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Keywords:
 The beneficial effects of exercise on the brain are well known. However, the underlying molecular mechanisms
are much less well understood. Interestingly, myokines, hormones secreted by muscle in response to exercise,
gained attention as such beneficial mediators. In this review, we will focus on FNDC5 and its secreted form, the
newly discoveredmyokine “irisin”. Wewill discuss their role in the beneficial effects of exercise and its potential
application in neurodegenerative disorders.
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Physical activity (PA) has long been associated with tremendous
benefits for the human body. In particular, increased PA has been corre-
lated with improved health outcomes.1 Furthermore, aerobic exercise,
also known as endurance exercise, has been shown to have beneficial
effects on cognitive function and overall brain plasticity.2–4 This
exercise-induced improvement in cognitive function has been particu-
larly notable in older adults.2,5 Exercise has also been shown to improve
brain-related outcomes in particular neurodegenerative disorders,
such as Parkinson's Disease (PD)6 and Alzheimer's Diseases (AD)7 as
well neurovascular trauma such as stroke8 (Fig 1). The hippocampus,
an area of the brain associated with cognitive function and spatial
awareness, is the main benefactor of the beneficial effects of exercise
on the brain. Specific beneficial effects of exercise in the brain include
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Fig 1. The beneficial effects of exercise on the brain. Exercise has many beneficial effects on the brain ranging from neurogenesis to improvements in memory function. These include a
reduction in neuroinflammation, improvements in synaptic plasticity, increased adult hippocampal neurogenesis, and improvements in memory, mainly spatial learning and memory
as well as pattern separation.
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increases in the blood flow to the hippocampus and increases in its
size in humans. In rodent models, exercise results in morphological
changes in dendrites and dendritic spines, increased synapse plasticity,
and importantly, enhanced de novo neurogenesis in the dentate
gyrus.4,9 Other beneficial effects of exercise include a reduction in
neuroinflammation.10 For a long time, the adult brain was thought to
lack regenerative capabilities. Now it is known that two distinct regions
of the brain seem to undergo de novo neurogenesis: the subgranular
zone of the dentate gyrus of the hippocampus and a region connecting
the rostral migratory stream to the olfactory bulb, the subventricular
zone.11 Moreover, exercise is one of the few stimuli known to provoke
de novo neurogenesis in the adult mammalian brain as first shown by
Van Praag et al.12 In this study using BrdU to label dividing cells, the
group demonstrated that voluntary free-wheel exercise in mice was
sufficient to induce neurogenesis in the mouse dentate gyrus region of
the hippocampus12 In this study, bromodeoxyuridine-positive cells, a
marker for cell division, was used to quantify neurogenesis in the den-
tate gyrus. Later that year, van Praag also established that this exercise
induced neurogenesis lead to both improvements in synaptic plasticity
and spatial learning.13 Interestingly, these effects were noted only with
voluntary exercise and were not seen with an enriched environment
lacking a running wheel.14,15

Although these beneficial effects of exercise on cognition are widely
accepted, the actual mediator of these effects remains to be uncovered.
Despite this, there has been considerable evidence regarding the gene
FNDC5, alongwith its secreted form irisin, and its role in improving cog-
nitive function in the brain following exercise. The goal of this review
is to shed light on FNDC5/irisin and its role in the beneficial effects of
exercise on cognitive function and its potential application in neurode-
generative disorders.
Factors involved in brain health

Factors mediating the beneficial effects of PA/exercise on the brain
can be broadly divided in two categories1: factors locally produced in
the brain, so-called neurotrophins and2 systemic factors circulating in
the blood, for example, produced by skeletal muscle (myokines). During
the last years, systemic factors released from skeletalmuscle have gained
a lot interest as regulators of the beneficial effects of exercise on
the brain among them FNDC5 and its secreted form “irisin”. Other sys-
temic factors are being discussed in detail in this issue by Tari et al.
Neurotrophins play a major role in the growth and development of
neurons, ranging from synaptic plasticity to survival. One of these
neurotrophic factors is brain-derived neurotrophic factor (BDNF).
Interestingly, as we will discuss later in this review, FNDC5 seems to be
an important regulator of BDNF and therefore, we will briefly introduce
BDNF. For an in-depth review on BNDF and exercise, please see.9,16,17

BDNF has been shown to enhance neuronal survival,migration, and den-
dritic outgrowth.18,19 In addition, it regulates synaptic plasticity and cog-
nitive function.20–22 BDNF has also been shown to be a crucial regulator
of the beneficial effects of exercise in the brain. For example, Vaynman
et al. has shown that blocking the tropomyosin receptor kinase B
(TrkB), theBDNF receptor, with anti-TrkB antibodies leads to diminished
expression of important synaptic proteins as well as decreased retention
in spatial learning tasks, both of which have previously been seen to be
part of the exercise-induced benefits on the brain.23,24

Origins of FNDC5/Irisin

FNDC5 (fibronectin type III domains containing protein 5) was orig-
inally described in 2002 independently by two separate laboratories.
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Teufel et al. found the FRCP2 gene while searching and characterizing
different fibronectin type III domains,25 and Ferrer-Martinez et al. dis-
covered FRCP2, also known as the PeP protein, during peroxisomal
studies.26 FRCP2/PeP was later renamed FNDC5. The cleaved and
secreted form of FNDC5 was discovered in 2012 and named “irisin”
after the Greek goddess Iris, the messenger of the gods.27

FNDC5 is a glycosylated type I membrane protein. It contains a
N-terminal signal peptide [amino acid (aa) 1–28], a FNIII domain
(aa 33–124), a transmembrane domain (aa 150–170), and a cytoplas-
mic tail (aa 171–209) (www.uniporot.org) (Fig 2). Irisin is generated
via proteolytic cleavage of FNDC5 and contains 112 amino acids (aa
29–140). The enzyme that cleaves FNDC5 has yet to be uncovered.
However, the crystal structure of irisin has been resolved.28 Intriguingly,
the FNIII-like domain shows an unusual confirmation, with a contin-
uous intersubunit beta-sheet dimer, that has not been previously
described for any other FNIII protein. Subsequent biochemical experi-
ments confirmed the existence of irisin (bacterial recombinant) as a
homodimer. In a recent paper investigating the receptor for irisin, bio-
chemical and biophysical studies identified interactions between irisin
and αV/β5 integrin.29 Chemical inhibition of the αV integrin blocked
irisin signaling in both osteocytes and fat cells.
Quantification of irisin

Irisin is a unique polypeptide: the sequence is 100% conserved be-
tween humans and mice. It has an atypical start codon in humans
(ATA not ATG). In addition, it circulates at very low levels in the
blood.27,30 These features of irisin led to a controversywhether irisin in-
deed was a circulating hormone. The atypical start codon of human
FNDC5 sparked debate, despite previous studies establishing that a
small percentage of functional eukaryotic mRNAs do indeed begin
translation with this atypical ATA.31,32 Some believed that the atypical
start codon of human FNDC5 meant it was a “null mutation” or
pseudogene and thus functional circulating irisin would not exist.33,34

This was exacerbated by the lack of a defined antibody, ELISA, or other
method of detecting or quantifying circulating irisin at the time.35,36

To address this issue, in 2015 we developed a method to quantify
circulating irisin in human plasma via targeted mass spectrometry
with control peptides enriched with stable heavy isotopes as internal
standards.30 This method was both state-of-the-art and precise; it
demonstrated that the non-canonical ATA start codon of human irisin
was in fact the main site of initiating translation. Further, we were
able to quantify circulating irisin in sedentary individuals at a concen-
tration of ~3.6 ng/ml. This circulating concentrationwas found to be sig-
nificantly higher in individuals that participated in endurance exercise.
This study determined that in fact human irisin does exist and can
Fig 2. Analysis of Irisin Peptides by Mass Spectrometry. (a) Scheme of the murine FNDC5 p
H hydrophobic domain, C cytoplasmic domain. (b) Murine FNDC5 amino acid sequence with c
be regulated via aerobic exercise. Recently, another group using this
targeted mass spectrometry approach with heavy internal control pep-
tides found irisin to be present in human cerebrospinal fluid at approx-
imately 0.26–1.86 ng/ml in men over 80 years of age with various
diseases.37 However, a knock-out validated antibody for irisin is still
missing and would be a valuable resource for the scientific community.

Irisin in the central nervous system-neural development effects

Fndc5 is known to be profoundly expressed in the brain in many re-
gions, including cerebellar Purkinje cells,25,26,38 the hypothalamus,39

as well as the hippocampus.40 Further, the presence of irisin in the
cerebrospinal fluid of humans was identified via Western blot and
mass spectrometry.37,41 During the maturation of primary mouse
embryonic cortical neuron cultures or the differentiation of human em-
bryonic stem cell-derived neural cells into neurons, FNDC5 levels are
increasing.40,42 High levels of FNDC5 are also found in the heart and
oxidative skeletal muscle.40 Forced overexpression of FNDC5 during the
formation of neuronal precursors from a mouse embryonic stem cell
population lead to increased BDNF, GFAP as well as Map2, b-tubulinIII,
and Neurocan, all three being markers of neuronal maturation. How-
ever, when FNDC5 was overexpressed in an undifferentiated mouse
embryonic stem cell population, the aforementioned effects were
not detected.43 Knockdown of FNDC5 in neuronal precursor cells
has been shown to impair the maturation process of neurons and
astrocytes.44 Pharmacological dose of recombinant irisin in the mouse
H19–7 hippocampal cell line led to increased cell proliferation.45 We
have previously shown that overexpression of FNDC5 in primary corti-
cal neurons increased cell survival in culture whereas knockdown of
FNDC5 reduces the cell survival.40 Pharmacological dose of recombinant
irisin in the mouse H19–7 hippocampal cell line led to increased cell
proliferation.45 Together, these data suggest that FNDC5/irisin play a de-
velopmental role in regulating the process of neuronal differentiation
and maturation.

The role of FNDC5/irisin in PA/exercise

Skeletal muscle composes 40% of the bodymass in humans. Skeletal
muscle is an endocrine organ and secretes myokines, muscle-derived
secretory proteins with a wide array of biological functions.17 En-
durance exercise activates on a central transcriptional coactivator
known as PGC-1α. Irisin, the cleaved form of FNDC5 was shown to be
a PGC-1α-dependent myokine that was secreted from skeletal muscle
during exercise byBostromet al. in 2012.27 Some of themajormetabolic
benefits of PA/exercise were shown to be promoted by irisin; these in-
clude increased glucose tolerance as well as the “browning” of white
rotein structure (top) and murine irisin protein structure (bottom). SP signal peptide,
orresponding domains colored. The irisin sequence is in yellow.

http://www.uniporot.org
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adipose tissue.27,46 Upregulation of circulating irisin by overexpression of
FNDC5 in the liver, via adenoviral vector, led to an increase in both.27

Many studies have confirmed the increase of Fndc5 mRNA in skeletal
muscle during exercise in mice40,47–49 as well as humans34,36,50–52

using RNA sequencing or qPCR. However, there are studies, which have
not found an increase of FNDC5 expression in muscle after exercise, sug-
gesting that FNDC5 is not induced by any and all exercise interventions.
Of note, several of these exercise regimens that did not see an upregula-
tion of FNDC5 also did not observe an increase in PGC1a, its transcrip-
tional regulator52,53 or did not assess changes of PGC-1a.54–56 Other
factors that could explain the differences between the different studies
are: exercise regimen used, mode of exercise, time point of sampling,
and study population.

In addition to the beneficial effects of irisin on metabolism, we later
showed that endurance exercise induced irisin expression not only in
skeletal muscle but also in the hippocampus, a region of the brain in-
volved inmemory and spatial awareness.40We demonstrated that neu-
ronal Fndc5 gene expression is also regulated by PGC-1α. In addition,we
identified FNDC5 as an important regulator of BDNF. Forced expression
of FNDC5 in primary cortical neurons increased Bdnf expression and
Bdnf expression was markedly reduced following RNAi-mediated
knockdown of FNDC5. Similarly, the common human BDNF Val66Met
polymorphism was shown to impair both BDNF and FNDC5 expression
in the brain following exercise.49 Likewise, Choi et al. showed that
exercise-induced adult hippocampal neurogenesis was associated
with increases in both BDNF and FNDC5, helping improve cognition in
a mouse model of AD.57 Importantly, peripheral delivery of FNDC5 to
the liver via adenoviral vectors, which elevated blood irisin levels,
induced the expression of Bdnf and other neuroprotective genes in
the hippocampus. This finding implies that irisin, or factor induced by
irisin, can cross the blood-brain barrier to affect gene expression in
the brain. This discovery encouraged the idea that irisin has great ther-
apeutic promise prompting further research on the role of irisin, the
hippocampus, and improvements in cognitive function. Since then,
there have been a few studiesmeasuring the serum levels of irisin in re-
lation to the cognitive function of either aging individuals,58 young
athletes59 or obese and morbidly obese patients.60 Two out of the
three studies found that irisin positively correlates with better cognitive
function,58,59 particularly in the active individuals, whereas the other
found a negative correlation of irisin with cognitive function.60 In a
Fig 3. The effects of both irisin and exercise on neurodegenerative disease Irisin has b
study investigating diabeticmild cognitive impairment, irisin overexpres-
sion showed elevated levels of BDNF in the serum and the hippocampus
and lower levels of inflammatory advanced glycated end products and
glycosylatedhemoglobinA1c.61 In primaryhippocampal nerve cell culture
from these diabetic rats, the overexpression of irisin produced higher
levels of BDNF and cellular metabolic NAD(P)H-dependent activity fol-
lowing exposure to increasing levels of glucose. These results indicate
that irisin may regulate the expression of BDNF and glycometabolism in
diabetic rats. Taken together, these findings point toward the relationship
of FNDC5 and BDNF expression in the brain that is linked to endurance
exercise and subsequently the important metabolic mediators PGC-1α.
Further it indicates that irisin seems to be a key peptide at the interface
between metabolism and brain function.

Of note, exercise can consist of either endurance or resistance exer-
cise training, the former an aerobic, cardiovascular form of exercise and
the latter focusing more muscle strength and hypertrophy. Currently,
evidence suggest that irisin is not involved in resistance training. This
is to be expected as endurance exercise activates PGC-1α1, an upstream
transcriptional regulator of FNDC5, while resistance training utilizes the
PGC-1α4 isoform, inducing hypertrophy in exercised muscle.62 Simi-
larly, a study found no differences in serum irisin levels between control
and exercised individuals after high-intensity interval and resistance
training.63

Irisin and neuroprotection in neurodegeneration

There is a vast body of literature demonstrating the beneficial effects
of PA/exercise on neurodegenerative diseases (Fig 3), including AD
(as reviewed by Tari et al. in this issue), PD,6 and Huntington's disease
(HD).64 As discussed above, the neurotrophin BDNF plays an important
role in the homeostatic function and maintenance of the neurons;
particularly in synaptic plasticity and neurogenesis. Decreased levels
of BDNF have been identified in serum, as well as in hippocampal and
cortex samples of AD and PD patients.65–67 To establish novel blood-
based biomarkers of cognition and stress, Küster et al. investigated the
serum levels of BDNF, irisin and molecules from the kynurenine path-
way as potential biomarkers of cognitive decline and dementia in
older adults at risk of dementia. Following PA/exercise or cognitive
training compared to a control group, both BDNF and irisin serum levels
positively correlated with global cognition scores and memory.58
een shown to have beneficial effects in a variety of neurodegenerative diseases.



176 M.F. Young et al. / Progress in Cardiovascular Diseases 62 (2019) 172–178
Previous studies have shown that administration of recombinant BDNF
in AD and HD animal models improves cognitive function and disease
pathogenesis.66–68 Choi et al. demonstrated that exercise provided cog-
nitive benefit to 5 × FAD mice, a mouse model of AD, by inducing adult
hippocampal neurogenesis (AHN) and elevating levels of BDNF and
FNDC5. They successfully mimicked the beneficial effects of exercise
on ADmice by genetically and pharmacologically inducing AHN in com-
bination with elevating BDNF levels.57 However, directly increasing
levels of hippocampal IL-6 or FNDC5via lentivirus failed to improve cog-
nition or increase BDNF in 5 × FADProAHN mice (5xFAD injected with
P7C3 and lentiviralWnt3 to promote adult hippocampal neurogenesis).
Recently, Lourenco et al. published that by delivering FNDC5 adenovirus
either by intracerebroventricular injection or tail vein injection they
were able to rescue memory impairments and synaptic plasticity in a
mouse model of AD.69 Interestingly, an in vitro study carried out by
Wang et al. illustrated the potential neuroprotective effects of irisin in
a primary neuron culture following a β-amyloid peptide (Aβ) insult.
Notably, the effects of irisin were not observed by direct treatment
of the neuronal cell culture with irisin and Aβ peptide25–35; but only
Fig 4. The role of FNDC5/irisin in exercise and the brain. Exercise has been shown to be a stro
FNDC5/irisin, it has also been shown to play a role in neuronal differentiation and neuroprotec
with the treatment of conditioned medium from astrocyte culture
treated with irisin and Aβ peptide. Following treatment with astrocyte
conditioned medium, there was significant improvement in neuronal
cell viability after Aβ peptide exposure. The astrocyte cultures showed
a reduction in inflammatory cytokine production of IL-6, IL-1β and
COX-2 via the Akt/NFκB pathway upon Aβ peptide exposure. Another
study has illustrated increased levels of glucose transport and phos-
phorylation by the AMPK pathway in astrocyte cell culture following
treatment of recombinant irisin.70 These findings indicate that irisin
may bemediating neuroprotective effects via astrocytes. Mitochondrial
dysfunction has been implicated with multiple neurodegenerative dis-
eases such as PD.71 This link between the metabolic effects of irisin
and its effects on the brain warrant further investigation for potential
therapeutic applications of irisin in the future.

The future of FNDC5/irisin, PA/exercise, and brain health

A large amount of interest has been generated by themyokine irisin
in recent years; a simple PubMed database search of the keyword
ng stimulus for the upregulation of FNDC5/irisin. In addition to the metabolic benefits of
tion in the brain.



177M.F. Young et al. / Progress in Cardiovascular Diseases 62 (2019) 172–178
“irisin” yields over 700 peer-reviewed articles. Although irisin is a
myokine secreted from skeletal muscle, it has a large impact on varying
regions of the body ranging from lipid metabolism, thermogenesis
and browning of white adipose tissue to bone resorption as well as
neuronal differentiation and neuroprotection in the brain (Fig 4). As
previously discussed, aerobic exercise has been shown to have the
greatest impact upon cognitive function in the aging population and
in neurodegenerative diseases. Although more research is necessary to
determine whether the FNDC5/irisin protein can improve cognitive
function in animals, our prior studies suggest that a hormone adminis-
tered peripherally could induce some of the effects of endurance exer-
cise on the brain. The future for FNDC5/irisin is very exciting, and we
look forward to the potential therapeutic uses of thismyokine and exer-
cise in ameliorating cognitive deficits associated with neurogenerative
disease.
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