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Abstract
Exercise training has emerged as an intervention for the primary and secondary prevention of
coronary artery disease, but the mechanisms through which training reduces relative risk are not
completely understood. The goal of this study was to investigate the impact of endurance exercise
training on vasomotor function and vascular cell phenotype in coronary arteries and systemic
conduit arteries and veins against a background of advanced atherosclerosis. We tested the
hypothesis that exercise training restores endothelial vasomotor function and produces an anti-
atherogenic endothelial and smooth muscle cell phenotype in familial hypercholesterolemic (FH)
swine. The study included 30 FH (15 EX, 15 SED) and 13 non-FH control male, castrated swine.
The exercise training intervention consisted of treadmill running 5 days/wk for 16–20 wks.
Tissues sampled at sacrifice included vascular rings from the coronary circulation for vasomotor
function experiments (dose-dependent bradykinin-induced vasorelaxation) and ECs from isolated
segments of the thoracic aorta, the carotid, brachial, femoral, and renal arteries, and each of these
vessel’s regionally associated vein, as well from the abdominal vena cava, the right coronary
(RCA), and internal mammary arteries. Smooth muscle cells were sampled from the RCA only.
Vascular cell phenotype was assessed by immunoblotting for a host of both pro- and anti-
atherogenic markers (e.g., eNOS, p67phox, SOD-1, etc). Coronary artery endothelium-dependent
vasomotor function was depressed in sedentary FH-pigs compared to sedentary controls, and
exercise training did not change vasomotor function within FH. In contrast, only scattered effects
of FH on EC phenotype were noted across the vasculature, which included both pro- and anti-
atherogenic changes in EC protein expression (e.g., increased eNOS in carotid artery ECs,
decreased p67phox in brachial artery ECs, but decreased expression of the antioxidant protein
SOD1 in thoracic vena cava (all P<0.05)). In thoracic vena cava ECs, this deficit was corrected by
EX, while no other effects of exercise were observed in conduit vessel EC phenotype. Thus, while
EX abrogated the adverse effect of hypercholesterolaemia on thoracic vena cava SOD1
expression, it appears that EX does not produce a consistently improved EC phenotype in either
coronary or systemic conduit vessels in this FH swine model.
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Introduction
The beneficial effects of exercise and increased physical activity on cardiovascular
morbidity and mortality are well documented (Thompson et al., 2003). Less well
understood, however, are the mechanisms through which exercise acts to reduce
cardiovascular mortality risk. Numerous potential mechanisms have been suggested,
including beneficial impacts of training on traditional and novel risk factors. However,
recent data in this area suggest that no more than ~ 60% of the beneficial effect of exercise
on cardiovascular risk can be attributed to known mechanisms (e.g., effects mediated
through changes in cardiovascular risk factors; (Mora et al., 2007)). It is thought that a
substantial fraction of the unidentified mechanisms through which exercise improves
cardiovascular risk are the result of direct effects of exercise on the vasculature (Green,
2009), possibly mediated through chronic haemodynamic changes associated with exercise
bouts (e.g., increased blood flow and shear stress).

In support of the ‘direct effects of exercise on the vasculature’ hypothesis, several
investigations have demonstrated improved vascular endothelial health in human patients
after exercise training, most commonly using peripheral assessments of vasomotor reactivity
(i.e., flow-mediated vasodilation) (Gokce et al., 2002; Walsh et al., 2003). Few
investigations, however, have directly assessed coronary vasomotor reactivity after exercise
training (Hambrecht et al., 2000; Hambrecht et al., 2003), and fewer still have assayed
endothelial health as assessed by markers of endothelial cell phenotype in cells harvested
from human volunteers (Hambrecht et al., 2003; Pierce et al., 2011). Because endothelial
vasomotor reactivity is only a single assay of endothelial health/function, it is important to
study other metrics of endothelial cell health in response to training, and clearly the
requirement of harvesting cells to achieve this presents an obstacle for conducting such
studies in humans. In this regard, swine represent an optimal model for such studies because
of similarities between humans and pigs in coronary anatomy, vascular structure (layers of
smooth muscle) and systemic haemodynamics (Turk & Laughlin, 2004).

Although atherosclerosis exhibits regional selectivity in its severity, several areas of the
vasculature may be affected in a given patient. As such, it is important to extend
investigation of the mechanisms by which exercise is beneficial beyond the coronary
circulation in order to understand how different regions respond to, and may be athero-
protected by, exercise training. Therefore, it was the goal of this study to investigate the
impact of endurance exercise training on the coronary arteries and systemic conduit arteries
and veins against a background of advanced atherosclerosis (using familial
hypercholesterolaemic [FH] swine). We tested the hypothesis that exercise training produces
improved endothelial vasomotor function and an improved (i.e., anti-atherogenic)
endothelial and smooth muscle cell phenotype in FH pigs, and that improved functional and
phenotypic profiles would more closely resemble those of healthy control pigs.

Methods
This study was approved by the Animal Care and Use Committee of the University of
Missouri, and pigs involved in this research were housed in rooms maintained at 20–23 ºC
with a 12:12 hour light-dark cycle.

Experimental Animals
Castrated male adult pigs used in this study were either Rapacz familial
hypercholesterolaemic swine (purchased from the University of Wisconsin Swine Research
and Teaching Center; n = 30), miniature Yucatan pigs (n = 20), or standard breed farm pigs
(n = 5). The Miniature Yucatan pig data are historical data from our laboratory that have
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been included to compare vasomotor function data against FH pigs, since vasomotor
experiments were not performed in the farm pig control group. The Rapacz familial
hypercholesterolaemic swine model is characterized by a single missense mutation in the
Low Density Lipoprotein Receptor (LDLR) that decreases LDLR affinity for LDL, resulting
in elevated total cholesterol levels between 180 and 240 mg/dl (Hasler-Rapacz et al., 1998).
Pigs were fed either a standard chow diet (controls) or the University of Wisconsin gestation
diet, a corn- and soybean-based cholesterol-free, 3% fat diet. All FH and Yucatan pigs were
between 11–14 months of age at the time of sacrifice; farm pigs were younger (~ 6 mo) to
achieve similar body weights.

Exercise training intervention
Within the group of 30 FH pigs included in this study, each was randomly assigned to either
an exercise training group (EX; n = 15) or a sedentary group (SED; n = 15). Pigs in the
sedentary group were confined to cage activity only. Pigs in the exercise-training group
underwent a 16–20 wk exercise training intervention consisting of moderate-intensity
(~70% of maximum heart rate) aerobic exercise on treadmills, one time per day, 5 days/wk.
This exercise training program has been described previously (Bunker & Laughlin, 2010;
Company et al., 2010) and used extensively by our research group for the past 2 decades
(Padilla et al., 2010a). Briefly, the exercise protocol was shorter in duration and lower
intensity at the beginning of the intervention (5-min warm up at 2–2.5 mph, 15 min at 4
mph, 20 min at 3 mph, and a 5 min cool-down at 2–2.5 mph) but subsequently increased in
difficulty such that, by week 10 of training, pigs exercised for 85 min per day, consisting of
a 5-min warm up at 2–2.5 mph, 15 min at 6.5–7 mph, 60 min at 4.5–5 mph, and a 5 min
cool-down at 2–2.5 mph. The training program’s effectiveness was assessed by
measurements of heart weight, heart weight/body weight ratio, and skeletal muscle citrate
synthase activity.

Tissue collection
At the time of sacrifice, pigs were anesthetized with intramuscular ketamine (35mg/kg; Fort
Dodge Animal Health, Fort Dodge, IA, USA) and xylazine (2.25 mg/kg; Lloyd
Laboratories, Shenandoah, IA, USA), and intravenous pentothal (25mg/kg; Abbott Labs,
Abbott Park, IL, USA) for deep anesthesia, and the heart was removed to achieve
euthanasia. Subsequently, coronary vessels from the heart and additional systemic vessels
were immediately dissected from the vasculature and placed in iced Krebs bicarbonate
buffer (131.5mM NaCl, 5.0mM KCl, 1.2mM NaH2PO4, 1.2mM MgCl2, 2.5mM CaCl2,
25.0mM NaHCO3, and 11.2mM glucose).

In vitro assessment of endothelium-dependent and –independent relaxation
Vasomotor experiments were performed on the right coronary artery of FH pigs, and the left
anterior descending coronary (LAD) artery of Yucatan pigs. These historical vasomotor
function data collected in the LAD of Yucatan pigs were the only coronary data available for
comparison of the FH group against control animals of the same age and gender, fed a
normal diet. Although it would be preferable to compare our FH coronary function data
against similar responses collected in the RCA of control animals, our laboratory has
previously demonstrated similar responsiveness to an array of vasodilator drugs across the
LAD and RCA when pre-contracted with PGF2α (Oltman et al., 1992).

Procedures used to assess vasoactive responses of arterial rings have been published
previously in detail (Thompson et al., 2004; Woodman et al., 2004; Woodman et al., 2005).
Coronary arteries from Yucatan and FH pigs were trimmed of fat and connective tissue and
sectioned into 2- to 3-mm rings in cold Krebs bicarbonate buffer solution (see above).
Vasomotor reactivity was examined with the rings stretched to the length that produced
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maximal active tension. Before dose-response curves were initiated, arterial rings were
preconstricted with PGF2α (30 μM). Endothelium-dependent relaxation was assessed by
using bradykinin (10−11 to 10−6 M; BK) diffused into a Krebs bicarbonate buffer solution
containing 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.

Immunoblot analysis
Vessels harvested for immunoblot analysis included the right coronary artery (RCA),
thoracic aorta, internal mammary, carotid, brachial, femoral, and renal arteries. In addition,
segments of the thoracic and abdominal vena cava, as well as the jugular, brachial, femoral,
and renal veins were harvested for analysis. After removal at the time of sacrifice, vessels
were dissected free of connective tissue under a microscope, cut longitudinally, and the
endothelium was mechanically scraped in the presence of Laemmli buffer (62.5 mM Tris,
pH 6.8, 6 M urea, 160 mM dithiothreitol, 2% SDS, and 0.001% bromophenol blue) yielding
both endothelial enriched and endothelial depleted samples of vascular cells, as described
previously (Newcomer et al., 2007; Padilla et al., 2010a; Padilla et al., 2010b; Padilla et al.,
2011; Simmons et al., 2012). The endothelial depleted portions were used as smooth muscle
samples, and all samples were subsequently stored at −80°C until analysis of protein
content.

In order to test the effects of exercise training on coronary conduit artery vascular cell
phenotype, we studied a wide range of proteins in order to gain a broad view of expression
profiles related to atherogenicity ((Laughlin et al., 2008)). Proteins investigated in this
analysis were: endothelial nitric oxide synthase (eNOS), phospho-eNOSSer1177, the
phospho-eNOS/eNOS ratio, heat shock protein 90 (HSP90), p67phox, superoxide dismutase
1 (SOD1), superoxide dismutase 3 (SOD3/ecSOD), protein kinase B (Akt), phospho-Akt,
the phospho-Akt/Akt ratio, catalase, rac-1, arginase-1, adipophilin, caveolin-1, and the
angiotensin-II receptor. This analysis was carried out on 29 of 30 FH pigs (n = 29; 14 EX,
15 SED) because insufficient sample remained from one of the pigs at the time of analysis.
In order to test the effects of exercise training on systemic conduit vessels, the list of
proteins investigated was shortened in order to expand the number of different vessels tested
(both arteries and veins). Proteins investigated in this analysis were: eNOS, HSP90,
p67phox, SOD1, and SOD3. This analysis was carried out on the final 14 FH pigs (7 EX, 7
SED) and the control farm pigs (n = 5).

Prior to immunoblot analysis, vascular cell samples were first boiled and sonicated to
expose the intracellular contents. Total protein in each sample was then quantified using the
NanoOrange Protein Quantitation Kit (Invitrogen; Grand Island, NY, USA) and 3μg of
protein were loaded onto a polyacrylamide gel and separated by electrophoresis. Gels were
loaded with only one vessel represented on each gel, having an equal number of samples
(per gel) originating from sedentary and exercise trained animals. After protein separation,
contents of the gel were transferred to a polyvinylidene diflouride (PVDF) membrane by the
application of 34V for 1 hour, and this membrane was subsequently blocked with 5% non-
fat milk in TBS-Tween (20 mM Tris • HCl, 137 mM NaCl, and 0.1% Tween 20) at room
temperature for 1 hour. After 1 hour incubation in non-fat milk, a primary antibody against
the protein of interest was applied overnight. Antibodies and concentrations used were as
follows: eNOS (1:1000; BD Transduction; Franklin Lakes, NJ, USA), phospho-eNOS
(1:250; BD Transduction), HSP90 (1:1000; BD Transduction), p67phox (1:1000; BD
Transduction), SOD1 (1:5000; Assay Designs; Farmingdale, NY, USA), SOD3 (1:1000;
Upstate/Millipore; Billerica, MA, USA), Akt (1:500; Cell Signaling; Danvers, MA, USA),
phospho-Akt (1:250; Cell Signaling), catalase (1:5000; Sigma-Aldrich; St. Louis, MO,
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USA), rac-1 (1:500; Cytoskeleton; Denver, CO, USA), arginase-1 (1:1000; BD
Transduction), adipophilin (1:500; Abcam; Cambridge, MA, USA), caveolin-1 (1:250; BD
Transduction), and the angiotensin-II receptor (1:500; Santa Cruz; Santa Cruz, CA, USA).
The following morning the secondary antibody was applied for 1 hour, and then protein
content was then detected by enhanced chemiluminescence (ECL, Amersham; Pittsburgh,
PA, USA) and quantified by densitometry.

Plasma Cytokines
Plasma samples were assayed in duplicate for concentrations of GM-CSF, IFN-γ, IL-1A,
IL-1β, IL-1RA, IL-2, IL-4, IL-6, IL-8, IL-10, IL-18, TNF-α using a 13-plex porcine
cytokine assay (Millipore Milliplex; Billerica, MA) on a MAGPIX instrument (Luminex
Technologies; Luminex, Austin, TX) according to the manufacturer’s instructions.

Statistical analysis
Statistical analysis was performed using SigmaPlot (Systat Software, Chicago, IL, USA).
Coronary artery vascular cell protein expression was compared between EX and SED by
unpaired t-test. Systemic conduit vessel endothelial cell protein expression (and coronary
artery endothelial cell protein expression in a subset of FH pigs) was compared between
control, FH-SED, and FH-EX by 1-way ANOVA. Main effects of Group and Dose on
vasomotor responses to BK were compared between Control, FH-SED, and FH-EX groups
by 2-way ANOVA; drug doses associated with half-maximal relaxation were also compared
by 1 way ANOVA across groups. Differences were considered statistically significant when
p < 0.05; adjustments to alpha for multiple comparisons were done using the Bonferroni
correction. All values are presented as means ± SE unless otherwise indicated.

Results
Experimental animal characteristics

Results of the serum lipid and glucose analysis as well as heart weights, body weights, and
citrate synthase activity of the medial head of the triceps brachii are presented in table 1.
Total cholesterol and triglycerides were higher in FH pigs compared to farm pigs (P < 0.05
for both FH-SED and FH-EX vs. control). Heart weight, heart weight:body weight ratio, and
citrate synthase activity of the medial head of the triceps brachii muscle were all higher in
FH-EX animals compared to FH-SEDs (all P < 0.05 vs. FH-SED). Table 2 displays the
results of plasma cytokine analysis; circulating IL-8 was lower in FH-EX compared to FH-
SED (P<0.05).

Effects of hypercholesterolaemia and exercise training on coronary artery vasomotor
reactivity

Figure 1 displays coronary vascular responses to increasing doses of BK in control Yucatan,
FH-SED, and FH-EX animals. Responses differed among groups (P<0.05 for group x dose
interaction effect) such that the dose-response curve was shifted rightward (less responsive)
in sedentary FH pigs compared to control (P<0.05 for between group comparison).
Responses were not different between exercise-trained and sedentary FH groups. Table 3
displays the EC50 values for each dose-response curve, which similarly demonstrate
reduced sensitivity in FH-SED (compared to control; P<0.05) and no difference between
FH-SED and FH-EX. Characteristics of the coronary artery segments used in these
experiments are displayed in table 4.
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Effects of exercise training on coronary artery vascular cell phenotype
Figure 2 contrasts the protein contents of coronary artery endothelial cells from EX and SED
FH pigs. Although several of the protein levels investigated tended to be higher in coronary
artery endothelial cells of EX compared to SED (e.g., eNOS, phospho-eNOS), none of the
sampled protein markers showed a statistically significant difference between EX and SED
(all P>0.05). Figure 3 contrasts the protein contents of coronary artery smooth muscle cells
from EX and SED FH pigs. Likewise, none of the sampled protein markers showed a
statistically significant difference between EX and SED (all P>0.05).

Effects of exercise training on systemic conduit vessel endothelial cell phenotype
Figure 4 contrasts endothelial cell protein expression in the thoracic aorta, the right
coronary, internal mammary, carotid, brachial, femoral, and renal arteries between control,
FH-SED, and FH-EX pigs. Carotid artery endothelial cell eNOS content was increased and
brachial artery p67phox content decreased in FH animals compared to control (both
P<0.05). Although a trend was noted for increased p67phox in the RCA of FH animals
(P=0.08 for effect of group), none of the other markers tested changed with FH or exercise
training in the conduit arteries (all P>0.05 for ANOVA between groups). Figure 5 contrasts
endothelial cell protein expression in the thoracic and abdominal vena cava, as well as the
jugular, brachial, femoral, and renal veins between control, FH-SED, and FH-EX pigs.
Endothelial cell SOD1 expression was lower in the thoracic vena cava of FH-SED compared
to control (P<0.05), but was not different between control and FH-EX. Endothelial cell
HSP90 expression tended to be lower in the brachial vein (P=0.09) as well as the thoracic
vena cava (P=0.06) of FH-SED compared to control, but these differences did not meet the
threshold for statistical significance. None of the other markers tested changed with FH or
exercise training in these or other conduit veins (all P>0.05 for ANOVA between groups).

Discussion
This is the first study to investigate the effect of endurance exercise training on coronary and
systemic conduit artery and venous EC phenotype in a swine model of familial
hypercholesterolaemia. Coronary artery endothelium-dependent vasomotor function was
depressed in sedentary FH-pigs compared to sedentary controls, and exercise training did
not have a statistically significant effect on vasomotor function within FH. Notably,
however, only scattered effects of FH on EC phenotype were observed across the
vasculature, which included both pro- and anti-atherogenic changes in EC protein
expression (e.g., increased eNOS in carotid artery ECs, decreased p67phox in brachial artery
ECs, but decreased expression of the antioxidant protein SOD1 in thoracic vena cava). In
thoracic vena cava ECs, the deficit in SOD1 expression associated with FH was corrected by
EX, while no other effects of exercise on conduit vessel EC phenotype were observed.
These results suggest that EX does not produce a consistently improved EC phenotype in
either coronary or systemic conduit vessels in this FH model.

Our group has previously investigated the effects of exercise on the endothelium using both
healthy pigs and pigs fed a combination high-fat/cholesterol diet to produce early stage
atherosclerotic disease. Findings from these studies demonstrate that, in the larger conduit
arteries of healthy swine, short-term exercise training exerts beneficial effects on the
endothelium but that more prolonged training leads to normalization of endothelial
vasomotor function and protein expression, a process that coincides temporally with
outward vascular remodeling (Oltman et al., 1995; McAllister et al., 1996; McAllister &
Laughlin, 1997; LAUGHLIN et al., 1998; Laughlin et al., 2001; Laughlin et al., 2003;
Padilla et al., 2010a; Laughlin et al., 2012). In contrast to the normalization of endothelial
vasomotor function and phenotype after prolonged exercise training in healthy swine, pigs
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with early stage atherosclerosis (diet-induced hypercholesterolaemia) and impaired
endothelial vasomotor function prior to training exhibit beneficial responses in the
endothelium that are sustained even after 16–20 weeks of training (Woodman et al., 2003;
Thompson et al., 2004; Woodman et al., 2004; Woodman et al., 2005; Woodman et al.,
2006). The majority of these findings have now been documented in healthy and diseased
humans as well (Gokce et al., 2002; Walsh et al., 2003; Green et al., 2004; Tinken et al.,
2008; Green, 2009; Tinken et al., 2010; Birk et al., 2012).

In the present study, we sought to build upon the progress described above using an FH
model known to develop extensive atherosclerotic lesions (Prescott et al., 1991; Company et
al., 2010) in order to elucidate the mechanisms through which exercise training confers
beneficial effects in patients with overt vascular pathology (e.g., (Hambrecht et al., 2000;
Hambrecht et al., 2003)). On the basis of a multitude of studies suggesting that endothelial
function/phenotype is impaired throughout the course of the atherosclerotic disease process
(Casino et al., 1993; Celermajer et al., 1994; Sorensen et al., 1994; Enderle et al., 1998;
Hambrecht et al., 2003; Thompson et al., 2004; Turk et al., 2005; Civelek et al., 2010), we
supposed that EC phenotype in Rapacz FH swine would be atherogenic in nature (when
compared to healthy pigs) and hypothesized that exercise training would beneficially impact
EC phenotype. The bulk of the data here suggest that our initial supposition was incorrect
i.e., EC phenotype in FH was not different for the majority of conduit vessels compared to
control pigs, nor were circulating inflammatory cytokines elevated, as would be expected
based on observations in humans with FH (El Messal et al., 2006; Gokalp et al., 2009). In
fact, the only significant changes in conduit artery EC protein expression in response to FH
were anti-atherogenic in nature (i.e., changes in EC phenotype in the carotid and brachial
arteries). These paradoxical anti-atherogenic effects of this model of hypercholesterolaemia
on conduit artery EC phenotype mirror results recently reported by our group in which p-
Akt/Akt ratio was increased in coronary artery ECs from pigs with early stage
atherosclerotic disease (Arce-Esquivel et al., 2012). In that study, anti-atherogenic effects on
coronary conduit artery EC phenotype were observed even as evidence of disease
progression was noted via immunohistochemical staining for markers of oxidative stress and
adhesion molecules. Such a coexistence of pro- and anti-atherogenic EC expression profiles
has been reported previously in the context of regional EC heterogeneity caused by
disturbed blood fluid dynamics (Passerini et al., 2004). Thus these data suggest that
paradoxical anti-atherogenic effects on conduit artery EC phenotype may be a common
feature of swine models of atherosclerosis that employ hypercholesterolaemia (either genetic
or diet-induced) in order to promote disease progression, and further that such effects may
persist even as vascular pathophysiology worsens.

Considering the relatively healthy arterial EC phenotype of the FH pigs in this study, it is
perhaps not surprising that the hypothesized beneficial effects of exercise training were not
observed in this model. As noted in the paragraphs above, when EC phenotype is normal (as
in healthy pigs), endurance exercise training sustained over a period of 16–20 weeks is not
expected to change EC phenotype in coronary conduit (Laughlin et al., 2001) or systemic
conduit arteries (Padilla et al., 2010a), including the brachial and femoral arteries. Thus, it is
possible that the results of the present study were contrary to our hypothesis because an
initial atherogenic arterial EC phenotype was lacking. Indeed, this may also explain negative
findings published by our program regarding the effect of exercise on vascular
inflammation, oxidative stress, and vasomotor function in FH swine (Bunker & Laughlin,
2010; Masseau et al., 2012). Conversely, in the thoracic vena cava, where
hypercholesterolaemia had a pro-atherogenic effect on EC phenotype in the present study
(i.e., reduced SOD1 protein content), exercise training abolished this effect. Taken together,
the majority of the data in the present study suggest that systemic EC phenotype in FH pigs,
as assessed by the markers presently used, is less atherogenic than expected and, overall,
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exercise training in FH pigs does not appear to alter vascular expression of pro- and anti-
atherogenic proteins.

The relatively normal EC expression profile notwithstanding, there are some effects of
exercise that would still be expected in this group of FH pigs. In the thoracic aortic
endothelium, exercise training of similar duration to that undertaken in the present study was
previously shown to increase SOD1 and SOD3 expression while reducing p67phox
expression in ECs of healthy swine (Rush et al., 2003). In the coronary circulation, previous
data suggest that the rightward shifted vasomotor function curve in hypercholesterolaemic
pigs should have moved leftward in response to training, indicating increased sensitivity of
the endothelium (Thompson et al., 2004; Woodman et al., 2004). It is not clear why these
expected findings were not seen. Objective metrics of training status suggest that these pigs
adapted to the training load in a manner similar to previous study groups (increased heart
weight:body weight ratio, increased skeletal muscle citrate synthase activity, etc). One
difference between this FH group and previous study samples however is the mutation in the
LDLR gene, and therefore it is possible that functional LDL receptors are required in order
to observe the beneficial effects of exercise on the arterial endothelium in
hypercholesterolaemia. This concept warrants further investigation.

It is important to mention that some but not all of the cytokine values reported in table 2 are
lower than those reported in other studies of swine. In order to clarify this issue, we
compared the results of our cytokine assays with previously reported values for swine, and
determined that many of the values reported in table 2 are in agreement with previous work.
Specifically, we compared data from our control group to the control groups/time points
found in two previous studies (Niemann et al., 2009; Baker et al., 2012), and found
agreement between our results and these previously published reports for most (5 of 7) of
cytokines for which direct comparisons were available. We do not currently have an
explanation for the remaining discrepancy between the cytokine values that we report, and
those reported by others, although it is possible that different breeds of swine are at least
partially responsible.

In summary, coronary artery endothelium-dependent vasomotor function was depressed in
sedentary FH-pigs compared to sedentary controls, and exercise training did not change
vasomotor function within FH. In systemic conduit arteries and veins, few effects of FH on
EC protein expression were noted, including both pro- and anti-atherogenic changes. In
thoracic vena cava ECs, the deficit in SOD1 expression associated with FH was corrected by
EX, but no other effects of exercise on conduit vessel EC phenotype were observed. These
findings suggest that EX does not produce a consistently improved EC phenotype in either
coronary or systemic conduit vessels in this FH swine model.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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What is the central question of this study?

Does endurance exercise training cause anti-atherogenic effects on the endothelium in a
familial hypercholesterolaemia swine model, and how are these effects distributed across
veins, arteries, and multiple vascular territories within each system.

What is the main finding and what is its importance?

Coronary artery endothelium-dependent vasomotor function is depressed in sedentary
Familial Hypercholesterolaemic (FH) pigs compared to sedentary controls, and exercise
training does not change vasomotor function within FH. In systemic conduit arteries and
veins, few effects of FH on EC protein expression were noted, including both pro- and
anti-atherogenic changes. These findings suggest that EX does not produce a consistently
improved EC phenotype in either coronary or systemic conduit vessels in this FH swine
model.
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Figure 1.
Conduit coronary vasomotor responses to increasing doses of BK in control sedentary
(miniature Yucatan), FH sedentary, and FH exercise trained pigs. SED, sedentary; EX,
exercise trained.
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Figure 2.
Differences in coronary artery endothelial cell protein content between sedentary and
exercise trained FH pigs. Values represent protein expression measured in net intensity units
and scaled to the average of the value for sedentary animals. Data are means ± SE. SED,
sedentary; EX, exercise trained.
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Figure 3.
Differences in coronary artery smooth muscle cell protein content between sedentary and
exercise trained FH pigs. Values represent protein expression measured in net intensity units
and scaled to the average of the value for sedentary animals. Data are means ± SE. SED,
sedentary; EX, exercise trained.
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Figure 4.
Differences in protein content within the endothelial cells of the systemic conduit arteries
between control sedentary, FH sedentary, and FH exercise trained pigs. Values represent
protein expression measured in net intensity units and scaled to the average of the value for
control animals. * p< 0.05 vs. control pigs. Data are means ± SE; n = 19. SED, sedentary;
EX, exercise trained.
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Figure 5.
Differences in protein content within the endothelial cells of the systemic conduit veins
between control sedentary, FH sedentary, and FH exercise trained pigs. Values represent
protein expression measured in net intensity units and scaled to the average of the value for
control animals. * p< 0.05 vs. control pigs. Data are means ± SE; n = 19. SED, sedentary;
EX, exercise trained.
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Table 1

Pig characteristics

Variable Control (n=5) FH-SED (n=15) FH-EX (n=15)

total cholesterol (mg/dl) 77.6 ± 4.8 327.4 ± 20.0* 358.0 ± 19.1*

Triglycerides (mg/dl) 13.2 ± 3.0 53.3 ± 6.0* 53.0 ± 5.7*

Glucose (mg/dl) 127.8 ± 19.0 112.1 ± 7.9 115.9 ± 7.9

heart weight (g) 283.4 ± 16.4 228.6 ± 6.9* 260.9 ± 11#

body weight(kg) 72.0 ± 2.0 66.8 ± 2.9 63.1 ± 2.7*

heart wght:bd wght(g/kg) 3.9 ± 0.2 3.5 ± 0.1 4.1 ± 0.1#

citrate synthase activity of the medial head of the triceps brachii (μmol/min/g) N/A 12.32 ± 0.58 15.47 ± 0.76#

*
P < 0.05 vs. control

#
P < 0.05 vs. FH-SED

Control refers to standard breed farm pigs
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Table 2

Plasma cytokines

Variable Control (n=12) FH-SED (n=7) FH-EX (n=7)

IFN-γ (pg/ml) 0.01 ± 0.00 0.06 ± 0.02 0.02 ± 0.01

IL-1α (pg/ml) 0.03 ± 0.01 0.04 ± 0.01 0.02 ± 0.01

IL-1β (pg/ml) 0.25 ± 0.07 0.23 ± 0.06 0.11 ± 0.04

IL-1RA (pg/ml) 0.20 ± 0.08 0.36 ± 0.14 0.28 ± 0.16

IL-2 (pg/ml) 0.08 ± 0.03 0.08 ± 0.02 0.03 ± 0.01

IL-4 (pg/ml) 0.50 ± 0.23 0.55 ± 0.19 0.23 ± 0.11

IL-6 (pg/ml) 0.04 ± 0.02 0.05 ± 0.01 0.03 ± 0.01

IL-8 (pg/ml) 0.01 ± 0.01 0.03 ± 0.01 0.00 ± 0.00#

IL-10 (pg/ml) 0.15 ± 0.07 0.17 ± 0.03 0.10 ± 0.03

IL-18 (pg/ml) 0.88 ± 0.33 1.04 ± 0.19 0.46 ± 0.20

#
P < 0.05 vs. FH-SED

Control refers to male castrated, yucatan pigs
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Table 3

EC50 values for coronary artery vasomotor function curves

Group EC50 (−log M)

Control −9.117

FH-SED −8.759*

FH-EX −8.787

*
P < 0.05 vs. control
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Table 4

Characteristics of the coronary artery vascular rings used in the functional experiments

Variable Control (n=8) FH-SED (n=7) FH-EX (n=6)

Outer diameter (mm) 2.57 ± 0.14 2.24 ± 0.10 2.39 ± 0.13

Inner diameter (mm) 1.58 ± 0.07 1.31 ± 0.05* 1.19 ± 0.05*

Wall thickness (mm) 0.5 ± 0.05 0.46 ± 0.03 0.6 ± 0.06

Axial length (mm) 3.48 ± 0.35 3.81 ± 0.18 3.83 ± 0.17

*
P < 0.05 vs. control

Control refers to male castrated, yucatan pigs
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