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Abstract
Impacting a significant portion of the world’s population with increasing incidence in minorities, the
young, and the physically active, diabetes mellitus (DM) and its complications affect approximately
20 million individuals in the United States and over 100 million individuals worldwide. In particular,
vascular disease from DM may lead to some of the most serious complications that can extend into
both the cardiac and nervous systems. Unique strategies that can prevent endothelial cell (EC) demise
and elucidate novel cellular mechanisms for vascular cytoprotection become vital for the prevention
and treatment of vascular DM complications. Here, we demonstrate that erythropoietin (EPO), an
agent that has recently been shown to extend cell viability in a number of systems extending beyond
hematopoietic cells, prevents EC injury and apoptotic nuclear DNA degradation during elevated
glucose exposure. More importantly, EPO employs Wnt1, a cysteine-rich glycosylated protein
involved in gene expression, cell differentiation, and cell apoptosis, to confer EC cytoprotection and
maintains the integrity of Wnt1 expression during elevated glucose exposure. In addition, application
of anti-Wnt1 neutralizing antibody abrogates the protective capacity of both EPO and Wnt1,
illustrating that Wnt1 is an important component in the cytoprotection of ECs during elevated glucose
exposure. Intimately linked to this cytoprotection is the downstream Wnt1 pathway of glycogen
synthase kinase (GSK-3β) that requires phosphorylation of GSK-3β and inhibition of its activity by
EPO. Interestingly, inhibition of GSK-3β activity during elevated glucose leads to enhanced EC
survival, but does not synergistically improve protection by EPO or Wnt1, suggesting that EPO and
Wnt1 are closely tied to the blockade of GSK-3β activity. Our work exemplifies an exciting potential
application for EPO in regards to the treatment of DM vascular disease complications and highlights
a previously unrecognized role for Wnt1 and the modulation of the downstream pathway of
GSK-3β to promote vascular cell viability during DM.
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INTRODUCTION
Affecting close to 20 million individuals in the United States and over 100 million individuals
worldwide, diabetes mellitus (DM) is recognized with increasing incidence in minorities, the
young, and the physically active (Maiese, et al., 2007b, Quinn, 2001). Of these individuals,
Type 1 DM accounts for approximately 10% of all diabetics that represents a highly significant
health concern, since this disorder begins early in life and leads to cardiovascular, renal, and
nervous system disease. Type 2 DM represents at least 80 percent of all diabetics and is rapidly
increasing in incidence as a result of changes in human behavior and increased body mass
index (Laakso, 2001). Both Type 1 and type 2 DM represent important health concerns whether
they begin early or later in life (Maiese, et al., 2007a), since each can result in long-term
complications throughout the body (Daneman, 2006). In regards to the vascular and nervous
systems, patients with DM can develop severe neurological and vascular disease that can lead
to an increased risk for cognitive decline especially from vascular disease (Chong, et al.,
2005b, Li, et al., 2006a, Schnaider Beeri, et al., 2004).

Individuals with DM can suffer from either increased as well as depressed serum glucose levels
as a result of poor control or unrecognized disease progression (Saydah, et al., 2004). These
clinical observations are directly relevant to processes that occur at the cellular level in vascular
cells during DM. Recent work has shown that cerebral endothelial cells (ECs) are susceptible
to advanced glycation end products that can occur during DM (Niiya, et al., 2006). In
experimental models of DM with elevated glucose levels, cerebral endothelial cell dysfunction
may lead to blood-brain barrier permeability (Huber, et al., 2006).

Given that EC injury can occur during elevated glucose (Maiese, et al., 2007b), agents that
reduce cellular loss may be highly successful for the treatment of complications arising from
DM. Erythropoietin (EPO) may be an agent that closely fits this desired profile since protection
by EPO can be quite robust for a number of disorders (Li, et al., 2004, Maiese, et al., 2004,
Maiese, et al., 2005c, Mikati, et al., 2007, Santhanam and Katusic, 2006). EPO is approved by
the Food and Drug Administration for the treatment of anemia, but a body of recent work has
revealed that EPO is not only required for erythropoiesis, but also functions in other organs
and tissues outside of the liver and the kidney, such as the brain, heart, and vascular system
(Chong, et al., 2003b, Chong, et al., 2002, Chong and Maiese, 2007, Mikati, et al., 2007, Moon,
et al., 2006, Um, et al., 2007). EPO can be detected in the breath of healthy individuals
(Schumann, et al., 2006) suggesting its ubiquitous presence and has been correlated with
increased Mental Development Index scores (Bierer, et al., 2006). In clinical studies with DM,
plasma EPO is often low in diabetic patients with (Mojiminiyi, et al., 2006) or without anemia
(Symeonidis, et al., 2006). Furthermore, the failure to produce erythropoietin in response to a
declining hemoglobin level suggests an impaired EPO response in diabetic patients (Thomas,
et al., 2005). Yet, increased EPO secretion during diabetic pregnancies may represent the
body’s endogenous protection mechanisms against DM complications (Teramo, et al., 2004).
Similar to the potential protective role of insulin (Duarte, et al., 2006), EPO has been shown
in diabetics and non-diabetics with severe, resistant congestive heart failure have shown to
decrease fatigue, increase left ventricular ejection fraction, and significantly decrease the
number of hospitalization days (Silverberg, et al., 2006).

Unfortunately, agents such as EPO may not be tolerated by all individuals, especially those
with co-morbid conditions such as congestive heart failure (van der Meer, et al., 2004),
hypertension (Maiese, et al., 2005c), and neoplasms (Henry, et al., 2004, Maiese, et al.,
2005b). For these reasons, it is vital to elucidate novel pathways that may influence cellular
toxicity during DM (Berent-Spillson and Russell, 2007, Li, et al., 2006a, Maiese, et al.,
2005a). In this instance, it is the cellular mechanisms controlled by EPO that can specifically
target DM vascular complications that garner particular interest. One novel pathway for EPO
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to block cellular injury during elevated glucose involves Wnt1. Wnt proteins, derived from the
Drosophila Wingless (Wg) and the mouse Int-1 genes, are secreted cysteine-rich glycosylated
proteins that play a role in a variety of cellular functions that involve gene expression, gene
replication, cell differentiation, and cell apoptosis (Abe and Takeichi, 2007, Chong and Maiese,
2004, Cohen, et al., 2006, Jozwiak, et al., 2007, Li, et al., 2005, Li, et al., 2006c, Wang and
MacNaughton, 2005). Variations in genes in the Wnt signaling pathway, such as transcription
factor 7-like 2 gene, may impart increased risk for Type 2 DM in some populations (Grant, et
al., 2006) as well as have increased association with obesity (Guo, et al., 2006). In addition,
experimental work in mice suggest that some Wnt family members may offer glucose tolerance
and insulin sensitivity (Wright, et al., 2007). Additional studies have described the expression
of Wnt5b in adipose tissue, the pancreas, and the liver in diabetic patients with a suggested
function for the regulation of adipose cell function (Kanazawa, et al., 2004) as well as the
ability of Wnt4 or Wnt5a to protect glomerular mesangial cells from elevated glucose induced
apoptosis (Lin, et al., 2006). Interestingly, Wnt1 which is considered to be one of the best
characterized members of the Wnt family has been closely linked to the control of apoptotic
cellular injury. Loss of Wnt1 expression (He, et al., 2005, You, et al., 2004) leads to apoptosis
while the presence of Wnt1 can promote cell survival during insults such as serum deprivation
(Bournat, et al., 2000) or amyloid toxicity (Chong, et al., 2007a).

A downstream pathway to consider that can involve both EPO and Wnt1 cytoprotection during
DM is glycogen synthase kinase (GSK-3β). Wnt-1 can inhibit GSK-3β to prevent the
phosphorylation and degradation of β-catenin to allow β-catenin to translocate to the nucleus
to allow the Wnt pathway to block cell injury (Chong, et al., 2005c, Rhee, et al., 2002).
Inhibition of GSK-3β activity can influence cell survival and inflammation (Chong, et al.,
2007b) and, as a result, GSK-3β is considered to be a therapeutic target for a number of
disorders (Balaraman, et al., 2006, Chong, et al., 2005b, Nurmi, et al., 2006). In regards to
DM, inactivation of GSK-3β by small molecule inhibitors or RNA interference prevents
toxicity from high concentrations of glucose and increases rat beta cell replication (Mussmann,
et al., 2007) while cardioprotective agents during experimental DM have been linked to the
inactivation of GSK-3β (Yue, et al., 2005). Furthermore, pharmacologic inhibition of
GSK-3β by recombinant Wnt5a or other agents prevents high glucose-mediated apoptosis in
glomerular mesangial cells (Lin, et al., 2006). In clinical studies, physical exercise is one of
the important lifestyle interventions for DM to promote glycemic control (Maiorana, et al.,
2002) and at the cellular level, physical exercise has been shown to phosphorylate and inhibit
GSK-3β activity (Howlett, et al., 2006). We demonstrate that EC protection by EPO during
elevated glucose relies upon the activation of the Wnt1 pathway, since EPO promotes the
expression of Wnt1 and EC protection is abolished by co-treatment with an anti-Wnt1
neutralizing antibody. Additionally, inhibition of GSK-3β activity during elevated glucose
leads to enhanced EC survival, but does not synergistically improve protection by EPO or
Wnt1, illustrating that the pathways of EPO and Wnt1 are intimately linked to the blockade of
GSK-3β activity.

Materials and Methods
Cerebral microvascular endothelial cell cultures

Per our prior protocols, vascular ECs were isolated from male Sprague-Dawley adult rat brain
cerebra by using a modified collagenase/dispase-based digestion protocol (Chong, et al.,
2003a, Chong, et al., 2002, Chong and Maiese, 2007). Briefly, ECs were cultured in endothelial
growth media consisting of M199E (M199 with Eagle’s salt) with 20% heat-inactivated fetal
bovine serum, 2 mmol/l L-glutamine, 90 μg/ml heparin, and 20 μg/ml EC growth supplement
(ICN Biomedicals, Aurora, OH). Cells from the third passage were identified by positive direct
immunocytochemistry for factor VIII-related antigen (Chong, et al., 2003a, Chong, et al.,
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2002, Chong and Maiese, 2007) and possessed characteristic spindle-shaped morphology with
antigenic properties shown to resemble brain endothelium in vivo (Abbott, et al., 1992).

Experimental treatments
Elevated glucose concentrations in ECs was performed by replacing the media with serum-
free M199E media with 2 mmol/l L-glutamine and 90 μg/ml heparin containing 25 mM D-
glucose and then incubated at 37°C for 48 hours. In this injury paradigm for elevated glucose,
hyperosmolarity did not play a significant role in cell toxicity. A mannitol concentration of 25
mM resulted in similar and not significantly different survival rates than untreated control ECs
with survival equal to approximately 90% (data not shown), suggesting that hyperosmolarity
was not a significant factor in cell injury. Furthermore, we performed additional studies with
the biologically inactive agent L-glucose plus 5.6 mM D-glucose and have observed that L-
glucose in concentrations of 25 mM did not significantly alter cell survival (data not shown).

For treatments applied 1 hour prior to elevated glucose concentrations, application of
erythropoietin (EPO) (R&D Systems, Minneapolis, MN), human recombinant Wnt1 protein
(R&D Systems, Minneapolis, MN), a mouse monoclonal anti body against Wnt1 (R&D
Systems, 0olis, MN), or the glycogen synthase kinase (GSK)-3β inhibitor SB216763 [3-(2,4-
Dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)-1H-pyrrole-2,5-dione] (SB21) (Tocris,
Ellisville, MO) were continuous.

Cell survival and DNA fragmentation
EC injury was determined by bright field microscopy using a 0.4% trypan blue dye exclusion
method 48 hours per our previous protocols (Chong and Maiese, 2007) following elevated
glucose. Genomic DNA fragmentation was determined by the terminal deoxynucleotidyl
transferase nick end labeling (TUNEL) assay (Chong, et al., 2003a, Chong, et al., 2003b,
Chong, et al., 2002) with the 3′-hydroxy ends of cut DNA labeled with biotinylated dUTP
using the enzyme terminal deoxytransferase (Promega, Madison, WI) followed by
streptavidin-peroxidase and visualized with 3,3′-diaminobenzidine (Vector Laboratories,
Burlingame, CA).

Expression of Wnt1 and phosphorylated glycogen synthase kinase
Cells were homogenized and following protein determination, each sample (50 μg/lane) was
then subjected to 12.5% SDS-polyacrylamide gel electrophoresis. After transfer, the
membranes were incubated with a rabbit polyclonal antibody against Wnt1 (1: 1000, R&D
Systems, Minneapolis, MN) or a rabbit antibody against phosphorylated GSK-3β (p-
GSK-3β, Ser9) (Cell Signaling, Beverly, MA). Following washing, the membranes were
incubated with a horseradish peroxidase (HRP) conjugated secondary antibody (goat anti-
mouse IgG, 1:1000 (Wnt1) or goat anti-rabbit IgG, 1:10000 (p-GSK-3β). The antibody-reactive
bands were revealed by chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ)
and band density was performed using the public domain NIH Image program (developed at
the U.S. National Institutes of Health and available at http://rsb.info.nih.gov/nih-image/).

Statistical analysis
For each experiment, the mean and standard error were determined. Statistical differences
between groups were assessed by means of analysis of variance (ANOVA) from 6 replicate
experiments with the post-hoc Student’s t-test. Statistical significance was considered at
p<0.05.
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Results
Elevated glucose leads to EC injury

Primary cultures of microvascular ECs were exposed to elevated D-glucose (25 mM) and cell
survival was determined 48 hours later by the trypan blue exclusion method. As shown in Fig.
1A, representative pictures demonstrate that elevated glucose treatment results in a loss of
membrane integrity and staining in a significant number of ECs cells with trypan blue. The
quantitative results demonstrate that EC survival was significantly decreased from 90 ± 2% to
46 ± 2% 48 hours following administration of D-glucose (Fig. 1B).

We next assessed genomic DNA fragmentation in primary cultures of microvascular ECs 48
hours following administration of elevated D-glucose (25 mM) with TUNEL. Representative
pictures in Fig. 1C demonstrate significant apoptosis with chromatin condensation and nuclear
fragmentation in ECs during elevated D- glucose. As shown in Fig. 1D, percent DNA
fragmentation was significantly increased from 9 ± 3% of control cells to 57 ± 5% 48 hours
following administration of D-glucose.

Wnt1 provides necessary cellular protection against high glucose in ECs
Application of recombinant human Wnt1 protein (100 ng/ml) in EC cultures 1 hour prior to
elevated D-glucose (25 mM) exposure significantly reduced trypan blue uptake in ECs when
assessed 48 hours later following elevated D-glucose application (Fig. 2A). In Figure 2B, EC
survival was significantly reduced to 46 ± 4% following exposure to elevated D-glucose when
compared with untreated control cultures (93 ± 2%, p<0.01). Yet, application of Wnt1 of 100
ng/ml 1 hour prior to elevated D-glucose significantly reduces trypan blue uptake in ECs
resulting in an EC survival of 69 ± 5% (p<0.01).

Administration of an antibody to Wnt1 (Wnt1Ab, 1 μg/ml) alone did not significantly alter EC
survival when compared to untreated control cultures (data not shown). In studies with
exposure to elevated D-glucose (25 mM), application of the Wnt1Ab, 1 μg/ml slightly
decreased EC survival when compared to cultures treated with elevated glucose alone,
suggesting that endogenous Wnt1 may offer a minimum level of protection to ECs (Fig. 2B).

We next examined whether specific antagonism against exogenous Wnt1 application with the
Wnt1Ab could neutralize the protective capacity of Wnt1 during elevated glucose exposure.
In the presence of the Wnt1Ab (1 μg/ml), the protective capacity of Wnt1 was significantly
reduced yielding EC survivals of 46 ± 5% (p<0.01) when compared to a survival of 69 ± 5%
in ECs with Wnt1 only treatment 48 hours following administration of D-glucose (Fig. 2B).

Similarly, application of Wnt1 protein (100 ng/ml) to EC cultures 1 hour prior to administration
of elevated D-glucose at the concentration of 25 mM significantly reduced apoptotic chromatin
condensation and nuclear fragmentation determined 48 hours later by TUNEL (Figs. 2C, 2D).
Yet, co-application of the Wnt1Ab (1 μg/ml) with Wnt1 resulted in an increase in percent DNA
fragmentation in ECs during elevated glucose treatment, illustrating the necessity of the Wnt1
pathway for cytoprotection (Figs. 2C, 2D).

EPO prevents EC injury and apoptotic loss through Wnt1
To investigate the ability of EPO to offer cytoprotection during elevated glucose treatment,
EPO (10 ng/ml) was applied to ECs 1 hour prior to the administration of D-glucose at the
concentration of 25 mM. Cell survival was determined by trypan blue dye exclusion 48 hours
following administration of D-glucose. EPO significantly reduced trypan blue uptake in ECs
during elevated glucose (Fig. 3A). Interestingly, application of the Wnt1 antibody (Wnt1Ab,
1 μg/ml) 30 min prior to EPO administration abolished the cytoprotective capacity of EPO
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resulting in a significant increase in trypan blue staining in ECs. Quantitation of these results
in Figure 3B illustrates that EC survival was significantly increased with EPO administration
from 46 ± 4% during elevated D-glucose to 71 ± 4% (p<0.01). Yet, co-application of Wnt1Ab
(1 μg/ml) with EPO blocked cytoprotection by EPO to reduce cell survival to 53 ± 4% (Fig.
3B).

Furthermore, application of EPO (10 ng/ml) to EC cultures 1 hour prior to administration of
D-glucose at the concentration of 25 mM significantly reduced apoptotic chromatin
condensation and nuclear DNA fragmentation when assesses 48 hours later by TUNEL (Figs.
3C, 3D). In contrast, co-application of Wnt1Ab (1 μg/ml) with EPO lead to a significant
increase in percent DNA fragmentation in ECs during high glucose treatment from 26 ± 2%
with EPO only administration to 53 ± 6% (p<0.01) during EPO and Wnt1Ab application.

EPO prevents the loss of Wnt1 expression and inhibits GSK-3β activity during elevated
glucose exposure

Western blot assay was performed for Wnt1 expression (Figure 4A) and phosphorylated
GSK-3β (p-GSK-3β, Ser9) expression (Fig. 4C) at 6, 24, and 48 hours following exposure to
elevated D-glucose (25 mM). In Fig. 4A, elevated D-glucose initially increased the expression
of Wnt1 at 6 and 24 hours when compared to EC control cultures. After 24 hours post elevated
glucose exposure, expression of Wnt1 was lost and approached control levels (Figs. 4A, 4B).
In contrast, EPO (10 ng/ml) during elevated D-glucose exposure significantly maintained the
expression of Wnt1 over a 48 hour course, suggesting that EPO can prevent the degradation
of Wnt1 during elevated glucose exposure (Fig. 4B).

EPO also modulated the expression of p-GSK-3β at the conserved regulatory residue of Ser9

(Eldar-Finkelman, et al., 1996). Elevated D-glucose also initially increased the expression of
p-GSK-3β at 6 and 24 hours when compared to EC control cultures. After 24 hours post
elevated glucose exposure, expression of p-GSK-3β was lost suggesting that p-GSK-3β activity
was no longer inhibited (Figs. 4C, 4D). Yet, EPO (10 ng/ml) during elevated D-glucose
exposure was able to maintain the inhibition of GSK-3β and significantly promote the
expression of p-GSK-3β over a 48 hour course (Fig. 4D).

Glycogen synthase kinase-3β (GSK-3β) activity inhibition confers cytoprotection to ECs and
parallels protection with EPO application

Exposure to elevated D-glucose (25 mM) leads to EC injury 48 hours late (Figs. 5A, 5B). In
contrast, application of the GSK-3β inhibitor (SB216763, (SB21), 5 μM 1 hour prior to elevated
D-glucose exposure (25 mM) in concentrations consistent with the current literature
(Yoshimura, et al., 2005) increases EC survival. Furthermore, inhibition of GSK-3β activity
alone or in combination with the application of EPO (10 ng/ml) administered 1 hour prior to
elevated D-glucose significantly increases EC survival during application of EPO alone or
during co-administration with EPO, suggesting that EPO relies upon the inhibition of
GSK-3β activity to provide EC cytoprotection. Increased EC survival during inhibition of
GSK-3β activity was not altered by co-application of the Wnt1Ab, indicating that modulation
of the GSK-3β activity to preserve EC survival occurs downstream from the initial activation
of Wnt1 (Fig. 5A).

Similarly, application of the GSK-3β inhibitor (SB216763, (SB21), 5 μM 1 hour prior to
elevated D-glucose exposure (25 mM) prevented EC apoptotic DNA fragmentation (Fig. 5C)
assessed by TUNEL without evidence of a synergistic increase in protection against DNA
fragmentation during co-administration of EPO (10 ng/ml) (Fig. 5D), further supporting the
premise that EPO utilizes inhibition of GSK-3β activity to prevent EC injury and apoptotic
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demise. In addition, EC apoptotic injury during inhibition of GSK-3β activity was not altered
by co-application of the Wnt1Ab (Fig. 5D).

Discussion
EPO has been identified as a possible candidate for a number of disease entities that involve
cardiac, nervous, and vascular system diseases (Maiese, et al., 2004, Maiese, et al., 2005c). In
particular, EPO may have significant relevance for the treatment of vascular complications in
DM in light of prior clinical studies illustrating that EPO can decrease fatigue and enhance
cardiac output in patients with DM (Silverberg, et al., 2003). Protection by EPO in vascular
cells may directly prevent cell toxicity during elevated glucose or modulate inflammatory
pathways that ultimately lead to cellular disposal. For example, EPO not only can preserve
microglial integrity (Li, et al., 2006b), but it also can prevent microglial cell activation and
proliferation to block phagocytosis of injured cells through pathways that involve early
apoptotic cellular membrane phospahtidylserine exposure (Maiese, et al., 2004, Maiese, et
al., 2005c).

Employing an elevated glucose model for ECs, we illustrate that a final glucose concentration
of 25 mM over a 48 hour course leads to a significant loss in cell survival and correspondingly
a significant increase in genomic DNA degradation when compared to control ECs. Our work
also demonstrates that primary cerebral ECs are extremely sensitive to elevations in D-glucose
that are similar to clinical glucose concentrations not only during poorly controlled diabetes
(Pagano, et al., 1994), but also during early clinical onset diabetes (Ryan, et al., 2004) and
during expected diurnal variations with diabetes (Troisi, et al., 2000) known to occur in a range
from 15 mM–25 mM (270 mg/dl – 450 mg/dl). In addition, the application of the biologically
inactive agent L-glucose (25 mM) as well as factors related to hyperosmolarity were not
responsible for the observed neuronal injury (data not shown).

In regards to the ability of EPO to offer direct EC cell protection during elevated glucose of
25 mM, we demonstrate that EPO alone is not toxic to EC in a concentration of 10 ng/ml.
Administration of EPO (10 ng/ml) with a 1 hour pre-treatment significantly enhanced EC
survival during elevated glucose. EPO also blocked apoptotic DNA degradation in ECs during
elevated glucose similar to alternate models of oxidative stress in cardiac and vascular cell
models (Avasarala and Konduru, 2005, Chong, et al., 2003a, Chong, et al., 2002, Chong and
Maiese, 2007, Moon, et al., 2006). The concentration of EPO of 10 ng/ml that achieved
cytoprotection in ECs during elevated glucose is similar to serum levels of EPO in patients
with cardiac or renal disease that have been associated with potential EPO cellular protection
(Mason-Garcia, et al., 1990, Namiuchi, et al., 2005) and clinical protocols with EPO
administration have been shown to significantly increase plasma EPO levels well above the
1.0 ng/ml range similar to experimental in vitro work and confer beneficial results (Bierer, et
al., 2006, Sohmiya, et al., 1998).

EPO modulates a variety of signal transduction pathways for cytoprotection that can involve
protein kinase B, signal transducer and activator of transcription pathways, forkhead
transcription factors, caspases, and nuclear factor κB (Bahlmann, et al., 2004, Chong, et al.,
2003a, Chong, et al., 2005a, Chong and Maiese, 2007, Menon, et al., 2006, Urao, et al.,
2006), but pathways of EPO protection especially in the vascular system that rely upon Wnt
signaling have not been previously described. Although clinical trials in patients with DM have
suggested that EPO may improve cardiac function (Silverberg, et al., 2003) or offer protection
against complications in woman with diabetic pregnancies suggests (Teramo, et al., 2004), the
cellular pathways responsible for EPO cytoprotection during DM are unknown. Prior work has
suggested that Wnt family members may regulate glucose tolerance (Wright, et al., 2007),
adipose cell function (Kanazawa, et al., 2004), and glomerular mesangial cells protection
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during elevated glucose (Lin, et al., 2006). We show that endogenous activation of Wnt1 may
offer a minimum level of protection during elevated glucose exposure, since application of the
Wnt1Ab resulted in a slight increase in EC injury. Furthermore, administration of exogenous
Wnt1 protein significantly increased EC survival and prevented apoptotic EC degeneration
during elevated glucose exposure. More importantly, administration of the Wnt1Ab could
neutralize the protective capacity of Wnt1, illustrating that Wnt1 is an important component
in the cytoprotection of ECs during elevated glucose exposure. Interestingly, EPO
cytoprotection in ECs during elevated glucose exposure also relies upon Wnt1. EPO maintains
the expression of Wnt1 over a 48 hour course during elevated glucose exposure and prevents
loss of Wnt1 expression that would occur in the absence of EPO during elevated glucose. In
addition, loss of EC protection with EPO during the administration of the Wnt1Ab
demonstrates that Wnt1 is critical for EPO to protect against EC injury and apoptosis during
elevated glucose.

EPO recently has been shown to block the activation of GSK-3β and employ this pathway to
maintain microglial cell integrity during oxidative stress (Li, et al., 2006b). Given that the
GSK-3β pathway is a significant regulatory component during Wnt signaling (Chong, et al.,
2007a, Chong, et al., 2005d, Maiese, et al., 2007a) and that GSK-3β may influence beta cell
survival (Mussmann, et al., 2007) and cardioprotection (Yue, et al., 2005) during DM, we
examined whether the GSK-3β pathway played a role in EC injury and EPO cytoprotection
during elevated glucose exposure. We demonstrate that GSK-3β becomes phosphorylated over
a 24 hour course elevated glucose exposure, but that EPO in the presence of elevated glucose
significantly maintains the inhibitory phosphorylation of GSK-3β over a 48 hour period
following the initial exposure of elevated glucose. This inhibition of GSK-3β activity is closely
linked to EC survival, since inhibition of GSK-3β activity during administration of the
GSK-3β antagonist SB216763 (SB21) prevents EC injury and apoptotic cell loss during
elevated glucose. Increased EC survival during inhibition of GSK-3β activity was not altered
by the co-application of Wnt1Ab, suggesting that prevention of the GSK-3β activity to preserve
EC survival occurs downstream from the initial activation of Wnt1. Finally, inhibition of
GSK-3β activity during co-administration of EPO results in similar survival levels without a
synergistic increase, also illustrating that EPO relies upon blockade of GSK-3β activity to offer
cytoprotection in ECs during elevated glucose.
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Fig. (1). Elevated glucose decreases primary EC survival and increases apoptotic demise
(A)Primary ECs were exposed to elevated D-glucose (HG) at the concentration of 25 mM and
EC survival was determined 48 hours later. Representative images illustrate increased trypan
blue staining during elevated glucose. (B) EC survival was significantly decreased from 90 ±
2% to 46 ± 2% 48 hours following administration of D-glucose (*p< 0.01 vs. Control). (C)
Primary ECs were exposed to elevated D-glucose (HG) (25 mM) and EC nuclear DNA
degradation was determined 48 hours later. Representative images illustrate increased TUNEL
staining during elevated glucose. (D) EC apoptotic nuclear DNA degradation was significantly
increased from 9 ± 3% to 57 ± 5% 48 hours following administration of D-glucose (*p< 0.01
vs. Control). In all cases, each data point represents the mean and SEM and control = untreated
EC cultures.
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Fig. (2). Wnt1 fosters necessary cellular protection against elevated glucose in primary ECs
(A)Recombinant human Wnt1 protein (100 ng/ml) was applied to EC cultures 1 hour prior to
the exposure of D-glucose (25 mM) (HG) and cell survival was determined 48 hours later.
Representative images illustrate increased trypan blue staining during elevated glucose, but
administration of Wnt1 significantly decreased trypan blue uptake by ECs. In contrast,
application of Wnt1 antibody (Wnt1Ab, 1 μg/ml) 30 min prior to the administration of Wnt1
protein antagonized the ability of Wnt1 to significantly reduce trypan blue uptake in ECs during
elevated glucose exposure. (B) Wnt1 (100 ng/ml) administration significantly increased EC
survival when compared with cultures exposed to elevated glucose alone (*p<0.01 vs. HG).
In contrast, application of Wnt1 antibody (Wnt1Ab, 1 μg/ml) 30 min prior to the administration
of Wnt1 protein blocked Wnt1 cytoprotection in ECs during elevated glucose (†p<0.01 vs.
Wnt1/HG). (C) Recombinant human Wnt1 protein (100 ng/ml) was administered to EC
cultures 1 hour prior to the exposure of D-glucose (25 mM) (HG) and nuclear DNA
fragmentation with TUNEL was determined 48 hours later. Representative images illustrate
increased TUNEL staining during elevated glucose, but administration of Wnt1 significantly
decreased TUNEL labeling in ECs. In contrast, application of Wnt1 antibody (Wnt1Ab, 1 μg/
ml) 30 min prior to the administration of Wnt1 protein antagonized the ability of Wnt1 to
significantly reduce TUNEL labeling in ECs during elevated glucose exposure. (D) Wnt1 (100
ng/ml) administration significantly decreased EC nuclear DNA degradation when compared
with cultures exposed to elevated glucose alone (*p<0.01 vs. HG). In contrast, application of
Wnt1 antibody (Wnt1Ab, 1 μg/ml) 30 min prior to the administration of Wnt1 protein prevented
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Wnt1 from reducing nuclear DNA degradation in ECs during elevated glucose (†p<0.01 vs.
Wnt1/HG). In all cases, each data point represents the mean and SEM and control = untreated
EC cultures.
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Fig. (3). Cytoprotection in ECs by EPO requires Wnt1 during elevated glucose exposure
(A)EPO (10 ng/ml) was applied to EC cultures 1 hour prior to the exposure of D-glucose (25
mM) (HG) and cell survival was determined 48 hours later. Representative images illustrate
increased trypan blue staining during elevated glucose, but administration of EPO significantly
decreased trypan blue uptake by ECs. In contrast, application of Wnt1 antibody (Wnt1Ab, 1
μg/ml) 30 min prior to the administration of EPO antagonized the ability of EPO to prevent
trypan blue uptake in ECs during elevated glucose exposure. (B) EPO (10 ng/ml) application
significantly increased EC survival when compared with cultures exposed to elevated glucose
alone (*p<0.01 vs. HG). In contrast, application of Wnt1 antibody (Wnt1Ab, 1 μg/ml) 30 min
prior to the EPO treatment blocked Wnt1 cytoprotection in ECs during elevated glucose
(†p<0.01 vs. EPO/HG). (C) EPO (10 ng/ml) was applied to EC cultures 1 hour prior to the
exposure of D-glucose (25 mM) (HG) and nuclear DNA fragmentation with TUNEL was
determined 48 hours later. Representative images illustrate increased TUNEL staining during
elevated glucose, but administration of EPO significantly decreased nuclear DNA
fragmentation as demonstrated by reduced TUNEL labeling in ECs. In contrast, application of
Wnt1 antibody (Wnt1Ab, 1 μg/ml) 30 min prior to the administration of EPO prevented EPO
from significantly reducing TUNEL labeling in ECs during elevated glucose exposure. (D)
EPO (10 ng/ml) administration significantly decreased EC nuclear DNA degradation when
compared with cultures exposed to elevated glucose alone (*p<0.01 vs. HG). In contrast,
application of Wnt1 antibody (Wnt1Ab, 1 μg/ml) 30 min prior to EPO application prevented
EPO from reducing nuclear DNA degradation in ECs during elevated glucose (†p<0.01 vs.
EPO/HG). In all cases, each data point represents the mean and SEM and control = untreated
EC cultures.
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Fig (4). EPO modulates the expression of Wnt1 and phosphorylated glycogen synthase kinase-3 β
during elevated glucose exposure
EC protein extracts (50 μg/lane) were immunoblotted with anti-Wnt1 (A and B), anti-
phosphorylated glycogen synthase kinase-3β (anti-p-GSK-3β) (C and D). Representative
images of Western blot detection for Wnt1 (A) and p-GSK-3β (C) were performed at 6, 24,
and 48 hour time intervals following administration of elevated D-glucose (25 mM) (HG).
Wnt1 and p-GSK-3β expression increased at 6 and 24 hours following exposure to high
glucose, but expression of these proteins was lost 48 hours following elevated glucose (*p<
0.01 vs. 6 hours or 24 hours HG). Application of EPO (10 ng/ml) 1 hour prior to the
administration of elevated glucose significantly increased Wnt1 (B) (*p< 0.01 vs. HG) and p-
GSK-3β (D) (*p< 0.01 vs. HG) expression 48 hours following elevated glucose treatment. In
all cases, each data point represents the mean and SEM and control = untreated EC cultures.
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Fig. (5). EPO protects ECs during elevated glucose exposure by inhibiting glycogen synthase
kinase-3 β GSK-3β) activity
Primary ECs were exposed to elevated D-glucose (25 mM) (HG) and EC survival or nuclear
DNA fragmentation were determined 48 hours following elevated glucose exposure. (A and
C) Elevated glucose resulted in a significant decrease EC survival and a significant increase
in nuclear DNA fragmentation in ECs. Application of the GSK-3β inhibitor SB21 (5 μM) 1
hour prior to administration of elevated D-glucose significantly increased cell survival and
decreased nuclear DNA fragmentation 48 hours following elevated glucose treatment (*p<0.01
vs. HG). Co-application of Wnt1 antibody (Wnt1Ab) did not alter the ability of SB21 to protect
ECs during elevated glucose treatment (*P<0.01 vs. HG). (B and D) EPO (10 ng/ml)
administered 1 hour prior to elevated D-glucose (25 mM) application significantly increased
cell survival and decreased nuclear DNA fragmentation in ECs 48 hours following elevated
glucose treatment (*p<0.01 vs. HG). Co-application of GSK-3β inhibitor SB21 with EPO
significantly increased survival and decreased apoptotic nuclear DNA degradation during
elevated glucose exposure, but lead to similar survival levels and DNA degradation during
EPO administration alone with elevated glucose without a synergistic increase, suggesting that
EPO requires the inhibition of GSK-3β activity for cytoprotection in ECs (*p<0.01 vs. HG
alone). In all cases, each data point represents the mean and SEM and control = untreated EC
cultures.
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