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Metabolic Syndrome and Coronary Artery Disease
in Ossabaw Compared with Yucatan Swine

Zachary P Neeb, Jason M Edwards, Mouhamad Alloosh, Xin Long, Eric A Mokelke, and Michael Sturek’

Metabolic syndrome (MetS), a compilation of associated risk factors, increases the risk of type 2 diabetes and coronary artery
disease (CAD, atherosclerosis), which can progress to the point of artery occlusion. Stents are the primary interventional treatment
for occlusive CAD, and patients with MetS and hyperinsulinemia have increased restenosis. Because of its thrifty genotype, the
Ossabaw pig is a model of MetS. We tested the hypothesis that, when fed high-fat diet, Ossabaw swine develop more features of
MetS, greater native CAD, and greater stent-induced CAD than do Yucatan swine. Animals of each breed were divided randomly
into 2 groups and fed 2 different calorie-matched diets for 40 wk: control diet (C) and high-fat, high-cholesterol atherogenic diet
(H). A bare metal stent was placed in the circumflex artery, and pigs were allowed to recover for 3 wk. Characteristics of MetS,
macrovascular and microvascular CAD, in-stent stenosis, and Ca* signaling in coronary smooth muscle cells were evaluated. MetS
characteristics including, obesity, glucose intolerance, hyperinsulinemia, and elevated arterial pressure were elevated in Ossabaw
swine compared to Yucatan swine. Ossabaw swine with MetS had more extensive and diffuse native CAD and in-stent stenosis
and impaired coronary blood flow regulation compared with Yucatan. In-stent atherosclerotic lesions in Ossabaw coronary arter-
ies were less fibrous and more cellular. Coronary smooth muscle cells from Ossabaw had impaired Ca** efflux and intracellular
sequestration versus cells from Yucatan swine. Therefore, Ossabaw swine are a superior model of MetS, subsequent CAD, and
cellular Ca* signaling defects, whereas Yucatan swine are leaner and relatively resistant to MetS and CAD.

Abbreviations: CAD, coronary artery disease; CSM, coronary smooth muscle; IVGTT, intravenous glucose tolerance test;
MetS, metabolic syndrome; SERCA, sarco—endoplasmic reticulum Ca?* ATPase; ET1, endothelin 1; SOCE, store-operated Ca®* entry.

Atherosclerotic coronary artery disease (CAD) is increased at
least 2-fold in patients with metabolic syndrome (MetS)¥ and
is accompanied by marked microvascular dysfunction that fur-
ther impairs coronary blood flow."* MetS generally is diagnosed
by the presence of 3 or more of the following conditions: obe-
sity, insulin resistance, glucose intolerance, dyslipidemia, and
hypertension.””? There is strong support for the role of the hy-
perinsulinemia component of MetS in increased restenosis after
percutaneous coronary interventions.””>## Further, our group
has shown that severe coronary microvascular dysfunction oc-
curs in MetS.? Because MetS (so-called ‘prediabetes’) affects as
much as 27% of the United States population, is increasing dra-
matically in prevalence,® and can progress to type 2 diabetes,
there is great need for basic research using animal models that ac-
curately mimic MetS and the accompanying CAD. Clearly, there
is need for study of MetS-induced CAD and in-stent stenosis and
the underlying cellular and molecular mechanisms.

Mice, rats, and swine are known to recapitulate MetS;>1236607172
however, none of these models fully reproduce the combined
symptoms of MetS and CAD. Further, transgenic mouse mod-
els are simply not adequate for coronary vascular interventions
using stents identical to those used in humans,$238555779838 g
step that is essential for translation to the clinic. Yucatan and do-
mestic swine are commonly used large animal models for study
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of cardiovascular disease due to their ability to mimic the neo-
intimal formation and thrombosis observed in humans.* For
example, several laboratories have produced severe CAD in
swine 8245161626891 byt through toxin-induced pancreatic B-cell ab-
lation and feeding of an atherogenic diet, rather than as a natural
development subsequent to MetS or diabetes. Currently, there is
a paucity of large animal models that reproduce MetS and CAD.?
Research on the obesity-prone Ossabaw miniature swine* clear-
ly indicates that these animals develop MetS and cardiovascular
disease when fed a high-calorie atherogenic diet,*>%161942505283,92
Female Ossabaw swine on this type of diet nearly doubled their
percentage body fat in only 9 wk, showed insulin resistance,
impaired glucose tolerance, dyslipidemia (profound increase in
the ratio of low-density to high-density lipoprotein cholesterol,
hypertriglyceridemia), hypertension, and early coronary ath-
erosclerosis.'® These data contrast with those from male Yucatan
miniature pigs, which did not develop MetS even after 20 wk on
a comparable excess calorie atherogenic diet.***% Yucatan swine
do not develop MetS through diet manipulation, unlike Ossabaw
swine, which consistently recapitulate all MetS characteristics.
However, important differences in study design have not allowed
direct comparison between Yucatan and Ossabaw swine.
Cytosolic Ca** signaling is involved in “phenotypic modulation’
of coronary smooth muscle (CSM), as characterized by prolifera-
tion and migration in several in vitro cell culture models®?5#%
and in vivo rodent models of the peripheral circulation (for ex-
ample, reference 51). The Yucatan swine model of diabetic dys-
lipidemia shows altered Ca?* extrusion,” Ca** sequestration by
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the sarcoplasmic reticulum,?*** and Ca?* influx through voltage-
gated Ca* channels.”® Currently, Ca** signaling has not been com-
pared directly between MetS Ossabaw and Yucatan swine CSM.
Therefore, the purpose of the present study was to test the hy-
pothesis that compared with Yucatan swine on calorie-matched
standard chow (for example, Yucatan maintenance diet**®) and
atherogenic diets, Ossabaw swine have a greater propensity to
MetS and CAD with impaired coronary microvascular dysfunc-
tion and Ca* handling in CSM.

Materials and Methods

Animal care and use. All protocols involving animals were ap-
proved by an institutional animal care and use committee and
complied fully with recommendations outlined by the National
Research Council and American Veterinary Medical Associa-
tion.**” Male Ossabaw and Yucatan swine each were assigned to
1 of 4 groups (n = 9 per group): Ossabaw control, Yucatan control,
and Ossabaw and Yucatan on high-fat, high-cholesterol, athero-
genic diet. The control groups for both breeds were fed a calorie-
matched diet for 43 wk, which contained 22% of calories from
protein, 70% of calories from carbohydrates, and 8% of calories
from fat. The pigs in the control groups received 3200 kcal daily
until euthanasia, which was a standard amount for maintaining
lean, normal body growth in Yucatan swine.* The atherogenic
diet was composed of control chow supplemented with (percent-
age by weight): cholesterol, 2.0%; coconut oil, 17%; corn oil, 2.5%,
and sodium cholate, 0.7%. This mixture yielded 13% of calories
from protein, 40% of calories from carbohydrates, and 47% of
calories from fat. The animals in the atherogenic groups ate 3200
kcal daily (calorie-matched to the control diet) for 43 wk until
they were euthanized. The very-high-fat diet was similar to the
high-fat diet in matching of calories and duration of feeding, ex-
cept that the very-high-fat mixture yielded 6% of calories from
protein, 19% of calories from carbohydrates, and 75% of calories
from fat (n = 8). All animals were housed and fed in individual
pens and provided a 12:12-h light:dark cycle. Water was provided
ad libitum.

Body composition. Backfat was measured by using ultrasonog-
raphy and carcass fat was assessed by proximate chemical compo-
sition analysis, as previously described.”” Backfat measurements
were taken 1 wk before euthanasia; carcass fat was measured af-
terward. Body mass index was determined as in humans,* as
body weight in kg divided by the square of the pig’s length from
the end of the snout to the base of the tail.

Intravenous glucose tolerance test (IVGTT). Swine were accli-
mated to restraint in a specialized sling for 5 to 7 d before IVGTT
was conducted within 1 wk before stent placement. Swine then
were fasted overnight and anesthetized with isoflurane (main-
tained at 2% by mask with supplemental O,). The right jugular
vein was catheterized percutaneously.!"'¢® After catheterization,
swine were allowed to recover for 3 h before the IVGTT to avoid
any effect of isoflurane on insulin signaling.®® Once recovered
from anesthesia, swine were restrained in the sling, and tail cuff
blood pressure measurements and baseline blood samples were
obtained, as previously described.®®* Glucose (0.5 g/kg IV) was
administered, and timed blood samples were collected.®® Blood
glucose was measured automatically (YSI 2300 STAT Plus Glu-
cose analyzer, YSI Life Sciences, Yellow Springs, OH). Plasma
insulin assays were performed by a commercial laboratory (Linco
Research Laboratories, St Charles, MO). Homeostasis model as-
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sessment is used to diagnose insulin resistance under fasting con-
ditions.* We measured insulinxglucose concentration near their
peaks (10 min after bolus glucose injection) during the IVGTT to
obtain a modified value for homeostasis model assessment.!?
Plasma lipid assays. Venous blood samples were obtained dur-
ing the week preceding stent placement after overnight fasting
and were analyzed for triglyceride and total cholesterol (fraction-
ated into HDL and LDL components) concentrations. Choles-
terol in lipoprotein fractions was determined after precipitation
of HDL by using minor modifications of standard methods.!¢*
Specifically, apolipoprotein-B—containing lipoproteins were pre-
cipitated with heparin-MnCl,, and the supernatant was assayed.
LDL content was calculated from the Friedewald equation:*

LDL = total cholesterol - HDL — (triglyceride + 5).

Stent procedure. After 40 wk on the diets, all pigs underwent
placement of a bare metal stent in the circumflex coronary artery
of all pigs followed by euthanasia 3 wk later, similar to previ-
ous reports.'31°%% Swine received 325 mg aspirin as antiplatelet
therapy starting the day prior to the stent procedure and continu-
ing for the 3 wk after stent deployment. After an overnight fast,
swine received 0.05 mg/kg atropine, 2.2 mg/kg xylazine, and 5.5
mg/kg Telazol (Fort Dodge Animal Health, Fort Dodge, IA) IM.
Swine were intubated, and anesthesia was maintained with 2%
to 4% isoflurane in 100% O, as a carrier gas. The isoflurane level
was adjusted to maintain anesthesia with stable hemodynamics.
Heart rate, aortic blood pressure, respiratory rate, and electrocar-
diographic data were continuously monitored throughout the
procedure. Under sterile conditions, a 7-French vascular intro-
ducer sheath was inserted into the right femoral artery and hepa-
rin (200 U/kg) administered. A 7-French guiding catheter (sizes
0.75 to 2.0; Amplatz L, Cordis, Bridgewater, NJ) was advanced
to engage the left main coronary ostium. A 3.2-French, 30-MHz
intravascular ultrasound catheter (Boston Scientific, Natick, MA)
was advanced over a guide wire and positioned in the coronary
artery. A mechanized device pulled the intravascular ultrasound
transducer, located within the lumen of the intravascular ultra-
sound catheter, at a constant rate of 0.5 mm /sec back towards the
left main coronary ostium, allowing visualization of the entire
length of the coronary artery (a technique termed ‘intravascular
ultrasound pullback’). Importantly, the intravascular ultrasound
catheter remained stationary during the pullback procedure, and
the transducer moved within the catheter, thus limiting any me-
chanical stress on the coronary artery wall. Video images were
analyzed offline (Sonos Intravascular Imaging System; Hewlett
Packard, Palo Alto, CA).

The intravascular ultrasound catheter was removed, and a
coronary stent (diameter, 2.5 to 4.0 mm; length, 8 mm; Express2,
Boston Scientific) catheter was deployed. Stents were chosen to
match artery diameter at optimal inflation pressure. One stent (di-
ameter, 1.0 X lumen diameter) was placed in the circumflex artery.
After stent placement, angiography was repeated followed by
reintroduction of the intravascular ultrasound catheter, to confirm
correct stent deployment. The intravascular ultrasound catheter,
guide catheter, and introducer sheath were removed and the right
femoral artery ligated. The incision was closed, and the pig was
allowed to recover. Cephalexin (1000 mg) was given twice daily
for 6 d after the stent procedure.

Coronary blood flow. The ostium of the left main artery was
engaged with the guiding catheter, and a Doppler flow wire (di-
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Table 1. Phenotypic characteristics of Yucatan (Y) and Ossabaw (O) swine fed control (C) or high-fat, high-cholesterol atherogenic (H) diet

Yucatan C Yucatan H Ossabaw C Ossabaw H P <0.05
Starting body weight (kg) 41.3£9.8 373x16 43+0.8 444+07 None
End body weight (kg) 59+2 58+3 7412 7612 Y<O
Starting body mass index (kg/m?) 32+1 34+1 28+1 28+1 Y>0
End body mass index (kg/m?) 38+1 38+3 47+ 6 45+1 Y<O
Total cholesterol (mg/dL) 52+4 420+ 72 62+3 338 +28 C<H
HDL (mg/dL) 30+£3 60+ 10 34+1 7519 C<H
LDL (mg/dL) 14+3 351+76 20+4 255+29 C<H
LDL:HDL 0.5%0.1 65+1.6 0.7+0.1 391038 C<H
Triglycerides (mg/dL) 38+6 41+6 19£3 41+7 None
Systolic blood pressure (mm Hg) 77+4 79+9 88+7 91+3 None
Diastolic blood pressure (mm Hg) 48+3 54+1 59+8 56+ 3 None
Mean arterial pressure (mm Hg) 57 +4 62+1 6817 67+3 Y<O
Heart weight/ body weight 0.0039 £+ 0.00012 0.00436 £ 0.00023 0.0031 + 0.0001 0.003 + 0.00006 Y>O
Coronary artery diameter (mm) 274101 25+0.1 23103 2310.1 Y>O

Two-way ANOVA was performed on each data set. Any significant differences (P < 0.5) were reported between groups of swine or diets (within each
breed).
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Figure 1. Body fat is greater and leptin increase is blunted in Ossabaw compared with Yucatan swine on calorie-matched diets. (A) Backfat measured
by ultrasonography at the fifth rib. *, P < 0.05 Ossabaw C versus all other groups; **, P < 0.05 Ossabaw H versus all other groups. (B) Percentage of
carcass as fat measured by direct chemical analysis. *P < 0.05 Ossabaw H versus all other groups. (C) Plasma leptin is increased similarly by H diet in
both Ossabaw and Yucatan. *P < 0.05 H versus C. (D) Plasma leptin is increased in a subset of Ossabaw fed a very-high—fat (VH) diet consisting of 75%
of caloric content from fat. *, P < 0.05 Ossabaw C compared with VH.

ameter, 0.014 in.; JoMed, Rancho Cordova, CA) was advanced tery, flow velocity signals were allowed to stabilize for several
down the circumflex artery." After angiography-aided placement minutes. The analog Doppler signals were digitized continuously
of the flow wire in a nonbranching section of the circumflex ar- both as instantaneous peak velocity and averaged peak velocity
302
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Figure 2. Ossabaw (O) swine are glucose-intolerant and insulin-resistant (hyperinsulinemic) compared with Yucatan (Y) pigs. Intravenous glucose
tolerance testing (IVGTT) in Yucatan and Ossabaw swine was initiated by infusion of 0.5 g glucose/kg body weight at time 0. (A) Time course of
blood glucose responses in Yucatan control (C, filled circles), Yucatan high-fat—fed (H,open circles), Ossabaw C (filled triangles), and Ossabaw H (open
triangles) swine. *, Ossabaw H greater (P < 0.05) than all other groups. (B) Data for C and H groups combined by breed to compare glucose levels. (C)
Simultaneous measurement of insulin responses during IVGTT. *, all groups greater (P < 0.05) than Yucatan C. (D) Data for C and H groups combined
by breed to compare insulin levels. (E) Ossabaw C and H swine have greater insulinxglucose values near peak (10 min) during IVGTT than do Yucatan
C and H pigs. (F) Combined C and H diets to compare insulin x glucose at peak (10 min).

values. Each average peak velocity value was calculated online
as an average of instantaneous peak velocity over 2 consecutive
cardiac cycles. All flow data were stored on videotape and per-
sonal computer for further offline analysis. Data are shown as

coronary flow reserve, which is the adenosine- or bradykinin-
induced flow divided by baseline flow velocity. Briefly, baseline
flow was defined as 20 to 30 consecutive average peak velocity
values (corresponding to approximately 1 min) with less than
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Figure 3. Ossabaw (Oss) swine exhibit coronary microvascular dysfunction compared with Yucatan (Yuc) swine. (A) Coronary schematic illustrates
flow wire positioning in circumflex artery (from right anterior oblique view) and downstream microvasculature. (B) Coronary flow reserve is reduced
in response to adenosine in Ossabaw swine. C) Ossabaw swine exhibit endothelial dysfunction in response to bradykinin. * P < 0.05 by 2-way ANOVA

with Bonferroni posttest.

5% variance that were obtained before bolus infusion of adenos-
ine or bradykinin. Adenosine or bradykinin was delivered to the
coronary microcirculation by means of bolus infusion through the
guiding catheter, as previously described.®! The peak increase in
coronary flow typically occurred within 30 s of the infusion. After
each drug bolus, coronary flow was allowed to return to baseline.
Saline (vehicle) had no effect on coronary blood flow (data not
shown).

Cell dispersion. The procedures for isolation of the nonstented
right coronary artery and acute enzymatic dispersal of coronary
smooth muscle cells have been described.?%3* %97.% Artery seg-
ments (from unstented artery controls and peri-stent sections)
were incubated in collagenase solution for 45 min to disperse
endothelial cells, followed by a second incubation of 30 min to
obtain the smooth muscle cell fraction.

Intracellular Ca** measurements. Whole-cell intracellular Ca?
levels were measured at room temperature (22 to 25 °C) by us-
ing the fluorescent Ca?* indicator fura 2 (InCa++ Ca* Imaging
System, Intracellular Imaging, Cincinnati, OH) as previously de-
scribed 33498 Briefly, freshly dispersed cells were incubated with
2.5 uM fura-2-AM (Molecular Probes, Eugene, OR) in a shaking
water bath at 37 °C for 20 min before being washed 3 times in
a solution containing low Ca?*. An aliquot of cells loaded with
fura-2 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).
Solutions, including those containing 80 mM potassium, caffeine,
thapsigargin, and endothelin 1, were superfused at a constant
rate of 1 to 2 mL/min. Fura-2 was excited by light from a 300-W
xenon arc lamp that was passed through a computer-controlled
filter changer containing 340 * 10 and 380 + 10 nm bandpass fil-
ters. The fluorescence emission at 510 nm was collected by using a
monochrome charge-coupled device camera (COHU, San Diego,
CA) attached to a 100-MHz Pentium data acquisition computer.
Whole-cell fura-2 fluorescence was expressed as the 340:380-nm
ratio of fura-2 emission.

Histology. Verhoeff-van Gieson and trichrome staining were
performed on sections of stented arteries.’”® Neointima forma-
tion was determined by obtaining area measurements bounded
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by the external elastic lamina and internal elastic lamina (tunica
media) or internal elastic lamina and lumen (neointima) by us-
ing commercially available software (ImagePro 3.0, PowerQuest,
Orem, UT). The percentage stenosis was calculated as

% stenosis = area of neointima + (area of tunica media + area of
neointima) x 100%.

Collagen content in the sections of the stented arteries was
determined by colorimetric analysis of trichrome histology. The
adventitia, which is composed predominantly of collagen, was
used as the reference color template against which the rest of the
section was compared.>*

Assessment of native atheroma. Intravascular ultrasound pull-
backs (see Stent Procedure in Methods section for details) per-
formed during the stenting procedure before stent placement
were used to assess native atheroma. Post-stent evaluations of
atheroma were not included in any measure of native atheroma
because of the possibility that catheter intervention accelerated
atheroma formation. Cross-sectional measurements were ob-
tained every 2 mm through the length of the artery. Each cross-
sectional image was divided into 16 equal segments. Percentage
wall coverage (by atheroma) was calculated similar to that in pre-
vious reports*?**! as:

% wall coverage = (no. of segments containing atheroma =+ 16)
X 100%

Statistical analysis. Analyses were performed by using commer-
cially available software (Prism 4.0, GraphPad Software, La Jolla,
CA). One-way ANOVA or 2x2 ANOVA with Student-Newman-
Keuls or Bonferroni post hoc tests, respectively, were used where
appropriate. In all tests, a P value of less than 0.05 was the crite-
rion for statistical significance.

Results
To test the hypothesis that Ossabaw swine were MetS-prone,
metabolic profiles were obtained for Ossabaw and Yucatan swine
on control and high-fat, atherogenic diets. Regardless of diet,
Ossabaw swine had greater body weight and body mass index
at euthanasia than did both groups of Yucatan swine, despite
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is defined as (x — 10) mm to x mm, where x is the most distal measurement of the intravascular ultrasound pullback. The right coronary (RC) artery
shown here for completeness is not shown in the angiogram. Image from representative control (C) Ossabaw swine. (C) Intravascular ultrasound im-
age image from high-fat-fed (H) Ossabaw pig showing 15% wall coverage by calcified neointimal formation. Calcification is identified by peripheral
signal dropout and is highlighted by dotted lines. (D) Native atheroma (pre-stent) coverage of the artery wall as a percentage of the artery wall area (%
wall coverage) is graphed along 3 10-mm segments. Measurements of % wall coverage were taken every 2 mm. *, P < 0.05 H compared with C; 1, P <

0.05 Ossabaw H compared with Yucatan H.

comparable ages and body weights at the start of the study and
calorie-matched diets for all groups throughout the study (Table
1). Compared with control diet, hyperlipidemic diet increased
total cholesterol, LDL, and HDL levels, although no increases
in triglyceride levels were observed (Table 1). Although systolic
and diastolic blood pressures showed statistical trends (P < 0.10)
toward increases in Ossabaw swine, mean arterial pressure was
significantly (P < 0.05) greater in anesthetized Ossabaw compared
with Yucatan swine.

To determine whether increased adipose tissue was respon-
sible for increased body weight and body mass index of Ossabaw
swine, back fat was measured by ultrasonography. Ossabaw
swine fed the high-fat diet had the most backfat, whereas backfat
in Ossabaw swine on the control diet was increased compared to
Yucatan swine on either diet (Figure 1 A). Ossabaw swine also
demonstrated significantly (P < 0.05) greater whole carcass fat as a
percentage of body weight, compared with Yucatan swine (Figure
1 B). Concurrently, plasma leptin levels were similar in Ossabaw
and Yucatan swine, whereas plasma leptin due to high-fat diet
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was increased compared with control diet (Figure 1 C). In a subset
of Ossabaw pigs fed a very-high-fat diet containing 75% of total
calories from fat, leptin levels were only 55% greater than those in
Ossabaw swine on control diet (Figure 1 D).

Both glucose intolerance and insulin resistance are key com-
ponents of MetS and were assessed in the current study by us-
ing IVGTT. Compared with all other groups, Ossabaw swine fed
the high-fat diet had significantly (P < 0.05) higher blood glucose
concentrations at 5 and 10 min after 0.5 mg/kg bolus injection of
glucose (Figure 2 A). Further, peak plasma insulin was lower (P
< 0.05) in control Yucatan swine compared with all other groups.
(Figure 2 C). To evaluate the contribution of breed alone on blood
glucose and plasma insulin during IVGTT, we combined both
diet groups for each pig breed. Ossabaw swine had significantly
(P <0.05) greater peak glucose at 5 and 10 min and plasma insulin
at 10 min after bolus injection of glucose (Figure 2 B and D). The
modified value for homeostatsis model assessment yielded simi-
lar results to that of area-under-the-curve measures.'*>>% These
modified values were significantly (P < 0.05) greater in Ossabaw
compared with Yucatan swine (Figure 2 E and F).

We assessed coronary microvascular function in Ossabaw and
Yucatan swine by measuring blood flow velocity and calculating
coronary flow reserve in response to bradykinin and adenosine,
2 well-characterized vasodilators.®® Placement of the flow wire
in the circumflex artery is show in Figure 3 A. Mobilization of
coronary flow reserves in response to adenosine was impaired in
Ossabaw compared with Yucatan (Figure 3 B). In addition, endo-
thelial cell dysfunction in response to bradykinin was greater in
Ossabaw compared with Yucatan pigs (Figure 3 C).

Diffuse atherosclerosis was assessed by measuring neointimal
formation in proximal, intermediate, and distal segments of the
left anterior descending and circumflex coronary arteries before
stent placement, as highlighted in coronary angiograms (Figure 4
A) and diagrams (Figure 4 B). Atheroma was quantified by mea-
suring the percentage of the artery wall with neointimal forma-
tion (Figure 4 C), in which a calcified lesion covers 15% of the
cross-section of the coronary wall. Atherosclerosis in the proximal
segment was increased in Yucatan swine on high-fat diet, but was
indistinguishable among these animals and both control groups
throughout the intermediate segment. Importantly, atheroscle-
rosis in Ossabaw swine on high-fat diet remained elevated in all
segments measured (Figure 4 D), demonstrating that Ossabaw
swine develop MetS with diffuse CAD whereas Yucatan swine
do not.

In-stent CAD was investigated in Ossabaw and Yucatan swine
by evaluating coronary angiograms obtained immediately before
stent expansion (Figure 5 A) and during stent expansion with ra-
dio-opaque dye within the inflated balloon (Figure 5 B). Verhoeff-
Van Gieson elastin (Figure 5 C and D), hematoxylin and eosin
(not shown), and trichrome collagen (Figure 5 E and F) stains
were used to characterize in-stent CAD and stenosis in Ossabaw
and Yucatan swine at 3 wk after stent placement. In-stent neo-
intimal hyperplasia was 2.5-fold greater in Ossabaw compared
with Yucatan swine, regardless of diet (Figure 5 G). In addition,
Ossabaw swine had more cells per unit area (Figure 5 H) and
decreased in-stent collagen content (Figure 5 I) than did Yucatan
swine. There was a preponderance of spindle cells (fibroblasts
and smooth muscle cells) in the in-stent neointima of Ossabaw
compared with Yucatan swine. Therefore, the in-stent neointima
of Ossabaw swine was more occlusive, less fibrous, and more cel-
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lular than that of Yucatan pigs. Histologic evaluation of the neo-
intima of nonstent artery segments, revealed that the percentage
collagen was greater in Yucatan than in Ossabaw swine, with diet
having no significant effect (Figure 5 J), whereas cellularity was
unchanged (data not shown). CAD in nonstent segments proxi-
mal and immediately adjacent to the stent (that is, peri-stent) was
quantified by using intravascular ultrasound (Figure 6). Peri-stent
CAD was approximately 5-fold greater in Ossabaw compared
with Yucatan control pigs, and peri-stent CAD was increased af-
ter atherogenic diet in both breeds.

We previously reported that intracellular Ca** signaling
events are altered in coronary arteries with atherosclerotic le-
sions.*?323461919% Hijgh extracellular K* (that is, 80 mM) depolar-
ized the cell membrane, activating voltage-gated Ca®* channels in
CSM, leading to Ca* influx and a rise in intracellular Ca?* levels
(Figure 7 A). In addition, providing high K* maximally loaded
the Ca** store of the sarcoplasmic reticulum. The area-under-the-
curve of the high-K* response did not differ between Yucatan and
Ossabaw control animals (Figure 7 B). Subsequent to caffeine-
induced Ca?* release from the sarcoplasmmic reticulum, intracel-
lular Ca** levels rose transiently then fell over time due to Ca*
extrusion (efflux) and sequestration mechanisms (Figure 7 A).
Baseline-subtracted peak Ca** response to caffeine (5 mM) was
not different between Yucatan C and Ossabaw control swine (Fig-
ure 7 C). Overall buffering of intracellular Ca** was measured as
time from peak Ca?* response to caffeine to half the initial base-
line (that is, half minimum). CSM from Ossabaw control pigs in
Ca?*-containing and Ca**-free solution displayed increased time
to half minimum from peak Ca* response to caffeine compared
with CSM from Yucatan controls (Figure 7 D), thus providing
evidence for decreased Ca?** efflux in Ossabaw compared with
Yucatan control swine.

In addition, CSM from peri-stent and nonstent arterial seg-
ments of Yucatan and Ossabaw control and high-fat—fed swine
were assessed for sarco—endoplasmic reticulum Ca* ATPase
(SERCA) function. CSM were depolarized with high K* to load
the sarcoplasmic reticulum (Figure 8 A). Endothelin 1 (ET1, 30
nM) elicited release of Ca** from the sarcoplasmic reticulum,
whereas thapsigargin (1 pM) prevented Ca** uptake into the
sarcoplasmic reticulum by blocking SERCA. SERCA buffering
of Ca** was assessed by the effect of full SERCA inhibition by
thapsigargin on the peak Ca?* response to ET1. SERCA buffering
of Ca* was not involved in the overall Ca** response to ET1 in
Yucatan C in either peri- or nonstent CSM (Figure 8 B and C). In
contrast, SERCA contributed significantly to buffering the ET1-
associated Ca** response in nonstent CSM from high-fat-fed Yu-
catan swine, as evidenced by increased peak Ca* response to ET1
after thapsigargin treatment (Figure 8 D). In other words, SERCA
function was increased in native atherosclerotic arterial segments.
Importantly, peri-stent CSM from high-fat—fed Yucatan swine
have SERCA dysfunction, because their peak Ca** response to
ET1 is similar to that of non- and peri-stent CSM, in which SERCA
was inhibited completely by thapsigargin treatment. CSM from
both non- and peri-stent segments from Ossabaw control swine
had increased SERCA function, as evidenced by increased peak
Ca?* response to ET1 in the presence of thapsigargin (Figure 8 E).
SERCA function is virtually nonexistent in CSM from non- and
peri-stent segments from high-fat-fed Ossabaw swine, in that
peak Ca** response to ET1 was elevated in the absence of thapsi-
gargin (Figure 8 F). Therefore, buffering of the peak Ca* response
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with control (C) Ossabaw swine and compared with respective Yucatan C and H pigs. Group differences assessed by 2-way ANOVA with Bonferroni

post hoc analysis.

to ET1 transitions from increased SERCA function in mild CAD to
decreased SERCA function in moderate to severe CAD.

Discussion

The major findings of the current study are that compared with
Yucatan pigs, Ossabaw swine have 1) greater elevations in 4 met-
abolic features of MetS; 2) coronary microvascular dysfunction in
response to adenosine (primarily mediated by smooth muscle)
and bradykinin (endothelium-mediated); 3) greater native ath-
eroma, diffuse atheroma, in-stent neointimal hyperplasia, and
peri-stent atheroma; 4) less fibrous and more cellular atheroscle-
rotic lesions within nonstented and stented segments of coronary
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artery, and 5) impaired coronary smooth muscle intracellular Ca*
buffering and efflux after Ca?* release from the sarcoplasmic re-
ticulum. This study is the first to directly compare multiple symp-
toms of the MetS, CAD, and in-stent restenosis between Ossabaw
and Yucatan swine fed calorie-matched control chow and high-
fat, high-cholesterol atherogenic diet.

Phenomenal work has been done on transgenic and gene abla-
tion (knockout) mouse models (for example, reference 60) and
summarized recently by the Animal Models of Diabetic Compli-
cations Consortium* to understand mechanisms of obesity and
MetS. However, transgenic mouse models simply are inadequate
for vascular interventions using stents identical to those used in

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



CAD in metabolic syndrome

>

V) »
Reak, time % minimum

4 8 12 16
Time [minutes]

0

High K* C +Ca/Caff peak response

3 0.101 -0 3 0.8-

o 1= 0.6-

€ 0.05 2 0.4-

S @©

@® x 0.2

o < 0

< Yucatan Ossabaw Yucatan Ossabaw

O

Time to %2 minimum [sec.]

601 C2Ca —%

o N

Yucatan Ossabaw

Figure 7. Dysfunctional Ca** efflux in CSM from Ossabaw compared to CSM from Yucatan. (A) Duration of exposure to solutions is shown by horizon-
tal lines. Representative Ca®* tracing (fura-2 ratio) demonstrates Ca** influx response to 80 mM K* depolarizing solution (High K*), peak Ca®* response
to caffeine (Caff, 5 mM), and time to half minimum from caffeine-induced Ca*" peaks. (B) Integral of the intracellular Ca** response to depolarizing
solution is not different between CSM from control (C) Ossabaw and Yucatan swine. (C) Peak Ca** response to caffeine is not different between CSM
from C Ossabaw and Yucatan swine. (D) Time to half minimum from peak is increased in CSM from C Ossabaw compared with Yucatan.

309

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



Vol 60, No 4
Comparative Medicine
August 2010

humans, 8238557798586 3 step that is essential for translation to the

clinic. Because the Ossabaw miniature swine model of MetS also
develops mature, clinically significant atheroma that includes the
presence of lipid cores, foam cells, proliferating smooth muscle
cells, and small foci of calcification,*>* it has the potential to yield
vastly superior information than that gained through other stent-
ing studies that involved injury of healthy arteries.*"7%

A primary advantage of Ossabaw miniature swine use in re-
search is their predisposition to obesity, natural occurrence of
MetS, and progression to type 2 diabetes, which is unique to
Ossabaw swine. Table 2 compares the major features of MetS in
Yucatan and Ossabaw miniature swine and their utility as cardio-
vascular disease models and for study of Ca** signaling. Yucatan
pigs are our comparison because of our extensive work with this
genetically leaner pig, which is the predominantly used miniature
swine for laboratory research. The current study yielded rela-
tively mild differences in various metabolic parameters (for ex-
ample, body mass index, hyperglycemia, hyperinsulinemia, and
hypercholesterolemia) after atherogenic diet feeding, compared
with previous reports in Ossabaw and Yucatan swine (summa-
rized in Table 2). This outcome was a direct result of our study’s
aim to sensitively measure breed differences by calorie-matching
control and high-fat diets to that required for maintenance of nor-
mal body weight in adult Yucatan swine, rather than by induc-
ing maximal MetS by overfeeding the high-fat groups. Rigorous
comparison revealed the much greater propensity to obesity (that
is, ‘thriftiness”) of Ossabaw compared with Yucatan swine. High-
fat—fed Ossabaw swine demonstrated increased back and carcass
fat compared with breed controls, but Yucatan swine lacked simi-
lar differences between high-fat—fed and control groups (Figure
1 A and B).

Leptin insensitivity leads to ectopic lipid accumulation, in turn
contributing to insulin insensitivity.* Although backfat and car-
cass fat were greater in high-fat-fed Ossabaw than Yucatan swine,
plasma leptin was similarly and modestly elevated in both high-
fat-fed Ossabaw and Yucatan pigs compared with their respec-
tive controls. Lending support to this finding are our previously
published data,” which revealed that leptin levels in hypercaloric
high-fat—fed Yucatan swine were 84% greater than those of high-
fat-fed Yucatan swine in the current study (Figure 1 C). In con-
trast, hypercaloric very-high-fat—fed Ossabaw swine displayed
only an 11% increase in plasma leptin over that in high-fat-fed
Ossabaw (Figure 1 C and D), although the hypercaloric swine
were much more obese (data not shown). This result suggests
that Ossabaw pigs have a deficient (blunted) leptin response to
increased adipose, and this dampening may explain in part the
increased weight gain that contributes to MetS in these pigs, a
situation strikingly similar to the constellation of leptin deficien-
cy, obesity, and MetS in humans.” In summary, Ossabaw swine
clearly show greater propensity to obesity than do Yucatans and
direct measures show a greater accumulation of visceral fat on
rigorously controlled experimental diets (Figure 1B).

Type 2 diabetes has been defined in humans as a fasting blood
glucose exceeding 126 mg/dL. Perhaps less known is that the
fasting blood glucose in healthy adults is approximately 90 mg/
dL (range, 74 to 110 mg/dL).” Therefore, an approximate 1.4-fold
increase in the fasting blood glucose level in humans renders a
diagnosis of diabetes mellitus. Given this information, our labo-
ratory has several publications demonstrating increased fasting
blood glucose on the order of 1.4-fold,’ 1.7-fold,® 1.4-fold,” and
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2.2-fold® in swine demonstrating MetS. Although similar to hu-
mans, glucose homeostasis in swine shows important differences
that should be taken into careful consideration when defining
diabetes in swine.* Chief among these concerns are the lower
fasting glucose levels (60 to 80 mg/dL*) in healthy swine com-
pared with humans. Also of importance is that swine have rela-
tively high glucose tolerance to oral glucose load and increased
clearance after intravenous glucose load.* In addition, pancreatic
B-cell:body mass ratio in swine is twice that in humans, suggest-
ing considerable insulin secretory reserve in swine.**® Taken to-
gether, these observations suggest that lower thresholds for the
diagnosis of prediabetes and diabetes mellitus should be consid-
ered for swine.

Despite intensive efforts to induce insulin resistance and glu-
cose intolerance in Yucatan swine on high-fat, high-cholesterol,
and high-sucrose diets, we have found that currently available
Yucatan pigs do not naturally develop obesity-associated insu-
lin resistance®®70727% (Table 2). In contrast, Ossabaw swine fed a
high-calorie diet display natural pathogenesis of MetS with hy-
perinsulinemia and eventual progression to type 2 diabetes as
evidenced by a significantly increased fasting blood glucose 547
Other miniature swine breeds currently available for laboratory
animal medicine (that is, Yucatan and Gottingen) do not prog-
ress to type 2 diabetes, "> although Gottingen pigs will develop
mild MetS.##464 Despite outstanding work showing that a line
of crossbred domestic pigs with familial hypercholesterolemia
develop MetS,? the use of standard-size domestic swine is imprac-
tical because they weigh more than 250 kg and are 2 y old before
type 2 diabetes occurs. Furthermore, a 250-kg pig is not amenable
to the use of the conventional angiography instrumentation need-
ed for stent deployment, compared with the convenient small
stature of Ossabaw miniature swine (Table 2).

Dyslipidemia was comparable between Yucatan and Ossabaw
swine in the present study (Table 1), but other studies using hy-
percaloric diets showed robust increases in LDL:HDL and trig-
lycerides in Ossabaw swine (Table 2). The similar dyslipidemia
but greater and diffuse CAD in MetS Ossabaw compared with
Yucatan pigs clearly indicates that CAD is not driven simply
by increased cholesterol levels.* Instead, the addition of more
components of MetS (for example, obesity) likely may exacerbate
hyperlipidemia-induced CAD. Genetically leaner Yucatan pigs
made mildly obese and hyperlipidemic by consumption of excess
calorie atherogenic diet did not become hypertensive®**® (Table
1). In contrast, in all of our chronic studies of hypercaloric feeding
of Ossabaw swine, hypertension was a clear finding (Table 2),
thus indicating MetS. Convincing evidence of ‘obesity hyperten-
sion"® is the robust, 5-fold increases in plasma renin and aldoster-
one in Ossabaw swine.!

In the current study, we show that mild MetS in Ossabaw swine
increases CAD. Although high-fat-fed Ossabaw and Yucatan
swine have similar levels of CAD in proximal arterial segments,
high-fat—fed Ossabaw pigs—the only group to exhibit elevated
peak glucose in response to glucose tolerance testing—have dif-
fuse atherosclerosis, a hallmark of patients with diabetes® ¢
(Table 2). This difference in CAD between Yucatan and Ossabaw
swine is especially striking considering the modest metabolic dif-
ferences.

Patients with MetS have increased incidence of CAD,?” and
those presenting with flow-limiting coronary occlusions are
treated primarily by stent deployment. Drug-eluting stents have
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Table 2. Comparison of MetS (items 1 through 6) in Yucatan (Y) and Ossabaw (O) miniature swine, utility as cardiovascular disease models (items 7

and 8), and cellular or molecular characteristics (items 9 through 12)

Characteristic Yucatan  Ossabaw References

1. Obesity No O>Y 4,8,9,16,20,52,83,95; Table 1; Figure 1

2. Insulin resistance No Yes 16,19, 52, 68, 83, 96; Figure 2

3. Glucose intolerance (or impaired glucose tolerance) No Yes 4,8,9,15,16,19, 52, 62, 68, 83, 95, 96, 98; Figure 2

4. Dyslipidemia (increased LDL:HDL or LDL:total cholesterol) Yes Yes 9,15,16,19,51, 52,77, 83,98; Table 1

5. Dyslipidemia (increased triglycerides) No Yes 9,15,16,19, 34,52, 62,77, 83,95, 96

6. Hypertension No Yes 9,16, 19, 68, 80, 83

7. Cardiovascular disease, atherosclerosis Yes Yes 4,5,6,7,9,15,16,18,19, 29, 39, 40, 42, 50, 55, 61, 62, 83,
87,91, 92; Figures 3 through 6

8. Small stature Yes Yes 8,9, 16, 83,95; Table 1

9. Other (for example, vascular calcification, AMP kinase alleles) No Yes 42,54, 66, 92; Figure 3

10. CSM Ca** efflux dysfunction Yes Oo>Y 96, 98; Figure 7

11. CSM SERCA dysfunction Yes O>Y 32, 34, 98; Figure 8

12. CSM store-operated Ca* entry No Yes 14,19, 31

greatly reduced restenosis rates, but restenosis remains a major
concern when treatment is complicated by diffuse and severe
atheroma, which progresses much more aggressively in regions
adjacent to the stent (so-called ‘peri-stent CAD’).%¢ Ossabaw
swine, which show at least 6 features of MetS (Table 2), have in-
creased peri- and in-stent CAD (Figures 5 and 6), compared with
Yucatan swine. Interestingly, pig breed, but not diet, is associ-
ated with increased in-stent stenosis. This outcome differs from
that of nonstent segments, in which only the combination of the
Ossabaw breed and atherogenic diet elicited diffuse atherosclero-
sis. These findings suggest that factors key to CAD in Ossabaw
swine drive their greater peri- and in-stent CAD compared with
that in Yucatan swine; possible factors include: 1) components of
MetS not examined in our study, 2) other inflammatory media-
tors, and 3) genetic components beyond the thrifty genotype (for
example, vascular wall differences) that render coronary arteries
more sensitive to stenting. The most likely difference, however,
is hyperinsulinemia, which was present in Ossabaw compared
with Yucatan swine. Although some reports indicate no greater
coronary restenosis in patients with MetS compared to healthy
patients,” considerable evidence supports a role for the hyperin-
sulinemia component of MetS in increased restenosis after per-
cutaneous coronary interventions.”*”>## Particularly compelling
is a study® showing serial intravascular ultrasound measures of
coronary restenosis in humans.

Mechanisms underlying CAD and vascular response to inju-
ry are not completely understood, but we and others have re-
ported that altered CSM Ca* signaling is involved in diabetic
CAD 2193234151919 Intracellular free Ca?* concentration is deter-
mined by 3 major mechanisms: Ca?* influx, Ca*" extrusion, and
intracellular Ca®* sequestration by the sarcoplasmic reticulum.
Important observations in the present study include no differ-
ence in Ca?* influx in response to depolarizing extracellular solu-
tion (Figure 7 B; quantifies mainly voltage-gated Ca*" channel
activity in the plasma membrane®*) or peak Ca** in response to
caffeine treatment (Figure 7 C; quantifies Ca** stores in the sarco-
plasmic reticulum?®#2”) between Ossabaw and Yucatan swine. In
the presence and absence of extracellular Ca*, increased time to
half minimum in response to caffeine indicates decreased Ca**
extrusion across the plasma membrane (Ca** efflux®®) in CSM
from Ossabaw compared with Yucatan swine (Figure 7 D). Im-
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portantly there was no difference in time to half minimum despite
the presence or absence of extracellular Ca?* for CSM from either
breed (Figure 7D), suggesting store-operated Ca2+ entry (SOCE)
was not a predominant factor.

The lack of SOCE in Ossabaw CSM may appear to contradict
recently published results from our laboratory implicating the
SOCE channel transient receptor potential classical 1 (TRPC1) in
MetS- and stent-induced CAD in Ossabaw swine.”” However, an
important difference between the previous and current studies
is the induction of robust MetS and severe CAD of the earlier
work compared with the relatively mild MetS and CAD induced
here. The current finding that SOCE is not evident in CSM from
Yucatan swine confirms previous reports by our laboratory,'!
although we have observed robust SOCE in endothelial cells.”
Interestingly, SERCA does not influence the peak response to ET1
in CSM from non- and peri-stent segments from Yucatan pigs
fed the control diet (Figure 8 C). The Ca?* response is maintained
at normal levels with increased SERCA function in CSM from
both non- and peri-stent Ossabaw controls (Figure 8 E), compared
with Yucatan controls. SERCA function increases with mainte-
nance of peak response in CSM from nonstent segments from
high-fat-fed compared with control Yucatan, but high-fat-fed
Yucatan peri-stent CSM are unable to maintain peak response de-
spite increased SERCA function (Figure 8 D). Incredibly, SERCA is
virtually nonfunctional in CSM from non- and peri-stent sections
of high-fat—fed Ossabaw swine (Figure 8 F), as assessed by peak
response to ET1 with or without thapsigargin.

Complex and unstable plaque formation lead to increased risk
of thrombosis,” resulting in acute myocardial infarction. We have
observed more than 500 Yucatan coronary arteries without docu-
menting calcified coronary lesions; however, Ossabaw coronary
arteries contain calcified lesions (Figure 3 C, Table 2). Previously
published data demonstrated collagen-rich atherosclerotic tis-
sue in restenotic specimens was greater in humans with diabetes
than in nondiabetic patients.®® In contrast, we show an approxi-
mate 2-fold increase in percentage collagen of in-stent segments
in high-fat-fed Yucatan swine compared to high-fat-fed Ossabaw
swine. One possible explanation is that the atherosclerotic tissue
in the human study is more mature, whereas that in our study
is at an early stage of progression, which is characterized by less
stable plaque formation. The complex (highly cellular, calcified,
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and less fibrous) neointimal composition observed in stented seg-
ments of Ossabaw coronary artery suggests a complex, mature,
proliferative, or lipid-laden composition, which is thus poten-
tially more vulnerable to plaque rupture.

Ossabaw swine were first used as a laboratory animal model
almost 40 y ago® and may be more relevant now than ever due to
the increasing incidence of MetS and type 2 diabetes in Western
society.”* Ossabaw swine remarkably mimic the MetS and ad-
vanced CAD seen in humans and likely will serve as an excellent
large animal model for the study of metabolic abnormalities and
CAD in the future.
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