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Simvastatin intervention mitigates hypercholesterolemia-induced
alveolar bone resorption in rats
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Abstract. Simvastatin promotes bone formation and increases
bone mineral density in patients with hyperlipidemia and
ameliorates hypercholesterolemia-induced microstructure
changes in the jaw bone of animals. However, whether
and how treatment with simvastatin can modulate the
hypercholesterolemia-induced alveolar bone resorption is
unclear. The present study aimed to examine the therapeutic
efficacy and potential mechanisms of simvastatin application
in hypercholesterolemia-induced alveolar bone resorption.
The association between hyperlipidemia and alveolar bone
resorption in 100 patients with periodontitis was examined.
Additionally, male Sprague-Dawley rats were fed a standard
rodent chow (NC) for 32 weeks or a high cholesterol diet (HCD)
for 24 weeks. The HCD-fed rats were randomized, continually
fed with HCD and treated with vehicle saline (HC) or simvas-
tatin by gavage (5 mg/kg; SIM, n=10/group) for 8 weeks. The
morphological changes to alveolar bone resorption in rats were
analyzed by linear measurements. The relative levels of osteo-
protegerin (OPG), receptor activator of nuclear factor-«B ligand
RANKL, nuclear factor-kB (NF-kB), microtubule-associated
protein 1 light chain 3 (LC3) and p62 in the alveolar bone
tissues were determined by reverse transcription-quantitative
PCR and/or immunohistochemistry. Sulcus bleeding index
(SBI), clinical attachment loss (CAL), probing depth (PD) and
the distance of cemantoenamel junction-alveolar bone crest
(CEJ-ABC) in patients with hyperlipidemia were significantly
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greater than that in the controls (P<0.001). The levels of
hyperlipidemia were positively correlated with the values of
SBI, CAL, PD and CEJ-ABC in this population. Compared
with the NC rats, higher levels of alveolar bone resorption,
NF-kB expression, higher ratios of RANKL/OPG mRNA
transcripts and LC3 to p62 expression were detected in the
alveolar bone tissues of HC group. Simvastatin intervention
significantly mitigated hypercholesterolemia-induced alveolar
bone loss and RANKL mRNA transcription, but increased
the ratios of LC3/p62 protein expression in the alveolar bone
tissues of rats. Hyperlipidemia is associated with alveolar bone
resorption and simvastatin treatment alleviated the hypercho-
lesterolemia-related alveolar bone loss by down-regulating the
NF-«B expression.

Introduction

Periodontitis is the most common dental disease globally
and one of the major threats for tooth loss worldwide (1).
Periodontitis can damage the supporting tissues of the teeth,
which can promote alveolar bone resorption, and periodontitis
can be worsened by the alveolar bone loss (2). Periodontitis
progression has been attributed to hyperlipidemia and particu-
larly to hypercholesterolemia (3). Hyperlipidemia is associated
with the development of severe periodontitis and high degrees
of alveolar bone loss in animal models (4). However, little infor-
mation is available about whether hyperlipidemia is related to
the severity of alveolar bone resorption in Chinese patients
with periodontitis. Additionally, it is unclear how hyperlipid-
emia promotes periodontitis-related alveolar bone resorption.
Understanding the mechanisms by which hyperlipidemia
promotes alveolar bone resorption will be of significance in
uncovering new therapeutic targets for the development of
novel periodontitis treatments.

Hyperlipidemia can cause chronic inflammation, as
lipids can engage toll-like receptors (TLRs)-2 and 4 to
activate the nuclear factor-kB (NF-«kB) signaling to produce
pro-inflammatory cytokines, including tumor necrosis factor
(TNF)-a, interleukin (IL)-1p, IL-6 and receptor activator of
NF-kB ligand (RANKL). These pro-inflammatory cytokines
can enhance osteoclastogenesis and lead to bone resorption,
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which is suppressed by osteoprotegerin (OPG) produced by
osteoblasts. Osteoclastogenesis is also regulated by autophagic
components, including beclinl and p62, as well as inflamma-
tory signaling (5,6). Given that autophagy is crucial for the
survival and function of many types of cells, including osteo-
clasts (7), modulation of hypercholesterolemia, inflammation
and osteoclastogenesis, as well as osteoclast autophagy, may
be valuable for the management of hyperlipidemia-induced
alveolar bone resorption and periodontitis.

Statins can inhibit 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase to lower serum lipid levels and have
been demonstrated to benefit patients with hyperlipidemia
in the clinic (8). Previous studies have shown that statins not
only reduce serum lipid levels, but also reduce inflammation
and benefit bone metabolism (9). A recent study indicated that
treatment with statins promoted bone formation and increased
bone mineral density (BMD) in patients with hyperlipidemia
and ameliorated hypercholesterolemia-related microstructure
changes in the jaw bone of animals (10). However, whether
and how treatment with simvastatin could modulate hyper-
cholesterolemia-related alveolar bone resorption has not been
clarified.

The present study aimed to investigate how hyperlipidemia
was related to the severity of alveolar bone resorption in Chinese
patients with periodontitis and examined the therapeutic
efficacy and potential mechanisms of simvastatin intervention
for alveolar bone resorption in hypercholesterolemic rats.

Materials and methods

Subjects. The present study was conducted in accordance with
the guidelines in the Helsinki Declaration (11) and the experi-
mental protocol was approved by the Ethics Committee
of Shandong Provincial Hospital (approval no. SWYX:
No. 2021-013). This study enrolled 100 patients (age range,
28 to 65 years) with periodontitis at the Shandong Provincial
Hospital between March and June 2018. Individual patients
with periodontitis were diagnosed on the basis of periodontal
examinations, which included assessment of plaque, tartar
buildup and easy bleeding, measurement of pocket depth and
teeth X-rays by oral panoramic radiograph using Promax 3D
(Planmeca QY; tube type D-054SB-C, 84 kV, 16 mA, filtra-
tion 2,5 mm AI). The exclusion criteria included periodontal
treatment in the past six months, a history of diabetes mellitus,
metabolic syndrome, other endocrine diseases, cardiovascular
and cerebrovascular diseases, rheumatic diseases, chronic
renal failure, nephrotic syndrome, obesity [body mass index
(BMI) =30 kg/m?], recent diagnosis with an infectious disease,
pregnancy, lactation, hormone replacement therapy, chronic
treatment with non-steroidal anti-inflammatory drugs or
bisphosphonate or glucocorticoids, smokers and ex-smokers.
All subjects were divided into the normal group (NC-h) and
the hyperlipidemia group (HC-h). Their body weights (kg) and
heights (m) were measured to calculate body mass index (BMI)
as (kg/m?). Fasting peripheral venous blood samples were
collected into anticoagulant tubes and centrifuged at 2,200 x g
for 5 min at 25°C to prepare individuals serum samples. The
levels of serum triglycerides (TG; mg/dl), total cholesterol
(TC; mg/dl), high-density lipoprotein (HDL; mg/dl) and
low-density lipoprotein (LDL; mg/dl) were measured using

Biobase reagent kit (BIOBASE LLC) in an autobiochemical
analyzer (cat. no. AU5400; Olympus Corporation). Patients
were diagnosed with hyperlipidemia, based on their serum
levels of TC >200 mg/dl, TG >200 mg/dl, LDL-C >130 mg/dl
and HDL-C <35 mg/dl.

Periodontal examination. Periodontal examination was
performed by an experienced dentist. All teeth in the mouth
of individual patients were examined for their looseness (L),
sulcus bleeding index (SBI), clinical attachment level (CAL),
probing depth (PD) at six sites and the distance from the
gingival margin to the cementoenamel junction (CEJ) at
six sites (mesiobuccal, mid buccal, distobuccal, distolin-
gual, mid lingual and mesiolingual). In addition, missing
teeth were recorded (not including the third molar). The
distance between the near and middle CEJ-alveolar bone
crest (ABC) of each tooth was measured three times using
Planmeca Romexis 3.0.1.R software (Planmeca OY; accurate
to 0.1 mm).

Animal experiments. The animal experimental study was
approved by The Animal Ethics Committee of the Shandong
Provincial Hospital (approval no.2016-06) and the experimental
procedures were in accordance with the Guide for the Care and
Use of Laboratory Animals (12). Male Sprague-Dawley (SD)
rats (n=30; age, 6 weeks; weight, 170-190 g) were obtained from
Beijing Vital River Laboratory Animal Technology Co., Ltd..
Animals were housed in a specific pathogen-free room under
a consistent temperature (23+2°C) and humidity (55+10%)
with a cycle of 12-h light/dark and free access to water and
chow. The rats were randomized and fed with standard rodent
chow [normal control (NC) group; n=10], or high cholesterol
rodent chow (Table I, Beijing Vital River Laboratory Animal
Technology Co., Ltd.) containing 2% cholesterol (n=20) for
32 weeks. Beginning from the 25th week of a high cholesterol
diet, the high cholesterol-fed rats were randomized to treat-
ment with vehicle saline [hypercholesterolemia (HC) group;
n=10] or with 5 mg/kg simvastatin by gavage daily for 8 weeks
[simvastatin (SIM) group; n=10]. During the last 8-week
period, the NC rats were treated with vehicle saline. Their
body weights were measured weekly. At the end of the experi-
ment, abdominal aorta blood samples (5-10 ml) were obtained
from individual rats and their serum samples were prepared.
The rats were euthanized following excessive anesthesia with
200 mg/kg pentobarbital sodium.

Laboratory examinations. The levels of serum TG, TC, HDL
and LDL in individual rats were determined by enzymatic
methods in an autobiochemical analyzer (cat. no. AU5400;
Olympus).

Analysis of alveolar bone resorption. The maxillae from indi-
vidual rats were dissected and separated as right and left sides.
The semi-maxillary bone was stained with 1% methylene blue
dye at 25°C for 1 min to demarcate the cement-enamel junction
(CEJ). Both buccal and lingual root surfaces of all molar teeth
were imaged using a digital camera (Canon). Alveolar bone
loss was evaluated using Image-Pro Plus version 6.0 (Media
Cybernetics, Inc.) in a blinded manner and was expressed in
mm. The mean of 3 buccal and 3 lingual surfaces on each
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Table I. Composition of the high cholesterol diet.

Normal High
Component control diet cholesterol diet
Protein (g/100 g) 20 17
Carbohydrate (g/100 g) 58 49
Fat (g/100 g) 6 21
Selenium (g/100 g) 1.4x10° 1.6x107
Cholesterol (g/100 g) 0 2
Fatty acids (g/100 g)
C14:0 0.02 0.02
C16:0 0.97 0.97
Cle:1 0.02 0.02
C18:0 0.21 0.21
C18:1 1.23 1.23
C18:2 2.57 2.57
C18:3 0.17 0.17
Total saturated 1.11 1.11
Total monounsaturated 1.22 1.22
Total polyunsaturated 293 293
Total kcal/g 34 34

molar was calculated as the total alveolar bone loss in each
animal.

Histology. The semi-maxillae were fixed in 4% paraformalde-
hyde at 25°C for 48 h and decalcified in 10% EDTA solution
(pH 7.2) at 25°C for 2 weeks, followed by paraffin-embedding.
The bone longitudinal sections (5 ym) were stained with
hematoxylin and eosin (H&E). From each section 3-5 fields
were randomly selected and imaged under an Olympus light
microscope (model BX5ITRF; Olympus Corporation).

Immunohistochemistry. The expression levels of NF-«B,
LC3 and p62 proteins in the bone tissues were determined
by immunohistochemistry. The bone tissue sections (4 pm)
were dewaxed in xylene I and II solution at 25°C for 10 min
each and rehydrated by serial decreased concentrations of
ethanol [100 (I), 100 (IT), 95, 80 and 70%] for 5 min each. The
tissue sections were subjected to antigen retrieval in 0.125%
pancreatin at 37°C for 30 min and treated with 3% H,0O,
in methanol at 25°C for 30 min. The tissue sections were
blocked with 3% bovine serum albumin (Shanghai Yeasen
Biotechnology Co., Ltd.; cat. no. 36104ES25) in TBST at
25°C for 1 h and incubated with rabbit anti-NF-xB p65 (1:200;
cat. no. ab16502), anti-LC3B (1:100; cat. no. ab63817), anti-p62
(1:200; cat. no. ab91526; all, Abcam) at 4'C overnight. After
washing with PBS, the sections were incubated with biotinyl-
ated goat anti-rabbit IgG (1:400; cat. no. ab150077; Abcam).
Bound antibodies were detected with peroxidase-labeled
streptavidin (Shanghai Herochem Co., Ltd.) at 37°C for
30 min, followed by development with Diaminobenzidine
(OriGene Technologies, Inc.) and counterstained with haema-
toxylin at 25°C for 1 min. The stained signals in six fields of
view were imaged under a light microscope (Olympus CX21;
Olympus Corporation). The stained intensity of density (IOD)

and the ratio of the stained areas to total areas (sum/area sum)
in each image were analyzed using Image-Pro Plus software
version 6.0 (Media Cybernetics, Inc.) in a blinded manner, as
described previously (13).

Reverse transcription-quantitative PCR. The levels of OPG,
RANKL, NF-kB, LC3 and p62 mRNA transcripts, relative
to the control GAPDH, were determined in the bone tissues
by RT-qPCR. Briefly, total RNA was extracted from each
alveolar bone tissue using Trizol® reagent (Thermo Fisher
Scientific, Inc.) and reverse transcribed into cDNA using the
PrimeScript™ RT reagent kit (Takara Bio., Inc.) according
to the manufacturer's protocol. Subsequently, qPCR was
performed using the FastStart DNA Master SYBR Green I kit
(Takara Bio) with specific primers in a LightCycler System 480
(Roche Diagnostics). The PCR reactions were performed in
duplicate at 95°C for 30 sec and subjected to 40 cycles of 95°C
for 5 sec and 60°C for 30 sec. Data were analyzed using the
224 method (14). The primer sequences were forward 5'CCC
TCTCTCTGCTCACTCTGCT3' and reverse SSCTTACTGCC
CTCCTGCTTGGS3' for GAPDH; forward 5STCAGTTCCA
TGGCCCAGAC3' and reverse SGTTGTCTTTGAGATCCAT
GCCATTS3' for TNF-a; forward SCCCTGAACTCAACTG
TGAAATAGCA3' and reverse 5SSCCCAAGTCAAGGGCT
TGGAA3' for IL-1; forward STGTGGAATAGATGTCACC
CTGTGC3' and reverse SSCACAGAGGTCAATGTCTTGGA
TGATC3' for OPG; forward S’GCTTCTCAGGAGTTCCAG
CTATGAT?3' and reverse 5CGTTGCTTAACGTCATGTTAG
AGATCT3' for RANKL; forward S5GCTATAATCCTGGAC
TTCTG3' and reverse SSGAGGAAGGCTGTGAACATGA3'
for NF-«B; forward 55 GAGTGGAAGATGTCCGGCTC3' and
reverse SSCCAGGAGGAAGAAGGCTTGG3' for LC3; and
forward 5'GCTGCTCTCTTCAGGCTTACAGS3' and reverse
5'CCTGCTTCACAGTAGACGAAAGS3' for p62.

Statistical analysis. All experiments were independently
performed in triplicate. Data are presented as the mean + SD.
The difference between two experimental groups was analyzed
by the unpaired Student's t-test using the SPSS, version 17.0
(SPSS, Inc.). The correlation between blood lipid concentra-
tions and periodontal index was analyzed by Spearman's
rank correlation analysis. P<0.05 was considered statistically
significant.

Results

Hyperlipidemia is associated with severe alveolar bone
resorption in patients with periodontitis. To determine the
potential effect of hyperlipidemia on alveolar bone loss,
100 patients with periodontitis were recruited and stratified into
the hyperlipidemia and normal lipid level groups, according to
their serum TC, TG, LDL-C and HDL-C levels. Their demo-
graphic and laboratory characteristics are reported in Table II.
The levels of serum TC, TG and LDL-C in the hyperlipidemia
group were significantly higher than that in the normal lipid
group, while the serum HDL-C levels were significantly lower
in the hyperlipidemia group than in the normal lipid group.
Clinically, periodontal examination revealed that the levels of
SBI, CAL, PD and CEJ-ABC, but not tooth looseness (L), in
the hyperlipidemia group were significantly higher than that in
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Table II. Characteristics of the study population (mean + standard deviation).

Characteristic NC-h (n=52) HC-h (n=48) P-value
Age (years) 42.56+10.39 44.12+9.87 0.348
Male/female 28/24 27/21 0.164
BMI (kg/m?) 24.73+2.5 26.12+3 4 0.083
TC (mg/dl) 135.92+14.07 242 .41x17.89 <0.001
TG (mg/dl) 127.13x£16.54 248.70+16.25 <0.001
LDL-C (mg/dl) 81.24+12.09 167.95+13.13 <0.001
HDL-C (mg/dl) 55.79+6.29 21.87+3.21 <0.001
L 0.19+0.15 0.2620.21 0.449
SBI 0.94+0.37 2.59+0.42 <0.001
CAL (mm) 0.58+0.46 2.72+0.89 <0.001
PD (mm) 1.29+0.56 3.24+0.75 <0.001
CEJ-ABC (mm) 1.09+0.80 2.32+0.81 <0.001

BMI, body mass index; TC, total cholesterol; TG, plasma triglyceride; LDL-C, low density lipoprotein cholesterol; HDL-C, high density
lipoprotein cholesterol; L, Tooth looseness; SBI, sulcus bleeding index; CAL, attachment loss; PD, probing depth; CEJ-ABC, cemantoenamel

junction-alveolar bone crest.

the normal lipid level group. The levels of TC, TG and LDL-C
were positively correlated with the values of SBI, CAL, PD,
and CEJ-ABC, while the levels of HDL-C were negatively
correlated with the values of SBI, CAL, PD and CEJ-ABC in
this population (Table IIT). These data indicated that hyperlip-
idemia was correlated positively with the severity of alveolar
bone loss during the process of periodontitis in humans.

Simvastatin intervention reduces hypercholesterolemia
and its-related alveolar bone resorption in rats. Next, we
tested whether treatment with simvastatin could mitigate the
hypercholesterolemia-related alveolar bone resorption in rats.
After fed with high cholesterol food for 24 weeks, the high
cholesterol-fed rats were randomized and treated with vehicle
saline (HC group) or simvastatin (SIM group) by gavage daily
for 8 weeks under continual high cholesterol diet. Another
group of rats were fed with normal chow and received vehicle
treatment as the normal control (NC). In comparison with
the NC, although we observed gradually increased body
weights with time in the high cholesterol-fed rats there was
no significant difference among the groups (P>0.05, Fig. 1A).
As expected, we detected significantly increased levels of
serum TC, and LDL-C, but not TG and HDL-C in the high
cholesterol-fed rats (P<0.001 for both, Fig. 1B). The levels of
serum TC, and LDL-C in the SIM group were significantly
lower than that in the HC group (P<0.001, P<0.05).

Next, we measured the linear distance between the CEJ
and ABC to evaluate the levels of alveolar bone loss in indi-
vidual groups of rats (Fig. 1C and D). We found that the linear
distance between the CEJ and ABC in the SIM group of rats
was significantly shorter than that in the HC group (P<0.05),
but remained significantly longer than that in the NC group
of rats (P<0.05, Fig. 1C). Hence, such data indicated that high
cholesterol feeding induced hypercholesterolemia and alveolar
bone loss, where were significantly mitigated by simvastatin
treatment in rats.

Simvastatin intervention mitigates hypercholesterol-
emia-modulated. OPG, RANKL and NF-«kB expression in
the alveolar bone of rats. Given that OPG and RANKL are
crucial for osteoclastogenesis and hyperlipidemia can activate
the NF-kB signaling though engagement of TLR2/4 (15), the
potential mechanisms underlying the action of simvastatin in
regulating hypercholesterolemia-induced alveolar bone loss
in rats were explored. The relative levels of NF-kB expres-
sion in the alveolar bone tissues of the different groups of
rats were measured. Levels of NF-kB mRNA transcripts
in the SIM group were significantly lower than those in the
HC group (P<0.05), but still significantly higher than those
in the NC group of rats (P<0.001; Fig. 2A). Further immuno-
histochemistry revealed anti-NF-kB+ granules in the nucleus
and cytoplasm of osteoclast-like cells and that the intensity of
anti-NF-kBp65 staining in in the SIM group was obviously
lower than in the HC group, but still higher than that in the
NC group (Fig. 2B and C). Although a significant difference
in the relative levels of TNF-a and IL-13 mRNA transcripts in
the alveolar bone tissues from different groups of rats was not
detected (P>0.05 for all; Fig. 3A), significantly higher levels of
RANKL and OPG mRNA transcripts, leading to high ratios
of RANKL to OPG in the HC group relative to the NC group
were observed (Fig. 3B). However, simvastatin treatment
significantly reduced the levels of RANKL, but not OPG,
mRNA transcripts, decreasing the ratios of RANKL to OPG
mRNA transcripts in rats. Collectively, such data indicated
that simvastatin intervention minimized hypercholesterol-
emia-enhanced NF-«B expression and modulated RANKL and
OPG transcription, ameliorating hypercholesterolemia-related
alveolar bone loss in rats.

Simvastatin intervention modulates LC3 and p62 expres-
sion in the alveolar bone of hypercholesterolemia rats.
Hyperlipidemia can enhance oxidative stress and increase
autophagy during the process of osteoclastogenesis. The
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Figure 1. Simvastatin reduces the hypercholesterolemia-induced alveolar bone loss in rats. Rats were fed with normal rat chow for 32 weeks or with chow
containing 2% cholesterol for 32 weeks. Beginning at the 25th weeks of high cholesterol diet, the high cholesterol-fed rats were randomized, continually fed
with high cholesterol diet, and treated with vehicle saline or simvastatin by gavage daily for 8 weeks. (A) Rat body weights were measured weekly and (B) their
TG, TC, HDL and low-density LDL levels were quantified. (C) The linear distance between the cement-enamel CEJ and the ABC was measured in (D) images
of the buccal and lingual root surfaces. Each small grid on the upper ruler represents 1 mm. The black lines represent the distance of alveolar bone resorption.

Results are presented as the mean + SD of each group (n=10 per group). ‘P<0.05;

ok

P<0.001. NC, normal control group; HC, hypercholesterolemia group; SIM,

simvastatin group; TC, total cholesterol; TG, plasma triglyceride; LDL, low density lipoprotein; HDL, high density lipoprotein; CEJ, cement-enamel junction;

ABC, alveolar bone crest.

possible effect of simvastatin intervention on hypercholester-
olemia-enhanced LC3 and p62 expression in the alveolar bone
tissues was assessed by RT-qPCR and immunohistochem-
istry. Compared with the NC group, significantly increased
levels of LC3 and p62 mRNA transcripts were detected in
the alveolar bone tissues of the HC group (P<0.01, P<0.05,
Fig. 4A). Simvastatin intervention did not significantly
change the relative levels of LC3 mRNA transcripts, but did
significantly reduce the levels of p62 mRNA transcripts in the
alveolar bone tissues of the SIM group of rats, relative to that
the HC group (P<0.01 Fig. 4A and B). As a result, simvastatin

intervention increased the ratios of LC3 to p62 mRNA tran-
scripts in the alveolar bone tissues of the SIM group of rats
(P<0.05 Fig. 4C). Immunohistochemistry revealed that the
intensity of anti-LC3 staining in the SIM group was similar
to that in the NC group, but less than that in the HC group
of rats (Fig. 4D-F). A similar pattern of anti-p62 staining
was observed in the alveolar bone tissues from the different
groups of rats (Fig. 4G-I). Simvastatin intervention may
therefore modulate LC3 and p62 expression and increase the
ratios of LC3 to p62 expression in the alveolar bone tissues of
hypercholesterolemia rats.
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Table III. Partial correlation after controlling for confounding variables.

TC TG LDL-C HDL-C SBI CAL PD CEJ-ABC

TC

Correlation 1 0.752* 0.702* -0.909* 0.490* 0.560* 0.489* 0.525*

Significance (two-tailed) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
TG

Correlation 1 0.762* -0.712* 0.595* 0.591* 0.445* 0.593*

Significance (two-tailed) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
LDL-C

Correlation 1 -0.761* 0.529* 0.557* 0.439* 0.587*

Significance (two-tailed) <0.001 <0.001 <0.001 <0.001 <0.001
HDL-C

Correlation 1 -0.484* -0.561° -0.429* -0.562*

Significance (two-tailed) <0.001 <0.001 <0.001 <0.001
SBI

Correlation 1 0.360* 0.250* 0.414*

Significance (two-tailed) <0.001 0.012 <0.001
CAL

Correlation 1 0.333® 0.550°

Significance (two-tailed) 0.001 <0.001
PD

Correlation 1 0.357*

Significance (two-tailed) <0.001
CEJ-ABC

Correlation 1

Significance (two-tailed)

TC, total cholesterol; TG, plasma triglyceride; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; L,
Tooth looseness; SBI, sulcus bleeding index; CAL, attachment loss; PD, probing depth; CEJ-ABC, cemantoenamel junction-alveolar bone

crest. “P<0.01.

Discussion

A previous study demonstrated a positive correlation between
deep periodontal pockets and elevated blood lipid levels (16).
In the present study, patients with periodontitis and hyper-
lipidemia displayed severe periodontal tissue damage and
alveolar bone resorption in comparison to those with normal
lipid levels, consistent with previous observations (16). The
level of hyperlipidemia was positively correlated with the
severity of periodontal tissue damage in this population,
supporting the hypothesis that hyperlipidemia is associated
with the progression of periodontitis-related alveolar bone
loss (17). Hyperlipidemia can increase innate immune cell
activity (18) and activate innate immune cells, including
macrophages and natural killer cells, which can secrete
pro-inflammatory cytokines and migrate into the inflamma-
tory lesion, worsening periodontitis and promoting alveolar
bone resorption (19). Assessing the degree of hyperlipidemia
may therefore be beneficial when evaluating the severity of
periodontitis.

Simvastatin can promote bone formation and increase
BMD in rats with hyperlipidemia, and ameliorate

hypercholesterolemia-related microstructure changes in the
jaw bone of animals (10). A study suggested that simvastatin
may promote bone formation and reduce alveolar bone loss in
the maxillary following ovariectomy and ligature placement
in rats (20). To understand the therapeutic effect and potential
mechanisms underlying the action of simvastatin, a rat model
of hypercholesterolemia-related periodontitis was established
in the present study. High cholesterol feeding was demonstrated
not only to induce hypercholesterolemia, but also to promote
severe alveolar bone loss in rats. By contrast, treatment with
simvastatin did not significantly alter rat body weights, but
significantly ameliorated hypercholesterolemia and alveolar
bone loss, extending previous observations (10,20). These
findings suggest that treatment with simvastatin may benefit
patients with periodontitis by preventing and inhibiting
alveolar bone loss.

The RANKL/RANK/OPG system is crucial for bone
metabolism and its imbalance is associated with promoting
osteoclastogenesis by activating c-Fos, NF-kB and nuclear
factor of activated T cells 1 (21). NF-xB activation can
promote the early differentiation of osteoclast precursors,
while inhibition of NF-«xB activation prevents RANKL and
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Figure 2. Simvastatin reduces hypercholesterolaemia-enhanced NF-kB expression in the alveolar bone tissues of rats. The levels of NF-kB mRNA transcripts
and protein expression in the alveolar bone tissues of the different groups of rats were quantified by reverse transcription-quantitative PCR and immunohisto-
chemistry. (A) The relative levels of NF-kB mRNA transcripts. (B) Immunohistochemistry of NF-kB p65 protein expression and (C) quantification. Data are
representative images (magnification, x200) or presented as the mean + SD of each group (n=10) from three separate experiments NC, normal control group;
HC, hypercholesterolemia group; SIM, simvastatin group; NF-kB, nuclear factor-kB. "P<0.05; ““P<0.001.

TNFa-induced bone resorption (22). NF-kB signaling is
also involved in the progression of periodontitis, damaging
the alveolar bone and periodontal ligament (23,24). In the
present study, simvastatin intervention significantly miti-
gated hypercholesterolemia-induced NF-kB and RANKL
expression, but not that of OPG, TNF-a and IL-1§, in the
alveolar bone tissues of rats, consistent with a previous
report (25,26). These findings extended previous obser-
vations that simvastatin inhibits NF-xB signaling and
RANKL-induced osteoclastogenesis in RAW 264.7 cells
and alveolar bone loss induced by lipopolysaccharide in
rats (27,28). Inhibition of NF-xB signaling and related
RANKL expression by simvastatin may therefore be crucial
for the control of hypercholesterolemia-related periodontitis
and alveolar bone loss in rats.

Autophagy can regulate bone resorption by osteo-
clasts (7). In the present study, while hypercholesterolemia
enhanced LC3 and p62 expression, simvastatin intervention
did not significantly alter the levels of LC3 expression, but
significantly reduced the levels of p62 expression, leading
to an increase in the ratios of LC3 to p62 expression in the
alveolar bone tissues of rats. It may be hypothesized that
increased ratios of LC3 to p62 expression predominantly
occur in osteoclasts and enhance their autophagic flux,
which may contribute to the simvastatin-induced inhibi-
tion of alveolar bone loss in rats (29). Given that p62 is
the most specific adaptor protein to regulate the formation
of protein aggregates and is continuously degraded by the
autophagolysosome (30,31) the increased ratios of LC3 to
p62 expression by simvastatin may at least partially explain
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Figure 4. Simvastatin increases the ratios of LC3 to p62 expression in the alveolar bone of rats. The relative levels of LC3 and p62 expression in the alveolar
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the (G) NC, (H) HC and (I) SIM group. NC, normal control group; HC, hypercholesterolemia group; SIM, simvastatin group; LC3, microtubule-associated
protein 1 light chain. ‘P<0.05, “P<0.01.
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its therapeutic role in the inhibition of hypercholesterol-
emia-mediated bone loss in the alveolar bone of rats (32-34).
Modulation of autophagy may therefore be a viable strategy
for the inhibition of hypercholesterolemia-related alveolar
bone loss.

The present study had numerous limitations, including
a relatively small sample size for a human study without
prospective simvastatin treatment; measuring cytokine expres-
sion at the level of mRNA transcripts and not their proteins;
assessing NF-kB, p62 expression but not its phosphoryla-
tion level; measuring LC3 but not LC3 I and II expression;
the lack of specific markers for identification of osteoclasts
in bone tissues; and the lack of more valuable measures for
determining autophagy. Hence, further investigation of the
therapeutic effect and potential mechanisms underlying the
action of simvastatin in regulating hyperlipidemia-related
alveolar bone loss in a larger population is warranted.

In conclusion, the present results indicated that hyper-
lipidemia was associated with alveolar bone loss in patients
with periodontitis. Simvastatin intervention not only reduced
hypercholesterolemia, but also mitigated hypercholester-
olemia-related alveolar bone loss by reducing NF-kB and
RANKL expression and modulating LC3 and p62 expression
in the alveolar bone tissues of hypercholesterolemic rats. These
data may suggest new mechanisms underlying the therapeutic
action of simvastatin in intervention for periodontitis-related
bone loss.
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