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Abstract

Objective

The oxygen concentration within cancer tissue is known to be low, but is expected to

increase rapidly when oxygen is supplied by angiogenesis and hematogenous metastasis,

suggesting that rapid increases in oxygen levels might influence cancer cell physiology.

Therefore, we investigated the effects of oxygen concentration fluctuations on the glucose

metabolism of cancer cells.

Methods

The glucose metabolism of oral squamous cell carcinoma (HSC-2 and HSC-3) and normal

epithelial (HaCaT) cells cultured under normoxic (21% oxygen) or hypoxic (1% oxygen) con-

ditions was measured using a pH-stat system under normoxic or hypoxic conditions. The

acidic end-products and reactive oxygen species (ROS) generated by glucose metabolism

were also measured.

Results

Under normoxic conditions, the metabolic activity of hypoxically cultured cancer cells was

significantly increased, and the production of acids other than lactate was upregulated,

while the normal cells did not respond to rapid increases in oxygen levels. ROS production

was higher in normoxic conditions in all cells, especially the hypoxically cultured HSC-3

cells.

Conclusions

Rapid increases in oxygen levels might enhance the glucose metabolism of hypoxically cul-

tured cancer cells by mainly activating the TCA cycle and electron transport system, which

might activate cancer cells through the ATP and ROS generation.
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Introduction

Every year, about 350,000 people are newly diagnosed with head and neck cancer, especially

oral cancer [1]. Generally, oral cancer is treated using surgery or radiotherapy. These treat-

ments often result in the loss of oral functions (eating, speaking, etc.), esthetic disorders, and/

or decreased salivary secretion and can have a significant impact on patients’ quality of life

(QOL). Therefore, early diagnosis and minimal treatment are desired. For this purpose, basic

research into cancer tissues and cells has been widely performed. Since the 1980s, various

oncogenes [2] and tumor suppressor genes [3] have been discovered. In addition, these genes

have been found to regulate cell metabolism [4]; hence, the metabolic alterations caused by

mutations have attracted attention as a common feature of cancer cells. In particular, energy

production-related metabolic pathways, which support the infinite and rapid growth of cancer

cells, are essential components of cancer biology [5].

Mammalian cells mainly produce ATP via oxidative phosphorylation under normoxic con-

ditions. However, cancer cells increase their uptake of glucose and glycolysis and subsequently

produce energy via a pathway that produces lactate, even in the presence of sufficient oxygen

[6]. This phenomenon is called the “Warburg effect” and is a well-known metabolic character-

istic of cancer cells [7]. 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET),

an imaging modality used for clinical cancer diagnosis, is based on this phenomenon.

Recently, however, it has been shown that ATP is also produced in tumor cells under aerobic

conditions through oxidative phosphorylation by mitochondria [8–10].

The environment surrounding cancer tissue is unique and is known to be hypoxic [11].

In rapidly growing cancer tissue, oxygen consumption is increased, oxygen supply is

decreased due to the abnormal blood vessel structures found in such tissue, the oxygen dif-

fusion distance is increased, and blood flow is temporarily blocked, resulting in the develop-

ment of a hypoxic region [12]. Thus, the presence of a hypoxic region is regarded as an

important indicator for clinically diagnosing cancer [13]. PET imaging using 18F-fluoromi-

sonidazole (FMISO), which is specifically taken up into hypoxic tissue, has been applied to

the diagnosis of various tumors, including oral cancer [14]. Therefore, increasing numbers

of studies on cancer physiology are being performed under hypoxic conditions in order to

reveal the physiological and malignant characteristics specific for cancer cells [8, 15, 16].

Moreover, the partial pressure of oxygen varies within the same cancer tissue, and an oxy-

gen concentration gradient from the periphery to the interior of cancer tissue has been

observed on FMISO-based PET imaging [14, 17]. It is also assumed that the partial pressure

of oxygen in cancer tissue increases rapidly when blood flow increases due to angiogenesis

or the dissemination of cancer cells by blood flow. These observation and speculation sug-

gest that cancer cells are exposed to dynamic changes in oxygen partial pressure and might

modulate their physiological and malignant properties accordingly. Therefore, metabolic

studies involving not only hypoxic environments, but also fluctuations in oxygen concentra-

tions, are necessary.

In this study, we evaluated the effects of fluctuations in the environmental oxygen con-

centration on the metabolism of glucose in cancer cells using a real-time cell metabolism

monitoring system [18]. Cancer cells were cultured under normoxic (21% oxygen in air) or

hypoxic conditions (1% oxygen), and then the metabolic activity of these normoxically or

hypoxically cultured cells was evaluated under normoxic or hypoxic conditions. We also

tried to examine the metabolic regulatory mechanisms in operation in such cells by measur-

ing the production of lactate and reactive oxygen species (ROS), which are closely related to

metabolic pathways.
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Materials and methods

Cell lines

Human squamous carcinoma cell-derived strains; i.e., HSC-2 (JCRB0622: oral squamous

carcinoma cells derived from weak gingivae) and HSC-3 (JCRB0623: oral squamous carci-

noma cells derived from highly advanced tongue cancer) (JCRB Cell Bank, Tokyo, Japan) cells,

and a normal human keratinized epithelial cell line, HaCaT (Cosmo Bio Co., Ltd., Tokyo,

Japan), were used. All cell lines were authenticated by means of short-tandem repeat (STR)

analysis.

Cell culture and evaluation of cell proliferation

Each cell type was cultured as recommended. The cancer cells; i.e., the HSC-2 and HSC-3 cells,

were cultured in Eagle’s minimal essential medium (Wako Pure Chemical Industries Ltd.,

Tokyo, Japan) supplemented with 2 mmol/L L-alanyl-L-glutamine solution (Wako Pure

Chemical Industries Ltd., Tokyo, Japan), 10% heat-inactivated fetal bovine serum, 100 μg/mL

streptomycin, and 100 U/mL penicillin, while the HaCaT cells were cultured in Dulbecco’s

modified Eagle’s medium (10-013-CVR; Corning, NY, USA) supplemented with 10% heat-

inactivated fetal bovine serum, 100 mg/mL streptomycin, and 100 U/mL penicillin. The nor-

moxic culture (oxygen concentration: 21%) was performed at 37˚C with 5% humidified CO2

(MCO-18AC CO2 incubator; Sanyo, Tokyo, Japan), while the hypoxic culture (oxygen concen-

tration: 1%) was performed at 37˚C with 5% humidified CO2 (CPO2-2301 O2/CO2 incubator;

Hirasawa, Tokyo, Japan). All the cells were subcultured to maintain logarithmic growth. The

cells were detached from their dishes and collected by adding trypsin for 5 min, on day 3 for

cancer cells or on day 5 for normal cells before being cultured at 80–90% confluence. They

were then suspended in saline at a density of 5.0 × 106 cells/mL, which was assessed using a cell

counter (Countess II FL; Thermo Fisher Scientific, Waltham, Massachusetts, USA). The cells

grown in hypoxic conditions were temporarily centrifuged in a normoxic environment at 4˚C

(for 5 min) and quickly returned to hypoxic conditions. These cell suspensions (3-day cultured

cancer cells and 5-day cultured normal cells) were used for all the following experiments.

For the evaluation of cell proliferation, the cell suspension was transferred to new culture

dishes and incubated under normoxic or hypoxic conditions, as described above. The number

of cells was periodically determined using a cell counter, as described above.

Evaluation of glucose metabolism activity under normoxic and hypoxic

conditions

Metabolic activity was evaluated using pH-stat systems [18] in both the normoxic (21% oxygen

in air) and hypoxic environments (1% oxygen) (for normoxic experiments: AUT-211S AUTO

pH-stat system; TOA Electronics, Aichi, Japan; for hypoxic experiments: AT-710M pH-stat

system; Kyoto Electronics Industry, Kyoto, Japan). These systems can estimate metabolic activ-

ity based on acid production (lactic acid, CO2-derived carbonic acid, etc.) from glucose. The

pH-stat system used for the hypoxic experiments was placed in the hypoxic chamber, in which

hypoxic conditions were created by diluting and replacing the gas in the anaerobic glove

chamber (ANB-180-P; Hirasawa, Tokyo, Japan) with nitrogen gas. The reaction mixture con-

tained 1 mL of the cell suspension (5 × 106 cells/mL) and 3.75 mL of physiological saline and

was pre-incubated at 37˚C for 10 min. Then, 0.25 mL of 100 mM glucose was added to the

mixture (final concentration: 10 mM), and acid production was monitored for 20 min using

the pH-stat system. The reaction mixture was then immediately centrifuged at 1000 rpm and

2˚C for 5 min, and the resultant supernatant was stored at -80˚C until it was used for the
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analysis of acidic end-products. As a control, the reaction mixture without glucose was also

treated and stored in the same way. Before and after the incubation procedure, the viability of

the cells was confirmed using 0.4% (w/v) trypan blue solution (Wako Pure Chemical Indus-

tries Ltd., Tokyo, Japan).

Analysis of acidic end-product levels

After being thawed, the stored supernatants were centrifuged again (at 1,000 g and 5˚C for 7

min), and the resultant supernatants were filtered through a polypropylene membrane (pore

size: 0.20 μm; Toyo Roshi Ltd., Tokyo, Japan). The sample was analyzed by HPLC (high-per-

formance liquid chromatography) (Shimadzu Prominence LC-20AD; Shimadzu Corporation,

Kyoto, Japan) to determine the levels of acetic acid, lactic acid, formic acid, malic acid, fumaric

acid, succinic acid, citric acid, α-ketoglutaric acid, oxalic acetic acid, and pyruvic acid.

The effect of rotenone on the glucose metabolic activity and lactate

production

The effect of 5 μM rotenone (MP biomedicals, Santa Ana, USA) on the glucose metabolism of

HSC-3 cells cultured hypoxically was evaluated using pH-Stat system and HPLC, as described

above. The concentrations of rotenone was set based on previous reports [19, 20].

Production of ROS during glucose metabolism

The amount of ROS produced during glucose metabolism was measured using the Cell

Meter™ fluorescent intracellular ROS activity assay kit (Amplite™ ROS deep red; AAT Bioquest,

Inc., Sunnyvale, CA, USA). This reagent can detect the hydrogen peroxide, hydroxyl radicals,

and tert-butyl hydroperoxide produced in cells. Before the monitoring of metabolic activity,

Amplite™ ROS deep red was added to the cell suspension, which was then pre-incubated at

37˚C for 20 min in normoxic or hypoxic conditions. Subsequently, glucose metabolism activity

was monitored using a pH-stat system, as described above. The reaction mixture was collected

before and after glucose metabolism, before being added to a 96-well plate, and fluorescence

intensity (excitation wavelength: 658 nm; measurement wavelength: 675 nm) was immediately

measured using a fluorescence microplate reader (Varioskan Flash; Thermo Fisher Scientific,

Waltham, Massachusetts, USA).

Statistical analysis

The t-test was used for comparisons between two groups. In all cases, p-values of<0.05 were

considered significant. The data were analyzed using StatFlex Ver. 6 (Artech Co., Ltd., Osaka).

Results

Effects of the environmental oxygen concentration on cell growth

All of the cells were basically able to proliferate in both normoxic and hypoxic conditions

(Fig 1); however, the cells that were pre-cultured in hypoxic conditions exhibited a longer lag

phase than those that were pre-cultured in normoxic conditions, especially when the cells were

cultured under hypoxic conditions. Once the cells started to proliferate, they exhibited similar

growth rates in both normoxic and hypoxic conditions.
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Fig 1. Cell growth in normoxic and hypoxic conditions. Cells that had been pre-cultured in normoxic (A) or hypoxic (B) conditions

were cultured under normoxic or hypoxic conditions. The error bars represent standard deviation. �Significant difference in the

number of cells (p<0.05) between the normoxic and hypoxic culture conditions, according to the paired t-test.

https://doi.org/10.1371/journal.pone.0254966.g001
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Effects of the environmental oxygen concentration on glucose metabolism

No acid production was observed before the addition of glucose, and only after the addition of

glucose the acid production was observed, indicating that the acid production was derived

from glucose metabolism (data not shown). No significant differences in the glucose metabo-

lism activity of the cancer cells (HSC-2 and HSC-3) cultured in normoxic conditions were

detected between normoxic and hypoxic conditions. However, the normal (HaCaT) cells dis-

played significantly lower metabolic activity under hypoxic conditions (0.54 to 0.63 times, p

<0.05) (Fig 2). On the other hand, the hypoxically cultured cancer cells demonstrated higher

metabolic activity under normoxic conditions (2.02 to 4.79 times, p<0.05, in HSC-3 cells;

1.44 to 2.03 times, p = 0.06, in HSC-2 cells). The metabolic activity of the hypoxically cultured

HaCaT cells was not influenced by normoxic conditions.

Effects of the environmental oxygen concentration on the production of

acidic end-products

Lactic acid was the only acidic end-product detected with HPLC analysis. Acetic acid, formic

acid, malic acid, fumaric acid, succinic acid, citric acid, α-ketoglutarate, oxalic acid, and pyru-

vate were not detected. Therefore, the acids produced other than lactic acid were assumed to

be carbonic acid derived mainly from the CO2 produced by pyruvate dehydrogenation and the

TCA cycle in glucose metabolism. Then, the ratio of the amount of lactic acid, as measured by

HPLC, to the total amount of acids, as measured by a pH-stat system (Fig 2), was calculated

(Fig 3).

The normoxically cultured HSC-2 and HSC-3 cells exhibited high lactic acid ratios (23.6–

36.6%), and the lactic acid ratios of these cells were not affected by the environmental oxygen

concentration. The lactic acid ratio of the normoxically cultured HaCaT cells was<11.3%. On

the other hand, the hypoxically cultured HSC-2 and HSC-3 cells displayed markedly increased

total acid production under normoxic conditions; i.e., significant increases in their levels of

acids other than lactic acid were seen (HSC-2: 2.31±0.89 times, p<0.05; HSC-3: 6.92±3.84

times, p<0.05). The hypoxically cultured HaCaT cells produced lactic acid regardless of the

environmental oxygen concentration. Their lactic acid ratio was about 50%.

The effect of rotenone on the glucose metabolic activity and lactate

production

Using hypoxically cultured HSC-3 cells that showed a greater increase in metabolic activity

under the normoxic conditions, the effects of the addition of rotenone on their glucose metab-

olism activity (total acids and lactate production) were evaluated. Rotenone suppressed total

acid production by 22% and lactic acid production by 14.5% compared with those under nor-

moxic condition without rotenone (Fig 4).

Effects of the environmental oxygen concentration on ROS production

All the cells produced higher amounts of ROS during glucose metabolism in normoxic condi-

tions, regardless of the culture conditions (Fig 5). In particular, the HSC-3 cells cultured in

hypoxic conditions exhibited the greatest ROS production in normoxic conditions.

Discussion

In terms of cell proliferation, no clear difference in the cell growth rate was detected between

normoxic and hypoxic conditions in the present study although the lag phase of growth was

prolonged particularly when cultured under hypoxic conditions (Fig 1), suggesting that both
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Fig 2. Glucose-derived acid production. Glucose-derived acid production by (A) normoxically and (B) hypoxically cultured cells

was measured as the amount of NaOH added by the pH-stat system under normoxic or hypoxic conditions. Cancer cells were

harvested after 3-day culture and normal cells were harvested after 5-day culture. The error bars represent standard deviation.

Significant difference (�, p<0.05) between the normoxic and hypoxic conditions, according to the paired t-test.

https://doi.org/10.1371/journal.pone.0254966.g002
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Fig 3. Production of lactic acid and other acids produced during glucose metabolism. The amount of other acids

produced by (A) normoxically and (B) hypoxically cultured cells was calculated by subtracting the amount of lactic

acid produced from total acid production, which was obtained from Fig 1. The error bars represent standard deviation.

Significant difference (�, p<0.05) in the amount of acid other than lactic acid between normoxic and hypoxic

conditions, according to the paired t-test.

https://doi.org/10.1371/journal.pone.0254966.g003
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Fig 4. The effects of rotenone on the production of lactic acid and other acids during glucose metabolism by

hypoxically cultured HSC-3. The amount of other acids produced by hypoxically cultured HSC-3 cells was calculated

by subtracting the amount of lactic acid produced from total acid production, which was obtained with pH-stat system.

The number is the ratio of lactic acid [%]. The error bars represent standard deviation.

https://doi.org/10.1371/journal.pone.0254966.g004
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Fig 5. Production of Ros during glucose metabolism. The amount of ROS produced by (A) normoxically and (B)

hypoxically cultured cells was estimated by ROS assay kit. Cancer cells were harvested after 3-day culture and normal

cells were harvested after 5-day culture. The error bars represent standard deviation. Significant difference (�, p<0.05;
��, p<0.001) in the amount of other acids produced between normoxic and hypoxic conditions, according to the

paired t-test.

https://doi.org/10.1371/journal.pone.0254966.g005
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cancer and normal cells are able to grow under hypoxic conditions after these cells adapt to

hypoxic conditions during the lag phase of growth. The cell physiology of cancer cells after

adaptation to hypoxic conditions has been reported in the previous papers [8, 15, 16], in which

the common conclusion is that glycolysis was enhanced for energy production while the con-

tribution of oxidative phosphorylation was suppressed under hypoxic conditions. However,

these data do not reveal the effect of rapid changes in oxygen concentration on the cell physiol-

ogy. Therefore, we attempted to demonstrate this effect using the real-time cell metabolic

activity monitoring system [18] together with a hypoxic chamber, and showed that rapid

changes from normoxic to hypoxic conditions, or vice versa, influenced metabolic activity and

caused metabolic shifts in both normal and cancer cells (Figs 2–5). These results were unex-

pected based on the cell proliferation data, but strongly suggest that sudden changes in the

environmental oxygen concentration cause relatively rapid metabolic shifts, especially when

hypoxically cultured cancer cells are exposed to rapid increases in oxygen levels, and the resul-

tant metabolic modifications might induce cellular adaptive responses, which aim to promote

survival in the new environment.

In the normoxically cultured cancer cells, there was no significant difference in glucose

metabolism activity between the normoxic and hypoxic conditions (Figs 2 and 3), indicating

that cancer cells are able to continue to metabolize glucose even when the environmental oxy-

gen level decreases rapidly. In other words, normoxically cultured cancer cells have the ability

to metabolize glucose over a wide range of oxygen concentrations (at least 1–21%). In addition,

these cells displayed similar levels of lactate production in both the normoxic and hypoxic con-

ditions (Fig 3), indicating that cancer cells can perform glycolysis in normoxic conditions

(known as the Warburg effect) (Fig 6). On the other hand, the normoxically cultured normal

cells (HaCaT cells) exhibited significantly decreased glucose metabolism activity in hypoxic

conditions (Fig 2), indicating that normal cells cannot response to rapid reductions in the

environmental oxygen concentration (Fig 6). This could be due to their dependency on oxida-

tive metabolic pathways for glucose metabolism, which is supported by the low levels of lactate

production seen in these cells (Fig 3). However, the fact that similar proliferation rates were

observed in both normoxic and hypoxic conditions (Fig 1) suggests that such metabolic

repression is temporary and that normal cells might adapt to hypoxia during proliferation.

Such adaptations might involve the induction/activation of oxidative metabolic enzymes that

can function even in hypoxic conditions and/or alternative metabolic pathways involving

other metabolic substrates, such as glutamine [21]. In the previous reports, it was suggested

that not all lactate was produced by glucose metabolism, but also by glutamine metabolism

(glutaminolysis) [8, 22–24]. However, in the experimental condition in the present study, the

acid production was observed only after the addition of glucose into the reaction mixture with

cells, which suggests that there was no lactate production by endogenous glutamine. Differ-

ences in cell type may be one of the factors that occur such differences.

In contrast, the glucose metabolism activity of the hypoxically cultured cancer cells

increased dramatically under normoxic conditions (Fig 2), and this increase was accompanied

by increased production of acids other than lactic acid (assumed to be carbonic acid derived

from CO2) (Fig 3), suggesting that these cancer cells have the potential to activate glucose

metabolism by upregulating oxidative metabolic pathways, such as the TCA cycle and electron

transfer system, when oxygen is available (Fig 6). To validate this hypothesis, the effects of rote-

none on cellular glucose metabolism were evaluated (Fig 4). The increased acid production

(other than lactic acid) exhibited under normoxic condition by hypoxically cultured HSC-3

cells was suppressed by the addition of rotenone. Rotenone is known to inhibit the electron

transfer of ubiquinone (coenzyme Q) in the electron transfer system. Therefore, the decrease

in acid production (other than lactic acid) by rotenone may be due to the inhibition of the
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Fig 6. Schematic diagram showing the metabolic effects of the environmental oxygen concentration revealed in the

present study.

https://doi.org/10.1371/journal.pone.0254966.g006
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metabolic system of oxidative phosphorylation (from the TCA cycle to the electron transfer

system), which in turn reduces acid production by the TCA cycle (presumably carbon diox-

ide). On the other hand, acid production (other than lactic acid) was observed even in the pres-

ence of rotenone (Fig 4), suggesting that the pentose phosphate pathway, a side pathway of the

glycolysis, was functioning, and that carbon dioxide produced in the pentose phosphate path-

way was measured as an acid other than lactic acid. This phenomenon that the increase in oxy-

gen supply activates cellular glucose metabolism seems to be opposite to the "Pasteur effect"

[25], in which the glucose consumption rate decreases and is accompanied by a shift in glucose

metabolism from glycolysis to the TCA cycle and electron transport system when oxygen levels

increase. A further study is required to elucidate the mechanism responsible for the abovemen-

tioned phenomenon. Furthermore, the cancer cells continued to produce lactate in the pres-

ence of rotenone (Fig 4). As discussed above, it is unlikely that these cancer cells produce

lactate from glutamine under the experimental conditions without glutamine. Therefore, the

lactate produced in the presence of rotenone was most likely produced from glucose by the

glycolysis. This could be explained by the fact that glucose metabolism in cancer cells is highly

dependent on the glycolysis (known as the Warburg effect).

In cancer tissues, it is considered that chronic hypoxia and the rapid recovery of the envi-

ronmental oxygen concentration due to angiogenesis and cancer cell dissemination occur

repeatedly [26]. In addition, it has been reported that rapid fluctuations in the environmental

oxygen level lead to the activation of cancer cells. Rofstad found that when mice that had been

seeded with human malignant melanoma cells were periodically exposed to a hypoxic environ-

ment (8%) (10 min x 12 times/day, for about 2 weeks), tumor metastasis was increased com-

pared with that seen in the control group, which was not exposed to hypoxic conditions [27].

The activation of glucose metabolism due to a rapid increase in the environmental oxygen

concentration caused by angiogenesis and/or cancer cell dissemination might increase energy

production since oxidative phosphorylation-based ATP production is more efficient than gly-

colysis and enhances the proliferation of cancer cells. Furthermore, the upregulation of ROS

production in response to normoxic conditions (Fig 5) might function as a redox signal that

induces/activates metastatic potential [28] rather than cell impairment or apoptosis [29]. How-

ever, it seemed that the enhancement of metabolic activity observed in the hypoxically cultured

cancer cells was transient because the growth rate of the cancer cells was similar in both nor-

moxic and hypoxic conditions (Fig 1), and in the normoxic conditions the metabolic rate of

the normoxically cultured cancer cells was not as high as that of the hypoxically cultured cells

(Fig 2).

The hypoxically cultured normal cells displayed similar rates of glucose metabolism and

lactate production under both normoxic and hypoxic conditions (Figs 2 and 3), suggesting

that during hypoxic proliferation glucose metabolism is reprogrammed from a metabolic path-

way that is mainly oxidative (the TCA cycle and electron transport system) to a metabolic

pathway that is partly glycolytic, e.g., a phenomenon similar to the Warburg effect (Fig 6). Fur-

ther study is needed to elucidate its molecular mechanisms.

Conclusions

The present study clearly demonstrated that rapid changes in the environmental oxygen con-

centration affect cellular glucose metabolism. Interestingly, only the hypoxically cultured can-

cer cells exhibited enhanced glucose metabolism, along with a metabolic shift from glycolytic

to oxidative pathways in response to a rapid increase in the environmental oxygen concentra-

tion. This finding suggests that a rapid increase in the environmental oxygen concentration

activates cancer cells by increasing the ATP supply through oxidative phosphorylation and
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signaling modifications induced by ROS production. A metabolic shift might be the first adap-

tive response to a rapid change in the environmental oxygen concentration and cell properties

might subsequently be modified through the expression of various genes.
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