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ABSTRACT 

 
Medical grade Nano-polymers (NP) used to enhance 

circulation, drug and gene delivery. Injection of 
Polyethylene-oxide (PEO) increase tissue perfusion and 
decrease mean blood pressure in animal models. 
Polyethylene-oxide (PEO) NP’s ultra high molecular 
weight (2-5 x 10^6 Da) and rheological properties allow it 
to interact with endothelial cells to increase endothelial 
nitric oxide (eNO) and its attendant enzyme (eNOS). eNOS 
over-expression and eNO induction is known to provide 
cardioprotection. We hypothesized that injection of PEO 
will have cardioprotective properties in a model of 
myocardial ischemia reperfusion injury (I/R), via induction 
of eNOS due to direct stimulation of endothelium. Male 
rats (310±9 g, n=16) were randomized to IV injection of 10 
ppm of a saline-PEO solution (PEO) or equal volume of 
saline (CONT). Focal I/R injury was induced by LAD 
ligation for 30 minutes followed by 60 min of reperfusion. 
ECG, and aortic pressure monitored continuously and 
infarct size calculated as % area at risk. eNOS and its active 
phosphorylated form (p-eNOS) were detected on Western 
blots in left ventricle protein extracts. Mean blood pressure 
was 78±10 and 75±6 in PEO compared to 58±12 and 66±4 
in CONT, at 30 min of Ischemia and 60 min reperfusion 
respectively (p<0.05 PEO vs. CONT). PEO had 28% and 
47% higher eNOS and p-eNOS vs. CONT. PEO had a 28% 
infarct sparing effect compared to CONT. PEO prior to 
myocardial infarction significantly reduces infarct size and 
induces activation and up regulation of eNOS pathway. 
This is a possible novel mechanism for PEO NP 
cardioprotective effect and behavior in blood circulation. 
These properties of PEO warrant further investigation. 
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1 BACKGROUND 
 
Nanotechnology offers a broad range of opportunities 

for improving diagnostic and therapeutic interventions in 
medicine. The mechanisms by which nano-compounds 
comprised of a Polyethylene oxide (PEO) and co-polymers 
affect vascular endothelium are not yet understood but 
appear to have clinical relevance in protection from 
ischemia reperfusion injury. 

Injection of high molecular weight (>1000 kDa) 
nanopolymers into the blood stream enhance blood flow 
and tissue perfusion. Because of its water and blood soluble 
properties Polyethylene-oxide (PEO) has gained interest. 
[1-5] Blood soluble nanopolymers can integrate into the 
systemic circulation and modify characteristics of blood 
flow. [6-11] 

Nanopolymers cause an increase in circulation and 
decrease in peripheral vascular resistance. [12, 13] In 
experiments using mice, rats and dogs PEO has been shown 
to promote better recovery from hemorrhagic and 
cardiogenic shock. [7, 3-5, 8, 11] 

To achieve efficient increase in blood circulation it is 
important to understand interactions of nanopolymers with 
the biological environment, specifically the endothelium. 
Endothelial cells have been shown to be able to mediate 
opposite effects of shear stress (protective laminar shear 
stress vs. pathogenic disturbed shear stress). [14, 15] 

Shear stress stimulation of endothelial cells can lead to 
phosphorylation of AKT and eNOS which in turn induces 
NO production. [16, 17] Shear stress affects cellular 
structure and function, vascular tone and diameter, wall 
remodeling, hemostasis, and inflammatory response 
through PI3K/eNOS pathway and NO. [18-20] NO appears 
to be critical in myocardial ischemia protection as an 
antioxidant molecule scavenging reactive oxygen species 
and as a signaling molecule initiating a variety of cell 
mediators. [21] 

Viscoelastic properties of PEO were reported as 
possible factors in the improved survival under low flow 
states, but the circulatory effects of nano-polymer 
compositions in vasculature are poorly understood. We 
hypothesized that a polymer-endothelial interaction exists 
to achieve improved circulation through endothelial shear 
stress stimulation and primary activation of eNOS pathway. 

 
2 MATERIALS AND METHODS 

 
Adult male laboratory rats (310±9 g, n=16) were 

anesthetized with administration of 90 mg/kg Ketamine and 
10 mg/kg Xylazine, placed on a heating pad to prevent 
hypothermia.   A tracheostomy tube was installed to 
provide an airway. A rodent ventilator (Harvard Apparatus) 
and room air/O2 mixture were connected to the animal. 
Right carotid artery and tail vein were cannulated. Tail vein 
catheter was connected to the syringe pump (Kent 
Scientific) to provide an IV fluid infusion and for timed 
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administration of PEO/Saline solution. A 22G 
arterial/ventricular pressure catheter (Millar) was inserted 
into the carotid artery, and pressure continuously 
monitored. Physiological parameters were recorded on a 
data acquisition system PowerLab (ADInstruments). 

Rats were randomized to receive 2 ml tail vein injection 
of 10 ppm (final blood concentration) saline-5000 kDa PEO 
solution (PEO) (Dow Chemicals) or equal volume of saline 
(CONT) after 30 min of ischemia 5 min before start of 
reperfusion. Focal I/R injury was induced by LAD ligation 
for 30 minutes followed by 60 min of reperfusion. ECG, 
and aortic pressure monitored continuously and infarct size 
calculated as % area at risk. Area at Risk and Infarcted Area 
will be assessed through double-staining technique at the 
time of death or 60 min after reperfusion. [22] Areas at 
risk/myocardial infarction were visualized by BPB and 
TTC respectively and stereoscopically measured using the 
point-counting method of Weibel. Percentile share of each 
area were calculated. 

eNOS, its active phosphorylated form (p-eNOS) and p-
AKT were detected on Western blots in left ventricle 
protein extracts. Harvested cells and tissues were processed 
for total protein extraction with Protein extraction kit 
(Chemicon). Total protein concentration has been 
determined with BCA Protein Assay Kit (Pierce), 
SpectraMax plate reader and SoftMax Pro software 
(Molecular Devices). Western blot was performed using 
NuPAGE electrophoresis system (Invitrogen). Primary 
antibodies against eNOS(S1177)/AKT(T308) and GAPDH 
(Santa Cruz) and ECL Advance Western Blotting Detection 
Kit (Amersham)  and Storm imager were used for 
identification of  protein bands. Protein levels were 
calculated using ImageQuant PC qantitation software 
(Amersham). 

This model of acute coronary syndrome with Injection 
of PEO at the start of reperfusion reflects current strategies 
for treatment with focus on a combination of 
pharmacologically decreasing myocardial oxygen demand 
and restoring blood flow. 

All experiments were conducted in accordance with the 
Guide for the Care and Use of Laboratory Animals 
(National Institutes of Health) and approved by the 
Institutional Animal Care and Use Committee. [23, 24] 

 
3 STATISTICAL ANALYSIS 

 
The data analyzed using parametric and non parametric 

test. Length/Number of treatment response analyzed using 
ANOVA followed by Bonferroni correction for post hoc t 
test with correction for repeated measures. Probabilities 
values of <0.05 is considered to be statistically significant. 
The dependent variable is time and independent variable is 
the hemodynamic parameters.  Endpoints of survival and 
infarct size analyzed using Klaplan-Mier survival curves 
and non parametric analysis. [25, 26] Statistical 
computations were done using Statistica Software (StatSoft 
Inc.Tulsa, OK).  

4 RESULTS 
 
Rats injected with PEO before reperfusion demonstrated 

better survival and restoration of hemodynamic parameters 
(Table 1) and smaller infarct size (Figure 1). Mean blood 
pressure was 78±10 and 75±6 in PEO compared to 58±12 
and 66±4 in CONT, at 30 min of Ischemia and 60 min 
reperfusion respectively (p<0.05 PEO vs. CONT). 

 

  
Mean Arterial Pressure 

(mmHg) 

  Baseline Reperfusion 

Survival 
time after 

reperfusion 
(min) 

CONT 112±8 66±4 45±26 
PEO 109±7 75±6 60 

 
Table 1: Mean arterial pressure (MAP) and survival 

time in Control (CONT) and rat subjected to PEO treatment 
(PEO) after 30 min of myocardial ischemia at the start of 60 

min of reperfusion. (p<0.05) 
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Figure 1: Decrease in infarct size in rat left ventricle 
subjected to PEO treatment. Representative chart of area of 

infarct/area at risk (%). Data obtained from quantitative 
pixelometry. *Significantly different from CONT (p<0.05) 
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Figure 2: Changes in eNOS, p-eNOS, p-AKT levels in 
left ventricle after ischemia reperfusion with PEO 
treatment. Data obtained from quantitative blots 

densitometry. *Significantly different from Control 
(p<0.05) 

 

* 

* 
* 

NSTI-Nanotech 2010, www.nsti.org, ISBN 978-1-4398-3415-2 Vol. 3, 2010 517



Rats injected with PEO had increased levels of eNOS, 
p-eNOS and p-AKT levels in the heart. (Figure 2). PEO had 
28% and 47% higher eNOS and p-eNOS vs. CONT. PEO 
had a 28% infarct sparing effect compared to CONT. There 
was no difference in left ventricle total AKT levels between 
PEO and CONT. 

PEO prior to myocardial infarction significantly reduces 
infarct size and induces activation and up regulation of 
eNOS pathway. 

 
5 DISCUSSION 

 
Studies in our laboratory using PEO nano-polymer 

suggest that nano-polymers induction of eNOS/AKT is 
important for their physiological effects.  PEO can cause 
increase in local near-wall space viscosity and subsequently 
wall shear stress, inducing shear stress-dependent 
mechanisms of the endothelium. 

PEO in our study through shear stress can cause eNOS 
activation via phosphorylation or de-phosphorylation of 
specific sites, and enhance NO production and 
vasodilatation. It therefore would increase myocardial 
perfusion and protection after ischemia reperfusion injury. 

Straight portions of arteries are exposed to relatively 
laminar flows and thus well protected. In contrast, 
branched, bifurcated, and curved arteries such as the left 
descending coronary arteries and precapillary network 
experience "disturbed" shear stress conditions. [27, 28] 
Because of complex arterial geometry combined with 
pulsatile blood flow during cardiac cycle, these areas 
experience disturbed shear conditions, including temporal 
and spatial gradients of wall shear stress over relatively 
short distances, flow reversal, and flow separation, leading 
to a low level of shear stress. [28]  

Phosphorylation/de-phosphorylation of eNOS and AKT 
has been recognized as a critical regulatory mechanism 
controlling eNOS activity. eNOS(S1177)/AKT(T308) sites 
have been recognized as primary targets for shear stress 
induced activation. [29] 

eNOS shear stress induced phosphorylation involves 
several specific sites. We have investigated eNOS-
S1179(S1177) phosphorylation site. It plays an important 
role in stimulation of eNOS activity in response to shear 
stress. [30, 31] 

Further testing with inhibition of AKT/eNOS by 
Wortmannin/L-NAME could provide additional evidence 
of eNOS pathway importance for shear stress dependent 
and cardioprotective effects of PEO nano-polymer. 

It is possible that this is not the only mechanism of 
nano-polymers effect on the endothelium, and thus other 
factors may need to be explored. The prostaglandin 
pathway is another plausible alternative and can be 
differentiated through pharmacological inhibition using 
selective and non selective Cyclooxygenase inhibitors. 

Therefore we provide novel evidence that in vivo 
administration of nano-polymers can results in eNOS 
dependent NO increase. 

6 CONCLUSIONS 
 
Treatment of acute myocardial ischemia with PEO 

nanopolymer is clinically relevant and has potentially broad 
applications. Therefore we examined PEO effect on 
endothelial function in a clinically relevant in vivo rat 
model of focal myocardial ischemia reperfusion and 
provided the mechanistic basis for its action through shear 
stress dependent eNOS. We showed that PEO nano-
polymer can non-pharmacologically stimulate the 
endothelium and improve circulation via shear stress 
dependent mechanism. This mechanism is most likely to 
involve activation of endothelial Nitric Oxide Synthase 
(eNOS) and PI3-kinase–AkT (PI3/AkT) pathways. Our 
observations suggest that eNOS activation is important for 
its physiological effects of PEO nanopolymer.  

Due to its standardized properties and prolonged non-
pharmacological, non-metabolic stimulation of the 
endothelium PEO nano-polymer could potentially be used 
as a novel agent to investigate shear stress dependent 
endothelial pathways, and provide a method for cardio 
protection and amelioration of ischemia reperfusion 
induced injury. 
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