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Abstract

Clinical studies have shown that metabolic syndrome (MetS) is associated with increased risk of developing periodontitis.
However, the underlying mechanisms remain largely unknown. Since it is known that lipopolysaccharide (LPS)—activated
toll-like receptor 4 signaling pathways play a crucial role in periodontitis, we hypothesized that MetS enhances LPS-induced
periodontal inflammation and alveolar bone loss. In this study, we induced MetS in C57BL/6 mice by feeding them high-fat
diet (HFD), and we induced periodontitis by periodontal injection of Aggregatibacter actinomycetemcomitans LPS. We found
that mice fed a HFD had significantly increased body weight, plasma lipids, insulin, and insulin resistance when compared
with mice fed regular chow, indicating that the mice developed MetS. We also found that a HFD markedly increased LPS-
induced alveolar bone loss, osteoclastogenesis, and inflammatory infiltration. Analysis of gene expression in periodontal
tissue revealed that HFD and LPS injection cooperatively stimulated expression of cytokines that are known to be involved
in periodontal tissue inflammation and osteoclastogenesis—such as interleukin 6, monocyte-chemotactic protein I,
receptor activator of nuclear factor kappa-B ligand, and macrophage colony-stimulating factor. To further understand the
potential mechanisms involved in MetS-boosted tissue inflammation, our in vitro studies showed that palmitic acid—the
most abundant saturated fatty acid (SFA) and the major SFA in the HFD used in our animal study—potently enhanced
LPS-induced proinflammatory gene expression in macrophages. In sum, this study demonstrated that MetS was associated
with increased periodontal inflammation and alveolar bone loss in an LPS-induced periodontitis animal model. This study
also suggests that SFA palmitic acid may play an important role in MetS-associated periodontitis by enhancing LPS-induced
expression of inflammatory cytokines in macrophages.
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Krejci and Bissada 2013), suggesting that disorders of lipid
metabolism, present in both MetS and obesity, may increase
the risk of developing periodontitis. However, the underly-
ing mechanisms remain largely unknown.

Introduction

Metabolic syndrome (MetS) is a cluster of cardiovascular
risk factors, including abdominal obesity, atherogenic dys-
lipidemia, hypertension, insulin resistance, and proinflam-
matory and prothrombotic states (Grundy et al. 2004). MetS
is considered prediabetes since it may not include hypergly-
cemia but is commonly associated with insulin resistance
and highly predictive of new-onset type 2 diabetes (Grundy
et al. 2004; Grundy 2012).

Periodontitis is a primarily bacterial infection of the sup-
porting structures of teeth, characterized by tissue inflamma-
tion and destruction that eventually lead to tooth loss (Beck
et al. 1996; Offenbacher 1996). It has been well established
that diabetes is an independent risk factor for periodontitis
(Lalla et al. 2000). In addition, recent clinical studies have
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provided evidence that MetS is associated with an increased
risk of periodontitis (Nibali et al. 2013). Furthermore, stud-
ies have linked obesity with periodontitis (Suvan et al. 2011;

of Medicine, Medical University of South Carolina, | 14 Doughty St.,
Charleston, SC 29403, USA.
Email: huangyan@musc.edu



Metabolic Syndrome Worsens Periodontitis

363

A few studies have shown that MetS or obesity is associ-
ated with periodontitis in animal models. Our laboratory
employed Zucker fat rats—a well-established model of
MetS (Fellmann et al. 2013)—and induced periodontitis by
periodontal injection of lipopolysaccharide (LPS) isolated
from Aggregatibacter actinomycetemcomitans, a periodon-
tal pathogen (Hyvarinen et al. 2014). We demonstrated that
LPS-induced alveolar bone loss in Zucker fat rats was more
severe than that in control lean rats (Jin, Machado, et al.
2014). Interestingly, Mizutani et al. (2014) showed that the
gingival tissue had increased activities of protein kinase C
isoforms and expression of p65 subunit of nuclear factor
kappa-B in Zucker fat rats without induction of periodonti-
tis, suggesting that MetS per se is associated with a hyper-
inflammatory state in gingival tissue that may contribute
to MetS-related periodontitis. Furthermore, Amar et al.
(2007) employed a mouse model with high-fat diet (HFD)—
induced obesity (DIO) and Porphyromonas gingivalis
(P. gingivalis)-induced periodontitis, demonstrating that
DIO was associated with a higher degree of alveolar bone
loss. Interestingly, this study also showed that DIO was
associated with an increased level of P. gingivalis in gingi-
val tissue and a blunted systemic inflammatory response.
However, the mechanism for DIO-related alveolar bone
loss remains unclear since the study did not elucidate peri-
odontal inflammation in response to P. gingivalis.

In the current study, we hypothesized that MetS enhances
LPS-induced periodontal inflammation and alveolar bone
loss. To test our hypothesis, we employed a mouse model
with DIO and induced periodontitis by periodontal injection
of A. actinomycetemcomitans LPS. We demonstrated that
mice with DIO had major features of MetS, including obe-
sity, dyslipidemia, hyperinsulinemia, and insulin resistance.
We also showed that the mice with MetS had a markedly
increased alveolar bone loss, osteoclastogenesis, and
inflammatory infiltration induced by LPS injection, as com-
pared with the control mice without MetS.

Materials and Methods

Animal Treatments

Six-week-old male C57BL/6 mice were purchased (Taconic
Farms, Hudson, NY, USA) and fed regular mouse chow
(D12450B; n = 14) or a HFD (D12492; n = 14; Research
Diets, Inc., New Brunswick, NJ, USA) for 16 wk. The mice
were housed with a 12-h cycle of light and dark and had free
access to tap water and food. The Institutional Animal Care
and Use Committee at the Medical University of South
Carolina approved all experimental protocols. During the
last 4 wk of regular chow or HFD feeding, 14 mice (7 fed
regular chow and 7 fed a HFD) were injected with LPS
(20 pg per mouse) isolated from A. actinomycetemcomitans
(strain Y4, serotype B; Yu et al. 2011) through both the left

and right sides of the palatal gingiva between the maxillary
first and second molars, 3 times per week as described pre-
viously (Rogers et al. 2007; Jin, Zhang, et al. 2014). For
control, 14 mice (7 fed regular chow and 7 fed a HFD) were
injected with phosphate-buffered saline (PBS), the vehicle
for LPS.

Metabolic Measurements

See the Appendix.

Micro—computed Tomography and
Bone Volume Fraction Analysis

See the Appendix.

Tartrate-Resistant Acid Phosphatase Staining
and Quantification of Osteoclasts

Formalin-fixed maxillac were decalcified in a 10% ethyl-
enediaminetetraacetic acid (EDTA) solution for 4 wk at 4°C.
The EDTA solution was changed 3 times per week. The
maxillae were paraffin-embedded, and sagittal sections (7
um) were prepared. Tartrate-resistant acid phosphatase
(TRAP) staining was performed in tissue sections via a leu-
kocyte acid phosphatase kit (Sigma Aldrich, St. Louis, MO,
USA). The tissue sections were counterstained with hema-
toxylin after TRAP staining. Active osteoclasts were defined
as multinucleated TRAP-positive cells in contact with bone
surface. TRAP-positive osteoclasts under the first and sec-
ond molars on the surface of alveolar bone were counted.

Histologic Tissue Processing and
Pathologic Evaluation

For pathologic evaluation, the above tissue sections were
stained with hematoxylin and eosin. Tissue inflammation
and bone resorption were evaluated according to the fol-
lowing criteria: 0 = within normal limits; 1 = focal some
leukocyte infiltration, no significant bone resorption; 2 =
moderate leukocyte infiltration with mild bone resorption;
3 =severe leukocyte infiltration with moderate bone resorp-
tion; and 4 = severe leukocyte infiltration with extensive
bone resorption (Jin, Machado, et al. 2014).

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction

See the Appendix.

Culture of Bone Marrow—derived Macrophages

See the Appendix.
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Palmitic Acid Preparation

To prepare palmitic acid (PA) for cell treatments, PA was
dissolved in 0.1N NaOH and 70% ethanol at 70°C to make
50 mM. The solution was kept at 55°C for 10 min, mixed,
and brought to room temperature.

ELISA

Interleukin 6 (IL-6) in medium was quantified via a sand-
wich enzyme-linked immunosorbent assay (ELISA) kit
according to the protocol provided by the manufacturer
(Biolegend, San Diego, CA, USA).

Polymerase Chain Reaction Arrays

Duplicate samples of RNA used for real-time polymerase
chain reaction (PCR) were combined for PCR array analy-
sis. First-strand cDNA was synthesized from RNA via the
RT? First Strand Kit (SuperArray Bioscience Corp.,
Frederick, MD, USA). Mouse toll-like receptor (TLR)
pathway-focused PCR arrays (SuperArray Bioscience
Corp.) were performed with the 2x SuperArray RT> gPCR
Master Mix and the first-strand cDNA by following the
instructions from the manufacturer.

Statistic Analysis

GraphPad Instat 3.1a software (GraphPad Software, Inc.,
La Jolla, CA, USA) was used for statistical analysis. For
data with normal distribution, Student’s ¢ test was used for
comparison of means between 2 groups, and values were
expressed as mean + SD. For data without normal distribu-
tion, nonparametric analysis based on the Mann-Whitney
test was performed to determine the statistical significance
of differences between 2 experimental groups. A value of
P <0.05 was considered significant.

Results
HFD Induces MetS

After mice were fed a HFD for 16 wk, the metabolic param-
eters were determined (see Appendix Table 2). The mice fed
a HFD were 61% heavier than the mice fed regular chow.
The plasma fasting glucose levels in mice fed a HFD did not
increase significantly versus that in the control mice.
Strikingly, the fasting insulin level and homeostasis model
assessment of insulin resistance in mice fed a HFD were
increased by 7- and 8-fold, respectively, against those in the
control mice, suggesting that a HFD induced a strong insu-
lin resistance. The plasma lipids—including cholesterol,
triglycerides, and free fatty acids—in mice fed a HFD were
all significantly increased versus those in the control mice.
Taken together, these metabolic data indicate that mice fed

a HFD developed MetS, as they had obesity, hyperinsu-
linemia, insulin resistance, and dyslipidemia.

HFD Exacerbates LPS-induced Alveolar Bone Loss

After periodontal injection of LPS for 4 wk, the mouse
maxillae were scanned by micro—computed tomography to
reveal alveolar bone and quantify BVF. Results (Fig. 1)
showed that LPS injection in mice fed regular chow induced
alveolar bone loss by 4.4% (0.367 vs. 0.386, P < 0.01),
while HFD feeding alone induced alveolar bone loss by
5.9% (0.361 vs. 0.386, P < 0.01). Strikingly, the combina-
tion of LPS injection and HFD feeding led to markedly
increased bone loss, by 19.0% (0.311 vs. 0.386, P < 0.01),
revealing a synergy between HFD feeding and LPS injec-
tion on alveolar bone loss.

HFD Enhances LPS-induced Osteoclastogenesis

To further elucidate how a HFD exacerbates LPS-induced
alveolar bone loss, we performed TRAP staining on tissue
sections of the maxillae to detect osteoclasts. Results (Fig.
2) showed that LPS injection induced osteoclastogenesis in
mice fed regular chow, while HFD feeding alone also
slightly induced osteoclastogenesis. Impressively, the com-
bination of LPS injection and HFD feeding exerted a strong
synergy on osteoclastogenesis.

HFD Enhances LPS-induced Tissue Inflammation
and Bone Resorption

Histologic analysis of maxillae was conducted to determine
the effect of LPS and a HFD on periodontal inflammation
and bone resorption. We focused on both the subepithelial
gingival tissue (Fig. 3A) and the periodontal ligament tissue
(Fig. 3B) adjacent to the sites of LPS or PBS injection.
Results showed that LPS injection in mice fed regular chow
led to a marked increase in leukocyte infiltration and alveo-
lar bone resorption, while HFD feeding alone also increased
leukocyte infiltration and alveolar bone resorption.
Consistent with the above findings on alveolar bone loss
and osteoclastogenesis, the combination of LPS injection
and HFD feeding had a synergistic effect on tissue inflam-
mation and alveolar bone resorption. Pathologic analysis of
tissue inflammation intensity showed that while LPS injec-
tion or HFD feeding alone increased inflammatory scores,
the combination of LPS injection and HFD feeding led to a
further increase in inflammatory scores (Fig. 3C).

HFD Enhances LPS-stimulated Cytokine
Expression
Inflammatory cytokines such as IL-6 and monocyte-chemo-

tactic protein 1 (MCP-1) play a crucial role in periodontitis
(Hanazawa et al. 1993; Javed et al. 2012). In addition,
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Figure |. Metabolic syndrome (MetS) is associated with increased alveolar bone loss induced by lipopolysaccharide (LPS). C57BL/6
mice, with or without MetS, were injected with phosphate-buffered saline (PBS) or LPS in periodontal tissue to induce periodontitis
as described in Methods. After the treatment, the maxillae were scanned by micro—computed tomography (A), and bone volume
fractions were quantified (B). The data are presented as means * SD (n = 7).
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Figure 2. Metabolic syndrome (MetS) is associated with increased osteoclastogenesis and bone resorption induced by
lipopolysaccharide (LPS). C57BL/6 mice, with or without MetS, were injected with phosphate-buffered saline (PBS) or LPS in
periodontal tissue to induce periodontitis (as described in Methods). After the maxillae were examined by micro—computed
tomography (as shown in Figure 1), they were decalcified and sectioned. Tartrate-resistance acid phosphatase (TRAP) staining
to detect osteoclasts was performed on the tissue sections. Representative tissue sections from 4 groups were shown (A), and
multinucleated TRAP-positive osteoclasts were quantified (B). The data are presented as mean £ SD (n = 7). B, alveolar bone; T,

tooth.

receptor activator of nuclear factor kappa-B ligand (RANKL)
and macrophage colony-stimulating factor (M-CSF) are key
players to increase osteoclastogenesis and alveolar bone
resorption (Taubman et al. 2005; Lee et al. 2009). To under-
stand how a HFD augments LPS-induced alveolar bone

resorption, we determined the effect of HFD feeding and/or
LPS injection on the expression of IL-6, MCP-1, M-CSF,
and RANKL in the periodontal tissue. Results (Table)
showed that LPS injection in mice fed regular chow or HFD
feeding alone without LPS injection stimulated the
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Figure 3. Metabolic syndrome (MetS) is associated with increased leukocyte infiltration and bone resorption induced by
lipopolysaccharide (LPS). In addition to tartrate-resistance acid phosphatase staining, the tissue sections were stained with hematoxylin
and eosin. Furthermore, histologic evaluation was performed of leukocyte infiltration and bone resorption in subepithelial gingival

(A) and periodontal ligament (B) tissue after treatment with phosphate-buffered saline (PBS) or LPS in mice, with or without MetS.
Photomicrographs were taken at 200% magnification. The inflammatory scores for leukocyte infiltration and bone resorption were
determined (C) according to the criteria described in Methods. The data are presented as means * SD (n = 7). B, alveolar bone; T,

tooth.

expression of the cytokines. Interestingly, the combination
of LPS injection and HFD feeding stimulated the expres-
sion of the cytokines to higher levels in a cooperative
manner.

To understand how HFD feeding enhances the effect of
LPS on periodontitis, we hypothesized that PA, the most
abundant saturated fatty acid, may play a role in periodonti-
tis since PA is an important factor in MetS-related insulin
resistance and systemic inflammation (Maloney et al. 2009;
Coll et al. 2010; Igoillo-Esteve et al. 2010) and the HFD
given to mice in our study had a high content of PA. In this
study, we selected macrophages because macrophage-
mediated inflammatory response plays a crucial role in
development of periodontal disease (Charon et al. 1981;

Shapira et al. 1996; Jagannathan et al. 2014). Results
showed that LPS induced IL-6 secretion from bone mar-
row—derived macrophages, while PA had no effect, although
it did enhance the stimulatory effect of LPS by 2-fold (Fig.
4). To further assess the effect of PA on LPS-triggered
inflammatory response, we employed a TLR pathway—
focused gene array to quantify gene expression in bone
marrow—derived macrophages. Results (Appendix Table 3)
showed that while LPS stimulated a number of cytokines,
PA also increased expression of some cytokines, such as
IL-1a, CXCL10, and CD86. Strikingly, the combination of
LPS and PA stimulated a large number of inflammatory
cytokines, including IL-1a, IL-1p, CXCL10, CD86, CSF2,
MCP-1, TLR2, TNFa, CD14, and IL-6.
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Table. Mice With Metabolic Syndrome Have Increased Periodontal Expression of Inflammatory Cytokines.

Mice IL-6 M-CSF MCP-1 RANKL
Non-MetS
With PBS 0.18 (0.10, 1.59) 0.69 (0.01, 1.68) 0.04 (0.01, 0.23) 1.38 (0.27, 3.30)
With LPS 0.82 (0.10, 1.98) .15 (0.40, 1.85)" 0.11 (0.03, 0.37) 2.52 (0.55, 3.66)*
MetS
With PBS 0.73 (0.26, 1.96)" 1.59 (0.92, 2.99)° 0.42 (0.02, 1.28)° 2.10 (0.74, 4.74)°
With LPS 1.09 (0.39, 2.61)° 2.69 (1.57, 5.52)° 120 (0.58, 4.58)° 3.43 (1.19, 7.23)°

Data are median (minimum, maximum) (n = 7). Mann-Whitney test was performed for statistical analysis.
IL-6, interleukin 6; LPS, lipopolysaccharide; MCP- 1, monocyte chemoattractant protein |; M-CSF, macrophage colony-stimulating factor; PBS,
phosphate-buffered saline; RANKL, receptor activator of nuclear factor kappa-B ligand.

P < 0.0l vs. non-MetS mice with PBS injection.
®P < 0.01 vs. non-MetS mice with PBS injection.

‘P < 0.01 vs. non-MetS mice with PBS injection. P < 0.05 vs. non-MetS mice with LPS. P < 0.05 vs. MetS mice with PBS.

Discussion

The major finding from this study is that periodontal LPS
injection in MetS mice led to a marked increase in alveolar
bone loss, osteoclastogenesis, and bone resorption, when
compared with mice without MetS. This finding is impor-
tant since it demonstrated for the first time that local LPS
treatment and systemic MetS had a robust cooperation to
stimulate a hyperinflammatory response in periodontal tis-
sue, leading to remarkable alveolar bone loss. This finding
replicates the clinical observation on the association of
MetS with periodontitis (Nibali et al. 2013) and rationalizes
this model in studies of MetS-related periodontitis. To
understand how HFD-induced MetS boosts alveolar bone
loss, we assessed the inflammatory infiltration in periodon-
tal tissue and expression of inflammatory cytokines.
Histologic analysis (Fig. 3) and a gene expression study
(Table) showed that LPS-induced inflammation and gene
expression in periodontal tissue were remarkably aug-
mented in mice with MetS as compared with mice without
MetS, strongly indicating that an exaggerated local inflam-
mation is responsible for increased alveolar bone loss.
Previously, Amar et al. (2007) reported that HFD was asso-
ciated with a higher degree of alveolar bone loss. However,
it remains unclear how HFD affects periodontal inflamma-
tion. In the current study, our histologic and gene expres-
sion data clearly indicated that a HFD boosted periodontal
inflammation.

Our metabolic data indicate that mice fed a 4-mo HFD
developed MetS, as they had increased body weight, plasma
lipids (including cholesterol, triglycerides and free fatty
acids), serum insulin level, and homeostasis model assess-
ment of insulin resistance. Gamliel-Lazarovich et al. (2013)
showed that MetS induced by HFD feeding in C57BL/6
mice is associated with systemic hypertension. The most
impressive changes of the metabolic abnormalities observed
in our study were the remarkable increases of fast plasma
insulin and homeostasis model assessment of insulin resis-
tance. Clearly, a HFD induced a strong insulin resistance—a
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Figure 4. Palmitic acid (PA) enhances lipopolysaccharide
(LPS)—stimulated interleukin 6 (IL-6) secretion from bone
marrow—derived macrophages, which were treated with
different concentrations of LPS, 100 uM of PA, or both LPS and
PA for 24 h. After the treatment, IL-6 in culture medium was
quantified via ELISA. The data are presented as means + SD of |
of 3 experiments with similar results.

hallmark of MetS (Ruderman et al. 2013). The metabolic
data also showed that the mice fed a HFD had increased free
fatty acids that are known to play an important role in insu-
lin resistance by inhibiting insulin signaling in adipocytes
and skeletal muscle (Kraegen and Cooney 2008; Capurso C
and Capurso A 2012). Moreover, the mice fed a HFD did
not have a significant increase in fasting glucose, which is
in agreement with the previous report on this mouse model
(Amar et al. 2007). It is noteworthy that although the HFD
induces most of the symptoms of human MetS, including
insulin resistance, in our mouse model, it is unlikely that a
HFD induces hyperglycemia, since diets causing MetS in
human are more complex than the rodent HFD and since it
may also take much longer for a HFD to induce
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hyperglycemia in mice. Given the absence of hyperglyce-
mia in the mice, pathologic factors other than hyperglyce-
mia may play important role in MetS-related periodontitis.

In this study, we employed a rodent model in which peri-
odontitis is induced by periodontal injection of A. actinomy-
cetemcomitans LPS (Rogers et al. 2007). This animal model
allowed us to test our hypothesis that MetS enhances LPS-
induced periodontal inflammation and alveolar bone loss in
vivo. However, note that this model is not exactly a peri-
odontal disease model relevant to human periodontitis,
since human periodontitis is caused by multiple periodonto-
pathogens (Tanner et al. 1998). This is the main limitation
of the study, which should be considered hypothesis
generating.

A. actinomycetemcomitans has been considered a peri-
odontal pathogen involved in aggressive periodontitis.
However, this notion has been challenged by a study indi-
cating that mixed bacteria of the red and orange complexes,
which do not include 4. actinomycetemcomitans, were
associated with aggressive periodontitis (Kononen and
Muller 2014). Also, A. actinomycetemcomitans was shown
to be involved in chronic periodontitis, as Cortelli et al.
(2010) reported that A. actinomycetemcomitans was
detected in 18.37% of Brazilians with chronic periodontitis
(n = 555). Furthermore, a recent clinical study showed that
systemic exposure to A. actinomycetemcomitans was asso-
ciated with MetS in Finnish patients aged 45 to 74 y (odds
ratio, 1.42; P < 0.009) and that MetS was associated with
more than 4 missing teeth (odds ratio, 1.69; P < 0.001)
(Hyvarinen et al. 2014).

Using bone volume quantification based on micro—com-
puted tomography, we demonstrated that even in the absence
of periodontal LPS treatment, MetS was associated with a
significantly decreased bone volume fraction (0.361 vs 0.386,
P < 0.01), suggesting that MetS per se as a comorbidity of
periodontitis exerts a negative impact on alveolar bone vol-
ume. Intriguingly, our data showed that the degree of alveolar
bone loss in mice with MetS and PBS injection was similar to
that in control mice with LPS injection (Fig. 1), but the
degrees of osteoclastogenesis and inflammatory infiltration
in mice with MetS and PBS injection were much less than
those in non-MetS mice with LPS injection (Figs. 2 and 3).
To reconcile this discrepancy, note that the mice were injected
with LPS for only 4 wk but fed a HFD for 4 mo. Although the
osteoclastogenesis and inflammatory infiltration in response
to HFD alone appear less robust than those in response to
LPS injection, a much longer period of HFD feeding is likely
to result in a substantial bone resorption.

It is surprising to find that a HFD for 4 mo led to a sig-
nificant alveolar bone loss, equivalent to that induced by
periodontal injection of LPS for 4 wk in mice fed normal
chow. This finding suggests that C57BL/6 mice are more
susceptible to metabolic disorders than humans in developing

periodontitis. Actually, ligature-induced experimental peri-
odontitis in rodents takes only weeks, but developing peri-
odontitis in human takes years. These findings also suggest
that the defense mechanisms against periodontitis in humans
are much more sophisticated and advanced than those in
murine models.

Interestingly, rheumatoid arthritis, another comorbidity
of periodontitis, is also associated with spontaneous alveo-
lar bone loss in a C57BL/6 mouse model for arthritis with-
out bacterial inoculation (Queiroz-Junior et al. 2011). In
that study, which explored the mechanisms of rheumatoid
arthritis-associated periodontitis, it was suggested that
arthritis-dependent release of proinflammatory cytokines
played a critical role in arthritis-related periodontal disease.
Similarly, our results (Table) showed that the mice with
MetS had increased periodontal expression of IL-6, M-CSF,
MCP-1, and RANKL when compared with the control
mice, indicating that, like rheumatoid arthritis, MetS
induces a hyperinflammatory state that may contribute to
alveolar bone loss.

In our studies to elucidate the potential mechanisms
involved in MetS-related periodontitis, we focused on satu-
rated fatty acids (SFAs), since a clinical study with a large
number of patients (n = 1,754) showed that high dietary
saturated fat (>15.5% energy) exacerbated MetS risk (odds
ratio, 2.35; P = 0.005; Phillips et al. 2012). PA, as the most
abundant SFA, has been shown to play an important role in
SFA-induced insulin resistance and inflammation (Maloney
et al. 2009; Coll et al. 2010; Igoillo-Esteve et al. 2010).
Furthermore, the HFD that we used in the current study was
enriched with PA. We employed bone marrow—derived
macrophages to demonstrate that PA augmented the effect
of LPS on the expression of a number of inflammatory
cytokines, such as IL-6, IL-1a, IL-13, CXCL10, MCP-1,
and CSF2. Interestingly, PA also enhanced the effect of LPS
on the expression of TLR-related signaling molecules, such
as CD14 and TLR2, suggesting that it amplifies TLR-
mediated inflammatory signaling triggered by LPS.

In conclusion, this study demonstrated for the first time
that MetS is associated with increased periodontal inflam-
mation and alveolar bone loss induced by LPS in an animal
model. It also showed that PA and LPS had a cooperative
effect on the expression of inflammatory cytokines in bone
marrow—derived macrophages, suggesting a potential role
of PA in MetS-related periodontitis.
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