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Biochanin A alleviates gingival inflammation and
alveolar bone loss in rats with experimental periodontitis
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Abstract. Biochanin A (BA) is an organic compound
produced by Trifolium pretense and Arachis hypogaea
with anti-inflammatory and antioxidative effects. The aim
of the current study was to evaluate the effects of BA on
gingival inflammation and alveolar bone destruction in rats
with experimental periodontitis. Experimental rats (n=25)
were distributed equally into five groups: i) Healthy control
(control) group; ii) experimental periodontitis (ligation)
group; and iii) and ligation plus low, medium and high dose
of BA (12.5, 25 and 50 mg/kg/day, respectively) groups. A
nylon ligature was inserted around rats' maxillary molars
for 14 days to trigger the experimental periodontitis. BA
was intravenous injected once daily for 4 weeks. After that,
interleukin-1p (IL-1B), tumor necrosis factor-o (TNF-a),
reactive oxygen species (ROS) and osteocalcin (OCN) levels
were determined in gingival and/or serum samples using
ELISA or reverse transcription-quantitative PCR. Alveolar
bone volume was assessed via hematoxylin and eosin
staining and micro-computed tomography. Osteoclasts were
identified by tartrate-resistant acid phosphatase staining, and
the level of the nuclear factor erythroid-2 related factor 2
(Nrf2) was also detected by immunohistochemical staining.
BA treatment groups showed alleviated alveolar bone
resorption compared with the ligation group. Moreover, BA
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treatment significantly inhibited IL-1p, TNF-a, ROS levels,
and reduced leukocyte acid phosphatase-positive cells, as
well as increased OCN and Nrf2 levels compared with the
ligation group. BA had beneficial effects on experimental
periodontitis of rats. BA treatment inhibited inflammation,
regulated unbalanced oxidative stress response and amelio-
rated the alveolar bone loss.

Introduction

Biochanin A (BA; chemical formula, C,(H,,05), is a phyto-
chemical and a flavonoid present in natural produce such as
Trifolium pratense and Arachis hypogaea (1). BA exhibits
various protective effects including anti-inflammatory,
glucose and lipid metabolism modulatory activity, antitumor
capacity, and neuroprotective activity (2-4). BA can inhibit the
lipopolysaccharide (LPS)-induced activation of microglia (5).
The anti-inflammatory activity of BA has been demonstrated
in a variety of cells such as endothelial cells, various cancer
cells and macrophages (6,7). Studies in vitro have shown
that the proliferation of preosteoclast cells was markedly
inhibited in a dose-dependent manner in the presence of BA.
Furthermore, BA promoted the differentiation of primary
osteoblasts into osteoblasts, and significantly enhanced the
expression and activity of alkaline phosphatase (ALP) (4).
Mature osteoblast migration and the number of mineralized
nodules, consisting of phosphorus and calcium are signifi-
cantly increased by BA (4). Furthermore, it has been reported
that BA decreased the H,0,-induced production of TNF-a,
interleukin (IL)-6 and nitric oxide (NO) in osteoblasts (8). The
anti-inflammatory effects of BA are mediated by inhibiting
the inflammatory mediators, includeing IL-1f, IL-6, TNF-a,
cyclooxygenase-2 (COX-2), matrix metalloprotein-9 (MMP-9)
and NO in primary rat chondrocytes (9). BA decreases the
expression of proinflammatory cytokines by inhibiting IxB
kinase activity, resulting in NF-xB-driven inhibition of gene
transcription (8,10,11). Furthermore, BA can exert the antioxi-
dative activity by scavenging reactive oxygen species (ROS)
and enhancing the glutathione peroxidase and superoxide
dismutase activity (12). A previous study conducted using
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animal models with acute and chronic inflammation demon-
strated a marked anti-inflammatory and antioxidative activity
of BA against organ injury (13). BA-mediated inhibition of
bone loss in postmenopausal women has also been reported
in a previous study (14). These findings suggested that BA
treatment can potentially regulate bone cell proliferation,
apoptosis and migration, leading to reduced bone loss and
bone turnover.

Periodontitis is a prevalent chronic disease worldwide.
The 1990-2016 Global Burden of Disease Study indicated
that periodontitis and dental caries in permanent teeth were
the leading and the 11th most prevalent diseases worldwide
in 2016. Periodontal diseases had a high prevalence among
all human diseases (751 million; 95% uncertainty interval,
534-874 million) (15). Periodontitis is characterized by the
breakdown of connective tissues and alveolar bone resorp-
tion eventually leading to mobility and loss of teeth (16). An
inappropriate host immune inflammatory response and high
levels of ROS are considered major factors associated with
the destruction of periodontal tissues (17). Elevated levels of
proinflammatory cytokines, such as IL-1§ and TNF-aq, trigger
soft and hard tissue breakdown in periodontitis (18). Moreover,
previous studies have suggested a dual role of ROS in peri-
odontitis (19,20). At a cellular level, ROS are required for
physiological processes and contribute to the oxidative killing
of periodontal pathogens. However, excessive production of
ROS may trigger an oxidative stress response resulting in
periodontal destruction. In addition, oxidative stress response
can reinforce immune response through redox-sensitive gene
transcription factors such as NF-«kB, leading to periodontal
tissue breakdown (21). Therefore, anti-inflammatory and
anti-oxidative responses are essential for the treatment of
periodontitis.

The biological effects of BA and the mechanisms involved
in the pathogenesis of periodontitis suggest that BA may serve
as an adjunctive treatment option for periodontitis via the
anti-inflammatory and anti-oxidative effects. Therefore, the
aim of the present study was to evaluate the influence of BA
on gingival inflammation and tissue destruction in rat peri-
odontitis. In addition, the effects of BA supplementation on
the expression levels of periodontal inflammatory markers and
oxidative stress were explored.

Materials and methods

Ethics approval. The present study was approved by Ethics
Committee of the State Key Laboratory of Oral Diseases, West
China Hospital of Stomatology, Sichuan University (approval
no. WCHSIRB-D-2018-148).

Animals. The animal experimental study was conducted
using 26 male Wistar rats (age, 8 weeks; weight, 280-300 g)
purchased from the Chengdu Dashuo Experimental Animal
Co., Ltd. (license no. 510109000176387). The rats were
housed under 12-h light/dark cycles and standard conditions
of humidity (60+5%) and room temperature (24+1°C). All
animals had free access to food and water. The rats adapted to
the environment for 7 days prior to further experiments. One
rat was used for isolation of gingival fibroblasts and 25 were
used to construct animal models, as described below.

Primary culture of rat gingival fibroblasts. To isolate primary
cultures of rat gingival fibroblasts, one Wistar rat was anesthe-
tized with isoflurane (5% induction, 2% maintenance; inhaled
until euthanized). Gingival tissues were subsequently excised
from the buccal area, submersed in sterile PBS with 1%
penicillin/streptomycin (Sigma Aldrich; Merck KGaA), and
then sectioned into small fragments of ~1 mm?. The gingival
fragments were digested with 2 ml type I collagenase solution
in PBS (25 U/ml; Sigma Aldrich; Merck KGaA) at 37°C for 1 h,
followed with a 15-min incubation at 37°C in trypsin-EDTA
solution (0.25%; Thermo Fisher Scientific, Inc.). Subsequently,
the fragments were incubated in DMEM with 10% FBS (both
Sigma Aldrich; Merck KGaA) and 1% penicillin/streptomycin
at 37°C (22). The cultured cells from gingiva were tested
by immunocytochemical analysis. These cells were tested
negative for anti-keratin staining whilst staining positive for
vimentin, suggesting these cells to be gingival fibroblasts (23).
Cells between sixth and ninth passages were used for the
assessment of cell cytotoxicity.

Cell cytotoxicity assay. The cytotoxicity of BA (purity, 99.9%;
Sigma Aldrich; Merck KGaA) on rat gingival fibroblasts was
evaluated using an MTT assay (Sigma Aldrich; Merck KGaA)
according to manufacturer's instructions. Briefly, rat gingival
fibroblast cells at a density of 2x10*/well were cultured in
96-well plates at 37°C for 24 and 48 h and then treated with 0,
50, 100 and 150 #M BA for 24 h. Subsequently, 20 ul MTT was
added into each well and incubated for another 4 h before the
supernatant was removed. Finally, 150 1 DMSO was added to
each well and the absorbance values at a wavelength of 570 nm
were measured using a microplate reader (24).

Study design. A total of 25 Wistar rats were randomly
assigned to five study groups: i) Healthy control (control);
ii) experimental periodontitis (ligation); iii) ligation + BA
low dose (12.5 mg/kg/day); iv) ligation + BA medium dose
(25 mg/kg/day); and v) ligation + BA high dose (50 mg/kg/day).
The control group received sham-ligation. For the ligation
groups, periodontitis was induced by inserting a nylon ligature
around maxillary molars for 14 days as described previ-
ously (25). The ligatures were placed sub-gingivally, knotted
at the mesial site and checked on a daily basis. Rats in the liga-
tion + BA group were administered with BA (purity, 99.9%;
Sigma Aldrich; Merck KGaA) 2 weeks after establishment of
the experimental periodontitis model intraperitoneally at low,
medium and high doses, respectively. Control and ligation
groups' rats were injected 0.9% sodium chloride instead of BA.
An automatic electronic balance [cat. no. PX4202 OHAUS
Instruments (Shanghai) Co., Ltd.] was used to monitor and
record rat body weights on a weekly basis. After treatment
with BA for 4 weeks, all rats were anesthetized with isoflu-
rane. After deep anesthesia of the rats, blood was drawn by
cardiac puncture with non-anticoagulant vacuum tubes and
23G1 needle. The anesthesia was checked by lack of sponta-
neous movements, slow breathing rate and lack of response
to stimuli. The rats were euthanized immediately at the end
of cardiac puncture. The maxillary jaws were harvested and
fixed in 10% neutral-buffered formalin at room temperature
(24+1°C) for 24 h. The gingival tissues were collected for
subsequent analysis. All samples were stored at -80°C.
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Determination of inflammatory cytokines, ROS and osteocalcin
(OCN). In order to isolate serum, the clotted blood samples
were centrifuged (10 min; 2432 x g). Gingival tissues were
homogenized with a glass pestle in PBS supplemented with
RIPA lysis buffer (Sigma Aldrich; Merck KGaA) and protease
inhibitor (Thermo Fisher Scientific, Inc.). Bicinchoninic acid
assay kit (Thermo Fisher Scientific, Inc.) was used for protein
quantitation. Protein levels of IL-13 and TNF-« in gingiva were
measured by ELISA kits (cat. nos. BMS630 and ERA57RB;
Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. The present study used TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) to extract
total RNA from the gingival tissues around the maxillary
first molars. The PrimeScript Reagent kit with gDNA Eraser
(cat. no. RR0O47A, Takara Bio, Inc.) was used for the reverse
transcription of total RNA into cDNA (temperature protocol:
37°C for 15 min followed by 85°C for 5 sec). Quantitative PCR
analysis were performed by use of SYBR® Premix Ex Taq™
II Kit (cat. no. DRR820A, Takara Bio, Inc.) with the CFX96
Touch™ Real-time PCR system (Bio-Rad Laboratories, Inc.)
using the following thermocycling conditions: Initial dena-
turation at 95°C for 30 sec, followed by 40 cycles of 95°C for
5 sec and 60°C for 30 sec. IL-1p and TNF-a expression levels in
gingival tissues were evaluated using GAPDH internal control
and relative quantitative analysis was performed using the 2444
method (26). Primers for the gPCR are provided in Table SI.

Histological analysis. For histological analysis, the alveolar
bone tissue were decalcified using 10% EDTA at room temper-
ature for 8 days, embedded in paraffin and cut into 4 ym-thick
sections. After heating at 60°C for 30 min, xylene was used to
deparaffinize the sections (4-pm thick) and gradient ethanol
solutions (100, 95, 80 and 70%) were used in a descending
order to rehydrate the samples, followed by rinsing with deion-
ized water. Sections were stained using hematoxylin and eosin
at room temperature for 3 min and histopathological analysis
of six randomly selected fields of view (100x100 pm) for each
specimen was performed as reported previously (27).

Micro-computed tomography (micro-CT) analysis. A
high-resolution micro-CT system (¢ CT 50; SCANCO Medical
AG) was used to scan maxillary jaw samples isolated from the
rats, which were harvested and fixed in 10% neutral-buffered
formalin at room temperature for 24 h. Fixed parameters
(image size, 2,048x2,048 pixels; voltage, 100 kV; electrical
current, 0.1 mA; resolution, 10 gm) were used for scan-
ning. The scanned image data and 3D reconstructions were
analyzed by CT-Analyser 1.13 software (SCANCO Medical
AG). The vertical loss of bone in the maxillary first molar was
assessed by calculating distance (#m) between cementoenamel
junction and alveolar bone crest (CEJ-ABC) as described
previously (28). In addition, bone volume fraction, represented
as bone volume/tissue volume, of the region of interest (ROI)
in the first molar beneath the furcation area were evaluated
using the CT-Analyser 1.13 software (SCANCO Medical AG).
The alveolar bone loss was evaluated by a single examiner
who was blinded to the experimental design.

Leukocyte acid phosphatase (TRAP) staining. For the
quantification of osteoclasts, a TRAP kit (Sigma Aldrich;
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Table I. Changes in the BW of rats during the 6-week experi-
mental period.

Initial Terminal Average BW
Study group BW, ¢ BW, g gain/day, g
Control 29145 371+2.6 2.9+0.1
Ligation 293+4 359+2.6 24402
Ligation + BA12.5 290+7 366+6.1 2.7+0.1
Ligation + BA25 286+4 365+2.3 2.8+0.2
Ligation + BA50 289+9 364+6.4 2.7+0.5

Data are presented as the mean + SD (n=5). BW, body weight; BA12.5,
12.5 mg/kg/day biochanin A; BA25, 25 mg/kg/day biochanin A;
BAS50, 50 mg/kg/day biochanin A.

Merck KGaA) was used to stain sections according to the
manufacturer's protocol. The results were assessed by a
light microscope with a camera connected to a computer
(IX71; Olympus Corporation). TRAP-positive multinucle-
ated (=2) cells at the alveolar bone surface were defined as
osteoclasts (29). The present study used Image-Pro Plus 6.0
software (Media Cybernetics, Inc.) to analyze three fields of
each section. Results are reported as the number of positively
stained cells per unit area of alveolar bone (number/mm?).

Immunohistochemical analysis of OCN and Nrf2. After
the rats' maxilla were decalcified in 10% EDTA solution for
1 month, the samples were dehydrated, embedded into paraffin
blocks and sliced into 4-um-thick sections for immunohis-
tochemical analysis. The slides were washed twice at 5 min
each in TBS plus 0.025% Triton X-100 and blocked in 10%
normal goat serum (cat. no. 31873; Invitrogen; Thermo Fisher
Scientific, Inc.) with 1% BSA (cat. no. A2153; Sigma Aldrich;
Merck KGaA) solution in TBS for 2 h at room temperature.
Primary antibodies of OCN (1:200; cat. no. ab13420; Abcam)
and Nrf2 (1:300; cat. no. ab137550; Abcam) were diluted in
TBS plus 1% BSA. The slides were incubated with the primary
antibodies overnight at 4°C. After 2X TBS wash at 5 min each,
slides were incubated in horseradish peroxidase-linked anti-
bodies (cat. nos. 7076 and 7074, Cell Signaling Technology,
Inc.) at room temperature for 15 min. The sections were
examined for immunohistochemical analyses three times by
the same examiner using the aforementioned IX71 micro-
scope with a camera connected to a computer. Images of three
visual fields from each rat were captured. The total count of
immuno-positive cells was performed in the complete area of
all photographs using Image-Pro Plus 6.0 software.

Statistical analysis. Data are presented as the mean + SD
and were analyzed using the SPSS software (version 17.0;
SPSS, Inc.). One-way ANOVA and Tukey's test was used for
statistical analysis and P<0.05 was considered to indicate a
statistically significant difference.

Results

Effects of BA on gingival fibroblast viability. The MTT assay
results indicated that BA at 50 to 150 xM induced no significant
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Figure 1. Effects of biochanin A on gingival and serum TNF-a and IL-1f levels. Quantitative analysis of levels of proinflammatory cytokines (A) IL-1f3
and (B) TNF-a in serum. The levels of (C) IL-1p and (D) TNF-a in gingiva were determined by ELISA. The expression level of (E) IL-1f and (F) TNF-a in

gingiva determined using reverse transcription-quantitative PCR. Data are presented as the mean + SD. n=>5 rats per group. ‘P<0.05, “P<0.01,

“P<0.001 and

P<0.0001. 12.5, 12.5 mg/kg/day biochanin A; 25, 25 mg/kg/day biochanin A; 50, 50 mg/kg/day biochanin A.

cytotoxicity toward gingival fibroblasts (Fig. S1). Cytotoxicity
was represented as the concentration of BA inhibiting cell
viability by 50%.

Effects of BA on rat body weight. Body weight monitoring on
a weekly basis for six weeks revealed that the body weight
of rats was increased by 2.9+0.1 and 2.4+0.2 g in the control

and ligation group, respectively. BA treatment groups showed
a higher gain in the body weight compared with the ligation
group (Table I); however, the differences were not statistically
significant.

Gingival inflammation and oxidative stress levels are attenu-
ated by BA. Serum and gingival IL-1p and TNF-a levels
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Figure 2. Effect of biochanin A on oxidative stress levels. (A) Effect of biochanin A on serum ROS levels. (B and C) Effects of BA on Nrf2 expression in the
alveolar bone of rats determined by immunohistochemical staining. Nrf2-positive cells are indicated with black arrows. Data are presented are the mean +
SD. n=5 rats per group. 'P<0.05, “"P<0.001 and “""P<0.0001. BA12.5, 12.5 mg/kg/day biochanin A; BA25, 25 mg/kg/day biochanin A; BA50, 50 mg/kg/day

biochanin A; PP, percentage of positive cells.

were significantly increased in the ligation group compared
with the control group (Fig. 1A-D). Treatment with BA
significantly inhibited the serum TNF-a and IL-1p levels
induced by experimental periodontitis. Moreover, gingival
mRNA levels of TNF-a and IL-1f were also alleviated with
BA treatment (Fig. 1E and F). In addition, serum ROS level
was significantly higher in the ligation group compared with
the control group. However, treatment with BA inhibited
ligation-induced ROS levels (Fig. 2A). The analysis of effects
of BA on Nrf2 expression by immunohistochemistry showed
that the expression of Nfr2 in gingival tissues was increased
following BA treatment (Fig. 2B and C).

BA alleviates bone loss. Histological analysis of control
group specimens showed normal physiological periodon-
tium including clearly defined gingiva, periodontal ligament,
cementum and alveolar bone (Fig. 3A). By contrast, the liga-
tion group showed absorption in the alveolar bone between
first and second molars. The gingival epithelial spikes
hyperplasia, thickened stratum spinosum and marked break-
down of collagen fibers could also be observed (Fig. 3A).
The treatment with BA apparently recovered tissue degrada-
tion in the ligation group (Fig. 3A). The micro-CT analyses
indicated that the medium and high dose of BA-treated
groups showed shorter distances of CEJ-ABC compared
with those in the ligation group (Fig. 3B and C). The bone
volume fraction beneath the furcation area of maxillary first
molar increased in all three BA-treated groups compared
with that in the ligation group (Fig. 3D); however the levels
observed in the control group have not been fully restored
(Fig. 3B-D).

BA affects bone turnover and metabolism. The ligation
group showed a greater number of TRAP-positive osteoclasts
compared with the control group (Fig. 4A). There was also
marked difference in the OCN level between the control and
the ligation group (Fig. 4B). Medium and high doses of BA
treatment significantly decreased the TR AP-positive osteo-
clast numbers in the alveolar bone of rats with experimental
periodontitis (Fig. 4C). Moreover, treatment with a high dose
of BA increased the serum OCN level compared with the liga-
tion group (Fig. 4D).

Discussion

The present study investigated the role of BA administration for
the management of gingival inflammation and alveolar bone
destruction associated with periodontitis. For this purpose,
effects of BA supplementation on oxidative stress levels,
various biomarkers associated with periodontitis, including
IL-1B, TNF-a and OCN, and bone loss were analyzed.
Ligature-induced periodontitis model is commonly used
and can induce soft tissue trauma, masticatory discomfort
or periodontal infection. A stress response, resulting in
postoperative weight loss, may also be observed in rat with
experimental periodontitis induced by LPS (30). A previous
study has shown that under stress, obese animals exhibit a
more severe weight loss compared with normal weight control
groups, and it is difficult to recover weight loss after repeated
stress (31). However, in the present study, ligation placed
around the first molars did not significantly influence the
weight gain compared to that in the control group. A possible
explanation is that compared with injection of LPS, ligation
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Figure 3. Role of biochanin A in ameliorating the alveolar bone loss in rats with periodontitis. (A) Hematoxylin and eosin staining indicated periodontal
morphology. Images on the bottom row magnifies 2.5 times of the regions of interest on the top row. PL, periodontal ligament; R, root; AB, alveolar bone;
EPI, oral epithelium; CT, connective tissue; P, pulp. The black arrow denotes the gingival epithelial spikes hyperplasia. (B) Micro-computed tomography
reconstruction shows alveolar bone loss of maxillary first molars around mesial/distal aspect (buccal view). (C) Quantitative analysis of bone loss around
mesial/distal aspect. (D) Quantitative analysis of BV of the region of interest in the first molar beneath the furcation area. Data are presented as the mean + SD,
n=5 rats per group. 'P<0.05, “P<0.01, ""P<0.001 and N.S. means no significant difference. CEJ-ABC, cemento-enamel junction and alveolar bone crest;
BAI12.5,12.5 mg/kg/day biochanin A; BA25,25 mg/kg/day biochanin A; BA50, 50 mg/kg/day biochanin A; BV/TV, bone volume/tissue volume.

alone for 6 weeks can only gradually cause local periodontal
destruction by mechanical injurywithout affecting food intake
or body weight, consistent with a previous study (32).
Inflammatory response and oxidative stresses play an
important role in the pathogenesis of periodontitis (16,33);
therefore, host immune regulatory drugs may be considered
as an auxiliary treatment option for periodontitis manage-
ment. The current study used BA, an isoflavone compound
which acts as a competitive substrate for various enzymes and

has been demonstrated to bind to proteins and DNA (34,35).
In addition, a number of studies showed that BA played an
anti-inflammatory and antioxidative role in various conditions
including cancer, heart disease, perimenopausal syndrome
and osteoporosis (2-4). These findings suggested that BA
can be a potential anti-inflammatory and anti-oxidative
agent for protecting the periodontal tissues against inflam-
matory destruction. However, these results require further
investigation. Biomarkers such as IL-1f and TNF-a are



Bal SPANDIDOS
¥ PUBLICATIONS

tp

AR e .\~

J"’t" )

> £ "&55-'“-_'“5 et

e 7y

EXPERIMENTAL AND THERAPEUTIC MEDICINE 20: 251, 2020 7

. _400 ym . 400 um e 4004 ;
Control Ligation Ligation+BA12.5 Ligation+BA25 Ligation+BA50
C D
ol o * 90 +
10 N.S 80 ] B
E
£ &1 “g 60 . —he
© = 50 -
6 - Q ;
o (o]
T g 401
|:.1-.. 4 4 % 30 ]
g »
2 20 .
Z <
10 1
0 0 4
Control  Ligation 12.5 25 50 Control  Ligation 12.5

Ligation+Biochanin A

L|gat|on+Blochan|n A
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considered osteoresorptive factors promoting bone loss,
osteoclastogenesis and bone resorption through stimulation
of osteoclast maturation and receptor activator of nuclear
factor-kB (RANK) ligand (RANKL) in osteoblasts (36). The
present study revealed that TNF-a and IL-1f levels were
reduced in serum and gingival tissues of rats in groups treated
with BA. Therefore, the inhibitory role of BA on bone resorp-
tion may be associated with its anti-inflammatory effects.
The tissue destruction in periodontitis is mainly caused by
an imbalance between periodontal pathogens and the host
defense, which leads to an aberrant inflammatory response and
release of enzymes by neutrophils and ROS for a prolonged
period of time (37). In the present study, oxidative stress was
measured via ROS levels in serum. In the ligation group, the
mean ROS level was increased, confirming that periodontitis
was accompanied by ROS activity. However, compared with
the ligation group, a significantly lower level of serum ROS
was observed following BA supplementation. These findings
suggested that treatment with BA is likely to attenuate the
overproduction of ROS.

The redox-sensitive transcription factor Nrf2 plays an
important role in the antioxidant signaling pathway through
inducing the expression of a number of cytoprotective
proteins, including heme-oxygenasae-1, glutamate-cysteine
ligase catalytic subunit, quinone oxidoreductase-1 and
nicotinamide adenine dinucleotide phosphate via an anti-
oxidant response element (ARE) (38). Since BA exhibits
antioxidative characteristics to inhibit oxidative stresses in
the pathogenesis of periodontitis, the present study examined
the Nrf2-positive cell counts in the alveolar bone of rats
determined by immunohistochemical staining to further
explore the underlying mechanisms at the molecular level.
The current study revealed that BA treatment significantly
improved the number of Nrf2-positive cells in the alveolar
bone. These results are consistent with a recent study by
Liang et al (39), where BA was an effective Nfr2 activator.
In addition, BA has the capability to counteract oxidative
damages induced by LPS (33,40), high-fat diet (12) and
D-galactosamine (41). A previous in vitro study reported that
BA promoted the nuclear accumulation of Nrf2 and enhanced
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its binding activity with ARE, hence upregulating the
expression of antioxidative and cytoprotective enzymes (42).
To the best of our knowledge, the current study is the first to
report that BA protected periodontal tissues from oxidative
damage via enhancing the expression of Nfr2 in rats with
experimental periodontitis.

Alveolar bone resorption is another characteristic feature
of periodontitis (43). The present study used micro-CT to
evaluate the effectiveness of BA in preventing bone loss
in rats with periodontitis. It was observed that the alveolar
bone volume beneath the furcation area was increased in
all rats treated with BA compared with the ligation group.
The protective effect of high dose of BA was manifested by
an increased level of OCN. Furthermore, it was found that
medium and high dose BA markedly attenuated the number
of TRAP-positive cells, which indicate that BA may suppress
osteoclastic growth and activity resulting in a reduced bone
turnover. BA administered at a dose of 50 mg/kg per/day
exerted the greatest therapeutic effect. These results are
consistent with a previous study were BA had positive effects
on bone loss in ovariectomized rats (4). Alveolar bone resorp-
tion is driven by osteoclasts (44). As a key osteoclastogenic
cytokine receptor activator, RANKL can be recognized by
receptor activator of RANK, thus inducing the differentiation
of bone marrow macrophages into osteoclasts (45). IL-1§ and
TNF-a have been implicated in stimulating osteoblasts to
express RANKL, which in turn induces the differentiation of
osteoclasts (44,46).

Furthermore, ROS acts as an intracellular signaling
molecule, which can active NF-xB and cause bone destruc-
tion via osteoclastogenesis (47). BA had a significant effect
on the production of IL-1B, TNF-a and ROS in the current
study. Considering the association between proinflammatory
cytokines and RANKL as well as ROS and RANKL, BA
may attenuate alveolar bone resorption by reducing oxidative
stress. The possible effect of BA on markers of alveolar bone
turnover and metabolism, including RANKL/osteoprotegerin,
osterix, transforming growth factor 3 and ALP, should be
further studied.

In conclusion, the present study used an animal model
to investigate the effects of BA against experimental peri-
odontitis induced by ligation. BA can inhibit inflammation
and regulate unbalanced oxidative stress response and
ameliorate the alveolar bone loss. Therefore, BA represents
a promising adjunctive therapy and can be used to modulate
host response to periodontitis. Although the present study
provided an insight into the potential applications of BA for
the treatment of periodontitis, further molecular studies and
clinical trials are required before it can be used in clinical
practice.
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