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Abstract: The effect of bacterial infection on the expression of growth hormone secretagogue receptor
(GHS-R) was investigated in periodontal cells and tissues, and the actions of ghrelin were evaluated.
GHS-R was assessed in periodontal tissues of rats with and without periodontitis. Human gingival
fibroblasts (HGFs) were exposed to Fusobacterium nucleatum in the presence and absence of ghre-
lin. GHS-R expression was determined by real-time PCR and immunocytochemistry. Furthermore,
wound healing, cell viability, proliferation, and migration were evaluated. GHS-R expression was
significantly higher at periodontitis sites as compared to healthy sites in rat tissues. F. nucleatum sig-
nificantly increased the GHS-R expression and protein level in HGFs. Moreover, ghrelin significantly
abrogated the stimulatory effects of F. nucleatum on CCL2 and IL-6 expressions in HGFs and did not
affect cell viability and proliferation significantly. Ghrelin stimulated while F. nucleatum decreased
wound closure, probably due to reduced cell migration. Our results show original evidence that
bacterial infection upregulates GHS-R in rat periodontal tissues and HGFs. Moreover, our study
shows that ghrelin inhibited the proinflammatory actions of F. nucleatum on HGFs without interfering
with cell viability and proliferation, suggesting that ghrelin and its receptor may act as a protective
molecule during bacterial infection on periodontal cells.

Keywords: ghrelin receptor; human gingival fibroblast; Fusobacterium nucleatum; periodontitis;
periodontal tissues

1. Introduction

Lately, periodontal disease has been considered as one of the most prevalent human
pathologies worldwide [1]. Periodontitis is a chronic inflammatory disease with a serious
impact on different aspects of an individual’s life, leading to masticatory dysfunction
and oral disability, impaired quality of life, social problems, and a significant economic
burden [2–4]. It is a multifactorial disease characterized by the loss of tooth-supporting
tissues such as gingiva, periodontal ligament, cementum, and alveolar bone, and it is
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associated with oral biofilm dysbiosis [2]. After bacterial challenge, a complex interaction
between periodontopathogens and host immunity arises so that host resident and infiltrat-
ing cells are activated. These cells produce various proinflammatory mediators, including
interleukin (IL)-1β, IL-6, IL-8, tumor necrosis factor (TNF)-α, cyclooxygenase-2 (COX2),
and chemokine CC motif ligand 2 (CCL2), as well as matrix-degrading proteases such as
matrix metalloproteinases [5–7]. If the host immune response is insufficient to remove
the microbial challenge, it may cause chronic inflammation, which leads to irreversible
degradation of the extracellular matrix and resorption of the alveolar bone, thus resulting
in periodontal breakdown and even tooth loss.

Intrinsic and extrinsic factors consisting of genetic predisposition, systemic diseases,
smoking, and stress may contribute to the onset and progression of periodontitis [8]. Var-
ious meta-analyses have suggested an association between periodontitis and systemic
diseases, such as type 2 diabetes, cardiovascular disease, obesity, and metabolic syn-
drome [9–13]. Interestingly, increased body weight is associated with a higher incidence of
periodontitis [14]. As a result of this interaction between body weight and periodontitis,
ghrelin has become a focus of interest and has been considered as a key molecule linking
periodontitis to obesity. Ghrelin has an essential role in many biological processes such as
appetite level regulation, the body’s energy balance, glucose homeostasis, and long-term
regulation of body weight [15–19]. Furthermore, ghrelin applies modulatory effects on the
immune system as well as sleep and memory [20]. Moreover, ghrelin contributes to the syn-
thesis of anti-inflammatory cytokines while it decreases the expression of proinflammatory
cytokines [21–24].

Ghrelin was initially described as a natural peptide hormone, which is predominantly
produced by gastric enteroendocrine X/A cells of the stomach and also by other organs like
the brain (hypothalamus, hippocampus, and pituitary gland) and kidneys [15,25,26]. The
effects of ghrelin are mediated by the growth hormone secretagogue receptor (GHS-R) with
7-transmembrane G protein-coupled receptor (GPCR), which exists in two forms: type 1a
and 1b [27]. While the GHS-R1a is biologically active and consists of a 366-amino acid,
the GHS-R1b has no affinity to ghrelin [28]. The GHS-R was detected in various organs
such as the hypothalamus, pituitary, pancreas, thyroid, heart, adrenal glands, salivary
glands, prostate, stomach, lymph nodes, and in many other organs [28–30]. Remarkably,
ghrelin and its receptor was lately identified in the oral cavity such as in saliva, gingival
crevicular fluid, gingiva, and periodontal cells [31–35]. In addition, evidence has focused
on plasma ghrelin levels and has shown an increase in periodontitis patients as compared
to periodontally healthy subjects [36], indicating that ghrelin may act as a potential link be-
tween periodontitis and systemic diseases/conditions. Moreover, our group has previously
shown the effect of IL-1β on GHS-R in periodontal ligament (PDL) cells, human gingival
fibroblasts (HGFs), and human osteoblast-like MG-63 cells. Furthermore, we have also
shown that F. nucleatum regulates GHS-R in PDL and MG-63 cells [31–33]. Nevertheless,
for a better understanding of the role and mechanism of the existing relationship between
ghrelin and its receptor with periodontal diseases and periodontal tissues, more studies are
needed. Therefore, the present study aimed to investigate the effects of bacterial infection
on the regulation of GHS-R in vivo in rat periodontal tissues and in vitro in HGFs and also
to evaluate the actions of ghrelin in HGFs.

2. Results
2.1. Expression of GHS-R in Rat Periodontal Tissues In Vivo

First, the expression of GHS-R at the protein level was studied in a complex envi-
ronment by using a rat ligature-induced model of experimental periodontal disease. As
depicted in Figure 1a, immunohistochemistry analysis revealed that the staining against
GHS-R protein was more pronounced and frequently found at periodontitis sites than
at healthy control sites. The percentage of positive cells to GHS-R protein was signifi-
cantly (p < 0.05) increased in the periodontitis group compared to the control healthy group
(Figure 1b). Moreover, to confirm that the experimental periodontal disease model was
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functioning, bone loss was measured in the furcation region of maxillary first molars. Peri-
odontitis was successfully achieved, as seen in Figure 1c,d. The periodontitis group showed
significant (p < 0.05) bone loss in comparison to the healthy control group, as evidenced by
an increase in unmineralized tissue area.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 17 
 

 

(p < 0.05) increased in the periodontitis group compared to the control healthy group (Fig-
ure 1b). Moreover, to confirm that the experimental periodontal disease model was func-
tioning, bone loss was measured in the furcation region of maxillary first molars. Perio-
dontitis was successfully achieved, as seen in Figure 1c,d. The periodontitis group showed 
significant (p < 0.05) bone loss in comparison to the healthy control group, as evidenced 
by an increase in unmineralized tissue area. 

 
Figure 1. (a) GHS-R protein in periodontium of first molars of rats from healthy control and perio-
dontitis groups, as evaluated by immunohistochemistry. Representative images of histological sec-
tions from one healthy control animal and one animal with periodontitis are shown. (b) Percentage 
of GHS-R positive cells is depicted. Results are expressed as mean ± SEM (n = 4 rats/group). (c) 
Representative histological sections stained with hematoxylin and eosin (H&E) and (d) comparison 
of unmineralized tissue area measured in the furcation region of first maxillary molars of rats from 
healthy control and periodontitis groups presented in fold change to control. Results are expressed 
as mean ± SEM (n = 4 rats/group). * Significant (p < 0.05) difference between groups. 

2.2. Regulation of GHS-R by F. nucleatum in HGFs In Vitro 
Next, we evaluated the regulation of GHS-R in HGFs in response to F. nucleatum. 
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real-time PCR and immunocytochemistry. As presented in Figure 2a, F. nucleatum signif-
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Figure 1. (a) GHS-R protein in periodontium of first molars of rats from healthy control and periodon-
titis groups, as evaluated by immunohistochemistry. Representative images of histological sections
from one healthy control animal and one animal with periodontitis are shown. (b) Percentage of
GHS-R positive cells is depicted. Results are expressed as mean ± SEM (n = 4 rats/group). (c) Rep-
resentative histological sections stained with hematoxylin and eosin (H&E) and (d) comparison of
unmineralized tissue area measured in the furcation region of first maxillary molars of rats from
healthy control and periodontitis groups presented in fold change to control. Results are expressed as
mean ± SEM (n = 4 rats/group). * Significant (p < 0.05) difference between groups.

2.2. Regulation of GHS-R by F. nucleatum in HGFs In Vitro

Next, we evaluated the regulation of GHS-R in HGFs in response to F. nucleatum.
GHS-R was identified in HGFs and shown to be regulated by F. nucleatum as analyzed by
real-time PCR and immunocytochemistry. As presented in Figure 2a, F. nucleatum signif-
icantly (p < 0.05) upregulated the expression of GHS-R at 1 d, but not at 2 d. Moreover,
additional experiments demonstrated that the modulatory actions of F. nucleatum on the
GHS-R expression were dose-dependent. The peak upregulation of GHS-R occurred with
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the highest optical density (OD) concentration of 0.1 (Figure 2b). The stimulatory effect
of F. nucleatum on the GHS-R expression was also observed at protein level in HGFs by
immunocytochemistry analysis. Parallel to the gene expression data, an increased im-
munoreaction for GHS-R protein was found in F. nucleatum-stimulated HGFs as compared
to untreated control cells at 1 d (Figure 2c).
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Figure 2. (a) GHS-R expression in the presence (+) and absence (−) of F. nucleatum (Fn ATCC
25586, OD660: 0.1) in HGF cells at 1 d and 2 d, as analyzed by real-time PCR. Mean ± SEM (n = 12).
* Significant (p < 0.05) difference between groups. (b) Stimulation of GHS-R expression by vari-
ous concentrations of F. nucleatum (Fn ATCC 25586, OD660: 0.025, 0.05, 0.1) in HGF cells at 1 d.
Mean ± SEM (n = 12). * Significantly (p < 0.05) different from control. (c) GHS-R protein in the
presence and absence of F. nucleatum (Fn ATCC 25586, OD660: 0.1) in HGF cells at 1 d, as evaluated
by immunocytochemistry. Images are from one representative donor. Unstimulated cells served
as control.

2.3. Signaling Pathways Involved in the Regulation of GHS-R by F. nucleatum in HGFs In Vitro

Then, we sought to unravel signaling pathways involved in the effects of F. nuclea-
tum on GHS-R in HGFs. As anticipated, F. nucleatum-treated HGFs triggered the NF-κB
signaling pathway and caused p65 nuclear translocation at 30 min. A maximal p65 nuclear
translocation occurred at 60 min, as shown by immunofluorescence microscopy (Figure 3a).
When the cells were pre-incubated with U0126, a specific inhibitor of MEK1/2, or PDTC, a
specific inhibitor of NF-κB signaling, the stimulatory effect of F. nucleatum was significantly
abrogated at 1 d (Figure 3b).
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Figure 3. (a) Stimulation of NF-κB (p65) nuclear translocation by F. nucleatum (Fn ATCC 25586,
OD660: 0.1) in HGF cells over time, as evaluated by immunofluorescence. Images are from one
representative donor. (b) Stimulation of GHS-R expression in the presence (+) and absence (−) of
F. nucleatum (Fn ATCC 25586, OD660: 0.1) in the presence (+) and absence (−) of U0126, a MEK1/2
inhibitor (10 µM) or PDTC, a NF-κB inhibitor (10 µM), in HGF cells at 1 d, as analyzed by real-time
PCR. Mean ± SEM (n = 6). * Significant (p < 0.05) difference between groups. Unstimulated cells
served as control.
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2.4. Effects of Ghrelin on the Expressions of Proinflammatory and Chemotactic Cytokines in HGFs
In Vitro

To investigate whether ghrelin would have anti-inflammatory effects, we studied
the actions of ghrelin on HGFs in the presence and absence of F. nucleatum. As expected,
F. nucleatum caused a significant increase of CCL2, COX2, IL-6, and IL-8 expressions in
HGFs at 1 d (Figure 4a–d). However, when the cells were previously treated with ghrelin,
the stimulatory effects of F. nucleatum were reduced for all four inflammatory mediators,
with a significant inhibition for CCL2 and IL-6, as demonstrated in Figure 4a,c. Furthermore,
when HGFs were treated with ghrelin alone, no significant change occurred on the cytokines
expressions as compared to F. nucleatum-stimulated cells at 1 d (Figure 4a–d).
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Figure 4. Expression of CCL2 (a), COX2 (b), IL-6 (c), and IL-8 (d) in the presence (+) and absence
(−) of F. nucleatum (Fn ATCC 25586, OD660: 0.1) and/or ghrelin (20 nM) in HGF cells at 1 d, as
determined by real-time PCR. Mean ± SEM (n = 9). * Significant (p < 0.05) difference between groups.
Unstimulated cells served as control.

2.5. Effects of Ghrelin and F. nucleatum on Wound Healing, Proliferation, and Viability of HGFs
In Vitro

Finally, we investigated the effect of ghrelin on wound healing of HGFs in the presence
or not of F. nucleatum. After in vitro scratching, wounded HGF monolayers were evaluated
for 48 h. Representative images illustrate the wound healing in different stimulated HGFs
(Figure 5a). The wound closure rate was measured at each 6 h. F. nucleatum caused a
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decrease in the percentage of wound closure compared to all the other groups at most time
points evaluated. Immediately after treatment of the wounded cells, ghrelin showed greater
proliferation and migration potential with a significant (p < 0.05) increase in the percentage
of wound covered area compared to F. nucleatum at 6 h, 18 h, 24 h, and 42 h (Figure 5b).
Interestingly, the positive effects of ghrelin outweighed the negative effects of F. nucleatum
as observed in the combined ghrelin and F. nucleatum group. The increase in wound healing
by the combined group compared to F. nucleatum alone was significant (p < 0.05) at 18 h,
24 h, and 48 h (Figure 5b). F. nucleatum caused a significant (p < 0.05) reduction in the
percentage of average wound closure compared to ghrelin and the combined ghrelin and
F. nucleatum group (Figure 5c).
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Figure 5. (a) Representative images of cell coverage from one donor at 0 and 48 h. (b) Percentage
of cell coverage area in scratched HGF monolayers in the presence or absence of F. nucleatum (Fn
ATCC 25586, OD660: 0.1) and/or ghrelin (20 nM) over 48 h. Mean ± SEM (n = 6). + Significantly
different from control, # Significantly different from ghrelin, * Significantly different from ghrelin + Fn.
(c) Percentage of average wound closure of scratched HGF monolayers shown in b in the presence
(+) or absence (−) of F. nucleatum (Fn ATCC 25586, OD660: 0.1) and/or ghrelin (20 nM). Mean ± SEM.
* Significant (p < 0.05) difference between groups. Unstimulated cells served as control.

In order to examine the negative effect of F. nucleatum on wound closure, cell viability,
proliferation, and migration were studied. The effects of ghrelin in the presence and
absence of F. nucleatum on HGF viability were assessed. Interestingly, there was no visible
change in cell morphology following treatment with ghrelin in the presence or not of
F. nucleatum. F. nucleatum alone was also not cytotoxic to the cells. HGFs remained highly
viable regardless of the treatment, as depicted in Figure 6a,b. In relation to proliferation of
HGFs, F. nucleatum induced a reduction, although not significant, as compared to the other
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groups, while the other groups did not show a significant difference in the regulation of cell
proliferation (Figure 6c). The cell migration was measured in wounded HGF monolayers
in the presence or absence of ghrelin and F. nucleatum. HGFs that moved the furthest into
the cell-free area were monitored each hour over 24 h. Ghrelin and the combination of
ghrelin and F. nucleatum resulted in enhanced migration as compared to F. nucleatum alone
(Figure 6d). The mean migration was measured over 24 h. F. nucleatum caused a significant
decrease in the mean migration of HGFs as compared to all the other groups (Figure 6e).
Ghrelin and the combination of ghrelin and F. nucleatum also significantly reduced the
mean cell migration (Figure 6e) in comparison to the unstimulated control cells.
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(d) Migration of HGFs in the presence or absence of F. nucleatum (Fn ATCC 25586; OD660: 0.1) and/or
ghrelin (20 nM) at 2 d (n = 18) measured per hour during 24 h. (e) Mean migration of HGFs shown
in d in the presence (+) or absence (−) of F. nucleatum (Fn ATCC 25586; OD660: 0.1) and/or ghrelin
(20 nM) over 24 h. Mean ± SEM. * Significant (p < 0.05) difference between groups. Unstimulated
cells served as control.
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3. Discussion

The present study provides original evidence that GHS-R is upregulated by bacterial
infection in rat periodontal tissues in vivo and in HGFs in vitro. Furthermore, our results
show that ghrelin reduces or even inhibits the proinflammatory actions of F. nucleatum in
HGFs without interfering with cell viability and proliferation. Moreover, our experiments
demonstrated that F. nucleatum decreases HGF wound closure while ghrelin accelerates
HGF wound closure, showing that ghrelin may play a critical role in periodontal healing.
Our findings suggest that ghrelin and its receptor may act as important protective molecules
during bacterial infection on HGFs by increasing GHS-R and favoring wound healing
through its anti-inflammatory and migration potential actions.

Ghrelin is a natural peptide hormone secreted mainly by the endocrine cells of the
stomach, and its actions are intermediated by its functional receptor GHS-R [15,27]. It
plays an essential role in a series of biological processes, such as regulation of appetite
level, food intake, energy balance, and long-term body weight [15–19]. Additionally, anti-
inflammatory effects of ghrelin have also been described [21–24]. Ghrelin has also been
shown to accelerate the healing of oral ulcers in rats [37]. Interestingly, ghrelin and its recep-
tor have been identified in saliva, gingival crevicular fluid, gingiva, oral epithelial cells, and
periodontal fibroblasts [31–35]. In relation to periodontal disease, it has been demonstrated
that ghrelin levels in gingival crevicular fluid were lower in periodontitis patients than in
periodontally healthy patients. In contrast, when periodontitis patients were also affected
by type 2 diabetes, ghrelin levels were increased in periodontitis patients [35]. Moreover,
total ghrelin levels in gingival crevicular fluid from overweight/obese patients afflicted
with periodontitis were lower than those from normal-weight periodontitis subjects [34].
Curiously, an increase in ghrelin plasma levels was detected in periodontitis patients as
compared to periodontally healthy subjects [36]. Thus, these studies suggest a role between
ghrelin and its receptor in periodontal disease.

To investigate the presence of GHS-R in periodontal tissues during periodontal disease,
an experimental periodontitis model was induced by ligature. The cotton thread ligatures
led to plaque accumulation around the maxillary first molars, which consequently resulted
in bone loss. According to the immunohistochemistry, GHS-R was significantly increased
in periodontal sites as compared to healthy control sites, suggesting that at least for the
time point evaluated in our study, an increased GHS-R level is found in periodontal tissues.
Similar regulatory effects of periodontitis on GHS-R expression in gingiva were observed
in our previous in vivo study [33].

To better understand the occurrence of GHS-R and the effects of ghrelin on HGFs
during bacterial infection, an in vitro study was performed. Interestingly, GHS-R is initially
upregulated by F. nucleatum at 1 d; however, a decrease follows by continuous exposure of
HGFs to F. nucleatum. The regulatory effects of F. nucleatum regarding the GHS-R expression
were dose dependent and also detected at protein levels by immunocytochemistry. These
results are in accordance with our previous results in PDL cells [33]. In order to unravel the
intracellular mechanisms of F. nucleatum, which could possibly regulate GHS-R in HGFs,
cells were pre-incubated or not with PDTC, a specific inhibitor of NF-κB signaling, or with
U0126, a specific inhibitor of MAPK signaling pathways. Interestingly, we observed a
significant decrease in GHS-R expression in F. nucleatum-stimulated cells when the cells
were pre-incubated with these inhibitors, showing that F. nucleatum-induced upregulation
of GHS-R in HGF cells was dependent on MEK1/2 and NF-κB signaling. Moreover,
F. nucleatum induced the NF-κB signaling pathway in HGFs by p65 nuclear translocation,
which was expected and is paralleled to previous reports in HGF and in periodontal
cells [33,38].

In addition, we examined the regulatory effect of ghrelin on proinflammatory medi-
ators in the presence and absence of F. nucleatum. Our results revealed that F. nucleatum
induced upregulation of CCL2, COX2, IL-6, and IL-8 expressions. Higher levels of these
proinflammatory cytokines/chemokines are encountered at periodontitis sites as compared
to periodontally healthy sites. An increase in these markers by F. nucleatum has been
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demonstrated in PDL cells and in HGFs [38,39]. Interestingly, ghrelin significantly reduced
this stimulatory effect of F. nucleatum and even abrogated the expressions of CCL2 and
IL-6, showing an anti-inflammatory action of ghrelin. This anti-inflammatory effect of
ghrelin was also previously shown by our group in PDL and MG-63 cells [31–33]. Other
studies have shown an anti-inflammatory role of ghrelin. Administration of ghrelin, for
example, reduced the IL-6 levels in mouse serum and also inhibited angiotension II-induced
expression of IL-8 in human umbilical vein endothelial cells [40,41]. Furthermore, ghrelin
prevented the expression of proinflammatory cytokines such as IL-1β, IL-6, and TNF- α in
human T lymphocytes and monocytes [24]. Ghrelin has been shown to control inflamma-
tory responses by inhibiting NF-κB and NLRP3 inflammasome signaling pathways [42,43].
Consequently, the expression of proinflammatory cytokines is decreased or even inhibited.
These findings support the anti-inflammatory effect of ghrelin and its receptor.

Ghrelin and F. nucleatum alone or in combination regulated the in vitro wound healing
of HGFs. Ghrelin stimulated wound closure and could improve the negative effect of
F. nucleatum on wound fill percentage. Evidence has shown a positive effect of ghrelin on
in vitro wound healing [44]. Moreover, ghrelin promoted cutaneous wound healing in mice
and in rats submitted to radiation and wound injury [45,46]. Ghrelin has been shown to en-
hance wound healing, possibly due to the decrease in phosphorylation of MAPK p38, JNK,
and NF-κB p65 [45]. Therefore, it is conceivable that the anti-inflammatory effects of ghrelin
and its stimulatory actions on wound healing, as observed in our study, are mediated via
inhibition of NF-κB or other signaling pathways associated with inflammation.

In order to understand whether the inhibitory action of F. nucleatum on wound heal-
ing was due to cell apoptosis, proliferation, and/or migration, these cell functions were
investigated. Interestingly, neither ghrelin nor F. nucleatum exhibited significant regulation
of cell viability, which implies that no stimulation was cytotoxic. Regarding cell prolif-
eration, only F. nucleatum showed a trend to decrease HGF proliferation, while ghrelin
and the combination of ghrelin and F. nucleatum did not cause a significant regulation.
In our experiments, F. nucleatum led to a statistically significant inhibition of the mean
cell migration. Interestingly, ghrelin also led to inhibition of migration, albeit to a lesser
extent. As Figure 6e shows, the migration level in the combined group was higher than in
the F. nucleatum group and about the same as in the ghrelin group. This could mean that
ghrelin and F. nucleatum use different mechanisms to inhibit cell migration. It would be
conceivable that F. nucleatum uses NF-κB for its inhibitory effect. It is known that ghrelin
can inhibit NF-κB signal transduction and thus exert anti-inflammatory effects. Therefore,
ghrelin in the combined group may have abrogated the inhibitory effect of F. nucleatum
on cell migration by inhibiting NK-κB signal transduction. However, the inhibitory effect
of ghrelin itself on cell migration was still present in the combined group because it may
have been caused by a different mechanism. This could also very well explain why the
inhibition of cell migration in the combined group was approximately the same as in the
ghrelin group. Future studies should investigate the intracellular interactions of ghrelin
and periodontal pathogenic bacteria on cell migration.

F. nucleatum was used in our in vitro experiments to mimic a periodontal infection in
HGFs. This gram-negative anaerobic microorganism acts as a bridge bacterium between
early and late colonizers in biofilm during plaque accumulation. F. nucleatum is associated
with gingivitis as well as with periodontitis, which makes its use in HGFs reasonable. In
addition, F. nucleatum can invade epithelial cells, fibroblasts, and PDL cells and supports
other periodontal pathogens to invade host cells and to migrate to periodontal infectious
sites [47–49]. Moreover, biofilm is composed of a complex multispecies of bacteria that
are associated with periodontitis and its initiation and progression. Other periodontal
pathogens used in our previous study, such as Porphyromonas gingivalis, Tannerella forsythia,
Treponema denticola, and Aggregatibacter actinomcycetemcomitans, have caused upregulation of
GHS-R in PDL cells [33]. In our study, we used an ultrasonicated suspension of F. nucleatum,
which could also possibly contain different bacterial components contributing to its stim-
ulatory effects, such as LPS or other virulence factors. Therefore, additional studies are
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needed to evaluate the effect of a complex bacterial biofilm on the regulation of ghrelin and
its receptor in HGFs.

Within the periodontium exists various cell types, such as gingival cells, periodontal
ligament cells, macrophages, osteoblasts, cementoblasts, osteoclasts, and odontoclasts.
Gingival fibroblasts are important cells of the gingival connective tissue and are most
frequently found in the periodontium together with the periodontal ligament fibroblasts.
The other cells are also important and play a role during periodontitis. Our previous studies
have demonstrated that human PDL cells and human osteoblasts also regulate GHS-R
expression when exposed to F. nucleatum [31–33]. Furthermore, ghrelin and its receptor
have been detected in human oral epithelial cells [50].

4. Materials and Methods
4.1. Experimental Periodontal Disease Model

A rat model was used to study the expression of GHS-R in periodontal tissues. The
protocol for the animal experiment was approved by the Ethical Committee on Animal
Experimentation (23/2012) at the School of Dentistry at Araraquara, São Paulo State
University—UNESP. A total of eight male adult Holtzman rats with an average weight
of 300 g was used and randomly distributed into two groups: healthy control group, and
periodontitis group. A ligature-induced experimental periodontitis model was used as
previously described [51]. In summary, after general anesthesia was applied (0.08 mL of
10% ketamine hydrochloride and 0.04 mL of 2% xylazine hydrochloride per 100 g of body
weight), cotton ligatures were inserted around the cervical area of the maxillary first molars
bilaterally. The ligatures were kept in place during the entire experimental period. After
12 d, animals were euthanized by anesthetic overdose. The maxillary jaws were fixed in
4% paraformaldehyde for 48 h, decalcified in EDTA (10%, 0.5 M) for 3 months, and then
embedded in paraffin. Subsequently, serial parasagittal sections of five µm were mounted
on slides for immunohistochemistry and histomorphometric analyses.

4.2. Immunohistochemistry Analysis

Immunohistochemical analysis to evaluate ghrelin levels within the periodontal lig-
ament was performed by the avidin-biotin-peroxidase (ABC) method using the LSAB
kit (Dako, Glostrup, Denmark), according to the manufacturer’s instructions. Silanized
slides (Dako) were mounted with serial parasagittal sections of five-µm thickness. Antigen
retrieval was carried out by hitting cuts in the Rodent Decloaker reagent (Biocare Medi-
cal; Concord, CA, USA) in a Decloaking Chamber (Biocare Medical) at 80 ◦C for 30 min.
Endogenous peroxidase activity was blocked with a 5% hydrogen peroxide solution. Non-
specific binding blocking was performed in 5% bovine serum albumin (BSA, Sigma-Aldrich,
Munich, Germany) in phosphate-buffered saline (PBS, Invitrogen, Karlsruhe, Germany).
The sections were incubated with rabbit polyclonal antibody anti-ghrelin receptor (1:100,
ab85104, Abcam, Cambridge, England). Negative control sections were incubated with
1% PBS to assess unspecific background staining overnight at 4 ◦C. Tissue sections were
washed and incubated with biotinylated immunoglobulin (Dako) at room temperature (RT)
for 45 min and subsequently washed again and incubated with avidin-biotin-peroxidase
complex (Dako) at RT for 45 min. Diaminobenzidine (DAB, Dako) was used as a chromogen
substrate. All sections were counterstained with Carrazi’s hematoxylin. In each section,
6 images were taken using optical microscopy (LEICA microsystem GmbH, Wetzlar, Ger-
many) at 20× and 100×magnification. Positive cells were counted in a rectangular region
of interest (ROI) measuring 66,074 µm2 by a blinded and calibrated examiner using the
public domain software, ImageJ 1.53 (National Institutes of Health, NIH, Bethesda, MD,
USA), for processing and analyzing scientific images [52].

4.3. Histomorphometric Analysis

Morphometric changes were assessed on slides stained with hematoxylin and eosin
(H&E). Images from the histological sections were taken using a light microscope (LEICA)
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under 4×magnification and a Leica DFC 300 FX digital camera. A total of three sections
was selected from each tooth from four animals in each group. The area of unmineralized
tissue in the furcation region was determined by histomorphometric analysis as previously
described [53]. A ROI comprised of a 1000-µm zone under the furcation roof of the maxillary
first molar was studied. In order to calculate the area of unmineralized tissue, the total
area of the ROI was measured and the area of mineralized bone tissue was subtracted.
Then, this measurement was expressed as fold-change compared to the control. A single,
blinded, and calibrated examiner performed the histomorphometric analysis using ImageJ
analysis system.

4.4. Cell Culture and Treatment

HGFs were obtained from six healthy gingiva individuals (mean age: 21.0 ± 1.6 years,
min–max: 16–31 years, gender: 4 male/2 female) submitted to wisdom tooth extraction
in the Department of Oral Surgery of the University of Bonn. Written informed consent
and approval of the Ethics Committee of the University of Bonn were obtained. Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supplemented
with 10% fetal bovine serum (FBS, Invitrogen), 100 units penicillin, and 100 µg/mL strep-
tomycin (Invitrogen) at 37 ◦C in a humidified atmosphere of 5% CO2. All experiments
were carried out with cells from the third to the fifth passage. Approximately 50,000 cells
per well were seeded on tissue culture plates (Corning, Corning, NY, USA) until they
reached 80% confluence. Every other day the culture medium was changed. Cells were
serum-deprived in medium containing 0.1% FBS one day before the start of the experiments.
In order to mimic microbial infections in vitro, cells were stimulated with the inactivated
oral pathogenic bacteria Fusobacterium nucleatum ATCC 25586 (optical density (OD): 0.025,
0.05, and 0.1). The bacteria strain was pre-cultivated on Schaedler agar plates (Oxoid,
Basingstoke, UK) in an anaerobic atmosphere for 48 h. Thereafter, bacteria were suspended
in PBS (OD660nm = 1, equivalent to 1.2 × 109 bacterial cells/mL) and then exposed twice
to ultrasonication (160 W for 15 min), resulting in complete death. In order to investigate
the possible anti-inflammatory effects of ghrelin on HGFs, cells were pre-incubated with
ghrelin (20 nM, human n-octanoylated ghrelin, Pepta Nova, Sandhausen, Germany) 45 min
prior to the treatment of cells with F. nucleatum. Ghrelin was also used to treat HGFs
alone to study its modulatory effect on the expression of proinflammatory mediators. In
addition, HGFs were pre-incubated with pyrrolidine dithiocarbamate (PDTC; 10 µM; Cal-
biochem, San Diego, CA, USA), a specific inhibitor of NF-κB signaling, and U0126 (10 µM;
Calbiochem), a specific inhibitor of MEK1/2, two important components of the MAPK
signaling pathway, in order to elucidate the intracellular signaling mechanisms exploited
by F. nucleatum to modulate GHS-R expression. The inhibitors were added to the cells 1 h
before the stimulation with F. nucleatum. Finally, the effects of ghrelin in the presence or not
of F. nucleatum were investigated on wound healing, viability, and proliferation of HGFs.

4.5. Real-Time PCR

Total RNA from HGFs was isolated using an RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. RNA concentration was calculated by
using the spectrophotometer NanoDrop ND-2000 (Thermo Fisher Scientific, Wilmington,
NC, USA). A total of 1 µg of RNA was reverse transcribed using the iScript™ Select
Synthesis Kit (Bio-Rad Laboratories, Munich, Germany) at 42 ◦C for 90 min followed by
85 ◦C for 5 min, as per the manufacturer’s instructions. Expressions of GHS-R, CCL2,
COX2, IL-6, IL-8, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a reference
control gene were detected by quantitative RT-PCR using the iCycler iQ™ Real-Time
PCR Detection System (Bio-Rad), SYBR Green (SsoAdvanced™ Universal SYBR® Green
Supermix, Bio-Rad), and specific primers (QuantiTect Primer Assay, Qiagen). Amplification
occurred as follows: initial heat at 95 ◦C for 5 min, followed by 40 cycles of denaturation
at 95 ◦C for 10 s, and combined annealing/extension at 60 ◦C for 30 s. Data analysis was
applied using the comparative threshold cycle method.
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4.6. Immunocytochemistry

For the detection of GHS-R, HGFs were grown on plastic coverslips (Thermo Fisher Sci-
entific, Darmstadt, Germany) of 13 mm diameter in 24-well plates in the presence or absence
of F. nucleatum for 1 d. After that, the cell monolayers were fixed in 4% paraformaldehyde
(Sigma-Aldrich) at pH 7.4 and RT for 10 min. Subsequently, cells were permeabilized in
0.1% Triton X-100 (Sigma-Aldrich) for 5 min and then blocked using serum block (Dako)
for 20 min. Afterwards, cells were incubated with rabbit polyclonal primary antibody to
GHS-R (1:500, Abcam) for 90 min. Next, cells were incubated with goat anti-rabbit IgG HRP
secondary antibody (Dako) for 45 min. Then, DAB solution, which was freshly prepared
(3,3′-diaminobenzidine substrate diluted 1:10 in peroxidase substrate buffer), was added to
the cells and left for 5–10 min at RT in dark. Cell monolayers were washed with PBS after
each step. Cells were counterstained in Mayer’s hematoxylin solution for 5 s and washed
thoroughly with water. Finally, HGFs were mounted with DePeX (SERVA Electrophoresis,
Heidelberg, Germany). The slides were examined using an Axioskop 2 microscope (Zeiss,
Oberkochen, Germany) equipped with a 20× objective. Images were captured using an
AxioCam MRc microscope camera (Carl Zeiss) and the AxioVision 4.7 software (Carl Zeiss).
Untreated cells served as control.

4.7. Immunofluorescence

HGFs were cultured on plastic coverslips in the presence or absence of F. nucleatum for
90 min. Then, the cells were fixed and permeabilized as described above. Afterwards, the
cell monolayers were blocked with nonfat dry milk (Bio-Rad) for 1 h and then incubated
with a rabbit anti-nuclear factor-κB p65 (E498) primary antibody (1:100, Cell Signaling
Technology, Danvers, MA, USA) at RT for 90 min. Subsequently, the cells were incubated
with CY3-conjugated goat anti-rabbit IgG secondary antibody (1:1000, Abcam) at RT for
45 min. After each step, cells were washed with PBS. Finally, the cells were observed by
using a ZOE™ fluorescent cell imager (Bio-Rad) with a 20× objective. An integrated digital
5MP CMOS camera was used to capture the images. Untreated cells were used as a control.

4.8. In Vitro Wound Healing, Cell Viability, Proliferation, and Migration

In order to evaluate the effects of ghrelin and F. nucleatum on wound healing of
HGFs, a well-established in vitro wound healing model was used according to previous
studies [54,55]. HGFs were cultivated in 35 mm culture dishes (Thermo Fisher) and grown
to 100% confluence. One day after reducing the FBS concentration, a wound was created in
a standardized manner using a sterile 100 uL pipette tip, leading to cell-free areas in the
cell monolayers. Then, a number of washing steps with PBS and DMEM was performed
to remove all non-adherent cells. After that, the cells were cultured in the presence and
absence of ghrelin and F. nucleatum alone or in combination for 2 d. Wound closure was
monitored over time using JuLI™ Br and JuLI™ Br PC software (both NanoEnTek, Seoul,
Korea). The images were analyzed by a blinded and calibrated examiner, using the ImageJ
analysis system. The wound closure area was calculated and transformed in percentage.

Additionally, in order to evaluate cell viability, the LIVE/DEAD Viability/Cytotoxicity
Kit (Invitrogen) assay was used. After 48 h, the medium was removed, and the cell
monolayers were rinsed twice with PBS and incubated with the ethidium-calcein solution
at RT for 30 min. Next, cells were washed and left with PBS. Then, fluorescence microscopy
was performed by using a ZOE™ fluorescent cell imager. Untreated cells were used as
a control.

Cell proliferation was performed using 0.4% trypan blue solution (BioWhittaker,
Walkersville, MD, USA). The numbers of stained and non-stained cells were determined by
using an automated cell counter (Luna, Logos Biosystems, Gyeonggi-do, Korea).

Migration of HGFs was analyzed by examining six cells from each donor that moved
the furthest into the cell-free area per hour over 24 h. The cells were marked and followed
for 24 h. Subsequently, all images were transferred to the ImageJ analysis system to measure
the distance of movement per hour.
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4.9. Statistical Analysis

The GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA, USA) software was
used for the data analysis. For quantitative analysis, mean values and standard errors of
the mean (SEM) were calculated. Differences between groups were considered significant
at p < 0.05. Parametric (t-test and ANOVA followed by the post hoc Tukey’s test) and non-
parametric tests (Wilcoxon and Mann–Whitney-U tests) were applied for statistical analysis.

5. Conclusions

Our study yields original evidence that GHS-R expression is enhanced by bacterial in-
fection in rat periodontal tissues in vivo and in HGFs in vitro. Moreover, our findings show
that ghrelin reduces or even inhibits the proinflammatory actions of F. nucleatum in HGFs
without affecting cell viability and proliferation. Furthermore, our experiments revealed
that F. nucleatum decreases HGF wound closure while ghrelin accelerates, indicating that
ghrelin may play a critical role in periodontal healing. Our findings suggest that ghrelin
and its receptor may act as important protective molecules during bacterial infection in
HGFs by increasing GHS-R and favoring wound healing through its anti-inflammatory
and migration potential actions.
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