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to environmental stress. This compound has been shown to have

pharmacological effects against a wide range of diseases including

neurological, hepatic, cardiovascular and autoimmune conditions.

The non�obese diabetic (NOD) mouse, in which loss of lacrimal

and salivary gland function occurs, has been studied as an animal

model for Sjögren’s syndrome. In this study, we confirmed that

administration of resveratrol results in increased secretion of saliva

in NOD mice. Although resveratrol enhanced Sirt1 activity, inflam�

matory cell infiltration was not affected. Moreover, expression

of the anti�inflammatory cytokine IL�10 in salivary glands was

enhanced in the resveratrol�administered group. Thus, we con�

firmed a novel therapeutic effect for resveratrol on salivary

dysfunction in Sjögren’s syndrome.
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IntroductionResveratrol (3,5,4-trihydroxystilbene), a nonflavonoid poly-
phenolic compound found in numerous plant products, was

initially characterized as a phytoalexin, which is an antimicrobial
substance synthesized by plants in response to infection.(1,2)

Resveratrol also has potent anti-inflammatory, anti-tumor, immuno-
modulatory, cardioprotective, anti-oxidative and chemopreventive
properties.(3–6) Several studies have shown that resveratrol supple-
mentation directly suppresses the release of pro-inflammatory
cytokines such as TNFα, IL-β, IL-6, IL-10, MCP-1, IFNα and
IFNβ in a wide range of tissues.(7–9) Resveratrol also displays
antioxidant activity in cell culture, which contributes to a reduc-
tion in inflammatory responses. A common link between the
inhibitory effects of resveratrol mentioned above could be its
ability to inhibit factors involved in gene transcription, such as
MAPK, c-JNK, AP-1 and NF-κB.(10) It has been reported that
resveratrol acts on NF-κB by inhibiting Iκ-B kinase, thus
preventing the translocation of NF-κB into the nucleus.(11) Alterna-
tively, the effects of resveratrol may involve its sirtuin-like
activity, which results in the deacetylation of NF-κB.(12) Sirtuins
are known to be protein deactylases involved in the regulation of
metabolism and stress responses, which mediate the life-prolonging
and stress-resistance effects of calorie restriction.(13–15) Furthermore,
a recent report showed that mice lacking Sirtuin 1 (SIRT1)
develop an autoimmune-like condition.(16) However, little is
known about the effects of resveratrol on autoimmune diseases
such as Sjögren’s syndrome (SS).

Non obese diabetic mice develop the corresponding clinical
outcome of loss of secretory function,(17–19) and although they

were first identified as a model for type I, insulin-dependent
diabetes, they also develop an SS-like immunopathology of the
exocrine glands. The first sign of SS-like disease is mononuclear
cell infiltration in the salivary glands, which occurs at 8 weeks
of age and is associated with a loss of salivary secretion later in
life.(20,21) Lymphocytic infiltration of the salivary and lacrimal glands
and functional decline in saliva flow and tear production are
independent of the onset of diabetes.(18) Recently, epigallocatechin-
3-gallate (EGCG), which increases the levels of the major anti-
oxidant defense protein peroxiredoxin 6 (PRDX6) and catalase,
has been identified as a therapeutic reagent for salivary dysfunc-
tion, thus suggesting the involvement of oxidative stress in NOD
mice.(2) Moreover, oxidative stress has also been suggested to
play a role in inducing the chronic inflammation in SS.(22) Oxida-
tive biomarkers have been shown to be elevated in SS, thus
suggesting that inflammation and oxidative stress contribute to
its pathogenesis.

Salivary gland dysfunction leads to xerostomia (dry mouth
syndrome) which causes various clinical conditions, including
bacterial infection, dental decay, mastication dysfunction, swal-
lowing dysfunction, dysgeusia and a general reduction in quality
of life.(23,24) Therapies for xerostomia include administration of
artificial saliva substitutes and sialogogues,(25) and/or medication
with parasympathomimetic drugs.(25) Nevertheless, these treat-
ments do not improve salivary gland dysfunction, and effective
therapeutic treatments for salivary gland dysfunction remain to be
developed. In the present study, we demonstrated that resveratrol
administration ameliorated salivary dysfunction in NOD mice.
This effect did not change the number of foci but increased IL-10
expression. Our results indicate that resveratrol can be used as a
novel preventive and therapeutic approach against SS.

Materials and Methods

Ethics statement. All experimental protocols involving mice
were approved by the Animal Welfare Committee at the Tsurumi
University (Kanagawa, Japan).

Animals. Female NOD/shi mice were purchased from Clea
Japan, Inc. (Tokyo, Japan). The animals were maintained under
standard animal-housing conditions in animal facilities at Tsurumi
University. The animals were maintained on a 12 h light-dark
cycle and were provided water and food ad libitum.

R



doi: 10.3164/jcbn.16�31
©2016 JCBN

108

Administration of resveratrol. The mice were orally ad-
ministered the vehicle (Milli-Q) or resveratrol (Sigma-Aldrich, St.
Louis, MO) at doses of 100 or 250 mg/kg using gastric intubation
6 days a week from 6 to 20 weeks of age (n = 6 mice/group).(26)

Resveratrol was dissolved in 0.2 ml of H2O for administration.
Measurement of the stimulated salivary flow rate. Saliva 

secretion was measured prior to administration of the interven-
tions and at 10, 14, 16 and 20 weeks of age. Mice were weighed
and then anesthetized with an intraperitoneal injection of a
mixture of xylazine (24 mg/kg) and ketamine (36 mg/kg). After
10 min, pilocalpine (0.1 mg/kg) was injected intraperioneally to
stimulate salivation. The saliva secreted into the oral cavity during
each 1-min period following injection of either of the above
stimulants was carefully collected using capillaries (ringcaps;
Hirschmann Laborgerate GmbH & Co. kG, Eberstadt, Germany)
for 15 min. The total amount of saliva in the 15 min period was
divided by the weight of the mouse, and the saliva secretion per
1 g in weight was calculated.

Histological analysis. NOD mice were anesthetized with
diethyl ether (Wako Pure Chem. Ind., Osaka, Japan) and were
killed. The salivary glands were then removed, fixed with 4%
paraformaldehyde and embedded in paraffin. Sections (4 μm)
were prepared and stained with hematoxylin and eosin (H&E)
using standard methods. Histological grading of the inflammatory
lesions in the salivary glands was performed as follows: the pres-
ence or absence of diffuse and focal chronic inflammatory cell
infiltration was recorded, using a modification of the system
originally introduced by Chisholm and Mason.

Deacetylase fluorometric assay for Sirt1. Animals were
sacrificed with an overdose of anesthetic, and the salivary glands
were immediately excised. The salivary gland complexes were
carefully isolated and placed into 100 μl of lysis buffer and were
then sonicated. The lysates were centrifuged at 15,000 rpm for
15 min at 4°C. The activity of Sirt1 in the supernatant was
determined using SIRT1/Sir2 Deacetylase Fluorometric Assay
kits (Cyclex, Ina, Japan) in accordance with the manufacturer’s
protocols.

RNA extraction and real�time PCR from paraffin�fixed
samples. Total RNA was isolated from the fixed 8 μm paraffin
sections from each experimental group using the NucleoSpin®

FFPE RNA kit (Macherey-Nagel, Düren, Germany), in accor-
dance with the manufacturer’s protocol. Two micrograms of RNA
was incubated with random primers at 70°C for 5 min, followed
by reverse transcription with M-MLV reverse transcriptase
(Promega Corp., Madison, WI) and 2.5 mM dNTPs at 42°C for
60 min. cDNA was assayed using quantitative RT-PCR with
SYBR Premix Ex Taq II (Takara Bio Inc., Shiga, Japan). After an
initial denaturation at 95°C for 30 s, PCR was carried out for 40
cycles consisting of 95°C for 5 s and 60°C for 30 s. The values for
β-actin were used for normalization.

Statistical analyses. Statistical significance was determined
using Student’s t test. P values of <0.05 were considered to be
significant.

Results

Protective effects of resveratrol against hyposalivation in
NOD mice. As reported previously,(18) the salivary flow rate in
NOD mice was lower than in wild-type mice. A decreased flow
rate was confirmed in the 22-week-old NOD mice in the present
study. To investigate the effects of resveratrol on the secretion of
saliva in NOD mice, 100 or 250 mg/kg resveratrol was admin-
istered beginning at 6 weeks of age, prior to the onset of hypo-
salivation. The salivary flow rate was not altered by resveratrol
between 6 weeks and 20 weeks of age, whereas 250 mg/kg resve-
ratrol showed protective effects on the hyposalivation observed in
the NOD mice at age 22 weeks (Fig. 1a). The body weight of the
mice in all groups increased in an age-dependent manner during

the administration period, and no significant differences were
observed (Fig. 1b), nor were any significant side effects observed.

Relationship between saliva secretion and blood glucose
levels. Saliva secretion in diabetic NOD mice was lower than
that in BALB/c or prediabetic NOD mice.(18) To determine
whether the salivary dysfunction was caused by diabetes in this
study, the amount of saliva secreted was compared with the levels
of blood glucose. Typically, BALB/c and nondiabetic NOD mice
have blood glucose levels of 180–240 mg/dl, whereas diabetic
NOD mice have blood glucose levels of 400–800 mg/dl.(18) Only 2
of 10 NOD mice showed diabetes in this study. Moreover, salivary
dysfunction was not necessarily accompanied by diabetes (Fig. 2).

Lymphocyte infiltration into the exocrine glands of NOD
mice. The NOD mouse is known to show hyposalivation accom-
panied by mononuclear cell infiltration of the salivary gland.(20,21)

The effects of resveratrol on inflammatory cell infiltration in
salivary glands were therefore studied. Histological examination
of the submandibular, parotid and sublingual salivary glands in
the NOD mice was performed to observe the anti-inflammatory
effects of resveratrol at 22 weeks of age. In the parotid and sub-
lingual salivary glands, no lymphocyte infiltration was observed
in any groups of NOD mice (data not shown). The periductal
inflammatory cell foci in submandibular glands were not affected
by resveratrol administration (Fig. 3a), whereas the pancreas islets
showed more sensitivity to resveratrol than the salivary glands
(Fig. 3b).

Fig. 1. Resveratrol treatment improves salivary dysfunction in NOD
mice. (a) Saliva flow is expressed as total saliva output during the first
15 min after pilocarpine stimulation normalized to total body weight
on the day of saliva collection. (b) Body weights for each administration
group at age 6, 12 and 22 weeks. Error bars indicate the standard errors
of the means; *p<0.5.
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Sirt1 activity in the salivary glands. Resveratrol is known
to be a pharmacological activator of Sirt1. We compared the Sirt1
activity in the salivary glands among the groups of mice. Although
100 mg/kg resveratrol did not change Sirt1 activity, 250 mg/kg
resveratrol significantly induced Sirt1 activation (Fig. 4).

Resveratrol did not change TNFα, but increased IL�10
transcription in the salivary glands of the NOD mice. To 
investigate whether resveratrol affects the levels of expression of
the cytokines IL-1, IL-6, TNFα and IL-10, the salivary glands
from the mice were analyzed by real-time PCR. Resveratrol
treatment did not change the expression of TNFα, but the expres-
sion of IL-10 significantly increased in the salivary glands of the
resveratrol-treated mice when compared with those treated with
saline (Fig. 5a and b). Expression of IL-1 and IL-6 was not
detected in salivary glands of the NOD mice before or after
resveratrol treatment (data not shown).

Discussion

In the present study, we showed that resveratrol improved
hyposalivation in NOD mice. Although there were no differences
in the number of foci between the control and resveratrol-treated
groups, the amelioration of hyposalivation in the 250 mg/kg group
was significant. Correlation analysis revealed a negative associa-
tion between salivary secretion and levels of inflammatory cyto-
kines in the saliva obtained from the NOD mice, whereas the
correlation with the inflammatory changes in the glands was
consistently weak.(27) It has been suggested that the decrease in
salivary flow follows the occurrence of focal lymphoid infiltration
with a considerable delay in time, and that the sole destruction
or replacement of glandular tissue by inflammatory cells is not
sufficient to explain the severe impairment in salivary secretion.(28)

The unclear interrelationship between glandular inflammation
and hyposalivation has led to research initiatives to investigate
the mechanisms of glandular dysfunction.(27) Autoantibodies that
inhibit the receptors for neurotransmitters and defective water
transport have been proposed.(29) Moreover, in the NOD mice,
no augmentation of salivary flow rates has been observed after
infusion of neuropeptides combined with muscarinic-cholinergic
agonists,(30) indicating that the hyposalivation observed in NOD
mice may, at least in part, be due to a general loss of neuro-
transmitter responsiveness in the salivary glands. Based on these
observations, salivary secretion may be modified by autoantibody

Fig. 2. No correlations were observed between the saliva secretion
and the blood glucose concentration. The saliva secretion and blood
glucose concentrations were measured in 22�week�old NOD mice, the
scores were plotted and the correlation coefficients were calculated.

Fig. 3. Histochemical analysis of the submandibular glands and pan�
creata from 3 groups of NOD mice. At the end of the study, the salivary
glands and pancreata from the control mice and the mice administered
100 or 250 mg/kg resveratrol were extracted. Inflammatory foci in he�
matoxylin and eosin�stained sections of the submandibular gland (a)
and pancreas (b) were then counted.

Fig. 4. Resveratrol enhanced acetylase activity of Sirt1 in salivary
glands. After the end of study, the salivary glands were extracted, and
cell lysates were obtained. Sirt1 acetylase activities in cell lysates were
calculated. Error bars indicate the standard errors of the means;
*p<0.05.
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secretion and/or sensitivity to neurotransmitters rather than quan-
titative inflammatory changes.

Resveratrol has been shown to prevent or slow the progression
of various diseases, including cancers, cardiovascular diseases
and ischemic injuries, as well as to enhance stress resistance and
prolong lifespan.(31–37) Multiple direct targets of resveratrol, in-
cluding COX, PPAR, eNOS and Sirt1, have been identified.(5,38,39)

We also showed that resveratrol administration increased Sirt1
activity by 8-fold when compared with the control group. Sirt1
deacetylates specific lysines on histone tails to induce transcrip-
tional silencing. Sirt1 also deacetylates non-histone proteins such
as p53, FOXOs, nuclear receptor corepressor (SMRT/NCOR) and
PGC-1 alpha.(40–42) Oxidative stress-induced FOXO3 acetylation
can lead to the formation of a Sirt1-FOXO3 complex, which is
indispensable for cell cycle arrest and induction of DNA repair.(43)

In turn, Sirt1 modulates the cellular stress response by directly
deactylating specific proteins and regulating their expression.(44) In
fact, Sirt1 modulates the threshold for cell death during exogenous
stress including oxidative damage, interacts with p53, inhibits

Bax-induced apoptosis by deacetylation of Ku70 and regulates
other targets linked to cell death and cellular antioxidant activity
(such as Mn-SOD and catalase).(45,46) Dickinson et al.(2) revealed
that EGCG ameliorates the salivary dysfunction in NOD mice by
increasing the major anti-oxidant defense protein PRDX6 and
catalase. Thus, the anti-oxidative function of Sirt1 may play a role
in improving salivary secretion in NOD mice.

NOD mice have a defect in the production of low-molecular-
weight protein 2 (LMP2), leading to defective T cell selection
and the presence of autoreactive T cells, thereby resulting in
development of autoimmune diabetes and SS.(47) LMP2 is a
catalytic subunit of the proteasomes, which are very large protein
complexes inside all eukaryotic cells that are responsible for
degrading proteins for which the cell has no more use. Proteasomes
are also involved in the processing of NF-κB. Disruption of this
process prevents the NF-κB-mediated protection from TNFα-
induced apoptosis. Disruption of the function of proteosomes
in antigen-presenting cells function in antigen-presenting cells
results in the escape of autoreactive T cells from proper immune
selection. NF-κB defects also increase the apoptosis of misse-
lected T cells by TNFα-induced apoptosis.(48) Treatment of NOD
mice with a TNFα inducer promotes the apoptosis of autoreactive
T cells and eventually eliminates the autoimmunity.(49,50) After the
autoimmunity is removed, the salivary gland function is restored.
Sirt1 is known to play important roles in various aspects of the
inhibition of T cell responses.(51–53) Sirt1 expression in T cells is
regulated via TCR-mediated signaling. Increased levels of the
Sirt1 protein compromise the T cell-mediated immune response
by suppressing the activation of NF-κB and activated protein 1
(AP-1) transcription factors, both of which are required for
production of IL-2, a cytokine that promotes T cell prolifera-
tion.(51,53,54) Genetic depletion of the Sirt1 gene also suppresses
the innate immune response and the development of a lupus-like
autoimmune syndrome.(51) In addition, Sirt1 suppresses the innate
immune responses by opposing NF-κB-mediated inflammatory
cytokine production by macrophages.(55)

IL-10 is a potent anti-inflammatory cytokine that plays a crucial
role in preventing inflammatory and autoimmune pathologies.(56,57)

Deficient or aberrant expression of IL-10 can enhance the inflam-
matory response to microbial challenge and may also lead to
development of inflammatory bowel disease and a number of
autoimmune diseases.(58,59) Thus, impaired IL-10 function can
enhance the clearance of pathogens during acute infection and
may also lead to exaggerated inflammatory responses resulting
in immunopathology and tissue damage.(13,60) However, some
pathogens can harness the immunosuppressive capacity of IL-10
to limit the host immune response, leading to persistent infec-
tion.(61,62) IL-10 plays a largely non-redundant role in mediating
the host anti-inflammatory response; therefore, identifying the
cellular sources of IL-10, as well as the molecular mechanisms
that regulate IL-10 expression are critical to developing thera-
peutic strategies directed against pathology-associated impair-
ments in IL-10 production. In the present study, although the
anti-inflammatory phenomena have not been clarified, resveratrol-
induced IL-10 expression in the salivary glands in NOD mice may
play a role in the therapeutic effects.
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