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L-lactic acidosis: pathophysiology, classification,
and causes; emphasis on biochemical
and metabolic basis
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L-lactic acidosis (L-LA) is the most common cause of
metabolic acidosis in the critical care setting, which has
been associated with a large increase in mortality. The
purpose of this article is to provide clinicians with an
overview of the biochemical and metabolic background
required to understand the different pathophysiological
mechanisms that may lead to the development of L-LA. We
propose a classification based on whether the
pathophysiology of L-LA is due predominantly to increased
production or decreased removal of L-lactic acid. In this
article, we provide an overview of the biochemical and
metabolic aspects of glucose oxidation, the production and
removal of L-lactic acid, and a discussion of the
pathophysiology of the various causes of L-LA.
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L -lactic acidosis (L-LA) is defined by a blood L-lactate
level of >5 mmol/l. A blood pH of <7.35, and a plasma
bicarbonate concentration of <20 mmol/l are

commonly included in this definition; the absolute value of
these parameters, however, is determined by coexisting res-
piratory and/or metabolic acid–base disorders.1,2 The accu-
mulation of L-lactic acid in the extracellular fluid leads to
the loss of bicarbonate anions (HCO3

-) and the gain of L-
lactate anions. The presence of new anions in plasma is
detected by an increase in the plasma anion gap (PAG).

3 A sig-
nificant increase in blood L-lactate level may be present, how-
ever, without an appreciable increase in the PAG.

4,5 This may
reflect the wide range of what is considered a normal value of
the PAG, failure to correct the baseline value of the PAG for the
plasma albumin concentration, as hypoalbuminemia is
frequently present in these patients, and/or perhaps a change
in the net negative anionic valence on plasma albumin.6

L-LA is the most common cause of metabolic acidosis in
hospitalized patients, particularly in the critical care setting.
L-LA is associated with a large increase in mortality7–10 that
directly correlates with the blood lactate level.7,11,12 L-LA is
not a diagnosis but a manifestation of deranged glucose and
energy metabolism that may be the result of a number of
disorders. The increased mortality associated with L-LA likely
reflects the severity of cellular dysfunction due to deranged
energy metabolism. Severe acidemia may also lead to car-
diovascular collapse.13–15 This may be due to the effects of the
binding of hydrogen ions (Hþ) to cellular proteins, impairing
their functions.

Almost 50 years ago, Cohen and Woods proposed a clas-
sification of L-LA into type A (where there is clinical evidence
of tissue hypoxia) and type B (where there is no clinical ev-
idence of tissue hypoxia).16,17 The assumption made in this
classification is that tissue hypoxia can be detected with the
usual clinical parameters used to assess global oxygen delivery.
A number of diverse disorders that may lead to the devel-
opment of L-LA via different pathophysiological mechanisms
are lumped together into 1 category: type B L-LA.

L-LA may be caused by an increased rate of production or
a decreased rate of removal of L-lactic acid. Although both
mechanisms are involved in many cases, usually one pre-
dominates. We, therefore, propose a classification based on
whether the pathophysiology of L-LA is due predominantly to
increased production or decreased removal of L-lactic acid.
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Figure 1 | Glycolysis. The process of glycolysis can be viewed as
occurring in 2 stages. In the first stage, glucose is phosphorylated
and split into 2 molecules of glyceraldehyde 3-phosphate; 2
molecules of adenosine triphosphate (ATP) are consumed in this
stage. In the second stage, the 2 molecules of glyceraldehyde 3-
phosphate are converted into 2 molecules of pyruvate, with
concomitant regeneration of 4 molecules of ATP. Hence, there is net
regeneration of 2 molecules of ATP. Two molecules of nicotinamide
adenine dinucleotide (NADþ) are reduced to 2 molecules of
NADHþHþ, in the step in which 2 molecules of glyceradehyde 3-
phosphate are made into 2 molecules of 1,3 bisphosphoglycerate.
The enzyme phosphofructokinase-1 (PFK-1), which catalyzes the
irreversible conversion of fructose 6-phosphate to fructose 1-6
bisphosphate, is a key regulatory enzyme in glycolysis. ADP,
adenosine diphosphate; HK, hexokinase; Pi, inorganic phosphate.
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Figure 2 | The formation of acetyl-CoA and the citric acid cycle.
Pyruvate is transported into the mitochondria where it is converted
into acetyl-CoA in the presence of CoA-SH (coenzyme A with
functional sulfhydryl group), a reaction catalyzed by the enzyme
pyruvate dehydrogenase (PDH). One molecule of CO2 is produced,
and 1 molecule of nicotinamide adenine dinucleotide (NAD)þ is
reduced to NADHþHþ. Acetyl-CoA combines with oxaloacetate to
form citric acid. Citric acid then undergoes a series of reactions in the
citric acid cycle, which leads to the oxidation of the acetyl group to 2
molecules of CO2 and the regeneration of oxaloacetate. In these
reactions, 3 molecules of NADþ are reduced to NADHþHþ, 1
molecule of flavin adenine dinucleotide (FAD) is made into its
hydroxyquinone form FADH2, and 1 molecule of guanosine
triphosphate (GTP; equivalent to adenosine triphosphate) is
regenerated. Since 2 molecules of pyruvate are made from 1
molecule of glucose, in total, 8 molecules of NADHþHþ, 2 molecules
of FADH2, and 2 molecules of GTP are produced from 1 molecule of
glucose in the process of the formation of 2 molecules of acetyl-CoA
from 2 molecules of pyruvate and the oxidation of 2 molecules of
acetyl-CoA in the citric acid cycle. GDP, guanosine diphosphate; Pi,
inorganic phosphate.
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We begin this discussion with a synopsis of the biochem-
istry of glucose oxidation. This is followed by a discussion of
the biochemical and metabolic basis for the development of
L-LA. With this background, we proceed to a discussion
of the pathophysiology of the various causes of L-LA.

BIOCHEMISTRY OF GLUCOSE OXIDATION IN SKELETAL
MUSCLES
Oxidation of glucose occurs in 4 steps; glycolysis, the for-
mation of acetyl- CoA, the citric acid cycle, and the electron
transport chain (ETC).

Glycolysis
In this process, which takes place in the cytosol, 1 molecule
of glucose is split into 2 molecules of pyruvate18 (Figure 1).
Two molecules of adenosine triphosphate (ATP) are utilized
in the initial reactions catalyzed by hexokinase and
phosphofructokinase-1 (PFK-1). Four molecules of ATP are
ultimately generated; hence, there is net generation of 2
2

molecules of ATP per each molecule of glucose metabo-
lized. In the metabolic reactions of glycolysis, 2 molecules
of nicotinamide adenine dinucleotide (NADþ) are con-
verted to their reduced form NADHþHþ (in this reaction,
2 electrons but only 1 Hþ

—that, is a hydride ion (H–)—
are transferred to each NADþ, forming NADH plus a free
Hþ).

While it is common to use the terms aerobic and anaerobic
glycolysis, since there is no molecular oxygen utilized in this
step of glucose oxidation, all glycolysis is in fact anaerobic.

The process of glycolysis results in the formation of py-
ruvic acid. The production of a proton first occurs when
glycerol aldehyde-3 phosphate (an aldehyde) is converted to
1,3 bisphosphoglyceric acid (an acid). The proton, however, is
consumed as the carboxylic acid moiety of this compound
forms an anhydride bond with phosphoric acid. Net proton
production occurs when this anhydride bond is broken at the
next step with the conversion of 1,3 bisphosphoglyceric acid
to 3-phosphoglyceric acid, which is subsequently converted to
pyruvic acid. Because the pH in cells is w7.1 and the pK of
pyruvic acid is w2.8, pyruvic acid donates its Hþ, resulting in
formation of pyruvate anions. These Hþ are removed when
the pyruvate anions are metabolized to neutral end products
Kidney International (2019) -, -–-
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Figure 3 | The electron transport chain and oxidative
phosphorylation. The horizontal structure represents the inner
mitochondrial membrane with its inner and outer bilayers. The
dashed line represents the outer mitochondrial membrane. The
electron transport chain consists of 4 large multi-protein complexes
(I–IV), and 2 electron carriers that function as shuttles between
the complexes—coenzyme Q (denoted by *) and cytochrome C
(denoted by **). The electron transport chain consists of a
sequence of linked oxidation-reduction reactions, in which
electrons are transferred from an electron donor to an electron
acceptor, and finally to O2. Complexes I, III, and IV use the energy
generated from electron flow to pump Hþ from the mitochondrial
matrix to the intermembrane space. The accumulation of protons
in the intermembrane space creates a large electrochemical
gradient favoring Hþ re-entry into the mitochondrial matrix. This
electrochemical energy is recaptured as Hþ

flows through the
adenosine triphosphate (ATP) synthase and is coupled to
the regeneration of ATP from adenosine diphosphate (ADP)
and inorganic phosphate (Pi). e, electron; FAD, flavin adenine
dinucleotide; FADH2, hydroxyquinone form of FAD; NADþ,
nicotinamide adenine dinucleotide; NADHþHþ, reduced form of
NADþ.
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(CO2 þ H2O or glucose/glycogen). Hence, there is a net gain
of Hþ only when pyruvate anions accumulate in the cytosol
and are converted to L-lactate anions. L- lactate anions, with
their Hþ, exit cells on the monocarboxylic acid cotransporter,
causing acidosis in the extracellular fluid compartment.

Formation of acetyl-CoA
Pyruvate crosses the outer mitochondrial membrane, through
the voltage-dependent anion channel,19 and the inner mito-
chondrial membrane, through the mitochondrial pyruvate
carriers MPC1 and MPC2.20

In the mitochondrial matrix, pyruvate is metabolized by
the multiprotein enzyme complex pyruvate dehydrogenase
(PDH) (Figure 2).21 The activated form of thiamine—
thiamine pyrophosphate—is an important cofactor for
PDH. Pyruvate is first irreversibly decarboxylated (1 mole-
cule of CO2 is produced in this process); then 2 hydrogen
atoms are removed, creating acetyl-CoA. One NADþ is
reduced to NADHþHþ.

The citric acid cycle
Acetyl-CoA (a 2-carbon compound) combines with oxalo-
acetate (a 4-carbon compound) to form citrate (a 6-carbon
compound; Figure 2). Citrate then enters the citric acid cy-
cle (also called the tricarboxylic acid cycle or the Krebs cy-
cle),22 where it undergoes a series of reactions, catalyzed by a
number of enzymes, leading to the oxidation of the acetyl
group into 2 CO2 molecules, and the regeneration of the
4-carbon molecule oxaloacetate. The source of oxygen atoms
in the molecules of CO2 is not molecular O2 but is derived
from water molecules. As the acetyl group is metabolized, the
released electrons reduce 3 molecules of NADþ to 3 molecules
of NADHþHþ, and 1 molecule of flavin adenine dinucleotide
(FAD) to its hydroxyquinone form FADH2. In this process
also, 1 molecule of guanosine diphosphate and 1 molecule of
inorganic phosphate (Pi) are made into 1 molecule of gua-
nosine triphosphate (equivalent to 1 molecule of ATP).

The ETC and oxidative phosphorylation
The ETC consists of a sequence of linked oxidation-reduction
reactions, in which electrons are transferred from an electron
donor to an electron acceptor, with O2 as the final electron
acceptor22 (Figure 3).

The ETC consists of 4 large, multi-protein complexes (I–
IV). These complexes consist of electron carriers including:
(i) flavin-containing dehydrogenases; (ii) iron as part of
peptides containing iron–sulfur clusters; (iii) iron as part of a
porphyrin prosthetic group of heme in the cytochromes; and
(iv) copper in complex IV. Unlike the iron in the heme of
hemoglobin or myoglobin, which remains as Fe2þ during
oxygen transport, iron in the peptides containing iron–sulfur
clusters and in the heme of cytochromes can be in an oxidized
(Fe3þ) or a reduced (Fe2þ) form.

In addition to these stationary complexes, there are 2
electron carriers that are not tightly associated with one in-
dividual complex but function as shuttles between them;
Kidney International (2019) -, -–-
ubiquinone/ubiquinol (reduced form), also known as
coenzyme-Q, and cytochrome C. Coenzyme-Q carries elec-
trons from complexes I and II to complex III. Cytochrome C
shuttles electrons between complex III and complex IV.

NADHDHþ can only donate electrons in pairs, whereas
the iron-containing redox cofactors can only accept single
electrons. In complex I, this switch from a 2-electron carrier
to a 1-electron carrier is achieved by flavin nucleotides,
which can accept or donate a single electron or a pair of
electrons. The 2 electrons and 2 Hþ are transferred to FAD,
reducing it to FADH2. The electrons are then passed into
the iron of the peptides containing iron–sulfur clusters,
while the 2 Hþ leak into the mitochondrial matrix. The 2
electrons are subsequently transferred to ubiquinone,
reducing it to ubiquinol. Ubiquinol in turn passes them to
complex III.

Complex II oxidizes succinate to fumarate (hence, it is also
known as succinate dehydrogenase); 2 electrons and 2 Hþ are
transferred to FAD, reducing it to FADH2, which in turn
transfers the electrons via the iron–sulfur clusters to
ubiquinone.

Complex III accepts electrons from ubiquinol, oxidizing it
to ubiquinone, and delivers them to cytochrome C. Complex
IV accepts the electrons from cytochrome C. This complex
contains 2 heme groups and 3 copper ions that hold an oxygen
molecule very tightly until it is completely reduced. Reduced
3
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Table 1 | Metabolic products of glucose oxidation

NADD to
NADHDHD

FAD to
FADH2 CO2 H2O ATP

Glycolysis 2 2
Formation of acetyl-CoA 2 2 2
Citric acid cycle 6 2 4
Electron transport chain 12 30.5

ATP, adenosine triphosphate; CoA, coenzyme A; FAD, flavin adenine dinucleotide;
FADH2, hydoxyquanine form of FAD; NADþ, nicotinamide adenine dinucleotide;
NADHþHþ, reduced form of NADþ.
The numbers in the table are per molecule of glucose. In total, 10 molecules of
NADHDHþ and 2 molecules of FADH2 are produced per 1 molecule of glucose.
Approximately 2.7 molecules of ATP are produced when 1 molecule of NADHþHþ is
oxidized to NADþ, and w1.6 molecules of ATP are produced when 1 molecule of
FADH2 is oxidized to FAD. Thus, a total of w30.5 molecules of ATP are regenerated
per molecule of glucose in oxidative phosphorylation. Adding to that, 2 molecules of
ATP are generated in glycolysis, and 2 molecules of ATP are generated in the
oxidation of 2 molecules of pyruvate in the citric acid cycle (assuming that guano-
sine triphosphate and ATP are equivalent); there is net regeneration of approxi-
mately 34.5 molecules of ATP from the oxidation of 1 molecule of glucose. While 12
molecules of H2O are produced in the electron transport chain, 6 molecules of H2O
are consumed in glycolysis and the citric acid cycle; hence, only 6 molecules of H2O
are produced per 1 molecule of glucose oxidized.

ATP
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2 Pyruvate– + 2 H+
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2 ATP

2 ADP + 2 Pi

PFK-1
AMP

2 NAD+

2 (NADH+H+)

2 Lactate– + 2 H+

2 NAD+    2 (NADH+H+)

LDH

+
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Figure 4 | The production of L-lactic acid. In the cytosol, the
energy needed to perform biological work is provided by hydrolysis
of the terminal high-energy bond of adenosine triphosphate (ATP).
This results in the formation of adenosine diphosphate (ADP). ADP
enters the mitochondria on the adenine nucleotide translocator in
exchange for ATP. Under conditions of a diminished rate of
regeneration of ATP, the concentration of ADP in the cytosol rises.
Two molecules of ADP are converted back to 1 molecule of ATP in a
near-equilibrium reaction catalyzed by the enzyme adenylate kinase,
and 1 molecule of adenosine monophosphate (AMP) is generated.
The increase in AMP concentration provides a robust signal, for it
leads to a large increase in phosphofructokinase 1 (PFK-1) activity
and the flux in glycolysis. The accumulation of pyruvate in the
cytosol, coupled with an increase in the ratio of the reduced form of
nicotinamide adenine dinucleotide (NADHþHþ) to its oxidized form
(NADþ) drives the near-equilibrium reaction catalyzed by the
enzyme lactate dehydrogenase (LDH), whereby pyruvate is reduced
to L-lactate and NADHþHþ is oxidized to NADþ. Pi, inorganic
phosphate.
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O2 atoms bind Hþ to form H2O. Four electrons are required to
reduce 1 molecule of O2 and produce 2 molecules of H2O.

Complexes I, III, and IV use the energy generated from
electron flow to pump Hþ from the mitochondrial matrix,
across the inner mitochondrial membrane to the intermem-
brane space. Four Hþ are ejected by each of complexes 1 and
III, and 2 are ejected by complex IV. The amount of energy
liberated in reactions in complex II is insufficient to pump
Hþ, so it serves as a source for electrons but does not
contribute to the Hþ motive force.

The accumulation of Hþ in the intermembrane space
creates both a charge gradient and a chemical gradient fa-
voring Hþ re-entry into the mitochondrial matrix. This
electrochemical energy is recaptured as Hþ

flow through the
ATP synthase. ATP synthase, located in the inner mitochon-
drial membrane, consists of 2 domains—the F0 domain,
which provides the channel for the flow of Hþ, and the F1
domain, which has the binding sites for adenosine diphos-
phate (ADP) and Pi and catalyzes the regeneration of ATP.22,23

F1 has a gamma subunit, which forms its central core, and 3
beta subunits. The energy generated by the flow of Hþ from
F0 to F1 causes the gamma subunit to rotate. This rotatory
movement results in conformational changes in the 3 beta
subunits, causing the binding of ADP and Pi to 1 subunit in a
loose conformation, bringing the second subunit into a tight
conformation, where the synthesis of ATP occurs, and pro-
moting the release of tightly bound ATP from the third
subunit. This process is termed “coupled oxidative
phosphorylation.”24

The binding of ADP to ATP synthase induces the flow of
Hþ from the intermembrane space into the mitochondrial
matrix through F0. Hence, the rate of ATP utilization
(availability of ADP) regulates the rate of ATP synthesis.

Ten protons are pumped to the intermembrane space
during the transfer of 2 electrons from NADHþHþ to O2, but
only 6 protons are pumped to the intermembrane space
4

during the transfer of 2 electrons from FADH2 to O2. In
vertebrates, the flow of 8 protons through ATP synthase is
required to regenerate 3 ATP molecules.25 The actual rate of
ATP regeneration is actually a bit lower. Because each ATP
requires the transport of 1 H2PO4

– from the cytosol into the
mitochondria using a proton-coupled phosphate trans-
porter,26 and ATP4– generated in the mitochondria is trans-
ferred into the cytosol in exchange for ADP3– on the adenine
nucleotide translocase, there is a waste of the electrochemical
gradient of 1 proton for each ATP produced and translocated
into the cytosol. We calculated that about 2.7 molecules of
ATP are produced per molecule of NADHþHþ oxidized to
NADþ, and about 1.6 molecules of ATP are produced per
molecule of FADH2 oxidized to FAD.

The process of oxidation of glucose is summarized in
Equation 1 and Table 1 (Pi ¼ inorganic phosphate):

Glucose ðC6 H12 O6Þþ 6 O2 þ 34:5 ADP

þ 34:5 Pi/6 CO2 þ 6 H2Oþ 34:5 ATP:
(1)

SYNOPSIS OF THE BIOCHEMISTRY OF L-LA
Under physiological conditions, L-lactate is a crucial inter-
mediary in metabolism of carbohydrate and non-essential
amino acids, with w20 mmol/kg body weight (w1500
mmol in a 70-kg subject) produced each day.27,28 Glycolysis is
an obligatory pathway for the regeneration of ATP in red
blood cells because they lack mitochondria. L-lactic acid is
also produced by the skin, adipose tissues,29 the central
Kidney International (2019) -, -–-
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nervous system, muscle, and the gastrointestinal tract.30 This
load of L-lactic acid is removed largely via gluconeogenesis in
the liver (w60%) and the kidney cortex (w30%), and to
much lesser extent via oxidation in many organs (liver, kid-
ney, muscle, heart , and brain).31 This internal recycling of
L-lactate with production by some tissues and removal via
gluconeogenesis by the liver and the kidneys is known as the
Cori cycle. During exercise, the heart and skeletal muscle use
L-lactate as their main source of energy.27,32 The renal
threshold for the excretion of lactate is 6–10 mmol/l, so renal
excretion is only significant with severe hyperlactatemia.33

Accumulations of L-lactic acid can be caused by an
increased rate of its production and/or a decreased rate of its
removal.

Increased rate of production of L-lactic acid

Increased production of L-lactic acid occurs when the rate of
regeneration of ATP in mitochondria is insufficient to meet
the requirement for ATP to perform biological work
(Figure 4).

In the cytosol, the energy needed to perform biological
work (e.g., ion pumping by the Na-K-ATPase pump) is
provided by hydrolysis of the terminal high-energy bond of
ATP. This results in formation of ADP. ADP enters the
mitochondria on the adenine nucleotide translocase in ex-
change for ATP produced in the mitochondria in coupled
oxidative phosphorylation. Under conditions of diminished
rate of regeneration of ATP, the concentration of ADP in the
cytosol rises. This provides a signal for activation of PFK-1,
which is a key regulatory enzyme in glycolysis in skeletal
muscle, as it catalyzes an important committed step—the
conversion of fructose 6-phosphate and ATP to fructose 1,6-
bisphosphate and ADP (Figure 1). The activity of PFK-1 is
regulated by a signal related to the concentration of ATP in
the cytosol (i.e., when the concentration of ATP falls, PFK-1 is
activated). Changes in the concentration of ATP, however, are
too small to provide a robust signal for PFK-1 activation.
When ADP accumulates in the cytosol, it is converted back to
ATP in a near-equilibrium reaction catalyzed by the enzyme
adenylate kinase, and adenosine monophosphate (AMP) is
generated:

2 ADP 5 ATP þ AMP: (2)

Because in muscle cells the concentration of ATP is sub-
stantially higher than the concentration of ADP, a small
percentage decrease in ATP concentration causes a greater
percentage increase in ADP concentration. Furthermore,
since AMP concentration is related to the square of ADP
concentration, there is an even greater percentage increase in
AMP concentration. Therefore, the signal of decreased ATP
concentration is markedly amplified via an increase in AMP
concentration, resulting in a large increase in PFK-1 activity.

To maintain flux in glycolysis, however, NADHþHþ must
be converted back to NADþ, as NADþ is required for the
Kidney International (2019) -, -–-
reaction that converts glyceraldehyde 3-phosphate to 1,3
bisphosphoglyceric acid (Figure 1). Normally, NADHþHþ is
oxidized to NADþ in the mitochondria. Under conditions of
defective oxidative phosphorylation, NADHþHþ is oxidized
to NADþ in the cytosol in an equilibrium reaction catalyzed
by the enzyme lactate dehydrogenase, while pyruvate is con-
verted to L-lactate:

PyruvateþNADHþHþ 5 Lactateþ NADþ: (3)

Looking at Equation 3, it was suggested by some that the
conversion of pyruvate to lactate is a proton-consuming
process, as protons are consumed when NADHþ Hþ is
converted to NADþ, and hence should have an alkalinizing
effect. The continuous production of L-lactate and therefore
the consumption of protons is possible only, however, if there
is a continuous supply of NADHþ Hþ. This requires the
conversion of NADþ to NADHþHþ, which is a proton-
producing process. Therefore, there is no net production or
consumption of Hþ in the sum of these 2 reactions.

Although only 2 molecules of ATP are regenerated per
molecule of glucose in glycolysis, the rate of glycolysis can
increase 2 or 3 orders of magnitude faster than the rate of
ATP production by oxidative phosphorylation during rest.
The price paid, however, is the production of 1 mmol of L-
lactic acid per 1 mmol of ATP regenerated. This increase in
Hþ concentration inhibits PFK-1. Although this minimizes
the drop in intracellular pH, it may lead to a critical shortage
of energy production, which may result in detrimental effects,
especially in cells of vital organs (e.g., the brain and the
heart).34

It is not our intent in this review to discuss issues related to
management of L-LA, which have been recently reviewed else-
where,35–38 but a brief comment on the use of NaHCO3 is
warranted. The main-stay of therapy in patients with L-LA is
effectively addressing the underlying cause; however, the
administration of NaHCO3 might provide a beneficial tem-
porary measure to allow time for direct interventions to be
employed.

The detrimental effect of the rise in intracellular Hþ

concentration could be the result of the binding of Hþ to
cellular proteins, which may change their charge, alter their
shape, and possibly affect their functions (e.g., as enzymes,
transporters, contractile elements, and structural com-
pounds). One argument against the use of NaHCO3 is that its
administration in some animal models of L-LA led to an
increase in blood L-lactate level. This increase, however, may
be viewed as beneficial if it reflects de-inhibition of PFK-1,
increased flux in glycolysis, and increased rate of ATP
regeneration in vital organs, providing that the added Hþ load
is titrated by the bicarbonate buffer system and not by
intracellular proteins.34 Another argument against the use of
NaHCO3 is that the administered HCO3

� reacts with Hþ,
leading to increased production of CO2, which enters cells
and causes a fall in intracellular pH. Given that there are few
Hþ in either a free or a bound form in the extracellular fluid
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Pyruvate

Fructose 1,6 bisphosphate

PEP MalateOAA

Pyruvate

OAAMalate

ATPADP + Pi

Glucose

ATP
ADP + Pi

ATP
ADP + Pi

Cytosol

Mitochondria
PC

PEPCK

CO2

Glyceraldehyde 3-phosphate

Glyceraldehyde 3-phosphate

L-lactate 

1,3 bisphosphoglycerate

Figure 5 | The removal of L-lactic acid via gluconeogenesis.
Lactic acid can be made into glucose in the liver and in the kidney
cortex. The key reaction in gluconeogenesis is the conversion of
pyruvate to phosphophenol pyruvate (PEP), which occurs in 2 steps.
The first step is the metabolism of pyruvate in the mitochondria into
oxaloacetate (OAA) by the enzyme pyruvate carboxylase (PC). OAA is
then reduced to malate, which is transported into the cytosol by the
malate transporter. Once in the cytosol, malate is made back into
oxaloacetate. The second step is the conversion of OAA to PEP, in a
reaction catalyzed by the enzyme phosphenol pyruvate
carboxykinase (PEPCK). Three molecules of adenosine triphosphate
(ATP) are consumed in the reactions of converting 1 molecule of L-
lactate into 1 molecule of glyceraldehyde 3-phosphate. Since 2
molecules of glyceraldehyde 3-phosphate are required to make 1
molecule of glucose, a total of 6 molecules of ATP are consumed in
converting 2 molecules of L-lactate into 1 molecule of glucose. ADP,
adenosine diphosphate; Pi, inorganic phosphate.

r ev i ew KS Kamel et al.: L-lactic acidosis: pathophysiology, classification, and causes
compartment, the source of this Hþ titrating the administered
HCO3

� may be Hþ that were bound to intracellular pro-
teins.39 For this back-titration of intracellular proteins by the
administered HCO3

� to continue, however, a low PCO2 in
cells and the interstitial space should be maintained. This
requires both adequate alveolar ventilation and adequate
effective circulating volume. A large amount of NaHCO3 is
likely to be needed to achieve back-titration of the large Hþ

load bound to intracellular proteins. A continuous dialysis
modality like veno-venous hemodialysis may provide the
means for the administration of a large continuous infusion
of NaHCO3, while avoiding the risk of volume overload and
pulmonary edema.40,41

Decreased rate of removal of L-lactic acid
The first step in the metabolic removal of L-lactate is its
oxidation to pyruvate. This occurs mainly in the cytosol, but
it also appears that L-lactate can be transported into the
mitochondria, where it is converted to pyruvate by mito-
chondrial lactate dehydrogenase.42,43 Within the mitochon-
dria, pyruvate may be either converted to acetyl-CoA by PDH
and forwarded to the oxidative pathway to regenerate ATP, or
metabolized by the biotin (vitamin B7)-requiring enzyme
pyruvate carboxylase to oxaloacetate and forwarded to the
gluconeogenesis pathway to produce glucose.

Gluconeogenesis occurs in the liver and in the kidney
cortex.18 The pathway for gluconeogenesis is shown in
Figure 5; 3 mmol of ATP are consumed in these reactions.
Since 2 molecules of pyruvate are needed to make 1
6

molecule of glucose, a total of 6 molecules of ATP are
consumed in converting 2 molecules of L-lactate into 1
molecule of glucose. Hence, the rate of gluconeogenesis will
be limited by the rate of ATP regeneration and the demand
for ATP to perform other biological work in the organs
involved.
CLINICAL SETTINGS OF DEVELOPMENT OF L-LA
The clinical settings for the development of L-LA are most
commonly those that lead to increased production of L-lactic
acid. Less commonly, L-LA may develop as a result of a dis-
ease process that leads to a decreased removal of L-lactic acid.
In many cases, both increased production and decreased
removal of L-lactic acid may be present, but one pathophys-
iology is predominant.

Clinical settings with predominantly overproduction of
L-lactic acid

Inadequate delivery of oxygen. Most of the body’s O2

consumption is utilized by complex IV of the ETC. Global
oxygen delivery (DO2) is the total amount of O2 delivered to
the tissues in the whole body per minute, irrespective of the
distribution of blood flow. DO2 is the product of cardiac
output and the arterial O2 content:

DO2 ¼ Q X Hb X 1:39 X % saturation (4)

(where Q is the cardiac output in l/min, Hb is the hemoglobin
concentration in g/l ,1.39 (Huffner’s constant) is the amount
of O2 in ml carried per gram of hemoglobin at sea- level,
when it is nearly fully saturated [exposed to a PO2 >97.5
mm Hg]).

At a Q of 5 l/min, Hb of 150 g/l, and fully saturated he-
moglobin, DO2 is w1000 ml/min, a 4-fold higher than the
oxygen consumption of a conscious adult person at rest
(w250 ml/min). This O2 extraction ratio of only 25% enables
a substantial fall in DO2 without compromising oxygen
consumption.44

As DO2 falls or metabolic demand increases, the O2

extraction ratio increases, but once a maximum ratio is
reached (60%–70% for most tissues), a further fall in DO2 or
an increase in metabolic demand leads to tissue hypoxia. The
threshold of DO2 below which there is evidence of tissue
hypoxia varies substantially among species.45–48 In resting,
healthy, conscious human subjects aged 19–25 years, critical
DO2 is less than 7.3 ml/kg per min.49 A value of approxi-
mately 5 ml/kg per min was observed in an anesthetized ,
mechanically ventilated man with neuromuscular blockade.50

Notwithstanding these results, there may be regional or
organ-specific variability in the balance between O2 supply
and demand.

Experimental studies have confirmed the relationship be-
tween tissue hypoxia induced by reducing the components of
DO2 (hemoglobin level, arterial PO2, and cardiac output) and
the development of hyperlactatemia.45,51 Clinical studies have
also shown this relationship between a supply-dependent
Kidney International (2019) -, -–-
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state of O2 consumption and the development of
hyperlactatemia.52,53

A common clinical setting for rapid overproduction of L-
lactic acid due to diminished DO2 is cardiogenic shock.54

Other examples of conditions that lead to inadequate DO2

include hypovolemic shock,55 severe hypoxemia (PO2 < 30–
40 mm Hg), and severe euvolemic anaemia (hemoglobin
concentration <45 g/l). L-LA may develop in patients with
carbon monoxide poisoning because hemoglobin binds car-
bon monoxide with greater affinity than that for O2, pro-
ducing carboxyhemoglobin, a compound that cannot carry
O2. Furthermore, the oxyhemoglobin dissociation curve is
shifted to the left; hence, the availability of oxygen at tissue
level is further reduced.56 Carbon monoxide also inhibits
complex IV of the ETC.57

The decreased O2 delivery to the liver and kidneys in these
settings also limits the rate of L-lactic acid removal via
gluconeogenesis.

Sepsis. L-LA is commonly seen in patients with severe
sepsis and septic shock; L-lactate blood levels are directly
correlated with mortality.58,59

Hyperlactatemia may persist or develop in patients with
sepsis despite restoring systemic parameters of adequate DO2.
It is thought that in critically ill patients, O2 consumption
remains supply dependent even at supernormal levels of DO2.
Oxygen supply dependency was demonstrated in patients in
early stages of septic shock with hyperlactatemia.53 This led to
the hypothesis that these patients have covert O2 debt that
could be eliminated by increasing O2 supply, and provided the
rationale for an “early goal-directed therapy” strategy in
which normalization of the blood lactate level is used as a goal
for resuscitation. This O2 supply dependency, however, was
not demonstrated in other studies.60,61

In patients with sepsis, tissue hypoxia may be due to
disordered regional distribution of blood flow between
organs, microcirculatory dysfunction, and defective mito-
chondrial oxygen utilization, despite the correction of vari-
ables of systemic DO2.

62,63 Regional and microcirculatory
distribution of cardiac output is determined by a complex
interaction of endothelial, neural, and metabolic factors. In
critically ill patients, particularly those with sepsis, loss of
normal autoregulation of blood flow causes shunting of
cardiac output and tissue hypoxia in some organs. Arteriolar
smooth muscle cells lose their adrenergic sensitivity and
tone in sepsis.64 Microcirculatory dysfunction results in
heterogeneous abnormalities in blood flow, with some
capillary beds becoming under-perfused, whereas others
may have normal to high blood flow. The endothelium is
both exposed to and itself produces many inflammatory
mediators that influence vascular tone and other aspects of
endothelial function. For example, nitric oxide production is
increased in septic shock following induction of nitric oxide
synthase in blood vessel walls. Heterogenous expression of
the inducible nitric oxide synthase results in pathologic
shunting of blood flow from areas lacking inducible nitric
oxide synthase to areas with nitric oxide–induced
Kidney International (2019) -, -–-
vasodilation.65 Activation of the coagulation cascade and
increased red blood cell aggregation may cause formation of
microthrombi and alter microcirculatory blood flow.66–68

Reactive oxygen species production by activated leukocytes
may directly injure endothelial cells, disrupting microcircula-
tory function and promoting platelet–endothelial adhesion and
microthrombi formation.69 Altered capillary permeability by
inflammatory mediators causes tissue edema, which further
impedes O2 diffusion.70 Tissue hypoxia may also result from
mitochondrial dysfunction and diminished O2 extraction.

71–73

In addition, these mechanisms may also impair O2 delivery to
the liver and kidneys, and limit the rate of L-lactic acid removal
via gluconeogenesis.

Mechanisms other than tissue hypoxia may account for the
development of L-LA in patients with sepsis. Inflammatory
cytokines increase glucose uptake by cells.74 Endotoxins may
inactivate PDH.75 b2-adrenoreceptor activation increases the
production of cyclic adenosine monophosphate (cAMP),
which stimulates glycogenolysis and hence increases the
concentration of pyruvate. cAMP also increases the demand
for ATP by activating the Na-K-ATPase.76–78 A role for
b2-adrenoreceptor blockade in management of patients with
L-LA due to sepsis has been suggested.79 This requires,
however, the development of clinical tools to identify patients
in whom b2-adrenoreceptor activation plays a predominate
role, as tissue hypoxia may also be present despite adequate
parameters of DO2.

L-LA is commonly seen in patients with mesenteric
ischemia.80,81 In addition to overproduction of L-lactic acid
by the ischemic bowel, the mechanisms discussed earlier as a
result of sepsis/inflammation may also lead to increased L-
lactic acid production by other tissues and decrease its
removal by the liver and kidneys.

Increased demand for ATP. L-LA occurs during seizures82,83

and high-intensity exercise.84,85 Flux in glycolysis is stimu-
lated as ADP accumulates in the cytosol of exercising muscles
and is converted to ATP; AMP is generated and PFK-1 is
activated (Equation 2).

Another example of this pathophysiology may be seen in
patients with vitamin B6 (pyridoxine) deficiency. Pyridoxine
is a cofactor for the reaction catalyzed by the enzyme glutamic
acid decarboxylase, in which glutamate is converted to g-
amino butyric acid. Because g-amino butyric acid activates
inhibitory receptors, a deficiency of this acid could result in
increased neuronal excitability, leading to the development of
seizures.86 Pyridoxine deficiency may occur in patients taking
the drug isoniazid, commonly used to treat tuberculosis,
because of the formation of an isoniazid/vitamin B6 com-
plex.87 Patients on hemodialysis are at increased risk of this
complication because they tend to be deficient in vitamin B6
owing to the removal of this water-soluble vitamin by he-
modialysis.88 Pyridoxine deficiency may also occur in patients
on total parenteral nutrition if they are not given adequate
vitamin B6 supplementation, as might have been the case with
the recent parenteral multivitamin products shortage in the
United States.
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r ev i ew KS Kamel et al.: L-lactic acidosis: pathophysiology, classification, and causes
b2-adrenoreceptor activation may explain the development
of L-LA in patients with severe bronchial asthma,89–91 espe-
cially when they are treated with b2-adrenoreceptor ago-
nists,92,93 and in some patients with pheochromocytoma.94,95

Clinical settings with increased production of L-lactic acid in
the absence of hypoxia or increased demand for ATP

Ethanol intoxication. The development of L-LA in patients
with ethanol intoxication reflects the higher NADHþHþ/
NADþ ratio in hepatocytes resulting from the ongoing con-
version of NADþ into NADHþHþ caused by ethanol meta-
bolism by the enzymes alcohol dehydrogenase and aldehyde
dehydrogenase. The sources of pyruvate are the catabolism of
certain amino acids and the breakdown of glycogen because
of both the high level of epinephrine and the low level of
insulin, which may occur in this setting, activate the enzyme
glycogen-phosphorylase. The degree of L-LA in patients with
ethanol intoxication is usually mild, with a plasma L-lactate
concentration of <5 mmol/l, because other organs are
capable of removing the L-lactic acid made by the liver.96,97 A
more severe degree of L-LA suggests that there are other
causes for L-lactic acid overproduction, which may include
hypoxia (e.g., due to hemodynamic collapse because of sepsis,
bleeding from the gastrointestinal tract, pancreatitis), thia-
mine deficiency, seizures (due to alcohol withdrawal, delirium
tremens), and/or L-lactic acid underutilization from severe
liver disease caused by an acute hepatitis induced by alcohol
that is superimposed on chronic liver disease (e.g., fatty liver,
liver cirrhosis).

Thiamine deficiency. A derivation of thiamine (vitamin
B1) is a key cofactor for PDH. Thiamine deficiency has been
associated with development of L-LA.98–100

A severe degree of L-LA may develop rapidly in patients
with ethanol intoxication and thiamine deficiency.101 The site
of L-lactic acid production in this setting is likely to be the
liver because it is where there is accumulation of pyruvate
(caused by the diminished activity of PDH) and a high
NADHþHþ/NADþ ratio (caused by metabolism of ethanol).
There is also diminished removal of L-lactic acid by other
organs due to diminished activity of PDH, and also the
presence of alternative fuels that may be used preferentially to
regenerate ATP (e.g., free fatty acids for muscles, ketoacids for
the brain).

Malignancy. L-LA has been reported in patients with
hematological and solid organs malignancies and is usually
associated with poor prognosis, as a marker for highly mitotic
and invasive tumors.102,103 Proposed mechanisms for the
development of L-LA in these patients include: increased
glycolytic activity of tumor cells (Warburg effect), tumor
tissue hypoxia, thiamine or riboflavin deficiency, and
decreased clearance of L-lactate due to liver metastases.

“Reprogrammed energy metabolism “ with increased flux
in glycolysis and increased glutamine metabolism are
considered metabolic hallmarks of cancer cells.104 In the
1920s, Otto Warburg demonstrated that tumor ascites cells
have a high rate of glucose consumption and lactate
8

production, despite sufficient availability of O2 for complete
oxidation of glucose.105

In humans, glucose is metabolized by 2 pathways: glycol-
ysis, which produces NADHþHþ and ATP, and the pentose
phosphate pathway, which produces nicotinamide adenine
dinucleotide phosphate (NADPH) and ribose-5-phosphate.
NADPH is required for synthesis of fatty acids, used for
synthesis of phospholipids required for the formation of cell
membranes and membranes of all cellular organelles. Ribose
5-phosphate is a pentose essential for the synthesis of nu-
cleotides, such as those in RNA and DNA. Cancer cells and
rapidly proliferating cells have a high demand for both
phospholipids and ribose 5- phosphate and hence a need to
shuttle glucose into the pentose phosphate pathway.106–109

The enzyme pyruvate kinase (PK) catalyzes the final step in
glycolysis in which a phosphate group is transferred from
phosphophenol pyruvate to ADP, yielding 1 molecule of py-
ruvate and 1 molecule of ATP (Figure 1). There are 4 types of
PK; tumor cells and rapidly proliferating cells have high levels
of the dimeric form of PKM2, which has a very low catalytic
activity110,111; hence, glucose is shunted to the pentose
monophosphate pathway.

In addition to this shunting of glucose to the pentose
monophosphate pathway, the bulk of citrate that is made
from glucose that is metabolized in the glycolytic pathway to
pyruvate and then to acetyl-CoA is shuttled back into the
cytosol to be used for fatty acid synthesis instead of entering
the citric acid cycle (Figure 2). Because the yield of ATP from
each glucose molecule in glycolysis is only 1/17 that from
oxidative phosphorylation, flux in glycolysis must be greatly
increased to meet the high demand of these cells for ATP.

It has been shown that in rapidly proliferating cancer cells,
more than 90% of glucose utilized is converted to L-lactate as
the final product.112 A number of genes involved in glucose
transport and glycolysis are upregulated in different types of
tumors. The serine-threonine kinase AKT (protein kinase B),
one of the most frequently activated kinases in cancer cells,
augments flux in glycolysis by increasing the cell surface
expression of the high-affinity glucose transporters, GLUT1
and GLUT4, activating hexokinase 2, and inhibiting glycogen
synthase kinase.113 Loss of function mutation in the P53 tu-
mor suppressor gene leads to a reduction in TIGAR (TP53-
induced glycolysis and apoptosis regulator), a fructose 2-6
bi-phosphatase.114,115 This leads to an increase in the level of
fructose 2-6 bisphosphate, which is an allosteric activator of
PFK-1. Hypoxia inducible factor-1 (HIF-1) is a heterodimeric
complex formed by 2 subunits: a constitutively expressed
HIF-1ß, and HIF-1a,which is highly susceptible to oxygen-
dependent degradation. In the presence of O2, HIF-1a is
hydroxylated on proline residues, which allows its recognition
by von Hippel-Lindau protein and its targeting for protea-
somal degradation. Tumor cells achieve stabilization of
HIF-1a through some genetic alterations that prevent its
degradation by von Hippel-Lindau protein. PKM2 activates a
well-known nuclear transcription factor, STAT3, via tyrosine
phosphorylation.116 Activated STAT3 induces HIF-1a
Kidney International (2019) -, -–-
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transcription, resulting in an increased HIF-1a protein
level.117 HIF-1a induces the upregulation of a number of
genes that encode for glucose transporters and for a number
of glycolytic enzymes including hexokinase 2 and PFK-1.118

HIF-1a also induces upregulation of lactate dehydrogenase-
A and PK1; PK1 phosphorylates and inactivates PDH.119 HIF-
1a induces upregulation of the monocarboxylic acid
cotransporter 4, which exports L-lactic acid out of cells.

It has been suggested that tumor cells, by maintaining a
relatively low pH in their microenvironment, may escape
immune destruction by suppressing the anti-cancer immune
response.120 A number of mechanisms have been proposed to
link Warburg effect to tumor invasiveness, including extra-
cellular matrix degradation due to activation of proteases by
the extracellular acidic milieu.121 This dependence on
glycolysis may also offer survival advantage to tumor cells by
making them less susceptible to hypoxic stress.

Propane 1,2-diol (propylene glycol). Propylene glycol is
commonly used as a solvent for a number of intravenous
and oral drug preparations, some of which are commonly
used in critically ill patients (e.g., lorazepam or diazepam,
barbiturates, phenytoin, and trimethoprim/sulfamethoxa-
zole). Prolonged administration of large doses of propylene
glycol can result in development of lactic acidosis.122–126

Propane 1,2-diol is a 50:50 mixture of D- and L-isoforms.
Of the administered dose, 40% is excreted unchanged in the
urine, and 60% is metabolized in the liver by alcohol dehy-
drogenase to lactaldehyde. L-lactaldehyde is metabolized by
aldehyde dehydrogenase to L-lactic acid. In contrast, D-lac-
taldehyde is not a good substrate for aldehyde dehydrogenase;
it accumulates and leads to many of the toxic effects observed
in this setting. D-lactaldehyde can be metabolized to D-lactic
acid by an alternate pathway in the liver, which uses reduced
glutathione as a cofactor. Because L-lactic acid is metabolized
faster than D-lactic acid, the acid that mostly accumulates in
this setting is D-lactic acid.127

Congenital L-LA. L-LA may be caused by a defect in py-
ruvate transport from the cytosol to the mitochondrial ma-
trix. Mutations in the gene encoding for the mitochondrial
pyruvate carrier MPC1 have been identified in 3 families with
congenital lactic acidosis.20

Most reported cases of L-LA due to congenital PDH com-
plex deficiency have been due tomutations in the PDHA1 gene,
which encodes for the E1alpha subunit of the enzyme com-
plex.128 Rarely, genetic disorders affecting the function of the
citric acid cycle have been described as causes of L-LA.129–131

Mutations in mitochondrial DNA or nuclear DNA may
result in defects in any of the multiple components of the
mitochondrial ETC.132 Mutations in a mitochondrial transfer
RNA gene, MT-TL1, account for most cases of MELAS syn-
drome (mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes).133

Inhibition of the ETC.
Riboflavin deficiency. The active metabolites formed from

vitamin B2 (riboflavin), flavin mononucleotide (FMN) and
FAD, are components of Complexes I and II of the ECT.
Kidney International (2019) -, -–-
Hence, riboflavin deficiency has been associated with the
development of L-LA. Riboflavin is activated via an ATP-
dependent kinase to produce FMN and FAD. Tricyclic anti-
depressant drugs (e.g., amitriptyline and imipramine) inhibit
this kinase.134 The activity of this kinase is also decreased in
severe hypothyroidism; patients with myxedema may develop
L-LA.135,136

Antiretroviral drugs. L-LA has been reported with the use
of a number of nucleoside analogue reverse transcriptase
inhibitors in patients with human immunodeficiency virus
infection.137–139 Long use of these inhibitors may cause
damage of g-DNA polymerase, leading to mitochondrial
DNA depletion.140,141 This impairs the ETC as mitochondrial
DNA encodes for a number of enzymes involved in the ETC.
Thiamine and/or riboflavin deficiency may also cause L-LA in
some of these patients.142–144

In addition to the increased production of L-lactic acid, a
severe degree of hepatic steatosis as result of mitochondrial
dysfunction and impaired b oxidation of long-chain free fatty
acid may develop in patients on nucleoside analogue reverse
transcriptase inhibitors, which may decrease the removal of L-
lactic acid.145

Linezolid. The use of Linezolid, an oxazolidinone anti-
biotic frequently used to treat infections caused by vanco-
mycin- resistant enterococcus and other gram-positive
organisms, has been associated with the development of L-
LA.146 Linezolid binds to bacterial ribosome and inhibits
bacterial protein synthesis.147 L-LA associated with linezolid
seems to be due to inhibition of the synthesis of some of the
proteins of complex IV by mitochondrial ribosomes.148,149

This is perhaps because of similarities between bacterial and
mitochondrial ribosomes , as mitochondria are thought to be
a vestige of a previous symbiotic colonization by aerobic
bacteria that provided human cells with the capacity to use
O2.

Propofol. L-LA has been associated with propofol infu-
sion.150 The mechanism seems to be due to inhibition of
complex IV of the ETC.151,152 Infusion of propofol was
associated with an increase in plasma malonylcarnitine, an
inhibitor of carnitine palmityl transferase, which transports
long-chain free fatty acids into the mitochondria. Increased
entry of medium and short-chain fatty acids, which do not
require the carnitine transporter, into the mitochondria is
thought to inhibit complex II of the ETC.153

Methanol intoxication. The increased anion gap metabolic
acidosis in patients with methanol intoxication is due to the
accumulation of formic acid and L-lactic acid.154 The plasma
L-lactate level often exceeds that of formate.155 The L-LA is
thought to be due to inhibition of complex IV by formate.

Of note, falsely elevated blood lactate levels have
been noted in patients with severe ethylene glycol intoxica-
tion, when assays for L-lactate are performed using an L-
lactate oxidase reaction.156–158 In this method, L-lactate is
oxidized to pyruvate by L-lactate oxidase; hydrogen peroxide
generated in this reaction oxidizes a chromogen system, and
absorbance of the resulting dye complex is measured
9
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Figure 6 | The uncoupling of oxidative phosphorylation. The
horizontal structure represents the inner mitochondrial membrane
with its inner and outer bilayers. The dashed line represents the
outer mitochondrial membrane. The uncoupling of oxidative
phosphorylation occurs when Hþ ions that were pumped out from
the mitochondrial matrix through the inner mitochondrial
membrane re-enter the mitochondrial matrix through another Hþ

ion channel (an uncoupler protein) or via another mechanism that is
not linked to the conversion of adenosine diphosphate to
adenosine triphosphate (i.e., reactions of the electron transport
chain and the phosphorylation of adenosine diphosphate are
uncoupled). Most of the compounds that uncouple oxidative
phosphorylation are lipophilic weak acids that are capable of
translocating Hþ ions across lipid bilayers; in this way, the Hþ

gradient is dissipated, and adenosine triphosphate regeneration
is diminished. *Coenzyme Q; **cytochrome C. e, electron; FAD, flavin
adenine dinucleotide; FADH2, hydroxyquinone form of FAD; NADþ,
nicotinamide adenine dinucleotide; NADHþHþ, reduced form of
NADþ.
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spectrophotometrically. Because of structural similarity be-
tween L-lactate and the ethylene glycol metabolites, glycolate
and glyoxylate, L-lactate oxidase reacts with these metabolites,
leading to a falsely elevated L-lactate level.159,160 This inter-
ference, however, does not occur when L-lactate is measured
using the method that utilizes the reaction catalyzed by lactate
dehydrogenase in which lactate is converted to pyruvate, while
the added NADþ is reduced to NAHþHþ, and the latter is
measured spectrophotometrically.

Cyanide poisoning. Cyanide binds avidly to Feþ3 of heme
in the cytochromes and inhibits complex IV of the ETC.161

Smoke inhalation from domestic fires and occupational
exposure (metal extraction in mining, electroplating in
jewelry production, photography, and plastic and rubber
manufacturing) are the most common causes of cyanide
poisoning. Sodium nitroprusside, used in treatment of hy-
pertensive emergencies, contains 5 cyanide groups per
molecule. Toxic levels of cyanide may be reached after pro-
longed infusion of the drug in patients with chronic renal
failure, or in pediatric patients.162,163

Uncouplers of oxidative phosphorylation. Uncoupling of
oxidative phosphorylation occurs when Hþ that were pum-
ped out from the mitochondrial matrix through the inner
mitochondrial membrane re-enter the mitochondrial matrix
through another Hþ channel (an uncoupler protein)164 or via
another mechanism that is not linked to the conversion of
ADP to ATP (i.e., reactions of the ETC and phosphorylation
of ADP are uncoupled).165,166 Most of the compounds that
10
uncouple oxidative phosphorylation are lipophilic weak acids
that are capable of translocating Hþ across lipid bilayers.167

Uncouplers pick up Hþ in the intermembrane space where
there is a higher concentration of Hþ, then rapidly diffuse
into the mitochondrial matrix where they lose Hþ, because of
the Hþ concentration is lower in this location. Thus, the Hþ

gradient is dissipated, and ATP regeneration is diminished
(Figure 6).

Metformin is a biguanide that is considered first-line oral
antihyperglycemic medication in patients with type 2 diabetes
mellitus.168 The incidence of L-LA attributed solely to use of
metformin seems to be very low, with most cases occurring in
patients with conditions that predispose them to hypo-
perfusion or hypoxemia.169,170 Metformin-associated L-LA is
more likely to occur in patients who develop acute renal failure
from whatever cause and continue to take metformin,171–173 as
the drug accumulates due to a decrease in its renal clearance.
Metformin plasma levels of >5 ug/l (therapeutic <2 ug/l) are
generally found in cases when metformin was implicated as the
cause of L-LA. The mechanism of L-LA is thought to be due to
an effect of metformin to uncouple oxidative phosphoryla-
tion174 and also to inhibit complex I.175–177 Metformin is also
thought to decrease hepatic gluconeogenesis, an effect medi-
ated by a decrease in ATP content in hepatic cells.178,179

Salicylic acid is another drug that uncouples oxidative
phosphorylation.175,180 The increased anion gap metabolic
acidosis in patients with aspirin overdose is largely due to the
accumulation of L-lactic acid and ketoacids.181

Clinical settings with predominantly decreased removal of
L-lactic acid
This type of L-LA does not have the same urgency as the type
with predominantly overproduction of L-lactic acid, because
it is not associated with a problem in regenerating ATP. The
rate of Hþ accumulation is usually much slower, and a
chronic steady state of L-LA is often present. The causes of a
low rate of removal of L-LA are usually related to severe liver
injury, either due to acute hepatitis (e.g., viral infection or
drug toxicity), prior hypoxia (e.g., shock liver), or extensive
replacement of normal liver cells (e.g., by tumor cells or large
fat deposits).182

L-LA in patients with acetaminophen overdose is thought
to be due to acute hepatic injury. L-LA may develop, however,
in some patients preceding hepatic injury.183 Down-
regulation of both nuclear and mitochondrial genes encod-
ing for proteins involved in the ETC was observed in
peripheral blood cells in healthy adults, 48 hours after
exposure to a single 4-g dose of acetaminophen.184
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