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Abstract 

In 2002, a transmembrane protein—now known as FNDC5—was discovered and shown to be 
expressed in skeletal muscle, heart, and brain. It was virtually ignored for 10 years, until a study 
in 2012 proposed that, in response to exercise, the ectodomain of skeletal muscle FNDC5 was 
cleaved, traveled to white adipose tissue, and induced browning. The wasted energy of this 
browning raised the possibility that this myokine, named irisin, might mediate some benefi-
cial effects of exercise. Since then, more than 1000 papers have been published exploring the 
roles of irisin. A major interest has been on adipose tissue and metabolism, following up the 
major proposal from 2012. Many studies correlating plasma irisin levels with physiological 
conditions have been questioned for using flawed assays for irisin concentration. However, 
experiments altering irisin levels by injecting recombinant irisin or by gene knockout are more 
promising. Recent discoveries have suggested potential roles of irisin in bone remodeling and 
in the brain, with effects potentially related to Alzheimer’s disease. We discuss some discrep-
ancies between research groups and the mechanisms that are yet to be determined. Some 
important questions raised in the initial discovery of irisin, such as the role of the mutant start 
codon of human FNDC5 and the mechanism of ectodomain cleavage, remain to be answered. 
Apart from these specific questions, a promising new tool has been developed—mice with a 
global or tissue-specific knockout of FNDC5. In this review, we critically examine the current 
knowledge and delineate potential solutions to resolve existing ambiguities.
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In 2002, 2 independent groups of researchers characterized 
a hitherto unknown gene expressed in heart, brain, skel-
etal muscle, and other tissues of mice during embryonic 

development and in adult animals. It was named peroxi-
somal protein (PeP) (1) or fibronectin type III repeat con-
taining protein 2 (FRCP2) due to its specific motif (2). Only 

ESSENTIAL POINTS

• � Irisin was discovered in 2012 as a potential myokine, cleaved from its parent FNDC5 in response to exercise, and 
inducing browning of white adipose tissue (WAT)

• � Hundreds of studies reported irisin levels in response to different physiological challenges but are compromised by 
flawed quantitative assays

• � Some studies confirmed that irisin mediates exercise-induced browning of inguinal WAT in mice, whereas others 
failed to confirm

• � In humans there is little or no data supporting an effect of exercise on browning of WAT
• � Effects of FNDC5/irisin in bone remodeling were reported in mice but with contradictory findings
• � FNDC5/irisin was linked to regulation of BDNF and neurogenesis in mice; pathways and mechanisms need to be 

confirmed and extended
• � FNDC5 knockout mice provide a new tool to study many aspects of FNDC5/irisin biology
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a decade later, this gene—now annotated as fibronectin type 
III domain-containing protein 5 (FNDC5)—gained atten-
tion again when it was identified as one of the target genes 
of peroxisome proliferator-activated receptor γ coactivator 
1α (PGC-1α; PPARGC1A), a transcriptional coactivator 
that is induced in muscle by exercise (3). FNDC5 was 
upregulated in muscle of transgenic mice overexpressing 
PGC-1α, and in mice subjected to endurance exercise. 
Conditioned media from cultured myocytes of the PGC-
1α transgenic mice caused primary mouse adipocytes to 
upregulate genes related to brown adipose tissues (BAT). 
The authors proposed that the extracellular part of FNDC5 
was released from skeletal muscle into the blood stream 
and induced a transition of white adipose tissue (WAT) to 
adipose tissue with more BAT-like morphology (browning), 
and a thermogenic program dissipating energy as heat. 
They named the secreted domain irisin and concluded that 
irisin could be responsible for at least some of the beneficial 
effects of exercise on energy expenditure via an unexpected 
browning of adipose tissue (3). It was unexpected because 
browning of WAT is usually associated with cold exposure 
to preserve vital functions of the brain and heart (4).

Since then, more than 1000 original articles have been 
published investigating relationships between irisin or 
FNDC5 and different exercise regimens, pathological condi-
tions, and nutritional interventions. Moreover, in vitro and in 
vivo effects of administration of recombinant irisin (r-irisin) 
on a variety of cell types and in rat and mouse models have 
been elucidated. However, there are many contradictions 
and ambiguities due to the unreliability of measurements of 
endogenous irisin and varying doses of r-irisin used in dif-
ferent studies. Furthermore, putative species differences in 
FNDC5 expression and the role of glycosylation for the bio-
logical activity of irisin need to be investigated further.

In this article, we review the literature regarding the 
purported skeletal muscle secreted myokine irisin and its 
precursor transmembrane protein FNDC5 in rodents and 
humans. We pay special attention to measurement of en-
dogenous irisin in mice and humans as several hundreds 
of studies rely on poorly validated assays. Furthermore, 
we critically analyze the proposed physiological roles of 
FNDC5/irisin in health and disease, also those based on 
injected recombinant irisin and gene knockouts.

FNDC5: Sequence Conservation, Start Codon, 
Cleavage of the Ectodomain and Structure 
of Irisin

FNDC5 in Mice and Humans: Sequence 
Conservation and the Start Codon

The mouse FNDC5 locus comprises 6 exons and en-
codes a protein of 209 amino acids (aa). FNDC5 protein, 

diagrammed in Fig. 1A, comprises a 28-aa signal peptide, 
a 93-aa fibronectin type III domain (FNIII), a 30-aa linker, 
a 19-aa transmembrane segment, and a 39-aa intracellular 
part. The N-terminal signal sequence, which provides trans-
port of the protein across the membrane, is then cleaved 
(5). Without the signal peptide, the predicted molecular 
weight (MW) of the FNDC5 protein is 20 300. The FNIII 
domain plus 19 aa of the linker, comprising aa 29 to 140, 
was proposed to be proteolytically cleaved from this trans-
membrane protein (Fig. 1A), and was named irisin after 
the Greek messenger goddess of the rainbow (3). The 112-
aa irisin peptide has a theoretical MW of 12 600 without 
glycosylation.

The irisin peptide is 100% conserved in human, mouse, 
rat, and cattle and there are only 3 conservative substitu-
tions in chicken (3, 6). The peptide is more divergent in 
fish, and the FNDC5 gene is completely missing in amphib-
ians. The signal peptide and segments from C-terminal to 
irisin are more variable, but overall, FNDC5 is a highly 
conserved gene. There is one striking exception: the human 
FNDC5 gene has a mutant start codon, ATA instead of the 
canonical ATG. Raschke et al (7) tested experimentally the 
effect of the ATA codon on FNDC5 expression efficiency 
by transfecting HEK293 cells with FNDC5 constructs con-
taining either the canonical or the noncanonical codon. 
Constructs with an ATA codon gave a FNDC5 protein level 
only 1% that of constructs with ATG. They concluded that 
the human FNDC5 gene has substantially lost the ability to 
be translated into full-length FNDC5 protein (7).

Jedrychowski et  al (8) suggested that genes with non-
ATG codons may be fully expressed endogenously in their 
native environment as part of a complex translation regu-
lation. However, Ivanov et al (9) identified only 59 human 
genes that were translated from a non-ATG start codon. 
Only 6 human genes have an ATA start codon. For 5 of 
these, the ATA start is present in other mammalian spe-
cies (TEAD3, SP3, IFT46, VANGL2, and FAM217B), con-
sistent with these being functional and conserved across 
species. The sixth—human FNDC5—is the only gene de-
scribed so far with an ATA start codon that is not conserved 
in any other species. The ATA start of FNDC5 is also found 
in Denisovan and Neanderthal genomes, whereas all other 
great apes have ATG. This suggests that reduced expression 
of FNDC5 has become beneficial in the hominid lines.

Ivanov et al (9) also noted that “for initiation at non-
ATG codons, the presence of a good Kozak context is cru-
cial.” The most important bases are −3 “A/G” and +4 “G” 
(counted from the start of ATA). The aforementioned 
5 human genes have these favorable bases, whereas the 
human FNDC5 gene has an unfavorable “C” at +4. This is 
consistent with the greatly reduced expression observed by 
Raschke et al (7).

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/advance-article/doi/10.1210/endrev/bnab003/6119545 by guest on 02 M

arch 2021



4 � Endocrine Reviews, 2021, Vol. XX, No. XX

We have found 3 examples of human genes where a 
rare mutation of the start codon resulted in essentially 
null expression of the protein: α2 globin, phenylalanine 
hydroxylase (PAH), and albumin (ALB). A mutation from 
ATG to ACG in the start codon of α2 globin reduced trans-
lation enough to cause clinical thalassemia, which is other-
wise produced by gene deletion or severe truncation (10). 
The Kozak sequence had favorable A and G at −3 and +4. 
The mutation from ATG to ATA in PAH leads to strongly di-
minished expression of the gene and causes genetic phenyl-
ketonuria (11). The +4 position in its Kozak sequence is an 
unfavorable “A.” Caridi et al (12) reported an ATG to CTG 
mutation in the ALB gene promoting almost total loss of 
albumin in 2 homozygous patients. Again, there is an “A” 
at position +4 of its Kozak sequence. These cases are con-
sistent with the original study of Kozak (13) showing that 
single-base changes in the canonical start codon reduced 
expression 20-fold or more.

Whereas these 3 examples support the idea that human 
FNDC5 should be a null protein, or express only a 

truncated peptide from the downstream ATG codon, this 
is contradicted by experimental evidence for the existence 
of a full-length FNDC5 protein in humans by different 
methods. Although the transcript variability of human 
FNDC5 obviously is higher than currently annotated, our 
recent data do not support expression of truncated FNDC5 
from its downstream canonical start codon (14). The most 
important evidence for translation of full-length FNDC5 
is that we and others have detected a peptide signature by 
mass spectrometry (MS; discussed below) that only can be 
detected if a transcript starting from the ATA start codon 
is translated (8, 14, 15). Hence, the conclusion is that the 
ATA is, for reasons we do not yet understand, sufficiently 
active to produce plasma irisin at a level that can be de-
tected by MS.

Structure and Biochemistry of Irisin

The crystal structure of irisin showed the typical structure 
of an FNIII domain, a beta sandwich with 3 beta strands 

A

F
G

BE

C

C'

Signal
peptide
28 aa

FNIII
domain
93 aa

Linker
peptide
30 aa

Transmem-
brane region

19 aa

Cytoplasmic domain

Proposed
cut site

Irisin tail

Transmembrane
segment

vliivvvlfm
w

agvialfc

preaekm
asknkdevtm

ke

m
pp

gp
ca

w
pp

ra
al

rl
w

lg
cv

cf
al

vq
a

rhlkans

mgrnqqlrtge

rqydiikdnepnnnkektksasetstpehqgggllrski

dspsap dvledevv

kkdvrml

lwdleedt

vntttr
siqgqspasep

vlfktey
iv

hv
qa

i

sc
a

rfi
qe

vnvtv

igfaisqqav
vs

w

Si
gn

al
 p

ep
tid

e

Intracellular
part

39 aa

(b)

(c)

(a)

Secretase ?

mpp...vqa dsp......................fkt

dsp..............................mke

Irisin
112 aa

pre...tge vli...lfc rqy...ski

Figure 1.  Structure of FNDC5 and irisin. (A) Schematic structure of the mouse FNDC5 protein with functional units (upper part). Diagram of the FNDC5 
protein. The FNIII domain is in color, with beta strands vertical and connecting loops horizontal. The mature irisin peptide runs from the signal peptide 
cleavage site to the proposed irisin cut site (lower part). (B) Ribbon diagram of the irisin dimer (pdb 4LSD chains A,B, (5). The C’ strands pair to form a 
continuous eight-strand beta sheet in the dimer. Asn36 and Asn81, the putative sites of N-linked glycosylation, are shown in black sticks. (C) A model 
of transmembrane FNDC5, where the linker between the FNIII domain and the transmembrane helix is shown as unstructured coil. The cleavage 
step should involve a secretase but this has not been explored. Alternatively, the dimeric FNDC5 could function as a transmembrane receptor, with 
unknown ligand. Figures B and C were constructed in PyMOl (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC).

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/advance-article/doi/10.1210/endrev/bnab003/6119545 by guest on 02 M

arch 2021



Endocrine Reviews, 2021, Vol. XX, No. XX� 5

on one side and 4 on the other (5). It is remarkable that 
2 subunits are associated to form a tight dimer (Fig. 1B). 
The primary association is via the 2 C′ strands associating 
antiparallel to form a beta zipper, making an extended 
8-strand beta sheet across the 2 domains. The association 
is strengthened by van der Waals and hydrophobic con-
tacts and buries an area of 1400 Å 2, consistent with a high-
affinity association.

Irisin has 2 sites for N-linked glycosylation, which in-
creases its molecular weight. Albrecht et  al (16) meas-
ured the apparent MW of 2 well-characterized r-irisins in 
Western blots. Nonglycosylated r-irisin produced in E. coli 
ran at an apparent MW of 13 000, close to the 12 300 for 
this 112-aa peptide. Glycosylated r-irisin ran as a fuzzy band 
at an apparent MW of 20 000. Incubation with Peptide:N-
glycosidase F (PNGase F) reduced the glycosylated band 
largely to a sharp band at ~13  000. Thus, glycosylation 
adds 7000 to the apparent MW on sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE). Full-
length FNDC5 (without the signal peptide) consists of 
181 aa and has a predicted MW of 20 300. Glycosylation, 
which is limited to the 2 sites in the irisin domain, should 
again add 7000, for a total of 28 000. Several groups have 
shown Western blot bands for FNDC5 and irisin at least 
close to the expected size ranges, with the exception for 
deglycosylated FNDC5 (Table 1). According to the theor-
etical MW, 1 nmol/L of glycosylated irisin corresponds to a 
circulating level of ~ 20 ng/mL.

Cleavage of the FNDC5 Ectodomain

A central hypothesis for the proposed role of FNDC5 in 
metabolism is that the ectodomain of FNDC5 is cleaved 
to produce the soluble irisin, which circulates and tar-
gets tissues. Surprisingly, the only experimental evidence 
for cleavage is 2 experiments in the original study of 
Boström et al (3). Their first experiment was a Western blot 
purporting to show irisin released into the medium from 
HEK 293 cells transfected with mouse FNDC5. However, 
the Western blots showed bands at a MW of ~ 32  000 

before and 20 000 after deglycosylation. These bands are 
much too large to represent irisin species. Moreover, the 
antibody used in this study was raised against a C-terminal 
peptide of FNDC5 that is not included in the irisin domain. 
It was noted in a later study that this antibody should not 
stain irisin (21). The second experiment used MS to ana-
lyze the site of cleavage. However, the peptide they re-
ported as showing the C-terminal cut site, KDEVTMKE, 
seems not to be a tryptic peptide (trypsin cuts after K and 
R, whereas the aa preceding this peptide is N). Wrann et al 
(22) repeated this experiment with cultured neurons, using 
an antibody that should recognize irisin. Their Western 
blot showed a band with a MW 13 000 in the media of 
cells transfected with FNDC5, which was not present in 
cells transfected with green fluorescent protein. This is con-
sistent with cleavage, although it did not define the cut site. 
The cleavage step is key to the proposed role of irisin as a 
myokine.

In addition to the problems identifying the cut site, the 
cleavage is lacking important mechanistic details. No ex-
periments have been described so far to identify a secretase 
and a signaling mechanism to activate it, which are im-
portant features of ectodomain shedding (23). If there is 
a secretase that operates on skeletal muscle FNDC5, one 
would have to propose that a related secretase is present 
in the HEK 293 cells used by Boström et al (3), and in the 
cultured neurons in the study of Wrann et al (22). Also, no 
one has quantitated the fraction of FNDC5 that is cleaved 
in the cell culture systems. It would be useful to know if the 
cleaved irisin was a large or small fraction of the FNDC5 
on the cell surface.

Two more recent studies have considered the question 
of cleavage. Nie et al (24) attempted to address the mat-
uration of FNDC5 and the cleavage of irisin by expressing 
different FNDC5-constructs in HEK 293T cells. However, 
most of their constructs lacked an N-terminal signal pep-
tide, so they should remain in the cytoplasm. Overall, their 
results did not provide evidence for cleavage of irisin from 
FNDC5. Lourenco et  al (25) analyzed hippocampal pro-
teins in mice by MS. They reported 2 peptides that are 
characteristic for full-length FNDC5 but are not part of 

Table 1.  Predicted and observed molecular weights for human glycosylated (glyc) and nonglycosylated (nonglyc) FNDC5 and 

irisin

Product Amino acids* Predicted MW Observed MW References

nonglyc glyc nonglyc glyc

FNDC5 32-212 20 300 28 000 25 000** 23 – 28 000  (14, 17-20)
Irisin 32-143 12 600 20 000 13 000 20 000  (16)

* Numbers refer to entry Q8NAU1 (UniProtKB, https://www.uniprot.org).
** The only report on the apparent size of deglycosylated FNDC5 in Western blots (14).
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the irisin sequence. The peptides were found in 4 bands in 
the MW range from 29 000 to 75 000. Thus, a substantial 
fraction, perhaps all, of FNDC5 in brain appears to remain 
as an uncut transmembrane protein.

A scale model of the complete FNDC5 molecule is shown 
in Fig. 1C, where the link between the FNIII domain and the 
transmembrane helix are indicated as unstructured coil. The 
cytoplasmic domain is also indicated as unstructured. In the 
initial discovery of FNDC5 and FNDC4, Teufel et al (2) sug-
gested that they “are likely receptors of an as yet to be identified 
ligand.” Until we have a better understanding of a mechanism 
for cleavage, the alternative hypothesis, that FNDC5 is a trans-
membrane receptor, should remain on the table.

Although many questions remain regarding generation 
and quantitation of endogenous irisin, there exists clear 
evidence from MS measurements that irisin is present in 
biological fluids of humans and mice. Moreover, there are 
numerous reports on biological effects of exogenous (re-
combinant) irisin in cells and rodent models. These are ad-
dressed later.

Detection and Quantification of FNDC5 
and Irisin

FNDC5 and irisin have been detected mainly by 3 antibody-
dependent methods: (i) Western blot (qualitative and semi-
quantitative); (ii) enzyme-linked immunosorbent assays 
(ELISA, quantitative), and (iii) protein liquid chip assay 
(Milliplex Map Human Myokine Magnetic Bead Panel; 
Merck, Darmstadt, Germany, quantitative). In addition, 
different MS approaches have been employed for identifi-
cation or quantification of irisin.

The first rough estimate of circulating irisin levels in mice 
was 40  nmol/L corresponding to 800  ng/mL glycosylated 
irisin (3). This is > 2500-fold higher than the level reported 
by the same group later using quantitative MS (0.3 ng/mL in 
mouse plasma (26)). These highly discordant data delineate 
the dilemma in determining circulating irisin levels. Among all 
the methods, MS with quantification peptides is considered 
the “gold standard” for measurement of protein concentra-
tions (27). However, there are some methodological prob-
lems even with this method discussed below. Nevertheless, 
the only available reference values for circulating irisin: 3 to 
4 ng/mL in humans (8) and 0.3 ng/mL in mice (26) were de-
termined with this method. These “gold standard” MS values 
should be kept in mind when assessing the methods for irisin 
detection described in the following sections.

Antibody-Based Methods—Western Blot

The initial description of irisin was largely based on Western 
blot detection of bands at an MW of ~ 20 000 – 22 000 in 

mouse and human plasma and serum, after deglycosylation 
with PNGase F (3). However, this research group used an 
antibody directed against aa 149 to 178 of human FNDC5 
(aa 146-175 in mice), which are not part of the irisin do-
main (aa 29-140; reviewed in 28). Lee et al (21) used the 
same inappropriate antibody and found protein bands of 
~36 000 and ~24 000 before and after deglycosylation of 
human plasma. These MWs are all higher than those ex-
pected for glycosylated and deglycosylated r-irisin as dis-
cussed above (Table1). These authors—aware that this 
specific antibody (Abcam Cat. # ab93373) should not stain 
irisin—speculated that shivering might cause release into 
circulation of FNDC5 fragments containing the C-terminal 
epitope (21). This contradicted the active release mech-
anism proposed by Boström et al (3). Consequently, these 
Western blots apparently did not show irisin. Eventually, 
the antibody used in these studies was discontinued by the 
provider and these initial results were never questioned or 
clarified by the authors.

Targets at ~ 25 000 were correctly assigned as FNDC5 
and not as irisin in later work on skeletal muscle and adi-
pose samples using antibodies raised against the C-terminus 
of FNDC5 (14, 16, 17, 19, 29). However, Lourenco et al 
(25) reported bands at 29  000, 40  000, 58  000, and 
75 000 in mouse hippocampus with FNDC5 peptide sig-
natures verified by MS, and suggested these might be due 
to posttranslational modifications and/or the existence 
of multimers. Posttranslational modifications producing 
these large increases in size are unlikely, and multimers 
should be disrupted in denaturing gel electrophoresis. In 
conclusion, detection of FNDC5 at 25  000  – 28  000 in 
Western blots in different tissues is reproducible with a 
variety of antibodies. Higher MW species of glycosylated 
FNDC5 and the existence of FNDC5 multimers remain 
questionable.

Relative to the picture with FNDC5, there is still much 
more confusion concerning detection of circulating irisin 
in Western blots. Wrann et al (22) named a 22 000 band 
in deglycosylated mouse plasma as irisin although irisin 
was shown at ~ 15  000 in deglycosylated cell culture 
supernatant in another experiment of this work. Only few 
studies demonstrated bands close to the expected size range 
for deglycosylated irisin (13  000) in plasma or serum of 
mice and humans (8, 18, 30). However, the antibodies used 
are not available anymore or the results could not be re-
produced independently (14). In contrast to these results 
identifying irisin as bands of too high MW, Chen et  al 
(31) reported a band at MW of 13 000 as irisin in mouse 
serum without prior deglycosylation, which is too small for 
glycosylated irisin.

We have tested 7 different irisin antibodies for de-
tection in Western blots. All of them had a comparable 
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sensitivity against r-irisin and glycosylated r-irisin after 
deglycosylation (~125 pg deglycosylated irisin per lane) 
but failed to detect a specific band in plasma or serum of 
different species. Instead, we observed massive binding to 
unspecific proteins in Western blots of serum or plasma 
proteins (14, 16). To match our experimentally determined 
detection limit, a circulating concentration of > 10 ng/mL 
irisin would be required, considering the processing steps 
including deglycosylation and the maximum applicable 
protein amount in our Western blots of 160 µg per lane. 
Thus, the 0.3 to 4 ng/mL plasma irisin determined by quan-
titative MS in mice and humans would not be detectable by 
Western blots.

In summary, there are still no reproducible results con-
cerning the detection of circulating irisin by Western blot 
in any species.

Antibody-Based Methods—ELISA

Huh et  al (32) were the first to test 2 ELISAs available 
at that time and reported levels of 113.1  ±  20.6  ng/mL 
in a large cohort of middle-aged, healthy women, and 
of 112.7 ± 32.2 ng/mL in a small group of obese female 
and male individuals. Surprisingly, the basal irisin level in 
young, trained males was 4 times higher (473.4 ± 36.4 ng/
mL). The next published study used a different ELISA and 
found levels between 770 ng/mL in normal weight subjects 
and 917 ng/mL in severely obese persons (33). This started 
a period with studies reporting extremely divergent levels of 
circulating irisin in humans that lasts until today. Numerous 
producers and suppliers offer irisin ELISAs mostly valid-
ated against the immunogen in artificial systems but not in 
biological samples. More than 100 publications rapidly ap-
peared with irisin values varying by 6 orders of magnitude 
(40 pg/mL (34) vs 4.3 µg/mL (35))until we warned about 
the unreliability of irisin levels based on ELISAs in 2015 
(16). Perakakis et al (36) predicted that the available irisin 
assays would consolidate and converge with time, based on 
past experience with several other hormones such as lutein-
izing hormone, growth hormone, and leptin. Unfortunately, 
this expectation has not been fulfilled even today. Instead, 
the range of reported irisin levels in humans has actually 
increased in recent years (13.5 pg/mL (37) vs 14.8 µg/mL 
(38)). The situation in rodents is similar to that of humans 
albeit fewer studies have been published. Reported circu-
lating irisin levels in mice span a range from less than 1 
pg/mL (39) to more than 1.5  µg/mL (40). The heteroge-
neous results may largely be due to nonspecific binding of 
the irisin antibodies to other plasma/serum proteins as ob-
served in Western blots (14, 16). A graphical overview of 
measurements of circulating irisin in humans and mice is 
given in Fig. 2.

Some studies measured irisin in subsets or in their 
total samples with 2 different ELISA/radioimmunoassays 
and noted differences in the values by factors of 2 to 25  
(70, 71), or correlations as low as r = 0.03 between meas-
urements using different assays (16). Additional problems 
arose from missing lot-to-lot reproducibility even within a 
single assay. Montes-Nieto et al (72) observed a correlation 
of only r = 0.22 comparing 2 lots of an ELISA from the 
same manufacturer. Moreover, inadequate description of 
reagents in the literature (missing lot and/or catalog num-
bers) hinders reproducibility and contributes to the current 
confusion about circulating levels of irisin.

In summary, all published data on irisin levels based on 
ELISAs are compromised by major methodical problems 
even 9 years after its discovery.

Antibody-Based Methods—Protein Liquid 
Chip Assay

A single study presented serum irisin levels of 1.1  ±  0.2  
ng/mL in healthy, newborn infants measured with a 
Luminex bead-based multiplex detection system (Merck 
Millipore; (31)). This system detects 15 myokines, including 
irisin, simultaneously. Because this system is also antibody-
based, further verification is required.

Label-Free Methods—Qualitative Mass 
Spectrometry

MS was employed for characterization of the putatively se-
creted FNDC5 fragment in the initial study (3). Untargeted 
and targeted MS was subsequently used to identify specific 
FNDC5/irisin peptide signatures in different tissues of hu-
mans and mice. Besides the fact that antibodies often are 
used to visualize the region of interest on gels, the ana-
lysis itself requires no label. After excision of the bands of 
interest from unmarked gels, in-gel digestion of the pro-
teins and subsequent chromatographic separation, specific 
peptides can be detected. Lee et al (21) detected a peptide 
(FIQEVNTTTR) within bands at a MW of 32  000 and 
24  000 among human serum proteins before and after 
deglycosylation (see comments on the antibody from this 
study above under “Antibody-Based Methods—Western 
Blot”). In contrast, Albrecht et  al (16) found the same 
signature in the MW region 20 000 to 25 000 in native 
human serum samples, in spite of this region showing no 
bands stained by an irisin antibody. This corresponded to 
the MW of glycosylated irisin. Accordingly, Peng et al (73) 
identified the peptide in the MW fraction of mouse serum 
from 10 000 to 50 000. It must be noted that the detected 
fragment (FIQEVNTTTR) is part of FNDC5 as well as of 
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irisin, making the apparent MW of the excised bands im-
portant for interpretation. Thus, the results of Chen et al 
(31) were surprising, because they observed the signature in 
a band at a MW of 13 000 of mouse serum without prior 
deglycosylation although irisin should have been present 
at a MW of 20  000 under these conditions. In contrast, 
Barja-Fernandez et al (74) did not report any signatures of 
FNDC5 or irisin in antibody-stained bands of rat plasma or 
gastric mucosa homogenates. Lourenco et al (25) analyzed 
mouse hippocampus by Western blot and identified 4 bands 
with 2 different FNDC5 peptides (but not FIQEVNTTTR) 
by MS. As discussed above, these bands are much too large 
to be FNDC5. Overall, it seems that MS can detect the 
FNDC5 peptides, especially FIQEVNTTTR, with very high 
sensitivity. Surprisingly, this and further FNDC5-specific 
peptide signatures were also found in SDS-PAGE bands 
that are too large or too small to be FNDC5 or irisin. Thus, 
identification of a band as FNDC5 based on detection of a 
peptide may be questionable, although we cannot propose 
a specific mechanism.

Label-Free Methods—Quantitative Mass 
Spectrometry

Three different laboratories have employed quantitative 
MS for measuring circulating irisin (8, 14, 15, 26). A tar-
geted search for irisin-specific peptides was combined 
with the addition of defined amounts of labeled peptides 
to the sample. The amount of labeled irisin peptides is 
used to calculate the amounts of (“natural,” unlabeled) 

irisin in the sample by direct comparison of the peak 
heights or areas. Jedrychowski et al (8) were the first to 
use 2 labeled irisin peptides for quantification. Besides 
the well-known tryptic fragment, FIQEVNTTTR, they 
labeled DSPSAPVNTVR. This fragment, the N-terminus 
of FNDC5 following cleavage of the signal peptide, can 
only be detected when FNDC5 is translated from the 
ATA start codon. Both fragments were detected in largely 
similar amounts in human plasma proteins, giving a cir-
culating irisin concentration of ~ 4 ng/mL. Jedrychowski 
et al (8) measured a slightly higher value (4.3 ng/mL) in 
a small group undergoing aerobic training as compared 
to the controls (3.6 ng/mL). This small increase was later 
named a “burst of circulating irisin” in response to acute 
exercise (75). Albrecht et al (14) questioned the biological 
meaning of this minor increase because similar differ-
ences were also observed between the 2 detected irisin 
fragments in the exercise group of that study. In con-
trast, another group employing the same method failed 
to detect irisin in human plasma at all, although they 
successfully measured irisin levels of 0.3 to 1.9  ng/mL  
in paired samples of cerebrospinial fluid (15).

We have used the labeled peptide FIQEVNTTTR to 
measure irisin in human serum and initially failed to de-
tect endogenous irisin peptides in 2 human samples (14). 
After a new preparation, an irisin level of 0.09 ng/mL was 
monitored in 1 of 2 samples. A repeated measurement of 
this sample yielded 0.15 ng/mL, which is still much lower 
than the ~ 4 ng/mL reported previously (8). In a rat serum 
sample, we determined irisin concentrations between 0.6 

Figure 2.  Plasma concentrations of irisin measured with ELISA methodologies in human (blue) and mice (green). The numbers given on the arrow-
heads represent the lowest and highest irisin levels (units on the x-axis) reported for the specific assay in both species. All values are means or me-
dians of control groups. Concentrations measured by quantitative MS for humans and mice are marked by arrows above the graph and on the x-axis.
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and 0.9  ng/mL in 2 technical replicates and 4 measure-
ments. This is somewhat higher than the 0.3  ng/mL re-
ported in mice (26). Notably, all concentrations reported 
by MS are markedly below the detection limit of antibodies 
in Western blots. This suggests that the bands stained in 
Western blots are not irisin.

Calibrated MS was expected to be the “gold standard” 
for determining the existence of plasma irisin and its con-
centration (27). However, the differences even between 
repeated measurements of the same sample and more 
pronounced differences between subsequent sample pre-
parations from the same donor indicates a rather high 
methodological variability. This casts serious doubts on 
a meaningful interpretation of small differences between 
groups of individuals based on single measurements for 
each individual. In addition, preparation of plasma or 
serum samples for MS requires removal of highly abundant 
albumins and immunoglobulins and subsequent concentra-
tion, which leads to varying amounts of retained proteins 
for analysis (14). This hinders an exact and reproducible 
quantification.

Current Situation in Determination of 
Circulating Irisin

Nine years after its discovery, no confirmed reference values 
for irisin are available for rodents and humans. There are 
several reasons for that. First, the initial study suggested 
rather high amounts of irisin in circulation of mice and hu-
mans even detectable by Western blots (3). Consequently, 
early ELISAs measuring levels in the range between 50 
and 900 ng/mL were considered valid. Second, uncritical 
use of poorly validated ELISAs as well as publication of 
values beyond the linear range and even below the detec-
tion limit, led to a fast expansion of the reported levels over 
a wide range from pg/mL to µg/mL. Third, the group who 
discovered irisin later reported levels of ~ 4 ng/mL in hu-
mans and 0.3 ng/mL in mice measured by quantitative MS  
(8, 26). These MS values are far lower than their own 
initial estimate of roughly 40  nmol/L circulating irisin  
(~800 ng/mL) in mice (3). Importantly, the very low MS 
values question the validity of a large proportion of all re-
ported irisin levels measured with ELISA, which are closer 
to the originally proposed levels.

Although calibrated MS has the potential to resolve 
these issues, there is still no independent confirmation for 
irisin levels in mice, and attempts to reproduce values in hu-
mans have failed or revealed inconsistent results (14, 15).  
Considering missing or low correlations between irisin 
levels measured with different ELISAs and rather low cor-
relations between values determined by ELISA and MS 
(r  =  0.4 (76)), we conclude that a reliable, reproducible 

method for measurement of circulating irisin is still not 
available for any species. Consequently, we will only 
briefly review studies relying on ELISA measurement of 
endogenous irisin but put more focus on experiments ap-
plying r-irisin to cultured cells and rodent models.

Physiological Roles of Irisin

Irisin and Metabolic Conditions or Diseases

Hundreds of studies have been conducted measuring irisin 
and relating it to diseases or physiological conditions. All these 
data have to be considered with caution due to the problems 
with ELISA methodologies described above. Consequently, 
only selected meta-analyses are reviewed here. An early meta-
analysis of 7 studies on type 2 diabetes revealed lower irisin 
levels in patients compared to controls. The authors noted the 
extreme heterogeneity of the ELISA-based irisin levels com-
promising their analysis (77). Similarly, lower irisin levels 
were found in an analysis of 22 studies of gestational diabetes 
(78). In contrast, a weak but significant positive relation of 
irisin levels with insulin resistance was found in nondiabetic 
individuals from 17 studies (79). Analysis of 18 studies on 
obesity resulted in a weak positive correlation between cir-
culating irisin and increasing overweight or obesity, which is 
in contrast to results in diabetes (80). Further meta-analyses 
reported increased irisin concentrations in patients with poly-
cystic ovary disease, lower irisin levels in coronary artery dis-
ease, and inconclusive results for associations with cancer and 
C-reactive protein (81-84). Irisin levels were weakly correl-
ated with bone mineral density (BMD) in subjects with osteo-
porosis (85). All meta-analyses have struggled with extremely 
varying irisin levels reported within a condition—often ran-
ging from pg to µg/mL—and thus have limited validity.

FNDC5/Irisin in Cellular Signaling Pathways—Cell 
Culture Assays

Numerous in vitro experiments, mostly applying r-irisin to 
different cell types, have been published. In these studies, 
authors proposed a multitude of signaling pathways af-
fected by irisin or regulating irisin. In a recent review, 
Rabiee et  al (86) summarized evidence that irisin exerts 
biological effects mainly via mitogen-activated protein kin-
ases (MAPKs) and the authors list additional pathways that 
may be affected by irisin. In addition to the proposed ef-
fects of irisin on adipose tissue, bone, and brain described 
in more detail below, irisin had anti-inflammatory and 
antimetastatic effects, improved glucose uptake in muscle 
cells, facilitated endothelial cell proliferation, lowered 
blood pressure, and improved cardiac hypertrophy (86). 
The reviewed studies all applied r-irisin to cells in a range 
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corresponding to 50 to 2500 ng/mL, which is 10- to 8000-
fold more than the assumed physiological concentrations 
in humans and mice. Based on very early ELISA measure-
ments, Moon et al (87) considered 65 to 130 ng/mL r-irisin 
physiological and 650 to 1300  ng/mL pharmacological 
concentrations. Even under this assumption, which later 
proved 20 to 50 times too high, the apparent physiological 
concentration promoted no effects on mouse hippocampal 
neuronal cells.

There are only a few exceptions of cellular response at 
assumed physiological concentrations. Recent studies on 
murine osteocytes, a murine adipocyte subpopulation, and 
HEK293T cells, revealed induction of integrin/focal adhe-
sion kinase (FAK) signaling by glycosylated r-irisin at con-
centrations as low as 1 to 10 pmol/L corresponding to 20 
to 200 pg/mL (26, 88). Oguri et al (88) reported a response 
of adipocyte precursors to 1 ng/mL r-irisin but the response 
was reduced at 5 ng/mL.

Zhang et  al (89) found greater effects of glycosylated 
compared to nonglycosylated r-irisin (500 ng/mL) in 3T3-
L1–derived adipocytes, whereas Liu et  al (90) did not 
observe any differences in the biological activity of the 
2 r-irisin forms (application range 250-2500  ng/mL) on 
pancreatic cancer cells. Shan et al (91) incubated primary 
mouse adipocytes with a recombinant C-terminal FNDC5 
peptide (20 nmol/L) and observed browning effects. They 
attributed the effect to irisin, although the applied peptide 
did not share any sequence with irisin and does not circu-
late under physiological conditions (reviewed in (92)). The 
results of many of the in vitro studies raise the question 
whether effects of r-irisin in supraphysiological concentra-
tions are specific and meaningful with respect to in vivo 
conditions.

Irisin, Exercise, and Browning of WAT

In contrast to classic unilocular (one big lipid droplet 
per cell) WAT, BAT is rich in mitochondria and contains 
many small (multilocular) lipid droplets. BAT specifically 
expresses uncoupling protein 1 (UCP1) allowing mito-
chondrial uncoupling and dissipation of energy as heat 
during respiration instead of ATP production. The term 
“browning” within WAT typically refers to a more BAT-
like morphology with increased expression of UCP1 (93). 
Boström et al (3) presented the first suggestion and one of 
the major reasons for the focus on browning of WAT in 
response to exercise. Several groups have confirmed their 
findings of browning of inguinal subcutaneous WAT in ro-
dents after long-term exercise (94-96). However, exercise-
induced browning of subcutaneous WAT might be specific 
for inguinal WAT in rodents. Browning of subcutaneous 
WAT after 3 weeks of physical training was only observed 

in inguinal WAT but not in other subcutaneous WAT 
depots (anterior and inter-scapular adipose tissue (96)). 
In contrast, cold exposure induces browning of all murine 
adipose tissue depots (97).

In humans, exercise seems to have little or no effect of 
browning of abdominal subcutaneous WAT (70, 98-100) 
or activation of classic BAT (101). Only one study showed 
a small increase in UCP1 gene expression in abdom-
inal subcutaneous WAT after long-term exercise in obese 
participants (102). Importantly, human abdominal sub-
cutaneous WAT expresses only minor amounts of UCP1  
(70, 103, 104).

Activation of PGC-1α in response to exercise was pro-
posed to increase the level and cleavage of FNDC5 from 
skeletal muscle (3). The secreted domain of FNDC5, irisin, 
was furthermore suggested to signal browning to WAT. 
Whereas intravenous injection into mice of FNDC5-
expressing adenoviral particles induced Ucp1 expression 
in inguinal WAT (3), FNDC5 knockout mice exhibited at-
tenuated exercise-induced browning of inguinal WAT (95). 
Although these mechanistic studies show that FNDC5 
has the potential to induce browning of WAT in mice, 
whether and how much FNDC5/irisin might increase by 
exercise is controversial. Shortly after the initial publica-
tion of Boström et  al (3), Timmons et  al (105) reported 
that FNDC5 expression in skeletal muscle was only in-
creased in a minority of ~200 human subjects in response 
to long-term exercise. A systematic review published a few 
years later analyzing the link between PGC-1α and FNDC5 
in muscle, and circulating irisin and UCP1 of white adi-
pocytes, summarized that the existing evidence does not 
allow for conclusions regarding irisin responses to physical 
activity (106). A recent meta-analysis on the responses of 
the skeletal muscle transcriptome to exercise (MetaMEx) 
provides an online interface to interrogate 66 published 
datasets (107). Whereas PGC-1α expression is significantly 
increased by acute exercise (aerobic and strength) and de-
creased by inactivity, FNDC5 expression in skeletal muscle 
is regulated neither by acute nor by long-term exercise, 
or by inactivity (107). In contrast, expression of skeletal 
muscle FNDC5 (mRNA and/or protein) in mice has been 
shown to increase in response to both acute and long-term 
exercise in some (3, 108-111), but not in all studies  
(30, 112, 113).

As discussed above, studies using ELISA or Western blots 
to measure plasma irisin in response to exercise are com-
promised by the unreliability of the available antibodies. 
There is one study that used quantitative MS to measure 
irisin levels in response to exercise. Six young individuals 
who underwent 12 weeks high-intensity aerobic exercise 
were compared with 4 individuals without exercise (8). 
The exercised individuals showed ~19 % higher levels of 
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plasma irisin than the controls. This study still awaits inde-
pendent confirmation with a larger pool of human subjects.

In summary, experiments in rodents suggest that exercise 
induces significant browning of inguinal WAT. However, 
there is very little evidence that this extends to humans. 
This might be explained by the comparison of different 
subcutaneous WAT depots between the species, or that sub-
cutaneous WAT plays different roles in humans and mice.

Furthermore, existing evidence points to only minor ef-
fects of all modes of exercise on skeletal muscle FNDC5 
mRNA expression in humans (Fig. 3).

Effects of Irisin on Bone Metabolism

Some of the more intriguing studies of irisin reported enhanced 
bone production when injecting r-irisin into mice. Colaianni 
et al (114) began with an analysis of tibia bone following 4 
weekly injections of 100 µg/kg r-irisin. This is a low dose for 

testing a protein in vivo and far below the daily 500 µg/kg in-
jections used in other irisin studies (115, 116). Considering that 
r-irisin is cleared from plasma in less than an hour (26), it is 
difficult to see how these 4 small injections a week apart could 
have such a strong physiological effect. Nevertheless, following 
the 4-week treatment Colaianni et al (114) observed a signifi-
cant 7% increase in cortical BMD, but no change in trabecular 
bone. The authors noted that no effect on trabecular bone is 
“in stark contrast to any other known therapy.” The cortical 
bone showed an increase in mRNA for osteopontin, associated 
with osteoblastic bone formation, and a reduction of sclerostin 
(SOST), an inhibitor of bone formation. In a separate experi-
ment, bone marrow stromal cells incubated with 100 ng/mL 
r-irisin showed increase in several markers of osteoblast differ-
entiation. This suggested that irisin might interact directly with 
bone cells to enhance bone formation. A number of subsequent 
studies applying irisin to cell cultures also supported a direct 
interaction with bone cells (117-119).
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Figure 3.  Exercise increases PGC1α in skeletal muscle of mice and humans. The subsequent increase in FNDC5 is established in mice but not in hu-
mans. FNDC5 may reside as dimeric transmembrane receptor, for example, in skeletal muscle, bone, and brain. The putative cleavage mechanism 
releasing the extracellular part as irisin is still unclear. Irisin acts on WAT and induces browning, is involved in bone remodeling and improves cogni-
tion and memory. Many of these effects have been shown by application of r-irisin to cells or by injections into mice. Browning of WAT was induced 
by application of high doses of r-irisin or by forced ectopic expression of FNDC5 in mice but was not shown in humans so far. Further open ques-
tions are: Does irisin enhance bone formation or resorption or both in a dose dependent manner? Does irisin cross the BBB to increase FNDC5 and 
BDNF levels as was demonstrated for exercise kynurenic acid, lactate, and cathepsin B? In a recent report (155) a liver-to-brain axis was established 
with a central role of exercise-induced, liver-derived GPLD1. The figure was partly created with biorender.org. Abbreviations: BDNF, brain-derived 
neurotrophic factor; BBB, blood-brain barrier; FNDC5, Fibronectin type III domain-containing protein 5; GPI, glycosylphosphatidyl inositol; GPLD1, 
GPI–specific phospholipase D1; OPG, osteoprotegerin; PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1 alpha; r-Irisin, recom-
binant irisin; SOST, sclerostin; UCP1, uncoupling protein 1; WAT, white adipose tissue.
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A related study by Narayanan et al (120) investigated 
the bone loss induced by a model of inflammatory bowel 
disease (IBD). Rats induced to have IBD suffered substan-
tial bone loss, but when injected with r-irisin, the IBD rats 
showed an increase in osteoblast and a reduction of osteo-
clast activities specifically on trabecular bone. The authors 
did not look at cortical bone, but the effect on trabecular 
bone is in contrast to Colaianni et al (114). A remarkable 
aspect of this study was that the r-irisin injection caused 
a 100% cure of this particular induced model of IBD. In 
a follow-up study, Metzger et  al (121) used a different 
model of IBD, where r-irisin had less effect on the primary 
inflammation and on associated bone loss. These studies 
show that the immune system and inflammation can cause 
bone loss, probably via released cytokines, and that in-
jected r-irisin can moderate the inflammation. We suggest 
that effects of irisin on bone may be mediated by this in-
flammatory response. This could be in addition to a direct 
effect of r-irisin on bone cells indicated in other studies 
(114, 117, 119).

In a later study, Colaianni et al (122) subjected mice to 
hindlimb unloading, which caused loss of BMD. Following 
4 weeks of suspension, femurs lost ~4% of cortical BMD 
and ~40% of trabecular BMD. The similar weekly injec-
tions of 100 µg/kg r-irisin used previously prevented all the 
cortical and half the trabecular BMD loss. The inactivity-
induced BMD in control mice was accompanied by an in-
crease in SOST and reduction in osteoprotegerin mRNA 
in femurs. Irisin injection decreased SOST and increased 
osteoprotegerin about halfway back to control levels. 
Overall, these studies painted a consistent picture of irisin 
enhancing bone formation by lowering the inhibitory SOST 
and raising the protective osteoprotegerin. A recent study 
has extended these results by sending bone cell cultures 
into space. Consistent with previous studies, 14  days of 
microgravity aboard the SpaceX Dragon caused a substan-
tial downregulation of genes favoring bone deposition and 
upregulation of genes favoring bone erosion. Incubation 
with 100  ng/mL r-irisin largely reversed these effects of 
microgravity (123).

Luo et  al (124) reported a similar protection of bone 
loss by injecting r-irisin into female mice subjected to ovari-
ectomy. The control ovariectomized mice suffered a signifi-
cant loss of bone mass over the following weeks. Biweekly 
injections of 100 µg/kg r-irisin blocked the bone loss and 
enhanced most bone parameters beyond the control levels, 
similar to the weekly injections of Colaianni et  al (122). 
Unfortunately, Luo et al (124) did not reference or discuss 
the apparently contradictory study of Kim et al (26).

Kim et  al (26) observed that glycosylated r-irisin in-
creased SOST both in mice and in cultured osteocytes, the 
opposite of Colaianni et al (114). The effect in mice was 

seen after 6 daily injections of 1 mg/kg, each dose 10 times 
higher than the weekly doses used by Colaianni et al (114). 
An important development in this study was the generation 
of FNDC5-knockout (KO) mice (26). Remarkably, the KO 
caused no change in bone structure in male mice. In con-
trast, female KO mice showed significantly enhanced tra-
becular bone volume, BMD, and connectivity. Female mice 
were then subjected to ovariectomy, promoting a significant 
loss of bone in the control littermates. In the FNDC5-KO 
mice the ovariectomy-induced bone loss was completely 
blocked.

In a recent follow-up study, Estell et al (75) looked more 
closely at the effect of irisin on osteoclasts. Incubation of 
bone marrow cells from male mice with 2 to 10  ng/mL 
r-irisin caused enhanced differentiation of active osteoclasts. 
They then created transgenic mice in which the FNDC5 
transgene was expressed from a muscle-specific promoter. 
FNDC5 mRNA expression was also increased in bone 
tissue, which raises the question of whether effects on bone 
are due to the extra bone FNDC5 or to circulating irisin 
released from muscle. Male mice, exhibiting no change in 
bone in the FNDC5 KO (26), showed a significant reduc-
tion in trabecular bone in the FNDC5 transgenic mice. 
However, they did not report on female mice, which had 
improved bone parameters in the FNDC5 KO (26). Both 
groups (26, 75) note that their results—that irisin inhibits 
bone formation—are the opposite of Colaianni et al (114, 
122). They did not reference the results of other groups 
who also found irisin enhanced bone formation (120, 124, 
125). Estell et al (75) suggested that the opposite effects of 
irisin (inhibition vs enhancement of bone formation) might 
be due to the concentration of irisin and the duration or 
frequency of application.

In another recent study, Zhu et  al (125) performed a 
selective KO of FNDC5 in bone cells using an osterix-Cre 
driver. Osterix-Cre has been used to knock out genes spe-
cifically in osteoblasts and osteocytes. Expression analyses 
showed major reduction of FNDC5 in bone tissue but 
normal expression in WAT and muscle. These KO mice 
showed a significant reduction in trabecular bone mass and 
delayed bone development and mineralization from early 
postnatal stage to adulthood. This is the opposite of the 
report of Kim et  al (26) and consistent with the conclu-
sions of Colaianni et al (114, 122) that irisin enhances bone 
parameters.

These intriguing studies leave a number of questions: 
Does FNDC5 or irisin enhance or inhibit bone formation 
(Fig. 3)? Does irisin in vivo operate primarily directly on 
bone cells, or is the effect on bone partially or largely a sec-
ondary response of other cells responding to irisin? If the 
FNDC5 knockout does alter bone, which tissue KO has the 
major effect, bone or muscle?
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An Irisin Receptor?

Boström et al (3) speculated that irisin effects might be 
mediated by a cell surface receptor. Although binding 
of recombinant irisin to 3T3L1 cells and of synthetic 
irisin to a subpopulation of mouse stromavascular cells 
was demonstrated (89, 126), no receptor was identified 
until 2018. Then, Kim et  al (26) reasoned that if cul-
tured osteocytes respond to r-irisin by upregulating 
SOST, they must have a cell surface receptor for irisin. 
They initially screened for a receptor using crosslinking 
and MS, and identified integrin β1 as a candidate. No 
integrin α was identified by this crosslinking. Cultured 
osteocytes incubated with irisin showed signs of integrin 
signaling. The authors then transfected HEK 293T cells 
with different integrins and tested the effect of r-irisin. 
The best response was observed with αVβ5 integrin, 
which they identified as a likely irisin receptor. A major 
problem with this receptor identification is lack of speci-
ficity: the only integrin identified in the initial MS screen, 
β1 has been abandoned in all subsequent experiments. 
The favored receptor is now αVβ5, which gave the best 
response in the screen of integrins. Several subsequent 
studies have supported αVβ5 as an irisin receptor. Bi 
et  al (127, 128) demonstrated co-immunoprecipitation 
of integrin αVβ5 with irisin as well as co-localization 
of this integrin complex with irisin in human colon car-
cinoma or microvascular endothelial cells thus indirectly 
supporting a receptor-ligand binding. A recent study re-
ported that CD81 is a partner in the integrin signaling 
(88). The signaling required 2 different integrin com-
plexes, αVβ1 and αVβ5, in addition to CD81. The au-
thors concluded that CD81 sensitized the HEK293T cells 
to irisin (88). Estell et al (75) showed that a commercial 
antibody inhibiting αVβ5 blocked osteoclast response to 
irisin, apparently confirming this receptor. However, the 
major integrin on osteoclasts is αVβ3; αVβ5 integrin has 
not previously been identified on osteoclasts (129, 130).

A problem with an integrin receptor is that it would 
not be able to utilize the dimeric structure of irisin. The 
irisin dimer is about 40 Å wide, compared with 47 Å for 
a single integrin head. Thus, an irisin dimer could bind 
only a single integrin. Of course, this would be a moot 
point if irisin were monomeric at the nanomolar con-
centrations in circulation. The crystal structure is con-
sistent with a high-affinity dimer, but the K

D has not been 
measured.

The Muscle-Brain Axis

Exercise has beneficial effects on life expectancy and 
prevention of coronary heart disease, diabetes mellitus, 

osteoporosis, and frailty (131-134). Furthermore, exer-
cise improves several conditions related to the brain, such 
as cognitive function, depression, dementia, and sleep 
(135-139). The effects of exercise on promoting learning 
and memory formation may be mediated by inducing 
brain-derived neurotrophic factor (BDNF) expression and 
signaling in the hippocampus (140).

A twist to the story of the interaction between the brain 
and exercise was provided by the discovery of a new family 
of myokines including cathepsins that were increased in 
response to 11 weeks of resistance training among sed-
entary men (141). Exercise in mice increased the plasma 
concentration of cathepsin B and its capacity to pass the 
blood-brain barrier. Cathepsin B induced the production 
of BDNF in certain parts of the hippocampus, thereby pro-
moting neurogenesis and enhanced learning and memory 
(142). Another study suggests that cathepsin B and BDNF 
are affected by long-term exercise in men (143).

Additional metabolites linking exercise to BDNF ex-
pression include beta-hydroxybutyrate (144, 145), and 
the tryptophane metabolites kynurenine and kyrunenic 
acid (146-149). Only recently, Contrepois et al (150) ob-
served an increase of circulating kynurenic acid in response 
to acute exercise in humans in line with previous results. 
Recently, FNDC5/irisin has joined this field of exercise-
induced brain modulators. FNDC5 was found to be 
upregulated in muscle when the translational coactivator 
PGC1α was enhanced transgenically or in response to exer-
cise (3). PGC-1α and FNDC5 are both highly expressed in 
the brain (1, 2, 22, 151). Previous studies have shown that 
exercise improves several brain functions, and these bene-
fits may be mediated by upregulation of BDNF. Wrann et al 
(22) reported that in response to 30 days of endurance exer-
cise, mice showed elevated expression of PGC-1α, FNDC5, 
and BDNF in the hippocampus but not in the rest of the 
brain. As in muscle, increasing or decreasing expression of 
PGC-1α in the hippocampus increased or decreased expres-
sion of FNDC5. In several experiments, BDNF increased or 
decreased in synchrony with expression of FNDC5, inde-
pendent of PGC1α. All of this was consistent with BDNF 
expression being regulated by expression of FNDC5 within 
each neuron. Wrann et al (22) then obtained indirect evi-
dence that peripheral overexpression of irisin, from an in-
jected adenovirus vector presumably expressing FNDC5 in 
liver, could stimulate hippocampal BDNF.

Ruan et al (15) used quantitative MS with labeled pep-
tides to assay for irisin in cerebrospinal fluid (CSF). They 
detected irisin in all 6 samples from elderly men, with a 
wide range of concentrations: 0.26 to 1.86 ng/mL. They 
intended to compare CSF irisin with paired samples of 
plasma, but they failed to detect irisin in any of the 6 
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plasma samples. Thus, the CSF irisin may be derived from 
FNDC5 in the brain.

Lourenco et al (25) investigated a potential relation of 
FNDC5/irisin to Alzheimer's disease. They found that small 
hairpin-FNDC5 RNA injected into mouse brains caused 
loss of hippocampal long-term potential (LTP). A  similar 
loss of LTP was caused by injecting amyloid-β oligomers 
(AβOs), a treatment which has been used to model 
Alzheimer's disease. AβO injection also caused defects on 2 
tests of memory and behavior. However, when glycosylated 
r-irisin was injected along with AβOs, the LTP loss was re-
versed, as were the behavioral defects. In a related experi-
ment, they injected adenovirus expressing FNDC5 into the 
brain, and 6 days later injected AβOs. The FNDC5 expres-
sion again rescued the behavioral defects. Exercise also re-
versed the behavioral defects of AβO injection, consistent 
with the result from Wrann et  al (22) that exercise in-
creased expression of hippocampal FNDC5. Lourenco et al 
(25) then turned to a strain of mice considered a model for 
Alzheimer's disease. The Alzheimer's disease mice showed 
loss of LTP in hippocampal neurons and behavioral de-
fects similar to the AβO-injected mice. All effects were re-
versed by injection of adenovirus expressing FNDC5 into 
the brain. They then tested the effect of peripheral FNDC5 
by injecting the adenovirus intravenously, similar to Wrann 
et al (22). This presumed peripheral expression rescued the 
AβO-induced loss of LTP and behavioral defects, similar 
to the injection into the brain. This suggests that the per-
ipheral FNDC5/irisin might enter the brain and mimic the 
effect of the brain FNDC5 in improving function. In a more 
recent human study of patients with Alzheimer's  disease 
and control subjects, Lourenco et  al (152) found a posi-
tive correlation of irisin levels in CSF with BDNF, Aβ42, 
and memory. A cautionary note is that irisin was measured 
with a commercial ELISA, which has not been validated for 
measurement in plasma or body fluids.

Neither Wrann et  al (22) nor Lourenco et  al (25) ad-
dressed how peripheral irisin might cross the blood-brain 
barrier (BBB). The BBB efficiently blocks the transfer of 
large molecules, including proteins, from plasma to CSF. 
The block is not complete, and small amounts of some pro-
teins enter the central nervous system by passive diffusion: 
eg, albumin is present in CSF at 0.5% of its concentration 
in plasma. Some cytokines have selective transporters; 
for example, leptin is present in CSF at 4% to 7% of its 
10 ng/mL plasma concentration (153). If peripheral irisin 
were to play a role in brain physiology, it would need a 
selective BBB transporter and a very-high-affinity receptor 
on brain cells. As outlined above, FNDC5/irisin is only one 
among several exercise-induced substances that have been 
reported to improve various brain functions in a BDNF-
dependent manner. Cathepsin B and lactate might both 

cross the BBB and convey hippocampal-dependent learning 
and memory in a BDNF-dependent manner (142, 154). 
El Hayek et  al (154) proposed an alternative mechanism 
linking exercise to improved learning and memory in mice. 
Voluntary exercise promoted increased circulating lac-
tate levels. Lactate, in turn, entered hippocampal neurons 
via the monocarboxylate transporter (MCT) 2 and in-
duced a signaling cascade (SIRT1 to PGC-1α to FNDC5 
to BDNF), leading to increased BDNF levels in exercised 
mice. This mechanism would circumvent the necessity 
of irisin passing the BBB, and it is consistent with previ-
ously reported increased FNDC5 levels in the brain of 
exercised animals. Only recently, liver-derived circulating 
glycosylphosphatidylinositol–specific phospholipase D1 
(GPLD1) was identified linking exercise to improved cog-
nitive functions in old mice (155).

Overall, the studies of Wrann et al (22) and Lourenco 
et al (25) present intriguing preliminary results implicating 
hippocampal FNDC5 in normal brain physiology and in 
Alzheimer's disease. FNDC5, cathepsin B, and lactate may 
all increase with exercise and in turn upregulate expression 
of hippocampal BDNF. The possible role of peripheral irisin 
is more problematic (Fig. 3). However, FNDC5-KO mouse 
models would be a tool to explore these preliminary leads 
and crossing the FNDC5-KO with the AD mice should be 
instructive to reveal potential interactions.

Fndc5 Knockout Mice

Most early studies of physiological functions of FNDC5/
irisin are based on gain-of-function experiments, adding 
r-irisin to cultured cells or injecting it into mice. These are 
indirect approaches, especially for injections into mice, 
where it would simply increase the level of endogenous 
irisin by an unknown amount.

More recently, several research groups have created 
FNDC5 KO mice. Most groups reported that mice with 
global KO of FNDC5 are viable, fertile, and have no ob-
vious phenotypic abnormalities under standard conditions 
(26, 94, 156, 157). In particular, they have normal weight 
and growth. However, there are exceptions: Luo et al (158) 
described female FNDC5-KO mice with significantly lower 
body weight than wild-type (WT) mice, and Kim et al (26) 
reported that FNDC5-KO mice suffer less than WT from 
ovariectomy. The research group of GQ Zhou investigated 
the effects of several specific challenges. They found that 
fasting FNDC5 KO mice promoted severe hepatic steatosis, 
which did not occur in WT mice (156). In contrast, when 
mice were fed a high fat diet for 6 months, they developed 
liver fibrosis, which was aggravated in the FNDC5 KO 
mice (159). The effects on liver are somewhat surprising 
because hepatic expression of FNDC5 is low. In another 
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study, using a separately derived FNDC5 KO, Xiong et al 
(95) observed that the high fat diet  also induced obesity 
and insulin resistance, which were exacerbated in the KO 
mice. Zhou et  al (160) also induced vascular oxidative 
stress and inflammation by injecting angiotensin II. The ef-
fects were aggravated by the absence of FNDC5. Overall, 
these experiments suggest that whereas FNDC5 KO mice 
appear normal under standard husbandry conditions, they 
suffer more than WT mice during several specific physio-
logical challenges. Li et al (157) created FNDC5 KO mice, 
as well as transgenic mice overexpressing FNDC5. Human 
FNDC5 was overexpressed in skeletal muscle of the latter 
mice under control of the chicken β-actin promoter and 
cytomegalovirus enhancer. Circulating irisin was more than 
2-fold increased in transgenic mice, but the reported levels 
were far above the reference values determined by MS, even 
in the controls (26). They then subjected mice to transverse 
aortic constriction for 4 weeks, which caused cardiac hyper-
trophy. The hypertrophy was enhanced in the FNDC5 KO 
mice, whereas the transgenic FNDC5 overexpression re-
duced the hypertrophy.

A major interest in the FNDC5/irisin story is its poten-
tial role in metabolism and in adipose tissue. Xiong et al 
(95) reported that skeletal muscle in their FNDC5 KO mice 
was not different from WT in size, histology, and fiber type. 
KO and WT mice showed similar levels of glucose and 
serum lipids, and similar recovery from an intraperitoneal 
glucose injection. However, they found a difference when 
mice were subjected to 8 weeks of treadmill exercise. 
Exercised WT mice showed glucose recovery identical to 
unexercised mice, whereas exercised KO mice showed ~50 
% higher blood glucose concentrations 30 to 60 minutes 
after injection. They also had significantly reduced insulin 
sensitivity and lower maximum oxygen uptake. BAT was 
similar in exercised WT and KO mice, but inguinal WAT 
showed “formation of many smaller multilocular beige adi-
pocytes” in WT but not in KO mice. They also noted dif-
ferences in glucose tolerance. Interestingly, the metabolic 
changes could affect bone indirectly. These results need to 
be confirmed and hopefully tied to a common mechanism.

Conclusions and Further Perspectives

Unsolved Issues

There are still many open questions after 9 years of inten-
sive research on irisin. Following 10  years of a Sleeping 
Beauty–like fate as a disregarded transmembrane protein, 
FNDC5 was kissed awake in 2012 as the supposed pre-
cursor of a circulating, hormone-like peptide, irisin. Since 
then, irisin evolved rapidly to a factor apparently involved 
in an amazing variety of diseases and metabolic conditions. 

This elaboration of pathways is seriously compromised by 
flawed methods for detection and quantification, and the 
high doses of r-irisin applied to cells or injected to animals. 
Thus, validation of available methods and confirmation of 
major results by independent groups is a most urgent task.

Moreover, the mutant start codon of FNDC5 exclu-
sively in the hominid lineage still awaits exploration. How 
can significant amounts of a protein be translated from the 
noncanonical ATA start codon located in an unfavorable 
Kozak sequence?

Furthermore, the proposed cleavage mechanism of the 
irisin peptide from FNDC5 needs confirmation and explor-
ation of mechanisms. Is exercise required for cleavage—this 
might be opposed by reasons given below—but if yes, how 
is this mediated?

Finally, an important drawback about the suggested 
browning of adipose tissue induced by irisin is that the 
carefully controlled intervention studies in humans find no 
sign of uncoupling and enhanced energy expenditure that 
could be explained by irisin.

A Problem for Evolution of an Exercise Hormone

The original hypothesis and much of the later research 
posits that irisin is released from muscle in response to ex-
ercise, and acts on WAT, where it generates browning and 
an accompanying thermogenic response. It is claimed that 
this places irisin as a prime mediator of the beneficial ef-
fects of exercise. This would make sense if irisin evolved 
in modern humans, where one of the major benefits of ex-
ercise is weight loss. However, it is difficult to rationalize 
this for evolution in wild animals engaged in the struggle 
for life and survival of the fittest. Exercise in this context 
would involve chasing down another animal for food or 
escaping a predator. It is hard to imagine any value in fol-
lowing these exertions by a physiological response that 
continues to burn energy. On the contrary, survival would 
seem to require a rapid shutdown of any extra energy con-
sumption and restoration of stores of fat and glycogen for 
the next encounter.

A Search for Other Functions for FNDC5.

We should still look for alternative functions for FNDC5 
that may have nothing to do with browning of WAT or 
metabolism. An important lead may be found in birds, 
which have FNDC5 but lack BAT and its canonical 
UCP1. Li et al (161) cloned the FNDC5 gene in chicken 
and determined the tissue distribution of its expression. 
It is remarkably similar to the distribution in mam-
mals, with high expression in brain, heart, and skeletal 
muscle. This would suggest looking for functions in these 
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tissues, independent of the still-hypothetical cleavage 
and browning of WAT.

FNDC5 Knockout Mice—High Potential for Future 
Research

FNDC5 KO mice might provide an excellent tool to test and 
validate assays for plasma irisin. The plasma of these mice 
should preserve all nonspecific components but be com-
pletely lacking irisin. Glycosylated r-irisin could be titrated 
into KO plasma to determine the nonspecific background 
and the sensitivity of the ELISA to real irisin. Plasma of 
amphibians, which are lacking the FNDC5 locus, would 
provide an alternative background test.

FNDC5 KO mice might be a model to demonstrate the 
functions of FNDC5. The absence of obvious phenotypes 
under normal husbandry frustrates easy answers, but 
specific physiological challenges have revealed defects 
that need to be followed up. One important test seems 
possible for any observed phenotype: does injection of 
glycosylated r-irisin reverse the phenotypes caused by 
the KO? If major functions of FNDC5 are mediated by 
cleavage and release of irisin, the r-irisin should reverse 
the defect. If FNDC5 actually functions as a transmem-
brane protein on its own cell, the injected r-irisin should 
have no effect.

The recently described mouse line with floxed FNDC5 
should be especially useful (125). This line could be used 
to generate a conditional KO in any tissue for which a Cre 
driver is available. Of particular interest would be skeletal 
muscle, heart, and brain, the tissues of highest FNDC5 ex-
pression, and bone, where responses and expression have 
been found. For any phenotype already observed in a 
global FNDC5 KO, the tissue-specific KO should provide 
confirmation and be informative of the pathway.

Perhaps most important is whether FNDC5 operates pri-
marily as soluble irisin released from muscle and acting on 
receptors in an autocrine, paracrine, or endocrine manner, 
or as a transmembrane receptor in the tissue where it is 
expressed. For example, if the true agent is soluble irisin, a 
conditional KO in skeletal muscle should eliminate pheno-
types in WAT, bone, and brain. If the true agent is FNDC5 
receptors, or if irisin is acting as a paracrine/autocrine 
regulator, KO in the target tissues should produce results, 
whereas the muscle KO should have no effect.

In summary, more than 1000 published studies suggest 
intriguing roles for FNDC5/irisin, originally in muscle and 
adipose tissue, and now expanding into bone and brain. 
Many of these studies are compromised by use of ques-
tionable antibody-based assays; valid assays to quanti-
tate circulating irisin are sorely needed. However, several 
physiological roles have been elucidated by exposing cells 

and rodent models to exogenous r-irisin, thus proving it 
a potent biological agent. The combined use of up- and 
downregulation by injecting r-irisin or FNDC5 KO may 
have the potential to resolve controversies and to rigor-
ously establish physiological pathways.
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