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Abstract: Lactate is one of the most crucial intermediates
in carbohydrate and nonessential amino acid metabolism.
The complexity of cellular interactions and metabolism
means that lactate can be considered a waste product
for one cell but a useful substrate for another. The pres-
ence of elevated lactate levels in critically ill patients has
important implications for morbidity and mortality. In
this review, we provide a brief outline of the metabolism of
lactate, the pathophysiology of lactic acidosis, the clinical
significance of D-lactate, the role of lactate measurement
in acutely ill patients, the methods used to measure lac-
tate in blood or plasma and some of the methodological
issues related to interferences in these assays, especially
in the case of ethylene glycol poisoning.

Keywords: D-lactate; lactate dehydrogenase; lactate gap;
lactate measurement; lactic acidosis.

Lactate metabolism

Blood lactate levels reflect the balance between produc-
tion and uptake of lactate into tissues. Lactate is produced
by anaerobic glycolysis from pyruvate and is metabolised
by nicotinamide adenine dinucleotide (NAD)-dependent
lactate dehydrogenase (LDH) to pyruvate, which is sub-
sequently oxidised in the mitochondria to carbon dioxide
and water (Figure 1) [1]. Normally, the ratio of lactate to
pyruvate is 10 to 1; the ratio of [NADH]/[NAD"] determines
the balance. During anaerobic glycolysis, two moles of
adenosine triphosphate (ATP) are produced per mole of
glucose. Lactate is one of the most crucial intermediates
in carbohydrate and nonessential amino acid metabolism.
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The complexity of cellular interactions and metabolism
means that lactate can be considered a waste product for
one cell but a useful substrate for another; in fact, lactate
has one of the highest recycling rates in intermediary
metabolism [2]. Every organ in the body is able to produce
lactate; muscle and red blood cells (RBCs) are the main
tissues responsible for production in physiological condi-
tions [3]. Every day, the body produces about 1500 mmol
of lactate. The liver (60%) and the kidneys (30%) are the
main organs involved in lactate disposal [4, 5]. The inter-
nal cycling with production by tissues and uptake and
metabolism by the liver and kidneys is known as the Cori
cycle [5]. The renal threshold for excretion of lactate is
6-10 mmol/L so that renal excretion is only significant
with severe hyperlactataemia [6].

At rest, total lactate production is accounted for by
the skin (25%), erythrocytes (20%), the central nervous
system (20%), muscle (25%) and the gastro-intestinal tract
(10%) [7, 8]. During intense exercise, the skeletal muscles
contribute most of the elevated lactate level.

The period from the 1930s to the 1970s was considered
to be the “dead end-waste product” era in the history of
lactate physiology [9]. Wasserman and colleagues showed
that lactate was a dead-end metabolite of glycolysis result-
ing from muscle hypoxia and lactic acid was considered
the primary cause of the slow component of the oxygen
debt [10, 11]. Since then, there has been a paradigm shift in
the role of lactate in the body, largely due to theories and
experimental evidence for the cell-to-cell lactate shuttle.

George Brooks introduced the concept of the lactate
shuttle in 1985 [12]. Skeletal muscle is the main component
of the lactate shuttle, both in the production and net uptake
and utilisation of lactate. In resting conditions, there is
equilibrium between lactate and pyruvate concentrations
in blood (Figure 2A). During stress or exercise, the equi-
librium shifts toward net lactate production in anaerobic
glycolysis and a decrease in lactate uptake into the muscle,
as shown in Figure 2B. During recovery, or even when exer-
cise is prolonged, skeletal muscle switches from being a
net producer to a net consumer of lactate with uptake into
muscle and removal of lactate by oxidation, as shown in
Figure 2C [13-15]. Additionally, it appears that the heart
and brain may contribute significantly to net lactate uptake
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Figure 1: The glycolytic pathway showing the production of lactate from pyruvate, catalysed by NAD-dependent lactate dehydrogenase.

during intense exercise, utilising lactate from the blood
as a fuel [16, 17]. Experiments using a lactate clamp were
performed by Miller et al. and showed that lactate com-
petes with glucose as a carbohydrate fuel source, sparing
blood glucose for use by other tissues, which do not oxidise
lactate [18]. Also, at both low and moderate intensity exer-
cise, lactate was found to be an important, and arguably
the most important, gluconeogenic precursor [19]. Hence,
lactate metabolism is a much more dynamic process than
originally thought. Lactate can no longer be considered a
dead-end product; it is a useful metabolic intermediate that
can be exchanged rapidly amongst tissue compartments.

RBCs and plasma provide the key link in the cell-
to-cell lactate shuttle. During exercise, lactic acid is
produced by skeletal muscle and diffuses down a con-
centration gradient from the muscle to interstitial fluid,
to plasma and then to RBCs [20]. Transport of lactate into
RBCs by monocarboxylate transporters in the cell mem-
branes establishes and maintains this concentration gra-
dient [21]. When blood is transported to regions with net
lactate uptake, this process is reversed to deliver lactate
to oxidising tissues. Under most conditions, RBCs can
take up lactate at a rate equivalent to its rate of diffusion
from muscle into plasma. In fact, the RBC/plasma ratio
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Figure 2: Physiological lactate metabolism.
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(A) Under steady-state conditions, glucose is converted to pyruvate, which is then fully oxidised in the mitochondria to CO, with the genera-
tion of 38 ATP molecules overall. (B) Under stressful conditions, the rate of glycolysis is increased significantly and production of pyruvate
saturates the capacity of the TCA cycle to metabolise it, so pyruvate is shunted into the production of lactate, with net generation of 2 ATP
molecules. (C) During the recovery phase, lactate is converted back to pyruvate and shunted into the TCA cycle, producing 18 ATP molecules

per molecule of lactate.

is usually set at a constant value of approximately 0.5,
meaning that plasma will contain 70% and RBCs 30% of
the whole blood lactate content [20, 22].

Over the last 20 years, there has been a move toward
an additional but supplementary theory of lactate metab-
olism, revolving around intracellular transportation.
Brooks proposed an intracellular shuttle in 1998 [23]. The
basis for this was the fact that LDH has the highest V__of
any enzyme in the glycolytic pathway and the equilibrium
for the pyruvate to lactate reaction is in favor of lactate
production. It appears that lactate is produced in the
cytosol and then transported into the mitochondria where
it is converted back to pyruvate by mitochondrial LDH and
oxidised by pyruvate dehydrogenase to acetyl CoA, which
enters the Kreb’s cycle (Figure 1) [13, 24].

Lactic acidosis

Lactic acid, CH,CH(OH)COOH, is a strong acid that, at
physiological pH, is almost completely ionised to lactate,
CH,CH(OH)COO- and H* [20]. For decades, this has led
to the misconception that it is the dissociation of lactic
acid and formation of H* that causes an acidosis related
to lactic acid production [25]. The two major approaches
to acid-base balance in human blood at the time were
the Henderson-Hasselbach equation (1918) and the

base excess approach [26]. The Henderson-Hasselbach
equation related plasma [H*] to the partial pressure of
carbon dioxide, PCO, and bicarbonate ion concentration,
[HCO,] [27]. On the other hand, the base excess approach
described acid-base balance in terms of PCO, and base
excess (base excess is the number of milliequivalents
(mEq) of acid or base needed to titrate 1 L of blood to a pH
of 740 at 37 °C at a PCO, of 40 mmHg) [25].

In 2004, Robergs disproved the traditional conception
of lactic acidosis by showing that the reaction catalysed
by LDH produces lactate and not lactic acid, and that pro-
duction of lactate actually consumes H*, thus mitigating
any intracellular acidosis [28, 29]. This theory debunked
the role of lactic acid in the causation of metabolic acido-
sis related to intense exercise and tissue hypoxia.

Stewart, however, later provided an alternative view
on acid-base balance that could explain the role of lactate
in metabolic_acidosis [30]. The interacting variables
include equilibria among bicarbonate ion formation, car-
bonate ion formation, water dissociation and weak acid
dissociation, in addition to electrical charge balance and
conservation of mass [31]. The three independent vari-
ables are PCO,, total weak acid concentration and the
strong ion difference or the difference between the sum
of all strong base cations and the sum of all strong acid
anions. In this model, lactate is a strong ion and its accu-
mulation reduces the strong ion difference, which causes
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alterations in the dissociation of water and weak acids
[31]. This theory explains a role for lactate in the causation
of lactic acidosis, albeit a less clearcut role than what was
previously thought since it is not the only factor acting to
increase the [H].

The physiological lactate concentration in the blood
is usually between 0.5 and 1.8 mmol/L [32]. In a clinical
context, lactic acidosis can occur due to either excessive
production at the tissue level or impaired metabolism.
Due to the large capacity of the liver to metabolise lactate,
elevated lactic acid levels due to increased production
usually return to normal after 1-2 h. If lactic acidosis
occurs for longer than this, it signals either continuing
production or a decreased ability of the liver to metabolise
it. Hyperlactataemia is usually defined as a level of 2-5
mmol/L, whereas severe hyperlactataemia is defined as a
level >5 mmol/L [33].

Lactic acidosis is usually associated with an elevated
serum anion gap (AG) due to a secondary consumptive
loss of HCO,~ from buffering of H* cations without a con-
current increase in Cl~. The AG is the difference in the
measured cations (Na* and K*) and the measured anions
(CI- and HCO,") in serum; the “gap” is due to the unmeas-
ured anions, which are not included in the calculation.
It is, however, important to recognize that lactic acido-
sis may occur with a normal AG and that an elevated AG
may occur in certain conditions without a concomitant
acid-base disturbance, for example, laboratory error,
hyperalbuminemia with volume depletion, metabolic
and respiratory alkalosis (due to induction of phosphof-
ructokinase activity), increased anionic paraproteins and
severe hyperphosphataemia [34]. Hyperlactataemia may
also occur with a normal serum pH or with an alkalosis
due to the presence of a mixed acid-base disturbance,
where a concomitant respiratory or metabolic alkalosis
masks the effect of the elevated lactic acid concentra-
tions. Comparison of the change in anion gap (AAG) to
the change in bicarbonate ion concentration (AHCO;) by
utilising the § ratio (AAG/AHCO,") may be useful in iden-
tifying such mixed disturbances in acid-base equilibrium
[34-36].

Causes and classification of lactic
acidosis

Cohen and Woods classified lactic acidosis into type A and
type B depending on the underlying mechanism, that is,
the presence or absence of tissue hypoxia [37, 38]. Whilst
it is important to note that the two mechanisms of lactic
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acidosis can coexist and be involved in both types A and
B, the original classification provides a useful approach
for determining the underlying mechanism and cause
of hyperlactataemia. Table 1 gives some of the common
causes under each category.

Type A lactic acidosis is by far the commonest group
and is usually due to tissue hypoxia caused by systemic or
local hypoperfusion, increased glycolysis, reduced oxygen
carrying capacity of the blood or reduced tissue oxygen
delivery [38]. Apart from excessive muscle activity, other
causes of type A lactic acidosis are rare. The inadequate
oxygen supply slows mitochondrial metabolism and leads
to increased production of lactate from pyruvate. As a
byproduct, NAD* is regenerated so that glycolysis can con-
tinue. If hypoxaemia is the only factor, it must be severe
to overwhelm the compensatory increase in tissue blood
flow triggered by low PO,

Type B lactic acidosis is rarer and has classically been
thought of as hyperlactataemia without evidence of tissue
hypoxia; however, many causes of Type B lactic acido-
sis have occult hypoperfusion [39]. Common drugs and
toxins, such as nucleoside reverse-transcriptase inhibitors
(NRTISs), toxic alcohols, salicylates, propofol and cyanide,
can interfere with oxidative phosphorylation leading to
lactic acidosis [40]. Metformin inhibits complex 1 of the
mitochondrial respiratory chain and also suppresses
hepatic gluconeogenesis, resulting in both accelerated
lactate production and reduced lactate metabolism [41,
42]. B -agonists, including cocaine, epinephrine, inhaled
salbutamol and terbutaline, stimulate aerobic glycolysis
leading to a build-up of lactic acid levels.

Certain multi-system diseases can also lead to hyper-
lactataemia. Lactic acidosis is a common finding in dia-
betic ketoacidosis (DKA) and may be multi-factorial in
origin, due to metformin use, D-lactate production in
erythrocytes (discussed later) and L-lactate production due
to increased anaerobic glycolysis [43]. Lactic acidosis has
been described in association with hematological malig-
nancies and solid tumors; proposed mechanisms include
increased glycolytic activity of the tumor cells (Warburg
effect), tumor tissue hypoxia and decreased clearance of
lactate due to liver metastases [40, 44-46]. Lactic acido-
sis may be a presenting feature of phaeochromocytoma or
an intra-operative complication during adrenalectomy for
this condition; this is likely due to epinephrine-induced
gluconeogenesis with elevation of plasma pyruvate levels
and peripheral tissue ischaemia due to catecholamine-
induced vasoconstriction [47, 48]. Severe liver disease
leads to a buildup of lactic acid due to decreased clear-
ance [49]. The lactic acidosis associated with MELAS
(mitochondrial epilepsy, lactic acidosis and stroke-like

Unauthenticated
Download Date | 1/13/17 7:40 AM


iAnnotate User
Highlight

iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Highlight

iAnnotate User
Highlight

iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Underline

iAnnotate User
Highlight

iAnnotate User
Highlight

iAnnotate User
Highlight


DE GRUYTER

Table 1: Causes and classification of lactic acidosis.
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TypeA
Poor tissue oxygen delivery

Type B
No evidence of tissue hypoxia

Shock (systemic hypoperfusion)
— Hypovolaemic

— Cardiogenic

— Maldistributive

Local hypoperfusion

— Gastric necrosis and other causes of splanchnic
ischaemia

— Aortic thromboembolism

Other causes of tissue hypoxia

- Severe hypoxaemia (Pa0, <30-40 mmHg)

— Severe euvolaemic anaemia (packed cell volume <15%)
— Carbon monoxide toxicity

Increased glycolysis

— Excessive muscular activity

— Exercise

— Trembling

Seizures

B1: Associated with underlying disease

— Diabetic ketoacidosis (DKA)

— Leukaemia/lymphoma

— Acquired immunodeficiency syndrome (AIDS)

— Severe liver disease

— Sepsis

— Thiamine deficiency

— Phaeochromocytoma

B2: Associated with drugs and toxins

— Acetaminophen

- B-Agonists, including cocaine and epinephrine

- Cyanide

— Insulin

— Nitroprusside

— Nucleoside reverse-transcriptase inhibitors

— Phenformin

- Propofol

— Salicylates

— Toxic alcohols: methanol, ethanol, ethylene glycol,
diethylene glycol, propylene glycol

B3: Associated with inborn errors of metabolism

— Mitochondrial myopathy

- Pyruvate dehydrogenase deficiency

Miscellaneous
- Alkalosis/hyperventilation
- Hypoglycemia

Ref. [38].

episodes) is due to a mutation in the MT-TL1 gene, which
encodes the mitochondrial tRNA (Leu(UUR)), resulting in
impaired mitochondrial energy production [50]. Thiamine
deficiency is also a recognised cause of type B lactic aci-
dosis since thiamine is an important cofactor for pyruvate
dehydrogenase and aerobic glycolysis [51, 52].

The distinction between type A and type B lactic aci-
dosis may be blurred in cases of sepsis and septic shock.
Sepsis is associated with macrocirculatory dysfunction
causing arterial hypotension, microcirculatory dysfunc-
tion and decreased oxygen and nutrient extraction by
tissues [53]. However, the role of tissue hypoxia in the cau-
sation of hyperlactataemia in sepsis has been challenged.
Studies have shown that elevated lactic acid levels in criti-
cal illness is due to an increased rate of glycolysis coupled
with a limitation in pyruvate dehydrogenase activity [54,
55]. Another study done by Gore et al. showed that oxygen
consumption and the rates of glucose and pyruvate pro-
duction and oxidation were greater in septic patients com-
pared to healthy volunteers [56]. The authors concluded

that the sepsis-associated hyperlactataemia may not be
due to tissue hypoxia but rather a sequelae to the mark-
edly increased rate of pyruvate production. Epinephrine
concentrations are also elevated in both low-flow and
normal-to-high-flow models of shock; a significant pro-
portion of muscle lactate release in shock states is thus
regulated by catecholamine stimulation of 3 -adrenocep-
tors and not due to tissue hypoxia [57].

Any diagnosis of hyperlactataemia warrants a search
for an underlying cause in order to direct treatment.

Lactate in critical illness and sepsis

Hyperlactataemia is common in critically ill patients.
The presence of elevated lactate levels in these patients
has important implications for morbidity and mortality.
In fact, blood lactate concentrations >5 mmol/L in asso-
ciation with acidosis (pH<7.35), carries a mortality of
80% [58]. Admission lactate >2 mmol/L was a significant
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independent predictor of mortality in adult patients admit-
ted to intensive care unit (ICU) in a large retrospective
study by Khosravani et al. [59]. As such, lactate levels have
a prognostic role in risk-stratification of patients in the
Emergency Department and ICU. In fact, lactate levels may
be more closely related to outcomes than hemodynamic
measures in the early phases of resuscitation [60, 61].

Lactate-directed therapy has been shown to reduce
morbidity in post-cardiac surgery patients [62]. Jansen et al.
found that targeting a decrease of at least 20% in the blood
lactate level over a 2-h period seemed to be associated with
reduced in-hospital mortality [61]. Following on from these
studies, two multi-center clinical trials were performed to
investigate the effects of lactate-directed therapy in the
emergency department (ED) setting and the ICU.

The first study, performed in the USA, randomised
300 patients diagnosed with severe sepsis or septic
shock to either therapy directed by lactate clearance or
by central venous oxygen saturation [63]. There were no
differences in treatment in the first 72 h. The study found
that lactate directed therapy was not inferior to therapy
guided by central venous oxygen saturations. However,
there were many identified limitations: the target lactate
reduction of 10% or greater is lower than the reduction
found in observational studies where survivors had a
more than 30% reduction after 1 h [64]. Also, the differ-
ences in protocol actions directly attributed to the study
variables were small due to the fact that other hemody-
namic measures were used to guide fluid replacement and
blood transfusions.

The second landmark study was performed in a cohort
of 348 patients randomised to either lactate-directed
therapy or non-lactate directed therapy in the first 8 h of
ICU stay [65]. Protocol patients received significantly more
fluids during the intervention period and more patients
in this group received vasodilators. There was an almost
statistically significant (p=0.067), 20% relative reduc-
tion in mortality in addition to a strong statistically sig-
nificant reduction in morbidity (duration of mechanical
ventilation and ICU stay, p=0.006). However, the trends
in lactate levels were similar between groups. This sug-
gests that lactate elevation may be an associated phenom-
enon indicating disease severity rather than supporting a
causal relationship. Elevated lactate levels may have lead
to increased vigilance amongst clinicians with a lower
threshold for initiating additional therapies.

It is clear that lactate-directed early resuscitation of
patients in the ED and ICU has clinical benefit. Expert
opinion recommends the use of lactate levels, central
venous oxygen saturations and cardiac output to guide
therapy. A systematic review of published trials stated
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that blood lactate measurement, especially the trend, is
useful for risk assessment in patients acutely admitted to
hospital and that all patients with a lactate at admission
above 2.5 mmol/L should be closely monitored for signs
of deterioration [32]. However, the authors concluded that
the relevance of lactate-guided therapy has to be sup-
ported by more studies.

Whilst elevated lactate concentration in patients with
sepsis is associated with disease severity, Marik et al.
argue that the hyperlactataemia itself is not an indication
of anaerobic metabolism but rather secondary to the stress
response and endogenous and/ or exogenous catechola-
mines [66]. They argue that increasing oxygen delivery to
counteract the perceived oxygen debt may actually harm
the patient and that ‘lactate clearance’ should not be used
as the end-point of resuscitation in septic patients.

Larger randomised trials controlling for some of the
limitations in recently completed trials need to be per-
formed to further clarify the relationship among lactate,
disease severity and response to therapy.

Measurement of lactate in the
laboratory

Measurement of lactate has become an important tool for
risk stratification of patients in the ICU and ED depart-
ments. Traditional methods for measurement of lactate
have been limited to clinical laboratories using standard
photometric techniques [67]. However, point-of-care (POC)
or stat laboratory (that is, whole blood) lactate testing is
increasingly common and increasingly justified based on
medical benefits of reduced turnaround and 24-h per day
availability. In fact, the National Academy of Clinical Bio-
chemistry draft guidelines for POC testing concluded that
more rapid turnaround time of lactate results in critically
ill patients leads to improved clinical outcomes [68]. Over
the last decade, there have been key studies performed to
compare the performance of these POC methods versus
traditional methods. In this paper, we will review some of
the common methods in use.

There is currently no reference standard for lactate
measurement [69]. Most laboratory methods utilise the
reaction catalysed by LDH, which is coupled to NAD*
reduction/ NADH oxidation [70]. Lactate is oxidized to
pyruvate by LDH in the presence of NAD*. NADH is formed
and is measured spectrophotometrically at a wavelength
of 340 nm; this correlates with plasma lactate concentra-
tion. At a pH of 9.0-9.6 and an excess of NAD*, the equi-
librium is shifted toward the formation of pyruvate. This
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enzymatic reaction has high sensitivity and specificity
and is currently the method of choice. The LDH method
is utilised by Lactate Gen.2 performed on a Roche Cobas
Integra 400 analyser (Roche Diagnostics), the Vitros LAC
slide assay performed on a Vitros 250 analyser (Ortho
Clinical Diagnostics), no. 735 assay (Sigma Diagnostics),
TDxFLx (Abbott Laboratories) and Lactat PAP (Analyti-
con), amongst others [67, 69-71].

A more recent method for measurement of plasma
lactate utilises the lactate oxidase (LO) reaction. Assays
for the Vitros analyser (Ortho Clinical Diagnostics) and
Trinity Biotech utilise this method, in which lactate is oxi-
dised to pyruvate by LO [72]. Hydrogen peroxide is gener-
ated and this oxidizes a chromogen system; absorbance of
the resulting dye complex is measured spectrophotometri-
cally at a wavelength of 540 nm. The reaction is outlined
below:

Lactate oxidase
L-lactate+0, —~=>=*- Pyruvate+H_,0,
2H,0, +4-aminoantipyrine

Peroxidase

+1,7-dihydronaphthalene —="*-Red dye

White et al. concluded that the LO method is a reli-
able and valid technique, and its operating costs were less
than the LDH methods [72].

Other laboratory methods for measurement of plasma
lactate include gas chromatography and photometry.
There has been a drive toward POC methods for meas-
urement of whole blood lactate to reduce the turnaround
time. Whole blood applications include the i-STAT (Abbott
Laboratories), Radiometer ABL 725 blood gas analyser
(Radiometer Medical A/S), and the Lactate Plus (Nova Bio-
medical) [64]. A study by Karon et al. in 2007 compared
these whole blood based assays with two plasma based
assays utilising the LDH reaction and found that cor-
relation between lactate methods was good with slopes
between 0.87 and 1.06 and intercepts of 0.9-1.8 mg/dL
(0.1-0.2 mmol/L) of lactate for all 4 methods compared
with the Vitros method [69]. At high (>6 mmol/L) lactate
values, the Radiometer and i-STAT methods reported lower
lactate results compared with the Vitros and Integra. The
Nova analyser reported higher lactate results than either
the Vitros or Integra. The authors concluded that the nega-
tive bias in i-STAT and Radiometer results might confound
the interpretation of patient condition if multiple methods
are used within the same institution.

There are a host of issues associated with newer POC
methods and instruments that can only be addressed by
standardisation and development of a reference method/
reference standard for lactate and a rigorous external
quality assurance scheme. These issues are becoming
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more pressing as the role of lactate measurement in the
acute care setting becomes more clearly defined.

A recent Welsh External Quality Assurance Scheme
(WEQAS) Report from April, 2014 [WEQAS Quality Labo-
ratory: Analyte Based Report, Lactate (mmol/L), Distri-
bution P230. 22 April, 2014], showed that out of ~1200
labs/methods tested, more than 50% were using either
the Radiometer ABL 800 series (213), Siemens RAP-
IDLab 1200 series (80), Abbott i-STAT (86), enzymatic
[Siemens Advia 1200/1650/1800/2400 (6), Beckman-
Coulter AU2700/AU5400/AU5800 (3), Beckman-Coulter
AU400/600/640/680 (4), Roche Modular (12), Abbott
Architect (13), Roche Cobas C Module (21)], Instrumenta-
tion Laboratory Gem 3000 / 3500 (40), Roche Omni S /
b221 (174), Instrumentation Laboratory Gem Premier 4000
(286), Radiometer ABL 90 flex (109) or Siemens Rapid-
point 500 (45). A pilot EQA scheme for Lactate conducted
by RIQAS in June, 2014 [Randox International Quality
Assessment Scheme, Randox Laboratories Limited, Clini-
cal Chemistry, Cycle 50 Sample 6. 4 June, 2014] tested 202
methods and found that colorimetric — LO methods (150)
were commonest followed by Ortho Vitros MicroSlide
Systems (18), Enzymatic Electrode (12), UV-LDH (12) and
Ion Selective Electrode (5) methodologies.

The latest POC lactate analysers include modern
cartridge-based blood gas analysers like the Radiometer
ABL800 FLEX series, the Radiometer ABL90 FLEX, the
Instrumentation Laboratory GEM Premier 4000 and the
Nova Biomedical Stat Profile pHOx Plus L. The Nova Bio-
medical StatStrip Lactate and the Abbott iSTAT are the
latest handheld devices.

Lactate measurement in ethylene
glycol poisoning

Ethylene glycol poisoning is a medical emergency ini-
tially characterised by mild symptoms that may gradu-
ally develop to produce serious toxicity or even death [73].
It is rapidly absorbed from the GI tract after ingestion of
substances like antifreeze and coolant. It poses a signifi-
cant danger to children and animals that are more likely
to ingest it due to a characteristic sweet taste. Ethylene
glycol metabolism is a four-step process involving alcohol
dehydrogenase and aldehyde dehydrogenase. Upon inges-
tion, ethylene glycol is oxidised to glycolic acid, which is,
in turn, oxidised to oxalic acid, a toxic metabolite [74].
Precipitates of calcium oxalate are deposited in a crystal-
line form in the kidneys, leading to nephrocalcinosis and
acute kidney injury [75].
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Diagnosis of ethylene glycol poisoning can be difficult
because few institutions have timely access to direct
measurement of the compound in blood or the urine [76].
Hence, it is necessary to rely on other biochemical clues
to the diagnosis and to have a high index of suspicion in
patients presenting with suggestive symptoms and signs.
These biochemical clues include a high-AG metabolic
acidosis, an osmolal gap, calcium oxalate crystals in the
urine, normal creatinine, urea, blood glucose and ketones
and a normal blood alcohol level [77].

Interestingly, there have been an increasing number
of reports on false increase of lactate in ethylene glycol
poisoning [78-80]. Ethylene glycol is not involved in
lactate production, and the false elevation of blood lactate
is related to ethylene glycol metabolites, mainly glycolic
acid but also glyoxylic acid, which have similar chemical
structures with L-lactate. This analytical interference is
method specific and is due to incomplete specificity of the
analytical reagent L-lactate oxidase used in lactate elec-
trodes in many blood gas analysers allowing cross-reac-
tion with glycolic acid and glyoxylic acid [81, 82]. Hence,
the discovery of a lactate gap using two different technolo-
gies of lactate measurements, with only one sensitive to
glycolic acid/glyoxylic acid, can help to differentiate eth-
ylene glycol poisoning from lactic acidosis.

However, using the so-called false lactate gap for the
diagnosis of ethylene glycol should be approached with
caution. A true increase of lactate can also be observed
in ethylene glycol poisoning and should not be ignored
because this may add prognostic value in management
[77]. Plasma lactate concentration should always be con-
firmed in any patient with an elevated whole blood lactate
measured on a blood gas analyzer if ethylene glycol poi-
soning is being considered.

The clinical significance of D-lactate

Lactate exists as two optical isomers in nature: D-lactate
and L-lactate [83]. L-lactate is by far the more abundant
form in humans and mammals, existing at concentra-
tions 100 times greater than D-lactate in blood. Both
stereoisomers of lactate are produced and metabolised
by the enzyme, LDH. However, LDH is isomer-specific,
meaning that L-lactate is produced by L-LDH and
D-lactate by D-LDH [84, 85]. L-LDH is the only form of
the enzyme present in mammals; many carbohydrate-
fermenting bacteria, including Lactobacillus sp. and
Bifidobacterium sp., possess both forms of the enzyme
and are able to produce both stereoisomers in varying
proportions [86].

DE GRUYTER

Concentrations of 5-20 pmol/L of D-lactate have been
found in the blood of healthy subjects. The previously
accepted explanation for this finding was that D-lactate,
produced by bacteria in the GI tract, was absorbed into the
bloodstream [15, 87]. However, this explanation appears
to be insufficient to explain the levels present in human
blood. Recently, it has become clear that D-lactate is both
produced and metabolised by human cells, albeit by an
alternative pathway, the methylglyoxal pathway [88].
The methylglyoxal pathway is an offshoot of glycolysis,
which converts glucose into methylglyoxal and then into
D-lactate. In the absence of D-LDH, D-lactate is metabo-
lised by the enzyme D-2-hydroxyacid-dehydrogenase into
pyruvate, which is then diverted into the tricarboxylic
acid (TCA) cycle (see Figure 3) [89, 90]. The methylglyoxal
pathway does not result in net production of ATP. Methyl-
glyoxal is a reactive aldehyde that is very toxic to cells and
has been implicated in many complications of Diabetes
Mellitus since the excessive intake of glucose by a cell is
the most important process for the activation of the meth-
ylglyoxal pathway [91].

Current methods for measurement of plasma and whole
blood lactate only detect the L-lactate isomer. However,
there are a number of recognised clinical scenarios where
measurement of D-lactate may be important. D-lactic aci-
dosis (plasma D-lactate >3.0 mmol/L with blood pH<7.35)
is one complication of short bowel syndrome, secondary to
diffuse small bowel disease or resection [92, 93]. There is a
resulting defect in carbohydrate absorption, which leads
to increased substrate delivery to carbohydrate fermenting
bacteria in the large bowel. Both D-lactate and L-lactate
are produced by these bacteria and absorbed systemically.
Whilst the L-LDH in the body can metabolise L-lactate,
humans have limited capacity to metabolise D-lactate,
resulting in a metabolic acidosis [94]. The levels of D-lac-
tate needed to cause an acidaemia is more than a hundred
times the levels seen in healthy individuals. D-lactic acido-
sis presents with neurological dysfunction and encepha-
lopathy [95]. Since L-lactate levels are usually normal,
newer sensitive and specific methods have been developed
to detect D-lactate in human plasma. These methods are
based on the reaction catalysed by D-LDH [96].

Uribarri et al. concluded that a number of factors
are necessary for the development of D-lactic acidosis
in humans: carbohydrate malabsorption with increased
nutrient delivery to the colon, colonic bacterial flora of
the type that produces D-lactic acid, ingestion of large
amounts of carbohydrates, diminished colonic motility
with increased fermentation time, and impaired D-lac-
tate metabolism [88]. Oral ingestion of D-lactic acid does
not appear to be harmful in humans [97]. Furthermore,
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Acetone, ketones, triose phosphates
Methylglyoxal synthase
Methylglyoxal
Glyoxylase | Methylglyoxal reductase
D-S-Lactoylglutathione Lactaldehyde
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dehydrogenase
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Figure 3: Metabolic pathway involved in the production of methylglyoxal and D-lactate in humans.
Methylglyoxal is the toxic intermediate in this pathway. Humans lack D-LDH and need another enzyme (D-2-hydroxyacid dehydrogenase) to

convert D-lactate back to pyruvate.

Connolly et al. concluded that there are no data in the lit-
erature describing D-lactic acidosis in healthy humans for
any age for any reason, despite extensive use of probiotic
Lactobacillus supplements around the world [98].

A recent study done by Lu et al. showed that plasma
D-lactate levels were significantly elevated in patients
with DKA compared to healthy controls or stable dia-
betic patients [99]. It appears that increased D-lactate
concentrations are associated with the severity of meta-
bolic acidosis and high AG in patients with DKA. Interest-
ingly, plasma levels of methylglyoxal were also increased
in the group with DKA, whilst L-lactate levels were only
marginally increased, supporting the hypothesis that
D-lactate is produced via the methylglyoxal pathway. The

authors also found that increased D-lactate concentra-
tions were greatly reduced following treatment (3.44+1.99
vs. 0.53£0.35 mmol/L, p<0.001) and this paralleled reduc-
tions in plasma glucose, B-hydroxybutyrate and AG [99].
Both B -hydroxybutyrate and D-lactate contributed to the
AG in these patients. Inclusion of the measurement of
plasma D-lactate concentrations helps to account for the
AG and the severity of metabolic acidosis in patients with
DKA [99, 100]. It appears that measurement of plasma
D-lactate is a potentially important prognostic factor in
predicting the severity of DKA and in monitoring the pro-
gression or resolution of DKA.

Finally, there has been some interest in the use
of D-lactate measurement in the diagnosis of acute
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mesenteric (intestinal) ischaemia [101]. Murray et al. dem-
onstrated a significant correlation between the elevation
of D-lactate levels and the tissue injury seen in rat models
of acute intestinal ischaemia [102]. However, whilst D-lac-
tate may have increased specificity compared to L-lactate
in this condition, there is still not enough data to show
that it is reliable enough to be used for the diagnosis of
acute mesenteric ischaemia [103].

Conclusions

Lactate is an important substrate and product in interme-
diary metabolism. The role of lactate in the causation of
metabolic acidosis has been debated widely for the last
three decades. Lactic acidosis has numerous etiologies
and can be classified based on the presence or absence
of tissue hypoxia. Hyperlactataemia is common in criti-
cally ill patients. The presence of elevated lactate levels
has important prognostic implications in these patients.
Hence, there has been a push toward developing and vali-
dating POC methods for the measurement of whole blood
lactate levels. The finding of a false “lactate gap” may also
be useful in the diagnosis of ethylene glycol poisoning
due to analytical interference by glycolic and glyoxylic
acid, which have similar chemical structures to L-lactate.
Finally, D-lactic acidosis, due to an elevation of D-lactate-
the stereoisomer of the more commonly measured L-lac-
tate, is a more recently described finding in patients with
short bowel syndrome and also patients with DKA.
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