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Abstract: Periodontitis is an inflammatory disease of periodontium which is caused by
periodontopathic bacteria. Moreover, various cytokines such as interleukin-1β (IL-1β), tumor
necrosis factor-α (TNF-α), and IL-6 are expressed in the inflamed periodontium. Heat shock proteins
(HSPs) protect cells from abnormal conditions including inflammation, microbial infection and
diseases. The 70-kDa HSPs (HSP70s) are major HSPs that express in the inflamed tissues. In this study,
an enzyme-linked immunosorbent assay was applied to measure the levels of HSP70 in gingival
crevicular fluid (GCF) from two periodontal pockets in each of 10 patients with Stage III, Grade B
periodontitis. Sites with probing pocket depth (PPD) of ≤3 mm were named the healthy control
(HC) sites, and sites with PPD of ≥5 mm were named the diseased sites. HSP70 levels in GCF were
expressed higher at diseased sites than at HC sites, and decreased after initial periodontal therapy at
diseased sites. These results suggest the association of HSP70 with the stage of periodontitis.

Keywords: 70-kDa heat shock proteins; gingival crevicular fluid; heat shock protein; periodontitis

1. Introduction

Periodontitis, a common disease, is the inflammation of periodontium caused by oral
microorganisms [1]. Numerous cytokines have been detected in the gingival crevicular fluid (GCF).
Interleukin-1β (IL-1β) and tumor necrosis-α (TNF-α) levels have been found in increased GCF from
inflamed gingival tissues [2,3]. IL-1β, matrix metalloproteinase-8, and IL-8 levels in GCF were
significantly higher in diseased sites than in healthy subjects, and those levels in GCF were significantly
decreased after periodontal treatment [4]. In a recent study, GCF volume and IL-1β levels in GCF
reflected the disease severity, and these parameters were suggested to be better than probing pocket
depth (PPD) and bleeding on probing (BOP) as markers of gingival inflammation [5]. Therefore,
it could be helpful to investigate the inflammatory cytokine levels in GCF for diagnosis of the active
phase of periodontal disease.

Heat shock proteins (HSPs) act as molecular chaperones, which are enhanced proteins for
protecting cells immediately after cells are exposed to heat shock stress [6]. The 70-kDa HSPs
(HSP70s) comprising various isoforms are involved in a number of human pathologies, ranging
from cancer to neurodegenerative diseases [7,8]. HSP70 levels were higher in protein extract from
inflamed gingiva collected during periodontal surgery, and HSP60 and HSP65 levels were higher
in serum from the patients with periodontitis [9]. In addition, expression levels of IL-1β, IL-8, and
HSP70 were increased in GCF from patients with periodontitis compared to healthy subjects [10].
Serum concentration of chitinase-3-like-1 (YKL-40), which is a novel marker of acute and chronic

J. Clin. Med. 2020, 9, 3072; doi:10.3390/jcm9103072 www.mdpi.com/journal/jcm1
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inflammation, was significantly higher in patients with periodontitis and diabetes compared to healthy
groups. However, GCF concentration of YKL-40 was similar in patients with periodontitis, patients
with diabetes, and healthy subjects. YKL-40 levels were significantly increased in diabetes patients
with periodontitis [11]. Therefore, HSP70 can be considered potentially as a marker for the severity of
periodontal disease. However, there is no report on changes in HSP70 concentration in GCF before
and after initial periodontal therapy, or its correlation with clinical parameters. The aim of this study
was to elucidate the HSP70 levels in GCF from patients with periodontitis, and to compare their
concentrations in GCF at first visit, after initial periodontal therapy, and at a three month follow-up.

2. Materials and Methods

2.1. Study Population

Ten patients with Stage III, Grade B periodontitis (mean age, 53.9 ± 3 years) at Nihon University
Hospital School of Dentistry at Matsudo, Japan were recruited and then received initial periodontal
therapy, including oral hygiene instruction, scaling and root planing, and professional mechanical tooth
cleaning. The stage of periodontitis was assessed clinically based on clinical attachment loss (CAL),
radiographic bone loss (BL), periodontal history of tooth loss (PTL), PPD, BOP, furcation involvement
(Class II or III), plaque index (PlI), and gingival index (GI) [12–14]. A CP11 probe (Hu-Friedy, Chicago,
IL, USA) was used to measure the PPD and CAL. They were diagnosed when BL affected the middle
third of the root or beyond and CAL was 5 mm or more. If PTL was four teeth or less, then the
diagnosis was stage III. When the patient’s previous periodontal records were available, the rate of
periodontitis progression in the previous five years could be estimated. If progression was <2 mm,
then the diagnosis was Grade B periodontitis [15]. GCF samples were taken from two periodontal PPD
sites (shallow PPD of ≤3 mm were named the healthy control (HC) sites and deep PPD of ≥5 mm were
named the diseased sites) for each patient.

This study was approved by the ethics committee at Nihon University School of Dentistry at
Matsudo (EC17-017; 6Dec2017, EC18-17-017-1; 31, August, 2018). Written informed consent was
obtained from all patients after all of the details of the investigative approach had been explained to
them. Ten patients were confirmed physically healthy and had no experience of periodontal treatment
or antibiotic treatment for at least three months prior to participation in this study. None of the patients
were smokers.

2.2. Sample Size

Sample size was determined by the statistical software Easy R (EZR) on R commander Ver.1.27
(Tokyo, Japan) [16]. It was calculated that six samples (samples were taken from two sites per patient)
were necessary for each group (HC and diseased sites) to reach 80% power at 5% level of significance.
Therefore, the number of samples taken was appropriate.

2.3. Clinical Protocol

Clinical examinations were performed three times (first visit (1st), second examination (2nd)
after initial periodontal therapy, and third examination (3rd) at a three month follow-up after initial
periodontal therapy) by two periodontal specialists (H.T. and Y.O.). Average period of initial periodontal
therapy was three months. At the point of each examination (1st, 2nd, and 3rd), GCF was collected
using Periopaper subsequent to removal of supragingival plaque with a sterile curette. The GCF
volume (μL) was measured using a Periotron 4000 (Oraflow, New York, NY, USA). GCF samples for
the second visit data were taken before the periodontal therapy on the same day. Periopaper was
then inserted into the pocket for 30 s each time. GCF samples were kept in Eppendorf tubes from two
periodontal sites (≥5 mm (deep diseased site) and ≤3 mm (shallow healthy control site; HC)) from
each patient and stored at −80 ◦C until measurement of HSP70 levels [17].
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2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

Concentrations of HSP70 in GCF samples were measured by ELISA using the Human HSPA4
(HSP70) ELISA kit (Invitrogen) according to the manufacturer’s instructions. GCF samples were
dissolved in 300 μL of Sample Diluent C in the ELISA kit. Diluted samples (100 μL) were incubated for
2.5 h in an anti-human HSP70 pre-coated 96-well strip plate. After a wash, biotinylated antibody was
added to the wells for 1 h. After a wash, streptavidin-HRP solution was added to the wells for 45 min.
After washing, TMB substrate was added to the wells for 30 min. Color development was stopped
and the optical density at 450 nm of each well was measured within 30 min using a microplate reader.
All measurements were performed in duplicate and the concentrations of HSP70 were expressed in
ng/mL.

2.5. Statistical Analysis

Clinical parameters are shown as mean ± standard error (SE) in Table 1. The significant differences
between each examination (1st, 2nd, and 3rd) for clinical parameters, GCF volume, and HSP70
levels among the groups were determined by one-way ANOVA. Difference in BOP at the 1st to 3rd
examinations were analyzed by a Chi-squared test. The level of significance was adjusted at 5%. Four
steps Ekuseru-Toukei (the publisher OMS Ltd.) was used for statistical analyses.

Table 1. Patient characteristics.

HC Sites Diseased Sites

Age 53.9 ± 3
Gender (male/female) 2/8

PPD 2.7 ± 0.2 6.5 ± 0.5
CAL 3.9 ± 0.4 7.7 ± 0.7
PlI 1.1 ± 0.2 1.1 ± 0.2
GI 0.3 ± 0.2 1.7 ± 0.2

BOP 0 (0%) 8 (80%)

HC, healthy control; PPD, probing pocket depth; CAL, clinical attachment loss; PlI, plaque index; GI, gingival index;
BOP, bleeding on probing; mean ± SE (n = 10).

3. Results

The patient characteristics such as age, sex, PPD, CAL, PlI, GI, and BOP distributions for the
10 patients in this study are listed in Table 1. Average PPD and CAL at the HC sites (PPD ≤ 3 mm)
were 2.7 ± 0.2 mm and 3.9 ± 0.4 mm, and at the diseased sites (PPD ≥ 5 mm) were 6.5 ± 0.5 mm and
7.7 ± 0.7 mm, respectively. GI and BOP scores at the diseased sites (1.7 ± 0.2 and 80%) were higher than
those at the HC sites (0.3 ± 0.2 and 0%). PlI at the HC and diseased sites were the same score (1.1 ± 0.2).

The concentrations of HSP70 in GCF from the HC and diseased sites at each point of examination
during initial periodontal therapy are shown in Table 2. The average HSP70 level at the 1st visit in
GCF from diseased sites was significantly higher than HC sites. Moreover, the concentration of HSP70
at diseased sites was significantly decreased at 3rd examination (a three month follow-up after initial
periodontal therapy) as compared to the 1st examination. The concentration of HSP70 at HC sites did
not change through the periodontal therapy (1st, 2nd, and 3rd examinations) (Table 2).

Table 2. Changes in the concentrations of HSP70 in GCF collected from HC and diseased sites during
the periodontal therapy.

Concentration (ng/mL) 1st 2nd 3rd

HC sites 18 ± 4.99 * 16.73 ± 6.37 6.64 ± 3.46

Diseased sites 64.36 ± 13.74 35.1 ± 6.67 5.69 ± 1.78 **

GCF, gingival crevicular fluid; HC, healthy control; 1st, first visit; 2nd, after initial periodontal therapy; 3rd, a three
month follow-up after initial periodontal therapy; mean ± SE (n = 10), * p < 0.05, ** p < 0.01.
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Changes in five kinds of clinical parameters (PPD, CAL, PlI, GI, and BOP scores) at the HC and
diseased sites during initial periodontal therapy are listed in Tables 3 and 4. At HC sites, PlIs were
significantly decreased at the 2nd and 3rd examinations as compared to the 1st examination (Table 3).
On the other hand, PPD and PlI at diseased sites were significantly decreased at the 2nd and 3rd
examinations compared to the 1st examination. Furthermore, GI and BOP scores at diseased sites were
significantly decreased at the 3rd examination compared to the 1st examination. GCF volumes from
HC and diseased sites were measured by Periotron 4000 during the course of periodontal therapy
(Table 5). GCF volumes from HC and diseased sites did not change during the periodontal therapy,
however, the volumes of GCF from the diseased sites were significantly higher than those in the HC
sites at the 1st and 2nd visits (Table 5).

Table 3. Changes in clinical parameters at HC sites.

1st 2nd 3rd

PPD 2.7 ± 0.2 2.5 ± 0.2 2.5 ± 0.2
CAL 3.9 ± 0.4 3.6 ± 0.5 3.6 ± 0.4
PlI 1.1 ± 0.2 0.6 ± 0.2 * 0.6 ± 0.2 *
GI 0.3 ± 0.2 0 0.4 ± 0.3

BOP 0 (0%) 0 (0%) 2 (20%)

HC, healthy control; 1st, first visit; 2nd, after initial periodontal therapy; 3rd, a three month follow-up after initial
periodontal therapy; PPD, probing pocket depth; CAL, clinical attachment loss; PlI, plaque index; GI, gingival index;
BOP, bleeding on probing; mean ± SE (n = 10), * p < 0.05.

Table 4. Changes in clinical parameters at diseased sites.

1st 2nd 3rd

PPD 6.5 ± 0.5 4.3 ± 0.4 * 4.3 ± 0.5 *
CAL 7.7 ± 0.7 6.2 ± 0.9 5.9 ± 0.7
PlI 1.1 ± 0.2 0.5 ± 0.2 * 0.6 ± 0.2 *
GI 1.7 ± 0.2 1.2 ± 0.3 0.9 ± 0.3 *

BOP 8 (80%) 5 (50%) 4 (40%) *

1st, first visit; 2nd, after initial periodontal therapy; 3rd, a three month follow-up after initial periodontal therapy;
PPD, probing pocket depth; CAL, clinical attachment loss; PlI, plaque index; GI, gingival index; BOP, bleeding on
probing; mean ± SE (n = 10), * p < 0.05.

Table 5. Changes in GCF volume at HC and diseased sites during the periodontal therapy.

GCF (μL) 1st 2nd 3rd

HC sites 0.92 ± 0.2 0.47 ± 0.2 0.66 ± 0.2

Diseased sites 2.41 ± 0.5 * 1.6 ± 0.3 * 1.31 ± 0.3

GCF, gingival crevicular fluid; HC, healthy control; 1st, first visit; 2nd, after initial periodontal therapy; 3rd, a three
month follow-up after initial periodontal therapy; mean ± SE (n = 10), * p < 0.05.

4. Discussion

In this study, we have shown that there was a significant difference in HSP70 concentration in
GCF between HC and diseased sites at the first visit. The concentration of HSP70 in GCF from diseased
sites was significantly decreased at the three month follow-up after initial periodontal therapy (3rd
examination; Table 2). At HC sites, PlI was significantly decreased at the 2nd and 3rd examinations
(Table 3). At diseased sites, PPD and PlI were significantly decreased at the 2nd and 3rd examinations,
whereas GI and BOP were significantly decreased only at the 3rd examination as compared to the
1st visit (Table 4). These results suggest that initial periodontal therapy is effective in improving
inflammation of periodontal tissues and there is an association between the level of HSP70 and
periodontitis. In addition, improvements of GI, BOP, and HSP70 levels were found to take longer than
improvements of PPD and PlI.

Intracellular HSP levels are elevated immediately after exposed to stresses such as high temperature.
HSPs are involved in the maintenance of cellular homeostasis and protein repair in damaged cells [18].
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However, there are several unclear points in the relationship between HSPs and periodontitis.
Inflammatory periodontal pockets have a higher temperature than healthy pockets [19]. Inflammatory
cytokines, such as IL-1, TNF-α, and INF-γ, are produced in inflamed periodontal tissues [20], and they
might act as stressors to induce the expression of HSPs. Lipopolysaccharide (LPS) and IL-1 increased
hyperthermia-induced HSP70 in monocyte/macrophage-like RAW264.7 cells [21]. However, one study
described how HSP70 dramatically down-regulated in the inflamed periodontal tissues [22]. Another
study showed that GCF volume at the first visit decreased significantly after initial periodontal
therapy [23]. However, in this study, GCF volumes from HC and diseased sites did not change during
periodontal therapy (Table 5), although the GCF volumes from diseased sites at the 1st and 2nd visits
were significantly higher than the GCF volumes from HC sites (Table 5). Therefore, further study is
necessary to elucidate the involvement of HSP70 in the onset and progression of periodontitis.

Stress and smoking are environmental factors for periodontitis [24,25]. Several studies have
shown that smoking has an adverse effect on the incidence and progression of periodontitis [25]. In the
synovial tissues of smokers with rheumatoid arthritis (RA), HSP70 levels were significantly higher than
in the synovial tissues of non-smokers with RA [26]. Therefore, smoking could increase the expression
of HSP70. There are several studies describing the association between HSP70 and cancer. Malignant
cells, such as osteosarcoma derived cells, expressed higher levels of HSP70 during tumor progression
compared to normal cells [27]. Moreover, HSP70 has been assessed as a marker for oral epithelial
dysplasia such as oral leukoplakia [28]. Therefore, various studies have been conducted to develop the
HSP70 inhibitors for cancer therapy [29]. We have previously shown that the anti-HSP70 antibody
levels were significantly higher in GCF from HC sites than diseased sites, and the anti-HSP70 antibody
levels were increased after initial periodontal therapy in both HC and diseased sites [30]. Therefore,
these results suggest that anti-HSP70 antibody may reduce inflammation of periodontal tissues via
decreasing the HSP70 levels.

In conclusion, GCF volumes from the diseased sites were significantly higher than those in the HC
sites at the 1st and 2nd visits. HSP70 concentration in GCF from diseased sites was significantly higher
than the concentration of HSP70 from HC sites at the 1st visit. Moreover, the HSP70 concentration at
the 1st visit was significantly decreased at the three month follow-up after initial periodontal therapy
together with clinical parameters, such as PPD, GI, PlI, and BOP. These results suggest that the HSP70
concentration could become an appropriate indicator for the healing process of periodontitis.
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Abbreviations

BOP bleeding on probing
CAL clinical attachment loss
GCF gingival crevicular fluid
GI gingival index
HC healthy control
HSP Heat shock protein
IL-1β interleukin-1β
PlI plaque index
PPD probing pocket depth
SE standard error
TNF-α tumor necrosis factor-α
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Abstract: Both periodontal disease and diabetes are common chronic inflammatory diseases. One of
the major problems with type 2 diabetes is that unregulated blood glucose levels damage the vascular
endothelium and cause complications. A bidirectional relationship between periodontal disease
and diabetic complications has been reported previously. However, whether periodontal disease
affects the presence of diabetic complications has not been clarified. Therefore, we examined the
effect of the periodontal disease status on diabetic complications in patients with type 2 diabetes.
Periodontal doctors examined the periodontal disease status of 104 type 2 diabetic patients who visited
a private diabetes medical clinic once a month between 2016 and 2018. The subject’s diabetic status
was obtained from their medical records. Bayesian network analysis showed that bleeding on probing
directly influenced the presence of diabetic retinopathy in type 2 diabetes patients. In addition,
bleeding on probing was higher in the diabetic retinopathy group (n = 36) than in the group without
diabetic retinopathy (n = 68, p = 0.006, Welch’s t-test). Bleeding on probing represents gingival
inflammation, which might affect the presence of diabetic retinopathy in type 2 diabetes patients who
regularly visit diabetic clinics.

Keywords: periodontal disease; diabetes; diabetic retinopathy; bleeding on probing; probing pocket
depth; fasting blood sugar

1. Introduction

Both periodontal disease and type 2 diabetes are known to be common chronic inflammatory
diseases [1,2]. In addition, many studies have reported a bidirectional relationship between periodontal
disease and type 2 diabetes [3–5]. Epidemiological studies show that diabetics with poor glycemic
control have an increased risk of periodontal disease [6]. On the other hand, it has been reported that
severe periodontitis adversely affects glycemic control in type 2 diabetic patients [7]. It has become
clear that the treatment of periodontal disease and type 2 diabetes has an effect on the pathophysiology
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of both diseases. Further, it has been reported that hemoglobin A1c (HbA1c) levels are reduced when
type 2 diabetic patients are treated for periodontal disease [8–10]. Additionally, it was reported that
when blood glucose was controlled in type 2 diabetic patients, the bleeding on probing (BOP) value,
which represents the inflammation state of periodontal disease, improved [11]. Both periodontal disease
and type 2 diabetes have a high prevalence worldwide [12]; however, the mechanism underlying the
bidirectional relationship between them remains unclear.

Type 2 diabetes is a disorder of dysregulated blood glucose homeostasis due to a decrease in insulin
action [13]. One of the major problems with type 2 diabetes is that unregulated blood glucose levels
damage the vascular endothelium and cause complications in diabetics [14]. Diabetes complications
include cardiovascular disease, diabetic nephropathy, neuropathy, leg amputation, and diabetic
retinopathy [15]. Diabetic retinopathy is one of the most common diabetic complications and, as it
progresses, can cause blindness and poor quality of life [16]. Although diabetic retinopathy is a major
cause of blindness in the working population, only 35–55% of patients with diabetes undergo regular
ophthalmic evaluations. This is because the disease progresses gradually and the patient barely notices
the progression of diabetic retinopathy [16]. Therefore, it is important to prevent the development of
diabetic retinopathy in diabetic patients.

It has recently been shown that there is a correlation between the severity of periodontal disease
and diabetic retinopathy and that many diabetic retinopathy patients have periodontal disease [17,18].
However, it remains unclear as to whether periodontal disease affects the presence of diabetic
retinopathy. Commisso et al. reported that poor oral health care was observed in the diabetic
population [19]. It is known that effective oral health behaviors, such as brushing teeth two or more
times a day, improve the condition of periodontal disease [20]. However, the relationship between the
toothbrushing habits of type 2 diabetic patients and the pathological condition of diabetes has not
been fully clarified. Therefore, the purpose of this study was to clarify the effect of periodontal disease
status on diabetic complications, including diabetic retinopathy, in type 2 diabetic patients who visit
our hospital once a month for diabetes management. Furthermore, this study also aimed to examine
the relationship between tooth brushing habits and the pathophysiology of diabetes in patients with
type 2 diabetes.

2. Methods

2.1. Study Population

We recruited 104 (45 men and 59 women) diabetic patients who visited a private diabetes medical
clinic in Yokosuka City (Nakajima Internal Medicine Clinic) every month between October 2016 and
August 2018. Patients with type 1 diabetes, toothless patients, patients who did not visit the diabetic
department monthly, and those who did not consent to the study were excluded. The protocol of
the present study was approved by the Ethics Committee of Kanagawa Dental University in 2016
(approval number: 359) and was conducted in accordance with the Helsinki Declaration of 1975,
as revised in 2013. The study was registered with the Clinical Trial Registry of the University Hospital
Medical Information Network Clinical Trials Registry (ID: UMIN000024627). On implementation,
all participants were given written and verbal explanations regarding the purposes and methods of
the study, any potential risks, potential benefits, protection of personal information, and freedom of
consent and withdrawal. Subsequently, all participants signed the informed consent form.

2.2. Medical Examination

Data regarding age, height, weight, duration of diabetes, presence of diabetic retinopathy, and the
presence of diabetic nephropathy were collected from the subject’s medical records. For each subject,
the diagnosis of diabetic retinopathy was made by an ophthalmologist based on the Davis classification
as follows: no diabetic retinopathy (NDR); simple diabetic retinopathy (SDR); pre-proliferative diabetic
retinopathy (pre-PDR); and proliferative diabetic retinopathy (PDR) [21]. Peripheral blood samples
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were collected by a nurse who specializes in diabetes during the routine monthly medical consultations.
HbA1c levels were measured by an HbA1c analyzer (ADAMSTM A1c HA-8180, ARKRAY Inc.,
Kyoto, Japan), and fasting blood sugar (FBS) levels were measured by a glucose analyzer (Glutest mint,
SANWA KAGAKU KENKYUSHO Co., LTD., Aichi, Japan). The remaining peripheral blood was used
to measure creatinine and triglyceride levels in a clinical laboratory (SRL, Inc., Tokyo, Japan).

2.3. Periodontal Examination

The periodontal disease status test was performed at the diabetic medical clinic on the day of
the subject’s visit by three trained periodontists. The probing pocket depth (PPD) and BOP were
recorded with a manual probe (No.9550, YDM Corporation, Tokyo, Japan) at four points (mesial-buccal,
mid-buccal, distal-buccal, and mid-lingual) for all teeth. Measurements of PPD and BOP were performed
by three periodontists and then calibrated by a periodontist with the longest clinical experience (M.M.).
Tooth mobility was measured for each tooth in the oral cavity. The Miller tooth mobility scale (0 degree,
1 degree, 2 degree, and 3 degree) was used to classify the degree of tooth mobility [22]. The presence of
dental plaque on the surface adjacent to each tooth was determined by scratching the adjacent surface
on the gingival margin with an explorer. Adherence of dental plaque to the adjacent surface even at
one place led to the plaque adhesion on a surface that is adjacent to the tooth to be judged as “Yes”.
The number of times patients brushed their teeth per day and whether they underwent regular dental
check-ups were confirmed by a questionnaire that was completed by the subjects.

2.4. Bayesian Network

A Bayesian network is a directed acyclic graph that is composed of a set of variables {X1, X2,...,XN}
and a set of directed edges between the variables [23]. Bayesian networks are very successful in
probabilistic knowledge representation and reasoning. In Bayesian networks, the joint probability
distribution function of all nodes can be calculated as follows:

P (X1, X2, . . . , XN) =
N∏

i=1

P (Xi | Pai) (1)

where Pai is the set of random variables whose corresponding nodes are parent nodes of Xi.
A Bayesian network contains two elements: structure and parameters. Each arc begins at a parent

node and ends at a child node. Pa (X) represents the parent nodes of node X. X1 is the root node
because it has no input arcs. Root nodes have prior probabilities. Each child node has conditional
probabilities based on the combination of states of its parent nodes.

Although this study was a cross-sectional study, it was analyzed by a Bayesian network with
reference to previous studies by Tsuruta et al. [24].

2.5. Statistical Analysis

All statistical analyses were performed using JMP version 12 (SAS Institute Japan, Tokyo, Japan)
and R version 3.2.0 (The R Project for Statistical Computing, Vienna, Austria, 2013). Results are
expressed as the mean and the standard error of the mean (SEM). Comparisons between the two groups
were analyzed using Welch’s t-test. Spearman’s rank correlation was employed to analyze the statistical
significance of the correlation between two variables. Causal effects between variables were calculated
using Bayesian network analysis. p-Values less than 0.05 were considered statistically significant.

3. Results

3.1. Subject Characteristics

The characteristics of the subjects included in this study are shown in Table 1. The mean age of
the subjects was 70.0 ± 1.22 years (range: 23–86 years). In terms of dental characteristics, the mean
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number of teeth was 21.4 ± 0.735, and the number of teeth tended to decrease with age. The average
BOP was 27.3%, and 13.2% of subjects had an average ratio of a PPD of 4 mm or greater, with most
subjects having periodontal disease. Thirty-eight subjects underwent supportive periodontal therapy
at the dental clinic, and 66 did not. In terms of medical characteristics, the average duration of diabetes
was 13.6 ± 1.02 years. The mean HbA1c was 7.15%, the mean FBS was 147 mg/dL, and the mean serum
creatinine concentration was 1.08 mg/dL. In addition, 36 subjects had diabetic retinopathy, 30 had
SDR, 4 had pre-PDR, and 2 had PDR. Twelve subjects had diabetic nephropathy and two subjects had
diabetic neuropathy. Most of the subjects in this study had a history of diabetes for more than 10 years,
and some had diabetic complications.

Table 1. Characteristics of the subjects in this study.

Total number n = 104
Sex (n): Female/male 59/45
Age (year): Mean ± SEM 70.0 ± 1.22
Age (year): Minimum/maximum 23/86
Number of teeth: Mean ± SEM 21.4 ± 0.735
BOP (%) 27.3 ± 1.74
Ratio of PPD, 4 mm or greater (%) 13.2 ± 1.61
Percentage of teeth with more than 1 degree of movement (%) 9.90 ± 1.74
Plaque adhesion on a surface that is adjacent to the tooth (n): Yes/no 69/35
Brushing the teeth 2 or more times a day: Yes/no 65/39
SPT in the dental clinic: Yes/no 38/66
Duration of diabetes (years): Mean ± SEM 13.6 ± 1.02
BMI (%): Mean ± SEM 29.4 ± 0.467
FBS (mg/dL): Mean ± SEM 147 ± 4.95
HbA1c (%): Mean ± SEM 7.15 ± 0.0948
Serum creatinine (mg/dL) 1.08 ± 0.178
Diabetic nephropathy: Yes/no 12/92
Diabetic retinopathy: Yes/no 36/68
Diabetic retinopathy: PDR/total number 30/36
Diabetic retinopathy: pre-PDR/total number 4/36
Diabetic retinopathy: PDR/total number 2/36
Diabetic neuropathy: Yes/no 2/102
Serum LDL cholesterol (mg/dL): Mean ± SEM 113 ± 3.09
Serum HDL cholesterol (mg/dL): Mean ± SEM 57.3 ± 1.48
Serum triglyceride (mg/dL): Mean ± SEM 161 ± 1.48

BOP, Bleeding on probing; PPD, probing pocket depth; SPT, supportive periodontal therapy; BMI, body mass
index; FBS, fasting blood sugar; HbA1c, hemoglobin A1c; NDR, no diabetic retinopathy; SDR, simple diabetic
retinopathy; PDR, proliferative diabetic retinopathy; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
SEM, standard error of the mean.

3.2. Hemoglobin A1c in Type 2 Diabetic Patients with Adjacent Dental Plaque Attached to the Tooth Surface

The subjects were divided into a group with dental plaque attached to the adjacent tooth surface
(n = 69) and a group without adjacent dental plaque attachment (n = 35). HbA1c was higher in the
group with dental plaque attachment compared to the group without (p < 0.05, Welch’s t-test, Table 2).
No other differences were found between the two groups (Welch’s t-test, Table 2).
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Table 2. Characteristics of the groups with and without adjacent dental plaque attachment.

Variable
Adjacent Dental Plaque
Attachment
(n = 69)

No Adjacent Dental
Plaque Attachment
(n = 35)

p-Value *

Duration of diabetes (years) 14.3 ± 8.44 12.3 ± 13.4 0.4
BMI (%) 29.5 ± 4.69 29.1 ± 4.97 0.7
FBS (mg/dL) 154 ± 49.1 134 ± 51.2 0.06
HbA1c (%) 7.27 ± 1.01 6.90 ± 0.835 <0.05
Creatinine (mg/dL) 1.25 ± 2.21 0.735 ± 0.190 0.06
LDL cholesterol (mg/dL) 112 ± 32.5 113 ± 29.7 0.9
HDL cholesterol (mg/dL) 55.6 ± 14.1 60.5 ± 11.6 0.1
Triglyceride (mg/dL) 164 ± 88.4 156 ± 112 0.8

Data are presented as the mean ± standard error of the mean. BMI, body mass index; FBS, fasting blood sugar;
HbA1c, hemoglobin A1c; Creatinine, serum creatinine; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
Triglyceride: serum triglyceride. * Welch’s t-test. p-values < 0.05 are considered statistically significant.

3.3. Fasting Blood Sugar of Type 2 Diabetic Patients Who Brushed Their Teeth more than Twice a Day

The subjects were divided into two groups: those who brushed their teeth less than once per day
(n = 39) and those who brushed their teeth two or more times per day (n = 65). The FBS in the group
who brushed their teeth more than twice per day was lower than that in the group who brushed once
a day or less (p < 0.0001, Welch’s t-test, Table 3). No other differences were found between the two
groups (Welch’s t-test, Table 3).

Table 3. Characteristics of the groups who brushed their teeth <1 and ≥2 times per day.

Variable
Group Who Brushed Their
Teeth ≥ 2 Times per Day
(n = 65)

Group Who Brushed Their
Teeth < 1 Time per Day
(n = 39)

p-Value *

Duration of diabetes (years) 12.7 ± 10.7 15.1 ± 9.70 0.2
BMI (%) 28.9 ± 4.66 30.3 ± 4.88 0.2
FBS (mg/dL) 128 ± 31.4 179 ± 60.0 <0.0001
HbA1c (%) 7.00 ± 0.906 7.39 ± 1.03 0.05
Creatinine (mg/dL) 0.945 ± 1.56 1.31 ± 2.17 0.4
LDL cholesterol (mg/dL) 115 ± 32.0 108 ± 30.4 0.3
HDL cholesterol (mg/dL) 59.1 ± 13.8 54.2 ± 16.8 0.1
Triglyceride (mg/dL) 153 ± 93.2 173 ± 102 0.3

Data are presented as the mean ± standard error of the mean. BMI, body mass index; FBS, fasting blood sugar;
HbA1c, hemoglobin A1c; Creatinine, serum creatinine; LDL, low-density lipoprotein; HDL, high-density lipoprotein;
Triglyceride, serum triglyceride. * Welch’s t-test. p-values < 0.05 are considered statistically significant.

3.4. Bleeding on Probing in Type 2 Diabetic Patients with Diabetic Retinopathy (1)

The subjects were divided into the diabetic retinopathy group (n = 36) and the non-diabetic
retinopathy group (n = 68). The BOP was higher in the group with diabetic retinopathy than in the
group without diabetic retinopathy (p = 0.006, Welch’s t-test, Table 4). No other differences were found
between the two groups (Welch’s t-test, Table 4).

Table 4. Characteristics of the groups with and without diabetic retinopathy.

Variable
Diabetic Retinopathy
(n = 36)

No Diabetic Retinopathy
(n = 68)

p-Value *

Number of teeth 20.7 ± 8.50 21.7 ± 6.94 0.5
BOP (%) 34.1 ± 18.1 23.7 ± 16.6 0.006
Ratio of PPD, 4 mm or greater (%) 17.2 ± 19.0 11.1 ± 14.6 0.09
Proportion of teeth with more
than 1 degree of movement (%) 12.0 ± 24.6 8.76 ± 12.7 0.5

Number of times the subjects
brushed their teeth per day 1.53 ± 0.774 1.78 ± 0.666 0.1

Data are presented as the mean ± standard error of the mean. BOP, bleeding on probing; PPD, probing pocket depth.
* Welch’s t-test. p-values < 0.05 are considered statistically significant.
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3.5. Bleeding on Probing in Type 2 Diabetic Patients with Diabetic Retinopathy (2)

Using Spearman’s rank correlation, we found that the FBS positively correlated with the ratio of
PPD of 4 mm or greater (rs = 0.29, p = 0.003, n = 104) and BOP (rs = 0.21, p = 0.04, n = 104) (Table 2).
In contrast, FBS was not correlated with the percentage of teeth with more than 1 degree of movement
(rs = −0.041, p = 0.7, n = 104, Table 5) or the number of teeth (rs = 0.034, p = 0.7, n = 104, Table 5).

Table 5. Correlations among fasting blood sugar, the PPD ratio (4 mm or greater), and BOP.

Variable
Fasting Blood Sugar (mg/dL)

rs * p-Value n

Ratio of PPD 4 mm or greater (%) 0.29 0.0029 104
BOP (%) 0.21 0.037 104
Proportion of teeth with more than 1 degree of movement (%) −0.041 0.68 104
Number of teeth 0.034 0.73 104

PPD, Probing pocket depth; BOP, bleeding on probing. * Spearman’s rank correlation coefficient. p-values < 0.05 are
considered statistically significant.

3.6. Determination of Causal Effects Using Bayesian Network Analysis

Bayesian network analysis showed that the presence of diabetic retinopathy was directly affected
by BOP. In addition, the number of times patients brushed their teeth per day was directly affected by
HbA1c and FBS.

4. Discussion

4.1. Effect of Bleeding on Probing on Diabetic Retinopathy

In this study, the subjects with diabetic retinopathy had a higher BOP compared to those without
diabetic retinopathy (Table 4). Furthermore, the Bayesian network analysis showed that the presence
of diabetic retinopathy was directly affected by the BOP (Figure 1). The BOP indicates the gingival
inflammatory conditions caused by periodontal disease [25]. Accordingly, these results indicate that
gingival inflammation in diabetic patients might have affected the development of diabetic retinopathy.

The involvement of reactive oxygen species (ROS) is considered to be a factor in which
inflammation of the gingiva affected diabetic retinopathy [26–33]. Porphyromonas gingivalis (P. gingivalis)
and Fusobacterium nucleatum (F. nucleatum) are the major periodontal bacteria that cause gingival
inflammation [26,27]. It has been reported that diabetic model rats infected with P. gingivalis

have increased maxillofacial oxidative stress and decreased gingival microvascular reactivity [28].
Tothova et al. reported that gingival inflammation caused by periodontitis leads to the production
of ROS by neutrophils [29]. Furthermore, ROS production by neutrophils against F. nucleatum has
been shown to be higher than that of P. gingivalis [30]. Overproduced ROS in the oral cavity can cause
oxidative stress and oxidative damage to cells, proteins, and lipids throughout the body, which can
lead to systemic disease [31]. Oxidative stress has been shown to reduce neuroretinal function [32].
In addition, oxidative stress has been found to be associated with the accelerated onset of diabetic
retinopathy [33]. Therefore, ROS produced during inflammation of the gingiva in type 2 diabetic
patients might induce oxidative stress and contribute to the development of diabetic retinopathy.
Suppressing the production of ROS by treating periodontal disease might reduce the development of
diabetic retinopathy in diabetic patients.
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Figure 1. Bayesian network showing the causal effects among the following parameters: gender,
age, number of teeth, bleeding on probing (BOP), ratio of probing pocket depth (PPD) of 4 mm or
greater, proportion of teeth with more than 1 degree of movement, dental plaque adhesion, number
of times the patients brushed their teeth per day, duration of diabetes, body mass index (BMI),
fasting blood sugar, hemoglobin A1c (HbA1c), presence of diabetic retinopathy, presence of diabetic
nephropathy, and triglyceride level in the blood. Causes and effects are indicated by arrowheads and
lines, respectively.

Interleukin-17 (IL-17), which is secreted by IL-17-producing cells (T helper-17 cell: Th-17),
causes inflammation and is involved in the development of chronic diseases such as autoimmune
diseases [34]. IL-17 and Th-17 cells are present in human periodontal disease lesions and cause
gingival inflammation [35]. Patients with a high BOP ratio have been found to have higher IL-17A
concentrations in the saliva and gingival crevicular fluid compared with those without periodontal
disease [36]. Furthermore, patients with periodontal disease have been found to have more Th-17 cells
that produce IL-17 in the serum compared to healthy individuals [37]; in addition, the serum IL-17
concentration decreased due to a decrease in the BOP ratio in periodontal patients [38]. IL-17A has been
reported to exacerbate diabetic retinopathy by impairing the function of Muller cells, which are the
major glial cells in the retina [39]. Furthermore, IL-17A receptors have been found to be expressed in
Muller glial cells, retinal endothelial cells, and photoreceptors [40]. Increased production of IL-17A in
the periodontal lesions of patients with type 2 diabetes might have affected the development of diabetic
retinopathy via the IL-17A receptor in the retina. Therefore, suppression of gingival inflammation
with proper periodontal treatment might reduce IL-17 production in the gingiva and reduce the
development of diabetic retinopathy in diabetic patients.

4.2. Relationship between Glycemic Control and Oral Hygiene Behavior

The Bayesian network analysis showed that the number of times patients brushed their teeth per
day was directly affected by the HbA1c and FBS (Figure 1). In addition, HbA1c was higher in the
group with dental plaque on the adjacent surfaces of the teeth compared to the group without adjacent
dental plaque (Table 2). The FBS in subjects who brushed more than twice a day was lower than that
of the subjects who brushed once a day or less (Table 3). It is well known that the amount of plaque
on the tooth surface increases when the number of times toothbrushing is performed decreases [41].
Furthermore, HbA1c tended to be lower in the group who brushed more than twice a day than in the
group who brushed once a day or less (p = 0.05, Table 3). From these findings, it is inferred that not only
do FBS and HbA1c directly affect the number of times that diabetic patients brush their teeth per day,
but also that oral hygiene habits and oral hygiene in diabetic patients are related to glycemic control.

Health literacy is the ability of an individual to obtain, understand, evaluate, and use health
information to make decisions regarding the treatment of illnesses and overall health, and to maintain
and improve the quality of life [42]. Sense of coherence (SOC) is a personality trait that allows
individuals to adapt to and cope with stress to promote their health [43]. Recently, it has been reported
that health literacy and SOC influence the pathophysiology of chronic diseases [42,44]. Patients with
type 2 diabetes who have poor glycemic control have been shown to have poor health literacy [45].
Since SOC is indirectly involved in the glycemic control of patients with type 2 diabetes, it is necessary
to increase SOC to improve glycemic control in such patients [46,47]. In addition, it has been reported
that health literacy and SOC also affect oral hygiene behavior. Those who brush their teeth more than
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twice a day had a higher health literacy [48,49]. It has been reported that subjects who brush their
teeth more than twice a day had higher SOC scores [49]. Inferring from these reports, the diabetic
patients in this study with a higher health literacy and SOC would have been aware of not only blood
glucose control, but also oral health improvement and behavior. Moreover, the ability to maintain and
promote the health of diabetics would have been associated with glycemic control and oral hygiene
habits. As a result, FBS and HbA1c would have had an effect on the number of times toothbrushing
was performed per day, even in the Bayesian network analysis (Figure 1). Patients with type 2 diabetes
who brush their teeth less often (per day) and have a large amount of plaque in the oral cavity might
have poor glycemic control. Therefore, dentists and dental hygienists need to educate type 2 diabetics
who are not interested in oral health in order to improve their health literacy and SOC, which might
improve glycemic control in type 2 diabetics.

4.3. Relationship Between Periodontal Inflammation and Fasting Blood Sugar

In this study, there was a correlation between FBS and the ratio of both PPD of 4 mm or greater
and BOP (Table 5). Similar to BOP, a PPD of 4 mm or greater indicates inflammation of the periodontal
tissue [50]. Therefore, this relationship between periodontal inflammation and FBS in patients with
type 2 diabetes was expected. There are many reports regarding the relationship between periodontal
disease and FBS. Bleeding on probing (BOP) and PPD of 4 mm or greater were associated with fasting
blood glucose [51]. For example, Joshipura et al. reported that the FBS of diabetic patients was reduced
due to reduced periodontal pockets and improved BOP [52]. Further, Choi et al. reported that the FBS
increased as the PPD increased [53]. Periodontal disease increases insulin resistance and raises blood
sugar in diabetic patients [54]. Moreover, Colombo et al. reported that periodontal disease model rats
had elevated plasma concentrations of tumor necrosis factor-α and increased insulin resistance [55].
The subjects in the present study might have also had high FBS levels due to periodontal inflammation
causing insulin resistance. Treatment and education to reduce periodontal inflammation in dental
clinics would help to control blood glucose levels in patients with type 2 diabetes.

4.4. Considerations

To the best of our knowledge, this study is the first to clarify the effect of periodontal disease on
diabetic retinopathy in type 2 diabetic patients, as assessed by the diabetes department. However, this
study has some limitations. First, we could not determine the smoking history of subjects because
this was not described in the diabetes medical charts of the subjects. Second, we were unable to
obtain data on the subjects’ insulin injection status and medication status. As such, future studies will
need to consider the association between these data and the effect of periodontal disease on diabetic
retinopathy. Third, analysis of the Bayesian network revealed a causal relationship between multiple
items. However, since the main purpose of this study was to clarify the effect of periodontal disease on
diabetic complications, we considered only the causal relationship between the two diseases.

5. Conclusions

In conclusion, the BOP of subjects with diabetic retinopathy was higher than that of the
subjects without diabetic retinopathy. Moreover, the gingival inflammation exhibited by BOP
affected the presence of diabetic retinopathy in type 2 diabetics who regularly visit diabetic clinics.
Controlling gingival inflammation by treating periodontal disease in dental clinics might suppress the
development of diabetic retinopathy in patients with type 2 diabetes.
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Abstract: Objective: To evaluate the association between alveolar bone loss (ABL) detected on
panoramic radiographs and carotid artery calcification (CAC) detected on computed tomography
(CT). Methods: The study subjects included 295 patients (mean age ± SD: 64.6 ± 11.8 years) who
visited the Matsumoto Dental University Hospital. The rate of ABL and the number of present
teeth were measured on panoramic radiographs. Univariate analyses with t-tests and chi-squared
tests were performed to evaluate the differences in age, gender, history of diseases, number of
present teeth, and the ABL between subjects, with and without CAC. Moreover, multivariate
logistic regression analysis, with forward selection and receiver operating characteristic curve (ROC)
analysis, was performed. Results: The number of subjects without and with CAC was 174 and
121, respectively. Univariate analyses revealed that CAC was significantly associated with age,
hypertension, osteoporosis, number of present teeth, and ABL. Multivariate logistic regression
analysis adjusted for covariates revealed that the presence of CAC was significantly associated with
ABL (OR = 1.233, 95% CI = 1.167–1.303). In the ROC analysis for predicting the presence of CAC,
the the area under the ROC curve was the highest at 0.932 (95% CI = 0.904–0.960) for ABL, which was
significant. Conclusions: Our results suggest that the measurement of ABL on panoramic radiographs
may be an effective approach to identifying patients with an increased risk of CAC.

Keywords: carotid artery calcification; periodontal disease; alveolar bone loss; computed tomography;
panoramic radiographs

1. Introduction

Japan is a super-aged society where 23.2% of the people die from heart and cerebrovascular
diseases caused by arteriosclerosis [1]. According to the results of a patient survey conducted by
the Ministry of Health, Labor, and Welfare in 2017, arteriosclerotic diseases have been recorded in
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people aged 30–90 years [2]. It is, therefore, important to determine asymptomatic arteriosclerosis as
soon as possible for proactive prevention of vascular diseases in an effort to extend the life span of
Japanese individuals.

Periodontitis, which develops principally from the age of 30 years, is a chronic oral inflammatory
disease initiated by the accumulation of a bacterial biofilm on tooth surfaces and perpetuated by
dysregulated local and systemic inflammatory immune responses [3]. Along with dental caries,
different forms of periodontitis represent the two major global oral health burdens on our society [4].
In Japan, the percent of moderate periodontitis in individuals aged ≥65 years with a periodontal
pocket depth (PD) of >4 mm was 57.5% in 2016. The presence of periodontitis is directly correlated
with the number of present teeth [5]. In particular, periodontitis shares several risk factors with other
noncommunicable diseases, including cardiovascular diseases.

The association between periodontal disease and atherosclerosis is well-known in Western
countries. However, the epidemiological evidence linking these two phenomena is relatively poor in
Japan. Several past studies have suggested an association between periodontal diseases and markers
of subclinical atherosclerosis that are used to assess morphological abnormalities such as carotid
intimae media thickness (c-IMT) and carotid plaque, as well as the functional abnormalities such as
pulse-wave velocity (PWV) and flow-mediated vasodilation (FMD) of the brachial artery induced
by reactive hyperemia [6–12]. Orlandi et al. conducted a systematic review and meta-analysis and
found that the diagnosis of periodontal disease was associated with a mean increase in c-IMT of
0.08 mm (95% CI = 0.07–0.09) and a mean difference in FMD of 5.1% in comparison with those in the
corresponding controls (95% CI = 2.08–8.11) [13]. They also described a beneficial effect of periodontal
treatment on FMD, indicating an improvement in the endothelial function [13].

In vascular calcification, which is the final step in the development of atherosclerosis, the deposition
of hydroxyapatite mineral in the arterial wall has been associated with an increased risk of heart
disease, stroke, and atherosclerotic plaque rupture [14]. However, there is only limited information
available on the association between periodontal diseases and carotid artery calcification (CAC). In fact,
there are several imaging diagnostic tools available for assessing CAC. Of these, CAC can be easily
and accurately detected by computed tomography (CT) [15]. On the other hand, periodontal disease
progression can be assessed as an alveolar bone loss (ABL) on panoramic radiographs. Therefore,
the purpose of the present study is to evaluate the association between the rate of ABL measured on
panoramic radiographs and CAC detected by CT.

2. Methods

2.1. Patient Setting

A total of 295 patients (174 men and 121 women) who underwent both panoramic radiographs
and CT for the examination of their lesions (such as benign tumors and cystic lesions) and implant
placement and who visited the Matsumoto Dental University Hospital between 2014 and 2018 were
enrolled in this study. Patients with lesions and alveolar bone destruction were excluded from this
study. Moreover, patients who had undergone radiation therapy for their head and neck regions
were also excluded. The mean age (SD) of the subjects was 64.6 (11.8) years. The information on age,
gender, and medical history of the subjects was obtained from their respective medical records. We also
extracted data on the potential risk factors for arteriosclerosis, namely, hypertension, hyperlipidemia,
diabetes mellitus, and osteoporosis, from the records.

Since this study was a retrospective cross-sectional study, written informed consents were not
obtained from all subjects at the time of taking both panoramic radiographs and CT. Instead, the results
of this study were provided to all subjects in accordance with the ethical guidelines of the Ministry of
Health, Labor, and Welfare and the Ministry of Education, Culture, Sports, Science, and Technology.
The institutional review board for clinical research at Matsumoto Dental University reviewed and
approved this study protocol (no. 152).

22



J. Clin. Med. 2020, 9, 3365

2.2. Assessment of Alveolar Bone Resorption Using Panoramic Radiographs

Panoramic radiographs of all subjects were obtained using the digital AZ3000 device (Asahi
X-Ren Kogyo, Kyoto, Japan). The received ray system was a computed radiography system (Konica
Minolta, Tokyo, Japan). A periodontist with 6 years of experience examined the number of present
teeth and the rate of ABL. The supernumerary tooth and the third molar were excluded from the
number of present teeth. The rate of ABL was measured on panoramic radiographs [16]. The distances
between the cement–enamel junction (CEJ) and the alveolar crest (AC) and that between the CEJ and
the root apex were measured at two sites (i.e., mesial and distal) of each of the present teeth. The apex
was defined as the most apically located point of the root. In teeth restored with fillings or crowns,
the most apical limit of the restoration was considered to be equivalent to the CEJ. Finally, ABL was
calculated as the CEJ–AC/CEJ–apex [17]. The measurements were made for all of the present teeth,
excluding implants, supernumerary teeth, and the third molars. The residual roots, without a cap
for overdenture, were excluded. Teeth with caries or periapical lesions were not excluded. In the
PROKRANK study, the radiographic periodontal condition based on the rate of ABL was classified
into three groups: healthy (≥80% remaining bone), mild to moderate (66–79% remaining bone), and
severe (<66% remaining bone) bone loss groups [18].

2.3. Detection of CAC on CT

CAC was detected on the axial CT images captured by using the multislice CT system Activation 16
(Canon Medical Systems, Tochigi, Japan) at the Matsumoto Dental University Hospital. The presence
of CAC near the bifurcation of the common carotid artery (about 2-cm upper and lower) was
evaluated independently by two oral and maxillofacial diplomate radiologists (one with >20 years of
experience and another with 30 years of experience; Figure 1). In case of different outcomes (such as
ectopic calcifications) between the two oral and maxillofacial radiologists, a consensus was reached
via discussion.

Figure 1. Observation of the carotid artery calcification. Arrow tip indicates the calcification.

2.4. Statistical Analysis

The patients’ age was divided into 5 groups (30–49, 50–59, 60–69, 70–79, and 80–99 years). The
number of present teeth was divided into 3 groups (1–9, 10–19, and≥20). The rate of ABL (%) was divided
into 3 groups (≤20%, 20–34%, and >34%) based on the radiographic periodontal classification [18].
Initially, univariate analyses with t-tests and chi-squared tests were used to evaluate the differences in
age, gender (binary), history of diseases related to atherosclerosis, number of teeth present, and the
rate of ABL (%) between the subjects, without and with CAC. Secondly, multivariate logistic regression
analysis, with forward selection adjusted for age, gender (binary), and all other variables significant
at p < 0.20 in the univariate analyses, were tested to calculate the adjusted odds ratio (OR) and 95%
confidence interval (CI) of having CAC based on the ABL classification system. Furthermore, receiver
operating characteristic (ROC) curve analysis was employed to clarify how asymptomatic CAC can be
identified by age, presence of hypertension, number of present teeth, and the rate of ABL. According
to the method suggested by Swets [19], the area under the ROC curve (AUROC) was determined as
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follows: less accurate (0.5 < AUROC < 0.7), moderately accurate (0.7 < AUROC < 0.9), highly accurate
(0.9 < AUROC < 1), and perfect tests (AUROC = 1). All comparisons were two-sided and performed at
p = 0.05 level of significance. Statistical analysis was performed using SPSS ver. 24.0 for Windows
(IBM Japan, Tokyo, Japan).

3. Results

The characteristics of all participants, according to their age groups, are shown in Table 1.
The prevalence of calcification (p < 0.001), risk of osteoporosis (p = 0.02), number of present teeth
(p < 0.001), and ABL (p < 0.001) were noted to significantly increase with advancing age. The number
of subjects without and with CAC was 174 (99 men and 75 women; Group NC) and 121 (68 men and
53 women; group C), respectively. The mean ages (SD) of Group C and Group NC individuals were
72.0 (9.7) and 59.4 (10.3) years, respectively.

Table 1. The characteristics of all participants by age group.

Age

30–39 y
(n = 2)

40–49 y
(n = 32)

50–59 y
(n = 65)

60–69 y
(n = 85)

70–79 y
(n = 82)

80–89 y
(n = 24)

90–95 y
(n = 5)

p-Value

Male 1 (50.0) 16 (50.0) 40 (61.5) 54 (63.5) 42 (51.2) 11 (45.8) 3 (60.0)
0.40Female 1 (50.0) 6 (50.0) 25 (38.5) 31 (36.5) 40 (48.8) 13 (54.2) 2 (40.0)

Calcification 0 (0.0) 2 (6.3) 11 (16.9) 28 (32.9) 55 (67.1) 20 (83.3) 5 (100.0)
<0.001Not

Calcification 2 (100.0) 30 (93.8) 54 (83.1) 57 (67.1) 27 (32.9) 4 (16.7) 0 (0.0)

Hypertension
Yes 0 (0.0) 3 (9.4) 14 (21.5) 31 (36.5) 37 (45.1) 15 (62.5) 4 (80.0) 0.15

No 2 (100.0) 29 (90.6) 51 (78.5) 54 (63.5) 45 (54.9) 9 (37.5) 1 (20.0)
Dyslipidemia

Yes 0 (0.0) 1 (3.1) 10 (15.4) 12 (14.1) 10 (12.2) 2 (8.3) 1 (20.0) 0.68

No 2 (100.0) 31 (96.9) 55 (84.6) 73 (85.9) 72 (87.8) 22 (91.7) 4 (80.0)
Diabetes
mellitus

Yes
0 (0.0) 1 (3.1) 6 (9.2) 14 (16.5) 13 (15.9) 2 (8.3) 2 (40.0) 0.58

No 2 (100.0) 31 (96.9) 59 (90.8) 71 (83.5) 69 (84.1) 22 (91.7) 3 (60.0)
Osteoporosis

Yes 0 (0.0) 0 (0.0) 2 (3.1) 1 (16.5) 13 (15.9) 2 (8.3) 1 (20.0) 0.02

No 2 (100.0) 32 (100.0) 63 (96.9) 84 (83.5) 69 (84.1) 22 (91.7) 4 (80.0)
Cancer

Yes 0 (0.0) 1 (3.1) 3 (9.2) 14 (1.2) 7 (8.5) 5 (20.8) 0 (0.0) 0.38

No 2 (100.0) 31 (96.9) 62 (90.8) 71 (98.8) 75 (91.5) 19 (79.2) 5 (100.0)
Number of

present teeth 27.5 ± 0.7 25.0 ± 4.6 23.9 ± 4.3 21.9 ± 5.7 17.7 ± 7.8 14.5 ± 6.5 11.4 ± 8.8 <0.001
a

1–9 0 (0.0) 1 (3.1) 1 (1.5) 3 (3.5) 16 (19.5) 7 (29.2) 2 (40.0)
0.00210–19 0 (0.0) 3 (9.4) 7 (10.8) 20 (23.5) 22 (26.8) 9 (37.5) 1 (20.0)

≥20 2 (100.0) 28 (87.5) 57 (87.7) 62 (72.9) 44 (53.7) 8 (33.3) 2 (40.0)

ABL 19.8 ±
12.4 17.2 ± 7.7 19.4 ± 9.7 21.1 ± 9.3 29.5 ±

12.3 29.6 ± 9.2 35.7 ± 7.4 <0.001
a

≤20% 1 (50.0) 26 (81.3) 44 (67.7) 49 (57.6) 19 (23.2) 5 (20.8) 0 (0.0)
<0.001>20%, ≤34% 1 (50.0) 5 (15.6) 15 (23.1) 28 (32.9) 38 (46.3) 11 (45.8) 2 (40.0)

>34% 0 (0.0) 1 (3.1) 6 (9.2) 8 (9.4) 25 (30.5) 8 (33.3) 3 (60.0)
a t-test: mean ± standard deviation; chi-square test: n (%); ABL: the rate of alveolar bone loss.

Significant differences were noted in age (p < 0.001), history of hypertension (p < 0.001),
osteoporosis (p = 0.004), number of present teeth (p < 0.001), and ABL (p < 0.001) between Groups C
and NC (Table 2). The rate of ABL in Group C was significantly greater than that in Group NC.
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Table 2. The relationship between carotid artery calcification and other variables.

Group C Group NC p-Value

(n = 121)
Male: 68, Female: 53

(n = 174)
Male: 99, Female: 75

Age (Year) 72.0 ± 9.7 59.4 ± 10.3 <0.001 a

30–49 y 2 (5.9) 32 (94.1)

<0.001
50–59 y 11 (16.9) 54 (83.1)
60–69 y 28 (32.9) 57 (67.1)
70–79 y 55 (67.1) 27 (32.9)
80–95 y 25 (86.2) 4 (13.8)

Male 68 (56.2) 99 (56.9) 0.91
Hypertension 69 (57.0) 35 (20.1) <0.001
Dyslipidemia 14 (11.6) 22 (12.6) 0.78
Osteoporosis 12 (9.9) 4 (2.3) 0.004

Diabetes Mellitus 19 (15.7) 19 (10.9) 0.23
Cancer 13 (10.7) 19 (10.9) 0.96

Number of Present Teeth 17.1 ± 7.9 23.3 ± 4.8 <0.001 a

1–9 27 (90.0) 3 (10.0)
<0.00110–19 31 (50.0) 31 (50.0)

≥20 63 (31.0) 140 (69.0)
ABL (%) 32.7 ± 9.7 17.2 ± 7.0 <0.001 a

≤20% 8 (5.6) 136 (94.4)
<0.001>20%, ≤34% 67 (67.0) 33 (33.0)

>34% 46 (90.2) 5 (9.8)
a t-test: mean ± standard deviation; chi-square test: n (%); ABL: the rate of alveolar bone loss.

Multivariate logistic regression analysis, with forward selection adjusted for covariates,
revealed that the presence of CAC was significantly associated with age (OR = 1.096,
95% CI = 1.051–1.143, p < 0.001), history of hypertension (OR = 3.748, 95% CI = 1.748–8.037, p = 0.001),
and ABL (OR = 1.233, 95% CI = 1.167–1.303, p < 0.001; see Table 3). In the final model adjusted for the
age group and the presence of hypertension, the OR of having CAC in subjects with 20% < ABL ≤ 34%
and ABL > 34% was 23.676 (95% CI = 9.494–59.035, p < 0.001) and 111.848 (95% CI = 31.322–399.398,
p < 0.001) in comparison with subjects with ABL ≤ 20%, respectively (Table 3).

In the ROC analysis predicting the presence of CAC, the AUROC was 0.932 (95% CI = 0.904–0.960,
p < 0.001) for ABL, 0.815 (95% CI = 0.767–0.864, p < 0.001) for age, 0.685 (95% CI = 0.692–0.806, p < 0.001)
for presence of hypertension, and 0.749 (95% CI = 0.621–0.748, p < 0.001) for the number of present
teeth (Table 4, Figure 2).

Figure 2. ROC curve of effective factors for the screening of carotid artery calcification. Green line in
the left panel represents the rate of ABL. Blue line in the left panel represents the age. Green line in the
right panel represents hypertension. Blue line in the right panel represents the number of present teeth.
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Table 3. Factors associated with carotid artery calcification and the rate of alveolar bone loss evaluated
by multivariate logistic regression analysis using forward selection.

Partial
Regression
Coefficient

Standard Error Odds Ratio (95% CI) p-Value

Step 1 ABL 0.231 0.026 1.260 (1.197–1.325) <0.001
constant −5.744 0.614 0.003 <0.001

Step 2
Age 0.099 0.020 1.105 (1.062–1.149) <0.001
ABL 0.214 0.028 1.239 (1.173–1.308) <0.001

Constant −11.916 1.572 0.000 <0.001

Step 3

Age 0.092 0.021 1.096 (1.051–1.143) <0.001
Hypertension 1.321 0.389 3.748 (1.748–8.037) 0.001

ABL 0.210 0.028 1.233 (1.167–1.303) <0.001
Constant −11.883 1.658 0.000 <0.001

Step 1

ABL
≤20% 1.000 <0.001

>20%, ≤34% 3.541 0.421 34.515
(15.112–78.833) <0.001

>34% 5.052 0.595 156.400
(48.722–502.053) <0.001

Constant −5.744 0.614 0.003 <0.001

Step 2

Age
30–49 y 1.000 <0.001
50–59 y 0.872 0.924 2.392 (0.391–14.617) 0.345
60–69 y 1.937 0.883 6.940 (1.128–39.206) 0.028
70–79 y 2.598 0.882 13.437 (2.387–75.654) 0.003

80–95 y 4.188 1.102 65.902
(7.606–571.037) <0.001

ABL
≤20% 1.000 <0.001

>20%, ≤34% 3.367 0.460 28.988
(11.759–71.456) <0.001

>34% 4.747 0.643 115.220
(32.686–406.154) <0.001

Constant −4.705 0.905 0.009 <0.001

Step 3

Age
30–49 y 1.000 <0.001
50–59 y 0.534 0.934 1.705 (0.273–10.638) 0.568
60–69 y 1.498 0.893 4.471 (0.776–25.758) 0.094
70–79 y 2.194 0.889 8.974 (1.571–51.274) 0.014

80–95 y 3.747 1.130 42.410
(4.626–388.797) 0.001

Hypertension 1.026 0.399 2.790 (1.275–6.104) 0.001
ABL
≤20% 1.000 <0.001

>20%, ≤34% 3.164 0.466 23.676 (9.494–59.035) <0.001

>34% 4.717 0.649 111.848
(31.322–399.398) <0.001

Constant −11.883 1.658 0.000 <0.001

CI: confidence interval; ABL: the rate of alveolar bone loss.
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Table 4. Effective factors for the screening of carotid artery calcification using ROC analysis.

Covariance AUROC Standard Error p-Value (95% CI)

ABL 0.932 0.014 <0.001 (0.904–0.960)
Age 0.815 0.025 <0.001 (0.767–0.864)

Hypertension 0.685 0.032 <0.001 (0.621–0.748)
Number of Present Teeth 0.749 0.029 <0.001 (0.692–0.806)

CI: confidence interval; ABL: the rate of alveolar bone loss; AUROC: area under the receiver operating
characteristic curve.

4. Discussion

This is the first study of its kind to investigate the association between the presence of CAC detected
on CT and ABL that demonstrates the progression of periodontal diseases in a Japanese population.

Based on the report by Mattila et al. in 1989, no consensus has been attained on the presence
of a causal relationship between periodontal diseases and ischemic heart diseases [20]. However,
in their 2007 meta-analysis, Bahekar et al. noted that periodontal diseases were associated with
an increased incidence of ischemic heart diseases [21]. In addition, in 2012, the American Heart
Association submitted a systematic review of about 500 articles published between 1950 and 2011 that
reported associations between periodontal diseases and atherosclerotic vascular disease (ASVD) [22].
Although periodontal interventions reduce the incidences of systemic inflammation and endothelial
dysfunction in short-term studies, there is presently no evidence of them preventing ASVD or modifying
its outcomes [22]. However, several common risk factors have been reported between periodontal
diseases and ischemic heart diseases as confounding factors [23,24]. A 2014 meta-analysis reported that
a periodontal disease increases the incidence of cerebrovascular disease [25]. In Japan, Taguchi et al.
reported a significant association among the number of lacunar infarctions, a type of cerebral infarction,
and ABL [26]. However, a cohort study found no such significant association [27].

In a recent study, periodontal bacterial flora was found to be associated with vascular diseases [28].
Advanced periodontitis in patients with ischaemic stroke is associated with a greater neurological
deficit on admission [29], whereas epidemiological studies have reported no association between
periodontal PD and myocardial infarction, stroke, or heart failure [30]. These confounding reports
suggest that evidence linking periodontitis and cerebrovascular disease is inadequate, considering the
lack of a consensus on the definition of a periodontal disease as well as on the objectives of clinical
parameters employed in epidemiological studies and/or in interventional studies using standardized
treatment protocols. On the other hand, periodontal disease affects short-term systemic inflammatory
conditions and vascular endothelial cell functions. Therefore, long-term observational studies are
required to clarify this point.

Periodontal diseases are associated with FMD and IMT (noninvasive assessments of vascular
functions). The FMD refers to the rate of change in the blood vessel diameter; if the denominator
vessel diameter is large, the FMD is relatively low even when the functions are normal. In addition,
the image quality is poor in elderly or obese patients, as they tend to have larger upper arm
diameters [31]. The diagnoses of early-stage atherosclerosis are usually performed via c-IMT with the
detection of carotid artery echoes. Some past reviews have reported no significant association between
c-IMT-indicated progression and increased risk for cardiovascular events. CT is slightly invasive, but it
reliably detects calcification, which is the final stage of atherosclerosis, and CAC is associated with
cardiovascular diseases [32–35]. Hence, CAC screening is considered more useful than the applications
of FMD and c-IMT.

Since Friedlander et al. reported that CAC can be identified in panoramic radiographs [36],
several researchers have evaluated the CAC-associated risks for cardiovascular lesions [32–35].
Accordingly, several positive associations have been reported, including that the CAC status is an
effective indicator for cardiovascular lesions [37] as it can predict carotid stenosis [32], which is
associated with peripheral arterial diseases (in Koreans aged ≥50 years) [33]. Peripheral arterial
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diseases are present in 84% of the patients with carotid artery stenosis [34] and are associated with
carotid atherosclerosis [35]. Thus, a relationship exists between the assessment of CACs on digital
panoramic radiographs and periodontitis [28,38,39]. However, Thanakun et al. reported that ABL
was not associated with CAC [40]. In this study, we diagnosed CAC using CT because CT could be
used to diagnose CAC with higher probability than panoramic radiography [41]. Moreover, we noted
a significant association between the number of present teeth and CAC. However, ROC analyses
revealed that ABL was a better screening factor than the number of present teeth.

We identified some limitations in this study. First, all subjects visited the Matsumoto Dental
University Hospital and, therefore, probably lived in a specific region of Japan, which makes them
nonrepresentative of the entire Japanese population. This factor may have introduced selection
bias. Second, although we extracted the age and the status of hypertension, dyslipidemia, diabetes,
osteoporosis, and cancer of the subjects from their medical records, we lacked data on their smoking
status and the levels of C-reactive protein, total cholesterol, and high-density lipoprotein, which are
all associated with CAC. In the Framingham heart study, 5573 first- and second-generation patients
lacked cardiovascular diseases, high blood pressure, total cholesterol level, smoking, glucose-tolerance,
and left ventricular hypertrophy, which are all risk factors for CVD progression [42]. Therefore,
these factors may have also affected the CAC progression. We intend to explore this topic in the future.
Third, we evaluated the periodontal disease status using a single method. Usually, periodontal PD,
clinical attachment level (CAL), and bleeding on probing (BOP) are some of the factors used to diagnose
periodontal diseases. However, as several of our patients underwent oral surgery, we lacked data on
these points. We instead explored whether the CAC status was evident from the obtained panoramic
images. We noted that ABL was more convenient to assess than PD, CAL, and BOP. Digital panoramic
radiograph grades were also in good agreement with other radiographic, periodontal-disease-grading
methods [43,44] and compatible with other measurement methods of periodontal diseases and other
diagnostic methods [45–47]. We plan to develop a tool that measures the ABL rate in panoramic
radiographs. Fourth, as this was a cross-sectional study, we could not clarify the presence of any causal
relationship between CAC and ABL. This point requires further longitudinal study.

The strength of our study is that we enrolled 295 patients of different ages, unlike in previous
related studies. In the ROC analyses, the AUROCs for ABL, age, hypertension, and the number of
teeth were 0.932, 0.815, 0.685, and 0.749, respectively, suggesting that ABL and age may be used to
screen for individuals with CAC. To the best of our knowledge, only a few epidemiological surveys
have been conducted to evaluate the association between CAC and ABL in Japan.

5. Conclusions

The measurement of alveolar bone resorption in panoramic radiographs may effectively identify
patients at increased risk for CAC. Further cross-sectional and longitudinal studies on a large scale,
involving the exploration of important covariates such as smoking, are warranted in the future.
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Abstract: Aspiration pneumonia is a major health problem owing to its high
mortality rate in elderly people. The secretion of proinflammatory cytokines such as
interleukin (IL)-8 and IL-6 by respiratory epithelial cells, which is induced by infection of
respiratory bacteria such as Streptococcus pneumoniae, contributes to the onset of pneumonia.
These cytokines thus play a key role in orchestrating inflammatory responses in the lower
respiratory tract. In contrast, chronic periodontitis, a chronic inflammatory disease caused by the
infection of periodontopathic bacteria, typically Porphyromonas gingivalis, is one of the most prevalent
microbial diseases affecting humans globally. Although emerging evidence has revealed an
association between aspiration pneumonia and chronic periodontitis, a causal relationship between
periodontopathic bacteria and the onset of aspiration pneumonia has not been established.
Most periodontopathic bacteria are anaerobic and are therefore unlikely to survive in the lower
respiratory organs of humans. Therefore, in this study, we examined whether simple contact
by heat-inactivated P. gingivalis induced proinflammatory cytokine production by several human
respiratory epithelial cell lines. We found that P. gingivalis induced strong IL-8 and IL-6 secretion
by BEAS-2B bronchial epithelial cells. P. gingivalis also induced strong IL-8 secretion by Detroit 562
pharyngeal epithelial cells but not by A549 alveolar epithelial cells. Additionally, Toll-like receptor
(TLR) 2 but not TLR4 was involved in the P. gingivalis-induced proinflammatory cytokine production.
Furthermore, P. gingivalis induced considerably higher IL-8 and IL-6 production than heat-inactivated
S. pneumoniae. Our results suggest that P. gingivalis is a powerful inflammatory stimulant for human
bronchial and pharyngeal epithelial cells and can stimulate TLR2-mediated cytokine production,
thereby potentially contributing to the onset of aspiration pneumonia.

Keywords: aspiration pneumonia; chronic periodontitis; Porphyromonas gingivalis; proinflammatory
cytokines; TLR2

1. Introduction

Aspiration pneumonia is a major health problem because of its high mortality rates in elderly
people who are frequently immunocompromised [1]. This occurs because of inflammation in the
lower respiratory tract that is stimulated by mis-swallowed saliva entering through the pharynx [1].
Pneumonia is characterized by increased number of infiltrated inflammatory cells such as neutrophils
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and elevated levels of proinflammatory cytokines, including chemokines, in the lower respiratory
tract [2,3]. The so-called respiratory bacteria, such as Streptococcus pneumoniae, are exogenous;
hence, they initially infect lower respiratory epithelia and subsequently induce proinflammatory
cytokine production [3]. In turn, secreted cytokines such as interleukin (IL)-8 recruit neutrophils
to infected tissues, and IL-6 exerts proinflammatory effects on respiratory epithelial cells [3–7].
These cytokines thus play a key role in orchestrating inflammatory responses in the lower respiratory
tract in the development of pneumonia.

Chronic periodontitis is defined as an endogenous microflora-associated chronic inflammatory
disease that develops as a result of poor oral hygiene [8]. The disease which causes the destruction of the
periodontium, including alveolar bone, is one of the most prevalent infectious diseases worldwide [8].
Chronic periodontitis is caused by increased inflammatory responses, including proinflammatory
cytokine production executed by host local immunity that is triggered by and amplified in relation
to an increase in the number of periodontopathic bacteria [8]. Among them, the most pathogenic
bacterium is Porphyromonas gingivalis, a Gram-negative black-pigmented anaerobe that predominantly
colonizes periodontal pockets and is detected on the tongue dorsum and in the saliva of patients with
advanced chronic periodontitis [9]. P. gingivalis exerts its virulence by interacting with several host
pattern recognition receptors such as Toll-like receptor (TLR) 2 and TLR4 [10].

Accumulating evidence indicates that chronic periodontitis is a risk factor for several systemic
diseases such as pre-term birth, heart diseases, diabetes, and atherosclerosis [8]. In this regard,
we have reported that a major metabolite of P. gingivalis possibly induces the reactivation of
latently infected viruses, namely human immunodeficiency virus and Epstein–Barr virus [11,12].
Over the last two decades, chronic periodontitis has also been identified as a risk factor for aspiration
pneumonia in the elderly [13,14]. P. gingivalis is isolated from bronchoalveolar lavage fluid (BALF)
or sputum from patients with pneumonia [15–18]. In fact, an increase in teeth with periodontal
pockets in the elderly is associated with increased mortality from aspiration pneumonia [19].
Furthermore, periodontal interventions such as oral hygiene instruction reduce the occurrence of
aspiration pneumonia, even among high-risk individuals [20]. Further, in the elderly, there is an
increased risk of aspiration because these individuals have reduced laryngopharyngeal sensitivity [21].
Thus, these observations suggest that periodontopathic bacteria present in saliva are aspirated
through the pharynx into the lower respiratory tract, thereby contributing to the onset of aspiration
pneumonia. Despite its importance, a causal relationship between P. gingivalis and aspiration pneumonia
remains unexamined.

Based on the aforementioned observations, we have hypothesized that increased number
of P. gingivalis in the aspiration may induce proinflammatory cytokine production by human
respiratory epithelia. However, P. gingivalis is anaerobic, and it is therefore unlikely to exhibit
stable virulence in the respiratory tract. In addition, the duration of P. gingivalis survival in vitro
and in vivo remains unclear. Therefore, in this study, we used heat-inactivated bacterial cells to
examine whether P. gingivalis induced the production of proinflammatory cytokines such as IL-8 and
IL-6 by human bronchial, alveolar, and pharyngeal epithelial cells via TLR2 or TLR4. To the best of
our knowledge, we have delineated for the first time a putative mechanism by which P. gingivalis

induces inflammation in human respiratory epithelia, thereby potentially contributing to the onset of
aspiration pneumonia.

2. Materials and Methods

2.1. Cell Culture and Reagents

Human bronchial (BEAS-2B), pharyngeal (Detroit 562), and alveolar (A549) epithelial cells
were purchased from ATCC (Manassas, VA, USA) and maintained at 37 ◦C in Dulbecco’s modified
Eagle’s medium (Sigma, St. Louis, MO, USA) containing 10% heat-inactivated fetal bovine serum
(Thermo Fisher Scientific, Rockford, IL, USA), penicillin (100 U/mL), and streptomycin (100 μg/mL),
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as described previously. HEK293 human embryonic kidney cells stably transfected with an expression
plasmid for either human TLR2 (293-TLR2; InvivoGen, San Diego, CA, USA) or human TLR4 (293-TLR4;
InvivoGen) were purchased and maintained at 37 ◦C in Dulbecco’s modified Eagle’s medium (Sigma)
containing 10% heat-inactivated fetal bovine serum (Thermo Fisher Scientific) in the presence of the
antibiotic blasticidin (10 μg/mL) to maintain selection for these transfectants. Neutralizing antibodies
against human TLR2 and TLR4 were obtained from R&D Systems (Minneapolis, MN, USA). Lipoteichoic
acid (LTA) derived from Staphylococcus aureus as a TLR2 ligand and lipopolysaccharide (LPS) derived
from Escherichia coli as a TLR4 ligand were also purchased from Sigma.

2.2. Bacterial Culture and Sample Adjustment

P. gingivalis ATCC 33,277 was cultured in brain heart infusion broth (BHIB: Becton,
Dickinson and Company, Sparks, MD, USA) supplemented with 5 μg/mL hemin and 0.5 μg/mL
menadione. S. pneumoniae ATCC 6303 was cultured in BHIB. The cultures were incubated at 37 ◦C for
24–72 h and grown in an anaerobic chamber (Te-Her Anaerobox, Hirasawa Co. Ltd., Tokyo, Japan)
under an anaerobic condition of 10% H2, 10% CO2, and 80% N2. The bacterial cell density was adjusted
to 1.0 × 1010 CFU/mL, and the bacterial suspension was heat-inactivated at 60 ◦C for 1 h and stored at
−80 ◦C until use.

2.3. mRNA Preparation and Real-Time Polymerase Chain Reaction (PCR)

The experimental procedures for RNA purification and real-time PCR were performed as
previously described [22]. Briefly, the cells were washed once with ice-cold phosphate-buffered saline
and homogenized using QIAshredder (QIAGEN, Alameda, CA, USA), and total RNA was purified
using an RNeasy Mini Kit (QIAGEN). For cDNA synthesis, total RNA (1 μg) was reverse-transcribed
using an RNA PCR kit (PrimeScript; Takara Bio, Shiga, Japan). The resulting cDNA mixture was
subjected to real-time PCR analysis using Premix Ex Taq solution (Takara Bio) containing 5 μM sense and
antisense primers. The primer sequences used for the amplification of each gene were as follows: IL-8,
forward (5′-CTT GTC ATT GCC AGC TGT GT-3′) and reverse (5′-TGA CTG TGG AGT TTT GGC
TG-3′); IL-6, forward (5′-TTC GGT CCA GTT GCC TTC TC-3′) and reverse (5′-GAG GTG AGT GGC
TGT CTG TG-3′); and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), forward (5′-ACC AGC
CCC AGC AAG AGC ACA AG-3′) and reverse (5′-TTC AAG GGG TCT ACA TGG CAA CTG-3′).
PCR assays were performed using a TP-800 Thermal Cycler Dice Real-Time System (Takara Bio) and
analyzed using the software provided by the device manufacturer. The thermal cycling conditions
were 40 cycles of 95 ◦C for 5 s, 60 ◦C for 30 s, and 72 ◦C for 1 min. All real-time PCR experiments were
performed in triplicate, and the specificity of each product was verified via melting curve analysis.
Calculated gene expression levels were normalized to GAPDH mRNA levels.

2.4. Cytokine Measurements

IL-8 and IL-6 concentrations in the cell culture supernatants were measured using an enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems) according to the manufacturer’s recommendations.
All experiments were performed in triplicate, and data are presented as the mean ± SD.

2.5. Transfection and Luciferase Assay

For NF-κB reporter assays, HEK293, 293-TLR2, or 293-TLR4 cells were plated in 12-well plates
(4 × 105 cells/mL) and grown overnight. These cells were transfected with reporter plasmids using a
Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Further, 200 ng of 5xκB-luc, a plasmid in which luciferase gene expression is under the
control of NF-κB, and 10 ng of an internal control plasmid pRL-TK, which expresses Renilla reniformis

luciferase under the control of the TK promoter, were used for each transfection. Twenty-four hours
after transfection, the cells were incubated in the presence of heat-inactivated P. gingivalis, LTA, and LPS
for 24 h. Cells were harvested using Passive Lysis Buffer (Promega, Madison, WI, USA), and the extracts
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were assessed for luciferase activity using a Dual-Luciferase Assay System (Promega) as described
previously [12]. Luciferase activity was normalized to R. reniformis luciferase activity, which acted as
an as an internal control for transfection efficiency.

3. Results

3.1. P. gingivalis Induced IL-8 and IL-6 mRNA Expression and Protein Production by Human Bronchial
Epithelial Cells

P. gingivalis is considered to orchestrate dysbiosis of periodontal flora, which triggers
inflammatory responses including cytokine production in the periodontium and in turn causes
alveolar bone-destruction as a major symptom of chronic periodontitis [8]. We therefore first examined
the mRNA induction of IL-8 and IL-6 by BEAS-2B bronchial epithelial cells and pertinent protein
release using real-time PCR and ELISA, respectively.

As shown in Figure 1A, P. gingivalis markedly upregulated IL-8 and IL-6 mRNA expression in
BEAS-2B cells. The levels of both mRNAs rose after a 1 h exposure to P. gingivalis and peaked at 3 h of
incubation (151 ± 21- and 24 ± 3- fold, respectively). As shown in Figure 1B, P. gingivalis elicited the
release of both cytokines between 1 and 12 h in a time-dependent manner. To clarify the cause-and-effect
relationship between the density of bacteria and the extent of cytokine mRNA expression and
protein production levels, we used P. gingivalis at densities equivalent to 1 × 107–1 × 108 CFU/mL.
As shown in Figure 1C,D, P. gingivalis induced cytokine production as well as mRNA expression in a
density-dependent manner.

(a)

Figure 1. Cont.
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(b)

Figure 1. Porphyromonas gingivalis-induced mRNA expression and protein production of
proinflammatory cytokines by human bronchial epithelial cells. BEAS-2B cells were exposed to
heat-inactivated P. gingivalis (1 × 108 CFU/mL) for the indicated times (A,B) and at different bacterial cell
densities (1× 107, 0.5× 108, or 1× 108 CFU/mL) for 3 h (C) or 12 h (D). The cells were harvested, and IL-8
and IL-6 mRNA levels were measured using real-time polymerase chain reaction with specific primers.
The mRNA levels were normalized to the GAPDH mRNA level and expressed as fold increases.
IL-8 and IL-6 protein levels were determined by enzyme-linked immunosorbent assay and expressed
as pg/mL. These experiments were performed in triplicate, and data are presented as the mean ± SD.

3.2. P. gingivalis Induced IL-8 and IL-6 Production by Human Pharyngeal Epithelial Cells but not by Human
Alveolar Epithelial Cells

Because P. gingivalis-induced IL-8 and IL-6 production by BEAS-2B bronchial epithelial cells was
observed, we examined whether pharyngeal epithelial cell line was also reactive to the stimulation with
P. gingivalis because every material to be swallowed is retained in the pharynx for a while. As expected,
stronger IL-8 production and much weaker IL-6 production than those by BEAS-2B cells were observed
in Detroit 562 pharyngeal epithelial cells, which was in a density-dependent manner (Figure 2A).
In contrast, proinflammatory cytokine production by P. gingivalis was not observed in A549 alveolar
epithelial cells (Figure 2B).
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Figure 2. Effects of Porphyromonas gingivalis on interleukin (IL)-8 and IL-6 production by two human
respiratory epithelial cells. Human pharyngeal (Detroit 562) (A) or alveolar (A549) (B) epithelial cells
were incubated with heat-inactivated P. gingivalis (1 × 108 CFU/mL) for 12 h. IL-8 and IL-6 protein
levels in the cell culture supernatants were determin ed by enzyme-linked immunosorbent assay.
These experiments were performed in triplicate, and data are presented as the mean ± SD. *; below the
detection limit.

3.3. P. gingivalis More Strongly Induced IL-8 and IL-6 Production than S. pneumoniae by Human Bronchial
Epithelial Cells

S. pneumoniae contributes to the onset of aspiration pneumonia by inducing proinflammatory
cytokines release. We therefore compared the inducibility of heat-inactivated bacterial cells between
P. gingivalis and S. pneumoniae by human bronchial and pharyngeal epithelial cells. As shown in
Figure 3A, S. pneumoniae induced IL-8 and IL-6 release by BEAS-2B cells but at much lower levels than
P. gingivalis. Much stronger IL-8 production and much weaker IL-6 production were observed with
Detroit 562 cells (Figure 3B), whereas no significant cytokine release was observed with A549 cells
(Figure 3C).
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Figure 3. Comparison between the induction of proinflammatory cytokines by Porphyromonas gingivalis

and by Streptococcus pneumoniae. BEAS-2B (A), Detroit 562 (B) or A549 (C) cells were incubated in
the presence of heat-inactivated cells (1 × 108 CFU/mL) of P. gingivalis or S. pneumoniae for 12 h.
IL-8 and IL-6 levels in the culture supernatants were then determined using enzyme-linked
immunosorbent assay. These experiments were performed in triplicate, and data are presented as the
mean ± SD. *; below the detection limit.
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3.4. Involvement of TLR2 in P. gingivalis-Induced Proinflammatory Cytokine Production

Several studies have demonstrated TLR2 and TLR4 are important host receptors for recognizing
P. gingivalis [10]. Eventually, these TLRs are reported to express on BASE-2B cells as well as on
human bronchial epithelium and on Detroit 562 cells [23–25]. However, no study has yet examined
whether human respiratory epithelial cells recognize P. gingivalis with their TLR2 or TLR4. In parallel,
for producing IL-8 and IL-6, NF-κB is known to be an important transcription factor [26]. We therefore
first examined whether these TLRs were involved in the NF-κB activation in P. gingivalis-stimulated
epithelial cells using a luciferase assay. For this purpose, TLR-null HEK293 cells and HEK293 cells stably
expressing either TLR2 or TLR4 cells were transfected with NF-κB reporter plasmids. As expected,
NF-κB in 293-TLR2 cells were activated only by the stimulation with its specific ligand LTA from
S. aureus, and likewise, 293-TLR4 cells were activated only by LPS from E. coli, whereas HEK293 cells
were not activated by the both ligands (Figure 4A). When these cells were stimulated with P. gingivalis,
293-TLR2 cells alone were activated in a density-dependent manner (Figure 4A). These findings suggest
that the observed cytokine production by BEAS-2B and Detroit 562 cells is induced via TLR2 but not
via TLR4. To confirm this, BEAS-2B and Detroit 562 cells were treated with anti-TLR2 or anti-TLR4
antibodies prior to the stimulation with P. gingivalis. As shown in Figure 4B,C, anti-TLR4 antibodies had
no effect on IL-8 and IL-6 production by either cell line following exposure to P. gingivalis, whereas the
anti-TLR2 antibody significantly abrogated the production of both cytokines.

(a)

Figure 4. Cont.
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(b)

Figure 4. Involvement of Toll-like receptor (TLR)2 but not TLR4 in Porphyromonas gingivalis-induced
proinflammatory cytokine production. (A) HEK293 cells, 293-TLR4 cells, or 293-TLR2 cells were
transfected with a 5xκB-luc reporter plasmid together with an internal pRL-TK control plasmid.
Twenty-four hours after transfection, these cells were stimulated with heat-inactivated P. gingivalis

(1 × 107, 0.5 × 108, or 1 × 108 CFU/mL), S. aureus LTA (5 μg/mL), or E. coli LPS (200 ng/mL) for 24 h.
Luciferase activity in the whole cell lysate was then determined. The data are presented as the fold
increase in luciferase activity relative to that in control transfected cells (no stimulation). Data are
presented as the mean ± SD of three independent transfections.BEAS-2B (B) and Detroit 562 (C) cells
were pretreated with the indicated concentrations of anti-TLR2, anti-TLR4, or control antibodies
for 1 h and then stimulated with or without P. gingivalis (1 × 108 CFU/mL). After 12 h incubation,
culture supernatants were collected, and IL-8 and IL-6 levels were measured using enzyme-linked
immunosorbent assay. These experiments were performed in triplicate, and data are presented as the
mean ± SD.

4. Discussion

Because bacteria in saliva are aspirated into the lower respiratory tract, many studies have
revealed an association between chronic periodontitis and aspiration pneumonia. In fact, P.

gingivalis has been isolated from BALF or sputum in patients with aspiration pneumonia [15–18].
However, the mechanism by which the bacterium triggers the development of aspiration pneumonia
has not been delineated. By contrast, S. pneumoniae is a major exogenous respiratory pathogen that
infects the bronchial epithelium. This subsequently induces the release of proinflammatory cytokines,
thereby contributing to the development of pneumonia [2,3]. In the present study, we found that
P. gingivalis is a significant inflammatory stimulant for bronchial and pharyngeal epithelial cells.

IL-8, a potent neutrophil chemoattractant and activator, is associated with the pathogenesis
of pneumonia. It accumulates and subsequently degranulates neutrophils, resulting in the destruction
of normal tissues [2,3]. In fact, IL-8 levels are markedly elevated in BALF or sputum from patients with
pneumonia in relation to an increase of neutrophil counts [4–6]. Interestingly, the extent of IL-8 release
by respiratory epithelia is positively correlated with the bacterial load in the lower respiratory tract,
which consequently contributes to lung injury [27,28]. In this regard, secreted IL-6 is involved in the
stimulation of acute-phase protein synthesis, leukocyte recruitment, B-cell differentiation, and T-cell
activation in many chronic inflammatory diseases [2,3]. IL-6 levels are also increased in the plasma
and BALF of patients with pneumonia [7]. We observed that the release of IL-8 and IL-6 by bronchial
and pharyngeal epithelial cells, both of which were induced by the exposure by P. gingivalis, was
stronger than that by S. pneumoniae. Because IL-8 and IL-6 exert their proinflammatory effects in
paracrine and autocrine manners, they must elicit inflammatory responses in neighboring host cells.
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Our results thus suggest that inflammation in the lower respiratory epithelial cells is caused by
an exposure to P. gingivalis itself and additionally by the absorption of paracrine proinflammatory
cytokines released from the pharyngeal epithelium, which is induced by a precedent exposure to
P. gingivalis. Therefore, these results may provide the novel insight that P. gingivalis contributes to the
onset of aspiration pneumonia by inducing proinflammatory cytokine-production by bronchial and
pharyngeal epithelial cells without infection.

From the aforementioned viewpoint, it should be also noted that elderly people have an increased
risk of salivary aspiration because of their reduced laryngopharyngeal sensitivity and swallowing
reflex impairment, both of which are ascribable to mild cognitive impairment [21]. In addition,
an average person generates and ingests up to 1.5 L of saliva per day, which contains 1 × 108/mL
bacteria released from oral biofilms, indicating more than 1 × 1011 bacteria are swallowed daily [29,30].
Moreover, a high incidence of silent aspiration during sleep is eventually recorded in the elderly [31,32].
These observations along with our findings support our hypothesis that increased number of P. gingivalis

in saliva because of poor oral hygiene raises the risk of the onset of aspiration pneumonia.
Respiratory epithelia represent the first line of defense against exogenous respiratory pathogens.

Respiratory epithelia are surely exposed to aspirated P. gingivalis, after which the bacterium presumably
attaches to epithelial surfaces via several interactions between epithelial receptors and bacterial
ligands such as fimbriae and LPS [10]. However, recognition of bacterial attachment by the
epithelium alone might induce cytokine production. The present findings of proinflammatory
secretion by bronchial and pharyngeal epithelial cells exposed to heat-inactivated P. gingivalis

indicate that infection is not necessarily required for the observed induction of cytokine production.
In this connection, several studies have indicated that heat-inactivated P. gingivalis appears capable
of modulating the expression of inflammatory cytokines in several types of human cells other than
respiratory epithelial cells, such as monocytes, whole blood cells, and gingival epithelial cells [33–36].
These observations are reminiscent of the manner how S. pneumoniae induces pneumonia.

Significant involvement of TLR2 but not TLR4 of several types of human cells, such as periodontal
ligament cells, gingival fibroblasts, and monocytes, gingival epithelial cells, in proinflammatory
cytokine production induced by P. gingivalis is also reported [35–37]. Although both BEAS-2B and
Detroit 562 cells express TLR2 and TLR4, to the best of our knowledge, we found for the first time that
only anti-TLR2 antibody significantly and concentration-dependently reduced P. gingivalis-induced
IL-8 and IL-6 production by these cells. In parallel with these findings, P. gingivalis can elicit high levels
of proinflammatory cytokine production in wild-type or TLR4-deficient mice, but not TLR2-deficient
mice [38,39]. This suggests that without heat inactivation, TLR2 is necessary for P. gingivalis to induce
proinflammatory cytokine production by host cells. These observations along with our findings suggest
that bronchial and pharyngeal epithelia secrete some proinflammatory cytokines via TLR2 stimulation
and become inflamed quickly when they are exposed to P. gingivalis irrespective of bacterial vitality.

Although P. gingivalis LPS and Fim A, a major fimbriae of P. gingivalis, have been widely accepted
as TLR2 ligands [40–42], the stimulation of neither BEAS-2B nor Detroit 562 cells by these bacterial
surface structures alone elicited IL-8 and IL-6 protein secretion. Therefore, the necessity of other
surface structures or the whole P. gingivalis cell for the observed cytokine production is currently under
study. In addition, in the human phagocytes, TLR2 is an essential molecule for sensing P. gingivalis

and appears to be paired often by TLR1 and sometimes by TLR6 for arranging subsequent intracellular
signaling due to imminent immunological necessity [40,43]. Because this has not been investigated in
human respiratory epithelia, it would be interesting to see how blocking of TLR1 or TLR6 influences
the P. gingivalis-induced IL-8 and IL-6 production. Further studies are therefore needed. However,
it would be important that our findings have revealed a putatively causal relationship between P.

gingivalis as a proinflammatory stimulant to several human respiratory epithelia and the onset of
aspiration pneumonia.
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Abstract: Porphyromonas gingivalis Mfa1 fimbriae are thought to act as adhesion factors and to
direct periodontal tissue destruction but their immunomodulatory actions are poorly understood.
Here, we investigated the effect of Mfa1 stimulation on the immune and metabolic mechanisms of
gingival fibroblasts from periodontal connective tissue. We also determined the role of Toll-like
receptor (TLR) 2 and TLR4 in Mfa1 recognition. Mfa1 increased the expression of genes encoding
chemokine (C-X-C motif) ligand (CXCL) 1, CXCL3, intercellular adhesion molecule (ICAM) 1 and
Selectin endothelium (E) in gingival fibroblasts, but did not have a significant effect on genes that
regulate metabolism. Mfa1-stimulated up-regulation of genes was significantly suppressed in Tlr4

siRNA-transfected cells compared with that in control siRNA-transfected cells, which indicates that
recognition by TLR4 is essential for immunomodulation by Mfa1. Additionally, suppression of Tlr2

expression partially attenuated the stimulatory effect of Mfa1. Overall, these results help explain the
involvement of P. gingivalis Mfa1 fimbriae in the progression of periodontal disease.

Keywords: Porphyromonas gingivalis; Mfa1; Toll-like receptors; gingival fibroblast

1. Introduction

Periodontitis is a chronic inflammatory disease caused by multiple periodontal pathogenic bacterial
species [1]. Socransky et al. indicated that three bacteria, Porphyromonas gingivalis, Tannerella forsythia,

and Treponema denticola, are the main cause of the onset and progression of periodontitis and they
suggested that these three species be called “red complexes” [2].

Among the three species, P. gingivalis is the major pathogen associated with periodontitis.
Riviere et al. found that P. gingivalis was more prevalent at diseased sites than at healthy sites in
diseased subjects [3]. The number of P. gingivalis in plaque samples was associated with the plaque
score and clinical attachment level [4]. From the perspective of oral flora, P. gingivalis is considered to
act as a keystone pathogen that creates a dysbiosis between the host and the dental biofilm. This altered
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oral commensal microbiota is responsible for initiating pathological bone loss [5]. P. gingivalis expresses
a number of potential virulence factors, including lipopolysaccharides, gingipines, and fimbriae [6].

Fimbriae are filamentous proteinaceous appendages on the surface of P. gingivalis bacteria that play
a pivotal role in colonization through association with other bacteria and host tissues [7,8]. P. gingivalis

ATCC strain 33,277 has fimbriae consisting of either FimA (fimA gene product) or Mfa1 (mfa1 gene
product), with apparent molecular masses of approximately 38 and 75 kDa, respectively [9].

Mfa1, encoded by the mfa1 gene, is a structural subunit of a protein complex whose length varies
from 60 to 500 nm [10]. In addition to the primary Mfa1 protein, mature fimbriae also have affiliated
Mfa2–5 proteins. Mfa2 plays an anchor role, while Mfa3 can bind with Mfa1/2/4/5 in vitro to connect
with other fimbrial subunits [11]. Recent data indicate that the C-terminal domain of Mfa1, rather than
Mfa3, affects the aggregation and maturation of downstream fimbrial proteins [12].

Several studies have demonstrated different roles for FimA and Mfa1 fimbriae. FimA fimbriae
act as an adhesive that mediates periodontal tissue colonization and host cell invasion [8,13,14].
They also induce inflammatory processes in periodontal tissues through several mechanisms [15–17].
FimA fimbriae promote early biofilm formation in a single species of P. gingivalis, whereas Mfa1 plays
an inhibitory role in the formation of a homotypic biofilm in P. gingivalis [18]. However, although there
are few reports on the host immune response to Mfa1 fimbriae, an Mfa1-deficient strain causes almost
no alveolar bone resorption in a mouse model of oral infection [19].

The present study aimed to examine the effect of P. gingivalis Mfa1 stimulation on the immune
and metabolic mechanisms of mouse gingival fibroblasts (MGFs) and to examine the effects of Toll-like
receptor (TLR) 2 and TLR4 knock down on P. gingivalis Mfa1-stimulated MGFs. Our results show that
Mfa1 fimbriae had a large effect on immunomodulation exerted by gingival fibroblasts, but did not
have a significant effect on metabolic regulation. Our results also indicate that recognition of Mfa1
by TLR4 on MGFs is essential for the expression of genes related to cell migration and cell adhesion.
Overall, these results help to explain how P. gingivalis Mfa1 fimbriae are involved in the progression of
periodontal disease.

2. Materials and Methods

2.1. Cell Culture

MGFs were isolated from healthy gingival tissue from the palate of BALB/c mice which were
purchased from CLEA Japan, Inc. (Tokyo, Japan). The MGFs were cultured in Minimum Essential
Medium α (Thermo Fisher Scientific, Wilmington, DE, USA) containing 10% fetal bovine serum
(Hyclone Laboratories Inc, Logan, UT, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin at
37 °C in a CO2 incubator. When the cells reached confluency, they were separated by treatment
with 0.25% trypsin-EDTA (Thermo Fisher Scientific) and collected by centrifugation. This study
was approved by the Institutional Animal Care and Use Committees of Aichi Gakuin University
(AGUD438; approved date 31 March 2019) and all animal experiments were conducted following
the national guidelines and the relevant national laws on the protection of animals. Ultrapure
lipopolysaccharide from P. gingivalis was purchased for experiments (InvivoGen, San Diego, CA, USA).

2.2. Purification of Mfa1 Fimbriae

In this study, we used P. gingivalis mutant strains derived from ATCC 33,277. Mfa1 fimbriae
were purified from JI-1, in which fimA was deleted, as described previously [20,21]. Mfa1 fimbriae
were also purified from mfa5 mutant FMFA5, in which mfa5 was disrupted by ermF-B, and genetic
complementation strain FMFA5C, as described previously [21,22]. Briefly, P. gingivalis cells were
collected from 2 L of culture, suspended in 40 mL of 20 mM Tris/HCl buffer at pH 8.0, supplemented
with protease inhibitors (1 mM phenylmethylsulfonyl fluoride and 1 mM Nα-p-tosyl-L-lysine
chloromethyl ketone). The cells were disrupted by a French press. Unbroken cells were removed by
centrifugation. The supernatant was subjected to precipitation at 50% ammonium sulfate saturation.
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The precipitate was dialyzed with 20 mM Tris/HCl buffer at pH 8.0, and then applied to DEAE
Sepharose Fast Flow chromatography (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) with 50 mL
of bed volume. After washing thoroughly with the buffer, sample was fractionated by a linear gradient
elution with 400 mL of NaCl (0 to 0.3 M) in the buffer. Purity and identity were verified by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-Rad Laboratories, Hercules, CA, USA) and
transmission electron microscopy. Details are described in the Supplementary Material.

2.3. RT2 Profiler PCR Array Analysis

MGF (1 × 106 cells/dish) were seeded onto 60-mm dishes. When the cells reached confluency,
they were incubated for 2 hours in the presence or absence of 1 μg/mL Mfa1, FMFA5, FMFA5C, FimA,
or LPS of P. gingivalis. Total RNA was then collected. Complementary deoxyribonucleic acid (cDNA)
was synthesized using the RT2 First Strand Kit (Qiagen, Germantown, MD, USA) according to the
manufacturer’s instructions and then applied to the Mouse Antibacterial Response RT2Profile PCR Array
(Qiagen) and the Mouse Extracellular Matrix & Adhesion Molecules RT2Profile PCR Array (Qiagen).
Amplification was performed using the RT2 SYBR Green/ROX qPCR master mix (Qiagen) and the
StepOnePlusTM Real-time PCR system (Thermo Fisher Scientific) with associated software (version 2.3;
Thermo Fisher Scientific). CT values were transferred to an Excel file to build a table of CT values,
which was then uploaded onto the data analysis web portal at http://www.qiagen.com/geneglobe.

2.4. Real-Time PCR

MGFs (1 × 106 cells/dish) were seeded onto 60-mm dishes. When the cells reached confluency,
they were incubated for 2 hours in the presence or absence of 1 μg/mL JI-1, FMFA5, FMFA5C, FimA or
LPS of P. gingivalis. Total RNA was then extracted with a Nucleospin RNA kit (Macherey-Nagel Inc.,
Bethlehem, PA, USA) according to the manufacturer’s instructions, and purity and concentration
were assessed by calculating the A230/A260 and A260/A280 ratios using a NanoDrop Lite (Thermo
Fisher Scientific). To quantify mRNA, quantitative PCR was performed using the TaqMan gene
expression assay (Thermo Fisher Scientific) for mouse Cxcl1 (Mm04207460_m1), Cxcl3 (Mm01701838),
Icam1 (Mm00516023_m1), Sele (Mm00441278_m1), Tlr2 (Mm00442346_m1) and Tlr4 (Mm00445273_m1)
with the TaqMan Universal PCR Master Mix (Thermo Fisher Scientific). mRNA levels were normalized
to the level of eukaryotic 18S rRNA (Hs99999901_s1). Quantitative PCR was performed using the
StepOnePlus Real-Time System. PCR conditions were 10 minutes at 95 ◦C, followed by 40 cycles of
15 seconds at 95 ◦C and 1 minute at 60 ◦C. The relative amounts of target mRNAs were determined by
subtracting the cycle threshold (CT) value for 18S rRNA from that for the gene (ΔCT). Then, the ΔCT
value for the control group was subtracted from that for the experimental group (ΔΔCT). The results
are expressed as the fold change (2-ΔΔCT) between the mRNA levels of control and experimental
groups, where ΔΔCT was calculated as follows: ((CT for the target mRNA − CT for 18S rRNA) for the
experimental group)–((CT for the target mRNA − CT for 18S rRNA) for the control group).

2.5. siRNA Transfection

MGFs were transfected with siRNA targeting TLR2 and TLR4 (Silencer Select Pre-designed
siRNAs, Ambion, Austin, TX, USA) or non-targeting control siRNA (Ambion) using Lipofectamine
RNAiMAX (Thermo Fisher Scientific) according to the manufacturer’s protocol. Twenty-four hours
after transfection, cells were stimulated with 1 μg/mL Mfa1, FMFA5, FMFA5C, FimA or LPS of
P. gingivalis for 2 hours. The cells were then collected and TLR2 and TLR4 protein levels were
determined by flow cytometry. Similarly, gene expression levels were determined by Real-Time PCR.

2.6. Flow Cytometry

MGFs (1 × 106 cells in 100 μL) were incubated with anti-mouse CD282 (TLR2) phycoerythrin
(PE) (BioLegend, San Diego, CA, USA, Cat: 148604), anti-mouse CD284 (TLR4) phycoerythrin (PE)
(BioLegend, Cat: 117605), or isotype control antibody phycoerythrin (PE) (BioLegend, Cat: 400508)
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and analyzed by flow cytometry using a MACSQuant analyzer and MACSQuantify software version
2.4 (Miltenyi Biotec, Tokyo, Japan).

2.7. Statistical Analysis

Data were analyzed using PASW Statistics software (version 18.0; SPSS Japan, Tokyo, Japan).
Differences among groups were examined by one-factor analysis of variance (ANOVA) and Bonferroni’s
multiple comparison test. Comparisons of two independent groups were performed using Student’s
t-test. Data are expressed as the mean ± standard deviation (SD). Significance was accepted at p < 0.05.

3. Results

3.1. Analysis of Antibacterial Response-Associated Genes in Gingival Fibroblasts to Various Fimbriae

A mouse antibacterial response PCR array was used to investigate differences in the expression of
84 genes involved in bacteria-cell interactions. Figure 1 shows the fold changes in expression between
control and 1μg/mL various fimbriae or P. gingivalis LPS after stimulation for 2 hours. Among the 84 genes,
Cxcl1 and Cxcl3 were upregulated in common by 4-fold in JI-1, FMFA5 or FMFA5C-stimulated cells
compared with non-stimulated cells (Figure 1A–C). Other genes that were elevated include Nfkbia, Jun,
Ccl5, Tlr6, Nod2 in JI-1 stimulated cells, Nfkbia, Jun, Irf5, Birc3 in FMFA5-stimulated cells, and Hsp90aa1,
Nfkb1, Nfkbia, Jun, Nod1, Slpi, Tirap, Rela, Ccl5, Tlr2, Irf5, Irf7, Nod2, Birc3, Lcn2 in FMFA5C-stimulated
cells. Many genes (Tnfrsf1a, Mapk1, Tollip, Irak1, Fadd, Map3k7, Map2k4, Slpi, Ripk2, Il18, Rela, Irak3, Card6,

Camp, Irf5, Birc3, Slc11a1, Tlr9, Casp1, Crp), including Cxcl3 were up-regulated in FimA-stimulated cells
compared with non-stimulated cells (Figure 1D). P. gingivalis LPS stimulation changed several genes
expression (Ccl5, Tlr6, Irf5, Nod2, Casp1) compared with non-stimulated cells (Figure 1E).

Figure 1. Analysis of antibacterial response-associated genes in mouse gingival fibroblasts in response
to Mfa1, FimA, or Porphyromonas gingivalis LPS. Graphs show the fold changes of gene expression in cells
stimulated with JI-1 (A), FMFA5 (B), FMFA5C (C), FimA (D), and LPS (E) compared with non-stimulated
cells. Cxcl1 and Cxcl3 were up-regulated over 4-fold in JI-1, FMFA5 or FMFA5C-stimulated cells.

50



J. Clin. Med. 2020, 9, 4004

3.2. Confirmation of PCR Array Data for Selected Antibacterial Response-Associated Genes by Quantitative
Real Time-PCR

To validate the PCR array data, Real Time-PCR showed that JI-1 stimulation increased the gene
expression of the cell migration factors, Cxcl1 and Cxcl3, compared with FimA stimulation (Figure 2).
Furthermore, the highest increase in gene expression was observed with FMFA5 stimulation (Figure 2).

Figure 2. Mfa1 induces Cxcl1 and Cxcl3 in mouse gingival fibroblasts. Mouse gingival fibroblasts
(MGFs) were cultured for 2 hours in the presence or absence of 1 μg/mL JI-1, FMFA5, FMFA5C, FimA,
or LPS of P. gingivalis and then mRNA levels were examined using real-time PCR. Values are expressed
as fold changes. Differences among groups were analyzed by one-way ANOVA. Data represent the
mean + SD (n = 3). ** p < 0.01, **** p < 0.0001.

3.3. Analysis of Extracellular Matrix and Adhesion Molecule-Associated Genes in Gingival Fibroblasts in
Response to Various Fimbriae

A mouse extracellular matrix and adhesion molecules PCR array was used to investigate differences
in the expression of 84 genes involved in cell–cell and cell–matrix interactions. Figure 3 shows the fold
changes in expression between control and 1μg/mL various fimbriae or P. gingivalis LPS after stimulation
for 2 hours. Among the 84 genes, Icam1 expression was upregulated 4-fold in FMFA5-stimulated cells
compared with non-stimulated cells (Figure 3B). FMFA5C stimulation similarly induced Icam1 and also
Selectin E (Sele) (Figure 3C). No obvious changes in gene expression were observed with JI-1, FimA or
P. gingivalis LPS stimulation compared with unstimulated cells (Figure 3A,D,E).

Figure 3. Analysis of extracellular matrix and adhesion molecule-associated genes in mouse gingival
fibroblasts in response to Mfa1, FimA, or P. gingivalis LPS. Graphs show fold changes of gene expression
in cells stimulated with JI-1 (A), FMFA5 (B), FMFA5C (C), FimA (D), and LPS (E) compared with
non-stimulated cells. Icam1 and Sele were up-regulated over 4-fold in FMFA5C-stimulated cells.
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3.4. Confirmation of PCR Array Data for Selected Extracellular Matrix and Adhesion Molecule-Associated
Genes by Quantitative RT-PCR

Expression of cell adhesion factors, Icam1 and Sele, was increased to a greater extent by JI-1
stimulation compared with FimA stimulation (Figure 4). The highest increase in gene expression was
observed with FMFA5 stimulation (Figure 4).

Figure 4. Mfa1 induces Icam1 and Sele in mouse gingival fibroblasts. MGFs were cultured for 2 hours in
the presence or absence of 1 μg/mL JI-1, FMFA5, FMFA5C, FimA, or LPS of P. gingivalis and then mRNA
levels were examined using real-time PCR. Values are expressed as fold changes. Differences among
groups were analyzed by one-way ANOVA. Data represent the mean + SD (n = 3). **** p < 0.0001.

3.5. Induction of Tlr2 and Tlr4 Gene Expression by Various Fimbriae and LPS Stimulation in Gingival Fibroblasts

Tlr2 showed the same change in expression as the other factors, such as Cxcl1, but Tlr4, the receptor
for LPS, did not show any significant variation in gene expression in response to various stimulants
(Figure 5).

Figure 5. Mfa1 induces TLR2 but not TLR4 in mouse gingival fibroblasts. MGFs were cultured for
2 hours in the presence or absence of 1 μg/mL JI-1, FMFA5, FMFA5C, FimA or LPS of P. gingivalis

and then mRNA levels were examined using real-time PCR. Values are expressed as fold changes.
Differences among groups were analyzed by one-way ANOVA. Data represent the mean + SD (n = 3).
**** p < 0.0001.

3.6. Transfection of Tlr2 and Tlr4 siRNA into Gingival Fibroblasts

Tlr2 and Tlr4siRNA-transfected gingival fibroblast cells showed obvious knockdown of Tlr2 and
Tlr4mRNA, respectively, compared with control siRNA-transfected gingival fibroblast cells (Figure 6A).
FACS analysis confirmed a decrease in the surface expression of Tlr2 and Tlr4 in the respective
siRNA-transfected gingival fibroblast cells compared with control cells (Figure 6B).
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Figure 6. Suppression of Tlr2 and Tlr4 in mouse gingival fibroblasts using siRNA. (A) Tlr2 (left) and Tlr4

(right) mRNA levels were examined using real-time PCR. Tlr2 and Tlr4 siRNA-transfected cells showed
clear knockdown of Tlr2 and Tlr4 mRNAs, respectively, compared with control siRNA-transfected cells.
(B) TLR2 (left) and TLR4 (right) protein levels were examined using flow cytometry. Tlr2 or Tlr4 siRNA
transfected cells (red line) showed decreased levels of the respective receptors compared with control
siRNA-transfected cells (black line). **** p < 0.0001.

3.7. Expression of Selected Genes in Tlr2 and Tlr4 siRNA-Transfected Cells

Expression of the cell migration-related factor and cell adhesion factor genes in JI-1, FMFA5,
and FMFA5C-stimulated Tlr4 siRNA-transfected cells were significantly suppressed compared with
control siRNA-transfected cells (Figure 7). Also, the suppression of Tlr2 expression partially attenuated
the stimulation effect (Figure 7).
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Figure 7. Involvement of TLR2 and TLR4 in the expression of Mfa1-induced cell migration and
cell adhesion-related factors. Tlr2 siRNA, Tlr4 siRNA, or control siRNA-transfected mouse gingival
fibroblasts were cultured for 2 hours in the presence or absence of 1 μg/mL JI-1, FMFA5, or FMFA5C
and then mRNA levels were examined using real-time PCR. Values are expressed as fold changes.
Differences among groups were analyzed by one-way ANOVA. Data represent the mean + SD (n = 3).
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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4. Discussion

In this study, we demonstrated that Mfa1 fimbriae stimulation markedly increased the expression
of cell migration/cell adhesion-related genes in mouse gingival fibroblasts, and that the increase was
more pronounced than with FimA stimulation. In addition, the ability of Mfa1 to regulate cell migration
and cell adhesion was significantly attenuated in mouse gingival fibroblasts in which Tlr4 expression
was suppressed.

When the effect of JI-1 on gingival fibroblasts, which constitute the gingival connective tissue,
was examined, a remarkable increase in the expression of Cxcl1 and Cxcl3, which are involved in
cell migration, was observed. Higher levels of CXCL1 were found in human and rat gingiva from
periodontitis sites compared with periodontally healthy sites [23]. There was also a significant difference
in the level of CXCL1 in gingival crevicular fluid between healthy and periodontitis subjects [24].
CXCL1 stimulates gingiva fibroblast migration [25] and it may be related to periodontal tissue healing.
There is no literature reporting the relationship between CXCL3 and periodontitis, but its activity is
similar to that of CXCL2, which may play an important role in the initiation of inflammation and
subsequent periodontal tissue destruction [26], which suggests that it is involved in the progression of
periodontitis. JI-1 stimulation produced a higher increase in Cxcl1 and Cxcl3 expression compared
with FimA stimulation. FimA induces Cxcl1 expression in mouse peritoneal macrophages [27]. It is
possible that the immunomodulatory capacity of Mfa1 outperforms that of FimA for some factors in
certain cell types.

Next, we investigated which part of the fimbriae structure is important for the immunomodulatory
ability of Mfa1. FMFA5, with the Mfa3–5 tip structure of JI-1 removed, and FMFA5C, with the tip
structure was complemented in FMFA5, were compared for their ability to induce immunomodulation.
Compared with JI-1, a markedly higher increase in gene expression was observed with FMFA5
stimulation, while that of FMFA5C was significantly reduced. From this result, it is indicated that the
incomplete fimbriae deficient in tip structure increase the stimulation ability.

When we confirmed the effects of Mfa1 on extracellular matrix and adhesion molecules, we found
a marked increase in the expression of the cell adhesion factor genes, Icam1 and Sele. ICAM1
deficiencies increase susceptibility to and severity of alveolar bone loss after P. gingivalis infection [28].
Selectin Platelet/Selectin E-deficient mice exhibit spontaneous early onset alveolar bone loss [29].
FimA and Mfa1 induce ICAM1 and Selectin E in human aortic endothelial cells [30]. These fimbriae
appear to have similar effects on gingival fibroblasts. Similar to the results for cell migration factors,
a markedly higher increase in cell adhesion factor gene expression was observed with FMFA5
stimulation and the stimulation ability of FMFA5C was significantly reduced compared with JI-1
stimulation. These results indicate that the regulation of cell adhesion factors by Mfa1 is also greatly
influenced by the Mfa1 molecule in the shaft portion.

Cells use pattern recognition receptors, such as TLRs, to recognize pathogen-associated molecular
patterns (PAMPs). Ten TLRs have been identified in humans and 12 in mice and the host innate
immune response to pathogens is largely mediated via TLR signaling [31]. TLR2 and TLR4 are the
most widely studied extracellular innate receptors that recognize various PAMPs and are likely to
play a role in the pathogenesis of periodontitis [32]. TLR2 has been shown to be important for P.

gingivalis to produce inflammatory cytokines [33,34]. TLR4 recognizes LPS (from Escherichia coli),
which is a bacterial cell wall component [31]. Uniquely, P. gingivalis LPS is recognized by both TLR2
and TLR4 [35]. The LPS1435/1449 and LPS1690 isoforms can produce opposite effects on TLR2 and TLR4
activation [36,37]. P. gingivalis LPS and E. coli LPS regulate cytokine production differently in human
gingival fibroblasts [38]. The heterogeneity of P. gingivalis LPS might contribute to one of the strategies
used by P. gingivalis to evade the innate host defense in gingival tissues [39]. FimA activates human
peripheral blood monocytes via TLR2 and CD14 [40]. TLR2-dependent signaling leads to CD11b-CD18
activation in human monocytes upon recognition of FimA through CD14 [41]. However, the receptor
for Mfa1 is still unclear. The gingival fibroblasts constitutively express TLR2 and TLR4 [42]. When we
examined the expression of Tlr2 and Tlr4 genes in MGFs stimulated by various fimbriae and LPS,
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Tlr2 showed the same changes in expression as the other factors, but Tlr4 did not show any significant
changes in expression in response to various fimbriae or LPS. Therefore, to clarify the receptor of Mfa1,
MGFs in which Tlr2 and Tlr4 were knocked down were stimulated with Mfa1 and their reactivity
was assessed. Control siRNA, Tlr2 siRNA and Tlr4 siRNA were introduced into MGFs, and cells
were stimulated with JI-1, FMFA5, and FMFA5C. Gene expression of cell migration-related genes,
Cxcl1 and Cxcl3, and cell adhesion genes, Icam1 and Sele, were analyzed. The suppression of TLR4
was significantly reduced by Mfa1 fimbriae stimulation. Also, suppression of Tlr2 partially attenuated
this stimulation. Recognition of Mfa1 by TLR4 is suggested to be essential for the expression of
genes related to cell migration and cell adhesion. This result is different from previous reports in
which anti-TLR2 antibody pretreatment significantly inhibited pro-inflammatory cytokines in mouse
macrophages stimulated with Mfa1 fimbriae [43]. Conversely, Hajishengallis et al. reported that
native Mfa1 induced proinflammatory cytokines in a CD14- and TLR2-dependent mode, which was
likely due to a fimbriae-associated 12-kDa lipoprotein [44]. There is a similar report on FimA-like
lipoproteins or lipopeptides associated with FimA that could, at least in part, account for signaling via
TLR2 and subsequent TNF-α production in macrophages [45]. Furthermore, the following reports
demonstrate the stimulation ability of LPS. A lipoprotein from P. gingivalis LPS was shown to be
a principal component for TLR2-mediated cell activation [46]. A lipopolysaccharide preparation
extracted from a P. gingivalis lipoprotein-deficient mutant showed a marked decrease in TLR2-mediated
signaling [47]. Recombinant FimA stimulated cytokine release in THP-1 mononuclear cells via CD14
and TLR4 but not TLR2 [44], while recombinant FimA induced an inflammatory response via the
TLR4/NF-kB signaling pathway in human peripheral blood mononuclear cells [48]. P. gingivalis lipid
A and its synthetic counterpart activate cells through a TLR4-dependent pathway [46,49]. From our
results, we speculate that wild-type purified Mfa1 is mainly recognized by TLR4, but TLR2 might
recognize the lipoprotein of fimbriae and contributes to the overall action. In the future, it is necessary
to confirm the reactivity of purified Mfa1 from which lipoprotein has been removed.

There are several reports on the importance of TLR4 in periodontitis. TLR4- but not TLR2-mediated
stimulation, was positively associated with plaque score and bleeding on probing score of teeth from
which the plaque samples were taken [4]. The ratio of TLR4/TLR2-mediated stimulation activity
was also positively associated with probing depth and clinical attachment level [4]. TLR4- but not
TLR2-stimulation of subgingival plaque is associated with plaque index [50]. Therefore, TLR4 may
play an important role in the progression of periodontitis, in which stimulation by Mfa1 may play
a role.

Recent reports suggest that intracellular DC-SIGN, an intracellularly expressed pattern recognition
receptor, could be critical for recognition of Mfa1 by dendritic cells [51]. We assayed expression of
DC-SIGN in MGFs after stimulation with various fimbriae, but we could not detect its expression.
This may be because of differences between immunocompetent cells and periodontal tissue
constituent cells.

In conclusion, Mfa1 fimbriae have a significant effect on immunomodulation in gingival fibroblasts
of periodontal tissue. We also suggest that recognition of Mfa1 by TLR4 on MGFs is essential for the
expression of genes related to cell migration and cell adhesion. More detailed analysis, such as using
an animal infection model, is needed to assess the immunomodulatory capacity of Mfa1 fimbriae in
the progression of periodontitis.
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Abstract: Previous reports have shown that azithromycin (AZM), a macrolide antibiotic, affects
collagen synthesis and cytokine production in human gingival fibroblasts (hGFs). However, there
are few reports on the effect of AZM on human periodontal ligament fibroblasts (hPLFs). In the
present study, we comparatively examined the effects of AZM on hGFs and hPLFs. We monitored the
reaction of AZM under lipopolysaccharide (LPS) stimulation or no stimulation in hGFs and hPLFs.
Gene expression analyses of interleukin-6 (IL-6), interleukin-8 (IL-8), matrix metalloproteinase-1
(MMP-1), matrix metalloproteinase-2 (MMP-2), and Type 1 collagen were performed using reverse
transcription-polymerase chain reaction (RT-PCR). Subsequently, we performed Western blotting
for the analysis of the intracellular signal transduction pathway. In response to LPS stimulation, the
gene expression levels of IL-6 and IL-8 in hGFs increased due to AZM in a concentration-dependent
manner, and phosphorylation of nuclear factor kappa B (NF-κB) was also promoted. Additionally,
AZM caused an increase in MMP-1 expression in hGFs, whereas it did not affect the expression of
any of the analyzed genes in hPLFs. Our findings indicate that AZM does not affect hPLFs and acts
specifically on hGFs. Thus, AZM may increase the expression of IL-6 and IL-8 under LPS stimulation
to modify the inflammatory response and increase the expression of MMP-1 to promote connective
tissue remodeling.

Keywords: azithromycin; human gingival fibroblast; human periodontal ligament fibroblast; IL-6;
IL-8; MMP-1; MMP-2

1. Introduction

We previously demonstrated the clinical utility of full-mouth as well as partial-
mouth scaling and root planing (SRP) with the administration of the macrolide antibiotic
azithromycin (AZM) [1–4]. Studies have indicated that while performing full-mouth SRP
(FM-SRP) with AZM administration, inflammation was reduced and periodontal pockets
improved rapidly within an extremely short period of time. This appears to be the result of
the synergistic effect of the control of periodontopathic bacteria due to the antibacterial
action of AZM and mechanical plaque control by SRP.

However, when other antibiotics were used in the same manner, results equivalent
to or better than those of AZM could not be obtained [5], especially with regard to the
reduction in inflammation of periodontal pockets during the early stage after treatment [6].
Thus, it appears that the effect of AZM is not limited to its antibacterial action, suggesting
the possible involvement of another mechanism.

Some reports have indicated that AZM is effective in treating cyclosporine-induced
gingival overgrowth [7–9]. In 2008, Kim et al. reported that AZM inhibits the proliferation
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of gingival fibroblasts and activations of matrix metalloproteinase-1 (MMP-1) and matrix
metalloproteinase-2 (MMP-2). These metalloproteinases play a central role in collagen
degradation. This may thereby reduce the volume of connective tissue constituents within
the gingival tissue, resulting in amelioration of the gingival overgrowth associated with
drug-induced fibrosis [10].

AZM and clarithromycin are known to regulate immune function and have been
indicated to be particularly useful in treating pulmonary diseases, such as cystic fibrosis
and chronic panacinar bronchitis [11,12]. A study using human bronchial epithelial cells
reported that AZM’s efficacy against long-term chronic inflammation is due to increased
interleukin-8 (IL-8) production [13]. Furthermore, it has been suggested that AZM increases
IL-8 production in human gingival fibroblasts more than other macrolide antibiotics (i.e.,
erythromycin, josamycin), resulting in further promotion of neutrophil migration during
the inflammatory response triggered by periodontal pathogens [14]. However, many points
of these theories remain unclear.

The purpose of this study was to investigate the reaction of human gingival fibroblasts
(hGFs) and human periodontal ligament fibroblasts (hPLFs) when FM-SRP is performed
with AZM administration. Therefore, in the present study, we selected interleukin-6
(IL-6) and IL-8, cytokines involved in the regulation of the inflammatory response, to
conduct experiments to examine the effects of AZM and cell behavior with hGFs and
hPLFs stimulated by lipopolysaccharide (LPS). MMP-1, MMP-2, and Type I-Collagen were
studied to investigate the effects of AZM on periodontal tissue remodeling. Further, we
examined the effects of AZM on the intracellular signal transduction pathway of hGFs.

2. Materials and Methods

The present study was approved by the institutional review board of the School of
Dental Medicine, Tsurumi University (approval number: 1035) and was conducted in
accordance with their regulations.

HGFs and hPLFs were obtained from patients who were determined to require tooth
extraction for orthodontic treatment or oral surgery upon visiting Tsurumi University
Dental Hospital, and who also gave consent to participate in the experiment. HGFs and
hPLFs were prepared as described previously [15,16].

Using cells in the third to sixth passages, we investigated the effects of AZM on hGFs
and hPLFs.

The experiment protocol is demonstrated in Figure 1.

Figure 1. Experimental protocol.

2.1. Cell Culture

Gingival tissue and periodontal ligament tissue was collected, finely chopped, and
cultured, and the outgrowth cells of each were used as hGFs and hPLFs, respectively.
Alpha-minimum essential media (α-MEM) (SIGMA) containing 10% fetal bovine serum
(FBS) (ICN Biomedicals Inc., Solon, OH, USA) and 2% penicillin–streptomycin (Pn-St)
(SIGMA, St. Louis, MO, USA) were used as serum and cultured at 37 ◦C in the presence of
5% CO2. A subculture was performed using 0.1% trypsin–0.04% EDTA (SIGMA).
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2.2. MTS Assay (Cell Proliferation Assay)

To investigate the effects of AZM on the cell proliferation ability of hGFs and hPLFs,
the cells were uniformly seeded on a 96-well plate with 1.0 × 104 cells/well, and cultured
in α -MEM containing 10% FBS and 1% Pn-St at 37 ◦C in the presence of 5% CO2.

At 1, 4, and 7 d after the addition of AZM (Pfizer Japan Inc., Tokyo, Japan), 20 μL of
Cell Titer 96 Aqueous One Solution Reagent (Promega, Madison, WI, USA) was added and
incubated for 60 min. Absorbance was subsequently measured at a wavelength of 490 nm.

2.3. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Both hGFs and hPLFs were seeded separately in 6-well plates with a cell count of
1.0 × 104 cells/well, and the culture medium was replaced every two days.

After confluence was observed, the experiment was conducted by transferring the
cells to a stimulating medium, to which a sample was added 24 h after exchanging with
α-MEM without the addition of serum. The stimulation medium was created by adding an
LPS (LPS; Escherichia coli 0111: B4, SIGMA) and AZM to α-MEM to a final concentration of
0 or 5 μg/mL and 0 to 100 μg/mL, respectively, at 37 ◦C after pre-incubation in a 5% CO2
environment. The gene expression levels of the inflammatory cytokines IL-6 and IL-8 were
examined after a specific period. The gene expression levels of MMP-1, MMP-2, and Type
I-Collagen, which are involved in connective tissue remodeling, were examined 1, 4, and
7 days after AZM was added without LPS.

Total RNA was extracted from cultured cells using RNAqueous (Applied Biosystems,
Austin, TX, USA), and cDNA was prepared using Ready-to-go You-Prime First-Strand
Beads (GE Healthcare Life Sciences, Piscataway, NJ, USA). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Clontec, Palo Alto, CA, USA) was used as the internal standard.

RT-PCRs were performed using specific primers and Taq DNA polymerase (Takara Bio
Inc., Shiga, Japan) (Applied Biosystems/Gene Amp PCR System 9700). PCR products were
detected by performing 4.5% polyacrylamide gel electrophoresis (PAGE), staining with
ethidium bromide, and subsequent exposure to ultraviolet light. The results were recorded.

The gene sequences of each primer are shown in Figure 2.

Figure 2. PCR primers.

2.4. Western Blotting

Total protein was extracted from the cultured hGFs under the same conditions main-
tained for total RNA extraction, and an extraction buffer containing 2% sodium dodecyl
sulfate (SDS) and 0.1 M dithiothreitol (DTT) was used. After pretreatment, 10% SDS-PAGE
was performed to separate the proteins and transfer them to the polyvinylidene difluoride
(PVDF) membrane (Bi-Rad Laboratories, Hercules, CA, USA). After blocking with bovine
serum albumin (BSA), an antibody specific for each protein (nuclear factor kappa B (NF-κB),
phospho NF-κB, p38 mitogen-activated protein kinase (MAPK), phospho p38 MAPK, Jun
N-terminal kinase (JNK), and phospho JNK; Cell Signaling Technology, Danvers, MA, USA)
was used as the primary antibody, and horseradish peroxidase (HRP)-labeled anti-rabbit
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immunoglobulin G (IgG) antibody (Cell Signaling Technology) was used as the secondary
antibody. Immunological detection was performed using enhanced chemiluminescence
(ECL) Western blotting detection reagents (GE Healthcare Life Sciences Corp, Verdesian,
MA, USA), and the activation of intracellular signal transduction molecules associated
with the expression of inflammatory cytokines was investigated. β-actin (Cell Signaling
Technology) was used as the internal standard.

2.5. Data Analysis and Statistical Processing

Based on the results of our pilot study, we calculated the number of samples in this
study using the formula n = 16(SD/Δ)2, where SD is the average standard deviation
between the two groups and Δ is the difference between the average values of the two
groups. It was calculated at a significance level α of 0.05 and power of 80% (β = 0.2). As a
result, all experiments were performed with n = 3. All the experiments were performed at
least three times.

The results of RT-PCR electrophoretic imaging were standardized using GAPDH with
a Densitograph Lane & Spot Analyzer (ATTO, Tokyo, Japan), and semi-quantification was
performed. Students t-tests were used for data analysis of the MTS assay, and statistical
significance was defined as p < 0.05.

3. Results

3.1. MTS Assay (Cell Proliferation Assay)

MTS assay results showed that AZM did not statistically affect the proliferative activity
of hGFs and hPLFs (Figures 3 and 4).

Figure 3. Cell proliferation ability of human gingival fibroblasts (hGFs) with azithromycin (AZM).
These experiments were performed in triplicate, and data are presented as the mean ± SD.

Figure 4. Cell proliferation ability of human periodontal ligament fibroblasts (hPLFs) with AZM.
These experiments were performed in triplicate, and data are presented as the mean ± SD.

3.2. IL-6 and IL-8 Gene Expression

In hGFs, the gene expression levels of IL-6 and IL-8 were found to increase due to
stimulation with LPS (Figure 5), whereas no changes in IL-6 and IL-8 gene expression levels
were observed with the addition of AZM alone (Figure 6). Thus, it was demonstrated that
AZM by itself does not amplify the gene expression levels of IL-6 and IL-8.
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Figure 5. LPS enhances IL-6 and IL-8 gene expression in hGFs.

Figure 6. AZM alone does not enhance gene expression of IL-6 and IL-8 in hGFs.

Moreover, in the case of hGFs, the gene expression levels of IL-6 and IL-8 increased in
a concentration-dependent manner due to AZM in the presence of LPS (Figure 7). However,
hPLFs did not show any changes with regard to IL-6 and IL-8 gene expression (Figure 8).

Figure 7. Gene expression of IL-6 and IL-8 in hGFs in the presence of LPS and AZM. The most typical
data were shown.
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Figure 8. Gene expression of IL-6 and IL-8 in hPLFs in the presence of LPS and AZM. The most
typical data were shown.

3.3. Western Blotting

Western blot of hGFs showed an increase in the phosphorylation of NF-κB. However,
no change was observed in the phosphorylation patterns of p38 MAPK and JNK in the
presence of both LPS and AZM (Figure 9).

Figure 9. Effects on intracellular signaling molecules in hGFs in the presence of LPS and AZM.

3.4. Gene Expression Levels of MMP-1, MMP-2, and Type I-Collagen

Increased MMP-1 gene expression levels were observed in hGFs due to the effects of
AZM (Figure 10), whereas no significant changes were observed in the gene expression
levels of MMP-2 and Type I-Collagen. In hPLFs, no prominent change was observed in the
gene expression levels of MMP-1, MMP-2, and Type I-Collagen (Figure 11).
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Figure 10. Gene expression of Type I-Collagen, MMP-1, and MMP-2 in hGFs due to the influence of
AZM. The most representative data were shown.

Figure 11. Gene expression of Type I-Collagen, MMP-1, and MMP-2 in hPLFs due to the influence of
AZM. The most representative data were shown.

4. Discussion

AZM is a macrolide antibiotic with a long half-life and a wide antibacterial spectrum.
It has been demonstrated to be useful in periodontal treatment due to its ability to inhibit
biofilm formation [17]. AZM is characterized by phagocyte delivery, which allows for
selective uptake by phagocytic cells, causing accumulation at the site of inflammation. AZM
accumulated locally in the inflamed gingival tissue temporarily increased the expression of
IL-6 and IL-8, which further promoted neutrophil migration. It is possible that there may
be a mechanism by which high concentrations of AZM are selectively accumulated in the
periodontal tissue at an early stage as a result of the aforementioned synergistic effects.

When performing periodontal treatment under AZM administration, the antibacte-
rial action of AZM may facilitate the control of periodontopathic bacteria by creating a
microenvironment in which a high concentration of AZM selectively gathers locally in
the periodontal tissue at an early stage. As a result, the inhibitory or destructive action of
AZM against biofilm formation may ameliorate microbial accumulation in the periodontal
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pocket. It has also been reported that AZM does not significantly affect cell adhesion ability
and human epithelial cell death [18]. The results of the present study indicate that AZM
does not affect the cell proliferation activity of either hGFs or hPLFs, confirming that AZM
can be safely administered in periodontal treatment.

In the present study, the gene expression of IL-6 and IL-8 of hGFs increased in a
concentration-dependent manner due to the combined effects of AZM and LPS. Further-
more, the use of AZM alone did not affect the gene expression of IL-6 and IL-8. Moreover,
hPLFs showed no significant changes in IL-6 and IL-8 gene expression. The ability of AZM
to modify the inflammatory response is a characteristic phenomenon in hGFs, and the
use of AZM alone does not appear to be able to modify or regulate the response. Thus,
these results suggest that the action of AZM at the site of inflammation might temporarily
increase the inflammatory response in the presence of LPS. However, in a study using KB
cells, a human oral epithelial cell line, it was reported that AZM inhibited the expression
of IL-8 induced by LPS [19]. Based on these findings, the effects of AZM could differ,
depending on the target cell.

In 2015, Doyle et al. reported that the expression of the inflammatory cytokines IL-
6, IL-8, monocyte chemoattractant protein-1 (MCP-1), and growth-regulated oncogene
(GRO), previously induced by LPS derived from Porphyromonas gingivalis against hGFs,
was reduced due to the effects of AZM [20]. In that study, 10 μg/mL of AZM was used, and
the results were recorded 24 h after the addition of AZM. In the present study, however,
the maximum concentration of AZM used was 100 μg/mL, the stimulation time was
particularly short (2 h), and the experimental conditions differed. Based on these findings,
it appears that AZM may play a role in strengthening the inflammatory response during
the very early stage in the presence of LPS, and subsequently reducing the inflammatory
response in latter stages. Thus, its effects may be present for a long period. However, since
hGFs may behave and react differently depending on the intracellular concentration of
AZM and the environment of action, further research in this area is needed.

Moreover, in the present study, phosphorylation of NF-κB was also promoted when
LPS and AZM acted simultaneously, compared with when stimulation with LPS alone was
performed, whereas there were no significant changes in the phosphorylation of p38 MAPK
and JNK. These findings indicate that an increased production of inflammatory cytokines in
hGFs may be caused by the effects of AZM due to LPS stimulation. This may be mediated
by the activation of the signal transduction pathway of NF-κB. A previous report showed
that the simultaneous action of AZM and tumor necrosis factor-alpha (TNF-α) in infant
tracheal aspirate cells inhibited NF-κB signal activation [21]. It has also been reported
that when the effects of AZM were investigated using murine macrophage cell lines, the
NF-κB signal was inhibited [22]. A study using human peripheral blood mononuclear cells
reported that AZM had a major effect on JNK expression [23]. Furthermore, in 2015 it was
reported that AZM inhibited the phosphorylation of p38 MAPK and extracellular-signal-
regulated kinase (ERK) signaling pathways in human gingival epithelial cells activated by
TNF-α stimulation [24]. The reason for non-concurrence of the results of the present study
with those of the previous one may be because the effects of AZM on the intracellular signal
transduction pathway may differ, depending on factors such as the degree and timing of
inflammation, tissue and cell type, patient age, and study designs. Extracellular vesicles
are currently known to be the main source of proinflammatory cytokines. Especially,
microvesicles may function as strong regulators of the immune system [25]. Given that the
microvesicle function and network of signal transduction pathways in cells are complicated,
further studies are necessary to clarify these findings.

In 1995, it was reported that AZM improved cyclosporine-induced gingival over-
growth [26], and continued research indicated that said effect was due to the promotion of
phagocytosis of fibroblasts by AZM [27]. The results of the present study indicate that AZM
acted specifically on hGFs and increased the expression of MMP-1. This suggests that the
action of MMP-1 produced by gingival fibroblasts on collagen promoted its decomposition,
thereby inducing periodontal tissue remodeling. This mechanism might explain the clinical
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findings indicating that gingival retraction results in the early and dramatic reduction of
periodontal pockets when performing FM-SRP during AZM administration. However,
since a significant reaction to the expression of MMP-1 was not observed in hPLFs, it
appears that this unique effect of AZM was specific to the gingival tissue.

Some researchers are of the view that the clinical results of FM-SRP without AZM ad-
ministration are comparable to those in the case of conventional SRP [28]. However, it has
been previously reported that the formation of human osteoclasts is inhibited due to the ef-
fects of AZM [29]. Furthermore, performing FM-SRP with AZM administration can inhibit
the production of inflammatory mediators and increase total body temperature [30,31].
Hence, applying AZM to periodontal treatment may produce various secondary benefits
and demonstrate efficacy in the clinical setting.

These findings suggest that when FM-SRP is performed with AZM administration,
AZM amplifies the gene expression of IL-6 and IL-8, which are involved in neutrophil
migration in the inflamed gingival region. This contributes to the amelioration of inflam-
mation during the early stage. This suggests the existence of a mechanism by which the
periodontal pockets are reduced as a result of the remodeling of the gingival connective
tissue due to the increased gene expression of MMP-1.

5. Conclusions

The results of the present study suggest that in the presence of LPS, AZM may activate
the NF-κB signaling dental pathway in hGFs, resulting in the increased production of
inflammatory cytokines. AZM may also increase the expression of MMP-1 in hGFs, thereby
promoting gingival connective tissue remodeling.

Author Contributions: Conceptualization, T.N., T.Y. and K.G.; methodology, T.N., T.Y., S.K., T.S.,
Y.M., A.Y. and S.S.; manuscript preparation, T.N. and K.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI, Grant-in-Aid for Young Scientists (B),
22792101 to T.N.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All relevant data are available upon request. Please address requests
to Takatoshi Nagano.

Acknowledgments: The authors thank the study participants and the staff of Tsurumi University
Dental Hospital.

Conflicts of Interest: All authors declare that there are no conflicting interests.

References

1. Gomi, K.; Yashima, A.; Nagano, T.; Kanazashi, M.; Maeda, N.; Arai, T. Effects of full-mouth scaling and root planing in conjunction
with systemically administrated azithromycin. J. Periodontol. 2007, 78, 422–429. [CrossRef] [PubMed]

2. Gomi, K.; Yashima, A.; Iino, F.; Kanazashi, M.; Nagano, T.; Shibukawa, N.; Ohshima, T.; Maeda, N.; Arai, T. Drug concentration in
inflamed periodontal tissues with systemically administrated azithromycin. J. Periodontol. 2007, 78, 918–923. [CrossRef] [PubMed]

3. Gomi, K.; Matsushima, Y.; Ujiie, Y.; Shirakawa, S.; Nagano, T.; Kanazashi, M.; Yashima, A. Full-mouth scaling and root planning
combined with azithromycin to treat peri-implantitis. Aust. Dent. J. 2015, 60, 503–510. [CrossRef]

4. Yashima, A.; Gomi, K.; Maeda, N.; Arai, T. One-Stage Full-Mouth Versus Partial-Mouth Scaling and Root Planing During the
Effective Half-Life of Systemically Administered Azithromycin. J. Periodontol. 2009, 80, 1406–1413. [CrossRef] [PubMed]

5. Herrera, D.; Alonso, B.; León, R.; Roldán, S.; Sanz, M. Antimicrobial therapy in periodontitis: The use of systemic antimicrobials
against the subgingival biofilm. J. Clin. Periodontol. 2008, 35, 45–66. [CrossRef] [PubMed]

6. Lang, N.P.; Tan, W.C.; Krähenmann, M.A.; Zwahlen, M. A systematic review of the effects of full-mouth debridement with and
without antiseptics in patients with chronic periodontitis. J. Clin. Periodontol. 2008, 35, 8–21. [CrossRef] [PubMed]

7. Gomez, E.; Sanchez-Nunez, M.; Sánchez, J.E.; Corte, C.; Aguado, S.; Portal, C.; Baltar, J.; Alarez-Grande, J. Treatment of
cyclosporin-induced gingival hyperplasia with azithromycin. Nephrol. Dial. Transplant. 1997, 12, 2694–2697. [CrossRef]

8. Citterio, F.; Di Pinto, A.; Borzi, M.T.; Scatà, M.C.; Foco, M.; Pozzetto, U.; Castagneto, M. Azithromycin treatment of gingival
hyperplasia in kidney transplant recipients is effective and safe. Transplant. Proc. 2001, 33, 2134–2135. [CrossRef]

9. Tokgoz, B.; Sari, H.I.; Yildiz, O.; Aslan, S.; Sipahioglu, M.; Okten, T.; Oymak, O.; Utas, C. Effects of azithromycin on cyclocporine-
induced gingival hyperplasia in renal transplant patients. Transplant. Proc. 2004, 36, 2699–2702. [CrossRef]

69



J. Clin. Med. 2021, 10, 99

10. Kim, J.-Y.; Park, S.-H.; Cho, K.-S.; Kim, H.-J.; Lee, C.-K.; Park, K.-K.; Choi, S.-H.; Chung, W.-Y. Mechanism of azithromycin
treatment on gingival overgrowth. J. Dent. Res. 2008, 87, 1075–1079. [CrossRef]

11. Yousef, A.A.; Jaffe, A. The Role of Azithromycin in Patients with Cystic Fibrosis. Paediatr. Respir. Rev. 2010, 11, 108–114. [CrossRef]
[PubMed]

12. Schultz, M.J. Macrolide activities beyond their antimicrobial effects: Macrolides in diffuse panbronchiolitis and cystic fibrosis.
J. Antimicrob. Chemother. 2004, 54, 21–28. [CrossRef] [PubMed]

13. Shinkai, M.; Foster, G.H.; Rubin, B.K. Macrolide antibiotics modulate ERK phosphorylation and IL-8 and GM-CSF production by
human bronchial epithelial cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 2006, 290, L75–L85. [CrossRef] [PubMed]

14. Kamemoto, A.; Ara, T.; Hattori, T.; Fujinami, Y.; Imamura, Y.; Wang, P.-L. Macrolide antibiotics like azithromycin increase
lipopolysaccharide-induced IL-8 production by human gingival fibroblasts. Eur. J. Med. Res. 2009, 14, 309–314. [CrossRef]

15. Takada, H.; Mihara, I.; Morisaki, S.; Hamada, S. Induction of interleukin-1 and -6 in human gingival fibroblast cultures stimulated
with Bacteroides lipopolysaccharides. Infect. Immun. 1991, 59, 295–301. [CrossRef]

16. Somerman, M.; Archer, S.; Imm, G.; Foster, R. A Comparative Study of Human Periodontal Ligament Cells and Gingival
Fibroblasts in vitro. J. Dent. Res. 1988, 67, 66–70. [CrossRef]

17. Hirsch, R.; Deng, H.; Laohachai, M.N. Azithromycin in periodontal treatment: More than an antibiotic. J. Periodontal Res. 2012,
47, 137–148. [CrossRef]

18. Inoue, K.; Kumakura, S.-I.; Uchida, M.; Tsutsui, T. Effects of eight antibacterial agents on cell survival and expression of
epithelial-cell- or cell-adhesion-related genes in human gingival epithelial cells. J. Periodontal Res. 2004, 39, 50–58. [CrossRef]

19. Matsumura, Y.; Mitani, A.; Suga, T.; Kamiya, Y.; Kikuchi, T.; Tanaka, S.; Aino, M.; Noguchi, T. Azitromycin may inhibit
interleukin-8 through suppression of Rac1 and a Nuclear Factor-Kappa B pathway in KB cells stimulated with lipopolysaccharide.
J. Periodontol. 2011, 82, 1623–1631. [CrossRef]

20. Doyle, C.J.; Fitzsimmons, T.R.; Marchant, C.; Dharmapatni, A.A.S.S.K.; Hirsch, R.; Bartold, P.M. Azithromycin suppresses P.
gingivalis LPS-induced pro-inflammatory cytokine and chemokine production by human gingival fibroblasts in vitro. Clin. Oral

Investig. 2015, 19, 221–227. [CrossRef]
21. Aghai, Z.H.; Kode, A.; Saslow, J.G.; Nakhla, T.; Farhath, S.; Stahl, G.E.; Eydelman, R.; Strande, L.; Leone, P.; Rahman, I.

Azithromycin Suppresses Activation of Nuclear Factor-kappa B and Synthesis of Pro-inflammatory Cytokines in Tracheal
Aspirate Cells From Premature Infants. Pediatr. Res. 2007, 62, 483–488. [CrossRef] [PubMed]

22. Choi, E.Y.; Jin, J.Y.; Choi, J.I.; Choi, I.S.; Kim, S.J. Effect of azithromycin on Prevotella intermedia lipopolysaccharide-induced
production of interleukin-6 in murine macropahges. Eur. J. Pharmacol. 2014, 729, 10–16. [CrossRef] [PubMed]

23. Hiwatashi, Y.; Maeda, M.; Fukushima, H.; Onda, K.; Takana, S.; Utsumi, H.; Hirano, T. Azithromycin suppresses proliferation,
interleukin production and mitogen-activates protein kinases in human peripheral-blood mononuclear cells stimulated with
bacterial super antigen. J. Pharm. Pharmacol. 2011, 63, 1320–1326. [CrossRef] [PubMed]

24. Miyagawa, T.; Fujita, T.; Yumoto, H.; Yoshimoto, T.; Kajiya, M.; Ouhara, K.; Matsuda, S.; Shiba, H.; Matsuo, T.; Kurihara, H.
Azithromycin recovers reductions in barrier function in human gingival epithelial cells stimulated with tumor necrosis factor-α.
Arch. Oral Biol. 2016, 62, 64–69. [CrossRef] [PubMed]
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Abstract: Recent reports have shown an association between obesity and periodontitis, but the precise
relationship between these conditions has yet to be clarified. The purpose of this study was to compare
the status of periodontitis, tooth loss, and obesity. Participants comprised 235 patients at the Center for
Medical and Dental Collaboration in Kanagawa Dental University Hospital between 2018 and 2020.
Clinical examinations such as blood testing, body composition analysis, periodontal measurement,
assessment of chewing ability, salivary testing, and oral malodor analysis were performed. Periodontal
inflamed surface area (PISA) was significantly associated with the number of teeth and body mass
index (BMI). The number of teeth was negatively associated with age, but positively with chewing
ability. Chewing ability was associated negatively with age, and positively with high-sensitivity
C-reactive protein (hsCRP). The level of methyl-mercaptan in breath and protein and leukocyte scores
from salivary testing were positively associated with PISA. The rate of insufficient chewing ability was
increased in subjects with hemoglobin (Hb)A1c ≥ 7%. The high PISA group showed increased hsCRP.
BMI as an obesity marker was positively associated with PISA, indicating periodontal inflammation.
Chewing ability was related to serum markers such as HbA1c and hsCRP.

Keywords: chewing ability; infection; inflammation; periodontal medicine

1. Introduction

Obesity is becoming a serious problem for public health and is associated with many
kinds of health concerns, such as diabetes mellitus, hypertension, dyslipidemia, and
cardiovascular diseases [1,2]. Periodontitis is a common chronic inflammatory disease,
characterized by gingival inflammation and destruction of tissue around the teeth, resulting
in tooth loss [3]. Recent reports showed a strong association between periodontitis and
general health. Periodontitis and tooth loss may be risk factors for cardiovascular dis-
ease [4]. Ischemic heart disease remains the single largest cause of death in countries of all
income groups with a rise in obesity and diabetes mellitus [5]. Patients with periodontitis
should be advised that there is a higher risk for cardiovascular diseases, such as myocardial
infarction or stroke [6].

An association between obesity and periodontitis has recently been recognized [7].
The available evidence suggests a significantly positive association between periodontal
disease and obesity not only in adults but also in children [8]. Obesity may influence
host susceptibility to periodontopathic bacteria via inflammatory reactions [9]. Specific
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periodontal pathogens may thus play roles in obese patients [10]. Although the underlying
pathophysiological mechanism remains unclear, the development of insulin resistance as a
consequence of a chronic inflammatory state and oxidative stress could be implicated in
the association between obesity and periodontitis [11]. A recent report showed that obesity
is also associated with a higher risk of tooth loss [12]. Periodontal diseases and chewing
disorders are associated with poor nutrition [13]. Periodontitis patients exhibited a higher
body mass index (BMI) and altered diet practices [14]. A change in food intake might be a
factor connecting oral health and obesity.

The world is aging, and Japan is the most aging country in the world [15]. Although the
percentage of overweight/obese people in Japan is lower than that in other countries [16],
many Japanese patients suffer from diabetes and periodontitis. The associations among
periodontal disease, tooth loss, and obesity have been reported; however, data on the Japanese
population is limited. The aim of the present cross-sectional study was thus to clarify relation-
ships between periodontitis, tooth loss, and obesity within the Japanese population.

2. Materials and Methods

2.1. Study Population

Subjects were recruited from patients at the Center for Medical and Dental Collabora-
tion in Kanagawa Dental University Hospital between 2018 and 2020. Data were obtained
from 235 subjects in this study. Inclusion criteria were as follows: age ≥ 20 years; and
consent to participate in this study. The criterion of 20 years old was used according to the
definition of adult in Japan. Exclusion criteria were as follows: antibiotic intake within
the past 2 months; severe systemic infection; or pregnancy or lactating status. The ethics
committees of the School of Dentistry at Kanagawa Dental University approved the present
study (approval no. 665), and the protocol conformed to the 1975 Declaration of Helsinki,
as revised in 2013. Each participant was informed of the aims and procedures of the study.
Written informed consent was provided by all participants prior to participation.

2.2. Clinical Examinations

All examinations were performed at the Center for Medical and Dental Collaboration
in Kanagawa Dental University Hospital. General information on subjects such as age and
sex were collected from medical records. Body composition analysis was performed using
an analyzer (InBody 460; InBody Japan, Tokyo, Japan), and body indices such as height,
weight, and BMI were recorded. Peripheral blood samples were obtained and serum levels
of high-sensitivity C-reactive protein (hsCRP) and hemoglobin (Hb)A1c were measured.

Two trained periodontists (N.A. and M.M.) counted the number of residual teeth,
excluding wisdom teeth. Probing pocket depth and bleeding on probing at six points per
tooth for all teeth were measured using a manual probe (PCP-UNC 15; Hu-Friedy, Chicago,
IL, USA). Using these periodontal parameters, periodontal inflamed surface area (PISA)
was calculated as previously described [17].

Chewing ability was calculated using a Gluco Sensor GS-II (GC, Tokyo, Japan) in
accordance with the instructions from the manufacturer. Oral malodor was objectively
evaluated using OralChroma (FIS, Itami, Japan) as previously described [18]. The salivary
test was performed using Sill-Ha (Arkray Inc., Kyoto, Japan) in accordance with the
instructions from the manufacturer. Briefly, subjects rinsed their mouth with a dedicated
solution for 10 s, then saliva samples were obtained with the solution. The oral rinse
solution was applied to a test strip and placed in the instrument for testing. Protein score
and leukocyte score were calculated from this salivary test, which indicated the level of
inflammation in the gingiva.

2.3. Statistical Analysis

The Shapiro-Wilk test was performed to test the normality of data distributions.
Numerical data are presented as mean ± standard deviation for parameters showing
normal distributions and as median and interquartile range for skewed distributions.
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Spearman’s correlation coefficient was used to calculate correlations between values. The
chi-square test was performed to compare the subject rate with insufficient chewing ability.
The Wilcoxon test was used to compare differences in hsCRP between groups. JMP version
14.2.0 software (SAS Institute Inc., Cary, NC, USA) was used for all statistical analyses.
Values of p < 0.05 were considered statistically significant.

3. Results

The characteristics of the subjects in this study are shown in Table 1. BMI ranges of
25–29.9 for overweight and ≥ 30 for obesity were used, because most of the epidemiologic
data on obesity are based on this classification [19].

Table 1. Subject characteristics.

Variables

N 235
Female (n, (%)) 155 (66%)

Age (years) 67.2 ± 12.6 1

Height (cm) 157.5 ± 8.6 1

Weight (kg) 57.6 ± 11.7 1

BMI (kg/m2) 23.1 ± 3.9 1

Overweight (BMI 25–29.9 kg/m2) (n, (%)) 55 (23%)
Obese (BMI ≥ 30 kg/m2) (n, (%)) 8 (3.4%)

Number of teeth 25 (21, 27) 2

hsCRP (mg/dL) 0.078 ± 0.112 1

HbA1c (%) 5.85 ± 0.75 1

Chewing ability (mg/dL) 192.0 ± 69.5 1

Methyl-mercaptan 9 (4, 28) 2

Protein score 61.3 ± 25.0 1

Leukocyte score 47.1 ± 23.4 1

1 Data are shown as mean ± standard deviation in age, height, weight, body mass index (BMI), high-sensitivity
C-reactive protein (hsCRP), hemoglobin (Hb) A1c, chewing ability, protein score, and leukocyte score. 2 Number
of teeth and methyl-mercaptan are shown as median (interquartile range).

The relationships between PISA and parameters such as number of teeth, age, BMI,
hsCRP, HbA1c, and chewing ability are shown in Figure 1.

Figure 1. Association between each score and periodontal inflamed surface area. Number of teeth
(A), age (B), body mass index (BMI) (C), high-sensitivity C-reactive protein (hsCRP) (D), hemoglobin
(Hb)A1c (E), and chewing ability (F) are compared with periodontal inflamed surface area (PISA).
NS: not significant.
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PISA was significantly associated with the number of teeth and BMI. Associations
between number of teeth and parameters such as age, BMI, hsCRP, HbA1c, and chewing
ability are shown in Figure 2. The number of teeth was negatively associated with age, but
positively with chewing ability.

Figure 2. Association between each score and number of teeth. Age (A), body mass index (BMI) (B),
high-sensitivity C-reactive protein (hsCRP) (C), hemoglobin (Hb)A1c (D), and chewing ability (E) are
compared with number of teeth. NS: not significant.

Figure 3 shows the relationship between chewing ability and values like age, BMI,
hsCRP, and HbA1c. Chewing ability was negatively associated with age, and positively
with hsCRP.

Figure 3. Association between each score and chewing ability. Age (A), body mass index (BMI) (B),
high-sensitivity C-reactive protein (hsCRP) (C), and hemoglobin (Hb)A1c (D) are compared with
number of teeth. NS: not significant.

Figure 4 shows the associations between BMI and values such as age, hsCRP, and
HbA1c. BMI was associated with serum levels of hsCRP and HbA1c.
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Figure 4. Association between each score and body mass index. Age (A), high-sensitivity C-reactive
protein (hsCRP) (B), and hemoglobin (Hb)A1c (C) are compared with body mass index (BMI). NS:
not significant.

Figure 5 shows the associations between PISA and scores for halitosis and salivary
test results. The level of methyl-mercaptan in breath was positively associated with PISA,
as were protein score and leukocyte score from salivary testing.

Figure 5. Association between oral parameters and periodontal inflamed surface area. Methyl-
mercaptan in breath (A) and protein (B) and leukocyte (C) scores in saliva are compared with
periodontal inflamed surface area (PISA).

Table 2 shows an association between chewing ability and HbA1c level. The rate of
insufficient chewing ability (<150 mg/dL) was 22% in subjects with HbA1c < 7%, compared
to 44% in subjects with HbA1c ≥ 7% (p = 0.047, chi-square test).

Table 2. Chewing ability and HbA1c.

HbA1c < 7% HbA1c ≥ 7% p

Insufficient chewing ability 1 22% 44% 0.047 2

1 Cut-off point for chewing ability was set as 150 mg/dL. Hb, hemoglobin. 2 The chi-square test was used to
compare groups.

Figure 6 compares serum hsCRP levels between subjects with low and high PISA.
A cut-off of 300 mm2 was used for PISA. The high-PISA group displayed increased levels
of hsCRP (p = 0.046, Wilcoxon test).
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Figure 6. Comparison of high-sensitivity C-reactive protein. High-sensitivity C-reactive protein
(hsCRP) is compared between high (≥300 mm2) and low (<300 mm2) periodontal inflamed surface
area (PISA) groups. Box plots show medians, 25th and 75th percentiles as boxes, and 10th and 90th
percentiles as whiskers. The Wilcoxon test was used.

4. Discussion

In this study, PISA was positively associated with BMI, while the number of teeth was
not associated with BMI. Moreover, we found that chewing ability was related to systemic
markers such as HbA1c and hsCRP. Insufficient chewing ability was found in those with
HbA1c ≥ 7.

A relationship between periodontitis and obesity has been widely recognized [7–11],
and the association was confirmed in the Japanese population [20]. The present study
confirmed that periodontal destruction was increased in obese patients (Figure 1). Vallim
et al. reported that obesity could represent a risk factor for tooth loss over 5 years [21], but
no relationship between BMI and number of teeth was identified in our study (Figure 2).
Other measures of obesity such as percent body fat and body fat volume might be associated
with tooth loss.

Links between periodontal disease or tooth loss and diabetes are also known. Tooth
loss and periodontal attachment were increased by hyperglycemia in individuals with
diabetes [21]. In our data, however, the HbA1c level was not associated with PISA or the
number of teeth (Figures 1 and 2). The periodontal treatment reportedly improved HbA1c
by reducing CRP [22]. An association between periodontal disease and hyperglycemia
might be seen in specific patients with increased systemic inflammatory markers via
periodontal inflammation. In our study, elevated levels of hsCRP were found in patients
with increased PISA (Figure 6), while the hsCRP level was not associated with PISA
(Figure 1). An association between glycemic control and systemic inflammation in people
with established diabetes has been suggested [23]. Periodontitis may impair blood glucose
regulation in healthy subjects in conjunction with elevated CRP levels [24]. More precise
classifications might be effective in clarifying these relationships.

The present study also measured chewing ability. Masticatory dysfunction may be an
important risk factor for mortality [25]. After controlling for possible confounding factors,
the number of functional teeth and periodontal status were common factors associated
with malocclusion [26]. The importance of mastication assessment in the diagnosis of
periodontitis patients has been proposed [27]. As a result, chewing ability was related
to systemic markers such as HbA1c and hsCRP (Figure 3, Table 2). To the best of our
knowledge, this is the first report to investigate the relationship between chewing ability
and serum glycemic and inflammatory markers. A lower number of teeth was associated
with lower masticatory ability, which in turn was associated with lower plasma albumin
levels and lower BMI [28]. A high level of HbA1c was suggested to be associated with
poor masticatory function and severe periodontitis [29]. In the present study, chewing
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ability was associated with the number of teeth (Figure 2), but appeared unrelated to PISA
(Figure 1) and BMI (Figure 3). Because chewing ability was related to oral health-related
quality of life and general health [30], we should consider mastication in periodontal
medicine.

Nutrition could be a crucial link between the oral condition and systemic health.
Proper food intake is essential to maintain a healthy life. Obesity, diabetes, and other
chronic non-communicable diseases (NCDs) are increasing globally, and malnutrition with
inappropriate food intake leads to health issues [31]. The inclusion of nutrition is strongly
recommended as a key focal point for all health professionals [32]. Chewing ability can
influence food intake, and malnutrition induces insufficient general conditions. Nutrition
might play a specific role in periodontal medicine. Further investigations regarding food
intake are needed.

A strong association is well known to exist between periodontal and systemic diseases.
A score reflecting the total inflammatory burden of periodontitis has been considered
necessary, particularly in the field of periodontal medicine. Periodontal epithelial surface
area (PESA) and PISA were thus proposed by Nesse et al. [17]. PESA indicates the surface
area of the entire periodontal pocket epithelium, while PISA reflects the surface area of
the bleeding pocket epithelium and the inflammatory burden posed by periodontitis.
This conversion of periodontal inflammation to an individual value using PISA facilitates
communication with healthcare workers outside of dental specialties. As a result, PISA has
gained use in many studies in the field of periodontal medicine [33–35]. On this basis, we
used PISA in this study to indicate periodontal inflammation.

Salivary testing was performed in this study and revealed that protein score and
leukocyte score were positively associated with PISA. The utility of salivary testing has
been confirmed in various reports [36–38]. Kim et al. [36] conducted a study of 10 male and
female adults and indicated the measurement principles of salivary testing. Swiatkowska
et al. [37] assessed 25 patients and showed that the parameters estimated by the analyzer
correlated with the results from common salivary kits and oral health indices. Irie et al. [38]
investigated 125 pediatric patients, between 3 and 18 years old. They found that leukocyte
and protein scores changed according to gingival inflammation. Although those researchers
investigated relatively small numbers of subjects, the utility of salivary analyzers was
confirmed in the present study of 235 participants. Prediction of risks for periodontal
disease using simple evaluation methods is an important issue, so the use of this salivary
test is effective in screening for periodontal diseases.

Recently, a new classification scheme for periodontitis has been adopted, using a mul-
tidimensional staging and grading system [39]. Staging is dependent on disease severity
as well as the complexity of disease management, while grading provides supplemental
information about the biological features of the disease. However, this new system still
shows some difficulties with classification and its authors have mentioned the need for the
development of methodologies to accurately assess periodontal tissues. To better under-
stand periodontal disease and its effects on systemic health, issues such as inflammation,
infection, level of destruction and oral function should be considered [40,41]. Both inflam-
mation and oral function are particularly important to evaluate the effects of periodontal
disease on systemic health. The new classification also pays attention to the number of
teeth and occlusal function, and PISA received attention as an inflammatory marker in the
grade classification.

Some limitations of this study must be recognized and considered. We did not account
for the medical conditions of participants in this study, because a wide variety of diseases
and medications were involved. However, information on systemic diseases and medica-
tion is important when considering different patient backgrounds. Next, participants in
this study were not limited to those on their first visit to the dental hospital. Therefore,
the phases of dental treatment differed between subjects. These issues should be kept in
mind when interpreting the data. Moreover, the sample size calculation was not performed
before the research.
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In conclusion, BMI as an obesity marker was positively associated with PISA, a marker
of periodontal inflammation. Relationships between chewing ability and serum markers
such as HbA1c and hsCRP were also found. Associations of periodontal status, number of
teeth, and systemic condition should be considered in clinical settings.
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Abstract: Gan-Lu-Yin (GLY), a traditional Chinese herbal medicine, shows therapeutic effects on
periodontitis, but that mechanism is not well known. This study aims to clarify the precise mechanism
by investigating the inhibitory effects of GLY extracts on osteoclastogenesis in vitro and on bone
resorption in periodontitis in vivo. RAW264.7 cells are cultured with soluble receptor activator of
nuclear factor-kappa B (sRANKL) and GLY extracts (0.01–1.0 mg/mL), and stained for tartrate-
resistant acid phosphatase (TRAP) to evaluate osteoclast differentiation. Experimental periodontitis
is induced by placing a nylon ligature around the second maxillary molar in rats, and rats are
administered GLY extracts (60 mg/kg) daily for 20 days. Their maxillae are collected on day 4 and
20, and the levels of alveolar bone resorption and osteoclast differentiation are estimated using
micro-computed tomography (CT) and histological analysis, respectively. In RAW264.7 cells, GLY
extracts significantly inhibit sRANKL-induced osteoclast differentiation at a concentration of more
than 0.05 mg/mL. In experimental periodontitis, administering GLY extracts significantly decreases
the number of TRAP-positive osteoclasts in the alveolar bone on day 4, and significantly inhibits the
ligature-induced bone resorption on day 20. These results show that GLY extracts suppress bone
resorption by inhibiting osteoclast differentiation in experimental periodontitis, suggesting that GLY
extracts are potentially useful for oral care in periodontitis.

Keywords: Gan-Lu-Yin; periodontitis; herbal medicine; osteoclastogenesis

1. Introduction

Periodontal diseases are caused by periodontopathic bacteria in dental plaque, oc-
clusal trauma, and several systemic diseases, and induced inflammation in periodontal
tissues and resorption of alveolar bone. Periodontal diseases are strongly associated with
various systemic inflammatory diseases, such as rheumatoid arthritis (RA), diabetes, and
cardiovascular diseases, including coronary heart disease (CHD) and stroke. Recently, it
has been reported that periodontal diseases stimulate the immune systems not only in
periodontal lesions, but also in various systemic tissues [1,2]. Because periodontal dis-
ease affects the expression of biomarkers, including cytokines, oxidative stress markers,
receptors, and immunoglobulins, not only in periodontal tissues, but also in saliva, serum,
and systemic tissues, many biomarkers for periodontitis has been systemically researched
to date and recently expected to be a valuable prognostic biomarker of periodontitis and
systematically inflammatory diseases.

Pro-inflammatory cytokines, such as tumor necrosis factor (TNF-α) and interlukin
(IL-6) directly, and indirectly activated osteoclast differentiation through receptor acti-
vator of nuclear factor-κB ligand (RANKL)/RANK pathway and induced alveolar bone
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resorption in periodontitis [3]. The pathological bone resorption is caused by stimulating
osteoclast differentiation and formation, and this process is regulated by some enzymes and
transcription factors, including cathepsin K, nuclear factor of activated T-cells cytoplasmic
1 (NFATc1), and dendritic cell-specific transmembrane protein (DC-STAMP) [3–8]. TNF-α
antagonists, inhibitors of the IL-1 receptor, IL-6 receptor and RANKL/RNAK interaction,
and cathepsin K inhibitor are thought to inhibit alveolar bone resorption in periodontitis [3];
however, these agents have not been used as an internal medication to prevent alveolar
bone resorption in periodontitis. Seto et al. [9] and Tokunaga et al. [10] reported that
simvastatin and parathyroid hormone-stimulated differentiation of rat calvarial cells and
recovered the ligature-induced alveolar bone resorption in rat experimental periodontitis.
Furthermore, calcitonin significantly decreased the numbers of inflammatory cells and
tartrate-resistant acid phosphatase (TRAP)-positive cells (osteoclasts) and inhibited the
ligature-induced alveolar bone resorption in experimental periodontitis [11]. These agents
and hormones showed the suppression of alveolar bone resorption when they were locally
injected into rat periodontal tissues.

Some medical plant extracts and herbal medicines show therapeutic effects against
periodontal diseases with inflammation and alveolar bone resorption [12–14]. Harmine,
a β-carboline alkaloid from Peganum harmala, inhibited NFATc1 expression and RANKL-
induced osteoclast formation [15], and alisol-B, a phyto-steroid from Alisma orientale
Juzepczuk, inhibited RANKL/RANK signaling, NFATc1 expression and osteoclast for-
mation [16], and glymnasterkoreayne F from Gymnaster koraiensis suppressed NFATc1
expression, decreased the levels of cathepsin K and TRAP and inhibited osteoclast differen-
tiation from bone marrow-derived macrophages [17]. On the other hand, the traditional
Chinese and Japanese medicines contain multiple components derived from herbs and nat-
ural plant extracts, have pharmacological effects with anti-inflammatory, anti-oxidant, and
anti-microbial characteristics, etc., for treatment of periodontal diseases [18,19]. Shi-Quan-
Da-Bu-Tang (Juzentaihoto), a medicine that contains 10 herbs, showed antibacterial activity
against Porphyromonas gingivalis and reduced P. gingivalis-induced alveolar bone resorption
by inhibiting osteoclast differentiation in rat experimental periodontitis [20]. Da-Huang-
Gan-Cao-Tang (Daiokanzoto), a crude extracts of Rhubarb rhizomes and Glycyrrhiza roots,
was thought to suppress bone resorption in periodontitis, since this medicine inhibited
P. gingivalis-induced nuclear factor (NF-κB) activity, IL-6 expression and matrix metallo-
proteinase (MMP)-1 activity in human gingival epithelial cells and fibroblasts [19,21].

In the clinical stage, Gan-Lu-Yin (GLY) formula (Kanroin) is approved as a medicine
to treat oral inflammations, such as periodontitis, stomatitis, and glossodynia, by the
Japanese Ministry, Labor and Welfare, and contains nine herbs, including Artemisia Capil-
laris flower (Artemisia capillaris Thunberg), Scutellaria root (Scutellaria baicalensis Georgi),
Loquat leaf (Eriobotrya japonica Lindley), Immature orange (Citrus aurantium Linné var. daidai
Makino), Rehmannia root (Rehmannia glutinosa Liboschitz var. purpurea Makino), Aspara-
gus root (Asparagus cochinchinensis Merrill), Ophiopogon root (Ophiopogon japonicus Ker-
Gawler), Dendrobium (Dendrobium nobile Lindley), and Glycyrrhiza (Glycyrrhiza uralensis
Fisher) [22–24]. GLY extracts suppressed the migration of vascular smooth muscle cells
(VSMCs) by inhibiting MMP-2 and -9 [24] and inhibited vascular endothelial growth
factor (VEGF) expression and tube formation in human umbilical vein endothelial cells
(HUVEC) [25], and further suppressed TNF-α expression in human oral cancer cells through
ERK and NF-κB pathway [22], suggesting that GLY extracts have an anti-inflammatory
reaction and inhibitory action of tissue destruction. Although GLY extracts have been
used for medical treatments of periodontitis, the effect of GLY extracts on alveolar bone
metabolism, and their detailed mechanism are not well known. In the present study, to
investigate the possibility of GLY extracts as the therapeutic agent for periodontitis, we
examined the inhibitory effects of GLY extracts on the differentiation of pre-osteoclastic
cells using a murine osteoclast precursor cells treated with sRANKL in vitro. Further, we as-
sessed the preventive effect of GLY extracts on alveolar bone resorption in rat experimental
periodontitis using micro-computed tomography (CT) and histological sections in vivo.
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2. Experimental Section

2.1. Reagents

The powder of GLY extracts was supplied by Sunstar (Osaka, Japan). Briefly, the
powder was prepared by extracting and drying a mixture of Artemisia Capillaris flower,
Scutellaria root, Loquat leaf, Immature orange, Rehmannia root, Asparagus root, Ophio-
pogon root, Dendrobium, and Glycyrrhiza. Each herb were equally weighted (12.5 g) and
extracted with boiling in 125 mL of distilled water; then, the extract was filtered and dried
by heating under reduced pressure. Alpha-modified Eagle’s minimal essential medium
(α-MEM) and TRAP staining kit were purchased from Wako (catalog number 135-15175
and 294-67001, Osaka, Japan). Recombinant murine sRANKL was from Peprotech (catalog
number 315-11, Rocky Hill, NJ, USA), and rabbit polyclonal antibodies against cathepsin
K, NFATc1, ephrin B2, and mouse monoclonal antibody against β-actin were from Abcam
(catalog number ab19027, ab25916, ab150411 and ab49900, Cambridge, UK). Mouse mono-
clonal antibody against DC-STAMP was from EMD Millipore (catalog number MABF39-I,
Temecula, CA, USA). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG anti-
body, HRP-conjugated goat anti-rat IgG antibody, and HRP-conjugated horse anti-mouse
IgG antibody were from Cell Signaling Technology (catalog number 7074, 7077, and 7076,
Beverly, MA, USA).

2.2. Cell Culture and Osteoclastogenesis

The murine macrophage cell line, RAW264.7, was obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA), and were seeded in 6-wells or 12-wells
plates (IWAKI, Chiba, Japan) at 10,000 cells per cm2 and cultured in α-MEM supplemented
with 10% fetal bovine serum (FBS) at 37 ◦C in a humidified atmosphere of 5% CO2 and
95% air. RAW264.7 cells were differentiated to osteoclasts by sRANKL (50 ng/mL) accord-
ing to the method of Zhang et al. [26]. To examine the effect of GLY extracts on osteoclast
differentiation, the cells were cultured with sRANKL and GLY extracts (0.01–1.0 mg/mL)
for five days and stained with the TRAP staining kit according to the manufacturer’s
instructions. TRAP-positive multinucleated cells (MNCs) with more than three nuclei
were counted under a phase contrast microscope with x100 magnification, and its number
was counted by an independent examiner in a blind manner. The significantly differences
were calculated with the number of TRAP-positive MNCs of sRANKL alone treatment
as a control. These procedures were repeated three times by using triplicate RAW264.7
cell cultures.

2.3. Cell Viability Assay

Cell viability was examined using a Cell Counting Kit-8 (CCK-8; catalog number
CK04, Dojindo, Kumamoto, Japan) according to the manufacturer’s instructions. Briefly,
RAW264.7 cells were seeded at 5000 cells/well in a 96-well plate (SUMITOMO BAKELITE,
Tokyo, Japan) and cultured in a growth medium (α-MEM–10% FBS). After 48 h, cells
were exposed with medium alone or 0.01–1.0 mg/mL GLY extracts for 48 h, and then
incubated with CCK-8 solution. After the incubation of cells with CCK-8 solution for 1 h,
the absorbance of each well was measured at 450 nm using a microplate reader (iMark™;
Bio-Rad, Hercules, CA, USA). The percentages of cell viability were calculated according
to the values of the medium alone as 100%. These procedures were repeated two times by
using triplicate RAW264.7 cell cultures.

2.4. Western Blot Analysis

RAW264.7 cells differentiated to osteoclasts by sRANKL were cultured with GLY
extracts (0.05–0.5 mg/mL) in 6-wells plates for five days. The cells were lysed in 50 μL of
RIPA lysis buffer (catalog number sc-24948, Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA). Equal amounts of proteins (30 μg) were denatured and separated by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
nitrocellulose membranes (Bio-Rad). After blocking the membranes with 5% non-fat dry
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milk in 50 mM Tris-buffered saline (pH 7.6) containing 0.05% Tween 20, proteins on the
membrane were reacted with optimally diluted primary antibodies of β-actin, cathepsin
K, DC-STAMP, ephrin B2, and NFATc1 overnight at 4 ◦C, and then incubated with each
HRP-conjugated secondary antibodies (1/2000 dilution) at room temperature for 1 h. After
washing a membrane, the blots were developed by Amercham ECL Western Blotting
Detection Reagents and visualized using Image Quant LAS 500 (GE Healthcare, Little
Ckalfont, UK). These procedures were repeated 2–3 times.

2.5. Animals

Experiments using animal was approved by the Animal Research Control Committee
of the Tokushima University Graduate School (T28-90). The study complied with the
Animal Research: Reporting in vivo Experiments guidelines developed by the National
Centre for the Replacement, Refinement, and Reduction of Animals in Research (NC3Rs).
Forty-two male 8-week-old Wistar rats (220–230 g, Charles River Laboratories Japan, Inc.,
Yokohama, Japan) were housed in a temperature- and humidity-controlled room (23 ± 1 ◦C
and 60 ± 5% relative humidity) with 12 h light/dark cycle and fed with standard rodent
chow and water ad libitum.

2.6. Experimental Periodontitis

Twenty-eight rats were randomly divided into two groups as follows; (1) a GLY
administration group in which rats were orally administered with GLY extracts (60 mg/kg)
for 20 days from the day of ligaturing (n = 18) and (2) a non-administration group in
which rats were orally-administered with the same volume of distilled water for 20 days
as control (n = 10). The number of rats was justified using size calculation based on
the previous report [27]. However, considering the possibility that the rats could be lost
by administering GLY extracts during the experimental period, a sample size of 18 rats
was planned in the GLY administration group compared to 10 rats in the control group.
Experimental periodontitis of rats was induced according to the previous method [28–31].
Briefly, the cervical area of the right second molar of the rat maxilla was ligatured with
nylon thread (No. 5-0; Natsume Corporation, Tokyo, Japan) under anesthesia with sodium
pentobarbital (day 0). The ligature was knotted on the buccomesial to confirm the ligature
remained during the experimental period, and the ligature was checked every day to
ensure subgingival placement. The left second molar of rat maxilla was used as the
non-ligatured control.

2.7. Microcomputed Tomography (μCT) Analysis of Alveolar Bone

Eighteen rats, which consist of twelve rats of the GLY administration group and
six rats of control, were sacrificed after a measurement of body weight on day 20, and
their maxillae and peripheral blood were collected. The specimens of alveolar bone were
immediately fixed in 10% neutral-buffered formalin, and alveolar bone resorption levels
were analyzed using micro-CT system (SkyScan 1176, Bruker, Billerica, MA, US) according
to the previous method [28,29]. The distance from the buccal cement-enamel junction (CEJ)
to the alveolar bone crest (ABC) of the second molar was measured in the frontal section
as a marker of bone height. To ensure reproducibility of the alignment of the micro-CT
image, the buccal cusp tip of the second molar was placed such that they superimposed
on the corresponding palatal cusp tip. The distance between CEJ and ABC was measured
at four points of the buccal side of the second molar, including mesial, distal, and middle
(furcation) sites, and its average was calculated.

2.8. Histological Analysis

Ten rats, which consist of six rats of the GLY administration group and four rats of
control, were sacrificed on day 4 after ligature placement, and their maxillae were dis-
sected. The specimens of alveolar bone were immediately fixed in 10% neutral-buffered
formalin and decalcified with 10% EDTA for 21 days, and embedded in paraffin (Paraplust
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Plus, Sigma, St Louis, MO). Histological sections with alveolar bone were longitudinally
prepared at 6 μm-thick widths and stained with the TRAP staining kit according to the man-
ufacturer’s instructions. The TRAP-positive MNCs in the stained section were observed
as osteoclasts using an optical microscope (Microphoto V series, Nikon, Tokyo, Japan),
and the TRAP-positive MNCs were defined by cells with more than three nuclei under a
light microscope and counted according to a previous report [11]. Briefly, the number of
TRAP-positive MNCs in the alveolar bone was measured in the square of 450 × 600 μm
microscopic visual fields at a magnification of x200, using 16 sections from four control
rats (non-ligatured left side, n = 8; ligatured right side, n = 8), and 24 sections from six
GLY administration rats (non-ligatured left side, n = 12; ligatured right side, n = 12). The
same visual fields of every second molar were analyzed by an independent examiner in a
blind manner using a light microscope and digital camera and averaged the number of
osteoclasts in buccal and palatal sides.

2.9. Analysis of Bone Metabolism Marker in Rat Serum

Rats were administered GLY extracts or distilled water for 20 days, and their 5mL of
peripheral blood was collected to determine levels of bone metabolism marker. Sera were
prepared from the blood samples, and the amounts of NTx-1 (cross-linked N-telopeptide
of collagen type I) and osteocalcin in sera were determined using each ELISA kit (catalog
number LS-F21857 and LS-F22801, Life Span BioSciences, Inc., Seattle, WA, US) according
to the manufacturer’s instructions.

2.10. Analysis of Systemic Bone Volume Fraction and Bone Mineral Density

Fourteen rats were randomly divided into the GLY administration group and the
non-administration group as control (n = 7/group). The administration group was orally-
administered with GLY extracts (60 mg/kg) every day, and the non-administration group
was administered with the same volume of distilled water every day. On day 28, the rats’
bodyweights were measured, and the rats were sacrificed, followed by the collection of
femurs. The femurs were immediately fixed in 70 % ethanol, and then bone volume fraction
(BV/TV: bone volume/tissue volume), bone mineral contents (BMC), and bone mineral
density (BMD) were analyzed by Kureha Special Laboratory (Fukushima, Japan).

2.11. Statistical Analysis

Statistical analyses were performed with SPSS Statistics version 20 (Armonk, NY,
USA). After a Anderson–Darling test, comparisons between two experimental groups were
performed by Student’s t-test, and those among three groups or more were analyzed using
one-way ANOVA followed by a post-hoc Tukey-Kramer test. In all statistical analyses,
p values of less than 0.05 were considered significant.

3. Results

3.1. Effect of GLY Extracts on Cell Proliferation of RAW264.7 Cells

The inhibitory effect of GLY extracts on the proliferation of RAW264.7 cells was
investigated at 48 h-culture. 0.01–0.1 mg/mL of GLY extracts did not significantly influence
the cell viability of RAW264.7 cells (Figure 1). However, GLY extracts at a high concentration
of 0.2–1.0 mg/mL significantly inhibited the cell viability of RAW264.7 cells and decreased
its viability to approximately 20–30% compared to control (GLY: 0 mg/mL).
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Figure 1. Effects of Gan-Lu-Yin (GLY) extracts on cell viability in RAW264.7 cells. The cells were
seeded at 5000 cells/well in a 96-well plate. After sub-confluency, the cells were incubated in the
absence or presence of various concentrations (0.01, 0.05, 0.1, 0.2, 0.5, and 1.0 mg/mL) of GLY extracts.
The cell viability was assessed for the cultivation of 48 h using Cell Counting Kit-8. The percentages of
cell viability were calculated according to the values of the absence of GLY extracts as 100%. Data are
presented as the mean ± SD. ** p < 0.01 compared with the cultivation with 10% fetal bovine serum
(FBS) alone. These procedures were repeated two times by using triplicate RAW264.7 cell cultures.

3.2. GLY Extracts Inhibit Osteoclast Differentiation

To investigate the effects of GLY extracts on osteoclast differentiation, RAW264.7 cells
were cultured with sRANKL and GLY extracts. When RAW264.7 cells were stimulated with
sRANKL (50 ng/mL), the cells were differentiated to TRAP-positive MNCs, osteoclasts.
GLY extracts inhibited sRANKL-induced osteoclast differentiation and decreased the
number and size of osteoclasts (Figure 2A), and significantly decreased the number of
osteoclasts in a dose-dependent manner (0.05–0.2 mg/mL) (Figure 2B). GLY extracts at high
concentration (0.5 and 1.0 mg/mL) completely suppressed sRANKL-induced osteoclast
differentiation (Figure S1). These results showed that GLY extracts at a concentration of
more than 0.05 mg/mL inhibited osteoclast differentiation in vitro.

3.3. GLY Extracts Inhibited the Expressions of Osteoclast Markers in RAW264.7 Cells

sRANKL (50 ng/mL) increased the expression of osteoclast markers, including NFATc1,
cathepsin K, ephrin B2 and DC-STAMP in RAW264.7 cells (Figure 3). When sRANKL-
induced osteoclastic cells were cultured with GLY extracts, GLY extracts inhibited the expres-
sion of cathepsin K, ephrin B2 and DC-STAMP in a dose-dependent manner (Figure 3A,B;
0.05–0.5 mg/mL). In contrast, NFATc1 protein level in sRANKL-induced osteoclastic cells
was not influenced by GLY extracts at 0.05–0.5 mg/mL concentration.
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Figure 2. Effects of GLY extracts on the receptor activator of nuclear factor-κB ligand (RANKL)-induced osteoclast
differentiation. (A) Microscopic observations for tartrate-resistant acid phosphatase (TRAP) staining of osteoclast-like
positive multinucleated cells (MNCs) derived from soluble RANKL (sRANKL)-treated RAW264.7 cells in the absence or
presence of various concentrations of the GLY extracts for five days. (a) no-treated with sRANKL and absences of GLY
extracts; (b) absence of GLY extracts; (c) 0.01 mg/mL of GLY extracts; (d) 0.05 mg/mL of GLY extracts; (e) 0.1 mg/mL of
GLY extracts; (f) 0.2 mg/mL of GLY extracts. Magnification x100, the arrowheads indicate TRAP-positive osteoclasts. Scale
bars represent 300 μm. (B) Quantitative analysis of TRAP-positive MNCs with three or more nuclei in each well. Data
are presented as the mean ± SD. ** p < 0.01 compared with the sRANKL treatment in the absence of GLY extracts. These
procedures were repeated three times by using triplicate RAW264.7 cell cultures.
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Figure 3. Effects of GLY extracts on the expression of osteoclast-specific markers in RAW264.7
cells. (A) sRANKL-treated RAW264.7 cells were incubated in the absence or presence of various
concentrations (0.05, 0.1, 0.2 and 0.5 mg/mL) of GLY extracts for five days. The expression of NFATc1,
cathepsin K and ephrin B2 in the cells were evaluated using Western blot analysis. B-actin served as
a loading control. (B) The expression of DC-STAMP and β-actin in the cells were evaluated using
Western blot analysis.

3.4. GLY Extracts Inhibited Alveolar Bone Resorption in Rat Experimental Periodontitis

The effect of GLY extracts on alveolar bone resorption was evaluated using rats with
ligature-induced periodontitis (Figure 4A). There were no significant differences in body
weight of rats between the administration group and non-administration group on day
20 of ligature placement, and the mean of rat body weight was 365 ± 16 g and 380 ± 20 g,
respectively (Figure 4B). In μCT images of alveolar bone of rats with periodontitis, bone
resorption was observed around the ligatured second molar (right side) as compared with
the non-ligatured side (left side) (Figure 4C). Although the length between cement-enamel
junction (CEJ) and alveolar bone crest (ABC) was 116.7 ± 31.3 μm in the non-ligatured
control group, bone resorption in the ligatured control group remarkably increased, and its
length was 1134.7 ± 231.2 μm. When GLY extracts were administered to rats, the length in
the ligatured GLY administration group was 829.6 ± 173.6 μm in spite of the length in the
non-ligatured GLY administration group was 134.8 ± 28.5 μm (Figure 4D). The administra-
tion of GLY extracts decreased the level of bone resorption of the ligatured control without
GLY extracts by approximately 27%, suggesting that GLY extracts significantly inhibited
the ligature-induced bone resorption.
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Figure 4. The effects of GLY extracts on bone resorption in ligature-induced periodontitis. (A) Experimental design and the
points of linear measurement of the cement-enamel junction (CEJ) to the alveolar bone crest (ABC) by micro-CT analysis.
(B) Body weights of rats on day 20 from the placement of ligature. Control; group of oral administration of distilled
water for 20 days (n = 6), GLY admin.; group of oral administration with 60 mg/kg of GLY extracts for 20 days (n = 12).
(C) Representative micro-CT images of the frontal and sagittal sections of maxillary secondary molars from rats. (D) Distance
from the CEJ to the ABC as a marker of alveolar bone resorption in micro-CT. Data are presented as the mean ± SD from six
or twelve rats per group. Double asterisk indicates p < 0.01. NS indicates no significant differences.
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3.5. GLY Extracts Inhibited Osteoclast Differentiation in Rat Experimental Periodontitis

The effect of GLY extracts on osteoclast differentiation was histologically investigated
at ligatured buccal and palatal sides around rat maxillary secondary molar. The TRAP-
positive MNCs, osteoclasts, were not observed in the non-ligatured control group and
non-ligatured GLY administration group, but the numerous osteoclasts were observed in
the ligatured control group (Figure 5A and Figure S2). The number of osteoclasts were
suppressed by GLY extracts, and the inhibitory rates of osteoclast differentiation were
approximately 55% at ligatured control group (Figure 5B).

Figure 5. The effect of GLY extracts on osteoclast differentiation in ligature-induced periodontitis. Microscopic observa-
tions were performed on the decalcified paraffin sections with TRAP staining on day 4 from the placement of ligature.
(A) Representative images have shown TRAP-positive osteoclasts in the alveolar bone around maxillary secondary molar
in the non-ligatured and ligatured buccal side; upper panels: x100 magnification, lower panels: x200 magnification. Ab,
alveolar bone; De, dentin; Pu, pulp; the asterisk indicates the nylon ligature, and the arrowheads indicate TRAP-positive
osteoclasts, Scale bars represent 100 μm. (B) Quantitative analysis of TRAP-positive osteoclasts on day 4 in the ligatured
buccal and palatal side. TRAP-positive cells per visual field, counted 16–24 visual fields. Data are presented as the mean ±

SD from four or six rats per group. Double asterisk indicates p < 0.01. Control; group of oral administration of distilled
water for four days (n = 4), GLY admin.; group of oral administration with 60 mg/kg of GLY extracts for four days (n = 6).
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3.6. GLY Extracts Decreased Serum NTx-1 Level in Rat Experimental Periodontitis

The level of NTx-1, bone resorption marker, in sera from the GLY administration
group (4.4 ± 1.4 ng/mL) were significantly lower than that of the non-administration
group (7.2 ± 1.7 ng/mL) (Figure 6A), whereas there was no significant difference in the
level of osteocalcin, osteoblastic cell marker, between two groups (Figure 6B).

Figure 6. Comparison of the number of bone biomarkers in sera of ligature-induced periodontitis. (A) Serum concentrations
of NTx-1 as a bone resorption marker. (B) Serum concentrations of osteocalcin as a bone formation marker. Data are
presented as the mean ± SD from six or twelve rats per group. * p < 0.05 compared with control. NS indicates no significant
differences. Control; group of administration of distilled water for 20 days (n = 6), GLY admin.; group of oral administration
with 60 mg/kg of GLY extracts for 20 days (n = 12).

3.7. GLY Extracts Not Affect Bone Structure and Bone Mineral Density in Rat with
Experimental Periodontitis

To investigate the effects of GLY extracts on systemic bone metabolism, BV/TV, BMC,
and BMD were assessed using the rat femurs. Figure 7A shows no differences in the body
weight between the GLY administration group (384 ± 26 g) and control (382 ± 12 g). BV/TV
of the GLY administration group and control were 12.1 ± 2.5 and 13.2 ± 2.1 %, respectively
(Figure 7B). BMC of the GLY administration group and control were 322.9 ± 12.2 mg and
318.9 ± 24.3 mg, respectively (Figure 7C). Further, BMD of the GLY administration group
and control were 113.1 ± 2.2 mg/cm2 and 114.9 ± 2.5 mg/cm2, respectively (Figure 7D).
These μCT and DXA (Dual energy X-ray Absorptiometry) assessments indicated that no
differences in BV/TV, BMC, and BMD between the GLY administration group and the
non-administration control group. Thus, in this experimental period, GLY extracts did not
systemically affect bone metabolism in vivo.

91



J. Clin. Med. 2021, 10, 386

Figure 7. Effects of GLY extracts on systemic bone metabolism. (A) Body weights of rats, (B) Bone
volume fraction (BV/TV, %), (C) Bone mineral contents (BMC, mg), (D) Bone mineral density (BMD,
mg/cm2). Data are presented as the mean ± SD from seven rats per group. NS indicates no significant
differences. Control; group of administration of distilled water for 28 days (n = 7), GLY admin.; group
of oral administration with 60 mg/kg GLY extracts for 28 days (n = 7).

4. Discussion

The present in vitro study using RAW264.7 cells showed that GLY extracts significantly
inhibited sRANKL-induced osteoclast differentiation and decreased the expressions of
osteoclast differentiation markers, such as cathepsin K, ephrin B2, and DC-STAMP. Further,
the present in vivo study showed that administering GLY extracts for rat experimental
periodontitis inhibited the ligature-induced alveolar bone resorption and significantly
decreased the number of TRAP-positive osteoclasts around a ligature in the alveolar bone.
GLY formula consists of nine herbs and contains 14 main components with pharmacologi-
cal effects, including baicalin, baicalein, oroxylin A-7-O-glucuronide, wogonin, oroxylin A,
naringin, neohesperidin, liquiritigenin, liquiritin and glycyrrhizic acid [32]. GLY extracts
have anti-inflammatory and anti-tumor effects, which suppress TNF-α level in human oral
carcinoma cells [22], angiogenesis in HUVEC [25], and migration of VSMCs [24]. Regard-
ing the effective concentration, GLY extracts showed an inhibition of TNF-α level in oral
carcinoma cells at more than 0.2 mg/mL, cell migration, and MMP-9 production in VSMCs
at more than 0.125 mg/mL, and angiogenesis of HUVEC at 1.0–1.5 mg/mL [22,24,25]. In
contrast, in osteoclast precursor (RAW264.7 cells), GLY extracts exhibited significant in-
hibitory effects on osteoclast differentiation, the production of cathepsin K, and ephrin B2 at
comparatively low concentration, such as 0.05 and 0.1 mg/mL (Figures 2 and 3). Moreover,
in the present study, GLY extracts at more than 0.2 mg/mL significantly attenuated the cell
proliferation (Figure 1). However, several studies indicated that GLY extracts inhibit cell
viability at 0.25 mg/mL on murine leukemia cells, 0.5 mg/mL on VSMCs and 1.5 mg/mL

92



J. Clin. Med. 2021, 10, 386

on HUVEC, respectively [23–25]. Our results suggested that osteoclasts may have a high
sensitivity for GLY extracts.

On the other hand, Baicalin, at a high concentration of 200 mg/kg, suppressed the
ligature-induced alveolar bone resorption, and slightly increased the area of collagen
fibers in rat gingival connective tissues when that area of gingival tissues in the ligatured
group was compared [33]. Glycyrrhizic acid and Naringin inhibited RANKL-induced
osteoclast differentiation in murine bone marrow macrophages (BMMs), and preserved
bone mass and trabecular structure in proximal tibial trabecular of ovariectomized mice,
and suppressed bone resorption in pit assay [34,35]. Furthermore, Wogonin inhibited LPS-
induced osteoclast formation in co-cultures with mouse calvaria osteoblasts and BMMs
and suppressed lipopolysaccharide (LPS)-induced RANKL expression and recovered LPS-
decreased osteoprotegerin production in osteoblasts [36]. In the present study, GLY extracts
suppressed osteoclast differentiation in vitro and bone resorption in vivo, and these effects
were similar to the effects of Bacicalin, Glycyrrhizic acid, Naringin, and Wogonin on bone
metabolism, suggesting that multiple components in GLY extracts influence the inhibition
of alveolar bone resorption. Wogonin contained in GLY extracts influenced osteoblasts,
as well as osteoclasts [36]. We did not investigate the direct effect of GLY extracts on
osteoblasts in the present study, but an administration of GLY extracts to rats did not
change osteocalcin level in rat serum. Since osteocalcin is an indicator of bone formation
activity in osteoblasts [37], the reason for the different effect on osteoblasts between GLY
extracts and wogonin is not known. However, there may be differences between in vitro
and in vivo, or the effects derived from other components in GLY extracts.

Regarding the inhibitory effects of GLY extracts on osteoclast differentiation, GLY
extracts suppressed RANKL-induced cathepsin K, DC-STAMP, and ephrin B2 productions
in RAW264.7 cells (Figure 3). Cathepsin K, a member of the papain family of cysteine
proteases, is highly expressed in osteoclasts and plays an important role in bone resorption
by degrading type I collagen and osteopontin in bone tissues [4,38]. DC-STAMP is essential
for cell-cell fusion of mononuclear pre-osteoclasts and to mature osteoclasts with multi-
nuclear [5–7]. Cathepsin K and DC-STAMP are thought as osteoclastic specific markers
to control pathological bone resorption in osteogenic diseases because they are closely
related to osteoclast differentiation and function. Glycyrrhizin (glycyrrhizic acid) and
Naringin contained in GLY extracts also suppressed the expressions of cathepsin K and DC-
STAMP mRNAs, and then abrogated osteoclast formation in BMMs [35,39]. The inhibitory
effect of GLY extracts on cathepsin K and DC-STAMP expression may be dependent
on the pharmacological effects of Glycyrrhizin and Naringin. In contrast, Glycyrrhizin
inhibited the expression of NFATc1, which is a member of the NFAT transcription factor
family and a key regulator of RANKL-induced osteoclast differentiation [8]. Baicalein also
suppressed NFATc1 expression and inhibited RANKL-induced bone resorption activity
in RAW264.7 cells [40]. However, in the present study, GLY extracts did not influence
RANKL-induced NFATc1 expression (Figure 3). We did not know the reason for this
difference in NFATc1 expression because GLY extracts contain some components. NFATc1
is located in a cytoplasm of osteoclasts as an inactive form that does not have transcriptional
activity [8]. When pre-osteoclastic cells are stimulated by RANKL/RANK interaction,
NFATc1 in cells translocates from a cytoplasm into a nucleus and exhibits transcriptional
activity as an activated form, and then regulates the expression of TRAP, DC-STAMP and
cathepsin K, etc. [8,41]. An activation of NFATc1 induced a differentiation of osteoclast
precursor to mature osteoclasts, and inhibition of NFATc1 activity resulted in suppressing
osteoclast differentiation [36]. Wogonin, a component in GLY formula, inhibited osteoclast
differentiation through the inhibition of NFATc1 translocation from the cytoplasm to the
nucleus and the downregulation of genes associated with osteoclast differentiation [42].
Since GLY extracts did not suppress RANKL-induced NFATc1 production, but inhibited
cathepsin K and DC-STAMP expression and osteoclast differentiation in RAW264.7 cells,
GLY extracts might suppress NFATc1 activity by inhibiting the translocation of NFATc1 to
a nucleus, but not NFATc1 production. Both our research and Mao et al. [43] found that
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ephrin B2 was expressed during RANKL-induced osteoclast differentiation in RAW264.7
cells. Ephrin B2 is identified as a target of NFATc1, and its expression is dependent
on RANKL-induced NFATc1 transcription during osteoclast differentiation [44,45]. We
speculate that a translocation of NFATc1 to a nucleus, but not NFATc1 production, may be
suppressed by GLY extracts, since ephrin B2 expression was also down-regulated by GLY
extracts in RANKL-induced RAW264.7 cells.

In the present study, GLY extracts showed an inhibitory effect on the ligature-induced
alveolar bone resorption by an oral administration for 20 days (Figure 4), suggesting that
GLY extracts have a pharmacological effect on a pathological stimulation to periodontal
tissues. It was reported that oral administration of Bu-Shen-Gu-Chi-Wan, a traditional
Chinese medicine, for four weeks is detected significant changes in alveolar bone volume
and density in experimental periodontitis by micro-CT analysis in spite of no improvement
of alveolar bone height by stereomicroscopy [46]. It was also reported that the intra-gastric
administration of curcumin, an active ingredient of turmeric, for 30 days decrease the
alveolar bone resorption in experimental periodontitis [47]. The inhibitory effect of GLY
extracts on alveolar bone resorption showed even after a shorter administration period
than that of Bu-Shen-Gu-Chi-Wan and curcumin, suggesting that GLY extracts an effective
candidate to prevent alveolar bone resorption in periodontitis.

GLY extracts show not only inhibitory effect of bone resorption, but also anti-inflammatory
action, and has been prescribed for treatments of stomatitis and glossodynia, as well as peri-
odontitis. GLY extracts contain some components with anti-inflammatory action on some cells
and tissues. Baicalin suppressed P. gingivalis LPS-induced IL-6 and IL-8 expressions in human
oral keratinocytes [48], and baicalin, baicalein, and wogonin inhibited high glucose-induced in-
flammatory responses, including vascular permeability, expression of cell adhesion molecules,
and production of reactive oxygen species (ROS) in HUVECs [49]. Liquiritigenin suppressed
the productions of IL-1β, IL-6, and TNF-α when RAW264.7 cells were stimulated by LPS and
carrageenan-induced paw edema in rats [50]. Naringin down-regulated the expressions of
IL-1β, IL-6, and TNF-α and up-regulated the productions of anti-oxidants, such as glutathione,
superoxide dismutase, and catalase in retinal tissues of diabetic rats [51]. Furthermore, GLY
extracts suppressed TNF-α level in oral carcinoma cells [20]. The ligature stimulation caused
infiltration of inflammatory cells in periodontal tissues of rat experimental periodontitis, and
calcitonin, a calcium regulatory hormone, decreased the number of inflammatory cells and
the ligature-induced alveolar bone resorption [11]. The relationships between inflammatory
responses and bone resorption, osteoclast formation are generally known in periodontitis [52].
Although we did not evaluate the effect of GLY extracts on inflammatory responses in rat peri-
odontal tissues in this study, we suggest that GLY extracts suppressed osteoclast differentiation
and alveolar bone resorption by inhibiting inflammatory responses in periodontal tissues.

NTx-1 levels in sera from the rats administered GLY extracts was significantly lower
than that of the control (non-administration), whereas osteocalcin level did not change
between the administration groups and control (Figure 6A,B). NTx-1 and osteocalcin are
biomarkers of bone resorption by osteoclasts and bone formation by osteoblasts, respec-
tively [37]. These results suggest the possibility that GLY extracts systemically influenced
the osteoclast activity, but not the osteoblast activity. However, GLY extracts did not show
effects on the body weight, and bone volume fraction (BV/TV), bone mineral contents
(BMC), and bone mineral density (BMD) in rat femurs used in this study (Figure 7). Thus,
the side-effects of GLY extracts on systemic bone metabolism did not occur during the
experimental period in this study. We do not know the exact reason why bone quality
in the femur does not change in spite of a decrease in serum NTx-1 level. GLY extracts
appear to inhibit the osteoclast activity at inflamed periodontal sites, but not systemically
influence. But a longer period of administration and observation is needed to investigate
systemic effects definitely.

This study suggests the possibility that herbal medicine that internally applies, but
not locally administration, prevents alveolar bone resorption in periodontitis. Periodontitis
is caused by infection of periodontopathic bacteria and decline of immunological functions
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in the human host, and results in periodontal tissue degradation. Plaque control, scaling of
dental calculus, root planing, curettage of infectious materials, and inflammatory tissues
are usually performed for treatments, and prevention of periodontal diseases. Although a
few drugs, such as antibiotics and anti-inflammatory agents, are locally and systemically
used to suppress inflammation of periodontal tissues, there are few medicines that targeted
the prevention of alveolar bone resorption in periodontitis. Gokhale et al. [53] proposed
that “systemic host modulatory agents”, such as anti-cytokine agents, inhibitors of mitogen-
activated protein kinase (MAPK), and NF-κB, and nitric oxide synthase inhibitors may be
useful for periodontal therapies in combination with conventional periodontal treatment.
By doing a human study of the combination of conventional periodontal treatment and
the administration of GLY extracts, we hope that GLY extracts may become one of the host
modulatory agents for the prevention and therapy of periodontitis to encourage better
clinical outcomes. To our knowledge, we are the first group to demonstrate a predominant
inhibitory function of GLY extracts on bone resorption in periodontitis model rats. We also
hope that GLY extracts become an efficacious therapeutic agent to prevent bone destruction
in various bone diseases and think that further basic and clinical studies will be necessary
to evidence the usefulness of GLY extracts as a medical agent for periodontitis and other
bone diseases.

5. Conclusions

The present study showed that GLY extracts significantly inhibited sRANKL-induced
osteoclast differentiation and decreased the expressions of osteoclast differentiation mark-
ers in vitro, and that the administration of GLY extracts for rat experimental periodontitis
inhibited the ligature-induced alveolar bone resorption and significantly decreased the
number of TRAP-positive osteoclasts around a ligature in the alveolar bone in vivo. We
conclude that GLY extracts suppress the alveolar bone resorption by inhibiting the os-
teoclast differentiation in experimental periodontitis, suggesting that GLY extracts are
potentially useful for oral care to suppress the alveolar bone resorption in periodontitis.
Further studies with the involvement of a long-term administration of GLY extracts would
be beneficial in evaluating the effect of GLY extracts on bone metabolism in periodontitis.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-0
383/10/3/386/s1, Figure S1: Effects of high concentration of GLY extracts on the RANKL-induced
osteoclast differentiation. Figure S2: Effect of GLY extracts on osteoclast differentiation in palatal side
of ligature-induced periodontitis.
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Abstract: Periodontal examination data have a complex structure. For epidemiological studies,
mass screenings, and public health use, a simple index that represents the periodontal condition
is necessary. Periodontal indices for partial examination of selected teeth have been developed.
However, the selected teeth vary between indices, and a justification for the selection of examination
teeth has not been presented. We applied a graded response model based on the item response
theory to select optimal examination teeth and sites that represent periodontal conditions. Data were
obtained from 254 patients who participated in a multicenter follow-up study. Baseline data were
obtained from initial follow-up. Optimal examination sites were selected using item information
calculated by graded response modeling. Twelve sites—maxillary 2nd premolar (palatal-medial),
1st premolar (palatal-distal), canine (palatal-medial), lateral incisor (palatal-central), central incisor
(palatal-distal) and mandibular 1st premolar (lingual, medial)—were selected. Mean values for
clinical attachment level, probing pocket depth, and bleeding on probing by full mouth examinations
were used for objective variables. Measuring the clinical parameters of these sites can predict the
results of full mouth examination. For calculating the periodontal index by partial oral examination,
a justification for the selection of examination sites is essential. This study presents an evidence-based
partial examination methodology and its modeling.

Keywords: periodontitis; epidemiological index; item response theory; oral examination; diagnosis;
bleeding on probing

1. Introduction

Periodontal examination should be carried out precisely for the evaluation of periodontal diseases,
especially their clinical parameters. Improvement in or progression of periodontitis should be monitored
at the site-level along with periodontal treatment [1]. One of the important characteristics of periodontal
disease is the localization of infectious processes at specific sites, which eventually leads to tissue
destruction [2]. Therefore, the accumulated data obtained during periodontal examination is copious
and structurally complex [1]. Each of the 28 teeth has six examination sites for measuring parameters
such as bleeding on probing (BOP), periodontal pocket probing depth (PD), and clinical attachment level
(CAL). These measurements are evaluated several times throughout the course of periodontal disease
treatment. Representative summary statistics include the mean value of CAL and PD, maximum value
of CAL and PD, and percentage of sites with BOP (BOP%). Conventionally, summary statistics
have been used in several clinical trials for the patient-level evaluation of clinical parameters [3].
However, aggregating summary statistics like the mean value or maximum value can lead to the loss
of information [4]. Full-mouth protocols are proven to be the most effective [5]. When time and labor
are limited, a simplified index may be necessary to represent the periodontal condition.

Several periodontal indices have been developed for epidemiological surveys and
periodontal disease screening: Periodontal disease index (PDI) [6,7], Periodontal Index (PI) [8],
Community periodontal index (CPI or CPITN) [8,9], Gingival bone count [10], PMA index [11],
Gingival index [12]. They are based on a partial-examination method in which the target teeth for
examination vary between the indices. A justification for the selection of these target teeth is not always
clear. However, the developers of epidemiological indices may notice that there are several teeth or
examination sites within the oral cavity that represent periodontal conditions at an individual level.
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In many educational and psychological studies, a latent variable is often used as the outcome
variable. These variables cannot be measured directly and are estimated by their response to the
observational items. Item response theory (IRT) modeling is an important methodology commonly
used for the development of tests to measure the ability by total score of test consisted of items with
weighted scores [13]. Through the application of IRT, we can examine each item’s reliability and
whether it contributes to an overall construct [14,15]. Total score correspond to the sum of the values
of periodontal examinations. Items correspond to the values of periodontal examinations. Therefore,
IRT is applicable for the indexes used in dental search.

IRT can be applied to the clinical parameters of periodontal disease. The progress of periodontal
disease at an individual level corresponds to ability. Susceptibility to the progress of PD, CAL, and BOP
corresponds to item difficulty. Discrimination parameter corresponds to the predictability of each
site to represent all examination sites or teeth. Previous studies have shown that IRT can efficiently
characterize dental caries susceptibility [16,17]. IRT graded response modeling has also been applied
in the evaluation of existing measures in several clinical areas, such as those related to swallowing
and communication disorders [18,19]. Furthermore, by using IRT models with clinical diagnoses
from electronic health records, a constellation of high-risk patients could be identified [20]. Therefore,
by applying the IRT model to periodontal data, evidence-based target sites or teeth can be selected to
represent and reflect the periodontal conditions of all sites or teeth in the oral cavity.

This study aimed to identify the most reliable subset of teeth able to represent a full-mouth
periodontal diagnosis.

2. Materials and Methods

2.1. Study Design

2.1.1. Setting

This study was part of a clinical research project by the Japanese Society of Periodontology,
in cooperation with 17 facilities (one clinic and 16 university hospitals) in Japan for the diagnosis of
periodontitis [1,21,22]. Two-hundred-fifty-four patients with chronic periodontitis were chosen between
February 2009 and February 2012 for this study, who had completed their active treatment regulated
by the Japanese health insurance system. All 254 patients who registered the study were analyzed.

2.1.2. Diagnosis

Each patient was diagnosed according to the guideline at the time (Guidelines of the American
Academy of Periodontology) [23]. One examiner from each institute (T.M., M.F., H.K., M.M., T.N.,
Y.N., K.N., S.S., N.S., S.S., T.S., F.S., H.T., H.Y., A.Y., N.Y. and T.N.) was chosen to carry out the oral
examinations. Each examiner was a periodontist licensed by the Japanese Society of Periodontology.

Intra- and inter-examiner calibration session were conducted at the beginning and middle
of the study period. Diagnosis of periodontitis was based on the proposed criteria by the
Center for Disease Control and Prevention (CDC) in partnership with the American Academy
of Periodontology (AAP) [24].

2.1.3. Patients

Each patient was ≥ 30 years of age, possessed at least 20 teeth, was systemically healthy, and had
not been administered immunosuppressive or anti-inflammatory drugs or systemic antibiotics within
3 months before the initiation of the investigation.
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2.2. Research Data

In this study, we analyzed CAL, PD, BOP, plaque index (PlI), and tooth mobility. CAL was
measured at six sites for all of the remaining teeth (mesiobuccal, buccal, distobuccal, mesiolingual,
lingual, and distolingual). The data of CAL were categorized as < 4, 4–5, and > 5 mm.

2.3. Statistical Analysis

2.3.1. IRT Modeling

Based on the IRT model for ordinal polytomous data, we applied a Graded Response Model [25–29].
Item difficulty, item discrimination, item information for the examined sites, and ability of the subjects
were calculated [30–34]. The R software with the ltm package was used to perform the IRT analysis [27].
To reduce the total number of examination sites, sites with small item information were removed from
the IRT model. This procedure were based on a step-by-step analysis. Using the data for CAL, a model
was constructed for all examination sites (Model 1). Next, out of all 168 examination sites, 28 sites
representing the highest information for each tooth (sum of left and right side) were selected. An IRT
model was constructed using these 28 sites (Model 2). Out of these 28 sites, 12 sites in six teeth were
selected for depicting a higher information (Model 3). Finally, the data from the right and left side
were categorized as follows: at least one site with >5 mm CAL; at least one site with 4–5 mm CAL;
or both sites with <4 mm CAL. Even though there may be optimal examination sites for each clinical
parameter, the examination of numerous sites for each clinical parameter may be a laborious procedure
for an epidemiological examiner or clinician. IRT models for BOP and PD were constructed in the
same manner as for CAL.

2.3.2. Model Evaluation

For the scatterplot, regression analysis was carried out. Generalized linear models were
applied. For optimal link functions, models were evaluated using Akaike’s information criteria [35].
Receiver operating characteristic (ROC) curve was used to analyze sensitivities and specificities.
The cutoff points were determined as the minimum difference between specificity and sensitivity [36,37].
The mean CAL of all examination sites and community periodontal index (CPI) were used as reference.
Diagnostic criteria by the CDC-AAP [24] was used. Statistical Package for the Social Sciences version
24.0 (IBM, Tokyo, Japan) was used to perform the analyses.

To compare the model to other studies, Sensitivity, relative bias (Severity) relative bias (Extent)
were calculated [38–40].

2.4. Ethical Approval

The study was conducted in compliance with the principles outlined in the Helsinki Declaration.
Informed written consent was obtained from each subject, and the protocol was approved by the
Institutional Review Board of each participating institution. The ethics committee members’ names
and reference numbers are listed in Appendix A.

3. Results

3.1. Descriptive Statistics of the Subjects Participated in this Study

Descriptive statistics of periodontal clinical parameters were the 3.1 mm for mean of CAL, 2.5 mm
for mean of PD, 15.0% for BOP%, and 0.3 for PlI.

3.2. Optimal Site Selection by IRT Modeling

The final model for CAL (Model 4) is shown in Table 1, accompanied with models for the remaining
clinical parameters. Item information and item response curves of Model 4 are shown in Figure S1.
Using these steps, 168 examination sites were narrowed down to six variables located at 12 sites
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(same sites on the right and left side). The results of each step from Model 1 to 4 are shown in Table S1.
A quick reference for the calculation of ability by Model 4 is presented in Appendix B.

Table 1. Final model (Model 4) for the clinical attachment level.

Maxilla Mandibular

AIC BIC

2nd
Premolar

1st
Premolar

Canine
Lateral
Incisor

Central
Incisor

1st
Premolar

Palatal Palatal Palatal Palatal Palatal Lingual

Medial Distal Medial Central Distal Medial

CAL

Extrmt1 0.28 0.45 0.65 1.13 0.75 0.53

1796.06 1859.73
Extrmt2 1.28 1.24 1.31 1.59 1.38 1.57

Discrimination 3.07 3.42 4.51 4.83 3.16 2.03

Item
information 5.47 5.92 7.97 7.93 5.02 3.27

PD

Extrmt1 0.72 0.88 0.96 1.35 1.01 1.03

1198.73 1262.41
Extrmt2 1.46 1.48 1.39 1.79 1.45 1.63

Discrimination 3.89 3.38 4.89 4.63 3.90 3.39

Item
information 6.82 5.37 7.87 7.41 5.94 5.40

BOP

Extrmt1 1.30 1.22 1.56 1.45 1.63 1.95

686.60 729.04
Discrimination 3.70 7.71 2.93 16.96 2.48 2.09

Item
information 3.70 7.62 2.93 16.65 2.48 2.09

PlI

Extrmt1 0.38 0.47 0.35 0.27 0.47 0.82

1965.74 2029.41
Extrmt2 1.85 1.70 1.65 1.81 1.96 2.03

Discrimination 2.78 3.85 3.86 2.66 2.14 2.19

Item
information 5.25 7.44 7.50 5.03 3.85 3.76

Tooth
Mobility

Extrmt1 0.87 0.77 1.22 0.69 0.72 1.19

1445.90 1509.57
Extrmt2 1.90 1.85 2.21 1.79 1.99 2.56

Discrimination 2.41 2.53 2.98 3.81 3.23 2.07

Item
information 4.06 4.39 5.28 7.24 6.11 3.62

Extrmt: extremity parameters; CAL: clinical attachment level; PD: probing depth; BOP: bleeding on probing;
PlI: plaque index. For CAL, it shows the cutoff to discriminate CAL < 4 mm, CAL 4−5 mm, and CAL > 5 mm.
Extrmt1 discriminates CAL < 4 mm and (CAL 4−5 mm and CAL > 5 mm), and Extrmt 2 discriminates (CAL < 4 mm
and CAL 4–5 mm) and CAL > 5 mm. Discrimination: This parameter shows the height of item characteristic curves.
For the item response theory (IRT) analysis, CAL and PD were categorized as at least one site with >6 mm, at least
one site with 4−6 mm, or both sites with <4 mm on the left or right side. IRT analysis was carried out using a graded
response model. AIC: Akaike’s information criterion; BIC: Bayesian information criterion; both are fitness indices,
in which small values are more suitable for a model fit.

3.3. Model Evaluation

3.3.1. Evaluation of Selected Sites

In clinical practice, the mean values of all examination sites are often used as summary statistics.
The selected 12 sites were evaluated using a scatter plot by plotting the mean values of each clinical
parameter against the mean values of the selected 12 sites. The results are shown in Figure 1. For each
clinical parameter, adequate co-relations were obtained.
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Figure 1. Scatter plot of the mean values of clinical parameters against the mean values of the selected
12 sites. (A) CAL: clinical attachment level. (B) PD: probing depth. (C) BOP: bleeding on probing.
(D) PlI: plaque index. The selected 12 sites were the same sites that are listed in the Figure 1 legend.

3.3.2. Model Evaluation

The models were evaluated using two methods: correlation between predictive values and
observed values and ROC curve analysis. Ability calculated by IRT analysis indicates the predictive
value of the sample. The scatter plot of the ability calculated using Model 4 against the mean values of
CAL is illustrated in Figure 2. A scatter plot of all 168 examination sites (Model 1) is also presented as a
reference. As the plot appears to be a curve, the generalized linear model was applied. The coefficient
and intercept were statistically significant. The scatter plot of the result of the generalized linear model
against the models for other clinical parameters is shown in Table S2.

Figure 2. Scatter plot of the mean value of the clinical attachment level against the ability calculated by
item response theory. Abilities are calculated using a graded response model under the item response
theory approach. Abilities are calculated for all the 168 examined sites (A) and the selected six variables
at the 12 sites (B). Ability means sum of the weighted scores of each items. In this case, ability indicate
the sum of the weighted scores of positive for periodontal examination.
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The data from the same location site are combined with at least one site with >6 mm, at least one
site with 4–6 mm, or both sites <4 mm.

The plot appears to be a curve. Therefore, the generalized linear model is applied for
the relationship.

The selected sites were maxillary 2nd premolar (palatal-distal), maxillary 1st premolar
(palatal-medial), maxillary Canine (palatal-distal), maxillary lateral incisor (palatal-central),
maxillary central incisor (palatal-medial), and mandibular 1st premolar (lingual-medial).

Based on the ROC analysis, sensitivity, specificity, likelihood, and area under ROC curve (AUR)
are presented in Table 2. The results of the models for other clinical parameters are also shown in
Table 2. For the mean value of CAL >3 mm, sensitivity and specificity were 0.832 and 0.852, respectively,
and for >5 mm, they were 0.895 and 0.911, respectively. The ROC curve of each clinical parameter and
various cutoff points are presented in Figure S2.

Table 2. Sensitivity, specificity, and area under the receiver operating characteristic curve for the six variables.

Cutoff Point Sensitivity Specificity AUR

Mean CAL

>3 mm −0.190 0.832 0.852 0.922
>3.5 mm 0.193 0.865 0.878 0.939
>4 mm 0.546 0.891 0.885 0.960
>4.5 mm 1.033 0.929 0.929 0.978
>5 mm 1.082 0.895 0.911 0.977

Mean PD

>3 mm 0.703 0.897 0.912 0.974
>3.5 mm 0.891 0.926 0.930 0.983
>4 mm 1.202 0.947 0.949 0.985
>4.5 mm 1.391 1.000 0.971 0.989
>5 mm 1.548 1.000 0.984 0.992

BOP

>2.5% −0.097 0.453 0.913 0.671
>5% −0.097 0.388 0.939 0.698
>10% −0.097 0.571 0.886 0.755
>20% −0.097 0.687 0.834 0.804
>25% −0.097 0.765 0.813 0.847

PlI

>10 −0.141 0.849 0.829 0.890
>20 0.313 0.838 0.839 0.915
>30 0.540 0.824 0.822 0.915
>40 0.695 0.831 0.776 0.924
>50 0.710 0.825 0.838 0.912

CAL: clinical attachment level; PD: probing depth; BOP: bleeding on probing; PlI: plaque index; AUR: area under
receiver operating characteristic curve. Cutoff points are set in abilities calculated using graded response theory.
Graded response theory is one of the models of item response theory.

3.4. Application of the CAL Model for Diagnosis of Periodontal Disease

The cutoff point, sensitivity, specificity, and AUR for the diagnosis of periodontal disease by the
CDC-AAP are presented in Table 3. ROC curves are shown in Figure S3. For moderate periodontitis,
the simple mean CAL of all examination sites is most useful, followed by the mean CAL of optimal
examination sites. For severe periodontitis, the CPI is most useful. Simple mean CAL were not
obtained similar AUR for CPI.
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Table 3. Receiver operating characteristic analysis for the selected optimal examination sites for the
diagnosis of periodontal disease.

Diagnosis Moderate Periodontitis Severe Periodontitis

Cutoff Sensitivity Specificity AUR Cutoff Sensitivity Specificity AUR

CAL mean
(12 sites) 2.20 0.82 0.88 0.91 2.65 0.75 0.72 0.85

CAL mean
(All sites) 2.21 0.91 0.92 0.96 3.04 0.78 0.78 0.88

CAL ability
(6 value) −0.72 0.71 0.88 0.82 −0.47 0.86 0.62 0.83

CAL ability
(12 sites) −0.79 0.79 0.79 0.87 0.05 0.81 0.81 0.87

CPI 2 0.84 0.92 0.88 4 0.81 0.94 0.91

CPI: community periodontal index; CAL: clinical attachment level.

3.5. Prediction of Conventional Periodontal Indices by the CAL Model

The model was applied to conventionally use summary statistics, i.e., mean value of CAL, PD,
and BOP%. Clinically useful cutoff points were set for each index. The results are presented in
Table 4. The best predictors were the mean values of the clinical parameters by the mean values of the
12 selected sites (e.g., mean CAL by the mean CAL of the 12 sites). For obtaining the mean values of
PD and BOP%, we were able to obtain higher values of the AUR compared to the CPI by calculating
the simple mean CAL of the 12 selected sites. Ability of CAL, weighted CAL, could obtain higher
AUR. All ROC curves are shown in Figure S4. By measuring the CAL, all other clinical parameters can
be predicted.

3.6. Model Evaluation by Prevalence, Severity, and Extent

The prevalence, relative bias for severity and extent of model 4 were 62%, −0.0035,
and −0.017, respectively.
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4. Discussion

Public health applications of periodontal examination such as epidemiological surveys,
mass screenings, and community diagnosis, simplified indices that represent an indivisible disease
status are indispensable. For this purpose, several indices have been developed [6–12]. Developed
by the World Health Organization, the CPI has been utilized in epidemiological surveys not just for
community diagnosis but also for the screening of periodontal disease. Originally, the index was
calculated through the examination of eight teeth [41]. It has currently been revised to include the
examination of all teeth [42]; however, the original method of examining just eight teeth is also still
applied. According to Japan’s Survey of Dental Diseases, national oral health surveys, which are
conducted every six years, still use the original CPI examination method. However, we were unable
to find any justification for the tooth-selection methodology or periodontal indices used in these
surveys [43].

Several methods that do not require oral examinations for the screening of periodontal disease
have been proposed [36,44–48]. These include questionnaires [49,50] and biochemical analysis of the
saliva [47] or gingival crevicular fluid [51]. However, the sensitivity and specificity of questionnaires
used for periodontitis screening is not high enough, and using biochemical analyses requires a special
measuring device. Therefore, oral examinations are still widely used for periodontal disease screenings.

In comparison to the CPI, our model was superior in predicting clinical parameters and almost
equivalent in diagnosing moderate periodontitis. Further, partial examination using the CPI requires
the examination of 60 sites; our model requires the examination of only 6–12 sites. Furthermore,
the examination sites presented by our model are more representative of the periodontal conditions
in an oral cavity. As shown in Table 4, the partial examination of these sites represents the mean
value of each examined index by the mean value of all examination sites in the oral cavity. By simply
measuring the CAL, all other clinical parameters can be predicted. The model presented in this study
was derived using the IRT approach. The IRT model is very useful for the selection of items that have
high information. However, IRT models can only process dichotomous variables or ordinal scale; they
are unable to process contentious variables. At this stage, a loss of information can occur. Therefore,
the simple mean of 12 selected sites is more suitable for calculating some of the predictions presented
in this study.

When the 12 selected sites are compared with other partial examination protocol, sampling sites are
predominantly small. Sampling sites of other protocols were 84 [38,39,52,53], 60 [54], and 56 [38,39,52].
Partial examination protocol by high number of examination site can detect small number of deep CAL
or PD. The sensitivity indicate to detect subject with at least one site of CAL > 4 mm. The sensitivity by
84 examination site was 92% [52], by 56 site was 66% [52] and by 28 site was 57% [52]. The sensitivity by
the 12 site in this study was 62%. In addition, relative bias of severity of the 12 sites, which estimate the
difference of mean value of CAL between full mouth examination, was −0.0035. This value protocols
by 84 site were 0.009 [52], −0.046 [38] and −0.01 [53]. The 12 sites based on statistical model may equal,
in other partial examination protocol, more than 5 times higher numbers of examination sites.

In this study, the teeth selected for examination included premolars and anterior teeth; the
molars were excluded. The molar is a double-rooted tooth with complex anatomical root morphology,
including root length, furcation area, and divergence of root and root trunk. Cervical enamel projections
and enamel pearls also occur commonly in molars and are considered to be risk factors for periodontal
disease; however, their occurrence varies among different individuals [55]. Additionally, molars have
to withstand high occlusal forces, which can contribute to periodontal tissue destruction. Therefore,
we excluded molars from representing oral examination sites in our analysis.

The periodontal disease index is used for assessing the periodontal status in epidemiological
surveys; six target teeth (maxillary right 1stmolar, maxillary left central incisor, maxillary left 1st
premolar, mandibular left 1st molar, mandibular left 1st molar, and mandibular right 1st premolar) are
scored for the assessment of the disease. However, a sufficient justification for the selection of these
teeth has not been provided [6]. For the index, evidence is indispensable.
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In this study, optimal sites were selected based in the item information through the models
presented in Table S1, and Table 1. Twelve sites: maxillary 2nd premolar (palatal-medial), 1st premolar
(palatal-distal), 3 canine (palatal-medial), lateral incisor (palatal-central), central incisor (palatal-distal)
and mandibular 1st premolar (lingual-medial) selected in this study were based on statistical modeling
and represented the periodontal conditions. a full mouth examination is a best method; however,
as time and labor are limited, partial examination may be applicable. Partial examination of these sites
may be useful tool for epidemiological studies, mass screenings, and public health use.

There are several limitations in this study. The study population was consisted of the patients who
experienced active periodontal treatment. The wider population is necessary to confirm the robustness
of the model presented in this study. However, several partial-mouth assessments were not based
on the statistical modeling. The strength of the model presented in this study was based on the IRT
model, and weights for the site were calculated to improve the predictive values.

5. Conclusions

For calculating the periodontal index by partial oral examination, a justification for the selection of
examination sites is necessary. This study presents an evidence-based partial examination method and
its modeling. The 12 sites presented in this study almost equal to other partial examination protocol,
which have more than 5 times the number of sampling sites.
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Appendix A

List of ethical committees and their approval numbers.

Institution Name of the Ethics Committee Reference Number

Niigata University The regional ethical committee of the
Faculty of Dentistry, Niigata University 20-R17-08-06

Keio University Keio University School of Medicine,
Ethics Committee 20080096

Hokkaido University Institutional Review Board for Clinical
Research of Hokkaido University Hospital 008-0113

Ohu University Ohu University Research
Ethics Committee 52
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Institution Name of the Ethics Committee Reference Number

School of life Dentistry at Niigata,
The Nippon Dental University

The Ethical Review Committee of The
Nippon Dental University School of Life

Dentistry at Niigata
151

Tokyo Dental College Ethics Committee of Tokyo Dental College 208

Bunkyo-Dori Dental Clinic The regional ethical committee of the
Faculty of Dentistry, Niigata University 20-R17-08-06

Nihon University School of
Dentistry at Matsudo

Ethics Committee in Nihon University
School of Dentistry at Matsudo EC 08-014

Tokyo Medical and
Dental University

Dental Research Ethics Committee of
Tokyo Medical and Dental University 660

Nihon University School
of Dentistry

Ethical Committee of Nihon University
School of Dentistry EP08D016

School of Life Dentistry at Tokyo,
The Nippon Dental University

The Institutional Review Board of Nippon
Dental University. 2-1-22

Matsumoto Dental University The Ethics Committee of Matsumoto
Dental University 0090

Aichi Gakuin University Ethics Committee: Aichi Gakuin
University, School of Dentistry 158

Osaka Dental University the Ethics Committee of Osaka
Dental University 80712

Kyushu University Ethical Committee of Kyushu University
Faculty of Dental Science 20-11

Nagasaki University
The Ethics Committee,

Nagasaki University Graduate School of
Biomedical Sciences

0846-2

Kagoshima University Ethical Committee of Kagoshima
University Medical and Dental Hospital. 20-58

Appendix B

Quick reference for the calculation of ability by Model 4.

Maxilla Mandibular

Ability
5 4 3 2 1 4

Palatal Palatal Palatal Palatal Palatal Lingual

Medial Distal Medial Central Distal Medial

1 1 1 1 1 1 −0.932

1 1 1 1 1 2 −0.442

1 1 1 1 2 1 −0.223

1 1 1 1 2 2 0.052

1 1 1 1 3 2 0.159

1 1 1 2 1 1 0.16

1 1 2 1 1 1 −0.013

1 1 2 1 1 2 0.21

1 1 2 1 2 1 0.321
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Maxilla Mandibular

Ability
5 4 3 2 1 4

Palatal Palatal Palatal Palatal Palatal Lingual

Medial Distal Medial Central Distal Medial

1 1 3 1 1 1 0.108

1 1 3 3 2 2 1.315

1 2 1 1 1 1 −0.506

1 2 1 1 1 2 −0.156

1 2 1 1 1 3 −0.066

1 2 1 1 2 1 0.009

1 2 2 1 1 3 0.434

1 2 2 1 2 2 0.575

1 2 2 1 3 1 0.566

1 2 2 2 2 1 0.828

1 3 1 1 2 2 0.293

1 3 2 2 2 1 0.887

2 1 1 1 1 1 −0.306

2 1 1 1 1 2 −0.008

2 1 1 1 2 1 0.135

2 1 1 2 2 1 0.65

2 1 2 1 1 1 0.28

2 1 2 1 1 3 0.522

2 1 2 2 2 3 1.038

2 1 2 3 3 2 1.334

2 1 3 1 1 1 0.468

2 1 3 1 3 1 0.887

2 2 1 1 1 1 −0.053

2 2 1 1 1 2 0.176

2 2 1 1 1 3 0.262

2 2 1 1 2 2 0.449

2 2 1 1 2 3 0.53

2 2 1 2 1 1 0.542

2 2 2 1 1 1 0.411

2 2 2 1 1 2 0.549

2 2 2 1 2 2 0.727

2 2 2 1 3 2 0.847

2 2 2 2 2 2 1.027

2 2 2 2 3 3 1.228

2 2 2 3 2 1 1.121

2 2 3 1 1 1 0.613
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Maxilla Mandibular

Ability
5 4 3 2 1 4

Palatal Palatal Palatal Palatal Palatal Lingual

Medial Distal Medial Central Distal Medial

2 2 3 2 2 2 1.229

2 2 3 2 2 3 1.31

2 2 3 2 3 2 1.373

2 3 1 1 1 1 0.023

2 3 1 1 1 3 0.339

2 3 2 1 2 1 0.68

2 3 2 1 2 2 0.785

2 3 2 1 3 3 0.991

2 3 2 2 2 2 1.083

2 3 2 2 3 2 1.213

2 3 3 1 2 3 1.081

2 3 3 1 3 1 1.048

2 3 3 2 1 1 1.097

2 3 3 2 2 3 1.38

2 3 3 3 2 3 1.701

3 1 1 1 2 3 0.61

3 1 1 1 3 2 0.663

3 1 3 3 3 3 1.979

3 2 1 1 1 2 0.393

3 2 2 1 2 1 0.773

3 2 2 1 2 2 0.868

3 2 2 1 3 2 0.995

3 2 2 2 3 1 1.209

3 2 2 3 3 3 1.684

3 2 3 2 1 1 1.181

3 2 3 2 3 2 1.521

3 2 3 3 3 1 1.801

3 2 3 3 3 3 2.042

3 3 1 1 1 2 0.468

3 3 2 1 2 2 0.927

3 3 2 2 1 3 1.185

3 3 2 2 2 1 1.137

3 3 2 2 3 3 1.442

3 3 2 3 2 2 1.475

3 3 2 3 3 2 1.664

3 3 3 1 2 3 1.243

3 3 3 1 3 1 1.222
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Maxilla Mandibular

Ability
5 4 3 2 1 4

Palatal Palatal Palatal Palatal Palatal Lingual

Medial Distal Medial Central Distal Medial

3 3 3 2 1 3 1.439

3 3 3 2 2 1 1.362

3 3 3 2 2 3 1.53

3 3 3 3 2 3 1.9

3 3 3 3 3 2 2.012

3 3 3 3 3 3 2.228

1: CAL <4mm; 2: CAL = 4–6mm; 3: CAL >6mm.
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Abstract: The periodontal inflamed surface area (PISA) is a useful index for clinical and epidemiolog-
ical assessments, since it can represent the inflammation status of patients in one contentious variable.
However, calculation of the PISA is difficult, requiring six point probing depth measurements with
or without bleeding on probing on 28 teeth, followed by data input in a calculation program. More
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simple methods are essential for screening periodontal disease or in epidemiological studies. In this
study, we tried to establish a convenient partial examination method to estimate PISA. Cross-sectional
data of 254 subjects who completed active periodontal therapy were analyzed. Teeth that represent
the PISA value were selected by an item response theory approach. The maxillary second molar,
first premolar, and lateral incisor and the mandibular second molar and lateral incisor were selected.
The sum of the PISAs of these teeth was significantly correlated with the patient’s PISA (R2 = 0.938).
More simply, the sum of the maximum values of probing pocket depth with bleeding for these teeth
were also significantly correlated with the patient’s PISA (R2 = 0.6457). The simple model presented
in this study may be useful to estimate PISA.

Keywords: periodontal diseases; periodontal pocket; health status indicators; periodontal inflamed
surface area (PISA); item response theory

1. Introduction

Several periodontal indexes have been proposed and used for clinical or epidemiolog-
ical assessments. The indexes used in epidemiological studies include the commonality
periodontal index (CPI) [1–3], clinical attachment level (CAL) [4,5], and bleeding on prob-
ing (BOP) [6], while other studies used combinations of indexes, such as CPI, CAL, BOP,
and probing pocket depth (PD) [7], CAL, PD, gingival index (GI), and plaque index (PlI) [8],
CAL, PD, and GI [9], and CAL and BOP [10]. For clinical assessments, PD, CAL, and BOP
have been commonly used for evaluation of diagnoses or therapeutic effects. Although
summary statistics of these parameters, like the mean or maximum value, have been
conventionally used, these summary statistics involve loss of information. The periodontal
inflamed surface area (PISA) was developed to address these issues [11]. PISA is a very
convenient index that reflects the surface area of bleeding pocket epithelium in square
millimeters and is calculated using conventional clinical parameters of periodontal health,
namely BOP combined with either PD, or CAL and gingival recession [11]. Thus, PISA
can represent the inflammation status of subjects in one contentious variable, for which
calculation of mean or maximum value is not necessary. Recent study have reported that
PISA is effectively associated with systemic markers of low-grade inflammation, such as
C-reactive protein [12]. Periodontal disease is a risk factor for non-communicable diseases
through the localized inflammation and periodontal pathogens [13–20]. Therefore, PISA
may be an optimal index to investigate the correlation between periodontal disease and
non-communicable diseases.

However, calculation of PISA is an extremely difficult task, requiring six probing
depth measurements of all the teeth and BOP and PD data for 168 sites. A simpler method
is indispensable for screening or epidemiological studies. Therefore, in this study, we
tried to establish a convenient partial examination method to estimate PISA. Our simple,
convenient, and evidence-based partial oral examination method to estimate PISA may be
a useful tool like other periodontal indexes for screening or epidemiological studies.

2. Materials and Methods

2.1. Study Design

2.1.1. Setting

This study was a part of a clinical research project conducted by the Japanese Society
of Periodontology in cooperation with 17 facilities (one clinic and 16 university hospitals)
in Japan for the diagnosis of periodontitis. In our previous reports, we had analyzed
124 participants who successfully completed the study protocol [21–23]. For this study, we
selected 254 patients with chronic periodontitis who had completed their active treatment
under the regulations of the Japanese health insurance system. After registering for a
screening examination before their follow-up, all 254 patients were analyzed in the study.
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The inclusion criteria were age greater than 30 years, number of remaining teeth more than
20, and systemically healthy status.

2.1.2. Diagnosis

Each patient was diagnosed according to the guidelines used at the time (Guidelines
of the American Academy of Periodontology) [24]. Oral examinations were carried out by
one examiner at each institute (T.M., Y.N., T.S., T.N., S.S., S.S., N.Y., N.S., M.F., M.M., K.N.,
H.K., H.T., F.S., A.Y., and T.N.). Each examiner was a periodontist licensed by the Japanese
Society of Periodontology. Intra- and interexaminer calibration sessions were conducted
using periodontal disease models (P15FE-500HPRO-S2A1-GSF, NISSIN, Kyoto, Japan) at
the beginning and middle of the study period. In brief, full-mouth PD and recessions were
measured twice, and repeatability for CAL was assessed. The examiner was judged to
have made reproducible measurements after reaching a percentage of agreement within
± 1 mm between repeated measurements of at least 95% of measurements.

2.2. Research Data

In this study, we analyzed PD and BOP data for calculation of PISA. A freely down-
loadable spreadsheet is available to calculate the PISA [11], and CAL and PlI were used as
associated factors for PISA. Details of the data are described in our previous reports [21–23].

2.3. Statistical Analysis

The number of bleeding sites and PDs were measured at six sites for all of the remain-
ing teeth with a periodontal probe (CP-12 Color-Coded Probe; Hu-Friedy, Chicago, IL,
USA). To find out the optimal value for IRT analysis, 6 kinds of cut-off points were set for
number of bleeding site per teeth: (0, 1–6), (0 and 1, 2–6), (0–2, 3–6), (0–3, 4–6), (0–4, 5 and
6), and (0–5, 6). For each cut-off point, models were constructed. For the PD, the maximum
value (mm) for one tooth in the six sites were used.

By using the dichotomized data, a three-parameter logistic model based on the item
response theory (IRT) was applied. For the IRT analysis, R software with the ltm and irtoys
package was used.

2.4. Ethical Approval

The study was conducted in compliance with the principles outlined in the Helsinki
Declaration. Written informed consent was obtained from each participant, and the pro-
tocol was approved by the Institutional Review Board of each participating institution.
The ethics committee members’ names and reference numbers are as follows: The regional
ethical committee of the Faculty of Dentistry, Niigata University (20-R17-08-06); Keio Uni-
versity School of Medicine, Ethics Committee (20080096); Ethical Committee of Kagoshima
University Medical and Dental Hospital (20-58); The Ethics Committee, Nagasaki Uni-
versity Graduate School of Biomedical Sciences (0846-2); Ethical Committee of Kyushu
University Faculty of Dental Science (20-11); The Ethics Committee of Osaka Dental Uni-
versity (80712); Ethics Committee of Aichi Gakuin University, School of Dentistry (158);
The Ethics Committee of Matsumoto Dental University (0090); The Institutional Review
Board of Nippon Dental University (2-1-22); Ethical Committee of Nihon University School
of Dentistry (EP08D016); Dental Research Ethics Committee of Tokyo Medical and Dental
University (660); Ethics Committee in Nihon University School of Dentistry at Matsudo (EC
08-014); Ethics Committee of Tokyo Dental College (208); The Ethical Review Committee
of The Nippon Dental University School of Life Dentistry at Niigata (151); Ohu Univer-
sity Research Ethics Committee (52); Institutional Review Board for Clinical Research of
Hokkaido University Hospital (008-0113).
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3. Results

3.1. Participant Characteristics

The study population consisted of 114 men and 140 women. Their mean age was
55.6 +/− 10.3 years, and their mean number of remaining teeth was 25.4 +/− 2.61.

3.2. Prediction of PISA by IRT Analysis Based on the Number of BOP Sites

Since PISA is calculated on the basis of BOP and PD measurements, to reduce the
number of BOP measurements, IRT analysis was performed. Cut-off points were set as at
least 1, 2, 3, and 4 sites for BOP. The ability, which indicates the weighted sum of the total
number of bleeding sites, was calculated for each participant. Scatter plots were obtained
for the PISA against the ability calculated by IRT analysis. After log10 transformation
of PISA, linear relationships were observed. The results are shown in Figure 1, and the
models are shown in Table S1. Item response curves and item information curves are
shown in Figure S1.

Figure 1. Scatter plots of PISA against the number of bleeding sites within each tooth. (A–D) Scheme 1. 2, 3, and 4 bleeding
sites within each tooth. Ability, which indicates the weighted sum of the number of sites with bleeding on probing, was
calculated by the three-parameter logistic model based on item response theory analysis. When PISA was log10 transformed,
linear relationships were observed.

The results indicated that at least one site with bleeding for each tooth may be enough
for evaluation of bleeding on probing.

3.3. Prediction of PISA by the Maximum Value of the PD at Each Tooth by IRT Analysis

In clinical settings, even the calculation of mean values of PD may be laborious.
Thus, assessments based on the maximum value are simpler and more suitable for rapid
evaluations. Therefore, the maximum PD value for each tooth was used as the variable. To
investigate which site represents the PISA, a three-parameter logistic model based on IRT
was used. To transform the maximum values for dichotomous variable, cut-off values were
set as >3 mm, >4 mm, 5 mm, and 6 mm. The results are shown in Figure 2, the models are
indicated in Table S2, and the item response curves and item information curves are shown
in Figure S2.

120



J. Clin. Med. 2021, 10, 723

Figure 2. Scatter plots of PISA against the maximum value of PD within each teeth. (A–D) shows the findings with cut-off
points of 3, 4, 5, and 6 mm of PD within one tooth. When PISA was log10 transformed, linear relationships were observed.

3.4. Prediction of PISA Based on the Selected Sites

The item information curves in Figure S1 and S2 provided valuable information for
tooth selection. The area under the information curves for each tooth were calculated, and
the results were presented by the mean values for left and right teeth (Table 1). Teeth with
relatively higher information were the maxillary second molar, maxillary first premolar,
maxillary lateral incisor, mandibular second molar, and mandibular lateral incisors. To
confirm that the selected teeth were optimal, scatterplots of the overall PISA against the
PISAs of these teeth were illustrated. The results are presented in Figure S3. R2 values of
these teeth were relatively higher.

Table 1. Item information for tooth type for the number of bleeding sites and the maximum value of probing depth.

Bleeding on Probing Maximum Value of Probing Depth
1 Site 2 Sites 3 Sites 3 Mm 4 mm 5 mm

Maxillary

2nd Molar 27.0 35.9 128.7 22.4 29.9 32.1
1st Molar 25.4 23.3 35.9 24.0 35.9 43.8

2nd Premolar 30.7 32.3 47.0 35.1 41.0 47.8
1st Premolar 33.7 39.9 53.8 30.5 40.1 43.7

Canine 28.5 35.1 48.0 32.2 43.5 429.5
Lateral
incisor 27.8 48.4 71.7 30.8 44.8 49.8

Central
incisor 30.7 32.1 42.4 28.7 38.5 41.4

Mandibular

2nd Molar 28.0 27.3 36.6 24.6 34.5 30.5
1st Molar 27.8 27.6 39.1 15.0 37.7 47.6

2nd Premolar 26.7 27.2 32.8 32.3 34.6 31.7
1st Premolar 32.6 27.9 33.6 31.1 43.9 39.0

Canine 24.8 30.3 35.1 35.3 47.7 51.6
Lateral
incisor 32.0 32.6 32.6 43.1 48.3 41.3

Central
incisor 36.8 32.7 34.8 42.8 46.2 35.5
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3.5. Prediction of PISA Based on the Selected Teeth

3.5.1. Correlation of PISA of Selected Teeth with PISA

On the basis of the data presented in Table 1 and Figure S2, five teeth were selected:
the maxillary second molar, maxillary first molar, maxillary lateral incisor, mandibular
second molar, and mandibular lateral incisor. The scatter plot for the PISA against the sum
of PISAs of these 10 teeth are provided in Figure 3. Since linear regression is affected by
outliers, PISA less than 1000 is illustrated again in Figure 3B. The R2 was 0.938 for all the
data and 0.817 for PISA less than 1000.

Figure 3. Scatter plot of PISA against the maximum value of PD in each tooth. (A,B) are the same figure. (B) is magnified
PISA for less than 1000. Regression line (B) was calculated by PISA less than 1000.

3.5.2. Prediction of PISA by the Maximum Value of PD

To create a simple model for clinical convenience, the sum of the maximum PD values
with BOP were used to generate a summary score to predict PISA. The scatter plot with
the net values showed an exponential curve (Figure 4A). When the values were log10
transformed, a linear relationship was observed. The PISA against a value of 0 on the
X-axis was less than 2. This indicated that when the 10 teeth did not show any bleeding,
PISA is less than 100.

The effect of missing teeth is uncertain. In addition, a selected site of 0 may not
guarantee a PISA value of 0. Figure 4 was categorized by the groups; Group 0: no missing
teeth and no bleeding in 10 teeth, Group 1: one missing teeth and no bleeding in nine teeth,
Group 2: two missing teeth and no bleeding in eight teeth, Group 3: three missing teeth
and no bleeding in seven teeth, Group 10: one missing teeth in 10 teeth, Group 11: one
missing teeth in 10 teeth, Group 12: two missing teeth in 10 teeth, Group 13: three missing
teeth in ten teeth, Group 14: four or five missing teeth in ten teeth (Figure S4).
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Figure 4. Scatter plot of PISA against sum of the maximum values of PD for each of the bleeding teeth. (A) shows the scatter
plot by net values. (B) shows the values were log10 transformed.

If there was no bleeding in ten teeth, PISA was estimated a less than 100. Thus, there
may be little effect of missing teeth on PISA (Figure 4B).

The final model is presented in the following formula:

Log10 (PISA) = 1.592 × log10Σ(maximum value of probing depth with
bleeding of selected teeth) + 0.4111

(1)

Selected teeth are maxillary second molar, maxillary first premolar, maxillary lateral
incisor, mandibular second molar, and mandibular lateral incisor.

When separately predicted PISA by bleeding of approximal surface and flat surface,
effects of bleeding in approximal surface was larger than flat surface. The results are shown
in Figure S5.

Additionally, for clinical convenience, quick reference for the predictive values of
PISA calculated by the formula described above is presented in Table S3.

4. Discussion

In this study, we tried to establish a partial examination method using the selected
teeth to estimate PISA. The final simple model that uses the sum of the maximum PD
values of the 10 selected teeth with BOP may be useful to estimate PISA.

Many studies have used PISA for evaluation of periodontal conditions. Since PISA
reflects the inflammation status of periodontal tissue, these studies focused on the correla-
tion of PISA and systemic diseases [25–43], or the correlation of PISA with novel disease
markers [41–48]. In the present study, IRT analysis was used to set a cut-off point for the
number of bleeding sites and the maximum values of PD in a single tooth. IRT is based
on the relationship between the performance of the subjects on a test item and the overall
measured ability. It can calculate the weight of each item and the ability of individuals.
These values correspond to the weight of clinical symptoms of each teeth and PISA. There-
fore, selection of the teeth as items and calculation of the ability as PISA with IRT is a
reasonable approach.

As shown in Figure 1, the cut-off point of one site of bleeding in one tooth may be
suitable. When the cut-off point was set to more than two sites, the number of participants
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with an estimated PISA of 0 increased. The number of participants who missed with less
than 100 PISA was also increased. If the PD is transformed to a dichotomous variable
by an optimal cut-off point, several statistical methods for the screening such as ROC
analysis and evaluations of sensitivity, specificity, positive predictive value, and negative
predictive value become available. However, the optimal cut-off points were not presented
by previous studies. In addition, the scatterplots shown in Figure 2 were not as clear as the
scatter plot shown in Figure 1A. Therefore, in the model shown in Figure 4, a simple sum
of the maximum value of PD in the selected teeth with BOP was applied as an independent
value. However, this simple model was sufficient to estimate PISA. Missing teeth had little
effect on PISA in the simple model shown in Figure 4. Since PISA is a sum of the PISAs of
each tooth, a value of 0 as a result of missing teeth would not include the PISA. However,
the simple model could not detect participants with PISA less than 100.

The PISA value for the diagnosis of periodontal disease has been defined previ-
ously [48]. However, calculation of PISA is more laborious than examination of periodontal
tissue for the diagnosis. The value of PISA was correlated with the clinical parameters of
periodontal tissue and periodontal pathogens [49] and dental plaque metabolic byprod-
ucts [50]. Only a few studies have investigated the characteristics of PISA. Thus, additional
studies are necessary to understand the characteristics of PISA.

Representative six teeth by Ramfjord was used in epidemiological studies. Although
it reflect the entire periodontal disease, those sites were selected from studies by numerous
investigators using (a) P.M.A. index, (b) formation of pocket depth and bone loss, and
(c) teeth extraction record [51]. While PISA focus on degree of periodontal inflammation,
as an advantage of the study, we calculated using our raw data for selection.

There is a limitation of this study. Study population of this study was consisted of the
patients who finished periodontal treatment. There may be bias in periodontal conditions.
Further study is necessary to confirm the availability the model presented in this study
by epidemiological study which included the periodontal healthy subjects and subjects
with severe periodontal conditions. In addition, further study is necessary to confirm
application of the model presented in this study for the patients with systemic diseases.

In this study, by using patients’ data, we tried to establish a convenient partial examina-
tion method to estimate PISA. Simple, convenient, and evidence-based partial examination
methods to estimate PISA may be useful tools for the screening or epidemiological studies,
such as other periodontal indexes.
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Abstract: Periodontal disease is a chronic inflammatory disease of the periodontal tissue. The periodontal
inflamed surface area (PISA) is a proposed index for quantifying the inflammatory burden resulting
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from periodontitis lesions. This study aimed to investigate longitudinal changes in the periodontal
status as evaluated by the PISA following the active periodontal treatment. To elucidate the prognostic
factors of PISA, mixed-effect modeling was performed for clinical parameters, tooth-type, and levels
of periodontal pathogens as independent variables. One-hundred-twenty-five patients with chronic
periodontitis who completed the active periodontal treatment were followed-up for 24 months, with
evaluations conducted at 6-month intervals. Five-times repeated measures of mean PISA values were
130+/−173, 161+/−276, 184+/−320, 175+/−417, and 209+/−469 mm2. Changes in clinical parameters
and salivary and subgingival periodontal pathogens were analyzed by mixed-effect modeling. Plaque
index, clinical attachment level, and salivary levels of Porphyromonas gingivalis were associated with
changes in PISA at the patient- and tooth-level. Subgingival levels of P. gingivalis and Prevotella intermedia

were associated with changes in PISA at the sample site. For most patients, changes in PISA were within
10% of baseline during the 24-month follow-up. However, an increase in the number of bleeding sites in
a tooth with a deep periodontal pocket increased the PISA value exponentially.

Keywords: periodontal inflamed surface area; periodontal pathogen; mixed effect modeling;
follow-up study

1. Introduction

Periodontal disease is a chronic inflammatory disease of the periodontal tissue. Its
progression has been associated with a regression of the mean clinical parameters of most
of the oral sites, including teeth. Most patients are generally stable or exhibit a linear type
of progression [1–4]. However, a small fraction exhibit burst-type progressions [1,5,6].

The active periodontal treatment aims to reduce inflammatory response by removing
pathogenic bacterial deposits. Following the active treatment, supportive periodontal
therapy (SPT) is employed to reduce the probability of periodontal disease progression.
The long-term successful SPT prevents tooth loss [7]. The reported rate of tooth loss is 10%
of teeth [8–15] in 20% of patients [16] over a period of 10 years. Further, tooth loss has been
shown to occur in a small fraction of patients during SPT [8,17]. Therefore, monitoring of
periodontal conditions during SPT is important for a successful treatment [18]. Several
indices have been routinely used for this purpose. The probing pocket depth (PD) and
clinical attachment level (CAL) of the periodontal pocket are morphological outcomes of
periodontal disease. However, these outcomes do not quantify the proportion of inflamed
periodontal tissue. Additionally, summary statistics of these outcomes using the mean
or maximum values results in information loss [1]. The mean values of these outcomes
obscure the small number of sites that exhibit a substantial progress, and the maximum
value represents only one of 168 probing sites. Therefore, site-level evaluation is important
in the clinical setting. During the follow-up period, the periodontal tissue should be
evaluated in terms of the morphological and inflammatory response status.

The periodontal inflamed surface area (PISA) is a convenient index that quantifies
the surface area of the bleeding pocket epithelium in square millimeters and is calculated
using conventional clinical parameters of periodontal health, namely, bleeding on probing
(BOP) combined with either PD or CAL, and gingival recession [19]. Thus, PISA may
represent the inflammation status of the patients as one continuous variable, in which the
calculation of mean or maximum value is not necessary. Several studies have utilized the
PISA for evaluating the periodontal status. However, these studies have focused on the
cross-sectional correlation of the PISA and non-communicable diseases [20–28]. There have
only been a few longitudinal studies regarding the changes in PISA [29].

This study aimed to investigate the changes in periodontal status, as evaluated by the
PISA during the longitudinal follow-up care after an active treatment, and to identify the
factors that affect the PISA.
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2. Materials and Methods

2.1. Study Design and Ethics Approval

This study is part of a clinical research project performed by The Japanese Society of
Periodontology. A 24-month follow-up study was performed with 163 patients who had
completed an active periodontal treatment (such as initial therapy or periodontal surgery) at
17 facilities in Japan. The end point of those active periodontal treatments was periodontal
examination. If the lesion was considered to be dormant, such as a probing pocket depth of
4 mm or more without BOP, the disease was considered stable [30]. In addition, those patients
were the candidates for this study. The follow-up patients were seen trimonthly, and the
supragingival plaque and calculus were removed if detected. The details of changes in the
clinical parameters during the follow-ups have been described in our pervious report [1,31,32].
The study was conducted in compliance with the principles outlined in the Helsinki Declaration.
A written informed consent was obtained from each study participant, and the protocol was
approved by the Institutional Review Board of each participating institution.

2.2. Inclusion Criteria

The inclusion criteria were as follows: The severity of periodontitis on the initial
visit was generalized moderate–to-severe chronic periodontitis (generalized periodontitis,
stage III or IV, grade B) [33,34], patients who were systemically healthy; aged >30 years;
>20 remaining teeth; and not taking antibiotics, anti-inflammatory drugs or immunosup-
pressive drugs for 3 months before the start of follow-up.

2.3. Diagnosis and Evaluation

Each patient was diagnosed according to the Guidelines of the American Academy
of Periodontology [33]. Oral examinations were carried out by one examiner from each
institute (T.M., A.Y., F.S., H.T., H.K., K.N., M.M., M.F., N.S., N.Y., S.S., S.S., T.N., T.S.,
Y.O., Y.N. and T.N.). Each examiner was a periodontist licensed by the Japanese Society
of Periodontology. Intra- and inter-examiner calibration sessions were conducted using
periodontal disease models (P15FE-500HPRO-S2A1-GSF) at the beginning and middle of
the study period. In brief, full-mouth PD and gingival recession were measured twice,
and repeatability for the CAL was assessed. The examiner was judged to have made
reproducible measurements after reaching a percentage of agreement within ±1 mm
between repeated measurements of at least 95% of measurements.

The PD, BOP, and CAL were measured at six sites per tooth (mesiobuccal, buccal,
distobuccal, mesiolingual, lingual, and distolingual) with a periodontal probe (CP-12 Color-
Coded Probe; Hu-Friedy, Chicago, IL, USA). The PISA was calculated using the Excel sheet
program [19]. By inputting the BOP and PD data from six sites per tooth, the PISA values
of each tooth were calculated. The sum of the PISA values is automatically calculated. This
value is the summary statistics of PISA for each individual.

The plaque index (PlI) was recorded at four sites per tooth (mesial, buccal, distal, and
lingual). The degree of tooth mobility was scored on a four-point scale (0–3) at the tooth
level. All clinical parameters were recorded at baseline and after 6, 12, 18, and 24 months,
the third molars were excluded.

2.4. Evaluation of Periodontal Pathogens

Three periodontal pathogens in the saliva and subgingival plaque were measured:
Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, and Prevotella intermedia.
These samples were collected from each patient at every visit. Briefly, whole saliva was
collected by asking the patient to chew on a gum base for 5 min [31], and the subgingival
plaque from the deepest pockets (except for those at the third molars) was obtained by
consecutive insertion of two sterile paper points into the periodontal pocket for 10 s per
point [32]. These three periodontal pathogens and the total bacteria in the subgingival
plaque and saliva were counted using a modification of the Invader PLUS assay [35,36].
Bacterial ratios (%) for each species were also determined.
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Briefly, a quantitative analysis of the total bacterial count and periodontopathic bac-
terial counts, including P. gingivalis, P. intermedia, and A. actinomycetemcomitans, was per-
formed using a modification of the Invader PLUS assay [31,32,35,36]. The bacterial DNA
was extracted from the subgingival plaque samples from the deepest pockets by suspend-
ing each plaque sample in 1 mL of phosphate-buffered saline (pH 7.4) and processed using
the MagNA Pure LC Total Nucleic Acid Isolation Kit (Roche, Basel, Switzerland) according
to the manufacturer’s instructions. Similarly, bacterial DNA was extracted from the 100-μL
whole saliva samples using the MagNA Pure LC Total Nucleic Acid Isolation Kit. The
individual sequences of each bacterial species were obtained from a public database (Na-
tional Center for Biotechnology Information, Bethesda, MD, USA). Primers for each species
were designed based on a region of the 16S rRNA gene. A pair of universal primers and a
universal probe were used to determine the total number of bacteria. Primary probes and
Invader oligos were designed using the Invader technology creator (HOLOGIC, Madison,
WI, USA) and were based on sequences in the amplified regions [31,32,35–37].

The template DNA was added to a 15-μL reaction mixture containing primers for
each species [50 μM deoxynucleoside triphosphate (dNTP), 700 nM primary probe, 70 nM
Invader oligo, 2.5 U polymerase chain reaction (PCR) enzyme (EagleTaq DNA polymerase,
Roche, Basel, Switzerland), and the Invader core reagent kit (Cleavase XI Invader core
reagent kit, HOLOGIC, Madison, WI, USA) containing a fluorescence resonance energy
transfer (FRET) mix and an enzyme/MgCl2 solution]. The reaction mixture was preheated
at 95 ◦C for 20 min, and a two-step polymerase chain reaction (95 ◦C for 1 s and 63 ◦C
for 1 min) was performed for 35 cycles using an ABI PRISM 7900 thermocycler (Applied
Biosystems, Foster City, CA, USA). The fluorescence values of carboxyfluorescein (FAM;
wavelength/bandwidth: Excitation, 485/20 nm; emission, 530/25 nm) were measured at
the end of the incubation/extension step at 63 ◦C for each cycle.

The limit of detection for this method was determined for each species with dilutions
of bacterial DNA. Standard curves were constructed based on a crossing point determined
by the fit-point method.

The proportions of the three pathogens within the total bacterial count were subse-
quently determined [38,39]. Bacterial ratios (%) and bacterial counts (log10) for each species
were also used in various comparison and diagnostic analyses.

2.5. Statistical Analysis

2.5.1. Mixed-Effect Modeling

Changes in the PISA were analyzed at the patient-level and tooth-level by mixed-
effect modeling [1,40–44]. The data structure of the PISA was five-time repeated measures.
The PISA values for each tooth had a hierarchical structure in the patients. Generalized
mixed-effect modeling was applied using the following formula:

Model 1: Patient-level PISA
−L1 : PISA(Subject level)i =

π0 + π1(Age)i + π2(Sex)i + π4(Salivary levels o f A. a)i + π5(Salivary levels o f P. g)i

+π6(Salivary levels o f P. i)i + π7(mean CAL)i + π8(Pli)i +
5
∑

m=1
π
(m)
9 (time)j + εi

(1)

ei ∼ N
(

0, δ2
e

)

Fixed effect;
Patient-level: Age, sex, time, salivary levels of A. actinomycetemcomitans, P. gingivalis, and P. intermedia, mean CAL, PlI, time
Random effect: Patients, random intercept
Covariance Type: AR1
Link functions: Gamma
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Model 2: Tooth-level PISA

−L1 : PISA(Tooth level)ij =

π0j + π1ij(Age)ij + π2j(Sex)ij + π3j(Salivary levels o f A. a)ij + π4j(Salivary levels o f P. g)ij

+π5j (Salivary levels o f P. i)ij + εij

(1)

− L2 : π0j = β0j + β1j(Mean CAL)+ β2j(Pli)+
3

∑
m=1

β
(m)
3j (tooth mobility)j +

6

∑
m=1

β
(m)
4j (Tooth type)j +

5

∑
m=1

β
(m)
05 (time)j + rj

(2)

eij ∼ N
(

0, δ2
e

)
, roj ∼ N

(
0, δ2

r

)

Fixed effect;
Patient-level: Age, sex, days, salivary levels of A. actinomycetemcomitans, P. gingivalis, and P. intermedia

Tooth-level: Mean CAL, PlI, tooth mobility, tooth type, time
Random effect: Patients, random intercept
Covariance Type: AR1
Link functions: Gamma

Model 3: PISA of the sampling teeth for subgingival periodontal pathogens

−L1 : PISA(Sampling teeth)i =
π0 + π1(% o f A.a in subgingival taotal bacteria)i
+π2(% o f A.a in subgingival taotal bacteria)i + π3(% o f P. g in subgingival taotal bacteria )i

+π4(% o f P. i in subgingival taotal bacteria)i +
5
∑

m=1
π
(m)
5 (time)j + εi

(1)

ei ∼ N
(

0, δ2
e

)

Fixed effect;
Patient-level: Proportion of A. actinomycetemcomitans, P. gingivalis, and P. intermedia in the total subgingival bacteria, time
Random effect: Patients
Covariance Type: AR1
Link functions: Gamma

2.5.2. Cluster Analysis

A cluster analysis was carried out using K-means. The data used for the cluster
analysis were sequential data obtained from five-time repeated measures of PISA at the
patient level. The parameter settings for the cluster analysis were: Distance measure: Log
likelihood, and the criteria of clusters were Bayesian Information Criterion (BIC) [−2 ln (L)
+ k ln (L)]. The generated cluster was used for the analysis.

All analyses were performed using SPSS Statistics version 24.0 (IBM, Tokyo, Japan).

3. Results

3.1. Patient Characteristics

Among the 163 patients enrolled in the study, 38 patients were disqualified for lack
of data due to a variety of causes such as earthquake, failure to comply with visit, use of
antimicrobial agents for acute periodontal abscesses, and tooth extraction for root fracture.
Thus, data from a total of 125 patients, 3107 teeth, and their five-time repeated measure
PISA values were obtained. A total of 15,535 data were analyzed from the teeth. The
study population comprised 50 men and 75 women and the mean age was 59.2 ± 8.7 years.
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Clinical examinations and measurement of periodontal pathogens were carried out at every
visit. Five-time repeated measures of these parameters were analyzed.

3.2. Analysis of the Change in PISA at the Patient-Level

Factors correlated with the PISA were identified using generalized mixed-effect modeling.
The results are shown in Table 1. The salivary levels of P. gingivalis, mean CAL, and PlI were
identified as significant factors affecting the PISA. Time was not statistically significant.

Table 1. Patient-level analysis of factors affecting the periodontal inflamed surface area (PISA).

Coefficient (95% CI) p-Value

Sex −0.124 (−0.507–0.258) 0.524
Age (years) 0.012 (−0.010–0.033) 0.276

Salivary levels of A. a (%) −3.275 (−39.368–32.818) 0.859
Salivary levels of P. g (%) 1.141 (0.148–2.136) 0.025
Salivary levels of P. i (%) 0.206 (−0.282–0.694) 0.408

Mean CAL (mm) 0.737 (0.540–0.934) <0.001
PlI 1.069 (0.637–1.500) <0.001

Time (6 months) 0.008 (−0.030–0.045) 0.693
Intercept 1.338 (0.009–2.677) 0.048

Fitness index, BIC: 1317; AICC, 1326; PlI: Plaque index; CAL: Clinical attachment level; A. a: Aggregatibac-
ter actinomycetemcomitans; P. g: Porphyromonas gingivalis; P. i: Prevotella intermedia; CI: Confidence interval;
AICC = −2 L + 2 k (k − 1)/(n – k − 1);BIC = −2 L + k ln (n); L: Likelihood; k: Number of parameters; n: Sample size.

3.3. Analysis of the Change in PISA at the Tooth-Level

The sum of the PISA of each tooth was calculated as a dependent variable. To deter-
mine the effect of tooth type, a multilevel mixed-effect model was used for the analysis. As
shown in Table 2, the salivary levels of P. gingivalis were identified as a significant factor at
the patient-level. The CAL, the PlI, and tooth mobility >2 were identified as significant fac-
tors at the tooth-level. Regarding the tooth type, the maxillary molar and premolar tended
to increase the PISA during the follow-up period. Time was not statistically significant.

Table 2. Tooth-level analysis of factors affecting the PISA.

Coefficient (95% CI) p-Value

Patient-level variables

Age −0.002 (−0.010–0.007) 0.736
Sex −0.076 (−0.225–0.074) 0.320

Salivary levels of A. a (%) −3.624 (−17.577–10.329) 0.611
Salivary levels of P. g (%) 0.669 (0.323–1.015) <0.001
Salivary levels of P. i (%) −0.028 (−0.230–0.173) 0.782

Tooth-level variables

Mean CAL/teeth (mm) 0.293 (0.266–0.320) <0.001
PlI/teeth 0.234 (0.157–0.310) <0.001

Tooth mobility
0 Reference
1 −0.044 (−0.136–0.048) 0.348

2 and 3 0.697 (0.472–0.923) <0.001

Tooth-type

Mandibular anterior Reference
Mandibular premolar −0.033 (−0.124–0.058) 0.477

Mandibular molar −0.016 (−0.105–0.074) 0.732
Maxillary anterior −0.116 (−0.197–−0.035) 0.005

Maxillary premolar 0.444 (0.359–0.530) <0.001
Maxillary molar 0.680 (0.590–0.770) <0.001

Time −0.004 (−0.022–0.014) 0.632
Intercept 1.516 (0.972–2.061) <0.001

Fitness index, AICC: 11,732.53; BIC: 11,745.40; PlI: Plaque index; CAL: Clinical attachment level; A. a: Aggregati-
bacter actinomycetemcomitans; P. g: Porphyromonas gingivalis; P. i: Prevotella intermedia; AICC = −2 L + 2 k (k − 1)/
(n – k − 1); BIC = −2 L + k ln (n); L: Likelihood; k: Number of parameters; n: Sample size.
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3.4. Classification of the Changes in the PISA

The change in the PISA was dependent on the tooth-type (Figure S1). The PISA of
maxillary molars increased throughout the follow-up period, while the PISA of other
tooth-types were relatively stable.

A cluster analysis was carried out to characterize the changes in the PISA. The results
of the cluster analysis and changes in the PISA in each cluster are shown in Figure 1. Most
of the patients were classified as Cluster 1, and the PISA of this cluster was stable. A
minority of patients were classified to other clusters, which exhibited drastic changes in
the PISA during the follow-up period.

Figure 1. Changes in the PISA according to the clusters. For 117 (93.6%) patients, the PISA was stable during the 24-month
follow-up period. However, a minority of patients exhibited a drastic increase or fluctuation in the PISA.

A minority of the teeth may have had an effect on the overall PISA. The teeth with
PISA >500 were identified and the changes in the PISA of these teeth are illustrated in
Figure 2. A total of seven teeth (maxillary 2nd molars or mandibular 2nd molars) had PISA
>500 at least once during the follow-up period. The drastic increase in the overall PISA
was primarily dependent on the increase in the number of BOP sites.
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Figure 2. Changes in the PISA at the tooth-level in teeth with PISA > 500 during the 24-month
follow-up period. Red lines indicate the maxillary 2nd molars and blue lines indicate mandibular
2nd molars. Seven teeth exceed 500 PISA. The numbers indicate the mean probing depth of each
tooth and number of bleeding sites on probing. In these cases, drastic changes in the PISA were
predominantly dependent on the increase in the number of bleeding sites on probing.

3.5. Association between Periodontal Pathogens and the Change in the PISA

Mixed-effect modeling was employed to evaluate the local association between peri-
odontal pathogens and the tooth-level PISA. The results are shown in Table 3. The PISA
of the sample teeth was included as a dependent variable. The periodontal pathogens,
P. gingivalis and P. intermedia, were observed to be significantly associated with the PISA of
the sample teeth. Time was not a significant factor for PISA. The list of the sample teeth is
shown in Table S1.

Table 3. Association between subgingival periodontal pathogens and the changes in the PISA of the
sample sites.

PISA

Coefficient (95% CI) p-Value

A. a −0.221 (−1.054–0.612) 0.602
P. g 0.033 (0.022–0.044) <0.001
P. i 0.116 (0.024–0.208) 0.014

Time 0.033 (−0.010–0.077) 0.130
Intercept 2.847 (2.377–3.070) <0.001

Fitness index: For PISA, AICC: 734, BIC: 741; CAL: Clinical attachment level, A. a: Aggregatibacter actinomycetemcomi-
tans, P. g: Porphyromonas gingivalis, P. i: Prevotella intermedia, CI: Confidence interval. AICC = − 2 L + 2 k (k − 1)/
(n – k − 1), BIC = −2 L + k ln (n). L: Likelihood; k: Number of parameters; n: Sample size.

4. Discussion

This study aimed to investigate the changes in the periodontal status, as evaluated by
the PISA during a longitudinal follow-up, and to identify the factors that associate with
the PISA.
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The mixed-effect models used in this study did not include BOP and PD as inde-
pendent variables as the PISA was calculated using these variables. The PlI and CAL
were observed to be significantly associated with the PISA at both the patient-level and
tooth-level. Thus, the results indicated that the PISA was associated with the oral hygiene
status and the morphology of periodontal tissue. A previous report has indicated that
loss of CAL is associated with poor oral hygiene [45], change in the PD is associated with
BOP [46], the PlI is associated with tooth loss [47], and changes in the PD are associated
with tooth-type and tooth mobility [48]. These findings suggest that changes in the clinical
parameters after an active periodontal treatment are interactive, and that deteriorations in
these clinical parameters ultimately lead to tooth loss.

As shown in Tables 1–3, time was not significantly associated with the PISA. This
finding suggests that the PISA was a stable clinical parameter during the follow-up period.
In contrast, it has been previously reported that time is significantly associated with changes
in the CAL, with a positive coefficient in the mixed-effect modeling [1]. During the follow-
up period in our study, the CAL deteriorated gradually. In the site-level analysis, most
of the CAL measurements were stable. A small fraction of sites with progressive loss of
CAL affected the overall CAL. As shown in Figure 1, most of the patients were classified
as Cluster 1 and the PISA of this cluster was stable. However, a drastic increase in the
PISA in one tooth had a large effect on the PISA at the patient-level. In cases of deep
periodontal pockets, the increase in the number of bleeding sites increased the PISA value
exponentially. In this sense, the PISA is more sensitive than BOP%. As shown in Figure 2,
the drastic increase in the PISA was derived from the increase in bleeding sites rather than
deep periodontal pockets. Thus, PISA is a sensitive clinical parameter for identifying the
progression of inflamed periodontal tissue.

The salivary levels of P. gingivalis were significantly associated with the PISA at
the patient-level and tooth-level. Additionally, the subgingival levels of P. gingivalis and
P. intermedia were significantly associated with the PISA of the periodontal pocket of
the sample sites. Previous studies have shown that bacteria levels in the subgingival
plaque and in whole saliva are also significantly associated with the PISA [49–54]. Further,
levels of P. gingivalis in the subgingival plaque from the deepest pockets have shown to
be associated with the progression of periodontitis [32], and levels of P. gingivalis and
P. intermedia in the subgingival plaque have shown to be associated with the progression
of periodontal inflammation [55]. P. intermedia is also correlated with BOP and deeper
pockets [56,57]. One study reports that reinfection of the treated sites by P. gingivalis
and/or P. intermedia diminishes the effect of therapy during the follow-up [58], and that an
increase in periodontal pathogens increases the PISA. Several studies have also indicated
that the adjunctive use of antimicrobial agents during the follow-up enhances the effect of
mechanical debridement [59]. Therefore, when the PISA increases during the follow-up
period, monitoring periodontal pathogen levels and the adjunctive use of antimicrobial
agents may be useful for successful long-term treatment.

Our study has some limitations. First, there was no data regarding the initial mean
PISA values of the patients before the periodontal treatment. Thus, we were unable to
observe any change in the PISA over the entire treatment period of the patient. Second,
all patients were systemically healthy. We enrolled patients with periodontitis and with-
out systemic disease as the effect of systemic inflammation can serve as a bias for PISA.
Therefore, the association between PISA and the etiology of periodontal disease due to
the acquired risk factors was not elucidated. Third, intra- and inter-examiner calibration
sessions were conducted using a periodontal disease model rather than in patients due to
the large number of examiners required in a multicenter study [60].

5. Conclusions

For most of the patients, changes in the PISA during the follow-up period after an
active periodontal treatment were within 10% of the baseline. However, an increase in the
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number of bleeding sites in a tooth with a deep periodontal pocket was associated with an
exponential increase in the PISA.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-038
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Abstract: Background: The aim of our study was to explore the influence of weekly subcutaneous
administration of interleukin-6 (IL-6) receptor inhibitor tocilizumab (TCZ) on periodontal status
in a local longitudinal study of patients with rheumatoid arthritis (RA) and periodontal disease
(PD). Methods: We performed a 6-month prospective study in 51 patients with chronic periodontitis
and moderate-to-severe RA starting TCZ in accordance with local recommendations. Extensive
rheumatologic (clinical activity, inflammatory, serological biomarkers) and periodontal (visible
plaque index, gingival index, bleeding on probing, probing pocket depth, clinical attachment loss)
assessments were done. Changes in RA activity and periodontal status were reassessed after 3 and
6 months. Results: We demonstrated significant correlations between periodontal status, disease
activity, and serologic biomarkers (p < 0.05). Tocilizumab significantly improved the gingival index
scores and decreased the number of sites with bleeding on probing after only 3 months (p < 0.05),
while the probing pocket depth significantly decreased after 6 months; overall, clinical attachment
loss presented only slight changes without any statistical significance as well as teeth count and
plaque levels (p > 0.05). Conclusion: IL-6 inhibition is able to improve periodontal outcomes in
patients with RA and concomitant PD, which is essentially related to a dramatic decrease in serum
inflammatory mediators.

Keywords: rheumatoid arthritis; periodontal disease; tocilizumab

1. Introduction

1.1. Rheumatoid Arthritis and Periodontal Disease Association

Rheumatoid arthritis (RA) is an autoimmune condition characterized by joint inflam-
mation and destruction associated with chronic systemic inflammation accounting for
significantly impaired quality of life. It is defined by the excessive activation of proinflam-
matory cytokines mediators, specific autoantibodies and progressive irreversible articular
damage [1,2]. Considered the hallmark of RA and, perhaps, the most important step in the
pathobiology of the disease, the immune response against citrullinated peptides is driven,
at least in part, by antigens derived from the periodontal tissue exposed to a dysbiotic oral
microbiome during periodontitis [1–4].
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Chronic periodontitis is a complex condition outlined by chronic inflammation and
the subsequent damage of soft collagen-rich tissues progressing to periodontal ligament
and alveolar bone loss as well as a gradual increase in tooth mobility [1–9]. It is typically ini-
tiated by an infection with oral anaerobic bacteria followed by inflammatory and immune
response in the gingival and periodontal microenvironment [1–3]. Autoantigens generated
during citrullination induced by peptidylarginine-deaminase enzyme produced by Por-
phyromonas gingivalis (P. gingivalis), the keystone pathogen in the oral microbial biofilm,
break the immune tolerance with induction of anti-citrullinated protein antibodies (ACPA)
and promote chronic inflammatory response in both periodontal and synovial/articular
tissues [1,3,4,10–18].

Periodontal disease (PD) is generally associated with a broad spectrum of chronic
systemic disorders including diabetes, cardiovascular, respiratory, kidney, and neurode-
generative diseases as well as immune-mediated rheumatic conditions [1–5,19]. Several
epidemiological studies have already communicated that PD is more prevalent during
RA and vice versa [4,20,21]. Indeed, patients with PD have an increased risk to develop
RA, compared to general population, particularly those with a long history of more severe
periodontitis, mostly explained by excessive protein citrullination [14,21]. Furthermore, it
seems that P. gingivalis positive-periodontitis is more likely to occur in ACPA-positive indi-
viduals without any arthritis, suggesting that PD may precede RA [4,11,15,20,22]. On the
other hand, RA patients experience a greater risk of PD, irrespective of disease duration, es-
pecially in ACPA-positive subtype [1–3,6–8,11,14,19]; moreover, they are prone to develop
moderate to severe periodontitis in established compared to early disease [6–9,14,19,23]. A
detailed analysis of periodontal status in first-degree relatives of RA cases discovered a
higher prevalence and severity of periodontitis in ACPA-positive RA [9,14,22,23]. Altered
periodontal condition during RA seems to be multifactorial, related to increased serum
concentrations of proinflammatory cytokines and altered motor skills of the rheumatoid
hand which can also contribute to compromised oral hygiene [1,4,5,22].

This intriguing relationship between PD and RA is roughly supported by similar
pathogenic pathways in a genetically predisposed host (human leukocyte antigen HLA-
haplotype DRB1, HLA-DRB1, shared epitope) triggered by common environmental risk
factors (cigarette smoking) [1,2,4,10,18,24–26]. Important pathobiologic processes refer
to the overexpression of proinflammatory cytokines (tumor necrosis factor alpha—TNF-
α, IL-1β, IL-6 and IL-17), inflammatory mediators (prostaglandin E2, nitric oxide) and
degradation enzymes (matrix metalloproteinases 1, 8, 9, and 13), osteoclast activation, and
progressive articular and alveolar bone damage [1,2,4,10,18,23–26]. Considered as the cy-
tokine signature, the aberrant activation of TNF-α and IL-6 regulates immune response and
bone metabolism in RA [1,3,5,6,16]; high concentrations of both cytokines were detected
in serum, synovial tissues, as well as synovial fluids [18,27], positively correlating with
disease activity [28]. Different studies have also confirmed higher levels of potent IL-6
and TNF-α in inflamed gingival tissues, gingival crevicular fluid, and serum in patients
with PD than in the healthy controls [17,28–33]. Moreover, increased TNF concentrations
are associated with less favorable periodontal indices such as bleeding on probing (BOP),
probing pocket depth (PPD), and clinical attachment loss (CAL), while serum IL-6 concen-
trations decreased following periodontal treatment [17,27,28,32,34]. Surprisingly, salivary
levels of TNF-α, IL-6, IL-8, and IL-17A can be affected not only by periodontitis but also
in RA [35,36]. Furthermore, the interplay between the subgingival biofilm, particularly
PD-associated pathogens, and the host immune system may contribute to both PD and
RA [1,2,18].

1.2. The Role of Different Therapies on Rheumatoid Arthritis and Periodontal Disease Outcomes

The evolving model for dynamic interrelation between RA and PD encourages the
concept that standard management for RA may be effective in improving the outcomes
in PD and vice versa [4,7,14,19,37–39]. Pivotal studies have already explored the role of
different synthetic and biological therapies in active RA and comorbid periodontal dis-
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ease, showing controversial results [5,9,12,16,17,25,28,35–39]. Overall, there is a trend to
consider that TNF inhibitors, IL-6 receptor antagonist, B-cells depletive agents and, even,
JAK inhibitors improve periodontal health in both RA and other arthritis (e.g., ankylos-
ing spondylitis, psoriatic arthritis); it seems that all these drugs are ultimately effective
in decreasing gingival and periodontal inflammation and, to a lesser extent, associated
tissue damage [16,27,28,35–37,39–50]. Researchers even proposed a multistep approach
of the sequential tissue repairing following TNF inhibitors, comprising reduced leuko-
cytes traffic in the inflamed tissue, decreased proteolytic activity, and the normalization
of osteoclast activity [1,5,9,12]. However, there are differences among anti-TNF agents
as only adalimumab and etanercept significantly improved periodontal outcomes in as
rapid as six months, while infliximab worsened gingival inflammation but prevented
gingival bone loss [5,14]. Furthermore, according to a study by Kobayashi and colleagues,
tocilizumab (TCZ) also ameliorates periodontal inflammation in RA with periodontitis as
TNF inhibitors do [16,17,27,28,31,32,36,37]. Its beneficial effects were potentially explained
by the decrease in TNF-α serum levels as well as immunoglobulin G and serum amyloid
along with a consistent impact on serum inflammatory mediators and indirect influence on
periodontal inflammation [16,17,27,28,40].

On the other hand, several papers have addressed the effect of specific periodontal
therapies (e.g., non-surgical scaling and root planning) on clinical RA activity in patients
with chronic periodontitis with controversial results [37,51–57]. The most recent data from
the ESPERA (Experimental Study of Periodontitis and Rheumatoid Arthritis) cohort failed
to demonstrate clinical improvement in established RA following aggressive and intensive
periodontal treatment [57].

Considering the gap in the literature regarding the role of anti-rheumatic drugs on
periodontal outcomes, the aim of our study is to assess the influence on the periodontal
status of weekly subcutaneous administration of tocilizumab in a local group of patients
with rheumatoid arthritis and chronic periodontitis.

2. Materials and Methods

2.1. Study Design and Population

We performed a prospective longitudinal study in fifty-one patients with moderate-to-
severe RA and insufficient response to either conventional synthetic or biologic disease-
modifying antirheumatic drugs (DMARDs), starting TCZ according to the local recommen-
dation for biologic and targeted synthetic therapy aligned with European League Against
Rheumatism (EULAR) consensus statement and guidelines.

We performed extensive rheumatologic and full mouth assessments at baseline (before
the first administration of TCZ) as well as after 3 and 6 months of therapy.

2.2. Inclusion Criteria

The patients were aged 18 and older, able to give informed consent themselves and to
participate in the study, and willing to forgo any optional examinations.

Patients fulfilled either the old 1987 American College of Rheumatology (ACR) criteria
or the new 2010 classification criteria of ACR and EULAR and were followed up in one
academic rheumatology department in Northeast Romania over a period of 3 years (July
2017–January 2020).

2.3. Exclusion Criteria

Several exclusion criteria were applied before enrollment in this study because of
their potential interference with a correct evaluation of periodontal status, as follows: ex-
or current smokers, pregnant and breastfeeding women, patients with diabetes mellitus,
implants, poorly fitting fixed and/or removable prosthodontics and fewer than eight
evaluable teeth, patients receiving systemic or local antimicrobials, antiplatelet drugs, any
type of anti-inflammatory medication or periodontal therapy within the previous 3 months.
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A total of sixty-eight patients were eligible for and received TCZ for their active
RA; however, among them, seventeen had no oral issues at baseline evaluation and were
excluded from the study.

2.4. Ethical Considerations

The baseline clinical documentation of periodontitis cases was collected in the context
of routine check-up in the dental clinic of Sanocare Medical and Research Center.

The study was approved by the local ethics committee (Sanocare Medical and Re-
search Center, Prot. No 15/12.12.2016) and was found to conform to the guidelines of the
Declaration of Helsinki. Written informed consent regarding the use of the collected data
in the context of training and research was signed by all the participants before enroll-
ment. The data used in the study were anonymized. According to the U.S. Department of
Health and Human Services (HHS) definition, this investigation is not considered human
subjects research.

2.5. Rheumatologic Assessments

RA-related variables comprised clinical (tender and swollen joint count based on
a 28-joint assessment, 0–10 cm visual analogue scale, VAS, pain), inflammatory tests
(erythrocyte sedimentation rate, ESR, and C-reactive protein, CRP) as well as disease
activity scores calculated on DAS28-CRP (Disease Activity Score on 28 joints using C-
reactive protein) and SDAI (Simplified Disease Activity Index) were performed at all
three visits.

DAS28-CRP was calculated with a formula that considered the tender and swollen
joints, the patient’s general assessment of their condition scored on a visual analogue scale
(VAS), and CRP. DAS28-CRP comprises four categories: remission (DAS28-CRP < 2.3), low
(2.3 ≤ DAS28-CRP < 2.7), moderate (2.7 ≤ DAS28-CRP < 4.1), and high disease activity
(4.1 ≤ DAS28-CRP).

Designed as the numerical sum of five outcome parameters (tender and swollen joints,
patient, and physician global assessment of disease activity on a 0–10 VAS and CRP level),
SDAI score interpretation comprises also four categories: remission (0–3.3), low activity
(3.4–11), moderate activity (11.1–26), and high RA activity (26.1–86).

Serological biomarkers (rheumatoid factor, RF, and ACPA) were evaluated only
at baseline.

2.6. Periodontal Assessments

The periodontal status was recorded on a periodontal chart displaying the following
clinical parameters for the entire dentition: number of present teeth, visible plaque index
(VPI), gingival index (GI), bleeding on probing (BOP), probing pocket depth (PPD), and
clinical attachment loss (CAL).

Clinical periodontal assessments were performed by a single trained examiner (C.I.) at
the Sanocare Medical and Research Center, Iasi, who was blinded to the rheumatologic data.
Access to previous assessment data was not allowed during the study. The examiner was
considered calibrated when no statistically significant differences between measurements
were obtained after the evaluation of 15 non-participant subjects on two occasions, one
week apart. The mean values were assessed using paired t-test for VPI, GI, BOP, PPD,
and CAL.

The periodontal evaluation was made in artificial light conditions, using a dental
explorer, dental mirror, Williams probe, and air–water syringe.

VPI [58] or supragingival plaque was recorded dichotomously (present/absent) at
4 sites (mesial, distal, buccal, lingual/palatal) around each tooth. GI [59] assesses the
gingival condition by gentle probing of the soft gingival wall at four sites for each tooth, as
follows: 0 = absence of inflammation; 1 = mild inflammation: slight changes in color and
texture, and slight edema, no bleeding on probing; 2 = moderate inflammation: redness,
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edema, glazing, bleeding on probing; 3 = severe inflammation: marked redness, edema,
ulceration, tendency to spontaneous bleeding.

BOP evaluates gingival inflammation through bleeding observed 20 s after a probe
is passed along inside the gingival sulcus or pocket. It was recorded dichotomously
(present/absent) at 6 sites (mesiobuccal, mid-buccal, distobuccal, mesiolingual, mid-lingual,
and distolingual) around each tooth.

PPD was measured between the gingival margin and the bottom of gingival sulcus or
pocket, while CAL was measured between the cemento–enamel junction and the base of
the gingival sulcus or pocket. Both parameters were determined with Williams periodontal
probe and recorded on 6 sites per tooth. The recorded values were to the nearest millimeter,
and every reading close to 0.5 mm was rounded to the nearest integer number.

PD was considered according to the case definition proposed by the 5th European
Workshop on Periodontology in 2005 [60], as follows: level 1 (mild)—CAL ≥ 3 mm in 2 or
more proximal sites of non-adjacent teeth and level 2 (severe)—CAL ≥ 5 mm in 30% or
more proximal sites of teeth present; level 0 was considered—for healthy periodontal status
or up to one proximal site with CAL ≥ 3 mm.

Patients were instructed to maintain their oral hygiene habits throughout the 6 months
of follow-up; furthermore, as we intended to assess the accurate effect of TCZ on periodon-
tal status, any periodontal treatment was avoided.

2.7. Statistical Analysis

Statistical analysis was performed with the IBM SPSS Statistics for Windows, Version
19.0. (IBM Corp., Armonk, NY, USA), with p-values less than 0.05 being considered as
statistically significant; data at 3 and 6 months were summarized as means ± SD, or
percentages (%) as appropriate, and correlations by Spearman rank tests; comparisons
between baseline and 3 and 6 months of TCZ were assessed by Wilcoxon test.

3. Results

3.1. Baseline RA and Periodontal Assessments

Demographics, rheumatologic and periodontal characteristics, as well as RA-related
drugs (concomitant glucocorticoids and immunosuppressives) taken at baseline are sum-
marized in Table 1.

Most patients included in our study had seropositive established RA, with moderate-
to-severe activity despite background medication. Eight patients (15.68%) received TCZ as
their first biologic agent (bio-naïve), while the majority were bio-experienced patients, with
failure (either insufficient response or adverse reactions) to previous biologics—15 (29.41%)
to one biologic, 20 (39.21%) to two biologics, and 8 (15.68%) to three biologic agents.

We detected impaired oral health in all patients included in the final analysis, as
follows: all had gingivitis (abnormal GI and increased prevalence of sites with BOP),
and different degrees of chronic periodontitis (mainly level 1 and 2); advanced loss of
attachment was reported in up to 23.52% of cases, while increased prevalence of sites with
dental plaques in 21.56% of cases.

A closer look revealed a consistent positive correlation between the severity of chronic
periodontitis, RA activity, and serum r2 = 0.71 ACPA concentrations (r1 = 0.81, p1 = 0.001,
p2 = 0.002, respectively): the higher the RA activity and ACPA levels, the higher the PPD
severity, with advanced CAL and tooth loss.
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Table 1. Demographic, rheumatologic, and periodontal characteristics at baseline.

Baseline Parameters Baseline

Demographics
Age (years; mean ± SD) 56.3 ± 15.7

Female (n, %) 46 (90.1)
RA-related parameters

Duration of RA (months; mean ± SD) 81.3 ± 68.9
DAS28-CRP (mean ± SD) 5.36 ± 1.67

SDAI (mean ± SD) 34.2 ± 16.3
Corticosteroids (n, %) 20 (39.21)

DMARDs (n, %) 46 (90.1)
ACPA levels (U/mL; mean ± SD) 239.7 ± 124.3

ACPA positivity (n, %) 32 (62.74)
RF levels (IU/mL; mean ± SD) 192.7 ± 85.3

RF positivity (n, %) 47 (92.15)
Serum CRP levels (mg/dL; mean ± SD) 15.3 ± 6.9

PD-related parameters
Number of present teeth (mean ± SD) 23.7 ± 3.4

GI (mean ± SD) 0.98 ± 0.12
% sites with plaque (mean ± SD) 32.4 ± 16.9

% sites with BOP (mean ± SD) 10.2 ± 8.6
PPD (mm; mean ± SD) 2.8 ± 0.4

% sites with PPD ≥ 4 mm 12.7 ± 2.5
CAL (mm) 3.5 ± 1.2

% CAL ≥ 3 mm 12.5 ± 0.2
RA, rheumatoid arthritis; DAS28-CRP, Disease Activity Score on 28 joints using C-reactive protein; SDAI,
Simplified Disease Activity Index; DMARDs, disease-modifying antirheumatic drugs; ACPA, anti-citrullinated
protein antibodies; RF, rheumatoid factor; PD, periodontal disease; GI, gingival index; BOP, bleeding on probing;
PPD, probing pocket depth; CAL, clinical attachment loss; n, number; SD, standard deviation; %, percent.

3.2. Changes in Rheumatologic and Periodontal Parameters with Tocilizumab

Changes in RA activity and periodontal status were reassessed after 3 and 6 months
of TCZ; at follow-up visits, we reported significant improvement as compared to baseline
(p < 0.05), although the results at 6 months were only slightly different from data obtained
at 3 months (p > 0.05).

3.2.1. Changes in Rheumatologic Status

Patients displayed consistent improvements in clinical activity meaning a significant
decrease in the number of tender and swollen joints, VAS pain, and morning stiffness
as rapid as 3 months; as expected, clinical response was maintained 3 months later in
all patients, at the final monitoring visit. Similarly, we reported a dramatic decline in
inflammatory biomarkers (both ESR and CRP), as well as a considerable immunologic
response, particularly for serum levels of ACPA, but also for RF (Table 2).

Table 2. Changes in rheumatoid arthritis (RA)-related parameters at 3 and 6 months after tocilizumab.

Parameter Baseline 3 Months (V1) 6 Months (V2) p-Value

DAS28-CRP (mean ± SD) 5.36 ± 1.67 3.39 ± 0.57 2.41 ± 0.19 * <0.05; ** <0.05
SDAI (mean ± SD) 34.2 ± 16.3 18.1 ± 8.2 11.1 ± 4.3 * <0.05; ** <0.05

Number of tender joints (mean ± SD) 12.31 ± 4.29 4.56 ± 1.31 3.55 ± 1.13 * <0.05; ** NS
Number of swollen joints (mean ± SD) 10.01 ± 3.37 2.85 ± 4.22 1.50 ± 2.09 * <0.05; ** NS

Pain VAS mm (mean ± SD) 82.7 ± 21.5 28.8 ± 23.2 16.3 ± 11.8 * <0.05; ** <0.05
Serum anti-CCP titer (U/mL) (mean ± SD) 239.7 ± 124.3 192.6 ± 112.4 123.6 ± 101.6 * <0.05; ** NS

Serum RF levels (IU/mL) (mean ± SD) 192.7 ± 85.3 164.8 ± 92.5 151.7 ± 89.3 * NS; ** NS
Serum CRP levels (mg/dL) (mean ± SD) 15.3 ± 6.9 4.12 ± 0.92 3.92 ± 0.34 * <0.05; ** NS

SD; standard deviation; DAS28-CRP, Disease activity score on 28 joints based on C-reactive protein; SDAI, Simplified Disease Activity
Index; VAS, 0–10 cm visual analogue scale; CCP, cyclic citrullinated peptide; RF, rheumatoid factor; V, visits; * V1 compared to baseline;
** V2 compared to V1; NS, non-significant (0.05).

DAS28-CRP and SDAI strongly improved during monitoring visits reaching either
low disease activity or, even, remission (EULAR responders) vs. baseline, irrespective of
the severity of periodontitis.
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3.2.2. Changes in Periodontal Status

Clinical data showed improvement in periodontal inflammation after only 3 months
of TCZ and maintained over 6 months, as supported by an important decrease in gin-
gival index and sites with bleeding of probing (p < 0.05). However, the improvement
of specific periodontal parameters such as probing pocket depth becomes evident after
prolonged treatment (6 months); overall, clinical attachment loss presented only slight
changes without any statistical significance; teeth count and bacterial plaque scores were
also not significantly influenced by medication (p > 0.05) (Table 3).

Table 3. Changes in PD-related parameters at 3 and 6 months after tocilizumab.

Parameter Baseline 3 Months (V1) 6 Months (V2) p-Value

GI 0.98 ± 0.12 0.85 ± 0.17 0.81 ± 0.18 * <0.05; ** NS
% sites with plaque 32.4 ± 16.9 30.5 ± 14.2 30.2 ± 15.8 * NS; ** NS

% sites with BOP 10.2 ± 8.6 7.3 ± 6.1 6.5 ± 6.8 * <0.05; ** NS
PPD (mm) 2.8 ± 0.4 2.1 ± 0.12 2.1 ± 0.09 * <0.05; ** NS

% sites with PPD ≥ 4 mm 12.7 ± 2.5 7.8 ± 3.9 6.1 ± 3.6 * <0.05; ** NS
CAL (mm) 3.5 ± 1.2 2.58 ± 0.30 2.55 ± 0.31 * <0.05; ** NS

% sites with CAL ≥ 4 mm 12.5 ± 0.2 11.2 ± 0.4 11.3 ± 0.9 * <0.05; ** NS

GI, gingival index; BOP, bleeding on probing; PPD, probing pocket depth; CAL, clinical attachment loss; * V1 compared to baseline; ** V2
compared to V1; p > 0.05 non-significant (NS); V1 and V2, visit 1 and 2, respectively.

No significant correlations between changes in periodontal parameters and changes
in RA activity were described in our study (p > 0.05).

We assumed that all the modifications in the degree of local gingival and periodontal
inflammation is related to IL-6 blockade as no local periodontal treatment was allowed
during follow-up.

4. Discussion

We aimed to assess the influence of the IL-6 receptor inhibitor on periodontal status
in active RA associated with periodontitis, assuming that TCZ might be able not only to
improve clinical and biochemical RA-related parameters but also to ameliorate chronic
periodontitis as a result of decreased IL-6 in the periodontal microenvironment via declining
systemic inflammation.

Although our target is to demonstrate the ability of TCZ to modulate periodontal
inflammation and subsequent damage, firstly, we emphasized its role in controlling RA ac-
tivity. We reasonably confirmed a consistent response to TCZ in real-life settings, which was
achieved in as rapid as three months and continued after six months of therapy, irrespective
of background medication and clinical scenario (mono- or combined therapy, bio-naïve or
bio-experienced patients); it is more than clear that even in the short-term, IL-6 blockade
displays significant clinical, biological, as well as serologic disease improvement. Although
we found no consistent difference in clinical response in seropositive vs. seronegative RA,
we noticed a significant impact on ACPA serum concentration after six months, which
is an improvement that parallels the decrease in periodontal inflammation, suggesting a
role of IL-6 in both systemic and local inflammation (synovial and periodontal) and the
potential implications via citrullination. Therefore, our results stand by as a proof of the
effectiveness of subcutaneous TCZ in managing inflammatory and immune pathways in
RA [53].

We also focused on the magnitude of compromised oral health in RA; most patients
in our initial group presented a high rate of mild and severe periodontal disease, validat-
ing/reinforcing the already known risk of periodontitis in such patients, particularly in
established, longstanding disease [2–4,9,37]. We have included in the final analysis only
those cases with overt periodontal disease, meaning that up to 75% had at baseline altered
periodontal status in a group of consecutive patients starting TCZ for their active disease.
Indeed, recent reviews and meta-analyses have already discussed periodontal disease in
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various RA settings (independent of age, disease duration, serology profile, and disease
activity) compared to general population [1,3,5,11,19–21,23].

We identified excessive gingival involvement confirmed by an increased percentage of
sites with plaques and inflammation and abnormal periodontal status (e.g., increased prob-
ing depth, clinical attachment loss) supporting data from the
literature [6,16,17,20,21,27,28,38,39,44,48]. Moreover, we recognized positive correlations
between the severity of periodontitis, inflammatory parameters (especially CRP), serology
(ACPA status and titers), and RA activity; indeed, recent studies suggest a worse peri-
odontal status in active untreated RA, and higher CRP if RA is associated with severe
periodontitis [6,11,15–17,19,27,28,37]. Finally, it seems that ACPA-positive patients had
severely impaired periodontal health, while disease activity correlated with periodontitis
degree as well [6,16,17,19,27,28,37].

Finally, we demonstrated that short-term tocilizumab significantly reduced gingival
as well as periodontal inflammation as supported by decreased levels of gingival index,
bleeding on probing, and probing pocket depth, paralleling the articular improvement.
Indeed, only minor changes in clinical attachment loss were detected in our enrolled
patients, and the supragingival plaque remained stable after 3 and 6 months of biological
treatment (p > 0.05).

A closer look at recent data definitely emphasizes the dual effects of early and aggres-
sive RA treatment with biologic and non-biologic drugs (Janus kinase inhibitors, JAK in-
hibitors) on articular as well as comorbid periodontal disease [5,8,12,16,17,25,27,28,37–39].
It is widely accepted that TNF and IL-6 receptor inhibitors are able to ameliorate oral
health in active RA, as reflected by clinical, biological, and even serological RA biomark-
ers [5,16,17,27,28,38,39,44–46]. Although there are controversial effectiveness signals with
TNF inhibitors in improving chronic periodontitis [3,6,11,15,19,23–26,33,38,39], all papers
about anti-IL-6 therapy clearly demonstrated articular, systemic, and also periodontal
benefits with TCZ without any periodontal specific treatment [16,17,27,28].

An interesting trial compared periodontal condition in patients with RA and periodon-
titis before and after biological therapy in two cohorts: one under tocilizumab and the other
receiving medication with TNF inhibitors [16]. After 6 months, both tocilizumab and TNF
inhibitors demonstrated a consistent improvement of oral health with significantly reduced
periodontal inflammation (gingival index, bleeding on probing, and probing depth) com-
pared to baseline, with similar results in both cohorts unless there was a greater decrease
in gingival index and less gingival inflammation with tocilizumab; however, plaque levels
remained the same irrespective of medication, while periodontal clinical attachment loss
decreased only after TCZ but not after TNF inhibitors [16,17,27,28]. These observations
were partially supported by the results of another study about an excessive inflammatory
response against oral pathogens essentially based on high levels of IL-6 [16,17,27,28,31].

Recent meta-analyses reviewed the most important studies on TNF and non-TNF
biologics in patients with RA and PD [5,20]. The critical difference between the class of
TNF inhibitors and TCZ or B-cell depletive agent rituximab is that infliximab, an anti-TNF
monoclonal antibody, may negatively address gingival inflammation although it may
also improve alveolar bone destruction [5–7,19,37] resulting in a dissociated response for
patients with severe periodontitis [5], while both tocilizumab and rituximab associate with
significant a down regulation of gingival inflammation and damage in RA associated with
periodontitis [16,17,27,28,50].

Additional research is necessary to clearly differentiate between the direct effects of
TCZ on local periodontal inflammation and IL-6 or its receptor levels in the gingival crevic-
ular fluids and periodontium of patients and the indirect effect via dramatically decreasing
systemic inflammation, which may impact also oral health [16,17,27,28]. Indeed, numerous
studies indicated a rapid and significant decline in typical inflammatory parameters (ESR
and CRP), but also in serological RA biomarkers (RF, ACPA) as well as inflammatory
cytokines (TNF, IL-6) and mediators (serum-amyloid A, matrixmetaloproteinases 1, 3),
supporting the indirect role of TCZ in periodontitis [16,17,27,28].
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In our study, we assessed specific gingival and periodontal parameters before and after
short-term TCZ therapy. We demonstrated successful RA as well as periodontal outcomes
with TCZ and independent of potential confounding factors (such as smoking, diabetes,
hematological conditions, sex steroid hormones elevations, pharmacological agents) related
to periodontal disease, as such patients were excluded from the final analysis.

We concluded that tocilizumab decreased gingival inflammation since no periodontal
therapy was permitted and the dental hygiene behavior remained unchanged in our
enrolled patients.

Unfortunately, we were not able to assess either the serum or gingival crevicular
fluid levels of IL-6 or its receptor in all patients; we assumed that tocilizumab indirectly
contributes to modulate local (gingival and periodontal) inflammation by limiting systemic
inflammation. Indeed, the biofilm plaque accumulation was not consistently diminished
with tocilizumab, and we were not able to depict a spectacular impact on clinical attach-
ment loss, but we arrived to demonstrate a positive effect of IL-6 blockade on exuberant
gingival inflammation.

Further studies are necessary to confirm the benefits of Il-6 inhibitors in larger pop-
ulations and longer follow-ups also focusing on IL-6/IL-6 receptor levels in gingival
crevicular fluid.
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A.; Samborski, W.; Witowski, J. Diagnostic value of salivary CRP and IL-6 in patients undergoing anti-TNF-alpha therapy for
rheumatic disease. Inflammopharmacology 2018, 26, 1183–1188. [CrossRef] [PubMed]

48. Tachibana, M.; Yonemoto, Y.; Okamura, K.; Suto, T.; Sakane, H.; Kaneko, T.; Dam, T.T.; Okura, C.; Tajika, T.; Tsushima, Y.; et al.
Does periodontitis affect the treatment response of biologics in the treatment of rheumatoid arthritis? Arthritis Res. Ther. 2020,
22, 178. [CrossRef]

49. Kadkhoda, Z.; Amirzargar, A.; Esmaili, Z.; Vojdanian, M.; Akbari, S. Effect of TNF-? Blockade in gingival crevicular fluid on
periodontal condition of patients with rheumatoid arthritis. Iran. J. Immunol. 2016, 13, 197–203.

50. Coat, J.; Demoersman, J.; Beuzit, S.; Cornec, D.; Devauchelle-Pensec, V.; Saraux, A.; Pers, J.-O. Anti-B lymphocyte immunotherapy
is associated with improvement of periodontal status in subjects with rheumatoid arthritis. J. Clin. Periodontol. 2015, 42, 817–823.
[CrossRef] [PubMed]
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Abstract: Though previously studies have reported that Low reactive Level Laser Therapy (LLLT)
promotes wound healing, molecular level evidence was uncleared. The purpose of this study is to
examine the temporal molecular processes of human immortalized gingival fibroblasts (HGF) by
LLLT by the comprehensive analysis of gene expression. HGF was seeded, cultured for 24 h, and then
irradiated with a Nd: YAG laser at 0.5 W for 30 s. After that, gene differential expression analysis
and functional analysis were performed with DNA microarray at 1, 3, 6 and 12 h after the irradiation.
The number of genes with up- and downregulated differentially expression genes (DEGs) compared
to the nonirradiated group was large at 6 and 12 h after the irradiation. From the functional analysis
results of DEGs, Biological Process (BP) based Gene Ontology (GO), BP ‘the defense response’ is
considered to be an important process with DAVID. Additionally, the results of PPI analysis of DEGs
involved in the defense response with STRING, we found that the upregulated DEGs such as CXCL8
and NFKB1, and the downregulated DEGs such as NFKBIA and STAT1 were correlated with multiple
genes. We estimate that these genes are key genes on the defense response after LLLT.

Keywords: Low reactive Level Laser Therapy (LLLT); human gingival fibroblasts (HGF); microarray;
differentially gene expression (DEGs); gene ontology; biological processes (BP); protein–protein
interaction (PPI)

1. Introduction

Periodontal disease is a chronic multifactorial inflammatory disease caused by genetic,
immune, environmental, microbial factors and lifestyles, with anaerobic bacteria in the
oral cavity as the main causative organism. Periodontal disease is generally treated with
nonsurgical therapy, that is performed with hand or power-driven instrumentation. In
recent years, combination therapies with scaler and laser, or laser alone have attracted
attention [1–3].

The laser therapy methods currently used for treatment of periodontal diseases can
be broadly divided into two types: High reactive Level Laser Therapy (HLLT) and Low
reactive Level Laser Therapy (LLLT).

HLLT is an application of laser intensity that produces an irreversible reaction (pho-
tobiological destruction reaction) beyond the cell survival region and is used for tissue
incision and transpiration [4–6].

On the other hand, LLLT is a treatment that applies laser intensity to generate a
reversible reaction (photobiologically active reaction) within the cell survival threshold.
LLLT are expected to have anti-inflammatory effects [7–12]; pain relief [13], improve-
ment/promotion of blood flow [14], activation of cells in tissues, wound healing by prolif-
eration [15] and tissue regeneration without causing tissue degeneration with low-power
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laser irradiation conditions [16–18]. In recent years, the promotion of wound healing with
LLLT has been one of the highlights.

Wound healing is thought to progress in the process of hemorrhagic coagulation phase,
inflammatory phase, proliferative phase, reconstruction phase after injury by external
stimulus. During the hemorrhagic coagulation phase, blood is coagulated by platelets,
which is one of the coagulation factors, and growth factors such as platelet-derived growth
factor (PDGF) and cytokines are released from the platelets. During the inflammatory phase,
factors such as Nuclear Factor-κB (NF-κB) cause infiltration of inflammatory cells such as
neutrophils and macrophages. Then, the release of growth factors and cytokines such as
transforming growth factor-β (TGF-β) and fibroblast growth factor (FGF) is observed [19].
During the proliferative phase, it promotes the migration and proliferation of fibroblasts
and keratinocytes [20]. Extracellular matrix is synthesized from fibroblasts and serves as a
scaffold for cell migration and adhesion. During maturity, scar tissue formation occurs.

In the study of LLLT, TGF-β1 is closely involved in cell differentiation, migration,
and adhesion by LLLT. In addition, it is thought to be involved in a wide range of areas
such as ontogeny, tissue reconstruction, wound healing, inflammation/immunity, and
cancer infiltration/metastasis. It has also been reported that the expression of NF-κB is
increased [21].

Previous studies reported that the effects of low-reaction level laser irradiation on
periodontium-derived cultured cells have been mainly on cell proliferation and cell trans-
port ability related to wound healing. However, the elucidation of the mechanism at the
molecular level leading to the promotion of wound healing by laser irradiation has been
insufficient. It is considered that there may be a series of processes related to various
wound healing by LLLT by the approach from biological processes (BP). There are few
studies on mechanism analysis at the gene level using microarrays by LLLT for HGF, and
only a limited number of studies have analyzed gene expression over time [22,23]. In order
to clarify the effect of laser irradiation by LLLT, it is important to analyze and consider
changes in gene expression and changes in BP of differentially expression genes (DEGs)
over time in order to understand the mechanism at the molecular level.

In this study, HGF was irradiated with LLLT, and gene expression fluctuations at 1, 3, 6,
and 12 h after irradiation were analyzed using a DNA microarray. In addition, we focused
on the defense response, which showed remarkable changes in gene expression over time
in relation to wound healing obtained from the results of vast amounts of analytical data,
and to investigate for the mechanism from the expression change genes and BP due to the
photobiological effects of laser. The aim of this study was to elucidate the changes of gene
expression on the wound healing, especially defense response, over time after irradiation.

2. Materials and Methods

2.1. Cell Culture

Human immortalized gingival fibroblasts (HGF; Applied Biological Material, Rich-
mond, BC, Canada) were used, and 10% Fetal Bovine Serum (Moregate, Bulimba, Australia),
50 U/mL Penicilin G, 50 μg/mL Amphotericin. The study was carried out by culturing
in D-MEM/F-12 medium (Life Technologies Corporation, Grand Island, NY, USA) under
37 ◦C, and 5% CO2 conditions. The HGF at the time of irradiation was in the logarithmic
growth phase.

2.2. Dental Laser Device and Laser Irradiation Stent

A dental Nd: YAG laser: impulse dental laser (Incisive Japan Co., Ltd., Tokyo, Japan)
was used as a dental laser device, and an ultrafine fiber with a diameter of 320 nm was
used for the laser light guide tip. Stents (Gikousha, Kanagawa, Japan) were prepared
to uniformly irradiate cells with laser, attached to a handpiece, and used for research.
Irradiation conditions were found to be significantly different in cell proliferation curvature
in previous studies, irradiation output conditions 0.5 W (100 mJ, 5 pps), irradiation time
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30 s, irradiation distance from the tip of the fiber guide to each well plate. Laser irradiation
was performed with a distance of 20 mm to the bottom [24].

2.3. Microarray Analysis

Total RNA was extracted from HGF with RNeasy® Plus Micro Kit (QIAGEN, Valencia,
CA, USA) before laser irradiation 1, 3, 6 and 12 h after irradiation on a 96-well plate.
cDNA was synthesized from total RNA using the SuperScript™ VILO™ cDNA Synthesis
Kit (Invitrogen, Carlsbad, CA, USA). After synthesis, the cDNA was fragmented and
biotin labeled. Biotin-labeled cDNA was added to the GeneChipTM Human Gene 2.0
ST Array (Thermo Fisher Scientific Inc., Waltham, MA, USA) and hybridized with a
probe (GeneChipTM Hybridization, Wash, and Stain Kit; Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Phycoerythrin staining was performed, and the fluorescence signal
was measured with a GeneChip scanner (Scanner 3000 7 G; Thermo Fisher Scientific Inc.,
Waltham, MA, USA). After normalization, Expression Gene was analyzed by SST-RMA
algorithm.

2.4. Data Analysis of Differentially Expressed Genes (DEGs)

DEGs were extracted with Affymetrix ® Expression ConsoleTM (Thermo Fisher Sci-
entific Inc. Waltham, MA, USA). The cutoff values were fold change (FC) ≥ |1.5| and
p-value < 0.05. The nonirradiated group (control), the irradiated group (test) were defined
as upregulated DEGs with significantly increased expression, and downregulated DEGs
with significantly decreased expression with respect to the control group.

2.5. Functional Analysis of Differentially Expressed Genes

A functional analysis of DEGs was performed based on Gene Ontology (GO) with
the database for annotation, visualization and integrated discovery (DAVID). Enrichment
analysis on the BP was performed on the DEGs at 1, 3, 6, and 12 h after irradiation. The
cutoff value was a modified Fisher exact p-value < 0.1, total count ≤ 2. The DEGs contained
in the upregulated and the downregulated regions at each irradiation time were analyzed.

2.6. Protein–Protein Interaction (PPI) of Up- or Downregulated DEGs

We focused on the defense response which is an important response on the wound
healing process. PPI analysis of up- or downregulated DEGs, which were involved in
defense response and continuously observed as up- or downregulated at 6 and 12 h, and
related expression fluctuations were observed at all times after irradiation and Search Tool
for the Retrieval of Interacting Genes (STRING) was performed. Furthermore, from the
analysis of PPI, variation in the expression of genes correlated with other DEGs over time
was analyzed.

3. Results

3.1. Extraction of DEGs

In order to compare the gene expression after laser irradiation on time course, the
DEGs were extracted. DEGs were extracted under the condition that the cutoff value was
FC ≥ |1.5| and p-value < 0.05. Control and test were defined as upregulated DEGs with
significantly increased expression and downregulated DEGs with significantly decreased
expression with respect to the control group. At 1 h after the irradiation, 83 upregulated
and 50 downregulated genes were extracted (Supplementary Tables S1 and S2). At 3 h
after, 46 upregulated genes and 32 downregulated genes (Supplementary Tables S3 and
S4), at 6 h after, 362 upregulated and 549 downregulated genes (Supplementary Tables S5
and S6) and at 12 h after, 253 upregulated genes and 413 downregulated were extracted
(Supplementary Tables S7 and S8).

The number of DEGs was large 6 and 12 h after the irradiation. At 6 h, the number of
DEGs was the highest in both the upregulated gene and downregulated gene groups.
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3.2. Functional Analysis on GO

From the results of functional analysis with DAVID, the number of BP related with
each DEG after the irradiation was 13 BP on upregulated and 35 BP on downregulated
DEGs at 1 h after, 6 BP on upregulated and 68 BP on downregulated DEGs at 3 h after,
212 BP on upregulated and 288 BP on downregulated DEGs at 6 h after, and 84 BP on
upregulated and 425 BP on downregulated DEGs at 12 h after. The number of BP was
small at 1 and 3 h, and the number of BP was large at 6 and 12 h. Tables 1–8 show the top
BPs for each irradiation time.

BPs on upregulated DEGs at 1 h after irradiation are, for example, GO: 0050867 ~
positive regulation of cell activation, GO: 0050865 ~ regulation of cell activation (Table 1),
BPs on downregulated DEGs are, for example, GO: 0032774 ~ RNA biosynthetic process,
GO: 0007267 ~ cell–cell signaling (Table 2).

At 3 h after the irradiation, BPs on upregulated DEGs are, for example, GO: 0055085 ~
transmembrane transport, GO: 0006820 ~ anion transport (Table 3), BPs on down-]regulated
DEGs are, for example, GO: 0032774 ~ RNA biosynthetic process, GO: 0016070 ~ RNA
metabolic process (Table 4).

At 6 h, BPs on upregulated DEGs are, for example, GO: 0008283 ~ cell proliferation,
GO: 0007155 ~ cell adhesion GO: 0022610 ~ biological adhesion, GO: 0042127 ~ regulation
of cell proliferation, GO: 0006952 ~ defense response, GO: 0060429 ~ epithelium devel-
opment (Table 5), BP on downregulated DEGs are, for example, GO: 0034645 ~ cellular
macromolecule biosynthetic process, GO: 0019438 ~ aromatic compound biosynthetic
process, GO: 0006325 ~ chromatin organization, GO: 0007049 ~ cell cycle (Table 6).

At 12 h, BPs on upregulated DEGs are, for example, GO: 0006955 ~ immune response,
GO: 0006952 ~ defense response, GO: 0009605 ~ response to external stimulus, GO: 0048584
~ positive regulation of response to stimulus (Table 7), BPs on downregulated DEGs are,
for example, GO: 0010468 BP such as ~ regulation of gene expression, GO: 0007155 ~ cell
adhesion, GO: 0022610 ~ biological adhesion (Table 8).

Table 1. The functional analysis of the upregulated genes at 1 h after Low Reactive Level Laser (LLL)
irradiation.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:0061024~membrane organization 6 6.67 4.45 × 10−2

GO:0002696~positive regulation of leukocyte activation 4 4.44 2.15 × 10−2

GO:0050867~positive regulation of cell activation 4 4.44 2.31 × 10−2

GO:0002694~regulation of leukocyte activation 4 4.44 6.00 × 10−2

GO:0072657~protein localization to membrane 4 4.44 6.66 × 10−2

GO:0050865~regulation of cell activation 4 4.44 7.06 × 10−2

GO:0008037~cell recognition 3 3.33 3.60 × 10−2

GO:0072659~protein localization to plasma membrane 3 3.33 5.98 × 10−2

GO:1990778~protein localization to cell periphery 3 3.33 6.97 × 10−2

GO:0007009~plasma membrane organization 3 3.33 9.88 × 10−2

GO:0006910~phagocytosis, recognition 2 2.22 6.52 × 10−2

GO:2000243~positive regulation of reproductive process 2 2.22 8.66 × 10−2

GO:0006911~phagocytosis, engulfment 2 2.22 9.18 × 10−2

Count: genes involved in the term; percentage (%): involved genes/total genes; p-value: modified Fisher exact
p-value.
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Table 2. The functional analysis of the downregulated genes at 1 h after LLL irradiation.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:0032774~RNA biosynthetic process 10 18.52 1.27 × 10−2

GO:0034654~nucleobase-containing compound biosynthetic process 10 18.52 2.59 × 10−2

GO:0018130~heterocycle biosynthetic process 10 18.52 2.79 × 10−2

GO:0019438~aromatic compound biosynthetic process 10 18.52 2.85 × 10−2

GO:0016070~RNA metabolic process 10 18.52 3.87 × 10−2

GO:0034645~cellular macromolecule biosynthetic process 10 18.52 6.07 × 10−2

GO:0010467~gene expression 10 18.52 8.40 × 10−2

GO:0007267~cell–cell signaling 5 9.26 7.48 × 10−2

GO:0006614~SRP-dependent cotranslational protein targeting to membrane 3 5.56 4.74 × 10−3

GO:0006613~cotranslational protein targeting to membrane 3 5.56 5.44 × 10−3

GO:0045047~protein targeting to ER 3 5.56 5.54 × 10−3

GO:0072599~establishment of protein localization to endoplasmic reticulum 3 5.56 5.96 × 10−3

GO:0000184~nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 3 5.56 7.67 × 10−3

GO:0070972~protein localization to endoplasmic reticulum 3 5.56 8.28 × 10−3

GO:0019083~viral transcription 3 5.56 1.60 × 10−2

GO:0006413~translational initiation 3 5.56 1.74 × 10−2

GO:0006612~protein targeting to membrane 3 5.56 1.76 × 10−2

GO:0019080~viral gene expression 3 5.56 1.79 × 10−2

GO:0000956~nuclear-transcribed mRNA catabolic process 3 5.56 2.05 × 10−2

GO:0044033~multiorganism metabolic process 3 5.56 2.20 × 10−2

GO:0006402~mRNA catabolic process 3 5.56 2.33 × 10−2

GO:0006401~RNA catabolic process 3 5.56 2.91 × 10−2

GO:0006364~rRNA processing 3 5.56 3.36 × 10−2

GO:0016072~rRNA metabolic process 3 5.56 3.52 × 10−2

GO:0042254~ribosome biogenesis 3 5.56 5.00 × 10−2

GO:0090150~establishment of protein localization to membrane 3 5.56 5.91 × 10−2

GO:0034655~nucleobase-containing compound catabolic process 3 5.56 6.25 × 10−2

GO:0034470~ncRNA processing 3 5.56 7.17 × 10−2

GO:0046700~heterocycle catabolic process 3 5.56 7.17 × 10−2

GO:0044270~cellular nitrogen compound catabolic process 3 5.56 7.38 × 10−2

GO:0019439~aromatic compound catabolic process 3 5.56 7.54 × 10−2

GO:1901361~organic cyclic compound catabolic process 3 5.56 8.23 × 10−2

GO:0019058~viral life cycle 3 5.56 8.55 × 10−2

GO:0022613~ribonucleoprotein complex biogenesis 3 5.56 9.37 × 10−2

GO:0072657~protein localization to membrane 3 5.56 9.67 × 10−2

Count: genes involved in the term; percentage (%): involved genes/total genes; p-value: modified Fisher exact p-value.

Table 3. The functional analysis of the upregulated genes at 3 h after LLL irradiation.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:0055085~transmembrane transport 5 0.30 5.87 × 10−2

GO:1901615~organic hydroxy compound metabolic process 3 0.18 7.85 × 10−2

GO:0006820~anion transport 3 0.18 9.85 × 10−2

GO:0051180~vitamin transport 2 0.12 3.81 × 10−2

GO:0006767~water-soluble vitamin metabolic process 2 0.12 9.58 × 10−2

Count: genes involved in the term; percentage (%): involved genes/total genes; p-value: modified Fisher exact
p-value.
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Table 4. The functional analysis of the downregulated genes at 3 h after LLL irradiation.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:0032774~RNA biosynthetic process 6 15.79 3.8 × 10−2

GO:0034654~nucleobase-containing compound biosynthetic process 6 15.79 5.85 × 10−2

GO:0018130~heterocycle biosynthetic process 6 15.79 6.14 × 10−2

GO:0019438~aromatic compound biosynthetic process 6 15.79 6.21 × 10−2

GO:0016070~RNA metabolic process 6 15.79 7.52 × 10−2

GO:0044085~cellular component biogenesis 5 13.16 5.62 × 10−2

GO:0006614~SRP-dependent cotranslational protein targeting to membrane 4 10.53 1.52 × 10−5

GO:0006613~cotranslational protein targeting to membrane 4 10.53 1.88 × 10−5

GO:0045047~protein targeting to ER 4 10.53 1.94 × 10−5

GO:0072599~establishment of protein localization to endoplasmic reticulum 4 10.53 2.17 × 10−5

GO:0000184~nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 4 10.53 3.20 × 10−5

GO:0070972~protein localization to endoplasmic reticulum 4 10.53 3.60 × 10−5

GO:0019083~viral transcription 4 10.53 1.01 × 10−4

GO:0006413~translational initiation 4 10.53 1.15 × 10−4

GO:0006612~protein targeting to membrane 4 10.53 1.17 × 10−4

GO:0019080~viral gene expression 4 10.53 1.20 × 10−4

GO:0000956~nuclear-transcribed mRNA catabolic process 4 10.53 1.48 × 10−4

GO:0044033~multiorganism metabolic process 4 10.53 1.66 × 10−4

GO:0006402~mRNA catabolic process 4 10.53 1.83 × 10−4

GO:0006401~RNA catabolic process 4 10.53 2.60 × 10−4

GO:0006364~rRNA processing 4 10.53 3.26 × 10−4

GO:0016072~rRNA metabolic process 4 10.53 3.51 × 10−4

GO:0042254~ribosome biogenesis 4 10.53 6.20 × 10−4

GO:0090150~establishment of protein localization to membrane 4 10.53 8.15 × 10−4

GO:0034655~nucleobase-containing compound catabolic process 4 10.53 8.94 × 10−4

GO:0034470~ncRNA processing 4 10.53 1.12 × 10−3

GO:0046700~heterocycle catabolic process 4 10.53 1.12 × 10−3

GO:0044270~cellular nitrogen compound catabolic process 4 10.53 1.18 × 10−3

GO:0019439~aromatic compound catabolic process 4 10.53 1.22 × 10−3

GO:1901361~organic cyclic compound catabolic process 4 10.53 1.41 × 10−3

GO:0019058~viral life cycle 4 10.53 1.51 × 10−3

GO:0022613~ribonucleoprotein complex biogenesis 4 10.53 1.76 × 10−3

GO:0072657~protein localization to membrane 4 10.53 1.85 × 10−3

GO:0034660~ncRNA metabolic process 4 10.53 2.87 × 10−3

GO:0006412~translation 4 10.53 4.01 × 10−3

GO:0072594~establishment of protein localization to organelle 4 10.53 4.47 × 10−3

GO:0043043~peptide biosynthetic process 4 10.53 4.49 × 10−3

GO:0016071~mRNA metabolic process 4 10.53 4.58 × 10−3

GO:1902582~single-organism intracellular transport 4 10.53 5.04 × 10−3

GO:0006605~protein targeting 4 10.53 5.16 × 10−3

GO:0043604~amide biosynthetic process 4 10.53 5.92 × 10−3

GO:0006518~peptide metabolic process 4 10.53 7.94 × 10−3

GO:0044802~single-organism membrane organization 4 10.53 9.30 × 10−3

GO:0033365~protein localization to organelle 4 10.53 1.04 × 10−2

GO:0006396~RNA processing 4 10.53 1.07 × 10−2

GO:0016032~viral process 4 10.53 1.26 × 10−2

GO:0044764~multiorganism cellular process 4 10.53 1.28 × 10−2

GO:0044265~cellular macromolecule catabolic process 4 10.53 1.29 × 10−2

GO:0043603~cellular amide metabolic process 4 10.53 1.36 × 10−2

GO:0044403~symbiosis, encompassing mutualism through parasitism 4 10.53 1.37 × 10−2

Count: genes involved in the term; percentage (%): involved genes/total genes; p-value: modified Fisher exact p-value.
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Table 5. The functional analysis of the upregulated genes at 6 h after LLL irradiation.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:0034645~cellular macromolecule biosynthetic process 72 19.20 4.50 × 10−3

GO:0010467~gene expression 67 17.87 9.63 × 10−2

GO:0016070~RNA metabolic process 65 17.33 1.49 × 10−2

GO:0010468~regulation of gene expression 64 17.07 4.90 × 10−3

GO:0051171~regulation of nitrogen compound metabolic process 64 17.07 6.75 × 10−3

GO:0019219~regulation of nucleobase-containing compound metabolic process 61 16.27 5.24 × 10−3

GO:0010556~regulation of macromolecule biosynthetic process 60 16.00 8.42 × 10−3

GO:2000112~regulation of cellular macromolecule biosynthetic process 59 15.73 7.09 × 10−3

GO:0034654~nucleobase-containing compound biosynthetic process 59 15.73 4.02 × 10−2

GO:0018130~heterocycle biosynthetic process 59 15.73 4.99 × 10−2

GO:0019438~aromatic compound biosynthetic process 59 15.73 5.24 × 10−2

GO:0051252~regulation of RNA metabolic process 58 15.47 3.04 × 10−3

GO:0097659~nucleic acid-templated transcription 57 15.20 5.26 × 10−3

GO:0032774~RNA biosynthetic process 57 15.20 1.10 × 10−2

GO:0006355~regulation of transcription, DNA-templated 54 14.40 8.34 × 10−3

GO:1903506~regulation of nucleic acid-templated transcription 54 14.40 9.42 × 10−3

GO:2001141~regulation of RNA biosynthetic process 54 14.40 1.04 × 10−2

GO:0006351~transcription, DNA-templated 53 14.13 1.32 × 10−2

GO:0010646~regulation of cell communication 47 12.53 7.96 × 10−3

GO:0023051~regulation of signaling 47 12.53 1.07 × 10−2

GO:0009893~positive regulation of metabolic process 46 12.27 1.53 × 10−2

GO:0010604~positive regulation of macromolecule metabolic process 43 11.47 2.02 × 10−2

GO:0009966~regulation of signal transduction 42 11.20 1.56 × 10−2

GO:0009892~negative regulation of metabolic process 40 10.67 1.19 × 10−2

GO:0007166~cell surface receptor signaling pathway 40 10.67 2.78 × 10−2

GO:0031325~positive regulation of cellular metabolic process 40 10.67 6.31 × 10−2

GO:0010605~negative regulation of macromolecule metabolic process 39 10.40 5.48 × 10−3

GO:0031324~negative regulation of cellular metabolic process 37 9.87 1.76 × 10−2

GO:0006366~transcription from RNA polymerase II promoter 35 9.33 1.02 × 10−3

GO:0006357~regulation of transcription from RNA polymerase II promoter 35 9.33 1.17 × 10−3

GO:0010628~positive regulation of gene expression 33 8.80 1.19 × 10−3

GO:0071310~cellular response to organic substance 32 8.53 6.76 × 10−2

GO:0051173~positive regulation of nitrogen compound metabolic process 31 8.27 8.31 × 10−3

GO:0048584~positive regulation of response to stimulus 31 8.27 4.62 × 10−2

GO:0009891~positive regulation of biosynthetic process 30 8.00 1.39 × 10−2

GO:0031328~positive regulation of cellular biosynthetic process 29 7.73 1.93 × 10−2

GO:0006468~protein phosphorylation 29 7.73 4.20 × 10−2

GO:0008283~cell proliferation 29 7.73 4.43 × 10−2

GO:0008219~cell death 29 7.73 7.43 × 10−2

GO:0010557~positive regulation of macromolecule biosynthetic process 28 7.47 1.29 × 10−2

GO:0045935~positive regulation of nucleobase-containing compound metabolic process 28 7.47 2.02 × 10−2

GO:0012501~programmed cell death 28 7.47 6.56 × 10−2

GO:0007155~cell adhesion 27 7.20 4.37 × 10−2

GO:0022610~biological adhesion 27 7.20 4.53 × 10−2

GO:2000026~regulation of multicellular organismal development 27 7.20 4.97 × 10−2

GO:0006915~apoptotic process 27 7.20 5.76 × 10−2

GO:0051254~positive regulation of RNA metabolic process 26 6.93 9.98 × 10−3

GO:1902531~regulation of intracellular signal transduction 26 6.93 7.47 × 10−2

GO:0048585~negative regulation of response to stimulus 25 6.67 1.26 × 10−2

GO:0009890~negative regulation of biosynthetic process 25 6.67 3.44 × 10−2

GO:0042127~regulation of cell proliferation 25 6.67 4.68 × 10−2

GO:0048646~anatomical structure formation involved in morphogenesis 24 6.40 3.17 × 10−3

GO:0010558~negative regulation of macromolecule biosynthetic process 24 6.40 3.25 × 10−2
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Table 5. Cont.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:0031327~negative regulation of cellular biosynthetic process 24 6.40 4.89 × 10−2

GO:0010629~negative regulation of gene expression 24 6.40 5.04 × 10−2

GO:0045893~positive regulation of transcription, DNA-templated 23 6.13 3.43 × 10−2

GO:1903508~positive regulation of nucleic acid-templated transcription 23 6.13 3.43 × 10−2

GO:1902680~positive regulation of RNA biosynthetic process 23 6.13 3.94 × 10−2

GO:0002682~regulation of immune system process 23 6.13 4.19 × 10−2

GO:0006952~defense response 23 6.13 9.61 × 10−2

GO:0010648~negative regulation of cell communication 22 5.87 1.69 × 10−2

GO:0023057~negative regulation of signaling 22 5.87 1.74 × 10−2

GO:0080134~regulation of response to stress 22 5.87 3.76 × 10−2

GO:2000113~negative regulation of cellular macromolecule biosynthetic process 22 5.87 4.90 × 10−2

GO:0051240~positive regulation of multicellular organismal process 22 5.87 9.32 × 10−2

GO:0051094~positive regulation of developmental process 21 5.60 1.41 × 10−2

Count: genes involved in the term; percentage (%): involved genes/total genes; p-value: modified Fisher exact p-value.

Table 6. The functional analysis of the downregulated genes at 6 h after LLL irradiation.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:0034645~cellular macromolecule biosynthetic process 158 0.26 1.20 × 10−6

GO:0010467~gene expression 147 0.24 2.91 × 10−3

GO:0019438~aromatic compound biosynthetic process 141 0.23 4.17 × 10−6

GO:0018130~heterocycle biosynthetic process 138 0.23 1.59 × 10−5

GO:0034654~nucleobase-containing compound biosynthetic process 135 0.22 3.51 × 10−5

GO:0016070~RNA metabolic process 132 0.22 2.23 × 10−3

GO:0051171~regulation of nitrogen compound metabolic process 128 0.21 1.10 × 10−3

GO:0010468~regulation of gene expression 126 0.21 1.36 × 10−3

GO:0032774~RNA biosynthetic process 121 0.20 1.21 × 10−4

GO:2000112~regulation of cellular macromolecule biosynthetic process 121 0.20 3.10 × 10−4

GO:0010556~regulation of macromolecule biosynthetic process 121 0.20 9.90 × 10−4

GO:0019219~regulation of nucleobase-containing compound metabolic process 118 0.20 2.92 × 10−3

GO:0097659~nucleic acid-templated transcription 113 0.19 8.72 × 10−4

GO:0006351~transcription, DNA-templated 109 0.18 8.23 × 10−4

GO:0006355~regulation of transcription, DNA-templated 107 0.18 1.77 × 10−3

GO:1903506~regulation of nucleic acid-templated transcription 107 0.18 2.18 × 10−3

GO:2001141~regulation of RNA biosynthetic process 107 0.18 2.60 × 10−3

GO:0051252~regulation of RNA metabolic process 107 0.18 7.16 × 10−3

GO:0009892~negative regulation of metabolic process 90 0.15 9.30 × 10−6

GO:0010605~negative regulation of macromolecule metabolic process 86 0.14 4.06 × 10−6

GO:0031324~negative regulation of cellular metabolic process 85 0.14 1.02 × 10−5

GO:0044085~cellular component biogenesis 85 0.14 1.03 × 10−2

GO:0043933~macromolecular complex subunit organization 83 0.14 1.72 × 10−4

GO:0009893~positive regulation of metabolic process 83 0.14 5.25 × 10−2

GO:0010604~positive regulation of macromolecule metabolic process 81 0.13 2.37 × 10−2

GO:0022607~cellular component assembly 79 0.13 6.13 × 10−3

GO:0051276~chromosome organization 67 0.11 7.48.E-12
GO:0033554~cellular response to stress 66 0.11 6.62 × 10−5

GO:0032268~regulation of cellular protein metabolic process 65 0.11 6.56 × 10−2

GO:0031327~negative regulation of cellular biosynthetic process 63 0.10 1.62 × 10−6

GO:0009890~negative regulation of biosynthetic process 63 0.10 2.75 × 10−6

GO:0051172~negative regulation of nitrogen compound metabolic process 63 0.10 2.91 × 10−6

GO:0010558~negative regulation of macromolecule biosynthetic process 61 0.10 1.79 × 10−6

GO:0010629~negative regulation of gene expression 61 0.10 7.71 × 10−6
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Table 6. Cont.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:2000113~negative regulation of cellular macromolecule biosynthetic process 60 0.10 4.10 × 10−7

GO:0071822~protein complex subunit organization 60 0.10 4.18 × 10−4

GO:0045934~negative regulation of nucleobase-containing compound metabolic process 59 0.10 2.74 × 10−6

GO:0065003~macromolecular complex assembly 59 0.10 1.21 × 10−3

GO:0006461~protein complex assembly 56 0.09 9.86 × 10−5

GO:0070271~protein complex biogenesis 56 0.09 1.00 × 10−4

GO:0007049~cell cycle 56 0.09 3.16 × 10−3

GO:0006325~chromatin organization 54 0.09 4.01 × 10−13

GO:1903507~negative regulation of nucleic acid-templated transcription 53 0.09 2.84 × 10−6

GO:1902679~negative regulation of RNA biosynthetic process 53 0.09 4.28 × 10−6

GO:0051253~negative regulation of RNA metabolic process 53 0.09 1.24 × 10−5

GO:0045892~negative regulation of transcription, DNA-templated 52 0.09 1.93 × 10−6

GO:0034622~cellular macromolecular complex assembly 47 0.08 4.38 × 10−6

GO:0031399~regulation of protein modification process 47 0.08 9.08 × 10−2

GO:0044248~cellular catabolic process 46 0.08 8.76 × 10−2

GO:0022402~cell cycle process 44 0.07 1.65 × 10−2

Count: genes involved in the term; percentage (%): involved genes/total genes; p-value: modified Fisher exact p-value.

Table 7. The functional analysis of the upregulated genes at 12 h after LLL irradiation.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:0007166~cell surface receptor signaling pathway 28 10.73 2.37 × 10−2

GO:0006955~immune response 24 9.20 3.39 × 10−4

GO:0006952~defense response 23 8.81 6.37 × 10−4

GO:0009605~response to external stimulus 23 8.81 2.57 × 10−2

GO:0048584~positive regulation of response to stimulus 22 8.43 3.73 × 10−2

GO:0003008~system process 21 8.05 5.96 × 10−2

GO:0002682~regulation of immune system process 19 7.28 6.30 × 10−3

GO:0050776~regulation of immune response 18 6.90 1.70 × 10−4

GO:0016192~vesicle-mediated transport 17 6.51 5.14 × 10−2

GO:0045087~innate immune response 16 6.13 6.31 × 10−4

GO:0007186~G-protein coupled receptor signaling pathway 16 6.13 2.69 × 10−2

GO:0051707~response to other organism 15 5.75 1.72 × 10−3

GO:0043207~response to external biotic stimulus 15 5.75 1.72 × 10−3

GO:0009607~response to biotic stimulus 15 5.75 2.76 × 10−3

GO:0050877~neurological system process 15 5.75 6.02 × 10−2

GO:0006897~endocytosis 14 5.36 6.77 × 10−4

GO:0002252~immune effector process 14 5.36 1.83 × 10−3

GO:0001775~cell activation 14 5.36 1.00 × 10−2

GO:0002684~positive regulation of immune system process 14 5.36 1.51 × 10−2

GO:0009617~response to bacterium 13 4.98 3.80 × 10−4

GO:0050778~positive regulation of immune response 13 4.98 2.71 × 10−3

GO:0045321~leukocyte activation 13 4.98 5.47 × 10−3

GO:0051094~positive regulation of developmental process 13 4.98 7.29 × 10−2

GO:0002768~immune response-regulating cell surface receptor signaling pathway 12 4.60 9.96 × 10−5

GO:0002764~immune response-regulating signaling pathway 12 4.60 1.12 × 10−3

GO:0046649~lymphocyte activation 12 4.60 4.91 × 10−3

GO:0002449~lymphocyte mediated immunity 11 4.21 2.83 × 10−5

GO:0002443~leukocyte mediated immunity 11 4.21 1.79 × 10−4

GO:0002250~adaptive immune response 11 4.21 6.62 × 10−4

GO:0098542~defense response to other organism 11 4.21 2.23 × 10−3

GO:0042742~defense response to bacterium 10 3.83 9.53 × 10−5

GO:0002460~adaptive immune response based on somatic recombination of immune
receptors built from immunoglobulin superfamily domains 10 3.83 1.65 × 10−4
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Table 7. Cont.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:0002429~immune response-activating cell surface receptor signaling pathway 10 3.83 1.01 × 10−3

GO:0002757~immune response-activating signal transduction 10 3.83 7.63 × 10−3

GO:0002253~activation of immune response 10 3.83 1.40 × 10−2

GO:0016064~immunoglobulin mediated immune response 9 3.45 2.44 × 10−5

GO:0019724~B cell mediated immunity 9 3.45 2.66 × 10−5

GO:0042113~B cell activation 9 3.45 3.08 × 10−4

GO:0006959~humoral immune response 9 3.45 3.25 × 10−4

GO:0051251~positive regulation of lymphocyte activation 9 3.45 8.51 × 10−4

GO:0002696~positive regulation of leukocyte activation 9 3.45 1.42 × 10−3

GO:0050867~positive regulation of cell activation 9 3.45 1.70 × 10−3

GO:0051249~regulation of lymphocyte activation 9 3.45 7.68 × 10−3

GO:0002694~regulation of leukocyte activation 9 3.45 1.59 × 10−2

GO:0050865~regulation of cell activation 9 3.45 2.28 × 10−2

GO:0006958~complement activation, classical pathway 8 3.07 5.50 × 10−6

GO:0002455~humoral immune response mediated by circulating immunoglobulin 8 3.07 1.24 × 10−5

GO:0006956~complement activation 8 3.07 1.65 × 10−5

GO:0072376~protein activation cascade 8 3.07 6.86 × 10−5

GO:0006909~phagocytosis 8 3.07 3.11 × 10−3

Count: genes involved in the term; percentage (%): involved genes/total genes; p-value: modified Fisher exact p-value.

Table 8. The functional analysis of the downregulated genes at 12 h after LLL irradiation.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:0034645~cellular macromolecule biosynthetic process 102 23.83 6.82 × 10−2

GO:0051171~regulation of nitrogen compound metabolic process 94 21.96 2.85 × 10−2

GO:0010556~regulation of macromolecule biosynthetic process 90 21.03 1.75 × 10−2

GO:0010468~regulation of gene expression 90 21.03 6.33 × 10−2

GO:0018130~heterocycle biosynthetic process 90 21.03 8.55 × 10−2

GO:0034654~nucleobase-containing compound biosynthetic process 89 20.79 8.55 × 10−2

GO:0019219~regulation of nucleobase-containing compound metabolic process 88 20.56 3.19 × 10−2

GO:2000112~regulation of cellular macromolecule biosynthetic process 87 20.33 2.26 × 10−2

GO:0097659~nucleic acid-templated transcription 82 19.16 2.93 × 10−2

GO:0032774~RNA biosynthetic process 82 19.16 6.02 × 10−2

GO:0051252~regulation of RNA metabolic process 81 18.93 3.76 × 10−2

GO:0006351~transcription, DNA-templated 80 18.69 2.03 × 10−2

GO:1903506~regulation of nucleic acid-templated transcription 80 18.69 2.30 × 10−2

GO:2001141~regulation of RNA biosynthetic process 80 18.69 2.58 × 10−2

GO:0006355~regulation of transcription, DNA-templated 79 18.46 2.76 × 10−2

GO:0023051~regulation of signaling 77 17.99 1.04 × 10−3

GO:0010646~regulation of cell communication 76 17.76 1.04 × 10−3

GO:0009966~regulation of signal transduction 71 16.59 6.57 × 10−4

GO:0065009~regulation of molecular function 71 16.59 2.42 × 10−3

GO:0035556~intracellular signal transduction 69 16.12 8.62 × 10−4

GO:0009893~positive regulation of metabolic process 68 15.89 3.21 × 10−2

GO:0010604~positive regulation of macromolecule metabolic process 67 15.65 1.20 × 10−2

GO:0006796~phosphate-containing compound metabolic process 67 15.65 5.25 × 10−2

GO:0006793~phosphorus metabolic process 67 15.65 5.42 × 10−2

GO:0031325~positive regulation of cellular metabolic process 66 15.42 1.53 × 10−2

GO:0044085~cellular component biogenesis 65 15.19 3.58 × 10−2

GO:0050790~regulation of catalytic activity 63 14.72 7.74 × 10−4

GO:0022607~cellular component assembly 63 14.72 9.06 × 10−3

GO:0007166~cell surface receptor signaling pathway 59 13.79 5.38 × 10−2

GO:0051128~regulation of cellular component organization 57 13.32 9.42 × 10−3
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Table 8. Cont.

Gene Ontology (GO) ID and Terms on Biological Process (BP) Count % p-Value

GO:0016310~phosphorylation 56 13.08 6.37 × 10−3

GO:0051246~regulation of protein metabolic process 55 12.85 7.26 × 10−2

GO:0033554~cellular response to stress 53 12.38 1.80 × 10−4

GO:0007399~nervous system development 52 12.15 2.06 × 10−2

GO:0031324~negative regulation of cellular metabolic process 52 12.15 6.82 × 10−2

GO:0032268~regulation of cellular protein metabolic process 51 11.92 9.24 × 10−2

GO:1902531~regulation of intracellular signal transduction 50 11.68 5.12 × 10−4

GO:0044093~positive regulation of molecular function 50 11.68 2.35 × 10−3

GO:0006928~movement of cell or subcellular component 48 11.21 4.02 × 10−3

GO:0009605~response to external stimulus 47 10.98 6.26 × 10−2

GO:0043085~positive regulation of catalytic activity 46 10.75 7.29 × 10−4

GO:0007049~cell cycle 46 10.75 2.94 × 10−3

GO:0006357~regulation of transcription from RNA polymerase II promoter 46 10.75 1.51 × 10−2

GO:1902589~single-organism organelle organization 45 10.51 2.52 × 10−3

GO:0006366~transcription from RNA polymerase II promoter 45 10.51 2.03 × 10−2

GO:0008219~cell death 44 10.28 8.02 × 10−2

GO:0031399~regulation of protein modification process 43 10.05 1.20 × 10−2

GO:0048585~negative regulation of response to stimulus 41 9.58 1.17 × 10−3

GO:0007155~cell adhesion 41 9.58 3.80 × 10−2

GO:0022610~biological adhesion 41 9.58 3.98 × 10−2

Count: genes involved in the term; percentage (%): involved genes/total genes; p-value: modified Fisher exact p-value.

3.3. PPI of Up- or Downregulated DEGs

As for the upregulated DEGs, there were DEGs involved in the defense response at
all irradiation times. From the functional analysis of DAVID, we focused on the defense
response related to wound healing, which is the BP of the DEGs of the upregulated DEGs
at 6 and 12 h after the irradiation. Among the genes involved in the defense response,
HCP5, DAPK3, IGLC2 and IGHV1 OR21-1 at 1 h after the irradiation for the upregulated
DEGs, HP, IGHE and TPSAB1 at 3 h, CAKM2 B, IGHM, SEMA7 A, CXCL8 and TNFAIP6
at 6 h. IL34, ITGA2, SERPINE1, INHBA, PRDM1, LYZL4, PVR, BMP6, NFKB1, FOXP1,
PER1, IGHG1, IGHA1, IGHA2, LDLR, SLC25 A6, PF4 and TGM2. At 12 h, it was IGHM,
ITIH4, SEMA7 A, EDN1, HIST1 H2 BJ, KCNJ8, TNFAIP6, CCL21, CARD9, IFI6, SERPINB9,
LYZL2, DEFB108 B, ECSIT, IGHG1, IGKC, IGHD, CHRFAM7 A and SLAMF6.

As the results of PPI analysis of DEGs involved in the defense response with STRING,
CXCL8 was a gene associated with multiple genes in the upregulated DEGs of the defense
response. The relationships with SERPINE1, PF4, NFKB1, TNFAIP6, EDN1, CCL21, ITIH4
and HP were confirmed. In addition, HP, ITIH4, TNFAIP6 and NFKB1 were also associated
with multiple genes (Figure 1). In the downregulated DEGs, STAT1 was a gene associated
with multiple genes. In particular, it was associated with SMAD3, IL15, CCL22, NAIP,
NRIH3, LY96, NFKBIA, PSMB8, PSMB9, PSMB10, OSA2, OAS3, IRF2, BCL6 and DDX58.
In addition, NFKBIA, TLR3, IL15 and IRF2 were genes associated with multiple genes
(Figure 2).

Figure 3 shows the changes in the expression of major genes related to other genes
over time.
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Figure 1. PPI of upregulated DEGs. Search tool STRING analysis of interacting genes and proteins
reveals a protein–protein interaction PPI network in defense response by LLLT. PPI of upregulated
DEGs related to ‘defense response’ Related genes after the irradiation at 3 h; 3©, 6 h; 6© 12 h;
Red line: indicates the presence of fusion evidence; green line: neighborhood evidence; blue line:
cooccurrence evidence; purple line: experimental evidence; yellow line: text mining evidence; light
blue line: database evidence; black line: coexpression evidence.

Figure 2. PPI of downregulated DEGs. Search tool STRING analysis of interacting genes and proteins
reveals a protein–protein interaction network between proteins in defense response by LLLT. PPI of
downregulated DEGs related to ‘defense response.’ Related genes after the irradiation at 3 h; 3©, 6 h;
6© 12 h; .
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Figure 3. The FC of the key genes.

4. Discussion

Laser treatment has been studied for clinical application in many fields including
medical and dentistry. In the field of dentistry, lasers are used for various purposes such as
promoting wound healing, gingival incision, caries removal and sterilization/disinfection
effect [25]. It has been reported that LLLT promotes wound healing and bone formation in
the oral cavity by utilizing the bioactivating effect of chronic periodontitis.

In addition, at the cellular and tissue levels, there are research reports related to pro-
motion of wound healing, such as cell proliferation of fibroblasts [15,20], osteoblasts [22,26]
and vascular endothelial cells [18,27] by LLLT. However, clinical application in medical and
dental treatments has not been carried out much. This is because the molecular biological
findings are not clear.

Intracellular biological effects of LLLT include physiological activity by photorecep-
tors, changes in intracellular signal cascades, and changes in genes. The intracellular
photoreceptor of LLLT is cytochrome c oxidase, which is a transmembrane protein complex
that is an electron transport chain enzyme found in mitochondria. Promotion of cell prolif-
eration by increasing cytochrome c oxidase activity and ATP is one of the representative
mechanisms in LLLT research [28–31].

As a method for elucidating the mechanism of wound healing by LLLT, DNA microar-
rays are considered to be useful because they can examine thousands to tens of thousands
of gene expressions at a time. From the obtained gene expression data, DEGs are extracted
using bioinformatics analysis tools [32,33]. Furthermore, based on GO, by analyzing the
biological process (BP) of DEGs, it is possible to estimate what is happening at each time
by knowing the known functions of the gene contained in DEGs. It is also possible to infer
what is about to happen at that time by performing chronological analysis. In addition,
by searching for protein–protein interaction (PPI), it is possible to search for relationships
at the molecular level [34,35]. The method plays a major role in elucidating the effects of
proteins controlled by LLLT-stimulated genes at the molecular level.

In this study, we focused on the defense response from a huge amount of microarray
data and analyzed the chronological changes in gene expression and the function of the
genes after LLLT to HGF and the function of the genes.

The gene expression reactions related to wound healing with LLLT were remarkable
6–12 h after the irradiation. Analysis of the gene expression changes within these times
were considered important for investigating the molecular mechanism of effects on HGF
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with LLLT. In particular, among the DEGs, those that are common over time and those
with a significantly large expression fluctuation amount were considered largely affected
by LLLT.

Analysis of BP over time revealed that upregulated were activated from 1 to 3 h after
the initial irradiation, and downregulated BP was involved in RNA metabolism and activity.
In both cases, the number of applicable DEGs for BP was 10 or less. It was suggested that
there was no cohesive expression fluctuation as a function.

At 6 h after the irradiation, upregulated DEGs were observed related to cell prolifera-
tion, adhesion and defense reaction. Additionally, downregulated DEGs were observed in
many BPs involved in RNA metabolism, activity, cell polymer production, and metabolism.

At 12 h after the irradiation, upregulated DEGs were observed with many BPs involved
in defense reaction, immune reaction and response to external stimuli, and downregulated
DEGs were observed with many BPs involved in RNA metabolism, activity, cell polymer
production and metabolism. In the upregulated group, many BPs associated with wound
healing were observed at 6–12 h after irradiation. Additionally, in downregulated, similar
BP such as RNA metabolism were observed from 1 to 12 h after irradiation.

The BP ‘the defense response’ focused on in this study belongs to the BP ‘the response
to stress of response to stimulus’ in GO. The response to stimulus is the process by which
the state or activity of a cell or organism changes as a result of stimulation. The response
to stress also causes motility, secretion, enzyme production, gene expression, etc., as a
result of impaired homeostasis of the organism or cell due to extrinsic factors (temperature,
humidity, ionizing radiation). The defense response, which belongs to response to stress, is
a reaction caused in response to the presence of foreign substances or the occurrence of
injuries, and is an important BP involved in the restriction, prevention/recovery of damage
to living organisms.

In the BP ‘defense response’, the protein encoded by CXCL8, which is a downregu-
lated DEG, is called interleukin-8 (IL-8). IL-8 is secreted by mononuclear macrophages,
neutrophils, eosinophils, T lymphocytes, epithelial cells, and fibroblasts. IL-8 is also known
as a neutrophil chemotactic factor with two major functions. It induces chemotaxis of target
cells to the infected site. IL-8 is also known as a strong promoter of angiogenesis. IL-8
expression is regulated by the transcription factor NF-κB [36–42].

In particular, the upregulated DEGs NFKB1 and the downregulated DEGs NFKBIA
are genes involved in NF-κB. These are one of the genes involved in the existing mecha-
nism. NFKB1 is a transcriptional regulator that is activated by various intracellular and
extracellular stimuli such as cytokines, oxidant free radicals, UV irradiation and bacterial or
viral products. Activated NFKB stimulates the expression of genes involved in biological
functions associated with many biological processes such as inflammation, immunity,
differentiation and cells [43]. NFKBIA is a member of a family of cellular proteins that
function to inhibit NF-κB transcription factors and IκBα masks the nuclear localization
signals (NLS) of NF-κB proteins and inactivates them in the cytoplasm. It inhibits NF-κB
by isolating it into a state [44]. From this result, it can be seen that NFKB1 increases and
NFKBIA decreases when irradiation is performed, so that the activity of the pathway
containing NF-κB occurs. Additionally, the defense response of BP is considered to be
strongly related to the NF-κB pathway.

In a study by Chen et al., NF-κB activity was observed 1–10 h after irradiation [21].
In this study as well, changes in the expression of NFKB1 and NFKBIA were observed

6 h after irradiation, and the results of analysis from the viewpoint of BP also suggest that
the movement of NF-κB due to irradiation is an important process in the mechanism of
LLLT. In this study, we focused on the defense response. Further, we also will need to focus
on wound healing-related processes such as BP ‘the immune response’.

By adding analysis more time points, it is possible to analyze detailed time-series
processes after LLL irradiation. As future developments, we plan to study other BPs, collect
LLLT microarray data at different time points, and analyze the effects of laser irradiation
on fibroblasts and molecular-level processes during the healing process. We will lead to
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the elucidation of molecular evidence in ‘the response to stress of response to stimulus’
by LLLT.

5. Conclusions

The time points of 1, 3, 6 and 12 h after LLL irradiation were compared over time. The
most DEGs after the LLL irradiation on HGF were showed at 6 h upregulated gene. The
number of DEGs peaked 6 h after irradiation and slightly decreased at 12 h after irradiation.
From the time-dependent functional analysis, the upregulated DEGs were involved in BPs
of cell proliferation, adhesion, and defense response related to wound healing from 6 h. In
addition, defense response is one of the important mechanisms in BP after the irradiation.
We found that the upregulated DEGs such as CXCL8 and NFKB1, and the downregulated
DEGs such as NFKBIA and STAT1 were correlated with multiple genes from these PPI.
From these results, irradiation of LLLT showed fluctuations in the expression of genes
related to BP defense response.
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