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With our sincere gratitude and appreciation to all authors
who have contributed to this special issue, the guest editors
are pleased to present to the scientific community the final
completed issue with 23 original research and review articles.
For this team of guest editors our research careers began in
the genomic era, which gave us the top prize: the Human
Genome Reference Sequence. It will most certainly take many
years for all of us to even begin realizing the real significance
of this top prize. The genome era, however, also left us with
a strong impression that “DNA determines everything.” The
expression of a certain gene, for example, Gene C, is driven
by the protein product of Gene B, while Gene B’s expression
is driven by the protein product of Gene A. This is only
a simple example of a gene expression regulation pathway,
but eventually in every case, however more complex, we
would end up at the end of the path, with a question that
can no longer be answered this way. What then triggers the
expression of the very first gene in the pathway? That initial
event has to be executed by the business end of the genetic
information flow, the proteins. This idea becomes easily very
salient with the epithelium; that is, any environmental signal
to the cells leading to however many genes being expressed
must be transduced by the molecules, proteins, and their
downstream products that are already present on the surface
of the cells—the subject of our special issue: molecular
landscaping for an interactive barrier in the epithelium.

The 23 papers published in this issue represented 7 of the
8 topics described in the Call for Papers, almost meeting our

initial editorial goals. But more important, these excellent
papers in more than one way fulfilled our wishes to help
bring the scientific community’s focus on the molecular
interactions at the environment-epithelium interface.

Karl Chai
Kenichiro Kitamura

Amanda McCann
Xue-Ru Wu
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Breast cancer is a complex and heterogeneous disease that arises from epithelial cells lining the breast ducts and lobules. Correct
adhesion between adjacent epithelial cells is important in determining the normal structure and function of epithelial tissues,
and there is accumulating evidence that dysregulated cell-cell adhesion is associated with many cancers. This review will focus on
one cell-cell adhesion complex, the tight junction (TJ), and summarize recent evidence that TJs may participate in breast cancer
development or progression. We will first outline the protein composition of TJs and discuss the functions of the TJ complex.
Secondly we will examine how alterations in these functions might facilitate breast cancer initiation or progression; by focussing
on the regulatory influence of TJs on cell polarity, cell fate and cell migration. Finally we will outline how pharmacological targeting
of TJ proteins may be useful in limiting breast cancer progression. Overall we hope to illustrate that the relationship between TJ
alterations and breast cancer is a complex one; but that this area offers promise in uncovering fundamental mechanisms linked to
breast cancer progression.

1. Introduction

Breast cancer is the most common form of cancer among
women in North America and the majority of European
nations. Each year, it is diagnosed in an estimated 1 million
women worldwide, and is the cause of death of over 400 000
[1]. The incidence of breast cancer increases with age and
doubles every 10 years until the menopause, supporting a
link with hormonal status [2]. Specific life events associated
with an enhanced breast cancer risk include reproductive
factors, nulliparity, radiation exposure, hormonal status,
obesity, family history, and many others [3, 4].

Breast cancer is a heterogeneous disease in which genetic
and environmental factors interact to initiate carcinogenesis.
However, 10% of all breast cancer cases have a strong
hereditary component in which half carry a deleterious
mutation in the high penetrance genes BRCA1 or BRCA2.
These account for over 50% of familial breast cancer cases
and confer a lifetime risk of 60–80% [5]. In its simplest
forms, breast cancer can be subclassified into preinvasive
and invasive disease categories. Neoplastic conversion to

invasive cancer likely occurs sometime during the preinvasive
histological phases of usual hyperplasia, atypical hyperplasia,
and ductal carcinoma in situ (DCIS) [6–11]. One hypothesis
suggests the existence of genetically distinct subgroups of
DCIS, only some of which subsequently progress to inva-
sive ductal carcinoma (IDC) [12–14]. An alternate theory
proposes that DCIS progresses from low to high grades and
then to invasive cancer with progressive accumulation of
genomic changes. However, the large extent to which the
genome is altered in DCIS indicates that genomic instability
most likely precedes phenotypic evidence of invasion, and
highlights the importance of environmental components on
the development of invasive cancer [6].

Recent data have shown significant reductions in the
mortality rates of breast cancer, which have been mainly
attributed to improved screening techniques, improved sur-
gical and radiotherapy interventions and also the utilization
of traditional chemotherapies in a more efficacious manner.
Large-scale translational research studies have also identified
many important new biomarkers predictive of poor progno-
sis in breast cancer patients [15–17]. However, much remains
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to be understood about the development and progression of
breast cancer. Our review will address the contribution of
altered epithelial cell-cell adhesion to the development and
progression of breast cancer, with particular emphasis on the
role of the tight junction (TJ) adhesion complex in these
processes.

2. TJs and Physiological Cell-Cell Adhesion

Cell-cell adhesion is necessary for the assembly of coherent
sheets of barrier-forming epithelial cells that line the breast
ducts and lobules. However cell-cell contacts are far from
being static structures which maintain barriers by simply
holding cells together. In fact cell-cell contacts undergo
constant remodelling to allow the extrusion of apoptotic cells
as well as the incorporation of newly differentiated epithelial
cells, derived from progenitor cells, without loss of barrier
function [18]. Cell-cell contacts must also be remodelled
depending on the developmental stage of the breast, whether
in response to increased proliferative demands of puberty
and pregnancy, increased differentiation during lactation, or
increased apoptosis in conjunction with gland remodelling
during involution [19]. Finally, during wound healing,
epithelial cells can undergo coordinated movement and
proliferation to bridge the wound, and establish new cell-cell
contacts with epithelial cells from the opposing side of the
wound [20].

Epithelial cell-cell contacts consist of three main adhe-
sive structures: tight junctions (TJs), adherens junctions
and desmosomes, as well as gap junctions for cell-cell
communication (Figure 1). In polarized epithelial cells the
tight junction and adherens junction are asymmetrically
distributed at the apical region of the lateral membrane
forming the apical junctional complex, which encircles the
apex of the cells and marks the border between the apical
and basolateral membrane domains [21]. These adhesive
structures are composed of integral membrane proteins
that link the neighbouring cells through homophilic and
heterophilic interactions, and the presence of cytoplasmic
scaffolding proteins that organise signalling complexes and
anchor cell-cell contacts to the actin cytoskeleton (or inter-
mediate filaments in the case of desmosomes) [22].

In this review we will first outline the protein compo-
nents of the TJ and discuss the biological roles of the TJ
complex, review how alterations in these roles could facilitate
breast cancer initiation or progression, and finally mention
pharmacological approaches towards targeting TJ proteins
that could have value in limiting breast cancer progression.

2.1. Protein Components of the TJ. Proteins within TJ can
be grouped into integral membrane proteins, scaffolding
proteins, or signalling proteins as outlined in what follows.

2.1.1. Integral Membrane Proteins. The first protein to be
discovered at the tight junction, occludin [23], is a 68 kDa
transmembrane protein with two extracellular loops and
a long cytoplasmic tail containing several protein-binding
domains. It exists in unphosphorylated and serine/threonine

Tight junction

Adherens junction

Desmosome

Gap junction

Apical membrane

Basolateral membrane

TJ proteins

Transmembrane
Scaffolding
Signalling

Cytoskeletal elements

F-actin
Intermediate filaments

Figure 1: Epithelial cell-cell adhesion complexes.

and tyrosine phosphorylated forms, with the degree of phos-
phorylation affecting tight junction assembly, transepithelial
resistance, and localisation of occludin to the tight junction
[24, 25]. Several enzymes are involved in regulating these
phosphorylation events, including PKC [26], CK2 [27], and
the nonreceptor tyrosine kinase c-Yes [24].

The claudin family of TJ transmembrane proteins con-
sists of 24 members between 20 and 27 kDa in size, mostly
with short cytoplasmic tails which bind to the PDZ (PSD-
95, Dlg, and ZO-1) domains of other TJ proteins including
ZO-1, -2, and -3 [28]. Various claudins are expressed in
a tissue-specific manner, with the subtle differences in
their extracellular loops determining ion selectivity of the
paracellular pathway [29, 30].

The junctional adhesion molecule (JAM) family consists
of “JAM-A, -B, -C, -L and JAM-4, . . .” which are found at TJs
of epithelial/endothelial cells and on various hematopoietic
cells [31–33]. They contain an extracellular region with two
Ig-like domains, a single transmembrane domain, and a
short intracellular tail with a PDZ binding motif through
which JAM-A interacts with the PDZ proteins AF6, Par-3,
CASK, MUPP1, and ZO-1 [34–38].

The coxackie and adenovirus receptor (CAR) is a 46 kDa
integral membrane protein with one transmembrane region,
a long cytoplasmic tail, and an extracellular region composed
of two Ig-like domains. The carboxyl terminal domain of
CAR contains a PDZ binding motif which interacts with ZO-
1, MUPP-1, MAGI, and PICK1 [39–41]. CAR is required for
MUPP1 localization at the tight junction [39].

Crumbs3 (CRB3) is a single-pass membrane protein
located at the apical cell membrane with a small fraction
in the upper part of tight junctions of epithelial cells. It is
involved in the establishment of cell polarity in mammalian
epithelial cells and regulates the morphogenesis of tight junc-
tions. CRB3 interacts with PAR6, PALS1, and PATJ [42–45].
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Tricellulin is a 66 kDa membrane protein which has
multiple phosphorylated states but exists predominantly in
its unphosphorylated form. It is enriched only at tricellular
tight junctions, where it enforces the barrier function of
epithelial cell sheets [46].

2.1.2. Scaffolding and Signalling Proteins. Zona occludens
(ZO) family members ZO-1, ZO-2, and ZO-3 belong to
the MAGUK family of TJ-associated scaffolding proteins.
ZO proteins interact with each other [47, 48] as well as
with cingulin [49], claudin-1–8 [28], actin [47], α-catenin
[50], and occludin [47]. Interactions vary between family
members, as illustrated by the fact that ZO-3 can interact
with PATJ [51] while only ZO-1 can interact with JAMs A-C
[34, 37], EGFR [52], and AF-6 [53]. In addition, ZO-1 binds
the Y-box transcription factor ZONAB and the heat shock
protein Apg-2 [54, 55].

Afadin (AF-6) is a Ras-binding, PDZ domain-containing
scaffolding protein which interacts with nectin, JAM-A, ZO-
1, profilin, ponsin, Rap1, and signal-induced proliferation-
associated protein 1 (SPA-1, a Rap1 GTPase activating
protein) [35, 56–58]. The nectin-AF-6 complex is involved
in the formation of adherens and tight junctions.

The membrane associated guanylate kinase inverted
(MAGI) family consists of MAGI-1, MAGI-2, and MAGI-
3. MAGI-1 was first identified in mouse as a protein
interacting with k-RasB [59]. MAGI-2 was initially identified
in rat as a protein interacting with N-methyl-D-aspartate
receptors (NMDA-Rs) and neuronal cell adhesion proteins
[60]. MAGI-3 was identified in a two-hybrid screening as a
protein interacting with the tumour suppressor PTEN [61],
and Receptor Tyrosine Phosphatase beta [62].

Cingulin is a 140–160 kDa protein consisting of a
globular “head” domain, a coiled-coil “rod” domain, and a
globular “tail” domain. In vitro binding studies have revealed
that cingulin interacts with various components of tight
junctions including JAM, ZO-1, ZO-2, ZO-3, myosin and
F-actin, suggesting a role for cingulin as a linker between
the TJ membrane and F-actin [49, 63–65]. Cingulin also
functions to sequester and inactivate the RhoA activator
GEF-H1 at TJs, resulting in inhibited RhoA signalling and
G1/S phase transition [66, 67]. Loss or mutation of cingulin
does not perturb the formation of tight junctions, but results
in increased claudin-2 expression and cellular proliferation,
which are dependent on increased RhoA activity [68].

Amot is a scaffolding protein with a coiled-coil region
and a PDZ binding motif [69], which forms a complex with
the Rho GTPase-activating protein Rich1 and is targeted to
the tight junction interaction with PATJ or MUPP1 [70, 71].
Two Amot-like proteins, JEAP and MASCOT, have also been
identified as TJ proteins [72, 73] which interact with MUPP1
[70].

Atypical protein kinase C is located at the TJ and plays
a crucial role in maintaining tight junction structure and
cell polarity through phosphorylation and stabilization of
junction-associated proteins [74, 75]. Activation of classical
protein kinase C and novel protein kinase C has been shown
to disassemble TJs [76].

2.2. Biological Functions of the TJ Complex

2.2.1. Gate and Fence Function. In polarized epithelial cells
the TJ forms a belt-like structure at the apical-most region of
the lateral membrane, and represents a boundary between
apical and basolateral membranes [77]. The main func-
tions attributed to TJs are the regulation of paracellular
permeability (gate or barrier function), and the formation of
a physical barrier preventing intramembranous movement
of lipids and proteins (fence function). Gate function
regulates the passage of ions and solutes across epithelial
sheets in an organ-specific manner, and can be modified
depending on the specific requirements of the organ [30,
78]. Fence function is required to maintain asymmetric
distribution of membrane components and to develop
membrane polarity [77]. Epithelial barrier function relies
heavily on the claudin family of TJ proteins, which form
strands controlling selective permeability by forming size-
and charge-selective aqueous pores [30, 78, 79]. Epithelial
fence function on the other hand is not solely reliant on one
subset of integral membrane proteins but instead requires
cooperation between integral membrane proteins and several
TJ scaffolding proteins and signalling molecules [80].

2.2.2. Regulation of Adhesion and Migration. Epithelial cells
control adhesion to the basement membrane and extracellu-
lar matrix to maintain an intact barrier that can reseal quickly
in response to injury. Breaching of the epithelial barrier
stimulates cells to extend protrusions into the wound space,
which can result in TJ disruption and release of proteins
such as PATJ, Par3, aPKC [81], Cdc42, and Par6 [82] from
their scaffolds. Retargeting these (and other) proteins to the
migrating edge helps polarize migrating cells in the direction
of movement via reorientation of the Golgi, centrosome and
the microtubule cytoskeleton along the axis of migration
[82, 83].

2.2.3. Regulation of Polarity and Differentiation. TJs regulate
epithelial polarity by controlling the assembly of three main
polarity complexes; the CRB3 complex, the Par complex, and
the Scrib complex, which will be discussed in the following
section. The apical junctional complex serves to restrict the
movement of these complexes in order to form distinct
apical and basolateral domains. Apico-basolateral polarity
allows for terminal differentiation of epithelial barriers by
apical orientation of the trans-Golgi network, which can
sort membrane proteins toward either apical or basolateral
membranes. Specialized membrane trafficking leads to the
accumulation of receptors and channels in either apical or
basolateral membranes, allowing electrochemical gradients
to develop across epithelial sheets [84, 85].

From the afore-mentioned information, it can be
observed that TJ proteins exert fundamental influences over
cellular processes that regulate polarity, differentiation and
migration; all of which are processes central to cancer pro-
gression. Therefore, TJ and other cell-cell adhesion proteins
are gaining increasing attention in breast cancer research
[86–89]. Most work to date has focused on adherens junction



4 Journal of Biomedicine and Biotechnology

proteins (such as cadherins) in breast cancer progression;
and in fact loss of E-cadherin is a defining feature of lobular
breast carcinoma [90, 91]. However, TJ proteins have also
been found to be dysregulated in several human cancers
including breast, and have been suggested as promising
targets for cancer detection, diagnosis, and therapy [88]. In
this review, we will attempt to summarize current knowledge
on the impact of TJ proteins on breast cancer progression;
based on the ability of TJs to control polarity, differentiation,
and migration.

3. The Contribution of TJ Alterations to
Breast Cancer

Our review will focus on three aspects whereby functional
alterations in TJs may impact breast cancer progression by
altering cell polarity, cell fate, and cell migration. For a
broad overview of TJ alterations in cancer metastasis of other
tumours, the reader is directed to a recent review [92].

3.1. TJ-Mediated Alterations in Polarity—Role in Breast Can-
cer Progression. Formation of the TJ adhesion belt allows the
targeting of scaffolding proteins which regulate the cellular
polarity machinery. This machinery is composed of three
polarity complexes which identify separate regions of the
cell. These polarity complexes were originally identified in
C. elegans and Drosophila, but have been found to be highly
conserved in mice and higher mammals. The CRB complex
identifies the apical region due to apical concentration of
CRB3 [93], which is targeted to the tight junction by PATJ
and ZO-3 [51, 94]. The Par complex localizes at TJs through
interactions between Par-3 and JAM-A [38]. Finally, the
Scribble (Scrib) complex identifies the basolateral region
of the cell, and is targeted to adherens junctions through
interaction of Scrib and Dlg with E-cadherin [95–98].

The CRB complex is the most apically located polarity
complex in epithelial cells, and acts as an apical anchor for
the targeting of cytoplasmic proteins during polarisation
[93]. It is composed of the transmembrane protein CRB3
and the scaffolding proteins PALS1 and PATJ. Several
components of the CRB complex are reportedly dysregulated
in breast cancer. For example, CRB3 and PATJ expressions
were shown to be repressed by the transcription factor
ZEB1, which is upregulated in invasive ductal and lobular
breast cancers [99]. ZEB1 has been implicated in epithelial
to mesenchymal transition (EMT), a dedifferentiation pro-
gramme associated with cancer metastasis in which epithelial
junctions and cell polarity are disrupted, contributing to
increased cell motility [100]. PATJ also binds a negative
regulator of mTOR called TSC2, which regulates survival,
apoptosis, and cell cycle progression [101–103]. The mTOR
pathway has been shown to be frequently deregulated in
various cancers including breast [16, 18]. Massey-Harroche
et al. reported that PATJ knockdown in intestinal epithelial
cells resulted in the upregulation of the mTOR pathway
[104]; and it is possible that loss of PATJ in cancers such
as breast could facilitate tumour progression by allowing
the prosurvival effects of mTOR activation to go unchecked.

PATJ is also important for the proper localisation of claudin-
1, ZO-3, CRB3, occludin, aPKC, and ZO-1 at TJs [51, 94,
105]. Loss of PATJ could, therefore, also promote “leaky”
junctions, resulting in increased access of luminal growth
factors to the basolateral epithelial surface. It is intriguing
to speculate that this leakiness could promote tumour
progression by feeding the developing tumour, as proposed
in the nutritional model of carcinogenesis [106]. This along
with the dysregulation of aPKC has the potential to induce
substantial increases in proliferation as well as a loss of
polarity, all of which are hallmarks of cancer progression.

Other members of the CRB polarity complex could also
play a role in breast cancer progression. Knockdown of
the PALS1 binding partner lin-7 in renal epithelial cells
was shown to reduce expression levels of PALS1, PALS2,
Dlg2, Dlg3, and PATJ [107]. A resulting failure to recruit
aPKC to TJs resulted in reduced epithelial barrier function,
delayed polarization, and impaired lumen clearance in three-
dimensional morphogenesis models [107, 108]. Loss of
PALS1 also resulted in defects in E-cadherin trafficking [109],
which, taken together, suggests that analagous disruption of
the CRB3 complex during breast cancer could impair barrier
function and polarity, and potentially facilitate occlusion of
breast duct lumens with tumour cells.

The PAR complex is made up of Par3, Par6, aPKC, and
Cdc42/Rac1. Recently, Par6B was reported to be transcrip-
tionally upregulated in breast cancer tissues by quantitative
PCR [110]. Interestingly, MCF-10A breast epithelial cells
overexpressing Par6 polarized normally in three-dimensional
culture models, but showed higher proliferation rates which
were dependent upon Par6 interactions with aPKC and
Cdc42 [110]. Increased Par6 signalling has also been reported
in MCF-10A cells overexpressing activated ErbB2 [111,
112], the growth factor receptor which is amplified in 25–
30% of breast cancers and which identifies a subtype of
highly aggressive tumour [113]. Activation of ErbB2 in
these cells induces the formation of multiacinar structures
with abnormal filled lumens, in a manner dependent on
interactions of ErbB2 with the Par6-aPKC complex [112].
Mutation of Par6 in cells overexpressing activated ErbB2
was observed to restore lumen formation, suggesting an
inhibitory tone of Par6-ErbB2 interactions on apoptotic
clearance of developing lumens [112]. The role of Par6
in apoptosis is suggested to be due to the activation of
aPKC by Par6 [114]. Par6-aPKC interactions have also been
shown to activate Rac1 in non-small cell lung cancer cells,
resulting in anchorage-independent growth and invasion
through activation of matrix metalloproteinase-10 (MMP-
10) expression [115, 116]. Thus dysregulation of Par6 in
cancer cells has the potential to impact tumour progression
via direct effects on polarity, migration, and even apoptosis.

In contrast to Par6, Par3 expression has been found
to be reduced in oesophageal squamous cell carcinomas in
association with lymph node metastasis and poor differen-
tiation [117]. Certain forms of EMT have also been shown
to downregulate Par3 expression, with Par3 overexpression
capable of rescuing the loss of E-cadherin during EMT in
a rat kidney epithelial model [100]. Given the putative link
between EMT induction and breast cancer progression, it
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will be interesting to uncover whether Par3 expression might
also be lost in breast cancer. Since Par3 regulates Par6, loss of
Par3, in turn, is likely to exert an influence over the control
of proliferation, polarity, and apoptosis resistance by Par6
signalling in cancer cells.

The scribble complex is an evolutionarily conserved
complex consisting of three members, Scrib, lethal giant
larvae homolog (LGL), and discs large homolog (DLG). Loss
of function mutations of scrib, DLG, and LGL in Drosophila
have demonstrated abnormal cell polarity with increased
proliferation without tumour cell overgrowth, possibly due
to increased apoptosis [118–120]. Scrib has been shown to
colocalise with DLG and E-cadherin at adherens junctions
[98], and is required for formation of this junction and
proper localisation of DLG and LGL as well as apical
targeting of CRB3 [97, 121]. Scrib staining was shown by
immunohistochemistry to be reduced and mislocalized in
human breast cancer tissues [98, 122]. Zhan et al. have
suggested a role for Scrib in breast cancer development by
reducing apoptosis in c-myc over-expressing breast epithelial
cells [122]. Activation of c-myc enhanced the formation of
a Scrib complex which activated the small GTPases Rac and
Cdc42 and increased the expression of a proapoptotic protein
Bim. Conversely, loss of Scrib suppressed the ability of c-myc
to induce Bim expression [122]; suggesting a mechanism for
reduced apoptosis and increased resistance of breast cancer
cells to cytotoxic stresses in the event of Scrib loss.

LGL is a cytoplasmic protein which is targeted to the
lateral epithelial membrane during polarisation [123]. Like
CRB3 and PATJ, LGL1 is repressed by the transcription factor
ZEB1, whose expression is upregulated in several forms of
breast cancer [99]. Therefore, dysregulation of LGL may
play a role in EMT events associated with breast cancer
progression. Alterations in the final member of the Scrib
complex, DLG, may also play a role in cancer progression.
DLG3 has been shown to be reduced in gastric carcinoma
[124]; whilst overexpression of DLG1 and DLG3 inhibits
cellular proliferation via a block in G1/S phase transition
of the cell cycle [125, 126]. DLG4 interacts with Frizzled
proteins to regulate the WNT signalling pathway [127],
inappropriate activation of which has been implicated in
oncogenesis due to myriad influences on cell adhesion,
migration, proliferation, and cell death [128]. DLG1 and
DLG3 also regulate WNT signalling through DLG3-mediated
β-catenin degradation and the binding of DLG1 to APC
and by modulating the antiproliferative effects of APC [125,
126, 129]. In unpolarized cells, DLG1 is ubiquitinated and
degraded, and only upon junctional formation is it hyper-
phosphorylated and stabilised [130]. This indicates that the
integrity of cell-cell contacts regulates the Scrib polarity
complex and that disruption of this complex promotes
dysregulated growth and resistance to apoptosis.

As illustrated above, alterations in CRB3, Scrib, and
Par polarity complexes can promote proliferation, cell cycle
progression and evasion of apoptosis as a result of disrupted
apical-basolateral polarity in a variety of models. Although
several of the seminal observations were originally made
in Drosophila and C. elegans, many findings have since
been confirmed in higher mammals and during in vitro

studies on human breast and other carcinoma cell lines.
Thus insights from simple organismal models of polarity
are highly relevant not only to the control of normal
human physiology by the polarity machinery but also to
the development of many cancers including breast. However,
abnormalities in the polarity machinery are only one of
several ways in which TJ dysfunction can impact upon breast
cancer progression. The role of TJ-mediated alterations in
cell fate will be discussed in the following section.

3.2. TJ-Mediated Alterations in Cell Fate—Role in Breast Can-
cer Progression. Although cancer is frequently considered
as a disease of abnormal proliferation, cancer progression
is not determined solely by proliferative advantage within
tumour cells. Other factors such as apoptosis resistance and
the ability to bypass senescence pathways contribute to an
environment supporting breast cancer progression. The role
of individual TJ proteins in modulating these aspects of
breast cancer progression will be addressed in what follows.

Occludin expression is known to be downregulated in
several cancers including breast [131]; its loss correlating
with glandular dedifferentiation and progression of human
endometrial, colorectal, and lung carcinomas [132–134].
In recent studies, occludin overexpression was found to
promote detachment-induced apoptosis (anoikis) in AC2M2
murine breast carcinoma cells, while endogenous occludin
re-expression correlated with downregulation of apoptosis-
inhibitory genes (bcl-2, survivin) and upregulation of
apoptosis-inducing genes (apaf-1, bax) [135]. TUNEL assays
also revealed that HeLa cells constitutively overexpressing
wild-type occludin exhibited increased sensitivity to oxidant-
induced apoptosis. Occludin overexpression was also shown
to induce premature senescence in AC2M2 cells, as assessed
by increased senescence-associated β-galactosidase enzy-
matic activity and the upregulation of negative cell cycle
regulators such as p16INK4A, p21Waf1/Cip1, and p27Kip1
but not p53 [131]. The ability of cells to autoinduce growth
arrest based upon the expression of TJ proteins such as
occludin could has a profound inhibitory effect on tumour
growth, and illustrates how significant a loss of such proteins
could be for tumour progression.

Similarly to occludin, claudin-1, -4, -6 have also been
reported as downregulated in breast cancer [131, 136–139].
Suppression of endogenous claudin-6 expression by siRNA
in MCF7 breast cancer cells increases resistance to oxidant-
induced apoptosis and anoikis, thereby promoting colony
formation in two- and three-dimensional cultures [140]. In
a complementary approach, forced induction of claudin-1
expression in MDA-MB-361 breast cancer cells resulted in
elevated apoptosis in three-dimensional cultures. Enhanced
apoptosis correlated with increased spheroid size, suggesting
a positive effect of nutrient and growth factor diffusion into
spheroids [136]. This supports the hypothesis that cancer
formation may be promoted in premalignant epithelial
tissues that have become chronically leaky to growth factors
[141]. Claudin-1 may also play a role in the control of cell
fate, with observations of increased expression in senescent
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breast epithelial cells [139] and reduced expression in
invasive breast cancers.

In an interesting contrast, expression of claudin-3, -4
and -7 have actually been observed to increase in both
breast and ovarian cancers [88, 142–145]. Overexpression
of claudin-3 and -4 in HOSE-B ovarian cells enhanced cell
survival in clonogenic assays [88], further supporting a role
for either upregulation or downregulation of key claudins in
the controlling cancer cell fate.

Occludin-interacting proteins ZO-1 and ZO-2 have
also been shown to be repressed with cancer progression
[52, 146, 147], where decreased ZO-1 staining correlates
with decreased glandular differentiation of breast tumour
specimens [146]. ZO-1 and ZO-2 regulate cell cycle progres-
sion and proliferation in a cell density-dependent manner
[148–151] through transcription factors such as ZONAB.
ZONAB localizes to the nucleus and the TJs in proliferating
MDCK cells [151], but is not detectable in the nucleus of
nonproliferating high-density cells [148]. Evidence indicates
that cytoplasmic ZONAB immunoprecipitates with both
CDK4 and cyclin D1 and assists in the nuclear accumulation
of cdk4, promoting G1/S phase transition and cell cycle
progression [148]. ZONAB also upregulates ErbB2 expres-
sion [151], which (as discussed earlier) could profoundly
impact progression of a subset of breast cancers. ZO-2
blocks cell cycle progression by downregulating cyclin D
transcription and inhibiting cdk2 and cdk4 [150, 152].
ZO-2 also controls cyclin D expression and interacts with
the transcription factors jun, fos, and C/EBP to regulate
proliferation [150]. Thus, it can be observed that ZO proteins
control cellular proliferation in a density-dependent manner
by sequestering transcription factors at the tight junction.
Loss of ZO proteins during breast cancer may, therefore,
promote proliferation via a loss of control over cell cycle
progression.

Finally, in addition to the many TJ structural proteins
which exert regulatory control over cell fate, signalling
proteins affiliated with the TJ complex could also play
a part in breast cancer progression. For example, many
small GTPases have been described to affiliate with the TJ
complex [153]. As key signalling molecules which regulate
actin dynamics, GTPases profoundly impact processes that
are central to cancer initiation and progression [154]. For
example, RhoA promotes cell cycle progression through the
regulation of p21 and p27 levels [155]. TJs regulate RhoA
activity by cingulin-mediated sequestration of the RhoA
activator GEF-H1 and inhibition of G1/S phase transition
[67]. Increased GEF-H1 levels can arise by mutations in p53
[156], a frequent genetic alteration observed in breast cancer.

These alterations suggest a relationship between TJ alter-
ations and the malignant potential of several carcinomas,
via deficits in controlled proliferation, regulated cell cycle
progression and apoptosis. This suggests that the dysregu-
lation of cell-cell contact machinery may be a prerequisite
for cancer progression in order to turn off specific epithelial
regulatory pathways. The loss of membrane polarity via
tight junction abnormalities may also alter cell-cell and
cell-extracellular matrix interactions, and might, therefore,

facilitate migration, invasion, and the development of
metastasis, which will be reviewed in the following section.

3.3. TJ-Mediated Alterations in Cell Migration—Role in
Breast Cancer Progression. As discussed earlier, altered cell-
cell adhesion contributes to a loss in polarity and contact
inhibition, culminating in uncontrolled proliferation during
breast cancer initiation. There is also evidence that altered
cell adhesion plays a fundamental role in breast cancer
progression by freeing tumour cells from both neighbouring
cells and the underlying matrix; and in parallel by conferring
a motile or migratory advantage to cells during invasion and
metastasis [19, 157, 158]. In this section, we will attempt to
summarize current knowledge on the impact of TJ proteins
on breast cancer progression.

3.3.1. TJ Integral Membrane Proteins. Occludin has been
linked with cancer progression in endometrial carcinoma;
where decreasing expression was correlated with increasing
grade, myometrial invasion, and lymph node metastasis
[132]. Forced expression of occludin in breast cancer cells has
been shown to decrease cancer cell migration and invasion
both in vitro and in vivo [135]. Interestingly, the occludin
gene can be silenced by hypermethylation, and it may be that
the methylator phenotype promotes tumourigenic, invasive,
and metastatic properties of cancer cells [135].

A wealth of evidence has also implicated the claudin
family in breast cancer cell migration. Tumours with low
expression of claudin-3, -4 and -7 and high expression of
stem cell and epithelial-mesenchymal markers were recently
shown to associate with poorer overall survival [159], as
mirrored in other studies [160]. Like occludin, claudin-1
protein levels are reportedly reduced in breast tumours and
breast cancer cell lines [161]. Importantly, claudin-1 has
been detected in the membranes of normal breast ductal
epithelial cells and in some DCIS tumour cells, but is fre-
quently absent from invasive tumours [142]. Furthermore,
claudin-1 expression has been demonstrated as a good
predictor of disease recurrence and malignant potential in
breast cancer. Morohashi et al. demonstrated that recurrent
breast tumours displayed significant reductions in claudin-1
expression compared to primary tumours; while reduced
claudin-1 expression has also been associated with lymph
node involvement and decreased disease-free survival [162].
Taken together, these data suggest a role for claudin-1 in
invasion and metastasis. Furthermore, MDA-MB-361 breast
cancer cells deficient in claudin-1 grow as multicellular filled
spheroids in three-dimensional cultures and re-expression of
claudin-1 induces central lumen formation [136]; perhaps by
nutritional deprivation of innermost cells inducing apoptosis
as already discussed [141].

Other than claudin-1, the loss of several other family
members has been reported in breast cancer [142, 162–
166]. Osanai et al. demonstrated that decreased expression
of claudin-6 in breast cancer cells (by siRNA or epigenetic
silencing) increases MMP activity, likely facilitating increased
cancer cell migration and invasion [140]. Subsequent rein-
troduction of claudin-6 increased cellular adhesion and
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abrogated enhanced invasion and migration. Expression of
claudin-7 has been shown to be reduced in IDC cells com-
pared to those of the normal breast [164], and reduced in fine
needle aspirates from IDC patients [166]. In both studies,
loss of claudin-7 expression also correlated with increasing
tumour grade and metastatic disease. In an intriguing study,
treatment of MCF7 breast cancer cells expressing high
levels of claudin-7 with HGF/scatter factor (which decreases
cell-cell adhesion) led to a dramatic decrease in claudin-
7 expression, further linking the loss of claudin-7 and
cell cohesion in breast cancer [164]. Most recently, forced
expression of claudin-16 in MDA-MB-231 breast cancer
cells has been reported to induce junctional formation and
concurrently reduce aggressive and motile behaviour in vitro
and in vivo [165].

In contrast to the reduced expression of several claudins,
claudin-3 and -4 have in fact been found to be elevated
in breast cancer at both mRNA and protein level [143–
145, 167]. Interestingly, overexpression of either claudin-
3 or claudin-4 in human ovarian epithelial cells has been
reported to increase migratory and invasive capabilities [88].
As discussed later in this review, the ability of both claudins-
3 and -4 to function as receptors for Clostridium perfringens
enterotoxin (CPE) [168] may provide a unique targeting
mechanism to eliminate cancer cells overexpressing these
proteins.

JAM proteins regulate numerous cellular adhesive pro-
cesses including intercellular junction assembly [169], cell
morphology [170], and leukocyte migration [171, 172];
while JAM-A dysregulation has recently been implicated
in breast cancer [173, 174]. JAM-A has been shown to
regulate epithelial cell morphology and enhance β1-integrin
expression through modulation of Rap1 GTPase activity
[170]. Since loss of tissue architecture and cell polarity
is a prerequisite for breast cancer invasion and metastasis
[175], disruption of JAM proteins may, therefore, play key
roles in disease progression. Indeed, disruption of JAM-
A in a colonic carcinoma cell line was shown to convert
cells from a stationery, polarized state to a migratory
phenotype [176]. Recently, Naik et al. reported that JAM-A
overexpression decreased migration and invasion in breast
cancer cell lines, while knockdown of JAM-A expression
enhanced invasiveness [174]. It was hypothesized, therefore,
that the loss of JAM-A may correlate with poor clinical
prognosis. However, a subsequent study by McSherry et
al. revealed a significant association between high JAM-A
gene and protein expression and poor survival in 2 large
cohorts of human invasive breast cancer tissue specimens
[173]. Furthermore, knockdown or antagonism of JAM-
A significantly decreased migration in MCF7 breast cancer
cells expressing high endogenous levels of JAM-A. The
apparent conflict between these two studies may be resolved
by the fact that underexpression of JAM-A is likely to
impair cellular adhesion and polarity (favouring tumour
initiation), whereas overexpression of JAM-A could promote
integrin-mediated migratory events that favour tumour
progression. These data clearly implicate an imbalance of
JAM-A expression patterns in breast cancer, and, as discussed
later, may also form an interesting therapeutic target.

3.3.2. TJ Adaptor and Signalling Proteins. Few studies have
specifically focussed upon the involvement of TJ adaptor and
signalling proteins in breast cancer progression. However,
ZO-1 loss has been linked to poor prognosis in breast
cancer, with significantly reduced levels of TJ-associated ZO-
1 in patients with metastatic disease compared to those
remaining disease-free [177]. Polette et al. also showed
that expression of the matrix metalloproteinase MT1-MMP
in invasive breast tumour cell lines is correlated with
cytoplasmic localization of ZO-1 and with occludin loss
[178]. ZO-1 has also been shown to be reduced or lost
in ductal breast cancer tissues, in parallel with increased
dedifferentiation [146]. Reduced ZO-1 expression has been
significantly associated with reduced E-cadherin expression;
whose loss is inextricably linked with lobular breast cancer
[86]. Furthermore, ZO-1 has been reported to play an
important role in controlling expression of the ErbB2 gene
[179]. Downregulation of another family member, ZO-2, has
also been reported in breast carcinoma [180]. In addition,
ZO-2 has been reported as crucial for the tumour-inducing
capabilities of the Adenovirus type 9 E4 protein. Expression
of mutant ZO-2 protein lacking the E4 binding site inhibits
E4-mediated tumour initiation in mammary glands [180,
181]. Taken together, it can, therefore, be considered that
ZO proteins play important roles in the migratory events
associated with breast cancer progression.

The Par complex (Par3-Par6-aPKC) promotes normal
junction assembly by regulation of actin dynamics and
is known to be altered in many cancers including breast
(reviewed in [111]). Indeed, as previously addressed in this
review, Par6, through association with aPKC and ErbB2,
has been shown to disrupt apical-basal polarity and protect
cells from apoptosis [112]. Other potential links between Par
proteins and breast cancer involve EMT and the regulation of
Rho family small G proteins including Rac [182], Rho [183],
and Cdc42 [184]. For example, Par6 reportedly interacts
with TNFα in inducing EMT and TJ loss via degradation
of RhoA [185]. In vitro experiments have revealed that
the Par complex along with Rac signalling stabilizes front-
rear polarization of noncontacting keratinocytes, thereby
stimulating chemotactic migration [182]. Indeed, important
biological processes such as migration and invasion are
highly regulated by the Rho family. The Rho guanine
nucleotide exchange factor (GEF) Tiam has been shown to
increase with increasing breast tumour grade or cell line
invasiveness [183]; and Tiam-mediated Rac1 activation has
been correlated with tumour cell migration and invasion
in vitro [186]. Integrin-mediated adhesion through Rho
family GTPase activity has been reported as essential in
regulating cell polarity and membrane protrusiveness [41].
Specifically, Rac1 and Cdc42 have been linked with integrin-
mediated motility and invasion through PI3K signalling in
breast cancer cell lines [187]. Furthermore, the Rap GTPase
Rap1 has been identified as a crucial signalling element
downstream of β1 integrin [170], responsible for regulating
breast acinar structure and inducing mammary gland lumen
formation [188]. Yet another signalling protein downstream
of TJs, PKC [189], has also been linked to cancer initiation
and progression. PKC overexpression and altered localization
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has been demonstrated in breast cancer [190], and PKC
signalling is required for EGF-induced chemotaxis of human
breast cancer cells [191].

This wealth of evidence indicates the potential involve-
ment of several TJ adhesion cascades in the migratory events
associated with breast cancer progression. Further studies on
these proteins will allow a more comprehensive understand-
ing of their behaviour and contributions to tumour progres-
sion, ultimately defining candidate breast cancer prognostic
markers. The study of compounds designed to specifically
target and block the action of adhesion proteins involved in
cancer invasion could be of substantial therapeutic benefit in
preventing breast cancer invasion.

4. TJs and Breast Cancer Drug Therapies

Targeted therapeutic agents for breast cancer represent a
growing proportion of new drugs entering clinical testing.
Since carcinogenesis is a multistep process characterized
by alterations in many key growth and development path-
ways, there are numerous opportunities for pharmacologic
targeting. Selection of appropriate drug targets and the
ability to effectively deliver drugs to those targets are pivotal
issues in drug development. This section will review current
knowledge on TJs as breast cancer drug targets, and as targets
for therapeutic modulation of cancer drug delivery.

In spite of the regulatory influences exerted by TJs on
diverse processes relevant to cancer progression (as discussed
in previous sections), there are currently no cancer therapies
on the market which specifically target TJs. However, clues to
potential TJ targets of value have come from many sources,
including translational research studies involving patient
databases. For example, overexpression of claudin-3 and -4
proteins has been demonstrated in over 90% of primary
breast carcinomas in a patient group of 188 [192], and in
60–80% of breast tumours in a tissue microarray of 314
patients [193]. Claudin-3 and -4 overexpression has also
been noted in other neoplasias including ovarian, prostate,
pancreatic, and endometrial [193–196]. These proteins form
an intriguing potential target for cancer therapies, since
both claudin-3 and -4 have been identified as the receptor
for Clostridium perfringens enterotoxin (CPE) and the only
claudin family members capable of mediating CPE binding
and cytolysis [195–198].

CPE is a well-known virulence factor responsible for
the gastrointestinal symptoms associated with C. perfringens
type A food poisoning. By inducing permeability alterations
in host intestinal epithelial cells, CPE induces cell death and
epithelial desquamation. CPE is thus a multifunctional toxin
with cytotoxic, TJ-damaging, and proinflammatory activities
[199, 200]. This ability of CPE to rapidly and specifically
lyse cells expressing claudin-3 or -4 could potentially be
exploited in the treatment of breast cancers overexpressing
these proteins. Accordingly, it has been shown that claudin-
3 and -4 expressing breast cancer cell lines grown in cell
culture and as xenograft tumours underwent rapid and dose-
dependent cytolysis in response to CPE treatment [143].
Even more promisingly, administration of CPE has been

shown to reduce the growth of claudin-4 overexpressing
human ovarian and pancreatic tumours [201]. Thus, local
delivery of native CPE may be useful in the treatment
of preneoplastic lesions such as DCIS and in neoadjuvant
settings such as the locoregional control of locally advanced
breast carcinoma, as well as in tumour downstaging to allow
breast conservation therapy [143]. In addition to this, the
documented ability of CPE to downregulate the epithelial
barrier through interference with claudin-3 and -4 may
enhance local drug delivery for other treatment modalities.
However, at least two caveats must be noted. Firstly (as
discussed in prior sections), loss of TJ-based adhesion may
imbalance cellular polarity which by itself is likely to be
protumourogenic. Secondly, claudin-3 and -4 are expressed
in several normal human tissues including gut, lung, and
kidney; therefore the potential high toxicity of CPE at doses
used for systemic cancer therapy in animal models might
limit its use in humans to local treatments [194, 202].

Claudin-3 and -4 overexpression in breast cancer
could alternatively be targeted by toxin- or radionuclide-
conjugated antibodies, which would either destroy the cancer
cells directly or target them for attack by the host immune
system. The high sequence identity between claudin-3 and
-4 may allow generation of antibodies recognizing both
proteins. Potential indications for anticlaudin antibody-
based therapeutics include carcinomas of colorectal, breast,
ovarian, and prostate origin [203].

In common with the discovery of claudin-3 and -4 as the
CPE receptor, other TJ proteins are known to be hijacked
as pathogen receptors. The TJ protein CAR acts as the
primary site for adenovirus attachment during infection, a
feature which has been exploited as a delivery mechanism
for gene therapies [204, 205]. CAR expression has been
shown to significantly increase in breast tumour tissue along
with increasing tumour grade [206]. Breast tissue samples
showing elevated CAR expression have been associated with
poor patient prognosis [206]. While the biological roles of
CAR are incompletely defined, emerging evidence suggests
that it may function in regulating cell proliferation [207].
Whether CAR overexpression in breast cancer could be
successfully targeted by nonpathogenic components of the
virus in order to diminish cancer cell proliferation remains
an intriguing question.

Another TJ protein of interest for breast cancer drug
discovery is occludin. Gumbiner et al. showed that occludin
homotypic interactions and turnover, but not synthesis,
could be affected by treating cells with peptides to the
extracellular loop of occludin [208, 209]. Nusrat et al.
also identified occludin peptides capable of binding TJ
structural and signalling proteins [210], and demonstrated
that the second extracellular loop of occludin regulates
cellular transformation by oncogenes such as Raf-1 [211].
Given that occludin has been reported to be dysregulated in
some breast cancers, it is intriguing to speculate that occludin
could be a target for peptide-based cancer drugs.

Another TJ protein implicated in breast cancer pro-
gression is ZO-1, which as noted, has sequence homology
with the Drosophila tumour suppressor Dlg, implying that
ZO-1 could possess similar functions as a tumour suppressor



Journal of Biomedicine and Biotechnology 9

Progression

(a) Normal

(b) In situ

(c) Invasive

(d) Metastatic

Initiation

Δ proliferation

Δ motility

Δ/change (e.g.)

Adhesion (Cldn 16)

Migration (JAM-A)

Invasion (Cldn 3, 4)

Δ/change (e.g.)

Polarity (ZO-1)
Apoptosis (Scribble)
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Figure 2: The potential influence of TJ proteins on breast cancer development. Breast cancer predominantly begins in luminal epithelial cells
lining the normal breast ducts (a). Alterations in TJ proteins may lead to the initiation of breast tumourigenesis in at least two ways. Firstly,
TJ alterations may favour decreased cellular apoptosis and increased proliferation leading to uncontrolled growth, such as is seen in ductal
carcinoma in situ lesions (b). Secondly, TJ alterations may decrease cell adhesion and increase motility, facilitating cancer cell migration as
seen during invasion and basement membrane breakdown in early primary invasive breast carcinoma (c). Breast carcinoma likely requires
coordinated efforts of both increased proliferation and increased motility to progress to metastatic stages (d).

gene in mammalian epithelia [19]. Martin et al. observed
decreased ZO-1 staining in several invasive breast cancer cell
lines supporting the tumour-suppressive characteristics of
ZO-1 [177].

Even more recently, it has been observed that increased
JAM-A expression in human breast cancer tissues correlates
with poor patient prognosis [173]. Since this mechanism is
thought to involve promotion of integrin-mediated migra-
tory events at the cell-matrix interface, it is, therefore,
interesting to speculate that targeting JAM-A dimerization
to reduce signalling could be a promising and novel target
to reduce breast cancer cell motility during the early stages of
invasion or metastasis.

A final point regarding TJs as breast cancer therapeutic
targets relates to drug delivery. In order for therapeutic agents
to reach their target in vivo, they must cross epithelial and/or
endothelial barriers. Since the TJ is the primary regulator
of paracellular transport across such cells [212], successful
drug delivery may require modulation of TJ proteins to allow
drug molecules to pass [213]. However, as before, it must be
noted that disruption of TJ proteins purely for drug delivery
purposes may itself promote cancer progression by upsetting
homeostatic mechanisms of polarity, differentiation, cell fate,
and migration which are tightly regulated by TJs in normal
tissues.

To conclude this section, we note that therapeutic modu-
lation of breast cancer via selective targeting of tight junction
structural proteins is in its infancy. At present, CPE offers
the best-developed strategy via targeting of claudin-3 and -4.
While many signalling proteins and enzymes loosely affili-
ated with the TJ plaque may prove easier pharmacological
targets, full discussion of this topic is beyond the scope of this
review. Interested readers are directed to a comprehensive
review by Schneeberger and Lynch [214]. It is clear however
that further investigations into the cell biology of tight
junctions are necessary to provide insights into putative
future applications of TJ components as candidates for drug
discovery to prevent or limit breast cancer progression.

5. Conclusions

Finally, we summarize the role of TJs in breast cancer
initiation and progression as follows (see Figure 2). During
the initiation phase of cancer, fundamental alterations in the
TJ complex may impair its functional control over important
cellular processes such as polarity and cell fate determination,
or cell motility characteristics. Dysregulation of either of
these aspects likely contributes to the pathologies which we
recognise as ductal breast carcinoma in situ or invasive ductal
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carcinoma. Further dysregulation of a combination of these
(and other) events is likely to be required for the most
serious step of breast cancer progression, the transition to a
metastatic phenotype.

It must be noted that there is not a simple relationship
between TJ protein loss or gain and breast cancer. As we
have described in this review, both loss and gain of TJ
proteins can impart a growth advantage to breast cancer
cells, as well as increased resistance to apoptosis, loss of
polarity, and increased migratory or invasive characteristics.
Through these important regulatory influences on polarity,
cell fate and cell movement, we suggest that an intact and
functional TJ complex acts as a barrier to the initiation and
progression of breast cancer. However, any imbalance in the
protein components of this complex (whether increased or
decreased) will, in turn, imbalance the strict homeostatic
control required to maintain breast tissue in its differentiated
state, increasing the risk of inducing a pathologically dedif-
ferentiated state such as breast cancer.
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Epithelial cell tight junctions (TJs) consist of a narrow belt-like structure in the apical region of the lateral plasma membrane
that circumferentially binds each cell to its neighbor. TJs are found in tissues that are involved in polarized secretions, absorption
functions, and maintaining barriers between blood and interstitial fluids. The morphology, permeability, and ion selectivity of TJ
vary among different types of tissues and species. TJs are very dynamic structures that assemble, grow, reorganize, and disassemble
during physiological or pathological events. Several studies have indicated the active role of TJ in intestinal, renal, and airway
epithelial function; however, the functional significance of TJ in salivary gland epithelium is poorly understood. Interactions
between different combinations of the TJ family (each with their own unique regulatory proteins) define tissue specificity and
functions during physiopathological processes; however, these interaction patterns have not been studied in salivary glands. The
purpose of this review is to analyze some of the current data regarding the regulatory components of the TJ that could potentially
affect cellular functions of the salivary epithelium.

1. Introduction

The intercellular junctional complex in epithelial cellular
sheets consists of four major components: (1) tight junctions
(TJs) [1], (2) adherens junctions [2] and desmosomes
[3], (3) gap junctions [4], and (4) focal adhesions [5, 6].
Adherens junctions and desmosomes are responsible for the
mechanical adhesion between adjacent cells. Of particular
interest in the adherens junctions of the salivary glands are
the members of cadherin family, which play a role in salivary
gland development, tissue organization, and cell differentia-
tion [7]. In early morphogenesis, E-cadherin and β-catenin
are likely to participate in salivary gland remodeling [8],
whereas during cytodifferentiation, they form stable cell-cell
contacts and may collaborate with Rho GTPases in the estab-
lishment and maintenance of salivary cell polarity [9]. Gap
junction channels, which link the cytoplasm of adjacent cells,
are made up of membrane-spanning proteins, the connexins
[10]. The integrity of connexins is necessary for normal
glandular secretory function [11]. Previous studies have
shown that connexins become uncoupled during stimulation
of saliva secretion by cholinergic agonists [12]. However, the
molecular mechanisms by which connexins uncouple during
salivary cholinergic stimulation remain to be determined.

Focal adhesion molecules interact with the extracellular
matrix and play critical roles in the differentiation of many
tissues [13, 14]. In salivary glands, integrins play crucial
roles in embryonic and adult cell adhesion, migration,
morphogenesis, growth, and differentiation [14].

TJs are essential for the tight sealing of the cellular sheets
[15]. Epithelial cell TJs consist of a narrow belt-like structure
in the apical region of the lateral plasma membrane that
circumferentially binds each cell to its neighbor [16]. In
epithelial cells, TJs are thought to be the principal structures
that contribute to cell polarity by acting as an intermembrane
barrier that prevents the lateral movement of membrane
proteins between the apical and basolateral membranes [17,
18]. TJs also form the primary barrier against the diffusion of
solutes through the paracellular cleft [19], thus maintaining
selective transepithelial ion gradients. Using freeze-fracture
analysis of salivary epithelium cell membranes, TJs appear as
aggregates of particles that form continuous anastomosing
strands [20]. The particles are composed of transmembrane
proteins, embedded in plasma membranes of neighboring
cells, in which extracellular domains of these TJ proteins
interact to seal the intercellular junction [19]. The major TJ
proteins are the transmembrane proteins claudins, occludin,
and junctional adhesion molecules (JAMs) [21–23]. TJ
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proteins associate with intracellular scaffold proteins, among
which is the family of zonula occludins (ZOs) proteins [24].
The ZO proteins anchor TJ transmembrane proteins to the
actin cytoskeleton [25].

TJs are found in tissues that are involved in polarized
secretions, absorption functions, and maintaining barriers
between blood and interstitial fluids [26]. The morphology,
permeability, and ion selectivity of TJ vary among different
types of tissues and species [27–32]. TJs are very dynamic
structures that assemble, grow, reorganize, and disassemble
during physiological or pathological events [33]. Several
studies have indicated the active role of TJ in intestinal,
renal, mammary, and airway epithelial function [27–32, 34];
however, the functional significance of TJ in salivary gland
epithelium is poorly understood [35]. The purpose of this
review is to analyze some of the current data regarding
the TJ and its regulatory components. TJs in the salivary
epithelium are necessary for salivary gland function and
could potentially serve as indicators of salivary epithelial
dysfunction.

2. Morphological and Functional Differences
between the Salivary, Acinar, and Ductal Cells

Salivary glands consist of multiple secretory units connected
to the oral cavity by a system of ducts [36]. Each secretory
unit is a cluster of cells organized in secretory acini [37].
The salivary glands consist of three pairs of major salivary
glands (parotid, submandibular, and sublingual), and minor
salivary glands located throughout the oral cavity within
the lamina propria of the oral mucosa [37]. The major
salivary glands are encapsulated by a connective capsule, a
feature that is absent in minor salivary glands [38]. The
salivary glands are also classified according to their function
in serous glands (i.e., the parotid gland) that produce almost
exclusively protein [39], mucous glands that produce only a
small amount of protein but a large amount of glycoprotein
(e.g., the sublingual and minor salivary glands) [40], and
mixed serous/mucous glands that secrete both protein and
glycoprotein (i.e., the submandibular gland). In humans
90% of saliva is produced by the major salivary glands and
10% is produced by the minor salivary glands [41].

2.1. Parotid Gland. The parotid gland is composed of the
following: (1) serous acinar secretory end pieces [39], (2)
intercalated ducts within the parotid glands, which are long
and branched [36], and (3) well-developed striated ducts
[36]. The secretion in the parotid gland is watery and rich
in amylase, prolin-rich proteins, and peroxidase [42].

2.2. Submandibular Gland. The submandibular gland is a
mixed gland composed of the following: (1) serous cells,
which are attached to secretory end pieces to form a
demilune, with serous acini predominating over the mucous
elements [40], (2) intercalated ducts [36], and (3) long
and well-defined striated ducts [36]. The secretion of the
submandibular gland contains more mucus than that of the
parotid gland; therefore, it is more viscous [40].

2.3. Sublingual Gland. The sublingual gland is composed
of the following: (1) acinar mucus-secreting cells, some
of which are capped by serous demilunes [40], (2) short
to nonexistent intercalated ducts [36], and (3) striated
ducts that are less developed than the submandibular and
parotid glands [36]. The secretion of the sublingual gland is
predominantly mucous [40].

2.4. Minor Salivary Gland. Minor salivary glands are divided
into three groups as follows: (1) anterior-lingual glands that
are mucous secreting glands with serous demilunes [43], (2)
Von Ebner, or posterior lingual glands, which are composed
of lipase-rich serous acini [44], and (3) Weber’s glands, which
are lingual, posterior glands that secrete mucus [45].

2.5. Saliva Secretion. The main function of the salivary
gland is the production of saliva. Primary saliva secretion
is elaborated by the acinar cells then it is modified as it
passes through a series of progressively larger ducts [46–
49]. The glandular secretion consists mostly of ions and
electrolytes, as well as proteins and glycoproteins [46, 50].
Because primary acinar secretion and its modification in the
ducts vary depending on the gland type, it is clear that TJ
structure and function must be different between serous,
mucous, and mixed acini, as well as between intercalated,
striated, and excretory ducts. However, how TJ structure
and function are modulated among different salivary glands
during saliva secretion is little understood.

In currently accepted models of saliva secretion, the
transepithelial movement of Cl− is the primary driving force
for fluid and electrolyte secretion by salivary acinar cells
(Figure 1) [51]. Agonist-stimulated secretion in acinar cells
is initiated by concomitant activation of Ca2+-dependent
apical Cl− channels and basolateral K+ channels [52]. The
stimulated efflux of K+ and Cl− down their electrochemical
gradients produces a transepithelial potential difference that
is followed by Na+ and water diffusion across the epithelial
TJ [53] (Figure 1). The secretion from the acinar cell, in
addition to fluid, contains proteins such as amylase and
mucins in a solution of ions similar to the other extracellular
fluids [54]. Water diffusion appears to occur by paracellular
pathways and transcellular transport via water channels [51].
As the primary saliva goes through the ducts, Na+ and Cl−

reabsorption and secretion of K+ and HCO−
3 occur, because

salivary ducts have low permeability to water, which results
in a hypotonic saliva (Figure 1) [46].

TJs in salivary epithelia provide a barrier between the
extracellular compartments and the lumen that is critical to
normal acini functions, including the maintenance of cell
polarity and normal transepithelial ion gradients [51]. A
recent study indicated that apical electrolyte concentration
modulates barrier function and TJ protein localization in
bovine mammary epithelium [34]. Therefore, TJ protein
interactions are likely to change in response to agonist-
induced ion secretion in salivary glands. Proinflammatory
cytokines also modulate TJ in several tissues [27, 28, 34,
56–60] including salivary epithelium [35]. Examining how
TJs are modulated in response to agonists or inflammatory
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Figure 1: Diagram representing acinar salivary secretion and TJ proteins. Activation of basolateral M3 muscarinic receptors by
neurotransmitters (e.g., acetylcholine) initiates signaling cascades that stimulate apical Ca2+-dependent Cl− channels. The stimulated efflux
of Cl− produces a transepithelial potential difference that drives Na+ and H2O transport across the TJ. Alternatively, H2O can reach the
lumen by water channels. These events create a plasma-like primary secretion in the lumen. As the primary saliva passes through the ducts,
Na+ and Cl− are reabsorbed and K+ is secreted into the lumen. Inset (adapted from [55]) indicates the TJ proteins occludin, claudin, and
JAM linked to the cytoskeleton via cytoplasmic ZO proteins. Clearly TJ structure varies depending on the cell function; the question is how
combinations of TJ proteins define function in acinar and ductal cells.

mediators is a significant step in defining the signaling
pathways that regulate TJ integrity in salivary glands.

3. Transmembrane TJ Proteins

3.1. Claudins. Claudins are members of a multigene family,
with < 24 members in humans/rodents [61], presenting a
unique tissue expression pattern [62]. Claudins are integral
transmembrane proteins that range from 22 kDa to 27 kDa
[63]. Claudins span the cellular membrane 4 times, with both
N-terminal and C-terminal ends located in the cytoplasm
[21, 63, 64]. The C-terminal end diverges among different
claudin subtypes, has potential phosphorylation sites, and
has a putative PDZ binding domain of ZO proteins [64–66].
Claudins have two extracellular loops, which show a high
degree of conservation [67]. The first loop is larger than the
second, and it is involved in homophilic and heterophilic
interactions [63, 64].

When claudin-1 or -2 is expressed in L-fibroblasts, which
lack the endogenous claudins, they are able to reconstitute
a well-developed network of strands (similar to TJ strand
networks) [68, 69]. Conversely, occludin by itself cannot

develop TJ strands [69], indicating that claudins are the
backbone of TJ. Alterations of claudin expression strongly
affect epithelial paracellular permeability (for a review
see [67]). Analysis by freeze-fracture electron microscopy
revealed an increase in number, depth, and complexity of
TJ fibrils when claudins were overexpressed in epithelial cells
[70, 71]. Claudin-null L-cells, transfected to express different
claudins, have been used to demonstrate that claudin-
1 heterotypically binds to claudin-3, but not to claudin-
2 or claudin-5 [72]. Conversely, claudin-2 and claudin-
5 heterotypically bind to claudin-3, but not to claudin-
1 [72]. Thus, the compatibility of claudins for head-to-
head binding is not easily predicted. The claudin-null HeLa
cells stably expressing single or multiple claudins have
been used to examine the ability of claudin-1, claudin-3,
claudin-4, and claudin-5 to interact with each other [73].
Although the extracellular loop domains of claudin-3 and
claudin-4 are highly conserved, claudins that interact with
claudin-3 do not heterotypically bind to claudin-4 [73].
However, claudin-3 and claudin-4 do form heteromeric
complexes [73]. To date, all of the known heterotypic
claudin-claudin interactions appear to involve claudin-3 [72,
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73]. However, since a limited subset of the claudins has
been examined, future studies are necessary to determine
other potential heterotypic claudin-claudin interactions. In
contrast, homotypic claudin-claudin interactions appear to
be universal [72]. Claudin-claudin interactions in salivary
glands have not yet been defined; however, different claudin
combinations may give functional specificity in acinar and
ductal cells (and may help to better understand salivary gland
functions). Kinetic analysis of GFP-claudin-1-containing
strands in renal epithelial cells indicated that, although
claudins are not mobile within paired strands, claudin-1-
containing strands are dynamic: strands occasionally break
and anneal, dynamically associating with each other in both
an end-to-side and side-to-side manner [74]. Analysis by
freeze-fracture electron microscopy revealed an increase in
number, depth, and complexity of TJ fibrils when claudins
were overexpressed in Madin-Darby canine kidney (MDCK)
cells [70, 71]. In salivary glands, claudins are likely to
regulate salivary gland functions by allowing cell polarity
and by maintaining the transepithelial gradient necessary
to establish unidirectional secretion [35]. To date, from the
24 known claudins, only claudins-1, -8, -10, -11, and -16
have been detected in salivary glands. These claudins (i.e.,
those that express in salivary glands) will be discussed in this
section and are summarized in Table 1.

3.1.1. Claudin-1. Although the precise physiological role
of claudin-1 is unclear, newborn claudin-1 deficient mice
develop severe dehydration and die within 1 day of birth [75],
indicating that claudin-1 plays a fundamental role within TJ.
Additionally, overexpression of claudin-1 increased transep-
ithelial electrical resistance (TER) and decreased paracellular
permeability to 4–40 kDa FITC dextran in MDCK cells [76],
further indicating the important role of claudin-1 in TJ
formation.

Claudin-1 seems to be present only in ducts from
human minor salivary gland [78] and rats (see Table 1)
[79]. However, in human major salivary glands, claudin-
1 was also found in serous acini (see Table 1) [80]. These
studies indicate that claudin-1 expression varies among
species and cell type. In polarized rat parotid gland Par-
C10 cell monolayers [81] that endogenously express claudin-
1 [35] treatment with proinflammatory cytokines TNFα
and/or IFNγ caused a reduction of claudin-1 expression.
The observed claudin-1 downregulation was associated with
disruption of TJ structure and function [35]. These findings
indicate that claudin-1 may contribute to TJ integrity in
salivary epithelium, a condition that is necessary for cell
polarity and unidirectional ion secretion.

3.1.2. Claudin-2. The commonly used experimental MDCK
strains (i.e., types I and II) differ in TER when they form
monolayers [68]. MDCK I cell monolayers do not express
claudin-2 and have a very high TER [68, 82]. However,
MDCK II cell monolayers have a 10- to 100-fold lower
TER than MDCK I cell monolayers do, and they express
claudin-2 in the intercellular space [68, 82]. Both cell strains
express the TJ proteins claudin-1, -3, and -4, as well as ZO-1

Table 1: Localization of TJ proteins in salivary glands. This table
summarizes TJ detected to date in acinar and ductal cells. ∗ indicates
that this protein is present only in serous acini. � denotes an unusual
basolateral or cytoplasmic localization where TJs do not exist.

Species/Cell Type Acinar Ductal References

Human Major
Salivary Glands

Claudin-1∗

Claudin-2
Claudin-3
Claudin-4

Claudin-16�

Occludin
JAM-A
ZO-1

Claudin-1
Claudin-2
Claudin-3
Claudin-4

Claudin-16
Occludin
JAM-A
ZO-1

[79, 109]

Human Minor
Salivary Glands

Claudin-3
Claudin-4

Claudin-1
Claudin-3
Claudin-4
Claudin-7

Claudin-11�

[77]

Rat Major Salivary
Glands

Claudin-3
Claudin-10�

Claudin-1
Claudin-3
Claudin-4

[78]

Mouse Major Salivary
Glands

Claudin-4
Claudin-3

Claudin-6
Claudin-8

Claudin-10
[89]

and occludin [68]. These studies revealed that incorporation
of claudin-2 converts the tight TJ strands to leaky strands
in MDCK I cell monolayers. Other studies indicate that
exogenous claudin-2 expression in MDCK-C7 cells (a twin
to MDCK strain I cells) induces cation-selective channels
in the TJ [77, 83]. Additionally, in the kidney, claudin-2
expression is restricted to leaky epithelium in the proximal
tubule and thin descending limb of Henle [84]. Furthermore,
claudin-2 is absent in the remaining distal nephron, which
is considered to be a tight epithelium [84]. These studies
indicate that claudin-2 causes leakiness within the TJ.

Claudin-2 has been detected in both acinar and ductal
cells from human major salivary glands (see Table 1) [80].
However, claudin-2 was not detected in human minor
salivary glands and rodents (see Table 1) [78, 79]. As for
claudin-1, discrepancies in claudin-2 detection may exist due
to the cell type and species. Although the role of claudin-2 in
salivary gland is not known, high levels of claudin-2 in adult
salivary acinar cells could contribute to the typical leakiness
of salivary acinar cells (e.g., high permeability to water and
Na+).

3.1.3. Claudin-3. Claudin-3 is found in equal amounts in
two strains of MDCK cell monolayers (MDCK-C7 and
MDCK-C11); however, these strains show different levels
of transepithelial resistance [83]. In addition, transfection
experiments showed no relationship between electrical
transepithelial resistance and claudin-3 expression in MDCK
I cell monolayers [68]. In contrast, claudin-3 knockdown by
siRNA in the gastric polarized epithelial cell line (MKN28)
caused a significant decrease in TER and increased dextran
permeability [85]. The studies indicate that claudin-3 func-
tion varies depending on the cell type.
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Claudin-3 has been detected in both acinar and ductal
cells from human major and minor salivary glands and in
the rat parotid gland (see Table 1) [78–80] as well as in Par-
C10 cell monolayers [35]. The specific function of claudin-3
in epithelial cells of the acini and ducts in the salivary glands
has not been elucidated. However, a recent study showed
that claudin-3 expression decreased in the parotid glands
of female mice lacking Aquaporin 5 (AQP5−/−), the major
transcellular water transporter in salivary acinar cells [86].
This study suggests a possible link between claudin-3 and
paracellular water secretion in salivary glands.

3.1.4. Claudin-4. The overexpression of claudin-4 in MDCK
cells decreases transepithelial conductance by decreasing
paracellular Na+ permeability, without affecting permeabil-
ity to Cl− or flux for a noncharged solute [71]. In cultured pig
kidney epithelial cells (LLC-PK1), knockdown of claudin-4
expression decreased Cl− permeability and caused the TJ to
lose the anion selectivity [87]. When claudin-4 in MDCK
I cells is removed, there is a decrease in the number of TJ
strands and a reduction of TER [88]. These studies suggest
that claudin-4 may be responsible for both conductance and
ionic selectivity.

Claudin-4 has been detected in both acinar and ductal
cells from human major and minor salivary glands [78, 80]
(see Table 1). Claudin-4 has also been detected by Western
blot analysis in Par-C10 polarized cell monolayers [35].
However, claudin-4 was detected only in ductal cells from rat
parotid glands and mouse submandibular glands when using
immunostaining in frozen sections (see Table 1) [79, 89].
Overexpression of claudin-4 increased TER and decreased
epithelial permeability (to 70-kDa dextran, as compared
to untransfected controls) in SMIE cell monolayers [90].
These results indicate that claudin-4 may function as a
regulator of TJ barrier function in rat submandibular
glands.

3.1.5. Claudin-5. Claudin-5 has been reported to be pri-
marily present in TJ of endothelia, suggesting a role in the
control of the endothelial barrier [91]. Indeed, mice deficient
in claudin-5 show barrier failure, which is size selective
and limited to the endothelium of the blood-brain barrier
[92]. Claudin-5 stable transfection to human epithelial
colorectal adenocarcinoma cells (Caco-2) increased TER
and decreased paracellular permeability to mannitol (as
compared to untransfected controls that lack claudin-5 and
normally display low TER) [93]. However, when claudin-5
null cells displaying high TER (MDCK-C7) were transfected
with claudin-5, no changes of barrier function were detected
[93]. These findings suggest that claudin-5 contributes to the
TJ sealing.

In human and rats major salivary glands, the expression
of claudin-5 seems to be restricted to endothelial cells that
surround acinar and ductal cells [79, 80]. Since previous
studies showed that claudin-5 controls paracellular solute
and water movement across endothelial monolayers [91],
and because of its location in endothelial cell surrounding
salivary epithelium [79, 80], it is tempting to speculate

that claudin-5 could be involved in controlling nutrients
supply from blood to salivary glands. However, studies are
needed to elucidate the functions of claudin-5 in salivary
glands.

3.1.6. Claudin-6. Claudin-6 was first identified through
searching expressed sequence tag (EST) databases from
embryos [61]. However, claudin-6 expression has not been
detected in adult tissues [61, 94], indicating that claudin-
6 may be regulated developmentally. Consistent with these
studies, claudin-6 is expressed and concentrated at TJ only
in the ducts at E16 (in mice submandibular glands) [89].
Conversely, it is almost completely absent after birth [89]
(see Table 1), suggesting that claudin-6 is developmentally
regulated in salivary glands.

3.1.7. Claudin-7. Claudin-7 is localized in the distal and
collecting tubules, as well as in the thick ascending limb of
Henle in porcine and rat kidneys [95]. Overexpression of
claudin-7 in LLC-PK1 cells resulted in increased TER and
a dramatic reduction in dilution potentials [95] due to a
concurrent decrease in the paracellular conductance to Cl−

and an increase in the paracellular conductance to Na+ [95].
These results indicate that claudin-7 may form a paracellular
barrier to Cl− while acting as a paracellular channel to Na+.

Claudin-7 is expressed in ductal cells from early develop-
mental stages through adulthood in human minor salivary
glands (see Table 1) [78]. Similar to claudin-3, claudin-7
protein expression also decreased in parotid glands from
female AQP5−/− mice, further indicating a relationship
between claudins and water transport during saliva secretion
[86].

3.1.8. Claudin-8. Claudin-8 is expressed along the
aldosterone-sensitive distal nephron, including the entire
collecting duct [59]. Induction of claudin-8 expression in
MDCK II cells reduced permeability, not only to protons,
but also to ammonium and bicarbonate [96, 97]. These
studies suggest that claudin-8 probably limits the passive leak
of these three ions via paracellular routes, thereby playing a
permissive role in urinary net acid excretion.

Claudin-8 has been detected in the ducts of mouse
submandibular glands, during both the pre- and post-natal
stages (see Table 1) [89]. However, further research is needed
to determine the role of claudin-8 in salivary glands.

3.1.9. Claudin-10. Although the exact function of claudin-
10 is unknown, its expression has been associated with hep-
atocellular carcinoma recurrence [98] and papillary thyroid
carcinoma [99], suggesting that claudin-10 contributes to
cancer progression. Claudin-10 is expressed in the terminal
tubules developing mouse submandibular glands, where this
claudin-10 is colocalized with ZO-1 [89]. However, studies
in rat major salivary glands indicated that claudin-10 is also
present at the basolateral region of acinar cells, showing an
ectopic subcellular localization where TJ strands do not exist
(see Table 1) [76]. The role of claudin-10 in salivary glands
remains to be determined.
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3.1.10. Claudin-11. Previous studies determined that
claudin-11 is present in the central nervous system and
is involved in nerve conduction [100]. Claudin-11 is
also present in Sertoli cells and apparently is involved
in spermatogenesis [101]. Claudin-11 typically forms
“pure” TJs, in the sense that other claudins are not
present in these junctions [100]. In claudin-11 null mice,
compartmentalization (established by claudin-11-based
TJ in stria vascularis) is required for hearing through
generation of endocochlear potential [102]. Overexpression
of claudin-11 induces proliferation and enhances migration
in an oligodendrocyte cell line [103].

In human minor salivary glands, claudin-11 has been
detected in the cytoplasm of ductal cells unlike other claudins
[78]. Claudin-11 is not expressed in acinar cells (see Table 1)
[78]. The reason why claudin is expressed in a place where
TJs do not exist (e.g., membrane-cytoplasmic) is unknown.
The function of claudin-11 and its expression pattern in
human major salivary glands remain to be determined.
Claudin-11 is expressed in the terminal tubules and ducts
of the mouse developing submandibular gland where it is
colocalized with ZO-1 [89].

3.1.11. Claudin-16. Claudin-16 is expressed in the kidney
of several mammalian species (e.g., in rodents, cattle, and
humans) [104–107] and in mammary glands from mice
[108]. When claudin-16 is missing, magnesium does not
return from the renal tubule to the blood. Consequently, it
is lost in the urine, which leads to hypomagnesemia [104].
These studies indicate that claudin-16 (a.k.a., paracellin-1)
provides a cation-selective channel in the renal tubule [104].

Claudin-16 has been detected in the ducts of major
human salivary glands (where claudin-16 colocalizes with the
scaffold protein ZO-1 or with occludin) [109]. However, in
acinar cells, claudin-16 was detected at the basolateral side
of the cells (between cells of the same acinus and/or between
cells of neighboring acini) (see Table 1) [109]. Consequently,
the significance of claudin-16 expression pattern (in acinar
cells) has yet to be determined.

3.2. Occludin. Occludin is a transmembrane protein that
forms part of the TJ [22] which contributes to TJ barrier
function and to formation of aqueous pores within TJ
strands [15]. Occludin has a molecular mass of 60–65 kDa,
two extracellular loops [110], and four transmembrane
domains. Both the N- and C-terminal ends of occludin are
located in the cytoplasm [110]. The N-terminal region is
involved in sealing and barrier properties [111]. The C-
terminal domain is rich in charged amino acids and binds
specifically to a complex of ZO-1 and ZO-2 [110]. The extra-
cellular loops have a high content of tyrosine and glycine
residues that are thought to be involved in the regulation of
paracellular permeability and cell adhesion [110].

Occludin-deficient embryonic stem cells are able to
differentiate into polarized epithelial cells with functional TJ
[112]. L-fibroblasts exhibited no cell-cell adhesion as a result
of induced occludin expression [69], suggesting that occludin
is not necessary for TJ formation. Expression of occludin in

MDCK II cells increased TER and paracellular flux of a small
molecular dextran tracer [113], suggesting a role for occludin
in the formation of selective pores (despite high electrical
resistance).

Four differentially spliced occludin-specific mRNA tran-
scripts have been identified, which are the result of post-
transcriptional events [114]. Expression of the translated
proteins altered subcellular distribution of occludin and
loss of colocalization with ZO-1 for two of the four splice
variants [114]. Two splice variants (i.e., occludin types II
and III) lack the fourth transmembrane domain [114]. It
was observed that occludin types II and III did not co-
localize with ZO-1, which highlights the significance of
the fourth transmembrane domain in directing occludin
to the TJ [114]. An occludin isoform lacking the fourth
transmembrane domain (close to the C-terminal domain)
was discovered in human embryo tissues [115]. Occludin
1B has been identified as a transcript encoding a longer
form of occludin with a unique N-terminal sequence of 56
amino acids [116]. Immunostaining for occludin 1B shows
that its distribution pattern in MDCKs is identical to that of
occludin. The detection of occludin 1B in a range of epithelial
tissues (and the preservation across species) implies that
occludin 1B may be a significant player in the modulation of
TJ barrier properties [116]. These findings also suggest that
occludin and its isoforms may be a multigene family.

In human major salivary glands, occludin has been
detected in ductal and acinar cells (see Table 1) and in
endothelial cells surrounding the salivary epithelium [80].
Occludin has also been detected in cell lines of salivary
gland origin such as the polarized Par-C10 and SMIE cell
monolayers [35, 90]. Mice lacking occludin showed loss of
cytoplasmic granules in striated ducts from salivary glands
[117]; however, the significance of this observation remains
to be determined.

The functional role of occludin in salivary gland TJ has
been demonstrated through studies involving polarized cell
lines. In a rat parotid gland epithelial cell line (Pa-4, similar
to Par-C10 but different clone), transfection of an oncogenic
Raf-1 resulted in a complete loss of TJ function (and the
acquisition of a stratified phenotype that lacked cell-cell
contact growth control) [118]. The expression of occludin
and claudin-1 was downregulated, and the distribution
patterns of ZO-1 and E-cadherin were altered. Introduction
of the human occludin gene into Raf-1-activated Pa-4 cells
resulted in reacquisition of a monolayer phenotype and
the formation of functionally intact TJ [118]. These studies
indicate that not only occludin is a critical component
of functional TJ in salivary epithelium, but that it also
controls the phenotypic changes associated with epithelium
oncogenesis.

In murine submandibular gland carcinoma cells (CSG),
the expression of an N-terminally truncated occludin con-
struct decreased TER and paracellular permeability to 4–
42 kDa tracers [111]. These studies suggest that occludin
may be a regulator of the paracellular pathway, rather than
a structural or functional component of the TJ, given that
TJs form and appear functionally normal in the absence of
occludin [69, 112].
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3.3. Junctional Adhesion Molecules (JAMs). JAMs are mem-
bers of the immunoglobulin superfamily of proteins and
are expressed in epithelial cells [119]. JAMs are subdivided
into a group consisting of JAM proteins (JAM-A, JAM-B,
JAM-C) and another group consisting of Coxsackievirus-
adenovirus receptor (CAR), Coxsackie- and adenovirus
receptor-Like Membrane Protein (CLMP), Endothelial cell
adhesion molecule (ESAM), and JAM-4 [69, 112, 120, 121].
In epithelia, JAM-A and JAM-C localize to the TJ, whereas
JAM-B exists along the lateral membrane [122]. Unlike
occludin and claudins, JAM protein family members have
a single transmembrane domain, an extracellular domain
containing two Ig-like motifs, and a cytoplasmic tail [123].
The extracellular domains of JAM-A, JAM-B, and JAM-
C contain dimerization motifs that play a role in their
interactions [123, 124]. The C-terminal end has a putative
PDZ binding domain, which interacts with the PDZ domains
of accessory proteins (e.g., ZO-1) [125]. These studies
indicate that JAM-A might be involved in the propagation of
signal cascades, resulting from homophilic and heterophilic
TJ protein interactions. JAM-A apparently plays a role in
the adhesion and transmigration of monocytes through
endothelial cells [23]. JAM-A functional significance in
epithelial cells is less clear; however, inhibition of JAM-
A with a monoclonal antibody caused a decrease in TER,
and defects in TJ assembly, in intestinal epithelial T84 cells
[126]. These studies indicate that JAM-A is important for TJ
integrity in these cells.

Among the JAM protein family, JAM-A is the only
member that has been detected in acinar and ductal cells
from human major salivary glands (see Table 1) [80]. Further
studies are needed, both to characterize its overall function
and to determine the process by which it is regulated in
salivary epithelium.

4. Multiprotein Complexes at the TJ

Three major protein complexes involve one or more scaf-
folding proteins: (1) the ZO protein complex [127], (2) the
protein associated with Lin Seven (Pals1)-ALS1-associated
TJ protein (PATJ) complex [128], and (3) the partitioning
defective-3 (PAR)-3-atypical protein kinase C (aPKC)-PAR-
6 complex [129]. To date, only the ZO protein complex has
been described in mammalian salivary gland epithelium; the
details of which will be described below.

ZO-1 is a classical scaffolding protein of the membrane-
associated guanylate kinases (MAGUKs) family. It has three
PDZ domains, one SH3 domain, and one guanylate kinase
(GuK) domain [127]. Unlike other TJ proteins, ZO-1 is
not a transmembrane protein; rather, it is a large cytosolic
phosphoprotein [130]. This role is critically important for
interaction with integral membrane proteins at TJ [131].
ZO-1 also interacts with other cytoplasmic proteins (e.g.,
ZO-2 and ZO-3 homologs of ZO-1) and with the actin
cytoskeleton [120]. ZO-1 forms complexes with ZO-2 and
ZO-3 [132]. Moreover, both ZO-2 and ZO-3 interact with
F-actin (and also with occludin and claudins) [65, 132,
133]. Collectively, the ZO complex is the major link to the

actin cytoskeleton at the TJ. The absence of ZO-1 results
in a slight delay in TJ formation but does not impair the
formation of functional TJ in MDCK cells [134] or in
the mouse mammary epithelial cell line Eph4 [135]. This
indicates redundancy in the roles of ZO family members, as
each can accomplish the role of other members. However,
if all ZO family members are lost in mammary epithelial
cells, TJ formation is blocked (i.e., TJ strands are lost and
barrier function is disrupted) [131]. Together, these findings
indicate a critical role for the ZO protein family in the
development of TJ strands, probably by forming the physical
scaffold for the strand-forming proteins (e.g., claudins and
occludin).

In human major salivary glands, ZO-1 is present in
acini, ducts, and interglandular endothelial cells [80, 109].
Additionally, ZO-1 is colocalized with claudin-16 at the
excretory duct of human major salivary glands [109]. ZO-
1 has been widely used as a marker to achieve salivary
gland differentiation [136]; however, studies are needed
to determine the molecular mechanisms by which ZO-1
modulates TJ in salivary glands.

5. Functional Approaches Available to
Study TJ in Salivary Glands

Epithelial cell lines from rat salivary glands (e.g., Par-C10,
SMIE, and CSG), exhibiting a high degree of differentiation
when plated on permeable supports or on Matrigel, are
currently available. The rat parotid Par-C10 cells are able
to form polarized monolayers when cultured on permeable
supports (i.e., in a two-dimensional culture) [35]. Par-
C10 cells also form acinar spheres when single cells are
grown on Matrigel (i.e., in a three-dimensional culture)
[137] (Figure 2). These models have proven useful to
study TJ morphology by freeze-fracture analysis [35], TJ
organization through confocal microscopy (Figure 2), and
TJ protein expression through Western blot analysis [35].
Par-C10 polarized monolayers allow for the study of TJ
function by TER and agonist-induced short circuit current
measurements [35]. Par-C10 acinar spheres make possible
the study of TJ integrity (by measuring intrasphere changes
in potential difference in response to relevant secretory
agonists) [137].

The polarized rat submandibular SMIE cells are useful
to study TJ structure and function [90] and allow the
monitoring of transepithelial fluid movement in vitro [138].
The murine submandibular gland carcinoma cell line CSG is
another polarized cell line that has been utilized to determine
a role for occludin on paracellular permeability and the
cytoplasmic plaque of TJ associated proteins in salivary
epithelium [111]. To our knowledge, SMIE or CSG cells have
not been yet grown on Matrigel; however, further study is
warranted to determine whether they are able to form acinar
spheres.

Previous reports described methods for culturing human
primary submandibular cells that formed functional TJs
[139, 140]. These in vitro cell systems could be used to
study TJ function and to understand TJ formation during
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Figure 2: Three-dimensional Par-C10 acinar-like spheres express TJ as markers of acinar differentiation. Protein expression was detected using
immunofluorescence microscopy with goat antimouse occludin (a and d: red), rabbit anti-ZO-1 (b and d: green), followed by Hoechst
nuclear stain (c and d: blue). Images were obtained and analyzed using a Carl Zeiss 510 confocal microscope. Sphere diameter taken at the
widest point of the xy plane (I) is shown in μm. This model has been published [137].

salivary gland regeneration. Other studies have been able to
reconstitute three-dimensional human salivary gland tissues
that exhibit TJ and secrete α-amylase [136]; however, due
to the difficulty of obtaining human tissue samples, these
approaches are limited.

The identification of molecular components of TJ has
enabled researchers to analyze TJ functions by generating
knockout mice of the several TJ proteins, a review of which
can be found in reference number [141] of the current
review. In addition, positional cloning has identified muta-
tions in the genes of several TJ components in hereditary
human and cattle diseases, further demonstrating critical
roles for TJ in various organs [141]. TJ proteins in salivary
glands (e.g., for claudin-1, -5, -16, occluding, and ZO-1)
[141] may be studied in knockout mouse models. However,
because salivary gland structure and function have not been
yet studied in mice models, future studies involving in vivo
models are warranted.

6. Concluding Remarks

Interactions between different combinations of the TJ family
(each with their own unique regulatory proteins) define

tissue specificity and functions during physiopathological
processes; however, these interaction patterns have not been
studied in salivary glands. Therefore, further research should
determine how external signals modulate TJ structure and
function in salivary glands.

At sites of epithelial cell damage, loss of TJ integrity
represents a signal for cells to begin a repair pro-
gram involving proliferation and migration activities at
the wound edge, ending with the reassembly of TJ to
reform an intact epithelial layer [142]. In Sjögren’s syn-
drome (an autoimmune secretory disorder), lymphocytic
infiltrates cause damage in ductal and acinar epithelial
cells, which leads to salivary gland dysfunction [143].
Furthermore, Sjögren’s syndrome-related proinflammatory
cytokines compromised TJ integrity and resulted in salivary
epithelial dysfunction [35]. Therefore, dysregulation cell-
cell contacts by TJ alteration must occur in Sjögren’s
syndrome.

Additional studies are required to understand TJ regu-
lation, both in healthy and diseased salivary glands. Such
research could result in improved detection (i.e., early mark-
ers for salivary epithelial dysfunction) and better treatments
(e.g., modulation of TJ to improve secretion).
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ZO (zonula occludens) proteins are scaffolding proteins providing the structural basis for the assembly of multiprotein complexes
at the cytoplasmic surface of intercellular junctions. In addition, they provide a link between the integral membrane proteins and
the filamentous cytoskeleton. ZO proteins belong to the large family of membrane-associated guanylate kinase (MAGUK)-like
proteins comprising a number of subfamilies based on domain content and sequence similarity. Besides their structural function
at cell-cell contacts, ZO proteins appear to participate in the regulation of cell growth and proliferation. Detailed molecular studies
have shown that ZO proteins exhibit conserved functional nuclear localization and nuclear export motifs within their amino
acid sequence. Further, ZO proteins interact with dual residency proteins localizing to the plasma membrane and the nucleus.
Although the nuclear targeting of ZO proteins has well been described, many questions concerning the biological significance of
this process have remained open. This review focuses on the dual role of ZO proteins, being indispensable structural components
at the junctional site and functioning in signal transduction pathways related to gene expression and cell behavior.

1. Introduction

Epithelial and endothelial cells attach to each other by
various occluding junctions which rely on the function of
specific proteins characterized by common structural fea-
tures, that is, one or more transmembrane domains flanked
by cytoplasmic and extracellular portions. Accumulating
experimental evidence has suggested that protein-protein
interactions at the cytoplasmic region(s) of such trans-
membrane junctional proteins modulate the extracellular
action of the protein which accomplishes homophilic or
heterophilic binding to extracellular domains of junctional
proteins of neighbouring cells. In this way, a regulatable
intercellular seal is created.

Zonula occludens (ZO) proteins, comprising ZO-1, -2,
and -3, are peripheral proteins localizing at junctional sites.
ZO proteins are scaffolding proteins recruiting various types
of proteins to the cytoplasmic surface of the junction,
thereby contributing to the so called “junctional plaque”. ZO
proteins have originally been described to localize specifically
to tight junctions (TJs) (zonulae occludentes) [1, 2]. However,
this notion was quickly reevaluated, since these proteins
were found to associate with the cadherin-based adherens

junctions (AJs) in cells lacking TJs [3]. Moreover, ZO
proteins also associate with gap junctions (GJs) by directly
interacting with connexins [4–6], which points towards a
general role of ZO proteins in intercellular adhesion and
communication.

ZO proteins carry some domains required for struc-
tural organization of intercellular junctions and additional
domains capable of functioning in signal transduction
pathways. The most prominent function of ZO proteins at
the junctional site is the regulation of claudin polymerization
in epithelial cells, which was demonstrated by use of a reverse
genetic approach [7].

In recent years, intriguing evidence has accumulated
suggesting that ZO proteins not only exert functions related
to structural barrier mechanisms but are also involved in
signal transduction and transcriptional modulation.

ZO proteins interact directly with most of the transmem-
brane proteins localizing at TJs, such as occludin, claudins,
JAM (Junctional adhesion molecule), tricellulin, and CAR
(coxsackievirus and adenovirus receptor) [8–14] (Figure 1).

Their association with AJs is accomplished through
binding to alpha-catenin [14, 15] and members of the p120
catenin family [14–17] as well as to the nectin-interacting
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Figure 1: Localization of zonula occludens (ZO) proteins at tight junctions (TJs). Transmembrane components of TJs interact at least with
one ZO protein. As mentioned in the text, only ZO-1 and ZO-2 localize to the nucleus, while nuclear targeting of ZO-3 has not been observed
so far. Already described interactions of ZO proteins with other types of junctions is not included here. TJs: tight junctions; AJs: adherens
junctions; DM: desmosomes; GJs: gap junctions; CAR: coxsackievirus and adenovirus receptor.

protein AF-6 (ALL-1 fusion partner at chromosome 6)/
afadin [18]. This somehow reflects the canonical role of ZO
proteins, which is to establish a link between the transmem-
brane components and the perijunctional cytoskeleton at
cell-cell contacts [19–21]. In addition, ZO proteins interact
with a series of cytoplasmic proteins, including adapters, sig-
naling molecules and transcriptional regulators [22–27] sug-
gesting a novel function of ZO proteins, far beyond their role
as indispensable structural components at the junction site.

2. ZO Proteins Are MAGUK Proteins

ZO proteins belong to the large family of membrane-
associated guanylate kinase (MAGUK) like proteins. The first
MAGUK protein dentified was the product of the Drosophila
tumor suppressor gene lethal(1)discs-large (dlg). Loss-of-
function mutations in dlg lead to the tumorous overgrowth
of imaginal discs of Drosophila larvae [28, 29].

MAGUKs are scaffolding proteins which create and
maintain multimolecular complexes at distinct subcellu-
lar sites, such as the cytoplasmic surface of the plasma
membrane [30, 31]. By means of multiple protein bind-
ing domains, they bring together cell adhesion molecules,
cytoskeletal proteins, receptors, ion channels and additional
signaling components. Thereby, protein-protein interac-
tion is accomplished by small modular domains, such as
Src-homology3 (SH3) domains, phosphotyrosine-binding
domains (PTB), or PDZ domains [30]. In spite of their
similar domain structure, MAGUKs are distinctive enough to

be classified into seven subfamilies based on domain content
and sequence similarity [32].

Junctional MAGUKs belong to the dlg-like and ZO-
1-like subgroups of MAGUKs. They are characterized by
one or more copies of PDZ (PSD-95/discs large/zonula
occludens-1) domains, an SH3 (Src Homology 3) domain,
and a region homologous to mammalian and yeast cytosolic
guanylate kinase (GUK) (from N- to C-terminus). Similar
to other MAGUKS, a number of highly variable regions
are located between the conserved domains. The best
studied variable region is the HOOK domain, a basic hinge
region between the SH3 and GUK domain, involved in
regulating ligand binding and oligomerization of MAGUKs
[33, 34]

2.1. PDZ Domain. Although originally identified in meta-
zoans, PDZ domains have been found to be spread through
bacteria, fungi and plant lineages as well [35, 36]. PDZ
domains (80–100 amino acid residues) play a key role in
cellular signaling. They either form dimers or bind to C-
terminal regions of integral membrane and intracellular
proteins. PDZ is an acronym, combining the first letters
of three proteins which were first discovered to share the
domain: The post synaptic density protein (PSD95/SAP90),
the Drosophila septate junction protein Discs-large (DlgA),
and the epithelial tight junction protein zonula occludens-
1 (ZO-1). PDZ domains are sometimes referred to as DHR
(Dlg homologous region) or GLGF (glycine-leucine-glycine-
phenylalanine) domains [36].
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PDZ containing proteins are generally restricted to
specific subcellular domains, such as regions of cell-cell
contact in epithelial cells, the plasma membrane of red blood
cells and lymphocytes, and synaptic and neuromuscular
junctions [37]. The majority of PDZ containing proteins
is associated with the plasma membrane enabling the
creation of higher molecular structures [38]. Such structures
are mainly involved in intracellular signaling, cell adhe-
sion, ion transport, and the formation of the paracellular
barriers.

2.2. SH3 Domain. The Src homology 3 domain is a small
protein domain of about 60 amino acid residues present
in a large number of intracellular or membrane-associated
proteins [39]. It was first identified as a conserved sequence
in the viral adaptor protein c-Crk and the non-catalytic parts
of enzymes such as phospholipase and several cytoplasmic
tyrosine kinases [39]. SH3 domains are found in proteins
that are involved in signaling pathways regulating the
cytoskeleton, the Ras protein, and the Src kinase and many
others. By binding to proline-rich ligands, these domains
play critical roles in a wide variety of biological processes
ranging from regulation of enzymes by intramolecular inter-
actions, altering the subcellular localization of components
of signaling pathways, and mediating the assembly of large
multi-protein complexes [40].

2.3. GUK Domain. GUK (guanylate kinase) domains exhibit
sequence similarity to guanylate kinase, which converts GMP
to GDP using ATPase as a phosphate donor. Some members
of the MAGUK family, such as p55-like and Lin-2-like
MAGUKs, have intact GMP binding and ATP-binding sites,
while ZO-1-like MAGUKs lack several residues predicted to
bind GMP [34, 41]. Interestingly, using phylogenetic analyses
and molecular modelling it was demonstrated that the
MAGUK GUK domain originated from a catalytically active
GK domain and gradually lost its enzymatic characteristics
when new subfamilies emerged [32]. Several studies suggest
that the GUK domain of MAGUK proteins has evolved as a
protein-protein interaction domain. A number of vertebrate
GUK domain binding partners, including the microtubule-
associated protein MAP1A [42], the brain-enriched guany-
late kinase-associated protein (BEGAIN) [43], and the
kinesin-like protein GAKIN [44] have been identified so far.
In addition, the MAGUK GUK domain was suggested to
interact intramolecularly with the SH3 domain [41, 45].

3. Structural and Functional
Properties of ZO Proteins

The molecular structure and functions of ZO proteins have
extensively been described in a series of comprehensive
reviews that appeared during the last couple of years [19, 22,
24, 27, 31, 46–48]. Therefore, only a short outline of major
characteristics of ZO proteins is given here.

ZO proteins carry three PDZ domains, one SH3 domain,
a GUK domain and a proline-rich region located either at the
C-terminus (ZO-1, ZO-2) or between the second and third

PDZ domain (ZO-3) [31]. The variable domains, termed
U(unique)1 to U6 are located between the core domains
of the ZO proteins (U5 is also referred to as “HOOK”
domain) [49]. The SH3-U5-GUK-U6 region of ZO-1 turned
out to be of particular importance for TJ assembly and
localization [49]. The U5 motif, which is found in several
MAGUKs, though without sequence homology, is required
for localization of ZO-1 to TJs in vivo and for binding of
ZO-1 to occludin in vitro. In contrast, the U6 motif, a short
sequence flanking the GUK domain, is unique to ZO proteins
and was found to inhibit binding of ZO-1 to occludin
in vitro [49]. Expression of a modified ZO-1, lacking U6,
induces ectopic strands consisting of occludin and claudins
but lacking most of the cytoplasmic plaque proteins [49]. As
in other MAGUKS, the SH3 and GUK domain of ZO-1 form
a hairpin loop through intramolecular interaction which
could determine the position of the U5 and U6 motifs and
thereby modulate the binding capacity of ZO-1 to occludin
and to other proteins [49].

The first ZO protein identified was ZO-1, with a
molecular mass of 220 kD [2], which was discovered as an
antigen for a monoclonal antibody raised against a junction-
enriched fraction from liver tissue. ZO-1 associates with ZO-
2, a 160 kD protein [50, 51] and the 130 kD protein ZO-3
[52] through binding of their corresponding PDZ-2 domains
[53].

Interaction of ZO-1 with the C-termini of claudins was
found to be accomplished through PDZ-1 [10], while JAM
(Junction adhesion molecule) and occludin are contacted
by PDZ 2/3 [9] and a region localized at the SH3-hinge-
GUK domain, respectively [13, 49] (Figure 2). As mentioned
above, the unique motif located in this variable region
(termed U5) seems to be indispensable for binding of ZO-
1 to occludin [49]. Interaction with claudins via their first
PDZ domain is a redundant function of all ZO proteins and
thus appears to be crucial for the formation and function of
TJs. Indeed, Umeda et al. [7] have demonstrated that ZO-1
and ZO-2 are indispensable for determining when and where
claudins are polymerized.

ZO proteins associate with a series of peripheral junc-
tional proteins thereby creating a complex intracellular
network (Figure 2). Peripheral junctional proteins include
actin-and myosin binding proteins, signalling molecules
and transcriptional regulators. In addition, all ZO proteins
interact directly with actin filaments either via their COOH
terminal regions (ZO-1, ZO-2) or through a binding domain
located in the N-terminal half (ZO-3) which emphasizes
their role as cross linkers between TJ strands and the
cytoskeleton [54–56]. The importance of the perijunctional
actomyosin in ZO protein-mediated barrier formation was
reported recently by Van Itallie et al. [21].

The indirect interaction of ZO proteins with the
cytoskeleton involves several actin-binding proteins includ-
ing cortactin [57], alpha-catenin [11], protein 4.1R [58],
the Ras target AF6/afadin as well as the actin- and myosin-
binding proteins cingulin [59] and Shroom [60].

Signalling proteins associating with ZO-proteins include
the serin protein kinase ZAK (ZO-1 associated kinase-1)
which binds to the SH3 domain of ZO-1 and phosphorylates
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Figure 2: ZO proteins interact with transmembrane proteins and with peripheral cytoplasmic proteins at the junctional site. Details are
mentioned in the text. Some proteins interacting with ZO proteins are not included in the figure since their association domain is less
well described. These include CAR (coxsackievirus and adenovirus receptor), tricellulin, and cingulin. ABR: actin binding region; AF-6:
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a region immediately C-terminal to this domain [61] and a
G protein α subunit (Gα12) which also associates directly
with the SH3 domain of ZO-1 [62]. Interaction of p120
catenin with a C-teminal domain of ZO-3 provides an
additional link to Rho signalling [17, 63]. Signalling at TJs
has comprehensively been reviewed recently [64] and is not
being dealt with further in this review.

Interaction of ZO-3 with the polarity protein PATJ
(protein associated with tight junctions) was suggested to
be important for the recruitment of PATJ and its associated
proteins to tight junctions [65]. Finally, ZO-2 interacts
directly with human Scribble (the human homologue of
the Drosophila tumor suppressor Scribble) which was shown
to be a substrate of high-risk human papillomavirus E6
oncoproteins for ubiquitin-mediated degradation [66].

The idea of a “dual function” of ZO proteins has
emerged from observations that ZO proteins interact with
proteins involved in cell cycle progression and transcriptional
regulation [67]. The nuclear targeting of ZO proteins
and their association with regulatory proteins participat-
ing in gene expression will be discussed in a following
chapter.

4. Loss of Function Mutations of ZO Proteins

In order to gain more insight into the functional sig-
nificance of ZO proteins in embryonic development and
tissue differentiation, a series of loss-of-function mutations
were analysed. Eph4 cells lacking ZO-1 show a retarded
recruitment of claudins and occludin to TJs, and delayed
barrier establishment [68]. Similar results were obtained by
McNeil et al. [69] showing that knockdown of ZO-1 in
MDCK cells retarded TJ formation by 3 hours. Interestingly,
mature junctions seemed to be unaffected even in the
persisting absence of ZO-1. Epithelial cells deficient in both
ZO-1 and ZO-2 were well polarized but did not form TJs due
to the lack of claudin polymerization [7].

Knockout of ZO-1 was shown to be lethal for mouse
embryos around mid gestation [70]. No viable embryos
lacking ZO-1 were found beyond E11.5. Disturbed yolk
sac angiogenesis and delayed embryonic growth from E8.5
onwards were the most characteristic features of ZO-1 −/−

mice. In addition, massive apoptosis in the notochord, in
the neural tube area, and in the allantois at E9.5 was
described. Interestingly, deficiency of ZO-1 did not exert any
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effects on the localization of ZO-2/ZO-3 at junctional sites
but did induce mislocalization of endothelial JAMs in the
yolk sac, which might explain the disturbance of vascular
development.

Results from ZO-2 targeting experiments are somehow
controversial. Knockdown of ZO-2 using siRNA had no
discernible effects on TJ structure or function in Eph48
cells, while in MDCK cells, the downregulation of ZO-
2 yielded a distinct TJ-related phenotype [71]. This was
reflected by changes in the gate function of TJs (i.e., increased
paracellular permeability and low transepithelial electrical
resistance) as well as alterations in the fence function of TJs as
evidenced by a non-polarized distribution of E-cadherin. In
addition, delayed arrival of ZO-1, occludin and E-cadherin at
newly formed junctions following Ca++-switch wasobserved.

Mouse embryos lacking ZO-2 die shortly after implan-
tation due to an arrest in early gastrulation and disturbed
mesodermal differentiation. In addition, decreased prolifer-
ation at embryonic day 6.5 (E6.5) and increased apoptosis
at E7.5 together with elevated paracellular permeability of
a low-molecular-weight tracer was observed in ZO-2−/−

embryos [72]. A critical role of ZO-2 for the blood-testis
barrier was demonstrated recently by Xu et al. showing that a
lack of ZO-2 caused a disturbed blood-testis barrier and lead
to reduced fertility of chimeric mice [73].

Neither ZO-3 deficient cells nor mouse embryos lacking
ZO-3 showed an apparent phenotype, suggesting that ZO-3
is not an indispensable component of TJs and might well be
substituted by one of the other ZO proteins [72, 74].

5. Nuclear Shuttling of ZO Proteins

Besides their characteristic protein domains ZO proteins
exhibit several nuclear localization (NLS) and nuclear export
signals (NES) enabling them to shuttle between the cyto-
plasm and the nucleus [75–78].

A first indication that a member of the ZO proteins
localizes to the nucleus came from Gottardi et al., [79]
showing that ZO-1 targets for the nucleus of subconfluent
epithelial cells before maturation of TJs. Gonzalez-Mariscal
and her group demonstrated that the nuclear localization
of ZO-2 is particularly dependent on the state of cell cell
contacts in epithelial monolayers [76]. Particularly in sparse
cultures, ZO-2 was found to localize at the nucleus but
gradually exits the nucleus in a leptomycin-sensitive way as
soon as the monolayer reaches confluence. Transient nuclear
expression of ZO-2 in cerebral endothelial cells and kidney
epithelial cells was also observed by Traweger et al. [78]. ZO-2
was found to colocalize partially with the pre-mRNA splicing
factor SC-35 and to coprecipitate with laminB1 and actin
from nuclei of sparse cultures [76].

Following heat shock and chemical insult increased
nuclear accumulation of ZO-2 was visible in epithelial and
endothelial cells [78]. Further, nuclear localization could be
induced by impairing cell-cell contacts by mechanical injury
(wounding) [76]. This suggests that nuclear accumulation of
ZO-2 is a general response of epithelial and endothelial cells
to environmental or mechanical stress.

6. Nuclear Actions of ZO Proteins

Although the dual localization (cytoplasmic/nuclear) of ZO
proteins is well documented, the biological significance
of their nuclear targeting has long remained elusive. ZO
proteins interact with nuclear proteins as well as with
dual residency (cytoplasmic/nuclear) proteins (Figures 3(a)
and 3(b)) suggested to be involved in cell growth and
proliferation.

By using a yeast-based Two Hybrid screen and co-
immunoprecipitation, it was shown that nuclear ZO-2
interacts directly with the hnRNP protein SAF-B (scaffold
attachment factor-B) via its PDZ-1 domain [78]. SAF-
B/HET (Hsp27-ERE-TATA-binding protein) is a component
of chromatin and is expressed in all tissues investigated so
far. Originally, SAF-B/HET has been described as one of
the abundant nuclear proteins that function in chromatin
structure by interacting with scaffold or matrix attachment
DNA elements (S/MAR elements). In many cases, these
elements co-map with boundaries of actively transcribed
domains and have therefore been considered to exert regula-
tory effects on adjacent genes [80]. SAF-B/HET was shown
to be highly concentrated in nuclear speckles colocalizing
with SC-35 and to directly interact with various splicing
factors and RNA polymerase II [81]. In addition, SAF-B/HET
acts as a co-repressor of estrogen receptor alpha and SAF-
B/HET levels were found to be inversely correlated with
cell proliferation of breast cancer cells [82]. SAF-B/HET is
a suppressor of the small heat shock protein 27 (hsp27)
which enhances growth and proliferation of breast cancer
cells and turned out to be a bad prognostic marker in certain
subsets of breast cancer patients in breast carcinoma cells
[83].

Further evidence to suggest direct involvement of ZO-2
in cell growth and proliferation came from Huerta et al. [84]
demonstrating that ZO-2 modulates the expression of cyclin
D1 (CD1) through interaction with the transcription factor
Myc and subsequent binding to an enhancer box element of
the CD1 promoter. In this way, ZO-2 downregulates tran-
scription of CD1 and, in due course, suppresses proliferation
of cultured epithelial cells. In addition, ZO-2 downregulates
protein synthesis of CD-1 and increases its degradation at the
proteasome complex [85].

Convincing experimental evidence to suggest the critical
involvement of ZO proteins in epithelial cell proliferation
came from Balda et al. [86, 87] and Sourisseau et al.
[88] showing that ZO-1 interacts with the Y-box transcrip-
tion factor ZONAB (ZO-1 associated nucleic acid binding
protein), also referred to as DbpA/Msy3 (DNA binding
proteinA/Mouse Y box protein3), which in turn binds to
promoter regions of CD1 and PCNA (proliferating cell
nuclear antigen), an eukaryotic DNA replication factor,
thereby increasing their transcription. ZONAB is a dual
residency protein localizing at TJs and/or in the nucleus,
depending on the cells’ proliferative state and on the amount
of ZO-1 present at cell-cell contact sites. In confluent
epithelial monolayers, ZONAB is bound to junctional ZO-
1. If ZO-1 is absent from junctional sites, ZONAB shuttles to
the nucleus while overexpression of junctional ZO-1 causes
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Figure 3: (a) Summary of “dual residency proteins” (locating at the plasma membrane and at the nucleus) associating with ZO-proteins at
the junctional site. (b) Nuclear interactions of ZO proteins. ZONAB: ZO-1 associated nucleic acid binding protein; Cdk-4: Cyclin-dependent
kinase-4; ARVCF: Armadillo repeat gene deleted in velo-cardio-facial syndrome; SC35: Splicing factor 35.

a redistribution of ZONAB from the nucleus to the cyto-
plasm. Another way, how ZONAB regulates epithelial cell
proliferation and cell cycle progression is through association
with the cyclin-dependent kinase-4 (Cdk4) which interacts
and colocalizes with ZONAB at TJs. In this way, Cdk4 is
prevented from entering the nucleus and participating in cell
cycle progression [86].

The small heat shock protein Apg-2 was shown to
regulate ZONAB function by competing for binding to the
SH3 domain of ZO-1 [89]

In addition, ZONAB forms a stable complex with sym-
plekin, a ubiquitous protein involved in mRNA processing
[90]. Similar to ZONAB and Cdk4, symplekin is a dual
residency protein which usually accumulates at cell nuclei
but also associates with TJs in polarized epithelial cells
[90]. Interaction of ZONAB with symplekin modulates
the transcriptional activity of ZONAB as evidenced by
alterations in CD1 expression [91].

A direct interaction of ZO-2 with Jun, Fos and C/EBP
(CCAAT/enhancer binding protein) was found to occur
not only in the nucleus but also at the plasma membrane
[92]. Using reporter gene assays, ZO-2 was demonstrated
to suppress gene transcription by binding to the AP-1
transcription factor protein complex [92].

Further, ZO-1 and ZO-2 interact with the dual resi-
dency protein ARVCF (Armadillo repeat gene deleted in
velo-cardio-facial syndrome) [16], a member of the p120
catenin family localizing at cadherin-based cell-cell contacts
in confluent epithelial cells. Upon disruption of cell-cell
adhesion, ARVCF is partially translocated to the nucleus by
associating with a PDZ domain of ZO-2. In addition, a C-
terminal region of ZO-3 was shown to interact directly with
p120 catenin, which regulates cadherin-based cell adhesion

and junctional stabilization through Rho signaling [63].
p120 catenin was found to undergo nucleo-cytoplasmic
shuttling and to regulate gene expression by associating
with the methylation-dependent transcriptional repressor
Kaiso [93].

Experimentally induced nuclear accumulation of ZO-
2 in cerebral endothelial cells led to the elevation of
pyruvate kinase M2 (M2PK) protein levels [94]. Although
experimental evidence is still missing, it cannot be excluded
that this effect was elicited by the excessive targeting of
nuclear ZO-2 to the estrogen receptor-binding domain of
SAF-B. M2PK is an isozyme of pyruvate kinase particularly
expressed in proliferating cells, such as embryonic stem
cells and carcinoma cells. A recent report has demonstrated
that M2PK interacts and cooperates with the POU domain
transcription factor Oct-4 which is critically involved in
maintaining the self-renewal capacity of embryonic stem
cells [95]. Although there is a general consensus concerning
the suppressive action of ZO-2 on cell proliferation, it
appears that the ratio between the amount of ZO-2 localizing
at TJs and the amount of nuclear ZO-2 adds an additional
variable in the control of epithelial cell proliferation and
differentiation.

While the nuclear targeting of ZO-1 has well been
described, its nuclear functions have remained unclear. Based
on all experimental evidence so far, it may be concluded that
the nuclear localization of ZO-1 is inversely related to the
extent and/or maturity of cell-cell contacts [79].

7. A Role for ZO Proteins in Tumor Growth

Some proteins of the MAGUK family behave as tumor sup-
pressors. The homology of ZO proteins with the Drosophila
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tumour suppressor protein dlgA provided a first clue
towards a yet undefined role of ZO proteins in epithelial
cancer development and/or progression. Dlg proteins with
mutations in the PDZ and SH3 domains cause neoplastic
overgrowth of larval imaginal disc epithelial cells [28].
The Drosophila orthologue of ZO-1, Tamou/Polychaetoid,
has been implicated in a signaling pathway which acti-
vates the expression of the helix-loop-helix repressor gene
emc (extramacrochaetae). Mutations in Tamou/Polychaetoid
reduce the expression of emc, which causes enlargement of
a proneural cell cluster resulting in extra mechanosensory
organs in the fly [96].

ZO proteins are delocalized or down-regulated in several
types of carcinomas [97]. Further, ZO-1 mutants encoding
only the N terminus including the PDZ domains of ZO-
1 appeared delocalized in the cytoplasm of MDCK cells
and induced a dramatic loss of the epithelial phenotype
of MDCK accompanied by repression of epithelial and
induction of mesenchymal marker genes [98]. Similar results
were obtained by Wittchen et al showing that expression
of exogenous mutated ZO-3 constructs carrying only the
amino terminal half of ZO-3 led to a significant delay in
the formation of TJs and AJs and to mislocalization of ZO
proteins and occludin [99].

Epithelial cancers are often related to mutations in the
small GTPase Ras, which mediates cellular signal transduc-
tion regulating cell growth and proliferation [100]. The
peripheral PDZ domain protein AF-6/afadin localizes at
AJ and TJs by directly associating with nectin and JAM
[9, 101]. AF-6 was shown to be targeted by Ras and the
Ras-like GTPase Rap-1 [102, 103]. In polarized epithelial
cells, AF-6/afadin colocalizes with ZO-1 at TJs, and ZO-
1 interacts with the Ras-binding domain of AF-6/afadin.
Overexpression of activated Ras in Rat1 cells resulted in the
perturbation of cell-cell contacts, demonstrating a critical
interplay of Ras, AF-6/afadin and ZO-1 at intercellular
junctions [104].

Junctional proteins carrying PDZ domains were found
to be targeted and degraded by various tumorigenic viruses
[105]. Thereby; PDZ binding motifs located in the viral
protein are used to interact with PDZ domains of the targeted
junctional protein. For example, a conserved 4-amino-acid
PDZ binding motif is present at the carboxy termini of high-
risk human papillomavirus (HPV) E6 proteins [106]. Sim-
ilarly, adenovirus (Ad) type 9 causing exclusively estrogen-
dependent mammary tumors in experimental animals con-
tains a PDZ domain-binding motif required to induce both
cellular transformation in vitro and tumorigenesis in vivo.
The PDZ domain of Ad9 mediates interaction with Dlg1,
PATJ and ZO-2 which promotes disruption and loss of cell
polarity of the infected cells [107].

8. Concluding Remarks

Due to their homology with the tumor suppressor proten
dlgA, zonula occludens proteins have been considered to play
a role in cell growth and proliferation. Since the discovery
of the first TJ-associated MAGUK, ZO-1, the importance

of peripheral junctional proteins has become increasingly
recognized. It was considered a major breakthrough when
it was demonstrated that ZO proteins not only exert a scaf-
folding function at the junctional site but are also involved
in intracellular signaling and gene expression. The nuclear
targeting of ZO-1 and ZO-2 has focused much interest on
the nuclear function of ZO proteins. To date, convincing
experimental evidence suggests that ZO proteins are capable
of associating with regulatory molecules (adapter proteins,
signaling molecules, growth factors) thereby modulating the
cell’s progress through the cell cycle. Now, future work must
concentrate on several aspects, including (i) the elucidation
of extra- and intracellular signals which trigger the nuclear
targeting of ZO proteins, (ii) the identification of additional
genes the expression of which is up- or downregulated by
the nuclear presence of ZO proteins, and (iii) the role of ZO
proteins in virus-induced cancer.
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[31] L. González-Mariscal, A. Betanzos, and A. Avila-Flores,
“MAGUK proteins: structure and role in the tight junction,”
Seminars in Cell and Developmental Biology, vol. 11, no. 4, pp.
315–324, 2000.

[32] A. J. W. Te Velthuis, J. F. Admiraal, and C. P. Bagowski,
“Molecular evolution of the MAGUK family in metazoan
genomes,” BMC Evolutionary Biology, vol. 7, 2007.

[33] A. W. McGee, S. R. Dakoji, O. Olsen, D. S. Bredt, W. A. Lim,
and K. E. Prehoda, “Structure of the SH3-guanylate kinase
module from PSD-95 suggests a mechanism for regulated
assembly of MAGUK scaffolding proteins,” Molecular Cell,
vol. 8, no. 6, pp. 1291–1301, 2001.

[34] G. A. Tavares, E. H. Panepucci, and A. T. Brunger, “Structural
characterization of the intramolecular interaction between
the SH3 and guanylate kinase domains of PSD-95,” Molecular
Cell, vol. 8, no. 6, pp. 1313–1325, 2001.

[35] L. Funke, S. Dakoji, and D. S. Bredt, “Membrane-associated
guanylate kinases regulate adhesion and plasticity at cell
junctions,” Annual Review of Biochemistry, vol. 74, pp. 219–
245, 2005.

[36] F. Jelen, A. Oleksy, K. Smietana, and J. Otlewski, “PDZ
domains—common players in the cell signaling,” Acta
Biochimica Polonica, vol. 50, no. 4, pp. 985–1017, 2003.

[37] B. Z. Harris and W. A. Lim, “Mechanisma and role of
PDZ domains in signaling complex assembly,” Journal of Cell
Science, vol. 114, no. 18, pp. 3219–3231, 2001.

[38] A. S. Fanning and J. M. Anderson, “Protein modules as
organizers of membrane structure,” Current Opinion in Cell
Biology, vol. 11, no. 4, pp. 432–439, 1999.

[39] T. Pawson and J. Schlessinger, “SH2 and SH3 domains,”
Current Biology, vol. 3, no. 7, pp. 434–442, 1993.

[40] B. J. Mayer, “SH3 domains: complexity in moderation,”
Journal of Cell Science, vol. 114, no. 7, pp. 1253–1263, 2001.

[41] A. W. McGee and D. S. Bredt, “Identification of an
intramolecular interaction between the SH3 and guanylate
kinase domains of PSD-95,” Journal of Biological Chemistry,
vol. 274, no. 25, pp. 17431–17436, 1999.

[42] J. E. Brenman, J. R. Topinka, E. C. Cooper, et al., “Local-
ization of postsynaptic density-93 to dendritic microtubules
and interaction with microtubule-associated protein 1A,”
Journal of Neuroscience, vol. 18, no. 21, pp. 8805–8813,
1998.



Journal of Biomedicine and Biotechnology 9

[43] M. Deguchi, Y. Hata, M. Takeuchi, et al., “BEGAIN (brain-
enriched guanylate kinase-associated protein), a novel neu-
ronal PSD-95/SAP90-binding protein,” Journal of Biological
Chemistry, vol. 273, no. 41, pp. 26269–26272, 1998.

[44] T. Hanada, L. Lin, E. V. Tibaldi, E. L. Reinherz, and A.
H. Chishti, “GAKIN, a novel kinesin-like protein associates
with the human homologue of the Drosophila Discs large
tumor suppressor in T lymphocytes,” Journal of Biological
Chemistry, vol. 275, no. 37, pp. 28774–28784, 2000.

[45] H. Shin, Y.-P. Hsueh, F.-C. Yang, E. Kim, and M. Sheng, “An
intramolecular interaction between Src homology 3 domain
and guanylate kinase-like domain required for channel
clustering by postsynaptic density-95/SAP90,” Journal of
Neuroscience, vol. 20, no. 10, pp. 3580–3587, 2000.

[46] S. Aijaz, M. S. Balda, and K. Matter, “Tight junctions:
molecular architecture and function,” International Review of
Cytology, vol. 248, pp. 261–298, 2006.
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localization of the tight junction protein ZO-2 in epithelial
cells,” Experimental Cell Research, vol. 274, no. 1, pp. 138–
148, 2002.

[77] B. E. Jaramillo, A. Ponce, J. Moreno, et al., “Characterization
of the tight junction protein ZO-2 localized at the nucleus of
epithelial cells,” Experimental Cell Research, vol. 297, no. 1,
pp. 247–258, 2004.

[78] A. Traweger, R. Fuchs, I. A. Krizbai, T. M. Weiger, H.-
C. Bauer, and H. Bauer, “The tight junction protein ZO-2
localizes to the nucleus and interacts with the heterogeneous
nuclear ribonucleoprotein scaffold attachment factor-B,”
Journal of Biological Chemistry, vol. 278, no. 4, pp. 2692–
2700, 2003.

[79] C. J. Gottardi, M. Arpin, A. S. Fanning, and D. Louvard, “The
junction-associated protein, zonula occludens-1, localizes to
the nucleus before the maturation and during the remodeling
of cell-cell contacts,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 93, no. 20, pp.
10779–10784, 1996.

[80] A. Renz and F. O. Fackelmayer, “Purification and molecular
cloning of the scaffold attachment factor B (SAF-B), a novel
human nuclear protein that specifically binds to S/MAR-
DNA,” Nucleic Acids Research, vol. 24, no. 5, pp. 843–849,
1996.

[81] O. Nayler, W. Stratling, J.-P. Bourquin, et al., “SAF-B protein
couples transcription and pre-mRNA splicing to SAR/MAR
elements,” Nucleic Acids Research, vol. 26, no. 15, pp. 3542–
3549, 1998.

[82] S. M. Townson, T. Sullivan, Q. Zhang, et al., “HET/SAF-
B overexpression causes growth arrest and multinuclearity
and is associated with aneuploidy in human breast cancer,”
Clinical Cancer Research, vol. 6, no. 9, pp. 3788–3796,
2000.

[83] S. Oesterreich, A. V. Lee, T. M. Sullivan, S. K. Samuel,
J. R. Davie, and S. A. W. Fuqua, “Novel nuclear matrix
protein HET binds to and influences activity of the HSP27
promoter in human breast cancer cells,” Journal of Cellular
Biochemistry, vol. 67, no. 2, pp. 275–286, 1997.

[84] M. Huerta, R. Munoz, R. Tapia, et al., “Cyclin D1 is
transcriptionally down-regulated by ZO-2 via an E box and
the transcription factor c-Myc,” Molecular Biology of the Cell,
vol. 18, no. 12, pp. 4826–4836, 2007.

[85] R. Tapia, M. Huerta, S. Islas, et al., “Zona occludens-
2 inhibits cyclin D1 expression and cell proliferation and
exhibits changes in localization along the cell cycle,” Molec-
ular Biology of the Cell, vol. 20, no. 3, pp. 1102–1117, 2009.

[86] M. S. Balda, M. D. Garrett, and K. Matter, “The ZO-
1-associated Y-box factor ZONAB regulates epithelial cell
proliferation and cell density,” Journal of Cell Biology, vol.
160, no. 3, pp. 423–432, 2003.

[87] M. S. Balda and K. Matter, “The tight junction protein ZO-
1 and an interacting transcription factor regulate ErbB-2
expression,” EMBO Journal, vol. 19, no. 9, pp. 2024–2033,
2000.

[88] T. Sourisseau, A. Georgiadis, A. Tsapara, et al., “Regu-
lation of PCNA and cyclin D1 expression and epithelial
morphogenesis by the ZO-1-regulated transcription factor
ZONAB/DbpA,” Molecular and Cellular Biology, vol. 26, no.
6, pp. 2387–2398, 2006.

[89] A. Tsapara, K. Matter, and M. S. Balda, “The heat-shock
protein Apg-2 binds to the tight junction protein ZO-1
and regulates transcriptional activity of ZONAB,” Molecular
Biology of the Cell, vol. 17, no. 3, pp. 1322–1330, 2006.

[90] B. H. Keon, S. Schafer, C. Kuhn, C. Grund, and W. W. Franke,
“Symplekin, a novel type of tight junction plaque protein,”
Journal of Cell Biology, vol. 134, no. 4, pp. 1003–1018,
1996.

[91] E. Kavanagh, M. Buchert, A. Tsapara, et al., “Functional
interaction between the ZO-1 interacting transcription factor
ZONAB/DbpA and the RNA processing factor symplekin,”
Journal of Cell Science, vol. 119, no. 24, pp. 5098–5105,
2006.

[92] A. Betanzos, M. Huerta, E. Lopez-Bayghen, E. Azuara, J.
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Claudins are the major component of the tight junctions in epithelial cells and as such play a key role in the polarized location of ion
channels, receptors, and enzymes to the different membrane domains. In that regard, claudins are necessary for the harmonious
development of a functional epithelium. Moreover, defective tight junctions have been associated with the development of
neoplastic phenotype in epithelial cells. Breakdown of cell-cell interactions and deregulation of the expression of junctional
proteins are therefore believed to be key steps in invasion and metastasis. Several studies suggest that the claudins are major
participants in breast tumorigenesis. In this paper, we discuss recent advances in our understanding of the potential role of
claudin 1 in breast cancer. We also discuss the significance of a subset of estrogen receptor negative breast cancers which express
“high” levels of the claudin 1 protein. We propose that claudin 1 functions both as a tumor suppressor as well as a tumor
enhancer/facilitator in breast cancer.

1. Breast Cancer

Breast cancer remains one of the most commonly diagnosed
cancers among women in North America [1]. Based on
molecular, epidemiological, and histological observations, a
morphological progression model for breast cancer has been
assembled within the last decade [2–4]. This proposed model
(Figure 1) outlines a continuum of lesions describing a step-
wise progression of breast cancer, from epithelial hyperplasia,
through atypical hyperplasia and ductal carcinoma in situ,
to invasive carcinoma and eventually metastatic disease [2–
4]. Despite many advances in the diagnosis and treatment
of breast cancer, metastasis remains an insurmountable
challenge. About 40% of women currently fail primary
management strategies for early breast cancer and ultimately
succumb to the disease.

The complex nature of the disease presentation and
the limitations in identifying clinically relevant subsets of
patients create major difficulties for current breast cancer
diagnostic and therapeutic strategies. A growing understand-
ing of the heterogeneous nature of this disease has stemmed

primarily from cDNA microarray and immunohistochemi-
cal studies, which have led to a redefinition of breast cancer
subsets [5–10]. To date, 5 distinct breast cancer categories
have been identified (Table 1, [5–10]) based on ER/PR status,
Her2, CK5/6, and EGFR expression. Therapeutically, these
subtypes have been shown to display a wide variety of
responses to different treatments [6, 11, 12]. The luminal A
subtype (Table 1), which is more sensitive to hormones, has
the most favorable outcome whereas the Her2 and the basal
subtypes, which are not sensitive to hormones, are more
aggressive, demonstrate the worst prognosis, and have fewer
therapeutic options [13–15]. Evidently, the further identi-
fication of different subtypes of breast cancer will provide
more therapeutic opportunities to match the characteristics
of individual breast cancer patients, enhancing our ability to
begin to offer individualized treatment to patients.

Two hypothetical models have been proposed to explain
the evolution of breast cancer subtypes [18]. In the first
model, the linear model, the cell of origin is the same
for different tumor subtypes (and thus, tumor subtype is
determined by acquired genetic and epigenetic events). In
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Figure 1: Hypothetical model of breast tumorigenesis and progression. The stepwise progression of breast cancer is described as a continuum
of lesions from epithelial hyperplasia to invasive carcinoma and eventually metastasis.

Table 1: The five distinct subtypes of breast cancer and their corresponding phenotypes.

Subtypes Phenotype BC Cell Lines References

Luminal A ER+ve and/or PR+ve, Her2−ve MCF7, T47D, ZR75-1 [3, 6, 9, 16]

Luminal B ER+ve and/or PR+ve, Her2+ve MDA361, BT474, ZR75-30 [3, 6, 9, 16]

Her2 overexpressing ER−ve, PR−ve, Her2+ve
HCC202, HCC1419,
HCC1569, HCC1954

[3, 6, 16]

Basal-like
ER−ve, PR−ve, Her2−ve, CK5,6+ve
and/or EGFR+ve

BT20, MDA231, MDA468 [3, 6–8, 16, 17]

Normal-like
not clearly defined, similar to normal
epithelia, displays putative-initiating stem
cell phenotype

N/A [3, 6, 10]

BC: breast cancer; ER: estrogen receptor; PR: progesterone receptor; Her2: human epidermal growth factor receptor 2; CK5,6: cytokeratin 5, 6; EGFR:
epidermal growth factor receptor; +ve: positive; −ve: negative; N/A: not available.

the second model, the nonlinear model, the cell of origin is
different (presumably a stem cell or a progenitor cell) for the
different subtypes. Recent work by Jeselsohn et al. [19] has
provided evidence to suggest that there are two populations
of progenitor cells, one giving rise to the luminal-like breast
cancers and the other to the basal-like breast cancers.

2. Epithelial Mesenchymal Transition (EMT)

The acquisition of the invasive phenotype is thought to mark
the most significant change in breast cancer biology as it rep-
resents the first step towards the development of metastatic
disease. As cells convert from the noninvasive to the invasive
phenotype, they become anchorage independent and exhibit
enhanced motility as well as increased aggressiveness, a pro-
cess referred to as epithelial-mesenchymal transition (EMT).

During this transition, epithelial cells acquire a mese-
nchymal-like phenotype via disruption of intercellular adhe-
sion and enhanced motility (for review see [20]). It is

believed that cells switch from a keratin (epithelial) rich net-
work to a vimentin (mesenchymal) rich network to facilitate
their motility [20, 21]. As for mesenchymal cells, in contrast
to epithelial cells, they can individually migrate, penetrate
into surrounding tissues, and spread to distant sites [20, 22,
23]. The breakdown of cell-cell interactions and the dereg-
ulated expression of the junctional proteins are therefore
believed to be key steps in invasion and metastasis [24, 25].

3. Tight Junctions

Tight junctions are the most apical of intercellular junctions
and appear as a network of continuous and anastomosing
filaments on the protoplasmic face of the plasma membrane
[27] (Figure 2). They contribute to the transepithelial barrier
that controls the transport of ions and small molecules
through the paracellular pathway, a property referred to
as the “barrier” function [28, 29]. Tight junctions are
also crucial for the organization of epithelial cell polarity,
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Figure 2: Tight Junctions. Tight junctions are the most apical intercellular junctions in epithelial cells. The major molecular components
of the tight junctions are the claudins, occludin, and the junctional adhesion molecule (JAM). Tight junction proteins in conjunction with
adheren junction proteins (cadherins, catenins) form epithelial cell junctional complexes [26]. The gap junction is located basal to the
adheren junction.

separating the plasma membrane into apical and basolateral
domains [30–35]. As well, they are also critical for the
polarized location of ion channels, receptors, and enzymes
to the membrane domains necessary for structurally and
functionally developed epithelia, a function referred to as
the “fence” function [28, 36]. Tight junctions are there-
fore essential for the tight sealing of cellular sheets and
maintaining homeostasis [35]. Aside from maintaining cell
polarity and paracellular functions, tight junction proteins
are involved in recruiting signaling proteins [37]. Primarily,
three types of integral membrane proteins constitute the
tight junctions (Figure 2); the claudins, occludin and the
junctional adhesion molecule(s), with the claudins and
occludin being the two main molecular components in
forming the tight junction strand. The junctional adhesion
molecule is believed to function as the initial spatial cue
for tight junction formation [32]. In conjunction with the
adheren junction proteins, which are responsible for the
mechanical adhesion between adjacent cells and the stabiliza-
tion of the whole multicellular architecture, they constitute
the apical junctional complex in epithelial tissue [33, 38].

4. Tight Junction Proteins and Tumorigenesis

A strong association between tight junction proteins and
cancer development has been established. Alterations in the
structure and function of tight junctions have indeed been
reported in adenocarcinomas of various organs [39–41]. An
absence of tight junctions or defective tight junctions has
also been associated with the development of the neoplastic
phenotype in epithelial cells [29, 33, 42]. Such observations
are consistent with the accepted idea that the disruption
of tight junctions leads to loss of cohesion, invasiveness,

and the lack of differentiation, thereby promoting tumori-
genesis. Currently, most knowledge regarding the role of
junctional proteins in cancer, and more specifically breast
cancer, has stemmed from studies on the major adheren
junction protein, E cadherin (for review see [20, 33]). The
downregulation of E cadherin is believed to be an important
molecular event during epithelial-mesenchymal transition
[20]. In contrast to E cadherin, the role of the tight junction
proteins is not well understood in breast cancer.

4.1. The Claudins. The claudins are the major component
of the tight junction, and 24 members of this family of
proteins have been identified to date [26, 27]. They are
small proteins ranging in size from 22 to 27 kD and are
encoded by at least 17 human genes (Table 2), located on
12 different chromosomes [43, 44]. The distribution of
the loci for the claudin genes among so many different
chromosomes is interesting as generally many gene families
have most, if not all of their members located on one
chromosome [45, 46]. The wide distribution may reflect
the multifunctional characteristics of these proteins. Three
claudin gene clusters are readily apparent on chromosome
3 (3q28), 4 (4q35.1), and 7 (7q11.23) and it is very likely
that members within these clusters may have similar function
and tissue specificity [47]. Aside from these three claudin
gene clusters, there appears to be no other obvious pattern
(Table 2). It is possible that the expansion of the claudin
gene family in humans may have allowed for the acquisition
of novel functions during evolution, as postulated for this
gene family in teleost fish [48]. The claudins share a
common transmembrane topology; each family member
is predicted to possess four transmembrane domains with
intracellular amino and carboxyl-termini in the cytoplasm
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Table 2: Chromosomal locations of the 24 members of the claudin gene family and examples of their tissue-specific gene expression in
normal and neoplastic tissues. Homologues for all members of this family (except CLDN21) are also found in chimpanzee, mouse, dog, rat,
chicken, and fish.

Gene Human Chromosomal Location
Tissue Expression1

Breast Prostate Lung Liver

Normal Cancer Normal Cancer Normal Cancer Normal Cancer

CLDN1 3q28-q29 8.7 2.4 1.5 0.8 5.0 10.1 21.1 14.9

CLDN2 Xq22.3-q23 0.5 1.1 0.7 1.2 1.3 2.5 0.0 0.0

CLDN3 7q11.23 29.2 85.1 7.5 37.8 1.3 47.8 6.0 7.4

CLDN4 7q11.23 134.5 192.8 6.0 27.2 10.0 70.4 0.0 14.9

CLDN5 22q11.21 8.7 3.2 0.7 0.4 7.5 2.5 0.0 0.0

CLDN6 16p13.3 0.3 0.5 0.0 0.0 0.0 0.0 0.0 0.0

CLDN7 17p13 20.4 13.4 24.0 9.8 7.5 25.1 0.0 37.2

CLDN8 21q22.11 0.9 0.4 0.7 0.4 0.0 0.0 0.0 0.0

CLDN9 16p13.3 0.3 1.7 0.0 0.0 0.0 0.0 0.0 0.0

CLDN10 13q31-q34 0.3 0.1 0.7 0.4 0.0 1.3 0.0 0.9

CLDN11 3q26.2-q26.3 1.7 1.0 1.5 0.8 0.0 0.0 0.0 2.8

CLDN12 7q21 12.4 9.3 3.7 4.5 15.0 1.3 15.1 6.5

CLDN13∗ N/A N/A N/A N/A N/A N/A N/A N/A N/A

CLDN14 21q22.3 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0

CLDN15 7q11.22 1.9 2.5 0.7 2.8 0.0 7.5 0.0 1.9

CLDN16 3q28 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0

CLDN17 21q22.11 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0

CLDN18 3q22.3 0.0 0.0 0.0 0.0 2.5 1.3 0.0 0.0

CLDN19 1p34.2 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0

CLDN20 6q25 0.2 0.7 0.0 3.3 0.0 1.3 0.0 1.9

CLDN21 4q35.1 N/A N/A N/A N/A N/A N/A N/A N/A

CLDN22 4q35.1 2.6 5.5 7.5 6.5 3.8 5.0 9.0 6.5

CLDN23 8p23.1 2.1 5.7 14.2 23.2 11.3 8.8 3.0 11.2

CLDN24 4q35.1 N/A N/A N/A N/A N/A N/A N/A N/A
1
Relative gene expression (SAGE data) derived from the Cancer Genome Anatomy Project (CGAP [50]).
∗Mouse only; N/A: not available; 0.0: not detected
Numbers in columns indicate the number of tags/200,000 for each tissue/histology.

and two extracellular loops [33, 49]. The expression pattern
of the claudin proteins is tissue specific [33]; however, most
tissues express multiple claudins that can interact in either a
homotypic or heterotypic fashion to form the tight junction
strand [33, 50]. The exact combination of the claudin
proteins within a given tissue determines the selectivity,
strength and tightness of the tight junction [33, 51].

To date, only a few studies have addressed the role of
claudins in breast cancer and findings on their function
remain controversial [47, 52, 53]. In several cancers, includ-
ing breast cancer, altered protein expression of some claudin
family members has been demonstrated (for review see [33]).
For example, protein expression of claudin 3 and 4 has
been shown to be upregulated in invasive breast cancer [47]
whereas, also in invasive breast cancer, the expression of the
claudin 1 and 7 proteins were downregulated [47, 53, 54].

4.2. Claudin 1. Knockout mice experiments have estab-
lished that the tight junction protein claudin 1, and not
occludin, forms the backbone of the tight junction strand
and is crucial for the epidermal barrier function [35, 55].

Expression of claudin 1 has been examined in a number
of cancers (for review see [56]). Both an increase and a
decrease in claudin 1 protein expression have been shown
to be associated with tumorigenesis. In some cancers,
including prostate [57], breast [47, 58], and melanocytic
neoplasia [59], loss of claudin 1 has been associated with
cancer progression and invasion, and the acquisition of
the metastatic phenotype. In esophageal squamous cell
carcinoma [60] decreased expression of claudin 1 correlated
with recurrence and shorter disease free survival, whereas in
lung cancer, claudin 1 was shown to suppress the expression
of invasion/metastasis enhancers and increase expression of
cancer invasion/metastasis suppressors, thereby providing
supporting evidence to suggest that it functions as a cancer
invasion/metastasis suppressor [61]. Conversely, in other
cancers, such as papillary thyroid [62] oral squamous cell
carcinoma [63], ovarian [64], colon [65, 66], melanoma
[67], and gastric [68], overexpression of claudin 1 has been
associated with aggressiveness and the increased malignant
phenotype. Further, functional studies have shown that
claudin 1 could recruit and promote the activation of the
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metalloproteinase MMP-2 [63, 69] and lead to a more
aggressive phenotype in oral and ovarian cancer.

5. Claudin 1 in Normal Breast
and Breast Cancer

In the normal mammary gland, tight junction proteins have
mainly been investigated in relation to lactogenesis [32].
Previous work from our laboratory has identified claudin 1
as a highly upregulated gene during early mammary gland
involution [70], and its expression was found to be tightly
regulated during different stages of normal mouse gland
development [71]. Recently, there has been an increased
interest in the potential role of claudin 1 in breast cancer.
Although studies are still relatively limited, there are a
few critical reports which demonstrate a clear association
between claudin 1 expression and breast cancer progression.
The majority of studies point to a downregulation or
complete loss of claudin 1 expression in malignant invasive
human breast cancers [47, 53], and in some human breast
cancer cell lines [72]. A correlation between claudin 1
down regulation and disease recurrence was also recently
reported [73]. Additionally, functional studies also suggest
that claudin 1 may be a key player in breast tumorigenesis.
A down regulation of claudin 1 gene expression was shown
to lead to neoplastic transformation of breast epithelial cells
[74]. As well, the re-expression of claudin 1 alone was shown
to be sufficient to induce apoptosis in a human breast cancer
cell line [75]. It has also been suggested that claudin 1 alone
might be sufficient to exert a tight junction-mediated gate
function in metastatic tumor cells even in the absence of
other tight junction-associated proteins [52]. In addition,
subcellular localization of claudin 1 has been shown (by us
[76] and others [47, 76, 77]) to be disrupted in invasive breast
cancer leading to a detection of this protein in the cytoplasm.
Interestingly, an association between claudin 1 and epithelial
mesenchymal transition has recently been established. As
with E cadherin [78, 79] the transcription factors, slug and
snail, key markers of epithelial mesenchymal transition, were
shown to bind to the claudin 1 promoter resulting in the
repression of its activation [80].

Additional work from our laboratory has also provided
evidence to show that claudin 1 expression in breast cancer
is even more complex than originally thought. Using tissue
microarray strategies, we showed that in a cohort of human
invasive breast cancers exhibiting mixed pathological lesions
(340 biopsies, the largest examined to date), only a small per-
centage of tumors express claudin 1 protein. The frequency
of claudin 1 positive tumors was significantly lower than the
frequency of tumors observed as positive for claudin 3 and 4,
two family members previously shown to be overexpressed
in invasive human breast cancer [47].

Since ER status is often considered an important classifier
of breast cancers (Table 1), we wanted to determine whether
there was any association between estrogen/estrogen receptor
and claudin 1. We showed that in ER+ve breast cancers (189
biopsies), a significantly small number of tumors (5%) were
positive for claudin 1 expression, while in the ER−ve tumors
(151 biopsies), the frequency of positive tumor staining for

claudin 1 was significantly higher (39%) [76]. A positive
association was also found with EGFR, a marker of poor
prognosis. Surprisingly, a significant correlation was also
found with claudin 1 and markers of the basal-like subtype of
breast cancers [76, 81], an aggressive subtype of breast cancer
associated with the worst prognosis and reduced patient
survival. We also demonstrated for the first time that in the
estrogen receptor positive (ER+ve) human cell line, MCF7,
that claudin 1 expression was down regulated by estrogen in
vitro (unpublished data).

6. Is Claudin 1 Much More than a Tumor
Suppressor in Breast Tumorigenesis?

Both an over and an underexpression of claudin 1 have
been observed in different types of cancers [57, 59, 62, 63,
65–67, 69], outlining the complexity of its potential role
in carcinogenesis. In breast cancer, the majority of studies
published to date, though limited in numbers, show that
partial or total loss of claudin 1 expression correlates with
increased malignant potential and invasiveness and with
recurrence of disease [47, 73]. As well, the re-expression
of claudin 1 in breast cancer cells was demonstrated to
induce apoptosis [75]. Additionally, our tissue microarray
studies showed that a significantly low frequency of human
invasive breast cancers was positive for claudin 1 expression
[76]. Altogether, these studies provide supporting evidence
to suggest that claudin 1 functions as a tumor suppressor in
breast tumorigenesis.

Paradoxically, our laboratory has also provided evidence
to suggest that the role of claudin 1 in breast cancer may
be much more than a tumor suppressor. We showed in
our TMA studies that the frequency of claudin 1 positive
tumors was significantly higher in ER−ve breast cancers
than in ER+ve breast cancers [76]. To our knowledge these
studies are the first report to address claudin 1 expression
in breast cancer in the context of ER status. We further
showed that claudin 1 positivity (as well as claudin 4) was
significantly associated with the basal-like subtype of breast
cancers, one of the most aggressive subtypes [76]. Of note, in
a recent study by Kulka et al., 2008, it was demonstrated that
claudin 4 expression was significantly higher in the basal-like
subtype of breast cancers [81]. Since claudin 1 is generally
considered to be a “tumor suppressor” in breast cancer, our
observations were unexpected. How can such observations
be rationalized? There are a few possible scenarios that
may explain these findings. First, it is plausible that during
tumorigenesis, not all tumor cells lose claudin 1 expression.
In line with the proposed nonlinear model of breast cancer
subtypes [18], it is possible that the cells which retain
claudin 1 expression are the cells already predetermined to
become ER−ve basal-like breast cancers. Then, in these cells,
the role of claudin 1 may be that of a tumor promoter
rather than a tumor suppressor. On the other hand, if one
considers the linear model of breast cancer subtypes [18],
tumor cells are believed to progress from ER+ve to ER−ve
as the cancer advances. Then, is the increased frequency of
claudin 1 positive tumors in the ER−ve cohort attributed
to a re-expression of claudin 1 in these tumors? Such a



6 Journal of Biomedicine and Biotechnology

Luminal A
ER+

Luminal B
ER+

Basal
ER−

HER2
ER−

Normal-like
ER−

Tumor
suppressor

Tumor
suppressor

Tumor
enhancer/

facilitator?

Tumor
enhancer/

facilitator?

Tumor
enhancer/

facilitator?

Claudin 1
ER+

PR+

EGFR+
HER2+

Figure 3: A hypothetical model of claudin 1 expression in different breast cancer subtypes. This model proposes that claudin 1 is a tumor
suppressor in the ER+ve subtypes of breast cancer (luminal A and B) and a tumor enhancer/facilitator in the ER−ve subtypes (basal-like,
Her2 over expressing, normal-like). Whereas a significant association between claudin 1 and the basal-like subtype has been demonstrated,
this is yet to be determined for the Her2 over expressing and the normal-like subtypes.

concept is supported by the significantly higher expression
of claudin 1 staining (an indicator of protein expression)
that was observed in the ER−ve tumors. Here, the tumor
suppressor function of the re-expressed claudin 1 is thus
eliminated and now replaced by a tumor enhancing function,
thereby facilitating breast tumorigenesis. This re-expression
of claudin 1 could be attributed to a number of mitigating
factors including genetic mutation in the claudin 1 gene or
epigenetic modification of the protein. However, sequence
analysis studies of the coding region of claudin 1 [53] in both
sporadic and hereditary breast patients failed to identify any
significant mutation that may be responsible for altering the
claudin 1 gene expression in breast tumors. One interesting
possibility is that the higher level of the claudin 1 protein
could be due to a defective interacting partner resulting in the
inability of claudin 1 to be transported back to the membrane
where it may escape further down regulation by other factors,
and therefore leading to an accumulation of claudin 1 in
the cytoplasm. The latter has recently been demonstrated
for E cadherin [82]. Furthermore, the exact combination of
claudin proteins within a given tissue is thought to determine
the strength of the tight junction [51]. Thus, one of the
consequences of this aberrant accumulation of claudin 1
in the ER−ve invasive breast cancers may be a redefinition
of the makeup of the tight junction, further undermining
the integrity of the junction and thereby further facilitating
tumor progression. Taken together, it appears that the role
of claudin 1 extends beyond that of a tumor suppressor. We
would like to propose that claudin 1 functions both as a
tumor suppressor as well as a tumor enhancer/facilitator in
breast cancer. We further propose that its tumor facilitating

role is particularly associated with the ER−ve breast cancer
subtypes (Figure 3).

Recently, a “claudin low” subtype of breast cancer has
been identified that was primarily ER−ve and exhibited low
expression of claudin 3, 4, and 7 [83]. We would further
like to propose a “claudin high” subtype that is ER–ve and
which exhibits a high expression of claudin 1 protein (and
claudin 4). This subtype would include the basal-like breast
cancers and exclude the ER+ve luminal subtypes. The clinical
significance of a high expression of the claudin 1 protein in
ER−ve breast cancers and its association with the basal-like
subtype may identify its potential use as a diagnostic and
prognostic indicator for a particular breast cancer subset.

7. Future Perspectives

Mounting evidence suggests that claudin 1 has a unique role
in breast cancer and breast cancer progression. Since claudin
1 is a transmembrane protein with two large extracellular
loops, it is a potentially attractive candidate for use in
therapeutic strategies. As we begin to address the role of
claudin 1 in breast cancer progression we are left with
many unanswered questions. What is the expression level
of the claudin 1 protein in different histological subtypes
of breast cancer? What triggers its regulation and causes
claudin 1 to switch its role at different stages of breast
cancer progression? Why does claudin 1 accumulate in the
cytoplasm? Is there a mutation in the claudin gene or protein
in the basal-like subtype of breast cancer? Does claudin 1
work in concert with other claudins or junctional proteins
such as E cadherin? Is there cross-talk with the estrogen
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receptor pathway? Clearly, more detailed functional analysis
studies are warranted both in vitro and in vivo.

One can only predict that more breast cancer subtypes
will be identified in the near future and a clearer understand-
ing of the cellular and molecular changes occurring during
breast tumorigenesis will be critical for facilitating more
effective patient management and directly impacting on
reducing mortality rates. Only through such understanding
will new biomarkers be identified that will report on
metastatic changes, breast cancer progression and serve
as therapeutic targets ultimately leading to specific and
individualized patient management.
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Lentiviral (LV) vectors are promising agents for efficient and long-lasting gene transfer into the lung and for gene therapy of
genetically determined pulmonary diseases, such as cystic fibrosis, however, they have not been evaluated for cytotoxicity and
impact on the tightness of the airway epithelium. In this study, we evaluated the transduction efficiency of a last-generation
LV vector bearing Green Fluorescent Protein (GFP) gene as well as cytotoxicity and tight junction (TJ) integrity in a polarized
model of airway epithelial cells. High multiplicities of infection (MOI) showed to be cytotoxic, as assessed by increase in
propidium iodide staining and decrease in cell viability, and harmful for the epithelial tightness, as demonstrated by the decrease
of transepithelial resistance (TER) and delocalization of occludin from the TJs. To increase LV efficiency at low LV:cell ratio,
we employed noncovalent association with the polycation branched 25 kDa polyethylenimine (PEI). Transduction of cells with
PEI/LV particles resulted in 2.5–3.6-fold increase of percentage of GFP-positive cells only at the highest PEI:LV ratios (1× 107 PEI
molecules/transducing units with 50 MOI LV) as compared to plain LV. At this dose PEI/LV transduction resulted in 6.5 ± 2.4%
of propidium iodide-positive cells. On the other hand, PEI/LV particles did not determine any alteration of TER and occludin
localization. We conclude that PEI may be useful for improving the efficiency of gene transfer mediated by LV vectors in airway
epithelial cells, in the absence of high acute cytotoxicity and alteration in epithelial tightness.

1. Introduction

Lentiviral (LV) vectors, such as those derived from HIV-
1, show exceptional promise as gene transfer agents and
have been proven to be effective vehicles for transduc-
tion of epithelial cells of various organs, including airway
epithelial cells in the lung [1]. The epithelium lining the
bronchi/bronchioli is the target cell compartment for a
therapeutic approach based on gene delivery in cystic fibrosis
(CF), a chronic autosomal recessive disorder due to mutation
in the CF Transmembrane Conductance Regulator (CFTR)
gene [2]. LV vectors bear some fundamental characteristics
which could be useful for treating the CF lung disease, such
as: (1) they integrate into the host genome and determine
a long-term expression of either marker or CFTR gene in

animal and human xenograft models [3–7]; (2) they can be
repeatedly administered without loss of efficiency [8]; and
(3) they do not elicit a gross inflammatory response in vitro
[9] and in vivo [4, 10].

The mechanism(s) of viral vector interaction with the
apical plasma membrane and internalization has been an
intensely studied question, in particular for adenoviral and
adeno-associated viral vectors [11–16]. The expression of
receptors for these viral vectors and oncoretroviruses is
more abundant on the basolateral membrane than on
the apical side of the respiratory epithelium and they are
hardly accessible because of the airway tight junctions
[12, 17, 18]. HIV-1-derived LV vectors expressing vesicular
stomatitis virus G glycoprotein (VSV-G) on their capsid
have been shown previously to transduce a polarized airway
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epithelium only in the presence of preconditioning agents
with disruptive, although transient, effects on tight junctions
[4, 5, 19]. These studies indicated entry block due to
absence or low numbers of VSV-G receptors on the apical
membrane of the airway epithelium, as it has been identified
for other viral vectors, or postentry block, concerning the
endocytosis route and nuclear import of viral genomes.
LV vectors have not been investigated in so much detail
in respect to their attachment to and internalization by
the cells. Building on the previoulsy published work by
Guibinga et al. [20], we observed that glycosaminoglycans
(GAGs) are involved in LV vector-mediated transduction of
polarized airway epithelial cells [21]. In that study, a good
transduction efficiency of polarized cellular monostrates
with a last-generation LV vector pseudotyped with VSV-G
was obtained, but only at high virus to cell ratios. Given that
no studies have tested directly the effect of LV vectors on
the tight junction (TJ) stability and organization in airway
epithelial cells, we evaluated the transduction efficiency as
well as acute cytotoxicity, transepithelial resistance (TER),
and occludin localization at the TJ level in a bronchial-
derived cell line grown in polarized fashion. We find that
the VSV-G-pseudotyped LV vector infection at high viral
loads is cytotoxic and determines occludin loss from the
apical plasmamembrane and reduction of TER. In order
to rule out the toxic effect of LV particles, we used LV
virions noncovalently complexed with a cationic vector (i.e.
polyethylenimine).

2. Materials and Methods

2.1. Lentiviral Vector Production. The VSV-G pseudotyped
LV vector stock was prepared as previously described
[21, 22]. Briefly, the lentivirus-based gene delivery system
comprises four components: (1) the packaging plasmid
pMDLg/pRRE, which contains elements such as structural
proteins and enzymes involved in the formation of the viral
particles, derived from the gag-pol genes; (2) the pRSV-
REV plasmid, which contains posttranscriptional regula-
tor for gag and pol expression, as well as nuclear RNA
export encoded by the rev gene; (3) the transfer vector
pRRLsin18.cPPT.CMV.eGFP.Wpre carrying the transgene
GFP with the insertion of the PPT and the woodchuck
post-transcriptional regulatory element (WPRE); and (4) the
pMD2.G plasmid containing the heterologous glycoprotein
VSV-G. Cotransfection of the four plasmid vectors was
performed on 293T cells by calcium phosphate precipitation.
The supernatant containing LV particles was concentrated by
two rounds of ultracentrifugation and assayed for p24 Gag
antigen by enzyme-linked immunosorbent assay. The viral
titer was determined by HeLa cell infection and subsequent
flow cytometry analysis. The yield of the concentrated virus
was typically 109 transducing units (TU)/ml and the specific
activity ranged between 1.56 and 4.17 × 105 TU/ng of p24.

2.2. Polarization of Bronchial Epithelial Cells. 16HBE41o-
cells, derived from human bronchial epithelium (a kind gift
of Professor D. Gruenert, University of California at San

Francisco, CA, USA), were grown in MEM supplemented
with Earle’s salt, 10% fetal bovine serum, L-glutamine
and penicillin/streptomycin. They were routinely grown on
plastic flasks coated with an extracellular matrix containing
fibronectin/vitrogen/bovine serum albumin. The extracellu-
lar matrix coating is prepared in the laboratory as follows:
10 μg/ml Fibronectin (BD Biosciences, CA, USA), 100 μg/ml
albumin from bovine serum (Sigma-Aldrich, Milan, Italy),
and 30 μg/ml bovine collagen type I (BD Biosciences) are
dissolved in MEM. The mixture is sterilized by 0.2 μm
filter. To induce polarization, cells were seeded on 6.5-mm
diameter Snapwell, 0.4-μm pore size (Corning, Acton, MA,
USA) at 1 × 105 per filter coated with the same extracellular
matrix. Under these conditions, cells grow as a polarized
sheet of cells and develop a transepithelial resistance of 550
Ohm × cm2 on average, as measured by a voltohmmeter
(Millicell-ERS; Millipore, Vimodrone, Italy).

2.3. Transduction of Polarized Monolayers. Polarized cells
were incubated with the LV-GFP vector at different multi-
plicities of infection (MOI) for 4 or 24 hours and then either
immediately studied for propidium iodide staining and cell
viability or incubated for further 48 hours for evaluation of
GFP expression. MOI refers to the number of TU per one
cell. Because we seeded 1 × 105 cells per well, a MOI of 10 is
equivalent to 106 TU; and a MOI of 100 refers to 107 TU, and
so forth.

Branched polyethylenimine (MW 25,000 Da) was
obtained from Sigma as 50% w/v solution. The solution was
titrated with HCl solution to a pH of 7.4 and used as a
4.5 mg/ml stock solution (100 mM; stoichiometrically, this
solution corresponds to 10.8 × 1013 molecules of PEI per μl
of solution). Ten μl of saline containing different amounts of
PEI stock solution were added to 10 μl of saline containing 50
MOI (5× 106 TU) of LV in order to obtain PEI molecules/TU
ratios ranging from 5 × 104 to 1 × 107(corresponding
to a range of 0.0625–12.5 μg/μl as final concentration of
PEI). Spermidine (Sigma-Aldrich) stock solution (1 M) was
diluted in order to obtain a final concentration rang-
ing from 0.08 μM to 8 mM (corresponding to spermidine
molecules/TU ratios ranging from 1 × 106 to 1 × 1011).
The suspension containing either PEI/LV or spermidine/LV
was incubated for 15 minutes at room temperature and then
added to cells. In another experimental setting, cells were
preincubated with spermidine (final concentration ranging
from 0.08 mM to 8 mM) for 1.5 hours, washed, and then
infected with PEI/LV at the ratio of 1 × 107 with 50 MOI
LV. The medium was changed 24 hours later and after
further 48 hours, a preliminary evaluation of GFP expression
was carried out by epifluorescence and confocal microscopy
(see below). Analysis of GFP production by flow cytometry
was performed as follows. The cells were washed twice
with phosphate-buffered saline (PBS), harvested by digesting
with trypsin/ethylenediaminetetracetic acid (EDTA), and
fixed in 2% paraformaldehyde. The cells were analyzed by
fluorescence-activated cell sorting (FACS) with a EPICS
XL MCL flow cytometer (Beckman Coulter Fullerton, CA,
USA). The percentage of GFP-positive cells was determined
after setting the gating on 99% of an untransfected control
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Figure 1: Efficiency and cytotoxicity of LV transduction. Polarized 16HBE41o- cells were incubated with different MOIs for 24 (a, b, and c)
or 4 (d, e, and f) hours and then analyzed either immediately for membrane permeability (b and e) and viability (c and f) or incubated for
further 48 hours and evaluated for GFP expression (a and d). Percentage of propidium iodide (PI)-positive cells incubated with medium
only was 3.45 ± 0.28% and subtracted from the other values. In the viability assay, untreated cells were incubated with medium only and
considered as 100%. Data are expressed as means ± SD of two-three experiments. A and B: ∗P < .05 for 500 and 2000 MOIs versus 50 and
100 MOIs. C and F: ∗P < .05 for 500 and 2000 MOIs versus mock.

population of cells and by subtracting the fluorescence of
the untransfected control cells. Ten thousand cells were
examined in each experiment. Analysis of GFP production
was performed by plotting the FLH-1 channel (512–537 nm,
with peak at 525 nm) against the FLH-3 channel (608–
632 nm, with peak at 620 nm).

2.4. Propidium Iodide Staining. Propidium iodide is an effec-
tive stain to identify nonviable cells since the dye is excluded
by intact cell membranes and passes through damaged cell
membranes and intercalates with DNA and RNA to form
a bright red fluorescent complex [23, 24]. Briefly, cells on

transwells were incubated with 25 μg/ml propidium iodide
(Sigma-Aldrich) for 20 minutes on ice, were washed with
PBS, harvested by digesting with trypsin/EDTA, and resus-
pended in PBS. In each experiment, as a toxicity control, cells
were incubated with 0.1% Triton X-100 (Sigma-Aldrich)
for 5 minutes at room temperature. This treatment resulted
in 44% of propidium iodide-positive cells on average.
After various treatments, cells were analysed by FACS. The
percentage of propidium iodide positive cells was determined
after setting the gating on 99% of an untreated control
population of cells and by subtracting the fluorescence of
untreated control cells. Ten thousand cells were examined
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Figure 2: Effect of LV transduction on TER. Polarized 16HBE41o-
cells were incubated with different MOIs and, 4 or 24 hours later,
TER was measured. Mock is represented by cells incubated with
medium only. As a positive control, cells were incubated with
12 mM EGTA for 30 minutes. TER values are shown as % of mock
cells that were 523 ± 44 Ohm × cm2. Data are expressed as means
± SD of three experiments. A: ∗P < .05 for EGTA versus mock. B:
∗P < .05 for EGTA, 100, 500, and 2000 MOIs versus mock.

in each experiment. Analysis of propidium iodide positive
cells was performed by plotting the red channel (FLH-2; 562–
588 nm, with peak at 575 nm) against the FLH-1 channel.

2.5. MTT Assay. MTT (3-(4,5-dimethyl-thiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) is a water-soluble yellow dye
that is readily taken up by viable cells and reduced by
the action of mitochondrial dehydrogenases. The reduction
product is a water-insoluble blue formazan, that must
then be dissolved for colorimetric measurement. Briefly,
a stock solution of MTT (Sigma-Aldrich) in phosphate
buffered saline (PBS) (5 mg/ml) was added to the upper
compartment of each well reaching a final concentration of
0.5 mg/ml (in 200 μl of complete medium). After 4 hours
the formazan crystals were dissolved in a 10% SDS/50%
dimethyl-formamide solution, and 100 μl of the solution
were transferred in a 96-well plate and measured spectropho-
tometrically by an ELISA reader (PowerWave HT, Bio-tek,
Milan, Italy) at a wavelenght of 570 nm with a reference
wavelenght of 690 nm. The relative viability was calculated
in respect to untreated cells (considered as 100%).

2.6. RT-PCR. Peripheral blood mononuclear cells (PBMCs)
were isolated from the whole blood of three normal donors
using Lymphoprep (Axis-Shield, Oslo, Norway), according

to the published protocol [25], and pooled. Total RNA
was extracted from polarized 16HBE14o- cells and PBMCs
using Trizol reagent (Invitrogen, S. Giuliano Milanese, Italy)
following the protocol suggested by the manufacturer. The
concentration of RNA was estimated by Nanodrop 1000
spectrophotometer (Thermo Scientific, Waltham, MA, USA)
at 260 nm wavelength and the purity was confirmed by
measuring the absorbance ratio at 260/280 nm wavelengths.
1 μg RNA was used to prepare cDNA by using a RevertAid
First Strand cDNA Synthesis Kit (Fermentas, Burlington,
Canada). Retrotranscription was performed under the fol-
lowing conditions: incubation for 60 minutes at 37◦C
followed by 5 minutes at 70◦C. RNA were retrotranscripted
in the presence of 200 units of RevertAid M-MuLV Reverse
Transcriptase, 0.4 μM of oligo (dT)18 primer, 1 mM of
nucleotide mix, 20 units of Ribolock Rnase Inhibitor, and
commercial buffer (Fermentas). For the PCR reaction, 100 ng
of cDNA were amplified in the presence of 1 unit Taq
polymerase (Fermentas), 0.4 μM of each primer (Eurofins
MWG Operon/M Medical Srl, Milan, Italy), 0.2 mM of
nucleotide mix, and commercial buffer containing 2 mM
MgCl2 (Fermentas). The primers for occludin amplifica-
tion were forward 5’-AGTGAGTGCTATCCTGGGCAT- 3’
and reverse 5’-CCTTTGCAGGTGCTCTTTTTG-3’ which
produced a DNA segment of 600 bp. PCR was performed
under the following conditions: initial denaturation for 2
minutes at 94◦C, followed by 25 cycles of denaturation
(15 seconds, 94◦C), annealing (30 seconds, 58◦C) and
extension (1 minute, 72◦C). As control for RNA integrity,
we performed the β−actin PCR reaction using the fol-
lowing primers: forward 5’-CAACTGGGACGACATGGA-
3’ and reverse 5’-ACGTCACACTTCATGATGGA-3’, which
produced a DNA segment of 610 bp. PCR was performed
under the following conditions: initial denaturation for 2
minutes at 94◦C, followed by 35 cycles of denaturation (15
seconds, 94◦C), annealing (30 seconds, 56◦C) and extension
(1 minute, 72◦C). The identity of amplified products was
confirmed by determination of molecular size on agarose gel
electrophoresis (1.5% agarose in buffer containing 40 mM
Tris/acetate and 1 mM EDTA) and visualized by ethidium
bromide staining (0.5 μg/ml) under ultraviolet light.

2.7. Confocal Microscopy. For occludin immunolocalization,
polarized 16HBE14o- cells were washed three times with
PBS, fixed in 3% paraformaldehyde, 2% sucrose, and perme-
abilized with ice cold Triton Hepes buffer (20 mM HEPES,
300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, 0.5% Triton
X-100, pH 7.4) for 5 minutes at room temperature. Cells
were incubated with blocking solution (2% bovine serum
albumin [BSA], 2% FBS) for 15 minutes at 37 ◦C, then with
fluorescein isothiocyanate (FITC)-conjugated mouse anti-
Occludin antibody (Zymed Laboratories Inc., San Francisco,
CA, USA) (dilution 1 : 100) for 30 minutes at 37 ◦C. Cells
were rinsed three times with 0.2% BSA. Filters were excised
and placed side up on a glass slide, and overlayed with a
drop of Fluorescent Mounting Medium (Dako, Milan, Italy)
followed by a coverslip. Cells were analyzed using Nikon
TE2000 microscope coupled to a Radiance 2100 confocal
dual-laser scanning microscopy system (Bio-Rad, Segrate,
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Figure 3: Effect of LV transduction on occludin localization. Expression of occludin mRNA by RT-PCR (a). Note that occludin (OCLN)
transcript is detected in 16HBE14o- cells (lane 1) but not in PBMCs (lane 2). β-actin (ACT) transcripts were detected in 16HBE14o- and
PMBCs (lanes 4 and 5, respectively). In lane 3, λHindIII marker. Polarized 16HBE41o- cells were incubated with 50 (C), 500 (D) or 2000 (E)
MOIs and, 24 hours later, occludin localization was evaluated by immunofluorescence and confocal microscopy. Controls included mock
cells (B) and cells treated with 12 mM EGTA for 30 minutes (F). En-face micrographs are shown. Occludin-specific signal is in green. A
peripheral chicken-wire pattern of occludin localization is noted in B and C. In D and E, white arrows point out to lack of occludin staining
at cell borders and between cells. In F, occludin staining is lost from cell borders and distributed intracellularly. Note that some intracellular
signal is visible also in B-E. Bar: 10 μm.

Italy). Specimens were viewed through a 60X oil immersion
objective. The microscope was equipped with a FITC filter
(excitation 395 nm, emission 509 nm). Digital images were
processed using the program Laser Sharp 2000 (Bio-Rad).

For GFP detection, cells were fixed and permeabilized,
incubated with propidium iodide (diluted at 1 : 5, 000 of
1 mg/ml stock solution) for 5 minutes at 37◦C, and washed.
Filters were mounted and observed through the FITC and
TRITC (excitation 488 nm, emission 620 nm) filters.

2.8. Statistics. Results are presented as means ± standard
deviation (SD) of the means. Statistical significance of
differences was evaluated by a two-tailed unpaired Student’s
t-test.

3. Results

3.1. Transduction Efficiency and Cytotoxicity of LV Particles.
We have previously demonstrated LV-mediated transgene
delivery and expression in polarized airway epithelial cells

at high LV: cell ratios, necessitating at least 2000 MOI
(Multiplicity of Infection) [21]. High MOIs could be
toxic to the cells. Thus, we interrogated the transduction
efficiency and the cytotoxicity of LV vectors in polarized
16HBE41o- cells. Cells were incubated with different MOIs
of LV particles for 24 hours, and then either immediately
studied for propidium iodide staining (to assess membrane
permeability) and viability (by means of the MTT assay),
or incubated for further 48 hours for evaluation of GFP
expression. As shown in Figure 1(a), the higher the MOI the
higher the percentage of GFP-positive cells. Only cells with
altered plasmamembrane permeability will intake propidium
iodide which will bind nuclear DNA. The higher the MOI
the higher the percentage of propidium iodide-stained cells
(Figure 1(b)). The viability was decreased only at MOIs 500
and 2000 (Figure 1(c)).

To investigate acute cytotoxicity of LV particles, mem-
brane permeability and viability were assayed also after
incubation of cells with LV particles for 4 hours. At any MOI,
LV particles did not exert any direct permeabilizing effect
on polarized cells (Figure 1(e)) and decreased the viability
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Figure 4: Efficiency and effect on membrane permeability of PEI/LV vectors. Polarized 16HBE41o- cells were incubated with LV (50 MOI)
either alone, formulated at different PEI molecules/TU ratios (A), or at different spermidine molecules/TU ratios (B) for 24 hours and then
further incubated for 48 hours and evaluated for GFP expression. In another experimental setting, cells were pre-incubated with spermidine
(range 0.08–8 mM) prior to addition of PEI/LV vector formulated at 1 × 107 ratio with 50 MOI LV (C). Note that PEI/LV increased the
transduction efficiency by 3.6 fold as compared to plain LV. Data are expressed as means ± SD of two-three experiments. A: ∗P < .05 for 107

PEI/LV TU versus all the other conditions except 5 × 106. C: ∗P < .05 for all the conditions versus LV alone.
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Figure 5: GFP detection by confocal microscopy. Polarized 16HBE41o- cells were incubated with 50 MOI LV (a) or with PEI/LV formulated at
1× 107 ratio with 50 MOI LV (b). 72 hours later cells were stained with propidium iodide and analyzed by confocal microscopy. GFP-positive
cells are in bright green while nuclei are stained in red. Note an approximately 3-fold increase in GFP-positive cells in B as compared to A.
En-face micrographs are shown. Bar: 30 μm.

only at MOI 2000 (Figure 1(f)). Under these conditions, the
percentage of transduced cells was lower than in the 24-hour
protocol (Figure 1(d)).

These data show a dose-dependent cytotoxic effect of
the LV vector, in terms of both alteration of membrane
permeability and cell viability.

3.2. Effect of LV Transduction on Transepithelial Resistance
and Occludin Localization. Since the LV vector shows a
disturbing effect on membrane permeability, the impact
of LV particles on the tightness of the epithelial monos-
trates was initially investigated by measuring transepithelial
resistance (TER). TER was decreased in a MOI-dependent
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Figure 6: Cytotoxicity of PEI/LV vectors. Polarized 16HBE41o- cells were incubated with LV (50 MOI) either alone or formulated at different
PEI molecules/TU ratios with 50 MOI LV for 24 hours and then analyzed for propidium iodide staining (a) or MTT assay (b). The same
amounts of PEI used in the formation of PEI/LV vectors were tested for their cytotoxicity. Percentage of propidium iodide (PI)-positive cells
incubated with medium only was 4.68 ± 1.8 and subtracted from the other values. In the viability assay, untreated cells were incubated with
medium only and considered as 100%. Data are expressed as means ± SD of two-three experiments. a: ∗P < .05 for 107 PEI/LV TU and free
PEI versus all the other conditions except 5 × 106.

fashion when cells were incubated with LV vectors for 24
hours (Figure 2(a)), whereas was not affected at 4 hours
(Figure 2(b)). The effect observed with 2000 MOI was sim-
ilar to that achieved by ethylene glycol-bis(2-aminoethyl)-
N,N,N′,N′-tetra-acetic acid (EGTA) (Figure 2), a Ca2+ chela-
tor known to transiently disrupt epithelial tight junctions
[26].

Tight junctions (TJs) are multiprotein complexes com-
posed of integral proteins (claudins, occludin, and JAM
[junctional adhesion molecule]) that associate with cytoplas-
mic plaque proteins (ZO-1, ZO-2, and ZO-3). The former
mediate cell-cell adhesion, while the latter function as a
bridge between the TJ and the actin cytoskeleton [27, 28].
Since occludin has been shown to be internalized upon
infection with group B coxsackievirus (CVB) [29] and
hepatitis C virus (HCV) [30], we chose to study occludin
expression and localization in cells infected with the LV
vector. Preliminarly we evaluated mRNA occludin expression
in 16HBE41o- cells. Reverse transcription-PCR revealed the
presence of an occludin specific band (Figure 3(a)). Freshly
isolated and unstimulated lymphocytes and monocytes have
been shown to not express occludin at the mRNA and
protein level [31, 32]. PBMCs obtained from normal donors
were negative for occludin mRNA expression (Figure 3(a)),
confirming the specificity of the occludin amplification in
16HBE14o- cells.

Polarized 16HBE14o- cells were incubated with the LV
vector at different MOIs and analyzed by immunofluo-
rescence and confocal microscopy 24 hours postinfection.
Untreated cells displayed sharp circumferential organization
of occludin at the lateral membrane between neighbouring
cells (Figure 3(b)). In EGTA-treated cells, occludin was
chaotically distributed within the cytosol (Figure 3(f)). High
LV MOIs (500 and 2000) determined discontinuity in the
occludin pattern at TJ location (Figures 3(d) and 3(e),
with 2000 MOI causing stronger disorganization of TJs.
On the other hand, 50 MOI did not cause any alteration
in occludin localization at the cell periphery (Figure 3(c)).
Taken together, these results show that high—but not low—

viral-to-cell ratios determine disruption of TJs when TJs are
probed at 24 hours postinfection.

3.3. Effect of PEI and Spermidine on LV-Mediated Trans-
duction. These results prompted us to investigate if LV-
mediated transduction at low MOI could be enhanced by
the polycation polyethylenimine (PEI). Cationic lipids and
polymers have been used to increase retrovirus titer and
to enhance transduction of target cells [33–36]. Various
amounts of branched 25 kDa PEI molecules were mixed with
50 MOI of LV particles to obtain different PEI molecules/TU
ratios. Cells were incubated with LV alone or PEI/LV for
24 hours and GFP expression was evaluated 48 hours later
by cytofluorimetry. The percentage of transduced cells did
not change with low PEI:LV ratios as compared with LV
alone, and only the 107 ratio produced a significant 2.5-
fold increase in GFP-positive cells as compared to plain
LV (Figure 4(a)). Epifluorescence and confocal microscopy
analysis of transduced cells confirmed that PEI increased
by approximatively 3 fold the efficiency of LV-mediated
transduction, as visualized by the number of GFP-positive
cells (Figure 5).

To see whether the enhancing effect of PEI could be
universal to polyamines, we sought to determine the effect of
native spermidine, a polyamine which is cationic at physio-
logical pH [37]. A wide range of spermidine molecules/TU
ratios was tested (corresponding to a molar concentration
range from 0.08 μM to 8 mM), but no effect on the trans-
duction rate given by plain LV particles (used at 50 MOI)
was observed (Figure 4(b)). Thus, the enhancing effect seems
to be unique to PEI. In alternative, we investigated whether
spermidine could inhibit the PEI/LV-mediated transduction.
In this case we used only the highest molar concentrations of
spemidine. Preincubation of polarized 16HBE14o- cells with
native spermidine (0.08–8 mM) before addition of PEI/LV
formulated at the highest ratio (1 ×107 with 50 MOI LV)
did not exert any alteration in the efficiency of PEI/LV
(Figure 4(c)). In these experiments, the enhancing effect of
PEI/LV on plain LV was of 3.6 fold.
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3.4. Cytotoxicity of PEI/LV. PEI/LV particles and free PEI
were interrogated for their cell toxicity using the propidium
iodide staining and the MTT assay. Cells were incubated
with vectors for 24 hours, stained with propidium iodide
for 30 minutes, and analyzed by cytofluorimetry. As shown
in Figure 6(a), only cells incubated with the highest PEI:LV
ratios with 50 MOI LV, (107 PEI/TU) showed a significant
increase in nuclei stained with propidium iodide (from 0%
up to 6.5 ± 2.4%). Intriguingly, the same amount of PEI
alone (1 × 107 molecules) caused the uptake of propidium
iodide by 9.9 ± 4.9% of cells. Figure 6(b) shows that
PEI/LV and free PEI exerted a small toxic effect on cells
at highest doses. These results suggest that the membrane
permeabilizing effect of PEI/LV vectors could be attributed
to free PEI, as previously shown by the toxicity exerted by
PEI alone [38].

3.5. Effect of PEI/LV on TER and Occludin Localization.
TER was measured at 4 and 24 hours postinfection and
was not affected by PEI/LV particles (not shown). Occludin
localization was not altered by incubation of cells with
PEI/LV at 24 hours (Figures 7(b)–7(d)). Also free PEI
(107 molecules) did not exert any effect on TJ integrity
(Figure 7(e)).

4. Discussion

Positively charged polycations such as polybrene are known
to be required for efficient infection of cells with retroviruses
and retrovirus vectors, possibly by stabilizing the interaction
between negatively charged virus particles and target cellular
membranes [20, 39]. Indeed, polybrene has been used also
in LV-mediated transduction of polarized epithelial cells
obtained from the airways [40]. In our hands, polybrene
was toxic to the cells and thus it was withdrawn from
the transduction protocol. For this reason, we had to use
high MOIs (i.e. at least 2000) to achieve a meaningful
transduction of polarized airway bronchial and tracheal
epithelial cells [21]. In this study, we show that high LV
MOIs are toxic to polarized airway epithelial cells, which are
considered a good approximative model for native airway
epithelium [26, 41–43]. High MOIs determined an increase
in membrane permeability at 24 hours but not at 4 hours,
suggesting that the direct interaction of LV particles with cells
is not harmful, rather it is so for entry, transport, and viral
transcription within the cytosol. Interestingly, the damage
caused by LV particles was reflected also by the decrease of
TER and loss of occludin at the TJs between cells. The MTT
assay shows that only high LV doses decreased the cellular
viability both at 4 and 24 hours. However, this was a small
decrease as compared with the pemeabilizing effect. These
results strongly suggest that LV particles exert their toxic
action through direct interaction with TJ proteins, an effect
visible only at 24 hours. Some recently acquired data indicate
that proficient viral infection is dependent on the interaction
of viral envelope glycoproteins with TJ proteins. The primary
CVB receptor, the coxsackievirus and adenovirus receptor
(CAR), is a transmembrane component of the TJ [44] and

CVB enters polarized epithelial cells from the TJ, causing
a transient disruption of TJ integrity [45]. CVB does not
induce major reorganization of the TJ, but stimulates the
specific internalization of occludin within macropinosomes
[29]. HCV envelope glycoproteins induce a loss of claudin-
1, ZO-1, and occludin-delineated junctional accumulation
[30] and occludin is required for late entry step of HCV
into cells [46]. Overall, based on our previous publication
[21], we speculate that VSV-G-pseudotyped LV virions
are concentrated on the apical surface of polarized airway
epithelial cells by initial attachment to GAGs. The binding
of LV particles with GAGs is based on nonelectrostatic
interactions [20]. In a further step, LV virions should then
bind to entry receptors (not identified yet) and eventually to
occludin for internalization.

Loss of occludin from the TJs and their opening could
be a disadvantage in lung diseases such as CF, because of the
presence of bacteria and bacterial products in the airways.
In order to find a transduction protocol with less viral
loads, minimal toxicity and eventually no delocalization of
occludin from the TJs, we have combined LV particles with
the polycation PEI, based on the rationale that a cationic
component would charge associate with LV particles, which
carry a net negative surface charge. Several previous studies
have reported the use of cationic molecules to enhance
viral uptake and subsequent transgene expression in vitro
and in vivo, mainly for adenoviral [47–52] and retroviral
vectors [33–36]. In particular, PEI facilitated transduction
efficiency by adenoviral vectors in cultured mouse myotubes
[47] and in 9L gliosarcoma cells [49] and enhanced retroviral
transduction in NIH3T3 cells [36]. To our best knowledge,
ours is the first study showing that PEI enhanced LV-
mediated transduction of airway epithelial cells. PEI/LV
particles increased membrane permeability only at the
highest PEI/LV ratio, an effect likely due to excess free PEI
[53], with a little effect on the viability. Indeed, PEI is known
to induce the formation of transient, nanoscale holes in the
membranes of living cells and these holes allow a greatly
enhanced exchange of materials across the cell membrane,
including propidium iodide [54]. Although we have not
investigated the membrane permeability with spermidine/LV
vectors, the fact that spermidine had no enhancing effect
on LV-mediated transduction supports the notion that the
PEI’s action is due to a membrane destabilizing effect. PEI/LV
particles and free PEI did not cause any alteration on TER
and in occludin localization, indicating that PEI-induced
nanoscale holes in the plasma membrane do not affect TJ
integrity.

In conclusion, PEI/LV vectors are more efficient than
LV alone—used at low viral load—in transducing polar-
ized epithelial cells without so pronounced cytotoxicity,
and, more importantly, without disrupting tight junctions.
Because the transduction efficiency mediated by PEI/LV is
still low it needs further refinement for obtaining higher
transduction rates of polarized airway epithelia, a goal
which could be achieved by testing other PEI architectures
[55]. For these reasons the PEI/LV vector warrants further
characterization for being considered as a valid tool in gene
therapy of genetic lung diseases.
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Figure 7: Effect of PEI/LV vectors and free PEI on occludin localization. Polarized 16HBE41o- cells were incubated with free 1 × 107 PEI
molecules (e) or PEI/LV vectors formulated at ratios of 5 × 104 (b), 1 × 106 (c), and 1 × 107 (d) with 50 MOI LV for 24 hours and then
evaluated for occludin localization by confocal microscopy. Mock (a) is represented by cells incubated with medium only. Note in green the
circumferential localization of occludin between cells, with some intracellular staining. En-face micrographs are shown. Bar: 10 μm.

Acknowledgments

The authors are grateful to Professor L. Naldini who
has generously provided LV plasmids and to Professor D.
Gruenert for 16HBE41o- cells. This work was supported
by the European Commission Grant LSHB-CT-2004–005213
and Fondazione Banca del Monte Domenico Siniscalco-
Ceci.

References

[1] E. Copreni, M. Penzo, S. Carrabino, and M. Conese,
“Lentivirus-mediated gene transfer to the respiratory epithe-
lium: a promising approach to gene therapy of cystic fibrosis,”
Gene Therapy, vol. 11, no. 1, pp. S67–S75, 2004.

[2] M. Conese, E. Copreni, D. Piro, and J. Rejman, “Gene and cell
therapy for the treatment of cystic fibrosis,” Advances in Gene,
Molecular and Cell Therapy, vol. 1, pp. 99–119, 2007.

[3] P. L. Sinn, E. R. Burnight, M. A. Hickey, G. W. Blissard,
and P. B. McCray Jr., “Persistent gene expression in mouse
nasal epithelia following feline immunodeficiency virus-based
vector gene transfer,” Journal of Virology, vol. 79, no. 20, pp.
12818–12827, 2005.

[4] G. Wang, V. Slepushkin, J. Zabner et al., “Feline immun-
odeficiency virus vectors persistently transduce nondividing
airway epithelia and correct the cystic fibrosis defect,” Journal
of Clinical Investigation, vol. 104, no. 11, pp. R55–R62, 1999.

[5] M. Limberis, D. S. Anson, M. Fuller, and D. W. Parsons,
“Recovery of airway cystic fibrosis transmembrane conduc-
tance regulator function in mice with cystic fibrosis after
single-dose lentivirus-mediated gene transfer,” Human Gene
Therapy, vol. 13, no. 16, pp. 1961–1970, 2002.

[6] K. L. Kremer, K. R. Dunning, D. W. Parsons, and D. S.
Anson, “Gene delivery to airway epithelial cells in vivo:
a direct comparison of apical and basolateral transduction
strategies using pseudotyped lentivirus vectors,” Journal of
Gene Medicine, vol. 9, no. 5, pp. 362–368, 2007.

[7] F.-Y. Lim, G. P. Kobinger, D. J. Weiner, A. Radu, J. M.
Wilson, and T. M. Crombleholme, “Human fetal trachea-
scid mouse xenografts: efficacy of vesicular stomatitis virus-
G pseudotyped lentiviral-mediated gene transfer,” Journal of
Pediatric Surgery, vol. 38, no. 6, pp. 834–839, 2003.

[8] P. L. Sinn, A. C. Arias, K. A. Brogden, and P. B. McCray Jr.,
“Lentivirus vector can be readministered to nasal epithelia
without blocking immune responses,” Journal of Virology, vol.
82, no. 21, pp. 10684–10692, 2008.



10 Journal of Biomedicine and Biotechnology

[9] E. Copreni, E. Nicolis, A. Tamanini et al., “Late generation
lentiviral vectors: evaluation of inflammatory potential in
human airway epithelial cells,” Virus Research, vol. 144, no. 1-
2, pp. 8–17, 2009.

[10] G. P. Kobinger, D. J. Weiner, Q.-C. Yu, and J. M. Wilson,
“Filovirus-pseudotyped lentiviral vector can efficiently and
stably transduce airway epithelia in vivo,” Nature Biotechnol-
ogy, vol. 19, no. 3, pp. 225–230, 2001.

[11] R. J. Pickles, D. McCarty, H. Matsui, P. J. Hart, S. H. Randell,
and R. C. Boucher, “Limited entry of adenovirus vectors
into well-differentiated airway epithelium is responsible for
inefficient gene transfer,” Journal of Virology, vol. 72, no. 7, pp.
6014–6023, 1998.

[12] R. W. Walters, T. Grunst, J. M. Bergelson, R. W. Finberg,
M. J. Welsh, and J. Zabner, “Basolateral localization of fiber
receptors limits adenovirus infection from the apical surface
of airway epithelia,” The Journal of Biological Chemistry, vol.
274, no. 15, pp. 10219–10226, 1999.

[13] J. Zabner, P. Freimuth, A. Puga, A. Fabrega, and M. J. Welsh,
“Lack of high affinity fiber receptor activity explains the
resistance of ciliated airway epithelia to adenovirus infection,”
Journal of Clinical Investigation, vol. 100, no. 5, pp. 1144–1149,
1997.

[14] C. Summerford, J. S. Bartlett, and R. J. Samulski, “αVβ5
integrin: a co-receptor for adeno-associated virus type 2
infection,” Nature Medicine, vol. 5, no. 1, pp. 78–82, 1999.

[15] C. Summerford and R. J. Samulski, “Membrane-associated
heparan sulfate proteoglycan is a receptor for adeno-
associated virus type 2 virions,” Journal of Virology, vol. 72,
no. 2, pp. 1438–1445, 1998.

[16] M. P. Boyle, R. A. Enke, J. B. Reynolds, P. J. Mogayzel
Jr., W. B. Guggino, and P. L. Zeitlin, “Membrane-associated
heparan sulfate is not required for rAAV-2 infection of human
respiratory epithelia,” Virology Journal, vol. 3, p. 29, 2006.

[17] D. Duan, Y. Yue, Z. Yan, P. B. Mccray Jr., and J. F. Engelhardt,
“Polarity influences the efficiency of recombinant adenoas-
sociated virus infection in differentiated airway epithelia,”
Human Gene Therapy, vol. 9, no. 18, pp. 2761–2776, 1998.

[18] G. Wang, B. L. Davidson, P. Melchert et al., “Influence of cell
polarity on retrovirus-mediated gene transfer to differentiated
human airway epithelia,” Journal of Virology, vol. 72, no. 12,
pp. 9818–9826, 1998.

[19] L. G. Johnson, J. C. Olsen, L. Naldini, and R. C. Boucher,
“Pseudotyped human lentiviral vector-mediated gene transfer
to airway epithelia in vivo,” Gene Therapy, vol. 7, no. 7, pp.
568–574, 2000.

[20] G. H. Guibinga, A. Miyanohara, J. D. Esko, and T. Friedmann,
“Cell surface heparan sulfate is a receptor for attachment
of envelope protein-free retrovirus-like particles and VSV-G
pseudotyped MLV-derived retrovirus vectors to target cells,”
Molecular Therapy, vol. 5, no. 5, pp. 538–546, 2002.

[21] E. Copreni, S. Castellani, L. Palmieri, M. Penzo, and M.
Conese, “Involvement of glycosaminoglycans in vesicular
stomatitis virus G glycoprotein pseudotyped lentiviral vector-
mediated gene transfer into airway epithelial cells,” Journal of
Gene Medicine, vol. 10, no. 12, pp. 1294–1302, 2008.

[22] A. Follenzi, L. E. Ailles, S. Bakovic, M. Geuna, and L. Naldini,
“Gene transfer by lentiviral vectors is limited by nuclear
translocation and rescued by HIV-1 pol sequences,” Nature
Genetics, vol. 25, no. 2, pp. 217–222, 2000.

[23] M. A. King, “Detection of dead cells and measurement of cell
killing by flow cytometry,” Journal of Immunological Methods,
vol. 243, no. 1-2, pp. 155–166, 2000.

[24] J. A. Steinkamp, B. E. Lehnert, and N. M. Lehnert, “Discrim-
ination of damaged/dead cells by propidium iodide uptake in
immunofluorescently labeled populations analyzed by phase-
sensitive flow cytometry,” Journal of Immunological Methods,
vol. 226, no. 1-2, pp. 59–70, 1999.

[25] M. Conese, P. Montemurro, R. Fumarulo, D. Giordano, S.
Riccardi, and M. N. Colucci Semeraro, “Inhibitory effect of
retinoids on the generation of procoagulant activity by blood
mononuclear phagocytes,” Thrombosis and Haemostasis, vol.
66, no. 6, pp. 662–665, 1991.

[26] J. Rejman, S. Di Gioia, A. Bragonzi, and M. Conese, “Pseu-
domonas aeruginosa infection destroys the barrier function
of lung epithelium and enhances polyplex-mediated transfec-
tion,” Human Gene Therapy, vol. 18, no. 7, pp. 642–652, 2007.
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A major of Na+ absorptive process in the proximal part of intestine and kidney is electroneutral exchange of Na+ and H+ by Na+/H+

exchanger type 3 (NHE3). During the past decade, significant advance has been achieved in the mechanisms of NHE3 regulation.
A bulk of the current knowledge on Na+/H+ exchanger regulation is based on heterologous expression of mammalian Na+/H+

exchangers in Na+/H+ exchanger deficient fibroblasts, renal epithelial, and intestinal epithelial cells. Based on the reductionist’s
approach, an understanding of NHE3 regulation has been greatly advanced. More recently, confirmations of in vitro studies have
been made using animals deficient in one or more proteins but in some cases unexpected findings have emerged. The purpose
of this paper is to provide a brief overview of recent progress in the regulation and functions of NHE3 present in the luminal
membrane of the intestinal tract.

1. Overview

The primary non-motor function of the intestine is absorp-
tion. The human intestine absorbs 8.6–9 L of electrolyte-
rich fluid per day. This seems small compared to the kidney,
which filters about 180 L of fluid per day. The conventional
dogma is that the absorption of water results principally
from the osmotic gradient created across the epithelium by
absorption of electrolytes and nutrients. Water flux can occur
through the paracellular and transcellular routes, but the
large surface area of the brush border membrane aided by the
presence of aquaporin water channels favors the transcellular
water flux [1].

The process of Na+/H+ exchange is present in all org-
anisms from single cell bacteria to multicellular organisms
[2]. Na+/H+ exchanger type 3, NHE3 (SLC9A3), is highly
expressed at the apical membrane of the small intestine,
colon, and proximal tubules of the kidney. In the intestine
and colon, NHE3 plays a major role in transepithelial
absorption of Na+ and water. Apart from NHE3, other
contributors to Na+ and water absorption include the

ep-ithelial Na+ channel that is predominantly expressed
in the colon and Na+-coupled cotransporters, such as
Na+-glucose cotransporter and Na+-coupled amino acid
transporters.

In the intestinal tract, NHE3 is often functionally coupled
to the Cl−/HCO3

− exchanger DRA (downregulated in
adenoma; SLC26A3) or PAT1 (putative anion transporter1;
SLC26A6) mediates electroneutral NaCl absorption [3]. In
the kidney, NHE3 is the main Na+/H+ exchanger expressed
at the apical membrane of the proximal tubule but also
located at the apical membrane of the thick ascending and
thin descending limbs of Henle [4, 5]. In the proximal tubule,
NHE3 is coupled with a Cl−/base exchanger, Cl−-formate or
Cl−-oxalate exchanger [6, 7] and accounts for approximately
50% of the NaCl and 70% of the NaHCO3 reabsorption
from the glomerular filtrate [8, 9]. In addition to its role in
Na+ and water absorption, NHE3 modulates the absorption
of other nutrients, such as dipeptides and amino acids, by
creating an H+-gradient [10, 11]. Conversely, short-chain
fatty acids activate NHE3 as well as NHE2 activity by the
cellular acidification [12, 13].
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Table 1: Expression of Na+/H+ exchangers in the gastrointestinal tract.

Tissue expression Cellular distribution References

NHE1 Ubiquitous, jejunum, ileum, colon, stomach Basolateral membrane [21, 122]

NHE2 Jejunum, ileum, colon, stomach Apical membrane [19]

NHE3 Jejunum, ileum, colon, stomach Apical membrane, recycling endosome [19]

NHE4 Stomach Basolateral membrane [28, 39, 123]

NHE5 Brain [124, 125]

NHE6 Ubiquitous Recycling endosome [126]

NHE7 Ubiquitous Trans-Golgi [126]

NHE8 Ubiquitous, Jejunum, duodenum, ileum, colon Apical membrane, recycling endosome [20, 42, 43, 126, 127]

NHE9 Ubiquitous Recycling endosome [126]

To date, 9 mammalian Na+/H+ exchangers have been
identified at molecular level (Table 1). All the mammalian
Na+/H+ exchangers share similarities in size (between 645
and 898 amino acids) and the secondary structure with
two structurally and functionally distinct domains: an N-
terminal domain with 12 transmembrane helices and an
equally large C-terminal cytoplasmic domain [3, 14–16]. The
conservation of amino acid residues among the exchangers
is significantly greater along the N-terminal membranous
domain (50–60%) than the C-terminal cytoplasmic domain
(20–23%). The N-terminal domain functions in ion trans-
port; whereas the C-terminal domain determines the regu-
latory nature of the exchanger [17]. The divergence in this
C-terminal region is likely to reflect the differences in kinase
regulation among different Na+/H+ exchangers.

2. Na+/H+ Exchangers in the Intestinal Tract

Four Na+/H+ exchangers in the intestinal tract, NHE1-3 and
NHE8, are located on the plasma membrane of intestinal
epithelial cells (Figure 1) [18–20]. NHE1, NHE2, and NHE3
are most abundantly expressed in the plasma membrane of
epithelial cells in the intestinal tract. NHE1 (SLC9A1) is the
first Na+/H+ exchanger cloned in 1989 and is ubiquitously
expressed in all cells where it is a primary regulator of pH
homeostasis and cell volume regulation [14, 21]. In addition,
the roles of NHE1 as an anchor for actin filaments and
a scaffold for signaling molecules have been reported by
Barber and others [22–25]. As expected, NHE1-deficient
(Nhe1−/−) mice exhibit severe defects, including ataxia,
growth retardation, and seizures that are often lethal [26, 27].
However, Nhe1−/− mice do not display a morphological
aberration in the intestine, although mild atrophy of the
glandular mucosa and a thickening of the lamina propria
in the stomach were observed [26]. The absence of a major
defect in Nhe1−/− mice appears to suggest that NHE1 does
not play a significant role or that a compensatory mechanism
probably involving other NHEs makes up for the absence of
NHE1, but the functions of NHE1 in the intestine have not
been closely scrutinized.

NHE3 is the major Na+/H+ exchanger at the apical
membrane of surface epithelial cells as supported by a

number of studies based on in situ hybridization, immuno-
histochemical analysis, and a targeted deletion of Nhe3
gene in mouse [19, 28–31]. Genetic disruption of NHE3
expression in mice resulted in modest diarrhea, relatively low
blood pressure, and mild metabolic acidosis [31]. However,
ablation of NHE3 did not completely inhibit small intestinal
salt absorption [32], suggesting that other Na+ absorptive
transporters must exist, but their molecular identity is under
debate [30, 32, 33].

Primarily due to its presence at the apical membrane
of intestinal epithelial cells, NHE2 (SLC9A2) was thought
to function in Na+ absorption. Quantitative analysis of
functional Na+/H+ exchange activity in rabbit ileum showed
that both NHE2 and NHE3 contribute equally to basal Na+

absorption [34]. Moreover, Na+ depletion enhanced both
NHE2 and NHE3 expression and activities in rat colon
further suggesting the role of NHE2 in Na+ absorption [35].
However, mice with targeted deletion of Nhe2 gene have
a distinctly different phenotype from Nhe3−/− mice [36].
Nhe2−/− mice do not display any morphological defect, and
the overall rate of Na+ absorption is not affected by the
absence of NHE2 in the intestine [36]. A similar result was
obtained when NHE2 was pharmacologically inhibited in
wild-type intestine [32], and compound deletion of NHE2
and NHE3 in mice did not increase the severity of diarrhea
compared with Nhe3−/− mice [37]. Instead, Nhe2−/− mice
develop gastric mucosa atrophy with a severe decrease in
the number of mature parietal cells [36]. NHE2 is necessary
for long-term viability of parietal cells but is not required
for acid secretion by the parietal cells. Hence, despite the
high level of NHE2 expression in the intestine and its
localization to the brush border membrane of epithelial
cells, the physiological role of NHE2 remains elusive. On
the other hands, it was shown that the expression of NHE2
is high in mouse colonic crypts and the absence of NHE2
results in upregulation of NHE3 expression at the crypt base,
suggesting the role of NHE2 in Na+ absorption and pHi
regulation in the colonic crypts [30, 38].

NHE4 (SLC9A4), though not present in the intestine or
colon [28], is highly expressed in parietal and chief cells
of the stomach [39]. Deletion of Nhe4 in mice resulted in
hypochlorhydria with reduced numbers of parietal cells and
a loss of mature chief cells [40].
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Figure 1: Regulation of NHE3 by multiple mechanisms.

NHE8 (SLC9A8) is ubiquitously expressed with the
highest levels of expression in the kidney, testis, muscle, and
liver [41]. Localization of NHE8 in the apical membrane
of intestinal epithelia cells was shown, and upregulation
of NHE8 mRNA expression in young animals compared
with adult animals suggests a possible role of NHE8 in
Na+ absorption during early development [20]. Similarly, it
was shown that NHE8 expression is most abundant in the
proximal tubules of neonate rats than in adults, suggesting
that NHE8 may account for the Na+-dependent H+ efflux
in neonatal proximal tubules [42]. The localization of NHE8
overlaps with that of NHE3 in the intestinal tract and the
renal proximal tubules [20, 43], but the relative contribution
by NHE8 in Na+ absorption remains to be determined. The
expression of NHE8 in Nhe3−/− mice was reported, but
without a detectable change in the expression level [20, 43].
It has been demonstrated that Na+-dependent H+ secretion
in the renal proximal tubules of Nhe3−/− mice is approx-
imately 50% that of wild-type mice and that the residual
Na+-dependent H+secretion is mediated by a previously
unrecognized EIPA-sensitive protein secretory mechanisms
[44]. Congruently, it was suggested that colonic cryptal Na+-
dependent pHi recovery in Nhe2−/− mice is mediated by an
EIPA-sensitive but not NHE3-dependent mechanism [38].
Pharmacological characterization of NHE8 in cultured renal
epithelial cells has shown its sensitivity to EIPA [45], but
whether NHE8 is responsible for these unidentified EIPA-
sensitive transport processes is yet to be determined.

3. Mechanisms of NHE3 Regulation

The activity of NHE3 at the apical membrane of epithelial
cells is modulated by a number of mechanisms (Figure 1).
These include transcriptional regulation [46–49], protein
phosphorylation [50–52], protein-protein interaction [53–
55], and trafficking [56–62]. A brief review of some of these
pathways will be presented here but the readers can refer to
[63–66] for more extensive reviews.

3.1. Phosphorylation. The C-terminal cytoplasmic domain
of NHE3 contains multiple putative phosphorylation sites.

NHE3 is believed to be phosphorylated by protein kinases as
part of the signal transduction that modulates NHE3 activity.
Changes in phosphorylation of NHE3 by protein kinase A
(PKA) has been demonstrated in vitro using cultured cells
as well as in vivo in rat kidney [50, 67, 68]. Specifically,
mutation of either Ser-552 or Ser-605 abolished NHE3
inhibition by 8-Br-cAMP that activates PKA [50]. In addition
to PKA, our lab showed that the serum- and glucocorticoid-
inducible kinase 1 (SGK1) is capable of phosphorylating
NHE3 at Ser-665 [52]. Mutation of Ser-665 abrogated NHE3
regulation by glucocorticoids.

The mechanisms by which phosphorylation alters NHE3
activity are not known. It seems likely that phosphorylation
modulates NHE3 activity by an allosteric shift induced by the
bulky phosphate side chain. However, a study by Kocinsky
et al. [69] showed that there is a temporal dissociation
of NHE3 phosphorylation and activity, suggesting that
phosphorylation may not directly affect the transport activity
of NHE3. Alternatively, phosphorylation of NHE3 may
modulate NHE3 subcellular trafficking or interaction with
other regulatory proteins. For instance, phosphorylation at
Ser-552 and Ser-605 precedes inhibition of NHE3 activity
by PKA [69]. In addition, NHE3 basal phosphorylation
by casein kinase 2 has been suggested to modulate NHE3
trafficking [70].

3.2. Trafficking. NHE3 differs from other isoforms in that
it recycles between the plasma membrane and intracellular
compartments [71]. When epitope-tagged NHE3 was stably
expressed in NHE-deficient Chinese hamster ovary (CHO)
cells, a sizable fraction was found in recycling endosomes
[71], and the plasma membrane NHE3 is endocytosed
via a clathrin-mediated pathway [72]. Ectopic expression
in Madin-Darby canine kidney (MDCK) cells showed
that NHE3 exists in four distinct subcompartments: (i) a
virtually immobile subpopulation that is retained on the
apical membrane by interaction with the actin cytoskeleton
in a manner that depends on the sustained activity of
Rho GTPases; (ii) a mobile subpopulation on the apical
membrane, which can be readily internalized; (iii)-(iv) two
intracellular compartments that can be differentiated by
their rate of exchange with the apical pool of NHE3 [73].
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McDonough and colleagues have shown through a series of
in vivo studies that NHE3 retracts in intact proximal tubules
via a two-step process, from villi to the intermicrovillar cleft
and then to a higher density membrane pool that appears to
serve as a recruitable storage pool [61, 62]. Whether similar
trafficking of NHE3 occurs at the brush border membrane of
intestinal epithelial cells is not known.

Lipid rafts are discrete membrane domains that are
enriched in glycosphingolipids and cholesterol and that
are resistant to solubilization in cold Triton X-100 [74].
Studies based on detergent solubility, density gradient,
and manipulation of membrane cholesterol content have
shown that approximately half of apical membrane NHE3 is
localized in lipid rafts and that NHE3 activity and trafficking
are lipid rafts dependent [59, 75]. These findings imply that
the presence of NHE3 with lipid rafts may be important for
the temporal compartmentalization of membrane signaling,
trafficking, and transport activity.

3.3. Protein-Protein Interaction. The C-terminal cytoplasmic
tail of NHE3 is capable of interacting with a large number
of cellular and structural proteins, some of which link
NHE3 to the cytoskeletal network. Indeed, NHE3 protein
exists as part of a large complex in rabbit ileal brush border
membrane [76]. One area of NHE3 regulation that has been
subjected to intense studies is the interaction with PDZ
(postsynaptic density 95, discs large, and zonula occludens-
1) domain-containing scaffold proteins, such as Na+/H+

exchanger regulatory factor 1 (NHERF1, SLC9A3R1) and
NHERF2 (E3KARP, SLC9A3R2), and more recently with
PDZK1 (CAP70/NHERF3) and IKKPP (PDZK2/NHERF4)
[49, 52–55, 77–82]. These studies collectively raised the
novel paradigm that the activity of NHE3 can be controlled
by its state of association with other cellular proteins. Other
well-studied interacting proteins include megalin, dipeptidyl
peptidase IV, and calcineurin homologous protein [83–85].
In addition, binding of ezrin and phosphlipase C-γ has been
reported [86, 87].

A bulk of NHE3 regulation by NHERF proteins is based
on heterologous expression in Na+/H+ exchanger-deficient
PS120 fibroblasts, opossum kidney (OK) cells, and intestinal
Caco-2 cells [53–55, 77, 79, 87, 88]. In most part, there are
significant overlaps on the regulation of NHE3 among the
cultured cells of different origins. However, studies using
mice with targeted deletion of NHERF1 have revealed an
unanticipated disparity in the regulation of NHE3 in the
kidney versus intestine. For example, the importance of
NHERF1 in PKA-dependent inhibition of NHE3 was impli-
cated from the studies based on heterologous expression of
NHERF1 in PS120 fibroblasts and OK cells [54, 55, 89].
As expected, Nherf1−/− mice showed defective regulation
of NHE3 by 8-br-cAMP in the kidney and cAMP-mediated
phosphorylation of NHE3 was impaired [90, 91]. However,
Murtazina et al. [92] found that 8-Br-cAMP-mediated
regulation of NHE3 was intact in NHERF1-deficient ileum.
Similarly, forskolin-mediated Na+ absorption in the jejunum
and proximal colon was unaffected by deletion of NHERF1,
despite that forskolin-induced HCO3- secretion was abol-
ished in Nherf1−/− duodenum [93]. An additional pathway

regulating NHE3 involving EPAC (exchange protein directly
activated by cAMP) was identified in the Nherf1−/− ileum
[92, 94], but it does not explain the nonobligatory role of
NHERF1 in NHE3 regulation in the intestine. On the other
hand, forskolin- and Ca2+-mediated inhibition of NHE3
was abolished in Pdzk1−/− colon, suggesting that PKA-
dependent regulation of NHE3 in the intestine is facilitated
by a different member of NHERF regulatory proteins [95].
Interestingly, the association of PDZK1 and NHE3 was never
been determined in cultured cells, and likewise the role
of NHERF1 in NHE3 regulation had not been tested in
intestinal cells. The expectation that deletion of NHERF1
should abolish PKA-dependent regulation of NHE3 in the
kidney and intestine might have been in part due to an
assumption that NHE3 regulation in renal and intestinal
epithelial cells is similar.

In the face of a growing list of proteins that interact
with NHE3, it remains unclear how NHE3 associates with
a large number of proteins. We do not fully understand the
scope of protein interactions, but emerging data suggest that
the interaction between NHE3 and many of these proteins
is dynamic. For example, a change in intracellular Ca2+ is
associated with inhibition as well as stimulation of NHE3
[96, 97]. The effects of Ca2+ agonists might vary depending
on cell types and we recently showed that it is also subjected
by the state of NHE3 association with one or more binding
partner [98]. In this study (Figure 2), we showed that Ca2+-
dependent inhibition of NHE3 mediated by its association
with NHERF2 was opposed by the interaction of NHE3
with IRBIT (IP3 receptor binding protein released with
IP3), which enhanced translocation of NHE3 to the surface
membrane via a mechanism dependent on calmodulin
(CaM) and calmodulin-dependent kinase II [98]. Other
studies have shown that the protein interaction of NHE3
also varies along the microdomains of the brush border
membrane, and the specific interaction determines the
functional state of NHE3. For example, the interaction
between NHE3 and megalin occurs in intermicrovillar
clefts, where megalin-bound NHE3 is inactive [84, 99]. On
the contrary, the association of NHE3 with DPPIV occurs
predominantly in the microvillar region in which NHE3 is
active [85].

3.4. Transcriptional Regulation. Most of NHE3 regulation in
the literatures describes acute regulation that occurs within
the time span of minutes to a few hours of cellular activation.
Acute regulation is rapid and reversible and often involves
changes in phosphorylation, trafficking, and dynamic inter-
action with regulatory proteins. On the contrary, chronic
regulation of NHE3 involves transcriptional and transla-
tional modification of NHE3. There is a great deal of infor-
mation on NHE3 regulation by glucocorticoids, aldosterone,
metabolic acidosis, and chronic hyperosmolality [35, 46–48,
79, 100–106]. Moreover, proinflammatory cytokines, such
as IFN-γ and TNF-α, enteropatogenic microbial products
downregulate NHE3 expression [107–110].

In short, the regulation of NHE3 is complex with a myr-
iad of cellular signals converge onto a single protein at differ-
ent levels. One prime example of the complex and integrated
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Figure 2: NHE3 can be regulated via interaction with different
proteins. A tentative model of regulation of NHE3 by IRBIT
and NHERF2 is shown as an example. NHE3 is retrieved into a
cytoplasmic pool by a mechanism dependent on NHERF2-PKCα-
actinin-4 [53]. IRBIT stimulates NHE3 activity by inducing exocytic
trafficking of NHE3 to the surface membrane (adapted from He
et al. [111]).

Na+ H+
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NHE3
mRNA
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Figure 3: Activation of NHE3 by glucocorticoids. Glucocorticoids
stimulate NHE3 mRNA and protein expression. This stimulation
results in an increase in NHE3 protein expression at the apical
membrane. In addition, scaffolding of SGK1 by NHERF2 allows
phosphorylation of NHE3. The phosphorylation of NHE3 by SGK1
facilitates sorting of NHE3 to the apical membrane.

regulation of NHE3 is the regulation by glucocorticoids that
affect NHE3 via multiple pathways that are often overlapping
(Figure 3) [49, 52, 79, 112–114]. The major mechanism of
NHE3 regulation by glucocorticoids is by genomic regulation
of NHE3 resulting in increased NHE3 mRNA level [47, 102,
112]. However, an acute effect of glucocorticoids on Na+/H+

exchange in the absence of a parallel change in NHE3 mRNA
abundance led to the identification of SGK1 as a key kinase
targeting NHE3 [79]. Scaffolding of NHE3 and SGK1 by
NHERF2 facilitates phosphorylation of NHE3 by SGK1 and
leads to the translocation of NHE3 to the cell surface [49, 52].
These findings were supported by the study using mice defi-
cient in SGK1 expression, in which glucocorticoid-mediated
stimulation of NHE3 activity and NHE3 translocation to
the apical membrane of mouse intestine were significantly
attenuated [115].

Is NHE3 More than a Transporter? NHE3 is thought to medi-
ate bulk of Na+ and water absorption by the intestine and
colon. NHE3 is a target of proinflammatory cytokines, such
as TNF-α and INF-γ [107, 110]. Nhe3−/− mice overexpress
INF-γ and INF-γ-inducible genes in the small intestine as
part of a homeostatic response to impaired transepithelial
Na+ absorption. In inflammatory bowel disease (IBD), INF-
γ expression is characteristically elevated [116]. Sullivan et
al. [117] recently demonstrated that the expression level of
NHE3 along with NHERFs was decreased in mucosal biop-
sies of IBD patients and the mouse colon of dextran sodium
sulfate (DSS)-induced colitis. Similarly, the characteristic
watery diarrhea in collagenous colitis was in part attributed
to reduced net NaCl absorption [118]. Microarray analysis
of Nhe3−/− mice revealed that, in addition to the genes of
ion transporters and ion channels, genes involved in response
to stress, inflammation, and chemotaxis were altered [119].
A following study by the same group showed that NHE3
deficiency compromised innate immune response rendering
the animals more susceptible to DSS-induced colitis, and
the authors suggested a role of NHE3 as a modifier gene
[120]. This is not the first case that an Na+/H+ exchanger
assumed a role of modifier of other genes. The absence
of NHE1 can induce distinct changes at the expression
level of several genes in various brain regions [121]. One
question that arises from the studies of Nhe3−/− mice is
whether the dysregulation of innate immune response in
Nhe3−/− mice arises from the decreased NaCl and water
uptake or as a secondary response to stress exerted by the
absence of NHE3 protein. Or is it possible that some of these
changes are related to the ability of NHE3 to interact with
structural proteins? For instance, NHE3 is indirectly linked
to the junction complexes through its interaction with PDZ-
containing proteins such that absence of NHE3 disrupts the
intermolecular network, altering the gene expression levels
and the barrier function. However, there is yet no report of
colitis in mice deficient in NHERF proteins, albeit decreased
NHE3 expression was shown [80, 92, 93]. Although the
mechanisms underlying the occurrence of colitis in Nhe3−/−

mice require further study, these new findings represent a
novel paradigm that NHE3 may serve multifunctions in
addition to the transepithelial absorption of Na+.
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4. Future Directions

The activity of NHE3 is maintained and modulated so as
to regulate intracellular volume, pH, and blood pressure. As
discussed in this paper, multiple cellular pathways involving
phosphorylation, trafficking, and interaction with cellular
proteins are integrated to regulate NHE3 activity. Among
the mechanisms of NHE3 regulation, the dynamic and
coordinated nature of the increasing list of NHE3 interacting
proteins should be a subject of future studies. The recent
in vivo findings from animals with targeted deletion of a
Na+/H+ exchanger or an accessory protein have helped to
validate the previous findings, but in some cases several
new paradigms have emerged from the in vivo studies. In
particular, the findings in nontransport roles of NHE3 add
a new dimension to the pathological function of NHE3 and
warrant further studies in the roles of NHE3 in diarrhea
associated with inflammation.
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European Journal of Physiology, vol. 447, no. 5, pp. 549–565,
2004.

[15] M. Zizak, M. E. Cavet, D. Bayle, et al., “Na+/H+ exchanger
NHE3 has 11 membrane spanning domains and a cleaved
signal peptide: topology analysis using in vitro transcrip-
tion/translation,” Biochemistry, vol. 39, no. 27, pp. 8102–
8112, 2000.

[16] S. Wakabayashi, T. Pang, X. Su, and M. Shigekawa, “A novel
topology model of the human Na+/H+ exchanger isoform 1,”
Journal of Biological Chemistry, vol. 275, no. 11, pp. 7942–
7949, 2000.

[17] C. H. C. Yun, C.-M. Tse, and M. Donowitz, “Chimeric
Na+/H+ exchangers: an epithelial membrane-bound N-
terminal domain requires an epithelial cytoplasmic C-
terminal domain for regulation by protein kinases,” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 92, no. 23, pp. 10723–10727, 1995.

[18] C. Bookstein, A. M. DePaoli, Y. Xie, et al., “Na+/H+

exchangers, NHE-1 and NHE-3, of rat intestine. Expression
and localization,” Journal of Clinical Investigation, vol. 93, no.
1, pp. 106–113, 1994.

[19] W. A. Hoogerwerf, S. C. Tsao, O. Devuyst, et al., “NHE2
and NHE3 are human and rabbit intestinal brush-border
proteins,” American Journal of Physiology, vol. 270, no. 1, pp.
G29–G41, 1996.

[20] H. Xu, R. Chen, and F. K. Ghishan, “Subcloning, localiza-
tion, and expression of the rat intestinal sodium-hydrogen
exchanger isoform 8,” American Journal of Physiology, vol.
289, no. 1, pp. G36–G41, 2005.

[21] C. Sardet, A. Franchi, and J. Pouyssegur, “Molecular cloning,
primary structure, and expression of the human growth
factor-activatable Na+/H+ antiporter,” Cell, vol. 56, no. 2, pp.
271–280, 1989.

[22] O. Aharonovitz, H. C. Zaun, T. Balla, J. D. York, J. Orlowski,
and S. Grinstein, “Intracellular pH regulation by Na+/H+

exchange requires phosphatidylinositol 4,5-bisphosphate,”
Journal of Cell Biology, vol. 150, no. 1, pp. 213–224, 2000.

[23] T. Pang, X. Su, S. Wakabayashi, and M. Shigekawa, “Cal-
cineurin homologous protein as an essential cofactor for
Na+/H+ exchangers,” Journal of Biological Chemistry, vol. 276,
no. 20, pp. 17367–17372, 2001.

[24] M. E. Meima, J. R. Mackley, and D. L. Barber, “Beyond ion
translocation: structural functions of the sodium-hydrogen
exchanger isoform-1,” Current Opinion in Nephrology and
Hypertension, vol. 16, no. 4, pp. 365–372, 2007.



Journal of Biomedicine and Biotechnology 7

[25] W. Yan, K. Nehrke, J. Choi, and D. L. Barber, “The
Nck-interacting kinase (NIK) phosphorylates the Na+-H+

exchanger NHE1 and regulates NHE1 activation by platelet-
derived growth factor,” Journal of Biological Chemistry, vol.
276, no. 33, pp. 31349–31356, 2001.

[26] S. M. Bell, C. M. Schreiner, P. J. Schultheis, et al., “Targeted
disruption of the murine Nhe1 locus induces ataxia, growth
retardation, and seizures,” American Journal of Physiology,
vol. 276, no. 4, part 1, pp. C788–C795, 1999.

[27] G. A. Cox, C. M. Lutz, C.-L. Yang, et al., “Sodium/hydrogen
exchanger gene defect in slow-wave epilepsy mutant mice,”
Cell, vol. 91, no. 1, pp. 139–148, 1997.

[28] C. Bookstein, Y. Xie, K. Rabenau, et al., “Tissue distribution
of Na+/H+ exchanger isoforms NHE2 and NHE4 in rat
intestine and kidney,” American Journal of Physiology, vol.
273, no. 5, pp. C1496–C1505, 1997.

[29] P. K. Dudeja, D. D. Rao, I. Syed, et al., “Intestinal distribution
of human Na+/H+ exchanger isoforms NHE-1, NHE- 2, and
NHE-3 mRNA,” American Journal of Physiology, vol. 271, no.
3, pp. G483–G493, 1996.

[30] O. Bachmann, B. Riederer, H. Rossmann, et al., “The
Na+/H+ exchanger isoform 2 is the predominant NHE
isoform in murine colonic crypts and its lack causes NHE3
upregulation,” American Journal of Physiology, vol. 287, no.
1, pp. G125–G133, 2004.

[31] P. J. Schultheis, L. L. Clarke, P. Meneton, et al., “Renal
and intestinal absorptive defects in mice lacking the NHE3
Na+/H+ exchanger,” Nature Genetics, vol. 19, no. 3, pp. 282–
285, 1998.

[32] L. R. Gawenis, X. Stien, G. E. Shull, et al., “Intestinal NaCl
transport in NHE2 and NHE3 knockout mice,” American
Journal of Physiology, vol. 282, no. 5, pp. G776–G784, 2002.

[33] J. Chu, S. Chu, and M. H. Montrose, “Apical Na+/H+

exchange near the base of mouse colonic crypts,” American
Journal of Physiology, vol. 283, no. 1, pp. C358–C372, 2002.

[34] L. Wormmeester, F. Sanchez de Medina, F. Kokke, et al.,
“Quantitative contribution of NHE2 and NHE3 to rabbit
ileal brush-border Na+/H+ exchange,” American Journal of
Physiology, vol. 274, no. 5, part 1, pp. C1261–C1272, 1998.

[35] M. Ikuma, M. Kashgarian, H. J. Binder, and V. M. Rajendran,
“Differential regulation of NHE isoforms by sodium deple-
tion in proximal and distal segments of rat colon,” American
Journal of Physiology, vol. 276, no. 2, part 1, pp. G539–G549,
1999.

[36] P. J. Schultheis, L. L. Clarke, P. Meneton, et al., “Targeted
disruption of the murine Na+/H+ exchanger isoform 2 gene
causes reduced viability of gastric parietal cells and loss of net
acid secretion,” Journal of Clinical Investigation, vol. 101, no.
6, pp. 1243–1253, 1998.

[37] C. Ledoussal, A. L. Woo, M. L. Miller, and G. E. Shull, “Loss
of the NHE2 Na+/H+ exchanger has no apparent effect on
diarrheal state of NHE3-deficient mice,” American Journal of
Physiology, vol. 281, no. 6, pp. G1385–G1396, 2001.

[38] Y. Guan, J. Dong, L. Tackett, J. W. Meyer, G. E. Shull,
and M. H. Montrose, “NHE2 is the main apical NHE in
mouse colonic crypts but an alternative Na+-dependent acid
extrusion mechanism is upregulated in NHE2-null mice,”
American Journal of Physiology, vol. 291, no. 4, pp. G689–
G699, 2006.

[39] H. Rossmann, T. Sonnentag, A. Heinzmann, et al., “Differen-
tial expression and regulation of Na+/H+ exchanger isoforms
in rabbit parietal and mucous cells,” American Journal of
Physiology, vol. 281, no. 2, pp. G447–G458, 2001.

[40] L. R. Gawenis, J. M. Greeb, V. Prasad, et al., “Impaired gastric
acid secretion in mice with a targeted disruption of the NHE4
Na+/H+ exchanger,” Journal of Biological Chemistry, vol. 280,
no. 13, pp. 12781–12789, 2005.

[41] S. Goyal, G. Vanden Heuvel, and P. S. Aronson, “Renal
expression of novel Na+/H+ exchanger isoform NHE8,”
American Journal of Physiology, vol. 284, no. 3, pp. F467–
F473, 2003.

[42] A. M. Becker, J. Zhang, S. Goyal, et al., “Ontogeny of NHE8
in the rat proximal tubule,” American Journal of Physiology,
vol. 293, no. 1, pp. F255–F261, 2007.

[43] S. Goyal, S. Mentone, and P. S. Aronson, “Immunolocaliza-
tion of NHE8 in rat kidney,” American Journal of Physiology,
vol. 288, no. 3, pp. F530–F538, 2005.

[44] J. Y. Choi, M. Shah, M. G. Lee, et al., “Novel amiloride-
sensitive sodium-dependent proton secretion in the mouse
proximal convoluted tubule,” Journal of Clinical Investigation,
vol. 105, no. 8, pp. 1141–1146, 2000.

[45] J. Zhang, I. A. Bobulescu, S. Goyal, P. S. Aronson, M.
G. Baum, and O. W. Moe, “Characterization of Na+/H+

exchanger NHE8 in cultured renal epithelial cells,” American
Journal of Physiology, vol. 293, no. 3, pp. F761–F766, 2007.

[46] K. Laghmani, P. Borensztein, P. Ambühl, et al., “Chronic
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In this study, the effect of metabolic inhibition (MI) by glucose substitution with 2-deoxyglucose (2-DOG) and/or application
of antimycin A on ovine rumen epithelial cells (REC) vacuolar-type H+-ATPase (vH+-ATPase) activity was investigated. Using
fluorescent spectroscopy, basal pHi of REC was measured to be 7.3 ± 0.1 in HCO3

−-free, glucose-containing NaCl medium. MI
induced a strong pHi reduction (−0.44 ± 0.04 pH units) with a more pronounced effect of 2-DOG compared to antimycin A
(−0.30± 0.03 versus −0.21± 0.03 pH units). Treatment with foliomycin, a specific vH+-ATPase inhibitor, decreased REC pHi by
0.21±0.05 pH units. After MI induction, this effect was nearly abolished (−0.03±0.02 pH units). In addition, membrane-associated
localization of vH+-ATPase B subunit disappeared. Metabolic control of vH+-ATPase involving regulation of its assembly state by
elements of the glycolytic pathway could provide a means to adapt REC ATP consumption according to energy availability.

1. Introduction

Resulting from its considerable role in the absorption of
nutrients, mainly of short chain fatty acids (SCFAs) and of
electrolytes [1–3], the rumen epithelium ranks among the
tissues with high metabolic rates [4, 5]. A main proportion
of the rumen ATP utilization is related to activity of a
Na+/K+-ATPase that has been shown to be expressed at
high levels [6–8] in the cell membrane of rumen epithelial
cells (REC) [9, 10]. In addition, functional vacuolar-type
H+ pumps (vH+-ATPase) are existent in REC [10, 11]. The
vH+-ATPase is well known as being present in intracellular
membrane components such as endosomes, lysosomes,
clathrin-coated vesicles, and the Golgi complex [12–15]. The
pump-mediated acidification of such cell compartments is
required for a variety of processes, including transcytosis of
receptor-ligand complexes and other molecules, for example,
NH3/NH+

4 , coupled transport of neurotransmitters and
protein breakdown [16, 17]. In addition, a link between
electrogenic H+ secretion by vH+-ATPases localized on the

cell membrane and ion transport and/or the regulation of
cytosolic pH has been found in osteoclasts [18], macrophages
[19], and various epithelia, for example, frog and toad skin,
mammalian renal collecting duct, endolymphatic sac of the
inner ear, and epididymis [20–25].

The existence of the vH+-ATPase as an active transport
mechanism in addition to the Na+/K+-ATPase implies a
special functional role of the protein in the rumen. We
have shown that the pump plays a considerable role in REC
pHi regulation being responsible for about 30% of total H+

release [11]. Moreover, indirect evidence for the involvement
of vH+-ATPase in ruminal transport processes comes from
experiments showing that mucosal nitrate, known to inhibit
vH+-ATPase activity [20], reduced propionate and Cl−

absorption markedly [26, 27]. Foliomycin, a specific vH+-
ATPase blocker [28], has been found to inhibit the uptake
of Mg2+ into REC [29].

In our previous study [10], a variable subcellular
distribution of vH+-ATPase in cell membranes and/or
cytosolic pools of the more luminally oriented cell layers
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(stratum spinosum, stratum granulosum) of the rumen
epithelium has been observed. We speculate that this flexible
location could reflect reversible recycling of ruminal vH+-
ATPase between the plasma membrane and a pool of cyto-
plasmic vesicles and/or dissociation of V1 catalytic complex
from membrane-bound VO domains. In various epithelia
and other cell types, such mechanisms are known to be
involved in the regulation vH+-ATPase activity [12–15, 30–
32]. Regulatory factors in ruminal vH+-ATPase recycling are
unknown but for yeasts [33–36] and renal epithelia [37];
metabolic control has been demonstrated. Physiological
signals that modulate vH+-localization and activity include
pHi, HCO3

−, pCO2, and glucose [14, 15, 18, 37, 38], all
related to cell metabolism.

The present study was designed to investigate a pos-
sible modulation of ruminal vH+-ATPase activity by sub-
strate/energy availability. To do this, we used fluorescent
spectroscopic pHi measurements to study the effects of
glucose removal and/or reduction of the cellular ATP
concentration ([ATP]) on vH+-ATPase functional activity.
In addition, Western blot and immunocytochemistry are
used to analyze if changes of vH+-ATPase expression and
localization play a role in adaptation of the pump activ-
ity.

2. Material and Methods

2.1. Materials. Medium 199, trypsin, glutamine, antibiotics
(gentamycin, nystatin, kanamycin, penicillin-streptomycin),
fetal calf serum (FCS), and Dulbecco’s phosphate-buffered
saline (DPBS) were purchased from PAN Biotech (Aiden-
bach, Germany). HyQTase was obtained from Thermo Fisher
Scientific (Bonn, Germany). BCECF-AM and pluronic acid
were from Molecular Probes Inc. (Eugene, OR). Foliomycin,
amiloride, antimycin A, and 2-deoxyglucose (2-DOG) were
from Sigma Aldrich (Munich, Germany). All chemicals
for Western blot analysis were purchased from Carl Roth
(Karlsruhe, Germany).

2.2. Antibodies. The monoclonal mouse antibodies used in
this study were specific for 60-kDa subunit of the yeast vH+-
ATPase (13D11-B2, Molecular Probes) and the α subunit of
the sheep Na+/K+-ATPase (M7-PB-E9, Affinity Bioreagents).
Both antibodies have been shown to detect the sheep
proteins specifically [10, 11]. Relevant secondary antibodies
conjugated to Alexa fluor 488 (Invitrogen) were used for
immunocytochemistry. For Western blotting, a horseradish-
peroxidase (HRP)-conjugated antibody (ECL Anti-mouse
IgG) obtained from Amersham Bioscience was used.

2.3. Tissue Preparation and Cell Culture. The ruminal tissues
were obtained from a local slaughter house. Samples were
excised from the forestomachs of sheep within 10 minutes of
slaughter. Two pieces of rumen tissue, each about 100 cm2,
were taken from the Atrium ruminis, washed at least
three times in ice-cold phosphate-buffered saline (PBS)
containing penicillin-streptomycin, and then transported
to the laboratory in the same solution. There, rumen

papillae were removed by scissors and washed three times in
antibiotic-containing PBS and ones in antibiotic-free PBS.
Then, primary cultures of ruminal epithelial cells (REC)
were prepared as described by Galfi et al. [39]. Briefly,
REC were isolated by fractional trypsination and those cell
fractions containing mostly cells of the strata spinosum
and basale were grown in Medium 199 containing 15%
FCS, 1.36 mM glutamine, 20 mM HEPES, and antibiotics
(50 mg/L gentamycin, 100 mg/L kanamycin, 2.4 × 105 U/L
nystatin) in an atmosphere of humidified air-5% CO2 at
38◦C. From day 2 of culture, the medium was nystatin-
free and contains 10% FCS only. The experiments were
performed 5-6 days after seeding.

2.4. Solutions for pHi Measurements. Control experiments
were performed in HCO3

−-free, HEPES-buffered measuring
solution (in mM): 125 NaCl, 5 KCl, 1 CaCl2, 2 MgCl2, 5
glucose, 10 HEPES, pH 7.1. In experiments designed to
reduce the energy metabolism of REC (metabolic inhi-
bition): (1) glucose was removed from the medium and
antimycin A (5 μM), a known inhibitor of Complex III of
the mitochondrial respiratory chain, was added; (2) glucose
was replaced with 20 mM 2-DOG to inhibit the glycolytic
pathway; (3) antimycin A (5 μM) and 2-DOG (20 mM) were
added with concomitant glucose removal. The osmolarity
of all solutions was adjusted to 280 mOsmol/kg using D-
mannit. All experiments were performed in the nominal
absence of CO2/HCO3

−, to suppress Na+-HCO3
− symporter

related pHi regulation [40] and to enable comparability with
results of our previous studies [10, 11]. Amiloride (250 μM)
and foliomycin (2 μM), known as specific inhibitors of
Na+/H+ exchanger (NHE) and vH+-ATPase, respectively,
were used to differentiate Na+- and pump dependent H+-
secretion.

2.5. Measurement of pHi by Spectrofluorometry. For the
determination of pHi, cells were loaded with 1 μM BCECF-
AM for 30 minutes and subsequently washed twice in
DPBS. REC were incubated for a further 30 minutes to
allow complete de-esterification and washed twice before
measurement of fluorescence. Intracellular pH was detected
by measuring the fluorescence of the probe-loaded REC
in a spectrofluorometer (LS-50 B, Perkin-Elmer) equipped
with a fast-filter accessory that allowed fluorescence to be
measured at 20-ms intervals with excitation for BCECF at
440 and 480 nm and emission at 515 nm. All measurements
were made at 37◦C in a 3-ml cuvette containing 2 ml cell
suspension (10% cytocrit) under stirring. BCECF signals
were calibrated to pH by placing the cells in medium con-
taining 135 mM KCl and the ionophore nigericin (10 μM)
to equilibrate intra- and extracellular [H+]. The procedure
was repeated for various pH values between 6.0 and 8.0.
For data evaluation, 10-s data sets were each averaged at
the beginning of the measurement and then after 50, 100,
150, 200, 250, 300, 350, 400, 450, 500, and 550 s. The final
pHi was determined as the mean pHi of the last 10 s of
the measurement. Thus, for the calculation of any given pHi

value, 500 data points were used.
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2.6. Immunocytochemistry. REC (2 × 106 cells/ml) were
grown on sterile glass cover slips (Neolab, Germany) for 24
to 48 hours. Thereafter, a metabolic inhibition (20 minutes)
was performed as described above. After being rinsed twice
with PBS, REC were fixed in methanol (10 minutes at
−20◦C). If not otherwise stated, all the following steps were
carried out at room temperature. After two PBS washes,
cells were permeabilized in 0.25% Triton X-100 for vH+-
ATPase or in 100 μM digitonin for Na+/K+-ATPase for 10
minutes and again rinsed three times with PBS. Nonspecific
binding of IgG was suppressed by incubation of specimens
with 7% goat serum in PBS for 20 minutes. Subsequently,
cells were rinsed with PBS (three times for 5 minutes) and
then incubated overnight at 4◦C with the primary anti-vH+-
ATPase antibody (13 μg/mL) or the primary anti-Na+/K+-
ATPase antibody (15 μg/mL) solved in PBS with 1% BSA;
PBS-BSA. After being rinsed three times with PBS, cells
were incubated for 2 hours with the secondary, Alexa Fluor-
488-labeled goat anti-mouse IgG1(γ1) antibody (1 : 200 in
PBS-BSA). After three changes of PBS (5 minutes each),
nuclei were counterstained with 300 nM of 4,6-diamidino-
2-phenylindole (DAPI) in S-buffer (containing: 75 mM KCl,
3 mM MgSO4·7H2O, 1 mM EGTA, 0.2 mM dithiothreitole,
10 mM imidazol, 1 μg/mL aprotinin, 0.1 mM phenylmethane
sulfonyl-fluoride). Cover slips were then mounted with 30 μL
mounting medium (Dianova, Hamburg, Germany). Digital
images were acquired by using a fluorescence microscope
Olympus IX50 (Hamburg, Germany) and MetaMorph ver-
sion 7.5.2.0 and AutoDeblur version 1.4.1 software (Visitron
Systems GmbH, Puchheim, Germany).

2.7. Western Blot Analysis. For Western blots, total protein
from washed REC was extracted by use of the M-PER
Mammalien Protein Extraction Reagent (Pierce), comple-
mented with Halt protease inhibitor cocktail (Pierce). The
protein concentration was determined by using the Bradford
assay (Bio-Rad, Munich, Germany). Protein samples (10–
115 μg) were separated by SDS (12.5%)-polyacrylamide gel
electrophoresis and subsequently transferred to polyvinyli-
dene fluoride (PVDF) membrane (GE Healthcare). After
transfer, membranes were blocked with 3% non-fat dry
milk in PBS (pH 7.5) containing 0.05% Tween 20 (PBS-T)
for 2 hours and washed two times for 5 minutes in PBS-
T. Thereafter, membranes were incubated at 4◦C with the
primary antibodies (anti-vH+-ATPase: 1 : 5,000 dilution;
anti Na+/K+-ATPase: 1 : 1,000 dilution) overnight, washed
three times (1 × 15 minutes, 2 × 5 minutes) with PBS-T,
and incubated for 1 hour with HRP-conjugated secondary
antibodies (1 : 10,000 dilution). Then, after three washings (1
× 10 minutes and 2× 5 minutes) in PBS-T, membranes were
developed with ECL Western Blotting Substrate (Pierce).

2.8. Rumen Fluid Analysis. Rumen fluid was taken from the
perforated rumen immediately after slaughtering. Its pH was
measured directly after sampling with a glass electrode (N
1042A, pH meter CG 841, Schott, Mainz, Germany). Then,
the rumen fluid was strained through 4 layers of gauze and
prepared for SCFA analysis. First, a mixture of 5 mL rumen

fluid and 2 mL iso-capronic acid (internal standard) was
centrifuged at 3000× g at 4◦C for 20 minutes. The filtered
(0.22 μm pore size) supernatant was used to measure the
SCFA concentration by gas chromatography (Shimadzu GC-
14A, Shimadzu Corporation, Kyoto, Japan) on a capillary
column (Free Fatty Acid Phase, 25 m × 0.25 mm, Machery-
Nagel GmbH & Co. KG, Düren, Germany) according to the
method of Geissler et al. [41].

2.9. Light Microscopy and Morphometry of Rumen Papillae.
Samples of the rumen wall (1 cm2 surface) were obtained
from identical sites of the atrium ruminis and fixed in 4%
neutral formaldehyde solution for morphometric investi-
gations. After rinsing with water, the rumen wall tissues
were dehydrated in a graded series of ethanol (30%, 50%,
70%, 90%, and absolute ethanol), cleared with benzene,
saturated with and embedded in paraffin. At each sampling,
sections of 5 μm thickness were made of 30 papillae and
stained with haematoxylin/eosin. The length and width of
papillae were determined by the computer-operated Image C
picture analysis system (Intronic GmbH, Berlin, Germany)
and the IMES analysis program, by using a color video
camera (SONY 3 CCD) and a light microscope (Axiolab,
Carl Zeiss Jena, Germany). The number of papillae per cm2

mucosa was estimated by using a video camera equipped
with a picture analysis system. According to Hofmann and
Schnorr [42], the total surface of papillae per cm2 mucosa
was determined as length × width × 2, multiplied by the
number of papillae/cm2.

2.10. Statistical Analysis. If not otherwise stated, data are
presented as means ± standard error (SE). Significance
was determined by Student’s t-test or the paired t-test as
appropriate. P < .05 was considered to be significant. All
statistical calculations were performed by using SigmaStat
(Jandel Scientific).

3. Results

3.1. Basal Intracellular pH of REC and Effects of Glucose
Removal, 2-DOG, and Antimycin A on pHi. BCECF-loaded
REC were suspended in either HEPES-buffered Na-medium
(control) or HEPES-buffered, glucose-free Na-medium with
2-DOG and/or antimycin A, and pHi was measured over
a 10-min period. The appropriate concentrations of 2-
DOG (20 mM) and antimycin A (5 μM) were chosen from
dose-response experiments (Figure 1). Characteristic orig-
inal traces showing the time course of the REC pHi for
all four conditions are shown in Figure 2(a). Data on the
pHi reduction induced by either antimycin A or 2-DOG
alone or by a combination of both metabolic inhibitors
are summarized in Figure 2(b). The initial and final pHi of
control REC incubated in HEPES-buffered NaCl-medium
were 7.2 ± 0.1 and 7.3 ± 0.1, respectively. The presence of
antimycin A and/or 2-DOG in the media led to a reduction
of pHi (Figures 2(a) and 2(b)). In REC exposed to antimycin
A, 2-DOG or antimycin A and 2-DOG, the pHi measured
at the beginning of the measuring period was reduced
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Figure 1: Results of dose-response experiments with antimycin A
and/or 2-DOG. The pHi of ruminal epithelial cells was measured
in either HEPES-buffered HCO3

−-free Na-medium containing
5 mM glucose (control) or in glucose-free media with blockers as
indicated. The mean pHi reduction from the pHi measured in
control medium with glucose is given. Values are means ± SE from
3 single measurements; aP < .05 versus the lowest dosage used.

by 0.21 ± 0.03, 0.35 ± 0.04, and 0.44 ± 0.04 pH units,
respectively. With antimycin A or both inhibitors in the
medium, this pHi reduction was stable in most cases.
However, if 2-DOG only was present, the effect was slightly
diminished and the observed pHi decrease amounted to 0.30
± 0.03 pH units at the end of the measuring period.

3.2. Effect of Foliomycin on the pHi of REC before and after
Metabolic Inhibition with Glucose Substitution by 2-DOG
and Antimycin A Application. Next, we investigated whether
a decreased vH+-ATPase activity was responsible for the
pHi reducing effect of metabolic inhibition (MI). Therefore,
BCECF-loaded REC were suspended in foliomycin (2 μM)-
containing HEPES-buffered Na-medium or glucose-free,
HEPES-buffered Na-medium with antimycin A (5 μM), 2-
DOG (20 mM), and foliomycin (2 μM). Then, the pHi

was measured continuously over a 10-min period. Control
measurements were performed with cells handled in the
same way, but without foliomycin present in the solutions. In
comparison to the pHi of control cells measured in HEPES-
buffered Na-medium, foliomycin-treated REC showed a
decreased pHi (Figures 3(a) and 3(b)). The mean pHi

reduction observed in foliomycin-treated REC amounted to
0.21 ± 0.05 pH units (Figure 3(b)). As shown in Figures 3(a)
and 3(B), the foliomycin effect was nearly abolished when
REC were incubated in antimycin A- and 2-DOG-containing
glucose-free media. Under such conditions, the pHi dif-
ference between control (HEPES-buffered, glucose-free Na-
medium with antimycin A and 2-DOG) and foliomycin-
treated REC amounted to 0.03 ± 0.02 pH units only (Figure
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Figure 2: Effect of glucose replacement by 2-DOG and/or of
antimycin A application on pHi of ruminal epithelial cells. Mea-
surements were made in either HEPES-buffered HCO3

−-free Na-
medium containing 5 mM glucose (control) or in glucose-free
media with blockers as indicated. (a): The figure shows original
traces from one experiment. (b): To summarize the inhibitor effects,
the mean pHi reduction from the pHi measured in control medium
with glucose and without metabolic inhibitors has been calculated
and is shown for each condition. Inhibitor concentrations are 5 μM
and 20 mM for antimycin A and 2-DOG, respectively. Values are
means ± SE from 8 to 9 single measurements; ∗P < .05 versus
control.

3(b)). These results point to a fast deactivation of vH+-
ATPase activity after MI with antimycin A and 2-DOG. Reg-
ulatory mechanisms responsible for such adaptive response
could be reversible disassembly of the VO and V1 subunits
of the pump [30, 33] and/or a translocation between the cell
membrane and intracellular compartments [43].

Thus, in a next step we tested whether MI affect the
distribution of vH+-ATPase and performed an immunoflu-
orescence study using an antibody directed against the 60-
kDa subunit of the yeast vH+-ATPase which has been shown
to detect vH+-ATPase in ovine rumen epithelium [10].
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Figure 3: Effect of the vH+-ATPase inhibitor foliomycin before and
after metabolic inhibition (MI) induced by glucose replacement
with 2-DOG and application of antimycin A on pHi of ruminal
epithelial cells (REC). Foliomycin was added to REC suspended in
either HEPES-buffered HCO3

−-free Na-medium containing 5 mM
glucose (control; n = 6) or in glucose-free media with 2-DOG
and antimycin A (n = 7). A: The figure shows original traces
from one experiment. B: To summarize the foliomycin effects, the
mean pHi reduction from the pHi measured in respective control
medium without inhibitor has been calculated and is shown for
both conditions. Values are means ± SE; ∗P < .05 versus control.

As a control, the Na+/K+-ATPase which is constantly found
in the cell membrane of REC [10] has been investigated using
an α subunit-specific anti-Na+/K+-ATPase antibody.

3.3. Vacuolar H+-ATPase Localization before and after
Metabolic Inhibition. As expected, the α subunit-specific
anti-Na+/K+-ATPase antibody identified the protein in the
cytoplasmic membrane of REC and its localization was not
changed by a 20-min incubation in glucose-free, antimycin
A- and/or 2-DOG-containing media (Figure 4(A), a–c).

In comparison with the Na+/K+-ATPase, the vH+-ATPase
distribution showed a much higher variability and depen-
dence on the substrate availability. Examples of characteristic
staining patterns are given in figure 4(B). When incubated
in glucose-containing standard medium, REC vH+-ATPase
appeared in the cell membrane and/or perimembrane area
as well as in the cytoplasma of REC (Figure 4(B), a).
The cytosolic vH+-ATPase staining is clearly defined and
either distributed throughout the cytoplasm or concentrated
around the nucleus. After glucose deprivation and applica-
tion of 2-DOG (Figure 4(B), b), no membrane staining can
be found and typically the vH+-ATPase staining is clustered
in the perinuclear area of the cells. Compared to control con-
ditions, glucose deprivation and combined application of 2-
DOG and antimycin A (Figure 4(B), c) induced appearance
of diffuse, cytosolic vH+-ATPase staining.

3.4. Effect of Amiloride on the pHi of REC before and after
Metabolic Inhibition with Glucose Substitution by 2-DOG and
Antimycin A Application. As in our previous investigation
with ovine and bovine REC [10, 11], a more or less expressed
compensatory pHi increase was seen after application of
foliomycin. In Na+-containing media, an NHE is known
to be responsible for this effect [40] as application of the
NHE inhibitor amiloride reduced REC pHi by 65% [11].
Therefore, we repeated the above described experiments to
investigate the NHE activity before and after MI with 2-DOG
and antimycin A. Experiments were performed as described
for the first series, however, in addition to foliomycin (2 μM),
the NHE inhibitor amiloride (250 μM) was used alone or in
combination with the vH+-ATPase blocker.

Surprisingly, the results differ from that seen before.
MI induced a pHi decrease of 0.10 ± 0.03 pH units only
(Figure 5), which corresponds to a 75% reduction of the
effect compared with the results of the first experiment.
In addition, the mean inhibitory effect of foliomycin was
strongly diminished (−0.05 ± 0.03 pH units; Figure 5).
Interestingly, there was a coupling between MI and the
foliomycin effect. Figure 5 shows that REC responding to
substrate deprivation and application of metabolic inhibitors
were also foliomycin-sensitive. In such cells pHi was reduced
by 0.14 ± 0.03 or 0.10 ± 0.05 pH units after MI induction
or exposure to foliomycin. In contrast, REC that did not
respond to MI were foliomycin-insensitive (Figure 5).

In Figure 6, the inhibitory effects of foliomycin and/or
amiloride before and after MI are summarized. Only results
from measurements with REC responding to metabolic
inhibition are included and for comparison data from the
first series of experiments are also shown. Figure 6 shows that
compared to series 1 (a) the foliomycin effect was strongly
reduced (−0.10 ± 0.02 pH units versus −0.27 pH units)
and b) the residual foliomycin effect (−0.08 ± 0.03 pH
units) was not influenced by MI. As in series 1, foliomycin
application led to a compensatory pHi increase, an effect
that was reduced after MI. A strong amiloride-sensitive
component was observed. At the beginning and end of the
measurement, the pHi of amiloride-treated REC was reduced
by 0.83 ± 0.05 and 0.89 ± 0.06 pH-units, respectively.
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Figure 4: Immunolocalization of Na+/K+-ATPase α-subunit (A, green) and of vH+-ATPase B subunit (B, green) in ovine REC. Monoclonal
mouse antibodies against sheep Na+/K+-ATPase α-subunit or yeast vH+-ATPase 60 kDa subunit, and an Alexa fluor 488 conjugated
secondary antibody were used. The nuclei are counterstained with DAPI (blue). Compared to control conditions (Ba) glucose substitution
with 2-DOG (Bb) and complete MI (glucose substitution with 2-DOG and antimycin A application; Bc) induced loss of membrane staining
and appearance of diffuse, cytosolic staining of vH+-ATPase B subunits. In contrast, the Na+/K+-ATPase was always localized to the cell
membrane and not influenced by metabolic inhibition (A a–c).

The foliomycin- and amiloride-sensitive components were
additive under control conditions and the observed pHi

decrease amounted to 0.93 ± 0.05 at the start and to 0.95 ±
0.08 at the end of the measuring period. MI led to a reduction
of the amiloride-sensitive, NHE-related component. At the
end of the measurement the pHi decrease was only 0.69 ±
0.06 pH units.

3.5. Western Analysis. Using Western analysis, we investi-
gated the expression of vH+-ATPase B subunit and Na+/K+-
ATPase α subunit protein expression in REC protein extracts
from sheep slaughtered during the first or second series of
experiments. Characteristic examples of immunoblots are
given in Figure 7. Only with protein samples from series one,
a clear 60-kDa band representing the vH+-ATPase B subunit
was seen (Figure 7, lane 1). However, with protein extracts
obtained during the second experimental series, the 60-kDa
band was very weak or completely absent (Figure 7, lane 2-3).
In contrast, a distinct 110-kDa band was constantly detected
showing the presence of Na+/K+-ATPase α subunit (Figure 7,
lane 4–6) in all the samples.

3.6. Ruminal Fluid Analysis and Morphometry. We speculate
that varying feeding conditions of sheep could be responsible
for the different results seen in both series. To get some
information on prior slaughter nutrition, we started rumen
fluid analysis (SCFA concentration, pH) and morphometric
measurements of the rumen papillae at the end of the second
series of experiments. Figure 8 shows measured rumen fluid
pH values and the accompanying SCFA concentrations
determined from 22 sheep. As expected, an inverse rela-
tionship (y = −57,7x + 462.6; r2 = 0.61) between ruminal
fluid pH and the amount of SCFA was observed (Figure 8).
The mean pH value amounted to 7.1 ± 0.1 with minimum
and maximum values ranging from 6.4 to 7.9. The mean
concentration of SCFA was 51.6 ± 5.7 mM/l and minimum
to maximum levels ranged from 11.7 to 115.7 mM/l. For
comparison, data from a preliminary feeding experiment
with sheep fed hay ad libitum are also given in Figure 8.
Although morphometric data showed no significant differ-
ences in rumen papillae surface from sheep with ruminal
fluid pH values <6.9 (n = 6) or >6.9 (n = 16), there was a
tendency to higher surfaces (872.0 ± 47.8 mm2/cm2) in the
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low-pH group when compared to the high-pH group (797.7
± 27.1 mm2/cm2).

4. Discussion

To date, the functional role and the regulation of the
recently described ruminal vH+-ATPase [10, 11] is not well
understood. Based on our own work [10] and that of other
investigators [15, 37, 44] showing metabolic regulation of
the pump, we assume that the availability of substrates
and of energy are main regulatory factors to adapt ruminal
vH+-ATPase activity. To prove this hypothesis, we here
investigated the effect of MI induced by glucose removal and
application of inhibitors of the glycolytic pathway (2-DOG)
and/or of mitochondrial ATP production (antimycin A) on
vH+-ATPase activity.

4.1. Basal pHi of REC. The pHi (7.2 to 7.3 ± 0.1) of REC
suspended in control solution (HEPES-buffered, HCO3

−-
free Na+-media with 5 mM glucose) was in the range of 7.1 to
7.5 reported for REC [11, 40, 45] and other cell types [44, 46–
48] under HCO3

−-free conditions.

4.2. Effect of Metabolic Inhibition on pHi of REC. Although
oxidative metabolism of SCFA, mainly of butyrate and
propionate, is the main energy source for metabolically
matured REC [2, 49–51], glucose has also been shown to
be used at a basal rate in vivo and in vitro [5, 51–54]. The
metabolism of SCFA has been shown to be supported by
glucose [55] and particularly it is known to exert a positive
effect on ruminal butyrate metabolism [49]. Addition of
glucose to butyrate in the incubation medium decreases the
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Figure 6: Effect of vH+-ATPase and Na+/H+ exchanger inhibitors
on REC pHi before and after metabolic inhibition. Experiments
were performed as described in Figure 3, however, in addition
to foliomycin (2 μM), amiloride (250 μM) was used alone or in
combination with the vH+-ATPase blocker. For comparison, the
foliomycin effects observed in series 1 of our experiments are also
shown. Values are means ± SE; ∗P < .05.

rate of butyrate oxidation to CO2 and increases the rate
of ketogenesis [49]. Besides glutamine, glucose is the main
metabolic fuel in cultured REC and known to be primarily
metabolized through glycolysis [53]. In this study, inhibition
of the glycolytic pathway by substitution of glucose with 2-
DOG induced a significant reduction of pHi (−0.35± 0.04
pH units) in REC showing that their ability to regulate
pHi, at least partly, depends on this metabolic pathway. Like
glucose, its analogue 2-DOG is transported into the cells
and is phosphorylated into 2-DOG-6-phosphate. However,
then it is not further metabolized and accumulates inside
the cells causing energy deprivation. Even in the absence of
glucose, antimycin A application reduced the REC pHi to a
lesser extent (−0.21± 0.03 pH units) than 2-DOG showing
that an intact glycolytic pathway is more important than
mitochondrial ATP production for H+ secretion under our
experimental conditions. This is in accordance with our data
showing that the combination of glucose substitution with
2-DOG and antimycin A led to a stable pHi decrease by 0.44
± 0.04 pH units.

4.3. Effect of Foliomycin on the pHi of REC before and after
Glucose Removal and Metabolic Inhibition with Antimycin A
and/or 2-DOG. In yeast [34, 35, 56], various mammary cell
types [18, 37, 46], and turtle urinary bladder [57], a coupling
between vH+-ATPase activity and cellular energetic processes
has been demonstrated. To evaluate the role of metabolic
regulation on ruminal vH+-ATPase activity, we investigated
the effect of its specific inhibitor foliomycin before and
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for H+-ATPase subunit B protein was found with protein extracts from series 1 only (lane 1). With protein extracts from REC with low
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Figure 8: Ruminal fluid concentrations of short chain fatty acids
and accompanying pH values. Ruminal fluid were obtained from
sheep (n = 22) slaughtered during the second experimental period.
For comparison, data from sheep fed hay ad libitum are also given.
Note the high proportion of samples showing high pH values and
compared to hay fed sheep low SCFA concentrations indicative of
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after MI with 2-DOG and antimycin A in glucose-free
media. Under control conditions, the foliomycin-induced
pHi decrease amounted to 0.21 ± 0.05 pH units at the end
of the measurements, which is in agreement with results
(−0.18 ± 0.07 pH units) seen in a previous study with sheep
REC [11]. Very similar effects of vH+-ATPase inhibition
with bafilomycin A1 or foliomycin (−0.16 to −0.26 pH

units) have been reported in studies with cells of the human
eccrine sweat duct [58], cultured rabbit non-pigmented
ciliary epithelium [59] and alveolar macrophages [19]. Thus,
a remarkable part of the REC H+ secretion resulted from
vH+-ATPase activity.

The vH+-ATPase-related pHi component (0.21 ± 0.05
pH units) was nearly abolished (0.03 ± 0.02 pH units) after
substitution of glucose by the glycolytic inhibitor 2-DOG
and treatment with the mitochondrial electron transport
inhibitor antimycin A. This result clearly shows that the pHi

reduction observed after MI mainly results from deactivation
of REC vH+-ATPase. As 2-DOG exerts stronger effects
on REC pHi than treatment with antimycin A, it can be
assumed that ruminal vH+-ATPase activity mainly depends
on an intact glycolytic pathway. Glucose deprivation and/or
inhibition of glycolysis has also been shown to reduce
or prevent vH+-ATPase activity in cells of the medullary
collecting duct [44, 60], the porcine kidney proximal tubule
cell line LLC-PK1 [15, 37], and yeast cells [35, 56]. In
addition, glucose-induced activation of vH+-ATPase activity
has been shown [18, 37]. A coupling between the ATP-
generating glycolytic pathway and vH+-ATPase-mediated
H+ secretion is supported by the findings that iodoacetate,
an inhibitor of glyceralaldehyde-3-phosphate dehydrogenase
(GAPDH), reduced vH+-ATPase activity [46] and that the
enzyme coimmunoprecipitates with the pump [35]. Also,
the rate limiting enzyme of glycolysis, phosphofructokinase-
1 interacts with vH+-ATPase, a subunit which has been
suggested to play a role crucial for proton translocation [61].
A direct physical interaction between the vH+-ATPase E,
B and a subunits, and aldolase, an enzyme responsible for
cleavage of fructose-6-phosphate in the glycolytic pathway,
has been demonstrated [34, 35]. With glucose present, this
interaction increased dramatically leading to the suggestion
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that aldolase acts as a glucose sensor and regulates vH+-
ATPase assembly, expression, and activity via direct physical
association and by providing ATP for H+ extrusion from
cytosol [35, 36].

REC conversion of glucose to pyruvate and CO2 is rather
small in proportion to conversion to lactate [53] and thus,
an increased lactate production is indicative of higher rates
of glycolysis [62]. Interestingly, it was found, that at pHe =
7.4, REC converted 3-fold more D-glucose than n-butyrate
and produced about two-fold more lactate than at pHe =
6.2 [62]. Since glycolysis generates protons, its activation at
higher pHe will stimulate vH+-ATPase-mediated H+ efflux
and thereby, will help to maintain SCFA absorption under
such conditions. Provision of extracellular protons is critical
for diffusion-mediated uptake of SCFA in their undissociated
form [3, 50].

In this study, deactivation of vH+-ATPase activity
induced by metabolic inhibition has been shown to be a fast
process appearing within a few minutes. A general mech-
anism responsible for such response to energy deprivation
could be reversible disassembly of the catalytic VO and the
proton-translocating V1 domains of the pump [30, 33, 56].
In yeast cells, glucose deprivation induced a disassembly of
75% of the assembled vH+-ATPase complexes in as little as
5 minutes [63]. In accordance with our previous study with
bovine rumen epithelium [10], ovine REC vH+-ATPase B
subunit was found in close vicinity of the cell membrane
as well as in the cytosolic compartment under control
conditions (glucose-containing NaCl-medium). However,
while Na+/K+-ATPase used as control protein was always
membrane-bound, we here showed for the first time that
the B subunit associated with the REC vH+-ATPase V1

domain shows diffuse cytosolic distribution after MI. The
data provide first evidence that the reduction of vH+-
ATPase-mediated transmembrane proton efflux observed
after substrate and energy deprivation of REC could result
from a higher proportion of disassembled V1 and VO sectors.
Since vH+-ATPases are major cellular proteins that can
consume significant amounts of total cellular ATP, their
graduated disassembly could help to conserve energy under
such conditions. However, with the method used in this
study, we were not able to exclude endocytosis of vH+-
ATPase-bearing vesicles from the cell membrane into the
cytosolic compartment. Endo- and exocytotic translocations
have been demonstrated in epithelia of kidney, pancreas,
and placenta [13–15, 64] as an additional mechanism for
regulating vH+-ATPase activity.

4.4. A High NHE Activity Was Observed in REC with Low
Glycolytic and vH+-ATPase Activity. REC belong to cells
that have a specific requirement for high levels of proton
transport and possess Na+/H exchangers of subtype 1 to 3
[40, 45, 65] and monocarboxylate transporter 1 (MCT1)
[66, 67] in addition to the vH+-ATPase. The partial recovery
of pHi from the acidosis induced by MI or foliomycin
application may result from compensatory activation of
one or both of these H+-secreting transport proteins. The
NHE has been shown to be most important for REC pHi-

regulation under HCO3
−-free conditions responsible for

about 70% of proton secretion and the remaining proton
secretion was related to vH+-ATPase [11]. Therefore, our
second series of experiments was originally designed to
investigate the role of NHE before and after MI.

Unexpectedly however, the effect of MI was decreased
by 75% in our secondary series of experiments and this
was accompanied by a strongly reduced (−81%) foliomycin
effect. These results point to an impairment of the glycolytic
pathway in those REC and corroborate with tight coupling
between glycolysis and/or components of the glycolytic
pathway and vH+-ATPase activity. Because REC used in
this study were isolated from rumen tissue obtained from a
local slaughter house, we can only speculate on the reasons
for the very different metabolic properties of the cells.
However, the latter has been shown to depend on the level
of metabolizable energy (ME) intake and on the type of
nutrition [51, 68]. Ruminal fluid analysis showed a high
proportion of samples (16 out of 22) showing pH values >6.9
and [SCFA] <60 mM/l (Figure 8) indicating decreased ME
intake [51]. In a preliminary feeding experiment with sheep
fed hay ad libitum (Figure 8) lower ruminal pH values (6.7
± 0.2) and higher [SCFA] (81.7 ± 15.5 mM/l) were observed
than in this study (7.1 ± 0.1; 51.6 ± 5.7 mM/l).

A tendency for a reduced capacity to oxidize glucose
in REC isolated from low-intake sheep had been observed
[51]. Different feeding conditions are also known to induce
changes of the chemical composition of the ruminal fluid.
As shown by Kauffold et al. [68], such changes are most
strongly expressed between rations consisting of fresh green
feed or maize silage and such consisting of concentrate or
dried green feeds. The former feeding conditions led to a
fast decrease of metabolic activity and protein synthesis in
the germinative layers of the rumen epithelium character-
ized by low O2-consumption and REC nucleus diameter
[68].

It seems therefore possible that adaptation to low energy
availability that could include reduced proton production
from glycolysis [69, 70] gives an explanation for the low
or absent vH+-ATPase activity. This hypothesis is supported
by our finding that the expression of vH+-ATPase B sub-
unit protein was drastically reduced or absent in protein
extracts from REC used in the second series of experiments.
The B subunit is essentially involved in the regulation of
normal trafficking, assembly, and activity of vH+-ATPase
[36, 71].

Interestingly, REC identified to have low metabolic
and vH+-ATPase activity were characterized by a very
high amiloride-sensitive component of pHi reflecting NHE
activity. The amiloride-induced reduction of pHi (−0.89 ±
0.06 pH-units) was as high as that from butyrate-stimulated
REC (−1.00 ± 0.25 pH units) [72]. An increased activity of
NHE has also been shown to occur during early stages of
apoptosis in response to growth factor withdrawal [73].

Elevation of NHE activity may compensate for the
loss of vH+-ATPase-related H+ extrusion thereby improving
pHi homeostasis in energy-deprived REC. However, after
induction of MI, NHE activity decreases slowly resulting
in a reduction of the amiloride effect to 0.69 pH units.
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An explanation is a reduced ability to maintain low intra-
cellular [Na+] by Na+/K+-ATPase leading to slow dissipation
of the transmembrane Na+ gradient [74]. Inhibition of REC
Na+/K+-ATPase has been shown to reduce pHi by lowering
NHE activity [45].

In conclusion, our results demonstrate metabolic regu-
lation of ruminal vH+-ATPase activity. A fast reduction of
vH+-ATPase mediated proton extrusion occurs few minutes
after initiation of MI by glucose substitution with 2-DOG
and application of antimycin A. An intact glycolytic path-
way seems to be more important for vH+-ATPase activity
regulation than mitochondrial ATP production. The very
fast response possibly results from disassembly of the V1

and VO domains of the pump. Prolonged energy deficiency
may result in a higher level of disassembled, inactive vH+-
ATPase complexes but also led to a reduced expression of the
essential B subunit of the pump. This may provide a means to
control ruminal epithelial ATP consumption in dependence
of substrate and energy availability.
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We characterize the expression pattern of aquaporin-6 in the mouse inner ear by RT-PCR and immunohistochemistry. Our data
show that in the inner ear aquaporin-6 is expressed, in both vestibular and acoustic sensory epithelia, by the supporting cells
directly contacting hair cells. In particular, in the Organ of Corti, expression was strongest in Deiters’ cells, which provide both
a mechanical link between outer hair cells (OHCs) and the Organ of Corti, and an entry point for ion recycle pathways. Since
aquaporin-6 is permeable to both water and anions, these results suggest its possible involvement in regulating OHC motility,
directly through modulation of water and chloride flow or by changing mechanical compliance in Deiters’ cells. In further support
of this role, treating mice with salicylates, which impair OHC electromotility, dramatically reduced aquaporin-6 expression in the
inner ear epithelia but not in control tissues, suggesting a role for this protein in modulating OHCs’ responses.

1. Introduction

Salicylates are a class of nonsteroidal anti-inflammatory
drugs (NSAIDs) with analgesic, antipyretic, and
anti-inflammatory effects that are known to induce
reversible hearing loss and tinnitus [1]. A rationale for
salicylate-induced hearing loss is the block of prestin,
the molecular motor of outer hair cells (OHC), through
competition with intracellular Cl− [2–4]. On the other hand,
the mechanism underlying salicylate-induced tinnitus is still
unclear, since in the cochlea these drugs, besides prestin [2],
also target other systems, among which several players in
the stress/inflammation pathways [1]. The stress response
affects a large number of targets, among which AQPs [5], the
proteins forming water channels in biological membranes
[6–8]. Several AQPs have been found in the inner ear, each
with its distinct distribution [9–12], but so far only AQP4
is known to affect hearing [13]. The distribution and role
of AQP6, however, are less clearly characterized, and may
be interesting, given the low permeability to water and high
permeability to anions (both increased by low pH) of this

isoform [14]. Therefore, the function of AQP6 could be that
of regulating the flow of anions rather than water, possibly
affecting the behavior of outer hair cells (OHCs), which are
very sensitive to Cl− modulation [15]. Previous findings
show that AQP6 is expressed in human and rat inner ear,
but the protein localization is still controversial [9, 11, 12],
possibly due to species differences, which have been observed
for other aquaporins [16, 17]. Whereas in vestibular epithelia
AQP6 was found in the apical part of supporting cells both
in human [9] and rat [11] in the cochlea AQP6 has been
detected in the human Organ of Corti [9] but not in
the rat Organ of Corti [11]. In agreement with AQP6
localization in other tissues, AQP6 immunoreactivity in
the rat ear appeared limited to intracellular structures,
with a negligible labeling in the plasma membranes
[11].

In the present paper, we studied AQP6 mRNA expression
in the mouse inner ear and its regulation by aspirin, by per-
forming semiquantitative reverse transcription/polymerase
chain reaction (RT-PCR), real time RT-PCR (qRT-PCR),
immunoblotting and immunohistochemistry.
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Table 1: Primer sequences used for semiquantitative and real time reverse transcription/polymerase chain reaction (RT-PCR).

Gene Primer sequences Size (bp) References Accession number

β-actin∗
Forward 5′-CAGATCATGTTTGAGACCTT-3′ 509 [18] NM 007393

Reverse 5′-CGGATGTCMACGTCACACTT-3′

AQP1
Forward 5′-TGCGTTCTGGCCACCACTGAC-3′ 327 [19] NM 007472

Reverse 5′-GATGTCGTCAGCATCCAGGTC-3′

AQP2
Forward 5′-GTTGCCATGTCTCCTTCCTT-3′ 441 This study NM 009699

Reverse 5′-GGAACAGCAGGTAGTTGTAG-3′

AQP4
Forward 5′-TTTCAAAGGAGTCTGGACTC-3′ 383 [20] NM 009700

Reverse 5′-TTCCATGAACCGTGGTGACT-3′

AQP6
Forward 5′-CTGCCATGATTGGAACCTCT-3′ 309 This study NM 175087

Reverse 5′-CTGTGTCCTCAGAGTTTGTC-3′ DQ 826418

AQP6a-b
Forward 5′-ACTGGCTGTTCCATGAACCC-3′ 727 (a), [14] NM 175087

Reverse 5′-AGGAAGTGGCCAGGAGGTACT-3′ 364 (b) DQ 826418

AQP7 Forward 5′-TTTGCAGGCGGAGACCTGTT-3′ 437 [21] NM 007473

Reverse 5′-CTCTGAGGATCCTGTGGTAT-3′
∗
In real time RT-PCR experiments β-actin primers were Mm Actb 2 SG, QuantiTect Primer Assay QT01136772, Qiagen. AQP6a-b, aquaporin-6 variants a

and b. (a) and (b): AQP6 variant a and variant b.

2. Methods

2.1. Animals. C57BL6 mice (20–25 days old) were housed at
the animal facility of the Department of Physiology, section
of General Physiology, University of Pavia, cared for and
sacrificed according to the current European legal Animal
Practice requirements.

2.2. Salicylate Treatment. After treatment with saline (i.p.,
for 3 days) (controls) or aspirin (200 mg/kg/day for 3 days,
i.p.) at least 4 animals for each condition in each experiment,
the mice were sacrificed 3 hours (treatment) or 24 hours
(recovery) after the last injection and processed for RNA
isolation or immunolocalization.

2.3. RNA Isolation and Semiquantitative RT-PCR. Total RNA
was extracted from the inner ear of at least 4 mice for
each condition (saline or aspirin) using the QIAzol Lysis
Reagent (QIAGEN, Italy). Single cDNA was synthesized from
RNA (1 μg) using random hexamers and M-MLV Reverse
Transcriptase (Invitrogen S.R.L., Italy). Specific primers for
mouse β-actin and for AQPs were synthesized based on their
published sequences (Table 1).

cDNA amplification was performed by GoTaq Flexi DNA
Polymerase (Promega, Italy), as previously described [20].
The primers used for amplification are listed in the Table 1.
The PCR protocol consisted of an initial denaturation of
5 min at 96◦C followed by 35 cycles of denaturation at 96◦C
for 30 s annealing at 60◦C for 30 s, and extension at 72◦C
for 30 s. Reverse transcription was always performed both in

the presence (positive) or in the absence (negative control)
of reverse transcriptase enzyme. The RT-PCR reactions were
normalized using β-actin as an internal standard. First,
sequences of the AQP bands were checked by using the
Big dye terminator cycle sequencing kit (Applied Biosystem,
PE, USA). PCR products were separated on a 3% Nusieve
(2 : 1) gel agarose, stained with ethidium bromide, and
acquired with the Image Master VDS (Amersham Bio-
sciences Europe). Densitometric analysis of the bands was
performed by the Total Lab V 1.11 computer program
(Amersham) and the results were expressed as a percentage of
the AQP/β-actin densitometric ratio. The molecular weight
of the PCR products was compared with the DNA molecular
weight marker VIII (Roche Molecular Biochemicals, Italy).

2.4. qRT-PCR. qPCR was performed in triplicate using 1 μg
cDNA, obtained as above indicated, and specific primers
(Table 1). MESA GREEN qPCR MasterMix Plus (Eurogen-
tec) was used according to the manufacturer instruction
and qPCR performed using Rotor Gene 6000 (Corbett).
The conditions were as follows: initial denaturation at
95◦C for 5 min, 40 cycles of denaturation at 95◦C for 30 s;
annealing at 60◦C for 30 s, and elongation at 72◦C for
40 s. The qRT-PCR reactions were normalized using β-actin
as housekeeping gene (Mm Actb 2 SG, QuantiTect Primer
Assay QT01136772, Qiagen). Melting curves were generated
to detect the melting temperatures of specific products
immediately after the PCR run. Relative mRNA levels were
determined by comparative quantitation (Corbett) and the
results expressed as fold change.
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2.5. Immunoblotting. Immunoblotting was performed as
previously described [22]. Mouse kidneys were homogenized
with an ULTRA-TURRAX homogenizer (IKA) in a solution
containing; 100 mM NaCl, 1 mM EDTA, 10 mM Tris-HCl,
pH 6.8, and 0.1 mg/mL PMSF, and treated as previously
described [23]. Lanes were loaded with 30 μg proteins,
subjected to 12.5% SDS-polyacrilamide gel electrophoresis
and transferred to Hybond ECL nitrocellulose membranes
(Amersham) by electroelution. After 3 hrs blocking with
Tris buffered saline (TBS) containing 5% nonfat dry milk
and 1% Triton X-100 (blocking solution), membranes were
incubated overnight with affinity purified antibody to AQP6,
diluted 1 : 800 in blocking solution. Antibodies directed
against the C-terminal peptide of rat AQP6 with an addi-
tional N-terminal cysteine were prepared according to Yasui
et al. [24]. Membranes were washed and incubated for 1 h
with peroxidase-conjugated goat antirabbit immunoglobulin
G (1 : 120000 in blocking solution) (Amersham Biosciences
Europe, Italy). The bands were detected with an ECL
Advance western blotting detection system (Amersham
Biosciences Europe, Italy). Control experiments (not shown)
were performed, by preadsorbing the antibody with a 20-
fold molar excess of the immunizing peptide and by incu-
bating the blots with pre-immune rabbit serum. ChemiBlot
Molecular Weight Markers were used to accurately estimate
the molecular weight and as a positive control for the
immunoblot (Chemicon International, Inc., CA, USA).

2.6. Immunohistochemistry. C57BL6 mice were anesthetized
with 2-bromo-2-chloro-1,1,1-trifluoroethane and intracar-
dially perfused with acetate-buffered 4% (w/v) formalin.
Temporal bones were rapidly removed, postfixed for 1 h,
decalcified for at least 1 week in EDTA 4 M and successively
processed into paraffin. Serial paraffin sections (5 μm) were
brought to water and then washed with PBS. Sections were
successively treated with 3% (w/v) H2O2 for 20 min at room
temperature (22◦C) to block endogenous peroxidases. After
washing for 5 min with PBS, sections were blocked with 3%
(w/v) BSA in PBS for 60 min at room temperature. Sections
were incubated overnight at 4◦C with rabbit anti-AQP6 [22]
diluted at 1 : 500 in PBS containing 1% BSA. After three 5-
minute washes with PBS containing 1% BSA, sections were
treated according to the Labeled Streptavidin Biotin (LSAB)
Method (Universal LSAB kit, Dako Italia S.p.A., Italy) and
washed three times with PBS containing 1% BSA. The
reaction was visualized by incubation with DakoCytomation
Liquid DAB (DakoCytomation, Milan, Italy). Sections were
counterstained with haematoxylin and mounted on DPX
(Merck Eurolab, Milan, Italy). Control experiments were
performed simultaneously using pre-immune serum or
omitting the primary antibody.

Immunostained slides were examined by light microsco-
py using an Olympus BX41 and the digital images captured
with the Nikon DS-Fi1 digital camera using Nis Element F
Imaging Software.

2.7. Statistics. All data are expressed as means ± SEM. The
significance of the differences of the means was evaluated
with one-way ANOVA followed by Newman-Keuls’s Q test,

AQP1 327 bp

AQP2 441 bp

AQP4 383 bp

AQP6 309 bp

AQP7 437 bp

β−actin 509 bp

+ − + −

Saline Aspirin

Figure 1: Effect of aspirin on aquaporin-1, -2, -4, -6, and -7 (AQP1,
2, 4, 6, 7) mRNA expression in the mouse inner ear. Representative
semiquantitative RT-PCR with specific primers for AQP1, 2, 4,
6, 7 in control (saline) and aspirin treated mice (see Methods).
Reverse transcription was performed in the presence (+) or absence
(−) of reverse transcriptase enzyme. AQP mRNA expression was
normalized to β-actin. The 327, 441, 383, 309, 437, and 509 bp
bands correspond to the AQP-3, -4, -8 and β-actin-specific PCR
products, respectively. Similar results were obtained from at least
four different mouse RNA extracts.

MW RT+ RT−

727 bp mAQP6a

364 bp mAQP6b

Figure 2: RT-PCR analysis of AQP6 splice variants in the mouse
inner ear. Representative RT-PCR with specific primers designed to
amplify 727 bp and 364 bp fragments for mAQP6a and mAQP6b,
respectively, [14]. Reverse transcription was performed in the
presence (RT+) or absence (RT-) of reverse transcriptase enzyme.
Similar results were obtained from at least four different mouse
RNA extracts.

or Student’s t test. All statistical tests were carried out with
GraphPad Prism 4.00, 2003.

3. Results

3.1. RT-PCR. Expression of AQPs in the mouse inner ear
was first verified by semiquantitative RT-PCR after three
days of treatment with aspirin or saline (control condition).
The expression of each AQP was normalized to that of the
housekeeping gene β-actin. Single bands of the expected size
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Figure 3: Effect of aspirin treatment on aquaporin (AQP1, 2, 4, 6, 7) mRNA expression in mouse inner ear. Quantitative real-time RT-PCR
of total RNA was performed in mouse inner ear mRNA extract under three different conditions: saline (controls), aspirin (mice treated for
3 days and sacrificed 3 hours after the last injection) recovery (treated for 3 days and sacrificed 24 hours after the last injection). Specific
primers for AQP1, 2, 4, 6, 7 were used and qRT-PCR performed as indicated (see Methods). The relative mRNA levels were determined
by comparative quantitation (Corbett), the values obtained were normalized to the corresponding β-actin level and the results expressed as
fold change. Results indicate that mRNA expression level of AQP6 was significantly lower in aspirin treated mice. Bars represent the mean ±
S.E.M. of 4–8 different experiments each from different RNA extracts. ∗, P < .05 versus saline and recovery (one-way ANOVA followed by
Newman-Keuls’s Q test).
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of cDNA fragments were amplified (327, 441, 383, 309, 437
and 509 bp for AQP1, 2, 4, 6, 7 and β-actin, resp.). The results
of agarose gel electrophoresis of representative PCR reaction
products are shown in Figure 1. Negative controls were
performed by omitting the reverse transcriptase. Only AQP6
mRNA expression was clearly affected by aspirin treatment,
while other AQPs were unchanged (Figure 1). Densitometric
analysis of the bands showed that AQP6 transcript was
significantly reduced (means ± S.E.M. of AQP6/β-actin
densitometric ratio): saline, 161 ± 15%; aspirin, 111 ± 13%
(∗P < .043 Student’s t test).

Recently, Yasui and coworkers [14] found two AQP6
splice variants in the mouse kidney: AQP6a (similar to the
rat AQP6), and AQP6b, found also in the mouse cerebellum.
We performed RT-PCR using specific primers designed to
differentiate between the two variants as in [14] and found
both variants expressed in the ear (Figure 2).

3.2. qRT-PCR. The effect of aspirin treatment on the expres-
sion of AQP mRNAs in the mouse inner ear was then inves-
tigated by quantitative real time RT-PCR. Results showed
that aspirin treatment significantly decreases AQP6 mRNA
expression (about 70%, Figure 3), while no significant
changes were observed for AQP1, 2, 4 and 7 transcripts under
this condition. Moreover, the results showed a significant
recovery of mRNA AQP6 expression 24 hours after the
last treatment with aspirin (Figure 3). To investigate the
specificity of aspirin effect, we checked AQP6 mRNA levels
in the kidney and in the small intestine. In these organs,
no significant changes of AQP6 transcript expression were
observed: small intestine, 0.883± 0.001 (saline) and 0.791±
0.125 (aspirin); kidney, 1.01 ± 0.03 (saline) and 0.96 ± 0.09
(aspirin) (fold change; P > .5, Student’s t test).

3.3. Immunoblotting. Immunoblots of mouse kidney
homogenates have been performed to test the antibody
used for immunohistochemistry. The results revealed the
expected bands (Figure 4), consistent with published data
[14].

3.4. Immunohistochemistry. Cellular localization of AQP6
was investigated with immunohistochemistry using affinity-
purified antibodies against mouse and rat AQP6. AQP6 was
expressed in both cochlear (Figures 5(a), 5(c) and 6(a)) and
vestibular (Figure 6(b)) epithelia, and in neuronal somata
in the spiral ganglion (Figure 5(b)); faint or no labelling
was noted in the stria vascularis (not shown). In the Organ
of Corti (Figure 5(a), 5(c)), labelling was most intense and
consistent in Deiters’ cells, which were labelled throughout
their length (Figure 5(a), 5(c)), and also present at inner
phalangeal cells and pillars of Corti (Figure 5(a)). Controls in
which the primary antibody was replaced by the pre-immune
serum show an absence of labelling (Figure 5(d)). No clear
labelling was observed in hair cells (Figure 5(a) and 5(c)).
In vestibular epithelia (Figure 6(b)), labelling was evident,
mainly in supporting cells.

After treatment with aspirin (see Methods), labelling
was strongly reduced or lost in both the Organ of Corti
(Figure 6(c)) and vestibular epithelia (Figure 6(d)). Reduc-
tion in ganglion cells was less evident (not shown).

14

28

42

55

68

82

(kDa) MW Kidney

Figure 4: AQP6 protein expression in mouse kidney homogenate.
Immunoblot of mouse kidney total homogenate was performed as
described (see Methods). Two bands of about 55 and 36 kDa were
observed. Similar results were obtained from at least four separate
experiments. MW, molecular weight markers.

4. Discussion

In the present paper, we characterize for the first time
the expression pattern of AQP6 in the mouse ear sensory
epithelia and its regulation by salicylates.

Our data agree with previous studies in human [9] and
rat [11] showing strong AQP6 expression in the supporting
cells of vestibular epithelia. In the cochlea, on the other hand,
our results disagree with previous localization in the rat,
where labelling was seen in the stria vascularis but not in
the organ of Corti. Although some discrepancies could be
ascribed to differences in species and antibodies used, it is
also possible that the different labelling observed in the organ
of Corti results from variations in the modulation set point
of expression, as our salicylate experiments show.

Our data show that AQP6 is expressed in the organ
of Corti, and particularly in Deiters’ cells. This pattern of
expression suggests a possible role for AQP6 in regulating
OHC electromotility, which involves both water and chloride
flow, or in modulating Deiters’ cell stiffness, which would
affect OHC action on basilar membrane movement [15].
In facts, AQP6 displays interesting properties, and it is
still debated whether its main function is that of an anion
channel, a water channel, or both [25]. Moreover, although
originally thought to be only intracellular [26], recent
data show that AQP6 can bind calmodulin with its N-
terminal domain [27], which is responsible for its subcellular
localization [26]. It is therefore possible that stimuli that
increase cytoplasmic Ca2+ (such as purinergic signalling
in Deiters’ cells [28]), induce AQP6 traslocation to the
plasma membrane, similar to what vasopressin does to AQP2
[29].
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(d)

OHC
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Figure 5: Immunohistochemical localization of the aquaporin-6 protein in the mouse inner ear. Paraffin embedded cochlear sections were
labeled with anti-AQP6 antibody. In the cochlea AQP6 staining was observed in the OHC region (a), especially in Deiters’ cells (a), (c). Lower
signal was observed in inner phalangeal cells (a) and spiral ganglion (b). (c): higher magnification detail of the organ of Corti in the OHC
region. The scheme on the right depicts the complex arrangement of Deiters’ cells (DC, brown) and outer hair cells (OHC, green). Nuclei are
shown in blue. The lighter apical part of Deiters’ cells is the terminal lamina, which was not labeled. Deiters’ cell stalk and body were instead
clearly labeled. Given the complex shape of these cells, it appears difficult to localize AQP6 to cytoplasmic or membrane compartments.
Control sections treated with pre-immune serum show an absence of labelling (d). The micrographs are representative of four separate
experiments. Scale bar: 20 μm (a), (b), (d), 10 μm (c).

To further explore this role, we treated mice with
salicylates, which are known to impair OHC electromotility,
and observed variations in the expression of AQP6 after
treatment. AQP6 mRNA expression and protein labeling of

the organ of Corti are dramatically reduced after treatment
with aspirin. The reduction is quite rapid, being evident
already at 3 hrs after the last day of treatment and reversed
24 hours after treatment has ended.
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(a) (b)

(c) (d)

Figure 6: Effect of aspirin treatment on aquaporin-6 protein in the mouse inner ear. Mice were treated with saline (a), (b) and salicylate (c),
(d) as described in Methods. Same conditions as Figure 5. In both the organ of Corti (a), (c) and vestibular epithelia (b), (d), AQP6 labeling
was lost or strongly attenuated. In vestibular epithelia of saline treated mice, AQP6 was present, possibly in supporting cells. Inset in (b)
shows a 2.5×magnification of the region in the box displaying labeling of the apical part of the hair cell (above the nucleus in the inset) and
of the thin supporting cells (whose nuclei are deeper in the epithelium and therefore not in the inset). The micrographs are representative of
four separate experiments. Scale bar: 20 μm ((a), (c)), 10 μm ((b), (d)).

These results appear interesting because salicylates
are well known for their reversible ototoxic effect but
the pathways through which they act are still largely unclear.
Since prestin and AQP6 appear to be expressed by different
cell types, the link between their modulations may be
complex.

One possible link between OHC block and AQP6 down-
regulation in Deiters’ cells is COX-2. In fact, this enzyme has
been found to be involved in the downregulation of AQP2
in the kidney [30], and is expressed in Deiters’ cells, where
it is modulated by sound conditioning, possibly through
mechanically sensitive pathways [31]. This enzyme could
be modulated by salicylates (and by unknown physiological
processes) in vestibular epithelia as well (where neither
prestin nor motility are present), thus explaining AQP6
downregulation in these organs. Moreover, it is interesting
to note the absence of downregulation in small intestine and
in the kidney epithelia, suggesting the presence of different
modulation mechanisms in different organs.

5. Conclusions

In the present paper, we characterize the expression pattern
of AQP6 in the mouse inner ear sensory epithelia. Our data
show that AQP6 is expressed in the organ of Corti, and
in particular in Deiters’ cells. This suggests a possible role
for AQP6 in regulating OHC motility, through modulation
of water and chloride flow or of Deiters’ cell mechanical
compliance. To further explore this role, we treated mice with

salicylates, which impair OHC electromotility, and observed
variations in the expression of AQP6 after treatment. AQP6
mRNA expression and protein labeling of the organ of
Corti are dramatically reduced already at 3 hrs after the
last day of treatment with aspirin. Similar reduction is
observed in vestibular epithelia, but not in control tissues
(small intestine and kidney). These results suggest that AQP6
downregulation is not due to motility/prestin-dependent
pathways, but may affect OHCs’ ionic environment and/or
their mechanical response through changes in coupling to
the Organ of Corti.
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[14] H. Nagase, J. Ågren, A. Saito, et al., “Molecular cloning
and characterization of mouse aquaporin 6,” Biochemical and
Biophysical Research Communications, vol. 352, no. 1, pp. 12–
16, 2007.

[15] G. I. Frolenkov, “Regulation of electromotility in the cochlear
outer hair cell,” Journal of Physiology, vol. 576, no. 1, pp. 43–48,
2006.

[16] Y. Miyabe, T. Kikuchi, and T. Kobayashi, “Compara-
tive immunohistochemical localizations of aquaporin-1 and
aquaporine-4 in the cochleae of three different species of
rodents,” Tohoku Journal of Experimental Medicine, vol. 196,
no. 4, pp. 247–257, 2002.

[17] J. Loffing, D. Loffing-Cueni, A. Macher, et al., “Localization of
epithelial sodium channel and aquaporin-2 in rabbit kidney
cortex,” American Journal of Physiology, vol. 278, no. 4, pp.
F530–F539, 2000.

[18] G. Calamita, A. Mazzone, A. Bizzoca, et al., “Expression and
immunolocalization of the aquaporin-8 water channel in rat
gastrointestinal tract,” European Journal of Cell Biology, vol. 80,
no. 11, pp. 711–719, 2001.

[19] K. Oshio, D. K. Binder, B. Yang, S. Schecter, A. S. Verkman,
and G. T. Manley, “Expression of aquaporin water channels in
mouse spinal cord,” Neuroscience, vol. 127, no. 3, pp. 685–693,
2004.

[20] U. Laforenza, E. Cova, G. Gastaldi, et al., “Aquaporin-8 is
involved in water transport in isolated superficial colonocytes
from rat proximal colon,” The Journal of Nutrition, vol. 135,
no. 10, pp. 2329–2336, 2005.

[21] U. Laforenza, G. Gastaldi, M. Grazioli, et al., “Expression
and immunolocalization of aquaporin-7 in rat gastrointestinal
tract,” The Biology of the Cell, vol. 97, no. 8, pp. 605–613, 2005.

[22] U. Laforenza, G. Gastaldi, M. Polimeni, et al., “Aquaporin-6 is
expressed along the rat gastrointestinal tract and upregulated
by feeding in the small intestine,” BMC Physiology, vol. 9,
article 18, pp. 1–12, 2009.

[23] U. K. Laemmli, “Cleavage of structural proteins during the
assembly of the head of bacteriophage T4,” Nature, vol. 227,
no. 5259, pp. 680–685, 1970.

[24] M. Yasui, T.-H. Kwon, M. A. Knepper, S. Nielsen, and P. Agre,
“Aquaporin-6: an intracellular vesicle water channel protein in
renal epithelia,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 96, no. 10, pp. 5808–5813,
1999.

[25] M. Yasui, “pH regulated anion permeability of aquaporin-6,”
Handbook of Experimental Pharmacology, vol. 190, pp. 299–
308, 2009.

[26] E. Beitz, K. Liu, M. Ikeda, W. B. Guggino, P. Agre, and M.
Yasui, “Determinants of AQP6 trafficking to intracellular sites
versus the plasma membrane in transfected mammalian cells,”
The Biology of the Cell, vol. 98, no. 2, pp. 101–109, 2006.

[27] N. E. Rabaud, L. Song, Y. Wang, P. Agre, M. Yasui, and J.
M. Carbrey, “Aquaporin 6 binds calmodulin in a calcium-
dependent manner,” Biochemical and Biophysical Research
Communications, vol. 383, no. 1, pp. 54–57, 2009.

[28] L. Lagostena and F. Mammano, “Intracellular calcium dynam-
ics and membrane conductance changes evoked by Deiters’
cell purinoceptor activation in the organ of Corti,” Cell
Calcium, vol. 29, no. 3, pp. 191–198, 2001.

[29] S. Nielsen, C.-L. Chou, D. Marples, E. I. Christensen, B. K.
Kishore, and M. A. Knepper, “Vasopressin increases water
permeability of kidney collecting duct by inducing transloca-
tion of aquaporin-CD water channels to plasma membrane,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 92, no. 4, pp. 1013–1017, 1995.

[30] R. Nørregaard, B. L. Jensen, C. Li, et al., “COX-2 inhibition
prevents downregulation of key renal water and sodium trans-
port proteins in response to bilateral ureteral obstruction,”
American Journal of Physiology, vol. 289, no. 2, pp. F322–F333,
2005.

[31] U.-R. Heinrich, J. Brieger, O. Selivanova, et al., “COX-2
expression in the guinea pig cochlea is partly altered by
moderate sound exposure,” Neuroscience Letters, vol. 394, no.
2, pp. 121–126, 2006.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2010, Article ID 525180, 10 pages
doi:10.1155/2010/525180

Research Article

Regulation of P-Glycoprotein in Renal Proximal Tubule Epithelial
Cells by LPS and TNF-α

Suzanne Heemskerk,1, 2 Janny G. P. Peters,1 Jochem Louisse,1 Seil Sagar,1 Frans G. M. Russel,1

and Rosalinde Masereeuw1

1 Department of Pharmacology and Toxicology, Nijmegen Medical Centre, Radboud University,
Nijmegen Centre for Molecular Life Sciences, P.O. Box 9101, 6500 HB Nijmegen, The Netherlands

2 Department of Intensive Care Medicine, Nijmegen Medical Centre, Radboud University, 6500 HB Nijmegen, The Netherlands

Correspondence should be addressed to Rosalinde Masereeuw, r.masereeuw@pharmtox.umcn.nl

Received 2 July 2009; Revised 13 November 2009; Accepted 8 December 2009

Academic Editor: Xue-Ru Wu

Copyright © 2010 Suzanne Heemskerk et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

During endotoxemia, the ATP-dependent drug efflux pump P-glycoprotein (Abcb1/P-gp) is upregulated in kidney proximal tubule
epithelial cells. The signaling pathway through which lipopolysaccharide (LPS) or tumor necrosis factor-α (TNF-α) regulates P-gp
expression and activity was investigated further in the present study. Exposure of rat kidney proximal tubule cells to TNF-α alone
or TNF-α and LPS increased P-gp gene and protein expression levels and efflux activity, suggesting de novo P-gp synthesis. Upon
exposure to TNF-α in combination with LPS, P-gp activity in renal proximal tubule cells is increased under influence of nitric oxide
(NO) produced by inducible NO synthase. Upon exposure to TNF-α alone, P-gp upregulation seems to involve TLR4 activation
and nuclear factor kappaB (NF-κB) translocation, a pathway that is likely independent of NO. These findings indicate that at least
two pathways regulate P-gp expression in the kidney during endotoxemia.

1. Introduction

P-glycoprotein (Abcb1/P-gp) is a member of the ATP binding
cassette (ABC) superfamily and is able to transport a broad
range of uncharged and cationic compounds. The apical
localization of P-gp in renal proximal tubule epithelial cells
is consistent with its importance in excretory transport into
urine [1]. In agreement with the detoxifying role of P-gp,
we recently found an upregulation of P-gp in rat kidney
during endotoxemia [2] and in mouse kidney after ischemia
reperfusion injury [3]. P-gp is likely to be regulated by
nitric oxide (NO) produced by renal inducible NO-synthase
(iNOS), because co-administration of an iNOS-inhibitor
attenuated the endotoxin-induced effects on its expression in
rats [2]. An upregulation of important efflux pumps, like P-
gp, may diminish the accumulation of toxic compounds and
serves a protective function in acute kidney injury.

Using killifish renal proximal tubules, we found pre-
viously that NO has a regulatory role in the transport
activity of multidrug resistance protein 2 (Abcc2/Mrp2) via

an intracellular signaling pathway in response to the in vitro
action of several nephrotoxic chemicals [4]. This pathway
involved at least endothelin (ET) release, binding to the
basolateral ETB receptor, and activation of NOS, soluble
guanylyl cyclase (sGC) and protein kinase C (PKC) [5]. A
similar regulatory pathway was found for P-gp in rat brain
capillaries [6], where it was recently shown to be correlated
with an innate immune response [7, 8]. The inflammatory
mediator, tumor necrosis factor—alpha (TNF-α) signalled
through the TNF-receptor 1 (TNFR1) to increase P-gp
expression and transport activity by triggering the ET-NOS-
PKC pathway, finally activating the nuclear factor kappaB,
NF-κB [7].

As NF-κB was previously shown to be involved in P-gp
increase during renal toxicity [2, 3, 9], we hypothesized that
the same signaling pathway is responsible for the upregu-
lation of P-gp in the kidney during endotoxemia and that
NO is the central player in the field. To test this hypothesis,
we used a spontaneously immortalized rat kidney proximal
tubular cell line and determined P-gp expression and activity
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after treating cells with endotoxin (lipopolysaccharide; LPS)
or the most important pro-inflammatory cytokine, TNF-
α. Our findings indicate that exposure to TNF-α in com-
bination with LPS increases P-gp activity in renal proximal
tubule cells under influence of NO produced by iNOS. Upon
exposure to TNF-α alone, P-gp upregulation seems to involve
TLR4 activation and NF-κB translocation, a pathway that
is likely independent of NO. These findings indicate that at
least two different pathways regulate P-gp expression during
endotoxemia.

2. Materials and Methods

2.1. Chemicals. Dulbecco’s modified eagle’s medium
(DMEM), Hanks’ balanced salt solution (HBSS), insulin-
transferrin-selenium, and TRIzol reagent were from
Invitrogen Life Sciences (Breda, The Netherlands), fetal calf
serum from MP Biomedicals (Asse-Relegum, Belgium), 4-
(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (Hepes)
from Roche diagnostics (Almere, the Netherlands), calcein-
acetoxymethylester (calcein-AM) from Molecular Probes
(Eugene, OR), bisindolylmaleimide (BIM, Bruschwig
chemie, Amsterdam, the Netherlands), H398 from Alexis
(Lausen, Switzerland), antihuman Toll-like receptor (TLR)4
CD284/MD complex from Biolegend (San Diego, USA),
and 1H-[1, 2, 4]oxadiazolo[4, 3, -a]quinoxalin-1-one (ODQ)
and SN50 from Calbiochem (Nottingham, U.K.). The
P-gp inhibitor, PSC-833, was a gift from Novartis Pharma
(Valspodar, Arnhem, The Netherlands). All other chemicals
were of analytical grade and purchased from Sigma-Aldrich
(Zwijndrecht, The Netherlands) or Merck (Darmstadt,
Germany).

2.2. Cell Culture and Analysis of P-gp Transport Activity. The
spontaneously immortalized epithelial cell line isolated from
rat kidney proximal tubule (GERP cells) was a kind gift of
the department of Veterinary Pharmacology, Pharmacy and
Toxicology of the University of Utrecht, The Netherlands.
These cells (passages 53201374) were cultured in collagen
coated culture flasks in DMEM supplemented with 5%
fetal calf serum and 1% insulin-transferrin-selenium. We
previously demonstrated that P-gp activity in these cells was
highest just after reaching confluency and decreased with
culturing time [10]. Cells were plated at a density of 40,000–
60,000 cells/well for 3 days in a 24-well plate.

Culture medium was replaced for medium alone
(control group) or medium supplemented with the tested
compounds: lipopolysaccharide (10–100 μg/mL LPS,
Escherichia coli 0127:B8), or TNF-α (1–100 ng/mL), or the
NO-donor sodium nitroprusside (0.1–0.5 mM SNP), or to
a combination of LPS and TNF-α, with the NO-scavenger
2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide
(0.01–0.5 mM PTIO). The concentration TNF-α relates to
plasma levels that can be reached in patients with septic
conditions [11]. Cells were also exposed to TNF-α in
combination with an inhibitor of sGC, ODQ, (0.01 mM), an
inhibitor of PKC, BIM, (100 nM), an inhibitor of TNFR1,
H398, (10 μg/mL), the anti-human TLR4, CD284)/MD

complex, (5 μg/mL), the selective I kappa B kinase (IKK)β
inhibitor, IMD-0354, (10–50 μM), or the peptide inhibitor
for NF-κB nuclear translocation SN50 (1–1.8 μM).

After treatment the transport activity of P-gp was
determined with the calcein accumulation assay [12], as
previously described [10]. The activity was determined by
calculating the ratio of cellular accumulation of fluorescent
calcein in the presence and absence of the P-gp inhibitor, PSC
833, and control cells were set to 100%.

2.3. Determination of mRNA Expression. Cells were exposed
to medium (control), LPS, TNF-α or to a combination
of LPS and TNF-α for various time periods (2, 6, 24
hours) and were, subsequently, harvested for RNA iso-
lation (for 5 minutes at 1300 g at room temperature).
Cell pellets were transferred in ice cold TRIzol reagent
(Invitrogen, Breda, the Netherlands) and RNA was isolated as
described previously [13]. Quantitative Real Time-PCR (RQ-
PCR) on cDNA was performed according to the TaqMan
protocol in optical tubes using either the ABI PRISM
7700 single reporter Sequence Detection System (n =
6, Applied Biosystems, Zwijndrecht, The Netherlands) or
the ABI PRISM 7900HT Gene Expression Micro Fluidic
Card Sequence Detection System (3 pooled samples from 9
different rats, Applied Biosystems) according to the manu-
facturer’s instructions. All experiments were performed in
triplicate. In rodents, two genes (Abcb1a and Abcb1b) encode
for P-gp, however, during endotoxemia only Abcb1b was
found to be differentially expressed [2]. Different rat genes
(GAPDH: (Rn99999916 S1), Abcb1b: (Rn00561753 m1),
NOSII: (Rn00561646 m1), or Ednrb/endothelin receptor B:
Rn00569139 m1) were amplified with a pre-developed Gene
Expression Assay, provided by Applied Biosystems. The rela-
tive expression of genes in control cells were normalized for
the average cycle threshold (CT) value for the housekeeping
gene, GAPDH (CT = 15.9± 1.0) and set to 1.

For the analysis of TNF-α receptor 1 (TNFR1), TNFR2,
and toll-like receptor-4 (TLR4) mRNA expression in GERP
cells exposed for 24 hours to TNF-α, PCR amplification
was performed as previously described [14]. Gene-specific
primers were purchased from Biolegio (Nijmegen, The
Netherlands): rat TNFR1 (M63122; nt.983-1382), forward
primer: gggattcagctcctgtcaaa, reversed primer (atgaactc-
cttccagcgtgt; (M63122, nt.704-1902) forward primer: tcc-
cctgtaaggagaaacagaa, reversed primer: gctttttctccacaatcac-
ctc [15]. Rat TNFR2: (AF498039, nt. 579-1034), forward
primer: gttctctgacaccacatcatcc, reversed primer: gtcaatag-
gtgctgctgttcaa; (AF498039, nt.541-1242), forward primer:
aatggaaacgtgatatgcagtg, reversed primer: gctacagacgttcac-
gatgc [15]. Rat TLR4: (NM 019178, nt.2418-2546), for-
ward primer: gagccggaaagttattgtgg, reversed primer: agcaag-
gacttctccactttct [16]. Rat β-actin: forward primer: ctatgagct-
gctgacggtc, reversed primer: agtttcatggatgccacagg [14]. The
expected PCR products are: TNFR1-primer set 1: 400 bp,
TNFR1-primer set 2: 1199 bp, TNFR2-primer set 1: 456 bp,
TNFR2-primer set 2: 702 bp, TLR4: 129 bp. MilliQ was used
as a negative control. The expression of the housekeeping
gene β-actin was measured as a control for the performed
PCR reaction.
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Figure 1: P-gp activity and expression after exposure to TNF-α and/or LPS in GERP cells. (a)–(c) P-gp transport activity in GERP cells after
exposure to different concentrations of TNF-α ((a) n = 4–6) or LPS ((b) n = 4) for 24 hours compared to control (cells exposed to culture
medium). ((c) n = 12) Optimal concentrations of both sepsis mediators were used for exposure to GERP cells for 24 hours. P-gp activity
was determined using the calcein accumulation assay. ((d) n = 4) Abcb1b expression in GERP cells (control; open bars) after exposure to
either 10 μg/mL LPS (closed bars), 10 ng/mL TNF-α (striped bars) or both 10 μg/mL LPS and 10 ng/mL TNF-α (chequered bars) for 2, 6 or
24 hours. mRNA levels were determined with RQ-PCR and expression was normalized for the GAPDH CT value (15.9 ± 1.0). ((e) n = 4)
P-gp protein expression in GERP cells (control; lanes 1, 2, 7 and 8) after exposure to either 10 μg/mL LPS (lanes 3 and 4), 10 ng/mL TNF-α
(lanes 5 and 6) or to both 10 μg/mL LPS and 10 ng/mL TNF-α (lanes 9 and 10) for 24 hours. Total cell lysate fractions of GERP cells were
used and expression of P-gp was determined by Western blotting. Relative pixel intensities (ratio P-gp/β-actin) were determined through
image analysis. Data are expressed as mean ± SEM. Significantly different compared to control cells (∗: P < .05, ∗∗∗: P < .001).
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Figure 2: Continued.
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Figure 2: Expression of iNOS and effect of NO on Abcb1/P-gp activity in GERP cells. ((a) n = 4) NOSII expression in GERP cells after
exposure to either 10 μg/mL LPS (closed bars), 10 ng/mL TNF-α (striped bars) or both 10 μg/mL LPS and 10 ng/mL TNF-α (chequered bars)
for 2, 6 or 24 hours (n = 4). mRNA levels were determined with RQ-PCR and expression was normalized for the GAPDH CT value. ((b)
n = 4) iNOS protein expression in GERP cells (control; lanes 1 and 2) after exposure to either 10 μg/mL LPS (lanes 3 and 4), 10 ng/mL
TNF-α (lanes 5 and 6) or both 10 μg/mL LPS and 10 ng/mL TNF-α (lanes 7 and 8) for 6 hours. ((c) n = 3–5) P-gp transport activity in GERP
cells after exposure to 10 ng/mL TNF-α or both 10 μg/mL LPS and 10 ng/mL TNF-α in combination with 50 or 10 μM of the NO-scavenger
PTIO, respectively, for 24 hours compared to control (cells exposed to culture medium). ((d) n = 4) P-gp protein expression in GERP cells
(control; lanes 1 and 2) after exposure to 100 μM SNP (lanes 3 and 4) for 1 hour with 5 hours recovery. ((e) n = 4) P-gp transport activity
in GERP cells, compared control, after exposure to 100 or 500 μM SNP for 6 hours or for 1 hour with a subsequent recovery period of 5
hours. Total cell fractions of GERP cells were used and expression of iNOS (b) or P-gp (d) was determined by Western blotting. Relative pixel
intensities (ratio iNOS/β-actin (b) and ratio P-gp/β-actin (d)) were determined through image analysis. Data are expressed as mean ± SEM.
Significantly different compared to control (∗: P < .05, ∗∗; P < .01, ∗∗∗: P < .001).
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Figure 3: Lack of involvement of cGMP and PKC in P-gp regulation. ((a) n = 3–6) P-gp transport activity in GERP cells after exposure to
10 ng/mL TNF-α in combination with 10 μM of the sGC inhibitor ODQ for 24 hours compared to control (cells exposed to culture medium).
((b) n = 3) P-gp transport activity in GERP cells after exposure to 10 ng/mL TNF-α in combination with 100 nM of the PKC inhibitor BIM
for 24 hours compared to control. Data are expressed as mean± SEM. Significantly different compared to control (∗: P < .05; ∗∗∗: P < .001).
Treatment with ODQ or BIM alone showed no significant difference compared to control.
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Figure 4: Role of TNF receptors and toll-like receptor 4 in modulation of P-gp activity in GERP cells. (a) TNFR1, TNFR2 and TLR4 mRNA
expression was analyzed in GERP cells (control; lane 1 and 2) exposed for 24 hours to TNF-α (lanes 3 and 4) using PCR. For TNFR1 and
TNFR2 two different primer sets were used, for TLR4 only one primer set was used. MilliQ (MQ) was used as a negative control. For both
experiments the expression of the housekeeping gene β-actin was performed as a control for the performed PCR reaction. ((b) n = 3) P-gp
transport activity in GERP cells after exposure to 10 ng/mL TNF-α in combination with 10 mg/mL of the TNFR1 inhibitor H398 for 24
hours compared to control (cells exposed to culture medium). ((c) n = 7) P-gp transport activity in GERP cells after exposure to 10 ng/mL
TNF-α in combination with 5 ng/mL of the antibody against human TLR4 for 24 hours compared to control. Data are expressed as mean ±
SEM. Significantly different compared to control (∗∗∗: P < .001) or to TNF-α (##; P < .01). Treatment with H398 or anti-TLR4 alone showed
no significant difference compared to control.

2.4. Western Blotting. Cells were harvested after exposure
to different inflammatory mediators and lysed with 0.1%
Triton X-100 supplemented with protease inhibitors (1 mM
PMSF, 10 μM E64, 1 μg/mL pepstatin, 5 μg/mL leupeptin
and 1 μg/mL aprotinin) during 30 minutes on ice. The
amount of protein in cell lysates was determined with
the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules,
CA) using bovine serum albumin as standard and samples
were subjected to Western blotting as described previously
[17].

Samples were separated on a 6% sodium dodecylsulfate
polyacrylamide gel and transferred to Hybond-C pure nitro-
cellulose membrane (Amersham, Buckinghamshire, UK).
The membrane was incubated overnight at 4◦C with the
primary antibodies against iNOS (1 : 1000, according
to [18]), ABCB1/P-gp (1 : 200, C219, DakoCytomation,

Denmark), or β-actin (1 : 10000, Sigma-Aldrich) in Tris-
buffered saline supplemented with 0.1% Tween-20 (TBS-T)
and 1% non-fat dried milk.

Subsequently, the membranes were washed three times
in TBS-T, blocked in TBS-T containing 5% non-fat dried
milk, washed three times in TBS-T again, and incubated
with affinity-purified horseradish peroxidase-conjugated
goat antirabbit IgG (Sigma-Aldrich) for iNOS or goat
antimouse IgG (Sigma-Aldrich) for P-gp and β-actin diluted
1 : 5000 in TBS-T for 1 hour at room temperature. The
washing steps were repeated, after which the membranes
were visualized with enhanced chemiluminescence (Pierce
Chemical, Rockford, IL). For semiquantification, the pixel
intensity of the bands was measured using Scion Image ver-
sion beta 4.02 for Windows (Scion Corporation, Frederick,
MD).
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Figure 5: Role of NF-κB in modulation of P-gp activity in GERP cells. ((a) n = 4) P-gp transport activity in GERP cells after exposure
to 10 ng/mL TNF-α in combination with 5 μM of the selective IKKβ inhibitor IMD-0354 compared to control (cells exposed to culture
medium). ((b) n = 7) P-gp transport activity in GERP cells after exposure to 10 ng/mL TNF-α in combination with 1.8 μM of a cell-
permeable inhibitor peptide that interferes with NF-κB nuclear translocation, SN50, for 24 hours compared to control. Data are expressed
as mean ± SEM. Significantly different compared to control cells (∗∗; P < .01, ∗∗∗: P < .001) or to TNF-α (##:P < .001). Treatment with
SN50 alone showed no, but with IMD-0354 alone did show significant difference compared to control.

2.5. Data Analysis. Values are given as mean± SEM. Analysis
was performed using GraphPad Prism 4.03 for Windows
(Graphpad Software Inc., San Diego, CA, USA) and SPSS
(version 12.0.1 for Windows, Chicago, IL). Differences
between the experimental groups were tested using one-way
ANOVA with Bonferroni’s correction or two-way repeated
measurements ANOVA. A two-sided P value < .05 was
considered significantly different.

3. Results and Discussion

3.1. Effect of Inflammatory Mediators on P-gp Expression and
Activity. Treatment of GERP cells with 10 μg/mL LPS and/or
10–100 ng/mL TNF-α for 24 hours resulted in an increase in
P-gp activity (Figures 1(a)–1(c), P < .05). As 10 ng/mL is a
clinically relevant concentration [11] and a 10-fold higher
TNF-α concentration or combination of TNF-α and LPS did
not further increase P-gp activity, we used a concentration of
10 ng/mL TNF-α for additional experiments. In accordance,
we also observed an upregulation in Abcb1b expression after
exposure to TNF-α, LPS, or a combination of TNF-α and LPS
(Figure 1(d)), which was accompanied by an increase in P-
gp protein expression (Figure 1(e)), suggesting de novo P-gp
synthesis. This finding is in agreement with previous studies
in mice and rats in which the upregulation of renal P-gp was
demonstrated after in vivo LPS exposure [2, 19, 20].

3.2. P-gp Expression and Activity Also Independent of NO. We
previously suggested that P-gp is likely to be regulated by NO
produced by iNOS, as coadministration of aminoguanidine
reversed the induction in iNOS, reduced renal damage and

attenuated the endotoxin-induced effects on its expression
in rats [2]. In agreement, we show here that both iNOS
mRNA (Figure 2(a), P < .001) and protein (Figure 2(b)) are
upregulated when cells are exposed to LPS, either alone or
in combination with TNF-α. Treatment with TNF-α alone,
however, only marginally induced NOSII mRNA, but had no
effect on iNOS protein (Figures 2(a), and 2(b)).

To determine the NO-dependency of the upregulation
of P-gp, GERP cells were co-treated with the NO-scavenger
PTIO or exposed to the NO donor SNP. Indeed, the
P-gp efflux activity was not significantly different from
control anymore after co-treatment with PTIO (Figure 2(c)).
Remarkably, SNP, did not affect Abcb1b (data not shown)
and P-gp protein expression (Figure 2(d)) and its activity
was slightly, though not significantly, upregulated after 1
hour exposure and 5 hours recovery (Figure 2(e)). Prolonged
exposure times to SNP resulted in cytotoxicity (data not
shown). This is in contrast with previous findings demon-
strating that NO, released by the NO donor S-nitroso-N-
acetylpenicillamine, was able to upregulate P-gp expression
in the human CaCo2 cell line [21]. However, SNP produces
besides NO also iron and cyanide [22], so it is not clear
whether only effects of NO on P-gp expression and activity
were measured. In contrast to LPS, our findings indicate
that P-gp signaling seems largely NO-independent after
exposure to TNF-α. In addition, this signaling pathway may
be dependent on the type of cytokine as NO mediated
increased P-gp activity after stimulation with interferon-
γ [21]. Furthermore, it was recently demonstrated that in
vivo inhibition of NOS and subsequent NO production
with L-NAME did not affect blood-brain barrier P-gp
function during endotoxemia [23], which contradicts with
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previous in vitro findings in isolated rat brain capillaries
[7, 8].

3.3. Regulation of P-gp Activity by TNF-α. To dissect the sig-
naling pathway through which exposure to TNF-α increased
P-gp expression and activity we used various pharmaco-
logical agents. Since NO is a well-known activator of sGC,
which is in turn involved in the PKC signalling pathway
[5], the effects of the sGC inhibitor ODQ (Figure 3(a))
and the PKC inhibitor BIM (Figure 3(b)) on P-gp activity
were examined. Importantly, none of the two substances
could prevent the upregulation of P-gp caused by TNF-α,
suggesting that a novel pathway mediates P-gp activity in
GERP cells and/or that the NO-sGC-PKC pathway is not
activated in our cell line. This finding is in contrast with
previous studies using killifish renal proximal tubules and
brain capillary membranes [4–7].

LPS signals through toll-like receptor-4 (TLR-4) and
TNF-α mediates their effect by binding to TNFR1 (p55)
and TNFR2 (p75), which are known to be expressed in
the kidney and their expression patterns are modulated
during immune-mediated and ischemic renal injury [24, 25].
Figure 4(a) shows that TNFR1 and TLR4 are expressed in
the GERP cell line, whereas TNFR2 expression could not
be detected. To confirm the results of the PCR analysis,
we used inhibitors of and/or antibodies against TNFR1
(H398, Figure 4(b)) and TLR4 (anti-TLR4, Figure 4(c)) and
determined P-gp activity. Exposure to H398 could not
prevent the upregulation of P-gp by TNF-α, suggesting
that although TNFR1 is expressed in GERP cells it may
not be involved in P-gp regulation (Figure 4(b)). Many cell
types require cooperation between TNFR1 and TNFR2 to
generate TNF responses [26], and the absence of TNFR2
in our cells could explain why TNFR1 did not affect the
regulation of P-gp activity by TNF-α. On the other hand,
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inhibition of TLR4 resulted in an attenuation in P-gp activity
(Figure 4(c)), and an involvement of this toll-like receptor
is in agreement with previous findings in brain capillaries
[8].

Since the transcription factor NF-κB is the downstream
effector of TNF-α signalling in brain capillaries [7], we
wondered whether the same holds true for the regulation
of P-gp activity by TNF-α in this proximal tubular cell line.
GERP cells were exposed for 24 hours to the selective I
kappa B kinase (IKK)β inhibitor, IMD-0354 (Figure 5(a)),
or SN50 (Figure 5(b)). Remarkably, IMD-0354 alone gave
a significant upregulation of P-gp activity compared to
control cells (Figure 5(a), P < .01), indicating that the
compound itself has an effect on P-gp. An alternative
explanation would be that IMD-0354 may have potentiated
the responses to TNF-α and, therefore, NF-κB inhibits
P-gp activity and blockade of nuclear translocation of
this transcription factor leads to enhancement of TNF-α
induction. Exposing the cells to the combination of SN50,
a cell-permeable inhibitor peptide that interferes with NF-
κB nuclear translocation, and TNF-α slightly reversed the
increase in P-gp activity upon TNF-α treatment (Figure 5(b)
NS), suggesting a role for the transcription factor. Although
higher SN50 concentrations have been used before [7] this
was not feasible in our cell system due to solubility problems.
Hence, a role for NF-κB was demonstrated previously
after detrimental stimuli. Thevenod et al. showed that an
upregulation of P-gp by NF-κB is potentially important
for protecting renal proximal tubule cells from apoptosis
induced by cadmium- and reactive oxygen species (ROS)
[9]. In addition, an increase in P-gp expression and/or
activity by TNF-α was reported for primary rat hepatocytes
[27], a rat hepatoma cell line [28] and mouse liver [29],
which are also NF-κB dependent [28]. Furthermore, an NF-
κB binding site was found in the promoter region of the
Abcb1 gene [30]. Therefore, we suggest that NF-κB might
have a central role in the signal transduction mechanism
and could be involved in two distinct signalling pathways
of P-gp. This nuclear factor is probably activated directly
by proinflammatory cytokines and NO, and indirectly via
TLR4. However, more research is needed to further unravel
the regulation mechanism of P-gp in the GERP cell line
and the inflammatory response on the activity of the efflux
pump.

4. Conclusions

In accordance with previous rat endotoxemia studies, the
upregulation of P-gp expression and activity after exposure
to LPS in combination with TNF-α in the cultured renal
proximal tubule cells are under influence of NO produced
by iNOS. On the other hand, the signaling pathway of
TNF-α alone leading to P-gp upregulation seems to involve
TLR4 activation and NF-κB translocation, which results in
de novo synthesis of P-gp. Figure 6 summarizes the sequence
of events. Our findings indicate that at least two different
pathways regulate P-gp in renal proximal tubule cells during
endotoxemia.
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Rüdiger, “Chlamydophila pneumoniae induces expression of
Toll-like receptor 4 and release of TNF-α and MIP-2 via an NF-
κB pathway in rat type II pneumocytes,” Respiratory Research,
vol. 6, article 51, 2005.

[17] S. Notenboom, A. C. Wouterse, B. Peters, et al., “Increased
apical insertion of the multidrug resistance protein 2
(MRP2/ABCC2) in renal proximal tubules following gen-
tamicin exposure,” Journal of Pharmacology and Experimental
Therapeutics, vol. 318, no. 3, pp. 1194–1202, 2006.

[18] T. A. Vos, A. S. H. Gouw, P. A. Klok, et al., “Differential effects
of nitric oxide synthase inhibitors on endotoxin-induced liver
damage in rats,” Gastroenterology, vol. 113, no. 4, pp. 1323–
1333, 1997.

[19] G. Hartmann, V. Vassileva, and M. Piquette-Miller, “Impact
of endotoxin-induced changes in P-glycoprotein expression
on disposition of doxorubicin in mice,” Drug Metabolism and
Disposition, vol. 33, no. 6, pp. 820–828, 2005.

[20] S. Heemskerk, A. C. Wouterse, F. G. M. Russel, and R.
Masereeuw, “Nitric oxide down-regulates the expression of
organic cation transporters (OCT) 1 and 2 in rat kidney
during endotoxemia,” European Journal of Pharmacology, vol.
584, no. 2-3, pp. 390–397, 2008.

[21] S. G. Dixit, B. Zingarelli, D. J. Buckley, A. R. Buckley, and G.
M. Pauletti, “Nitric oxide mediates increased P-glycoprotein
activity in interferon-γ-stimulated human intestinal cells,”
American Journal of Physiology, vol. 288, no. 3, pp. G533–
G540, 2005.

[22] H. J. Kim, I. Tsoy, K. P. Min, et al., “Iron released by sodium
nitroprusside contributes to heme oxygenase-1 induction via
the cAMP-protein kinase A-mitogen-activated protein kinase
pathway in RAW 264.7 cells,” Molecular Pharmacology, vol. 69,
no. 5, pp. 1633–1640, 2006.

[23] M. A. Salkeni, J. L. Lynch, T. Otamis-Price, and W. A.
Banks, “Lipopolysaccharide impairs blood-brain barrier P-
glycoprotein function in mice through prostaglandin- and
nitric oxide-independent pathways,” Journal of Neuroimmune
Pharmacology, vol. 4, no. 2, pp. 276–282, 2009.

[24] R. S. Al-Lamki, J. Wang, J. N. Skepper, S. Thiru, J. S. Pober, and
J. R. Bradley, “Expression of tumor necrosis factor receptors
in normal kidney and rejecting renal transplants,” Laboratory
Investigation, vol. 81, no. 11, pp. 1503–1515, 2001.

[25] P. Chowdhury, S. H. Sacks, and N. S. Sheerin, “Toll-like
receptors TLR2 and TLR4 initiate the innate immune response
of the renal tubular epithelium to bacterial products,” Clinical
and Experimental Immunology, vol. 145, no. 2, pp. 346–356,
2006.

[26] A. P. Grech, S. Gardam, T. Chan, et al., “Tumor necrosis factor
receptor 2 (TNFR2) signaling is negatively regulated by a
novel, carboxyl-terminal TNFR-associated factor 2 (TRAF2)-
binding site,” The Journal of Biological Chemistry, vol. 280, no.
36, pp. 31572–31581, 2005.

[27] K. I. Hirsch-Ernst, C. Ziemann, H. Foth, D. Kozian, C.
Schmitz-Salue, and G. F. Kahl, “Induction of mdr1b mRNA
and P-glycoprotein expression by tumor necrosis factor alpha

in primary rat hepatocyte cultures,” Journal of Cellular Physi-
ology, vol. 176, no. 3, pp. 506–515, 1998.

[28] J. E. Ros, J. D. Schuetz, M. Geuken, et al., “Induction of Mdr1b
expression by tumor necrosis factor-α in rat liver cells is
independent of p53 but requires NF-κB signaling,” Hepatology,
vol. 33, no. 6, pp. 1425–1431, 2001.

[29] G. Hartmann, A. K. Y. Cheung, and M. Piquette-Miller,
“Inflammatory cytokines, but not bile acids, regulate expres-
sion of murine hepatic anion transporters in endotoxemia,”
Journal of Pharmacology and Experimental Therapeutics, vol.
303, no. 1, pp. 273–281, 2002.

[30] G. Zhou and M. T. Kuo, “NF-κB-mediated induction of mdr1b
expression by insulin in rat hepatoma cells,” The Journal of
Biological Chemistry, vol. 272, pp. 15174–15183, 1997.



Hindawi Publishing Corporation
Journal of Biomedicine and Biotechnology
Volume 2010, Article ID 917108, 11 pages
doi:10.1155/2010/917108

Review Article

The Receptor for Advanced Glycation End Products (RAGE)
and the Lung

Stephen T. Buckley and Carsten Ehrhardt

School of Pharmacy and Pharmaceutical Sciences, Trinity College Dublin, Dublin 2, Ireland

Correspondence should be addressed to Carsten Ehrhardt, ehrhardc@tcd.ie

Received 7 August 2009; Revised 27 September 2009; Accepted 9 October 2009

Academic Editor: Karl Chai

Copyright © 2010 S. T. Buckley and C. Ehrhardt. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The receptor for advanced glycation end products (RAGE) is a member of the immunoglobulin superfamily of cell surface
molecules. As a pattern-recognition receptor capable of binding a diverse range of ligands, it is typically expressed at low levels
under normal physiological conditions in the majority of tissues. In contrast, the lung exhibits high basal level expression of
RAGE localised primarily in alveolar type I (ATI) cells, suggesting a potentially important role for the receptor in maintaining
lung homeostasis. Indeed, disruption of RAGE levels has been implicated in the pathogenesis of a variety of pulmonary disorders
including cancer and fibrosis. Furthermore, its soluble isoforms, sRAGE, which act as decoy receptors, have been shown to be a
useful marker of ATI cell injury. Whilst RAGE undoubtedly plays an important role in the biology of the lung, it remains unclear
as to the exact nature of this contribution under both physiological and pathological conditions.

1. Introduction

The receptor for advanced glycation end products (RAGE)
is a member of the immunoglobulin superfamily [1].
The receptor itself is composed of an extracellular region
containing one “V”-type and two “C”-type immunoglobulin
domains. This is followed by a hydrophobic transmembrane-
spanning domain which in turn neighbours a highly charged,
short cytoplasmic domain that is essential for post-RAGE
signalling (Figure 1). This has been termed “full-length”
or membrane RAGE (mRAGE). In addition, a number of
isoforms have been identified (see below).

RAGE was initially identified and characterised for its
ability to bind advanced glycation end products (AGEs),
adducts formed by glycoxidation that accumulate in disor-
ders such as diabetes [2]. Subsequently, RAGE has also been
shown to be a pattern recognition receptor, recognising fam-
ilies of ligands rather than a single polypeptide. Such ligands
include amyloid fibrils, amphoterins, S100/calgranulins, and
Mac-1 [3, 4].

In the majority of healthy adult tissues, RAGE is
expressed at a low basal level. The up-regulation of RAGE has
been associated with a diverse range of pathological events,

from atherosclerosis to Alzheimer’s disease [5]. However,
the exact function of RAGE in the lung has yet to be
fully characterised. Uniquely, pulmonary tissues express
remarkably high basal levels of RAGE suggesting that RAGE
may have a number of functions in the lung distinct from
that which it holds in other tissues (Figure 2). Whilst the
current body of research indicates important roles in both
pulmonary physiology and numerous pathological states,
additional work is required to clarify those inconsistencies
which currently exist in the literature and further elucidate
the important role of RAGE in the lung. This review aims
to critically assess the current body of evidence relating
to RAGE in the lung and stimulate further research and
discussion on its functions in the pulmonary context.

2. RAGE Isoforms

In addition to its full-length, membrane-bound form
(mRAGE), an increasing number of isoforms of RAGE have
been identified (Figure 1). In particular, RAGE has been
shown to exist in a soluble isoform termed soluble RAGE
(sRAGE). Whilst the sRAGE isoform contains the same
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Figure 1: Schematic representation of RAGE and the generation of some of its isoforms commonly found in the lung. In addition to its
full-length form (mRAGE), RAGE also exists in a soluble form (sRAGE) which lacks the transmembrane and cytosolic domains found in
mRAGE. Production of sRAGE isoforms is via either proteolytic cleavage, which gives rise to cleaved RAGE (cRAGE) or alternative splicing
at exon 9 resulting in a C-truncated form termed endogenous secretory RAGE (esRAGE).

V-type and C-type regions found in mRAGE, it lacks
the transmembrane and cytosolic domains. Consequently,
sRAGE is found in the extracellular space and is capable
of binding RAGE ligands prior to their interaction with
mRAGE. sRAGE is produced primarily by two mechanisms:
removal of the transmembrane region via alternative splicing
and cleavage from the membrane by proteolysis.

Studies have illustrated that alternative splicing at exon
9 gives rise to a C-truncated form termed endogenous
secretory RAGE (esRAGE or RAGE v1) [6]. Proteolytic
cleavage at the cell surface results in the production of a
further soluble isoform termed cleaved RAGE (cRAGE) [7].
Recent findings by Raucci et al. [8] suggest that this process
is mediated by ADAM10, a membrane metallopeptidase.
Notably, both soluble isoforms are capable of binding the
same RAGE ligands and in this sense their functions are
equivalent. In this way, it has been proposed that sRAGE acts
as a decoy receptor, preventing the interaction of mRAGE
with its ligands.

Furthermore, it has been shown that the expression
of many isoforms in tissues or cell lines is dependent
on the cell type. Indeed, Gefter and colleagues [9] have
recently illustrated that certain lung isoforms possess distinct

epitopes which were not found elsewhere. Interestingly, non-
lung cells and tissues were found to express mRNA which
was more than three times the size of that expressed in
the lung. Moreover, the majority of cell lines were revealed
to express a cell line isoform whilst lacking the isoform
found predominantly in the lung. These findings suggest that
those RAGE isoforms unique to the lung may exhibit both
structural and functional differences. However, it is currently
unclear as to the specific mechanisms which give rise to
any lung-restricted isoforms. Undoubtedly, the role of RAGE
under both physiological and pathological settings involves
elaborate interaction between the numerous isoforms. Thus,
further elucidation of the expression of all isoforms of RAGE
is essential.

3. Localisation and Physiological Role of
RAGE in the Lung

Initial immunostaining data of bovine tissues showed RAGE
to be expressed in pulmonary endothelium, bronchial and
vascular smooth muscle, alveolar macrophages, leiomy-
ocytes, and the visceral pleural surface [10]. Using poly-
clonal antibodies and specimens from human thoracoscopy,
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Figure 2: Tissue distribution of RAGE. (a) Relative number of expressed-sequence clones per million identified in tissue and species-specific
databases [11]. The table was updated on 07/20/09. (b) Quantitative analysis of RAGE mRNA expression in healthy human tissue. Two sets of
RAGE-specific primers, RAqu 2 (black) and RAqu 3 (white), were used to compare RAGE expression in 16 human tissues of healthy donors
in quantitative RT-PCR analysis. The transcript numbers of RAGE were compared with the transcript numbers of GAPDH in 2 μL cDNA.
The mean and SEM of two separate light cycler runs are displayed (adapted from [12]).

Morbini and coworkers [13] later observed RAGE in bron-
chiolar epithelia, alveolar type II cells, macrophages, and
some endothelia. However, in both rat and human lungs,
RAGE has also been suggested to colocalise with markers
specific to type I alveolar epithelial cells [12, 14]. However,
this contrasts with Katsuoka’s findings [15] that RAGE
mRNA expression was predominantly restricted to alveolar
type II (ATII) pneumocytes in rats. Expression of both RAGE
protein and mRNA in A549, a human lung adenocarcinoma
cell line with alveolar type II-like properties, has been
suggested by some groups [16, 17], while others were unable
to confirm RAGE to be present in A549 cells at baseline (Nina
Demling personal communication).

Further supporting evidence for the localisation of RAGE
to alveolar epithelial type I (ATI) cells was provided by
Dahlin et al. [18] who illustrated that RAGE was differentially
expressed in rat type I cells. Similarly, the rat type I-like
cell line, R3/1, has also been shown to express high levels of
RAGE [19]. Collectively, this suggests RAGE being a marker
for type I pneumocytes rather than the type II phenotype.

Within the ATI cell, RAGE has been shown to be
specifically localised towards the basal cell membrane [12,
14, 20]. Given its high expression in the lung and specific
localisation in ATI cells, an important role for RAGE in
maintaining lung homeostasis is likely. However, the exact
role of RAGE in lung physiology has yet to be fully elucidated.
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Demling and coworkers [12] have shown that HEK293 cells
overexpressing RAGE adhere much faster to collagen IV,
and to a greater extent when compared to mock transfected
cells. Furthermore, the degree of adherence was decreased
in the presence of an anti-RAGE antibody. Similarly, in
A549 cells, blockade of RAGE inhibited the adhesion onto
collagen and intact extracellular matrix [17]. Preincubation
with sRAGE was found to reduce this effect, although alone
it was found to have no effect on cell adhesion, suggesting
that this function is mediated by RAGE in its full-length
form. Moreover, expression of RAGE has also been shown
to promote spreading of adherent cells on collagen IV.
The specificity of this RAGE-collagen IV interaction was
underlined by the fact that adherence on fibronectin and
laminin was inefficient [12]. In addition, the findings of
Bartling et al. [21] that RAGE-transfected lung cancer cells
exhibited epithelial growth on collagen layers suggest that
this interaction is of functional importance. Most recently, it
has been shown that RAGE and collagen IV are colocalised
at the basement membrane of normal mouse lungs [22].
Observations by Hori et al. [23] that a RAGE-amphoterin
interaction is involved in neurite outgrowth during brain
development further support a possible role for RAGE in
cell-extracellular matrix interactions.

Using siRNA techniques it was illustrated that knock-
down of RAGE in A549 cells and human pulmonary fibrob-
lasts resulted in increased migration as evaluated by chemo-
taxis migration and scratch wound healing assays [17].
Furthermore, both modified cell types exhibited increased
proliferation. Of note, the effect of RAGE knockdown on
migration was more pronounced in fibroblasts whilst con-
versely epithelial cells adopted greater proliferative capacity,
suggesting that the specific role of RAGE may vary from one
cell type to another.

In a developmental setting, it has been shown in rat
lungs that levels of mRAGE and sRAGE at both the mRNA
and protein level exhibit a gradual increase from foetal
(E19) through to adulthood [24]. Given that the newborn
rat lung is not fully alveolarised, this increase in RAGE
levels may correspond to alveolarisation and expansion of
the ATI cell population. Additionally, since sRAGE has been
shown to inhibit RAGE dependent epithelial spreading in
vitro [12], the deficiency of sRAGE at these early stages of
development may serve to promote spreading of ATI cells
during development of the alveolus.

Together, these findings indicate that RAGE may assist
ATI cells to acquire a spread-out morphology and in doing
so ensure effective gas exchange and alveolar stability. Given
its apparently important role in modulating adhesion of
alveolar epithelial cells to the basement membrane, a role for
RAGE in pathologies such as cancer and fibrosis, in which
these interactions are altered or impaired, appears likely.

4. RAGE and Lung Cancer

Recent evidence indicates that RAGE plays an impor-
tant role in cancer. RAGE ligands, which include the
S100/calgranulins and high-mobility group box 1 (HMGB1)
protein, are expressed and secreted by cancer cells and

cause cellular activation, resulting in enhanced expression
of cytokines and growth factors, increased cell migration,
and activation of the transcription factor, NF-κB [25]. In
tumours, because blockade of RAGE reduces tumour cell
growth and metastases, it might be expected that the most
invasive tumours would have the highest levels of RAGE.
While this appears to be the case for prostate, colon, and
gastric tumours, curiously, lung cancers, among the most
invasive of tumours, are reported to express low levels of
RAGE [26, 27]. Reduced levels of RAGE have been observed
in non-small cell lung carcinoma (NSCLC) compared with
the normal lung [21, 28–33]. Only one publication reported
abundant RAGE expression in lung tumour specimens by
microarray [34]. Down-regulation of RAGE, on the other
hand, correlated well with higher tumour stages [21].
Moreover, overexpression of full-length human RAGE in
H358 lung cancer cells resulted in reduced tumour growth
compared to that in dominant-negative RAGE expressing
cells in vivo [35]. Recently, it was found that esRAGE, the
splice variant that is secreted and acts as an antagonist, is also
down-regulated in NSCLC [36].

Amphoterin (HMGB1) is a high mobility group I non-
histone DNA-binding protein that can be secreted into the
extracellular space during certain stages of development
or in necrotic cells, where it triggers inflammation [37].
Although it is unclear to what extent amphoterin is located
in the extracellular space of tumour cells, the interaction of
amphoterin with RAGE has been suggested to contribute
to tumour growth and especially, to invasive migration and
metastasis [26]. Blockade of the amphoterin-RAGE inter-
action decreased matrix metalloproteinase (MMP) activity
and inhibited tumour growth and metastases [38]. MMPs
which are able to degrade almost all extracellular matrix
components have been shown to associate with increased
metastatic potential in many cancer types [39]. Bartling et
al. [21] demonstrated that overexpression of RAGE in lung
cancer cells without additional application of amphoterin
does not mediate an increased tumour growth in athymic
mice. Overexpression of full-length human RAGE in lung
cancer cells even showed a diminished in vitro proliferation
in monolayer cell cultures compared with cells expressing
the cytoplasmic deletion mutant of RAGE (ΔcytoRAGE) or
mock transfected cells.

Other RAGE-ligands are also suggested to be expressed
in lung cancer. S100P overexpression in NSCLC associated
with poor survival was reported in two studies [40, 41].
Furthermore, overexpression of S100P but not S100A2 in
the HTB-58 NSCLC cell line increased its transendothelial
migration [41]. S100A4 and S100A6 were also found to be
up-regulated in lung tumours [34, 42]. Reduced E-cadherin
expression combined with higher S100A4 expression was
associated with poor prognosis due to increased metastasis
in pulmonary adenocarcinoma [43].

RAGE ligands are widely overexpressed in lung cancer,
while the receptor itself seems to be down-regulated or
cleaved proteolytically. The broad range of ligands with
which RAGE interacts and the multiple alternative mecha-
nisms of action of these ligands make it difficult to determine
the specific mechanisms involved in particular functions.
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It appears that interference with RAGE ligands will be of
therapeutic benefit in lung cancer, but further study is
needed to fully understand the role of RAGE and its ligands
in this aggressive cancer pathology.

5. RAGE Alteration during Exposure
to Cigarette Smoke and Radon

The two leading risk factors for lung cancer are cigarette
smoke and radon exposure [44]. The group of Jian Tong
extensively studied alterations of RAGE and its ligands by
proteomics, after exposure of rats to these noxious agents
[45–47]. They found that RAGE and S100A6 were up-
regulated in a dose-dependant manner when rats were
exposed to radon for cumulative doses up to 400 working
level months (WLM) [45]. A similar effect was observed
when rats were exposed to cigarette smoke twice daily for
up to 4 months [46]. When combining the two insults,
that is, exposing the rat to cigarette smoke (75 days) plus
radon (200 WLM), similar alterations in protein expression
resulted [47]. By immunohistochemistry the RAGE signal
was predominantly observed at the alveolar interstitium
and epithelial cells. Reynolds et al. [48] demonstrated that
RAGE, S100A12, and amphoterin were up-regulated in a
rat (R3/1) and human (A549) alveolar epithelial cells and
macrophages (RAW 264.7) following exposure to cigarette
smoke extract (CSE). They further confirmed elevated RAGE
levels in the lungs of mice exposed to cigarette smoke for 6
months. RAGE level was influenced by differential expression
of transcription factors such as TTF-1 and Egr-1 and that
activation of RAGE and Egr-1 by cigarette smoke synergis-
tically elaborated both RAGE and its ligands to maintain
RAGE signalling [48]. The same group also reported that Ras
was induced in R3/1 cells after exposure to CSE, resulting
in up-regulation of NF-κB, leading to increased secretion of
proinflammatory cytokines such as TNFα, IL-1β, and IL-8
[49]. When cells were treated with siRNA for RAGE, Ras
and NF-κB activation was decreased [50]. In human lungs
with lesions associated with smoking, immunohistochemical
studies have shown that bronchiolar epithelia, areas of
alveolar bronchialisation, reactive pneumocytes, and alveolar
macrophages all exhibit widespread RAGE reactivity [13].
S100A12 was found to be expressed in polymorphonu-
clear granulocytes and in extracellular fluid, whilst low
reactivity was seen in bronchiolar epithelia and a number
of macrophages. Moreover, both the number of carboxy-
methyl-lysine positive cells and intensity of expression were
measurably enhanced in epithelial and inflammatory cells of
the lungs of smokers.

6. RAGE and Pulmonary Fibrosis

Similar to lung cancer, fibrotic processes are disorders in
which cell attachment and cell communication are critical
events. RAGE has been implicated in the fibrotic process in
a number of tissues, including the peritoneum, kidney, and
liver [51–53], where it has been shown to promote fibrosis.
In the lung, evidence continues to accumulate suggesting an

important role for RAGE in pulmonary fibrosis, although
data is conflicting if RAGE has a protective function or is
indeed a culprit.

In animal models of pulmonary fibrosis, both membrane
RAGE and sRAGE protein levels have been shown to be
reduced following treatment with bleomycin, asbestos, or
silica [54–56]. In the case of bleomycin injury, loss of
mRAGE was seen within 24 hours [55] and a reduction
in sRAGE observed as early as day 2 [54], with levels of
both remaining reduced at day 7 [54, 55]. The deleterious
effects of asbestos on expression of both mRAGE and sRAGE
were evident within 24 hours and maintained to day 14
following treatment [55]. In common with asbestos, silica
was found to induce a loss of RAGE which was apparent in
samples isolated two weeks after treatment [56]. A similar
decrease in RAGE has also been illustrated in ATI cells
isolated from rat lung slices treated with CdCl2 and TGF-β1
[57]. Investigations by Englert et al. [55] have shown that
RAGE-deficient (RAGE −/−) mice spontaneously develop
fibrosis-like alterations in lungs, exhibiting enhanced levels
of collagen I and increased hydroxyproline content. Further-
more, following treatment with asbestos, these mice develop
a fibrosis which is more severe compared to control mice.

Similar findings have been illustrated in lung
homogenates and broncho-alveolar lavage fluid (BALF)
from patients suffering form idiopathic pulmonary fibrosis
(IPF). Both Englert et al. [55] and Queisser et al. [17]
report that RAGE protein levels in lung homogenates
were reduced in comparison to healthy donor samples. A
lower concentration of sRAGE was also found in BALF
of IPF patients [58]. Moreover, the RAGE gene has been
shown to be significantly down-regulated in IPF lungs
[55, 59, 60]. Together, these findings suggest that loss of
RAGE may serve to promote fibrosis in the lung or that
RAGE down-regulation is a result of this pathology.

In contrast, He and colleagues [61] report that RAGE
−/− mice were resistant to bleomycin induced lung injury
with enhanced survival rates and lower fibrotic scores. They
showed that protein levels of the pro-fibrotic cytokines
TGF-β1 and PDGF in BALF failed to increase in RAGE
−/− mice following bleomycin treatment, in contrast to
wildtype mice. Additionally, HMGB1 increased in mice
treated with bleomycin. Coupled to this, ATII cells cultured
in the presence of HMGB1 were found to undergo epithelial-
mesenchymal transition (EMT). In cells isolated from RAGE
−/− mice, HMGB1 failed to induce EMT suggesting a
potential role for RAGE signalling in HMGB1-induced EMT.
These findings are in accordance with the traditionally held
view of RAGE as being profibrotic [51–53] and that the
RAGE expression is controlled by cytokines [62].

Findings by Morbini et al. [13] lend further evidence
to a role for RAGE in promoting fibrosis. In immuno-
histochemical studies of lung samples from IPF patients,
overexpression of RAGE was found in reactive pneumocytes,
bronchiolar metaplastic epithelium, and endothelium. Inter-
estingly, overexpression was most apparent in fibroblastic
foci. Additionally, in a recent study by Chen et al. [63]
it was shown that AGE levels in rat lungs were increased
significantly following bleomycin instillation. Interestingly,
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when formation of AGEs was blocked through treatment
with aminoguanidine, bleomycin-induced fibrosis was atten-
uated. It is unclear, however, as to what extent this involves its
receptor, RAGE.

In those suffering from cystic fibrosis (CF), injury to
the lung as a consequence of sustained inflammation is the
most prevalent cause of morbidity and mortality [64]. The
S100 family of calcium binding proteins has been implicated
in this process. It has been suggested that these proteins
mediate their proinflammatory effects in CF via RAGE.
Studies by Foell et al. [65] have shown that S100A12 is
locally expressed by infiltrating neutrophils in the lungs of
CF patients. Furthermore, it has been illustrated that levels
of S100A12 in the sputum of CF patients are extremely high
[65, 66]. During acute infectious exacerbations, serum levels
were found to be increased in comparison to controls [65].
Interestingly, intravenous antibiotic treatment successfully
reduced S100A12 levels. In addition, RAGE expression in
CF neutrophils was significantly enhanced along with a
reduction in levels of sRAGE [66]. Together, this points
towards an important role for RAGE in neutrophil associated
airway inflammation in CF.

Currently, it is unclear as to the exact role of RAGE in
fibrosis of the lung. A number of studies undertaken using
animal models of fibrosis have produced conflicting results.
These findings highlight the acknowledged limitations of
such models [67] and consequently limit the extent to which
inference can be drawn from them. Furthermore, whilst a
number of studies report a loss of RAGE under experimental
conditions of fibrosis, it is unclear as to whether this is due to
a down-regulation of RAGE itself or simply a loss of alveolar
type I epithelial cells, the primary expresser of RAGE.

7. RAGE and Acute Lung Injury and Acute
Respiratory Distress Syndrome

Acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS), a more severe manifestation, are char-
acterised by deterioration of the alveolar-capillary barrier
together with impaired alveolar fluid clearance (AFC) [68].

Core to this process is the damage of ATI cells, which
under physiological conditions help maintain the integrity
of the alveolar-capillary barrier in addition to transporting
sodium and thus, ensuring an intact AFC. Given this, RAGE,
which is expressed primarily in ATI cells, has been suggested
as a biomarker for ALI and ARDS [54, 69].

Several different animal models of ALI resulted in
increased RAGE levels in the BALF [69–74]. However, the
level of response varied depending on the experimental
model used. Su et al. [72] reported that RAGE levels in
BALF were elevated 58-, 22-, and 13-fold after intratracheal
instillation of hydrochloric acid, lipopolysaccharide (LPS),
and Escherichia coli in mice. The same study also showed
an increase in BALF RAGE after hyperoxia (95% O2, 96 h).
Hyperoxia (75% O2, 96 h) was recently reported to up-
regulate both membrane RAGE and sRAGE protein in
mice as well as RAGE mRNA in alveolar epithelial cells
in primary culture under hyperoxic conditions [73]. RAGE

knock-out mice, however, were protected from hyperoxia-
induced mortality, had less protein in BALF and diminished
lung fluid, fewer total BALF cells and reduced secretion
of proinflammatory cytokines [73]. Parmley and colleagues
[74] demonstrated that lung injury induced by cytokine (IL-
1α and IFN-γ) instillation was associated with increased
inflammation, tissue damage, and elevation of RAGE,
ICAM-1, VCAM-1, and LDH levels (in BALF). Antagonists
of α4/β1 and αL/β2 integrins suppressed adhesion of MNP
and modulated release of RAGE and LDH [74].

In contrast to these direct models of lung injury, ALI
induced indirectly using either MHC I antibodies (i.v.) or
thiourea (i.p.) failed to alter RAGE levels in the BALF [72].
Uchida et al. [69] had previously demonstrated that RAGE
levels in the BALF and serum varied with the severity of
lung injury following i.t. instillation of HCl into rats, whereas
RAGE was not detected in serum from LPS-instilled animals.
This suggests that different pathways might be involved in
RAGE release into the BALF and serum, depending on the
nature of the insult. When studying LPS-induced lung injury
in mice, Zhang et al. [71] confirmed that sRAGE levels in
the BALF are increased 24 hours after LPS instillation (but
not after 6 h). They also reported that sRAGE injected i.p.
1 hour after LPS instillation was able to attenuate BALF total
cell count, neutrophils, lung permeability index, and NF-κB
activity. Moreover, sRAGE treatment significantly attenuated
up-regulation of several (but not all) proinflammatory
cytokines in BALF, while with the exception of MIP-1β, no
significant difference in cytokine serum levels between the
LPS and the LPS plus sRAGE groups was observed [71].
These results suggest that sRAGE blockade of HMGB-1-
induced increase in proinflammatory cytokines is restricted
to the lung.

When comparing RAGE levels in pulmonary oedema
fluid and plasma from patients with ALI/ARDS with a group
of patients with hydrostatic pulmonary oedema, the RAGE
levels in ALI/ARDS were significantly higher than those
from patients with hydrostatic pulmonary oedema or control
[69]. Furthermore, RAGE levels in the alveolar oedema
fluid were significantly higher than plasma in patients
with pulmonary oedema. This finding suggested that the
source of RAGE in these samples was predominantly from
the lungs rather than from the circulation. Additionally,
poorer clinical outcomes in patients with ALI have been
shown to be strongly correlated with higher baseline plasma
sRAGE levels [75], whilst both airspace and perfusate sRAGE
levels appeared to be negatively correlated with AFC [76,
77]. In support of this, the RAGE ligand S100A12 was
enhanced in pulmonary tissues of ARDS patients, coupled
with an increased concentration of S100A12 in BALF [78],
whilst HMGB1, another RAGE ligand has been shown to
induce neutrophil accumulation, lung oedema, and release of
cytokines [79, 80]. Given that RAGE is the primary receptor
through which these ligands act, blockade of this interaction
would appear to be of benefit in assisting in the resolution of
lung injury.

From these findings it can be speculated that RAGE is
released from ATI cells during ALI/ARDS either via apoptotic
events or controlled shedding, for example, via MMPs from
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the epithelium of infiltrated leukocytes [81]. RAGE can then
potentially participate in a negative feedback after excessive
inflammation by acting as a decoy receptor for, for example,
HMGB1, which is know to be up-regulated in response to
LPS and causes an inflammatory response manifested by
increasing production of cytokines [82].

8. RAGE and Other Pulmonary Disorders

Sarcoidosis, a disease state characterised by noncaseating
granulomae, has been illustrated to exhibit expression of
RAGE together with its ligands [13, 83]. Furthermore, it
was shown that a specific polymorphism, which is associated
with greater transcriptional activity of RAGE, is more
prevalent in sarcoidosis patients compared with healthy
subjects [83].

In immunohistochemical studies, overexpression of
RAGE was most prominent in epithelia associated with
inflammatory cell aggregates in organising pneumonia [13].
In addition, in a recent study RAGE deficiency was shown to
protect against pneumococcal pneumonia in a murine model
[84]. RAGE −/− mice intranasally inoculated with Strepto-
coccus pneumoniae exhibited improved survival together with
lower bacterial load in the lungs after 16 hours and reduced
distribution of bacteria to the blood and spleen. Moreover,
macrophages isolated from RAGE −/− mice possessed an
elevated killing capacity, suggesting a possible mechanism
by which RAGE deficiency may serve to ameliorate the
deleterious effects of S. pneumoniae. In line with the findings
of Morbini et al. [13], expression of RAGE in lung tissue of
mice treated with S. pneumoniae was found to be enhanced.
Additionally, inflammation of the lung was reduced in mice
lacking RAGE, whilst migration of neutrophils to the lungs
was alleviated. RAGE −/− mice also displayed reduced
activation of coagulation, suggesting that RAGE potentially
acts, at least in part, as a mediator of coagulation [85].
Similarly, in influenza A virus model of pneumonia, RAGE
(−/−) mice exhibited enhanced resistance to pneumonia
as illustrated by increased survival and improved viral
clearance. This was coupled with a superior cellular T cell
response and neutrophil activation [86]. Implicit in the
inflammatory response to infection is the careful balance
between benefit and harm. Collectively, these results indicate
that RAGE may perturb this balance giving rise to a sustained
inflammatory response.

A study by Calfee et al. [87] of patients undergoing
lung transplantation indicated that plasma sRAGE levels
were associated with a more prolonged duration of mechan-
ical ventilation and ICU length of stay. Moreover, when
measured with 4 hours of allograft reperfusion, it proved
a better prognostic marker for these short-term outcomes
when compared to the clinical diagnosis of primary graft
dysfunction. Sternberg and coworkers’ [88] investigations
lend further support to suggest an important role for RAGE
signalling in lung injury following transplantation surgery.
Through blockade of RAGE, they explored the functional
relevance of RAGE signalling in animals subjected to pul-
monary ischemia and reperfusion injury (IR). Of note, IR is
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Figure 3: RAGE is central to many fundamental biological
processes in the lung. Expression of RAGE has been shown to
promote spreading of adherent cells on collagen IV and in doing
so may ensure effective gas exchange. RAGE-expressing epithelial
cells exhibit diminished proliferative capacity compared to non-
expressing cells. Cells overexpressing RAGE adhere much faster
to collagen IV, and to a greater extent when compared to mock
transfected cells suggesting an important role in cell-extracellular
matrix interactions.

thought to be directly linked to primary graft dysfunction,
one of the principal sources of morbidity following lung
transplantation. They revealed that animals treated with
sRAGE exhibited enhanced oxygenation and a reduction in
capillary leakage, coupled with improved histological injury.
These findings were further reinforced by that fact that RAGE
−/− mice also failed to develop pulmonary reperfusion
injury. In addition, production of IL-8 and activation of
NF-κB, both implicated in the pathogenesis of IR, failed to
increase in contrast to controls. Whilst these results infer
a role for RAGE in inflammatory signalling, surprisingly,
RAGE at mRNA and protein levels were found to decrease
following injury. Clearly, further investigations are required
to fully elucidate the exact role of RAGE signalling in this
pathology.

9. Concluding Remarks

Unlike in other tissues, RAGE is highly expressed in the lung
under normal physiological conditions. Given this, it has
been suggested that RAGE may exhibit properties restricted
solely to the pulmonary environment. Indeed, studies have
illustrated that RAGE possesses a number of important
physiological roles in the lung including modulation of cell
spreading, adhesion to ECM components, proliferation, and
migration (Figure 3). Moreover, disturbance of this basal
expression level appears to result in impaired functioning
of RAGE, giving rise to pathological states including cancer
and fibrosis. However, it remains unclear as to whether
this is associated with down-regulation or up-regulation of
expression at mRNA and protein levels with current studies
reporting conflicting results.
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In addition, evidence continues to accumulate for the
existence of numerous isoforms of RAGE. It is likely that
many of these isoforms exhibit unique properties, with
expression in some instances limited to specific cells or
tissues. Notably, its soluble isoforms have been shown to be
an important marker of injury to ATI cells. Furthermore,
sRAGE is known to act as a decoy receptor binding ligands
which otherwise would interact with full-length, membrane-
bound RAGE. Clearly, developing a greater understanding
of each isoform’s expression, function, and interaction is
essential in order to establish an accurate picture of the
behaviour of RAGE in the lung.

Undoubtedly, RAGE and its isoforms play an essential
role in the biology of the lung under both physiological
and pathological conditions. However, it is vital that future
studies address the relative contribution of both RAGE
and its isoforms whilst continuing to ensure that those
experimental models used reflect conditions in vivo.
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Histologically, Alzheimer’s disease (AD) is characterized by senile plaques and cerebrovascular amyloid deposits. In previous
studies we demonstrated that in AD patients, amyloid-β (Aβ) peptide also accumulates in choroid plexus, and that this process
is associated with mitochondrial dysfunction and epithelial cell death. However, the molecular mechanisms underlying Aβ
accumulation at the choroid plexus epithelium remain unclear. Aβ clearance, from the brain to the blood, involves Aβ carrier
proteins that bind to megalin, including gelsolin, a protein produced specifically by the choroid plexus epithelial cells. In this study,
we show that treatment with gelsolin reduces Aβ-induced cytoskeletal disruption of blood-cerebrospinal fluid (CSF) barrier at the
choroid plexus. Additionally, our results demonstrate that gelsolin plays an important role in decreasing Aβ-induced cytotoxicity
by inhibiting nitric oxide production and apoptotic mitochondrial changes. Taken together, these findings make gelsolin an
appealing tool for the prophylactic treatment of AD.

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by a progressive loss of cognitive function
and is associated with neuropathological hallmarks that
include amyloid plaques, neurofibrillary tangles, synaptic
loss, and neurodegeneration. Senile plaques mainly consist of
an extracellular accumulation of the 40–42-aminoacid long
peptide amyloid β (Aβ) [1, 2], although intracellular deposits
of Aβ have also been reported [3, 4]. Besides accumulating in
the brain parenchyma, Aβ also accumulates in choroid plexus
epithelial cells [5] and in cerebrovascular walls, where it
induces blood-brain barrier disruption [6–8]. Several studies
have shown that Aβ1–40 and Aβ1–42 alter transmembrane
and cytoplasmic tight junction proteins in brain microvessel
endothelial cells, including ZO-1, which ultimately leads to
disruption in the integrity of the blood-brain barrier [9, 10].

In support of these findings, recent results from our
laboratory have suggested direct relationship between Aβ
accumulation at the choroid plexus epithelium and the

development of functional and structural dysfunctions [5,
11]. In addition, we demonstrated the existence of a link
between Aβ-induced choroid plexus cell death, increased
production of nitric oxide (NO), and mitochondrial dys-
function in the choroid plexus of patients with AD and
amyloid precursor protein (APP)/PS1 mice [11].

The choroid plexus, which is made up of a single epithe-
lial cell layer, is responsible for producing cerebrospinal fluid
(CSF) and constitutes the blood-CSF barrier. Additionally,
choroid plexus cells produce proteins involved in several
processes important for normal brain function, such as
prevention of Aβ fibrillization. One of such proteins is
gelsolin [12], which is a potent actin-regulatory protein that
controls cytoskeletal assembly and disassembly [13]. Gelsolin
can be found both as an intrinsic cytoplasmic protein and
as a secreted protein [14]. Besides controlling formation of
cytoplasmic actin filaments, gelsolin plays an important role
in apoptosis and amyloidosis. The secretory form of gelsolin
is known to bind Aβ under normal physiological conditions
[15], inhibit the fibrillation of Aβ, and defibrillize preformed
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fibrils of this peptide [16]. Some groups have suggested that
gelsolin could be used in the prophylactic treatment of AD as
Aβ sequestering agent [17, 18].

In this study, we hypothesize that the secreted form of
gelsolin could be an effective therapeutic approach for the
preservation of blood-CSF barrier integrity and function,
and thus an attractive tool for the prophylactic treatment
of AD. To test the hypothesis that secreted gelsolin can
reduce Aβ cytotoxicity on choroid plexus epithelium, we
analyzed cytoskeletal alterations, including the distribution
and expression of ZO-1. In addition, we assessed Aβ-induced
NO production, cell death, and mitochondrial changes in
choroid plexus epithelial cells.

2. Methods

Cell Culture. Epithelial cell monolayers from P3-P5 Wistar
rats were prepared as described previously [19]. Cells were
grown to confluence for 5–7 days and serum starved for
2 hours. Human analog peptides corresponding to Aβ1–40,
Aβ1–42, or scrambled Aβ1–42(5 μg/mL; AnaSpec, Inc.), and
gelsolin, extracted from bovine plasma (5 μg/mL; Sigma),
were added. Forty-eight hours after stimulation, cells were
either fixed for immunocytochemical analysis or homoge-
nized for immunoblot determination.

Antibodies. The following antibodies were used: mouse
monoclonal anti-Aβ1–40 (Chemicon), rabbit polyclonal anti-
Aβ1–42 (Chemicon), goat polyclonal anti-megalin (Santa
Cruz Biotechnology), mouse monoclonal anti-gelsolin
(Sigma), mouse monoclonal anti-pSer (Sigma), goat poly-
clonal anti-ZO-1 (Santa Cruz Biotechnology), mouse mon-
oclonal anti-CoxVa (Molecular Probes), BIODIPY FL phal-
lacidin (Invitrogen), Alexa-coupled (Molecular Probes), and
HRP-conjugated (Bio-Rad).

Western-Blot Analysis. Western-blot (WB) analysis and
immunoprecipitation were performed as described previ-
ously [19]. WB membranes were reblotted with the same
antibody used for immunoprecipitation, and to normalize
for protein load. Densitometric analysis was performed using
ImageJ software (NIH). Nonimmune normal rabbit serum
was used as a control for immunoprecipitation studies.

Blue Native Electrophoresis. Mitochondrial membranes were
isolated according to the method described by Nijtmans
et al. [20]. Enzyme activity of mitochondrial complexes
from choroid plexus epithelial cell cultures was measured
as described previously [11]. Gels were washed in distilled
water, scanned, photographed immediately, and quantified
with the aid of ImageJ software (NIH) [11].

Determination of NO Production. For NO detection, choroid
plexus epithelial cell cultures were processed using the Nitric
Oxide Colorimetric Assay Kit (BioVision, Inc.) as described
previously [11].

Cell Death Quantification. After 48-hour incubations with
Aβ1–42 and gelsolin, DNA fragmentation in choroid plexus
epithelial cells undergoing apoptosis was detected with a
Cell Death Detection ELISAPLUS kit (Roche) as described
previously [11].

3. Results

Gelsolin Binds to Megalin and Forms a Complex with Aβ. We
observed that megalin from rat choroid plexus cells binds
to Aβ1–40 and to gelsolin (Figure 1(a)). Furthermore, our
results indicate that both the cytoplasmic and the secreted
forms of gelsolin bind to megalin (Figure 1(a), top panel).
These findings were corroborated by imunoprecipitation and
double immunostaining, which showed that gelsolin co-
localizes with megalin and Aβ in choroid plexus epithelial
cells (Figure 1(b)).

Gelsolin Inhibits Aβ-Induced Disruption on Choroid Plexus
Epithelial Cell Cytoskeleton. Choroid plexus epithelial cells
exposed to Aβ1–42 for 48 hours showed a disrupted plasma
membrane pattern of ZO-1 with relocation of this protein
to the cytoplasm (Figure 2(a)). Aβ1–42-induced disruption
of epithelial barrier integrity was also confirmed by an
increase on serine phosphorylation rate. Immunoprecipita-
tion with anti-ZO-1, followed by immunoblotting with anti-
pSer, showed an increase in serine ZO-1 phosphorylation
and a reduction in ZO-1 expression in choroid plexus
epithelial cells (Figure 2(b)). We found that coadministration
of gelsolin restored these Aβ1–42-induced effects (Figures
2(a) and 2(b)). Moreover, this Aβ1–42-induced effect on the
behavior of this tight junction protein was also accompanied
by cytoskeletal disruption, as we observed the formation
actin stress fibers (Figure 2(c), middle panel). The immuno-
cytochemical analysis revealed a restoration of cytoskeletal
assembly when gelsolin was added to the culture medium
(Figure 2(c), right panel).

Gelsolin Inhibits Aβ-Induced NO Production and Neuronal
Death in Choroid Plexus Epithelial Cells. Gelsolin blocked
Aβ1–42-induced NO production by cultured choroid plexus
epithelial cells after 48 hours of treatment (Figure 3(a)). In
vitro, Aβ1–42-induced cell death in choroid plexus epithelial
cells was also reversed after 48 hours of gelsolin administra-
tion (Figure 3(b)).

Gelsolin Increases Mitochondrial Respiratory Chain Activity in
Choroid Plexus Epithelial Cells. When gelsolin was added to
the choroid plexus culture, an increased activity of complex
IV was observed as compared with control cells (Figure 3(c)).
Moreover, gelsolin was able to reverse the inhibitory effect of
Aβ in complex IV activity (Figure 3(c)). WB performed to
assess protein level alterations revealed a parallel activation in
complex IV, reflected by an increase in Cox Va subunit levels
(Figure 3(c)).
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Figure 1: Gelsolin expression in choroid plexus epithelial cells. (a) Antimegalin immunoprecipitation of rat choroid plexus cell extracts,
followed by blotting with respective antibodies, revealed an association between megalin, endogenous gelsolin, the exogenously added
secreted gelsolin form, and the exogenously added Aβ. Immunoprecipitation with nonspecific serum showed no unspecific Aβ association.
Binding of gelsolin with exogenously added Aβ was also observed. Representative blots are shown (n = 4). (b) Megalin colocalized with
gelsolin and exogenously added Aβ in choroid plexus cultures. Confocal images also show gelsolin colocalization with Aβ. Scale bars =
10μm. IP: Immunoprecipitation; NRS: normal rabbit serum.

4. Discussion

Gelsolin, an actin-regulatory protein, exists both as an
intracellular and extracellular protein [14] and is present
in all nervous system cell types, including neurons [21] and
choroid plexus [12]. Our findings indicate that secreted
gelsolin is involved in the pathology of AD through the
regulation of brain Aβ and its neurotoxic effects. Plasma
gelsolin has been found to bind and reduce brain Aβ
[15, 17, 18]. In the present study we had confirmed
the formation of a complex between cytoplasmic and
secreted gelsolin with Aβ, accordingly with previously
published studies [15, 22]. Our current results extend these
observations, suggesting that megalin, an endocytic receptor

involved in Aβ clearance [23–27], has a functional role
in the formation of this complex. We show that megalin
binds Aβ/gelsolin complex in the choroid plexus epithelium,
suggesting a role in clearance of Aβ from CSF to the blood.
The latter is not surprising in view of megalin’s ability to
transport a large variety of proteins [28].

Abnormalities in cytoskeletal organization are a common
feature of many neurodegenerative disorders, including AD.
Interestingly, Aβ1–42-induced cytoskeletal alterations known
to be associated with the proteolytic degradation of the
tight junction-associated protein ZO-1 [10, 11] were reversed
after secreted gelsolin treatment, with relocation from the
cytoplasm to the original position in the cell membrane of
choroid plexus epithelial cells. In addition, our results suggest
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Figure 2: Secreted gelsolin inhibits Aβ-induced disruption on choroid plexus epithelial cell cytoskeleton. (a) Representative confocal images
of choroid plexus confluent monolayer labeled with anti-ZO-1 antibody. Under control conditions, ZO-1 immunostaining is distributed
along the plasma membrane. In contrast, after exposure to Aβ1–42 for 48 hours, a disruption of the plasma membrane pattern of ZO-1 was
observed, resulting in increased cytoplasmic localization. Note the ability of gelsolin treatment to prevent this Aβ-induced alteration in ZO-1
pattern. (n = 3). (b) Aβ1–42 treatment resulted in increased serine phosphorylation of ZO-1 and decreased ZO-1 expression in choroid plexus
epithelial cells. Gelsolin coadministration markedly attenuated Aβ1–42 alteration in ZO-1 (n = 3). (c) BIODIPY FL phallacidin staining of
choroid plexus epithelial cells showed a disruption of the actin cytoskeleton after treatment with Aβ1–42 for 48 hours, and reversion when
gelsolin was simultaneously added. Magnification: ×40. Scale bars = 10 μm.

that the secretory form of gelsolin prevents the internaliza-
tion of ZO-1 by blocking serine phosphorylation, as has been
also demonstrated in other studies [29–31]. The presence of
structures characterized by aggregates of polymerized actin
(F-actin) has been described in AD [32]. Also, F-actin levels
have been shown to increase in hippocampal neurons treated
with Aβ [33]. Furthermore, cortical neurons expressing the
APP intracellular domain suffer from pronounced changes
in the organization of the actin cytoskeleton, including
destabilization of actin fibers [34]. We found that fibrillar
Aβ1–42 also caused alterations in cytoskeletal actin in choroid
plexus epithelial cells, as reflected by an increase in the
F-actin content, and that gelsolin was able to protect
against this effect. In this way, gelsolin contributes to the

maintenance of the choroid plexus monolayer and the blood-
CSF barrier integrity. A possible explanation for these effects
could be that Aβ increases metalloproteinase 9 [11, 35,
36], which is capable of cleaving cytoplasmic gelsolin [37],
thereby resulting in the destabilization of actin filaments and
the disruption of tight junctions. Secreted gelsolin, which
binds and sequestrates Aβ, would then be able to prevent and
diminish Aβ toxic effects.

On the other hand, our results also indicate that gel-
solin prevents Aβ-induced cell death and NO production
from choroid plexus cell cultures. Using several models
of neuronal cell death, others studies have demonstrated
that cytoplasmic gelsolin has antiapoptotic properties that
correlate with its dynamic actions on the cytoskeleton [38].
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Figure 3: Secreted gelsolin expression modulates NO production and cell death in choroid plexus epithelial cells. (a) Choroid plexus
epithelial cells treated with Aβ1–42 for 48 hours exhibited a significantly enhanced NO production compared with untreated cells. Secreted
gelsolin coadministration completely blocked this effect (n = 3); ∗∗P < .01. (b) Increased cell death was observed in choroid plexus
cell cultures 48 hours after Aβ1–42 treatment, and gelsolin addition totally reversed this toxic effect (n = 3); ∗P < .05. (c and d) Aβ1–42

treatment reduced mitochondrial complex IV in-gel activity in choroid plexus epithelial cells, whereas secreted gelsolin administration
increased complex IV activity and reversed this decrease in Aβ1–42-induced activity. Blue native analysis of these culture samples showed
altered protein expression in the mitochondrial complex IV. Representative blue native blots and quantitative histograms are shown (n = 4
per group); ∗P < .05.

Indeed, gelsolin-null neurons have enhanced cell death [39]
and increased vulnerability to glutamate toxicity [40]. In a
previous study we reported that Aβ-induced mitochondrial
dysfunction could ultimately activate a programmed cell
death pathway in the choroid plexus epithelial cells [11].
In this study, we show that secreted gelsolin prevents
Aβ-induced cell death by increasing enzyme activity of
the respiratory chain complex IV in the choroid plexus
epithelial cells. These observations are in line with other
studies showing an Aβ-induced reduction of mitochondrial
membrane potential by cytoplasmic gelsolin [41, 42]. The
intracellular form of gelsolin is associated to the mitochon-
drial membrane, where it can inhibit Aβ-induced loss of
mitochondrial membrane potential, cytochrome c release,

and regulate voltage-dependent channels [40, 41]. Since
extracellular gelsolin has also been detected in CSF, where its
concentration is significantly altered in certain neurological
conditions [43], this extracellular isoform of gelsolin may
well reduce choroid plexus Aβ-induced pathology in a
similar manner to intracellular gelsolin [17, 18].

In conclusion, our results demonstrate that secreted
gelsolin can modulate Aβ-induced alterations in the blood-
CSF barrier. We suggest that secreted gelsolin have a
neuroprotective role against Aβ neurotoxicity. In summary,
enhancement of gelsolin levels may represent a novel way to
protect against Aβ neurotoxicity and, in the future, could be
considered a potential therapeutic strategy for the treatment
of patients with AD.
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A serine protease prostasin has been demonstrated to have a pivotal role in the activation of the epithelial sodium channel.
Systemic administration of adenovirus carrying human prostasin gene in rats resulted in an increase in plasma prostasin and
aldosterone levels. However, the mechanism by which the elevation of prostasin levels in the systemic circulation stimulated the
plasma aldosterone levels remains unknown. Therefore, we examined if prostasin increases the aldosterone synthesis in a human
adrenocortical cell line (H295R cells). Luciferase assay using CYP11B2 promoter revealed that prostasin significantly increased
the transcriptional activity of CYP11B2. Prostasin significantly increased both CYP11B2 mRNA expression and aldosterone
production in a dose-dependent manner. Surprisingly, treatment with camostat mesilate, a potent prostasin inhibitor, had no effect
on the aldosterone synthesis by prostasin and also a protease-dead mutant of prostasin significantly stimulated the aldosterone
production. A T-type/L-type calcium channel blocker and a protein kinase C (PKC) inhibitor significantly reduced the aldosterone
synthesis by prostasin. Our findings suggest a stimulatory effect of prostasin on the aldosterone synthesis by adrenal gland through
the nonproteolytic action and indicate a new role of prostasin in the systemic circulation.

1. Introduction

Proteases are involved in numerous essential biologi-
cal processes including blood clotting, controlled cell
death, and tissue differentiation. Prostasin is a glyco-
sylphosphatidylinositol-(GPI-)anchored and/or secreted ser-
ine protease purified from human seminal fluid [1] and
is expressed in the kidney, prostate, liver, lung, pancreas,
and colon [2]. Prostasin has been identified as a potential
regulator of the epithelial sodium channel function in
the kidney, lung, and airways. Previously we showed that
aldosterone increased prostasin abundance in rat and human
[3] and also demonstrated a positive relationship between
urinary prostasin levels and plasma or urinary aldosterone
levels in human [4]. GPI-anchor free form of prostasin is
also found in serum, but the physiological role of prostasin,

especially in the systemic circulation, remains largely unde-
termined. In 2003, Wang et al. demonstrated that systemic
administration of adenovirus carrying human prostasin
gene in rats resulted in an elevation of plasma prostasin
levels, plasma aldosterone concentration, and blood pressure
[5]. However, the mechanism by which prostasin increases
plasma aldosterone levels remains to be elucidated.

The adrenal cortex is the site of synthesis of the potent
mineralocorticoid, aldosterone, and the glucocorticoid, cor-
tisol. Aldosterone synthase (CYP11B2), which is expressed
only within the zona glomerulosa of the adrenal cortex,
is responsible for converting deoxycorticosterone to aldos-
terone [6–9]. The two most important physiological stimuli
of aldosterone secretion, angiotensin II and extracellular K+

[10], exert their effects through generating cytoplasmic Ca2+

signal. Meanwhile, proteolytic enzymes such as trypsin have
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also been demonstrated to stimulate aldosterone secretion
directly from intact rat adrenal capsular tissue [11–13].
Although the molecular mechanisms by which trypsin
activates aldosterone production in adrenal cortex remain
to be clarified, a possible involvement of protease-activated
receptor-1 (PAR-1) has been suggested [14].

Therefore, in the current studies we hypothesized that
serine protease prostasin increases aldosterone production by
the adrenal gland and investigated the effect of prostasin on
CYP11B2 expression and aldosterone production in H295R
cells. We also examined a possible molecular mechanism by
which prostasin activates aldosterone production.

2. Methods

2.1. Reagents. A protein kinase C inhibitor, Ro-31-8220, was
purchased from Sigma-Aldrich (St Louis, MO, USA). Camo-
stat mesilate was kindly supplied by Ono Pharmaceutical Co.,
Ltd. (Osaka, Japan). Efonidipine hydrochloride was from
Shionogi & Co., Ltd. (Osaka, Japan), and Valsartan was from
Novartis Pharma K.K. (Tokyo, Japan).

2.2. Purification of Wild Type and Protease-Dead Recombinant
Human Prostasin. Wild type recombinant human prostasin
was prepared as described previously [15]. Briefly, a cDNA
for recombinant human prostasin was created by inserting an
enterokinase cleavage site, Asp-Asp-Asp-Asp-Lys, between
the light chain and heavy chain and by replacing the C-
terminal membrane anchoring domain with a 6 × His tag.
To generate protease-dead mutant prostasin, catalytic triad
of prostasin, His85, Asp134, and Ser238 were all replaced
by Ala using QuikChange Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA). Recombinant baculovirus
carrying these cDNAs were developed and silkworm larvae
were infected with these virus. After infection, hemolymph
was collected and recombinant prostasin was purified by
using a Ni-sepharose column (HisTrap HP: GE Healthcare
Bio-Sciences, Piscataway, NJ, USA), an ion exchange column
(HiTrap Q: GE Healthcare Bio-Sciences), and a gel filtration
column (Superdex 200 10/300 GL: GE Healthcare Bio-
Sciences). Purified recombinant prostasin was treated with
enterokinase (EK Max: Invitrogen, Carlsbad, CA, USA) at
37◦C to generate mature recombinant prostasin by cleaving
the enterokinase cleavage site. The enterokinase was removed
from the reaction mixture by enterokinase removal kit
(Sigma-Aldrich). Proteolytic activity of prostasin was deter-
mined by the enzymatic assay as described previously [4].

2.3. Cell Culture. The H295R human adrenocortical cell line
was purchased from the American Type Culture Collection
(Manassas, VA, USA) and cultured in DMEM/F12 medium
(Gibco Invitrogen, Burlington, ON, Canada) containing
2.5% NuSerum (BD Biosciences, Bedford, MA, USA), 1%
ITS (BD Biosciences). The cells were maintained at 37◦C
under a humid atmosphere of 95% air/5% CO2. Briefly, 3
× 105 cells were plated onto 12-well plates and incubated
until 80% confluent, and then medium was replaced with
fresh medium containing 0.2% NuSerum and the cells were

incubated for an additional 24 hours. This medium was then
replaced with medium containing the recombinant prostasin
with or without different agents. Cells were cultured for an
additional 3, 6, 12, 24 hours for RNA isolation or 48 hours
for aldosterone assay in the culture media.

2.4. Luciferase Reporter Assay. The human CYP11B2
promoter-luciferase construct (pB2-1521) used in the
current study was kindly provided by Bassett et al.
(University of Texas Southwestern Medical Center, Dallas,
Texas, USA) [16]. H295R cells (4.5 × 105 cells/well)
were seeded onto 12-well plate and grown to reach 50%
confluency. FuGENE6 transfection reagent (Roche Applied
Science, Mannheim, Germany) was used to cotransfect
0.3 pmol of pB2-1521 and 3.8 fmol of pRL-TK (Promega,
Madison, WI, USA) into the cells. For the determination
of reporter activity, firefly luciferase activity from the pB2-
1521 and Renilla luciferase activity from the pRL-TK were
measured by the Dual Luciferase Assay System (Promega)
on a luminometer (model TD-20/20, Turner Designs Inc.,
Sunnyvale, CA, USA).

2.5. Aldosterone Assay. Aldosterone contents in the culture
media were determined by Aldosterone Express EIA Kit
(Cayman chemical, Ann Arbor, MI, USA) according to the
manufacturer’s instruction.

2.6. Real-Time PCR Analysis. Total RNA was extracted
from H295R cells by using RNeasy Mini Kit (Qiagen,
Hilden, Germany). Five hundred nanograms of total RNA
was reverse-transcribed to cDNA with QuantiTect Reverse
Transcription Kit (Qiagen). TaqMan probes for human
CYP11B2, PAR-1, PAR-2, and GAPDH were all purchased
from Applied Biosystems (Foster city, CA, USA). Real-
time PCR was performed with LightCycler 480 Real-Time
PCR System (Roche Applied Science). Statistical analysis of
results was performed with the ΔCt value (Ctgene of interest-
CtGAPDH). Relative gene expression was obtained using the
ΔΔCt method (Ctsample-Ctcalibrator).

2.7. Adenovirus Construction and Infection. Adenovirus vec-
tor, Ad-hPRSS8, in which the expression of human prostasin
cDNA was under the control of the cytomegalovirus
(CMV) promoter/enhancer was constructed and prepared
by using Transpose-Ad system (Qbiogene, Illkirch, France).
Adenovirus harboring LacZ gene driven by CMV pro-
moter/enhancer (Ad-LacZ) was used as control. All viruses
were amplified in transcomplemental 293 cells and purified
by cesium chloride gradient ultracentrifugation. H295R cells
(3 × 105 cells/well) were seeded onto 12-well plate in
DMEM/F12 medium containing 2.5% UltroserSF (Biosepra,
Cergy St. Christophe, France), and 1% ITS. Three days
after seeding, cells were infected with 6 × 105 pfu/well of
adenovirus in serum-free DMEM/F12 for 1 hour, and then
the medium was replaced with DMEM/F12 containing 0.2%
NuSerum. Forty eight hours after infection, the culture
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medium was collected for the detection of prostasin expres-
sion and the cells were harvested for the evaluation of the
CYP11B2 mRNA expression.

2.8. Application of siRNA. H295R cells were transfected with
human PAR-1 siRNA (Silencer Select Validated siRNA, ID:
s4923, Ambion Inc., Austin, TX, USA) or human PAR-2
siRNA (ID: s4926, Ambion) or control siRNA (ID: 4390843,
Ambion) by using Lipofectamine RNAiMAX (Invitrogen)
according to the manufacture’s instruction. Forty-eight
hours after transfection, the cells were treated with recom-
binant prostasin in DMEM/F12 with 0.2% NuSerum for 24
hours and then harvested for the total RNA isolation.

2.9. Protein Preparation and Immunoblottings. Forty-eight
hours after adenovirus infection, 200 μL of culture medium
was concentrated and electrophoresed on 12% SDS-
polyacrylamide gels. The blots were probed with a mon-
oclonal antibody against prostasin (BD Biosciences) as
described previously [17]. Bands were visualized by chemilu-
minescence substrate (ECL; Amersham Pharmacia Biotech,
Buckinghamshire, UK).

2.10. Statistical Analysis. Statistical significance was evalu-
ated using the two-tailed, paired Student’s t-test for com-
parisons between two means, or ANOVA analysis followed
by the Newman-Keuls method for more than two means.
A value of P < .05 was regarded as statistically significant.
Results are reported as mean ± SD.

3. Results

3.1. Effect of Prostasin on CYP11B2 Expression and Aldosterone
Production. To examine the effect of prostasin on the
transcriptional activity of CYP11B2 gene, H295R cells were
transfected with pB2-1521 and treated with recombinant
prostasin for 24 hours. As shown in Figure 1(a), 400 μg/mL of
prostasin significantly enhanced the transcriptional activity
of CYP11B2 by approximately 1.6-fold. Next, we determined
the endogenous mRNA expression of CYP11B2 in H295R
cells following 24-hour treatment with various concentra-
tions of prostasin. Prostasin significantly augmented the
CYP11B2 expression in a dose-dependent manner within
a range from 100 to 400 μg/mL (Figure 1(b)). We also
studied the time-course of the prostasin-mediated increase
in CYP11B2 mRNA. Cells were treated with 100 μg/mL of
prostasin for 3, 6, and 24 hours, and the expression of
CYP11B2 was evaluated by the real-time PCR. Treatment
with prostasin significantly induced CYP11B2 expression
from 6 to 24 hours (Figure 1(c)). Furthermore, aldos-
terone contents in the culture medium were determined
following 48-hour incubation with 100 μg/mL or 400 μg/mL
of prostasin. As shown in Figure 1(d), prostasin dosede-
pendently stimulated aldosterone production in H295R
cells.

3.2. Adenovirus-Mediated Gene-Transfer of Prostasin in
H295R Cells Markedly Enhanced the Expression of CYP11B2

mRNA. To confirm the effect of prostasin on CYP11B2
expression, we infected H295R cells, which produce little
endogenous prostasin protein, with adenovirus carrying
human prostasin cDNA (Ad-hPRSS8) or control virus
carrying LacZ cDNA (Ad-LacZ). The cells infected with Ad-
hPRSS8 showed significantly higher mRNA expression of
CYP11B2 and aldosterone production by 3.5-fold and 2.1-
fold, respectively, than the cells with Ad-LacZ (Figures 2(a)
and 2(b)). The increase in CYP11B2 expression and aldos-
terone production were comparable between adenovirus
infection and recombinant protein treatment although sig-
nificantly higher amount of prostasin was applied to the cells
when treated with recombinant prostasin. Probably this may
be due to the differences in the quality and biological efficacy
between the prostasin protein produced by the adenovirus-
mammalian cell system and by the baculovirus-insect cell
system.

3.3. Effect of Protease-Activated Receptors (PARs) Gene Silenc-
ing on Prostasin-Induced CYP11B2 Expression in H295R Cells.
Since trypsin has been demonstrated to stimulate aldos-
terone production through the activation of PAR-1 in rat
adrenal cortex [11–14, 18], we examined if PAR is involved
in the upregulation of CYP11B2 expression by prostasin.
Because we detected both PAR-1 and PAR-2 expression
in H295R cells (data not shown), we knocked down the
expression of PAR-1 or PAR-2 by using specific siRNA and
treated the cells with 400 μg/mL of prostasin for 24 hours.
The knock down efficiency was approximately 90% at the
mRNA levels (data not shown). As shown in Figure 2(c),
the gene silencing of either PAR-1 or PAR-2 did not abolish
the prostasin-induced CYP11B2 expression, suggesting that
PAR signaling is not involved in the prostasin-mediated
aldosterone synthesis.

3.4. Proteolytic Activity Is Not Required for the Prostasin-
Induced CYP11B2 Expression and Aldosterone Production in
H295R Cells. To determine if the proteolytic activity of
prostasin is required for the upregulation of aldosterone
synthesis, we treated H295R cells with prostasin (400 μg/mL)
in the presence or absence of camostat mesilate (100 μM)
which is a potent prostasin inhibitor in vitro [15, 19].
Camostat mesilate (100 μM) almost completely inhibited
prostasin activity (400 μg/mL) in vitro by 98.3 ± 0.8%.
Figures 3(a) and 3(b) showed that camostat mesilate had no
effect on CYP11B2 expression and aldosterone production.
To confirm these observations, we generated a protease-
dead mutant of recombinant prostasin and studied the
effect of mutant prostasin on the aldosterone synthesis. To
our surprise, mutant prostasin (400 μg/mL) substantially
increased CYP11B2 expression and aldosterone production
to the same extent as wild type prostasin (Figures 3(c) and
3(d)).

3.5. Effect of Angiotensin II Type 1 Receptor Blocker (ARB),
Calcium Channel Blocker (CCB), or Protein Kinase C Inhibitor
on Prostasin-Induced CYP11B2 Expression and Aldosterone
Production in H295R Cells. Next, we examined the effect of
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Figure 1: (a) Effect of prostasin on human CYP11B2 promoter activity in H295R cells. Cells were transfected with human CYP11B2
promoter-luciferase construct (pB2-1521) for 24 hours and then treated with vehicle or prostasin for another 24 hours. (b) Dose-dependent
effect of prostasin on CYP11B2 mRNA expression in H295R cells. Cells were treated with increasing doses of prostasin for 24 hours. (c)
Time course of CYP11B2 mRNA induction by prostasin in H295R cells. Cells were treated with 100 ¯g/mL of prostasin for 0, 3, 6, and 24
hours. (d) Dose-dependent effect of prostasin on aldosterone production in H295R cells. Cells were treated with increasing concentrations
of prostasin for 48 hours. Values are means ± SD (n = 6). ∗P < .05, †P < .01, and #P < .001.

ARB, CCB, or protein kinase C inhibitor on the aldosterone
synthesis by prostasin in H295R cells. Cells were treated
with prostasin (400 μg/mL) for 24 hours in the presence or
absence of valsartan (100 nM), efonidipine (100 nM), or a
protein kinase C ε inhibitor Ro-31-8220 (1 μM). Valsartan
had no effect on the prostasin-induced CYP11B2 expression
and aldosterone production, while efonidipine significantly
reduced both (Figures 4(a) and 4(b)). Treatment with Ro-31-
8220 reduced the CYP11B2 mRNA expression to the control
levels and significantly inhibited the aldosterone production
(Figures 4(c) and 4(d)).

4. Discussion

In the current studies, we demonstrated the following
findings: (1) prostasin increased the transcriptional activ-
ity of CYP11B2 promoter in H295R cells, (2) prostasin
increased both CYP11B2 mRNA expression and aldos-
terone production in H295R cells in a time and dose-
dependent manner, (3) augmentation of both CYP11B2
mRNA expression and aldosterone production was indepen-
dent of the proteolytic activity of prostasin, and (4) induction
of CYP11B2 expression and aldosterone production by
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Figure 2: Effect of adenovirus-mediated overexpression of prostasin on CYP11B2 expression (a) and aldosterone production (b) in H295R
cells. Cells were infected with 6× 105 pfu of control virus (Ad-LacZ) or adenovirus carrying human prostasin (Ad-hPRSS8) for 1 hour. Forty
eight hours after infection, total RNA was isolated for the real time PCR and the medium was collected for the aldosterone measurement.
(c) Effect of PAR-1 or PAR-2 knock down on prostasin-induced CYP11B2 expression in H295R cells. Cells were transfected with siRNA for
either PAR-1 or PAR-2 for 48 hours and then treated with prostasin for another 24 hours. mRNA expression of CYP11B2 was determined by
the real time PCR. Values are means ± SD (n = 6). ∗P < .001 versus Ad-LacZ (a), (b), or vehicle (c).

prostasin was blocked by the Ca2+ channel blocker and the
PKC inhibitor. These results suggest that prostasin might play
a regulatory role in the aldosterone production by adrenal
grand.

Previously we reported that aldosterone increased
prostasin abundance in rat and human [3]. Wang et al.
demonstrated that adenovirus-mediated human prostasin
gene delivery resulted in an increase in plasma prostasin and
aldosterone levels as well as an elevation in blood pressure
in rat [5]. These findings suggest the possibility that there
may be a positive feedback regulation in the aldosterone
production by prostasin. To elucidate the effect of the
elevated circulating plasma prostasin levels on aldosterone
production by adrenal gland, we generated recombinant
prostasin protein and studied the effect of prostasin on
aldosterone production in H295R cells. Previous studies in

the early 1980s described the stimulatory effect of trypsin
on aldosterone secretion from rat adrenal zona glomerulosa
[11–13]. In addition, trypsin has been shown to activate
PAR-1 and thereby stimulate aldosterone secretion from
adrenal zona glomerulosa [14]. These studies suggest the
possibility that trypsin-like serine proteases such as prostasin
may be able to stimulate aldosterone production from
adrenal gland. In the present studies, we demonstrated
that treatment of H295R cells with prostasin significantly
increased both CYP11B2 mRNA expression and aldosterone
production in a dose-dependent manner. Since the specific
activity of our recombinant prostasin against synthetic
substrate is approximately 30-fold lower than the native
prostasin purified from human seminal fluid (data not
shown), the concentration of recombinant prostasin used
for the current studies is relatively higher than the serum
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Figure 3: Prostasin increases CYP11B2 expression and aldosterone production independently of its proteolytic activity in H295R cells. (a)
CYP11B2 expression was measured following 24-hour treatment with prostasin in the presence or absence of 100 ¯M camostat mesilate
(CM). (b) Aldosterone production was determined following 48-hour treatment with prostasin in the presence or absence of 100 ¯M CM.
(c) CYP11B2 expression was measured following 24-hour treatment with protease-dead mutant prostasin. (d) Aldosterone production was
determined following 48-hour treatment with mutant prostasin. Values are means ± SD (n = 6). ∗P < .001 versus vehicle.

prostasin concentration reported by Mok et al. However,
contrary to our expectations, treatment with camostat
mesilate, a potent prostasin inhibitor [15, 19], had no
effect on the prostasin-induced aldosterone synthesis. In
addition, the protease-dead mutant of prostasin significantly
stimulated CYP11B2 expression and aldosterone production.
These findings suggest that the protease activity is not
primarily required for the prostasin-induced aldosterone
synthesis in H295R cells. In the current studies, we used
recombinant human prostasin generated by an insect expres-
sion system. We speculate that our recombinant protein may
have different glycosylation modification or may contain
misfolded proteins from the native prostasin due to the
non-mammalian and forced expression system. As a result,
our recombinant prostasin had lower specific activities,

suggesting that our recombinant prostasin may have lower
biological efficacy as well. Therefore, we think that our
recombinant prostasin required relatively higher concentra-
tions of proteins to observe the aldosterone synthesis in
H295R cells. We also tested the effects of residue reagents
to exclude the possibility that contaminant materials in the
recombinant prostasin stimulated the aldosterone synthesis.
We manipulated noninfected silkworm hemolymph exactly
the same way as infected hemolymph and used as a
control, but we did not observe any significant aldosterone
synthesis in H295R cells (data not shown). Our findings
that the gene silencing of either PAR-1 or PAR-2 had
no effect on the prostasin-mediated increase in CYP11B2
expression may also support the nonproteolytic effect of
prostasin. Because we were not able to demonstrate any
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Figure 4: Effect of angiotensin II type 1 receptor blocker (a) and (b), T-type/L-type Ca2+ channel blocker (a) and (b), or PKCε inhibitor
(c) and (d) on the prostasin-induced CYP11B2 expression and aldosterone production in H295R cells. Cells were treated with prostasin
(400 μg/mL) in the presence or absence of valsartan (100 nM), efonidipine (100 nM), or Ro-31-8220 (1¯M). CYP11B2 mRNA expression (a)
and (c) was determined following 24-hour treatment, and aldosterone production (b) and (d) was evaluated following 48-hour treatment.
Values are means ± SD (n = 6). ∗P < .001 versus vehicle. n.s.: not significant.

importance of the catalytic activity of prostasin on the
aldosterone synthesis, we propose a direct protein-protein
interaction between prostasin and unidentified membrane
molecules such as transmembrane receptors. Noncatalytic
biologic function in serine proteases has been illustrated by
the hepatocyte growth factor and macrophage stimulatory
protein hormones, both of which have lost their catalytic
function but interact with transmembrane tyrosine kinase
receptors to induce intercellular signaling cascades [20]. Also,
Chen et al. reported the nonproteolytic function of prostasin
in the regulation of mRNA expression of urokinase-type
plasminogen activator (uPA) and inducible nitric oxide
synthase (iNOS) in PC-3 human prostate carcinoma cells
[21], although they did not elucidate the precise mechanism
by which prostasin mediates its signal to the intracellular
targets. Further investigations are definitely required to
identify the target molecules for the extracellular prostasin
to transmit its signal to the intracellular molecules leading to
the activation of aldosterone synthesis.

Because the aldosterone synthesis is regulated by
angiotensin II through the angiotensin II type 1 receptor
(AT-1R) in normal human adrenocortical cells [22, 23],
the first target molecule that we examined was AT-1R. We
hypothesized that prostasin may transactivate the AT-1R in
some way leading to the stimulation of CYP11B2 expression.
However, since the treatment with valsartan did not abolish
the aldosterone synthesis by prostasin, it is unlikely that
angiotensin II signaling participates in this mechanism.
Calcium influx through the plasma membrane has been
shown to mediate the expression of mRNAs for CYP11B1
and CYP11B2, especially CYP11B2, in H295R cells. mRNA
expression of these enzymes was suppressed by L-type Ca2+

channel blockers, indicating that L-type Ca2+ channels may
be involved in the steroid biosynthesis in adrenocortical
cells [24–26]. In addition, the earlier studies suggested
the possible involvement of T-type Ca2+ channel activity
in aldosterone biosynthesis in bovine adrenal glomerulosa
cells [27]. Recently, efonidipine and benidipine, which are
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dual (T-type/L-type) Ca2+ channel blockers, have been
demonstrated to inhibit aldosterone biosynthesis in H295R
cells more potently than the L-type Ca2+ channel blocker
nifedipine [28, 29]. In the current studies, we showed that
efonidipine, a T-type/L-type Ca2+ channel blocker, exerted
an inhibitory effect on steroid biosynthesis by prostasin in
H295R cells, suggesting the involvement of these channels
in the aldosterone production by prostasin. Several PKC
isozymes have been reported to mediate endogenous PKCμ
activation. Romero et al. showed that PKCε has a critical
role in PKC¯ activation in human adrenal cells and PKCμ
activation by angiotensin II caused a remarkable upregula-
tion of aldosterone synthase gene expression in H295R cells
[30]. They also showed that a PKCε inhibitor Ro-31-8220
inhibited the phosphorylation of PKCμ. We demonstrated
that Ro-31-8220 significantly reduced the aldosterone syn-
thesis by prostasin, suggesting the involvement of PKCε in
the prostasin-mediated aldosterone synthesis pathway.

In conclusions, we demonstrated that prostasin increased
aldosterone production in H295R cells, probably via non-
proteolytic action of prostasin, and that T-type/L-type
calcium channels and PKCε are at least involved in the
aldosterone synthesis by prostasin. Although the precise
mechanism by which extracellular prostasin transmits its
signal to the intracellular molecules remains unknown, our
current data will provide a new insight into the role of
prostasin, especially that in the systemic circulation, in the
regulatory mechanisms of aldosterone production by the
adrenal gland. Also, our current findings, together with our
previous reports, suggest the possibility that there may be
a vicious cycle between prostasin and aldosterone although
further intensive in vivo studies are required to elucidate the
physiological roles of prostasin in the systemic circulation.
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Receptor-mediated endocytosis is a pivotal function of renal proximal tubule epithelial cells (PTECs) to reabsorb and metabolize
substantial amounts of proteins and other substances in glomerular filtrates. The function accounts for the conservation of
nutrients, including carrier-bound vitamins and trace elements, filtered by glomeruli. Impairment of the process results in a
loss of such substances and development of proteinuria, an important clinical sign of kidney disease and a risk marker for
cardiovascular disease. Megalin is a multiligand endocytic receptor expressed at clathrin-coated pits of PTEC, playing a central
role in the process. Megalin cooperates with various membrane molecules and interacts with many intracellular adaptor proteins
for endocytic trafficking. Megalin is also involved in signaling pathways in the cells. Megalin-mediated endocytic overload leads to
damage of PTEC. Further studies are needed to elucidate the mechanism of megalin-mediated endocytosis and develop strategies
for preventing the damage of PTEC.

1. Introduction

Renal proximal tubular epithelial cells (PTECs) are involved
in a variety of vital functions. Of these, receptor-mediated
endocytosis is a pivotal function of the cells to reabsorb
and metabolize proteins and other substances in glomerular
filtrates. Megalin is a membrane receptor that plays a central
role in the endocytic functions of PTEC. Megalin cooperates
with various molecules in the cells, taking up ligands into the
endocytic pathway to lysosomes, as well as mediating signal
transduction. In this review, we focus on recent progress in
the research on megalin and its associated molecules. We
also discuss how impaired or overloaded endocytosis induces
PTEC damage which is tightly associated with the onset of
proteinuria and the development of chronic kidney disease
(CKD).

2. Megalin: A Major Endocytic
Receptor in PTEC

Megalin is a large (∼600 kDa) glycoprotein member of the
low-density lipoprotein (LDL) receptor family [1, 2] that

is primarily expressed at clathrin-coated pits and partly at
microvilli of PTEC (Figure 1) [3, 4]. Megalin contains a huge
extracellular domain responsible for its multispecific proper-
ties. The domain consists of 4398 amino acids (in humans)
and is made by three types of repeats which are characteristic
of the LDL receptor family: (1) 36 cysteine-rich complement-
type repeats organized in four clusters, (2) 16 growth factor
repeats separated by 8 YWTD containing spacer regions
involved in pH dependent release of ligands in endosomal
compartments [5], and (3) a single epidermal growth factor-
like repeat. The extracellular domain is followed by a single
transmembrane segment and a cytoplasmic domain of 209
amino acids. The cytoplasmic tail contains two endocytic
motifs (NPXY) mediating clustering into clathrin coated pits
and an NPXY-like motif (NQNY) involved in apical sorting
of the receptor [6] as well as other protein interaction motifs
(SH3 and PDZ domains) and phosphorylation sites [1, 2].
The physiological potential of these regulatory motifs has not
yet been fully understood.

Megalin plays a critical role in the reabsorption
of glomerular-filtered substances including albumin and
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Figure 1: Megalin and its associated molecules involved in receptor-mediated endocytosis in PTEC. On the apical membrane of PTEC,
various molecules are involved in the process of receptor-mediated endocytosis. Megalin, playing a central role in the process, cooperates
with other membrane proteins such as the cubilin-amnionless complex (CUBAM), NHE3, and ClC5. Megalin and CUBAM directly bind a
variety of ligands, whereas NHE3 and ClC5 are involved in endosomal acidification, which is important for further processing of endocytosed
proteins. Megalin also interacts with intracellular adaptor proteins such as ARH, Dab2, and GIPC. Dab2 binds to motor proteins, myosin
VI, and NMHC IIA, which may mediate endocytic trafficking of the molecular complexes through actin filaments. The cytoplasmic tail of
megalin is released from the membrane by γ-secretase and is involved in intracellular signal transduction.

low-molecular-weight proteins. Also, megalin may take up
proteins that are released by PTEC to the apical tubular
space. Megalin knockout mice display low-molecular-weight
proteinuria and albuminuria [7]. Furthermore, patients with
Donnai-Barrow and facio-oculo-acoustico-renal syndromes,
caused by mutations in the megalin gene, show increased
urinary excretion of albumin and low-molecular-weight
proteins [8]. In this process, meglin mediates the conserva-
tion of carrier bound vitamins and trace elements filtered
by glomeruli, including vitamin D [9], vitamin A [10],
vitamin B12 [11], and iron [12]. Megalin cooperates with a
variety of molecules at the apical membranes and also in
the cytoplasm of PTEC (Figure 1) as described in the next
section.

3. Molecules Associated with
Megalin’s Functions in PTEC

3.1. Cubilin-Amnionless Complex (CUBAM). Cubilin is a
460-kDa peripheral glycoprotein, thus lacking transmem-
brane and intracellular segments, but anchored to the apical
membranes in PTEC. It was originally identified as the
receptor for intrinsic factor-vitamin B12 [13, 14], and its
gene defects are the causes of hereditary megaloblastic

anaemia 1 or Imerslund-Gräsbeck syndrome (selective vita-
min B12 malabsorption with proteinuria) [15]. Cubilin is also
involved in the absorption of various protein ligands present
in glomerular filtrates, including albumin, transferrin, and
vitamin D-binding protein [4]. Cubilin is known to interact
with megalin for its endocytic functions [12, 16]; however, it
is bound more firmly by a protein called amnionless, forming
a complex named CUBAM, to be translocated to the plasma
membrane [17, 18]. Amnionless, a 38–50 kDa membrane
protein with a single transmembrane domain, was initially
identified as a component for the normal development of
the trunk mesoderm derived from the middle streak [19].
Its gene defects also cause hereditary megaloblastic anaemia
[20]. However, the role of amnionless in PTEC is not fully
identified.

3.2. Na+/H+ Exchanger Isoform 3 (NHE3). NHE3, the main
NHE isoform in PTEC, mediates isotonic reabsorption of
approximately two thirds of the filtered NaCl and water, the
reabsorption of bicarbonate, and the secretion of ammo-
nium [21]. It also contributes to the reabsorption of filtered
citrate, amino acids, and oligopeptides by providing H+ used
for the H+-coupled cotransporters. Enhanced NHE3 activity
is assumed to be a factor for increased Na+ reabsorption
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and the development of hypertension in diabetes. NHE3
was reported to interact with megalin in intermicrovillar
clefts of PTEC [22, 23]. After endocytosis with megalin,
NHE3 is postulated to utilize the outward transvesicular Na+

gradient of endocytic vesicles and early endosomes to drive
inward movement of H+ and endosomal acidification, which
is important for dissociating reabsorbed ligand proteins from
megalin for further processing.

3.3. ClC-5. ClC-5 is a 746-amino acid protein originally
assumed to belong to the voltage-gated chloride channel
family [24], but more recent evidence suggests that it may
function as an H+/Cl− exchanger [25]. In kidney, ClC-5 is
highly expressed in PTEC and α and β intercalated cells
of collecting ducts [26]. In PTEC, ClC-5 is located at the
apical endosomes together with electrogenic V-type H+-
ATPases [26], where it has a complementary function in
endosomal acidification [27]. The physiological relevance
of ClC-5 in renal functions came into view when muta-
tions in the CLCN5 gene were identified in patients with
Dent’s disease, an X-linked renal tubular disorder [26].
This disorder is characterized by low molecular weight pro-
teinuria, hypercalciuria, nephrocalcinosis, nephrolithiasis,
aminoaciduria, phosphaturia, glycosuria, and renal failure
[28]. The precise mechanism of this abnormality is not
entirely clear but possibly results from defective acidification
and/or reduced expression of megalin and cubilin in PTEC
[29, 30].

3.4. Intracellular Adaptor Proteins. Various sorting and sig-
naling proteins bind to megalin’s cytoplasmic tail such as
JIP1 and JIP2, SEMCAP-1 (GIPC), ANKRA, Dab2, PDS-95,
MegBP, and ARH [31–37]. ARH and Dab2 are components
of the clathrin coat, and they bind to the first and third NPXY
motif of megalin, respectively, through their PTB domains
[33, 37]. ARH and Dab2 are known to interact with motor
proteins as described below. Dab2 is also known to mediate
signal transduction [38, 39].

4. Regulation of Megalin Expression

Cellular expression of megalin was found to be down-
regulated by the action of TGFß [40]. We also found
that megalin expression is upregulated in cultured PTEC
by treatment with insulin or high-concentration glucose
(17.5 mM), whereas it is downregulated by angiotnsin II
[41]. Furthermore, we demonstrated that there is com-
petitive cross talk between anigotensin II type 1 receptor-
and insulin-mediated signaling pathways in the regulation
of megalin expression in the cells, suggesting a counter-
balanced mechanism that regulates megalin expression and
functions in PTEC [41].

Decreased megalin expression in PTEC has been found
in the early diabetic stages in experimental animals [40,
42]. It is also suggested that the functions of megalin
are impaired in patients in the early stages of diabetic
nephropathy, since low-molecular-weight proteinuria are
frequently observed in patients at these stages [43, 44]. Thus,

the altered regulation of megalin expression and functions
must be significantly responsible for the early devel-
opment of proteinuria/albuminuria in diabetic patients.
The mechanisms of the regulation remain to be further
investigated.

5. Regulation of Megalin Transport by
Motor Proteins

The mechanisms of intracellular transport of megalin are
largely unknown. Reverse-direction molecular motor myosin
VI was found to be linked to Dab2 and GIPC, which
binds to the cytoplasmic tail of megalin, and is assumed
to be involved in the endocytosis in PTEC [45]. However,
myosin VI knockout mice, used as an animal model for
deafness, showed no apparent renal manifestation presenting
proteinuria [46].

We recently identified that another motor protein,
nonmuscle myosin heavy chain IIA (NMHC IIA), binds
to Dab2 and is involved in megalin-mediated endocytosis
[47]. Genetic alterations of NMHC-IIA are known to cause
inherited human diseases, known as MYH9 disorders, which
are characterized by giant platelets, thrombocytopenia, and
granulocyte inclusions [48, 49]. The spectrum of diseases
due to mutations in the gene includes May-Hegglin anomaly,
Sebastian syndrome, Fechtner syndrome, and Epstein syn-
drome [48–51]. It has been also reported that all of these
disorders are related to development of kidney disease [50,
52]. The manifestation of kidney disease in MYH9 disorders
indicates the importance of NMHC-IIA in maintaining
normal kidney functions, which has been also verified by two
recent genomewide scan analyses [53, 54].

Another megalin-binding adaptor protein ARH also
associates with motor and centrosomal proteins and is
involved in centrosome assembly and cytokinesis [55]. The
relevance of the adaptor protein’s association with such
molecules in the regulation of megalin transport remains
undetermined.

6. Overloaded Endocytosis-Induced
PTEC Injury in CKD

Overloaded endocytosis in PTEC due to increased glomeru-
lar protein filtration has been postulated to be a cause of
tubulointerstitial injury. Megalin is identified as the key
molecule to initiate the pathogenic process [56]. In diabetes,
advanced glycation endproducts (AGEs) are generated in
the circulation and involved in a variety of cellular damage
[57]. Megalin also mediates the endocyosis of glomerular-
filtered AGE in PTEC [58, 59], which causes toxicity in the
cells [60, 61]. In metabolic syndrome or dyslipidemia, free
fatty acids are delivered to PTEC with the carrier proteins
such as albumin or liver-type fatty acid binding protein [62].
Metabolically overloaded PTECs are activated to express
proinflammatory cytokines, such as MCP1 and TNFα, and
lead to apoptosis [56] or epithelial-mesenchymal transition
[63, 64].
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7. Handling of Albumin in PTEC, Related to
the Mechanism of Albuminuria

Albumin (∼69 kDa) is the most abundant circulating pro-
tein, carrying a variety of substances in plasma. Glomerular
albumin filtration is assumed to be 3–6 g/d in humans [65].
Only negligible amounts of albumin are detected in urine,
and the substantial remaining of glomerular-filtered albumin
is reabsorbed in PTEC via endocytosis, mediated by megalin
and CUBAM. Albuminuria is an important clinical sign
of kidney disease such as diabetic nephropathy [66, 67]
as well as a risk marker of cardiovascular disease (CVD)
[68, 69]. Impaired endocytic functions of PTEC for albumin
are relevant to the mechanisms of albuminuria.

After endocytosis, albumin is considered to be trans-
ferred to lysosomes for degradation to amino acids [70]. On
the contrary, the presence of a retrieval or transcytic pathway
of albumin in PTEC is suggested [71]. A recent analysis using
neonatal Fc receptor knockout mice supports the retrieval
pathway in PTEC where the receptor appears to play a critical
role to reclaim albumin from the glomerular filtrates [72].

The association of albuminuria with the development
of CVD may be related to the impairment of metabolic or
synthetic functions of PTEC that may contribute to systemic
vascular damage. For instance, vitamin D deficiency, which is
caused by megalin dysfunction, is independently associated
with increased cardiovascular mortality [73, 74]. Selenopro-
tein P, a major carrier of selenium, is taken up by megalin
[75] and provides selenium for synthesizing glutathione
peroxidase 3 (GPx3) in PTEC [76, 77]. GPx3 is secreted
into the extracellular space from where it enters the blood
and acts as antioxidant [78]. Therefore, reduced uptake of
selenoprotein P in PTEC due to impaired megalin function
may result in decreased GPx3 synthesis by the cells and may
be associated with the development of vascular diseases.

8. Megalin-Mediated Signaling

Biemesderfer and his colleagues identified that megalin
undergoes regulated intramembrane proteolysis as some
other membrane proteins such as those belonging to the
Notch and amyloidal precursor protein families [79, 80].
They showed (1) that high levels of γ-secretase are expressed
in the brush border and endocytic pathway of PTEC where
it colocalizes with megalin, (2) that megalin is subjected to
PKC-regulated, metalloprotease-mediated ectodomain shed-
ding that produces a 35 to 40 kDa megalin COOH-terminal
fragment (MCTF), and (3) that the MCTF is membrane
bound and is constitutively processed by γ-secretase activity
[81]. They also found evidence suggesting that the COOH-
terminal domain of megalin regulates megalin and NHE3
gene expression [82]. These findings strongly indicate that
megalin is not only involved in scavenging functions in PTEC
but also participate in the signal transduction in the cells.

9. Conclusions

Megalin, an endocytic receptor, mediates the conservation of
nutrients and carrier bound vitamins and trace elements in

glomerular filtrates via interaction with various molecules
in PTEC. Megalin also plays a critical role in the uptake
of pathological substances or overloaded endocytosis that
may lead to the cellular damage. Megalin-mediated signaling
transduction may be also involved in the process. Further
studies are needed to elucidate the molecular mechanism
fully and develop strategies for preventing PTEC damage.
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A critical function of the epithelial lining is to form a barrier that separates luminal contents from the underlying interstitium. This
barrier function is primarily regulated by the apical junctional complex (AJC) consisting of tight junctions (TJs) and adherens
junctions (AJs) and is compromised under inflammatory conditions. In intestinal epithelial cells, proinflammatory cytokines, for
example, interferon-gamma (IFN-γ), induce internalization of TJ proteins by endocytosis. Endocytosed TJ proteins are passed
into early and recycling endosomes, suggesting the involvement of recycling of internalized TJ proteins. This review summarizes
mechanisms by which TJ proteins under inflammatory conditions are internalized in intestinal epithelial cells and point out
comparable mechanism in nonintestinal epithelial cells.

1. Introduction

The epithelial lining of different apparatuses functions as
an important barrier that protects the underlying tissue
compartments from antigens and bacterial products in the
lumen. The barrier function in epithelial cells is regulated
by the apical intercellular junctional complex referred to as
the apical junctional complex (AJC). The major constituents
of this complex are tight junctions (TJs) and subjacent
adherens junctions (AJs). TJ represent a multiprotein com-
plex consisting of transmembrane and cytosolic components
[1, 2].

Various studies over the last decades have shown that
endocytosis of AJC components occurs in response to
physiological and pathological stimuli both in vitro and
in vivo [3–14]. For example, proinflammatory cytokines,
such as interferon-gamma (IFN-γ), induce endocytosis of
TJ proteins in epithelial cells [15]. Moreover, prolonged
cytokine simulation, as occurs in chronic inflammatory
bowel disease, induces endocytosis of several TJ proteins
[15–18]. In this review, we will highlight the possible bio-
logical roles and mechanisms of endocytosis of TJ proteins
under inflammatory conditions in epithelial cells, and we
will point out comparable mechanisms in nonepithelial
cells.

2. The Apical Junctional Complex:
Tight and Adherens Junctions

Intercellular adhesion in epithelial cells is mediated by cell-
cell junctions that include TJ, AJ, and desmosomes [1, 19].
The TJ is the most luminal component of the AJC, which also
includes the AJ. Both the TJ and AJ are represented by several
transmembrane and cytosolic proteins [1, 2, 19, 20]. The
mechanical link between two plasma membranes of adjacent
cells is given by the transmembrane proteins establishing
an effective paracellular barrier to diffusion of fluids and
solutes, whereas the cytosolic plaque proteins are responsible
for organizing and positioning of the AJC [1]. In addition,
the structural and functional integrity of the TJ depends on
the presence of a perijunctional ring of actin and myosin
which can also contribute to the regulation of paracellular
permeability. Transmembrane proteins of the TJ include
occludin, members of the claudin family, and junctional
adhesion molecule- (JAM-) A. E-cadherin and members
of the nectin family represent the major transmembrane
components of epithelial AJ [19, 21]. Cytosolic plaque
proteins include members of the zonula occludens (ZO)
protein family (ZO-1, ZO-2, and ZO-3) that bind to TJ
transmembrane proteins and the underlying perijunctional
F-actin ring [2, 22, 23].
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3. Endocytic Pathways

Endocytosis is the process by which cells absorb molecules
(such as proteins) from outside the cell by engulfing it
with their cell membrane. This uptake mediates different
elementary cellular mechanism such as signal transduction,
cell metabolism, differentiation, defense, and motility [24]. It
involves an extensive cellular machinery to mediate the for-
mation of membrane transport vesicles to enable the inter-
nalization of plasma membrane structures and extracellular
material [24]. Endocytosis pathways could be subdivided
into three categories: namely, clathrin-mediated endocyto-
sis, caveolar-mediated endocytosis, and macropinocytosis.
Clathrin-mediated endocytosis is mediated by small vesicles
that are mainly associated with the cytosolic protein clathrin.
Clathrin-coated vesicles are found in virtually all cells and
from domains of the plasma membrane termed clathrin-
coated pits. Caveolar-mediated endocytosis engrosses invagi-
nation of cholesterol-enriched microdomains within the
plasma membrane that may contain a coat protein, caveolin.
These structures are referred to as lipid rafts and/or caveolae.
Macropinocytosis, which usually occurs from highly ruffled
regions of the plasma membrane, is the invagination of the
cell membrane to form a pocket, which then pinches off
into the cell to form a vesicle filled with large volume of
extracellular fluid and molecules within it. The vesicle then
travels into the cytosol and fuses with other vesicles such as
endosomes and lysosomes. Formation of all types of endo-
cytic vesicles requires unique macromolecular machinery
including enzymes, adaptors, and motor proteins [24, 25].

4. Endocytosis of TJ in Intestinal Epithelial Cells

Interestingly, the plasma membrane area around the AJC
is both a frequent origin and destination of endocytotic
vesicles [26–28]. Many proteins involved in the formation
and sorting of vesicles are localized at the AJC, such as
Rab3b [29], Rab8 [30], Rab13 [31], and its effector protein
JRAB/MICAL-L2 [32], as well as a vesicle associated protein
VAP-33 [33]. Not only AJC proteins but also various other
plasma membrane proteins are delivered to the AJC area
and then transported to their final destination at the apical
plasma membrane [26–28].

Many independent studies demonstrated that proteins
of the AJC are internalised by endocytotic processes under
various conditions. Studies on embryological tissues revealed
the endocytosis of several adherens and tight junction pro-
teins during morphogenesis [34–36]. Beside embryological
implications, various pathological states are associated with
an increased endocytosis of AJC proteins. Massive internali-
sation of AJC proteins has been found during experimental
pancreatitis, following irradiation of intestinal epithelium,
and in patients with retinal dystrophy [37–39]. A wide range
of pathogenic stimuli, including cytokines, bacteria, toxins,
and oxidative stress, have been identified as strong inductors
of TJ and AJ protein endocytosis. [3, 5–10, 13–15].

The mechanisms that regulate endocytosis of AJC protein
internalization have been studied in detail over the last
decade and it is not surprising, that all three classic

pathways of endocytosis have been reported to be involved,
depending on the stimulus used. This includes clathrin-
mediated endocytosis of both TJ and AJ proteins using a
nonphysiological stimulus, calcium depletion, resulting in
loss of cell polarity and cell detachment [40], macropinocy-
tosis of transmembranous TJ but not AJ proteins using
the proinflammatory cytokine IFN-γ causing an increased
paracellular permeability [41] and caveolar-mediated endo-
cytosis of occludin but not other transmembranous TJ or AJ
proteins by Escherichia coli toxin cytotoxic necrotizing factor-
1, which activates RhoA [10].

Ivanov summarized in detail three potential modes of
endocytosis of AJC proteins with distinct consequences for
intestinal barrier function [42]. The first is the physiological
low-grade constitutive internalization of certain junctional
proteins without affecting AJC integrity and function. This
can be regarded as “house-keeping” involving the normal
turnover of AJC proteins. Internalized junctional proteins
may degraded via late endosomes (LEs), or may be delivered
back to the plasma membrane via recycling endosomes (REs)
[4, 11, 12]. The second is the selective internalization of
TJ but not AJ proteins. Internalized TJ proteins can be
recycled back to the plasma membrane via RE. Due to the
massive loss of TJ proteins at the AJC, this mechanism causes
increased paracellular permeability, while the AJ-mediated
cell-cell contacts remain intact. This mode has been observed
under inflammatory conditions [10, 41, 43, 44]. The third
is the internalization of both TJ and AJ proteins. Again,
internalized proteins can be degradated or recycled. As both
TJ and AJ are affected, this mechanism leads to a loss of
intestinal barrier function, and of both cell-cell contacts
and cell polarity. This mode is observed in epithelial cells
subjected to calcium depletion [40, 45–47] or in cells treated
with either platelet-derived growth factor [8] or oxygen
radicals [9, 42].

Since endocytosis mediates disassembly of the epithelial
AJC, it is important to understand which pathways remove
junctional proteins from the cell surface under inflammatory
conditions. Escherichia coli cytotoxic necrotizing factor-1
(CNF-1), induced the disassembling of occludin from the
TJ via a Rho, Rac, and Cdc42 activation by a caveolar-
mediated endocytosis [10]. Immunogold electron as well
as immunofluorescence/confocal microscopy experiments
revealed occludin and caveolin-1 internalization in caveolar-
like structures in CNF-treated intestinal epithelial cells [10].
While internalized occludin did not colocalize with LAMP1,
some occludin colocalized with EEA1 and rab11. Internalized
occludin also colocalized with EEA-1, a marker for early
endosomes and rab 11, a marker for recycling endosomes.
This suggests that a pool of internalized occludin might be
recycled back to the membrane in Rab11-positive recycling
endosomes without new synthesis after withdrawal of CNF-
1 [10]. CNF-1 also induces redistribution of claudin-1, JAM-
A, and ZO-1; however, these TJ proteins were not colocalized
with occludin and adherens junctions were not disrupted.

Using proinflammatory cytokines, for example, IFN-γ,
that are increased in inflammatory bowel disease (IBD), our
data strongly support the involvement of macropinocytosis-
mediated pathway in endocytosis of the transmembranous
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proteins occludin, claudin-1, and JAM-A without affect-
ing ZO-1 or AJ-proteins [15]. Pharmacological inhibitors
that prevent formation of clathrin-coated pits or caveolin-
mediated endocytosis did not attenuate TJ endocyto-
sis. However, two standard pharmacological approaches
to examine the role of macropinocytosis—inhibition of
Na+/H+ exchanger (EIPA and DMA) [48, 49] and phosphat-
idylinositol-3-kinase (PI3K) using wortmannin—[50, 51]
prevented internalisation of occludin, claudin-1, and JAM-A.
Finally, internalized TJ proteins significantly colocalized with
a marker of macropinocytosis, rhodamine-dextran. Collec-
tively, these data strongly suggest that IFN-γ induces inter-
nalization of epithelial TJ proteins by a macropinocytosis-
like process.

To determine the fate of IFN-γ-induced internalized TJ
protein colocalization, experiments with TJ proteins and
marker for specific compartments were performed in vitro.
Immunofluorescence labeling and confocal microscopy
clearly showed colocalization of internalized occludin, JAM-
A, and claudin-1 with markers of early/recycling endo-
somes, EEA-1, Rab4, and Rab11. Localization of occludin
in vesicles containing these markers was confirmed on an
ultra-structural level by immunogold labeling and electron
microscopy. Internalization of TJ-proteins was not accompa-
nied by their accelerated degradation. Interestingly, removal
of IFN-γ from culture medium resulted in the disappearance
of intracellular pools of occludin, JAM-A, and claudin-
1 and reaccumulation of these proteins at the TJ [41].
Such recovery of TJ was sensitive to exocytosis inhibitor
monensin but not to inhibition of de novo protein synthesis,
suggesting the involvement of recycling of internalized TJ
proteins.

Until recently, analysis of AJC endocytosis in response
to defined stimuli had only been studied in vitro. However,
recent work has shown that either T-cell activation or direct
administration of recombinant tumor necrosis factor (TNF)
or LIGHT, a TNF core family member (lymphotoxin-like
inducible protein that competes with glycoprotein D for her-
pes virus entry on T cells), induced occludin internalization
and barrier dysfunction in mice, whereas endocytosis of ZO-
1, claudins, and adherens junction proteins did not occur
[52, 53]. Internalized occludin also contained caveolin-1, but
not clathrin heavy chain. More importantly, inhibition of
caveolar endocytosis, but not clathrin-mediated endocytosis
or macropinocytosis, prevented occludin internalization and
barrier loss [54].

Endocytosis of TJ proteins have been demonstrated
during infectious diseases as well. Wroblewski found that
Helicobacter pylori infection of cultured monolayers or
hypergastrinemic mice was associated with endocytosis of
occludin and a consequent loss of epithelial barrier function
[55]. In active IBD proinflammatory cytokines, such as
IFN-γ and TNF-alpha (TNF-α) are increased leading to a
further compromise in epithelial barrier function [56]. This
is associated with an internalization of occludin and JAM-
A in subapical vesicle-like structures [41] in active ulcerative
colitis as well as in acute dextran sodium sulphate- (DSS-)
induced colitis [57]. Occludin endocytosis without claudin
endocytosis is similar to that induced by latrunculin A in

vitro, but contrasts sharply with the other in vitro studies
which generally showed internalization of occludin along
with claudin, JAM-A, or other TJ proteins. While it remains
to be characterized, these disparate results may well reflect
the difference between acute or transient stimuli and chronic
stimuli. Thus, the prolonged cytokine simulation may induce
internalization of claudin proteins as well as occludin. This,
in fact, has recently been observed in epithelia from patients
with Crohn’s disease [16, 18, 29].

5. Endocytosis of TJ in Nonintestinal
Epithelial Cells

The mechanisms of TJ protein endocytosis by inflammatory
mediators is not only observed in intestinal epithelial cells.
In a vitro model of blood-testis barrier (BTB), Xia et al.
focused on the fate of TJ proteins in primary cultured
Sertoli cells after transforming growth factor (TGF)-β3
and TNF-α treatment. In intact TJ TGF-β3 and TNF-
α significantly accelerated internalization of JAM-A, N-
cadherin, and occludin. Using phenylarsine oxide (PAO)
that blocks clathrin-mediated endocytosis TGF-β3-induced
protein internalization was inhibited [44]. As PAO is
known as an unspecific pharmacological inhibition tool also
blocking macropinocytosis, phagocytosis [58, 59], protein
tyrosine phosphatase, and Rho GTPase activity [60, 61],
clathrin was knocked down by siRNA to a level of 50-60%.
The knockdown of clathrin by siRNA significantly blocked
the accelerated endocytosis of JAM-A induced by TGF-β3
[44].

Furthermore in a vitro model of blood-brain barrier, the
proinflammatory mediator CCL2 induced disassembly of TJ
proteins occludin and claudin-5 by caveolin-mediated endo-
cytosis. This observation was also based on pharmacological
inhibition of caveolin-mediated internalization of claudin-5
and occludin using a cholesterol-binding agent, filipin III,
and a cholesterol solubilizing agent, methyl-β-cyclodextrin
[43].

To determine the intracellular compartments of inter-
nalized TJ proteins localisation experiments with GFP-
labeled claudin-5 and occludin and marker for early endo-
somes (EEA), recycling endosomes (Rab 4) and lysosomes
(LAMP2) were performed. The results indicate that internal-
ization of claudin-5 and occludin follows a recycling rather
than a degradation pathway and that recycled proteins are a
substrate for the reassembly of the TJ complex during blood-
brain barrier recovery [43].

6. Conclusion

Focusing on barrier function in inflammation, it is obvious
that the disassembly of AJC is triggered by endocytosis of
selective TJ proteins, thereby influencing AJC structure and
permeability across the epithelium. Due to the selective
internalized TJ proteins without influencing AJ proteins, the
paracellular permeability can increase without disruption
of the cell-cell contacts. In intestinal as well as in non-
intestinal epithelial cell tight junctions are internalized via
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endozytosis and placed to early and recycling endosomes
without degradation of these proteins. After withdrawal
of inflammatory agents, these pooled TJ proteins can be
recycled back to the TJ without synthesis of de novo proteins,
thereby regenerating the barrier function. However, this
possibly describes a general mechanism of regulating the
paracellular permeability by internalization of TJ proteins
under inflammatory conditions. A better understanding of
the mechanisms of junctional internalization and recycling
will likely provide new insights into the mechanisms of
clinically altered barrier function in inflammatory conditions
such as inflammatory bowel disease.
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Horseradish peroxidase (HRP) is often used as a fluid-phase marker to characterize endocytic and transcytotic processes. Likewise,
it has been applied to investigate the mechanisms of biliary secretion of fluid in rat liver hepatocytes. However, HRP contains
mannose residues and thus binds to mannose receptors (MRs) on liver cells, including hepatocytes. To study the role of MR-
mediated endocytosis of HRP transport in hepatocytes, we determined the influence of the oligosaccharid mannan on HRP biliary
secretion in the isolated perfused rat liver. A 1-minute pulse of HRP was applied followed by marker-free perfusion. HRP appeared
in bile with biphasic kinetics: a first peak at 7 minutes and a second peak at 15 minutes after labeling. Perfusion with 0.8 mg/mL
HRP in the presence of a twofold excess of mannan reduced the first peak by 41% without effect on the second one. Together with
recently published data on MR expression in rat hepatocytes this demonstrates two different mechanisms for HRP transcytosis: a
rapid, receptor-mediated transport and a slower fluid-phase transport.

1. Introduction

The liver plays a major role in the secretion of macro-
molecules into bile either by receptor-mediated or unspecific
fluid-phase transcytosis. Although the liver is composed
of parenchymal (hepatocytes) and nonparenchymal cells
(endothelial cells, Kupffer cells, Ito cells), only hepatocytes
are involved in bile formation and biliary secretion of blood-
derived molecules. As isolated hepatocytes in culture do not
form a polarized epithelial layer where the apical and baso-
lateral surfaces are accessible at opposite sides, transcytosis
studies are confined to in vivo experiments or to the isolated
perfused rat liver [1, 2]. Using the latter system, biliary
secretion of various ligands taken up by receptor-mediated
and/or fluid-phase endocytosis has been investigated so far.
In contrast to other polarized epithelial cells (intestine,
kidney, placenta) receptor-mediated endocytic processes are
mainly confined to the basolateral (sinusoidal) surface of
hepatocytes [1]. One of these sinusoidal receptors is a recep-
tor for galactose-containing glycoproteins, so-called asialo-
glycoproteins. This galactose receptor or asialoglycoprotein
receptor (ASGPR) clears defective asialoglycoproteins (e.g.,

asialoorosomucoid; ASOR) from the circulation by receptor-
mediated endocytosis. The receptors recycle and ASOR is
directed to lysosomes for degradation. However, about 0.5–
3% of internalized ASOR is missorted into the transcytotic
route and consequently secreted intact into bile [3, 4].
Interestingly, the kinetics and amount of biliary secretion
of different fluid-phase markers such as inulin or dextrans
(MW 2–70 kDa) differ considerably, an effect that is generally
attributed to their different molecular weight and/or charge
[5, 6]. Even more surprising, horseradish peroxidase (HRP),
following short pulse labeling, has a biphasic appearance
in bile: the first, faster peak is assumed to occur by a
paracellular route, while the second, slower peak takes place
by transcytosis [7]. Transcytosis of the latter peak has been
demonstrated by its complete absence in the presence of
microtubule depolymerizing drugs [8]. With respect to
the fast HRP appearance in bile the following data argue
against a paracellular pathway: we have previously shown
that low-temperature perfusion (16◦C) results in a delayed
appearance of the first peak in bile as compared to perfusion
at 37◦C [9]. Furthermore, 2 minutes after HRP loading HRP
containing vesicles were seen in the vicinity of the canalicular
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membrane [7]. Moreover, HRP is not an ideal fluid-phase
marker as it is a mannose-containing glycoprotein and thus
binds to mannose receptors (MR) on hepatic Kupffer and
endothelial cells with high affinity [10–12]. In addition, HRP
binds with low affinity (Km ∼ 4 μM) to isolated hepatocytes
[11, 13] and in these cells HRP uptake up to 0.2 mg/mL could
be competed by mannan, indicative for receptor-mediated
endocytosis via an MR. To study the potential role of hepatic
MR on HRP biliary secretion we determined the influence
of the mannose oligosaccharide mannan (MW ∼100 kD) on
HRP transport in the isolated perfused rat liver.

2. Materials and Methods

2.1. Animals. Male Louvain rats (250–300 g) were obtained
from a local breeding farm and were kept under a controlled
lighting schedule with a 12-hour dark period. Animals had
free access to food and water but were fasted overnight
before the experiment. Before surgical procedures, rats were
anesthetized by an intraperitoneal injection of urethane
solution (1 mL/100 g body-weight).

2.2. Materials. All chemicals were purchased from Sigma
Chem. Co (Vienna, Austria). FITC-dextran (70 kDa) was
extensively dialyzed against Tris-buffered saline (pH 7.34)
and finally against phosphate-buffered saline (pH 7.4) before
use. Asialoorosomucoid (ASOR) was obtained by enzymatic
desialylation of α1-acid glycoprotein [14]. ASOR was iodi-
nated in the presence of iodogen (Pierce) to a specific activity
of approximately 1, 4× 106 cpm/μg ASOR.

2.3. Biliary Secretion of Markers in the Isolated Perfused Rat
Liver. Following surgical removal, isolated rat livers were
equilibrated for 30 minutes at 37◦C by single-pass perfusion
with Krebs-Henseleith bicarbonate buffer (KHB; containing
10 mM glucose and 20 μM taurocholic acid and gassed with a
humidified mixture of 93% O2/7% CO2, pH 7.4) at a perfu-
sion rate of 3 mL/min and g liver [15, 16]. Biliary secretion of
the respective marker was analyzed by single-pass perfusion
at 37◦C. HRP (0.08 mg/mL, 0.8 mg/mL or 8 mg/mL KHB)
or FITC-dextran (5 mg/mL KHB) was perfused through the
liver for 1 minute at 37◦C followed by marker-free perfusion
for 40 minutes. Where indicated, a twofold access of mannan
over HRP was included in the perfusion buffer. Single bile
drops were collected and analyzed for the respective marker
concentration. To determine the kinetics of biliary secretion
of 125I-ASOR at 37◦C, the liver was perfused for 2 minutes
with 125I-ASOR (1.3–2.3 × 105 cpm/mL KHB) followed by
marker-free perfusion for 40 minutes. Single bile drops were
collected and TCA-precipitable (intact ASOR) and TCA-
soluble (degraded ASOR) counts in each bile drop were
determined.

2.4. Marker Determination. FITC-fluorescence of FITC-
dextran per biledrop was measured in a spectrofluorometer
(FP-777, Jasco, Japan) using 495 nm and 515 nm as excitation
and emission wavelengths, respectively. After subtraction

of background fluorescence, values were converted to con-
centration (pg FITC-dextran/biledrop) with the help of a
calibration curve. The enzymatic activity of HRP per bile
drop was determined based on standard curve according
to Marsh et al. [17]. Following perfusion with 125I-ASOR
single bile drops were subjected to precipitation with 10%
TCA (final concentration) and after centrifugation (1500× g,
15 minutes) radioactivity in the supernatant (TCA soluble
degradation products) and pellet (TCA precipitable, i.e.,
intact 125I-ASOR) were determined by γ-counting (1282-
Compugamma CS, LKB).

2.5. Calculations. The bile flow was calculated by determin-
ing the time when each bile drop was formed normalized
to 1 g liver (bile flow in μL/min and g liver). The amount
of marker/bile drop was determined using the respective
calibration curve (HRP, FITC-dextran) or radioactivity. As
one bile drop corresponds to 8 μL bile, these data were
converted to marker secretion (amount of marker/min and g
liver) by division by 8 and multiplication with the respective
bile flow. The appearance of the marker in bile was corrected
for the dead space of the bile duct cannula. The cummulative
HRP secretion was obtained by summing up the amount
of HRP/bile drop over time. To analyze differences between
the first and the second peak of HRP secretion, we defined
the cumulative amount that was secreted between 0 and
10 minutes to correspond to the 1st HRP peak (secretion
maximum 6–8 minutes). This amount was then subtracted
from the total amount of HRP secreted within 40 minutes to
obtain the total amount secreted during the 2nd HRP peak
(secretion maximum 15 minutes).

3. Results

3.1. Kinetics of Biliary Secretion of the Fluid-Phase Marker
FITC-Dextran and the Ligand, Asialoorosomucoid (ASOR).
For comparison, the secretion kinetics of a bona fide fluid-
phase marker, FITC-dextran, and a galactose-terminated
ligand, asialoorosomuciod (ASOR), were analyzed. FITC-
dextran (MW 70 kDa; 5 mg/mL) was added to the perfusate
and perfused through the liver for 1 minute (= pulse) under
single-pass conditions. To maintain constant bile flow 20 μM
taurocholic acid was always included in the perfusion buffer.
Perfusion was then continued in the absence of marker for
up to 40 minutes. The concentration of the marker was
analyzed in single bile drops and data were related to bile flow
and normalized to 1 g liver. As shown in Figure 1(a), FITC-
dextran appeared in bile 4 minutes after marker addition to
the perfusate. The secretion rate increased with time reaching
a peak at 8 minutes and then dropped to 0 at 40 minutes.
The bile flow (Figure 1(b)) revealed a transient decrease
and subsequent increase when the perfusion medium was
changed but then remained constant at about 1.75 μL/min
and g liver throughout the perfusion indicative for sufficient
oxygen supply, ATP generation, and intact liver function
[16].

125I-ASOR was used as high affinity ligand for the
ASGPR. ASOR is rapidly and efficiently taken up from
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Figure 1: Kinetics of biliary secretion of FITC-dextran (a) and ASOR (c). Livers were isolated and following 30-minute perfusion, FITC-
dextran (5 mg/mL) or 125I-ASOR was administered in the perfusion medium (KHB) for 1 minute and 2 minutes, respectively, at 37◦C (time
0) followed by a single-pass perfusion with marker-free KHB at 37◦C. (a) Single bile drops were collected and the FITC-dextran concentration
was determined using a calibration curve. Data were converted into secretion (ng FITC-dextran/min and g liver). In (b) the corresponding
bile flow is shown (mean ± SD from two (a, b) perfusions). (c) Single bile drop were subjected to precipitation with 10% TCA. Secretion
of intact ASOR (TCA precipitable counts) and degradation products (TCA soluble counts) of one typical experiment out of six are shown.
(d) Corresponding bile flow.

the perfusate and after ligand-receptor dissociation in early
endosomes the receptor is recycled and ASOR is sorted to
lysosomes [18, 19]. The appearance of ASOR degradation
products in bile reflects the kinetics of arrival in lysosomes.
About 90% of ASOR degradation products are released
into the perfusate and the remainder into bile [3]. Since
0.5%–3% of internalized ASOR is missorted and secreted
intact into bile, determination of TCA-precipitable and TCA-
soluble radioactivity in bile correlates with transcytosis and
transport to lysosomes, respectively [3, 4]. Biliary secretion
of ASOR at 37◦C was analyzed following a 2-minute pulse
of 125I-ASOR with subsequent marker-free perfusion of the
liver. Single bile drops were collected and TCA-precipitable
(intact) and TCA-soluble (degraded) radioactivity therein
were determined (Figure 1(c)). Intact 125I-ASOR appeared
in bile within 6 minutes after the pulse, while maximum
biliary secretion was found about 17 minutes after uptake. 15
minutes after internalization TCA-soluble counts appeared
in bile, corresponding to ASOR arrival in lysosomes, imme-
diate degradation and release of degradation products into
the perfusate (not shown; [3, 4]) and bile. The bile flow
(Figure 1(d)) remained constant at 1.8 μL/g liver and min
throughout this perfusion. Taken together, biliary secretion
of the fluid-phase marker FITC-dextran is faster than the
ligand ASOR.

3.2. Kinetics of Biliary Secretion of HRP and the Effect of Man-
nan on HRP Secretion. HRP (0.8 mg/mL KHB) was added
to the perfusion medium for 1 minute followed by marker-
free perfusion (Figure 2(a)). Although HRP appeared in bile
roughly at the same time as FITC-dextran, the secretion
rate revealed two peaks at 7 minutes and 15 minutes,
respectively. These two peaks were seen irrespective of the
HRP concentration perfused through the liver (0.08; 0.8;
8 mg/mL) and are in agreement with data from different lab-
oratories [7, 8, 20, 21]. The bile flow, shown in Figure 2(b),
remained constant at 1.6 μL/g liver and min throughout this
perfusion. The cumulative secretion is shown in Figure 2(c).
Comparison of HRP secretion with secretion of FITC-
dextran and ASOR revealed that HRP exhibits a similar
kinetics as the fluid-phase marker (1st HRP peak) as well as
that of the ligand (2nd HRP peak).

Next, we analyzed the influence of 1.6 mg/mL man-
nan on HRP secretion (Figure 3). Similar to the absence
of mannan (compare to Figure 2) two peaks of secreted
HRP were seen, at about 8 minutes and 16 minutes,
respectively (Figure 3(a)). The bile flow was maintained
at about 1.5 μL/min and g liver (Figure 3(b)). Figure 3(c)
demonstrates that the total cumulative secretion was reduced
in the presence of mannan as compared to its absence
(compare to Figure 2(c)). To differentiate whether mannan
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Figure 2: Kinetics of biliary secretion of HRP in the absence of
mannan in the perfused rat liver. Isolated livers were perfused with
HRP (0,8 mg/mL) for 1 minute at 37◦C (time 0) followed by a
single pass perfusion with marker-free KHB at 37◦C. The amount of
HRP in single bile drops was determined and the secretion rate was
calculated (a) based on the bile flow (b). Data shown are the mean
± SD five perfusions. (c) The total amount of HRP (cummulative
HRP secretion) secreted into bile as a function of the perfusion time
is shown.

influenced rather the first or the second peak, the amount
of HRP being secreted between 0 and 10 minutes (i.e.,
during the fast, first peak) and between 10 minutes and 40
minutes (i.e., during the slow, second peak) was analyzed.
As depicted in Figure 4, the first HRP peak was reduced
by 41% by mannan without any influence on the second
peak. When HRP at 0.08 mg/mL was applied in the perfusate,
the first peak was also decreased by mannan by 32% while
the second peak was slightly increased by 14% (data not
shown). However, due to the low HRP concentration in
single bile drops individual experiments varied considerable.
When the HRP concentration in the perfusate was raised to
8 mg/mL, no significant effect of 16 mg/mL mannan could be
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Figure 3: Effect of mannan on biliary HRP secretion. Livers were
isolated and following 30 minutes perfusion, HRP (0,8 mg/mL) plus
1.6 mg/mL mannan was administered in the perfusion medium
(KHB) for 1 minute at 37◦C (time 0) followed by single-pass
perfusion with marker-free KHB at 37◦C for 40 minutes. The
amount of HRP in single bile drops was determined and the
secretion rate was calculated (a) based on the bile flow (b). Data
shown are the mean ± SD of four perfusions. (c) The total
amount of HRP (cummulative HRP secretion) secreted into bile as
a function of the perfusion time is shown.

seen (data not shown). These data demonstrate that the fast
pathway of HRP entry into bile has to occur at least in part
by a receptor-mediated transcellular route. Nevertheless, the
kinetics of this route clearly differs from that of the ligand
ASOR (see Figure 1(c)).

4. Discussion

4.1. Characteristics of Liver MR. In our study, we have
observed an effect of mannan on the first peak of HRP-
secretion that indicates an interaction of HRP with MR
on hepatocytes. The MR (180 kDa) was first isolated from
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Figure 4: Effect of mannan on cumulative HRP secretion. The
cumulative secretion from the experiments shown in Figure 2
(absence of mannan) and Figure 3 (presence of mannan) was cal-
culated for 0–10 minutes (1st peak) and 10–40 minutes (2nd peak).
Data shown are the mean ± SEM from five and four perfusions,
respectively. Note that only the first peak (0–10 minutes) was
reduced in the presence of mannan. Asterisk indicates significant
differences at P ≤ .05.

rat liver Kupffer cells [22] and binds glycoproteins with,
for example, terminal mannose or fucose groups in a Ca-
dependent manner. The MR is found on monocyte-derived
and tissue macrophages, cultured dendritic cells, on hepatic
sinusoidal and lymphatic endothelial cells in the small
intestine [23]. Its main function is the clearance of many
serum glycoproteins, lysosomal enzymes, and denatured
collagen containing the respective sugar moieties resulting
in their rapid degradation [24–28]. Rat liver endothelial
cells exhibit a high MR surface density and high affinity
(Km about 30–60 nM) for ligands such as ovalbumin [28]
or N-acetylglucosamine containing glycoproteins [29]. MRs
are taken up by clathrin-mediated endocytosis due to a
conserved lysine residue and a dihydrophobic motif in
their short cytoplasmic tail [30, 31]. Internalized MR-
ligand complexes dissociate in the low pH environment of
endosomes [32] resulting in receptor recycling and ligand
transport to and degradation in lysosomes [28, 30].

Apart from being localized to Kuppfer and endothelial
cells receptors for mannose containing glycoproteins were
also described in liver parenchymal cells [11, 33]. Quantita-
tive data from electron microscopy autoradiographic studies
revealed that a minor fraction of mannose-terminated RNase
was found in hepatocytes [34]. Similarly, aglycerase was
taken up by hepatocytes in a mannose-dependent fashion
[35]. Using mannosylated gold particles, Kempka and Kolb-
Bachofen demonstrated binding of the marker in coated
pits followed by uptake, transcytosis, and secretion into
bile by rat hepatocytes in situ [12]. Although these events
in hepatocytes were rare as compared to liver sinudoidal
cells, they were not completely absent. Using isolated liver
parenchymal cells, binding, uptake, and intracellular routing
to lysosomes of invertase was shown that could be blocked by
mannose [36]. Collectively, these data support the presence
of an MR on the sinusoidal surface of rat hepatocytes.
However, the MR on hepatocytes is clearly distinct from
the MR on Kupffer and endothelial cells and has not been
identified, so far. Antibodies specific for the 180 kDa MR
on endothelial cells did not reveal a protein with similar

molecular weight in hepatocytes [37]. Binding of HRP
to isolated hepatocytes at 4◦C was of low affinity thus
preventing the identification of a specific plasma membrane
protein [13]. However, HRP uptake at 37◦C was saturable
with a Km of 8.3 mg/L and could be inhibited by mannan
with an apparent Ki of 2.5 mg/L [13] clearly demonstrating
the involvement of MR in HRP endocytosis in hepatocytes.

4.2. Endocytic Compartments Involved in Receptor-Mediated
and Fluid-Phase Transcytosis. Receptor-mediated endocy-
tosis can take place via clathrin-coated pits and vesicles
(e.g., ASOR, polymeric IgA), via caveolae (e.g., albumin in
endothelial cells), and other less characterized mechanisms
[38, 39]. The prevalence of the respective uptake mech-
anism depends on the ligand and cell type. Irrespective
of the uptake mechanism by which each endocytic vesicle
is formed, it contains extracellular fluid and extracellular
material (proteins, ions, etc.). Consequently, fluid-phase
endocytosis occurs concomitantly with receptor-mediated
endocytosis. However, the contribution of distinct endocy-
tosis mechanisms to fluid-phase uptake depends on the cell
type under investigation. The kinetics of transfer of different
markers, be they ligands or fluid-phase markers, do not
necessarily allow a prediction of their intracellular route.
FITC-dextran (fluid phase marker) and ASOR (ligand)
utilize the same endocytic subcompartments on their tran-
scellular route from the sinusoidal to the canalicular plasma
membrane [40]. This has been shown by low-temperature
(16◦C) perfusion of isolated perfused rat livers and by
subcellular liver fractionation [40]. Under this condition
FITC-dextran and ASOR accumulate in early endosomes
resulting in inhibition of transcytosis of both molecules and
inhibition of lysosomal degradation of ASOR. Nevertheless,
they are secreted into bile with completely different kinetics
(Figures 1(a) and 1(c)).

Similar to the transcytosis of ASOR and FITC-dextran,
low-temperature perfusion blocks the slow pathway of HRP
secretion indicative for involvement of the same endocytic
compartments (early endosomes) during transport to the
canalicular membrane. Consequently, a part of HRP has to
be taken up into typical early endosomes (that accumulate
marker at 16◦C), is then directed into transcytotic vesicles,
and appears in bile at about 15 minutes (Figure 5). In
contrast, a proportion of HRP is internalized via an MR
(mannan competeable uptake) into endocytic compartments
distinct from ASOR-containing endosomes. Such a distinct
fast transcellular pathway is supported by the observation
that HRP appearance in bile during 16◦C perfusion is
only delayed but not blocked [9] and that HRP-containing
endosomes are observed within 2 minutes in the vicinity
of the canalicular membrane [7]. Evidence for distinct
internalization pathways has also been obtained for other
biliary secreted markers. Albumin and ASOR have been
localized in distinct endocytic compartments early after
uptake in isolated hepatocytes at low temperature [41].

It is still a matter of debate whether the fast HRP
appearance in bile is (additionally) due to paracellular
transport as supported by stimulation of this peak under
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Figure 5: Scheme of potential pathways involved in HRP secretion
into bile. Compartments labeled by HRP are indicated by blue color.
Although HRP is also directed to lysosomes, only those endosomes
involved in transcytosis are shown in blue. MRs (yellow bars)
presumably recycle back to the sinusoidal plasma membrane.

postcholestatic conditions and by reagents that lead to intra-
hepatic cholestasis [8, 9, 42]. All these treatments increase
the permeability of the tight junctions and could therefore
explain the stimulatory effect on the first HRP peak [42, 43].
However, the data presented in this investigation clearly
demonstrate that a least part of the first HRP peak is reduced
by mannan and is thus accounted for by receptor-mediated
transcytosis. It may be speculated that mannan reduces the
paracellular permeability. However, since mannose receptors
are only involved in the binding and subsequent endocytosis
of mannose containing glycoproteins to/into cells, it can be
assumed that mannan has no influence on the paracellular
permeability, though this has not been proven. We cannot
think of an experimental setup to unequivocally differentiate
between the proportion of the transcellular and paracellular
part of the 1st peak. Such a setup is required to determine the
effect of mannan treatment on the paracellular permeability.

4.3. Actual HRP Concentration in the Perfusate. Kuppfer
cells and endothelial cells have an up to 10-times higher
endocytic activity of fluid-phase marker uptake per se [34,
35, 44] and, in addition, mannose-containing glycoproteins
are internalized by high affinity MR into endothelial cells
at a very fast endocytic rate [28, 45]. Consequently, the
actual HRP concentration that will be in contact with
hepatocytes in the isolated perfused rat liver is unknown.
It can be assumed to be much lower as the amount of
HRP added to the perfusion buffer due HRP removal
by endothelial and Kupffer cells. This may explain the
discrepancies between our results and data by Yamaguchi
et al. [13]. These authors observed saturation of HRP
uptake in isolated hepatocytes already at 0.2 mg/mL HRP.
In contrast, we could demonstrate mannan inhibitable HRP
secretion at 0.8 mg/mL. Thus, when HRP is applied at
concentrations ranging between 1 mg/mL and 10 mg/mL
as in morphological and perfusion studies [7, 8, 20, 21,

46] the proportion due to receptor-mediated endocytosis
cannot be ignored, although at such HRP concentrations
uptake by isolated hepatocytes is mainly by a fluid-phase
mechanism.

4.4. Role of Hepatocytes and the Biliary Epithelium in Bile
Formation and Composition. Bile is produced by hepatocytes
at their canalicular surface due to activity of many solute
transporters [47]. The main bile constituent is water (about
96%). The remainder is composed of bile acids (67%),
phospholipids (22%), cholesterol (5%), and proteins (5%).
The canalicular bile then passes through the bile ducts
and is collected in the gallbladder for regulated secretion
into the intestinal tract [48]. Ductular epithelial cells
modify the canalicular bile by a series of secretory and
reabsorptive processes resulting in its alkalinization and
concentration. Thus, ductular/gallbladder bile has a lower
water content (about 87%) and a higher concentration of
all the constituents listed above as canalicular bile. Many
biliary proteins (polymeric IgA) are secreted via receptor-
mediated transcytosis while others (albumin, IgG) reach
bile by a fluid-phase mechanism. Though it has been
shown that the total protein concentration is higher in
ductular/gallbladder than in canalicular bile due to water
absorption, additional absorptive/secretory processes may
affect the concentration of individual proteins [49]. With
respect to HRP we may speculate that this marker is
endocytosed by ductular cells by a fluid-phase mechanism as
shown in isolated rat bile duct epithelial cells [50, 51]. Such
processes may result in a reduction of the amount of HRP
in ductular bile. Thus, the actual amount of HRP secreted
by hepatocytes may be higher. How ductular endocytosis
may affect the concentration of the first and second HRP
peak is unknown and cannot be taken into consideration.
In any case, we here demonstrate that HRP secretion in
the isolated perfused rat liver can be inhibited by mannan
indicative for the involvement of MR in HRP uptake by
hepatocytes.

5. Conclusions

The potential pathways for HRP secretion into bile are
summarized in Figure 5: (1) a receptor-mediated, fast,
transcellular route, (2) a slow, fluid-phase transcytotic route
and (3) most likely also a fast paracellular route that is
increased by intra- and extrahepatic cholestasis. Based on
previous data [8, 52] the slow pathway is identical to
that taken by polymeric IgA and ASOR, that is, clathrin-
mediated uptake into early endosomes where sorting into
transcytotic vesicles takes place followed by biliary secretion.
This pathway is blocked by 16◦C in early endosomes and is
entirely dependent on microtubules [8, 9, 52]. In contrast,
the fast transcellular route is microtubule-independent and
insensitive to inhibition by low temperature [8, 9]. This
pathway may involve clathrin-coated pits and vesicles similar
to the uptake of mannose containing glycoproteins in
dendritic cells [53].
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The retinal pigment epithelium (RPE) is an specialized epithelium lying in the interface between the neural retina and the
choriocapillaris where it forms the outer blood-retinal barrier (BRB). The main functions of the RPE are the following: (1)
transport of nutrients, ions, and water, (2) absorption of light and protection against photooxidation, (3) reisomerization of
all-trans-retinal into 11-cis-retinal, which is crucial for the visual cycle, (4) phagocytosis of shed photoreceptor membranes, and
(5) secretion of essential factors for the structural integrity of the retina. An overview of these functions will be given. Most
of the research on the physiopathology of diabetic retinopathy has been focused on the impairment of the neuroretina and the
breakdown of the inner BRB. By contrast, the effects of diabetes on the RPE and in particular on its secretory activity have received
less attention. In this regard, new therapeutic strategies addressed to modulating RPE impairment are warranted.

1. Introduction

The retinal pigment epithelium (RPE) is a monolayer of
pigmented cells situated between the neuroretina and the
choroids. The RPE is of neuroectodermal origin and is
therefore considered to be part of the retina. The apical mem-
brane of the RPE faces the photoreceptor’s outer segments
and its basolateral membrane faces Bruch’s membrane,
which separates the RPE from the fenestrated endothelium
of the choriocapillaris (Figure 1). The RPE constitutes the
outer blood-retinal barrier (BRB). The inner BRB is mainly
constituted by endothelial cells. Tight junctions between
neighbouring RPE cells and neighbouring endothelial cells
are essential in the strict control of fluids and solutes that
cross the BRB as well as in preventing the entrance of
toxic molecules and plasma components into the retina.
Therefore, this sealing function is essential for the integrity
of the retina [1].

The main functions of the RPE are the following: (1)
Transport of nutrients, ions, and water (2) absorption of light
and protection against photooxidation, (3) reisomerization
of all-trans-retinal into 11-cis-retinal, which is a key element
of the visual cycle, (4) phagocytosis of shed photoreceptor
membranes, and (5) secretion of various essential factors for
the structural integrity of the retina.

Apart from these functions, the RPE stabilizes ion
composition in the subretinal space, which is crucial for the
maintenance of photoreceptor excitability [2]. In addition,
the RPE contributes to the immune privileged status of
the eye as part of the BRB and by the secretion of
immunosuppressive factors inside the eye. In recent years
it has become clear, mainly from in vitro studies, that
RPE cells play an important role in immune responses by
the expression of major histocompatibility complex (MHC)
molecules, adhesion molecules, FasL and cytokines [3]. With
these different complex functions, the RPE is essential for
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visual function. A failure of any one of these functions can
lead to degeneration of the retina, loss of visual function, and
blindness.

Diabetic retinopathy (DR) remains the leading cause
of blindness among working-age individuals in developed
countries [4]. Whereas proliferarive diabetic retinopathy
(PDR) is the commonest sight-threatening lesion in type
1 diabetes, diabetic macular edema (DME) is the primary
cause of poor visual acuity in type 2 diabetes. Because of the
high prevalence of type 2 diabetes, DME is the main cause
of visual impairment in diabetic patients [5]. In addition,
DME is almost invariably present when PDR is detected in
type 2 diabetic patients [6]. Neovascularization due to severe
hypoxia is the hallmark of PDR whereas vascular leakage
due to the breakdown of the blood retinal barrier (BRB)
is the main event involved in the pathogenesis of DME
[7, 8]. Most of the research on the physiopathology of DR
has been focused in the impairment of the neuroretina and
the breakdown of the inner BRB. By contrast, the effects of
diabetes on the RPE have received less attention.

In the following sections the functions of the RPE
mentioned above will be described in more detail, and the
deleterious effects of diabetes will be summarized. Although
there is growing evidence pointing to RPE as an active
secretor epithelium, it seems that this important function has
been less recognized. For this reason, this review will focus on
this essential propriety of RPE and its impairment in DR.

2. Transepithelial Transport

In one direction, the RPE transports electrolytes and water
from the subretinal space to the choroid, and in the other
direction, the RPE transports glucose and other nutrients
from the blood to the photoreceptors.

2.1. Transport from Blood to Photoreceptors. The RPE takes
up nutrients such as glucose, retinol, ascorbic acid, and fatty
acids from the blood and delivers these nutrients to the
photoreceptors.

To transport glucose, the RPE contains high amounts of
glucose transporters in both the apical and the basolateral
membranes. Both GLUT1 and GLUT3 are highly expressed
in the RPE [9–11]. GLUT3 mediates the basic glucose
transport while GLUT1 is responsible for inducible glucose
transport in response to different metabolic demands.

Another important function of the RPE is the transport
of retinol to ensure the supply of retinal to the photorecep-
tors. The bulk of the retinal is exchanged between the RPE
and the photoreceptors during the visual cycle in which all-
trans-retinol is taken up from the photoreceptors, isomerized
to 11-cis-retinal, and redelivered to photoreceptors [12].

Delivery of fatty acids such as docosahexaenoic acid
(DHA) to the photoreceptors is a third kind of transport
of importance for visual function [13]. DHA is an essential
omega-3 fatty acid that cannot be synthesized by neural
tissue but is required as structural element by membranes
of neurons and photoreceptors. DHA is synthesized from
its precursor, linolenic acid, in the liver and transported in
the blood bound to plasma lipoprotein where it is taken

up in a concentration-dependent manner [1, 14]. Apart
from the RPE’s functional integrity, DHA is the precursor of
neuroprotectin D1 (NPD1), a docosatriene that protects RPE
cells from oxidative stress [15, 16].

Recently it has been demonstrated that high glucose
downregulates GLUT-1 by Akt pathway activation mediated
by the PKC-oxidative stress signaling pathway in ARPE cells
(a spontaneously immortalized line of RPE cells) [17]. In
addition, the transport of retinol may be altered due to a
downregulation of the interstitial retinol binding protein
(IRBP) that occurs in diabetic patients (see below). Finally
an impairment of the transport of ascorbic acid also exists
in the presence of hyperglycemia, thus limiting the RPE’s
antioxidant defence [18, 19]. To the best of our knowledge,
there is no information regarding the potential effects of
diabetes on NPD1 or its precursor DHA.

2.2. Transport from Subretinal Space to Blood. The RPE
transports ions and water from the subretinal space or apical
side to the blood or basolateral side [1]. The Na+-K+-ATPase,
which is located in the apical membrane, provides the energy
for transepithelial transport [20–23].

There is a large amount of water produced in the retina,
mainly as a consequence of the large metabolic turnover
in neurons and photoreceptors. Furthermore, intraocular
pressure leads to a movement of water from the vitreous body
into the retina. This establishes the need for the constant
removal of water from the inner retina to the choriocapillaris
[24]. Water in the inner retina is transported by Müller cells,
and water in the subretinal space is eliminated by the RPE
[25, 26]. Constant elimination of water from the subretinal
space produces an adhesion force between the retina and the
RPE that is lost by inhibition of Na+-K+-ATPase by ouabain
[27]. The transport of water is mainly driven by a transport
of Cl− and K+ [24, 28–30].

Tight junctions establish a barrier between the subretinal
space and the choriocapillaris [31, 32]. Paracellular resistance
is 10 times higher than transcellular resistance, classifying
the RPE as a tight epithelium [33, 34]. For this reason,
water cannot pass through the paracellular transport route
and water transport occurs mainly by transcellular pathways
facilitated by aquaporin-1 [35–37].

Recently we have found that high glucose concentrations
result in a reduction of permeability in ARPE-19 cells [38]
that was unrelated to tight junction (occludin, ZO-1 and
claudin-1) changes. In this regard, in cultured bovine RPE
cells it has been demonstrated that hyperglycemia induces a
loss of Na+/K(+)-ATPase function, which responds to aldose
reductase inhibitor treatment [39]. Therefore, hyperglycemia
could impair the transport of water from subretinal space to
the choriochapilaris and, consequently, might contribute to
DME development.

At present, there is no information regarding the poten-
tial effects of diabetes on aquaporin expression in the RPE.

3. Absorption of Light and Protection
against Photooxidation

The retina is the only neural tissue that has a direct and
frequent exposure to light. This circumstance favours the
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Figure 1: Retinal section of the retina showing the location of the retinal pigment epithelium (RPE). In the box are listed the main functions
of RPE.

photooxidation of lipids which become extremely toxic to
retinal cells [40]. In addition, the retina is the part of the body
that proportionally consumes more oxygen, thus generating
a high rate of reactive oxygen species (ROS). The RPE is
essential in counterbalancing the high oxidative stress that
exists in the retina, and it does this by means of three lines of
defence.

The first line is the absorption and filtering of light.
For this purpose, the RPE contains a complex composition
of various pigments (i.e., melanin, lipofucsin) that are
specialized to different wavelengths and special wavelength-
dependent risks [41–43]. The second line of defence is
made by antioxidants. As enzymatic antioxidants, the RPE
contains high amounts of superoxide dismutase [44–47]
and catalase [45, 48]. As nonenzymatic antioxidants, the
RPE accumulates carotenoids, such as lutein and zeaxanthin
[42, 43] or ascorbate [42, 49]. In addition, glutathione
and melanin are important contributors to antioxidant
defence.

DR is characterized by reduced levels of molecules with
antioxidant activity such as glutathione [50, 51], superoxide
dismutase (SOD) [50, 52], and ascorbic acid [18, 53], thus
favouring retinal tissue damage induced by oxidative stress.

4. Visual Cycle

In vertebrate retina, vision is initiated and maintained by the
photolysis and regeneration, respectively, of light sensitive
pigments in the disk membranes of the photoreceptor outer
segments. This cyclical process depends on an exchange of
retinoids between the photoreceptors and the RPE.

Light transduction is initiated by the absorption of light
by rhodopsin which is composed of a seven transmembrane
domain G-coupled receptor protein, opsin, and the chro-
mophore 11-cis-retinal [54]. Absorption of light changes
the conformation of 11-cis-retinal into all-transretinal. Pho-
toreceptors lack cis-trans isomerase and, therefore, all-trans-
retinal is metabolized into all-trans-retinol and transported
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Figure 2: Confocal microscopy showing the expression of somato-
statin (SST) in the human retina. As can be appreciated SST
expression (in red) is higher in the RPE than in the neuroretina.
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Figure 3: Confocal microscopy of human RPE showing the
expression of both erythropoietin (Epo) in green and Epo receptor
(Epo-R) in red. At the bottom the merged image shows partial
colocalization of Epo and Epo-R.

to the RPE. In the RPE retinol is reisomerized by means
of cis-trans isomerase to 11-cis-retinal and then redeliv-
ered to the photoreceptors. The protein RPE65 (retinal
pigment epithelium-specific protein 65 kDa) is the protein
responsible for isomerization of the all-trans-retinaldehyde
to its photoactive 11-cis-retinaldehyde and is essential for
the visual cycle. In this regard, it has been shown that
RPE65 mutations cause severe retinal diseases such as Leber
congenital amaurosis [55].

There is a great deal of evidence that the transport of
retinoids between these cellular compartments is mediated
by the interphotoreceptor retinoid-binding protein (IRBP),
a large glycoprotein synthesized in the photoreceptors and
extruded into the interphotoreceptor matrix (IPM) that fills
the subretinal space [56–58]. IRBP functions to solubilize
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Figure 4: (a) Immunoblot showing higher protein content of
apolipoprotein A1 (apoA1) in RPEs from diabetic donors in
comparison with RPEs from nondiabetic donors. (b) Inmmunoflu-
orescent image of apoA1 (red) in ARPE cells (spontaneously
immortalized cell line of human RPE).

retinal and retinol, which are otherwise insoluble in water,
and mediates the targeting of these compounds and defines
transport direction [59–62]. This role for IRBP is further
supported by the observation that IRBP is not only present
in the IPM but also in endosomes of the RPE [63]. Transport
direction is then defined by the rapid turnover of IRBP
between the IPM and the RPE. Apart from participating in
the visual cycle, IRBP is important in fatty acid transport and
is essential to the maintenance of the photoreceptors [58, 64].

Recently, it has been demonstrated that lower IRBP
production is an early event in the human diabetic retina
and is associated with retinal neurodegeneration [65, 66].
In addition, the content of cellular retinaldehyde bind-
ing protein (CRALBP), a protein also related to retinoid
metabolism, has been found increased in RPE from diabetic
subjects with no clinically apparent diabetic retinopathy in
comparison with control donors [67].

5. Phagocytosis

Another function in the maintenance of photoreceptor
excitability is the phagocytosis of shed photoreceptor outer
segments [68–70]. Photoreceptors are exposed to intense
levels of light, thus leading to accumulation of photo-
damaged proteins and lipids. Thus, during each day, the
concentration of light-induced toxic substances increases
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inside the photoreceptors [42]. Light transduction by pho-
toreceptors is dependent on the proper functioning and
structure of proteins, retinal, and membranes. Therefore,
to maintain the excitability of photoreceptors, the photore-
ceptor outer segments (POSs) undergo a constant renewal
process [69, 71, 72]. In this renewal process POSs are newly
built from the base of outer segments, at the cilium. The
tips of the POS that contain the highest concentration of
radicals, photodamaged proteins, and lipids are shed from
the photoreceptors. Through coordinated POSs tip shedding
and the formation of new POS, a constant length of the
POS is maintained. Shed POSs are phagocytosed by the RPE.
In the RPE, shed POS are digested and essential molecules,
such as docosahexaenoic acid and retinal, are redelivered
to photoreceptors to rebuild light-sensitive outer segments
from the base of the photoreceptors [69, 73].

An impairment of phagocytosis has been described in
long term diabetes [74] and, therefore, it is possible that this
could also happen to RPE cells. However, specific studies
addressed to this issue are needed.

6. Secretion

The RPE is known to produce and to secrete a variety of
growth factors [7, 75] as well as factors that are essential
for the maintenance of the structural integrity of the retina
[76, 77] and choriocapillaris [78]. Thus, the RPE produces
molecules that support the survival of photoreceptors and
ensure a structural basis for the optimal circulation and
supply of nutrients. The RPE is able to secrete pigment
epithelium-derived factor (PEDF) [7, 79, 80], VEGF [7, 81–
85], fibroblast growth factors (FGF-1, FGF-2, and FGF-5)
[7, 86–91], transforming growth factor-β (TGF-β) [7, 92–
94], insulin-like growth factor-I (IGF-I) [95, 96], nerve
growth factor (NGF), brain-derived growth factor (BDNF),
neurotropin-3 (NT-3), ciliary neurotrophic factor (CNTF)
[97, 98], platelet-derived growth factor (PDGF) [7, 99,
100], lens epithelium-derived growth factor (LEDGF) [101],
members of the interleukin family [102–104], chemokines,
tumor necrosis factor α (TNF-α), colony-stimulating factors
(CSF), and different types of tissue inhibitor of matrix
metalloprotease (TIMP) [105–110]. Among these factors,
PEDF and VEGF seem the most significant.

6.1. PEDF and VEGF. In the healthy eye, the RPE secretes
PEDF [7, 80–82], which helps to maintain the retinal as
well as the choriocapillaris structure in two ways. PEDF
was described as a neuroprotective factor because it was
shown to protect neurons against glutamate-induced or
hypoxia-induced apoptosis [76, 111, 112]. In addition,
PEDF was shown to function as an antiangiogenic factor
that inhibited endothelial cell proliferation and stabilized
the endothelium of the choriocapillaris [7, 81, 82]. These
effects on vascularization also play an important role in
the embryonic development of the eye [113, 114]. Using
PEDF-deficient (PEDF−/−) mice, it has been confirmed that
PEDF is an important modulator of early postnatal retinal
vascularization and that in its absence retinal vascularization

proceeds at a faster rate and is more susceptible to hyperoxia-
mediated vessel obliteration [115].

Another vasoactive factor synthesized by the RPE is
VEGF, which is secreted in low concentrations by the RPE
in the healthy eye [7, 83, 86] where it prevents endothelial
cell apoptosis and is essential for an intact endothelium of
the choriocapillaris [116]. VEGF also acts as a permeability
factor stabilizing the fenestrations of the endothelium [117].
In a healthy eye, PEDF and VEGF are secreted at opposite
sides of the RPE. PEDF is secreted to the apical side where it
acts on neurons and photoreceptors whereas most of VEGF
is secreted to the basal side where it acts on the choroidal
endothelium [118, 119].

Overproduction of VEGF plays an essential role in the
development of PDR. The pathogenesis of DME remains
to be fully understood but VEGF and proinflammatory
cytokines have been involved in its development. Never-
theless, the balance between angiogenic (i.e., VEGF) and
antiangiogenic factors (i.e., PEDF) will be crucial for the
development of DR. In this regard, advanced glycation end
products increase retinal VEGF expression in RPE [120].
Downregulation of PEDF expression by elevated glucose
concentration in cultured human RPE cells was also observed
[121]. Therefore, strategies in blocking VEGF or stimulating
PEDF have been proposed as new therapeutic approaches for
DR.

Apart from the factors mentioned above, in recent years
new molecules have been found to be synthesized in RPE.
Among them, somatostatin, erythropoietin, and ApoA1
seem to be of special interest because they could open up new
therapeutic strategies for the treatment of DR.

6.2. Somatostatin. Somatostatin (SST) is a peptide that was
originally identified as the hypothalamic factor responsible
for inhibition of the release of growth hormone (GH)
from the anterior pituitary [122]. Subsequent studies have
shown that SST has a much broader spectrum of inhibitory
actions and that it is much more widely distributed in the
body, occurring not only in many regions of the central
nervous system but also in many tissues of the digestive
tract, including the stomach, intestine, and pancreas [123].
SST mediates its multiple biologic effects via specific plasma
membrane receptors that belong to the family of G-protein-
coupled receptors having seven transmembrane domains. So
far, five SST receptor subtypes (SSTRs) have been identified
(SSTRs 1–5) [124].

In the setting of this review it must be pointed out that
SST is produced by the retina of various species, including
humans [125–130]. Furthermore, SSTRs are also expressed
in the retina, with SSTR1 and SSTR2 being the most widely
expressed [127, 131–134]. The production of both SST and
its receptors simultaneously suggests an autocrine action in
the human retina.

The amount of SST produced by the retina is significant
as can be deduced by the strikingly high levels found in
the vitreous fluid. In fact, intravitreal levels of SST are
higher than in plasma. It must be emphasized that the
intravitreous level of total proteins is at least 20-fold less
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than in serum [135, 136]. Thus, the higher intravitreal
concentration of a particular protein in relation to its plasma
levels strongly suggests an important rate of intraocular
production. The main source of SST in humans is RPE.
Thus, it has been demonstrated that SST expression and
content is higher in RPE than in the neuroretina (Figure 2)
[137].

The main functions of SST for retinal homeostasis are
the following (1) SST acts as a neuromodulator through
multiple pathways, including intracellular Ca2+ signaling
[138], nitric oxide function [139], and glutamate release
from the photoreceptors [140]. In addition, a loss in
SST immunoreactivity was found after degeneration of the
ganglion cells [141]. It should be noted that retinal ganglion
cells (RGCs) are the earliest cells affected and have the
highest rate of apoptosis in diabetes [137, 142]. This could be
because RGCs are more sensitive to hypoxic conditions and
glutamate excitotoxicity [143]. Therefore, the neuroretinal
damage that occurs in DR might be the reason for the
decreased SST levels detected in the vitreous fluid of these
patients. In fact we have recently found that low SST
expression and production is an early event in DR and is
associated with retinal neurodegeneration (apoptosis and
glial activation) [137]. (2) SST is an angiostatic factor. SST
may reduce endothelial cell proliferation and neovasculari-
sation by multiple mechanisms, including the inhibition of
postreceptor signalling events of peptide growth factors such
as IGF-I, VEGF, epidermal growth factor (EGF), and PDGF
[144]. Using a mouse model of hypoxia-induced retinopathy,
it has been demonstrated that in retinas overexpressing
subtype 2 receptor of somatostatin (sst2) neovascularization
was lower than in wild type retinas [145]. In addition, also
using a mouse model of hypoxia-induced retinopathy it
has been observed that retinal neovascularization increased
in sst(2)-KO mice [146]. Furthermore, both SSTR2- and
SSTR3- selective analogues directly inhibit retinal endothelial
cell growth in vitro [147, 148]. It is worthy of mention
that the intravitreal levels of SST lie within the same
range as those showing antiangiogenic effect in experimental
studies [149–151]. Therefore, SST can be considered as
a good candidate to be added to the list of the natural
inhibitors of angiogenesis. (3) SST has been involved in
the transport of water and ions. As previously mentioned,
various ion/water transport systems are located on the apical
side of the RPE, adjacent to the subretinal space, and,
indeed, a high expression of SST-R2 has been shown in this
apical membrane of the RPE [131]. Nevertheless, the specific
mechanisms involved in ion/water transport driven by SST
remain to be elucidated.

In DR there is a downregulation of SST that is associated
with retinal neurodegeneration [137]. Thus, a lower expres-
sion of SST has been found in RPE and neuroretina as well
as a dramatic decrease of intavitreal SST levels [137, 152–
154]. As a result, the physiological role of SST in preventing
both neovascularisation and fluid accumulation within the
retina is reduced, and consequently the development of
PDR and DME is favoured [153, 154]. In addition, the loss
of neuromodulator activity also contributes to neuroretinal
damage. For all these reasons, intravitreal injection of SST

analogues or gene therapy has been proposed as a new
therapeutic approach in DR [155].

6.3. Erythropoietin. Erythropoietin (Epo) was first described
as a glycoprotein produced exclusively in fetal liver and adult
kidney that acts as a major regulator of erythropoiesis [156].
However, Epo expression has also been found in the human
brain [157] and in the human fetal retina [158]. In recent
years, we have demonstated that not only Epo but also its
receptor (Epo-R) is expressed in the adult human retina
(Figure 3) [159, 160]. Epo and EpoR mRNAs are significantly
higher in RPE than in the neuroretina [160].

In addition, intravitreal levels of Epo are∼3.5-fold higher
than those found in plasma [159]. The role of Epo in the
retina remains to be elucidated but it seems that it has a
potent neuroprotective effect [161, 162]. In this regard, it
has been shown that Epo protects cultured neurons from
hypoxia and glutamate toxicity [163–165], and its systemic
administration reduces neuronal injury in animal models
of focal ischemic stroke and inflammation [166–168]. In
addition, it has been demonstrated using an in vitro model of
bovine blood-brain barrier (BBB) that Epo protects against
the VEGF-induced permeability of the BBB and restores the
tight junction proteins [169]. Since BRB is structurally and
functionally similar to the BBB [170], it is possible that
Epo could act as an antipermeability factor in the retina. In
fact, Epo was able to improve DME when administered for
treatment of anemia in diabetic patients with renal failure
[171].

Epo is upregulated in DR [159, 160, 172, 173]. Epo
overexpression has been found in both the RPE and neu-
roretina of diabetic eyes [159, 160]. This is in agreement
with the elevated concentrations of Epo found in the vitreous
fluid of diabetic patients (∼30-fold higher than plasma
and ∼10-fold higher than in non diabetic subjects) [159].
Hypoxia is a major stimulus for both systemic [156] and
intraocular Epo production [174]. In fact, high intravitreous
levels of Epo have recently been reported in ischemic retinal
diseases such as PDR [159, 172, 173, 175]. In addition,
it has been reported that Epo has an angiogenic potential
equivalent to VEGF [173, 176]. Therefore, Epo could be an
important factor involved in stimulating retinal angiogenesis
in PDR. However, intravitreal levels of Epo have been found
at a similar range in PDR to that in DME (a condition
in which hypoxia is not a predominant event) [159]. In
addition, intravitreal Epo levels are not elevated in non
diabetic patients with macular edema secondary to retinal
vein occlusion [177]. Finally, a higher expression of Epo
has been detected in the retinas from diabetic donors at
early stages of DR in comparison with non diabetic donors,
and this overexpression is unrelated to mRNA expression
of hypoxic inducible factors (HIF-1α and HIF-1β) [160].
Therefore, stimulating agents other than hypoxia/ischemia
are involved in the upregulation of Epo that exists in the
diabetic eye.

The reason why Epo is increased in DR remains to be
elucidated but the bulk of the available information points
to a protective effect rather than a pathogenic effect, at
least in the early stages of DR. There have been several
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reports on the protective effects of Epo in the retina
[175, 178–185]. In addition, Epo is a potent physiologic
stimulus for the mobilization of endothelial progenitor cells
(EPCs) [186] and, therefore, it could play a relevant role
in regulating the traffic of circulating EPCs towards injured
retinal sites. Recruitment of EPCs to the pathologic area
would be beneficial because their capability of integrating
into damaged vasculature can lead to the reendothelization
of acellular vessels. It has recently been shown that a
reduction of EPCs exists in nonproliferarive DR [187] and it
has also been demonstrated that EPCs from diabetic donors
are less effective in repairing damaged vasculature [188].
In this regard, the increase of intraocular synthesis of Epo
that occurs in early stages of DR (i.e., in nonproliferative
DR) can be contemplated as a compensatory mechanism for
repairing the damage induced by the diabetic milieu through
an increase in EPC recruitment. However, in advanced stages
of DR (i.e., in the setting of PDR) a dramatic increase of
both VEGF [7] and mature EPCs has been detected [187].
In this setting, Epo could potentiate the effects of VEGF,
thus contributing to neovascularisation and, in consequence,
worsening PDR [181, 189].

The potential advantages of Epo or EpoR agonists in
the treatment of DR include neuroprotection, vessel stability,
and enhanced recruitment of EPCs to the pathological area.
However, as mentioned above, timing is critical since if
Epo is given at later hypoxic stages, the severity of DR
could even increase. However, in the case of the eye, disease
progression is easy to follow without invasive investigation
and allows timing of the administration of drugs to be
carefully monitored, hopefully resulting in better clinical
outcomes.

6.4. Apolipoprotein A1. Apolipoprotein A1 (apoA1) has been
recently proposed as a key factor for intraretinal reverse
transport of lipids, thus preventing lipid accumulation in
the retina [190]. In a proteomic analysis of human vitreous
fluid we found that apoA1 was highly intraocularly produced
in patients with proliferative DR in comparison with non-
diabetic subjects [65]. In addition, we have recently shown
higher apoA1 (both mRNA levels and protein) in the retinas
from diabetic donors in comparison with non-diabetic
donors (Figure 4) [191, 192]. Moreover, apoA1 immunoflu-
orescence was detected in all retinal layers but mRNA was
more abundant in RPE [55]. This finding suggests that
RPE is the main source of apoA1 in the human retina.
These results are consistent with those reported by Li et al.
[193] which demonstrated the immunolocalization of apoA1
to Bruch’s membrane (a thin connective tissue between
the basal surface of the RPE and the choriocapillaris) in
postmortem human eye specimens as well as the presence
of apoA1 transcripts in the RPE and neural retina. Several
independent lines of research indicate that the RPE contains
LDL receptors (LDLRs) and/or scavenger receptors by which
lipoproteins (LDL) are internalized and serve as a significant
supply of lipids to the retina [194–196]. Taken together, the
RPE, due to its capacity in internalizing and extruding lipids,
can be considered as the most important regulator of lipid
transport in the retina.

The reason why apoA1 is overexpressed in the diabetic
retina needs to be elucidated but one possibility is that the
diabetic milieu stimulates apoA1 production by the retina.
In this regard, Kawai et al. [197] observed an increased
secretion of apoA1 from the main lacrimal gland in patients
with DR, but it was not detected in healthy subjects. In
recent years new insights have been gained into the transport
of lipids within the retina [190, 194], thus allowing us to
hypothesize that the mechanisms regulating intraretinal lipid
transport rather than serum levels are more important in
the pathogenesis of DR [191, 192, 198]. In this regard,
ABCA (ATP binding cassette transporter A1) and apoA1
have been found in several layers of monkey retina, thus
suggesting the existence of an intraretinal mechanism to
export HDL-like particles [190]. Ishida et al. [199] have
demonstrated that HDL stimulates the efflux of radiolabelled
lipids, of photoreceptor outer segment origin, from the
basal surface of RPE cells in culture. The role of this HDL-
based intraretinal lipid transport could be important in
preventing lipotoxicity. The fact that the retina is the only
neural tissue that has a direct and frequent exposure to light
presents a significant problem. This is because many lipids,
especially polyunsaturated fatty acids (which are mainly
located in the photoreceptor outer segments) and cholesterol
esters, are highly susceptible to photo-oxidation and these
oxidized lipids become extremely toxic to retinal cells [40].
In DR, this problem could be aggravated by the increase
of oxidative stress and lipid peroxidation associated with
diabetes. Apart from preventing or arresting lipotoxicity,
apoA1 is a potent scavenger of reactive oxygen species
[200, 201]; therefore, it could play an important role in
protecting the retina from the overall oxidative stress due to
diabetes. In this regard, it should be noted that retinopathy
has been associated with apoA1 deficiency of genetic origin
[202, 203].

Lipoprotein deposition plays an essential role in the
pathogenesis of age-related macular degeneration (ARMD)
[204, 205], but little is known about the origin of lipoproteins
in the retina of diabetic patients and their potential role
in the pathogenesis of DR. The role of apoA1 in extruding
lipids out of the retina permits us to hypothesize that
apoA1 is increased in diabetic patients as a compensatory
mechanism in order to prevent the development of DR [67].
In other words, those diabetic patients with less capacity for
apoA1 production by the retina would be more prone to
develop lipid deposition (hard exudates) in the retina and,
in consequence, to initiate DR.

Given that apoA1 has antioxidant properties and pre-
vents lipid deposition in the retina, the design of new treat-
ment strategies addressed to promoting the overexpression
of apoA1 in order to reduce the development of DR seems
warranted.

7. Concluding Remarks

The RPE lies in the interface between the neural retina
and the choriocapillaris where it forms the outer BRB. To
retard transepithelium diffusion between cells, the cells of
the epithelium are bound together by a partially occluding
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seal, the tight junction. The tight junction subdivides the
plasma membrane into two functionally distinct domains.
The apical membrane faces the photoreceptors of the neural
retina, while the basolateral membrane faces the fenestrated
choriochapillaris.

As a layer of pigmented cells the RPE absorbs the
light energy focused by the lens on the retina. To regulate
transport across the monolayer, various pumps, channels,
and transporters are distributed specifically to either the
apical or the basolateral membrane. The RPE transports
ions, water, and metabolic end products from the subretinal
space to the blood and, conversely, takes up nutrients such as
glucose, retinol, and fatty acids from the blood and delivers
these nutrients to the photoreceptors. To maintain photore-
ceptor excitability retinal is constantly transported from the
photoreceptors to the RPE where it is reisomerized to 11-cis-
retinal and transported back to the photoreceptors. This is
the key component of the visual cycle. Another function that
contributes to the maintenance of photoreceptor excitability
is the phagocytosis of the shed photoreceptor outer segments.
The photoreceptor outer segments are digested, and essential
substances such as retinal are recycled and returned to the
photoreceptors for rebuilding light-sensitive outer segments
from the base of the photoreceptors. In addition, the RPE
is able to secrete a variety of growth factors as well as
factors that are essential for the maintenance of the structural
integrity of the retina and the choriocapillaris. Furthermore,
the secretory activity of the RPE plays an important role in
establishing the immune privilege of the eye by secreting
immunosuppressive factors.

Most investigations into the pathogenesis of DR have
been concentrated on the neural retina since this is where
clinical lesions are manifested. However, RPE is essential for
neuroretina survival and, consequently, for visual function.
In recent years, various abnormalities in both the struc-
tural and secretory functions of RPE have been found in
DR. Therefore, future scenarios involving new therapeutic
strategies addressed to modulating RPE impairment are
warranted.
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M. Segura, and R. Simó, “Vitreous levels of vascular cell
adhesion molecule and vascular endothelial growth factor
in patients with proliferative diabetic retinopathy: a case-
control study,” Diabetes Care, vol. 24, no. 3, pp. 516–521,
2001.

[137] E. Carrasco, C. Hernández, A. Miralles, P. Huguet, J. Farrés,
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Acid secretion in gastric parietal cells requires highly coordinated membrane transport and vesicle trafficking. Histologically,
consensus defines acid secretion as the ratio of the volume density (Vd) of canalicular and apical membranes (CAMs) to
tubulovesicular (TV) membranes, a value which varies widely under normal conditions. Examination of numerous achlorhydric
mice made it clear that this paradigm is discrepant when used to assess most mice with genetic mutations affecting acid secretion.
Vd of organelles in parietal cells of 6 genetically engineered mouse strains was obtained to identify a stable histological phenotype
of acid secretion. We confirmed that CAM to TV ratio fairly represented secretory activity in untreated and secretion-inhibited
wild-type (WT) mice and in NHE2−/−mice as well, though the response was significantly attenuated in the latter. However, high
CAM to TV ratios wrongly posed as active acid secretion in AE2−/−, GHKAα−/−, and NHE4−/− mice. Achlorhydric genotypes
also had a significantly higher Vd of basolateral membrane than WT mice, and reduced Vd of mitochondria and canaliculi. The
Vd of mitochondria, and ratio of the Vd of basolateral membranes/Vd of mitochondria were preferred predictors of the level of
acid secretion. Alterations in acid secretion, then, cause significant changes not only in the Vd of secretory membranes but also in
mitochondria and basolateral membranes.

1. Introduction

Gastric acid secretion is regulated by paracrine, endocrine,
and neural stimuli [1–7]. This involves translocating/col-
lating essential proteins to appropriate cytoplasmic and
membrane sites, vesicle trafficking, membrane docking,
fusion and fission [8–10], modulation of mitochondrial
activities, and the coordinated regulation of ion transport
proteins, as well as coupling of cytoskeletal proteins to the
canalicular membrane via intermediate linking. Equitable
and sustainable energy and ion transport, coordinated in all
parts of the cell, is needed to maintain cell homeostasis and

successful acid secretion, ultimately affecting and defining
parietal cell morphology [11–13].

Ultrastructurally, there is long-standing historical prece-
dence for equating secretory activity with the relative volume
densities (Vds) of canalicular and apical membranes (CAMs)
and tubulovesicular membranes (TV). The modulation of
these membranes has served as an indicator of quiescent
and active secretion, which was established early-on with
rigorous morphometry [1, 3, 8, 14–19]. A paucity of TV
was equated with hyperstimulation of parietal cell, and
inhibition of acid secretion with a cytoplasm containing
mostly tubulovesicles. Similar quantitative evaluations of
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membranes and other organelles in genetically engineered
achlorhydric mouse models are much less common [20–
23], and since results from these models are inconsistent,
the debate continues over the relationship between TV and
CAM.

The purpose of this study was to correlate parietal cell
ultrastructure with the reported level of acid secretion in
several mouse models of achlorhydria, in order to define a
more reliable phenotype. Brief descriptions of the normo-,
hypo-, and achlorhydric mouse models used in this study are
as follows:

The AE2 Cl−/HCO−
3 exchanger (anion exchanger 2,

Slc4a2) is expressed in most cell types at low levels but is
highly expressed on the basolateral membranes of parietal
cells, [11, 24, 25] where it mediates chloride and bicarbonate
exchange required for HCl secretion and participates in
the maintenance of cell volume and intracellular pH [26,
27]. The loss of AE2 produced achlorhydria but did not
have a major effect on parietal cell viability [11]. The Vd
of secretory canaliculi and of TV was severely reduced,
basolateral membrane infoldings were increased, and the
gastric gland lumens were filled with electron dense debris.
Canalicular and apical microvillar membranes appeared to
be normal morphologically.

The gastric H+, K+, ATPase alpha subunit (GHKAα,
Atp4a) is abundantly expressed in parietal cells and its loss
produces achlorhydria. The alpha subunit contains the ATP
and cation binding sites required for the export of H+ from
the apical microvilli into the gastric gland lumen. GHKAα
appears to interact directly with cytoskeletal proteins and, as
such, may actively participate in the modulation of TV and
CAM during stimulation [28]. Numerous and severe ultra-
structural abnormalities including dilated canalicular spaces,
abnormal microvilli, absence of and/or replacement of TV
with round vesicles, abnormally large mitochondria with
whorled cristi, the accumulation of parietal cell glycogen, and
epithelial metaplasia accompanied the loss of GHKAα [29].

The NHE2 Na+/H+ exchanger (Slc9a2) has not yet been
localized within the parietal cell [30]. Although it may be
localized to basolateral membranes, it is expressed on apical
membranes in other cell types [31, 32]. NHE2−/− mice
are hypochlorhydric initially, the amount of gastric acid
measured in stomach progressively declines, and parietal
cell viability is very much decreased [30]. Parietal cell
ultrastructure showed mostly normal looking CAM and TV
and mitochondria.

The NHE4 Na+/H+ exchanger (Slc9a4), required for
acid secretion, is also abundant in parietal cells [25] and
is expressed on basolateral membranes [12, 33]. NHE4−/−
mice are severely hypochlorhydric, have compromised pari-
etal cell development or viability, and show a greatly reduced
Vd of both CAM and TV. CAMs are normal-looking but
the cytoplasm just adjacent to the microvilli is mostly
devoid of mitochondria and vesicles of any type [12] (a
site where both are usually present in WT). CAMs almost
exclusively appeared as shallow invaginations from the apical
membrane, rather than deep canalicular nidi.

Morphology of the double null mice (NHE2−/−AE2−/−
and NHE2−/− GHKAαα−/−) has not been reported in

detail previously, but parietal cells appeared to default to
the characteristics of the AE2−/− and GHKAα−/− mice,
respectively, with some uniqueness in each.

Normochlorhydric knockout (KO) mouse strains used as
controls included those for the NHE1 (Slc9a1) and NHE3
(Slc9a3) Na+/H+exchangers, the NKCC1 (Slc12a2) Na+-K+-
2Cl− cotransporter, and the PMCA4 (Atp2b4) plasma mem-
brane Ca2+-ATPase. These KO mice, and their parietal cells
have also been described previously, and were determined in
this study, by morphometry, not to be significantly different
from parietal cells in wild-type (WT) mice [34–37].

Our aim was to identify parietal cell phenotypes which
predictably reflected the level of acid secretion reported for
the pH of gastric contents. It was concluded that of the
numerous morphometric parameters that we measured, the
Vd of mitochondria (alone), the Vd of all secretory mem-
branes (together), and the Vd of basolateral membranes/Vd
of mitochondria were good predictors of parietal cell activity.
The latter two were less influenced by the structural defects
in the KO mice which compromised modulation of TV and
CAM.

2. Materials and Methods

2.1. Animals. WT mice plus 4 strains of normochlorhydric
mice (NHE1−/−, NHE3−/−, NKCC1−/−, PMCA4−/−)
were used as controls. Two hypochlorhydric/achlorhydric
mouse lines (NHE2−/− and NHE4−/−) and 4 strains of
achlorhydric mice (single knockouts, AE2−/−, GHKAα−/−,
and both NHE2−/−AE2−/− and NHE2−/− GHKAα−/−
double knockouts) were used experimentally.

All mice were housed in humidity and temperature
controlled rooms, on a 12-hour light/dark cycle, with access
to standard mouse chow and water ad libitum, except when
fasted. Gender- and age-matched WT mice were paired with
all KOs. AE2−/− mice and their matched WT pairs were
usually under three weeks old, because of early mortality in
the former [11]. All other mice varied from 3 weeks to over
1 year old at euthanasia, with approximately equal numbers
of males and females in those pairs. Animal protocols
were approved by the University of Cincinnati Institutional
Animal Care and Use Committee and animal handlers were
trained in an American Association of Assessment and
Accreditation of Laboratory Animal Care facility. Mice were
cared for, and inspected daily.

Acid secretion, in WT and NHE2−/− mice only, was
inhibited by fasting, omeprazole treatment (200 μmoles/kg
orally two times per day for 2 weeks) or, vagotomy. Fasting
included withholding food from mice housed in wire
cages with no bedding for 12 hours prior to euthanasia.
Paired WT and NHE2−/−mice were surgically vagotomized
(Charles River Laboratory) when animals were approx-
imately 5 months of age. After three additional months
(180 to 220 days) mice were euthanized. Hyperchlorhydria
was induced in WT mice using histamine (Sigma), at a
subcutaneous dose of 2 μg/gram body weight in phosphate
buffered saline and animals were euthanized after either 15
or 20 minutes.
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2.2. Tissue Processing. Euthanasia was effected with carbon
dioxide followed by cutting the diaphragm. The stomach was
dissected immediately, opened along the greater curvature,
rinsed free of food in phosphate buffered saline (PBS),
and fixed by immersion in 2% paraformaldehyde/2.5%
glutaraldehyde in PBS or in 4% paraformaldehyde in PBS
for at least 24 hours. All tissue blocks were postfixed in
1% osmium tetroxide in either Millonig’s buffer or PBS for
2 hours, dehydrated stepwise in increasing concentrations
of ethanol, two changes of propylene oxide, and in one
change each of 1 : 1 and 1 : 3 propylene oxide:SpurrR
(Electron Microscopy Sciences, Hatfield PA). Tissues were
left overnight in fresh 100% resin and embedded in BeemR
capsules (Electron Microscopy Sciences, Hatfield PA) the
following day in fresh resin with tissue oriented so that
epithelium could be cut perpendicularly to the plane of the
basement membrane. Sections were cut at 1.5 to 2 microns
thick and stained with toluidine blue for light microscopy.
Tissue was also preserved in formalin, dehydrated in ethanol
and xylene, blocked in paraffin, sectioned at 5 microns, and
stained with hematoxylin and eosin (H&E).

Thin (gold) plastic sections were stained with uranyl
acetate and lead citrate for transmission electron microscopy.

2.3. Microscopy and Morphometry. The total number of mice
used in this study was 116. The number of KO, double-
KO, and WT mice per group varied from 2 to 46. The
number (n) of mice in any given analysis was included within
the bar graphs. The 4 normochlorhydric KO genotypes and
4 normochlorhydric heterozygous mice from among these
genotypes were pooled with WT mice, since no significant
differences were found in morphometry compared to WT.

Electron micrographs of parietal cells for morphometry
were taken as they were sequentially encountered at the
microscope, avoiding operator bias in the selection of
individual cells. Parietal cells in the mucus pit region of the
gastric epithelium were excluded; however, the parietal cells
included in the dataset represented a summary of those from
the gastric gland neck and basal regions.

A grid of 285 points was overlaid onto micrographs of
parietal cells. Intersections of the grid which fell over the
following cytoplasmic and nuclear events were counted:
(1) basal and lateral membranes (BLM), (2) round vesicles
(RV), (3) tubulovesicles (TV) (distinctly oval or tubular or
irregularly shaped), (4) canalicular and apical microvillar
membranes (CAM), (5) apical membrane without charac-
teristic microvilli (as in the case of the GHKAα−/− parietal
cells), (6) mitochondria, (7) lamellar and dense bodies,
(8) nucleoplasm, and (9) glycogen. Volume densities were
calculated by dividing the number of points lying over a given
structure by the total number of points counted over that
parietal cell [29, 30].

2.4. Data Analysis. Data were analyzed using SAS V8.0, or 9.1
(SAS Institute, Cary NC), and Sigma Plot 2000. Means and
standard errors of the means were determined by genotype,
gender, treatment and age using the General Linear Model.
For data shown in bar graphs, n = an individual animal.

WT

TV

N

5 μm 1 μm

(a)

WT NHE2−/−

N

N

5 μm 1 μm

(b)

Figure 1: WT parietal cells (left and right). Right panel shows
tubulovesicles similar to those boxed in (a). (b) Parietal cells from
omeprazole treated mice: WT (left) and NHE2−/− (right). Insets
show tubulovesicles from areas similar to those boxed in WT
and NHE2−/− omeprazole-treated mice, respectively. Microvilli
were significantly longer and the Vd of mitochondria was reduced
in NHE2−/− parietal cells compared to WT. Tubulovesicles in
NHE2−/− parietal cells were mostly vesicular, and often con-
tained electron-dense cores. N: nucleus; arrowheads: mitochondria;
arrows: canaliculi, boxes surround TV.

Results were considered significant when P ≤ .05. Images
for final figures were scanned from prints, contrast enhanced,
and occasionally dodged, burned, or the dust and scratches
filter applied, when needed, with Photoshop 7 (Adobe.com).
Figures were created with Corel Draw x3 (Kodak.com).

3. Results

3.1. Statistically Significant Markers of Acid Secretion. Pari-
etal cells in the normochlorhydric KO mice (NHE1−/−,
NHE3−/−, NKCC1−/− and PMCA4−/−) were not mor-
phometrically different from WT mice, and these data were
pooled (hereafter referred to collectively as WT). Generally,
untreated WT parietal cell morphology and morphometry
agreed very well with historical data (Figures 1 and 2). This
was also true for those WT mice in which gastric acid secre-
tion was inhibited by vagotomy or by omeprazole [15, 17, 18]
(Figure 1). Eighty-five to 90 percent of the cytoplasmic
membranes, that is, (TV + CAM)/total membranes were
directly related to acid secretion in WT mice.
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Figure 2: Vd of secretory membranes with and without inhibition of acid secretion with omeprazole (omep) or vagotomy (vagot) is shown
for WT and NHE2−/− parietal cells. Black bars are WT, and grey bars are NHE2−/−. N : sample size. Asterisks denote significances of at
least P = .05.

Data were ordered according to the number of KO
genotypes which achieved a statistically significant difference
from WT for each morphometric parameter (the number of
achlorhydric genotypes significantly different from WT/the
total number of achlorhydric genotypes tested): microvillar
length and width (2/6), Vd of TV (3/6), Vd of basolateral
membranes (4/6), Vd of lamellar and dense bodies (4/6), Vd
of canaliculi (4/6), the Vd of all secretory membranes (5/6),
and the VD of mitochondria (5/6) (Figure 2). The Vd of the
nucleus showed no statistically significant changes among all

groups (WT, normochlorhydric or achlorhydric) but data
were put aside as incomplete because (1) the Vd of nuclear
profiles appearing in micrographs was highly variable and (2)
roles for cell volume regulation are predicted for AE2, NHE2,
and NHE4.

The Vd of secretory membranes, grouped as TV
plus CAM, was significantly reduced in four of the six
achlorhydric KO groups only. In the GHKAα−/− genotype,
canalicular nidi and vesicles were present but were round
and contained within themselves smaller vesicles and thus
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Figure 3: Volume density (Vd) of various membrane and organellar components of the parietal cells of WT and 6 achlorhydric genotypes are
shown. Significant differences from WT (P < .05): white bars; marginal significances (P < .1): grey bars; and WT, to which all comparisons
were made, black. The number of animals used in each comparison is given in the upper left graph, and names of the genotypes are below
the bottom graphs in each column. Total secretory membranes = TV + CAM + BLM, being all membranes involved in balanced transport
activities directly involved in acid secretion.
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were not typical of TV. This underscores the grey areas in
interpretation as to what constituted CAM or TV. Several
achlorhydric genotypes showed an absence of TVs or a
decrease in TVs leading to a high ratio of CAM to TV, char-
acteristics usually associated with stimulated acid secretion
(Figures 2 and 3). We found that only the hypochlorhydric
genotype, NHE2−/−, under both untreated and inhibited
conditions, showed qualitatively similar responses in secre-
tory membranes compared to WT, though quantitatively
different (Figure 3).

Ratios of volume densities of various membranes and
organelles were also used to see whether secretory mem-
branes modulated reciprocally, since the latter has been
suggested in several reports [15, 18], and to determine
whether ratios would be of value for defining a stable histo-
logical phenotype of achlorhydria. Data were ranked again,
according to how many achlorhydric genotypes showed
significant differences in the ratios of volume densities,
compared to untreated WT mice (Table 1).

The Vd of total secretory membrane/Vd of mitochondria
was a fair predictor of gastric acid pH, but not as good
at predicting overall secretory activity in the knockout
models as other parameters, because abnormal morphology
(particularly in GHKAα−/− mice) produced misleading
counts of CAM and TV. The following genotypes had very
few vesicles (whether round or tubular) present in the
cytoplasm: AE2−/−, NHE2−/− AE2−/−, and NHE4−/−
(Figure 3).

3.2. Modulation of TV, CAM, and BLM during Secretion and
Quiescence. Our data also show that significant fluctuations
(reductions or increases) in TV, CAM, and BLM occurred
while the Vd of total secretory membranes remained nearly
unchanged (Figure 2). Secretory membranes in WT mice
were more or less equitably exchanged after vagotomy and
omeprazole treatments. While some reports have demon-
strated almost equal gains and losses within the whole
secretory membrane compartment [17, 38–42], this was not
the case with 5 of the 6 achlorhydric KOs. While equal gains
and losses support the generally accepted hypothesis about
modulation of membranes, it is implicit in this approach
that all membranes be capable of modulating and those
membranes to be included be named.

The sum of all secretory membranes (TV + CAM +
BLM) showed a trend to increase in WT animals in which
acid secretion was inhibited (26.8 ± 1.1 versus 31.8 ± 2.5
P = .07), showing inequitable exchange, due in large part to
a relatively greater increase in TV. In the NHE2−/− null mice
where secretion was inhibited by vagotomy or omeprazole,
no change in total Vd of secretory membranes occurred
(22.84 ± 2.3 versus 22.1 ± 2.5 P = 0.8), and changes
were not significantly different than the paired untreated
NHE2−/− parietal cells. A decrease in the ratio of CAM
to TV in both WT and NHE2−/− mice was significant
during inhibition however, when each was compared to their
respective untreated control (WT, P = .0187; NHE2−/−,
P = .023). Each was also accompanied by an increased Vd of
basolateral membrane (significant only in WT, P < .0001).
NHE2−/− mice were unique among the KO genotypes in

this study because organelles changed in parallel (but not on
a par) with WT mice.

The Vd of total secretory membranes was reduced,
often severely, in the achlorhydric mice in this study,
with P-values ranging between.058 and <.0001 for the
6 genotypes. In NHE2−/− mice, where the reduction in
secretory membranes was not as dramatic as the others KOs
(P = .058), frequently the canalicular lumens were grossly
dilated, accompanied by evidence of impending parietal cell
death and debris (Figure 3 and [30]). The reduction in Vd
of total secretory membranes, particularly in the NHE4−/−,
NHE2−/− AE2−/−, and GHKAα−/− mice, resulted mostly
from the loss of TV.

Inhibition of acid secretion, in our hands, produced
an unbalanced membrane exchange in WT and NHE2−/−
parietal cells (Figure 2). Apical membranes with microvilli
of an appropriate length and width, however, were clearly
present in all KO genotypes except for the GHKAα−/−mice,
where they were significantly shorter than in WT. Basolateral
membranes were increased in all of the KOs but did not
increase sufficiently to compensate for the loss of other
secretory membranes, resulting in unbalanced modulation.

3.3. Tubulovesicles. TV were almost always visible in WT
parietal cells, representing around 8% of the cell cytoplasm
(Vd = 7.68 ± 0.96, n = 47) (Figure 1) under normal
conditions and were greatly increased when acid secretion
was inhibited by vagotomy or omeprazole (13.99 ± 2.73
n = 7, P = .010 to untreated WT). Fasting and stimulation
produced variable morphometric outcomes, especially in
the Vd of TV in WT parietal cells, which varied from
0% to 100% of the secretory membranes in any given
cell profile. This required the assessment of large numbers
of micrographs of parietal cells, from many animals, to
obtain representative data. When the morphology of TV was
compromised, or when TVs were absent, gastric contents
were less acidic. Unlike TVs, microvilli maintained a fairly
constant morphology (GHKAα− /− parietal cells excepted).
Thus, while the TV in some models did not reflect acid
secretion, the morphology of TV gave important clues as to
the causes of failed secretion, and highlighted the relatively
unchanging appearance of CAM as well as mitochondria.

In NHE4−/− mice, TVs were dramatically reduced.
Canalicular nidi were still present in the cytoplasm, and
seemingly normal microvilli were seen on the apical mem-
brane, but the cytoplasm just adjacent to the canaliculi was
most often devoid of organelles and vesicles (whether round
or tubular). Similarly, in AE2−/− mice, TVs were reduced
(Vd 2.67 ± 0.79 n = 3, P = .033 to WT)(Figure 3) but some
round vesicles were observed. Even more dramatically, the
NHE2−/−AE2−/− and NHE2−/−GHKAα−/− parietal cells
had almost no vesicles at all (Figure 3).

3.4. Canaliculi. WT and NHE2−/− mice had no paucity
of canaliculi and incipient canalicular nidi were frequently
close to the basal portion of the parietal cells. No comment
can be made in this study as to whether those nidi were
separate from, or connected to, the infoldings of the apical
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Table 1: Number of achlorhydric mouse genotypes showing membrane Vd ratios significantly different than WT.

Vd ratio Number significant Mouse Model

TV+CAM+BLM/mitochondria 2/6 GHKAα, NHE2GHKAα

CAM /TV 3/6 AE2, GHKAα, NHE2, NHE2AE2

Round vesicles/TV 2/6 GHKAα, NHE2GHKAα

All membranes/mitochondria 5/6 AE2, GHKAα, NHE2, NHE4 NHE2AE2

BLM /mitochondria 6/6 AE2, GHKAα, NHE2, NHE4 NHE2AE2. NHE2GHKAα

Acid secretion was inhibited either by omeprazole treatment or vagotomy. Values for WT parietal cells with acid secretion inhibited were significantly different
than untreated WT for Vd of CAM/TV, round vesicles/TV, and basolateral membrane/mitochondria. NHE2−/− inhibited parietal cells were not significantly
different than NHE2−/− untreated.

membrane since 3D reconstruction from serial sections was
not performed. Strikingly however, canaliculi in the cyto-
plasm of AE2−/−, NHE4−/−, and the NHE2−/− AE2−/−
mice were infrequent compared to WT (Figure 3), and
invaginations were nearly always seen in close proximity to
the apical membrane. Especially in the NHE2−/− AE2−/−
double KO parietal cells, there were no dilated canaliculi. In
addition, glandular lumens were often filled with electron
dense debris that was ultrastructurally similar to secretory
granules from nearby zymogen cells (Figure 4(d)), which
mimicked the single KO of AE2 [11]. Failure to generate
deep cytoplasmic canalicular nidi, which become, or are
already, part of the branched secretory CAM, was apparent
in 3 of the 6 KO genotypes. In contrast, the other three
genotypes (GHKAα−/−, NHE2−/−, and the NHE2−/−
GHKAα−/− double KO) showed sporadic, but often massive
dilation of their canaliculi, with canalicular nidi seem-
ingly deep in the cytoplasm and separate from the apical
membrane.

3.5. Microvilli. Microvilli in WT mice were approximately
1 μm long × 0.2 μm wide, undulated modestly in thickness
along their lengths, and were slightly bulbous at the ends.
NHE2−/− parietal cells had normal microvillar morphology
but they were significantly longer than in WT parietal cells
(WT, 1.17 ± 0.037 by 0.26 ± 0.012 microns, n = 40;
NHE2−/−, 2.04 ± 0.65 by 0.35 ± 0.1 microns, n = 13,
P = .012). Both microvillar length and width tended to
decrease during inhibition of acid secretion (vagotomy and
omeprazole, combined data) in WT and NHE2−/−mice, but
this did not reach statistical significance.

In opportune cross sections actin filaments within
CAM were apparent, and most often arranged in a circle,
close to the plasmalemma, but occasionally were found
clustered centrally as a core bundle [28]. No quantifica-
tion of the ratio of centrally to peripherally located actin
was performed in the current study, but it was obvious,
subjectively, that WT parietal cells had considerably more
microvilli with peripherally located actin than with centrally
bundled actin, while in the achlorhydric KOs the latter
arrangement was much more frequent. Two genotypes
were exceptions: (1) the hypochlorhydric NHE2−/− mice
had actin located peripherally in the microvilli, again
underscoring that the parietal cells in this KO must have
some functional acid secretion, and (2) in the GHKAα−/−

mice, where parietal cells always showed centrally bundled
actin, microvilli were significantly shorter than in WT mice
[29].

3.6. Basolateral Membranes. The increase in Vd of the baso-
lateral membrane was significant in 4 of the 6 achlorhydric
genotypes, and elevated in the other two (Figures 3 and
4). In addition to the Vd of the BLM being increased
with achlorhydria, the normally closely aligned intercellular
interdigitations give way to broader infoldings, that extended
further into the cytoplasm than in WT cells (Figure 5). On
occasion, basolateral infoldings showed a morphology very
close to that of microvilli. (This is a rarely reported obser-
vation [15].) In NHE4−/− and AE2−/− mice, and in the
NHE2−/− AE2−/− double KO especially, interdigitations
were broader (Figure 5). The Vd of basolateral membranes
alone was about equivalent to the Vd of canaliculi in
predicting the level of acid secretion. However, when the Vd
of BLM was expressed as a ratio with the Vd of mitochondria,
the p values were significant for 6/6 of the achlorhydric
genotypes, thus making this ratio one of the better markers
derived from morphometry.

3.7. Mitochondria. The Vd of mitochondria provided a rea-
sonably good measure of acid secretory competence, being
significantly reduced in 5 of 6 achlorhydric models compared
to WT, reflecting decreased secretory activity. Mitochondria
were also of quite stable morphology (Figure 3). Vd of
mitochondria was about 30% in WT parietal cells and
was significantly reduced in parietal cells of NHE2−/−
mice (untreated), compared to WT. Inhibition of acid
secretion with omeprazole or vagotomy did not decrease
mitochondrial Vd further (Figure 2). Though mitochondrial
Vd was reduced in the hypo- and achlorhydria phenotypes,
mitochondria still appeared to be of normal size and shape,
and cristi were unremarkable, and were overall quite similar
to WT, except for the GHKAα KO. GHKAα−/− [29] and
NHE2−/−GHKAαα−/− double KO mice showed some very
large mitochondria with whorled cristi in young animals
(Figure 4), a phenotype which disappeared as the animals
aged.

The position of mitochondria within WT parietal
cells is characteristically closely juxtaposed to TV and
CAM, and indeed, areas of TV and CAM are inti-
mately surrounded by mitochondria. Several KO genotypes
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Figure 4: (a) AE2−/− parietal cells showed a reduction in TV, canalicular and mitochondrial Vd, and, seen at higher magnification,
cytoplasm contained occasional polysomes but generally reduced numbers of organelles (compared to WT and NHE2−/− (see Figure 1)).
Microvilli were mostly confined to the apical membrane, incipient canaliculi were equivocally identified, and electron-dense material often
filled the gastric gland lumen (G). (b) The GHKAα−/− parietal cells showed short microvilli, round vesicles instead of TV, cytoplasmic
glycogen, frequent canalicular dilatation, and occasionally, large mitochondria with whorled cristi. (c) and (d). The two genotypes that
seemed to have the most organelle-depleted cytoplasm were the NHE4−/− (c) and the NHE2−/− AE2−/− double KO (d). Parietal cells
in both of these genotypes were very sparsely inter-populated with organelles, having significant reductions in Vd of both membranes and
mitochondria. (e) NHE2−/− GHKAα−/− parietal cells were quite similar to the GHKAα−/− single knockout. The latter two were the only
genotypes which showed cytoplasmic glycogen or whorled cristi in mitochondria, and short stubby microvilli. For all panels: arrow heads:
mitochondria; white arrowheads: mitochondria with whorled cristi; arrows: canaliculi, N: nucleus; Z (white) zymogen granule.

(NHE2−/−, GHKAα−/− and NHE2−/− GHKAα−/−) were
similar in this regard. However, in NHE4−/− [12], AE2−/−
and NHE2−/− AE2−/− parietal cells, mitochondria were
positioned at a distance from CAM, rarely coming in close

proximity to those membranes. Subjectively, the void zone
was inversely related to the amount of TV and vesicular
membranes present in the cytoplasm, and thus inversely
related to the acid secretion.
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3.8. Dense and Lamellar Inclusions. Inclusion bodies, or
phagolysosomes, the morphology of which was divided
into two phenotypes in this study (dense granular and
lamellar), were significantly increased in 4/6 achlorhydric
genotypes. Dense granular inclusions were almost exclusively
found in the GHKAα−/−mice (GHKAα−/− and NHE2−/−
GHKAα−/−), appeared to be large, and composed of both
dark and lucent rounded granules, lacking much in the
way of myelin-like components. The remaining achlorhydric
genotypes displayed myelin or lamellar-type inclusions with
some granular components also. The highest Vd of lamellar
inclusions was found in the NHE2−/− AE2−/− double KO
mice (P < .0001 to WT) (Figure 3). AE2−/− and NHE4−/−
mice also showed a preponderance of lamellar type bodies,
rather than dense granular inclusions (Figure 4).

Although the two different types of cytoplasmic inclu-
sions, dense granular and lamellar, were combined into
a single category for statistical purposes, they were very
different in structure, and likely resulted from quite different
mechanisms.

In NHE2−/− single KO mice, parietal cell death was
elevated and cell debris containing large lamellar inclusions
was common in the gastric gland lumens. The Vd of lamellar
inclusions in NHE2−/− mice decreased upon inhibition
of acid secretion by vagotomy or omeprazole (NHE2−/−
untreated 1.31 ± 0.31, n = 13, versus NHE2−/− inhibited
0.76± 0.37, n = 9, P = .073), suggesting that they may result
from faulty modulation of TV and CAM. Interestingly, where
the TVs were decreased because of loss of GHKAα in the
double null mice, the Vd of lamellar inclusions diminished,
but in the NHE2−/− AE2−/− null mice, it increased above
that of the NHE2−/− single KO (Figure 3).

4. Discussion

Gastric acidity in WT mice parallels the relative volume
densities of canalicular and apical membranes (CAM) and
tubulovesicular membranes (TV) in the parietal cell cyto-
plasm in a predictable manner. [1, 3, 8, 14–19]. Although the
relationship between the level of acid secretion and the rela-
tive amounts of CAM and TV has been useful as a reference
point for histology, it is not without inconsistencies [40]. In
addition, methods of long-term inhibition (omeprazole and
vagotomy) have many undesirable secondary effects, such as
hypergastrinemia [23] and changes in morphology. Just as
problematic is the fact that adjacent parietal cells can vary
widely in the Vd of TVs.

Our data from our normal parietal cells supported the
occurrence of diminished Vd of TV with stimulation and
a cytoplasm containing mostly TVs and only a few CAM
after inhibition of acid secretion. During examination of the
various mouse models of hypochlorhydria and achlorhydria
it became clear that using the ratio of CAM to TV was not
an unambiguous indicator of activity. Our ultrastructural
quantification of CAM and TV and other membranes and
organelles in mice which were normochlorhydric, compared
with 6 mouse models with defective acid secretion, demon-
strated that the Vd of TV was more variable than other

organelles when predicting secretory competence. In fact,
the Vd of basolateral membranes, and mitochondria, and
the ratio of these two parameters, paralleled the gastric pH
data from published studies far better. The most critical
event in disrupting the ratio of CAM to TV appeared to
involve the interruption of vesicle trafficking between TV and
CAM. This was alluded to in the AE2−/− and NHE4−/−
single KOs [11, 12, 30] and the NHE2−/− AE2−/− double
KO, but comparisons clearly suggest that with significant
decreases in Vd of TV, there is little acid secretion. TV
appeared to vary morphologically (and morphometrically)
independently from CAM, since even in an almost total
absence of both round vesicles and TV, the presence of
an ultrastructurally “normal-looking” canalicular and apical
membrane microvillar morphology can persist. This raises
the question of whether minute amounts of acid are being
secreted from these ostensibly normal looking microvilli.

Another complicating issue was the identification of
TV. Shape (whether round or tubular) and location with
respect to mitochondria and canaliculi were subject to viewer
judgement [20], and physical factors such as buffering and
fixation greatly influenced the appearance of TV [15, 38].
Consistently applied criteria for “tubular and vesicular”
shape were used in this study. If a vesicle appeared to be
“round” rigid, infrequent, and not located in proximity to
CAM, then it was not counted as TV. In one of the few papers
which quantified parietal cells in achlorhydric mice (these
lacked ezrin [20]) a significant increase in TV and apical
membranes in parietal cells was shown, but in images from
that study, apical membrane microvilli looked disorganized
and were reduced in amount compared to their WT controls,
and what was identified as a vesicular component resembled
the rounded vesicles in GHKAα−/− parietal cells (Figure 4)
in our study.

Our data suggest that a common hindrance to acid
secretion is the loss of membrane modulation, vesicle fusion
or fission events, or other factors, leading to a block in
the formation of TV. The morphology of TV and other
membranes is important clues as to the causes of failed
secretion, but the relatively unchanging appearance of CAM
and mitochondria may be better equated with overall
parietal cell acid secretion. Emerging studies demonstrate the
importance of proteins such as the F-actin- and clathrin-
binding protein Huntingtin interacting protein 1 related
(Hip1r) in vesicular trafficking for parietal cell acid secretion.
In addition, the gastric morphogen Sonic Hedgehog (Shh) is
also involved in activation of parietal cell function possibly
via membrane modulation [43]. In contrast to the ezrin
and GHKAα−/− mouse models [22, 28, 29] both the Hip1r
[44] and the parietal cell-specific Shh null animals [43] lack
well-defined tubulovesicles and exhibit expanded canalicular
membranes. Neither of the latter mouse models respond to
histamine stimulation, perhaps with important implications
for other models of secretion.

Failure to generate deep separate cytoplasmic canalicular
nidi (which become, or are already, part of the branched
secretory CAM) was apparent in 3 of the 6 KO geno-
types. In contrast, the other three genotypes (GHKAα−/−,
NHE2−/−, and the NHE2−/− GHKAα−/− double KOs)
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Figure 5: WT (a) basolateral membrane shows mostly parallel or slightly undulating infoldings. AE2−/− (b) and NHE4−/− (c) showed
the significantly increased Vd of basolateral membranes infoldings typical of achlorhydric mice. In addition, loops and interdigitations were
broadened in width. Arrowheads: mitochondria; N: nucleus, interdigitations: long arrows; bar: 1 micron for all images.
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Figure 6: Lamellar and dense granular bodies were uncommon
in WT parietal cell cytoplasm (see Figure 1). Lamellar inclusions
were increased in NHE2−/−, AE2−/− and NHE2−/− AE2−/−
mice. Lamellar inclusions decreased in the NHE2−/− parietal cells
when secretion was inhibited. In GHKAα−/−mice, inclusions were
almost always dense and granular. L, lamellar inclusions, G dense
granular inclusions; bar: 1 micron for all.

showed sporadic, but often massive dilation of their canali-
culi, with canalicular nidi seemingly deep in the cytoplasm
and separate from the apical membrane. The ezrin KO
mouse [20] showed CAM which seemed to be derived from
short invaginations from the apical membrane, but not from
deeper nidi in the cytoplasm. Common between the ezrin
KO and the GHKAα−/− was that both apparently failed to
connect actin filaments to the secretory membranes [20, 28].

Reports reveal that the loss of proteins critical for
acid secretion sometimes results in dramatic ultrastructural
consequences, as was seen in parietal cells of mice lacking
GHKAα [13, 28, 29]. In other models, less dramatic ultra-
structural changes were found, such as those reported for
the NHE2−/− mouse [30], where we also observed that
both CAM and TV appeared to modulate appropriately.
It is important to point out that in the NHE2−/− mice
the loss of acid secretion appeared to be due primarily
to diminished parietal cell viability, reduced parietal cell
numbers, and increased base secretion [30]. Parietal cells in
young NHE2−/− mice can actually show highly developed
CAM and numerous TV and overall, present with a fairly
normal morphology.

F-actin and ezrin regulate movement of vesicles and
organelles through the cytoplasm, are essential for modu-
lation of parietal cell membranes in gastric acid secretion
[7, 20, 45], and also interact with some major transport
proteins, including the gastric H,K-ATPase (GHKA) [28,
29]. As surmised from the GHKAα KO mouse, microvillar
ultrastructure requires the presence of GHKAα and the
linking of actin to the microvillar membrane, and is also
necessary for the modulation of CAM to TV and vice versa.
Similar reports emanated from the knockout of the GHKAββ
subunit [22]. It has been reported that the distribution
of ezrin is at the interface of TV and CAM and that
it participates in membrane-vesicle fusion and movement
events [46, 47], regardless of the controversy over whether
TV and CAM are distinct, continuous, or both, and in what
manner they are recycled and recruited [8, 42, 48].

Whether secretory membranes in WT mice were equi-
tably exchanged after vagotomy and omeprazole treatments
has also been in question. Our data show that significant
fluctuations (reductions or increases) in TV, CAM, and
BLM occurred while the Vd of total secretory membranes
remained nearly unchanged. According to Ito and Schofield
[15], during stimulation of acid secretion with insulin,
microvillar membranes increased from 12% to 20%, lateral
and basal cell membranes decreased from 6% to 5%, and
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there was a simultaneous reduction in tubulovesicular mem-
branes from a Vd of about 24% in untreated, to around 4% in
stimulated cells. Helander [38] also implied an even exchange
of membranes (in this case TV and CAM) during stimulation
of acid secretion. Other studies have demonstrated almost
equal gains and losses within the whole secretory membrane
compartment [17, 38, 39]. The inhibition of acid secretion,
in our experiments, produced an unbalanced membrane
exchange in both WT and NHE2−/− parietal cells and also
was of a lesser magnitude than what others reported [15].
While equal gains and losses support a generally accepted
hypothesis, it is implicit in this approach that all membranes
must first be able to modulate.

Vd of basolateral membranes was approximately dou-
bled in achlorhydria and hypochlorhydria. Even then, it
comprises only a few percent of the total membrane Vd
in parietal cells and this increase would appear to be
insufficient to compensate for the large fluctuations in the
Vd of TV and CAM. It is clear, of course, that basal
and lateral membranes form a separate compartment from
that of secretory membranes (TV and CAM), and too
that combining them into one category is an oversimpli-
fication. The microenvironment that basal portions of the
plasmalemma abut has a completely different milieu than
lateral membanes. Evidence in support of the involvement
of basolateral membrane processes in acid secretion comes
from the required activation of Cl−/HCO−

3 and Na+/H+

exchangers on the basolateral membrane [11, 12, 49]. These
ion exchangers are critical components of the overall system
of basolateral transporters needed to support ongoing HCl
and KCl secretion across canalicular membranes. Some-
what counterintuitively, however, in this study we found a
significant increase in Vd of basolateral membranes when
acid secretion was diminished. The increased basolateral
infoldings observed in achlorhydric phenotypes may be due
to a “physical” effect: a compensation for changes in cell
shape accompanying the greatly reduced canalicular space,
which normally extends deep into the parietal cell cytoplasm
during stimulated secretion. The activation of secretion
might result in fewer infoldings as the cell expands and
the infoldings are drawn into the surface plasmalemma.
However, when reduced acid secretion was accompanied by
increased canalicular space, Vd of basal and lateral mem-
branes was still increased (as was seen in the NHE2−/− and
GHKAα parietal cells). NHE2−/− and GHKAα−/− mice,
with their often greatly enlarged “intercellular” canalicular
space, still had significantly increased Vd of basolateral
membranes. Basolateral membranes are also critical sites
of ligand binding (acetylcholine, gastrin, histamine) for
regulation of acid secretion, and it is possible that the Vd of
basolateral membranes is regulated separately from the Vd of
TV and CAM.

The Vd of mitochondria was about 30% in the WT
parietal cells in this study, which was very close to reports
in the literature [11, 12, 15, 18, 29, 30, 36, 38, 39, 50, 51].
Duman et al. [8] obtained a mitochondrial Vd of 40%, but
this was after excluding nuclei and canalicular space from
the analysis and was therefore higher than the values for our
WT and achlorhydric mice. Mitochondrial Vd appeared not

to fluctuate after stimulation or inhibition of secretion in
the short term [15, 38] but it did decrease under conditions
of chronic inhibition (WT, vagotomy, and omeprazole)
as shown in the current study. Mitochondrial Vd was
significantly reduced in untreated NHE2−/− mice, and
inhibition with omeprazole and vagotomy did not decrease
it further (Figure 2). Vd of mitochondria was an improved
indicator of achlorhydria, perhaps posing better as an overall
indicator of cell activity, reflecting principally, acid secretion.
Mitochondria within WT parietal cells were typically closely
juxtaposed to TV and CAM, and indeed, areas of TV
and CAM and mitochondria were intimately associated in
WT and in NHE2−/− parietal cells, and in GHKAα−/−
parietal cells to some degree. Uncharacteristically however,
and especially prominent in the NHE4−/− KO [12], but
also in AE2−/− and NHE2−/− AE2−/− double KO parietal
cells, mitochondria were positioned quite a distance from
CAM, rarely coming in close proximity to those membranes.
Images from Recalde et al. [21] showed AE2−/− parietal cells
which clearly pointed to a decreased Vd of mitochondria and
a greater separation between mitochondria, TV, and CAM.
Subjectively, the void zone is inversely related to the amount
of TV and vesicular membranes present in the cytoplasm and
inversely related to measured acid secretion.

Inclusion bodies were consistently increased with
achlorhydria. It is possible, perhaps, that pentalamellar
bodies [14] were coincident in a few instances with lamellar
bodies, or that they may fall into the same membrane recy-
cling cascade as lamellar bodies. Sawaguchi [14] mentioned
that dense autophagolysosomes were heavily invested with
the gastric H+, K+ ATPase. What is interesting is that lamellar
inclusions were common in all genotypes except those where
GHKAα was lacking.

In summary, using various knockout mouse models
in which acid secretion was impaired and experimentally
induced inhibition of acid secretion it was determined that
the ratio of CAM to TV was a good indicator of acid secretion
in parietal cells which have functional membrane trafficking
potential. NHE2−/− mice had the capacity to modulate
secretory membranes and showed a parallel response to
WT parietal cells in morphometry and morphology, though
attenuated. However, it was more common for defects in
membrane trafficking to produce atypical ratios of TV to
CAM. It appears that the Vd of mitochondria and Vd of
basolateral membranes and the ratio of the two, are measures
which can be applied both to WT and achlorhydric models
that reflect the level of gastric acid secretion.

Acknowledgments

This research was funded in part by ES 06096 and DK 50594.
The authors thank Angel Whittaker and Maureen Bender for
expert animal husbandry.

References

[1] T. Urushidani and J. G. Forte, “Signal transduction and
activation of acid secretion in the parietal cell,” Journal of
Membrane Biology, vol. 159, no. 2, pp. 99–111, 1997.



12 Journal of Biomedicine and Biotechnology

[2] E. Lindström, L. Eliasson, M. Björkqvist, and R. Håkanson,
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The chick chorioallantoic membrane is a very simple extraembryonic membrane which serves multiple functions during embryo
development; it is the site of exchange of respiratory gases, calcium transport from the eggshell, acid-base homeostasis in the
embryo, and ion and H2O reabsorption from the allantoic fluid. All these functions are accomplished by its epithelia, the chorionic
and the allantoic epithelium, by differentiation of a wide range of structural and molecular peculiarities which make them highly
specialized, ion transporting epithelia. Studying the different aspects of such a developmental strategy emphasizes the functional
potential of the epithelium and offers an excellent model system to gain insights into questions partly still unresolved.

1. Introduction

The amniotic egg represents a fundamental reproductive
strategy in colonization of terrestrial habitat. The novelty
of the amniotic egg is the presence of three extraembryonic
membranes, amnios, chorion, and allantois, which surround
the embryo, mediate between it and the environment,
and provide an aqueous medium to complete development
and ontogenetic program inside the eggshell. The allantoic
membrane often reaches and fuses with the chorion to
create the chorioallantoic membrane (CAM). This extremely
vascular envelope is crucial for chick development in that it
is responsible for transport of calcium from the eggshell into
the embryo, besides functioning in gas exchange, acid-base
balance in the embryo, water, and electrolyte reabsorption
from the allantoic cavity where urinary waste products are
discharged.

Identification of such a functional complexity by a
relatively simple structure goes back to classic work of several
investigators [1–8] which have elucidated and described the
CAM unique features as the basis for understanding its
multiple implications in the morphogenetic events. Over the

decades, the research interest on the chick CAM has been
shared by investigators working in embryology, morphology,
biochemistry, and physiology, in an attempt to relate the
different functions of the CAM to the structural features of
its epithelia as well as to identify molecular components and
mechanisms by which these functions are accomplished [9–
21].

The most recent investigations have been addressed to
clarifying mainly the CAM respiratory properties [22–24]
and the multifunctional meaning of its structural patterns
[25, 26]. In addition, studies in our laboratories have been
performed and are still in progress, mainly aimed to elucidate
the expression and significance of the CAM glycosylation
patterns, as well as to identify and characterize membrane
molecular components implicated in the ion transport
processes which occur in the chorionic epithelium [27–31].

In this review article, by collecting data from the
pertinent literature and especially from our own results,
we aim to put together a comprehensive picture of the
chick CAM, which may emphasize how this extraembryonic
membrane, in spite of its relatively simple cytoarchitecture,
can solve a series of complex functional demands by means
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Figure 1: The three-tissue layers of the chick mature CAM are indicated in the schematic representation in (a) and clearly recognizable at
day 16 of incubation, after Toluidine blue staining (b): the chorionic epithelium (ce) adheres to the shell membrane (sm); the intermediate
mesodermal layer (ml) contains blood vessels; the allantoic epithelium (ae) lines the allantoic cavity (ac). (a) Modified from Gabrielli et al.
[30]. (b) Original magnification: 40x; scale bar: 8 μm; M. G. Gabrielli, unpublished.
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Figure 2: Two successive aspects of differentiating capillary plexus, at day 8 ((a) original magnification: 40x; scale bar: 10 μm) and day 11
((b) original magnification: 100x; scale bar: 5 μm) of incubation. The chorionic epithelium in (b) shows early cellular proliferation. Toluidine
blue staining. M. G. Gabrielli, unpublished.

of high specializations which involve either differentiation
of morphological peculiarities and expression of specific
biochemical markers in its epithelia.

2. Structural Features of the Chorionic and
Allantoic Epithelium in Developing and
Mature CAM: From a Simple Layer of
Flattened Cells to a Mosaic of Distinct and
Highly Specialized Cell Types

The CAM forms between days 5 and 6 of incubation by par-
tial fusion of chorion and allantois [2, 32] and progressively
develops adhering to acellular inner shell membrane, found
just inside the egg shell, until it surrounds the embryo and
other egg contents by days 11 and 12 [8]. Structurally, the
CAM is a very simple cellular membrane consisting of three
layers derived from distinct embryonic tissues (Figure 1): the
ectodermal chorionic epithelium that is in direct contact
with the inner shell membrane, the intermediate mesoderm
enriched in blood vessels and stromal components, and

the endodermal allantoic epithelium that lines the allantoic
cavity [3, 4, 9]. By day 10 of incubation, the CAM also
comprises the fully developed capillary plexus, an extensive
capillary network which gradually comes to lie in a plane on
the outer surface of the chorion (Figure 2).

Histological complexity of both the chorionic and the
allantoic epithelium greatly increases during incubation. At
day 7, both components of the membrane are single layers of
flattened cells. Subsequent differentiation produces charac-
teristic epithelial cell layers, distinctly different in histological
appearance and comprising heterogeneous cell populations.
The onset and progression of such a differentiation has
been discussed in relation to the timing of physiological
changes in the embryo. Thus, it has been suggested that the
undifferentiated chorionic epithelium may serve a protective
function by preventing inward diffusion of ions prior to the
time at which calcium and bicarbonate are required by the
developing chick embryo [17].

The main changes occur in the CAM epithelia by
days 10 to 11. Striking cellular proliferation becomes now
a prominent feature in the chorionic layer (Figure 2(b))
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Figure 3: VC cells at early stage of differentiation ((a) original magnification: 19,600x; scale bar: 2 μm) are present in the CAM at day 13
of incubation, interspersed among the fully differentiated ones (b, original magnification: 11,000x; scale bar: 3 μm). Also elements with the
appearance of apoptotic cells are frequently observed (c) original magnification: 33,000x; scale bar: 3 μm). blood sinus (bs); m, mitochondria;
n, nucleus. M. G. Gabrielli, unpublished.

while certain areas of the allantoic epithelium appear
to be in transition, the flattened cells assuming a more
cuboidal form. As reported by Dunn and Fitzharris [17],
most superficial cells of the chorionic epithelium appear
relatively electron lucent and contain euchromatic nuclei,
prominent mitochondria, perinuclear Golgi membranes,
and microfilaments. Electron-lucent cells are attached to
adjacent cells of the same layer by junctional complexes.
At random sites, electrondense cells with long finger-like
projections along the cell surface and nuclei containing
peripheral heterochromatin were observed (Figure 3(a)).
All these findings, as also confirmed by our observations
(Figures 3, 4(a), and 4(b)), document the first steps toward
differentiation of two distinct cell types, the villus cavity (VC)
cells and the capillary covering (CC) cells, which characterize
the mature chorionic epithelium. By day 12, the VC cells
become terminally differentiated and exhibit their distinctive
features (Figure 3(b)): an electron-dense cytoplasm, numer-
ous mitochondria and the apical cell membrane folded
in thin microvilli which protrude into a large depression
beneath the inner shell membrane [4]. Concomitantly, cells
presenting intense vacuolation, electron-dense cytoplasm,
swollen mitochondria, and irregular piknotic nuclei can be
observed (Figure 3(c)). Their occurrence has been related
to possible apoptotic processes as those accompanying
the differentiation program of several organs [17]. Also
differentiating CC cells can be recognized. They acquire
their mature, distinctive features at about day 14. At this
time, the CC cells make up most of the CAM surface by
developing long cytoplasmic extensions which overlie the
chorionic capillary plexus (Figures 4(a) and 4(b)).

Parallel developmental changes in the allantoic epithe-
lium result in differentiation, at about days 11-12 of incu-
bation, of three different cell types, basal cells (BC), granule-
rich cells (GRC), and mitochondria-rich cells (MRC), which
differ in size, position through the epithelium, and content
in cytoplasmic granules [4, 7]. Electron microscopic analysis

further details the subcellular peculiarities of such a cell
diversity [26, 31] (Figure 4(c)).

3. The Role of the Intermediate
Mesodermal Layer

Both the CAM epithelia lie, at the opposite sides, on the
intermediate mesenchyme which originates from the the
mesodermal layer of the chorion and the mesodermal layer
of the allantois at the moment of their fusion to form the
CAM.

The mesodermal layer is the site of the early development
of the extraembryonic vascular system which serves the
CAM epithelia and forms the chorionic capillary plexus.
The timing and features of the CAM vasculogenesis have
been widely described [32–34]. Data have been also reported
on the cytochemical aspects that characterize the steps of
this process, mainly concerning the composition of the
extracellular matrix and the modulation of glycoconjugates
produced by endothelial cells and smooth muscle cells,
in relation to significant cellular events of the vascular
morphogenesis [34].

The blood vessels appear at day 4 as a network of
primitive, irregularly spaced tubules with large luminal
diameters, scattered in the mesodermal layer. From days 5
to 10, CAM vessels progressively differentiate into capillaries,
arterioles, and venules. Vessels destinated to be capillaries
migrate to a position beneath the ectodermal layer of the
CAM and form a dense plexus of small vessels (Figure 2(a)).
On about day 7, the capillaries begin to migrate outward
between the ectodermal cells until they are located at the
surface of the CAM at day 12 (Figure 2(b)).

The arterial and venous blood vessels which supply the
capillary plexus remain situated in the deeper mesodermal
tissue (Figures 1(b) and 2(b)). By this vascular arrangement,
which probably makes the blood circulation rather slow, and
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Figure 4: (a) A CC cell shows its typical cytoplasmic lateral projections which separate the shell membrane (sm) from the capillaries of the
blood sinus (bs). Original magnification: 11,200x; scale bar: 2 μm. (b) Apical pits are formed by CC cell membrane adjacent to the inner shell
membrane (sm). Original magnification: 70,000x; scale bar: 0.5 μm. (c) Basal cells (BC), mitochondria-rich cells (MRC), and granule-rich
cells (GRC) characterize the CAM allantoic epithelium which faces the allantoic cavity (AC). Original magnification: 21,700x; scale bar:
1 μm. M. G. Gabrielli, unpublished.

by its position immediately adjacent to the porous shell,
gaseous exchange with the environment is facilitated.

4. Transepithelial Ion Transport in
the CAM Meets Multiple Functional Demands
of the Developing Embryo

4.1. The Calcium Transport through the Chorionic Epithelium:
An Open Question. During the embryonic development,
calcium is reabsorbed from the eggshell and is transferred
to the embryo for bone formation [1]. The chorionic
epithelium, which is the first cellular barrier to the entry of
calcium from the eggshell into the embryonic circulation, has
been shown to comprise the calcium-transporting region of
the CAM. Several in vivo and in vitro studies have clarified
some aspects of the CAM calcium transport function [6, 12,
13, 19, 35–40]. The chorionic epithelial cells mobilize and
transport eggshell calcium into the embryonic circulation in
a development-specific manner, starting at days 10–12 and
peaking around day 17 of incubation, concomitantly with
the onset of calcium accumulation by the embryo. The CAM
calcium transport has been shown to be a unidirectional,
active process that is highly specific for Ca2+ and is differently

regulated by vitamin K and D [41–46] and availability of
eggshell calcium for transport [18, 47].

Likewise, the specific cellular mechanism of transep-
ithelial calcium transport in the CAM have been widely
investigated. The research interest has been focused on
the close association between the specific morphological
changes occurring in the chorionic epithelium and the
expression of the calcium transport activity. By day 10 of
development, the CC cells develop a tight adhesion to the
inner shell membrane, such that the structural integrity
and calcium transport activity of the CAM are lost if the
inner shell membrane is mechanically removed [6, 35, 36,
48]. Concomitantly, their cytoplasmic extensions become
extensive and narrow so that the capillaries approach the
eggshell calcium reserve more closely [4]. By day 15, prior
to the peak of transport activity [6, 38, 49], the CC cells
contain few membranous organelles, and lack endoplas-
mic reticulum and Golgi apparatus [4]. In conjunction
with these specific morphological features, the chorionic
epithelium expresses biochemical activities associated with
calcium transport. These activities include a vitamin K-
dependent Ca2+-binding protein (CaBP or transcalcin) [15,
37, 50–52], an enhanced Ca2+-activated, Mg2+-dependent
ATPase activity [10], and carbonic anhydrase (CA) activity
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[11, 16, 53]. All these proteins are localized in the chorionic
epithelium; specifically, the CaBP is a peripheral membrane
protein associated with the cell surface of the epithelium
that faces the shell membrane [15]; the Ca2+-ATPase is an
integral membrane component, which appears to exist in
close topographic association to the CaBP [10]; carbonic
anhydrase, firstly recognized only as a cytosolic component
[11, 39], seems to be present also as a membrane-associated
form [27, 54]. The last suggestion awaits further support
from studies in progress in our laboratories. Each of these
biochemical activities has been functionally linked to CAM
calcium transport in vitro and in vivo [39]. Moreover, a
specificity of their distribution with respect to the cell types
of the chorionic epithelium was established [10, 11, 28, 55].

In order to elucidating the specific mechanisms involved
in the transepithelial translocation of calcium by the CAM,
a pinocytosis model has been proposed by Terepka and
his group [6] and later modified [12, 15, 39, 40, 52]. This
model involves the endocytic uptake of solubilized eggshell
calcium at the apical surface of the chorionic CC cells,
followed by internalization and vesicle-mediated delivery to
the basolateral surface. By analyzing cell-free microsomes
of the CAM in in vitro calcium-uptake assay systems, Tuan
and collaborators [39] have discussed the inability of the
anti-CaBP antibodies to inhibit microsomal calcium uptake.
They have suggested that the subcellular vesicles are probably
inside-out structures, with the CaBP located inside and
therefore inaccessible to the exogenously applied antibodies.
In this manner, the CaBP therefore serves as an internal cal-
cium sink for the subcellular vesicles in vitro or as a calcium
sequestrator on the shell-facing ectodermal cell surface in
vivo. They have postulated that subcellularly fractionated,
calcium-uptake-competent microsomal vesicles would be
formed from plasma membranes and would contain at
least the CaBP and the Ca2+-ATPase, the former located in
the internal space of the vesicles whereas the latter is an
integral membrane protein oriented so that ATP hydrolysis is
coupled to inward translocation of calcium. In line with the
transcytosis model, the CaBP, localized at the apical surface
of the CC cells [15], may be postulated as serving the role of a
cell surface “calcium-specific receptor” which upon calcium
binding triggers specific, adsorptive endocytosis leading to
the formation of pinocytic vesicles that contain the CaBP and
the membranous Ca2+-ATPase, in a manner similar to that
in the cell-free microsomal vesicles studied in vitro. Finally,
by a still unclear mechanism, the calcium load would be
delivered to the serosal side of the perivascular processes of
the ectodermal cells, whereas component(s) of the transport
apparatus may be recycled to the proper region of the plasma
membrane facing the calcium source [39]. The analysis of
the subcellular distribution of 45Ca2+ accumulated from the
extracellular medium into cultured chick chorionic cells [19,
56] have contributed additional experimental data in favour
of the vesicle-mediated model of transcellular calcium trans-
port. It has been observed that both the kinetic profiles and
the levels of whole cell calcium accumulation and cytosolic
Ca2+ flux differ dramatically thus suggesting that the pathway
of calcium uptake from the extracellular medium involves
sequestration into an internal compartment separate from

the cytosol. Such a hypothetical specialized pathway of
calcium entry in the chorionic epithelial cells may be also
related to the unique kinetic profiles that the calcium influx
has shown in the CC cells as compared with other calcium
transporting epithelia, such as primary chick duodenal cells
and LLC-MK2 kidney cells [19]. On the other hand, it has
been outlined that when the CC cells become terminally
differentiated in vivo, concomitantly to the calcium transport
increase, they lose biosynthetic machinery and maintain few
membranous organelles available for calcium sequestration
[4, 5]. Instead, their cytoplasmic extensions, surrounding the
capillary plexus, show a significant number of vesicles as well
as numerous endocytotic-like pits formed by invagination
of the cell membrane in direct contact with the inner shell
membrane (Figure 4(b)) [4, 15, 17, 31]. This hypothetical
mechanism, and its suggested morphological correlates, may
be strengthened by similarities with the model proposed for
osteoclasts in reabsorbing bone calcium, as recently reviewed
by Coxon and Taylor [57]. In discussing vesicular trafficking
in osteoclasts, they report that calcium derived from the
bone mineral is likely removed by a transcytotic pathway,
since calcium has been localized within transcytotic vesicles
directly [58]. Moreover, also compounds that bind calcium,
such as tetracycline and bisphosphonate drugs, localize to
transcytotic vesicles upon uptake from mineralized surfaces
by osteoclasts [59, 60]. A transcellular route is suggested to
be likewise important for the removal of calcium from the
resorption lacuna [61], most likely following uptake into the
osteoclast via the TRPV5 calcium channel [62]. Recently,
a new perspective on the facilitated diffusion and vesicular
transport models, which accounts for the emerging concepts
on transcellular calcium transport, has been discussed also
for transepithelial Ca2+ transfer in intestine, kidney, mam-
mary glands, placenta, and gills of fish [63].

Neither has to be ruled out the possible coexistence in the
CAM of different pathways for the calcium transfer through
the chorionic epithelium. In particular, the large occurrence
of apical cellular junctions, previously identified as tight
junctions [56], might be functionally related to a paracellular
calcium transport, as recently reported in intestinal and renal
epithelia where distinct claudins have proved to be most
likely involved in paracellular Ca2+ transport [64].

Unfortunately, in last years no additional data have been
provided to clarifying the calcium-transport pathways in the
CAM. Most of the mechanisms proposed actually remains
largely speculative and need to be further investigated also in
the light of latest knowledge on analogous functions in adult
model systems.

4.2. The Model of VC Cells. Two other aspects pertinent to
the mechanism of calcium transport by the CAM have to
be considered. First, how is the calcite mineral (CaCO3) of
the eggshell solubilized before calcium transport? Second,
what processes regulate the metabolic fate of the HCO3

−

liberated from the shell after its solubilization and during
active calcium transport by the CAM?

The answers to these questions are linked to the
development in the chick CAM of further specializations
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Figure 5: (a) Anti-CAIV staining at the apical cell membrane of the VC cells in the chick CAM at 17 day of incubation. Original
magnification: 100x; scale bar: 5 μm. (b) A schematic representation of the functional model proposed for the VC cells in bicarbonate
absorption for acid-base balance in the embryo. M. G. Gabrielli, unpublished.

which find their specific expression in the other distinct
cell type present in the chorionic epithelium, the VC cells.
Their morphological features, clearly defined by recent
ultrastructural investigations also by our group [25, 31], fully
fit with specialized functional roles, as suggested on the basis
of contents in specific molecular markers. Indeed, it is now
well established that VC cells specifically express carbonic
anhydrase (CA) [28], an almost quite ubiquitous enzyme
which catalyzes the hydration of metabolic carbon dioxide
and dehydration of bicarbonate during acid-base regulation.
Since its first identification in the chick CAM [16, 65],
increasing evidence from different experimental approaches
has indicated an involvement of CA activity in the CAM-
mediated processes occurring during chick development [11,
38, 39, 52, 53]. More precisely, based also on the profile
of its developmentally-regulated activity as well as on its
localization in the chorionic epithelial cells [55, 66], the
expression of carbonic anhydrase, though firstly considered
as directly involved in calcium transfer, has been then
definitely related to the production of protons to be secreted
apically for solubilization of the eggshell mineral calcite. In
this context, our finding that CA expression in the chorionic
epithelium is specifically restricted to the VC cells and never
found in CC cells [28] well correlates with the previous
demonstration that vacuolar H+-ATPase accumulates in the
apical membranes and subapical vesicles in VC cells [21]. The
H+V-ATPase is known to contribute in the cell membranes
to regulation of intracellular pH, secretion of acid, and
generation of transmembrane electrical gradients that serve
as a driving force for transport across the membrane of
these cells [67]. Taken together, the findings above have
suggested that VC cells are a specialized chorionic cell type
which, via a vacuolar-type H+-ATPase present at the apical
pole, pumps protons generated by cytoplasmic carbonic
anhydrase towards the egghshell. Proton secretion results in

regional acidification, thereby causing solubilization of the
mineral calcite [68]. Hence, Ca2+ ions become available to be
reabsorbed into the embryo.

The specialization panel of the VC cells has then been
enriched by data from our subsequent investigations: a
developmentally-regulated and cell type-specific expression
of AE1 anion exchanger, the electroneutral transporter which
mediates the exchange of Cl− for HCO3

− across the cell
plasma membrane in a wide variety of cell types [69],
was demonstrated for the first time in the CAM epithelia
[30]. In the chorionic epithelium, AE1 was restricted to the
basolateral membranes of the VC cells which, at electron
microscopic analysis, clearly showed that AE1 specifically
accumulates in extensive projections extending from the
lateral membrane of VC cells towards the adjacent CC cells
(Figure 5(a)). The basolateral membranes of the adjacent CC
cells as well as the apical membranes of both CC cells and VC
cells were always unlabelled [30].

The coexpression of carbonic anhydrase and AE1 in
chorionic VC cells suggests that AE1 may act in the main-
tenance of pH equilibrium in these cells which are engaged
apically in H+ secretion via the vacuolar-type H+-ATPase. In
such a functional model, VC cells show similarities with acid-
secretory type A-intercalated cells of the kidney collecting
ducts where basolateral AE1 anion exchangers and apical V-
type H+-ATPase function co-ordinately in the presence of
intracellular carbonic anhydrase [70–74].

In last years, the functional link between CAs and bicar-
bonate transport proteins in facilitation of transepithelial
bicarbonate transport was suggested to imply, in some
cases, apparently direct interactions [75–78]. In particular,
the binding of intracellular CAII to the cytosolic COOH-
terminal tails of the AE1 exchangers has been previously
proposed [76]. Localization of CAs immediately adja-
cent to bicarbonate transporters in bicarbonate transport
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Table 1: A schematic view of transepithelial ion transport functions through the chorionic epithelium.

Functions Sites and mechanisms
Molecular and structural
components

References

Calcium reabsorption from the
eggshell

Capillary covering cells:
pinocytosis model

[6, 12, 13, 15, 19, 35–
38, 40, 56]

Tight adhesion of cell
membranes to shell
membrane, apical vesiscles,
and endocytotic-like pits

[4, 6, 15, 17, 31, 35, 36, 48,
56]

Ca2+-binding protein
[4–6, 15, 17, 18, 37, 39, 50–
52]

Ca2+ ATPase [10, 15, 39]

Carbonic anhydrase [11, 39]

Paracellular transport Apical tight junctions [56]

Proton secretion for solubilization of
the eggshell mineral calcite

Villus cavity cells
Carbonic anhydrase [16, 28, 39, 52, 53, 55, 68]

Vacuolar H+-ATPase [21]

Bicarbonate transport for acid-base
homeostasis in the embryo

Villus cavity cells

(i) bicarbonate
reabsorption from the
eggshell to the embryo

AE1 anion exchanger [30]

(ii) HCO3
− influx from the

eggshell into the VC cells
Membrane-associated
carbonic anhydrase

[27, 54]

metabolons may maximize the transmembrane bicarbonate
concentration gradient in the immediate locale of the trans-
porter polypeptide, thus increasing bicarbonate transport
rate [79]. In the CAM, our double immunofluorescence
findings, showing erythrocyte CAII closely restricted to the
cell membranes where AE1 localizes, are in line with the
metabolon hypothesis. The coexpression of AE1 and CAII in
the chorionic VC cells suggests that a metabolon may exist
also in these cells to maximize bicarbonate transport [30].

Based on the functional requirements of the developing
embryo, it may be further speculated on the VC cell
specialized role. Besides contributing to local acidification
through apical proton pumps, these cells, via their basolateral
AE1 anion exchangers, could contribute to the maintenance
of acid-base balance during development by reabsorbing
HCO3

− ions into the embryo. Indeed, as development
proceeds, acid production by the embryo increases and
exceeds the limiting rate of CO2 diffusion through the
shell and its membranes. This requires a corresponding
increase in the concentration of plasma bicarbonate to
prevent metabolic acidosis. Although the excretory system
can also contribute, the eggshell is regarded as the main
source of this extra “nonrespiratory” bicarbonate [80, 81].
Thus, besides the intracellular HCO3

− derived from the
activity of the cytosolic carbonic anhydrase, the main source
of this HCO3

− supply for the embryo would be the HCO3
−

ions released together with calcium ions from solubilization
of the eggshell. Reabsorption of these ions through the
chorionic VC cells, via the basolateral AE1, might explain the
gradual increase in plasma bicarbonate concentration during
development [82].

In such a context, mechanisms mediating HCO3
− influx

from the eggshell into the VC cells should be also hypoth-
esized. Possible candidates might be apical Na+/HCO3

−

cotransporters, as already established in several tissues [83–
86]. Although at present no conclusive data are available, an
alternative mechanism might occur. Indeed, using antibodies
against the membrane-associated human CAIV isoenzyme,
we detected a specific immunostaining at the apical mem-
branes of the VC cells (Figure 5(a)). The finding indicates
that a membrane-associated form of carbonic anhydrase,
which shares antigenic properties with human CAIV, may
exist at the VC cell apical pole [27]. At this site, analogously
with mammalian CAIV isoenzyme, it might promote the
conversion of HCO3

− ions, originated from the eggshell
dissolution, to CO2 which can diffuse promptly across the
apical membrane into the cells. In the VC cell cytoplasm,
CO2 would be converted to HCO3

− ions by the cytosolic
CAII, then leaving the basolateral pole via the AE1 anion
exchangers (Figure 5(b)). Promising results seem likely to
derive from current studies [54] aimed to validate the
specificity of the immunohistochemical finding as well as to
further characterize the membrane-associated CA isoform in
the chicken tissues which, to date, are known to express only
cytosolic forms of carbonic anhydrase [87].

In reviewing morphofunctional features by which
transepithelial ion transport occurs in the chorionic epithe-
lium, a last contribution comes from elucidation of the
glycosylation patterns expressed in the CAM during embry-
onic development [29]. Indeed, it is known that studying
the specific cell carbohydrate expression may provide data
on functional specializations in several biological systems.
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Table 2: A schematic view of the functional roles of the allantoic epithelium.

Functions Sites and mechanisms Molecular components References

Ion and H2O reabsorption
from the allantoic fluid

Allantoic epithelial cells [7, 14, 93]

Proton secretion towards
the allantoic fluid and
bicarbonate reabsorption

Mitochondria-rich cells
Vacuolar H+-ATPase [21]

Carbonic anhydrase [21, 28]

AE1 anion exchanger [30]

Defence against luminal
toxic contents

Granule-rich cells-secretion Glycoconjugates rich in sialic
acid and α-fucose residues

[29]

A preferential location of lectin binding sites at the supranu-
clear cytoplasm and apical cell membrane of the VC
cells was observed, consistent with the morphofunctional
polarity of this cell type. In particular, a high occurrence
of sialoglycoconjugates was mostly evidenced suggesting that
sialic acids might act in preventing adhesion of the numerous
long cellular processes of the VC cell apical membranes. This
would maintain the efficiency of ion transport occurring
at these sites via the vacuolar H+-ATPase [21] and Ca2+-
ATPase activity [39]. Also the PNA binding sites, located at
the apical cell surfaces, well agree with electrolyte transport
mechanisms. Indeed, a codistribution of proton pumps and
PNA binding sugars has elsewhere been reported [88–90].

5. The Contribution of the Allantoic Epithelium

The allantoic epithelium, although is a thin cell layer, consti-
tutes an important barrier against the allantoic fluid. It acts
as a selectively permeable barrier, permitting the absorption
of electrolytes and water while maintaining an effective
defence against intraluminal toxic contents. To this function
probably contribute the numerous cell-cell junctions present
between the cells facing the lumen. The results from the
in situ characterization of glycocomponents expressed in
the allantoic epithelium also may be viewed in favour of a
barrier function, required to provide the embryo a highly
selected environment [29]. Indeed, a large occurrence of α-
Fuc in the allantoic cells was inferred by LTA lectin staining
from the early stages of the tissue differentiation up to its
regression. On the basis of either the hydrophobic nature of
fucose and the preferential affinity of LTA to α-Fuc residues
located in the outer region of the oligosaccharide chains
[91], the specific expression of fucose in the CAM epithelium
lining the allantoic cavity conforms to a defence function by
preventing diffusion of toxic substances from the allantoic
fluid to the embryo. Moreover, a high expression of different
sialoderivatives has been evidenced, mainly located in the
granule-rich cells, in line with the previous demonstration
of acidic glycocomponents at these sites (our unpublished
observations). The significance of their occurrence on the
epithelial surface lining the allantoic cavity is, at present,
unknown. Based on its high hydrophilic properties, sialic
acid might be responsible, as elsewhere reported [92],
for maintaining a hydration coat on the allantoic luminal
surface, aimed at either promoting H2O reabsorption by
the allantoic MR cells [7] or providing a protection against

the toxic contents of the allantoic fluid. The high amount
of granule-rich cells within the epithelium, as compared
to the other cell types, as well as the localization of lectin
labelling mostly in their granules support the possibility that
the granule-rich cells are the specialized sites of the defence
function in the allantoic epithelium.

A likewise specialized, although distinct role may be
attributed to the mitochondria-rich cells. They exhibit
subcellular characteristics, such as a large number of studs in
their apical plasma membranes, which are typical of proton
secreting cells. This similarity has been further supported by
localization of vacuolar H+-ATPase in these cells, leading to
the hypothesis that they may be involved in H+ secretion
towards the allantoic fluid [21]. Mitochondria-rich cells
express also the cytosolic isoform of carbonic anhydrase,
CAII [21, 28], as well as the AE1 anion transporter, restricted
to the cell basolateral membranes [30]. Altogether these
results let us to suggest that MR cells may have a part in
maintaining acid-base homeostasis during development. A
partial reabsorption of bicarbonate to the embryo may thus
be achieved by the allantoic epithelium, too. The pattern
of expression of the above biochemical markers provides
the complete machinery necessary for proton secretion
coupled to bicarbonate reabsorption. This machinery likely
contributes to the progressive acidification of the allantoic
fluid that has been reported to occur during development
[8]. Lastly, our finding that no AE1 immunoreactivity is
detectable at the apical membrane of mitochondria-rich cells
[30], cannot confirm the suggestion that, similarly to the
type B-intercalated cells of the kidney collecting ducts and
reptilian bladders, the allantois would contain a second type
of mitochondria-rich cells which secrete H+ through the base
and HCO3

− through the apex [21].
In past years, a few studies have outlined the role of the

allantoic epithelium in reabsorpting water from the allantoic
fluid as a crucial function for the embryo development.
During incubation, allantoic fluid volume initially increases,
reaches a maximum on days 12-13 and then declines rapidly
until hatching to serve the needs from the embryo. Based
on available data, the osmotic gradient favourable for water
reabsorption would be maintained by the selective removal
of sodium and chloride from the allantoic fluid while the
concentration of calcium, potassium, and phosphorus, in
addition to uric acid, urea, and other nitrogen excretory
products, are increased [7, 93]. Again, in order to evaluate
further the mechanisms by which the allantoic epithelial cells
participate in ion transport functions, new data are required.
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6. Concluding Remarks

A main consideration prompts out in conclusion. It does
not surprise that the CAM presents a very simple structure
when considering it is an embryonic membrane deriving
from a likewise simple developmental pathway, moreover
confined in the limited space of a cleidoic egg. Instead,
it is surprising and fascinating to realize how high and
complex is the level of functional specialization the CAM
can reach to serve multiple requirements during embryo
development. Such a hard engagement is mainly entrusted
to the capability of its epithelia and it is skillfully solved
by differentiation of a mosaic of strategies, including cell
heterogeneity within the epithelium as well as high variety
of cellular and molecular specificities, mainly aimed at
optimizing distinct ion transport processes (Tables 1 and
2). The importance of such a solution is evident when
considering that on its efficiency depends the success of
ontogenesis.

Nowadays, many aspects of the CAM involvement in
transepithelial ion transport, however, remain still to be fully
defined. Unfortunately, in last years the research progress on
the chick CAM has been scanty. Instead, the most studies
concerning the CAM have been, and are currently focused
on its use in vivo as a model to examine angiogenesis
and antiangiogenesis in response to normal tissues and
cells, to tumour bioptic specimens and cells, or to soluble
factors [94–99]. The chick CAM has proven to be also a
useful tool in drug transport assays for development of
pharmaceuticals [100] as well as in assays using CAM-
engrafted human skin for identification of cosmetic allergens
[101].

Nevertheless, the progress of studies on the cellular
and molecular mechanisms of CAM physiology appears
still of interest and may have implications not only for
developmental biology. In fact, several aspects of the CAM
specializations, and their relevant functional meanings, seem
to anticipate features and mechanisms by which analogous
functions, such as proton secretion, calcium transport,
bicarbonate reabsorption, are carried out in different tis-
sues of adult animals. This strengths the value of the
CAM as an excellent model system to further explore,
by means of more recent methodological approaches as
well as in specific experimental conditions, questions partly
still unresolved. At the light of the available data, even
unique aspects in the CAM transport mechanisms may be
expected, possibly related to the unique characteristics of this
embryonic membrane, such as the severity of its functional
implication for the developing embryo. Elucidation of the
transport pathways occurring in the CAM, by eventually
pointing out novel and/or conserved mechanisms, might
thus be of interest also for their evolutionary significance.
At this regards, a recent stimulating study, by suggesting
that steroidogenic activity of extraembryonic membranes
is not a novel characteristic of placental amniotes [102],
might raise new interests and perspectives for evaluating
further the multiple functional roles of the chorioallantoic
membrane.
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The daunting task required of the gut-barrier to prevent luminal pathogens and harmful substances from entering into the
internal milieu and yet promoting digestion and absorption of nutrients requires an exquisite degree of coordination between
the different architectural units of this barrier. The complex integration and execution of these functions are superbly carried out
by the intestinal mucosal (IM) surface. Exposed to trillions of luminal microbes, the IM averts threats by signaling to the innate
immune system, through pattern recognition receptors (PRR), to respond to the commensal bacteria by developing tolerance
(hyporesponsiveness) towards them. This system also acts by protecting against pathogens by elaborating and releasing protective
peptides, cytokines, chemokines, and phagocytic cells. The IM is constantly sampling luminal contents and making molecular
adjustments at its frontier. This article describes the topography of the IM and the mechanisms of molecular adjustments that
protect the internal milieu, and also describes the role of the microbiota in achieving this goal.

1. Introduction

The single-cell epithelial layer of the intestinal mucosa
(IM) confronts the largest antigenic microbial challenge of
any other mucosal surface in the human body [1]. The
presence of large microbial communities in the lumen is a
huge problem for the intestinal immune system [2, 3]. In
humans, extensive in utero development of T and B cells
takes place, and after birth there is a rapid and massive
intestinal colonization of antigenic microbes, ultimately
establishing stable microbial communities lasting life-long
for the individual host [1, 4, 5].

The molecular mechanisms that are involved in shaping
and selecting a stable microbiota for different individuals
are areas of considerable research interest [6, 7]. There is
evidence emerging that the microbiota modulates a series
of processes that result in maturation, differentiation, and
proliferation of the IM at both cellular and molecular levels
[3, 5, 8]. Through a molecular chain of events, the microbiota
provides a major drive for the maturation of the innate
and adaptive immune systems. It has a profound effect
on the intestinal barrier and on distant organs. In this

review, we present molecular microbial-mucosal interactions
by providing a summary of the different strata of the IM,
beginning with the microbiota as the outermost layer, and
describe how different layers of the IM form a physical and
immune barrier influenced by the microbiota [2, 4, 5, 8]. In
this overview, we also describe how microbiota modulates
innate and adaptive immunities.

2. Microbial-Mucosal Interactions

Through a process of “cross talk” with the mucosal immune
system, the microbiota negotiates mutual growth, survival,
and inflammatory control of the intestinal ecosystem [9,
10]. The IM is equipped with trans-membrane or intra-
cytoplasmic receptors, referred to as pattern recognition
receptors (PRRs) that are defined by their ability to specifi-
cally recognize and bind distinctive microbial macromolecu-
lar ligands (Figure 1). These ligands referred to as microbial-
associated molecular patterns (MAMPs) include lipopolysac-
charide (LPS-a component of gram-negative bacteria), flag-
ellin, peptidoglycans, and formylated peptides [3, 11–14]
(Table 1). The transmembrane PRRs include the family
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Figure 1: Commensal microbiota, or pathogens, at the mucosal surface create signals, called microbial-associated molecular patterns
(MAMPs), to stimulate pattern recognition receptors (PRRs) including toll-like receptors (TLRs), formylated peptide receptors (FPRs),
or nucleotide-binding oligomerization domain-like receptors (NODs). Subsequent signaling consists of an intricate and inter-relational
pathway, which determines the signaling output based on the initial perception of the triggering organism. Output can be a protective
response to commensal microbiota, an inflammatory response to pathogenic organisms, or triggers for apoptosis.

of Toll-like receptors (TLRs), that sample the extracellular
and endosomal compartments, and the intracellular NOD
(Nucleotide-binding oligomerization domain)-like receptors
(NLRs) that confront and protect the cytoplasmic com-
partment [11–14]. This microbial-mucosal intersignaling
cultivates immune tolerance (hyporesponsiveness) resulting
in the development of a stable core microbiota. Establishing
a core microbiota of diverse and native commensal species
is critical and advantageous to the host as it provides
competition to the pathogenic microbes [9, 15]. This
process prevents pathogens from forming a niche for their
persistence and proliferation [16]. In response to viral com-
ponents, signaling by TLRs results in expression of Interferon
1 (IFN1). For fungal components, C-type lectin receptors
serve as PRRs [13]. On the surface of neutrophils, trans-
membrane receptors belonging to the family of formylated
peptide receptors (FPRs) are present as high affinity PRRs
for MAMPs [17]. Upon exposure to MAMPs, signals from
FPRs activate neutrophil transduction pathways to gener-
ate reduced NADPH (nicotinamide adenine dinucleotide
phosphate) oxide (NOX)-dependent reactive oxygen species
and promote phagocytic motility [17]. Recently, several
neutrophil FPRs have been characterized in intestinal epithe-
lial cells (IECs), suggesting that these epithelial receptors
may mediate microbial monitoring in the gut in a manner
analogous to their traditional functions in phagocytes [18].
Disruption in the ligand process of PRRs with MAMPs has
been linked with inflammatory intestinal diseases [3]. One
such example is Crohn’s disease, in which mutant forms of
NLR NOD2 have been identified [3, 19, 20].

2.1. Regulatory Pathways. In the IM, activation of PRRs
initiates regulatory pathways such as nuclear factor κB
(NFκB)/Rel pathways, mitogen-activated protein kinase

(MAPK), and caspase-dependent signaling cascades [14, 19–
21] (Figure 1). The transcriptional response of the IM to
microorganisms can be different. Many PRR ligands are
expressed by commensal bacteria yet the IM does not activate
an inflammatory response to these bacteria. Conversely,
some commensal bacteria exert protective effects by atten-
uating proinflammatory responses induced by pathogenic
bacteria. Inflammatory or apoptotic responses to pathogenic
bacteria, or stress signals, are controlled by NFκB and
caspase-dependent signaling [3, 21–23]. Most commensal
organisms limit the signaling of NFκB by inhibiting epithelial
proteosome function, inhibiting degradation of the IκB
(the counter regulatory factor to NFκB), or by exporting
the NFκB subunit p65 out of the nucleus through a per-
oxisome proliferator-activated receptor (PPAR)γ-dependent
pathway. Induction of transforming growth factor-β (TGF-
β) and MMP3K pathways has also been implicated in
anti-inflammatory and antiapoptotic effects mediated by
commensals [3, 24–28]. The TLRs can also initiate proapop-
totic signaling. The bacterial lipoprotein-TLR2 interactions
activate the caspase-8 pathway of apoptosis via the myeloid
differentiation primary-response gene 88 (Myd88) and by
subsequent recruitment of fast activated death domain
(FADD) pathways. Recent findings utilizing purified flagellin
and flagellate/aflagellate bacteria in both in vitro and in
vivo systems have shown that important roles are played
by flagellin in the modulation of apoptotic responses [21].
In response to cellular (IEC) attack by flagellate pathogens,
signal transduction through TLR5 initiates proinflamma-
tory transcriptional responses. Macrophages utilize intra-
cellular IL-1β-converting enzyme protease-activator factor
(IPAF)/neuronal apoptosis inhibitory protein (NAIP) 5 to
detect intracytoplasmic flagellin and respond with IL-1
release and/or apoptosis. Thus, this interaction between
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Table 1: Pattern recognition receptors (PRRs), microbial-associated molecular patterns (MAMPs), and expression patterns (see, [3, 12, 14]).

PRRs Location MAMPs MAMPs

Non Viral Ligands Viral Ligands

TLRs

TLR1 Cell membrane Lipopeptides

TLR2 Cell membrane

Di-/triacyl lipopeptide Virion (HSV)

Peptidoglycan HA (Measles)

Lipoteichoic acid (LTA)

Zymosan

Porins B and H proteins (HCMV)

Lipoarabinomannan

Phospholipomannan ENv (MMTV)

Glucuronoxylomannan

GPI-linked proteins Core, NS3 (HCV)

Virion

TLR3 Endosome membrane dsRNA RNA viruses

LR4 Cell membrane

Lipopolysaccharide (LPS) ENv protein (MMTV)

Mannan

Glucuronoxylomannan F protein (RSV)

HSP

Fibrinogen

TLR5 Cell membrane Flagellin

TLR6 Cell membrane Lipoprotein, LTA, others

TLR7 Endosome membrane Synthetic ssRNA (e.g., imiquimod, resiquimod (R848) Influenza A, VSV

TLR8 Endosome membrane Synthetic ssRNA (e.g.,imiquimod, resiquimod (R848) HIV

TLR9 Endosome membrane

CpG DNA Unmethylated DNA (HSV 1,2)

Hemozoin MCMV

Adenovirus

Baculovirus (wild type)

TLR10 Cell membrane Unknown

TLR11 Cell membrane Profilin

NLRs

Nod1 Cytoplasmic Gram-negative peptidoglycan

Nod2 Cytoplasmic Gram-negative and positive peptidoglycan

IPAF Cytoplasmic Flagellin Viral RNA

NALP3 Cytoplasmic RNA

FPR Cell membrane Formylated peptides, ?

FPRL 1-2 Cell membrane Formylated peptides, ?

RIG-1 helicase Cytoplasmic
Synthetic dsRNA HCV,

5′-triphosphate Japanese encephalitis

dsRNA RSV, Influenza A, EBV

C-type lectins Cell membranes Fungal carbohydrates

Abbreviations: dsRNA: double-stranded RNA; EBV: Epstein-Barr virus; ECMV: encephalomyocarditis virus; GPI: glycosylphosphatidylinositol; HA:
hemagglutinin; HCV: hepatitis C virus; HCMV: human cytomegalovirus; HIV: human immunodeficiency virus; HSP: heat-shock protein; HSV: herpes
simplex virus; LPS: lipopolysaccharide; MCMV: murine cytomegalovirus; MMTV: mouse mammary tumor virus; RSV: respiratory syncytial virus; ssRNA:
single-stranded RNA; VSV: vesicular stomatitis virus.

TLR5 and flagellin initiates pro-inflammatory and pro-
apoptotic pathways. If pro-inflammatory signaling is unim-
peded, transcriptional activation of a battery of anti-
apoptotic/cytoprotective genes arrests the apoptotic path-
ways and allows inflammation without cell death [21].

Analogous to these events, it has been reported that dur-
ing infection with wild type Salmonella, flagellin-induced
pro-inflammatory signaling reduces cellular pro-apoptotic
responses to bacterial effectors, whereas the absence of this
potent pro-inflammatory determinant in mutants allows



4 Journal of Biomedicine and Biotechnology

unhindered apoptosis. In this case, activation of pro-
inflammatory signals protects apoptosis. Thus, the complex
process of inflammation is intertwined with the process of
apoptosis [21].

When activated, the interactive mucosal-microbial infor-
mation system relays posttranslational events to the trans-
ducer PRR which in turn transmits the message, through
transcriptional or post-transcriptional processes, to the
effector cell [1, 5, 22–25].

3. Barrier Defense and Innate Immune System

3.1. Microbiota. By adulthood, a vast consortium of micro-
biota are supported in the intestinal lumen, but with current
microbiologic methods, less than 30% of those microbes
are culturable [15, 29]. Despite our lack of understanding
of the true diversity of luminal microbes, new molecular
approaches are allowing census-based culture-independent
inventories of the entire microbiota and defining the micro-
bial taxonomy utilizing genomic technology [11, 30]. The
most common approach to generate DNA sequence data
is to amplify the genes encoding RNA in small ribosomal
subunits (16S rRNA) using primers targeting generally
conserved regions of the gene. Rapid and cost-effective
methods that provide a “fingerprint” of the microbial
diversity in the individual components of the microbota are
then characterized by cloning and DNA sequencing [15, 30–
32].

Animal experiments and comparisons between conven-
tionally raised mice (or rats) with germ-free counterparts
have revealed that a series of anatomic, biochemical, and
physiologic functions are performed by the microbiota that
are crucial for development, maintaining the integrity of
the barrier function, and for the repair of the IM [5]. The
fact that so many morphological intestinal tissue defects
appear in germ-free animals indicates that the development
of the IM is inherently connected to microbial luminal
colonization. For example, in contrast with conventionally
raised mice, the villus capillaries in germ-free mice develop
poorly during weaning and remain poorly developed until
adulthood, indicating a microbial contribution to angiogen-
esis of the villus-core. This was further confirmed when
it was shown that bacterial colonization of germ-free mice
resulted in rapid and dramatic reinduction of angiogenesis
[5, 33]. Electrophysiologic studies indicate that microbial
colonization improves intestinal motility and modulation
of enzyme activity [34]. Several important effects of the
microbiota on the development of the immune system
have been ascertained by selectively colonizing germ-free
animals and then evaluating immune responses that have
not been influenced by any other microbial molecules
[11, 28, 35]. Germ-free animals show extensive defects in
the development of gut-associated lymphoid tissue (GALT)
and antibody production, fewer and less cellular lymphoid
follicles (Peyer’s patches), a thinner and less cellular lamina
propria, and fewer plasma cells in germinal centers of the
mesenteric lymph nodes compared with animals housed
under conventional conditions [28, 36, 37]. These findings

indicate that the development of the ultrastructure of the
IM is dependent on luminal bacteria. The microbiota also
influences the morphology of the IEC. Germ-free mice have
been shown to develop an altered morphology of their
microvilli and a reduced rate of turnover of their IECs
(intestinal restitution) compared to conventionally raised
animals [38]. Furthermore, the mircobiota has been shown
to direct the glycosylation of surface proteins of the IEC [39].

The microbiota also contributes to the development of
intra-epithelial lymphocytes (IEL) as evident by the fact that
numbers of αβ T-cell receptor (TCR)-bearing IELs (αβIELs)
are reduced in germ-free mice compared to conventionally
raised mice and that γδ TCR-bearing IELs (γδIELs) isolated
from conventionally raised mice are cytolytic but not those
isolated from germ-free mice [5, 40–45]. These findings indi-
cate that the microbiota influences maturation and execution
of several immune functions that benefit the host IM. In
return, after birth, changes occur in the host IM that promote
colonization of commensal organisms. Conventionally raised
mice begin life by expressing intestinal epithelial glycans
that predominantly have sialic acid as their terminal moiety.
During weaning there is a shift towards terminal fucose
that does not occur in germ-free mice [40]. Fucosylation of
glycans facilitates colonization by commensal species, such
as B. thetaiotaomicron, that use terminal fucose as an energy
source [46]. Thus, the host’s IM encourages colonization
of commensal organisms by shifting its energy source in
their favor so that the commensals can gain control over the
pathogenic species in the competitive intestinal ecosystem.
Once established, the microbiota then shape their niche
in a way that promotes morphological modulation of the
host’s IM in favor of that host [5, 8]. Another example
is that, compared to conventionally raised mice, germ-free
mice never achieve high activity of Angiogenin-4 (Ang4),
a Paneth cell protein with potent bactericidal activity that
plays important role in epithelial cell defense during the
postweaning-period in mice, indicating that induction of
Ang4 in Paneth cells of the IM is regulated by the microbiota
[43].

The microbiota regulates the intestinal innate immune
system by modulating expression of TLRs and NOD/CARD
(caspase recruitment domain) mediated activation of
immunosensory cells through MAMPs [27]. Decreased
cytoprotective factors and decreased enterocyte prolifera-
tion have been observed in TLR-defective mice [47, 48].
Individual members of the microbiota can dampen TLR-
mediated inflammatory signals and exert protective effects by
attenuating pro-inflammatory responses [27, 49] (Figure 1).
Several studies have shown how commensals, and those
bacteria with probiotic function, can suppress inflammatory
signals [50, 51]. One of the components of regulation of
inflammatory signals is by activating IκB, the inhibitory
component of NFκB activation. Manipulation of the NFκB
pathways has revealed both anti-inflammatory and pro-
inflammatory roles for this transcriptional control pathway,
suggesting temporal patterns in which TLR and NFκB path-
ways are activated in response to distinct microbial signals.
Mice with IEC-specific knockout genes encoding for Iκκγ
or Iκκβ, the 2 components of the inhibitory κB kinase (Iκκ)
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Figure 2: A schematic illustration of the recognition of microbial associated molecular patterns (MAMPs), such as LPS (lipopolysaccharide),
by pattern recognition receptors (PRRs) on epithelial cells and activation of three (A, B, and C) pathways that induce production of pro-
inflammatory cytokines or chemokines. A. Expressed on the cell membrane of most intestinal epithelial cells (IECs), toll-like receptors
(TLRs) are triggered by LPS. Four toll-like interleukin receptor (TIR) adaptors become involved in propagating TLR signaling, including
Myd88 (myeloid differentiation primary-response gene 88), TIRAP (toll-interleukin-1 receptor domain containing adapter protein), TRAM
(translocating chain-associated membrane protein), and the TRAF (TNF receptor associated factor) protein family. This interaction induces
phosphorylation and activation of TAK1, leading to activation of IKKs. Inactive IKK sequesters NFκB in the cytoplasm and leads to
degradation of IκB, with subsequent release of NFκB that induces transcription of pro-inflammatory cytokines and chemokines. B. In various
cells, Myd88-dependent signaling is associated with activations of TAK1, also known as MAP kinases. Extracellular signal-regulated kinase
(MEK) is an intermediary of the MAPK pathway. Activated MEK subsequently phosphorylates ERK which translocates to the nucleus where
it activates multiple transcription factors. Cytoplasmic nucleotide-binding oligomerization domain-like (NOD) receptors also recognize
MAMP. The ligand NOD1 recognizes a peptidoglycan, a constituent only of gram-negative bacteria. NOD2 recognizes constituents of both
gram-positive and gram-negative bacteria. NODs transduce signals in the pathway of NFκB and MAP kinases.

complex that activates NFκB, were found to be susceptible to
chemically induced colitis or to spontaneous development of
intestinal inflammation, respectively [50–53]. Upon binding
to their respective MAMPs, the TLRs act together with
the Myd88 adapter protein to induce intracellular signaling
events that converge upon the NFκB and MAPK pathways
to regulate the expression of genes that are involved in
commensal-induced fortification of the IM and pathogen-
induced inflammation (Figures 1 and 2). TLR ligation
triggers recruitment of Myd88 to the receptor complex
through TIR-TIR domain interactions. The death domain of
Myd88 recruits a death-domain containing protein known
as IL-1-R associated protein kinase (IRAK). Activation of
IRAK leads to activation of NFκB, p38 MAPK, and other
regulators of gene expression. These events and expression
of pro-inflammatory genes form the basis of innate immune
response. Studies demonstrating loss of Myd88 function
in dendritic cells established that TLR/Myd88-mediated
MAMP recognition activates dendritic cells to produce pro-
inflammatory cytokines and promotes T-helper responses
[41, 49] (Figure 2).

In another study, IEC-specific deletion of ReIA/P65,
which encodes the primary subunit of the NFκB tran-
scription factor, increased epithelial cell proliferation and
caused apoptosis and increased susceptibility to colitis. These
findings indicate that NFκB activation through TLRs on
the IM promoted antinflammatory responses to microbial
signals and promote innate immunity [10–14, 16, 20, 24, 27].

Uncontrolled signaling through TLRs can potentially
cause excessive inflammation. Intestinal epithelial cells con-
stitutively, or inducibly, express high levels of the TLR
inhibitor Toll-interacting protein (TOLLIP) [11, 21, 26].
Expression of TOLLIP has been shown to correlate with
the in vivo luminal bacterial load and is highest in healthy
colonic mucosa [26]. There are other regulators, including
single immunoglobulin IL-1R-related protein (SIGIRR),
IRAK-M, A20, PPARγ, and NOD2, which exert inhibitory
influence over inflammation. Evidence suggests that similar
to TOLLIP, NOD2 might suppress the inflammatory cascade
and mutations of NOD2 that are associated with Crohn’s
disease. These inhibitory molecules are important in main-
taining microbial homeostasis [26, 28, 35, 40].
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The microbiota also functions as a regulator of nutrient
metabolism, allowing the host to digest many nutrients
that would otherwise be inaccessible to the IM [3, 25–
27, 36]. The complex carbohydrates that would otherwise be
indigestible are degraded into short-chain fatty acids (SCFA)
and monosaccharides by the mircobiota. These SCFA serve
as a source of energy and regulate growth and differentiation
of IECs, especially in the colon. The microbiota also degrades
mucus glycoproteins and maintains the specific landscape of
the IM. Germ-free animals exhibit a dramatic enlargement
of the cecum, largely due to accumulation of undegraded
mucus. In addition, the microbiota modifies the differenti-
ation programs of intestinal epithelial lineages at key points
during their morphogenesis [5].

3.2. Mucin. A coating of mucus on the IM forms the
front line of defense segregating virulent organisms and
protecting against acidic gastric and duodenal secretions
[54, 55] (Figure 3). This mucus gel consists predominantly
of high molecular weight glycoproteins (mucins) imparting
characteristic polymeric, viscoelastic, and protective prop-
erties. Mucins have a high negative surface charge and a

large hydration capacity. This mesh-like mucin gel impedes
diffusion of offending macromolecules and yet is able to
perform functions such as lubrication for the passage of
particulate nutrients, maintenance of epithelial hydration,
and facilitation of the exchange of gases and nutrients across
the IM. So far 21 different mucin genes have been identified.
In the intestine, MUC2 is the major mucin produced by
goblet cells of the IM. Recent investigations in mice colon
have demonstrated that there are two mucus layers of MUC2,
an inner mucus layer that is adherent to epithelial layer and
an overlying loose mucus layer. The inner layer is densely
packed. It is devoid of bacteria suggesting small pore size that
physically prevents bacterial penetration [53]. Conversely,
the outer loose layer contains high number of bacteria.
Because the mucin and protein composition of both the
firm and loose layers are identical, it appears that firm layer
separates to form loose layers. In small intestine, the same
MUC2 is not adherent to epithelial layer but forms the mucus
gel that is synthesized in goblet cells. Following synthesis in
goblet cells, mucins are packaged in granules, transported
to the cell surface, and secreted into the intestinal lumen.
Mucins can be secretory or membrane-bound [53–55].



Journal of Biomedicine and Biotechnology 7

3.2.1. Mucin and Innate Host Defense. Under normal con-
ditions, microbes localize in the mucus, sharing either
“self” signature molecules or pathogen-associated molecular
patterns. These patterns are in turn recognized by TLRs or
other PRRs. Recognition of LPS is achieved through the
combined action of membrane-bound or soluble mucin,
LPS-binding protein (LBP), CD14, and TLR4 [55] (Figure 3).

In gram-negative bacteria (e.g., Pseudomonas aerugi-
nosa), both LPS and flagellin play a role in altering mucin
production (Figure 3). The Binding of LPS to LBP and
then to CD14 leads to activation of Ras-MEK1/2-Erk1/2
(reticulo-activating system-pathway—Meiosis-specific ser-
ine/threonine protein kinase-extra-cellular signal-regulated
kinase) using TLR-4 as a coreceptor. Flagellin, on the other
hand, binds to the surface glycolipid receptor Asialo-GM1.
The activation of mucin transcription through Asialo-GM1
is calcium dependent as seen by an increase in calcium levels
following administration of flagellin. Binding to Asialo-
GM1 leads to ATP release and its subsequent binding to
the cell surface G protein-coupled receptor (GPCR) [55].
This activates phospholipase C and creates a subsequent
increase in intracellular calcium levels. These events finally
lead to downstream activation of the Src (rous sarcoma virus-
cytoplasmic protein)-dependent Ras pathway, leading to the
activation of NFκB and mucin transcription (Figure 3).

Through a different pathway, the gram-positive bacterial
product lipoteichoic acid (LTA) binds and activates the
platelet-activating factor (PAF) receptor, which is a cell
surface G-protein coupled receptor (Figure 3). This leads
to activation of ADAM10, which then cleaves the trans-
membrane heparin-binding EGF (epidermal growth factor),
which in turn activates the EGF receptor. This leads to
the engagement of the Ras/Raf/MEK/ERK/pp90rsk/NF-κB
pathway and MUC2 (mucin) transcription [54–56].

The defensive ability of mucin lies in its capacity to
entrap microbes. Adhesion to specific mucin epitopes is
thought to facilitate mucus colonization by commensal
bacteria, thereby providing a number of growth advantages.
Accordingly, intestinal mucin is thought to dictate the
composition of the bacterial community [55] (Figure 3).

3.2.2. Other Goblet Cell Secretions in Innate Host Defense.
In addition to mucin production, goblet cells also produce
two other innate defense molecules: the intestinal trefoil
factor and the resistin-like molecule-β (RELM-β) proteins
[55, 56]. There is evidence that these two innate defense
molecules may stabilize the mucin polymer and/or regulate
mucin secretion [55]. Importantly, these molecules may need
a mucin medium to exert their biological functions.

3.2.3. Intestinal Trefoil Factor. This is a small cystein-rich
peptide belonging to the family of trefoil factors (TFF) [57].
In humans 3 TFFs have been identified; TFF1, TFF2, and
TFF3. Secreted TFFs act on the IM either extracellularly to
augment barrier function or intracellularly in transcriptional
and signaling events. Trefoils seem to protect the epithelium
and heal injured mucosa. With mucosal injury, TFFs are
up-regulated and stimulate epithelial restitution [57]. They

may also play a role in mucus stabilization by interacting
or cross- linking with mucin to aid in the formation of gel.
Since TFFs may be coexpressed with secreted mucins, there is
possibly a synergistic action in mucosal protection and repair
between the two since they are coexpressed in both normal
and injured mucosae [55, 57].

3.2.4. Resistin-Like Molecule-β (RELM-β). This is a member
of the resistin-like molecule (RELM) family. RELM- β is
expressed in both the small and large intestine within IECs
and particularly in goblet cells. RELM-β regulates barrier
integrity and susceptibility to inflammation. It appears that
although mucin and RELM-β are secreted by goblet cells,
RELM-β can also act as an effective luminal secretagogue
[55, 58–60].

3.3. Tight Junction (TJ) Assembly. The TJ assembly is a cluster
of proteins between intestinal epithelial cells forming an
effective barrier between the lumen and lamina propria [61].
In general, there are three types of junctional complexes, the
tight junctions (TJs), adherens junctions (AJs) and desmo-
somes, and gap junctions [61–64]. Of these three, TJs repre-
sent the major barrier within paracellular pathways between
intestinal epithelial cells [61, 64] (Figure 4). The intestinal
TJ-complex-associated proteins consist of intracellular and
surface membrane proteins. The intracellular proteins are:
zona occludens (ZO)-1, ZO-2, and ZO-3, cingulin, 7H6,
symplekin, and ZA-1 [61, 64, 65]. The membrane proteins
localized to the TJ are the following: occludin, claudin,
junctional adhesion molecules (JAMs), and the coxsackie
virus and adenovirus receptor (CAR) proteins [61, 62, 64–
68]. Studies suggest that claudin-1 may directly associate
with occludin laterally in the membrane within the same
cell and the combination of these two proteins functioning
together performs the major “gatekeeper” or barrier function
of the tight junction [61, 64–69].

Several signaling pathways of the TJ assembly are being
investigated. Studies indicate that regulation of TJ assembly
occurs through phosphatidylinositol 3-kinase (PI3K) [63].
Prostaglandins have been found to stimulate the recovery of
paracellular resistance via a mechanism involving transep-
ithelial osmotic gradients and PI3K-dependent restoration of
TJA. Other pathways implicate two Rho family GTPases, Rho
and Rac, and light chain-associated myosin protein kinase 20
for regulation of tight junction proteins. The latter has been
implicated as a mechanism for stress and cytokine-induced
increases in TJ permeability [63].

A number of microorganisms have been shown to attack
the intercellular TJ proteins [61]. Enteric pathogens can
disrupt the TJ of IECs through a number of different
virulence factors. Disruption of the TJ by enteropathogenic
Escherichia coli (EPEC) has been attributed, in part, to
altering occludin distribution from the TJ into the cytosol. C.
difficile toxins A and B have been shown to disorganize apical
and basal F-actin and cause dissociation of occludin, ZO-1,
and ZO-2 from the lateral TJ membrane [65–68]. Rotavirus
infection of IECs has been shown to increase paracellular
permeability and cause alteration of F-actin. Furthermore, it
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Figure 4: A model of the protein components of tight (TJ) and adherens junctions (AJ) in a highly polarized epithelial cell. The TJ is
composed of transmembrane proteins (occludins, claudins, and JAMs) linked to an actin cytoskeleton via cytoplasmic ZO (zonula occludens)
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has been determined that the NSP4 (nonstructural protein)
of rotavirus reduces transepithelial electrical resistance,
redistributes filamentous actin, and prevents lateral targeting
of the TJ-associated ZO-1 protein [65–68].

An endogenous protein called “zonulin,” which is func-
tionally and immunologically related to zonula-occludin
toxin from Vibrio cholera, has been found to disassemble
intercellular TJs via interaction with cell membrane receptors
[65–68]. It is speculated that dysregulation of zonulin in
many diseases may involve loss of cell junction integrity.
Serum zonulin is not only up-regulated in celiac disease, but
also in type 1 diabetes and multiple sclerosis, suggesting the
role for a “leaky gut” in the development of autoimmunity
[61].

Despite their complex organization, neither AJs nor TJs
are static structures and they can be rapidly disassembled
and reorganized in response to various extracellular stimuli.
Internalization of AJs and TJs appears to be a common mech-
anism that rapidly down regulates cell to cell adhesion and
allows remodeling of intercellular junctions. Internalization
is also induced by various pathophysiologic stimuli including
microbial virulence factors, pro-inflammatory cytokines,
and oxidative stress [61, 62, 64, 66–69]. Breakdown in the
TJA and in the interepithelial barrier associated with intesti-
nal bacteria has been implicated in several diseases including
inflammatory bowel disease (IBD), type I diabetes, and
obesity [61, 66]. Recent studies indicate that the modulation
of microbiota by selectively increasing Bifidobacterium-spp
improves barrier function and function of TJA-proteins [66].
Endotoxemia and low-grade inflammation seen in patients

with obesity and type I diabetes is believed to be associated
with dysbiosis, the presence of a pathogenic microbiota [61,
66, 69]. Developing specific therapeutic strategies to stabilize
the microbiota, such as the use of probiotics and prebiotics
as an adjunct to management of some of these diseases holds
some promise [70].

3.4. Intestinal Epithelial Layer. Composed of a single layer of
cells that is only ∼20 μm thick, the intestinal epithelial layer
has evolved strategies to derive maximum nutritional benefit
from luminal contents and maintain a beneficial host-
microbial relationship while keeping the pro-inflammatory
potential of the microbiota under control [36]. As an
interface between the host and the environment, the mucosal
epithelium consists of well organized crypts and villi
supported by microvasculature, as well as lymphatic and
connective tissues of the lamina propria and submucosa
[1, 25, 27] (Figure 5). Other cellular components include
lymphocytes, macrophages, and fibroblasts that perform
special functions to maintain the integrity of the IM [1–
3, 11, 40, 50, 51, 71].

Studies have shown that several immune functions of
IECs are influenced by the microbiota, including secretions
of cytokines and chemokines and expression of major
histocompatibility complex (MHC) molecules that directly
interact with lymphocytes [1, 2]. The expression and
localization of PRRs (such as TLRs) is also influenced by
the microbiota [3, 24, 26, 28, 41, 47, 48]. Expression of
several peptides, such as defensins, is defective in germ-
free animals [28]. Microbial colonization of germ-free mice
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induces the production of regenerating islet-derived 3γ
(RegIIIγ), a secreted C-type lectin. RegIIIγ is shown to
have antimicrobial activity by binding to peptidoglycans,
suggesting that microbial species actively shape the intestinal
ecosystem [70–72]. In another study, using cocolonization of
germ-free mice with B. thetaiotaomicron (a symbiont) and
B. longum (a probiotic), Sonnenburg et al. showed that B.
longum can increase the diversity of polysaccharides that can
be degraded by B. thetaiotaomicron, thus, demonstrating that
distinct intestinal bacterial species can affect each other’s
function [73].

3.4.1. Enteroendocrine Cells (EEC). More than ten distinct
types of EEC have been identified in the adult human
[1]. Entero-endocrine cells secrete serotonin, somatostatin,
motilin, cholecystokinin (CCK), gastric inhibitory peptide
(GIP), neurotensin, vasoactive intestinal peptide (VIP), and
enteroglucagon. As EECs migrate to the villus tip the number
of cytoplasmic granules increases but the ability to divide
decreases. Attempts to map the distribution of EECs using
immune-cytochemical techniques in transgenic adult mice
have been made [74]. The microbiota has been shown to
regulate host energy balance and have an impact on obesity.

This effect is mediated through Gpr41, a G protein-coupled
receptor expressed by a subset of EECs in the IM [74].

3.4.2. Paneth Cells. These cells are the only cell lineage
derived from the crypt stem cells that migrate downward
towards the crypt base. Paneth cells produce lysozyme,
phospholipase A2, TNF-α, cryptdins, and guanylin [75]. The
guanylin family of peptides consists of three endogenous
peptides, one of which has a similar primary structure
and biological activity as that of Escherichia coli heat-
stable enterotoxin (STa). The guanylin and STa both activate
intestinal guanylate cyclase-C (GC-C) and elicit 3′–5′ cyclic
guanosine monophosphate (cGMP) accumulation in the
intestinal mucosa. The activation of cGMP drives secretion
of fluids into the intestinal lumen [40, 42, 43, 76].

The cryptdins are defensin-like peptides in intestinal
crypts (Figure 5). Cryptdins kill microbes by forming pores
in their limiting membranes [40, 75]. At least 17 isoforms
have been characterized from a cDNA library. Cryptdin 3
(Cr3) has been shown to induce IL-8 secretion in a dose-
dependant manner when applied to a human intestinal cell
line (T84) by activating NF-κB and p38 MAPK in a calcium-
dependent manner, without influx of extracellular calcium
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(Ca++). Unlike other known inflammatory agonists, signal
transduction by Cr3 occurs slowly, suggesting that selective
cryptdins may amplify their roles in innate immunity by
acting as paracrine agonists to coordinate an inflammatory
response with the antimicrobial secretions of Paneth cells
[40, 75]. Because of their ability to kill gram-positive
and gram-negative bacteria, fungi, spirochetes, and some
enveloped viruses, cryptdins are classified as broad-spectrum
antimicrobial peptides [40, 75, 77–79]. Although it is the
least expressed of the six isoforms, cryptdin-4 is the most
bactericidal. Procryptdins, however, are not bactericidal
and thus require degradation of the pro-region by matrix
metalloproteinase-7 (MMP-7) for activation. In response
to bacterial antigens, Paneth cells release their secretory
granules into the lumen of intestinal crypts [40, 79–81].

Defensins are small cationic polypeptides and are the
predominant antimicrobial proteins present in a large num-
ber of expressed genes [1, 80, 81]. Mammalian defensins
are divided into two main structural groups, α and β.
α-defensins are particularly plentiful in neutrophils and
intestinal paneth cells. The antibacterial activity of defensins
is generally ascribed to their ability to disrupt membrane
integrity and function, which ultimately leads to the lysis
of the microorganism [40]. In addition to exerting direct
antimicrobial effects, defensins facilitate and amplify innate
and adaptive immune responses, such as activation and de-
granulation of mast cells, cytokine production and secretion,
maturation of dendritic cells, and chemotaxis of immune
cells [81–83].

Integrins are receptors that mediate attachment between
IECs and the tissues surrounding them, which may be
other cells or the extracellular matrix [40, 82, 84, 85].
Integrins also play a role in cell signaling and thereby define
cellular shape and mobility, and regulate the cell cycle.
Integrins regulate the assembly of adhesive junctions as well
as the activation of various signaling pathways involved
with complex organization of the epithelial-cell matrix in
maintaining the crypt-villus axis [1, 82–84].

3.4.3. Microfold (M) Cells. These cells are restricted to the
dome epithelium overlying the lymphoid follicles of Peyer’s
Patches in the lamina propria and other lymphoid follicles
in the gut [1, 11, 83]. The surface of M cells is characterized
by microfolds and the numerous vesicles contained within.
These cells perform a significant role in sampling the luminal
milieu. They also appear to be the avenue of infection for
viral agents (e.g., rotaviruses of the family, reoviridae) [82,
83]. The numerous vesicles appear to facilitate transport of
luminal antigens, macromolecules, and microorganisms to
the underlying lymphoid tissue [83].

4. Barrier Defense and Adaptive
Immune System

Exposed to a vast number of antigens, the IM is protected
by a large immune system [1, 2]. Both lymphoid cells (T
and B cells) and myeloid cells (macrophages, neutrophils,
eosinophils, and mast cells) have a copious presence in the

gut [14, 16]. The GALT has evolved several modifications to
generate a unique local specific immunity. Such modifica-
tions can be seen in the mechanisms of antigen processing,
innate or acquired immune functions, the presence of M
cells, and the segregation of the GALT from other mucosa
associated lymphoid tissue (MALT) [11, 25, 36, 86, 87].

The mucosal innate immunity has two components,
nonimmune and immune. The non-immune compo-
nents include physico-chemical barriers including digestive
enzymes, mucin, peristalsis, indigenous microbial flora, and
the epithelial barrier with TJs [61] (Figure 6). The immune
components include cellular and soluble elements. Nearly
all classes of cells participate in natural immunity, including
phagocytes, mast cells, IECs, and natural killer T cells (NK-
T) [1, 2, 35]. Based upon the type of signals received from
surface receptors of the IM, these cells phagocytize a microbe
or antigen, secrete substances facilitating removal of the
offending antigen (e.g., cryptidins), and recruit other cell
types to produce pro-inflammatory substances (e.g., IL-8
from IECs and interferon-γ [IFN-γ] from NK-T cells) [36,
40]. These cells also remove altered (by injury or infection)
host cells (e.g., granzymes and perforins from NK-cells) or
modify specific immune responses (e.g., IL-4 from NK-T
cells). Several of these responses are initiated by interactions
between MAMPs and PRRs [40].

The receptors of the innate immune system are expressed
on IECs and antigen presenting cells including monocytes,
macrophages, B-cells, and dendritic-cells (DCs), [1, 85]
(Figure 6). DCs in the lamina propria are specialized to
regulate T cell immunity. Normally traversing through non-
lymphoid tissue in immature form, DCs switch to immune-
stimulatory mode upon encountering inflammatory stim-
uli. This process, referred to as maturation, changes the
phenotype and function of DCs, including up-regulation
of costimulatory and adhesion molecules and expression of
distinct chemokine receptors [85, 86, 88, 89].

With respect to adaptive (acquired) immunity, helper
T (Th) cells can be divided into four distinct cell types.
Th1 cells secrete IL-2 and IFN-γ, a profile that supports
the early events of T-cell and B-cell development (sIgG1
production) as well as cell mediated immunity (delayed-
type hypersensitivity) [14, 34, 87, 88, 90–93]. Th2 cells,
which predominantly secrete IL-4, IL-5, IL-6, IL-10, and IL-
13, have a profile associated with humoral immunity (IgG4
and IgE production). Th3 cells, which predominantly secrete
TGFβ, display a profile associated with suppression [88]. And
finally, T-regulatory (T-reg1) cells, which predominantly
secrete IL-10, also have a profile associated with suppression.
Based on these phenotypes, T cells are either considered
effector (Th1, Th2) or regulator (Th3, Treg1) T cells [40,
90]. The cell designated antigen (CD4+) cells which express
CD25, the IL-2 receptor α chain (CD4 + CD25 + cells),
may be particularly important T-regulatory cells capable of
secreting IL-10 and TGF-β. These cytokines are responsible
for diminishing the pro-inflammatory process and seem
to prevent autoimmune gastritis and inflammatory bowel
disease [86–90]. Through this regulatory mechanism, com-
mensal organisms invoke tolerance (hyporesponsiveness)
to self. Th0 cells exhibit a secretory pattern of cytokines
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that includes those associated with Th1 and Th2 patterns,
and also represent newly stimulated T cells. Th0 cells are
driven to become either Th1 cells by IL-12, which stimulates
the transcription factor T-β or Th2 cells by IL-4, which
stimulates the transcription factor GATA-3 [90–92].

Regulatory Treg and Th17 cells are two recently described
subsets with opposing actions [90]. At a steady state, the
lamina propria maintains a balanced population of cells of
CD4 lineage, TH17 cells, and Treg cells. Th17 cells induce
production of IL-17, a potent inflammatory regulator [88–
93]. Production of IL-17 requires the presence of IL-6 and
TGFβ activation, as well as a microbial trigger [93]. It has
been suggested that a balance between Th17 and Treg is
regulated through microbiota that can influence tolerance
(hypo-responsiveness) or inflammatory response [92, 93].
Evidence is accumulating that targeting IL-17 signaling
might prove useful in treating a variety of inflammatory
diseases [88–93].

Chemokines present another important family of medi-
ators involved in the immune-inflammatory response, acti-
vating chemo-attraction and leucocytes [2]. The receptors
for chemokines (C, CC, CXC, CX3C) are seven membrane

spanning G-protein-linked receptors that are coupled to
cell activation through calcium mobilization and respond
to cytokines of the CXC chemokine family. Interleukin-8
(IL-8 or CXL-8), induced by interferon gamma (Mig or
CXCL9), interferon-inducible protein-10 (IP-10 or CXL10),
and Interferon-inducible T cell chemo-attractant (I-TAC
or CXCL11), belong to the CXC family that are expressed
by enterocytes, presenting another mechanism of immune-
inflammatory response by enterocytes [1, 11, 87, 94].

5. Conclusions

External to the IM, the microbiota, mucin, and antibacterial
products (such as defensins and immunoglobulins) protect
the host against pathogens. The layer of epithelial cells
with several components of innate immunity including
PRRs on the surface, NOD2/CARD15 intracellularly, and the
paracelluar space sealed with TJA [40] present a relatively
impermeable brush border. Then, important interactions
take place under the control of the adaptive immune system
in the lamina propria. The dynamic landscape of the IM in
this manner is constantly adjusting to changing conditions
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while providing nutrition and also maintaining efficient
immunity. In this respect, the symbiotic relationship of the
IM with the microbiota is critical [3, 26, 40].

Manipulations of the microbiota to enhance its beneficial
components that complement the human immune system
with barrier-fortification are areas of active research [4,
23, 26, 34]. Disruption in the establishment of a stable
microbiota (dysbiosis) is associated with diseases including
inflammatory bowel diseases (IBD), obesity, atopy, and
neonatal necrotizing enterocolitis (NEC) [44, 47, 70, 73].
The immature immune system and frequent exposure to
antibiotics in neonatal intensive care units render premature
infants, who are particularly susceptible to dysbiosis, more
likely to develop NEC. Available conventional therapies for
inflammatory intestinal diseases including NEC primarily
target the infectious and inflammatory components of the
diseases [3, 61, 73, 84]. The contribution of microbial
communities in maintaining the integrity of the IM and in
facilitating repair emphasizes the rationale for therapeutic
exploitation of commensal organisms. There is evidence
supporting a therapeutic role for probiotic strategies in
treating certain diseases (e.g., IBD, NEC, diarrhea), but
scientific validations and further research investigating the
efficacy of such strategies without long-term immunolog-
ical complications are warranted, particularly when such
strategies apply to immune-incompetent hosts such as
premature infants or cancer patients [5, 73, 76, 82, 86,
93, 94]. Understanding microbial-mucosal signaling com-
ponents of inflammatory pathways and the mechanisms of
how commensal organisms regulate these pathways should
also provide new directions in treating and preventing these
diseases.
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Botulinum neurotoxin (BoNT) is a protein toxin (∼150 kDa), which possesses a metalloprotease activity. Food-borne botulism is
manifested when BoNT is absorbed from the digestive tract to the blood stream and enters the peripheral nerves, where the toxin
cleaves core proteins of the neuroexocytosis apparatus and elicits the inhibition of neurotransmitter release. The initial obstacle to
orally ingested BoNT entering the body is the epithelial barrier of the digestive tract. Recent cell biology and molecular biology
studies are beginning to elucidate the mechanism by which this large protein toxin crosses the epithelial barrier. In this review, we
provide an overview of the structural features of botulinum toxins (BoNT and BoNT complex) and the interaction of these toxins
with the epithelial barrier.

1. Introduction

The botulinum neurotoxin (BoNT, Mr. ∼150 kDa, types A
to G), which is produced by various strains of the anaerobic
spore-forming bacteria Clostridium botulinum, C. butyricum,
and C. baratii, is one of the most toxic proteins to humans.
BoNT is the etiologic agent that causes botulism, a severe
neurological disease characterized by flaccid paralysis. The
most common mechanism of botulism poisoning is through
oral ingestion of the toxin contaminated in food. The lethal
dose of BoNT for humans is not known but has been
estimated in primate studies; the estimated lethal amount
of crystalline type A toxin (main ingredient is 19S toxin,
see chapter II-1) for a 70 kg human is approximately 0.09–
0.15 ug intravenously or intramuscularly, and 70 ug orally
(reviewed in [1]). BoNT binds specifically to neuronal cells,
enters the cytoplasm, and then cleaves the core proteins
involved in the vesicular fusion machinery by its metallopro-
tease activity, thereby blocking the release of neurotransmit-
ters (reviewed in [2]). When produced by the bacterium, the
BoNT is found in complexes (BoNT complexes, progenitor
toxins) associated with nontoxic components (reviewed in
[3–7], Figures 1(a) and 2).

To cause disease, orally ingested BoNT in the complexes
must take a long journey to reach their targets, the peripheral
nerves (Figure 1(b)). The initial obstacle to orally ingested

BoNT entering the body is the epithelial barrier of the
digestive tract. Although the molecular mechanism by which
this large protein toxin crosses the epithelial barrier is not
completely defined, recent studies have led to a progressive
understanding of the interaction of BoNT and BoNT
complexes with the epithelial barrier.

Here, we describe the structure-activity relationship of
botulinum toxins (BoNT and BoNT complexes) and cover
recent advances in our understanding of the transport
pathway followed by these toxins from the gut lumen to the
general circulation across the epithelial barrier.

2. Structural Aspects of Botulinum
Neurotoxin Complex

2.1. Overview of Molecular Composition of BoNT Complex.
Botulinum neurotoxin (BoNT/NTX/7S toxin) is classified
into seven serotypes, BoNT/A through BoNT/G, on the basis
of their immunological properties. In addition, the variation
observed in BoNT protein sequences within the serotypes,
at least in serotype A–F, has resulted in designations of
BoNT subtypes within a serotype [11–15]. For example, five
subtypes of BoNT/A (termed A1–A5) have been identified.
Subtypes are defined as differing by at least 2.6% at the amino
acid level [11, 12]. These subtypes BoNT are produced by
the bacterium as complexes (BoNT complexes/progenitor
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Figure 1: Botulinum neurotoxin complexes and food-borne botulism. (a) Schematic structure of botulinum neurotoxin (BoNT) complexes.
(b) The pathway followed by BoNT complexes from the lumen of the intestinal tract to the cytosol of the peripheral nerve terminal in food-
borne botulism. Orally ingested BoNT complexes (12S and 16S toxins) must cross the intestinal epithelial barrier to cause the food-borne
botulism. After absorption from the small intestine, the botulinum neurotoxin complexes enter the lymphatic system, then the blood stream
[3, 8]. In the lymphatic circulation and blood, BoNT exists as a free form dissociated from the complex [3, 9] and binds specifically to
neurons [2, 10]. Inhibition of neurotransmitter release occurs via a four-step mechanism, (1) binding, (2) endocytosis, (3) translocation,
and (4) cleavage of the SNARE proteins [2].
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Figure 2: Features of types A to G BoNT complexes. Type A (A1) BoNT is produced by C. botulinum in three forms: 12S, 16S, and 19S
toxins. Types B, C, and D BoNT are produced in two forms: 16S and 12S toxins. Types E, F, (and A2) BoNT are produced as 12S toxin. Type
G BoNT complex is produced as 16S toxin (reviewed in [3, 6, 7]).

toxins) associated with nontoxic components (nontoxic
neurotoxin-associated proteins, NAP) (reviewed in [3–7]
Figures 1(a) and 2). Three forms of BoNT complexes, 12S
toxin (M toxin/M-TC), 16S toxin (L toxin/L-TC), and 19S
toxin (LL toxin/LL-TC), are the major forms in cultures of

the bacteria. 12S toxin is composed of a BoNT and a nontoxic
nonhemagglutinin (non-toxic non-HA, NTNH, also called
as NTNHA; 130 kDa). 16S toxin is composed of a BoNT, an
NTNH, and several hemagglutinin (HA) proteins. 19S toxin
has the same components as 16S toxin and is presumed to be
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a dimer of two 16S toxins linked by one of the HA proteins
[16]. C. botulinum type A (A1) strain produces 12S, 16S, and
19S toxins. Type B, C, and D strains produce 16S and 12S
toxins. Type A2, E, and F strains only produce 12S toxin. Type
G strain produces only 16S toxin (reviewed in [3, 6, 7]). Toxin
types A, B, E, and F cause botulism in both humans and
animals, whereas types C and D cause botulism mainly in
animals, but very rarely in humans. Type G toxin producing
organisms have been experimentally isolated from soil, but
no naturally occurring outbreaks of botulism caused by type
G toxin have been reported (reviewed in [1, 7]).

In this review, when it is not suitable to use the precise
terms, BoNT and BoNT complex (i.e., BoNT plus NAP),
we will use the term “botulinum toxin” which means either
BoNT or BoNT complex.

2.2. Structure and Activity of BoNT. BoNT is synthesized
as single-polypeptide chains of ∼150 kDa but must be
posttranslationally modified by a bacterial or tissue protease
for activation (reviewed in [2]). The active form of the
toxin consists of a light chain (L, 50 kDa) and a heavy chain
(H, 100 kDa). The chains remain covalently and reversibly
linked by a disulphide bond until exposed to reducing
conditions, such as in the nerve cytosol. The L chain is
a zinc endopeptidase, which cleaves the SNARE proteins
VAMP (vesicle-associated membrane protein/synaptobrevin;
cleaved by BoNT/B, D, F, and G), which is located in
SV (synaptic vesicles), and SNAP-25 (25 kDa synaptosome
associated proteins; cleaved by BoNT types A, C, and E) and
syntaxin (cleaved by BoNT/C), which are expressed mainly
in the plasma membrane [2]. The H chain is composed
of two domains and serves as the vehicle that delivers the
L chain into the cytosol of neuronal cells. The carboxy-
terminal part of the H chain (Hc) is mainly responsible
for neurospecific binding via its interaction with specific
gangliosides and protein receptors (dual-receptor model,
reviewed in [2, 10]). Regarding protein receptors, synaptic
vesicle protein 2 (SV2) has been proposed to be a protein
receptor for BoNT/A (all three isoforms SV2A, B and C
[17], SV2C [18]), BoNT/E (SV2A and B [19]) and BoNT/F
(SV2A, B and C [20]), while synaptotagmin I and II (Syt-
I an -II) have been identified as protein receptors for both
BoNT/B and BoNT/G [21–27]). In contrast, BoNT/C and
BoNT/D seem to only interact with gangliosides (GD1b and
GT1b) and phosphatidylethanolamine, respectively [28].
The aminoterminal part of the H chain (HN) is thought to
mediate translocation of the L chain from the lumen of an
acidic intracellular compartment into the cytosol [29–31].

Information from the crystallographic structures of
BoNT [32–37], cocrystallographic structures of BoNT with
their SNARE substrates [38–40], and cocrystallographic
structures of BoNT with receptors [41–44] have revealed the
details of these interactions at the atomic level.

2.3. NTNH and HA Proteins. The nontoxic components
(NAP) of 12S and 16S toxins are composed of an NTNH
and an NTNH with several HA proteins, respectively. All
these components and a BoNT are associated with each
other by noncovalent binding. The BoNT dissociates from

NAP in slightly alkaline conditions (higher than pH 7.2∼8)
(reviewed in [3]).

NTNHs are produced by all types (strains) of C.
botulinum and are the most conserved proteins in the
botulinum neurotoxin complex (their amino acid identity
level is 76∼83.5%) (reviewed in [5]). The biological and
structural roles of NTNH are not completely understood,
although it is believed that they confer resistance to prote-
olysis in the gastrointestinal tract (reviewed in [3], for type
D NTNH [45]).

The HA component consists of three different proteins:
HA1 (also referred to as HA-33 in types C and D, HA-34
in type B, and HA-35 in type A, based on their molecular
weight), HA2 (also referred to as HA-15 in type A, HA-17 in
types C and D, and HA-18 in type B), and HA3 (also referred
to as HA-70, a precursor form of HA3a and HA3b) [6]).

The 12S toxin is composed of a BoNT and an NTNH at a
1 : 1 ratio (reviewed in [3, 6, 45]). 16S toxin results from the
assembly of a BoNT, an NTNH, and HA proteins (HA1, HA2,
and HA3) at a presumed 1 : 1 : 6 : 3 : 3 [46] or 1 : 1 : 4 : 4 : 2
ratio [47, 48].

The X-ray crystallographic structures of HA1 (type C
[49, 50], type A [51]), HA1-HA2 complex (type D [46]),
and HA3 (type C [52]) have been determined. Furthermore,
recent transmission electron microscopy studies of type D
16S toxin suggest an ellipsoidal-shaped structure with 3
extended arms [46]. Other such studies will provide valuable
information for understand the precise three- and four-
dimensional structures of 12S and 16S toxin, although the
crystallographic structures of these BoNT complexes have
not yet been elucidated.

3. Mechanism of the Passage of Botulinum
Toxins through the Digestive Tract

3.1. Site of Absorption of Botulinum Toxins. Botulinum toxin
cannot penetrate intact skin, but the toxin is absorbed from
mucosal surfaces or a wound (reviewed in [1]). In food-
borne botulism and in intestinal botulism (infant and adult,
botulinum toxins are produced from C. botulinum and other
BoNT producing clostridia, which colonize the lumen of
intestine), the toxins are absorbed from the digestive tract.
During naturally occurring food-borne botulism, abdominal
cramp, nausea, vomiting, or diarrhea are often reported.
These gastrointestinal symptoms are thought to be caused
by other bacterial metabolites and may not occur if pure
botulinum toxins are contaminated in foods (reviewed in
[1]).

Experiments using ligated intestinal loops of animals
and purified botulinum toxins showed that the upper small
intestine was found to be the most important site for
absorption of these toxins (reviewed in [3, 8]). Further in
vivo experiments using recent imaging technology under
physiological conditions (no ligation) will provide a more
detailed understanding of the sites of the absorption of
botulinum toxin in the intestine. After passing through the
intestinal epithelium, the toxins first appear in the lymph and
then in the blood (reviewed in [3, 8]). Botulinum toxin can
also be absorbed from various mucous membranes, such as
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the mucous membranes of buccal cavity [53], stomach [54],
and respiratory systems [55].

3.2. NAP Enhance the Oral Toxicity of BoNT by Their
Protective Effects. The BoNT alone isolated from BoNT
complexes was found to be only slightly toxic to mice when
administrated orally. Its oral toxicity increases with the
incremental association of the BoNT with the NAP (for a
review, see [3]). Among six toxin serotypes (A to F), the type
B (strain Lamanna) shows the most marked tendency, 16S
toxin is about 1000 times more potent than 12S toxin, and
12S toxin is about 20 times more potent than BoNT in mice
experiments [3]. Although the overall mechanism leading
to the higher efficacy of the BoNT complexes is not fully
understood, Sakaguchi’s group has documented that their
greater efficacy is due to the protective effect toward BoNT of
the NAP from the low pH and proteases in the digestive tract
[3]. Sakaguchi’s group also reported that BoNT complexes do
not dissociate in the digestive tract, including the duodenum
in spite of the pH being around 7.0 [56], and the whole
toxin complexes seem to be absorbed from the intestine into
the lymphatics in rat ligated duodenum loop assay [9]; then
molecular dissociation occurs immediately after BoNT com-
plexes are absorbed into the lymphatics [9] (reviewed in [3]).

It was also reported that NAP plays a role in enhancing
the neurotoxicity of BoNT, by a different mechanism from its
protective effect against the external environment [57–60].

3.3. Transcytosis of BoNT across the Intestinal Epithelial Cells.
In vitro experiments showed that BoNT/A and BoNT/B bind
to polarized human intestinal epithelial cell lines (Caco-2
and T84) and undergo a transcytosis pathway from the apical
to basolateral side [61–65]. The H chain of the BoNT is
involved in binding and transcytosis in the intestinal cells
[62, 64, 66], and gangliosides (GD1b and GT1b series) and
SV2 (or SV2 related protein) on the intestinal cell surface are
possibly involved in this process [64]. It was also reported
that an intestinal crypt like cell line derived from mouse
(m-ICc12), which expresses a higher amount of SV2C (or
SV2C related protein) than Caco-2, showed a higher level of
binding and passage of BoNT/A than Caco-2 [64]. Although
the BoNT transcytosis pathway has not yet been clearly
defined, a recent study found that the BoNT/A C-terminal
part of H chain (Hc) enters preferentially via a Cdc42-
dependent and clathrin–independent pathway in Caco-2 and
m-ICc12 and reaches an early endosomal compartment [66].

3.4. HA Proteins Tether the BoNT to the Microvili of the
Intestinal Epithelium. Several experiments were conducted
to investigate the interaction of BoNT complexes with the
intestinal epithelium. Experiments using ligated intestinal
loops of guinea pigs and type C toxins (BoNT, 12S toxin
and 16S toxin) showed that only 16S toxin has a potent and
selective binding activity to the microvilli of the upper small
intestine via sialic acid residues in cell surface glycoconju-
gates [67]. This finding suggests the important role of the HA
component in intestinal absorption of BoNT. Subsequently,
it was shown that type C 16 S toxin, but not 12S toxin

or BoNT, binds and enters HT-29 cells (a human intestinal
epithelial cell line) via the cell surface sialic acid containing
O-liked glycoproteins [68]. When internalized into HT-29
cells, the type C16S toxin appears to be separated to the
BoNT and NAP in endosome and the BoNT can further
transferred to the Golgi apparatus [69]. In vivo, a substantial
amount of ingested progenitor toxins seem to exist in their
undissociated forms, at least until the BoNT complexes reach
the luminal side of the intestine (see Section 3.2). These
data led us to speculate that the HA in BoNT complex
may play a role in the enhancement of BoNT absorption
from the luminal surface of the intestinal epithelium to the
circulating fluids, probably via transcytosis. Indeed, it was
recently reported that HA1 of the type D 16S toxin may play a
critical role in facilitating the passage of BoNT through Caco-
2 monolayers [70]. However, it was shown that NAP does
not facilitate the transcytosis of BoNT in T84, Caco-2, and
Calu-3 (a human pulmonary cell line) (type A [55, 62, 64]
type B [62]). At present, both of these studies, which propose
directly opposite ideas, were done using mainly in vitro
cell lines and these systems are not always physiologically
relevant. Multilateral approaches using such in situ intestinal
epithelium of the susceptible species will thus be necessary to
role out the function of NAP in the transcytosis of BoNT.

Since it was demonstrated that type C HA of the BoNT
complex has a binding activity to the carbohydrates on
the intestinal epithelial cell surfaces, additional studies have
been carried out to characterize the binding property of
other types of BoNT complexes. In type A, HA-positive
BoNT complexes (mixture of 16S toxin and 19S toxin)
but not 12S toxin show binding activity toward intestinal
epithelial cells and erythrocytes, as in the case of type C
BoNT complexes; whereas, the type A 16S toxin recognizes
galactose residues instead of sialic acid residues in the cell
surface glycoconjugates of these cells [71]. In agreement with
this observation, in erythrocytes, the Galβ1-4GlcNAc moiety
in the cell surface glycoconjugates has been determined as
a major ligand for type A HA-positive BoNT complexes
and HA1 (native HA1 exists in the culture medium) [72].
In the human intestinal cell line, Intestine-407, the Galβ1-
4GlcNAc (N-acetyllactosamine) moiety in the cell surface
oligosaccarides has been determined as a major ligand for
type A HA-positive BoNT complexes [73].

Studies using recombinant HA proteins showed that HA1
and HA3b have carbohydrate binding activities with different
specificities [71, 74, 75]. In type C, the HA1 recognizes
NeuAcα2-3 Galβ1- and Galβ1-4 GlcNAcβ1-; whereas, HA3b
(and its precursor form, HA3) recognizes NeuAcα2-3 Galβ1-
[74]. Type C HA1 has been shown to have two β-trefoil
domains and bears similarities with the plant lectin ricin B-
chain in its amino acid sequence [76] and crystal structure
[49]. It has been demonstrated that each of these two β-
trefoil domains (site I and site II) possesses a carbohydrate
binding activity by viewing their X-ray crystal structures in
complex with their carbohydrate ligands and point mutation
analysis [50]. The site I β-trefoil domain bounds wide
variety of sugars, such as N-acetylneuraminic acid, N-
acetylgalactosamine, and galactose, while site II β-trefoil
domain, which is located on the C-terminal side of site I,
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Figure 3: Model for penetration of BoNT complexes through the intestinal epithelial barrier. Step 1: HA of the BoNT complex mediates
binding and transcytosis of a small amount of luminally located BoNT complexes across the epithelium without disrupting the epithelial
barrier (Arrows in yellow, “route i”) [65]. H chain of BoNT also mediates binding and transcytosis of BoNT (Arrows in green, “route ii”)
[61–66]. Step 2: HA which has translocated on the basolateral surface disrupts the epithelial barrier. Types A and B HA proteins disrupt the
paracellular barrier of without causing cytotoxic effects in the epithelial cells of their susceptible hosts [65, 77]. Type C HA proteins possibly
evoke cytotoxic-barrier disrupting activity in the epithelial cells of susceptible animals [77]. Step 3: A large amount of the BoNT complexes
and BoNT accumulates in the serosal side by passing from the damaged epithelial barrier (Arrows in light green, “route iii”) [65].

bounds only galactose and the binding avidity seems to be
lower than that of site I. Regarding HA3, a binding site
for N-acetylneuraminic acid within type C HA3 has been
determined by X-ray crystallography and point mutation
analysis [52]. What is the reason for the existence of multiple
carbohydrate-binding sites with different specificities in the
HA-positive BoNT complexes? Further studies are needed to
clarify whether all of these three carbohydrate-binding sites
are accessible in the complex form, whether, and how these
carbohydrate-binding activities contribute to the passage of
BoNT across the intestinal epithelial barrier.

3.5. HA Proteins Have Novel Activities That Disrupt the
Epithelial Barrier Function. In 2008, we found a novel effect
of the HA component; the type B HA disrupts the paracel-
lular barrier of the intestinal epithelium and facilitates the
transepithelial delivery of BoNT and other macromolecules
both in vitro (human intestinal cell lines) and in vivo (mouse
intestinal loop assay) [65]. On the other hand, this finding
seems not to be in harmony with those reported by Sakaguchi
who found that NAP does not enhance the rate of absorption
of BoNT (in terms of antigenicity) in their in vivo rat
intestinal loop assay [3]. The discrepancy may be due to
species tropism in the action of HA; type B HA disrupts the
paracellular barrier of the mouse, but not rat epithelium in
the intestinal loop assay (manuscript in preparation).

We also found that type A HA proteins have a similar
disrupting activity with a greater potency than type B HA
proteins in Caco-2, T84, and MDCK I (canine kidney
epithelial cell line) [77]. In contrast, type C HA proteins in
the toxin complex (up to 300 nM) have no detectable effect

on the paracellular barrier in these human cell lines [77].
These results indicate the correlation of the species tropism
of HA action with the epidemiology of food-borne botulism.
Therefore, HA action on the intestinal epithelial barrier may
at least partially govern the susceptibility of different species
to the toxicity of orally ingested BoNT complexes, and this
may be an important factor in the pathogenesis of food-
borne botulism.

In addition, we found that type C HA has a barrier
disrupting activity and potent cytotoxicity in nonhuman
originated certain epithelial cell lines (MDCK I, ACL-15,
and RCN-9 derived from rat colon carcinomas) [77]. These
data raise the possibility that type C HA induces damage
in the intestinal epithelium of susceptible animals, which
could allow the toxin complex unrestricted influx into
the systemic circulation. However, this evidence about the
epithelial barrier disruption provoked by type C HA proteins
is limited to in vitro cell lines. Further in vivo studies using
susceptible animals will provide a better understanding of the
pathological roles of this cytotoxic activity.

3.6. Possible HA-Mediated Three-Step Mechanism for the
Intestinal Absorption of BoNT Complex. Our studies indi-
cated that the type A∼C HA proteins present in the 16S toxin
act on undefined host molecules, mainly on the basolateral
surface, and these induce the loss of the epithelial paracellular
barrier without causing cytotoxicity (Types A and B HA) or
the loss of general epithelial barrier function accompanied
by cell damage (Types C HA), which facilitates the effi-
cient transepithelial-absorption of luminal macromolecules
including BoNT [65, 77]. Taking into account these findings
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and other group’s findings, we propose a possible three-
step mechanism by which the toxin traverses the intestinal
epithelial barrier (Figure 3): Step 1, transport of a small
amount of luminally located BoNT complexes [65] or BoNT
alone [61–66] across the epithelium without disrupting the
epithelial barrier via transcytosis; Step 2, disruption of the
epithelial barrier by the HA moiety of the 16S toxin that has
translocated to the basolateral surface [65, 77]; and Step 3,
accumulation of a large amount of BoNT complexes (and
BoNT) in the serosal side by passing through the damaged
epithelial barrier [65]. As previously mentioned, the in vivo
relevance of these steps is at present obscure and necessary to
be confirmed experimentally.

4. Conclusions and Perspectives

In these few years, significant progress has been made in
our understanding of the interaction of botulinum toxin
with the intestinal epithelial barrier. It has become clear
that the type A, B, and C HA proteins in BoNT complexes
possess a potent ability to disrupts epithelial barrier function
and have distinct features in their modes of action. These
findings provide an awareness of botulinum HA proteins
as pathogenic factors that breach the host defense by direct
interaction with the host epithelium, which is presumably
linked to the intestinal transepithelial delivery of BoNT in
food-borne botulism of susceptible species. However, the
molecular mechanisms by which each type of A∼C HA
proteins disrupt intestinal epithelial barriers remain unclear.
Similarly, it is unclear whether the lectin activities of HA 3
and HA1 are involved in these epithelial barrier disrupting
activities. Overall, there are at least three possible routes
taken by botulinum toxin to penetrate the gut epithelium;
route i, HA-mediated transcytosis (“Step 1” described in
chapter III-6, chapter III-4) [65], route ii, H chain-mediated
transcytosis of BoNT alone (“Step 1” described in chapter
III-6, chapter III-3) [61–66], and route iii, the route passing
from the damaged epithelial barrier caused by HA actions
(“Step 3” described in chapter III-6, chapter III-5) [65].
Which route(s) are taken and to what extent are they involved
in the absorption of the toxin in food-borne botulism?
To answer these questions, further studies to elucidate the
molecular interactions that occur between the botulinum
toxin (complex) and the intestinal epithelial barrier and in
vivo validation using appropriate species are necessary. These
studies not only will provide an important insight into the
molecular mechanisms behind the development of food-
borne botulism but also may lead to unique and powerful
opportunities to understand the complicated mechanisms
for the maintenance and regulation of the epithelial barrier
system. Moreover, the mechanisms by which botulinum
toxin traverses the intestinal epithelial barrier could be
exploited to allow delivery of drugs across the epithelium.

A List of Abbreviations

BoNT: Botulinum neurotoxin
HA: Hemagglutinin
NTX: Botulinum neurotoxin

NTNH: Nontoxic nonhemagglutinin
NTNHA: Nontoxic nonhemagglutinin
NAP: Nontoxic neurotoxin-associated protein
TC: Toxin complex.
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We hypothesized that neutrophils and their secreted factors mediate breakdown of the integrity of the outer blood-retina-barrier by
degrading the apical tight junctions of the retinal pigment epithelium (RPE). The effect of activated neutrophils or neutrophil cell
lysate on apparent permeability of bovine RPE-Choroid explants was evaluated by measuring [3H] mannitol flux in a modified
Ussing chamber. The expression of matrix metalloproteinase- (MMP-) 9 in murine peritoneal neutrophils, and the effects of
neutrophils on RPE tight-junction protein expression were assessed by confocal microscopy and western blot. Our results revealed
that basolateral incubation of explants with neutrophils decreased occludin and ZO-1 expression at 1 and 3 hours and increased the
permeability of bovine RPE-Choroid explants by >3-fold (P < .05). Similarly, basolateral incubation of explants with neutrophil
lysate decreased ZO-1 expression at 1 and 3 hours (P < .05) and increased permeability of explants by 75%. Further, we found
that neutrophils prominently express MMP-9 and that incubation of explants with neutrophils in the presence of anti-MMP-9
antibody inhibited the increase in permeability. These data suggest that neutrophil-derived MMP-9 may play an important role in
disrupting the integrity of the outer blood-retina barrier.

1. Introduction

The outer blood-retinal barrier (BRB) is a specialized trans-
port barrier between the vascular choriocapillaris and the
neural retina that regulates the exchange of fluid, nutrients,
and waste products. Breakdown of the outer BRB is a feature
of many blinding retinal disorders such as proliferative vit-
reoretinopathy (PVR), uveal-retinal inflammation, diabetic
retinopathy, and age-related macular degeneration (AMD)
[1–4]. The side effects of some therapeutic interventions
(e.g., cryotherapy and laser photocoagulation) include a
breakdown of the outer BRB [1–4].

Because the choriocapillaris is fenestrated, the actual
barrier function of outer BRB is mediated by the monolayer
of retinal pigment epithelial (RPE) cells [5]. Apical tight
junctions joining adjacent RPE maintain the continuity of

the barrier between cells and are critical for maintaining
the normal polarized functions of the RPE monolayer
[6]. RPE tight junctions consist of a complex of proteins
including claudins, occludin, and zonula occludens- (ZO-)
1 [7, 8]. While occludin is a transmembrane protein, and
major structural component of the tight junction, ZO-1
is a peripheral adaptor protein, linking occludin with the
actin cytoskeleton. Therefore, expressions of ZO-1 and
occludin are considered as useful markers of tight junction
structure between RPEs [9]. The mechanisms that need
to be considered underlying the breakdown of the outer
BRB include attenuation and disruption of intercellular tight
junctions or death of RPE.

Neutrophils, which are the most abundant leukocytes
in the circulation, respond rapidly to inflammatory or
infectious stimuli. During acute inflammation, neutrophils
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interact with endothelial cells through adhesion molecules,
leading to disassembly of endothelial tight junctions and
permitting neutrophil extravasation [10, 11]. Neutrophils
also secrete numerous preformed bioactive proteins, such
as matrix metalloproteinases (MMPs) [12] which degrade
junctional proteins including tight junction components,
thus facilitating the breakdown of the vascular barrier. The
possibility that neutrophils could play a role in modulating
the outer BRB in retinal disease is supported by the finding
of increased number of neutrophils in the choriocapillaris
of patients with diabetes and in the choriocapillaris of
streptozotocin-induced experimental diabetes in mice [13–
15]. Accumulation of neutrophils is also associated with
proliferative vitreoretinopathy [3] and uveitis, conditions in
which the outer BRB is compromised [4]. As well, we have
previously shown that neutrophils promote laser-induced
choroidal neovascularization (CNV) in mice, which is a well-
established model for study of the pathogenesis of the wet
form of AMD [16]. Both in vitro and in vivo studies have
demonstrated that under pathologic conditions, RPEs secrete
a number of chemokines, including IL-8 [17], which is
responsible for the recruitment/accumulation of neutrophils.
In the presence of inflammatory mediators, such as tumor
necrosis factor- (TNF-) α, RPE cells also have been shown to
secrete MMP-9, which could exacerbate effects of neutrophil-
derived MMP-9 [18]. In the vasculature, neutrophils interact
with endothelial cells through adhesion molecules, such
as CD18/ICAM-1. Increased neutrophil adhesion induces
enhanced endothelial injury through FAS/FASL interaction,
which is associated with increased endothelial apoptosis
and subsequent BRB permeability [13]. Therefore, the
hypothesis of the current study was that neutrophils and
their secreted factors mediate breakdown of the integrity of
the outer BRB by degrading the apical tight junctions of the
RPE.

In the present study, we examined the effects of neu-
trophils on the permeability of the outer BRB in RPE-
Choroid explants in vitro and the expression of tight junction
proteins. Furthermore, we evaluated the role of MMP-9 in
this process.

2. Methods

2.1. Animals. C57BL/6 male mice were purchased from the
National Cancer Institute (Frederick, MD). Mice between
6 to 8 weeks old were fed standard laboratory chow
and kept in an air-conditioned room on a 12-hour light
/12-hour dark cycle. All procedures were performed in
compliance with the Keck School of Medicine Institutional
Animal Care and Use Committee approved protocols and
the Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic
and Vision Research.

2.2. Preparation of Murine Neutrophils. A neutrophil-
enriched population was isolated from murine peritoneal
exudates after glycogen challenge [19, 20]. Briefly, oyster
glycogen (Sigma, St. Louis, MO) was dissolved in sterile

0.9% NaCl to a final concentration of 1 mg/mL. Mice
received i.p. injection of 1 mL of the prepared solution and
the peritoneal exudates were harvested 4 hours later. The
exudate cells comprise approximately 90%–95% neutrophils
as determined by their characteristic morphology under
the microscope and by flow cytometry using anti-Ly6G
(Becton Dickinson, Pharmingen, San Diego, CA), a specific
antineutrophil antibody (data not shown). The neutrophil-
enriched population was washed 3 times by centrifugation
at 300 g for 5 minutes and resuspended in PBS to remove
residual glycogen. To obtain soluble neutrophil extract, the
peritoneal exudate containing 90%–95% neutrophils was
sonicated three times for 10 seconds on ice with a Branson
sonifier (Model 185) and was centrifuged at 12,000 rpm for
10 minutes at 4◦C.

2.3. RPE-Choroid Explant Culture and Treatment. Fresh
bovine eyes were obtained from Manning’s Beef L.L.C. (Pico
Rivera, CA). The eyes were immersed in Hanks’ balanced
salt solution (Irvine Scientific, Santa Ana, CA) containing
1% penicillin and 1% streptomycin for 10 minutes. Under
a dissecting microscope in sterile conditions, the vitreous
humor and neural retina were carefully removed without
disturbing the RPE layer. The eyes were then cut into 2
to 3 mm2 pieces, each with an intact RPE layer, choroid,
and sclera. The sclera was carefully removed and the RPE-
Choroid explants were immediately placed in high-glucose
Dulbecco’s modified Eagle’s medium (Irvine Scientific)
supplemented with penicillin G (100 U/mL), L-glutamine
(0.292 mg/mL), and 1% fetal bovine serum (FBS; Irvine
Scientific). Explants were cultured with or without murine
neutrophils or neutrophil lysate at 8 time points up to 3
hours for mannitol transport experiments, and at 1 and
3 hours for tight junction protein expression by confocal
microscopy, and 3 hours for tight junction protein expression
by western blot. The viability of explants has been demon-
strated to be up to 72 hours [9]. In experiments evaluating
effects of anti-MMP-9 antisera, goat antimouse MMP-9
inhibitory IgG (sc-6841; Santa Cruz Biotechnology, Inc.,
Santa Cruz CA), was mixed with the neutrophil suspension
prior to adding to the explant, at a dose suggested by the
manufacturer (2 μg/mL). Normal goat IgG (sc-2028; Santa
Cruz Biotechnology, Inc.) at the same concentration was
used as a negative control.

2.4. Mannitol Transport in Bovine RPE-Choroid Explants
Mounted in Ussing Chamber. The bovine RPE-Choroid
explants were mounted in a custom designed Ussing cham-
ber as previously described [21]. Briefly, the retina-RPE-
choroid explants were placed on a nylon mesh (Becton Dick-
inson Discovery Labware, Bedford, MA), with the retinal side
up. The RPE-choroid was mounted in a custom designed
Ussing chamber with an exposed area (A) of 1.0 cm2. The
RPE-choroid preparations mounted in a clamping chip were
placed between two chamber halves. The chamber held
6 ml bicarbonated Ringer’s solution (BRS) on each side of
the tissue and was water-jacketed to keep the temperature
within the chamber at 37oC [22]. All experiments were
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performed under short-circuit condition using an automatic
voltage-clamp device (558C-5; Bioengineering Department,
University of Iowa, Iowa City, IA), as previously described
[23]. Basolateral to apical mannitol flux measurement was
initiated by adding [3H] mannitol (2.0 μCi/mL, Moravek
Biochemicals, Brea, CA) to the basolateral donor fluid.
The neutrophils or neutrophil lysate were added at the
basolateral side of the RPE-Choroid explant. A 0.6 ml
aliquot was collected from the receiver fluid every 15–30
minutes for a total of 3 hours for assay of radioactivity
in a liquid scintillation counter (Beckman Instruments,
Fullerton, CA). The removed aliquot was immediately
replaced with an equal volume of fresh BRS buffer. The
area normalized permeation amount (Q, mol/cm2) for
mannitol was calculated using the following equation.
Q = [total counts per minute (cpm) in receiver fluid ×
specific activity (mol/cpm)]/A (cm2)].

Area normalized unidirectional fluxes (J, moles/cm2·h)
were then estimated from the slope of a plot of cumulative
amount of penetrate appearing in the receiver fluid versus
time. The apparent permeability coefficient (Papp) was
calculated by further normalizing the flux against the initial
substrate concentration in the donor fluid.

2.5. Confocal Immunofluorescence Microscopy. The expres-
sion and localization of the tight junction proteins occludin
and ZO-1 in explants were examined by immunofluo-
rescent confocal microscopy. Explants were fixed in 2%
paraformaldehyde in PBS for 15 minutes at room temper-
ature, permeabilized in 0.2% Triton X-100 in PBS for 15
minutes, and incubated with the primary antibody anti-
ZO-1 (1 : 100; Chemicon, Temecula, CA) or antioccludin
(1 : 100; Zymed Laboratories, South San Francisco, CA) for
60 minutes at 4◦C and then with the secondary antibody,
rhodamine-conjugated goat antirabbit (1 : 400; Chemicon)
for 30 minutes at 4◦C. The explants were washed in PBS,
mounted, and examined with a Zeiss LSM 510 confocal
microscope (Carl Zeiss, Thornwood, NY) with a 40x oil-
immersion objective using identical settings for laser power,
pinhole size, and detector sensitivity. Quantitation of ZO-1
and occludin immunofluorecence area was done using the
LSM 510 image software version 3.2. to calculate percent
fluorescently stained area normalized to untreated control
samples. All threshold values were identical in order to
collect comparable results. Data were represented as positive
area/40x objective field.

To determine the expression of MMP-9 in neutrophils
by confocal microscopy, the neutrophil-enriched population
was centrifuged onto glass slides. The cytospin slides were
permeabilized with 0.1% Triton X-100 and fixed in ace-
tone for 10 minutes at room temperature. The expression
of MMP-9 was identified using goat antimouse MMP-9
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and
Rhodamine antimouse secondary antibody (Chemicon). The
slides were mounted in VECTASHIELD mounting medium
with 4′6-Diamidino-2-phenylindole (DAPI) nuclear coun-
terstain (Vector Laboratories, Burlingame, CA) and exam-
ined under a Zeiss LSM510 confocal microscope.

2.6. Western Blot Analysis. The explant was homogenized
in 100 μL modified RIPA buffer (50 mM Tris-HCl (pH
7.4), 1% Triton X-100, 0.2% sodium dodecyl sulfate (SDS),
1 mM dithiothreitol, 2 mM ethylene glycol tetraacetic acid
(EGTA), 4 mM ethylene diamine tetraacetic acid (EDTA),
2 mM sodium orthovanadate, and 100 mM NaCl) with fresh
protease inhibitors, including 0.2 mM phenylmethylsulfonyl
fluoride (PMSF) and 10 μg/mL each of aprotinin, pep-
statin A, and soybean trypsin inhibitor (Sigma, St. Louis,
MO). Samples were incubated at 4◦C for 30 minutes to
solubilize proteins, and insoluble materials were pelleted
by centrifugation at 14,000 rpm for 10 minutes. Protein
concentration was determined with a protein assay (Bio-
Rad, Richmond, CA), and equal total protein content was
loaded into 7.5% SDS-polyacrylamide gels (SDS-PAGE; Bio-
Rad). Proteins were transferred to polyvinylidene difluoride
membranes (Millipore, Bedford, MA), blocked by 1% bovine
serum albumin for 60 minutes, and incubated with the
primary antibodies of anti-ZO-1 (1 : 1000; Chemicon),
anti-occludin (1 : 1000; Zymed Laboratories), followed
by horseradish peroxidase-conjugated secondary antibody.
The membranes were then washed and developed with the
addition of a chemiluminescence detection kit (Amersham
Pharmacia Biotech, Piscataway, NJ). For the protein loading
control, the same blot was reprobed with anti-GAPDH anti-
body (Chemicon). Quantitation of occludin or ZO-1 pixel
density was achieved by densitometry with normalization to
GAPDH.

2.7. Cell Viability Assay. Cell viability was assessed by
propidium iodide (PI) staining after RPE cells were exposed
to neutrophils or medium; RPE cells treated with 20 μM
C2-ceramide (Sigma) underwent cell death and served as
a positive control after PI staining [24]. Pure cultures of
human RPE cells (passage 3) were derived as previously
described, trypsinized and suspended in PBS [25]. Nonspe-
cific binding was minimized by blocking with 1% bovine
serum albumin (Sigma) for 20 minutes at room temperature
before staining. Cells were stained with PI for 30 minutes
on ice, washed three times with PBS containing 0.5%
bovine serum albumin, and 5000 cells/sample were analyzed
using a FACStar flow cytometer and Cellquest Pro software
(Becton Dickinson, Mountain View, CA). Viable cells were
PI negative.

2.8. Statistics. All experiments were carried out three times
(except for apparent permeability experiments using neu-
trophil lysates which were performed twice); statistical
analyses were performed using the Student’s t-test. Values
reported in figures represent mean ± standard deviation.
Accepted level of significance for all tests was P < .05.

3. Results

3.1. Neutrophils Compromise the RPE Barrier Integrity. The
effect of neutrophils on RPE barrier integrity was assessed
by measuring RPE-Choroid explant permeability using a
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Figure 1: Neutrophil exposure increased explant permeability. (a)
The kinetics of RPE explant permeability following neutrophil
treatment. The basolateral side of the explant was incubated with
neutrophils for 1 to 3 hours at 37◦C. (b) Neutrophil-induced
increase of permeability of the RPE explant. The basolateral side
of the explant was incubated with neutrophils for 3 hours at 37◦C.
The apparent permeability was determined by [3H]-mannitol flux.
The increased permeability induced by neutrophils is significant
compared with control. ∗represents P < .05. Addition of PBS to
the explant did not change the permeability.

modified Ussing chamber method. In preliminary exper-
iments, the dose response of neutrophils was determined
and we found that the optimal dose of neutrophils for RPE
barrier breakdown was 2 × 105/mL; therefore, 2 × 105/mL
of neutrophils were used in all subsequent experiments.
The freshly prepared and washed neutrophils or vehicle
alone were incubated on the basolateral side of RPE-Choroid
explants. In explants receiving vehicle alone, only a low
basal level increase of mannitol flux was observed over
the 3 hours of observation (Figure 1(a)). By contrast, in
explants exposed to neutrophils, the mannitol flux across
the RPE explants was increased significantly at all time
points evaluated after 20 minutes (P < .05) with a
maximal effect at 3 hours (Figure 1(a)). For the evaluation
of apparent permeability, the explants were incubated with

neutrophils for 3 hours (Figure 1(b)). A greater than 3-
fold increase in RPE-Choroid permeability was obtained
from the explants exposed to 2 × 105/mL neutrophils
(Figure 1(b)).

3.2. The Loss of RPE Barrier Integrity Is Associated with
the Disruption of RPE Tight Junctions. To further charac-
terize the mechanism of neutrophil-induced loss of RPE
barrier integrity, the expression and localization of the tight
junction-associated proteins ZO-1 (Figure 2) and occludin
(Figure 3) were examined by immunofluorescent confocal
microscopy. The RPE cells in the control explants showed
a clear, lateral membrane staining pattern for ZO-1 and
occludin and outlined the uniform polygonal shape of the
RPE cells within the monolayer (Figures 2(a) and 3(a)). After
1 hour of incubation with neutrophils, the RPE explant cells
showed a decrease in staining of ZO-1 and occludin (Figures
2(a) and 3(a)). Empty spaces surrounded by three or more
abnormally shaped RPE cells were occasionally observed,
suggesting loss of adhesion between adjacent RPE. The
disruption of tight junction structure (ZO-1 and occludin)
became more evident after 3 hours of neutrophil incubation
(Figures 2(a) and 3(a)). Quantitative evaluation of ZO-1
immunofluorescence area demonstrated approximately 60%
and 70% loss of ZO-1 staining area after 1 hour and 3
hours exposure to neutrophils, respectively (Figure 2(b),
P < .01). For occludin, the effect was even more striking
with 75% of the immunofluorescent area of occludin
staining reduced after 1 hour of neutrophil incubation,
and 80% reduction after 3 hours of neutrophil incubation
(Figure 3(b); P < .01). The decreased expressions of ZO-1
and occludin induced by neutrophils also were evaluated
quantitatively by western blot (Figures 2(c) and 3(c)); ZO-
1 protein expression decreased by 76% (P < .05) while
occludin protein expression decreased by 54% (P < .05) after
neutrophil exposure.

In a separate experiment, the basolateral surface of the
RPE explants was exposed to neutrophil lysate, and a 75%
increase in apparent permeability was found (average of
2 experiments) (Figure 4(a)), as well as a 40% and 50%
decrease in ZO-1 immunoreactivity at 1 and 3 hours,
respectively (P < .05) (Figure 4(b)). In each case, the
effects of the neutrophil lysate were similar to but less
than that found for intact neutrophils (Figure 4). These
data suggest that neutrophil-induced increase in barrier
permeability is associated with loss of expression of tight
junction proteins occludin and ZO-1 and that at least part
of this effect is mediated by a component of the neutrophil
lysate.

To examine whether RPE cell death contributes to the
disruption of tight junction after neutrophil treatment, the
RPE cell viability was determined by PI staining. After
evaluating 5000 RPE cells by FACS in each group, 382
dead cells were found in the C2-ceramide-treated group
(positive control), while medium alone showed 102 dead
cells and neutrophil-treated cells contained 87 dead cells
(Figure 5). No difference in cell death was observed between
neutrophil-treated RPE and untreated controls, suggesting
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Figure 2: Neutrophils induced disruption of the tight junction protein ZO-1 in the RPE monolayer. (a) ZO-1 immunofluorescence staining
on RPE-Choroidal explants. (b) Quantative analysis of ZO-1 immunofluorecence area on RPE–Choroidal explants. Bovine RPE-Choroidal
explants were incubated with neutrophils for 1 to 3 hours at 37◦C. ZO-1 expression was determined by confocal immunomicroscopy using
anti-ZO-1 Ab. Quantitation of ZO-1 staining positive area was analyzed by using LSM 510 image software. ∗represents P < .01. Bar = 50μm.
(c) Western blot analysis of ZO-1 expression after RPE choroidal explants exposed to neutrophils for 3 hours. In Figure 2(c), the result of
densitometry from the western blot (upper panel), normalized to GAPDH, shows significant loss of ZO-1 protein, P < .05.

that neutrophil-induced disruption of the tight junction of
the RPE monolayer was independent of significant RPE cell
death. DAPI staining of the explants similarly showed that in
areas of tight junction protein loss, there was no associated
cell death (results not shown).

3.3. Localization of MMP-9 in Murine Neutrophils. Previous
studies have shown that MMP-9 can cause increased perme-
ability in retinal and lung vasculature and can alter Sertoli-
cell tight junction dynamics [26–28]. In order to determine
whether murine neutrophils, as used in this study, were a
potential source of MMP-9, we evaluated MMP-9 protein
expression by confocal microscopy. Approximately 30% of
the murine neutrophils showed a clear, abundant, granular
cytosolic staining pattern for MMP-9 (Figure 6).

3.4. Neutrophil-Mediated Loss of RPE Barrier Integrity Is
Attenuated by the Administration of Anti-MMP-9 Antibody.
To determine whether MMP-9 contributes to the neutrophil-
induced loss of RPE barrier integrity, RPE explant per-
meability was assessed in the presence of inhibitory anti-
MMP-9 IgG. Preliminary experiments utilizing anti-MMP
IgG demonstrated prominent inhibition of MMP-9 activity
by zymography when used at the concentration recom-
mended by the manufacturer (results not shown). Goat
anti-MMP-9 IgG suppressed neutrophil-induced loss of RPE
permeability by approximately 65% (P < .05) (Figure 7).
By contrast, normal goat IgG did not significantly affect
neutrophil-induced increase in permeability compared to
controls. These data indicate that the neutrophil-induced
increase in RPE permeability was, at least partially, MMP-9
dependent.
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Figure 3: Neutrophils induced disruption of tight junction protein occludin in the RPE monolayer. (a) Occludin immunofluorescence
staining on RPE-Choroidal explants. (b) Quantative analysis of occludin immunofluorecence area on RPE–Choroidal explants. Bovine
RPE-Choroidal explants were incubated with neutrophils for 1–3 hours at 37◦C. Occludin expression was determined by confocal
immunomicroscopy using anti-ZO-1 Ab. Quantitation of occludin staining positive area was analyzed by using LSM 510 image software.
∗represents P < .01. Bar = 50μm. (c) Western blot shows the effects of Neutrophils on occludin expression after 3-hour incubation. In
(c), the result of densitometry from the western blot (upper panel), normalized to GAPDH, shows significant loss of occludin protein,
P < .05.

4. Discussion

Our data show that exposure of RPE-Choroid explants
to neutrophils or neutrophil lysate resulted in increased
permeability across the outer BRB barrier with disruption
of RPE tight junctions. Inhibition of MMP-9 inhibited the
neutrophil-induced permeability indicating that this effect
is mediated, in part, through MMP-9. Neutrophils are well
known as executors of the acute inflammatory response
where one of their major functions is to phagocytose necrotic
or apoptotic cells. Evidence is emerging that neutrophils have
multiple additional major functions including regulation of
cellular endothelial barrier integrity [10, 12, 29]. However,
the effect of neutrophils on RPE and outer BRB barrier

integrity has not been directly addressed. Disruption of the
outer BRB occurs in several blinding ocular diseases and
in some cases is associated with infiltration of neutrophils
[30]. The intriguing question is whether the neutrophil
infiltration is a promoting factor of BRB disruption or
only a result of a secondary bystander effect. Our study
supports the notion that neutrophils contribute to the
breakdown of the outer BRB barrier and suggest the pos-
sibility that inhibition of neutrophil infiltration or activity
would benefit some patients with outer BRB disruption.
Clinical studies have revealed that triamcinolone acetonide
may be of therapeutic value in the treatment of diabetic
macular edema and may provide a probarrier effect [31].
Triamcinolone acetonide acts through the NF-kB pathway to
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Figure 4: Neutrophil and neutrophil lysate exposure increased
the explant permeability (a) and decreased ZO-1 (b) expression.
In (a), the basolateral side of the explant was incubated with
neutrophils or neutrophil lysate for 3 hours at 37◦C. The apparent
permeability was determined by [3H]-mannitol flux. Increased
permeability induced by neutrophils or neutrophil lysate is seen
compared with control (two separate experiments); the variations
between experiments were less than 10%. In (b), the disruption of
tight junction protein ZO-1 by neutrophils or neutrophil lysate in
the RPE monolayer was compared by confocal immunofluorescent
staining in 3 separate experiments. Quantitation of ZO-1 staining
positive area was determined by LSM 510 image software. Both
neutrophil and neutrophil lysate decreased the expression of ZO-1
expression. ∗P < .05

inhibit inflammatory responses, thereby leading to leukocyte
apoptosis including neutrophils [32]. A recently study by
Tempfer et al. shows that triamcinolone acetonide inhibits
the expression of the matrix metalloproteinases MMP2,
MMP8, MMP9, and MMP13 in human rotator cuff tendon
cells in vitro [33]. Thus, triamcinolone acetonide could
prevent loss of BRB in part by inhibiting MMPs produced
by neutrophils.

One of the mediators thought to play an impor-
tant role in induction of tight junction permeability is
MMP-9. The role of MMP-9 in inner retinal vascular
permeability has been previously evaluated; Giebel et al.
demonstrated elevated MMP-9 expression in the retinas
of diabetic rats, and Behzadian et al. have shown that
MMP-9 plays a role in increasing retinal endothelial cell
permeability induced by transforming growth factor-beta
[34, 35]. While MMP-9 has been implicated in bronchial
and renal epithelial permeability, the role of MMP-9 in
mediating RPE permeability is relatively unexplored [36, 37].
Our finding that MMP-9 mediates, in part, the increase
in RPE permeability after neutrophil treatment provides
further support for the idea that MMP-9 is an important
mediator of epithelial cell permeability and disruption.
Furthermore, our data indicate that neutrophils can affect
RPE barrier permeability quickly with significant effects
after as little as 20 minutes of incubation. While RPE
themselves are a source of MMP-9 after inflammatory
cytokine stimulation, the time course for this effect is much
more delayed taking up to 36 hours to have a significant
effect [18]. However, in the course of a prolonged acute
inflammatory response in vivo, it is possible that both
neutrophils and RPE could contribute to local expression of
MMP-9. Previous studies have demonstrated that occludin
is a proteolytic target of MMP-9 [35, 38, 39]. Interestingly,
our study showed the loss of both ZO-1 and occludin;
however, it is likely that ZO-1 is not a direct target
of MMP-9 but may be degraded secondary to loss of
occludin.

Pretreatment with anti-MMP-9 antibody only partially
blocked the increase in RPE barrier permeability caused
by neutrophils. This result suggested that additional mech-
anisms exist by which neutrophils compromise RPE bar-
rier integrity. Neutrophils contain an arsenal of bioac-
tive molecules that are prestored in granules; vascular
endothelial growth factor, tumor necrosis factor alpha,
hepatocyte growth factor, azurocidin, and glutamate have
antibarrier activities in addition to MMP-9 [12, 16, 40,
41].

In addition, we found that the effects of neutrophils
on RPE permeability and the loss of tight junction protein
ZO-1 were greater than those found for neutrophil lysate,
which suggests that either the process of forming the cell
lysate decreases activity or survival of MMP-9, or MMP-9
secreted from live cells may have greater effects on junction
breakdown.

This study clearly demonstrates that neutrophils can
cause disruption of outer BRB in RPE-Choroid explants. The
disruption of BRB is associated with increased permeability
and loss of tight junction proteins and is not a direct result
of RPE cell death. The effect is mediated, at least in part
by MMP-9. Together, these findings suggest that neutrophils
may facilitate breakdown of the outer BRB and contribute to
the pathogenesis of ocular diseases associated with increased
BRB permeability. Therefore, a better understanding of the
mechanisms by which neutrophils compromise RPE barrier
activity will provide future therapeutic targets for blinding
diseases.
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Figure 5: The effects of neutrophil incubation on RPEs cell death. Human RPEs were incubated with neutrophils, C2-ceramide (20 μM;
positive control), or medium (negative control) for 3 hours and then stained by Propidium iodide(PI). Cell death was evaluated by
flow cytometry using 5000 cells for each experiment. The number of nonviable cells (R2) is indicated for each condition. C2-ceramide
induced cell death (7.6%). Cells incubated with neutrophils or medium alone had lower cell death, namely, 1.7% and 2.0% cell death,
respectively.
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Figure 6: Localization of MMP-9 in mouse neutrophils determined by immunofluorescent confocal microscopy. DAPI, nuclear
counterstained (blue); MMP-9 immunofluorescence (green). Representative neutrophils are shown at higher magnification in inset.
Bar = 30μm.
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Figure 7: Anti-MMP-9 antibody attenuated neutrophil-mediated
increase in permeability. The neutrophils were pre-treated with
either anti-MMP-9 antibody or control antibody followed by
incubation with explants for 3 hours at 37◦C. The apparent
permeability was determined by [3H]-mannitol flux and the data
were presented as the fold increase in permeability relative to
vehicle-treated samples. ∗represents P < .05.
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The choroid plexus epithelium constitutes the structural basis of the blood-cerebrospinal fluid barrier. Since the cytokine TNFα
is markedly increased during inflammatory diseases in the blood and the central nervous system, we investigated by which
mechanisms TNFα induces barrier alteration in porcine choroid plexus epithelial cells. We found a dose-dependent decrease of
transepithelial electrical resistance, increase of paracellular inulin-flux, and induction of histone-associated DNA fragmentation
and caspase-3 activation after TNFα stimulation. This response was strongly aggravated by the addition of cycloheximide and could
partially be inhibited by the NF-κB inhibitor CAPE, but most effectively by the pan-caspase-inhibitor zVAD-fmk and not by the
JNK inhibitor SP600125. Partial loss of cell viability could also be attenuated by CAPE. Immunostaining showed cell condensation
and nuclear binding of high-mobility group box 1 protein as a sign of apoptosis after TNFα stimulation. Taken together our
findings indicate that TNFα compromises PCPEC barrier function by caspase and NF-κB dependent mechanisms.

1. Introduction

In the mammalian brain the cerebrospinal fluid (CSF) is
produced by the choroid plexus (CP), which not only
regulates homeostasis in the central nervous system (CNS),
but also participates in neurohumoral brain modulation
as well as neuroimmune interaction [1, 2]. The CP is a
highly perfused organ; the endothelial and epithelial cells
of the CP separate the blood from the CSF. Whereas the
endothelial cells are fenestrated, the epithelial cells of the CP
are closely connected to each other by tight junctions (TJs)
and constitute the structural basis of the blood-CSF barrier.
The barrier function of the TJs can be subject to modulation
and thereby regulates the entry of physiologically important
substances as well as immune modulatory components and
cells during inflammatory events [3, 4].

Over the course of neuroinflammatory diseases, includ-
ing meningitis after infection with bacterial pathogens,
the composition of the CSF undergoes significant changes
including the accumulation of certain cytokines [5, 6].
In agreement, expression of the proinflammatory cytokine
TNFα is markedly increased in porcine choroid plexus
epithelial cells after infection with the gram-positive bac-
terium Streptococcus suis [7]. Subsequently, injury of the
CP due to inflammatory responses may cause further
impairment of the blood-CSF barrier and allow enhanced
entry of immune system cells into the CNS [1, 2].

TNFα exhibits pleiotropic functions and is involved in
several cellular processes including inflammation, immune
responses, cell death and cell proliferation. TNFα mediates
its function via the two TNF receptors (TNFRs). TNFR1 is
expressed on all cells, whereas TNFR2 is found on endothelial
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cells and cells of the immune system [8–10]. Signalling
through TNFR ligation can initiate (i) programmed cell
death (apoptosis), (ii) antiapoptotic and proinflammatory
responses through NF-κB, and (iii) activation of the mitogen
activated protein kinase (MAPK) JNK signalling pathway
[11]. These signal transduction mechanisms are tightly
interconnected with each other through a complex network
and their modulation allows to shifting the cellular state
either towards survival or cell death [11, 12].

Employing an in vitro model of the blood-CSF barrier
we have previously shown that cell death by apoptosis and
necrosis participates in barrier loss of porcine choroid plexus
epithelial cells (PCPEC) after infection with Streptococcus suis
[13]. Furthermore, treatment of PCPEC with TNFα caused
distinct inflammatory responses including tight junction
and actin cytoskeleton disorganisation, the upregulation of
cell adhesion molecules and an increased activity of matrix
metalloproteases in PCPEC supernatants [14]. We now
investigated in detail the involvement of apoptotic and non-
apoptotic mechanisms in the modulation of PCPEC barrier
function in response to treatment with TNFα.

2. Materials and Methods

2.1. Preparation and Cultivation of Choroid Plexus Epithelial
Cells. Epithelial cells from porcine choroid plexus were
obtained by a modified preparation as basically described
by Gath et al. [15]. Briefly, brains from freshly slaughtered
pigs were dissected and the choroid plexus tissue from
the lateral and the fourth ventricles was removed and
treated with consecutive cold and warm trypsinisation (0.2%
solution, Biochrom, Berlin, Germany, 45 minutes at 4◦C,
20 minutes at 37◦C). The cells were centrifuged at 20
× g for 10 minutes and resuspended in DMEM/HAM’s
F12 1 : 1 supplemented with 4 mM L-glutamine, 10% heat
inactivated fetal calf serum, 5 μg/mL insuline, and penicillin
(100 U/mL)/streptomycin (100 μg/mL). In order to suppress
the growth of contaminating fibroblast like cells, 20 μM of
cytosine-arabinoside were added. The cells were either plated
on 6-, 24-, or 96-well plates (Falcon, BD, Le Pont De Claix,
France) using a seeding density of 50 cm2/g wet weight
of choroid plexus tissue or on laminin coated permeable
Transwell filter membranes (Costar, Cambridge, USA) with a
diameter of 12 mm. Upon confluence, PCPEC had a seeding
density of approximately 1 × 105 cells/cm2. After reaching
confluence they were cultivated in serum-free medium and
were used for the experiments 3–5 days later. All experiments
were performed with cells that had been cultured in SFM for
at least 3-4 days and exhibited high TEER values of at least
1000 Ohm × cm2 on Transwell filter membranes.

2.2. Stimulation of Cells and Inhibition Studies. To investi-
gate PCPEC barrier function recombinant porcine TNFα
(R&D systems, Minneapolis, USA) was applied at 1, 10,
or 100 ng/mL apically or basolaterally as indicated in the
respective experiments. The protein synthesis inhibitor
Cycloheximide was used at a concentration of 1 μg/mL,
the NF-κB inhibitor caffeic acid phenethyl ester (CAPE)

at 5 μM, the JNK-inhibitor SP600125 at 10 μM (all prod-
ucts were purchased from Merck, Darmstadt, Germany),
and the pan-caspase-inhibitor N-benzyloxycarbonyl-Val-
Ala-Asp-fluoromethyl-ketone (zVAD-fmk; ICN, Heidelberg,
Germany) was used at 10 μM. PCPECs were preincubated
with inhibitors for 2 hours prior to the experiment. Stau-
rosporine (Calbiochem, Germany) was added at a concen-
tration of 1 μM.

2.3. Measurement of Transepithelial Electrical Resistance
(TEER). Confluence of the PCPEC monolayers and barrier
properties were documented by measuring TEER using an
epithelial tissue voltohmmeter (EVOM, World Precision
Instruments, Sarasota, FL, USA) and the STX-2 electrode
system. PCPEC inverted cultures were used when TEER
values reached more than 1000Ω × cm2. In TNFα assays
TEER was monitored over a range of 48 hours. Resistance
values of cells in medium alone were used as negative
control values and stayed above 1000Ω × cm2 during all
experiments.

2.4. Determination of Paracellular Permeability. TEER
changes reflect variation in tight junction integrity, although
they may also indicate changes in permeability at the
membrane level. As an independent measure of paracellular
permeability of choroid plexus epithelium monolayers,
we examined the passage of a membrane-impermeable
water-soluble compound FITC-inulin (Sigma, Deisenhofen,
Germany) across cell monolayers. The FITC-inulin flux was
determined by measuring its paracellular passage from the
apical to the basolateral compartment of the Transwell filter.
FITC-inulin was dissolved in culture medium. The tracer
solution (100 μg/mL) was loaded into the apical Transwell
filter compartment during the incubation period. After
stimulation with TNFα medium samples were collected
from the basolateral Transwell compartment over a range of
poststimulation intervals of 24 hours and the fluorescence
was determined by measurement in a Tecan Infinite M200
Multiwell reader (Tecan, Switzerland).

2.5. DNA Fragmentation Assay. For identification of apop-
totic cells an ELISA was used measuring intracellular
histone-associated DNA fragments according to the man-
ufacturer’s protocol (Cell Death Detection ELISA PLUS;
Roche Molecular Biochemicals, Mannheim, Germany). This
quantitative sandwich enzyme immunoassay specifically
detects the histone region of mono- and oligonucleosomes
that are released during apoptosis. PCPECs were stimulated
with TNFα for 8 hours, 24 hours, and 48 hours with
or without the indicated inhibitors. After stimulation the
cells were lysed and the supernatant containing the nuclear
derived histone-associated DNA fragments was used for
ELISA. Absorption was monitored by reading the plate
at 405 nm using a Flow Titertek Multiscan PLUS (ICN,
Heidelberg, Germany). Apoptosis was measured in duplicate
from each group and expressed as the absorbance (optical
density) of the experimental cell lysates after 30 minutes of
development.
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Figure 1: Apical and basolateral TNFα stimulations induce an equal effect on PCPEC barrier function. PCPECs grown on Transwell filters
were stimulated apically (a) or basolaterally (b) with different doses of TNFα (1, 10, 100 ng/mL) with or without the protein synthesis
inhibitor cycloheximide (1 μg/mL). Effects on barrier function by measuring Transepithelial electrical resistance (TEER) were determined at
24 hours. The TEER results are expressed as a percentage of baseline. The data shown are mean ± SEM of four independent experiments,
each performed in duplicate.
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Figure 2: TNFα-induced decrease of TEER in PCPEC is caspase- and NF-κB-dependent. Effects of the pan-caspase inhibitor zVAD-fmk
(10 μM), the NF-κB inhibitor CAPE (5 μM), and the JNK-inhibitor SP600125 (10 μM) on TNFα-induced decrease of TEER in PCPEC were
determined at 24 hours. PCPECs were stimulated apically with TNFα (100 ng/mL) with (b) or without (a) cycloheximide (1 μg/mL). The
TEER results are expressed as a percentage of baseline. The data shown are mean ± SEM of four independent experiments, each performed
in duplicate. #P-value of <. 05 compared to TNFα stimulated PCPEC without inhibitor; ∗P-value of <. 05 compared to unstimulated PCPEC.

2.6. Assessment of Caspase Activity. Caspase activity was
measured using a fluorometric assay as described in [16].
In brief, of TNFα stimulated cells PCPECs were first lysed
in 75 μL lysis buffer to collect their intracellular contents.
For the fluorometric cleavage assay, 50 μg of the cell extracts
were directly dissolved in 200 μL substrate buffer (50 mM
HEPES pH 7.3, 100 mM NaCl, 10% sucrose, 0.1% CHAPS,
10 mM DTT) supplemented with 50 μM of the fluorogenic
substrates Ac-DEVD-AMC for caspase-3, Ac-IETD-AMC for
caspase-8, or Ac-LEHD-AMC for caspase-9 (MP Biomed-
icals, Eschwege, Germany). The release of aminomethyl-
coumarin was measured fluorometrically over 5 hours at
37◦C using a Lambda Fluro 320 Plus fluorometer (Biotek,
Bad Friedrichsall, Germany; excitation: 360 nm, emission:
475 nm). The catalytic activities are expressed as fluorogenic
units (FU)/min.

2.7. Measurement of Cell Viability. Vitality of the cells
was measured using Life/Dead assay (Molecular Probes,
Göttingen, Germany). The viability kit contains two com-
ponents. Calcein penetrates the membrane of vital cells,
and esterases in the cytoplasm render it fluorescent (green).
Ethidium homodimer is not able to penetrate intact cell
membranes but adheres to nucleic acids of damaged cells
(red fluorescent cells). For cell staining a 2 μM solution ethid-
ium homodimer and a 4 μM solution of calcein-AM were
used. The results were photodocumented by fluorescence
microscopy.

2.8. Measurement of Lactate Dehydrogenase (LDH) Activity.
Cell integrity was determined after treatment by measuring
the lactate dehydrogenase activity in the culture supernatant
using a commercially available kit (Roche, Mannheim,
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Figure 3: TNFα-induced increase of paracellular inulin flux in PCPEC is caspase- and NF-κB-dependent. Effects of the pan-caspase inhibitor
zVAD (10 μM), the NF-κB inhibitor CAPE (5 μM), and the JNK-inhibitor SP600125 (10 μM) on TNFα-induced increase of paracellular
FITC-inulin flux in PCPECs were determined at 24 hours. The FITC-inulin flux was measured in the apical-to-basolateral direction with
or without stimulation and is expressed as percentage of tracer in the basolateral compartment. PCPEC were stimulated apically with
TNFα (100 ng/mL) with (b) or without (a) cycloheximide (1 μg/mL). The data shown are mean ± SEM of four independent experiments,
each performed in duplicate. #P-value of <.05 compared to TNFα stimulated PCPEC without inhibitor; ∗P-value of <. 05 compared to
unstimulated PCPEC.
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Figure 4: TNFα induces DNA-fragmentation in PCPEC. TNFα-induced apoptosis was determined by ELISA measuring the number of
cellular histone-associated DNA fragments. (a) The concentration of histone-associated DNA-fragments was determined 8 hours, 24 hours,
and 48 hours following apical stimulation with TNFα. PCPEC were stimulated apically with TNFα (100 ng/mL) alone or costimulated with
cycloheximide (1 μg/mL). The data shown are mean± SEM of three independent experiments, each performed in duplicate. (b) Appearance
of histone-associated DNA fragments after 24 hours treatment with different doses of TNFα (1, 10, 100 ng/mL) in presence or absence of
cycloheximide (1 μg/mL). A representative experiment out of three performed in duplicates is shown. OD, optical density.

Germany). LDH release into the medium was expressed as
the percentage of total LDH (i.e., LDH present in medium
and the cells).

2.9. Immuncytochemistry. Cells were plated and observed
in 6 wells. After stimulation with TNFα cells were washed
with HBSS/HEPES, fixed with PBS/4% paraformaldehyde,
and permeabilized with PBS/0.5% Triton X-100. HMGB1
was detected by indirect immunofluorescence using an anti-
HMGB1 antibody (BD Biosiences, Heidelberg, Germany) at
1 : 500 dilution for 12 hours at 4◦C and chicken anti-rabbit
antibody coupled to Alexa fluor 594 (Molecular Probes,
Oregon, USA) at 1 : 250 dilution for 15 minutes at 4◦C.
Cells were also stained with 4′-6-diamidino-2-phenylindole
dihydrochloride (DAPI, 100 ng/mL) dilution for 5 minutes

at room temperature and observed on an Axioplan 2
microscope with filter set 2 and 31 (Carl Zeiss, Göttingen,
Germany).

2.10. Data Analysis. Data are presented as means ± SEM.
The statistical significance between the groups comparisons
was determined by Student’s t-test. A probability value of less
than.05 was considered statistically significant.

3. Results

To investigate the influence of TNFα on PCPEC barrier
function we treated PCPEC monolayers grown on Transwell
filters with TNFα for 24 hours and measured the transep-
ithelial electrical resistance (TEER). Addition of increasing
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Figure 5: Caspase inhibition prevents TNFα-induced DNA fragmentation. Influences of inhibitors of caspases, NF-κB, and JNK were
analyzed in respect to TNFα-induced PCPEC DNA fragmentation. PCPECs were stimulated apically with TNFα (100 ng/mL) with (b)
or without (a) cycloheximide (1 μg/mL). Cells were additionally preincubated with zVAD (10 μM), CAPE (5 μM) or SP600125 (10 μM) for
2 hours as indicated. Results of these experiments were measured as an optical density (OD). The data shown are mean ± SEM of three
independent experiments, each performed in duplicate; #P-value of <. 05 compared to treated PCPEC without inhibitor.
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Figure 6: TNFα strongly activates caspase-3 in PCPEC. Caspase-3 activation (given as change of fluorescence per minute in arbitrary units
(ΔFU/min.)) was measured in PCPEC after stimulation with TNFα (100 ng/mL) for 24 hours with and without zVAD (10 μM), CAPE (5 μM)
or SP600125 (10 μM) preincubation for 2 hours (a), and coincubation with cycloheximide (CHX) (1 μg/mL) (b) and unstimulated control.
The data shown are mean ± SEM of three independent experiments (n = 3), each performed in duplicates. ∗P-value of <. 05 compared to
unstimulated PCPEC; #P-value of <. 05 compared to TNFα ± CHX stimulated PCPEC without inhibitor.

amounts of TNFα to the apical (Figure 1(a)) or basolateral
(Figure 1(b)) side of PCPEC caused a dose-dependent
drop of the TEER under both conditions at 10 ng/mL and
100 ng/mL of TNFα, but not at 1 ng/mL. Supression of pro-
tein synthesis by cotreatment with the translation elongation
inhibitor cycloheximide (CHX) leads to a strong decrease of
the TEER under all conditions investigated. Treatment with
CHX alone also leads to a significant decrease of the TEER
(Figures 1(a) and 1(b)). Since apical and basolateral TNFα
application with or without CHX caused similar effects
on PCPEC barrier function further experiments were only
performed after apical stimulation of PCPEC.

TNFα signaling is mediated by TNFRs and involves
induction of apoptosis as well as activation of NF-κB and
JNK signaling pathways [9–11]. To dissect the contribution
of the three above-mentioned pathways to modulation
of PCPEC barrier function by apically added TNFα, we
preincubated PCPEC grown on Transwell filters with specific

inhibitors prior to treatment with TNFα in absence or
presence of CHX. To inhibit apoptosis, the cells were
preincubated for 2 hours with 10 μM of the pan-caspase
inhibitor zVAD-fmk. For attenuation of either NF-κB or
JNK signaling, a 2 hours preincubation step with a low
(5 μM) concentration of the NF-κB inhibitor caffeic acid
phenethyl ester (CAPE) or with 10 μM of the JNK inhibitor
SP600125, respectively, was conducted. As can be seen in
Figure 2(a) pretreatment with all three inhibitors caused a
slight but significant attenuation of the TEER drop caused
by subsequent treatment with TNFα alone, whereas none of
the inhibitors by itself caused a significant change in TEER.
When cells where stimulated with a combination of TNFα
and CHX, pretreatment with both zVAD-fmk and CAPE
significantly inhibited the observed strong decrease in TEER,
with zVAD-fmk being a more potent inhibitor then CAPE
(Figure 2(b)). Under these conditions SP600125 exhibited no
significant effect (Figure 2(b)).
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In addition to the TEER values the paracellular inulin
flux levels can be regarded as a measure for the barrier
function of epithelia. Determination of the inulin flux
revealed that apical addition of TNFα alone to the PCPEC
caused a slight but significant increase in permeability
(Figure 3(a)). In contrast, coincubation of the PCPEC with
TNFα and CHX leads to a strong increase in inulin flux (Fig-
ure 3(b)). Under both conditions preincubation with zVAD-
fmk and CAPE significantly attenuated the gain in inulin-
flux, although zVAD-fmk demonstrated a stronger effect
when PCPEC were activated with TNFα alone. Pretreatment
with the JNK inhibitor SP600125 did not reveal an effect
on permeability under any of the conditions investigated
(Figure 3).

TNFα signal transduction via TNFRs is known to induce
death receptor mediated apoptotic pathways [11]. One of the
hallmarks of apoptosis is the appearance of oligonucleosomal
DNA fragmentation caused by the caspase-activated DNA
nuclease, CAD [17, 18]. To investigate the level of apoptotic
cell death in PCPEC after apical treatment with TNFα in the
presence or absence of CHX we measured the appearance
of cytoplasmic histone-associated DNA fragments by ELISA.
Addition of TNFα alone resulted in a slight but significant
increase in the apoptosis after 24 hours and 48 hours. In
contrast, coincubation of PCPEC with TNFα and CHX leads.
to a strong induction of programmed cell death already after
8 hours, which further increased after 24 hours and 48 hours
(Figure 4(a)). Treatment of PCPEC with different doses of
TNFα (1, 10, 100 ng/mL) for 24 hours caused only low levels
of cell death in absence of CHX. In contrast significant
amounts of apoptosis were observed when PCPEC were
preincubated with CHX (Figure 4(b)). Levels of apoptosis
correlated to some extend with the loss of PCPEC barrier
function after treatment with TNFα in presence and absence
of CHX.

Additionally to the induction of apoptosis, TNFα acti-
vates signalling by NF-κB and JNK, which are both known
to contribute to inhibition of apoptosis due to the activation
of antiapoptotic gene expression [11]. Therefore, we next
analyzed the effect of zVAD-fmk, CAPE, and SP600125 on
the appearance of oligonucleosomal DNA fragmentation
in PCPEC. Inhibition of caspases by zVAD-fmk attenuated
DNA fragmentation of PCPEC treated apically with TNFα
in the absence (Figure 5(a)) or presence (Figure 5(b)) of
CHX. In contrast, CAPE and SP600125 had no inhibitory
effect under all conditions analysed (Figure 5). SP600125 did
even lead to a slight increase in DNA fragmentation when
compared to TNFα alone (Figure 5(a)). The three inhibitors
zVAD, CAPE and SP600125 alone had no effect on DNA
fragmentation (data not shown). To evaluate apoptosis in
PCPEC in more detail we measured activation of caspase-
3 by a fluorometric assay (Figure 6). Noteworthy, active
caspase-3 levels in cells treated with TNFα for 24 hours were
similar in absence (Figure 6(a)) and presence (Figure 6(b)) of
cotreatment with CHX. In agreement with the appearance of
DNA fragmentation, of the three inhibitors only zVAD-fmk
was able to reduce the level of caspase-3 activation. Again,
preincubation with SP600125 might cause rather a slight
increase in activation of caspase-3 in cells treated with TNFα

alone. zVAD-fmk, CAPE or SP600125 did not cause caspase-
3 activation in absence of TNFα treatment (Figure 6(a)).

Treatment of cells with cytotoxic stimuli can result in
both apoptosis and necrosis. In vivo, apoptotic cells are
removed in a regulated manner allowing a minimum of
inflammatory responses. In contrast, necrosis is character-
ized by the release of intracellular components leading to a
proinflammatory response in surrounding tissues [19, 20].
To analyze the cytotoxic effects of TNFα on PCPEC in more
detail, we measured the release of lactate dehydrogenase
(LDH), which is more closely associated with necrosis than
with apoptosis. TNFα alone caused a slight but significant
LDH-release, which could only be attenuated by CAPE,
but not by zVAD-fmk or SP600125 (Figure 7(a)). When
PCPEC were treated with the combination of TNFα and
CHX a stronger LDH-release was observed. This release
was inhibited by both zVAD-fmk and CAPE (Figure 7(b)).
Treatment of PCPEC with zVAD-fmk, CAPE or SP600125
(Figure 7(a)) or with CHX (Figure 7(b)) alone had no
cytotoxic effect.

The high mobility group 1 (HMGB1) protein is known
to be associated with condensed chromatin or to be released
from cells undergoing either apoptosis or necrosis, respec-
tively, [21]. PCPEC treated with TNFα in presence or absence
of CHX were stained with DAPI and analyzed by immunoflu-
orescence with an antibody against HMGB1. Apoptotic cells
resulting from the different treatments contained HMGB1,
confirming programmed cell death caused by either TNFα
or TNFα in combination with CHX. Treatment of PCPEC
with staurosporine was performed as a positive control for
apoptosis. Cotreatment of PCPEC with TNFα and CHX
as well as addition of staurosporine produced also cells
with their HMGB1 released indicative of post-apoptotic
necrosis (Figure 8(b)). Increased amounts of dead cells
after incubation with the combination of TNFα and CHX
compared to treatment with TNFα alone were confirmed by
a Live/Dead assay (Figure 8(a)).

4. Discussion

The participation of proinflammatory cytokines in the
pathophysiology of inflammatory CNS disease as bacterial
meningitis is well recognized. Such cytokines have been
implicated in epithelial barrier dysfunction [22, 23] and
in inducing epithelial cell apoptosis [24]. Our study was
designed to provide a detailed insight into the mechanism(s)
by which proinflammatory cytokines like TNFα compromise
PCPEC barrier function, and whether or not these are
causally linked to apoptosis. Significant amount of TNFα
(45 ng/mL) has been observed in the CSF of rabbits with
experimental meningitis caused by Haemophilus influenzae
type b lipooligosaccharide [25]. Additionally, concentrations
reaching up to 40 ng/mL (mean ∼15 ng/mL) have been
described in serum for a porcine model of meningococcal
shock [26].

The epithelial cells of the choroid plexus constitute
the structural basis of the blood-CSF barrier and have
been shown to respond to inflammatory challenge by the
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Figure 7: Inhibition of NF-kB induction attenuates PCPEC cytotoxicity. Cytotoxicity in the presence of TNFα (100 ng/mL)± cycloheximide
(CHX) (1 μg/mL) ((a) and (b)) for 24 hours, was detected by measuring LDH activity in the supernatant. Cytotoxicity inhibition experiments
in PCPEC cells were performed after preincubation with zVAD-fmk (10 μM), CAPE (5 μM) or SP600125 (10 μM) for 2-hour. The data are
expressed as the percentages of cytotoxicity in treated wells compared with cytotoxicity in control wells with PCPEC alone. The data shown
are mean ± SEM of three independent experiments, each performed in duplicate. ∗P-value of <. 05 compared to unstimulated PCPEC;
#P-value of <. 05 compared to TNFα ± CHX stimulated PCPEC without inhibitor.

pleiotropic cytokine TNFα in an in vitro model employing
primary porcine choroid plexus epithelial cells. During these
studies TNFα was shown to alter tight junction function in
part via matrix-metalloproteases [14]. Interestingly, the gene
encoding for TNFα, among other inflammatory response
genes, is upregulated in the same cellular system after
infection with the gram-positive bacterium Streptococcus
suis. Infection with S. suis affects the barrier function of the
PCPEC in part by inducing cell death of PCPEC by apoptotic
and necrotic mechanisms [7, 13].

TNFα is known to exert its functions mainly via two
TNFRs, TNFR1 and TNFR2 [8–10]. Although to our
knowledge the distribution of TNFRs in the porcine brain
has not been investigated, data from an in vivo rat model
have indicated that in the choroid plexus TNFR1 is basally
expressed and upregulated after challenge with lipopolysac-
charide (LPS) or TNFα, whereas low TNFR2 expression
could only be detected after LPS or TNFα treatment [27].
We tested several antibodies against TNFR1 and TNFR2,
but none of them recognized porcine TNFRs and therefore
we could neither determine potential inhibitory effects (data
not shown). TNFα induces distinct downstream regulatory
pathways, notably TNFR-mediated apoptosis and induction
of the NF-κB and JNK signaling pathways [11].

In the present study we investigated the downstream
effects contributing to choroid plexus epithelial cell barrier
loss caused by TNFα in further detail. Treatment of PCPEC
with TNFα for 24 hours caused low levels of apoptosis as
evidenced by DNA fragmentation, chromatin condensation
and activation of caspase-3, which could be overcome by
the addition of zVAD-fmk. Under the same conditions a
significant drop of the transepithelial membrane potential
concomitant with an increase in paracellular permeability
occurred indicating an impairment of barrier function. In
HT-29/B6 epithelial cells leaks in epithelial barrier due
to single-cell apoptosis, particularly following incubation
with TNFα, have been reported [24]. However, inhibition
of TNFα-induced pulmonary epithelial cell apoptosis only
partially restored barrier function, which underscores the

complexity of the mechanisms that regulate the biological
response to this cytokine in inflammatory injury cascades. In
our experiments, also a significant LDH release, which could
be attenuated by the NF-κB inhibitor CAPE but not zVAD-
fmk, was observed pointing to additional necrotic events.
However, even pretreatment with CAPE or zVAD-fmk could
not completely inhibit loss of PCPEC barrier function. These
data support the hypothesis that not only cell death by
apoptosis and necrosis, but also cell death independent
effects contribute to blood-CSF barrier breakdown during
inflammation in the CNS [13, 14, 28–31].

Hallmarks of apoptosis (DNA fragmentation, chromatin
condensation) were strongly increased when protein synthe-
sis was inhibited by CHX. This is most likely caused by the
inhibition of NF-κB mediated induction of survival and/or
antiapoptotic proteins [32]. In parallel necrosis markers
like LDH release and the detachment of HMGB1 from
chromatin were strongly enhanced. These phenomena are
most likely caused by post-apoptotic events or secondary
necrosis occurring at late time points after the onset of
apoptosis [33], which was initiated 24 hours prior to analysis
of the cells. This is supported by the observation that caspase-
3 activity in cells treated with the combination of TNFα and
CHX was similar to that of cells treated with TNFα only. It
is likely that the cells had already passed maximum apoptosis
and caspase-3 activity at this time point and went into post-
apoptotic necrosis.

CAPE has been described to inhibit the activation of
NF-κB and therefore it prevents the increased expression of
antiapoptotic proteins, which explains antiinflammatory and
proapoptotic effects of CAPE [34–36]. Noteworthy, in our
analyses preincubation of TNFα-induced cells with CAPE
did not lead to increased apoptosis as might be expected. This
is presumably due to the rather low concentrations (5 μM) of
CAPE applied, which might not have a strong enough impact
on regulation of antiapoptotic gene expression mediated
by NF-κB. Low concentrations of CAPE as used by others
[37, 38] were employed since higher amounts displayed
cytotoxicity in PCPEC (data not shown). Still, CAPE was
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Figure 8: TNFα induces HMGB1 release as well as HBGB1 binding in PCPEC. TNFα-stimulated PCPEC loose membrane integrity. PCPEC
were stimulated with TNFα (100 ng/mL) ± cycloheximide (CHX) (1 μg/mL) for 10 hours. For a positive control PCPECs were treated
with staurosporine (1 μM). (a) Adherent cells were labelled according to the Live/Dead assay protocol. Vital cells are penetrated by calcein
and show a green fluorescence, damaged cells were penetrated by ethidium homodimer and show red fluorescent nuclei. Images were
obtained by fluorescence microscopy (400×magnification) using a digital camera. (b) Chromatin of vital and apoptotic cells binds HMGB1
(red) whereas TNFα ± CHX and staurosporine stimulated PCPEC partly released HMGB1 from nuclei (i.e., post-apoptotic necrosis; white
arrows). DAPI staining revealed also that TNFα ± cycloheximide (CHX) resulted in chromatin condensation in PCPEC and binding of
HMGB1 (i.e., apoptosis; yellow arrows). Both were detected by fluorescence microscopy (1000 × magnification) and photographs were
taken using a digital camera. The whole well was examined for each experimental condition in two separate experiments; results from one
representative experiment are shown.

added in active concentrations, because preincubation with
CAPE attenuated loss of barrier function caused by TNFα
or the combination of TNFα with CHX. TNFα was shown
to increase tight junction permeability via NF-κB activation

in brain microvascular endothelial cells and Caco2 intestinal
epithelial cells [37, 39]. In line with our experiments, in
the study by Ma and coworkers TNFα alone did not lead
to a substantial amount of apoptosis and cotreatment with



Journal of Biomedicine and Biotechnology 9

NF-κB inhibitors prevented loss of barrier function [39].
CAPE has been shown to exhibit antioxidant, antiinflamma-
tory and immunomodulatory characteristics and can alter
the intracellular redox state [40]. Possibly, CAPE inhibits
additional downstream effects of NF-κB, which are involved
in barrier breakdown. NF-κB independent properties of
CAPE may also be responsible for the observed effects. Since
CAPE did not inhibit the apoptotic hallmarks caused at
low levels by TNFα and in higher amounts by TNFα in
combination with CHX, these downstream effects apparently
do not involve apoptotic phenomena.

The JNK-inhibitor SP600125 attenuated loss of TEER
caused by TNFα alone. We speculate that this effect is due
to the inhibition of late proapoptotic functions mediated
by JNK after prolonged induction with TNFα [12, 41, 42].
Otherwise, we observed no significant effects of the JNK
inhibitor, indicating that JNK signalling plays a rather minor
role in TNFα mediated barrier breakdown.

In summary, our data point to a role of apoptotic
and necrotic phenomena as well as cell death independent
mechanisms during the loss of PCPEC barrier function
after treatment with TNFα, mediated via TNFR downstream
pathways involving activation of caspases and signaling by
NF-κB.
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Epithelial-mesenchymal transition (EMT) has emerged in recent years as an important process in the development of organ fibrosis
in many human diseases. Our previous experience in a nonhuman primate model of obstructive nephropathy suggested that EMT
of collecting duct epithelium contributes to the development of interstitial fibrosis. In this study we demonstrate for the first
time in humans that obstructed fetal collecting duct epithelium undergoes transition to mesenchymal phenotype, characterized
by decreased expression of epithelial markers, de novo expression of mesenchymal markers with subsequent loss of cell-cell
interaction, disruption of the basement membrane, and increased deposition of extracellular matrix into the expanded interstitium
of the obstructed kidney. The results of this study therefore support the previous findings from animal studies and suggest that
EMT of the collecting duct epithelium might contribute to the development of interstitial fibrosis in human fetal obstructive
nephropathy.

1. Introduction

Renal hypoplasia/dysplasia, often associated with obstructive
nephropathy, is the leading cause of end stage renal disease in
childhood [1]. Despite advances in diagnosis and antenatal
management of congenital urinary tract obstruction, the
outcomes of these children have not improved since fetal
intervention was introduced into clinical practice over 20
years ago.

Injury to the epithelium in a number of human disease
states causes epithelial cells to acquire mesenchymal charac-
teristics through the process of epithelial-mesenchymal tran-
sition (EMT), and in congenital urinary tract obstruction
this contributes to the characteristic tubulointerstitial disease
[2–7]. The hallmark of renal dysplasia is the accumulation
of extracellular matrix in the interstitium leading to fibrosis.
The injured epithelium plays an important role in this
process.

We have previously studied the pathogenesis of renal
dysplasia in a nonhuman primate model of obstructive
nephropathy [8, 9], and highlighted significant histo-

pathological changes in the renal medullary interstitium,
including dilatation of the collecting ducts (CDs), and
disruption of the CD epithelium. We have also defined
features suggestive of CD EMT in this experimental animal
model with loss of the normal epithelial phenotype, gain of a
mesenchymal phenotype, disruption of the tubular epithelial
basement membrane, and migration of the transformed cells
into the interstitium [10].

The aim of this study was to test the hypothesis that
congenital urinary tract obstruction in humans results in
CD epithelial cell injury and transition to a mesenchymal
phenotype, and that these transformed cells contribute to
interstitial fibrosis.
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Figure 1: Gestational and postnatal ages of the obstructed and control kidney tissue samples.

2. Materials and Methods

2.1. Tissue Samples. Specimens from obstructed and normal
human fetal and postnatal kidneys were studied (total n =
17). Obstructed kidney samples were obtained from fetuses
in the second (18 weeks gestation, n = 2) and third
trimesters (36 weeks gestation, n = 3), and postnatal ages
(16 and 24 months, n = 2). Controls consisted of kidney
samples from fetuses in the late first trimester (10 weeks,
n = 1), second trimester (15, 18 and 26 weeks, n = 6),
and third trimester (27 and 36 weeks gestation, n = 2),
and 12 months postnatal age (n = 1) (Figure 1). In all
cases fetuses had no other noted anomalies. Control kidney
samples were obtained from aborted fetuses and children
that died from causes unrelated to renal disease. All samples
were collected in accordance with the ethical guidelines of the
University of British Columbia, and all performed analyses
were approved by the Ethics Committee of the University of
British Columbia.

2.2. Tissue Processing. After collection, kidneys were sec-
tioned transversely and sagitally then immediately fixed in
4% paraformaldehyde overnight, and dehydrated through
graded ethanol before transfer to toluene. Sections of
paraffin-embedded tissue were cut with a microtome (5–
10 μm), mounted on Superfrost slides (VWR), and baked
overnight at 55◦C. Sections were then cooled to room
temperature and stored with desiccant. Samples for real-
time PCR were snap frozen in liquid nitrogen and stored at
≤ −80◦C.

2.3. Immunofluorescent Histochemistry. Tissue sections were
deparaffinized in xylene and rehydrated by passage through
graded ethanol. For light microscopy, sections were stained
with hematoxylin for 2 minutes and eosin for 40 seconds. For
immunohistochemistry, slides were subjected to 40 minutes
of heat-induced epitope retrieval in 10 mM citrate buffer
(pH 6–6.5). Sections were subsequently cooled to room
temperature and blocked for 1 hour with 2% goat or donkey
serum. Following blocking, excess buffer was removed from
the sections and replaced with diluted primary antibodies

in staining buffer for incubation overnight at 4◦C. Sections
were then incubated for 1 hour with fluorescently conjugated
secondary antibodies at room temperature. Nuclei were also
stained for 5 minutes with DAPI dilactate (1 : 36, Invitrogen)
prior to mounting with Prolong Gold mounting media
with antifade (Invitrogen). Analysis of tissue staining was
performed on a Leica epifluorescence microscope (Wetzlar,
Germany) using images captured with a Retiga 1300i camera
(QImaging, Canada) and processed with OpenLab imaging
software (Improvision, MA, USA). Primary antibodies and
their dilutions were as follows: anticytokeratin (DakoCy-
tomation, Carpinteria, CA), antiE-cadherin (BD Trans-
duction Laboratories, San Diego, CA), antiβ-catenin (Cell
Signalling Technology Danvers, MA), antiα-smooth muscle
actin, anticollagen IV (Fitzgerald Industries International
Inc., Concord, MA), and antivimentin (Sigma-Aldrich, Saint
Louis, MO) (all diluted 1 : 100). Secondary antibodies
included goat antimouse Alexa488, goat antirabbit Alexa568,
and donkey antigoat Alexa568 (Invitrogen Canada Inc.,
Canada) (all diluted 1 : 400). For correlation between
the degree of obstruction, and periductal α-SMA and CD
epithelial vimentin expression, we measured the areas of the
CD dilatation, the areas of α-SMA in periductal collars, and
the areas of the CD cells expressing vimentin (all expressed in
mm2) in obstructed fetal and postnatal kidneys (n = 3) using
the OpenLab imaging software. The relationship between
measured areas was expressed as a scatter plot with trend
lines using Microsoft Excel 2008 for Mac.

2.4. Real-Time PCR. Real-time PCR analysis was performed
on total RNA extracted from normal kidneys at 10 weeks
gestation (n = 1), 15 weeks gestation (n = 2), and 18
weeks gestation (n = 1), and obstructed kidneys at 18 weeks
gestation (n = 2) and 36 weeks gestation (n = 1). Total
RNA was isolated from the whole kidneys using RNeasy Mini
Kit protocol (Qiagen Inc., Mississauga, ON, Canada) with
RNA-free DNase treatment before treatment with Power-
Script reverse transcriptase (BD Biosciences, San Jose, CA).
Predesigned TaqMan Gene Expression Assays were used for
the following target genes: E-cadherin (Hs01013953 m1), N-
cadherin (Hs00983062 m1), α-catenin (Hs00426996 m1),
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Figure 2: Histological features of human fetal obstructive nephropathy. Obstructed 18 weeks gestation kidney shows disorganized cortical
architecture with multiple glomerular cysts (c), decreased glomerular (g) endowment ((b) and (f)), and reduced number and dilation of the
collecting ducts (cd) in the hypoplastic medulla ((d) and (h)). Cortex ((a) and (e)) and medulla ((c) and (g)) of a normal 18-week gestation
kidney. (a)–(d): hematoxylin and eosin stain; (e)–(h) immunofluorescence histochemistry: green = cytokeratin, red = vimentin. Scale bar =
100 μm.

β-catenin (Hs00355045 m1), vimentin (Hs00958116 m1),
alpha-3 chain of type IV collagen (Hs01022542 m1),
alpha-4 chain of type IV collagen (Hs01011885 m1), α-
smooth muscle actin (Hs00559403 m1), and cyclophilin A
(Hs99999904 m1) (Applied Biosystems, Foster City, CA).
All samples were amplified in triplicate on ABI Prism
7000 Sequence Detection System using TaqMan Universal
PCR MasterMix (Applied Biosystems, Foster City, CA).
Optimization and relative quantification were done using
the prevalidated comparative CT method. Normalization of
RNA quantity between samples was accounted for using the
expression of the housekeeping gene cyclophilin A. The fold
change of each gene between samples was determined relative
to control kidney at 18 weeks gestation.

3. Results

3.1. Histological Features of Human Congenital Obstructive
Dysplasia. Congenital urinary tract obstruction was associ-
ated with abnormal ureteric bud branching and defective
metanephric mesenchyme induction with subsequent abnor-
mal collecting duct, tubular, and glomerular development
(Figure 2). All obstructed developing kidneys showed focal
areas of dysplastic and cystic changes. Multiple glomerular
cysts were identified in both the cortex and the medulla,
whereas cystic dilatation of the renal tubules and CDs
was seen predominantly in the medulla (Figures 2(b) and
2(d)). The most pronounced dysplastic changes were seen
in the medullary regions of the obstructed kidneys where
some areas showed complete loss of normal structure
with dilated CDs surrounded by thick mesenchymal col-
lars. Other histopathological features of dysplasia included
decreased glomerular endowment, reduced number of CDs,

and medullary hypoplasia with interstitial expansion and
interstitial fibrosis. The most dilated CDs were lined with a
flattened epithelium (Figure 2). These changes were present
from early gestation and persisted postnatally.

3.2. Loss of Epithelial Phenotype in the Obstructed Collecting
Duct. The expression of the cytoskeletal proteins E-cadherin
and β-catenin was studied in normal and obstructed
human fetal kidneys. These proteins are important in
normal development of the kidney epithelium [11] and are
responsible for the maintenance of cell polarity, cell-cell
adhesion, and epithelial integrity [12]. In the normal human
CD epithelium, E-cadherin and β-catenin were expressed
early in gestation. Developmentally younger kidneys had
more pronounced cytoplasmic expression of both proteins
(Figure 3(a), inset), whereas kidneys from mid to late
gestation and postnatal kidneys showed colocalization of
E-cadherin and β-catenin at the intercellular junctions of
adjacent CD epithelial cells (Figures 3(b) and 3(c)). In
the obstructed kidneys, the disruption of E-cadherin-β-
catenin colocalization was noted, as well as a loss of E-
cadherin and β-catenin from the cellular membranes, and
the translocation of these proteins into the cytoplasm, with
E-cadherin identified in the nucleus of the injured CD
epithelial cells (Figures 3(d), 3(e), and 3(f)).

3.3. Gain of Mesenchymal Phenotype in the Obstructed
Collecting Duct. Injured epithelial cells undergoing EMT
express mesenchymal markers, including fibroblast-specific
protein-1, α-smooth muscle actin (α-SMA), and vimentin
[13]. We have previously demonstrated de novo α-SMA
expression in CD epithelial cells in the obstructed nonhuman
primate [10]. These cells contribute to the development



4 Journal of Biomedicine and Biotechnology
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Figure 3: E-cadherin and β-catenin immunoreactivity (IR). Normal kidneys ((a)–(c)). (a) In the early gestation kidney (10 weeks), E-cadherin-
IR (red) and β-catenin-IR (green) are localized in the cytoplasm (arrows). (b) Colocalization of E-cadherin-IR and β-catenin-IR (yellow)
to the intercellular junctions is well established by late gestation (27 weeks) (arrows), and (c) persists in the normal postnatal (12 months)
kidney (arrow). Obstructed kidneys ((d)–(f)). (d) Disruption of E-cadherin-IR and β-catenin-IR colocalization at the intercellular junctions,
with translocation of β-catenin-IR to the cytoplasm (green) and of E-cadherin-IR to the nucleus (red) (arrows in inset) in the (d) mid
gestation kidney (18 weeks), (e) late gestation kidney (36 weeks), and (f) postnatally (16 months kidney). Scale bar = 25 μm.

of immature mesenchymal collars surrounding the dilated
ducts. In the human fetal kidneys examined in this study,
the normal CD epithelium did not express α-SMA at any
stage of gestation or postnatally (Figures 4(a), 4(b), and
4(c)). However, we observed de novo α-SMA expression
in the obstructed epithelium at mid gestation, but not
later in gestation or postnatally (Figure 4(d)). Mid gestation
obstructed kidneys developed peritubular circumferential
cellular collars expressing α-SMA (Figure 4(d)), becoming
more pronounced as gestation progressed (Figure 4(e)). The
most extensive collars were observed in the inner medulla of
postnatal kidneys (Figure 4(f)) and also in the most severely
obstructed fetal kidneys. The severity of periductular tubular
collar formation correlated with the extent of epithelial
injury and the severity of the obstruction.

Vimentin, a member of the intermediate filament family
of proteins, offers flexibility to the cell while maintaining
cell shape and cytoskeletal integrity [14]. Under normal
circumstances, differentiated epithelial cells do not express
appreciable amounts of vimentin, whereas expression of
this protein is a characteristic feature of myofibroblasts. In
normal fetal kidneys, interstitial cells expressed vimentin,
which was most pronounced in younger gestation kidneys,
decreasing in later gestation, and almost absent in postnatal
kidneys (Figures 5(a), 5(b), and 5(c)). As expected, normal
CD epithelial cells did not express vimentin. However,
obstructed CD epithelial cells showed a very pronounced de
novo expression of vimentin that correlated with the severity
and the duration of the obstruction, increasing from mid
to late gestation and postnatally (Figures 5(d), 5(e), and
5(f)). Additionally, obstructed fetal kidneys developed an

expanded interstitium, which expressed abundant vimentin,
compared to normal kidneys of similar gestation. This was
more pronounced in younger kidneys.

3.4. Disruption of the Basement Membrane of the Obstructed
Collecting Duct. Type IV collagen (ColIV) is a major struc-
tural component of all basement membranes, including the
CD basement membrane. ColIV molecules are synthesized
by the cells attached to the basement membrane and are
subsequently incorporated into the membrane itself [15]. In
EMT, the disruption of basement membranes is necessary
to allow the migration of the transformed tubular epithelial
cells [4]. In this study, the CD epithelium of normal kidneys
expressed cytoplasmic ColIV diffusely at mid gestation and
apically at late gestation (Figures 5(a) and 5(b)). There was
no epithelial expression of ColIV in normal postnatal kidneys
(Figure 5(c)). Notably, and as expected, all normal fetal
and postnatal kidneys expressed ColIV in the CD basement
membranes in a thin, regular, and well-defined pattern
(Figures 5(a), 5(b), and 5(c)). In addition to an increase in
apical epithelial cell expression of ColIV, obstructed kidneys
demonstrated a marked disruption of the CD basement
membrane, characterized by thickening, attenuation, and
loss of ColIV expression (Figures 5(d), 5(e), 5(f)). Inter-
estingly, the expanded interstitium of the obstructed fetal
and postnatal kidneys expressed an abundance of ColIV,
most pronounced in the immature mesenchymal collars
surrounding the most dilated CDs, particularly in the inner
medulla of postnatal kidneys, suggesting a correlation with
the severity and duration of the obstruction (Figure 5(f)).
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(d) (e) (f)

Figure 4: E-cadherin and α-smooth muscle actin immunoreactivity. Normal kidneys ((a)–(c)). In the normal mid gestation (18 weeks) (a),
late gestation (27 weeks) (b), and postnatal (12 months) (c) kidneys, α-smooth muscle actin (α-SMA)-IR (green) was absent in the CD
epithelium; however, intercellular localization of E-cadherin-IR (red) was well established from mid gestation onwards (arrows). Obstructed
kidneys ((d)–(f)). Circumferential collars expressing α-SMA-IR (green) are present in the (d) mid gestation (18 weeks), (e) late gestation (36
weeks), and (f) postnatal (16 months) kidneys (arrows). De novo expression of α-SMA-IR in the obstructed CD epithelium is present at 18
weeks gestation ((d) inset, arrowhead) but not in the late gestation (e) or postnatal (f) kidneys. As in Figure 3, E-cadherin expression (red)
is disrupted, with translocation from the cell membrane to cytoplasm ((d)–(f)) and to the nucleus ((e) inset, arrowhead). Scale bar = 25 μm.
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Figure 5: Vimentin and collagen IV immunoreactivity. Normal kidneys ((a)–(c)). (a) Interstitial expression of vimentin-IR (blue) (arrow) and
diffuse cytoplasmic expression of collagen IV (ColIV)-IR (red) (arrowhead) are present in the mid gestation (18 weeks) kidney. (b) Thin,
regular, well-defined expression of ColIV-IR in the CD basement membranes (arrows) is well established by late gestation (27 weeks), and (c)
persists postnatally (12 months) (arrows). Obstructed kidneys ((d)–(f)). (d) De novo basolateral expression of vimentin-IR (blue) (arrow) in
the CD epithelium of the obstructed 18 weeks gestation kidney. (e) More pronounced vimentin-IR expression (arrowheads) and disruption
of ColIV-IR expression (red) (arrows) in the CD basement membrane of the late gestation (36 weeks) obstructed CD epithelium, and (f) in
the obstructed postnatal (16 months) kidneys. Deposition of ColIV-IR in the expanded interstitium (asterisk), and in the periductal collars
(plus) is also present. Scale bar = 25 μm.



6 Journal of Biomedicine and Biotechnology

R2 = 0.856

1.51.2510.750.50.250

CD luminal area

0

0.1

0.2

0.3

0.4

0.5
α

-S
M

A
ar

ea

(a)

R2 = 0.719

0.50.40.30.20.10

CD luminal area

0

0.01

0.02

0.03

0.04

0.05

0.06

V
im

en
ti

n
ar

ea

(b)

Figure 6: Correlation of the severity of CD dilatation with periductal collar formation and with CD epithelial vimentin expression. The
relationship between CD dilatation (x-axis), and the areas of periductal collars expressing α-SMA (a) and of CD epithelium expressing
vimentin (b) (y-axis) is shown. Measurements were performed in obstructed fetal (36 weeks gestation) and postnatal (16 months) kidneys
(n = 3). All areas are expressed in mm2.

To show the relationship between the severity of obstruc-
tion and the extent of phenotypic transition of the CD
epithelium, we correlated CD dilatation (as a marker of
severity of obstruction) with the expression of α-SMA in
periductal collars and of vimentin by the CD cells (as markers
of epithelial injury). CD dilatation correlated with periductal
α-SMA expression and with CD epithelial cell vimentin
expression (Figure 6).

3.5. Gene Expression in Obstructed Fetal Kidneys. Quan-
titative real-time PCR analysis was performed for genes
encoding epithelial and mesenchymal proteins of interest
on total RNA samples obtained from normal (early to mid
gestation) and obstructed (mid to late gestation) whole
kidneys. First, we studied normal changes in gene expression
with advancing gestation. Among genes encoding epithelial
proteins, E-cadherin mRNA expression increased in the 18
versus 10 weeks gestation kidneys, with little change in α-
catenin, β-catenin, and N-cadherin expression (Figure 7(a)).
For genes encoding mesenchymal proteins, vimentin, alpha-
3 and alpha-4 chains of ColIV, and α-SMA were all increased
in the normal 18 weeks compared to 10 weeks gestation
kidney (Figure 7(a)).

We next studied changes in the mRNA expression of
genes encoding epithelial and mesenchymal proteins in
mid (18 weeks) and late gestation (36 weeks) obstructed
kidneys, using the 18-week gestation normal kidney as the
reference control value. Of the genes encoding epithelial
proteins, N-cad expression decreased in the late gestation
obstructed kidney, while α-catenin and β-catenin mRNA
increased (Figure 7(b)). For genes encoding mesenchymal
proteins, vimentin mRNA expression increased with severe
obstruction at 18 and 36 weeks gestation, while mRNAs
for alpha-3, alpha-4 chains of ColIV and for α-SMA were
markedly increased in the severely obstructed 36-week
gestation kidney when compared to the control normal 18
week kidney (Figure 7(b)).

4. Discussion

Epithelial-mesenchymal transition (EMT) and the recip-
rocal mesenchymal-epithelial transition (MET) are central
mechanisms in the development of specialized cells, tissues
and organs from a small variety of pluripotent cells in the
embryo [2, 16]. Experimental evidence that has accumulated
over the last decade supports the role of EMT in the
pathogenesis of many diseases including cancer progression
and metastasis [17], and tissue fibrosis associated with
interstitial lung [18, 19], liver [20], and kidney disease [4,
5, 7]. The role of EMT has been demonstrated in animal
and human studies of postnatal kidney disease, including
acquired obstructive nephropathy [21], but there are few data
regarding congenital urinary tract obstruction.

Many experimental models of obstructive nephropathy
have been developed [22]. These have provided clues to
the pathogenesis and pathology of this disease. However,
there are some important differences between the human
congenital forms of obstruction and experimental models.
In human congenital urinary tract obstruction, the timing
of obstruction is often early during in utero nephrogenesis
as opposed to experimental models, such as the sheep and
monkey models, which are mid to late gestation. The best-
described models of ureteric obstruction, the mouse and rat,
are, in fact, postnatal models. In addition, the severity of
obstruction differs. Congenital obstruction can be variable,
from severe and complete to mild and partial obstruction.
Most experimental models are more controlled and there-
fore reproducible. Consequently, the histopathology of the
human forms of congenital obstruction can be variable
(partly due to uncontrollable variability of the timing and
severity of obstruction and partly to the inherent bias of the
availability of tissue) but given the early onset of obstruction,
it is often more severe than that of the experimental forms
of postnatal obstruction, particularly the postnatal rodent
models, as reflected in the severity of architectural disruption
and reduction in glomerular number. There are, however,
many histological features shared between both types of
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Figure 7: Gene expression in normal and obstructed fetal kidneys. (a) Quantitative PCR analysis of total RNA extracted from 10, 15, and 18
weeks gestation normal kidneys, for genes encoding epithelial-specific (E-cad, N-cad, α-cat, and β-cat) and mesenchymal-specific (vimentin,
ColIVa3, ColIVa5 and α-SMA) proteins. Values are expressed as fold change in mRNA expression compared to the normal 10 weeks gestation
kidney as reference. (b) Quantitative PCR analysis of total RNA extracted from obstructed kidneys at 18 weeks gestation (mild and severe)
and 36 weeks gestation (severe), and from 18 weeks normal kidney. Values are expressed as fold change in mRNA expression compared to
the normal 18 weeks gestation kidney as reference.

obstruction, most notably human congenital obstruction
and in utero models of obstruction such as the sheep and
monkey models. These features include extensive reductions
in nephron endowment, alterations of tubular and collecting
duct development, collecting duct injury, mesenchymal
expansion, and interstitial fibrosis.

This report, to our knowledge, is the first description of
the phenotypic transition of the obstructed CD epithelium
in the human fetus. We have previously described EMT
of the obstructed CD epithelium in a nonhuman primate
model of obstructive nephropathy [10]. Similar to the
obstructed fetal monkey kidney, the major histological
findings in the obstructed human fetal kidney were cystic
and dysplastic changes particularly in the medulla, with
marked dilatation of the CDs lined by a flattened epithelium.
We also demonstrated many of the prerequisite features of
CD EMT, including the loss of the cytoskeletal proteins E-
cadherin and β-catenin from cell membranes and intercel-
lular junctions, their translocation into the cytoplasm and
nucleus of the obstructed cells, de novo expression of the
myoepithelial proteins vimentin and α-SMA, and disruption
of the obstructed CD epithelial basement membrane. As
documented by immunohistochemistry in this study, from
early gestation, CD cells express epithelial markers (E-
cadherin, β-catenin) in an intercellular distribution typical
of a differentiated epithelium with minimal expression of
mesenchymal proteins, such as vimentin and α-smooth
muscle actin. These findings confirm that the cells have
undergone MET. The loss of normal distribution of epithelial
markers and de novo expression of mesenchymal proteins
by CD cells in obstructed kidneys imply that obstruction

reverses this process. While these findings may not be
inclusive of all features of EMT, they do represent a transition
to a more mesenchymal phenotype. Our findings would
suggest that this transition can occur in cells that have
not terminally differentiated. We have also shown that CD
dilatation correlated with periductal α-SMA expression and
with CD epithelial cell vimentin expression. While we were
able to demonstrate a clear correlation in the most severely
affected areas, it is important to note that the histopathology
and injury in congenital obstructive nephropathy can be
variable and focal. We observed areas of severe dysplastic
changes alternating with areas of nearly normal histology
within the same obstructed kidney. It is therefore very
difficult to assign any grading to the whole kidney.

The results of real-time PCR analysis show a marked
increase in genes encoding mesenchymal proteins and
minimal changes in genes encoding epithelial proteins in
obstructed kidneys. It should be noted that we used total
RNA extracted from whole kidneys for these experiments.
CD epithelial RNA constitutes only a small fraction of
the whole kidney RNA. The increase in genes encoding
mesenchymal proteins likely reflects mesenchymal expansion
and the formation of periductal collars, measures of whole
kidney fibrosis, with only a small contribution from the
dilated CD epithelial RNA. While the whole kidney fibrosis
may be independent of the parallel changes seen in the
injured CD epithelium, there is experimental evidence
supporting the contribution of the obstructed tubular
epithelium to this process [3]. The minimal changes in genes
encoding epithelial proteins in the obstructed CDs may be
explained again by the relatively small contribution of CD
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Figure 8: Paradigm of changes associated with human congenital urinary tract obstruction. The obstruction of the developing kidneys causes
dissociation of the cytoskeletal proteins (E-cadherin, β-catenin) and their translocation to the cytoplasm and the nucleus. Affected cells
become flattened and start expressing mesenchymal markers (vimentin, α-SMA) giving them more flexibility and contractility. Breakdown
of the ductal basement membrane allows the cells to migrate into the interstitium and to contribute to the myoepthelial population of
periductal cells.

RNA relative to total kidney RNA. The other possibility
is that there are minimal changes in RNA levels in the
obstructed CD epithelium, supported by our immunohisto-
chemistry, demonstrating altered cellular protein localization
rather then a decrease in total protein expression.

The sequence of changes seen in EMT is very similar
irrespective of the organ involved. The earliest epithelial
responses to injury include the loss of intercellular adhesion
molecules (E-cadherin, ZO-1) and dissociation of these
and other structural anchoring molecules (catenins) from
the cytoskeleton of the cell leading to a detachment of
the cells from each other, and to their loss of polarity.
Reorganization of the actin cytoskeleton, conversion of
cytokeratin to vimentin, and de novo expression of α-smooth
muscle actin, the main features of transition into a myofi-
broblastic phenotype, provide the transitioning cells with
more flexibility and mobility. Vimentin offers the cells more
flexibility while maintaining the cell shape and the position
of organelles in the cytoplasm [23]. α-SMA provides not only

structural support but also the element of contractility that
can help in the invasiveness of the transformed cells [24].
Breakdown of type IV collagen and laminin in the tubular
basement membrane opens the path for these invasive cells
to enter the interstitium and become interstitial fibroblasts
[24, 25]. The final nonspecific pathway of this process
is the development of tissue fibrosis and destruction of
tissue architecture, leading to organ dysfunction and failure
(Figure 8). On the other hand, if the disease process is inter-
rupted, phenotypically transformed cells can redifferentiate
back into epithelial cells and contribute to the tissue repair,
thus undergoing so-called epithelial-mesenchymal-epithelial
cycling [26].

5. Conclusion

This study describes the phenotypic changes in human
congenital obstructive nephropathy. It represents another
step in our understanding of the pathogenesis of this
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disease and brings us closer to the identification of the key
genes/proteins that play an important role in this condition.
Elucidating the role of the individual proteins in EMT will
guide the development of targeted treatments to reverse
tissue fibrosis and eventually prevent the damage of the
affected organ.
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