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Abstract

Basic and clinical evidence suggests that omega-3 (n-3) polyunsaturated fatty acids (PUFAs)

decrease fatal arrhythmias and infarct sizes. This study investigated if pericardial delivery of n-3

PUFAs would protect the myocardium from ischemic damages and arrhythmias. Acute

myocardial infarctions were induced in 23 pigs with either 45 min balloon inflations or clamp

occlusions of the left anterior descending coronary arteries and 180 min reperfusion.

Docosahexaenoic acid (C22:6n-3, DHA, 45 mg), one of the main n-3 PUFAs in fish oil, was

infused within the pericardial space only during the 40-min stabilizing phase, 45 min ischemia and

initial 5 min reperfusion. Hemodynamics and cardiac functions were very similar between the

DHA-treated and control groups. However, DHA therapy significantly reduced infarct sizes from

56.8 ± 4.9% for controls (n = 12) to 28.8 ± 7.9% (P < 0.01) for DHA-treated animals (n = 11).

Compared with controls, DHA-treated animals significantly decreased heart rates and reduced

ventricular arrhythmia scores during ischemia. Furthermore, three (25%) control animals

experienced eight episodes of ventricular fibrillation (VF), and two died subsequent to

unsuccessful defibrillation. In contrast, only 1 (9%) of 11 DHA-treated pigs elicited one episode

of VF that was successfully converted via defibrillation to normal rhythm; thus, mortality was

reduced from 17% in the controls to 0% in the DHA-treated animals. These data demonstrate that
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pericardial infusion of n-3 PUFA DHA can significantly reduce both malignant arrhythmias and

infarct sizes in a porcine infarct model. Pericardial administration of n-3 PUFAs could represent a

novel approach to treating or preventing myocardial infarctions.

ischemia-reperfusionpericardiumarrhythmiamyocardial infarctionn-3 polyunsaturated fatty

acid since the original epidemiological studies were published three decades ago (2), dietary

n-3 polyunsaturated fatty acids (PUFAs) have been correlated with a reduced risk of

coronary heart disease. The primary sources of n-3 PUFAs in the human diet are mainly

plant-derived α-linolenic acid (C18:3n-3) and marine-derived eicosapentaenoic acid (EPA,

C20:5n-3) plus docosahexaenoic acid (DHA, C22:6n-3). Recently, increased n-3 PUFA

intake has been shown to have reduction of both ischemia-induced myocardial damage (10,

20, 29) and arrhythmias (15, 22, 25). A major benefit of n-3 PUFAs is that, unlike several

cardiac pharmaceuticals, they have only minor side effects (16, 19) and are on the Food and

Drug Administration's Generally Accepted as Safe list. Although dietary supplementation is

the most common administration of n-3 PUFAs in both clinical and animal studies, the

resulting myocardial concentrations of free n-3 PUFAs depend on several phenotypic factors

related to both the gastrointestinal system and blood. Although n-3 PUFAs have been

intravenously administrated in experimental animals for cardiac arrhythmia prevention (3),

and in humans for anti-inflammatory therapy (7), it has been reported that, in blood,

albumins bind to n-3 PUFAs and greatly reduce their free form concentrations. Thus, in the

present study, we hypothesize that a more focalized and perhaps better controlled approach

to deliver n-3 PUFAs to the heart would be through the pericardial space. Compared with

blood, pericardial fluid contains lower amounts of proteins and is only ~1% of the total

blood volume. Therefore, pericardial infusion of n-3 PUFAs was considered to be an

effective way to build up a high concentration around the heart. It was also considered that

high concentrations of n-3 PUFAs should rapidly enhance their protective effects on

myocardium, since they are highly lipid-soluble. Furthermore, previous studies with the

pericardial administration of amiodarone and procainamide have shown that the active

motion of the heart within the pericardium mixes and distributes the drugs throughout the

epicardium and that deep penetrations can occur (32).

Importantly, both basic research studies and clinical trials have shown that n-3 PUFAs

reduce the risk of acute myocardial infarction (10, 20, 22–25, 35, 38). Dietary

supplementation of fish oil attenuated myocardial infarct size, cardiac dysfunction, and

lethal ventricular arrhythmias in ischemia-reperfusion animal models (23, 24, 35, 38).

However, the effects of n-3 PUFAs being directly infused to the heart on ischemic

myocardium were not assessed in these studies. In the present study, we thus delivered DHA

to the pericardial space in an acute ischemia-reperfusion porcine model. Our results indicate

that pericardial delivery of the n-3 PUFA (DHA) reduced ischemia-induced ventricular

arrhythmias, infarct sizes, and mortality. Thus this promising novel approach may have

clinically relevant applications, since a number of new devices allow for less-invasive access

to the pericardial space through subxyphoid or transvascular catheters (17).
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METHODS AND MATERIALS

This study protocol was conducted in accordance with the Guide for the Care and Use of

Laboratory Animals [Department of Health and Human Services Publication No. (NIH)

85-23, Revised 1996], and was approved by the Institutional Animal Care and Use

Committee of the University of Minnesota. This ischemia- and reperfusion-induced

myocardial infarction model was performed using male castrated Yorkshire swine. These

animals were randomly assigned into two groups, control (n = 12) and DHA treated (n =

11).

Surgical procedures

Otherwise healthy swine with an averaged body weight of 42.3 ± 1.1 kg (mean ± SE, n = 23,

P > 0.05 between control and DHA-treated groups) were initially sedated with midazolam

intramuscularly (2 mg/kg), and subsequently anesthesia was maintained with intravenous

pentobarbital sodium (20 mg/kg initial bolus, followed by a continuous infusion at 5–20

mg·kg−1·h−1). A er endotracheal intuba on, ventilation (2:1 air to oxygen mixture) was

adjusted to maintain an arterial Pco2 of 40 ± 2 mmHg, and rectal temperatures were

maintained at 38 ± 0.5°C using convective air warming as needed (Bair Hugger; Arizant

Medical, Eden Prairie, MN). Two Mikro-Tip catheter transducers (5 Fr, model MPC-500;

Millar Instruments, Houston, TX) were placed for ventricular pressure monitoring: 1) via the

right jugular vein in the right ventricle and 2) the other via the right carotid artery in the left

ventricle. A Swan-Ganz catheter was placed in the pulmonary artery via the right external

jugular vein and connected up to a “Q2 Continuous Cardiac Output Computer” (Abbot

Critical Care) to continuously monitor the cardiac output.

Two approaches were used to occlude the left anterior descending (LAD) coronary artery. In

one group (n = 6), a guide catheter was inserted in the left coronary artery via the left carotid

artery. A balloon (3.5 × 6 mm) catheter was advanced via a guide catheter to the site

between the second and third branches of the LAD under fluoroscopic guidance. To ensure

that vessels were completely occluded via the balloon method, a second LAD occlusion

group (n = 17) was also used in our study. In these animals, following a medial sternotomy,

a small incision was made in the anterior portion of the pericardial sac in each animal, and

~0.5 cm of the LAD between the second and third branches was dissected for placing a

vessel clamp (Sklar Vascular Size 2 Single Clamp; Sklar Instruments, West Chester, PA). A

femoral artery was cannulated for measurement of blood pressure and withdrawal of blood

samples.

In all animals, a medial sternotomy was performed to expose the heart and pericardial sac. A

soft infusion catheter was placed in the sac near the apex of the heart for perfusion of the

control saline or DHA (45 mg, ~1 mg/kg) solutions. The animals were fully heparinized

following surgical preparation and throughout the subsequent experimental protocol (300

IU/kg iv bolus of heparin followed by an infusion of 67 IU·kg–1·h–1). After 60 min

stabilization following completion of surgery, the intra-arterial balloons were inflated, or the

vascular clamps were placed to induce ischemia. To verify the effectiveness of these

occlusions, four million microspheres (E-Z TRAC 15 μm diameter blue ultraspheres;

Interactive Medical Technologies, Irvine, CA) were injected via the guide catheter in the left
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atria 30 min after occlusion of the coronary artery flow. The balloon was deflated, or the

clamp was removed after 45 min ischemia. The autoreperfusion (physiological reperfusion)

period lasted 180 min. DHA (Cayman Chemical, Ann Arbor, MI) was obtained as a stock

solution of 250 mg DHA/ml ethanol and diluted to 3 mg/ml in 0.9% saline solution for

subsequent pericardial infusion. The reason to choose DHA in our study is that DHA is

present in all organs and is the most abundant n-3 PUFA in membranes, including in heart

tissue (1). The control animals received the same volume of the saline solution plus the

equivalent amount of the substrate vehicle (ethanol). Blood pressures, heart rates, left and

right intraventricular pressures, dP/dt, and electrocardiograms were recorded during

experiments to monitor hemodynamics, cardiac function, and rhythm. Data were acquired

with SonoLAB software (Sonometrics, London, Ontario, Canada). Postacquisition analysis

was performed using both CardioSoft software and data analysis software (EMKA

Technologies, Falls Church, VA).

Measurements of infarct sizes and risk areas

At the end of each experiment, the LAD was reoccluded (i.e., the arterial balloon was

reinflated or the clamp was repositioned), and patent blue dye was injected in the left atrial

appendage to verify the ischemic area (area at risk), as previously described (9, 27).

Subsequently, all animals were killed, and the hearts were removed and frozen at –20°C.

Infarc on sizes were determined on the next experimental day. The hearts were sectioned to

4-mm transverse slices. The slices were then incubated with 1% triphenyltetrazolium

chloride in phosphate buffer (pH 7.4) at 37°C for 10 min and fixed in 10% formalin for 1

min. Triphenyltetrazolium chloride forms a red formazan derivative when reacting with

viable tissue, whereas necrotic tissue is pale white. A person blinded to the applied

treatments photographed the slices and quantified the morphology of infarct size and area at

risk of the left ventricles using Adobe Photoshop (CS version 8.0; Adobe Systems, San Jose,

CA). In addition, microspheres disposed from homogenized infarct, area at risk, and nonrisk

left ventricular tissues were counted under microscope according to the manufacturer's

protocol (Ultraspheres Microsphere Extraction Protocol for Regional Blood Flow

Measurement; Interactive Medical Technologies). The results were 0.8 ± 0.5, 1.0 ± 0.7, and

98.3 ± 31.0 microspheres/g myocardium for infarct, areas at risk, and nonrisk of left

ventricular myocardium, respectively. These results indicate the high effectiveness of our

LAD occlusions.

Arrhythmia assessments

Standard peripheral, five-lead electrocardiograms were used to monitor potential

arrhythmias during each experiment (model 9030; SpaceLabs, Redmond, WA). Analyses

using the Ponemah Physiology Platform version 3.1 software (Gould Instrument Systems,

Valley View, OH) were completed by a person who was blinded to the given experimental

protocols. A modified scoring system (9, 27) was used to quantify arrhythmias by this

individual: 0 = ≤10 premature ventricular contractions (PVCs) in 9 min; 1 = 11–50 PVCs in

9 min; 2 = >50 PVCs in 9 min; 3 = 1 episode of ventricular fibrillation (VF) in 9 min; 4 = 2–

5 episodes of VF in 9 min; and 5 = >5 episodes of VF in 9 min. When elicited, attempts

were made to reverse VF using 30-J shocks administered via internal paddles with biphasic
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DC cardioversion (Lifepak 12; Medtronic, Minneapolis, MN), and, if unsuccessful, they

were repeated until effective or success was considered impossible.

Fatty acid measurements

In each experiment, a 2-ml blood sample was drawn 30 min after ceasing pericardial

perfusion. Also, pericardial fluid (1.5 ml) and right atrial tissue (5–10 g) in each animal were

collected 180 min after termination of pericardial perfusion and before left atrial appendage

injection of patent blue dye. These samples were stored at –80°C immediately a er collec on.

Analysis was performed by a laboratory (Lipid Technologies, Austin, MN) in blinded

fashion. Plasma, pericardial fluid, and atrial tissue lipids were extracted and analyzed

according to methods described previously (18).

Data analysis

Data are presented as means ± SE. Unpaired Student's t-tests and Chi-squares test were

applied accordingly. Statistical significance was considered if a P value was <0.05 between

two means.

RESULTS

Following the surgical operation of each animal, they were allowed to stabilize for 20 min

and another 40 min with pericardial perfusion (Fig. 1, A and B, inset). In each animal, a 2-

min bolus injection of 6 ml saline solution contained either DHA for the treatment, or the

same amount of vehicle (alcohol) for the control was delivered in the pericardial space.

Subsequently, a pericardial infusion was started and lasted 90 min with a speed of 0.1 ml/

min. Each DHA-treated animal received 45 mg DHA in 15 ml solution (3 mg/ml). Mean

blood pressures in both groups averaged ~100 mmHg during the stabilization period and

gradually decreased after initiation of ischemia and reperfusion (Fig. 1A). The recorded time

courses showed that pericardial bolus infusions induced increases in heart rates in control

animals but not in DHA-treated pigs (Fig. 1B). LAD occlusions further increased the heart

rates in controls (Fig. 1B, P < 0.01). With the exception of the heart rates during ischemia,

the maximal left ventricular systolic pressures, the left ventricular end diastolic pressures,

the maximal rate of positive and negative left ventricular pressure changes (±dP/dt), the

cardiac outputs, the maximal right ventricular systolic pressures, the right ventricular end

diastolic pressures, and mean pulmonary artery pressures displayed no significant

differences among DHA-treated and untreated animals during the entire experimental

observation (Table 1).

The arrhythmia scores determined during 45 min of LAD occlusion and the first 9 min of

reperfusion were markedly lower in DHA-treated pigs than in controls (Fig. 1C). The

pericardial infusions of DHA significantly reduced the sum of accumulated arrhythmia

scores during occlusion (Fig. 1D, P < 0.05) but not during the initial 45-min period of

reperfusion (Fig. 1D, P > 0.05). Importantly, 3 out of 12 control animals elicited 8 episodes

of VF during reperfusion. Applied electric defibrillation initially restored their cardiac

function, but in two animals secondary episodes of VF occurred 2 h after reperfusion;

aggressive defibrillation therapy failed to restore an effective rhythm (Fig. 2). In contrast,
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only 1 out of 11 DHA-treated pigs elicited an episode of VF during reperfusion. In this

animal, electric defibrillation successfully restored the heart rhythm without further

reoccurrence of VF (Fig. 2). Thus the overall morbidity from VF was decreased from 25%

in the controls to 9% in the DHA-treated animals (Fig. 2C, P < 0.01); most of these VF

episodes occurred within 15 min following reperfusion. The overall animal mortality was

reduced from 17% in the controls to 0% in the DHA-treated pigs (Fig. 2D, P < 0.01).

The animals treated with pericardial DHA perfusion had significantly reduced infarct sizes

compared with controls (Fig. 3). Importantly, the areas at risk for ischemia of the left

ventricle for controls were 21.2 ± 2.3% (n = 12), which were not significantly different from

that for DHA-treated animals that were actually slightly larger (24.2 ± 2.5%, n = 11, P >

0.05). Nevertheless, DHA treatment significantly reduced the resultant infarct sizes (Fig. 3,

P < 0.01).

To determine the effects of pericardial perfusion of DHA on fatty acid components during

ischemia and reperfusion, we collected blood, pericardial fluid, and atrial tissue at various

time points. Table 2 summarizes the results of fatty acid components in the collected

samples. Because we sampled atrial tissue and pericardial fluid 180 min after termination of

pericardial perfusion in each animal, DHA measurements did not show significant

differences between control and DHA-treated groups (P > 0.05). The contents of n-3 and n-6

PUFAs, as well as monounsaturated and saturated fatty acids for control samples, were also

not significantly different from those for DHA-treated tissues (Table 2). These results

suggest that the pericardium-infused DHA could be quickly diluted to other compartments

or metabolized by the body.

DISCUSSION

Worldwide, millions of patients die annually from sudden cardiac death. More than half of

such deaths occur within 1 h following an acute myocardial infarction, and this is typically

associated with sustained ventricular arrhythmias. In the present study, we report that,

compared with control animals, pericardial infusion of DHA at a time before and during

ischemia significantly reduced infarct sizes and associated ventricular arrhythmias.

However, reduction of myocardial injuries and/or induced arrhythmias has been reported for

rats (35, 36), rabbits (24), and humans (6). In such reports, these benefits were associated

with long-term chronic dietary intake of n-3 PUFAs. The major advantage of such a dietary

approach is noninvasive, and n-3 PUFAs can be absorbed and transported to heart cells. It

has been proposed that membrane-stored n-3 can then be released promptly to perform their

antiarrhythmic action (21). However, the overall process of ingested n-3 PUFAs to

providing cardioprotection is quite complicated compared with intravenous or pericardial

perfusion (21). Many phenotypic factors may affect dietary PUFA absorption,

transportation, membrane storage, and the subsequent release from heart cells. In addition,

accumulation of these ingested compounds in heart cells to a cardioprotective level may take

weeks or months (28, 37). Therefore, the ultimate myocardial accumulation of n-3 PUFAs to

therapeutic levels with dietary approach can be quite variable and unpredictable in a given

individual. Here, we report that a novel delivery approach with dosed DHA directly to the

pericardial space had a dramatic cardioprotective effect.
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Previously, the antiarrhythmic effects of intravenous infusion of DHA or EPA were assessed

in an ischemic canine model (4). In that study, n-3 PUFAs had to be mixed with albumin

before infusion, since infused DHA or EPA can cause hemolysis. Unfortunately, infused

albumin would expand the intravascular volume acutely, which might in itself induce acute

congestive heart failure, particularly in a subject with an already compromised

cardiovascular system (4). Importantly, our described pericardial approach does not require

additional albumin administration and thus would help avoid such potentially serious

consequences as mentioned above. It is important to note that the amount of DHA employed

in our present study (45 mg) is only 5.2% of the dose (860 mg) of that used in the

aforementioned canine study (4). Similarly, this dose is only 1.2% of that used in a clinical

study (3.8 g) in which it was reported that blood infusion of n-3 PUFAs resulted in

reductions of sustained ventricular tachycardias in patients at high risk of sudden cardiac

death (26). Thus the pericardial approach perhaps may also maximize the protective effects

of n-3 PUFAs and at the same time minimize potential systemic side effects, such as

hemolysis (4).

The reductions of the arrhythmia scores calculated for 9-min epochs during occlusion did

not reach statistical significances except for the third 9-min epoch (Fig. 1C); yet the sum of

the individual 9-min arrhythmia scores during occlusion was found to be significantly

reduced for the DHA-treated animals (Fig. 1D). Interestingly, the sum of the arrhythmia

scores during the initial 45-min reperfusion was not significant between two groups (Fig.

1D). The significant reduction of arrhythmia score only occurred during the first 9 min of

reperfusion after cessation of DHA perfusion (Fig. 1C). These results may indicate that

DHA effects quickly subsided after termination of DHA perfusion. Consistent with this

finding, we observed that the heart rates were significantly lower in DHA-treated animals

during occlusion. These results are also in agreement with the previous observations that

intravenous infusion of n-3 fatty acids evoked significant reductions in heart rates both

before and during the coronary occlusion (3). Because the blood samples were collected 30

min after cessation of DHA perfusion and the atrial tissues and pericardial fluids were

sampled at the end of experiments, DHA levels in these samples were not found to be

significantly different between control and DHA-treated groups (Table 2). Because the

effects of pericardium-delivered DHA appeared to be quickly on and off, the fatty acid may

act more likely as a pharmacological agent that may differ from its dietary supplement. A

possible explanation is that, since DHA is highly lipophilic, the infused DHA in the

pericardium might rapidly diffuse and dilute in myocardium, blood, and other intra- and

extracellular fluids. Because the incidence of VF and mortality was significantly lower in

DHA-treated animals (Fig. 2), the cardioprotective effect of DHA at certain levels was most

likely extended to the whole reperfusion period. This is consistent with the dramatic

reduction of infarct sizes in DHA-treated animals (Fig. 3). However, the arrhythmia scores

during reperfusion were not significant between two experimental groups (Fig. 1). The

underlying mechanism of such differences is unknown, but the parameters measured in this

study may reflect their different sensitivities to cell damage during and after ischemia.

In the present study, we found that pericardial delivery of DHA significantly reduced

ischemia- and reperfusion-induced infarct sizes but did not significantly improve ventricular

functions. The possible explanation is that, in such a particular model, drastic myocardial
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stunning might prevent any potential acute beneficial hemodynamic effects from DHA, even

in animals with little or no infarct. This porcine infarct model has been characterized in great

detail in our earlier studies (8, 27). In these previous studies, we have instrumented the pigs

with arrays of sonomicrometry crystals and left ventricular balloons to study global and

regional function using pressure-volume loops, regional wall motion, etc.

We have learned from the regional functional data obtained via sonomicrometry that the

ischemic areas were consistently and severely stunned in our model, 45 min of LAD

occlusion throughout the 3-h reperfusion period, even in animals with minimal or no

infarcted area (8, 27). Therefore, in DHA-treated animals with reduction of infarct sizes,

severe stunning could prevent its acute beneficial functional improvement. Because the

pericardial sac had to be kept with intact for pericardial delivery of DHA, we were unable to

instrument these animals with epicardial sonomicrometry crystals to monitor regional

myocardial contraction. However, it could be anticipated that stunning in these animals

would eventually (hours-days-weeks) subside and that those DHA-treated animals with

reduced infarcts would have better chronic cardiac function compared with the controls with

larger infarcts.

Although the precise mechanisms how n-3 PUFAs protect the heart from ischemic damage

need to be investigated further, in the present study, we have carefully looked at several

mechanistic aspects of cardiac protection, i.e., hemodynamic function, infarct size, and

arrhythmias in this model, aside from assessing pharmacokinetics of this novel delivery

approach. More specifically, we have demonstrated very important and direct evidence for

the cardioprotective effects of PUFAs delivered pericardially, i.e., infarct size reduction and

arrhythmia reduction, while function was not improved acutely, which was consistent with

our and other authors' previous work, as mentioned earlier (8, 27). One potential mechanism

for cardiac protection other than the ones already discussed is the bradycardic effect of

DHA, which could lower myocardial oxygen consumption during ischemia. In addition,

previous cellular studies suggest that n-3 PUFAs could suppress inflammation (7, 33),

reduce platelet aggregations (38), decrease resultant ischemic oxidative injury (13), and/or

inhibit apoptotic signals (12). A recent study reported that, in rabbits, dietary-fed EPA

reduced subsequent induced myocardial infarct sizes via the activation of Ca2+-activated K

+ channels and nitric oxide-mediated mechanisms (24). It has been noted that inhibition of

Ca2+ and Na+/Ca2+ exchanger currents by EPA or DHA prevents an increase in

intracellular Ca2+ concentrations which when elevated are likely main cause of cell death

during ischemia (31, 34). However, relative to this latter finding, the contractility of

cardiomyocytes was not significantly affected in the presence of n-3 PUFAs (20).

Nevertheless, reducing cell damage from free radicals generated during ischemia or hypoxia

by the actions of n-3 PUFAs may also protect ischemic myocardium and has been reported

in other studies as potential mechanisms (5, 30).

The direct actions of n-3 PUFAs on cardiac ion channels have been proposed for their

antiarrhythmic effects (34). More specifically, n-3 PUFAs have been shown to inhibit

voltage-gated Na+, K+, and Ca2+ channels, as well as Na+/Ca2+ exchangers (34) and

Ca2+-activated K+ channels (24). Taken together, these combined effects would serve to

stabilize the membrane excitability of cardiomyocytes (14). The cardiomyocytes in an
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ischemic border zone have relatively depolarized resting membrane potentials and possibly

trigger VF due to easily being excited (20). Therefore, the elevation of n-3 PUFAs helps to

stabilize the enhanced excitability of partially depolarized cells in ischemic myocardium

(34) and thus prevent arrhythmias. This hypothesis is supported by the recent finding that

dietary fish oil reduces the occurrence of early after depolarizations in porcine ventricular

myocytes (11). Although there is no clinical report on pericardial delivery of n-3 PUFAs, we

believe that such an approach could be potentially beneficial to an ischemic heart and may

prevent sudden cardiac death in the event of an infarction. In summary, our current data

demonstrate that pericardial infusion of the n-3 PUFA DHA significantly reduced infarct

sizes and malignant arrhythmias (including VF) in an ischemia-reperfusion porcine model.

However, the long-term effects of n-3 fatty acids on myocardial infarct sizes should be

assessed and confirmed in future studies.
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Fig. 1.
Placement of the polytetrafluoroethylene (PTFE) hemodialysis graft and representative MRI and phase-contrast magnetic

resonance angiography (PC MRA) of the vein-to-graft anastomosis. A: placement of the PTFE hemodialysis graft. CA, control

carotid artery; CV, control jugular vein; VS, venous stenosis, IA, inflow artery. B: MRI with PC MRA performed on day 14 that

shows high grade VS formation. RSA, right subclavian artery; LSA, left subclavian artery. C: PC MRA showing the direction of

blood vessels in the opposite direction as depicted by black in the VS and white in the IA. D: magnitude of the blood flow in the

same vessels. E: a hematoma surrounding the PTFE graft. T, trachea.
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Fig. 2.
Morphological changes in the venous wall and the development of neointimal hyperplasia. Animals were killed at the three

various time points, and representative sections from a day 14 animal are shown. The explanted vein-to-graft anastomosis and

contralateral jugular vein were stained using hematoxyln and eosin (H&E), Verhoeff's van Gieson (VVG) stain, α-smooth

muscle (SM) actin, PCNA, and Masson's trichrome. The results show that neointimal hyperplasia had developed by day 14

compared with the control vein. An analysis of the expression of α-SM actin at the vein-to-graft anastomosis and normal vein

was performed. The control external jugular vein showed well-organized layers of SM cells expressing α-SM actin appearing

red-brown. On day 14 after the graft placement, the neointima and media at the venous anastomosis stained more intensely than

the control for α-SM actin. Cells positive for PCNA are brown. There was an increased number of cells staining brown in the

neointima of the venous anastomosis by day 14 compared with the control vein. The control external jugular vein showed the

most extracellular matrix (appearing blue by trichrome staining) in the media and adventitia. By day 14, more cells (appearing

pink) accumulated in the media and neointima accompanied by prominent extracellular matrix deposition in the media and inner

neointima.
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Fig. 3.
Thickness of the nointima, media, and adventitia at the vein-to-graft anastomosis (VS) and control veins (CV) over time.

Specimens from explanted vein-to-graft anastomosis and control vessels were obtained from pigs killed on days 3, 7, and 14.

The thickness of the neointima, media, and adventitia from the vein-to-graft anastomosis and control vessels were individually

quantified using computer-assisted planimetry on VVG-stained slides and was pooled for the vein-to-graft anastomosis and

control veins on days 3, 7, and 14. The average thickness of the intima from the vein-to-graft anastomosis increased over time

compared with control vessels. By days 7 and 14, it was significantly increased compared with control vessels (P < 0.05). The

mean thickness of the media and adventitial of the vein-to-graft anastomosis was higher than that of the control vein at all time

points. By days 3 and 7, the average thickness of the media was significantly higher than the control veins (P < 0.05). At all time

points, the average thickness of the adventitia of the vein-to-graft anastomosis was significantly higher than the control vein (P

< 0.05). Data are means ± SD. *P < 0.05.
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Fig. 4.
MRI measurements of the vein-to-graft anastomosis on days 1, 3, 7, and 14. The wall shear stress (WSS) was calculated from

the MRI data. At all time points, the mean WSS of the VS was significantly higher (P < 0.05) than the control vein. By day 7,

the WSS was significantly higher than on days 3 and 14 (P < 0.05). Data are means ± SD. *P < 0.05
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Fig. 5.
A: graph representing the appropriate protein band of VEGF-A from Western blot analysis. B: graph representing the appropriate

band for β-actin from Western blot analysis for protein loading. C: semiquantitative analysis for VEGF-A performed on days 3,

7, and 14. The normalized density of VEGF-A was significantly higher at the vein-to-graft anastomosis compared with the

control vein by day 3. *Significantly higher value (P < 0.05). Data are means ± SD. D: immunohistochemistry for VEGF-A for

localization of expression on day 3. By immunohistochemistry, brown staining cells are positive for VEGF-A. Representative

sections from a day 3 animal are shown. The left and middle left columns are from the vein-to-graft anastomosis, and middle

right and right columns are from the control vein. The left and middle right columns are ×10 magnification, and the middle left

and right columns are ×40 magnification. There were more cells staining brown located in the intima and media at the vein-to-

graft anastomosis compared with controls
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Fig. 6.
A: graph representing the appropriate protein band of VEGF receptor (VEGFR)-2 from Western blot analysis. B: graph

representing the appropriate band for β-actin from Western blot analysis for protein loading. C: semiquantitative analysis

performed on days 3, 7, and 14. The normalized density of VEGFR-2 was significantly higher on day 7 compared with day 3.

*Significantly higher value (P < 0.05). Data are means ± SD
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Fig. 7.
A: graph representing the appropriate protein band of VEGFR-1 from Western blot analysis. B: graph representing the

appropriate band for β-actin from Western blot analysis for protein loading. C: semiquantitative analysis performed on days 3, 7,

and 14. The normalized density of VEGFR-1 was significantly higher on day 14 compared with the control vein. *Significantly

higher value (P < 0.05). Data are means ± SD. D: immunohistochemistry for VEGFR-1 for localization of expression on day 14.

Representative sections from a day 14 animal are shown. The left and middle left columns are from the vein-to-graft

anastomosis, and the middle right and right columns are from the control vein. The left and middle right columns are ×10

magnification, and the middle left and right columns are ×40 magnification. By immunohistochemistry, brown staining cells are

positive for VEGF-A and VEGFR-1. There were more cells staining brown located in the intima and media at the vein-to-graft

anastomosis compared with controls.
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Fig. 8.
A: graph representing the appropriate protein bands of pro-matrix metalloproteinase (MMP)-2 and MMP-2 by zymography.

STD, standard. B: semiquantitative analysis performed on days 3, 7, and 14. The normalized density of pro-MMP-2 and active

MMP-2 at the vein-to-graft anastomosis was significantly higher than the control veins by days 7 and 14. *Significantly higher

value (P < 0.05). Data are means ± SD. C: graph representing the appropriate protein band of pro-MMP-9 by zymography. D:

semiquantitative analysis performed on days 3, 7, and 14. The normalized density of pro-MMP-9 was significantly higher (*) at

all time points compared with the control vein. E: graph representing the appropriate protein band of tissue inhibitor of matrix

metalloproteinase (TIMP)-1 by Western blot analysis. F: graph representing the appropriate band for β-actin from Western blot

analysis for protein loading. G: semiquantitative analysis performed on days 3, 7, and 14. The normalized density of TIMP-1

was significantly higher on day 14 compared with the control vein. *Significantly higher value (P < 0.05).
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Fig. 9.
Schematic depicting potential pathways from the present study
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