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Abstract

The association of oxidative stress with numerous common and rare diseases has 
stimulated intensive research on potential defense mechanisms. Elevated levels of 
ambient oxygen (hyperoxia) have received relatively little attention as an experimental 
model for the study of oxidative stress. Previously, we described a hyperoxia-tolerant 
Chinese Hamster Ovary (CHO) cell strain generated by an in vitro selection and adaptation 
procedure utilizing stepwise increased oxygen levels over a protracted period of time. 
This adaptation appeared to be associated with a relative resistance to inactivation by 
hyperoxia of the tricarboxylic acid (TCA) cycle enzymes, succinate and α-ketoglutarate 
dehydrogenase. HeLa cells that had been similarly adapted to hyperoxic growth 
conditions such biochemical changes were not observed, suggesting that different 
mechanisms may afford hyperoxic tolerance. The activity of key enzymes of the TCA 
cycle and mitochondrial respiratory system such as succinate and α-ketoglutarate 
dehydrogenase, as well as metabolites involved in glycolysis and the TCA cycle were 
compared in normal and hyperoxia-adapted HeLa cells. No differences in the relevant 
enzyme activities were observed. However, a shift was noted in the ratio of the glucose 
consumption to lactate excretion rate, which was reduced from 1:2 in the parental cells 
to 1:1 in the tolerant cells. Moreover, the glutamine/glutamate conversion rate appeared 
also to be reduced in the tolerant cells in combination with the ammonia secretion. In 
contrast to CHO cells, tolerance in HeLa cells is associated with specific alterations in 
energy metabolism resulting in a decreased in acid excretion upon exposure to hyperoxia. 
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Introduction

Oxygen is essential for the production of energy in higher life forms. However, through 
this crucial metabolic process reactive oxygen species (ROS) such as superoxide anions and 
hydroxyl radicals are formed. A cellular antioxidant defense system consisting of primary 
antioxidants such as manganese-superoxide dismutase, catalase and glutathione peroxidase 
reduces the hazardous effects of ROS. Exposure to increased partial pressure of oxygen 
(hyperoxia) leads to increased production of endogenous ROS that ultimately overwhelms 
the cellular defense system causing progressive oxidative stress and cell death (Jin et al., 
2012; Li et al., 2004; Zhao et al., 2012). Oxidative stress has been linked to several age-
related diseases such as cancer, Alzheimer disease and the aging process itself. However, 
the mechanisms involved in the development of these conditions are still unclear, which 
warrants basic research into the nature of oxidative stress and the cellular defenses against 
it. Surprisingly, hyperoxia has not been commonly studied as an inducer of cellular oxidative 
stress. Instead, agents like hydrogen peroxide, paraquat and tert-butylhydroxyquinone 
(tBHQ) are more typically used. Previously, we reported on hyperoxia-tolerant sublines 
of Chinese Hamster Ovary (CHO) and HeLa cells capable of stable proliferation under 
otherwise toxic hyperoxic conditions (95% O2/ 18% N2/2% CO2, and 80% O2/ 18% N2/2% 
CO2 - respectively) (Gille et al., 1988; Joenje et al., 1985). The hyperoxia-tolerant CHO 
subline exhibited a 2-4 fold increased level of the primary antioxidant enzymes as the most 
obvious defense against increased ROS levels (van der Valk et al., 1985, 1988). In addition, 
a reduced inactivation of two key enzymes of the tricarboxylic acid (TCA) cycle, succinate 
and α-ketoglutarate dehydrogenase, was observed in the hyperoxia-tolerant CHO subline 
(Schoonen et al., 1991). The latter two enzymes play a pivotal role in energy production 
via the process of oxidative phosphorylation. This suggests that a combination of increased 
scavenging of ROS and the preservation of the activity of key metabolic enzymes contributed 
to the hyperoxia tolerance trait in CHO subline. In contrast, the hyperoxia-tolerant HeLa 
cell line compared to its sensitive counterpart failed to exhibit an increase in the activity 
of primary antioxidants, while important enzymes and metabolites from the main ATP 
generating metabolic networks, oxidative phosphorylation and glycolysis, had not been 
studied. Here we report results on key enzymes of the TCA cycle and the respiratory chain 
and important metabolites of energy metabolism, which provided novel clues to better 
understand the cellular mechanisms underlying hyperoxia tolerance. 
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Materials and Methods

Cell Culture

Normal (hyperoxia-sensitive) and hyperoxia-tolerant HeLa cells were seeded at starting 
densities of 7 x 105 and 1 x 106 cells/flask, respectively, and allowed to proliferate under 
normoxic (20% O2/78% N2/2% CO2) and hyperoxic (80% O2/ 18% N2/2% CO2) conditions 
until subconfluent.  All cells were cultured in Ham’s F-10 medium supplemented with 1 mM 
L-glutamine and 10% fetal calf serum. The method of gassing was described by Joenje and 
colleagues (Joenje et al., 1985) .

Oxygen consumption

Hyperoxia-sensitive and -tolerant HeLa cells were harvested and counted with a Coulter 
counter. Cells were centrifuged (800 x g, for 5 min) and to measure oxygen consumption 
in intact cells or in digitonin-permeabilized cells, resuspended in buffer A (100 µl Tris/HCl 
[25 mM, pH 7.4], 1 mM CaCl2, 1 mM MgCl2, 110 mM NaCl, and 6.7 mM KCl) or in buffer B 
(100 µl Tris/HCl [ 25 mM, pH 7.4], 0.25 M sucrose, 2 mM EDTA, 5 mM MgCl2, 10 mM K2HPO4 

and 200 µM, 0.25 mg/107 cells digitonin), respectively. Oxygen consumption measurements 
were carried out with a Clark-type electrode in intact cells with or without the uncoupling 
agent 2, 4-dinitrophenol (DNP) and in digitonin-permeabilized cells, according to Schoonen 
(Schoonen et al., 1990). The oxidase activities of Complex I and Complex II were determined 
based on the oxygen consumption rate in digitonin-permeabilized cells. The activity of 
glycerol-3-phosphate oxidase was also determined. 

Spectrophometric enzyme assays

Cells were harvested and centrifuged (800 x g, for 5 min) and the pellet was resuspended 
in 250 µl ice-cold Tris/HCl (25 mM, pH 7.4) supplemented with 0.25 M sucrose and 2mM 
EDTA. The cell suspension was sonicated at 40,000 V for 3 x 20 seconds with 40 seconds 
intervals, on ice. Enzyme activities were determined as described by Schoonen, with the 
exception of the NADH dehydrogenase assay, in which 0.04% cytochrome C was used 
instead of 0.01% used in CHO cells (Schoonen et al., 1990). Enzyme activities were based 
on the amount of cellular protein, which was assayed according to Bradford   using bovine 
serum albumin as a standard. 
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Assays for extracellular metabolites in culture media

Net uptake and secretion of glucose, lactate, amino acids and ammonia was calculated 
from changes in concentration as observed between fresh culture medium added to the 
cultures at day 2 (hyperoxia-sensitive) and day 3 (hyperoxia-tolerant) and the same medium 
after one day of culturing time. On days 2, 3, and 4 parallel cell cultures were trypsinized 
and counted to correct for cell growth, as described by Rueckert and Meuller (RUECKERT 
and MUELLER, 1960).  

ATP determination

Cellular ATP levels were assayed using bioluminometry, as described by Gille et al. (Gille 
et al., 1989).
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Results

Oxygen consumption of intact cells

Under normoxic conditions the respiration rate of the hyperoxia-sensitive cells exceeded 
that of the hyperoxia-tolerant cells by a factor of 1.5 indicating that oxidative metabolism 
was lower in the tolerant cells. Upon hyperoxia exposure a decrease in the rate of oxygen 
consumption in both the hyperoxia-sensitive and hyperoxia-tolerant cell lines was observed, 
being more severe in the former. After addition of the uncoupling agent DNP a 1.22-1.36 fold 
increase in cellular respiration was observed for both the sensitive and tolerant cells under 
normoxia. However, the oxygen consumption rate of sensitive cells under hyperoxia did not 
increase (Figure 1). This suggests that the mitochondrial respiration capacity of these cells 
may have decreased under hyperoxia. 

Figure 1: Hyperoxia effect on oxygen consumption rates of hyperoxia-sensitive and 
hyperoxia-tolerant cells in the presence and absence of 2, 4-dinitrophenol (DNP). Bars 
indicate from left to right: hyperoxia-sensitive cells at normoxia; hyperoxia-sensitive 
cells at hyperoxia; hyperoxia-tolerant cells at normoxia; and hyperoxia-tolerant cells at 
hyperoxia. Results are in means ± SEM; n=8
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Oxygen consumption of digitonin-permeabilized cells

After permeabilization of the cellular membrane with digitonin, the activities of 
Complex I, Complex II and glycerol-3-phosphate oxidase were analyzed based on the 
oxygen consumption rate. Exposure to hyperoxia resulted in a reduction of the oxygen 
consumption rates in both intact and digitonin-treated cells. This was also observed for 
Complex I, being more severe in the sensitive cells compared to the tolerant cells. The 
oxygen consumption rate of Complex II was also reduced after exposure to hyperoxia, but 
no significant difference could be seen between the cell lines. With respect to the oxygen 
consumption rates of glycerol-3-phosphate oxidase no difference was observed between 
the cell lines under normoxia and hyperoxia. Furthermore, DNP was able to stimulate the 
rate of oxygen consumption with glycerol-3-phosphate as substrate in both cell lines under 
hyperoxia (Figure 2). This is in contrast to the rate of oxygen consumption observed in intact 
DNP treated sensitive cells exposed to hyperoxia. 

Figure 2:  Activity of key respiratory enzymes based on oxygen consumption of hyperoxia-sensitive and hyperoxia-tolerant 
cells under normoxia and hyperoxia. Digitonin (DIG) treatment was used to measure the activity of Complex I, Complex II and 
glycerol-3-phosphate oxidase (GP oxidase), in the absence and presence of DNP. Bars indicate from left to right: hyperoxia-
sensitive cells at normoxia; hyperoxia-sensitive cells at hyperoxia; hyperoxia-tolerant cells at normoxia; and hyperoxia-tolerant 
cells at hyperoxia. Results are in means ± SEM; n=8
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Spectrophotometric analysis of oxidative phosphorylation enzymes

Key enzymes of the respiratory chain and tricarboxylic acid cycle (TCA) were measured 
in parallel experiments in cell homogenates using standard spectrophotometric assays. 
Hyperoxia strongly inactivated the α-ketoglutarate dehydrogenase (α-KGDH) in both the 
sensitive and tolerant cell lines, while a milder reduction in activity was seen of succinate 
dehydrogenase (SDH) as well as for Complex II (Figure 3). This implies that delivery of 
reducing equivalents through the TCA cycle was completely inhibited and therefore oxidative 
phosphorylation might have been compromised. The activity of NADH dehydrogenase 
(NADH DH) was unaffected by hyperoxia, which is in contrast with the response of Complex 
I depicted in Figure 2. This suggests that the subunit of Complex I linked to the electron 
transport chain is more susceptible to hyperoxic stress, than the dehydrogenase part of the 
complex. The activity of glycerol-3-phosphate dehydrogenase (G3PDH) was also unaffected 
by hyperoxia, which was in agreement with glycerol-3-phosphate oxidase activity (Figure 3).

Figure 3: Activity of key respiratory enzymes NADH DH (NADH dehydrogenase), SDH (succinate dehydrogenase), 
G3PDH (glycerol-3-phosphate dehydrogenase), and α-KGDH (α-ketoglutarate dehydrogenase) in hyperoxia-
sensitive and hyperoxia-tolerant cells under normoxia and hyperoxia. Bars indicate from left to right: hyperoxia-
sensitive cells at normoxia; hyperoxia-sensitive cells at hyperoxia; hyperoxia-tolerant cells at normoxia; and 
hyperoxia-tolerant cells at hyperoxia. Results are in means ± SEM; n=8
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Changes of glucose, lactate, amino acids and ammonia levels in culture medium

Utilization of oxidative and glycolytic substrates and the generation of oxidative and 
glycolytic end products were examined. The analysis revealed that hyperoxia caused a 2-fold 
increase in glucose consumption and lactate production in both cell lines. However, the 
tolerant cells produced 1 lactate molecule per consumed glucose molecule, whereas the 
sensitive cells produced twice the amount of lactate per glucose molecule under normoxia 
and hyperoxia. Furthermore, production of lactate, glutamate and ammonia, as well as, 
the conversion of glutamine was significantly lower in the tolerant cells compared to the 
sensitive cells, under both normoxia and hyperoxia (Table I). These data suggest that a 
reduction in the acidification of the culture media, due to lactic acid, might be an important 
factor in the tolerance to hyperoxic stress.

Hyperoxia-sensitive cells Hyperoxia-tolerant cells

Normoxia Hyperoxia Normoxia Hyperoxia

Glucose -6680 ± 820 -12110 ± 3520* -5820 ± 750 -10170 ± 2680°

Lactate 11480 ± 710 17579 ± 2090** 5720 ± 690*** 10760 ± 1040°°°

Glutamine -1132 ± 56 -1109 ± 37 -867 ± 51*** -461 ± 79°°°

Glutamate 469 ± 25 776 ± 32*** 182 ± 69*** 251 ± 36

Alanine 212 ± 16 259 ± 32 205 ± 20 210 ± 35

Aspartate -54 ± 25 -77 ± 15* -42 ± 6 -74 ± 4°°°

Ammonia 412 ± 11 336 ± 34* 282 ± 17*** 183 ± 27°°°

a Concentrations are in nmol-1 10-7 (mean ± SD; n=4); positive sign is production; negative sign is consumption. *, ̊ significantly 
different from hyperoxia-sensitive cells at normoxia and hyperoxia-tolerant cells at normoxia respectively. Single, double, 
triple symbol indicate p-value of <0.05, <0.01 and <0.001 respectively (Student’s two-tailed t-test)
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ATP levels

Cellular ATP levels were also examined. As illustrated in Figure 4, the ATP level becomes 
reduced under hyperoxia in both the tolerant and sensitive cell line, being more severe in 
the sensitive cell line. This observation suggests that the tolerant cells are capable of survival 
and continuous proliferation even with a reduced energy supply. The tolerant cells may rely 
on another energy source still to be identified or are adapted to survive with less energy. A 
reduction of the proliferation rate of the tolerant cells may account for their reduced energy 
requirement. 

Figure 4: ATP levels of hyperoxia-sensitive and hyperoxia-tolerant cells under 
normoxia and hyperoxia. Bars indicate from left to right: hyperoxia-sensitive cells 
at normoxia; hyperoxia-sensitive cells at hyperoxia; hyperoxia-tolerant cells at 
normoxia; and hyperoxia-tolerant cells at hyperoxia. Results are in means ± SEM; 
n=8
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Discussion

To determine potential mechanisms associated with the tolerance feature of hyperoxia-
tolerant cells, the activity of key enzymes of the TCA cycle and mitochondrial respiratory 
system, as well as metabolites involved in the TCA cycle and the glycolytic pathway were 
examined. In this study hyperoxic stress had a similar adverse effect on the activity of 
essential enzymes succinate dehydrogenase (SDH) and α-ketoglutarate dehydrogenase 
(α-KGDH). This contrasts with our previous results in the hyperoxia-tolerant CHO cells, in 
which a suppressed inactivation of these enzymes was observed. An enhanced glycolytic 
metabolism was revealed under hyperoxia as levels of glucose consumption and lactate 
production increased. However, the conversion rate of glucose into lactate was significantly 
different between the tolerant cells and the sensitive cells. Under both normoxia and 
hyperoxia conditions the tolerant cells produced considerably less lactate compared to 
the sensitive cells. Another significant difference observed between the cell lines was the 
reduced consumption of glutamine and reduced production of glutamate and ammonia 
under both normoxia and hyperoxia conditions in the tolerant cells. These data suggest 
that a biochemical change has occurred in the hyperoxia-tolerant HeLa cells that reduce the 
acidity of its cellular environment allowing the cells to survive under chronic hyperoxic stress. 
Furthermore, this study suggests that there might not be one predominant route leading to 
hyperoxia tolerance in mammalian cells; the mechanism for acquiring this phenotype might 
be cell type and /or species specific.

By inhibiting the activity of α-KGDH, the delivery of NADH to the mitochondrial respiratory 
chain is inhibited, leading to compromised oxidative phosphorylation and ultimately energy 
production. Under hyperoxia ATP depletion has been shown in both cell lines, although the 
effect was less prominent in the resistant cell lines. Given that the tolerant cells are able to 
proliferate under continuous hyperoxic exposure, ATP levels might not be the limiting factor 
for cell survival.  A decrease in αKGDH activity has also been shown with hydrogen peroxide 
(H2O2), a commonly used oxidative stress-inducing agent. This shows that α-KGDH is highly 
susceptible to oxidative stress. It had been proposed that a reduced activity of α-KGDH 
might be a factor in the development of age-related neurodegenerative diseases (Gibson 
et al., 2005; McLain et al., 2011; Tretter and Adam-Vizi, 2000). However, the hyperoxia-
resistant cell line could somehow cope with reduced activity of α-KGDH.

Oxidative phosphorylation is not the only source for ATP in the cell. It has been well 
documented that in cancer cells, even in the presence of oxygen, glucose is typically converted 
to lactate in a process known as aerobic glycolysis (WARBURG, 1956). It is thought that a shift 
to glycolysis provides an advantage in rapidly dividing cells (Lunt and Vander Heiden, 2011). 
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During glycolysis one molecule of glucose is converted into two pyruvate molecules and 
ultimately results into two lactate molecules (Berg et al., 2011). Upon hyperoxic exposure, 
almost twice the amount of glucose is used, suggesting a further reliance of the cells on 
glycolysis. However, instead of the expected production of two lactate molecules, only one 
lactate molecule was observed in the hyperoxia-tolerant cells. 

The conversion of glucose to pyruvate occurs in several steps. During one of these 
steps the formed 1, 6-biphosphate is cleaved into dihydroxyacetone phosphate (DHAP) and 
glyceraldehyde-3-phosphate (GAP) thereby producing two three carbon units from one 
single six carbon unit (Berg et al., 2011). Based on our results, it could be suggested that 
one of these three carbon units was not converted into lactate; this three carbon unit might 
have been used in an alternative pathway. Lactate production levels for the sensitive cells 
at 20 % and the resistant cells at 80 % oxygen levels were similar. This suggests that the 
potentially negative effects of acidification, the situation in the HeLa 80 cells grown at 80 
% oxygen seem to be normalized. The reduced levels could indicate an alternative route of 
glucose metabolism. 

In addition to the biochemical change in the glycolytic pathway, we also observed a 
biochemical change in glutamine metabolism resulting in a reduced secretion of its end 
products in the medium.  Glutamine metabolism is thought to be a major source of energy 
via oxidative phosphorylation in HeLa cells (Reitzer et al., 1979; Stanisz et al., 1983). 
Evidently, this source is less used, almost 2-fold, in the resistant cells grown at hyperoxia. 
Since important TCA cycle and oxidative phosphorylation enzymes have been repressed, 
these decreases can be expected. Importantly, studies in glioblastoma cells suggest that 
glutamine metabolism can also lead to the production of lactate (DeBerardinis et al., 2007).  
This suggests that the change in glutamine metabolism can also lead to a reduced production 
of lactate and other toxic compound such as ammonia, thereby decreasing the toxicity of 
the cellular environment. 

In conclusion, hyperoxia-tolerant HeLa cells have acquired mechanisms that allow them 
to overcome hyperoxic stress, which involve changes in cellular metabolism resulting in less 
acidification of the environment.
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