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4 INTRODUCTION

4.1 FNDC5/irisin

In the year of 2002, two independent groups of researchers discovered a previously unknown gene,
which was originally termed as peroxisomal protein (1) or fibronectin type III repeat containing
protein 2 (2) because of its specific motif. This particular gene, which is now termed as fibronectin
type III domain-containing protein 5 (FNDCS5), regained much attention 10 years later as it has been
defined as one of the target genes for peroxisome proliferator-activated receptor y coactivator la
(PGC-1a), a transcriptional coactivator induced in response to physical activities in skeletal muscle.
PGC-1a expression in muscle then stimulates expression of FNDCS5, which is subsequently
proteolytically cleaved and released into circulation as a newly identified hormone irisin, thus

affecting energy metabolism by promoting browning of white adipose cells (3, 4).

FNDCS is a glycosylated type I membrane protein, with a mass varying from 20 to 32 kDa
dependent on the number and structure of oligosaccharides (glycans) bound to it in post-
translational process of N-glycosylation (5). FNDCS5 contains an N-terminal signal peptide (amino
acid (aa) 1-28), an FNIII domain (aa 33-124), a transmembrane domain (aa 150-170) and a C-
terminal cytoplasmic segment (aa 171-209). The C-terminal part is localized in cytoplasm, whereas
the N-terminal portion is proteolytically cleaved, glycosylated and secreted into circulation. This
secreted part is termed as irisin (Figure 1), the enzyme which cleaves the FNDCS5, however, has not
been identified yet (6, 7). The irisin peptide is highly conserved in human, mouse and rat, although
the signal peptide and segments from C-terminal to irisin exhibit some variability. A notable
exception is that the human FNDCS5 gene possesses a mutant start codon, ATA, instead of the
canonical ATG. Among the six genes with ATA as start codon, FNDCS is the only described gene

that is not conserved in other species than humans (4).



Exercise

amino acid Increased PGC1a release

1 28 124 150 171 209

NH Fibronectin 11l (FNIIl) domain Proteolytic IEnsmemtrane
2 cleavage site  |[domain Se

Proteolytic cleavage
amino acid 33 124

+— COOH

Irisin

N-glycosylation

Irisin

Asn 36 Asn 81
GlcNAc & GIcNAc&
Dimerization
Irisin

It
L

Figure 1. Schematic illustration for mechanism of irisin release from FNDC5 and their structures.

Irisin

Exercise promotes the release of PGC-1a from skeletal muscles, increasing the FNDCS5 expression,
and irisin is thus cleaved from FNDC5 by unknown protease and secreted into circulation. Through
the bond which is formed between N-acetylglucosamine (GlcNAc) and the nitrogen derived from
the amide group of asparagine (Asn36 and Asn81), irisin is glycosylated and subsequently dimerized.

This figure is adapted from Panati et al. (8) and Pinkowska et al. (9).

The binding of oligosaccharides (glycans) to proteins or lipids is referred to as glycosylation, which
is a common post-translational modification that results in a wide range of functions from a limited
set of genes (10). Glycans can affect the physical and chemical characteristics of proteins, which
are essential in acquiring accurate proteins conformation, providing proteolysis protection and are
vital for their biological roles in certain metabolic processes (11). FNDCS5 is an N-glycosylated
protein with oligosaccharides verified to be N-glycosylated at Asn®® and Asn®! sites, and the

glycosylation process is essential in the stabilization of FNDCS5 and secretion of irisin (12). Irisin



has a molecular weight of 12 kDa as a monomer, and its molecular weight can be further increased
up to 20-32 kDa through glycosylation and dimerization, according to the number of glycans bound
to the protein molecule during N-glycosylation (3, 13). Additionally, irisin crystal structure shows
that the FNIII-like domain forms a continuous intersubunit B-sheet dimer, which may present a

possible mechanism for ligand and receptor activation (14).

411 Irisin receptors

Until now, the receptors for irisin still have not been elucidated, however, a research conducted by
Kim et al. defined a subunit of integrin complexes as presumptive receptor for irisin in osteocytes
and adipose tissues (15). Their conclusions were based on the following findings. First, quantitative
mass spectrometry revealed that irisin can attach to osteocytes, which allows chemical cross-linking
to Bl integrin. Second, protein-protein binding analysis that uses purified irisin and integrin
complexes exhibited that irisin binds to multiple complexes, among which aV/B5 has the highest
apparent affinity. Third, it was proved that irisin bind to integrin aV/B5, and this analysis allowed
the mapping of binding sites on both irisin and integrin complex. Fourth, irisin induced enhanced
integrin signal in HEK293T cells transfected with aV/B1 integrin or aV/B5 integrin compared with
control cells. Finally, inhibitors or antagonistic antibody targeted against aV/B5 integrin suppressed
almost all irisin-mediated signaling and its downstream gene expression (5, 15). It should be pointed
out that identification of irisin receptors in osteocytes and adipose tissues suggests that oV family
of integrin complexes are possible major receptors in all cells/tissues, but it does not rule out the
possibility of existence of other potential receptors for irisin in both integrin family or even outside
of integrins (15). Anyway, the identification of receptors for irisin would promote future research
on both its upstream regulation and its down-stream signaling cascades, with implications in its
potential therapeutic approaches (16). However, one major problem with the identification of this
receptor may be the dearth of specificity: the initial quantitative mass spectrometry screen had
identified B1 to be the only integrin, but it was abandoned in all following experiments. Currently,
the favored receptor is aV/B5, which induced the best response in the screen of integrins (4). The
identification of aV/B5 as the irisin receptor has been supported by several subsequent studies. A
recent research reported that CD81 can form a complex with aVB1 and aVPS5, the authors found
that CD81 sensitized the HEK293T cells against irisin, further, it is required for proliferation of
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beige adipocyte progenitor cells and mediates the activation of integrin-FAK signaling in response
to irisin (17). Another study revealed that an antibody inhibiting aVB5 deprived the response of
osteoclasts to irisin, which confirms this receptor (18). However, the main integrin determined on

osteoclasts is VB3 while aVB5 integrin has not been identified on osteoclasts previously (19, 20).

4.1.2 Physiological roles of FNDCS5/irisin

Irisin plays vital role in energy metabolism by acting on the browning of white adipose tissue (WAT)
to promote energy consumption (21). Generally, the adipose tissue comprises of two elements called
WAT and brown adipose tissue (BAT), WAT functions to store lipids, while BAT is involved in
thermogenesis via uncoupled respiration (22). WAT adipocytes are featured by unilocular lipid
droplets, less mitochondria and relatively low metabolic rate, by contrast, adipocytes in BAT are
featured by multilocular lipid droplets, ample mitochondria and relatively high metabolic rate,
which is induced by mass production of uncoupling protein 1 (UCP1), whereas its expression is
rarely observed in WAT (23). The mechanism with which irisin regulates energy metabolism can be
summarized as follows: physical activities increase the expression of PGC-la, leading to
upregulation of FNDCS5 (24). Irisin then attaches to the receptors on white adipocytes, and partly
through upregulating the expression of peroxisome proliferator-activated receptor a (PPAR-a),
irisin enhances the expression of UCP1 in mitochondria, resulting in increased thermogenesis and
ultimately the energy consumption in skeletal muscles and BAT (25-27). Based on its effects in
enhancement of metabolic profile, irisin is considered to be a potential therapeutic agent to treat

metabolic diseases, especially the ones that can be alleviated by exercise (26, 28).

Apart from its role in energy metabolism, FNDC5/irisin also plays important roles in an array of
other biological processes. FNDC5/irisin may have a developmental role in neuronal differentiation
and maturation (7, 29, 30). Overexpression of FNDCS5 by lentiviral vector transduction enhances
the expression of several important markers for both neuronal precursor and mature neurons in
mouse embryonic stem cells (31), while knockdown of FNDCS5 in mouse embryonic stem cells
significantly undermines the maturation of both neurons and astrocytes (32). In addition to its role
in neural differentiation, FNDC5/irisin has been shown to be able to promote angiogenesis in several
cell types (33-35). Furthermore, recent studies have documented that FNDC5/irisin participates in
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the occurrence and development of an array of tumors (36). For example, FNDC5/irisin may be
utilized as a biomarker for renal cancer diagnosis (37); FNDCS5 expression may be a prognostic
factor to predict survival rate in patients with non-small cell lung cancer (38); in breast cancer,
serum level of irisin functions as a potential candidate to evaluate spinal metastasis in patients (39).
Moreover, FNDC5/irisin is shown to exert an anti-inflammatory effect in multiple tissues and cells
including adipose tissue (40), liver (41), murine hippocampus (42), macrophages (43) and neural
cell line (44). FNDC5/irisin has also been reported to play a vital role in osteogenesis, irisin may
target osteoblasts directly to enhance the differentiation potential through P38/ERK MAP kinase
signaling cascades activation (45, 46); recombinant irisin is able to prevent reduction of osteoblast
differentiation caused by microgravity (47); additionally, weekly injection of irisin remarkably

stimulates the cortical bone mass and strength in mice (48).

4.1.3 Expression sites of FNDC5/irisin

FNDC5/irisin is best known for being present in skeletal muscle and blood plasma by Bostrom et
al’s study (24). The systematic distribution of FNDC5/irisin in other tissues was first
comprehensively studied by Aydin et al., who verified that FNDC5/irisin was expressed in the brain,
cardiac and skeletal muscle, skin tissues and kidney from male rats by immunohistochemical
staining. On the other hand, FNDC5/irisin signal was found to be present in human skeletal muscle,
testis, pancrea, liver, spleen and stomach tissues, in addition, they also confirmed that FNDC5/irisin
was mainly produced in the nerve sheaths that spread within the skeletal muscle (49, 50). Further,
FNDC5/irisin has been observed to be expressed in retina, pineal, thyroid gland, heart, lung and
adipose tissues from rats (51-54). Moreover, irisin, the secreted form of FNDC5, was also found in

several human body fluids including cerebrospinal fluid, saliva and urine (55, 56).

In oral tissues, the expression of FNDC5/irisin has been rarely examined to date. As far as we know,
FNDC5/irisin has been reported to be expressed in three major salivary glands (submandibular
gland, sublingual gland and parotid gland) (57). Furthermore, our research has proved that it is also
expressed in human periodontal ligament cells (hPDL cells), human dental pulp cells (hDPCs) and

periodontium and dental pulp tissues from rats (58).
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4.2 Tooth supporting tissues

The tooth supporting tissues (Figure 2) refer to the periodontal tissues that surround and support the
teeth, it consists of four components, namely periodontal ligament, alveolar bone, cementum and
gingiva. Together these tissues function as a united system to help maintain the teeth in position in

the alveolar bone and their destruction may eventually lead to tooth loss (59-61).

Gingiva

Alveolar
/ bone

Periodontal
ligament

Cementum

Figure 2. The longitudinal section of a tooth displaying healthy tooth supporting tissues.

421 Periodontal ligament

The periodontal ligament (PDL) is an aligned fibrous meshwork that is sandwiched between
cementum-root dentin and inner wall of alveolar socket. By providing mechanical stability and
working as a shock buffer, PDL mainly functions to protect both tooth and alveolar bone from
damage caused by excessive forces related to mastication, further, PDL may collaborate with
gingiva to form a protective barrier against pathogens from within the oral cavity (62, 63). The PDL
has a vital role in responding to loading caused by mastication and thus constantly undergoing
remodeling, hence the PDL should be strong and flexible to fulfill this unique function (64).
Compared with other ligaments which mainly function in tensional environment, the PDL
undergoes multiaxial loading and is thus capable of functioning under tension, compression, shear

stress and torsion (64-66).

PDL is a highly vascularized connective tissue with a subpopulation of diverse cell types embedded
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in an extracellular matrix (ECM) that is abundant in proteins (67). The ECM of PDL consists of
collagens and non-collagenous elements, in addition, growth factors, cytokines and matrix
degradation enzymes, metalloproteinases (MMPs) are also found to be part of the periodontal ECM
(68). Collagen type I and III are two major components in PDL collagenous ECM, whereas
proteoglycans and glycoproteins, including versican, dextran sulphated biglycan, decorin,
fibronectin, periostin, vitronectin, thrombospondin, tenascin and osteopontin constitute the
composition of non-collagenous ECM of PDL (67, 69-71). Out of all the PDL components, collagen
type I is the most predominant one (72), it is able to facilitate the osteogenic differentiation and
matrix mineralization and considered to largely determine the mechanical strength of ligament and

tendon through its molecular structure and physical arrangement into fibers (73-75).

The PDL contains a remarkably heterogeneous cell population (76). The major cell type of PDL cell
population is fibroblast, which is able to concurrently synthesize and degrade collagen to remodel
the collagen fibrils (77, 78). Epithelial cells in PDL, also known as epithelial cell rests of Malassez,
occur abundantly around cementum and furcation areas, their function may be related to periodontal
regeneration (76, 78). Further, cementoblasts and osteoblasts were also found to be present in the
PDL (79, 80). By migration, differentiation and interaction with soluble mediators, endothelial cells,
cementoblasts and osteoblasts make contribution to periodontal regeneration (81). The diversity of
cell types within PDL has led to a hypothesis that PDL possibly contains stem cell population
capable of maintaining periodontal homeostasis and regeneration (79, 82). In 2004, Seo BM et al.
successfully isolated the stem cells from PDL tissues (83), which could differentiate into
cementoblast-like cells, adipocytes, collagen-forming cells, chondrogenic phenotypes and
osteogenic phenotypes (83, 84). These findings suggest that PDL stem cells may not only participate
in maintenance of PDL tissues, but also may be important for repair, remodeling and regeneration

of the surrounding alveolar bone and cementum tissues (76, 85).

4.2.2 Alveolar bone

The alveolar bone is a complicated structure resting on the basal bone of maxilla and mandible, and
the teeth are situated in the sockets formed in it (86). Alveolar bone is connected to the teeth by
PDL, similar to bone in other sites, alveolar bone generally functions as a mineralized supporting
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tissue to provide mechanical strength, an environment for bone marrow and a reservoir for calcium
ions, however, the main functions of alveolar bone are housing the tooth roots, absorbing and
dispersing forces induced by oral functions (87, 88). The alveolar bone is a dynamic tissue that is
constantly exposed to mechanical stimulation and undergoes continuous cycle of bone remodeling
by coordinated bone resorption, which is induced by bone-resorbing cells such as osteoclasts; and
bone formation, which is achieved by osteoblast lineage cells including osteoblasts, osteocytes and
bone-lining cells (89, 90). Generally, the bone remodeling process (Figure 3) is initiated at a specific
site via recruitment of osteoclast precursors from circulation into a closed space termed as bone
remodeling compartment (BRC), then bone resorption takes place through active osteoclast
differentiation and function, while recruitment of mesenchymal stem cells (MSCs) and
osteoprogenitors happen simultaneously. After that, the bone formation is induced by osteoblast
differentiation and functions such as osteoid synthesis. Finally, the osteoids are mineralized as new
bone which replace the old one, hence a cycle of bone remodeling is concluded (91, 92). Further,
through the regulation of diverse hormones, cytokines, proteins and enzymes, bone resorption and
bone formation are well-balanced, which ensures a stable bone volume after each remodeling cycle

(89, 93).
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Figure 3. The schematic illustration of the bone remodeling cycle. The bone remodeling is initiated
by bone resorption induced by osteoclasts, followed by bone formation, in which osteoblasts lay
down new bone matrix and eventually become mineralized until the resorbed bone is completely
refreshed. The figure was generated using Servier Medical Art, provided by Servier, licensed under

a Creative Commons Attribution 3.0 unported license (94).

Similar to the other bone tissues, osteoclasts, osteoblasts and osteocytes are the major cell types that
make contribution to the homeostasis and functions of the alveolar bone (95). Osteoclasts are large,
multinucleated cells that stem from hematopoietic stem cells (HSCs) and are responsible for bone
resorption. The HSCs give rise to common myeloid progenitors (CMPs), which, under the
stimulation of granulocyte/macrophage stimulating factor (GM-CSF), subsequently differentiate
into granulocyte/macrophage progenitors (GMPs). Further, the GMPs differentiate into
monocyte/macrophage lineage and become the osteoclast progenitors, which fuse after traveling to
the bone surfaces through blood circulation. Eventually, the osteoclast progenitors mature as
multinucleated osteoclasts which secrete acid and lytic enzymes capable of degrading mineral and
protein structures to regulate bone resorption (88, 95, 96). The differentiation of
monocytes/macrophages into osteoclasts is mediated by two important cytokines: macrophage
colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-kB ligand (RANKL).

The M-CSF attaches to its receptor c-Fms on myeloid progenitors to promote their proliferation
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(97), while RANKL attaches to its receptor RANK to potentiate NF-kB and MAPK signaling
pathways, leading to activation of osteogenic transcription factors c-Fos and nuclear factor-activated
T cells c1 (NFATc1), by activation, these two factors in turn regulate osteoclastic markers including
tartrate-resistant acid phosphatase (TRAP) and cathepsin K, which are essential in osteoclastic
differentiation (88, 98, 99). Osteoprotegerin (OPG) is a soluble decoy receptor, it acts by blocking
the docking of RANKL to its receptor RANK to blunt the osteoclastogenesis, therefore the balanced
expression of osteoclastogenic stimulator RANKL and inhibitor OPG together determine the
quantity of resorbed bone (100). In periodontal tissues, both gingival fibroblasts and PDL cells have
been reported to be able to produce RANKL and OPG, hence controlling the activity of osteoclasts

to regulate alveolar bone remodeling (101, 102).

In contrast to osteoclasts that originate from hematopoietic/monocyte lineage, osteoblasts are
mononucleated cells derived from mesenchymal/mesodermal lineage and are involved in bone
apposition (95). The differentiation of osteoblasts from mesenchymal cells requires sequential
action of the transcription factors runt-related transcription factor 2 (RUNX2) and osterix. The
osteoblasts create densely packed sheets on the surface of bone, from which they extend cellular
processes throughout the newly formed bone, in order to lay down new bone successfully,
osteoblasts produce a variety of enzymes, growth factors and hormones including alkaline
phosphatase (ALP), collagen type I, osteocalcin (OCN), collagenase, TGF B and IGFs (103, 104).
Osteoblasts also produce RANKL/OPG to regulate osteoclasts, and the amount of secreted
RANKL/OPG relies on the differentiation stage of osteoblasts, pre-osteoblasts express relatively
more RANKL than OPG, which stimulates osteoclast differentiation and function, while more
mature osteoblasts express higher levels of OPG than RANKL, which suppresses the osteoclast
differentiation and function (105). Osteoblasts have a limited lifespan, once the bone formation is
completed, they are faced with three potential fates: some become flattened and elongated bone
lining cells that remain quiescent on the bone surface, some undergo cell death by apoptosis,
whereas the majority of osteoblasts gradually become embedded in bone matrix, undergo structural

changes, and further differentiate into osteocytes (106).

Osteocytes are a long-lived cell type that account for most majority of the bone cells, they stem
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from the terminally differentiated osteoblasts that are buried in mineralized bone structures in the
process of bone formation. Osteocytes always reside in microscopic cavities also known as lacunae,
after being embedded in mineralized matrix, the osteocytes maintain its contact with adjacent cells
by the dendritic cellular processes radiating from the cell body and spreading through the canaliculi
within the bone mineral matrix, the lacunae and canaliculi together are termed as lacuno-canalicular
system (LCS) (89, 95, 107). Osteocytes are also actively involved in bone remodeling via multiple
mechanisms. To begin with, osteocytes are primary sources of both RANKL and OPG, which
indicates that they can affect osteoclasts in either stimulatory or inhibitory manner (108, 109). The
dying osteocytes can also regulate bone resorption by detecting microdamage within bones, thus
initiating osteoclastogenesis through apoptosis (110). Further, the location and the cellular network
structure of osteocytes render them the ability to sense mechanical stimulation and transduce these
signals into biochemical cues to control bone remodeling through gene regulation. Upon mechanical
stimulus, the secretion of negative mediators of osteoblast differentiation such as sclerostin and

Dickkopf-1 are inhibited, leading to promoted bone formation (111, 112).

4.3 Orthodontic tooth movement

Orthodontic treatment is achieved on the basis of the fact that tooth can be moved within the alveolar
bone when a proper amount of orthodontic force is applied, in this condition, some areas in the PDL
are compressed and termed as so-called compression sides, while some other areas are subjected to
tensile force and thus termed as tension sides (113) (Figure 4). The PDL cells can perceive the
mechanical signals exerted by orthodontic force and transduce them into molecular events in the
progenitor cells, which subsequently differentiate into osteoclasts and osteoblasts, therefore
resulting in the bone remodeling and orthodontic tooth movement (OTM) (114). Generally, the
biological events regarding the OTM are as follows: on the side subjected to compression, PDL
displays disorganization due to the pressure force, and blood flow is disturbed, causing cell death,
also known as hyalinization, further, the hyalinized tissues are resorbed by macrophages and bones
are resorbed by osteoclasts near the hyalinized tissues. While on the side subjected to tensional force,
the PDL fibers are aligned with the direction of tensile force in an organized manner, and the blood
flow is boosted, leading to promoted osteogenic activity and ECM deposition, which consequently
mineralizes. Consequently, PDL and alveolar bone are degraded to make space for the tooth to move,
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whereas new PDL and bone tissue are formed simultaneously (115, 116).

Force

ﬁ\“/ N =

\

Compression

A B

Figure 4. A tooth having orthodontic appliance on (A and B) with compression side and tension side
indicated explicitly (A). As the orthodontic force is applied, osteoclasts which resorb bone tissue
are recruited on the compression side, while osteoblasts which are responsible for new bone

formation are present on the tension side (B). The arrow points the direction of force.

Generally, the entire temporal course of OTM can be divided and sequenced into four phases: initial
phase, lag phase, acceleration phase and post lag phase. The initial phase can be interpreted as rapid
tooth movement immediately after orthodontic force application. Due to the orthodontic force, the
width of the periodontal ligament is decreased on the compression side, hence the initial rapid
movement can be largely attributed to the tooth displacement within the PDL space. The lag phase
happens immediately after the initial phase and is characterized by relatively low rate of tooth
movement or no tooth movement at all due to the hyalinization areas in the PDL compression side.
Besides, no more tooth movement will occur until the hyalinized tissues are completely removed.
Moreover, the duration of lag phase appears to have a large individual variation fluctuating between
0-35 days, this suggests that individual differences in bone density and metabolic activities in bone
or PDL may play an important role in such large variation. The acceleration phase is featured by
gradual or sudden increase in the tooth movement rate and may be interpreted as a period in which
the biological processes involved in the remodeling of PDL and bone have reached their maximum
capacity. This may also explain why constant linear tooth movement is observed in the so-called

post lag phase, which is the last phase of OTM (117-121).
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It has been documented that the initial phase of OTM is often accompanied by an acute
inflammatory response as a result of hypoxia and decreased nutrient level caused by deformation of
blood vessels and disarrangement of periodontal tissues (122). However, by functioning in concert
with the mechanical stimulation applied to periodontal tissues, this aseptic inflammation is essential
for OTM to occur (123). In PDL, the vasodilatation of capillaries is induced by inflammation, which
allows the leukocytes to migrate out of the capillaries in the PDL tissue, where they are subsequently
stimulated by biochemical signals to produce and secrete multiple proinflammatory cytokines,
chemokines and growth factors. Finally, these biological agents generate a complicated
multifactorial sequence of biological events culminating in bone remodeling and thus facilitate tooth
movement (124-126). On the compression side, which is dominated by bone resorption, a
significantly higher expression of TNF-a, IL-1B, RANKL, MMP-1 has been observed, while the
tension side, which is featured by osteogenesis, possesses a significantly increased expression of
IL-10, VEGF, OPG, collagen type I, RUNX2 and OCN (123, 125-128). The tissue and cellular

responses to orthodontic force application are summarized and illustrated below in Figure 5.
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Figure 5. The course of biological and cellular events in periodontal tissues in response to

orthodontic force. Step 1: extracellular mechanobiology of the periodontium (in blue text). Step 2:

cell strains (in red text). Step 3: activation and differentiation of cells (in green text). Step 4: tissues

remodeling (in yellow text). The figure is modified from Li et al. (129).

The rate of OTM can be impacted by a variety of internal or external factors including age (130),

the magnitude of orthodontic force (131), surgical interventions (132,

133), light-emitting

photobiomodulation therapy and low-level laser therapy (134, 135). In addition, local gene therapy

could affect the rate of OTM either positively or negatively (136, 137). Lastly, chemical methods

including hormones, drugs, and various synthetic molecules, whether administered locally or
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systemically, may function as regulators of OTM (138). Reduced OTM rate has been observed with
the treatments of non-steroidal anti-inflammatory drugs (139), adiponectin (140), bisphosphonates
(141), exendin-4 (142), fluoride (143) and OPG (144). On the other hand, vitamin D (145), thyroid
hormone (146), RANKL (147) and prostaglandin E, (148) represent the pharmacological agents

capable of increasing the amount of OTM.

In the present thesis, the study on the potential role of irisin on PDL cells, periodontal tissue and
OTM is of particular interest, as irisin has been shown to exert favorable effects on cells from
periodontal and paradental tissues, though the research regarding this topic still remain largely
unknown. Recombinant irisin may promote proliferation, migration, angiogenic potential, ECM
deposition and osteogenic potential in hPDL cells cultured in 2D (149). Further, irisin treatment can
rescue the Porphyromonas gingivalis-suppressed osteogenic/cementoblast differentiation in hPDL
cells partially via p38 signaling pathway (150). Also, salivary irisin levels have been found to be
increased in patients with chronic periodontitis and decreased in healthy patients with less plaque
percentage, suggesting irisin could act as a biomarker for chronic periodontal disease (151). In
addition, irisin has been identified as a novel cementoblast differentiation regulator. On one hand,
irisin enhances cementoblast differentiation, mineralization and proliferation in an immortalized
mouse cementoblast cell line OCCM-30 by p38 MAPK pathway (152), on the other hand, irisin
stimulates cementoblast-mediated osteoclastogenesis by increasing the expression of RANKL and
IL-6 at both transcriptional and protein level in OCCM-30 cells (153). Irisin also promotes
odontogenic differentiation, mineralization and angiogenic potential through activation of MAPK
and Akt signaling pathways in hDPCs (154). Moreover, the dental bud-derived MSCs respond to
irisin stimulation with enhanced OCN expression and greater mineral matrix deposition (155).
These findings together with the aforementioned beneficial effects of irisin on osteogenesis suggest
that it may present as a possible novel agent for periodontal tissue regeneration, remodeling, and a

potential chemical agent to study the effect on OTM.
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5 AIMS AND HYPOTHESES OF THE THESIS
The overall aim of this thesis was to identify whether irisin could serve as a possible determining
factor in OTM by affecting the tooth supporting tissues. And if so, to clarify the underlying

mechanisms involved in irisin-mediated OTM using both in vitro and in vivo models.

The working hypothesis was that irisin administration will have an impact on periodontal tissues

responsible for OTM outcome.

The specific research objectives were as follows:
A) The first objective was to study if FNDCS5 was expressed and regulated in several dental and

paradental cells and tissues. Focus was predominantly given upon PDL (paper I and II).

B) The second objective was to investigate the effects of local injection of recombinant irisin on
tooth movement in vivo and evaluate the effect on bone remodeling near the injection site (paper

).

C) The third objective was to explore the potential cellular and molecular mechanisms by which
irisin affects the PDL and thereby OTM. The biological changes after OTM at both molecular
and structural levels in PDL were evaluated (paper II). The alterations in biological behaviors
and molecular functions in the tissue-mimetic 3D hPDL cell spheroids in response to irisin

treatment were examined (paper III).
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6 OVERVIEW OF MATERIALS AND METHODS
In the present thesis, a series of in vitro and in vivo experiments has been conducted. The overview

of applied materials, methods and analyses are presented below in the Table 1.

Table 1. Overview of cell lines, animal models, methods and analyses applied in this thesis.

Paper Cell lines Animal models Methods and analyses
I Human Cell culture (monolayer and spheroids)
periodontal Gene analyses (QPCR, electrophoresis, DNA
ligament cells sequencing)
Immunodetection of FNDCS5 (IF staining)
Human dental Protein detection in culture medium (ELISA)
pulp stem
cells
Human
osteoblasts

Sprague-Dawley Immunodetection of FNDCS5 in dental and

rats paradental tissues (IF staining)

II Experimental Right first molar movement (feeler gauge,
OTM model on micro-CT)
Wistar rats Plasma irisin levels (ELISA)

Bone morphometric parameters (micro-CT)
Morphology (Goldner’s trichrome staining,
H&E staining)

Periodontal remodeling markers expression in
PDL tissues after OTM (IF)

I Human Cell culture (spheroids)
periodontal Gene analyses (QPCR, Microarray, functional
ligament cells enrichment analysis, DEG analysis, IPA)

Protein expression (IF staining)

Morphology (Goldner’s trichrome staining, IF
staining)

Mechanical properties (nanoindentation)

Protein detection in culture medium

(Luminex)
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7 SUMMARY OF THE RESULTS
The research from this PhD body of work has culminated in three articles. The overview of the

results is presented in this chapter.

Paper 1

In this study, the objectives were to identify the expression and examine regulation of FNDCS in
the cells from dental and paradental tissues. FNDC5 was found to be expressed in periodontal tissues,
dental pulp in an in vivo rat specimen as well as in hPDL cells, hDPCs and hOBs cultured in both
2D and 3D by immunofluorescence staining. The FNDC5 gene was further confirmed to be
expressed in the cells by qPCR and electrophoresis, and Basic Local Alignment Search Tool
(BLAST) analyses verified that the generated nucleotide alignments from hPDL cells matched with
human FNDCS5. The expression of FNDCS5 was identified to be differently regulated in hPDL cells,
hDPCs, and hOBs. Two dosages of irisin (10 ng/ml and 100 ng/ml, respectively) reduced, and
administration of all-trans retinoic acid (ATRA) (1 uM and 10 uM, respectively) enhanced the
expression of FNDC5 in hPDL cells. Similarly, administration of high-dose irisin reduced
expression of FNDCS5 in hDPCs, whereas low-dose irisin had no effect. On the other hand, low-
dose ATRA enhanced FNDCS5 expression in hDPCs, whereas high-dose ATRA had no effect. Finally,
FNDCS gene expression in hDPCs was enhanced during odontoblast-like differentiation induced

by dexamethasone whereas the secretion of irisin was decreased compared to control.

Paper 11

The aim was to evaluate whether submucosal injection of recombinant irisin would influence the
rate of OTM in a rat model. To clarify this, male Wistar rats were subjected to irisin injections of
0.1 or 1 ug, or PBS (control group) every third day. The maxillary right first molar was mesially
moved for 14 days. The 1 pg irisin administration significantly suppressed OTM at days 6, 9 and
12, and an inhibitory trend for OTM at day 14 in the 1 pg irisin group was observed but failed to be
significant. On the other hand, no significant difference in OTM was observed between 0.1 pg irisin
group and control group during the experiment, though there was an inhibitory trend between days
6 and 14. Further, the bone volume fraction, total porosity, root volume and plasma irisin levels
were not influenced by the irisin injections.
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The histological staining showed that the PDL on the compression side presented disorganized and
sparse morphology in the control group, but denser and well-organized in the two irisin-treated
groups. The control group also had more resorption lacunae and hyalinization area at the PDL-bone
interface on the compression side, while these were scarce after irisin treatment. In addition,
osteoblasts were found lining the PDL-bone interface on the compression side in the two irisin-
treated groups. Immunofluorescence staining showed that collagen type I expression was
significantly lower in the irisin groups on the tension side, but significantly enhanced on the
compression side in the irisin groups. The expression of periostin and OCN was significantly
enhanced on both tension and compression sides in the irisin groups compared to the control group.
The levels of von Willebrand factor (vWF), however, were significantly decreased in the irisin
groups on the tension side, while significantly increased in irisin groups on the compression side.
Immunofluorescence detection of the non-secreted C-terminal region of FNDCS5 demonstrated that
irisin administration induced significantly enhanced levels of FNDCS5 expression on both tension

and compression sides compared to the control group.

Paper 111

In this investigation, we generated tissue-mimetic 3D hPDL cell spheroids treated with 10 ng/mL
irisin or plain PBS (control group). The effects of administrated irisin were evaluated by mechanical
testing, qPCR for osteogenic markers and ECM markers, and bioinformatic analysis after
microarray, with the intention to identify whether irisin affected the gene expression patterns
directing the morphology, mechanical properties, osteogenic potential and ECM deposition in 3D
hPDL cell spheroids. Bioinformatic data indicated that approximately 1000 genes were
differentially expressed between control and irisin-treated 3D hPDL cell spheroids. Through Gene
Ontology/Kyoto Encyclopedia of Genes and Genomes (GO/KEGG) analysis, we found that several
biological processes and molecular functions were significantly altered: extracellular matrix
organization, extracellular structure organization, negative regulation of nucleocytoplasmic
transport and bitter taste receptor activity. Notably, some MMPs found to be regulated, including
MMP-1, MMP-3, MMP-13 and MMP-17 are implicated in extracellular matrix organization and
extracellular structure organization. These genes represent cellular and molecular mechanisms
indicative of a role for irisin in PDL tissue remodeling. Interestingly, bitter taste-sensing type 2
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receptor family subtypes (TAS2R) including TAS2R46, TAS2R10, TAS2R4, TAS2R20, TAS2R60
and TAS2R38, were also observed to be differentially expressed. In addition, the Ingenuity Pathway
Analysis (IPA) showed that a total of 13 canonical signaling pathways were significantly associated
with irisin treatment. Among these pathways, it was observed that coronavirus replication pathway,
actin cytoskeleton signaling, integrin signaling, aldosterone signaling in epithelial cells, signaling
by Rho family GTPases, and bladder cancer signaling were upregulated, while valine degradation
I, GDNF family ligand-receptor interactions, thyroid cancer signaling, paxillin signaling, autophagy,
apelin adipocyte signaling pathway, and tRNA charging were downregulated. Histological staining
revealed that irisin induced a rim-like structure on the outer region of the 3D hPDL spheroids. The
mechanical stiffness of the 3D hPDL spheroids, expressions of ECM-related proteins, osteogenic

markers and angiogenic markers were all significantly enhanced by irisin treatment.
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8 DISCUSSION

The completion of the present thesis involves a wide range of experimental methods, most of them
have been well characterized, however, certain challenges and limitations exist. Prior to the
discussion with regard to whether the results have fulfilled the aims and hypotheses described above,
a systematic evaluation of the applied methods is presented as these highly influence the outcome

of the research performed in this thesis.

8.1 Methodological considerations
The irisin used in the present thesis is an untagged recombinant protein produced through
Escherichia coli (E. coli) by a commercial company AdipoGen (Liestal, Switzerland), with a

molecular weight of 12 kDa.

Irisin may undergo post-translational modifications, including glycosylation, dimerization,
glycosylated-dimer formation, or even complex binding with another protein (156, 157). It has been
shown that E. coli is unable to produce recombinant proteins that require eukaryotic post-
translational modifications due to incompatible expression systems (158, 159). Therefore, the
recombinant irisin used in the thesis is most likely not modified and, if dimerization or complex
binding is dependent on modifications, the recombinant protein used may not be dimerized. Thus,
we cannot rule out the possibility that the results might not necessarily reflect the effects of
endogenously and/or mammalian produced irisin, which is potentially modified. Therefore, this is

a general limitation that exists throughout the present PhD thesis.

8.1.1  Cell culture techniques

Cell culturing allows us to understand cellular biology, tissue morphology, mechanisms of diseases,
drug action, protein production and the development of tissue engineering, and it is widely applied
in preclinical studies on drugs, cancers and research in gene functions (160). Generally, most cell
types grow as a 2D monolayer in a culture flask or in a flat petri dish, but recently 3D culture has
gained increasing attention (161). The 2D cell culture is cost-efficient and easy to perform, and 2D-
cultured cells can withstand long-term culture (162-164). However, when cultured in 2D, the contact
area is larger towards the plastic and culture media than with other cells, forcing them into a
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polarization that does not reflect the complexity of cell-to-cell interactions and physiological
conditions observed in vivo (165). By contrast, 3D-cultured cells possess diverse polarity and
phenotype, moreover, the 3D setup helps cells assemble into a tissue-like structure, reflect the in
vivo cellular structure and mirror cellular responses, which will enable greater cell-to-cell and cell-
environment contacts and intercellular signaling. Similar to in vivo developmental processes, 3D
cell assembly induces differentiation to form more complicated structures that mimic physiological
microenvironment (160, 166, 167). Another important advantage of 3D cell culture is that its cellular
topology, gene expression, cell signaling and metabolism are similar to cells growing in vivo (168-
171). Throughout the present thesis, both 2D (paper I) and 3D (papers I and III) culture of hPDL

cells have been used.

Figure 6. The CelVivo rotational 3D cell culture system used to generate 3D cell spheroids (172).

The transit from conventional 2D culture to 3D culture of PDL cells usually requires extracellular
scaffolds or biomaterials (173-175). We did not use scaffolding materials because they have
limitations which can negatively influence the cell stability and cell behavior during incubation
(176). In this investigation, a rotating cell culture system (Figure 6) was adopted to establish the 3D
hPDL cell spheroids. This culture method was selected because it has been used by a number of
research groups that focus on the PDL research (177-179). The rotating cell culture system has a

cell culture chamber screwed onto a rotator that slowly rotates the chamber around a horizontal axis.
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The continual motion keeps the cells from attaching to the walls of chamber, and it is possible to
adjust the rotational speed for optimal culture. As the culture chamber rotates, its contents rotate
accordingly, leading to decreased shear stress experienced by the contents of the chamber, which is
a major advantage of the rotating culture system (180, 181). The other advantages of this culture
system are that it makes 3D culture on a large scale possible, enables long-term spheroid culture
and its operation is relatively simple. Also, the ease in refreshing culture medium is also a claimed
advantage for this method (181, 182). There is a common disadvantage for 3D spheroid culture,
which is the limited supply of oxygen, nutrients and metabolites due to the lack of vasculature in
the 3D-cultured cells (183). However, in the present thesis, the immunofluorescence staini and gene
expression analysis revealed that the irisin-treated 3D hPDL cell spheroids exhibited increased

angiogenic potential and osteogenic differentiation compared to control group (paper I1I).

8.1.2  Animal model

The laboratory rats are widely used in a plethora of research fields, because the use of humans and
livestock in experiments is restricted for ethical and economic reasons, respectively (184). The
laboratory rats are preferred in scientific research as the rat genome is similar to human, although
the rat genome is smaller than the human genome, both of them encode similar amount of genes,
and it is estimated that all human genes that are known to be related to diseases have orthologues in

rat genome (185).

There are certain discrepancies in dentition and anatomy of tooth supporting tissues between rats
and humans. The dentition of rats is characterized by being monophyodontic with continuously
erupting incisors (186), but the rat molars including the pulp tissue are similar to human molars in
terms of anatomy, histology, biology and physiology (187). The rat maxillary alveolar bone is
generally denser than the corresponding human maxillary alveolar bone with lack of bone marrow
spaces. Further, structural differences in PDL have also been reported, elastic fibers are not found
in rat periodontal space while a moderate number of them are observed in the supra-alveolar tissue
in human PDL. Moreover, tissue development during root formation and tissue changes in response
to orthodontic treatment appear to be faster in rats than humans (188, 189). Finally, the alveolar
bone of rats has a higher turnover rate compared to that of humans, making it a suitable model for
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studies on bone modeling and remodeling (90). Despite the nuances, rats are generally considered
as a good model to study OTM, because they are relatively inexpensive, easy to house and operate
on. Besides, the histological preparation of rat specimens is less complicated than other animals.
Additionally, most antibodies needed for cellular biological techniques and histological analysis are

only available for rodents (189, 190).

The chosen OTM rat model (Figure 7) in the current thesis is a well-established method tested by a
number of researchers, who have provided valuable research data and significant experience (140,
191-193). The recombinant irisin was injected submucosally, mesio-palatally to the maxillary right
first molar, because anatomically palatal bone plate is thinner than the buccal bone plate (194),
which may facilitate the diffusion of irisin. Two dosages of irisin (0.1 pg and 1 pg) were adopted
because we wanted to test whether the effect of irisin on OTM rate depends on the concentration.
The two dosages were determined based on Asadi ez al. (195) who reported that injection of dosages

starting from 0.5 pg/kg of irisin could induce substantial physiological changes in rats.

Figure 7. The schematic illustration of murine OTM model. The closed coil spring was ligated
between the maxillary right first molar and the eyelet on the incisor band. An orthodontic force of
approximately 0.5 N was exerted to induce a mesial movement of the first molar. Irisin was injected

mesio-palatally to the first molar.
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8.1.3  Measurement of tooth movement

Two measurement methods, feeler gauge and micro-CT were used in this thesis. The feeler gauge
method represents a relatively simple, somewhat operator-dependent measurement technique, it
allows the operator to quickly measure the tooth movement in rats under light anesthesia by
isoflurane inhalation. However, it has a major disadvantage of low accuracy because its minimum
measurable distance is only 0.05 mm (140). The tooth movement between maxillary right first molar
and third molar, as well as between maxillary right first molar and second molar were measured by
micro-CT. In short, the corner points of an enclosed rectangle covering the molar crowns were
marked, and all the corner points were registered. Subsequently, the midpoints of the cuboids were
acquired and the length of the vector between these midpoints was thus calculated (Figure 8). The
micro-CT represents a more sophisticated, somewhat less operator-dependent measurement
technique with relatively high accuracy. Additionally, more precise linear and angular
measurements can be acquired by micro-CT, which display the teeth and the surrounding tissues

without the interference from other structures (196).

The bone volume fraction (BVF), the porosity of maxillary alveolar bone and the mesial root volume
of maxillary right first molar were measured by micro-CT. The micro-CT, which possesses a
resolution as high as 9 um per pixel, can be used to evaluate the microarchitecture of alveolar bone
and root resorption craters (197). The average resolution of micro-CT is sufficient to evaluate
structures such as rodent trabeculae as the width is estimated to range from approximately 30 pm
to 50 um according to histological data (198). In this study, the micro-CT scanning was conducted
at a voxel size of 10 um, which gave a relatively favorable quality within reasonable scanning time,
however, the optimal 9 um resolution was not chosen because it would increase the time needed for
acquisition. No significant difference in bone volume fraction, porosity and root volume was
observed between the two irisin-treated groups and the control group, which suggests that local
injection of irisin did not affect the alveolar bones and roots during the entire 14-day OTM
experiment. This lack of significance may be related to the selection of volume of interest (VOI),
because it is challenging to define the most applicable site for quantification. We selected the mesial
root of the right maxillary molar and the mesial alveolar ridge for micro-CT analysis because we
wanted to assess the bone and root close to the injection site, which we believe may be more relevant
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to a clinical situation.

Figure 8. Tooth movement measured by micro-CT. The corner point coordinates of an enclosed
rectangle covering the crown of both first and third molar were registered. According to these points
the midpoints of cuboid around the molars were acquired. The length between the two midpoints
was thus measured. In addition, shortest distance between distal surface of first molar and mesial

surface of second molar was also measured using micro-CT. T: transversal, C: coronal, S: sagittal.

There are several limitations for the OTM experiment presented in the paper II. The general
drawback may be that it is difficult to control the amount of orthodontic force and the type of tooth
movement. During irisin injection, the needle might experience strong resistance from palatal
mucosa, hence certain amount of irisin could be lost. Also, force decay may be a concern, since the
spring coil was activated only in the beginning of the experiment and was not reactivated thereafter,
thus the orthodontic force might decay over time. Similarly, the rat incisors, which acted as the

anchorage teeth, kept erupting continuously, this might change the angle of orthodontic force from
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almost horizontal to a steeper angle, and thereby lead to unstable anchorage and decrease the
effective horizontal force (199). Although two dosages of irisin (0.1 pg and 1 pg) were chosen for
the study, they may still be below the recommended optimum dosage of effect for irisin in mice and
rats, which has been shown to be 500 pg/kg daily (200). These factors may interfere with the tooth
movement and possibly explain why the suppressive effect of 1 g irisin on OTM was not observed
at day 14. Another limitation for this investigation is regarding the measurement methods. Both the
feeler gauge technique and micro-CT measured OTM between the first and the second maxillary
molars and resulted in similar trends, suggesting that the two methods are comparable. However,
the micro-CT readings generally indicated smaller tooth movement compared to the feeler gauge
method. This difference might be due to the flexibility of the periodontal ligament, which allows
insertion of larger feeler gauge blades in-between first and second molars, hence leading to an
overestimation of OTM reading. Therefore, the feeler gauge measurements should be carried out
with meticulous care without applying excessive force to the blades. On the other hand, the OTM
between the first and the third maxillary molars were also evaluated by the micro-CT. The group
treated with 0.1 pg irisin exhibited a decreasing trend in OTM without significance between first
and second molars by both feeler gauge and micro-CT, but the decreasing trend was not observed
between first and third molars measured by micro-CT. It is possible that the measurements made by
micro-CT at day 14 showed a higher OTM due to the gradual recommence of the natural distal drift
of the maxillary third molars (201). Accordingly, the inhibitory effect on tooth movement induced
by 0.1 pg irisin may have been masked. Finally, the orthodontic treatment is a rather long course
(202), in contrast with the 14-day experimental OTM in this investigation, hence the research data
presented in the paper II can only be considered preliminary and care must be taken to extrapolate

the findings to a clinical setting due to the limitations in a rodent model.

8.1.4  Analytical methods

8.1.4.1 Gene expression analyses

For gene expression analyses, both qPCR (papers I and I1I) and microarray (paper I11) were utilized
in this thesis. In order to make sure the qPCR data are reliable, a normalization strategy is required
(203). One common strategy is to compare the target gene with an endogenous control (reference
gene) in the same sample. Currently, the so-called housekeeping genes such as glyceraldehyde-3-
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phosphate dehydrogenase (GAPDH), actin, ubiquitin and ribosomal genes are universally used as
reference genes, because they are considered to be constitutively and stably expressed under
different physiological and experimental conditions (204, 205). In papers I and III, only one
housekeeping gene GAPDH was used as reference gene, although it has been advised that more
than one housekeeping gene should be used to avoid misinterpretation of gene expression data (206).
However, normalization of qPCR data to a single housekeeping gene is a very common practice in

majority of studies by far (207).

Microarray technique was used to compare the differential gene expression patterns between 3D
hPDL cell spheroids treated with or without irisin. This technology is widely used in a large number
of biomedical research fields for quantitative and highly parallel measurements of gene expression
(208). Affymetrix GeneChip microarray (Affymetrix, Santa Clara, CA, USA) was used in the
present study. The differentially expressed genes (DEGs) were analyzed using the R package: limma
(version 3.52.4). Functional enrichment analysis was subsequently performed on the factors
obtained from DEGs analysis using the clusterProfiler package (version 3.14.3). To classify genes
into signaling pathways that were altered upon irisin exposure, the gene expression data were
analyzed using a software Ingenuity Pathway Analysis (IPA, http://www.ingenuity.com/, Redwood
City, CA, USA). Since we intended to exhibit the discrepancies between the control and irisin-
treated 3D hPDL cell spheroids, we presented lists of biological functions and most up- and down-
regulated genes, as well as a histogram showing activated and inhibited signaling pathways (paper
II). A clear strength for the microarray analysis in this study is that we adopted diverse software
packages to process the data, which provided substantial and abundant informatic data that may
possibly stimulate more research on irisin and periodontal ligament cells in the future. The
limitations are that only a single dosage of irisin (10 ng/mL) and only one time point (14 days) were
applied to the 3D hPDL cell spheroids in the experimental setting, and that the most up- and down-
regulated genes were not validated via other experimental methods such as qPCR or

immunodetection.

8.1.4.2 Detection of secreted proteins in culture medium
The cellular biological functions are regulated by secreted proteins such as cytokines, growth factors
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and enzymes. These proteins are secreted or released into culture medium by cells. A variety of
methods for detection and quantification of protein secreted to cell culture media exist. In this study,

ELISA (paper I and II) and Luminex multiplex system (paper I1I) were selected.

ELISA has been extensively used for detection and quantification of biological agents in biomedical
research. It is generally considered to be a highly reproducible, reliable, sensitive and specific
method because of the antibody-antigen coupling approach (209). When compared with other
immunoassays in terms of blood serum and plasma samples, ELISA is proved to be superior due to
the availability of the reagents, robust performance and great accessibility in many labs (210). These
are also the main reasons why we chose ELISA to quantify irisin levels in rat plasma, moreover,
ELISA was the only available test at that time (paper II). However, ELISA suffers from certain
general shortcomings such as labor-intensive operation, high possibility of false positive/negative
results, and the possibility to measure only one target, hence quantification of multiple targets is
time-consuming and expensive (211). Although a great number of studies have reported irisin levels
in response to different physiological conditions (7, 212, 213), but the results may be compromised
by flawed quantitative assays (4). Irisin detection in biological fluids is largely dependent on
commercial ELISA kits based on polyclonal antibodies not necessarily previously tested for cross-
reacting proteins in plasma, serum efc. (157). It is advised to use recombinant irisin, both
glycosylated and non-glycosylated, as positive controls in the evaluation of false signals from cross-
reacting proteins of polyclonal antibodies in irisin detection by ELISA (214). By contrast, the
Luminex multi-analyte-profiling technology provides quantitative measurements of multiple factors
concurrently in a small volume of medium and is therefore considered efficient and cost-saving.
The employment of different target capture techniques has distinguished the Luminex assays from
ELISA. The Luminex assays collect targets on spherical beads in suspension, whereas ELISA
normally captures targets on flat surfaces in multi-well plates (215). A major challenge for Luminex
assays is cross-reactivity, which prevents expansion of multiplexing, limits the assay performance,
and leads to inaccurate readings, and hence wrong conclusions (216). In paper III, only 3
(osteonectin, LIF and IL-6) out of 15 myokines were detectable by the human myokine magnetic
bead panel. This is probably due to the fact that as the 3D-cultured cells developed, the molecules
secreted by the cells may be accumulated within the ECM and hence limiting the diffusion of those

35



secreted molecules into the culture medium (217), therefore, future Luminex assay can be
performed in the mixture of cell lysis and culture medium rather than only culture medium.
Moreover, it has been suggested that secretome detection should be performed using serum-free
medium, since serum may mask the low abundant secreted proteins and interferes with the
interpretation of data. However, the serum-containing medium was still used in the present thesis
(paper III), because serum-free medium limits the cell growth and thus can induce distorted results

in the landscape of secretome (218).

8.1.4.3 Mechanical testing

In order to compare the mechanical stiffness of 3D hPDL cell spheroids exposed to irisin and PBS
(control), the so-called nanoindentation was introduced in paper III. Nanoindentation is a technique
frequently used to detect the mechanical properties of small volumes of materials, elastic modulus
and hardness of the materials can be measured using this technique. This method is broadly applied
in material research regarding biological tissues, films and other cement-based materials (219). The
mechanical properties of spheroidal samples were normally evaluated by nanoindentation with a
sharp tip. However, this conventional nanoindentation was challenging for mechanical
characterization because of the complicated geometry and large deformation of samples. To
overcome this shortcoming, a nanoindentation-based flat punch method (220) was adopted for
compression test of 3D hPDL cell spheroids (paper I1I). Briefly, the 3D hPDL cell spheroids were
placed on a silicon substrate and then compressed by a specially designed square diamond flat punch,

and the stress-strain curves of the tested spheroids were recorded during the indentation (Figure 9).
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Figure 9. A. The schematic illustration of the flat punch method for nanoindentation test of 3D hPDL
cell spheroids. B. The stress-strain relationship from 3D hPDL cell spheroids treated with and

without 10 ng/ mL irisin.

A challenge with the nanoindentation in this study is that a sharp turning point at around strain
0.025/stress 0.04 for the 10 ng/mL irisin-treated sample was observed on the stress-strain curve, we
believe this turning point was not caused by the treatment of irisin, instead it was possibly due to
the liquid within the spheroids being suddenly squeezed out during nanoindentation. It is therefore
advised that biological tissues or cell spheroids cultured in 3D should be properly dehydrated before
the mechanical testing for future investigations. Another challenge is related to the size of the 3D
hPDL cell spheroids as the size could not be maintained completely the same during the 3D cell
culture, hence it might have interfered with the final compression test data, since smaller the sample

diameter, the harder the material becomes (220).

8.1.4.4 Histological and microscopic analysis

Two histological preparation and sectioning techniques, cryo-sectioning (paper I and III) and
paraffin sectioning (paper II) are employed in the thesis. In paper [ and 111, the 3D-cultured spheroids
of hPDL cells, hDPCs and hOBs were fixed and embedded in optimal cutting temperature
compound (Leica, Werzlar, Germany), 7 um-thickness serial sections of the spheroids were acquired
with the CryoStarTM NX70 Cryostat (Thermo Fisher Scientific, Kalamazoo, MI, USA). The cryo-
sectioning method was chosen because its procedure is quick and simple and can be finished within
one day. This procedure is highly suitable for soft cell spheroids, which do not require lengthy
preparations such as decalcification of hard tissues before embedding. Further, labeling efficiency
with antibodies is improved throughout the immunolabeling procedure as there is no need for
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dehydration (221). Moreover, the tissue shrinkage and deformation, which happen frequently in
other embedding techniques such as plastic and paraffin embedding, can be largely minimized (222).
Nevertheless, several limitations with cryosection exist, the general problems are sample folding,
smudging and crumbling during sectioning, which are normally associated with the temperature in
Cryostat chamber and section blade. In order to solve these problems, repeated fine tuning of the
temperature is often required. In addition, thinner sections usually have superior morphology and
less background noise, however, in practice, it is very difficult to produce intact 5 um-thick 3D
hPDL cell sections with Cryostat sectioning system. This difficulty is possibly related to the type of
tissue, as it has been reported that samples rich in connective tissues tend to be more difficult for

cryo-sectioning (223), therefore, the minimum thickness was finally set as 7 pm.

In paper II, the paraffin embedding technique was chosen for the rat maxillae specimen, and
decalcification was performed prior to the embedding and sectioning. Decalcification technique is
often needed for samples containing hard tissues such as bone and teeth before histological
preparations, as hard tissues may damage the cutting blade and crumble during sectioning. Hence
decalcification is often necessary to remove calcium salt from the tissues without damaging the
morphology to facilitate the sectioning procedure (224). An array of agents are available for
decalcification, and ethylenediaminetetraacetic acid (EDTA) was used in the thesis, because it
preserves the tissue integrity better than other methods, and is generally accepted as a reliable
decalcification agent for histological preparations (225). A major weakness of EDTA decalcification
is that the process is time-consuming. In the present study, the rat maxillae specimens were
decalcified for 3 months. Also, EDTA solution needs to be frequently refreshed (every second day)
and pH must be carefully checked and kept at 7 every time the old solution is replaced by the new
solution, which accounts for extra laboratory work. Another limitation with EDTA is that it may
cause the degradation of cells and ECM components in tissues, which undermines the stainability

of the tissue sections (226).

Several histological analysis techniques including Goldner’s trichrome staining (paper I and III),
H&E staining (paper III), and immunofluorescence staining (paper I, II and IIT) were applied
throughout the entire PhD thesis. The Goldner’s trichrome staining technique is a specifically
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designed method for morphological examination of specimens rich in collagens such as connective
tissues and bones. By use of combination of three dyes with different molecule sizes, collagen fibers,
fibrin, erythrocytes, muscles and keratin can be thus selectively and visualized by different colors
(227). H&E staining is the most widely used method in histology, it presents great morphology and
provides excellent contrast between cellular components, enabling identification of normal and
pathological structures. The rat maxillae samples were generally stained weak for nuclei by both
H&E and Goldner’s trichrome staining. Attempts such as lengthening the hematoxylin incubation
time and permeabilizing the nuclei with Triton X-100 were made, however, the nuclear staining
results were still not improved. We believe the weak nuclear staining is probably due to the long
decalcification time, which might have caused potential loss of nuclear details (228). To overcome
the challenge, it is thus suggested to embedded the specimens containing hard tissues in methyl
methacrylate, as this embedding agent does not require decalcification procedure (229).
Immunofluorescence (IF) staining was used for immunodetection of FNDCS5 in hPDL cells, hDPCs,
hOBs, as well as in rat paradental tissues (paper I). In addition, it was deployed to compare the
expression levels of several ECM markers and osteogenic markers between 3D hPDL cell spheroids
and rat PDL tissues subjected to experimental OTM with or without recombinant irisin (paper II
and III). It is a common technique that allows detection of localization and comparison of expression
levels of a wide variety of antigens in different tissues and various cells. This broad ability is fulfilled
via combinations of specific antibodies tagged with fluorophores. Moreover, IF possesses excellent
sensitivity and amplification of signals in comparison with immunohistochemistry (230). General
limitations for IF staining include non-specific staining, high background staining and weak staining,
which can be solved by adjusting antibody concentration, increasing blocking serum incubation
time or change of antibody. Another major challenge with the IF procedure in the present thesis was
about the heat-mediated epitope retrieval (HIER). Despite the fact that HIER is usually effective in
unmasking antigens and can give excellent staining results, it is destructive to skeletal tissues (231),
hence the rat maxillae sections detached from the glass slides very often during the procedure, which
caused unwanted waste of considerable samples. Therefore, alternative antigen retrieval methods

such as enzyme digestion may be considered in future investigations.
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8.2 General discussion of the results

It is widely accepted that high levels of bone mass and strong bone structure can be achieved by
physical activity, by contrast, lack of physical activity or disuse of skeletal muscles results in severe
bone loss (45, 232). In a similar context as for muscle load, the periodontal tissues are also
constantly exposed to mechanical loading generated by various biological processes such as
mastication (233), tongue movements (234), and under specific therapeutic conditions such as
orthodontic treatment (235). Additionally, healthy PDL helps to maintain the bone mass of the tooth-
supporting alveolar bone, while diseased periodontal tissues or loss of teeth will cause loss of load,
thus resulting in destructive bone resorption (236-238). Obviously, PDL is situated in an
environment that is very similar to that of skeletal muscles. Based on this evidence, it is thus
speculated that the FNDC5 mRNA is likely to be expressed and regulated in dental and paradental

cells and tissues.

8.2.1  Expression and regulation of FNDCS5 in PDL cells and tissues

Irisin, which is produced by the cleavage of FNDCS5, has been considered as a myokine and
adipokine that plays a crucial role in regulating metabolism through various biological functions, as
well as in a large number of other physiological processes (239). Previous research has indicated
that FNDCS is highly expressed in tissues with high energy demands, including the skeletal muscle,
brain, and heart (240). Moreover, FNDC5 has also been found to be expressed in multiple other
tissues including pericardium, intracranial artery, rectum, kidney, lung and liver (241). Irisin has
been shown to play an important role in several processes in cementoblasts and PDL cells such as
osteogenesis (149), cementoblast differentiation (152), osteoclastogenesis (242) and periodontitis
(243). Based on these findings, we aimed to assess the expression and regulation of FNDCS in cells
from different oral tissues, especially the PDL. Our results show that FNDCS5 is expressed in several
dental and paradental tissues and cells, including rodent PDL, dental pulp and alveolar bone, as well
as in hPDL cells, hDPCs and hOBs (paper I and II). Further, the autoregulation of FNDC5
expression was investigated by administration of recombinant irisin, while extrinsic regulation was
tested by administration of ATRA, which has been documented to induce FNDCS5 expression in

skeletal muscle cells (244).
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A discordance in FNDCS5 expression was observed in all treated cells, the differential regulation of
FNDCS5 expression has been previously documented in other tissues under different physiological
conditions. In obesity, adipose tissue may overexpress FNDC5 and oversecrete irisin in an attempt
to counterbalance the metabolic deregulation (245). Another study demonstrated that FNDC5
expression is different depending on the WAT depot, moreover, a considerable decrease in visceral
and epididymal adipose tissue depots is correlated with enhanced FNDCS5 expression due to a
possible compensatory effect. Additionally, hypothalamic FNDCS5 expression was not affected by
diets but was increased with leptin, insulin and metformin treatments, indicating that the regulation
of central and peripheral FNDCS5 expression are different (246). On the other hand, the complexity
in higher eukaryotes gives rise to a large number of highly specialized cell types and tissues, some
genes exhibit ubiquitous patterns of expression, while some others may display tissue-specific
activity (247). Based on the results presented in the present thesis, FNDCS5 expression pattern

appears to be more tissue-specific than ubiquitous.

The regulation of FNDCS5 expression is rather complex and autoregulation by irisin is reported in a
few studies. Irisin administration has been found to positively regulate FNDCS5 expression in human
WAT (248), similarly, positive regulation of FNDC5 expression induced by irisin is confirmed in
C2C12 myoblasts (48). On the other hand, a study conducted in human skeletal muscle cells
revealed that irisin treatment resulted in an upregulation of FNDCS5 2 hours after treatment, whereas
more long-term treatment (6 and 24 hours after irisin treatment) resulted in downregulation of
FNDCS5 expression levels, suggesting that exogenous irisin stimulation may cause a negative
feedback loop to decrease endogenous expression of FNDCS5 (249). In addition to autoregulation
by irisin, FNDCS5 expression can also be modulated by multiple other factors such as exercise (250),
diet and hormones (246), pathological conditions (251), as well as pharmaceutical chemicals (252).
However, FNDCS5 expression and its regulation in cells and tissues of oral origin have been rarely

studied by far.

In addition to regulation of FNDC5 expression in cells, it was also noticed that irisin local injection
enhanced FNDC5 expression in the rat PDL on both orthodontic tension and compression sides
(paper II). These in vivo findings contradict the results from PDL cells, which showed a reduced
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FNDCS5 expression upon irisin administration (paper I). This discrepancy of FNDC5 expression in
PDL cells and PDL tissue is probably due to the complex components in the structure of PDL. The
PDL contains not only PDL cells, but also many other components like epithelial cell rest of
Malassez, blood and lymph vessels, as well as those surrounding hard tissues including cementum
and alveolar bone (253), hence the overall FNDC5 expression pattern in the intact PDL tissue may
be largely impacted by the gene expression in the cells from these components. Additionally, the
regulation of FNDCS5 expression in PDL tissue was examined in the presence of mechanical loading,
we cannot rule out the possibility that mechanical stimulation may have affected the FNDC5
expression, and this is a limitation in the present thesis. Our results imply that irisin may have a
pleiotropic effect on dental and paradental cells and tissues, moreover, the regulation of FNDC5
expression might be dependent on cell and tissue type, in vitro and in vivo environment, and perhaps
different receptor density or sensitivity. Afterall, no universal irisin receptor (254) or related
pathway (255) have been discovered by far. In addition, as mentioned above, the dimerization of

irisin implies that it may bind to more than one particular receptor to exert its functions (9).

8.2.2  Irisin and experimental tooth movement

Previous studies have demonstrated that irisin administration can boost the growth, migration, and
osteogenic activity of hPDL cells (149). Irisin's role in regulating mechano-transduction in bone has
been documented as well (45). Moreover, irisin injection has been shown to increase cortical bone
mineral density and positively modify bone geometry in rodents (256). These findings suggest that
irisin can probably serve as a potential agent affecting OTM. Hence, we further aimed to explore
the effects of irisin on OTM, with particular focus on structural and molecular changes in PDL tissue.
The orthodontic forces create strain in periodontal cells and their surrounding ECM, triggering a
series of mechanical, chemical, and cellular events, which lead to structural alterations and
eventually tooth movement (257). Certain chemicals may affect this process by interacting with
local cells, thus working in concert with orthodontic forces and exerting additive, inhibitory or
synergistic effects on OTM (258, 259). In paper 1I, we demonstrated that submucosal injection of 1
pg irisin reduced tooth movement in an experimental murine orthodontic model during a 14-day
experimental OTM setting without causing systemic or local negative effects. However, the

inhibitory effect of irisin on OTM seemed to be only local and effective for a short period. The
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explanations to the unsustainable reduction in OTM, as stated above, might be related to the
different OTM measurement techniques, natural distal drift of maxillary third molars, orthodontic

force decay, as well as frequency and dosages of irisin application.

In the process of orthodontic treatment, an inflammatory response occurs simultaneously along with
the initial phase because of the vascular compression and blood flow alteration induced by sustained
pressure, leading to cellular activation and secretion of proinflammatory factors in PDL, such as
cytokines and prostaglandins (260-262). It has been previously suggested that prostaglandins could
induce bone resorption activity in PDL cells and increase OTM rate (262). While the use of
nonsteroidal anti-inflammatory drugs (NSAIDs) including aspirin, acetaminophen, ibuprofen, etc.
has been confirmed to be capable of suppressing OTM by inhibition of osteoclast activity, possibly
through decreasing the production of prostaglandins (263). The therapeutic potential of irisin against
inflammation-related diseases has been confirmed in recent years and has received a great deal of
attention. It has been shown to downregulate the expression and secretion of multiple
proinflammatory factors in a variety of cell types and several animal models (264, 265). In PDL
with inflammation, salivary irisin levels have been observed to be enhanced, while reduced along
with decreasing dental plaque percentage in healthy individuals (151). In addition, irisin has been
shown to rescue the suppressed osteogenic potential in hPDL cells subjected to inflammatory
stimulation (150). Hence, the anti-inflammatory properties of irisin may possibly help to explain
the reduced OTM observed after local irisin injection, however, future investigations are needed to

verify this.

The OTM rate is mainly based on the remodeling of alveolar bone, which is mediated by the activity
of osteoblasts and osteoclasts. Active bone formation on the tension side and bone resorption on the
compression side can lead to rapid OTM (266). In other words, OTM may be inhibited through
interfering with the osteoclast activity or stimulating the osteoblast activity in the alveolar bone
remodeling. It is widely accepted that the osteoclastogenesis is highly active in PDL with
inflammation or subjected to compression (267, 268). In the current thesis, though the osteoclast
numbers were not quantified, obvious bone resorption lacunae were observed at the PDL-bone
surface on the compression side in the control group, while the resorption lacunae were scarce in
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the groups given recombinant irisin, indicating an inhibitory role of irisin on bone resorption activity.
However, local injection of both dosages of irisin did not induce significant changes in bone volume
fraction and bone porosity of alveolar bone compared with the control group. A previous study has
shown that irisin administration increases bone mineral density in rodents with osteoporosis, while
it has no effect on the bone of healthy animals (269). The implications from these findings possibly
indicate that on one hand, the anti-osteoporosis effect of irisin suggests that it may serve as a
potential agent mitigating periodontal disease and alveolar bone loss. On the other hand, more
consequential anabolic alveolar bone effect of irisin during OTM might be expected in periodontally
compromised teeth, nevertheless, more research studying the effect of irisin on the alveolar bone is

required to clarify its therapeutic viability.

The tooth mobility is also associated with mechanical properties of PDL, the teeth tend to be more
immobile with stiffer PDL, whereas more mobile with mechanically weak and disorganized PDL
(270). As a result, expression of two crucial ECM markers collagen type I and periostin, which can
bind to each other to enhance collagen fibrillogenesis and therefore the mechanical properties of
connective tissues, was evaluated. The elevated expression of collagen type I and periostin on the
compression side and elevated expression of periostin on the tension side by 1 pg irisin reflect
increased ECM deposition and stiffness in PDL in the presence of irisin. Moreover, the denser and
well-organized PDL on the compression side visualized by histological analysis in the two irisin-
treated groups further supports this finding. In the paper III, the mechanical stiffness of 3D hPDL
cell spheroids, evaluated by nanoindentation, was increased by irisin. Moreover, irisin treatment
increased the protein expression of several important ECM markers including collagen type I,
periostin and fibronectin. It is hence inferred from these findings that irisin might also grant the
PDL tissues stiffer mechanical properties by promoting the deposition of ECM to hinder the
mobility of the teeth. It is worth pointing out that local injection of another biomarker for insulin
sensitivity, adiponectin, has been reported to block OTM in rats (140). In previous research, it was
discovered that irisin is capable of enhancing adiponectin protein levels (271). Based on the results
from these studies, we cannot exclude the possibility that local injection of irisin might enhance
adiponectin production in the periodontal tissues of the rats, thus contributing to the reduced tooth
movement in the present thesis, and further studies are deserved to validate this speculation.
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8.2.3  Effects of irisin on rodent PDL tissue and 3D-cultured hPDL cells

Mechanical forces may regulate the differentiation of the PDL cells and thus affect the OTM rate
(272). Based on this, we firstly evaluated the expression of osteogenic marker OCN, the most
abundant non-collagenous protein expressed in periodontal tissues reflecting the osteogenic
differentiation activity during bone formation (273), and angiogenic marker vWF, as angiogenesis
is essential for osteogenesis to take place (274). Irisin induced significant increase in the osteogenic
marker OCN and angiogenic marker vWF in the PDL on the compression side, while on tension
side, only 0.1 pg irisin increased OCN expression. In addition, hPDL cells have been shown to
respond to irisin administration with enhanced cell growth, migration and osteogenic behavior in
vitro (149). Thus, the decreased OTM in our study may be attributed to the enhanced osteoblast

activity by irisin application.

To obtain further understanding of the cellular mechanisms that may impact the OTM rate, we
sought to examine whether the observations acquired in rodent tissues could be replicated in tissue-
mimetic 3D hPDL cell spheroids (paper III). Interestingly, the expression levels of ECM markers
including collagen type I, periostin, fibronectin and angiogenic marker vWF were all enhanced by
irisin exposure, which is in line with the results in paper II. Moreover, by carrying out microarray
and GO/KEGG analysis, some important biological processes related to ECM remodeling were
screened out, notably, several MMPs (MMP-1, MMP-3, MMP-13 and MMP-17) family genes were
implicated. Periodontal disease is characterized by inflammatory destruction of the periodontal
attachment apparatus, and it is believed that degradation of collagen type I in periodontal tissues is
a pivotal step in periodontal attachment loss (72). The overexpression of MMPs has been
significantly identified in resident cells in the PDL in response to inflammatory stimulation, they
can collaboratively degrade almost all ECM components including collagen fibers and their
activities are strictly regulated at different levels, thus any abnormal alterations of MMPs may lead
to deterioration of periodontal disease (275, 276). The most prevalent kind of MMPs associated
with tissue breakdown in periodontal tissue are MMP-8 and MMP-13, with significant contribution
from MMP-9 and MMP-14, while other types of MMPs have been shown to play less role in
periodontal destruction (277, 278). According to GO/KEGG analysis, MMP-1, MMP-3 and MMP-

13 were all downregulated in irisin-treated 3D hPDL cell spheroids, which complies with a previous
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study demonstrating that irisin decreased MMP-1 and MMP-13 expression in osteoarthritic
chondrocytes (279) and suggests that irisin may also serve as a potential therapeutic agent against
periodontal disease, however, effect of irisin on MMP-3 and MMP-17 expression has not been
reported to date. These findings together with the enhanced ECM deposition induced by irisin
observed in both rat PDL and 3D hPDL cell spheroids (paper II and III) indicate an anti-catabolic
effect of irisin on ECM organization of PDL by inhibiting the degradation of collagen fibers in the

PDL and alleviating inflammation.

Furthermore, we observed that TAS2Rs were differentially expressed between 3D hPDL cell
spheroids treated with or without irisin. TAS2Rs are mainly expressed in taste bud regions and play
vital roles in perception of bitterness and are expressed throughout body tissues including
periodontal ligament, and hence termed as non-lingual receptors (280, 281). By far, the effect of
TAS2Rs family in PDL cells has not been evaluated yet, however, it was recently demonstrated that
TAS2Rs were related to odontoblastic differentiation in an inflammatory microenvironment in
hDPCs (282), which may imply that in the 3D hPDL culture model irisin administration regulates
cell differentiation. In addition, activation of TAS2Rs by their agonists has been shown to either
enhance or inhibit the deposition of ECM in airway smooth muscle cells (283, 284), moreover,
TAS2Rs activation inhibited secretion of several proinflammatory cytokines and eicosanoids in the
whole blood from adults (285, 286). Therefore, it could be inferred that TAS2Rs may be involved

in ECM remodeling and regulation of inflammatory reaction in PDL cells as well.

By using the IPA tool, several signaling pathways were involved upon irisin exposure. The actin
cytoskeleton is a complex system of actin filaments. It primarily functions as a force-generating
machinery producing pushing and pulling forces, thus affecting cell migration, interaction with the
environment, morphology and mechanical properties of the cell surface (287). The disassembly of
actin cytoskeleton has been shown to lead to down regulation of collagen type I production (288),
while the activation of actin cytoskeleton signaling upon irisin treatment may indicate enhanced
ECM deposition in 3D hPDL cell spheroids, which corresponds to the results in a previous study
performed in 2D cell culture (149). Rho-family GTPases are of vital importance in integration of
intracellular signals acting downstream of mechano-sensors, therefore playing a central role in
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regulating assembly and disassembly of the actin cytoskeleton, which is necessary for some
important cellular functions such as cell-shape alterations and eventually migration (289). In
addition, the Rho-family GTPases also regulate the formation of cell-matrix adhesion sites called
focal adhesions, which are closely associated with actin structures (290). Both actin cytoskeleton
signaling and Rho-family GTPases signaling have been activated in the presence of irisin according
to IPA. The observation thus leads us to a speculation that irisin may be a potential upstream
activator of Rho-family GTPases-actin cytoskeleton signaling, and further influences an array of
cellular functions in hPDL cells. Therefore, future investigations are advised to focus on the
validation of this putative irisin-Rho-family GTPases-actin cytoskeleton signaling pathway,
moreover, it would be interesting to explore the potential effectors acting downstream the signaling

pathway.

A rim-like tissue around irisin-treated 3D hPDL cell spheroids was observed, the mechanism for the
formation of this rim-like tissue was not examined in this thesis. However, the possible explanation
might be related to the enhanced fibronectin expression. Fibronectin is the main component of
basement membrane, which possesses a more compact and less porous structure compared with
other elements in ECM (291), the upregulation of fibronectin expression upon irisin treatment may
indicate that irisin induced a less porous, more organized structure in the spheroids, which could
possibly help to explain the formation of this rim-like tissue. In addition, the regulatory role of irisin
on cellular morphology, which was described above, may be associated with the formation of rim-

like tissue.
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9

CONCLUSIONS

The overall hypothesis was verified as local irisin injection reduced OTM in a rat model, though the

effect appeared to be transient. On the other hand, molecular and cellular changes were observed in

both PDL tissues and 3D hPDL cell spheroids upon irisin administration (paper II and III).

The following main conclusions can be drawn in response to the research objectives:

A)

B)

C)

FNDCS5 gene is expressed in a number of dental and paradental cells and tissues including hPDL
cells, hDPCs, hOBs, rat PDL tissue, rat dental pulp tissue and rat alveolar bone. Furthermore,
FNDCS5/irisin expression and/or secretion from hPDL cells, hDPCs and hOBs is discordantly
regulated, indicating that regulation of FNDC5/irisin expression and/or secretion is probably
dependent on the type of tissues and cells. Moreover, FNDC5/irisin may have pleiotropic effects

in cells and tissues from oral origin.

Local submucosal injection of recombinant irisin may exert inhibitory effect on OTM rate in
rats on short term, without causing any local or systemic negative effects. The potential
mechanisms involved are possibly attributed to the inhibited osteoclast activity at PDL-bone
interface, enhanced ECM deposition, osteogenic potential and angiogenic potential, as well as
increased mechanical properties in PDL. These effects of irisin appear to be more potent on the
OTM compression side. The inhibitory effect of irisin on OTM was temporary and this may be
related to various factors, including irisin dosage, application frequency and orthodontic

appliance force decay.

Administration of irisin may serve as a clear switch, which induces differential expression of a
large number of genes and mediates several signaling pathways in 3D hPDL cell spheroids.
These genes and pathways are associated with a variety of biological functions such as
proliferation, differentiation and ECM metabolism. To be more specific, irisin mainly plays a
role in maintaining the ECM integrity of 3D hPDL cell spheroids by inhibiting the ECM
catabolic process. Additionally, irisin may be able to alleviate inflammation in 3D hPDL cell

spheroids. These findings together suggest that irisin has a potential role in PDL remodeling
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and repair, thus it may be considered as a promising therapeutic agent to restore the structures

and functions of periodontal tissues under pathological conditions.
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10 FUTURE PERSPECTIVES
The present PhD thesis investigated several questions including FNDCS5 expression in several dental
and paradental tissues, irisin effects on OTM and hPDL cells cultured in 3D. However, there are

several limitations that should be addressed in future investigations.

To improve the study of experimental OTM, future studies should consider performing micro-CT
scanning both before and after the experiment to compare the data. Additionally, structural changes
in gingiva and dental pulp tissue after OTM with irisin administration should be examined. Also,
improvement of irisin injection methodology with irisin action time/period and dosages must be
taken into serious consideration for future investigations. Since irisin has an inhibitory effect on
OTM, studying the role of irisin in an orthodontic relapse model or in a biological tooth anchorage

reinforcement model would also be of interest.

As irisin has been verified to be mediated through mechanical stress induced by physical activity,
and PDL is constantly exposed to mechanical loading, further studies can be performed to evaluate
how irisin may affect PDL cells subjected to stretch or compression force in vitro. It would also be
interesting to compare the secretion of irisin in gingival crevicular fluid in multiple different time
points between OTM rats and rats without treatment. This could provide practical information about
the optimal dosages for irisin application for future investigations. In addition, gain- and loss-of-
function in vitro and in vivo models for FNDCS5 gene overexpression or knockdown could be
established in the future. In combination with signaling pathway studies, these studies may provide
a deeper understanding of the cellular mechanisms by which FNDC5/irisin regulates the biological
behavior of PDL tissue and cells and make contribution to elucidating the role of FNDC5/irisin on

mechano-transduction in periodontal tissues during OTM.

According to the bioinformatic analyses, irisin has been suggested to play an important role in
protecting the ECM from degradation induced by MMPs, future investigations should focus on
validating and assessing the effects of irisin in periodontitis and identifying the underlying
mechanisms involved. Furthermore, it would also be necessary to verify the most up- and down-

regulated genes screened by microarray analysis in the present study using qPCR or Western blot.
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ARTICLE INFO ABSTRACT

Keywords: Objective: To examine the expression and regulation of fibronectin type III domain-containing protein 5/irisin

FNDCS (FNDC5/irisin) in primary human periodontal ligament (hPDL) cells, dental pulp stem cells (hDPCs) and oste-

Irisin ) ) oblasts (hOBs).

:E:jﬁ gzﬁ;‘fc::i: llti?;n::ﬁ cell Methods: FNDC5/irisin was identified in sections of paraffin embedded rat maxillae, cryo-sections of 3D cultured

Human osteoblast 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
(Bostrom 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),

Abbreviations: hPDL cells, human periodontal ligament cells; hDPCs, human dental pulp stem cells; hOBs, human osteoblasts; FNDC5, fibronectin type III domain-

containing protein 5; ATRA, all-trans retinoic acid.
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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 pm-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,
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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 pg/mL penicillin/100 IU pg/mL
streptomycin (Lonza, Allendale, NJ, USA) at 37 °C in a humid atmo-
sphere of 5 % CO,. 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
% COy, 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 x 10° cells/cm?, 3.5 x 10° cells/cm? and 6.0 x 10> cells/
cm?, respectively. At 80 % confluence, 10 ng/mL and 100 ng/mL of
recombinant irisin (Adipogen, Liestal, Switzerland), or 1 pM and 10 pM
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 % CO 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 (108 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 x 10 hPDL cells,
4.6 x 10% hDPCs and 7.8 x 10° 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 pm) 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 pg of mRNA with first strand cDNA
synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA) according to
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Fig. 1. Immunofluorescence detection of FNDCS5 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 pm, scale bars in D, E, F, J, K and L represent 25 pm.

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 pL (1 ng cDNA). The AAct 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 pL of DNA marker, 5 pL of qPCR
products from 2D cultured hPDL cells, hDPCs and hOBs, and 1 pL 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.
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Fig. 2. Expression of FNDC5 in hPDL cells, hDPCs and hOBs. The images are representative of the respective groups. H;O was used as negative control (A). The
BLAST search and DNA sequencing analysis. The alignments of deduced amino acid sequences from hPDL cells gPCR products matched Homo sapiens FNDC5,
transcript variant 3, mRNA sequence GenBank ID: NM_001171940.2, length: 2182, range: 1637 to 1800 (B).

2.7. Sequencing of PCR products

Aliquots (5 pl) of PCR product from 2D cultured hPDL cells were
purified with 2 pl 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
inrats’ 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. ENDC5/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
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Fig. 3. Immunofluorescence detection of FNDC5/irisin in hPDL cell spheroids. Cryopreserved sections of spheroids were analyzed by immunofluorescence staining
for FNDCS5 (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, L, J and L). Merged images of DAPI and FNDCS5 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 pm, scale bars in D, E, F, J, K and L represent 25 pm.

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 pM) and 1.7 fold (P = 0.0002 for 10 pM) 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 pM ATRA enhanced
FNDC5//irisin expression by approximately 3.1 fold (P = 0.0004) but the

high dosage (10 pM) 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 uM, and P =
0.017 for 10 pM) compared to control (Fig. 7F).
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Fig. 4. Immunofluorescence detection of FNDC5/irisin in hDPCs spheroids. Cryopreserved sections of spheroids were analyzed by immunofluorescence staining for
FNDCS5 (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 pm, scale bars in D, E, F, J, K and L represent 25 pm.

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 dayl4 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.
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Fig. 5. Immunofluorescence detection of FNDC5/irisin in hOBs spheroids. Cryopreserved sections of spheroids were analyzed by immunofluorescence staining for
FNDCS5 (B, G, 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 pm, scale bars in D, E, F, J, K and L represent 25 pm.

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 Bostrom’s study, FNDC5 comprises of a signal peptide, two
fibronectin domains and one hydrophobic domain in structure (Bostrom
etal., 2012). They found that the C-terminal region FNDC5 accumulated
in cytoplasm, while the N-terminal region of FNDCS5, which is termed as
irisin, was proteolytically cleaved and released into circulation (Bostrom
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 Bostrom 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
(Bostrom 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-Rodriguez 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
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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, L, J, L,
M, O, P and R). Merged images of DAPI
and FNDCS5 are shown in C, F, I, L, O and
R. The images are representative of the
respective groups. Scale bar represents
25 pm.



Y. Yang et al.

g
o

—
W
)

—_
S
L

lative FNDC5 mRNA expression
<
W

S
o

hPDL cells

s mm

T

o Re

Irisin dose : Control

10 ng/mL. 100 ng/mL

1.8

C

—_— e =
(=T S )
n N f 1

¢ FNDCS mRNA expression
S o
D ®

Vi
=]
~

la
o
(3]

clati

[

0.0 r

hDPCs

st

Irisin dose : Control

10 ng/mL. 100 ng/mL

E _60

b
o
:

>
o
:

g
o
n

(=]
—

Relative FNDCS mRNA expression
(58}
=)

hOBs

—s

0.0 T
Irisin dose : Control

10 ng/mL. 100 ng/mL

ATRA dose:

D

ATR
F

Archives of Oral Biology 124 (2021) 105061

= = b b W w
o o wn o W
5 f : :

clative FNDC5 mRNA expression
- . )
[

0.0

Control

hPDL cells

1 M 10 pM

35

e = = b b w
nh o n o un o

clative FNDC5 mRNA expression

0.0
dose:

> R

Control

k% hDPCs

1 M 10 pM

1.2

_
it

o
o

g
N

o
-

I
e

Relative FNDC5 mRNA expression

0.0

ATRA dose:

Control

hOBs

1 M 10 pM

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 pM,
10 pM). 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.

2.5

-—w— Control

0.5

Relative FNDCS mRNA expression 5,

—O— Dexamethasone

0.0 T T

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.

T T

7 14
Days

o]

35

FNDCS secretion level (ng/mL)

-—w— Control

—O— Dexamethasone

hDPCs

T T

7 14
Days




Y. Yang et al.

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; Schroder 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. FNDCS5 is one of the target proteins for perox-
isome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-
la), and Bostrom et al. reported that the expression of PGC-1a stimu-
lated the FNDC5 expression and the secretion of irisin (Bostrom et al.,
2012). Administration of ATRA has been found to induce PGC-la
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.,
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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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Summary

Objectives

Positive effects of irisin on osteogenic differentiation of periodontal ligament (PDL) cells have been
identified previously, this study aims to examine its effect on orthodontic tooth movement (OTM)
in vivo.

Materials and methods

The maxillary right first molars of male Wistar rats (n=21) were moved mesially for 14 days, with
submucosal injection of two dosages of irisin (0.1 or 1 ug) or PBS (control) every third day. OTM
was recorded by feeler gauge and micro-computed tomography (uCT). Alveolar bone and root
volume were analyzed using pCT, and plasma irisin levels by ELISA. Histological characteristics
of PDL tissues were examined, and the expression of collagen type I, periostin, osteocalcin (OCN),
von Willebrand factor (vVWF) and fibronectin type 111 domain-containing protein 5 (FNDC5) in PDL
was evaluated by immunofluorescence staining.

Results

Repeated 1 pg irisin injections suppressed OTM on days 6, 9 and 12. No significant differences
were observed in OTM in the 0.1 pg irisin group, or in bone morphometric parameters, root volume
or plasma irisin, compared to control. Resorption lacunae and hyalinization were found at the PDL-
bone interface on the compression side in the control, whereas they were scarce after irisin
administration. The expression of collagen type I, periostin, OCN, vWF and FNDCS5 in PDL was
enhanced by irisin administration.

Limitations

The feeler gauge method may overestimate OTM.

Conclusions

Submucosal irisin injection reduced OTM by enhancing osteogenic potential of PDL, and this effect

was more significant on the compression side.

Key words: periodontal ligament, orthodontic tooth movement, irisin, FNDCS5,
osteogenesis



Introduction

The periodontal ligament (PDL) is an aligned fibrous tissue between the root cementum and the
alveolar bone that anchors the tooth and maintains the structural integrity of these mineralized
tissues (1). PDL is continuously exposed to physiological mechanical stimuli induced by occlusal
forces (2). Furthermore, during orthodontic tooth movement (OTM), remodeling of PDL, alveolar
bone, dental pulp, and gingiva occur in response to mechanical loading (3, 4). The orthodontic forces
create strain in cells and their surrounding extracellular matrix (ECM), triggering a series of
mechanical, chemical, and cellular events, which lead to structural alterations and eventually tooth
movement (5). Several chemical substances, such as nonsteroidal anti-inflammatory drugs
(NSAIDs) (6), vitamin D (7), adiponectin (8), epidermal growth factor (9), bisphosphonates (10),
and fluorides (11) affect this process by interacting with local cells, and thus working in concert

with orthodontic forces and exerting inhibitory, additive or synergistic effects on OTM (12, 13).

Irisin is a hormone, which is secreted as a product of fibronectin type 111 domain-containing protein
5 (FNDCS5) from skeletal muscle in response to physical activity (14). Other than its main role in
energy metabolism (14), irisin is involved in several other biological functions such as bone
homeostasis (15), tumor occurrence and development (16). Beneficial effects of irisin on cells from
dental, periodontal and bone tissues were demonstrated previously. Irisin exerts a positive effect on
differentiation, mineralization and proliferation of cementoblasts (17). lIrisin also promotes
odontogenic differentiation, mineralization and angiogenesis in human dental pulp cells, and thus
may provide odontogenic and angiogenic effects needed for dental pulp regeneration and healing,
as well as in facilitating dentine formation (18). Recently, it was demonstrated that irisin promoted
osteogenic differentiation of dental bub-derived mesenchymal stem cells by increasing osteocalcin
(OCN) expression (19). For periodontal tissues, recombinant irisin enhanced migration, growth and
osteogenic behavior of hPDL cells (20). Further, irisin may accelerate the osteogenic/cementogenic
differentiation of hPDL cells partially via p38 signaling pathway (21). Most studies demonstrate a
stimulatory effect of irisin on bone formation (15, 22-24). Injection of irisin at a cumulative weekly

dose profoundly increased cortical bone mass and strength in mice (22). In addition to irisin’s bone



anabolic effect through enhanced osteoblast differentiation, it also exhibits bone catabolic effect

through inhibitory effect on osteoclast activation (15).

Based on previous observations, we aim to study the effects of local injection of irisin on the rate
of experimental OTM; moreover, analyze the bone morphometric parameters and root volume near
the injection site; lastly, compare the protein expression of certain osteogenic and ECM markers in
stretched and compressed PDL tissues around mesial roots of maxillary right first molars. This study
may elucidate the potential mechanism by which local injection of irisin affects the rate of OTM in

murine models.

Materials and methods

Ethics statements

All of the animal experiments in this study were approved by the Norwegian Animal Research
Authority (NARA, FOTS ID 25785), and all experimental procedures were performed in
accordance with the Animal Welfare Act and under the guidance of ARRIVE guidelines (Animal

Research: Reporting of In Vivo Experiments).

Animals

Eight-week-old male Wistar rats (n=21), weighing between 286 g and 356 g, were kept in ventilated
cages (IVC), with four or three animals per cage, and under 12 h light/dark cycles and standardized
conditions. The rats were provided with ad libitum access to rat and mouse diet (B&K Universal
Ltd, Aldbrough, Hull, UK) along with tap water. All the animals were acclimatized for one week

prior to initiation of the experiments.

Experimental design

A split mouth design was used, with the right side of the maxilla as the experimental side and the
contralateral side as an internal control, as described previously (25). A closed coil spring
(0.008 x 0.030 inches; Ormco, CA, USA) was ligated to the first molar and the eyelet of a

modified incisor band, and activated once with approximately 0.5 N force according to a previous
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study (8), which resulted in a mesial movement of the maxillary first molar during the experimental
period of 14 days (Figure 1A). The force magnitude was measured with a Correx dynamometer

(Haag-Streit, Bern, Switzerland).

The animals were consecutively numbered 1 to 21 and randomly assigned using the “RandomNo”

function in Microsoft Excel (Microsoft Corporation, https://office.microsoft.com/excel) into three

groups (control (phosphate buffered saline (PBS)), 0.1 ug irisin and 1 g irisin, respectively), each
of seven animals. There was no difference in average body weight between the 3 groups. On days
3, 6, 9 and 12 of OTM, solutions of recombinant human irisin (Adipogen, Liestal, Switzerland)
dissolved in PBS or plain PBS solution were administered by submucosal injection mesiopalatally
to the maxillary right first molars. The experimental groups received 10 pl of either 10 pg/ml irisin
(0.1 pg) or 100 pg/ml irisin (1 ug) solutions, whilst the control group received 10 ul of PBS. The
animals were anesthetized with ketamine-xylazine (ketamine 50 mg/ml, xylazine 20 mg/ml) given
subcutaneously along with isoflurane gas (1 % isoflurane mixed with 30 % O2/70 % N,O) prior to
orthodontic appliance installation at day 0, and the animals were anesthetized with isoflurane gas
during injection at days 3, 6, 9 and 12. At the end of the experiment, all animals were sacrificed by
cardiac puncture under the anesthesia via inhalation of isoflurane gas, followed by collection of

blood samples.

A feeler gauge (Mitutoyo Co., Kawasaki, Japan) with a minimum measurable distance of 50 um
was used to measure tooth movement between the distal surface of the first molar and the mesial
surface of the second molar at days 3, 6, 9, 12, and 14. The animal weights were recorded on the
day of orthodontic appliance insertion, during injection at days 3, 6, 9, 12, and prior to sacrifice.
After 14 days, blood samples were collected by cardiac puncture during the final anesthesia before
the animals were sacrificed. The animals were decapitated, and the heads were stored in 70 %

ethanol until further use. The experimental setup is presented in Figure 1B.


https://office.microsoft.com/excel

Micro-computed tomography (uCT)

The pCT analyses were performed at the end of the experimental OTM at day 14. The orthodontic
appliances were removed and the whole maxillae including first, second, and third molars together
with the surrounding soft tissues were dissected and further fixed in 4 % formaldehyde (VWR,
Radnor, PA, USA) for 48 hours at 4 °C. The dissected rat maxillae were individually wrapped in
damp gauze and placed into closed tubes for scanning. The specimens were scanned in a multiscale
Skyscan 2211 (Bruker, Belgium) microtomography system, at a voxel size of 10 um, 60 kV, 60 pA,
over 360° with a rotation step of 0.37° and 130 ms exposure time per frame, averaging 4 frames per
projection. Tomograms were reconstructed using filtered back-projection at NRecon (v. 1.7.4.6,

Bruker).

The scans were aligned in the frontal/coronal (C) plane using the mid-palatal suture. The third molar
was defined as a fixed reference point, and at this specific point the transversal (T) and sagittal (S)
sections of the maxillae specimens were selected and the 3D dataset aligned accordingly. The
movement between maxillary first and third molar at day 14 was measured using the previously
defined third molar crown as a fixed reference. The corner points of an enclosed rectangle covering
the crowns of both first and third molar in the selected sections were marked, and all the corner
points were registered (Figure 2). Subsequently, the midpoints of the cuboids around the crown of
the first and third molar were acquired based on these aforementioned coordinates, and the length
of the vector between these midpoints was thus calculated. Moreover, at day 14 the smallest distance
between the maxillary first and second molars was measured by JCT in order to compare the tooth

movement measured by the feeler gauge.

The root volume of the mesial root and the marginal bone mesially to the right first molar were
analyzed as they were considered the injection target areas. In each scan, a standardized 3D volume
of interest (VOI) was defined using CTAn (1.20.8, Bruker). For the mesial root volume
measurement, the upper limit was set at apex, and the lower limit was set at the furcation area, next,
the greyscale image was converted into a binary image by applying the automatic threshold function

on CTAnN, then the VOI was limited to the boundary of the binarized mesial root and further



quantified (Figure 3A). For bone volume and porosity quantification, a volume of interest (VOI)
was defined in which the lower limit was set as the marginal alveolar ridge where a fixed cylinder-
shaped VOI with 600 pm diameter was selected. The VOI was placed 160 um mesially to both the
mesial and the mesiobuccal roots starting at the marginal bone level and continuing for 500 pum
upwards (Figure 3B). The cylinder-shaped VOI containing the alveolar bone was then quantified

for bone volume fraction and porosity.

Tissue preparation and histological analyses

After uCT analysis, the specimens were decalcified in 10 % ethylenediamine tetra-acetate (EDTA)
(VWR, Radnor, PA, USA) (pH 7.5) at 4°C for 10 weeks, the decalcification degree was monitored
by X-ray and needle puncture. The maxillae were subsequently dehydrated in ascending
concentrations of ethanol and embedded in paraffin for histological analysis. Parasagittal sections
were cut at 5 pm parallel to the long axis of the first molars and mounted onto glass slides. Before
staining, sample sections were baked at 60°C for 30 min, de-paraffinized in xylene and rehydrated

through a graded ethanol series.

Prior to immunofluorescence staining, the rehydrated tissue sections were permeabilized with 0.1 %
Triton X-100 (Sigma-Aldrich, Saint-Louis, Missouri, USA) in PBS for 5 min at room temperature
followed by 3 times washing with PBS. Sections were then incubated in Tris-EDTA buffer (pH 9)
with 0.05 % Tween 20 overnight at 60°C for antigen retrieval. The sections were washed with PBS
3 times and blocked with 10 % normal goat serum (NGS) (Abcam, Cambridge, United Kingdom)
for 1 hour at room temperature in a humidified dark chamber. The sections were incubated with the
following primary antibodies, rabbit anti-vWF (1:500, ab287962, Abcam, Cambridge, United
Kingdom), mouse anti-collagen type | antibody (1:300, ab90395, Abcam), rabbit anti-periostin
antibody (1:300, ab14041, Abcam), mouse anti-OCN antibody (1:200, 33-5400, Thermo Fisher
Scientific, Waltham, USA) and rabbit anti-FNDC5 C-terminal antibody (1:200, ab181884, Abcam)
in 2 % NGS overnight at 4°C. The sections were then washed 3 times with PBS, and stained with
Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody (Invitrogen, Thermo Fisher

Scientific, Carlsbad, CA, USA) or Alexa Fluor 568-conjugated goat anti-mouse secondary antibody



(Invitrogen, Thermo Fisher Scientific) at 1:500 dilution in 4 % NGS for 1 hour at room temperature
in a humidified dark chamber. After incubation with secondary antibodies, tissue sections were
washed 3 times with PBS, counterstained with DRAQ5 Fluorescent Probe Solution (5 mM, 1:1000,
62251, Thermo Fisher Scientific) for 15 min at room temperature. The samples were covered by
glass coverslips with Mowiol mounting medium (Mowiol 4-88, Sigma-Aldrich), and imaged using
a Leica SP8 confocal microscope at 638 nm, 488 nm and 552 nm excitation, and 665-715 nm, 500-
550 nm and 580-630 nm emission filters for DRAQ5, Alexa Fluor 488 and Alexa Fluor 568,
respectively. The 10x lens HCX PL Apo CS 10x/0.4 was used to take the overall image for the
sagittal sections of maxillary right first molars with surrounding periodontal tissues, while 40x lens
HC PL Apo CS2 40x/1.3 was used to take magnified images of PDL, which were then quantified

for immunofluorescence intensity.

To quantify and compare the fluorescence intensity of the proteins VWF, collagen type I, periostin,
OCN and FNDC5 between the stained PDL tissues from control and treated sample sections,
confocal images taken with a 40x objective lens were evaluated using Image J software (NIH,
Bethesda, MD, USA,; https://imagej.nih.gov/ij/). To quantify the fluorescence intensities, 3 parallel
histological sections from each group were selected for staining, and 5 regions of interest from
coronal one-third of PDL tissues on both stretched and compressed sides of mesial roots were
randomly captured from these 3 sections, thus quantified for their mean intensities, the imaging

settings were kept constant while acquiring individual confocal image.

The morphology of the tissue samples was characterized based on a modified Goldner’s trichrome
staining (26) and H&E staining of the sections. The chemicals included Weigert’s hematoxylin
solution (Merck KGaA, Merck, Darmstadt, Germany), fuchsine acid (Merck KGaA), orange G
(Merck KGaA), tungstophosphoric acid (Merck KGaA), acetic acid (Merck KGaA), Entellan
mounting medium (Merck KGaA), chromotrope 2R (Sigma-Aldrich), fast green powder (Sigma-
Aldrich) and eosin (Sigma-Aldrich). In brief, the maxillae sections were deparaffinized and
rehydrated as previously described, then washed with tap water for 5 min and stained in Weigert’s

hematoxylin solution for 10 min, followed by another wash with tap water for 10 min. For Goldner’s


https://imagej.nih.gov/ij/

trichrome staining, sections were subsequently incubated in chromotrope 2R/fuchsine acid for 15
min at room temperature and washed in 1 % acetic acid for 3 times within 2 min. Next, the sections
were incubated with Orange G for 7 min at room temperature, followed by washing for 3 times in
1 % acetic acid within 2 min. After that, the sections were incubated in fast green solution for 20
min at room temperature and washed in 1 % acetic acid again in the same manner. While for H&E
staining, the sections were then stained with 0.5 % eosin for 3 min followed by 2 min wash after the
hematoxylin staining. Next, the samples were dehydrated in 96 % ethanol for 3 min, thereafter in
99 % ethanol for 3 min twice and cleared in xylene for 10 min. Finally, sections were mounted with
Entellan mounting medium and covered by cover slips. Images were captured with a Leica DM

RBE microscope (Leica Microsystems CMS GmbH, Mannheim, Germany).

Irisin in plasma

The amount of irisin in the blood plasma was quantified after 14 days of OTM using a rat
FNDC5/irisin ELISA kit (LifeSpan Biosciences, Seattle, Washington, USA) according to
manufacturer’s instructions. The plates were read at the wavelength of 450 nm using a
spectrophotometer (BioTek, Winooski, USA), and the concentrations of circulating irisin were

determined by comparing the optical density values of the tested samples to the standard curve.

Statistics

Statistical analysis was conducted using GraphPad Prism Version 9.5.0 (525). The normality
distribution of the experimental results was tested by the Kolmogorov-Smirnov test, while the
equality of group variance was tested by Brown Forsythe test, followed by one-way analysis of
variance (ANOVA) with Dunnett's post hoc test for differences between groups. Where the equal
variance and/or the normality test failed, the Kruskal-Wallis one-way ANOVA on ranks (Dunn's
method) was performed. All data are presented as mean + standard deviation (SD), a probability

value of <0.05 is considered significant.



Results

Weight changes and plasma irisin

There was no difference in mean body weight between groups at any of the time points analyzed.
However, the average weight in the control group was significantly reduced (p=0.0007) from day 0
to day 3 (314+11.7 gand 273+32.1 g, respectively), while no significant differences were observed
between days 0, 6, 9, and 12. Thus, it is suggested that the rats in all groups remained healthy during

OTM treatment.

The circulating levels of irisin were measured to determine if the injections had local or systemic
effects. The injections appeared to have local effects only, as neither 0.1 pg (31.34+£3.91 pg/mL)
nor 1 pg irisin (24.36+3.54 pg/mL) resulted in significantly altered plasma levels of irisin compared

to that of the control group (30.84+11.51 pg/mL).

Tooth movement

The maxillary right first molar in the 1 pg irisin group moved significantly less compared to the
control group at days 6, 9 and 12. The average tooth movement of control group was found to be
0.23 mm, 0.33 mm and 0.39 mm at days 6, 9 and 12, respectively, while average tooth movement
of the group injected with 1 ug irisin was found to be 0.15 mm (p=0.013), 0.21 mm (p=0.037) and
0.24 mm (p=0.049) at days 6, 9 and 12, respectively, however, no significant differences were
observed between the 1 pg irisin group and control group at days 3 and 14 (Figure 4A). Although a
trend of reduced OTM was recorded between the 0.1 pg irisin group and control group at days 6, 9,
12, and 14, this failed to reach statistical significance (Figure 4A). With regard to pCT
measurements, no significant difference was observed between the control and the irisin groups at

day 14 (Figure 4B and 4C).

Bone and root volume effects
It was hypothesized that the local injection of irisin might influence the bone and root close to the
administration site. The mesial alveolar bone and mesial tooth root, without including PDL and

tooth structures, were chosen for analysis of bone morphometric parameters and root volume as
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they were closest to the injection site. However, bone volume fraction, porosity and mesial root
volume did not differ between the control and irisin treated groups after 14 days of treatment (Figure

4D-F).

Histological analysis

By histological staining, the PDL appeared to be disorganized and sparse on the compression side
in the control group, in contrast to a denser and well-organized PDL on the compression side in the
two groups given irisin (Figure 5). Bone resorption lacunae (indicated by red arrows) were observed
at the PDL-bone interface on the compression side in control group (Figure 5A), while the PDL-
bone interfaces were smoother, with no obvious lacunae on the compression sides in animals given
0.1 pgand 1 pg irisin (Figure 5B and C). In addition, hyalinization areas (pointed to by black arrows)
were present at the PDL-bone interface on the compression side in the control group (Figure 5D),
whereas osteoblasts (pointed to by black arrows) were lining the PDL-bone interfaces on the
compression side in the two irisin groups (Figure 5E and F). However, there was no observed
difference in morphology on the tensional sides between the control and intervention groups (data

not shown).

Immunofluorescence staining analysis

The coronal one-third areas of PDL were chosen for analysis, and the expression of the ECM
markers collagen type | and periostin (Figure 6), the osteogenic marker OCN (Figure 7), angiogenic
marker VWF (Figure 8), and FNDCS5 (Figure 9) was evaluated by fluorescence staining on both

tension and compression sides of the mesial root of maxillary right first molar after 14 days of OTM.

There were no significant differences in the levels of collagen type I expression on the tension side
between the irisin treatment groups and the control group, whilst it was significantly enhanced on
the compression side (2.42-fold (p=0.0003) and 2.39-fold (p=0.0004)) in the two irisin groups,
respectively, compared to the control group (Figure 6A and 6B). The expression of periostin was
significantly enhanced on the tension side (1.4-fold (p=0.023)) in the 1 pg irisin group compared to

the control group. Moreover, both irisin groups exhibited significantly increased periostin
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expression on the compression side compared to the control group (4.61-fold (p<0.0001) and 6.37-

fold (p<0.0001), respectively) (Figure 6A and 6C).

The levels of OCN were 1.25-fold (p=0.042) increased on the tension side in the 0.1 pg irisin dosage
group compared to the control group. On the compression side, both irisin groups displayed
significantly enhanced levels of OCN compared to control (1.94-fold (p<0.0001) and 2.09-fold

(p<0.0001), respectively) (Figure 7A and 7B).

The levels of VWF, which is a vascular endothelial cell marker, were significantly decreased by
0.33-fold (p=0.042) in the group given 0.1 pg irisin compared to control on the tension side, and
significantly increased by 2.16-fold (p<0.0001) and 2.67-fold (p<0.0001) in both irisin groups

compared to control on the compression side (Figure 8A and 8B).

Immune detection of the non-secreted C-terminal region of FNDC5 demonstrated that both 0.1 and
1 pg irisin induced significantly enhanced levels of FNDCS5 expression on the tension side compared
to the control group (both 1.6-fold; p<0.0001 and p=0.0176, respectively). Similarly, on the
compression side, both dosages of irisin induced a significant 2.9-fold (p<0.0001) and 2.46-fold

(p<0.0001) increase in FNDCS5 expression compared to control group (Figure 9A and 9B).

Discussion

In orthodontic practice, the unwanted movement of anchor teeth and relapse of previously moved
teeth are of major concern, thus identification of pharmacological agents that may counteract these
undesired events may be of clinical significance (27, 28). In the present study, we demonstrated that
submucosal injection of 1 pg irisin transiently reduced OTM in an experimental murine orthodontic

model. No systemic or local negative effects of irisin administration were observed.

Feeler gauge measurements demonstrated that irisin induced a significant reduction in OTM at days
6, 9 and 12, however, not on day 14, measured by both feeler gauge and puCT. These two

measurement methods have different accuracy levels. The feeler gauge method represents a
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relatively simple and quick, somewhat operator-dependent measurement technique, which enables
the rats to be under a light and reversible gas inhalation anesthesia. However, its accuracy is limited
to a minimum measurable distance of 0.05 mm (8). On the other hand, uCT represents a more
sophisticated, somewhat less operator-dependent measurement technique with relatively high
accuracy. The OTM between first and second molars was measured by feeler gauge, while the uCT
technique measured the OTM between first and second molars, as well as between first and third
molars. The measurements between first and second molars showed similar trend by both feeler
gauge and PCT, indicating that the two measurement techniques are comparable. However, the
OTM measurement readings by uCT were smaller compared to feeler gauge. The latter might stem
from the periodontal ligament flexibility allowing insertion of bigger feeler gauge blades into the
gap between first and second molars, thus leading to an overestimation of tooth movement.
Therefore, the feeler gauge measurements should be carried out with meticulous care without

applying excessive force to the blades.

On the other hand, the group treated with 0.1 pg irisin showed a non-significant trend with reduced
OTM when measured between the first and second molars with both feeler gauge and uCT, but the
same was not observed with pCT measurement between the first and third molars. It cannot be
excluded that the measurement between first and third molars made with the uCT on day 14 showed
a higher OTM due to the gradual resumption of the natural distal movement of the maxillary third
molars (29). Consequently, the inhibitory effect on tooth movement induced by 0.1 pg irisin may

have been masked.

The non-sustained reduction of OTM at day 14 might also be due to a dose—response relationship
in terms of irisin application frequency and dosage. Previous study has reported that out of 5
different irisin dosages ranging from 0.1 to 15 pg/kg, the injection dose starting from 0.5 pg/kg
irisin induced substantial physiological changes in rat brain (30). This is one of the few studies done
on the effect of irisin in soft tissues in vivo, and the two dosages (0.1 and 1 pg) used in our study
were within this range. However, irisin dosages applied to bone have been reported to be higher; in

mice, injection of 100 pg/kg recombinant irisin for 1 week increased strength and mass of cortical
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bone (22), and another study from the same research group has further proved that injection of 100
ng/kg recombinant irisin weekly for 4 weeks prevented disuse-induced bone loss and retrieved bone
mass in mice (31). We cannot rule out that the utilized injected dosages of irisin in the present study
might have been below the so-called optimal irisin dosage of effect, which was suggested to be 500
ug/kg daily according to a systematic review (32). As far as we know, our study is the first one
exploring the role of irisin in OTM, therefore, further research is needed to identify the optimum

irisin dose that impacts the periodontal remodeling process during OTM.

Another contributing factor may be the observed hyalinization, as it is associated with a lag phase
in orthodontics and may temporarily stop OTM until the hyalinized tissues are cleaned (33, 34). In
the 1 pg irisin group an interesting tooth movement trend was observed, from notably reduced tooth
movement at day 6 to a notably increased tooth movement trend at day 14. It can be speculated that
1 pg dosage of irisin might have negatively affected the removal of hyalinization in the early phase
of the experimental OTM, but once the hyalinization was removed the tooth movement increased.
However, the similar OTM trend was not observed in the 0.1 ug group at day 14, hence it further
supports the irisin concentration, frequency and duration of application may impact the OTM

differentially.

In the present study, local submucosal injection of irisin did not induce substantial changes in
alveolar bone architecture in terms of bone volume fraction and porosity. Previous studies have
shown that irisin administration might increase bone mineral density more in rodents with
osteoporosis compared to healthy ones (35). Accordingly, since the rats were healthy in the present
study, more consequential bone anabolic effect of irisin regarding OTM might be expected in
periodontally compromised teeth. The anti-catabolic effect of irisin was demonstrated by markedly
fewer bone resorption lacunae at the PDL-bone interface on the compression side in the irisin groups
compared to control. This finding suggests that irisin might attenuate the activity of osteoclasts,
which is in line with a previous study showing that irisin inhibits osteoclast differentiation via
downregulation of RANK (36). Further, during OTM, the interaction between innate immune cells

and osteoclasts is crucial (37). To promote the formation of osteoclasts, the ratio of M1/M2
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macrophages is increased, thus leading to a more pronounced pro-inflammatory effect (38, 39). This
increase is further facilitated by the pyrin domain-containing protein 3 (NLRP3) inflammasome
produced by PDL cells (40). Irisin has been shown to inhibit the polarization of M1 macrophages
and promote repolarization of M2 macrophages, thus reducing the secretion of interleukin (IL)-1p,
IL-18 and tumor necrosis factor-o to exert an anti-inflammatory effect (41). On the other hand, irisin
has also been found to suppress apoptosis in osteoblasts of osteoporotic rats through inhibiting
NLRP3 (42). Seeing these in context, we may speculate that irisin might inhibit osteoclastogenesis
at PDL-bone interface on the compression side by attenuating inflammatory reaction induced by

immune cells.

To elucidate the potential cellular mechanisms involved in irisin-mediated OTM, expression of
several important markers related to periodontal remodeling was assessed by immunofluorescence
staining. Collagen type | is a major structural protein of ECM responsible for mechanical properties
in connective tissues, while periostin is strongly expressed in collagen-rich tissues constantly
subjected to mechanical loading. Periostin can directly bind to collagen type I, enhancing the
collagen fibrillogenesis and therefore the mechanical properties of connective tissues (43). OCN is
the most abundant non-collagenous protein expressed in periodontal tissues, and it may serve as a
biological index reflecting the activity of osteoblasts during bone formation (44, 45). Moreover,
since the development of vasculature is essential for osteogenesis to take place, expression of an
angiogenic marker VWF, which is routinely used for identification of blood vessel formation (46,

47), was analyzed.

It has been shown that there is a negative correlation between mechanical properties of PDL and
the tooth mobility. Teeth tend to be more immobile with stiffer PDL, and more mobile with
mechanically weak and disorganized PDL (48). The elevated expression of collagen type | and
periostin on the compression side and elevated expression of periostin on the tension side by 1 ug
irisin reflect increased ECM deposition and stiffness in PDL in the presence of irisin. Moreover, the

denser and well-organized PDL on the compression side visualized by histological analysis in the
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two irisin-treated groups further supports this finding. Taken together, our findings suggest that

irisin may inhibit tooth mobility by enhancing the mechanical properties of PDL.

The rate of OTM also largely depends on the remodeling of alveolar bone, and the rate of alveolar
bone remodeling is determined by the activity of bone cells including osteoclasts and osteoblasts
(49). It is well established that active bone formation on the tension side and bone resorption on the
compression side lead to rapid OTM (50). Therefore, through interfering with the osteoclast activity
or stimulating the osteoblast activity in the alveolar bone remodeling, the OTM rate may be reduced
(51, 52). Both dosages of irisin induced significant increase in osteogenic marker OCN and
angiogenic marker vVWF on the compression side, while only 0.1 pg irisin increased OCN on the
tension side. In addition, by histological staining, significant resorption lacunae were observed at
the PDL-bone interface on the compression side of the control group, while smoother interfaces
were present in the two irisin groups, indicating a reduced osteoclast activity by irisin administration.
Further, the well-aligned osteoblasts at the PDL-bone interface in the two irisin groups imply an
enhanced osteogenic activity. These findings are in line with previous studies demonstrating that
irisin could both stimulate osteoblastic lineage cell differentiation and inhibit osteoclastogenesis (36,
53). Thus, the suppressed OTM in our study may also be attributed to the inhibited osteoclast
activity and enhanced osteoblast activity by irisin application. However, specific quantification of
osteoclasts at the PDL-bone interface could not be reliably performed because frontal resorption of
bone may cause changes in the structure at the PDL-bone interface leading to increased irregularity,

which does not allow for accurate numerical assessment (54).

The protein structure of FNDC5 comprises an N-terminal signal sequence, a short transmembrane
region termed as irisin domain, and a C-terminal domain. The C-terminal tail of FNDCS5 is in the
cytoplasm, while the extracellular N-terminal part is proteolytically cleaved and released into
circulation as irisin (55, 56). Hence, primary antibody against C-terminal FNDC5 was used for
immunofluorescent staining in the present study. The FNDC5 expression was markedly increased
in PDL by 0.1 and 1 pg irisin in both PDL tension and compression sides compared to the control

group. However, no significant differences in the circulating levels of irisin were found between
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control and irisin groups. Hence, we speculate that irisin may exert its osteogenesis stimulatory
effect to reduce OTM by directly targeting PDL tissues. However, our findings may not necessarily
translate to a clinical setting given the limitations in a rodent model. Since orthodontic treatment is
a long course, more studies looking at irisin application frequency, dosage and duration are needed

to bring this therapeutic from bench to chairside.

In conclusion, local injection of recombinant irisin may inhibit OTM transiently by enhancing the
ECM deposition, osteogenic potential and thus mechanical properties of PDL mainly on the

compression side.
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Figure 1. A. An intraoral schematic illustration depicting the injection site and the orthodontic
appliance. B. The flow chart of the experimental setup. # represents the performance of OTM
measurement by feeler gauge. Parts of the figure were generated using Servier Medical Art,
provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.
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Figure 2. Tooth movement measured by uCT. The corner point coordinates of an enclosed rectangle
covering the crown of both first and third molar in the chosen sections were marked and registered
(A-H in the transversal view; 1-8 in the sagittal view). According to these points the midpoints of
cuboids around the molars were acquired. The length between the two midpoints was thus measured.
The scans were aligned in the frontal/coronal plane using the mid-palatal suture. The third molar
was defined as a fixed reference point, and at this specific point the transversal and sagittal sections
of the maxillae specimens were selected, and the 3D dataset aligned accordingly. In addition, the
smallest distance between the first and second molars was measured. T: transversal, C: coronal, S:
sagittal.
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Figure 3. A. Root volume measured by uCT. The VOI was defined, the raw uCT scan image was
converted into binary image, then the VOI was shrunk and limited to the mesial root and quantified.
B. Bone morphometric parameters measured by uCT. The VOI was set as a 600 um diameter
cylinder placed 160 um mesially to both the mesial and the mesiobuccal roots starting from the
marginal alveolar bone and continuing upwards for 500 um. The cylinder-shaped VOI containing
the alveolar bone was quantified for bone volume fraction and porosity.
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Figure 4. A. Tooth movement measured by feeler gauge (mm) between first and second molar at
days 6, 9 and 12 was significantly decreased in the irisin injected group (1 ug) in contrast with
control group. No significant changes were observed at other time points. Significantly different
from control at *, p<0.05. B. Tooth movement between first and second molars measured by pCT
at day 14. No significant difference was observed between control and irisin-treated groups. C.
Tooth movement measured by uCT scanning on day 14 between first and third molar. No significant
difference was observed between control and irisin treated groups. D. Comparison of bone volume
fraction measured at the alveolar ridge mesial to the maxillary right first molar. E. Comparison of
porosity measured at the alveolar ridge mesial to the maxillary right first molar. F. Comparison of
mesial root volume of maxillary right first molar. No significant changes were found in bone volume
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fraction, porosity and root volume between control and irisin treated groups (n=7 for each group,
one-way ANOVA).

Direction of Force
PN

7 Control

0.1ug irisin

= A

Figure 5. Histologically stained sections displaying periodontal tissues near injection site. Sagittal
sections of periodontal tissues were stained with Goldner’s trichrome staining (A-C) and H&E
staining (D-F). Big black arrow indicates the direction of applied force; small red arrows indicate
resorption pits at PDL-bone interface; small black arrows indicate hyalinization areas and
osteoblasts lining the PDL-bone interface. r: root; p: periodontal ligament; ab: alveolar bone.
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Figure 6. Confocal images of sagittal sections of maxillary right first molars from control and irisin-
treated groups co-stained with collagen type | and periostin, and quantification of
immunofluorescence intensity. A. Histological sections of maxillary right first molars were assessed
by immunofluorescence staining against collagen type I (1-3), periostin (4-6), nuclei were counter
stained with DRAQ5 (7-9), merged images are presented in 10-12. Boxed areas are shown at a
higher magnification, white boxes indicate tension side while red boxes indicate compression side.
T: tension side, C: compression side. B. Quantification of collagen type | fluorescence intensity. C.
Quantification of periostin fluorescence intensity. Significantly different from control at * p<0.05
and *** p<0.001. Mean fluorescence intensities were measured from five random regions of interest
for each group, one-way ANOVA was used for statistical analysis.
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Figure 7. Confocal images of sagittal sections of maxillary right first molars from control and irisin-
treated groups stained with OCN, and quantification of immunofluorescence intensity. A.
Histological sections of maxillary right first molars were assessed by immunofluorescence staining
against OCN (1-3), nuclei were counterstained with DRAQS5 (4-6) and merged images are displayed
in 7-9. Boxed areas are shown at a higher magnification, white boxes indicate tension side while
red boxes indicate compression side. T: tension side, C: compression side. B. Quantification of OCN
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fluorescence intensity. Significantly different from control at * p<0.05 and *** p<0.001. Mean
fluorescence intensities were measured from five random regions of interest for each group, one-
way ANOVA was used for statistical analysis.
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Figure 8. Confocal images of sagittal sections of maxillary right first molars from control and irisin-
treated groups stained with VWF, and quantification of immunofluorescence intensity. A.
Histological sections of maxillary right first molars were assessed by immunofluorescence staining
against VWF (1-3), nuclei were counterstained with DRAQS5 (4-6) and merged images are displayed
in 7-9. Boxed areas are shown at a higher magnification, white boxes indicate tension side while
red boxes indicate compression side. T: tension side, C: compression side. B. Quantification of vVWF
fluorescence intensity. Significantly different from control at * p<0.05 and *** p<0.001. Mean
fluorescence intensities were measured from five random regions of interest for each group, one-
way ANOVA was used for statistical analysis.
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Figure 9. Confocal images of sagittal sections of maxillary right first molars from control and irisin-
treated groups stained with FNDC5, and quantification of immunofluorescence intensity. A.
Histological sections of maxillary right first molars were assessed by immunofluorescence staining
against FNDC5 (1-3), nuclei were counterstained with DRAQ5 (4-6) and merged images are
displayed in 7-9. Boxed areas are shown at a higher magnification, white boxes indicate tension
side while red boxes indicate compression side. T: tension side, C: compression side. B.
Quantification of FNDCS5 fluorescence intensity. Significantly different from control at * p<0.05
and *** p<0.001. Mean fluorescence intensities were measured from five random regions of interest
for each group, one-way ANOVA was used for statistical analysis.
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1 | INTRODUCTION
Irisin was first identified in 2012 by a research group from Harvard
University, which reported that PPAR-y co-activator-la (PGC1-a)
stimulated the expression of fibronectin type Ill domain-containing
protein 5 (FNDC5) in skeletal muscle, this newly characterized myo-
kine was then cleaved and secreted into the blood circulation in
response to physical activities and was named irisin.! It was thus
considered that its primary physiological role was the regulation of
metabolism and energy homeostasis. It also promotes the activity
of insulin and reduces insulin resistance, these effects improve the
metabolic profile in tissues and increase energy expenditure, mak-
ing irisin a promising research target for treating metabolic diseas-
es."% Irisin has also been found to be associated with osteogenesis,
as injections of cumulative weekly dose of recombinant irisin sig-
nificantly boosted cortical bone mass and bone strength, enhanced
osteogenesis, and the relative osteogenic genes concomitant with a
decrease in osteoblastic inhibitors.* Further, irisin is known to induce
bone matrix deposition by stimulating osteocalcin expression in den-
tal bud-derived mesenchymal stem cells.®

It has been documented that irisin is expressed in human PDL
cells and rat PDL tissues.® The PDL is a highly organized fibrous
connective tissue firmly anchored to the teeth and the inner wall
of the alveolar bone.”® The main role of PDL is to provide support
for the teeth to help them function normally and resist external
forces, which is in close relation with the mechanical properties of
the tissue. Its structure features a fibrous stroma consisting of cells,
blood vessels and nerves, and the fibrous stroma is primarily made of
collagens.9 Among these the most predominant component is colla-
gen type 1011
cells.*? Additionally, collagen type | largely impacts the mechanical

associated with osteoblast-like characteristics of PDL

properties of ligaments and tendons due to its molecule structure
and physical arrangements into fibers.®® Till now, little is known re-
garding the role of irisin in PDL cells regarding its ECM and differ-
entiation potential, to the best of our knowledge, it has only been
reported that irisin treatment can promote growth, migration and
matrix formation in hPDL cells cultured in 2D.1*

Tissue structure, function and pathology are commonly studied
using monolayer cell culture methods (2D), but which can differ sig-
nificantly in morphology, cell-to-cell and cell-to-matrix interaction
and differentiation compared to 3D-cultured cells.® The 3D setup
helps cells assemble into a tissue-like structure, reflects the in vivo
cellular structure and mirrors cellular responses, which will enable
greater cell-to-cell contacts and intercellular signaling. Similar to
in vivo developmental processes 3D cell assembly induces differ-
entiation to form more complicated structures that mimic a phys-
iological microenvironment.®” This transit from conventional 2D

to 3D culture of PDL cells usually requires extracellular scaffolds or

biomaterials.'®-2° Recently, a rotating cell culture system (RCCS) has
been introduced as a novel method to generate 3D cells, offering a
facile, reproducible and high-throughput platform.?! The mechanical
properties of 3D-generated osteospheres using RCCS were previ-
ously evaluated in response to different treatments,?>?% and it was
also shown that hPDL cells could form 3D spheroids in RCCS.°
There is a need for alternative regenerative strategies to restore
the structures and functions of tooth-supporting tissues in patients
with periodontal diseases. In the present research, we performed
Affymetrix analysis to profile the mRNA expression patterns be-
tween 3D hPDL cell spheroids treated with and without irisin, to
identify the role of irisin in gene regulation and biological functions
in tissue-mimetic 3D-cultured hPDL cells. Furthermore, we exam-
ined the effects of irisin administration on the morphology, mechan-
ical properties, ECM formation, differentiation potential and the

secretion of myokines from 3D hPDL cell spheroids.

2 | MATERIALS AND METHODS

2.1 | Generation of 3D hPDL cell spheroids

Commercially available primary human PDL (hPDL) cells (Lonza)
were maintained in Dulbecco's modified Eagle's medium (Sigma-
Aldrich) supplemented with 10% fetal bovine serum, 200mm
GlutaMAX (Gibco, Thermo Fisher Scientific) and 100 pg/ml penicil-
lin/1001U pg/ml streptomycin (Lonza). The medium was refreshed
every three days, and cells were subcultured and seeded in T75
flasks. Cells in passage 4-8 were used to generate 3D hPDL cell
spheroids. Approximately 6.5x10° hPDL cells were subcultured in
CelVivo 10 ml bioreactors (CelVivo), and the 3D hPDL cell spheroids
were acquired in the rotational 3D cell culture system (CelVivo) in a
humidified atmosphere with 5% CO, at 37°C at the rotation speed
of 2rpm. Once the spheroids formed, 10ng/ml recombinant irisin
(Adipogen) or equal volume of sterile MilliQ water (control for re-
combinant irisin) were administered to the culture medium. The
spheroids were cultured for 14 days, culture medium was refreshed
24 h prior harvest and collected at day 1, 3, 7 and 14 for Luminex
assay. Spheroids were harvested at day 14 and stored at -80°C prior

to further analyses.

2.2 | RNA extraction, cDNA synthesis and
PCR analysis

Total RNA was extracted from 3D hPDL cell spheroids using TRIzol
(Ambion, LifeTechnoIogies)method,24andthe cDNAwassynthesized
using a Revert Aid First Strand cDNA Synthesis Kit (K1622, Thermo
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Fisher Scientific) according to manufacturer's instructions. gPCR
analysis was performed using IQ SYBR Green Supermix (Bio Rad) in a
total volume of 20l (1 ng cDNA) in a CFX384 Touch Real-Time PCR
Detection System (Bio Rad). The 2Ct method?® was adopted to cal-
culate the relative mRNA levels of the genes that were normalized to
GAPDH. Primers used in this study were synthesized by Invitrogen
(Thermo Fisher Scientific), and are listed as follows: GAPDH, forward
5'-CTCTGCTCCTCCTGTTCGAC-3/, 5'-ACGACCAAATC
CGTTGACTC-3'; collagen type |, forward 5-CATCTCCCCTTCGT
TTTTGA-3', reverse 5-CCAAATCCGATGTTTCTGCT-3'; fibronec-
tin, forward 5-GATGCTCCCACTAACCTCCA-3', reverse 5-CGGTC
AGTCGGTATCCTGTT-3'; Periostin, forward 5'-GCCCTGGTTATATG
AGAATGGA-3', reverse 5-ATGCCCAGGTGCCATAAAC-3'; alkaline
phosphatase (ALP), forward 5-GACAAGAAGCCCTTCACTGC-3/,
reverse 5'-AGACTGCGCCTGGTAGTTGT-3'; osteocalcin (OCN), for-
ward 5-GCAAGTAGCGCCAATCTAGG-3', reverse 5'-GCTTCACC
CTCGAAATGGTA-3'; bone morphogenetic protein 2 (BMP2), for-
ward 5-TCAAGCCAAACACAAACAGC-3’, reverse 5'-AGCCACAA
TCCAGTCATTCC-3'; Runt-related transcription factor 2 (RUNX2),
forward 5-TTACTTACACCCCGCCAGTC-3', reverse 5'-CACTCTGG
CTTTGGGAAGAG-3'; osterix (OSX), forward 5-TACCCCATCTCCCT
TGACTG-3', reverse 5'-GCTGCAAGCTCTCCATAACC-3'.

reverse

2.3 | Microarray analysis

Microarray analyses were performed using the Affymetrix GeneChip
Clariom S Human Arrays (Affymetrix). Total RNA (150ng) was sub-
jected to the GeneChip WT PLUS Reagent Kit (WT PLUS Kit), follow-
ing the manufacturer's protocol for whole-genome gene expression
analysis (Affymetrix). Biotinylated and fragmented single-stranded
cDNAs were hybridized to the GeneChips. The arrays were washed
and stained using an FS-450 fluidics station (Affymetrix). Signal in-
tensities were detected by a Hewlett Packard 3000 7G gene array
scanner. The scanned images were processed using the AFFYMETRIX
GEeNeCHIP CommanD ConsoLE software, and the CEL files were im-
ported into Partek GeNomics Suite software (Partek). The robust mul-
tichip analysis (RMA) algorithm was applied for the generation of

signal values and normalization.

2.4 | Differential gene expression analysis
Differential expression analysis was performed using the R package:
limma (version 3.52.4).% A threshold of mRNA was used for p<.05
and |log2 fold change [FC]|>0.5. Volcano plot and expression heat
map were visualized using ggplot2 (version 3.3.3).

2.5 | Functional enrichment analysis

Functional enrichment analysis was performed on the factors
obtained from the differential analysis using the clusterProfiler

package (version 3.14.3).2” Gene ontology (GO) enrichments (includ-
ing biological process (BP), cellular component (CC) and molecular
function (MF)). Networks of protein-protein association were per-
formed with STRING DB?® (http://string-db.org).

2.6 | Ingenuity pathways analysis (IPA)

Microarray analysis raw data were uploaded to IPA system (http://
www.ingenuity.com/, Redwood City, CA, USA) to classify genes into
signaling pathways.

2.7 | Histological analysis of 3D hPDL
cell spheroids

The hPDL cell spheroids were harvested and washed 3 times in PBS,
fixed in 4% paraformaldehyde for 15 min, then embedded in optimal
cutting temperature (OCT) compound (Leica). 7-pm thickness serial
sections of the spheroids were acquired with a CryoStar™ NX70
Cryostat (Thermo Fisher Scientific), mounted onto glass slides and
stored at -20°C for further use.

To characterize the morphology of the hPDL cells in the spher-
oids, a modified version of Goldner's trichrome method was adopted
to stain the sections. Weigert's hematoxylin solution, fuchsine acid,
orange G, tungstophosphoric acid, acetic acid and Entellan mounting
medium were purchased from Merck KGaA (Merck), chromotrope
2R and fast green powder were purchased from Sigma (Sigma-
Aldrich). In brief, spheroid sections were washed in tap water for
5min, stained in hematoxylin solution for 5min and washed again
with water for 5min. Sections were then incubated in chromotrope
2R/fuchsine acid for 15 min, followed by 2 min wash in 1% acetic acid
for 3 times. Afterwards, sections were stained with orange G for
7 min, washed in 1% acetic acid, stained with fast green for 20 min
and washed in 1% acetic acid. After dehydration in 96% and 99%
ethanol, samples were mounted with Entellan mounting medium and
covered by cover slips. Images were captured with a Leica DM RBE
microscope (Leica Microsystems CMS GmbH).

For immunofluorescence analysis, sections of hPDL cell spher-
oids were firstly permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich) diluted in PBS for 5min at room temperature. Sections
were washed with PBS, blocked with 10% normal goat serum (NGS)
(Abcam) for 1h at room temperature in a humidified dark chamber.
Sections were then incubated with rabbit anti-periostin antibody
(1:300, ab14041, Abcam), mouse anti-collagen type | antibody
(1:300, ab90395, Abcam), rabbit anti-fibronectin antibody (1:300,
ab2413, Abcam) and rabbit anti-von Willebrand factor (VWF) anti-
body (1:1000, ab6994, Abcam) in 2% NGS overnight at 4°C. On the
following day, sections were washed 3 times with PBS, stained with
Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody
(Invitrogen, Thermo Fisher Scientific), Alexa Fluor 568-conjugated
goat anti-mouse secondary antibody (Invitrogen, Thermo Fisher
Scientific) at 1:500 dilution or Alexa Fluor 568-conjugated phalloidin
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(Invitrogen, Thermo Fisher Scientific) at 1:400 dilution in 4% NGS for
1h at room temperature. After incubation, sections were washed 3
times with PBS, stained with 300nm 4',6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich) for 20 min at room temperature, and covered
by glass slips with Mowiol mounting medium, which was made from
Mowiol 4-88 (Sigma-Aldrich) according to Cold Spring Harbor pro-

tocol.??

Confocal images were captured with a Leica SP8 confocal
microscope (Leica Microsystems CMS GmbH) using 405, 488 and
552nm excitation, and 420-480, 500-550 and 580-630nm emis-
sion filters for DAPI, Alexa Fluor 488 and Alexa Fluor 568, respec-
tively. Optical density of confocal images taken at 40x objective lens
was measured with IMace J software (NIH; https://imagej.nih.gov/
ij/). For each image, 5 random regions of interest (ROI) were cap-
tured and quantified for their mean intensity and the imaging set-
tings were kept constant during individual acquisition of confocal

image.

2.8 | Mechanical testing of 3D hPDL cell spheroids

The mechanical properties of the 3D hPDL cell spheroids were char-
acterized via nanoindentation using Hysitron TI950 Tribolndenter®
(Hysitron). The conventional nanoindentation was not applicable
due to the irregular geometry of the spheroids. Therefore, a so-
called flat punch method for compression test of particle-like mate-
rials was adopted.3C The spheroids were placed on a silicon chip and
compressed by a diamond flat punch with a diameter of 1.08 mm,
comparable with sample size, as illustrated in a previous study.22 The
set up for nanoindentation and the calculation of nominal stress and
strain were performed as previously described.?®

2.9 | Immunoassay: quantification of secreted
proteins in the cell culture medium

A simultaneous quantification of the concentration of biomark-
ers in 25pl aliquots of cell culture media after 1, 3, 7 and 14days
of culture were determined using the human myokine magnetic
bead panel (HMYOMAG-56K) (Millipore). This multianalyte profil-
ing of the protein levels in the culture medium from 3D hPDL cell
spheroids treated with or without irisin were performed using the
Luminex 200 system (Luminex) employing xMAP (multianalyte pro-
filing) technology. Acquired fluorescence data were then analyzed
using the xpoNeNT 3.1 software (Luminex), and the analyses were per-

formed according to the manufacturer's instructions.

2.10 | Statistical analysis

Statistical analysis was performed using SicmaPLoT software (ver-
sion 14.0, Systat Software). Data from qPCR, mean intensities from
the confocal images were compared between the two groups using
unpaired Student's t test as both normality test and equality test

PERIODONTAL RESEARCH

passed. A probability of <.05 was considered significant. All ex-
periments were performed in triplicates except for mean intensities

from the confocal images (n = 5).

3 | RESULTS
3.1 | Differential gene expression and functional
analysis of 3D hPDL cell spheroids exposed to irisin

Approximately 1000 genes were significantly up- or downregulated
after irisin treatment for 14 days (FC2|0.5|, p-value<.05) compared
to untreated controls. Of these, 535 genes showed significant upreg-
ulation and 667 genes showed significant downregulation compared
to untreated control. The top 50 up- and downregulated genes were
visualized as a heat map (Figure 1A) and box plots (Figure S1), and
were also used to perform principal component analysis (PCA), at
the PC2, where the differentially expressed genes (DEGs) were sig-
nificantly distinguished among the irisin-exposed and control groups
(76.5%) (Figure 1B). Of all the genes with significant differences, a
total of 15 genes encoding proteins were found to be interlinked
(Figure S2).

The biological functions most significantly associated with iri-
sin treatment in 3D hPDL cell spheroids were identified using Gene
Ontology/Kyoto Encyclopedia of Genes and Genomes (GO/KEGG
analysis) and listed in Table 1. In addition, the ten most up- and
downregulated genes are listed in Table 2. In the GO/KEGG analysis,
we found four biological process (BP) and one molecular function
(MF) show significant aggregation: extracellular matrix organization,
extracellular structure organization, negative regulation of nucleo-
cytoplasmic transport, collagen catabolic process and bitter taste
receptor activity (Table 1). All these BP and MF were downregulated
upon treatment with irisin. Notably, several matrix metalloprotein-
ases (MMPs) MMP-1, MMP-3, MMP-13 and MMP-17 were implicated
in extracellular matrix organization, extracellular structure orga-
nization, and collagen catabolic process (Figure 1C). Interestingly,
TAS2R46, TAS2R10, TAS2R4, TAS2R20, TAS2R60 and TAS2R38, which
belong to bitter taste receptor family, were also observed to be dif-
ferentially expressed (Figure 1C).

Several ubiquitination related genes were found among those
that were differentially significantly expressed after irisin exposure
(also shown in the heat map, and p <.05). Further, microarray data-
set exploration showed that USP53 was significantly downregulated
while USP2, USP43, and several members of the USP17L family were
significantly upregulated upon irisin exposure. Among the USP17L
family members, in the hPDL spheroids studied here, the most dif-
ferentially significantly upregulated family members compared to
the control were USP17L11, USP17L22 and USP17L29; the highest
mRNA expression among the USP17L family members was docu-
mented for USP17L13 and USP17L17 (Figure S3A,B).

Similarly, due to their overrepresentation among the most sig-
nificant DEGs, the datasets were mined for significant differential
expression of zinc-finger proteins (ZNFs) family members (p <.05).
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FIGURE 1 Analysis of Differentially Expressed Genes (DEGs). (A) Cluster analysis heatmap of top 50 up- and downregulated mRNAs
(FC=2]0.5] and p-value <.05) expressed in irisin-treated and control 3D hPDL cell spheroids. Each column represents data from one 3D
spheroid and each row represents individual genes, red color is used to represent genes which were upregulated, and blue color is used to
represent genes which were downregulated. The color key is indicated on the right side of the heat map. (B) Principal component analysis
based on top 50 significantly up- and downregulated DEGs. (C) GO/KEGG analysis based on DEGs.

ZNF691 and ZNF367 were the two most significantly upregulated
genes, while ZNF14, ZNF248, ZNF331, ZNF470 and ZNF730 were
the most significantly downregulated genes of the ZNF family in the
hPDL spheroids treated with irisin (Figure S3A,C).

3.2 | Enriched canonical pathways detected
using IPA

The list of enriched canonical signaling pathways significantly asso-
ciated with irisin treatment is presented in (Figure 2). A total of 13
pathways were identified by applying the -log(p-value) > 1.3 thresh-
old and ranked according to their -log(p-value). Among these path-
ways, it was observed that coronavirus replication pathway, actin

cytoskeleton signaling, integrin signaling, aldosterone signaling in
epithelial cells, signaling by Rho-family GTPases, and bladder cancer
signaling were upregulated, while valine degradation I, GDNF family
ligand-receptor interactions, thyroid cancer signaling, paxillin signal-
ing, autophagy, apelin adipocyte signaling pathway, and tRNA charg-
ing were downregulated.

3.3 | Morphology of 3D hPDL cell spheroids

The spheroids exhibited a homogeneous nearly round-shaped ap-
pearance. Goldner's trichrome and phalloidin staining of sections
indicated an internal organization of cells and ECM in loose tubular
structure, which was separated by well distributed strip-like tissues
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Ontology ID Description GeneRatio BgRatio p-Value g-Value z-Score
BP G0:0030198 Extracellular matrix organization 30/606 368/18670  3.91e-06 0.017 -0.365
BP G0:0043062 Extracellular structure organization 32/606 422/18670  8.48e-06 0.018 -0.707
BP GO:0046823  Negative regulation of 6/606 20/18670 3.00e-05 0.042 -0.816
nucleocytoplasmic transport
BP GO:0030574  Collagen catabolic process 3/38 47/18 670 .000118572 0.07312585 -1.732
MF GO:0033038  Bitter taste receptor activity 6/608 23/17 697 9.82e-05 0.072 -0.816
Zc?v?nl;:gjla tl—ngigeipi;‘\?jrl:ie d by 10 ng/ 10 most upregulated genes 10 most downregulated genes
ml irisin in the 3D hPDL cell spheroids Gene
compared to untreated controls Gene symbol Fold change p-Value symbol Fold change p-Value
PLXDC1 1.22 .012 MMP3 -2.20 .020
AC171558.1 1.18 .001 NR4A3 -2.20 .047
LEF1 1.15 .013 CLCA2 -1.68 .003
USP17L22 1.15 .016 PDK1 -1.62 .030
USP17L11 1.12 .023 MME -1.56 .005
USP17L27 1.08 .039 ATP8B4 -1.50 .030
USP17L29 1.08 .039 MMP13 -1.41 .045
USP17L13 1.08 .002 ACKR3 -1.39 .045
REXO1L10P 1.07 .016 KIF18A -1.39 .001
USP17L23 1.04 .025 PGK1 -1.37 .011

(Figure 3). By contrast, a rim-like structure was observed on the

outer area of the irisin-treated spheroids (Figure 3A,B).

3.4 | lrisin enhances the extracellular matrix
deposition in 3D hPDL cell spheroids

Irisin was found to promote ECM formation in spheroids, identi-
fied by significantly enhanced collagen type | deposition, com-
pared to control (1.35-fold) (p = .009) (Figure 4A,B). The periostin
level, which has been proved to mediate biomechanical properties

! was also enhanced

of connective tissues and ECM formation,3
by irisin in the 3D hPDL cell spheroids by 1.2-fold after 14 days
(p = .006) (Figure 4A,C). Fibronectin, which is vital in regulating
the composition and organization of ECM,%2 was also increased
by 1.35-fold in comparison with control (p = .001) after 14 days of
incubation in the irisin-exposed spheroids (Figure 5A,B). Notably,
a similar rim-like structure was also well-characterized around the
spheroids exposed to irisin in these stained samples (indicated by

arrows, Figures 4A and 5A).

3.5 | Irisin enhances the mechanical properties of
3D hPDL cell spheroids

Since collagen type | has an impact on the mechanical proper-
ties of PDL tissues, we thus investigated whether irisin affected

the stiffness of hPDL cell spheroids. The potential effects of irisin
treatment on the mechanical properties of the 3D hPDL cell sphe-
roids are described by the nominal stress-strain response assess-
ment (Figure 6). The tangent stiffness was obtained by the linearly
connecting the stress at each cyclic peak on the loading part of
the stress-strain curves. There is a sharp turning point at around
strain 0.025 for the irisin-treated sample, that turning point might
be due to the liquid in the spheroids being squeezed out during na-
noindentation. From the stress-strain curve, it is obvious that the
irisin-treated hPDL cell spheroid is much stronger than the control
counterpart, demonstrating a strengthening effect of irisin on the

mechanical stiffness.

3.6 | Irisin induces osteogenic behavior of 3D hPDL
cell spheroids

As the ECM deposition affects osteogenesis, we evaluated the
mRNA expression of several ECM and osteogenic markers genes to
compare osteogenic potential of 3D hPDL cell spheroids exposed
or not exposed to irisin. After 14days of culture, irisin induced
a 5.7-fold (p<.0001) in the mRNA expression of the ECM mark-
ers collagen type | (Figure 7A) and a 2.5-fold (p<.0001) increase
in fibronectin (Figure 7B) compared with control. In contrast, the
mRNA expression of periostin was reduced by 0.8-fold (p = .0003)
compared to control (Figure 7C). Similarly, OCN (Figure 7E), BMP2
(Figure 7F), RUNX2 (Figure 7G) and OSX (Figure 7H) were enhanced
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FIGURE 2 Histogram of 13 canonical pathways. The Y-axis represents the -log(p-value), X-axis indicates each of the representative
canonical pathways. Orange bar indicates positive Z-score, blue bar indicates negative Z-score. Ratio (differential orange line and box
markers) refers to the number of molecules in a given pathway that meet the —-log(p-value) threshold 1.3 divided by the total number of
molecules that make up the pathway from within the IPA knowledge database.
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FIGURE 3 Morphological characterization of 3D hPDL cells treated with and without 10 ng/ml irisin by Goldner trichrome method and
phalloidin. (A) Goldner trichrome staining (a and b) showed that spheroids treated with 10 ng/mL irisin developed a rim-like tissue around the
spheroid while control spheroids did not. Boxed areas are shown at a higher magnification (c and d). Arrows indicated the rim-like tissues. (B)
Likewise, similar rim-like tissues were observed in phalloidin-stained spheroid supplemented with irisin but not pronounced in control (b, e,

h and k), nuclei are counterstained with DAPI (a, d, g and j), merged images of phalloidin and DAPI are shown in ¢, f, i and |. Boxed areas are
shown at a higher magnification (d, e, f, j, k and I). Arrows indicated the rim-like tissues.

by 2-fold (p = .0002), 1.6-fold (p = .0002), 1.8-fold (p <.0001) and
3-fold (p <.0001), respectively. However, the expression of the early
marker of osteoblast differentiation, ALP (Figure 7D), was reduced
by 0.8-fold (p = .048) in irisin-treated hPDL cell spheroids.

3.7 | lrisin promotes the angiogenic potential of 3D
hPDL cell spheroids

Angiogenesis, which refers to the formation of new blood vessels,
plays an important role in guiding bone and dental tissue regenera-
tion.%® To achieve periodontal tissue regeneration, the combination
of angiogenic and osteoinductive to promote bone formation has
emerged as a novel approach.®* Additionally, the angiogenic ef-

fect of irisin has previously been described in vivo and in vitro using

human umbilical vein endothelial cells.>®> Here we demonstrate for
the first time the ability of irisin to induce angiogenic activity in 3D
cultured hPDL cell spheroids. The expression of the vascular en-
dothelial cell marker vVWF, was enhanced by 1.8-fold in the spheroids
cultured with irisin compared with control at day 14, as evidenced by
confocal laser scanning microscopy imaging and fluorescence inten-
sity quantification (p = .0004) (Figure 8A,B).

3.8 | Irisin regulates myokines secretion from 3D
hPDL cell spheroids

The concentration of osteonectin in the culture medium from the
hPDL cell spheroids exposed to irisin was lower compared to control
both on day 3 (p = .0192) and on day 14 (Figure 9A). The secretion
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FIGURE 4 Confocal images of 3D hPDL cell spheroid sections treated with and without 10 ng/ml irisin immunolabeled with Collagen
type | and Periostin and quantification of immunofluorescence intensity. (A) Histological sections of spheroids were analyzed by
immunofluorescence staining for Collagen type | and Periostin (b, c, g, h, |, m, g and r), nuclei were counterstained with DAPI (a, f, k and

p), merged images of Collagen type | and Periostin are shown in d, i, n and s, merged images of nuclei, Collagen type | and Periostin are
presented in e, j, o and t. Boxed areas are shown at a higher magnification in f, g, h, i, j, p, g, r, s and t. Arrows indicate rim-like tissues. (B)
Quantification of Collagen type | fluorescence intensity in % of control. (C) Quantification of Periostin fluorescence intensity in % of control.
Mean fluorescence intensities were measured from five random regions of interest in each section. Significantly different from control at

*p<.05, **p<.01 and ***p<.001.

of leukemia inhibitory factor (LIF) in culture medium from spheroids
treated with irisin was increased at day 3 (p = .0439) but thereafter
attenuated significantly at day 7 (p = .0004) and day 14 (p = .0018)

compared to control (Figure 9B). Secretion of interleukin 6 (IL-6) was
significantly reduced from spheroids with irisin at day 1 (p = .0001),
day 7 (p = .0025) and day 14 (p = .0024), when compared to the
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FIGURE 5 Confocalimages of 3D hPDL cell spheroid sections treated with and without 10 ng/mL irisin immunolabeled with fibronectin
and quantification of immunofluorescence intensity. (A) Histological sections of spheroids were analyzed by immunofluorescence staining
for fibronectin (b, h, e and k), nuclei were counterstained with DAPI (a, g, d and j), merged images of fibronectin and nuclei are shown in

¢, i, fand |. Boxed areas are shown at a higher magnification in g, h, i, j, k and . Arrows indicate the rim-like tissues. (B) Quantification of
fibronectin fluorescence intensity in % of control. Mean fluorescence intensities were measured from five random regions of interest in each
section. Significantly different from control at *p <.05, **p<.01 and ***p <.001.
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control (Figure 9C). The concentrations of the other factors tested
(apelin, BDNF, erythropoietin, FABP3, FGF-21, fractalkine/CX3CL1,
follistatin-like protein 1, IL-15, irisin, myostatin/GDF8, oncostatin M,
osteocrin/musclin) were lower than the set levels of detection for

the analyses.

4 | DISCUSSION

To the authors' best knowledge, this is the first study on the effects
of recombinant irisin on different biological behaviors of 3D cultured
hPDL cells.

We used Affymetrix microarray analysis to profile the mRNA
expression patterns between 3D hPDL cell spheroids under stan-
dard culture conditions or exposed to irisin. The mRNA expression
profiling identified approximately 1000 mRNAs that were differ-
entially expressed between the two groups, suggesting that irisin
is involved in gene regulation in hPDL cells. Further, the GO/KEGG
analysis screened out some important biological processes (BPs) re-
lated to ECM remodeling, and these BPs shared several MMPs fam-
ily genes. MMPs are a family of zinc-binding metalloproteinases that

0.12 0.14

can degrade all ECM components,36 and these collagenases can be
enhanced by chronic inflammation (IL-1 and TNF(x).37 In periodontal
diseases, degradation of collagen fibers is induced by MMPs released
by the PDL cells in response to inflammatory stimuli.** Based on GO/
KEGG results, MMP-1, MMP-3 and MMP-13 are all downregulated
in irisin-treated 3D hPDL cell spheroids, this indicates that irisin in-
duces a negative transcriptional regulation of collagenase genes,
which conforms to a previous study that irisin decreased MMP-1 and
MMP-13 expression in osteoarthritic chondrocytes.®® These findings
support arole of irisin in ECM integrity maintenance by inhibiting the
breakdown of collagens in the 3D hPDL cell spheroids and alleviating
periodontal inflammation.

Additionally, bitter taste receptor activity is identified by GO/
KEGG analysis. Bitter taste-sensing type 2 receptor family subtypes
(TAS2Rs) play key roles in perceiving bitterness and are distributed
throughout the body including periodontal ligament, and thus termed
non-lingual receptors.®? TAS2Rs have been associated with immune
response and microbiome regulation.40 The role of TAS2Rs family in
PDL is unknown, however, it was recently shown that in human den-
tal pulp stem cells (DPSCs), TAS2Rs were correlated to odontoblastic

differentiation in an inflammatory microenvironment, mediating the
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increase in intracellular Ca2+ via conventional G protein-coupled
receptors (GPCR) signaling.41 Upon irisin exposure TAS2R10 was
downregulated in the 3D hPDL cell spheroids presented here, while
in the DPSC study reported that when TAS2R10 was silenced, odon-
toblastic differentiation of hDPSCs was reduced.*! This could thus,
also infer that in the 3D hPDL culture model, irisin exposure medi-
ated effects on differentiation.

Intriguingly, the microarray dataset analyses, also documented a
role for irisin in ubiquitination in the hPDL cells under spheroid cul-
ture. USP53 was significantly downregulated while USP2 and USP43
and several members of the ubiquitin specific peptidase 17 like
family (USP17L) were significantly upregulated in the irisin-exposed
samples analyzed. The roles of these enzyme in bone development
have been under intense study.*?> UPS53 was previously described to
enhance Wnt/p-catenin signaling in mesenchymal stem cells (MSCs)
undergoing osteogenic differentiation,*® while its knockdown in-
creased osteoblast numbers and decreased adipocyte counts, in
mice.** USP43 abundance was previously shown to increases with

increasing cell density and found in cells close to E-cadherin at sites
of cell-cell contacts.*® These findings document a multiparametric
and possibly causal role of irisin in ubiquitination, where its func-
tions might also be mediated via these deubiquitinating enzymes to
regulate cellular processes, including cell proliferation, differentia-
tion progress and cell migration.

Irisin exposure further affected the expression of several ZNF
genes in the hPDL spheroids. Targeted microarray dataset min-
ing identified that ZNF691 and ZNF367 were the most signifi-
cantly upregulated genes in the irisin-exposed spheroids; ZNF14,
ZNF248, ZNF331, ZNF470 and ZNF730 were the most significantly
downregulated genes of the ZNF family in the hPDL spheroids
treated with irisin. Further studies will investigate the effect of
irisin on the corresponding pathways. However, it remains to
be interested that although the function of the majority of ZNF
genes in hPDL cells is largely unknown, in other cell models their
functions are considered crucial in proliferation, development and
differentiation.*¢
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FIGURE 8 Confocal images of 3D hPDL cell spheroid sections treated with and without 10 ng/ml irisin immunolabeled with vVWF and
quantification of immunofluorescence intensity. (A) Histological sections of spheroids were analyzed by immunofluorescence staining

for VWF (b, h, e and k), nuclei were counterstained with DAPI (a, g, d and j), merged images of VWF and nuclei are shown in c, i, f and .
Boxed areas are shown at a higher magnification in g, h, i, j, k and I. (B) Quantification of vVWF fluorescence intensity in % of control. Mean
fluorescence intensities were measured from five random regions of interest in each section. Significantly different from control at *p <.05,

**p<.01 and ***p<.001.
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FIGURE 9 Secretion of (A) osteonectin, (B) LIF, and (C) IL-6 to culture medium from 3D-cultured hPDL cell spheroids treated with and
without irisin is shown in percentage of control at day O, 1, 3, 7 and 14. Values represent the mean+SD. Significantly different from control

at *p<.05, **p<.01 and ***p<.001.

The IPA analysis also identified several important signaling
pathways involved upon irisin exposure. Interestingly, we found
that coronavirus replication pathway was activated upon irisin
treatment, though irisin has been reported to counteract the ad-
verse effects of COVID-19 during the various disease stages,*’ no
research up to date has studied its role on coronavirus-infected
hPDL cells yet. The actin cytoskeleton rearrangement is key to
both withstanding extracellular mechanical strain and intracellular
structural support, and inhibition of actin cytoskeleton leads to
down regulation of collagen type 1,*8 the activation of actin cy-
toskeleton signaling may suggest reinforcement of ECM by irisin.
Integrins affect an array of signal transduction cascades which me-
diate cell survival, proliferation, differentiation and organ develop-
ment.* It is also noteworthy that irisin was recently identified as a
ligand for the integrins aVp5, aVp1, and a5p1 expressed on mesen-
chymal cells.?®>! Rho-family GTPases are of critical importance in
integrating intracellular signals downstream of mechano-sensors,
hence promoting re-organization of the actin cytoskeleton which
is necessary for cell-shape alterations and eventually migration.52
Valine is one of the branched-chain amino acids that is needed to
synthesize proteins, it can enhance mammary cell growth.>® The

irisin-induced upregulation of Rho-family GTPases and downreg-
ulation of valine degradation | signaling indicate that irisin pro-
motes migration and helps maintain the cell growth in 3D hPDL
cell spheroids, which is in line with previous study of hPDL cells
cultured in 2D.1

An increase of several ECM-related markers like collagen type
I, periostin and fibronectin was observed by immunofluorescent
staining. Periostin is able to directly bind to collagen type | and
form a complex, thus enhancing their assembly into ECM and con-
tributing to the mechanical strength of connective tissues.3*
Fibronectin is one of the main elements in basement membrane
(BM), which comprises the ECM along with interstitial matrix, BM
structure is more compact and less porous,® the upregulation of
fibronectin expression upon irisin treatment implies that irisin may
induce a less porous, more organized structure in the spheroids,
which could explain the formation of thickened rim-like tissue
around irisin-treated spheroids. In addition, the rim-like structure
can also be observed in irisin-exposed spheres stained with ECM
markers, which further proves that irisin may regulate the mor-
phology of 3D hPDL cell spheroids. The PCR analysis showed that
MRNA expression levels of collagen type | and fibronectin were
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upregulated in the irisin-treated spheroids, but periostin showed
a contradictory trend compared to immunofluorescence quanti-
fication. The contradictory results are probably due to the mole-
cules half-lives and the multiple post-transcriptional mechanisms
involved, making it difficult to correlate protein expression to
mRNA 5658

The PDL is a complicated tissue reinforced by fibers which re-
sponds to force in a viscoelastic manner.”? Its composition mainly
consists of collagen fibers along with a few blood vessels and nerve
endings.?® The collagen components are able to resist tension and
the fibrous proteins are embedded into the highly hydrated viscous
ground substance, which forms the ECM. The ground substances,
especially collagen type |, is responsible for the PDL's viscoelastic
properties when subject to loading.'®¢* We have observed an in-
crease in both ECM deposition and mechanical strength in the irisin-
treated hPDL spheroids, which suggests that irisin may grant the
hPDL cell spheroids stiffer mechanical properties by enhancing the
deposition of ground substances.

Irisin induced a significant increase in the mRNA expressions of
several important osteogenesis-related markers like RUNX2, OSX,
BMP2 and OCN. In contrast, ALP was downregulated in the irisin-
treated spheroids, which might be explained by ALP being produced
early in the differentiation phase, before the mineralization takes
place. Its expression has been demonstrated to be highest in ma-
trix maturation phase, but as the cultures progress into the miner-
alization phase, markers like OCN are upregulated while the ALP
expression declines.®?%% These findings support an osteogenesis-
stimulatory role of irisin in 3D hPDL cell spheroids.

Vasculature is essential for bone development, remodeling and
homeostasis, to ensure successful osteogenesis, vascularization is
required.®* The PDL itself is a highly vascularized tissue, the vas-
cular activity is important in periodontal remodeling,®®> moreover,
the putative role of irisin on promoting osteogenic potential and re-
modeling of PDL tissues also requires stimulation of blood vessel
formation. VWF is a large glycoprotein best known for its critical role
in platelet binding to the sub-endothelium during hemostasis, it is
widely used as a specific endothelial marker and routinely used to
verify vessels in tissue sections.®® The hPDL cell spheroids treated
with irisin demonstrated a significant increase in VWF expression
compared with control at day 14, indicating that irisin promoted the
angiogenic potential in the spheroids. Taken together, these data
further prove that irisin enhances osteogenic differentiation of 3D
hPDL cell spheroids.

In the current study, secretion of several myokines like osteonec-
tin, LIF and IL-6 were affected by irisin administration. Osteonectin
is a glycoprotein secreted by osteoblasts during bone formation. It
shows affinity for both collagen and calcium and is reported to mod-
ify the interaction of cells with ECM by increasing the expression of
collagenase, stomelysin and metalloproteinases, which are capable
of degrading ECM.”%8 Osteonectin exhibited continued decrease
in secretion from irisin-treated hPDL cell spheroids over the 14-
day culture, this suggests that ECM degradation may be inhibited
by irisin in 3D hPDL cell spheroids. LIF is a multifunctional cytokine

PERIODONTAL RESEARCH

which belongs to the IL-6 superfamily, and it can induce inflamma-
tion, thus likely to play a regulatory role.®? The secretion of LIF from
irisin-treated hPDL cell spheroids demonstrated a slight increase
early in culture but a sharp decrease later on. IL-6 is a pleiotropic
pro-inflammatory cytokine, its secretion is promoted in response to

7071 in our study, irisin treatment kept the secretion

inflammation,
of IL-6 from 3D hPDL cell spheroids at lower levels throughout the
14-day culture except on day3, in comparison with control. We can
thus infer that irisin treatment may influence the ECM remodeling
and possibly have a role in alleviating inflammation in 3D hPDL cell

spheroids.

5 | CONCLUSIONS

Our study primarily demonstrates that irisin may serve as a clear
switch that induces differential expression of a plethora of genes in
3D-cultured hPDL cells, and that these genes are associated with an
array of cellular and biological functions. More specifically, adminis-
tration of irisin increased the ECM deposition, mechanical proper-
ties, osteogenic behavior, angiogenic activity and may have a role
of alleviating inflammation 3D hPDL cell spheroids, indicating a role
for irisin in PDL remodeling and repair. In conclusion, irisin may have
a potential role in a therapeutic strategy to restore the structures
and functions of periodontal tissues in patients with periodontal

diseases.
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