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Abstract

Introduction—Irisin is a newly identified 112 amino acid hormone, derived as a product of
fibronectin type 111 domain containing 5 (FNDC5), which is highly related to metabolic activity in
skeletal muscle and brown fat. The effects of irisin on cardiovascular functions are unknown.

Purpose—To explore the effects of central and peripheral irisin on cardiovascular functions.

Methods—Irisin was either administrated into 3rd ventricle of rats or intravenously, and its
effects on blood pressure and cardiac contractibility measured.

Results—Administration of recombinant human irisin into the 3rd brain ventricle of rats
activated neurons in the paraventricular nuclei of the hypothalamus. Central administration of
irisin increased blood pressure and cardiac contractibility. Exogenous irisin reversed atenolol-
induced inhibition of cardiac contractibility. In contrast, peripheral administration of irisin reduced
blood pressure in both control and spontaneously hypertensive rats. Irisin dilated mesenteric artery
rings through ATP-sensitive potassium channels.

Conclusion—Our studies indicate that central and peripheral irisin may differentially regulate

cardiovascular activities.
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Irisin; Hypothalamus; Blood pressure; Cardiac contractibility

Introduction

Irisin was originally recognized as a 112 amino acids poly-peptide hormone secreted as a
product of fibronectin type 111 domain containing 5 (FNDCS5) from skeletal muscle both in
mice and humans [1]. Exercise induces FNDC5 gene expression in skeletal muscle and
increases irisin concentration in the circulation [2-5]. Irisin targets white adipocytes to
induce browning, activating thermogenesis to increase energy expenditure through cross-
talk between skeletal muscle and adipose tissues [1, 3, 6, 7]. Irisin in circulation is
associated with insulin resistance [8, 9] and atherosclerosis [9].

Irisin may have a role in the nervous system and heart based upon expression of FNDCS5 in
these two organs [10, 11]. Studies using antiserum against irisin peptide fragment (42-112)
reveal irisin-positive cells in skeletal muscle, heart and Purkinje cells of cerebellum [12].
Aydin et al. also demonstrated the presence of irisin immunoreactivity in both neurons and
neuroglia of rat brain [13]. Knockdown of Fndc5 significantly decreases neural
differentiation of mouse embryonic stem cells [14], while neurite outgrowth and
synaptogenesis increase in a dose-dependent manner by irisin exposure in mouse H19-7 HN
cells [15]. Irisin is present in human cerebrospinal fluid (CSF) and in human hypothalamic
sections [16]. In paraventricular neurons, co-localization with neuropeptide Y [16] suggests
that irisin might exert central effects.

It is currently unknown whether irisin influences cardiovascular functions. Here we
demonstrate that central administration of recombinant human irisin (r-irisin) by
intracerebroventricular (ICV) injection results in an activation of neurons in the
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paraventricular nucleus (PVN) region, which is associated with increases in systemic blood
pressure and cardiac contractibility. Conversely, peripheral administration of r-irisin reduces
blood pressure, while not affecting cardiac contractibility.

Materials and Methods

3rd Ventricle Cannulation

All animal studies were approved by the University of Michigan Committee on the Use and
Care of Animals. Animals were housed in a temperature controlled environment with 12 h
light and dark cycles, and access to food and water ad libitum. Third ventricular cannulation
in rats was prepared as previously described [17]. Male Sprague—-Dawley rats weighing 200—
250gwereanesthetized with intra-peritoneal ketamine and xylazine and placed on a
stereotaxic device with the incisor bar 3.3 mm below the interaural line according to Paxinos
and Watson. A stainless steel 26 gauge guide cannula was implanted into the third ventricle
using the following stereotaxic coordinates: 2.4 mm posterior to the bregma, 8.4 mm ventral
to the surface of the skull and directly along the midline. The cannula was anchored to the
skull with four screws and dental cement. An internal cannula was placed into the guide
cannula to maintain patency. Rats were allowed to recover for 1 week. Guide cannula
patency was assessed by injection of 10 ng angiotensin 11 in 5 pl of saline[18]. Cannulas
were considered patent if rats consumed at least 5 ml of water within 1 h of injection. Rats
with correct third ventricle cannulation were used 5 days later. All rats were handled daily to
minimize stress reactions to manipulation. Animals were randomly divided into two groups:
IgG Fc peptide or r-irisin dissolved in cerebrospinal fluid. Each group contained 5-
8animals.

Measurements of Blood Pressure

Blood pressure was measured by a 1.4 F micro-tip catheter sensor (model SPR-671, Millar
Instruments Inc, Houston, TX) inserted to the bifurcation of iliac artery and connected to a
transducer (850-5101 AEC-10D, Millar Instruments Inc, Houston, TX).xdp/dt was the
synthetic derivative of left cardiac ventricular pressures which were monitored by insertion
of another microtip catheter sensor into the left cardiac ventricle via the right carotid artery.
Data were acquired and analyzed by Powerlab 8/30 data-acquisition system and chart
software (AD Instruments, Colorado Springs, CO) [19].

Mesenteric Artery Contraction and Relaxation Assays

Mesenteric arteries were isolated from Sprague—-Dawley rats (200-250 g) and placed on ice
in a physiological saline solution (PSS) consisting of 10 mmol/L glucose, 24.9 mmol/L
NaHCO3, 118 mmol/L NaCl, 1.18 mmol/L Mg,SOy4, 4.7 mmol/L KCI, 1.18 mmol/L
KH,POy4, 2.5 mmol/L CaCl,, and 0.03 mmol/L EDTA. Second order mesenteric arteries (2
mm long) were mounted onto a wire myograph (Model 610 M, DMT). The wall tension
developed by the vessel was measured as previously described [20]. The endothelium of a
subgroup of rings was removed by scraping using a forceps tip before mounting onto wire
myographs. After normalization, pre-stimulation with potassium and balance period, vessels
were pre-constricted with 1076 M phenylephrine (PE) and then treated with increasing
concentrations of recombinant human irisin. Data acquisition was performed using the DMT
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Normalization Module (AD Instruments). Data are shown as mean + SEM, n=6 in each
group.

Data Analysis

Results

Mean + SEM values were analyzed using Prism (version 6). Statistical comparisons between
two groups were performed by Student's t test, and among three groups were performed by
one-way ANOVA. The curves of locomotor and metabolic activity, and vasoactivity of
artery rings were adjusted with nonlinear regression first, and then were compared by
twoway ANOVA and Bonferroni post-tests. Significance was accepted as p<0.05.

Central Administration of Irisin Activates Hypothalamic Neurons

Activation of the paraventricular nucleus (PVN) in the hypothalamus has been reported to
increase sympathetic outflow, with resultant rise in energy expenditure, blood pressure and
cardiac output [21-23]. We thus examined hypothalamic nuclei activated by irisin using the
c-fos oncogene as a marker. As shown in Fig. 1, administration of r-irisin(2.5 ug) by ICV
injection produced a rapid induction of c-fos immunoreactivity in the PVN. Both the
intensity and total area of c-fos immunoreactivity increased significantly relative to control
injection with 1gG Fc peptide. No significant difference in c-fos immunoreactivity was
observed in other hypothalamic nuclei, including the arcuate nuclei, ventromedial nuclei,
dorsomedial nuclei and lateral nuclei.

Pressor Response to Central Administration of Irisin

We next examined the effects of centrally administrated irisin on the blood pressure. Our
study showed that blood pressure was increased immediately following injection of 0.625—
2.5 pg/rat r-irisin in the 3rd ventricle. Elevation of blood pressure was not caused by Fc
segment in the recombinant human irisin (Fig. 2a). When compared to basal levels, 0.625,
1.25 and 2.5 pg/rat r-irisin increased systolic blood pressure by 8 + 37, 24 + 9 and 50 = 8
mmHg, respectively (Fig. 2b). Diastolic blood pressure was increased as well. When
compared to the basal pressures, r-irisin at 0.625, 1.25 and 2.5 pg/rat elevated diastolic blood
pressure by 5+2, 17410 and 37£15 mmHg, respectively (Fig. 2b). Heart rate increased dose-
dependently, 413+ 80, 423+78 and 468+41 bpm from a baseline of 331+ 42 bpm after
administration of 0.625, 1.25 and 2.5 pg/rat of r-irisin, respectively. Administration of
control peptide 19gG Fc did not alter heart rate.

Next, we investigated whether central administration of ririsin elevated blood pressure
through peripheral vasopressor substances such as adrenaline. As showed in Fig. 3a,
intravenous injection of 0.5 mg/kg phenoxybenzamine, a hon-selective a-adrenergic
receptor antagonist, completely blocked epinephrine-induced elevation of blood pressure,
but demonstrated no effect on the increase of blood pressure induce by 0.625 or 1.25 pg of r-
irisin. However, phenoxybenzamine partially blocked pressor effects of r-irisin at the dose
of 2.5 pg/rat (Fig. 3b).
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Central Irisin Enhanced Cardiac Output which was Associated with Pressor Effects

Cardiac contractility (+dp/dt) increased by 16744918, 6905+ 1293 and 13062+2648
mmHg/s relative to basal + dp/dt with increasing doses of r-irisin (Fig. 4); —dp/dt was
reduced by 1650+884, 6545+2534 and 121382908 mmHg/s relative to basal -dp/dt(Fig. 4a,
b). Intravenous administration of 2 mg/kg atenolol, a f-adrenergic receptor antagonist,
significantly reduced baseline cardiac contractility (Fig. 4c, d, upper panels). Systemic blood
pressure was reduced in response to administration of atenolol as well (Fig. 4c, d lower
panels). Central administration of r-irisin reversed the reduction of + dp/dt caused by
atenolol (Fig. 4c,d, upper panels). Similarly, depressor effects of atenolol were significantly
reversed by central r-irisin (Fig. 4c,d, lower panels).

Peripheral Administration of Irisin Reduced Blood Pressure

Peptides do not readily enter the central nervous system from blood due to poor transport
through the blood-brain barrier [24]. Irisin is a peptide with molecular weight ~25Kd,
suggesting that skeletal muscle-derived irisin might exist within the circulation. It is
currently unknown whether irisin can cross the blood—brain barrier. Therefore, we
investigated the peripheral effects of irisin on blood pressure. Intravenous injection of
recombinant human irisin reduced both systolic and diastolic blood pressure, while injection
of control 1gG Fc peptide did not affect blood pressure either in control Sprague Dawley
(SD) rats (Fig. 5a, upper panel) or spontaneously hypertensive rats (SHR) (Fig. 5b). Distinct
from the effects of centrally administered r-irisin on cardiac contractibility, peripheral
administration of r-irisin did not change cardiac contractibility (Fig. 5a, lower panel),
suggesting that cardiac output was not involved in depressor effects of peripheral irisin. In
vitro, administration of r-irisin dilated mesenteric artery rings of control animals with or
without endothelium of control rats (Fig. 5¢). The r-irisin-induced dilation in vessel rings
without endothelium was less than that observed in intact endothelium rings, indicating that
both endothelial cells and smooth muscle cells were involved in r-irisin-induced vessel
dilation. KaTp channels are major contributors to r-irisin-induced vessel dilation, as
evidenced by the effects of glibenclamide, a Katp channel blocker, which significantly
blocked r-irisin-induced dilation in vessel rings with or without endothelium (Fig. 5¢). Of
interest, r-irisin did not dilate mesenteric artery rings which were pre-contracted by 60 mM
KCI (Supplemental Figure 1), suggesting that K* may positively involve in irisin-induced
relaxation of vessel rings.

Discussion

Irisin is a newly identified hormone that is derived from skeletal muscle in response to
exercise and cold stimuli [25]. Growing evidence suggests that irisin is related to obesity and
diabetes in humans [16, 26], although current data are inconsistent due to limitations of
methods used for detection of plasma irisin [27]. A previous study reported that circulating
irisin was elevated in humans with exercise, and it was postulated that exercise-induced
production of irisin in skeletal muscle affected metabolic activity [3].

Our study suggests that irisin may activate the central nervous system to coordinate the
cardiovascular functions. This conclusion is supported by the following observations. A
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robust and sustained rise in cardiac output and blood pressure followed 3rd ventricular
injection of irisin, while PVN neurons were activated by irisin. This effect occurs within
minutes of irisin administration, suggesting a rapid communication between the irisin-
induced activation of the central nervous system and the cardiovascular function. This
conclusion is consistent with previous studies demonstrating the central effects of irisin on
neuronal development [14, 15].

An organism's reaction to changes in ambient environmental conditions requires coordinated
action involving skeletal muscle, adipose tissue, the nervous system, and endocrine organs.
Mechanisms by which skeletal muscle might signal the central nervous system are largely
unknown. Previous studies have identified irisin as a novel cross-organ messenger between
skeletal muscle and adipose tissue. However, it is currently unknown whether irisin may
function as a messenger between the skeletal muscle and brain. Further exploration should
aim to determine whether circulating irisin is able to cross the blood-brain-barrier.

Our study provides novel evidence that irisin may also regulate the cardiovascular functions.
The mechanisms by which central activation by irisin exerts cardiovascular effects are
unknown. Our data suggest that the pressor effects of central irisin are a consequence of
increases in cardiac output by activation of PVVN neurons in the hypothalamus. Numerous
studies have indicated that the hypothalamus modulates blood pressure by mechanisms
involving adrenergic sympathetic activity [21-23], in part via vasoconstrictors such as
adenanline and vasopressin. This study demonstrated that plasma vasopressin was
significantly increased at 3 min with central irisin administration (data not shown). Similar
concentrations of irisin did not increase plasma norepinephrine levels (7.8+0.3 and 8.4+0.4
ng/ml for control animals and those treated with irisin respectively), indicating that
vasopressin but not norepinephrine may be responsible for pressor effects of central irisin.

In contrast to the effects of central irisin, peripheral irisin did not alter cardiac
contractibility, but reduced blood pressure. Our data suggest that blood vessels are targets
for peripheral irisin in terms of regulation of blood pressure, and that both endothelial cells
and smooth muscle cells are affected by irisin. Irisin was able to dilate the vessel rings
without endothelium, but dilation effect was greater in vessel rings with intact endothelium.
lon channels, especially calcium and potassium channels are involved in regulation of
vascular tone and blood pressure. ATP sensitive potassium channel (Katp) was associated
with peripheral irisin-lowered blood pressure. Pretreatment vessel rings with glibenclamide,
a Katp channel blocker, dramatically abolished irisin-induced vessel dilation.

In summary, brain-derived irisin may function to increase cardiac output and blood pressure
by activating hypothalamic PVN neurons, while peripheral irisin derived from skeletal
muscle in response to exercise or cold stimuli may prevent the elevation of blood pressure
induced by sympathetic out-flow. Irisin may serve as an important cross-organ messenger
linking skeletal muscle with the brain, adipose tissue and the cardiovascular system to
integrate the energy expenditure with the cardiovascular activity. Our studies demonstrate
for the first time that central irisin may function to increase cardiac output and blood
pressure by activating the hypothalamic PVN neurons, while peripheral irisin derived from
skeletal muscle in response to exercise or cold stimuli may prevent the elevation of blood
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ressure induced by sympathetic out-flow. Thus, our studies suggest that irisin may serve as

an important cross-organ messenger linking skeletal muscle with the brain, adipose tissue
and the cardiovascular system to integrate the energy expenditure with the cardiovascular
activity. One can thus speculate that irisin may link the exercise with blood pressure and
adiposity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Activation of c-fos in PVN neurons (a) c-fos immnuoreactivity was observed only in
paraventricular nuclei (PVN) of the hypothalamus 90 min after administration of
recombinant human irisin (r-irisin) at 2.5 pg/rat. (b) c-fos positive signal intensity and area
expressed as mean+SEM. p<0.05 denotes statistical significance
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Pressor response to central administration of irisin (a) Blood pressure was recorded with 1gG
Fc peptide or r-irisin at indicated dosage dissolved in 2 pl artificial cerebral-spinal fluid. All
drugs were delivered via cannula injection starting at the time indicated by arrows. (b)
Systolic and diastolic blood pressure was averaged for 2 min periods. Change of each
treatment from baseline was calculated. Data are plotted as minimum to maximum (n=6 in
each group). Irisin (0.625-2.5 pg) significantly increased systolic (ASBP) and diastolic
blood pressure (ADBP), respectively, while 1gG Fc peptide had no effect
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Vasopressor effects of central irisin (a) Blood pressure was monitored as indicated. Five
minutes after intravenous injection of phenoxybenzamine (0.5 mg/kg), or recombinant irisin
(0.625-2.5 pg) were delivered via cannula injection starting at the time indicated by arrows.
(b) Systolic and diastolic blood pressures were averaged for 2 min periods. Change of each
treatment from baseline was calculated. Data are plotted as minimum to maximum (n=6 in

each group)
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Increased cardiac contractility by irisin (a) Cardiac contractibility was monitored following
treatment with IgG Fc peptide or r-irisin as indicated. All drugs were delivered via cannula
injection starting at time indicated by arrows. (b) + dp/dt in was averaged for 2 min periods.
Data are shown as mean + SEM (n=6 in each group). (c) Five minutes after intravenous
injection of atenolol (2 mg/kg), r-irisin (0.625-2.5 ug) was delivered via cannula injection
starting at the time indicated. (d) + dp/dt, systolic and diastolic blood pressure was averaged
for 2 min periods. Change of each treatment from baseline was calculated. Data of + dp/dt
are shown as mean + SEM, and data of blood pressure are plotted as minimum to maximum

(n=4 in each group)
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Fig. 5.
Peripheral administration of irisin reduced blood pressure. Blood pressure and cardiac
contractility were measured in control (SD) or spontaneously hypertensive (SHR) rats. 1gG
Fc peptide and r-irisin were delivered via femoral vein injection. (a) Control 1gG Fc peptide
did not change blood pressure; r-irisin (2—4 pg) significantly reduced blood pressure (upper
panel). Neither IgG Fc nor r-irisin changed cardiac contractility (lower panel). (b) r-irisin(2—
8 ug) significantly reduced blood pressure in SHR. (c) Vasoactivity of mesenteric artery
rings with or without endothelium was measured. The rings were pre-constricted with 1076
M phenylephrine (PE). When the contraction of rings reached plateau level, relaxation in
response to r-irisin was assayed in the presence or absence of 10 uM glibenclamide (a Katp
channel blocker)
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