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Introduction

Pyruvate, representing the terminal metabolite in glycolysis Lactic Acidosis Arising from Increased Metabolic
and the key molecule reacted upon by the pyruvate dehydrogenase Demand

lex to initiate the first step of the Kreb cycle (Fi 1), linki
complex to initiate the first step of the Kreb cycle (Figure 1), linking Cellular metabolic acidosis strongly correlates with rising

bi d bi taboli ti th i
anaerobic and acrobic metabolic energy generating pathways, 1s lactate levels [1,2] and reflects the cellular metabolic threshold

i lati ilibri ith lactate. Cellular lactate i duced
ih relative equitiorium with factate. Lelluiar factate 15 produce [3] making lactate a useful indirect biomarker [40] for cellular
when the aerobic capacity of the cell is challenged with increased . . . .
and mitochondrial performance during periods of cellular stress
metabolic demand by cellular work, as reflected by the exercising . . . .
or alterations to available oxygen tension. Hence, acidosis reflects

state or exertion, and correlates with increasing cellularacidosisand . . . . .
increased tissue metabolic demand as exemplified by increased

diminished aerobic capacity. We review the potential that pyruvate . .
muscular contraction, perturbations to the cellular redox state

levels i t collected and itored i iod
evels I sweat coflected and monitored over an exercise perlo (NAD+: NADH ratio) and ATP hydrolysis during intensive exercise

reflect those present in blood and can be modulated by metabolic . s . , ,
[2]. Similar observations may arise from inborn error of metabolism

intervention using a supplement aimed at improving athletic
g PP P & [4,5], or medical conditions resulting in tissue hypoxia, such as

performance. Pyruvate, present in sweat, represents a suitable sepsis [6]
biomarker to monitor changing intracellular and extracellular '
pyruvate levels which influence metabolic performance_ It is well established that blood lactate levels rise in response

to increased metabolic demand and correlate to increasing cellular
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acidosis as a means of buffering proton production by increased
ATP hydrolysis. In this regard, lactate levels in blood rapidly rise and
subsequently decrease as this metabolite is taken up by the liver
to replenish glucose by means of glyconeogeneis as an anaplerotic
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metabolic pathway. Similarly, pyruvate levels in blood and tissue [7]
have been shown to increase during the course of exercise, thereby
acting as a suitable biomarker to infer cellular metabolic demand.
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Figure 1: Kreb Cycle illustrating the entry point of pyruvate through the pyruvate dehydrogenase complex and subsequent

intra-mitochondprial reactions.

Metabolites in Sweat

A variety of polar metabolites can be collected and analyzed
from the human sweat metabolome including amino acids and
various organic acids [8,9]. The human sweat metabolome
comprises upwards of 2700 unique compounds [10], but present in
relatively high abundance are lactate, pyruvate, betaine, ammonia
Although these metabolites

have been shown to be present in human, perturbations to such

and urea among others [11,12].

metabolites over a time series and modulation by supplementation
to these metabolites as a result of physical exertion in both genders
have not been demonstrated, particularly for pyruvate which is

present in relatively reduced levels compared to lactate.

Exercise and Blood Lactate Biomarker Assessment

Intense exercise dramatically elevates blood lactate levels [13-
22] with levels often increasing across a ten-fold range during
bouts of exercise [23], collectively demonstrating that blood lactate

levels reflect muscle lactate accumulation. Commonly venous blood
[4] or muscle biopsy [24] are used to measure changes to lactate
levels, but these metabolite sources are invasive and not conducive
to repeated sampling as would be necessary when monitoring
changes to exercise induced lactate levels in athletes.

Lactate Biomarker Assessment in Sweat

A readily obtainable bodily fluid, other than urine [16], whose
lactate levels may reflect venous concentrations is exercise induced
bodily sweat [17]. Although the correlation between blood lactate
levels and sweat is debatable [15,25], this sampling source is non-
invasive, very conducive to repeat sampling, and minimally perturbs
the athlete during performance. Also, variations in sweat lactate
levels during exercise can be correlated to sodium abundance
[17] to equalize variability in sweat volume, evaporation and
concentration differences among individuals. Several studies have

shown that lactate levels in sweat correlate with those in venous
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blood [17,26-28]; and baseline lactate concentrations across
the skin surface do not vary [21]. More importantly, skin surface
lactate levels correlate with exercise intensity [17] and elevated
heartbeat [29]. This correlation has been demonstrated with
various sampling modalities and most recently with an epidermal
amperometric skin biosensor which exhibited a significant and
continual increase in sweat lactate levels during exercise [27].
Finally, a comprehensive sweat metabolome analysis detailed
that numerous metabolites, in addition to lactate, are modulated
in response to exercise [10], further supporting the use of this
bodily fluid for biomarker assessment. Such measurements permit
the non-invasive assessment of glycolytic rate [30] and anaerobic
work capacity during exercise [31] and can thus be used to infer

mitochondrial performance in trained and untrained individuals.

Pyruvate Levels in Blood and Urine During Exercise

Pyruvate levels in blood have been shown to be modulated by
exercise, generally increasing during exertion and decreasing post-
recovery and can be altered by providing test subjects lactate as a
supplement prior to exercise. Modulation of pyruvate in other body
fluids, particularly sweat, has not been addressed or considered
as reflecting intracellular or blood metabolite levels. Pyruvate
ingestion influences blood lactate parameters during and post
exercise [16,20]. Johnson and Edwards [16] further demonstrated
that urine exhibited a similar profile of lactate and pyruvate
increasing during exercise and remained elevated 90 minutes post
recovery [16], although sweat or other bodily fluid levels were not
considered in this study.

Pyruvate Levels in Sweat During Exercise

Kondoh et al, [19] measured pyruvate levels in sweat and
reported an increase in pyruvate levels after the cessation of
exercise (recovery period) compared to sauna induced sweat, but
the course of modulation and a profile of increasing concentration
of pyruvate in sweat was not demonstrated or commented upon.
Rather this publication emphasized D-lactate and L-lactate changes
in sweat and did not monitor levels over the course of exercise,
nor did they consider the influence of supplementation or gender
on pyruvate levels. The implications of modulated pyruvate levels
at baseline and before and after exertion, were not addressed
or fully discussed, rather the investigators emphasized the
concentrations of D-lactate as the emphasis of the report. Biagi et
al. [23] demonstrated the capability of measuring pyruvate levels
in sweat, but reported their data as the lactate-to-pyruvate ratio
to show modulation of this ratio during the course of exercise
rather than absolute pyruvate concentrations, placing a greater
emphasis on method development rather than pyruvate metabolite
as its own metabolite as was done for changing lactate levels. The
afore mentioned lactate-to-pyruvate ratio modulation may be the
result of changing lactate levels, changing pyruvate levels or both

metabolites changing simultaneously. A thorough investigation of
specific alterations to pyruvate levels in sweat during the course of
exercise, either in the native or supplemented state, has not been
adequately demonstrated.

Other Conditions Affecting Pyruvate Levels

In plasma of exercised heart failure patients, pyruvate exhibited
significantincreases post exercise in both patients and controls, and
strongly correlated with peak VO2 and circulatory power, which
was presented as reflecting its intramuscular concentration [32]
and may be significantly impacted during anemic states [33]. Blood
levels of pyruvate in patients with mitochondrial myopathy with
progressive external ophthalmoplegia may also exhibit alterations
to blood pyruvate levels allowing a prognostic application of this
metabolite in conjunction with lactate [34]. Interestingly, Kleeburg
et al. [35] presented blood pyruvic acid levels were altered
essentially within the normal range in blood from renal disease

patients in a uremic coma.

Summary and Conclusion

Pyruvate levels in sweat are modulated during the course of
exercise and if repeatedly sampled over the course of an exercise
session, show concentration changes. For example, in many male
athletes an initial increase in pyruvate amounts is followed by a
general decrease at the cessation of the assessment period. The
absolute levels in subjects can be influenced by supplementation,
thereby inferring that supplementation enables metabolic
interventions and pyruvate levels in sweat reflect intracellular
and/or blood pyruvate and can act as a suitable biomarker to
noninvasively monitor a subject’s metabolic profile. Concurrently,
the reduced levels of pyruvate in sweat post-exertion reflect the
putative flux of metabolites through the Kreb cycle and influence
mitochondrial performance and recovery. Figure 2. Example of
pyruvate accumulation in sweat over exercise in a male athlete
supplemented with a Health Canada approved natural supplement
(NPN80070757). Pyruvate levels were determined chemically
according to the procedure of Sharma and Lee [36], whereby the
assay was optimized for sweat samples and volumes. Sweat was
collected on a standard Band Aid TM brand bandage applied to the
upper back region of the participant following a thorough cleaning
of the site with a 70% isopropanol swab. Post exercise each
bandage was retrieved and stored frozen at -80°C until analyzed.
Sweat was retrieved by aseptically removing the absorbent pad
from the adhesive backing and placing the pad in a sterile 3 mL
syringe barrel to which was attached a 0.22 um low retention filter.
The pad was rehydrated in situ with 1 mL of milliQ water and the
soluble metabolites pressure extruded by forcefully applying the
plunger. Extraction from a comparable unused Band Aid TM acted
as a control [36-39].
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Figure 2: Example of pyruvate accumulation in sweat over exercise in a male athlete supplemented with a Health Canada

approved natural supplement (NPN80070757).
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