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Robergs, Robert A., Farzenah Ghiasvand, and Daryl ParkerBiochemistry
of exercise-induced metabolic acidostsn J Physiol Regul Integr Comp Physiol
287: R502bR516, 2004; 10.1152/ajpregu.00114.2004.NThe development of aci-
dosis during intense exercise has traditionally been explained by the increased
production of lactic acid, causing the release of a proton and the formation of the
acid salt sodium lactate. On the basis of this explanation, if the rate of lactate
production is high enough, the cellular proton buffering capacity can be exceeded,
resulting in a decrease in cellular pH. These biochemical events have been termed
lactic acidosis. The lactic acidosis of exercise has been a classic explanation of the
biochemistry of acidosis for more than 80 years. This belief has led to the
interpretation that lactate production causes acidosis and, in turn, that increased
lactate production is one of the several causes of muscle fatigue during intense
exercise. This review presents clear evidence that there is no biochemical support
for lactate production causing acidosis. Lactate production retards, not causes,
acidosis. Similarly, there is a wealth of research evidence to show that acidosis is
caused by reactions other than lactate production. Every time ATP is broken down
to ADP and R, a proton is released. When the ATP demand of muscle contraction
is met by mitochondrial respiration, there is no proton accumulation in the cell, as
protons are used by the mitochondria for oxidative phosphorylation and to maintain
the proton gradient in the intermembranous space. It is only when the exercise
intensity increases beyond steady state that there is a need for greater reliance on
ATP regeneration from glycolysis and the phosphagen system. The ATP that is
supplied from these nonmitochondrial sources and is eventually used to fuel muscle
contraction increases proton release and causes the acidosis of intense exercise.
Lactate production increases under these cellular conditions to prevent pyruvate
accumulation and supply the NADneeded for phase 2 of glycolysis. Thus
increased lactate production coincides with cellular acidosis and remains a good
indirect marker for cell metabolic conditions that induce metabolic acidosis. If
muscle did not produce lactate, acidosis and muscle fatigue would occur more
quickly and exercise performance would be severely impaired.

metabolism; skeletal muscle; lactate; acid-base; lactic acidosis

DURING INTENSE EXERCISE the increase in blood and muscleof carbon dioxide (C@). In turn, the developing acidosis and
lactate and the coincident decrease in pH in both tissues lfas raised blood C@content stimulate an increased rate of

been traditionally explained by the production of lactic acidientilation causing the temporal relationship between the lad-

Such a traditional interpretation assumes that due to the rdiae and ventilatory thresholds (25, 32, 44, 53).
tively low pKa (pH" 3.87) of the carboxylic acid functional This review supports the previous work of numerous scien
group of lactic acid, there is an immediate and near tott$ts that have criticized the concept of lactic acidosis ang

ionization of lactic acid across the range of cellular skeletpfesented alternative explanations of the biochemistry of met-

muscle pH # 6.2D7.0) (12, 28, 40D 46, 54). This interpretaticabolic acidosis (4, 7, 10, 11, 16, 34, 55b57, 60, 61, 63). Th
is best represented by the content of numerous textbookslagftic acidosis explanation of metabolic acidosis is not sup
exercise physiology, physiology, and biochemistry that explajorted by fundamental biochemistry, has no research base

acidosis by the production of lactic acid, causing the releasesafpport, and remains a negative trait of all clinical, basic, and

a proton (H ) and leaving the Pnal product to be the acid sa#pplied science Pelds and professions that still accept th
lactate. This process has been termed lactic acidosis (Z®nstruct. Nevertheless, statements that imply that Olactic aci
According to this presentation, if and when there is a rapiet a Olactic acidosisO causes metabolic acidosis can still
increase in the production of lactic acid, the free Ean be found in the current literature (1, 2, 13, 19, 22, 48, 51D53, 59
buffered by bicarbonate causing the nonmetabolic producti6d), and remains an explanation for metabolic acidosis i

current textbooks of biochemistry, exercise physiology, and
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Johnson Center, Rm. B143, The Univ. of New Mexico, Albuquerque, NI\W_aYI spec_:ialties, need to reassess their understanding of t
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acid-base physiology. Clearly, academics, researchers, a:Fd
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Given the basic, applied, and clinical importance of a corre€able 1. A summary of the physical properties of lactic acid
understanding of the causes of acidosis, the purpose of this review

is to 1) present a short history of the discovery and isolation of Property Value

lactic acid and the early research that established the association chemical formula CHCHOH-COOH
between muscle lactate production and acid@iglentify that Molecular wt (g/

lactic acid and lactic acidosis are constructs and not f&jts, mol). 89.0

review the fundamental biochemistry of reactions in contracting ﬁgg‘?'glgyc) Water, ethanol, ethyl ether
skeletal muscle that alter either of Hbroduction or consumption, Heat of combustion 321 keal/mol

4) provide the true biochemical explanation for metabolic acidosis - - —

and present and explain a model of these evéjtgrovide Omzfnf'?ér;r;‘?l e%Kf?O‘rﬁrﬁjt;VAtgttzﬂq?gimre and the ionic strength of the

research evidence that refutes the concept of a lactic aciépsis,

present data comparing lactate and proton release from skeletal

muscle, as well as intramuscular lactate and proton productionPhysical propertiesTable 1 provides a summary of the

and?) identify key arguments for the need to correct the way known properties of lactic acid that have relevance to it

which acidosis is explained, taught, and interpreted in academidiwasctions in cellular metabolism. Work on identifying the

well as basic and applied research. chemical and physical properties of lactic acid were compli
cated by the tendency of solutions of lactic acid to form
intermolecular esters, forming polylactate structures such 3

A BRIEF HISTORY OF LACTIC ACID the two molecular lactoyllactic acid. Nevertheless, the discov

Due to the importance and acceptance of lactic acid in me@y that lactic acid could crystallize occurred as early as 189
bolic biochemistry and human physiology, a short history of lactd 7). Subsequent work on quantifying the physical propertie
acid is warranted. Such a short history is not only interesting @ lactic acid were complicated by the Hdulties in purifying
and of itself, but also reveals and aids in understanding the e&®mples, with research of accepted accuracy for many, but n
incorrect acceptance of the lactic acidosis concept. all, properties not occurring until the 1960s.

Discovery and isolationThe Swedish chemist Carl Wilhelm ~Diverse applicationsThe fact that lactic acid was a naturally
Scheele (17)rst discovered lactic acid in 1780. Scheele foun@ccurring molecule, with original detection in food products, led
lactic acid in samples of sour milk and isolated it in relativel{P the possibility for its use in the food industry. Such intended
impure conditions. The milk origin of therst discovery of lactic application was aided by lactic aGdsolubility, mild acidic taste,
acid led to the acceptance of the trivial name for this moleci#@d proven functions as a preservative. Not surprisingly, lacti
(QacticOof or relating to milk). However, the true chemical nam@cid has been used to acidify foods and beverages, assist in t
for lactic acid is 2-hydroxypropanoic acid. The accepted trivi¢rmentation of cabbage to sauerkraut, to preserve cucumbers,
name for the sodium salt of lactic acid is sodium lactate (Fig. B ingredient in the brewing arihvoring of beer, an ingredient

The impurity of Scheel® original sample of lactic acid led tot0 make cheese, as a source of calcium (calcium lactate) in bal
considerable criticism of the existence of such an acid, witdod, and an ingredient in bread (17). Lactic acid polymers hav
alternate explanations of Sché8léndings to be a sample ofalso been used to improve the function of many polymers an
impure acetic acid. Nevertheless, by 1810 chemists habegeri fesins used in the construction industry.

the presence of lactic acid in other organic tissues, such as freshhe origins and continued acceptance of the Olactic acido

milk, ox meat, and blood (17). By 1833, pure samples of lact@dsO concepfThe presence of what has been termedaatic
acid had been prepared and the chemical formula for lactic aggidosi®in humans, which is an extension from the aforemen;
was determined. Thending that lactic acid exists in multiple tioned interpretation of the production dactic acid in
optical isomers (D- and L-isomers) was made in 1869 (17), witarmentation, can be traced to the pioneering research ¢
the L-isomer having biological metabolic activity. Due to thékeletal muscle biochemistry during exercise. Two early pio
prevalence of lactic acid formation from fermentation reactiondeers of this research were Otto Meyerhoff and Archibald V

fermentation was the main direction of early scienthquiry into  Hill (Fig. 2) who in 1922 both received a Nobel prize for their
the biochemistry of lactic acid production. work on the energetics of carbohydrate catabolism in skeleta

muscle (14, 15, 35, 47). In particular, Meyerhoff elucidated
most of the glycolytic pathway and demonstrated that lactig
acid was produced as a side reaction to glycolysis in thg

O OGL 0 0O "Na absence of oxygen. Hill quaied the energy release from
> 7 x / i . .
C C glucose conversion to lactic acid and proposed that glucoge
I | oxidation in times of limited oxygen availability, as well as
HO—- C—H HO- C—H when the energetic demands of muscle contraction exceedéd
H-é‘-H H-é‘-H that from oxidation involving oxygen, can supp_ly a rapid and
I i high amount of energy to fuel muscle contraction.
H H Hill was notably impressive in his abilities to use common
o , sense in his scieritc theories. For example, at that time, a
Lactic Acid SddiumLackdiz common belief was thatdn muscle this oxygen was used

Fig. 1. Chemical structures of lactic acid and the sodium salt of lactate. Whﬂﬂlring the contraction itself in some kind of explosive chem-
the proton of the carboxylic acid functional group (-COOH) of lactic aci . : A -

dissociates (CO®! H'), a cation ionically interacts with the negativelyciical Ichange WhICh |ndu<_:ed the T}Othﬁ(ﬂ'ﬁ) To l_.“”’ ShUCh an |
charged oxygen atom of the carboxyl group, forming the acid salt lactate. @Planation was inconsistent with the observation that musclg

this example, the cation is sodium (Na in a hypoxic environment can still contract and do so for
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relationship between the two variables (Fig. 3). Furthermore
such linearity was maintained despite the different intensitie

tion and analysis of Sahka results, using combined exercise
and recovery data, revealed the following statistics: 0.912;
Syix " 0.083 pH units.

Certainly, the linear relationship between muscle pH and th
sum of lactate and pyruvate, which at this time were still
interpreted as metabolic acids, was strong indirect evidence f¢
a cause-effect relationship between lactate and pyruvate pr
duction and acidosis. More recent studies also accepted
cause-effect interpretation between decreases in blood or my
cle pH with increases idactic acidproduction (1, 2, 13, 19,
49863, 59).

THE CONSTRUCT OF LACTIC ACID AND LACTIC ACIDOSIS

Fig. 2. Archibald V. Hill (eff) and Otto Meyerhofright). Figures borrowed  The previous brief historical evaluation of the research of
with permission of the Nobel Foundation. acidosis, lactic acid, and lactate reveals that no experiment

evidence has ever been shown to reveal a cause-effect relas,

tionship between lactate production and acidosis. Past resear
several minutes. Clearly, an additional metabolic source off this topic that is used to support the lactic acidosis concej
energy that did not rely on oxygen was available to fuel musdieentirely based on correlations, which at best remains indireq
contraction. Hil@ own experiments on the maximal rate oévidence. Despite the efforts of academics to teach studen
oxygen consumption during exercise (at that time thought to Beat results from correlation do not imply cause and effect, if
limited to 4 I/min), as well as estimations of the heat releas@ems that on the topic of lactic acidosis, the w@rlieéading

from glucose conversion to lactate and the energetics of musgtéentists and academics have and continue to make this errg

contraction, revealed that intense muscle contraction requird8l such, there is a need tokfee what is a fact and what is a
energy exchange equivalent to approximately eight times thenstruct. A fact is dened asGomething that has actual
known maximal rate of oxygen consumption (14, 29). existence; that has objective realitf58). Conversely, when

The work of Hill and Meyerhoff cemented the acceptance @pPplied to the topic of research methods and design, a constrd
lactic acid production and acidosis into the mind-set of bids dePned as an unproven, nonfactual interpretation that haj

chemists and physiologists. Hill documented and explained thistakenly been accepted as fact. The belief that lactate pro

logic for muscle to have an immediate and powerful source fgction releases a proton and causes acidosis (lactic acidos
energy production to fuel rapid and intense muscle contrdg-a construct and, as such, needs to be corrected.
tions, and Meyerhoff revealed the biochemistry for how suchg o1 criTiciISM OF THE LACTIC ACIDOSIS CONSTRUCT
source resulted in lactic acid production. There was ipcieht
knowledge of acid-base chemistry at that time to comprehendDespite the common acceptance of the lactic acidosis cor
the ionization of molecules other than traditional acids arsfruct, its continued promotion and broad acceptance have n
there was also insbtient knowledge of mitochondrial respi-gone without criticism. Examination of the literature from the
ration to recognize the roles of mitochondria in altering cellular
proton balance. The wealth of research, even for that time, on
the production of lactic acid during fermentation and its pres- 7.1- o
ence in numerous animal tissues established the connection -
between anaerobiosis, lactic acid production, and acidosis. [hy
Such an accepted connection was assumed as cause-and-effeeb-
in the applied work of Hill and basic science work of Meyer—
hoff. Furthermore, it is easy to comprehend how the Nobét
. . . Q
prize quality of the work of Hill and Meyerhoff was proof ¢ 6.7
enough to the scierit¢ world at that time for the interpretation 3
that lactate production and acidosis were cause-and-effect.=
The unquestioned acceptance of a lactic acidosis is a hall- 6.5+
mark of almost all of the basic and applied science research of
muscle metabolism since the 1920s. For example, Margaria et
al. (32) demonstrated that the lactic acid concentration in the 6.3
blood is concomitant with changes in blood pH. A more recent
classic example of this research and interpretation is that of
Sahlin et al. (42) These rescarchers measued Msc BB arons s o o i
laCtate.’ and p .yruvate durlng' exerCISe. and recovery from dgn_ p’))[/)r'uvat’e Vs. m%scle pH. Data are ?:ombined from different exercis
ferent intensities of exhaustive exercise. Plots of the sum jQnsities and different durations of recovery after exercise to exhaustion (s
lactate and pyruvate to muscle pH revealed a strikingly lineadginal bgure legends).

= 5-11 min @ 50-75% VO, max
e exhaustion @ 100% VO, max

6.8

20 min recovery
6.6 .
8 min recovery
4 min recovery

1 min recovery

o o o » o

0.1 min recovery

5 10 15 20 25 30 35 40
Muscle Lactate + Pyruvate (mmol/kg wet wt)
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late 1960s to the 1990s revealed that several physiologists whkaction, as is often mistakenly interpreted. The accumulatiop

were attempting to explain ischemic injury of myocardiabf intramuscular Presults from cellular conditions character
tissue by metabolic acidosis questioned the common belief thadd by a rate of ATP demand that exceeds ATP supply fronp
lactic acid production was the source of hproduction (4, 7, mitochondrial respiration. During these conditions there is af
10, 11, 16, 60, 63). In fact, a number of researchers during thigreased reliance on cytosolic ATP turnover (nonmitochon
era agreed that ATP hydrolysis coupled with glycolysis is thial). Such added ATP hydrolysis producesaPa rate that
main source of H production, resulting in decreased musclfow exceeds the rate of @ntry into the mitochondria, causing
and blood pH. Taffaletti (55) also clearly stated that lactate accumulation. More detailed content will be given to the
production consumes protons and, more importantly, separagafiylar conditions associated with increasing nonmitochon
increased lactate production from proton release and acidqgigy ATP turnover, as this cellular condition causes acidosis
during Iacuc; aC|d05|s: These scientists beheved twaly by __Glycolysis.Glycolysis is fueled by the production of glu-
upderstandlng these important biochemical facts can the C"Ebse-6-phosphate (G6P), which is derived from either bloo
cian found his/her diagnosis and treatment orren, and o,c65e or muscle glycogen. Despite glycogen providing thI
rational basi®(63). As previously idenked, it appears that y5iqrity of carbohydrate that fuels muscle glycolysis during

this criticism has not been accepted or reexamined in de . " : : .
during the last 25 years, with the cause-and-effect relationsfe' ense exercise, traditional biochemical explanations of gly

| K . . .
between acidosis and the production @éctate acic still 8|y5|s depict the pathway commencing with glucose ang

being accepted and published in basic science, applied ph nsisting of 10 reactions that result in pyruvate formation

ology, and medical research. A presentation of the biochem Fors f Veolvsis in b ing tHerst i d th
try of acidosis is clearly needed to thwart the continue €rs from glycolysiS in bypassing St reaction and thus

acceptance and propagation of the lactic acidosis constructN'a/€S the remaining nine reactions. This simple distinctiop
etween the glucose and glycogen origin of glycolysis is

THE BIOCHEMISTRY OF EXERCISE-INDUCED important, for as will be shown, the proton release from
METABOLIC ACIDOSIS glycolysis differs depending on whether glucose or musclg

. . . . gltycogen is used to form G6P and fuel glycolysis.
Overview.An assessment of the biochemical reactions th The reactions of glycolysis are summarized in Table 2

support mluscltlal energy Estabol(ljsg reveﬁlsftthhat pLotonhbaIareﬁgse scrutiny of the contents of the table reveals the follow
In @ muscie cell can be Buenced by each ol the phosphagen, 1y pegpite academic convention, the multiple sources o

glycolytic, and mitochondrial respiration energy systems th 6P production in skeletal muscle (blood glucose and endod

function to produce cellular ATP. A review of .each' O.f thes‘(fé'nous glycogen) indicate that thest reaction of glycolysis is
energy systems follows for the purpose of identifying thﬁ\e G6P isomerase reaction, not the hexokinase reaction. A

reactions involving proton release and consumption. uch. alveolvsis consists of nine reactions when including the
Phosphagen systefhe cellular store of creatine phosphat ICh, gIycolysIS ConsIsts o € reactions whe uding

provides a near immediate metabolic system to produce A pse phosphate isomerase reactigrFor the production sz.
during the onset and initial seconds of muscle contractiodY"Uvate, there is a net release of 2 protons when glucose is th
Creatine phosphate is also believed to be important for tigUrce of G6P, and 1 proton when glycogen is the sourcg
general transfer of phosphate groups from the mitochondk$Ng glycogen as the source of G6P, as opposed to blog
throughout the cytosol, and as such could also be important f8HCOSe, is less acidifying to muscle during intense exergjse.
all metabolic states of skeletal muscle cells. The chemidyft proton release occurs in glycolysis for the reactions ending
structures of the substrates and products of the creatine kin#isBhosphenobyruvate. Thus the accumulation of glycolytic
reaction are provided in Fig. 4. intermediates before pyruvate formation during intense exe

The creatine kinase reaction is alkalinizing to the cell, asGs€ causes greater proton release compared with the oxidatip
proton is consumed in this reaction. The proton is required @ G6P to pyruvated) Thebrst carboxylic acid intermediate of
replace the phosphate group of creatine phosphate, compleg@iygolysis is 3-phosphoglycerate from the phosphoglyceratg
the second amine (N functional group of creatine. kinase reaction. Subsequent glycolytic intermediates are &l

Figure 2 also reveals that the increasing concentration ofd@rboxylic acid molecules, yet these molecules are all prof
during intense exercise is not the result of the creatine kinatheced as acid salts and not acids.

O O %O' O
CoO I CoO |

. | .
| “0-P-O0-P-O-CH, Adenine | “0-P-0-P-0-P-O-CH, Adenine
Oy CH, ol CH, TR
[ 0o O NN | 0O 0 O
“O-P-N-C-N-CH; + , +H > N-C-N-CH; + ,
(|)_ +T|\IH H H Creatine Kinase H +IEIH H H
2 OH OH 2 OH OH
Creatine phosphate ADP Creatine ATP

Fig. 4. Chemical structures of the substrates and products of the creatine kinase reaction. A proton is required to complete the
structure of creatine after the phosphate is removed from creatine phosphate to ADP, forming ATP.
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Table 2. The reactions of glycolysis balanced for charge, protons, and water

H' Source
# Reaction Enzyme Glu Gly
G6P from glycogen
Glycogenn ! Pi?®* 3 Glycogenns1! Glucose 1-phosphate Phosphorylase
Glucose 1-phosphat® Glucose 6-phosphate Phosphoglucomutase
G6P from glucose
Glucose! MgATP?® 3 Glucose 6-phosphat® ! MgADP® | H! Hexokinase 1
Glycolysis
1 Glucose 6-phosphdfe 3 fructose 6-phosphat® Glucose-6-phosphate isomerase
2 Fructose 6-phosph&fe! MgATP?® 3 fructose 1,6-bisphosphdfe! MgADP® | H! 6-Phosphofructokinase 1 1
3 Fructose 1,6-bisphosphéte3 Dihydroxyacetone phosphate Glyceraldehyde 3-phosphéte Aldolase
4 Dihydroxyacetone phosphaBe Glyceraldehyde 3-phosphéte Triose Phosphate Isomerase
5 2 Glyceraldehyde 3-phosphdte! 2NAD' ! 2PP® 3 2 1,3-bisphosphoglyeréfe ! Glyceraldehyde-3-Phosphate 2 2
2NADH! 2 H dehydrogenase
6 2 1,3-bisphosphoglyerdfe! 2 MgADP® 3 2 3-phosphoglyceraté ! 2 MgATP>® Phosphoglycerate kinase
7 2 3-phosphoglycerat® 3 2 2-phosphoglyceraté Phosphoglycerate mutase
8 2 2-phosphoglycerat® 3 2 phosphoenolpyruvate | 2H,O Phosphopyruvate hydratase
9 2 phosphoenolpyruvate ! 2 MgADP® | 2 H' 3 2 pyruvaté | 2 MgATP>® Pyruvate kinase $2 $2
Net protons per 2 pyruvate 2 1

Proton source refers to the number of protons released (positive numbers) or consumed (negative numbers). Either glucose (Glu) or glycoden (Gl
glycolysis. Adapted from Stryer (54).

Table 3 presents the pKa values for the acid intermediates ofTables 1 and 2 and FigsB8 reveal that the proton release
glycolysis. The termCacid intermediat®is misleading. Al- from glycolysis occurs without any production of metabolic
though these molecules are carboxylic acid structures, subaeids. The metabolic summaries of glycolysis, starting from
quent biochemical content will show that these molecules agkicose or glycogen are as follows:
formed as acid salts and, as such, neither molecule is ever in an ,
acid form and does not function as a source of protons.  9lucoset 2ADP + 2R + 2NAD" 3 2 pyruvate

Presenting chemical structures for the substrates and prod- +2ATP+2NADH + 2H,0+ 2 H ©
ucts of the phosphoglycerate kinase reaction is important for
demonstrating that glycolysis does not produce metabolic aciglgcogen + 3 ADP + 3 P+ 2 NAD' 3 glycogens,

that release protons (Fig. 5). . (2
The phosphoglycerate kinase reaction involves a phosphate 2 pyruvatet 3ATP + 2 NADH + 2 H,0 + 1 H

transfer from carbon 1 of 1,3-bisphosphoglycerate. The re-|actate dehydrogenase reactioftom a biochemical per-

moval of this phosphate group leaves a negatively chargsgective, the cellular production of lactate is becial for
(ionized) carboxylic acid functional group. This functionakeveral reasons. First, the lactate dehydrogenase (LDH) req
group remains the same for 2-phosphoglycerate, phesyito tion also produces cytosolic NAD thus supporting the NAD
pyruvate, and pyruvate. This fundamental biochemistry is cleguibstrate demand of the glyceraldehyde 3-phosphate dehydi
evidence for the error in the concept of a lactic acidosis, as wginase reaction. This in turn better maintains the cytosolif
as the production of metabolic acids in glycolysis. In realityedox potential (NAD /NADH), supports continued substrate
there is never a proton to be dissociated from any glycolyt®ux through phase two of glycolysis, and thereby allows|
acid intermediate (Table 3). continued ATP regeneration from glycolysis. Another impor-
Table 2 reveals that glycolysis releases protons. The proteint function of the LDH reaction is that for every pyruvate

release from glycolysis is associated with the hydrolysis @folecule catalyzed to lactate and NADthere is a proton
ATP in the hexokinase and phosphofructokinase reactions,cawsumed, which makes this reaction function as a buffe
well as the oxidation of glyceraldehyde 3-phosphate in thgjainst cellular proton accumulation (acidosis). The chemicg
glyceraldehyde 3-phosphate dehydrogenase reaction. The chemirctures for the LDH reaction are presented in Fig. 9.
cal structures for these reactions are presented in Figs. 6, 7, and fh the LDH reaction, two electrons and a proton are removedl
from NADH, and an additional proton is gained from solution

&)oz %Z AInc uo Bio ABojoisAyd-nbaidle woiy pap
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Table 3. The pKa values of théacid intermediate® to support the two electron and two proton reduction of
of glycolysis and lactate pyruvate to lactate. Consequently, the LDH reaction is alka
linizing to the cell, not acidifying, as is the basis of the lactic
Carboxylic Acid Intermediates of Glycolysis pK acidosis construct.
3-Phosphoglycerate 3.42 There are ado_litional bebts of the LDH reaction. The
2-Phosphogycerate 3.42 lactate produced is removed from the cell by the monocarboxy}
Phosphenobyruvate 3.50 late transporter (12, 20, 21, 30, 37, 62). The lactate is circulated
Pyruvate 2.50 away from the origin cell where it can be taken up and used als
Lactate 3.87 a substrate for metabolism in other tissues, such as oth¢r
Data from Ref. 4a. muscle cells (skeletal and cardiac), the liver, and kidney. As
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o -P-O . AN - (41 | .
\IC/ o (I;) 0 'O-lll)-O-|I|’-O-CH2 Adenine CI:/ 0 'O_p_o_p_o_p_o_lCH2 Adenine
’ - |
" + 0 O H-C-OH + 0 0 0
H IC OH | Phosphoglycerate | )
H H ki 2- H
2- inase CH,OPO; H
CH30PO3 OH OH OH O
1,3 Bisphosphoglycerate ADP 3-Phosphoglycerate ATP

Fig. 5. Substrates and products of the phosphoglycerate kinase reaction. Product 3-phosphoglyceiart @&ahnieoxylic aci®

formed in glycolysis. Phosphate transfer of this reaction reveals that a proton was never present to be released to the cytosol and
alter cellular proton exchange and pH. As such, 3-phosphoglycerate and all of the remaining gly@alytioxylic acic®
intermediates do not function as acids as they never have a proton that can be released into solution. Arrows pointing away from
a bond represent bond/group removal. Arrows pointing to a bond represent addition of an atom/group.

the monocarboxylate transporter is also a symport for protemation using glucose as the original glycolytic substrate. Th¢
removal from the cell, lactate production also provides thevo-proton yield from glycolysis is balanced by the two-proton
means to assist in protonf&fx from the cell. Thus lactate andconsumption in converting two pyruvate to two lactate, and red
a proton leave the cell stoichiometrically via this transportéood cell cytosolic redox is also maintained by the NAD
mechanism. However, this does not mean that lactate prodggeduced from the LDH reaction. For the red blood cell, lactate
tion is the source of the proton. As has been presented thus fabduction is essential to prevent an acidosis and maintaip
there is no biochemical evidence for lactate production relegss|ular NAD .

ing a proton, and research evidence is clear in quantifying farin skeletal muscle, the presence of mitochondria and th
greater proton removal than lactate removal from contractifig,olvement of glycogen as a source of glucose 6-phosphate
skeletal muscle (19). Conversely, the organic chemistry of theg glycolysis alters the stoichiometry between glycolix,
LDH reaction clearly reveals that lactate production CONSUMBRton release, and lactate and proton consumption. In add
protons. The correct physiological interpretation of these bi%n, the high metabolic rate incurred during muscle contrac

chemical facts is that lactate production retards a developiign and hence the high rate of ATP hydrolysis and regener

metabolic acidosis, as well as assists in proton removal frag,, pose unique metabolic stresses not seen in nonmuscu

the cell. .
: . . tissues.
The coupling of glycolysis to lactate productionhe end ISsu

products of glycolysis and the lactate dehydrogenase reactiof\TP hydrolysis as a major source of HThe removal of
are provided inEq. 3 When the pyruvate from glycolysis isthe terminal phosphate of ATP to form ADP and the concom;
converted to lactate, there is no net production of protons whiéant release of free energy andrBquires the involvement of
starting with glucose, and a decrease in one proton and a ga®ier as an additional substrate. The chemical structures f¢
of an additional ATP when starting with glycogeBRd. 4. this reaction are presented in Fig. 10. N
The R produced in the ATPase reaction has the potential t¢ ©
glucoser 2 ADP + 2R3 2lactatet 2ATP+2H,0  (3) buffer the free proton that is released. The three single bondd
glycogen + 3ADP+ 3P + 1 H 3 glycogens, oxygen atoms of Phave the following pK values: 2.15, 6.82, | 3
+ 2 lactate+ 3 ATP + 2 H,0 (4) and 12.38 (23, 54). Thu_s one oxygen atom is. able to becom
protonated within the intracellular physiological pH range
This coupling is important for many cells of the body, with thécellular pH range# 6.1 to 7.1) converting the;from HPQ® 2
red blood cell being a good example. Red blood cells ate H,PO,;* 1. Consequently, as;Fncreases during intense
devoid of mitochondria and rely on glycolysis for ATP regenexercise, the proton buffering capacity of i® quantbed by

‘)
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-0 O "O-P-O-CH o -
o, 00 oy
. ; ') i .
lli !H o H O-IIIJ-O-IF-Q.IF_O_ICH2 Adenine H 0o n O_|II,_O_|II>_O_CH2 Adenine
N PHH 0)0 0 — < onn 0 O .
| on N + +H
HO }I{ H Hexokinase HO N OH | i
i OH H OH HI
OH OH OH OH
Glucose ATP

Glucose 6-phosphate ADP

Fig. 6. Substrates and products of the hexokinase reaction. Proton release from this reaction comes from the hydroxyl group of the
6th carbon of glucose. Arrows pointing away from a bond represent bond/group removal. Arrows pointing to a bond represent
addition of an atom/group.
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0
0-P-0-CH A CHy-O-P-O" | | .
| 2/0 CHy-OH "O- P-O P 0- P O-CH, Adenine O-'P-O-CHz o | “0-P-0-P-O-CH, Adenine
N o T
o fHO A <~+ O O O l ———> o /HHO + 0o O l +H'
H H OH | |
OH H H
OH OH OH H OH OH

Fructose 6-phosphate .
Fructose 1,6-bisphosphate ADP

Fig. 7. Substrates and products of the phosphofructokinase (PFK) reaction. Proton release from this reaction comes from the
hydroxyl group of the 6th carbon of fructose 6-phosphate. Arrows pointing away from a bond represent bond/group removal.
Arrows pointing to a bond represent addition of an atom/group.

the extent of Paccumulation when cellular pH falls well can be summarized i&q. 5 Equation 6presents the summary

below 6.8. equation of the conversion of glycogen to lactate.

At brst glance, the buffering potential of Becreases the |
importance of ATP hydrolysis as a meaningful source of glucose3 2 lactatet+ 2 H )
proton release contributing to acidosis. However, this is not glycogen3 2 lactate+ 1 H (6)

true. The increase in intracellular iB not proportional to, and
in fact considerably less than, the accumulated total of AT®bviously,Eqgs. 5and6 appear as though lactic acid has been
hydrolysis. During ATP hydrolysis, the ADP and froduced produced. However, as is detailed in this manuscript, to assun
both function as substrates for glycolysis to produce AT#at such a summary equation is evidence for lactic acidosis
(Table 2, Fig. 11), leaving the free proton to accumulate whem interpretation based on an oversimplistic account of th
buffering and transport systems for protofR@f from the cell biochemistry of metabolic acidosis. The content of Fig. 10
have been surpassed. FrgdasPalso a substrate for glycogen clearly shows the source of the two protonskaf. 5is ATP
olysis and is transported into the mitochondria as a substraténydrolysis, not lactate production.
oxidative phosphorylation. As such; Bccumulation is not NADH! H' as a source of H. Additional H accumula
stoichiometric to ATP turnover and occurs when there iston could arise from an accumulation of NADH H'
greater rate of cytosolic ATP turnover than cellular ATProduced by the glyceraldehyde 3-phosphate dehydrogena
supply. reaction. These products would increase during any cellulg
A diagrammatic model for the coupled connection betweeamndition that caused a greater rate of substfate through
glycolysis and cytosolic ATP, ADP, and, Rurnover is pre glycolysis than the rate of electron and proton uptake by th¢
sented in Fig. 11. When lactate production is added to glycaitochondria, or lactate production (Fig. 9).
lysis, and assuming that the ATP turnover from metabolism is The importance of mitochondrial respiratioAlthough met-
not supported from mitochondrial respiration, the rate of prabolic acidosis is caused by cytosolic (hnonmitochondrial) ca
ton release is equal to the rate of ATP turnover. Under thetsbolism, an understanding of why and when metabolic acidg
circumstances, there would be a rapid release of protonssisoccurs in contracting skeletal muscle is partly explained b
rapid exceeding of the cellular proton removal and buffénowing how and why mitochondrial function can be rate
capacities, and the rapid onset of cellular metabolic acidodisiiting to ATP regeneration. To view metabolic acidosis as &
When combining ATP hydrolysis and glucose conversion tmonmitochondrial event is a mistake, for as will be explained
lactate Eq. 3and Fig. 10), the content of Fig. 11 and Table #he rate-limiting function of mitochondria is an important

H
~
7 I NH, /C\NHz
C 4 ( 0 | } |
Os. L H Il N
\'c o O\c/ 0-P-0°
[ o
H-C-OH + F .+ HO-P-O | + + H
| - Adenine J I Glyceraldehyde-3-  H-C-OH Adenine
CH,O0PO;> O 0 phosphate dehydrogenase | )
‘ CH,0PO3>
Glyceraldehyde-3-phosphate + Pi .
yee Y phosp NAD 1,3 Bisphosphoglycerate NADH

Fig. 8. Substrates and products of the glyceraldehyde 3-phosphate dehydrogenase reaction. Two electrons and a proton are used
to reduce NAD to NADH. The remaining proton, which in this depiction is accounted for by the proton release from free inorganic
phosphate, is released into solution. Arrows pointing away from a bond represent bond/group removal. Arrows pointing to a bond
represent addition of an atom/group.
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o
7 N,
‘ Fig. 9. Substrates and products of the lactate
o 0 0 o + dehydrogenase (LDH) reaction. Two elec-
x / %C/ N trons and a proton are removed from NADH
'C | /—\ and a proton is consumed from solution to
_ HO— C—H reduce pyruvate to lactate. Arrows pointing
C=0 + | away from a bond represent bond/group re-
! * rH - " I A inting to a bond t
H-C-H Adenine H-C-H Adenine moval. Arrows pointing to a bond represen
_ LDH | addition of an atom/group.
H H
Pyruvate NADH Lactate NAD"

reason for the need to rely more on nonmitochondrial ATP On the basis of the biochemistry presented thus far, Fig. 1
turnover, which in turn causes metabolic acidosis. indicates the shift in protofBux as exercise progresses from
A concise summary of the key metabolic events in mitcsteady state to nonsteady state. Central to the cellular protdg
chondria is presented in Fig. 12. Mitochondrial metabolistmalance is the hydrolysis of ATP required to fuel cell work,
functions to release electrons and protons from substrategch as muscle contraction. This is clearly the main source ¢
produce carbon dioxide, and use electrons and protonsptmton release in contracting skeletal muscle, and when th
eventually produce ATP. The main molecules involved iNADH and protons from cytosolic reactions are produced al
these functions are acetyl CoA, NAD FAD' , molecular rates in excess of mitochondrial capacity, cytosolic redox is
oxygen, ADP, R electrons, and protons. It is important taided by lactate production, which essentially accounts for th
note that each of ADP,;Pand protons is transported into theproton release from glycolysis. However, as the rate of ATH
mitochondria (6, 23) (Figs. 12 and 13). The protons atgydrolysis exceeds all other reactions, the rate of proton releas
required for the reduction of molecular oxygen, and ADBventually exceeds metabolic proton buffering by lactate pro}
and R are required for ATP regeneration. Such transpoduction and creatine phosphate breakdown, as well as protg
mechanisms connect cytosolic and mitochondrial metablouffering by R, amino acids, and proteins. In addition, once the
lism. This is especially true for the transfer gfRolecules maximal capacity of lactate/proton removal from the cell is
and protons between the cytosol and mitochondria. Tleeceeded, proton accumulation (decreasing cellular pH) rqg
proton transport systems between the cytosol and mitoch@uHts. Also, note that Fig. Blclearly shows that the origin of
dria are revealing of the power of mitochondrial respiratiothe accumulating intramuscular, B ATP hydrolysis, not
in contributing to the control over the balance of protonsreatine phosphate breakdown, which is still mistakenly inter
within the cell during conditions of muscle contraction thapreted by many physiologists (59).
rely on mitochondrial respiration for ATP turnover. The additional underlying message of Fig. 14 is that the
Figure 14,A and B, present two scenarios of metabolisncellular mitochondrial capacity is pivotal in understanding
pertinent to the study of acidosis. Figure Al4lepicts the metabolic acidosis. The mitochondrial capacity for acquiring
movement of carbon substrate, electrons, protons, and phogosolic protons and electrons retards a dependence on gl
phate molecules within and between the cytosol and mitocharelysis and the phosphagen system for ATP regeneratiof
dria during moderate intensity steady-state exercise where #ssentially functioning as a depository for protons for use in
rate of glycolysis and subsequent pyruvate entry into tleidative phosphorylation. Metabolic acidosis occurs when thg
mitochondria for complete oxidation and mitochondrial ATRate of ATP hydrolysis, and therefore the rate of ATP demand
regeneration meet the rate of cytosolic ATP demand. Coexceeds the rate at which ATP is produced in the mitochondrig.
versely, Fig. 1B pertains to non-steady-state exercise as e maximal rates for ATP regeneration from the main energy
typibed by intense exercise to volitional fatigue within a timsystems of skeletal muscle are provided in Table 4.
frame of 28 min. In eachbgure example, the magnitude of the A classic study that showed the importance of mitochondria|
arrows is proportionate to substrdiax through that reaction proton uptake was conducted by Vaghy (57). Vaghy examinefl

1=
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or pathway. oxidative phosphorylation in isolated rabbit heart mitochondrig
o O O (') (l)
[ . .
0-P-0-P-0-P-O-CH, Adenine 'o-|1|>-0-11|)-o-CH2 Adenine 0

I\ 0 Il

0O 0O 0O + H/ H - QO O I + HO-P-O" + H+
| I
0 H ATPase A\ H J o

ATP OH OH Water ADP OH OH Pi

Fig. 10. Substrates and products of the ATPase reaction. This reaction is referred to as a hydrolysis reaction (ATP hydrolysis) due
to the involvement of a water molecule. An oxygen atom, 2 electrons, and a proton from the water molecule are required to
complete the free inorganic phosphate product of the reaction. The remaining proton from the water molecule is released into
solution. Arrows pointing away from a bond represent bond/group removal. Arrows pointing to a bond represent addition of an
atom/group.
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-. 2 NAD+

Fig. 11. Glycolytic regeneration of ATP coupled to

+
ATP hydrolysis as would be the case during skeleta 2NAD ,+
muscle contraction with no ATP contribution from + 2Pi+2ADP — ~ » 2 Pyruvate + 2 NADH + 2 H*
mitochondrial respiration. Source of the protons that can f i s + 2 ATP + 2H,0

accumulate in the cytosol is ATP hydrolysis. Balance of -y & Y

these reactions leaves the molecules highlighted by i
rectangles (glucosg 2 lactate! 2 H'; Eq. 5. 2Pi + 2ADP
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and the accompanying pH changes in the same sample. It waarce of H is inaccurate. Gevers (10, 1i)st drew attention
suggested that when oxidative phosphorylation was blockedthe very important possibility that protons might be gener
either by inhibitors or by the absence of oxygen the protated in signbcant quantity in muscle by metabolic processeg

concentration would increase considerably. The results ather than the lactate dehydrogenase reaction. He suggesté

Vaghy@ investigation revealed that during ischemic conditiorteat the major source of protons was the turnover of ATR
there was a decreased net proton consumption by oxidatpm®duced via glycolysis. This important concept, quite contrary
phosphorylation and that this alteration to metabolism plays tmthe general concept of that time ti@ctic acidis the end
important role in the development of the acidosis of thproduct of glycolysis, aroused little interest for six years.
myocardium. In addition, Vaghy experimentally ¢wmed the It was not until 1983 that Hochachka and Mommsen (16

idea that when glycolysis and ATP hydrolysis are not coupleddiscovered and wrote an extensive review on this topid.

to mitochondrial respiration, acidosis develops. However, titochachka et al. supported Gev@idea that metabolic acido-
question of where the protons came from was not letatiby
this research.

ADDITIONAL RESEARCH EVIDENCE FOR THE PROTON Cytosol 1 Mitochondria
RELEASING AND CONSUMING REACTIONS OF CATABOLISM :
. . o . -0 | 0
Although the biochemistry of exercise-induced metabolic o ! ]
acidosis is unquestionable, there is considerable research sup- O-F-OH ——> "O0-P-OH
port and therefore validation of nonmitochondrial ATP turn- 0 ! 0
over as the cause of acidosis. For example, several researcherls . | : s
have denoted that the assumption tiictic acidDis the @ °oBeiae —> malate —*.7_’ oxaloacetate + NADH + H
!
' NAD*
!
glucose 6-phosphate ADP . ADP
5 ATP:.:), ATP
jé: :
S ADP ADP _X_»I ADP
pyruvate l Pi Ht o
l i ATP ™ 1IN ATP
_______________________ PSURNIA S S P !
e H ADP + Pi <j DHAP :
acetyl Co-A H t + NADH + H* '
N aTP ¥ !
1
© oxaloacetate\x. ' !
-% / ! glycero! 3-phosphate ———,7—-> DHAP + FADH»
§ / ' : | FAD*
S i »CO2 ! .
L ( : !
& R Y Rt
( O+2e +2H" €«— H ; H*
A Na* Na*
e H !
¥

H20 Fig. 13. Examples of the cytosolic metabolites that can diffuse or be trang|
Fig. 12. A summary of the main reactions of mitochondrial respiration thabrted into the mitochondria. Note that protong {Htan enter the mitochen
support ATP regeneration. Note that each of cytosolic ADPelBctrons (&),  dria indirectly via the malate-aspartate and glycerol-phosphate shuttles
and protons (H) can enter the mitochondria (whether directly or indirectlyyirectly via several cation exchange mechanisms. Note that complete reactio
and function as substrates for oxidative phosphorylation. are not presented to simplify the diagram.
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A tially reaformed the writings of Gevers (10, 11) and
o _?aifsﬁ{?{”a__ Hochachka and Mommsen (16). As stated by Busa and Nug
|- "’i ! ST citelli (4), QATP hydrolysis, not lactate accumulation, is the
i i AR dominan_t source of the intracellular acid load accompanying
: of H'or Pi anaerobiosi®)
¢ mitochondia | —dm— To experimentally show that lactate production does no
Glucose _’“ ____________ ~— contribute to acidosis or that decreased lactate productio)
2 NAD* i 1‘_ exacerbates acidosis, glycolysis, lactate production, and mitd
A | chondrial respiration need to be uncoupled in a controlleg
SRABI B HE L8 kT manner. In a31P-_nucIe:_:1r magnetic resonance _(I\JMR) study,
| arp <0, ADP + Pi+ H* Smith et al. (48) investigated the role @&ctic acidproduc-
2 Pyruvate : tion in the isolated ferret heart by using three different appli-
> NAD* </17 CM\I cations of cyanide (cyanide blocks mitochondrial respiration)
51 asiiie cyanide plus iodoacetate (inhibits glycolysis), and cyanide plu
CrP a glucose-free solution (restricts substrate to glycolysis). Th
experimental results indicated that when only cyanide wa
B applied to the heart muscle, there was a net lactate dnd H
2 i - accumulation. When glycolysis was blunted (cyanide plug
§ Cec P . glucose-free solution), there was less lactate production,
Glycogen FA-CoA — : greater rate of nonmitochondrial ATP hydrolysis, and in-
“' P W creased acidosis. As expected, an increased acidosis with le
+_ mitochondria . lactate production was also observed when cyanide plus iqg
2 NAD* GEF 2P i doacetate was applied to the myocardium. Therefore, the a
2 ADP i thors concluded that the increased acidosis produced by cy
| T .
2 NADH + 2 H* + 2 ATP

=)

r

=D

L W 3

nide when glycolysis is completely inhibited (in the presenc
of iodoacetate) was due to a more rapid hydrolysis of intracel

ATPIL-~ . ADP +Pi+ HY lular ATP. In addition, these results showed the role of lactat
2 Pyruvate Cell production in thwarting a developing acidosis.
2 NAD* Cr Later commentary by MacRae and Dennis (31) indicate
S that the metabolic generation of protons during heavy exerci
2 Lactate is a consequence of the rise in glycolytic ATP turnover with
ATP + AMP s

_ i _ bolism in skeletal i||1c;reasing work rate. When ATP is resynthesized by glycoly
Fig. 14. Two diagrams representing energy metabolism in skeletal mus i i ; ;
during two different exercise intensitied: steady state att 60% V02 max $f, rather than by oxidative phosphorylation or creafine pho

Note that macronutrients are a mix of blood glucose, muscle glycogen, bIoBHat(_a' the pro_tons prqdu_ced by ATP hydmeS_'S are not reus
free fatty acids, and intramuscular lipid. Blood free fatty acids and intramu) Mitochondrial respiration. Conversely, during steady-stat
cular lipolysis eventually yield the activated fatty acid molecules (FA-CoAexercise the protons generated from glycolysis are transportg

Pyruvate, NADH, and protons produced from substfae through glycolysis jnto the mitochondria and used directly in water formation or
are predominantly consumed by the mitochondria as substrates for mitoch,

drial respiration. The same is true for the products of ATP hydrolysis (ARP, Fﬁged in the eIeCtron.tranSpo.rt chain (_ETC) to prOduce an H
H' ). Such a metabolic scenario can be said to be pH neutral to the musgiadient across the_ inner mitochondrial membrane that facilif
cells. B: short-term intense exercise #t110% Yoz max causing volitional tates ATP synthesis via theof ATPase. Therefore, these
fatigue in# 2EB min. Size of the arrows approximate relative dependencgrotons are generated irrespective of lactate formation or pyry

involvement of that reaction and the predominant fate of the products. N%ﬁte delivery to the mitochondria for oxidation. Consequently
that R is also a substrate of glycogenolysis. In this scenario, cellular AT )

hydrolysis is occurring at a rate that cannot be 100% supported by mitochéH? iNCréase in cytosolic Hconcentration must also coincide
drial respiration. Thus there is increased reliance on using cellular ADP féith a decrease in cytosolic redox, which collectively shifts the
ATP regeneration from glycolysis and creatine phosphate. For every ADP thdDH equilibrium toward lactate production (pyru\/ﬁte!

is used in glycolysis and the creatine kinase reaction under these cellgApH | H' 7 lactaté ! NAD' ). Thus lactate formation
conditions, a Pand proton is released into the cytosol. However, the magni

tude of proton release is greater than fodBe to the need to recycle & a
substrate in glycolysis and glycogenolysis. As explained in the textbrlaé

accumulation of protons is a balance between the reactions that consume-ﬁag“e 4. The estimated maximal rates of ATP regeneration
release protons, cell buffering, and proton transport out of the cell. TI—S :

S . .
diagram also clearly shows that the biochemical cause of proton accumula pm the main energy systems in skeletal muscle
is not lactate production but ATP hydrolysis.

" 600z ‘9z AfRr uoBi0 ABojoishyd-nBaidfe wolf papeo@vmod

Maximal Rate of ATP regeneration,

Energy System mmol ATP!s® 11kg wet w1
sis resulting from glycolysis is primarily due to ATP hydrolysis Cviosolic
by myosin ATPase that yields ADP;,Rnd H . According to y
these authors, only ADP and &e recycled via glycolysis to grl‘ocsoﬁhg‘ge” 123'4
produce ATP, leaving H behind to accumulate within the yeoy ) ) o '
cytosol. In other words, the glycolytic generation of ATP and Mitochondrial respiration
ATPase-catalyzed hydrolysis of ATP are, to some extent, g;% )ggigﬂaéir?n 8-;

coupled (Fig. 11). Busa and Nuccitelli (4) also commented on
this topic in an invited opinion in 1984. These authors essenAdapted from Sahlin (46).
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Table 5. Causes of acidosis and proton buffering
in skeletal muscle

H' Buffering and Removal

Blood and
Causes of Proton ventilatory Intracellular H
Release buffering buffering H removal
Glycolysis H' ! HCO? Proteins Mitochondrial transport

Amino acids

H2COs CrP hydrolysis LactafeH' Symport

ATP hydrolysis Lactate production Sarcolemmal X'

BIOCHEMISTRY OF METABOLIC ACIDOSIS

THE STOICHIOMETRY OF LACTATE PRODUCTION
AND PROTON ACCUMULATION IN CONTRACTING
SKELETAL MUSCLE

Apart from biochemical facts, the most compelling addi-
tional evidence for the acidosis of nonmitochondrial ATP
turnover in contracting skeletal muscle comes from a compi
lation of research that enables calculations of the componen
of proton release, buffering, and removal presented in Table %.

Juel et al. (19) quarited lactate and proton release from
contracting skeletal muscle during one-legged knee extensor
exercise. The data of Fig. 15 were obtained from data of lactate

HO! COx IMP formation exchange and proton release during incremental exercise to fatigue ar(d
HCO? HCOS/CI® Exchange  drawn as this original presentation. Clearly, muscle protor
i SID release was greater than lactate release, with the differenge
tHCO‘& bigz;frbonate; HCOs, carbonic acid; CrP, creatine phosphate; SID;nW%EJ?SIS?egé? IF::’(C:)I:[(e)?lSt% S|Iar::ti_)t(:rféigealsnéear_lsg))(/hvavﬁgti%?]_aImOSt
sirong fon diference When concerned with intracellular nonmitochondrial ATP
turnover and proton and lactate balance, the best exercise anhd
i ) research model to use is the quadriceps occluded Hkood )
and efdux from wo_rklng muscles is more a consequence thaygel (50), as this minimizes the effect of blo@dw on g
a cause of acidosis. o proton and lactate removal from the active muscle. However, 2
Noakes (34) recognized and supported the opinions s highest calculations for nonmitochondrial ATP turnover| &
Gevers (_10, 11) by stating that the protons releaged from ‘{??/0 mmol/kg dry wt) come from Bangsbo et al. (1), who|&
hydrolysis of ATP are not needed for the resynthesis of ATP Rjantbed muscle metabolites and blood lactatéusffrom the | S
the glycolytic pathway. He also suggested thaerat some of quadriceps muscles during one-legged dynamic knee extensp®

the protons generated by high rates of glycolytic ATP breakxercise to exhaustion. Bangsbo and colleagues (1, 2) argu
down are taken into the mitochondria with pyruvate. Some afigat when totally accounting for all muscle lactate production
used in the reduction of pyruvate to lactate and some gecumulation, removal, and oxidation), a more valid estimat
buffered by intracellular histidine residues angd Bonse of nonmitochondrial ATP turnover (ATP-NM) is obtained. The

quently, unbuffered intracellular protons leave the cell via thgenerally accepted equation (2) for this calculation is presente
sarcolemmal Na/H' exchangers and'H! lactat€ symport in Eq. 7.

ers and can alter blood pH, which coincides with an increase in
the blood lactate concentration.

‘nbBal

ATP-NM = %&rP + &ATP' *95.5%&La (7)

When combining data from multiple studies (1, 33, 50, 51),
with the data from Spriet and colleagues (50, 51) used for
muscle metabolite accumulation during intense exercise t

) ) o fatigue and the data from Bangsbo et al. (1) for ATP-NM, the

The cause of metabolic acidosis is not merely proton releaggis totally support the biochemically proven nonmitochon-
but an imbalance between the rate of proton release and the (g{§) turnover origin of exercise-induced skeletal muscle met
of proton buffering and removal. As previously shown fromypojic acidosis. For example, Fig. 16 represents the biochen-
fundamental biochemistry, proton release occurs from glyc@ka| balance of protons if you assume that lactate productiof
ysis and ATP hydrolysis. However, there is not an immediatguses acidosis. The published data reveal that the musq

decrease in cellular pH due to the capacity and multiplffer capacity (structural and metabolic) is almost double tha
components of cell proton buffering and removal (Table 5).

The intracellular buffering system, which includes amino ac-
ids, proteins, PHCOS , creatine phosphate (CrP) hydrolysis,
and lactate production, binds or consumes a8 protect the

cell against intracellular proton accumulation. Protons are also
removed from the cytosol via mitochondrial transport, sar-
colemmal transport (lactatéH' symporters, Na/H' ex-
changers), and a bicarbonate-dependent exchanger JHTI®)

(Fig. 13). Such membrane exchange systems are crucial for the
inBuence of the strong ion difference approach at understand-
ing acid-base regulation during metabolic acidosis (5, 26).
However, when the rate of'Hproduction exceeds the rate or
the capacity to buffer or remove protons from skeletal muscle,
metabolic acidosis ensues. It is important to note that lactate
production acts as both a buffering system, by consuming H Time (min)

and a proton remover, by trapsporting H’-?ross_ the‘_ Sar€o Fig. 15. Data for proton and lactate removal from contracting skeletal muscld.
lemma, to protect the cell against metabolic acidosis. Figure is an original presentation of data from Juel et al. (19).

COMPONENTS OF CELLULAR PROTON PRODUCTION,
BUFFERING, AND REMOVAL
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I | actate computations of the stoichiometry of proton and lactate bal
c—CrP ance in contracting skeletal muscle, prove that metabolic ac
. dosis is caused by an increased reliance on nonmitochondrigl
=P ATP turnover and not lactate production.
70 4 = Buffer

IS THE DIFFERENTIATION BETWEEN LACTATE
60 — PRODUCTION AND THE TRUE BIOCHEMICAL CAUSE
OF ACIDOSIS REALLY THAT IMPORTANT?

50 This is the crucial question that all physiologists must be
able to answer. There are several examples of why the correfct
40 1 cause of metabolic acidosis needs to be accepted, commuri-
cated in education, and used in research interpretation and
30 publication.
Scientibc validityThe most important reason to discard the
20 lactic acidosis concept is that it is invalid. It has no biochemica
justibcation and, to no surprise, no research support. We hay
10 - been criticized for our stance on the need to change how
to teach and interpret metabolic acidosis basedBop 5
0 - (glucose3 2 lactate! 2 H' ). However, this is a summary
& & equation that does not represent cause and effect, as previou
& s described and illustrated in Fig. 10. As such, the concept of
lactic acidosis remains evidence of 1920s academic and scie
Fig. 16. Comparison between the theoretical proton release from lacti®C inertia that, out of simple convenience and apathy, stil
production to the known skeletal muscle buffer capacity (structural amémains today. We would hope that the academics and profe
metabolic). For example, if lactate production released protons, then Wgynals from the basic and appliedlds that continue to accept

magnitude of the 2 columns of data should equal each other. Data for mu : ; ; ; ;
lactate, CrP andiRrom Spriet et al. (49, 50). Data for muscle buffer capacit?/m(ae lactic acidosis construct Immedlately change the way thev

(by titration) from Sahlin (38) at 42 slykes for a muscle pH decrease from 7(aCh and interpret t_his FOpiC. '
to 6.4. Education.Education is a powerful force that can induce

change or reinforce error. Rather than continuing to reinforcg

) ) o .error, educators need to recognize their power in reshapin
of lactate production. There is no stoichiometry to the assertion

that lactate production directly releases protons and causes a
lactic acidosis. _ , Release  Consumption
When evaluating past research for evidence in support of the
nonmitochondrial ATP turnover cause of metabolic acidosis,
the stoichiometry is far more impressive. These data are — Glycolysis  XXXXX3 pj
presented in Fig. 17. When the main consumers of protons are
combined, there is a near equality between proton release
(ATP-NM and glycolysis) and proton consumption. A slight —crP
discrepancy is presented here, but in reality additional proton 120 7
consumption occurs via the muscle bicarbonate stores, a small
proton efBux that occurs regardless of exercise models having 100 —
zero bloodRow, and the iBuence of the strong ion difference
across the sarcolemma of the contracting mubbkers (5, 12,
26). Furthermore, we presented data assuming complete ion-
ization of key metabolites such as ATP, ADP, andThis is
not entirely accurate, yet adjustments based on proton balances
from fractional ionization provide unnecessary complications
to the proton balance, do not change the relative depiction of
data, and therefore do not alter the cause of metabolic acidosis.
The data from Figs. 16 and 17 are very important as they
show that nonmitochondrial ATP turnover is not just a theo-
retical explanation of metabolic acidosis, as is argued by many

Protons
(mmol/kg wet wt)

[0}

1} papeOjUNBQ

v

d'nBaidle wo

I ATP-NM <3 Buffer

| s— Y )

6002 ‘9z AInc uo 610'A60|o!“§’/ﬁq

80

60 —

40 —

Protons
(mmol/kg wet wt)

20 —

due toEq. 5 The fact is that research clearly supports the 0- o
stoichiometry of the nonmitochondrial ATP turnover cause of 0\&6 (@'\‘"
metabolic acidosis. In so doing, research also clearly discredits & QO&"

the interpretation of acidosis as being caused by lactate pro-
duction. Consequently, we showed that the biochemistry fgg- 17. Balance between intramuscular proton release and consumption baged

- : . fundamental biochemistry, as explained in the text. Data for nonmitochon}
metabolism supports nonmitochondrial ATP turnover as t@ﬁal ATP turnover (ATP-NM) from Bangsbo et al. (1) at 370 mmol/kg dry wt.

cause of acidosis. Furthermore', we present data from EXPSfra for glycolysis from Spriet et al. (50) at 73.8 mmol glucosyl units/kg dry
mental research that through direct measurement and indireciData for muscle lactate, CrP;, Rnd buffer capacity as for Fig. 16.
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matters pertaining to metabolic acidosis and skeletal muselgproach to quantify skeletal muscle proton buffering is invali

proton buffering. The correct teaching of metabolic acidosis éhd its use should never have been associated with the u

crucial for the promotion and acceptance of the correct undelyke.

standing of exercise-induced metabolic acidosis. On the basis of the content of this review, the best estimat|
Sports physiology, coaching, and trainimgn acceptance of of a muscle buffer capacity, which of course will vary with the

the true biochemistry of metabolic acidosis means that ter@ggree and quality of exercise training of a given individual, is

and descriptions used throughout sports physiology and coagfg slykes. This value is obtained from the data of Fig. 17

how students and academics alike explain and discuss dlking muscle catabolism. As is clear from this review, such a(iz

it

1%

ing need to be changed. The ter@actat®or Jactic acid \ypere 8 min of intense exercise to volitional exhaustion is
need to be removed from any association with the cause Qisqciated with a pH decrease from 7.0 to 6.4, and the releade/
acidosis or the training that is used to delay the onset Boduction of 125 mmol H/kg muscle (125/0.6 208). The

acggsSIeSairch of strategies to retard exercise-induced metabqg tal muscle buffer capacity is the sum of the components of
ooEE 9 . %W uctural and metabolic buffering. The data of Fig. 17 provide
acidosis.If it is assumed that lactate production causes acidQ-

sis, then it is a logical extension to hypothesize that reducirﬁé'hes“m?tﬁ of me“”?b.""c buffering tol beﬁ12_0 (72/0.6) s!yktlas
lactate production for a given cellular ATP demand shou t 88.Sy es remaining as structuray b_u €ring. Interestingly,
retard acidosis. If decreasing the rate of lactate produc:tionqgr estimate of structural buﬁerlng is similar to that reported
accomplished by stimulating increased mitochondrial respirdy Sahlin (38). Past research estimates of the muscle buffer
tion [such as through dichloracetate infusion/ingestion (1g8fjaPacity from assuming lactate and pyruvate production est}-
such a strategy might also increase mitochondrial proton Up&até proton release are gross underestimations of the trie
take and decrease/delay acidosis. However, as is clear fromH¢scle buffer capacity, as they do not account for all protor
biochemistry, for a given rate of mitochondrial respiratiod€lease (nonmitochondrial ATP hydrolysis), and in assuming
decreasing lactate production will decrease proton bufferifgtate production is a source of protons rather than a consum
and removal from skeletal muscle and increase the rate of ongeprotons, they underestimate metabolic proton buffering.
and worsen the severity of acidosis. On the basis of the
biochemistry of muscle metabolism, the best way to decreaseNCLUSIONS AND RECOMMENDATIONS
metabolic acidosis is to decrease nonmitochondrial ATP turn- ] ) ) )
over by stimulating mitochondrial respiration. For a given ATP There is no biochemical support for the construct of a lactig
demand, any effort to decrease lactate production withodgidosis. Metabolic acidosis is caused by an increased reliang
increasing mitochondrial respiration will worsen metabolien nonmitochondrial ATP turnover. Lactate production is es;
acidosis. sential for muscle to produce cytosolic NADto support
Quantifying buffering: the unit of slyk&he buffer capacity continued ATP regeneration from glycolysis. The production
or value of a solution wabrst quantPed and dened by van of lactate also consumes two protons and, biyri#on, retards
Slyke in 1922 (24, 38). This initial dmition was based on the acidosis. Lactate also facilitates proton removal from muscld.
amount of free H or OH* added to cause one unit change illthough muscle or blood lactate accumulation are good indi
pH (&H' /&pH). Typically, the reference mass of muscle is fect indicators of increased proton release and the potential f¢
kg. In 1955 it was recommended that Slgk@ame be used asdecreased cellular and blood pH, such relationships should np
the unit expression for the buffering capacity) (of a tissue pe interpreted as cause and effect.
when quantped by the&H' /&pH ratio, and the unit of slyke  The aforementioned interpretations of the biochemistry o
has been used to quantify proton buffering ever since.  |actate production and acidosis are also supported by resear
Traditionally, the buffer capacity of skeletal muscle is measyigence. As such, research evidence also disproves the cg
sured in vitro and is iBuenced by the structural constituents O(f:ept of a lactic acidosis. Quantifying nonmitochondrial ATP

skeletal muscle. Consequently, the buffer capacity does Rofhqver during intense cycle ergometry exercise and assumir
include the proton removal from skeletal muscle metabolism gfis yajue to be identical to proton release, reveals a nea

the transfer of protons from the cytosol to the mitochondria %r

: rfect stoichiometry to known components of proton con-
out of the cell. Sahlin (38) referred to these two COmpomﬁ'ms§)L(ﬁmption within contracting skeletal muscle. Conversely, re

cell proton buffering as structural and metabolic, with thgearch data of muscle lactate production and proton releage

combination representing the total in vivo proton bufferin ield a lactate-to-proton stoichiometry approximating 1:3 (33:

capacity. H S
Unfortunately, wh t tina t tify the skeletat®3 mmoll /kg wet wt; Figs. 16 and 17)_. .
nfortunately, when attempting to quantify the skele Educating students on the correct biochemical cause ¢

muscle buffer capacity in vivo the determination of protons —~~ - . .
added to a cell is difcult. To make this process easierac'dos's is extremely important for reasons of academic cred

researchers have often assumed the source of the protons P& and scientbe validity. In addition, the past incorrect
the production of metabolic acids: namely lactic and pyruvidterpretations of lactic acidosis have yielded questionabls
acid. Obviously, this has been incorrect. The result has beenf§gearch applications and data interpretations, with the indire¢
incorrect estimation of proton buffering, with such value§alculation of the muscle proton buffering unit of slyke
varying from 60 to 80 slykes (24, 38, 49, 50). When basdl{ &lactate! & pyruvate)&pH] # (&H' /&pH)} being the best
solely on lactate production corrected for muscle water [Spriexample of this error.

et al. (50) used 3.3 I/lkg dry wt], a value of 74.5 slykes is It is strongly recommended that all educators and researciy-
calculated, which clearly shows the bias of this unit in assurars incorporate the application of the correct cause of acidos|s
ing lactate production contributes most of the proton releasgo their professional practice.
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