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Abstract
Purpose—This study was designed to examine the effects of high fat (HF) diet and subsequent
exercise training (Ex) on coronary arteries of an animal model of early stage coronary artery
disease (CAD). We hypothesized that HF diet would induce early stage disease and promote a pro-
atherogenic coronary phenotype, while Ex would blunt disease progression and induce a healthier
anti-inflammatory environment reflected by increased expression of antioxidant capacity and
decreased expression of inflammatory markers in both the macro and microvasculature of the
coronary circulation.

Methods—Immunohistochemistry in left anterior descending (LAD) and right coronary arteries
(RCA), and immunoblots in LAD and left ventricular (LV) arterioles were used to characterize
effects of HF diet and Ex on the progression of coronary atherosclerosis.

Results—Our results revealed that HF diet promoted a pro-atherogenic coronary endothelial cell
phenotype as evidenced by the endothelial expression of inflammatory and oxidative stress
markers. Ex did not significantly alter any of these immunohistochemical markers in conduit
arteries; however, Ex did increase antioxidant protein content in LV arterioles.

Conclusions—We conclude that, at this early stage of CAD, Ex did not seem to modify
vascular cell phenotypes of conduit coronary arteries from pro- to a more favorable anti-
atherogenic status; however, Ex increased antioxidant protein content in coronary arterioles. These
findings also support the idea that endothelial phenotype expression follows different patterns in
the macro and microvasculature of the coronary circulation.
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INTRODUCTION
Coronary 2artery disease (CAD) remains the major cause of mortality in developing
countries and atherosclerosis is the most important single factor contributing to this disease
burden (34). Inflammation and increased levels of oxidative stress are known to disrupt
normal endothelial function, thereby promoting endothelial dysfunction (ED) and leading to
the development of cardiovascular disease (CVD) (3, 18). Indeed, the initial stage of
atherogenesis consists of ED, which occurs early in the progression of CAD prior to the
formation of structural atherosclerotic changes (27).

H3ypercholesterolemia, a well-known risk factor for atherosclerosis, has been reported to
promote ED of coronary arteries in human (4, 5) and animal studies (39, 44) leading to a
pro-inflammatory phenotype of the endothelium. 4Although mechanisms for the detrimental
effects of hypercholesterolemia on endothelial function are not yet fully established, there is
a substantial body of evidence indicating that disruption of the nitric oxide synthase (NOS)
pathway (3) and/or reduced availability of nitric oxide (NO) contribute (1). Furthermore, the
increased production of reactive oxygen species (ROS), in particular superoxide, commonly
found in association with hypercholesterolemia may result in the reduction of NO (3).
Interestingly, hypercholesterolemia has also been shown to induce phenotypic changes in
the microcirculation that are consistent with oxidative and nitrosative stress and an
inflammatory response (37).

It is important to recognize that conduit arteries and arterioles differ significantly in function
and local environment and appear to be differentially affected by atherosclerosis. Indeed,
assessment of endothelial function in the macro and microvasculature has been documented
by some researchers to provide differing information of risk of CVD (16, 38).

Regular physical activity has been associated with a chronic anti-inflammatory effect (20)
which is mediated principally by the increase of NO bioavailability. We recently proposed
that ED is one component of a pro-atherogenic endothelial cell phenotype that contributes to
development of atherosclerosis and that exercise training (Ex) produces beneficial effects on
CVD in part by producing an anti-atherogenic endothelial cell phenotype, signaled by
increases in shear stress and wall stretch in the arteries during exercise bouts (23). Similarly,
Thompson et al. (39), having demonstrated that endothelial-dependent relaxation (EDR) was
decreased in coronary arteries of a porcine model of early stage CAD, indicated that the
contribution of NO to EDR was decreased in the coronary arteries (39). Additionally, Ex of
high fat (HF) diet pigs restored coronary EDR with an apparent increase in NO
bioavailability and decreased prostanoid constriction (39). The results of the study of
Thompson et al. (39) suggested that these changes in EDR were associated with slowed
progression of CAD but this suggestion could not be rigorously evaluated from their data.

Thus the primary purpose of the present study was to characterize the effects of HF diet and
Ex on the progression of coronary atherosclerosis in an animal model of diet-induced, early
stage CAD. In addition, the present study was intended to determine whether the changes
mediated by HF diet or Ex, though dissimilar in effect, would be uniformly represented in
conduit coronary arteries (macrovasculature) and arterioles (microvasculature) of this early
model of CAD. Disease progression and coronary phenotypes were assessed by measuring
expression of markers of disease with the combination of histopathology,
immunohistochemistry and immunoblot analysis of coronary artery tissue/cells. We
hypothesized that HF diet would promote a pro-atherogenic coronary phenotype; whilst Ex
would mediate a more favorable anti-inflammatory environment reflected by increased
expression of antioxidant capacity and decreased expression of inflammatory markers, on
both the coronary macro and microvasculature.
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METHODS
Experimental Animals

Thirty two adult, male Yucatan miniature swine, 8–12 months of age, 38–55 kg body weight
(Charles River, Maine and Sinclair Research Farm, Columbia, MO) were used with
protocols approved by the Institutional Animal Care and Use Committee at the University of
Missouri. Pigs were housed in rooms maintained at 20–23° C with a 12:12 hour light-dark
cycle. In order to evaluate the changes associated to a HF diet, we decided to include also a
normal fat (NF) diet group. Half of the pigs (n=16) were provided a NF diet (Purina Lab
Mini-pig Chow; calories provided by fat were 8%). The other half (n=16) were fed a HF diet
(calories provided by fat were 46%) as reported previously (19, 39, 41). The HF or NF diet
was maintained for a period of 20 to 24 weeks, which promote changes in plasma lipids
similar to those reported previously for this model (39, 41, 44). This study was conducted in
conformance with the policy statement of the American College of Sports Medicine on
research with experimental animals.

At the beginning of the study pigs were familiarized with running on a motorized treadmill
and randomly assigned into exercise trained (NFEx, n=8; HFEx, n=8) or cage confined/
sedentary (NFSed, n=8; HFSed, n=8) groups and had ad libitum access to water. Following
one month on diet, the Ex pigs completed the 16- to 20-wk endurance training program
described previously (24, 29). Briefly, intensity and duration of exercise bouts increased
steadily so that by week 10 of training the pigs ran 85 min/day, 5 days/wk. The 85-min
training bouts consisted of a 5-min warm-up, a 15-min sprint run at 5 to 7 mph, a 60-min
endurance run at 4 to 5 mph, and a 5-min cool-down. On the day of sacrifice, pigs were
anesthetized with intramuscular ketamine (35 mg/kg)-xylazine (2.25 mg/kg), and
intravenous thiopental (25 mg/kg) for deep anesthesia. Finally, the efficacy of training was
assessed by comparing heart-to-body weight ratios and skeletal muscle oxidative capacity of
Sed and Ex swine. At the time of sacrifice, muscle samples were taken from the triceps
brachii and deltoid, frozen in liquid nitrogen, and stored at 270°C until processed for
spectrophotometric determination of citrate synthase activity (35).

5Immunohistochemistry
Samples of right coronary artery (RCA), left anterior descending coronary artery (LAD),
and left ventricular (LV) myocardium (containing arterioles) were dissected and immersed
in 10% formalin for a minimum of 24 hours. The RCA and LAD samples were taken
consistently from the same location in all pigs. The proximal segments (less than 0.5 cm in
length) from both RCA and LAD were fixed for histology and immunohistochemistry
analysis. In the case of the LAD, the proximal segment was taken just after the LAD/left
circumflex coronary artery bifurcation. The proximal segment of the RCA was dissected
from its aortic origin, especially from the ostium and above the origin of the first acute
marginal artery. LV arterioles were dissected from the LV-apex in all pigs. Then, samples
were processed routinely to paraffin embedment. Five μm sections were cut with an
automated microtome (Microm), floated onto positively charged slides (Thermo Fischer
Scientific), and deparaffinized. Histological assessment of atherosclerosis (grading of the
lesion) in coronary arteries were performed on five micron sections stained with Verhoeff's
method for elastin (32). The intima-media thickness (IMT) was measured at the point of
greatest thickness in sections from the standardized samples sites, as previously described
(41). Then, we performed three consecutive measurements from the intima to the external
elastic lamina; these measurements were averaged and reported as IMT. For
immunohistochemistry the slides were steamed in citrate buffer at pH 6.0 (target retrieval
solution S1699, DAKO, Carpenteria, CA) for 30 min to achieve antigen retrieval and then
cooled for 20 min at room temperature. The slides were stained manually with sequential
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Tris buffer and water wash steps performed after each protocol step. Sections were
incubated with avidin biotin two-step blocking solution (Vector SP-2001) to inhibit
background staining, and in 3% hydrogen-peroxide to inhibit endogenous peroxidase. Non-
serum protein block (Dako X0909) was applied to inhibit nonspecific protein binding. The
source and dilutions of the primary antibodies used are listed as supplementary material
(data online “Supplemental Table 1”). All the primary antibodies were diluted using
antibody diluent (Dako S0809), and were incubated with the tissue sections overnight at
4°C. After appropriate washing steps were completed the sections were incubated with
biotinylated anti-mouse or rabbit link secondary antibody in PBS containing 15 mM sodium
azide and peroxidase-labeled streptavidin (Dako LSAB+ kit, peroxidase, K0690).
Diaminobenzidine (Dako #K3468) applied for 5 min allowed visualization of primary
antibody staining. Sections were counterstained with Mayer's hematoxylin for 1 min,
dehydrated, and cover-slipped. For negative controls, histological sections were prepared as
described above but incubation in primary antibody was replaced with Tris buffer. Sections
were examined using an Olympus BX40 photomicroscope (Olympus, Melville, NY) and
photographed with a Spot Insight digital camera (Diagnostic Instruments, Inc., Sterling
Heights, MI). Image Pro Plus (version 6.2.0.424, Media Cybernetics, Inc., Silver Spring,
MD) was used to identify and quantify the positive area of staining. The term
“immunoreactivity” was defined as the presence of antibody, “positive staining”, on the
different samples. The staining intensity was evaluated and described by our pathologist
using a scale from grade 0 through grade 3: a) absence of staining (grade 0), b) faint
immunoreactivity or focal staining (grade 1), c) very slight immunoreactivity or
intermediate staining (grade 2), and d) diffuse immunireactivity or strong staining (grade 3).
Positive controls were used for these assessments. It is important to mention that the sections
selected in each vessel were taken from standardized sites to ensure anatomical consistency.
Briefly, the complete cross-section of each vessel, LAD's and RCA's, was visually examined
by a well-trained pathologist that was blinded to the animal condition. Three separate and
different sections from the intima-media boundary were identified, selected and then
photographed for later analysis. These sections were: one overlying an area that exhibited
the greater positive staining, another overlying an area with less staining than the first one,
and finally, a section overlying an area with even less and/or no staining than the previous
two. Subsequently, the areas of positive staining of the vessel within the photomicrograph
were identified using segmentation for 24 BIT RGB images. The histogram based
segmentation for each channel was set up as follows; red: 0–164, green: 0–150, and blue: 0–
150 pixel intensity. These settings were consistently used throughout the whole experiment.
Percent staining of the vessel was calculated from the data for positive staining and total
area.

Immunoblot analysis
Segments of LAD and LV arterioles were carefully dissected from LV myocardium, fat, and
connective tissue while the hearts were maintained at 0 – 4°C. A segment of no less than 1
cm in length from the middle to distal portion of the LAD's was used for immunoblot
analysis. Arterioles were isolated from myocardium (LV-apex) by dissecting along the
length of small arteries to the smallest branches. Five arterioles, ranging from 50–100μ
diameter and 1000–1700μm in length were collected and frozen at −70C. Diameter and
length of arterioles were measured with eyepiece micrometer using Olympus SZ60
microscope at 63X power. Endothelial cells were scraped from conduit coronary arteries as
described previously (2). Briefly, immediately following death, arteries were opened
longitudinally and pinned. Laemmli buffer was applied on the endothelial surface and a
blade was used to remove the endothelial cell layer by gentle scraping. All samples of
arteries and arterioles were solubilized in 20 μL Laemmli buffer (22), boiled, and sonicated
for 2 min and subjected to SDS-PAGE under reducing conditions. Proteins were transferred
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to PVDF membrane (Hybond-ECL, Amersham) and blocked (1 hr at 25 °C) with 5 % non-
fat milk in TBS-tween (20 mM Tris HCl, 137 mM NaCl, and 0.1 % Tween 20).

Protein content of endothelial NOS (eNOS), superoxide dismutase (SOD-1, SOD-2) and
extracellular SOD (ecSOD), catalase, phospho-eNOS, AKT and phospho-AKT, HSP90,
Arginase-1, Rac-1, and CAV-1 in whole artery, scraped endothelial cells (enriched
endothelial cell sample) and smooth muscle (remainder of artery after endothelial cell
scraping) were assessed with immunoblot analysis as described previously (2). The same
techniques were used to determine the expression of oxidant stress markers by measuring
immunoreactivity for malondialdehyde (MDA) and nitrotyrosine. Total protein content was
measured utilizing the NanoOrange protein assay. Protein samples from the whole vessel
segment (5 μg/lane), endothelial scrapes (2.5 μg/lane), arterioles (2 μg/lane) and smooth
muscle (5 μg/lane) were loaded on separate 12 lane 5–12% NuPage Bis Tris gradient gels,
electrophoresed at 200 volts for 50 min, and transferred at 34V for 60 min to a
polyvinylidene difluoride membrane (Hybond-ECL, Amersham). Artery samples were
loaded on the same gel in an alternating pattern so that each gel contained equal samples for
Ex and Sed pigs, so all comparisons could be made on the gel. Blots were incubated
overnight (25 °C) with the primary antibody against eNOS (1:1000; BD Transduction),
SOD-1 (1:5000; Stressgen), SOD-2 (1:2000; Stressgen), ecSOD (1:500; Upstate/Millipore),
catalase (1:5000; Sigma), phospho-eNOS-pS1177 (1:250; BD Transduction), AKT (1:500;
Cell Signalling), phospho-AKT (1:250; Cell Signalling), Arginase-1 (1:1000; BD
Transduction), COX-1 (1:1000; Santa Cruz), COX-2 (1:500; Cayman Chemical), VCAM-1
(1:250; Santa Cruz), Rac-1 (1:1000; Cytoskeleton), HSP90 (1:1000; BD Transduction),
CAV-1 (1:250; BD Transduction), MDA (1:1000; Abcam), and nitrotyrosine (1:1000;
Chemicon). This was followed by one hour incubation with a secondary antibody (1:2,500;
horseradish peroxidase-conjugated anti-mouse; Sigma Chemical). Western blot data were
expressed relative to NFSed values, unless otherwise indicated. Analysis of protein was
performed with chemiluminescence and quantified by densitometry using NIH Image
software (National Institute of Health, Bethesda, MD) or Kodak 4000R Imager and
Molecular Imagery Software.

Statistical Analysis
The data is presented as means ± SE, unless otherwise indicated. Differences between mean
values of body weight, heart weight, heart weight/body weight ratio, and citrate synthase
activity were evaluated via two-way ANOVA using SuperANOVA software.
Immunohistochemistry and immunoblot data analysis was done using a Mixed procedure in
SAS V9 (SAS Institute Inc. Cary, NC, USA). For immunoblot analysis each Western blot
was treated as a block and the statistical design was considered to be a randomized block
design. The treatments within the blocks consisted of the two between subject factors (diet
and activity) and the within subject factor (vessel). Log transformation was utilized when
data was not normally distributed. As a precautionary step, non-parametric analysis was
done to guard against the assumption of normal error terms. To examine the effects of the
treatment combinations, a Friedman's test (immunoblot) and a Kruskal-Wallis test
(immunohistochemistry) were performed. Cochran-Mantel-Haenszel methodology was used
to examine the effect of treatment. P values of <0.05 were considered significant.

RESULTS
Pig characteristics

Body weights were significantly greater in the HF pigs than in NF (p<0.01), but Ex did not
significantly alter weights in either NF or HF groups; NFSed, 44.5 ± 2.2 kg; NFEx, 39.6 ± 1
kg; HFSed, 49.6 ± 2.2 kg; and HFEx, 46.1 ± 2 kg. Average heart weight-to-body weight
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ratio (HW/BW) was significantly increased by Ex in both groups (p<0.0001); NFSed, 4.3 ±
0.1 g/kg; NFEx, 5.2 ± 0.2 g/kg; HFSed, 3.9 ± 0.1 g/kg; and HFEx, 4.9 ± 0.1 g/kg. As we
have reported previously (25, 26), the Ex program implemented in this study also increased
citrate synthase activity by 40 to 60 % in the medial, lateral, long and accessory heads of the
triceps brachi muscle and by 60 % in the deltoid muscle of NFEx and HFEx pigs, which
confirms the shift in skeletal muscle oxidative capacity that characterizes effective Ex.

6Histopathologic and Immunohistochemical characteristics of the LADs and arterioles
NF LADs exhibited normal morphology with a thick muscular media and a tunica intima
with a single endothelial cell layer (Figure 1A). The intima was distinctly different in many
LADs and RCAs from HFEx and HFSed pigs as it was expanded by accumulations of foam
cells producing intimal thickening and formation of classical fatty streaks by gross
examination (Figure 1A). The fatty streaks, in the coronary arterial trees exhibiting them,
were located primarily at branch points along the larger conduit arteries. Because foam cells
were frequently observed in HF LADs and RCAs, below we describe immunoreactivity of
endothelial, smooth muscle, and foam cells in HF LADs and RCAs. At this early stage of
disease development, intima media thickness was not significantly different between NF and
HF LADs. We did not observe foam cells in coronary arterioles of either NF or HF pigs.

7Immunohistochemical Characterization of Vascular Cell Phenotypes
Immunohistochemical staining patterns for these markers were subjectively evaluated
primarily to discern the patterns and distribution of these proteins in the vessels and
surrounding tissue. Quantification of percent staining was not performed for COX-1 and -2,
eNOS, CAV-1, SOD-1, and SOD-2 rather the major intent of immunohistochemistry here
was to determine the cell types in which the markers were expressed on. Faint
immunoreactivity for COX-1 was apparent in the endothelium of NF LADs but not
arterioles of NF pigs. Only very slight COX-2 immunoreactivity was present in endothelium
of LAD and LV arterioles of NF pigs. Importantly, COX-2 immunoreactivity was present in
both endothelium and foam cells in HF LADs (Figure 1C), but not in arterioles of HF pigs.
COX-1 and COX-2 immunoreactivity did not appear to be altered by Ex in NF or HF pigs.
We observed that macrophage foam cells in conduit coronary arteries of HF pigs exhibit
immunoreactivity for eNOS, CAV-1, SOD-1, and SOD-2 confirming previous observations
(39).

Immunoreactivity to eNOS, phospho-eNOS (Figure 1C), and AKT was restricted to the
endothelium of LADs, without detectable effects of diet or Ex. Coronary arterioles exhibited
immunoreactivity for eNOS but not for phospho-eNOS or AKT. Failure to detect phospho-
eNOS or AKT immunoreactivity in arterioles in formalin-fixed, paraffin-embedded
myocardium may be the result of the signal (abundance of protein) being insufficient.
Immunoreactivity for catalase (Figure 1D) was observed in the endothelium and smooth
muscle of LADs of both NF and HF pigs. Catalase expression appeared greatest in
endothelium of arterioles and smooth muscle expressed less catalase than myocardium
(Figure 1D). In LV arterioles, positive immunoreactivity for CAV-1 and SOD-1 was also
observed in the endothelial and smooth muscle layers (Figure 1C). Immunoreactivity for
SOD-2 in arterioles while detectable was faint compared to the staining in the myocardium
(Figure 1D). Immunoreactivity for ecSOD was apparent in endothelium and smooth muscle
of conduit arteries (Figure 1D).

Immunohistochemistry: Markers of Inflammation and/or oxidative stress
VCAM-1 staining was faint in the coronary arteries of HF pigs and slightly greater in the
endothelium but some staining was also detected in smooth muscle (Figure 1D). There was
no detectable VCAM-1 staining in arteries of NF pigs. Ex did not appear to influence
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VCAM-1 expression as there were no significant differences in VCAM-1 staining between
HFSed and HFEx in the LAD (HFSed, 0.19 ± 0.28; HFEx, 0.09 ± 0.05, p=0.30) or RCA
(HFSed, 0.09 ± 0.08; HFEx, 0.09 ± 0.06, p=0.99).

There was significantly more SRA staining in RCA and LAD arteries of the HF groups than
in NF (the main effect of diet was highly significant, p<0.0001) (Table 1 and Figure 1B),
and this activity was primarily focused in foam cells located in the intima. In the HF group,
Ex tended to increase SRA staining in both the RCA and LAD however, this was not
statistically significant. Neither diet nor Ex altered nitrotyrosine immunohistochemical
staining in conduit arteries or LV arterioles, indicating similar amounts of oxidative stress in
the coronary arteries of all groups. There were no differences in nitrotyrosine staining in the
RCA and LAD across HF and NF groups (Table 1).

MDA staining tended to be greater in endothelium of HF than in NF coronary arteries;
however, this difference was not significant (Table 1 and Figure 1B). While Ex tended to
decrease MDA staining in both RCA and LAD of the HF pigs this was not a statistically
significant effect. In summary, immunohistochemistry revealed that arteries of the HF
groups exhibited signs of early stage coronary disease as reflected in; a) increased
inflammation reflected in increased SRA staining (presence of macrophages) and detectable
VCAM-1 expression, as well as b) increased oxidant stress (MDA staining) in HF arteries
than in NF arteries. Evaluation of these markers of inflammation and oxidative stress
revealed no difference in staining across groups of LV arterioles.

8Immunoblot Analysis of Whole LADs and Coronary Arterioles
Immunoblot analyses of whole LAD artery ring homogenates indicate that eNOS protein
expression was not altered by the HF diet; however, Ex tended to increase eNOS content.
Neither HF diet nor Ex had significant effects on phospho-eNOS, AKT, or catalase protein
content of LADs. These findings are summarized in figure 2. The effect of HF diet and Ex
on eNOS, phospho-eNOS, AKT, catalase, SOD-1, SOD-2, CAV-1, and nitrotyrosine
expression in LV arterioles is summarized in Figure 3. Interestingly, Ex had a significant
effect of increasing expression of SOD-1 and SOD-2 only in LV arterioles from HF diet
pigs. In addition, we found that HF diet promotes a significant increase in arteriolar content
of CAV-1 and nitrotyrosine. Unfortunately, we were not able to detect immunoreactivity for
COX-1, COX-2, or ecSOD in immunoblots of coronary arteriolar tissue of NFEx or HFEx.

Immunoblot Analysis of LAD Endothelial Cell Scrapes and Smooth Muscle
Since our immunohistochemistry findings indicated that all three cell types express some of
our proteins of interest; in a subset of 3 pigs of each group, NF and HF, we measured protein
content in samples enriched for endothelial cell proteins by scraping endothelial cells (ECs)
from the arteries (Figure 4) as described previously (2). We completed immunoblot analysis
on the scraped ECs samples and the smooth muscle cell (SMC) samples (remaining wall).
There were no statistically significant differences among groups for eNOS, phospho-eNOS/
eNOS ratio or HSP90; nevertheless, HSP90 tended to be increased in the HF groups.
Phospho-AKT expression appeared to be increased in HFSed but not in the HFEx.
Expression of SOD-1, SOD-2, ecSOD and catalase were similar among groups in ECs and
SMC samples (data not shown). SOD-1 protein content was present in both ECs and SMC
samples; however, content was higher in EC samples. On the contrary, the amounts of
SOD-2, ecSOD, and catalase were substantially greater in SMC fraction than in ECs.
Arginase-1 expression was similar among groups in endothelium and smooth muscle (data
not shown). Also, Rac-1 reactivity was increased in endothelium enriched samples of HF
LADs and exercise tended to increase it in the NF pigs (data not shown). Finally there were
no group differences for MDA reactivity in LAD ECs or SMC samples.
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DISCUSSION
The present study was designed to examine the effects of HF diet and subsequent Ex on
coronary vessels of an animal model of diet-induced, early stage CAD. Additionally, we
evaluated whether the changes mediated by HF diet or Ex would reveal uniform distribution
in conduit coronary arteries and arterioles. Our hypothesis was that HF diet would induce
early stage disease and promote a pro-atherogenic coronary phenotype, while Ex would
blunt disease progression and induce a healthier anti-inflammatory environment reflected by
increased expression of antioxidant capacity and decreased expression of inflammatory
markers on both the macro and microvasculature of the coronary circulation.

The important findings of this study are summarized in Figure 5. Briefly, these include: a)
HF diet promoted the appearance of SRA positive foam cells in coronary vessels, RCA and/
or LAD, but not in LV arterioles; b) Ex did not appear to significantly alter the number of
foam cells in RCA or LAD of HF pigs; c) RCA and LAD macrophage foam cells were
immunoreactive for eNOS, CAV-1, SOD-1, SOD-2, catalase, COX-2, and SRA; d) HF diet
appears to increase COX-2 in both endothelial and foam cells of coronary vessels; however
Ex did not alter the expression of COX-1, COX-2 in endothelial or foam cells; e)
immunoblot data demonstrated that ecSOD was expressed in endothelium and smooth
muscle of LADs; f) HF diet and Ex did not significantly modify the amount of eNOS,
phospho-eNOS, AKT or catalase protein detected by immunoblot in either LADs or LV
arterioles; g) HF diet increased CAV-1 and nitrotyrosine content in LV arterioles; h) Ex
increased the expression of SOD-1 and SOD-2 in arterioles.

Perhaps the most important, and the most surprising, finding of this study is that Ex did not
appear to alter progression of coronary disease at this early stage of CAD. Current
epidemiologic literature (17, 30) indicates that decreases progression and/or stimulates
regression of atherosclerosis in end stage CAD, thus, we expected to find blunted disease
progression in Ex HF diet animals. Our hypothesis was also stimulated by previously
observed improvement in EDR following training (39, 44). The results of the current study
may indicate that either Ex has beneficial effects on disease progression only in more
advanced stage of disease or that the beneficial effects of Ex are not mediated by alterations
in disease progression, as reflected in the measures used in this study, but perhaps has
beneficial effects through altered hemostasis, improved cardiac resistance to ischemia, and/
or functional change in the vascular cells. Another possible explanation is that Ex was only
one component of lifestyle interventions used in the studies of Hambrecht et al. (17, 30).
Thus, it is difficult to determine the specific beneficial effects of exercise in these
experiments (40). In present experiments the HF pigs remained on the high fat diet during
exercise training. Literature from animal models also presents a mixed answer to the
question of the effects of Ex on atherosclerosis progression/regression. For instance, the
effect of Ex per se on atherosclerosis in animal models remains equivocal as rodent, rabbit,
swine, and non-human primate studies have shown both positive (21, 28, 31, 45) and
negligible (43, 46) effects of exercise, independent of dietary intervention. The notion that
this controversy could be the result of interactions between diet and exercise is supported by
a recent ApoE null mouse study in which effects of exercise on aortic atherosclerosis was
examined alone and in combination with a low-fat, high protein diet (6). Cesar et al. (6)
reported that aortic plaque accumulation was inhibited only by combined exercise and diet;
neither Ex nor diet alone had an effect. Our results support the consistent observation that
Ex induces classic signs of training induced adaptation in spite of the fact that Ex did not
have beneficial effects on CAD progression (43).

Furthermore, in a porcine model of restenosis following percutaneous transluminal coronary
angiography (PTCA), Fleenor and Bowles (11) concluded that Ex decreased coronary re-
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stenosis lesion size and altered the composition of the extracellular matrix of the wall of the
coronary arteries. Ex also appeared to decrease vascular disease in the non-stent and peri-
stent regions of coronary arteries treated with PTCA and stents in Ossabaw pigs, a model of
type 2 diabetes (7). Of interest, the beneficial effects of Ex were not observed by Fleenor
and Bowles (11) in the left circumflex coronary artery which had not been treated with
PTCA. These results suggest that PTCA and/or stenting of coronary arteries may alter the
effects of Ex on lesion progression, if true this observation suggests the speculation that
these interventional procedures alter shear stress in the coronary arteries during exercise. In
summary, current literature indicates that in large mammals Ex does not alter progression/
regression of CAD, but there is evidence of beneficial effects of exercise in coronary arteries
that have been treated with PTCA and/or intravascular stents.

A final explanation of why Ex did not alter disease progression in the present study is that it
is possible that the beneficial effects occurred in the coronary arteries at a location we did
not sample. Thus, if Ex has beneficial effects on disease progression and/or coronary
phenotype specifically in the areas where lesions are developing, the failure to see a
beneficial effect could have resulted from sampling strategy. We consistently sampled
coronary arteries from the same anatomical location, we did not select samples specifically
from areas with ongoing CAD, so it is possible, yet unlikely that Ex had beneficial effects in
other segments of the coronary arteries, not sampled in our design.

Effects of High Fat Diet on Phenotype of Vascular Cells
The results of this study reveal that, in addition to the decreased EDR reported previously
(44); there are modest changes in endothelial cell phenotype present in the conduit and
arteriolar coronary arteries in this porcine model of early stage CAD. These findings
confirm previous work from our laboratory (39, 41). Indeed, similar to Thompson et al. (39)
we found that foam cells and fatty streaks are present in conduit coronary arteries of male
pigs on this diet. Thus based on these results we conclude that the animals used in the
present study exhibited an early stage of atherosclerotic vascular disease comparable to
Stary Stage I–III (36).

The immunohistochemistry data demonstrated a significant difference between RCAs and
LADs of NF compared to HF diet pigs. LADs and RCAs from pigs receiving HF diet
contained macrophage foam cells in addition to endothelial and smooth muscle cells (Figure
1A). This is demonstrated by the SRA immunoreactivity of the macrophage foam cells
(Figure 1B). These macrophage foam cells were also immunoreactive for eNOS. The
expression of eNOS by activated macrophages has also been reported in rats (8) and humans
(42). Macrophage foam cells in the HF LADs also were immunoreactive for SOD-1 as we
have previously reported (39), and would contribute to the SOD-1 detected by immunoblots
of whole artery samples. Immunohistochemistry indicates that these foam cells also express
CAV-1, SOD-2, and COX-2. Endothelial and smooth muscle cells of RCA and LAD of NF
and HF pigs also express eNOS, CAV-1, SOD-1, and SOD-2. We did not see noteworthy
immunoreactivity for COX-2 in NF LADs or in HF LADs that did not appear to contain
foam cells. The foam cells observed in the wall of diseased arteries which express a number
of markers of importance to endothelial cell function (eNOS, SOD-1, SOD-2, CAV-1 or
COX-2) should be considered when using immunoblots of whole arteries to examine
endothelial gene expression in diseased arteries.

The expression of CAV-1 in endothelium, smooth muscle, and foam cells of HF LADs is a
very interesting finding. CAV-1 not only plays an important role in macrophage lipid
metabolism (13) but also has been proposed to have both pro- and anti-atherogenic
properties (12). In addition, CAV-1 has been reported to be preferentially expressed in
smooth muscle cells of the LAD as compared to the internal mammary artery of non-
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diseased pigs (33). It is known that in endothelial cells the interaction between eNOS and
CAV-1 reduces eNOS activity (14, 15), and that hypercholesterolemia increases CAV-1
expression in cultured endothelial cells (9, 10).

SRA positive macrophages were not noted in the walls of LV arterioles of animals on HF
diet. However, HF diet produced a significant increase in arteriolar content of nitrotyrosine
(Figure 3). Our findings indicated that CAV-1 protein content was increased in both smooth
muscle and endothelial cells of LV arterioles from HFSed animals. Previously, we have
reported that CAV-1 expression was increased in HFSed LADs relative to the content in NF
diet LADs and that both smooth muscle and endothelial cells express CAV-1 (39).
Similarly, in this study we observed that CAV-1 is expressed in both smooth muscle and
endothelial cells of LV arterioles (Figure 1C). This strongly suggests that endothelial cells of
HF LADs (39) and LV arterioles express more CAV-1 than NF diet pigs. These findings are
consistent with the interpretation that HF diet may cause decreased NO release and
decreased EDR by increasing expression of CAV-1 which binds NOS protein and decreases
the activity of eNOS (9, 15).

Effects of Exercise Training on Vascular Cell Phenotype
Ex did not significantly alter the number of foam cells seen in LAD of HF pigs or the level
of expression of eNOS, SOD-1, SOD-2, CAV-1 or COX-2 in foam cells. Ex also did not
appear to change CAV-1 expression in HF coronary arteries. Immunoblot analysis indicated
that neither HF diet nor Ex altered LV arteriolar protein content for eNOS, phospho-eNOS,
AKT or catalase (Figure 3). In contrast, Ex induced a significant increase in LV arteriolar
expression of SOD-1 and SOD-2 (Figure 3). Henderson et al. (19) reported that Ex of HF
diet pigs resulted in an increase in eNOS expression in LV arterioles. One significant
difference between the two studies is the procedures used in loading the arteriolar samples
on the gels. Henderson et al. (19) controlled for total protein in their arteriolar samples only
by measuring arteriolar diameters and lengths were as in the present study, protein content
was determined and equal amounts of protein were loaded on each lane. It is not apparent
how this technical difference could provide such different results so we do not know why
these previous data appear to conflict with current results.

In whole LAD samples (Figure 2) we observed no effect of Ex on eNOS, AKT or catalase
content confirming results of Woodman et al. (44) who reported that Ex did not alter
expression of eNOS, Cav-1, SOD-1 or SOD-2 in LAD of HF diet fed pigs and Thompson et
al. (39) reported that Ex only increased expression of SOD-1 of HF LADs. Because our
present results, as well as those of Woodman et al. (44) and Thompson et al. (39) indicate
that some of these markers are expressed in non-endothelial cells in coronary arteries, we
analyzed protein content in LAD endothelial scrapes. These results suggest that HF diet
increased phospho-AKT, HSP90 (Figure 4), and SOD-2, but not SOD-1. In addition, these
data suggest that Ex significantly reduced the effect of the HF diet on phospho-AKT protein
content in LADs. In the endothelial enriched endothelial scrape samples there were no
statistically significant HF diet or Ex effects on eNOS, MDA, SOD-1, ecSOD, catalase or
arginase-1 protein contents. Thus, similarly to the whole LAD samples, there were only
modest changes in expression of these markers produced by HF diet and/or Ex.

In summary, the findings of the present study reveal that this model of early stage CAD
involves appearance of macrophage foam cells (SRA positive cells) in the walls of the large
coronary arteries. Importantly, we also found that these foam cells were positive for eNOS,
CAV-1, SOD-1, SOD-2, catalase, and COX-2 protein expression. As we have previously
hypothesized, HF diet promoted a pro-atherogenic coronary phenotype as evident by the
endothelial expression of inflammatory and oxidative stress markers VCAM-1, SRA and
MDA. Contrary to our hypothesis, Ex did not significantly alter any of these
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immunohistochemical markers of early stage coronary disease, inflammation or oxidative
stress. Nevertheless, Ex did increase SOD-1 and SOD-2 immunoreactivity of LV arterioles,
but did not alter arterial endothelial expression of any proteins which we examined with
immunoblot.

Thus, at this early stage of CAD, Ex did not seem to shift vascular cell phenotypes from pro-
to a more favorable anti-atherogenic status in this model. In addition, these findings support
the idea that endothelial phenotype expression follows different patterns in the macro and
microvasculature of the coronary circulation. While these results are interesting and
provocative, further studies are required as it is possible that the techniques used in this
study are not sensitive enough to resolve more subtle changes in vascular cell phenotype
produced by Ex. Additionally, it is possible that Ex induces changes in genes other than the
ones selected for this study. In conclusion, the results of this study support our hypothesis
that HF diet produces a pro-atherogenic coronary endothelial cell phenotype, but results do
not support that Ex signals the expression of an anti-atherogenic endothelial cell phenotype
in coronary conduit arteries and arterioles in this model of early stage CAD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
A. Demonstrates accumulation of foam cells in high fat diet animals. Representative
photographs of left anterior descending (LAD) coronary arteries stained with Verhoeff's
technique (VVG) for elastin from normal fat diet sedentary (NFSed), upper left panel, and
exercise (NFEx), upper right panel; high fat diet sedentary (HFSed), lower left panel, and
exercise (HFEx), lower right panel. Note the presence of foam cells in the HFEx and HFSed
arteries. B. Demonstrates inflammatory changes by immunohistochemistry (IHC) with high
fat diet. Representative photographs of LAD coronary arteries stained for scavenger receptor
antigen antibody (SRA) from NFSed, upper left panel, and HFSed, lower left panel.
Representative MDA immunoreactivity of LAD coronary arteries from NFSed, upper right
panel, and HFSed, lower right panel. C. Demonstrates patterns of distribution of IHC
staining in coronary arteries and arterioles. Representative photograph of LAD stained for
cyclooxygenase 2 (COX-2) from HFEx, upper left panel. Representative photograph of
coronary arterioles stained for Caveolin-1 (CAV-1) from HFEx, lower left panel; note
positive immunoreactivity in endothelium and smooth muscle. Representative photograph of
LAD stained for phospho-eNOS from NFEx, upper right panel; note strong positive staining
in endothelium of LAD. Representative photograph of coronary arterioles stained for
superoxide dismutase 1 (SOD-1), lower right panel; note positive immunoreactivity in
endothelium and smooth muscle for SOD-1. D. Demonstrates distribution of IHC staining in
coronary vessels vs. surrounding muscle. Representative photograph of coronary arterioles
stained for superoxide dismutase 2 (SOD-2) from HFSed, upper left panel; SOD-2 staining
is less in arterioles than in myocardium. Representative photograph showing positive
catalase immunoreactivity in coronary arterioles from HFSed, lower left panel; note positive
immunoreactivity in endothelium and smooth muscle and that endothelium and myocardium
have greater immunoreactivity than does smooth muscle. Representative photograph
showing positive extracellular superoxide dismutase (ecSOD) immunoreactivity in right
coronary artery (RCA), upper right panel; note positive immunoreactivity in endothelium
and smooth muscle. Representative photograph showing positive vascular cell adhesion
molecule-1 (VCAM-1) immunoreactivity of LAD, lower right panel.
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FIGURE 2.
Immunoblot analysis of expression of markers related to nitric oxide (NO) production/
bioavailability in whole left anterior descending (LAD) coronary arteries from normal fat
diet sedentary (NFSed) and exercise (NFEx); high fat diet sedentary (HFSed) and exercise
(HFEx). Representative blots are presented at the top of each set of mean values presented
as bar graphs. The band sequence on the sample blots, from left to right, for eNOS, AKT,
and Catalase is: NFSed, NFEx, HFSed, HFEx, NFSed, NFEx, HFEx, HFSed, Std, and Std.
For ph-eNOS the sequence is: NFSed, NFEx, HFSed, HFEx, NFSed, NFEx, HFSed, HFEx,
Std, and Std. The sequence of the immunoblots, from top to bottom, is as follow; endothelial
nitric oxide synthase (eNOS); phospho-eNOS protein content expressed relative to total
eNOS content; AKT; and Catalase. Values are means ± SE. Data are normalized so that NF-
SED values were set to 1.0. There were no statistically significant diet or exercise effects in
these data.
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FIGURE 3.
Immunoblot analysis of expression of markers related to nitric oxide (NO) production/
bioavailability in coronary arterioles from normal fat diet sedentary (NFSed) and exercise
(NFEx); high fat diet sedentary (HFSed) and exercise (HFEx). Representative blots are
presented at the top of each set of mean values presented as bar graphs. The band sequence
on the sample blots, from left to right, for eNOS, ph-eNOS, AKT, and Catalase is: NFSed,
NFEx, HFSed, HFEx, NFSed, NFEx, HFSed, HFEx, Std, and Std. For SOD-2, SOD-1,
Caveolin, and nitrotyrosine the sequence is: 3 samples of NFSed, 3 samples of NFEx, 3
samples of HFSed, and 3 samples of HFEx. The sequence of the immunoblots, from top to
bottom, is as follow; endothelial nitric oxide synthase (eNOS); phospho-eNOS content
expressed relative to total eNOS; AKT; catalase; SOD-2; SOD-1; Caveolin; and
Nitrotyrosine. Values are means ± SE. Data are normalized so that NFSed values were set to
1.0. * = HFEx greater than HFSed p value < 0.05. # = HF diet values different from NF
values.
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FIGURE 4.
Immunoblot analysis of expression of markers related to NO production/ bioavailability in
samples of left anterior descending (LAD) coronary artery endothelial cell scrapes from
normal fat diet sedentary (NFSed) and exercise (NFEx); high fat diet sedentary (HFSed) and
exercise (HFEx). Representative blots are presented at the top of each set of mean values
presented as bar graphs. The band sequence on the sample blots, from left to right, for all
four antibodies is in the following order: NFEx, NFSed, HFEx, and HFSed repeated 3 times
per gel. Data are expressed relative to NFSed values for endothelial nitric oxide synthase
(eNOS) content of LAD endothelial cells. Phospho-eNOS content expressed relative to total
eNOS content in LAD endothelial cells (upper sample blot: ph-eNOS; lower sample blot:
eNOS after stripping for ph-eNOS). Phospho-AKT content expressed relative to total AKT
content in LAD endothelial cells (upper sample blot: ph-AKT; lower sample blot: AKT after
stripping for ph-AKT). Heat shock protein 90 (HSP90) content LAD endothelial cells.
Values are means ± SE. * = HFSed value significantly greater than other groups p < 0.05.
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FIGURE 5.
Summary of the immunohistochemistry (IHC) and western blot (W. Blot) changes induced
by high fat (HF) diet and/or exercise training (Ex) on conduit coronary artery (on the left)
and coronary arteriole (on the right) of this animal model of early stage coronary artery
disease. As shown on the left, IHC revealed that HF diet caused increased expression of a
number of oxidant related markers and eNOS, while immunoblot revealed increased ecSOD
in conduit coronary arteries. There were not effects of Ex on gene expression in conduit
arteries revealed by either IHC or W. Blot. As illustrated on the right, IHC did not reveal
any changes in gene expression in coronary arterioles, whereas immunoblot analysis
revealed increased oxidative stress (nitrotyrosine) and CAV-1 in HF diet pigs. Ex increased
expression of SOD-1 and SOD-2. Note: the immunohistochemical staining for SOD-1,
SOD-2, eNOS, CAV-1, and COX-2 in the conduit coronary artery was observed in
macrophage foam cells.
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