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Introduction

Rapidly proliferating cancer cells need to balance nutrient 
uptake with energy production, macromolecular biosynthe-
sis, and redox maintenance. Cancer cells adapt by repro-
gramming metabolic pathways, which then become potential 
therapeutic targets. These adaptations include increased con-
sumption of glucose for glycolysis and glutamine for gluta-
minolysis.1 Aerobic glycolysis is an attractive therapeutic 
target for inhibiting cancer cell growth.2 Recent reports that 
metabolic reprograming in tumor cells can be disrupted by 
combined inhibition of glycolysis and mTORC1 signaling 
create new possibilities for cotargeting metabolic and signal-
ing pathways.3 In addition, the increase in lactate secretion, 
once considered a waste product of aerobic glycolysis, has 
recently emerged as a critical regulator of cancer develop-
ment and a novel therapeutic target.4 Glutamine is another 
abundant and versatile nutrient that has emerged as a central 
precursor for cancer cell metabolism.5 In cells, glutamine 
is converted to glutamate to drive the tricarboxylic acid 
(TCA) cycle (anaplerosis), to produce glutathione for 
removing reactive oxygen species, and to serve as a nitrogen 

and carbon source for other nonessential amino acids, nucle-
otides, and fatty acids.6–8 Many aggressive cancer cells are 
dependent on glutamine for growth, and increased glutamate 
secretion is associated with malignant phenotypes.9

Glucose and glutamine metabolism are highly interre-
lated and influenced by multiple oncogenic signaling path-
ways. For example, glutamine transport is the rate-limiting 
step in mTOR activation, whereas glucose transport is up-
regulated by mTOR.10,11 c-Myc is another oncogene that 
has several roles in tumor cell metabolism.6 The expres-
sion of genes involved in glutamine metabolism, such as 
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glutamine transporter and glutaminase, is induced by 
c-Myc, and cells overexpressing c-Myc are particularly sen-
sitive to glutamine deprivation.12,13

Methods used to study glucose and glutamine metabo-
lism include analytical methods (mass spectrometry, liquid 
chromatography/mass spectrometry, nuclear magnetic reso-
nance) for metabolite profiling, stable isotope labeling for 
tracking metabolites, and colorimetric or fluorometric 
enzymatic assays and various bioanalyzers for measuring 
changes in metabolite levels.14–17

Metabolic profiling enables systemwide measurements 
of hundreds of metabolites, revealing distinct metabolic 
signatures of cancer cells in a single experiment.18 Stable 
isotope labeling follows the fate of labeled metabolites and 
has been used to establish the contribution of glucose and 
glutamine carbon atoms to the well-defined pathways of 
central carbon metabolism including glycolysis, the pentose 
phosphate pathway, and the TCA cycle.14 Both approaches 
provide comprehensive information about the changes of 
multiple metabolites under specific experimental condi-
tions, but they require extensive sample preparation and are 
not designed or well suited for looking at select key metab-
olites under multiple treatment conditions, for example, 
screening a small-molecule library.

Bioanalyzers can be used for detecting extracellular lev-
els of glucose, lactate, glutamine, and glutamate and are 
primarily based on enzymatic technology using metabolite-
selective oxidases. The amount of sample needed can be 
large, and throughput is limited. Colorimetric and fluoro-
metric detection assays use metabolite-selective oxidases or 
dehydrogenases coupled to hydrogen peroxide or NAD(P)H 
detection, respectively. These assays can be used for  
measuring metabolite changes in cell lysates and are often 
used for measuring changes in extracellular glucose and 
lactate levels15; however, centrifugation and deproteiniza-
tion steps make the assays cumbersome for high-throughput 
applications.

The increasing interest in glucose and glutamine metab-
olism and its interaction with oncogenic signaling pathways 
makes a method for high-throughput analysis of changes in 
cellular glucose, lactate, glutamine, and glutamate very 
beneficial. Such high-throughput screening (HTS) can not 
only help reveal novel inhibitors of glucose and glutamine-
dependent metabolic pathways but can also uncover yet 
unidentified links between metabolic and signaling path-
ways. Recently, HTS with breast cancer cell lines identified 
potent inhibitors of glutamate secretion that may lead to 
novel approaches for treating cancer pain.19 However, 
because of the lack of HTS tools, information for using 
HTS to evaluate the effects of small molecules on major 
metabolic pathways is limited.

To address this need, we evaluated the applicability of 
bioluminescent glucose, lactate, glutamine, and glutamate 
assays for HTS. As a model system, we used two ovarian 

cancer cell lines shown to have different glutamine depen-
dencies. OVCAR-3 cells are low invasive and glutamine 
independent, whereas SKOV-3 cells are high invasive and 
require glutamine for growth.9 The four assays detected 
changes in the levels of metabolites in cell culture 
medium, could be performed in 384-well plates, and had 
Z′ values20 suitable for screening. To measure changes in 
extracellular metabolite levels over time, a small amount 
of culture medium was collected and used to measure all 
four metabolites. We also developed a homogeneous 
assay format to measure the production of lactate and glu-
tamate. Using the Library of Pharmacologically Active 
Compounds (LOPAC1280; Sigma Aldrich, St. Louis, MO) as 
a model library, compounds that altered the production of 
lactate and glutamate by SKOV-3 cells were identified. 
These results demonstrate the robustness of the assays for 
high-throughput studies and identification of novel inhibi-
tors or activators for two major metabolic pathways in can-
cer: glycolysis and glutaminolysis.

Materials and Methods

Cell Culture

SKOV-3 and OVCAR-3 ovarian cancer cell lines were 
obtained from ATCC (Manassas, VA). SKOV-3 cells (ATCC 
HTB-77) were cultured in McCoy’s 5A medium (Gibco, 
ThermoFisher Scientific, Waltham, MA). OVCAR-3 cells 
(ATCC HTB-161) were cultured in RPMI 1640 medium 
(Gibco) supplemented with 10 µg/mL insulin (Sigma). 
Growth media were supplemented with 10% fetal bovine 
serum (FBS; Gibco). The concentration of glucose, lactate, 
and other components in medium and serum can influence 
the rate of metabolic pathways. To control these concentra-
tions, glucose- and glutamine-free DMEM (Gibco No. 
A14430-01) was used. Before experiments, glucose (Gibco) 
and glutamine (ATCC) were added to the DMEM such that 
the final concentrations were 5 mM and 2 mM, respectively. 
When indicated, DMEM was supplemented with 10% dia-
lyzed FBS (Gibco No. 26400).

Metabolite Detection Assay Protocol and 
Standard Curves

The metabolite detection assays were developed using a pre-
viously described bioluminescent NADH detection technol-
ogy consisting of diaphorase enzyme, proluciferin diaphorase 
substrate, adenosine triphosphate, and luciferase.21,22 Each 
metabolite detection reagent contained these components in 
a luciferin detection buffer with NAD and a selective dehy-
drogenase. The dehydrogenases and their concentrations in 
the detection reagents were lactate dehydrogenase (5 u/mL, 
No. 427217, EMD Millipore, Billerica, MA), glutamate 
dehydrogenase (20 u/mL, No. 10197734001, Sigma) and 
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glucose dehydrogenase (40 u/mL, No. DG1003, Gojira Fine 
Chemicals, Bedford Heights, OH). The detection reagents 
contained all components necessary to measure glucose, lac-
tate, or glutamate and were added directly to the samples at 
a 1:1 ratio. For glutamine detection, it was first necessary to 
use glutaminase to convert glutamine to glutamate before 
adding the glutamate detection reagent. For glucose, lactate, 
and glutamate, the light output was directly proportional to 
the amount of metabolite in the sample. However, the 
amount of glutamine in a sample was calculated by subtract-
ing the signal in the absence of glutaminase from the signal 
in the presence of glutaminase.

The performance of each metabolite detection assay was 
characterized using glucose, lactate, glutamine, and gluta-
mate standards serially diluted in phosphate-buffered saline 
(PBS). Nine microliters of glucose and lactate standards 
were transferred into 384-well low-volume (LV), plates and 
9 µL of glucose or lactate detection reagent was added, 
respectively, to start the reaction. For glutamine and gluta-
mate, 4.5 µL of standards were transferred into 384-well LV 
plates, and 4.5 µL of glutaminase buffer (100 mM sodium 
acetate pH 5.2) with glutaminase (for glutamine, Gojira No. 
GL1008, 0.5 u/mL) or without glutaminase (for glutamate) 
was added. The glutaminase reaction continued for 30 min 
at room temperature (RT), after which 9 µL of glutamate 
detection reagent was added to both samples. All reactions 
were then incubated for 1 h at RT, and luminescence was 
recorded using an Infinite M1000 Pro plate reader (Tecan, 
Männedorf, Switzerland). The data are presented in figures 
as average relative light units (RLU) of quadruplicate 
reactions.

Detection of Intracellular Metabolites in Cell 
Lysates

For measuring intracellular metabolite levels, OVCAR-3 
and SKOV-3 cells were trypsinized, collected, and, after a 
quick wash with cold PBS, resuspended in 0.5 mL PBS at 
2.2 × 106 cells/mL. The cells were rapidly lysed by adding 
0.25 mL of 0.6N HCl/0.1% dodecyltrimethyl ammonium 
bromide (DTAB; Sigma No. D8638). The samples were 
neutralized with 0.25 mL of 1 M Trizma (Sigma) and were 
serially diluted twofold in a solution of premixed 0.5 mL 
PBS, 0.25 mL 0.6N HCl/0.1% DTAB, 0.25 mL Trizma. For 
glutamine and glutamate analysis, the acid and base were 
0.3 N HCl/0.1% DTAB and 450 mM Tris pH 8.0. Cell 
lysates were transferred into 384-well LV plates (9 µL for 
lactate and glucose and 4.5 µL for glutamine and glutamate) 
and assayed following the protocol described above.

For spike recovery experiments, known concentrations 
of glucose, lactate, glutamate, and glutamine were added to 
cells in PBS or to PBS alone. The samples were then lysed 
and processed as described above. The percentage recover-
ies of spiked metabolites were calculated using the equation 

% Recovery = 100 × ((RLU spike in cells – RLU cells)/
RLU spike in PBS alone).

Concentrations of glucose, lactate, glutamine, and gluta-
mate in cell lysates were calculated from standard curves 
assayed in the same plates using the same experimental 
conditions as the cell lysate samples. Intracellular metabo-
lite concentrations were calculated using the number of 
lysed cells per well and assuming a mammalian cell intra-
cellular volume of ~2.5 pL as reported for HeLa cells.23

Detection of Extracellular Metabolites in 
Medium

For measuring changes in glucose, lactate, glutamine, and 
glutamate in medium, SKOV-3 and OVCAR-3 cells were 
plated in 384-well tissue culture–treated plates at different 
cell densities in 80 µL DMEM medium supplemented with 5 
mM glucose, 2 mM glutamine, and 10% dialyzed FBS. The 
cells were incubated in a tissue culture incubator (37 °C, 5% 
CO2). At indicated time points (24, 48, 72 h), 2 µL of medium 
was removed and transferred to separate 96-well plates con-
taining 98 µL PBS/well. The diluted medium samples were 
stored frozen at −20 °C until all the samples were collected. 
For metabolite analysis, 9 µL of thawed sample was trans-
ferred to wells of 384-well LV plates for lactate detection, 
and 4.5 µL was transferred for glucose, glutamine, and glu-
tamate detection. An additional 4.5 µL PBS was added to the 
glucose samples to fit into the linear range of the assay. 
Samples were then assayed as described above.

For measuring Z′, the medium was collected using a 96-tip 
semiautomated 20 µL BenchTop Pipettor (Sorenson 
BioScience, Salt Lake City, UT). For the metabolite analysis, 
the samples and the reagents were dispensed into 384-well 
LV plates using a Multidrop Combi_nL Reagent Dispenser 
(Multidrop; ThermoFisher Scientific). Luminescence was 
read using an Infinite M200 plate reader (Tecan).

Homogenous Detection of Lactate and 
Glutamate in Medium

A homogenous assay format was developed for measuring 
lactate and glutamate production by OVCAR-3 and 
SKOV-3 cells. OVCAR-3 or SKOV-3 cells were prepared 
in DMEM medium containing RealTime-Glo MT Cell 
Viability Assay reagents (Promega, Madison, WI). This 
real-time viability assay allows continuous monitoring of 
cell viability by luminescence.24 The cells or medium 
alone was dispensed into 384-well LV plates at 4 µL/well. 
Lactate and glutamate production was started by adding  
2 µL of medium containing 15 mM glucose and 6 mM 
glutamine. The cells were incubated at 37 °C in a tissue 
culture incubator. To determine optimal conditions for 
HTS screening, the experiments were performed at three 
cell densities (2.5 K, 1.5 K, and 1 K per well), and lactate 
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and glutamate production was measured at three time 
points (0.5, 1, and 2 h after adding glucose and glutamine). 
At each time point, the plates were removed from the incu-
bator, and luminescence from the viability assay was read 
to record any changes in viability. After reading the plate, 
the lactate and glutamate secretion was stopped by adding 
2 µL of 0.3 N HCl/0.1% DTAB to lyse cells and fix metab-
olite concentrations. The lysis solution also terminates 
viability assay luminescence. The plates were held at RT 
until all samples were collected. The metabolite detection 
reactions were started by addition of 9 µL of lactate or 
glutamate detection reagent premixed with 1 M Trizma. 
(The detection reagent and Trizma were premixed by add-
ing eight volumes of detection reagent to one volume of 
Trizma.) Luminescence was read after a 1 h incubation at 
RT. All the reagents were dispensed using a Multidrop, 
except for the corrosive 0.3 N HCl/0.1% DTAB solution, 
which was dispensed with a Mantis liquid handler 
(Formulatrix, Bedford, MA).

LOPAC Library Screening

The LOPAC is a collection of 1280 pharmacologically 
active compounds from 56 pharmacological classes (Sigma, 
No. LO4100). For the screening assays, 5 nL of 10 mM 
compound in DMSO stocks were dispensed into 384-well 
LV plates using an ECHO 555 acoustic liquid handler 
(LabCyte, Sunnyvale, CA). Each compound was dispensed 
in quadruplicate wells. Next, 6 µL of SKOV-3 cells resus-
pended in unsupplemented DMEM containing real-time 
viability reagents was dispensed at 1000 cells/well using a 
Multidrop. Medium containing 0.1% DMSO with and with-
out cells was used for vehicle-matched positive and nega-
tive controls in columns 1, 2, 23, and 24, rows A–H and I–P, 
respectively. There were 32 positive control wells contain-
ing untreated cells and 32 negative control wells containing 
medium only per plate. After 15 min preincubation at RT 
(~23 °C), 2 µL of medium containing 20 mM glucose and 8 
mM glutamine was added to all samples, and the plates 
were placed in a tissue culture incubator (37 °C, 5% CO2). 
After 1 h incubation, luminescence was measured using an 
Infinite M200 plate reader to determine changes in viability. 
Immediately after viability measurements, 1 µL 0.6 N 
HCl/0.1% DTAB was added to each sample using the 
Mantis dispenser. The plates were kept at RT until all the 
plates were processed. To start lactate and glutamate detec-
tion, 9 µL of lactate or glutamate detection reagent pre-
mixed with 1 M Trizma (at an 8:1 ratio) was added to the 
plates. The plates were incubated for 90 min at RT and 
luminescence was measured. After the 90 min incubation, 
all the lactate and glutamate has been converted to light and 
the luminescent signal reaches steady state, making the 
assays suitable for batch processing. This screening proto-
col is outlined in Supplemental Table S2.

Hit Characterization

The most potent hits identified by screening were further 
studied using concentration-response curves. When com-
mercially available, compounds were purchased to prepare 
fresh 10 mM stock solutions in DMSO. Otherwise, samples 
of the original library 10 mM stock solutions in DMSO 
were used. The 10 mM compound stocks were diluted to 
300 µM in DMEM (final concentration 3% DMSO). Serial 
twofold dilutions were prepared in DMEM plus 3% DMSO. 
Ten microliters were added to quadruplicate wells in a 384-
well plate. Fifteen microliters of SKOV-3 cells (4000 cells/
well) in DMEM with 2× real-time viability reagents were 
added and preincubated with compound for 15 min at RT. 
Five microliters of DMEM containing 30 mM glucose and 
12 mM glutamine were added, and the plates were placed in 
a 37 °C tissue culture incubator for 1 h. At the end of the 
incubation, viability luminescence was measured before 
lysing the cells and stopping metabolite production with 5 
µL of 0.6 N HCl/0.1% DTAB. Glutamate or lactate was 
detected using 45 µL of the appropriate detection reagent 
premixed with 1 M Trizma (8:1 volume reagent to volume 
Trizma). The plates were incubated for 60 to 90 min at RT 
before luminescence was measured.

Counterscreening assays using glutamate or lactate stan-
dards were used to identify compounds that interfered with 
the detection system and were false hits. In these assays, 
instead of cells, 15 µL of 40 µM lactate or 40 µM glutamate 
controls were added to wells containing compound and then 
assayed as above.

Data Analysis and Statistical Validation for HTS 
Applications

The robustness of the assays for HTS applications was eval-
uated by determining signal-to-background (S/B), signal-
to-noise (S/N), and Z′. S/B was calculated by dividing the 
mean signal from samples by the mean signal from negative 
controls. For some experiments, in which negative control 
signal was higher than the signal from samples, an analo-
gous high signal–to–low signal ratio was calculated. S/N 
was calculated by dividing the net signal (mean signal 
minus mean negative control) by the standard deviation of 
the negative control. Z′ factor20 was calculated as follows: 
Z′ = 1 – ((3 × St.Dev. of High Signal + 3 × St.Dev. of Low 
Signal)/Mean of High Signal – Mean of Low Signal).

Results

Characterization of the Bioluminescent 
Metabolite Assays

The lactate, glucose, and glutamate metabolite detection 
assays use metabolite-selective dehydrogenases coupled to 
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a previously described bioluminescent NAD(P)H detection 
technology.21,22 Each dehydrogenase produces NADH in 
proportion to the amount of analyte present in a sample. The 
NADH detection technology uses a reductase enzyme and a 
proluciferin substrate in combination with a luciferase 
enzyme to produce a light signal that is proportional to the 
starting amount of NADH and therefore the starting amount 
of metabolite. For measuring glucose and lactate, the detec-
tion reagents contain all components necessary to measure 
the metabolite and are added directly to the samples at a 1:1 
ratio. For glutamine and glutamate detection, the samples 
are split and treated with and without glutaminase (to con-
vert glutamine to glutamate), and then glutamate detection 
reagent is added to both samples at a 1:1 ratio. The amount 
of glutamine present in the samples is detected as the differ-
ence between the light signals of the two samples.

To determine the sensitivity, linearity, and assay window 
of each detection assay, we prepared a metabolite titration 
curve in 384-well LV plates and assayed the metabolite with 
the appropriate detection reagent. Luminescence was 
recorded (Suppl. Table S1), and the assay sensitivity and 
window were determined by calculating S/N and S/B ratios. 
As shown in Figure 1, the sensitivity of each assay was in 
the nanomolar range, with the limit of detection (defined as 
S/N = 3) of ~400 nM (3.6 pmol/9 µL) for lactate and ~100 
nM (0.9 pmol/9 µL) for glucose, glutamine, and glutamate. 
All assays had wide linear ranges (~3 logs) with maximum 
S/B ratios ranging from ~120 for lactate to more than 500 
for glucose, glutamine, and glutamate.

Intracellular Metabolite Levels

We next determined the ability of the assays to detect intra-
cellular metabolite levels. We used two ovarian cancer cell 
lines, SKOV-3 and OVCAR-3, known to have different 

glutamine dependencies.9 Cell lysates were prepared from 
both cell lines, serially diluted twofold, and assayed in 384-
well LV plates. Endogenous dehydrogenases and reduced 
dinucleotides (NADH/NADPH) have direct effects on 
metabolite detection assays, so typically, sample deprotein-
ization and degradation of reduced dinucleotides are 
required before measurements. To incorporate a sample 
preparation step that is also HTS compatible, we used a 
strong acid/detergent mixture to prepare the cell lysates as 
well as rapidly inactivate endogenous enzymes and simulta-
neously degrade endogenous NAD(P)H. To confirm the 
effectiveness of this approach, we added the detection sys-
tem without metabolite-selective dehydrogenases to cell 
lysates and saw no significant light increase compared with 
a no-cell control (data not shown). In the presence of metab-
olite-selective dehydrogenases, a linear increase in light 
output with increasing number of OVCAR-3 cells was 
observed for all four metabolites (Suppl. Fig. S1). The limit 
of detection (at S/N = 3) depended on the intracellular 
metabolite levels as well as assay sensitivity and ranged 
from ~650 cells/well for lactate and glucose and ~10 cells/
well for glutamine and glutamate. The signals were linear 
up to 10,000 cell/well (Suppl. Fig. S1). The quantitative 
and specific detection of cellular metabolites was further 
confirmed using a spike-recovery experiment. Addition of a 
known concentration of metabolite to cells before cell lysis 
resulted in 84% spike recovery for lactate and higher recov-
eries for the other metabolites (Suppl. Fig. S2).

When intracellular amounts of metabolites were com-
pared between OVCAR-3 and SKOV-3 cells, the lactate and 
glucose levels were similar; however, a significant differ-
ence was observed in glutamine and glutamate concentra-
tions (Fig. 2A,B). For example, 2500 OVCAR-3 or SKOV-3 
cell equivalents in 9 µL had ~9.7 µM (87 pmol per well) 
lactate, indicating the intracellular concentration of lactate in 

Figure 1.  Assay characterization. Sensitivity, linear range, and assay window were determined for each assay. Standard curves were 
generated using twofold serial dilutions of lactate, glucose, glutamine, and glutamate in phosphate-buffered saline. Dilutions were 
assayed in quadruplicate using the protocols described in the Materials and Methods section. Luminescence was recorded after a 60 
min incubation. The average signal was used to calculate S/N (A) and S/B (B) ratios.
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both cell lines is ~14 mM (calculated using a cell volume of 
~2.5 pL23). Upon uptake into cells, glucose is rapidly phos-
phorylated by hexokinase, and therefore the concentration of 
glucose in both cell lysates was low, ranging from 0.19 µM 
for OVCAR-3 to 0.68 µM for SKOV-3, corresponding to 
intracellular levels of 0.25 mM and 0.9 mM, respectively. 
Glutamine was the most significantly different metabolite 
between the two cell lines. In SKOV-3 lysates, glutamine 
was not detected with significance, whereas OVCAR-3 
lysates had 20 µM glutamine, equal to 28 mM intracellular 
glutamine (Fig. 2C). Although the amount of glutamine 
greatly differed between the two cell lines, both contained 
significant amounts of glutamate (Fig. 2D). The calculated 
intracellular concentrations of glutamate were 20 mM for 
SKOV-3 and 41 mM for OVCAR-3.

Changes in Extracellular Metabolites over Time

To further characterize the metabolic profiles of OVCAR-3 
and SKOV-3 cells, changes in extracellular metabolite levels 
during growth in culture were measured. The starting con-
centrations of glucose and glutamine in culture medium are 
in the millimolar range, and as cells grow and consume these 
metabolites, concentrations decrease significantly (>50-fold). 

During growth, lactate and glutamate are secreted and accu-
mulate in medium, reaching millimolar levels in 48 to 72 h. To 
measure these concentration changes, medium samples typi-
cally require dilution into the linear range of an assay, and 
different dilutions might be needed for different metabolites 
and for early and late time points. However, the biolumines-
cent assays have broad linear ranges (Fig. 1) that could 
accommodate the full range of expected concentrations with a 
single dilution factor. To confirm this, SKOV-3 and OVCAR-3 
cells were plated at different densities in 384-well plates in 
DMEM containing 5 mM glucose, 2 mM glutamine, and 10% 
dialyzed serum. Medium samples were collected at 24, 48, 
and 72 h time points; diluted 50-fold; and stored frozen until 
analysis. For metabolite detection, part of the thawed sample 
was transferred into 384-well LV plates, and the appropriate 
metabolite detection reagent was added to the samples. All 
four metabolites were measured from the same set of diluted 
samples. Assay robustness required for HTS was also deter-
mined by calculating Z′ values.20

As shown in Figure 3, the cells consumed glucose and glu-
tamine and secreted lactate and glutamate with time and cell 
density dependence. Glucose and glutamine consumption 
were more robust at greater cell densities and longer incuba-
tion times (Z′ ≥ 6; Suppl. Table S3). In contrast, lactate and 

Figure 2.  Metabolite detection in cell lysates. SKOV-3 and OVCAR-3 cells were collected and lysed as described in the Materials 
and Methods section. The cell lysates were titrated and then used to measure all four metabolites in eight replicate wells. The 
mean relative light units (RLU) are shown for glucose (A), lactate (B), glutamine (C), and glutamate (D) detection using 2500 cells/
well (black bars), 625 cells/well (light bars), and no cell controls (dark gray bars). The values above the bars are the calculated 
concentration of each metabolite in 9 µL of lysate from the indicated amount of cells/well. Error bars are ±1 SD.
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glutamate secretion were robustly detected at all cell densities 
and time points (Z′ ≥ 6; Suppl. Table S3).

The kinetic data clearly revealed distinct metabolic pro-
files of the two ovarian cancer cell lines. Both cell lines 
consumed glucose and secreted lactate at comparable rates 
(Fig. 3A,B). After 72 h, both cell lines consumed more 
than 90% of the glucose (>4.5 mM) and secreted about 8 
mM lactate at the highest cell density. The lactate/glucose 
ratio was ~1.7 for both cell lines. However, glutamine 
metabolism was significantly different in OVCAR-3 and 
SKOV-3 cells (Fig. 3C,D). SKOV-3 cells consumed more 
than 90% (~1.8 mM) of the glutamine in comparison to 
~75% (~1.5 mM) by OVCAR-3 cells, and glutamate secre-
tion revealed an even greater difference: SKOV-3 cells 
secreted 20 times more glutamate than OVCAR-3 cells 
(~0.7 mM compared with 0.03 mM) with a glutamate 
secretion/glutamine consumption ratio of ~0.38 for 
SKOV-3 cells and 0.02 for OVCAR-3 cells.

Homogeneous Assay Format for Lactate and 
Glutamate Production

In the above experiment, extracellular metabolites were 
measured in samples of medium collected 24 h after plating. 

We also wanted to develop an assay format that was homo-
geneous, capable of assaying medium directly in the wells of 
cells without medium removal and dilution steps. This for-
mat measures total metabolite levels in the well (extracellu-
lar plus intracellular levels), which have to be within the 
linear range of the detection assay. The method also needs a 
step for rapid cell lysis and inactivation of endogenous 
enzymes. We focused on the lactate and glutamate assays 
because of the low rates of change in glucose and glutamine 
levels prior to 24 h. To determine if the bioluminescent lac-
tate and glutamate detection assays could meet these criteria, 
OVCAR-3 and SKOV-3 cells were plated at three densities 
(2.5 K, 1.5 K, and 1 K cells/well) and analyzed at three time 
points (0.5, 1, and 2 h). Under all conditions, lactate concen-
tration (intracellular plus secreted lactate) was within the 
linear range of the assay with Z′ > 0.5. Data and Z′ values for 
1000 SKOV-3 cells analyzed at 1 h are shown in Figure 4B 
(data not shown for other conditions). Glutamate secretion 
by SKOV-3 cells exceeded the linear range at high cell den-
sity or long incubation time, and at low cell density or short 
incubation time, the assay window was not sufficient to 
measure glutamate secretion by OVCAR-3 cells (data not 
shown). However, conditions could be established that pro-
vided robust performance with both cell lines: the 1 h time 

Figure 3.  Changes in metabolite levels in culture media during cell growth. OVCAR-3 and SKOV-3 cells were plated at 2500 (light 
gray bars), 7500 (dark gray bars), and 15,000 (black bars) cells/well in 80 µL in 384-well plates. At 24, 48, and 72 h, 2 µL of media was 
removed, diluted into 98 µL of PBS, and stored frozen. The samples were then thawed and assayed in 384-well LV plates to determine 
the levels of glucose (A), lactate (B), glutamine (C), and glutamate (D). Medium without cells was used as a negative control and is 
represented as dashed lines. Each data point represents the mean of eight replicates. Error bars are ±1 SD.
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point using 2500 OVCAR-3 cells or 1000 SKOV-3 cells 
(Fig. 4C, data not shown for OVCAR-3 cells). We incorpo-
rated viability measurements in the homogeneous assay 
workflow using a real-time viability assay described in the 
Materials and Methods section. When added to live meta-
bolically active cells, this assay produces a luminescent sig-
nal that is quenched when cells are lysed.24 This feature 
allows it to be multiplexed with the metabolite detection to 
provide internally controlled data from the same set of wells. 
Viability readings, taken before cell lysis, from all assays 
were similar, and representative data for SKOV-3 cells are in 
Figure 4A.

The homogeneous assays were validated using known 
inhibitors of glycolysis and glutaminase. Incubation of cells 
with the glycolysis inhibitor 2-deoxy-D-glucose decreased 
lactate levels, whereas the glutaminase inhibitor BPTES 
reduced glutamate amounts (Suppl. Fig. S3). Concentrations 
of inhibitors needed to reduce metabolite levels to ~40% of 
controls did not affect cell viability or the detection systems.

Library Screening

To further evaluate the utility of bioluminescent lactate 
and glutamate detection assays for HTS applications, we 
screened a small-molecule library for compounds that 
might increase or decrease lactate and/or glutamate pro-
duction. We chose to screen the commercially available 
LOPAC collection of 1280 small compounds using the 
homogeneous lactate and glutamate assays. The library 
was screened with SKOV-3 cells at 1000 cells/well with 1 
h incubation, conditions previously identified as optimal 
for both lactate and glutamate detection (Fig. 4). Two sep-
arate sets of the library compounds dispensed in quadru-
plicate wells were used to screen the two assays. For each 
screen, the metabolite detection assays were multiplexed 

with the luminescent viability assay. Calculated Z′ factors 
for the screens ranged from 0.69 to 0.83 for viability, 0.62 
to 0.78 for lactate, and 0.62 to 0.73 for glutamate assays 
(Suppl. Fig. S4). For data analysis, RLUs were converted 
into percentages of positive control wells (untreated 
cells) on each plate and were calculated for each indi-
vidual assay. Figure 5A,B shows the responses of library 
compounds ordered from lowest to highest percentage of 
control for each assay. With both assays, compounds were 
identified that had lower than control and higher than con-
trol signals. The compounds were also grouped according 
to pharmacological class designation, and responses were 
not confined to any one class (Suppl. Fig. S5).

The hit limit, defined as three standard deviations from 
the mean control value, corresponded to ~25% for both 
assays. Ninety-two compounds in the lactate assay and 66 
compounds in the glutamate assay showed >25% inhibition 
or >125% activation, corresponding to hit rates of 7.2% and 
5.1%, respectively. After eliminating compounds that 
decreased cell viability by >25% from further analysis, lac-
tate and glutamate assay values from each well were nor-
malized to viability readings and percentage inhibition or 
activation calculated. The normalized data are shown in 
Figure 5C,D.

Thirteen hits for lactate and nine hits for glutamate 
were among the most potent hits with >50% inhibition or 
>150% activation (Fig. 5C,D). These most active hits 
were selected for further analysis in concentration-
response experiments with cells. They were also counter-
screened with lactate or glutamate controls to determine 
if any directly affected the detection system. The 13 hits 
identified for lactate production included two inhibitors 
and 11 activators (Fig. 5C). Both of the inhibitors and 
three of the activators strongly affected the detection sys-
tem and were considered false-positive hits (data not 
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Figure 4.  Z′ factor estimation for the homogeneous assay format. SKOV-3 cells were added to 60 wells in each of two 384-well low-
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shown). When tested, one of the remaining eight activa-
tors, compound 1112, showed concentration-dependent 
increases in lactate production (data not shown). 
Compound 1112 (Sigma Cat. No. R8875) is rotenone, an 
inhibitor of mitochondrial complex I known to quickly 
increase lactate secretion.25 Nine library compounds 
altered glutamate production, three inhibitors and six 
activators (Fig. 5D). One of the inhibitors was found to 
affect the detection system such that changes in glutamate 
production could not be determined (data not shown). 
Another inhibitor, compound 1108, was determined to be 
a positive hit (Fig. 6A). Although compound 1108 
decreased viability at higher concentrations (≥10 µM), 
inhibition of glutamate production was seen at much 
lower doses (at 0.1 to 1 µM). Among the activators, one 
compound, 530, was confirmed to be a positive hit, 
increasing production of glutamate without affecting the 
detection system (Fig. 6B).

Discussion

There is growing interest in developing therapies that target 
the altered metabolism of cancer cells. Differences in meta-
bolic profiles of poorly and highly aggressive, glutamine-
independent and -dependent tumors have raised the 
possibility that multiple, separate metabolic pathways will 
need to be targeted even within the same tumor type.9 Studies 
with panels of cancer cell lines, such as ovarian, breast, and 
kidney, have reported differences in glutamine metabolism 
that correlate with tumor grade and invasiveness9,26 and sub-
type and inhibitor responsiveness.27 Analysis of metabolic 
pathways in higher-throughput formats might facilitate a 
deeper understanding of these phenotypes by uncovering 
underlying regulatory processes, including ones that may 
distinguish between different cell phenotypes. Methods such 
as metabolomics approaches provide a snapshot of many 
metabolites but only under a limited number of treatment 

Figure 5.  LOPAC screening using homogeneous lactate and glutamate detection assays. Two sets of the LOPAC library were used 
for screening with SKOV-3 cells, one for each assay, as described in the Materials and Methods section. (A, B) Plot of hits from 
lowest to highest percentage control for lactate (A) and glutamate (B). Each compound was screened in quadruplicate, and the 
relative light units (RLU) values were averaged. To calculate percentage control, the average RLU was divided by the average of the 
control wells on each plate. Dashed lines represent three standard deviations from the mean for each assay, ~±25%. (C,D) Graph of 
percentage control normalized to same-well viability measurements for lactate (C) and glutamate (D). The compounds are ordered 
according to library number. The RLU value of each well was normalized to the same-well viability reading before dividing by control 
values. Dashed lines represent three standard deviations from the mean for each assay, ~±25%. Two of the compounds with >150% 
activity for glutamate, Nos. 666 and 668, are overlapping in this plot.
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conditions. They are not designed for studying several vari-
ables, such as small molecules or other modulators, in high-
throughput applications.

In this report, metabolite detection assays developed to 
measure glucose, lactate, glutamate, and glutamine were 
characterized and evaluated for adaptability to HTS. The 
core bioluminescent NADH detection technology in these 
assays has been successfully used to measure intracellular 
NAD and NADH in high-throughput applications.22,28 The 
metabolite detection assays were sensitive, had wide linear 
ranges, and had large assay windows, features that gave the 
assays flexibility and are necessary for HTS. They were 
used to measure intracellular, extracellular, and, in a homo-
geneous format, total (intracellular plus extracellular) 
metabolites.

Intracellular levels of metabolites were detected with 
high sensitivity (with ~10 to 650 cells/well). The concentra-
tions we obtained were within the range of those reported in 
the literature.29 However, because intracellular levels vary 
with cell type and growth conditions and can change rapidly 
during sampling handling, correlating values obtained using 
different methods can be challenging. We observed a differ-
ence in glutamine metabolism between OVCAR-3 and 
SKOV-3 cells, confirming what has been reported in the 
literature.9 Glutamine was measurable in OVCAR-3 cells 
but was present at low levels in SKOV-3 cells and could be 
detected only with higher numbers of cells (data not shown). 
With lower cell numbers, we cannot exclude the possibility 
that the assay was not able to detect glutamine in the pres-
ence of high glutamate concentrations. This low concentra-
tion may indicate that glutamine is rapidly metabolized by 
SKOV-3 cells and does not accumulate in a steady-state 
pool needed for this assay method. A method using tracers, 

such as flux analysis, would be needed to observe the rapid 
metabolism of glutamine.9

The assays enabled detection of extracellular metabo-
lites in cell culture medium. Only a small volume of medium 
was needed to measure the four metabolites, allowing the 
sampling of medium from the same set of wells over time. 
Although concentrations of each metabolite changed more 
than 50-fold during 72 h, all measurements were conve-
niently made with a single dilution factor. Again, we 
observed differences in OVCAR-3 and SKOV-3 cells with 
respect to glutamine metabolism, with OVCAR-3 cells 
secreting much less glutamate over time than the SKOV-3 
cells (Fig. 3D).

The homogeneous assay format was developed for 
measuring total lactate or total glutamate directly in the 
well containing cells. The assays were conducted in LV, 
384-well plates and had Z′ values acceptable for HTS. To 
make the assay HTS compatible, we conducted experi-
ments using cells in suspension. Cells were collected, 
washed, plated, and pretreated with compounds before 
medium containing glucose and glutamine was added. 
Although all sample preparation steps have the potential 
to change cell metabolism, dispensing prewashed cells in 
metabolite-free medium allows the compounds to have a 
greater effect, making the assays more robust and better 
suited for inhibitor screening.

At the end of the experiment, an acid-lysis strategy was 
used to quickly lyse cells and inactivate endogenous enzymes 
with a single addition. Low pH rather than high pH lysis was 
chosen so that this step would also degrade endogenous 
NAD(P)H,30 reducing background signal. The homogeneous 
assay format is suitable for studying faster-acting compounds, 
ones that act within a short time frame of <2 h. After this time, 

Figure 6.  Compounds that inhibit or activate metabolite production. Compounds that scored as hits were further tested in 
concentration-response experiments using twofold dilutions of compounds. The effects of compounds on cell metabolite production 
and viability were determined, from the same wells, using the homogeoneous assay format as described in the Materials and 
Methods section. Compounds were also analyzed for effects on the detection system using metabolite controls. All concentrations 
were assayed in quadruplicate. The concentrations plotted on the x-axis are the concentrations in the 30 µL reaction with cells or 
metabolite. Average relative light units were calculated and divided by signals from negative controls that received no compound. The 
results are plotted as percentage control. (A) Results for compound 1108, which was confirmed to inhibit glutamate production by 
cells (compound 1108, Sigma S5890, sanguinarine chloride). (B) Results for compound 503, which was confirmed to activate glutamate 
production by cells (compound 503, Sigma G6793, GW7647).
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total lactate and glutamate concentrations in the wells will be 
outside the linear ranges of the assays. A nonhomogeneous 
format can be used when testing slower-acting compounds, 
which require longer treatment times.

The lactate and glutamate homogeneous assays were 
used to screen the LOPAC set of compounds with SKOV-3 
cells. We observed decreases and increases in signal for 
both assays, identifying potential inhibitors and activators 
of lactate and glutamate production. The metabolite detec-
tion assays use coupled enzyme reactions, which can be 
directly affected by compounds.31 Therefore, it was impor-
tant to have a quick, reliable counterscreen to distinguish 
compounds that interfere with the detection system (false-
positive hits) from true-positive hits. For these assays, a 
counterscreen was readily done using lactate and glutamate 
controls. Of the most potent hits selected for further study, 
five of the lactate hits were found to directly and strongly 
affect the detection system, and one of the glutamate hits 
was found to have some effect.

Less potent compounds (those with activity between 
25%–50% and 125%–150%) were not further analyzed in 
this study but are also of interest. In addition, monitoring 
these less potent compounds over longer treatment times 
could potentially reveal more complex interactions between 
signaling and metabolic pathways.

The two model ovarian cancer cell lines in this study 
showed dramatic differences in their glutamine metabo-
lism. Only the SKOV-3 cells were used for screening, but 
given the differences in their glutamine metabolism, it will 
be especially interesting to expose the OVCAR-3 cells to 
the glutamine production activators. Other cancer cell types 
also exhibit subtype or grade-specific differences,9,27,28 
making it interesting and perhaps even necessary to study 
more than one cell line. The cell-based bioluminescent 
assays are suitable for higher-throughput applications and 
make screening a library with more than one cell line fea-
sible. In this study, the developed protocols were used to 
screen a library of 1280 compounds; however, using the 
same principles, they can be applied to smaller and larger 
screening campaigns.
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