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A B S T R A C T   

Objective: To examine the expression and regulation of fibronectin type III domain-containing protein 5/irisin 
(FNDC5/irisin) in primary human periodontal ligament (hPDL) cells, dental pulp stem cells (hDPCs) and oste-
oblasts (hOBs). 
Methods: FNDC5/irisin was identified in sections of paraffin embedded rat maxillae, cryo-sections of 3D cultured 
spheroids hPDL cells, hDPCs and hOBs, 2D cultured hPDL cells, hDPCs and hOBs by immunohistochemistry. The 
expression of FNDC5/irisin was identified by qPCR, followed by sequencing of the qPCR product. Regulation of 
FNDC5/irisin expression in hPDL cells, hDPCs and hOBs were evaluated after administration of different con-
centrations of irisin and all-trans retinoic acid (ATRA). qPCR and ELISA were used to identify expression and 
secretion of FNDC5/irisin in odontoblast-like differentiation of hDPCs. 
Results: FNDC5/irisin was confirmed to be present in rat periodontium and dental pulp regions, as well as in 2D 
and 3D cultured hPDL cells, hDPCs and hOBs. BLAST analyses verified the generated nucleotide alignments 
matched human FNDC5/irisin. FNDC5/irisin gene expression was enhanced during odontoblast-like differenti-
ation of hDPCs whereas the secretion of the protein was decreased compared to control. The protein signals in rat 
periodontal and pulpal tissues were higher than that of alveolar bone, and the expression of FNDC5/irisin was 
differently regulated by recombinant irisin and ATRA in hPDL cells and hDPCs compared to hOBs. 
Conclusions: FNDC5/irisin expression was verified in rodent periodontium and dental pulp, and in hPDL cells, 
hDPCs and hOBs. The FNDC5/irisin expression was regulated by recombinant irisin and ATRA. Finally, 
expression and secretion of FNDC5/irisin were affected during odontoblast-like differentiation of hDPCs.   

1. Introduction 

Irisin is a newly identified polypeptide hormone that is proteolyti-
cally cleaved from its precursor fibronectin type III domain-containing 
protein 5 (FNDC5), released into circulation in response to physical 
activity, and identified to be present in skeletal muscle and blood plasma 
(Boström et al., 2012). The systematic location and expression of 
FNDC5/irisin in other human tissues was first comprehensively exam-
ined by Aydin et al., who identified FNDC5/irisin to be expressed in 
perimysium, endomysium, testis, pancreas, spleen, liver, brain, stomach 

and cardiac tissues. They also defined the nerve sheaths spreading 
within human skeletal muscles to be the main producers of FNDC5/irisin 
(Aydin, Kuloglu et al., 2014). Nonetheless, the expression of 
FNDC5/irisin within oral tissues has only been ascertained in 3 main 
salivary glands, which are parotid, sublingual and submandibular 
glands (Aydin, Aydin et al., 2014, 2013). The role of FNC5/irisin in these 
oral tissues remains unclear, however, in vitro studies have demon-
strated that administration of recombinant irisin enhanced cell growth, 
migration and extracellular matrix deposition in both primary human 
periodontal ligament cells and osteoblasts (Pullisaar et al., 2019), 
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whereas recombinant irisin was found to reduce proliferation and pro-
mote mineral deposition and differentiation of an immortalized mouse 
cementoblast cell line (Zhu et al., 2020). Hence, it would be of interest to 
investigate if FNDC5/irisin is expressed in oral tissues and cells sup-
porting tooth attachment. 

Periodontium is a sophisticated tooth-supporting apparatus 
composed of four important tissues - gingiva, cementum, alveolar bone 
and periodontal ligament (PDL) (Bartold, 1991). PDL is a connective 
tissue situated between tooth root cementum and alveolar bone, and is 
constantly exposed to mechanical stimuli from surrounding tissues and 
physiological functions such as mastication and speech (Ozaki, Kaneko, 
Podyma-Inoue, Yanagishita, & Soma, 2005). PDL together with 
cementum and alveolar bone form a dynamic and biomechanically 
active fibrous joint called bone-PDL-tooth complex, which comprises 
two adaptive functional interfaces, namely PDL-bone and 
PDL-cementum. When loaded, the mechanical load can stimulate PDL 
cells residing at the multiple sites of the complex to induce an array of 
biological events such as osteogenesis, osteoclastogenesis and inflam-
mation (Feller et al., 2015; Lin et al., 2017). Based on the fact that 
FNDC5/irisin is activated in response to mechanical loading, we thus 
hypothesize that FNDC5/irisin is likely to be expressed in PDL cells 
because PDL is frequently subject to mechanical stimuli. 

Dental pulp is a soft connective tissue located in a hard chamber 
consisting of dentine, enamel and cementum, and contains blood ves-
sels, nerves and mesenchymal tissue, and is essential in tooth develop-
ment and maintenance (Chalisserry, Nam, Park, & Anil, 2017). The 
dental pulp possesses a mesenchymal stem cell population, which is 
referred to as dental pulp stem cells (DPCs) (Nuti, Corallo, Chan, Ferrari, 
& Gerami-Naini, 2016). They have multi-lineage differentiation poten-
tial, and can differentiate towards osteoblasts, odontoblasts, adipocytes, 
chondrocytes and neural-like cells, which grant the DPCs a pivotal role 
in dental tissue regeneration (Nuti et al., 2016). Since FNDC5/irisin has 
been reported to be involved in neural and cardiomyocyte differentia-
tion of mouse embryonic stem cells (Forouzanfar et al., 2015; Rabiee 
et al., 2014), we also speculate that FNDC5/irisin may be expressed in 
DPCs and involved in their differentiation. 

Therefore, the primary aim of the present research is to study 
possible expression of FNDC5/irisin within rat periodontal ligament, 
dental pulp, alveolar bone, commercially available hPDL cells, hDPCs 
and hOBs. Further, to examine the regulation of FNDC5/irisin expres-
sion within these cells and clarify if odontoblast-like differentiation 
could affect FNDC5/irisin expression and secretion in hDPCs. 

2. Materials and methods 

2.1. Histology of oral tissues from rats 

In order to verify the expression of irisin in rats’ periodontal and 
dental pulp tissues, sections of the dental tissues around upper first 
molars of 3 male, 12-week-old Sprague-Dawley rats were used. The rat 
samples were acquired from a previous study and the preparation and 
embedding of the tissues are described elsewhere (Villa et al., 2015). 
The experiment was approved by the National Animal Research Au-
thority, in accordance with the Animal Welfare Act of January 1, 2010, 
Section 13 and the Regulation on Animal Experimentation of January 
15, 1996. 

Tissues were sectioned into 5 μm-thickness bucco-lingual cross-sec-
tion cuts parallel to the long axis of upper first molars and mounted onto 
glass slides. Tissue sections were deparaffinized, rehydrated and 
antigen-retrieved by heating in Tris-EDTA buffer (10 mM Tris base, 1 
mM EDTA solution, 0.05 % Tween 20, PH 9.0) in a microwave oven for 
10 min prior to immunofluorescence staining. 

2.2. 2D cell culture 

hPDL cells (Lonza, Walkersville, MD, USA) and hDPCs (Lonza, 

Walkersville, MD, USA) were cultured in Dulbecco’s modified Eagle’s 
medium (Sigma-Aldrich, Saint-Louis, Missouri, USA) supplemented with 
200 mM GlutaMAX (Gibco, Thermo Fisher Scientific, Waltham, MA, 
USA), 10 % fetal bovine serum and 100 μg/mL penicillin/100 IU μg/mL 
streptomycin (Lonza, Allendale, NJ, USA) at 37 ◦C in a humid atmo-
sphere of 5 % CO2. The cells were used in passages 4–8. 

Human osteoblasts (hOBs) (Lonza, Walkersville, MD, USA) were 
cultured in osteoblast culture medium supplemented with 10 % fetal 
bovine serum, 0.1 % gentamicin sulfate, amphotericin-B and ascorbic 
acid (Lonza, Walkersville, MD, USA) at 37 ◦C in a humid atmosphere of 5 
% CO2. The hOBs in passages 4–8 were used. 

To test whether the expression of FNDC/irisin was regulated. hPDL 
cells, hDPCs and hOBs were seeded in 12-well culture plates at the 
density of 5 × 103 cells/cm2, 3.5 × 103 cells/cm2 and 6.0 × 103 cells/ 
cm2, respectively. At 80 % confluence, 10 ng/mL and 100 ng/mL of 
recombinant irisin (Adipogen, Liestal, Switzerland), or 1 μM and 10 μM 
of all-trans retinoic acid (ATRA) (Sigma-Aldrich, Saint-Louis, Missouri, 
USA) (Amengual et al., 2018) were administrated, respectively. The 
control groups for each of the treatment were incubated with equal 
volumes of sterile milliQ water (control for recombinant irisin) or DMSO 
(control for ATRA). The cells were maintained in a humidified incubator 
supplemented with 5 % CO2 at 37 ◦C for 3 days prior to harvest and 
further analyses. 

For immunofluorescence analysis, hPDL cells, hDPCs and hOBs were 
fixed in 4 % paraformaldehyde (PFA) for 15 min and preserved in PBS at 
4 ◦C until use. 

Dexamethasone (10− 8 M; Sigma-Aldrich, Saint-Louis, Missouri, USA) 
was administrated to confluent hDPCs to induce differentiation towards 
odontoblast-like cells. The corresponding control cells received equal 
amounts of the diluent 0.1 % ethanol, without dexamethasone. Cells 
were cultured for 14 days, culture medium were refreshed 24 h before 
harvest and both mRNA and cell culture medium were collected at each 
time point (1, 3, 7 and 14 days) and stored at -80 ◦C prior to qPCR and 
ELISA analyses, respectively. 

2.3. 3D cell culture 

Spheroids were generated from approximately 6.5 × 106 hPDL cells, 
4.6 × 106 hDPCs and 7.8 × 106 hOBs in individual disposable 10 mL 
vessel using the rotational 3D cell culture system from CelVivo (Blom-
menslyst, Denmark). The culture media was replaced every 3 days. After 
14 days of 3D culture, spheroids of different sizes were generated, and 
the largest spheroids (diameter between 0.5–1 mm) were fixed in 4 % 
PFA for 30 min, transferred to PBS and stored at 4 ◦C prior to further 
analyses. 

The fixed spheroids were embedded in optimal cutting temperature 
(OCT) compound (Leica, Buffalo Grove, IL, USA), and frozen at − 20 ◦C. 
Serial sections of the spheroids (7 μm) were obtained using a CryoStar™ 
NX70 Cryostat (Thermo Fisher Scientific, Kalamazoo, MI, USA) and 
mounted onto glass slides and stored at − 20 ◦C. 

2.4. mRNA extraction 

Dynabeads™ mRNA DIRECT™ Purification Kit (Thermo Fisher Sci-
entific, Carlsbad, CA, USA) was used for mRNA extraction. Briefly, 2D 
cultured hPDL cells, hDPCs and hOBs were washed in cold PBS and 
lysed, and the mRNA was isolated using magnetic beads according to 
manufacturer’s instructions. mRNA was separated from the beads by 
heat treatment (80 ◦C for 2 min) and quantified using a nano-drop 
spectrophotometer (ND-1000, Thermo Scientific, Wilmington, DE, 
USA, with software version 3.3.1.). 

2.5. cDNA synthesis and qPCR 

cDNA was synthesized using 2 μg of mRNA with first strand cDNA 
synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) according to 
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manufacturer’s instructions. qPCR was conducted in a CFX384 
TouchReal-Time PCR Detection System (Bio Rad, Hercules, California, 
USA) using IQ SYBR Green Supermix (Bio Rad, Hercules, California, 
USA) in a total volume of 20 μL (1 ng cDNA). The ΔΔCt method (Livak & 
Schmittgen, 2001) was utilized to calculate the relative mRNA levels of 
the genes that were normalized to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The primers used for qPCR were synthesized by 
Invitrogen (Thermo Fisher Scientific, Carlsbad, CA, USA), and are as 
follows: GAPDH, forward 5′-CTCTGCTCCTCCTGTTCGAC-3′, reverse 
5′-ACGACCAAATCCGTTGACTC-3′; FNDC5, forward 5′-CTCTCCACTG 
CCCCTTTCTG-3′, reverse 5′-GCAGATGTCCACCTCTTCCC-3′. 

2.6. DNA -electrophoresis 

DNA electrophoresis of the qPCR products were performed using the 
FlashGel System (Lonza, Allendale, NJ, USA) according to the pro-
ducers’ instructions. A mixture of 5 μL of DNA marker, 5 μL of qPCR 
products from 2D cultured hPDL cells, hDPCs and hOBs, and 1 μL of 6 X 
DNA loading dye (Thermo Fisher Scientific, Waltham, MA, USA) were 
loaded on a 2 % agarose Tris-acetate-EDTA (TAE) gel containing 0.01 % 
SYBR safe DNA gel stain (Thermo Fisher Scientific, Waltham, MA, USA). 
Images of the bands in the gels were captured through the built-in 
camera within the FlashGel System. 

Fig. 1. Immunofluorescence detection of FNDC5 in rats’ oral tissues. Histological sections of periodontium and dental pulp of upper first molars were analyzed by 
immunofluorescence staining for FNDC5 (B, C, E and F). Negative control was not treated with anti-FNDC5 primary antibody (H, I, K and L). Nuclei were coun-
terstained with DAPI (A, C, D, F, G, I, J and L). Merged images of DAPI and FNDC5 are shown in C, F, I and L. The white boxed areas are shown at a higher 
magnification (D, E, F, J, K and L). The images are representative of the respective groups. Abbreviations: r for root, dp for dental pulp, p for periodontium, ab for 
alveolar bone. Scale bars in A, B, C, G, H and I represent 100 μm, scale bars in D, E, F, J, K and L represent 25 μm. 
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2.7. Sequencing of PCR products 

Aliquots (5 μl) of PCR product from 2D cultured hPDL cells were 
purified with 2 μl ExoSAP-IT Express PCR Cleanup Reagents (Thermo 
Fisher Scientific, Waltham, MA, USA), and diluted with DNAse-free 
water (1:5). The samples were sequenced at the MRC Protein Phos-
phorylation and Ubiquitylation Unit (MRC PPU) (School of Life Sci-
ences, University of Dundee, Dundee, United Kingdom). 

Analysis and identification of the matches were performed using a 
Basic Local Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih. 
gov/Blast.cgi) (Altschul, Gish, Miller, Myers, & Lipman, 1990) in the 
National Center for Biotechnology Information nucleotide database 
(NCBI) (Coordinators, 2016) 

2.8. Immunohistochemistry identification of FNDC5/irisin 

The tissue sections around rats’ upper molars, hPDL cells spheroids, 
hDPCs spheroids, hOBs spheroids, 2D cultured hPDL cells, hDPCs and 
hOBs were permeabilized with 0.1 % Triton X-100 (Sigma-Aldrich, 
Saint-Louis, Missouri, USA) in PBS for 5 min at room temperature. The 
samples were washed in PBS, blocked with 10 % normal goat serum 
(Abcam, Cambridge, United Kingdom) for 1 h prior to incubation with 
1:200 diluted rabbit polyclonal anti-FNDC5 C-terminal antibody 
(ab181884; Abcam, Cambridge, United Kingdom) in 2 % normal goat 
serum overnight at 4 ◦C. For exclusion of the non-specific staining sig-
nals, negative control groups were incubated in 2 % normal goat serum 
without anti-FNDC5 antibody. On the following day, samples were 
washed 3 times in PBS and incubated with 1:500 diluted Alexa 488-con-
jugated goat anti-rabbit antibody (Invitrogen, Thermo Fisher Scientific, 
Carlsbad, CA, USA) in 4 % normal goat serum for 1 h in a humidified 
dark chamber at room temperature. The samples were washed 3 times in 
PBS, incubated with 300 nM 4′,6-diamidino-2-phenylindole (DAPI) 
(Sigma-Aldrich, Saint-Louis, Missouri, USA) for 20 min at room tem-
perature, and covered by glass slips with Mowiol mounting medium 
made from Mowiol 4–88 (Sigma-Aldrich, Saint-Louis, Missouri, USA). 
Samples on the glass slides were kept in a dark chamber at room tem-
perature until microscopic analysis. 

FNDC5-expressing cells were imaged with Leica SP8 confocal mi-
croscope (Leica Microsystems CMS GmbH, Mannheim, Germany) using 
405 nm and 488 nm excitation, and 420− 480 nm and 500− 550 nm 
emission filters for DAPI and Alexa Fluor 488, respectively. 3 images 
were captured for each group, the imaging settings were kept constant 
during individual assays. 

2.9. ELISA assay 

FNDC5/irisin secretion in hDPCs was quantified in culture media 

obtained after 1, 3, 7 and 14 days of culture by an FNDC5 ELISA Kit 
(Human): 96 Wells (Aviva Systems Biology, San Diego, CA, USA) 
following manufacturer’s instructions. The plates were read at the 
wavelength of 450 nm using a spectrophotometer (BioTek, Winooski, 
USA), and the concentrations of FNDC5/irisin were determined by 
comparing the optical density (OD) values of the tested samples to that 
of the standard curve. 

2.10. Statistics 

All data obtained from qPCR and ELISA are presented as the mean ±
standard deviation (SD). Statistical comparison between groups (control 
groups and treatment groups) was performed using unpaired Student’s t 
tests as both normality tests and equality tests passed (SigmaPlot 14.0; 
Systat Software, San Jose, CA, USA). A probability of ≤ 0.05 was 
considered statistically significant. All experiments were performed in 
triplicates. 

3. Results 

3.1. FNDC5/irisin is expressed in rats’ periodontium and dental pulp 
tissues and in hPDL cells, hDPCs and hOBs 

A strong FNDC5/irisin immunofluorescence signal was detected both 
in rats’ PDL (Fig. 1B, E, C, F) and dental pulp (Fig. 1B, C). However, only 
weak immunofluorescent signal was observed in the alveolar bone 
(Fig. 1B, C). The FNDC5/irisin immunofluorescent signal was found to 
be specific, as there was virtually no signal detectable from the negative 
control sample which lacked the primary antibody (Fig. 1H, I, K, L). 

The PCR product corresponding to FNDC5/irisin was confirmed to be 
present in all tested cell types by DNA electrophoresis (Fig. 2A). 
Sequencing of the PCR product from hPDL cells revealed that the 
deduced sequence was identical to Homo sapiens fibronectin type III 
domain containing 5 (FNDC5), transcript variant 3 in GenBank (Acces-
sion number NM_001171940.2) (Fig. 2B). 

The FNDC5/irisin protein was correspondingly identified in spher-
oids of hPDL cells (Fig. 3B, C, E, F), spheroids of hDPCs (Fig. 4B, C, E, F), 
spheroids of hOBs (Fig. 5B, C, E, F), 2D cultured hPDL cells (Fig. 6B and 
C), 2 D cultured hDPCs (Fig. 6H and I) and 2D cultured hOBs (Fig. 6N 
and O). Moreover, the intensity of the immunostained protein appeared 
to be localized in the cytoplasm of hPDL cells (Fig. 6B and C), hDPCs 
(Fig. 6H and I) and hOBs (Fig. 6N and O). 

3.2. FNDC5/irisin expression is regulated in hPDL cells, hDPCs and hOBs 

The potential autoregulation of the FNDC5/irisin expression was 
investigated by administration of recombinant human irisin, while 

Fig. 2. Expression of FNDC5 in hPDL cells, hDPCs and hOBs. The images are representative of the respective groups. H2O was used as negative control (A). The 
BLAST search and DNA sequencing analysis. The alignments of deduced amino acid sequences from hPDL cells qPCR products matched Homo sapiens FNDC5, 
transcript variant 3, mRNA sequence GenBank ID: NM_001171940.2, length: 2182, range: 1637 to 1800 (B). 
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regulation was tested by administration of ATRA (Amengual et al., 
2018) for 3 days. Both low and high concentrations of recombinant irisin 
significantly reduced FNDC5/irisin mRNA expression by 0.79 and 0.76 
fold in hPDL cells compared to untreated control (P = 0.008 for 10 
ng/mL, and P = 0.014 for 100 ng/mL) (Fig. 7A). Administration of ATRA 
significantly enhanced expression of FNDC5/irisin in hPDL cells by 2.8 
(P = 0.0003 for 1 μM) and 1.7 fold (P = 0.0002 for 10 μM) compared to 
control (Fig. 7B). 

Administration of the high dosage of recombinant irisin (100 ng/mL) 
significantly reduced expression of FNDC5/irisin (P = 0.01) by 0.5 fold 
in hDPCs compared to control, whereas the low dosage (10 ng/mL) had 
no effect (P = 0.15) (Fig. 7C). On the other hand, 1 μM ATRA enhanced 
FNDC5/irisin expression by approximately 3.1 fold (P = 0.0004) but the 

high dosage (10 μM) had no significant effect compared with control (P 
= 0.25) (Fig. 7D). 

An inverse dose-dependent relationship was also observed in hOBs, 
where administration of 10 ng/mL recombinant irisin significantly 
enhanced the expression of FNDC5/irisin by nearly 4 fold in comparison 
to untreated control cells (P = 0.01), but 100 ng/mL did not affect the 
FNDC5/irisin mRNA expression (P = 0.15) (Fig. 7E). Both low and high 
concentrations of ATRA significantly decreased the FNDC5/irisin 
expression by 0.6 and 0.5n fold in hOBs (P = 0.0008 for 1 μM, and P =
0.017 for 10 μM) compared to control (Fig. 7F). 

Fig. 3. Immunofluorescence detection of FNDC5/irisin in hPDL cell spheroids. Cryopreserved sections of spheroids were analyzed by immunofluorescence staining 
for FNDC5 (B, C, E and F), while negative control was not treated with anti-FNDC5 primary antibody (H, I, K and L). Nuclei were counterstained with DAPI (A, C, D, 
F, G, I, J and L). Merged images of DAPI and FNDC5 are shown in C, F, I and L. The white boxed areas are shown at a higher magnification (D, E, F, J, K and L). The 
images are representative of the respective groups. Scale bars in A, B, C, G, H and I represent 100 μm, scale bars in D, E, F, J, K and L represent 25 μm. 
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3.3. The expression and secretion of FNDC5/irisin was affected by 
differentiation of hDPCs to odontoblast-like cells 

The expression of FNDC5/irisin in hDPCs cultured with dexameth-
asone was significantly reduced by 0.22 fold at day 1 (P = 0.007) 
compared to control. At day 3, the expression of FNDC5/irisin was not 
different from control (P = 0.17), whereas the expression was signifi-
cantly enhanced by 1.5 fold (P = 0.0001) at day 7 and 2.1 fold (P =
0.0002) at day14 compared to control (Fig. 8A). However, this 
enhancement of mRNA expression was not reflected in the levels of 
FNDC5/irisin secreted to cell culture medium over the same time period 
(Fig. 8B). No significant differences were observed at days 1, 3 and 7 (P 

= 0.54, P = 0.15, and P = 0.69, respectively), but at day 14 dexa-
methasone induced approximately 11 % decrease (P = 0.017) in the 
secretion of FNDC5/irisin compared to control (Fig. 8B). 

4. Discussion 

To the authors’ best knowledge, the present research is the first to 
confirm that FNDC5/irisin is expressed in hPDL cells, hDPCs and hOBs. 
Moreover, a regulatory role of recombinant irisin and ATRA on FNDC5/ 
irisin expression in hPDL cells and hDPCs was demonstrated. Finally, 
odontoblast-like differentiation of hDPCs might have an effect on the 
expression and secretion of FNDC5/irisin. 

Fig. 4. Immunofluorescence detection of FNDC5/irisin in hDPCs spheroids. Cryopreserved sections of spheroids were analyzed by immunofluorescence staining for 
FNDC5 (B, E, C and F), while negative control was not treated with anti-FNDC5 primary antibody (H, I, K and L). Nuclei were counterstained with DAPI (A, C, D, F, G, 
I, J and L). Merged images of DAPI and FNDC5 are shown in C, F, I and L. The white boxed areas are shown at a higher magnification (D, E, F, J, K and L). The images 
are representative of the respective groups. Scale bars in A, B, C, G, H and I represent 100 μm, scale bars in D, E, F, J, K and L represent 25 μm. 
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A FNDC5/irisin immunofluorescent signal was found in PDL tissues 
of rats. The sequence alignment of the amplified irisin product from 
hPDL cells matched with the human FNDC5 gene, which serves as evi-
dence to confirm the expression of FNDC5/irisin in hPDL cells. Ac-
cording to Böstrom’s study, FNDC5 comprises of a signal peptide, two 
fibronectin domains and one hydrophobic domain in structure (Boström 
et al., 2012). They found that the C-terminal region FNDC5 accumulated 
in cytoplasm, while the N-terminal region of FNDC5, which is termed as 
irisin, was proteolytically cleaved and released into circulation (Boström 
et al., 2012). Anti-FNDC5-C-terminal antibodies stained mainly the 
cytoplasm of 2D cultured hPDL cells, hDPCs and hOBs, which is in 
accordance with Boström et al.’s observations. Together with our 

previous findings suggesting that treatment with recombinant irisin 
enhanced both hPDL cells’ and hOBs’ growth, migration and osteogenic 
behavior (Pullisaar et al., 2019), the present findings could indicate that 
the FNDC5/irisin may play a role in periodontal regeneration. 

Irisin is the first myokine that has been reported to be involved in 
mechano-transduction and could be regulated by mechanical stress 
(Boström et al., 2012; Kawao, Moritake, Tatsumi, & Kaji, 2018). In 
addition, irisin is released into blood in response to physical exercise and 
may have peripheral effects on various tissues (Varela-Rodríguez et al., 
2016) as well as autocrine effect on skeletal muscles (Colaianni, Bru-
netti, Colucci, & Grano, 2018). It is widely accepted that high bone mass 
and strengthened bones can be achieved by physical activities, on the 

Fig. 5. Immunofluorescence detection of FNDC5/irisin in hOBs spheroids. Cryopreserved sections of spheroids were analyzed by immunofluorescence staining for 
FNDC5 (B, C, E and F), while negative control was not treated with anti-FNDC5 primary antibody (H, I, K and L). Nuclei were counterstained with DAPI (A, C, D, F, G, 
I, J and L). Merged images of DAPI and FNDC5 are shown in C, F, I and L. The white boxed areas are shown at a higher magnification (D, E, F, J, K and L). The images 
are representative of the respective groups. Scale bars in A, B, C, G, H and I represent 100 μm, scale bars in D, E, F, J, K and L represent 25 μm. 
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Fig. 6. Immunofluorescence detection 
of FNDC5/irisin in 2D cultured hPDL 
cells, hDPCs and hOBs. Cells were 
immunolabeled with anti-FNDC5 pri-
mary antibody (B, C, H, I, N and O), 
while negative control was not treated 
with primary anti-FNDC5 antibody (E, F, 
K, L, Q and R). Nuclei were counter-
stained with DAPI (A, C, D, F, G, I, J, L, 
M, O, P and R). Merged images of DAPI 
and FNDC5 are shown in C, F, I, L, O and 
R. The images are representative of the 
respective groups. Scale bar represents 
25 μm.   
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Fig. 7. mRNA expression levels of FNDC5/irisin in hPDL cells, hDPCs and hOBs treated with or without recombinant irisin (10 ng/mL, 100 ng/mL) and ATRA (1 μM, 
10 μM). The relative mRNA expression levels of irisin were normalized to GAPDH. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001 vs control group. All data present mean 
± SD of 3 independent experiments. 

Fig. 8. Expression and secretion of FNDC5/irisin during odontoblast-like differentiation of hDPCs. (A) The mRNA expression levels of FNDC5/irisin from hDPCs over 
a 14-day odontoblast-like differentiation period. The expression was normalized to GAPDH, (**) P < 0.01; (***) P < 0.001 vs control group. (B) The secretion levels 
of FNDC5/irisin from hDPCs over a 14-day odontoblast-like differentiation period. (*) P < 0.05 vs control group. All data present mean ± SD of 3 independent 
experiments. 
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other hand, lack of physical activities or disuse of muscles result in se-
vere bone loss (Chestnut, 1993; Colaianni et al., 2014). Likewise, 
healthy PDL helps to maintain bone mass of the tooth-supporting alve-
olar bone, whereas diseased periodontal tissues or loss of teeth will 
cause loss of load, thus resulting in irreversible bone resorption (Ber-
kovitz, 2004; Bodic, Hamel, Lerouxel, Basle, & Chappard, 2005; Di 
Benedetto, Gigante, Colucci, & Grano, 2013). Therefore, PDL is situated 
in an environment that resembles that of skeletal muscles. Based on our 
results that both hPDL cells and rats’ PDL sections expressed 
FNDC5/irisin, we can speculate that FNDC5/irisin expression may be 
regulated in response to mechanical stimuli of PDL. 

In addition to a strong immunofluorescent signal from PDL, FNDC5/ 
irisin was identified to be present in the rat pulp region and to lesser 
degree in the alveolar bone. We verified these findings by demonstrating 
that FNDC5/irisin was expressed in 3D spheroids generated from pri-
mary hPDL cells, hDPCs and hOBs, mimicking in vivo microenviron-
ments (Fontoura et al., 2020; Schröder et al., 2020) as well as in 2D 
cultured cells. To the authors’ knowledge, this is the first demonstration 
of FNDC5/irisin expression in 3D cultured cells in vitro. 2D monolayer 
cell culturing is the most common culture method, resulting in a ho-
mogeneous cell environment that is easy to control, analyze and sustain 
the ability to proliferate for most types of cells. However, cells are not 
generally considered to be kept in the natural microenvironment under 
such circumstances (Fennema, Rivron, Rouwkema, van Blitterswijk, & 
de Boer, 2013). 3D cultures provide cellular heterogeneity, nutrient and 
oxygen gradients, cell to cell interactions and matrix deposition so that 
the in vivo environment can be simulated in vitro and cells can be induced 
to behave in a natural environment (Ravi, Paramesh, Kaviya, Anuradha, 
& Solomon, 2015). 

The FNDC5/irisin immunofluorescent signal was barely detected in 
rat alveolar bone. Preceding research has reported that irisin levels are 
positively correlated with bone mineral density (BMD) (Singhal et al., 
2014; Wu et al., 2018). However, the rat samples in our study were 
obtained from the tissues around the molars located in the posterior 
maxilla, which contains lower BMD compared to anterior maxilla and 
mandible (Devlin, Horner, & Ledgerton, 1998). Moreover, positive 
correlations between irisin and BMD at different anatomical sites have 
also been reported (Colaianni et al., 2017), and can thus partly explain 
our observation. It has been demonstrated previously that murine bone 
tissues express FNDC5 (Zhang et al., 2017) and that recombinant irisin 
has a positive effect on proliferation and differentiation of osteoblasts in 
vitro (Pullisaar et al., 2019). However, our study is the first to confirm 
the expression of FNDC5/irisin in primary human osteoblasts. 

To date, the molecular regulation of FNDC5/irisin expression re-
mains largely unknown. FNDC5 is one of the target proteins for perox-
isome proliferator-activated receptor-gamma coactivator 1 alpha (PGC- 
1α), and Boström et al. reported that the expression of PGC-1α stimu-
lated the FNDC5 expression and the secretion of irisin (Boström et al., 
2012). Administration of ATRA has been found to induce PGC-1α 
expression in differentiated 3T3-L1 adipocytes (Mercader et al., 2007) 
and enhance the gene expression of FNDC5 in C2C12 mouse myoblasts 
(Abedi-Taleb et al., 2019). We found that ATRA enhanced the expression 
of FNDC5/irisin in both hPDL cells and hDPCs. However, it attenuated 
the FNDC5/irisin expression in hOBs. Treatment with recombinant irisin 
reduced the FNDC5/irisin expression in hPDL cells and hDPCs, while it 
enhanced the FNDC5/irisin expression in hOBs. The converse effects of 
recombinant irisin and ATRA on hPDL cells and hDPCs versus hOBs in 
our study may be due to a cell type-specific effect of recombinant irisin 
and ATRA on the regulation of FNDC5/irisin expression. 

Over the past years hDPCs have received broad attention in oral 
tissue engineering and regeneration owing to their ability to differen-
tiate towards several cell types (Nuti et al., 2016). Dexamethasone 
treatment has been found to induce odontoblast-like differentiation of 
hDPCs as evidenced by enhanced expression of alkaline phosphatase 
(ALP), the major odontoblastic maker dentin sialophosphoprotein, 
reduced proliferation and enhanced mineralization (Alliot-Licht et al., 

2005; Lim et al., 2016; Moretti, Duailibi, Martins, Santos, & Duailibi, 
2017). In our study, we found the mRNA expression of FNDC5/irisin to 
be gradually enhanced in a time-dependent manner over a 14-day 
period of dexamethasone-induced odontoblast-like differentiation. 
Conversely, the secretion of FNDC5/irisin was found to be slightly 
reduced at day 14. Such lack of correlation between the change in 
FNDC5/irisin mRNA expression and protein secretion has previously 
been reported. (Roca-Rivada et al., 2013; Tian et al., 2004). Irisin, the 
secreted form of FNDC5, is proteolytically cleaved and released in 
response to physical stimulation. It is likely that while treatment with 
dexamethasone induced an enhanced mRNA expression of FNDC5/irisin 
in hDPCs, the translation and cleavage of irisin from FNDC5 and thus 
secretion from hDPCs was not affected. 

In conclusion, FNDC5/irisin is expressed in hPDL cells, hDPCs, hOBs, 
rat PDL and rat dental pulp tissues. Further, FNDC5/irisin production 
and/or secretion from hPDL cells, hDPCs and hOBs is regulated, indi-
cating that FNDC5/irisin may have autocrine, paracrine and endocrine 
effects in oral and bone tissues. Finally, the induced odontoblast-like 
differentiation of hDPCs appeared to affect both expression and secre-
tion of FNDC5/irisin. 
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