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Abstract
A sensitive and specific fluorimetric assay for the determination of pyruvate is reported. This assay
is based on the oxidation of pyruvate in the presence of pyruvate oxidase. Hydrogen peroxide
generated by pyruvate oxidase reacts with non-fluorescent amplex red at a 1:1 stoichiometry to form
the fluorescent product, resorufin. The assay is optimized with respect to pH of reaction buffer,
enzyme concentration, dye concentration, and the time course. The usefulness of the assay is
demonstrated by the accurate measurement of intracellular and extracellular pyruvate concentrations.
The limit of detection (LOD) of the assay is 5 nM.
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Introduction
Pyruvate (pyruvic acid), which is produced by the final step of glycolysis, lies at the intersection
of multiple metabolic pathways. Most notably, pyruvate links glycolysis to the tricarboxylic
acid cycle. It is produced by pyruvate kinase (EC2.7.1.40; 2-O-phoshotransferase), which
catalyzes the conversion of phosphoenolpyruvate and ADP into ATP and enzyme-bound
enolpyruvate, which undergoes ketonization to form pyruvate. Aberrant serum pyruvate levels
correlate with several diseases, especially those exhibiting metabolic acidosis. Examples
include: sepsis, motor neuron disease, necrotizing encephalomyelopathy, MELAS
(mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes), Kearns
Sayre syndrome, uremia, and others [e.g., 1]. As intracellular pyruvate concentrations regulate
the kinetics of Icrac channels [2], calcium signal transduction events are likely to be regulated
by this metabolite. Thus, accurate assessment of pyruvate levels can provide valuable clinical
and cellular information.
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Various methods for the quantitation of pyruvate have been reported, such as enzyme-based
amperometric biosensors [3-5], HPLC coupled with colorimetric and fluorimetric detection
[6-8], and enzymatic assays with fluorescence [9,10] or absorbance measurements [11-14].
Chromatographic methods require expensive equipment and, as pyruvate has no chromophore,
pre-column or post-column derivatization is usually required. The LOD of HPLC methods is
at the μM level [7]. Enzymatic assays are specific, rapid and convenient to perform. The major
drawbacks of enzyme-based amperometric methods are the relatively low sensitivity (LOD is
5 μM, ref 3), the costs of electronic signal detection, and the tedious immobilization of enzymes
on the electrodes. The most widely used method for pyruvate detection is the lactate
dehydrogenase (LDH)-based spectrophotometric assay [11-14]. In this assay, pyruvate is
converted to lactate by the catalytic action of LDH with NADH as a cofactor; the decrease in
NADH concentration, measured by the change in absorbance at 339 nm, is proportional to the
pyruvate concentration. The LOD of the LDH assay is ΔA=0.002 or 0.3 μM pyruvate [14]. To
provide accurate pyruvate measurements in small biological samples, we developed a more
sensitive fluorescent assay. The chemical reactions of this method of pyruvate detection are
depicted in Figure 1. Pyruvate is oxidized by pyruvate oxidase via enzyme reactions to generate
acetate, carbon dioxide and hydrogen peroxide (H2O2). H2O2 then reacts with amplex red in
a 1:1 stoichiometry to form the red fluorescent product, resorufin [15,16]. The fluorescence of
resorufin is proportional to the initial pyruvate concentration in the solution. The LOD of the
assay is 5 nM.

Materials and methods
Chemicals

Pyruvate, flavin adenine dinucleotide (FAD), cocarboxylase (thiamine pyrophosphate, TPP),
horseradish peroxidase (HRP), bacterial pyruvate oxidase (cat. # P4591; POX-1) and pyruvate
oxidase from Aerococcus sp. (cat. # P4105; POX-2) were purchased from Sigma Chem. Co.
(St. Louis, MO). Amplex red was obtained from Invitrogen (Carlsbad, CA).

Cell culture
Jurkat cells (ATCC, Manassas, VA) were cultivated in RPMI-1640 medium (Invitrogen)
containing 10% FCS and 1% antibiotics. For pyruvate experiments, the cells were centrifuged
at 400 × g for 5 min.; medium was aspirated and then the cell pellet was washed with 15 ml
of PBS (1×, pH7.4) followed by 10 ml of fresh RPMI-1640 medium. Then cells were seeded
evenly into two new 250 ml culture flasks. Control flasks contained Jurkat cells in 15 ml of
medium. Experimental flasks contained Jurkat cells in 15 ml of medium with 6 mM L-
phenylalanine (L-Phe). Each flask was seeded at a density of roughly 5×105 cells/ml. Cells
were cultured in a humidified atmosphere of 95% air, 5% CO2 at 37°C for 30 hrs. The cell
density at this time was roughly 2×106 cells/ml. Cells or culture supernatants were collected
then treated as described below.

Extracellular pyruvate extraction
The pyruvate extraction procedure was adapted from O’Donell-Tormey et al. [9] and
Lamprecht et al. [14] with some modifications. In brief, a 12 ml aliquot was withdrawn from
the culture flask (Jurkat cells only or cells plus L-Phe) and centrifuged at 600 × g for 1 min.
The cell pellet was used for intracellular pyruvate determination. One ml of supernatant was
transferred to a 15 ml tube containing 1 ml of ice-cold 0.5 M HClO4 and then incubated for 5
min on ice. Afterwards, the acid was neutralized with 50 μl of 5 M K2CO3, and then the
precipitated KClO4 and proteins were removed by filtration with a 0.2 μM PTFE syringe filter.
The filtrate was centrifuged at 10,000 × g for 5 min. For the fluorescence enzyme assay, the
supernatant was diluted to 1/3 of its original concentration with assay buffer (100 mM
potassium phosphate with 1.0 mM EDTA, pH 6.7) to stabilize the pH.
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Intracellular pyruvate extraction
The above cell pellet was washed with 12 ml of PBS; cell numbers were counted in a
hemocytometer. To the cell pellet, 0.5 ml of ice-cold 0.25 M HClO4 was added, vortex-mixed
and then incubated on ice for 5 min. The mixture was neutralized with 12 μl of 5 M K2CO3
(~pH6.5). The supernatant was collected for pyruvate measurement after centrifugation at
10,000 × g for 5 min.

LDH assay
The assay was performed using the procedure of Lamprecht and Heinz [14], with minor
modifications. Briefly, 0.5 ml of pyruvate extract, 0.25 ml of TEA/EDTA buffer (TEA: 0.5 M,
pH 7.6; EDTA: 5 mM) and 20 μl of 7 mM NADH was added to a 1 ml cuvette. The sample
was mixed thoroughly and then the absorbance (A1) was recorded at 339 nm. 20 μl of 225 U/
ml of LDH was added and then the sample was incubated at room temperature in the dark for
30 min. The absorbance (A2) at 339 nm was read again. The change of absorbance at 339 nm
(ΔA = A1 − A2) was used to calculate pyruvate concentration (ε339 = 6.22 × 10-3 μM-1

cm-1).

Fluorescence assay
Fluorescence was measured with a FlexStation II plate reader (Molecular Devices, Sunnnyvale,
CA) using a 96-well black assay plate (Nunc, Nalge Nunc International). Calibration
experiments were performed with 20 μl volumes of pyruvate standards (0, 200, 400, 600, 800,
1000, 1500, 2000 pmol/well). Extracellular or intracellular pyruvate extracts were pipetted into
a 96-well plate, 180 μl of an assay cocktail was added into each well, and then incubated for
30 min. at room temperature. The final reaction solution contained 100 mM potassium
phosphate with 1.0 mM EDTA, pH 6.7, 1.0 mM MgCl2, 10 μM FAD, 0.2 mM thiamine
pyrophosphate, 0.2 U/ml pyruvate oxidase, 50 μM amplex red and 0.2 U/ml HRP. Fluorescence
at 590 nm was measured with excitation at 535 nm. Background was corrected by subtracting
the value of the no pyruvate control from all sample readings.

Statistical Analysis
Unless otherwise mentioned, data are presented as means ± standard deviations of triplicate
measurements. P values were calculated from paired two-tailed t-tests and differences are
considered significant for P < 0.05. Inter and intra-run precision and accuracy of assays were
evaluated by one-way analysis of variance (ANOVA). All calculations were performed with
microsoft Excel analysis ToolPak.

Results and discussion
Optimization of the assay

In the present study we have developed a highly sensitive amplex red-based fluorescence assay
for pyruvate, as illustrated in Fig. 1. An H2O2-producing pyruvate oxidase was necessarily
employed to provide substrate for the coupled reaction with amplex red. However, the pH
optima of H2O2-producing pyruvate oxidases vary significantly among bacterial species [17].
Moreover, the absorption maximum and fluorescence quantum yield of resorufin is markedly
reduced at pH<6.0 (Invitrogen product information for A22188). Therefore, we tested a wide
spectrum of experimental conditions on the assay’s performance. As Fig. 2A shows, the
standard curve loses linearity at pH 5.7. Amplex red’s recommended pH range (pH7.0-8.0) is
substantially higher than pyruvate oxidase’s pH optimum. Optimal pH conditions appear to be
near neutral pH. This result is consistent with the conclusion of an amperometric study that
found the highest signal to background ratio at pH 7.0 [3]. We perform the pyruvate assay at
pH 6.7.
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Additional assay parameters were checked to further optimize the experimental protocol. Fig.
2B shows the measured resorufin fluorescence intensities as a function of pyruvate
concentration for two pyruvate oxidases (referred to as POX-1 and POX-2) obtained from
Sigma (see Materials and Methods). Although Aerococcus sp. pyruvate oxidase produces
H2O2, it was not effective in our assay conditions. Therefore, we use bacterial pyruvate oxidase
(POX-1; Sigma cat. no. P4591) in subsequent pyruvate assays.

We next assessed the assay’s performance at different concentrations of POX-1. As Fig. 2C
shows, the fluorescence signals increase with pyruvate oxidase concentration, especially in the
low dose range (0 - 0.1U/ml). Therefore, in subsequent experiments we employ 0.2 U/ml of
pyruvate oxidase in the reaction mixture.

The generation of fluorescence was also measured as a function to time. As shown in Fig. 2D,
the fluorescence signal rapidly increases from 0-20 min. After 20 min. of incubation, the
reaction rate substantially declines. Simultaneously, the background noise increases with time
(data not shown). The optimal S/N ratio is observed at an incubation time of 30 min. Unless
otherwise mentioned, we incubate the reactions for 30 min. at room temperature in all assays.

In this assay, H2O2 detection is based on the oxidation of nonfluorescent amplex red to highly
fluorescent resorufin. However, high H2O2 levels can further oxidize resorufin into non-
fluorescent resazurin [16,18]. To avoid this secondary reaction, the amplex red concentration
must be at least a 5-fold higher greater than the amount of H2O2 [16]. However, too high a
concentration may cause inner-filter effects. Therefore, an appropriate dye concentration is
important for the accuracy of the assay. As indicated in Fig. 2E, amplex red at 10 μM to 100
μM produced consistent fluorescence signals for pyruvate at 1 nmol/well and 100 pmol/well.
We observed a reduction in signal at high amplex red levels. We use 50 μM of amplex red in
subsequent assays.

To further assess the quality of the pyruvate assay, we performed the assay using optimized
conditions to calculate the Z’ factor. The Z’ factor is defined as [19]:

Where μc+ and μc- are the means of the positive control and negative control signals,
respectively, and σc+ and σc- are the signals’ standard deviations. The means and standard
deviations were calculated from nine wells with buffer alone and nine wells with 2 nmol/well
of pyruvate. The Z’ factor was found out to be 0.89, indicating that this is an excellent assay.

Validation of the assay
Reaction specificity was first tested using dropout experiments in which each reagent was
independently omitted from the reaction mixture. The results show that the complete reaction
mixture demonstrates high levels of fluorescence (Fig. 3A). Although FAD and TPP are
coenzymes in the reaction, the assay is minimally affected by their omission. However, the
assay does require key factors such as pyruvate, pyruvate oxidase, amplex red, and HRP. To
assess substrate specificity, the assay was performed with pyruvate replaced by structurally
similar compounds. As compounds such as lactate and α-ketoacids might interfere the
measurement of pyruvate, we evaluated fluorescence signals generated using pyruvate and
other α-ketoacids as substrates under otherwise identical conditions. The results show that L-
lactate and phosphoenolpyruvate do not interfere with the assay, whereas 2-oxobutyrate and
oxaloacetate only show 6.8% and 8.7% signal intensities, respectively.

Zhu et al. Page 4

Anal Biochem. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To demonstrate the assay’s linear range, experiments were performed over a broad range of
pyruvate concentrations. Data from two experiments (0-200 pmol/well and 0-2 nmol/well) are
plotted together in Fig. 4. When analyzed using linear regression, a high correlation coefficient
of 0.995 was obtained. Hence, excellent linearity was achieved throughout the range from 3
pmol/well to 2 nmol/well.

The LOD and limit of quantitation (LOQ) were calculated [20] as: LOD = 3σ/S and LOQ =
10σ/S, where σ = standard deviation of the background and S = the slope of the calibration
curve. The value of σ was obtained by measuring the fluorescence intensity of blank samples
in which all reagents except pyruvate were added. The LOD and LOQ of this assay were
calculated to be: LOD = 1.0 pmol/well (5 nM) and LOQ = 3.0 pmol/well (15 nM), (n=9)
respectively. As the amount of amplex red in each well is 10 nmol, the pyruvate concentration
must not be more than 2 nmol to obtain a linear calibration curve [16]. Thus, upper limit of
quantitation (ULOQ) of the assay is 2 nmol/well.

Further statistical analyses were performed. Sets of control samples containing LOQ (3 pmol/
well), midpoint (1 nmol) and ULOQ (2 nmol) were assayed on six consecutive days with four
replicates for each sample. Data were evaluated by a one-way analysis of variance (ANOVA)
to calculate the inter- and intra-run precision and accuracy of the assay [21]. The accuracy of
assay is expressed as a percentage of relative error (% RE): %RE = 100% × (mean value -
nominal value)/nominal value. Intra-run precisions and inter-run precisions of the assay were
determined by percent coefficient of variation (%CV) in which %CV = [(mean square
variance)0.5/mean value] × 100. The intra-run and inter-run mean square variances were
calculated with Excel analysis ToolPak. The accuracy and precision of the measurements at
the LOQ (3pmol/well) were 10.7% and 18.9%, respectively. At the highest dose tested of 2
nmol/well, the precision and accuracy were 3.8% and 5.5%, respectively. These results
indicated that the new assay is accurate, and that the results are reproducible. The statistical
results are summarized in Table 1.

Application of the assay
To further test this pyruvate assay, we compared the performance of our new assay with the
established LDH assay for the measurement the pyruvate concentrations. In the first series of
experiments, we measured the pyruvate levels in FCS. Samples were deproteinized with 0.5M
HClO4, as described in the Materials and Methods. The pyruvate concentration determined
with the LDH assay was 27.3±1.2 μM (n=3) whereas that determined by the new fluorescence
assay was 21.3±1.6 μM (n=9). The reliability of these values was confirmed using the standard
addition method wherein 5, 25, 50, and 100 μM exogenous pyruvate in FCS were deproteinized
then measured (data not shown). The pyruvate recovery rates were calculated as 94.0±7.9 %
(n=12) in the spiking range of 5-100 μM. Extrapolation of these data yielded a value of 21.0
μM for this assay (Fig. 5), which is in excellent agreement with the value reported above.

The pyruvate levels were also assessed in the tissue culture media and within Jurkat cells. In
the cell system, pyruvate was measured during normal medium conditions and in the presence
of 6 mM L-phenylalanine (L-Phe). L-Phe inhibits the activity of pyruvate kinase by 50% at 6
mM [22]. The results for control and L-Phe-treated samples were measured with these two
assays. As shown in Table 2, the LDH assay and our fluorescence assay give very similar
results for extracellular pyruvate, which is also in agreement with the substrate specificity noted
above. Due to a lack of sensitivity, the intracellular pyruvate measurement is difficult to
perform with the LDH assay, while the new assay can measure intracellular pyruvate levels.
Assuming a Jurkat cell diameter of 7 μm, the intracellular pyruvate concentration can be
calculated. After treatment of Jurkat cells with L-Phe (P<0.01), the intracellular pyruvate
concentration decreased, as expected due to the reduction in pyruvate kinase activity.
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Implications of the assay
Although our fluorescence assay yields results comparable to the LDH assay at relatively high
pyruvate concentrations (> 0.3 μM), it is able to detect pyruvate at much lower levels. An
alternate fluorimetric detection method relying upon NADH autofluorescence is also available;
however, the endogenous autofluorescence of biological samples may give misleading results.
Moreover, its sensitivity is not suitable for intracellular pyruvate quantitation of small samples.
Thus, the assay described above is especially well-suited for the assessment of low pyruvate
levels, such as those encountered after extraction of cell pellets and small clinical samples.

H2O2 has been reported to cause a non-enzymatic and stoichiometric decarboxylation of
pyruvate [9,23,24]. This competing reaction may cause a low measurement result. By
comparing the concentration of pyruvate in the samples (15 nM (3 pmol/well) to 0.1 μM (2
nmol/well)) with amplex red concentration (50 μM) it seems likely that amplex red effectively
suppresses decarboxylation. In addition, the side-reaction between resorufin and H2O2 was
suppressed as well. We obtained a linear calibration curve in the range of 50-2000 pmol/well.

In summary, we have developed a highly sensitive, convenient and economical assay for
pyruvate assay in cell extracts. In our previous paper [25], we observed that the upstream
glycolytic metabolite glucose-6-phosphate increased by 20% after treatment of Jurkat cells
with 6 mM of L-Phe. In this work we found the downstream product pyruvate decreases by
about 20% during treatment with phenylalanine.
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Fig. 1.
The chemical reactions of the pyruvate assay are shown. (HRP: horseradish peroxidase)
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Fig. 2.
Experiments designed to optimize the assay are shown. A. pH effect on the fluorescence
signals. The reaction mixtures contained 100 mM potassium phosphate with 1.0 mM EDTA,
1.0 mM MgCl2, 10 μM FAD, 0.2 mM thiamine pyrophosphate, 0.2 U/ml pyruvate oxidase
from bacterial, 50 μM amplex red and 0.2U/ml HRP. B. Effect of pyruvate oxidase type on the
fluorescence signals (POX-1: bacterial pyruvate oxidase and POX-2: pyruvate oxidase from
Aerococcus sp.) Assays were performed at pH 6.7. C. Relationship of fluorescence intensity
and final concentrations of pyruvate oxidase in the reaction mixture (pyruvate: 1 nmol/well).
D. Time course of pyruvate assay (pyruvate: 2 nmol/well). E. Dye concentration effect on the
fluorescent signals (100 pmol/well). Each datum point is a mean of triplicate measurements;
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error bars are standard deviations of three separate wells. Error bars are not shown when their
sizes are less than those of the symbols.
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Fig. 3.
The specificity of the pyruvate assay is illustrated. A. Dropout experiments are shown (pyruvate
2 nmol/well except the no pyruvate experiments). B. Interference experiment are shown
(compound content: 2 nmol/well). Data are the mean ± SD of triplicate wells. Error bars are
not shown when their sizes are less than those of the symbols.
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Fig. 4.
The calibration curve for this novel fluorimetric pyruvate assay is shown (each datum point is
a mean of triplicate measurements). (r2 = 0.995) (y = 317 x)
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Fig. 5.
A standard addition calibration curve is shown that measures the concentration of pyruvate in
FCS (each datum point is a mean of three measurements). A value of 21.0 μM was obtained.
(r2 = 0.996) (y = 2120 x + 44540)

Zhu et al. Page 13

Anal Biochem. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zhu et al. Page 14

Table 1

The precision and accuracy of the assay for measurement of pyruvate.a

Added amount (pmol/well) Found amount (pmol/well) Accuracy (% RE) Precision (%CV)

Intra-run Inter-run

3 3.3 10.7 18.0 18.9
1000 980 -2.1 2.0 5.4
2000 2076 3.8 1.8 5.5

a
Six runs with four replicates per run were performed.
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Table 2

Comparison of pyruvate measured using LDH assay and the new assay.a

Test Extracellular pyruvate (μM) Intracellular pyruvate (μM)

LDH assay New assay New assay

Cells (untreated) 126 ± 5.6 125 ± 8.1 201 ± 20.7
L-Phe treated cells 93.7 ± 2.0 91.4 ± 3.2 134 ± 26.2
P valueb <0.001 <0.001 <0.01

a
The means and standard deviations were calculated from five measurements performed in triplicate.

b
The P values compare untreated cells with L-Phe-treated cells.
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