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plasma-like isotonic fluid, called primary saliva. Modi-
fication of the primary saliva occurs, as it passes through 
the duct system, with the composition altered by a num-
ber of ion transport mechanisms, resulting in a hypo-
tonic fluid as it reaches the oral cavity. This hypothesis 
was confirmed in 1966 when Martinez et al2, utilising a 
micropuncture technique, collected primary saliva from 
the intercalated duct and measured its composition. This 
well-designed experiment clearly demonstrated that pri-
mary saliva is isotonic. In the same year, Mangos et al3 
and Young et al4 also reported similar results using the 
same technique. Subsequently, the two-stage process of 
saliva secretion has been verified to include a ‘leaky’ 
secretory endpiece (acini), which is highly permeable 
to water and a ‘tight’ ductal system with very low water 
permeability. 

Several theoretical models have been proposed 
describing the mechanisms of transepithelial fluid trans-
port, including the osmotic coupling, electro-osmotic, 
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Primary saliva is formed by salivary epithelial endpieces through two pathways, the transcel-
lular and the paracellular pathways. While the mechanisms of ion transport through the tran-
scellular pathway have been well studied, our understanding of fluid and electrolyte transport 
through the paracellular pathway remains rudimentary. Increasing evidence indicates that 
the tight junction (TJ) proteins form and regulate the paracellular pathway, although other 
intercellular junctions are probably involved. The structure of the TJ is complex and has not 
been well characterised. A functioning TJ is formed by multiple proteins, including membrane, 
cytoplasmic scaffolding, and signalling proteins. Paracellular fluid and electrolyte flow is 
mediated by high-capacity, charge- and size-restrictive small pores with a radius of 4 to 6  Å, 
whereas macromolecules pass through low-capacity, nonrestrictive large pores. Although the 
characteristics of these pores need to be further delineated, it is clear that they are under the 
regulation of the autonomic nervous system, endocrine, paracrine and autocrine systems, 
and various pathological factors. To date, the majority of the evidence for paracellular fluid 
and ion transport is accumulated from the studies using various epithelia other than salivary 
glands. Further investigations to explore the structure, function, and regulation of the paracel-
lular pathway in salivary epithelia are needed to better understand the mechanism of saliva 
secretion.
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Introduction

It is well recognised that saliva secretion is a two-stage 
process, as first proposed by Thaysen et al1 in 1954, who 
suggested that the endpieces of salivary glands secrete a 
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cotransporter, Na+ recirculation, and osmosensor feed-
back theories (see review by Hill)5. It is well recog-
nised that transepithelial fluid transport is mediated 
by two major pathways, the transcellular pathway and 
the paracellular pathway. Fluid secreted through the 
transcellular pathway passes the basolateral membrane, 
the cytoplasm, and the apical membrane to enter the 
lumen, whereas fluid transported via the paracellular 
pathway enters the lumen from the interstitium by pass-
ing through the tight junction (TJ) structure. 

Transcellular fluid and ion transport

Since the two-stage secretory process in salivary aci-
ni was established, experimental evidence now con-
firms the underlying mechanisms of fluid transport in 
acini. The widely accepted model for salivary acinar 
cell secretion6-9 (Fig 1a) is based on the 1977 hypoth-
esis proposed by Silva et al10 for the shark rectal gland, 
which has been used to describe fluid secretion in a 
variety of epithelia, including salivary glands. Accord-
ing to this model, Na+-K+ pump in the basolateral mem-
brane of acinar cells transports 3 Na+ ions from within 
the cell and concentrates 2 K+ ions into the cytoplasm. 
This inwardly directed Na+ gradient established by Na+-
K+ pump in turn activates a Na+-K+-2Cl- cotransport-
er, the so-called ‘secondary active transport system’, 
to transport 1 Na+, 1 K+, and 2 Cl- ions into the cell, 
maintaining the cytosolic Cl- concentration above its 
electrochemical equilibrium. This Cl- gradient across 
the cell membrane provides the driving force for Cl- or 
HCO3

- ion flow into the lumen through an anion chan-
nel in the apical membrane. With α1 adrenergic or mus-
carinic cholinergic agonist stimulation, cytosolic free 
Ca2+ concentration is increased, leading to KCl efflux 
via anion channels in the apical and K+ channels in the 
basolateral or lateral membranes. Although K+ chan-
nels in apical acinar membranes are proposed11, further 
evidence of ion transport measurements and/or channel 
characterisation are needed. Luminal Cl- efflux, creating 
a net electrical charge and attracting accompanying Na+ 
movement through TJs, produces an osmotic gradient 
across the epithelium, attracting water movement from 
the cytoplasm via a water channel, most likely aqua-
porin (AQP) 5. Water may also move from the intersti-
tial space via TJs into the lumen. However, the role of 
aquaporin channels in transepithelial fluid transport is 
under intense debate5. Additional data exist confirming 
the role of other ion transporters in the basolateral and 
lateral membrane, including a Na+-H+ exchanger and a 
Cl--HCO3

- exchanger, contributing an important role in 
the maintenance of cytosolic pH12,13.

Paracellular fluid and ion transport

Although great progress has been achieved in revealing 
the characteristics, function, and regulatory mechanisms 
of transcellular ion transporters, our understanding of 
paracellular fluid transport in salivary epithelia remains 
rudimentary. The physiological properties of paracel-
lular fluid transport have not been clearly characterised, 
although various mathematical models exist, attempting 
to characterise the system. Since reliable methods are 
still not available to accurately measure water trans-
port via a specific route, it is not possible to experi-
mentally distinguish the proportion of water movement 
via a transcellular or paracellular pathway in specific 
acinar epithelia, including salivary acini. For example, 
it remains unclear which pathway in the salivary acini, 
transcellular or paracellular, is the primary mechanism 
regulating water, Na+ and other ion movement; what role 
AQPs play, specifically AQP5, in fluid transport; and 
what alterations in TJs occur in salivary gland dysfunc-
tion, specifically in salivary gland hypofunction found 
with Sjögren syndrome.

Structure of the TJ complex

There are four types of intercellular junction complexes 
between epithelial or endothelial cells, TJs, adherens 
junctions (AJs), desmosomes, and gap junctions. AJs 
and desmosomes form strong mechanical connections 
between adjacent cells to link cells together, and gap 
junctions provide a unique venue for cell-to-cell commu-
nication. TJs are protein sealing complexes between cells 
and form a belt-like structure among neighbouring cells, 
encircling cells at the apical side of the lateral membrane 
and occluding the intercellular space to separate the 
lumen and interstitial space through the function of bar-
rier and fence. The structure of TJs appears like a string 
of continuous particles inlaid into the membrane, form-
ing TJ strands. One of the major functions of TJ com-
plex is to form a barrier and channels to water, ions, and 
other small molecules, regulating their passage through 
the paracellular pathway. TJ strands are formed by TJ 
proteins, which constitute pores allowing some ions and 
molecules with specific size or charge to pass through 
(Fig 1b). The function of the TJ barrier is often character-
ized by using transepithelial electrical resistance (TER). 
However, TER reflects the contribution from both tran-
scellular and paracellular electrical resistance, and can-
not be used to quantify the specific contribution of TJ 
barrier to the resistance. In addition, TER often does not 
correlate with permeability and density of pores, mak-
ing interpretation more difficult. The second function 
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of the TJ complex is to act as a fence to maintain cell 
polarity by blocking the diffusion of proteins, lipids, and 
other large molecules between the apical and basolateral 
spaces. This is typically critical for some epithelia, such 
as intestinal mucosa, since the fence function plays a 
vital role in blocking antigens from entering the systemic 
blood stream circulation and allowing for some nutrients 
and drugs to be absorbed. A number of detailed compre-
hensive reviews are available, characterising the struc-
ture and function of TJs of specific tissues14,15, including 
the salivary glands16. Although TJs provide a dynamic 

sealing among adjacent cells, they are not considered a 
strong mechanical force linking cells and/or maintaining 
epithelial structure; the strong linkages between cells are 
formed by AJs and desmosomes. 

TJ strands

TJ strands are the interacting network between cells vis-
ualised with electron microscopy, formed by extracel-
lular loops of the transmembrane TJ proteins from one 
cell membrane paired with the matching loops from the 

Fig 1 Transepithelial fluid and ion transport model in salivary acini. (a) Transcellular fluid and ion transport model. A transmembrane 
Na+ gradient is established by the basolateral Na+, K+-pump; the gradient drives Cl- and K+ into cells through the Na+-K+-2Cl-

-cotransporter. Cl- and HCO3
- are secreted into the lumen via the apical anion channel. K+ flows out through a basolateral K+ channel 

and probably a hypothetic apical K+ channel. The pathways for water to flow in and out the cytoplasm remain unclear, assuming 
that water entry is mediated by a basolateral aquaporin (AQP) and water exit is via AQP5. However, direct evidence showing that 
AQP5 mediates water flow is lacking. The pH of the cytosol is maintained by two mechanisms, the Na+-H+ exchanger and the Cl-

-HCO3
- exchanger, both located at the basolateral membrane. (b) Paracellular fluid and ion transport model. The strands formed 

by the integral membrane TJ proteins constitute a barrier for water and ions and a fence for macromolecules including peptides, 
proteins, lipids, and any other large substances. Two types of pores are formed by TJ, small and large pores. Na+, K+, probably Ca2+ 

and Mg2+, as well as some other ions are transported through the small pores and macromolecules pass through the large pores. 
Although water flow may be mediated by paracellular pathway, the major pathway for water flow remains uncertain. 
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are found to be reduced in transplanted rabbit SMGs and 
with recovery of structure and function after stimulation 
with capsaicin26. Although TJ width seems to be a sensi-
tive index of TJ function, the mechanism underlying this 
phenomenon needs to be further investigated since the 
distance between two adjacent cells is theoretically con-
trolled primarily by AJs and desmosomes, instead of TJs. 
The so-called ‘TJ width’ may actually reflect the structure 
and function of AJs. There has been evidence indicating 
that TJs and AJs are structurally and functionally linked, 
despite being formed by distinct proteins27. It has been 
observed that AJ proteins are involved in regulating fluid, 
electrolyte, and macromolecule transport in epithelia, 
including salivary acini26,28. This is an interesting and 
important, but virtually underdeveloped area in paracel-
lular fluid and ion transport in salivary glands.

TJ proteins

The TJ complex is formed by TJ proteins. Accumulating 
evidence indicates that some dysfunction of TJ proteins 
may underlie the pathogenesis of a variety of clinical 
disorders, such as autoimmune diseases, cancer, infec-
tious diseases, and allergy29. For example, emerging 
data indicates that TNF-α and IFN-γ alter TJ structure 
and function20. Cytokines-induced TJ dysfunction is one 
of the major factors leading to the salivary gland destruc-
tion in Sjögren syndrome30.

Functioning TJs consist of three types of protein 
components: transmembrane, cytosolic scaffolding, and 
cytosolic signalling. 

Transmembrane proteins

TJ strands are formed by transmembrane proteins; this 
category has a large number of integral membrane pro-
teins, including a set of tissue- and cell-specific claudins, 
the TJ-associated MARVEL protein (TAMP) family, and 
the junction adhesion molecules (JAMs). 

Claudins
The first claudin was discovered in 199831 and 27 claudin 
proteins have been identified32, each having a molecular 
weight of 20~27 kDa. The structure of claudins includes 
four transmembrane domains, two extracellular domains, 
and both N-terminus and C-terminus within the cell. The 
extracellular domains constitute two loops. The larger 
loop has 49 to 52 residues and the smaller loop 16 to 33 
residues. Strong evidence indicates that the large loop 
and the matching loop of another claudin or occludin in 
an adjacent cell form one type of TJ pores with size and 
charge selectivity14. However, each claudin may not have 

adjacent cell membrane. Many studies observed that the 
number of TJ strands and the complexity of the network 
in an epithelium are correlated with the tightness of the 
epithelium and is known as the Claude hypothesis17. 
This theory has been evident in a variety of epithelia, 
including salivary acini. For example, Simson and 
Bank18 observed that rat parotid acini have an average 
of 2.5 strands, whereas the striated duct has 6.0 strands. 
Kikuchi et al19 found that individual male murine acinar 
cells of the submandibular gland (SMG) have an aver-
age of 3.9 strands, whereas the individual granular duct 
cell has 10.4 strands. Similarly, in the female murine 
SMG, individual acinar cell has 4.1 strands, whereas 
each granular duct cell has 7.4 strands. As previously 
discussed, salivary acini have a high permeability to 
water, while the duct system has extremely low perme-
ability. Acini also have high paracellular permeability 
to Na+; however, it is unclear if the TJ complex of duct 
cells is permeable to Na+. The thickness and complexity 
of TJ strands can be semi-quantitatively measured under 
electron microscopy. 

TJ depth

TJ depth is an index that has been frequently used to 
quantify the thickness of the TJ complex. Various stud-
ies indicate that TJ depth is inversely correlated with 
the paracellular permeability of fluid in an epithelium. 
For example, TJs in mouse SMG acini and intercalated 
ducts are 0.10 to 0.15 µm in depth, whereas it is 0.5 µm 
in granular and striated ducts19. Similarly, TJ depth is 
0.25 µm in rat parotid acinar cells and 0.43 µm in the 
striated duct18. In addition, TJ depth can also reflect 
the pathological changes in TJ structure. Treatment of 
salivary glands with proinflammatory cytokines such as 
tumour necrosis factor (TNF)-α and interferon (IFN)-γ 
significantly reduced TJ depth and impaired secretory 
function of the glands20.

TJ width 

Another index of the TJ complex is TJ width, although 
it is utilised less frequently and its significance remains 
to be further confirmed. TJ width is defined as the dis-
tance between the two inner plasmalemmal leaflets of a 
TJ shared between adjacent cells21,22. It has been used in 
various tissue types, including rat myenteric plexus capil-
laries22, nonhuman primate endometrial microvessels23, 
human placental capillaries24, rat gastric mucosa21, murine 
intestinal mucosa25, and rabbit SMGs26. Functional stud-
ies indicate that TJ width may be related to barrier func-
tion in intestinal mucosa25. TJ width and saliva secretion 
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the same charge-discriminative capability, depending on 
the sequence alignment of the loop. The difference of 
barrier property between cell types is probably due to 
the variation in combination of claudins33. A frequently 
referred example is the larger loop of claudin-2, which 
has more negative charge in the amino acid residues; 
therefore, when expressed in testing cell lines such as 
Madin-Darby canine kidney (MDCK) cells, TER is 
reduced and Na+ permeability is increased34,35. Clau-
din-2 is often expressed in leaky epithelia, including 
salivary epithelia, and has therefore been called ‘leaky’ 
claudin34,36. In contrast, claudin-14 has more positive 
charge in its amino acid loop sequence and increased 
expression significantly enhances TER and reduces Na+ 

permeability. Functional changes similar to the claudin-
14-like structure have also been observed after overex-
pression of claudin-437, -538, and -839. Claudin-2, -10b, 
-15, and -16 form cation-selective pores14. Most TJ pores 
usually have a strong preference for Na+ versus Cl- ions, 
except from the pores formed by claudin-14. This has 
critical significance in salivary acinar ion transport since 
it allows Na+ flow across the paracellular barrier to fol-
low negative charge (the electro-osmotic gradient) estab-
lished by anion (Cl- or HCO3

-) secretion via the trans-
cellular pathway, specifically, the apical anion channel. 
The higher resistance to Cl- also prevents Cl- backflow 
to the interlateral or interstitial space. To date, the accu-
rate mechanisms of pore formation by claudins remain 
unclear. This will be an important research area in elu-
cidating the relationship between claudins and ion- and 
size-selectivity of the paracellular pathway.

The function of claudins can be elucidated at the 
animal level by using claudin-knockout or -knockdown 
animal models. There have been a number of claudin-
deficient mouse models, revealing the morphological 
and functional alterations or impairments induced by 
the absence of certain claudins (Table 1). An additional 
method to detect the function of claudins is to express 
a specific claudin in deficient cell lines or to overex-
press or knockout the claudin in cell lines that naturally 
express the protein. In the last 15 years, many studies 
have explored the role of claudins in paracellular fluid 
and ion transport, and the relationship between claudin 
types and ion selectivity is becoming clearer. 

TAMPs
The TAMP family includes MarvelD1 (occludin), Mar-
velD2 (tricellulin), and MarvelD3 proteins. Similar to 
claudins, all three TAMP members have four trans-
membrane domains and two extracellular loops. Human 
occludin is encoded on chromosome 5q13.1 and has 
522 amino acids. Although occludin often participates in 

forming TJ strands57, its sequence is not similar to clau-
dins31. It is unclear whether the TJ strands formed by 
occludin have the same function as the strands formed by 
claudins. Overexpression of occludin induced formation 
of intracellular multilamellar bodies58. It also has been 
observed that inclusion of occludin in TJ strands can 
increase both TER and paracellular permeability59,60. 
Many in vitro and in vivo studies reported that occludin 
plays an important role in intercellular adhesive interac-
tions and TJ barrier function61-64, although other studies 
indicated that occludin appeared unessential to TJ func-
tion since the lack of occludin did not impact TJ struc-
ture and function in endothelial and Sertoli cells65,66. 
However, additional studies clearly showed that occlu-
din knockdown induced diverse phenotypic changes 
in epithelial cells62. Mice lacking occludin exhibited 
many pathological signs, including growth retardation, 
testicular atrophy, male infertility, brain calcification, 
compact bone thinning, and gastric inflammation67,68. 
Salivary glands were also involved; the morphological 
changes included loss of cytoplasmic granules in striated 
duct cells and glands were dysfunctional67,68. Occludin 
appears to have some role in directing tricellulin expres-
sion. Knockdown of occludin in MDCK II cells induced 
tricellulin to be mislocalised to bicellular contacts69. The 
mislocalisation increased TER and permeability to ions 
and large solutes70. Occludin also plays a critical role in 
the capsaicin-stimulated TER decrease as well as trypan 
blue and fluorescein isothiocyanate (FITC)-labeled dex-
tran flux in rat SMG acinar cell line SMG-C6 monolay-
ers, since the TER response to capsaicin was suppressed 
by occludin knockdown with shRNA and restored by 
occludin re-expression71. 

MarvelD2 is also called tricellulin, which is expressed 
at tricellular contact locations72 (see review by Mariano 
et al73). The strands of tricellular TJs constitute a tubu-
lar structure with a 10-nm diameter (the central tube) 
that is vertical to the bicellular TJ belt73. The potential 
function of the central tube may be to control macro-
molecule flow70. Tricellulin has 555 amino acids with 
a molecular weight (MW) of 63.6 kDa and can form a 
homomeric complex74. However, studies have reported 
discordant results regarding the formation of het-
eromeric complex with occludin74,75. Tricellulin is also 
needed for TJ organisation. Knockdown of tricellulin 
in mouse mammary epithelial (EpH4) cells impaired 
TJ structure at both bicellular and tricellular contacts72, 
reduced TER, increased paracellular permeability69, 
and delayed barrier development75.

MarvelD3 is a new member of the TAMP family; it 
was identified by Steed et al in 200976. MarvelD3 is a 
40-kDa protein and is expressed in many epithelial and 
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Table 1   Primary characteristics of claudin-deficient mice

Mouse model Primary characteristics of the model 

Claudin-1-deficient mice (Cldn1-/-)40 Die within 1 day of birth; lack the epidermal barrier; tracers with molecular weight of 600 
Da diffuse across TJs easily

Claudin-2-knockout mice41 Normal appearance, activity, growth, and behaviour; the kidney is histologically normal, 
but TJs of the proximal tubules are poorly developed; decreased transepithelial reab-
sorption of Na+, Cl- and water; loss of cation selectivity 

Claudin-2-knockout mice42 Reduced paracellular Na+ permeability in the small intestine

Mouse model for muscular dystrophy and 
cardiomyopathy43

Claudin-5 is significantly reduced; expression of claudin-5 prevents the pathological 
changes of cardiomyopathy

Caludin-6-null mice44 No obvious anatomical phenotypic abnormalities

Claudin-7-knockout mice (Cldn7-/-)45 Born alive and die within 12 days after birth; severe salt wasting, chronic dehydration, 
and growth retardation with significantly elevated urine Na+, K+ excretion and water loss 
due to lack of transepithelial water barrier

Claudin-7-deficient mice46 Severe intestinal defects, including mucosal ulcerations, epithelial cell sloughing, and 
inflammation; gaps below TJs; increased intestinal production of cytokines, the nuclear 
factor κBp65 subunit, cyclooxygenase-2, matrix metalloproteinases-3 and -7

Claudin-9-null mice47-49 These mice are deaf due to TJ complex dysfunction in inner ear including abnormal ion 
concentrations in the fluid surrounding the basolateral surface of outer hair cells

Claudin-10-deficient mice50 Loss of claudin-10 in the thick ascending limb of Henle’s loop, inducing hypermagne-
semia and nephrocalcinosis; decreased paracellular Na+ permeability and increased 
Ca2+ and Mg2+ permeability 

Calaudin-11-null mice51 Lack TJ strands in central nervous system myelin and Sertoli cells

Calaudin-11-null mice52 Lack TJs between the base cells; normal K+ recycling; elevated hearing thresholds

Claudin-14-knockout mice48 Deaf with normal endocochlear potential; during the first 3 weeks of life, cochlear outer 
hair cells are rapidly degenerated, whereas the inner hair cells gradually degenerated 

Claudin-15-knockout mice (Cldn15-/-)42,53 Cldn15-/- is not foetal. These mice have megainstestine; expression of other claudins is 
not altered; decreased luminal Na+ and reduced glucose absorption in the small intes-
tine

Claudin-16-deficient mice54 Hypercalciuria and hypomagnesemia similar to familial hypomagnesaemia with hypercal-
ciuria and nephrocalcinosis, however, without nephrocalcinosis

Claudin-16-knockout mic55,56 Defective cation permeability in thick ascending limb, leading to perturbation in salt and 
acid-base balance; increase in urine, and decrease in HCO3

- excretion and urine pH

endothelial cells. Functional studies indicate that it is 
not essential for TJ formation, but lack of expression 
increased TER in Caco-2 cell monolayers. Raleigh et 
al75 characterised marvelD3 protein and found that its 
function is not essential. Overall, TAMP proteins have 
redundant functions, but are unable to complement each 
other functionally. 

JAMs 
The JAM family has three proteins, JAM-A, -B, and -C 
(also called JAM-1, -2, and -3) with a molecular weight 
about 40 kDa. The common structure of JAMs includes 
a single transmembrane domain with its C-terminus in 
the cytoplasm and N-terminus outside of the cell. The 
N-terminus has two immunoglobulin (Ig)-like loops 
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and the C-terminus has type II PDZ domain-binding 
motifs (PDZ is an abbreviation of the following term: 
post synaptic density protein, Drosophila disc large 
tumour suppresser, and zonula occludens-1 protein). 
JAMs are widely expressed in endothelial cells of lym-
phatic tissues, the brain, and a variety of epithelia. JAM-
A is expressed in human PG and SMG cells77, primary 
cultures of SMGs78, as well as cell line Par-C1020 and 
HSG79. Whether JAM-B and -C are also expressed in 
salivary gland epithelia needs further investigation. 

JAM proteins regulate a variety of cell functions, 
including migration of leukocytes, endothelial and epi-
thelial cells, as well as paracellular permeability. It has 
been well demonstrated that JAMs participate in forming 
TJ strands and are critical for TJ barrier and fence func-
tions80,81. Since most studies have explored the function 
of JAM-A, data on JAM-B and -C function are scant. 
The colonic mucosa from JAM-A-deleted (JAM-A-/-) 
mice had normal epithelial structure, but decreased TER, 
increased dextran flux, and inflammation. Expression of 
claudin-10 and -15 was increased in JAM-A-/- mice, indi-
cating JAM-A may participate in regulating expression 
of these claudins82. It is well established that the regula-
tory function of JAMs is mainly facilitating intracellular 
interactions with scaffolding proteins through their PDZ 
domain-binding motifs83,84. 

Coxsackie and adenovirus receptor 
The coxsackie and adenovirus Receptor (CAR) is a cell 
adhesion protein with a molecular weight of 46 kDa. 
CAR was first reported in 1997 as a common receptor 
for coxsackie virus group B and adenovirus groups 2 
and 5 and plays a role in viral attachment and entry. It 
has been demonstrated that CAR is essential for embry-
onic development. Deletion of CAR gene or knockout of 
CAR in the early stages of the embryos induced haemor-
rhage and embryonic death85. CAR is heavily expressed 
in the brain and heart during embryonic development 
and predominately expressed in TJs of epithelial cells 
in adult mice. In the TJ complex, CAR is co-localised 
with ZO-1 and occludin and is correlated inversely 
with paracellular permeability86. Knockdown of CAR 
in Sertoli cells caused decreased TER and increased 
endocytosis of occludin. In contrast, overexpression of 
CAR increased TER87. It is unknown whether salivary 
epithelia express CAR and what roles CAR plays in 
paracellular fluid and ion transport under physiological 
and pathological conditions.

Lipolysis-stimulated lipoprotein receptor 
The lipolysis-stimulated lipoprotein receptor (LSR) is 
a recently identified transmembrane protein, situated 

between three adjacent cells, and its role is a definer of 
cell contacts of tricellular TJs (tTJs) in epithelial cells88. 
LSR is a 65-kDa protein with a single transmembrane 
domain and an Ig-like extracellular domain. The func-
tion of LSR is not completely clear. Masuda et al88 
observed that LSR may play a part in three aspects: 
• Regulating occludin distribution: it has been observed 

that occludin distribution in LSR-knockdown EpH4 
cells was disturbed and there was an abnormal accu-
mulation of occludin in the tricellular area.

• Regulating TER: LSR-knockdown reduces TER in 
EpH4 cell monolayers.

• Recruiting tricellulin: LSR interacts with tricellulin.
In LSR-knockdown EpH4 cells, tricellulin was not 
localised at tricellular region, but distributed through-
out the basolateral membrane88. 

Studies have not been performed to reveal whether sali-
vary epithelia express LSR and what the physiological 
role it has in saliva secretion.

Cytosolic scaffolding proteins

The cytoplasmic scaffolding proteins have one or multi-
ple PDZ domains and can bind to various integral mem-
brane proteins such as claudins, occludin and JAMs, 
as well as actin filaments through different domains, 
stabilising protein complexes and connecting TJs to the 
actin cytoskeleton. The number of the PDZ domain-
containing proteins is increasing, including membrane-
associated guanylate kinase (MAGUK)-like proteins, 
protein associated with Lin-7 (Pals1), AF-6/afadin, 
atypical protein kinase C (aPKC), isotype-specific inter-
acting protein (ASIP), partitioning-defective protein-3 
(PAR-3), multi-PDZ domain protein 1 (MUPP1), and 
protein associated with TJs (PATJ). The whole spectrum 
of functions of these cytoplasmic scaffolding proteins 
remains incompletely clear, but it is evident that these 
proteins play a critical role in the organisation and locali-
sation of TJ strands, since blocking PDZ domain induces 
TJ strands to be poorly organised and distributed to other 
areas89.

Zonula occludens proteins
Zonula occludens (ZO) proteins belong to the MAGUK 
protein family and have three members, ZO-1, -2, and 
-3. These proteins have multiple important functions, 
such as interacting with nuclear and dual residency 
proteins and participating in regulating cell growth and 
proliferation (see reviews by Bauer et al90 and Gonzalez-
Mariscal et al91). ZO-1, -2 and -3 each has a molecular 
weight of 220 kDa, 160 kDa, and 130 kDa, respect-
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ively. Each ZO protein has three PDZ domains, one Src 
homology 3 (SH3) domain, one guanylate kinase (GU) 
domain, and a proline-rich region. There are also sev-
eral unique (U) domains in each ZO protein molecule, 
localised between other domains. Among them, U5 is 
localised between SH3 and GUK to form a region of 
SH3-U5-GUK-U6, which has been demonstrated to play 
a critical role in TJ assembly and localisation. ZO pro-
teins can associate with several proteins through PDZ 
domains, such as with JAM-A, claudins, occludin, and 
F-actin. For example, ZO-1 binds to claudin, ZO-2, and 
JAM-A through its PDZ-1, -2, and -3 domains, respect-
ively, interacts with occludin through its GK domain, 
and binds to F-actin simultaneously. Its association with 
F-actin is through the actin-binding region (ABR). The 
association with multiple proteins makes it possible to 
form a large protein complex, linking TJ strands and 
cytoskeleton. ZO proteins also can associate with signal-
ling proteins, including the serine protein kinase ZAK 
and G-protein α-subunit. ZO proteins not only bind to 
TJ proteins, but also associate with AJs and gap junc-
tions90,91.

ZO-1 and -2 are critical for embryonic development. 
A knockout of either protein is lethal for mouse embry-
os, but a lack of ZO-3 did not show a similar response92. 
Silencing or knockdown of ZO-1 or -2 , but not -3 in 
cultured cell lines exhibits clear changes in TJ function, 
including decreased TER and increased paracellular 
permeability to solutes larger than 4 Å93,94.

Cytosolic scaffolding protein complexes  
There are a number of other cytosolic proteins play-
ing critical parts in TJ formation and function, such as 
forming cytosolic scaffolding protein complexes, among 
which the Par-3-aPKC-Par-6 complex and the Crumbs-
Pals1-PATJ complex play critical roles in TJ formation. 
The expression and function of these cytosolic scaf-
folding proteins in salivary glands need to be further 
explored. 

Cytosolic signalling proteins

TJ structure and paracellular barrier function are regu-
lated by many factors through intracellular signalling 
proteins. This has been a robust research area and a large 
number of investigations have been performed to deline-
ate the intracellular signalling systems that participate in 
the regulation process, including protein kinase (PK) A, 
PKC, Rho kinase, myosin light chain kinase (MLCK), 
GTPase Rab13, tyrosine kinase (TyrK), and mitogen-
activated protein kinase (MAPK). These signalling pro-
teins are not specific TJ proteins, but they are essential 

factors for the establishment and function of TJs. To 
date, the major MAPK members, extracellular signal-
regulated kinases (ERK)1/2 have been shown to be the 
potential key factor for the signalling network in various 
cell types, including salivary cells, although the number 
of studies utilising salivary cells was limited. A brief 
discussion of these intracellular signalling proteins is 
provided in this review and detailed information on the 
topic will be discussed separately. 

In salivary cells, PKA appears to play a role in 
regulating TJ functions. The Hg2+-induced increase 
in TJ permeability may be mediated by a mechan-
ism associated with PKA through alterations in the 
phosphorylation status and distribution of occludin in 
Par-C6 cells95. It has been observed that MAPK may 
be the major signalling system regulating the TJ func-
tion in salivary cells. This includes Src and p38 MAPK, 
which has been observed to suppress occludin expres-
sion in primary cultured rat parotid acinar cells96,97. It 
also has been reported that the Raf-MEK-ERK signal 
pathway is involved in down regulation of occludin in 
parotid cell line Pa-498. Most recently, Cong et al26,71 

repeatedly observed that ERK1/2 is the intracellular 
signalling molecule to mediate the transient recep-
tor potential vanilloid subtype 1 (TRPV1)-activated 
increase in paracellular tracer permeability, expression 
of TJ proteins, and internalisation of occludin in rabbit 
SMGs and rat cell line SMG-C6. Other protein kinase 
such as PKC and TyrK may play a role in the regulation 
of TJ remodelling and function, however, their action 
may be in more upper stream sites. Hamm-Alvarez et 
al99 observed that activation of Etk/Bmx, a member of 
nonreceptor tyrosine kinases, increased TER and dis-
turbed the distribution of actin and occludin in parotid 
cell line Pa-4. Obviously, more innovative investiga-
tions on these issues will provide valuable clue to the 
TJ structure and function.

TJ formation and remodelling

TJ is a highly dynamic structure and its components 
undergo continuous remodelling, i.e. assembling and 
disassembling. 

TJ formation

The formation of TJs is a complex process and remains 
poorly understood. Increasing evidence indicates that 
AJs are formed first and TJ assembly follows. After AJs 
are established, the transmembrane AJ protein nectin 
recruits TJ proteins, including JAM, claudins, and occlu-
din to the apical side of AJs100. This process may involve 
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a number of cytosolic proteins, including cell polarity 
proteins and signalling proteins. It has been observed 
that nectins form first cell-cell connection; then the 
cytosolic tail of nectin interacts with afadin and Par-3 
to recruit cadherin to form AJs. Claudins are next to 
be recruited to the apical side of AJs to generate TJs 
(Fig  2)101. However, the detail of the process still needs 
to be elucidated. 

Structure of TJs

There have been a number of excellent reviews charac-
terising the structure of TJs16,102-104 and we will provide 

only a brief summary here. Under an electron micro-
scope, TJs appear as strands. The depth and complexity 
of the strands reflect the tightness of the epithelia. Some 
organs, such as the kidney, have different segments of 
the epithelium, requiring various degree of “tightness” 
in different segments. The salivary gland epithelium also 
has leaky endpieces and a tight duct system. In general, 
the transmembrane proteins are associated with cyto-
solic scaffolding proteins, including ZO-1, -2, and -3; 
the latter bind to the cytoskeleton system and signalling 
proteins, such as protein kinases, phosphatases, and tran-
scription factors (Fig 2).

Fig 2 The schematic process of formation and remodelling of TJs. TJs are formed after AJs. AJ protein nectins form first intercel-
lular connection and interact with afadin and the Par-3/Par-6/aPKC complex, recruiting another AJ membrane protein cadherin to 
establish AJs. Then, TJ integral proteins, JAMs, claudins, and TAMPs, are recruited to the apical site of AJs. All these membrane 
proteins are connected to F-actin through the cytosolic scaffolding proteins ZO-1, -2, or -3101. TJ proteins can be dismantled by one 
of three types of endocytosis. Internalised proteins are delivered to apical early endosome (AEE), and then the common recycling 
endosome (CRE) for sorting. Internalised proteins have two final destinations, being reinserted back to TJs through a transport 
vehicle, the recycling endosome (RE) or being degraded by lysosome through the late endosome (LE)107. (The figure is based on 
figures by Ooshio et al101 and Ivanov et al107).
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TJ remodelling 

TJs undergo continuous remodelling. TJ disassembly 
is the major mechanism required for component reor-
ganisation, including removing or reinserting proteins. 
Claudins, such as claudin-1, may be relatively stable 
in TJ structure105, but ZO-1 and occludin are highly 
mobile. Steed et al106 estimated that 80% of occludin is 
diffused in TJs, and a large portion of ZO-1 is undergo-
ing an exchange between TJs and cytosolic pools. How-
ever, the conditions and regulatory mechanisms of such 
dynamic process are still obscure.

In theory, remodelling can be fulfilled through two 
ways. One is to change the expression level of junction 
protein, but this requires a relatively long time (hours) 
to accomplish. Another mechanism is to dismantle 
proteins from the TJ complex through internalisation 
(endocytosis). There are different types of internalisa-
tion processes to remove proteins or to disassemble the 
intercellular junction complex (see review by Ivanov 
et al)107. The low-grade constitutive internalisation 
selectively dismantles certain proteins from TJs or AJs 
without compromising the integrity and function of a 
junction. Therefore, it is considered as a physiological 
internalisation. In some epithelia like intestinal cells 
treated with bacterial toxins, the TJ complex can be 
targeted to be disassembled without involvement of 
AJs. Sometimes both TJs and AJs can be internalised 
together, which induces a loss of cell attachment107. The 
pathways for the internalisation of TJ proteins include 
clathrin-mediated and caveolin-mediated endocytosis, 
as well as macropinocytosis64,107. However, which TJ 
protein is targeted and how the selection is made remain 
enigmatic. It is tempting to speculate the criteria for 
selecting the target proteins. It would not be surprising 
if a protein molecule is damaged or mutated, or if the 
cell needs to downregulate its membrane protein dens-
ity quickly based on its function and metabolism. 

The TJ proteins internalised are transported to early 
endosomes, most likely the apical early endosomes 
(AEEs) since the clathrin-coated pits, caveolae, or 
macropinosomes are formed and transported from the 
apical side. AEE delivers the proteins to the common 
recycling endosome (CRE) and later to be sorted for 
either re-inserting  back to TJs or for degradation107 
(Fig 2). The mechanism and regulation of the sorting 
process in CREs remain poorly understood in epithelia 
in general and in particular, salivary epithelia.

Expression of TJ proteins in salivary epithelia

The expression of TJ proteins, especially claudins, is 
tissue and cell specific. It has been clearly demonstrated 
that different epithelia have differential expression of 
TJ proteins. One epithelium usually has more than two 
types of claudins co-expressed. Each claudin has unique 
barrier characteristics, including specific charge selec-
tivity and size discrimination108. Thus, the overall prop-
erty of TJs including distinct paracellular permeability 
to water, ions, and other molecules in a certain epithe-
lium depends on the type and quantity of TJ proteins 
expressed in these cells109-111. Although the expression 
of TJ proteins in salivary glands has not been widely 
studied, a few reports provided an overall sketch of the 
spectrum of TJ proteins in several species (Table 2). 

It is noteworthy that HSG cell line does not express 
claudin-1, -2, ZO-1, and occludin. As a result, these 
cells cannot effectively restrict paracellular leakage117. 
However, HSG cells grown on Matrigel express clau-
din-1, -2, -3, -4, JAM-A, occludin, and ZO-1, and form 
a sealed monolayer with a measureable TER79.

The spectrum of TJ protein expression is altered when 
salivary cells are cultured in vitro. Qi et al118 observed 
that the homogenate of rat parotid acinar cells contained 
claudin-3, -7 and occludin, although the level of clau-
din-7 was rather low. Claudin-4 and -6 were not detect-
able in the homogenate. Interestingly, the level of clau-
din-4 and -6 became significant after two to three days of 
primary culture. In turn, the pattern of mRNA expression 
was quite different. The mRNA levels of claudin-3 and 
-10 were significantly decreased during primary culture 
for three days, whereas claudin-4 and -6 mRNA were 
dramatically increased during the three-day culture.

In summary, human salivary glands express TJ mem-
brane proteins claudin-1, -2, -3, -4, -5, -7, -11, JAM-A, 
and occludin. Surprisingly, rat PGs express only clau-
din-3, -4 and occludin. Mouse SMGs express claudin-3, 
-4, -5, -7, -8, -10, and -11. Obviously, this is not a com-
plete list of TJ membrane proteins expressed in salivary 
glands since the purposes of these investigations were 
to measure only selected members of TJ membrane 
proteins. Further studies to reveal the whole spectrum 
of TJ protein expression in salivary glands are needed. 
Although this type of investigation seems to be descrip-
tive, it will provide a solid basis for further exploration 
of the function and mechanisms of the TJ complex. 

Paracellular fluid and ion transport

It is considerably complex to experimentally distinguish 
transcellular and paracellular pathways in a particular 
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Table 2   Expression of TJ proteins in salivary glands and cell lines

 
 
TJ protein

Expression site 

Whole gland Acini Duct Blood vessel

Claudin-1 Human SMG26  
Rabbit SMG26 

Human PG and SMG77 
Human minor SGs112

Human PG and SMG77 
Human minor SGs112

Human fetal SGs (4-24 weeks)112

Rat SMG113

HSG cells grown on Matrigel78,79

Human PG and SMG77 
Rat PG, SMG and 
SLG114

Claudin-2 Human SMG26  
Rabbit SMG26 

Human PG and SMG77 Human PG and SMG77 
HSG cells grown on Matrigel78,79

 

Claudin-3 Human SMG26  
Rabbit SMG26

Human PG and SMG77 
Human minor SGs112

Rat PG, SMG and SLG114

Mouse SMG (newborn)115

SMG-C6 cells 71

Human PG and SMG77 
Human minor SGs112

Rat PG, SMG and SLG114

Mouse SMG (newborn)115

HSG cells grown on Matrigel78,79

SMIE cells113

 

Claudin-4 Human SMG26 Human PG and SMG77 
Human minor SGs112

SMG-C6 cells71

Human PG and SMG77 
Human minor SGs112

Human fetal SGs  
(4-24 weeks)112

Rat PG, SMG and SLG114

Mouse SMG (newborn)115

 

Claudin-5 Human SMG26  
Rabbit SMG26

Human minor SGs112

Human fetal SGs (4-24 
weeks)112

Rat PG, SMG and SLG114

Mouse SMG (newborn)115

Human minor SGs112

Human fetal SGs (4-24 weeks)112

Mouse SMG (newborn)115

Rat PG, SMG and 
SLG114

Claudin-7 Human SMG26  
Rabbit SMG26

Human minor SGs112

Mouse SMG (newborn)115
Human minor SGs112

Human fetal SGs (4-24 weeks)112

Mouse SMG (newborn) 115

 

Claudin-8   Mouse SMG (newborn)115 Mouse SMG (newborn)115  

Claudin-10   Mouse SMG (newborn)115    

Claudin-11 Human SMG26  
Rabbit SMG26

Human minor SGs112

Mouse SMG (newborn)115
Human minor SGs112

Human fetal SGs (4-24 weeks)112
 

Claudin-16   Human SMG at the basal 
poles116

Human SMG116  

Occludin   Human PG and SMG77 
SMG-C6 cells71

Human PG and SMG77 
HSG cells grown on Matrigel78,79

SMIE cells113

Human SMG77

JAM-A   Human PG77 Human SMG77  

ZO-1 Human SMG26  
Rabbit SMG26

Human PG and SMG77 Human PG and SMG77 Human PG and SMG77 

PG: the parotid gland; SMG: the submandibular gland; SLG: the sublingual gland; SG: the salivary gland.
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epithelium, such as salivary acini due to the lack of re-
liable methods to measure the amount or proportion of 
water movement through either pathway and universal 
existence of water and ions in all compartments, includ-
ing all the intracellular and intercellular spaces. Since 
the 1970s, a large number of studies have focused on 
clarifying whether water transport was mediated by 
transcellular or paracellular pathway, but results remain 
inconclusive. 

On the other hand, the characterisation of foreign 
chemical diffusion, such as drugs, across the epithelia 
seems to be more productive, as cells do not normally 
transport these agents in vivo. It is well known that the 
paracellular pathway is critical for drug absorption in 
the intestinal epithelia. Many studies used Caco-2 cell 
monolayers as a model measuring the contribution of 
paracellular and transcellular pathways for drug absorp-
tion. For example, transport of naproxen (molecular 
radius 3.69 Å), phenytoin (3.73 Å), salicylic acid 
(3.03 Å), propranolol (3.84 Å), diltiazem (4.62 Å), 
and ephedrine (3.43 Å) by Caco-2 cells at pH 7.2 was 
predominately through the transcellular pathway (97% 
to 99.9%), whereas cimetidine (3.81 Å), furosemide 
(3.91 Å), and chlorothiazide (3.61 Å) were substan-
tially absorbed via the paracellular pathway (14.8%, 
55.5%, and 74.3%, respectively)119. Similarly, raniti-
dine diffusion in Caco-2 cell monolayers is through 
both pathways in a concentration-dependent manner. At 
concentration of 0.1 mM, 40% transport is via transcel-
lular pathway and 60% through paracellular pathway; 
at 0.5 mM, transcellular and paracellular portions 
become 55% and 45%, respectively; and at 2 mM, these 
proportions become 45% and 55%, respectively120. 
In general, hydrophobic compounds are transported 
mainly by the transcellular pathway due to their abil-
ity to easily traverse the cell membrane, whereas small 
hydrophilic solutes are diffused through the paracellular 
pathway121,122. Furthermore, the paracellular pathway 
has a much higher permeability to positively charged 
cations compared with neutral molecules or negatively 
charged anions119.

To date, paracellular fluid and ion transport across 
TJs has been determined mainly by the measurement 
of tracer flux. The most frequently used tracers or 
probes include polar non-electrolytes, Lucifer yellow, 
dextrans and polyethylene glycols (PEGs). Analysing 
tracer flux data obtained by measuring the permeation 
of a series of tracers or probes with different molecular 
sizes can reveal characteristics of the barrier and fence 
function of the TJ complex, including junction perme-
ability and pore radius. Many investigators in the areas 
of salivary glands and other epithelia have observed 

that two types of pores exist in TJs, small pores and 
large pores. The small pores are for ions to pass, given 
that these pores are size- and charge-selective chan-
nels123-126, whereas the large pores are probably for 
larger nonionic molecules since they have no charge 
discrimination123,124,127. It remains uncertain which 
pathway mediates water flux. 

Small pores 

These pores are known under numerous terminology, 
including charge- and size-selective pores (or channels); 
charge- and size-restrictive pores; high-capacity and size-
restrictive pores; simply small pores; restrictive pores; or 
high-capacity pores. Case et al128 also referred to them as 
“fluid channels” since the pores were suggested to medi-
ate both water and solute flux. However, our understand-
ing of the structure, operation, and control of these pores 
is very limited after three decades of research. 

Protein-function relationship of claudins

It is generally recognised that the small pores are formed 
by TJ membrane integral proteins, mainly by claudins. 
Increasing data indicate that the type and proportion of 
claudins decide the characteristics of pores. A large num-
ber of studies have provided some clue to the protein-
function relationship of claudins. The following section 
summarises this relationship of claudins expressed in 
salivary glands.

The role of claudin-1 in paracellular fluid and 
ion transport remains inconclusive. Overexpression of 
claudin-1 in MDCK T23 cells increased TER, but the 
permeability to mannitol and 4-kDa FITC-dextran (FD) 
was also increased89. Knockout of claudin-1 in MDCK 
II cells did not affect TER, but Na+ permeability was 
increased and Cl- permeability decreased129.  

Claudin-2 has been frequently studied due to its 
role in mediating Na+ flux. Expression of claudin-2 
in MDCK II and MDCK C7 cells reduced TER and 
increased Na+ permeability34,36,130,131, and potentiated 
3.5-Å PEG permeation126. Consistent with these results, 
knockdown of claudin-2 in MDCK II cells induced an 
increase in TER, a decrease in Na+ permeability, and 
loss of cation selectivity129. 

The relationship between expression level of clau-
din-3 and fluid/ion transport is inconsistent in different 
epithelia. Expression of claudin-3 in MDCK II cells 
increased TER and reduced permeability to Na+, Cl-, 
fluorescein, and 4-kDa FD132, but the expression in 
rat alveolar cells decreased TER and enhanced calcein 
(0.6 kDa) and Texas Red dextran (10 kDa) permea-
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tion133. Claudin-3 is expressed in salivary epithelia 
and may play a critical role in mediating fluid flux. 
AQP5-/- mice have a significantly lower claudin-3 
expression and water transport134. Transplanted rabbit 
SMGs also have a dramatically reduced fluid secretion 
and claudin-3 expression compared to non-transplant-
ed glands26. These results suggest claudin-3 may be 
one of the main proteins mediating the paracellular 
fluid transport. 

Expression of claudin-4 in MDCK II, opossum 
kidney cells, rat alveolar cells, and SMG duct cell 
line SMIE increased TER37,113,131,133 and Na+ perme-
ability in MDCK II and opossum kidney cells37,131. 
Knockdown of claudin-4 in MDCK II cells decreased 
TER and increased Na+ permeation, and enhanced 
preference for cations129. Similarly, knockdown in 
LLC-PK1 cells increased TER without altering Na+ 

permeability, but induced the loss of anion selectiv-
ity129. SMIE cells do not express claudin-4, therefore, 
gene transfer of claudin-4 in these cells increased TER 
and reduced 70-kDa dextran flux113, indicating that 
this claudin is essential for tighter barrier function in 
salivary ducts. 

The function of claudin-7 in paracellular ion trans-
port is inconsistent in different cell lines. Experimental 
expression in LLC-PK1 cells increased Na+ perme-
ability135 and knockdown reduced Na+ permeation129. 
However, knockdown in MDCK II cells increased Na+ 
permeability and enhanced preference for cations129. 
AQP-/- mice showed reduced claudin-7 expression and 
water flow in perfused salivary glands134, indicating 
that claudin-7 may be critical in saliva secretion. 

Despite claudin-11 expression in salivary glands, 
its function in paracellular fluid and ion transport is 
unknown. Cong et al26 observed that the responses 
of claudin-11, along with claudin-1 and -3, to TRPV1 
stimulation and to gland transplantation suggest it may 
be an important component of the TJ barrier in salivary 
epithelia. 

Although the small pores are probably regulated 
by claudins, the relationship between claudin type 
and function of the pores remains poorly elucidated 
in salivary epithelia. Since salivary glands have both 
leaky and tight segments, they are the ideal system to 
explore the role of TJ proteins in paracellular fluid and 
ion transport.

Measurement of small pores

There are several classes of tracers or probes being 
widely used to characterise the small pores, including 
measuring apparent permeability and pore radius. These 

probes include small non-electrolytes, Lucifer yellow, 
dextrans, PEGs, and peptides. Other tracers or probes 
such as inorganic metals or nitrogenous cations have 
also been utilised, but their role in investigating small 
pores permeability is not extensive.  

Small non-electrolytes

Many studies determined the flux of non-electrolytes 
with various molecular weights and hydrodynamic radii 
that may be suitable to reflect the paracellular water and 
ion movement. A basic requisite for non-electrolytes to 
be used as tracers is their incapability of moving through 
the transcellular pathway, i.e. not to traverse across the 
cell membrane to enter the cytoplasm. Various studies 
used isotope (14C or 3H)-labelled small non-electrolytes 
as tracers that do not cross cell membranes. Frequent-
ly used polar non-electrolytes include urea (hydro-
dynamic radius 2.71 Å), alanine (2.94 Å), glycerol 
(2.96 Å), creatinine (3.13 Å), erythritol (3.2 Å), man-
nitol (3.63 Å), L-dopa (3.72 Å), α-ME-dopa (3.81 Å), 
lactulose (4.56 Å), sucrose (4.56 Å), and raffinose 
(5.37 Å); positive charged tracer atenolol (4.15 Å); 
and negatively charge compounds formate (2.61 Å), 
acetate (2.71 Å), lactate (2.94 Å), foscarnet (3.22 Å), 
and hippurate (3.6 Å)136. All these tracers pass across 
the epithelia primarily through the paracellular pathway 
(> 90% of transepithelial flux is via paracellular trans-
port). Some small non-electrolyte molecules have rela-
tively high oil/water distribution coefficients, such as 
ethanol and antipyrine (both have an oil/water partition 
coefficient 32.0x10-3) as well as thiourea (1.20 x 10-3), 
which facilitates their entry into cells, thus quantifying 
the portion of transcellular versus paracellular transport 
is difficult. 

Inorganic cations

A number of inorganic cations were used as tracers to 
determine the permeability of the paracellular fluid 
pathway, including Pb2+, Ba2+, Ag+, and Tl+. However, 
these tracers can gain entry into the cells and have toxic 
effects, greatly limiting their usage. Nonetheless, care-
fully designed experiments utilising these tracers pro-
vided valuable data about the structure and nature of the 
paracellular fluid transport pathway. Simson et al18,137 

used lead (Pb2+) as a tracer to perfuse rat PGs through the 
blood circulation system for shorter than 2 minutes and 
directly observed lead precipitates in the acinar lumen 
via electron microscopy. With this method, differential 
permeability of TJs within a single secretory unit was 
measured. Lead precipitates were distributed primarily 
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in the extracellular space and did not pass through TJs 
between striated duct cells. The precipitates also were 
rarely found on the luminal side of TJs in the intercalated 
duct segment, but were easily observed in the lumen of 
acinar cells, indicating that TJs between acinar cells are 
permeable to the tracer, whereas those between striated 
duct cells are impermeable. 

Lucifer yellow
Lucifer yellow (C13H10Li2N4O9S2, MW 444) is a cell 
impermeable chemical. It has been frequently used as a 
tracer for fluid secretion through the paracellular path-
way138,139. Lucifer yellow is also often used to determine 
communication between cells since it can pass through 
the gap junctions. 

Dextran
Another series of widely used probe for paracellular 
pathways is dextran. Dextran has different molecular 
weights with a strongly hydrophilic molecular struc-
ture that is theoretically difficult to diffuse across cell 
membranes to enter the cytoplasm. FITC-dextrans (or 
FDs) with various molecular weights are frequently used 
for characterisation of paracellular pathways, such as 
FD4 (MW 3.86 kDa), FD10 (9 kDa), FD20 (19.8 kDa), 
FD40 (40.5 kDa); FD70 (71.6 kDa), and FD150 (156.9 
kDa). Many studies also utilised only one or two FDs 
as probes to explore the function and regulation of the 
paracellular fluid transport mechanism in salivary gland 
epithelia20,26,96,97,134,140. 

However, some studies observed that dextrans are able 
to enter cells and the permeability measured by using 
FDs may not accurately reflect paracellular transport. It 
is interesting to note that FDs have been used as markers 
of fluid-phase endocytosis. For example, Tomita et al141 
reported that FD4 passed through Caco-2 cell monolay-
ers by a process that was inhibited by colchicine, an 
endocytosis inhibitor, and was reduced by unlabelled 
dextran (10 kDa), indicating that FD4 transport is medi-
ated at least partially by endocytosis. Similar results were 
observed by Ohkubo et al142 in Caco-2 cell monolayers. 
Although these experiments incubated cells with FD4 for 
an extended period (24 hours), the results demonstrated 
that FD4 can be internalised by Caco-2 cells. Bradbury 
and Bridges143 utilised FD40 to monitor endocytosis in 
T84 cells by incubating cells with FD40 for only 5 min-
utes, suggesting that the dextran is able to enter cells in 
a short time period.

There also was evidence that certain conditions, 
such as Ca2+ depletion, enabled T84 cell monolay-
ers to uptake rhodamine-conjugated dextran (10 kDa) 
via endocytosis144. Similar results were also reported 

in MDCK cells145. Incubation of MDCK cells with 
FD10 (10 kDa) for 15 or 30 minutes induced a clear 
FD uptake. Matsukawa et al146 used a series of FDs 
with different MWs (from 3.86 kDa to 156.9 kDa) to 
measure paracellular transport in the alveolar epithelial 
monolayers and found that FDs with MWs smaller than 
40 kDa pass through TJ pores with a radius of 50 Å, 
whereas larger molecules are transported across epithe-
lial monolayers through pinocytosis. It remains unclear 
whether the uptake of FDs by salivary gland epithelial 
cells is similar to intestinal, kidney, and alveolar cells. 

PEGs
PEGs are another class of widely used probe for meas-
urement of permeability and radius of the small para-
cellular pathway. PEGs are neutral and water soluble. 
There are no reports indicating that these oligomers 
have any toxicity to cells. Most importantly, PEGs usu-
ally cannot traverse across cell membranes to enter the 
cytoplasm. It is well documented that transepithelial 
transport of PEGs is predominately via the paracellular 
pathway147,148. In general, the molecular size of PEG is 
proportional to its hydrodynamic radius. For example, 
PEG194 (the number in a PEG name indicates its MW), 
PEG282, PEG370, and PEG502 have a radius of 3.71Å, 
4.24 Å, 4.71 Å, and 5.32 Å, respectively. To determine 
pore permeability and radius in an epithelium, it is ne-
cessary to use continuous series of PEGs. The amount 
of PEGs in samples can be separated by liquid chroma-
tography and quantified by mass spectrometry. Recently, 
Van Itallie et al126,149 developed a much simpler method 
that can separate and quantify modified PEGs by using 
HPLC and fluorescence emission. 

The accuracy of using PEGs as probes for paracel-
lular fluid or macromolecule transport has been chal-
lenged150,151. A typical example is that PEG194 was 
found to have a much (6~28 fold) higher permeability 
than mannitol, a widely used non-electrolyte tracer with 
a similar MW (182)127. The difference indicated that the 
more flexible PEG structures127 have smaller radii than 
non-electrolytes or dextrans125. 

Pore size, permeability, and porosity of the small pores
One of the most important characteristics of paracellular 
pathways is the size or radius of the pores, which is the 
key factor allowing passage of molecules through the 
pores. Epithelial pore size is determined by using a series 
of tracers with different molecular size or hydrodynamic 
radius126,152,153. Using the results of tracer permeation 
across an epithelium or a cell monolayer, apparent per-
meability (Papp) and pore size (radius) can be determined 
by various equations126,152,153,154. 
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The typical relationship between Papp and pore size 
or between fraction of volume flow or filtration coef-
ficient and pore size is a hyperbola-like curve with 
higher values of Papp at smaller tracer radii, falling rap-
idly with the line flattening as the tracer radii increases 
(Fig  3)126,128,154,155. The curve clearly shows two exist-
ing components. The first segment of the curve with the 
steep negative slope is consistent with the small pores 
and the second segment of the curve with the flat slope 
is a reflection of the large pores.

Emerging data indicate that radii of small pores in 
various epithelia are similar, approximately 4~6 Å 
(Table 3). However, the number of pores in a unit area, 
i.e. the porosity or density of pores, varies significantly 
among epithelia, but is proportional to Papp of small 
tracers126. Van Itallie et al126 used Papp values of 3.5 Å 
PEGs to reflect the density of pores in different epithe-
lia or cell monolayers. Although pore size is consistent, 
pore density is tightly regulated by certain factors126.

Case et al128 measured the transport of 10 polar non-
electrolytes in perfused rabbit mandibular glands and 
found that small polar non-electrolytes are transported 
across the epithelium through a type of pores with a 
radius of 4 Å. Howorth et al155 perfused rabbit man-
dibular glands to study the permeability of small non-
electrolytes, showing that the effective channel radius 
of the pores was about 4~4.5 Å. These results are 
similar to the reported radii of the small pores in rabbit 
gallbladder epithelia (3 Å)156, kidney cell monolayers 
(4 Å), and intestinal cell monolayers (3.7~9 Å) (Table 
3). It is postulated that a number of cations, such as Na+, 
Ca2+ and probably Mg2+ may be transported through 
these paracellular pores in salivary acini, since the ap-
ical membrane does not appear to have a monovalent or 
divalent cation transport mechanism in accordance to 
the current transcellular fluid secretion model (Fig 1a).

A number of studies have determined the character-
istics of the small pores. In general, monovalent cations 
(Li+, Na+, K+, Rb+, and Cs+) have a much higher per-
meability than divalent cations (Ca2+ and Mg2+) and the 
permeability is correlated with ion weight or size. Tang 
et al163 observed that Na+ permeability is constant when 
the Na+ concentration gradient is in a range of 10~145 
mM and divalent cation permeabilities are higher at 
low concentration gradients in MDCK II and T84 cells. 
Interestingly, when Na+, Cl-, Ca2+, and Mg2+ are present 
simultaneously, equal ion permeability are observed in 
these cells163. When several cations coexist, the perme-
ability to one cation is reduced, suggesting competition 
for the same pores163. 

The porosity or density of the small pores in the TJ 
complex remains unclear, despite its vital role in para-

cellular transport. Using a dual-pathway ultrastructural 
model for TJs in rat proximal tubule epithelium, Guo 
et al164 found the density of small pores is one pore for 
every 20.2-nm TJ strands, suggesting that these pores 
play a critical role in NaCl transport since 91% of para-
cellular NaCl permeability was mediated by the small 
pores in rat proximal tubules164. Based on reported data 
that each TJ particle spreads approximately 20 nm along 
a TJ strand165, it appears one TJ particle has one small 
pore in rat proximal tubule epithelium164. The apparent 
permeability of PEGs with molecular radius of 3.5 Å has 
been used to indirectly reflect density of small pores126. 
To date, there have not been any data indicating porosity 
of small pores in salivary gland epithelia. 

Subtype of small pores

It is unclear whether small pores consist of different 
subtypes of pores or whether the size-selectivity and the 
charge-selectivity represent separate pores or channels. 
It is reasonable to hypothesise that size- and charge-
selective pores are different subtypes and controlled 
by distinct operating mechanisms and regulating fac-
tors. Studies expressing a mutant TJ membrane protein 
dissociated paracellular permeability and TER59,94,166, 

Fig 3 Schematic illustration of the relationship between 
apparent permeability (Papp) or filtration coefficient and molec-
ular radii of tracers used in determination of paracellular trans-
port. Papp or filtration coefficient is a function of tracer radii 
and rapidly decreases with tracer molecular radius increasing 
in cultured cell monolayers or in perfused salivary glands. (This 
figure is based on the models described by Van Itallie et al126 
and Shachar-Hill and Hill154).
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indicating that size-selective pores and charge-selective 
channels are probably not similar.  

Large pores

Although it has been well recognised that some macro-
molecules can pass the paracellular barrier to enter the 
lumen in exocrine gland epithelia, including salivary 
gland acini, the anatomical location of the large pores in 

Table 3   Radii of the small paracellular pores in salivary, intestinal, and kidney epithelia

Epithelium Tracer Pore Radius (Å) Investigator, Year

Salivary gland

Rabbit SM G Non-electrolytes 4 Case et al, 1985128

Rabbit SMG Non-electrolytes 4 ~ 4.5 Howorth et al, 1987155

Rat SMG Non-electrolytes 3.8 Nakahari et al, 1996157

Rat SMG Dextrans 5 Murakami et al, 2001124

Intestine

Caco-2 Non-electrolytes 4.6 Knipp et al, 1997123

Caco-2 Peptides 5.1 Knipp et al, 1997158

Caco-2 PEGs 4.5 Watson et al, 2001125

Caco-2 Non-electrolytes 3.7 Tavelin et al, 2003159

Caco-2 PEGs 4 Van Itallie et al, 2008126

Caco-2 Non-electrolytes < 4 Seki et al, 2008160

Caco-2 PEGs 5.8 Linnankoski et al, 2010153

Caco-2 Non-electrolytes 5.9 Kataoka et al, 2011161

T84 PEGs 4.3 Watson et al, 2001125

T84 PEGs 4.5 Watson et al, 2005162

3/4/A1 Non-electrolytes 9 Tavelin et al, 2003159

Pig ileum cells PEGs 4 Van Itallie et al, 2008126

Human intestine PEGs 6.6 Linnankoski et al, 2010153

Kidney

MDCK II PEGs 4 Van Itallie et al, 2008126 

MDCK II PEGs 5.5 Linnankoski et al, 2010153

MDCK C7 PEGs 4 Van Itallie et al, 2008126

SMG: the submandibular gland; MDCK: Madin-Darby canine kidney cell line. 

the intercellular space remains controversial. Early stud-
ies proposed three possibilities to explain the observation 
of ‘leakage’ of macromolecules through the TJ complex: 
a) damage produced experimentally in epithelia or cell 
monolayers; b) a slit created by damaged, dying, or dead 
cells; and c) leaky and nonselective channels at the TJ 
complex167. The former two possibilities can be avoided 
by carefully performed experiments. It has been dem-
onstrated that a temporary increase in permeability to 
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macromolecules can be induced by pathological stimuli 
such as proinflammatory cytokines in intestinal epithe-
lia. This leakage pathway is formed by internalisation of 
TJ proteins64. The difference between this leakage and 
the large pores under physiological conditions needs to 
be examined. Accumulating data reveal that TJs contain 
a specific pathway for passage of large molecules such 
as peptides, proteins, lipids, and large probes (dextrans 
and PEGs). Guo et al164 called the pathway ‘large slit 
breaks’. Absorption of large hydrophilic peptides and 
proteins, such as drugs or antigens, in intestinal epithelia 
is mediated predominately by paracellular large pores. 
The large pores develop or mature earlier than smaller 
pores. It was observed that the large pores are present in 
Caco-2 cell monolayers cultured for 9 days, whereas the 
small pores appear in the cells cultured at 13 days160.

Measurement of large pores

While small pores are measured with various small non-
electrolyte tracers, the large pores have been determined 
with large molecular probes. The widely used molecu-
lar probes for measuring the large pores in 1970s and 
1980s include microperoxidase (MW 1.68~1.9 kDa), 
cytochrome C (12 kDa), myoglobin (17.8 kDa), tyrosi-
nase (34.5 kDa), horseradish peroxidase (HRP; 40 
kDa), haemoglobin (66 kDa), and lactoperoxidase (82 
kDa). For example, Garrett et al168 injected retrograde 
HRP into the duct of SMGs in rabbits and observed 
that HRP was present in the interstitial space, indicating 
that the tracer traversed the TJ barrier. Most of these 
probes, typically HRP and lactoperoxidase, were less 
often used for measurement of paracellular transport due 
to their potential to induce cell membrane damage169 
and to enter cells if the incubation time is sufficient 
(1~4 hours)170. However, microperoxidase has been 
continuously used in measurement of TJ permeability in 
salivary glands as no adverse effect was observed28,171. 
One of the most frequently used probes for measurement 
of paracellular pathway to date is large FITC-dextran 
with various molecular weights, such as 4, 20, 40, or 
70 kDa26,113,134,140.

Permeability of large pores

In general, the apparent epithelial permeability to 
large molecular probes is adversely proportional to the 
molecular size of the probes. Early studies found that rat 
parotid glands are not permeable to HRP at rest condi-
tions, but TJs between acinar cells are permeable to HRP 
administered via the intraductal lumen at physiological 
pressures (<15 mm Hg) following secretagogue stimu-

lation, whereas the junctions between striated duct cells 
are more resistant to passage of the probe172. Kuijpers 
et al173 found that the paracellular barrier of rabbit pan-
creas acini is permeable to HRP. Using FITC-dextrans 
with MW of 3.86, 9, 19.8, 40.5, 71.6 and 156.9 kDa 
to measure paracellular transport in alveolar epithelial 
monolayers, Matsukawa et al174 observed that the appar-
ent permeability of low-MW dextran is higher compared 
to high-MW dextran. Overall, it is generally assumed 
that the permeability of large pores is much lower com-
pared to small pores. 

Size and density of large pores

To date, there are no consistent data about the size of 
large pores. Watson et al125 suggested that the radius 
may be far larger than 7.4 Å based on the size of the 
largest PEG oligomer used in their measurements. Seki 
et al160 suggested the pore radius to be much larger than 
21 Å in Caco-2 cells. Matsukawa et al174 found that 
the radius of large pores in alveolar cell monolayers is 
50 Å; macromolecules smaller than 40 kDa can pass 
through the pores, whereas molecules larger than 40 kDa 
are transported cross the epithelium via pinocytosis. Lin-
nankoski et al153 reported that radius of the large pores 
is 30.5 Å in MDCK II cells, 10.4 Å in Caco-2 cells, 
14.9 Å in 2/4/A1 cells, and 10.1 Å in human intestine 
epithelia. Guo et al164 found that the large slit breaks 
are 172 nm in length and 19.6 nm (196 Å) in height 
in rat proximal tubules. Similar large slit breaks with a 
length of 150 nm and 200 nm have also been observed 
in frog mesentery capillary175 and rat urinary tubules165, 
respectively. Using protein probes, microperoxidase, 
cytochrome C, myoglobin, tyrosinase, hemoglobin, 
HRP, and lactoperoxidase to measure the permeability 
of rat parotid gland TJs, Mazariegos et al169 found that 
any molecules large than 1.9 kDa cannot pass through 
the paracellular pathway of the rat parotid gland at rest 
conditions. This molecular weight has become a refer-
ence for the size limit of paracellular transport and has 
been cited frequently. 

The density of the large pores is quite low, 8×10-8 
in MDCK II cells, 7×10-8 in Caco-2 cells, 1.54×10-6 in 
2/4/A1 cells, and 8.9×10-7 in human intestine epithe-
lia153. Guo et al164 found that the frequency of the large 
slit breaks is 1.94% in rat proximal tubules. However, 
there has not been any specific investigation charac-
terising similar large pores in salivary gland epithelia. 

In summary, although various studies have demon-
strated the existence of small pores and large pores as 
the paracellular pathway in TJs, the structure of these 
pores are unclear. For example, how claudins form 

Copyright
byQ

uintessenz

Alle Rechte vorbehalten



30 Volume 16, Number 1, 2013

ZHANG et al

charge- and size-restrictive pores remains unrevealed. 
In theory, studies focusing on amino acid residues of 
claudin proteins may provide valuable clues to the 
issue. Through testing and manipulating amino acid 
sequences of a specific claudin, the role of the protein 
sequence may be delineated, though these experiments 
could be difficult. In addition, more questions arise 
related to the large pores; for example, how the pores 
are formed; whether claudins are involved; how the 
pores can selectively open for macromolecule passage 
without permitting water, ion or small non-electrolyte 
diffusion; and how these pores are regulated under 
physiological and pathological conditions. Several 
models have been proposed to depict the paracellular 
ion transport through the small pores106,154, but there 
is no model proposed for macromolecule transport. 
Further studies to clarify these issues will have a high 
impact on the mechanisms of the paracellular pathway. 

Water transport

Transepithelial water transport is the key issue for elu-
cidation of the mechanism of fluid transport. Howev-
er, after decades of investigation and debate, the issue 
remains highly controversial. 

Transcellular or paracellular?
The debate on which pathway mediates water passage 
across an epithelium, i.e. the transcellular or the para-
cellular pathway, has lasted for decades. Elucidation 
was expected when aquaporin, the so-called ‘water 
channel’ proteins, were identified and sequenced. How-
ever, the finding of aquaporin did not provide a clear 
resolution to this issue. AQP5 is the major aquaporin 
expressed in the apical membrane of salivary acinar 
cells and is proposed as the primary transcellular water 
pathway176-178; however, elimination of AQP5 in knock-
out mice  (AQP5-/-) did not completely eliminate water 
secretion from salivary glands. In AQP5-/- mice, saliva 
secretion was reduced by 60%179 and water permeability 
was reduced by 65% in parotid acinar cells and 77% in 
isolated sublingual acinar cells180. Incomplete deletion 
of water secretion in AQP-/- mice suggests existence of 
other water transport pathway(s) that is not related to 
aquaporin. 

In other epithelia such as the intestine, water was 
observed to be cotransported by antiporters (exchang-
ers), uniporters, and cotransporters, such as the K+-Cl- 
or the Na+-K+-2Cl- cotransporters and the glucose uni-
porters, often referred as ‘the cotransporter model’181-
183. This mechanism of water transport is energised by 
coupling to the substrate flux and is able to transport 

water uphill against an osmotic gradient181-183. Salivary 
acini have several types of ion exchangers and the 
Na+-K+-2Cl- cotransporter; therefore, it would not be 
surprising if water is transported into the cell through 
these ion transporters. However, water secretion across 
the apical membrane into the lumen is unlikely to be 
mediated by such mechanism since no ion exchanger 
or cotransporter has been identified in the apical mem-
brane of salivary acini.

Studies by Murakami et al124,184, using perfused 
rat SMGs, provided evidence that the paracellular 
pathway was the primary pathway for water secretion 
and the transcellular pathway mediated only a small 
fraction of water flux. Segawa et al139 used confocal 
microscopy to visualise Lucifer yellow fluorescence to 
reflect water movement in arterially perfused rat PG 
and SMG, observing that the initial water secretion 
after muscarinic stimulation was through the transcel-
lular pathway, and the sustained water flux was via 
the paracellular pathway. Nakahari and Imai157 used 
a digitised imaging technique to monitor the changes 
in acinar cell volume and the swelling of the lumen 
space in perfused rat SMG. Stimulation of the glands 
induced transient swelling of the luminal space before 
the acinar cell shrinkage, indicating that fluid secreted 
into the lumen was not from a cellular source, instead 
it was from the paracellular pathway. However, 
Kawedia et al134 studied paracellular and transcellular 
water transport in AQP-/- and wild type (AQP+/+) mice 
by using 4-kDa dextran D as a tracer. After injecting 
dextran D via the jugular vein to AQP-/- and AQP+/+ 
mice, whole saliva was collected following stimula-
tion with parasympathetic agonist pilocarpine. The 
results of the experiments indicate that transcellular 
pathway was the major fluid transport pathway in 
mouse salivary glands. 

Hill and Shachar-Hill proposed that AQP5 is not 
the channel mediating water flow, but an osmotic 
sensor and a regulator of the paracellular water 
pathway154,185,186. The osmosensor model hypoth-
esises that water flow rate is regulated by aquaporins 
localised in the apical (and basolateral) membrane, 
detecting the osmotic and turgor pressure gradient and 
providing feedback to the junctional complex, adjust-
ing water permeability. A study conducted by Kawedia 
et al134 found that deletion of AQP5 reduced both TJ 
protein expression and paracellular water flux, provid-
ing partial support for Hill’s osmosensor hypothesis. 
Currently, the questions whether fluid transport is 
mainly mediated by transcellular or paracellular path-
way and what role aquaporin plays in fluid transport 
remain unaddressed. 
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Need osmotic or ionic gradient?

Most fluid transport models propose that paracellular 
water flux needs an osmotic gradient or an electro-
osmotic gradient as the driving force to attract water and 
ion movement187-190. However, the osmosensor feed-
back model proposed by Hill and Shachar-Hill154,185,186 

hypothesised that epithelia, including the salivary gland 
secretory epithelium, transport most solutes through 
transcellular pathway, with water and some ions move-
ment through a hypotonic paracellular pathway, not re-
quiring an osmotic or electro-osmotic gradient. A num-
ber of articles using mathematical models to demonstrate 
these theories have been published and the debate on 
whether an osmotic gradient is required for paracellu-
lar fluid transport is at an impasse. Nonetheless, most 
experimental data suggest that an osmotic gradient may 
be needed for paracellular fluid movement. Murakami 
et al191 used arterially perfused rat SMG to explore the 
effect of hydrostatic pressure on the paracellular trans-
port of Lucifer yellow and found that at least part of 
the paracellular fluid transport is driven by hydrostatic 
pressure. Nakahari et al192 perfused rat SMG with per-
fusates at different osmolarities, and found that fluid 
movement across the salivary epithelia was dependent 
on the osmotic difference between the lumen and the 
interstitium. A recent study by Rosenthal et al130 inves-
tigated the role of osmotic and Na+ gradients in fluid 
transport in claudin-2-expressed MDCK cells and found 
that water flow across the paracellular barrier is driven 
by two factors, osmotic and Na+ gradients, with an addi-
tive effect observed when both gradients are simultane-
ously applied to the system. 

The pathway mediating water flow

Since the molecular radius of water is much smaller 
than the radius of small pores and solvent drag may be 
the mechanism mediating water movement, it is reason-
able to assume that high-capacity small pores should 
be the pathway for water flux, whereas large pores may 
play a minor role in mediating water passage128,155,184. 
Howorth et al155 found that there is approximately 2% 
water flow through the large pores in salivary epithelia. 
Rosenthal et al130 observed that claudin-2 forms para-
cellular water channels in MDCK C7 cells. However, 
contrasting data have also been observed. Guo et al164 
found that the infrequent large slit breaks (large pores) 
mediate 95% of paracellular water permeability in rat 
proximal tubules. 

Fluid transport mechanism

Early studies proposed that the major mechanism that 
mediates non-electrolytes movement from the interstit-
ium to the lumen of salivary gland acini is by solvent 
drag, which couples solute transport and water flow by 
a fractional interaction between solute and water128. In 
other words, water flux drags solute movement. This 
mechanism becomes evident in many studies. For exam-
ple, Murakami et al184 found that Lucifer yellow move-
ment across the paracellular pathway was proportional 
to fluid secretion in perfused rat SMGs, indicating that 
its transport is by solvent drag. Rosenthal et al130 also 
provided evidence that solvent drag is the mechanism by 
which water and ions are transported since expression 
of claudin-2 increased both Na+ and water transport, 
whereas claudin-10b was not able to mediate water flux, 
resulting in no increase in Na+ transport when expressed. 
It also has been shown that the primary mechanism of 
Ca2+ absorption in the intestine is mediated by solvent 
drag193-195. For example, 70% of duodenal Ca2+ absorp-
tion is through this mechanism193.

Regulation of the paracellular pathway

In contrast to transcellular secretion, there have not been 
systemic investigations on the regulation of the para-
cellular fluid, electrolyte and macromolecule transport. 
However, a number of studies have explored the possible 
controlling mechanisms of the paracellular pathway. The 
following section will provide a brief summary of cur-
rent studies conducted on the possible mechanisms and 
factors that regulate TJ structure and function.

General regulatory mechanisms

The TJ structure and function are regulated by many 
systems, including the autonomic nervous system, the 
endocrine, paracrine, and autocrine systems. Further-
more, many other factors such as nutrients, therapeutic 
chemicals, and environmental contaminants also impact 
TJ function. These factors may act through common or 
different mechanisms.

Phosphorylation of TJ proteins

Phosphorylation of some TJ proteins is a common, and 
possibly the primary way to rapidly regulate TJ structure 
and function. Most TJ signalling proteins are able to 
phosphorylate other TJ proteins, specifically the trans-
membrane proteins, i.e. claudins, TAM proteins, and 
JAMs.
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Phosphorylation of claudins
Claudins can be acutely phosphorylated, rapidly alter-
ing TJ barrier function. PKA, PKC, MAPK, and Rho 
kinase can phosphorylate various claudins, resulting in 
a change in TER and permeability to water and ions (see 
review by Angelow et al14). The latter depends mainly on 
which claudin is involved. For example, PKA-induced 
phosphorylation of claudin-3 at Thr192 in ovarian cells 
caused a decrease in TER196. Phosphorylation of clau-
din-5 at Thr207 by PKA in rat lung endothelial cells rap-
idly reduced TER and increased mannitol flow197. The 
TJ pores specific for Mg2+ are formed by claudin-16 and 
the pore permeability is regulated by phosphorylation 
of claudin-16 at Ser217; any factor that induces dephos-
phorylation of claudin-16, such as PKA inhibitors, ade-
nylate cyclase inhibitors, or point mutant at Ser217, can 
abolish PKA effects198. 

Phosphorylation of occludin
Occludin is not only an integral component of TJs, but 
also a regulator of TJ structure and function. Occludin 
exists in multiple phosphorylation states in the cell and 
the majority of the highly phosphorylated occludin is 
concentrated in the TJ complex199. It is hypothesised that 
occludin plays a critical role as a signalling or regulatory 
platform altering TJ formation, function, and disassem-
bly and merging various signalling systems regulating 
TJs, such as under oxidative and reducing conditions200. 
For example, phosphorylation of occludin on Tyr resi-
dues in C-terminal domain reduces its interaction with 
ZO-1; in contrast, phosphorylation of Ser or Thr residues 
may increase the interaction, leading to regulation of TJ 
assembly or disassembly201. Phosphorylation of occludin 
by protein kinase CK2 alters TJ structure and permeabil-
ity202. When occludin is phosphorylated at Ser408 by 
CK2, occludin-claudin-2 complex formation is blocked 
and claudin-2 is able to constitute charge- and size-selec-
tive pores, permitting Na+ passage. If occludin is not 
phosphorylated by CK2, it forms a complex with ZO-1 
and claudin-2, thus claudin-2 loses its ability to form Na+ 
pores203 (see review by Shen202). Therefore, phospho-
rylation of occludin is a critical step for TJ regulation.

Phosphorylation of JAMs
Phosphorylation of JAMs by PKC at Ser284 or 285 is 
needed for the development of TJ barrier function204,205. 
However, the effects of JAM phosphorylation in TJ 
structure and function have not been extensively studied.

Phosphorylation of cytoskeletal proteins
Cytoskeletal proteins are not TJ integral membrane pro-
teins, but TJs are associated with the cytoskeleton. In the 

1980s, ultrastructural studies already demonstrated that 
TJs are associated with actin filaments. Disruption of 
actin filaments by cytochalasin D or phalloidin induces 
structural changes in TJs (see review by Rodgers and 
Fanning206). However, TJ integral membrane proteins 
do not directly bind to cytoskeletal proteins; their associ-
ation is mediated by scaffolding proteins ZO-1, -2, -3, or 
cingulin, though cingulin may play only a minor role. It 
has been repeatedly demonstrated that disruption of the 
cytoskeleton alters TER and paracellular permeability. 
Part of this effect may be induced by the contraction of 
the perijunctional actomyosin ring, which theoretically 
enlarges the intercellular space between adjacent cells. 
A number of studies indicated that myosin II appears to 
be responsible for this effect. It is well established that 
myosin light chain (MLC) is involved in the regulation 
of paracellular permeability. This is likely through MLC 
phosphorylation206. More recently, it has been clearly 
demonstrated that MLC phosphorylation is a critical 
step in the regulation of TER and paracellular transport 
in the SMG-C6 cell line71.

Internalisation of TJ proteins

Another rapid regulation of TJ structure and function is 
the internalisation of TJ proteins. As mentioned above, 
the TJ complex is a highly dynamic structure and exists 
in a state of continuous remodeling. Claudins seem to be 
relatively stable in TJs. For example, it has been reported 
that 60% of claudin-1 molecules are immobile in the 
TJ complex in intestinal epithelia compared to 30% of 
occludin proteins. Most ZO-1 molecules are in the state 
of continuous exchanging between the TJ complex and 
the cytosol207 (see review by Shen202). The underlying 
mechanism regulating TJ protein remodeling remains 
unclear. Cong et al71 observed that stimulation of the 
TRPV1 receptors induced a redistribution of occludin 
between the TJ complex and the cytosol, a decrease in 
TER, and an increase in permeability to trypan blue and 
4-kDa FITC-dextran in 5 minutes, the shortest time point 
examined in SMG-C6 cells. These changes depend on 
ERK1/2 activation. 

Changing TJ protein expression

The long-term regulation of TJ structure and function 
is the alteration of TJ protein expression. This has been 
demonstrated frequently in many studies, although 
the regulating mechanism may be different in various 
epithelia. For example, exposure of Par-C10 cells to 
TNF-α and IFN-γ induced a decrease in the expression 
of claudin-120. It is observed that ZO-1 and occludin 
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are strongly downregulated, while claudin-1 and -4 are 
overexpressed in labial salivary glands from patients 
with Sjögren syndrome30. Stimulation of TRPV1 recep-
tors with capsaicin induced a significant increase in the 
expression of ZO-1, claudin-3 and -11 in rabbit SMG 
cells, which was coupled with increased TER and 
decreased paracellular permeability to tracers26. 

In general, changing protein expression is a slow and 
long-term regulation, which takes hours to accomplish. 
Activation of the TRPV1 receptor increased expres-
sion of ZO-1, claudin-3 and -11 mRNAs in 12 hours 
and increased the expression of proteins in 24 hours26. 
These were the shortest time points determined and 
the accurate time needed following expression of these 
mRNAs and proteins may be shorter, requiring further 
studies. In contrast, upregulation of members of the 
signal transduction system mediating these responses 
was faster. Capsaicin-stimulated expression of ERK1/2 
and MLC2 took place following 5 minutes26, indicating 
they also play a part regulating the rapid responses. 

Physiological regulation 

Neurotransmitters

Saliva section is controlled by the autonomic nervous 
system, mainly the sympathetic and parasympathetic 
nerves. Specifically, under physiological conditions, 
water and ion transport is elicited predominately by 
muscarinic agonist acetylcholine and α1-adrenergic ago-
nist norepinephrine, whereas the secretion of proteins 
and other organic macromolecules is evoked mainly by 
β-adrenergic agonist isoproterenol6-9. Although the non-
adrenergic, non-cholinergic (NANC) peptide agonists, 
such as vasoactive intestinal peptide (VIP), substance P 
(SP), and neuropeptide Y (NPY), also participate in the 
regulation of salivary secretory responses208, their roles 
in saliva secretion are relatively minor. The nucleotide 
transmitters, such as ATP and UTP, are able to trigger 
strong secretory responses, including Ca2+ mobilisa-
tion and ion transport in isolated or cultured salivary 
cells209-211, but their action in vivo is relatively minimal 
under physiological conditions. Although controlling 
or regulation of the transcellular fluid, electrolyte, and 
protein secretion is extensively investigated, our know-
ledge about the paracellular pathway for water, electro-
lyte, and macromolecule transport remains essentially 
limited.

Cholinergic and α1 adrenergic agonists
It is postulated that the paracellular pathway is under 
the same regulation as the transcellular pathway since 

the salivary secretion is a well-synchronised process. 
A large number of studies stimulated perfused salivary 
glands or cultured cell monolayers by either stimula-
tion of the chorda tympani nerve or administration of 
muscarinic agonists to elicit fluid and ion flux through 
the paracellular pathway (Table 4). It is well accepted 
that stimulation of muscarinic cholinergic system trig-
gers an increase in paracellular fluid and ion diffusion, 
however, the signalling system mediating the response 
remains undefined. 

As it is well known that Ca2+ is the main signal for 
transcellular ion transport, it would not be unreasonable 
to assume that Ca2+ should play a substantial role in 
controlling paracellular water and ion flow. However, 
a number of studies have focused on the effects of 
extracellular Ca2+ on TJ regulation219,220. Neither an 
increase in cytosolic Ca2+ concentration with Ca2+ iono-
phore A23187 or with specific endoplasmic reticulum 
Ca2+-ATPase inhibitor thapsigargin or a reduction in 
cytosolic Ca2+ with specific chelator BAPTA alters TJ 
opening or closing states in frog urinary bladders219, 
indicating that TJs may not be directly regulated by 
intracellular Ca2+. Very few studies have focused on 
this key issue in salivary epithelia. On the other hand, 
extracellular Ca2+ change has a profound influence on 
TJ function. Depletion of extracellular Ca2+ causes TJ 
opening or loosening, loss of TER, and TJ protein inter-
nalisation. Restoration of Ca2+ results in the opposite 
changes in TJ function219. 

PKC is activated when stimulated with muscarinic 
agonists and modulates Ca2+ signalling system in rat 
SMG cells221. It has been demonstrated that PKC exten-
sively participates in the regulation of TJ formation, 
function, and dynamic remodeling222,223, including 
phosphorylation of ZO-1, occludin, and claudins222. 
Furthermore, TJ opening and closing may be tightly 
regulated by PKC223. Since the stimulation of mus-
carinic receptors induces hydrolysis of the phospholipid 
phosphatidylinositol 4,5-bisphosphate (PIP2) by the 
enzyme phospholipase C (PLC) to produce diacylglyc-
erol (DAG) and inositol trisphosphate (IP3) to function 
as second messengers, the activation of PKC is parallel 
to activation of Ca2+ movement in salivary cells. It is 
possible that PKC may be a key factor in the signalling 
system that regulates TJs. Further investigation to test 
this hypothesis would be highly beneficial.

The role of α1-adrenergic agonists in the regulation 
of TJ formation, structure, function, or remodelling is 
unknown. Mazariegos and Hand170 stimulated rat PG 
with α1-adrenergic agonist methoxamine and did not 
induce myoglobin (17.8 kDa) passage through TJs. 
Muscarinic agonist methacholine and combination of 
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Table 4  Regulation of Paracellular Permeability by the Autonomic Nervous System or Neurotransmitters in Perfused Salivary 
Glands or Cultured Salivary Cells

Species and Gland Stimulation Response

Rat SMG171 Electric stimulation of the chorda tympani nerve 
(20 Hz)

Microperoxidase (1.63 kDa) entering the lumen

Rat SMG212 Electric stimulation of the chorda tympani nerve 
and/or the superior cervical ganglion

Microperoxidase and HRP entering the lumen

Dog SMG213 Electric stimulation of the chorda lingual nerve HRP entering saliva

Rabbit SMG128 Acetylcholine Increase in paracellular diffusion of water and small 
polar non-electrolytes

Rabbit SMG155 Acetylcholine Increase in paracellular permeability to water and non-
electrolytes 

Rabbit SMG214 Acetylcholine Increased in fluid secretion, but no change in transcel-
lular water flow

Rat PG170 Methacholine and/or methoxamine Impermeable to tracer myoglobin (17.8 kDa) 

Rat SMG157 Acetylcholine Increase in water flow via the paracellular pathway

Rat PG and SMG215 Carbachol Tracers ≤10 kDa pass through the paracellular path-
way

Rat PG and SMG139 Carbachol Water flows through the paracellular pathway after 
30-45 seconds of stimulation

Rat SMG124 Acetylcholine Increase in paracellular diffusion of water and ions

Rabbit SMG26 Capsaicin (TRPV1 agonist) Increase in 4-kDa FITC-dextran entering the lumen; 
upregulated expression of claudin-3 and -11, and 
ZO-1; redistribution of F-actin

SMG-C6 cells71 Capsaicin (TRPV1 agonist) Increase in trypan blue and 4-kDa FITC-dextran diffu-
sion across TJs; decrease in TER of cell monolayers; 
occludin internalization 

Rat PG170 Isoproterenol (1-4 hours) Increase in myoglobin passing through TJs

Rat PG169 Isoproterenol (1-4 hours) TJs are impermeable to molecules >1.9 kDa; stimula-
tion with isoproterenol increases TJ permeability to 
molecules up to 34 kDa.

Rat PG and SMG215 Isoproterenol Increase in tracers with MW ≤40 kDa passing through 
the paracellular pathway

Rat SMG138 Carbachol + Isoproterenol Lucifer yellow entering the lumen

Rat SMG216 Electric stimulation of chorda tympani nerve 
(20 Hz)

HRP entering saliva, which is blocked by substance P 
antagonist 

Rat SMG217 Substance P Microperoxidase entering the lumen

Rat SMG218 Neurokinin A Increase in paracellular Lucifer yellow diffusion 

PG: the parotid gland; SMG: the submandibular gland; HRP: horseradish peroxidase
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both methoxamine and methacholine did not enhance 
the permeability to myoglobin (Table 4), indicating that 
muscarinic and α1-adrenergic stimulation does not acti-
vate the large pores. 

β Adrenergic agonists
Several studies using perfused salivary glands dem-
onstrated that stimulation of the sympathetic nervous 
system or β-adrenergic receptors induced macromole-
cules that were impermeable when unstimulated to pass 
through the TJs (Table 4). Obviously, the β-adrenergic 
agonist opens the large pores. Since the characteristics of 
the large pores are not well studied, little is known about 
the regulatory mechanisms. Stimulation of β-adrenergic 
receptors stimulates cAMP production, which in turn 
activates PKA. It has been reported that PKA induces 
the phosphorylation of claudin-3 at Thr192 and regulates 
the TJ barrier function in ovarian cells196. PKA also 
phosphorylates claudin-5 at Thr207, which induces a 
decrease in TER and an increase in mannitol diffusion in 
rat lung endothelial cells197. PKA also can directly phos-
phorylate claudin-16 and increase Mg2+ reabsorption 
in MDCK cells198. All these effects regulate the small 
pores. While this varies from results observed in salivary 
glands, it provides solid evidence for PKA regulation 
of TJ functions. Further exploration of the relationship 
between PKA activation and regulation of large pores in 
salivary epithelia is of significant importance.

NANC peptides 
The significance of NANC receptors in saliva secretion 
under physiological conditions is unclear. There were a 
few earlier studies indicating that NANC receptors have 
the potential to regulate paracellular fluid and ion move-
ment. So far, only substance P has been studied.   

Takai et al216 observed that electric stimulation of the 
chorda tympani nerve induced infused HRP entry into 
saliva in rat SMGs; not inhibitable by muscarinic antag-
onist atropine, but reduced significantly by substance P 
antagonist (Table 4). In substance P-depleted glands, 
electric stimulation of parasympathetic nerves failed 
to evoke HRP entry. Therefore, it was concluded that 
the increased TJ permeability to HRP was mediated by 
substance P216. Tani et al also observed that substance 
P induced microperoxidase entry into the lumen in rat 
SMGs217. However, the effects observed in these stud-
ies are on the large pores and the second messenger for 
substance P receptors is Ca2+. Further studies to address 
this inconsistency and to examine the roles of other 
NANC receptors in regulating paracellular transport 
are needed.

TRPV1 agonists 
Activation of TRPV1 receptors with capsaicin stimu-
lates 4-kDa FITC-dextran entry into the lumen of acini, 
increase in expression of claudin-3, -11, and ZO-1, and 
redistribution of F-actin in rabbit SMG26 (Table 4). Sim-
ilarly, stimulation of SMG-C6 cell monolayers with cap-
saicin induced a decrease in TER, an increase in trypan 
blue and 4-kDa FITC-dextran diffusion across TJs, and 
redistribution of occludin from the TJ complex to the 
cytosol. These effects are mediated by ERK1/2-induced 
phosphorylation of MLC271. These results suggest that 
MAPK/ERK1/2 may be the major signalling system 
regulating the paracellular pathway in salivary epithelia. 
Further studies to address the question how ERK1/2 is 
activated by capsaicin stimulation, i.e., the upper stream 
elements of the signal cascade, will be needed.  

Regulation by hormones 

The influence of hormones on saliva secretion has not 
been extensively or systematically studied to date. The 
actions of hormones on paracellular transport in salivary 
epithelia remain basically unknown. We will briefly dis-
cuss only a few hormones that are likely to be associated 
with saliva secretion and paracellular transport.  

Glucocorticoids 
Glucocorticoids promote differentiation of proacinar 
cells and stimulate production of secretory granules in 
the developing rat SMG224. However, there have not 
been studies testing the effects of glucocorticoids on 
the paracellular transport function in salivary epithelia, 
although it has been examined in other epithelia.

Incubation of human bronchial epithelial cell lines 
16HBE and Clau-3 with 0.01~1 µM synthetic gluco-
corticoids dexamethasone (DEX), fluticasone propion-
ate, or budesonide for 5 days significantly increased 
monolayer TER and decreased permeability to 4-kDa 
or 10-kDa FITC-dextran. Immunofluorescent micros-
copy demonstrated that TJ formation was enhanced in 
DEX-treated cell monolayers, although expression of 
occludin and ZO-1 was not altered225. Similar effects 
was also observed in the mouse mammary cell HC11, 
where 1 µM DEX induced an significant and con-
tinuous increase in TER and a decrease in 3H-inulin 
diffusion and occludin expression was also increased 
following 5 days of incubation226. Glucocorticoids also 
influence intestinal epithelia. A critical pathogenic fac-
tor for intestinal inflammation, such as Crohn disease, 
is TJ barrier dysfunction. Glucocorticoids are often 
used as therapeutic agents to counter inflammation and 
can restore intestinal TJ function, such as preventing 
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TNF-α-induced permeability increase in Caco-2 cell 
monolayers227. DEX also can inhibit hypoxia-induced 
TJ dysfunction, such as decreased ZO-1 expression in 
human corneal epithelium228. 

The mechanism by which glucocorticoids enhance or 
protect epithelial TJ function has been explored in vari-
ous cell types. The effects of DEX in human bronchial 
cells appear to be mediated by increased phosphoryla-
tion of epithelial growth factor (EGF) receptors and the 
knockdown of EGF receptors significantly reduced 
DEX effects225. Glucocorticoids’ effects also may be 
through potentiated TJ formation, since DEX effects 
were observed in MDCK cells only during the TJ barri-
er formation229. On the other hand, the protection of TJ 
function in Coca-2 cells by DEX was through binding 
an activated glucocorticoid receptor complex stimulat-
ing myosin light chain kinase (MLCK) expression227.

It is well known that glucocorticoids modulate epi-
thelial Na+ channels (ENaC) and transepithelial Na+ 
transport. Salivary cell line SMG-C6 monolayers grown 
in a medium lacking glucocorticoids had significantly 
lower amiloride-sensitive short-circuit current (Isc) 
and addition of 1.1 µM hydrocortisone restored Isc

230. 
However, it remains unclear whether glucocorticoids 
play a similar role in paracellular Na+ or other ion dif-
fusion in salivary epithelia.   

Mineralocorticoids 
The regulatory roles of mineralocorticoids, primarily 
aldosterone, on reabsorption of Na+ and water as well 
as secretion of K+ and H+ in the kidney have been well 
characterised, but the role of aldosterone in the regula-
tion of paracellular fluid and ion diffusion is unclear. 
Aldosterone has been demonstrated to regulate saliva 
secretion, as it induces an increase in K+ and decrease 
in Na+ content, thus altering the salivary Na+/K+ ratio 
secreted by red kangaroo mandibular glands231 and 
bovine parotid glands232. However, it remains unclear 
whether aldosterone executes these actions through 
altering paracellular pathway in salivary glands. 

In the intestine and the kidney, aldosterone has a 
clear impact on paracellular ion transport. Incubation of 
rabbit distal colon epithelia, both the low-transporting 
and high-transporting epithelia, with 0.1 µM aldoster-
one on the serosal side nearly doubled Isc. The para-
cellular resistance was also significantly increased by 
aldosterone in both epithelia233. In adrenalectomised rat 
distal colonic mucosa, aldosterone induced an increase 
in TER and Na+ accumulation and a decrease in dex-
tran permeability, whereas infusion of angiotensin II 
did not alter the effects of aldosterone, suggesting that 
aldosterone enhances Na+ absorption and reduces para-

cellular permeability234. The increased Na+ absorption 
by aldosterone is probably mediated by the transcellular 
pathway. A measurement of the paracellular resistance 
with two-path impedance spectroscopy in intestinal cell 
HT-29/B6-GR monolayers indicated that aldosterone-
induced increase in paracellular barrier function is 
secondary to the upregulation of claudin-8 expression, 
preventing Na+ back leakage down the Na+ gradient in 
the epithelial cells. Simultaneously, 22Na+ transport by 
ENaC was increased in response to aldosterone235. 

The potential underlying mechanisms that mediate 
aldosterone effects has been studied in renal collecting 
duct cell RCCD2. Aldosterone induced a transient phos-
phorylation of claudin-4 on threonine residues without 
affecting claudin-4 expression or localisation in the TJ 
complex236. This effect appears aldosterone-specific 
since it required mineralocorticoid receptor occupation 
and DEX did not elicit a similar response. Aldosterone 
also increased 125I passage, reflecting Cl- diffusion, 
whereas 22Na+ diffusion was unchanged236.

In summary, aldosterone regulates transepithelial ion 
movement by increasing ENaC activity, increasing Na+ 
transport by stimulating expression of tight claudins such 
as claudin-4 and -8 as well as increasing paracellular per-
meability in intestinal and renal epithelia. These results 
may shed light on the regulatory effects of aldosterone in 
paracellular fluid and ion transport in salivary epithelia.      

Androgen
Salivary gland cells have receptors for sex steroids; how-
ever, their roles on salivary secretory function have not 
been well studied. One of the innovative hypotheses for 
the etiology and pathogenesis of Sjögren syndrome is an 
insufficient local androgen level in exocrine (mainly sal-
ivary) gland tissues237. The local androgen is produced 
by intracrine reactions, converting dehydroepiandros-
terone (DHEA) into dihydrotestosterone (DHT) within 
the exocrine cells. A DHEA supplement to patients with 
Sjögren syndrome increased serum DHEA, free testos-
terone, androstenedione, and DHT, but local androgen 
depletion was not corrected due to the intracrine failure. 
This primarily affects females, who must produce DHT 
and testosterone locally in salivary glands238. It has been 
observed that DHT stimulates initial TJ formation and 
function in Sertoli cells in mice239 and DHT-deficient rats 
exhibited intercellular junction disintegration, including 
a decrease in cadherin, β-catenin, and occludin, which 
underlies the formation of premature germ cells in the 
seminiferous epithelium240. It is unclear whether such 
a decrease in DHT production in salivary cells has any 
detrimental effects on TJs. This should be a focus of 
further exploration. 
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Vitamin D
Vitamin D (VD) is a hormone playing a major role in 
regulating Ca2+ homeostasis. The active form of VD, 
1α,25-dihydroxyvitamin D3 [1,25(OH)2D3] is the most 
important factor controlling Ca2+ absorption in the intes-
tine. However, it is unclear if 1,25(OH)2D3 has similar 
effect on Ca2+ transport in the salivary acini and ducts. 
It has been evident for years that salivary epithelia of 
PG, SMG, and SLG in various species are the major 
targets of VD241 and that saliva secretion is significant-
ly decreased in VD-deprived rats242,243. Ca2+ absorp-
tion stimulated by 1,25(OH)2D3 in intestinal epithelia 
is mainly (70%) through the paracellular pathway193. 
However, contradictory results were found whether 
VD was capable of potentiating the saturable (transcel-
lular) or nonsaturable (paracellular) Ca2+ transport in 
vivo. Recently, Fujita et al244 demonstrated, by using 
VD receptor (VDR)-knockout mice, that 1,25(OH)2D3 
stimulates claudin-2 and -12 expression in Caco-2 cells 
and a lack of VDR significantly reduced claudin-2 and 
-12 expression and Ca2+ transport in rat intestines. 
1,25(OH)2D3 binds to its nuclear receptors and acti-
vates genomic processes, increasing the transcription of 
proteins stimulating transcellular Ca2+ transport, such 
as the plasma membrane Ca2+-ATPase, TRPV6, and 
the Ca2+-binding protein calbindin245. However, this 
is not a rapid process and requires hours to complete. 
The effects of 1,25(OH)2D3 on the paracellular Ca2+ 
diffusion occur in a much shorter time period. Incuba-
tion of isolated rat intestine segments with 1,25(OH)2D3 
induced a rapid concentration-dependent increase in 
paracellular Ca2+ flux, whereas transcellular Ca2+ trans-
port was not changed195,246. This enhancement of Ca2+ 
diffusion was abolished by the inhibitor of phosphati-
dylinositol-3-kinase (PI3K), PKC, and MEK, suggest-
ing that the stimulation by 1,25(OH)2D3 is mediated 
by these protein kinases195. Saliva contains a consider-
able level of Ca2+ (about 41 mg/L), but its source and 
secretory mechanism remain unclear. Investigations to 
address these important issues are needed. Hypotheti-
cally, the pathway and mechanisms by which Ca2+ is 
secreted by salivary endpieces could be explored by 
using cultured cell monolayers and perfused glands in 
special claudin-knockout or knockdown cell lines and 
animal models.

Growth factors

Growth factors have been reported to play a critical part 
in maintaining the TJ structure and paracellular transport 
function. 

Epidermal growth factor 
Various studies found that epidermal growth factor 
(EGF) regulates TJ function by altering claudin expres-
sion and degradation. Singh and Harris247 observed 
that EGF inhibited claudin-2 expression and increased 
expression of claudin-1, -3, and -4, but had no influ-
ence on ZO-1, occludin and AJ proteins E-cadherin and 
β-catenin in MDCK cells. These changes led to a 3-fold 
increase in TER247. Similar results were observed by 
Ikari et al248,249, who further elucidated the intracellular 
signalling system mediating these changes. Inhibition of 
endocytosis with monodancylcadaverine or by reducing 
clathrin with clathrin siRNA, or inhibition of lysoso-
mal protease with chloroquine blocked EGF-induced 
claudin-2 decrease, indicating that the underlying mech-
anism is an increase in claudin-2 degradation. These 
effects are mediated by activation of ERK1/2248,249.

EGF can also protect TJs from acetaldehyde-induced 
damage, including a decrease in TER, an increase in 
inulin permeation, and a redistribution of junction 
proteins occludin, ZO-1, E-cadherin, and β-catenin in 
Caco-2 cells. Furthermore, the protective effects of 
EGF were mediated by the ERK1/2 signalling sys-
tem250. Similar protective effects were observed in bile 
duct epithelium, inhibiting hydrogen peroxide (H2O2)-
induced disruption of TJs and AJs and loss of barrier 
function. Pretreatment with EGF significantly reduced 
these damages. However, the intracellular signalling 
system mediating the protective effects by EGF in these 
cells was a phosphoinositide phospholipase C (PLC)-γ 
and PKC-dependent mechanism251. 

The ERK1/2 signalling system has been demon-
strated to mediate TRPV1 agonist-stimulated protection 
from transplantation (denervation)-induced hypofunc-
tion in human and rabbit SMGs26,71. It is highly likely 
that the ERK1/2 signalling system may be the common 
signalling pathway for regulating TJ structure and para-
cellular transport. Further development in this area will 
be conducive to a full understanding of the regulatory 
network. 

Insulin-like growth factor-I 
Studies have confirmed that insulin-like growth factor-
I (IGF-I) expressed in mouse252, rat253, and human254 
salivary glands. Mitsui et al140 cultured SMIE cells in 
media containing either 10% foetal bovine serum (FBS) 
or different concentrations of IGF-I and found that IGF-
I stimulates cell growth and maintains the paracellular 
barrier function. TER of SMIE cell monolayers was 
significantly reduced and the permeability to 4-kDa 
dextran significantly increased when cells cultured in a 
medium without FBS or IGF-I; whereas both TER and 
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dextran permeability exhibited an IGF-I concentration-
dependent recovery when cells were cultured in medium 
containing IGF-I. 

EGF and IGF-I are autocrine or paracrine products 
that can act on the cells of origin or near the signal-
releasing cell. It is well established that salivary glands 
synthesise these growth factors; however, it is unclear if 
they execute their actions on salivary epithelia. Further 
exploration of the role of these growth factors in sali-
vary gland function will be highly significant. 

Pathological regulation 

Cytokines

Cytokines are one of the major etiological factors in auto-
immune diseases such as Crohn disease, cystic fibrosis, 
and Sjögren syndrome. Proinflammatory cytokines alter 
TJ structure and function in various epithelia. The salivary 
glands of Sjögren syndrome patients produce increased 
proinflammatory cytokines and decreased anti-inflam-
matory cytokines255. The effects of two major proinflam-
matory cytokines, TNF-α and IFN-γ, on TJ structure and 
function have been studied in many epithelia, includ-
ing salivary epithelia. Chronic exposure of Par-C10 cell 
monolayers to TNF-α and IFN-γ induced a decrease in 
TER and the carbachol- or UTP-stimulated anion secre-
tion, an increase in paracellular permeability to proteins, 
and downregulation of claudin-120. TJ protein levels 
in labial salivary glands of Sjögren syndrome patients 
were significantly decreased compared to normal glands 
obtained from control subjects. ZO-1 and occludin were 
downregulated and claudin-1 and -4 overexpressed; fur-
thermore, ZO-1 and occludin were decreased in the TJ 
area and claudin-3 and -4 were redistributed to the baso-
lateral plasma membrane30. Importantly, treatment of 
normal acini with TNF-α and IFN-γ induced alterations 
similar to those observed in these patients30. 

Effects of other cytokines, such as interleukins (IL), 
on epithelial TJs in intestinal epithelia, but not in sali-
vary epithelia, have been extensively studied256,257. 
For example, IL-7 expression in salivary glands of 
patients with Sjögren syndrome is upregulated, which 
induces increased inflammation258, but its influence 
on TJ structure and paracellular transport has not been 
examined.  

The intracellular signalling system mediating the 
effects of cytokines has not been studied in salivary cells. 
However, TNF-α-, IL-4-, and IFN-γ-induced dissociation 
of ZO-1 and occludin and TER change in airway epithe-
lial cell line Calu-3 are mediated by the EGF receptor-
dependent MAPK, specifically ERK1/2 pathway259. 

Oxidative stress

Oxidative stress is a common factor for many inflam-
matory diseases, including autoimmune disorders, such 
as Sjögren syndrome. Oxidative stress in inflammation 
originates from reactive oxygen species (ROS) released 
by immune cells, such as phagocytes. Oxidative reactions 
are increased in patients with Sjögren syndrome260,261. 
Oxidative stress disrupts TJs and increases paracellu-
lar permeability in a variety of epithelia. Using H2O2 
to experimentally induce oxidative stress, some studies 
have found that activation of the MAPK/ERK system 
prevents oxidative stress-induced disruption of TJs in 
Caco-2 cells262 and enhances recovery of TJ structure 
and function in MDCK II cells263. This effect is not sur-
prising since it has been frequently reported that ERK1/2 
is needed for regulation of paracellular permeability in 
MDCK cells264,265. The influence of oxidative stress on 
TJ structure and paracellular fluid transport in salivary 
cells remains unexamined.

In summary, TJ formation, remodelling, and function 
are regulated by neurotransmitters, hormones, as well 
as paracrine and autocrine peptides, under physiologi-
cal conditions. Many pathological factors also have 
profound influence on TJs. The intracellular signalling 
systems mediating physiological stimuli and patho-
logical insults are rather complex. It is highly likely 
that multiple signalling pathways coexist, which raises 
an arduous but intriguing challenge, i.e. to elucidate 
the roles of the signalling members and to synchronise 
them into a signalling network. Although it is premature 
to predict the network based on current knowledge on 
the issue, we would like to try to hypothesise the poten-
tial interaction of the signals reported (Fig 4).

Conclusion and future directions

The TJ is a dynamic structure sealing the intercellular 
space at the apical side, a barrier and selective channels 
for water and ion movement, and a fence and platform 
for regulating cell polarity; it is essential for normal 
function of epithelia and endothelia. The last two dec-
ades have been a fruitful period in TJ research with many 
critical findings in TJ formation, structure, remodelling, 
function, regulation, and roles in diseases. These new 
findings have greatly enhanced our view on the physi-
ology of epithelia, endothelia, and immune cells. The 
continuous remodelling of TJ structure plays enormous 
parts in water and electrolyte transport in various epithe-
lia, including salivary acini and ducts. The term “simple 
diffusion” used for a long period to describe paracellular 
transport in saliva secretion is no longer simple; in fact, 
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it is strikingly complex. However, our understanding 
regarding the characteristics of TJs in salivary epithe-
lia remains elemental. It can be reasonably predicted 
that further research in TJs and paracellular transport 
mechanism will dramatically change the model of saliva 
secretion in the near future.

Future focus of investigations on TJs and paracellular 
transport could include studies exploring the TJ pro-
tein expression model, especially claudin expression; 
the relationship between claudin type and water/ion 
permeability, eventually leading to a settlement on the 
four-decade debate, finally deciding which pathway, 

transcellular or paracellular, mediates water flow; the 
significance, composition, structure, and regulation 
of the large pores mediating macromolecules; the 
roles and mechanisms of protein complexes, such as 
occludin-ZO-1 complex and cytoskeleton protein-ZO-1 
complex; the regulatory process of TJ formation and 
remodelling; the signalling systems regulating TJs; the 
interaction between TJs and AJs; and the pathological 
factors that inhibit TJ function or disrupt TJ structure. 
These studies may pave a way to the development of 
novel and effective therapies for salivary gland dysfunc-
tion and other diseases. 

Fig 4 Potential signalling network regulating TJ remodelling and function in salivary epithelia. Stimulation of muscarinic receptors 
with acetylcholine (ACh) induces production of diacylglycerol (DAG) and inositol trisphosphate (IP3). IP3 triggers increase in cytosolic 
free Ca2+, and DAG activates protein kinase C (PKC). Ca2+ also can activate the classical PKC. PKC may directly phosphorylate TJ 
proteins to alter their function. PKC also activates the Ras-Raf-MEK-ERK mitogen-activated protein kinase (MAPK) system, although 
the experimental evidence is needed. Activation of the transient receptor potential vanilloid subtype 1 (TRPV1) with capsaicin (CAP) 
also activates the MAPK system, especially ERK1/2. ERK1/2 plays a central role in regulating TJ remodelling and function. Through 
phosphorylation, ERK1/2 regulates 1) the association state of occludin and ZO-1, which is considered as a regulatory platform, 
adjusting the opening and closing state of the paracellular pores formed by claudins; 2) the internalisation and reinsertion of TJ 
membrane proteins, mainly occludin; 3) the contraction of actin myosin and rearrangement of the cytoskeleton structure; and 4) 
the expression of TJ proteins. Stimulation of β-adrenergic receptors with isoproterenol (IPR) induces the production of cAMP, which 
activates the cAMP-activated protein kinase (PKA). PKA may activate the expression of TJ proteins and/or the MAPK system. 
Growth factors (GF) and proinflammatory cytokines (Cyt) activate growth factor receptors and tyrosine kinase (TyrK). TyrK activates 
phosphatydylinositol-3-kinase (PI3K); the latter activates MAPK/ERK1/2. Other physiological or pathological stimuli, such as reactive 
oxygen species, may interact with any member of this network, leading to activation or inhibition of ERK1/2. 
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