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Abstract

Background—Metabolic syndrome (MetS) and aging are prevalent risk factors for coronary 

artery disease (CAD) and contribute to the etiology of CAD, including dysregulation of Ca2+ 

handling mechanisms in coronary smooth muscle (CSM). The current study tested the hypothesis 

that CAD severity and CSM Ca2+ dysregulation were different in MetS- compared to aging-

induced CAD.

Methods—Young (2.5 ± 0.2 years) and old (8.8 ± 1.2 years) Ossabaw miniature swine were fed 

an atherogenic diet for 11 months to induce MetS and were compared to lean age-matched 

controls. The metabolic profile was confirmed by body weight, plasma cholesterol and 

triglycerides, and intravenous glucose tolerance test. CAD was measured with intravascular 

ultrasound (IVUS) and histology. Intracellular Ca2+ ([Ca2+]
i) was assessed with fura-2 imaging.

Results—CAD severity was similar between MetS young and lean old swine, with MetS old 

swine exhibiting the most severe CAD. Compared to CSM [Ca2+]i handling in lean young, the 

MetS young and lean old swine had increased sarcoplasmic reticulum Ca2+ store release. MetS 

young swine exhibited increased Ca2+ influx through voltage-gated Ca2+ channels. Lean old swine 

exhibited attenuated sarco-endoplasmic reticulum Ca2+ ATPase activity. MetS old and MetS 

young swine had similar Ca2+ dysregulation.
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Conclusions—Ca2+ dysregulation, mainly the SR Ca2+ store, in CSM is more pronounced in 

lean old compared to both MetS groups, which is indicative of mild, proliferative CAD. MetS old 

and MetS young swine exhibit Ca2+ dysfunction that is typical of late, severe disease. The more 

advanced, complex plaques in MetS old swine suggest that the “aging milieu” potentiates effects 

of Ca2+ handling dysfunction in CAD.
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1. Introduction

Atherosclerosis is a complex, progressive disease that develops over many years when 

cholesterol, fatty material, cellular waste products, fibrin, collagen, and extracellular Ca2+ 

accumulate in large and medium-sized arteries throughout the body. Coronary artery disease 

(CAD) is the build-up of atherosclerotic plaque in the coronary arteries leading towards 

occlusion and myocardial ischemia and is the leading cause of death in industrialized nations 

(49).

Modifiable risk factors such as physical inactivity and an unhealthy diet can potentiate 

metabolic changes like hypertension, dyslipidemia, obesity, insulin resistance, and glucose 

intolerance. Metabolic syndrome (MetS) is the clustering of 3 or more of these 

cardiometabolic risk factors and is associated with a 2-fold greater risk of developing CAD 

and a 1.6-fold increase in mortality (1, 4). However, modifiable risk factors are only part of 

the story. Sir William Osler, a prolific physiologist and one of the founders of Johns Hopkins 

University, once wrote, “A man is as old as his arteries” (57). Indeed, advancing age is one 

of the major non-modifiable risk factors for CAD. The prevalence of CAD increases 

progressively with age, and more than 50% of CAD-related deaths occur in individuals older 

than 75 (61, 64). The population aged 65 and older in the US is projected to double to 83.7 

million by the year 2050 (20), causing a growing public health concern.

The Ossabaw miniature swine model of MetS/CAD has been well-characterized in our lab 

(66). These swine exhibit a “thrifty genotype” that allows them to store excess fat for later 

use during times of famine in their natural habitat (44, 66). In captivity, when the pigs are 

kept sedentary and fed a high-calorie atherogenic diet, they reliably develop all the risk 

factors associated with MetS in addition to diffuse atheroma and coronary artery 

calcification (CAC), making them a clinically relevant animal model of human MetS and 

subsequent CAD/CAC (17, 41, 50, 51, 54, 60, 73).

Ca2+ is vital to vascular smooth muscle function, as cytosolic Ca2+ levels regulate various 

cellular functions including contraction (35, 58), proliferation (33, 42, 56, 58), migration 

(48, 59), and transcription (30, 71). Previous research (reviewed in (65)) has identified 

several functional alterations in Ca2+ handling mechanisms associated with metabolic 

disorders (MetS, diabetes, dyslipidemia) that induce CAD. Ca2+ is an important secondary 

messenger that influences several physiological processes, and impairments in intracellular 
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Ca2+ handling due to dysfunction of Ca2+ transporter proteins and altered storage in 

organelles changes CSM activity and contributes to CAD etiology (28, 42, 50, 65).

Age-related alterations in intracellular Ca2+ regulation depend heavily on the tissue, animal, 

and co-existing disease states (11). These heterogeneous patterns of Ca2+ dysregulation are 

similar to the heterogeneity of metabolic dysfunction (65). There is a paucity of data 

regarding age-related alterations in Ca2+ regulation in coronary smooth muscle (CSM), 

which would precede extracellular CAC, an event that has been extensively documented in 

aging (64). The pathophysiology of MetS- and aging-induced atherosclerotic disease may be 

different; however, MetS-induced and aging-induced atherosclerotic CAD and the associated 

alterations in CSM intracellular Ca2+ signaling have yet to be compared directly. Therefore, 

the aims of the present study were to examine how modifiable (MetS) and non-modifiable 

(advancing age) risk factors affect 1) coronary atherosclerosis progression and 2) CSM 

[Ca2+]i regulation. We hypothesized that CAD severity and CSM Ca2+ dysregulation would 

be different in MetS- compared to aging-induced CAD.

2. Materials and Methods

2.1. Animals

All experimental procedures involving animals were approved by the Institutional Animal 

Care and Use Committee at Indiana University School of Medicine with the 

recommendations outlined in the Guide for the Care and Use of Laboratory Animals and the 

American Veterinary Medical Association Panel on Euthanasia (2, 34). Ossabaw miniature 

swine were separated into four groups based on age and diet: lean young, MetS young, lean 

old, and MetS old swine (Table 1). The average age of each group can be seen in Table 1. 

Ossabaw swine are sexually mature by the time they reach 6 months old and can live up to 8 

years in the wild and 15 years in captivity (5, 75). While there is not a linear relationship 

between swine and human age, swine age about 5–7 years (depending on the breed) for 

every 1 human year (36). Based on this conversion and the age of sexual maturity, we can 

estimate that the young groups of swine correlate to about 24 human years and the old 

groups of swine correlate to about 63 human years. These old swine are medically relevant, 

as the average age of patients who experience their first myocardial infarction is 60 years 

(37). Both lean groups were fed 725 g/day of regular chow (5L80, Purina Test Diet, 

Richmond, IN) that contained 18% kcal from protein, 71% kcal from complex 

carbohydrates, and 11% kcal from fat. To induce MetS, swine in both MetS groups were fed 

1000 g/day of an excess-calorie, atherogenic diet for 11 months (KT324, Purina Test Diet, 

Richmond, IN) that provided 16.3% kcal from protein, 40.8% kcal from complex 

carbohydrates, 19% kcal from fructose, and 42.9% kcal from fat. Fat calories were derived 

from a mixture of lard, hydrogenated soybean oil, and hydrogenated coconut oil and was 

supplemented with 2.0% cholesterol and 0.7% sodium cholate by weight. All animals had 

free access to drinking water.

2.2. Intravenous glucose tolerance testing

Prior to intravenous glucose tolerance testing (IVGTT), conscious swine were acclimatized 

to low-stress restraint in a sling. The pigs fasted overnight before an IVGTT and fasting 
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baseline blood samples were obtained. Glucose (1 g/kg body weight, IV) was administered 

and timed blood samples were collected as previously described by our laboratory (17, 54, 

66) for blood glucose measurements (YSI 2300 STAT Plus Glucose analyzer, YSI Life 

Sciences, Yellow Springs, OH).

2.3. Metabolic phenotyping

Blood samples were obtained before euthanasia and triglycerides, total cholesterol, and 

blood chemistry profiles were assessed (Antech Diagnostics, West Lafayette, IN). Blood 

pressure measurements were attained while swine were under anesthesia with isoflurane.

2.4. Intravascular ultrasound

Swine were anesthetized with isoflurane (2 to 6%) and intravascular ultrasound (IVUS) was 

performed as previously described (52, 54, 66). Briefly, after an overnight fast swine were 

anesthetized via intramuscular injection of 2.2 mg/kg xylazine and 5.5 mg/kg Telazol (Fort 

Dodge Animal Health, Fort Dodge, IA). Swine were intubated and anesthesia was 

maintained with 2 to 4% isoflurane in 100% O2. The isoflurane level was adjusted to 

maintain anesthesia with stable hemodynamics. Heart rate, aortic blood pressure, respiratory 

rate, and electrocardiographic data were continuously monitored throughout the procedure 

(GE Dash 4000, General Electric, Boston, MA). Following a right femoral artery cut-down, 

a 7 F introducer sheath was inserted for access and heparin was administered (200 U/kg). 

Next, a 7 F guiding catheter (Amplatz L, Cordis, Bridgewater, NJ) was advanced to the left 

main coronary ostium. A 3.2 F, 45 MHz VUS catheter (Revolution, Volcano, Corp., Rancho 

Cordova, CA) was advanced over a percutaneous transluminal coronary angioplasty guide 

wire and positioned in the left anterior descending (LAD) artery. Automated IVUS pullback 

was performed and recorded at 0.5 mm/sec and 30 frames/second. Pigs were euthanized 

after the IVUS procedure via cardiectomy and coronary arteries were removed for further 

analysis. Still frame IVUS pullback images were obtained offline at 1 mm intervals. Percent 

wall coverage and percent plaque burden were obtained using Image J software (1.48v, 

National Institutes of Health, USA).

2.5. Assessment of [Ca2+]i regulation

Whole-cell intracellular free Ca2+ levels were measured at room temperature (22 to 25 °C) 

by using the fluorescent Ca2+ indicator fura-2 AM (InCa++ Ca2+ Imaging System, 

Intracellular Imaging, Cincinnati, OH) as previously described (28, 31, 54, 74). Briefly, 

freshly dispersed smooth muscle cells from the LAD were incubated with 3.0 μM fura-2 AM 

(Molecular Probes, Eugene, OR) in a shaking water bath at 37 °C for 45 min before being 

washed in a solution containing low Ca2+ concentration. An aliquot of cells loaded with 

fura-2 AM was placed on a coverslip contained within a constant-flow superfusion chamber 

that was mounted on an inverted epifluorescent microscope (model TMS-F, Nikon, Melville, 

NY), with flow maintained at a constant rate of 1–2 mL/min. Basal Ca2+ levels were 

measured in physiologic salt solution composed of the following (in mM): 2 CaCl2, 138 

NaCl, 1 MgCl2, 5 KCl, 10 HEPES, 10 glucose; pH 7.4. Calcium influx and maximal 

sarcoplasmic reticulum (SR) Ca2+ loading was accomplished by depolarization with high 

(80 mM) K+ solution (2 CaCl2, 63 NaCl, 1 MgCl, 80 KCl, 10 HEPES, 10 glucose; pH 7.4) 

(54). SR Ca2+ stores were released with 5 mM caffeine in Ca2+- free solution (138 NaCl, 1 
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MgCl2, 5 KCl, 10 HEPES, 10−5 M K+-EGTA, 10 glucose; pH 7.4). A caffeine wash-out 

phase was used to determine sarco-endoplasmic reticulum Ca2+ ATPase (SERCA) function 

via the undershoot below baseline during this recovery period (13, 50, 62). The increased 

[Ca2+]i after caffeine exposure stimulates Ca2+ extrusion, allowing [Ca2+]i to equilibrate to 

baseline levels (3). However, SERCA is also stimulated by high [Ca2+]i and low 

concentrations of Ca2+ inside the SR after caffeine exposure (3, 77). As the SR initially 

accumulates Ca2+ quicker than Ca2+ can enter the cell, the signal drops below baseline (the 

“undershoot”) (3). Furthermore, application of the SERCA inhibitor cyclopiazonic acid 

abolishes this undershoot (3). Therefore, SERCA function is directly responsible for the 

undershoot below baseline (3, 22, 77). Voltage-gated calcium channel (VGCC) activity was 

determined by measuring barium influx during superfusion with a high (2 mM) Ba2+ 

solution (2 BaCl2, 63 NaCl, 1 MgCl2, 80 KCl, 10 HEPES, 10 glucose; pH 7.4), which 

contained low Na+ (5 mM Na+) in order to limit Ba2+ extrusion through the sodium-calcium 

exchanger (solution labelled as “2Ba80K5Na” in Fig. 4B) (28). Fura-2 in CSM was excited 

by light from a 300 W xenon arc lamp that was passed through a computer-controlled filter 

changer containing 340 nm and 380 nm bandpass filters every 0.30 and 0.05 seconds, 

respectively. The fluorescence emission at 510 nm was collected by using a monochrome 

charge-coupled device camera (COHU, San Diego, CA). Whole-cell fura-2 fluorescence was 

expressed as the 340 nm/380 nm ratio of fura-2 emission. Graphs demonstrating the 

experimental protocols are shown in Figs. 3A and 3B.

2.6. Histology

Coronary artery segments were collected at euthanasia and fixed in 10% phosphate buffered 

formalin for 24 hours before being switched to 70% ethanol solution. Samples were paraffin 

embedded, sectioned (5 μm thick), mounted on a slide and stained by the Indiana University 

Histology Core (Indiana University School of Medicine, Indianapolis, IN). Verhoeff-Van 

Gieson (VVG) elastin staining was performed to determine the location of the external 

elastic lamina (EEL) and the internal elastic lamina (IEL) to assess wall thickness, medial 

area, and the intima/media ratio as measures of atherosclerosis progression (50, 54). Wall 

thickening (percent media plus percent neointima) was measured by the following equation:

Area within EEL − Area within IEL
Area within EEL + Area within IEL − Area o f Lumen

Area within EEL × 100 %

The media area was calculated as the area within the EEL minus the area within the IEL. 

The intima area was calculated as the area within the IEL minus the area of the lumen. All 

images were captured with a Leica DM3000 microscope connected to Leica Application 

Suites V4.1 software (Leica Microsystems GmbH, Wetzlar, Germany) and analyzed using 

(Adobe Photoshop® CS6).

2.7. Statistics

Statistical analysis was performed using GraphPad Prism 5.0 (San Diego, CA). One-way 

analysis of variance (ANOVA) with Tukey post hoc analysis and two-way ANOVA with 

Bonferroni post hoc analysis were performed when appropriate. Data are represented as 

mean ± SEM and p < 0.05 was considered statistically significant.
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3. Results

3.1. Ossabaw Swine Cardiometabolic Characteristics

The experimental groups’ cardiometabolic characteristics are presented in Table 1. The 

Ossabaw swine were separated by age and metabolic profile. Lean old swine were shown to 

be healthy, as indicated by their body weight, cholesterol, triglycerides, and blood glucose 

measurements derived from the IVGTT assessment. Our laboratory and others have 

extensively characterized cardiometabolic profiles in Ossabaw swine fed regular chow diets 

and hypercaloric, atherogenic diets to induce MetS (13, 27, 44, 51, 52, 54, 55, 69). MetS 

was confirmed in the MetS young and MetS old swine groups, both of which developed 

obesity, hypercholesterolemia, and elevated peak glucose and area under the curve during 

IVGTTs (52, 54). Blood pressure measurements were not significantly different between 

groups (data not shown) and were taken while swine were anaesthetized. The lean old swine 

had significantly lower serum triglycerides and fasting blood glucose, which is characteristic 

of older swine (39, 70).

3.2. Histological Assessment of Vascular Health

Atherosclerosis progression was assessed by VVG staining in the proximal right coronary 

arteries (Fig. 1A–D) that enabled measurement of wall thickness (%media + %neointima), 

media thickness, and intima:media ratio (Fig. 1E–G). Both advanced age and MetS 

independently caused swine to exhibit elevated wall thickening, with MetS old swine 

exhibiting significantly greater wall thickening than the other three groups (Fig. 1E). Media 

thickness was elevated in the MetS young and lean old swine compared to the lean young 

swine group swine (Fig. 1F). To determine whether this change was due mainly to media 

thickening, which is characteristic of aging (63, 76), or intimal thickening, which is 

characteristic of CAD (63), the intima:media area ratio was assessed (Fig. 1G). The MetS 

young swine trended towards a higher intima:media ratio, but the MetS old swine had a 

significantly higher intima:media ratio, indicating that a bulk of the wall thickening in both 

MetS groups was due to neointimal thickening while the wall thickening in the lean old 

swine was due to medial thickening.

3.3. IVUS Assessment of Coronary Plaque Severity

After angiography was employed to locate the LAD and circumflex (CFX) arteries for 

catheter placement (Fig. 2A), cross-sectional images of the arteries were taken using an 

IVUS catheter (representative IVUS still frames in Fig. 2B–C). Unfortunately, 2 out of the 3 

MetS old swine died on the operating table before IVUS could be recorded, so this group 

was not included in the IVUS analyses. Percent wall coverage increased in MetS young 

swine (Fig. 2D) and percent plaque burden increased in both MetS young and lean old swine 

compared to lean young swine (Fig. 2E). These data suggest that MetS young swine and 

lean old swine have similar disease severities.

3.4. Correlation of percent wall coverage and percent plaque burden with age

Percent wall coverage (Fig. 2F) and percent plaque burden (Fig. 2G) of the lean young and 

lean old swine were plotted against age of the individual pig. Analysis revealed that both 
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percent wall coverage and plaque burden are positively correlated with age. This supports 

the notion that CAD severity increases with age and that older individuals are more at risk 

for atherosclerotic vessel occlusion.

3.5. Assessment of the Effects of MetS and Advancing Age on CSM cell [Ca2+]i

Figure 3A–B shows a representative CSM [Ca2+]i response from a cell isolated from a lean 

young swine. When we assessed the caffeine-sensitive SR store release in the absence of 

extracellular Ca2+ to measure the SR storage capacity, we observed that the MetS young 

swine had an elevated SR store that was even higher in the lean old swine compared with the 

lean young group (Fig. 3C). When we measured the undershoot after SR store release in the 

absence of extracellular Ca2+ to get an index of SERCA activity (3, 22, 77), we observed 

that the MetS young and lean old swine had an attenuated undershoot compared with the 

lean young swine (Fig. 3D). VGCC activity was assessed using a solution high in K+ (80 

mM K+) to activate VGCC, low in Na+ (5 mM Na+) to inhibit the sodium-calcium 

exchanger, and high in Ba2+ (2 mM Ba2+), which enters the CSM exclusively via VGCC and 

binds to fura-2 (28). CSM cells from MetS young and lean old swine exhibited an increased 

Ba2+ influx rate compared with the lean young swine group (Fig. 3E).

4. Discussion

Cytosolic Ca2+ is a primary regulator of contraction and phenotypic modulation of CSM, 

which plays an integral role in atherosclerosis pathology and has been reviewed elsewhere 

(58, 65). MetS- and aging-induced changes of the structure of the vascular have been well 

documented, but CSM Ca2+ dysregulation in MetS- and age-induced CAD have never been 

directly compared in swine.

This study characterized aging-related CSM Ca2+ dysregulation and provides insight into the 

disease characteristics of two common etiologies of atherosclerosis. We show for the first 

time that, although MetS-induced CAD and aging occlude the arteries to a similar degree in 

our swine model, the Ca2+ handling mechanisms present in lean old swine are exaggerated 

compared with MetS-induced CAD. This indicates that MetS young swine have CSM Ca2+ 

dysregulation that mirrors severe disease and lean old swine have CSM Ca2+ dysregulation 

that mirrors mild disease (50).

Our laboratory has explored changes in Ca2+ handling in CSM throughout the time-course 

of CAD progression in Ossabaw swine from healthy, lean pigs to obese, MetS pigs with 

advanced calcified CAD lesions. “Early stages” of CAD were characterized by pigs on the 

same atherogenic diet used in the present study for 6 to 9 months, while “later stages” of 

CAD were defined by pigs on an atherogenic diet for approximately 12 months (50). In vivo 
assessment of atherosclerosis confirmed greater CAD burden in those pigs fed an 

atherogenic diet for a longer duration (50). Interestingly, Ca2+ influx after membrane 

depolarization with 80 mM K+ and caffeine-sensitive SR store-release was exaggerated in 

early CAD, which began to decline in later stages of CAD (50). The MetS old swine had 

similar Ca2+ dysregulation as the MetS young swine, but a much greater wall thickness and 

neointima formation. Taken together, this data suggests vascular changes with aging 

accelerate disease progression.

Badin et al. Page 7

Exp Gerontol. Author manuscript; available in PMC 2019 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Specific Ca2+ handling dysfunction is associated with certain structural changes in the 

arterial wall. For example, increased SR Ca2+ store has been implicated with CSM 

proliferation and wall thickening (25, 46, 65). In the present study, we show that lean young 

swine and MetS old swine have similar medial thickness (Fig. 1F), which is reflected in their 

comparable SR Ca2+ store release capacities (Fig. 3C). This could be due to the decreased 

proliferative ability of CSM cells or an increase in apoptotic CSM cells in MetS old swine 

(53, 79). MetS young swine have elevated media thickness that is related to their elevated 

SR Ca2+ store release and lean old swine had even more elevated media thickness and 

associated SR Ca2+ store release. Future studies are needed to address how functional 

alterations in Ca2+ handling mechanisms cause age and metabolic-induced structural 

changes in CSM.

There are numerous other channels involved in Ca2+ homeostasis in CSM that we have not 

investigated in the present study. For example, VGCCs are not the only Ca2+ influx 

mechanisms present on CSM cell membranes. Transient receptor potential canonical 

(TRPC) channels are ligand-gated channels that also cause Ca2+ influx (65). TRPC channel 

functional alterations have also been implicated in both MetS (65, 74) and aging (18, 38). 

There is an increase in TRPC channel function in Ossabaw swine with MetS that is reversed 

with exercise (65, 74) and an increase in TRPC channel expression in aged rat myocardium 

(38). However, another study in aged rat aorta smooth muscle found that different TRPC 

isoforms are differentially upregulated and downregulated in aging, further complicating this 

relationship (18). Future studies will be needed to address TRPC channel activity in MetS 

and aging.

Ca2+ sequestration can also be accomplished by the mitochondria, and mitochondrial Ca2+ 

buffering has also been shown to undergo changes associated with MetS and aging (7, 10). 

Under physiological conditions, the Ca2+ uniporter, which is driven by the concentration 

gradient and the membrane potential, is responsible for mitochondrial Ca2+ uptake. 

However, respiratory chain dysfunction as a result of MetS or aging causes the loss of 

mitochondrial membrane potential, leading to reduced uniporter function and increased 

[Ca2+]i (76, 78). Studies in rat models of aging have conflicting results, with some showing 

decreased mitochondrial Ca2+ sequestration (43) and some showing increased Ca2+ stores 

(47). Clearly, more studies in clinically relevant animal models are needed to elucidate the 

effects of both age and MetS on mitochondrial Ca2+ sequestration to paint a better picture of 

whole-cell calcium handling in these states.

Endothelial dysfunction is thought to be an initial step in arteriosclerosis and atherogenesis 

(40). In both MetS and aging, nitric oxide bioavailability decreases and reactivity to the 

vasoconstrictor endothelin increases, potentially causing impaired coronary blood flow 

control (14, 23, 40, 67). Furthermore, aging results in significant oxidative stress which can 

cause NOS isoforms to produce vasoconstriction instead of vasodilation due to eNOS 

uncoupling, loss of cofactor (BH4) and formation of peroxynitrate from NO and free radical 

interaction (14). This not only reduces NO vasodilation but can cause vasoconstriction 

resulting in more turbulent flow, which is one of the initial events of atherogenesis (14, 76). 

Endothelial function was not assessed in the scope of this study, but this provides a potential 

direction for future studies.
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Aging-induced changes in Ca2+ handling in smooth muscle vary depending on tissue bed 

and species (11). Although cardiac events are the leading cause of death in aged individuals 

(49), there is a paucity of literature about the effects of age on CSM Ca2+ handling despite 

its structural and functional importance. We fill that gap of knowledge by demonstrating that 

swine with MetS exhibit Ca2+ dysfunction that is characteristic of severe CAD regardless of 

the age of the animal, and lean old swine exhibit Ca2+ dysfunction that is characteristic of 

mild CAD. The lean old swine have increased SR Ca2+ store, increased VGCC activity, and 

decreased SERCA function in CSM (Fig. 4C–E).

While the short maturation time and lifespan of rodents and rabbits makes them tempting to 

use in aging studies, their size and cardiovascular anatomy brings their clinical relevance 

into question (45). However, because of their anatomy and physiology, the Ossabaw swine 

are a far more superior model than rodents or rabbits (29). However, due to cost, space, and 

time limitations, Ossabaw swine have not previously been used in an aging study. This truly 

unique study compared CSM Ca2+ dysfunction in lean young, MetS young, lean old, and 

MetS old swine, a feat never before published due to the long lifespan of swine and cost of 

maintaining pigs until they reach an advanced age.

Aging and atherosclerosis are likely not mutually exclusive - atherosclerosis causes 

premature and accelerated vascular aging and, conversely, vascular aging promotes 

atherosclerosis (72). The concept that MetS accelerates vascular aging is supported in this 

study. Even though plaque severity (medial area) was comparable between the MetS young 

and lean old group (Fig. 2D–E), the MetS young swine exhibited Ca2+ dysfunction that was 

on par with more severe CAD (Fig. 3C–E) (50). In fact, the Ca2+ dysfunction exhibited by 

the MetS young swine more closely resembled that of MetS old swine as opposed to the lean 

young swine, indicating that the presence of MetS causes Ca2+ dysregulation that is typical 

of severe CAD regardless of the actual age of the individual animal. It is notable also that the 

plaque was more complex (necrotic core, intimal lesions) in young and old MetS. Lean old 

swine exhibited Ca2+ dysfunction that is characteristic of mild disease, where Ca2+ signaling 

is enhanced (Fig. 3C–E) (50).

The similarities in Ca2+ dysfunction, but differences in plaque severity, between the MetS 

young and MetS old swine brings forth the possibility that the aging milieu predisposes 

individuals to exhibit accelerated plaque growth. Indeed, age has been associated with 

dyslipidemia (12), oxidative stress (24), insulin resistance (16), hypertension (24), and 

inflammation (9). These, along with increased cellular senescence, which has been shown to 

play a part in atherosclerotic progression at all stages of the disease and is associated with 

advanced atherosclerotic plaques (8), comprise a perfect storm for plaque progression, and 

could cause plaques to develop more rapidly after Ca2+ dysfunction develops.

Dyslipidemia, particularly elevated levels of LDL-cholesterol (LDL-C) is a strong individual 

risk factor predicting coronary artery disease progression (32). Cumulative LDL exposure 

over a lifetime will be higher in older individuals and results in a greater risk of CAD 

development and progression (32). This could explain why the lean old swine have similar 

wall thickness and plaque burden compared to MetS young swine even though the lean old 

swine had significantly lower cholesterol levels at time of sampling (Table 1). This 
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cumulative LDL exposure could be considered a part of the aging milieu that contributes to 

accelerated CAD progression.

A few limitations of this study were the sex differences between groups and lack of 

characterization of the sex hormone profile. The two MetS groups only contained female 

swine, while the two lean groups contained both female and castrated male swine (Table 1). 

Estrogen has been shown to be vasoprotective in the coronary circulation in several studies 

(15, 26, 68), while testosterone has been shown to be harmful in the context of the coronary 

circulation (19, 68). However, castrated male and intact female Yucatan swine have similar 

serum testosterone levels (6) and intact female dogs have similar estradiol levels as neutered 

males (21). While the current study did not include serum estrogen levels of all the swine, 

the literature supports the hypothesis that castrated males and intact females have a similar 

sex hormone profile However, hormonal deficiency in menopausal women is associated with 

arterial stiffness and associated with the rise in cardiovascular diseases, but cannot be 

assessed in the current study (72). Another limitation of this study was the small sample 

size, especially in regard to the MetS old swine group. Future studies will need to employ a 

higher sample size to ensure statistical significance.

We report here that MetS young and lean old swine have similar elevated plaque burden and 

wall thickening due to media remodeling, while MetS old swine have even greater wall 

thickening due to neointima formation. However, the Ca2+ dysfunction seen in MetS young 

and MetS old swine follow a similar pattern as that seen in severe CAD. Lean old swine 

have Ca2+ dysfunction that is indicative of mild disease. These data point to the possibility 

that, although Ca2+ handling is similar in a younger animal with less overt disease, the aging 

milieu can cause more advanced coronary plaques to develop in the context of MetS.
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CAD coronary artery disease
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IEL internal elastic lamina

IVGTT intravenous glucose tolerance test

IVUS intravascular ultrasound

LAD left anterior descending artery

MAP mean arterial pressure

MetS metabolic syndrome

SERCA sarco-endoplasmic reticulum Ca2+ ATPase

SR sarcoplasmic reticulum

VGCC voltage-gated calcium channel

VVG Verhoeff-van Gieson
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Highlights

• We compared vascular health in both aged and metabolic syndrome (MetS) 

swine.

• Old lean swine had media thickening, while old MetS swine had intima 

thickening.

• Young and old MetS swine had Ca2+ handling that resembled severe coronary 

disease.

• Old lean swine had Ca2+ handling that resembled mild coronary disease.

• Aging milieu possibly caused more advanced plaques to develop in a MetS 

background.
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Figure 1. Histological staining reveals structural changes in MetS and old swine
Representative VVG histological stain of right coronary arteries reveals lean young swine 

(A) have almost no neointima formation. MetS young swine (B) and lean old swine (C) have 

similar media thickness. MetS old swine (D) had the most advanced neointimal thickening. 

(E) MetS young and lean old swine both have significantly greater wall thickness compared 

to lean young swine, and MetS old swine exhibited the most severe wall thickness. (F) MetS 

young and lean old swine both exhibit media thickening that is significantly greater 

compared to lean young swine. (G) MetS young swine trend towards a greater intima:media 

area ratio compared to lean young, and MetS old swine have a greater intima:media ratio 

than the other groups, indicating a greater contribution of neointimal growth to disease 

pathology. External elastic lamina = green dashed line; internal elastic lamina = yellow 

dotted line; lumen = red dashed line. A, adventitia; M, media (wall); I, intima (plaque); L, 

lumen. *, p < 0.05 compared with lean swine; †, p < 0.05 compared with young swine. (Lean 

young = 6; MetS young = 9; Lean old = 4; MetS old = 3.)
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Figure 2. MetS young swine and lean old swine have comparable CAD severity as measured by 
intravascular ultrasound
(A) Angiogram showing the LAD and Cfx coronary arteries from a lean young swine. (B) 

Cross sectional view of a lean old swine with mild disease. (C) Cross sectional view of a 

MetS young swine with more severe disease. (D) MetS young swine have higher percent 

wall coverage than lean young swine in the proximal 15 mm of the LAD. (E) MetS young 

and lean old swine have greater percent plaque burden compared to lean young swine. Both 

percent wall coverage (F) and percent plaque burden (G) are positively correlated to age in 

lean swine. Original lumen = yellow dotted line; plaque encroachment = red dashed line; 

wall coverage = white line with arrows. The distance between blue dots in B and C is 1 mm. 

*, p < 0.05 compared with lean swine; †, p < 0.05 compared with young swine. (Lean young 

= 6; MetS young = 10; Lean old = 5; MetS old = 3)
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Figure 3. Ca2+ handling changes observed in MetS young and MetS old swine are exacerbated in 
old lean swine
(A) Representative tracing showing the change in the F340/F380 excitation fluorescence 

emission ratio of a CSM cell isolated from a lean young swine. Treatments and duration are 

indicated by solid lines. Ca2+ influx was initiated by depolarization of the cell with an 80 

mM K+ solution, which maximally loaded the SR store. The 5 mM caffeine activated 

ryanodine receptors, causing total SR store release. After caffeine wash-out, the undershoot 

(black arrow), which is indicative of SERCA activity, was measured. (B) Representative 

tracing of a CSM cell isolated from a lean young swine and treated with a solution 

containing 2 mM Ba2+, 80 mM K+, and 5 mM Na+ (2Ba80K5Na). Rate of barium entry is 

indicative of VGCC activity. Caf, caffeine. (C) Caffeine-induced SR store release was 

elevated in MetS young and lean old swine. (D) The undershoot, which is a direct 

measurement of SERCA function, was attenuated in MetS young and lean old swine (E) 

Increased Ba2+ influx was observed in the MetS young and lean old swine. *, p < 0.05 

compared with lean swine; †, p < 0.05 compared with young swine. (Lean young = 6; MetS 

young = 10; Lean old = 4; MetS old = 3.)
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Table 1

Ossabaw Swine Cardiometabolic Characteristics.

Lean Young MetS Young Lean Old MetS Old

Age (years) 2.0 ± 0.0 2.5 ± 0.2 9.2 ± 1.1* † 8.8 ± 1.2* †

Body Weight (kg) 74 ± 4 108 ± 2* 87 ± 5† 113 ± 7* ‡

Sex (Male/Female) 2/4 0/10 3/2 0/3

Total Cholesterol (mg/dL) 77 ± 6 474 ± 79* 60 ± 4† 411 ± 66‡

Triglycerides (mg/dL) 65 ± 18 56 ± 5 17 ± 4* † 20 ± 6

Fasting Glucose (mg/dL) 70 ± 2 81 ± 2 52 ± 12† 78 ± 7

Peak Glucose (mg/dL) 563 ± 27 755 ± 22* 688 ± 20 733 ± 44*

Blood Glucose AUC 10120 ± 667 18124 ± 919* 12237 ± 464† 15297 ± 1556*

Data are means ± SEM. MetS, metabolic syndrome; MAP, mean arterial pressure; AUC, area under curve. Fasting glucose was taken during 
intravenous glucose tolerance tests or during routine blood glucose monitoring for the lean old group.

*
p < 0.05 compared with young lean swine;

†
p < 0.05 compared with young MetS swine;

‡
p < 0.05 compared with old lean swine.

The n-values of males and females for all groups applies to all Figures 1–3. (Lean young = 6; MetS young = 10; Lean old = 5; MetS old = 3)
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