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OBJECTIVE: The objective of this study was to investi-

gate whether histamine H4 receptor (H4R) antagonists

could prevent experimental periodontitis (EP)-induced

histological, functional and inflammatory alterations in

submandibular gland (SMG), periodontal bone and

gingiva.

METHODS: Bilateral EP was induced for 2 weeks in

anaesthetized male rats. The effect of systemic and

local administration of H4R antagonists (JNJ7777120,

JNJ10191584) on histopathology and functionality of

SMG, bone loss and gingival inflammation was evalu-

ated.

RESULTS: The subcutaneous administration of

JNJ7777120 prevented periodontitis-induced SMG

histological injury, reducing vacuolization and

apoptosis and additionally reversed the increased pros-

taglandin E2 (PGE2) levels in SMG while it partially

reversed the methacholine-induced salivation reduction

produced by periodontitis. JNJ7777120 attenuated

bone loss and the increased PGE2 levels and inflam-

matory infiltration in gingival tissue of rats with peri-

odontitis. Finally, local administration of JNJ7777120

and JNJ10191584 was also beneficial for improving

periodontal parameters.

CONCLUSIONS: H4 receptor antagonists are able to

ameliorate periodontitis-induced injury on SMG, gingival

tissue and bone structure, suggesting that pharmacolog-

ical targeting of H4R could be an attractive strategy to

improve periodontal health.
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Introduction

Periodontitis is an infectious disease understood as a
response to the challenge of the bacterial subgingival den-
tal biofilm, leading to inflammation with periodontal
pocket formation, alveolar bone resorption and, in many
cases, teeth loss (Taubman et al, 2005; Kinney et al,
2007). Complex interactions between pathogenic bacteria
and host-derived inflammatory mediators [e.g. interleukin
(IL)-1, tumour necrosis factor alpha (TNFa) and prosta-
glandins (PG)] are involved in the destruction of peri-
odonto (Tatakis, 1993; Rink and Kirchner, 1996; Kinney
et al, 2007).

Saliva plays a critical role in local and systemic oral
protection and derives predominantly from submandibular
(SMG), sublingual and parotid glands (Dodds et al,
2005; Forde et al, 2006). Diminished salivary output is
called hyposialia, and it compromises oral health and
quality of life (Atkinson et al, 2005; Dodds et al, 2005;).
Numerous evidence shows that some pathologies (e.g.
Sj€ogren syndrome, SS), therapeutic modalities (drugs,
chemo- and radiotherapy) and contaminants’ intake are
able to induce salivary gland dysfunction (Guggenheimer
and Moore, 2003; Atkinson et al, 2005; Dodds et al,
2005; Prestifilippo et al, 2011). Moreover, it was previ-
ously reported that periodontitis produced hyposialia,
worsening the evolution of periodontal disease (Amer
et al, 2011; Prestifilippo et al, 2012). It is worth men-
tioning that recent evidence supports the hypothesis that
periodontitis is a risk factor for several pathologies,
including atherosclerotic cardiovascular disease (Kholy
et al, 2015), Alzheimer’s disease and type 2 diabetes
(Shaik et al, 2014). Therefore, periodontitis-associated
morbidity points towards the development of effective
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treatments. In this regard, it was reported that histamine
subcutaneous administration at low concentration is able
to ameliorate morphological and functional experimental
periodontitis (EP)-induced injury on salivary glands and
also reduces alveolar bone resorption (Prestifilippo et al,
2012).
Histamine is a well-known pleiotropic mediator in both

numerous physiological processes and diseases. This
endogenous amine produces its actions through the bind-
ing to four histamine receptor subtypes (Medina and Riv-
era, 2010). The histamine H4 receptor (H4R) was
identified in human and rat salivary glands (Stegaev et al,
2012; Martinel Lamas et al, 2013). H4R is located in aci-
nar and ductal epithelial cells and its expression was not
detected in tubuloacinar cells of patients with primary SS,
which suggests H4R’s involvement in salivation (Stegaev
et al, 2012).
JNJ7777120 and JNJ10191584, which are potent and

selective H4R ligands that bind with almost identical affin-
ity to the human, rat and mouse H4R, exhibited anti-
inflammatory effects and have been extensively used to
evaluate the action of H4R in both physiological and
pathological conditions (Thurmond et al, 2004; Leurs
et al, 2009; Deiteren et al, 2015).

Based on the presented evidence, the aim of the present
work was to investigate whether H4R antagonists could
prevent periodontitis-induced histological, functional and
inflammatory alterations in SMG, periodontal bone and
gingiva.

Materials and methods

Animals, experimental periodontitis and treatments
Male Sprague Dawley rats weighing between 230 and 250 g (4 groups,
n = 12 each) were kept in our animal facility as previously reported
(Prestifilippo et al, 2012). Bilateral EP was induced as earlier described
(Prestifilippo et al, 2012).

Control group received saline and JNJ7777120 group received a daily
JNJ7777120 injection (dissolved in saline, 10 mg kg�1) the last week
(experimental period were 2 weeks) by subcutaneous administration on
the dorsal flank. EP group exhibited bilateral periodontitis and received
saline, while EP-JNJ7777120 group exhibited bilateral periodontitis and
received a daily JNJ7777120 injection. JNJ7777120 concentration was
selected according to previous studies (Martinel Lamas et al, 2013).

Salivation was evaluated (n = 6 each group), or SMG and gingival
tissue were obtained for histological and histochemical determination
(n = 6 each group). Microscopic evaluation of vestibular and lingual
bone loss was performed on stained hemimandibles.

Additionally, another experiment was performed to evaluate the effect
of the local administration of H4R antagonists (n = 6 each group).
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Figure 1 JNJ7777120 prevents EP-induced
morphological, proliferative and apoptotic
alterations in the rat SMG. (A, B) Normal
tissue histology of (a, e) untreated and (b, f)
JNJ7777120-treated SMG. (c, g) SMG of EP
group showed histological changes, as partial
loss of secretor granular material, micro–
macrovacuolization (black arrow), necrotic
focal area (blue arrow), intra- and
extraglandular pyknotic nuclei (black arrow
head) and focal haemorrhage (red arrow). (d, h)
SMG JNJ7777120-EP showed preserved
structure organization of the gland and
prevented histological alterations. (a–d) H&E
stain. (e–h) PAS stain. (i) Low number of
TUNEL-positive cells in glandular cells of
control and (j) JNJ777120-treated rats. (k)
Increased number of TUNEL-positive cells in
glands of EP group. (l) Significant decrease in
TUNEL-positive cells in glands derived from
EP-JNJ7777120 group. (m, n) Similar PCNA
immunoreactivity in SMG from control and
JNJ7777120-treated rats. (o) Decreased PCNA
immunoreactivity in SMG of EP group. (p)
Partial preservation of PCNA-positive cells in
glands derived from EP-JNJ7777120 group.
Arrows indicate positive cells. AQP5 was
localized mainly in the apical membranes of
acinar cells of (q) control and (r) JNJ7777120-
treated SMG. (s) EP diminished AQP5
immunoreactivity and changed its localization.
(t) AQP5 showed recovery of localization and
immunoreactivity in SMG of JNJ7777120-EP
group. 6309 magnification. Scale bar= 20 lm.
(B) Histopathological characteristics and
average number of apoptotic and proliferative
cells in SMG. Data are expressed as means �
SEM. ***P < 0.001 vs control; ###P < 0.001 vs
EP
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JNJ7777120 (2.5%) and JNJ10191584 (2.5%) or saline in the form of gel
(hydroxypropyl methylcellulose 3%) were administered locally between
the buccal side of mandibular first molar and the cheek (0.1 ml each
side), using a syringe in another group of animals.

All procedures were performed in agreement with international recom-
mendations (Guide for the Care and Use of Laboratory Animals of the
National Research Council, USA, 1996, 2011) and were approved by
the Ethical Committee for the Use and Care of Laboratory Animals of
the School of Pharmacy and Biochemistry (#131211-2).

Salivary secretion
The methods used herein are similar to those reported by us earlier (Pres-
tifilippo et al, 2012). Briefly, salivary secretion samples were collected
and weighed after stimulation with different concentrations of metha-
choline (0.3, 1, 3 and 10 lg/kg, in saline) (FLUKA, Berlin, Germany).

Histopathological and immunohistochemical analysis
Tissues were removed, fixed with buffered formalin and paraffin-
embedded. Histological features were determined in tissue sections
stained with haematoxylin–eosin staining or with periodic acid schiff
(PAS) staining and counterstained with haematoxylin. Histopathological
and immunohistochemical analyses were performed blindly by an expert
pathologist (JCP).

Immunohistochemical studies were performed as previously reported
(Prestifilippo et al, 2012; Martinel Lamas et al, 2013), employing mouse
anti-proliferating cell nuclear antigen (PCNA, 1:100, Dako Cytomation,
Glostrup, Denmark) or rabbit anti-aquaporin 5 (AQP5, 1:50, Abcam,
Cambridge, MA, USA) antibodies. Apoptosis was evaluated by terminal
deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate
biotin nick end labelling (TUNEL) assay, using Apoptag Kit (CHEMI-
CON International, Temecula, CA, USA) according to the manufacturer’s
instructions.

Light microscopy was performed on an Axiolab Karl Zeiss micro-
scope (G€ottingen, Germany), and pictures were taken using a Canon
PowerShot G5 camera (Tokyo, Japan). The number of TUNEL and
PCNA-positive stained cells were quantified by counting 10 random
fields using ImageJ, NIH software.

Evaluation of periodontal bone loss (distance method)
The methods used herein were previously reported by us (Prestifilippo
et al, 2012). Three lingual and three vestibular distances (mesial, central,
distal) were measured from the cementoenamel junction (CEJ) to the
most apical area of theca (Amer et al, 2011). Alveolar bone loss in mm
was represented as the mean value of the 6 recordings on each molar.

Evaluation of PGE level
PGE content was evaluated as described by Amer et al (2011). Briefly,
gingiva and SMG were homogenized in ethanol and centrifuged, and the
supernatants were collected and evaporated. PGE content was evaluated
by radioimmunoassay.

Determination of TNFa
Submandibular gland was homogenized in PBS containing pro-
tease inhibitor cocktail (Sigma Chemical Co., St. Louis, MO, USA).
The concentration of rat TNFa was determined using a sandwich
ELISA according to the manufacturer’s instructions (BD Pharmingen,
USA).

Statistical analysis
Evaluations were performed with ANOVA followed by Newman–Keuls’
multiple comparison test using GraphPad Prism version 5.00 software
(San Diego, CA, USA). P values <0.05 were considered significant.

Results

JNJ7777120 reduces periodontitis-induced impairment of
SMG
Histopathological studies show that periodontitis induced
alteration of the epithelial architecture of SMG and pro-
duced numerous histological changes, which include
enhanced vacuolization, necrosis, morphologically typical
apoptosis and focal haemorrhage. All periodontitis-induced
histological changes were reduced with subcutaneous
JNJ7777120 treatment (Figure 1). Also, a significant
increase in wet weight and size of the gland based on
hyperplasic process without inflammatory cell mobilization
(Figure 2B) and an increase in PGE2 content were
observed in SMG of EP group, while JNJ7777120
blocked these effects (Figure 2C).

The preservation of the histological characteristics of
the SMG produced by JNJ7777120 in periodontitis model
was related to the preservation of SMG functionality. Peri-
odontitis produced a two-fold decrease in methacholine-
induced salivation, while JNJ7777120 partially prevented
that effect (Figure 2A).

Figure 2 JNJ7777120 reverses periodontitis-
induced salivary dysfunction and inflammatory
mediator in the rat SMG. (A) Mean
methacholine-stimulated salivary secretion in
the untreated (Control), JNJ7777120 (JNJ77),
experimental periodontitis (EP) and JNJ77-
experimental periodontitis (EP-JNJ77) groups
expressed as mg of saliva/gland. Error bars
represent the means � SEM. **P < 0.01,
***P < 0.001 vs control; #P < 0.05, ##P < 0.01
vs EP. (B) Submandibular gland (SMG) wet
weight measured as SMG’s percentage of body
weight. Data represent the means � SEM.
**P < 0.01 vs control; ##P < 0.01 vs EP. Inset:
macroscopic view of SMG. (C) Mean PGE2
content expressed in fg/mg of SMG. Error bars
represent the means � SEM. **P < 0.01 vs
control; ##P < 0.01 vs EP
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Aquaporin 5 (AQP5), a water channel involved in sali-
vation (Ishikawa et al, 2005), was expressed mainly in the
apical membranes of SMG acinar cells in all groups
except for EP group, which showed reduced and
impaired localization of AQP5 immunoreactivity in SMG
(Figure 1A).
In addition, PCNA expression was scarce in SMG of

untreated and JNJ7777120 groups. Periodontitis reduced
PCNA-positive cells per field, while JNJ7777120 treat-
ment partially blocked that effect (Figure 1).
We further evaluated the TUNEL positivity as an indi-

cator of apoptosis. Periodontitis increased the number of
glandular apoptotic cells and JNJ7777120 prevented that
outcome (Figure 1).

JNJ7777120 ameliorates periodontitis-induced bone loss
and gingival inflammation
Together with a decrease in salivation, EP increased alve-
olar bone loss, effect that was prevented by JNJ7777120
(Figure 3A,B).

Histological studies on gingival tissue demonstrated
normal characteristics in untreated or JNJ7777120-treated
animals. Gingival tissue derived from EP group revealed
hyperkeratosis, acanthosis and injury of epithelial layers
with inflammatory infiltrates. On the other hand,
JNJ7777120 reduced EP-induced inflammatory infiltration
and hyperkeratosis in gingival tissue (Figure 3C).

We also evaluated PGE2 content, a well-known media-
tor of periodontal disease (Kinney et al, 2007). Periodonti-

(A) (B)

(C)
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Figure 3 JNJ7777120 reduces EP-induced bone loss and inflammation of gingival tissue. (A) Photographs of mandibles showing lingual (left column)
and vestibular (right column) sections of lower first molars in the untreated (Control), experimental periodontitis (EP), JNJ7777120 (JNJ77) and experi-
mental periodontitis-JNJ7777120-(EP-JNJ77) groups. (B) Measures of lingual and vestibular bone loss, as distances between the CEJ-ABC (|), are
expressed as means � SEM. ***P < 0.001 vs control, ##P < 0.01 vs EP. (C) Histopathological analysis of gingival tissue. (a) Muco-gingival epithelium
displaying normal characteristics in untreated or JNJ7777120-treated animals. (b) Almost normal epithelial features without inflammatory infiltrates and
reduced hyperkeratosis in EP-JNJ7777120 gingiva. (c) Hyperkeratosis (∏) and impairment of epithelial layers are observed at lower magnification, in
gingival tissue of EP group. (d) Inflammatory infiltrates with neutrophils and lymphocytes and also acanthosis (arrow) and increased cellularity in the
basal layer are shown at higher magnification. H&E stain. 4009 and 6309 magnification. Scale bar= 20 lm. (D) Mean PGE2 content expressed in pg/
mf of gingiva. Error bars represent the means � SEM. **P < 0.01, ***P < 0.001 vs control; ###P < 0.001 vs EP
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tis augmented PGE2 gingival level, while JNJ7777120
treatment reduced it and preserved gingival histological
features of rats with EP (Figure 3C,D).

Local H4R ligands’ administration improves bone and
gingiva of rat with periodontitis
We additionally evaluated whether the local administra-
tion of JNJ7777120 and, also another H4R antago-
nist, JNJ10191584 in the form of gel could be
effective in preventing EP-induced alterations. Results
indicate that both compounds diminished the alveo-
lar bone loss and preserved histological features of gin-
giva (Figure 4A,C). They also reduced the inflammatory
infiltrates in the subepithelial areas and blocked
EP-induced increased gingival PGE2 and TNFa levels
(Figure 4B,C).

Discussion

The evidence presented showed that 2 weeks of EP pro-
duced a considerable decrease in SMG salivary secretion,
indicating that SMG functionality is severely altered and
suggesting the development of anatomical and/or mecha-
nistic alterations under this pathological condition.
Accordingly, we previously reported that EP caused a
marked reduction in the capacity of SMG to secrete saliva
in response to cholinergic stimulation (Amer et al, 2011;
Prestifilippo et al, 2012). The inhibitory effect on saliva-
tion induced by periodontitis was partially prevented by
subcutaneously administered JNJ7777120 treatment. In
this line, we have earlier reported that JNJ7777120

compound improved radiation-induced hyposialia (Marti-
nel Lamas et al, 2013).

The periodontitis-induced altered functionality of SMG
was associated with several histological changes of SMG,
increased apoptosis and also decreased PCNA levels. In
agreement with these results, other authors hypothesize
that periodontitis-induced vacuolization and apoptosis of
the acinar cells may alter salivation (Ekuni et al, 2010).
Furthermore, similar histological features are observed
after irradiation that also leads to hyposialia (Medina et al,
2011). JNJ7777120 compound prevented both periodonti-
tis-induced histological and functional SMG0s impair-
ments.

H4 receptor expression has been recently identified in
salivary glands of healthy subjects, in glandular epithelial
cells as well as in infiltrating immune cells. It is not
detected in patients with primary SS, a well-known
autoimmune pathology that manifests itself with an altered
quality and quantity of saliva (Atkinson et al, 2005), sug-
gesting that H4R may be involved in salivary gland func-
tion (Stegaev et al, 2012).

Channel AQP5 regulates water secretion (Ishikawa
et al, 2005) and plays a key role in salivation, since it
was demonstrated that mice lacking AQP5 show decreased
salivary gland functionality (Ma et al, 1999). In addition,
SS-induced hyposialia is associated with altered AQP5
translocation to the luminal side (Tsubota et al, 2001).
AQP5 is normally located at the apical plasma membrane
of rat SMG (Gresz et al, 2004). Present results show that
JNJ7777120 seemed to block periodontitis-induced alter-
ation of AQP5 immunoreactivity and localization. In

(A)
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Figure 4 Local administration of JNJ7777120 and JNJ10191584 improves EP-induced altered parameters. (A) Measures of lingual and vestibular bone
loss, as distances between the CEJ-ABC are expressed as percentage of control values. Data represent the means � SEM. **P < 0.01, ***P < 0.001 vs
control; #P < 0.05, ###P < 0.001 vs EP. (B) Mean PGE2 content expressed in pg/mg of gingiva and TNFa levels expressed in pg/mg of protein. Data
represent the means � SEM. *P < 0.05, **P < 0.01 vs control; #P < 0.05, ##P < 0.01 vs EP. (C) Histopathological analysis of gingival tissue. (a)
Muco-gingival epithelium displaying normal characteristics in control animals. (b) Hyperkeratosis ([) and impairment of epithelial layers with increased
cellularity in the basal layer. Inset of the subepithelial area: Inflammatory infiltrates and increased intercellular space with possible detachment are
observed in gingival tissue of EP group. Almost normal epithelial features without inflammatory infiltrates and reduced hyperkeratosis in (c) EP-
JNJ7777120 and (d) EP-JNJ10191584 gingiva. H&E stain. 6309 magnification. Scale bar = 20 lm

Oral Diseases

H4R antagonists in periodontitis

JP Prestifilippo et al

427



agreement with these results, ionizing radiation signifi-
cantly induced salivary dysfunction (Burlage et al, 2008;
Medina et al, 2011) and also downregulated AQP5
expression in the SMG, effects that were blocked by
JNJ7777120 administration (Martinel Lamas et al, 2013).
AQP5 immunoreactivity was also reduced at day 7 of
ligation-induced SMG atrophy (Silver et al, 2010). Fur-
thermore, lipopolysaccharide (LPS) administration inhibits
salivary secretion and also downregulates AQP5 mRNA
expression through NF-jB activation via TLR4 (Yao
et al, 2010). JNJ7777120 could interfere with the activa-
tion of this pathway, blocking the effect of LPS (Thur-
mond et al, 2004; Cowden et al, 2013).
As mentioned, JNJ7777120 treatment significantly pre-

vents SMG and alveolar bone injury taking place during
periodontitis. In agreement with these results, sub-
mandibulectomy deleteriously affects alveolar bone,
favouring the development of pathological bacteria (Hiro-
tomi et al, 2008; Vacas et al, 2008).
PGE2 is a pro-inflammatory mediator involved in peri-

odontitis and numerous inflammatory diseases (Kinney
et al, 2007). Results indicate that PGE2 is significantly
increased in gingival and SMG tissues of animals with
EP, suggesting an inflammatory response that correlates
with the bone loss observed. JNJ7777120 treatment par-
tially and completely blocks the higher EP-induced PGE2
level in gingiva and SMG, respectively. Also, altered his-
tological features and inflammatory infiltrates are observed
in gingiva–mucosal tissues of the periodontitis group,
effects that were prevented by JNJ7777120. These find-
ings and the fact that the local application of JNJ7777120
and JNJ10191584 in the form of gel not only reduced
alveolar bone loss but also decreased the increased PGE2
and TNFa levels and inflammatory infiltrates in gingival
tissue of rats with periodontitis, also suggest a direct effect
of the compounds on periodontal tissues as anti-inflamma-
tory agents. These results are consistent with the well-
established anti-inflammatory properties of these com-
pounds in different preclinical models of inflammatory
diseases (Thurmond et al, 2004; Suwa et al, 2011; Cow-
den et al, 2013; Deiteren et al, 2015). Nonetheless, we
cannot discard the action of the compounds on salivary
gland epithelial cells that could contribute to the observed
effects.
It is important to highlight that previously reported data

paradoxically showed similar improvements of periodontal
disease employing subcutaneous histamine at low concen-
tration (0.1 mg/kg), indicating that other histamine recep-
tor subtype could also be involved in periodontal
healthiness (Prestifilippo et al, 2012).

Conclusions

The H4R antagonists ameliorate periodontitis-induced
injury on SMG, gingival tissue and bone structure, sug-
gesting that pharmacological targeting of H4R could be an
attractive therapeutic approach to the improvement of peri-
odontal disease. Noteworthy, the local administration route
is also beneficial for improving periodontal parameters,
which highlights the potential clinical value of these com-
pounds.
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