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This study examined the bioactivities and mechanisms of the non-
centrifugal cane sugar polyphenols saponarin, schaftoside, and
isoschaftoside in the salivary gland and their effects on salivation.
In acute isolated C57BL/6N mouse submandibular gland cells,
these polyphenols led to a higher increase in intracellular calcium
after stimulation with the muscarinic agonist carbachol.
Stimulation of these cells with polyphenols enhanced ATP
production, aquaporin-5 translocation to the plasma membrane
and eliminated intracellular reactive oxygen species generated
by H2O2. In addition, phosphorylation of endothelial nitric oxide
synthase and increased nitric oxide production in vascular
endothelial cells were observed. In vivo administration of these
polyphenols to C57BL/6N male mice resulted in significantly
increased blood flow (saponarin, p = 0.040; isoschaftoside, p =
0.010) and salivation (saponarin, p = 0.031). A randomized
controlled trial showed that intake of non-centrifugal cane sugar
significantly increased saliva secretion compared with placebo
(p = 0.003). These data suggest that non-centrifugal cane sugar
polyphenols affect several pathways that support salivation
and increase saliva secretion by enhancing vasodilation. Hence,
non-centrifugal cane sugar polyphenols can be expected to
maintain saliva secretion and improve reduced saliva flow.
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J apan is known for being the country with the longest
average life expectancy.(1) In particular, between the

mid-1970s and early 2000s, the Japanese prefecture Okinawa
gained worldwide attention as one of the Blue Zones® (regions
with the highest numbers of centenarians).(1,2) People living in
Okinawa traditionally eat food that is low in calories, high
in dietary fibers, and rich in bioactive compounds such as
polyphenols.(1) This unique food culture is assumed to explain the
longevity of people living in Okinawa, and it has been shown
also to decrease the incidence of heart disease and death due to
cancer.(3)

Among the numerous beneficial components of the Okinawan
food, we focused on non-centrifugal cane sugar (NCS),
commonly known as brown sugar, or “Kokuto” in Japanese. NCS
is richer in minerals, vitamins, and polyphenols than refined
sugar.(4,5) Furthermore, it contains compounds that reduce oxida‐
tive stress and have antitoxic, cytoprotective, and anticarcino‐
genic effects.(4) Several studies revealed a preventive effect of
NCS on neurodegenerative and cardiovascular diseases, diabetes,
obesity, and anemia.(4,5) In addition, NCS manufactured in

Okinawa contains more polyphenols, i.e., saponarin, schaftoside,
and isoschaftoside, than other brown sugars.(6)

Polyphenols are naturally occurring bioactive compounds
found abundantly in plants and fruit-based diets that contain one
or more aromatic rings and two or more hydroxyl groups.(7) They
have several health benefits, including anti-inflammatory and
antioxidant effects against reactive oxidant species (ROS) scav‐
enging activity.(8) Thus, interest in polyphenols has surged in
pharmacology and medicine.(9)

Excess ROS production causes oxidative damage to cells and
severely affects homeostasis. An imbalance in ROS generation
can induce oxidative damage, which is responsible for several
diseases, including dysfunction of saliva secretion.(4,5,9)

Saliva is essential to maintain a healthy oral environment.
However, several diseases and conditions, e.g., diabetes,
Sjogren’s syndrome (SS), administration of medications with
adverse effects on saliva production, psychological stress, and
radiation therapy, can reduce saliva production.(10,11) In turn,
decreased saliva secretion may increase the risk of various
systemic and infectious diseases, such as aspiration pneu‐
monia.(11,12) Hyposalivation also affects daily activities and food
intake and can severely compromise quality of life.(12,13)

Previously, we investigated the effects of plant-derived
polyphenols on salivary secretion and reported that isoflavone
improved secretion and subjective symptoms related to impaired
secretion in elderly women.(14) Also, quercetin prevented
radiation-induced salivary dysfunction in a mouse model through
its anti-inflammatory and antioxidative effects and enhanced
expression of the water channel protein aquaporin 5 (AQP5).(15)

Furthermore, resveratrol exerted anti-inflammatory effects in
non-obese diabetic (NOD) mice (a model of Sjogren’s syndrome,
salivary gland dysfunction caused by an inflammatory autoim‐
mune disease) through increased expression of sirtuin 1, and
these effects prevented the reduction of saliva secretion.(16) Trip‐
tolide, a bioactive compound, has also been reported to be a
potential treatment for Sjogren’s syndrome because in NOD mice
it decreased the expression of inflammatory factors by inhibiting
an activator of the JAK/STAT and NF-κB pathways.(17)

In the present study, we performed in vitro, in vivo studies in
mice and a randomized controlled trial (RCT) to investigate the
effects of polyphenols abundant in NCS on salivary secretion and
their mechanisms of effect.
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Materials and Methods

Animals. The experiments in mice were approved by the
Tsurumi University Animal Experiment Committee (approval
number: 20A020) and performed according to the related guide‐
lines, laws, and regulations, including national guidelines for
animal usage in research. The study is reported in accordance
with the ARRIVE guidelines (https://arriveguidelines.org).(18)

C57BL/6N male mice aged 6- to 12-weeks (Clea Japan Inc.,
Tokyo, Japan) were reared in a husbandry facility with controlled
temperature and humidity under a 12-h light cycle. The mice had
free access to feed and water. Simple but not blinded randomiza‐
tion was used to allocate animals to groups.

Cell cultures. A normal salivary gland SV40-transformed
acinar cell line (NS-SV-AC) was kindly provided by Prof. M.
Azuma, Tokushima University, Tokushima, Japan. Cells were
cultured in keratinocyte-SFM growth medium (Gibco, Carlsbad,
CA) with the provided supplements.(19)

Human umbilical vein endothelial cells (HUVECs) purchased
from PromoCell (Heidelberg, Germany) were cultured in KBM
VEC-1 growth media (Kohjin Bio Co., Ltd., Saitama, Japan)
with vascular endothelial growth factor (VEGF) supplements
and serum.
All the cultures were maintained at 37°C in a humidified

atmosphere containing 95% air and 5% CO2.
Acute isolation of mouse salivary gland cells. Mouse

submandibular glands (mSMG) were excised from 6- to 12-
weeks old male mice weighing 20 to 25 g. mSMG tissues were
washed, dissected, and minced into 0.5-mm squares. Balanced
salt solution [BSS; 20 mM HEPES, 150 mM NaCl, 5.4 mM KCl
(pH 7.4)] supplemented with 0.18% d-glucose, 2.5 mM CaCl2,
1 mM MgCl2, and 0.5% bovine serum albumin (BSA) to prepare
0.5% BSA/BSS. Minced mSMG was suspended in 0.5% BSA/
BSS with 3.2 mg/ml collagenase II (Worthington Biochemical
Corp., Lakewood, NJ), 1.14 mg/ml hyaluronidase (Sigma
Aldrich, St. Louis, MO), and 1 U/ml DNase I (Roche Diagnostics
GmbH, Mannheim, Germany). The suspension was incubated for
20 min at 37°C in a water bath, filtered through a 200-μm nylon
mesh, and centrifuged to collect the mSMG cells. The cells were
resuspended in 0.5% BSA/BSS and kept on ice until use.

Cell viability and proliferation assay. The polyphenols
saponarin, schaftoside, and isoschaftoside were purchased from
Extrasynthese (1238S, 1369, 1354, Genay Cedex, France), and
dimethyl sulfoxide (DMSO) was purchased from Sigma Aldrich.
NS-SV-AC cells were cultured on a 100-mm culture dish. The
cells were stimulated with 1, 10, and 100 μM of three different
polyphenols and DMSO as the vehicle control for 48 h. A trypan
blue exclusion test was performed to evaluate cytotoxicity of
polyphenols.
To examine cell viability, NS-SV-AC cells were seeded onto

6-well plates at a density of 8.0 × 105 cells/well and stimulated
with the previously mentioned three concentrations of
polyphenols for 48 h. The cell proliferation assay was performed
with the Cell Count Reagent SF (Nacalai Tesque Inc., Kyoto,
Japan) according to the manufacturer’s recommended procedure.
The absorbance of the water-soluble formazan produced in
proportion to the number of viable cells was measured with a
plate reader (Wallac 1420 ARVO SX; PerkinElmer, Boston, MA).

In vitro experiments.
Measurement of intracellular calcium. Fura 2-AM (Dojindo

Laboratories, Kumamoto, Japan) loaded acute isolated mSMG
cells were treated with 50 μM of the three different polyphenols
for 30 min and washed twice with 0.5% BSA/BSS. Cells were
stimulated with the muscarinic acetylcholine receptor agonist
carbachol (30 μM), and intracellular calcium ions ([Ca2+]i) were
determined by measuring fluorescence intensities with a plate
reader (Wallac 1420 ARVOSX); a dual excitation wavelength
of 340 and 380 nm was used and an emission wavelength of

510 nm. The fluorescence ratio (F340/F380) was recorded every
second for 120 s, and the fold change from baseline was plotted.
The tests were conducted in the presence or absence of 1 mM
H2O2.
ATP production. A suspension of acutely isolated mSMG

cells with 1 × 106 cells/ml was added to 1.5-ml tubes. The cell
suspensions were stimulated with 50 μM of the three polyphenols
and the vehicle control for 30 min. An equivalent mixture of cell
suspension and 100 μl of Cellno ATP assay reagent (TOYO
B-Net Co., Ltd., Tokyo, Japan) was transferred into a 96-well
clear-bottomed white plate. The luminescence intensity
associated with ATP was measured with a plate reader (Wallac
1420 ARVOSX).
Immunohistochemistry. Mice SMG tissue was cut into 200-

μm thick slices with a tissue slicer (DSK, linear Slicer, PRO7;
Dosaka EM Co., Ltd., Kyoto, Japan). The sliced tissues were
kept in a 6-well culture dish with DMEM containing 10% FBS
and 1% penicillin/streptomycin and stimulated with 50 μM of
saponarin, schaftoside, and isoschaftoside and vehicle control for
10 min. After stimulation, tissues were fixed with 4%
paraformaldehyde, and paraffin-embedded tissue sections were
prepared. Immunohistochemistry was performed with mouse
anti-E-cadherin (ab53033, 1:200 dilution; Abcam, Cambridge,
UK) and rabbit anti-AQP5 antibody (ab15858, 1:200 dilution;
Millipore Co., Ltd., Darmstadt, Germany) as primary antibodies
and TRITC conjugated mouse anti-rabbit IgG (1:200 dilution;
Santa Cruz Biotechnologies, CA) and AlexaFluor® 488 conju‐
gated chicken anti-mouse IgG (1:200 dilution; Gibco Life
Technologies) as secondary antibodies. DAPI (1:1,000 dilution;
Dojindo Laboratories) was used for nuclear staining. The degree
of colocalization between AQP5 and the plasma membrane
marker E-cadherin was calculated as Pearson’s correlation
coefficient with ImageJ Coloc2 plugin.(20)

Western blot analysis. HUVECs were cultured on a 100-mm
culture dish until 80% confluence. The cells were then starved
for 6 h by using a serum- and VEGF-free medium. This step
was followed by incubation with 50 μM of three different
polyphenols for 5 min at 37°C. The cells were solubilized in
RIPA buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5%
sodium deoxycholate, 0.1% SDS, and 1% Nonidet P-40]
containing a protease inhibitor cocktail (Takara Bio., Shiga,
Japan) and phosphatase inhibitor (Roche Diagnostics GmbH).
Acutely isolated mSMG cells were then stimulated with 50 μM
of three different polyphenols and the vehicle control for 10 min
at 37°C. EzSubcell extract kit (WSE-7421; ATTO Co., Ltd.,
Tokyo, Japan) was used to separate the cytosolic and plasma
membrane protein fractions from cells. Western blot analysis was
performed with anti-endothelial nitric oxide synthase (eNOS)
antibody (M221; ab76198, 1:1,000; Abcam), anti-phosphorylated
eNOS (p-eNOS; S1177) antibody (EPR20991; ab230158,
1:1,000; Abcam), and anti-AQP-5 antibody (AB15858, 1:200
dilution; Millipore Co., Ltd.) as the primary antibodies. Expres‐
sion of target proteins was detected with ECLTM Prime Western
Blot Detection Reagents (Cytiva, Buckinghamshire, UK), and
relative band intensities were digitalized with a C-DiGit Blot
scanner (LI-COR Inc., Lincoln, NE). The band intensities of the
target proteins were normalized to total protein levels stained by
EzStainAQua MEM (WSE-7160; ATTO Co., Ltd.).

Intracellular ROS generation. Intracellular ROS generation
was determined with a ROS indicator dye dichlorodihydrofluo‐
rescein diacetate (DCFH-DA) kit (R252; Dojindo Laboratories).
Acutely isolated mSMG cells were loaded with DCFH-DA ROS
dye at 37°C for 30 min. Then, cells were stimulated with 50 μM
of the three polyphenols and the vehicle control for 30 min, then
1 mM H2O2 was added, and cells were incubated at 37°C for 30
min. The cell suspension was added in triplicate to a 96-well
clear-bottomed black plate, and fluorescence was measured at
490 nm excitation and 535 nm emission.
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Nitric oxide production. HUVECs were starved for 6 h in a
serum- and VEGF-free culture medium. Then, 10 μM of NO
indicator dye, Diaminofluorescein-FM diacetate (DAF-FM-DA)
dye (SK1004-01; Goryo Chemical, Inc., Sapporo, Japan), was
added to the cells, and the cells were incubated in the dark for
30 min. Next, cells were stimulated with 50 μM the three
polyphenols and the vehicle control for 10 min at 37°C. The
relative fluorescence of DAF-FM, which is dependent on nitric
oxide (NO) production, was measured at 488 nm excitation and
530 nm emission by BD FACS Jazz (BD Bioscience, Becton and
Dickinson and Co., Franklin Lakes, NJ). The percentages of
DAF-FM–positive cells were calculated.

In vivo experiments.
Measurement of blood flow and saliva secretion in mice.

Mice were anesthetized with 3 types of mixed anesthetic agents

(0.3 mg/kg medetomidine, 4.0 mg/kg midazolam, and 5.0 mg/kg
butorphanol).(21) Mice were administered 8 mg/kg of saponarin,
isoschaftoside, or vehicle control and 0.5 mg/kg pilocarpine via

Table 1. Ingredients of test food

Ingredients (%) NCS candy Placebo candy

Brown sugar 74.13 —

Granulated sugar — 74.13

Syrup 24.71 24.71

Caramel color 0.84 0.84

Emulsifier 0.31 0.31

NCS, non-centrifugal cane sugar.

Schematic timeline of clinical trial

1 week before

Eligibility
screening

NCS 
group

Placebo 
group

Allocation 1st data collection
before intake of 

test food (baseline)

2nd data collection
after 1st intake of

test food

3rd data
collection

Background data
collection

Day 0 4 weeks

Intervention
Test food intake
4 pieces per day

for 4 weeks  

Fig. 1. Timeline of randomized controlled trial.
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Fig. 2. Cytotoxicity and cell proliferation activity. Normal salivary gland SV40-transformed acinar cells were treated with 1 μM, 10 μM, and
100 μM saponarin (Sap), schaftoside (Sch), and isoschaftoside (ISch) and DMSO as vehicle control (CTL) for 48 h. (A) Percentage of viable and dead
cells in trypan blue exclusion test. Dead cells did not exceed 5% in the presence of any of the polyphenols. (B) Proliferation activity of the cells
after stimulation with non-centrifugal cane sugar polyphenols. None of the culture conditions showed a significant difference in proliferative
activity compared with control. All experiments were performed in triplicate and analyzed by ANOVA with a post hoc Dunnet’s test.
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the intraperitoneal route. The blood flow rate was measured with
the laser Doppler flowmeter RBF-101 (Pioneer Co., Tokyo,
Japan) in the capillaries of the skin in the submandibular region
for 20 min. Secreted saliva was collected from the oral cavity of
mice with a filter paper for 30 min. The amount of saliva
obtained was calculated as the difference in the weight of
the filter paper before and after collection of saliva and was
normalized per body weight of the mice.

Randomized controlled trial. To examine the effect of the
polyphenols abundant in NCS from Okinawa on saliva secretion,
we conducted a randomized, double-blind, placebo-controlled,
parallel-group comparative study. The study was in accordance
with the ethical standards laid down in the Declaration of
Helsinki and its later amendments. It was approved by the
Institutional Review Board of the Chiyoda Paramedical Care
Clinic (IRB number: 15000088; IRB approval number:
KSG22C1) and registered in UMIN-CTR (UMIN000048129).
Informed consent was obtained from all participants. The study
period from registration to the end of follow-up was June 28,
2022, to August 19, 2022. The protocol was not amended
after the study had started. The RCT is reported in accordance
with the CONSORT 2010 statement.
The study enrolled healthy individuals aged 40 to 63 with

symptoms such as a mild sensation of a decrease in saliva.
Candidates were screened at the trial agency, Chiyoda Paramed‐
ical Care Clinic (Tokyo, Japan), one week before starting the
intervention; the following information was thereby collected:
health status, height, weight, body mass index, systolic and
diastolic blood pressure, pulse rate, saliva flow measured by the
Saxon test,(22) blood flow, and length of the blood vessel near the
cuticle of the left, fourth fingernail. The main exclusion criteria
were use of any medications or supplements, salivary secretion
of less than 2 g or more than 6 g at screening, difficulty
measuring blood flow, and being deemed ineligible by the
investigators. Candidates who met the eligibility criteria were
stratified by sex, age, and saliva flow by the investigator and
randomized into two groups that received either a candy
containing NCS or a placebo candy without NCS as test food
provided by the funding organization, Kasugai Seika Co., Ltd.
(Nagoya, Japan). The person responsible for distributing the test
food to participants was not involved with screening, randomiza‐
tion, or outcome assessment.
Table 1 shows the ingredients of the test food. Both candies

were brown, weighed 4 g, and were indistinguishable based on
their color, taste, smell, and packaging. The randomization code
was kept by the principal investigator and was not disclosed to
participants or the people responsible for randomizing patients
and collecting and analyzing data until the analysis was
complete. Participants were instructed to consume four of the
assigned test foods per day for four consecutive weeks and to
record their intake daily. The trial agency verified participant
adherence to the instructions by checking the remaining amount
of test food at the end of the study. Outcomes were assessed 1
week before (background) and after 4 weeks intervention, and
just before and after the first administration of a candy (Fig. 1).
The primary outcome was saliva flow, and the secondary
outcome was blood flow near the cuticle of the nail and in the
gingiva and the survey of subjective symptoms.(23) The outcomes
were not changed after the start of the study.

Statistical analysis. Statistical analyses of in vivo and in
vivo experiments were performed with StatPlus:mac (Analystsoft
Inc., Walnut, CA). For the in vitro experiments, the parametric
data were analyzed by one-way analysis of variance (ANOVA)
with a post hoc Dunnett test and the non-parametric data, by the
Mann–Whitney U test. For the in vivo study, Student’s t test was
used to compare the two independent groups, and Cohen’s d with
95% CI was calculated as an index of effect size.(24) Statistical
analysis of the RCT was performed with SPSS (IBM Corp.,
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Fig. 3. Intracellular calcium increases dependent on muscarinic
receptor stimuli and adenosine triphosphate production. Mouse
submandibular gland (mSMG) cells were pretreated with 50 μM
saponarin (Sap), schaftoside (Sch), isoschaftoside (ISch) and DMSO as
vehicle control (CTL) for 30 min. (A) Changes in intracellular calcium
([Ca2+]i) upon stimulation with 30 μM carbachol. (B) Mean [Ca2+]i rela‐
tive fluorescence. In response to carbachol stimulation, [Ca2+]i increased
more with the polyphenols than with the control. (C) Adenosine
triphosphate (ATP) production in mSMG cells. ATP production increased
significantly more in cells treated with Sch (p = 0.043) and ISch (p =
0.043) than in control cells. All experiments were performed in tripli‐
cate. Statistical analysis was performed by post hoc Dunnett’s test.
*p<0.05.
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Armonk, NY) and BellCurve for Excel (Social Survey Research
Information Co., Ltd., Tokyo, Japan) according to the statistical
analysis plan. In the RCT, participants whose data included
extreme outliers or could not be measured at some time points
were excluded from the analysis.

Results

Cytotoxicity and cell proliferation. NS-SV-AC cells were
stimulated with 1 μM, 10 μM, and 100 μM NCS polyphenols for
48 h. The 1 μM and 10 μM doses of all three polyphenols
resulted in 1% to 2% of dead cells, and the 100 μM dose, in 3%
to 5%, indicating that none of the polyphenols affected cell
growth at the low doses studied (Fig. 2A). The absorbance of the
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Fig. 4. Localization of aquaporin 5 in the mouse submandibular gland. Representative immunohistochemistry images of mouse submandibular
gland (mSMG; A–D). mSMG cells were treated with saponarin (Sap), schaftoside (Sch), isoschaftoside (ISch), or DMSO as vehicle control (CTL) for 10
min. (E) Aquaporin 5 (AQP5) and E-cadherin (E-cadh) colocalization was analyzed in immunohistochemical tests. Colocalization was significantly
higher with Sch (p = 0.003) and ISch (p = 0.029) than with control. (F, G) Western blot analysis of AQP5 protein expression normalized with total
protein obtained from cell fractions of the cytosol (F) and plasma membrane (G). The amount of protein carried per lane was 5 μg. Translocation
of AQP5 protein was observed, with a decrease in the cytosol fraction and an increase in the plasma membrane of mSMG cells treated with
polyphenols. All experiments were performed in triplicate and analyzed by Mann–Whitney U test. *p<0.05, #p<0.01. Scale bar: 100 μm; scale bar
(inset): 10 μm. See color figure in the on-line version.
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formazan produced in proportion to the number of viable cells
was 0.6 to 0.8, with no significant difference between culture
conditions, showing that polyphenols do not have a severe
effect on cell viability (Fig. 2B).

Increase in [Ca2+]i dependent on muscarinic receptor
stimulation and ATP production. A transient increase of
[Ca2+]i by 30 μM carbachol stimulation was plotted as a fold
change from the mean value before stimulation (Fig. 3A). The
mean fold change 120 s after carbachol stimulation was
compared for each test condition. The [Ca2+]i increase dependent
on carbachol was higher with saponarin (1.35), schaftoside
(1.31), and isoschaftoside (1.37) than with control (1.17)
(Fig. 3B). When cells were treated with a 50 μM dose of the
different polyphenols, the relative luminescence intensity of ATP
production was significantly higher with schaftoside (p = 0.043)
and isoschaftoside (p = 0.043) than with the control (Fig. 3C).

Localization of AQP5. Fluorescence microscopy images of
mSMG showed that AQP5 (green fluorescence) located on the
plasma membrane were more concentrated on the apical side of
the acinar cells in the polyphenol-treated cells compared with the
control. For quantitative assessment of the translocation of AQP5
to the plasma membrane, the degree of co-localization between
AQP5 and E-cadherin, a plasma membrane marker, was
evaluated by Pearson’s correlation coefficient. Compared with
the control (0.21 ± 0.12), the mean ± SD Pearson’s correlation
coefficient was significantly higher for schaftoside (0.38 ± 0.14,
p = 0.003) and isoschaftoside (0.34 ± 0.36, p = 0.029); no signifi‐
cant difference was observed for saponarin 0.298 ± 0.12 (p =
0.54) (Fig. 4A–E).
To confirm the translocation of AQP5, Western blot was

performed with the protein fractions of the cytosolic and plasma
membrane extract from mSMG cells. The relative band intensi‐
ties of AQP5 protein in the cytosol were as follows: isoschafto‐
side, 0.98; saponarin, 0.97; schaftoside, 1.09; and control, 1.31.
In the plasma membrane, the following values were measured:
isoschaftoside, 4.87; schaftoside, 3.14; saponarin, 1.71; and
control, 1.07 (Fig. 4F and G).

Evaluation of antioxidant properties. To verify the effect
of polyphenols against oxidative stress, [Ca2+]i was measured in
the presence of H2O2. The results showed that oxidative stress
reduced the increase in [Ca2+]i caused by stimulation with the
muscarinic receptor agonist carbachol. However, the presence of
polyphenols increased [Ca2+]i (saponarin, 1.19; isoschaftoside,
1.21) compared with the control (1.00) (Fig. 5A and B). To
clarify the inhibitory effect of polyphenols against H2O2-induced
intracellular ROS in mSMG cells, a DCFH-DA fluorescence
assay was performed. The fluorescence intensity of DCFH-DA
was increased when cells were treated with 1 mM H2O2.
However, when polyphenols were present in the culture
system, intracellular ROS generation was significantly reduced
(saponarin, p = 0.006; schaftoside, p = 0.00005; and isoschafto‐
side, p = 0.00012) (Fig. 5C). Both experiments showed that
all three polyphenols reduced ROS generation in the mSMG
cells compared with the control.

Phosphorylation of eNOS and NO production. The
expression level of eNOS protein in the presence of polyphenols
indicated no significant difference between each polyphenol and
the control. However, compared with the control (51,767.6 ±
4,335.8), the relative band intensity (mean ± SD) of p-eNOS was
significantly higher with saponarin (77,601.9 ± 14,345.2, p =
0.019) followed by isoschaftoside (63,850.9 ± 5,012.7, p = 0.011)
(Fig. 6A–C).
Flow cytometry analysis showed that the percentage of DAF-

FM–positive cells with enhanced NO production was increased
in the presence of saponarin (20.7%) and isoschaftoside (14.3%)
compared with the control (12.8%) (Fig. 6D and E).

Measurement of blood flow and saliva secretion in mice.
Saponarin and isoschaftoside were used for the in vivo studies
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since these polyphenols increased muscarinic stimulation-
dependent [Ca2+]i, ATP production, translocation of AQP5, the
phosphorylation level of p-eNOS, and NO production and
decreased intracellular ROS in the in vitro experiments. The fold
change in blood flow rate in the submandibular region showed a
significantly larger increase in the saponarin group (n = 5; p =
0.040; Cohen’s d = 1.39; 95% CI, 0.011 to 2.774) and isoschafto‐
side group (n = 5; p = 0.010; Cohen’s d = 2.01; 95% CI, 0.491
to 3.534) compared with the control group (n = 5). Likewise,
saliva secretion was significantly increased in the saponarin
group (n = 11) compared with the control group (n = 12; p =
0.031; Cohen’s d = 0.82; 95% CI, −0.0291 to 1.675). There was
no significant difference between the control and isoschaftoside
group (n = 10; p = 0.110; Cohen’s d = 0.54; 95% CI, −0.311 to
1.398) (Fig. 7A and B).

Regarding the comparisons with statistically significant differ‐
ences, a sample size analysis by G*power(25) showed that some
comparisons slightly failed to meet the required sample size,
except for the comparison of blood flow rates between control
and saponarin.

RCT. The flow chart of participants through the study is
shown in Fig. 8. Thirty-five of the 65 enrolled candidates were
excluded according to exclusion criteria, so the study was
performed in 30 participants (n = 15, two groups). A pre-
intervention observation showed no significant differences in
demographic or clinical characteristics between the two groups
(Table 2).
Table 3 shows the data on salivary secretion and blood flow.

Mean salivary flow rate increased in both groups immediately
after the first intake of the test food, but it increased significantly
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more in the NCS group (p = 0.003). At the end of the 4-week
intervention trial, the mean saliva flow rate in the NCS group
was numerically higher than in the placebo group (NCS, 4.508 ±
1.372; placebo, 4.303 ± 1.170), but the difference was not
significant. At the start of the trial, the mean blood flow rate was

significantly higher in the placebo group than in the NCS group.
The NCS group showed an increase in the mean blood flow rate
after the first intake from 6.959 ± 3.664 to 7.665 ± 6.220, but the
difference was not significant (p = 0.861). On the other hand, the
mean blood flow rate in the placebo group decreased from
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moderate effect size was seen in the ISch group (n = 10; p = 0.110l Cohen’s d = 0.54l 95% CI, −0.311 to 1.398). Student’s t test was used for analysis.
*p<0.05, #p<0.01.

Assessed for eligibility (n=65)
Healthy people 40–63 years old

Excluded (n=35)
♦ Who with salivary secretion of

less than  2 g (n=10)

♦ Who had difficulty measuring 
blood flow (n=10)

♦ Who have been determined as 
ineligible by the investigators
(n=15)

Analyzed (n=15)
52.4 (±6.7) years old; 4 men and 11 women

Lost to follow-up (n=0)
Discontinued intervention (n=0)

Placebo group 
♦ Received allocated intervention (n=15)

Intake 4 placebo candy per day for 4 weeks

Lost to follow-up (n=0)
Discontinued intervention (n=1)

NCS group 
♦ Received allocated intervention (n=15)

Intake 4 NCS candy per day for 4 weeks

Analyzed (n=14)
51.3 (±6.7) years old; 4 men and 10 women

Randomized (n=30)
Stratification by age, sex

and saliva flow of base line

Enrollment

Allocation

Follow-up

Analysis

Fig. 8. Flow chart of randomized controlled trial. NCS, non-centrifugal cane sugar. Blood flow rate as secondary outcome was analyzed with n =
13 per group, excluding participants with extreme outliers or missing data from the analysis.
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12.055 ± 8.461 to 10.971 ± 7.522 after the first intake; this differ‐
ence was also not significant (p = 0.297). At the end of the 4-
week intervention, no significant difference in the mean blood
flow rate was found between the NCS and placebo groups (p =
0.069). The required total sample size calculated by G*power for
the saliva flow rate comparison before and after the first intake of
NCS candy was 73. No items in the subjective symptom survey
improved significantly with NCS ingestion compared with
placebo. No serious adverse events were observed.

Discussion

We investigated the effects and mechanisms of action of the
NCS polyphenols saponarin, schaftoside, and isoschaftoside on
saliva secretion. Our results showed that these polyphenols
enhanced the increase in [Ca2+]i after muscarinic receptor stimu‐
lation of mSMG cells. Also, NCS polyphenols increased ATP
production, suppressed oxidative stress, and induced AQP5
translocation to the plasma membrane of mSMG cells. In addi‐
tion, they increased eNOS phosphorylation and NO production in
HUVECs. In vivo experiments in mice showed that NCS
polyphenols significantly increased blood flow and saliva secre‐
tion. The RCT found a significant increase in salivary secretion
immediately after intake of NCS candy.

[Ca2+]i is an important second messenger in saliva secretion.
Stimulation of muscarinic, purinergic, and alpha-adrenergic
receptors activates inositol triphosphate signaling pathways that
induce release of [Ca2+]i from the endoplasmic reticulum.(11,26,27)

The increased [Ca2+]i regulates various ion channels and leads
to fluid secretion via paracellular or transcellular pathways.(28)

In this study, direct stimulation of mSMG cells with NCS
polyphenols did not increase [Ca2+]i (data not shown); however,

the presence of NCS polyphenols enhanced the increase in
[Ca2+]i after muscarinic receptor stimulation. This phenomenon is
similar to that found in our previous study on quercetin.(15) Taken
together, our findings indicate that NCS polyphenols do not
activate [Ca2+]i signals but can contribute to salivary secretion by
enhancing the associated pathway (Fig. 9A).
ATP provides energy for the contraction of myoepithelial cells

in the salivary glands. It is also responsible for activating the
Na+/K+ pump, which plays a role in water secretion by trans‐
porting ions to create an osmotic gradient between the lumen, the
acinar cells, and the interstitium.(29,30) Moreover, ATP activates
the phospholipase C/inositol triphosphate signaling pathway via
the purinergic receptor pathway to mobilize [Ca2+]i from the
endoplasmic reticulum.(28,31) Our previous study demonstrated
that ubiquinol improves dry mouth by increasing ATP produc‐
tion.(12) In the present study, NCS polyphenols increased ATP
production in mSMG cells, implying that polyphenols may influ‐
ence saliva secretion by enhancing ATP production (Fig. 9A).
AQP5 is a water channel protein located in salivary gland

acinar cells that mediates transcellular water movement.(32–34)

Muscarinic receptor stimulation also induces translocation of
AQP5 from the cytoplasm to the apical side of the acinar cells.(35)

Previous studies reported that an antioxidant found in green tea
and some plant-derived compounds promote salivation via AQP5
translocation.(36,37) Our immunohistochemical study showed that
NCS polyphenols promoted colocalization of AQP5 with E-
cadherin, a plasma membrane marker. These data were supported
by Western blot analysis, which showed that NCS polyphenols
increased AQP5 expression in the plasma membrane fraction and
decreased it in the cell cytosol fraction. These findings indicate
that NCS polyphenols can contribute to saliva secretion by
enhancing the water permeability of salivary gland cells by

Table 2. Background characteristics of participants

NCS group Placebo group p value

Sex distribution 4 men, 11 women 4 men, 10 women 0.909

Age 52.4 ± 6.7 51.3 ± 6.7 0.656

Salivary flow rate (g/2 min) 4.1 ± 0.9 4.0 ± 1.4 0.804

Body height (cm) 160.4 ± 6.9 159.9 ± 10.5 0.871

Body weight (kg) 56.0 ± 11.4 54.1 ± 11.4 0.485

Body mass (kg/m2) 21.6 ± 3.2 21.0 ± 2.8 0.59

Systolic blood pressure (mmHg) 113.2 ± 15.7 115.8 ± 18.0 0.683

Diastolic blood pressure (mmHg) 71.5 ± 12.8 72.7 ± 9.7 0.771

Pulse rate (bpm) 77.5 ± 10.1 77.7 ± 6.5 0.939

NCS, non-centrifugal cane sugar. Data shown are means ± SD.

Table 3. Saliva and blood flow rate on RCT trial

NCS group Placebo group Comparison
between
groupsBaseline Immediately after 4 weeks Baseline Immediately after 4 weeks

Saliva
flow rate
(g/2 min)

4.440 ± 1.428 4.915 ± 1.458 4.508 ± 1.372 4.427 ± 1.294 4.716 ± 1.266 4.303 ± 1.170 Baseline
p = 0.979

Baseline vs immediately after
p = 0.003†

Baseline vs 4 weeks
p = 0.768

Baseline vs immediately after
p = 0.268

Baseline vs 4 weeks
p = 0.643

4 weeks
p = 0.670

Blood
flow rate
(ml/min)

6.959 ± 3.664 7.665 ± 6.220 7.410 ± 4.06 12.055 ± 8.461 10.971 ± 7.522 10.295 ± 5.038 Baseline
p = 0.086

Baseline vs immediately after
p = 0.861

Baseline vs 4 weeks
p = 0.506

Baseline vs immediately after
p = 0.297

Baseline vs 4 weeks
p = 0.410

4 weeks
p = 0.069

NCS, non-centrifugal cane sugar. Values are the mean ± SD. †p<0.005 in paired two-sample t test (2-tailed). Saliva flow rates: All comparisons were
performed with Student’s t test. NCS, n = 15; placebo: n = 14. Blood flow rates: Within-group comparisons in the placebo group were performed
with Student’s t tests and the other comparisons were performed with parametric methods (n = 13 per group).
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inducing AQP5 translocation to the apical membrane. Transloca‐
tion of AQP5 is known to be induced by protein kinase A
through cyclic adenosine monophosphate signaling and the
mitogen-activated protein kinase (MAPK) signal pathway.(32,38,39)

Hence, NCS polyphenols may affect the MAPK pathway or
cyclic adenosine monophosphate/protein kinase A pathway to
enhance AQP5 translocation (Fig. 9A).
Polyphenols are dietary antioxidants that protect cells from

oxidative damage.(4,5) Our previous study showed that quercetin
intake significantly augmented saliva secretion in irradiated
mice.(15) In the present study, the presence of H2O2 increased ROS
generation and suppressed [Ca2+]i mobility dependent on carba‐
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Fig. 9. Hypothetical mechanism by which non-centrifugal cane sugar
polyphenols affect saliva secretion. (A) Diagram of possible mechanism
by which non-centrifugal cane sugar (NCS) polyphenols act in salivary
gland acinar cells. The presence of NCS polyphenols enhances
production of intracellular calcium ([Ca2+]i) via a pathway dependent
on the muscarinic acetylcholine receptor (mAChR) and an increase
in adenosine triphosphate (ATP) production. Furthermore, NCS
polyphenols influence aquaporin 5 (AQP5) translocation from the
cytosol to the plasma membrane. NCS polyphenols can prevent oxida‐
tive stress by reactive oxygen species (ROS). (B) Diagram of possible
mechanism by which NCS polyphenols act in vascular endothelial cells.
NCS polyphenols enhance phosphorylation of endothelial nitric oxide
synthase (eNOS), leading to formation of nitric oxide (NO). NO
produced in the endothelial cells binds to guanylyl cyclase to activate
production of cyclic guanosine monophosphate (cGMP) from guano‐
sine triphosphate (GTP) in peri-vascular smooth muscle cells. cGMP
relaxes smooth muscle cells, causing vasodilation of blood vessels.
Vasodilation increases the flow of blood that contains the water
required to enhance fluid secretion by salivary glands. Thus, NCS
polyphenols contribute to salivary secretion through multiple effects.
ADP, adenosine diphosphate; ER, endoplasmic reticulum; GPCR, G
protein-coupled receptors; IP3, inositol triphosphate; IP3R, inositol
triphosphate receptor; PLC, phospholipase C.

chol. In contrast, the presence of NCS polyphenols in the culture
medium significantly decreased ROS generation and protected
the cells from oxidative stress. These results suggest that NCS
polyphenols exert protective effects against ROS and prevent
salivary hypofunction induced by oxidative stress (Fig. 9A).

NO is a free radical with an array of biological functions,
including signal transduction in the vascular system.(40) In
endothelial cells, NO synthesized by eNOS phosphorylation
induces relaxation of vascular smooth muscles, causing vasodila‐
tion and an increase in blood flow via the NO-cyclic guanosine
monophosphate (cGMP) pathway.(40,41) Therefore, increased NO
production and eNOS phosphorylation indicate vasodilation and
blood flow enhancement.(42) Our experiment on HUVECs found
increased phosphorylation levels of eNOS and increased NO
production in the presence of NCS polyphenols, especially
saponarin and isoschaftoside. The in vivo experiments showed
that saponarin and isoschaftoside increased blood flow in the
submandibular region of the mice. Moreover, saponarin signifi‐
cantly enhanced saliva secretion induced by pilocarpine. The
water in saliva is derived from blood plasma that is transferred to
the lumen through the paracellular or transcellular pathway of
acinar cells;(29) thus, blood flow and salivary secretion are corre‐
lated.(39) These findings suggest that NCS polyphenols also
contribute to salivary secretion by increasing NO production and
thus promoting blood flow, resulting in vasodilation. Some
polyphenols are known to induce eNOS phosphorylation via
activation of MAPK signaling.(43) Therefore, saponarin and
isoschaftoside may bind directly to protein kinases involved in
eNOS phosphorylation (Fig. 9B); however, this hypothesis needs
to be tested in future research. The limitation of the in vivo
studies is that some of the sample sizes were smaller than
required.

In our RCT to clarify whether consumption of NCS
polyphenols has beneficial effects on saliva secretion, we found
that the first intake of NCS candy immediately resulted in a
significant increase in salivation. At the end of the intervention
period, the mean increase in salivation was higher than at the
initial intervention, although the difference was not significant.
The required sample size calculated from the comparison of
saliva flow before and after the first intake of NCS candy was
approximately twice the sample size tested, so the study was
underpowered to show a difference. Many clinical trials of
polyphenols showed increased blood flow in interventions lasting
8 weeks or more,(44) and the shorter intervention period was a
limitation of the present study. Hence, future studies need to use
a longer intervention to evaluate the potential benefits of NCS on
salivation and blood flow. The difference in blood flow rates
between groups was nearly twice as large at the beginning of the
study than at the end, which may have affected the results.
Gingival blood flow could not be measured because of the sensi‐
tivity of the measurement system, but we may have obtained
different results if we had been able to measure blood flow in a
region closer to the salivary glands than the fingers, as in the
animal study. Salivary gland massage therapy, i.e., repeated
physical stimulation of the salivary glands, is known to improve
salivary secretion, and administration of pilocarpine restores
salivary secretion after radiotherapy-induced hyposalivation.(45,46)

Therefore, NCS, which showed an immediate saliva-stimulating
effect in this study, may also promote salivary secretion with
continued repeated administration.

In conclusion, NCS polyphenols exhibit several beneficial
properties on salivary glands in that they enhance salivation and
protect the glands from oxidative stress. These new findings
support the notion that NCS polyphenols may maintain salivation
and improve an oxidative stress-related reduction in saliva flow.
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