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Background: Wnt5a is involved in inflammation.
Results: Wnt5a promotes an inflammatory response by up-regulating chemokines and cytokines via the NF-�B and MAPK
pathways in HDPCs, leading to macrophage migration.
Conclusion: Wnt5a, as an inflammatory mediator, drives the integration of cytokines and chemokines to control dental pulp
inflammation.
Significance: Wnt5a-mediated inflammation occurs downstream of TNF-�.

Wnt5a has been found recently to be involved in inflamma-
tion regulation through a mechanism that remains unclear.
Immunohistochemical staining of infected human dental pulp
and tissue from experimental dental pulpitis in rats showed that
Wnt5a levels were increased. In vitro, Wnt5a was increased
8-fold in human dental pulp cells (HDPCs) after TNF-� stimu-
lation compared with control cells. We then investigated the
role of Wnt5a in HDPCs. In the presence of TNF-�, Wnt5a fur-
ther increased the production of cytokines/chemokines,
whereas Wnt5a knockdown markedly reduced cytokine/
chemokine production induced by TNF-�. In addition, in
HDPCs, Wnt5a efficiently induced cytokine/chemokine expres-
sion and, in particular, expression of IL-8 (14.5-fold) and CCL2
(25.5-fold), as assessed by a Luminex assay. The cytokine subsets
regulated by Wnt5a overlap partially with those induced by
TNF-�. However, no TNF-� and IL-1� was detected after
Wnt5a treatment. We then found that Wnt5a alone and the
supernatants of Wnt5a-treated HDPCs significantly increased
macrophage migration, which supports a role for Wnt5a in
macrophage recruitment and as an inflammatory mediator in
human dental pulp inflammation. Finally, Wnt5a participates
in dental pulp inflammation in a MAPK-dependent (p38-, JNK-,
and ERK-dependent) and NF-�B-dependent manner. Our data
suggest that Wnt5a, as an inflammatory mediator that drives the
integration of cytokines and chemokines, acts downstream of
TNF-�.

Wnt signaling is involved in myriad biological processes,
including embryonic development, tissue regeneration, and
human disease (1– 4). The signaling pathway is initiated by
binding of Wnts to complex Frizzled receptors (5, 6). Wnt sig-
naling pathways can be classified into �-catenin-dependent
(canonical) or �-catenin-independent (non-canonical) (1, 7, 8).
The �-catenin-dependent pathway regulates the stability of
�-catenin as well as specific Lef/Tcf family transcription factors
and, ultimately, induces the transcription of many target genes
(8 –10). The �-catenin-independent pathway involves the cal-
cium/nuclear factor of activated T cells, PKC, and JNK for sig-
nal transduction (2, 11, 12).

Wnt5a participates in a �-catenin-independent pathway and
has been found recently to be involved in inflammation (13).
Wnt5a has been shown to be expressed in several inflammatory
diseases, such as atherosclerosis, rheumatoid arthritis, and
periodontitis (14 –17). In synoviocytes from rheumatoid arthri-
tis patients, the expression of Wnt5a and Frizzled5 (Fzd5) was
enhanced significantly (15), and its blockade inhibited synovio-
cyte activation (18). More recently, Wnt5a was found to be
highly expressed in synovial tissues in a mouse model of rheu-
matoid arthritis where inhibition of Wnt5a-Ror2 signaling sup-
pressed bone loss (19). These results indicate that Wnt5a may
be a therapeutic target for the treatment of rheumatoid arthritis
and osteoporosis.

Wnt5a expression can be induced in activated macrophages,
antigen-presenting cells, endothelial cells, and bone marrow
mesenchymal stem cells (BMSCs)2 after inflammatory stimula-
tion (20 –24). Besides its induction during inflammation,
Wnt5a itself has been found to have regulatory functions in
infection (53). Several studies indicate a pathobiological role for
Wnt5a in inflammatory diseases, where it promotes the pro-
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duction of proinflammatory cytokines (IL-1�, IL-6, IL-12, and
IL-15) that are dependent on activation of the NF-�B pathway
and, in turn, increased macrophage migration. Paradoxically, a
number of articles have recently claimed that Wnt5a induces
anti-inflammatory cytokines, such as IL-10, in macrophages
and dendritic cells (21, 25, 26). Bergenfelz et al. (25) demon-
strated that, under proinflammatory conditions, Wnt5a in-
duces immunosuppressive macrophages. The suppressive phe-
notype induced by Wnt5a is associated with the induction of
IL-10 and inhibition of the classical TLR4-NF-�B signaling
pathway. In addition, they found that Wnt5a-induced inhibi-
tion is active both in LPS-stimulated macrophages and in
patients with sepsis (25). Meanwhile, Oderup et al. (26) found
that Wnt5a directly stimulated IL-10 expression and inhibited
IL-6 expression in murine dendritic cells in response to viral
mimics. The complex effects and mechanisms of Wnt5a in reg-
ulating inflammation remain to be clarified.

Dental pulp inflammation is mainly caused by dental caries
that results from bacterial infection. Such inflammation or
infection nearly always causes pain and suffering and can result
in serious fatal systemic infections if left untreated (28). Dental
pulp inflammation may initiate repair of dentinogenesis to
eliminate the insult and block the route of infection (29, 30).
However, if the source of infection (i.e. caries) is not eliminated,
regardless of how minute, the continued infection can promote
pulpitis and result in total pulp necrosis that can lead to total
loss of the entire dental pulp. Despite the reported clinical suc-
cess of root canal treatments, endodontically treated teeth
often become devitalized and brittle and, thus, susceptible to
postoperative fracture and other complications, including rein-
fection because of coronal leakage or microleakage (31, 32).

In pulpitis tissue, HDPCs, the main dental pulp component,
can interact with immune cells to secrete significant amounts of
inflammatory cytokines and chemokines locally. These cyto-
kines and chemokines may promote pulpitis progression, tissue
destruction, or regulate inflammatory responses to eliminate
pathogens (33, 34). These finely tuned cytokine networks can
preserve the balance between pro- and anti-inflammation to
create a favorable environment for tissue repair (35, 36, 54).

Several studies report that Wnt5a plays a critical role in
inflammatory processes associated with skeletal tissue (19, 23,
37). Osteoblast cells express Wnt5a, whereas osteoclast precur-
sors express Ror2. Wnt5a-Ror2 signaling, together, contributes
to bone resorption in both physiological and pathological states
(19). Dental pulp cells have similar properties as bone cells (38),
with HDPCs participating in dental pulp inflammation (34) in a
way that is similar to osteoblastic cells (40, 41). However,
little is known about the role of Wnt5a in dental pulp inflam-
mation. We hypothesize that inflammatory stimuli could
induce Wnt5a expression in dental pulp and that the resulting
increased Wnt5a levels could play important roles in dental
pulp inflammation.

In this study we show that Wnt5a levels were increased in
tissues from dental pulpitis patients and also in an experimental
model of dental pulpitis in rats. Similarly, TNF-� highly
induced Wnt5a expression in HDPCs in vitro. By applying
rhWNT5A, we found that Wnt5a increased the expression of
cytokines (IL-6 and IL-8) and chemokines (CCL2 and CCL5)

through distinct signaling pathways. Notably, TNF-� and IL-1�
were not detected by a Luminex assay after human/mouse
recombinant WNT5A (rhWNT5A) treatment. Wnt5a pro-
moted basal TNF-�-induced cytokine/chemokine production,
whereas Wnt5a knockdown markedly reduced cytokine/
chemokine levels. Lastly, Wnt5a alone and supernatants of
Wnt5a-treated HDPCs promoted macrophage migration.
Together, these results indicate that Wnt5a-driven integration
of cytokine and chemokine production occurs downstream of
TNF-� action and in a MAPK-dependent (p38-, JNK-, and
ERK-dependent) and NF-�B-dependent manner. Thus, this
study reveals a critical role for Wnt5a in regulating dental
inflammatory processes and points to its underlying molecular
mechanism.

EXPERIMENTAL PROCEDURES

Collection of Human Dental Pulp Tissue—The entire study
was approved by the human research committee of the West
China School of Stomatology, Sichuan University, and per-
formed after written informed consent from patients was
obtained. Dental pulp samples were collected from five patients
with dental pulpitis. The diagnosis of irreversible pulpitis was
determined by endodontic specialists on the basis of clinical
assessment, including a history of spontaneous pain and intense,
lingering pain in response to cold stimulus, and by subsequent
H&E staining. Pulp tissue was also collected from healthy control
subjects undergoing orthodontic tooth extraction.

Immunohistochemical Staining—Immunostaining was per-
formed on formalin-fixed, paraffin-embedded tissue. For
immunohistochemistry, paraffin sections were dewaxed in
xylene, rehydrated with distilled water, and then subjected to
antigen retrieval for 30 min at 95 °C. The slides were subse-
quently incubated overnight at 4 °C with the following antibod-
ies: Wnt5a (1:13, R&D Systems, Minneapolis, MN), Wnt5a
(1:25, Abcam, Cambridge, MA), TNF-� (1:800, Abcam), CD68
(1:100, Dako Cytomation, Glostrup, Denmark), Vimentin
(1:100, Abcam), and isotype IgG antibody (1:5000, Sigma-Al-
drich). Slides were then treated with an anti-rabbit secondary
antibody (ZSGB-Biology, Beijing, China) and developed using
avidin-conjugated HRP with diaminobenzidine as a substrate
(ZSGB-Biology), followed by hematoxylin counterstaining.

Construction of a Dental Pulp Inflammatory Model in Rats—
A well characterized rat experimental pulp infection model was
established (42). Fifteen Wistar rats were used and divided into
five groups with three rats each. Rats were classified according
to the sacrifice time after operation: 1 day for group 1, 3 days for
group 2, 5 days for group 3, 7 days for group 4, and group 5 was
not operated on as the control. The animals were submitted to
general intraperitoneal anesthesia. For each animal, a cavity
was made on the occlusal face of the mandibular first molars with
a spherical burr size of 1⁄4 at high speed without cooling (43). Rats
were sacrificed by decapitation, and the jaws were fixed promptly
in 4% formaldehyde. The local ethical committee at Sichuan Uni-
versity approved all laboratory animal procedures.

Cultivation and Treatment of Human Dental Pulp Cells—
Primary HDPCs were collected from healthy donors (aged
18 –25 years, mixed gender) and cultured according to a mod-
ified version of a method reported previously (44). Cells were
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maintained in DMEM (Corning, Manassas, VA) with 10% fetal
calf serum (Invitrogen), and passages 3–5 were used. Cells were
treated with human/mouse recombinant WNT5A (rhWNT5A,
500 ng/ml, R&D Systems) or recombinant human TNF-�
(rhTNF-�, 10 ng/ml, Invivogen, San Diego, CA) for the given
times. In the specified experiments, cells were pretreated with
one of the following specific pathway inhibitors: pyrrolidinedi-
thiocarbamic acid (an NF-�B inhibitor, 10 mM, Beyotime Insti-
tute of Biotechnology, Shanghai, China), BAY11-7082 (an I�B
phosphorylation inhibitor, 1 �M, Selleckchem, Houston, TX),
SP600125 (a JNK inhibitor, 10 �M, Merck), U0126 (an ERK
inhibitor, 10 �M, Merck), and SB203580 (a p38 MAPK inhibi-
tor, 20 �M, Cell Signaling Technology, Danvers, MA).

Isolation of Human Monocyte-derived Macrophages—
Peripheral blood mononuclear cells from healthy volunteers at
Sichuan University were isolated by Ficoll density gradient cen-
trifugation and purified with human CD14� MicroBeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) following the
instructions of the manufacturer. Monocytes were cultured in
RPMI 1640 medium supplemented with 10% fetal calf serum
for 7–10 days until differentiation into macrophages.

Wnt5a RNA Interference—Scrambled (Scr) shRNA and
Wnt5a-shRNA HDPCs were generated and maintained as
described previously (45). An oligoribonucleotide with the
following sequence was used: 5�-CCGGCCCTGTTCAGATG-
TCAGAATTCAAGAGATTCTGACATCTGAACAGGGTT-
TTTTG-3�. The entire sequences were derived from the sequence
of human Wnt5a mRNA (NM_003392). Wnt5a knockdown len-
tivirus was purchased from Sunbio Medical Biotechnology
(Shanghai, China). The GFP-tagged lentiviral vector pLVT-
553-LV for Wnt5a-RNAi was constructed by inserting the
annealing nucleotides into the AgeI and EcoRI site of the
plasmid pMAGic 7.1 (Sunbio). HDPCs were plated at 2 � 105

cells/well of a 24-well cell culture plate and infected with lent-
ivirus at a multiplicity of infection of 100. Cells infected with
pLVT553-LV and CMV-GFP-pLVT7-LV (blank lentiviral
vector pMAGic 7.1) are referred to as Wnt5a-shRNA and
Scr-shRNA, respectively. Stable cell lines were selected by cul-
turing cells in 3 �g/ml puromycin (Sigma-Aldrich) for 1 week.
Real-time PCR and Western blot analysis were used to det-
ermine the effects of knockdown.

RNA Isolation and Reverse Transcription and Real-time
PCR—Total RNA from cell cultures were isolated using
TRIzolTM reagent (Invitrogen) according to the protocol of the
manufacturer. 1 �g of mRNA was reverse-transcribed using the
RT regent kit (Takara Biotechnology, Dalian, Liaoning, China)
and subsequently used in SsoAdvancedTM SYBR� Green Super
Mix real-time PCR reactions (Bio-Rad) using a standard proto-
col. Primers were designed to generate products of less than 200
bp for efficient analysis and were as follows: Wnt5a, 5�-CAGT-
TCAAGACCGTGCAGAC-3� (forward) and 5�-GCACCCAC-
TACTTGCACACA-3� (reverse);CCL2, 5�-CTGCTCATA-
GCAGCCACCTT-3� (forward) and 5�-CAGGTGACTGGGG-
CATTGAT-3� (reverse); CCL5, 5�-CACAGCCTCTCTCCCA-
CAGGTA-3� (forward) and 5�-GAGCACTTGCCACTGGT-
GTA-3� (reverse); CXCL1, 5�-ACTGGTGGCTGTTCCTG-
AAG-3� (forward) and 5�-CTTCTCCTAAGCGATGCTCA-
A-3� (reverse); IL-1�, 5�-AAGGCGGCCAGGATATAACT-3�

(forward) and 5�-TACGGCCTAAGGCAGGCAGTTG-3� (re-
verse); IL-6, 5�-ACCTTCCAAAGATGGCTGAA-3� (forward)
and 5�-GCTCTGGCTTGTTCCTCACT-3� (reverse); IL-8, 5�-
CACTCCATAAGGCACAAACTTTC-3� (forward) and 5�-
GCCAGCTTGGAAGTCATGTT-3� (reverse); and GAPDH,
5�-TCAACAGCGACACCCACTC-3� (forward) and 5�-GCT-
GTAGCCAAATTCGTTGTC-3� (reverse). PCR conditions
were as follows: 95 °C for 30 s; followed by 40 cycles of 95 °C for
5 s, 60 °C for 30 s, 95 °C for 15 s, 60 °C for 15 s, and 95 °C for 15 s.
The melting curve was assessed in the following program: 60 °C
for 1 min and 95 °C continuous. The results were calculated
applying the ��CT method and presented as fold increases rel-
ative to GAPDH.

Western Blot Analysis—Cells were washed twice with PBS
and scraped in lysis buffer with proteinase inhibitor mixture
(Roche R&D Center China, Shanghai, China). The total protein
concentration in the supernatant was measured by BCA pro-
tein assay kit (Thermo Scientific, Rockford, IL). 20 – 40 �g were
loaded onto a 10% polyacrylamide gel and separated by electro-
phoresis. After blocking for 1 h with 5% nonfat dry milk in
Tris-buffered saline with 1% Tween 20 (TBST), PVDF mem-
branes were incubated with an anti-human Wnt5a antibody
(1:1000, Santa Cruz Biotechnology, Dallas, TX) or an anti-hu-
man GAPDH antibody (1:1000, Cell Signaling Technology) at
4 °C overnight and washed three times with TBST, followed by
1-h incubation with appropriate HRP-conjugated IgG antibod-
ies (1:2000, Cell Signaling Technology). PVDF membranes
were washed with TBST, and proteins were visualized with
Super Signal-enhanced (Thermo Scientific) chemilumines-
cence. For evaluation of signaling pathway activation, antibod-
ies from Cell Signaling Technology were used and applied
according to the provided recommendations: phospho-ERK
(catalog no. 4370), ERK (catalog no. 4695), phospho-p65 (cata-
log no. 3033), p65 (catalog no. 8242), phospho-p38 (catalog no.
4511), p38 (catalog no. 9212), phospho-JNK (catalog no. 4668),
and JNK (catalog no. 9258).

Cytokine and Chemokine Analyses—IL-1�, IL-6, IL-8, CCL2,
CCL5, and TNF-� were measured in the supernatants of
Wnt5a-treated and untreated HDPC cultures using Luminex
xMAP technology (Millipore). Luminex xMAP assays for a
panel of human cytokines and chemokines (Milliplex MAP
human cytokine/chemokine panel, Millipore, Billerica, MA)
were performed (46).

Cell Migration Assay—The migration capacity of macro-
phages was measured in Transwell chambers (3-�m pore,
Corning). HDPC monolayers were incubated with serum-free
DMEM with or without rhWTN5A treatment for 48 h in a 5%
CO2 incubator at 37 °C before collection of supernatants. After
overnight culture in serum-free RPMI1640 medium, 200 �l of
MACS-purified cells were resuspended (2 � 106/ml) and added
to the upper chamber in serum-free RPMI 1640 medium, and
600 �l of the supernatant of untreated, WNT5A-treated
HDPCs was placed into the bottom wells. Various concentra-
tions of rhWnt5A were also applied to the bottom well. After
4-h incubation, non-migrating cells on the upper surface of the
membrane were removed, and the cells that migrated to the
underside of the polycarbonate membrane were fixed with eth-
anol and stained with 1% crystal violet for 30 min. The number

Wnt5a Promotes Dental Pulp Inflammation by NF-�B and MAPK

21030 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 30 • JULY 25, 2014



of migrating cells was then determined from five independent
microscopic fields. The mean of triplicate assays for each exper-
imental condition was used for analysis.

Statistical Analysis—Results are presented as mean � S.E. All
experiments were repeated at least three times. Significance
was determined using analysis of variance. p � 0.05 was con-
sidered significant. Error bars show the mean � S.D. or S.E.
across duplicate or triplicate experiments.
RESULTS

Wnt5a Is Increased in Human and Rat Dental Pulpitis
Specimens—We first investigated whether Wnt5a levels were
increased during dental pulp inflammation. We examined
Wnt5a expression levels in tissues from healthy control sub-
jects undergoing orthodontic tooth extraction and dental pul-

pitis patients by immunohistochemistry staining with an anti-
Wnt5a antibody. Wnt5a was found to be only expressed in the
odontoblast layer of normal dental pulp. In contrast, in
inflamed dental pulp tissue sections, Wnt5a expression was
present at the local inflammation site (Fig. 1, E and F). In addi-
tion, Wnt5a mRNA levels were increased 1.2-fold over that of
normal pulp tissue (data not shown). We also investigated the
expression of TNF-� and CD68 in normal and dental pulpitis
tissues and found that both were expressed in the local inflam-
matory region (Fig. 1, G–L). Together, these data indicate that
Wnt5a is increased in human dental pulp inflammation.

We next performed immunohistochemistry with an anti-
Wnt5a antibody to examine the expression pattern of Wnt5a
during different pathological stages in the rat dental pulpitis

FIGURE 1. Wnt5a is increased in human dental pulpitis tissue. A–C, H&E-stained sections of normal and inflamed human dental pulp. In contrast to normal
human dental pulp (D), increased Wnt5a levels are clearly visible in human inflamed dental pulp (E and F) by immunohistochemical staining. Anti-TNF-� (G–I),
anti-CD68 (J–L), anti-vimentin (M–O), and isotype antibody (P–R) are shown by immunohistochemistry. Cell nuclei are visualized with hematoxylin.
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model. Pulp tissue samples were stained with H&E, and infec-
tion levels were classified into different pathological stages:
normal, mild, moderate, and severe (Fig. 2). Similar to human
tissues, Wnt5a in the rat model was only expressed in the odon-
toblast layer of normal pulp tissues and was increased in the
local inflammatory tissues of the infected dental pulp. A similar
TNF-� profile was also observed. One representative image for
each group is shown in Fig. 2. Our findings indicate that Wnt5a
is increased during dental pulp inflammation both in dental
pulpitis patients and in a rat model.

TNF-� Induced Wnt5a Expression in Dental Pulp Cells—We
next assessed how Wnt5a was involved in dental pulp inflam-
mation. Wnt5a expression was low by real-time PCR in HDPCs
under the culture conditions. HDPCs were then treated using
10 ng/ml rhTNF-� for up to 6 h and, in real-time PCR analysis,
showed an 8-fold increase inWnt5a mRNA levels (Fig. 3A). We
also confirmed the results at the protein level by Western blot
analysis (Fig. 3B). Expression of cytokines associated with
inflammation, including IL-1�, IL-6, IL-8 (CXCL8), and NF-�B
were increased after stimulation with TNF-�, which activated
the ERK, JNK, and p38 MAPK pathways, as well as the NF-�B
pathway, within 30 – 60 min (Fig. 3C). The TNF-�-mediated
induction of Wnt5a expression decreased significantly by treat-
ment with an NF-�B inhibitor (BAY11-7082) or specific JNK
(SP600125), p38 (SB203580), and ERK (U0126) inhibitors (Fig.
3, D and E). Incubation of HDPCs with these inhibitors alone
did not significantly alter gene expression levels (data not shown).
Thus, these findings suggest that expression of Wnt5a was
induced in HDPCs upon TNF-� stimulation in an NF-�B and
MAPK-dependent (ERK-, p38-, and JNK-dependent) manner.

Wnt5a-treated HDPCs Enhanced Macrophage Migration—
After confirming the induction of Wnt5a expression by inflam-
mation in vitro and in vivo, we next questioned the role of
Wnt5a in the inflammatory response. We investigated the
effect of Wnt5a on macrophage migration, which is a hallmark

of the immune response for disposal of invasions. rhWNT5A at
125, 250, and 500 ng/ml enhanced the migration of human
macrophages in a concentration-dependent manner (Fig. 4A).
We also examined the chemotactic migration of human macro-
phages in response to supernatants of HDPCs that were either
left untreated or treated with Wnt5a by a Transwell migration
assay. The migration of macrophages toward the supernatant of
Wnt5a-treated HDPCs was enhanced by 54.2% compared with
Wnt5a-untreated HDPCs supernatants (Fig. 4B). The chemo-
tactic activity of the supernatant of Wnt5a-treated HDPCs was
increased 58.4% when compared with Wnt5a (500 ng/ml) (Fig.
4). Because sFPR5 binds to Wnt5a and blocks the action of
Wnt5a to its specific receptors, we examined the effect of sFRP5
on Wnt5a-induced human macrophage chemotaxis (47). As
shown in Fig. 4, pretreatment of sFRP5 did not inhibit the che-
motaxis of macrophages that was induced by Wnt5a. These
data indicate that Wnt5a itself is a chemoattractant, whereas
the chemotactic activity of macrophages exposed to superna-
tants of Wnt5a-treated HDPCs was even better.

Wnt5a-regulated Cytokines/Chemokines Mostly Act Down-
stream of TNF-�—Our data suggest that Wnt5a-regulated
cytokines/chemokines are almost downstream of TNF-�. To
investigate these regulatory patterns further, we compared the
Wnt5a and TNF-� regulation of several cytokines using real-
time PCR and Luminex. We examined the Wnt5a-induced
expression profile of inflammatory cytokines and chemokines
in HDPCs by real-time PCR and Luminex X-map. Upon treat-
ment of HDPCs with 500 ng/ml rhWNT5A for 1, 4, and 6 h and
subsequent real-time PCR,IL-6 (110-fold), IL-8 (7-fold), CCL2
(13.5-fold), CXCL1 (67.9-fold), and CXCL2 (6-fold) were all
up-regulated compared with the untreated control (Fig. 5) after
1 h of treatment. A Luminex X-map assay showed that CCL5
(99-fold), CCL2 (25.5-fold), IL-8 (14.5-fold), and IL-6(6.7-fold)
expression in HDPCs was also enhanced after 4 h of rhWnt5A
treatment (Fig. 6).

FIGURE 2. Wnt5a levels are increased in dental pulpitis tissue from rats. A and B, Wnt5a levels are increased in infected rat dental pulp sections, and a similar
TNF-� effect is observed. A, H&E, anti-Wnt5a, and anti-TNF-� were stained in normal rat dental pulp. Contrasting the normal with inflamed dental pulp, the
number of Wnt5a-postitive cells is increased, as is the enclosed inflammation area through the inflammatory process of dental pulp. B, localization of
Wnt5a-positive cells at various inflammation stages after dental pulp infection. Sections of dental pulp inflammation are divided into mild, moderate, and
severe stages at days 2, 4, and 6 post-injury for Wnt5a staining by immunohistochemistry. The top row shows representative H&E-stained sections, the center
row shows staining with anti-TNF-�, and the bottom row shows immunohistochemistry staining of anti-Wnt5a in normal and dental pulpitis tissue of rats. The
insets show higher magnification images (scale bars � 50 �m). Cell nuclei were visualized with hematoxylin.
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Compared with TNF-� stimulation, rhTNF-� (10 ng/ml)
also induced the expression of cytokines/chemokines such as
IL-6, IL-8, CCL2, CCL5, CXCL1, CXCL2, and CXCL5 in
HDPCs (data not shown). Although TNF-� and Wnt5a had
similar cytokine/chemokine regulation profiles, Wnt5a in-
duced expression of some chemokines (IL-8, CCL2, CXCL1,
and CXCL2) to reach a maximum in 1 h, whereas maximum
values after TNF-� stimulation were not achieved until 4 h, as
assessed by real-time PCR. This difference suggests a major role
for Wnt5a in CC and CXC chemokine secretion in HDPCs after
TNF stimulation. IL-8 (CXCL8), CXCL1, and CXCL2 are
implicated in neutrophil chemotaxis for acute inflammatory
reactions (48 – 49). CC chemokines attract mononuclear cells
to sites of chronic inflammation, and the most thoroughly char-
acterized CC chemokine is CCL2 (49). To quantitatively mea-
sure the chemokines that are induced by Wnt5a, we used a
Luminex assay, which showed that CCL2 expression was
enhanced robustly to more than 20 ng/sample (Fig. 6C). CCL5
was also up-regulated rapidly (Fig. 6D). Notably, although
TNF-� and IL-1� mRNA levels were up-regulated mildly after

Wnt5a treatment, at the protein level, they were not detected in
Wnt5a-treated supernatants. In contrast, IL-8 and IL-6 were
both up-regulated efficiently by Wnt5a treatment. Therefore,
our data suggest that HDPCs might have different capabilities
to induce and/or promote local inflammation.

In the presence of TNF-�, Wnt5a treatment further in-
creased the production of cytokines and chemokines, including
IL-6, IL-8, CXCL1, CCL2, and CCL5 (Figs. 5 and 6). We also
used Wnt5a knockdown to verify the regulation of these cyto-
kines and chemokines by TNF-�. Wnt5a knockdown reduced
Wnt5a mRNA levels by 73% in HDPCs and 76% in TNF-�-
treated HDPCs (Fig. 5A). The protein level of Wnt5a was also
reduced after Wnt5a knockdown, as assessed by Western blot
analysis (Fig. 5B). Compared with Scr-shRNA cells, Wnt5a
knockdown significantly decreased the expression levels of
IL-8, CXCL1, CCL2, and CCL5 after stimulation with TNF-� in
HDPCs(Figs. 5 and 6). However, we found that, even with
Wnt5a knockdown, levels of those cytokines/chemokines
induced by TNF-� were still significantly higher than in
untreated cells, which suggests that a Wnt5a-independent

FIGURE 3. Wnt5a expression is induced by TNF-� in a MAPK- and NF-�B-dependent manner. Shown are real-time PCR (A) and Western blot analysis (B) of
Wnt5a expression in HDPCs treated with TNF-� (n � 3– 4). The gene expression level was normalized to GAPDH (n � 3– 6). *, p � 0.05 versus control (CO). C,
HDPCs were incubated for the indicated time points with TNF-�. Then, NF-�B, ERK, JNK, and p38 activation were assessed by Western blot analysis of total and
phosphorylated signaling proteins. GAPDH was used as a control. pp65, phospho-p65; pp38, phospho-p38; pJNK, phospho-JNK; pERK, phospho-ERK. D, HDPCs
were preincubated with pyrrolidinedithiocarbamic acid (PDTC, an NF-�B inhibitor), BAY11-7082 (an NF-�B inhibitor), SP600125 (a JNK inhibitor), SB203580 (a
p38 inhibitor), or U0126 (an ERK inhibitor) before treatment with TNF-�. Real-time PCR (D) and Western blot analysis (E) of Wnt5a expression are also shown.
**, p � 0.01 versus control; #, p � 0.05 versus TNF-�.
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pathway is involved in the induction of these cytokines/chemo-
kines by TNF-�.

Wnt5a-induced Cytokine and Chemokine Expression Is
Dependent on the NF-�B and MAPK Pathways—To gain fur-
ther insight into the mechanism underlying Wnt5a-induced
cytokine/chemokine expression in HDPCs, we examined the
NF-�B and MAPK pathways, which have been suggested by
previous reports to be involved in modulating cytokine/chemo-
kine expression (20, 23). Wnt5a treatment led to the activation
of the NF-�B, ERK, JNK, and p38 MAPK pathways, as demon-
strated by phosphorylation of those signaling molecules after
15– 60 min of stimulation (Fig. 7A). HDPCs were then preincu-
bated with specific inhibitors of the NF-�B (pyrrolidinedithio-
carbamic acid, BAY11-7082), ERK (U0126), p38 MAPK
(SB203580), and JNK pathways (SP600125) before stimulation
with rhWNT5A. Our results show that the induction of IL-6 by
Wnt5a is dependent on the MAPK and NF-�B pathways.
Wnt5a induction of IL-8 is dependent on MAPK, whereas the
induction of CCL2 and CCL5 is dependent on I�B� activity and
MAPK (Fig. 7, B–D). Incubation of HDPCs with the inhibitors
alone did not significantly alter gene expression levels (data not
shown). Thus, these data suggest that Wnt5a increases cyto-
kine/chemokine expression by different signaling pathways in
HDPCs.

DISCUSSION

The role of Wnt5a in dental pulp inflammation remains
undetermined, and no study has yet been done that concerns
infected dental pulp tissue. Several recent studies have high-
lighted Wnt5a as a regulator of cytokine production in cells of
monocytic lineage (e.g. monocytes and macrophages) (20, 50),
neutrophils (51), and endothelial cells (22). These reports show
that Wnt5a has an essential role in modulating inflammation
that originates in immune cells. In human pulpitis sections, we
found that the area of Wnt5a-positive expression is similar to,

but larger than, CD68, a monocyte and macrophage marker
(Fig. 1, F and L), which indicates that Wnt5a is secreted at the
local inflammation area and from both immune cells (antigen-
presenting cells) and pulp fibroblasts in dental pulpitis. There-
fore, immune cells may communicate with adjacent mesenchy-
mal cells in a paracrine manner to induce Wnt5a express in
pulpitis. A previous study found that, in primary human gingi-
val fibroblasts, Wnt5a mRNA expression remained constant
after stimulation with Porphyromonas gingivalis LPS (16).
However, in our study, Wnt5a gene and protein expression in
primary HDPCs were both up-regulated after TNF-� stimula-
tion, although differences in the functional setting may have
given rise to this discrepancy. Because HDPCs are more similar
to osteoblastic cells than they are to gingival fibroblasts, the
different immunophenotype patterns may reflect a functional
difference between these two cells (40, 41). In addition, the
activity of Wnt signaling is likely highly dependent on the cel-
lular context.

TNF-� is a well known inflammatory cytokine. Both trauma
or bacteria can induce TNF-� secretion and cause dental pulp
inflammation (52). Here we demonstrated that TNF-� induced
mRNA and protein secretion of Wnt5a in primary cultures of
HDPCs. TNF-� has been reported previously to enhance the
expression of both Wnt5a and its receptor in BMSCs. BMSC-
derived Wnt5a is considered to act during a critical step in the
regulation of inflammatory processes (23, 37). In inflamed den-
tal pulp tissue, high levels of TNF-� and IL-1� have been
detected (27). We also demonstrated that Wnt5a was increased
in HDPCs after TNF-� stimulation. Therefore, it is conceivable
that TNF-�-induced Wnt5a expression and secretion in
HDPCs could regulate dental pulp inflammation processes.
Our data showed that TNF-� induced HDPCs to secrete Wnt5a
and proinflammatory cytokines. In addition, samples from both
humans and an experimental animal model of dental pulpitis

FIGURE 4. Chemotactic activity of Wnt5a and Wnt5a-treated HDPCs on human macrophages. A, Transwell assay showing that rhWNT5A at different
concentrations (125, 250, 500 ng/ml) promotes human macrophage migration. CO, control (without rhWnt5A). **, p � 0.01. B, Transwell assay measuring
macrophage migration in response to treatment with supernatants of Wnt5a-treated or untreated HDPCs. Human macrophages were incubated with or
without 1 �g/ml sFRP5 for 1 h. Cells were used in a chemotaxis assay using 500 ng/ml Wnt5a. Cell migration was suppressed by treatment with sFPR5
recombinant protein (1 �g/ml). The number of migrating cells was counted with Image-Pro Plus 6.0 (n � 4). *, p � 0.05; **, p � 0.01 versus control (Wnt5a-
untreated HDPC supernatant). Error bars represent the mean � S.D.
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confirmed that Wnt5a was expressed consistently in the local
dental pulp of the inflammatory area and that increases in
Wnt5a expression in HDPCs following TNF-� stimulation
occurred through a MAPK- and NF-�B-dependent pathway
(Fig. 3). We also demonstrated that increased Wnt5a and
Wnt5a-induced chemokines could promote macrophage
migration. These findings are supported by previous reports
showing that enhanced Wnt5a expression in immune cells
exposed to bacterial products orchestrated inflammatory reac-
tions and identified NF-�B and MAPK as being associated with
Wnt5a induction (23). Together, these results confirm the role
of Wnt5a in the regulation of dental pulp inflammation.

The subtle relationship between TNF-� and Wnt5a in
inflammation remains to be clarified. Kim et al. (22) showed
previously that Wnt5a and TNF-� regulated subsets of down-
stream genes with functions that partially overlap in endothelial
inflammation and that Wnt5a-mediated regulation was inde-
pendent of TNF-�. Endothelial inflammation has also been

suggested to be regulated by a dual system consisting of
�-catenin-independent Wnt signaling and TNF-�-mediated
signaling (22). Rauner et al. (23) showed that TNF-� increased
the expression of Wnt5a in BMSCs and that Wnt5a regulated
the basal and LPS-induced production of cytokines and chemo-
kines. They also showed that TNF-� was not influenced by
Wnt5a in their whole-genome studies of murine primary osteo-
blasts, which suggested that Wnt5a may not influence TNF-�
function, although this was not verified by further experimen-
tation (23). However, they did demonstrate that TNF-� influ-
ences Wnt5a secretion in rheumatoid arthritis but lacks the
effects of Wnt5a on TNF-�.

In this study, we showed that Wnt5a, as an inflammatory
mediator, drives the integration of cytokines and chemokines
that function downstream of TNF-�. First, we found that
TNF-�- and Wnt5a-induced downstream cytokine/chemokine
expression patterns are similar and that their induced down-
stream profiles almost overlapped. Notably, TNF-� and IL-1�

FIGURE 5. Wnt5a regulates cytokine/chemokine production induced by TNF-�. A, Wnt5a-shRNA and Scr-shRNA HDPCs were treated with TNF-� or left
untreated. Real-time PCR using RNA isolated from Scr-shRNA HDPCs and Wnt5a-shRNA HDPCs showed that Wnt5a mRNA levels were reduced by at least 70%
in Wnt5a-shRNA HDPCs, which was confirmed by Western blot analysis (B). C–F, Wnt5a promotes TNF-�-induced production of cytokines and chemokines.
HDPCs were stimulated with Wnt5a or Wnt5a/TNF-�. IL-6 (C), IL-8 (D), CXCL1 (E), and CCL2 (F) gene expression levels were determined by real-time PCR and
normalized to GAPDH (n � 3). G–J, Wnt5a knockdown decreased TNF-�-induced production of cytokines and chemokines. Wnt5a-shRNA and Scr-shRNA
HDPCs were treated with TNF-� or left untreated. IL-6 (G), IL-8 (H), CXCL1 (I), and CCL2 (J) gene expression levels were determined by real-time PCR and
normalized to GAPDH (n � 3). *, p � 0.05, **, p � 0.01 versus control.
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gene expression was not detected in the supernatants of
Wnt5a-treated HDPCs. Second, we found that Wnt5a alone
not only increased the basal expression of cytokines and
chemokines but also further increased the expression level of
cytokines/chemokines induced by TNF-� (Figs. 5 and 6). Third,
Wnt5a knockdown significantly reduced the expression level of
cytokines and chemokines induced by TNF-� (Fig. 5).
Together, these results suggest that Wnt5a is influenced by
TNF-� and that Wnt5a functions downstream of TNF-�. How-
ever, we should note that Wnt5a knockdown did not inhibit the
expression of all of the cytokines induced by TNF-�. The
remaining cytokines were still expressed to levels higher than
the control, which might suggest that Wnt5a is not critical for
the function of this TNF-�-dependent subset of cytokines, indi-
cating the complexity involved in inflammation. We also found
that Wnt5a knockdown in HDPCs treated with TNF-�
increased IL-6 mRNA expression compared with the control.
This inconsistent change in IL-6 level was through an unknown
mechanism.

In our study, the Wnt5a-induced inflammation response in
human dental pulp appears to represent a collaboration of the
Wnt, NF-�B, and MAPK pathways. Wnt5a stimulated the
phosphorylation of three MAPKs (p38, JNK, and ERK) and
NF-�B, whereas inhibition of MAPK or NF-�B by specific
inhibitors induced a dramatic reduction in Wnt5a-induced
cytokine/chemokine production, suggesting that they all have
some roles in Wnt5a-mediated inflammation (Fig. 3). These
results are in accordance with previous studies showing that
Wnt5a activated THP-1 cells via JNK-dependent NF-�B acti-
vation (20). In BMSCs, Wnt5a could regulate the production of
proinflammatory cytokines and chemokines via distinct path-

ways (e.g. NF-�B, MAPK, Akt, and calcium/nuclear factor of
activated T cells) (23). More recently, a report showed that
Wnt5a stimulated the phosphorylation of three MAPKs (ERK,
p38 MAPK, and JNK) and contributed to neutrophil recruit-
ment (51).

The important task for immunoregulation in inflammatory
sites is the ingestion and disposal of invading pathogens.
Although phagocytosis is indeed a vital host defense mecha-
nism (39), here we investigated whether Wnt5a could increase
macrophage migration. Our data showed that different concen-
trations of rhWnt5a affected macrophage motility compared
with untreated control cells and that supernatants from
Wnt5a-treated HDPCs significantly enhanced macrophage
migration (Fig. 4). This result suggests that Wnt5a itself acts as
a chemoattractant for macrophage migration and that Wnt5a-
induced CC and CXC chemokines provoke immune cell attrac-
tion (Fig. 4). The notion that Wnt5a strengthens the chemo-
kine-mediated migration of immune cells is supported by
several studies (23, 39). Recently, Wnt5a has been shown to
contribute to neutrophil recruitment that promotes produc-
tion of CXCL8 and CCL2 (51). Moreover, a recent report dem-
onstrated that Wnt5a enhances macrophages to internalize
bacteria but does not induce bacterial killing (48). These results
may suggest that Wnt5a promotes innate immunity by enhanc-
ing cytokine and chemokine production, which, in turn,
recruits neutrophils and macrophages to internalize bacteria
while not facilitating bacteria killing. Further study will be
required to support this line of thinking.

In summary, the results of this study show that Wnt5a plays
an important role in dental pulp inflammation and significantly
extends the previous conclusion that Wnt5a acts downstream

FIGURE 6. Wnt5a positively regulates cytokine and chemokine expression in HDPCs. IL-6 (A), IL-8 (B), CCL2 (C), and CCL5 (D) expression levels were
determined using a Luminex assay (n � 3). **, p � 0.01. CO, control.
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of TNF-�. To our knowledge, this is the first study to describe
the role of Wnt5a in dental pulp inflammation. Furthermore,
chemokines that are induced by Wnt5a may mainly contribute
to its positive regulatory role in inflammation. Further experi-
ments will be necessary to examine the potential of Wnt5a as a
therapeutic target for dental pulpitis and other mesenchymal
inflammation.
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