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Free fatty acids may be involved in the pathogenesis of oral-related
and cardiovascular diseases
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a b s t r a c t

Background: Adipose tissue insulin resistance plays an important role in the development of type
2 diabetes (T2D) and is characterized by a high rate of lipolysis, resulting in increased plasma free fatty
acid (FFA) levels. Among various FFAs, saturated fatty acids (SFAs), such as palmitate (Pal) and stearate,
can induce inflammatory responses. Moreover, CD36 (involved in FFA uptake) and its ligands can pro-
mote sterile inflammation through the assembly of Toll-like receptor heterodimers. The involvement of
these molecules and receptors in the pathogenesis of both oral-related and cardiovascular diseases has
been demonstrated.
Highlight: SFAs but not unsaturated fatty acids could induce interleukin (IL)-6 production, apoptosis, and
α-fodrin degradation in the salivary gland epithelial cells of patients with primary Sjögren's syndrome.
High-fat-diet-induced T2D model mice were demonstrated to have a higher expression of CD36 on the
surface of gingival fibroblasts. Pal could induce interleukin (IL)-6, IL-8, and CXCL1 secretion in human
gingival fibroblasts (HGFs). Porphyromonas gingivalis (P. gingivalis) lipopolysaccharide (LPS) and heat-
killed P. gingivalis could augment Pal-induced chemokine secretion in HGFs. Moreover, SFAs were found
to increase IL-1β secretion and decrease IL-1 receptor antagonist (IL-1Ra) secretion in human monocytes,
resulting in an increase in the IL-1β/IL-1Ra secretion ratio. This could induce the expression and release
of adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1) and E-selectin, in human
aortic and vein endothelial cells.
Conclusion: In this review, we summarize a potential link between FFAs and the pathogenesis of cra-
niofacial and cardiovascular diseases.

& 2018 Published by Elsevier B.V. on behalf of Japanese Association for Oral Biology.

1. Introduction

Obesity is a global health issue that affects the morbidity and
mortality of metabolic diseases. In comparison with normal-weight
people, overweight or obese people have a more than 10-fold risk of
developing type 2 diabetes (T2D) [1]. The level of free fatty acids
(FFAs) in the blood is elevated in obese individuals and patients with
T2D as well as in the corresponding animal models [2], which may be
attributed to augmented lipolysis in adipocytes and increased dietary
fat intake [3]. Among various FFAs, saturated fatty acids (SFAs), such
as palmitate (Pal) and stearate, can induce pro-inflammatory
responses mainly via the Toll-like receptor (TLR) signaling pathway
[4,5]. Pal also induces diacylglycerol and ceramide accumulation
[6,7], stress kinase activation [8,9], endoplasmic reticulum stress [10],
mitochondrial reactive species production [9], and apoptosis [11]. In
contrast, unsaturated fatty acids (UFAs), such as oleate, have little or
no effect on these processes and can even prevent the stress or toxic

effects of Pal [7,9–11]. Notably, methyl palmitate and 2-bromo-
palmitic acid (a non-metabolizable analog of Pal) do not induce
pro-inflammatory cytokines, suggesting that Pal metabolism via the
glycerolipid biosynthetic pathway, ceramide biosynthetic pathway, or
β-oxidation pathway is necessary for the induction of these cytokines
[12]. A high intake of SFAs has been linked to a higher risk of T2D and
coronary artery disease [13]. Furthermore, fatty acid translocase (also
known as CD36) is involved in FFA uptake [14], and CD36 ligands
facilitate sterile inflammation through the assembly of TLR hetero-
dimers [15]. Increased plasma FFAs can elicit pro-inflammatory
responses by intracellular lipid accumulation, potentially leading to
so-called “lipotoxicity.” Lipotoxicity has been observed in pancreatic
β-cells, hepatocytes, cardiomyocytes, and skeletal muscle cells [16];
however, it is rarely reported for epithelial cells.

Clinical and epidemiological studies have demonstrated that
metabolic disorders, including obesity and diabetes, are a risk
factor for periodontitis [17–19] and primary Sjögren's syndrome
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(SS) [20,21]. However, the clinical significance of SFAs in terms of
onset and pathogenesis is unknown. Although a recent study in-
vestigated the direct effects of SFAs on inflammatory responses in
vascular endothelial cells [4], it remains unclear whether SFAs can
also induce these responses mediated by circulating cells.

In this review, we highlight recent findings on the potential
involvement of Pal in the pathogenesis of periodontitis, primary
SS, and cardiovascular diseases. In addition, we discuss the po-
tential of lipid profile improvement as a new strategy for the
treatment of these diseases.

2. Potential role of Pal in the pathogenesis of primary SS

Primary SS is an autoimmune disorder characterized by the
chronic dysfunction and destruction of exocrine glands (mainly the
salivary and lacrimal glands) due to lesions chronically infiltrated by
lymphocytes. This leads to persistent dryness of the eyes and
mouth. Salivary gland epithelial cells are known to play an
important role as a trigger for the development of SS. For example,
IL-6 is up-regulated in the ductal epithelial cells of salivary glands in
patients with primary SS. Furthermore, the extent and intensity of
IL-6 expression in epithelial cells are correlated with the grade of
mononuclear cell infiltration [22]. α-Fodrin is a ubiquitous, hetero-
dimeric calmodulin-binding protein that is cleaved during apoptosis
by caspase-3 or μ-calpain. In addition to the ribonucleoprotein
particles SS-A/Ro and SS-B/La [23], a 120-kDa fragment derived
from α-fodrin has been reported to act as an auto-antigen in pa-
tients with primary SS [24]. Although the molecular mechanisms
underlying the relationship between metabolic disorders and SS are
largely unclear, we previously demonstrated that Pal can induce
IL-6 secretion and α-fodrin cleavage in salivary gland epithelial cell
lines, suggesting a possible link between the pathogenesis of pri-
mary SS and Pal level in the blood [25].

Some studies have reported the beneficial effects of lipid-related
molecules on the salivary glands both in vivo and in vitro. Leigh et al.
[26] found that a biosynthetic pathway of resolvin D1, a derivative of
docosahexaenoic acid (DHA; an omega-3 polyunsaturated fatty acid),
exists in murine and human salivary gland cells, and the
distribution of resolvin D1 biosynthesis-related mediators in the
salivary gland cells of healthy subjects and patients with SS is dif-
ferent, suggesting that resolvin D1 is produced but not delivered to
target cells in the salivary glands of patients with SS. Resolvin D1 also
blocks inflammation mediated by tumor necrosis factor-α (TNF-α),
which is an inflammatory cytokine that can induce apoptosis in
salivary gland cells [27], and increases the barrier function and cell
polarity of salivary gland cells [28,29]. These findings suggest that
DHA supplementation has preventive and therapeutic effects on in-
flammatory diseases of the salivary glands, such as SS.

3. Potential role of Pal in the pathogenesis of periodontitis

Periodontitis is characterized by the inflammatory destruction of
periodontal tissues due to uncontrolled, detrimental bacteria-host
interactions in susceptible individuals [30]. In periodontal lesions,
gingival fibroblasts and epithelial cells play an active role in host
defense, releasing a variety of pro-inflammatory mediators such as
IL-6, IL-8, and GROα/CXCL1 [31,32]. We previously reported the ex-
pression of CD36 on the surface of gingival fibroblasts, which was
increased for the gingival fibroblasts of high-fat-diet-induced T2D
mice compared with those of mice fed a normal diet. We found that
Pal induced IL-6, IL-8, and CXCL1 secretion in HGFs, and DHA sup-
pressed Pal-induced IL-6 and IL-8 production. The treatment of HGFs
with a CD36 inhibitor also inhibited Pal-induced pro-inflammatory
responses. Furthermore, we demonstrated that P. gingivalis LPS and

heat-killed P. gingivalis augmented Pal-induced chemokine secretion
in HGFs [33] (Fig. 1). A study has reported that Pal exhibits
inflammatory potential accelerating alveolar bone loss in an experi-
mental periodontal disease model in obese mice and affecting the
pro-inflammatory osteoclastic response to P. gingivalis infection in
vitro [34]. LPS derived from Aggregatibacter actinomycetemcomitans
has also been found to augment high-fat-diet-induced CD36
expression in periodontal tissues [35]. In addition to their role in the
pathogenesis of periodontitis, P. gingivalis and P. gingivalis LPS could
augment high-fat-diet-induced and Pal-induced endothelial injury
[36] and steatohepatitis [37]. These results suggest a potential link
between plasma FFAs and the pathogenesis of periodontitis.

Recent studies have demonstrated that lipid-related molecules
may improve the condition of patients with periodontitis. For
example, DHA supplementation was reported to improve the period-
ontal condition of patients with periodontitis [38], and resolvin D1
was found to decrease P. gingivalis-induced chemokine secretion in
HGFs [39]. Moreover, resolvin E1, a lipid mediator derived from eico-
sapentaenoic acid (EPA), can protect against local inflammation and
osteoclast-mediated bone destruction in periodontitis [40]. In agree-
ment with these findings, a study found that the ratio of n3 (anti-
inflammatory) to n6 (pro-inflammatory) polyunsaturated fatty acids,
i.e., (DHA þ EPA)/arachidonic acid, was significantly lower in the
gingival crevicular fluid of patients with aggressive periodontitis [41].

4. Potential role of Pal in the pathogenesis of cardiovascular
diseases

The molecular mechanisms of vascular inflammation and
atherosclerosis have been extensively studied, and the crucial role
of vascular endothelial cell adhesion molecules, such as ICAM-1
and E-selectin, in the interaction between leukocytes and the
vascular endothelium has been established. The expression of
these adhesion molecules facilitates the binding of leukocytes to
the activated endothelium, which is critical for the pathogenesis of
cardiovascular diseases [42,43].

The IL-1 signaling pathway is important for inducing the
expression and release of adhesion molecules in vascular endothelial
cells [44,45]. IL-1β, a prototypic pro-inflammatory cytokine, also
plays a crucial role in the pathogenesis of T2D [46] and cardiovas-
cular diseases [47]. Mouse models of atherosclerosis have demon-
strated the pro-atherogenic properties of IL-1β associated with
the up-regulation of endothelial adhesion molecules, which are
responsible for monocyte adhesion and migration [48,49]. IL-1Ra is
another member of the IL-1 family that can bind to IL-1 receptors
without signal transduction, acting as a naturally occurring antago-
nist. The production of IL-1β and IL-1Ra in monocytes is differentially
regulated [50,51], and their secretion ratio (IL-1β/IL-1Ra;
designated as ‘β/Ra') is crucial for vascular inflammation and ather-
osclerosis [48,49,52]. Moreover, a recent study has demonstrated the
essential role of IL-1β signaling in the formation of experimental
abdominal aortic aneurysm, which could be attenuated by
recombinant IL-1Ra (anakinra) supplementation [53], thus indicating
the protective effects of IL-1Ra supplementation against vascular
inflammation and atherosclerosis.

Although Pal has been reported to induce IL-1β secretion in
human monocytes [5], little is known about the effects of Pal on
IL-1Ra secretion in human monocytes or the effects of Pal-induced
secretion on adhesion molecule expression in vascular endothelial
cells. Therefore, we have examined the indirect effects of Pal on
the expression and release of ICAM-1 and E-selectin in vascular
endothelial cells. SFAs but not UFAs were found to increase IL-1β
secretion and decrease L-1Ra secretion, resulting in an increase in
the β/Ra secretion ratio. UFAs dose-dependently inhibited the in-
crease in IL-1β secretion and the decrease in IL-1Ra secretion
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