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Summary

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in the

United States and is projected to become the leading cause of mortality in the world.

Atherosclerosis is the most important single factor contributing to this disease burden.

In this study, we characterize relationships between endothelial dysfunction and vas-

cular disease in an animal model of diet-induced, early-stage atherosclerotic vascular

disease. We tested the hypothesis that hypercholesterolaemia induces vascular disease

and impairs endothelium-dependent relaxation (EDR) in conduit arteries of adult male

Yucatan pigs. Pigs were fed a normal fat (NF) or high fat cholesterol (HFC) diet for

20–24 weeks. Results indicate that, while the HFC diet did not alter EDR in femoral or

brachial arteries, EDR was significantly decreased in both carotid and coronary

arteries. Sudanophilic fatty streaks were significantly present in the abdominal aorta

and common carotid artery. Histopathology revealed increased intima-media thickness

(IMT) and foam cell accumulation in Stary Stage I–III lesions in the abdominal aorta,

common carotid artery and femoral arteries. In the coronary arteries, the accumulation

of foam cells in Stary Stage I and II lesions resulted in a trend for increased IMT. There

was no evidence of vascular disease in the brachial arteries. These results indicate that

early stages of CVD (Stary Stage I–III) precede decreases in EDR induced by HFC diet,

because femoral arteries exhibited foam cell accumulation and an increased IMT but

no change in endothelial function.
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Cardiovascular disease (CVD) continues to be the leading

cause of morbidity and mortality in the United States and is

projected to become the leading cause of mortality in the

world over the next 20 years (Lopez & Murray 1998).

Atherosclerosis is the most important single factor contribut-

ing to this disease burden (Libby 2002). Our understanding of

the pathogenesis of CVD and atherosclerosis has increased

dramatically through vascular biology and a growing
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appreciation of a role of inflammation in the pathogenesis of

atherosclerosis (Libby 2002). Hypercholesterolaemia has been

reported to cause decreased endothelium-dependent relaxa-

tion (EDR) of conduit arteries (endothelial dysfunction) in

humans (Casino et al. 1993] Celermajer et al. 1994), monkeys

(Heistad et al. 1984; Lopez et al. 1989) and pigs (Cohen et al.

1988; Komori et al. 1989; Shimokawa & Vanhoutte 1989a, b;

Best et al. 1999; Woodman et al. 2003). Blunted EDR is

believed to be present early in the progression of coronary

artery disease, even prior to evidence of lesions (Heistad et al.

1984; Lopez et al. 1989; McLenachan et al. 1991; Luscher

et al. 1993; Dzau 1994; Nava et al. 1995; Ganz & Vita 2003;

Verma et al. 2003). There is a growing body of evidence that

disruption of the nitric oxide synthase (NOS) pathway

(Meredith et al. 1993; Dzau 1994; Nava et al. 1995) and/or

reduced availability of nitric oxide (NO) contribute to this

dysfunction (Vita & Keaney 2002; Vita & Loscalzo 2002).

Although brachial flow-mediated vasodilation is used as an

index of endothelial dysfunction (Celermajer et al. 1994;

Liang et al. 1998; Furamoto et al. 2002; Fathi et al. 2004;

Jarvisalo et al. 2004), atherosclerosis develops less frequently

in the brachial artery than the carotid and coronary arteries of

humans (Sorensen et al. 1997; Bucciarelli et al. 2002). Because

of their propensity to develop CVD, the carotid and femoral

arteries have been proposed as superior to the brachial artery

for the detection of increased intima-media thickness (IMT) in

atherosclerosis using ultrasound measurements (Kosch et al.

2000; Bucciarelli et al. 2002; Jarvisalo et al. 2004).

Atherosclerosis is a progressive disease involving at least

seven stages of pathogenesis (Stary et al. 1994; Stary 2000a).

Although vascular disease generally progresses to advanced

stages of atherosclerosis over decades, its progression can be

slowed and/or reversed by a number of interventions (Stary

et al. 1994; Stary 2000a). Perhaps because current evidence

indicates that endothelial dysfunction is present throughout

all stages of the development of atherosclerosis, it has been

proposed that endothelial dysfunction plays a role in initiating

atherosclerosis through alterations in expression of adhesion

factors, inflammatory mediators and other atherogenic genes

(Vita & Keaney 2002; Vita & Loscalzo 2002).

Based on these observations, a primary goal of the experi-

ments reported herein was to evaluate the relationship

between endothelial dysfunction and vascular disease in a

number of arteries during early stages of disease development.

We also evaluated the role of the NOS signalling pathway in

these processes. The progressive nature of atherosclerosis also

raises the question of whether similar mechanisms mediate the

beneficial effects of therapeutic interventions at early and late

stages of the vascular disease progression. It is important to

improve therapeutic approaches for retarding the

development of atherosclerosis in early stages of the disease,

because available results indicate that vascular disease is pre-

sent widely among adolescents as well as adults in our popu-

lation (McGill et al. 2000; Stary 2000b; McGill & McMahan

2003). The recent Pathobiological Determinants of

Atherosclerosis in Youth (PDAY) study found atherosclerotic

vascular disease to be prevalent in young adults (McGill et al.

2000; McGill & McMahan 2003).

During early stages in the pathogenesis of vascular disease,

patients are asymptomatic, making it difficult to study the

influence of interventions on these stages of progression.

Therefore, the effectiveness of interventions on early develop-

ment of vascular disease requires an animal model, because

many of the measurements necessary for this analysis can not

be ethically made on human subjects who are not sympto-

matic during the early stages of pathogenesis. We modified

previous models of high fat and cholesterol (HFC) diet-

induced atherosclerosis in pigs (Florentin et al. 1968; Gerrity

et al. 1979; Gerrity 1981a, b; Reitman et al. 1982; Kim et al.

1985; Kim et al. 1987) to study early stage vascular disease

(Stary Stage 1–3) (Stary et al. 1994; Stary 2000a, b; Thomas

et al. 2002; Turk et al. 2003; Turk & Laughlin 2004). In

addition to the goal of characterizing relationships between

endothelial dysfunction and development of early-stage vas-

cular disease in this animal model, we present and summarize

data that allow consideration of the strengths and weaknesses

of this animal model of early-stage vascular disease for use in

evaluation of approaches to treat or prevent the development

of vascular disease. In this report, we provide results charac-

terizing the pathologic anatomy and pathophysiology of this

animal model using measures of histopathology and endothe-

lial vasomotor function of the major arteries. It appears that

this HFC model will be useful to determine whether interven-

tions retard the early stages of atherosclerosis and that this

model can be used to improve understanding of mechanisms

responsible for beneficial effects of therapeutic interventions.

Methods

Experimental design

Experimental animals. Thirty-eight adult, male Yucatan

miniature swine, 8–12 months of age, 25–40 kg body weight

(Charles River, Maine and Sinclair Research Farm, Columbia,

MO, USA) were used with protocols approved by the Animal

Care and Use Committee at the University of Missouri. Pigs

were housed in rooms maintained at 20–23 �C with a 12:12-h

light-dark cycle. Half of the pigs were provided a normal fat

(NF) diet (Purina Laboratory Mini-pig Chow; 8% of daily

caloric intake derived from fat), and half of the pigs were fed a
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HFC diet (46% of their daily caloric intake from fat)

consisting of pig chow supplemented with cholesterol

(2.0%), coconut oil (17.1%), corn oil (2.3%) and sodium

cholate (0.7%) (Dixon et al. 1999; Thomas et al. 2002;

Woodman et al. 2003). Pigs were maintained on the HFC or

NF diet for a period of 16-20 weeks. Plasma lipid data from a

subset of the pigs used in this study have been reported

previously (Thomas et al. 2002). In the animals included in

the present study, the HFC diet-induced elevated plasma

cholesterol; NF 5 59 6 2 mg/dl, HFC 5 402 6 26 mg/dl;

high-density lipoprotein-C, NF 5 31 6 1 mg/dl, HFC 5

108 6 4 mg/dl and low-density lipoprotein-C, NF 5 24 6

3 mg/dl, HFC 5 231 6 22 mg/dl in HF pigs.

Pathologic anatomy

At the end of 20–24 weeks, pigs were anaesthetized with intra-

muscular atropine, ketamine and xylazine and intravenous pen-

tobarbital, and the chest was opened to achieve euthanasia.

Samples of the abdominal aorta, brachial, common carotid, cor-

onary and femoral arteries were taken from the same location in

all pigs and fixed in neutral-buffered 10% formalin for a mini-

mum of 24 h using standard techniques (McGarry et al. 1985;

Rao et al. 2000; Homma et al. 2001). Samples of abdominal

aorta from the diaphragm to the iliac bifurcation and common

carotid artery at the bifurcation from the brachiocephalic artery

were opened longitudinally, pinned, stained with Sudan IV and

photographed digitally. The area of positive staining was calcu-

lated as a percent of total intimal surface area (percent sudano-

philia) of the sample utilizing IMAGEPRO PLUS (Gerrity et al. 1979;

Dixon et al. 1999). Transverse slices of the abdominal aorta were

taken at the level immediately proximal to the iliac bifurcation.

Slices of the common carotid artery were taken from the most

intense Sudanophilic portion of the sample in the pigs on theHFC

diet, and a similar area from pigs fed the NF diet. Rings of the

brachial and femoral arteries were sampled as described pre-

viously (Laughlin et al. 2003; Woodman et al. 2003). Samples

of epicardial left anterior descending coronary artery (LAD)

attached to the left ventricular myocardium were taken immedi-

ately distal to the proximal epicardial ring samples that were used

for vascular ring preparations for assays of endothelial function

below. Formalin-fixed samples were processed routinely through

paraffin embedment. Five micron sections were stained with

Verhoeff’s method for elastin. Sections were examined using an

Olympus B · 40 photomicroscope and photographed with a

Spot Insight digital camera. The IMT was measured at the point

of greatest thickness in sections from the standardized sample

sites. Lesions were graded according to Stary Stage (Stary et al.

1994; Stary 2000a).

Vascular ring preparation for assay of endothelial
function. Segments of the carotid, brachial, femoral and

LAD were removed (isolated from the same location in all

pigs) and trimmed of connective tissue and fat. Axial length,

inside diameter and outside diameter of each vascular

ring was measured with a Filar calibrated micrometer eye

piece. Vasomotor reactivity was examined with the rings

stretched to the length that produced maximal active tension

(Lmax) as described previously (Oltman et al. 1992; Oltman

et al. 1995; McAllister & Laughlin 1997; Johnson et al. 2001).

Effects of HFC on contractile responses, endothelium-inde-

pendent and endothelium-dependent responses were exam-

ined. Because there are reports that HFC diets produce

impaired EDR in response to some but not all endothelium-

dependent agonists (Komori et al. 1989; Shimokawa &

Vanhoutte 1989a) while others report generalized endothelial

dysfunction (Meredith et al. 1993; Dzau 1994; Nava et al.

1995), we determined whether HFC produced generalized

or selective endothelial dysfunction in adult male pigs by

examining responses to two endothelium-dependent agonists

[bradykinin (BK) and acetylcholine (ACH)]. In several experi-

ments, we also examined the relative contributions of NO,

cyclooxygenase prostanoids (COX) and/or non-COX and

non-NOS pathways, using procedures outlined in detail pre-

viously (Woodman et al. 2003, 2004). In these experiments,

four vascular rings were obtained from each pig: one

untreated control, one treatedwith 0.3 mMNG-nitro-L-arginine

methyl ester (L-NAME) to block NO release from NOS, one

treated with 5 M indomethacin (INDO) to block COX and one

treated with both blockers (L-NAME + INDO) to evaluate the

role of endothelial-derived hyperpolarizing factor (EDHF) and/

or other endothelium-derived mediators. All the four rings were

precontracted with PGF2-a (30 M), and EDR was assessed

using BK (10-11-10-6 M) and ACH (10-10-10-4 M).

Solutions and drugs for vasomotor response
experiments. Krebs bicarbonate buffer solution contained

131.5 mM NaCl, 5.0 mM KCL, 1.2 mM NaH2PO4,

1.2 mM MgCl2, 2.5 mM CaCl2, 11.2 mM glucose, 20.8 mM

NaHCO3, 0.003 mM propranolol and 0.025 mM EDTA.

Solutions were aerated with 95% O2, 5% CO2 (pH 7.4) and

maintained at 37 �C. All drugs and chemicals were purchased

from Sigma Chemical (St Louis, MO, USA).

Statistical analysis. All values are means 6 SE. Differences

between mean values of heart weight/body weight ratio,

Sudanophilia and IMT were evaluated by Student’s t or

Mann–Whitney U tests using SIGMASTAT. Concentration-

response curves for arterial rings were evaluated using mixed-

factor repeated measures analysis of variance (ANOVA). Data
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were analysed with each animal counted as one observation for

comparisons between groups with respect to each vasoactive

agent or combination of agents. Data for the contractile

responses were analysed as developed tension (grams of

tension). P values <0.05 were considered significant.

Results

There were no differences between body weights of NF

(44 6 2 kg) and HFC pigs (45 6 2 kg). Also, average heart

weight to body weight ratios were similar between the groups

(NF 5 4.5 6 0.1 g/kg and HFC 5 4.4 6 0.1 g/kg).

Pathologic anatomy

The HFC diet induced significant increase in the Sudanophilic

area and the IMT of the abdominal aorta (P < 0.001)

(Figure 1) and common carotid artery (P < 0.005)

(Figure 2). There was significant increase in IMT of the

femoral artery (P < 0.05) (Figure 3); however, IMT was not

significantly different in the LAD (Figure 4) or brachial

arteries (Figure 5). Foam cells and Stary Stage I-III lesions

were present in all abdominal aortas and common carotid

arteries and in three of eight femoral arteries and seven of

14 LADs from HFC pigs. Foam cells were not seen in brachial

arteries.

Characteristics of vascular rings used in vasomotor
responsiveness experiments. There were no differences

between NF and HFC internal diameters, length of isolated

segments, resting tension at Lmax and percent stretch at Lmax

or PGF2-a-induced force in the four arteries examined in this

study (Table 1). Thus, resting tension at Lmax and percent

stretch to Lmax were not significantly altered by the HFC

diet. Although the HFC carotid arteries tended to develop

more tension, generally, arteries from HFC developed

tension during preconstriction with 30 M PGF2-a that was

similar to the tension produced by arteries from NF pigs.

Carotid artery relaxation responses: bradykinin. BK elicited a

dose-dependent relaxation of carotid artery from both the

groups of pigs, but the carotid arteries from HFC pigs

exhibited less EDR (P 5 0.0522) (Figure 6). Mixed-factor

repeated measures ANOVA revealed a significant diet BK dose

interaction, indicating that HFC arteries exhibited less EDR at

higher doses of BK (P 5 0.0005). Following treatment with

L-NAME, HFC arteries continued to exhibit less EDR. After

treatment with L-NAME plus INDO, there was no difference

between BK-induced dilation in NF and HFC carotid arteries.

The majority of EDR appears to be mediated by NO release

from NOS in both the groups, because the majority of EDR

was blocked by L-NAME. The L-NAME plus INDO results

suggest that the HFC diet attenuates the contribution of a
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HFCc d Figure 1 (a) Representative photographs

of abdominal aorta stained with Sudan IV

in pigs fed a normal fat (NF) and a high fat

and cholesterol (HFC) diet. (b) The per-

cent Sudanophilia was significantly

greater in HFC than NF pigs (*P < 0.001).

(c) Representative photographs of sections

of abdominal aorta stained with

Verhoeff’s technique for elastin in pigs fed

NF and HFC diet. (d) The aortic intima-

media thickness (IMT) was significantly

greater in HFC than NF pigs (†P < 0.001).
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Figure 2 (a) Representative photographs of

common carotid artery stained with Sudan IV

in pigs fed a normal fat (NF) and a high fat

and cholesterol (HFC) diet. (b) The percent

Sudanophilia was significantly greater in HFC

than NF pigs (*P 5 0.006). (c)

Representative photographs of sections of

common carotid artery stained with

Verhoeff’s technique for elastin in pigs fed NF

and HFC diet. (d) The carotid intima-media

thickness (IMT) was significantly greater in

HFC than NF pigs (†P < 0.001).
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Figure 3 (a) Representative photographs

of femoral artery stained with Verhoeff’s

technique for elastin in pigs normal fat

(NF) and a high fat and cholesterol (HFC)

diet. (b) The femoral intima-media thick-

ness (IMT) was significantly greater in

HFC than NF pigs (*P < 0.05).
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Figure 4 (a) Representative photographs

of left anterior descending (LAD) branch

of the coronary artery stained with

Verhoeff’s technique for elastin in pigs

normal fat (NF) and a high fat and cho-

lesterol (HFC) diet. (b) The LAD intima-

media thickness (IMT) was not different

in HFC and NF pigs (P 5 0.145).
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non-NOS, non-COX mediator in BK-induced EDR of carotid

arteries.

Carotid artery relaxation responses: acetylcholine. ACH

elicited a dose-dependent relaxation of carotid artery from

both the groups of pigs, but the carotid arteries from HFC

pigs exhibited significantly less EDR (P 5 0.0149) (Figure 7).

ACH did not induce relaxation in HFC carotids treated with

L-NAME, or L-NAME plus INDO, suggesting that HFC diet

decreases the NOS- and COX-independent EDR. INDO

treatment increased relaxation of both NF and HFC carotid

arteries. Also, results following L-NAME treatment showing

lack of EDF after L-NAME in HFC indicate that the majority

of EDR in HFC carotids is mediated by NO release. The

L-NAME sensitive EDR results also suggest that HFC diet

decreased NO release from NOS, because the L-NAME-

sensitive EDR was 8% in HFC and 16% in NF (Figure 7).

Relaxations of carotid arteries to both ACH and BK were

abolished in HFC and NF rings denuded of endothelium.

Indeed, both ACH and BK produced further contraction in

denuded carotid artery rings (data not shown).

LAD relaxation responses. ACH only induced increases in

developed force in LAD’s from both the groups (data not

shown) as reported previously for porcine coronary arteries

(Oltman et al. 1992; Woodman et al. 2004). LADs from HFC
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Figure 6 Dose-dependent bradykinin (BK)-induced relaxation of

carotid artery. Values are means 6 SE. Normal fat (NF) (n 5 8

pigs); high fat/cholesterol (HFC) (n 5 6). Percent relaxation was

calculated as percent reduction in force from PGF2-a (30 M)-

induced tension. (a) BK-induced relaxation was impaired in HFC

at intermediate and high doses of BK (P < 0.05). (b) Effects of

NG-nitro-L-arginine methyl ester (L-NAME) on relaxation. (c)

Effects of indomethacin (INDO) on relaxation. (d), Effects of L-

NAME plus INDO on relaxation. Mixed-factor ANOVA indicated

that L-NAME significantly inhibited BK-induced relaxation.
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Figure 5 (a) Representative photographs

of brachial artery stained with Verhoeff’s

technique for elastin in pigs normal fat

(NF) and a high fat and cholesterol

(HFC) diet. (b) The brachial intima-

media thickness (IMT) was not different

in HFC and NF pigs (P 5 0.86).

Table 1 Characteristics of arteries from pigs on normal fat (NF) and high fat/cholesterol (HFC) diets

Variable NF carotid HFC carotid NF coronary HFC coronary NF brachial HFC brachial NF femoral HFC femoral

Internal diameter (mm) 4.0 6 0.2 4.1 6 0.1 1.7 6 0.1 1.5 6 0.1 1.2 6 0.1 1.1 6 0.1 2.2 6 0.1 2.2 6 0.2

Length (cm) 3.7 6 0.2 3.4 6 0.3 3.2 6 0.2 2.9 6 0.1 2.9 6 0.1 2.8 6 0.1 3.6 6 0.4 3.5 6 0.3

Resting tension (g) 23.8 6 3.5 22.7 6 5.1 5.6 6 0.6 5.5 6 1.0 5.3 6 0.7 5.1 6 1.0 12.8 6 3.0 12.0 6 2.0

Percent stretch 160 6 5 154 6 3 178 6 3 178 6 4 181 6 3 183 6 4 171 6 2 172 6 6

PGF2-a-induced tension (g) 17.8 6 6.3 10.2 6 2.5 12.2 6 1.1 12.0 6 1.1 21.2 6 1.5 20.0 6 1.4 33.5 6 1.4 29.6 6 1.4

Number of animals 8 7 12 11 12 11 7 6

Mean (SEM). There are no between group differences for any artery.
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pigs developed significantly more ACH-induced contraction

(61 6 11% increased force) than did NF LADs (36 6 6%).

BK elicited a dose-dependent relaxation of LAD rings from

both NF and HFC groups (Figure 8), but the LADs from HFC

pigs exhibited significantly less EDR (P < 0.05) (Figure 8).

L-NAME treatment nearly abolished EDR in HFC LADs and

decreased EDR in NF LAD. INDO treatment did not alter

BK-induced responses of NF or HFC LADs, whereas

following treatment with L-NAME plus INDO, there was no

statistically significant difference between BK-induced dilation

in NF LADs and BK-induced dilation in HFC LADs.

Brachial artery relaxation responses: acetylcholine and
bradykinin. BK and ACH elicited similar dose-dependent

relaxations of brachial arteries from both the groups of pigs

(Figure 9). Responses of brachial arteries were also similar

between NF and HFC following treatment with INDO,

L-NAME and L-NAME plus INDO (data not shown).

Femoral artery relaxation responses: acetylcholine and
bradykinin. BK and ACH elicited similar dose-dependent

relaxations of femoral arteries from both the groups of
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Figure 7 Dose-dependent acetylcholine (ACH)-induced relaxation

of carotid artery. Values are means 6 SE. Normal fat (NF) (n 5 8

pigs); high fat/cholesterol (HFC) (n 5 6). Percent relaxation was

calculated as percent reduction in force from PGF2-a (30 M)-

induced tension. ACH-induced relaxation was impaired in HFC at

intermediate and high doses of ACH (P < 0.05). (a) ACH-induced

relaxation was impaired in HFC at intermediate and high doses of

BK (P 5 0.0001). (b) Effects of NG-nitro-L-arginine methyl ester

(L-NAME) on relaxation. (c) Effects of indomethacin (INDO) on

relaxation. (d) Effects of L-NAME plus INDO on relaxation.

Mixed-factor ANOVA indicated that L-NAME significantly inhib-

ited ACH-induced relaxation.
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Figure 8 Dose-dependent, bradykinin (BK)-induced relaxation of

left anterior descending coronary arteries. Values are

means 6 SE. Normal fat (NF) (n 5 12 pigs); high fat/cholesterol

(HFC) (n 5 11). Percent relaxation was calculated as percent

reduction in force from PGF2-a (30 M)-induced tension. (a) BK-

induced relaxation was impaired in HFC at intermediate and high

doses of BK (P < 0.05). (b) Effects of NG-nitro-L-arginine methyl

ester (L-NAME) on relaxation. (c) Effects of indomethacin

(INDO) on relaxation. (d) Effects of L-NAME plus INDO on

relaxation. Mixed-factor ANOVA indicated that L-NAME signifi-

cantly inhibited BK-induced relaxation.
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Figure 9 Dose-dependent acetylcholine (ACH) and bradykinin

(BK)-induced relaxation of brachial and femoral artery. (a) BK

elicited a similar dose-dependent relaxation of brachial arteries

from both high fat/cholesterol (HFC) (n 5 12) and normal fat

(NF) (n 5 11) diet groups. (b) BK elicited a similar dose-depen-

dent relaxation of femoral arteries from both HFC (n 5 6) and

NF (n 5 7) diet groups. (c) ACH elicited a similar dose-depen-

dent relaxation of brachial arteries from both HFC (n 5 11) and

NF (n 5 12) diet groups. (d) ACH elicited a similar dose-depen-

dent relaxation of femoral arteries from both HFC (n 5 6) and

NF (n 5 7) diet groups.
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pigs (Figure 9). Responses of femoral arteries were also

similar between NF and HFC groups following treatment

with INDO, L-NAME and L-NAME plus INDO (data not

shown).

Sodium nitroprusside (SNP) responses. All the four

arteries (carotids, LADs, brachial and femoral) from both

the groups exhibited a dose-dependent relaxation in

response to SNP (Figure 10). There were no differences

between SNP responses of arteries from HFC and NF pigs

(Figure 10).

Discussion

The results presented in this report characterize relationships

between arterial endothelial function and disease in a porcine

model of vascular disease produced by feeding a high fat/high

cholesterol diet to young adult male pigs for a period of 20–

24 weeks (Thomas et al. 2002; Turk et al. 2003). Early-stage

disease was present as reflected in Sudanophilic fatty streaks

and accumulations of foam cells that were present in all of the

aortas and carotid arteries of the HFC pigs. Also, in the HFC

pigs, the IMT was significantly greater in the abdominal

aortas, carotid arteries and femoral arteries. While IMT was

not significantly greater in coronary arteries, seven of 14

coronary arteries examined from the HFC pigs contained

foam cells in the arterial wall. Foam cells were also present

in three of eight femoral arteries from HFC pigs whereas none

of the 14 brachial arteries of HFC pigs contained foam cells.

Woodman et al. (2003, 2004) reported that foam cells (i.e.

early lesions) are also seen in the coronary but not brachial

arteries of female pigs on this HFC diet, and Thompson et al.

(2004) reported foam cells and fatty streaks in coronary

arteries of male pigs on this diet. Indeed, some of the pigs

included in this study were a subset of pigs used in the study of

Thompson et al. (2004). Foam cells and fatty streaks were not

observed in any of the arteries of NF-diet pigs examined in

this study. Thus, on the basis of these results, we conclude that

this animal model of vascular disease exhibits vascular disease

comparable to Stary Stage I-III (Stary et al. 1994; Stary

2000a), i.e. early in the progression of atherosclerosis. The

lesions observed in the abdominal aorta, carotid and coronary

arteries are similar to those reported in PDAY studies of early

human atherosclerosis (McGarry et al. 1985; McGill et al.

2000; Rao et al. 2000; Stary 2000b; Homma et al. 2001).

We assessed endothelial function in the carotid, coronary,

brachial and femoral arteries of HFC pigs and considered

potential relationships of disease with endothelial function.

Results indicate that impaired EDR to ACH and/or BK was

present in the carotid and coronary arteries of the HFC pigs

but not in the brachial or femoral arteries. Because foam cells

were present and IMT increased in femoral arteries that

exhibited normal EDR from HFC pigs, these results suggest

that vascular lesion development occurs earlier than does

development of blunted EDR. That is, there were early signs

of vascular disease in the femoral arteries as reflected in foam

cell accumulation, but endothelial function remained normal.

Vascular disease appears to progress more rapidly in the

aorta, carotid, coronary and femoral arteries in this model

than in the brachial arteries. Similarly, in humans, increased

IMT of the abdominal aorta and carotid artery has been

reported to independently predict atherosclerosis, coronary

artery disease, myocardial infarction and stroke (Ebrahim

et al. 1999; Cerne & Kranjec 2002; Lacroix et al. 2003; van

der Meer et al. 2004). Increased femoral artery IMT has been

reported to be associated with CVD-risk factors and events

(Cheng et al. 2002). The lack of lesions in the brachial arteries

despite lesions in the carotid, coronary and femoral arteries in

this pig model is similar to observations in humans with CVD

(Sorensen et al. 1997; Bucciarelli et al. 2002). Current results

indicate that this animal model will be useful in the determi-

nation of mechanisms whereby exercise and other interven-

tions may allay progression of atherosclerotic vascular disease

and in evaluation of the role of the endothelium in these

processes (Thomas et al. 2002; Woodman et al. 2003;

Thompson et al. 2004; Turk & Laughlin 2004).
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Figure 10 Dose-dependent sodium nitroprusside (SNP)-induced

relaxation of carotid artery high fat/cholesterol (HFC) (n 5 7)

and normal fat (NF) (n 5 8) diet groups (a). Coronary artery (left

anterior descending) HFC (n 5 12) and NF (n 5 11) diet groups

(b). Brachial artery HFC (n 5 12) and NF (n 5 11) diet groups

(c). Femoral artery femoral arteries from both HFC (n 5 6) and

NF (n 5 7) diet groups (d). There were no between group differ-

ences in the responses of any artery.
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Previous reports using this animal model have established

that (1) coronary vascular smooth muscle calcium channel

activity is attenuated by about 50% by HFC (Bowles et al.

2004), (2) voltage-gated calcium channel activity is attenuated

by HFC diet because of deposition of free cholesterol in the

sarcolemmal membrane of coronary smooth muscle

(Wamhoff et al. 2002; Bowles et al. 2004), (3) HFC also alters

the PKC isoform profile of coronary smooth muscle (Korzick

et al. 2004), (4) endothelium-dependent dilation is blunted in

the brachial artery (Woodman et al. 2003) and LAD of female

pigs on this HFC diet (Woodman et al. 2004) and (5) hyperch-

olesterolaemia correlates with inflammatory markers and

lesion development (Turk et al. 2003). The present study

was not designed to examine effects of HFC on smooth mus-

cle function. Indeed, the observations that responses to SNP

were not altered by HFC (Figure 10) and that PGF2-a-
induced force was not different indicate that changes in

smooth muscle function did not influence our evaluations of

EDR in these arteries.

It is of interest that this HFC diet does not exert uniform

effects on endothelial function in all systemic arteries and that

within the arteries exhibiting decreased endothelial function,

the mechanisms are not the same. Thus, endothelial function,

as reflected in measurements of EDR, is impaired in carotid

and coronary arteries of HFC pigs. In the carotid artery of

HFC pigs, blockade of NOS activity nearly abolished EDR

and substantially decreased EDR in NF carotids. The amount

of EDR that was NOS dependent appeared to be decreased in

HFC carotid arteries. Also, the fact that NF carotids continue

to exhibit greater EDR after treatment with L-NAME and

INDO suggests that HFC also decreased EDR of carotid

artery by decreasing the release of non-NOS/non-COX-relax-

ing factors such as EDHF. Results from the coronary arteries

of HFC pigs are similar relative to the effects of HFC on NO

release, but there were no differences in the responses of HFC

and NF LADs following treatment with L-NAME plus INDO.

Thus, HFC does not appear to alter the role of non-NOS/non-

COX-relaxing factors in LADs in this model. These results are

interesting in that they suggest that the mechanisms whereby

this model of HFC produces endothelial dysfunction were not

the same in carotid and coronary arteries, even though both

the arteries exhibited decreased EDR.

Importantly, endothelial function did not appear to be

impaired in brachial or femoral arteries of HFC pigs. This

was surprising given that Woodman et al. (2003) reported

decreased EDR in response to ACH and BK in female HFC

pig brachial arteries. Present results do not provide insight

into why this HFC diet results in decreased EDR in brachial

arteries of female pigs but not male pigs on the same diet.

Similar interesting gender differences between the effects of

exercise on brachial and femoral arteries of normal Yucatan

pigs have been reported previously (Laughlin et al. 2001,

2003). Future work will be required to determine the cause of

this difference between female and male pigs on this HFC diet.

We conclude that this HFC diet-induced model of vascular

disease produces early-stage vascular disease (Stary Stage 1-3)

(Stary et al. 1994; Stary 2000a, b). Given that femoral arteries

contained foam cells and an increased IMT but no change in

endothelial function, the results indicate that early-stage dis-

ease development may precede the development of endothelial

dysfunction. This model provides an important tool to evalu-

ate the effectiveness of interventions in modifying or blocking

the development of diet-induced vascular disease and the role

of the vascular endothelium in these processes.
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