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Abstract
Changes in regional O2 tension that occur during fracture and skeletal unloading may stimulate local
bone cell activity and ultimately regulate bone maintenance and repair. The mechanisms by which
bone cells sense and respond to changes in O2 tension are unclear. In this study we investigated the
effects of low O2 on activation of the hypoxia response element (HRE), prostaglandin E2 (PGE2)
production, PGE2 receptor (EP) expression and proliferation in MC3T3-E1 osteoblastic cells. Cells
were cultured for up to 72 hours in 2% O2 (considered hypoxic), 5% O2 (in the range of normal
O2 tension in vivo) or 21% O2 (commonly used for cell culture). Cells cultured in 2% O2 showed
activation of the HRE, increased PGE2 release, increased EP1 expression, and reduced cell
proliferation compared to cells grown at 21% O2. Similarly, cells cultured in 5% O2 showed increased
expression of EP1 and a trend toward a decrease in proliferation, but no activation of the HRE or
increase in PGE2 levels. Expression of EP2, EP3 and EP4 were not affected by O2 tension. The
differences in EP receptor profile observed in cells grown at 5% compared to 21% O2 suggest that
bone cell phenotype may be altered under routine cell culture conditions. Furthermore, our data
suggest that hypoxia-dependent PGE2 production and EP1 expression in bone cells may play a role
in bone remodeling and repair in regions of compromised or damaged bone, where O2 tension is low.
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Introduction
O2 tension in the environment surrounding bone cells can vary under certain circumstances.
For example, skeletal unloading has been shown to induce osteocyte hypoxia (Dodd et al.,
1999). In addition, bone cells in the vicinity of a fracture may experience a significant decrease
in O2 tension due to disruption of the vasculature (Brighton and Krebs, 1972; Heppenstall et
al., 1975). Regions of low O2 tension may also exist in the areas surrounding a microcrack due
to a disruption of the lacunar-canalicular network and at the junction of graft and host bone
tissue. Hypoxia can activate specific genes whose protein products mediate adaptive responses
to O2 deprivation as well as those that potentiate O2 delivery (Semenza, 2002). For example,
some cells up-regulate the expression of glycolytic enzymes and glucose transporters to
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facilitate a switch from oxidative phosphorylation to glycolysis (Semenza, 2000). In bone cells,
hypoxia has been shown to up-regulate the expression of vascular endothelial growth factor
(VEGF), a potent angiogenic factor (Steinbrech et al., 1999; Steinbrech et al., 2000), which
facilitates new blood vessel formation and may potentiate O2 delivery. Hypoxia-dependent
regulation of gene expression is believed to take place at the transcriptional level and to be
mediated by hypoxia-sensitive transcription factors such as hypoxia-inducible factor-1α
(HIF-1α) (Semenza, 1998). Under normoxic conditions, HIF-1α undergoes rapid
ubiquitination and proteosomal degradation. Under hypoxic conditions, this degradation is
inhibited, HIF-1α translocates to the nucleus, dimerizes with HIF-1β and binds to its consensus
sequence within the hypoxia responsive element (HRE) (D’Angio and Finkelstein, 2000).

Hypoxia in most tissues is generally defined as between 1 and 2% O2, a condition under which
HIF-1 is activated (Semenza, 2002). Less well defined is the normal range of O2 tension bone
cells experience in vivo. O2 tension is around 13% (100mmHg) in arterial blood, approximately
6% (45mmHg) in mixed venous blood and considerably lower than 6% in most tissues
(Vanderkooi et al., 1991; Vaupel et al., 1991). It is possible, therefore, that bone cells reside
in O2 tensions of 6% or lower as their distance from the vasculature increases.

Although the data are contradictory, reduced O2 tension has been shown to have significant
effects on bone cell physiology. For example, some studies have shown that reduced O2 tension
leads to bone cell proliferation (Tuncay et al., 1994), while others have demonstrated decreased
cell proliferation (Steinbrech et al., 1999; Utting et al., 2006), apoptosis (Chae et al., 2001) and
decreased Runx2 expression (Park et al., 2002). In addition, little is known about the signaling
pathways induced under hypoxic conditions that elicit such changes in bone cell activity. To
gain insight into the signaling pathways involved in hypoxic regulation of bone cell activity,
we chose to look at the relationship between hypoxia and prostaglandin E2 (PGE2) signaling.
PGE2 is an important modulator of bone cell physiology and has been shown to be upregulated
in response to hypoxia in other cells types (Michiels et al., 1993; Roszinski and Jelkmann,
1987). Interestingly, PGE2 levels have been shown to be elevated at a fracture site (Dekel et
al., 1981) an area where O2 tension is significantly lowered (Brighton and Krebs, 1972;
Heppenstall et al., 1975). Evidence suggests that under these circumstances, PGE2 and
cyclooxygenase-2 are crucial for fracture repair (Simon et al., 2002; Zhang et al., 2002).

PGE2 has diverse effects on bone cell physiology, one of which includes functioning as an
autocrine factor to regulate osteoblast proliferation and differentiation (Feyen et al., 1985;
Fujimori et al., 1989; Igarashi et al., 1994). In addition, PGE2 has been shown to regulate
osteoclastic bone resorption (Chambers, 1980; Kobayashi et al., 2005; Okuda et al., 1989). The
specific effect of PGE2 on cellular functions is dependent on both the concentration of PGE2
available (Hakeda et al., 1985; Hakeda et al., 1986) and the type of prostanoid receptor
expressed on the surface of bone cells. Prostanoid receptors include EP1, EP2, EP3 and EP4
(Coleman et al., 1994; Regan et al., 1994). MC3T3-E1 cells have been shown to express EP1,
EP2 and EP4, while all 4 receptors were identified in an osteocytic cell line (MLO-Y4) (Cherian
et al., 2003). In addition, EP1, EP2 and EP3 were expressed in rat calvariae (Kasugai et al.,
1995 ). EP1 receptor activation has been shown to increase proliferation and reduce
differentiation in MC3T3-E1 cells (Suda et al., 1996) and increase bone formation in rat tibiae
(Tang et al., 2005). In contrast, EP4 receptor activation reduces proliferation and increases
differentiation in osteoblast cells (Ito et al., 2006; Suda et al., 1996). In addition, the EP4
receptor may be critical during bone formation and resorption (Miyaura et al., 2000; Sakuma
et al., 2000; Suzawa et al., 2000; Yoshida et al., 2002). The EP2 receptor has been shown to
enhance osteoclastogenesis and bone resorption in vitro (Suzawa et al., 2000, Li et al., 2000).
Although the EP3 receptor is expressed in bone tissue, its function in osteoblast cells remains
to be determined.
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To examine the relationship between hypoxia and PGE2 signaling in bone cells we looked at
the effects of reducing O2 from an ambient tension of 21% (at which most cell culture is
performed) to 5% and 2%, on PGE2 release, EP1 and EP4 expression, as well as cell
proliferation. To confirm cellular hypoxia, we used pimonidazole hydrochloride, commercially
available as Hypoxyprobe™-1. Hypoxyprobe™-1 forms protein adducts in cells at
pO2<10mmHg (1.4% O2) that can be detected and visualized using immunocytochemistry. In
addition, we also looked at the activity of HIF-1α, which activates gene transcription in hypoxic
cells by binding to a specific HRE contained in those genes. We constructed an HRE-luciferase
reporter plasmid and recorded luciferase activity in cells cultured at 2%, 5% and 21% O2.

Methods
Cell culture

MC3T3-E1, mouse osteoblastic cells (clone 14) were cultured at a seeding density of 10,000
cells/cm2 in 100mm Petri dishes with α-minimum essential medium (α-MEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (P/S). 20 hours after
seeding, media was replaced with α-MEM containing 0.1% FBS and 1% P/S, supplemented
with or without 100μM indomethacin treatement (a nonselective inhibitor of COX-1 and
COX-2), pre-conditioned in 2%, 5% or 21% O2 tension for 24 hours. For ambient (21%) O2
tension experiments, cells were cultured in a standard humidified incubator at 37°C with a 95%
air and 5% CO2 atmosphere. For reduced O2 tension experiments, cells were cultured in
humidified incubators at 37°C with 5% CO2 and with O2 tension reduced to either 2% or 5%
using supplemental N2 (HERAcell® 150, Kendro, USA.). Cells were removed from the
incubators at specified time points, immediately placed on ice and both media and whole cell
lysates were collected.

Detection of cellular hypoxia
Pimonidazole hydrochloride (Hypoxyprobe™-1, Chemicon International, Inc, Temecula, CA)
was used to determine cellular hypoxia. At pO2<10mmHg (1.4% O2) Hypoxyprobe™-1 forms
protein adducts in cells which can be detected and then visualized using a monoclonal antibody,
Hypoxyprobe™-1-Mab1, covalently bound to FITC. To detect cellular hypoxia, cells were
seeded onto 24mm glass coverslips placed within the wells of a 6-well plate, at a density of
100,000 cells per well and treated with media supplemented with or without 200μM
Hypoxyprobe™-1, which had been pre-conditioned in 2%, 5% or 21% O2 for 24 hours. Cells
were then placed into incubators set at 2%, 5% or 21% O2 respectively, for 3 hours after which
they were removed and placed on ice. Each coverslip was washed 2 times with ice cold PBS,
fixed in 90% methanol for 10 min at −20°C, and then blocked with 3% bovine serum albumin
(BSA) in PBS for 2 hours. The coverslips were incubated with Hypoxyprobe™-1-Mab1 at a
concentration of 1:200 in PBS for 45 min, washed in PBS, mounted onto glass slides and
imaged using a Nikon E600 epifluorescence microscope with exposure times fixed for all
slides. Cells not treated with pimonidazole were fixed and stained in the same manner and
served as negative controls.

Hypoxia response element (HRE) reporter plasmid construct
A pGL3-HRE reporter plasmid vector was created by ligating the promoter region of human
vascular endothelial growth factor (hVEGF) from −1005 to 379, which contains the HRE
(AGCGTG), into the Kpn1-Mlu1 sites of pGL3-Basic vector (Promega, Madison, WI) that
contains no promoter but a firefly luciferase (luc) coding sequence (Forsythe et al., 1996). The
promoter sequence was confirmed by DNA sequencing.
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Transient HRE expression assays
Cells were seeded into 24 well plates at a density of 85,000 cells/well and grown overnight.
Cells were then co-transfected with pGL3-HRE DNA and a Renilla luciferase vector, pRL-TK
(Promega, Madison, WI) using Lipofectamine™ 2000 and Optimem (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol, which has been previously used (You et al.,
2002). The pRL-TK Vector was used as an internal control to normalize the difference in
transfection efficiency. After 19 hours, media were replaced with α-MEM containing 0.1%
FBS and 1% P&S that had been pre-conditioned in 2%, 5% or 21% O2 for 24 hours. Cells were
then cultured at 2%, 5% or 21% O2, respectively for 24 hours. Cell lysates were collected and
luciferase activity levels were measured using the Dual-Luciferase® Reporter Assay System
(Promega Corp., Madison, WI) and a Turner Designs Model 20/20 luminometer. 100μM
CoCl2, a known activator of HIF-1α (Wang and Semenza, 1993), was used as a positive control
for HRE activation.

PGE2 release
Conditioned media were collected from cells cultured at 2%, 5% or 21% O2 for up to 72 hours.
Media were centrifuged at 2000 RPM for 15 mins and PGE2 concentration in the supernatant
was determined using a commercially available enzyme immunoassay system (GE Healthcare,
Piscataway, NJ). PGE2 levels were normalized to total cell protein for each sample, and
reported as a fold increase as compared to cells cultured in 21% O2 for 1 hour.

Western blotting
Up to 72 hours after exposing cells to different O2 tensions, total cell lysates were collected in
RIPA buffer [1% Igepal CA-630, 0.5% sodium deoxycholate (Sigma –Aldrich, St. Louis, MO)
and 0.1% SDS (Bio-Rad, Hercules CA) in PBS]. Protein concentration was determined by the
Lowry method using the DC Protein Assay (Bio-Rad, Hercules, CA). Equal amounts of protein
(20μg) were loaded into SDS-polyacrylamide gels, resolved by electrophoresis and transferred
to nitrocellulose membranes that were blocked in 5% non-fat milk in Tris-buffered saline with
0.05% Tween-20 (TBST) prior to antibody incubation. Ram seminal vesicle microsomes were
used as a positive control for EP2 detection, as suggested by the manufacturer (Cayman
Chemicals, Ann Arbor, MI). Whole cell lysate from a kidney cell line (293) was used as a
positive control for EP3 detection since high levels of EP3 receptor have been detected in
kidney cells(Kotani et al., 1995).

For detection of EP receptors, membranes were incubated overnight at 4 °C with polyclonal
antibodies against the respective proteins (Cayman Chemicals, Ann Arbor, MI). Following
three washes in TBST, the membranes were incubated with appropriate secondary antibodies
linked to horseradish peroxidase (HRP) for 1 hour (Jackson ImmunoResearch Laboratories,
West Grove, PA) at 1:10,000 dilution. After washing in TBST and then PBS, the membranes
were soaked in ECL detection reagents for 1 min (Amersham, UK) and then exposed to X-ray
film. To confirm equal loading of protein, the membranes were stripped and probed for
expression of β-actin (anti-β-actin mAb, 1:5,000, Abcam, Cambridge, MA), the cellular levels
of which have been shown to be unaffected by O2 tension (Zhong and Simons, 1999).

Proliferation assay
Cellular proliferation was determined using a bromodeoxyuridine (BrdU) flow kit (BD
Biosciences, San Diego, CA). Cells were treated with reduced serum media (0.1% FBS), or
reduced serum media supplemented with 5μM 17-phenyl trinor PGE2 (an EP1 agonist), or
10μM AH6809 (an EP1 antagonist) (Cayman Chemicals, Ann Arbor, MI), or DMSO as a
vehicle control and exposed to 2%, 5% and 21% O2. After 21 hours, cells were treated with
10μM BrdU for 3 hours. Cells were collected and stained for BrdU incorporation using an anti-
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BrdU FITC-conjugated antibody, and total DNA content was stained with 5μl 7-AAD (as
supplied) followed by analysis using FACScan according to the manufacturer’s instructions.

Statistical analysis
To compare luciferase activity between O2 tensions, a one-way analysis of variance (ANOVA)
was used with a Dunn’s multiple comparisons post-hoc test. To compare PGE2 levels and
proliferation rates between O2 tensions, unpaired t-tests were performed.

Results
Detection and confirmation of cellular hypoxia

In order to determine whether MC3T3-E1 cells were experiencing and responding to cellular
hypoxia (<1.4% O2), we used an immunofluorescent staining technique, Hypoxyprobe™-1,
and a luciferase reporter assay, respectively. Immunofluorescent staining was evident in cells
cultured at 2% O2 for 3 hours (Figure 1), which indicates the presence of Hypoxyprobe™-1
adducts and therefore a pO2<10mmHg (<1.4% O2). Fluorescent staining was not different from
control (no Hypoxyprobe™-1) in cells cultured at 5% and 21% O2. HRE-luciferase activity
levels in MC3T3-E1 cells cultured at 2% O2 were significantly increased compared to those
measured at both 5% and 21% O2 (Figure 2). These data confirm that MC3T3-E1 cells cultured
at 2% O2 were experiencing hypoxia during the course of the experiments. Our data suggest
that at 2% O2, HIF-1α is stabilized in MC3T3-E1 cells, translocates to the nucleus and binds
to the HRE in target genes. In addition, treatment of cells with CoCl2 at 21% O2 also increased
luciferase activity levels when compared to cells grown at 2%, 5% and 21% O2. This validated
our experimental system, as CoCl2 is a known activator of HIF-1α (Wang and Semenza,
1993).

Effects of hypoxia on PGE2 levels in MC3T3-E1 cells
PGE2, an important modulator of bone cell physiology, has been shown to be upregulated in
response to hypoxia in other cell types and is elevated in the reduced O2 environment of a
fracture site. In this study, as predicted, PGE2 levels in media collected from cells grown at
2% O2 were significantly elevated over those from cells cultured at 5% and 21% O2 at 24 hours
(Figure 3). PGE2 levels remained significantly elevated for 48 hours. There was no detectable
difference in PGE2 levels between cells cultured at 5% and 21% O2 at any time point. Treatment
of cells with 100μM indomethacin (a nonselective inhibitor of COX-1 and COX-2) inhibited
PGE2 release at all O2 tensions and all time points. Our data show that PGE2 levels are elevated
in bone cells in response to hypoxia. We propose that PGE2 may act locally to modulate bone
cell physiology and aid in remodeling and repair in regions of damaged bone.

Effects of hypoxia on expression of prostanoid receptors in MC3T3-E1 cells
PGE2 exerts its effects through stimulation of specific cell surface EP receptors, EP1–4. Our
data show that the expression of EP1 was similar at all O2 tensions at 6 hours (Figure 4A).
However, after 24 hours, EP1 expression increased in cells cultured at 2% and 5% O2 and
remained elevated for up to 72 hours. EP1 expression at 2% O2 was consistently higher than
at 5% between 24 and 72 hours. EP1 expression in cells cultured at 21% O2 did not change
over time. This response is not specific to the MC3T3-E1 cell line. Similar increases in EP1
expression were observed in human osteoblastic cells (MG63) cultured at 2% and 5% O2, at
24 and 48 hours. Expression of EP4 was similar at all O2 tensions and did not change with time
in culture (Figure 5A). Treatment with indomethacin had no effect at any O2 tension or time
point on either EP1 or EP4 expression (Figure 4B and 5B). Interestingly, we did detect
expression of EP2 and EP3 in MC3T3-E1 cells, but levels were similar at all O2 tensions, and
also did not change with time in culture (Figure 6). EP3 protein was detected at 65 and 52 kDa
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which indicates a variation in the degree of post translational modification of the receptor.
Changes in the expression level of EP1 which has been shown to be involved in auto-
amplification of PGE2 production, may play a role in enhancing or prolonging the action of
PGE2 under hypoxic conditions.

Effects of hypoxia on MC3T3-E1 proliferation
PGE2, acting through EP receptors has diverse effects on bone cell physiology including
modulation of osteoblast proliferation and differentiation. Specifically, in MC3T3-E1 cells,
activation of EP1 has been shown to lead to increased proliferation. Interestingly, in our studies,
proliferation was significantly inhibited by over 40% in MC3T3-E1 cells cultured at 2% O2
when compared to those cultured at 21% O2 (Figure 7). There was also a trend for a decreased
proliferation rate in 5% O2. Neither 17-phenyl trinorPGE2 (an EP1 agonist) nor AH6809 (an
EP1 antagonist) had an effect on proliferation rate at any O2 tension. These data suggest that
lowering O2 tension inhibits proliferation in osteoblasts. Furthermore, PGE2 acting through
EP1 does not seem to be responsible for this decrease in proliferation.

Discussion
Our data demonstrate that osteoblasts can sense and respond to decreases in O2 tension. In this
study we looked at the effect of lowering O2 tension from 21%, at which most cell culture is
performed, to 2%, which is generally considered hypoxic for cells, and 5%, which is within
the range of normal O2 tensions measured in a variety of body tissues in vivo (Vanderkooi et
al., 1991). We confirmed that osteoblastic cells experienced and responded to hypoxia by
examining the effects of hypoxia on expression of an HRE-luciferase reporter construct. Our
data showed that luciferase activity levels in cells cultured at 2% O2 were significantly
increased compared to those measured at both 5% and 21% O2. This suggests that at 2% O2
HIF-1α translocates to the nucleus and binds to the HRE. Cellular hypoxia was further
confirmed by visualizing Hypoxyprobe™-1 adducts that have been shown to form at cellular
O2 tensions of <1.4%.

Our data suggest that PGE2 levels are elevated in bone cells in response to hypoxia. Similar
increases in PGE2 have been observed in renal mesangial cells exposed to approximately 1–
2% O2 (Kurtz et al., 1985; Roszinski and Jelkmann, 1987). In human endothelial cells exposed
to anoxia there was a 5-fold increase in PGE2 levels after 2 hours and a concomitant increase
in activation of PLA2 (Michiels et al., 1993). While it has been shown in vivo that PGE2 levels
are increased in the tibiae and surrounding tissues 1–14 days after fracture (Dekel et al.,
1981), a situation in which hypoxia ensues due to disruption of the vasculature (Brighton and
Krebs, 1972), ours may be the first study to show hypoxia-induced PGE2 production in bone
cells in vitro. Interestingly, fracture healing has been shown to fail in COX-2 knockout mice
(Simon et al., 2002). Furthermore, both specific and non-specific COX enzyme inhibitors have
been shown to have deleterious effects on fracture healing in animal models (Seidenberg and
An, 2004). Taken together, these data suggest that under certain circumstances, hypoxia may
stimulate the production of PGE2 to aid in bone repair and remodeling.

Ultimately, PGE2 exerts its effects through stimulation of specific cell surface EP receptors.
Our studies show that all EP receptors are expressed by MC3T3-E1 cells, and that expression
levels of EP2, EP3 and EP4 were insensitive to changes in O2 tension. In contrast, EP1 receptor
expression was strongly elevated in cells cultured at 2% and 5% O2 compared to 21% O2, with
expression consistently highest in 2% O2 and occurring in parallel with the hypoxia-stimulated
increase in PGE2. To our knowledge this is the first study to show that hypoxia can modulate
EP receptor expression. The role of the EP1 receptor under hypoxic conditions and in bone
biology in general is unclear. An EP1 agonist was shown to enhance expression of fibronectin
and α5β1 integrin in rat primary osteoblasts (Tang et al., 2005). In the same study local
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administration of PGE2 or the EP1 agonist into the metaphysis of the tibia increased fibronectin
andα5β1 integrin immunostaining and promoted bone formation (Tang et al., 2005). This
contradicts evidence to suggest that stimulation of the EP1 receptor in MC3T3-E1 cells
enhances proliferation, but suppresses differentiation (Suda et al., 1996). In our study we
observed a significant decrease in cell proliferation in MC3T3-E1 cells cultured at 2% O2 when
compared to those cultured at 21%. Furthermore, neither the EP1 antagonist or agonist had any
effect on cell proliferation at any O2 tension. Importantly, the EP1 receptor has been shown to
be involved in auto-amplification of PGE2 production (Suda et al., 1998). The EP1 receptor
may, therefore, play a role in enhancing and prolonging the action of PGE2 under hypoxic
conditions, for example during fracture healing.

In this study we show that lowering O2 tension significantly inhibits osteoblast proliferation.
This supports previous studies which showed that lowering O2 tension to around 5% inhibited
proliferation in MC3T3-E1 cells for up to 5 days (Steinbrech et al., 1999). In addition, in
primary rat osteoblasts a decrease in proliferation was noted in cells cultured for between 6
and 18 days in 2% O2 (Utting et al., 2006). We also showed that proliferation rates were not
affected by an EP1 receptor agonist and antagonist. These data suggest that PGE2 acting
through EP1 is not responsible for the decrease in osteoblast proliferation. Indeed, PGE2 has
been shown in many studies to stimulate osteoblast proliferation (Conconi et al., 2002; Frost
et al., 1997). Furthermore an EP1 receptor agonist has been shown to increase proliferation in
MC3T3-E1 cells (Suda et al., 1996). It is possible then, that the increase in PGE2 levels and
EP1 receptor expression in osteoblasts in response to hypoxia might be an attempt by the cells
to enhance impaired proliferation rates.

The O2 concentration in bone tissue in vivo is unknown, however, mean tissue levels of O2
generally fall between 1 and 9%, most being at the lower end of this range (Vanderkooi et al.,
1991). It is interesting to note that lowering O2 tension to a more physiologically relevant level
of 5% also had effects on bone cell phenotype. While there was no induction of PGE2 levels
in 5% O2, EP1 receptor expression was increased and there was a trend for a decrease in cell
proliferation rates. The fact that PGE2 levels were not affected suggests that 5% O2 is not
adequate to induce hypoxic stress. This is confirmed by HRE-luciferase data in Figure 2 and
the absence of Hypoxyprobe™ staining in Figure 1. However, the up-regulation of EP1 receptor
levels and the decrease in proliferation do seem to suggest that under these conditions that the
phenotype of bone cells may be altered. O2 is a powerful regulator and there are many examples
of how cell physiology is significantly altered by changing the O2 tension from a potentially
hyperoxic level of O2 (21%) which is routinely used in cell culture incubators, to a lower but
more physiologic O2 tensions. For example, it has been shown that O2 levels are critical for
stem cell proliferation, differentiation, apoptosis and migration (Csete, 2005). The reasons for
this are unclear, however, it is possible that the regulation of cell processes observed at different
O2 tensions may be due to generation of more or less reactive oxygen species (ROS) (Csete,
2005). ROS can harm cells by causing oxidative damage to DNA, protein and lipids, and as
such, have been implicated in an array of disease states including osteoporosis, rheumatoid
arthritis and aging studies. It has been shown that there is a reduction in ROS generated when
O2 levels are lowered in culture (Csete, 2005). Using dichlorofluorescein, a fluorescent probe
for ROS, we have observed that ROS levels in MC3T3-E1 cells exposed to 2% O2 for 24 hrs
are reduced compared to cells cultured in 21% O2 (Lee and Yellowley unpublished data). Taken
together, the change in the receptor profile and cell proliferation in MC3T3-E1 cells grown at
5% O2 compared to 21% O2 emphasizes a need for further investigation of normal cell behavior
at more physiologic levels of O2.
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Figure 1.
Fluorescent immunocytochemical staining for hypoxia (Hypoxyprobe™-1 adducts) in MC3T3-
E1 cells cultured for 3 hours in 2%, 5% or 21% O2. Cells were cultured with (A) or without
(B) 200 μM Hypoxyprobe™-1. Fluorescent staining indicates the presence of
Hypoxyprobe™-1 adducts which form at pO2<10mmHg (1.4% O2).
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Figure 2.
Effect of hypoxia on expression of pGL3-HRE vector. MC3T3-E1 cells were cultured for 24
hours at 2%, 5% or 21% O2 after which luciferase activity levels were measured. Some cells
were treated with 100μM CoCl2 as a positive control for HRE activation. Bars represent mean
luciferase activity ± SE, expressed in relative luciferase units (RLU) and normalized to a
Renilla luciferase internal control. * Represents a statistically significant difference from 2%
O2, p < 0.05, n=4.
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Figure 3.
Effects of hypoxia on PGE2 levels in MC3T3- E1 cells cultured for up to 72 hours in 2%, 5%
or 21% O2. PGE2 levels were normalized to total cell protein for each sample. Bars represent
mean fold increase in PGE2 levels ± SE, as compared to cells cultured in 21% O2 for 1hour. *
Represents a statistically significant difference from 2% O2 at the same time point, p < 0.05,
n=4.

Lee et al. Page 13

J Cell Physiol. Author manuscript; available in PMC 2010 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Representative western blots for EP1 protein levels in MC3T3-E1 cells. A. EP1 protein in cells
cultured for up to 72 hours in 2%, 5% or 21% O2. B. EP1 protein levels in cells cultured for
up to 72 hours in 2%, 5% or 21% O2 in the presence of 100μM indomethacin. β-actin was used
as a loading control, n=3.
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Figure 5.
Representative western blots for EP4 protein levels in MC3T3-E1 cells. A. EP4 protein in cells
cultured for up to 72 hours in 2%, 5% or 21% O2. B. EP4 protein levels in cells cultured for
up to 72 hours in 2%, 5% or 21% O2 in the presence of 100μM indomethacin. β-actin was used
as a loading control, n=3.
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Figure 6.
Representative western blots for EP2 and EP3 protein levels in MC3T3-E1 cells. A. EP2 protein
levels in cells cultured for 24 and 48 hours in 2%, 5% or 21% O2. Ram seminal vesicle
microsomes were used as a positive control for EP2 as suggested by the manufacturer. B. EP3
protein levels in cells cultured for 24 and 48 hours in 2%, 5% or 21% O2. Whole cell lysate
from kidney 293 cells was used as a positive control for EP3 detection. β-actin was used as a
loading control, n=2.
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Figure 7.
Effects of hypoxia on cell proliferation. MC3T3-E1 cells were cultured in 2, 5 or 21% O2 for
24 hours with or without 5μM 17-phenyl trinor PGE2, 10μM AH6809, or DMSO vehicle
control. BrdU was allowed to incorporate into the DNA of proliferating cells for 3 hours and
then detected using FACScan. Bars represent mean percent of cells with BrdU incorporation
normalized to the percent incorporation in 21% O2 ± SE. *represents statistically significant
difference compared to 2%, p<0.05, n=4.
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