
RESEARCH ARTICLE

Combining lipoic acid to methylene blue

reduces the Warburg effect in CHO cells: From

TCA cycle activation to enhancing monoclonal

antibody production
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Abstract

The Warburg effect, a hallmark of cancer, has recently been identified as a metabolic limita-

tion of Chinese Hamster Ovary (CHO) cells, the primary platform for the production of mono-

clonal antibodies (mAb). Metabolic engineering approaches, including genetic modifications

and feeding strategies, have been attempted to impose the metabolic prevalence of respira-

tion over aerobic glycolysis. Their main objective lies in decreasing lactate production while

improving energy efficiency. Although yielding promising increases in productivity, such

strategies require long development phases and alter entangled metabolic pathways which

singular roles remain unclear. We propose to apply drugs used for the metabolic therapy of

cancer to target the Warburg effect at different levels, on CHO cells. The use of α-lipoic acid,

a pyruvate dehydrogenase activator, replenished the Krebs cycle through increased ana-

plerosis but resulted in mitochondrial saturation. The electron shuttle function of a second

drug, methylene blue, enhanced the mitochondrial capacity. It pulled on anaplerotic path-

ways while reducing stress signals and resulted in a 24% increase of the maximum mAb

production. Finally, the combination of both drugs proved to be promising for stimulating

Krebs cycle activity and mitochondrial respiration. Therefore, drugs used in metabolic ther-

apy are valuable candidates to understand and improve the metabolic limitations of CHO-

based bioproduction.

Introduction

Chinese Hamster Ovary (CHO) cells are considered to be the primary platform for the pro-

duction of monoclonal antibodies (mAb) and other complex biopharmaceuticals [1]. Research

pertaining to improving cell viability, mAb quality, productivity and reproducibility, is still

increasing on this topic [2]. Indeed, studies seeking to identify metabolic factors that are limit-

ing cell productivity are only now surfacing [3]. A particular phenotype called the Warburg
effect is gaining attention since most CHO cell lines exhibit this highly glycolytic metabolism
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despite the presence of oxygen (i.e. aerobic glycolysis) [4, 5]. Due to the Warburg effect, over

75% of pyruvate, the glycolytic end-product, has been reported to be converted into lactate [6].

With such an important carbon flux lost as lactate, the Warburg effect phenomenon clearly

limits mAb production [7, 8]. The regulation mechanisms underlying aerobic glycolysis are

still poorly understood but they are known to be involved in the limitation of pyruvate pro-

gression to the tricarboxylic acid (TCA) cycle and in energetic and redox balances [9, 10].

For the past 30 years, numerous studies have looked at reducing lactate production, aiming

to improve culture performances. Restriction of glucose uptake [8, 11, 12] or its replacement

[13–15], were found to be conducive for increasing productivity, but hindered cellular growth

and prompted doubts on the capacity of mAb glycosylation in such starved cells [16, 17].

Genetic strategies were also tested to control the expression of endogenous or recombinant

enzymes for restricting glucose uptake [18, 19], preventing lactate secretion [20] or directly

enhancing TCA cycle fluxes [21–24]. However, genetic modifications are sensitive to genome

variability and instability and give varying results among cell lines [25].

An alternate strategy to limit the Warburg effect consists of adding biochemical effectors to

manipulate specific enzyme activity. For instance, copper ion, a cofactor of many enzymes

known to act on mitochondrial targets such as cytochrome c [26] was confirmed to lead to lac-

tate reuptake, TCA activation and increased productivity in CHOs [27–29]. More recently,

dichloroacetate (DCA), an effector of pyruvate dehydrogenase kinase (PDHK), was tested in

fed-batch CHO cultures. By down-regulating PDHK, this drug is known to increase the activ-

ity of pyruvate dehydrogenase (PDH), an enzyme in charge of the entry of pyruvate in the

mitochondria [30, 31]. DCA showed to enhance CHO cell viability as well as mAb production

with time [32]. With only few such studies published to date, to the best of our knowledge, this

is a promising approach that is emerging to understand and manipulate metabolic regulation.

Although the aerobic glycolysis phenotype has been identified in cancer cells since the

1920’s [33], it is only since 2011 that Otto Warburg’s definition of deregulated cellular energet-

ics was included as part of the “hallmarks of cancer” [34]. This novel approach led to studies

on the metabolic therapy of cancer at pre-clinical and clinical levels, testing drugs known to

modulate the activity of enzymes that can maximize mitochondrial fluxes [35–39]. In this

work, metabolic similarities of CHOs with cancer cells guided the selection of potential drug

candidates, among which α-lipoic acid (α-LA), acting at the glycolysis/TCA interface, and

methylene blue (MB), enhancing respiratory pathways, were tested. α-LA promotes the entry

of pyruvate in the mitochondria by PDHK inactivation [40], and interacts with many other

TCA enzymes as well as acting as an anti-oxidant [35, 41]. Effects of α-LA were compared to

those of DCA, a compound reported to have similar effects in CHOs [32]. MB, a synthetic dye

first prepared by Heinrich Caro in 1876, showed to promote respiration in cancer cells [42],

neurons [43, 44] and heart cells [45]. It increases the mitochondrial activity by stimulating the

redox exchanges at the mitochondrial membrane [43, 46], thus stimulating proton turnover

rate. Our results confirm strategies that limit the Warburg effect and increase mAb

production.

Materials and methods

The ethics committee of the École Polytechnique de Montréal has approved this research

under the reference BIO-05/06-01.

Cell line and medium

The recombinant CHO-DXB11 cell line stably producing the EG2-hFc chimeric monoclonal

antibody [47] was kindly provided by Dr. Yves Durocher from the National Research Council
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(Montreal, Quebec, Canada). Cells were cultured in SFM4CHO serum-free medium

(HyClone, ref. SH305480.2) supplemented with 4 mM glutamine (Gibco, ref. 25030164) and

0.05 mg/mL dextran sulfate (Sigma, ref. D8906). Cells were passaged thrice weekly until repro-

ducible growth curves were achieved, before being put in batch cultures and submitted to drug

treatments.

Culture and drug treatments. All cultures were seeded at 2.0×105 cells/mL and grown in

batch mode, in a humidified incubator at 37˚C and 5% CO2 under gentle agitation (120 rpm).

Drugs were added at inoculation (t = 0 h) and cultures were monitored for up to 120 h or until

the viability dropped below 90%. Methylene blue (MB) (Laboratoire Mat, ref. BS0110) and

sodium dichloroacetate (DCA) (Sigma, ref. 347795) were dissolved directly in the medium.

Due to a poor water solubility, alpha-lipoic acid (α-LA) (Sigma, ref. T1395) was dissolved in

ethanol and further diluted in culture medium, with a final ethanol concentration� 0.1%. The

condition with 0.1% ethanol alone (i.e. control + vehicle) in culture medium was tested to

assess the influence of the vehicle on cell metabolism. All supplemented media were sterilized

by filtration through a 0.22 μm filter prior to inoculation.

For drug concentration studies, cells were cultured in six-well non-tissue culture treated

plates with a final working volume of 3.3 mL and three replicates per condition were prepared.

The effect of α- LA was assessed at 10 μM, 20 μM, 50 μM, 100 μM, 200 μM and 500 μM; while

MB was used at 10 nM, 100 nM, 500 nM, 1 μM and 10 μM. These concentration ranges were

based on those found in literature for α- LA [48–50] and MB [43, 51]. Then, in-depth meta-

bolic assessed as a positive control, at a concentration of 5 mM as suggested in a recent study

on CHOs [32]. All cultures were performed in triplicate except for the control, which was rep-

licated in parallel to each experiment (n = 7).

Cell count and extracellular metabolites measurements. Cell count and viability were

assessed with a hemocytometer according to the trypan blue exclusion method. Volumes of

0.2 mL (6-well plates) or 0.5 mL (shake flasks) were taken every 24 h. 50 μL were used for cell

counting and the remaining volume was centrifuged at 200 g for five minutes. Supernatants

were frozen (-80˚C) for further analysis: concentrations of glucose, lactate, glutamine and glu-

tamate in the supernatant were assessed with an enzyme-based biochemistry analyzer (YSI

2700 Select, YSI Life Sciences Inc.).

Respirometry assays. Measurements of cells specific oxygen consumption rates (qO2)

were performed as described previously [52]. Briefly, 3 mL of cell suspension was taken daily

from each shake flask, counted and put in a 10 mL dissolved gas analysis glass syringe (Hamil-

ton, ref. 81620). If necessary, a larger volume was harvested, centrifuged and resuspended in 3

mL to reach a required minimum of 3.0×106 cells. After addition of small cross-shaped stirring

bar, the syringe was sealed hermetically by using the oxygen probe as a plunger to remove the

gas phase, and immersed in a 37˚C water bath. Dissolved oxygen concentration was recorded

for at least five minutes after the establishment of a steady consumption rate; the final O2 con-

centration always exceeding 40% air saturation. The cell suspension was then re-oxygenated

and a second measurement was performed, ~10 minutes after the addition of the ATP-

synthase inhibitor oligomycin A (Sigma, ref. 75351) to a final concentration of 1 μM, to dis-

criminate the respective contributions of oxidative phosphorylation (OxPhos) and mitochon-

drial proton leak to the global cell respiration. Finally, a second cell count was performed after

the complete assay to account for eventual growth and mortality.

Flow cytometry analysis of mitochondrial membrane potential and ROS production.

For each fluorescent dye, samples of 5×105 live cells were taken daily from each flask and cen-

trifuged 5 min at 200 g. Cells were resuspended in 300 μL of culture medium containing 5 μM

of MitoSOX (ROS; Invitrogen, ref. M36008) or 10 μg/mL of Rhodamine123 (membrane

potential; Invitrogen, ref. R302), incubated in the dark for 30 min, then washed once or twice,
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respectively, for 15 min in 300 μL of phosphate-buffered saline (PBS). FACS measurements

were performed on 20,000 cells (FACS Canto II, BD). Both MitoSOX and Rhodamine123 were

excited at 488 nm, and emissions were collected at 585 ± 21 nm and 530 ± 15 nm, respectively.

Data analysis was performed using the FlowJo software (Tree Star Inc.).

ELISA quantification of mAb production. The chimeric EG2-hFc monoclonal antibody

(mAb) titers were determined by “sandwich” enzyme-linked immunosorbent assay (ELISA).

A 96-well high-bind microplate (Corning, ref. 3369) was incubated overnight with goat anti-

human Fc-specific antibodies (Sigma, ref. I2136) diluted 1:30,000 in PBS. Wells were washed

three times with PBS containing 0.05% Tween 20 (Sigma, ref. P1379) and blocked for 1 h with

a solution of 1% bovine serum albumin (BSA, Sigma, ref. A7030) in PBS. Extracellular medium

samples were diluted 1:500 to 1:10,000 in the PBS-BSA solution, depending on the day of cul-

ture. The plate was washed and loaded with the diluted samples or human IgG whole molecule

standards (Cederlane, ref. 009-000-003). After 1 h, the plate was washed and incubated for 1 h

with peroxidase-conjugated goat anti-human Fc-specific antibodies (Sigma, ref. A0170). After

washing, the plate was revealed with TMB substrate (Sigma, ref. T0440) and incubated for 20

min in the dark. Absorbance was read at 630 nm four times in the span of ten minutes and the

slopes of optical density variations were compared to the standards by linear regression to

determine the concentration in each well.

Statistical analysis. Data are presented as mean ± standard error of the mean (n = 3,

except for control n = 7). Ordinary one-way or two-way (for time-dependent variables) analy-

ses of variance (ANOVA) were performed. Values of p< 0.05 were considered significant and

the notations of � (p< 0.05), �� (p� 0.01) and ��� (p� 0.001) were used for the comparison

versus the control.

Results

Concentration response studies for α-LA and MB

The threshold concentrations of each drug, above which CHO-DXB11 cells growth and viabil-

ity are significantly affected, were first determined in 6-well plates cultures. In the case of add-

ing α- LA (Fig 1A), the cell viability was maintained for 120 h in all cultures except for

concentrations of 100 μM and above, which were stopped at 96 h when cells viability reached

90% (> 95% for the other cultures). Indeed, α-LA at 10 μM and 20 μM did not affect cell spe-

cific growth rates (average μ = 0.039 ± 0.002 h-1) nor viability compared to the control culture.

Non-significant decreases of growth rates were observed at 50 μM (μ = 0.037 ± 0.002 h-1,

p = 0.52) and at 100 μM (μ = 0.033 ± 0.003 h-1, p = 0.08). The deleterious effects of high con-

centrations in α-LA were confirmed with strongly impaired growth and viability at 200 μM (μ
= 0.029 ± 0.002 h-1, p = 0.008) and at 500 μM (μ = 0.014 ± 0.002 h-1, p< 0.001). From these

results, 20 μM was selected as the highest concentration of α-LA that does not result in a

detectable effect on cell growth, and 100 μM as the highest concentration that does not cause a

significant decrease in cell viability.

The addition of MB showed no growth inhibition until 500 nM, with cultures at 10 nM, 100

nM and 500 nM behaving similarly to the control (average μ = 0.043 ± 0.002 h-1, Fig 1B). At

1 μM, a minor decrease of the cells specific growth rate was observed (μ = 0.041 ± 0.003 h-1,

p = 0.56). Of interest, the viability was maintained at the end of the culture, with 92 ± 1% at

120 h when treated with 1 μM MB compared to 77 ± 3% for the control culture. However, the

cells growth rate was significantly reduced at 10 μM (μ = 0.022 ± 0.003 h-1, p< 0.001). There-

fore, and following the same criterion as for α-LA, a MB concentration of 1 μM was used in

the remainder of the study.
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α-LA and MB have distinct significant metabolic effects

The effect of the drugs on cell metabolism was then characterized in shake flask cultures.

Drugs were assayed alone as well as combined, and compared to three controls: non-treated

(control), treated only with the vehicle used for α-LA administration (0.1% ethanol, control +

vehicle) and treated with a known PDH activator (DCA 5 mM). As inferred by our previous

observations, similar cell growth and viability behaviors were observed in all cultures (Fig 2A),

with a specific growth rate of μ = 0.040 ± 0.002 h-1 and viability higher than 95% until 96 h,

except for 100 μM α-LA where cell growth was affected (μ = 0.033 ± 0.002 h-1, p = 0.01, Fig

2A–3). The positive impact of MB on viability was confirmed, with levels of 84 ± 1% for 1 μM

MB and 82 ± 3% when combined with 20 μM Α-LA at 120 h, compared to 73 ± 4% for the con-

trol (Fig 2A–2).

All drugs were added to the culture medium prior to inoculation, with the following condi-

tions: control, 0.1% ethanol (control + vehicle), 5 mM DCA, 20 μM α-LA, 100 μM α-LA, 1 μM

MB and 20 μM α-LA combined with 1 μM MB. (A) Cellular growth, viability and specific

growth rates were compared to the control. (B) The glucose (GLC) consumption and lactate

(LAC) production rates were compared by calculating their ratio (YLAC/GLC). This yield was

taken from 0 to 48 h (exponential growth phase) and from 48 to 120 h (late phase), then used

to quantify the glycolytic fluxes. (C) Glutamine (GLN) consumption rates were compared to

glutamate (GLU) production rates before glutamine depletion (0–72 h), the resulting yield

(YGLU/GLN) quantifies the share of glutamine directed to anaplerosis.

Fig 1. Growth and viability responses of CHO cells to various doses of α-lipoic acid (Α-LA) and methylene blue (MB). α-LA was tested at 10 μM, 20 μM,

50 μM, 100 μm, 200 μM and 500 μM (A) and MB was tested at 10 nM, 100 nM, 500 nM, 1 μM and 10 μM. Growth and viability curves are presented as

means ± SEM (n = 3). Specific growth rates were calculated by linear regression during the exponential growth phase, from 0 to 72 h. Statistical significance was

determined by one-way ANOVA versus the control culture.

https://doi.org/10.1371/journal.pone.0231770.g001
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Aerobic glycolysis. Cells glycolytic metabolism was analyzed by comparing glucose con-

sumption to lactate production (Fig 2B). Glucose specific uptake rate (qGLC) and lactate spe-

cific production rate (qLAC) were determined in two distinct metabolic phases, taking into

account a metabolic shift observed at 48 h. The first phase was calculated from 0–48 h during

the exponential growth phase, where both glucose consumption and lactate production fluxes

stayed at high levels, with qGLC = 0.22 ± 0.01 μmol/106cells/h and qLAC = 0.36 ± 0.02 μmol/

106cells/h for the control group (S1 Fig). The second phase, i.e. late growth phase (48–120 h),

was characterized by lower fluxes, with a decrease of 79% for qGLC and 90% for qLAC in the

control culture. Similar trends were observed in all conditions (S1 Fig). The YLAC/GLC yield (-

qLAC/qGLC) shows that in all conditions most of the uptake glucose undergoes aerobic glycoly-

sis during exponential growth, while this phenomenon is reduced by half during the late

Fig 2. Metabolic responses after drug administration.

https://doi.org/10.1371/journal.pone.0231770.g002
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growth phase (Fig 2B–3). No significant differences were found when cells were treated with

drug vehicle (0.1% ethanol) alone, 20 μM α-LA or its positive control 5 mM DCA. However,

100 μM α-LA resulted in a reduced contribution of aerobic glycolysis, especially during the

late growth phase (YLAC/GLC = 0.51 ± 0.01 mol/mol vs. 0.84 ± 0.05 mol/mol for the control). At

1 μM, MB showed to decrease YLAC/GLC both alone and in combination with 20 μM α-LA for

the first 48 h, with -19% and -23% versus the control, respectively, and to be similar to the con-

trol thereafter.

Glutaminolysis. Before glutamine depletion, observed at ~72 h in all conditions, all treat-

ments showed strong effects on the glutaminolysis pathway, evaluated from the YGLU/GLN

yield (- qGLU/qGLN) at 0-72 h (Fig 2C). Glutaminolysis refers to the efficient use of glutamine,

second carbon and nitrogen source, incorporated in the TCA cycle. Cells treated with 5 mM

DCA showed a 24% increase of YGLU/GLN, and thus a decreased glutaminolysis phenomenon.

However, significant YGLU/GLN increases were observed at 20 μM and 100 μM α-LA, with

+ 43% and + 48% respectively (Fig 2C–3). It was also observed that supplementing the culture

with the drug vehicle (0.1% ethanol) alone caused a slight increase of + 21% in YGLU/GLN, com-

pared to control. Interestingly, the addition of MB at 1 μM showed to favor glutaminolysis

with - 24% measured for YGLU/GLN. Finally, when used in combination with MB, the effect of

α-LA was predominant with a + 38% increase in YGLU/GLN (Fig 2C–3). Therefore, α-LA and

DCA, both drugs known to activate the pyruvate dehydrogenase (PDH) and thus stimulate

pyruvate entry into mitochondria, decreased the entry of glutamine in the TCA cycle, while

MB increased glutaminolytic anaplerosis.

Drug combination promotes cells OxPhos

The cell specific oxygen consumption rate (qO2) observed for the control culture at 24 h, with

qO2 = 0.22 ± 0.02 μmolO2/106cells/h, was similar to previous data obtained with the same cell

line [53]. While being maintained during exponential growth phase, qO2 then constantly and

strongly decreased (Fig 3A). Such trend was observed in both respiration and leak components

of the global qO2 (Fig 3B and 3C). The use of 5 mM DCA increased qO2 and qO2,resp by up to

27% and 38% at 24 h, respectively, compared to control. However, this effect was only main-

tained for the growth phase, then qO2 values decreased to control level. A concentration of

100 μM α-LA did not initially increase qO2 but, unlike DCA, it kept the respiration level con-

stant until 120 h (Fig 3A), with an approximate 1:1 ratio between respiration and leak (Fig 3B

and 3C). No such effect was observed with α-LA at 20 μM or MB at 1 μM, although their com-

bination allowed to partially maintain cell respiration to the end of the culture. At 120 h, com-

bined α-LA and MB led to a qO2,resp value 5.6 times higher than the control (Fig 3B), with a

qO2,leak equal to that of control (Fig 3C). Of interest, the combination of the two drugs also per-

turbed the distribution between leak and respiration at 24 h since, although total qO2 remained

unchanged, the leak accounted for 70% of global qO2 instead of 50% for the control (Fig 3C).

Specific oxygen consumption rates (qO2) were measured for the different treatments with

and without the ATP-synthase inhibitor oligomycin A (1 μM) in order to determine the total

qO2 (A), its share due to leak qO2,leak (C) and the remaining share due to mitochondrial respira-

tion qO2,resp (B). All values were normalized to the qO2 of their control at 24 h to allow for

comparison.

Drugs affect mitochondrial membrane potential and oxidative stress level

The mitochondrial activity was assessed by FACS following two different markers: the mito-

chondrial membrane potential (MMP), stained by Rhodamine123, and the reactive oxygen

species (ROS) generation at the membrane, stained by MitoSOX. We chose the MMP and
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Fig 3. Impact of the various treatments on oxygen consumption.

https://doi.org/10.1371/journal.pone.0231770.g003
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ROS values of control at 24 h as references for all conditions and compared their evolution to

these designated references. The MMP of the control increased with time up to 3-fold after the

exponential growth phase (Fig 4A), a trend opposite to that of cell respiration. The addition of

0.1% ethanol (control + vehicle) resulted in a greater but maintained MMP at the end of the

culture. Pronounced increases of MMP were observed in both cultures treated with DCA at 5

mM and α-LA at 100 μM, with respective increases of 9.8 and 9.1 times the reference, mea-

sured at 120 h. In contrast, 20 μM α-LA culture maintained a low MMP, under 80% of that of

the reference. Finally, the addition of MB did not affect MMP, except when combined to

20 μM α-LA where an initial burst was observed at 3.2 times the reference level, while remain-

ing at control level until the end of the culture.

When functioning normally, the electron transport chain (ETC) generates ROS, among

which superoxide ions can be stained by the MitoSOX fluorescent dye. The control, drug vehi-

cle and 5 mM DCA (to a lesser extent) conditions showed similar trends, with stable levels at

24 and 72 h, and 1.5 to 2-fold increase at 120 h (Fig 4B). In agreement with their high mortality

levels, cells treated with 100 μM of α-LA excessively generated mitochondrial ROS. Finally, at

120 h, instead of the doubling observed for the control, 20 μM α-LA, 1 μM MB and their com-

bination showed decreasing ROS levels with respectively 0.9, 0.6 and 0.5 times the reference

value (Fig 4B).

MB significantly increases the final monoclonal antibody titer

Maximum mAb titers were reached at 96 h and decreased afterwards (Fig 5A), although not

exactly following viability trends (Fig 1). A similar maximum value of 49 ± 3 mg/L was mea-

sured for the control, the 20 μM α-LA and 5 mM DCA conditions. The addition of 0.1% etha-

nol (control + vehicle) resulted in a final production reduction of 20% (Fig 5B). The use of

100 μM α-LA decreased the maximal titer by 67%, and it was not the result of the presence of

ethanol alone (p< 0.001, one-way ANOVA vs. control + vehicle). Notably, the addition of MB

Fig 4. Mitochondrial membrane potential and reactive oxygen species (ROS) levels induced by the drugs. Mean fluorescence intensity (MFI) was measured

by FACS after staining with Rhodamine123 (A) for the mitochondrial membrane potential, and with MitoSOX (B) for the levels of superoxide ions located at the

mitochondria. All values are presented as means ± SEM with arbitrary units (normalized versus the MFI of the control at 24 h).

https://doi.org/10.1371/journal.pone.0231770.g004
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at 1 μM stimulated the mAb production (+24 ± 5%, p = 0.0013). A positive but non-significant

increase (+7 ± 3%, p = 0.25) was also detected when MB was combined to 20 μM α-LA.

Discussion

Up-regulation of pyruvate dehydrogenase can lead to OxPhos saturation

Two of the three drugs tested (i.e. α-LA and DCA) target the PDH enzyme, which converts

pyruvate to mitochondrial acetyl co-enzyme A (AcCoA) rather than to extracellular lactate.

However, the expected decrease of global lactate production and of YLAC/GLC has only been

observed at 100 μM α-LA,while it was not significant at 20 μM α-LA nor 5 mM DCA (Fig 2B).

At 20 μM α-LA, the increase of qLAC was counterbalanced by a slight (but not significant)

increase of qGLC (S1 Fig). Although both specific rates increased at 100 μM α-LA, the increase

was higher for qGLC than for qLAC, which explains a lower YLAC/GLC. With no significant effect

on qLAC or qGLC, our results with DCA differ from Buchsteiner et al. (2018), which may

underly some cell line differences. However, both drugs (DCA and α-LA alone or in combina-

tion with MB) reduced glutaminolysis (Fig 2C), the main anaplerotic pathway in CHO cells

[54, 55], a result mostly due to an increased qGLU (S1 Fig). Martı́nez et al. (2013) report that

CHO cells maintain constant TCA fluxes by reducing glutaminolysis when other anaplerotic

fluxes are activated during the glycolysis/OxPhos switch. These results suggest that α-LA and

DCA-treated cells may increase their YGLU/GLN ratio in order to compensate for an increased

anaplerosis. Indeed, α-LA is known to activate multiple entry-point enzymes to the TCA cycle

[56]. A similar conclusion was drawn by Zagari et al. (2013) who used a model of restricted

mitochondrial oxidative capacity to explain the codependency of glutamine and lactate

metabolisms.

Evaluating the drugs effect on mitochondrial activity homeostasis requires looking at respi-

ratory data. In our work, the enhanced TCA activity from 5 mM DCA was confirmed by an

increased total qO2 during exponential growth (0–72 h, Fig 3). However, these increased TCA

fluxes resulted, at 120 h, in a mitochondrial imbalance with proton accumulation at the

Fig 5. Monoclonal antibody (mAb) production and variation of the maximum mAb titer in the extracellular medium for the various drug treatments

versus control. (A) Product titer was determined by ELISA and (B) its effect on mAb production is presented as the percentage of variation versus control.

https://doi.org/10.1371/journal.pone.0231770.g005
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membrane (Rho123, Fig 4A) and a reduction of cellular respiration (Fig 3B). These results

agree with the lower ATP concentrations at 5 mM DCA which were previously reported by

Buchsteiner et al. (2018). At 100 μM α-LA, the stimulation of TCA cycle activity resulted in a

maintained oxygen consumption rate from 0 to 120 h. However, as for our positive DCA con-

trol, a significant proton accumulation was observed at the mitochondrial membrane. This

mitochondrial saturation at 100 μM α-LA coincided with increased levels of mitochondrial

ROS (Fig 4), and proton leak flux (Fig 3C), indicating extreme levels of stress coherent with

the observed decrease in cell viability. Also from using Rhodamine123 staining, Hinterkörner

et al. (2007) proposed aerobic glycolysis as a mitochondrial pressure relief mechanism, which

can be triggered from a high mitochondrial membrane potential. Interestingly, the addition of

20 μM α-LA did not alter the respiration and proton leak rate profiles, while maintaining low

mitochondrial membrane potential and ROS levels. The mitochondrial activity and redox bal-

ance are strongly dependent on α-LA. It does not only have antioxidant properties but it also

acts as cofactor of many mitochondrial enzymes in addition to its action on PDH [57]. For

instance, the regulation of complex I production of superoxide anion through its interaction

with 2-oxoglutarate dehydrogenase [56] can account in part for the restriction in ROS produc-

tion (Fig 4). To sum up, α-LA is efficient to manage TCA replenishment and positively regu-

late the mitochondrial function, but at high concentration such as 100 μM and above,

significant changes in mitochondrial metabolism induce damageable stress levels.

Methylene blue enhances the mitochondrial capacity

MB at 1 μM clearly enhanced mitochondrial capacity, a conclusion supported by a coherent

set of coordinated effects including lower lactate yield (i.e. more glycolytic flux to TCA cycle),

higher glutaminolysis (i.e. more glutamate flux to TCA cycle), control level qO2 and mitochon-

drial membrane potential, and lower ROS level. MB is a potent redox exchanger acting as an

electron shuttle in the mitochondria, bypassing complexes I to III of the ETC and resulting in

decreased ROS production [46, 58]. High levels of mitochondrial ROS are associated to high

proton leak rates in order to dampen ROS production, thus decreasing ATP synthesis [59].

From these results, we hypothesize that 1 μM MB induces an oxidoreductive “sink” at ETC

that pulls on the various anaplerotic pathways to feed the TCA cycle, explaining decreased lac-

tate and glutamate secretion rates (S1 Fig). Such enhanced mitochondrial activity can account

for the observed increase in mAb production (Fig 5). Interestingly, coupling α-LA to MB com-

bines the effects of each drug, with a reduced aerobic glycolysis and low ROS levels. The signs

of healthy mitochondria are confirmed by the significantly higher qO2 at the end of the culture

(Fig 3), although it only translated into a 7 ± 3% increase in mAb production.

Conclusion

Our results provide further evidence on the use of metabolic approaches to understand and

overcome Warburg effect-related limitations on mAb production by CHO cells.By up-regulat-

ing PDH, the α-lipoic acid (α-LA) drug proved efficient at redirecting anaplerotic fluxes

towards mitochondria thus increasing TCA activity. However, α-LA above 100 μM disturbs

the tightly regulated redox status at the ETC, inducing important stress signals, while 20 μM

maintains a minimal stress level. Of interest, the use of methylene blue (MB) at 1 μM showed

promising results with increased mitochondrial activity under minimal stress level, and

increased mAb production. Although the combination of MB and α-LA led to a less pro-

nounced increase of mAb production than using MB only, it improved cellular respiration.

The coordinated actions of pushing on pyruvate entry into mitochondria (α-LA) and pulling
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on anaplerotic pathways feeding the TCA cycle, while maintaining low ROS level (MB),

revealed regulations that confirm the metabolic similarities between CHO and cancer cells.

At the molecular level, metabolic changes can impact mAb quality, i.e. the glycosylation

profile and biological activity. Further dedicated studies would be required to identify optimal

lipoic acid and methylene blue concentrations and ratios to preserve the mAb molecular prop-

erties. We chose to focus on the net production of antibody as it reflects the general metabolic

state of the cell. Using this criterium, we showed that, even more than the imbalance between

glycolysis and respiration, the mitochondrial capacity was critical for productivity in this CHO

cell line. Altogether, the metabolic drugs originating from human therapy proved to be a con-

venient and efficient tool to study and direct the metabolic regulations of CHO-based

bioprocesses.

Supporting information

S1 Fig. Specific consumption and production rates. Specific consumption and production

rates of glucose (A), lactate (B), glutamine (C) and glutamate (D) were measured in the extra-

cellular medium for the various drug treatments. Glycolytic specific rates qGLC and qLAC were

calculated on 0–48 h and 48–120 h based on the metabolic shift observed at 48 h. Glutaminoly-

tic rates qGLN and qGLU were calculated before (0–72 h) and after (72–120 h) glutamine deple-

tion. All conditions were statistically compared to the control by one-way ANOVA.
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Writing – review & editing: Léa Montégut, Mario Jolicoeur.

References
1. Walsh G. Biopharmaceutical benchmarks 2018. Nat Biotechnol. 2018; 36(12):1136–45. Epub 2018/12/

07. https://doi.org/10.1038/nbt.4305 PMID: 30520869.

PLOS ONE Reduction of Warburg effect in a CHO cell line

PLOS ONE | https://doi.org/10.1371/journal.pone.0231770 April 16, 2020 12 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231770.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231770.s002
https://doi.org/10.1038/nbt.4305
http://www.ncbi.nlm.nih.gov/pubmed/30520869
https://doi.org/10.1371/journal.pone.0231770


2. Kelley B. Industrialization of mAb production technology: the bioprocessing industry at a crossroads.

mAbs. 2009; 1(5):443–52. Epub 2010/01/13. https://doi.org/10.4161/mabs.1.5.9448 PMID: 20065641;

PubMed Central PMCID: PMC2759494.

3. Stolfa G, Smonskey MT, Boniface R, Hachmann A-B, Gulde P, Joshi AD, et al. CHO-Omics Review:

The Impact of Current and Emerging Technologies on Chinese Hamster Ovary Based Bioproduction.

Biotechnology Journal. 2018; 13(3):1700227. https://doi.org/10.1002/biot.201700227 PMID: 29072373

4. Ghorbaniaghdam A, Henry O, Jolicoeur M. An in-silico study of the regulation of CHO cells glycolysis. J

Theor Biol. 2014; 357:112–22. Epub 2014/05/08. https://doi.org/10.1016/j.jtbi.2014.04.035 PMID:

24801859.

5. Zagari F, Jordan M, Stettler M, Broly H, Wurm FM. Lactate metabolism shift in CHO cell culture: the role

of mitochondrial oxidative activity. N Biotechnol. 2013; 30(2):238–45. Epub 2012/06/12. https://doi.org/

10.1016/j.nbt.2012.05.021 PMID: 22683938.

6. Young JD. Metabolic flux rewiring in mammalian cell cultures. Current opinion in biotechnology. 2013;

24(6):1108–15. Epub 2013/05/28. https://doi.org/10.1016/j.copbio.2013.04.016 PMID: 23726154.

7. Ahn WS, Antoniewicz MR. Metabolic flux analysis of CHO cells at growth and non-growth phases using

isotopic tracers and mass spectrometry. Metab Eng. 2011; 13(5):598–609. Epub 2011/08/09. https://

doi.org/10.1016/j.ymben.2011.07.002 PMID: 21821143.

8. Gagnon M, Hiller G, Luan YT, Kittredge A, DeFelice J, Drapeau D. High-end pH-controlled delivery of

glucose effectively suppresses lactate accumulation in CHO fed-batch cultures. Biotechnol Bioeng.

2011; 108(6):1328–37. Epub 2011/02/18. https://doi.org/10.1002/bit.23072 PMID: 21328318.

9. Luo J, Vijayasankaran N, Autsen J, Santuray R, Hudson T, Amanullah A, et al. Comparative metabolite

analysis to understand lactate metabolism shift in Chinese hamster ovary cell culture process. Biotech-

nol Bioeng. 2012; 109(1):146–56. Epub 2011/10/04. https://doi.org/10.1002/bit.23291 PMID:

21964570.

10. Hartley F, Walker T, Chung V, Morten K. Mechanisms driving the lactate switch in Chinese hamster

ovary cells. Biotechnol Bioeng. 2018; 115(8):1890–903. Epub 2018/04/01. https://doi.org/10.1002/bit.

26603 PMID: 29603726.

11. Glacken MW, Fleischaker RJ, Sinskey AJ. Reduction of waste product excretion via nutrient control:

Possible strategies for maximizing product and cell yields on serum in cultures of mammalian cells. Bio-

technol Bioeng. 1986; 28(9):1376–89. Epub 1986/09/01. https://doi.org/10.1002/bit.260280912 PMID:

18561227.

12. Hayter PM, Curling EM, Gould ML, Baines AJ, Jenkins N, Salmon I, et al. The effect of the dilution rate

on CHO cell physiology and recombinant interferon-gamma production in glucose-limited chemostat

culture. Biotechnol Bioeng. 1993; 42(9):1077–85. Epub 1993/11/05. https://doi.org/10.1002/bit.

260420909 PMID: 18613236.

13. Altamirano C, Paredes C, Cairo JJ, Godia F. Improvement of CHO cell culture medium formulation:

simultaneous substitution of glucose and glutamine. Biotechnol Prog. 2000; 16(1):69–75. Epub 2000/

02/09. https://doi.org/10.1021/bp990124j PMID: 10662492.

14. Kim DY, Chaudhry MA, Kennard ML, Jardon MA, Braasch K, Dionne B, et al. Fed-batch CHO cell t-PA

production and feed glutamine replacement to reduce ammonia production. Biotechnol Prog. 2013; 29

(1):165–75. Epub 2012/11/06. https://doi.org/10.1002/btpr.1658 PMID: 23125190.

15. Kuwae S, Ohda T, Tamashima H, Miki H, Kobayashi K. Development of a fed-batch culture process for

enhanced production of recombinant human antithrombin by Chinese hamster ovary cells. Journal of

bioscience and bioengineering. 2005; 100(5):502–10. Epub 2005/12/31. https://doi.org/10.1263/jbb.

100.502 PMID: 16384788.

16. Fan Y, Jimenez Del Val I, Muller C, Wagtberg Sen J, Rasmussen SK, Kontoravdi C, et al. Amino acid

and glucose metabolism in fed-batch CHO cell culture affects antibody production and glycosylation.

Biotechnol Bioeng. 2015; 112(3):521–35. Epub 2014/09/16. https://doi.org/10.1002/bit.25450 PMID:

25220616.

17. Villacrés C, Tayi VS, Lattová E, Perreault H, Butler M. Low glucose depletes glycan precursors, reduces

site occupancy and galactosylation of a monoclonal antibody in CHO cell culture. Biotechnology Jour-

nal. 2015; 10(7):1051–66. https://doi.org/10.1002/biot.201400662 PMID: 26058832

18. Le H, Vishwanathan N, Kantardjieff A, Doo I, Srienc M, Zheng X, et al. Dynamic gene expression for

metabolic engineering of mammalian cells in culture. Metabolic Engineering. 2013; 20:212–20. https://

doi.org/10.1016/j.ymben.2013.09.004 PMID: 24055788

19. Wlaschin KF, Hu W-S. Engineering cell metabolism for high-density cell culture via manipulation of

sugar transport. Journal of biotechnology. 2007; 131(2):168–76. https://doi.org/10.1016/j.jbiotec.2007.

06.006 PMID: 17662499

PLOS ONE Reduction of Warburg effect in a CHO cell line

PLOS ONE | https://doi.org/10.1371/journal.pone.0231770 April 16, 2020 13 / 16

https://doi.org/10.4161/mabs.1.5.9448
http://www.ncbi.nlm.nih.gov/pubmed/20065641
https://doi.org/10.1002/biot.201700227
http://www.ncbi.nlm.nih.gov/pubmed/29072373
https://doi.org/10.1016/j.jtbi.2014.04.035
http://www.ncbi.nlm.nih.gov/pubmed/24801859
https://doi.org/10.1016/j.nbt.2012.05.021
https://doi.org/10.1016/j.nbt.2012.05.021
http://www.ncbi.nlm.nih.gov/pubmed/22683938
https://doi.org/10.1016/j.copbio.2013.04.016
http://www.ncbi.nlm.nih.gov/pubmed/23726154
https://doi.org/10.1016/j.ymben.2011.07.002
https://doi.org/10.1016/j.ymben.2011.07.002
http://www.ncbi.nlm.nih.gov/pubmed/21821143
https://doi.org/10.1002/bit.23072
http://www.ncbi.nlm.nih.gov/pubmed/21328318
https://doi.org/10.1002/bit.23291
http://www.ncbi.nlm.nih.gov/pubmed/21964570
https://doi.org/10.1002/bit.26603
https://doi.org/10.1002/bit.26603
http://www.ncbi.nlm.nih.gov/pubmed/29603726
https://doi.org/10.1002/bit.260280912
http://www.ncbi.nlm.nih.gov/pubmed/18561227
https://doi.org/10.1002/bit.260420909
https://doi.org/10.1002/bit.260420909
http://www.ncbi.nlm.nih.gov/pubmed/18613236
https://doi.org/10.1021/bp990124j
http://www.ncbi.nlm.nih.gov/pubmed/10662492
https://doi.org/10.1002/btpr.1658
http://www.ncbi.nlm.nih.gov/pubmed/23125190
https://doi.org/10.1263/jbb.100.502
https://doi.org/10.1263/jbb.100.502
http://www.ncbi.nlm.nih.gov/pubmed/16384788
https://doi.org/10.1002/bit.25450
http://www.ncbi.nlm.nih.gov/pubmed/25220616
https://doi.org/10.1002/biot.201400662
http://www.ncbi.nlm.nih.gov/pubmed/26058832
https://doi.org/10.1016/j.ymben.2013.09.004
https://doi.org/10.1016/j.ymben.2013.09.004
http://www.ncbi.nlm.nih.gov/pubmed/24055788
https://doi.org/10.1016/j.jbiotec.2007.06.006
https://doi.org/10.1016/j.jbiotec.2007.06.006
http://www.ncbi.nlm.nih.gov/pubmed/17662499
https://doi.org/10.1371/journal.pone.0231770


20. Kim SH, Lee GM. Down-regulation of lactate dehydrogenase-A by siRNAs for reduced lactic acid forma-

tion of Chinese hamster ovary cells producing thrombopoietin. Applied Microbiology and Biotechnology.

2007; 74(1):152–9. https://doi.org/10.1007/s00253-006-0654-5 PMID: 17086415

21. Chong WPK, Reddy SG, Yusufi FNK, Lee D-Y, Wong NSC, Heng CK, et al. Metabolomics-driven

approach for the improvement of Chinese hamster ovary cell growth: Overexpression of malate dehy-

drogenase II. Journal of biotechnology. 2010; 147(2):116–21. https://doi.org/10.1016/j.jbiotec.2010.03.

018 PMID: 20363268

22. Fogolin MB, Wagner R, Etcheverrigaray M, Kratje R. Impact of temperature reduction and expression

of yeast pyruvate carboxylase on hGM-CSF-producing CHO cells. Journal of biotechnology. 2004; 109

(1–2):179–91. Epub 2004/04/06. https://doi.org/10.1016/j.jbiotec.2003.10.035 PMID: 15063626.

23. Gupta SK, Srivastava SK, Sharma A, Nalage VH, Salvi D, Kushwaha H, et al. Metabolic engineering of

CHO cells for the development of a robust protein production platform. PloS one. 2017; 12(8):

e0181455. https://doi.org/10.1371/journal.pone.0181455 PMID: 28763459

24. Toussaint C, Henry O, Durocher Y. Metabolic engineering of CHO cells to alter lactate metabolism dur-

ing fed-batch cultures. Journal of biotechnology. 2016; 217:122–31. Epub 2015/11/26. https://doi.org/

10.1016/j.jbiotec.2015.11.010 PMID: 26603123.

25. Wilkens CA, Gerdtzen ZP. Comparative metabolic analysis of CHO cell clones obtained through cell

engineering, for IgG productivity, growth and cell longevity. PloS one. 2015; 10(3):e0119053. Epub

2015/03/15. https://doi.org/10.1371/journal.pone.0119053 PMID: 25768021; PubMed Central PMCID:

PMC4358941.

26. Ishida S, Andreux P, Poitry-Yamate C, Auwerx J, Hanahan D. Bioavailable copper modulates oxidative

phosphorylation and growth of tumors. Proceedings of the National Academy of Sciences of the United

States of America. 2013; 110(48):19507–12. Epub 2013/11/13. https://doi.org/10.1073/pnas.

1318431110 PMID: 24218578; PubMed Central PMCID: PMC3845132.

27. Luo J, Zhang J, Ren D, Tsai WL, Li F, Amanullah A, et al. Probing of C-terminal lysine variation in a

recombinant monoclonal antibody production using Chinese hamster ovary cells with chemically

defined media. Biotechnol Bioeng. 2012; 109(9):2306–15. Epub 2012/04/05. https://doi.org/10.1002/

bit.24510 PMID: 22473810.

28. Qian Y, Khattak SF, Xing Z, He A, Kayne PS, Qian NX, et al. Cell culture and gene transcription effects

of copper sulfate on Chinese hamster ovary cells. Biotechnol Prog. 2011; 27(4):1190–4. Epub 2011/05/

20. https://doi.org/10.1002/btpr.630 PMID: 21595052.

29. Yuk IH, Russell S, Tang Y, Hsu WT, Mauger JB, Aulakh RP, et al. Effects of copper on CHO cells: cellu-

lar requirements and product quality considerations. Biotechnol Prog. 2015; 31(1):226–38. Epub 2014/

10/15. https://doi.org/10.1002/btpr.2004 PMID: 25311542.

30. Michelakis ED, Webster L, Mackey JR. Dichloroacetate (DCA) as a potential metabolic-targeting ther-

apy for cancer. Br J Cancer. 2008; 99(7):989–94. Epub 2008/09/04. https://doi.org/10.1038/sj.bjc.

6604554 PMID: 18766181; PubMed Central PMCID: PMC2567082.

31. Niewisch MR, Kuci Z, Wolburg H, Sautter M, Krampen L, Deubzer B, et al. Influence of dichloroacetate

(DCA) on lactate production and oxygen consumption in neuroblastoma cells: is DCA a suitable drug for

neuroblastoma therapy? Cell Physiol Biochem. 2012; 29(3–4):373–80. Epub 2012/04/18. https://doi.

org/10.1159/000338492 PMID: 22508045.

32. Buchsteiner M, Quek LE, Gray P, Nielsen LK. Improving culture performance and antibody production

in CHO cell culture processes by reducing the Warburg effect. Biotechnol Bioeng. 2018; 115(9):2315–

27. Epub 2018/04/29. https://doi.org/10.1002/bit.26724 PMID: 29704441.

33. Warburg O, Wind F, Negelein E. THE METABOLISM OF TUMORS IN THE BODY. The Journal of gen-

eral physiology. 1927; 8(6):519–30. https://doi.org/10.1085/jgp.8.6.519 PMID: 19872213.

34. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144(5):646–74. Epub

2011/03/08. https://doi.org/10.1016/j.cell.2011.02.013 PMID: 21376230.

35. da Veiga Moreira J, Hamraz M, Abolhassani M, Schwartz L, Jolicoeur M, Peres S. Metabolic therapies

inhibit tumor growth in vivo and in silico. Sci Rep. 2019; 9(1):3153. Epub 2019/03/01. https://doi.org/10.

1038/s41598-019-39109-1 PMID: 30816152; PubMed Central PMCID: PMC6395653.

36. Schwartz L, Buhler L, Icard P, Lincet H, Steyaert JM. Metabolic treatment of cancer: intermediate

results of a prospective case series. Anticancer Res. 2014; 34(2):973–80. Epub 2014/02/11. PMID:

24511042.

37. Deshmukh A, Deshpande K, Arfuso F, Newsholme P, Dharmarajan A. Cancer stem cell metabolism: a

potential target for cancer therapy. Mol Cancer. 2016; 15(1):69. Epub 2016/11/09. https://doi.org/10.

1186/s12943-016-0555-x PMID: 27825361; PubMed Central PMCID: PMC5101698.

38. Gorrini C, Harris IS, Mak TW. Modulation of oxidative stress as an anticancer strategy. Nat Rev Drug

Discov. 2013; 12(12):931–47. Epub 2013/11/30. https://doi.org/10.1038/nrd4002 PMID: 24287781.

PLOS ONE Reduction of Warburg effect in a CHO cell line

PLOS ONE | https://doi.org/10.1371/journal.pone.0231770 April 16, 2020 14 / 16

https://doi.org/10.1007/s00253-006-0654-5
http://www.ncbi.nlm.nih.gov/pubmed/17086415
https://doi.org/10.1016/j.jbiotec.2010.03.018
https://doi.org/10.1016/j.jbiotec.2010.03.018
http://www.ncbi.nlm.nih.gov/pubmed/20363268
https://doi.org/10.1016/j.jbiotec.2003.10.035
http://www.ncbi.nlm.nih.gov/pubmed/15063626
https://doi.org/10.1371/journal.pone.0181455
http://www.ncbi.nlm.nih.gov/pubmed/28763459
https://doi.org/10.1016/j.jbiotec.2015.11.010
https://doi.org/10.1016/j.jbiotec.2015.11.010
http://www.ncbi.nlm.nih.gov/pubmed/26603123
https://doi.org/10.1371/journal.pone.0119053
http://www.ncbi.nlm.nih.gov/pubmed/25768021
https://doi.org/10.1073/pnas.1318431110
https://doi.org/10.1073/pnas.1318431110
http://www.ncbi.nlm.nih.gov/pubmed/24218578
https://doi.org/10.1002/bit.24510
https://doi.org/10.1002/bit.24510
http://www.ncbi.nlm.nih.gov/pubmed/22473810
https://doi.org/10.1002/btpr.630
http://www.ncbi.nlm.nih.gov/pubmed/21595052
https://doi.org/10.1002/btpr.2004
http://www.ncbi.nlm.nih.gov/pubmed/25311542
https://doi.org/10.1038/sj.bjc.6604554
https://doi.org/10.1038/sj.bjc.6604554
http://www.ncbi.nlm.nih.gov/pubmed/18766181
https://doi.org/10.1159/000338492
https://doi.org/10.1159/000338492
http://www.ncbi.nlm.nih.gov/pubmed/22508045
https://doi.org/10.1002/bit.26724
http://www.ncbi.nlm.nih.gov/pubmed/29704441
https://doi.org/10.1085/jgp.8.6.519
http://www.ncbi.nlm.nih.gov/pubmed/19872213
https://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1038/s41598-019-39109-1
https://doi.org/10.1038/s41598-019-39109-1
http://www.ncbi.nlm.nih.gov/pubmed/30816152
http://www.ncbi.nlm.nih.gov/pubmed/24511042
https://doi.org/10.1186/s12943-016-0555-x
https://doi.org/10.1186/s12943-016-0555-x
http://www.ncbi.nlm.nih.gov/pubmed/27825361
https://doi.org/10.1038/nrd4002
http://www.ncbi.nlm.nih.gov/pubmed/24287781
https://doi.org/10.1371/journal.pone.0231770


39. Michelakis ED, Sutendra G, Dromparis P, Webster L, Haromy A, Niven E, et al. Metabolic Modulation of

Glioblastoma with Dichloroacetate. Science Translational Medicine. 2010; 2(31):31ra4–ra4. https://doi.

org/10.1126/scitranslmed.3000677 PMID: 20463368

40. Korotchkina LG, Sidhu S, Patel MS. R-lipoic acid inhibits mammalian pyruvate dehydrogenase kinase.

Free Radic Res. 2004; 38(10):1083–92. Epub 2004/10/30. https://doi.org/10.1080/

10715760400004168 PMID: 15512796.

41. Bingham PM, Stuart SD, Zachar Z. Lipoic acid and lipoic acid analogs in cancer metabolism and che-

motherapy. Expert Rev Clin Pharmacol. 2014; 7(6):837–46. Epub 2014/10/07. https://doi.org/10.1586/

17512433.2014.966816 PMID: 25284345.

42. Barron ESG. The catalytic effect of methylene blue on the oxygen consumption of tumors and normal

tissues. The Journal of Experimental Medicine. 1930; 52(3):447–56. https://doi.org/10.1084/jem.52.3.

447 PMID: 19869777

43. Atamna H, Nguyen A, Schultz C, Boyle K, Newberry J, Kato H, et al. Methylene blue delays cellular

senescence and enhances key mitochondrial biochemical pathways. Faseb j. 2008; 22(3):703–12.

Epub 2007/10/12. https://doi.org/10.1096/fj.07-9610com PMID: 17928358.

44. Poteet E, Winters A, Yan LJ, Shufelt K, Green KN, Simpkins JW, et al. Neuroprotective actions of meth-

ylene blue and its derivatives. PloS one. 2012; 7(10):e48279. Epub 2012/11/03. https://doi.org/10.1371/

journal.pone.0048279 PMID: 23118969; PubMed Central PMCID: PMC3485214.

45. Duicu OM, Privistirescu A, Wolf A, Petrus A, Danila MD, Ratiu CD, et al. Methylene blue improves mito-

chondrial respiration and decreases oxidative stress in a substrate-dependent manner in diabetic rat

hearts. Can J Physiol Pharmacol. 2017; 95(11):1376–82. Epub 2017/07/25. https://doi.org/10.1139/

cjpp-2017-0074 PMID: 28738167.

46. Yang SH, Li W, Sumien N, Forster M, Simpkins JW, Liu R. Alternative mitochondrial electron transfer

for the treatment of neurodegenerative diseases and cancers: Methylene blue connects the dots. Prog

Neurobiol. 2017; 157:273–91. Epub 2015/11/26. https://doi.org/10.1016/j.pneurobio.2015.10.005

PMID: 26603930; PubMed Central PMCID: PMC4871783.

47. Durocher Y, Butler M. Expression systems for therapeutic glycoprotein production. Current Opinion in

Biotechnology. 2009; 20(6):700–7. https://doi.org/10.1016/j.copbio.2009.10.008 PMID: 19889531

48. Kafara P, Icard P, Guillamin M, Schwartz L, Lincet H. Lipoic acid decreases Mcl-1, Bcl-xL and up regu-

lates Bim on ovarian carcinoma cells leading to cell death. J Ovarian Res. 2015; 8:36. Epub 2015/06/

13. https://doi.org/10.1186/s13048-015-0165-z PMID: 26063499; PubMed Central PMCID:

PMC4470044.

49. Kleinkauf-Rocha J, Bobermin LD, Machado Pde M, Goncalves CA, Gottfried C, Quincozes-Santos A.

Lipoic acid increases glutamate uptake, glutamine synthetase activity and glutathione content in C6

astrocyte cell line. Int J Dev Neurosci. 2013; 31(3):165–70. Epub 2013/01/05. https://doi.org/10.1016/j.

ijdevneu.2012.12.006 PMID: 23286972.

50. Schwartz L, Abolhassani M, Guais A, Sanders E, Steyaert JM, Campion F, et al. A combination of alpha

lipoic acid and calcium hydroxycitrate is efficient against mouse cancer models: preliminary results.

Oncol Rep. 2010; 23(5):1407–16. Epub 2010/04/08. https://doi.org/10.3892/or_00000778 PMID:

20372858.

51. Oz M, Lorke DE, Hasan M, Petroianu GA. Cellular and molecular actions of Methylene Blue in the ner-

vous system. Med Res Rev. 2011; 31(1):93–117. Epub 2009/09/18. https://doi.org/10.1002/med.20177

PMID: 19760660; PubMed Central PMCID: PMC3005530.

52. Lamboursain L, St-Onge F, Jolicoeur M. A lab-built respirometer for plant and animal cell culture. Bio-

technol Prog. 2002; 18(6):1377–86. Epub 2002/12/07. https://doi.org/10.1021/bp015511j PMID:

12467474.

53. Robitaille J, Chen J, Jolicoeur M. A Single Dynamic Metabolic Model Can Describe mAb Producing

CHO Cell Batch and Fed-Batch Cultures on Different Culture Media. PloS one. 2015; 10(9):e0136815.

Epub 2015/09/04. https://doi.org/10.1371/journal.pone.0136815 PMID: 26331955; PubMed Central

PMCID: PMC4558054.

54. Popp O, Müller D, Didzus K, Paul W, Lipsmeier F, Kirchner F, et al. A hybrid approach identifies meta-

bolic signatures of high-producers for chinese hamster ovary clone selection and process optimization.

Biotechnology and Bioengineering. 2016; 113(9):2005–19. https://doi.org/10.1002/bit.25958 PMID:

26913695

55. Zielke HR, Zielke CL, Ozand PT, editors. Glutamine: a major energy source for cultured mammalian

cells. Federation proceedings; 1984.

56. Solmonson A, DeBerardinis RJ. Lipoic acid metabolism and mitochondrial redox regulation. The Jour-

nal of biological chemistry. 2018; 293(20):7522–30. Epub 2017/12/02. https://doi.org/10.1074/jbc.

TM117.000259 PMID: 29191830; PubMed Central PMCID: PMC5961061.

PLOS ONE Reduction of Warburg effect in a CHO cell line

PLOS ONE | https://doi.org/10.1371/journal.pone.0231770 April 16, 2020 15 / 16

https://doi.org/10.1126/scitranslmed.3000677
https://doi.org/10.1126/scitranslmed.3000677
http://www.ncbi.nlm.nih.gov/pubmed/20463368
https://doi.org/10.1080/10715760400004168
https://doi.org/10.1080/10715760400004168
http://www.ncbi.nlm.nih.gov/pubmed/15512796
https://doi.org/10.1586/17512433.2014.966816
https://doi.org/10.1586/17512433.2014.966816
http://www.ncbi.nlm.nih.gov/pubmed/25284345
https://doi.org/10.1084/jem.52.3.447
https://doi.org/10.1084/jem.52.3.447
http://www.ncbi.nlm.nih.gov/pubmed/19869777
https://doi.org/10.1096/fj.07-9610com
http://www.ncbi.nlm.nih.gov/pubmed/17928358
https://doi.org/10.1371/journal.pone.0048279
https://doi.org/10.1371/journal.pone.0048279
http://www.ncbi.nlm.nih.gov/pubmed/23118969
https://doi.org/10.1139/cjpp-2017-0074
https://doi.org/10.1139/cjpp-2017-0074
http://www.ncbi.nlm.nih.gov/pubmed/28738167
https://doi.org/10.1016/j.pneurobio.2015.10.005
http://www.ncbi.nlm.nih.gov/pubmed/26603930
https://doi.org/10.1016/j.copbio.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19889531
https://doi.org/10.1186/s13048-015-0165-z
http://www.ncbi.nlm.nih.gov/pubmed/26063499
https://doi.org/10.1016/j.ijdevneu.2012.12.006
https://doi.org/10.1016/j.ijdevneu.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23286972
https://doi.org/10.3892/or_00000778
http://www.ncbi.nlm.nih.gov/pubmed/20372858
https://doi.org/10.1002/med.20177
http://www.ncbi.nlm.nih.gov/pubmed/19760660
https://doi.org/10.1021/bp015511j
http://www.ncbi.nlm.nih.gov/pubmed/12467474
https://doi.org/10.1371/journal.pone.0136815
http://www.ncbi.nlm.nih.gov/pubmed/26331955
https://doi.org/10.1002/bit.25958
http://www.ncbi.nlm.nih.gov/pubmed/26913695
https://doi.org/10.1074/jbc.TM117.000259
https://doi.org/10.1074/jbc.TM117.000259
http://www.ncbi.nlm.nih.gov/pubmed/29191830
https://doi.org/10.1371/journal.pone.0231770


57. Rochette L, Ghibu S, Richard C, Zeller M, Cottin Y, Vergely C. Direct and indirect antioxidant properties

of alpha-lipoic acid and therapeutic potential. Mol Nutr Food Res. 2013; 57(1):114–25. Epub 2013/01/

08. https://doi.org/10.1002/mnfr.201200608 PMID: 23293044.

58. Wen Y, Li W, Poteet EC, Xie L, Tan C, Yan LJ, et al. Alternative mitochondrial electron transfer as a

novel strategy for neuroprotection. The Journal of biological chemistry. 2011; 286(18):16504–15. Epub

2011/04/02. https://doi.org/10.1074/jbc.M110.208447 PMID: 21454572; PubMed Central PMCID:

PMC3091255.

59. Brookes PS. Mitochondrial H+ leak and ROS generation: An odd couple. Free Radical Biology and

Medicine. 2005; 38(1):12–23. https://doi.org/10.1016/j.freeradbiomed.2004.10.016 PMID: 15589367

PLOS ONE Reduction of Warburg effect in a CHO cell line

PLOS ONE | https://doi.org/10.1371/journal.pone.0231770 April 16, 2020 16 / 16

https://doi.org/10.1002/mnfr.201200608
http://www.ncbi.nlm.nih.gov/pubmed/23293044
https://doi.org/10.1074/jbc.M110.208447
http://www.ncbi.nlm.nih.gov/pubmed/21454572
https://doi.org/10.1016/j.freeradbiomed.2004.10.016
http://www.ncbi.nlm.nih.gov/pubmed/15589367
https://doi.org/10.1371/journal.pone.0231770

