneficial, as such 
changes in PaCO2 can influence venous PCO2 (PvCO2), which in turn can set in motion 
the strong ion difference movements that may contribute to the final pH of blood. 
 
Unfortunately, the scientific community has yet to explain the mechanistic cause of 
acidosis in a manner that has been accepted by the vast majority of basic, applied and 
clinical scientists.  In short, this means that I cannot present to you an explanation of 
metabolic acidosis that has been accepted within the scientific community.  Thus, if you 
were to answer the question, “What causes metabolic acidosis during intense 
exercise?”, the correct answer is that we still do not know!  All we do know is that it is 
not lactate production, but my understanding of the chemistry and electrochemical 
computations involved is that it is likely to be the enormous proton load of intense 
muscle contraction, which when buffered causes an increase in PCO2 in each of venous 
and arterial blood, which in turn alters ionic charge distributions in body fluids to 
determine the final pH.  Hopefully I can continue to contribute to the need to better 
explain the biochemistry of metabolic acidosis through my continued scholarship and 
research. 
 

Glossary Words 
 
physico-chemical refers to principles of charge neutrality and chemical concentrations. 
 
Peter Stewart was a Canadian physiologist who proposed a method of computing and 
understanding changes in acid-base balance based on physico-chemical principles. 
 
proton coefficients are the pH specific computed change in proton balance for 
molecules and chemical reactions based on molecule dissociation constants. 
 
non-metabolic CO2 refers to the carbon dioxide (CO2) produced by the bicarbonate 
buffering of protons during metabolic acidosis. 

 


