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Abstract: Leptin is a non-glycosylated 16 kDa protein synthesized mainly in adipose cells. The
main function of leptin is to regulate energy homeostasis and weight control in a central manner.
There is increasing evidence that leptin also has systemic effects, acting as a link between innate and
acquired immune responses. The expression of leptin and its receptor in human dental pulp and
periradicular tissues have already been described, as well as several stimulatory effects of leptin
protein expression in dental and periodontal tissues. The aim of this paper was to review and to
compile the reported scientific literature on the role and effects of leptin in the dental pulp and
periapical tissues. Twelve articles accomplished the inclusion criteria, and a comprehensive narrative
review was carried out. Review of the available scientific literature concluded that leptin has the
following effects on pulpal and periapical physiology: 1) Stimulates odontogenic differentiation of
dental pulp stem cells (DPSCs), 2) Increases the expression of dentin sialophosphoprotein (DSPP) and
dentin matrix protein-1 (DMP-1), odontoblastic proteins involved in odontoblastic differentiation
and dentin mineralization, 3) Stimulates vascular endothelial growth factor (VEGF) expression in
human dental pulp tissue and primary cultured cells of human dental pulp (hDPCs), 4) Stimulates
angiogenesis in rat dental pulp cells, and 5) Induces the expression of interleucinas 6 and 8 in human
periodontal ligament cells (hnPDLCs). There is evidence which suggests that leptin is implicated in the
dentin mineralization process and in pulpal and periapical inflammatory and reparative responses.

Keywords: leptin; leptin receptor; dental pulp; periapical tissues; DMP-1; DSPP; vital pulp therapy;
regenerative endodontic procedures

1. Introduction

At present, the possible association between oral inflammatory processes caused
by infection and systemic health is an interesting aspect that the medical and dental
community focuses its research on to improve the health of patients [1]. In spite of several
epidemiological studies that have shown this association [2-8], the basic, molecular and
cellular aspects of the pathophysiology of oral inflammatory processes caused by infection
have not been fully researched.

Pulpitis and apical periodontitis are oral inflammatory processes caused by infection,
and these diseases may help the scientific community as they are ideal models to explore
the pathways or mechanisms by which oral local infections can harm systemic health.

The dental pulp is a connective tissue that is located inside of the tooth and is limited
by dentin, a hard, calcified and continuous formation tissue. The dental pulp and dentin are
two tissues with different histological characteristics, but due to their similar embryological
origin and structural implications are considered a functional unit. To establish a correct
knowledge of dental pulp biology, it is necessary to also know the tissues that surround it;
both dentin and periapical tissues are intimately involved in pathophysiology of the dental
pulp [9]. When etiological agents invade the dental pulp an immune and inflammatory
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response is stimulated and pulpitis or dental pulp inflammation appears [10]. Pulpitis
is understood as a dynamic process in which etiological agents invade (these are the
main cause of pulpy injury and the bacteria that cause tooth caries) and the immune
and inflammatory host responds [11]. If the intensity of the aggressive factors is mild or
moderate, a reversible pulpitis will be established and pulp inflammation will be controlled
and repaired, maintaining pulp sensitivity. If the intensity of the aggressive factors is severe,
an irreversible pulpitis will be induced and, ultimately, pulp necrosis and damage to the
dental pulp will be not repaired [9].

The inflammation of the tissue around the tooth root, usually around the root apex,
caused by infection of the dental pulp, is known as apical periodontitis [12]. The prevalence
of apical periodontitis is very high in the worldwide population [13]. In most cases,
apical periodontitis occurs when cariogenic microorganisms or antigenic content that
have invaded the dental pulp reach the periapical or periradicular connective tissue,
stimulating an inflammatory and immune response. As pulpitis, the apical periodontitis can
be reversible or irreversible and an acute or chronic inflammation. Acute and symptomatic
apical periodontitis is characterized by minimal pain and bone resorption and is sometimes
reversible. Chronic apical periodontitis is always irreversible, as a consequence of necrotic
pulp, and is characterized by bone destruction with radiologically observable periapical or
peri-radicular osteolytic lesions [9].

The link between pulp/apical inflammation and pulp/apical repair is still not fully
understood. The prerequisite for tissue repair is the host’s inflammatory response, which
includes the production of antimicrobial peptides and cytokines and the activation of
migratory immune cells [14]. Leptin, as a pro-inflammatory cytokine, could influence
periapical and pulp defensive and reparative responses.

The aim of this review is to analyze the available scientific evidence about the ex-
pression and effects of leptin in dental pulp and periapical tissues in order to clarify and
summarize the role of leptin in pulpal and periapical physiology.

2. Literature Search and Scope of The Review

An electronic search of PubMed, Web of Science, and Scopus was conducted using
appropriate keywords, as follows: (leptin OR leptin receptor OR LEPR OR OBR OR OB-
R OR Ob-Rb) AND (dental pulp OR periapical tissues OR apical granuloma OR apical
abscess OR periapical abscess OR periapical granuloma OR apical cyst OR periapical cyst
OR periapical granuloma OR periradicular tissues OR pulpitis OR apical periodontitis).
All studies which carried out investigations of the expression of leptin or LEPR, as well as
leptin effects, in dental pulp tissue or in periapical tissues were included. Fifteen articles
were applicable to these inclusion criteria. Taking into account the scope of this search and
the type of studies found, a comprehensive narrative review was carried out.

3. Leptin

Leptin, whose first functional role is the control of appetite and hunger [15], is a non-
glycosylated hormone composed of 146 amino acids [16] synthesized mainly in adipose
cells [17]. The amount of energy stored in the adipose tissue and the body adipose mass is
proportional to the amount of circulating leptin (normal range 1-15 ng/mL). People with
obesity produce more leptin than those of a normal weight [18]. Increasing amounts of
evidence have shown that leptin has systemic effects, apart from those related to energy
homeostasis, including the regulation of neuroendocrine and reproductive, hematopoietic
and immune functions [19-21]. The discovery of leptin as a proinflammatory adipokine
forged the new era of immunometabolism [15]. During acute infection and inflammation,
leptin levels increase regulating both innate and adaptive immune responses [22,23]. In this
sense, leptin is involved in inflammatory /immune-related processes, e.g., by stimulating
the proliferation of circulating monocytes [24]. In polymorphonuclear cells, leptin inhibits
apoptosis [24,25], promoting chemotaxis [26,27], and improves the expression of CD11b
via monocytes by releasing TNF-« [28], as well as stimulating the production of reactive
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oxygen species (ROS) [29]. Moreover, although the mechanisms by which leptin regulates
the T cell function are not fully understood, it has been reported that leptin actions in T
cell populations involve different processes, leading to an increase in immune activity by
enhancing the polarization of naive T helper cells to a Th1 phenotype. Additionally, leptin
leads dendritic cell (DC) differentiation and survival [30] and helps to improve both the
activation and proliferation of CD4+ and CD8+ T cells [31,32], as well as promoting Th17
differentiation [33,34] and Th2 responses [35]. By contrast, this hormone reduces the levels
of regulatory T cells (Tregs) [36,37] and induces immunosenescence in B cells, decreasing
the production of antibodies [38,39].

Leptin acts as a link between obesity and inflammation [40]. The link between leptin
and dental pulp/periapical defensive and reparative responses could provide new evidence
of the relationship between obesity, inflammation and oral infections. Scientific evidence is
emerging that implicates leptin in oral biology and, specifically, in pulpal and periapical
physiology. It has been reported that leptin and leptin receptor (LEPR) are expressed in
healthy and inflamed gingival tissues [41], and elevated serum leptin concentration has
been associated with increased chronic periodontitis [42]. Additionally, it has been shown
that rats with high-fructose diets display increased intestinal leptin levels 28 days after
apical periodontitis induction [43]. Leptin is implicated in the regeneration and repair
of dental structures [44] through the differentiation of dental stem cells from periodontal
ligament (PDL) and dental pulp into odontoblast-like cells, preventing their differentiation
into adipocytes [45,46]. Moreover, compelling evidence has implicated leptin in dental
inflammatory and immune responses [40,46].

4. Leptin and The Dental Pulp

El Karim et al. (2009) [47] were the first to report that leptin is synthesized and
secreted in vitro by pulp fibroblasts derived from extracted healthy molar teeth (Table 1).
Posteriorly, it was reported that leptin is expressed by SCs derived from human natal dental
pulp (hNDP) [48], ameloblasts, odontoblasts, dental papilla cells and stratum intermedium
cells in rat and human tooth germs at the late bell stage, in rat dental pulp [49], in the dental
pulp of monkeys and human primary cultured cells [50]. However, other dental pulp
cells might also be a source of leptin. In this sense, although adipocytes are not a normal
cellular component in dental pulp, human dental pulp stem cells (DPSCs) are capable of
differentiating into oil red-O-positive lipid-containing adipocytes [51], expressing in vitro
the adipogenic master genes peroxisome proliferator- activated receptor gamma two (PPARY2)
and lipoprotein lipase (LPL), two adipocyte-specific transcripts [52]. Therefore, pulpal leptin
could be secreted by DPSCs suffering adipogenic differentiation.

Proposing that leptin has biological functions in the dental pulp requires demonstrat-
ing that LEPR, the specific receptor for leptin, is expressed in pulpal cells. The expression
of LEPR in human dental pulp was first described by Martin-Gonzdlez et al. [53] (Table 1).
The odontoblast layer of human dental pulp was immunoreactive for LEPR [54], suggesting
that human odontoblasts express LEPR. Both leptin and LEPR are expressed by healthy
and inflamed human dental pulp cells [53,55], being widely distributed in the dental pulp
of human and monkey primates [56]. Moreover, there is an upregulation of leptin and
LEPR expression in inflamed human dental pulp [40,53,55]. All these findings suggest that
leptin, by autocrine or paracrine pathways, could play a role in dental pulp physiology.

The effects of leptin on dental pulp have been investigated. The results of the studies
carried out suggest that leptin is involved in the odontogenic differentiation of DPSCs,
dentin matrix mineralization, and angiogenesis (Table 2).
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Table 1. Leptin and LEPR expression in dental pulp and periradicular tissues.

Authors/Year Leptin/LEPR Cell/Tissue
El Karim et al., 2009 Leptin Human dental pulp fibroblasts
Karaoz et al., 2010 Leptin SCs derived from human natal dental pulp
Kangarlou et al., 2010 Leptin Human chronic periapical lesions
Ide et al., 2011 Leptin Ameloblasts, odontoblasts in rat dental pulp
Martin-Gonzalez et al., 2013a Leptin Human dental pulp (healthy and inflamed)
Lietal, 2014 Leptin Dental pulp of monkeys
Primary cultured human dental pulp cells
Martin-Gonzalez et al., 2015b Leptin Human periapical granuloma
Kangarlou et al., 2010 LEPR Human chronic periapical lesions
Martin-Gonzaélez et al., 2013b LEPR Human dental pulp (healthy and inflamed)
Lietal., 2014 LEPR Dental pulp of monkeys
Primary cultured human dental pulp cells
Martin-Gonzalez et al., 2015c LEPR Human periapical granuloma
Martin-Gonzalez et al., 2015a LEPR Odontoblast layer of human dental pulp

Table 2. Leptin effects on pulpal and periapical physiology.

Authors/Year Tissue Effect
Um et al., 2011 Pulpal mesenchymal Promotes odontoblastic differentiation
stem cells Suppresses adipogenic differentiation
Lietal., 2015 Human periodontal Stimulates IL-6 and IL-8 expression ligament cells
Martin-Gonzélez et al., 2015a Human dental pulp Stimulates DSPP expression
Ngo et al., 2018 Human dental pulp Stimulates DSPP expression
Ngo et al., 2018 Human dental pulp Stimulates DMP1 expression
Ngo et al., 2018 Human dental pulp Stimulates VEGF expression
Martin-Gonzalez et al., 2019 Human dental pulp Stimulates DSSP expression (PI3K)
Stimulates DMP-1 expression (MAPK 1/3)
Choi et al., 2019 Rat dental pulp Stimulates odontoblastic differentiation

Induces angiogenesis

Induces mineralization
Wei et al., 2019 Human dental pulp Upregulates IL-6 and IL-8
fibroblasts

DSPP: dentin sialophosphoprotein. DMP-1: dentin matrix protein-1. VEGF: vascular endothelial growth factor.
IL-6: interleukin 6. IL-8: interleukin 8. MAPK: mitogen-activated protein kinases pathway. PI3K: phosphatidyli-
nositol 3-kinase pathway.

Leptin acts as a modulator of pulpal mesenchymal stem cell differentiation, promoting
odontoblastic and suppressing adipogenic differentiation [57,58]. On the other hand, leptin
stimulates, in a dose-dependent manner, the expression of dentin sialophosphoprotein
(DSPP) in human dental pulp [59-61]. DSPP acts as nucleator of apatite crystal formation
in the presence of collagen during dentin mineralization [62], inducing highly organized
intrafibrillar collagen mineralization [63]. Taking into account that DSPP is a marker of
odontoblastic differentiation [64,65], this data further supports the concept that human
odontoblasts express LEPR [66].
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Leptin also stimulates the expression of dentin matrix protein-1 (DMP-1) in human
dental pulp [60,61]. DMP-1 is an extracellular matrix protein, released by odontoblasts, that
stimulates the deposition of mineral particles along the collagen fibril axis [63]. The mitogen-
activated protein kinase (MAPK) signaling pathway is involved in leptin-mediated DMP-1
expression in hDPCs [60,61]. On the contrary, the stimulatory effect of leptin on DSPP
expression seems to be mediated by both the MAPK [61] and Phosphatidylinositol-3-kinase
(PI3K) [60] pathways.

The stimulatory effect of leptin on DSPP and DMP-1 expression in human dental pulp,
two critical proteins for proper mineralization of dentin and odontoblast differentiation [67],
suggests a functional role for leptin in dentinogenesis and dental pulp regenerative and
reparative processes. The especially strong immunoreaction for leptin and LEPR in junc-
tional epithelium, the front-line defense around teeth, and in mineralizing areas of the
dental pulp [50], further support the role of leptin in the pulpal defensive response against
caries. Additionally, leptin induces mineralization, not only osteodentin but also tubular
dentin, in rat pulp cavity after pulp capping [44]. On the other hand, leptin may upregulate
interleucinas 6 and 8 (IL-6 and IL-8) production through binding with LEPR in human
dental pulp fibroblasts via the activation of different intracellular signaling pathways [68].

Another effect of leptin on pulp physiology is angiogenesis stimulation [58] by in-
creasing vascular endothelial growth factor (VEGF) expression in hDPCs, which is also
mediated by the MAPK signaling pathway [61]. Angiogenic growth factors, such as VEGF,
are present in human dental pulp and dentin matrix, being upregulated in dental pulp from
carious teeth [69]. Angiogenesis is critical and a prerequisite for successful pulpal repair
after injury and inflammation, playing a main role in the replacement of damaged tissues
during regenerative endodontic procedures (REPs) [70]. Angiogenesis also promotes root
development and apical root closure in cases of immature teeth [71]. As a result, by regu-
lating the expression of VEGE, leptin could play an important role in angiogenesis during
pulpitis and REPs, similar to that which has already been described in other inflamed
tissues and cancer [72]. Summary scheme addressing the pathophysiological role of leptin
in dental and periapical pulp is shown in the following (Figure 1):

DENTAL PULP
STEM CELLS

PULP INNATE IMMUNE
FIBROBLAST RESPONSE

DEEP DENTINE

CARIES LESION

INFy
\‘ [ LEPTIN ] TNFo

&)

PULP—DEN'HN osR
— | COMPLEX REPAIR
(ANGIOGENESIS)

Figure 1. Summary scheme. Role of leptin in pulpal and periapical pathophysiology. Leptin levels
increase in inflamed human dental pulp (Martin-Gonzaélez et al., 2013a). Leptin is produced by dental
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pulp fibroblasts (El Karim et al., 2009), odontoblasts (Ide et al., 2011), SCs from human natal dental
pulp (Karaoz et al., 2010), and DPSCs suffering adipogenic differentiation (Gronthos et al., 2002).
Leptin inhibits DPSCs adipose differentiation and stimulates DPSCs odontoblastic differentiation
(dashed arrows) (Um et al., 2011; Choi et al., 2019). Leptin increases DSPP (Martin-Gonzalez et al.,
2015a, Ngo et al., 2018), DMP-1 (Ngo et al., 2018; Martin-Gonzalez et al., 2019) and VEGF expression
(Ngo et al., 2018), promoting matrix mineralization (dentinogenesis), odontoblastic differentiation
and angiogenesis. Finally, leptin stimulates the expression of other cytokines (Ngo et al., 2018; Wei
et al.,, 2019) through binding with its receptor (Wei et al., 2019). As a result, leptin could contribute
to pulpal and periapical inflammation and repair. DPSCs: dental pulp stem cells. DSPP: dentin
sialophosphoprotein. DMP-1: dentin matrix protein-1. SCs: stem cells. VEGF: vascular endothelial
growth factor. IL-6: interleukin 6. IL-8: interleukin 8.

5. Leptin and Periradicular Tissues

The first studies that linked leptin with periradicular tissues focused on their possible
relationship with periodontal disease. Johnson and Serio [41] described the expression of
leptin and LEPR in healthy and inflamed gingival tissues. More recently, a high serum
concentration of leptin has been associated with generalized chronic periodontitis [42],
with leptin being considered as a possible marker of inflammatory activity in chronic
periodontitis [43].

Regarding the presence of leptin and its receptor in periapical tissues, the expression of
both leptin and LEPR in human chronic periapical lesions was first described by Kangarlou
etal. [73] (Table 1). Later, the presence of leptin [53] and LEPR [55] in human chronic granu-
lomatous inflammatory tissues was demonstrated by immunohistochemistry. Amongst the
inflammatory cells present in the periapical granulomas, only macrophages were reactive
to leptin antibodies [54]. The presence of leptin and LEPR mRNAs, determined by a quan-
titative real-time PCR (qRT-PCR), and leptin and LEPR proteins, analyzed by immunoblot,
have also been demonstrated in human periapical granulomas [54,60].

About the possible role of leptin in periradicular tissues, few data are available. Lep-
tin and LEPR increase substantially in inflammatory periradicular tissues, inducing the
expression of mRNA and the proteins IL-6 and IL-8 in human periodontal ligament cells
(hPDLCs); these effects correlate with the extent of inflammatory infiltration [56] (Table 2).
On the contrary, leptin and LEPR are downregulated by inflammatory signals, interfering
negatively with the regenerative capacity of human PDL cells [74]. These results, taken
together with those previously described in relation to dental pulp, suggest that leptin
could play a role in inflammatory and immune periapical responses.

This is comparable to what happens in obesity [75], where inflammatory cells such as
neutrophils, eosinophils, and macrophages are abundant in inflamed pulpal and periapical
tissue [76]. Although bacterial antigens, the lipopolysaccharide of gram-negative bacteria
(LPS) and lipoteichoic acid of gram-positive bacteria (LTA), are the primary cause of both
pulpal and periapical inflammation, the immune response of the host determines the devel-
opment of the inflammatory response in dental pulp and periapical tissue. Lymphocyte
trafficking into pulpal and periapical inflamed tissues is essential in these responses, and is
regulated by chemokines such as CC-chemokine ligand 20 (CCL20) and the recruitment of
memory T cells [77] and immature dendritic cells [78]. Taking into account the upregulation
of leptin in inflamed tissues, such as dental pulp [59], the high levels of this adipokine
demonstrated in chronic periapical lesions [55] and the potent stimulatory effect of leptin
on CCL20 expression [78], it could be suggested that leptin modulates the production
of chemotactic signals and the trafficking of lymphocytes during pulpal and periapical
inflammatory processes.

6. Biological Significance of The Relationship between Leptin and Pulpal-Periapical Physiology

The functional effects mediated by the interaction of leptin with its specific receptor
LEPR in dental pulp and periradicular tissues, described in this review, suggest that leptin
is involved in the biomineralization process and in pulpal and periapical inflammatory
and reparative responses. However, the biological significance of the link between pulpal
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and periapical physiology and an adipokine, such as leptin, mainly released by adipose
tissue and whose first functional role is the control of appetite and hunger [15,16], need to
be analyzed and clarified.

The fact that leptin and LEPR are expressed in pulpal and periapical tissues could
be interpreted as evidence supporting the relationship between obesity, inflammation,
and endodontic infections. Several possible pathways involving the host response and
bacterial challenge have been proposed to explain the association between obesity and
inflammation [79]. Obesity could alter the host immune response to oral infection, in-
creasing individuals’ susceptibility [80]. Inflammatory cells (T-lymphocytes, macrophages,
neutrophils) and pro-inflammatory cytokines (IL-6, IL-8) which are implicated in the
pathogenesis of endodontic infections, such as pulpitis and apical periodontitis, could be
influenced by obesity and leptin levels [80,81]. The altered inflammatory state in patients
with obesity could predispose individuals to increased periapical tissue destruction, im-
pairing periapical healing after root canal treatment (RCT) [82]. The possible biological
mechanisms involved in the worst prognosis of root-filled teeth in diabetic patients, with
higher frequency of persistent apical periodontitis after RCT [83] and non-retention of root-
filled teeth [84], have been reviewed [85,86]. Taking into account that obesity is significantly
more frequent in diabetics [87], obesity, through leptin levels, could be another biological
mechanism linking diabetes and the outcome of RCT.

7. Highlights

Several important effects of leptin in pulpal and periapical physiology have been
described: (1) Stimulates odontogenic differentiation of DPSCs, (2) Increases the expres-
sion of DSPP and DMP-1, odontoblastic proteins involved in dentin mineralization and
odontoblastic differentiation, (3) Stimulates VEGF expression in human dental pulp tissue
and primary cultured cells of human dental pulp (hDPCs), (4) Stimulates angiogenesis in
rat dental pulp cells, and (5) Induces the expression of IL-6 and IL-8 in human periodontal
ligament cells (hPDLCs).

8. Conclusions

The data provided identify that there is evidence regarding the role of leptin in the
dentin mineralization process and/or in pulpal and periapical inflammatory and reparative
responses. The information is relevant and potentially contributes to this field of study;
however, the little information that exists to date in this line of research may prove a
limitation. Further research is needed to fully discern the possible connection between
obesity, inflammation and endodontic infections and should be investigated.
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