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Abstract
Background—Exercise training elevates circulating irisin and induces the expression of the
FNDC5 gene in skeletal muscles of mice. Our objective was to determine whether exercise
training also increases FNDC5 protein or mRNA expression in the skeletal muscles of pigs as well
as plasma irisin.

Methods—Castrated male pigs of the Rapacz familial hypercholesterolemic (FHM) strain and
normal (Yucatan miniature) pigs were sacrificed after 16–20 weeks of exercise training. Samples
of cardiac muscle, deltoid and triceps brachii muscle, subcutaneous and epicardial fat were
obtained and FNDC5 mRNA, along with that of 6 other genes, was measured in all tissues of
FHM pigs by reverse transcription polymerase chain reaction. FNDC protein in deltoid and triceps
brachii was determined by Western blotting in both FHM and normal pigs. Citrate synthase
activity was measured in the muscle samples of all pigs as an index of exercise training. Irisin was
measured by an ELISA assay.
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Results—There was no statistically significant effect of exercise training on FNDC5 gene
expression in epicardial or subcutaneous fat, deltoid muscle, triceps brachii muscle or heart
muscle. Exercise-training elevated circulating levels of irisin in the FHM pigs and citrate synthase
activity in deltoid and triceps brachii muscle. A similar increase in citrate synthase activity was
seen in muscle extracts of exercise-trained normal pigs but there was no alteration in circulating
irisin.

Conclusion—Exercise training in pigs does not increase FNDC5 mRNA or protein in the deltoid
or triceps brachii of FHM or normal pigs while increasing circulating irisin only in the FHM pigs.
These data indicate that the response to exercise training in normal pigs is not comparable to that
seen in mice.
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1. Introduction
Recently attention has been paid to a protein called irisin that is derived from the extra
cellular domain of fibronectin Type III domain-containing 5 protein [FNDC5] also known as
FRCP2 [1–6]. FNDC5 has one trans-membrane spanning domain and the fibronectin III
domain is one of three structural motifs found in fibronectin. Proteins containing this
domain are thought to function as receptors or cell adhesion molecules and they can also
influence neuronal development [1]. FNDC5/FRCP2 is strongly expressed in heart and
skeletal muscle [1,2]. Irisin has been postulated to be a novel hormone released from
skeletal muscle FNDC5 that mediates the beneficial effects of exercise on human adipose
tissue in part by increasing the amount of UCP-1 in brown/beige adipocytes differentiated
from precursors in white adipose tissue [3,4]. However, subsequent studies have shown that
in humans, exercise programs induced only a small and transient increase in levels of
circulating irisin [2] with no consistent increase in FNDC5 expression in muscle [5].
Polyzos et al [6] have reviewed the available information on FNDC5/irisin, which indicates
that there are complex effects of this myokine in humans and much uncertainty as to
whether it can account for the beneficial effects of exercise on human metabolic diseases.
Swick et al [7] did find a high correlation between circulating levels of irisin and energy
expenditure in postmenopausal overweight women, but only in those whose resting energy
expenditure was not predicted by their fat free mass. As yet, there is no evidence that
exercise in general elevates the circulating levels of irisin in humans [6].

Pigs are suitable animals for exercise studies because in a laboratory setting they are
sedentary animals and both the intensity and duration of exercise-training on treadmills can
be precisely regulated. Furthermore, unlike humans, the caloric intake can be kept constant
in both sedentary and exercise-trained animals and their size is more comparable to humans
than that of rodents. Furthermore due to their size, samples of epicardial fat and heart can be
readily obtained. The present studies were designed to test the hypothesis that exercise
training resulted in elevated circulating levels of irisin and enhanced FNDC5 mRNA
expression and protein levels in skeletal muscles and heart of pigs. We also wanted to
determine whether changes in FNDC5 expression in pig muscle are associated with changes
in expression of mRNAs driving browning in mouse adipose tissue because this approach
might provide insight into those genes in pigs where UCP-1 is non-functional [8,9].
Therefore, we measured mRNA for PRDM16 and PGC1α plus other thermogenesis-related
genes [10–12] such as FGF 21, C/EBPα, HOXc8 and ZIC-1 in fat and muscle.
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2. Methods
2.1 Approach

This study was completed in two separate sets of pigs. The first were Rapacz FHM pigs (10–
11 months of age). These pigs have a defect in their low density lipoprotein receptor and
exhibit hypercholesterolemia as well as extensive atherosclerosis of the coronary vessels
[13]. We exercise trained 5 pigs from this group and compared results to 8 pigs not
subjected to exercise training and have reported on epicardial fat gene expression in these
pigs [13]. We considered the possibility that any effect of exercise could be the result of the
hypercholesterolemia of the FHM pigs. To determine whether exercise training increased
FNDC5 expression we also used archived skeletal muscle samples from normal (Yucatan)
pigs from a previous study [14].

2.2 Experimental animals. Protocol 1
Before initiation of the study, approval was received from the Animal Care and Use
Committee at the University of Missouri. Thirteen castrated adult male FHM pigs (10–11
months of age) were used in Protocol 1. The experimental design for the 16–20 week
exercise training, collection of samples and RNA extraction were as previously reported
[13]. Both the 8 unexercised and 5 exercised pigs were fed 800 g/day of the University of
Wisconsin gestation diet (a cholesterol-free, 3% fat, corn-soybean-based diet). All samples
for assay were obtained at sacrifice, which occurred approximately 24 hours after the last
exercise training session. Intramuscular ketamine/xylazine and intravenous pentothal was
used to deeply anesthetize and euthanasia was achieved by heart extraction [13]. The hip
SAT was removed from the hip region between the skin and the superficial muscles,
coronary epicardial fat from the thick adipose tissue surrounding the proximal coronary
vessels and myocardial epicardial fat from the thinner contiguous adipose tissue beginning
10 to 20 mm away from the coronary artery extending down on the ventricular myocardium.

2.3 Experimental animals. Protocol 2
Before initiation of the study, approval was received from the Animal Care and Use
Committee at the University of Missouri. Sixteen adult male Yucatan miniature swine
(normal pigs) purchased from a commercial breeder (Sinclair Research Farm, Columbia,
MO) were used in Protocol 2. These pigs were 10–12 mo of age and weighed 25–40 kg at
time of purchase. They were provided a standard diet (1,050 g/day of Purina Lab Mini-pig
Chow) in which 8% of daily caloric intake was derived from fat. The normal pigs were
divided into 8 exercise-trained and 8 non-exercise trained (sedentary) pigs [14].

The pigs were exercise trained by the same procedure in both protocols [13–14]. Pigs
underwent exercise training treatment for 16–20 wk where sedentary pigs were restricted to
their pens (2×4 m) and exercised pigs performed a moderate-intensity (70% of maximum
heart rate) daily aerobic exercise-training program on treadmills one time per day, 5 days/
wk. Briefly, the aerobic exercise training protocol entailed a 5-min warm up at 2–2.5 miles
per hour (mph), 15 min at 4 mph, and 20 min at 3 mph, and a 5 min cool-down at 2–2.5
mph. The duration and intensity were increased each week so that by week 10 of training,
the pigs performed a 5-min warm up at 2–2.5 mph, 15 min at 6.5–7 mph, then 60 min at
4.5–5 mph, and finally a 5 min cool-down at 2–2.5 mph. Our laboratory [15–17] has
established that this training program elicits the expected adaptations in exercise endurance
and skeletal muscle oxidative capacity. For confirmation purposes, at the conclusion of the
exercise training program, pigs performed a graded intensity treadmill exercise test to
exhaustion.
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At time of death samples were taken from the 1) long head of triceps brachii, 2) deltoid
muscles and 3) left ventricle of the heart. Muscle samples were frozen and stored at −80°C
until processed. Citrate synthase activity was measured from whole muscle homogenate of
both groups of pigs using the spectrophotometric method of Srere [18].

2.4 Protein analysis
FNDC5 protein content was measured in skeletal muscle samples of the normal pigs using
standard Western blot techniques as described previously (19). Briefly, frozen skeletal
muscle samples were suspended in Laemmli buffer, boiled and sonicated to expose the
intracellular contents. Total protein in each sample was measured with Bradford protein
assay and 5 µg loaded onto a polyacrylamide gel and separated by electrophoresis. After
protein separation, contents of the gel were transferred to a polyvinylidene diflouride
membrane by the application of 34 V for 1 h, and this membrane was subsequently blocked
with 5% non-fat milk in TBS-Tween (20 mM Tris–HCl, 137 mM NaCl, and 0.1% Tween
20) at room temperature for 1 h. After 1 h incubation in non-fat milk, the primary antibody
(Anti-FNDC5 antibody carboxyterminal end; ab93373 AbCam 1:1000) was applied
overnight. The following morning the secondary antibody (rabbit-Sigma 1:2500) was
applied for 1 h. FNDC5 content was detected by enhanced chemiluminescence
(Chemiluminescence kit – Pierce SuperSignal West Dura) and quantified by densitometry
through the use of Kodak 4000R Imager and Molecular Imagery Software (Kodak
Molecular Imaging Systems, New Haven, CT).

Plasma irisin concentrations were assayed in duplicate EDTA-treated plasma samples from
FHM and normal pigs using an ELISA kit (Phoenix Pharmaceuticals) as recently described
by our laboratory [20]. The intra-assay coefficient of variation was 2.5%.

2.5 Total RNA isolation
Approximately 0.2 to 0.5 g of frozen fat or muscle from FHM pigs was homogenized with 5
ml of a monophasic solution of phenol and guanidine isothiocyanate (TRIzol reagent,
Invitrogen, Carlsbad, CA). The frozen muscle samples were cut with scissors into small
pieces prior to Polytron homogenization. The muscle samples were taken from the left
ventricle of the heart, the long head of the triceps brachii and the deltoid muscle.

2.6 RT-PCR
The mRNA assay involved real-time quantitative PCR [21]. Transcriptor First Strand cDNA
synthesis Kits from Roche Diagnostics were used on equal quantities of RNA to prepare the
complementary DNA (cDNA). The Roche Lightcycler 480 Real-time RT-PCR system and
Roche’s Universal Probe Library of short hydrolysis Locked Nucleic Acid (LNA) dual
hybridization probes combined with the primers recommended by their web-based assay
design center [http://www.universalprobelibrary.com] were used for mRNA quantification.
Integrated DNA Technologies (Coralville, IA) synthesized the primers. Seven mRNAs were
targeted for their roles 1) in muscle signaling to adipose tissue: FNDC5, PGC1α, FGF-21,
C/EBPα, and 2) brown fat cell formation and thermogenesis: ZIC-1, PRDM16 and HOXc8.

In each assay, 55 ng per tube of total RNA (determined by absorption at 260 nm in a nano
spectrophotometer) was used. The data were obtained as Cp values obtained by the second
derivative maximum procedure described in Roche Applied Science technical notes
LC10/2000 and 13/2001 [http://www.roche-applied-science.com/sis/rtpcr/htc/index.jsp].
Relative quantification of the data was calculated using the absolute Cp values based on
analyzing the same amount of total RNA in each assay as recommended by Bustin [22] and
the relative amounts of mRNA were determined by the comparative Cp method, which
removes the need for standard curves. This is the comparative Ct procedure expressed in the
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ABI PRISM 7700 Sequence Detection System user Bulletin 2 for quantitative RT-PCR. The
calculation of ratios was done without an efficiency correction by assuming that the amount
of target molecules doubles with every PCR cycle.

2.7 Statistics
A two-tailed Student t-test was performed to determine if differences between exercise and
unexercised groups with respect to measurement of citrate synthase activity were significant
at a P value smaller than or equal to 0.05 since the Shapiro-Wilk test indicated that the
values were normally distributed. A Mann-Whitney U nonparametric test was performed for
all other comparisons and those differences with a P value smaller than or equal to 0.05 were
considered significant. Statistical analysis of mRNA values was based on the ΔCp values
before log2 transformation.

3. Results
3.1. Effects of exercise training on citrate synthase and FDNC5 protein content in skeletal
muscle

Sixteen to twenty weeks of exercise training climaxing by week 10 with 85 minutes a day on
Monday-Friday, of castrated male FHM pigs resulted in enhanced levels of citrate synthase
activity in the deltoid and triceps brachii muscles [Figure 1]. Since this effect of exercise
may be the result of the hypercholesterolemia of the FHM pigs we also examined skeletal
muscle samples from normal pigs but found the same increase in citrate synthase activity
[Figure 1].

For studies on the effect of exercise training on FNDC5 protein expression we examined the
deltoid and triceps brachii muscles [Figure 2]. Exercise training did not alter the amount of
FNDC5 protein in deltoid or triceps brachii muscle of exercise trained FHM or normal pigs
[Figure 2].

3.2. Effect of exercise training on plasma irisin
Plasma irisin was elevated by 42% in exercise-trained FHM as compared to sedentary pigs
(P < 0.05, Fig 3). In contrast, plasma irisin concentrations were not different between
exercise-trained and sedentary normal pigs (Figure 3).

3.3. mRNA changes in skeletal and heart muscle of FHM pigs in response to exercise
training

Exercise training did not have a statistically significant effect on the mRNA level of FNDC5
in deltoid, triceps brachii or left ventricular heart muscle of FHM pigs [Table 1]. There was
no effect of exercise training on the expression of any of the measured mRNAs in heart
muscle. In contrast, exercise training reduced the expression of FGF21 and Hoxc8 in deltoid
muscle [Table 1]. There were no effects of exercise training on the expression of PRDM16,
C/EBPα, or ZIC-1 in any muscle. In the triceps brachii muscle of exercise-trained pigs there
was a statistically significant increase in the expression of PGC1α. There were similar
increases in deltoid and heart muscle of PGC1α but they were not statistically significant.

3.4. Effect of exercise training on mRNA levels in epicardial and hip subcutaneous fat of
FHM pigs

In epicardial fat of exercise-trained FHM pigs the only effect was a marked increase in
PGC1α mRNA [Table 1]. There was no effect of exercise training on any of the mRNAs in
hip subcutaneous fat of the FHM pigs [Table 1]. There were no effects of exercise training
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on the expression of FNDC5, FGF21, Hoxc8, PRDM16, C/EBPα, or ZIC-1 in subcutaneous
or epicardial fat [Table 1].

The expression of most of the mRNAs in unexercised pigs was similar in subcutaneous and
epicardial fat to what was seen in the muscles [Table 1]. Comparison of mRNA levels was
based on comparing the Cp values in the different tissues for each mRNA. FNDC5 mRNA
expression in heart was comparable to that in deltoid and triceps brachii muscle.
Furthermore there were only small differences, for the most part, between mRNA levels in
skeletal as compared to heart muscle.

3.5. Tissue mRNA correlations
We examined the Pearson correlation coefficient between FNDC5 gene expression and that
of the mRNAs for PRDM16, FGF21, C/EBPα and Hoxc8 in three fat depots [coronary
epicardial, myocardial epicardial and hip SAT] and three muscles [deltoid, triceps brachii,
left ventricular in both control and exercised FHM pigs [Figure 4]. In this figure we have
plotted the group means for the control and exercise-trained pigs that are shown in Table 1
plus those for the myocardial epicardial fat. There was a very high correlation of 0.89
between FNDC5 and PRDM16 mRNA levels as well as a correlation of 0.71 for Hoxc8 and
of 0.70 for C/EBPα. The correlation coefficient was 0.49 between FNDC5 and FGF21 gene
expression but it was not statistically significant.

The Pearson correlation in the deltoid and triceps brachii muscle of each of the 13 FHM pigs
(8 controls and 5 exercise-trained pigs) between FNDC5 expression in deltoid muscle or
Triceps brachii muscle and that of the mRNAs shown in Table 1 was also investigated.
There was no correlation of FNDC5 gene expression in the skeletal muscles with any of
these mRNAs. In contrast, FNDC5 expression in heart muscle significantly correlated with
that of ZIC-1 [n = 13, r = 0.63 and p = 0.02]. In fat there was no correlation of FNDC5 gene
expression with any mRNA except PRDM16 [n = 13, r = 0.56 and P = 0.045] in
subcutaneous adipose tissue and of PPAR [n = 13, r = 0.72 and p = 0.006] in epicardial
adipose tissue.

4. Discussion
Contrary to our hypothesis, neither FNDC5 protein nor mRNA was up regulated in skeletal
muscle of exercise trained pigs. The change in muscle FNDC5 gene expression required to
cause detectable elevations in circulating irisin may be so small it cannot be detected.
Another possibility that needs to be acknowledged is that exercise training might have
affected a post-translational step in irisin expression such as cleavage of FNDC5 to produce
irisin. We did see a significant (42%) increase in circulating irisin in the exercise trained
FHM pigs but this was not observed in normal pigs suggesting that exercise-training does
not consistently increase circulating irisin, or that the genetic dyslipidemia and
atherosclerotic complications in FHM influence plasma irisin concentrations. There were
similar effects of exercise training on citrate synthase activity of deltoid and triceps brachii
indicating that the rise of circulating irisin in FHM pigs is associated with exercise training
in FHM pigs. The elevation in circulating irisin without any change in FNDC5, its precursor
protein, in deltoid or triceps brachii indicates that the rise of irisin in FHM pigs comes from
another source or that the change in muscle FNDC5 required to cause detectable elevations
in circulating irisin is so small that they do not result in any alteration in its gene or protein
expression.

None of the data cited above rule out an important role for FNDC5 in muscle energy
metabolism. This is because, in pigs, uncoupling protein-1 [UCP-1] is non-functional [8,9]
which may account for the difference between our results and those observed in mice and
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humans. For this reason we did not examine UCP-1 gene expression. The lack of functional
UCP-1 in pigs does not seem to have deleterious effects. Newborn pigs are not especially
cold sensitive and pigs engage in nesting behavior to keep piglets relatively warm [23]. It is
difficult to conceive any situation except severe cold exposure where increased
thermogenesis in skeletal muscle would be of adaptive value. The converse of this is that
organisms with higher energy efficiency due to a lack of UCP-1 might be able to deposit
more fat and muscle per kilo of food. The role of UCP-1 in mediating brown fat
thermogenesis due to catecholamines or cold exposure in rodents is well established.
However, the role of UCP-1 in thermogenesis in adult humans is still being investigated
[24].

PGC1α is known to play a major role in adaptive thermogenesis of brown fat. It may also
play an even more important role in the adaptations to exercise where it is a key mediator of
many of the beneficial effects of exercise training on skeletal muscle physiology [25]. We
found increases in PGC1α mRNA in all tissues after exercise training but they were
statistically significant only in epicardial fat and triceps brachii muscle. The lack of
correlation between PGC1α and FNDC5 mRNA levels in pig muscles could be linked to the
lack of functional UCP-1 [8,9]. A strong correlation [coefficient r of 0.94] was reported by
Huh et al [2] between FNDC5 and PGC1α mRNA in human skeletal muscle. In pigs PGC1α
mRNA is elevated at least 30-fold in heart or skeletal muscle over fat but what it means is
unknown except that this was not accompanied by any significant increase in expression of
FNDC5 protein. It is also unclear why comparable amounts of FNDC5 mRNA are found in
pig muscle and fat tissue.

In heart muscle, exercise training did not alter FNDC5 mRNA or, for that matter, any other
mRNA that we examined. Previously we found that exercise training increased the heart
weight in four out of 5 of the same exercised-trained FHM pigs [13]. Because our individual
mRNA data are expressed per unit of total RNA, the possibility exists that exercise training
caused an increase in the total amount of RNA in the heart and proportionate increases in the
mRNAs examined.

The PRDM16 gene was examined since it has been reported to control the shifting of
myoblasts into brown fat cells [10]. Clearly the expression of PRDM16 mRNA is not linked
to that to PGC1α whose expression in the three muscles was far higher than was seen in the
fat depots. There is a key role for PRDM16 in the myoblast to brown fat switch [10,11] and
this may well translate into an enhanced thermogenesis in muscle of pigs but if so is
unrelated to UCP-1. The present results clearly differentiate pig from human muscle since in
human skeletal muscle a correlation coefficient of 0.94 between FNDC5 mRNA and that of
PGC1α was seen [2] but in pig muscle FNDC5 expression correlates with that of PRDM16.

FGF 21 was also examined because it has been reported to alter expression of thermogenic
genes in fat tissue [12]. ZIC-1 is a member of a conserved family of zinc finger proteins
with a role in axial skeletal patterning in vertebrate embryos and regulates Myf5 activation
in somites [26]. Myf5 is a gene whose expression is involved in brown fat differentiation
and PRDM16 is said to control the brown fat to skeletal muscle switch [11]. The role of
Hoxc8 in muscle function is unclear. This protein is a homeodomain transcription factor that
interacts with Smad proteins to activate osteopontin gene expression in response to bone
morphogenetic proteins [27,28].

Two markers of adipose tissue browning in humans, which is defined as the conversion of
white fat into brown fat or an intermediate form of fat known as beige fat, are HOXc8 and
ZIC1 [4,29,30]. The mRNA for HOXc-8 is down in brown/beige fat while that of ZIC-1 is
up [4,29,30]. By this definition the EAT in pigs was more brown-like since the expression of
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HOXc8 was down but there was no change in ZIC-1 as compared to SAT. However, in
exercise-trained FHM pigs there was no significant change in the expression of HOXc8 in
either fat depot but there was a significant decrease in HOXc8 expression in deltoid but not
T. brachii or heart muscle. There was a high correlation between HOXc8 expression and that
of FNDC5 in all fat and muscle depots tested in both control and exercise-trained FHM pigs.
The significance of this correlation is unclear as well as the fact that this was seen to the
same extent in both fat and muscle.

A strength of this report is the use of pigs as an experimental model for exercise-training
since the exercise and food consumption can be readily regulated which is difficult to do
with human studies. It was possible to obtain samples of heart muscle, which cannot be done
in exercise-trained humans. Among the shortcomings of the use of pigs is the lack of
functional UCP-1 protein, which means that irisin effects on energy metabolism of pigs
must involve different signaling mechanisms. Another shortcoming is that we did not
examine the effect of a short burst of exercise or other adaptive changes in the pigs but
rather samples were obtained 24 h after the last of the 16–20 week training sessions. The
present data suggest that, in pigs, irisin does not link exercise to thermogenesis in fat hence
alternative hypotheses should be considered not involving irisin.

In conclusion, neither pig skeletal muscle FNDC5 protein or mRNA expression was altered
by chronic exercise training in normal or FHM pigs. However, circulating levels of irisin are
elevated by exercise training but only in FHM pigs.
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cEAT coronary epicardial fat

RTPCR reverse transcriptase polymerase chain reaction
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Figure 1.
Citrate synthase activity for the exercise trained and sedentary FHM pigs. The data for pigs
that did not train on the treadmill (SED) and for the exercised trained (EX) pigs for deltoid
muscle (DELT) and long head of the triceps brachii (TLH) muscles of FHM pigs are shown
in the top part while those for normal pigs are shown in the bottom part of the figure. Means
± SEM are presented (FHM SED = 8, EX = 5; Normal Pigs n = 8 in both SED and EX
groups) for samples that were obtained at sacrifice. Note that exercise training induced
similar increases in citrate synthase activity in both FHM and normal pigs. * indicates that
the EX value is significantly greater (P less than 0.05) than the SED value for that muscle.
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Figure 2.
Immunoblot results for FNDC5 immuonreactivity in deltoid and long head of the triceps
brachii muscles of normal and FHM pigs. The data are shown as the ratio of the means of
immunoreactivity in exercise trained (EX) relative to that of FHM pigs that did not train on
the treadmill (SED). The data in the top part of the figure are for 5 exercise-trained and 8
sedentary FHM pigs while the bottom shows data for 8 exercise-trained and 8 sedentary
normal pigs for samples that were obtained at sacrifice. The SED values on each blot were
averaged and then the data on that blot were expressed relative to the SED mean value. The
blots for each muscle sample used to calculate the means of the normal pigs are also shown.
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Figure 3.
Plasma irisin in exercise-trained and sedentary pigs. The data in the top part of the figure are
for 5 exercise-trained and 8 sedentary FHM pigs while the bottom shows data for 8 exercise-
trained and 8 sedentary normal pigs for samples that were obtained at sacrifice. * indicates
that the exercise-trained value is significantly greater (P less than 0.05) than the control/
sedentary value.
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Figure 4.
Correlation between mRNA expression of FNDC5 and that of PRDM16, FGF21, CEBP and
Hoxc8 in fat and heart muscle of Rapacz FHM pigs. The Pearson correlation coefficient [r]
was calculated between the group means for the six tissues in coronary epicardial fat
[cEAT], myocardial epicardial fat [mEAT], hip subcutaneous fat [Hip SAT], deltoid muscle
[Deltoid], triceps brachii [T. brachii] and left ventricular heart muscle [heart LV] in both
unexercised [sed] and exercised [ex] pigs. The group means for all except myocardial
epicardial fat are also shown in Table 1. The data in part A are for HOXc8, part B for
PRDM16, part C for C/EBPα and part D for FGF21.
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