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  Oxidative stress, associated with either normal metabolism or disease conditions, affects many cellular activi-
ties. Most of our knowledge in this fi eld is derived from fully differentiated cells. Embryonic stem cells (ESCs) 
have attracted enormous attention for their potential applications in cell therapy, but little is known about how 
the unique properties of ESCs are affected by oxidative stress. We have investigated the effects of oxidative 
stress induced by H 2 O 2  on several cellular activities of mouse ESCs. Like differentiated cells, ESCs are sensitive 
to H 2 O 2 -induced apoptosis when continuously exposed to H 2 O 2  at the concentrations above 150 μM. However, 
unlike differentiated cells, ESCs are resistant to oxidative stress induced senescence. This is demonstrated by the 
results that when subjected to a short-term sublethal concentration and duration of H 2 O 2  treatment, fi broblasts 
enter the senescent state with enlarged fl attened cell morphology concurrent with increased expression of se-
nescence marker p21. On the contrary, ESCs neither show any sign of senescence nor express p21. Instead, ESCs 
enter a transient cell cycle arrest state, but they have remarkable recovery capacity to resume the normal cell pro-
liferation rate without losing the ability of self-renewal and pluripotency. Our results further revealed that H 2 O 2  
inhibits cell adhesion and the expression of cyclin D1, which are early events proceeding apoptosis and cell cycle 
arrest. In conclusion, our data suggest that ESCs are sensitive to H 2 O 2  toxicity, but may have unique mechanisms 
that prevent H 2 O 2 -induced senescence and protect self-renewal capacity.     

  Introduction 

 Normal cellular activities require a balanced redox 
environment. Disturbances in the normal redox state 

from deregulated metabolism or other cellular damage may 
result in oxidative stress, which is considered to be a major 
cause of aging and age-related diseases and affects numer-
ous other cellular processes [ 1 ]. A certain amount of reactive 
oxygen species (ROS), such as O 2  

−  and H 2 O 2 , is generated 
during normal cellular metabolism [ 2 , 3 ]. Normally, these 
ROS are metabolized and tightly controlled in the cell. 
However, excess ROS can be generated from deregulated 
metabolism or other cellular damage and results in oxida-
tive stress. Therefore, the production of ROS is an inevitable 
consequence of cellular activity associated with normal 
metabolism as well as diseased states. 

 ROS have traditionally been considered as toxic by-
products of cellular metabolism. It is now recognized that 
they have broad impacts on various cellular events and act 
as signaling molecules [ 3 , 4 ]. Although different cell types 

may have different tolerance levels to oxidative stress, 
cells usually undergo apoptotic cell death when exposed 
to high level of ROS [ 5 ], or they may enter into senescent 
state when the ROS level is sublethal [ 6 ]. Cellular senes-
cence is defi ned as a state where cells lose their ability to 
divide due to irreversible growth arrest. Depending on 
cell type and physiological state, the cell doubling time 
may vary, but senescence is an unavoidable event for pri-
mary cells in culture. It is believed that senescence under 
normal culture conditions is caused by telomere short-
ening during continuous proliferation, a phenomenon 
known as replicative senescence. Under various stress 
conditions, such as oxidative stress, DNA damage, or on-
cogenic mutation, cells can enter senescence state with out 
telomere shortening. This type of senescence is known as 
stress-induced premature senescence. Senescent cells are 
characterized by their enlarged fl attened cell bodies. They 
do not divide but can be viable for a long period of time. 
At the molecular level, increased expression of cell cycle 
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developmental abnormalities, as illustrated in the cases of 
ESC apoptosis induced by DNA damage agents and UV 
irradiation [ 22 , 23 ]. How ESCs respond to different levels of 
oxidative stress is largely unknown. It is conceivable that 
ESCs may share some common defense mechanisms with 
fully differentiated cells. However, considering the funda-
mental differences in the regulatory systems between the 
2 types of cells, it is most likely that ESCs must have some 
unique systems to cope with oxidative stress. Using well-
established in vitro cell culture models that investigate 
H 2 O 2 -induced oxidative stress, we examined the effects of 
H 2 O 2 -induced oxidative stress applied at different levels 
and durations on ESC proliferation, apoptosis, senescence, 
and the self-renewal.  

  Materials and Methods 

  ESC culture and cell treatment 

 Generation of ESCs has been previously described [ 24 , 25 ]. 
They were cultured in DMEM containing 15% fetal bovine 
serum (FBS) and 1,000 U/mL leukemia inhibitory factor 
(LIF) and were routinely maintained in cell culture dishes 
coated with 0.1% gelatin at 37°C in a humidifi ed atmosphere 
at 5% CO 2  as previously described [ 26 ]. Mouse embryonic 
fi broblasts (MEFs, purchased from Millipore) were cultured 
in the same medium for ESCs without LIF. 

 Oxidative stress was induced by exposing cells to H 2 O 2  
(Sigma, St. Louis, MO) added to the medium. Two for-
mulas of treatments were used: (1) cells were treated with 
different concentrations of H 2 O 2  for the entire course of 
experiment to determine the cell tolerance to H 2 O 2  toxicity 
(long-term treatment) and (2) cells were briefl y treated 
with 150 μM for 2 h (short-term treatment). The medium 
was then changed to fresh medium to allow cells to re-
cover. This treatment was sublethal and was designed to 
assess the effects of H 2 O 2  on different cellular activities. 
Seeded cells were usually cultured for 12 to 48 h before 
treatment. Cell density was controlled at 30%–60% confl u-
ence at the time of treatment or otherwise the numbers of 
cells initially seeded on the culture dishes were specifi ed 
in individual experiments. 

 Embryoid bodies (EB) formation was performed by 
suspending ESCs in bacterial culture dishes (1 × 10 5  cells/
mL) in which ESCs clumped and formed EBs as previously 
described [ 26 ]. After incubation for 24 h, the medium was 
changed to LIF-free ESC medium containing 15% FBS and 
was refreshed every other day. EBs were cultured for 10 
days.  

  Cell viability, proliferation, and cell cycle analysis 

 Cell viability and proliferation were determined by to-
luidine blue cell staining method [ 27 ]. Cells treated under 
various conditions were fi xed with 3% paraformalde-
hyde for 30 min, washed with phosphate buffered saline 
(PBS), and then stained with 1% toluidine blue. The wells 
were washed extensively with water. Then, the dye was 
extracted with 2% sodium dodecyl sulfate (SDS). The ab-
sorbance at 630 nm, which correlates with the number of vi-
able cells and was used as an indirect measurement of cell 
number, was measured with a microtiter plate reader. Cell 
cycle was analyzed by fl ow cytometry as we previously 

inhibitors, including p21waf1 (p21), p19ARF (p19), and p16 
INK4A (p16), is believed to be at least partly responsible 
for the onset of senescent state [ 7 ]. It is proposed that oxi-
dative stress-induced apoptosis and senescence may act as 
mechanisms that protect the organism from further dam-
ages such as malignant transformation [ 8 , 9 ]. However, re-
cent studies have indicated that appropriate levels of ROS 
generated within the cells may act as signaling molecules 
that regulate a wide range of cellular processes depend-
ing on cell types, such as cellular defense [ 2 ], and vas-
cular functions [ 4 , 10 ], differentiation, and proliferation 
[ 11–13 ]. Most of the studies related to oxidative stress in 
the literature have used fully differentiated primary cells 
or cell lines. Embryonic stem cells (ESCs) have attracted 
enormous attention in recent years due to their ability to 
differentiate to various types of cells, which may be even-
tually used as the sources for cell-based therapy. While it 
is exciting to recognize the potential benefi t, currently we 
have limited knowledge of basic physiology of this unique 
cell type. Much research in the fi eld has been focused on 
the investigation of ESC differentiation and pluripotency, 
largely driven by their potential therapeutic applica-
tions. However, a fundamentally important issue yet to be 
addressed is how ESCs protect themselves from damage 
caused by various forms of stress. The medical application 
of ESC-derived cells with damage or mutation could be 
detrimental to patients. ESCs are derived from the inner 
cell mass of an early stage embryo known as a blastocyst, 
which is in the pre-implantation stage during embryogen-
esis. Under in vivo condition, ESCs are exposed to a hyp-
oxic environment of the uterine cavity. At this stage, ESCs 
have only a few mitochondria for ATP production [ 14 ]. It 
has been recently shown that during ESC differentiation, 
the number of mitochondria increases. Once cells start to 
produce large amounts of ATP through oxidative phos-
phorylation, ROS will be produced as by-products. Thus, 
oxidative stress could be an important factor that affects in 
vitro ESC propagation and differentiation [ 14 ]. Therefore, 
understanding the response of ESCs to oxidative stress will 
be important for proper maintenance of ESC pluripotency 
and for directed differentiation of specifi c cell lineages 
for clinical applications. Under proper culture condi-
tions, ESCs have unlimited capacity for self-renewal. It is 
reported that ESCs can self-renew continuously for 2 years 
in culture [ 15 ]. Apparently, they do not undergo replicative 
senescence under the conditions optimized for the main-
tenance of pluripotency. ESCs have an unusual cell cycle 
control mechanism to allow rapid cell division, which does 
not follow the conventional roles of cell cycle regulation 
[ 16 ]. When induced, they can differentiate into all types 
of cells derived from the 3 germ layers, a property known 
as pluripotency [ 17–19 ]. These unique properties of ESCs 
constitute the basis of embryonic development. It is imper-
ative that they must be equipped with effective cellular de-
fense mechanisms to deal with various cellular insults and 
to ensure normal growth and development. Indeed, recent 
studies suggested that stress defense in human ESCs is 
superior to that of differentiated cells as demonstrated by 
their DNA repair capacity [ 20 ], which is down-regulated 
during differentiation [ 21 ]. Nonetheless, when the damages 
reach the degree that is beyond repair, apoptotic cell death 
of ESCs may be a safeguard mechanism to avoid potential 
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described for self-renewal and pluripotency analysis. MEFs 
(~50% confl uence) were used in a parallel experiment as a 
positive control. At the end of the experiment, the cells were 
fi xed with 3% paraformaldehyde for 30 min, washed with 
PBS, and stained with a β-galactosidase (SA-β-gal) detect-
ing kit (Sigma) according to the manufacturer’s instruction 
and examined under a phase contrast microscope. Senescent 
cells were identifi ed by their enlarged/fl attened cell bodies 
and expression of SA-β-gal, a widely used senescent cell 
marker [ 29 ]. Senescence was further assessed by the expres-
sion level of cell cycle inhibitors, p21, p19, and p16, as bio-
chemical senescence markers by quantitative real-time PCR 
(RT-qPCR).  

  RNA extraction, reverse transcription, and polymerase 
chain reaction (RT-PCR) 

 Total RNA was extracted using Tri-reagent (Sigma). cDNA 
was prepared by M-MLV reverse transcriptase. The speci-
fi city of the PCR was determined by the dissociation curve 
and confi rmed by agarose gel electrophoresis. Quantitative 
real-time PCR (RT-qPCR) was performed using SYBR green 
jumpstart Taq ready mix on a MX3000PTM Real-time PCR 
system (Stratagene, La Jolla, CA) as previously reported [ 26 ]. 
Sequences of the primer sets are as follows (F, forward; R, 
reverse): 

 β-actin, F: 5′-CATGTACGTAGCCATCCAGGC-3′, R: 
5′-CTCTTTGATGTCACGCACGAT-3′; Cyclin D1, F: 5′-CAGA
AGTGCGAAGAGGAGGTC-3′, R: 5′-TCATCTTAGAGGCCA
CGAACAT-3′; Cyclin A, F: 5′-CAGTCACAGGACAGAGCTG
G-3′, R: 5′-GGGCATGTTGTGGCGCTTTG-3′; Cyclin E, F: 
5′-CCTCCAAAGTTGCACCAGTTTGC-3′, R: 5′-GACACAC
TTCTCTATGTCGCACC-3′; p19, F: 5′-ATGCTGGATTGCAG
AGCAGTA-3′, R: 5′-ACGGGGCACATTATTTTTAGTCT-3′; 
p16, F: 5′-CGCAGGTTCTTGGTCACTGT-3′, R: 5′-TGTTCAC
GAAAGCCAGAGCG-3′; p21, F: 5′-CGAGAACGGTGGAAC
TTTGAC-3′, R: 5′-CAGGGCTCAGGTAGACCTTG-3′; Oct4, 
F: 5′-AGTTGGCGTGGAGACTTTGC-3′, R: 5′-CAGGGCTT
TCATGTCCTGG-3′; Sox2, F: 5′-GACAGCTACGCGCACAT
GA-3′, R: 5′-GGTGCATCGGTTGCATCTG-3′; Nanog, F: 5′-TT
GCTTACAAGGGTCTGCTACT-3′, R: 5′-ACTGGTAGAAGA
ATCAGGGCT-3′. 

 The mRNA level from qRT-PCR was calculated using the 
comparative Ct method [ 30 ]. β-Actin mRNA was used as a 
calibrator for the calculation of relative mRNA levels of the 
tested genes.  

  Cell lysate preparation and western blot analysis 

 ESCs were lysed in M-PER mammalian cell protein 
extraction buffer (Pierce, Rockford, IL) supplemented with 
a cocktail of protease inhibitors. After being kept on ice for 
30 min, the extracts were centrifuged at 15,000 g  for 15 min at 
4°C. The supernatant was designated as the cell lysate and 
was subjected to SDS-PAGE. Western blot analysis was car-
ried out as previously described [ 31 ].  

  Statistical analysis 

 Statistical analysis was performed using a 2-tailed un-
paired Student’s  t -test. Differences are considered statisti-
cally signifi cant when  P  < 0.05.   

described [ 27 ]. In brief, cells were released from the cul-
ture dishes with trypsin, washed with PBS containing 1% 
FBS, and then fi xed with 80% ethanol at 4°C for 15 min. 
Fixed cells were stained with 20 μg/mL propidium iodide 
(PI) in PBS buffer containing 1% FBS, 0.05% Triton X-100, 
and 50 μg/mL RNase. After 30 min incubation at room 
temperature, the percentage of cells in different phases of 
the cell cycle was determined by DNA content (PI inten-
sity) with an Accuri C6 fl ow cytometer. The population 
of G1, S, and G2/M phase cells was determined with the 
CFlow software.  

  Apoptosis analysis 

 Apoptosis was determined by cell morphology, nuclear/
DNA fragmentation, and annexin-V labeling. Control cells 
and H 2 O 2 -treated cells were stained with 10 μM Hoechst 
33285 and examined under a microscope. Apoptotic cells are 
characterized by disintegrated cell bodies and fragmented 
nuclei. Apoptosis was further confi rmed and quantifi ed 
with annexin-V–fl uorescein isothiocyanate (FITC) apoptosis 
staining. After treatment with H 2 O 2 , both fl oating cells in 
the medium and the cells attached to the culture dishes were 
collected and combined. After being washed twice with cold 
PBS, cells were resuspended in annexin-binding buffer, and 
incubated with annexin-V–FITC according to the manufac-
turer’s instructions (BioLegend, San Diego, CA). Apoptotic 
cells-labeled annexin-V–FITC were identifi ed and quantifi ed 
with an Accuri C6 fl ow cytometer.  

  Cell adhesion analysis 

 The cell adhesion assay was carried out according to the 
procedures previously described [ 27 ]. To analyze the effect 
of H 2 O 2  on cells already attached, cells were cultured for 
24 h before H 2 O 2  treatment. To analyze the effect of H 2 O 2  
on the initial cell adhesion, H 2 O 2  was added to the culture 
medium at the same time when cells were seeded. After 
incubating for different time periods as indicated, non-ad-
herent cells in the medium were removed. Cells attached to 
the culture dishes were measured by toluidine blue stain-
ing method.  

  Self-renewal and pluripotency analysis 

 ESCs were seeded in 6-well dishes (5 × 10 3  cells/well) 
and incubated for 2 days to allow for the formation of small 
colonies. They were treated with 150 μM H 2 O 2  for 2 h (short 
term) as previously defi ned. The cells were then cultured 
in normal medium for additional 5 days. Undifferentiated 
ESCs form compact colonies and express alkaline phos-
phatase (AP) and pluripotency markers [ 28 ]. AP expres-
sion was determined with a Fast Red TR salt ™  staining kit 
(Sigma) according to the manufacturer’s instruction. The 
expression levels of pluripotency markers, Oct4, Sox2, and 
Nanog, were determined by western blot and by real-time 
RT-qPCR.  

  Senescence analysis 

 Senescence was determined by morphological criteria 
and by cellular/biochemical marker analysis. ESCs were cul-
tured and treated with H 2 O 2  under the same conditions as 
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density of ~30% confl uence. We noticed that the effect of 
H 2 O 2  on ESCs is inversely related to cell density. At higher 
densities, the cells were more resistant to the effect of 
H 2 O 2  ( Fig. 1B ), similar to the fi nding reported by Wiese et 
al. in differentiated cells [ 33 ]. 

 We speculated that the reduced cell number by H 2 O 2  
at the concentrations above 50 μM could be due to at 
least 2 mechanisms: induction of apoptosis and/or inhi-
bition of cell proliferation. To test this hypothesis, we 
fi rst conducted apoptosis analysis. In the control experi-
ment, ESCs grew as compact colonies. Individual cells 
can be identifi ed by their round intact nuclei stained with 
Hoechst 33285, a DNA-binding dye that gives a bright blue 
color under a fl uorescent microscope. The cells treated 
with 150 μM and 300 μM H 2 O 2  showed characteristics of 
apoptosis, disrupted cell bodies and fragmented nuclei 
( Fig. 2A ), while the integrity of colonies and the nuclei 
was not affected by H 2 O 2  below 50 μM (data not shown). 
Apoptosis was confi rmed and quantifi ed by annexin-V 
cell staining. Phosphatidylserine translocation from the 
inner to the outer plasma membrane is an early marker of 
plasma membrane alteration in apoptotic cells. Annexin-V 

  Results 

  The effects of H 2 O 2  on ESC viability and apoptosis 

 H 2 O 2  is an intermediate product of cellular metabo-
lism and one of the major sources of intracellular ROS. 
Therefore, it is widely used in the study of oxidative stress 
in cell culture models [ 32 ]. To test how ESCs respond to 
H 2 O 2 , a set of experiments with different strengths and 
durations of oxidative stress induced by H 2 O 2  were per-
formed. We fi rst tested the effects of H 2 O 2  on cell prolif-
eration and viability on ESCs at different concentrations 
ranging from 20 to 300 μM. The number of viable cells 
was determined after 24 h treatment. As shown in  Figure 
1A , H 2 O 2  at 20 μM did not affect cell proliferation while 
50 μM H 2 O 2  showed signifi cant inhibitory effect. At the 
concentrations above 150 μM, H 2 O 2  not only inhibited cell 
proliferation, but also caused cell death since the remain-
ing cells after treatment were less than initially seeded 
( Fig. 1A ). The above experiment was conducted at the cell 
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FIG. 1. Effect of H2O2 on cell proliferation and viability. (A) 
Effect of H2O2 concentrations. Embryonic stem cells (ESCs) 
(2.5 × 104/well) were seeded in 24-well culture plates. After 
incubation for 24 h to allow cells for attachment, cells were 
exposed to different concentrations of H2O2 continuously for 
24 h. Time zero (0 h) represents the time point when H2O2 
was added. The absorbance at 630 nm, which correlates with 
the number of attached cells, was measured after toluidine 
blue staining. The results are mean ± SD from a represen-
tative experiment carried out in triplicate. The experiment 
was performed at least 3 times with similar results. #P < 
0.05, compared with the value of 0 h/0 μM H2O2 sample; *P 
< 0.001, compared with the value of 24 h/0 μM H2O2 sample. 
(B) Effect of H2O2 is affected by cell density. Different number 
of cells was seeded in each well of 24-well culture plates. 
The cells were treated with 150 μM H2O2 for 24 h. The cell 
number in the control experiment (Con) of each group was 
taken as 100%. Results are mean ± standard deviation (SD) 
of 3 independent experiments. *P < 0.05, compared with the 
value of the control group.
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FIG. 2. H2O2-induced apoptosis. (A) Nuclear fragmentation 
analysis. Embryonic stem cells (ESCs) treated with 150 μM 
H2O2 for 24 h were stained with Hoechst 33285 and exam-
ined and photographed with a LSM 510 confocal microscope 
(scale bar unit = 20 μm). Left panels show the nuclear stain-
ing. Right panels illustrate the colony morphology. Apoptotic 
cells induced by H2O2 are indicated by the fragmented nuclei 
and disrupted colonies. (B) Apoptosis analysis by annexin-
V–FITC labeling. ESCs were treated with 150 μM H2O2 for 
2 and 18 h. The cells collected from medium and the cul-
ture dishes were combined, labeled with annexin-V–FITC, 
and analyzed by fl ow cytometry. The area and percentage 
of annexin-V-positive cells (earlier apoptotic cells) in control 
experiment (CON) and H2O2-treated cells are indicated in 
the overlaid fl ow cytometry profi les.
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binds to phosphatidylserine with high affi nity and thus 
is commonly used as an indication of early apoptosis. As 
shown in  Figure 2B , 150 μM H 2 O 2  induced slight increase 
of annexin-V-positive cells at 2 h treatment. The apoptotic 
cells increased to 40% after 18 h incubation. The 300 μM 
H 2 O 2  caused apoptosis in a similar pattern but with stron-
ger effect (data not shown). These results demonstrated 
that apoptotic cell death is a major factor that contributed 
the reduced number shown in  Figure 1  at the concentra-
tions of 150 and 300 μM H 2 O 2 .  

  Short-term treatment of ESCs with H 2 O 2  induced 
transient cell cycle arrest 

 In somatic cells, it has been reported that a short-term 
treatment with 150 μM H 2 O 2  for 2 h represents a sublethal 
condition that is known to cause cell cycle arrest and senes-
cence [ 34 , 35 ]. Therefore, we investigated the response of ESCs 
to H 2 O 2 -induced oxidative stress under this condition. After 
the cells were treated with 150 μM H 2 O 2  for 2 h, H 2 O 2  was 
removed by changing medium to allow cells for recovery for 
4 days. The resulting cells were designated as fi rst passage 
cells. In comparison with control, H 2 O 2  treatment resulted in 
signifi cantly reduced number of colonies ( Fig. 3A , fi rst pas-
sage). To investigate if the short-term oxidative stress has a 
long-term impact on ESC proliferation, the control cells and 
cells treated with H 2 O 2  (fi rst passage cells) were released 
by trypsin. Equal numbers of cells were seeded onto new 
cell culture dishes and cultured under the normal culture 
conditions for 4 days (designated as second passage cells). 
Interestingly, the numbers of colonies derived from the con-
trol and H 2 O 2 -treated group were nearly the same ( Fig. 3A , 
second passage). To quantitatively measure the cell number 
of fi rst and second passage cells, the control and treated 
cells were released from the dishes and counted. As shown 
in  Figure 3B , the initial H 2 O 2  treatment signifi cantly reduced 
cell number in the fi rst passage, but cells survived oxidative 
stress can recover and show a growth rate close to that of 
control cells in the second passage. Furthermore, the colonies 
formed from second passage of treated cells displayed mor-
phology of undifferentiated ESCs and were able to form EBs 
with size and shape similar to those derived from control 
cells ( Fig. 3C ). 

 Since treatment with 150 μM H 2 O 2  for 2 h only induced a 
slight increase of apoptosis ( Fig. 2B ), a likely explanation for 
the observations described in  Figure 3  is that H 2 O 2  may cause 
a transient but strong inhibitory effect on ESC proliferation. 
To test this hypothesis, we performed cell cycle analysis by 
fl ow cytometry. A unique characteristic of ESCs is that they 
proliferate very actively with a short period of the G1 phase 
and large population in the S phase of their mitotic cycle [ 25 ]. 
 Figure 4  shows cell cycle profi les of untreated cells (CON) 
and cells at different times post short-term H 2 O 2  treatment. 
At 2 h, the distributions of the cells at different phases of the 
cell cycle were similar to that of control cells. However, there 
was an apparent accumulation of cells at the G2/M phase 
at 12 h, which become the majority of cell population of the 
cell cycle by 18 h. This is a pattern of G2/M arrest in ESCs 
similar to that caused by nocodazol [ 36 ]. After culture for 2 
days, the cell cycle profi le signifi cantly recovered. The sec-
ond passage cells derived from initial H 2 O 2  (as defi ned in 
 Fig. 3 ) exhibited cell cycle profi le similar to that of untreated 
cells ( Fig. 5 , 4-day second passage cells). These results are 
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FIG. 3. Embryonic stem cells (ESCs) have remarkable re-
covery capacity from H2O2-inhibited cell proliferation. (A) 
Effect of H2O2 on colony formation. ESCs were seeded on 
6-well dish and were treated with 150 μM H2O2 for 2 h. The 
cells were then cultured in fresh medium for 4 days. The cells 
were fi xed and stained with toluidine blue staining and pho-
tographed with a digital camera (fi rst passage). In parallel 
experiments, the control cells and treated cells were released 
by trypsin. The same numbers of cells were replated on to 
new culture dishes and cultured for 4 days in the normal cul-
ture medium without further treatment. The cells were fi xed 
and visualized after toluidine blue staining (second passage). 
(B) Effect of H2O2 on cell proliferation. To quantitatively deter-
mine the effect of H2O2 on cell proliferation, control cells and 
H2O2 treated cells as shown in (A) were released by typsin 
and counted with a hemacytometer. The results are means 
± SD of 3 independent experiments. *P < 0.05. (C) Cell mor-
phology and embryoid bodies (EB) formation. Upper panels 
show the morphology of second passage cells (as shown in A 
but without toluidine blue staining) at higher magnifi cation 
under a phase contrast microscope. Scale bar unit =100 μm. 
Lower panels show the size and morphology of EBs formed 
from second passage cells. Scale bar unit = 300 μm.
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reduced at the time point right after H 2 O 2  treatment while 
cyclin A, cyclin E, and CDK4 did not seem to be affected 
( Fig. 5A , 0 h). However, cyclin D1 started to recover immedi-
ately following the removal of H 2 O 2 . At 4 h incubation after 
treatment, cyclin D1 level nearly reached the level before 
treatment ( Fig. 5A , 4 h). No difference was detected in the 
expression of cyclin D1, cyclin A, and cyclin E in control and 
H 2 O 2 -treated second passage cells ( Fig. 5B ) (as previously de-
fi ned in  Fig. 3 ). It is interesting to note that H 2 O 2 -induced 
decrease of cyclin D1 could not recover if the cells were 
continuously exposed to H 2 O 2  ( Fig. 5C ). The dose–response 
analysis indicated that the effect of H 2 O 2  on the cyclin D1 
down-regulation was apparent at the concentrations above 
50 μM ( Fig. 5D ).  

well-correlated with the H 2 O 2 -induced transient cell prolif-
eration inhibition and subsequent recovery as described in 
 Figure 3 .  

  The effects of H 2 O 2  on cell cycle regulator expression 
in ESCs 

 To investigate the molecular mechanism that led to H 2 O 2 -
induced cell cycle arrest, we examined the expression of 
several cell cycle regulators. The cells were subjected to 150 
μM H 2 O 2  treatment for 2 h. The medium was then changed 
to fresh medium. This time was designated as the starting 
point (0 h) for cell recovery from oxidative stress. As shown 
in  Figure 5A , the expression of cyclin D1 was signifi cantly 
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H2O2 treatment were released by trypsin and replated on a new dish. The cells cultured for 4 days were designated as 4-day 
second passage cells. The cells were fi xed with 80% ethanol, stained with PI, and subjected to fl ow cytometry analysis. The 
distribution areas of cells at G1, S, and G2/M phases were indicated by bars.

H2O2 (2 h)

H2O2 H2O2

Con

– + + + + +
0 1 2 3 4 (h)

0 1 2 4 6 8 (h) 0 20 50 100 150 200 (μM)

CycA
40

30

20

10

0
CycD1 CycA CycE

CON

H2O2

CycE

CycD1

R
e
la

ti
v
e
 m

R
N

A
 L

e
v
e
l 
(%

)

CDK4

Actin

CycD1

Actin

CycD1

Actin

A

C

B

D

FIG. 5. Effect of H2O2 on the expression of cell cycle proteins. (A) Embryonic stem cells (ESCs) were treated with 150 μM 
H2O2 treatment for 2 h. The medium was then changed to fresh medium (designated as 0 h). Cells were then incubated for 
the times indicated. The expression levels of cyclins and CDK4 were detected by western blot. (B) The mRNA level of cyclins 
was determined by RT-qPCR in cells from second passage of control and H2O2-treated cells (as defi ned in Fig. 3). The results 
are means ± SD of 3 independent experiments. The difference is not signifi cant between controls and treated groups. (C) 
ESCs were subjected to 150 μM H2O2 continuously for the times indicated. (D) ESCs were treated with different concentra-
tions of H2O2 treatment for 2 h. Cyclins and CDK4 were detected with their specifi c antibodies (Santa Cruz Biotechnology, 
Santa Cruz, CA). β-Actin was used as a control for protein loading in western blot analysis.



 OXIDATIVE STRESS ON MOUSE EMBRYONIC STEM CELLS 1327

some fl attened spreading colonies formed from sponta-
neous differentiating cells with decreased AP staining were 
also detected in both treated and control groups, but there 
was no signifi cant difference between 2 groups. 

 It is well-recognized that Oct4, Sox2, and Nanog, known 
as pluripotency markers, are the major genes that are respon-
sible for the maintenance of ESC self-renewal and pluri-
potency [ 17–19 ]. As shown in  Figure 7C , Oct4 and Nanog 
are abundantly expressed in ESCs as detected by western 

  Anti-adhesion induced by H 2 O 2  is an early event 
preceding cell cycle arrest and apoptosis 

 Untreated cells were fi rmly attached to the cell culture 
dishes when they were incubated for 24 h after seeding. We 
noticed that cells were roundup and had a tendency to detach 
when treated with 150 μM H 2 O 2  ( Fig. 6A , inset). This obser-
vation indicated that H 2 O 2  has anti-adhesive effect, which 
was quantitatively determined by measuring the adherent 
cells after removing the medium that contained detached 
cells. As shown in  Figure 6A  (graph), H 2 O 2  treatment for 
2 h resulted in 20%–30% cell loss (from cell detachment). 
The cells survived the treatment (attached cells) could re-
cover to normal morphology upon removal of H 2 O 2 . The 
anti-adhesive effect of H 2 O 2  was dramatic to the initial cell 
attachment when H 2 O 2  was added at the same time when 
cells were seeded. As demonstrated in  Figure 6B , in the ab-
sence of H 2 O 2  (CON), the number of attached cells increased 
over time during a time course of 3 h incubation. However, 
150 μM H 2 O 2  profoundly inhibited ESC adhesion. At the end 
of a 3 h period of incubation, only a few cells attached to the 
cell culture dish while the rest of cells existed as clumps in 
the medium. Prolonged incubation did not improve cell ad-
hesion. To test if cells can recover from H 2 O 2  treatment, H 2 O 2  
was removed from medium by centrifugation. However, 
cells were still unable to attach when they were resuspended 
in fresh medium and reseeded on to a new dish, indicating 
that H 2 O 2  treatment under this condition resulted in the cell 
damage to the extent that cells were no longer able to recover. 
Apparently, cells in suspension were much more susceptible 
to H 2 O 2  toxicity than attached cells. The anti-adhesive effect 
of H 2 O 2  was concentration-dependent ( Fig. 6C ) , correlating 
with its effect on cell viability ( Fig. 1A ). These results indi-
cated that the anti-adhesive effect is likely an early event that 
contributes to H 2 O 2 -induced cell cycle arrest and apoptosis.  

  Short-term H 2 O 2 -induced oxidative stress does not 
affect ESC self-renewal and pluripotency 

 Self-renewal and pluripotency of mouse ESCs are 
maintained by LIF presented in the cell culture medium. 
ESCs grow in compact colonies and express AP, which is 
commonly used as a marker to indicate the undifferenti-
ated state of ESCs. Since detection of AP activity requires 
its accumulation in colonies that are older than 4-day cul-
ture and contain at least 30 cells [ 28 ], we examined the effect 
of short-term H 2 O 2  treatment on AP expression using cells 
that had been cultured for 4 days post H 2 O 2  treatment (fi rst 
passage cells as described in  Fig. 3 ). In comparison with con-
trol cells, the number of AP-positive colonies was reduced 
in H 2 O 2 -treated group ( Fig. 7A , red colonies, fi rst passage), 
proportional to the reduced total number of cells identifi ed 
by toluidine blue staining ( Fig. 3A , blue colonies, fi rst pas-
sage). However, after replated on new cell culture dishes, the 
numbers of AP-positive colonies derived from control and 
H 2 O 2 -treated cells were similar ( Fig. 7A , red colonies, second 
passage). The AP-positive colonies were further analyzed 
under a microscope at higher magnifi cation. The overall 
colony morphology and the AP level were not apparently 
affected by H 2 O 2  since the intensity of AP staining of indi-
vidual colonies was similar in control cells and treated cells 
( Fig. 7B ). It should be pointed out that, in addition to the typ-
ical compact colonies formed from undifferentiated ESCs, 
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FIG. 6. Effect of H2O2 on cell morphology and cell adhe-
sion. (A) Effect of H2O2 on cell morphology and adhesion of 
attached cells. Embryonic stem cells (ESCs) were cultured 
for 24 h before they were treated with 150 μM H2O2. Inset 
shows the morphology of control cells and cells that were 
treated with 150 μM H2O2 for 2 h. Cells were photographed 
under a phase contrast microscope (scale bar = 50 μm). The 
graph represents cell number of attached cells after removal 
of detached cells in the medium. Cell number was indirectly 
measured by OD 630 nm after toluidine blue staining. (B) 
Effect of H2O2 on initial cell adhesion. H2O2 was added to 
the medium to the fi nal concentration of 150 μM at the time 
when ESCs were seeded. The graph shows the relative cells 
number in the absence (CON) or in the presence of H2O2 in-
cubated for the indicated times. (C) Effect of different con-
centrations of H2O2 on the initial cell adhesion. ESCs were 
seeded in the absence of H2O2 (control, 0 μM) or in the pres-
ence of different concentrations of H2O2 and incubated for 
2 h. Results are means ± SD of 3 independent experiments 
with duplicate assay. *P < 0.05, compared with the value of 
the control group.
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H 2 O 2 -induced senescence ( Fig. 8A , ESCs). To confi rm this 
conclusion, we further analyzed the expression of p21, a 
commonly used biochemical senescent marker expressed at 
the onset of senescence [ 7 ]. Its expression was readily detect-
able in untreated MEFs, which was up-regulated by H 2 O 2  
treatment. The expression level of p21 remained elevated in 
all H 2 O 2 -treated cells during a time course up to 24 h, but it 
was undetectable in either control or H 2 O 2 -treated ESCs at 
any time point tested ( Fig. 8B ). The ESCs shown in  Figure 8A  
were 5-day-old ESC colonies post H 2 O 2  treatment. Although 
the mRNA of 3 senescence markers of p21, p19, and p16 was 
detectable by RT-qPCR in these cells, there was no detectable 
change in the mRNA level of all 3 genes between control and 
H 2 O 2 -treated cells ( Fig. 8C ). Similar results were obtained in 
second passage cells after H 2 O 2  treated. These results fur-
ther support the conclusion that the condition effectively in-
ducing senescence of MEFs was unable to do so in ESCs.   

  Discussion 

 It has been known that different types of cells have differ-
ent responses and tolerance to H 2 O 2 -induced oxidative stress 
[ 2 ]. For instance, in fi broblasts, low concentrations of H 2 O 2  
(<10 μM) stimulate cell proliferation; intermediate concen-
trations (~150 μM) cause growth arrest or senescence; and 
high levels of H 2 O 2  (>400 μM) induce rapid apoptosis [ 13 ]. 
Similar results were reported in vascular smooth muscle 
cells [ 10 ]. It should be pointed out that the “high” and “low” 

blot analysis with their specifi c antibodies (Santa Cruz 
Biotechnology, Santa Cruz, CA), but short-term exposure 
of ESCs to H 2 O 2  did not alter their expression since similar 
levels of Oct4 and Nanog were detected in control cells and 
H 2 O 2 -treated cells in a time course up to 24 h post-treatment. 
At the mRNA level determined by RT-qPCR, Oct4, Sox2, and 
Nanog were also comparable in the second passage of con-
trol and H 2 O 2 -treated cells ( Fig. 7C ). Together, these results 
indicate that short-term H 2 O 2 -induced oxidative stress does 
not compromise ESC self-renewal and pluripotency.  

  ESCs are resistant to H 2 O 2 -induced senescence 

 As mentioned earlier, the short-term oxidative stress 
induced by 150 μM H 2 O 2  for 2 h treatment was an experi-
mental condition that was designed to induce senescence in 
somatic cells. As expected, this treatment resulted in about 
80% of MEFs becoming senescent ( Fig. 8A ). A key feature 
of proliferative MEFs is that they have elongated cell bodies 
( Fig. 8A , CON). The cells treated with H 2 O 2  entered a per-
manent senescent state with characteristic of enlarged and 
fl attened cell bodies ( Fig. 8A , H 2 O 2 ). Senescent MEFs were 
readily detected at 5–7 days post-treatment. They did not di-
vide, but were viable for a long period of time and expressed 
β-galactosidase (β-Gal) ( Fig. 8A , H 2 O 2 , blue color). On the 
contrary, ESCs treated with H 2 O 2  showed neither senescent 
morphology nor β-Gal expression under the similar ex-
perimental conditions, indicating that they are resistant to 
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FIG. 7. H2O2 treatment does not affect embryonic stem cells (ESCs) pluripotency and self-renewal. (A) ESCs were seeded 
on 6-well dish and were treated with 150 μM H2O2 for 2 h. The cells were then cultured in fresh medium for 4 days (fi rst 
passage). In parallel experiments, the control cells and treated cells and were released by trypsin. Same numbers of cells 
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examined and photographed under a phase contrast microscope (scale bar unit = 100 μm). (C) Western blot analysis of Oct4 
and Nanog expression after the cells were treated with H2O2 under the conditions specifi ed. β-Actin was used as a control 
for protein loading. (D) The mRNA level of pluripotency markers determined by RT-qPCR in cells from second passage of 
control and H2O2-treated cells. The results are means ± SD of 3 independent experiments. The difference is not signifi cant 
between controls and treated groups.
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of cell treatment, as reported in a previous study demon-
strating an inverse relationship between H 2 O 2  toxicity and 
cell confl uence in somatic cells [ 33 ]. 

 Our data obtained from different analyses suggest that 
the cytotoxicity of H 2 O 2  at the concentrations above 50 μM 
is attributed to H 2 O 2 -induced anti-adhesion, apoptosis, and 
inhibition of cell proliferation, or combination of all 3 events. 
An accurate assessment of each of these factors’ contribution 
to the observed result is diffi cult, since they could be inter-
related events. Nevertheless, it is clear that continuous long-
term exposure of ESCs to H 2 O 2  (>150 μM) causes apoptosis 
while a short-term sublethal H 2 O 2  treatment induces a tran-
sient cell cycle arrest. In both cases, the anti-adhesion effect 
is the prominent events preceding H 2 O 2 -induced apoptosis 
and cell cycle arrest. Since treatment with 150 μM H 2 O 2  for 
2 h caused signifi cant cell detachment, we believe that this 
factor together with the subsequent cell cycle arrest is the 
major cause leading to the reduced cell number under this 
condition. An important fi nding is that cells survived the 
brief H 2 O 2  treatment have remarkable recovery capacity 
since they showed similar cell proliferation rate, morphology, 
and the expression levels of cell cycle regulators to the con-
trol cells after several days’ culture in fresh medium. It is 
known that mitotic somatic cells spend most of their time 
in G1 phase and their progression to the S phase is largely 
controlled by cyclin-dependent kinases (CDK) whose ac-
tivity is regulated by various cyclins. Although expressed 
in ESCs, several major CDK–cyclin control complexes, such 
as Cdk4/cyclin D, seem to exhibit little or no regulatory ac-
tivity. Instead, division of ESCs is driven by the Cdk2/cyclin 
A/E pathway that is constitutively active throughout the 
cell cycle [ 16 ]. This may explain the short G1 period and 
account for the unusual cycle control mechanism that allows 
for rapid ESC division. We speculated that H 2 O 2  treatment 
may affect the expression of these cell cycle regulators. We 
indeed found that the expression of cyclin D1 was signifi -
cantly down-regulated, but the expression of cyclin A, cyclin 
E, and CDK4 was not signifi cantly affected. The recovery of 
cyclin D1 upon the removal of H 2 O 2  correlates well with the 
recovery of cell proliferation rate. It has been reported that 
similar treatment of fi broblasts induces a transient cell cycle 
arrest, which is attributed to the marked down-regulation 
of cyclin D1 [ 37 ]. Interestingly, our result in ESCs resembled 
these observations; however, the contribution of cyclin D1 
down-regulation to the cell cycle arrest is uncertain accord-
ing to the above-mentioned hypothesis that cyclin D1 does 
not play a major role in the control of ESC cycle. Therefore, 
the molecular mechanisms that account for H 2 O 2 -inhibited 
proliferation of ESCs remain to be investigated. 

 Although the signaling mechanisms that mediate the 
effects of H 2 O 2  have been intensively investigated in somatic 
cells [ 3 , 38 ], we are not aware of studies describing the anti-
adhesion effect of H 2 O 2  as reported here. Clearly, it is an early 
event that directly causes cell detachment and may indi-
rectly affect cell cycle progression and apoptosis in ESCs. It 
is well-known that interference of cell adhesion signifi cantly 
affects cell proliferation and causes apoptosis of anchorage-
dependent cells [ 39 ]. The molecular mechanism behind our 
observation in ESCs remains to be investigated. However, 
a recent study by Yang et al. [ 40 ] indicates that H 2 O 2  affects 
the structure and function of the cell membrane through 
interacting with lipid rafts. It will be interesting to see if 

levels of oxidative stress induced by H 2 O 2  are relative mea-
surement defi ned by different investigators and they may 
vary depending on cell types and experimental conditions. 
Our results show that ESC proliferation and viability dis-
played sensitivity to H 2 O 2  comparable to those reported for 
fi broblasts and vascular cells. Furthermore, H 2 O 2 -induced 
ESC death is signifi cantly affected by cell density at the time 
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FIG. 8. Embryonic stem cells (ESCs) are resistant to H2O2-
induced senescence. (A) H2O2 induces senescence of mouse 
embryonic fi broblasts (MEFs) but not ESCs. Cells were treated 
with 150 μM H2O2 for 2 h. The cells were then cultured in 
fresh medium. MEFs at day 10 and ESCs at day 5 post H2O2 
treatment were fi xed. Senescent cells are indicated by their 
enlarged cell bodies and the expression of β-galactosidase 
(β-Gal). Cells were examined and photographed under 
a phase contrast microscope (scale bar unit = 50 μm). (B) 
Western blot analysis of p21 expression. Cells were treated 
with 150 μM H2O2 for 2 h. The cells were then cultured in 
fresh medium for the times indicated. The expression of p21 
was detected with its specifi c antibodies. β-Actin was used 
as a control for protein loading. (C) Analysis of the expres-
sion of senescence marker genes in ESCs. The mRNA of each 
gene was determined by RT-qPCR from ESCs described in 
(A) and normalized to β-actin mRNA. Results are means ± 
SD of 3 independent experiments. The difference is not sig-
nifi cant between controls and treated groups.
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