
INTRODUCTION

MOST SOMATIC CELLS present a limited proliferative poten-
tial under standard tissue culture conditions. They un-

dergo a permanent cell cycle arrest, termed senescence upon
reaching replicative exhaustion (replicative senescence) or in-
duced by several stress (stress-induced senescence) (16). Al-
though both replicative and stress-induced senescence (SIS) are
phenotypically quite similar to each other, their underlying mech-
anisms are quite different (37). Replicative senescence is mainly
caused by telomere erosion at chromosome end as a result of cell
division, which can be bypassed by the ectopic expression of
telomerase in human primary fibroblasts (4, 39). In contrast, SIS

can be triggered in cells of virtually any age by the expression of
active oncogenes, cycline-dependent kinase (CDK) inhibitors,
mild oxidative stress, and other stimuli (26, 27, 29). Thus, SIS is
recognized as telomere-independent senescence.

In striking contrast with the other primary cells, both
murine and human embryonic stem (ES) cells are immortal
under standard tissue culture conditions (32, 33). ES cells
show intrinsic telomerase activity, which is lacking in most of
primary cells. But the immortality of ES cells can not be
solely explained by its telomerase activity, as ES cells are
also resistant to SIS, telomere-independent senescence.

Murine cells are one of the best systems to investigate the
mechanisms behind SIS. Normal laboratory mice display ex-
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ABSTRACT

Embryonic stem (ES) cells are immortal and present the ability to self-renew while retaining their ability to
differentiate. In contrast, most primary cells possess a limited proliferative potential, and when this is ex-
hausted, undergo an irreversible growth arrest termed senescence. In primary cells, senescence can be also
triggered by a variety of stress to which ES cells are highly refractory. Here the authors report that the prolif-
erative capacity of murine ES cells closely correlates with high activity of different glycolytic enzymes, ele-
vated glycolytic flux, and low mitochondrial oxygen consumption. The direct relation between glycolytic flux
and the ability of ES cells to proliferate is further remarked in experiments where glycolysis or ES cell self-
renewal was specifically inhibited. It was previously reported that the upregulation of glycolysis in primary
cells results in life span extension. The authors hypothesize that the naturally high glycolytic flux observed in
murine ES cells can be responsible for their unlimited proliferative potential. Antioxid. Redox Signal. 9, 293–299.
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ceptionally long telomeres, yet mouse embryo fibroblasts
(MEFs) with intact telomerase activity generally have a life
span of only 10–20 population doublings under normal cul-
ture conditions (30). This senescence response observed in
MEFs has been attributed to ‘culture shock’ (31) and is not
observed in murine ES cells, which argues for additional
mechanisms besides telomere regulation involved in ES cells
immortality. Possible factors contributing to this ‘culture
shock’ are, amongst others, growth on plastic, and constant
exposure to mitogenic factors from serum, or high oxygen
levels. The modification of tissue culture conditions to avoid
these stress such as the use of serum-free medium (24) or cul-
ture in low oxygen conditions (28) results in an extension of
the cellular life span of murine or human primary fibroblasts
(18). Despite our current knowledge of the stimuli and mole-
cular mechanisms governing senescence, there is still a poor
understanding of why ES cells are significantly refractory to
SIS.

Recently we reported that increased glycolysis results in an
extension of cellular life span in MEFs (23). Conversely, inhi-
bition of glycolysis induces premature senescence. We dis-
covered that enhanced glycolysis modulates the cellular life
span concomitant with the reduction of oxidative damage.
Thus, enhanced glycolysis can render murine fibroblasts re-
sistant to SIS. Interestingly, glycolytic flux is impaired
through the senescence process under standard culture condi-
tion. As phosphoglycerate mutase (PGM), one of the gly-
colytic enzymes, is post-transcriptionally regulated by p53
status (23), glycolysis might be regulated in a cellular-context
dependent manner, senescence or not. Moreover, elevated
glycolysis at high oxygen concentration is one of the most
characteristic properties of cancer cells, known as the War-
burg effect (36). As senescence is a safeguard mechanism
against tumorigenesis (5, 10, 11, 29), elevated glycolysis
could play an essential role not only in the cellular adaptation
to hypoxic conditions in tumors, but also in contributing to
bypass senescence at an early stage of tumorigenesis (22).
Previously, we have also reported that murine ES cells natu-
rally display high glycolysis (23). Here we investigate the im-
pact of the glycolytic flux on the proliferative capacity of
murine ES cells. Our results suggest that the naturally high
glycolytic flux observed in ES cells contributes to maintain
the proliferative capacity of murine ES cells.

MATERIALS AND METHODS

Cell culture and retroviral infection

Mouse embryo fibroblasts (MEFs) were isolated from
13.5 day postcoitum embryos of C57BL/6 mice, as described
previously (8). MEFs were grown in DMEM supplemented
with 10% FCS. Mouse ES cell lines CGR8 (feeder indepen-
dent) and DE3 and RW4 (feeder dependent cells) were grown
as described by Smith et al. (32). MEF feeder cells were pre-
pared as previously described (32). To induce differentiation,
ES cells were switched to medium without leukemia in-
hibitory factor (LIF). 2-Deoxyglucose (2-DG) treatment was
maintained for 3 days at the indicated concentrations. To in-
vestigate the effect of low oxygen, cells were cultured in a

hypoxic chamber (Coy Laboratories, Grasslake, MI) at 3%
oxygen.

All retroviruses were produced by transfecting the relevant
plasmid DNA into the LinXE packaging cell line (from the labo-
ratory of Dr. David Beach) (14), and infections were conducted
in the presence of 8 µg/ml polybrene. Infected cells were se-
lected in hygromycin (75 µg/ml). After 8–10 days of selection,
cultures were propagated according to a 3T3 protocol as de-
scribed previously (8). Briefly, every 3 days, cells were
trypsinized and replated at a density of 106 cells per 10 cm plate.

Glycolytic flux measurement and enzymatic assays

The activities of several glycolytic enzymes [glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), phosphoglycer-
ate kinase (PGK), phosphoglycerate mutase (PGM), and
enolase (ENO)] were measured spectrophotometrically as de-
scribed (3). To determine glycolytic flux, we measured the
metabolism of d-[3–3H]glucose into water after the triose
phosphate isomerase reaction as described (35). All the val-
ues were normalized by protein content.

Measurement of oxidative damage

Oxidative DNA damage was assessed using an immuno-
histochemical assay as described (13, 20) with minor modifi-
cations. Samples (0.5 µg) of genomic DNA were dot-blotted
onto Hybond-XL membrane (Amersham, UK). After baking
at 80°C for 5 min, the membrane was probed with a mouse
anti-8-hydroxyguanine antibody (Trevigen, UK) (34) and
DNA loading was monitored by staining with ethidium bro-
mide. The signal was quantified by NIH image software and
normalized against ethidium bromide staining.

Measurement of mitochondrial respiration

Respiration measurements were conducted using a Clark-
type O2 electrode (Rank Bros., Cambridge, UK) with samples
containing 3.6 � 106 cells. The rate of O2 consumption was
calculated from the difference in respiration before and after
the addition of 500 nM myxothiazol, an inhibitor of mito-
chondrial complex III (1).

RESULTS

Elevated glycolysis in murine ES cells

As shown in Fig. 1A, MEFs stop proliferating after 8–10
passages in cell culture. At this point they reach senescence,
as observed by their flat enlarged cell appearance characteris-
tic of senescent cells (Fig. 1B). This growth arrest involves
upregulation of p53 activity and can be avoided by the ex-
pression of a p53 dominant-negative allele (p53DN, Fig. 1A).
MEFs immortalized by p53DN expression are spindle shaped
and small (Fig. 1B). The growth kinetics of control MEFs are
in sharp contrast with those of murine ES cells that prolifer-
ate for months under standard tissue culture conditions (20%
oxygen) without any sign of replicative exhaustion (Fig. 1A).
In addition, CGR8 murine ES cells duplicate much faster
than p53DN expressing MEFs or wild-type MEFs at early
passages (Fig. 1A and data not shown). Previously we re-
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ported that murine ES cells display a much higher glycolytic
flux than MEFs immortalized by p53 inactivation or wild-
type MEFs at very early passage (23). To further understand
why murine ES cells exhibit enhanced glycolysis, we com-
pared the activities of several glycolytic enzymes in wild-
type MEFs at passage 4 and the CGR8 and DE3 murine ES
cells. We measured the activities of GAPDH, PGK, PGM,
and ENO, as described in Materials and Methods. We con-
firmed that ES cells present a high level of PGM activity as
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reported previously (23). In addition, as shown in Fig. 1C,
the activities of GAPDH, PGK, and ENO were between
1.2–1.7-fold higher in ES cells than in MEFs. We also ob-
served that MEFs immortalized by p53DN expression pre-
sented enzymatic activities comparable to those of MEFs at
early passages (data not shown). From the above described
experiments, we conclude that the elevated proliferation ob-
served in ES cells correlates with high activities of different
glycolytic enzymes.
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Low level of mitochondrial respiration 
in murine ES cells

As we reported previously, enhanced glycolysis can ex-
tend the life span of MEFs and correlates with a reduced pro-
duction of reactive oxygen species (ROS). It is well known
that the majority of ROS produced in the cells are generated
in the mitochondria (2). Therefore, we decided to measure
the rate of mitochondrial respiration and its relation with
glycolysis and cell proliferation. A comparison of the oxygen
consumption between proliferating (early passage) and
senescent MEFs showed that oxygen consumption increases
by twofold at late passage (Figs. 2A and B). Conversely,
MEFs immortalized via the ectopic expression of p53DN or
PGM showed less oxygen consumption than control senes-
cent MEFs at equivalent passage (passage 10). These MEFs
display a higher glycolytic flux than senescent cells, as we
reported previously (23). Since murine ES cells also present
a high glycolytic flux and elevated activity of different gly-
colytic enzymes, next we decided to evaluate their rate of mi-
tochondrial respiration. We showed that murine ES cells
present extremely low oxygen consumption, much lower
than that of wild-type MEFs at early passages. In summary,
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we found that murine ES cells exhibit a characteristic meta-
bolic profile shared with proliferative primary cells, consis-
tent with an elevated glycolysis and reduced mitochondrial
oxygen consumption.

Murine ES cells are resistant to oxidative damage

It has been reported that normal levels of oxygen (20%
oxygen) are detrimental for the life span of primary fibro-
blasts, as a consequence of the accumulation of oxidative
damage. Conversely, culture in low oxygen prevents the accu-
mulation of oxidative damage and contributes to restoration
of the full proliferative potential of human and murine pri-
mary fibroblasts (18, 28).

As the elevated glycolytic rate of ES cells closely corre-
lates with their proliferative capacity, we measured the gly-
colytic flux and oxidative damage of murine ES cells cultured
in 3% or 20% oxygen. It is well known that culture in low
oxygen conditions can increase glycolytic flux. This is known
as the Pasteur effect (17). In passage 3 MEFs, the glycolytic
flux observed under 3% oxygen is about twofold higher than
that observed under 20% oxygen. In CGR8 cells, culture in
low oxygen conditions also increases the glycolytic flux by
about 30% compared with 20% oxygen culture. Noteworthy,
the glycolytic flux of murine ES cells grown in 20% oxygen
is higher than that of MEFs grown under low oxygen (Fig.
3A). These results suggest that ES cells can maintain ele-
vated glycolytic flux even under 20% oxygen.

To evaluate the correlation between the mitochondrial res-
piration, oxidative damage and proliferative potential, we de-
cided to measure the oxidative damage accumulated in MEFs
and ES cells grown under 3% or 20% oxygen. 8-Hydroxy-2�-
deoxyguanosine (8-OHdG) is one of the most common
adducts present in DNA as a consequence of oxidative dam-
age. The senescent cells accumulate high levels of 8-OHdG,
while the immortalized cells suffer fewer oxidative damage
in their genomes (23, 28). We confirmed those results by
blotting the genomic DNA from MEFs cultured under differ-
ent oxygen concentrations and probing them with an anti 8-
OHdG antibody (Fig. 3B). In addition, PGM expressing
MEFs grown in 20% oxygen culture exhibit less oxidative
damage than vector-bearing MEFs grown in 20% oxygen,
consistent with our previous findings (23). Finally, we also
found that the levels of 8-OHdG in murine ES cells are al-
most similar to that of immortalized MEFs grown in 20%
oxygen and wild-type MEFs in 3% oxygen. We concluded
that the genome of murine ES cells is resistant from oxidative
damage even in 20% oxygen conditions to which MEFs
genome is quite sensitive.

The glycolytic rate of murine ES cells correlates
with their proliferative potential

To evaluate the impact of the high glycolytic flux of
murine ES cells on their proliferative potential, we took two
different approaches. First, we analyzed the effect of inhibit-
ing glycolysis in murine ES cells. Second, we measured gly-
colytic flux during the process of spontaneous differentiation
of murine ES cells, where proliferation rate declines sharply.

2-Deoxyglucose (2-DG) is a nonmetabolizable glucose
analogue that blocks glycolysis at the phosphohexose iso-
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merase step and has been frequently used as a glucose starva-
tion mimetic. Initially, we confirmed that a low concentration
of 2-DG (15 mM) had a negligible effect on the viability of
MEF feeder cells for 3 days. However, in murine feeder de-
pendent ES cells (RW4), treatment with 5 and 15 mM 2-DG
results in a half of ES cell number and a complete halt of ES
cells proliferation after 24 h, respectively (Fig. 4A). Three
days after treatment, massive cell death of ES cells is ob-
served (data not shown). These effects are feeder-cell inde-
pendent, as the CGR8 ES cells (feeder-independent ES cells)
showed similar sensitivity to glycolytic inhibition (Fig. 4B).
Therefore, murine ES cells displayed an increased sensitivity
to glycolytic inhibition when compared with MEFs.

Next, we measured the glycolytic flux during the differen-
tiation of murine ES cells induced by the withdrawal of LIF
from their culture medium. The cytokine LIF is essential for
the maintenance of the stem cell characteristics of murine ES
cells. Upon LIF withdrawal from culture medium, cells stop
growing (Fig. 4C, left panel). The differentiated ES cells ex-
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hibit a fibroblast-like morphology when compared with the
usual small colonies formed by murine ES cells (data not
shown). Interestingly, differentiating ES cells showed a lower
glycolytic flux, corresponding to less than half of that ob-
served in proliferating ES cells (Fig. 4C, right panel). These
data suggest that the elevated enhanced glycolytic of ES cells
is directly related to their proliferative potential.

DISCUSSION

In the present report, we found a close correlation between
the glycolytic flux and proliferative potential of murine ES
cells. Several lines of evidence highlight this. First, ES cells
posses a higher replicative potential and a higher glycolytic
flux than that of immortalized MEFs or wild-type MEFs at
early passages. Second, ES cells are more sensitive to gly-
colytic inhibition than MEFs are. Third, upon ES cells differ-
entiation, the glycolytic flux of ES cells drops dramatically.

We recently reported that enhanced glycolysis could extend
the life span of MEFs correlating with reduced levels of ox-
idative damage. Ectopic expression of the glycolytic enzyme
PGM renders MEFs resistant to oxidative stress and enables
them to bypass senescence. Noteworthy among several gly-
colytic enzymes, PGM activity is most prominently enhanced
in ES cells when compared with MEFs. Murine ES cells are
also known to be more resistant to oxidative stress than MEFs
(9, 23). Here we unveiled that murine ES cells maintain high
glycolytic flux even under standard culture conditions and are
resistant to oxidative damage caused by 20% oxygen. As
PGM expressing MEFs also displayed reduced oxidative
damage and enhanced glycolysis, it can be suggested that en-
hanced glycolysis might protect murine ES cells from senes-
cence triggered by oxidative damage.

How can enhanced glycolysis protect cells from oxidative
damage? Murine ES cells use less mitochondrial oxygen than
MEFs. In fact, ES cells present a characteristic metabolic fin-
gerprint similar to that of primary cells; enhanced glycolysis
with reduced mitochondrial oxygen consumption. Little is
known about how these metabolic properties can be con-
certed in ES cells. Recently, it has been suggested that mito-
chondrial function is regulated partly by the transcriptional
factor hypoxia inducing factor 1 (HIF-1) (21). As HIF-1 can
also upregulate most of the glycolytic enzymes at the tran-
scriptional level, HIF-1 might control glycolysis and mito-
chondrial respiration in a concerted manner. However, the en-
hanced glycolysis and reduced oxygen consumption of
murine ES cells cannot be only explained according to HIF-1
levels. For example, PGM is the only glycolytic enzyme that
is not regulated by HIF-1 (19), and ES cells present high lev-
els of PGM activity.

Interestingly mitochondrial respiration can be repressed by
p53 inactivation in vitro (in this report) and in vivo (25). As
p53 can also affect glycolytic capacity (12, 23), apoptotic re-
sponse (38), and immortalization of primary cells (7); the
modulation of the p53 pathway in ES cells could be behind
their unique metabolic properties (6). It is also well known
that p53 inactivation is one of the most common genetic alter-
ations in cancer cells. There are not apparent genetic defects
in ES cells, as they are the diploid primary cells that maintain
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both their self-renewal and differentiating capacity. Conse-
quently, the p53 function might be blunted in ES cells in a
different manner from cancer cells, possibly through transient
epigenetic regulations, which would be consistent with the
heavy epigenetic control operating in ES cells (15).

In this sense, further research on the mechanisms underly-
ing the immortality of ES cells might unveil novel molecular
pathways involved also in cancer progression. Indeed, in-
creasing attention has recently been drawn to cancer stem
cells, which show stem cell characteristics that can drive can-
cer proliferation and progression. The findings presented
here suggest that the Warburg effect, initially discovered in
cancer cells, might also affect the proliferative capacity of ES
cells.
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