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Abstract

Irisin is a myokine encoded in its precursor fibronectin type III domain containing 5

(FNDC5). It is abundantly expressed in cardiac and skeletal muscle, and is secreted upon

the activation of peroxisome proliferator-activated receptor gamma coactivator-1 (PGC-1

alpha). We aimed to study the role of irisin on cardiac function and muscle protein regulation

in zebrafish. Western blot analyses detected the presence of irisin protein (23 kDa) in zebra-

fish heart and skeletal muscle, and irisin immunoreactivity was detected in both tissues. Iri-

sin siRNA treated samples did not show bands corresponding to irisin in zebrafish. In vitro

studies found that treatment with irisin (0.1 nM) downregulated the expression of PGC-1

alpha, myostatin a, and b, while upregulating troponin C mRNA expression in zebrafish

heart and skeletal muscle. Exogenous irisin (0.1 and 1 ng/g B.W) increased diastolic vol-

ume, heart rate and cardiac output, while knockdown of irisin (10 ng/g B.W) showed oppos-

ing effects on cardiovascular function. Irisin (1 and 10 ng/g B.W) downregulated PGC-1

alpha, myostatin a and b, and upregulated troponin C and troponin T2D mRNA expression.

Meanwhile, knockdown of irisin showed opposing effects on troponin C, troponin T2D and

myostatin a and b mRNAs in zebrafish heart and skeletal muscle. Collectively, these results

identified muscle proteins as novel targets of irisin, and added irisin to the list of peptide

modulators of cardiovascular physiology in zebrafish.

Introduction

Skeletal muscle constitutes up to 40% of total body weight, and is considered an exercise

dependent endocrine organ that constitutes approximately 75% of body proteins [1, 2]. Skele-

tal muscle regulates cytokines and myokines that exert autocrine and paracrine effects in

humans [3–6]. Some of the skeletal muscle derived cytokines, including interleukin-6 have the

ability to regulate glucose and lipid levels [7]. Irisin is a recently confirmed, exercise-induced,

23 kDa myokine abundantly expressed in rodent and human skeletal muscle [8]. Irisin is

secreted from FNDC5, a 212 amino acid precursor, after the cleavage of its extracellular por-

tion [9, 10]. FNDC5 is regulated by PGC-1 alpha, which forms an integral part of the muscle

post-exercise, and causes an increase in energy expenditure in mammals [9]. Processing of

FNDC5 by PGC-1 alpha triggers the release of irisin into circulation [9, 11]. FNDC5 mRNA is

expressed in the brain, adipose tissue, gut (rectum) and pericardium in humans [12]. Previous
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results have reported that irisin is present in the cerebrospinal fluid and is expressed in the

hypothalamus, adipose tissue and skeletal muscle in humans [13, 14]. Elevated levels of circu-

lating irisin induced expression of thermogenin in white adipose cells, led to browning, and

resulted in increased thermogenesis and energy expenditure [15]. Lower expression of FNDC5

has been associated with reduced aerobic performance in humans, contributing to heart failure

[15]. Irisin is considered a key promoter in the central nervous system, and it regulates cardiac

contractility [16–18]. More recently, irisin has gained importance as a potential biomarker for

myocardial infarction due to its abundance in cardiac muscle [9, 19]. Irisin exhibits many bio-

logical actions in vertebrates.

Immunohistochemical studies revealed irisin immunopositive cells concentrated in skeletal

and cardiac muscles, Purkinje cells in cerebellum and neuroglial cells in rodents [20, 21]. Intra-

cerebroventricular administration of irisin in rats resulted in increased blood pressure and

enhanced cardiac contractility [17]. On the other hand, peripheral administration (intraperito-

neal injection) of irisin, or irisin injection into the cerebellar area of the nucleus ambiguus

decreased blood pressure via vagal stimulation in rats [17, 22]. It has been reported that over-

expression of irisin increased energy expenditure, reduced body weight, improved lipid metab-

olism and glucose tolerance, and suppressed insulin resistance in high fat fed mice [9, 23, 24].

In contrast, knockdown of FNDC5 resulted in a suppressive effect on neural differentiation of

embryonic stem cells in mouse [25]. In zebrafish, irisin promotes angiogenesis and modulates

matrix metalloproteinase activity through the ERK signaling pathway [26]. Whether irisin

exerts any effects on metabolism and cardiac function in non-mammals remains unclear.

Muscle, a major source of irisin, is also a reservoir of other metabolically modulated pro-

teins including PGC-1 alpha, myostatin, troponin and tropomyosin. PGC-1 alpha is an impor-

tant factor that helps muscle adaptation to endurance exercise [27]. In mice, deletion of PGC-1

alpha resulted in reduced muscle functionality and increased inflammation. Myostatin is

member of the transforming growth factor beta family and is a secreted signalling mediator

that plays an important role in suppressing the conversion of white adipose tissue to beige/

brown adipose tissue in humans [28, 29]. In mice, depletion of myostatin resulted in increased

cell mass, decreased body fat deposition, increased insulin sensitivity, increased fat oxidation

and protection from obesity [30–32]. In addition, knockout of myostatin increased the expres-

sion of AMPK, PGC1 alpha and FNDC5, leading to activation of browning of fat in mice [32].

Myostatin has a negative effect on satellite cell growth and postnatal myogenesis in zebrafish

[33]. Troponin, a complex protein consisting of troponin C, troponin I and troponin T, is

abundantly expressed in cardiac and skeletal muscle tissues and plays an important role in

muscle contraction[34]. Cardiac troponin C is a primary determinant of cardiac contractility

since it is a calcium binding protein that directly mediates responses to the amount of intracel-

lular calcium released in the heart[35]. On the other hand, cardiac troponin T is a key mediator

protein that binds the troponin complex to tropomyosin to mediate controlled interaction

between actin and myosin filaments in the myocardial cells of the heart[36]. Overexpression of

troponin T has resulted in myocardial damage and its release into circulation from damaged

cardiomyocytes is currently used as a biomarker for diagnosing acute myocardial infarction

[37, 38]. It is possible that myostatins and troponins contribute to irisin effects on cardiac and

metabolic physiology.

We hypothesized that irisin regulates cardiac function and modulates muscle proteins in

zebrafish. The main focus of this research was in determining two important aspects of irisin

in zebrafish. First, we elucidated whether irisin has any whole animal effects, by examining

cardiac function in zebrafish. Second, we studied irisin effects on the expression of muscle pro-

teins discussed above in zebrafish. The results of this research show a role for irisin in regulat-

ing cardiovascular physiology, and identify novel targets of irisin in zebrafish.
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Materials and methods

Animals

Zebrafish (Danio rerio; 2–4 months old; body weight: ~1 g) were purchased from Aquatic

Imports (Calgary, Canada) and were maintained at 27˚C under 12L:12D photoperiod cycle.

All fish were fed once a day up to 3–4% body weight with slow sinking pellets (slow-sinking

pellets; Aqueon, Catalog# 06053). Fish were euthanized using 0.5% tricaine methanesulfonate-

222 (TMS-222, Syndel Laboratories, BC, Canada) followed by spinal transection. All animal

studies complied within the policies of the Canadian Council for Animal Care, and were

approved by the University of Saskatchewan Animal Research Ethics Board (2012–0033).

Western blot analyses

Total protein samples from heart and skeletal muscle was collected to confirm the presence of

irisin by Western blot analysis. Fish (n = 6) were euthanized using 0.5% TMS-222 before dis-

section and tissue collection. Tissues for Western blot were homogenized using T-PER tissue

protein extraction buffer (Thermo Scientific, Catalog# 78510) followed by protein concentra-

tion determination by Bradford assay using NanoDrop 2000c (Thermo, Vantaa, Finland). The

samples were prepared using 1X Laemmli buffer containing 0.2% of 2-mercaptoethanol (Bio-

Rad, Catalog# 161–0737 and -0710) and were subjected to boiling at 95˚C for 5 min followed

by vortexing prior to loading. Tissue total protein samples (40 μL; 15, 30 or 40 μg total protein

from heart and skeletal muscle of control zebrafish, or siRNA treated zebrafish), or synthetic

irisin (positive control; 10 μg) were loaded and were run on a gradient gel (Bio-Rad, Catalog#

456–1104) at 200V for of 30 min. After the run, proteins were transferred to a 0.2 μm BioTrace

nitrocellulose membrane (PALL Life Sciences, Catalog# 27377–000) subjected to blocking

using 1X RapidBlock solution (AMRESCO, Catalog# M325). In order to detect the presence of

irisin and β-tubulin (reference protein; Catalog # 2146, Cell signalling, Danvers, MA), and rab-

bit polyclonal FNDC5 antibody (Catalog# ab131390, 1:3000, Abcam, Ramona, Massachusetts)

were used. As the secondary antibody, goat anti-rabbit IgG (H+L) HRP conjugate (Catalog#

170–6515, 1:3000, Bio-Rad) was used. For visualization of protein, the membrane was incu-

bated for 5 min in Clarity Western ECL substrate (Bio-Rad, Catalog# 170–5061) and imaged

using ChemiDoc MP imaging system (Bio-Rad, Catalog# 170–8280). Membrane stripping for

detection of reference protein was conducted using Western blot stripping buffer (Thermo

Scientific, Catalog# 46430). Primary antibody was pre-absorbed in 10 μg synthetic human iri-

sin (Catalog# 067–16, Phoenix Pharmaceuticals, Inc, Burlingame, CA) overnight and was used

as pre-absorption controls for zebrafish tissues to confirm the specificity of the irisin antibody.

Precision plus protein dual Xtra standards (Bio-Rad, Catalog# 161–0377) were used as the

marker to detect the molecular weight of irisin and beta-tubulin.

Immunohistochemistry

The localization of the irisin protein in zebrafish heart and skeletal muscle sections were

detected by immunohistochemical (IHC) studies as described in detail earlier [39]. The pri-

mary antibody used was rabbit polyclonal FNDC5 antibody (Catalog# ab131390, 1:3000,

Abcam, Ramona, Massachusetts) for irisin. The slides were then washed with PBS and then

were incubated with secondary antibody for one hour at room temperature. Goat polyclonal

anti-rabbit IgG (Catalog# TI-1000, 1:500 dilution, Vector Laboratories, California) was used as

secondary antibody for irisin respectively. The slides were then rewashed with PBS and were

mounted on Vectashield medium containing DAPI dye (Blue, Vector Laboratories). The slides

were dried, and imaged using a Nikon inverted microscope (L100) (Nikon DS-Qi1 MC
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camera, ON, Canada) and analyzed using NiS Elements imaging software (Nikon, Canada).

For controls, primary antibody was pre-absorbed in 10 μg synthetic human irisin (Catalog#

067–16, Phoenix Pharmaceuticals, Inc, Burlingame, CA) overnight to confirm the specificity

of the irisin antibody in zebrafish tissues. Tissue sections incubated with secondary antibody

alone, or preabsorbed using synthetic irisin, were used as negative controls.

Tissue culture studies

Samples of heart and skeletal muscle from zebrafish (n = 8/group) were collected upon eutha-

nasia using 0.5% tricaine methanesulfonate (TMS-222, Syndel Laboratories, BC, Canada). Tis-

sues were added to each plate and were incubated in the fresh media for a period of 2 hours.

The media for tissue culture had the following components; DMEM 1X (500 ml); NAHCO3

(1.85g); pencillin/streptomicin (5.5 ml) and gentamicin (250 mg). Different concentrations of

irisin (0, 0.1 and 10 nM) were prepared containing the fresh media were freshly prepared dur-

ing this incubation period. Post incubation, plates were replaced with media containing irisin

at different concentrations. The plates were incubated for 60 or 120 mins respectively. The tis-

sues were then collected and stored at -80˚C until further analysis. In order to determine the

effect of irisin on muscle proteins, tissues collected were used for studying the relative mRNA

expression of troponin C, PGC-1 alpha, myostatin-a and myostatin-b and normalized to 18s

RNA (housekeeping gene) (Table 1). qPCR was carried out using iQ SYBR Green supermix

(Bio-Rad, Catalog#170–8880) and CFX Connect Optics module system (BioRad, Canada) con-

trolled by CFX Connect PC-based software (BioRad, Canada).

Dose dependent effects of irisin on cardiac function in zebrafish

Cardiac function was assessed in zebrafish using a VEVO 3100 high frequency ultrasound

machine (Visualsonics, Markham, ON), using B-mode imaging as described earlier [39, 40].

Zebrafish (4 months old) were injected intraperitoneally (6 μL) with synthetic human irisin

(Catalog# 067–16; Phoenix pharmaceuticals, Burlingame, CA) at doses 0.1, 1, 10 ng/g body

weight. The control group were injected with 6 μL of saline (0.9% sodium chloride). The

siRNA sequences of irisin and a scrambled control siRNA are provided in Table 2. Zebrafish

irisin siRNA was synthesized by Dharmacon (Montreal, CA). The control group (n = 6) were

injected with saline (0.9% sodium chloride; Baxter corporation, Catalog# JB1323) (Table 2).

Scrambled irisin siRNA was designed to test whether any siRNA sequence that shares same set

of mRNAs and length but was highly dissimilar in the arrangement could elicit same biological

effect on zebrafish. Scrambled siRNA sequence was designed using Genscript sequence scram-

ble tool (https://www.genscript.com/ssl-bin/app/scramble) from the corresponding zebrafish

Table 1. Forward and reverse primers, and the annealing temperature used in PCR and qRT-PCR analyses of the expression of mRNAs of interest.

Gene Primer sequence (5’-3’) Annealing temperature (˚C)

Forward Reverse

FNDC5b GCTTATATCTTCGCGTCCTC GCCAGTTTCTCTGACTCTTT 59

PGC- 1 alpha TCTATTCGGAAGGGCCCAGA GGTGGTGCTGTCTCGTTTTG 58

Myostatin-b TCCTTTAGCACGCCTTGGAA TGCTTGAGTCGGAGTTTGCT 60

Myostatin-a TTTTGAGCATCCTGCGCCTA ATCTTTGGGCTCAGTGCGAA 60

Troponin-C GCAGAAAAATGAGTTCCGTGC TTCCGCCAGTTCTTCCTCTG 60

Troponin T2D AGTTCAGGAGGAAGTGGATGAGT AGTCTGGCTTGACGCTCTTTC 60

β-Actin CTACTGGTATTGTGATGGACT TCCAGACAGAGTATTTGCGCT 59

18s GGATGCCCTTAACTGGGTGT CTAGCGGCGCAATACGAATG 60

https://doi.org/10.1371/journal.pone.0181461.t001
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siRNA sequence and synthesized by Dharmacon (Montreal, CA) (Table 2). Zebrafish irisin

siRNA and scrambled siRNA were injected intraperitoneally at 10 ng/g B.W. Each fish was

allowed to recover for a period of 15 minutes. Zebrafish were anesthetized prior to ultrasound

experiments using 20 mg/L Aquacalm (Syndel Laboratories, Canada). Fish were then trans-

ferred to a groove in a styrofoam-lined holding dish and placed ventral side up, with aerated,

27±0.5˚C water containing 20 mg/L Aquacalm superfusing the fish to maintain anesthesia

throughout ultrasound testing and minimal impact towards cardiovascular function in zebra-

fish [39, 40].

A MX700 scan head was used to obtain short and long-axis views of the zebrafish ventricle

in B-mode. The areas of three different short axis views along the ventricle were measured as

A1, A2, A3 while the ventricular length of long axis view was measured and divided by three to

give ventricular height (h) as per Eq (1). All of these values were measured at both systole and

diastole volume using Visualsonics software (Markham, ON). Using these values, end systolic

and diastolic volumes (mm3 = μl) were calculated for each zebrafish ventricle using the equa-

tion:

V ¼ ðA1þ A2Þ hþ ððA3hÞ=2Þþðp=6ðh3ÞÞ ð1Þ

Stroke volume (SV) was obtained by subtracting end systolic volume from end diastolic vol-

ume. Heart rate measurements were calculated by counting the number of heart beats per 10 s

during the B-mode ultrasound video loop and converted to beats per minutes (bpm). Cardiac

output was measured by multiplying heart rate and stroke volume (SV):

Cardiac output ¼ bpm � SV ð2Þ

The body weight of the fish was measured and all cardiac volume and output data were nor-

malized to body weight and statistical analysis was conducted.

Regulation of muscle proteins post irisin injection

Zebrafish (n = 8/group; 4 months old) were maintained as described earlier. On the day of the

study, synthetic human irisin peptide was intraperitoneally injected (6 μL) at different doses

[0, 0.1,1 and 10 ng/g body weight (BW)]. Zebrafish euthanasia, tissue collection and processing

were conducted as described earlier. Tissues collected were used for studying the expression of

muscular proteins such as troponin C, PGC- 1 alpha, beta-actin, myostatin-a and myostatin-b.

Data were normalized to 18s RNA (housekeeping gene) (Table 1).

Effect of irisin siRNA on muscle proteins in zebrafish

Zebrafish (n = 6/group; 4 months) were maintained as described earlier. On the day of the

experiment, irisin siRNA and scrambled irisin siRNA were intraperitoneally injected at 0 and

10 ng/g B.W (Table 2). One hour post-injection, zebrafish were euthanized using 0.5% TMS,

spinal transected, and heart and muscle tissues were collected, and stored at –80˚C for total

RNA extraction. In order to determine the effect of exogenous irisin siRNA on muscle

Table 2. Forward and reverse sequences of irisin and scrambled siRNAs.

siRNA siRNA sequence (5’-3’) Length

Forward Reverse

Irisin C.C.A.A.A.G.A.G.U.C.A.G.A.G.A.A.A.C.U.U.U P.A.G.U.U.U.C.U.C.U.G.A.C.U.C.U.U.U.G.G.U.U 21

Scrambled G.C.G.U.A.U.C.A.A.C.G.G.A.G.U.U.A.U.A.U.U P.U.A.U.A.A.C.U.C.C.G.U.U.G.A.U.A.C.G.C.U.U 21

https://doi.org/10.1371/journal.pone.0181461.t002
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proteins, RT-qPCR were carried out for troponin C, PGC-1 alpha, beta-actin, myostatin-a and

myostatin-b. Data were normalized to 18s RNA (housekeeping gene) (Table 1).

Statistical analysis

Data were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test,

post hoc or Tukey Kramer’s (t-test). PRISM version 5 (GraphPad Inc., USA) and IBM SPSS

version 21 (IBM, USA) were used for statistical analysis. P< 0.05 was considered statistically

significant. Data are represented as mean + SEM. For ultrasound data analysis, data were nor-

malized to the body weight of fish, and one-way analysis of variance (ANOVA) followed by

Fisher’s post hoc test was conducted.

Results

Irisin was detected in heart and muscle tissues of zebrafish

Western blot analysis detected irisin protein at 23 kDa in zebrafish (2 months old) heart and

skeletal muscle (Fig 1A). No bands were detected in tissues from zebrafish treated with irisin

siRNA (Fig 1A). Preabsorbed samples using synthetic irisin did not detect any band in zebra-

fish tissues (Fig 1B). β-tubulin was used as the reference protein (Fig 1C). Beta tubulin was visi-

ble in all samples (Fig 1C).

Irisin immunoreactivity was detected in skeletal and cardiac muscle of

zebrafish

Irisin immunoreactivity (red) was detected in the atrial and the ventricular cardiomyocytes of

zebrafish (Fig 2A and 2B). Irisin immunoreactivity was also detected in zebrafish skeletal mus-

cle (Fig 2C). DAPI (blue) stained the nuclei of cells (Fig 2A–2D). No immunoreactivity was

observed in sections stained with secondary antibody alone, and in preabsorption controls

(Fig 2D).

Irisin downregulates PGC-1 alpha, myostatin a and myostatin b mRNA

expression, and upregulates troponin C mRNA expression in vitro

Irisin (0.1 nM, 10 nM) downregulated relative mRNA expression of PGC-1 alpha (Fig 3A)

when compared to saline treated controls in zebrafish heart. In contrast, irisin (10 nM) upre-

gulated relative mRNA expression of troponin C in zebrafish skeletal muscle (Fig 3B), while

irisin (10 nM) downregulated the relative mRNA expression of myostatin-a in zebrafish heart

and muscle (Fig 3C). No significant effect on troponin C relative mRNA expression was

detected in zebrafish heart at 0.1 nM, and 10 nM, when compared to controls (Fig 3B). Irisin

(0.1 nM, 10 nM) downregulated relative mRNA expression of myostatin b (Fig 3D) when com-

pared to controls in zebrafish heart.

Irisin modulates cardiac function in zebrafish

Representative long-axis brightness mode (B-mode) and color flow Doppler short axis views

from the ultrasonography of adult zebrafish heart are shown in Fig 4A–4C. A single intraperi-

toneal injection of irisin (0.1 ng/g, 1 ng/g and 10 ng/g B.W) increased end-diastolic volume in

zebrafish (Fig 5A). Irisin (0.1 and 1 ng/g B.W) also increased heart rate and cardiac output in

zebrafish (Fig 5D and 5E). siRNA enabled knockdown of irisin (10 ng/g B.W) significantly

decreased end-diastolic volume, end-systolic volume, stroke volume, heart rate and cardiac

output in zebrafish (Fig 5A–5E). No significant effect on cardiac function was observed in

Irisin regulation of cardiac function
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Fig 1. Irisin was detected in the heart and skeletal muscle of zebrafish by Western blot analyses. (A) Western blot showing irisin in different

concentrations of total protein extract from heart and skeletal muscle of untreated zebrafish (tissue name, and concentration of protein loaded in

brackets), and siRNA treated zebrafish (labeled siRNA-heart; siRNA-muscle), and synthetic irisin (positive control); (B) pre-absorption control using

total protein as indicated in A (age: 2 months; n = 6 zebrafish). Fig (C) shows the internal control (β-tubulin) expression in the above tissues. Western

blot detected irisin protein at 23 kDa (A) while no protein was detected in the preabsorption control (B) in skeletal muscle and heart tissues of

zebrafish. A band representing beta tubulin was detected in all tissue samples tested.

https://doi.org/10.1371/journal.pone.0181461.g001
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response to 10 ng/g B.W irisin scrambled siRNA injection, when compared to control group

(Fig 5A–5E).

Irisin downregulates PGC-1 alpha, myostatin a and b, and upregulates

troponin C and troponin T2D In vivo in zebrafish

Exogenous administration of irisin (1 and 10 ng/g B.W) downregulated PGC-1 alpha mRNA

expression (Fig 6A) in zebrafish heart and muscle when compared to saline treated controls.

On the other hand, exogenous irisin (0.1 and 1 ng/g B.W) upregulated troponin C (Fig 6B)

Fig 2. Irisin immunoreactivity was detected in the atrium (A) and ventricle (B) of heart and (C) skeletal muscle tissues of zebrafish. Irisin

immunoreactivity was detected in atrial and ventricular cardiomyocytes of zebrafish (A,B) In skeletal muscle, irisin immunoreactivity (Catalog#

ab131390, 1:3000, Abcam, Ramona, Massachusetts) was detected at the myofibril filament within the myotubule (C). Preabsorption control of irisin

was used as negative control (D). Nuclei are stained blue (DAPI). Images were taken at 40X magnification and scale bar = 100 μm (and 0.5 μm for

inset).

https://doi.org/10.1371/journal.pone.0181461.g002
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relative mRNA expression in zebrafish heart and skeletal muscle. Intraperitoneal administra-

tion of 0.1 ng/g B.W, 1 ng/g B.W and 10 ng/g B.W downregulated myostatin a (Fig 6C) relative

mRNA expression in zebrafish heart and skeletal muscle when compared to saline treated

group. Also, exogenous irisin (0.1 and 1 ng/g B.W) upregulated troponin T2D (Fig 6D) relative

Fig 3. Irisin downregulated mRNA expression of PGC-1 alpha, myostatin-a and b and upregulated troponin C mRNA expression in

zebrafish. In vitro studies showed irisin (0.1 nM, 10 nM) downregulated relative mRNA expression of PGC- 1 alpha (A) in zebrafish heart (n = 8/

group). However, irisin (10 nM) upregulated troponin C relative mRNA expression in zebrafish skeletal muscle (B). Irisin (10nM) downregulated

myostatin-a relative mRNA expression in zebrafish heart and skeletal muscle (B). Irisin (10 nM) downregulated the relative mRNA expression of

myostatin-a in zebrafish heart and muscle (C). Irisin (0.1 nM, 10 nM) downregulated myostatin-b relative mRNA expression when compared to

control in zebrafish heart (D). The mRNA expression data was normalized to 18s RNA. Asterisks denote significant difference between the tissues

(* p<0.05). Data are presented as mean + SEM. One-way ANOVA (non-parametric) followed by Tukey’s multiple comparison test was used for

statistical analysis.

https://doi.org/10.1371/journal.pone.0181461.g003
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Fig 4. Representative long-axis (A), short axis (B) brightness mode (B-mode) view of adult zebrafish

heart. Zebrafish were anesthetized, imaged and the long axis mode was considered to calculate the

ventricular length (A), while short axis was considered to calculate ventricular area (B) (represented by blue

line). Blood flow from atrium to ventricle through the atrioventricular valve are indicated by color (blue) in panel

C using color flow Doppler mode and heart rate measurements were calculated by number of heart beats per

10 s during the B-mode ultrasound video loop, and converted to beats per minutes (bpm).

https://doi.org/10.1371/journal.pone.0181461.g004
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Fig 5. Irisin administration enhances cardiovascular function, while knockdown of irisin by siRNA attenuated cardiac physiology in

zebrafish. Exogenous irisin (0.1 ng/g, 1 ng/g and 10 ng/g B.W) increased diastole volume in zebrafish (A). siRNA knockdown of irisin (10 ng/g B.

W) significantly decreased diastolic volume, systolic volume, stroke volume, heart rate and cardiac output in zebrafish (A-E). Exogenous irisin

(0.1 ng/g and 1 ng/g) improved heart rate and cardiac output (D, E) in zebrafish. No significant effects on cardiovascular functions were observed

upon injection of irisin scrambled siRNA, when compared to control group (A-E). Asterisks denote significant differences between control (saline

group) and irisin, siRNA injected groups (* p<0.05, n = 6 fish/group). Data are represented as mean + SEM. One-way ANOVA (non-parametric)

followed by Tukey’s multiple comparison test were used for statistical analysis.

https://doi.org/10.1371/journal.pone.0181461.g005
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Fig 6. Exogenous irisin administration downregulated PGC-1 alpha, myostatin-a and b mRNA expression and

upregulated troponin C and T2D mRNA expression in zebrafish. Exogenous irisin (1 ng/g and 10 ng/g B.W) significantly

downregulated PGC-1 alpha (A) relative mRNA expression in zebrafish heart and skeletal Irisin (0.1 and 1 ng/g B.W)

upregulated troponin C mRNA expression (B) in zebrafish heart and skeletal muscle when compared controls. However,

exogenous irisin (0.1 ng/g 1 ng/g and 10 ng/g B.W) downregulated myostatin-a relative mRNA expression in zebrafish muscle
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mRNA expression in zebrafish heart and skeletal muscle. Exogenous administration of irisin

at 0.1 ng/g B.W, 1 ng/g B.W and 10 ng/g B.W downregulated myostatin b (Fig 6E) relative

mRNA expression in zebrafish heart and skeletal muscle when compared to saline treated

group. No significant effect was observed in response to an intraperitoneal injection of irisin

(0.1 ng/g, 1 ng/g and 10 ng/g B.W) on beta-actin relative mRNA expression in zebrafish heart

and skeletal muscle (Fig 6F). Also, no effect in PGC-1 alpha (Fig 6A) mRNA expression was

observed after administration of 0.1 ng/g B.W of irisin in zebrafish heart and skeletal muscle.

Knockdown of irisin upregulates myostatin a and b, and downregulates

PGC-1 alpha, troponin C and troponin T2D in zebrafish

Zebrafish irisin siRNA (10 ng/g B.W) downregulated PGC- 1 alpha (Fig 7A) mRNA expression

in zebrafish heart and muscle. In vivo (intraperitoneal) administration of zebrafish irisin

siRNA (10 ng/g B.W) upregulated myostatin a and b (Fig 7B and 7C) relative mRNA expres-

sion in zebrafish heart and skeletal muscle, when compared to saline treated control group. Iri-

sin siRNA downregulated troponin C (Fig 7D) and troponin T2D (Fig 7E) relative mRNA

expression in heart and skeletal muscle, when compared to saline treated control group. Injec-

tion of scrambled irisin siRNA (10 ng/g B.W) did not elicit any effects on myostatin a and b,

PGC-1 alpha, troponin C and troponin T2D relative mRNA expression in zebrafish tissues

(Fig 7A–7E).

Discussion

Irisin is a myokine derived from skeletal muscle in response to exercise, which has been shown

to play a role in regulating cardiac function and angiogenesis in mice [9, 41]. Circulating irisin

and adipose tissue FNDC5 were found to attenuate hyperglycemia, visceral adiposity and

extramyocellular lipid deposition in obesity and type 2 diabetes in humans [42, 43]. Lower lev-

els of irisin was detected in circulation of individuals with gestational diabetes mellitus [44].

These results suggest a role for irisin in the maintenance of energy homeostasis in normal and

disease conditions. In this research, we focused on cardiac expression of irisin and its role in

cardiac physiology and muscle proteins in zebrafish. Irisin immunoreactivity was detected in

zebrafish atrial and ventricular cardiomyocytes. Irisin immunoreactivity was detected in the

myofibrils within the myotubules in skeletal muscle of zebrafish. These observations are in

agreement with previous results that detected irisin immunoreactivity in the perimysium,

endomysium and skeletal muscle nuclei in Sprague Dawley rats, with a reported increase in

cell specific expression upon exercise [45]. In addition to that, abundant irisin immunoreactiv-

ity was detected in the myocardium and connective tissues of heart in young rats. In the cur-

rent study, the cell specific localization of irisin in skeletal and heart muscle tissues suggests

that irisin is a key promoter in regulating muscle proteins and cardiac function in zebrafish.

Our next study focused on determining whether irisin has any effects on cardiac physiology

and modulation of muscle proteins in zebrafish. In vivo administration (i.p.) of irisin elicited

an overall stimulatory effect on cardiac function in zebrafish. Intracerebroventricular injection

of irisin increased cardiac output and blood pressure in rats by activating hypothalamic

and heart (C). Upon exogenous administration of irisin at 0.1 ng/g and 1 ng/g B.W, troponin T2D relative mRNA expression was

downregulated in zebrafish heart and skeletal muscle (D). Also, irisin (0.1 ng/g, 1 ng/g and 10 ng/g B.W) downregulated

myostatin-b relative mRNA expression in zebrafish when compared to saline treated controls (E). No significant effect was

observed in response to i.p injection of irisin towards beta-actin relative mRNA expression in heart and muscle of zebrafish (F).

Asterisks denote significant differences between control (saline group) and irisin, siRNA injected groups of the same (* p<0.05,

n = 8 fish/group). Data are represented as mean + SEM. One-way ANOVA followed by Tukey’s multiple comparison post hoc

test were used for statistical analysis.

https://doi.org/10.1371/journal.pone.0181461.g006
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Fig 7. Knockdown of irisin by siRNA altered the expression of mRNAs encoding cardiac muscle proteins in zebrafish. In vivo

administration of irisin siRNA (10 ng/g B.W) downregulated PGC- 1 alpha (A) mRNA expression in zebrafish heart and skeletal muscle

samples when compared to control group. However, irisin siRNA (10 ng/g B.W) significantly upregulated myostatin a (B) and myostatin b

(C) relative mRNA expression in heart and muscle tissues of zebrafish when compared to control group (B, C). In addition to that,

knockdown of irisin by siRNA downregulated troponin C and troponin T2D relative mRNA expression in zebrafish heart and skeletal

muscle when compared to saline treated controls (D, E). No significant effect on PGC- 1 alpha, troponin C, troponin T2D, myostatin a and

b relative mRNA expression was observed when scrambled siRNA was injected (A-E).

https://doi.org/10.1371/journal.pone.0181461.g007
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paraventricular nuclei (PVN) neurons, while peripheral (intravenous) administration, or

injection into the nucleus ambiguus decreased blood pressure, decreased cardiac function and

caused vasodilation [17, 22]. A limitation in comparing these studies lies in the routes of

administration (central vs. intravenous vs. intraperitoneal) chosen. The discrepancies in out-

comes obtained in these studies could be due to variations in routes of administration, doses

used, species-specificity, and mechanism of action in model organisms tested. Cardiac stimula-

tory effects of irisin are, at least in part, mediated by β-adrenoceptors and irisin-mediated sym-

pathetic stimulation, based on competitive effects with atenolol in rats [17]. However, vagal

stimulation was instead suggested to mediate the previously reported decrease in cardiac func-

tion and blood pressure reported in rats injected with irisin in the nucleus ambiguous [22].

Overall, at the doses tested, using the i.p route of administration, irisin plays a stimulatory role

on cardiac filling, contractility and heart rate in zebrafish. Some of these effects were found at

the lower dose(s) tested, while at higher concentrations the responses were diminished or dis-

appeared. One possibility is that at the higher doses of irisin tested, there might be receptor

desensitization or downregulation, which results in the lack of responses found at lower doses.

The mechanisms and pathways that mediate in vivo irisin actions on zebrafish cardiovascular

biology warrant further studies.

In an attempt to understand possible mechanisms of irisin action, we then measured mus-

cle proteins that were found to change in response to irisin in our in vitro studies. Our in vitro
studies revealed that irisin (0.1 nM and 10 nM) downregulated PGC-1 alpha mRNA expres-

sion in zebrafish heart and muscle. Similarly, exogenous administration of irisin (1 ng/g and

10 ng/g B.W) reduced PGC- 1 alpha, and myostatin a and b relative mRNA expression in zeb-

rafish. This reduction in the expression of PGC-1 alpha relative mRNA expression is in accor-

dance with previous studies that found irisin secretion from skeletal muscles upon PGC-1

alpha activation during endurance training [9]. Knockdown of irisin upregulated myostatin a

and b mRNA expression in zebrafish heart and skeletal muscle tissues. Previous results have

reported that increased expression of myostatin led to muscle wasting during aging in humans

[46]. Overexpression of myostatin resulted in immobilization leading to muscle atrophy in

mice [47]. Whether the overexpression of myostatin a and b could influence muscular devel-

opment and muscle physiology in zebrafish needs further investigation. Administration of iri-

sin resulted in a significant increase in troponin C and troponin T2D mRNA in zebrafish

skeletal muscle and heart, while knockdown of irisin downregulated troponin T2D and tropo-

nin C in heart and skeletal muscle tissues of zebrafish. Troponin T2D plays an important role

in sarcomere assembly and regulation of actin-myosin activity in zebrafish muscle tissues [35,

48]. Morpholino knockdown of troponin T in zebrafish caused suppressive effect in pre-myo-

fibril production leading to abnormalities in myofibrillogenesis [49]. Abnormality in troponin

T expression was responsible for uncoupling myofibrillar calcium sensitivity in humans with

hypertrophic obstructive cardiomyopathy [50]. Collectively, these results identify myostatin

and troponin as novel targets of irisin. Further research to elucidate the mediators and mecha-

nism of cardiac action of irisin is warranted.

Conclusion

In conclusion, this research using approaches to add or remove irisin, indicate a primarily

positive role for this peptide on zebrafish cardiac function. While some of our results are in

agreement with similar studies in rodents, it appears that species-specific differences in irisin

actions exist. We found muscle proteins as novel targets of irisin, and this suggest a modula-

tory role for these proteins in regulating cardiac function. Fig 8 summarizes the effects of irisin

on cardiovascular physiology and regulation of muscle proteins in zebrafish. Our results
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establish irisin as a potent bioactive molecule in zebrafish. It also provides the basis for future

research on the mechanisms of action of irisin, and its role in other physiological processes in

zebrafish.

Acknowledgments

SU is a recipient of an an Establishment Grant from the Saskatchewan Health Research Foun-

dation (SHRF). The ultrasound machine was purchased using a Leaders Opportunities Fund

from the Canada Foundation for Innovation (CFI) to Lynn Weber.

Author Contributions

Conceptualization: Lakshminarasimhan Sundarrajan, Suraj Unniappan.

Data curation: Lakshminarasimhan Sundarrajan, Chanel Yeung, Logan Hahn, Lynn P.

Weber.

Formal analysis: Lakshminarasimhan Sundarrajan, Chanel Yeung, Logan Hahn, Lynn P.

Weber.

Funding acquisition: Lynn P. Weber, Suraj Unniappan.

Investigation: Lakshminarasimhan Sundarrajan.

Fig 8. Summary of irisin effect on cardiac function and regulation of muscular proteins in zebrafish. Scheme depicting the role of irisin on

cardiovascular physiology, and in the regulation of muscle proteins in zebrafish. Irisin is abundantly expressed in cardiac and skeletal muscles, and has a

positive role on cardiac functions (indicated by upward arrow), and muscular proteins in zebrafish. Knockdown of irisin played an important role in

modulating muscle protein encoding mRNAs and cardiovascular physiology in zebrafish (indicated by down arrow). Together, irisin is a positive modulator

of cardiac physiology and regulates muscle proteins in zebrafish.

https://doi.org/10.1371/journal.pone.0181461.g008

Irisin regulation of cardiac function

PLOS ONE | https://doi.org/10.1371/journal.pone.0181461 August 3, 2017 16 / 19

https://doi.org/10.1371/journal.pone.0181461.g008
https://doi.org/10.1371/journal.pone.0181461


Methodology: Lakshminarasimhan Sundarrajan, Chanel Yeung, Logan Hahn, Lynn P. Weber,

Suraj Unniappan.

Project administration: Lakshminarasimhan Sundarrajan, Suraj Unniappan.

Resources: Suraj Unniappan.

Software: Chanel Yeung, Logan Hahn, Lynn P. Weber.

Supervision: Lynn P. Weber, Suraj Unniappan.

Validation: Lakshminarasimhan Sundarrajan.

Visualization: Lakshminarasimhan Sundarrajan.

Writing – original draft: Lakshminarasimhan Sundarrajan, Lynn P. Weber, Suraj

Unniappan.

Writing – review & editing: Lakshminarasimhan Sundarrajan, Lynn P. Weber, Suraj

Unniappan.

References
1. Frontera WR, Ochala J. Skeletal muscle: a brief review of structure and function. Calcified tissue inter-

national. 2015; 96(3):183–95. https://doi.org/10.1007/s00223-014-9915-y PMID: 25294644

2. Pedersen BK, Febbraio MA. Muscle as an endocrine organ: focus on muscle-derived interleukin-6.

Physiological reviews. 2008; 88(4):1379–406. https://doi.org/10.1152/physrev.90100.2007 PMID:

18923185

3. Pedersen BK. Muscle as a secretory organ. Comprehensive Physiology. 2013; 3(3):1337–62. https://

doi.org/10.1002/cphy.c120033 PMID: 23897689

4. Pedersen BK, Febbraio MA. Muscles, exercise and obesity: skeletal muscle as a secretory organ.

Nature reviews Endocrinology. 2012; 8(8):457–65. https://doi.org/10.1038/nrendo.2012.49 PMID:

22473333

5. Pedersen BK, Akerstrom TC, Nielsen AR, Fischer CP. Role of myokines in exercise and metabolism.

Journal of applied physiology (Bethesda, Md: 1985). 2007; 103(3):1093–8.

6. Kapilevich LV, Kironenko TA, Zaharova AN, Kotelevtsev YV, Dulin NO, Orlov SN. Skeletal muscle as

an endocrine organ: Role of [Na+]i/[K+]i-mediated excitation-transcription coupling. Genes & diseases.

2015; 2(4):328–36.

7. Hartwig S, Raschke S, Knebel B, Scheler M, Irmler M, Passlack W, et al. Secretome profiling of primary

human skeletal muscle cells. Biochim Biophys Acta. 2014; 1844(5):1011–7. https://doi.org/10.1016/j.

bbapap.2013.08.004 PMID: 23994228

8. Hofmann T, Elbelt U, Stengel A. Irisin as a muscle-derived hormone stimulating thermogenesis—a criti-

cal update. Peptides. 2014; 54:89–100. https://doi.org/10.1016/j.peptides.2014.01.016 PMID:

24472856

9. Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al. A PGC1-alpha-dependent myokine

that drives brown-fat-like development of white fat and thermogenesis. Nature. 2012; 481(7382):463–8.

https://doi.org/10.1038/nature10777 PMID: 22237023

10. Hou N, Liu Y, Han F, Wang D, Hou X, Hou S, et al. Irisin improves perivascular adipose tissue dysfunc-

tion via regulation of the heme oxygenase-1/adiponectin axis in diet-induced obese mice. Journal of

molecular and cellular cardiology. 2016; 99:188–96. https://doi.org/10.1016/j.yjmcc.2016.09.005 PMID:

27638193

11. Jedrychowski MP, Wrann CD, Paulo JA, Gerber KK, Szpyt J, Robinson MM, et al. Detection and Quan-

titation of Circulating Human Irisin by Tandem Mass Spectrometry. Cell metabolism. 2015; 22(4):734–

40. https://doi.org/10.1016/j.cmet.2015.08.001 PMID: 26278051

12. Huh JY, Panagiotou G, Mougios V, Brinkoetter M, Vamvini MT, Schneider BE, et al. FNDC5 and irisin in

humans: I. Predictors of circulating concentrations in serum and plasma and II. mRNA expression and

circulating concentrations in response to weight loss and exercise. Metabolism: clinical and experimen-

tal. 2012; 61(12):1725–38.

13. Moreno-Navarrete JM, Ortega F, Serrano M, Guerra E, Pardo G, Tinahones F, et al. Irisin is expressed

and produced by human muscle and adipose tissue in association with obesity and insulin resistance. J

Clin Endocrinol Metab. 2013; 98(4):E769–78. https://doi.org/10.1210/jc.2012-2749 PMID: 23436919

Irisin regulation of cardiac function

PLOS ONE | https://doi.org/10.1371/journal.pone.0181461 August 3, 2017 17 / 19

https://doi.org/10.1007/s00223-014-9915-y
http://www.ncbi.nlm.nih.gov/pubmed/25294644
https://doi.org/10.1152/physrev.90100.2007
http://www.ncbi.nlm.nih.gov/pubmed/18923185
https://doi.org/10.1002/cphy.c120033
https://doi.org/10.1002/cphy.c120033
http://www.ncbi.nlm.nih.gov/pubmed/23897689
https://doi.org/10.1038/nrendo.2012.49
http://www.ncbi.nlm.nih.gov/pubmed/22473333
https://doi.org/10.1016/j.bbapap.2013.08.004
https://doi.org/10.1016/j.bbapap.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/23994228
https://doi.org/10.1016/j.peptides.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24472856
https://doi.org/10.1038/nature10777
http://www.ncbi.nlm.nih.gov/pubmed/22237023
https://doi.org/10.1016/j.yjmcc.2016.09.005
http://www.ncbi.nlm.nih.gov/pubmed/27638193
https://doi.org/10.1016/j.cmet.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26278051
https://doi.org/10.1210/jc.2012-2749
http://www.ncbi.nlm.nih.gov/pubmed/23436919
https://doi.org/10.1371/journal.pone.0181461


14. Moon HS, Dincer F, Mantzoros CS. Pharmacological concentrations of irisin increase cell proliferation

without influencing markers of neurite outgrowth and synaptogenesis in mouse H19-7 hippocampal cell

lines. Metabolism: clinical and experimental. 2013; 62(8):1131–6.

15. Lecker SH, Zavin A, Cao P, Arena R, Allsup K, Daniels KM, et al. Expression of the irisin precursor

FNDC5 in skeletal muscle correlates with aerobic exercise performance in patients with heart failure.

Circulation Heart failure. 2012; 5(6):812–8. https://doi.org/10.1161/CIRCHEARTFAILURE.112.969543

PMID: 23001918

16. Teufel A, Malik N, Mukhopadhyay M, Westphal H. Frcp1 and Frcp2, two novel fibronectin type III repeat

containing genes. Gene. 2002; 297(1–2):79–83. PMID: 12384288

17. Zhang W, Chang L, Zhang C, Zhang R, Li Z, Chai B, et al. Central and peripheral irisin differentially reg-

ulate blood pressure. Cardiovascular drugs and therapy / sponsored by the International Society of Car-

diovascular Pharmacotherapy. 2015; 29(2):121–7.

18. Ferrer-Martinez A, Ruiz-Lozano P, Chien KR. Mouse PeP: a novel peroxisomal protein linked to myo-

blast differentiation and development. Dev Dyn. 2002; 224(2):154–67. https://doi.org/10.1002/dvdy.

10099 PMID: 12112469

19. Aydin S, Aydin S, Kuloglu T, Yilmaz M, Kalayci M, Sahin I, et al. Alterations of irisin concentrations in

saliva and serum of obese and normal-weight subjects, before and after 45 min of a Turkish bath or run-

ning. Peptides. 2013; 50:13–8. https://doi.org/10.1016/j.peptides.2013.09.011 PMID: 24096106

20. Dun SL, Lyu RM, Chen YH, Chang JK, Luo JJ, Dun NJ. Irisin-immunoreactivity in neural and non-neural

cells of the rodent. Neuroscience. 2013; 240:155–62. https://doi.org/10.1016/j.neuroscience.2013.02.

050 PMID: 23470775

21. Aydin S, Kuloglu T, Aydin S, Kalayci M, Yilmaz M, Cakmak T, et al. A comprehensive immunohisto-

chemical examination of the distribution of the fat-burning protein irisin in biological tissues. Peptides.

2014; 61:130–6. https://doi.org/10.1016/j.peptides.2014.09.014 PMID: 25261800

22. Brailoiu E, Deliu E, Sporici RA, Brailoiu GC. Irisin evokes bradycardia by activating cardiac-projecting

neurons of nucleus ambiguus. Physiological reports. 2015; 3(6).

23. Yang Z, Chen X, Chen Y, Zhao Q. Decreased irisin secretion contributes to muscle insulin resistance in

high-fat diet mice. International journal of clinical and experimental pathology. 2015; 8(6):6490–7.

PMID: 26261526

24. Xin C, Liu J, Zhang J, Zhu D, Wang H, Xiong L, et al. Irisin improves fatty acid oxidation and glucose uti-

lization in type 2 diabetes by regulating the AMPK signaling pathway. International journal of obesity

(2005). 2016; 40(3):443–51.

25. Hashemi MS, Ghaedi K, Salamian A, Karbalaie K, Emadi-Baygi M, Tanhaei S, et al. Fndc5 knockdown

significantly decreased neural differentiation rate of mouse embryonic stem cells. Neuroscience. 2013;

231:296–304. https://doi.org/10.1016/j.neuroscience.2012.11.041 PMID: 23219938

26. Wu F, Song H, Zhang Y, Zhang Y, Mu Q, Jiang M, et al. Irisin Induces Angiogenesis in Human Umbilical

Vein Endothelial Cells In Vitro and in Zebrafish Embryos In Vivo via Activation of the ERK Signaling

Pathway. PloS one. 2015; 10(8):e0134662. https://doi.org/10.1371/journal.pone.0134662 PMID:

26241478

27. Eisele PS, Furrer R, Beer M, Handschin C. The PGC-1 coactivators promote an anti-inflammatory envi-

ronment in skeletal muscle in vivo. Biochemical and biophysical research communications. 2015; 464

(3):692–7. https://doi.org/10.1016/j.bbrc.2015.06.166 PMID: 26159922

28. Dong J, Dong Y, Dong Y, Chen F, Mitch WE, Zhang L. Inhibition of myostatin in mice improves insulin

sensitivity via irisin-mediated cross talk between muscle and adipose tissues. International journal of

obesity (2005). 2016; 40(3):434–42.

29. Tiano JP, Springer DA, Rane SG. SMAD3 negatively regulates serum irisin and skeletal muscle

FNDC5 and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1alpha) dur-

ing exercise. The Journal of biological chemistry. 2015; 290(18):11431. https://doi.org/10.1074/jbc.

A114.617399 PMID: 25934839

30. Lee SJ, McPherron AC. Regulation of myostatin activity and muscle growth. Proceedings of the

National Academy of Sciences of the United States of America. 2001; 98(16):9306–11. https://doi.org/

10.1073/pnas.151270098 PMID: 11459935

31. McPherron AC, Lee SJ. Suppression of body fat accumulation in myostatin-deficient mice. The Journal

of clinical investigation. 2002; 109(5):595–601. https://doi.org/10.1172/JCI13562 PMID: 11877467

32. Shan T, Liang X, Bi P, Kuang S. Myostatin knockout drives browning of white adipose tissue through

activating the AMPK-PGC1alpha-Fndc5 pathway in muscle. FASEB journal: official publication of the

Federation of American Societies for Experimental Biology. 2013; 27(5):1981–9.

Irisin regulation of cardiac function

PLOS ONE | https://doi.org/10.1371/journal.pone.0181461 August 3, 2017 18 / 19

https://doi.org/10.1161/CIRCHEARTFAILURE.112.969543
http://www.ncbi.nlm.nih.gov/pubmed/23001918
http://www.ncbi.nlm.nih.gov/pubmed/12384288
https://doi.org/10.1002/dvdy.10099
https://doi.org/10.1002/dvdy.10099
http://www.ncbi.nlm.nih.gov/pubmed/12112469
https://doi.org/10.1016/j.peptides.2013.09.011
http://www.ncbi.nlm.nih.gov/pubmed/24096106
https://doi.org/10.1016/j.neuroscience.2013.02.050
https://doi.org/10.1016/j.neuroscience.2013.02.050
http://www.ncbi.nlm.nih.gov/pubmed/23470775
https://doi.org/10.1016/j.peptides.2014.09.014
http://www.ncbi.nlm.nih.gov/pubmed/25261800
http://www.ncbi.nlm.nih.gov/pubmed/26261526
https://doi.org/10.1016/j.neuroscience.2012.11.041
http://www.ncbi.nlm.nih.gov/pubmed/23219938
https://doi.org/10.1371/journal.pone.0134662
http://www.ncbi.nlm.nih.gov/pubmed/26241478
https://doi.org/10.1016/j.bbrc.2015.06.166
http://www.ncbi.nlm.nih.gov/pubmed/26159922
https://doi.org/10.1074/jbc.A114.617399
https://doi.org/10.1074/jbc.A114.617399
http://www.ncbi.nlm.nih.gov/pubmed/25934839
https://doi.org/10.1073/pnas.151270098
https://doi.org/10.1073/pnas.151270098
http://www.ncbi.nlm.nih.gov/pubmed/11459935
https://doi.org/10.1172/JCI13562
http://www.ncbi.nlm.nih.gov/pubmed/11877467
https://doi.org/10.1371/journal.pone.0181461


33. Gao Y, Dai Z, Shi C, Zhai G, Jin X, He J, et al. Depletion of Myostatin b Promotes Somatic Growth and

Lipid Metabolism in Zebrafish. Frontiers in endocrinology. 2016; 7:88. https://doi.org/10.3389/fendo.

2016.00088 PMID: 27458428

34. Na I, Kong MJ, Straight S, Pinto JR, Uversky VN. Troponins, intrinsic disorder, and cardiomyopathy.

Biological chemistry. 2016; 397(8):731–51. https://doi.org/10.1515/hsz-2015-0303 PMID: 27074551

35. Shettigar V, Zhang B, Little SC, Salhi HE, Hansen BJ, Li N, et al. Rationally engineered Troponin C

modulates in vivo cardiac function and performance in health and disease. Nature communications.

2016; 7:10794. https://doi.org/10.1038/ncomms10794 PMID: 26908229

36. Hendriks SH, van Dijk PR, van Hateren KJ, van Pelt JL, Groenier KH, Bilo HJ, et al. High-sensitive tro-

ponin T is associated with all-cause and cardiovascular mortality in stable outpatients with type 2 diabe-

tes (ZODIAC-37). American heart journal. 2016; 174:43–50. https://doi.org/10.1016/j.ahj.2015.12.015

PMID: 26995369

37. Xu RY, Zhu XF, Yang Y, Ye P. High-sensitive cardiac troponin T. Journal of geriatric cardiology: JGC.

2013; 10(1):102–9. https://doi.org/10.3969/j.issn.1671-5411.2013.01.015 PMID: 23610580

38. Thygesen K, Alpert JS, Jaffe AS, Simoons ML, Chaitman BR, White HD, et al. Third universal definition

of myocardial infarction. Circulation. 2012; 126(16):2020–35. https://doi.org/10.1161/CIR.

0b013e31826e1058 PMID: 22923432

39. Nair N, Gerger C, Hatef A, Weber LP, Unniappan S. Ultrasonography reveals in vivo dose-dependent

inhibition of end systolic and diastolic volumes, heart rate and cardiac output by nesfatin-1 in zebrafish.

General and comparative endocrinology. 2016; 234:142–50. https://doi.org/10.1016/j.ygcen.2016.02.

015 PMID: 26892993

40. Gerger CJ, Weber LP. Comparison of the acute effects of benzo-a-pyrene on adult zebrafish (Danio

rerio) cardiorespiratory function following intraperitoneal injection versus aqueous exposure. Aquatic

toxicology (Amsterdam, Netherlands). 2015; 165:19–30.

41. Timmons JA, Baar K, Davidsen PK, Atherton PJ. Is irisin a human exercise gene? Nature. 2012; 488

(7413):E9–10; discussion E-1. https://doi.org/10.1038/nature11364 PMID: 22932392

42. Piya MK, Harte AL, Sivakumar K, Tripathi G, Voyias PD, James S, et al. The identification of irisin in

human cerebrospinal fluid: influence of adiposity, metabolic markers, and gestational diabetes. Ameri-

can journal of physiology Endocrinology and metabolism. 2014; 306(5):E512–8. https://doi.org/10.

1152/ajpendo.00308.2013 PMID: 24398403

43. Kurdiova T, Balaz M, Vician M, Maderova D, Vlcek M, Valkovic L, et al. Effects of obesity, diabetes and

exercise on Fndc5 gene expression and irisin release in human skeletal muscle and adipose tissue: in

vivo and in vitro studies. J Physiol. 2014; 592(5):1091–107. https://doi.org/10.1113/jphysiol.2013.

264655 PMID: 24297848

44. Zhao L, Li J, Li ZL, Yang J, Li ML, Wang GL. Circulating irisin is lower in gestational diabetes mellitus.

Endocr J. 2015; 62(10):921–6. https://doi.org/10.1507/endocrj.EJ15-0230 PMID: 26228794

45. Aydin S, Kuloglu T, Aydin S, Eren MN, Celik A, Yilmaz M, et al. Cardiac, skeletal muscle and serum irisin

responses to with or without water exercise in young and old male rats: cardiac muscle produces more

irisin than skeletal muscle. Peptides. 2014; 52:68–73. https://doi.org/10.1016/j.peptides.2013.11.024

PMID: 24345335

46. Joulia-Ekaza D, Cabello G. The myostatin gene: physiology and pharmacological relevance. Current

opinion in pharmacology. 2007; 7(3):310–5. https://doi.org/10.1016/j.coph.2006.11.011 PMID:

17374508

47. Carlson CJ, Booth FW, Gordon SE. Skeletal muscle myostatin mRNA expression is fiber-type specific

and increases during hindlimb unloading. The American journal of physiology. 1999; 277(2 Pt 2):R601–

6. PMID: 10444569

48. Ferrante MI, Kiff RM, Goulding DA, Stemple DL. Troponin T is essential for sarcomere assembly in zeb-

rafish skeletal muscle. J Cell Sci. 2011; 124(Pt 4):565–77. https://doi.org/10.1242/jcs.071274 PMID:

21245197

49. Huang W, Zhang R, Xu X. Myofibrillogenesis in the developing zebrafish heart: A functional study of

tnnt2. Developmental biology. 2009; 331(2):237–49. https://doi.org/10.1016/j.ydbio.2009.04.039 PMID:

19427304

50. Bayliss CR, Jacques AM, Leung MC, Ward DG, Redwood CS, Gallon CE, et al. Myofibrillar Ca(2+) sen-

sitivity is uncoupled from troponin I phosphorylation in hypertrophic obstructive cardiomyopathy due to

abnormal troponin T. Cardiovascular research. 2013; 97(3):500–8. https://doi.org/10.1093/cvr/cvs322

PMID: 23097574

Irisin regulation of cardiac function

PLOS ONE | https://doi.org/10.1371/journal.pone.0181461 August 3, 2017 19 / 19

https://doi.org/10.3389/fendo.2016.00088
https://doi.org/10.3389/fendo.2016.00088
http://www.ncbi.nlm.nih.gov/pubmed/27458428
https://doi.org/10.1515/hsz-2015-0303
http://www.ncbi.nlm.nih.gov/pubmed/27074551
https://doi.org/10.1038/ncomms10794
http://www.ncbi.nlm.nih.gov/pubmed/26908229
https://doi.org/10.1016/j.ahj.2015.12.015
http://www.ncbi.nlm.nih.gov/pubmed/26995369
https://doi.org/10.3969/j.issn.1671-5411.2013.01.015
http://www.ncbi.nlm.nih.gov/pubmed/23610580
https://doi.org/10.1161/CIR.0b013e31826e1058
https://doi.org/10.1161/CIR.0b013e31826e1058
http://www.ncbi.nlm.nih.gov/pubmed/22923432
https://doi.org/10.1016/j.ygcen.2016.02.015
https://doi.org/10.1016/j.ygcen.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/26892993
https://doi.org/10.1038/nature11364
http://www.ncbi.nlm.nih.gov/pubmed/22932392
https://doi.org/10.1152/ajpendo.00308.2013
https://doi.org/10.1152/ajpendo.00308.2013
http://www.ncbi.nlm.nih.gov/pubmed/24398403
https://doi.org/10.1113/jphysiol.2013.264655
https://doi.org/10.1113/jphysiol.2013.264655
http://www.ncbi.nlm.nih.gov/pubmed/24297848
https://doi.org/10.1507/endocrj.EJ15-0230
http://www.ncbi.nlm.nih.gov/pubmed/26228794
https://doi.org/10.1016/j.peptides.2013.11.024
http://www.ncbi.nlm.nih.gov/pubmed/24345335
https://doi.org/10.1016/j.coph.2006.11.011
http://www.ncbi.nlm.nih.gov/pubmed/17374508
http://www.ncbi.nlm.nih.gov/pubmed/10444569
https://doi.org/10.1242/jcs.071274
http://www.ncbi.nlm.nih.gov/pubmed/21245197
https://doi.org/10.1016/j.ydbio.2009.04.039
http://www.ncbi.nlm.nih.gov/pubmed/19427304
https://doi.org/10.1093/cvr/cvs322
http://www.ncbi.nlm.nih.gov/pubmed/23097574
https://doi.org/10.1371/journal.pone.0181461

