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Abstract
Recent clinical trials have raised concern that therapy with recombinant human erythropoietin
(EPO) may increase cardiovascular disease risk, event rate, and mortality. Endothelial cell (EC)
apoptosis has been implicated in both atherogenesis as well as in the destabilization and rupture of
atheromatous plaques.

In the current study we observed that EPO and the EPO-mimetic peptide EMP-1 markedly
suppressed lipopolysaccharide-induced apoptosis in EC monolayers. Therapeutic concentrations
of EPO upregulated Bcl-2 expression while concurrently diminishing expression of Bax, resulting
in a net decrease in the ratio of Bax to Bcl-2 protein concentrations. In vivo studies demonstrated
that erythropoietin receptor (EPOR) is abundantly expressed in murine aorta and that EPO
treatment for 10 weeks markedly decreased the ratio of Bax to Bcl-2 protein in the aortas of
apolipoprotein E-deficient (APO E-KO) mice fed a high-fat diet. To our knowledge these data are
the first to reveal a modulation of regulators of the apoptotic pathway in murine aorta by chronic
EPO treatment. These observations imply that long-term administration of EPO may have the
potential to affect plaque stability.
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INTRODUCTION
The complications of accelerated atherosclerosis have become the leading cause of death
among patients with chronic kidney disease (CKD). Cardiovascular mortality has been
estimated to be approximately 30 times greater in these patients than in the general
population.1 Recombinant human erythropoietin (EPO) has become the standard treatment
of anemia that accompanies CKD. Despite its widespread use in a patient population prone
to developing cardiovascular complications, the potentially varied effects of EPO on the
vascular endothelium remain incompletely defined. Recent clinical studies suggest that EPO
may have adverse effects on the cardiovascular system.2, 3 In a double-blinded randomized
clinical trial involving more than 4,000 patients with diabetes, chronic kidney disease, and
anemia, a significantly higher rate of stroke was observed in patients receiving an
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erythropoiesis stimulating agent compared to those treated with placebo.3 Reports from our
group and others suggest that EPO may contribute to vascular dysfunction by upregulating
expression of cytokine-induced monocyte chemoattractant protein-1 and by inhibiting the
production of endothelial nitric oxide, effects fundamental to atherogenesis.4, 5

Endothelial cell apoptosis has been implicated in both atherogenesis as well as in the
destabilization and subsequent rupture of atheromatous plaques. While the apoptotic
pathways that are altered in atherosclerosis remain incompletely understood, EC apoptosis
generally appears to play a detrimental role in plaque development and stability.6 Many
atherogenic factors, including oxidized low density lipoproteins, angiotensin II, and
oxidative stress can induce EC apoptosis which may result in increased permeability of the
endothelial monolayer through loss of cells.7 This loss of integrity, in turn, may facilitate the
migration of lipids, monocytes and vascular smooth muscle cells into the intima, further
damaging the vasculature and propagating plaque development.8 Furthermore, EC apoptosis
may critically contribute to plaque erosion which leads to thrombus formation and
subsequent ischemia.9 In addition, apoptotic ECs have been shown to be procoagulant
thereby promoting the accumulation of nonactivated platelets. 7, 10 The Bcl-2 family of
proteins are potent regulators of apoptosis that control mitochondrial membrane
permeability, thereby regulating release of apoptogenic factors from the intermembrane
space into the cytoplasm. Anti-apoptotic Bcl-2 homologues such as Bcl-2, Bcl-xL, and A1
inhibit mitochondrial permeability transition pore opening, membrane depolarization, and
cytochrome c release whereas members such as Bax, Balk, and Bok promote cell death.11

Bax opposes Bcl-2 bioactivity and triggers cytochrome release in vitro.12 Increased
expression of Bax has been observed in endothelial cells in atherosclerotic lesions in
allograft vasculopathy.13 Lipopolysaccharide (LPS) induces apoptosis in bovine and ovine
endothelial cells in vitro and elicits human EC apoptosis in the absence of new gene
expression.14 Induction of EC apoptosis by LPS in vitro results in decreased expression of
Bcl-2 whereas overexpression of Bcl-2 in isolated mitochondria prevents apoptosis.15, 16

The LPS-induced decrease in Bcl-2 is accompanied by upregulation of Bax which has lead
to the idea that such changes in the ratio of Bcl-2 and Bax trigger apoptosis.17, 18

Erythropoietin, the principal growth factor that promotes the survival, proliferation, and
differentiation of erythroid progenitor cells, has been shown to repress apoptosis of murine
erythroid progenitors by modulating the expression of Bcl-2 and Bcl-xL.19 Carlini et al.
reported that EPO prevents LPS-induced apoptosis of endothelial cells but the mechanism
by which EPO exerts this effect has not been investigated.20 Sekiguchi et al observed that
EPO-treatment of ECs could reverse apoptosis induced by exposure to high concentrations
of glucose. EPO-mediated inhibition of apoptosis was linked to phosphorylation of Akt
which in turn resulted in inhibition of caspase 3.21, 22 However, these experiments employed
EPO at a single concentration (100 U/ml) that is supraphysiologic by an order of magnitude.
Chong et al. reported that EPO protects ECs from anoxia-induced apoptosis by activation of
protein kinase B (Akt1) and inhibition of caspases 1, 3, and 9. 23

In the current study we explored the effect of physiologically relevant concentrations of
EPO and the EPO-mimetic peptide EMP-1 on the apoptosis of EC monolayers. 4, 24, 25 This
peptide bears no sequence homology with EPO but binds to EPOR and activates the same
signaling pathways as EPO.25 To our knowledge, the present study is the first to
demonstrate expression of EPOR in murine aorta and to assess the effect of chronic EPO
treatment on the expression of members of the Bcl-2 family of proteins in an animal model
of atherosclerosis. The dose of EPO used for our in vivo studies is equivalent to that used in
humans and has been used in various animal models by numerous other laboratories
underscoring the important implications that our in vivo findings may have for patients with
cardiovascular morbidities.26–29
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MATERIALS AND METHODS
Unless otherwise indicated, reagents were purchased from Sigma (St. Louis, MO).
Recombinant human erythropoietin (Epogen) was obtained from Amgen (Thousand Oaks,
CA). HUVECs and endothelial cell growth medium (EGM-2) were purchased from
Clonetics (Walkersville, MD). EMP1 (GGTYSCHFGPLTWVCKPQGG-NH2) and its
inactive analog iEMP1 (GGTYSSHFGPLTWVSKPQGG-NH2) were synthesized by the
University of Michigan Protein Core Facility.25, 30, 31 LPS from Escherichia coli serotype
0111:B4 was used for all experiments.

Endothelial cell culture
Human umbilical vein endothelial cells (HUVECs) were grown at 37 °C in 5% CO2 on
150×25 mm plates as previously described.32 EGM-2 contains fetal bovine serum (FBS),
hydrocortisone, recombinant human fibroblast growth factor (hFGF), vascular endothelial
growth factor (VEGF), recombinant long release insulin-like growth factor (R3-IGF),
ascorbic acid, recombinant human epidermal growth factor (hEGF), gentamycin sulfate and
amphotericin B (GA-1000), and heparin. The cells were used between first and third
passage.

Apolipoprotein E-deficient mice
Experiments were conducted in accordance with the NIH guidelines for the care and use of
laboratory animals. Male apo E-deficient mice on a Balb/c background were generated as
previously described.33 The animals used in the present study were F5 generation mice. The
mice were housed at the University of Michigan unit for Laboratory Medicine (ULAM),
subjected to fixed 12 hour light/dark cycles, and received a high fat diet (Adjusted Calories
Diet TD88137, Harlan Teklad, Madison, WI) and water ad libitum. Starting at the age of 13
weeks, the mice were injected subcutaneously (s.c.) with Epogen (30 U) every other day for
10 weeks. Control mice were injected s.c. with an equivalent volume (200 µl) of saline.
Following completion of the study, the mice were euthanized by an i.p. injection of
pentobarbital. Harvested organs and plasma were snap-frozen in liquid nitrogen.

Treatment of HUVECs
The treatment schedule and sample abbreviations for all experiments are outlined in table 1.
HUVECs were treated with EGM-2, EPO, or EPO and genistein, respectively for 24 hours.
This was followed by a 4 hour serum starvation period. During this time the cells were
incubated with EGM-2 in which FBS and VEGF had been omitted. Subsequently, cells were
treated with either EGM-2 alone (without VEGF) or with addition of LPS (100 ng/ml) for 20
hours. For experiments with hydrogen peroxide, HUVECs were treated with medium or
EPO respectively for 24 hours. The cells were then incubated in presence or absence of 250
µM of hydrogen peroxide for 30 minutes followed by another 24 period in presence of
medium.

Flow cytometric analysis of apoptotic cells
Apoptosis was determined by flow cytometry based on the cell surface expression of
phosphatidylserine with Annexin V staining. Cell staining for flow-cytometric analysis was
performed using an Annexin V-FITC Apoptosis Detection Kit I from BD Biosciences
Pharmingen (San Diego, CA). Staining with propidium iodide was used to simultaneously
monitor cell necrosis. Endothelial cells were treated as specified. The cells were trypsinized,
centrifuged and washed twice with cold PBS. They were resuspended in 1×binding buffer at
a concentration of 1×106 cells/ml. An aliquot of 100 µl of the solution (1×105 cells) was
transferred to a 5 ml culture tube. After addition of Annexin V-FITC (5 µl) and PI (5µl), the
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cells were vortexed gently and incubated for 15 minutes at room temperature in the dark.
Following addition of binding buffer (400 µl), the cells were analyzed with a Becton
Dickinson FACS Scan (Becton Dickinson, Mountain View, CA) using a Macintosh G4
computer and CellQuest (Becton Dickinson) software for analysis.

Histone-associated-DNA-fragments
Histone-associated-DNA-fragments were measured using a Cell Death Detection
ELISAPLUS (Roche Diagnostics GmbH, Penzberg, Germany). Briefly, endothelial cells
were grown to confluence on a 96- well cell culture plate and treated as specified in table 1.
The medium was removed and the cells were incubated in lysis buffer for 30 minutes at
room temperature. The lysate was centrifuged at 200 g for 10 minutes and 20 µl of
supernatant was transferred into the streptavidin coated microtiter plate provided in the kit.
Following 2 hours of incubation, the microtiter plate was processed according to
manufacturer’s directions. Absorbance at 405 nm with a reference wavelength of 490 nm
(A405-A490) was measured using an automated microplate reader (ELx808, Bio-Tek
Instruments, Winooski, VT).

Preparation of aortic lysates and HUVEC extracts
To prepare aortic lysates, previously snap-frozen tissue was immersed in ice-cold
radioimmunoprecipitation (RIPA) buffer and homogenized at 4 °C. Protein determination
was carried out by Micro BCA assay (Pierce, Rockford, IL). HUVEC extracts were prepared
as previously described.17 Briefly, HUVECs were harvested by scraping and centrifuged in
PBS for 5 minutes at 1200 rpm. The pelleted cells were incubated in lysis buffer (10 mM
Tris-HCl, pH 8.0, 0.32 M sucrose. 5mM EDTA, 1% Triton X-100, 2 mM dithiothreitol, 0.5
mM phenylmethylsulfonyl fluoride (PMSF) for 10 minutes on ice. Following centrifugation
for 5 minutes, the supernatants were collected, subjected to a Micro BCA assay, and
subsequently used for Western blots.

Western Blot Analysis
HUVEC extracts (corresponding to 5 µg total protein) or aortic lysates (corresponding to 30
µg of total protein) were denatured in Tris-glycine sample buffer (Novex, San Diego,
California) and electrophoresed on 4% to 20% Tris-glycine gels using Tris/Glycine/SDS
running buffer (Bio-Rad, Minneapolis, Minnesota). Rainbow markers (Amersham) were
used as molecular weight standards. The proteins were transferred to a nitrocellulose
membrane using a mini-Trans blot for 6 hours at room temperature with 250 mA of current.
Blots were blocked overnight with a solution of 1 % BSA in Tris-buffered saline (TBS)
containing 0.1% Tween-20 (TBS-T). After 3 washes with TBS-T, the Bcl-2, Bax (Santa
Cruz Biotechnology) or EPOR antibody (AF 1390, R&D Systems) was added (1:2500
dilution for Bax and Bcl-2 antibodies; 1:500 for EPOR antibody) and the blots were
incubated overnight at 4 C°. Antibodies against Jak2, Stat 5 and their phosphorylated forms
(catalog numbers 3230S, 3776S, 9351 and 9363) were purchased from Cell Signaling
Technology (Danvers, MA) and were used according to directions from the manufacturer.
Blots were washed rapidly 3 times in TBS-T. The blots were incubated for 20 minutes in
TBS-T containing the detection antibody. Immunoreactive bands were visualized using an
enhanced chemiluminescence light detecting kit (Pierce). Blots were stripped by incubating
in stripping buffer (Pierce, Rockford, IL) and were reprobed with an antibody to β-actin
(Sigma, St. Louis, MS).

Ribonuclease Protection Assay (RPA)
Total RNA was extracted from endothelial cells using Tri Reagent according to
manufacturer’s instructions. The RPA was performed as previously described.34
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Real-time quantitative polymerase chain reaction (qRT-PCR)
Isolation of total RNA from murine aorta was performed using the RNeasy kit from Qiagen
(Hilden, Germany). Subsequently RT PCR reactions were performed with the QuantiTect
SYBR Green RT-PCR Kit from Qiagen (catalog number 204243) with 50 ng of RNA and
0.5 μM of each primer per reaction. Sequences of the primers used were as follows:

Murine EPOR forward primer: 5’ AAG TCA GAC GGG CAG GAA GAT 3’

Murine EPOR reverse primer: 5’AGT GAG CAT GCC CAG GAC A 3’

Murine β-actin forward primer: 5’ GCT ACA GCT TCA CCA CCA CA 3’

Murine β-actin reverse primer: 5’ TCT CCA GGG AGG AAG AGG AT 3’

Densitometric Scanning
Autoradiographs from ribonuclease protection assays and Western blots were scanned using
Polaroid PhotoMAX Pro and integrated densities were determined using Scion Image for
windows (Scion Corporation, Frederick, MD). To adjust for differences in sample loading
between wells in ribonuclease protection assays, Bcl-2 mRNA levels were expressed as
ratios of integrated densities for Bcl-2 to GAPDH products.

Hematocrit Measurements
Blood from the retro-orbital plexus was collected into microcapillary tubes and hematocrits
were determined using a CritSpin microhematocrit centrifuge with digital reader (Iris Intl.,
Westwood, MA).

Statistical Analysis
Statistical analysis was performed using Statistics for Windows, version 2.0. All values are
expressed as the means ± standard error. Data were analyzed using Friedman two way
analysis of variance (ANOVA) with Bonferroni comparison of means. Probability (p) values
of < 0.05 were considered significant.

RESULTS
EPO suppresses LPS-induced apoptosis of HUVECs

LPS-induced apoptosis was assessed by two independent methods. Using a flow cytometry
based assay that measures the cell surface expression of phosphatidylserine with Annexin V
staining we observed that LPS increased the fraction of cells undergoing apoptosis by 75 %
when compared to media-treated HUVECs (figure 1A). Pre-incubation with EPO for 24
hours reduced LPS-induced apoptosis by 66 % compared to HUVECs pretreated with
medium alone. Heat-inactivated EPO had no effect on LPS-induced endothelial cell
apoptosis (data not shown). Our second approach to quantify EC apoptosis utilized an
enzyme-linked immunoassay (ELISA) that measures the accumulation of histone-associated
DNA fragments. LPS exposure of HUVECs resulted in a 54 % increase in absorbance
readings when compared to media-treated endothelial cells. EPO pretreatment of LPS-
stimulated ECs reduced the absorbance at 405 nm by 23 % when compared to cells
pretreated with medium (figure 1B).

EPO upregulates the expression of Bcl-2 at the protein but not the mRNA level
LPS reduced the protein expression of bcl-2 by 20 % when compared to media-treated
control cells (figure 2A). Conversely, a 24 hour incubation in presence of EPO (5 U/ml)
increased Bcl-2 expression by 53 % over media-treated controls. When cells were treated
with EPO for 24 hours followed by 20 hours incubation in presence of LPS, Bcl-2
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expression was increased by 75 % when compared to HUVECs exposed to medium for 24
hours prior to LPS stimulation. As previously reported by Haendeler et al.,17 no effect of
LPS was seen on Bcl-2 mRNA concentrations in our experiments (table 2). Furthermore,
preincubation with EPO did not alter Bcl-2 mRNA concentrations (table 2). To investigate
whether the EPO-induced upregulation of Bcl-2 was accompanied by changes in Bax
concentrations we performed a second set of Western blot analyses using the same samples.
In ECs incubated in presence of LPS a 40 % increase in Bax concentrations was measured
compared to cells treated with medium alone (figure 2B). When cells were treated with EPO
for 24 hours followed by 20 hours incubation in presence of LPS, Bax expression was
decreased by 20 % when compared to cells exposed to medium for 24 hours prior to LPS
stimulation. Taken collectively, the data presented in figures 2A and 2B suggest that EPO
upregulates Bcl-2 while downregulating Bax expression. In HUVECs treated with EPO
prior to LPS stimulation, the net Bax/Bcl-2 ratio was decreased by 54% when compared to
cells treated with medium prior to LPS challenge (from 1.75 to 0.8, respectively, figure 2C).
Similarly, when hydrogen peroxide was used as an apoptotic stimulus, the Bax/Bcl-2 ratio
decreased by 16 % in cells pretreated with EPO (figure 2D). These data indicate that in
HUVECs EPO is able to lower the Bax/Bcl-2 ratio with two different apoptotic stimuli
suggesting that Bax and Bcl-2 are common targets for the antiapoptotic activity of EPO.

The tyrosine kinase inhibitor genistein reverses the effect of EPO on EC apoptosis and on
the Bax/Bcl-2 ratio

The soy isoflavone genistein is a tyrosine kinase inhibitor that has been shown to reverse the
effects of EPO on endothelial cells and neurons.31, 35 Using the flow cytometry based cell
surface phosphatidyl serine-annexin V binding assay, we also observed that pretreatment
with genistein but not its inactive analog genistin, abrogated the antiapoptotic effect of EPO
(figure 3A). Whereas EPO treatment prior to LPS exposure reduced the fraction of apoptotic
cells by 72% when compared to media-preteated cells, addition of genistein returned the
fraction of apoptotic cells to approximately that of controls (HUVECs treated with medium
followed by LPS).

In HUVECs treated with EPO prior to LPS stimulation, the net Bax/Bcl-2 ratio was
decreased by 56 % when compared to cells treated with medium prior to LPS challenge
(figure 3B). Pretreatment with neither genistein nor genistin had any effect on LPS-induced
changes in the Bax/Bcl-2 ratio.31 When HUVECs were incubated simultaneously in
presence of EPO and genistein for 24 hours, the effect of EPO on the Bax/Bcl-2 ratio was
reversed (figure 3). Treatment of HUVECs with genistin and EPO prior to LPS exposure did
not alter the Bax/Bcl-2 ratio when compared to cells treated with EPO and LPS (figure 3B).

EPO-mimetic peptide (EMP1) reduces LPS-induced apoptosis of HUVECs measured by a
flow-cytometric assay

We sought to determine whether the antiapoptotic effect of EPO could be mimicked by a
peptide that bears no sequence homology with EPO but binds to the EPO receptor and
activates the same signaling pathways as EPO. As shown in figure 4, EMP1 was as effective
as EPO in suppressing LPS-induced apoptosis of endothelial cells. A 24 hour pretreatment
with 0.1 µM of EMP1 resulted in 74 % reduction in the number of apoptotic cells while EPO
suppressed apoptosis by 70 %. Inactive peptide (iEMP1) in which both of the cysteine
residues of EMP1 have been substituted by serine residues,31 did not suppress LPS-induced
apopoptosis. As expected, heat-inactivated EPO was ineffective in suppressing LPS-induced
endothelial cell apoptosis (figure 4).
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HUVECs and aortas of apo E-KO mice express EPOR protein
Anagnostou et al. were the first to report expression of EPOR in endothelial cells by PCR
and immunohistochemical techniques.36 Subsequently, expression of EPOR has been
demonstrated in a number of cells types and organs.37–39 Many but not all EPO-mediated
effects in these various cell types have been associated with phosphorylation of an EPOR-
associated Janus kinase 2 (JAK 2) with resultant downstream activation of the transcription
factor Stat 5.40 As depicted in figure 5A, EPOR was expressed in the human
erythromyeloblastoid leukemia cell line K-562 and in HUVECs. In HUVECs its expression
was not significantly altered following 24 hours of EPO-treatment. Importantly, we detected
abundant expression of EPOR in aortas of apo E-KO mice both at the protein (figure 5B)
and the RNA level (figure 5C). Although JAK2 and Stat5 proteins were abundantly
expressed in HUVECs, we did not detect their phosphorylation following treatment with
EPO (figure 5D).

EPO treatment of apo E-knockout mice fed a high fat diet results in downregulation of Bax/
Bcl-2 ratio in the aorta

Apolipoprotein-E-deficient (apo E-KO) mice are a well-characterized model of
atherosclerosis. Following 10 weeks of EPO administration (30 U injected subcutaneously
every other day), we harvested aortas to characterize expression of Bcl-2 and Bax. While no
change in Bax expression was detected (figure 6A), there was a 69% increase in the
expression of Bcl-2 protein in the aorta of EPO-treated apo E-KO mice (figure 6B) resulting
in a significant decrease in the Bax/Bcl-2 ratio (figure 6C). Hematocrit measurements
confirmed the erythropoiesis-stimulating activity of EPO at the chosen dose (figure 6D).

DISCUSSION
Despite its widespread use in this population which is at a staggeringly high risk of
developing cardiovascular complications, the effects of EPO on the vascular endothelium
are largely unknown. Both vascular endothelial and smooth muscle cells have been shown to
secrete EPO and to express its receptor (EPOR).39 The current study is the first to
demonstrate that EPOR is expressed in the aorta of apo E-KO mice. Recent data from our
laboratory suggest that EPO may contribute to vascular dysfunction by upregulating the
expression of monocyte chemoattractant protein-1, a chemokine pivotal to the recruitment,
adhesion, and transendothelial migration of monocytes during atherogenesis.4, 41, 42 EPO
also downregulates basal and acetycholine-induced NO production by HUVECs.5

Administration of EPO to mice results in elevated concentrations of asymmetric
dimethylarginine (ADMA), an endogenous inhibitor of NOS. 29 Studies of EPO-induced
hypertension in rats with chronic renal failure suggest that EPO may induce resistance to the
vasodilatory response of arteries to endogenous NO.43

While these data suggest a potentially detrimental effect of EPO on the vasculature,
numerous recent reports have revealed that EPO may exert neuroprotective activity.44–47

Several studies have implicated an antiapoptotic mechanism as being primarily responsible
for the neuroprotective activity of EPO.44 Importantly, the antiapoptotic effect of EPO has
been demonstrated in a variety of cell types.48, 49

Cumulatively, these data illustrate the potentially varied effects that EPO may have on
different organ systems, cell types, and in different pathological states. It should, however,
be emphasized that in most studies that have attributed neuroprotective activity to EPO, the
drug was only given acutely, in some studies only once prior to induction of ischemia. There
is dearth of studies that explore the effects of chronic EPO administration.
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The ratio of Bax to Bcl-2 is thought to be a critical determinant of survival or death
following an apoptotic stimulus.50 Oxidized LDL has been shown to modulate Bcl-2
expression in human coronary endothelial cells.51, 52 Mildly oxidized LDL generated by
incubation with oxygen-radical producing xanthine/xanthine oxidase (X/XO) induces
apoptosis in primary cultures of human coronary endothelial and smooth muscle cells.53 In
endothelial but not smooth muscle cells, activation of apoptotic Fas and TNF receptors is
accompanied by an increase in proapoptotic and a decrease in antiapoptotic proteins of the
Bcl-2 family, suggesting that in endothelial cells mildly oxidized LDL may contribute to
apoptosis by shifting the equilibrium between pro-and antiapoptotic members of the Bcl-2
family.53 Saxena et al. recently studied human endarterectomy and atherectomy specimens
and observed increased apoptosis in the smooth muscle cells present in atheromatous
plaques.54 In apoptotic cells, there was increased expression of proapoptotic Bax and Bak
coupled with paucity of Bcl-2 and lack of Bcl-xL proteins.54

In the current study we observed that at therapeutically relevant concentrations, EPO
suppresses LPS-induced apoptosis of HUVECs, upregulates the protein expression of Bcl-2,
and downregulates Bax expression, resulting in a decreased Bax/Bcl-2 ratio. Molostov et al.
observed that it is this ratio of proapoptotic Bax to antiapoptotic Bcl-2 that controls cell
death in primary ECs.18 An intriguing finding of the present study is that suppression of
LPS-induced EC apoptosis is also observed with EMP1, a peptide mimetic recently
developed by Wrighton et al.25 Although EMP1 has no sequence homology with EPO it
possesses EPO mimetic action both in vitro and in vivo.25 Several lines of evidence suggest
that the biological activity of EMP1 is mediated through interaction with EPO receptor
(EPOR). EMP1 has been shown to compete with EPO in receptor binding assays and
induces cellular proliferation of cell lines engineered to respond to EPO. Both EPO and
EPM1 induce a similar cascade of phosphorylation events and cell cycle progression in EPO
responsive cells. Furthermore, EMP1 has significant erythropoietic effects in mice indicated
by in vivo assays of nascent red blood cell proliferation.25 Livnah et al. have described the
crystal structure of EMP1 with the extracellular domain of EPO receptor at 2.8 Å resolution
revealing that a peptide dimer induces dimerization of the receptor.30 These observations
imply that the suppression of EC apoptosis by EPO as well as by EMP1 observed in the
current study is a direct result of dimerization of the EPO receptor and subsequent activation
of receptor-coupled signal transduction pathways.

Our experiments with the tyrosine kinase inhibitor genistein were conceived on the basis of
reports by several investigators indicating that treatment of endothelial and smooth muscle
cells with EPO results in an augmentation of intracellular calcium concentrations and in the
activation of tyrosine kinase-mediated signaling pathways.35, 55 Haller et al. reported that
EPO induced tyrosine phosphorylation of six distinct proteins in endothelial cells, one of
which is the transcription factor STAT-5.56 EPO exerted a proliferative effect on endothelial
cells which was abolished by genistein, indicating that tyrosine phosphorylation is the
intracellular signal responsible for EPO-induced EC growth. Vogel et al. observed that EPO
stimulates endothelin-1 synthesis in vascular endothelial cells.35 Genistein suppressed EPO-
induced rises in intracellular calcium and cellular endothelin-1 synthesis. Kawakami et al.
recently observed that EPO reduced calcium-induced glutamate release from cultured
cerebellar granule neurons.31 Inhibition was also produced by EMP1 but not iEMP and
genistein was able to antagonize the effects of EPO, including the phosphorylation of
JAK2.31 Although our experiments do not permit us to infer the mechanism of the EPO-
mediated shift in the Bax/Bcl-2 ratio with absolute certainty, it is plausible that an
augmentation of intracellular calcium concentrations and the activation of tyrosine kinase-
mediated signaling pathways may be involved since genistein but not genistin was able to
reverse the EPO-mediated suppression of apoptosis and the shift in the Bax/Bcl-2 ratio.
Since we failed to observed Jak2 or Stat5 phosphorylation, a different kinase must be
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involved in the EPO-mediated activation of HUVECs. In this context, Ammarguellat et al.
have published that pharmacological doses of EPO (up to 250 U/ml) also failed to activate
the Jak2/Stat5 signaling pathway but instead activate the MAPK pathway in vascular
smooth muscle cells. A variety of proteins have been reported to be phosphorylated in
response to EPOR activation, including protein kinase C and MAP kinase (ERK1/2),40 and
the signal transduction cascade is likely to be specific to the cell type involved.

Further studies are required to characterize what role, if any, the antiapoptotic activity of
EPO has in the pathogenesis of atherosclerosis in the setting of CKD. An obvious limitation
of our in vitro studies is the use of LPS as an apoptotic stimulus that may not be relevant in
the pathogenesis of atherosclerosis as it occurs in vivo. To date, the effect of chronic EPO
treatment on plaque stability has not been explored. Emerging clinical data that demonstrate
increased cardiovascular morbidity and mortality in patients receiving EPO underscore the
urgent need to understand the effects of EPO on the cardiovascular system.2, 3, 57 In this
regard, the development of novel peptide agonists may present a promising strategy to
selectively minimize the potentially deleterious effects of EPO on the vascular endothelium
while optimizing erythropoietic activity.
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Figure 1.
(A) EPO suppresses LPS-induced apoptosis as assessed by EC surface expression of
phosphatidyl serine. HUVECs were treated as outlined in table 1 and subjected to flow
cytometric analysis of cell surface phosphatidyl serine. These data represent mean ± s.e. of
three independent experiments. (B) Effect of EPO on LPS-induced formation of histone-
associated DNA fragments as assessed by enzyme immunoassay. HUVECs were treated as
described in “METHODS” and as specified in table 1. Cell lysates were prepared and
analyzed with a cell death detection ELISA kit. These data represent mean ± s.e. of three
separate experiments.
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Figure 2.
(A): Upregulation of Bcl-2 protein expression by EPO as assessed by Western blotting.
HUVECs were treated as described in “METHODS” and as specified in table 1. HUVEC
extracts were subjected to Western blotting using a mouse monoclonal antibody to
quantitate Bcl-2 protein expression. All lanes in the gel were loaded with equal amounts of
total protein and integrated densities (mean ± s.e.) of the Bcl-2 protein bands obtained from
scannings of autoradiographs from two independent experiments are displayed in the
histogram. The blot was stripped and reprobed with an antibody directed against ß-actin (B)
Downregulation of Bax protein expression by EPO as assessed by Western blotting.
HUVEC extracts used for experiments in figure 2A were subjected to Western blotting using
a mouse monoclonal antibody to quantitate Bax protein expression. All lanes in the gel were
loaded with equal amounts of total protein and integrated densities (mean ± s.e.) of the Bax
protein bands obtained from scannings of autoradiographs from two independent
experiments are displayed in the table. The blot was stripped and reprobed with an antibody
directed against ß-actin (C) Effect of EPO treatment on Bax/Bcl-2 ratio in LPS-stimulated
HUVECs. Integrated densities of Bax protein bands were divided by corresponding densities
for Bcl-2 protein bands. Data shown is representative of three independent experiments. (D)
Effect of EPO treatment on Bax/Bcl-2 ratio in hydrogen peroxide-stimulated HUVECs.
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Integrated densities of Bax protein bands were divided by corresponding densities for Bcl-2
protein bands. Data shown is representative of three independent experiments.
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Figure 3.
(A) Effects of genistein and genistin on EC apoptosis as assessed by surface expression of
phosphatidyl serine. HUVECs were treated as outlined in table 1 and subjected to flow
cytometric analysis of cell surface phosphatidyl serine. These data represent mean ± s.e. of
three independent experiments. Asterisk* denotes a statistically significant difference
(p<0.05) from HUVECs treated with EPO followed by LPS (EPO/LPS). (B) Effects of
genistein and genistin on Bax/Bcl-2 ratio as assessed by Western blot. HUVECs were
treated as described in “METHODS” and as specified in table 1. Cytoplasmic extracts were
subjected to Western blotting using a mouse monoclonal antibody to quantitate Bax. The
same blot was stripped and reprobed using an antibody to quantitate Bcl-2 protein
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expression. All lanes in the gel were loaded with equal amounts of total protein. Ratios of
integrated densities (mean ± s.e.) of the Bcl-2 to Bax protein bands obtained from scannings
of autoradiographs from 2 independent experiments are displayed in the table. Asterisk*
denotes a statistically significant difference (p<0.05) from HUVECs treated with EPO
followed by LPS (EPO/LPS).
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Figure 4.
Effect of EMP1 on apoptosis assessed by surface expression of phosphatidyl serine.
HUVECs were subjected to a 24 hour pretreatment with either medium (samples 1 and 2),
EPO (5 U/ml) (sample 3), heat-inactivated EPO (sample 4), EMP1 (sample 5) or iEMP1
(sample 6), respectively. Following 4 hours of serum starvation the cells were incubated for
20 hours with medium alone (sample 1) or in presence of LPS (100 ng/ml; samples 2-6) and
subjected to flow cytometric analysis of cell surface phosphatidyl serine as described in
“METHODS”. These data represent mean ± s.e. of three independent experiments. Asterisk*
denotes a statistically significant difference (p<0.05) from positive control (M/LPS).
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Figure 5.
(A) Expression of EPOR in HUVECs treated with medium alone or EPO (5U/ml) for 24
hours as determined by Western blotting. K-562 lysate was used as a positive control. Data
shown is representative of three independent experiments. (B) Expression of EPOR protein
in murine aorta. Aortas were harvested from 10 individual mice and whole aortic lysate from
each animal was subjected to Western blotting. These data depict 5 of the total of 10 aortic
lysates analyzed in this experiment. (C) Expression of EPOR in murine aorta measured by
qRT-PCR. These data represent mean ± s.e. of a total of 10 mice. (D) Expression of total
Jak2, Stat5 and their phosphorylated forms, respectively, in HUVECs treated with either
Medium or EPO for 24 hours as determined by Western blotting. Total HeLa cell extracts
(prepared with our without interferon-α treatment and purchased from the manufacturer of
the Jak 2 and Stat5 antibodies) were used as positive or negative controls.
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Figure 6.
Expression of Bcl-2 (A) and Bax (B) in aortas of apo E-KO mice injected subcutaneously
with EPO (30 U every other day) or an equivalent volume of vehicle (saline) for 10 weeks.
(C) Ratio of Bax/Bcl-2 proteins in aortas of apo E-KO mice.(D) Hematocrits of apo E-KO
mice following 10 weeks of treatment with saline or EPO. The data displayed represent
mean ± s.e. of a total of 10 mice run in triplicate. Asterisk* represents a statistically
significant difference (p < 0.05) between the two groups.
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Table 2

Effect of EPO on Bcl-2 mRNA expression as assessed by ribonuclease protection assay. HUVECs were
treated as outlined in table 1. Total RNA was extracted and utilized in a ribonuclease protection assay as
described in “METHODS”. Integrated density ratios of the Bcl-2 mRNA bands to GAPDH (housekeeping)
mRNA products (mean ± s.e.) are displayed. These data are representative of 2 independent experiments.

Treatment Ratio of integrated densities
(Bcl-2/L32)

EPO/M 98 ± 15

EPO/LPS 97 ± 8

M/M 100 ± 12

M/LPS 98 ± 9

EPO+Genistein/M 97 ± 7

EPO+Genistein/LPS 98 ± 10
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