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Abstract

Balancing the process of bone formation and resorption is important in the maintenance of healthy
bone. Therefore, the discovery of novel factors that can regulate bone metabolism remains needed.
Irisin is a newly identified hormone-like peptide. Recent studies have reported the involvement of
irisin in many physiological and pathological conditions with bone mineral density changes,
including osteopenia and osteoporotic fractures. In this study, we generated the first line of Osx-
Cre:FNDC5/irisin KO mice, in which FNDC5/irisin was specifically deleted in the osteoblast
lineage. Gene and protein expressions of irisin were remarkably decreased in bones but no
significant differences in other tissues were observed in knockout mice. FNDC5/irisin deficient
mice showed a lower bone density and significantly delayed bone development and mineralization
from early-stage to adulthood. Our phenotypical analysis exhibited decreased osteoblast-related
gene expression and increased osteoclast-related gene expression in bone tissues, and reduced
adipose tissue browning due to bone-born irisin deletion. By harvesting and culturing MSCs from
the knockout mice, we found that osteoblastogenesis was inhibited and osteoclastogenesis was
increased. By using irisin stimulated wildtype primary cells as a gain-of-function model, we
further revealed the effects and mechanisms of irisin on promoting osteogenesis and inhibiting
osteoclastogenesis in vitro. In addition, positive effects of exercise, including bone strength
enhancement and body weight loss were remarkably weakened due to irisin deficiency.
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Interestingly, these changes can be rescued by supplemental administration of recombinant irisin
during exercise. Our study indicates that irisin plays an important role in bone metabolism and the
crosstalk between bone and adipose tissue. Irisin represents a potential molecule for the prevention
and treatment of bone metabolic diseases.
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1| INTRODUCTION

Bone metabolism is a dynamic process of bone remodeling (Christenson, 1997). The
biology of bone during mineral metabolism, especially the tightly coupled balance between
bone formation by osteoblasts and bone resorption by osteoclasts, remains a challenge to
clinical and basic science researchers (Seeman, 2009; Sims & Martin, 2014). Metabolic
bone diseases (Demellawy, Davila, Shaw, & Nasr, 2018) caused by abnormalities of
mineralization, including rickets (Wagner & Greer, 2008), osteoporosis (Aspray & Hill,
2019; Varacallo & Fox, 2014), and osteogenesis imperfecta (Demellawy et al., 2018), are
among the most common chronic diseases affecting adults and children in industrialized
countries. Approximately 10 million American men and women have osteoporosis, and
more than one-half of the US population of 50 years and older has low bone density (Golob
& Laya, 2015). Prevention and treatment of metabolic bone diseases are becoming
increasingly important.

Irisin is a hormone-like peptide that is released on the cleavage of the membrane protein
fibronectin-type 111 domain-containing 5 (FNDC5). This molecule was initially shown to
participate in white adipose tissue (WAT) browning and energy expenditure (Bostrom et al.,
2012). More recent studies have shown that irisin has multiple roles in many different tissues
and organs including adipose tissue, nervous and skeletal systems. Irisin has appeared in
many pathological processes as well, including inflammation and carcinogenesis (Korta,
Pocheé, & Mazur-Biaty, 2019; Mahgoub, D’Souza, Al Darmaki, Baniyas, & Adeghate,
2018; Polyzos et al., 2018). In the area of bone metabolism, irisin has been shown to be
involved in many physiological and pathological conditions including bone mineral density
(BMD) impairment in type Il diabetes mellitus (T2DM; M. Zhang et al., 2014), renal disease
(Ebert et al., 2014), osteopenia (lemura, Kawao, Okumoto, Akagi, & Kaji, 2019), and
osteoporotic fractures (Anastasilakis et al., 2014; Palermo et al., 2015; Yan, Liu, Guo, &
Yang, 2018). These findings have not only shown the potential of irisin to be a biochemical
marker of many bone mineral-related diseases but also led us to hypothesize that irisin might
be directly involved in bone metabolism.

Our previous study showed increased circulating irisin levels during exercise in mice (J.
Zhang, Valverde, et al., 2017), while other researchers have found similar findings in
humans (Brenmoehl et al., 2014; Tsuchiya, Mizuno, & Goto, 2018). We also found that
exercise induces high levels of both irisin messenger RNA (mMRNA) and protein expression
in murine bone tissues. Irisin increases both the number of osteoblast cells and the thickness
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of trabecular and cortical bones in mice (J. Zhang, Valverde, et al., 2017). Despite these
promising findings, a loss-of-function animal model is necessary to directly delineate the
effect of irisin on bone metabolism.

This study was designed to establish an irisin bone-specific knockout mouse line and use it
as a loss-of-function model to determine the effects of irisin deficiency during bone
development, metabolism, and physical activity. Using a gene knockout strategy, and
additional in vitro, in vivo, and ex vivo approaches including animal exercise and
administration of exogenous irisin, we investigated how irisin deficiency disturbs bone
metabolism, and the beneficial effects of irisin on bone health in mice.

2| MATERIALS AND METHODS

2.1| Generation of knockout mice in which irisin expression is specifically deleted in
osteogenic lineage

Using the transgenic Cre-loxP system, a targeting strategy was designed. After scanning the
gene structure and the size of exons, we determined that exon 2 of FNDC5 could be
conditionally removed and will result in a 75 aa (28 aa N-terminal sequence of irisin and 47
aa frame-shifted nonsense aa) truncation. With this strategy, the FNDC5/irisinfloX/flox mjce
of C57BL/6J background carrying the FNDC5/irisin gene bordered with two loxP
sequences, were constructed. We then mated the FNDC5/irisinfloX/flox mice with the osterix
(Sp7 or Osx)-Cre mice (006361; Jackson Laboratory), the transgenic mice expressing the
Cre recombinase gene under the control of the SP7 promoter. The Osx-Cre: FNDC5/
IrisinfloX/~ offspring were used to generate the Osx-Cre: FNDC5/Irisin KO mice. The Osx-
Cre: FNDCS5/Irisin™/~ mice from the same litter were used as controls. For conciseness, we
will use the abbreviation of F/I KO to represent “Osx-Cre:FNDC5/Irisin KO mice” in the
remainder of this paper. All mice used in this study were housed at the Tufts Medical Center
Animal Facility (Boston, MA), which is fully accredited by the American Association for
Accreditation of Laboratory Animal Care. The Institutional Animal Care and Use
Committee (IACUC) approved the animal protocols for this study. Mice were maintained
under standardized conditions as described previously (L. Zhang, Tang, et al., 2017).

2.2 | DNA extraction and genotyping

The tail DNA samples were extracted from 2-week-old and postnatal day 2 pups offspring of
F/1 KO mice, respectively, following instructions from the DNeasy® Blood & Tissue Kit
(Qiagen; Cat no. 69506). Southern blot was performed on the ES cells and the F2 generation
of the KO mice as previously described (Dubeau, Chandler, Gralow, Nichols, & Jones,
1986), while standard polymerase chain reaction (PCR) was performed on all generated
mice (L. Zhang, Tang, et al., 2017). The primer sequences are provided in Table S1. Mice
were grouped based on the genotyping results.

2.3 | Tissue sampling and enzyme-linked immunosorbent assay (ELISA) for irisin

The tissues of femur, tibia, skeletal muscle, and subcutaneous WAT were collected for
mRNA and protein analyses and stored at —80°C till use. Serum samples were collected as
previously described (J. Zhang, Valverde, et al., 2017 2017). In brief, the blood was obtained

J Cell Physiol. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhu et al. Page 4

using cardiac puncture, then the serum was isolated by centrifugation and stored at -80°C.
Peripheral circulating irisin levels were analyzed and quantified with an ELISA Kit (Phoenix
Pharmaceuticals, Inc.) following the manufacturer’s recommendations.

2.4 | Analysis of gene and protein expression

Total RNA of tissues and cells was isolated using TRIzol (Thermo Fisher Scientific) and the
Quick-RNATM MiniPrep Kit (Zymo, CA). RNA of each sample was reverse-transcribed by
M-MLV Reverse Transcriptase (Promega, WI) and cDNAs were quantified by real-time
PCR with SYBR Green Supermix (Affymetrix) on Bio-Rad iQ5 (Bio-Rad Laboratories,
CA). The primer sequences used are listed in Table S2.

The protein of the femurs, tibias, and skeletal muscles, and bone marrow—derived
mesenchymal cells (BMSCs) and bone marrow—derived macrophage (BMM) cells, were
extracted as previously described (J. Zhang, Valverde, et al., 2017). Whole protein samples
were extracted using the RIPA lysis buffer (Santa Cruz Biotechnology Inc., TX). The
nuclear and cytoplasm proteins were separated by a nuclear extraction kit (EMD Millipore,
Germany) followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
western blot analyses. Antibodies for p-catenin (1:2,000), p-actin (1:1,000), P-AKT1
(1:1,000), P-p38 (1:1,000), AKT1 (1:1,000), p38 (1:1,000) and calcineurin (1:1,000) were
purchased from Cell Signaling Technology and the antibodies for nuclear factor of activated
T cells c1 (Nfatcl; 1:1,000) and lamin B1 (1:1,000) were from Santa Cruz Biotechnology.
Irisin pAb (IN102; AG-25B-0027) antibody (1:1,000) to detect irisin and FNDCS5 expression
was purchased from AdipoGen Corporation.

2.5| Microcomputed tomography (uUCT) analysis

The mice (n =15 per group) were anesthetized by isoflurane inhalation (1.5-2.0%) and
scanned using a live animal microcomputed tomography (UCT) system (SkyScan1172;
Bruker-microCT, Belgium) at Tufts Medical Center. The 3D models were then reconstructed
from the raw images with Bruker NRecon and analyzed with software from Bruker,
including CT Analyser 1.17.7.2, DataViewer 1.5.4.0 and CT Vox 3.3.0. The morphometric
indices, including Co.BS/BV, Th.BV/TV, BMD, and Th.Sp were calculated (Bouxsein et al.,
2010).

2.6 | Primary cell isolation and culture for analytical studies

2.6.1| Isolation and osteogenesis induction of BMSCs—Six-week-old
C57BL/6J mice (000664; Jackson Laboratory), FNDC5/irisinfoX/flox mice and Osx-
Cre:FNDC5/Irisin KO mice were first Killed by cervical dislocation following anesthesia
respectively. The mice were sterilized with 70% (vol/vol) ethanol. The hind legs were
removed from the body using scissors and all skin and muscle tissues were removed from
the legs. The epiphyses of femur and tibia were cut off. The bone marrow was flushed out
with Dulbecco’s modified Eagle’s medium (DMEM; Gibco® by Life Technologies™) from
the long bones, then cultured in the DMEM with 10% fetal bovine serum (FBS) in a 5%
CO;, incubator, at 37°C. After 3 hr, nonadherent cells were carefully removed and fresh
medium was added. The BMSCs were treated with osteoblast differentiation medium (DM)
including ascorbic acid (Asc, 50 pg/ml), dexamethasone (Dex, 0.1 uM) and f-
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glycerophosphate (B-Gly, 10 mM) with or without of irisin (4 and 20 pmol/L) for 5, 7, 14,
and 21 days followed by RNA isolation. For protein extraction, we serum-starved the
BMSCs overnight and then treated them with DM in the presence or absence of irisin for 1,
2,3,and 6 hr.

2.6.2| Isolation and osteoclastogenesis induction of BMM cells—Bone marrow
cells were harvested as aforementioned and then treated as previously described (Qu et al.,
2014; Weischenfeldt & Porse, 2008; Zhai et al., 2014). In brief, the cells were vigorously
pipetted to disintegrate the cells into a single-cell suspension, and then incubated in RPMI
1640 (Gibco® by Life Technologies™) with 10% FBS and M-CSF (10 ng/ml, Pepro Tech,
Inc.). The cells were washed with phosphate-buffered saline (PBS) three times every other
day, and macrophage progenitors which adhered to the cell dish remained. The BMMs were
harvested on Day 7 and then plated and incubated for another 24 hr. The BMMs were treated
with 10 ng/ml M-CSF plus 50 ng/ml receptor activator of receptor activator of nuclear
factor-xB ligand (RANKL) in the presence or absence of irisin (4 and 20 pmol/L) for 3-5
days. To determine the protein phosphorylation levels, the BMMs were serum-starvation
treated overnight and then stimulated for 10, 30, and 60 min.

Cell staining and histomorphological staining

2.7.1| Alizarin red staining—Alizarin red S (ARS; Sigma-Aldrich; A-5533) 40 mM
dissolved in 100 ml PBS. Adjusted the pH to 4.2. Cells were washed with PBS, then fixed
with 10% formalin for 5 min and rinsed again with dH,O. We carefully aspirated dH,0 and
added alizarin red solution to cover the cells and incubated at room temperature for 10 min
followed by dH,O rinse. The alizarin red stained mineralized nodules were then melted with
10% (vol/vol) cetylpyridinium chloride. The absorbance at 562 nm by the dissolved alizarin
red stain was measured to quantify the alizarin red stain as we and others previously
described. (Chen, Wu, Wang, & Li, 2014; Tang et al., 2018).

2.7.2| Tartrate-resistant acid phosphatase (TRAP) staining of osteoclasts—A
leukocyte acid phosphatase TRAP Kit from Sigma-Aldrich was used for TRAP staining in
osteoclasts following the manufacturer’s recommended protocol.

2.7.3| Alkaline phosphatase staining—The cells were prepared the same as
described in the alizarin red staining methods. The BCIP®/NBT Liquid Substrate System
(Sigma-Aldrich) was used for determining alkaline phosphatase activity, which is essential
for normal mineralization, in osteoblasts.

2.7.4] Hemotoxylin and eosin (H&E) staining and TRAP staining of bone
tissue—The left proximal tibia of F/I KO and control mice were fixed in 4%
Paraformaldehyde, embedded with paraffin, and cut into 5 um sections. H&E staining and
TRAP staining were performed according to the manufacturer’s instructions. Digital images
were taken with a OLYMPUS BX53 microscope (Olympus, Waltham, MA).

2.7.5| Alcian blue/alizarin red staining of cartilage and bone in mouse—
Postnatal day 2 pups (/7= 3 per group) were processed for whole skeleton staining with
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alcian blue (cartilage) and alizarin red (bone) following standard procedures as previously
described (Rigueur & Lyons, 2014; Tu et al., 2003).

2.8| Voluntary wheel running exercise and the rescue of irisin deficiency

We conducted a 14-day voluntary wheel running experiment on the F/I KO mice and control
mice, and setup a third group of F/I KO mice with daily r-irisin injection to examine the
effects of loss and gain function of irisin in physical activities. We setup a baseline of
average 2,000 revolutions per day and only animals with counts over the baseline are
included in the analysis (n=5-6 per group). The resultant average counts per day for the
control, KO mice and KO mice + irisin injection group are: 7,599.8, 6,830.6, and 7,002.2,
respectively. No significant difference in running counts was observed among the three
groups. To eliminate the impact of base body weight from different groups, we evaluated
body weight percentage loss instead of body weight absolute loss.

29| Statistical analysis

All data are presented as means + SD of results obtained from three or more experiments.
The significance of differences in various categorical variables was evaluated using one-way
analysis of variance for multi-group comparisons and the ¢test for between two group
comparisons. A p value of less than .05 was considered to be statistically significant. All
statistical analyses were performed using SPSS statistics 18.0 (SPSS Inc., IL) and Prism
GraphPad 6.0 (GraphPad Software).

3| RESULTS

3.1| Generation and identification of F/I KO mice

The designed F/1 KO mice (Figure 1a) were genotyped by southern blot and standard PCR
(Figure 1b). Homozygous KO mice were achieved in the third generation. The mRNA and
protein expression levels of irisin were found to decrease in bone tissues of the F/l KO mice
compared with the control group, while no difference was observed in WAT and muscle
(Figure 1c,d). These results indicate successful specific deletion of irisin in bone tissue of F/I
KO mice.

3.2| Bone development and mineralization in F/Il KO mice

To investigate the effects of irisin deficiency on bone, whole skeleton staining was applied.
Hypomineralization and immature bone matrix were observed in the F/I KO group on
postnatal day 2 (P2). The endochondral ossification of epiphysis of the limbs and the
phalanges were significantly delayed. In contrast, the Alcian blue staining of cartilage was
strongly positive in the ossification centers in the F/1 KO mice (Figure 2a).

We next assessed the cellular basis for the bone phenotype in F/I KO mice.
Histomorphological staining showed significant decrease in trabecular bone mass of
proximal tibia in 2- and 4-week-old F/1 KO mice (Figure 2b,A). Quantification of the
trabecular area in H&E and TRAP staining sections showed a remarkable decrease in
trabecular bone area (Trab.Ar.%) and osteoblast number per bone perimeter (Ob.N/B.Pm),
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and a significant increase in osteoclast number per bone perimeter (Oc.N/B.Pm; Figure
2b,B).

The entire skeletal system of the F/I KO mice and the control mice were scanned and
analyzed with live small animals uCT. The bone development and mineralization were found
to be significantly delayed in F/I KO mice at 6, 10, and 18 weeks. Representative
reconstruction images captured from different parts of the skeleton, including the skull,
hyoid, ribs, xiphoid, and coccyx are shown in Figure 2c. Both the cortical bone mineral
density (Co.BMD) and trabecular bone-to-tissue volume ratio (Th.BV/TV) in femurs in the
F/1 KO group were found to be considerably lower than those in the control group, while the
cortical bone surface-to-volume ratio (Co.BS/BV) was increased, indicating thinner cortical
bone (Figure 2d).

Bone-born irisin deletion affects circulating irisin and adipocytes browning in mice

The ELISA test exhibited lower serum irisin levels in the F/I KO group compared with the
control group (Figure 1h). This result indicates the effects of FNDC5/irisin deletion in bone
are not limited to the skeletal system. Real-time quantitative reverse-transcription PCR
(gRT-PCR) showed a significantly lower expression level of browning related gene markers
in WAT, including Cidea, PR domain-containing 16 (Prdm16), and uncoupling protein 1
(Ucp-1) in the F/I KO mice than in the control mice (Figure 1g).

Osteogenic gene expression in F/1 KO mice

In the femurs of the F/1 KO mice, the relative mRNA level expression of osteogenic markers,
collagen 1, bone sialoprotein (Bsp), and Osx, decreased (Figure 1e) while the
osteoclastogenesis-related gene marker matrix metalloproteinase 9 (Mmp9) increased
(Figure 1f).

The effects of endogenous irisin defect on osteoblast differentiation were analyzed in vitro
by harvesting and culturing the BMSCs from both the F/1 KO and control mice. With the
same osteoblast induction, the F/I KO group showed reduced osteoblast differentiation. The
osteogenic markers, including collagen 1, Runt-related transcription factor 2 (Runx2), Bsp,
Osx, and alkaline phosphatase (Alp) remarkably decreased on both Day 5 and Day 7 (Figure
3a). The precipitation of ALP staining, which marks hypertrophic cells before mineralization
onset (McComb, Jr, & Posen, 2013), decreased in the F/1 KO group (Figure 3b). ARS
staining showed calcium-rich deposits in cells and indicates the formation of bone nodules
(Gregory, Gunn, Peister, & Prockop, 2004). The ARS staining and the concentration of the
melted nodules solution, was also significantly lower in the F/l KO group on days 14 and 21
(Figure 3c).

By harvesting and induced-culturing the BMMs from the F/1 KO and control mice, we
observed that the mRNA expression level of osteoclastogenesis markers, including cathepsin
K, Mmp9, and Trap, increased on Day 4 (Figure 3d). The TRAP staining, which is
commonly used to identify osteoclasts, showed the number of TRAP + osteoclast cells were
increased in the KO group on Day 4 (Figure 3e).
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3.5| Effects of irisin on osteoblast differentiation, bone formation and mineralization in

BMSCs

The direct effects of exogenous irisin on osteoblast differentiation were evaluated on the
BMSCs. The gRT-PCR analysis revealed that the irisin promoted the osteogenic
differentiation of BMSCs by upregulating the mRNA expression of several osteogenic
markers, including Runx2, special AT-rich sequence-binding protein 2, Bsp, collagen I, and
Alp after 5 days treatment with recombinant irisin (r-irisin; Figure 4a). Western blot results
showed significantly higher total p-catenin protein level in the BMSCs treated with r-irisin
at 1 hr (Figure 4b). The cytoplasmic p-catenin level gradually and slightly decreased during
the 6-hr period of irisin treatment (Figure 4c). The levels of nuclear B-catenin significantly
increased, especially in the 3- and 6-hr groups (Figure 4d). These dynamic changes of the B-
catenin protein level are due to its accumulation and nuclear translocation, which is a key
factor in activating the Wnt/B-catenin pathway. We also analyzed the mineralization of
BMSCs in the presence or absence of irisin. A higher ARS staining level was found in both
low- and high-dose irisin-treated groups than the osteoblast induction only group at 3 weeks.
The concentration of the melted nodules solution showed consistent results (Figure 4e).

3.6 | lIrisin inhibits RANKL-induced osteoclastogenesis in BMMs

Next, we evaluated the ability of irisin to directly inhibit RANKL-induced osteoclast
differentiation of the primary macrophage cells in vitro. In the presence of irisin, the mRNA
expression level of osteoclastogenesis markers, including Trap, Mmp9, and Nfatc1, was
markedly decreased, especially in the high-dose irisin group (Figure 4f). We then measured
the Nfatcl protein expression level and found high-dose irisin treatment (20 nM) decreased
the RANKL upregulation of Nfatcl significantly (Figure 4g). Additional western blot
analyses determined the protein level of p-Aktl, Aktl, p-p38, p38, and calcineurin in the
BMMs cultures treated with and without irisin for 0, 10, 30 and 60 min. The
phosphorylation of Aktl was significantly suppressed with irisin treatment (Figure 4h).
TRAP staining and TRAP-positive multinucleated cells (TRAP* MNCs, more than three
nuclei) counting showed reduced TRAP* MNCs number by approximately one-half in the
RANKL + irisin treatment groups compared to the RANKL-induced only group on Day 5
(Figure 4i). Our results indicate that the irisin impaired the RANKL-induced AKT cascade
and suppressed the activation of NFATc1 of osteoclast differentiation.

3.7 | Wheel running exercise and F/I KO mice rescue with exogenous irisin compensation

As lower browning related gene marker levels in the KO group were shown (Figure 1g), we
speculated that exercise-induced white adipose tissue browning might also be affected by
bone-born irisin deficiency. To verify this hypothesis, an experiment of 14-day voluntary
wheel running was performed. UCT analysis showed significant intragroup changes of
cortical bone thickness in both the Control group and F/I KO + irisin injection group, but
these were insignificant in the F/I KO group (Figure 5a,d). On the other hand, the body
weight percentage loss of the control group, KO group, and KO + inj groups were 17%, 5%,
and 14%, respectively (Figure 5b). The serum irisin level of the KO group was significantly
lower than that of the control group while that in the KO + inj group was significantly higher
than the control group after 14 days of irisin injection (Figure 5c). The expression of adipose

J Cell Physiol. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 9

tissue browning related genes, including Prdm16, Cidea, peroxisome proliferator-activated
receptor-y coactivator la (Pgc-1a), in subcutaneous fat was also found to be lower in the
KO group but higher in the KO + inj group compared with the control group (Figure 5e).

DISCUSSION

We investigated the effects of irisin in modulating bone metabolism from multiple
perspectives. In our in vitro studies of the BMSCs, ALP and alizarin red staining revealed
increased mineralization in r-irisin-treated wildtype BMSCs and decreased mineralization in
irisin deficiency BMSCs. In vivo, the whole skeleton staining of bone-born irisin deficient
mice showed more blue-stained cartilage matrix at the epiphyses and the immature bone
matrix on postnatal Day 2. Histomorphological staining showed a lower trabecular area
percentage, decreased osteoblast number and increased osteoclast number when normalized
to bone perimeter in 2- and 4-week-old F/I KO mice. The uCT analysis demonstrated a
continuous hypomineralization phenotype in bone formation from Week 6 to Week 18, and
the measurement of BMD and BV/TV presented persistent lower bone density in F/l KO
mice. These indicate bone-born irisin deficiency significantly disturbed skeletal development
and mineralization. Interestingly, we also observed high expression of irisin in cartilage on
E17.5 by immunohistochemistry (IHC; Figure S3). The effects of irisin on cartilage and
endochondral ossification will be further investigated in our ongoing work.

We studied the primary cells from the F/1 KO mice, a loss-of-function model ex vivo. We
observed decreased osteoblastogenesis and enhanced osteoclastogenesis in primary cells
from knockout mice. This indicates the endogenous osteoblast-secreted irisin may be a
paracrine factor for osteoclast lineage in addition to its autocrine effects on osteoblasts.
Conversely, to setup a matched gain-of-function model of irisin for mechanistic study, we
stimulated the primary cells, the BMSCs and the BMMs, from wildtype mice with
exogenous r-irisin. We proved that irisin increases osteoblastogenesis and inhibits
osteoclastogenesis, which is consistent with the previous studies in cell lines from our lab (J.
Zhang, Valverde, et al., 2017) and other researchers (Colaianni et al., 2014; Qiao et al.,
2016). These results together with other studies revealed that both exogenous and
endogenous irisin have significant effects on the bone remodeling process. The dynamic
changes of p-catenin protein level indicate that irisin increases osteoblastogenesis through
the Wnt/p-catenin pathway. The Akt/GSK3B/NFATc1 signaling axis plays an important role
in RANKL-induced osteoclastogenesis (Moon et al., 2012). In our study, irisin impaired
RANKL-induced AKT activation and suppressed RANKL-induced activation of NFATc1.
Further study on the exact molecular signals irisin directly triggered that regulate the balance
between bone resorption and formation are needed and meaningful.

Previous studies demonstrated the function of exogenous r-irisin and muscle secreted irisin
in adipose tissue browning, inducing weight loss via the PGC-1a/lrisin/lUCP-1 pathway
during exercise (Bostrom et al., 2012; Dinas et al., 2017; Niranjan, Belwalkar, Tambe,
Venkataraman, & Mookhtiar, 2019; J. Zhang, Valverde, et al., 2017). In our study, we
surprisingly found a marked decrease in the levels of the gene markers related to adipose
tissue browning in bone-specific FNDC5/irisin deficient mice. Furthermore, we performed a
wheel running exercise with and without r-irisin daily injection for 2 weeks on the F/I KO
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mice. In this study, for the first time, we found that the lack of bone-born irisin can
significantly weaken the weight loss induced by exercise. And this phenomenon can be
rescued by r-irisin compensation during the exercise. In addition, the browning gene markers
expression significantly increased in the rescue group. A recent report about Osx-Cre
targeting multiple types of cells including adipocytes may partly explain these phenomena
(Chen et al., 2014). In addition, the lower circulating irisin level may also contribute to the
adipose tissue phenotypes of the F/1 KO mice. Moreover, it gives us new insights into
understanding the effects of irisin in the crosstalk among bone, muscle and adipose tissue.
We hypothesized that bone-secreted irisin may be a endocrine or local paracrine factor for
adipocytes as a messenger between bone and adipose tissues. There are already hundreds of
clinical and preclinical studies about the effects of systemic irisin in various disease states.
But there has not been any comprehensive study on the autocrine, paracrine and endocrine
effects of irisin.

We used the Cre-loxP system to create conditional knockout mice. After scanning the gene
structure and the size of exons, we found the introns flanks exon 2 are 1,527 and 536 bp—
large enough to insert the loxP elements. Hence, we inserted the loxP sequences to the
introns on both ends of the exon 2. Additionally, there were no significant regulatory
elements, so the insertion of loxP elements will not interfere with mRNA splicing and native
irisin expression. Osx-Cre mouse has been widely used in the bone research field, it has both
tTA and tetracycline (Tet)-Off regulatable GFP/Cre fusion protein expression under the
control of the Osterix promoter (Rodda & McMahon, 2006; Wang, Mishina, & Liu, 2015).
The Osx-Cre null littermates are commonly used as the control group (Li et al., 2017;
Razidlo et al., 2010). However, recent studies found minor or severe defects on craniofacial
and cortical bone caused by Osx-Cre itself during the early postnatal stage (Davey et al.,
2012; Razidlo et al., 2010; Wang et al., 2015). Therefore, to avoid the impact of Osx-Cre
expression on the results, we carefully chose Cre-positive littermates as the control. In
addition, it was also demonstrated that Osx-Cre mice have no effect on the trabecular bone,
and the craniofacial and cortical bone defects gradually recovered during development and
largely disappeared by 3 weeks of age (Davey et al., 2012; F. Liu et al., 2013; V. Liu et al.,
2012). In our experiments, however, certain trabecular bone changes in the F/I KO mice
were observed, and our data has a timespan across months from postnatal stage to fully
grown adult mice. Considering all these factors, our evaluation and analysis of the F/l KO
mice were not affected by the Osx-Cre mediated deletion. On the other hand, the effect of
lacking irisin in other systems in vivo, such as adipose metabolism and nervous system is
still unknown. Our F/Iflox/flox mice are ready for use in any further study on other tissues.

Our data and a majority of studies have demonstrated a positive correlation between irisin
and healthy bone anabolism in both humans (Al-Daghri et al., 2016; Anastasilakis et al.,
2014; Fawzy, Elghaffar, Mahmoud, & Helmy, 2018; Gallagher & Tella, 2014; Hamann,
Kirschner, Glnther, & Hofbauer, 2012; Klangjareonchai et al., 2014; Palermo et al., 2015;
Park, Kim, Zhang, Yeom, & Lim, 2018; Serbest, Tiftikci, Tosun, & Kisa, 2017; Singhal et
al., 2014; Wu et al., 2018; Yan et al., 2018), and mice (Colaianni et al., 2017; Grano et al.,
United States Patent No. US20180153960A1, 2018; Metzger, Narayanan, Zawieja, &
Bloomfield, 2018; Narayanan, Metzger, Bloomfield, & Zawieja, 2018), and in vitro studies
(Colaianni et al., 2014, 2015; Kawao, Moritake, Tatsumi, & Kaji, 2018; Ma et al., 2018;
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Qiao et al., 2016; D. Zhang et al., 2018; J. Zhang, Valverde, et al., 2017). A recently
published study showed a negative relationship between these two (Kim et al., 2018). Their
results suggested that irisin increases sclerostin expression in osteocytes and further induces
bone resorption. Genetic deletion of FNDC5/irisin completely blocked OV X-induced
trabecular bone loss in their study. However, the results from other groupsm including ours,
are the opposite. Independent research teams reported that in osteocyte-like MLO-Y4 cells,
r-irisin significantly downregulates scleorostin (Sost; D. Zhang et al., 2018), and irisin
inhibits osteoclast differentiation (Kawao et al., 2018; Ma et al., 2018; J. Zhang, Valverde, et
al., 2017). According to Colainni’s in vivo study, low doses r-irisin injection on young male
mice decreases the expression of osteoblastic inhibitory genes such as Sost in tibiae
(Colaianni et al., 2015). Furthermore, irisin treatment was reported to prevent the loss of
bone mass in ovariectomized mice (Grano et al., United States Patent No.
US20180153960A1, 2018). Among clinical studies, a large population study shows the
positive correlation between plasma irisin and BMD (Wu et al., 2018). In polycystic ovary
syndrome patients, the circulating irisin level and BMD have a strong positive correlation
(Fawzy et al., 2018). Low concentrations of circulating irisin are associated with increased
risk of osteoporotic fracture, especially in postmenopausal women (Anastasilakis et al.,
2014; Gallagher & Tella, 2014; Palermo et al., 2015; Park et al., 2018; Yan et al., 2018;
Zhou, Qiao, Cai, Li, & Shan, 2019). Sclerostin and irisin are negatively correlated in both
males and females (Klangjareonchai et al., 2014). The level of irisin hormone increased in
the bone union process and affects fracture healing (Serbest et al., 2017). We conclude that
irisin has a protective role in bone health.

Irisin, as a multifunctional protein, and has implications on health and many diseases (Korta
et al., 2019). Our study showed that irisin plays an important role in bone metabolism and
the crosstalk between bone and adipose tissue. Irisin represents a potential molecule for the
prevention and treatment of bone metabolic diseases. The broader effects of irisin will be
further investigated in our ongoing work.
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FIGURE 1.

Construction and identification of the F/I KO mice, and its implication in osteogenesis,
browning effect and circulating irisin level in vivo. (a) The targeting strategy of
FNDC5floX/flox mice. Truncated protein from deletion of exon2:
MPPGPCAWPPRAALRLWLGCVCFALVQ
AEEGCADAPVHSGGEHHHPVLRSLGPGGGHRIYRPCAGHLHPGTEPSQ* (28 aa N-
terminal sequence of irisin and 47 aa frame-shifted nonsense aa). (b) Southern blot (upper)
and standard PCR (lower) were performed to identify the FNDC5flox/flox ES cells and F/I
KO mice. The FNDC5 mRNA expression level of bone, muscle and inguinal fat (c) and
irisin protein level of bone and skeletal muscle (d) in F/1 KO mice and control mice (7= 3).
B-Actin was used as a loading control in western blot analysis. Relative mMRNA level
expression of osteogenic markers Coll, BSP, and OSX (e) and cathepsin K, Mmp9, and Trap
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(f) in bone tissue (femur and tibia) of F/I KO and control mice were calculated and then
normalized to GAPDH (7= 3). (g) The expression level of the genes related to white adipose
tissue browning Cidea, Prdm16, and Ucp-1 in white adipose tissue (inguinal fat) of F/I KO
and control mice (n=3). (h) The circulating irisin level of F/I KO and control mice (/7= 6).
Values are shown as means £ SD. BSP, bone sialoprotein; Coll, collagen 1; CON, control;
F/1 KO, Osx-Cre:FNDC5/Irisin KO mice; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; KO, knockout; Mmp9, matrix metalloproteinase 9; mRNA, messenger
RNA,; OSX, osterix; PCR, polymerase chain reaction; Prdm16, PR domain-containing 16;
Trap, tartrate-resistant acid phosphatase; Ucp-1, uncoupling protein 1; WAT, white adipose
tissue. *p < .05, ***p < .001, ****p < .0001 versus control
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Bone development and mineralization in F/I KO mice. (a) Cartilage matrix (blue) and
mineralization (red) are showed by Alcian blue + alizarin red staining. (A) Whole mount
staining of F/I KO mice (left) and control mice (right). Mineralization is decreased/delayed
in the areas where Alcian blue staining is stronger in the KO mice. (B) The limb of F/I KO
mice (above) and control mice (bottom). Mineralization is significantly decreased in the
humerus and fingers (arrow). (C) Feet of F/I KO mice (left) and control mice (right). The toe
bone of F/I KO mice are less mature than the control (arrow). (D) Lumbar of F/I KO mice
(left) and control mice (right). Alcian blue staining showed more cartilage matrix in the KO
group (arrow). (b) Bone histology and histomorphometry. (A) H&E staining of longitudinal
sections of the femur (upper; x4 magnification; scale bar = 200 um). H&E (middle) and
TRAP staining (lower) of primary ossification centers (x20 magnification; scale bar = 50
pum). (B) Histomorphometric quantification of Th.Ar%, Ob.N/B.Pm, and Oc.N/B.Pm. (c)
Representative three-dimensional model reconstructions of live animal uCT scan data shows
the mineralization of the skull (first row), hyoid (second row), ribs and xiphoid (third row)
and coccyx (last row) of the F/I KO mice and control mice at 6, 10, and 18 weeks. (d) Cort.
BMD (A), Cort. BS/BV (B), Trab. BV/TV (C), Th.Sp (D), Tb.N (E), and Tb.Th (F) in
femurs of knockout and control mice at 6, 10 and 18 weeks (/7= 5). Values are shown as
means + SD. CON, control; Cort.BMD, cortical bone mineral density; Cort.BS/BYV, cortical
bone surface/bone volume; F/I KO, Osx-Cre:FNDCS5/Irisin KO mice; H&E, hemotoxylin
and eosin; KO, knockout; Ob.N/B.Pm, osteoblast number per bone perimeter; Oc.N/B.Pm,
osteoclast number per bone perimeter; Th.Ar%, trabecular bone area; Th.N, trabecular
number; Th.Sp, trabecular separation; Th.Th, trabecular thickness; Trab.BV/TV, trabecular
bone volume/tissue volume; Trap, tartrate-resistant acid phosphatase; pCT, microcomputed
tomography. *p < .05 versus control

J Cell Physiol. Author manuscript; available in PMC 2021 January 01.

3

3

°

2
2
2

CON
7 = -L‘

2

Trab_Th.Th T Tb.BVITV (%)
2
g




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhu et al. Page 19
(a) F/l KO+DM
" Day 5 25
s 5
D g 3 CON +GM ]
2 E3 FIIKO +GM » 20
5 E] CON+DM e
s
X [0 Fi KO + DM %
o 6 ® 15
<
2 2
£* E"
2 2
52 i i &5 °
[ F E H e
oLELEL ] i H & L I He= [E
Col1 Runx2 Bsp Osx Alp
(d) g
o
5 == Baso o 5 500 I CON RANKL(-)
X2 i g.m 1T Qo -I- 9 F/I KO RANKL() [
'5 g s a g_m T WM CON RANKL(+)
o x 2 o o X F/l KO RANKL(#]
20, T i 5 i T = :znn
® g al = - > 1000
O% 4 @ 4 5
3 13 @ 2 8 2
® o0 2 o 2 o
day 3 day 4 E day 3 day 4 day 3 day 4
FIGURE 3.

Characterization of FNDC5/irisin deficiency BMSCs and BMMs isolated and cultured in
vitro. (a) The mRNA expression of osteogenic markers on Day 5 and Day 7 (7= 3). The
BMSCs were treated with either growth medium (GM) or osteoblast differentiation medium
(DM) including ascorbic acid (Asc, 50 pg/ml), dexamethasone (Dex, 0.1 uM) and B-
glycerophosphate (3-Gly, 10 mM) in the presence or absence of irisin. (b) ALP staining of
BMSCs from F/I KO and control mice after treated with or without osteogenic supplements
for 14 days. (c) Pictures of ARS staining and concentration of melted nodules solution on
Day 14 (upper lane) and Day 21 (lower lane). (d) The mRNA expression level of cathepsin
K, Mmp9, and Trap in RANKL-induced osteoclast culture on Day 3 and Day 4 (7= 3). (e)
TRAP staining of BMMs from F/I KO and control mice in the presence or absence of
RANKL for 4 days. Values are shown as means + SD. ALP, alkaline phosphatase; ARS,
alizarin red S; Asc, ascorbic acid; BMM, bone marrow—derived macrophage; BMSC, bone
marrow—derived mesenchymal cell; CON, control; Dex, dexamethasone; DM, differentiation
medium; F/I KO, Osx-Cre:FNDCS5/irisin KO mice; FNDCS5, fibronectin-type 111 domain-
containing 5; GM, growth medium; KO, knockout; Mmp9, matrix metalloproteinase 9;
MRNA, messenger RNA; RANKL, receptor activator of nuclear factor-xB ligand; TRAP,
tartrate-resistant acid phosphatase; p-Gly, p-glycerophosphate. **p < .01, ***p < .001,
**** 1< .0001 versus control
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FIGURE 4.

The

effects of r-irisin on osteoblast and osteoclast differentiation in BMSCs and BMMs. (a)

Real-timePCR analysis of the mMRNA expression level of osteogenic related gene markers on
Day 5 (/7= 3). (b) Total protein level of p-catenin in BMSCs during the osteoblast-induced

cell

culture with or without r-irisin. (upper lane). p-Actin was used as a loading control

(lower lane; n= 3). The p-catenin protein level in cytoplasmic (c) and nuclear (d) fractions

and

the relative expression calculated using B-actin or lamin B1 as loading controls for

cytoplasmic and nuclear expression, respectively (7= 3). (e) Alizarin red staining for bone
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nodules of osteoblast-induced BMSCs culture with and without irisin for 3 weeks. (f) The
MRNA expression level of osteoclastogenesis gene expression on Day 5 (7= 3). (g) Nfatcl
protein expression on Day 5. (h) Western blot analyses with antibodies recognizing p-Akt1,
Aktl, p-p38, p38, and calcineurin in osteoclast-induced BMMs treated with and without
irisin. B-Actin was used as a loading control. (i) TRAP staining and quantitative analysis of
the TRAP* MNCs. All values are shown as mean = SD. AA, amino acid; Alp, alkaline
phosphatase; BMM, bone marrow—derived macrophage; BMSC, bone marrow-derived
mesenchymal cell; BSP, bone sialoprotein; Col1, collagen 1; CON, control; F/I KO, Osx-
Cre:FNDC5/irisin KO mice; KO, knockout; MNC, multinucleated cell; mRNA, messenger
RNA,; Nfatcl, nuclear factor of activated T cells c1; PCR, polymerase chain reaction;
RANKL, receptor activator of nuclear factor-xB ligand; Runx2, Runt-related transcription
factor 2; TRAP, tartrate-resistant acid phosphatase. *p < .05 versus control
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Changes after wheel running and daily irisin injection for 14 days. (a) Micro-CT 3D
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reconstruction of cortical bone (right femur), before and after. (b) The body weight loss
percentage of control, F/1 KO and F/I KO with the irisin injection group were 18 + 0.58,
5.25 £ 1.25, and 14.3 + 0.33, respectively (n7=15). (c) Serum irisin level after wheel running
and injection for 14 days (n=15). (d) Cort.BV/BS of the three groups before and after the
exercise and injection. (e) Relative mRNA expression level of the genes related to white
adipose tissue browning Cidea, Prdm16, Pgc-1a and Ucp-1 in white adipose tissue (inguinal
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fat) before and after the exercise and injection (7= 5). Values are shown as mean + SD.
CON, control; Cort.BV/BS, cortical bone surface/bone volume; F/I KO, Osx-Cre:FNDC5/
irisin KO mice; IRS INJ, irisin injection; KO, knockout; mRNA, messenger RNA; Pgc-1la.,
peroxisome proliferator-activated receptor-vy coactivator 1a; Prdm16, PR domain-
containing 16; Ucp-1, uncoupling protein 1. *p < .05, ***p < .001, ****p < .0001 versus
control
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