
Activation of transient receptor potential vanilloid
subtype 1 increases expression and permeability
of tight junction in normal and hyposecretory
submandibular gland
Xin Cong1,*, Yan Zhang1,*, Liang Shi2,3, Ning-Yan Yang2, Chong Ding1, Jing Li2, Qian-Wen Ding2,4, Yun-Chao Su1,
Ruo-Lan Xiang1, Li-Ling Wu1, and Guang-Yan Yu2

Tight junction (TJ) is an important structure that regulates material transport through the paracellular pathway across the
epithelium, but its significance in salivary physiology and pathogenesis of salivary dysfunctional diseases is not fully
understood. We previously demonstrated that a functional transient receptor potential vanilloid subtype 1 (TRPV1)
expresses in submandibular gland (SMG). However, association of TRPV1-induced saliva secretion with TJ remains un-
known. Here we explored the effect of TRPV1 activation on expression and function of TJ of rabbit SMG in vitro and
in vivo. RT-PCR and western blot analysis revealed that capsaicin upregulated expression of zonula occludin-1 (ZO-1),
claudin (Cldn)-3, and -11, but not Cldn-1, -2, -4, -5, and -7 in cultured SMG cells. Capsaicin also increased the entering of
4 kDa FITC-dextran into the acinar lumen, induced redistribution of cytoskeleton F-actin under confocal microscope, and
these effects were abolished by preincubation of capsazepine, a TRPV1 antagonist, indicating that activation of TRPV1
increases expression and permeability of TJ in SMG. Additionally, in a hyposecretory model induced by rabbit SMG
transplantation, the expression of ZO-1, Cldn-3, and -11 was decreased, whereas other TJs remained unaltered. The
structure of TJ was impaired and the width of apical TJs was reduced under transmission electron microscope, con-
comitant with diminished immunofluorescence of F-actin in peri-apicolateral region, indicating impaired TJ expression
and decreased paracellular permeability in the transplanted SMG. Moreover, topical capsaicin cream increased secretion,
decreased TJ structural injury, reversed TJ expression levels, and protected F-actin morphology from disarrangement in
transplanted SMGs. These data provide the first evidence to demonstrate that TJ components, particularly ZO-1, Cldn-3,
and -11 have important roles in secretion of SMG under both physiological and pathophysiological conditions. The injury
in TJ integrity was involved in the hypofunctional SMGs, and TRPV1 might be a potential target to improve saliva
secretion through modulating expression and function of TJs.
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Tight junctions (TJs) are cell–cell interactions ubiquitously
expressed in epithelium and endothelium, having an essential
role in regulating water and solute transport through the
paracellular pathway.1 As a multifunctional protein complex,

TJs are composed of transmembrane proteins, like
claudin (Cldn) family members, and intracellular scaffold
proteins, such as zonula occludin-1 (ZO-1), which link
the transmembrane TJ proteins with intracellular actin
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cytoskeleton.1,2 It has been shown that TJs not only serve as
the main structure that contributes to cell polarity, but also
form the primary barrier against the diffusion of solutes via
paracellular pathway. TJs dynamically alter their morphology,
as well as paracellular permeability in response to diverse
physiological and pathological factors. To date, several studies
have shown the significant impacts of TJs on airway,
intestinal, renal epithelium, and brain blood artery
endothelium, indicating a strong correlation between the TJs
and polarized secretions, barriers against interstitial fluids,
absorption, and the blood–brain barrier functions, respec-
tively.3–6 Although the previous studies have demonstrated
that some of TJ proteins are expressed in human, rat, and
mouse submandibular glands (SMGs),7–11 their functions
and the related regulatory mechanism on saliva secretion
remain to be elucidated.

The secretion of SMG is primarily controlled by neuro-
transmitters released from sympathetic and parasympathetic
nerves. In addition, some peptides, such as substance P and
neuropeptide Y, are also involved in regulating saliva
secretion through their receptors.12 Transient receptor
potential vanilloid subtype 1 (TRPV1) is a ligand-gated,
nonselective cation channel, which can be activated by heat
(443 1C) and low pH, as well as capsaicin, the main pungent
ingredient in hot chilli peppers.13 Our previous study
demonstrated that TRPV1 is expressed in both human and
rabbit SMGs, and TRPV1 activation by capsaicin increases
saliva secretion.14,15 These results indicate that activation
of TRPV1 may be part of a novel pathway for regulating
SMG secretion. However, the exact secretory mechanism
mediated by TRPV1 is not fully understood. A previous
study has demonstrated that capsaicin increases the TJ
paracellular permeability in human intestinal Caco-2 cells;16

we therefore speculated that activation of TRPV1 might
induce saliva secretion by modulating the expression and
function of TJs.

Dry eye syndrome is a common ophthalmological disorder
characterized by reduced amount of or lack of tears and
has serious complications, including corneal damage and
even loss of sight. The autotransplantation of SMG with
implantation of Wharton’s duct into the upper conjunctival
fornix is an effective approach for treating severe dry eye
syndrome, which provides a continuous, endogenous source
of ocular lubrication.17 However, the transplanted SMGs
experience hyposecretion from 5 days to 3 months after
surgery, which may lead to obstruction of Wharton’s duct or
even to transplantation failure in some patients.18 It is vital to
investigate the pathogenesis of the submandibular hypo-
function. By establishing a rabbit SMG autotransplantation
model, our previous study showed that topical capsaicin
cream increased secretion of hypofunctional glands partly
through upregulating the levels of TRPV1 and aquaporin 5;19

however, the alteration of the TJs in hypofunctional trans-
planted SMGs, as well as the effect of capsaicin on TJs, is still
unknown.

Therefore, the present study was designed to explore the
followings: (1) the effect of TRPV1 activation on the
expression and function of TJs in normal rabbit SMG; (2) the
change of TJs in the transplanted SMGs; and (3) whether
capsaicin increased secretion of the hypofunctional SMGs
through improving expression and modulating structure of
TJs. These may allow us to further understand the physio-
logical and pathophysiological significance of TRPV1-
regulated TJs in SMG in vivo and in vitro.

MATERIALS AND METHODS
Reagents and Antibodies
Capsaicin, capsazepine (CPZ), 4 and 40 kDa FITC-dextran,
PD98059, ML-7, and FITC-labeled phalloidin were pur-
chased from Sigma-Aldrich (Sigma-Aldrich, MO, USA).
Antibodies to extracellular signal-regulated kinase 1/2
(ERK1/2), phospho-ERK1/2 (p-ERK1/2), myosin light chain
2 (MLC2), phospho-MLC2 (p-MLC2), actin, and FITC-
conjugated secondary antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies to ZO-1,
Cldn-3, -11, and TRITC-labeled Cldn-4 were from Zymed
(Zymed/Invitrogen, Carlsbad, CA, USA). Zostrix cream with
0.075% capsaicin was obtained from Medicis Pharmaceutical
(Phoenix, PA, USA).

Cell Culture
Primary cells of rabbit SMG were cultured by enzymatic
digestion as described previously.15 Briefly, neonatal rabbits
(1-day-old) were anesthetized with sodium pentobarbital
(50mg/kg, intraperitoneal). The SMG was excised and dis-
sected free of connective tissue, rinsed twice with ice-cold
phosphate buffer saline, minced, and then digested in med-
ium containing 0.1% pancreatin and 0.025% collagenase for
20min at 37 1C. The cell suspension was centrifuged at 1000 g
for 5min and washed twice with Dulbecco’s modified Eagle’s
medium (DMEM) containing 5% fetal bovine serum (FBS)
to terminate the digestion. Then, the cells were resuspended
in DMEM with 15% FBS, filtered through a 150-mesh
bolting cloth, and cultured in 15% FBS–DMEM in a humi-
dified incubator with 5% CO2 at 37 1C for 24 h. The cells
were stained with cytokeratins 17 and 20 (DakoCytomation,
Glostrup, Denmark) and epithelial origin was confirmed. The
cells were serum starved for 12 h before experiments and then
treated with and without 10 mM capsaicin for the indicated
times.

Paracellular Permeability Assay
Healthy male New Zealand rabbits (weighing 2.4±0.3 kg)
were used. The paracellular permeability assay was performed
as described previously, with a minor modification.20 Briefly,
rabbits were killed under sodium pentobarbital (20mg/kg, in
ear vein) anesthesia. The SMGs were immediately removed,
cut into small pieces, and then placed in a chamber (Costar,
Corning, NY, USA) with Krebs-Ringer Hepes (KRH) solution
(containing 120mM NaCl, 5.4mM KCl, 1mM CaCl2,
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0.8mM MgCl2, 11.1mM glucose, 20mM HEPES, pH 7.4),
aerated with 95% O2 at 37 1C. FITC-dextran, 4 or 40 kDa,
was respectively added to KRH solution to a final con-
centration of 1mg/ml, and the tissues were observed under a
confocal microscope (Leica TCS SP2, Wetzlar, Germany).
Capsaicin (10 mM) was added into the incubation solution
and the pictures of acini were caught by the microscope every
5 s. For quantitative measurement of the paracellular per-
meability, 10 fields from each picture were randomly picked
and the fluorescence intensity surrounding each acinar islet
was measured by the ImageJ Software (National Institutes of
Health). Data were represented as statistical analysis at 300 s
normalized to 0 s (Con).

SMG Transplantation
The SMG autotransplantation was performed as described
previously.21 Briefly, under sodium pentobarbital (20mg/kg,
in ear vein) anesthesia, the right SMG with its Wharton’s
duct and related blood vessels were isolated from the sub-
maxillary triangle to the left temporal region. The artery of
the gland was revascularized to the distal part of the external
carotid artery, and the vein to the temporal vein. A poly-
ethylene tube was inserted into Wharton’s duct and left
outside the temporal skin for secretion measurement. Rabbits
were randomly divided into three groups: control (without
transplantation), transplantation, and capsaicin (transplan-
tation with topical capsaicin cream treatment). Zostrix cream
(0.2 g) with 0.075% capsaicin or vehicle cream was spread
over the skin (2� 2 cm2) covering the gland twice a day from
post-operative days 1–7. On day 7, glands were removed
under anesthesia for further investigation.

Preparation of RNA and RT-PCR
Total RNA was extracted with Trizol (Invitrogen) according
to manufacturer’s instructions. cDNAwas prepared from 4 mg
of total RNA with M-MLV reverse-transcriptase (Promega,
Madison, WI, USA). The primers for TJs (Table 1) were
designed according to mRNA sequence of human ZO-1,

Cldn-1, -2, -3, -4, -5, -6, -7, and -11. Human SMG tissues
were used as a positive control, which were obtained from the
patients who had primary oral squamous cell carcinoma and
were undergoing functional neck dissection as part of the
surgical treatment. The band densities of the amplification
products on 1.5% agarose gel were quantitated by a gel
electrophoresis image system (Leica 550IW, Leica). All ex-
perimental procedures were approved by the Ethics Com-
mittee of Peking University Health Science Center and were
in accordance with the Guidance of the Ministry of Public
Health for the Care and Use of Laboratory Animals. All
participants signed an informed consent document before
tissue collection.

Western Blot
The cultured cells or SMG tissues were homogenized with
lysis buffer (containing 50mM Tris-HCl, 150mM NaCl,
1mM EDTA, 1mM phenylmethylsulfonyl fluoride, 1% Tri-
ton X-100, 0.1% SDS, and 0.1% sodium deoxycholate, pH
7.2) by use of a polytron homogenizer as described pre-
viously.19 The homogenate was centrifuged at 1000 g for
10min at 4 1C, and the supernatant was collected. The con-
centration of proteins was measured by the Bradford method.
Crude protein extract (40 mg) was separated on a 9% SDS-
PAGE and transferred to polyvinylidene difluoride mem-
brane. The membranes were blocked with 5% non-fat milk,
probed with primary antibodies at 4 1C overnight, and then
incubated with horseradish peroxidase-conjugated secondary
antibodies. Immunoreactive bands were visualized with
enhanced chemiluminescence (Pierce, Rockford, IL, USA)
and exposed to an X-OMATTAM film (Kodak, Rochester,
NY, USA). The density of bands was scanned and quantified
with the Leica 550IW image analysis system.

Immunofluorescence
The SMG cells or frozen sections (6mm) of SMGs were fixed
in 4% paraformaldehyde, incubated in 1% bovine serum
albumin for 30min, and then, the cells or slides were stained

Table 1 Primers for rabbit TJ components mRNA

Gene Upper primer (50–30) Lower primer (50–30) Size (bp) Tm (1C)

ZO-1 CCTTCAGCTGTGGAAGAGGATG AGCTCCACAGGCTTCAGGAAC 287 59.8

Cldn-1 GCAGAAGATGAGGATGGCTGT CCTTGGTGTTGGGTAAGAGGT 253 59.8

Cldn-2 GCCATGATGGTGACATCCAGT TCAGGCACCAGTGGTGAGTAG 218 59.8

Cldn-3 GGACTTCTACAACCCCGTGGT AGACGTAGTCCTTGCGGTCGT 230 59.8

Cldn-4 CAAGGCCAAGACCATGATCGT GCGGAGTAAGGCTTGTCTGTG 246 59.8

Cldn-5 GGCACATGCAGTGCAAAGTGT ATGTTGGCGAACCAGCAGAGT 247 59.8

Cldn-6 GGTGCTCACCTCTGGGATTGT GCAGGGGCAGATGTTGAGTAG 267 59.8

Cldn-7 CTCGAGCCCTAATGGTGGTCT CCCAGGACAGGAACAGGAGAG 326 59.8

Cldn-11 CTGATGATTGCTGCCTCGGT ACCAATCCAGCCTGCATACAG 243 59.8

Abbreviations: Cldn, claudin; TJ, tight junction; ZO-1, zonula occludin-1.
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with FITC-labeled phalloidin or TRITC-labeled Cldn-4 for
2 h at 37 1C. The slides were also stained with antibodies for
ZO-1 or Cldn-3 at 4 1C overnight, and then incubated with
FITC-labeled secondary antibody for 2 h at 37 1C. Nuclei
were stained with DAPI (Sigma-Aldrich). Fluorescence ima-
ges were taken with a confocal microscope (Leica TCS SP2).
The quantitative measurement of F-actin was done by using
the Leica TCS SP2 software (LAS AF). For SMG cells, the
fluorescent intensities of F-actin in 10 random cells from
each group were averaged, and data were reported as the
fluorescent intensity of F-actin in the peri-membrane area
and the ratio of peri-membrane to total F-actin. For SMG
tissue sections, the fluorescent intensities of F-actin from five
sections of 10 randomly selected acini in each section in
control, transplanted, and capsaicin groups were averaged.
Data were reported as the fluorescent intensity of F-actin in
the peri-apicolateral region, and the ratio of F-actin in the
peri-apicolateral region of acinar cells to total F-actin.

Saliva Secretion Measurement
Saliva secretion from the transplanted and control rabbits
was measured between 09:00 and 10:00 h at resting and
conscious conditions. Five minutes after the capsaicin or
vehicle cream application, the length of filter paper
(35mm� 5mm) moistened by saliva from the tube inserted
into Wharton’s duct was measured for 5min as described by
Schirmer’s test.22

Transmission Electron Microscopy
The SMG specimens were fixed in 2% paraformaldehyde–
1.25% glutaraldehyde. Ultrathin sections were stained with
uranyl acetate and lead citrate, and examined with a trans-
mission electron microscope (H-7000 electron microscope,
HITACHI, Tokyo, Japan). Each image was taken under the
same conditions, such as brightness and contrast, for a better
comparison on TJ density among different groups. For
morphometric analysis,23 the distance between neighboring
TJs (shown as the width of apical TJs) from 5 sections of 10
randomly selected fields in each section in control, trans-
planted, and capsaicin glands were measured and averaged by
the use of ImageJ software (NIH) blindly by two examiners.

Statistical Analysis
Data are presented as mean±s.d. Differences among multiple
groups were analyzed by one-way ANOVA and followed by
Bonferroni’s tests using GraphPad Prism 5.0 software. Values
of Po0.05 were considered statistically significant.

RESULTS
Capsaicin Upregulates TJ Expression in Rabbit SMG Cells
As the genes encoding the rabbit TJ molecules have not been
reported, we designed primers from human TJ sequences.7

Using cDNA from human SMG as positive controls, the
mRNA expressions of ZO-1, Cldn-1, -2, -3, -4, -5, -7, and -11

were detectable in rabbit SMG (Figure 1a), whereas Cldn-6
was not detectable either in human or rabbit SMGs.

To investigate the effect of TRPV1 activation on the
expression of TJ components, the primary cultured neonatal
rabbit SMG cells were incubated with 10 mM capsaicin for the
indicated times. The mRNA expressions of ZO-1 (Figure 1b),
Cldn-3 (Figure 1c), and -11 (Figure 1d), but not Cldn-1, -2,
-4, -5, and -7 (Supplementary Figure S1) were increased after
capsaicin treatment for 12 h (P o 0.01) and 24 h (P o 0.05).
Capsaicin incubation for 24 h also increased the protein
levels of ZO-1, Cldn-3, and -11 (Figure 1e-g). In addition,
pretreatment with 10 mM CPZ, an antagonist of TRPV1,
abolished the capsaicin-induced increases in ZO-1, Cldn-3,
and -11 mRNA expressions (Figure 1h-j), indicating capsai-
cin selectively upregulated expressions of TJ components
through activation of TRPV1.

Capsaicin Increases TJ Permeability of Rabbit SMG
To explore the effect of TRPV1 activation on TJ function, the
paracellular permeability assay was performed as described
previously.20 Two types of different molecular weight tracers
(4 and 40 kDa FITC-dextrans) were used to monitor whether
or not these tracers permeate into the acinar lumen across the
TJ. Before capsaicin stimulation, the fluorescence was de-
tectable in the basolateral space around each acinar islet, but
rarely in the luminal space for 10min. Figure 2a depicts that
the fluorescence of 4 kDa FITC-dextran tracer (1mg/ml)
appeared in the acinar lumen from basolateral sides after
capsaicin (10 mM) stimulation for 5min (upper panel), and
the quantitative analysis (lower panel) revealed that the
fluorescent intensity in individual acini significantly
increased after capsaicin treatment for 5min. However, the
paracellular permeability for a larger FITC-dextran (40 kDa,
1mg/ml) was not affected by capsaicin (Figure 2b). Pre-
incubation with CPZ (10 mM) abolished the capsaicin-
induced 4 kDa FITC-dextran influx (Figure 2c), whereas the
solvent DMSO alone did not induce the 4 kDa tracer influx
(Figure 2d). These results indicated that capsaicin increased
paracellular permeability for small macromolecules through
activation of TRPV1.

Capsaicin Upregulates Expression of TJ Components in
an ERK1/2-Dependent Manner
ERK1/2 is reported to be a crucial signal molecule that
modulates the TJ expression and thereby affecting the para-
cellular transport in the Madin–Darby canine kidney
(MDCK) and human intestinal T84 epithelial cells.24–26 In
cultured rabbit SMG cells, we found that p-ERK1/2 levels
were rapidly increased by 55.8 and 59.6% after capsaicin
incubation for 5 and 10min, respectively (Po0.01), and
returned to the basal level after 30min, whereas total
ERK1/2 was not changed (Figure 3a). After preincubation
with PD98059 (20 mM), an ERK1/2 upstream kinase
inhibitor, the capsaicin-induced increases in the mRNA
expression of ZO-1, Cldn-3, and -11 were significantly
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suppressed (Figure 3b–d), indicating that activation of
ERK1/2 was required in capsaicin-mediated TJ expression.
However, PD98059 pretreatment could not suppress the
increased paracellular permeability of 4 kDa FITC-dextran
induced by capsaicin (Figure 3e).

MLC2 Phosphorylation and F-actin Redistribution Are
Related to Capsaicin-Mediated TJ Function
The MLC2 phosphorylation and reorganization of the
cytoskeleton F-actin, the downstream molecules of MLC2,
have been linked to enhance paracellular permeability of TJ
in MDCK and Caco-2 cells or tissues.27,28 Therefore, we
explored the effects of capsaicin on MLC2 phosphorylation,
as well as F-actin distribution in SMG. In primary cultured
rabbit SMG cells, the level of p-MLC2 was significantly
increased by 26.9 and 74.5% after capsaicin incubation for 5
and 10min, respectively (Po0.05 and Po0.01, respectively;
Figure 4a), and returned nearly to the basal level after 30min,
whereas total MLC2 was not changed.

To further explore the effect of MLC2 phosphorylation
on capsaicin-induced TJ expression and function, rabbit
SMG tissues or cells were pretreated with ML-7 (20 mM), an
inhibitor of the MLC2 kinase. The capsaicin-induced

increases in ZO-1, Cldn-3, and -11 expression were not
inhibited (Figure 4b–d); however, the capsaicin-induced
influx of 4 kDa FITC-dextran was abolished by ML-7
preincubation (Figure 4e). These results suggested that MLC2
phosphorylation was essential in capsaicin-induced increase
in TJ permeability, but not in modulation of the TJ com-
ponents’ expressions.

Under unstimulated conditions, F-actin was mostly loca-
lized in the cytoplasm of the primary cultured neonatal
rabbit SMG cells (Figure 5a). Capsaicin incubation for 5 and
10min significantly increased the fluorescence intensity of
F-actin in peripheral cell membrane, which was suppressed
by preincubation with CPZ or ML-7, but not PD98059
(Figure 5a). Quantitative analysis showed that the fluorescent
intensity of F-actin in the perimembrane after treatment with
capsaicin for 5 and 10min was significantly higher than that
of controls (1.68±0.40 and 1.00±0.22 for CAP 5min and
Con, respectively, Po0.01; 1.58±0.11 and 1.00±0.22 for
CAP 10min and Con, respectively, P o0.05; Figure 5b),
whereas it was inhibited by preincubation with CPZ
(0.91±0.23) and ML-7 (1.07±0.20), but not PD98059
(1.41±0.06). The ratio of F-actin in perimembrane to total
F-actin was also significantly increased in capsaicin-treated

Figure 1 Effect of capsaicin on mRNA and protein expression of tight junction (TJ) components in rabbit submandibular gland (SMG) cells. (a) mRNA

expressions of TJ components were detected by reverse transcription (RT)-PCR. (b–d) Time curve of zonula occludin-1 (ZO-1), claudin (Cldn)-3, and -11

mRNA expression induced by capsaicin. Cells were incubated with 10 mM capsaicin for 0–36 h. Expressions of ZO-1, Cldn-3, and -11 mRNA were

normalized to those of b-actin. Values are means±s.d. from three independent experiments performed in duplicate. *Po0.05 and **Po0.01 compared with

Con. (e–g) Effect of capsaicin on ZO-1, Cldn-3, and -11 protein expression. Cells were incubated with 10 mM capsaicin for 24 h. The expressions of proteins

were normalized to those of actin. Values are means±s.d. from three independent experiments performed in duplicate. **Po0.01 compared with Con.

(h–j) The role of transient receptor potential vanilloid subtype 1 (TRPV1) in capsaicin-induced mRNA expressions of ZO-1, Cldn-3, and -11. Cells were

pretreated with 10 mM capsazepine (CPZ) for 30min. Values are means±s.d. from three independent experiments performed in duplicate. **Po0.01

compared with Con; #Po0.05 and ##Po0.01 compared with CAP group. M, DNA marker; hSMG, human SMG; rSMG, rabbit SMG, Con, cells without capsaicin

treatment, CAP, cells with capsaicin treatment for 24 h.
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Figure 2 Effect of capsaicin on tight junction (TJ) permeability in submandibular gland (SMG) tissues. Rabbit SMGs were cut into small pieces, and paracellular

permeability assay using 4 kDa and 40kDa FITC-dextrans (1mg/ml, green), as paracellular tracers was performed under confocal microscopy. (a) The influx

of 4 kDa FITC-dextran induced by 10mM capsaicin stimulation. (b) The influx of 40kDa FITC-dextran induced by capsaicin. (c) The role of transient receptor

potential vanilloid subtype 1 (TRPV1) in capsaicin-induced influx of 4 kDa FITC-dextran. Tissues were pretreated with 10mM capsazepine (CPZ). (d) The influx of

4 kDa FITC-dextran induced by the solvent dimethyl sulfoxide (DMSO) alone. Upper panel: the fluorescence images before (Con) and after 10mM capsaicin

stimulation in normal SMG tissues (CAP), tissues with CPZ pretreatment (CPZþCAP) and DMSO alone (DMSO) at 300 s; lower panel: quantitative analysis

representing the fluorescent intensity within individual acini at 300 s. Arrows (white) denote the entering of fluorescence tracer into the acinar lumen after

capsaicin stimulation. Each image and column is a representative of three separate experiments. **Po0.01 compared with Con. Scale bar represents 10mm.
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cells for 5 and 10min, whereas it was suppressed by pre-
incubation with CPZ and ML-7, but not with PD98059
(Figure 5c). The results suggested that capsaicin induced
F-actin redistribution from cytoplasm to peripheral cell mem-
brane through TRPV1 activation, and MLC2, but not ERK1/2,
was required in capsaicin-mediated F-actin redistribution.

Capsaicin Increases Saliva Secretion of Transplanted
Glands
The basal saliva flow rate among control, transplanted, and
capsaicin groups before transplantation showed no difference
(Table 2). Saliva secreted from the transplanted SMGs de-
creased significantly on postoperative day 2 and was barely
detectable on days 4 and 7. Topical capsaicin cream (0.2 g,
with 0.075% capsaicin, twice per day) applied to the skin

covering the transplanted SMGs considerably increased the
secretion of the transplanted glands (Po 0.01; Table 2).

Capsaicin Diminishes the TJ Structural Injury of
Transplanted Glands
In control glands, TJs located in the most apical portion
between neighboring epithelial cells and formed a slightly
dilated distance under transmitted electron microscope,
whereas in transplanted glands, the width of apical TJs was
significantly reduced and TJ structure was not as vivid as
normal, as visualized by a lower electron-dense and a less-
defined architecture in the apical portion, indicating a
structural injury occurred in the transplanted SMGs (low-
and high-magnification micrographs in upper and lower
panels, Figure 6a). The alteration in TJ ultrastructure in the

Figure 3 Effect of extracellular signal-regulated kinase 1/2 (ERK1/2) on capsaicin-induced tight junction (TJ) components’ expression, and TJ permeability in

submandibular gland (SMG) cells and tissues. Rabbit SMG cells were treated with 10 mM capsaicin for 0–60min. (a) Time curve of phosphorylation of ERK1/2

(phospho-ERK1/2 (p-ERK1/2)). The levels of p-ERK1/2 were normalized to total ERK1/2. Values are means±s.d. from three independent experiments

performed in duplicate. **Po0.01 compared with Con. (b–d) Effect of ERK1/2 on capsaicin-induced zonula occludin-1 (ZO-1), claudin (Cldn)-3, and -11

mRNA expressions. Cells were preincubated with an ERK1/2 upstream kinase inhibitor, PD98059 (PD; 20 mM) for 30min. Expressions of ZO-1, Cldn-3, and -11

mRNA were normalized to those of b-actin. Values are means±s.d. from three independent experiments performed in duplicate. **Po0.01 compared with

Con; #Po0.05, and ##Po0.01 compared with CAP group. (e) Effect of ERK1/2 on capsaicin-induced TJ permeability by using the 4 kDa FITC-dextran (1mg/

ml). SMG tissues were preincubated with 20mM PD98059 (PD). Upper panel: the fluorescence images before (Con) and after PD98059 preincubation

followed by capsaicin treatment (PDþCAP); lower panel: quantitative analysis representing the fluorescent intensity within individual acini at 300 s.

Arrow (white) denotes the entering of fluorescence tracer into the acinar lumen. Each image and column is a representative of three separate

experiments. Scale bar represents 10 mm.
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transplanted SMGs was reversible by capsaicin treatment for
7 days, which showed similar structure to those of controls.
However, the ultrastructure of adherens junction (AJ),
another junctional complex of epithelium located just basal
to TJ, was unchanged among the three groups (shown as ‘AJ’
in Figure 6a). The proportion of low-matrix-density secre-
tory granules was more reduced in transplanted glands than
in controls (shown as ‘G’ in Figure 6a), whereas abundant but
smaller secretory granules were seen after capsaicin treat-
ment, which were in accordance with the previous study.19

Morphometric assessment of TJs revealed that the average
width of apical TJs was 10.73±0.31 nm in control glands
(Figure 6b). However, the TJ width in transplanted
glands was significantly more reduced than that of the con-
trols (3.67±0.74 nm, Po0.01), whereas it was recovered after
capsaicin treatment (10.69±1.19 nm). These results
indicated that the structural injury of TJs might be involved

in hyposecretion of the transplanted SMGs and capsaicin
could diminish TJ structural injury of the transplanted glands.

Capsaicin Increases TJ Components Expression in
Transplanted Glands
The mRNA expressions of ZO-1, Cldn-3, and -11 were
decreased by 18.1, 44.4, and 53.0%, respectively, in the
transplanted glands compared with those of controls
(Po0.05; Figure 7a–c), whereas the mRNA expression levels
of these TJ molecules were close to the control levels after
capsaicin treatment. The protein levels of ZO-1, Cldn-3, and
-11 were also significantly decreased by 18.7, 25.1, and 46.1%,
respectively. Capsaicin increased the protein levels of these
three TJ components after transplantation (Po0.05; Figure
7d–f). Expression of mRNA levels of other TJ molecules,
including Cldn-1, -2, -4, -5, -7, and -11 were not significantly
changed among the three groups (Supplementary Figure S2).

Figure 4 Effect of myosin light chain 2 (MLC2) on capsaicin-induced tight junction (TJ) components’ expression, and TJ permeability in submandibular

gland (SMG) cells and tissues. Rabbit SMG cells were treated with 10 mM capsaicin for 0–60min. (a) Time curve of phosphorylation of MLC2 (phospho-MLC2

(p-MLC2)). The levels of p-MLC2 were normalized to total MLC2. Values are means±s.d. from three independent experiments performed in duplicate.

*Po0.05 and **Po0.01 compared with Con. (b–d) Effect of MLC2 on capsaicin-induced zonula occludin-1 (ZO-1), claudin (Cldn)-3, and -11 mRNA

expressions. Cells were preincubated with an inhibitor of MLC2 upstream kinase, ML-7 (ML; 20 mM) for 30min. Expressions of ZO-1, Cldn-3, and -11 mRNA

were normalized to those of b-actin. Values are means±s.d. from three independent experiments performed in duplicate. **Po0.01 compared with Con.

(e) Effect of MLC2 on capsaicin-induced TJ permeability by using the 4 kDa FITC-dextran (1mg/ml). SMG tissues were preincubated with 20 mM ML-7

(ML). Upper panel: the fluorescence images before (Con) and after ML-7 preincubation followed by capsaicin treatment (MLþCAP); lower panel:

quantitative analysis representing the fluorescent intensity within individual acini at 300 s. Each image and column is a representative of three

separate experiments. Scale bar represents 10 mm.
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Figure 5 (a) Effect of myosin light chain 2 (MLC2) and extracellular signal-regulated kinase 1/2 (ERK1/2) on capsaicin-induced F-actin distribution in

submandibular gland (SMG) cells. Cells were treated with 10 mM capsaicin for 5min (CAP 5min) and 10min (CAP 10min). Preincubation with

capsazepine (CPZ) (CPZþCAP), ML-7 (MLþCAP), and PD98059 (PDþCAP) were also performed to evaluate the role of transient receptor potential vanilloid

subtype 1 (TRPV1), MLC2, and ERK1/2 in capsaicin-induced F-actin distribution. Cells were labeled with FITC-labeled phalloidin (green), and nuclei were

labeled with DAPI (4’,6-diamidino-2-phenylindole; blue). Scale bar represents 10 mm. (b) The fluorescence of F-actin in peripheral cell membrane in Con,

CAP 5min, CAP 10min, CPZþCAP, MLþCAP, and PDþCAP groups was measured from 10 randomly fields. Values are means±s.d. from three

independent experiments performed in duplicate. *Po0.01 and **Po0.01 compared with Con; #Po0.05 compared with CAP 5min. (c) The ratio of

F-actin in peripheral cell membrane to total was measured from 10 randomly fields. Values are means±s.d. from three independent experiments

performed in duplicate. **Po0.01 compared with Con; #Po0.05 compared with CAP 5min.
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The immunostaining of ZO-1 was also performed to
demonstrate its change at the protein level. In control glands,
ZO-1 was expressed principally at the apical-most portion
of the lateral membrane (Figure 7g, upper panel). After
transplantation, an obvious reduced immunofluorescence

intensity of ZO-1 at the most apical portion was seen,
whereas ZO-1 was reexpressed at the apical-most area similar
to normal in capsaicin-treated glands. Similar alterations in
Cldn-3 distribution were also seen among three groups
(Figure 7g, middle panel). However, the distribution of Cldn-
4, which showed a stronger staining in ducts than in acini,
was unchanged in either transplanted or capsaicin-treated
glands (Figure 7g, lower panel).

Capsaicin Recovers F-actin Morphology in Transplanted
Glands
In addition, we evaluated the effects of capsaicin on F-actin
morphology of SMG in vivo. Under confocal microscopy, the
intense staining of F-actin was shown in the peri-apicolateral
region of control SMGs, whereas the fluorescent intensity of
these regions was significantly diminished in transplanted
SMGs. After capsaicin treatment for 7 days, the fluorescent
intensity of F-actin was increased and was mostly relocated to
peri-apicolateral membrane regions of acini (Figure 8a).
Quantitative analysis showed that the fluorescent intensity
of peri-apicolateral F-actin in transplanted glands was
significantly lower than that of controls (0.57±0.07 vs
1.00±0.19, Po 0.05; Figure 8b), whereas it recovered to
normal in capsaicin-treated glands (1.05±0.13). The ratio of
F-actin in peri-apicolateral regions to total F-actin of each
acinus in transplanted glands reduced by 29.4% compared

Table 2 Effects of capsaicin on saliva secretion in transplanted
SMGs

Saliva secretion (mm/5min)

Postoperative day Con T T+CAP

0 5.8±0.76 6.3±0.91 6.7±0.97

2 6.0±0.82 2.5±0.76* 9.1±1.10*, ***

4 6.3±0.91 0.6±0.07** 12.1±2.03*, ***

7 6.7±0.97 0.5±0.08** 12.4±2.04*, ***

Abbreviations: Con, control; SMG, submandibular gland; T, transplanted;
T+CAP, transplanted with capsaicin treatment.
Data are means±s.d. Capsaicin cream (0.2 g, with 0.075% capsaicin, twice per
day) was applied to the skin covering the transplanted SMGs. Saliva secretion
was measured for 5min by the moistened length of filter paper (35� 5mm)
through the cannula inserted into the Wharton’s duct, and collected before
(postoperative day 0) or after the transplantation (postoperative days 2, 4 and
7). *Po0.05 and **Po0.01 compared with the baseline (Con) for each column.
***Po0.01 compared with T. n¼ 4 per group.

Figure 6 Effect of capsaicin on tight junction (TJ) ultrastructure in submandibular glands (SMGs). The transplanted glands were removed on

postoperative day 7, and observed under transmitted electron microscope. (a) Representative TJ ultrastructure images of control glands (Con),

transplanted glands (T), and transplanted with capsaicin treatment glands (TþCAP). Upper panel: bars indicate 0.5 mm; lower panel: the higher

magnification of the TJ regions with bars indicating 200 nm. (b) The width of apical TJs was measured from 5 sections of 10 random fields in each

section among Con, T, and TþCAP groups. **Po0.01 compared with Con; ##Po0.01 compared with T. * Shows acinar lumen; G, low-matrix-density

secretory granule; AJ, adherens junction.
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with that in controls (Po 0.05; Figure 8c), whereas it was
increased in the capsaicin-treated group (Po 0.05; Figure
8c). These results suggested that F-actin disruption might be
involved in the hypofunction of the transplanted glands, and
capsaicin-induced SMG secretion involved the modulation of
F-actin distribution in vivo.

DISCUSSION
In this study, we provided the first evidence that TRPV1
activation in SMG not only selectively upregulated the ex-
pression of ZO-1, Cldn-3, and -11 in an ERK1/2-dependent
manner, but also induced an increase in TJ permeability and
F-actin redistribution via activation of MLC2. Furthermore,
in a hyposecretory model with rabbit SMG transplantation,
topical capsaicin treatment significantly increased the secre-
tion, protected the TJ structure against destruction, reversed
the decreased ZO-1, Cldn-3, and -11 levels, and recovered
F-actin distribution in transplanted SMGs. Accordingly, these
results suggest that TJ components, particularly ZO-1, Cldn-
3, and -11, are of vital importance to SMG secretion under
both physiological and pathophysiological conditions. Hypo-
secretion in the transplanted SMGs involved the alteration
of TJ expression, function, and structure, and TRPV1 might
be a potential target to improve saliva secretion through
mediating TJ integrity.

It is well-known that water, ion, and solute transport
across an epithelial cell layer can be via either transcellular or
paracellular route.1,2 To date, most studies referring to the
SMG secretion focus on the transcellular route through
aquaporin channels,14,15,29 whereas only a few studies focus
on the paracellular pathway.30,31 As the basic structure of the
paracellular pathway, TJ is a multi-protein complex consist-
ing of transmembrane proteins and intracellular scaffold
proteins. However, the composition of TJ varies among dif-
ferent types of cells, tissues, and species.1,2 Previous studies
have demonstrated that ZO-1, Cldn-1 to -5, -7, and -11 are
expressed in human major salivary glands,7 ZO-1, Cldn-1, -3,
-4, -5, and occludin in rat salivary tissue,8,9 and ZO-1, Cldn-3
to -8, -10, and -11 in mouse SMG.10,11 Here we provided
further evidence that ZO-1, Cldn-1, -2, -3, -4, -5, -7, and -11
exist in rabbit SMGs, indicating that the expression pattern
of TJ components was much closer between rabbit and
human SMG.

TRPV1 was originally found only in neural cells; however,
much attention has recently focused on the non-neural
expression of TRPV1.32–34 We previously demonstrated a
functional TRPV1 in human and rabbit SMGs, and that the
TRPV1-induced salivation involves, at least in part, the
modulation of AQP5 expression and distribution.14,15 How-
ever, according to some recent studies, in addition to the

Figure 7 Effect of capsaicin on mRNA and protein expression of zonula occludin-1 (ZO-1), claudin (Cldn)-3, and -11 and distribution of ZO-1 and Cldn-3 in

submandibular glands (SMGs). The transplanted glands were harvested on postoperative day 7. (a–c) Effect of capsaicin on ZO-1, Cldn-3, and -11 mRNA

expression. The levels of ZO-1, Cldn-3, and -11 mRNA were normalized to those of b-actin. Values are means±s.d. from three independent experiments

performed in duplicate. *Po0.05 compared with Con; #Po0.05 compared with T. (d–f) Effect of capsaicin on ZO-1, Cldn-3, and -11 protein expression.

The levels of ZO-1, Cldn-3, and -11 protein were normalized to those of actin. Values are means±s.d. from three independent experiments performed in

duplicate. *Po0.05 compared with Con; #Po0.05 compared with T. (g) Effect of capsaicin on ZO-1 (upper panel), Cldn-3 (middle panel), and Cldn-4

(lower panel) distribution among Con, T and TþCAP groups. Each image is a representative of three separate experiments. Upper and middle panels:

bars indicate 5 mm; lower panel: bars indicating 20 mm. Each image is a representative of three separate experiments.
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aquaporin 5-mediated transcellular route, the saliva secretion
induced by the agonists of muscarinic receptor and adreno-
ceptor, such as carbachol and isoproterenol, also involves the
modulation of TJs, resulting in significantly increased para-
cellular transport.20,30,31 Thus, the TJ-mediated parcellular
route has gained much attention regarding its potential role
in salivary secretion. Although capsaicin was reported to
increase TJ paracellular permeability in intestinal Caco-2
cells,16 the activation of TRPV1 on TJ properties of SMG is
still unknown. The present study demonstrated that capsaicin
increased the mRNA and protein expressions of ZO-1, Cldn-
3, and -11, but not Cldn-1, -2, -4, -5, and -7 in cultured SMG
cells. In addition, the increased expressions of these TJ
components were abolished by the pretreatment of

CPZ, indicating that activation of TRPV1 by capsaicin
selectively upregulated salivary TJ molecules at the tran-
scriptional level.

As an integral complex, the expression level of each TJ
component contributes to the TJ structural integrity and
paracellular permeability under both physiological and
pathological conditions. In rat parotid gland Par-C10 cells,
the proinflammatory cytokines tumor necrosis factor-a
(TNF-a) and/or interferon-g (IFN-g) causes a reduced
expression of Cldn-1, but not Cldn-3, -4, -10, ZO-1,
JAM-1, and occludin, which was associated with the decrease
in transepithelial resistance and anion secretion.35 In a
hyposecretion model using AQP5 knockout mice, the protein
expressions of Cldn-3, -7, and occludin are found signi-

Figure 7 Continued.
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ficantly decreased along with a reduced paracellular perme-
ability in mouse parotid.36 Another recent study in the labial
salivary glands from Sjõgren’s syndrome patients showed that
ZO-1 is downregulated, whereas Cldn-1 and -4 were upex-
pressed.37 These findings suggest that the exact role of each
TJ molecule may vary, depending on the cells, tissue, species
investigated, and the cause of disease. ZO-1 is an important
intracellular scaffold protein that links the transmembrane TJ
proteins with actin cytoskeleton.1,2 Increased expression of
ZO-1 is found to be associated with decreased paracellular
permeability in the corneal and retinal pigment epithe-
lium,38,39 whereas the absence of ZO-1 results in a slight
delay in the formation of TJ in MDCK cells and mouse
mammary epithelial cells.40 In MDCK I cells, the expression
of Cldn-3 is not related with paracellular permeability,41

whereas in gastric polarized epithelial cell line (MKN28), the
knockdown expression of Cldn-3 induces a significant in-
crease in paracellular permeability.42 Cldn-11 is reported to
be involved in nerve conduction, spermatogenesis, and stria
vascularis function.43–45 Although ZO-1, Cldn-3, and -11
have already been detected in human and mouse SMGs, their
functions in saliva secretion are still unknown. In the present
study, we showed that the decreased expression of ZO-1,
Cldn-3, and -11 in transplanted rabbit SMGs was associated
with hyposecretion, and capsaicin significantly promoted the
saliva secretion and increased levels of ZO-1, Cldn-3, and -11

in vivo and in vitro. These results together suggested that ZO-
1, Cldn-3, and -11 might have a critical role in the saliva
secretion of SMG, particularly in maintaining TJ integrity,
and the decrease or lack of these TJ components could reduce
paracellular transport and lead to hyposecretion of rabbit
SMG. TRPV1 activation by capsaicin promoted secretion of
normal and hypofunctional SMGs partly by upregulating
ZO-1, Cldn-3, and -11 expressions. Moreover, by using
immunofluorescence staining, we showed that capsaicin
treatment ameliorated the decreased expression of ZO-1 and
Cldn-3 at the most apical portion of the cell–cell interaction
in the transplanted hypofunctional SMGs, whereas the level
and localization of Cldn-4 were unchanged among three
groups. The changes in the distribution of ZO-1, Cldn-3, and
-4 were in accordance with their expression levels in trans-
planted and capsaicin-treated glands, which provided further
evidence that capsaicin treatment was able to modulate
both the expression and distribution of specific TJs in
parallel, in rabbit SMGs. However, the attempts to display the
distribution of Cldn-11, as well as the other unchanged
components like Cldn-1, remained unsuccessful due to the
inappropriate commercial immunostaining antibodies
against these TJ components in rabbit tissues. Therefore,
further efforts should be made as to fully demonstrate that
capsaicin-induced TJ changes were specific and not globally
disrupted.

Figure 8 Effect of capsaicin on F-actin morphology in submandibular glands (SMGs). The transplanted glands were harvested on postoperative day 7.

Sections (6 mm) were labeled with FITC-phalloidin (green), and examined by confocal microscopy. (a) Representative immunofluorescence images of

F-actin in control (Con), transplanted (T), and transplanted with capsaicin-treated glands (TþCAP). Upper panel: bars indicate 20 mm; lower panel: the

higher magnification of the acini with bars indicating 10 mm. (b) The fluorescence of F-actin in peri-apicolateral region of acini in Con, T, and TþCAP

groups was measured from 5 sections of 10 random fields in each section. *Po0.05 compared with Con; #Po0.05 compared with T. (c) The ratio of

F-actin in peri-apicolateral region to total F-actin of each acinus was measured from 5 sections of 10 random fields in each section. *Po0.05 compared

with Con; #Po0.05 compared with T.

TRPV1 and tight junction in submandibular gland

X Cong et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 92 May 2012 765

http://www.laboratoryinvestigation.org


The function of TJ is usually evaluated by the paracellular
permeability assay for different weight fluorescence tracers.
Isoproterenol induces 40 kDa FITC-dextran to enter the
luminal space, whereas carbachol only induces 10 kDa
tracer influx in rat parotid and SMG, indicating b-adreno-
ceptor activation causes more dilated opening of TJ perme-
ability than muscarinic cholinergic receptor activation.20

Here we showed that capsaicin caused the 4 kDa FITC-
dextran, but not the 40 kDa FITC-dextran, entering into
acinar lumen and this influx was abolished by CPZ.
These results further indicated that activation of TRPV1
not only selectively increased expression of the TJ
molecules, but also regulated the TJ function by increasing
paracellular permeability for small macromolecules in rabbit
SMG.

In addition to the detection of TRPV1-induced TJ
expression and paracellular permeability, the TJ ultra-
structure under transmitted electron microscopy was directly
visualized in the transplanted hypofunctional SMGs. Pre-
vious studies reported that exposure to sodium caprate and
pathological stimuli in Caco-2 cells results in structural
alterations of TJ with a form of dilations, which is in parallel
with enhanced paracellular permeability.46 Another study in
mouse intestine mucosa showed that the normal TJ width,
which represents the distance between neighboring cells, is
13.84±1.04 nm, whereas it is reduced by 50% in ClC-2�/�

mouse intestine (6.8±0.33 nm), in parallel with a sig-
nificantly decreased paracellular permeability.23 Accordingly,
the TJ width, to some extent, can act as an indicator of
normal or abnormal TJ structure. It has been reported that
the AJ in mouse SMG is 10–15 nm, which suggests that the TJ
width should be less than that.47 However, no data referring
to TJ width in rabbit SMG has been shown yet. Here we
observed a slightly dilated distance between neighboring TJs
in normal rabbit SMGs, and the morphometric assessment of
the TJs revealed that the TJ width was 10.73±0.31 nm, in-
dicating that TJ must open up normally to allow material
transport into the acinar lumen via paracellular transport.
However, the width of apical TJs significantly reduced with a
less invalid structure of TJs, indicating an ultrastructural
injury occurring in the transplanted SMGs. These changes
in TJs appear to be responsible for the altered secretory
function in transplanted glands. After capsaicin treatment, TJ
structural integrity was recovered. These observations pro-
vided visualized evidence that TJ structure was critical for
maintaining SMG secretion. The changes in TJ ultrastructure
were also in accordance with our results that showed a
decreased and a reversed expression and function of TJs in
transplanted and capsaicin-treated SMGs. These results
further supported the possibility that the functional and
structural alteration in TJs might be a primary or con-
tributing reason for hyposecretion of the transplanted SMGs,
and capsaicin promoted saliva secretion probably by dimin-
ishing TJ structural and functional injury of the transplanted
glands.

We further explored the signal molecules linking TRPV1
activation to TJ expression and function. ERK1/2 has an
important role in modulating paracellular transport by up-
or downregulating the TJ expression. In MDCK cells, ERK1/2
activation by TNF-a and IFN-g triggers the loss of Cldn-2
mRNA expression,24 whereas TGF-b upregulates the mRNA
expression of Cldn-1 and ZO-2 through ERK1/2 activation.25

In human colon T84 cells, the activation of ERK1/2 was also
involved in the interleukin-17-induced increased expression
of Cldn-1 and -2.26 The present study showed that in rabbit
SMG cells, ERK1/2 was phosphorylated by capsaicin, and
preincubation with ERK1/2 kinase inhibitor PD98059 sup-
pressed the increased expressions of ZO-1, Cldn-3, and -11,
but did not affect the capsaicin-induced increase in small
macromolecule entering into the acinar lumen. These results
indicated that the activated ERK1/2 was involved in capsai-
cin-induced TJ expressions, but not TJ permeability. How-
ever, the detailed regulatory mechanism involved in the
ERK1/2-dependent TJ expressions in rabbit SMGs is still
unknown. In MDCK cells, epidermal growth factor activates
ERK1/2 pathways and increases Sp1 expression, resulting in
an elevation of Cldn-4 expression.48 Several other tran-
scriptional factors, such as Jun, Fos, C/EBP, the zinc-finger
transcription factor Snail, and the Ets family transcription
factor ELF3 are also reported to be associated with the regu-
lation of specific TJ expressions,49–51 but the effects of
activated ERK on these transcription factors are unclear.
Further studies addressing these issues are in progress at our
laboratory.

The intracellular pathway connecting activation of TRPV1
to increased TJ permeability remains unclear, but one
important molecule may be MLC2, which is a member of
the regulatory light chains of the motor protein myosin II.
Previous studies indicated that increased TJ permeability
triggered by pathogenic treatment with TNF-a, IFN-g, or bile
acids involves the phosphorylation of MLC2.52,53 Some cel-
lular transporters also affect the TJ function by activating
MLC2. The permeability of intestinal TJ is increased through
a MLC2-dependent pathway after transfection with Naþ -
glucose cotransporter (SGLT1) in Caco-2 cells.54 Further
study showed that inhibition of sodium hydrogen exchange,
another important cellular transporter, induces decreases in
both TJ permeability and MLC2 phosphorylation in Caco-2
cells with active SGLT1, indicating that sodium hydrogen
participates in SGLT1-regulated TJ function via the MLC2-
signaling pathway.55 These studies altogether demonstrate
that both exogenous stimuli and intracellular transporters
regulate TJ function through a shared MLC2 pathway. In-
terestingly, a recent study pointed out that MLC2 phos-
phorylation alone is sufficient to modulate TJ function.27

In the present study, we demonstrated that capsaicin
increased MLC2 phosphorylation in rabbit SMG cells, and
the activated MLC2 contributed to capsaicin-induced TJ
permeability. These results indicated that capsaicin regulated
TJ function through a shared signal pathway, and provided
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further evidence showing a vital role of MLC2 in modulation
of TJ function. However, the activated MLC2 was not asso-
ciated with capsaicin-induced TJ expression as evidenced by
the use of MLC2 kinase inhibitor ML-7, which suggested that
capsaicin-induced TRPV1 activation might mediate the ex-
pression and function of the TJ proteins via different sig-
naling pathways, ERK1/2 activation was involved in TRPV1-
induced TJ expression, whereas MLC2 activation was mainly
responsible for TJ permeability.

The interactions between the TJ proteins and the cyto-
skeleton F-actin have a crucial role in the regulation of
paracellular permeability, because they are directly connected
in structure. Thus, any disturbance in F-actin can affect TJ
structure and thereby altering TJ permeability.56 Many stu-
dies have pointed out that MLC2 phosphorylation induces
F-actin reorganization and then increases paracellular
permeability due to the impaired interaction with TJ
proteins.27,28 Our results revealed that capsaicin caused an
obvious F-actin accumulation in peripheral cell membrane
from cytoplasm, and this effect was suppressed by CPZ and
ML-7 preincubation, indicating that the activated TRPV1
and MLC2 were responsible for the capsaicin-mediated
F-actin redistribution. In addition, peri-apicolateral F-actin
was decreased in transplanted glands and recovered after
capsaicin treatment, suggesting that F-actin destruction was
involved in the hyposecretion of transplanted SMGs, and
capsaicin-induced saliva secretion was associated with F-actin
redistribution through activation of TRPV1 and MLC2.

In summary, our data provide new evidence that the im-
pairment in TJ structure, expression, and function are
involved in hyposecretion of the transplanted SMGs in vivo.

Activation of TRPV1 increased saliva secretion in hypo-
functional glands, at least in part, by increasing TJ expression
and diminishing TJ structural and functional injury. We
further demonstrate that TRPV1 activation directly upregu-
lated expression of ZO-1, Cldn-3, and -11 in an ERK1/2-
dependent manner, as well as increased paracellular perme-
ability of TJs via MLC2 in SMG cells in vitro (a schematic
drawing is shown in Figure 9). These findings may improve
our understanding of the pathogenesis of hypofunctional
SMG and reveal the molecular mechanisms involved in
TJ-induced saliva secretion in SMGs. The findings also
provide new insights into a future therapeutic target for
hyposecretion of SMG.

Supplementary Information accompanies the paper on the Laboratory
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