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Aims Stenting attenuates restenosis, but accelerated coronary artery disease (CAD) adjacent to the stent (peri-stent CAD)
remains a concern in metabolic syndrome (MetS). Smooth muscle cell proliferation, a major mechanism of CAD, is
mediated partly by myoplasmic Ca2þ dysregulation and store-operated Ca2þ entry (SOCE) via canonical transient
receptor potential 1 (TRPC1) channels is proposed to play a key role. Exercise is known to prevent Ca2þ dysregulation
in CAD. We tested the hypothesis that MetS increases SOCE and peri-stent CAD and exercise attenuates these events.

Methods
and results

Groups (n ¼ 9 pigs each) were (i) healthy lean Ossabaw swine fed standard chow, (ii) excess calorie atherogenic diet
fed (MetS), and (iii) aerobically exercise trained starting after 50 weeks of development of MetS (XMetS). Bare metal
stents were placed after 54 weeks on diets, and CAD and SOCE were assessed 4 weeks later. Coronary cells were
dispersed proximal to the stent (peri-stent) and from non-stent segments, and fura-2 fluorescence was used to assess
SOCE, which was verified by Ni2þ blockade and insensitivity to nifedipine. XMetS pigs had increased physical work
capacity and decreased LDL/HDL (P , 0.05), but no attenuation of robust insulin resistance, glucose intolerance,
hypertriglyceridaemia, or hypertension. CAD was greater in peri-stented vs. non-stented artery segments. MetS
had the greatest CAD, SOCE, and TRPC1 and STIM1 mRNA and protein expression, which were all attenuated
in XMetS.

Conclusion This is the first report of the protective effect of exercise on native CAD, peri-stent CAD, SOCE, and molecular
expression of TRPC1, STIM1, and Orai1 in MetS.
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1. Introduction
Metabolic syndrome (MetS) is defined as the combination of
several risk factors including central obesity, dyslipidaemia
(increased LDL/HDL and triglycerides), hypertension, impaired
glucose tolerance, and insulin resistance.1 Generally, the presence
of three of these characteristics renders a diagnosis of MetS.1 This
combination of risk factors, also termed ‘pre-diabetes’, ultimately

leads to type 2 diabetes and increased prevalence and severity of
coronary artery disease (CAD).2

Untreated CAD will progress to the point where neointimal for-
mation occludes coronary blood flow and impairs cardiac function.
The primary interventional treatment for occlusive CAD is deploy-
ment of a coronary stent. Drug-eluting stents have substantially
decreased such restenosis; however, artery segments adjacent to
the stent’s edge (peri-stent) are sites of significant stenosis.3
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Accelerated peri-stent CAD progression increases the need for
repeat stent procedures3– 5 and shows a greater prevalence in
patients with diabetes.6 Since peri-stent CAD may be a milder rep-
resentation of in-stent restenosis due to stent-induced injury, there
is need for study of the cellular and molecular mechanisms under-
lying peri-stent CAD.

Clearly, coronary smooth muscle (CSM) proliferation is largely
responsible for neointima formation after coronary stenting.7 Intra-
cellular Ca2þ plays several roles in smooth muscle cells, such as
regulation of contraction and gene expression,8 and altered intra-
cellular Ca2þ signalling is associated with smooth muscle cell pro-
liferation.9 The primary Ca2þ store within the CSM cell is the
sarcoplasmic reticulum (SR). Depletion of the SR Ca2þ store
leads to store-operated Ca2þ entry (SOCE) across the plasma
membrane in smooth muscle.10 SOCE [or Ca2þ-release-activated
Ca2þ entry] historically has been described in purely electro-
physiological terms, as the molecular entity was not known (as
reviewed in Lewis11 and Clapham12). In recent years, various can-
didates have been proposed to be involved in SOCE, including
transient receptor potential canonical 1 (TRPC1), TRPC6,
STIM1, and Orai1 (as reviewed in Lewis11 and Clapham12). Impor-
tantly, the TRPC1 channel that contributes to SOCE in smooth
muscle is linked to hypertrophy and proliferation.8,10,13 Balloon
injury-induced CSM cell proliferation in healthy juvenile swine is
associated with up-regulation of TRPC1 channels.13 In addition
to pharmacological antagonism of aberrant Ca2þ signalling,14 we

have shown that exercise therapy prevents CSM Ca2þ dysregula-
tion in CAD.15,16 Although TRPC1 channels are strongly associated
with smooth muscle proliferation and have been implicated in
CAD, no studies have examined changes in TRPC1 channels in
native (non-stent) and peri-stent CAD in MetS or whether exer-
cise training can attenuate these processes.

Our group has developed Ossabaw miniature swine as an excel-
lent large animal model of MetS.17 –20 We tested the hypothesis
that MetS increases SOCE and CAD in non-stent and peri-stent
segments of coronary artery and exercise attenuates these
events. Our data provide the first cellular and molecular evidence
that exercise protects against increases in SOCE, TRPC1, and
STIM1 protein, and native and peri-stent CAD in MetS. These find-
ings in the Ossabaw miniature swine model, which superbly mimics
CAD in MetS, are critical links for translation to clinical medicine.

2. Methods

2.1 Animal care and use
All protocols involving animals were approved by an Institutional
Animal Care and Use Committee and complied fully with recommen-
dations in the Guide for the Care and Use of Laboratory Animals21 and
the American Veterinary Medical Association Panel on Euthanasia.22

The investigation conforms with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996). Male Ossabaw
swine (aged 7 months, sexually mature) were assigned to diet

Figure 1 Ossabaw swine fed excess atherogenic diet are glucose intolerant and insulin-resistant and exercise training improves physical work
capacity. (A) Timeframe of study treatments and exercise stress test (see Section 2). (B) Time course of blood glucose responses during IVGTT.
(C) Time course of plasma insulin responses during IVGTT. n ¼ 7 Lean, 8 MetS, and 8 XMetS. *P , 0.05 compared to 0 weeks of exercise (A)
or Lean (B and C).
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groups for 54 weeks before stenting (Figure 1A). Lean control swine
(Lean, n ¼ 9) were fed lean chow. Sedentary MetS (n ¼ 9) and
exercise trained (XMetS, n ¼ 9) groups were fed a high fat/2% choles-
terol atherogenic diet. See Supplementary material online for detailed
methods.

2.2 Exercise training
After 50 weeks of MetS development, pigs randomized to the endur-
ance exercise group began treadmill training 4 weeks prior to stenting
and continued exercise for 3–4 weeks after stenting. The training pro-
tocol was similar to our previous studies (e.g. Witczak et al.15) and
guidelines.23 See Supplemental material online for detailed methods.

2.3 Submaximal stress test
At weeks 0 and 7 of exercise training, animals underwent a submaximal
stress test consisting of running on a treadmill at 5.6 km/h, 0% grade for
30 min at which point heart rate data were collected (Figure 1A).

2.4 Intravenous glucose tolerance test
Intravenous glucose tolerance test (IVGTT) was preformed as pre-
viously described by our laboratory.17–19 Briefly, conscious swine
acclimatized to low-stress restraint in a sling were fasted overnight
and baseline blood samples were obtained. Glucose (1 g/kg body
weight, iv) was administered and timed blood samples were collected.

2.5 Plasma lipid assays
Fasting blood samples were analysed for triglyceride and total choles-
terol (fractionated into HDL and LDL components).17 Cholesterol in
lipoprotein fractions was determined after precipitation of HDL
using minor modifications of standard methods.24 See Supplementary
material online for detailed methods.

2.6 Stent procedure
Procedures were similar to previous reports.18,25,26 Briefly, intravascu-
lar ultrasound (IVUS) pullback was performed in the left circumflex
coronary artery (CFX) where one stent was deployed in each
animal. Angiography was performed to ensure proper longitudinal
stent placement and IVUS was repeated to confirm deployment of
the stent to the proper arterial lumen diameter (1.0� normal artery
reference).18,25,26 See Supplementary material online for detailed
methods.

2.7 Intra-stent histology
Stented coronary segments were placed in zinc-buffered formalin at
sacrifice for standard histological analysis.27 See Supplementary
material online for detailed methods.

2.8 Cell dispersion
The procedure for the isolation of the coronary artery and the enzy-
matic dispersal of CSM cells for acute use has been described
previously.9,15

2.9 Intracellular Ca21 measurements
Whole-cell intracellular Ca2þ levels were obtained at room tempera-
ture (22–238C) using the fluorescent Ca2þ indicator, fura-2, and the
InCaþþ Ca2þ Imaging System (Intracellular Imaging, Cincinnati, OH,
USA) as previously described by our laboratory.9,14,15

2.10 Patch-clamp electrophysiology
All electrophysiological experiments were performed using an Axo-
patch 200B integrating patch-clamp amplifier and a DigiData 1440A

analog-digital converter and analysed using Axon PCLAMP 10 software
package. Cells were voltage-clamped at a holding potential of 260 mV
and 300 ms voltage ramps from 2100 to þ100 mV were applied at 5 s
intervals similar to previous protocols.28 See Supplementary material
online for detailed methods.

2.11 Reverse transcription–polymerase
chain reaction
The total RNA from pig coronary arteries was isolated using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). The full-length transcripts
of TRPC1 were amplified using the one-step SuperScript RT–PCR
platinum Taq HiFi system (Invitrogen). The full transcripts were con-
firmed to be the pig TRPC1 by sequencing and are included in the Sup-
plementary material online.

2.12 Real-time reverse transcription–
polymerase chain reaction (or quantitative
reverse transcription–polymerase chain
reaction) analysis
BioRad iScript cDNA Synthesis kit was used to reverse transcribe
cDNA from coronary. The Applied Biosystems 7500 Real Time PCR
System was used. The endogenous control (18S rRNA) was amplified
using TaqMan Universal PCR Master Mix (Applied Biosystems, Foster
City, CA, USA), whereas TRPC/Orai/Stim was amplified using SYBR
Green Master mix (Applied Biosystems). See Supplementary material
online for detailed methods.

2.13 Immunoblots
Bound horseradish peroxidase (HRP)-conjugates [anti-rabbit or mouse
HRP-conjugated antibody (Pierce, Rockford, IL, USA, 1:20 000)] were
detected using a SuperSignal West Femto Kit (Pierce). The monoclonal
anti-TRPC1 antibody was a gift from Dr Tsiokas (University of Okla-
homa Health Sciences Center). STIM1 and ORAI1 antibodies were
from Alomone labs (Rehovet, Israel). See Supplementary material
online for detailed methods.

2.14 Assessment of CAD (atherosclerosis)
IVUS pullbacks performed during the stenting procedure and before
stent placement were used to assess native atheroma.16,26 Per cent cir-
cumferential wall coverage was calculated similar to previous
reports.17,26 See Supplementary material online for detailed methods.

2.15 Statistical analysis
Analysis of variance (ANOVA) with the Student–Newman–Kuels post
hoc analysis was performed using commercially available software
(SPSS 10.0 and SigmaStat 4.0) and P , 0.05 was the criterion for stat-
istical significance. In an attempt to avoid a type II interpretive error
(false-negative), significance was reported at P , 0.10 where
appropriate.29

3. Results
To determine whether excess kilocalorie atherogenic diet induces
MetS in Ossabaw swine, we evaluated the major parameters
associated with MetS (Table 1). Several characteristics were elev-
ated in MetS and XMetS above Lean, including body weight,
LDL, systolic and diastolic blood pressure, and fasting blood
glucose. LDL/HDL ratio was the only metabolic parameter attenu-
ated by exercise training in XMetS vs. MetS. Efficacy of exercise
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training was evidenced as decreased resting heart rate, increased
work load (treadmill grade) at a constant heart rate (65–75%
maximum), and decreased heart rate at a constant work load
during the treadmill stress test (Figure 1A).

Glucose intolerance and insulin resistance are major components
of MetS and the development of type 2 diabetes. MetS had signifi-
cantly greater blood glucose concentrations than Lean at 10, 20,
30, 40, and 50 min after bolus glucose injection (Figure 1B). In
addition, XMetS had significantly elevated blood glucose above
Lean at 10, 30, 40, and 50 min time points (Figure 1B). MetS also eli-
cited significant elevation in plasma insulin response above Lean at all
times after glucose injection (Figure 1C). Likewise, XMetS plasma
insulin was significantly elevated above Lean with the exception of
the 60 min time point (Figure 1C). Taken together, both glucose
and insulin IVGTT results indicate glucose intolerance and primary
insulin resistance in MetS and XMetS, with minimal effect of this
short-term (7 weeks) exercise training programme on these meta-
bolic parameters.

To determine the effects of MetS on CAD, atherosclerosis was
imaged by IVUS and quantified as per cent circumferential wall
coverage. Figure 2A is a schematic of the coronary vasculature
showing the location of peri-stent and non-stent segments
studied. Figure 2B illustrates an in vivo coronary angiogram at right
anterior oblique 308 angle. Representative IVUS image from the
CFX artery demonstrates atherosclerotic neointima formation
(Figure 2C). IVUS images before (Figure 2D) and after stent
(Figure 2E) deployment verified proper stent diameter. Represen-
tative longitudinal IVUS analysis of CFX before and 4 weeks after
stent deployment illustrates relatively mild and diffuse athero-
sclerosis through the more distal regions of the artery
(Figure 2F). Increased per cent wall coverage was found in proximal
and distal non-stented segments of coronary arteries in MetS

compared with Lean, which was attenuated with exercise
(XMetS) (Figure 2G and H ). Similar to non-stent segments, exercise
(XMetS) completely prevented the increase in per cent wall cover-
age observed in MetS compared with Lean in peri-stent segments
of coronary artery (Figure 2I), but did not affect in-stent neointimal
hyperplasia (Figure 2J).

Verhoff-Van Giessen, Masson’s trichrome, and haematoxylin
and eosin (H&E) stains were performed to assess in-stent
plaque morphology. Figure 3A and B show representative
in-stent plaque from trichrome and H&E, respectively. Neointimal
hyperplasia was not different across groups (Figure 3C). Exercise
reduced the amount of collagen (Figure 3D), but there was no
difference in cell density between groups in the in-stent regions
(Figure 3E).

Since alterations in SOCE signalling mechanisms have been
associated with atherosclerosis,8,10,13 we studied SOCE in
smooth muscle cells freshly isolated from non-stent and peri-stent
artery segments of Lean, MetS, and XMetS groups. To assess
SOCE, we first employed a typical store-depletion protocol
similar to that reviewed by Landsberg and Yuan.10 Figure 4A
shows a representative record of intracellular Ca2þ changes in a
peri-stent MetS CSM cell obtained during such an experiment.
Baseline intracellular [Ca2þ] was established from minutes 0 to 2
in physiological salt solution containing normal 2 mM Ca2þ. From
minutes 3 to 7, the caffeine-sensitive SR Ca2þ stores were
depleted in the presence of caffeine and the SERCA inhibitor
cyclopiazonic acid (CPA) in Ca2þ free solution. At minutes 17–
22, Ca2þ was reintroduced and SOCE was quantified in non-stent
and peri-stent cells. CSM SOCE was sensitive to the non-selective
Ca2þ channel blocker Ni2þ, but insensitive to the L-type Ca2þ

channel blocker nicardipine. Peak SOCE was not significantly
different in the CSM cells from peri-stent segments of Lean and
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Table 1 Phenotypic characteristics of Ossabaw miniature swine groups at the end of study

Parameter Lean MetS XMetS Significance

Weight (kg) 64+3 111+9 120+5 XMetS, MetS . Lean

Total cholesterol (mg/dL) 48+2 215+31 219+6 XMetS, MetS . Lean

LDL (mg/dL) 26+4 155+4 136+16 XMetS, MetS . Lean

HDL (mg/dL) 18+3 56+10 83+6 XMetS, MetS . Lean

LDL/HDL 1.8+0.4 3.5+0.7 1.7+0.2 MetS . XMetS, Lean

Triglycerides (TG, mg/dL) 25+3 39+1 40+2 XMetS, MetS . Lean

Systolic blood pressure (mmHg) 116+1 160+1 146+6 XMetS, MetS . Lean

Diastolic blood pressure (mmHg) 77+2 108+5 94+7 XMetS, MetS . Lean

Fasting blood glucose 67+2 83+2 82+2 XMetS, MetS . Lean

Resting heart rate (b.p.m.) 69+3 93+4 78+1 MetS . XMetS . Lean

Resting heart rate start exercise training (b.p.m) — — 102+1 End , start training

Treadmill grade at 65–75% maximum heart rate

Start exercise training — — 3% —

End exercise training — — 8+0.3% End . start training

Submaximal stress test heart rate (b.p.m.)

Start exercise training — — 173+2 —

End exercise training — — 150+2 End , start training

Lean control; MetS, metabolic syndrome; XMetS, exercise trained MetS.
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Figure 2 Greater coronary atherosclerosis in MetS swine vs. Lean is attenuated by exercise training, but in-stent neointimal hyperplasia is not
affected. (A) Schematic of coronary vasculature. (B) Coronary angiogram showing CFX and its large obtuse marginal branches and the left
anterior descending (LAD) coronary arteries in right anterior oblique view. (C) IVUS image. Dotted line indicates small section of internal
elastic lamina and solid line indicates lumen boundary, showing 25% circumferential wall coverage of this cross-section of artery. Representative
IVUS image of artery segment to receive stent immediately preceding stent placement in (D) and immediately following stent placement in (E)
(arrowheads are stent struts). (F) Representative per cent wall coverage from IVUS data collected along the length of a stented artery both
preceding stent placement (dotted line) and after 4 weeks recovery post-stent (solid line). (G) Proximal non-stent per cent wall coverage.
**P , 0.05 vs. Lean and XMetS, *P , 0.05 vs. Lean and MetS. (H ) Distal non-stent per cent wall coverage. *P , 0.05 vs. Lean. (I ) Per cent
wall coverage in peri-stent segments. **P , 0.05 vs. Lean and XMetS. (J ) In-stent per cent wall coverage. n ¼ 6 Lean, 6 MetS, and 6 XMetS.
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MetS in Ca2þ imaging experiments, but was markedly attenuated in
XMetS (Figure 4B).

In a separate chronic study, SOCE was evaluated by Mn2þ

quench in cells of non-stent and peri-stent segments. An Mn2þ-
dependent decrease in the fluorescence intensity of fura-2
excited at 360 nm (the fura-2 Ca2þ-insensitive isosbestic point) is
indicative of divalent cation influx. Caffeine and CPA were used
to deplete intracellular Ca2þ stores in CSM cells. Mn2þ quench
confirmed that store-depletion resulted in divalent cation influx
sensitive to the non-selective Ca2þ channel blocker Ni2þ

(Figure 4C). Mn2þ influx was significantly greater in MetS compared
with Lean in both non-stent and peri-stent cells (Figure 4D).

A less extreme Ca2þ store-depletion protocol using caffeine
alone in the absence of CPA demonstrated significant Mn2þ

quench (Figure 4E), which was greater in MetS compared with
the Lean group (Figure 4F). Mn2þ quench observed in Figure 4D
and F confirmed that store-depletion results in divalent cation
influx in CSM cells without inhibition of SERCA. Whole-cell patch-
clamp electrophysiology was performed using a protocol similar to
Figure 4E. Caffeine-induced inward current was sustained for
.5 min (Figure 4G), indicating that it was not due to transient
Ca2þ-sensitive Cl2 channels activated by Ca2þ-release stimulated
by caffeine. A current–voltage relationship plot of the sustained
inward current was ohmic with a reversal potential of �0 mV
(Figure 4H).

Although our patch-clamp data suggested that SOCE was due to
TRPC1, we determined whether changes in the molecular
expression of TRPC1 or other SOCE-related proteins (e.g.
STIM1 and Orai1) could account for the increased SOCE. In
reverse transcription–polymerase chain reaction (RT–PCR)
experiments, the presence of TRPC1, STIM1, and Orai1 was
shown in all groups (Figure 5A–D). Group data demonstrated sig-
nificantly greater TRPC1 mRNA expression in the MetS group
compared with Lean, which was attenuated by exercise training
(Figure 5B). STIM1 and Orai1 mRNA expression were also
increased in the MetS group, but remained increased even with
exercise (Figure 5C and D). Immunoblots from coronary lysates
showed that TRPC1 protein in MetS was attenuated in XMetS
and STIM1 protein in MetS was abolished in XMetS compared
with Lean (Figure 5F and G), whereas Orai1 protein expression
shows no overall statistical difference by ANOVA between the
three groups (P ¼ 0.10, Figure 5H). Agarose gel images demon-
strate the expression of only TRPC1 and TRPC6 genes in MetS
coronary arteries (Figure 5I and J ). TRPC6 mRNA was increased
in MetS compared with Lean (Figure 5K).

4. Discussion
The novel findings of this study are: (i) exercise decreases
(a) non-stent and peri-stent CAD, (b) store-operated Ca2þ

Figure 3 Intra-stent histology. (A) Representative trichrome section. (B) Representative H&E section. (C) Intima/media cross-sectional area.
(D) Collagen in XMetS as a per cent of intra-stent media and intimal area. (E) Cellularity (H&E section) in media and intima. a, adventitia; m,
media; i, intima; l, lumen; s, stent; v, vasa vasorum. n ¼ 7 Lean, 4 MetS, and 5 XMetS. *P , 0.05 XMetS vs. Lean and MetS.
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Figure 4 SOCE is increased in MetS and attenuated by exercise. (A and C) Representative data from standard protocols used to assess SOCE.
Peak store-depletion-mediated Ca2þ influx is assessed at minutes 17–20. Duration of exposure to solutions is shown by horizontal lines; caf-
feine (CAF, 5 mM); cyclopiazonic acid (CPA, 10 mM). (B) Exercise attenuates peak SOCE compared with Lean and MetS in peri-stent sections of
artery. Lean (90 cells), MetS (24 cells), and XMetS (20 cells). *P , 0.05 XMetS vs. Lean and MetS. (C) Mn2þ as a Ca2þ surrogate quenches fura-2
fluorescence at the isosbestic (Ca2þ-insensitive) 360 nm wavelength verifying divalent cation influx. (D) Increased SOCE in CSM from non-stent
and peri-stent MetS coronary arteries compared with Lean. Lean (28 cells) and MetS (12 cells). *P , 0.05 vs. Lean. (E) Only caffeine is used to
deplete the Ca2þ store in this SOCE protocol. (F) Increased SOCE in CSM from MetS swine. Lean (37 cells) and MetS (51 cells). *P , 0.05 vs.
Lean. (G) Whole-cell patch-clamp data demonstrate sustained inward current by caffeine. (H ) Current–voltage relationship of leak subtracted
control (blue) and SOCE (red). n ¼ 5 cells (Lean and MetS). n ¼ 5 Lean, 4 MetS, and 4 XMetS.
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channel function and TRPC1/STIM1 molecular expression, and (c)
in-stent collagen content in MetS and (ii) SOCE current–voltage
relationship in CSM is ohmic and non-selective, which is consistent
with TRPC1. Excess kilocalorie atherogenic diet elicited robust
MetS, which accompanied greater atherosclerosis in peri-stent seg-
ments of coronary arteries than in non-stented arteries. Functional
store-depletion-mediated Ca2þ influx and TRPC1/STIM1 molecu-
lar expression were associated with the extent of atherosclerosis
among groups, whereas Orai1 protein expression did not
change. The effect of exercise to attenuate progression of
peri-stent CAD, but not in-stent stenosis, in Ossabaw miniature
swine with MetS is consistent with the clinical study in humans
by Belardinelli et al.5 and non-diabetic swine.30 Our Ca2þ signalling
and molecular expression data provide evidence of cellular and
molecular events underlying this vitally important clinical phenom-
enon and extend those findings5,30 to MetS.

Patient complication following stent deployment is well docu-
mented31 with diabetes increasing patient risk.32 Consistent
with human data, MetS Ossabaw swine displayed increased ather-
osclerosis in non-stent artery segments compared with Lean.
Peri-stent CAD has been observed by several groups and is
more prevalent in patients with diabetes;6 which may be due
to the overall greater diffuse CAD in MetS and diabetes.33

Despite this remarkable clinical observation, no studies have
examined mechanisms which underlie peri-stent atherosclerosis

in MetS. Similar to previous findings, peri-stent atherosclerosis,
although augmented in all groups, mirrored non-stent athero-
sclerosis in that it was greater in MetS than Lean. Exercise has
an independent role in primary prevention of CAD,34,35

reduction of coronary stenosis, and rates of hospital readmission
after coronary angioplasty.5 Nonetheless, mechanisms which
underlie these changes are unclear. In the present study,
7 weeks of exercise training attenuated the increased non-stent
atherosclerosis and abolished increased peri-stent atherosclerosis
observed in MetS. Although 20 weeks of exercise training of non-
diabetic swine attenuated neointimal hyperplasia, i.e. progression
to stenosis, after angioplasty balloon-induced injury,30 in the
present study, MetS and the shorter training duration (7
weeks) are key differences that may have minimized the protec-
tive effects of exercise.

Our group captured feral swine from Ossabaw Island, GA, USA,
which naturally developed a thrifty genotype in response to the
evolutionary selection pressure of seasonal shortages of food.18

When fed excess calorie atherogenic diet, Ossabaw swine
develop MetS similar to humans.17–20 Also, MetS Ossabaw
swine, like humans (but different from many other laboratory
animal models), develop CAD. Consistent with these findings,
male Ossabaw swine in this study show increased body weight,
plasma LDL, LDL/HDL ratio, and triglyceride, systolic and diastolic
pressure, and heart rate. A major extension of this work is our

Figure 5 Increased TRPC1 and STIM1 in MetS are abolished by exercise. (A) Representative agarose gel image quantifying TRPC1 mRNA
using RT–PCR. (B) TRPC1 mRNA normalized to x-actin. STIM1 (C) and Orai1 (D) mRNA using quantitative RT–PCR normalized to
x-actin. (E) Immunoblot using anti-x-actin, STIM1, Orai1, and TRPC1 in Lean and MetS. (F–H ) TRPC1 (F ), STIM1 (G), and Orai1 (H )
protein expression using immunoblot analysis normalized to x-actin; ANOVA P ¼ 0.10 for (H ). (I ) Representative agarose gel image illustrating
TRPC1 expression and no TRPC3, TRPC4, TRPC5, or TRPC7 expression. (J ) Agarose gel image illustrating TRPC6 expression in MetS cor-
onary arteries. (K) TRPC6 mRNA in MetS coronary arteries. **P , 0.05 MetS compared with Lean and XMetS; *P , 0.05 between bracketed
groups. n ¼ 6 for Lean, MetS, and XMetS.
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finding that short-term exercise training reverses the elevated
LDL/HDL ratio observed in MetS.

Obese, MetS Ossabaw swine showed classical cardiovascular
adaptations to exercise training, including increased physical
work capacity, resting bradycardia, and decreased heart rate
response to a submaximal exercise stress test, indicating efficacy
of the exercise programme. The lack of exercise attenuation of
other MetS characteristics is somewhat surprising, since exercise
is a first-line treatment for pre-diabetes/MetS.36 Factors may
have mitigated the typical effects of exercise on MetS character-
istics in Ossabaw swine. First, our study design was to maintain
the atherogenic diet and obesity of the pigs, unlike the typical exer-
cise training regimen and that in human clinical studies, in which
diet improvements are also implemented.36 Secondly, Ossabaw
miniature swine have a loss-of-function mutation in the AMP
kinase x3 subunit in skeletal muscle, which is a pivotal enzyme in
fatty acid oxidation and glucose uptake.37 Exercise is not as effec-
tive in activating AMP kinase in pigs having the mutation; thus, the
full benefit of exercise on skeletal muscle metabolism might not be
seen in Ossabaw miniature swine.37

Because of the widely reported occurrence of SOCE and distri-
bution of TRPC channels in numerous cell types, including vascular
cells,38 it might be considered dogma that SOCE and TRPC chan-
nels should be abundant in CSM and regulate Ca2þ signalling and
contraction under normal conditions. We emphasize that we
have never found activation of SOCE in Yucatan swine ‘healthy’
CSM,15,39 despite robust SOCE in coronary endothelial cells.40

However, previous studies report increased expression of
TRPC1 in diseased vascular smooth muscle cells.10,13 The results
of our study are in agreement with the concept that TRPC1 chan-
nels are strongly associated with CAD, as shown by increased
TRPC1 mRNA and protein expression, as well as the ohmic and
non-selective current–voltage relationship of SOCE in CSM con-
sistent with current expected of TRPC1 channel.41 TRPC6 and
Orai1, known SOCE mediators, expression is increased with
MetS; however, both TRPC642 and Orai143 have distinct and
vastly different current–voltage relationships than those observed
in this study. Although STIM1 protein expression mirrors that of
TRPC1, STIM1 operates as a sensor of the intracellular Ca2þ-store
and not as a distinct functional ion channel.44 Additionally, TRPC1
protein is proportional to function, i.e. Ca2þ influx (Figures 4 and
5). We can largely rule out other TRPC isoforms, because they
are not expressed in coronary artery45 (Figure 5I). The present
study further extends our knowledge concerning the role of
TRPC1 by the novel finding that metabolic syndrome increases
SOCE and TRPC1 expression in conjunction with CAD, all of
which are attenuated by exercise training.

Our findings indicate that TRPC1 is closely associated with
neointimal hyperplasia, not only in non-stent, but also in peri-stent,
segments of coronary artery. This is important because neointimal
hyperplasia in non-stented segments is considered a natural pro-
gression of disease, whereas peri-stent atherosclerosis may be con-
sidered an arterial response to injury.46,47 Together, these data
suggest that TRPC1 channels play a fundamental role promoting
atherosclerosis in both non-stent and peri-stent segments of cor-
onary artery. Thus, inhibition of TRPC1 channels may serve as a
possible therapeutic target for the treatment of CAD. The

concept of exercise and TRPC1 as potential therapeutic modes
and targets is especially important because of the recent finding
that treatment of conventional risk factors such as hyperglycaemia
had negligible effects on prevention of cardiovascular disease in
type 2 diabetic humans and had detrimental side effects.48

In conclusion, our data support the hypothesis that Ossabaw
swine with robust MetS have increased SOCE and CAD in
non-stent and peri-stent segments of coronary artery and exercise
attenuates these events. Further, increased TRPC1/STIM1 protein
expression was attenuated by exercise. The implications are that in
human patients with metabolic syndrome who undergo coronary
stenting and have attenuated peri-stent CAD with exercise train-
ing, underlying cellular events may involve TRPC1 channels and
STIM1. Future studies will focus on establishing a causative role
of TRPC1 channels in the progression of CAD in ex vivo and in
vivo models.

Supplementary material
Supplementary material is available at Cardiovascular Research
online.
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