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Abstract: Objective: To investigate the effects of paeoniflorin, the main monomer component of Jinxueyuan gran-
ules, on the Ca?* concentrations in salivary gland cells to further explore the salivation-promoting mechanism and
effective monomer components of Jinxueyuan granules. Methods: The salivary gland cells of suckling rats were
cultured in vitro and loaded with a Fluo-3AM fluorescent probe, and changes in the intracellular Ca?* concentrations
were observed using a confocal laser scanning microscope. Results: No significant changes in the intracellular Ca?*
concentrations were demonstrated (P>0.05) in the paeoniflorin-free Hank’s media treatment group or in the higher-
dose paeoniflorin (102 mol/L) Hank’s media treatment group; however, a significant increase in the intracellular
Ca?* concentration in the lower-dose paeoniflorin (10 mol/L) treatment group was observed (P=0.001). Further
study showed that treatment with the calcium channel blocker verapamil hydrochloride or with Ca?*-free D-Hank’s
media did not block the paeoniflorin-induced (10* mol/L) increase in intracellular Ca?* (P<0.05). Conclusion: Pae-
oniflorin promotes the release of endogenous calcium to upregulate the intracellular Ca?* concentration. Further
studies should be performed to investigate the association between paeoniflorin and the Ca?* concentration in
salivary gland cells and to elucidate the corresponding functional pathways.
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Introduction

Xerostomia is a symptom associated with mul-
tiple diseases and is often observed in Sjogren’s
syndrome (SS) [1]. SS, which is characterized
by systemic chronic inflammation, is an autoim-
mune disease with a high prevalence in women
that ranks second after that of rheumatoid
arthritis [2, 3]. Exocrine glands, especially sali-
vary glands, are inflamed in SS, and the clinical
manifestations include dry mouth and dry eyes,
which lead to rampant caries and blindness in
severe cases. The pathogenesis and pathologi-
cal processes of SS are unclear, and the treat-
ment strategy is usually limited to symptom
relief. The application of sialogogues, such as
pilocarpine and cevimeline, can stimulate
secretion from salivary and lacrimal glands.
However, side effects such as sweating, facial
hot flush and a higher frequency of urination

decrease the value of these treatment stra-
tegies.

Chinese herbal medicines have been widely
applied in the treatment of SS-like xerostomia.
Clinical studies report that Jinxueyuan gran-
ules, the main component of which is peony,
relieve dry mouth, dry eyes and systemic dry-
ness with good drug compliance and without
obvious toxicity and side effects, and an 85%
clinical curative effect can be achieved [4, 5].
Our earlier animal experiments showed that
this medication promoted salivary gland secre-
tion in mouse and rat models of SS, and it pre-
vented the observed pathological changes.
Furthermore, some studies have demonstrated
that this drug increased the intracellular Ca®*
concentrations in rat salivary gland cells in a
dose-dependent manner [6-10]. Furthermore,
in some reports, peony stimulated salivary
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secretion [11, 12], although the underlying
mechanism is unclear.

Calcium ions are essential intracellular compo-
nents of signal transduction. The triggering of
receptors, such as acetylcholine receptors, on
acinic cell membranes elicits the G-protein-
mediated transduction of salivation-associated
signals, which then activate phospholipase C to
catalyze the hydrolysis of phosphatidylinositol
4,5-bisphosphate into diacylglycerol (DAG) and
inositol triphosphate 3 (IP3). IP3 is a water-sol-
uble substance that diffuses from the cell
membrane into the cytoplasm and binds to IP3
receptors (IP3Rs) on the endoplasmic reticu-
lum membrane. This binding initiates the rapid
release of stored Ca?* into the cytoplasm, which
increases the free Ca?* concentration and trig-
gers Ca?*-dependent salivary secretion [13,
14]. Therefore, the abundance of Ca?" in the
cytoplasm allows for sustained salivary secre-
tion in acinic cells.

Paeoniflorin is the main pharmacological com-
ponent of peonies [15]. The potential associa-
tion between paeoniflorin and the intracellular
calcium ion concentrations in salivary gland
cells is not known, and no published correlation
studies could be found. The present study ana-
lyzed the changes in the intracellular calcium
ion concentrations in salivary gland cells due to
paeoniflorin treatment using in vitro cell culture
and confocal laser scanning microscopy
(CLSM). This study provides experimental evi-
dence to aid in the screening of effective
Chinese herbal medicines and compounds that
trigger saliva production.

Materials and methods
Isolation and culture of salivary gland cells

One female adult rat (80-100 g) and six 8-day-
old suckling mice (three males and three
females) supplied by the Institute of Laboratory
Animal Science, Chinese Academy of Medical
Sciences (certificate no. Scxk (SU) 2008-0004)
were used as donor animals for submandibular
gland cells in this study. The animals were
soaked with 75% alcohol for 5-10 min for steril-
ization and anesthesia. The salivary gland was
then isolated and transferred into a culture
dish on a clean bench under aseptic condi-
tions. The envelope, fat and connective tissue
were removed with ophthalmic scissors, and
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the glands were washed 3 times with Hank’s
media, placed into another culture dish and
then cut into chylous effusions at a block size
of 0.1-0.3 mm. The tissue was washed again 3
times with Hank’s media and digested twice
(once for 20 min) at 37°C with 4 ml of 0.125%
trypsin+0.1% collagenase.

The cell suspension was collected and centri-
fuged twice at 800 rpm (2x5 min), the cell pre-
cipitate was harvested, and an F12/DMEM
medium (6 ml) containing 10% FBS was used to
resuspend the cells. The suspension was then
transferred into a 50-ml culture flask and cul-
tured at a constant temperature for 1 h. After
shaking, the cell suspension was observed un-
der an inverted microscope (Olympus CKX41),
and 4 ml of each suspension was seeded in
type | collagen (25 ml)-coated plastic culture
flasks at a concentration of 4x10° cells/ml. The
cells were cultured at 37°C in 5% CO,, and the
culture medium was changed every 3 days. The
cells reached confluence after 9 days of cultur-
ing. Subculturing was performed using the tryp-
sin-EDTA method. Briefly, the culture superna-
tant was discarded, and the cells were washed
twice with 2 ml of F12/DMEM, digested with 1
ml of 0.25% trypsin, and observed under an
inverted phase-contrast microscope. The
digestion was terminated using 1.5 ml of F12/
DMEM with 10% FBS, and the cells were
detached from the walls of the flask by repeat-
ed disruption. The cell suspension was trans-
ferred into 10-ml centrifuge tubes and centri-
fuged at 800 rpm for 5 min. The cell pellets
then were harvested, resuspended in a culture
medium, and seeded into type | collagen-coat-
ed plastic culture flasks at a concentration of
4x10° cells/ml.

Immunocytochemical staining

Rat salivary gland cells were digested with tryp-
sin at passage 2 and seeded onto cover slips in
a 24-well culture plate with 0.5 ml of cell sus-
pension (1x10%/ml) per well. The cells were cul-
tured at 37°C in 5% CO, for 72 h until they
reached 95-100% confluence on each cover
slip. The cells on the cover slip were removed
from the wells, washed 3 times (3x3 min) with
PBS at 37°C, fixed with 4% paraformaldehyde
for 20 min, washed 3 times (once for 3 min),
treated with 0.2% TritonX-100 for 5 min,
washed again with PBS, treated with 3% H,0,
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Figure 1. Cell growth and staining were observed using inverted phase-contrast microscopy. A. SD rat salivary gland
cells. The cells grew as aggregates and proliferated actively under good conditions (x400). B. CK8 immunocytes in
SD rat salivary glands. The reaction products were evenly distributed as keratin-positive claybank particles in the
cytoplasm. The culture was identified as salivary gland cells.
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for 2-10 min. Following obs-
ervation under an inverted
microscope and washing, co-
unterstaining was performed
with hematoxylin for 5-10 min.
Gradient concentrations of
80%, 95% and 100% ethanol
were used for dehydration. At
each step, 3-4 washes were
performed (3-5 min per wash),
and an alcohol clearing wash
was performed twice with
xylene (once for 10 min). The
samples were sealed with ne-
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Figure 2. Changes in the intracellular calcium ion levels in suckling rat sali-

vary gland cells treated with drug-free Hank’s media.

for 5-10 min to eliminate endogenous peroxi-
dase activity and washed. The cells were incu-
bated in a blocking buffer containing normal
goat serum at room temperature for 10-15 min
and incubated with rabbit Anti-CK8 (bs-1106R,
Bioss, Beijing China) at a concentration of
1:300 at 37°C for 2-3 h.

Goat anti-rabbit 1gG labeled with biotin (SP-
9001, ZSGB-Bio, China) was added for 15 min
at room temperature. The cells were washed,
incubated with an HRP-streptavidin (S-A/HRP)
solution at room temperature for 15 min and
stained with DAB (ZLI-9032, ZSGB-Bio, China)
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81 91 utral gum, the slips were pla-
ced into an electrothermal dry
box at a constant tempera-
ture (37°C) for 24 h, and the

cell staining was examined.

Salivary gland cell group and confocal laser
scanning microscope observations

Suckling rat salivary gland cells at passage 3
were washed 2-3 times with Hank’s media and
incubated in a mixture including 20 pl of KHBS-
diluted calcium ion fluorescent probe (Fluo-
3AM, F1242, molecular weight: 1129.86,
Invitrogen, USA) at 20 pymol/L and 4 ul of non-
ionic polyhydric alcohol surfactant containing
20% F127 at 37°C in 5% CO, for 30 min. The
cells were washed twice with Ca?'-free, Mg?*-
free D-Hank’s media and twice with insulin- or
glucose-free KHBS. The following groups of

Am J Transl Res 2016;8(9):3678-3688
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Figure 3. The line graph shows the effects of paeoniflorin (10 mol/L) on the intracellular Ca?* level in suckling rat
salivary gland cells (A), while the photos below show the changes in cell brightness, indicating the changes in the
intracellular Ca?* levels before (B) and after treatment of a suckling rat salivary gland with paeoniflorin in Hank’s

media (10 mol/L) for 20 s (C) and 60 s (D).

salivary gland cells were used to examine Fluo-
3AM loading: drug-free Hank’s media (blank
control); Hank’s media+paeoniflorin (20110-
818, Shangfang Union, Beijing, China; dose: 20
mg, purity: 98.23%, molecular weight: 480.47)
at working concentrations of 102 mol/L and
10*% mol/L; Hank's media+verapamil hydro-
chloride (central pharmacy of Jiangsu Provincial
Hospital of Traditional Chinese Medicine; for-
mula: 2 ml: 5 mg) at a working concentration of
0.005 mol/L; paeoniflorin at working concen-
trations of 102 mol/L and 10* mol/L; and
D-Hank’s media+paeoniflorin at a working con-
centration of 104 mol/L.

The cover slip was observed using a confocal
laser scanning microscope (Carl Zeiss LSM710,
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resolution 1024x1024, Argon laser, Ex/Em:
488 nm/BP5052550, pinhole: 1.0, Germany,
2009). The appropriate salivary gland cells
were located in the visual field and scanned
every 5 s of each interval. Changes in fluores-
cence intensity, which indicated changes in the
calcium ion concentration post-drug treatment,
were recorded.

Statistical analysis

Semi-quantitative analysis of the relative fluo-
rescence intensity was performed using Zeiss
LSM710 Image Examiner software. Statistical
analysis was performed using SPSS 19.0 sta-
tistical software. All differences were consid-
ered statistically significant at P<0.05.

Am J Transl Res 2016;8(9):3678-3688
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The effects of paeoniflorin in
Hank’s media on the intra-
cellular calcium ion levels in
salivary gland cells

No significant changes in ca-
Icium ion levels were detected
in salivary gland cells at pas-
sage 3 after treatment with
Hank’s media containing Ca?*.
The level of intracellular Ca?*
increased significantly at 15 s
(P=0.001) (Figure 3) and con-
tinued to increase 300 s after
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Figure 4. The effects of 102 mol/L paeoniflorin on the intracellular Ca?* level

in suckling rat salivary gland cells.

Results

Salivary gland cell culture and staining obser-
vations

Adherent growth of the cell aggregates was
observed using an inverted phase-contrast
microscope. The cells presented round, oval
and pebble-like shapes with rich cytoplasm
containing secretory granules. Karyokinesis
and vacuoles were found in cells that were
actively proliferating under good growth condi-
tions (Figure 1A). CK8 immunocytes in SD rat
salivary gland cells were observed using an
inverted microscope, and the reaction products
were evenly distributed as buffy or sepia kera-
tin-positive particles in the cytoplasm. The
nuclei presented a negative reaction. Salivary
gland cells were identified using these methods
(Figure 1B). By using CK8 antibody immunocy-
tochemical staining, positive cellular morphol-
ogy and characteristic epithelial cell staining
were observed, suggesting that the cultured
cells were submandibular gland cells.

Changes in intracellular calcium ion levels
in salivary gland cells treated with drug-free
Hank’s media

No significant changes in the Ca* level (fluores-
cence intensity) were detected in the cells
treated with drug-free Hank’s media (P>0.05).
The calcium levels primarily remained at a con-
stant level (Figure 2).
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treatment with 10* mol/L pa-
eoniflorin.  The intracellular
Ca?* concentration exhibited
slight fluctuations after 107
mol/L paeoniflorin treatment
(P>0.05) (Figure 4).

The effects of paeoniflorin and verapamil
hydrochloride in Hank’s media on the intracel-
lular calcium ions in salivary gland cells

Verapamil hydrochloride (0.005 mol/L) and
paeoniflorin (10* mol/L) were added to the
Ca?*-containing Hank’s media, which was then
applied to salivary gland cells at passage 3.
The intracellular Ca?* levels increased signifi-
cantly (P<0.05), and this increase was main-
tained for approximately 10 s. The Ca?* levels
decreased gradually until another increase
occurred at 100 s (Figure 5). When the concen-
tration of paeoniflorin was changed to 1072
mol/L, the intracellular Ca2* gradually increased
(P<0.05) (Figure 6).

The effects of paeoniflorin in D-Hank’s media
on the intracellular calcium ion concentration
in salivary gland cells

Intracellular Ca?* levels constantly increased
after treatment with paeoniflorin (10 mol/L) in
Ca?*-free D-Hank’s media (Figure 7).

Discussion

SS is a chronic inflammatory autoimmune dis-
ease that affects exocrine glands, particularly
the salivary and lacrimal glands. SS is charac-
terized by clinical manifestations such as dry
mouth, dry eyes, rampant caries, and blindness
as well as injury to other organs. Sialagogue
has been applied to relieve dry mouth because
this drug stimulates the salivary glands.

Am J Transl Res 2016;8(9):3678-3688
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Figure 5. The line graph shows the effects of paeonifiorin (10* mol/L) in verapamil hydrochloride-containing Hank'’s
media on the intracellular calcium ions in the salivary gland cells of suckling rats (A), while the photos below show
the changes in cell brightness, indicating changes in the intracellular Ca?* levels before (B) and 30 s after verapamil
hydrochloride treatment of a suckling rat salivary gland (C) as well as 10 s after treatment with paeoniflorin (10*

mol/L) (D) in Hank’s media.

However, the side effects of sialagogue, includ-
ing sweating, facial hot flush and a higher fre-
quency of urination, often cause poor drug
compliance. Glucocorticoids and other immu-
nosuppressants, such as cyclophosphamide,
could be used to control or suspend the immune
response-mediated injury of tissues and or-
gans; however, the toxicity and side effects of
these drugs decrease their clinical value.
Therefore, it is critical to understand the patho-
genesis of SS and to develop improved medical
treatments. Clinical feedback has indicated
that these treatments have sufficient efficacy;
however, no clear functional mechanism has
been identified. Previous studies were focused
at the organ level; therefore, associated cellu-
lar or molecular biological investigations are
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lacking. Only two research articles from CNKI
had been indexed by the end of 2013, and
these articles described the protection of
salivary gland cells and secretion stimulation
by Chinese herbal compounds [16, 17]. The
only associated study indexed in PubMed
showed that a Dendrobium officinale extract
upregulated the labial gland AQP5 to stimulate
salivary secretion in SS [18]. However, the
mechanisms by which Chinese herbal medi-
cines and compounds facilitate salivary gland
secretion are not known. For example, the
observed multi-target and multi-level inhibition
of salivary gland injury, the regulation of aqua-
porin expression and the changes in intracellu-
lar calcium ion distribution require further
investigation.

Am J Transl Res 2016;8(9):3678-3688
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of its pharmacological func-
tions have been discovered. A
search of PubMed and CNKI
using the keyword combina-
tion of “paeoniflorin” with “sa-
livary glands”, “salivary secre-
tion”, and “mechanism of ac-
tion” revealed only 2 reports,
published in early 2014, that
associated peonies and sali-
vation. Ping et al. tested the
effects of Polygonatum odo-
ratum, Radix ophiopogonis,
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Figure 6. The effects of paeoniflorin (102 mol/L) in verapamil hydrochloride-
containing Hank’s media on the intracellular calcium ions in the salivary

gland cells of suckling rats.

Developments in immunology and molecular
biology have improved our understanding of
the pathogenesis and drug treatment of SS,
and recent studies have especially focused
specifically on salivary gland protection and
secretion facilitation. Our reference analysis
revealed that studies on the secretory mecha-
nisms of salivary glands suggest roles for AQP5
(@ transmembrane aquaporin) [19-22], the M3
receptor (a type lll muscarinic acetylcholine
receptor) and o-1 adrenergic receptors [23-25]
in salivary gland protection and secretion facili-
tation. Fewer studies have reported correla-
tions between salivary secretion function and
intracellular calcium ion concentrations in sali-
vary gland cells. Previous studies revealed that
calcium ions have primary intracellular roles in
the regulation of salivation, lacrimal secretion
and pancreatic protein secretion [26-33], indi-
cating the significance of facilitating salivation
to relieve dry mouth symptoms in SS using
Chinese medicines that can regulate calcium
ion concentrations. Currently, there are no pub-
lished studies in this field.

In our previous work, a Jinxueyuan compound
significantly facilitated salivation in an SS rat
model and increased intracellular calcium ion
concentrations. The peony, the main pharma-
cological component in Jinxueyuan, is also a
common saliva-producing compound in Chi-
nese herbal medicine. Few studies examining
the effects of paeoniflorin on external secretion
have been performed [15, 34], although many
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Asparagus cochinchinensis,
smoked plum, peony and
Salvia miltiorrhiza on salivary
gland perfusion in vitro and
found that all of these herbs,
except for Polygonatum odo-
ratum, stimulated salivation
[11]. Kuixin et al. found that peonies and peach
kernel improved salivation at different levels.
However, neither of these studies explored the
mechanisms underlying these observed effects
[12].

Numerous studies have shown that Ca?* plays
quite an important role in salivation. By review-
ing the literature [31, 35-37], we have found
that there are two mechanisms underlying aci-
nous cell membrane receptor activation-ind-
uced salivation, one of which is the activation
of phosphatidic acid C and the movement of
Ca?', which is known as Ca?*-dependent saliva-
tion. It is believed that the intracellular Ca?*
pool is composed of two fractions: the predomi-
nant stored Ca?* pool and the low concentra-
tion of free Ca?* in the cytoplasm. Ca?* pumps
located on the membranes of cells can pump
Ca?* from the cytoplasm to the outside of the
cell or into Ca?* pools, thus maintaining large
concentration differences between the free
Ca?" in the cytoplasm and outside the cell as
well as the stored Ca?* pools.

Academics currently generally believe that, for
saliva secretion, a stimulus first activates phos-
phatidic acid C, causing the release of inositol
triphosphate (IP3, one channel activation sig-
nal and the messenger for Ca?* movement),
which leads to the influx of extracellular Ca?* or
release of the intracellular Ca?* pool into the
cytoplasm. Once in the cytoplasm, Ca?* will
bind to calmodulin to activate protein kinase C,
resulting in the phosphorylation of proteins as

Am J Transl Res 2016;8(9):3678-3688
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Figure 7. The line graph shows the effects of paeoniflorin (10* mol/L) in D-Hank’s media on the intracellular Ca?*
concentration in the salivary gland cells of suckling rats (A), while the photos below show the cell brightness chang-
es, which indicate changes in the intracellular Ca?* levels before (B) and after treatment of suckling rat salivary
gland cells with paeoniflorin in D-Hank’s media (10* mol/L) for 100 s (C) or 400 s (D).

well as salivation. In this study, after using
D-Hank’s solution lacking external calcium and
blocking Ca?* influx with verapamil, paeoniflorin
was still able to stimulate an increase in intra-
cellular Ca?* (Figures 5-7). After repeated ex-
periments, we now believe that paeoniflorin
may have stimulated the influx of external Ca?*
and the release of the intracellular Ca2* pool,
and this strong stimulus maintained the intra-
cellular Ca?* at a stable, high level, which fur-
ther promoted the continuous secretion of
saliva.

Slingh et al. showed that neurotransmitters
stimulate saliva secretion from the salivary
glands, and this secretion is regulated by the
concentration of intracellular Ca?* [33]. High
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concentrations of agonist produced a dual-
phase increase in cytoplasmic Ca?*, an initial,
rapid increase in the [Ca2*]i followed by a lower-
concentration but longer-lasting increase in the
[Ca2*]‘. This finding is in accordance with the
trend of the Ca?* concentration curve after the
paeoniflorin stimulus (Figures 3 and 5), but it
cannot explain the lack of an apparent increase
in the initial Ca2* concentration in submandibu-
lar gland cells stimulated with high concentra-
tions of paeoniflorin (Figures 4 and 6). However,
previous studies using the whole-cell patch-
clamp technique have demonstrated that gly-
coside monomers can regulate the calcium cur-
rent density by regulating voltage-gated calcium
channels, thus coordinating the intracellular
and extracellular calcium concentrations [38,

Am J Transl Res 2016;8(9):3678-3688
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39]. We believe that a similar mechanism might
underlie the action of paeoniflorin on the Ca?*
concentration; therefore, future studies will
apply new techniques to develop a deeper
understanding of this process.

This study found that paeoniflorin increased
the intracellular calcium ion levels in salivary
gland cells, with a peak increase that occurred
within seconds and was maintained at a con-
stant level for 20-30 s post-treatment with a
lower drug concentration. These dynamic ch-
anges are consistent with the characteristics of
Ca?*-dependent salivation. Furthermore, a hi-
gher concentration of paeoniflorin did not sig-
nificantly increase the intracellular calcium ion
levels, which indicated the presence of dose-
dependent effects on intracellular calcium ions
even during treatment with the same drug
monomer. Verapamil hydrochloride, a calcium
channel blocker, and paeoniflorin in Ca?*-free
D-Hank’s media increased the intracellular cal-
cium ion levels and maintained this increase at
higher levels in salivary gland cells. This result
indicated a potential association between
endogenous calcium release and the paeoniflo-
rin-initiated increase of intracellular calcium
ions.

This study has several limitations. Further work
on the dose-effect relationship between pae-
oniflorin and intracellular calcium ion levels in
salivary gland cells should be performed. The
effect of this relationship on exogenous calci-
um influx and endogenous calcium release
should also be investigated.

Paeoniflorin increases the intracellular calcium
ion levels in salivary gland cells, which provides
a pharmacological mechanism for the Jinxue-
yuan granule-initiated increase in the intracel-
lular calcium ion concentration in these cells.
These results suggest a potential mechanism
of Chinese herbaceous peony-stimulated sali-
vation via an increase in intracellular calcium
ion levels in salivary gland cells.
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