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Membrane transport plays a critical role in producing
ionic environments in both intracellular and extracellular
spaces that are necessary for cellular signal transduction.
The importance of membrane transport implies that any
abnormality may lead to pathophysiological conditions and
often to specific diseases. This also means that membrane
transporters, including ion channels and transporters, are
very important therapeutic targets in several diseases such as
cardiovascular disorders, hypertension, dementia, metabolic
syndrome associatedwith diabetesmellitus, and cancer.Thus,
many researchers have been investigating regulatory mecha-
nisms of membrane transport with an aim to develop new
therapies for treating transport disorders found in various
diseases.

A specific example of a transport defect associated
with serious pathology involves abnormalities in total body
sodium balance. Na+ that is transported via the epithelial
Na+ channel (ENaC) [1–3] determines the body fluid volume,
blood pressure, and the amount of fluid in the alveolar
space. The positive potential gradient generated by transep-
ithelial Na+ movement (reabsorption) drives movements of
anions. The osmotic gradient produced by movement of
salt promotes water reabsorption [4]. Patients with Liddle’s
syndrome have a gain of function mutation in ENaC leading
to hypertension due to excess body fluid volume, caused
by abnormally high ENaC-mediated Na+ reabsorption [5],

showing that the activity of ENaC is involved in the regu-
lation of blood pressure. ENaC-mediated Na+ reabsorption
is mainly determined by the number of ENaC expressed at
the apical cell membrane, which is regulated by intracellular
trafficking of ENaCproteins. In addition, the activity of ENaC
is also regulated by protease-mediated cleavage of ENaC
subunits [4]. Of course, biosynthesis of ENaC proteins is
one of the most important regulatory factors that determine
total activity. Several humoral agents including vasopressin,
catecholamine, osmolarity, and aldosterone are known to
regulate expression of ENaC at the plasma (apical)membrane
[4, 6, 7].

Epithelial Cl− transport (secretion) has been known to
play an important role in the regulation of fluid volume
in the lung [8–10]. Epithelial Cl− transport is a two-step
process: (1) the Cl−-uptake from the interstitium into the
cytosolic space across the basolateral membrane, which is
mediated by the Na+-K+-2Cl− cotransporter (NKCC), and
(2) the Cl−-releasing step across the apical membrane via
apical Cl− channels such as the cystic fibrosis transmembrane
conductance regulator (CFTR) Cl− channel and the Ca2+-
activated Cl− channels. Activities of NKCC and Cl− channels
are known to be regulated by various factors, including
catecholamines and insulin [10].

Cytosolic Cl− is involved in various cellular functions
such as gene expression, neuron elongation, and cancer cell
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growth [11, 12]. In addition, mRNA expression of ENaC is
regulated by cytosolic Cl−. Quercetin (a flavonoid) that
elevates cytosolic Cl− concentration by activating NKCC has
been known to downregulate mRNA expression of ENaC.
Furthermore, elongation of neurites depends on the con-
centration of cytosolic Cl−. It has been reported that Cl−
enhances tubulin polymerization by inhibiting activity of
GTPase contained in tubulin molecule. Moreover, changes in
the activity of ion transporters and channels regulate cancer
cell growth bymodulating the cytosolic Cl− concentration via
control of MAPK-mediated signaling pathways.

pH is one of the most important factors that regulate cell
function and enzyme activity [13–15]. It is well established
that the intracellular pH is finely regulated by various types
of H+ transporters, such as the Na+/H+ exchanger. Although
the physiological role of extracellular (interstitial) pH has
not been studied extensively, extracellular (interstitial) pH
has recently been recognized as an essential factor in several
pathophysiological conditions and insulin resistance in dia-
betes mellitus.

Many investigators have studied cell volume regulatory
mechanisms. The physiological and pathophysiological sig-
nificance of cell volume regulation including regulatory cell
volume decrease (RVD) have recently been described [16].
Chemosensing process and signal transduction of immune
cells are mediated via membrane transport. More detail is
available in this issue.

The roles of membrane transporters in the regulation of
cellular functions described above has addressed some, but
not by anymeans all, of the significance of the transporters as
key factors in maintaining the homeostasis of body compart-
ments and functions. Membrane transporters, including ion
channels and transporters, are known targets for treatment of
various diseases.Wehope that readers of this special issuewill
find not only new data on membrane transport and its roles
and updated reviews on membrane transport mechanisms,
but also concepts and new ideas for developing new therapies
for various types of diseases.

Akio Tomoda
Yoshinori Marunaka

Douglas C. Eaton
Anuwat Dinudom
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Membrane transport plays a critical role in producing
ionic environments in both intracellular and extracellular
spaces that are necessary for cellular signal transduction.
The importance of membrane transport implies that any
abnormality may lead to pathophysiological conditions and
often to specific diseases. This also means that membrane
transporters, including ion channels and transporters, are
very important therapeutic targets in several diseases such as
cardiovascular disorders, hypertension, dementia, metabolic
syndrome associatedwith diabetesmellitus, and cancer.Thus,
many researchers have been investigating regulatory mecha-
nisms of membrane transport with an aim to develop new
therapies for treating transport disorders found in various
diseases.

A specific example of a transport defect associated
with serious pathology involves abnormalities in total body
sodium balance. Na+ that is transported via the epithelial
Na+ channel (ENaC) [1–3] determines the body fluid volume,
blood pressure, and the amount of fluid in the alveolar
space. The positive potential gradient generated by transep-
ithelial Na+ movement (reabsorption) drives movements of
anions. The osmotic gradient produced by movement of
salt promotes water reabsorption [4]. Patients with Liddle’s
syndrome have a gain of function mutation in ENaC leading
to hypertension due to excess body fluid volume, caused
by abnormally high ENaC-mediated Na+ reabsorption [5],

showing that the activity of ENaC is involved in the regu-
lation of blood pressure. ENaC-mediated Na+ reabsorption
is mainly determined by the number of ENaC expressed at
the apical cell membrane, which is regulated by intracellular
trafficking of ENaCproteins. In addition, the activity of ENaC
is also regulated by protease-mediated cleavage of ENaC
subunits [4]. Of course, biosynthesis of ENaC proteins is
one of the most important regulatory factors that determine
total activity. Several humoral agents including vasopressin,
catecholamine, osmolarity, and aldosterone are known to
regulate expression of ENaC at the plasma (apical)membrane
[4, 6, 7].

Epithelial Cl− transport (secretion) has been known to
play an important role in the regulation of fluid volume
in the lung [8–10]. Epithelial Cl− transport is a two-step
process: (1) the Cl−-uptake from the interstitium into the
cytosolic space across the basolateral membrane, which is
mediated by the Na+-K+-2Cl− cotransporter (NKCC), and
(2) the Cl−-releasing step across the apical membrane via
apical Cl− channels such as the cystic fibrosis transmembrane
conductance regulator (CFTR) Cl− channel and the Ca2+-
activated Cl− channels. Activities of NKCC and Cl− channels
are known to be regulated by various factors, including
catecholamines and insulin [10].

Cytosolic Cl− is involved in various cellular functions
such as gene expression, neuron elongation, and cancer cell
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Furthermore, elongation of neurites depends on the con-
centration of cytosolic Cl−. It has been reported that Cl−
enhances tubulin polymerization by inhibiting activity of
GTPase contained in tubulin molecule. Moreover, changes in
the activity of ion transporters and channels regulate cancer
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control of MAPK-mediated signaling pathways.

pH is one of the most important factors that regulate cell
function and enzyme activity [13–15]. It is well established
that the intracellular pH is finely regulated by various types
of H+ transporters, such as the Na+/H+ exchanger. Although
the physiological role of extracellular (interstitial) pH has
not been studied extensively, extracellular (interstitial) pH
has recently been recognized as an essential factor in several
pathophysiological conditions and insulin resistance in dia-
betes mellitus.

Many investigators have studied cell volume regulatory
mechanisms. The physiological and pathophysiological sig-
nificance of cell volume regulation including regulatory cell
volume decrease (RVD) have recently been described [16].
Chemosensing process and signal transduction of immune
cells are mediated via membrane transport. More detail is
available in this issue.

The roles of membrane transporters in the regulation of
cellular functions described above has addressed some, but
not by anymeans all, of the significance of the transporters as
key factors in maintaining the homeostasis of body compart-
ments and functions. Membrane transporters, including ion
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Ouabain, a cardiac glycoside found in plants, is primarily used in the treatment of congestive heart failure and arrhythmia because
of its ability to inhibit Na+/K+-ATPase pump. Recently ouabain has been shown to exert anticancer effects but the underlying
mechanism is not clear. Here, we explored the molecular mechanism by which ouabain exerts anticancer effects in human lung
adenocarcinoma. Employing proteomic techniques, we found 7 proteins downregulated by ouabain in A549 including p-ezrin, a
protein associated with pulmonary cancer metastasis in a dose-dependent manner. In addition, when the relative phosphorylation
levels of 39 intracellular proteins were compared between control and ouabain-treated A549 cells, p-Src (Y416) was also found to be
downregulated by ouabain. Furthermore, western blot revealed the ouabain-mediated downregulation of p-FAK (Y925), p-paxillin
(Y118), p130CAS, and Na+/K+-ATPase subunits that have been shown to be involved in the migration of cancer cells.The inhibitory
effect of ouabain and Src inhibitor PP2 on the migration of A549 cells was confirmed by Boyden chamber assay. Anticancer effects
of ouabain in A549 cells appear to be related to its ability to regulate and inactivate Src-to-ezrin signaling, and proteins involved in
focal adhesion such as Src, FAK, and p130CAS axis are proposed here.

1. Introduction

Ouabain (Figure 1(a)) is a cardiac glycoside found in plants
and is primarily used in the treatment of congestive heart fail-
ure and cardiac arrhythmia because it inhibits the Na+/K+-
ATPase pump leading to a sequence of events including
increase in the level of calcium ions and cardiac contractile
force. A recent unexpected epidemiological finding that
cancer patients receive cardiac glycosides showed signifi-
cantly lower mortality rates sparked new interest in possible
anticancer properties of cardiac glycosides [1–4]. Prassas and
Diamandis [3] confirmed that cardiac glycosides exert anti-
proliferative and/or apoptotic effects on breast, prostate, lung,
renal, pancreatic, melanoma, leukemia, neuroblastoma, and
myeloma cancer cells in vitro. But the underlying molecular
pathways have not been clarified.

Most of the previous studies of proteomic profile changes
resulting fromouabain treatment focused onNa+/K+-ATPase
suppression and were conducted in vascular smooth muscle

cells (VSMCs) or in the endothelial cells (ECs) in order to
identify the proteins involved in ouabain-induced regulation
of cell proliferation and apoptosis and vascular remodeling
[5–8] but not the proteins involved in ouabain’s anticancer
effects.

In this context we conducted a proteomic analysis
of human lung adenocarcinoma A549 cells, treated with
ouabain to identify the proteins altered when ouabain
exhibits its anticancer effects, and thus it is possibly responsi-
ble for its anticancer effects.

2. Methods

2.1. Materials. Ouabain octahydrate and PP2 (Src inhibitor)
were purchased from Sigma (MO) and Calbiochem EMD
Millipore (Darmstadt, Germany), respectively. Sources of
other chemicals and reagents are indicated as they appear in
the text.
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Figure 1: Structure of ouabain and its effect on viability of A549 cells. (a) Structure of ouabain. (b) The effect of ouabain on the viability of
A549 cells. Cells (1 × 104 cells/well) in a 96-well plate were incubated with ouabain for 24 h and cell viability was measured by counting.

2.2. Cell Culture. Human lung adenocarcinoma A549 cells
were cultured in Dulbecco’s modified Eagles’s medium
(DMEM, HyClone, UT) supplemented with 10% fetal
bovine serum (FBS, HyClone), 100U/mL of penicillin, and
100 𝜇g/mL Streptomycin (HyClone) in humidified atmo-
sphere of 5% CO

2
at 37∘C. The culture medium was changed

every 3 days.

2.3. Cell Viability Assay. Cells in a 96-well plate (1 × 104
cells/well) were treated with ouabain octahydrate for 24 h and
cell viability was determined in triplicate by Cell Counting
Kit-8 (CCK-8; Dojindo Molecular Technologies, Rockville,
MD, USA) according to the manufacturer’s protocol.

2.4. Sample Preparation and 2-Dimensional Electrophoresis (2-
DE). These were performed as essentially as described by
Park et al. [9]. In brief, cells were treated with ouabain for
24 h in DMEM with 10% FBS. The cells were harvested and
samples were suspended in 0.5mL of 50mM Tris buffer con-
taining 7M urea, 2M thiourea, 4% (w/v) CHAPS, and 16 𝜇L
protease inhibitor cocktail (Roche Molecular Biochemicals,
IN) and sonicated on ice. The sonicates were homogenized
and centrifuged at 12,000×g for 15min. Its protein content
was quantitated by the Bradford method (Bio-Rad, CA).
Fifty units of benzonase (250 units/𝜇L; Sigma, MO) was
added to the stock and stored at −80∘C until use. For 2-
DE analysis, pH 3–10 nonlinear IPG strips (Habersham
Biosciences) were rehydrated in a swelling buffer containing
7M urea, 2M thiourea, 0.4% (w/v) DTT, and 4% (w/v)
CHAPS. The protein lysates (300 𝜇g) were cup-loaded into
the rehydrated IPG strips using a Multiphor II apparatus
(Amersham Biosciences) set for a total of 57 kVh. The 2D
separation was performed on 12% SDS-polyacrylamide gels.
Following fixation of the gels for 1 h in 40% (v/v) methanol
containing 5% (v/v) phosphoric acid, the gels were stained

with colloidal Coomassie Blue G-250 solution (Proteome-
Tech, South Korea) for 5 h. They were then destained in 1%
(v/v) acetic acid for 4 h and imaged using a GS-710 imaging
calibrated densitometer (Bio-Rad). Protein spot detection
and 2D pattern matchings were carried out using ImageMas-
ter 2D Platinum software (Amersham Biosciences).

2.5. In-Gel Digestion of Protein Spots with Trypsin and
Extraction of Peptides. The procedure for in-gel digestion
of protein spots from Coomassie Blue stained gels was
carried out as described in [9]. In brief, protein spots
were excised from stained gels and cut into pieces. The gel
pieces were washed for 1 h at room temperature in 25mM
ammonium bicarbonate buffer, pH 7.8, containing 50% (v/v)
acetonitrile (ACN) and dehydrated in a SpeedVac for 10min
and rehydrated in 10 𝜇L (20 ng/𝜇L) of sequencing grade
trypsin solution (Promega, WI). After incubation in 25mM
ammonium bicarbonate buffer, pH 7.8, at 37∘C overnight,
the tryptic peptides were extracted with 5 𝜇L of 0.5% TFA
containing 50% (v/v) ACN for 40min with mild sonication.
The extracted solution was reduced to 1𝜇L in a vacuum
centrifuge. The resulting peptide solution was desalted using
a reversed-phase column [10] and subjected to mass spec-
trometric analysis. A GEloader tip (Eppendorf, Hamburg,
Germany) constricted was packed with Poros 20 R2 resin
(PerSpective Biosystems, MA). After an equilibration with
10 𝜇L of 5% (v/v) formic acid, the peptide solution was loaded
on the column and washed with 10 𝜇L of 5% (v/v) formic
acid. The bound peptides were eluted with 1 𝜇L of 𝛼-cyano-
4-hydroxycinnamic acid (CHCA) (5mg/mL in 50% (v/v)
ACN/5% (v/v) formic acid) and dropped onto aMALDI plate
(96 × 2; Applied Biosystems, CA).

2.6. Analysis of Peptides UsingMALDI-TOFMS and Identifica
tion of Proteins. The masses of the tryptic peptides were
determined with a Voyager-DE STRmass spectrometer (Per-
Spective Biosystems) in reflectron positive ion mode as
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described in [11]. External calibration was performed for
every four samples with mixtures of adrenocorticotropic
fragment 18–39 (monoisotopic mass, 2465.1989), neuro-
tensin (monoisotopic mass, 1672.9175), and angiotensin
I (monoisotopic mass, 1296.6853) as standard calibrants,
and mass spectra were acquired for the mass range of
900–3500Da. The proteins were identified through matches
in Swiss-Prot and NCBI databases, using the search program
ProFound (http://prowl.rockefeller.edu/prowl-cgi/profound
.exe), MASCOT (http://www.matrixscience.com/cgi/search
form.pl?FORMVER=2&SEARCH=PMF), or MS-Fit (http://
prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=
msfitstandard, University of California San Francisco,
Version 4.0.5). The following mass search parameters were
set: peptide mass tolerance, 50 ppm; a mass window between
0 and 100 kDa, allowance of missed cleavage, 2; consideration
for variable modifications such as oxidation of methionine
and propionamides of cysteines. Only significant hits as
defined by each program were considered initially with at
least 4 matching peptide masses.

2.7. Western Blotting. Cells (2 × 105 cells/well) placed in a
6-well plate were treated with ouabain octahydrate for the
indicated time, washed twice with cold PBS, and scraped
into a lysis buffer containing 50mM Tris-HCl (pH 7.4)
150mMNaCl, 1mMEDTA, 2mMNa

3
VO
4
, 1 mMNaF, 0.25%

deoxycholate, 1% Triton X-100, and a protease inhibitor
cocktail tablet (Roche, Diagnostics, Mannheim, Germany).
The cell lysate was centrifuged at 15,000×g for 10min at 4∘C.
Theprotein level of the supernatant was determined using the
BCA protein assay kit (Pierce, Rockford, IL, USA). Samples
(20𝜇g) weremixedwith sample buffer (100mMTris-HCl, 2%
sodium dodecyl sulfate, 1% 2-mercaptoethanol, 2% glycerol,
and 0.01% bromophenol blue) and incubated at 95∘C for
10min. To detect the Na+/K+-ATPase 𝛼1 and 𝛽1, samples
were incubated at 75∘C for 15min. Samples were subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. Equivalent amounts of the proteins separated on gels
were transferred onto nitrocellulose membranes (Whattman,
Germany) and stained with Ponceau S to confirm efficiency
of transfer. Membranes were washed, blocked with TBST
(10mM Tris-HCl, pH 7.5, 150mMNaCl, and 0.1% Tween 20)
containing 3% BSA, for 1 h at room temperature, and probed
with primary antibody overnight at 4∘C. They were washed
three times with TBST for 30min, incubated with secondary
antibody conjugated to horseradish peroxidase (Santa Cruz
Biotechnology, Inc., TX) for 2 h, and washed three times with
TBST for 30min. Antibodies against p-ezrin (Y353), ezrin,
p-Src (Y416), Src, p-paxillin (Y118), paxillin, p-FAK (Y925),
and FAK, respectively, were purchased fromCell Signal Tech-
nology (MA). Antibodies against Na+/K+-ATPase 𝛼1 and 𝛽1
were purchased from Upstate, Merck Millipore (MA), and
antibodies againstNa+/K+-ATPase𝛼2 and𝛼3were purchased
from Santa Cruz Biotechnology andThermo Fisher Scientific
(MA), respectively. Antibodies against p130CAS and actin
were purchased from R&D System and Santa Cruz Biotech-
nology, Inc., respectively. Membranes were developed with
Amersham ECL Plus (GE Healthcare Bio-sciences, Sweden)

using the LAS-3000 luminescent image analyzer (Fuji Photo
Film Co., Ltd., Japan).

2.8. Phosphokinase Antibody Array Analysis. Phosphokinase
array analysiswas performedusingProteomeProfilerHuman
Phosphokinase Array Kit (R&D systems) according to the
manufacturer’s procedure. Briefly, cells (5 × 105 cells) in a
60mm2 dish were treated with ouabain octahydrate for 24 h,
washed twice with cold PBS, lysed with the lysis buffer 6 in
the kit, and centrifuged at 14,000×g for 5min. The protein
levels of the supernatants were assayed using BCA kit (Pierce,
Rockford, IL, USA). For Human Phosphokinase Array assay,
preblocked nitrocellulose membranes were incubated with
300 𝜇g of cellular extracts overnight at 4∘C on a rocking
platform. The membranes were washed three times with
1x wash buffer in the kit to remove unbound proteins and
then incubated with a mixture of biotinylated antibodies
and streptavidin-HRP antibodies. Amersham ECL Plus was
applied to determine spot densities. Array images were
analyzed using Multi Gauge 3.0 (Fuji Photo Film Co., Ltd.,
Japan).

2.9. Cell Migration Assay. Cell migration assay was per-
formed as described previously with some modification
[12]. A549 cells (5 × 105 cells) were treated with various
concentrations of ouabain (1, 10, and 100 nM) for 4 h in
a 60mm culture dish and harvested with trypsin EDTA.
After recounting the harvested cells, their immigrations were
assayed in a Boyden chamber (Neuro Probe, MD, USA)
as follows. The lower compartment of a 48-well Boyden
chamber was filled with 30 𝜇L of DMEM containing 0.1 and
10% FBS. An 8.0 𝜇m pore polycarbonate membrane (Neuro
Probe) was coated with gelatin solution (0.01% gelatin and
0.1% acetic acid in distilledwater) for 24 h and a 50 𝜇L volume
of a cell (2 × 104 cells) suspension was introduced into the
upper compartment of the chamber, and the chamber was
incubated at 37∘C for 6 h. The membrane was fixed and
stained with Diff-Quik solution (Dade Behring, DE, USA)
and placed on a microscope slide. The invading cells were
counted using a light microscope at 100x magnification. The
data are presented as means ± standard deviation of 4 fields
from each well of triplicate samples. Statistical significance
was determined using Student’s t-test and differences of 𝑃 <
0.05 were considered significant.

3. Results

3.1. Ouabain Decreased the Viability of A549 Cells in a Dose
Dependent Manner and Changes the Expression of some Cel-
lular Proteins. The effect of ouabain on the viability of A549
cells was assessed by counting viable cells (Figure 1(b)) and
changes in protein expression in the cells were assessed using
two-dimensional (2D) gel electrophoresis. IC

50
of ouabain on

the viability of A549 cells was about 40 nM (Figure 1(b)). In
order to identify the proteins that might be involved in the
anticancer activity of ouabain, we performed a comparative
proteomic analysis of lysates of control A549 cells and cells
treated with 100 nM ouabain. Of over 500 protein spots that
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Table 1: MALDI-TOF-based identification of ezrin.

Protein name NCBI
BLAST

Number of
matched
peptides

Sequence coverage
(%)

Theoretical
Mr(Da)/pI Score Expect

Ezrin gi|46249758 21 30 69199/5.94 116 6.1𝑒 − 07

150
100
70
50
40

30

20

250

(k
D

a)
150

100

70

pI 6 pI 6

pI 3 pI 10 pI 3 pI 10

100 62

− +

Ouabain treatment (100nM)

Figure 2: 2-DE analysis. The relative volume of circle-indicated spot was analyzed by ImageMaster 2D Platinum software. MALDI-TOF-MS
spectrum of the circled peptide spot after in-gel digestion.

appeared in the 2-DE gel, two spots showed increases in
proteins and 7 spots showed decreases in proteins (Figure S1
and Table S1 in the Supporting Information available online
at http://dx.doi.org/10.1155/2014/537136). The circled spot in
Figure 2 shows a 62% decrease in ouabain-treated A549 cells
compared to control. This circled spot was digested in gel
with trypsin and subjected to peptide mass fingerprinting
(PMF).

3.2. Ouabain Decreased the Expression of Ezrin. Based on
the PMF, the estimated pI and molecular weight by 2-
DE map, the circle-indicated protein in the 2-DE gel was
identified as ezrin. These characteristics are listed in Table 1.
Ouabain-induced decrease in the ezrin signal in 2-DE gel was
further differentiated by Western blot analysis. As shown in
Figure 3(a), ouabain dose-dependently decreased the level of
phosphoezrin (Y353), but not that of total ezrin (Figure 3(a)).
Further, we carried out phosphokinase array analysis to
investigate molecular pathways that potentially contribute to
ouabain-mediated cell death. We found that p-Src (Y416)
was downregulated by ouabain in 39 intracellular proteins
in the control and ouabain-treated A549 cells (Figure 3(b)).
Ouabain-mediated decrease of p-Src (Y416) was also con-
firmed by Western blot analysis (Figure 3(c)).

Since ezrin protein family and Src are known to play roles
in membrane-cytoskeleton interactions and focal adhesion,
respectively, we further investigated the effect of ouabain on
the expression and activation levels of othermolecules related
to focal adhesion in A549 cells by Western blot analysis.
These included focal adhesion kinase (FAK) and cytoskeletal
proteins such as p130CAS and paxillin. Figure 3(c) shows that

ouabain decreased the phosphorylation of FAK (Y925) and
paxillin (Y118) and the expression of p130CAS.

3.3. Ouabain Inhibited Src-Mediated Cell Migration. Human
A549 cells have been reported to be highly metastatic, and
cardiac glycosides have been reported to inhibit themigration
of cancer cells by the specific inhibition of the Na+/K+-
ATPase 𝛼1 subunit [13, 14]. Therefore, we examined the effect
of ouabain on the expression of Na+/K+-ATPase subunits
and the migration of A549 cells using the Boyden chamber
analysis. As shown in Figure 3(c), ouabain treatment for 1
day of A549 cells strongly inhibited the expression levels of
Na+/K+-ATPase 𝛼1 and 𝛽1. Furthermore, it decreased the
migration of A549 cells in a dose-dependent manner even
when it was exposed to A549 cells for 4 h before migration
(Figures 4(a) and 4(b)).

Binding of cardiac glycosides to Na+/K+-ATPase is
known to activate several downstream signaling pathways,
including phospholipase C (PLC), mitogen-activated protein
kinase (MAPK), phosphatidyl-inositol-3-kinase (PI3 K), and
Src kinase [15–17]. To determine whether ouabain exerts its
antimigration effect by inactivating ezrin and paxillin via Src
inhibition, the phosphorylation levels of signaling molecules
including Src, FAK, paxillin, and ezrin were assessed by
Western blotting. As shown in Figure 4(c), ouabain decreased
the phosphorylated level of FAK in 30min and its decrease
was maintained up to 6 hr. The phosphorylated levels of Src
and ezrin, but not of paxillin, were shown to be decreased by
ouabain in 6 hr.

The involvement of Src in the antimigration activity
of ouabain was further confirmed by the pharmacologic
inhibition study. Src inhibitor, PP2, also exhibited significant
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Figure 3: Proteome profiler array analysis of phosphokinase and validation. (a) Effects of ouabain on the expression and phosphorylation of
ezrin were evaluated by Western blot analysis. Actin was used as an internal control. (b) For phosphokinase array study, 300 𝜇g of proteins
obtained from A549 cells (5 × 105 cells in a 60mm2 dish) treated with vehicle (DMSO) or ouabain octahydrate for 24 h in the membranes
was probed. (c) Effects of ouabain on the expression and/or phosphorylation of Src, FAK, p130CAS, paxillin, and Na+/K+-ATPase subunits
were evaluated by Western blot analysis.

inhibition effect in themigration of A549 cells from the top to
the bottom chamber at 6 h, in a dose-dependent fashionwhen
several doses of PP2 (3, 10, and 30 𝜇M) were administered
in the bottom chamber (Figures 5(a) and 5(b)). Additionally,
A549 cells were treated with PP2 for 30min and after 24 h the
phosphorylation of signaling molecules including Src, ezrin,
and paxillin was assessed by Western blotting. As shown in
Figure 5(c), PP2-induced inhibition of Src resulted in reduced
phosphorylation of ezrin and paxillin. These results suggest
that ouabain exerts its antimigration effect by inactivating
ezrin and paxillin via Src inhibition.

4. Discussion

Anticancer effect of ouabain has been reported in several
cancer cells including A549 cells [18]. This study confirmed

that ouabain exerts strong antiproliferative activity on A549
cells at nanomolar concentrations (IC

50
, 40 nM). Also our

results are in agreement with previous reports that ouabain
per se significantly inhibits the growth of A549 cells by
inducing cell arrest, but not by apoptosis at nanomolar con-
centrations which correlate with the inhibition of Na+/K+-
ATPase [18, 19]. Furthermore, the finding that ouabain-
induced inhibition of tumor growth accentuates irradiation
damage led to the suggestion that ouabain may have clinical
application in radiotherapy [20].

In this study we employed proteomics technology to
identify proteins that change in A549 cells in response
to ouabain and possibly inhibit the cancer cells. Recently,
starvation-induced autophagy has been suggested to account
for the growth inhibitory effect of ouabain in A549 [18].
In our study, A549 cells were treated with ouabain in the
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Figure 4: Effect of ouabain on migration of A549 cells. (a) In vitro migration assay was performed twice in triplicate using a 48-well Boyden
chamber with a gelatin-coated polycarbonate membrane. DMEM containing either 0.1% FBS or 10% FBS was added into the bottom chamber
and cells were loaded into the upper chamber and incubated at 37∘C for 6 h. The cells on the upper side of the membrane were removed, and
the cells on the bottom of the filter membrane were stained with Diff-Quick solution. (b)The numbers of migrated cells were counted under
a light microscope. The data are presented as mean ± standard deviation (∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001).

presence of FBS and eliminated the possibility that we may
be identifying proteins regulated by cell culture conditions
including starvation-induced autophagy. Among 9 proteins
regulated by ouabain in A549, p-ezrin was confirmed to be
regulated by ouabain in a dose-dependent manner.

Ezrin is a member of the cytoskeleton-associated protein
family and is involved in a wide variety of cellular pro-
cesses [21]. Importantly, ezrin has been reported to play an
important role in the metastasis of lung cancers [22, 23]. The

expression and clinical significance of ezrin in lung cancers
have been related to phosphoezrin protein expression in
tumor tissues found to be higher in precancerous tissues and
in benign pneumonic tissues [24]. Levels of phosphoezrin
were found to correlate with the invasiveness of tumors in
several types of cancers [25]. Phosphoezrin (Y353) required
for transmitting a survival signal during epithelial differenti-
ation has been suggested to be a potent prognosis predictor
for pancreatic cancer [26, 27]. In this study, we found that
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Figure 5: Effects of Src inhibitor, PP2, on cell migration and on the phosphorylation of ezrin and paxillin. (a) In vitro migration assay was
performed twice in triplicate using a 48-well Boyden chamber with a gelatin-coated polycarbonate membrane. Serially diluted PP2 was added
into the bottom chamber and cells were loaded into the upper chamber. Following incubation at 37∘C for 6 h, the cells on the upper side of
the membrane were removed, and the cells on the bottom of the filter membrane were stained with Diff-Quick solution. (b) The numbers
of migrated cells were counted under a light microscope. The data are presented as mean ± standard deviation (∗𝑃 < 0.05; ∗∗𝑃 < 0.01;
∗∗∗

𝑃 < 0.001). (c) Src inhibitor, PP2, was treated for indicated time and then Western blot analysis was performed as described in Materials
and Methods.
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ouabain dose-dependently decreased the level of phospho-
ezrin (Y353).

Phosphorylation of ezrin at Y353 was found to be medi-
ated through Src tyrosine kinase in prostate cancer [28], and
it is a crucial element of Src-induced features in malignant
cells [29].The phosphorylation of Src at Y416 in the activation
loop of the kinase domain upregulates the enzymatic activity
of Src. Interestingly, exposure of human breast MDA-MB-
435s cells to 100 nM ouabain caused rapid and transient
activation of Src kinase in 5min (but not in 15min) and
increased the coimmunoprecipitations of Src and Na+/K+-
ATPase 𝛼 subunit with epidermal growth factor receptor
when ouabain was incubated for 5min [20]. However, in
this study, we found ouabain-mediated decreases of p-Src
(Y416) and Na+/K+-ATPase subunits in A549 cells after 1-
day incubation.These results suggest that ouabain transiently
induces the activation of Src kinase and its binding to
Na+/K+-ATPase, but, after this transient activation, both Src
and Na+/K+-ATPase subunits are downregulated by long-
term exposure of ouabain.

Ezrin deficiency in highly metastatic human lung carci-
noma 95D cells caused the reduction of the cellmigration and
invasion [30], and Src-FAK signaling is known to regulate the
migration of cancer cells. Furthermore, ouabain has recently
been shown to inhibit migration of A549 and human lung
cancer H292 cells, via suppressing FAK signaling [31, 32],
and the involvement of Na+/K+-ATPase in the migration of
cancer cells has been also reported [13, 14]. These results sug-
gest a possible mechanism that involves ouabain-mediated
inhibition of A549 cell migration via inactivation of Src-to-
ezrin signaling axis.

In many tumor cells, Src forms a complex with FAK
to generate signals leading to tumor growth and metastasis
[30, 33]. Within this complex, Src transphosphorylates FAK
within C-terminal domain (Y925) and provides a binding
site for the Grb2/SH2 domain and triggers a Ras-dependent
activation of MAP kinase pathway [31]. In Src-transformed
cells, Ras signal transduction pathway may be constitutively
activated by FAK Y925 phosphorylation. FAK is overex-
pressed in a variety of cancers and its overexpression in
lung cancer leads to the cancer migration and invasion
[32]. Additionally, the overall survival was better in FAK-
negative than in FAK-positive patients with lung adenocar-
cinoma [30]. In this study, when A549 cells were incubated
with ouabain for 30min, p-FAK (Y925), but not p-Src,
was downregulated. Furthermore, the downregulation of p-
Src and p-FAK observed after 6 hr was maintained up to
24 hr.

FAK-Src complex binds to and phosphorylates various
adaptor proteins such as paxillin.Here, we found that ouabain
decreased the phosphorylation of paxillin (Y118), which has
been shown to occur at Y118 [31]. Phosphopaxillin (Y118)
can provide a docking site for recruitment of other signaling
molecules to focal adhesions [34] and contribute to the
control of Src-induced anchorage-independent growth by
FAK and adhesion [35].

We also found that another cytoskeletal protein,
p130CAS, was also downregulated by ouabain in A549 cells.
p130CAS is also a substrate of FAK and plays an important

role in regulating focal adhesion, driving cell migration.
Recently, the overexpression of p130CAS has been observed
in 61.9% of lung cancers suggesting that p130CASmay impact
a variety of clinicopathological features of lung cancer and
may influence the prognosis of lung cancer patients [23].

Our ongoing studies include the investigation on the
ouabain-induced signaling such as Src, ezrin, FAK, and
p130CAS in other lung carcinoma cells including H460 cells.
To dissect the mechanism of ERM proteins in the signaling
described herein, effects of local phosphorylation of ERM
proteins by ouabain are worthy of investigation using the
immunofluorescence experiments or phosphospecific anti-
bodies. Also, it was reported, recently, that small molecule
inhibitors of ezrin inhibit lung metastasis of ezrin-sensitive
cells as well as invasive phenotype of osteosarcoma cells sug-
gesting that novel targeted therapy that directly or indirectly
inhibits the function of ezrin might be a rational approach
to prevent tumor metastasis [36]. In this regard, studies on
the inhibitory effects of an ezrin inhibitor, NSC668394, on
the ezrin-related signaling such as Src and paxillin and on the
migration of cancer cells are underway in our researches.

5. Conclusions

We showed here that the anticancer effects of ouabain in
A549 cells are related to its ability to regulate ezrin, Na+/K+-
ATPase subunits, and proteins involved in the signaling of
focal adhesion such as Src, FAK, and p130CAS. Furthermore,
we also proposed that a possible mechanism for ouabain-
mediated inhibition of A549 cell migration is inactivation of
Src-to-ezrin signaling axis. The present study suggests that
molecules involved in Src-to-ezrin signaling axis offer a new
target for lung cancer therapy.
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[20] F. Verheye-Dua and L. Böhm, “Na+, K+-ATPase inhibitor,
ouabain accentuates irradiation damage in human tumour cell
lines,” Radiation Oncology Investigations, vol. 6, no. 3, pp. 109–
119, 1998.

[21] A. L. Neisch and R. G. Fehon, “Ezrin, Radixin and Moesin:
key regulators of membrane-cortex interactions and signaling,”
Current Opinion in Cell Biology, vol. 23, no. 4, pp. 377–382, 2011.

[22] K. W. Hunter, “Ezrin, a key component in tumor metastasis,”
Trends in Molecular Medicine, vol. 10, no. 5, pp. 201–204, 2004.

[23] Y. Miao, A. L. Li, L. Wang et al., “Expression of p130cas, E-
cadherin and 𝛽-Catenin and their correlation with clinico-
pathological parameters in non-small cell lung cancer: p130cas
over-expression predicts poor prognosis,” Folia Histochemica et
Cytobiologica, vol. 50, no. 3, pp. 392–397, 2012.

[24] X.-Q. Zhang, G.-P. Chen, T. Wu, J.-P. Yan, and J.-Y. Zhou,
“Expression and clinical significance of Ezrin in non-small-cell
lung cancer,” Clinical Lung Cancer, vol. 13, no. 3, pp. 196–204,
2012.

[25] Y. Oda, Y. Oda, S. Aishima et al., “Differential ezrin and
phosphorylated ezrin expression profiles between pancreatic
intraepithelial neoplasia, intraductal papillary mucinous neo-
plasm, and invasive ductal carcinoma of the pancreas,” Human
Pathology, vol. 44, no. 8, pp. 1487–1498, 2013.

[26] Y. Cui, T. Li, D. Zhang, and J. Han, “Expression of ezrin and
phosphorylated ezrin (pezrin) in pancreatic ductal adenocarci-
noma,” Cancer Investigation, vol. 28, no. 3, pp. 242–247, 2010.

[27] A. Gautreau, P. Poullet, D. Louvard, and M. Arpin, “Ezrin, a
plasma membrane-microfilament linker, signals cell survival
through the phosphatidylinositol 3-kinase/Akt pathway,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 96, no. 13, pp. 7300–7305, 1999.

[28] Y.-C. Chuan, S.-T. Pang, A. Cedazo-Minguez, G. Norstedt,
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P-glycoprotein (P-gp; multidrug resistance pump 1, MDR1; ABCB1) is a plasma membrane efflux pump that when activated in
cancer cells exports chemotherapeutic agents. Transcription of the P-gp gene (MDR1) and activity of the P-gp protein are known to
be affected by thyroid hormone. A cell surface receptor for thyroid hormone on integrin 𝛼v𝛽3 also binds tetraiodothyroacetic
acid (tetrac), a derivative of L-thyroxine (T

4
) that blocks nongenomic actions of T

4
and of 3,5,3-triiodo-L-thyronine (T

3
) at

𝛼v𝛽3. Covalently bound to a nanoparticle, tetrac as nanotetrac acts at the integrin to increase intracellular residence time of
chemotherapeutic agents such as doxorubicin and etoposide that are substrates of P-gp. This action chemosensitizes cancer cells.
In this review, we examine possible molecular mechanisms for the inhibitory effect of nanotetrac on P-gp activity. Mechanisms for
consideration include cancer cell acidification via action of tetrac/nanotetrac on the Na+/H+ exchanger (NHE1) and hormone
analogue effects on calmodulin-dependent processes and on interactions of P-gp with epidermal growth factor (EGF) and
osteopontin (OPN), apparently via 𝛼v𝛽3. Intracellular acidification and decreasedH+ efflux induced by tetrac/nanotetrac via NHE1
is the most attractive explanation for the actions on P-gp and consequent increase in cancer cell retention of chemotherapeutic
agent-ligands of MDR1 protein.

1. Introduction

P-glycoprotein (P-gp; multidrug resistance protein 1, MDR1;
ABCB1) is a plasmamembrane efflux pumpwith broad ligand
specificity in normal cells and in cancer cells [1]. A glyco-
protein ATPase is responsible in cancer cells for the outward
transport of a variety of chemotherapeutic agents and thus is
a critical vehicle of chemoresistance. P-gp is subject to phar-
macologic inhibitionwith a variety of agents, for example, the
calcium channel blocker, verapamil [1, 2], and tyrosine kinase
inhibitors [3]. The search for effective P-gp inhibitor drugs
is active [4, 5]. Thyroid hormone, L-thyroxine (T

4
) or 3,3,5-

triiodo-L-thyronine (T
3
), is known to induce transcription of

P-glycoprotein (MDR1) gene [6–8] and P-gp function [8].We
have shown that a thyroid hormone antagonist, tetraiodothy-
roacetic acid (tetrac), acting at the thyroid hormone-tetrac
receptor on plasma membrane integrin 𝛼v𝛽3, increases

the intracellular residence time of doxorubicin in chemore-
sistant (doxorubicin-resistant) human breast cancer cells [9].
This is an index of inhibition of P-gp activity. Thus, in cancer
cells, this function of the hormone supports drug resistance,
whereas in nonmalignant cells, this action of the hormone
may stimulate desirable efflux of toxic substances accumu-
lated by the cells. In this review, we examine the mechanisms
by which thyroid hormone, tetrac and nanoparticulate tetrac
formulation (nanotetrac) that acts exclusively at integrin
𝛼v𝛽3, may regulate P-gp function in cancer cells.The integrin
is also known to regulate P-gp by other mechanisms [10].

2. Integrin 𝛼v𝛽3 and Nongenomic Actions of
Thyroid Hormone

Integrins are structural proteins of the plasmamembrane that
bind extracellular matrix (ECM) proteins and are integral to
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cell-cell adhesion and cell-ECM protein interactions. Among
ECM protein ligands of various integrins are fibronectin,
vitronectin, osteopontin (OPN), and von Willebrand factor
[11]. Of more than 20 integrins, only 𝛼v𝛽3 contains a receptor
site for thyroid hormone [12]. 𝛼v𝛽3 is amply expressed by
tumor cells and rapidly dividing endothelial cells usually
found supporting cancers. We have described cancer cell
proliferation in vitro in response to T

4
and T

3
in a variety of

human cells [13–15] and these hormones are proangiogenic
by a variety of mechanisms [16–18]. Both actions are wholly
dependent upon the hormone-tetrac receptor on integrin
𝛼v𝛽3. Such actions of T

4
and T

3
at the integrin are termed

nongenomic because they do not primarily require the
interaction of nuclear thyroid hormone receptors (TRs) with
T
3
, the definition of the genomic mechanism of hormone

action [19]. T
4
is active at the integrin and the affinity of the

hormone receptor on 𝛼v𝛽3 is higher for T
4
than for T

3
; in

contrast, T
4
in genomic actions is a prohormonal source of

T
3
via deiodination.
Tetrac and nanotetrac inhibit binding of agonist thyroid

hormone to the receptor on the ectodomain of 𝛼v𝛽3. But,
in the absence of T

4
and T

3
, nanotetrac and tetrac have a

set of novel proapoptotic and antiangiogenic actions [17].
These involve modulation of crosstalk between the integrin
and adjacent vascular growth factor receptors, the promotion
of apoptosis, and the disordering of transcription of genes
important to cell survival pathways [17, 30]. Specifically, there
is crosstalk between𝛼v𝛽3 and receptors for vascular endothe-
lial growth factor (VEGF) [17] and epidermal growth factor
(EGF) [17] that may be relevant to the 𝛼v𝛽3-mediated effects
of thyroid hormone on cellular retention of chemotherapeu-
tic agents (see next section).

From the integrin, T
4
can also alter intracellular traffick-

ing and state of serine phosphorylation of TRs, of estrogen
receptor-𝛼 (ER𝛼), of signal transducing and activator of tran-
scription (STAT) proteins, and of p53 [17]. These phospho-
rylation steps are dependent upon mitogen-activated protein
kinase (MAPK; ERK1/2) and represent an interesting adjunc-
tive interface of nongenomic actions with genomic actions of
thyroid hormone. In human lung carcinoma cells that express
ER𝛼, T

4
may be estrogen-like, supporting cell proliferation

that is ER-dependent [15]. Migration of endothelial cells
toward a vitronectin cue is also stimulated byT

4
via𝛼v𝛽3 [18].

Fibroblast migration in an in vitro model of wound-healing
is also stimulated by T

4
at the cell surface hormone receptor

(SAMousa: unpublished observations). The state of the actin
cytoskeleton is nongenomically regulated by T

4
[31, 32], in

part reflecting action of the hormone to increase the amount
of fibrous (F) actin from the pool of available soluble actin.

Finally, thyroid hormone can nongenomically regulate
the activities of several plasma membrane transport systems,
including the sodium/proton (Na+/H+) exchanger (NHE1) or
antiporter [33, 34], Na+, K+-ATPase [35, 36], and the glucose
transport system [37].The action onNHE1 contributes to reg-
ulation of intracellular pH (pHi). Inhibition of this integrin-
mediated effect of thyroid hormone decreases cellular pHi
and may permit modulation of activity of enzymes whose
pH optima are physiologic or slightly alkaline. Increased
activity of NHE1 will also decrease extracellular pH (pHe),

an effect that may reduce cell uptake of certain chemother-
apeutic agents [21]. The plasma membrane calcium pump
(Ca2+-ATPase) is another ATPase whose transport activity is
activated nongenomically by T

4
[38–40].

3. Possible Mechanisms by Which Tetrac and
Agonist Thyroid Hormone Cause Tumor
Cell Retention of Chemotherapeutic Agents

When we studied doxorubicin-resistant human breast cancer
(MCF-7/dox) cells in vitro, we confirmed shortened intra-
cellular residence time of labeled doxorubicin in these cells
[9]. Tetrac exposure significantly increased residence time
of doxorubicin in MCF-7/dox cells. The residence time of
etoposide and cisplatin in neuroblastoma and osteosarcoma
cell lines was also increased by tetrac. Of importance here is
that doxorubicin and etoposide are P-gp substrates, whereas
cisplatin is not. P-gp may influence the activities of certain
apoptosis-relevant proteins such as p53 and caspase-3 and
thus increase cancer cell sensitivity to agents such as cisplatin
that are not P-gp substrates [41].This indicates that tetracmay
inactivate mechanisms of resistance in addition to the efflux
pump. In studies we have carried out [9], we found that tetrac
did not alter cellular abundance of superoxide dismutase
(SOD) or glutathione-S-transferase-𝜋 (GST-𝜋) proteins that
support chemoresistance in the MCF-7/dox cell line. The P-
gp protein abundance was ample in resistant cells but unde-
tectable in wild-type MCF-7 cells. We postulated that tetrac
decreased the activity of the P-gp ATPase to cause increased
residence time of doxorubicin and etoposide, because agonist
thyroid hormones (T

4
and T

3
) nongenomically increase the

activity of a variety of plasma membrane pumps—including
several ATPases—and tetrac blocks nongenomic actions of
T
4
and T

3
, which are agonists at their receptor on 𝛼v𝛽3.

What are the molecular mechanisms that might be
modulated by tetrac to result in decreased activity of P-gp
and tumor cell retention of P-gp ligands such as doxorubicin
and etoposide? Tetrac will block binding of thyroid hormone
to integrin 𝛼v𝛽3 and if transcription of MDR1 is regulated
from the cell surface, as is expression of a wide variety of
genes [17, 30], then this action will decrease abundance of
the protein in cancer cells. Thyroid hormone does increase
transcription of MDR1 [6–8, 42]. This effect of the hormone
does not involve the pregnane X receptor/steroid and xeno-
biotic receptor (PXR/SXR) [42] that is usually implicated
in MDR1 gene expression, thus indicating the existence of
one or more alternative pathways for regulation of MDR1
expression. Gene expression modulation from the integrin
by thyroid hormone and tetrac formulations may involve
alteration of the states of phosphorylation and acetylation
of certain intranuclear receptors, as well as regulation of
coactivator/corepressor complex formation [17]. Thus, it is
not surprising that the hormone can affectMDR1 expression
independently of PXR/SXR. Integrin 𝛼v𝛽3 has recently been
shown to affectMDR1 expression by the phosphatidylinositol
3-kinase (PI3-K)/Akt pathway [10] that we have implicated in
a variety of actions of thyroid hormone and tetrac initiated at
this integrin [17].
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Figure 1: Schematic overview of possible mechanisms in tumor cells by which tetrac and nanotetrac may decrease function or abundance
or both of P-gp. Postulated mechanisms are initiated at the thyroid hormone-tetrac receptor site on integrin 𝛼v𝛽3 in the plasma membrane.
An example shown is downregulation of the Na+/H+ antiporter by tetrac that results in decreased intracellular pH (pHi) and increased
extracellular pH (pHe), both of which may serve to reduce P-gp function (see text). Another example is inhibition by tetrac of Na, K-
ATPase, resulting in increased [Na+]i, reverse mode Na+/Ca2+ exchange, and increased [Ca2+]i. The latter, in conjunction with calmodulin,
can downregulate P-gp activity. EGF is one of several extracellular factors that supports P-gp activity. Tetrac/nanotetrac may remove any
contributions of EGF to P-gp activity by disrupting function of the plasma membrane EGF receptor (EGFR) or by decreasing EGFR gene
expression. The figure also proposes that the decreased expression of theMDR1 gene is initiated at integrin 𝛼v𝛽3; this possibility has not yet
been explored. The figure does not include factors such as osteopontin and VEGF that are also known to regulate P-gp and whose actions
might be affected by tetrac/nanotetrac. These factors are discussed in the text.

Thyroid hormone also enhances function of the P-gp
protein [8], but it is not yet known whether the latter effect is
nongenomic in mechanism. Another possible mechanism of
tetrac action on P-gp is sustained intracellular acidification,
such as that induced pharmacologically with cariporide, an
NHE1 inhibitor. This results in decreased P-gp activity [20]
and also causes a reduction inMDR1 (P-gp) gene expression
and MDR1 mRNA. Thyroid hormone acutely upregulates
NHE1 activity and the inhibition of this nongenomic hor-
monal action by tetrac may result in a significant decrease
in pHi [33, 34], away from the pH optimum of the pump.
In addition, a consequence of the tetrac effect on NHE1 is
failure of the antiporter to support the extracellular acidosis
that favors P-gp transport function [43, 44]. It is important to
point out that the bovine serum-supplemented medium that
cancer cells require for growth contains ample amounts of
T
4
and T

3
. We can conclude that one mechanism by which

tetrac may downregulate activity of P-gp in tumor cells is
via its 𝛼v𝛽3-dependent action on NHE1. Recent reviews of
P-gp chemistry and conceptual approaches to the inhibition

of efflux pump activity have not considered acidification of
P-gp-containing cells [1, 4, 5] as a strategy. This omission
presumably reflects an assumption that pharmacologic acid-
ification will affect normal cells, as well as tumor cells. This
need not be the case when the pharmacologic initiation site is
a protein such as integrin 𝛼v𝛽3 whose expression/activation
is primarily by tumor cells and rapidly dividing endothelial
cells. A summary of molecular mechanisms by which tetrac
and nanotetrac may affect P-gp function or abundance is
presented in Figure 1.

As noted above, thyroid hormone action at 𝛼v𝛽3 may
also regulate activity of Na, K-ATPase. A direct influence of
change in [Na+]i or [K

+]i on P-gp activity is not proposed,
but inhibition by tetrac of the sodium pump will result in
increased intracellular [Na+] and decreased [K+]. It is not
known whether a specific change in intracellular [K+] or
[Na+] affects P-gp, but inhibition by ouabain of Na, K-ATPase
increases P-gp (MDR1) mRNA [45], suggesting that the
monovalent cation microenvironment may directly or indi-
rectly affect P-gp protein abundance. An indirect mechanism
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would be the effect of increased [Na+]i to increase [Ca
2+]i by

activation of the Na+-Ca2+ exchange in reverse mode [46], a
factor that is relative to the discussion below of calmodulin.

Epidermal growth factor (EGF) can increase efflux activ-
ity of P-gp [25], apparently by phospholipase C-dependent
phosphorylation of the pump. We have found that agonist
thyroid hormone can enhance the biochemical activity of
EGF [47, 48] and that tetrac blocks the capacity of thyroid
hormone to potentiate EGF actions on signal transducing
kinases. Thus, we expect tetrac to be capable of modifying
the action of EGF on P-gp, favoring chemosensitivity. This
possibility has not been experimentally tested. It is also
important to note that transcription of the EGF receptor
(EGFR) gene is inhibited by nanoparticulate tetrac [17, 30], so
that the trophic effect of endogenous EGF on P-gp is unlikely
to be manifested in the presence of nanotetrac.

VEGF can acutely decrease activity of P-gp, without a
change in number of pumps/cell [26]. This is an interesting
observation, indicating that anti-VEGF clinical strategies
could increase chemoresistance of cancer cells. The action of
VEGF on P-gp is decreased by nocodazole, an inhibitor of
microtubule polymerization, suggesting that P-gp internal-
ization or orientation might contribute to its efflux activity
[49]. Tetrac and its nanoparticulate formulation are potent
antagonists of VEGF actions by multiple pathways [16, 17].
Bevacizumab and aflibercept are VEGF-directed, clinical
antiangiogenic agents that also relieve P-gp from VEGF-
imposed inhibition. However, the inhibitory effect of VEGF
is Src kinase-requiring [26] and tetrac is known to downreg-
ulate this kinase via the thyroid hormone/tetrac receptor on
𝛼v𝛽3 [50]. Against this background, we may speculate that
agonist thyroid hormone (T

4
or T
3
)may support the action of

VEGF on P-gp activity and chemoresistance, whereas tetrac
and nanotetrac will oppose the effect.

OPN also increases cellular abundance of P-gp mRNA
[24]. It does so via its interaction with the ectodomain of
integrin 𝛼v𝛽3. A clinical study has demonstrated that thyroid
hormone increases OPN production [51]. Thus, it is possible
that the thyroid hormone effect on P-gp may also have a
contribution from increased availability of OPN for interac-
tion with 𝛼v𝛽3 that is thyroid hormone-directed. Hypoxia is
another factor that serves to upregulateOPN gene expression
[24] and thus may enhance chemoresistance.

Thyroid hormone (T
3
) increases expression of the hypox-

ia-inducible factor 1-𝛼 (HIF-1𝛼) gene via 𝛼v𝛽3 [50]; the HIF-
1𝛼 gene product increases transcription of the P-gp gene [23,
52, 53].The action of T

3
on HIF-1𝛼 abundance is inhibited by

tetrac [50].Thus, thyroid hormone analoguesmay act onP-gp
gene expression by more than one mechanism including the
T
3
-nuclear thyroid hormone receptor (TR) pathway [8, 54]

and also through control of HIF-1𝛼 production that begins
nongenomically for T

3
at 𝛼v𝛽3.

A contribution of intracellular [Ca2+] to the function of
P-gp is inferred by the effect of verapamil to decrease efflux
pump activity. However, it is not clear that this action of
verapamil relates to its prototypic calcium channel effects,
since certain other channel blockers may not inhibit P-gp
but can affect the multidrug resistance state of cells [55].

Thyroid hormone is a regulator of [Ca2+]i via hormonal
actions on plasmamembraneCa2+-ATPase (“calciumpump”)
[39, 40]. This effect of thyroid hormone is dependent upon
calmodulin. Verapamil has been shown by us to block the
stimulatory effect of T

4
on the calcium pump by interfering

with the interaction of calmodulin with the ATPase [39].
Calmodulin is involved in control of P-gp activity through
calmodulin-dependent kinase II activity [27, 28]. Thus, the
conventional experimental use of verapamil to inhibit the P-
gp axis may extend to calmodulin-relevant thyroid hormone
actions that are linked to the efflux pump. It is not clear
whether [Ca2+]i has roles in modulation of P-gp activity or
the actions of tetrac/nanotetrac on the efflux pump, beyond
generation of calmodulin-Ca2+ complexes.

A mechanism does exist by which agonist thyroid hor-
mone (T

4
or T
3
) might decrease cell P-gp activity, as tetrac

appears to do via𝛼v𝛽3.Thehormone induces cellular reactive
oxygen species (ROS) generation [56, 57] and thismay reduce
P-gp [58, 59]. One of the coauthors of the present paper
(S Incerpi) has shown that integrin 𝛼v𝛽3 is not involved
in T
3
-directed generation of ROS in hepatocytes [57]. Con-

trol thyroid hormone-containing (FBS-supplemented) cul-
ture medium for tumor cells does not increase intracellular
residence time of chemotherapeutic agents [9] that is clearly
seen with exposure of cells to tetrac.

4. Discussion

The observation that tetrac/nanotetrac can chemosensitize
tumor cells previously resistant to agents such as doxorubicin
and etoposide [9] caused us to undertake the present review
of molecular mechanisms that may be the basis for actions
of tetrac/nanotetrac on P-gp. Tetrac/nanotetrac oppose the
nongenomic actions of T

4
and T

3
at plasma membrane

integrin 𝛼v𝛽3 that regulate a variety of plasma membrane
transport systems—such as the Na+/H+ antiporter, Na, K-
ATPase, and Ca2+-ATPase [60]—that may be relevant to P-
gp activity or to transcription of the MDR1 (P-gp) gene.
Further, integrin 𝛼v𝛽3 interacts with OPN and with the
VEGF/VEGFR axis, offering opportunities for thyroid hor-
mone analogues tomodulate the influence ofOPNandVEGF
on P-gp. Table 1 summarizes a group of factors that modulate
P-gp action andmay be contributors to the increased intratu-
mor intracellular residence time of chemotherapeutic agents
in tetrac/nanotetrac-exposed tumor cells.

The most obvious molecular mechanism that contributes
to the apparent effect(s) of tetrac/nanotetrac on P-gp is
the action of these hormone analogues on intracellular pH.
Tetrac acidifies cells by inhibiting the Na+/H+ exchanger
and the P-gp efflux pump is arrested by an acid intracel-
lular environment. Here, the importance of the generous
expression of the agent’s target—integrin 𝛼v𝛽3 with the tetrac
receptor—on cancer cells is critical, so that conventional
and necessary activity of MDR1 in nonmalignant tissues is
unimpaired in the presence of nanotetrac. Unmodified tetrac
is unsatisfactory for cancermanagement because in the intact
organism it is taken up by normal cells, as are T

4
and T

3
.

Within the normal cell, unmodified tetrac is a low-potency
thyromimetic that can promote hypermetabolism.
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Table 1: Selected intra- and extracellular factors that affect activity and/or abundance of P-glycoprotein (P-gp; MDR1).

Factor P-gp activity P-gp abundance Reference
Intracellular pH (pHi) ↓ ↓ [20]
Extracellular pH (pHe) ↑ NS [21]
Hypoxia ↑ ↑ [22]
Hypoxia-inducible factor 1-𝛼 (HIF-1𝛼) NC ↑ [23]
Thyroid hormone/analogues

T4, T3 ↑ ↑ [6]
Tetrac/nanotetrac ↓ NC [9]

Osteopontin (OPN) ↓ ↓ [24]
Epidermal growth factor (EGF) ↑ NS [25]
Vascular endothelial growth factor (VEGF) ↓ NC [26]
Calcium channel blockers ↓ ↓ [2]
Ouabain NS ↑ [27]
Calmodulin antagonists E6, EBB ↓ NS [28, 29]
T4: L-thyroxine.
T3: 3,5,3

-triiodo-L-thyronine.
NC: no change in parameter.
NS: parameter not investigated/recorded.
A variety of additional pharmacologic inhibitors of P-gp are reviewed in [3–5].

The plasma membrane sodium pump and calcium pump
are also regulated nongenomically by thyroid hormone.
Inhibition of such nongenomic actions of thyroid hormone
at 𝛼v𝛽3 by nanotetrac would serve to increase [Na+]i and
[Ca2+]i. Such changes are not known to directly affect P-
gp, although calmodulin-Ca2+ complexes are involved in
calmodulin kinase-mediated effects that serve to increase P-
gap activity, as mentioned above.

It is also apparent that P-gp and thyroid hormone ana-
logues share mechanistic interests in a diverse set of protein
molecules. As noted above, thyroid hormone increases tran-
scription of the OPN gene and the OPN protein activates
P-gp. Thus, in the clinical setting, host T

3
(and T

4
as a

prohormone for T
3
) that acts via nuclear TR may support

chemoresistance via P-gp. Nanotetrac is unlikely to affect P-
gp via OPN because actions of nanotetrac are limited to 𝛼v𝛽3
and do not directly involve TR [17].

In contrast, EGF stimulates P-gp activity [25] andwe have
shown that, acting at the cell surface, thyroid hormone can
potentiate certain effects of EGF [47]. Acting nongenomical-
ly, tetrac can inhibit agonist thyroid hormone action on EGF.
Thus, a component of the prolongation of intracellular resi-
dence time of certain chemotherapeutic agents in nanotetrac-
exposed cancer cells may be due to blockade of the action of
T
4
at the EGF receptor.
Recent reviews of regulation of P-gp [1, 4, 5, 61] endorse

the search for new approaches to the efflux pump that are
suitable for application to clinical chemoresistance. New
approaches are facilitated by characterization of previously
unrecognized control mechanisms for P-gp. We point out
here that integrin 𝛼v𝛽3 offers access to multiple regulatory
pathways for MDR1 that may be suitable for pharmaco-
logical exploration. We have emphasized in this review the
potential usefulness of the cell surface receptor on 𝛼v𝛽3 for

thyroid hormone and tetrac/nanotetrac as a regulator of P-
gp. However, the specific interactions of the integrin with
extracellular matrix proteins, for example, OPN or growth
factors, and existence on the integrin of other small molecule
receptor sites offer new opportunities to modulate efflux
pump activity.

Finally, it is interesting to note two additional interactions
of thyroid hormone and P-gp. First, the export of the hor-
mone from cells is a P-gp-mediated, verapamil-inhibitable
process [62, 63] and thus to the extent that thyroid hormone
may increase P-gp activity—or nanotetrac may inhibit such
activity—intracellular hormone levels may be affected. For
purposes of efflux, the hormone is a ligand of P-gp, but
regulation by the hormone of P-gp activity is likely to
originate at integrin 𝛼v𝛽3 and involve intermediary kinases
implicated in transporter control [41]. Second, the extensive
intracellular trafficking of P-gp among compartments is
actin-dependent [64]. The integrity of the actin cytoskeleton
and maintenance of F-actin is in part T

4
-regulated [31, 32].

The nongenomic actions of thyroid hormone on intracellular
protein trafficking are reviewed elsewhere [17, 65].

In summary, P-glycoprotein (MDR1; ABCB1) is a ubiq-
uitous plasma membrane efflux pump capable of exporting
specific pharmacologic agents. In tumor cells, P-gp sub-
strates include chemotherapeutic agents such as doxorubicin,
etoposide, and trichostatin A. Thyroid hormone is known
to stimulate expression of the MDR1 gene and activity of P-
gp and thus may be seen to support chemoresistance. Tetrac
is a thyroid hormone antagonist at the thyroid hormone-
tetrac receptor on cell surface integrin 𝛼v𝛽3 and exposure of
tumor cells to tetrac desirably increases retention time of the
cancer chemotherapeutic agents that are known substrates
of P-gp. A variety of molecular mechanisms are reviewed
here by which thyroid hormone/tetrac may influence P-gp
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activity. Of interest is that cisplatin is not a substrate of P-
gp, yet we have shown elsewhere [9] that its intracellular
residence time is also increased by tetrac, raising the possi-
bility of multiple mechanisms by which tetrac affects tumor
cell handling of anticancer drugs. For example, tetrac may
increase the activity of the organic cation transporter (OCT)
[66] that imports (rather than exports) cisplatin, perhaps
by inducing intracellular acidosis via the Na+/H+ antiporter,
as discussed above. Thus, “intracellular residence time” of
drugs in response to tetrac may reflect decreased P-gp efflux
or, possibly, increased cationic transporter influx. The latter
mechanism has not yet been examined.
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The glomerular parietal epithelial cells (PECs) have aroused an increasing attention recently. The proliferation of PECs is the main
feature of crescentic glomerulonephritis; besides that, in the past decade, PEC activation has been identified in several types of
noninflammatory glomerulonephropathies, such as focal segmental glomerulosclerosis, diabetic glomerulopathy, andmembranous
nephropathy. The pathogenesis of PEC activation is poorly understood; however, a few studies delicately elucidate the potential
mechanisms and signaling pathways implicated in these processes. In this review we will focus on the latest observations and
concepts about PEC activation in glomerular diseases and the newest identified signaling pathways in PEC activation.

1. Introduction

The glomerulus comprises four types of intrinsic cells includ-
ing endothelial cells, mesangial cells, podocytes, and parietal
epithelial cells (PECs). There are numerous studies focused
on the biological functions and pathogenic roles of the
first three cells, whereas PEC, which lines along Bowman’s
capsule, until recently has aroused scientific interest leading
to the exploration of its physiological and pathological effects
especially in several forms of glomerular diseases, such
as crescentic glomerulonephritis (CGN), focal segmental
glomerulosclerosis (FSGS), and diabetic nephropathy (DN).

Quiescent PECs are very flat and inconspicuous; their cell
body size ranges from 0.1 to 0.3 𝜇m in thickness, increas-
ing to 2.0∼3.5 𝜇m at the nucleus. Transmission electron
microscopic studies indicate PECs have a “labyrinth-like”
outlook with junctions present between adjacent PECs. At
the glomerular urinary pole, PECs develop junctions with
proximal tubular cells, while, in the vascular pole, PECs
transit into podocytes [1].

Comparing to other kidney resident cells, there are a
few universally accepted concepts about the physiologic
functions of PECs. Several best evidence-based researches

suggest they act as a selective permeability barrier to urinary
filtrate [2]. Moreover, in albumin overload state, PECs can
uptake albumin likely by endocytosis which eventually leads
to the injury of PECs [3]. In addition, PECs may serve
mechanosensing and contractile functions through their
primary cilia which are constantly exposed to the urine flow
from the glomerular filtrate [4].

Recently Shankland et al. [5] published an elegant review
about the emerging concepts of PECs. In this review we
summarize PECs activation in several kinds of glomerular
diseases, particularly the signaling pathways implicated in
PECs activation.

2. Parietal Epithelial Cell (PEC) Activation in
Glomerular Disease

Currently, no well-defined glomerular disease is predomi-
nantly caused by abnormalities arising in PECs, unlike other
glomerular diseases that occur mainly due to the injury of
certain intrinsic glomerular cells, such as podocytes (mini-
mal change disease and focal segmental glomerulosclerosis),
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Table 1: Glomerular parietal epithelial cells activation in glomerular
disease.

Reference
Human Animal model

CGN [14] [9, 14, 19]
FSGS [14, 17, 26] [17, 27]
DN [29, 30] [31, 32]
CGN: crescentic glomerulonephritis; FSGS: focal segmental glomeruloscle-
rosis; DN: diabetic nephropathy.

mesangial cells (IgA nephropathy), and glomerular endothe-
lial cells (thrombotic microangiopathies and pauci-immune
glomerulonephritis) [6]. Nonetheless, emerging data suggest
that PECs are directly involved in the pathogenesis of certain
glomerular disease entities, which are featured by increased
cellular activity of PECs. Activated PECs have enlarged
nuclei and increased cuboidal cytoplasm, and occasionally
cytoplasma vacuolation and protein resorption droplets are
observed [2, 7–9]. Besides morphological alterations, CD44,
phosphorylated extracellular signal regulated kinase, and sev-
eral molecules are considered to be the specific markers for
activated PECs [7]. After activation, the biological properties
of PECs are changed, presenting as increased proliferation,
migration, or extracellular matrix production [1].

The precise role of PECs in disease states remains
unclear; it might be potentially detrimental or beneficial in
glomerular diseases. On the one hand, the overgrown PECs
could obstruct the urine flow and release chemokines and
cytokines, which could impair the function of the affected
glomeruli. On the other hand, several studies have suggested
that PECs could perhaps migrate from Bowman’s capsule to
the capillary tuft and differentiate into podocytes in response
to injury [10, 11]. In the latter circumstance, PECs serve a
reparative and regenerative role when podocytes are lost.
Several studies have shown the involvement of the activation
of PECs in various glomerular diseases in humans andmouse
models (Table 1).

2.1. PEC Activation in Crescentic Glomerulonephritis. CGN
is the best-characterized disease in which PECs are the
major culprits. Cellular crescent is the typical morphological
change observed in CGN. It is defined as the multilayered
accumulations of PECs and other cell types within Bowman’s
space. Consequently it occludes the urinary outlet and the
flow of the primary urine, and later the implicated nephron
is impaired.

No consensus has been reached with regard to the
cell types inside the classic crescent, due to the fact that
crescentic lesions often stain positive for both PEC and
podocyte markers [9, 12]. However, at least three cell types
contribute to the cellular components of classic crescents,
either individually or in combination. Firstly, numerous
studies have shown that PECs are the predominant cells
in cellular crescents. Ultrastructural studies performed in
the 1970s showed that crescents were largely composed of
PECs and to a lesser extent podocytes [13]. In addition

immunohistological staining confirmed that cellular cres-
cents mainly expressed PECs markers, for example, CD24,
glycCD133, and claudin-1 in humans and cytokeratin and
UCH-L1 in rats [14]. More importantly, genetic cell-fate
tracking studies elegantly demonstrated that PECs were
the predominant source of cellular crescents in mice [9].
Secondly, under specific circumstances, podocytes contribute
to cellular crescent formation to a much less extent in human
diseases [12, 15] and animal model [16, 17]. For the latter, it
is especially dependent on the experimental setting, such as
the use of different anti-GBM serum to induce disease. Lastly,
infiltrating macrophages have also been implicated as the
potential origin of cellular crescents [18]. All in all, PECs are
the predominant components of cellular crescents although
they are likely to have multicellular origin.

PECs present in cellular crescents undergo epithelial-
to-mesenchymal transition (EMT) potentially due to the
deposition of extracellular matrix (ECM) proteins. The accu-
mulation of ECM proteins results in the development of
fibrocellular crescents. EMT in PECs is characterized by
the loss of epithelial polarity and increased extracellular
matrix synthesis [19], which eventually generates classical
honeycomb-like lesions.

Undoubtedly, PECs are themain players inCGN, but they
do not etiologically account for this pathogenic abnormality.
Rather, glomerular tuft necrosis caused by vascular injury is
the driving force for PECs proliferation, crescent formation,
and consequent renal impairment. PECs usually settle in an
environment without plasma exposure; nonetheless, when
the glomerular capillary wall is ruptured the concentration of
plasma within Bowman’s space is increased around 20–40%.
Amounting evidence proposes that plasma leakage initiates
PECs activation and crescent development. The components
from plasma markedly promote murine and human PECs
hyperplasia in culture [20].Theplasma gradients that account
for PECs activation have not been fully identified, but to date
there is consistent data which shows fibrinogen, a member
of the activated coagulation cascade, to be a driver for PECs
activation. Accordingly, in several rodent models crescents
formationwas prevented in the absence of fibrinogen [20, 21].

2.2. PEC Activation in Noncrescentic Glomerulonephritis.
CGN is frequently accompanied with inflammatory and
necrotizing processes; thus, it is believed that inflammatory
component is the main driving force for crescent formation.
However, Sicking et al. [22] demonstrated that partial trans-
genic depletion of PECswas sufficient to trigger the activation
of the remaining PECs population; eventually, these cells
filled Bowman’s capsule and formed cellular crescents. This
suggests that cellular crescents might be developed without
primary inflammatory stimulus. Consistently, crescent for-
mation was noted in some patients with noninflammatory
glomerular diseases including FSGS, DN, and membranous
nephropathy (MN).

2.2.1. PEC Activation in Focal Segmental Glomerulosclerosis.
Collapsing variant of focal segmental glomerulosclerosis
(cFSGS) is morphologically featured by segmental to global
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collapse of the capillary tuft with dramatic hyperplasia within
Bowman’s capsule, often termed pseudocrescents.

However, the origin of the proliferating cells in cFSGS is a
debating issue.The traditional opinion believes that the over-
grown cells stem from podocytes without podocyte markers
due to the fact that they are dedifferentiated or dysregulated
podocytes and they reentered the cell cycle to mitosis [23–
25]. However in human HIV and pamidronate-associated
cFSGS, the PECs markers were obviously expressed in pro-
liferating epithelial cells within Bowman’s capsule [26]. In
addition, several nicely designed experiments support that
hyperplastic epithelial cells are originated from PECs. The
cFSGS mice model, established by cell cycle inhibitor p21
knockout, manifested progressive loss of podocytes with col-
lapsed capillary loop and hyperplastic epithelial cells which
were negative for WT-1 and nestin (both podocyte specific
markers) but positive for PECs markers [27]. Podocyte
lineage tracing by genetic tagging in p21 knockout mice
proved that proliferating cells within Bowman’s space were
not podocyte-derived whereas they basically expressed PECs
markers [27]. This study strongly suggests that,in cFSGS,
proliferating epithelial cells originate from PECs rather than
from hyperplastic podocytes de novo expressing the PECs
phenotype. Dysregulated mitosis and cell cycle may account
for the pathogenesis of cFSGS.

In other variants of FSGS the initial pathologic step is
regularly the adhesion formation between the glomerular
capillary tuft and Bowman’s capsule caused by the synechia
of the denuded glomerular basement membrane (GBM) to
the PECs [28]. The naked GBM is the consequence of the
impairment or loss of podocytes. Nonetheless, the role of
PECs in the above process is not completely understood.
It is not clear if the migration of the activated PECs along
the glomerular tuft is limited to the region where podocytes
have already been lost or if the invasion of PECs is essen-
tially involved in the injury and loss of podocytes or both.
In FSGS patients and three different animal models (5/6-
nephrectomy plus DOCA-salt, the transgenic chronic Thy1.1
mice, and the MWF rat), Moeller et al. [17] found that the
primary insult which triggered FSGS was associated with
PEC activation and cellular adhesions to the capillary tuft.
In more detail, activated PECs invaded the engaged capillary
tuft and deposited extracellular matrix, and then podocytes
were lost and mesangial sclerosis developed. Activated PECs
were observed on the tuft where the podocyte marker
remained. Therefore, it proposed that activated PECs may
impair podocytes and thereby contribute to the initiation and
progression of the disease, not just an innocent victim.

2.2.2. PEC Activation in Diabetic Nephropathy (DN). Acti-
vated PECs can sometimes be observed in patients with DN,
especially in advanced stage, in our own opinion and also as
reported by several other investigators [29, 30]. Occasionally,
the proliferation of PECs is prominent with pseudocrescent
formation.

In BTBRob/ob diabetic mice, replacement of leptin
restored the number and density of podocytes, accompanied

with evident proliferation of PECs. Concomitantly, protein-
uria and other morphologic abnormalities were significantly
reversed. The authors also proposed that glomerular PECs
could function as a progenitor cell niche for podocytes and
under proper settings could proliferate and transdifferentiate
into podocytes, which may be a pivotal factor for the regres-
sion of DN [31]. In another DN animal model, activated and
proliferating PECswere observed and associatedwith overex-
pressed kidney injury molecule 1 which positively correlated
with the extent of proteinuria and podocytopenia in diabetes
[32].Therefore, the pathophysiologic effect of activated PECs
on DN remains controversial, probably dependent on the
setting of the experiments.

The mechanism of PEC activation in DN is unclear. To
our understanding, the endothelium is severely injured in the
late phase of diabetic status, which leads to leakage of plasma
and consequently induces PEC activation and pseudocres-
cent formation, partially resembling the mechanisms which
account for cellular crescents development in inflammatory
CGN.

2.2.3. PEC Activation in Other Glomerular Diseases. Occa-
sionally PEC activation and pseudocrescents formation
are presented in membranous nephropathy, progressive
glomerulosclerosis, and thromboticmicroangiopathy, among
others [33, 34].Themechanisms are not known currently; the
activation of PEC may similarly be triggered by the injury of
podocyte or endothelium and the seepage of plasma.

3. Signaling Pathways Involved in
PEC Activation

The signaling pathways that mediate PEC activation are only
partially comprehended; however, more and more related
observations are emerging. Getting a closer look at them will
offer us practical clues for clinical treatment. We summarize
the major signaling pathways related to PECs activation in
Table 2.

3.1. Notch Signaling Pathway in PEC Activation. Notch is a
single-transmembrane protein.The family ofNotch receptors
is evolutionarily conserved through worms to humans [35].
Mammals have four types of Notch receptors (Notch1-4)
and five identified Notch ligands (Delta-like 1, 3, and 4 and
Jagged 1 and 2). Each of them shows a cell and tissue-specific
expression. Upon ligand binding a cascade of proteolytic
cleavage events of the Notch receptor is initiated. Firstly it is
lysed by disintegrin and metalloproteinase and then cleaved
by the 𝛾-secretase complex. The final cleavage product, the
Notch intracellular domain, a transcription factor, binds to
other transcriptional factors and induces the synthesis of
Notch target genes such as Hes and Hey [36–38].

Notch signaling controls cell differentiation in diverse
organ systems and also during kidney development. It is
detected transiently in prospected podocytes and PECs and
is essential for glomerulogenesis [39, 40]. Once glomerular
development is completed, Notch activity is significantly
decreased; upregulated glomerular Notch activity has been
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Table 2: Signaling pathways involved in glomerular parietal epithelial cells activation.

Human Animal model
Notch FSGS, DN [46] Collapsing FSGS transgenic mice model [44], FSGS SCID mice model [46]
Wnt/𝛽-catenin N/A Conditional 𝛽-catenin −/−mice [57]
HB-EGF/EGFR CGN, FSGS [60, 61] Anti-GBM induced CGNmice model [62]
CXCR4/SDF-1 CGN [63] MWF rat with CGN [64], VHL −/−mice [65]
Ang II//AT1 receptor Proliferative CGN [64] MWF rat with CGN [75]
LAT2 N/A Anti-GBM induced CGN rat model [78]
SSeCKS/cyclin D N/A SSeCKS −/−mice [82]

identified in patients with HIV nephropathy, FSGS, systemic
lupus erythematous, and diabetes. These findings were also
identified in animal models with different kinds of glomeru-
lar diseases [41, 42].

In rat PAN nephropathy increased Notch1 expression
in podocytes was associated with apoptosis and proteinuria
[43]. Nonetheless, in cFSGS transgenic mouse model, upreg-
ulated Notch1 was predominant in PECs accompanied by its
apoptosis. On the other hand, this finding was not observed
in podocytes [44]. Inhibition of Notch signaling markedly
reduced PEC hyperplasia in cFSGSmice; conversely, protein-
uria and renal morphologic alteration obviously deteriorated
which underlines the potential beneficial effects of PEC
activation in the setting of advanced podocyte loss. It is well
known that the Notch pathway plays pivotal roles in cell
migration and phenotypic transformation. For example, inhi-
bition Notch pathway delayed wound healing by preventing
cellmigration in a skin scratch-scarringmodel [45]. Similarly,
in cultured PECs, Notch inhibition suppressed its migration
and mesenchymal phenotypic transition which suggests that
Notch-mediatedmesenchymal phenotypic alteration and cell
migration may compensate for the loss of podocytes.

In addition, a strong upregulation of Notch3 was
observed in CD24+CD133+ PECs in patients with lupus
nephritis and FSGS by Lasagni et al. [46]. Blocking the
Notch signaling in FSGS model established in SCID mice
injected with adriamycin ameliorated proteinuria and pre-
vented podocyte loss in the early stage (7 days) of glomerular
insult; however, it hampered CD24+CD133+ PECs prolif-
eration during the later reparative stage with exacerbating
proteinuria and glomerulosclerosis [46]. These observations
raise the possibility that the degree of glomerular injury
depends on the Notch-mediated balance between podocyte
death and renewal offered by PECs.

The trigger of the Notch signaling pathway in PECs
in response to podocyte loss requires further investigation
although it is known that TGF-𝛽 is a candidate [44]. Properly
temporal and spatial modulation of Notch expression may
provide an ideal strategy for glomerular diseases.

3.2. Wnt/𝛽-Catenin Signaling Pathway in PEC Activation.
Wnt/𝛽-catenin signaling is an evolutionarily conserved and a
multifunctional pathway that regulates cell proliferation and
differentiation, angiogenesis, inflammation, and fibrosis. The
canonical Wnt pathway through a complicated cascade of

reactions prevents transcription factor𝛽-catenin degradation
and promotes its translocation and accumulation in the
nucleus. In the nucleus, 𝛽-catenin modulates the transcrip-
tion ofWnt target genes, including genes encoding cyclin D1,
VEGF, c-Myc, and CTGF [47, 48].

In kidney organogenesis, the Wnt/𝛽-catenin signaling
controls both nephrogenesis and ureteric bud development
[49, 50].TheWnt pathway is also involved in the pathogenesis
of renal cell carcinoma and Wilms’ tumor [51, 52]. The
connection of the Wnt signaling pathway with glomerular
diseases, cystic kidney diseases, acute renal failure, renal
fibrosis, and kidney cancers has been identified and highly
concerned [53, 54].

The canonicalWnt/𝛽-catenin signaling pathway is specif-
ically involved in podocyte abnormality and proteinuria.
Conditional depletion of the 𝛽-catenin gene in podocytes or
the pharmacological inhibition of 𝛽-catenin by paricalcitol
protected mice against proteinuria after adriamycin injection
[55, 56]. On the other hand, activation of𝛽-catenin by lithium
chloride induced proteinuria in mice [55].

As to PECs,Wnt/𝛽-catenin activity is indispensable for its
lineage specification during the late stages of nephrogenesis
which was demonstrated in conditional 𝛽-catenin knockout
mice [57]. Recently it was recognized that developmental
pathways are reactivated in injured glomeruli, including the
Wnt pathway which plays pivotal roles in the regeneration
and repair process. Susztak group found that the Wnt/𝛽-
catenin pathway modulated podocyte versus PEC marker
expression. IncreasedWnt/𝛽-catenin signaling resulted in the
loss of podocyte differentiationmarkers and the upregulation
of PECs specific markers, whereas deletion of 𝛽-catenin pro-
moted the expression of podocyte markers podocin andWT1
[58, 59]. Therefore Wnt/𝛽-catenin signaling likely implicates
the transition from PECs to podocytes; however, further
convincing evidences are required.

3.3. HB-EGF/EGFR Signaling Pathway in PEC Activation.
PECs and podocytes de novo express heparin-binding epider-
mal growth factor-like growth factor (HB-EGF) exclusively
in human CGN and to a less extent in cFSGS or within the
synechia lesion of FSGS [60, 61]. In contrast normal glomeru-
lar PECs do not express HB-EGF and this abnormality is
not identified in other types of glomerulopathies. One of
the receptors for HB-EGF, the EGF receptor (EGFR), is also
expressed by PECs and podocytes. In a mouse model of
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CGN, HB-EGF deficiency and genetic deletion of the HB-
EGF alleles or tetracycline-inducible conditional depletion
of the EGFR gene in podocytes significantly attenuated
CGN development and improved survival rate [62]. This
finding indicates that the HB-EGF/EGFR pathway plays
an indispensable role in the induction and progression
of PEC activation and crescents formation. Targeting HB-
EGF/EGFR signaling pathway is a very promising therapeutic
approach for CGN.

3.4. CXCR4/SDF-1 Signaling Pathway in PEC Activation.
CD133+CD24+ PECs in normal human kidney have been
proved to express CXCR4 although it is scarce. However,
in patients with CGN the expression of CXCR4 was dra-
matically enhanced, particularly in the hyperplastic lesions
comprised predominantly of PECs. CXCR4overexpression in
PECs was accompanied by upregulation of its ligand, stromal
cell-derived factor 1 (SDF-1), in podocytes. In contrast,
membranous nephropathy and DN patients with PECs pro-
liferation show only very weak CXCR4 expression [63, 64].
It seems increased CXCR4 expression in PECs is exclusive in
proliferative and inflammatory glomerular diseases.

Consistently, Ding et al. [65] reported that the CXCR4/
SDF-1 axis was implicated in the interaction and activation
of PECs and podocytes in the CGN mice model which is
established by vonHippel-Lindaugene deletion in podocytes.

In CGN, the immune complex activates the humoral
and cellular immune systems and recruits phlogogenic neu-
trophils and monocytes/macrophages to the glomerular tuft
[66, 67]. The phlogogenic neutrophils can also be primed
by anti-neutrophil cytoplasmic antibodies.The inflammatory
cells infiltrating the capillary tuft release soluble cytokines
and chemokines that penetrate into Bowman’s space, ulti-
mately triggering the expression of adhesion molecules and
chemokine receptors such as CXCR4 on PECs [68, 69].

3.5. Ang II/AT1 Receptor Pathway in PEC Activation. Local
production of angiotensin II (Ang II), the main component
of the renin-angiotensin system, is upregulated in glomeru-
lar disease with proteinuria [70]. Inflammatory cells can
release enzymes that produce Ang II, including angiotensin-
converting enzyme (ACE) from monocytes/macrophages
[71, 72] and cathepsin G in neutrophils [73]. Activation of
angiotensin II type 1 (AT1) receptor by Ang II generates
cytokines, chemokines, reactive oxygen species, and adhesion
molecules which further maintain the inflammatory state.

Activation of the Ang II/AT1 receptor pathway plays a
role in cell proliferation and migration [74]. Several studies
indicated that inhibition of the ACE could reduce glomerular
lesions by limiting PECmigration. Benigni et al. [75] reported
that ACE inhibitor reduced the extent of crescents and
glomerulosclerosis in MWF rats.The underlying mechanism
was that use of the ACE inhibitor resulted in an upregulation
of the activity of the cell cycle inhibitor, C/EBP𝛿, thereby
preventing PEC proliferation. Accordingly, mitotic activity
of cultured PECs was triggered by angiotensin II through
blocking of C/EBP𝛿.

In addition, AT1 receptor blocker (ARB) significantly
attenuated Ang II initiated PECs proliferation and collagen
secretion in vitro. Furthermore combination treatment with
ARB and CCR2 antagonist improved renal function in an
anti-GBM nephritis model [76].

In human proliferative CGN, Rizzo and coworkers
showed that abundant PECs expressed AT1 receptors in
patients with proliferative disorders. By contrast, rare
PECs detected AT1 receptor immunoreactivity in patients
with membranous and diabetic glomerulopathy. Similar to
CXCR4/SDF-1 axis, Ang II/AT1 receptor pathway seems only
involved in inflammatory crescents formation. [64].

Therefore, blocking the Ang II/AT1 receptor pathways is
a highly prospective treatment in patients with proliferative
CGN.

3.6. Other Pathways Leading to PEC Activation. Several
other signaling pathways have also been described for PEC
activation, such as the PDGF/PDGFR, LAT/mTORC1, and
SSeCKS/cyclin D1 signaling pathways.

In the glomerulus, there is a frequent presence of the
PDGF-receptor on the apical and lateral surface of PECs. Van
Roeyen et al. [77] found that overexpression of PDGF-D in
podocytes induced progressive crescentic glomerulonephri-
tis and also glomerular sclerosis. Thus it is reasonable to
speculate that proliferation of PECs and cellular crescents for-
mation result from activation of PDGF-receptor by podocyte
originated PDGF-D.

Recently Kurayama et al. [78] showed that amino acid
transporter 2 (LAT2) played a critical role in the pathogenesis
of CGN by stimulating the mTORC1 signaling pathway in
PECs. Treatment with an mTORC1 inhibitor, everolimus,
prevented cellular proliferation and maintained the integrity
of glomeruli; however, early treatment with everolimus
resulted in more fibrinoid necrosis which may be linked to
the disruption of protein synthesis through the mTORC1
pathway.Thus, it is speculated that PEC activationmay be one
of the protective phenomena to overcome glomerular insult.
Further investigations are needed to elucidate the time and
dose-dependent effects of the mTORC1 inhibitor, a potential
candidate for CGN therapy, on PEC activation and crescent
development.

In normal glomeruli, Src-suppressed protein kinase C
substrate (SSeCKS) is exclusively expressed in PECs and
mesangial cells, but not in podocyte [79]. It can sequester
cyclin D1 in the cytoplasm in an inactivated status. Once
SSeCKS is phosphorylated by aPKC it releases its scaffold-
ing function and consequently induces cyclin D1 translo-
cation from the cytoplasm to nucleus [80, 81]. SSeCKS
knockout mice showed hyperplasia of PECs and increased
nuclear cyclin D1 expression.These observations suggest that
SSeCKS/cyclin D1 pathway affects the mitotic and prolifera-
tive properties of PECs [82], and regulating SSeCKS/cyclin
D1 signaling may effectively correct the abnormal PECs
activation.
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4. Perspectives

PEC activation is manifested in both CGN and nonin-
flammatory glomerular diseases; nonetheless, the underlying
etiology and pathogenesis are variable. This is also true for
the signaling pathways involved in PEC activation under
different circumstances.

Although, currently, more and more evidences of PEC
activation and its underlying signaling events are emerging,
what we should pay attention to is that the majority of
the related data come from experimental overexpression or
knockdown studies, which do not exactly mirror physio-
logical conditions in humans. Also in some experimental
settings, PECs are only indirectly affected or associated with
the hemodynamic or the paracrine effects. Further studies
andunderstanding of the specific correlation between various
signaling pathways and the diverse causes of PEC activation
are highly required.
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The primary function of the gastrointestinal (GI) tract is the extraction of nutrients from the diet. Therefore, the GI tract must
possess an efficient surveillance system that continuously monitors the luminal content for beneficial or harmful compounds.
Recent studies have shown that specialized cells in the intestinal lining can sense changes in this content. These changes directly
influence fundamental GI processes such as secretion, motility, and local blood flow via hormonal and/or neuronal pathways.
Until recently, most studies examining the control of ion transport in the colon have focused on neural and hormonal regulation.
However, study of the regulation of gut function by the gut chemosensory system has become increasingly important, as failure of
this system causes dysfunctions in host homeostasis, as well as functional GI disorders. Furthermore, regulation of ion transport
in the colon is critical for host defense and for electrolytes balance. This review discusses the role of the gut chemosensory system
in epithelial transport, with a particular emphasis on the colon.

1. Introduction

The primary function of the gastrointestinal (GI) tract is
obtaining energy sources from the diet as nutrients. Under
physiological conditions, approximately 8 L of fluid is
secreted into the small intestine per day. However, the
majority of the secreted fluid (∼6-7 L/day in humans) is
reabsorbed in the small intestine, with approximately 1.5 L of
chyme normally passed through the ileocecal valve into the
large intestine daily [1]. Less than 100mL of fluid is excreted
outside the body with the feces. The main functions of the
colon are the salvage of the remaining fluid and electrolytes
entering from the small intestine and the dehydration and
storage of feces. However, colonic epithelia are also able to
secrete fluid as a host defense mechanism.

In the colon, approximately 100 trillion bacteria, termed
the gut microbiota, are present in the lumen. Gut microbiota
continuously produces large quantities of bioactive chemicals
that can be beneficial or harmful to the host, as confirmed by
analysis of the microbiota genome. Such analysis estimated
that gut microbiota contains 150-fold more genes than does
the host genome [2]. These bioactive chemicals have a

profound influence on many aspects of human health, as
gut microbiota are able to produce harmful substances, in
addition to those that are beneficial. For example, bacterial
fermentation of indigestible carbohydrates produces short-
chain fatty acids (SCFAs), which can affect various GI
functions including ion transport and motility. These SCFAs
can be absorbed by the colonic mucosa as energy sources
[3]. On the other hand, bile acids entering the colon can be
metabolized by microbiota; thus, primary bile acids are con-
verted to secondary bile acids [4]. Secondary bile acids can
subsequently promote the development of GI malignancies
[5].Therefore, the colonmust be able to discriminate between
beneficial and deleterious substances.

One of the more important host-defense mechanisms of
the colon is the ability to flush out harmful substances via
fluid secretion, mainly through Cl− secretion. Indeed, the
colon is able to adapt to extreme changes in electrolyte flow
such as those during severe secretory or reabsorptive states
[1, 6]. Under physiological conditions, there is net colonic
absorption of Na+ and Cl− in the colon. The mechanism
underlying colonic Cl− secretion is well understood and
includes the following components: the luminal cystic fibrosis
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transmembrane conductance regulator (CFTR), which is
a Cl− channel that is activated by cAMP; basolateral Cl−

uptake via aNa+-K+-2Cl− cotransporter (NKCC1); andCa2+-
activated basolateral K+ channels that recycle K+ and provide
the driving force for Cl− secretion. The secretion of Cl− into
the colonic lumen, followed by a paracellular flux of Na+,
induces fluid secretion via an osmotic gradient. The energy
for active Cl− transport is provided by the action of Na+-K+
ATPase. Physiological or pathophysiological stimuli of Cl−
secretion act on one ormore of these components. In essence,
switching between absorption and secretion is controlled by
the enteric nervous system (ENS) and by a large number
of hormones that usually bind to their respective receptors
on the basolateral membrane. In addition to these control
systems, recent studies have shown that luminal bioactive
substances produced by gut microbiota, including SCFAs,
affect epithelial ion transport through the gut chemosensory
system [7–9].

The presence of a gut chemosensory system is evident.
The same taste transduction molecules that are found in
the taste buds of lingual papillae, such as 𝛼-gustducin, are
present in the human and rodent intestinal mucosa [10, 11].
Accordingly, mRNA expression of taste receptor type 1 (T1R)
and type 2 (T2R) families in human and rodent GI tracts has
been reported [12]. Therefore, the gut chemosensory system
has important roles in controlling GI functions including ion
transport. However, the contribution of the gut chemosen-
sory system to the regulation of colonic ion transport is not
well understood.

This review aims to provide an overview of the involve-
ment of the gut chemosensory system in colonic ion transport
and its mechanisms.

2. SCFA Receptors

SCFAs are the predominant anions in the content of the
large intestine, existing at concentration of ∼100mM and
mainly consisting of acetate, propionate, and butyrate. They
are produced by bacterial fermentation of specific indigestible
dietary fibers and oligosaccharides that are not absorbed in
the upper GI tract. SCFAs produced in the large intestine are
known to affect a variety of physiological and pathophysi-
ological functions; luminal SCFAs are not only absorbed as
nutrients across the intestinal epithelia, but also utilized as
chemical signals that influence epithelial proliferation [13],
mesenteric blood flow [14], colonic motility [15], and colonic
ion transport [16, 17]. For example, luminal application of
propionate and butyrate, but not acetate, in the colon has
been reported to induce epithelial Cl−/HCO

3

− secretion via
both neural and nonneuralmechanisms [16, 17]. On the other
hand, serosal application of propionate and other SCFAs did
not elicit Cl− secretion [17].These results suggest that luminal
SCFAs are detected by certain chemosensory systems located
in the colonic epithelial layer. Until recently, the mechanism
bywhich luminal SCFAs are detected in the intestinalmucosa
and the implications of the SCFA-induced secretory response
were unclear.

In 2003, two orphan G-protein coupled receptors, FFA2
(GPR43) and FFA3 (GPR41), were discovered to be receptors

for SCFA [18–20]. These two receptors share ∼40% amino
acid sequence similarity and remain conserved across several
mammalian species. They differ in their affinity for SCFAs,
their tissue distribution, and their physiological roles. FFA2
has similar affinities for acetate, propionate, and butyrate,
whereas FFA3 differs in affinities according to the sequence
propionate > butyrate ≫ acetate. Thus, acetate preferentially
activates FFA2, propionate primarily activates FFA3, and
butyrate activates both FFA2 and FFA3 equally.

FFR2 and FFR3 have distinct G-protein-couples in their
intracellular signaling cascades, FFA2 couples to both per-
tussis toxin-sensitive (G

𝑖/𝑜

) and -insensitive (G
𝑞

) G protein
whereas FFA3 only couples to G

𝑖/𝑜

protein. We have recently
demonstrated that colonic epithelia, particularly, peptide
YY and glucagon-like peptide 1- (GLP-1-) containing L-
type enteroendocrine cells in humans [21], guinea-pigs [16],
and rats [22], express two SCFA receptors, FFA2 and FFA3.
Our morphological data suggest that SCFA receptors located
on colonic epithelial cells can detect luminal SCFA, thus
eliciting secretory responses through neural and nonneural
mechanisms.

Segmental heterogeneity of electrolyte transport in the
colon has also been previously observed in humans and other
species [16, 17, 23]. In the case of SCFAs, propionate and
butyrate, but not acetate, induce Cl−/HCO

3

− secretion in the
rectum, as well as in the distal andmiddle colon. On the other
hand, propionate and butyrate do not stimulate Cl−/HCO

3

−

secretion in the proximal colon. This regional difference
in the secretory responses to luminal propionate can be
explained by the regional difference in the acetylcholine
(ACh) content and its release in the proximal and distal colon
[24].

Luminal application of propionate in the distal colon
induces Cl−/HCO

3

− secretion, and pretreatment of the
mucosal surface with procaine or superficial mucosal dam-
age with hypertonic sodium sulfate or xylose inhibits the
propionate-induced secretion by 90% [17, 24]. Therefore,
propionate-induced Cl−/HCO

3

− secretion is caused by the
activation of SCFA receptors located on mucosal epithelial
cells.

Neural blockade with tetrodotoxin (TTX) inhibits the
propionate-induced Cl−/HCO

3

− secretion by 40% compared
with the control, whereas atropine and local anesthesia
remarkably reduce propionate-induced responses by 81–90%
and 76–82%, respectively [17, 24]. Furthermore, propionate-
induced Cl−/HCO

3

− secretion is not affected by tachyphy-
laxis, calcitonin gene-related peptide, 5-hydroxytryptamine
(5-HT), histamine, neurotensin, or substance P [25]. The
GI tract is densely innervated by cholinergic neurons, and
Cl−/HCO

3

− secretion is induced by activation of muscarinic
receptors located on colonic epithelial cells [26, 27]. These
observations suggest that SCFA-induced Cl−/HCO

3

− secre-
tion is linked to ENS, with involvement of cholinergic
secretomotor neurons and nonneural release of ACh.

Recently, Yajima et al. showed that ACh is released from
the basolateral side of the distal colon by luminal chem-
ical stimulation with SCFA concomitant with propionate-
induced Cl−/HCO

3

− secretion [24].Therefore, the remaining
50% of propionate-induced Cl−/HCO

3

− secretion may be
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due to the release of ACh from the epithelial cells into the
basolateral side. In the same study, Yajima et al., showed
that prior addition of luminal 3-Cl− propionate completely
blocked the short-circuit current (𝐼sc) response and abol-
ished ACh release in response to luminal propionate. They
concluded from the results that ACh-storing epithelial cells
have a receptor for propionate although further studies are
necessary to identify specific cell that store ACh. Therefore,
ACh release stimulated by FFAs may affect Cl−/HCO

3

−

secretion by autocrine fashion (Figure 1).
With respect to the involvement of SCFA receptors,

FFA3 may be involved in the secretory process since acetate,
the preferred ligand of FFA2, has no effect on mucosal
Cl−/HCO

3

− secretion in distal colon of rats [17]. Unfortu-
nately, the intracellular molecular pathways underlying the
effects of SCFAs on colonic Cl−/HCO

3

− secretion are still
not fully understood. Therefore, further study is needed
to identify the molecular pathways of FFA-stimulated ion
transport in the colon.

Indigestible dietary fibers are fermented in the cecum
and in the proximal colon by anaerobic microbiota, as
mentioned previously. Most bacterial activity occurs in the
cecum and in the proximal colon, where substrate availabil-
ity is highest, with the availability of substrates declining
toward the distal colon [28]. Therefore, the proximal colon
is continuously exposed to high concentrations of SCFAs,
which decrease from the proximal colon to distal colon.
However, the proximal colon does not secrete Cl−/HCO

3

−

in response to SCFAs, as mentioned above. On the other
hand, the distal colonic mucosa is exposed to SCFAs when
semisolid contents containing SCFAs are transported to the
distal colon.Therefore, detection of SCFAs is important in the
distal colon as it has ability to secrete Cl−/HCO

3

− after SCFA
stimulation.

In combination with the contractile response, the secre-
tory response to luminal SCFAs in the distal colon seems to
function as a lubricant for the movement of luminal contents
in the colon. Furthermore, the distal colon and rectum are a
boundary between the host and external environment; thus,
the high secretory ability of the distal colon is physiologically
important for host defense, as it needs to flush out harmful
agents, in addition to finalizing electrolyte tuning.

3. Bitter Taste Receptors

In recent years, numerous studies have suggested the pres-
ence of taste receptors and taste-associated signaling com-
ponents in the GI tract, in addition to their presence in
the gustatory system [29]. The discovery of taste-associated
molecules in the GI tract has led to the hypothesis that taste
receptors are a part of the gut chemosensory system that
recognizes nutrients and chemicals, which enter the GI tract
(e.g., FFA2 and FFA3), and trigger various physiological
processes [30]. The bitter taste, one of the five basic tastes,
is mediated by bitter taste receptors (T2Rs). The bitter
taste signal is a “notifier” of toxic substances, allowing the
host to avoid harm [31]. Genomic sequencing analysis has
identified the T2R family as a receptor family specific to bitter
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Figure 1: Schematic diagram of Cl− secretion stimulated by short-
chain fatty acids in colonic epithelial cells. At the basolateral mem-
brane, Cl− enters the cell from the basolateral space across the Na+,
K+-2Cl− cotransporter (NKCC1). Na+, K+-ATPase causes drainage
of Na+, and K+ leaves via the K+ channel. Na+ also moves to
the apical side paracellularly. The cystic fibrosis transmembrane
conductance regulator (CFTR), which is located on the apical mem-
brane, allows Cl− to exit the cell. The colonic epithelium CFTR Cl−
conductance is constitutively active [1]. Luminal SCFAs stimulate
the FFA2/3 receptors located on the apical membrane, which in turn
activate second messenger pathways to induce ACh release from
epithelial cells basolaterally. The released ACh activates muscarinic
receptors located on the basolateral membrane of epithelial cells,
inducing Cl− secretion.

tastants, consisting of ∼30 members in humans and rodents
[32–35].

The 𝛼-subunit of the taste-specific G protein gustducin is
expressed in the GImucosa of humans and rodents [10, 11, 36,
37]. Unlike FFA2- and FFA3-expressing cells, cells expressing
the bitter receptor have not been identified. Several studies
in model cell lines [38, 39] and a histochemical study using
an antibody raised against mouse T2R138 suggested that
enteroendocrine cells express putative bitter taste receptor
[40]. However, another study has recently shown that a subset
of mouse colonic goblet cells also express the bitter taste
receptor T2R131 [41]. Since goblet cells produce mucus to
protect intestinal epithelia [42, 43], T2R-expressing cells may
contribute defense-related functions involving the recogni-
tion of harmful bioactive chemicals.

Recently, we have shown that, in mucosa-submucosa
preparations mounted in Ussing chambers, the mucosal
application of 6-n-propyl-2-thiouracil (6-PTU) at concen-
trations greater than 10−4M increased 𝐼sc in both human
and rat colons in a concentration-dependent manner [7].
Multiple T2R family members (at least T2R-1, -4, and -38)
in humans are known to detect 6-PTU [34, 44, 45], and
these genes are the most conserved between humans and
rodents [12]. Previous human taste-test studies and brief-
access mouse studies have also shown that the minimal
effective concentration of 6-PTU is ∼10−4M [31, 46, 47].
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Therefore, the threshold for 6-PTU in T2R-expressing cells
in the colon in both humans and rats is similar to that in
gustatory senses. After the addition of 6-PTU, the base line
𝐼sc gradually increased and reached a plateau over 10–15min,
which continued for >20min [7]. The increase in 𝐼sc induced
by 6-PTU was reduced by bumetanide (10−4M), an inhibitor
of NKCC1, to 69% of the control, whereas NPPB (10−4M),
an inhibitor of the CFTR, almost completely abolished the 6-
PTU-induced increase in 𝐼sc. NPPB-sensitive Cl

− channel, for
example, CFTRs located at the apicalmembrane, also secretes
HCO
3

− [1]. Thus, the 6-PTU-induced increase in 𝐼sc is due to
secretion of Cl− and HCO

3

−. This is further supported by the
observation that the 6-PTU-induced 𝐼sc response is almost
completely abolished in Cl−/HCO

3

−-free solution [7].
The 6-PTU response elicited is reduced by piroxi-

cam, a nonselective COX inhibitor, and NS-398, a COX-
2 inhibitor, but is not affected by TTX. Therefore, 6-PTU-
stimulated anion secretion is thought to be involved in
prostaglandin (PG) synthesis [7]. Furthermore, exogenous
addition of prostaglandin E

2

(PGE
2

) enhances 6-PTU-
induced 𝐼sc response in the presence of piroxicam in a
concentration-dependent manner [7], indicating that the 6-
PTU-induced increase in 𝐼sc may be amplified when the
concentration of extracellular PGE

2

in the colon is elevated,
for example, during inflammation. The PGE

2

concentration
in the intestine can be increased by mechanical stimulation
[48] or inflammation [49, 50], with PGE

2

concentrations over
10

−7M considered pathophysiological [51]. Therefore, the 6-
PTU-induced fluid secretion in the presence of high PGE

2

concentrations is considered to be a host defense mechanism
to flush out noxious substances from the colonic lumen,
during, for instance, inflammation.

PGE
2

is known to increase the concentration of intra-
cellular cAMP in colonic epithelial cells [52]. It has also
been reported that STC-1, a mouse enteroendocrine cell line,
expresses T2R mRNA and that 10−3M 6-PTU increases the
intracellular Ca2+ concentration ([Ca2+]

𝑖

) [12]. These results
raise the possibility that bitter tastants (including 6-PTU) that
induce an increase in [Ca2+]

𝑖

in colonic epithelia and that
elicit Cl−/HCO

3

− secretion do so via interactions with PGs
(Figure 2).

ThemRNA expression of human T2R-1, T2R-4, and T2R-
38,as well as orthologous rat T2R-1, T2R-16, and T2R-26, is
detected in the colonic mucosa by real-time PCR (RT-PCR)
[7]. Although which specific receptor responds to 6-PTU has
not been determined, many members of the T2R family that
can detect 6-PTU are expressed in the colon [11].These results
suggest that 6-PTU may be detected by colonic epithelial
T2R in both humans and rats, although the precise cellular
localization of T2R is currently unknown.

With respect to its physiological significance, bitter
tastant-induced anion secretion in the colon is considered an
important mechanism to flush out noxious agents from the
colonic lumen. For example, bitter compounds that enter the
large intestine under normal conditions are most frequently
bile acids and their bacterial metabolites. As secondary bile
acids promote tumors [53], bitter sensing in the large intestine
may be a necessary mechanism for host defense.
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Figure 2: Schematic diagram of Cl− secretion stimulated by a bitter
tastant (6-PTU) in colonic epithelial cells. Activation of apical T2R
by luminal bitter tastant results in the synthesis of prostaglandin.
This prostaglandin then induces an increase in intracellular cAMP
concentration ([cAMP]

𝑖

). Elevated [cAMP]
𝑖

activates the CFTR
Cl− channels to mediate Cl−/HCO

3

− secretion. Activation of T2R
simultaneously causes an increase in [Ca2+]

𝑖

. The elevated [Ca2+]
𝑖

modulates the Ca2+-activated basolateral K+ channels, providing a
driving force for the exit of Cl−/HCO

3

−.

4. Odorant Receptor (OR)

The colonic mucosa of both humans and rats express OR
mRNA, and luminal odorants induce 5-HT secretion in
isolated duodenal enterochromaffin (EC) cells and in EC cell
lines [54, 55]. Thymol, a major odor constituent of edible
herbs that is used in oral care products, activates certain
types of the apical odorant receptor (OR1G1). Specifically,
it activates class II (the terrestrial-type OR group) but not
class I (the fish-like OR group) OR1G1 [56]. Since bacteria
have the capacity to synthesize isoprene units and terpenoid
biosynthesis enzymes [57, 58], active odor molecules may be
produced in the mammalian colon. Indeed, a great variety
of volatile compounds (including acids, alcohols, aldehydes,
and terpenoids) are detected in human feces [59]. It has been
reported that the concentration range of fecal indole is 0.5–
1mM in healthy men [60, 61]. Therefore, the monitoring of
volatile compounds in the colonic lumen is critical for host
defense.

Recently, we showed that mucosal addition of thymol
(10−3M) induces Cl− and HCO

3

− secretion in a concen-
tration-dependent manner in both the human and rat colon
[8]. Addition of TTX (10−6M) or piroxicam (10−5M) did not
affect this response, suggesting that thymol-induced anion
secretion is independent of the neural and PG synthesis
pathways. This differs from stimulation of the bitter taste
receptor; thus, there are distinct mechanisms for detecting
tastants in the colonic mucosa. It has been reported that
odorant stimulation leads to an increase in [Ca2+]

𝑖

in olfac-
tory neurons and in other OR-expressing cells, depending on
extracellular Ca2+ [54, 62, 63]. Thymol-induced electrogenic
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Figure 3: Schematic diagram of Cl− secretion stimulated by an
odor tastant (thymol) in colonic epithelial cells. Activation of
OR1G1 by luminal thymol increases [Ca2+]

𝑖

. The elevated [Ca2+]
𝑖

may modulate Ca2+-activated basolateral K+ channels, providing a
driving force for the exit of Cl−/HCO

3

−. Activation of OR1G1 may
also activate TRPA1 although it is still unclear whether ORs are
linked to TRPA1.

anion secretion is also abolished under Ca2+-free conditions
[8]. These results suggest that extracellular Ca2+ is required
to elicit thymol-induced anion secretion in the large intestine
(Figure 3).

Thymol-induced anion secretion in the distal colon is
reduced by HC-030031, a transient receptor potential A1
(TRPA1) blocker. Furthermore, TRPA1 mRNA is detected
in the isolated mucosa of humans and rats [8, 64]. Several
odor molecules, particularly those present in spices, are
known ligands of not only GPCRs, but also the transient
receptor potential (TRP) channel. Thymol activates transient
receptor potential vanilloid 3 (TRPV3) and TRPA1 in a cell-
expression system [65, 66]. In the GI tract, it has been
reported that TRPA1 activity is involved in the motility of
the small intestine [67]. Together, these results suggest that
thymol-induced electrogenic anion secretion is mediated via
the TRPA1 channel. In addition, thymol has been reported
to affect luminal SCFA-induced ion secretion. Propionate-
induced increases in 𝐼sc are almost completely abolished
by pretreatment of tissues with thymol [8]. Therefore, the
physiological effects of luminal SCFAs in the large intestine
are likely to be modulated by luminal odorant chemicals.

Pretreatment of tissues with bumetanide or Cl− free
solution attenuated the thymol-induced increase in 𝐼sc. Con-
sistent with other studies, the absence of HCO

3

− and Cl−
completely suppressed the 𝐼sc response to thymol. Together,
these results indicate that the thymol-induced increase in 𝐼sc
involves electrogenic Cl− and HCO

3

− secretion in a NKCC1-
dependent manner.

It has been reported that thymol-induced electrogenic
anion secretion ismediated by the cholinergic neural pathway
in the porcine small intestine [68]. However, the mechanisms
of thymol-induced secretion are likely different in the small

and large intestine as thymol-induced anion secretion is not
blocked by TTX in the rat or human large intestine [8].
This discrepancy may be attributed to the following reasons.
First, thymol-induced anion secretion in the small intestine
is involved in the release of 5-HT because duodenal EC cells
release 5-HT after OR stimulation [54, 55]. Second, thymol-
induced anion secretion is not blocked by 5-HT

3

and 5-HT
4

receptor antagonists in the large intestine [8]. Therefore,
luminal thymol-induced anion secretion in the large intestine
is mediated by nonneural and nonserotonergic pathways in
rats and in humans.

As bacteria can synthesize isoprene units [57], production
of active odor molecules similar to thymol may be possible in
themammalian colon.Thus, colonic mucosamay be exposed
to high concentrations of various volatile odorants. Because
irritant odors, similar to bitter tastants, are danger signals
for animals, ORs can play an important role in the luminal
surface of the colon in host defense. Although a RT-PCR
experiment showed that OR1G1 and TRPA1 are present in
both human and rat colonic mucosa [8], colonic epithelia
consist ofmany different cell types, including absorptive, gob-
let, enteroendocrine, and caveolated cells. Therefore, studies
should be done to identify the specific sensor cells expressing
ORs and TRPA1. At present, it is still unclear whether OR1G1
is directly involved in thymol-induced anion secretion and
whether ORs are linked to TRPA1.

5. TRP Channels

TheTRP channelmember, TRPA1 (also known as ANKTM1),
was first identified as a cold-sensitive cation channel in
murine sensory neurons and is thought to have a role
in nociception [69]. Since multiple environmental irritants
can activate TRPA1, TRPA1 functions as a chemosensor in
nociceptive neurons [70], in the rat urinary bladder [71],
and in human keratinocytes [72]. Endogenous inflammatory
mediators can also activate TRPA1 [73–75].

To date, 28 mammalian TRP channels have been cloned
and characterized. They are grouped into six subfamilies on
the basis of their amino acid sequence homology, namely,
TRP ankyrin (TRPA), TRP canonical (TRPC), TRP melas-
tatin (TRPM), TRP mucolipin (TRPML), TRP polycystin
(TRPP), and TRP vanilloid (TRPV). TRPA1 expression in
the colon has been demonstrated in humans, mice, rats, and
dogs by northern blot analysis and by RT-PCR [64, 76–78].
As described in the section Odorant Receptor, luminal thy-
mol-induced anion secretion involves TRPA1. The function
of TRPA1 in the transepithelial ion transport system was
examined using a potent TRPA1 agonist allyl isothiocyanate
(AITC) [9].

In the human and rat distal colon, the addition of AITC
(10−6–10−3M) to the luminal side induced an increase in
𝐼sc [9]. On the other hand, serosal application of AITC
did not elicit an increase in 𝐼sc. AITC-induced increases
in 𝐼sc are significantly decreased in the absence of Cl−
and are abolished in the absence of both Cl− and HCO

3

−.
Further, NPPB (10−4M) and bumetanide (10−4M) signif-
icantly reduced AITC-induced 𝐼sc increases. These results
indicate that transepithelial anion secretion induced by the
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Figure 4: Schematic diagram of Cl− secretion stimulated by TRPA1
in colonic epithelial cells. Activation of apical TRPA1 by luminal
AITC causes prostaglandins synthesis. The synthesized PGE

2

may
then be released basolaterally. This released PGE

2

may act on EP
4

receptors. Activation of the EP
4

receptor induces an increase in
[cAMP]

𝑖

which then activates the CFTR Cl− channels to induce
Cl−/HCO

3

− secretion.

activation of TRPA1 is dependent on Cl− uptake by NKCC1
and on excretion of Cl−/HCO

3

− by Cl− channels at the apical
membrane (Figure 4).

In fractions enriched with isolated EC cells from the rat
small intestine, 5-HT was released by AITC and cinnamalde-
hyde [67]. However, in the colon, a 5-HT

3

antagonist,
3-tropanyl-3, 5-dichlorobenzoate, and a 5-HT

4

antagonist
SB204070 (10−5M) did not affect the response to AITC [9].
Furthermore, coapplication of these antagonists abolished
the response to the serosal addition of 5-HT (10−5M) but did
not affect the AITC-induced 𝐼sc response. Serosal application
of the TRPA1 blocker HC030031 (10−4M) did not affect the
response to AITC, whereas mucosal treatment significantly
inhibited the AITC-induced increases in 𝐼sc. These observa-
tions support the hypothesis that TRPA1 likely functions on
the apical side of colonic epithelia.

COX products are involved in the colonic ion transport
system. In particular, PGE

2

induces Cl− secretion in the rat
colon [79] and enhances the effects of other secretagogues
[7]. Mucosal treatment with a COX inhibitor, piroxicam
(10−5M), decreases the AITC-induced response in the rat
and human colon. However, exogenous PGE

2

does not
enhance AITC-induced anion secretion, even in the absence
of the COX inhibitor, suggesting that AITC stimulates PGE

2

synthesis [9].
Although the mechanisms by which PGE

2

contributes
to 6-PTU- and AITC-induced anion secretion differ, PGE

2

likely plays important roles in the luminal chemosensory
system. The function of PGE

2

in the GI tract has been well
studied, especially in relation to its receptors, EP

1

, EP
2

, EP
3

,
and EP

4

. Only EP
2

and EP
4

, which are coupled to the cAMP
pathway, mediate PGE

2

-induced colonic secretion, but EP
1

and EP
3

do not, as they are coupled to an intracellular Ca2+

pathway instead [80]. An EP
4

selective antagonist (ONO-
AE3-208) significantly reduced AITC-induced anion secre-
tion, whereas the EP

1/2

antagonist AH6809 did not affect
the response to AITC, indicating that EP

4

, a PGE
2

receptor
subtype, is involved in AITC-induced anion secretion in both
human and rat colons [9]. As application of AITC to the
mucosal bathing solution did not result in the release of PGE

2

into the bathing solution, PGE
2

produced by epithelial cells
might be rapidly used as an autocrine transmitter [9].

Recently, the EP
4

receptor has been found on the
apical membrane of human and rat colonic epithelia via
immunohistochemical techniques [81]. Since both serosal
andmucosal pretreatment with ONO-AE3-208 abolished the
response to AITC, the precise localization of the EP

4

receptor
is still unknown. Overall, the evidence clearly indicates that
a TRPA1-PGE

2

-EP
4

secretory pathway that is independent
of the neural reflex exists in both human and rat colonic
epithelial cells.

TRPA1-dependent thymol-induced anion secretion
requires extracellular Ca2+, as described in the section
Odorant Receptor. However, the response to AITC was not
altered by the removal of extracellular Ca2+ [9]. Therefore,
AITC-induced anion secretion is mediated by PG synthesis
via a Ca2+ independent process. These conclusions were
further confirmed after observations that AITC does not
increase [Ca2+]

𝑖

in mouse colonic epithelia [78] and that
AITC-induced TRPA1 current does not require extracellular
Ca2+ in HEK cells [82]. Overall, TRPA1 activation appears to
induce PGE

2

synthesis independently of extracellular Ca2+
and can cause anion secretion through the EP

4

receptor in
colonic epithelia.

TRPA1 mRNA is detected in isolated crypts of the rat
colon [9]. Furthermore, tyramide-based in situ hybridization
and immunohistochemistry for TRPA1 demonstrated that
TRPA1-expressing cells are localized to the surface epithelium
of the rat colon [9]. Recently, it has been reported that activa-
tion of TRPA1 inhibits spontaneous contractions and transit
by direct activation of myenteric neurons [83]. Therefore,
TRPA1 agonist-induced colonic Cl− secretion with inhibition
of colonic transient seems to physiologically regulate the
movement of luminal content in the colon. In addition,
TRPA1 may also play a role in flushing out noxious chemicals
via massive fluid secretion.

6. Conclusion

As colonic mucosa is continuously exposed to noxious
chemicals, including toxic compounds such as bacterial
metabolites and the products of oxidative stress, in addition
to nutrients, the chemosensory system in the gut is critical for
distinguishing the nutrients from the other luminal contents.
Therefore, proper fluid secretion in the colon is crucial
to flush away noxious chemicals, while maintaining host
homeostasis.

Although neural and hormonal involvement in fluid
secretion in the colon are well documented, the involve-
ment of the gut chemosensory system in the regulation of
colonic ion transport is much less understood. Activation of
luminal chemosensory receptors is a primary signal eliciting
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colonic fluid secretion. Gut luminal chemosensing involving
FFA2, FFA3, T2R, OR, and TRPA1 may act as a line of
defense against noxious agents, preventing the large intestine
from being exposed to these agents. Therefore, the gut
chemosensory system is important for maintaining luminal
homeostasis. A variety of sensory receptors expressed in
the colonic mucosa serve important functions, at least in
the anion secretory system, which stimulates fluid secretion.
However, the specific mechanisms involved in anion secre-
tion induced by the gut chemosensory system are largely
unknown. Therefore, more studies are required to define the
involvement of the gut chemosensory system in colonic ion
transport.
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Cellular swelling is controlled by an active mechanism of cell volume regulation driven by a Na+/K+-dependent ATPase and by
aquaporins which translocate water along the osmotic gradient. Na+/K+-pump may be blocked by ouabain, a digitalic derivative,
by inhibition of ATP, or by drastic ion alterations of extracellular fluid. However, it has been observed that some tissues are still able
to control their volume despite the presence of ouabain, suggesting the existence of other mechanisms of cell volume control. In
1977, by correlating electronmicroscopy observation with ion and water composition of liver slices incubated in different metabolic
conditions in the presence or absence of ouabain, we observed that hepatocytes were able to control their volume extruding water
and recovering ion composition in the presence of ouabain. In particular, hepatocytes were able to sequester ions and water in
intracellular vesicles and then secrete them at the bile canaliculus pole.We named this “vesicularmechanism of cell volume control.”
Afterward, this mechanism has been confirmed by us and other laboratories in several mammalian tissues.This review summarizes
evidences regarding this mechanism, problems that are still pending, and questions that need to be answered. Finally, we shortly
review the importance of cell volume control in some human pathological conditions.

1. Introduction: ‘‘Cloudy Swelling’’

“Cloudy swelling” is an early and frequent morphological
cell alteration first identified by Virchow in his “Die Cellular
Pathologie” [1]. Swelling is an increase of cell volume due to
accumulation of water and ions in subcellular compartments.
It occurs under two rather common conditions in human
pathology: (a) reduction of metabolic activity leading to a
decrease of energy charge (hypoxia, ischemic hypoxia [2],
or uncoupling agents) and (b) damage of cell membranes
with loss of physiological ionic gradients (plasma membrane
rupture or pore formation, Na+/K+-ATPase malfunction,
etc.). Extreme “cloudy swelling” is irreversible, leading to
cell necrosis. Therefore, a clear picture of the underlying
pathogenetic mechanisms of cell swelling is important to
understand many aspects of human diseases.

Living cells regulate their water content even under
apparently isosmotic conditions to compensate the osmotic

forces due to higher intracellular concentration of charged
macromolecules [3]. Regulation of cell water is neces-
sary to maintain (a) an appropriate physical size of cells
and organelles; (b) the optimal concentrations of solu-
ble metabolic components (ions, substrates, and soluble
enzymes); (c) the functional subcellular architecture and
relational distances necessary for metabolism and vectorial
movements into the cell. The latter includes intracellu-
lar transport (secretion, endocytosis, axonal transport, and
organelles movements) and sarcomeric contraction.

In vitro cell swelling is rapidly induced by reducing
metabolic activity (cold incubation and inhibition of energy
metabolism andATPproduction), by inhibiting ion transport
(i.e., ouabain, abnormal external ionic concentrations), or
by damaging the membrane(s) (i.e., lipoperoxidation, high
temperature, ionophores, etc.). By using different in vitro
models, Wilson [4], Leaf [5], and Macknight and Leaf [3]
demonstrated the role of active transport of ions across the
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plasma membrane in preventing swelling under isosmotic
condition.They showed that the distribution of Na+ was cru-
cial and that its physiologic concentrations were maintained
by a coupled transport of Na+ and K+, operated by a Na+/K+-
ATPase, a pump apparently totally inhibited by ouabain both
in in vitro and in soluble systems.

However, in 1976 and 1977, it was strongly evident that
inhibition of Na/K-transport by ouabain in a model of tissue
slices does not totally abolish regulation of cell volume
under isosmotic conditions. To account for the ouabain-
resistant fraction of volume regulation, Russo et al., for the
first time, by strictly correlating ion and water distribution
with ultrastructural observations, proposed that vesicles of
exocytosis, highly induced in the presence of ouabain, could
be responsible for water extrusion, after swelling by cold
incubation [6–9].

A previous account of this proposal has been published
long time ago [8]. This review aims to summarize evidences
that we have at present about cellular swelling, problems that
are still pending, and questions that need an answer.

2. Volume Regulation in Mammalian Tissues

The property of cell volume control is a fundamental fea-
ture of all cells and, in particular, of mammalian cells.
Cell volume results from the content of water and ions,
osmotically active soluble molecules, and macromolecules
and supramolecular structures, such as organelles, filaments,
polymers, and metabolites. These components are confined
in intracellular space delimited by the plasma membrane.
Ions and osmotically active molecules play a crucial role
in steady state conditions, determining the amount of the
intracellular water, which represents the major component
of cytosol and intraorganellar space [10]. Changes in cell
volume, indeed, may occur through swelling, that is, increase
in water and ion content, or hypertrophy, which is an
increase in cell constituents, such as sarcomeric filaments
(muscle hypertrophy), lipid droplets (obesity), endoplasmic
reticulum (drug metabolism), mitochondria, and other cell
structures, following a functional adaptation. In the case
of swelling, three major components determine the final
volume: the amount of intracellular water, differently dis-
tributed in the various subcellular compartments, the amount
of osmotically active solutes (ions and macromolecules), and
the plasmamembrane properties for controlling intracellular
concentrations of osmotically active solutes (ions and free
amino-acids) and for excluding other extracellular osmoti-
cally active molecules.

In mammalian cells, under normal conditions, the intra-
cellular composition and the extracellular environment are
almost constant, obeying to three simple principles: (1) cell
osmolarity and water content must be equal to extracellular
osmolarity; (2) inorganic ion distribution (Na+, K+, and
Cl−) on two sides of plasma membrane is controlled by
active/passive transport mechanisms, satisfying the basic
requirement of electroneutrality; (3) water travels through
aquaporins as determined by osmotic equilibrium.The local-
ization and the isoforms of aquaporins may influence the
distribution among subcellular compartments of intracellular

water and an excess of water extrusion (cell shrinkage) in the
presence of extracellular hyperosmolarity [11–13].

Under isosmotic conditions, cell volume regulation in
mammalian is, to a large extent, explicable by passage of water
directly through aquaporins of plasmamembrane in response
to ionic balance maintained by a Na+/K+-ATPase transport
system [10], which is apparently completely inhibited by
ouabain [4, 5]. However, observations on a number of mam-
malian tissues suggest that this ability to regulate cell volume
is at least partially resistant to oubain or to the absence
of K+ from the medium [6, 9, 14–18]. Several hypotheses
have been proposed to account for this ouabain-resistant
extrusion of water: (a) a “cryptic pump” [19] inaccessible
to oubain, being hidden in different subcellular sites of
plasma membrane, due to impermeable submembranaceous
cytoskeletal network (which regulates the secretion in many
endocrine and epithelial cells); (b) a second Na+ pump [20]
insensitive to ouabain and uncoupled from K+ movements.
Maŕın et al. [21] have partially characterized aNa+-dependent
ATPase, inhibited by furosemide, in the basolateral plasma
membrane of epithelial cells in rat kidney proximal tubule. (c)
Kleinzeller [22], Rorive et al. [23], and others have provided
several evidences that a contractile system associated to the
cell periphery (submembranaceous cytoskeleton) could be
responsible for the extrusion of water and ions accumulated
during a period of previous swelling, thus controlling cell
volume. This mechanism appears to be typically dependent
on Ca2+ and ATP.

The work cited above was done with no published
morphological and ultrastructural control. A few years later,
Garfield and Daniel [15] using uterine smooth muscle and
Russo et al. using liver [6, 24] and kidney slices [18, 25] have
described that the presence of ouabain is associated with
the formation of cytoplasmic vesicles as well with continued
extrusion of water and ions and that this could be the basis of
ouabain-resistant cell volume control.

The idea that intracellular vesicles (mostly round and
electron-clear at TEM) can be involved in volume and
osmotic regulation was not completely new. In fact, con-
tractile vacuoles of unicellular organisms, tonoplasts of plant
cells, and large vacuoles of mammalian tissues during vacuo-
lar degeneration (hypoxia) are all different types of vesicles
with similar morphology and function in sequestering water,
maintaining cell volume or turgor, and avoiding cytosolic
dilution. Vesicles in excess can be expelled (exocytosis),
extruding water. However, ultrastructural observations of
different mammalian tissues suggest that in normal con-
ditions vesicles play a minor role in water and ion move-
ment. In contrast, in a number of metabolic and toxic
emergencies (including ouabain treatment), cytosolic water
rapidly is compartmentalized in different membrane-bound
structures of endoplasmic reticulum and Golgi apparatus
(vesicles), mitochondria, and other organelles. Indeed, water
is extruded from cytosol, nucleoplasm, and mitochondrial
matrix (transition from swelling → orthodox → condensed
forms), accumulating in vesicles derived from ER cisternae
and Golgi apparatus. We will discuss below the different
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Table 1: Time-course of (a) water and (b) ionic content of rat liver slices during incubation at 38∘C, in the presence or absence of ouabain
[6], after 90min incubation at 1∘C. Points at zero time represent the tissue composition at the end of cold incubation at 1∘C [8].

Treatment Time at 38∘C (min) Water (kg/kg dry weight) Ions (mmol/kg dry weight)
Total Intracellular Extracellular Na+ Cl− K+

Control
0 3.5 ± 0.1 2.7 ± 0.2 1.0 ± 0.1 350 ± 30 320 ± 20 75 ± 10
15 2.7 ± 0.2 1.6 ± 0.3 1.2 ± 0.1 180 ± 20 175 ± 35 90 ± 12
60 2.7 ± 0.2 1.5 ± 0.2 1.3 ± 0.1 100 ± 15 180 ± 25 150 ± 15

Ouabain 2mM
0 3.4 ± 0.2 2.7 ± 0.2 0.9 ± 0.1 360 ± 25 335 ± 20 70 + 10
15 3.1 ± 0.5 2.2 ± 0.2 1.0 ± 0.2 375 ± 30 350 ± 15 62 + 15
60 3.1 ± 0.6 2.2 ± 0.4 1.0 ± 0.2 420 ± 10 380 ± 30 50 + 10

morphology and origin of at least two types of vesicles: one
that we call “secretory” seen in the presence of ouabain
and another observed in the presence of oligomycin (or
oligomycin + ouabain or low doses of amytal) for cell water
compartmentation [6, 26].

3. The Ouabain-Resistant Na+/K+-ATPase
Independent Cell Volume Regulation

The experimental model adopted for the work by Russo et
al. namely, preincubation of tissue slices at 1∘C, followed
by recovery at 37∘C in the presence of various agents,
has been well characterized previously [6, 8, 27, 28]. The
qualitative characteristics and quantitative balance of the
ionic and water exchanges taking place with and without
ouabain are shown in Table 1 and in Figure 2 and are similar
to the previous results obtained in many experiments and
published in previous papers. Ouabain (2mM) completely
inhibited the net reuptake of K+ at 37∘C suggesting that
this concentration effectively inhibited the Na-K ATPase.
Thus, increasing ouabain to 5mM caused no further effect,
while omitting K+ from the medium produced effects closely
similar to those of ouabain [7, 29]. Further, the unidirectional
influx of 86Rb (an analog of K+) was maximally inhibited by
2mM ouabain [30]. It was concluded that the expulsion of
water, Na+, and Cl− continuing in the presence of ouabain
is driven by an energy-providing mechanism other than
the Na+/K+-ATPase, clearly associated with the presence of
round electron-clear vesicles.

Importantly, this mechanism is highly sensitive to the
decrease of ATP and involves the entry of water and ions into
cytoplasmic vesicles that expand in the presence of ouabain
followed by expulsion of the vesicular contents by exocytosis
into the canaliculus [6, 8, 29].

In our model of tissue slices, cold (1∘C) incubation for
90min caused advanced swelling with accumulation of Na+,
loss of K+, and retention of water distributed in the various
subcellular compartments (Figures 1(a), 1(b), and 1(c)) [6].

Restoration of metabolic activity by subsequent incuba-
tion for 60min at 38∘C allows cells to extrude Na+, Cl−, and
water and reaccumulate K+ (Table 1). Additionally, structural
recovery started after 5min of warm incubation and was
complete after 60min (Figure 2(a)).

Treatment with ouabain in vitro induces characteristic,
rounded vesicles in tissue slices (Figure 2(b)) and/or cultured
cells of uterus [16], liver [8, 25, 31], hepatoma [9], renal

cortex [18], and lung [32]. In each case, the vesicles have been
correlated to an ouabain-resistant mechanism of isoosmotic
cell volume control. By contrast, the salt gland of salt-adapted
water birds was found not to expel water in the presence of
ouabain and did not show vesicles [8].

The first systematic hypothesis on the proposed mech-
anism and on the formation and nature of the ouabain-
induced vesicles for ion and water expulsion has been sum-
marised previously although a number of crucial questions
were still pending [8].

Briefly (see also Figure 9), formation of the vesicles is
dependent on the presence of Cl−. Vesicles appear to originate
by expansion of terminal cisternae of the endoplasmic retic-
ulum and of Golgi elements and they have an acidic content.
In liver, the vesicles accumulate and secrete at the canalicular
pole and in renal cortex near the basolateral infolding of
the plasma membrane. In each case and most clearly in the
kidney, there is evidence of their fusion with the plasma
membrane suggesting expulsion of the content [18, 24].

Accordingly, it has been suggested that accumulation of
water in the vesicles is driven by the Cl− dependent, H+-
transporting vacuolar adenosine triphosphatase (V-ATPase)
of the vacuolar membranes [30, 33]. The vesicles are sug-
gested to move to the cell periphery by a microfilament-
dependent and microtubule-independent mechanism and
then to expel their contents by exocytosis. Cytochalasins
addition or absence of Ca2+ greatly increases the number,
size, and intracellular distribution of the vesicles, suggesting
an inhibition of the cytoskeletal function for their secretion
[7, 8].

Several points of this proposed mechanism in Figure 9
require attention and analysis, such as the following.

(1) The origin and fate of the ouabain-induced vesicles:
what is the role of chloride and protons? If a V-ATPase
does, indeed, provide the driving force for water
accumulation in the vesicles, depletion of intracellular
ATP should block both vesicular expansion and
ouabain-resistant water extrusion.

(2) Published data with liver slices indicated a require-
ment for ATP derived from oxidative phosphory-
lation: nevertheless, it is unclear at what extent
the decrease of energy charge differently inhibits
(a) ouabain-dependent vesicles formation and their
transport and secretion to the canalicular pole of
the cell, (b) the recovery of intracellular water and
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Figure 1: Liver slices after 90min incubation at 1∘C [6]. (a) Low magnification. Cells are highly swollen with volume increase. Cisternae
of the endoplasmic reticulum are dilated; mitochondria are mostly in intermediate-condensed form, sometimes swollen. Cytosol and
nucleoplasm are rather electroclear decreased and disorganized extracellular spaces. (b) Detail of dilated endoplasmic reticulum, detachment
of ribosomes, and boundaries of cells that became uncertain with disorganizedmicrovilli; increase and disorganization of extracellular spaces
(sinusoidal, lateral, and canalicular regions). (c) Additional details: cisternae of the endoplasmic reticulum are dilated; mitochondria mostly
in intermediate-condensed form, occasionally swollen; cytosol and nucleoplasm are rather electroclear (diluted). S = sinusoid; BC = bile
canaliculus; N = nucleus.
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Figure 2: Comparison at low magnification between slices after 60min recovery at 38∘C in the presence (b) or absence (a) of 2mM ouabain.
(a) Control liver slices after incubation for 90min at 1∘C followed by 60min at 38∘C.The ultrastructure has recovered well from the alterations
in the cold preincubation (Figure 1) (see [6]). The cytosol and organelles appear to have a normal electron density. (b) Liver slice after 90min
at 1∘C followed by 60min at 37∘C in the presence of 2mM ouabain. A large number of rounded, clear vesicles are present, mainly localized in
the Golgi region towards and around the bile canaliculi. The ground substance and other subcellular components are similar to the control
in (a).
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Table 2: Effect of various treatments on intracellular water content of liver slices in the presence and absence of ouabain.

Intracellular water content (kg water/kg dry wt)a

Incubationb

Treatment 90 min at 1∘C Then, at 38∘C for 60min
Control Treatment Ouabain Ouabain plus treatment (𝑛)

Cytochalasin B (100 𝜇g/mL) 2.42 ± 0.33 1.48 ± 0.10 1.60 ± 0.17 1.72 ± 0.10 2.19 ± 0.11c 8
Cytochalasin E (33 𝜇g/mL) 2.77 ± 0.07 1.75 ± 0.13 1.92 ± 0.08 1.96 ± 0.06 2.38 ± 0.13c,d 18
Colchicine (1mM) 2.73 ± 0.10 1.68 ± 0.11 1.61 ± 0.08 1.98 ± 0.17 2.15 ± 0.25 10
Cl− free medium, with NO

3

− as substitute 2.60 ± 0.09 1.52 ± 0.08 1.70 ± 0.08 2.00 ± 0.06 2.47 ± 0.13c 15
aIntracellular water was determined from total tissue water, measured gravimetrically, and the volume of distribution of inulin [9]. Values are the mean ±
standard error of the mean.
bSlices were incubated in a medium containing 146mM Na+, 5mM K+, 1mM Mg2+, 1.3mM Ca2+, 161mM Cl−, 2mM phosphate, 1mM SO

4

2−, and Tris
(10mMpH 7.4). It was gassed with O2. Cl-free medium contained NO

3

− instead of Cl−. Ouabain was at 2mM. Cytochalasins were added from stock solutions
in dimethyl sulfoxide; final concentration in medium was 0.1% (v/v) DMSO.
cSignificantly greater than value with ouabain alone, by 𝑡-test; 𝑃 < 0.01.
dSignificantly less than value after incubation at 1∘C, by 𝑡-test; 𝑃 < 0.01.

ions, and (c) the early recovery of ultrastructure,
suggesting a different sensitivity of these functions to
the decrease of ATP.

In the next paragraph, we aim to discuss these points.

4. Formation of Vesicles: Role of Anions,
Protons, and Aquaporins

In the model proposed, in Figure 9, water that accumulates
when Na+/K+-pump is inhibited by ouabain must be delo-
calized from cytosol and other compartments leading to the
formation of vesicles. During a time-course of the recovery
at warm incubation, in the presence or absence of ouabain,
vesicles appear to originate by expansion of terminal cisternae
of the endoplasmic reticulum and of Golgi elements [6] and
have acidic contents [32] and their formation is dependent
on the presence of Cl− (Figures 3(a) and 3(b)) and vacuolar
H+-ATPase [33, 34] and, finally, on the integrity of Golgi
apparatus, as demonstrated by treatment with Brefeldin A,
which prevents vesicles formation (Figures 4(a) and 4(b)),
extrusion of water, and recovery of ions [7]. The entry
of chloride into vesicles represents the driving force for
transport of Na+ and water. In fact, replacement of Cl− in
the medium with NO3− or SO

4

2− efficiently prevented water
extrusion in the presence of ouabain (Table 2) and vesicles
were almost absent (Figure 3(b)). Transfer of these slices
in a medium containing chloride after only 15min at 38∘C
leads to water extrusion (Figure 3(a)) and the appearance of
vesicles [24, 25, 30]. The diuretic furosemide, which inhibits
cotransport of Na+ and Cl−, caused effects similar to the
absence of chloride [30].

Brefeldin A disrupts the structure and the function of
Golgi apparatus and interferes with cell membrane traffic
[35, 36]. While Brefeldin A alone had no effects on water and
ion content and transport, in the presence of ouabain, 36 𝜇M
Brefeldin A partially prevented intracellular water extrusion
(Figure 4(a)) and reduced the typical round electron-clear
ouabain-dependent vesicles (Figure 4(b)) [7].

Vacuolar proton-dependent ATPase is present in a num-
ber of vesicles derived from endoplasmic reticulum and

Golgi apparatus [37]. Schisselbauer and van Rossum [33]
and van Rossum et al. [8] have explored the transport
of protons into vesicles suggesting that this could provide
the energy-dependent driving force for chloride transfer
from cytosol into the vesicles. Isolated Golgi-derived vesicles
accumulate chloride by a mechanism that requires ATP and
can be saturated by external (or cytosolic) Cl− [33]. The
accumulation is prevented by the anion ionophore tributyltin,
suggesting that the uptake of chloride occurs across the
membrane against an electrochemical gradient. Its depen-
dence on proton movements is demonstrated by the effect of
DCCD (N,N-dicyclohexylcarbodiimide), a proton ATPase
inhibitor, and by the effects of CCCP (carbonyl cyanide m-
chlorophenylhydrazone), a specific proton ionophore [34].
In conclusion, protons and a subsequent exchange of H+
for cytosolic Na+ or K+ result in a net uptake of NaCl or
KCl which induces water accumulation, confirming that the
movements of protons against gradient and the chloride
conductance represent the driving force for water movement
into the vesicles.

A final question regards the water movements from
cytosol (and nucleoplasm) into the vesicles. In the last few
years, increasing evidences have demonstrated that water
channels aquaporins (AQPs) are the effectors of transmem-
brane water movements in different mammalian tissues,
including liver, kidney, lungs, and various epithelia [38].
The family of AQPs includes 13 members plus a number of
isoforms, all involved in water transport and, occasionally,
in glycerol transport. Water movements may be transcellular,
paracellular, or intracellular: transcellular transport occurs
at the level of basal or apical pole of a cell to extrude or
reabsorb water, paracellular transport or exchange occurs
at lateral surface of cells through junctional complexes,
especially tight junctions, and intracellular water movements
are responsible for water distribution among various subcel-
lular compartments (i.e., from cytosol and nucleoplasm to
various cisternae (endoplasmic reticulum, Golgi apparatus,
lysosomes, phagosomes, peroxisomes) or to mitochondrial
matrix), implying the presence of APQs in each subcom-
partment of cell membranes involved in water transport.
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Figure 3: Liver slices were incubated at 1∘C for 90min and then at 38∘C for 15min in a Cl− free medium (SO
4

2− or NO
3

3−) and, finally,
were transferred in a Cl− containing medium at 38∘C for 60min. (a) Water transport in the presence of ouabain was efficiently prevented by
replacement of Cl− in the medium with SO

4

2− (upper panel) or with NO
3

3− (lower panel). (b) At the end of incubation in Cl− free medium in
the presence of ouabain, the almost complete absence of typical vesicles was evident. (c) Transferring slices from Cl− free medium to normal
medium produces the appearance of ouabain-induced vesicles. BC = bile canaliculus.

This occurs in response of osmotic changes and is controlled
by AQPs, through posttranslational modifications such as
phosphorylation by a AMP/protein kinase which is effective
in AQP8 activation and in its trafficking betweenmembranes
[39].

Three AQPs have been described in the liver: AQP1 in
cholangiocytes, AQP8 in hepatocytes, and AQP9 confined
to the sinusoidal (basal pole) membrane of hepatocytes [38].
However, this is a static conception forAQPs. In fact, it is clear
that they can rapidly translocate in other compartments in
response to osmotic or hormonal stimuli. AQP8 has a role in
water movements in/out hepatocyte and among subcellular
compartments and in bile formation, before secretion into the

bile canaliculus (apical pole of the hepatocyte). Several treat-
ments aimed to increase cAMP (forskolin) rapidly induced
redistribution ofAQP8 to the plasmamembrane, augmenting
water permeability [38]. Garćıa et al. [39] observed that
colchicine, a microtubular inhibitor, blocked the effects of
cAMP-dependent translocation, indicating that intracellular
AQP8 traffic is microtubule dependent. We have detected
AQP8 in the cytoplasm and intracellular vesicles of rat
hepatocytes in liver slices by immunoelectron microscopy
(Figure 5) (Russo, unpublished results).

In our model of rat liver slices, AQP8, at the end of
90min cold + 70min warm incubation in the absence
of ouabain, was present in membranes of bile canaliculus
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Figure 4: Effects of Brefeldin A on water transport and ultrastructure in the presence of 2mM ouabain. Liver slices were incubated as
described before (see also [7]). (a)Water transport inhibition. (b) Detail of Golgi region of two adjacent hepatocytes: evident Golgi disruption,
with only small vesicles left. BC = bile canaliculus.

(Figures 5(a) and 5(b)) and, in small clusters, into the cytosol
or associated with membranes (Figure 5(c)). In the pres-
ence of 2mM ouabain, AQ8 was mostly associated with
the typical ouabain-dependent vesicles (Figures 5(e) and
5(f)), even when these vesicles were fusing with plasma
membrane (Figure 5(d), arrow), or in cytosolic small clusters
(Figure 5(f), arrow). This suggests that the inhibition of
Na/K-pump and the increase in intracellular water also
stimulate, through an unknown pathway, the redistribution
of AQ8. It is also unknown if a de novo synthesis of AQPs
may occur.

The growth and enlargement of vesicles in the presence
of ouabain is partially dependent on time of incubation and
on concentration of ouabain (0.5 to 5.0mM, reaching the
maximal effect at 2mM) [6].

5. Role of Exocytosis: Transport of Vesicles to
the Secretory Pole

Ouabain-dependent vesicles, once formed, must be trans-
ported and secreted at the apical pole of the hepatocyte, that
is, at the bile canaliculus (Figure 9). This requires an intact
cytoskeletal system to generate force for polarized transport
and a docking system between vesicle membrane and F-actin
filaments. In addition, this system should be Ca dependent
andATP consuming, suggesting that themechanism could be
sensitive to the absence of Ca2+ and to the decrease of energy
charge.

In fact, this step is dependent on the activity of actin
components of the cytoskeleton [8]. Russo et al. [7] further
explored this aspect for the first time giving evidence that

a cytoskeleton-dependent component can contribute to vol-
ume regulation even when the Na-K ATPase is inactive.

Cytoskeleton involved in the hepatocyte exocytosis
includes two main structures, microtubules [40] and actin
microfilaments [41]. In a previous work, the effects of
colchicine and other antimicrotubular agents on the ouabain-
resistant cell volume control have been explored [24].
At concentrations normally used to disorganize micro-
tubules (1mM), colchicine was apparently ineffective, while
showing some inhibition of vesicle-dependent mechanism
when higher concentrations (10mM) were used. However,
these latter concentrations depress ATP synthesis [42] and
appeared to be quite toxic as evidenced by large areas of
necrosis in particular in the presence of ouabain [24].

The role of actin filaments have been explored by
using phalloidin and cytochalasins A, B, D, and E which
inhibit actin-dependent processes by, respectively, stabilizing
actin filaments (phalloidin) or preventing their elongation
(cytochalasins), in both cases resulting in a malfunctioning
contractile force generating system.

Each of these agents reduced the extrusion of water, Na+,
and Cl− in the presence and, to a lesser extent, in the absence
of ouabain without affecting the reaccumulation of K+
(Table 2). Furthermore, these agents alone also induced the
type of vesiculation characteristic of the presence of ouabain.
These findings provide a strong evidence in favor of a volume-
regulating mechanism which is independent of the Na/K
ATPase and also suggest that the vesicular mechanism, in the
presence of ouabain, is potentially active also in its absence.

In the presence of ouabain, results with phalloidin and
cytochalasins A, D, and E were all rather similar to the obser-
vations previously obtained with cytochalasin B alone [24].
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Figure 5: Aquaporin-8 localization in ouabain-induced vesicles and plasma membrane. Liver slices were incubated at 1∘C for 90min
and then for 70min at 38∘C in the absence ((a), (b), and (c)) or presence ((d), (e), and (f)) of 2mM ouabain. At the end of treatments,
samples were slightly fixed (5min in 4% paraformaldehyde) and cryofixed in liquid nitrogen. Ultrathin cryosections were obtained at the
cryoultramicrotome, treatedwith amonoclonal antibody forAQ8 and thenwith proteinA conjugatedwith 20 nmgold particles. Sectionswere
postfixed and contrasted with osmium tetroxide vapors. (a) Control warm incubation. No gold particles are visible on the vesicle membranes.
(b) Control warm incubation. Detail of (a). Few particles are visible on bile canalicular (BC) plasmamembrane. (c) Control warm incubation.
Occasional clusters of gold particles on the lateral plasmamembrane. (d) Control warm incubation in the presence of 2mMouabain. A cluster
of gold particles is present on the membranes where a typical electron-clear vesicle (V) is fusing with lateral plasma membrane (LP) (arrow).
(e) Control warm incubation in the presence of 2mM ouabain. A number of gold particles are visible on the membrane of an electron-clear
vesicle. (f) Control warm incubation in the presence of 2mM ouabain. Detail of (e) showing the close association between gold particles and
vesicular membrane.

All these agents inhibited the ouabain-resistant extrusion of
total tissue water to varying degrees and caused an increase
in the number, size, and area of distribution beyond that seen
with ouabain alone (Figures 6, 7, and 8) [7]. Furthermore, the
vesicles typically lacked the orientation towards theGolgi and
excretory pole as seen with ouabain alone (Figures 6(a) and
8(a)). This distribution suggests that the vesicles are formed
but are unable to move on their normal path and to extrude
their content at the canalicular pole. The reduced extrusion
of total and intracellular water was, in each case, associated
with an approximately equimolar reduction of the extrusions
of Na+ and Cl−.

Incubation in the Ca2+-free medium caused a partial
inhibition of volume recovery (i.e., extrusion of water).
However, complete absence of recovery in Ca2+-free medium
was observed in the presence of ouabain. The reduction of
water extrusion seen in the presence of ouabain or absence of

Ca2+ was due to mainly a slower initial loss. However, when
the Ca2+-free medium contained ouabain, there was total
inhibition which was evident during the first 10min at 37∘C
[7]. Thus, these two conditions appear to have an additive
effect on the mechanism of water extrusion. Slices incubated
in the Ca2+-free medium in the absence or presence of
ouabain showed a large number of rounded vesicles which
were very similar to those seen with ouabain alone, except
that they were now more widely distributed throughout the
cell without a polarized (Golgi to canaliculus) distribution
[7]. At higher magnification, the shape and content of the
vesicles and the appearance of bile canaliculi were all very
similar with and without Ca2+ despite the reduced water
extrusion in its absence (Table 2).These observations suggest
that (1) Ca2+ is not required for the increased formation
and expansion of the ouabain-induced vesicles and (2) Ca2+
is needed for the vesicles to follow their normal path of
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Figure 6: Liver slice incubated as indicated before in the presence of ouabain and cytochalasin D [7]. (a) Numerous vesicles of differing sizes
are widely scattered throughout the cells and not particularly oriented to the canalicular region.The large vesicles tend to bemore irregular in
shape than the small ones probably due to their formation by fusion, and both have rather clear contents. The bile canaliculi appear partially
disorganized showing a thin submembranous layer of cortical actin and a loss of microvilli. The perimeter of the canaliculi is round with
a smooth surface. (b) Detail of large vesicles. Two cells form an irregular bile canaliculus (BC). Large cytoplasmic vesicles appear to fuse
with each other and with the canaliculus. (c) Detail of a bile canaliculus almost devoid of microvilli. The layer of cortical actin is almost
unrecognizable because of its thinness. BC = bile canaliculus; V = vesicles; S = sinusoid.

distribution in the Golgi and canalicular region and/or to
undergo exocytosis, likely regulating the actin/myosin
interaction in the molecular motor moving vesicles
[43].

The exocytosis of vesicular content in the presence of
ouabain has been less convincingly demonstrated in liver
than in slices of renal cortex, with few “Ω-shaped” vesicles
of fusion between vesicular and plasma. Electronmicroscopy
of liver slices showed that, in the presence of ouabain,
the electron-dense markers, OsO

4
and ferritin, were taken

up by basolateral endosomes that fused with the rounded
vesicles characteristic of the presence of ouabain. In such
slices, electron-dense particles were also present in the bile
canaliculi, suggesting exocytotic expulsion of the vesicular
contents [24]. In subsequent experiments on fluid-phase
endo- and exocytosis, with Lucifer yellow as marker, ouabain
somewhat delayed release of the dye. This was consistent
with the fusion of Lucifer yellow-containing endosomes with
the ouabain-induced vesicles derived from intracytoplasmic
membranes, thereby diluting the dye in intravesicular water
[31]. It remains to be explored what molecules are specifically
involved in docking vesicles to plasma membrane, in the
process of fusion, and in opening to the extracellular space.

6. Ouabain-Resistant Volume Regulation in
Various Mammalian Tissues

This mechanism has been explored in a number of other
cell and tissue models with results that are consistent with
our proposal. Results have been already published and/or
reviewed before [8] in isolated hepatocytes [31], in hepatoma
3924A, a rat liver tumor of the Morris series which retain
many morphological and differentiative features of the rat
liver [9], kidney cortex [18], in myometrium [15], in lung
[32, 44], and in avian salt gland [8]. Interestingly, in all
these different models, results were in agreement with our
proposed mechanism.

7. Corollaries in Human Diseases

Themechanisms of cell volume control and in particular the
homeostasis of water are central in mammalian physiology
and their alterations are crucial in many human pathological
conditions.

Cloudy swelling was recognized by Virchow as cell
volume alteration following ischemia, hypoxia, and a number
of toxic biological (bacterial toxins) and chemical agents and
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at 1∘C followed by 60min at 37∘C. Water content was paralleled to the retention of Na+ and Cl− [7].
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Figure 8: Liver slices were incubated for 90min at 1∘C followed by 60min at 38∘C, with 10𝜇M phalloidin plus 2mM ouabain [7]. (a) This
micrograph shows an increase in the size and number of vesicles. These show a rather irregular outline probably resulting from the fusion
of smaller vesicles. The vesicular contents are clear and similar to that seen with ouabain alone. (b) Detail of a very large vesicle close to a
small bile canaliculus. (c) Detail of homogeneous submembrane zone typical of the stabilization effect of phalloidin on cortical actin. BC =
bile canaliculus; V = vesicles; S = sinusoid.
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he clearly stated that extreme cloudy swelling preceded cell
necrosis.

Water homeostasis is impaired in edema formation, when
intracellular water progressively accumulates in extracellular
space of diseased (i.e., inflamed) tissues for vessel permeabil-
ity alterations.

Hypothermia may cause metabolic inhibition by cold
with serious and irreversible damages especially in more
susceptible tissues [45]. The lesson learned on water and
ion movements and its recovery in the presence of warm
exposuremay be useful to determine the therapeutic conduct
and treatment in case of freezing.

Organ storage for transplant uses hypothermic perfusion
to preserve structure and function of organ tissues. Today, it
is known that reperfusion at warm is the major responsible
reason for cell damage leading to necrosis. Necrotic cells
release alarmins which may activate a robust inflammatory
response (hyperacute rejection) or trigger the mechanism to
activate the chronic rejection. Additionally, the half-life of
the transplanted organ, which, for example, in the case of
the kidney is about 15 years, can be drastically shortened by
the amount of necrosis during recovery from cold perfusion,
reducing the number of functionally active cells and increas-
ing the tissue fibrosis.

In conclusion, a better understanding of the mechanisms
preserving water and ion homeostasis at cellular level could

suggest new molecular targets and strategies to control cell
volume, ion composition and structure of cell, and subcellular
compartments, modifying the outcome of a number of
important pathological conditions or medical situations.

8. Conclusions: What Remains to Do?

Vesicular transport of water and ion transport to control
cell volume is a multistep mechanism that has been initially
hypothesized on the ultrastructural (morphological) basis
and then described in detail analyzing and correlating ion
composition and ultrastructure in different experimental
conditions affecting the various steps of the sequence.

Despite the fact that an amount of data coherent with this
hypothesis has been accumulated, there is still a need of direct
evidences to address several important points.

(1) The ion composition of vesicles should be explored by
TEM microanalysis (combining X-ray microanalysis
and EELA (electron energy loss analysis) spectrom-
etry) on cryoultrathin sections of high pressure cry-
ofixed samples.

(2) The role of aquaporins in the formation and growth
of vesicles needs to be clarified. Different aquaporin
isoforms can be constitutively present or rapidly
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induced in different subcellular compartments allow-
ing an optimal transport and traffic of water to avoid
cytosolic and mitochondrial swelling. We still do
not know which aquaporin isoforms are involved in
different tissues and if they are synthesized de novo
and/or are translocated from one compartment to
another resulting in water redistribution and vesicle
formation.

(3) The precise mechanism of transport of ouabain-
associated vesicles to the canalicular pole should be
investigated. It seems likely that, considering the
central role of actin filaments, a molecular motor F-
actin + myosin (myosin V or I) could be the best
candidate for vesicles translocation [43]. Additionally,
the cargo protein (possibly belonging to rab family)
attaching vesicle to the myosin should be identified.

(4) Several types of cell stress in human pathology may
show transient or persistent increase of cellular
water and changes in ion distribution. It could be
extremely interesting for clinical medicine and for
better describing this mechanism to understand how
cells adapt their gene expression to control this
homeostatic mechanism and what are the master
transcription factors involved in this adaptation.
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European Journal of Physiology, vol. 316, no. 1, pp. 1–25, 1970.
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T leukemogenesis is a multistep process, where the genetic errors during T cell maturation cause the healthy progenitor to convert
into the leukemic precursor that lost its ability to differentiate but possesses high potential for proliferation, self-renewal, and
migration. A new misdirecting “leukemogenic” signaling network appears, composed by three types of participants which are
encoded by (1) genes implicated in determined stages of T cell development but deregulated by translocations or mutations, (2)
genes which normally do not participate in T cell development but are upregulated, and (3) nondifferentially expressed genes which
become highly interconnected with genes expressed differentially. It appears that each of three groups may contain genes coding
ion channels. In T cells, ion channels are implicated in regulation of cell cycle progression, differentiation, activation, migration,
and cell death. In the present review we are going to reveal a relationship between different genetic defects, which drive the T cell
neoplasias, with calcium signaling and ion channels. We suggest that changes in regulation of various ion channels in different
types of the T leukemias may provide the intracellular ion microenvironment favorable to maintain self-renewal capacity, arrest
differentiation, induce proliferation, and enhance motility.

1. Introduction

T cell acute lymphoblastic leukemias (T-ALL) are aggressive
neoplastic disorders of the lymphoblasts committed to the
T lineage. T-ALL accounts for 15% of pediatric and 25%
of adult ALL cases [1]. It is widely accepted that the T
cell leukemogenesis is tightly related to the normal T cell
development. Various genetic errors during T cell maturation
may cause the healthy progenitor to convert into a leukemic
precursor cell that lost its ability to differentiate but possesses
high potential for proliferation and self-renewal. Accordingly,
leukemogenesis is a multistep process, where the genes
encoding proteins implicated in the normal T cell develop-
ment are deregulated. Among them there are transcriptional

factors and tumor suppressors, receptors and signal trans-
duction molecules, secreted molecules and growth factors,
ion channels, and transporters. Specific genetic alterations
define distinct groups of T-ALL with different profiles and
levels of gene expression denominated as a gene expression
signature. Moreover, gene expression signatures may vary in
every special clinical case. Although numerous experimental
and clinical reports and detailed reviews dealing with T-ALL
are available, the relationships between various components
of transcriptional and signaling regulatory networks are very
complex and many issues are still to be addressed.

In the present review we are going to reveal a relation-
ship between different abnormalities that drive the T cell
neoplasias, with special accent on those occurring in the
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expression of ion channels in this type of lymphoproliferative
disorders. We suggest that changes in regulation of various
ion channels in different types of the T-ALL may provide
an intracellular ion microenvironment favorable to maintain
self-renewal capacity, arrest differentiation, induce prolifera-
tion in T cell precursors, and enhance their motility.

We first review normal T cell maturation and recurrent
cytogenetic abnormalities reported in the T-ALL, with their
relation tomain signaling pathways that contributed to leuke-
mogenesis. Next, we address the question how Ca2+ signals
may be involved in the T-ALL signaling network. Then we
provide an overview of the current knowledge on the abnor-
mal expression of ion channels in leukemias, from the point
of view of their possible contribution to shaping and mainte-
nance of Ca2+ signal, and other mechanisms where ion chan-
nelsmay be involved. And finally, we will discuss the possibil-
ity of targeting ion channels to improve the existing protocols
of the T-ALL treatment.

2. T Cell Maturation in the Thymus

It is widely accepted that T leukemogenesis is a multistep
process where several genetic lesions drastically mislead the
normal thymocyte maturation [2]. A short overview of key
events in early thymocyte development and their links to the
leukemogenesis is presented at Figure 1.

T cells can be distinguished from other lymphoid lin-
eages by the presence of the unique antigen-specific T cell
receptor (TCR) on the cell surface. TCR is a transmembrane
heterodimer composed of two chains, either 𝛼𝛽 or 𝛾𝛿. T cells
of TCR𝛼𝛽 lineage constitute the bulk of T cell populations
in lymphoid organs and recognize antigen-derived peptides
bound to the molecules of a major histocompatibility com-
plex, of classes I or II (MHC-I or MHC-II), on the surface of
antigen-presenting cells. T cells of TCR𝛾𝛿 lineage are gener-
ally not MHC-restricted and particularly play an important
role in protection of the mucosal tissues from the external
infection ([3, 4]; revised in [5, 6]). Intracellular signaling
through TCR depends on its association with a multimeric
complex of membrane proteins referred to as CD3 and
composed of four distinct polypeptide chains that assemble
and function as three pairs of dimers (𝜀𝛾, 𝜀𝛿, and 𝜁𝜁).
Accordingly, TCR/CD3 protein complexes are defining fea-
tures of T lineage and therefore are used as T cell markers.
In addition, mature TCR𝛼𝛽 lymphocytes bear CD4 or CD8
transmembrane proteins that serve as coreceptors for TCR
in two subpopulations: T helpers (CD4+) and cytotoxic T
cells (CD8+). The extracellular domains of CD4 and CD8
bind to conserved regions of MHC class II and MHC class I
molecules, respectively.The coengagement ofMHCmolecule
by both TCR and CD4 or CD8 enhances the avidity of T
cell binding to its target and helps to initiate the cascade of
intracellular signaling events.

Each of the several millions of T cells circulating in the
organism possesses a unique TCR capable of recognizing
its own MHC molecules, which present specific antigenic
structure, distinct for every T cell clone and without cross-
reactivity to self-antigens. Maturation of self-tolerant T cells,

which differ in specificity of their TCR receptors and which
are restricted to self-MHC, takes place in the thymus. The
broad repertoire of TCR is generated by strictly ordered
gene rearrangements in TCR loci encoding 𝛼, 𝛿, 𝛽, and 𝛾
chains. The genomic locus coding every TCR chain contains
gene clusters corresponding to the variable (V), the diversity
(D), the join (J), and the constant (C) regions. Functional
TCR genes are produced by the recombination process that
assembles V, D, J, and C segments dispersed along a large
genetic locus into a single transcriptable gene. Recombina-
tion activating genes RAG1 andRAG2 and terminal deoxynu-
cleotidyl transferase (TdT) play a central role in the TCR rear-
rangement. At this phase, only those thymocytes survive, in
which genetic rearrangements were productive and resulted
in the appearance of a final unique lineal coding sequence
of TCR chains. The apoptotic program is triggered in the
rest of cells, which managed the rearrangement task poorly
[5, 6]. The earliest T cells, lacking detectable CD4 and CD8
(CD4−CD8−), are, therefore, referred to as double-negative
(DN) cells. Later on, they start to express both CD4 and
CD8 (CD4+CD8+) and are denominated as double-positive
(DP) cells. Finally, DP differentiates into single positive
(SP) cells, either CD4+CD8− or CD4−CD8+, which leave
to periphery. DN T cells are subdivided into four subsets
(DN1-4), based on the presence or absence of other cell
surface molecules, including CD117, the receptor for stem cell
growth factor c-kit; CD44, an adhesion molecule; CD25, the
𝛼 chain of the IL-2 receptor (IL-2R), determining the IL-2R
affinity [5, 7]. In every DN stage, characteristic events of
TCR rearrangements take place. DN1 thymocytes express
only c-kit and CD44 (c-kit++ CD44+ CD25−), but once they
encounter the thymic environment and become resident in
the cortex, they express CD25 and proliferate, becoming
DN2 thymocytes (c-kit++ CD44+ CD25+). During this stage,
rearrangement and transcription of germ line D𝛽 and J𝛽
segments belonging to TCR𝛾 and TCR𝛿 gene locus begin.
However, the TCR𝛼 locus does not rearrange, because the
regions of DNA encoding TCR𝛼 genes are not yet accessible
to the recombinase machinery. At the late DN2 stage, T
cell precursors are fully committed to the T cell lineage and
reduce expression of both c-kit and CD44. Cells in transition
from theDN2 toDN3 (c-kit+ CD44− CD25+) stages continue
rearrangement of the TCR𝛾, TCR𝛿, and TCR𝛽 chains, start
to express CD3, and make the first major decision in T cell
development: whether to join the TCR𝛾𝛿 or TCR𝛼𝛽 lineage
[4, 5, 8, 9]. The choice to become a 𝛼𝛽 or 𝛾𝛿 T cell is dictated
by when and how fast the genes, coding for each of the
four receptor chains, successfully rearrange. Rearrangement
of the 𝛽, 𝛾, and 𝛿 loci begins during the DN2 stage. To
become a TCR𝛼𝛽, T cell must generate a TCR𝛽 chain—
an event that depends on successful VDJ rearrangement.
To become a TCR𝛾𝛿, however, a thymocyte must generate
two functional proteins that depend on two separate in-
frame rearrangement events [5]. Germline V𝛽 transcription
and rearrangement to assembled DJ𝛽 complex occur in
DN3 cells. Those DN3 cells that successfully rearrange their
𝛽 chain and therefore commit to the TCR𝛼𝛽 lineage lose
expression of CD25 halt proliferation and enter the final
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Figure 1: Hierarchical mutagenesis during T cell maturation causes different types of T-ALL (see text for details).

phase of their DN stage of development, DN4 (c-kitlow/−
CD44− CD25−), whichmaturate directly into DP thymocytes
[5, 8]. Cellular differentiation involves epigenetic changes
that regulate the transcription of genes encoding lineage-
specific proteins and pluripotency factors. Developmental
stage-specific regulation of transcriptional accessibility helps
control V(D)J or VJ recombination. For example, V𝛽 seg-
ments on nonrearranged TCR𝛽 alleles are accessible in DN
thymocytes, when they recombine, and inaccessible in DP
thymocytes, when they do not rearrange [8]. Assembly and
expression of functional TCR𝛾 and TCR𝛿 chains that can
pair to form TCR𝛾𝛿 complexes in DN2/3 thymocytes drive
cellular proliferation and promote differentiation into 𝛾𝛿T
cells. In contrast, DN thymocytes that have successfully
rearranged their TCR𝛽 chains are valuable and are identified
and expanded via a process known as 𝛽-selection. At this
stage of development, DN3 thymocytes express the unique
pre-T𝛼 chain. It acts as a surrogate for the real TCR𝛼
chain, which has yet to rearrange, and assembles with a
successfully rearranged and translated TCR𝛽 chain, as well
as CD3 complex. This precursor TCR/CD3 complex, known

as the pre-TCR, is an important player in the next stages
of thymocyte maturation. It initiates a signal transduction
pathway resulting in maturation to the DN4 stage (c-kit−
CD44− CD25−), rapid proliferation in the subcapsular cortex,
and suppression of further rearrangement of TCR𝛽 chain
genes, resulting in allelic exclusion of the 𝛽-chain locus,
and induces development to the DP stage. After entering
into the DP stage, cessation of proliferation and initiation
of TCR𝛼 chain rearrangement occurs. Once a TCR𝛼 chain
has successfully rearranged, it will dimerize with the TCR𝛽,
replacing the pre-T𝛼 chain. The mature TCR𝛼𝛽 generates
signals that lead to the next stages of positive and negative
selection. During positive selection, only T cells are able to
recognize host MHC survives, ensuing MHC-restriction. T
cells that recognize self-MHC molecules and peptides with
high affinity are deleted from the repertoire of cells during
negative selection, providing self-tolerance [7]. The vast
majority of DP thymocytes (more than 95%) never meets the
selection criteria and dies by apoptosis within thymus. Upon
its positive selection, TCR𝛼𝛽 activates intracellular signals
that stop TCR𝛼 rearrangements and promote differentiation
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of DP cells into SP thymocytes, which leave the thymus as
CD4+ or CD8+ TCR𝛼𝛽 cells [4, 5, 7, 8].

Key steps in T cell maturation are controlled by several
transcriptional regulators. The most important players in T
cell ontogeny that are afterward deregulated in T leukemoge-
nesis areNotch receptors proteins, and transcriptional factors
of helix-loop-helix (HLH, the E2A, andHEB) andHomeobox
(HOX) families [2, 6, 10].

Notch signaling pathway is evolutionarily conserved and
operates in many cell types of different tissues at various
developmental stages [11]. It is an important coordinator of
different stages of the T cell maturation prior to the DP stage,
including self-renewal of common lymphoid progenitor
(CLP), commitment decision of the CLP toward T cell versus
B-cell fate choice, and assembly of pre-TCR in immature
thymocytes [2, 12, 13].Mammals possess fourNotch receptors
(Notch 1–4) and five corresponding ligands (Delta-like 1, 3,
4, and Jagged 1 and 2). Mature Notch (1–4) receptor is a
heterodimer that consists of Notch extracellular (NEC) and
Notch transmembrane (NTM) domains associated nonco-
valently with the heterodimerization domain (HD). Ligand
binding initiates the chain of proteolytic cleavages in NEC,
culminating in the formation of intracellular Notch (ICN).
Subsequently ICN translocates to the nucleus, to form a part
of the large transcription activator complex. Notch signaling
is regulated at multiple levels. Primarily, expression of Notch
receptors and their ligands is restricted to a certain cell
populationwithin certain context. Another level of regulation
is to insure that ICN is a short-lived protein, due to ubiqui-
tylation within its degradation PEST domain rich in proline
(P), glutamic acid (E), serine (S), and threonine (T) [11].

Notch1 activation in maturing thymocytes occurs upon
engagement with its ligand, expressed on the thymic stromal
cells [14, 15]. AmongmultipleNotch target genes, identified in
T cells, there are transcriptional factors hes1 (and hes-related
genes), Myc, NFAT, and NF𝜅B [13].

Myc exhibits a steady expression at early stages and
an abrupt drop in DP thymocytes [16]. A burst of prolif-
eration, triggered by 𝛽-selection, requires preTCR, Notch,
and Myc signaling [17] and is augmented by IL-7 [10].
The preTCR expression shuts down Notch signaling and
therefore negatively regulates these mitogenic pathways [10].
Transcriptional factors NFAT and NF𝜅B were shown to be
upregulated in thymus at the transition of DN cells to the
DP stage governed by pre-TCR signaling [18, 19]. Both NF-
𝜅B and NFAT regulate the transcription of genes, encoding
cytokines, antiapoptotic proteins, and cell cycle regulators
[20], and their activation is related to mitogen-activated pro-
tein kinase (Raf-MEK-Erk) pathway during positive selection
[21].

E2A and HEB proteins bind DNA at specific E-box sites
in the enhancers of many T cell specific regulatory genes like
CD4 and preT𝛼 [2]. Members of the HOX family contribute,
in some phases of early development, to coordinating the
differentiation block, expression of the IL7 receptor, and
choice of the 𝛼𝛽 versus 𝛾𝛿 lineage in DN2 [2].

Other important regulators of T cell maturation are
numerous cytokines, produced by thymocytes themselves or
by thymus stromal cells [22]. Among them, IL-2 and IL-7 are

of special importance. IL-2 is an autocrine factor coming into
the play as early as at DN2 (see above) and regulating the
TCR-dependent clone expansion from this moment over the
entire life of a T cell. In contrast, IL-7 is paracrine thymic
cytokine produced by stromal cells in subcapsular zone,
whereDNcells are located. IL-7 participates in a coordination
of the basic processes of early thymocyte development,
namely, survival (through Bcl-2 upregulation), proliferation,
and TCR rearrangement.

3. T-ALL as a False Mirror of
the T Cell Maturation

As far as neoplastic transformation may occur at different
stages of T cell differentiation (Figure 1), T-ALLs represent
a very heterogeneous group of tumors with regard to their
immunophenotype, cytogenetic, and clinical features and
response to treatment. Arrest of differentiation program at
specific stage of normal thymocyte development is a priming
event in the T leukemogenesis. Simultaneously, uncontrolled
cell growth and clonal expansion occur as a result of several
mutations in the genes, involved in regulation of cellular
metabolism, cell cycle control, and self-renewal of stem
cells. The most of T-ALL oncogenes are downregulated at
early stages of the thymocyte development or are not at all
expressed in the normal thymus. Different mechanisms of
genetic structural rearrangements are implicated in the T-
ALL leukemogenesis: (1) translocations involving TCR loci,
(2) gene fusion encoding chimeric proteins, and (3) deletions
of tumor suppressive genes. As a result, corresponding
gene is upregulated (activating mutation) or downregulated
(suppressing mutation) (for detailed review, see [2]).

A hierarchical model of mutations, which contributed
to the T leukemogenesis, was recently proposed [23]. In
accordance with this model, the leukemogenesis occurs in
several consequent steps (Figure 1). At the first stage, genetic
alterations of transcription factors, leading to the activation
of self-renewal program, occur in the immature T cell
progenitors and generate the preleukemic stem cells (pre-
LSCs). Self-renewal phenotype is essential for acquisition and
accumulation of subsequent mutations. Activatingmutations
of signaling pathways important for T cell maturation allow
expansion of pre-LSC, independent of the thymic microenvi-
ronment (niche). At the next stage, acquisition of mutations
in epigenetic regulators results in transformation of pre-LSCs
in LSCs. Finally, apparent T-ALL is generated by a clonal
expansion of LSCs, retaining activating mutations in the
cytokine signaling pathways.

Considering a rearrangement of gene loci, encoding
variable regions of the TCR chains as a key event during
the T cell maturation, it is not surprising that, in more than
30% of T-ALL patients, oncogenes are activated while being
translocated and juxtaposed to one of the TCR loci [24, 25].
Partner oncogenes, involved in the TCR gene translocation,
encode developmentally regulated transcription factors and
signaling molecules. They are transcribed simultaneously at
early stages of the thymocytes maturation and possess open
chromatin configuration, which is vulnerable to the action
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of recombinase enzymes RAG1 and RAG2. As a result,
target genes are put adjacent to strong promoter or enhancer
elements of the TCR genes.

The data about frequency of cytogenetic and molecu-
lar changes in T-ALL clinical cases are reviewed in detail
elsewhere [2, 26]. Here we present summarizing remarks
of the most frequent genetic lesions. Microarray-based gene
expression analysis revealed that T-ALL patients cluster into
four major groups based on the aberrant, subtype-specific
expression of transcriptional factors TLX1 or TLX3 (HOX
family), LYL1 (HLH family), and TAL1 oncogenes [27].

TLX1 and TLX3 are normally involved in the early
embryogenesis being implicated in the organogenesis and
differentiation of specific cell types. They are not expressed
in developing T cells but seem to be involved in spleen
development. In leukemogenesis, they are the most frequent
aberrantly expressed genes becoming active due to the
translocation involving theTCR loci [1, 28]. TLX1 is expressed
in 7% of children and in about 30% of adults with T-ALL,
displaying an early cortical phenotype. TLX3 is detected in
20% of children and in 13% of adults. Specific mechanisms
of T cell transformation downstream of TLX1 involve the
repression of the TCR𝛼 enhanceosome activity, the blockage
of TCR𝛼 rearrangement, and downregulation of mitotic con-
trol genes, which induces the loss of the mitotic checkpoint
in nontransformed preleukemic thymocytes [29, 30].

The LYL1 gene is not normally expressed in T lineage. Its
upregulation in the T-ALL is due to chromosomal translo-
cation, which juxtaposes it with the T cell receptor 𝛽 gene
locus. LYL1 reflects an early arrest in the T cell differentiation.
Accordingly, related T-ALLs universally express the early
hematopoietic marker CD34 and for the most part lack the
expression of both CD4 and CD8 [31]. LYL was shown to be
also important for the angiogenesis [27]. Overexpression of
TLX3 and LYL1 in leukemic patients correlates with a worse
prognosis [27].

TAL1 is a homologue of LYL1. It is involved in the embry-
onic and adult hematopoiesis and in the angiogenesis but
is not normally expressed in maturating T cells. It has been
shown that TAL1 and its partners LMO1/2 are coexpressed in
themost primitive thymocytes [2]. Genetic evidences that the
TAL-1 aberrant overexpression may involve t(1;14) (p32:q11)
translocation or submicroscopic interstitial 1p32 deletion
with resulting fusion of TAL1 with SIL promoter were
provided. TAL1/SCL induces leukemia by inhibiting the tran-
scriptional activity of E47/HEB and interfering with several
E47/HEB target genes critical for the thymocyte differentia-
tion [32]. TAL1-positive leukemias show the transcriptional
upregulation of CD3 and TCR genes, developmental arrest in
DP stage, and an overexpression of antiapoptotic gene Bcl2
[1, 33]. Recently, Sanda and coworkers (2012) have identified
a set of transcriptional regulators that collaborate with TAL1
to generate a “core” regulatory circuit that contributes to the
initiation and maintenance of human T-ALL [34]. Among
TAL1 regulatory partners other transcriptional factors like
LMO1/2, HEB, E2A, GATA3, and RUNX1 were found among
others. An elevated expression of the TAL1/SCL is detected in
over 60% of children and adults [35]. Patients with TAL1/SCL

activation respond poorly to existing therapy, ensuing that no
more than 50%of patients survive 5 years after diagnostics [1].

Cryptic deletion of the INK4/ARF locus is another fre-
quent anomaly, detected in about 65% T-ALL, which results
in cell cycle control defects [2].

Notch mutations are very frequent genetic alterations
found in over 50%ofT-ALL clinical cases, irrespective to their
stage of the differentiation arrest [27, 36]. In contrast to T-
ALL, Notch1 mutations are not found in B-ALL [36] and are
seen only rarely in acute myeloid leukemia (AML) [37]. Since
Notch coordinates self-renewal program of early lymphoid
progenitors, activating Notch1 mutations increase the self-
renewal capacity of the LSC, resulting in their susceptibility
to acquire and accumulate additional genetic abnormalities.
Thus, Notch1 signaling deregulation is considered to be
crucial for the T cell leukemogenesis.Most common causes in
Notch1 signaling deregulation are activating mutations clus-
tered in regions coding HD and PEST domains [38], whereas
HDmutations seem to enable the ligand-independent Notch
cleavage resulting in the constitutive activation of the Notch
protein [39], PEST domain mutations are thought to sta-
bilize the structure and prolong the half-life of the active
Notch 1 [40]. In rare cases (<1% of T-ALL), the expression
of truncated ligand-independent and constitutively active
Notch1 receptor is caused by rearrangement translocation,
which juxtaposes the C-terminal region of human Notch1
gene to the TCR-𝛽 enhancer [41]. Additionally, the half-life of
Notch protein may be also increased due to loss-of-function
mutations in the FBXW7 gene, coding for a component
of ubiquitin ligase complex. In addition to the Notch1, it
degrades various proteins, important for the T-ALL patho-
genesis such as Myc and cyclin E. The FBXW7 mutations
result in inability to bind to its target proteins (Notch1) or
bind its targets but fail to tag them for degradation (Myc),
in both cases prolonging their half-life. FBXW7 gene lesion
was identified in various T-ALL cell lines and in significant
number (20%) of T-ALL patients, most of those undergoing
disease relapse and resistance to treatment [1, 28].

Aberrant Notch1 activation in T-ALL is suggested to
promote deregulated proliferation and prevent apoptosis.
Molecular mechanism of Notch-mediated cell-cycle progres-
sion was shown to involve activation of c-myc [36, 42], NFAT
[43, 44], and AKT/PI3K pathway and inhibition of PTEN
expression [45] (Figure 2). Among the targets, activated by
theNotch1 in theT-ALL, transcriptional factorsHES1,HERPI
1&2, and EGF-containing fibulin—like extracellular matrix
protein 1 (EFEMP1), vascular endothelial growth factor
VEGF, inhibitor of DNA binding 1 (ID1), and SnoRNAs of
the box H/ACA quantitative accumulation (SHQ1), immune
associated nucleotide 4 like 1 IAN4L1/GIMAP5, and corecep-
tor CD28 were also reported [46, 47]. Notch1 upregulation
enhances the G1/S transition through the induction of Skp2
expression; Skp2 is the component of E-3 ligase complex
that degrades p27Kip1 and p21Cip1, inhibitors of cyclin-
CDK2/4 complexes [48]. NF-𝜅B cascade seems also to be
activated by the Notch1 upregulation, and attenuation of NF-
𝜅B resulted in T-ALL suppression, both in vivo and in vitro
[49]. Inhibition of apoptosis may occur through Notch1
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activation of different pathways, including the NF-𝜅B or the
PKB/AKT/mTOR ones, leading to the p53 inhibition [25].

The question whether Notch aberrant expression is suf-
ficient to induce T-ALL on its own was addressed. For this,
different human gain-of-function Notch1 alleles were tested
for their ability to drive an ectopic T cell development
and to induce leukemia, when expressed in murine bone
marrow progenitors [40, 50]. It was shown that the induction
of the T cell leukemia is dependent on the Notch1 signal
strength. Only rare Notch1 mutations with strong down-
stream signaling were able to drive the T cell leukemia per se,
whereas common weak gain-of-function alleles were effec-
tive only in combination with a constitutively active Ras
oncogene; nonetheless they gave rise to tumors sensible to
inhibition ofNotch1 signaling.Thus, Notch1mutations, being
indispensable for the majority of clinical T-ALL, require
additional mutations in order to drive the leukemogenic
process.

Ras proteins play a critical role in the transmission of
survival signals from the cell membrane receptors to the
intracellular transduction pathways. Mutations of RAS genes

are common and have been described in various malignan-
cies including acute leukemias [2]. They lead to the constitu-
tive activation of the RAS-MAPK signaling cascade. Indeed,
RAS lesions and activation of the tyrosine kinase genes, as
a result of FLT3 and Janus kinase JAK1 mutation, or due to
the ABL1/JAK2 gene fusion, have been identified, according
to different studies, in 30 to 50% of clinical T-ALL cases
[2]. The interest to identify these aberrations resides in the
fact that they involve tyrosine kinases, for which specific
inhibitors are known. These pathways are attractive candi-
dates for a targeted therapy [51]. The AKT pathway plays a
key role in the cell cycle progression and differentiation. Acti-
vation of AKT, either through PTEN loss-of-function muta-
tions, activating mutations in the phosphatidyl inositol-3
kinase (PI3K) subunits, or AKT1 itself seem to be relatively
common and occurs in nearly half of the (adult) T-ALL cases
[52].

Genetic abnormalities that cause leukemia should meet
a special favorable microenvironment to be realized. In
pathways upregulated in the T-ALL, many functional ele-
ments depend directly or indirectly on the Ca2+ signaling
(Figure 2).
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4. TCR and Ca2+ Signaling in
the T Cell Physiology

In resting healthy T cells, the concentration of free intracel-
lular Ca2+ ([Ca2+]i) is kept about 100–200 nm [53]. Changes
in concentration of [Ca2+]i represent ubiquitous signaling
mechanism that regulates different phases of T cell phys-
iology, including the proliferation, lineage decision in the
maturation, and antigen activation [53–55]. To be able to
maintain low [Ca2+]i in resting cell or generate Ca2+ signal
of a particular frequency and amplitude, time course, and
intracellular location, every cell possesses the unique set of
components, involved in this regulation, a so-called Ca2+
toolkit [56]. Ca2+ toolkit includes external sensors (plasma
membrane receptors), signal transducers (such as G pro-
teins and phospholipase C isoforms), signal-generatingCa2+-
permeable ion channels, selective K+ channels that hyper-
polarize plasma membrane and generate a driving force for
Ca2+, ER-localized Ca2+ storage proteins (such as calreticulin
and calsequestrin), signal terminators that serve to return
intracellular Ca2+ levels to prestimulation levels, such as the
ER- and plasma membrane-localized Ca2+ pumps (SERCA
and PMCA, resp.), plasmamembrane exchangers, mitochon-
dria and cytosolic buffer proteins, and Ca2+ sensors and
effectors such as calmodulin (CaM) and its downstream tar-
gets, including CaM kinase (CaMK) and Ca2+/calmodulin-
dependent serine/threonine phosphatase calcineurin (Cn)
and protein kinase C (PKC). The Ca2+ toolkit may be
modified during every developmental stage according to the
changes in signaling events or may be remodeled in tumor
cells to sustain the proliferation and avoid the cell death [56].

4.1. Mature T Cells. Antigen recognition through TCR recep-
tor is a key event in the T lymphocyte physiology, lead-
ing to cell activation, clone expansion, and differentiation
to effector cells (reviewed in [57]). Binding of the TCR
to the MHC-Ag results in the assembly of the TCR/CD3
(TCR𝛼𝛽/CD3𝛾𝜀𝛿𝜀𝜁2) signaling complex, which is formed by
membrane-resident molecules that are physically segregated
in resting T cells. The TCR recognition module governs
MHC-Ag recognition and the association of the protein
tyrosine kinase (PTK) zeta-chain-associated protein kinase
of 70 kDa (ZAP70) with the intracellular immunoreceptor-
tyrosine-based activation motifs (ITAMs) of CD3. ITAMs
are phosphorylated by the Src family PTK lymphocyte-
specific protein tyrosine kinase (Lck). The Src kinase module
is in charge of regulating the activity of the PTKs Lck
and Fyn and ensures the TCR activation threshold. CD45
dephosphorylates inhibitory tyrosine of membrane-localized
Src family kinases Fyn and Lck, previously recruited and
activated by CD4 or CD8 co-receptors. Activated Fyn and
Lck phosphorylates ITAMs on the CD3 𝜁 chains. This allows
binding ZAP-70 to the ITAM, and activated ZAP-70 phos-
phorylates tyrosines on the adaptor protein LAT, which then
attracts the phospholipase C (PLC-𝛾). Phosphatidylinositol-
4,5-bisphosphate (PIP

2
) is the substrate for PLC-𝛾. PLC-𝛾

hydrolyses the PIP
2
, generating two secondmessengers, inos-

itol(1,4,5)trisphosphate (InsP
3
) and diacylglycerol (DAG).

Whereas DAG activates the RAS/PKC pathway, binding of
InsP
3
to the InsP3R Ca2+-permeable channel, located on

the endoplasmic reticulum (ER) membrane, mediates the
release of Ca2+ from this store. Depletion of ER Ca2+ stores is
sensed by the stromal interactionmolecule 1 (STIM1) protein
integrated in ER membrane, which in turn induces the
opening ofORAI1 calcium release-operated calciumchannels
(CRAC) located in plasma membrane and Ca2+ influx [58,
59].

The process of conversion theCa2+ signal into a biological
response is assured by Ca2+-binding regulatory proteins,
which together form an intricate network of feedback loops to
control the location, amount, and effect of calcium influx. In
T cells, CaM is considered as a major sensor and transducer
of Ca2+ signals, and among CaM-binding signal traducers
are Cn and Ca2+/CaM-stimulated protein kinases II and IV
(CaMKII and CsaMKIV) [60].

Cn activation is foremost dependent on the intracellular
Ca2+ concentration (reviewed in [61]). The Cn complex is
composed of a catalytic subunit A (CnA) and a regulatory
subunit B (CnB), tightly associated at resting conditions. CnB
possesses four Ca2+-binding sites, two of which are of low
and another two of high affinity. High-affinity sites are often
referred to as structural ones and bind Ca2+ at nanomolar
range, stabilizing the heterodimeric Cn structure. Little or no
phosphatase activity is observed at [Ca2+]i about 100 nM in
resting cells.The low affinity sites with Kds in the micromolar
range are considered as Ca2+ sensors. During signaling events
causing a Ca2+ rise, binding of Ca2+ ions to these sites results
in sequential conformational changes (partially active form),
dissociation of the CaM-binding region, binding of CaM,
and displacement of the autoinhibitory inhibitory peptide
from the active site (fully active form). Additionally, Cn activ-
ity is regulated by Ca2+-independent endogenous inhibitor
calcipressin [62].

In T cells, NFAT is considered as a major substrate for
the Cn [63]. NFAT activity is regulated by its phospho-
rylation status. Under resting conditions, NFAT is highly
phosphorylated. During activating events, dephosphoryla-
tion of multiple sites by Cn causes a conformational switch
of NFAT protein that allows its translocation to the nucleus.
Once inside the nucleolus, NFAT cooperates with multiple
transcriptional partners and binds to specific DNA response
elements to regulate the transcriptional program, which is
specific for every cell type and for the stimulation pattern
[64, 65]. Ca2+/Cn/NFAT signaling was initially described in
mature T cells as a critical regulator of the TCR-induced IL2
gene transcription [66–68]. Later it was shown that this path-
way regulates the expression of numerous genes, including
cytokines, as well as genes, encoding proteins involved in the
regulation of survival and proliferation, apoptosis, and cell
cycle [64, 65].

It was estimated that 75% of all activation-regulated genes
in T cells demonstrate dependence on the Ca2+ influx [53].
The changes in [Ca2+]i have been detected as the cell grows
and passes through G1, G1/S, and mitosis. Ca2+ not only
operates upstream of the cell-cycle machinery by regulating
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the expression, activity, and/or location of the transcription
factors that control expression of the G1 cyclins (FOS, JUN,
MYC, CREB-ATF1 (activating transcription factor 1), and
NFAT), but also acts more directly on the cyclins, CDKs,
and/or their small protein inhibitors to regulate the assembly
and activation of CDK complexes (reviewed in [56]).

Whereas initial T cell activation is related to short-term
local [Ca2+]i raise, subsequent events related to a new gene
expression all require a sustained Ca2+ influx to maintain
[Ca2+]i at level higher than basal one in resting cells. In
addition to CRAC channels, other Ca2+-permeable channels
have been found in T lymphocytes and proposed as Ca2+
influx pathways during different physiological events (as
discussed below).

4.2. Maturing Thymocytes. TCR signaling coordinates thy-
mocytes maturation as well [6]. The survival of “correctly”
developed thymocytes in the thymus depends crucially on the
signaling trough pre-TCR [6].Theprocess of𝛽 selection is the
first critical checkpoint related to the pre-TCR signaling [69].
Only DN3 cells that have productively rearranged a TCR𝛽-
chain, which can assemble with the invariant pre-T𝛼 and
CD3molecules to form the pre-TCR complex, are selected for
further differentiation [70]. Expression of the functional pre-
TCR in the DN3 promotes survival and proliferation (DN4)
and following differentiation to the DP stage. Remarkably,
transition of the DN to the DP demonstrates apparent
independence of the pre-TCR on the ligand. The ligand-
independent nature of pre-TCR signaling has been attributed
to its localization closely to other signaling molecules in lipid
rafts and to the relatively low signaling threshold of pre-T
cells [71, 72]. Notch1 is considered as a probable candidate
for this signaling molecule, because the interaction between
Notch and its Delta-like ligand expressed at stromal cells
indeed plays an essential role in enabling the autonomous
signaling capacity of the pre-TCR complex [17, 73]. These
findings provided a functional basis for the observed pattern
of theNotch receptor expression and activation in developing
thymocytes, since several reports have showed that levels of
Notch1 and Notch3 expression and activity are significantly
higher in the DN than in the DP thymocytes [10, 74–76].

T cell development from immature DP thymocytes to
the mature CD4+ or CD8+ SP stage is also coordinated by
the TCR signaling. The current working model suggests that
the interaction strength between the TCR and the self-MHC
complex determinates the destiny of maturated thymocyte.
Little-or-none signal means that this thymocyte is unable to
recognize self-MHC and will undergo death by neglect. A
too strong signal will lead to a negative selection to avoid a
generalized T cell aggression toward self-tissues. Only signals
of intermediate range will culminate in survival (positive
selection) [6].

TCR engagement activates the Cn/NFAT signaling not
only during the activation of mature T lymphocytes, but
also at the specific steps of thymocytes development (revised
in [77]). By Cn inactivating during haematopoietic devel-
opment, it was demonstrated that this signaling pathway
plays an important, nonredundant role in the regulation
of lymphocyte developmental checkpoints, in contrast to

development of myeloid lineages [78]. More specifically,
absolute requirement for Cn in positive but not in negative
selection was demonstrated [79]. Early studies using a Cn
inhibitor cyclosporine A (CsA) showed an impaired devel-
opment of the DP thymocytes into SP [80, 81]. NFAT is
upregulated during the T cells maturation [18, 19]. Disruption
of NFAT in the DP thymocytes results in fewer SP cells and is
associated with defects in the expression of the antiapoptosis
protein Bcl-2 by DP cells [82]. Since NFAT activation is
strongly dependent on theCa2+ rise, involvement of transport
systems in regulation of thymocyte maturation should be
expected. Nevertheless, there are still few studies on this
subject.

In experiments with mouse models, it was shown that the
constitutive pre-TCR signaling induces the NFAT and NF-𝜅B
activation, associatedwith an increased rate of theCa2+ influx
through the CRAC channels. Herewith, the biphasic nature
of the cytosolic Ca2+ rise was observed, which differentially
modulated the activities of the transcription factors NF-𝜅B
and NFAT in developing T cells [28].

Recently, Lo and colleagues have investigated the Ca2+
signaling during positive and negative selection in the CD4+
MHCII-restricted T cells [83]. They demonstrated that neg-
ative selection induced a strong Ca2+ flux, and such a high
Ca2+ peak might play a key role in inhibiting channel activity
and decreasing transcript expression. On the other hand, a
weaker yet more sustained Ca2+ flux was observed during
positive selection. It was suggested that it may activate the
Cn- and Erk-dependent pathways, leading to the survival and
maturation. The authors consider that a sustained character
rather than the magnitude of Ca2+ flux is the key function
to support the positive selection. They identified a voltage-
gated Na+ channel (VGSC), essential for a positive selection
of CD4+ T cells. Pharmacological inhibition of the VGSC
activity inhibited sustained Ca2+ influx induced by positive-
selecting ligands and in vitro positive selection of CD4+ but
not CD8+ T cells.

Interestingly, there are indications that the positive selec-
tion of CD4+ T cells may involve somewhat more intense and
long-lasting signals that are required for the positive selection
of CD8+ T cells [84]. Melichar and colleagues reported a
distinct temporal pattern of the T cell receptor signals during
positive versus negative selection in CD8+ cells in situ [85].
However, in contrast with studies carried out on CD4+ cells
[84], they found that brief serial signaling events, which
were separated by migratory periods and low cytosolic Ca2+,
correlated with the positive selection of MHCI-restricted
thymocytes, whereas sustained signaling and arrest of thymo-
cytes were associated with negative selection [85].

It is widely accepted that Ca2+ entry through CRAC
channels is the main pathway to increase intracellular Ca2+
concentration in the peripheral blood T cells [58]. But CRAC
seems not to play a central role in Ca2+ signaling during T
cell maturation because T cell positive selection is normal
in multiple separate knockouts of STIM and ORAI [86].
Loss-of-function STIM1 mutations were also reported in
human patients [87]. Clinically, they demonstrated severe
immunodeficiency with susceptibility to viral and bacterial



BioMed Research International 9

infections, but practically normal T cell repertoire. The latter
clearly indicates that the T cell maturation was not greatly
affected. But, as expected, their T cells were unable to generate
Ca2+ rise in response to antigenic stimuli.

Thus, regulation of multiple decision steps in thymocyte
development is coupled to a complex modulation of Ca2+
fluxes, but CRAC channels do not seem to necessarily play
the central role. It was proposed that nonstore operated Ca2+
channel(s) which might operate independently of STIM and
ORAI may be involved, or alternatively, CRAC channels play
an important but redundant role [83, 88]. There are some
evidences in favor of this hypothesis. For example, deletion
of TRPM7 Ca2+/Mg2+-permeable channel with an intrinsic
kinase activity results in a block in thymocyte development
at the DN stage [89]. Thereby the presence of “unusual” ion
channels reported in leukemic cell lines may reflect both
normal developmental thymic events and leukemogenesis.

4.3. T-ALL. It was the subject of long time debate, whether
the contribution of Ca2+ signaling is imperative for the tumor
growth progression. Conventional view supported the idea
that malignant cells are much less dependent on Ca2+ during
the proliferation than healthy cells, and even loss of prolif-
erative dependency on Ca2+ was considered as a hallmark
of malignant transformation (reviewed in [56]). Although
relative independence on Ca2+ may occur in some type of
cancers, the situation in general is much more complex. The
question rather should be discussed in terms of the Ca2+ sig-
naling deregulation, where some elements of the Ca2+ toolkit
in transformed cells are downregulated whereas others are
upregulated. Monteith and colleagues have undertaken a
thorough analysis of available data, concerning variations
in the expression and activity of some Ca2+ channels and
pumps in tumors and cancer cell lines.Theydid not reveal any
uniformprofile characteristic for cancerous cells [90]. Rather,
they point out to some potentially predictable consequences
of the trends. They also provided available data on the
aberrant location of Ca2+ channels in many types of tumors,
which could change the nature of the Ca2+ signal and a
subsequent biological response.

Ca2+ homeostasis controls various cellular processes,
which are relevant to the tumorigenesis, such as prolifera-
tion, apoptosis, gene transcription, and angiogenesis (see for
review [90]). Ca2+ is a key regulator of proteins, implicated
in the cell cycle regulation: Ras, immediate early genes
in G0/G1 transition, retinoblastoma (Rb) protein in G2.
In addition to cell cycle regulation, Ca2+ is implicated in
cellular motility, which in turn contributes to the tumor
invasion and metastasis. Ca2+ was shown to be an important
regulator of genomic stability and transcription, critic events
in leukemogenesis. There are limited studies that specifically
address possible alterations in different elements of Ca2+
toolkit and Ca2+ signaling in tumorigenesis. Therefore it
looks that question about these kinds of alterations should be
addressed specifically for every type of tumors.

Taking into account that the TCR signaling related to the
Ca2+ rise and Cn activation is a central coordinator of T cell
physiology, we will analyze the possibility of contribution of
this pathway to T cell malignancy.

Proliferation of leukemic cells is obviously antigen-
independent. But being derived from the T-lymphoid pre-
cursors, arrested at different early stages of the development,
T-ALLs demonstrate an astonishing heterogeneity in their
TCR/CD3 phenotypes [91, 92]. Apropos, T-ALL classification
by EGIL (European Group for the Immunological Classi-
fication of Leukemias), is based on the presence of CD3
and TCR chains [93]. The cytoplasmic and then membrane
expression of CD3 is an early event in the T cell ontogeny
[94]. Then the presence of CD3, either at the surface (sCD3)
or in the cytoplasm (cCD3), is a determinative feature of
thesemalignances [94]. TCR genes rearrangements are found
in a majority of the T-ALL; the presence of TCR chains
at the surface or in cytoplasm is mostly characteristic for
mature stages [95]. Accordantly, T-ALLs are distributed in
five immunophenotypic subtypes: pro-T-ALL (TI), pre-T-
ALL (TII), cortical-T-ALL (TIII), and mature 𝛼𝛽 or mature
𝛾𝛿 (TIV) [93, Figure 2].

TI leukemias do not possess the TCR chains [2]. In
some animal models like E2A-deficient mice, defects that
prevent the pre-T cell antigen receptor expression even tend
to accelerate the Notch-dependent lymphomagenesis [96].
Then the question arises, whether the pre-TCR or TCR is
involved in the neoplastic transformation in other more
mature T progenitors. It seems logical that the pre-TCR/TCR
requirement for leukemogenesis greatly depends on the
context and other signaling pathways involved in process.
Accordingly, the role for the pre-TCR/TCR was studied in
diverse mouse models, where leukemogenesis was provoked
by abnormalities in different signaling pathways. It has been
observed that the pre-TCR assists leukemogenesis, driven by
the Notch activation [97–99], c-Myc overexpression [100],
or Ikaros deficiency [101]. In contrast, other T cell leukemia
mouse models, such as eg Trp53- or ATM-deficient mice, do
not show such pre-TCR dependency [102, 103]. Some of these
studies are described in more detail below.

Bellavia and colleagues used transgenic mice with upreg-
ulated constitutively active intracellular domain of the
Notch3, which is ordinarily downregulated as thymocytes
maturate [97].Themice developed early and aggressive T cell
neoplasias with features of immature thymocytes, including
expression of the pT𝛼, a defining component of the pre-
T cell receptor, known to be a potent signaling complex
provoking thymocyte survival, proliferation, and activation.
Deletion of the pT𝛼 in Notch3 transgenic mice abrogates
tumor development, indicating a crucial role for the pT𝛼
in the T cell leukemogenesis. In addition, the analysis of 30
samples, derived from children with T-ALL, demonstrated
expressions of Notch3 and its target gene HES-1, as well as
of pT𝛼 transcripts. Remarkably, the expression of all these
genes was dramatically reduced or absent in the remission.
In another clinical report, SCL overexpression was invariably
associated with a high TCR expression in childhood T-ALL
[1].

Similarly, pre-TCR expressionwas demonstrated to coop-
erate with TEL-Jak2 to transform thymocytes and induce
rapid T-ALL [99]. However, in the pre-TCR-deficient TEL-
JAK2 mice, the T cell leukemogenesis was only delayed but
not canceled [104]. In Notch-dependent T-ALL, pre-TCR
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signaling was required to condition mice for the Notch-
dependent transformation but it was not required to sustain
the malignant growth of the T-ALL [98]. Since the pre-TCR
signaling is associated with a proliferative burst of thymo-
cytes, accompanying differentiation stages [28], it was sug-
gested that the pre-TCR-assisted proliferation in preleukemic
cells increases the probability to acquire secondary oncogenic
events, ultimately leading to a clonal disease [99]. Impor-
tantly, TCR expression induces the leukemic cell expansion in
secondary lymphoid organs indicating the importance of the
TCR-related signaling for the motility of leukemic cells [99].

Further studies of the pre-TCR signaling in leukemogen-
esis were designed to reveal the importance of the associated
CD3 molecules for the leukemogenesis. The experiments
were based on the fact that the pre-TCR and TCR require
association with the Cd3𝜀 for signaling [105]. Therefore, the
Cd3𝜀-deficient cells have nonfunctional pre-TCR/TCRs. As it
was shown, the absence of the pT𝛼 chain only slightly delays
the appearance of the TAL1/LMO1-induced T-ALL in mice,
while CD3𝜀-deficient mice do not develop the TAL1/LMO1-
induced T-ALL [106]. Then it was concluded that pT𝛼 chain
seems to play a minor role, but the CD3𝜀-mediated signal
transduction pathway is essential for the transformation
process. Similar results were obtained with another, namely,
SCL/LMO1-induced T-ALL, using transgenicmice as amodel
[33]. They show that mice with SCL/LMO1 upregulation
developed the Notch1 activation and T-ALL with a 100%
penetrance, whereas, in strain with an additional Cd3𝜀
deficiency, the penetrance of the disease was decreased by
48% and the median survival significantly increased. It was
suggested that SCL, LMO1, and Notch1 together with an
active pre-TCR/CD3 might represent the minimum set of
complementing events for the transformation of susceptible
thymocytes [33].

Immunophenotyping of frequently used T cell leukemia
cell lines revealed high heterogeneity in the TCR expression
[91]. It was suggested to consider the particular differentiation
stage of each individual cell line, while using the T-cell
leukemia lines as models for malignant or normal T cells.

Altogether the data available to the moment indicate that
the pre-TCR/CD3 signaling accelerates the T cell leukemoge-
nesis, being involved in the proliferation and in the expansion
of leukemic cells to secondary lymphoid organs.

Cn is sustainably activated in T lymphoid malignances,
both in animal models and biopsies from human lymphomas
[43, 107–109]. The role of Cn activity in the pathogenesis of
T-ALL was demonstrated in well-designed experiments with
the usage of two different mouse models, related to human T
leukemias [43]. In one model, bone marrow cells were retro-
virally transduced with a construct, encoding the activating
intracellular Notch1 domain. In a second model, transgenic
mice expressed the TEJ/JAK2 fusion protein. In bothmodels,
mice developed the T-ALL, with a constitutive dephos-
phorylation of the NFAT in leukemic cells, indicating an
aberrantCn activation.Mice treatmentwith theCn inhibitors
CsA and FK506 resulted in disease remission with the
hematopoiesis restoration [43].

Increased Cn/NFAT activity by the Notch signaling was
shown to involve a downregulation of calcipressin through

the Hes1-dependent mechanism [110]. As far as the Hes-1 is
upregulated in T leukemias through the Notch1, this mecha-
nism was proposed to be involved in the leukemogenesis [62,
Figure 2]. Few reports have described different mechanisms
of a sustained Cn activation due to the gain-of-function
mutation in the CnA in T or B lymphoma-derived cell lines
[111, 112]. In the EL4 murine T lymphoma cells, a missense
mutation changed an evolutionary conserved aspartic acid
to the asparagine within the autoinhibitory domain of the
CnA𝛼 gene [111]. This substitution leads to the generation
of a mutant CnA𝛼, hypersensitive to Ca2+ [111]. But still,
the elevated [Ca2+]i is an indispensable factor to maintain
the Cn activity, since mutations resulting in a persistent Cn
activation, independent of Ca2+, were never reported.

As was already mentioned earlier, the NFAT activation
is a hallmark of the T-ALL. While activated mutations of
NFAT genes have been never observed in human cancers, the
aberrant NFAT signaling in tumors was suggested to involve
either its overexpression and/or hyperactivity (reviewed in
[113]). NFAT hyperactivity in the T-ALL is likely to be related
to the Notch-dependent Cn upregulation (Figure 2). NFATc1
nuclear localization or dephosphorylation of both NFATc1
and NFATc2 were found in primary tumor samples and
cell lines, derived from a patient with an aggressive T-cell
lymphoma. Moreover treatment of these cell lines with CsA
triggered the cell cycle inhibition and induced apoptosis [43].

5. Neglected Pathway in the T Cell
Physiology: Lymphoid Cholinergic System
Is Upregulated in Leukemias

Calciummobilization, following the TCR ligation during the
T cell activation is essential but is not the only way of the Ca2+
rise generation in T lymphocyte. Less considered pathway
is related to a nonneuronal lymphoid cholinergic system.
Lymphocytes possess all components of independent cholin-
ergic system that include the acetylcholine (ACh), choline
acetyltransferase (ChAT), its synthesizing enzyme, and both
muscarinic (mAChR, M1–M5) and nicotinic (nAChR) ACh
receptors [114–116]. Human T lymphocytes produce a small
quantity of Ach and up-regulate the ChAT and mAChR
mRNA expression in a response to the TCR activation. Lig-
and binding to the PLC-coupled M1, M3, and M5 mAChRs
induces rapid increases in [Ca2+]i with Ca2+ oscillation via
the IP

3
-evoked Ca2+ rise from the intracellular store. This

pathway was suggested as an amplification mechanism to
increase the IL2 and IL2R production [117] and the c-fos
expression [116] during the TCR stimulation. In addition,
M1 is known to play a critical role in the differentiation of
CD8+ cells into the CTL [118]. Emerging evidence indicates
that mAChRs may be implicated in the regulation of the
cell proliferation and cancer progression in leukemogenesis
[119]. As for the T cell leukemias, the Ach production was
shown to be drastically increased in different T-ALL-derived
cell lines, when compared to the resting mononuclear cells
[120]. It could be suggested that a sustained Ca2+ influx in
leukemic cellsmay bemaintained by elevatedAch production
and autocrine stimulation through the mAChRs ligation.
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6. What Do We Know about the
Relationship between T Leukemia-Related
Mutations/Pathways and Ion Channel
Expression and Activity?

Taking into account the purpose of the present review, we
have undertaken the bibliographic search of the data on pos-
sible involvement of transcriptional elements, misregulated
in the T-ALL, in the ion channel expression and activity.

To identify TAL1 direct target genes, Palomero and
colleagues have undertaken the chromatin immunoprecipi-
tation experiments with antibodies raised against the TAL1
in Jurkat CD4+ cell line as a model [121]. It was shown that
the TAL1 binds to promoters of 71 target genes, encoding
proteins important for many vital cellular processes. The list
of target genes includes receptor and surfacemolecules, intra-
cellular signal transduction elements, transcription factors,
and DNA-associated proteins, proteins that participate in
the DNA reparation, vesicular trafficking, drug resistance,
secreted molecules and growth factors, ion channels, and
transporters. Among ion channels and transporters which
represent a significant portion of direct targets for the TAL1
the authors specifically indicated the CHRNA5 (subunit
alpha-5 of the nicotinic acetylcholine receptor), ACCN2
(Amiloride-sensitive cation channel 2), CACNG4 (gamma-
4 subunit of the L-type voltage-dependent calcium channel),
KCNJ9 (G protein-activated inward rectifier potassium chan-
nel 3), SLC4A11 (sodium bicarbonate transporter-like protein
11), and OKB1 (organic cation transporter). The presence of
other transcriptional factors as TAL1 target proteins suggests
the existence of a very complex TAL1-dependent transcrip-
tional network in the T-ALL with aberrant expression of a
number of proteins implicated in different cell processes.
Importantly, it was shown that TAL may act as an activator
or as a repressor for target genes. Further experiments with
other T leukemic lines (MOLT) and primary T-ALL samples
demonstrated high levels of variation in the expression
profiles of TAL1 target genes.

Notch 1 activation, being a hallmark of many types
of the T-ALL, is also involved in the pathophysiology of
other cancers. Then we undertook a search for data on the
possible relationship between the Notch1 activation and ion
channel expression. For example, aggressive and malignant
state of glioblastoma multiforme (GBM), the most frequent
and incurable type of the brain tumor of adults, was shown
to be related to an increased activation of the Notch1 pro-
voked by hypoxia [122]. Notch1 activation in turn induced
the expression of transient receptor potential 6 (TRPC6)
Ca2+-permeable channels in primary samples and cell lines
derived from GBM. Functionally, TRPC6 caused a sustained
elevation of the intracellular Ca2+ coupled to the activation
of the calcineurin-related NFAT pathway. TRPC6 was shown
to be required for the development of the aggressive tumor
phenotype, because a knockdown of the TRPC6 inhibited the
glioma growth, invasion, and angiogenesis. Notch-dependent
transcription of the TRPC6 was reported in pheochromo-
cytoma PC12 cells [123]. Interestingly, TRPC6 mRNA was
also found in the T-ALL cell line Jurkat, in contrast to T

cells obtained from healthy donors, but the question about its
relation to aberrant activation of Notch1 and NFAT was not
addressed yet [124].

7. Nondifferentially Expressed Genes in T-ALL
Signaling: Ion Channels May Be Involved

Traditionally, the T-ALL diagnostics and corresponding ther-
apeutic strategies are based on the differential expression
(DE) of genes, that occurred in the T-ALL patients as com-
pared to healthy persons. However, as it was recently pointed
out byMaiorov and colleagues (2013), the expression of some
genes might not vary in the T-ALL, but, instead, these genes
may be interconnected with highly differentially expressed
ones [125]. They have proposed a network-based approach
instead of the expression-based one for better understanding
and management of the T-ALL and identified 19 significant
subnetworks that represent clusters of functionally related,
both DE and non-DE, genes. So non-DE genes code the
proteins that in pathologic conditions may be involved in
signaling networks different from those they normally belong
to. It was proposed that non-DE genes could be essential
in the interconnection of numerous DE genes and play
important roles inmalignant transformation of the precursor
T cells. Purinergic receptor P2RX7, complement component
C9, plasminogen, Ca2+-binding protein CHGA, and peptide
hydrolaseMEPIAwere pointed out among the non-DE genes
in T-ALL.

8. Ion Channels in T Cell Physiology

Tumor cells survival and proliferation, activation, differentia-
tion and malignant progression, invasiveness/migration (via
volume regulation, polarization, cytoskeleton, and extracel-
lular matrix reorganization), and, at last but not the least,
the resistance to anticancer therapies, all these critically
depend on the function of ion channels. T lymphocytes and
leukemic T cells bear authentic orchestras of K+-selective,
Ca2+-selective, and nonselective cation and anion channels.
Wherein, their local combinations one with another and with
other signaling components formahighly specificmicroenvi-
ronment, essential for cellular performance.The first purpose
of this chapter is to give an overview of ion channels,
expressed in T-cells, along with their known functions and
giving emphasis to those, which are differentially expressed
in healthy and leukemic cells. The second purpose is to
revise the channel-to-channel functional communications,
especially those related to a formation of specific Ca2+ signal.
The third is to present, whenever it is possible, the structural
and functional view on membrane signaling complexes,
involving an ion channel as a core element.

Potassium- (K+-) selective channels reported up to the
date in healthy or neoplastic lymphoid cells belong to sev-
eral families: voltage-gated (Kv), Ca

2+-activated (KCa), and
tandem-pore domain (K2P) channels. K+ channels may act
via their ionotropic function or via noncanonical noncon-
ducting mechanisms, that is, via direct interaction with other
membrane or cytosolic proteins. Channels’ mediated K+
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transport causes a change ofmembrane voltage, affects a driv-
ing force for Ca2+ influx, and, via changes of intracellular K+,
regulates the cell volume (in parallel with the activity of anion
channels, see below) and,more specifically, affects the activity
of the intracellular machinery, for example, activation of cas-
pases in the course of apoptosis [126–128]. Membrane poten-
tial affects the cell cycle progression.Whereas G1/S transition
is associated with a hyperpolarization (high K+ conduction),
the G2/M one occurs with a depolarization and low K+
conductance [129]. Blockers of K+ channels cause G1 arrest
[130]. Also volume changes during cell cycle, for example,
volume decrease during the M-phase prior to cytokinesis,
requires a K+ efflux via voltage-gated (e.g., KV10.2) K+
channels [131]. G1/S progression and G2/M transition also
require Ca2+ bursts. The former includes activation of CDKs
and culminates through phosphorylation of Rb1 in activation
of E2F transcription factors. During progression of the G1
phase several processes like expression of AP1 (JUN and
FOS) and CREB transcription factors, as well as regulation
of cyclins, are calmodulin dependent, whereas transport
of the transcription factor NFAT to nucleus requires the
calcineurin-mediated dephosphorylation [56]. In T cells the
Ca2+ signaling is critically dependent on the activity of
partner K+ channels as will be discussed below.

8.1. Kv1.3. Kv1.3 is the only one of 40 of the Kv family
members known in mammals [136], which is expressed in
healthy human T cells; in murine T cells, Kv3.1, Kv1.1, Kv1.2,
and Kv1.6 were found in addition [126]. Kv1.3 is steeply
activated by a depolarization with a half-activation at about
−30mV and inactivates up to by 95% in even more steeply
voltage-dependent process, with a midpoint around −50mV.
At resting membrane potentials (−40–−50mV) only a tiny
fraction of Kv1.3 channels remains open at a steady state
[137–139]. Thus, lower membrane potentials down to K+
equilibrium, which are observed at the G1/S transition in the
cell cycle, require the activity of some voltage-independent
K+ (e.g., KCa or K2P) channel(s), open at this voltage range.
Kv1.3 channel at its C-terminus forms a functional com-
plex with the 𝛽1-integrin, the PDZ-domain protein SAP97,
linked to the p56Lck kinase and an adapter ZIP protein;
the N-terminus in turn could bind a Kv𝛽2 subunit (redox
sensing), which may eventually interact with ZIP protein
[140, Figure 3(a)]. Channel opening, provoked by membrane
depolarization, stimulates functional and physical interac-
tions betweenKv1.3 and𝛽1-integrinmoieties and activates the
integrin function, adhesion, and migration, whereas specific
Kv1.3 channel blockage prevents the integrin signaling [141].
Functions of the Kv1.3 in T cells include but not restricted
to (1) control of membrane potential against a depolarization
challenge, depending on the T cells subset [142, 143]; (2)
regulatory volume decrease (RVD), together withVSOR [144,
145], and apoptotic volume decrease (AVD) [146, 147]; (3)
support of a sustained Ca2+ influx by CRAC, generation
of Ca2+ oscillations (together with KCa3.1 and TRPM4).
A sustained, lasting over hours, Ca2+ increase, which is
primordial for new gene expression, is triggered in T cells
via the Ca2+/calcineurin/NFAT pathway [55]. A block of both

Kv1.3 and KCa3.1 tends to abolish Ca2+ oscillations, with an
impact on T cells proliferation [148]. In Jurkat leukemic T
cells, selective inhibition of Kv1.3 abolished oscillations of
the CRAC-mediated Ca2+ entry but not the average Ca2+
entry [149], which likely depends more on the KCa channels
activity (see below). Obviously, CRAC and KCa3.1 activities
are linked in a feedforward manner, so that the activation
of KCa3.1 by Ca2+ influx via CRAC will hyperpolarize the
membrane, increasing CRAC-mediated Ca2+ influx, and so
forth. To reverse this Ca2+ increase, additional mechanisms
are required which may be CRAC inactivation by Ca2+ [150]
and/or membrane depolarization, caused by unique Ca2+-
impermeable member of the TRP family, the TRPM4 (see
below). Kv1.3 is a predominant (several hundred copies per
cell) K+ channel in naı̈ve human T cells, which functionally
express just few KCa3.1. Kv1.3 plays a very essential role
in the lymphocyte activation and associated Ca2+ signal-
ing and IL-2 production. Upon the activation, differential
behavior is observed in diverse T cell subsets. In activated
TEM (effector memory) cells Kv1.3 is selectively upregulated
(highKv1.3 : lowKCa3.1 phenotype); on the contrary, in TCM
(central memory) cells, Kv1.3 only modestly upregulated,
whereas KCa3.1 dramatically (by 1.5 order of magnitude
increase), producing lowKv1.3 : highKCa3.1 phenotype [151–
154]. Accordingly, specific inhibition or silencing of the Kv1.3
decreases the proliferation of TEM without significant effect
on TCM and näıve cell population [155]. Immunosuppression
can be achieved via the Kv1.3 specific inhibition and resulting
depolarization, which attenuates the Ca2+ influx via CRAC.
Selective Kv1.3 suppression was only efficient upon Ca2+-
dependent lymphocyte activation and not in the cases of
CD28 or IL-2-induced activation, which is independent on
the intracellular Ca2+ rise [156]. Curiously, when expressed in
heterologous system, Kv1.3-mediated cells proliferation was
unaffected in a porelessmutant (albeit sensitive to supposedly
sole open-pore blockers, MgTx and PAP-1) but abolished in
a mutant with altered voltage gating [157]. It appears then
that the conformational change of Kv1.3 protein upon the
channel opening may be sufficient for an efficient signaling,
without involving a K+ flux or membrane polarization.
Such conformational coupling may be mediated by a close
association of Kv1.3 channels with 𝛽1-integrin [141, 158].

Comparison of the Kv1.3 channels density in human
peripheral blood resting T cells [137, 138, 141, 153, 159–163]
and Jurkat lymphoblasts [139, 147, 149, 164–167] gives mean
values of 380 and 215 active Kv1.3 copies per cell, respec-
tively. In activated T cells, depending on subpopulation,
the number of Kv1.3 channels could increase, modestly or
very significantly, up to 1800 copies per cell [153]. Taking
an approximately 3-fold larger membrane surface in Jurkat
lymphoblasts into account, the Kv1.3 density, expressed as
number of channels per unit area, is substantially lower in
Jurkat cells. Yet, bearing in mind a complex Kv1.3 regulation
within a signalosome, with all or some of interacting proteins
involved [140] one may wonder, should such regulation
be equally or more important than just a variation of
the Kv1.3 copies numbers. Signaling complex, presented in
Figure 3(a), exists within an immunological synapse. Thus,
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Figure 3: K+ channels and their partners in the plasmamembrane of T-cells. (a) Kv1.3 channels are activated and inactivated by themembrane
depolarization. Its cytosolicN terminus binds to auxiliary, NADPbinding𝛽-subunit Kv𝛽2, possessing oxidoreductase activity, and sensing cell
metabolism and redox state. It also mediates trafficking of members of Kv1 subfamily to plasma membrane. Beta-subunit via multifunctional
adapter proteinZIP is linked to p56Lck, phosphotyrosine kinase in a phosphotyrosine-independentway. ZIP regulates a variety of intracellular
processes as indicated. In turn, p56Lck is connected via PDZ-domain (hDlg) to the last three residues at the C-terminus; binding of hDlg
to a kinesin motor protein (GAKIN) and provoking cortical cytoskeleton reorganization. Open state Kv1.3 conformation favors its binding
to 𝛽1-integrin and the latter via integrin cytoplasmic domain associated protein (ICAP1-1a) and nucleoside diphosphate kinase NDPK-B
(activating KCa3.1 via phosphorylation) communicates to intermediate conductance Ca2+-activated K+ channel KCa3.1 (substituted for small
conductance KCa2.2 in Jurkat cells). Kv1.3 can promote clustering of all aforementioned interacting proteins plus CD4 in the immunological
synapse. A colocalization of Kv1.3, KCa3.1, and CRAC channels is essential for synapse stability, via local K+ (K+ accumulation in the cleft,
membrane depolarization) andCa2+ signaling (for a further discussion, see [127]). Linking of Kv1.3 to integrin allows a bidirectional signaling,
when K+ channel gating transmits to cell adhesion (inside-out signaling) and, vice versa, integrin-mediated external signal (outside-in) may
be traduced to intracellular events via Kv1.3 and its interacting proteins. (b) hERG1 channels physically interact with 𝛽1-integrin receptors and
are concentrated in caveolas, a type of lipid rafts, enriched of caveolins. Binary complexes of hERG1 with 𝛽1-integrin are typical for cancer
cells. “Outside-in” signaling: hERG1 activation links 𝛽1-integrin adhesion to fibronectin (in the extracellular matrix, ECM) to the tyrosine
phosphorylation of FAK and activation of small GTPase (Rac); both are coprecipitated with the channel protein. Caveolin association with
𝛽1-integrin promotes the channel activation [132]. FAK and ILK are primary targets for integrin-mediated cell adhesion, which transmits to
the activation of MAPK, PI3K, and small GTPases. In leukemias trimolecular complexes can be also formed. In AML the third partner may
be VEGF receptor, with an autocrine (hERG1-dependent) mechanism via VEGF secretion [133]. In ALL cells, hERG1/𝛽1-integrin complex
interacts with 7-TM domain (CXCR4, chemokine) receptors, stimulating signaling via ILK to Akt. Activation of this complex can be achieved
via integrin engagement or CXCR4 chemical activation; ILK activity is suppressed by hERG1 specific block [134]. FAK (focal adhesion kinase),
PI3K (phosphoinositide-3 kinase), VEGF (vascular endothelial growth factor), ILK (integrin linked kinase), and Akt (protein kinase B).
(c) Tandem-pore domain K+ channel TRESK is activated by dephosphorylation by calcineurin (Cn) and suppressed by a phosphorylation
of certain serine residues within the cytosolic loop between transmembrane domains II and III by protein kinase A (PKA) and a second
kinase, likewise MARK, or microtubule affinity-regulating kinase [135]. Cn is activated either directly by Ca2+, Ca2+-CaM, or Ca2+-CaM-
dependent kinase. Ca2+ influx in T-cells is mainly mediated by CRAC.Thus, TRESK and CRAC potentiate the activity of each other: TRESK
generates driving force for Ca2+ influx by CRAC via membrane hyperpolarization, and CRAC shifts TRESK phosphorylation status to the
dephosphorylated active form via Ca2+-Cn. Sustained increase of Ca2+ via Cn dephosphorylates NFAT and allows its entrance through a
nuclear pore, hence activating genes transcription. Both TRESK and NFAT contain a characteristic Cn-docking site (PQIVID for TRESK and
PxIxIT for NFAT), thus coupling the Ca2+ signal positive feedback loop to genes expression via Cn activity. 14-3-3 protein docking to the
phosphorylated S264 protects it from the dephosphorylation; additionally, 14-3-3 protein inhibits the second kinase.
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in case of leukemic cells, another question is whether there
are alternative regulatory proteins, which interact with Kv1.3
in these cells and what is the outcome of such interaction.
Regulation of Kv1.3 by p56Lck kinase [164, 165] as well as
a colocalization with TCR/CD3 [168] is preserved in Jurkat
cells.We are not aware, however, of any evidence pro or contra
the functional interaction of Kv1.3 with integrins in leukemic
T cells. It should be noted that p56Lck kinase mediates
oxygen sensing by Kv1.3; hypoxia is a common condition
within a tumor tissue and tends to suppress the Kv1.3 channel
activity, thus, T-cell proliferation under conditions of O

2

deprivation [169]. Healthy human leucocytes and Jurkat cells
express a second type of 𝛽-subunit, KCNE (1 to 5). KCNE 4
but not 2 physically interacts and substantially modifies the
Kv1.3 gating, decreases the channel surface expression, and
impairs channel’s targeting to lipid rafts [170]. Upon Jurkat
activation with fetal bovine serum (FBS), KCNEs 2 and 4
were upregulated, but the same KCNEs were downregulated
upon Jurkat activation by PHA [171]. Voltage gating of Kv1.3
was differentially modulated by the lipid rafts disintegration
in healthy T cells [138] and Jurkat cells [139], suggesting a
different microenvironment.

Here we will mainly discuss the roles, played by plasma
membrane ion channels. However, several intracellular chan-
nels and transporters, expressed in nuclear, ER, and mito-
chondrial membranes, especially the latter, play important
roles in cancer cells proliferation and survival [172]. In par-
ticular, someK+ channels have dual expression, in the plasma
and intracellularmembranes. Kv1.3 channel, discussed above,
is expressed both in plasma and inner mitochondrial mem-
branes. Plasma membrane Kv1.3 may be selectively blocked
by membrane-impermeable toxins, whereas mitochondrial
Kv1.3 is only blocked by membrane-permeable drugs; block-
age in the latter case induced apoptosis in cancer cells, includ-
ing leukemic ones [172]. In addition, mitoKv1.3 interacts
directly with Bax in Jurkat cells. This gives rise to a sequence
of events, including the hyperpolarization of the inner
mitochondrial membrane, ROS generation, and cytochrome
c release from mitochondria, thus, promoting the intrinsic
apoptotic pathway [173].

8.2. hERG1. hERG1 (human ether-a-go-go-related gene,
Kv11.1) channels are normally expressed in excitable cells, pri-
marily, in neurons and heart [174]. In heart it encodes a rapid
delayed rectifier (IKr) K+ current, activating at membrane
depolarization andmediating action potential repolarization.
It has very peculiar biophysical properties, possessing a
rapid inactivation at positive potentials and a rapid relief
of inactivation at negative ones. Therefore, the steady-state
I/V relationship for this channel is bell-shaped, with a peak
around −10mV, where also the channel’s open probability
reached its maximum. Yet, channel’s deactivation (a process
of the reversal of activation) at negative potentials is slow
(hundreds of milliseconds). Thus, at the peak and plateau of
the action potential hERG1 conductance is greatly reduced
due to the inactivation; it started to increase and reached
its maximum at phase 3 repolarization [175]. In conclusion,
hERG1 channels need to open first upon the action potential
firing (depolarization), but they act (contribute) mainly on

the way back, when a rapid relief from the inactivation
followed by a slow deactivation allows a large K+ efflux,
promoting further repolarization. However, the midpoint of
the hERG1 activation is around −30mV, so that it possesses
a significant activity down to −40mV, which is close to
resting potential in some nonexcitable cells, including lym-
phocytes. hERG1 is undetectable or expressed at very low
levels in healthy immune cells. But it is frequently abnor-
mally overexpressed in many cancer types, in particular,
in acute lymphoblastic as well as in chronic lymphocytic
(CLL) and both in acute and chronic myeloid (AML and
CML) leukemias [134, 176–178]. hERG1 was found in self-
renewing population of leukemic stem cells [179] and also
in healthy precursor CD34+ cells from peripheral blood, but
only after cytokine stimulation [176]. Importantly, unlike in
healthy cells, in tumors hERG1 is often found in functionally
binary complexes with 𝛽1-integrin, or even in triple protein
complexes (Figure 3(b)), thus linking external to intracellular
signaling and vice versa [127, 180]. hERG1 can increase onco-
genic potential in leukemias by affecting one of several ways
facilitating leukemogenesis: (1) balance between proliferation
and cell death; (2) invasiveness, depending on the fine balance
between adhesion and motility, the latter being in turn
dependent on polarized volume changes; (3) resistance to
chemotherapy [127, 180]; (4) angiogenesis, via secretion of
vascular endothelial growth factor (VEGF) and positively
feedbacked microvesicles release [181, 182]. hERG1 surface
expression depends on the interaction of different isoforms;
presence of hERGuso, which form heterotetramers with other
hERG1 isoforms that resulted in an arrest of hERG1 in endo-
plasmic reticulum, with a further degradation, thus, substan-
tial decreasing hERG1-mediated currents across the plasma
membrane [183]. Cancer cells, including leukemias, often
express a truncated hERG1b isoform, lacking the oxygen-
sensing domain. It forms heterotetramers with full length iso-
formhERG1 and the higher is hERG1/hERG1b ratio, the lower
is voltage threshold for the channel activation, and more
hyperpolarized is the membrane potential. Upregulation of
hERG1b during the S-phase consequently resulted in more
depolarized membrane potential thus, assisting the cell cycle
progression. On the other hand, at hypoxic conditions, which
are typical for tumor progression, increase of hERG1/hERG1b
ratio could hyperpolarize membrane potential, reducing K+
loss, thus handicapping AVD and the apoptosis [184].
Although there is specific pharmacology against hERG1, its
usage to treat hERG1 in leukemias is handicapped by the
fact that cardiac hERG1 may be also affected, producing long
QT-syndrome, which can eventually cause a fatal fibrillation.
Yet, drugs only affecting the open channel state may be
given a preference compared to blockers, acting also in the
inactivated state, in case of hERG1 R-roscovitine and E4031,
respectively [174]. In heart, hERG1 opens only shortly, at
phase 3, whereas most of time hERG1 is either deactivated (at
resting potential) or inactivated (at depolarized potentials).
However, to properly address anti-hERG1 therapy to T-ALL
treatment more studies on this type of leukemia are required.
Except a single report onCEMcell line [177], hERG1 function
and signaling were investigated on all types of leukemias but
not on T-ALL. In particular, we and others were unable to
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detect any measurable hERG1-mediated currents in Jurkat
cells.

8.3. KCa3.1. KCa3.1 (IKCa1), intermediate conductance KCa
channel, is voltage independent and is activated by Ca2+-
CaM (CaM bound to C-terminus) with an apparent Kd =
300 nM [126]. KCa3.1 also requires the phosphatidylinositol-3
(PI(3)P) for its activity, albeit it is not clear how this activation
achieved; the effect on the channel is indirect [185]. Down-
stream to the PI(3)P is a reversible phosphorylation of chan-
nel’s tyrosine 358; silencing of respective kinase (nucleoside
diphosphate kinase B or NDPK-B) or phosphatase (histidine
phosphatase PHPT-1) caused a suppression or activation of
the KCa3.1 current and efficiently modulates, in opposite
way by NDPK-B or PHPT, Ca2+ influx and CD4+ T cells
proliferation after stimulation [186, 187]. The activation of
KCa provokes a stable hyperpolarization down to equilibrium
potential for K+, EK [188]. This hyperpolarization is indis-
pensable for T cells, apparently lacking depolarization Ca2+
channels (see below), where CRAC (SOCE) is believed to
be a central Ca2+ influx channel. Although resting T cells
express only few copies of KCa3.1, it is rapidly upregulated
upon the activation and its expression level rises about 25-fold
[189]. KCa3.1 channel is involved in various cellular processes,
namely, activation via TCR-engagement and stabilization of
the immunological synapse; control of membrane potential,
RVD, cell migration, and tumor-related angiogenesis [126,
150, 190]. KCa3.1 interacts functionally with Kv1.3 and CRAC
[126, 190].

8.4. KCa2.2. KCa2.2 (SKCa2), small conductance KCa chan-
nel, is expressed in a variety of healthy tissues, including brain
and muscle [191]. It was also described in Jurkat leukemic
cells, where its functional expression channels were high,
comparable to the KCa3.1 expression in activated healthy T
cells [189, 192, 193]. KCa2.2 is activated by Ca2+ with an
apparent Kd = 700 nM and is upregulated by p56Lck [192].
It has a higher expression in G

0
/G
1
compared to G2/M

phase, supporting a sustained Ca2+ influx [194]. In Jurkat,
KCa2.2 silencing but not Kv1.3 inhibition suppresses the Ca2+
entry; it can be restored by the ectopic expression of KCa3.1
[193]. This study obviously argues that KCa2.2 and KCa3.1
may be interchangeable, but it is not clear to which extent.
It should be noted that in Jurkat the functional expression of
KCa2.2 channels is constitutively high and can be compared
to the KCa3.1 expression in activated healthy T cells [189, 193].
Remarkably, mitogenic stimulation instead of increase causes
a 2-3-fold decrease of the KCa2.2 expression both at mRNA
and functional expression in the membrane levels [192].

8.5. Tandem-Pore Domain (K2P) Channels. K2P represents
K+ selective channels, genetically unrelated to the former two
families (KCa and KV). Each channel subunit possesses two
pore domains, and a minimal number of transmembrane
segments, two per pore, as compared to the 6-TM subunit
structure of KCa and KV. Consequently, functional K2P
channels are dimers; functional heterodimers were reported
only for closely related TASK1 and TASK3, and the rest of
active K2P channels are homodimers. There are 14 members

of K2P family discovered inmammals (see [135] for a review).
The activity of K2P channels is practically independent of the
membrane voltage; rather, they are regulated by a variety of
metabolic and physical factors. First reports on the functional
expression of TASK1 and 3 in T cells [195] and of TRESK
in Jurkat leukemic T cells [196, 197] in human models
came relatively recently. Further on, TASK2 was found to be
constitutively expressed in human T cells, but not in B or NK
cells. Within T cells the relative expression was dependent
on the T cells subset; TASK2 was strongly upregulated in
CD4+ andCD8+ cells of patients withmultiple sclerosis [198].
Later on it was shown that TASK2 expression in CD4+ T
cells strongly correlates with rheumatoid arthritis disease
activity [199]. Mechanistic explications of both correlations
are still lacking. However, roles of TASK1 and TASK3 in
T cells function seem to be clearer. TASK1 and 3 belong
to acid-sensitive K2P, which are inhibited by low external
pH; for TASK1 and TASK1/3 heterodimer apparent pK is 7.3
and TASK3 homodimer displays pH-sensitivity outside the
physiological range; intracellular pH changes were inefficient
for both channels [200]. TASK channels are directly inhibited
by anandamide and some synthetic cannabinoides. They are
also inhibited by the stimulation of Gq-coupled receptors,
possibly via the breakdown of PIP

2
, with TASK1 and TASK1/3

heterodimer being more sensitive than TASK3 homodimer
[135]. According to the data of Meuth and coworkers (2008)
TASK channels may account for up to 40% of the outward K+
current in human T cells; their inhibition caused a significant
decrease in production of cytokines and cells proliferation
[195]. In addition, the role of TASK2 and TRESK in the
RVD is comparable to that of Kv1.3, whereas TASK-3 shows a
lower contribution, which was somewhat higher in activated
T cells [145]. TASK-3 is often amplified in different types of
cancer; it is also expressed inmitochondrial innermembrane,
which likely underlies its role in apoptosis. Yet its impact
on the oncogenesis may be not necessarily negative and
in some cases its high expression correlates with a better
prognosis [128]. No studies of TASK expression in T-ALL
are available to date. With TRESK the situation is different.
Normally, it not only is abundantly expressed in neurons of
dorsal ganglia, but also is reported in spleen and thymus in
murine models [201]. Yet TRESK is strongly upregulated in
several leukemic cell lines as well as in patients with T-ALL
[197]. In vivo real time K+ fluxmeasurements and concurrent
patch-clamp data on Jurkat cells revealed that both TRESK
and Kv1.3 mediate AVD in the intrinsic apoptosis pathway,
yet TRESK is transiently upregulated by apoptotic stimulus
(staurosporine) and then completely inactivated in a half of
hour, causing a strong membrane depolarization, whereas
the Kv1.3 contribution to the K+ efflux was more constant in
time [147]. TRESK, which does not have close homologues,
is unique among K2P channels, because its principle way of
activation is Ca2+-dependent (Figure 3(c)). TRESK possesses
a large cytosolic loop between transmembrane segments 2
and 3, which harbors, similar to NFAT, the Cn docking site
(the NFAT-like domain) and several phosphorylation sites.
Phosphorylation by MARK and PKA in the two distinct sites
caused TRESK inhibition. On the contrary, binding of Ca2+-
calcineurin to NFAT-like domain and dephosphorylation at



BioMed Research International 17

both sites provoked the TRESK activation [202]. This is a
very important point, as activation of the NFAT-pathway by
calcineurin at prolonged Ca2+ increase would cause also the
TRESK activation. TRESK activation may be not only the
consequence of a prolonged Ca2+ increase, but also its cause,
due to a feedback support of the Ca2+ influx via the TRESK-
mediatedmembrane hyperpolarization (Figure 3(c)). TRESK
dependence on Ca2+ is different from that of KCa channels.
KCa are directly activated by Ca2+ increase and immediately
deactivated after Ca2+ removal. TRESK in contrast, once acti-
vated via dephosphorylation by calcineurin, could maintain
its activity for a longer period after the Ca2+ removal. Thus,
TRESK could be directly involved in the gene expression in
T-ALL and may be considered as a plausible target for the
immunomodulation [203, 204]. Yet, it is a general problem
withK2P channels, and there are no specific blockers of any of
mammalK2P channels, which handicaps studies of their roles
in vivo as well as K2P-targetted therapies. However, recent
advances in studies of low-molecular weight modulators for
K2P are promising. In particular, antihistamine loratadine
appears to block TRESK with a high affinity and does not
display drastic collateral effects [205].

8.6. SOCE/CRAC (Orai1-STIM1). Ca2+ signaling in T cells
differs greatly from those in excitable cells, which mainly rely
on the voltage-dependent (depolarization-activated) Ca2+
channels of the plasma membrane. In lymphocytes, contrary
to this, Ca2+ rise in cytosol is mediated by the store-operated
Ca2+ entry (SOCE), named also CRAC, for Ca2+ release-
activated Ca2+ current, that is, Ca2+-selective current of the
plasmamembrane, activated by the Ca2+ depletion in the ER.
It is extremely (factor > 1000) selective for Ca2+ over mono-
valent cations and has extremely low single channel conduc-
tance for Ca2+ (30 fS), which is compensated by a very high
channels density (ca. 100 channels/𝜇m2). Due to its intrinsic
inward rectification, Ca2+ influx via CRAC is strongly poten-
tiated by membrane hyperpolarization, whereas depolariza-
tion reduces Ca2+ entry in lymphocytes [126]. For a long time
it was thought that CRAC is mediated by members of TRPC
subfamily (see below). Of course, these relatively weakly
selective channels alonemay not be responsible for a strongly
Ca2+-selectiveCRAC, but now there is also an ample evidence
that TRPCs and CRAC are functionally and physically sepa-
rated [206]. Crucial formolecular identification of CRACwas
a study of severe combined immunedeficiency (SCID),which
was characterized by nonfunctional CRAC in T cells from
some patients. In such a way, Orai1 was discovered as a pore-
forming protein of CRAC, as single mutation in Orai1 from
SCID patients was responsible for a defective CRAC function
[207]. Orai does not relate to any known ion channel. In
humans, three different isoforms form very similar CRAC
channels, but in lymphocytes only Orai1 seems to be of func-
tional importance [208]. Store depletion is communicated
to Orai via STIM (stromal interaction molecule) proteins,
located in the ER-membrane. In Ca2+ replete stores STIM
proteins are randomly distributed at the membrane surface,
and store depletion causes oligomerization of STIM in special
contact areas with plasma membrane, where cytosolically

exposed STIM domain directly interacted with both N- and
C termini of Orai1, thus, causing CRAC activation (Figure 4,
see also [208] for a recent review). There are two STIM
isoforms in T cells, and both are important for CRAC,
yet in murine models STIM1 or STIM2 deficiency caused
a complete or partial abolishment of CRAC, respectively
[209]. CRAC plays a central role in cytokines production,
firstly, via Ca2+ activation of the NFAT transcription factor;
conversely, it does not play a very significant role in the
antibodies production by B cells (see [208] and references
therein). Orai1 displaysOrai1 displays two-time lower current
density in Jurkat lymphoblasts as compared to resting T-cells;
no significant difference in STIM1 expression was revealed
between these two cellular models [210]. Relatively modest
changes in the CRAC expression per se may not underlie
changes in Ca2+ signaling in activated and malignant T
cells. More likely, differences in the expression and regu-
lation of “partner” K+ channels, especially those activated
by intracellular Ca2+ rise, may be more important for the
modulation of the CRAC function (Figure 4). As CRAC-
mediated Ca2+-influx is inhibited by inflowing Ca2+ [211] and
membrane depolarization, its activity may be further mod-
ulated by TRPs. TRPs differ greatly not only in the modes
of their activation and expression in leukemic T-cells (see
below), but also by their Ca2+/Na+ selectivity, hence dif-
ferentially affecting membrane depolarization and Ca2+ sig-
nal. Figure 4 represents possible cross-talks between plasma
membrane cation channels, including a feedback, provided
by their differential dependence on the cytosolic Ca2+. More
scenarios, exploiting TRP and ORAI competition for STIM1,
physical interactions, affecting ORAI surface expression and
membrane localization, or existence of hybrid SOCE chan-
nels are discussed in the recent review by Saul and coworkers
(2014) [212].

8.7. TRP (Transient Receptor Potential) Family Channels. TRP
channels (currently, 28 described in mammals) are cationic,
mostly nonselective and Ca2+-permeable ones; they resemble
by transmembrane topology but distantly are related to
voltage-gated (e.g., Kv) channels [213, 214]. They are sub-
divided into TRPC (canonical), TRPM (melastatin), TRPV
(vanilloid), TRPA (ankyrin), TRPML (mucolipin), and TRPP
(polycystin) subfamilies. TRPA, TRPP, andTRPMLdetection
in lymphocytes was not addressed. However, TRPAmay have
a relatively restricted expression, mainly in sensory neurons,
whereas TRPML forms intracellular channels [213].

TRPC 1, 3, and 6 were reported in PBL and Jurkat cells,
Jurkat expresses additionally TRPC 4 and 5 [124]. All above
channels are weakly selective (PCa/PNa = 1–5), with linear or
dual-rectifying I/V relation [215]. TRPC channels at cytosolic
C-terminus contain two specific Ca2+-binding sites, a EF-
hand andCIRB, a calmodulin/IP3R-binding domain andmay
be directly regulated by intracellular Ca2+ [213]. Mostly, they
are inhibited via Ca2+/CaMpathway [216]. According to their
properties, TRPC can be subdivided into TRPC1/4/5 and
TRPC3/6/7 (trpc2 is a pseudogene in humans) subgroups. A
common property of the latter subgroup is their activation
by DAG (or its membrane permeable form OAG), whereas
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depletion is sensed by specialized transmembrane sensors (STIM1), which oligomerize and move to special contact zones of ER with the
plasmamembrane,where they physically interactwith the channel-forming proteins (Orai), forcing them to formactiveCa2+ selective channel
(CRAC), which mediates Ca2+ influx. Operation of CRAC is further modulated by the activity of other channels, which affects the membrane
polarization and intracellular Ca2+. Voltage-independent Ca2+-dependent K+ channels potentiate CRAC-mediated Ca2+ influx, lowering
the membrane potential, thus increasing the driving force for Ca2+ uptake. Conversely, channels with a predominant Na+ permeability
(TRPM4) cause membrane depolarization and abrogation of the Ca2+ influx. Depending on the channel selectivity high Ca2+ (e.g., TRPV5)
or indiscriminate Ca2+/Na+ (e.g., TRPC) as well as (when applicable) on the nature of the feedback (positive or negative, see respective loops)
via Ca2+ and on the context (differential ways for the activation of particular ion channel), overall Ca2+ signal can be positively or negatively
modulated. An idealized Ca2+ response to a mitogen stimulation, which contains both oscillatory and monotonous increase components,
evidencing a feedback regulation via Ca2+, is given as an example. Ways of the channels’ activation are summarized below. From the left to
the right: Cav (voltage-dependent Ca

2+ channels), P2X (purinergic ionotropic receptors), TRP (transient receptor potential channels), Orai-
STIM1 (CRAC, Ca2+ release-activated Ca2+ channel), KCa (Ca

2+-activated K+ channels), TRESK (TWIK-like spinal cord K+ channel), and
CaM (calmodulin).

TRPC1/4/5, albeit being dependent on the PLC activity,
are not responding to DAG [217]. OAG-activated current
mediated the influx of Ca2+, Ba2+, and Sr2+ into Jurkat and
PBLs; on the contrary, in case of SOCE (CRAC) activation
cation influx was Ca2+-selective, without measurable Ba2+
component [218]. In HPB-ALL, acute T lymphoid leukemia
only TRPC1 was expressed at detectable levels among TRPCs
1 to 7, as compared to Jurkat, expressing TRPCs 1, 3, and 6
andmore (see below). Ca2+ influx, induced in HPB-ALL cells
by Δ9-tetrahydrocannabinol, was less sensitive to SOCE
and, based on pharmacological evidence, was mediated by
TRPC1 via CBD-2 receptors and DAG [219]. Yet there are
some doubts that TRPC1 could form functional homomeric
channels, whereas it definitely can formheteromeric channels
with all others TRPCs, including 4 and 5 [220] as well
as with TRPV4 [221]; in the latter case translocation of
TRPC1/TRPV4 complex to plasma membrane requires store
depletion and STIM1 involvement. TRPCs 4 and 5, which
are not present in PBLs, are robustly expressed in Jurkat
cells [124]. Importantly, homomeric TRPC 5 or heteromeric

TRPCs 4 and 5 act as a positive loop for the NO production:
channel’s nitrosylation provokes a formation of disulphide
bond between neighboring cysteine residues, locking the
channel in the open conformation, thus, promoting Ca2+
influx and Ca2+-dependent NO production [222]. It remains
to be elucidated whether such mechanism may operate in
leukemic T cells. Partial silencing of TRPC3 in CD4+ caused
a reduction of intracellular Ca2+ only under limiting external
Ca2+ (<0.1mM) and slightly (<20%) decreased the prolifera-
tion of activated cells [124]. However, specific TRPC3 blocker,
Pyr-3, strongly reduced the late phase of Ca2+ entry induced
by anti-CD3 antibodies in Jurkat cells [223], confirming the
TRPC3 role in Ca2+ signaling.

TRPM2 form nonrectifying channels, almost equally
permeable to K+, Na+, and Ca2+ [224] and slightly less to
Mg2+ [225]. TRPM2 is known as “chanzyme” because its
dual function of ion channel and C-terminal enzyme domain
[226]. (TRPM2) mRNA was highly abundant in CD34+ pre-
cursors and in hematologic malignant cell lines of different
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lineages, like Jurkat cells (T-ALL), K562 (erythromyeloblas-
toid leukemia), AML-193 (acute monocytic leukemia), U937-
ecoR (monocytic leukemia), and TF-1 (erythroleukemia)
[224, 227, 228]. TRPM2 is activated by reactive oxygen
species, and this way may be the principle route of TRPM2
activation in Jurkat cells, whereas intracellular ligands, like
cADPR, appear to be inefficient for this model system [229].
The combination of channels responsible for Ca2+ influx
varied depending on the method of stimulation. In Jurkat
cells, activation by ConA led to late Ca2+ influx via TRPM2
without CRAC involvement, whereas TRPC (TRPC3?) chan-
nels were responsible for anti-CD3-activated Ca2+ influx
[223]. In CD4+ T cells of healthy donors, stimulation by anti-
CD3/anti-CD28, caused a transient increase of the TRPM2
expression [124]. TRPM2mediates apoptosis upon the oxida-
tive stress [227]. Overexpression of TRPM2 increases tumor
susceptibility to oxidative stress, favoring the mitochon-
drial Ca2+ overload and triggering the intrinsic pathway
of apoptosis, so TRPM2 is considered as a tumor suppressing
factor [230].

TRPM4 encodes an intrinsically voltage-dependent
outwardly-rectifying [231] monovalent cation channel,
equally permeable to Na+ and K+ [232]. It requires high
(micromolar) cytosolic Ca2+ for its activation [231]. Wenning
et al. (2011) reported nondetectable levels of TRPM4 mRNA
in naı̈ve T cells, but a consistent expression both in Jurkat and
effector CD4+ cells; TRPM5 was expressed in stimulated and
nonstimulated PBLs and Jurkat. TRPM4 and TRPM5 possess
similar biophysical characteristics and are unique among
TRP superfamily, which are virtually Ca2+ impermeable
[124].Thus, under physiological conditions TRPM4mediates
Na+ influx, producing membrane depolarization [232]. This
tends to reduce the CRAC-mediated Ca2+ influx. Indeed,
suppression of TRPM4 in Jurkat transforms PHA-induced
Ca2+ signal from oscillations to a higher sustained Ca2+
increase, resulting in a higher IL-2 production [232].
Similarly to TRPM4, TRPM5 is activated by high
intracellular Ca2+, but, in contrast to the former, it is
strongly suppressed by external acidification [233], which
may be relevant physiological situation under hypoxia in
lesions. Analysis of polymorphisms in TRPM5 genes revealed
correlation of childhood leukemia with certain genotypes
[234]. Interestingly, TRPM5 gene is located in the human
chromosome 11, which frequently shows aberrations for a
number of hematological malignancies, including ALL [235].
In addition, on the protein level TRPM5 is conservatively
regulated by residual proteins, formed in the Notch pathway,
which in turn is important pathway associated with T-ALL
[236]. However, in contrast to TRPM4, direct experimental
demonstration of the TRPM5 channels activity in T cells is
lacking so far.

TRPM7 is another, in addition to TRPM2, “chanzyme,”
consisting of ionotropic divalent cation-permeable chan-
nel and kinase, linked to cytosolic C-terminus [237]. It
is ubiquitously expressed, but normally at relatively low
levels [213]. In vivo current, generated by TRPM7 chan-
nels, is strongly outwardly rectifying, due to a blockage
by cytosolic Mg2+ and, possibly, some additional internal

factor [213]. Mg2+ block of TRPM7 channel and a role of
a very similar TRPM6 channel in Mg2+ homeostasis led
to a hypothesis that TRPM7 could equally participate in
sensing and control of the intracellular Mg2+. Yet, current
experimental evidence is more against that in favor of this
hypothesis [208, 213]. TRPM7 expression is higher in Jurkat
as compared to healthy T cells [124]. Importantly, cell-specific
TRPM7 deletion arrests T cells differentiation at the DN
stage [89]. Although TRPM7 is the only channel up to
date with an approved role in the lymphocyte development,
it is not known, whether this role is mediated by Mg2+ or
Ca2+ influx through its pore, kinase domain activity, or a
combination of these factors. Interestingly, TRPM8, a crucial
motor element for cell migration in glioblastomas [238]
but oppositely acting in other tumor types (see [230] for a
review), is expressed neither in healthy PBLs nor in Jurkat
lymphoblasts [124].

There are two subgroups in the TRPV family: TRPV1/4
and highly Ca2+-selective TRPV5/6 ones. TRPV1 (vanilloid
receptor), the founding member, represents an outward-
rectifying voltage-gated channel, which is upregulated by dif-
ferent physical factors (external pH, heat) and a great variety
of unrelated chemical compounds (Figure 4) and is modu-
lated by protein phosphorylation by PKA and PKC [239]. Its
pore is flexible and the channel selectivity changes upon the
activation and it depends also on the activation factor [216,
240]. TRPV1 is modestly selective for Ca2+ over Na+, given
values between 10 for capsaicin and 4 for heat [241]. Thus,
the fraction of Ca2+ current inflowing the cell via TRPV1
counts only a few percent of the total current, mainly carried
by Na+. Yet, this Ca2+ influx is sufficient to cause the TRPV1
desensitization, which likely is caused by Cn-mediated
dephosphorylation of several sites [216]. TRPV1/4 can be also
considered as chemosensors; among the agonists for TRPV1,
2 and 4, cannabinoids should be mentioned [216, 242].

TRPV1 and TRPV2 are the most expressed among
TRPV1/4 channels in human peripheral blood and leuko-
cytes, with the TRPV2mRNAbeingmore abundant than that
of TRPV1 by a factor of 150 and 20, respectively [243, 244].
TRPV2 is relatively poor expressed in other tissues (except
smooth muscle and lung) but in blood [245]. TRPV2 is
expressed in lymphoma and leukemic cell lines, including T-
ALL, Jurkat, and MOLT-4 [124, 245, 246]. On note, TRPV2
activation by cannabidiol in some tumors increased their
sensitivity to anticancer drugs, by increasing drugs uptake
and stimulating cell death [235, 247]. TRPV2 was also
detected in the intracellular (endosomal) membrane, where
it mediates Ca2+ release [248].There are two splicing variants
of TRPV2: full-length and poreless short (s-TRPV2) ones. S-
TRPV2 is more typical for tumor cells including leukemic
ones; it is localized in cytosol, and it inhibits full TRPV2
translocation to the cell membrane [246]. TRPV2 is probably
one of the least understood TRP channels when it comes to
its regulation. It has a bipolar current-voltage dependence
and similar permeability for Ca2+ and Na+ [249]. In humans,
in contrast to rats, TRPV2 appears to be not activated by
noxious heat [250]. It is thought that the main way of its
activity regulation is the mobilization from the ER to the
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plasma membrane, for example, by growth factors [246, 251].
However, in murine aortic myocytes and neurons, TRPV2 is
activated by membrane stretch and mediated a Ca2+ influx
[252, 253]. Activation bymechanical stretch and hypotonicity
was demonstrated also for TRPV2-like channels, expressed
in human mast-cell line [254]. Our own study on Jurkat
cells revealed that the properties of major mechanosensitive
channel in their plasma membrane are indistinguishable
fromTRPV2 by its voltage dependence, cation selectivity, and
pharmacological profile (Pottosin et al., unpublished). Prop-
erties of mechanosensitive currents in Jurkat were clearly
distinct from TRPV1 and 3 but may be confused with those
generated by TRPV4 [255], albeit the latter channel shows a
somewhat higher Ca2+ over Na+ selectivity. TRPV4 channel
is also proved to be mechano- and osmosensing element in
different tissues [256–258]. It is regulated by intracellular
Ca2+ in a complex way, via CaM binding to C- and N-
termini; it activates at moderate intracellular Ca2+ increase
and inactivates at higher (>800 nM) Ca2+ levels [256]. It
is still a matter of debate, whether this activation may be
direct or mediated by mechanosensitive phospholipase A2
activity, which metabolizes the arachidonic acid and pro-
duced epoxyeicosatrienoic acid, which in turn activates the
TRPV4 [213]. We give lesser preference to TRPV4 versus
TRPV2 due to their very low expression in Jurkat cells
[124], but this point requires further exploration. Emerging
evidence is accumulated that TRPV2 could colocalize within
a network of Kv1.3, KCa3.1, and CRAC, thus contributing to a
variety of vital T cells functions by modulation of the Ca2+
signaling [245]. In Jurkat cells and mouse thymocytes, the
RVD in response to hypotonic treatment is a Ca2+-dependent
process, unlike mature peripheral lymphocytes, either mouse
or human, where hypotonic stress does not provoke any
intracellular Ca2+ change [150]. About respective Ca2+ signal
it is known that it is mediated by the plasma membrane non-
selective channels (TRPs?), which are 100-time less sensitive
to Gd3+ as compared to the CRAC. Likewise, in immature
T cells and T-ALL the volume regulation is controlled by a
mechanosensitive TRP, which, in accordance with our data,
could be the TRPV2.

TRPV5 and 6 are inwardly rectifying and the only highly
Ca2+-selective (PCa/PNa > 100) members of the TRP family
[213, 215]. Both TRPV5 and TRPV6 channels could be found
in resting human PBL and Jurkat cells, as transcripts and,
functionally, based on the different sensitivity of measured
single-channel currents to ruthenium red (RR). However,
TRPV6 expression in Jurkat cells and PHA-activated PBLs is
much higher as compared to resting cells, implying a stimu-
lating role of TRPV in the proliferation. Indeed, inhibition of
TRPVcurrents byRRarrested the progression of the cell cycle
in activated PBLs or Jurkat in G0/G1 and S or G2/M phases,
respectively [259]. TRPV6 in Jurkat may physically interact
with or even contribute to the CRAC/SOCE [260].

8.8. Purinoreceptors (P2X). P2X forms nonselective Ca2+-
permeable channels, activated by external ATP [261]. First
evidence that peripheral blood T cells bear P2X, whose
activation by ATP produces depolarization and Ca2+ influx,

was obtained by Baricordi and coworkers (1996). It was
demonstrated that P2Xmay contribute to T cell proliferation,
induced by mitogenic stimulation [262]. There are seven
P2X subtypes (P2X1-7), of which mainly P2X1, P2X4, and
P2X7 were expressed in primary CD4+ and Jurkat cells [263,
264]. T cell activation was shown to induce ATP release and
considerable augment of P2X1, P2X4 [264], and P2X7 [263]
expression. In turn, stimulation by ATP contributes to Ca2+
rise and enhances IL-2 production [263, 264]. Silencing or
chemical inhibition of P2X receptors strongly impair Ca2+
influx, NFAT activation, and interleukin production [263,
264]. Therefore P2X along with STIM1 and Orai1 was sug-
gested to contribute to Ca2+ entry, providing an amplification
mechanism for TCR signaling [263, 264]. ATP release
required for P2X stimulation may be achieved by exocytosis,
or from dying cells, but also from intact T cells [265] via
some wide-pore channels, like pannexin 1 [266] or, notably,
through P2X7 themselves. Importantly, stimulation of T cells
or Jurkat causes a rapid (within minutes) translocation and
clustering of P2X1 and P2X4, but there are no changes
in the P2X7 distribution [264]. The same is true for the
immunological synapse, where in addition pannexin 1 is
rapidly recruited. It is hypothesized that such a colocalization
may produce a strong positive purinergic feedback, with a
further amplification due to the concentration of ATP in the
synaptic cleft, thus, allowing sensation of just few presented
antigens [261]. Additionally, P2X7 seems to interact with
apoptotic pathways: prolonged activation of this receptor by
extracellular ATP released by neighboring apoptotic cells
promotes overall apoptotic process [267].

Remarkably, the evidences emerged, which link P2X7
with leukemogenesis. Bone marrow samples obtained from
patients with different types of leukemias, mainly AML
and CLL, show a substantially higher level of P2X7 mRNA
expression as compared to normal donor group [268]. Quite
a few samples from ALL patients were analyzed in this study,
and, although they showed increased level of P2X7, it was
not indicated if there were B-ALL or T-ALL cells. In contrast,
recent study on identification of interconnected markers for
T-ALL, which included 173 T-ALL patients, revealed P2X7 as
non-DE gene [125]. As was mentioned earlier, non-DE genes
may be involved in signaling networks, upregulated during
leukemogenesis.

8.9. Cl− Currents. Any osmotic or volume adjustment (e.g.,
RVD or AVD) requires a massive transport of solute across
the plasma membrane. Such a massive transport is possible
only when it occurs in electroneutral manner, so that cations
(e.g., K+) transport needs to be accompanied by a parallel
transport of anions via anion channels. In ALL (T-ALL) the
expression of ClC2-5 was detected by PCR; ClC-3 is robustly
expressed in healthy PBL and leukemias, whereas ClC-2 is
mainly in leukemias [269]. ClC2 and ClC3 play roles in
volume regulation, whereas there are ClC2 and ClC4- in
pH homeostasis. Activator-induced proliferation of healthy T
cells involvedDIDS-sensitiveNPPB-insensitiveCl− channels,
whereas in case of leukemic cells (Daudi, Jurkat, and H-60)
it is mediated by DIDS-insensitive NPPB-sensitive ones (but
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not ClC-2, as evidenced by silencing experiment) [269,
270]. VSOR (Clswell) (volume sensitive outward rectifying
Cl− current, activated by swelling) was first discovered in
peripheric human T cells [271–273]. Identical biophysical
properties (intrinsically outward-rectifying) Cl− current for
CFTR (cystic fibrosis transmembrane conductance regulator)
cAMP-activated [274] and volume-regulated [273] currents
were reported also for leukemic Jurkat cells. VSOR may also
require lck-kinase (p56lck) activity: the inhibition of this
kinase blocks swelling-inducedCl− current, whereas addition
of p56lck to excised patches caused the current activa-
tion [275]. Once activated, VSOR may stay extremely long
time in open state (several minutes) without transitions to
closed state. Yet more careful inspection revealed close-open
events. At physiological ionic conditions and zero mem-
brane voltage unitary conductance of VSOR is about 40 pS
[274–276]; single channel current displays a strong out-
ward rectification, which mimics the voltage dependence
of the whole cell VSOR. Likewise, VSOR is encoded by
CFTR, unique member of ABC-transporter family, encoding
Cl− channel and not a pump. Transfection of the CFTR-
defective B cells and lymphoblasts with wild-type CFTR
cDNA resulted in a restoration of a cell-cycle-dependent
(maximal expression in the G1 phase, low expression in the
S-phase) cAMP—activated outward rectifying Cl− current
[277, 278]. It was shown that the outward rectifying Cl−
current can be activated in a triple manner: transiently by
cAMP and steadily by either hypotonic stress or intracellular
Ca2+ increase; only the activation by cAMP was abolished by
genetic defect in CFTR [279]. In addition, CFTR deficient
mice have shown a higher NFAT to nucleus translocation
and higher interleukin and immunoglobulin E production by
T cells due to altered (elevated) intracellular Ca2+ increase
in response to T cell receptor activation. This may be a
depolarization, caused by outward-rectifying Cl− current
which normally moderates Ca2+ influx via CRAC [280].
Summarizing, all aforementioned Cl− channels are expressed
in normal lymphocytes and lymphoblasts. Whereas in case
of ClC channels direct demonstration of respective currents
is lacking, in case of VSOR its molecular identity remains to
be revealed. Preliminary pharmacological analysis suggests
differential dominant Cl− currents in normal and malignant
lymphocytes.

8.10. Other Channels. Nicotinic AchR forms nonselective
cation channel, with important roles in neoplastic pro-
gression, both via conducting and nonconducting signal-
ing mechanisms. There is circumvent evidence for nAchR
expression in lymphocytes and nicotine affects hematopoiesis
[281, 282]. Yet functional roles of nAchR and cholinergic
signaling in healthy lymphocytes and leukemias remain to be
elucidated. Both human T and leukemic Jurkat cells appear to
express ionotropic glutamate receptors of AMPA andNMDA
types. Their activation by respective ligands promoted cell
adhesion and migration [283, 284]. NMDA receptor antag-
onists decreased proliferation of T and Jurkat cells, but in a
different manner. In Jurkat cells this reduction was associated
with G1-S transition arrest and increased apoptosis; neither

phenomenon was associated with a decrease of proliferation
in healthy T cells [284, 285]. In early studies one may
find the notion that a few percent of T cells from human
peripheric blood express functional voltage-dependent Na+
channels [159], but their role in nonexcitable cells remains
obscure. Expression of 𝛼-subunits of voltage-dependent L-
type Ca2+ channels (Cav1) as well as interacting 𝛽-subunits
is consistently reported in human healthy T and Jurkat cells.
However, up to now neither depolarization-activated Ca2+
selective currents nor significant Ca2+ influx evoked by a
depolarization was detected in human T cells [126, 208].
However, on murine models, typical L-type Ca2+ currents,
which disappeared upon Cav1.4 silencing, were reported
in a single study [286]. Furthermore, mice with mutant
𝛽-subunits or Cav1.4-deficient mice, or mice with knock-
down Cav1.2 and/or Cav1.3 display clear immunopatholog-
ical phenotypes (see [208, 287] for a recent update). Yet
no immunopathological phenotypes were demonstrated in
humans. The situation may be even more complicated due
to the fact that STIM1, activating CRAC, inhibits the L-type
Ca2+ channel activity [288], so that CRAC dominance in T
cells implies a suppression of the CaV activity. In the latter
study, authors were able to show a depolarization-activated
Ca2+ increase in mutant STIM1-deficient Jurkat cells, trans-
fected with Cav1.2 along with 𝛽1b and 𝛼2𝛿1 subunits; yet
without such a transfection no significant depolarization-
activated Ca2+ influx was detected, which questions again
the functional role of background Cav1 channels. It was
speculated that instead of activation by large depolarization,
hardly attainable in T-cells, Cav channels may be activated
due to their clustering and interaction with PKC [287].

9. Targeting Ion Channels for
the T-ALL Treatment

Although an impressive progress has been made in the
treatment of T-ALL, it is still a disease with enormous
need for innovation in the therapeutic field. Undoubtedly,
the concept of total chemotherapy has been a milestone
in the history of the treatment of this disease. The stage
of differentiation, at which the proliferative arrest occurs,
denotes not only the degree of maturation of the leukemic
cell, but also its clinical behavior and response to a particular
treatment. Early T leukemias, regarding the mature T cell
neoplasias, are more chemoresistant and, therefore, demon-
strate lower rates of complete remission and overall survival.
The current therapeutic strategy is based on a combination of
chemotherapeutic agents targeting DNA and protein synthe-
sis (methotrexate, L-asparaginase, doxorubicin, cyclophos-
phamide, cytarabine, and nelarabine), or inducing apoptosis
(dexamethasone). Allogeneic bone marrow transplantation
has been shown to be beneficial in a selected population in
this leukemia subtype. Although the leukemia-free survival
has significantly improved in the last decades, being reported
in some series in children up to 85% at 5 years [289],
traditional antileukemic drugs demonstrate numerous short-
and long-term toxic side effects, whichmay lead to significant
morbidity. More than 50% of pediatric cancer survivors
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will develop long-term complications, including cardiovas-
cular, gonadal, and gastrointestinal/hepatic dysfunction, neu-
rocognitive sequelae, auditory complications, and decline in
growth, with approximately 25% of cases being severe [290].
Additionally, long-term toxicities of these antineoplastics
include the possibility of a future secondary malignancy.

Among novel molecular targets FLT3, JAK1/JAK3 and
Notch were proposed [291]. Some FLT3 inhibitors as lestau-
rtinib currently have been studied in the phase III clinical
trials, showing in vitro apoptosis induction capability in LLA
cells lines that express high levels of FLT3 and interacting
synergistically with multiple chemotherapeutic agents. JAK
inhibitors are currently in varying stages of development and
they have only been in adult trials. Notch inhibitors are under
development. Though, in animal models and in the phase
I clinical trials, serious gastrointestinal toxicity has been
shown, which can be reversed by concomitant use of gluco-
corticoids, subsequent additions have been few and mainly
restricted to the advent of some new chemotherapeutic drugs
(clofarabine, nelarabine), the use of monoclonal antibodies
such as alemtuzumab, andmore recently drugs able to impact
molecular targets (see for review [292]). Sustained activation
ofCn/NFATpathway is a hallmark of theT-ALL [43, 107, 108].
However, this pathway is ubiquitous not only in malignant,
but in many healthy tissues as well. As a result, although
administration of the Cn inhibitors showed an antileukemic
effect [43, 77], it was associated with a number of undesirable
offtarget effects [293].

Leukemias show altered expression of a variety of ion
channels (for review see [127] and this review). Even if the
profile of channel expression is not changed, as was shown
for nondifferentially expressed genes, it may be involved
in newly upregulated signaling network [125]. However it
is unlikely that these alterations by themselves launch the
leukemic scenario. Rather, ion channels represent important
components, which ensure homeostatic conditions favorable
for the migration, proliferation, and leukemic survival, or
facilitate the expression of oncogenes, involved in the leuke-
mogenesis. Almost all signaling pathways, upregulated in the
T-ALL, show a dependence on the Ca2+ signaling. Channels
may be involved in the cell motility and tumor metastasis.
These phenomena may provide the basis for the targeting ion
channel in leukemogenesis.

For example, TRESK channels are abnormally expressed
in some types of T leukemias [197]. As was mentioned, this
channel is activated through Cn-dependent mechanism and
is involved in a positive feedback regulation of the Ca2+ entry.
Thus, TRESK inhibition could result in a downregulation of
the Cn. However, the issue is much more complex than it
might seem. First of all, TRESK is normally expressed in
some healthy tissues [201], foremost in the central nervous
system where it is related to the migraine pathology [294].
Next, no specific blockers for the TRESK are known so far.
To resolve a similar problem related to the Kv10.1 channel,
specific functional antibodies were designed [295]. Although
it is possible that an antibody actively crosses the blood-brain
barrier, the concentrations efficient for tumors are likely lower
than those required to reach the brain parenchyma and to
cause massive side effects [295]. Another classical example

is Kv11.1, aberrantly expressed in many tumor types [127].
The difficulty lies in the fact that Kv11.1 normal localization is
the cardiac tissue, where it contributes in the repolarization
phase of the cardiac action potential [175]. Although specific
blockers of this channel are available, its inhibition can retard
the repolarization and prolong QT interval leading to the
ventricular arrhythmia, with a possible fatal fibrillation [296].
Therefore, Kv11.1 is generally considered as an undesired
pharmacological target. To overcome this issue, it was pro-
posed to consider different blocking mechanisms and target
a particular conformational state of leukemic ion channels,
as well as bipolar antibodies, raised against the complex of
the channel and one of its auxiliary proteins, characteristic
for tumors [127].

Yet another very important point should be taken into
consideration, namely, hierarchical tumor development, its
genetic instability, and heterogeneity of the T-ALL popu-
lation. Obviously, LSC and T-ALL clones, representing the
same clinical case, differ in their “gene expression signatures”
and, accordingly, in their sensitivity/resistance to chemother-
apy. Chemotherapeutic agents, used nowadays, successfully
eradicate the blast cells in many patients; however, they have
very little if any effect at the level of the blast progenitor cell,
namely, LSC, which is biologically distinct from most of the
cells found in a typical patient [297].Then LSCs that survived
chemotherapeutic attack finally cause the chemoresistance
and relapse. Additionally, some therapeutic targets may be
present only in a few nondominant clones, which does cause
unresponsiveness to the treatment. Targeting the LSC was
suggested as the Holy Grail of leukemia therapy [298]. Then,
considering ion channels as a possible target, the search
for ion channels expressed specifically in LSC would be of
a special advantage. We suggest that the experiments with
primary blast cells or cell lines derived from patients in
relapse may give some important information.

10. Conclusions

Tumor-specific expression of a certain ion channel is a rela-
tively rare phenomenon. However, changes in the expression
(including its variation during cell cycle) and subcellular
localization, splicing of channels (and relative expression
of different variants), role of heteroligomerization, of 𝛽-
subunits, and of other auxiliary proteins (especially inte-
grins), and modification of the channel protein, as well as
every aspect of microenvironment and metabolic regulation
and signaling pathways context, affecting the channel’s activ-
ity,may be of potential importance for the tumor progression.
Here, the integration of the channels function and their
crosstalks, most apparently via cell membrane polarization
and intracellular Ca2+ changes, needs to be considered.
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[164] I. Szabó, E. Gulbins, H. Apfel et al., “Tyrosine phosphorylation-
dependent suppression of a voltage-gated K+ channel in T
lymphocytes upon Fas stimulation,” The Journal of Biological
Chemistry, vol. 271, no. 34, pp. 20465–20469, 1996.

[165] E. Gulbins, I. Szabo, K. Baltzer, and F. Lang, “Ceramide-induced
inhibition of T lymphocyte voltage-gated potassium channel
is mediated by tyrosine kinases,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 94, no.
14, pp. 7661–7666, 1997.

[166] A. Lampert, M. M. Müller, S. Berchtold et al., “Effect of
dexamethasone on voltage-gated K+ channels in Jurkat T-
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Brain tumors are one of the most formidable diseases of mankind. They have only a fair to poor prognosis and high relapse
rate. One of the major causes of extreme difficulty in brain tumor treatment is the presence of blood brain barrier (BBB). BBB
comprises different molecular components and transport systems, which in turn create efflux machinery or hindrance for the
entry of several drugs in brain. Thus, along with the conventional techniques, successful modification of drug delivery and novel
therapeutic strategies are needed to overcome this obstacle for treatment of brain tumors. In this review, we have elucidated some
critical insights into the composition and function of BBB and along with it we have discussed the effective methods for delivery of
drugs to the brain and therapeutic strategies overcoming the barrier.

1. Introduction

Brain is the most delicate organ of human body. Several
diseases like encephalitis, neurological disorders, multiple
sclerosis, stroke, and tumor induce deterioration of brain
function. The development of new therapeutic approaches
for these diseases is a difficult challenge, and there is no
effective treatment for almost all the brain diseases. In most
of the cases, the major cause of the failure in the development
of drugs to treat brain diseases is the presence of BBB.
Out of the several brain disorders, brain tumors commonly
have poor prognosis, which varies according to the type
and grade of the tumor. Due to the presence of BBB, drug
delivery to brain tumors has long been a problematic issue.
Some group of researchers like Vick et al. and Donelli et al.
mentioned BBB as a controversial problem for brain tumor
chemotherapy [1, 2]. They indicated that BBB is not the only
factor responsible for impeding the success of brain tumor
chemotherapy, but later, studies revealed the involvement of
BBB in drug restriction to different brain neoplasias [3–6].

Brain tumors can be classified into two major classes,
namely, primary brain tumors that start in the brain and
secondary brain tumors that are generated by the cancer

cells that migrated from tumors developed in other parts
of the body. Primary brain tumors can arise from different
type of brain cells or even from the membranes around
the brain (meninges), nerves, or glands. The most common
type of primary tumors in the brain is glioma, which
arises from the glial tissue of the brain. Gliomas comprise
several types, namely, astrocytoma, oligodendroglioma, and
ependymomas. Astrocytomas are further classified as grade
I (pilocytic), grade II (fibrillary), grade III (anaplastic), and
grade IV (glioblastoma multiforme or GBM). BBB is poorly
developed in these types of brain tumors causing an increased
vascular permeability [7].

It has been shown earlier that leaky interendothelial
tight junction is present in human glioma [8] due to the
fact that poorly differentiated neoplastic astrocytes do not
release factors essential for BBB function [9–11]. This tight
junction opening causes increased chances of cerebral edema
occurrence [12]. It is also observed that BBB stability in
lower grade gliomas is better than that in GBM. As the
degree of BBB disruption differs from the malignancy of
the tumor, treatment of low grade brain tumors is still a
challenging task, because of the presence of almost intact
BBB. On the contrary, recent studies have suggested that
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Table 1: Type of common brain cancers and their BBB status.

Type of brain tumors Origin Involvement of BBB Status of BBB

Primary

Astrocytomas
Pilocytic

astrocytoma
(grade I)

Usually from astrocytes of
cerebellum Yes Not well formed

Fibrillary/mixed oligo
astrocytoma
(grade II)

From neoplastic astrocytes Yes Mostly intact

Anaplastic astrocytoma (grade
III)

From brain astrocytes which
infiltrate through white matter of
cerebral hemisphere, dura, and

spinal fluid

Yes Altered or disrupted

Glioblastoma multiforme
(GBM) (grade IV) From glial cells Yes Altered or disrupted

Oligodendrogliomas From oligodendrocytes and glial
precursor cells Yes Mostly intact

Ependymomas From ependyma Yes Intact

Meningiomas From meninges of brain and
central nervous system No —

Schwannomas From Schwann cells No —

Craniopharyngiomas From pituitary gland embryonic
tissue Yes Intact or disrupted

Germinomas Germ cell tumors from pineal
gland No —

Medulloblastomas From cerebellum, below the
tentorium of brain Yes Intact

Pineocytoma From pineal parenchyma No —
Pineoblastoma From pineal parenchyma No —

Secondary Different metastatic cancers to
brain

From cancers like breast, lung,
bowel, kidney, ovary, and skin Yes Intact or disrupted

although the BBB may be disrupted at or near the core of
the high grade brain tumors, most certainly it seems to be
intact near the growing edge of the tumor where the invasive
tumor cells may reside. The presence of the intact BBB in
such regions of the tumors can considerably impede drug
delivery to these regions [13–15]. On the other hand, lack
of BBB has been observed in other primary brain tumors
like meningiomas, schwannomas, or pineocytomas [16–18].
Disrupted BBB also exists in metastatic secondary brain
tumors, but the disruption is negligible in smaller aggregates
of metastatic tumor cells. Therefore, the drug delivery to
these micrometastatic regions is not optimum; consequently,
the tumor keeps growing and ultimately reaches to clinically
significant size. Thus, along with the existing therapeutic
modalities, new approaches of therapy are needed to combat
against the BBB of different brain tumors (see Table 1).

2. BBB

BBB protects neural tissues in the brain and works as a
diffusion barrier that impedes the influx of toxins and other
compounds from blood to the brain. BBB was discovered
in 1880s. It took almost 70 years to successfully prove
the existence of BBB by electron microscopic cytochemical

studies [19, 20]. Later, in 1981 Stewart and Wiley explained
the initial understanding about the uniqueness of BBB tight
junction and its physiology [21].

Molecular character of BBB shows the presence of two
types of cellular junctions, the intercellular adherens junction
and the paracellular tight junction. The functional integrity
of BBB is maintained by adherens junction that is composed
of vascular endothelium (VE), cadherin, actinin, and catenin
[22]. But the major functionality of BBB is maintained by
tight junctions, as they are primarily responsible for perme-
ability through BBB [23, 24]. The BBB in adult is comprised
of a complex cellular network. The main components of
this system are brain endothelial cells, highly specialized
basal membrane, a plenty of pericytes embedded in the basal
membrane, and astrocytic end-feet (see Figure 1).

Brain Endothelial Cells. These cells are required for proper
barrier formation and interaction with the adjacent cells.
They are also known as brain microvascular endothelial
cells (BMECs). The BMECs differ from the endothelial
cells present in the other organs in the following ways:
(i) paracellular movement of molecules is prevented by
continuous tight junctions present between brain endothelial
cells, (ii) BMECs have few cytoplasmic vesicles and more
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Figure 1: A pictorial representation of the BBB and its tight junction structure. The figure shows an irrigated blood vessel in the brain which
forms the BBB. The BBB is constituted by endothelial cells with tight junctions, surrounded by pericytes and astrocytic end-feet. The tight
junction is further established by the interaction of proteins like claudins, occludin, junction adhesion molecules, and cytoplasmic accessory
proteins (ZO1, ZO2, and ZO3) of adjacent endothelial cells.The details of each component of the BBB are mentioned in the text of this review.

mitochondria, and (iii) detectable transendothelial path like
intracellular vesicular transport is not present in BMECs [22,
25]. Complex intercellular tight junctions restrict the passive
diffusion of molecules into the brain and therefore the blood
vessels showing extremely high transendothelial electrical
resistance (TEER) in vivo [26]. BMECs are also endowedwith
the ability to shuttle essential nutrients andmetabolites across
the BBB, which include molecules, like efflux transporters
(p-glycoprotein). These transporters contribute to the BBB
properties by efflux of small lipophilic molecules that are able
to diffuse into BMECs, back to the blood stream.

Basal Membrane. It consists of type IV collagen, fibronectin,
and laminin that completely covers the capillary endothelial
cell layers. Pericytes are embedded in this membrane and
surrounded by astrocytic end-feet. The potential function of
this membrane is to restrict the movement of the solutes
[27, 28].

Pericytes. The contractile cells which are wrapped around
the endothelial cells are called pericytes. These cells play an
essential role in the formation of BBB in several ways such

as by regulating the expressions of BBB-specific genes in
endothelial cells by inducing polarization of astrocytic end-
feet surrounding CNS blood vessels, and also they inhibit
CNS immune cells from damaging the proper formation
of BBB. Besides, these cells also help in reduction of the
expression of molecules that increase vascular permeability
[29].

Astrocytic End-Feet. It is assumed earlier that the astrocytic
end-feet encircling endothelial cells do not play substantial
role in maintenance of BBB [30]. But recent study by
Nuriya et al., 2013, indicated the heterogeneity of diffu-
sion patterns around astrocytic end-feet [31]. They proved
the existence of some astrocytic end-feet which can form
tight networks that are able to block free diffusion of
molecules across them. The types of blood vessels and
morphological differences in the gliovascular interface like
the space between the endothelial cells and astrocytic end-
feet determine the heterogeneity of diffusion patterns. Thus,
these networks cover the blood vessels tightly which sug-
gests the potential functional roles of astrocytic end-feet
[32].
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2.1. Molecular Composition of BBB. The tight junction of BBB
mainly consists of three main integral membrane proteins,
namely, occludin, claudin, and junction adhesion molecules.
Other than that, cytoplasmic accessory proteins like zonula
occludens (ZO 1, ZO 2, ZO 3, etc.), cingulin, and others are
also present in BBB (see Figure 1).

Occludin. It is the first transmembrane protein of the tight
junction to be discovered. Occludin was first identified in
1993 by immunogold freeze fracture microscopy in chicken
[33] and then in mammals [34]. It is formed by four trans-
membrane domains: a long carboxy-terminal cytoplasmic
domain, a short amino-terminal cytoplasmic domain, and
two extracellular loops. The ZO proteins are directly associ-
ated with cytoplasmic domain of occludin. Phosphorylation
of specific Ser/Thr/Tyr residues of occludin regulates its
interaction with ZO proteins which in turn plays a regulatory
role in tight junction formation [35].

Claudins.These are amultigene family of at least 24members.
They form tight junctions through homophilic “claudin-
claudin” interactions mediated by their extracellular loops
[36]. Carboxy terminal of claudins binds to the cytoplas-
mic proteins including ZO family members [37]. Occludins
and claudins can also assemble into heteropolymers to
form intramembranous strands. It has been proposed that
these strands contain fluctuating channels, which allow the
selective diffusion of ions and hydrophilic molecules [38].
Claudins-1, -3, -5, and -12 have been shown to participate
in the formation of tight junctions between BMECs [9, 10,
39, 40]. Each claudin regulates the diffusion of a group of
molecules of specific size.

Junction Adhesion Molecules (JAM). These proteins belong
to the immunoglobulin superfamily. Three JAM-related pro-
teins, JAM-A, JAM-B, and JAM-C, have been investigated in
rodent brain sections. In human, it is observed that JAM-A
and JAM-Care expressed in the tight junctions of BBBbut not
JAM-B [41]. JAM-B can be found in seminiferous epithelial
cells [42]. All JAMproteins comprise a single transmembrane
domain; the extracellular portion has two immunoglobulin
like loops. They regulate the formation of tight junctions
during the acquisition of cell polarity [43].

Cytoplasmic Accessory Proteins. Cytoplasmic proteins like
zonula occludens proteins (ZO 1, ZO 2, and ZO 3), cingulin,
7H6, and several others are also involved in tight junction
formation. Zonula occludens are proteins belonging to the
family of membrane associated guanylate kinase (MAGUK)
[44]. They provide the cytoskeletal anchorage for the trans-
membrane tight junction and control spatial distribution of
claudins [24]. Cingulins are actomyosin-associated proteins
with large globular N-terminal “head” domain, coiled-coil
“rod” domain, and small globular C-terminal “tail.” Cingulin
helps in BBB formation by interacting with ZO proteins and
junction adhesion molecules.

2.2. Transporters of BBB. Endogenous compounds and drugs
may cross BBB by different mechanisms such as passive

diffusion, carrier-mediated transport (like GLUT1 mediated
transport), endocytosis, and active transport [45–52]. Par-
ticipation of various transport proteins is there in most
of these transport systems. These different transport pro-
teins of brain mediate the uptake and extrusion of various
metabolites and compounds. The efflux and influx trans-
porter systems of BBB comprise transporters like ATP-
binding cassette (ABC) transporters and solute carrier (SLC)
transporters.

2.2.1. ABC Transporters. ABC (ATP-binding cassette) trans-
porters are ATP-driven drug efflux pumps present in the
BBB which include P-glycoprotein, breast cancer resistance
protein, and members of the multidrug resistance related
proteins [53]. These proteins form a key characteristic of the
BBB by localizing at the luminal side of brain capillaries.
They collectively impede brain uptake of a large variety of
lipophilic molecules, xenobiotics, potentially toxic metabo-
lites, and drugs. ABC transporters show broad substrate
specificity and have been characterized by one or two cyto-
plasmically located nucleotide binding domains acting as a
catalytic domain for nucleotide hydrolysis.There are 48 genes
encodingABC transporter superfamily of proteins, which are
subdivided into 7 distinct subfamilies (ABCA toABCG) [54].
All ABC transporters have three highly conserved motifs
known as Walker A, Walker B motifs and the ABC signature
C motif (i.e., ALSGGQ) [55]. It has been suggested that this
domain may be involved in substrate recognition and ATP
hydrolysis [56].

(1) P-glycoprotein (P-gp). It is a 170-kDa efflux transporter
discovered in Chinese hamster ovary cells [57]. P-gp is
encoded by multidrug resistant (MDR) genes [58]. Two
MDR isoforms have been identified in human tissues, MDR-
1 and MDR-2 [59, 60]. MDR1 encoded P-gp is a major
efflux transporter of BBB, the expression of which is likely
evolved to protect the brain from exposure to potentially
neurotoxic xenobiotics. Thus, it is considered that P-gp
has a key role in the maintenance of accurate homeostatic
environment required for proper neuronal function [61].The
MDR1 gene product is 1280 amino acids in length and has
two homologous halves; each consists of six transmembrane
domains and ATP- binding site. On the first extracellular
loop, two to four glycosylation sites are present [62]. In the
brain, P-gp is localized to both the luminal and abluminal
sides of BBB endothelium [63] and to the apical plasma
membrane of choroid plexus epithelial cells [64]. Substrates
of P-gp are usually nonpolar, weakly amphipathic compounds
which significantly vary in molecular size. The different
types of endogenous substrates of P-gp include cytokines,
lipids, steroid hormones, and peptides [65]. P-gp has a vast
endogenous and exogenous substrate profile that renders
difficulty in drug delivery across the BBB.

(2) Breast Cancer Resistance Protein (BCRP). It was first
identified in the MCF-7/AdrVp breast cancer cell line [66].
It is also known as a “half-transporter.” Its molecular weight
is approximately 72 kDa and it is composed of 655 amino
acids. It has six transmembrane domains and both the C- and
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Figure 2: Schematic classification of transporters of human BBB. Two main classes of drug transporters are ATP-binding cassette (ABC)
transporters and solute carrier transporters. Each of them is further classified into several other transporters mentioned in the flowchart.
More information about each of the transporters is mentioned in the text.

N-terminus regions are located on the intracellular side of the
plasma membrane [67].

Furthermore, the extracellular loops of the protein con-
tain two to three sites for N-linked glycosylation. According
to the earlier reports, the functional capabilities of the
transporter and its cellular localization are not dependent
on these glycosylation sites [67, 68]. It is also known that
BCRP forms functional homo- or heterodimers to maintain
the efflux activity [69]. BCRP is expressed at the luminal side
of capillary endothelial cells, in astrocytes andmicroglia [70–
72]. The substrate specificity of BCRP not only is limited
to the physiological substrates, such as glutathione, steroid
hormones, and folic acid [73], but also transports many
structurally diverse therapeutic compounds. Significantly,
the specificity of BCRP to the substrates overlaps with the
substrate specificity of P-gp [74]. It is also known that
high expression of these BCRP proteins causes significant
resistance to different cancer chemotherapeutic drugs [75,
76].

(3)Multidrug Resistance Proteins (MRPs). It is well established
that MRP family has 9 homologues, designated as MRP1–
9, and these isoforms have overlapping substrate profiles.
Out of these, expression of MRP1–6 has been observed in
human brain [77], whereas multiple MRPs like MRP1, 4,
and 5 have been detected in the human BBB [72, 78, 79].
Existence of other MRPs, namely, MRP2, 3, and 6 and along
with these MRP1, 4, and 5, has also been noticed in other

vertebrates like rat, cow, pig, and fish. But presence of them
in human BBB is still questionable. Structural similarity
can be observed in MRP1, 2, 3, and 6, as each of them
possesses 3 transmembrane domains (TMD) designated as
TMD0, TMD1, and TMD2, respectively. TMD1 and TMD2
contain 6 alpha helices, whereas TMD0 contains only 5 alpha
helices [80, 81]. It is believed that TMDs are assembled in
the plasma membrane pore through which the transport of
substrates occurs [80]. On the contrary, MRP4 and MRP5
have structural similarity with P-gp that lack TMD0 [80, 82],
but in all the MRP homologues, the conserved cytoplasmic
linker (L0) portion is essential for transport function. MRP1,
4, and 5 are restricted to the luminal membrane of human
brain capillary endothelial cells [81].The localization ofMRPs
suggests that they play a crucial role in drug efflux transport
through BBB.

2.2.2. Solute Carrier (SLC) Transporters. SLC transporters
belong to SLC superfamily which comprises 43 known
subfamilies of SLC transporters (SLC1–SLC43). At the BBB,
SLC15A1, SLC16, SLC21, SLC22, SLC28, and SLC29 are
expressed [83]. The major SLC transporters include proton
coupled oligopeptide transporters, monocarboxylate trans-
porters, organic anion polypeptide transporters, organic ion
(anion and cation) transporters, and nucleoside transporters
(see Figure 2) [84, 85]. Most of these transporters of BBB
regulate the transport of brain tumor drugs by hindering
their entry into the tumor regions. Generally, these SLC
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transporters do not require ATP to translocate substrates
across BBB; however, the electrochemical or concentration
gradients of solute are essentially required for this type of
transportation.

(1) Proton Coupled Oligopeptide Transporters (POT). POT
belongs to SLC15A family solute carrier transporters.
Names of the subfamilies of POT are peptide transporters
(PEPT) and peptide/histidine transporter (PHT). Peptide
transporter-1 (PEPT1; SLC15A1) and peptide transporter-2
(PEPT2; SLC15A2) are the members of PEPT subfamily,
whereas PHT comprises peptide/histidine transporter-1
(PHT1; SLC15A4) and peptide/histidine transporter-2
(PHT2; SLC15A3) [86, 87]. These oligopeptide transporters
are able to transport small peptides across the BBB by an
electrochemical proton gradient [88]. Structural similarity
can be observed in POT family members due to the presence
of 12 𝛼-helical transmembrane domains with intracellular-
ly located C- andN-terminal regions. Two to seven glycosyla-
tion sites exist in the extracellular loops, while intracellular
loops have protein kinase A and C phosphorylation sites
[86, 89]. Other than the above-mentioned peptide trans-
porters, peptide uptake and distribution in brain are also
determined by peptide transport system (PTS) expressed
endogenously at the BBB endothelium [90]. In the BBB,
seven transport systems have been found for transport of
peptides, which includes PTS1–PTS7. PTSs, PTS2, PTS4, and
PTS6, are bidirectional, whereas the rest are unidirectional.
The unidirectional PTSs, PTS1 and PTS5, facilitate brain-to-
blood peptide transport, whereas PTS3 and PTS7 are known
for reverse process [90].

(2) Monocarboxylate Transporters (MCTs). Generally, the
MCTs facilitate the rapid transport of monocarboxylates
across the biological membranes. In brain, MCTs not only
assist the transport of the monocarboxylates for uptake into
the neurons but also mediate the transport of some drugs
across the BBB [91]. These MCTs are members of solute
carrier family 16 (SLC16). SLC16 has 14 members, out of
which only six have been functionally characterized and
those MCTs are MCT1–4, MCT8, and the T-type amino acid
transporter-1 (TAT-1/MCT10) (326, 327). MCT1, MCT2, and
MCT4 are the most important BBB transporters, whereas
active MCT8 expression has also been detected in BBB
[92–94]. The MCT1 protein is present in the membrane of
the capillary endothelium and astrocytes, while MCT2 and
MCT4 are found on neurons and astrocytes, respectively
[95, 96].

(3) Organic Anion Transporters Polypeptides (OATPs). These
membrane influx transporters are present in BBB to regulate
cellular uptake of a number of endogenous compounds and
clinically important drugs [97].The human OATP comprises
11 members: OATP1A2, 1B1, 1B3, 1C1, 2A1, 2B1, 3A1, 4A1, 4C1,
5A1, and 6A1 [98–100], whereOATP1A2 is the first discovered
human member of the OATP family [101]. The OATP genes
are classified within the SLCO (formerly SLC21A) family.
Members of the same OATPs family share ∼40% [99],
whereas members of individual subfamilies possess ∼60%

amino acid sequence similarity. This group of transporters
has broad substrate specificity. The OATP dependent trans-
port of the substrates does not require ATP as energy source,
yet it is conducted by electrochemical gradients that utilize
an inorganic or organic solute as a driving force. The OATPs
family members OATP1A2, 1C1, 2A1, 2B1, 3A1, and 4A1 are
present in human brain [99]. OATP1A2 is the only human
OATP isoform whose expression and function are widely
established at BBB. The localization of OATP1A2 can be
observed at both the luminal and abluminal membranes
of human BBB endothelial cells [102]. The endogenous
substrates of OATP1A2 are bilirubin, bromosulfophthalein,
cholate, deltorphin-II, estradiol-17𝛽-glucuronide, estrone-3-
sulfate, glycocholate, hydroxyurea, PGE2, reverse-T3, tau-
rocholate, taurochenodeoxycholate, tauroursodeoxycholate,
T4, T3, and so forth [103], whereas a broad exogenous
therapeutic substrate specificity can be noticed for this kind
of OATPs. OATP1C1 and OATP3A1 are known to be present
in both apical and basal sides of the brain endothelial cells
and blood cerebrospinal fluid barrier, respectively, while the
exact role of other OATPs is yet to be determined [104, 105].

(4) Organic Ion Transporters. These transporters can be
classified into two specific types: (i) organic anion trans-
porters (OATs) and (ii) organic cation transporters (OCTs).
These transporters are the members of SLC transporter 22
superfamily (SLC22A) [83, 106].

(i) Organic Anion Transporters (OATs). The OAT family
comprises OAT 1–6 and the renal specific transporter (RST)
[107–111]. This classification is based on ATP-dependent
energy requirements and involvement of Na+ ion. [112].
Movement of the organic anions across biological mem-
branes is determined by these OATs. Various endogenous
molecules like anionic metabolites of neurotransmitters,
hormones, prostaglandins, and exogenous molecules such as
different drugs are known to cross the biological membrane
by these OATs [113].The general structure of OATs comprises
12 membrane-spanning 𝛼-helices and several glycosylation
and PKC sites, which can be found on extracellular loops
connecting helices 6 and 7 [113]. In brain, OAT3 is the most
highly expressed isoform. It is reported earlier that OAT3
is present in the abluminal (brain side) and brush-border
membrane (CSF side) of brain capillary endothelial cells and
choroid plexus epithelial cells, respectively [114, 115]. Other
than this, OAT1, OAT2, and OAT4–6 are also expressed in
brain [78, 105, 109, 114–117]. But the proper localization and
function of these OATs are yet to be known.

(ii) Organic Cation Transporters (OCTs). OCTs regulate the
transport mechanisms to facilitate the passage of organic
cations through biological membranes [118]. According to
their transport capabilities, OCTs are categorized into two
subgroups, namely, oligospecific organic cation transporters
and polyspecific organic cation transporters. Apart from this,
organic cation transporters can also be classified as chemical
potential sensitive organic cation transporters (OCTs) and
H+ gradient-dependent novel organic transporters (OCTNs).
OCTs comprise OCT1–3, whereas OCTN transport system
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includes OCTN1 and OCTN2 [119]. Cellular influx and efflux
of various cationic substrates are maintained by OCTs and
OCTNs, respectively [120, 121]. All OCT family members
generally contain 12 𝛼-helical transmembrane domains with
intracellular N- and C-termini. Furthermore, large extracel-
lular loop between TMD1 and TMD2 and small intercellular
loop connecting TMD6 and TMD7 are also present in
OCT family members. In brain, OCT1–3 are localized to
the basolateral membrane of BMECs and choroid plexus
epithelial cells [122–124], and OCTN2 is reported to be
localized to the luminal side of the BBB [125–127], whereas
OCTN1 is reportedly absent in human CNS tissue [128].
Other than the transport of endogenous organic cations,
OCT family members may also play crucial role in drug
penetration through BBB [129].

(5) Nucleoside Transporters. The nucleosides play a major
role as second messengers in many signal transduction
pathways. Thus, their regulation of them is crucial for
proper neuronal function [130]. The recycling pathways for
nucleosides transportation into CNS tissue are needed, as
brain cannot synthesize nucleosides de novo. Depending on
the Na+ dependence nucleoside, the membrane transporters
are again classified into two subcategories: equilibrative
nucleoside transporters (ENTs) and concentrative nucleoside
transporters (CNTs). ENTs are the members of the SLC29A
transporter family and are Na+-independent, whereas CNTs
are the members of the SLC28A transporter family and
are Na+-dependent [131, 132]. In humans four isoforms of
ENTs have been discovered, which are ENT1–4 [133–135].
All of them possess 11 𝛼-helical transmembrane domains
with intracellular N-terminus and extracellular C-terminus
regions. Each and every isoform of ENTs also possesses a
large cytoplasmic loop and an extracellular loop [136, 137].
ENT1, ENT2, and ENT4 are ubiquitously expressed in brain
tissue and are localized to cellular membranes [138–140].
CNTs also have three isoforms: CNT1–3. They are integral
membrane proteins with 13 transmembrane 𝛼-helices and
a large extracellular C-terminal region, present in various
regions of brain [85] and work as antiporters. CNT1 and
CNT2 transport nucleosides into the cell in exchange for
sodium ions, while CNT3 transports nucleosides in exchange
for either sodium ions or protons [141]. But prominent
expression of CNT2 protein has been observed at the luminal
side of the BBB endothelium. Other than the endogenous
nucleoside transporters, CNTs are also responsible for the
cellular uptake of a number of nucleoside-derived drugs [85].

2.3. Aberrant Expression of BBB Components in Brain Tumors.
BBB components claudins and occludins are either down-
regulated or not at all expressed in brain tumors. Loss of
claudin-1 and downregulation of claudin-3 and claudin-5
expressions in high grade glioma are reported earlier [9, 142].
This variation of expression of claudins causes loosening
of BBB tight junctions, but the involvement of claudins in
the mechanism for the compromised tight junction function
in BBB is not very clear. Claudin-1 proteins are known to
regulate different signaling pathways, which in turn alter
the expression and function of different cell-cell adhesion

molecules [143]. It is also reported that claudin-5 regulates
BBB permeability during the metastasis of brain tumors
[144]. Loss of expression of another transmembrane protein
occludin inmicrovessels is also observed in astrocytomas and
metastatic adenocarcinomas. The probability of their contri-
bution to endothelial tight junction opening is also very high
[11]. High grade astrocytomas secrete vascular endothelial
growth factor (VEGF), which downregulates the expression
of occludins and increases endothelial cell permeability [145].
However, besides VEGF, cytokines and scatter factor or
hepatocyte growth factor are also secreted by astrocytoma
and other brain tumors. These factors are believed to be
involved in the downregulation of tight junction molecules
leading to its leakage [146, 147].

3. Drug Delivery Approaches and
Current Advances in Brain Tumor Therapy

Most of the brain tumor drugs are ineffective due to their lim-
ited entry throughBBB.Nowadays scientific communities are
interested in providing solutions to this problem, and it is not
surprising that most of the brain tumor patients could benefit
from the improved drug delivery approaches. Few established
approaches are intra-arterial drug delivery, intrathecal and
intraventricular drug administration, intratumoral delivery,
receptor-mediated transport, disruption of BBB, inhibition of
drug efflux by BBB, and the use of intranasal drug delivery
route.

The clinical trials of intra-arterial delivery in brain tumor
drugs showminimal improvement in survival of brain tumor
patients [148–154], but recently the neurosurgeons of New
York Presbyterian Hospital/Weill Cornell Medical Center for
the first time showed the successful intra-arterial delivery
of monoclonal antibody like bevacizumab to the tumor
region by means of transient blood brain barrier disruption
[155]. In case of intrathecal drug administration, the drugs
possess limited ability to enter the extracellular space of
brain from the CSF [156–159]. The convection enhanced
diffusion (CED) technique is used in transcranial brain
drug delivery approaches to evade the BBB for forceful
delivery of fluid into the brain and to increase the effective
infiltration of drug into tumor region [160]. Application of
microdialysis in neurooncology is also well established since
it has been proposed as an efficient method of intratumoral
drug delivery. This method employs the passive diffusion
of a drug across the BBB [161, 162] and distributes drugs
away from the dialysis catheter [163]. On the other hand, the
receptor-mediated endocytosis and exocytosis facilitate the
entry of the therapeutic compounds across the BBB of brain
tumors. Receptor targetedmonoclonal antibody-based drugs
are delivered across the BBB by the help of receptor-mediated
transport systems [164, 165]. Another traditional approach
to solve the problem of drug delivery into the brain is
BBB disruption. Osmotic disruption technique, bradykinin-
analogue or alkylglycerol mediated disruption technique,
MRI-guided focused ultrasound BBB disruption technique,
and so forth are used to disrupt the BBB [166–169]. Though,
bradykinin analogue mediated delivery of drug is abandoned
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due to its ineffectiveness when administered in combination
with carboplatin. Recently, MRI-guided focused ultrasound
BBB disruption technique is used to disrupt BBB for effective
drug delivery [170].

P-glycoproteins (P-gp) of the ABC drug efflux trans-
porters are present not only in low grade brain tumors but
also in different malignant glioma cells [171]. Modulation of
P-gpmay cause effective delivery of drugs to the tumor niche.
The poor in vivo efficacy of the first generation P-gp mod-
ulators (verapamil, cyclosporine A, tamoxifen, and several
calmodulin antagonists) is due to their low binding affini-
ties, which necessitated the use of high doses, resulting in
intolerable toxicity [172].The coadministration of the second-
generation P-gp modulators (dexverapamil, dexniguldipine,
valspodar (PSC 833), and biricodar (VX-710)) [173, 174] and
chemotherapy agents in clinical trials has provided lim-
ited success; hence, third-generation P-gp modulators come
in the scenario. These modulators include anthranilamide
derivative tariquidar (XR9576), cyclopropyldibenzosuberane
zosuquidar (LY335979), laniquidar (R101933), and elacridar
(GF120918) [175–178]. Kemper et al. showed 5-fold increase
in brain uptake of paclitaxel by combinatorial treatment
with elacridar (GF120918) [178]. Other than P-gp inhibitors,
MRP inhibitors (like sulfinpyrazone, probenecid, etc.) and
BCRP inhibitors (fumitremorginC and its analogues) are also
reported as transporter inhibitors [172, 179]. Ongoing clinical
trials with these new P-gp inhibitors should prove whether
this approach will result in increased survival of brain tumor
patients.

A promising drug delivery technique that can bypass
the BBB is the usage of intranasal drug delivery route. This
technique eliminates the risk of surgery and the nonspecific
spillover effect of drug to normal tissue. Intranasal delivery
provides successful drug targeting mechanism which utilizes
the unique anatomic connections of olfactory and trigeminal
nerves of nasal mucosa and the central nervous system [180,
181]. The drugs administered through this path reach the
cerebrospinal fluid (CSF), spinal cord, and brain parenchyma
very rapidly. This delivery system has been proven to be
successful in delivering anticancer agents to the brain, like
raltitrexed, 5-fluorouracil, GRN163, and methotrexate [182–
185]. Further studies about intranasal therapeutic agents are
needed and it could be a major candidate for clinical trials in
brain tumor patients.

Current techniques and new approaches in drug delivery
across the BBB can be classified as follows.

3.1. Modification of Existing Drugs. The ability of drug to
cross the BBB depends on few factors like molecular size
(should be less than 500Da), charge (should have low
hydrogen bonding capabilities), and lipophilicity (should
have high lipophilicity) [186].Thus, chemical modification of
brain tumor drugs refers to the process of making an existing
drug smaller in size, more perfectly charged, and more lipid
soluble [187] (Table 2). Existing brain tumor drugs may also
be modified to make analogue of the ligand to the particular
receptor present in the BBB or the ligand or a peptide can
be linked to a drug against the cellular receptors of BBB. The
drug melphalan has been modified by using this approach

where melphalan nitrogen mustard (mechlorethamine) was
linked to phenylalanine [188]. Another approach of drug
modification is the use of lipid carriers for efficient transport
through BBB. One example of such modification is incorpo-
ration of small drugs in fatty acids like N-docosahexaenoic
acid (DHA) [189, 190]. Drugs are also modified in such a way
that they acquire increased capillary permeability, but after
crossing the BBB they undergo an enzymatic reaction and
return to their active state. This approach is also known as
prodrug therapy [191, 192].

3.2. Nanosystem Based Delivery. Nanosystems are colloidal
carriers that mainly consist of liposomes and polymeric
nanoparticles while other systems, including solid lipid
nanoparticles, polymeric micelles, and dendrimers, have also
been studied recently. Sizes of these nanosystems vary within
1–1000 nm. These kinds of functionalized drug colloidal
carriers can act as a vehicle to deliver antitumor drugs to brain
tumor tissues. These nanosystems generally use passive dif-
fusion mechanism as they rely on increased vascular perme-
ability of brain tumor location, but usage of active chemically
modified drugs with nanoparticles and receptor-mediated
or adsorptive endocytosis processes of nanoparticle delivery
have also been reported [219–221]. Conjugation of ligands
targeting BBB on the surface of the nanosystem increases
their specificity for brain tumors. One of the important
features of these nanosystems is that they can circulate in the
bloodstream for a prolonged time period. But the interaction
of the nanosystemswith the reticuloendothelial system (RES)
causes its rapid removal from systemic circulation [222].
Therefore, to minimize the interactions of nanosystems with
theRES, polyethylene glycol (PEG) coating or direct chemical
linking of PEG to the particle surface is a widely accepted
approach. These colloidal nanosystems comprise liposomes
and nanoparticles, which have shownpotential to target brain
tumors as drug carriers. Furthermore, studies are going on for
the development of novel transport-enhancing nanocarriers
for brain tumor treatment.

3.2.1. Liposomes. Liposome is a good carrier system for the
delivery of therapeutic agents for brain tumors. They are
easy to prepare, biocompatible, less toxic, and commercially
available. Along with PEGylation, the liposomes can also
be modified with monoclonal antibodies against transferrin
receptors (OX-26), glial fibrillary acidic proteins (GFAP),
or human insulin receptors [223]. Effective delivery of
drugs like 5-fluorouracil (5-FU) and sodium borocaptate
(Na210B12H11SH, BSH) to high grade brain tumors has been
achieved by liposome mediated delivery [224, 225]. Mod-
ified liposomes like p-aminophenyl-𝛼-D-mannopyranoside
(MAN) and transferrin conjugated daunorubicin liposomes
and trans-activating transcriptional peptide (TATp)modified
liposomes have also been used in vitro and in vivo for
targeting brain tumors [226, 227].

3.2.2. Nanoparticles. Polymeric nanoparticles (NP) are col-
loidal particles which can be found in the form of nanocap-
sules or nanospheres. The drugs are dissolved, entrapped,
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Table 2: Recent modifications of few important brain tumor drugs.

Drug name Mode of action Modification type Examples Usual route of
administration

Targeted brain tumor
type Reference

Temozolomide Alkylating agent Nanoparticle based

Polysorbate-80 coated
PBCA nanoparticles as
feasible carrier for TMZ
delivery to the brain

[193]

Transferrin-appended
PEGylated nanoparticles
for TMZ delivery to
brain

[194]

TMZ solid lipid
nanoparticles
(TMZ-SLNs)

Oral Glioblastoma
multiforme [195]

Polysorbate-80 coated
TMZ loaded PLGA
based supermagnetic
nanoparticles

[196]

TMZ loaded in PLGA
nanoparticle [197]

TMZ loaded in chitosan
nanoparticle [198]

TMZ loaded in albumin
nanoparticle [199]

Carmustine
(BCNU)

Alkylating agent

Liposomes,
polymer
microchips, and
microspheres

Gliadel [200]

Nanoparticles

Chitosan
surface-modified
poly(lactide-co-
glycolide) nanoparticles
loaded with BCNU

Wafer
implant/IV/oral

Glioblastoma
multiforme,
medulloblastoma, and
low grade
astrocytoma

[201]

Catanionic solid lipid
nanoparticles (CASLNs)
carrying BCNU

[202]

BCNU-loaded
poly(lactic acid) (PLA)
nanoparticle

[203]

Doxorubicin
(DOX)

Anthracyclines,
inhibiting
nucleic acid
synthesis

Liposome
Long-circulating
PEGylated liposomes to
cross blood brain barrier

[204]

Nanoparticle

Cationic solid lipid
nanoparticles (CASLNs),
loaded with DOX

IV Glioblastoma
multiforme [205]

Human serum albumin
nanoparticles loaded
with DOX

[206]

Lomustine
(CCNU)

Alkylating
nitrosourea
compound

Liposomes or
microcapsules

Administration of
CCNU-Lips and
inclusion complex
solution of CCNU with
hydroxypropyl-𝛽-
cyclodextrin
(CCNU-Sol)

Oral
Oligodendrogliomas

and mixed
oligoastrocytomas

[207]

Vincristine
(Oncovin) Vinca alkaloid Liposome

Vincristine sulfate
liposome, PEGylated
liposome

IV

Anaplastic
oligoastrocytoma and
oligodendroglioma,
metastatic secondary

brain tumors

[208, 209]
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Table 2: Continued.

Drug name Mode of action Modification type Examples Usual route of
administration

Targeted brain tumor
type Reference

Cisplatin
Platinum-
containing
anticancer drugs

Liposome
Transferrin-modified
cisplatin liposome
Cis-lipo(Tf)

IV

Glioma,
medulloblastoma, and
other types of brain

tumors

[210]

Carboplatin
Platinum-based
antineoplastic
agents

Liposomes Liposomal carboplatin IV

Glioma,
medulloblastoma, and
other types of brain

tumors

[211]

Methotrexate Antimetabolite
and antifolate Nanoparticle Magnetic nanoparticles Oral/injection

Malignant brain
tumors, brain
lymphoma

[212]

Etoposide (ETP) Topoisomerase
inhibitor Nanoparticle

ETP-encapsulated
cationic solid lipid
nanoparticles
(ETP-CASLNs) grafted
with 5-HT-moduline IV/oral Malignant brain

tumors

[213]

Liposomal etoposide [211]

Actinomycin
(dactinomycin)

Polypeptide
antibiotics Liposome Liposome encapsulated

actinomycin IV
Secondary brain
tumor, child brain

tumor
[214]

Irinotecan
DNA
topoisomerase I
inhibitor

Liposome Nanoliposomal
irinotecan IV Glioblastoma

multiforme [215]

Paclitaxel (Taxol) Taxanes

Chemical
Tx-67,10-O-
deacetylpaclitaxel
10-monosuccinyl ester

[216]

Liposomes

Polysorbate 80 coated
poly
(𝜀-caprolactone)-poly
(ethylene glycol)-poly
(𝜀-caprolactone) (PCEC)
micelles

IV High grade glioma,
oligodendroglioma [217]

Paclitaxel plus
artemether liposomes [218]

encapsulated, adsorbed, or chemically linked to the surface
of the NPs. The polymer structure and the drug trap-
ping method determine the drug characteristics and its
release kinetics from the nanoparticles [228]. One exam-
ple of nanoparticle drug delivery approach is the usage
of nanoparticles coated choline derivative that is reported
to be transported across brain-derived endothelial cells
by the cation transporter system [229]. Other remarkable
systems are polysorbate-coated doxorubicin nanoparticles
and doxorubicin-loaded folic acid-decorated nanoparticles,
which cause effective penetration of drugs through BBB
[230, 231]. Brain tumors can also be selectively targeted by
bionanocapsules conjugated with anti-human EGFR anti-
body that recognizes EGFRvIII known to be overexpressed
in high grade brain tumors like glioblastoma multiforme
[232]. Those bionanocapsules may also contain virus, active
proteins, vaccines, genes, or small interference RNA for
targeted therapy of brain tumors. Solid lipid nanoparticles
(SLNs), which are the dispersions of solid lipid stabilized

with emulsifier or emulsifier/coemulsifier complex in water,
are also known for delivering brain tumor drugs like camp-
tothecin, doxorubicin, and paclitaxel to brain effectively
[233]. Furthermore, gold nanoparticles and carbon nanopar-
ticles (like carbon nanotubes, graphene, and carbon dots)
are also able to deliver drugs (like doxorubicin) successfully
[234–237]. Thus, nanoparticles may be considered as one of
the most promising tools to deliver therapeutic drugs across
the BBB to treat brain tumors [238].

Other nanosystems like polymeric micelles and den-
drimers are also effective for targeted delivery of drugs to
the tumors in the brain. Formation of polymeric micelles
occurs spontaneously in aqueous solutions of amphiphilic
block copolymers, whereas dendrimers are highly branched
polymer molecules formed by a central core. These types of
nanopreparations loaded with anticancer drugs should be
considered as highly potential antitumor nanomedicines as
they have the ability to cross the BBB by modulating BBB
transporters like P-gp or glucose transporters [239–241].



BioMed Research International 11

3.3. Delivery Systems Used in Gene Therapy. Effective treat-
ment of brain tumor can be obtained from intracerebral
implantation of a therapeutic gene, inserted into a viral vector.
It is a specifically targeted therapy where volume of the
implantation is very low (<1mm3). Thus, the expression of
exogenous gene is highly localized. But gene reformulation
may cause the generalised expression of exogenous gene in
the total brain tumor niche. Few examples of carriers in this
type of therapeutic systems are viral vectors like adenovirus,
herpes simplex virus (HSV), and nonviral gene delivery sys-
tem like cationic liposome-DNA complexes [242–244]. The
O6-methylguanine-DNAmethyltransferase (MGMT) upreg-
ulation inGBMmakes it resistant to Temozolomide (TMZ), a
well-known drug for glioma.Therefore, upregulation of wild-
type (wt) p53 expression is needed which downmodulates
MGMT. Since p53 therapy for GBM is not very efficient due
to the presence of the blood brain barrier (BBB), a systemic
nanodelivery platform (scL) for tumor-specific targeting
(primary and metastatic) has been developed by Kim et al. It
has been observed that the combination of scL-p53 and TMZ
increased the antibrain tumor efficacy of TMZ [245]. Another
report shows the efficacy of CMV-specific T cell therapy, as
it is reported that the expression of human cytomegalovirus
(CMV) antigens in GBM tissues is pretty high. Distinct gene
expression correlated with the better clinical response is
recorded for the high grade brain tumor patients, who availed
themselves of CMV-specific T cell therapy [246].

3.4. Effective Delivery ofTherapeutic Peptides. Towards fulfill-
ing the goal of effective therapy, recently selective peptides
have been developed against brain cancer. Discovery of novel
peptide as novel specific chemical entity is encouraged by
the identification of several protein/peptide receptors and
tumor-related peptides/proteins, those expressed in brain
cancer cells. Small sized, less toxic peptides are advantageous
over the monoclonal antibodies (mAbs) and large proteins
that have large size and high toxicity have poor rate of BBB
crossing. Other major advantages of peptides are their BBB
penetrating ability in brain tumors, ease of synthesis and
modification, and good biocompatibility [247]. Chlorotoxin
is such a peptide which selectively binds to glioma cells
[248]. Somatostatin analogues, which can be defined as
peptide receptor radionuclide therapeutic agents, are the only
approved cancer therapeutic peptides in themarket [249] and
there are reports of their binding to the cellular receptors
in brain tumors in vivo [250]. Another new approach of
brain tumor therapy is developing vaccines consisting of
peptides derived from the protein sequence of brain tumor-
associated or specific antigens [251]. Autologous DC vaccine
against CD133 (a marker of GBM), survivin peptide vaccine,
rindopepimut (also known as CDX-110) against EGFRVIII,
and so forth are the examples of peptide vaccines for high
grade brain tumors and these are now under clinical trials
[252–254].

3.5. Molecular Trojan Horses (MTH). Recently a new tech-
nique is used to ferry drug molecules across the BBB, which
is called Molecular Trojan Horse (MTH) mediated drug

delivery. Delivery of particular substances to the brain after
attaching them to a protein, which can cross BBB, is the main
focus of this type of delivery system. One of the recent pro-
gresses ofMTH is “Trojan horse liposome” (THL) technology
[255–257].The application of this technology to transvascular
nonviral gene therapy of brain represents a potential way out
of the transvascular brain gene delivery problem. The THL
is constructed with PEG-conjugated lipids which encapsulate
plasmid DNA encoding proteins or shRNA/siRNA. Marked
decrease in expression of EGFR protein in the tumor region
was noticed after using THL mediated RNAi gene therapy.
This resulted in a 90% increase in survival time of brain tumor
patients [258].

3.6. Drug Delivery Targeting Brain Cancer Stem Cells. Cancer
stem cells (CSCs) are the tumor initiating cells present in the
tumor niche. These cells cause drug resistance, metastasis,
and relapse of cancer. Most of the current chemotherapeutic
molecules are able to destroy the cancer cells but not the
CSCs. Thus, to kill these CSCs in brain tumors, effective
treatment modalities are needed, which should also have the
ability to cross the BBB; for example, curcumin encapsulated
in nanoparticles caused a dose-dependent growth inhibition
of brain tumorCSCs andneurospheres [259].Other than this,
targeting active genes likeMGMT inbrainCSCs by liposomes
with anti-MGMT siRNA for oral Temozolomide therapy and
destruction of brain CSCs niche by mAb-vectorized SWNT
(single-walled carbon nanotubes) for hypothermic treatment
also resulted in destruction of CSCs [260, 261].The efficacy of
the CSC targeting drugs can be improved by optimisation of
chemo- and nanotherapies, novel gene-silencing techniques,
and drug efflux inhibition techniques which may increase
survivability of the brain tumor patients.

4. Concluding Remarks

Modern era of brain cancer therapy is characterized by novel
target specific drugs with efficient delivery strategies. How-
ever, the prognosis and median survival of the brain tumor
patients are not satisfactory till date. This is due to molecular
heterogeneity of the brain tumors, presence of CSCs, and lack
of effective drug delivery because of the presence of BBB.
Rapid progress is needed in the sector of brain tumor char-
acterization and BBB research. Till now, most effective drugs
for brain tumor therapies are Temozolomide, Procarbazine,
Carmustine (BCNU), Lomustine (CCNU), and Vincristine.
Better modification of these drugs or identification of new
chemical entities with enhanced efficacy and low side effect
is always commendable. Alternatively, identification of drugs
which canmodulate BBB components or transporter systems
could be an effective future strategy. Another potential
future approach is combinatorial therapy, where through
BBB destruction/modification, tumor cells/CSCs could be
targeted easily. Modern techniques like nanotherapy may
facilitate this kind of approach. Therefore, future research
is needed to focus on the development of more specific
targeting strategies to cure brain cancer, overcoming the
above-mentioned difficulties arising due to the presence of
the BBB.
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[71] T. Eisenblätter, S. Hüwel, and H.-J. Galla, “Characterisation of
the brain multidrug resistance protein (BMDP/ABCG2/BCRP)
expressed at the blood-brain barrier,” Brain Research, vol. 971,
no. 2, pp. 221–231, 2003.

[72] W. Zhang, J. Mojsilovic-Petrovic, M. F. Andrade, H. Zhang, M.
Ball, and D. B. Stanimirovic, “The expression and functional
characterization of ABCG2 in brain endothelial cells and
vessels,”The FASEB Journal, vol. 17, no. 14, pp. 2085–2087, 2003.

[73] Q. Mao and J. D. Unadkat, “Role of the breast cancer resistance
protein (ABCG2) in drug transport,” The AAPS Journal, vol. 7,
no. 1, pp. E118–E133, 2005.

[74] F. Staud and P. Pavek, “Breast cancer resistance protein
(BCRP/ABCG2),” The International Journal of Biochemistry &
Cell Biology, vol. 37, no. 4, pp. 720–725, 2005.

[75] D. D. Ross, W. Yang, L. V. Abruzzo et al., “Atypical multidrug
resistance: breast cancer resistance protein messenger RNA
expression in mitoxantrone-selected cell lines,” Journal of the
National Cancer Institute, vol. 91, no. 5, pp. 429–433, 1999.

[76] K. Miyake, L. Mickley, T. Litman et al., “Molecular cloning
of cDNAs which are highly overexpressed in mitoxantrone-
resistant cells: demonstration of homology to ABC transport
genes,” Cancer Research, vol. 59, no. 1, pp. 8–13, 1999.

[77] A. T. Nies, G. Jedlitschky, J. König et al., “Expression and
immunolocalization of the multidrug resistance proteins,
MRP1-MRP6 (ABCC1-ABCC6), in human brain,”Neuroscience,
vol. 129, no. 2, pp. 349–360, 2004.

[78] H. Bronger, J. König, K. Kopplow et al., “ABCC drug efflux
pumps and organic anion uptake transporters in human
gliomas and the blood-tumor barrier,” Cancer Research, vol. 65,
no. 24, pp. 11419–11428, 2005.



BioMed Research International 15

[79] D. S. Miller, S. N. Nobmann, H. Gutmann, M. Toeroek, J.
Drewe, and G. Fricker, “Xenobiotic transport across isolated
brain microvessels studied by confocal microscopy,” Molecular
Pharmacology, vol. 58, no. 6, pp. 1357–1367, 2000.

[80] P. Borst, R. Evers, M. Kool, and J. Wijnholds, “A family of
drug transporters: the multidrug resistance-associated pro-
teins,” Journal of the National Cancer Institute, vol. 92, no. 16,
pp. 1295–1302, 2000.

[81] S. Dallas, D. S. Miller, and R. Bendayan, “Multidrug resistance-
associated proteins: expression and function in the central
nervous system,” Pharmacological Reviews, vol. 58, no. 2, pp.
140–161, 2006.

[82] Y.-J. Lee, H. Kusuhara, and Y. Sugiyama, “Do multidrug
resistance-associated protein-1 and -2 play any role in the elim-
ination of estradiol-17 𝛽-glucuronide and 2 ,4-dinitrophenyl-
S-glutathione across the blood-cerebrospinal fluid barrier?”
Journal of Pharmaceutical Sciences, vol. 93, no. 1, pp. 99–107,
2004.

[83] H. Kusuhara and Y. Sugiyama, “Active efflux across the blood-
brain barrier: role of the solute carrier family,” NeuroRx, vol. 2,
no. 1, pp. 73–85, 2005.

[84] M. A. Hediger, M. F. Romero, J.-B. Peng, A. Rolfs, H. Takanaga,
and E. A. Bruford, “The ABCs of solute carriers: physiological,
pathological and therapeutic implications of humanmembrane
transport proteins,” Pflugers Archiv European Journal of Physiol-
ogy, vol. 447, no. 5, pp. 465–468, 2004.

[85] M.Molina-Arcas, F. J. Casado, andM. Pastor-Anglada, “Nucleo-
side transporter proteins,” Current Vascular Pharmacology, vol.
7, no. 4, pp. 426–434, 2009.

[86] H. Daniel and G. Kottra, “The proton oligopeptide cotrans-
porter family SLC15 in physiology and pharmacology,” Pflügers
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Protons dissociated from organic acids in cells are partly buffered. If not, they are transported to the extracellular fluid through
the plasma membrane and buffered in circulation or excreted in urine and expiration gas. Several transporters including
monocarboxylate transporters and Na+/H+ exchanger play an important role in uptake and output of protons across plasma
membranes in cells of metabolic tissues including skeletal muscle and the liver. They also contribute to maintenance of the
physiological pH of body fluid. Therefore, impairment of these transporters causes dysfunction of cells, diseases, and a decrease in
physical performance associated with abnormal pH. Additionally, it is known that fluid pH in the interstitial space of metabolic
tissues is easily changed due to little pH buffering capacitance in interstitial fluids and a reduction in the interstitial fluid pH may
mediate the onset of insulin resistance unlike blood containing pH buffers such as Hb (hemoglobin) and albumin. In contrast,
habitual exercise and dietary intervention regulate expression/activity of transporters and maintain body fluid pH, which could
partly explain the positive effect of healthy lifestyle on disease prognosis.

1. Introduction

Body fluid pH is determined by the content of protons (H+)
generated from organic acids produced in living cells. Lactic
acid (lactate−/H+) is a typical proton source and is involved
in the regulation of physiological pH. In metabolic tissues
such as skeletal muscle and adipose tissue, the glycolytic
anaerobic metabolism mediates the conversion of glucose
and glycogen into lactic acid. Because the pKa of lactic acid is
3.80, it is immediately dissociated into lactate (lactate−) and
protons under physiological conditions, resulting in reduced
intracellular pH. Pyruvic acid (pyruvate−/H+), an interme-
diate metabolite in the glycolytic system, is also a source of
protons, although it generates much less protons compared
to lactic acid. In addition, metabolites such as ketone bodies
also act as proton sources. Beta-hydroxybutyric acid (beta-
hydroxybutyrate−/H+), a typical ketone body, is generated

as a result of fatty acid metabolism in the liver and is also
dissociated into beta-hydroxybutyrate anions and protons,
leading to the reduction of intracellular pH.

The intracellular pH in most living cells is alkaline com-
pared to the pH generated by protons that are transported
passively through the plasma membrane by electrochem-
ical forces. In addition to buffering systems such as the
bicarbonate-carbonate system, protein-proton binding, and
phosphoric acid, several membrane transporters are respon-
sible for proton removal from the cytosol and play important
roles in maintaining the alkaline pH in cells (Figure 1). In
most mammalian cells, H+-monocarboxylate cotransporters
(MCTs) participate in the transport of monocarboxylic acids
such as lactate, pyruvate, beta-hydroxybutyrate, and acetoac-
etate across the cellular membrane by cotransporting protons
and monocarboxylate anions [1–3]. Other transporters such
as the Na+/H+ exchanger (NHE) and bicarbonate-dependent
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exchanger also contribute to proton extrusion from the
cytosol to the extracellular space [4, 5].This review focuses on
the critical role of the membrane transport system of protons
in regulation of intracellular and extracellular fluid pH and
its importance in maintaining physiological homeostasis and
preventing diseases development.

2. Proton Transport across the Plasma
Membrane in pH Regulation

Regulation of body fluid pH is one of the most important
physiological functions of homeostasis, because activity of
most chemical reactions via enzyme proteins is dependent on
fluid pH. To maintain homeostasis of body fluid pH, various
buffering systems are utilized in addition to proton excretion
from the cytosol to the extracellular space and ultimately
outside of the body. However, if production of organic acid is
elevated or the buffering and excretion systems are impaired,
body fluid turns acidic, leading to abnormal conditions. A
typical example is elevation of lactic acid production in
skeletal muscle in response to strenuous exercise, which
leads to body fluid acidosis, preventing muscle contraction
[6, 7]. Proton transport across the plasma membrane of
muscle cells is important for maintaining the appropriate
intracellular pH. Skeletal muscle is a major metabolic organ
that generates acids, in particular during contraction. Stren-
uous muscle contractions can cause a drastic reduction in
intramuscular pH to −6.5 with accumulation of more than
40mM lactate [6–8], regardless of cellular buffering capacity.
Several studies have shown that intracellular pH is reduced
during muscle contraction and has a delayed recovery to
basal conditions during the recovery phase in the absence
of proton transporters [9]. This delay suggests that proton
transporters play a key role in maintaining pH homeostasis.
Indeed, the function of proton transporters is involved in
the capacity for pH maintenance [9, 10]. In particular, over
80% of intracellular proton is transported through lactate
cotransport in contracting muscle, although remaining parts
are transported through NHE and bicarbonate-depending
transport [8, 11]. The liver, another organ that is closely
associated with the metabolism of organic acids, generates
ketone bodies (i.e., acetoacetic and 𝛽-hydroxybutyric acids),
metabolizes lipids, and converts lactate to glucose via gluco-
neogenesis. Therefore, this organ generates acidic conditions
[12–14] and intracellular pH should be maintained by proton
extrusion along with buffering function.

MCTs, a part of the solute carrier (SLC) 16 that contains
14 members in total, play a crucial role in proton transport
across the plasma membrane by cotransporting monocar-
boxylates. Each isoform has different transport kinetics and
is specifically located on a particular subcellular site. It has
been shown that MCT1–MCT4 transport aliphatic monocar-
boxylates such as lactate, pyruvate, and ketone bodies [2] and
that the direction of transport across the plasma membrane
in a 1 : 1 manner is determined by the concentration gradients
of protons and monocarboxylate both inside and outside of
the cell [15–17]. Thus, these isoforms play important roles in
proton transport maintaining intracellular pH. In particular,

the expression of two MCT isoforms (MCT1 and MCT4) is
associated with lactate disposal in muscles. MCT1 is highly
expressed and located in both the sarcolemmal and the mito-
chondrial membranes of oxidative muscles [18–20]; on the
other hand, MCT4 is predominantly located on the plasma
membrane of glycolytic muscle and is assumed to contribute
to lactate efflux [19, 21]. In contrast, MCT2 is mainly located
on the membranes of liver cells and contributes to the
extrusion of ketone bodies [22]. Othermembers of the family
have different substrate specificities. For example, MCT6
has been shown to transport bumetanide, a diuretic drug
[23], MCT 8 acts as a thyroid hormone transporter [24],
MCT9 is a potential carnitine extrusion transporter [25], and
MCT10 is identified as a low-affinity transporter of aromatic
amino acids along with iodothyronines [26]. In addition,
NHE is known as another major proton transporter that
plays an important role in intracellular pH homeostasis by
exchanging intracellular proton with extracellular Na+ using
the chemical gradient between intra- and extracellular Na+
concentrations [4, 27]. Currently, 10 isoforms are known to
exist in mammals. NHE1–NHE5 are located on the plasma
membrane of their specific tissues, while NHE6–NHE9 are
located on themembrane of subcellular organelles [27–29]. In
particular, NHE1 has been recognized as a ubiquitous isoform
and plays an important role in maintaining homeostasis in
metabolic organs.

Protontransport across the plasmamembrane is important
for maintenance of intracellular and extracellular fluid pH.
In particular, proton excretion and bicarbonate reabsorption
are recognized as important function of renal tubules. Proton
excretion into urine is mainly mediated by both proton-
ATPase and NHE3 located on the apical plasma membrane
of the proximal convoluted tubule participating in approx-
imately 80% of bicarbonate reabsorption occurring in the
whole kidney, acting as the major buffering system in blood
[30, 31], which has also pH buffers such as Hb (hemoglobin)
and albumin. Bicarbonate reacts with protons via catalytic
carbonic anhydrase on the apical membrane and generates
CO
2
. Then, it is transported into the blood by sodium-

bicarbonate cotransporters on the basolateral side [32].

3. pH Disturbance and Disease Development

The normal physiological pH of mammalian arterial blood
is strictly maintained at 7.40; blood has pH buffers such as
Hb (hemoglobin) and albumin. A decrease of more than
0.05 units from the normal pH results in acidosis. The body
fluids of diabetic patients are chronically acidic and exhibit
characteristic ketoacidosis caused by an increased level of
ketone bodies in the blood [33, 34]. Insulin resistance in
metabolic tissues such as skeletal muscle, adipose tissue,
and the liver accelerates the utilization of lipids as an
energy substrate instead of glucose. Excess lipolysis caused
by impaired glucose metabolism leads to free fatty acids in
circulation, which facilitate hepatic gluconeogenesis by the
oxidation of fatty acids resulting in large quantities of ketone
bodies. This further accelerates proton overloads, leading
to the metabolic ketoacidosis found in diabetic patients.
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Figure 1: Protonproduction and its transporting kinetics in intracellular and extracellular fluid inmetabolic tissues.Theproduction of organic
acids such as lactic acid and ketone bodies is accelerated by elevating glycolytic anaerobic metabolism and 𝛽-oxidation in metabolic cells.
Body fluid pH is strictly maintained by buffering systems, efflux across plasma membrane, and acid excretion. Monocarboxylate transporter
(MCT) and Na+/H+ exchanger (NHE) contribute to proton extrusion from the cytosol to the extracellular space. In contrast to intracellular
fluid and blood containing pH buffers such as Hb (hemoglobin) and albumin, the interstitial fluid pH could be easily reduced by acid stress
owing to the limited availability of the buffering factors such as proteins.

Such acidic conditions prevent the activity of metabolic
enzymes such as phosphofructokinase and further accelerate
the progression of pathological conditions [33–35]. Acidic
conditions can also result in physical fatigue of diabetic
patients. Therefore, maintaining normal pH is important for
physiological homeostasis.

Ithasbeensuggestedthat loss of function ofMCTs causes a
change of body fluid pH. Several point mutations of theMCT
gene have been shown to affect both specificity and transport
activity. The spontaneously occurring mutation of arginine
306to threonine indomain8 ofMCT1resulted in reduced trans-
port activity [36]. In addition, it has been shown that subjects
who have mutations in MCT1 cDNA have drastically lower
transport rates and a delayed decline of blood lactate after
exercise [37, 38]. Healthy subjects feel severe chest pain and
muscle cramping after strenuous exercise, along with a defect
in lactate efflux frommuscle. Furthermore, many amino acid
differences that are not attributable to polymorphisms are
found inMCT1 obtained frommuscle tissues in these subjects
[37, 39]; thus, mutations in MCT1 are related to physical
fatigue and exercise performance. MCT dysfunction may
lead to metabolic disorder. Indeed, lower level expression
of MCT1 and MCT4 is found in the skeletal muscle of
obese rats compared to normal rats [40]. In addition, the
activity of lactate transport in muscle is also decreased by
both denervation and aging [41, 42]. A significant negative
correlation between the level of circulating lactate and degree
of insulin sensitivity is found in humans [43], suggesting
that lower lactic acid disposal caused by reduction of MCT
function is associated with insulin resistance.

4. Interstitial Fluid pH and Disease
Development

Body fluid acidosis could also contribute to the development
of metabolic diseases. Our recent study indicates that before

the development of diabetic symptoms the interstitial fluid
pH in ascites and metabolic tissues of Otsuka Long-Evans
Tokushima Fatty (OLETF) rats is lower than the normal
pH (7.40) [44]. The buffering capacity is relatively high
in the cytosol and blood but low in the interstitial fluid
due to limited buffering factors such as proteins [45, 46].
Therefore, interstitial fluid pH in metabolic tissues easily
changes (Figure 1) and may contribute to the onset of insulin
resistance. We have shown the inhibitory effect of extra-
cellular pH on the insulin signaling pathway in the L6 rat
myotube. The phosphorylation level and binding affinity to
insulin of insulin receptors were significantly diminished
in media with low pH [47]. In addition, the levels of Akt
phosphorylation, a downstream of the insulin receptor, are
also decreased in low pH media, along with a reduction
in glucose uptake. These in vitro observations support the
hypothesis that lower extracellular pH may cause insulin
resistance in skeletal muscle cells. Other studies [48–50]
have suggested a close correlation between organic acid
production and insulin sensitivity in both type 2 diabetes
patients and healthy subjects. In a cross-sectional study of
over 1,000 subjects [48], it has been demonstrated that body
weight and waist circumference have a negative correlation
with both insulin sensitivity and urine pH. Patients with
metabolic syndrome have also reported a significantly lower
pH of 24 h urine compared to the normal subjects and a
negative correlation between the mean 24 h urine pH and
the number of metabolic syndrome abnormalities [49, 50].
It has been suggested that lower levels of serum bicarbonate
and higher levels of anion gap resulting from metabolic
acidosis are associated with lower insulin sensitivity [51].
Hyperlactacidemia is found in patients with obesity and
type 2 diabetes [43], which supports the strong relationship
between acidic condition and insulin sensitivity. Even in
healthy subjects, acids level could be an independent risk
factor for the development of type 2 diabetes [52].
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Insulin resistance is one of the major symptoms of
metabolic disorders and is frequently associated with hyper-
tension, high blood glucose levels, visceral obesity, and
dyslipidemia. Insulin resistance also causes type 2 diabetes
and plays a key role in developing cancer and cardiovas-
cular disease. Thus, pH abnormalities can cause abnormal
metabolic regulation in a predisease state. We recently
found an observation that the interstitial pH around the
hippocampus, an important region for memory [53], is lower
in diabetic OLETF rats (26 weeks of age) than in normal
Wistar rats [54]. It has been reported that diabetic patients
have a high risk of developing dementia and Alzheimer’s
disease [55] andmay experience defectivememory functions.
The insulin action is required for neuronal survival within
the central nervous system [56]. Fluctuating glucose levels
resulting from defective insulin have been suggested to lead
to apoptosis, energy starvation, formation of neuritic plaques
and neurofibrillary tangles, hallmark lesions of Alzheimer’s
disease, and altered acetylcholine levels in the hippocampus
[57, 58]. Therefore, we indicate that maintenance of the
interstitial fluid pH within the normal range or the recovery
of the interstitial pH to the normal range could be one of the
most important factors in developing molecular and cellular
therapies for metabolic brain disorders.

5. pH Regulation by Diet and
Exercise Intervention

The maintenance of pH in metabolic organs is achieved
through various regulatory systems. Physical exercise and
appropriate diet contribute to pHhomeostasis. Habitual exer-
cise adaptively accelerates the entry of fatty acids both from
the plasma into the muscle cell and from the cytosol into the
mitochondria, while also enhancing Krebs cycle function in
the resting state.Their actions are caused by elevation of activ-
ity and expression of related enzymes in skeletal muscles [59–
61]. Since the energy consumed in muscle during exercise
is mainly supplied by carbohydrates and lipids, the exercise-
induced lipid utilization may decrease the energy obtained
from carbohydrates, further decreasing the lactate/proton
production, or lactic acidosis. In addition, circulating and
intramuscular buffering capacities are improved via habitual
exercise increasing proteins, amino acids, and phosphate [62–
64]. Peripheral circulation is also improved through vasodi-
lation caused as a physiological adaptation to exercise [65],
which further facilitates the proton washout. In particular
there is evidence suggesting that excretion of protons from
the cytosol to the extracellular space or into circulation via
transporters located on the plasma membrane contributes to
the prevention of intracellular acidosis. It has been reported
that exercise training increases the MCT1 and MCT4 levels
in the skeletal and cardiac muscle of humans and animals
[66–68]. Although the regulation of MCT expression levels
is not clearly understood, it has been suggested that protein
kinases A and B are involved in the regulation of MCT
expression [69] as an adaptation mechanism, which may
be mediated by an increase in lactate movement across
the membrane. In addition, our recent study has reported

that MCT1 content in erythrocyte membranes is elevated
by exercise training in rats [70, 71]. A proportion of the
lactate released from skeletal muscles into the plasma is
taken up by erythrocytes. The mature erythrocytes generate
ATP only through the glycolytic pathway, since they have no
mitochondrial machinery. Thus, erythrocytes cannot utilize
lactate produced as a respiratory fuel and this necessitates the
release of lactate into the plasma viaMCT1 [72].However, one
of the most important roles of erythrocytes is to distribute
released monocarboxylates by taking up monocarboxylates,
since erythrocytes produce much less lactate than other
tissues. Based on the results of our in vitro study, the skeletal
musclemay be entirely dependent onMCT1-mediated lactate
uptake by erythrocytes to maintain pH homeostasis [71].
In addition, there is a high correlation between the athletic
performance of horses and their erythrocyte lactate concen-
trations after racing [73].Therefore, efficient proton transport
via MCTs induced by habitual exercise may contribute to the
improvement of insulin sensitivity and muscle fatigue caused
by lowered pH.

It is well known that adequate diet is important for con-
trolling pathological conditions in patients with metabolic
disorders. In addition, intervention studies in humans have
reported that several bioactive factors included in foods such
as antioxidants [74–77] and n-3 unsaturated fatty acids [78,
79] improve energy metabolism. Additional factors such as
carotenoids, alpha lipoic acids, amino acids/peptides, and
minerals may also offer preventive or therapeutic effects
to combat hyperglycemia and several animal and culture
studies have demonstrated their efficacy in improving insulin
sensitivity [80–84]. The effects of these nutrients are only
beneficial when administered in combination. In contrast
to the successful application of dietary approaches or com-
bined nutrients [85–87], various types of intervention studies
using single nutrients have failed to clarify their beneficial
action on cardiovascular risk and insulin resistance [88, 89].
Therefore, administration of multiple nutrients is considered
more effective when compared to administration of a single
bioactive factor. Propolis, a natural product derived from the
plant resins collected by honeybees, contains various types
of compounds including polyphenols, phenolic aldehydes,
sesquiterpene quinones, coumarins, amino acids, steroids,
and inorganic compounds [90] and has been reported to
reduce the metabolic defects caused by abnormal blood
glucose and insulin in young (18 weeks of age) OLETF
rats [42] characterized by hyperphagia, obesity, decreased
glucose infusion rate in a euglycemic clamp at 16–18 weeks
of age, hyperinsulinemia around 25 weeks of age responding
to an intravenous glucose infusion, and developing type 2
diabetes [91, 92]. Thus, our study indicates that propolis has
a beneficial and preventive action on type 2 diabetes mellitus
at early stages developing insulin resistance. Further, we have
obtained evidence that intake of propolis elevates the pH
of ascites and metabolic tissues compared with normal diet,
indicating that dietary propolis diminishes production of
organic acids or increases buffering capacity in those tissues.
Therefore, propolis may be a useful compound to improve
insulin sensitivity via prevention of metabolic acidosis. The
molecular mechanism of how propolis improves interstitial
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pH is unclear, and we should strive to better understand the
mechanism of this bioactive supplement.

6. Conclusion

Membrane transport of protons is required for preventing
acidic states of body fluid,maintaining physical performance,
and improving metabolic impairments. In contrast to the
intracellular and blood pH, interstitial fluid pH can easily
be reduced by acid stress. This can disturb homeostasis of
the intracellular metabolism, leading to the development of
metabolic diseases. However, detailed mechanisms includ-
ing the involvement of membrane transport of protons
responsible for the reduction of interstitial fluid pH are
unknown. In addition, activity and expression of proton
transporters such as MCT and NHE are easily altered by
various changes in the cell environment. More studies are
required to examine the detailed regulatory mechanisms
of proton transporters, including gene expression, protein
modification, and membrane trafficking, in addition to their
contributions to metabolic homeostasis.
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Archiv, vol. 458, no. 1, pp. 137–156, 2009.

[32] B. J. Harvey and J. Ehrenfeld, “Epithelial pH and ion transport
regulation by proton pumps and exchangers,” Ciba Foundation
Symposium, vol. 139, pp. 139–164, 1988.

[33] S. Sumi, I. Mineo, N. Kono, T. Shimizu, K. Nonaka, and S.
Tarui, “Decreases in hepatic fructose-2,6-bisphosphate level
and fructose-6-phosphate,2-kinase activity in diabetic mice: a
close relationship to the development of ketosis,” Biochemical
and Biophysical Research Communications, vol. 120, no. 1, pp.
103–108, 1984.

[34] G. Lemieux, M. R. Aranda, P. Fournel, and C. Lemieux, “Renal
enzymes during experimental diabetes mellitus in the rat.
Role of insulin, carbohydrate metabolism, and ketoacidosis,”
Canadian Journal of Physiology and Pharmacology, vol. 62, no.
1, pp. 70–75, 1984.

[35] J. Gil, J. Carreras, and R. Bartrons, “Effects of diabetes on fruc-
tose 2,6-P2, glucose 1,6-P2 and 6-phosphofructo 2-kinase in rat
liver,” Biochemical and Biophysical Research Communications,
vol. 136, no. 2, pp. 498–503, 1986.

[36] B. Rahman, H. P. Schneider, A. Bröer, J. W. Deitmer, and S.
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Phoneutria nigriventer spider accidental envenomation provokes neurotoxic manifestations, which when critical, results in
epileptic-like episodes. In rats, P. nigriventer venom (PNV) causes blood-brain barrier breakdown (BBBb). The PNV-induced
excitotoxicity results from disturbances on Na+, K+ and Ca2+ channels and glutamate handling. The vascular endothelial growth
factor (VEGF), beyond its angiogenic effect, also, interferes on synaptic physiology by affecting the same ion channels and protects
neurons from excitotoxicity. However, it is unknown whether VEGF expression is altered following PNV envenomation. We found
that adult and neonates rats injected with PNV showed immediate neurotoxic manifestations which paralleled with endothelial
occludin, 𝛽-catenin, and laminin downregulation indicative of BBBb. In neonate rats, VEGF, VEGF mRNA, and Flt-1 receptors,
glutamate decarboxylase, and calbindin-D28k increased in Purkinje neurons, while, in adult rats, the BBBb paralleled with VEGF
mRNA, Flk-1, and calbindin-D28k increases and Flt-1 decreases. Statistically, the variable age had a role in such differences,
which might be due to age-related unequal maturation of blood-brain barrier (BBB) and thus differential cross-signaling among
components of the glial neurovascular unit. The concurrent increases in the VEGF/Flt-1/Flk-1 system in the cerebellar neuron cells
and the BBBb following PNV exposure might imply a cytokine modulation of neuronal excitability consequent to homeostatic
perturbations induced by ion channels-acting PNV neuropeptides. Whether such modulation represents neuroprotection needs
further investigation.

1. Introduction

Accidents with venomous animals have been considered
a neglected health public issue. Accidents caused by
Phoneutria nigriventer, popularly known as the armed spider,
are common in Southeast Brazil. The majority of them
only cause pain, intense sudoresis, and local inflammation.
However, accidents graded as severe (less than 0.5%) cause in
addition cramps, tremors, blurred yellow vision, tachypnea,

cardiovascular alterations, priapism, and convulsion and
rarely death, those symptoms appearing to be more severe in
children [1, 2].

Experimental studies in rats showed that the clinical
symptoms of envenomation paralleled those of humans. Our
studies have shown that the Phoneutria nigriventer venom
induces blood-brain barrier breakdown through increased
vesicular transcellular transport [3] followed by upregulation
of the glycoprotein P (P-gp) efflux protein and by impairment
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of the paracellular pathway due to the displacement and
phosphorylation of junctional proteins [4]. Apart from that,
the venom induces vasogenic edema in hippocampus [5] and
cytotoxic edema in rat cerebellum [6], reactive gliosis in the
two regions [7], and neuronal activation (FOS+ induction) in
regions associated with stress and motor activity [8]. In the
cerebellum gray matter, mainly in the granular layer, PNV
upregulates the water channel aquaporin-4 [9], a protein
which regulates edema formation and resolution. All the
changes have a pace and tend to be restored with time.
The mechanism(s) underlying these effects is unknown, but
hypoxia secondary to the respiratory and cardiovascular
distress exhibited by animals could be a primary cause.

VEGF, an angiogenic cytokine which mediates vascular
permeability [10], has been reported to protect neurons in
adverse conditions by modulation of glutamatergic synap-
tic excitability and interference on Ca2+, K+, and voltage-
gated Na+ channels physiology [11–13]. In hippocampus, the
cytokine is considered an endogenous anti-convulsing factor
to preserve pyramidal neurons from hyperexcitability [14].
VEGF exerts its action through the binding and activation
of two transmembrane tyrosine kinase receptors: VEGFR-1
or Flt-1 [15] and VEGFR-2 or Flk-1 [16]. The receptors, in
turn, modulate the VEGF signals that affect different cellular
processes, so contributing for counteracting or aggravating
the noxious stimuli.

In the light of the above, the current study aimed at
determining whether the expression of VEGF, Flt-1, and Flk-
1 and respective mRNAs of cerebellar neurons is altered
in the course of BBB impairment caused by PNV in rats.
Age-related alterations were investigated in neonate and
young adult rats. We further analyzed the expression of
glutamate decarboxylase (GAD), responsible for the syn-
thesis of gamma-amino butyric acid (GABA) and of the
calcium-binding protein calbindin-D28k (CaB), a marker
of Purkinje cells. Such events were investigated because
postnatal development continues for several months in the
cerebellum and blood-brain barrier interface is immature
in neonates. Besides, BBB of cerebellum has been already
shown to be disrupted by PNV, and our hypothesis is that
changes in the expression of VEGF/Flt-1/Flk-1 system may
occur in parallel with BBB opening induced by ion channels-
acting P. nigriventer venom and those changes could be age
dependent.

2. Material and Methods

2.1. Ethics Statement. This study was approved by
the Institution’s Committee for Ethics in Animal Use
(CEUA/IB/Unicamp, protocol 2403-1) and the experiments
were carried out according to the Brazilian Society of
Laboratory Animal Science (SBCAL) guidelines for animal
use.

2.2. Venom. PNV was obtained by the electrical stimulation
of spiders living inArachnid Laboratory at theDepartment of
Biology, IBS, UFMG, Belo Horizonte, MG, Brazil, and stored
at −20∘C until use.

2.3. Animals and Envenoming Procedure. Male Wistar rats
(Rattus norvegicus) were obtained from an established colony
maintained by the Central Animal House Service at Unicamp
(CEMIB/Unicamp) and housed under standard laboratory
conditions. Rats aged 14 days (P14 animals—neonate group)
and 8–10 weeks (adult group) were used; they received a
single intraperitoneal (i.p.) injection of PNV (1.7mg/kg in
0.5mL of 0.9% sterile saline solution), while to control groups
the same volume of vehicle was given. PNV concentration
was selected based on previous laboratory studies [9, 17].
Neonate rats were used for comparison with adult rats, since
severe accidents byPhoneutria generally occur in children [1].
Time limits of 2, 5, and 24 hours corresponded to periods of
peak of intoxication, beginning of clinical recovery, and no
sign of intoxication at all, respectively [17].

2.4. Evaluation of Blood-Brain Barrier (BBB) Permeability.
The integrity of the BBB was determined using Evans blue
extravasation method. Briefly, 10mL/kg of Evans blue (Vetec
Quı́mica, Duque de Caxias, RJ, Brazil) dye solution (2% in
0.9% saline) was injected into the tail vein of adult rats (i.v.)
at 2, 5, and 24 hours after i.p injection of 0.9% saline or PNV
(1.7mg/kg). Fifteen minutes after Evans blue injection, the
rats were killed with an overdose of anesthetics and brain and
cerebellum were rapidly removed and photographed.

2.5. Immunohistochemistry. At designated time intervals and
after anesthesia, the animals (𝑛 = 4/time interval, 𝑛 =
12 control, and 𝑛 = 12 PNV-treated per age) were per-
fused transcardially with saline solution followed by 4%
paraformaldehyde in 0.1M PBS (phosphate buffered saline),
pH 7.4. The cerebella were dissected out and were embedded
in paraffin. Antibodies utilized were anti-VEGF (1 : 50, sc-
7269), anti-Flt-1 (1 : 500, sc-316), and anti-Flk-1 (1 : 50, sc-315),
all from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
CaB (1 : 1000, C2724, Sigma-Aldrich, St. Louis, MO, USA),
and GAD (1 : 500, AB1511, Millipore, Billerica, MA, USA).
Immunohistochemistry was performed in sequential coronal
5 𝜇m thick paraffin sections of the cerebellum as previously
described [17]. To avoid procedure differences between con-
trol and envenomed groups, the immunohistochemistry for
each protein (VEGF/Flt-1/Flk-1 and CaB/GAD) was per-
formed concomitantly. Three images per region (molecular,
granular, and Purkinje) of 𝑛 = 4 rats, totaling 12 images per
time/age/treatment, were captured using a BX51 microscope
(Olympus Optical C. Ltd., Tokyo, Japan). Objective (20x),
lens aperture, and light intensity were set for all images
captured.

2.6. Western Blot (WB). Standard Western blot analysis [4]
of cerebellum lysates (𝑛 = 6/time interval, 𝑛 = 18
control, and 𝑛 = 18 PNV treated per age) was performed
using rabbit polyclonal antibody against CaB (1 : 2000, C2724,
Sigma-Aldrich, St. Louis, MO, USA), Flt-1 (1 : 500, sc-316),
Flk-1 (1 : 250, sc-315), both from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), GAD (1 : 1000, AB1511, Millipore,
Billerica, MA, USA) and laminin (1 : 500, L9393, Sigma-
Aldrich, St. Louis, MO, USA), mouse monoclonal antibody
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against VEGF (1 : 500, sc-7269) and 𝛽-Catenin (1 : 600, sc-
7963), both from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) and 𝛽-actin (1 : 1000, A2228, Sigma-Aldrich, St.
Louis, MO, USA) and goat monoclonal antibody against
occludin (1 : 500, sc-8144, Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Bands were visualized using chemilumi-
nescence reagent (Thermo Scientific, Waltham, MA, USA).
For quantification, the density of pixels of each band was
determined by the NIH Image J 1.45s software (available
at http://rsb.info.nih.gov/nih-image; developed by Wayne
Rasband, NIH, Bethesda, MD). For each protein investigated
the results were confirmed in three sets of experiments and
data were normalized using the respective loading controls.
Values were normalized to the corresponding value for 𝛽-
actin internal control and expressed as a ratio.

2.7. RNA Isolation and Real-Time Quantitative Reverse
Transcription-PCR (qPCR). Total RNAwas isolated from the
cerebellumof each group (𝑛 = 4/time interval, 𝑛 = 12 control,
and 𝑛 = 12 PNV treated per age) using Trizol reagent (Life
Technologies, Gaithersburg, MD, USA). Primers used in this
study and their respective assay identification numbers in
theApplied Biosystem cataloguewereVEGF: Rn01511601 m1,
Flt-1: Rn00570815 m1, Flk-1: Rn00564986 m1. The levels of
VEGF, Flt-1, and Flk-1 mRNAs were calculated relative to
amplicon-specific standard curves by qPCR using 50 ng total
RNA in triplicate and analyzed on an ABI Prism 7500
sequence detector, using a TaqMan Universal Master Mix.
The optimal concentrations of cDNA and primers, as well as
the maximum efficiency of amplification, were obtained by
five-point, twofold dilution curve analysis for each gene. Each
PCR contained 3.0 ng of reverse-transcribed RNA, 200 nM
of each specific primer, SYBR SAFE PCR master mix, and
RNAse-free water to a final volume of 20 𝜇L. All samples
were run in triplicate with water as a no-template control
and GAPDH as an endogenous control. Real-time data were
analyzed using the Sequence Detection System 1.7 (Applied
Biosystems).

2.8. Statistics. Data were assessed by a three-way ANOVA
to compare the variables: treatment (saline treated and PNV
treated), age (P14 and 8–10 weeks), and time (2, 5, and
24 hours). Groups’ comparison was done using unpaired
Student’s t-test. The results were expressed as the mean ±
SEM. Values of 𝑃 ≤ 0.05 indicate significance.

3. Results

Animals of both ages injected with saline solution were alive
and exhibited no sign of discomfort. Animals injected with
PNV showed neurotoxic manifestation as described else-
where [5]. P14 rat excitotoxic effects were more precocious
than in adult rats, but the recovery was delayed relative to
adults. Nevertheless, signs of recovery of intoxication started
5 hours after envenoming; one adult and one neonate rat died.

3.1. Blood-Brain Barrier Permeability. Control rats (saline
injected) that received i.v. infusion of Evans blue showed

absence of any blue color on the brain surface or in the
interior of cerebellum hemispheres which indicaes that there
is no extravasation of Evans blue dye from microvasculature
circulation (Figures 1(a) and 1(b)). On the contrary, PNV-
treated rats showed brain and cerebellum surface and cere-
bellum interior shaded blue which indicates disruption of
microvascular blood bed and leakage of Evans blue (Figures
1(c) and 1(d)). The leakage of Evans blue was detected at 2
hours, but not at 5 and 24 hours suggesting BBB return to
integrity (not shown).

3.2. BBB Assessment: PNV Decreased Transiently Occludin, 𝛽-
Catenin, and Laminin. All the three BBB-associated proteins,
occludin from tight junction, 𝛽-catenin from adhesion junc-
tion, and laminin from the endothelial basal membrane, were
decreased significantly by 34%, 35%, and 36%, respectively, 2
hours after administration of PNV to neonates. In adult rats,
PNV induced a 33% decrease of occludin at 2 hours followed
by 23% increase at 24 hours and 60% decrease of 𝛽-catenin
at 2 hours and did not alter laminin expression (Figures
2(a) to 2(c)). The changes were transitory in animals of both
ages.

Age-related changes showedoccludin and𝛽-catenin basal
level lower in saline-injected neonate rats at 2 hours relative
to adult rats. Moreover, baseline expression of laminin was
lower in neonates at 5 hours and higher at 24 hours compared
to adults. In envenomed rats, occludinwas higher in adult rats
at 5 hours than in P14 rats.

Immunohistochemistry: PNV Increased the VEGF, Flt-1, and
Flk-1 Reactivity. In P14 and adult controls, VEGF immuno-
labeling was weakly detected in the perikaryum, outlining
the cell profile of Purkinje cells (PCs); the nucleus was
negative. Some cells in themolecular (ML) and granular layer
(GL) were stained (Figure 3(a)). PNV-administered animals
induced anti-VEGF staining in the nucleus and increased it in
the somata and marginal cytoplasm of PCs (Figure 3(b)). In
addition, delicate VEGF+ tangled cell processes were labeled
within the ML. Cells in the GL and ML remained VEGF
negative. The labeling pattern was fairly similar throughout
time; however, the intensity of the reaction was marginally
strongest at 24 hours.

In the cerebellum of controls, the anti-Flt-1 and anti-
Flk-1 reactivity was seen in the PC nucleus and perikaryum
or only in the peripheral perikaryum; a number of stained
nuclei were labeled within the ML and GL (Figures 3(c) and
3(e)). PNV upregulated Flt-1 and Flk-1 level at all times in
cells throughout the cerebellar cortex such as in the PCs’
nuclei, somata, and peripheral cytoplasm, in nuclei within
the GL and ML, and in straight-lined processes present
in the ML; in envenomed rats, regions of glomeruli were
wider and density of glomerular neurons seemed lower than
in controls in some parts of the GL (Figure 3(d)). Flk-1
upregulation was not as intense as for Flt-1 (compare Figures
3(e) and 3(f)). Flt-1 and Flk-1 staining increased with time,
but visually no obvious difference in the intensity of the
labeling could be perceived between P14 and adults (not
shown).
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(a) (b)

(c) (d)

Figure 1: Representative photographs of brain and cerebellum from adult rats injected with Evans blue 2 hours after administration of saline
((a) and (b)) or Phoneutria nigriventer venom ((c) and (d)). (a) and (c) show dorsal brain surface. (b) and (d) show interior of cerebellum
hemispheres.

3.3. Western Blot and Real-Time PCR. VEGF, Flt-1, and Flk-
1 expressions were higher in neonates than in adult animals,
both basally and after envenomation. PNV altered level of the
proteins and respective mRNAs but the dynamics of changes
differed between neonates and adults.

Throughout the time interval examined, VEGF, Flt-1, and
Flk-1 expressions were significantly higher in neonates than
in adults, both controls and envenomed (Figures 4(a) to 4(c)).
However, Flk-1 mRNA was higher in adults, both controls
and envenomed, than in neonates at all three time points
(Figure 5(c)).

PNV induced an 18% increase of VEGF expression in
P14 animals at 5 hours (Figure 4(a)). VEGF mRNA content
was quite similar in control and envenomed neonates and
adults (Figure 5(a)), except at 5 and 24 hourswhen therewas a
twofold increase for neonates and an 18% increase for adults.

In relation to VEGF receptors, PNV caused an immediate
50% increase in the Flt-1 level in P14 rats (2 hours) that
changed to 14% increase at 5 hours and 11% increase at 24
hours above baseline (Figure 4(b)). In contrast, in adult rats
PNV promoted decreases in the level of Flt-1, 25% at 2 hours,
and 93% at 5 hours followed by recovery to baseline values at
24 hours. In neonate and adult rats, Flt-1 mRNA expression
was unaffected by PNV exposure (Figure 5(b)). PNV did not
alter the expression of the Flk-1 and its mRNA in neonates

(Figures 4(c) and 5(c)) but increased Flk-1 expression in
adults at 5 hours.

The three-way analysis of variance showed that variables
treatment versus age versus time influenced VEGF mRNA
expression (∗𝑃 ≤ 0.05) and Flt-1 receptor expression
(∗𝑃 ≤ 0.05). In addition, there was interaction between
treatment versus age for the Flt-1 receptor (∗∗∗𝑃 ≤ 0.001) and
treatment versus time for VEGF (∗𝑃 ≤ 0.05).

PNV increased CaB in neonate and adult rats while GAD
was increased only in neonate rats.

In controls, adult and neonate, the Purkinje cell-
specific calcium-binding protein, calbindin-D28k, was
expressed in the nucleus, cytosol, and dendritic tree of PCs
(Figure 6(a)). Following PNV injection anti-CaB labelingwas
stronger particularly in PCdendrites extending across theML
(Figure 6(b)). Western blot analyses confirmed that PNV
induced a 16% significant upregulation of the protein at
24 hours in neonates and a 9% increase at 5 hours in adult
rats (Figure 6(c)). The baseline expression of CaB was
significantly higher in neonates than in adults at 2 hours
(23%); also the PNV-induced CaB expression was higher in
neonates than in adults at 2 hours (25%) and 24 hours (28%).
The three-way analysis of variance showed that the variables
treatment versus age versus time influenced CaB expression
(∗∗𝑃 ≤ 0.01).
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Figure 2: Immunoblots of occludin (a), 𝛽-Catenin (b), and laminin (c) show lower expression of the proteins in the cerebella lysates of
envenomed animals relative to controls. Data are means ± SEM; ∗𝑃 ≤ 0.05; ∗∗𝑃 ≤ 0.01 ∗∗∗𝑃 ≤ 0.001 relative to controls; #

𝑃 ≤ 0.05;
##
𝑃 ≤ 0.01 relative to corresponding adults at the same time interval. Unpaired Student t-test.
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Figure 3: Photomicrographs of cerebellar cortex of rats aged 14 days 5 hours after administration of saline solution ((a), (c), and (e)) or
Phoneutria nigriventer venom (PNV) ((b), (d), and (f)). PNV increased VEGF (b), Flt-1 (d), and Flk-1 (f) labeling.ML =molecular layer; PC =
Purkinje cells, and GL = granular layer. Arrows point Purkinje cells positive for VEGF, Flt-1, and Flk-1; triangles show nonuniformly scattered
labeled nuclei inside the molecular layer. Bars = 25𝜇m for all panels. Inserts illustrate the expression of Flt-1 receptor in the endothelium
nuclei, whereas Flk-1 receptor is expressed in nuclei and cytoplasm of endothelial cells of envenomed rats (Bars = 10 𝜇m (d) and 25𝜇m (f)).

GABA signaling was altered in PNV-administered rats,
given the expression of GAD, responsible for GABA syn-
thesis, and was noticeably increased in PCs somata and
dendritic tree (Figures 6(e) and 6(f)). Immunoblots showed
that the GAD protein expression of treated P14 rats was 10%

upregulated at 2 hours and remained practically unchanged
thereafter (Figure 6(g)). In adult rats exposed to PNV,
GAD remained unchanged compared to baselines values
(Figure 6(h)).There was an age-related difference at 24 hours
withGAD expression of PNV-treated neonate rats surpassing
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Figure 4: VEGF (a), Flt-1 (b), and Flk-1 (c) graph representation of western blot signals after densitometric measurement and normalization
to internal 𝛽-actin at time points after PNV (1.7mg/kg) or 0.9% saline i.p. injection. Data are means ± SEM. ∗𝑃 ≤ 0.05 and ∗∗𝑃 ≤ 0.01 in
relation to controls; #𝑃 ≤ 0.05, ##𝑃 ≤ 0.01, and ###

𝑃 ≤ 0.001 in relation to corresponding adults at the same time interval. Unpaired Student
t-test was used.
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Figure 6: CaB and GAD immunohistochemistry in the cerebellar cortex of rats aged 14 days after i.p. injection of saline solution ((a) and (e))
or P. nigriventer venomPNV ((b) and (f)). (a) and (b) showCaB labeling (24 hours after saline or PNV exposure, resp.) in Purkinje cell bodies,
including nuclei (arrows) and processes crossing the molecular layer (ML). (c) and (d) show immunoblots and representative histograms of
the densitometric CaB values of rats injected with saline (A) or PNV (C) at different time points. (e) and (f) show GAD labeling in Purkinje
cell bodies and cell processes within themolecular layer (arrow).The physiologic GAD labeling was weak in controls (e) whereas it was strong
in envenomed animals (f). (g) and (h) show immunoblots and representative histograms of the densitometric GAD values of rats injected
with saline (E) or PNV (G) at different time points (𝑛 = 6/time). The membranes were stripped and reprobed to 𝛽-actin, confirming equal
protein loading in the gel ((B), (D), (F), and (H)). Values are mean ± SEM; unpaired Student t-test. ∗𝑃 ≤ 0.05; ∗∗𝑃 ≤ 0.01; ∗∗∗𝑃 ≤ 0.001
compared to control at each time point; #𝑃 ≤ 0.05; ##𝑃 ≤ 0.01; ###𝑃 ≤ 0.001 compared to corresponding adults at the same time interval. P =
pia mater; PC = Purkinje cells; ML = molecular layer; GL = granular layer. Bars = 25 𝜇m for all panels.

by 15% that of PNV-treated adults. The three-way analysis of
variance showed interaction only between treatment versus
age (∗∗∗𝑃 ≤ 0.001).

4. Discussion

The present findings show that prominent increases of VEGF
and receptor Flt-1 in cerebellar neurons course with neuro-
toxic effects caused by PNV in P14 rats. This is accompanied
by upregulations of VEGF mRNA, CaB, and GAD. The data
suggest that, upon systemic presence of PNV, endogenous sig-
naling mechanisms may have activated transcription factors
and promote proteins translational regulation in newborn
rats.

The alterations involving the VEGF-Flt-1 binding in
neonate rats were concurrent with prominent decreases of
the proteins associated with BBB endothelium: occludin, 𝛽-
catenin, and laminin. The data corroborate previous stud-
ies showing PNV-induced BBB permeation in adult rats
[3–6], now reaffirmed by the extravasation of Evans blue

injected peripherally. Herein, the time course data over a
period of 2 hours to 24 hours revealed that expressional
decreases of occludin, 𝛽-catenin, and laminin (at 2 hours)
were simultaneous with the peak of Flt-1 upregulation (50%)
but preceded the PNV-induced significant increases of VEGF
and VEGF mRNA, which occurred later at 5 hours after
PNV. Also, at 5 hours, occludin, 𝛽-catenin, and laminin levels
were recovered markedly relative to corresponding control
levels, which paralleled with content of VEGF and Flt-1
significantly above baseline. Such data disclose what seems to
be a coordinated sequence of molecular events, which began
with the BBB breakdown, and proceeded with increases of
Flt-1, VEGF, and VEGF mRNA. The transient disturbance of
BBB-associated proteins in P14 rats might be due to the fact
that VEGF receptors once activated trigger signals directed to
endothelial cells [18] and neuron cell [19], either to accentuate
permeability [20–22] and/or to restore homeostasis.

Curiously, in contrast to neonates, PNV induced
decreases over time of Flt-1 in adult rats reaching ∼93%
downregulation at 5 hours, which though was transient
and shows great capacity for recovery since at 24 hours the
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baseline level had been already reached. Consistent with
this, at the same 24 hours, VEGF mRNA was significantly
increased. However, PNV increased cerebellar Flk-1 and
CaB at 5 hours, a time point in which BBB functionality
had been restored as indicated by absence of extravasation
of Evans blue dye. Interestingly, 5-hour time coincides with
the beginning of the adult animals’ recovery from neurotoxic
manifestations caused by PNV [4, 6].

VEGF, Flt-1, and Flk-1 protein expressions were also
detected by immunohistochemistry. The three proteins were
constitutively present in Purkinje neurons and their dendritic
processes extended across the ML in control animals. The
exposure to PNV induced visible increases in the Purkinje
neurons’ immunoreactivity over a period of 2 to 24 hours;
interestingly, nonuniformly dispersed cells within the GL
and ML also showed increases in the Flt-1 and Flk-1 reac-
tivity in envenomed P14 and adult rats. We do not know
whether such cells are astrocytes and/or neurons. Studies
have shown that VEGF and Flk-1 can be expressed by granule
neurons during postnatal development of cerebellum [23–25]
and by astrocytes under normal or pathological conditions
[26–29]. Astrocytes also express Flt-1, but as far as we know
there is no mention in the literature on Flt-1 expression
by cerebellar granule cells. Since the ML is characterized
by extensive synaptic contacts between granule neurons,
interneurons, Begmann glia, and Purkinje neurons [30], it is
conceivable that activation of a given cell may elicit a chain of
stimuli in the others. The induction of VEGF and receptors
in neurons and probably in astrocytes supports previous
evidence showing these cells as targets of PNV concurrently
with BBB dysfunction [3–9, 17].

VEGF family members, traditionally known as potent
inducers of angiogenesis, have been recently recognized to
exert various nonangiogenic effects on different cell types,
amongwhich there are neuron cells [13]. VEGF and receptors
have been recognized as an important element for neu-
ron survival and maintenance of endothelium in adults.
It acts in the nervous system both through vascular and
neuronal mechanisms. Molecules that dually affect both
neural and vascular (neurovascular) functions are referred
to as angioneurins; their action includes regulation of angio-
genesis, BBB integrity, vascular perfusion, neuroprotection,
neurodegeneration, and synaptic plasticity [31]. The pro-
tection of neurons by VEGF is exerted by interference on
Ca2+, K+, and voltage-gated Na+ channels physiology and
modulation of glutamatergic synaptic excitability [11–13].
VEGF inhibits outward delayed K+ currents and reduces
Ca2+ influx through the high-voltage-activated Ca2+ chan-
nels; the cytokine also inhibits Na+ currents in cultured rat
hippocampal neurons, thus modulating neuron excitability.
In hippocampus, the cytokine is considered an endogenous
anticonvulsing factor to preserve pyramidal neurons from
hyperexcitability [14]. The interference of PNV peptides in
calcium homeostasis and glutamate handling have been well-
documented [32–36]. Herein, we found signs that PNV
disturbed calcium buffering in Purkinje neurons. P14 and
adult rats treated with PNV increased CaB immunoreactivity
in the PC’s nucleus, perikaryum, and dendritic ramification,

which was confirmed by the WB data showing upregu-
lation of the protein. Because PCs are the only output
cell of the cerebellar cortex and because CaB functions as
a calcium buffer, the changes in the PC’s immunoreactivity
and level of the protein in the cerebellum lysates suggests
implication on PC functional changes related with PNV
effect.

PNV induced an immediate, but transient, increase of
GAD expression in neonate rats, while in adults it was unaf-
fected. The key synthesizing isoforms for GABA, GAD types
65 and 67, were decreased in the Purkinje cells of neonate
rats but not in adult rats treated with PNV. This suggests
that the decarboxylation of glutamate to the major inhibitory
neurotransmitter GABA supports the view that synaptic
inhibition is vital for the control of neuron excitability in the
central nervous system and a dynamic mechanism to restore
brain homeostasis, when disturbed by neurotoxic peptides of
PNV.The increase ofGAD in neonate rats in response to PNV
is in accordance with the major level of VEGF both basically
and after PNV treatment in neonate than in adult rats
(see Figure 4). Whether the increase of VEGF promoted by
PNV, mainly seen in neonate rats, was a way to preserve
neurons [11, 12] against the glutamate toxicity generated
by PNV is uncertain. Nevertheless, it is well-known that
the postnatal development of cerebellum continues during
months after birth [37], which requires active angiogenesis,
neurogenesis, and cell migration. These cell processes are
regulated by angioneurins, that is, growth factors that act
both in neural an vascular cells, like VEGF and receptors
[10, 13, 19]. In contrast, angiogenesis, neurogenesis, and cell
migration are very discrete or switched off in adult animals.
Thismight explain the relative lower expression of VEGF and
receptors of cerebellum in adult animals, what could imply a
mature BBB able to better stand the toxic effects. In addition,
the BBB in neonate rats is undergoing postnatal development
[38], what could explain why junctional proteins remains
below baseline at 24 h in P14 rats whereas it is above baseline
in adult rats. It could be the reason why systemic PNV
increases even more the expression of VEGF and its mRNA
(at 5 hours) and the receptors Flt-1 (from 2 to 24 hours)
for neonates and transiently decreases Flt-1 expression but
does not alter VEGF and only increases VEGF mRNA at
24 h in adults. Interestingly, PNV causes release of kallikrein
[39], and kallikrein causes BBB breakdown [40]. VEGF and
kallikrein share a series of effects such as enhancing the
survival and migration of neuronal and glial cells, promoting
angiogenesis, protecting against ischemia, apoptosis, and
glutamate-induced neurotoxicity [41]. However, we do not
know if kallikrein released by PNV is able to increase
VEGF.

5. Conclusions

VEGF and PNV have in common to act on BBB-enhanced
permeability, interfere in ion channels physiology, affect
synaptic plasticity, and disturb glutamatergic transmission.
Here, we found that the evolution of the toxic manifestations
exhibited by rats injected with PNV seems to be time-related
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to the dynamics of immunochemical content of VEGF, Flt-
1, and Flk-1 and respective mRNAs and CaB and GAD in
the cerebellum. Age-related differences with neonate rats
apparently were also found more susceptible to PNV than
adult rats. Future studies are needed to determine whether
VEGF and tyrosine kinase intracellular domains changes in
Purkinje cells underlie BBB disturbances as a consequence
of venom effect or a causal factor mediating the venom’s
homeostatic perturbations. Ionic and glutamate disturbances,
induced by PNV, affect synaptic extracellular compartments
and neuronal signaling and could underlie the neurotoxic
manifestations of animals. Whether the increase of VEGF
in neurons represents protective modulation of synaptic
excitability and of Ca2+, K+, and Na+ channels functioning
is a matter to be elucidated.
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Malaria parasites grow within vertebrate erythrocytes and increase host cell permeability to access nutrients from plasma. This
increase is mediated by the plasmodial surface anion channel (PSAC), an unusual ion channel linked to the conserved clag gene
family. Although PSAC recognizes and transports a broad range of uncharged and charged solutes, it must efficiently exclude
the small Na+ ion to maintain infected cell osmotic stability. Here, we examine possible mechanisms for this remarkable solute
selectivity.We identify guanidiniumas an organic cationwith high permeability into human erythrocytes infectedwithPlasmodium
falciparum, but negligible uptake by uninfected cells. Transport characteristics and pharmacology indicate that this uptake is
specifically mediated by PSAC. The rank order of organic and inorganic cation permeabilities suggests cation dehydration as the
rate-limiting step in transport through the channel. The high guanidinium permeability of infected cells also allows rapid and
stringent synchronization of parasite cultures, as required for molecular and cellular studies of this pathogen.These studies provide
important insights into how nutrients and ions are transported via PSAC, an established target for antimalarial drug development.

1. Introduction

Malaria parasites are intracellular pathogens that invade,
grow, and replicate asexually within erythrocytes; the clinical
sequelae of malaria are, in large measure, determined by
modification and eventual destruction of host erythrocytes.
During its ∼48 h intracellular cycle, the human pathogen P.
falciparum remodels its host cell by generating a membra-
nous network in erythrocyte cytosol and altering erythrocyte
membrane properties such as adhesiveness and permeability
to various organic and inorganic solutes [1–4].

This increased permeability ismediated by the plasmodial
surface anion channel (PSAC), identified by patch-clamp
studies of the host cell membrane [5]. PSAC activity and the
associated clag multigene family are conserved in all Plas-
modium spp. [6–9], suggesting a function required for intra-
cellular parasite survival. In vitro growth inhibition studies
using PSAC inhibitors and modified media have implicated

an essential role in parasite nutrient acquisition [10], with
sugars, amino acids, purines, and some vitamins all having
established uptake [11–13].

As a shared ion channel for these structurally divergent
nutrients, PSAC has broad selectivity for solutes of varying
charge and size [11, 14, 15]. At the same time, this channelmust
efficiently exclude Na+, an impermeant cation responsible
for the osmotic stability of erythrocytes in plasma [16]. PSAC
excludes Na+ by 103.5- to 105-fold when compared to Cl−,
a remarkable feat for a channel that allows large organic
cations to pass [14]. Consistent with fine-tuning of PSAC
solute selectivity by evolutionary pressures, this level of Na+
exclusion is sufficient to prevent osmotic lysis of infected cells
before completion of the parasite’s intracellular cycle [17].
Although being low, Na+ flux through this channel is suf-
ficient to remodel the host erythrocyte’s cation concentra-
tions and affect parasite activities [17–19]. Structure-function
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studies with mammalian ion channels have revealed mech-
anisms for selecting a specific ion and excluding nearly all
other solutes [20], but the reverse problem—broad per-
meability with exclusion of the small Na+ ion by this parasite
channel—requires distinct solutions that will have funda-
mental implications for understanding permeation.

Here, we examine possible mechanisms for PSAC’s unu-
sual selectivity and identify guanidinium (Gdm+) as a cation
with high permeability. We show that monovalent cations
have permeabilities that increase with cation ionic radius,
contradicting pore sieving predictions and paralleling a
similar relationship for anions in this channel. High Gdm+
permeability also enables stringent synchronization of para-
site cultures, as commonly needed for molecular and cellular
studies of malaria parasites. These findings suggest a testable
model for how the channel achieves its unusual solute select-
ivity.

2. Materials and Methods

2.1. Parasite Cultivation and Synchronization. Human eryth-
rocytes were obtained from anonymous donors (Interstate
Blood Bank, Memphis, TN) and used for in vitro P. falci-
parum cultivation of indicated parasite lines in RPMI-1640
medium supplemented with 0.5% lipid-rich bovine albumin
(MP Biomedicals, Solon, OH); cultures were maintained at
37∘C under 5% O

2
, 5% CO

2
, and 90% N

2
.

To assess the efficiency of synchronization conditions,
asynchronous parasite cultures were treated with either
300mMD-sorbitol or 150mM guanidinium chloride (Gdm-
Cl) in a buffered solution (20mM HEPES, 0.1mg/mL BSA,
pH 7.4 with NaOH); each experiment included treatment
with standard culture medium as a matched control. Syn-
chronization involved 5 or 30min incubations at room tem-
perature andwas terminated by addition of 10 volumes of cul-
ture medium. After centrifugation to remove the lysis solu-
tion, the cells were resuspended in culture medium and
returned to 37∘C for cultivation without additional washing.
Parasite stage and growth were evaluated after 24 h using
microscopic examination of Giemsa-stained smears.

2.2. Osmotic Lysis Transport Assays. Solute transport assays
were performed as described previously [21]. Trophozoite-
infected erythrocytes were harvested and enriched using
the percoll/sorbitol method, washed, and resuspended at
0.1% hematocrit in osmotic lysis solutions containing either
280mM sorbitol or 150mM Gdm-Cl buffered with 20mM
HEPES, 0.1mg/mL BSA, pH 7.4. The permeability of other
cations was identically measured; each salt produced neg-
ligible hemolysis of uninfected cells (not shown). Where
present, inhibitors were added from DMSO stock solutions.
Solute transport was quantified by tracking transmittance
of 700 nm light through a 1mL cell suspension; kinetics
weremeasured at indicated temperatures using a spectropho-
tometer (DU640 with Peltier temperature control, Beckman
Coulter, Fullerton, CA). Inhibitor dose response experiments
were normalized to matched controls without inhibitor; a
normalized permeability at each inhibitor concentration (𝑃

𝑖
)

was calculated according to 𝑃
𝑖
= 𝑡

𝑜
/𝑡

𝑖
, where 𝑡

𝑜
and 𝑡

𝑖

correspond to the time required to reach a threshold level of
lysis without and with inhibitor, respectively. This equation
is based on a quantitative and inverse relationship between
solute transport and time to cell lysis [21]. Permeability esti-
mates and inhibitor affinities determined using this method
match those obtained with tracer flux and patch-clamp [5, 7,
10, 21].

2.3. Sybr Green Measurements. Toxicity of Gdm-Cl was eval-
uated using parasite cultures after synchronization with two
consecutive 30min D-sorbitol treatments. These synchro-
nized cultures were treated with either 150mM Gdm-Cl,
20mM HEPES, 0.1mg/mL BSA, pH 7.4, or culture medium
for 5min at room temperature. After adding 10 volumes
of culture medium, the cells were centrifuged to remove
the medium and resuspended to 2% hematocrit in culture
medium prior to plating in 96-well microplates. After culti-
vation for 72 h, parasite DNA production was quantified with
SYBR Green I nucleic acid stain as described previously [17].

3. Results

3.1. High PSAC Permeability to Guanidinium+. We sought
to examine PSAC’s unusual solute selectivity profile and
recognized that blasticidin S and leupeptin, toxins that reach
their intracellular parasite targets via PSAC [22–24], are
both bulky guanidine derivatives with molecular weights
>420Da. Unsubstituted guanidine is positively charged at
physiological pH and its conjugate acid, the guanidinium ion
(Gdm+, Figure 1(a) inset), has been used to study transport
through other ion channels [25]. We therefore examined
Gdm+ permeability in infected erythrocytes and used a quan-
titative transmittance assay [26].These studies revealed rapid
osmotic lysis of infected cells in isotonic Gdm-Cl; the half-
time, 0.89 ± 0.08min, was significantly less than in isotonic
sorbitol (6.7 ± 0.5min, 𝑃 < 10−8), a highly permeant sugar
alcohol. Although net uptake of the Gdm-Cl salt depends on
both Gdm+ and Cl− permeabilities to maintain electroneu-
trality, conductive Cl− transport at this membrane is greater
and not rate-limiting [4, 21]. Because there is a quantitative
and inverse relationship between osmotic lysis half-time and
solute permeability [21], thesemeasurements implicate 8-fold
greater permeability for Gdm+ than for sorbitol. In contrast,
uninfected human erythrocytes exhibited low Gdm+ perme-
ability and were osmotically stable in Gdm-Cl (bottom trace,
Figure 1(a)).

The nonspecific PSAC inhibitor, furosemide, inhib-
ited Gdm+ uptake, suggesting channel-mediated transport
(Figure 1(b)) [27]. Notably, the levels of inhibition achieved
with 200𝜇Mand 2mM concentrations of furosemide resem-
bled those for a subset of PSAC substrates that access two
different mechanisms of transport through this channel [15,
28]. These two mechanisms exhibit differences in inhibitor
efficacy: while the transport of some solutes is abolished by
200𝜇M furosemide, other solutes, collectively referred to as
“R+” solutes, exhibit significant residual uptake via PSAC that
can be blocked by a higher furosemide concentration (2mM).
Remarkably, PSAC inhibitors from multiple chemical scaf-
folds exhibit a similar 10-fold reduction in potency when
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Figure 1: High Gdm+ permeability in infected but not uninfected RBCs. (a) Osmotic lysis kinetics for infected erythrocytes in Gdm-Cl or
sorbitol at 37∘C (top two traces). Notice the faster kinetics in Gdm-Cl. Uninfected cells do not lyse in Gdm-Cl (bottom trace). Inset shows the
structure of Gdm+, which has a net +1 charge distributed amongst three primary amines. (b and c) Osmotic lysis kinetics for infected cells in
Gdm-Cl with 0, 200, or 2000𝜇M furosemide (top to bottom traces, resp.). 200𝜇M furosemide produces incomplete inhibition at 37∘C but is
more effective at 20∘C (panels b and c, resp.), suggesting that Gdm+ is an R+ solute.

transport is examined with each R+ solute. This observation
suggests two distinct mechanisms used by this channel to
recognize and transport solutes. Because the residual trans-
port mechanism has steep temperature dependence [28], we
examined Gdm+ transport at 20∘C; under this condition,
200𝜇M furosemide largely abolished uptake (Figure 1(c)), as
reported for all other known R+ solutes [15]. These experi-
ments suggest Gdm+ is transported via PSAC as an R+ solute.

Because furosemide is nonspecific, we examined the
mechanism of Gdm+ uptake further with ISPA-28, a potent
and specific small molecule inhibitor identified by high-
throughput screening [7]. ISPA-28 blocks PSAC activity
associated with the Dd2 parasite line (𝐾

0.5
= 56 nM) but

is largely inactive against channel activity induced by other
parasite lines such as HB3 (𝐾

0.5
= 43 𝜇M); this compound’s

unique specificity enabled identification of clag3 genes and
the channel’s role in nutrient uptake through geneticmapping
and DNA transfection experiments [7, 10]. A short variable
motif on the CLAG3 protein is exposed at the host cell surface
and has been implicated in ISPA-28 binding [29].

ISPA-28 inhibited Gdm+ uptake into cells infected with
Dd2 but not those infected with HB3 parasites (Figures 2(a)
and 2(b)). To explore whether other transporters contribute
to Gdm+ uptake after infection, we quantified ISPA-28 inhi-
bition and compared block to that for sorbitol, a solute whose
uptake via PSAC is well-established [7, 26]; these transport
inhibition studies were performed at 15∘C to reduce errors
due to the residual transport mechanism described above. In
both Dd2 and HB3 parasite lines, these dose response studies
revealed quantitatively concordant inhibition of Gdm+ and
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Figure 2: Gdm+ uptake is primarily via PSAC. (a and b) Osmotic lysis kinetics for Gdm+ uptake into Dd2 and HB3 at 15∘C. Traces reflect
inhibition dose responses using 0, 0.024, 0.12, 0.6, 3.0, and 15 𝜇M ISPA-28 (top to bottom, resp., in each panel). While inhibition is clear
with Dd2-infected cells, there is negligible effect with HB3-infected cells. (c) Symbols represent mean ± S.E.M. of tallied dose responses from
experiments as in panels (a) and (b) for Gdm-Cl and sorbitol (white and black symbols, resp.) using Dd2- and HB3-infected cells (circles and
triangles, resp.). The Gdm+ and sorbitol dose responses do not differ (𝑛 = 3 trials at each concentration, 𝑃 > 0.1 for comparisons between
solutes in each parasite.).

sorbitol uptake by ISPA-28 (Figure 2(b)), indicating that
Gdm+ uptake is mediated primarily by PSAC.

3.2. Low Toxicity of Gdm+ Permits Stringent Synchronization
of Parasite Cultures. Sorbitol treatment, the current method
of choice for synchronizing parasite cultures [30], is based
on osmotic lysis of trophozoite-infected cells due to PSAC-
mediated uptake [21]; it spares immature ring-infected cells,
which lack this channel activity [31]. Two limitations include
a requirement for relatively long incubations in sorbitol
and poor stringency of synchronization. To achieve tighter
synchrony for molecular studies such as stage-specific gene
transcription, it is often necessary to use two or more rounds
of sorbitol synchronization, making the procedure time- and

effort-intensive. Alternative methods, such as gelatin floata-
tion or enrichment of mature infected cells on magnetic
columns [32, 33], have low yield or are also time-consuming.

We tested whether the greater permeability of Gdm+
allows improved synchronization by treating asynchronous
cultures with either Gdm-Cl or sorbitol. A 5min Gdm-Cl
treatmentwasmore effective than either a 5 or 30min sorbitol
exposure, as quantified with examination of Giemsa-stained
smears after subsequent cultivation for 24 h (Figure 3(a), 𝑃 <
0.05). Although improved synchronization is presumably
determined by the greater Gdm+ permeability, the near-
physiological ionic strength of the Gdm-Cl solution may also
help; the lower ionic strength of sorbitol solutions may cause
erythrocyte aggregation [34], leading to delayed solute uptake
and osmotic lysis of some cells.
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Figure 3: Stringent synchronization of cultures using Gdm-Cl. (a) Mature infected cells surviving synchronization with Gdm-Cl or sorbitol
for indicated durations, as quantified using ring-stage parasitemia 24 h after treatment. A 5min Gdm-Cl treatment is the most effective. (b)
72 h parasite growth after a 5min treatment of synchronous cultures with Gdm-Cl, normalized tomatched cultures sham-treated with culture
medium. Bars represent mean ± S.E.M. of 9 replicates from 3 experiments.

Because Gdm+ is a strong protein denaturant at high
concentrations, we wondered whether this synchronization
strategy would be toxic to parasite cultures. We therefore
treated ring-stage cultures with isotonic Gdm-Cl solution
and quantified subsequent parasite growth. Comparison to a
sham treatment using standard culture medium revealed no
change in parasite growth (Figure 3(b), 𝑃 = 0.36), indicating
that this treatment is not toxic to cultures. Experiments using
a significantly longerGdm+ treatment of 30min yieldedmea-
surable toxicity, but we did not detect accumulated toxicity
with prolonged, regular use of 5minGdm-Cl treatments over
consecutive asexual cycles (not shown).

Protein denaturation by Gdm-Cl also cannot account
for the apparent high Gdm+ permeability via PSAC. Such
models would predict hemolysis of uninfected erythrocytes
in Gdm-Cl solutions, which was not detected (Figure 1(a)).
Denaturation would also not be consistent with block by
ISPA-28, a highly specific PSAC inhibitor. Quantitatively
concordant dose responses for inhibition of Gdm+ and
sorbitol uptake (Figure 2), when combinedwith insights from
single channel patch-clamp using this inhibitor [7], implicate
permeation through a channel pore not compromised by
Gdm-Cl exposure.

3.3. PSACPermeabilities toOtherMonovalent Cations. In con-
trast to Gdm+ and various organic cations [14, 35], PSAC
maintains a very low Na+ permeability [16]. To explore pos-
sible mechanisms, we quantified the relative permeabilities
of organic and inorganic cations with osmotic lysis kinetics

1.2

0.4

0.2

0.0

G
dm

+

Ph
TM

A
+

Rb
+

Cs
+ K+ N

a+ Li
+

t 1
/2

−
1

(m
in

−
1
)

Figure 4: Dehydration-dependent permeation of cations. Mean ±
S.E.M. apparent permeability coefficients for indicated cations,
determined as the reciprocal of the osmotic lysis halftime in buffered
solutions of each chloride salt at 37∘C.

for infected cells in buffered solutions of each chloride salt
(Figure 4). As expected, Gdm+ was the most permeant of
these cations. PhTMA+ had substantial permeability that
was 3-fold lower. Cs+, Rb+, and K+, large group 1A alkali
metals with ionic radii of 1.67, 1.48, and 1.33>, respectively,
had more modest but still clearly resolved uptake. Na+ and
Li+, smaller group 1A metals with radii of 0.98 and 0.68>,



6 BioMed Research International

respectively, had negligible permeabilities.While anion fluxes
through PSAC have been studied using both single-channel
and whole-cell patch-clamp configurations, the significantly
lower permeabilities of the cations in Figure 4 prohibit
measurement of cation-specific currents with patch-clamp
methods. These currents would be overwhelmed by the
larger fluxes of anions such as Cl−, necessarily present at
stoichiometric levels due to electroneutrality.

4. Discussion

The increased permeability of infected erythrocytes to small
solutes is one of the earliest identified cellular phenotypes in
malaria research [36]; studies frommany groups have defined
the range of permeant solutes and identified inhibitors [3, 14,
37–39]. Although several distinct channels have been pro-
posed for the infected cell membrane [40], recent chemical
screens and molecular studies have implicated PSAC as a
shared route for most solutes with increased permeability
[7, 26]. Parasite CLAG proteins, which lack homology to
known channel proteins from other organisms, play a critical
but incompletely understood role in formation of this channel
[8, 10]. Permeating solutes may be uncharged or zwitterionic
or may carry a net positive or negative charge. Solutes
up to 670Da in size have significant uptake [16], but the
small Na+ and Li+ ions are effectively excluded (Figure 4).
The combination of broad permeability to large solutes and
effective exclusion of specific small ions is without precedent
amongst other ion channels. This unusual selectivity profile
appears to have been selected by evolutionary pressures that
require uptake of diverse nutritive solutes, evasion of host
immune responses, and a very low Na+ permeability to
prevent osmotic lysis of infected cells in the bloodstream,
where Na+ is the main osmotically active solute [41].

Here, we examined this unprecedented solute selectivity
by quantifying cation transport throughPSAC.We found that
permeability increased with ionic size for group 1A cations
(Figure 4), paralleling a similar relationship described for
halide and pseudohalide anions identified through patch-
clamp, SCN− ≫ I− > Br− > Cl− [4]. These findings con-
tradict the predictions of simple pore sieving models, which
expect the smallest solutes to have the greatest permeabili-
ties. Instead, there appears to be a controlling effect of ion
dehydration, the process of removing the shell of water
molecules around dissolved ions [42, 43]. For both cation and
anion series, greater PSAC permeability correlates precisely
with lower energy requirement for dehydration.

In particular, Gdm+ and SCN− are notable as the cation
and anion with the fastest transport rates. Gdm+ is one of
the most weakly hydrated ions known; it interacts poorly
with water because a single positive charge is diffusely shared
by three nitrogen atoms and because it has a rigid structure
unable to interact well with water molecules [44]. SCN− also
has a low charge density and is the least hydrated of all the
anions in the Hofmeister series [45]. The poor hydration of
these ions also accounts for their strong denaturant properties
when present at higher concentrations [44].

Studies on K+, Na+, and Ca++ channels suggest that
permeating ions must be dehydrated to fit within the pore

[20, 46]; dehydration is thought to allow specific interactions
with the channel protein and enable selective transport. In
this context, it is surprising that our studies implicate dehy-
dration as a critical step in transport through PSAC: broad
permeability to bulky organic solutes typically suggests a large
pore capable of accommodating hydrated ions. We propose
that ion dehydrationmay serve a distinct role in this channel’s
case by facilitating the selective exclusion of Na+. The energy
required to dehydrate Na+, 91.2 kcal/mol [46], is very large
indeed. Na+ channels compensate for this energy barrier
by providing a strong binding site for Na+ in the pore; in
contrast, the PSAC pore offers negligible compensation, with
an Eisenman selectivity sequence that corresponds to the
weakest theoretical binding site for permeating ions. Under
such conditions, large, easily dehydrated ions and nutritive
solutes will be preferred; Na+ and Li+ will be effectively
excluded. Two observations implicate additional unknown
factors in defining PSAC solute selectivity. First, it is not clear
how small ions with intact water shells are excluded by a pore
large enough to accommodate bulky organic solutes. Second,
studies have found important differences in the transport of
closely related organic solutes [15].

Our study also provides an improved, shorter protocol
for synchronization of parasite cultures, as often required in
basic research studies of transcription or translation stage-
specificity. It may also be useful for parasite lines that do not
tolerate extended exposure to ambient temperature and O

2

levels, as are invariably associated with longer protocols.
Although identification of parasite clag genes as deter-

minants of PSAC activity addressed long-standing debates
about whether the channel is host- or pathogen-derived [7,
9, 40], the structural basis of solute recognition, binding, and
transport through this channel remains largely unknown.The
CLAG proteins lack conventional transmembrane domains
for pore formation; they have also been proposed to serve
unrelated roles in erythrocyte invasion or cytoadherence
[47, 48]. Functional studies, such as those presented here,
should guide inquiries into themolecular and structural basis
of permeation through this unusual channel and important
antimalarial drug target.
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Sphingosine-1-phosphate (S1P) is a pleiotropic lipid mediator that regulates cell survival, migration, the recruitment of immune
cells, angiogenesis, and lymphangiogenesis, all of which are involved in cancer progression. S1P is generated inside cancer cells by
sphingosine kinases then exported outside of the cell into the tumor microenvironment where it binds to any of five G protein
coupled receptors and proceeds to regulate a variety of functions. We have recently reported on the mechanisms underlying the
“inside-out” signaling of S1P, its export through the plasma membrane, and its interaction with cell surface receptors. Membrane
lipids, including S1P, do not spontaneously exchange through lipid bilayers since the polar head groups do not readily go through the
hydrophobic interior of the plasmamembrane. Instead, specific transporter proteins exist on themembrane to exchange these lipids.
This review summarizes what is known regarding S1P transport through the cell membrane via ATP-binding cassette transporters
and the spinster 2 transporter and discusses the roles for these transporters in cancer and in the tumor microenvironment. Based
on our research and the emerging understanding of the role of S1P signaling in cancer and in the tumor microenvironment, S1P
transporters and S1P signaling hold promise as new therapeutic targets for cancer drug development.

1. Introduction

It is well recognized that the tumor microenvironment
(TME) plays a key role in cancer progression and metas-
tasis [1–3]. Tumors influence the surrounding microenvi-
ronment through the release of extracellular signals, such
as cytokines, chemokines, and lipid mediators [4–7]. These
bioactivemolecules secreted from cancer cells and noncancer
components in the TME, such as blood vessels, lymphatic
vessels, and inflammatory cells, are considered to be potential
therapeutic targets.

Sphingosine-1-phosphate (S1P) has emerged as a new
player in the TME and cancer progression during the last
decade [4]. S1P generated inside cells is exported outside of

cells into the TME where it stimulates specific S1P receptors
on the cell surface (Figure 1). This “inside-out” signaling
of S1P is considered to play a fundamental role in cancer
progression [8]. To date, several S1P transporters have been
identified [9–13]. Here, we review the “inside-out” signaling
of S1P with a focus on S1P transporters. We will discuss the
importance of S1P signaling in cancer and the possibility of
targeting S1P transporters for cancer treatment.

2. ‘‘Inside-Out’’ Signaling of S1P

S1P is a pleiotropic lipid mediator that regulates cell survival,
proliferation, migration, angiogenesis, lymphangiogenesis,
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Figure 1: “Inside-out” signaling of sphingosine-1-phosphate (S1P). S1P is generated from Sph (sphingosine) by SphK1 (sphingosine kinase
1) in the cytosol of cancer cells and exported via ABC (ATP-binding cassette) transporters or Spns2 (spinster 2) outside of cells (tumor
microenvironment). S1P stimulates specific S1P receptors (S1PR1-5) to promote numerous cellular functions, such as cell proliferation,
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and the recruitment of immune cells (Figure 1), making it
involved in many physiological and pathological conditions
including immune function, inflammation, and cancer [14–
19]. S1P is generated from sphingosine inside the cells by two
sphingosine kinases (SphK1 and SphK2) [20–23].The balance
between the levels of S1P and its metabolic precursors of
ceramide and sphingosine has been regarded as a rheostat
that could determine whether a cell proliferates or dies [24].
S1P generated within cells is exported out from cells via S1P
transporters on the cellmembrane, whichwill be described in
detail later in this review. S1P outside of the cells can stimulate
any of five specific G protein coupled receptors (S1PR1-5) [10,
12], with each S1P receptor coupled to different G proteins,
which regulate activation or inhibition of the downstream
intracellular signaling involved in various cellular functions
(Figure 2).

Cancer cells and each type of cell in the TME, such as
inflammatory cells and endothelial cells, express different
combinations of S1P receptors, which contribute to each
cellular function regulated by S1P. For example, S1PR1 is
important for B and T lymphocyte egression from secondary
lymphatic organs, such as lymph nodes [25]. In endothelial
cells, S1PR1 and S1PR2 are known to play an important
role in vascular development [26–29]. Stimulation of S1PR1
and/or S1PR3 often promotes cell proliferation andmigration
in normal and cancer cells, while S1PR2 may inhibit the

signaling that promotes cell proliferation and migration [30–
32]. Altogether, this “inside-out” signaling of S1P plays a
pivotal role in cancer cells and in the TME by stimulating the
S1P receptors on each type of cell [33, 34].

In addition to its “inside-out” signaling, S1P is also known
to have a variety of intracellular functions. Intracellular S1P
produced by SphK1 can bind to TRAF2 (tumor necrosis
factor receptor-associated factor 2) and function as a cofactor
required for its E3 ubiquitin ligase activity and conse-
quently, Lys-63-linked polyubiquitination of RIP1 (receptor-
interacting protein 1) and NF-𝜅B (nuclear factor kappa-light-
chain-enhancer of activated B cells) activation [35]. Similarly,
it has been shown that S1P enhances cIAP2 (cellular inhibitor
of apoptosis 2) mediated K63-linked polyubiquitination of
IRF-1 (interferon regulatory factor-1), which is essential for
IL-1-induced production of chemokines CXCL10 and CCL5
[36]. Furthermore, S1P produced by SphK2 in the nucleus acts
as an endogenous inhibitor of specific histone deacetylases
(HDAC1 andHDAC2), thereby regulating gene transcription,
including that of the cyclin dependent kinase inhibitor p21
[37].

The relative levels of S1P within body fluids and tissues
are important to a variety of physiologic processes [25, 38].
Levels of S1P are maintained by S1P synthesis and degra-
dation, which create an S1P gradient within the tissue [39].
S1P is dephosphorylated to regenerate sphingosine by S1P
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phosphatases (SPPs) and/or lipid phosphate phosphatases
(LPPs). S1P is also irreversibly degraded to hexadecenal and
ethanolamine phosphate by S1P lyase (SPL). The current
consensus is that trafficking of immune cells is controlled by
this S1P gradient. For example, in the blood and lymph, S1P
levels are relatively high, but in secondary lymphatic tissue,
such as lymph nodes and the thymus, S1P is maintained
at very low levels [40]. Importantly, any inhibition of S1P
signaling, and therefore altering of this S1P gradient, results
in alteration of immune cell trafficking. S1P also regulates
vascular integrity. In the plasma, a decrease in the amount
of S1P causes increased vascular permeability, likely due to
loss of signaling through S1PR1 on endothelial cells [41–43].
S1P through its tissue gradients, intracellular functions, and
“inside-out” signaling is important in both physiologic and
pathologic processes.

3. Export of S1P via ATP-Binding
Cassette (ABC) Transporters and
Spinster 2 (Spns2) Transporter

Until recently, the process through which S1P produced
inside cells by the two SphKs reaches its receptors on the cell
surface remained obscure. Membrane lipids, including S1P,
do not spontaneously exchange through the lipid bilayers of

the plasma membrane since the polar head groups do not
readily go through the hydrophobic interior. Though there
are many transporter proteins on the membrane for lipid
exchange [9], sphingosine is known to spontaneously translo-
cate without the aid of a transporter across intracellular
membranes when added to cells or produced intracellularly
[9].

Studies from several laboratories, including ours, have
suggested the involvement of ABC transporters in the export
of S1P from various types of cells in vitro [10]. S1P has been
shown to be exported frommast cells via ABCC1 (also known
as multidrug resistant protein 1; MRP1) [9], from astrocytes
via ABCA1 [44], from endothelial cells via ABCA1 and
ABCC1 [45], and from thyroid carcinoma cells via ABCC1
[46]. Using pharmacological and molecular approaches, we
demonstrated that ABCC1 and ABCG2 (also known as breast
cancer resistance protein; BCRP) are involved in estradiol-
mediated transport of S1P and dihydro-S1P out of MCF-7
human breast cancer cells [12]. S1P is exported from erythro-
cytes and platelets by other transporters in the ABC trans-
porter family [47, 48]. In erythrocytes, S1P is exported by an
ATP-dependent and vanadate- and glyburide-sensitive trans-
porter [47], while in platelets, S1P export requires an extracel-
lular stimulus such as thrombin and is exported through two
independent transporters, a Ca2+-dependent transporter and
an ATP-dependent glyburide-sensitive transporter [48, 49].
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Collectively, these studies suggest that members of the large
family of ABC transporters are responsible for export of
S1P in various types of cells; however, in studies using mice
with ABC transporter deficiencies, including animals with
knockout of ABCA1, ABCA7, and ABCC1, S1P levels and
related functions have been found to be unaltered [45],
indicating the existence of compensatory mechanisms with
other transporters.

Spns2, a member of the MFS (major facilitator super-
family) that does not have a typical ATP binding motif, has
been recently discovered to export S1P from cells [11, 50–52].
Spns2 was identified independently by two groups, both of
whom revealed that it transports S1P through observations
in zebrafish. They showed that a mutation in Spns2 caused
abnormal development resulting in cardia bifida (two hearts)
[53] and that the phenotype of the Spns2 mutation is rescued
by providing exogenous S1P [11].The cardia bifida phenotype
in the Spns2 knockout zebrafishwas the clue that linked Spns2
to S1P, since the same phenotype was seen in S1PR2 knockout
zebrafish [11, 53]. We have also shown that Spns2 can export
endogenous S1P and dihydro-S1P from cells [13]. In addition,
human Spns2 can transport several S1P analogues, including
phosphorylated FTY720 [54]. Importantly, Spns2was the first
S1P transporter discovered to be physiologically functional in
vivo, in contrast to the ABC transporters [54].

It has been suggested that Spns2 is important for vascular
development [29]. We have observed that lymph nodes from
Spns2 knockout mice have aberrant lymphatic sinuses that
appear collapsed, with reduced numbers of lymphocytes [13].
Our data suggest that Spns2 is an S1P transporter in vivo
that plays a role in regulation of levels of S1P not only
in the blood, but also in the lymph nodes and lymphatic
fluid, influencing lymphocyte trafficking and lymphatic vessel
network organization [13]. The recent finding that blood
endothelial cells purified from the aorta of Spns2-deficient
mice are unable to release S1P [52] seems to support a strong
role for Spns2 in S1P regulation. The levels of S1P in the
plasma of Spns2 knockout mice have been observed to be
decreased to 60% of that of wild type mice with endothelial
cells contributing 40% of the total plasma S1P [54]. There
was no difference between Spns2 knockout mice and wild
type in S1P release activity in both erythrocytes and platelets,
showing that a disruption of Spns2 does not affect the S1P
release from erythrocytes or platelets [52]. Furthermore, bone
marrow reconstitution studies revealed that Spns2 was not
involved in S1P release from blood cells and suggested a
role for Spns2 in other cells [51]. Consistent with these
data, specific deletion of Spns2 on endothelial cells has been
shown to result in a lack of lymphocyte egress, mimicking
observations in global Spns2-knockout mice. These data
suggest that Spns2 functions in endothelial cells, not blood
cells, to establish the S1P gradient required for T and B cells
to egress from their respective lymphoid organs [51].

4. Targeting S1P Transporters for
Treatment of Cancer Patients

There have been an increasing number of studies, implicating
roles for S1P in different stages of cancer progression in

subtypes of both adult and pediatricmalignancies. SphKs and
S1P signaling have been suggested to also have a role in acqui-
sition of drug resistance [55, 56]. There is a growing body
of literature, with several clinical and pathological reports
revealing the importance of SphK1 on cancer metastasis
and prognosis [57–61]. Previous clinical studies have shown
that SphK1 is overexpressed in human breast cancer and its
expression correlates with poor patient outcomes [58, 62].

Studies linking the molecular interactions of S1P
signaling with other oncogenic pathways, such as Ras,
STAT3 (signal transducer and activator of transcription 3),
NF-𝜅B, and estrogen signaling, have been published. K-Ras
mutations are known to increase the production of S1P in
a SphK1-dependent manner and expression of the K-Ras
oncogene leads to plasma membrane localization of SphK1.
The RAS/RAF (rapidly accelerated fibrosarcoma)/MEK
(mitogen-activated protein kinases)/ERK (extracellular
signal-regulated kinases) pathway likely mediates this
process, as constitutively active B-Raf or MEK are capable of
activating SphK1 [63]. S1P produced by upregulated SphK1
in tumor cells activates S1PR1, which has been shown to
lead to activation of STAT3 [34]. S1P is also involved in the
activation of NF-𝜅B, thereby regulating the transcription
of the proinflammatory cytokines TNF-𝛼 (tumor necrosis
factor-alpha) and IL-6 (interleukin-6) [34]. Estradiol is
known to also stimulate SphK1 activation and the release
of S1P, through which estradiol is capable of activating
the S1PR3, resulting in EGFR transactivation in a matrix
metalloprotease-dependent manner [31]. Altogether, these
molecular interactions of S1P signaling with other oncogenic
pathways suggest the importance of S1P signaling in cancer.

Communication among tumor cells, the host microenvi-
ronment, and inflammatory cells via systemic S1P regulates
metastasis. S1P generated in cancer cells is secreted into
tissue interstitial fluid in the body and affects the TME by
altering immune cells, evoking inflammation, and induc-
ing angiogenesis and lymphangiogenesis thereby promoting
cancer metastasis [34, 64]. We have recently measured S1P
levels within tumor interstitial fluid and found that signif-
icantly higher levels of S1P compared with the interstitial
fluid of normal tissue and that inhibiting the “inside-out”
signaling of S1P by FTY720 (known as fingolimod) signif-
icantly decreased S1P levels in the tumor interstitial fluid
(unpublished data). Altogether, the “inside-out” signaling of
S1P with overexpressed SphK1 and S1P transporters plays an
important role in cancer progression through its effects on the
TME.

It has recently been reported that a specific pharmaco-
logical inhibitor of SphK1 had no effect on cell proliferation
in vitro [65]. This result generated some arguments that
S1P, the product of SphK1, may not be an ideal anticancer
target. On the other hand, targeting S1P signaling leads to
a significant suppression of cancer progression in vivo [64],
especially under conditions inwhich cancer is associatedwith
inflammation [34]. Considering the importance of “inside-
out” signaling of S1P within the TME through promotion of
angiogenesis and lymphangiogenesis [4, 66, 67], the effects
of targeting S1P signaling may only be adequately assessed in
vivo.
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ABC transporters were originally described as multidrug
resistance genes and have been shown to be overexpressed
in various solid and hematological cancers [68]. Expression
of ABC transporters has been correlated with resistance to
chemotherapies and poor prognosis for patients with certain
types of cancer [68]. ABCB1, also known as multidrug resis-
tant gene 1 (MDR1), has been targeted in a number of clinical
trials that failed to demonstrate significant benefit [69]. Since
it has been suggested that several ABC transporters are
involved in secretion of S1P from stromal, endothelial, and
cancer cells, it is possible that these transporters may play
an important role in the pathological processes regulated by
S1P and may worsen the biology of cancer cells. Considering
that ABCB1 does not have a role for S1P transport, targeting
ABCC1 and/orG2may be amore promising treatment option
for cancer patients. In contrast to the ABC transporters, with
some of them originally described as multidrug resistant
genes, the roles of Spns2 in cancer remain unknown.

Spns2, a 549 amino acids protein, belongs to the MFS
transporter family as determined based on its predicted
amino acid sequence [49]. The crystal structure of Spns2 and
the precise mechanism of S1P transport via this transporter
are still under investigation. S1P import by this transporter
also remains to be described. To elucidate the role of Spns2
in cancer, we are currently in the midst of a process of
developing gene targeting techniques utilizing nanoparticles
to downregulate spns2 expression in cancer cells. How
effective this may be in light of other transporters that
contribute to S1P export, particularly in vivo setting, is yet to
be determined. Further investigation is needed to clarify the
function and role of Spns2 in normal physiological conditions
and in the pathological condition of cancer.

The ABC transporter family and Spns2 are found in
various types of cells and have different roles in each type of
cell, so that it is possible that targeting a specific transporter
may present some difficulties for cancer therapy for patients.
In addition to targeting S1P transporters, a possible strategy
for cancer treatment involves targeting S1P itself using a
monoclonal antibody. In an animal model, neutralization
of systemic S1P using Sphingomab, an anti-S1P monoclonal
antibody, was shown to suppress lung metastasis [70]. The
humanized version of Sphingomab, Sonepcizumab/ASONEP
[71], has finished phase I trials and has recently entered
phase II efficacy and safety studies for the treatment of renal
cell carcinoma and age-related macular degeneration [72].
Targeting S1P itself may be one of the promising strategies for
controlling cancer progression and metastasis.

5. Conclusion

S1P promotes a variety of intracellular and extracellular
biological functions and is transported from inside cells
through several members of the ABC transporter family and
the enigmatic Spns2 transporter. Once through the plasma
membrane, S1P exerts its “inside-out” signaling in the context
of the TME and promotes cancer progression. Targeting S1P
transporters and S1P signaling in cancer progression is a
promising direction for development of the next generation
of cancer therapeutics.
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On the canalicularmembranes of hepatocytes, several ABC transporters are responsible for the secretion of bile lipids. Among them,
ABCB4, also called MDR3, is essential for the secretion of phospholipids from hepatocytes into bile. The biliary phospholipids
are associated with bile salts and cholesterol in mixed micelles, thereby reducing the detergent activity and cytotoxicity of
bile salts and preventing cholesterol crystallization. Mutations in the ABCB4 gene result in progressive familial intrahepatic
cholestasis type 3, intrahepatic cholestasis of pregnancy, low-phospholipid-associated cholelithiasis, primary biliary cirrhosis, and
cholangiocarcinoma. In vivo and cell culture studies have demonstrated that the secretion of biliary phospholipids depends on
both ABCB4 expression and bile salts. In the presence of bile salts, ABCB4 located in nonraft membranes mediates the efflux
of phospholipids, preferentially phosphatidylcholine. Despite high homology with ABCB1, ABCB4 expression cannot confer
multidrug resistance. This review summarizes our current understanding of ABCB4 functions and physiological relevance, and
discusses the molecular mechanism for the ABCB4-mediated efflux of phospholipids.

1. Introduction

ABCB4, also called multidrug resistance 3 (MDR3), is a
1279-amino acid transmembrane protein. ABCB4, belonging
to the ATP-binding cassette (ABC) transporter family,
consists of two homologous halves, each of which contains
six transmembrane helices (TMHs) and a cytoplasmic
nucleotide-binding fold (NBF) (Figure 1) [1]. ABCB4 has
two 𝑁-glycosylation consensus sites in the first extracellular
loop. The human ABCB4 gene on chromosome 7q21.1 has 28
exons and 27 introns and is located adjacent to the ABCB1
gene [2]. ABCB1, also called MDR1 or P-glycoprotein, has
a 1280-amino acid sequence with 76% identity and 86%
similarity to ABCB4 (Figure 2). ABCB1 is normally present
in various tissues, including the liver, kidney, intestinal
mucosa, and capillary endothelial cells at the blood-brain
barrier [3]. On the other hand, ABCB4 protein is mainly
expressed in the liver, although low levels of ABCB4 mRNA
expression are found in the adrenal gland, muscle, tonsil,
spleen, placenta, testis, and ileum [4]. ABCB1 exports a large

number of structurally unrelated hydrophobic compounds
and is responsible for multidrug resistance of cancer cells.
However, ABCB4 is unable to export most ABCB1 substrates
efficiently and to confer equivalent multidrug resistance
properties [5]. In the liver, ABCB4 is localized to the
canalicular membranes of hepatocytes and is necessary for
the secretion of phospholipids into bile.

2. Discovery of ABCB4

In 1976, Juliano andLing demonstrated the overproduction of
a large membrane protein called P-glycoprotein in multidrug
resistant cells [6]. In 1986, Roninson et al. found two kinds of
MDR gene, calledMDR1 andMDR2, amplified in multidrug
resistant cell lines from KB cells [7]. Ueda et al. have shown
that a full-length cDNA for the MDR1 gene encodes P-
glycoprotein and confers multidrug resistance phenotype [8,
9]. In 1987, van der Bliek et al. isolated the humanMDR3 gene
from liver cDNA libraries and determined its sequence [1, 10].
MDR2 is actually identical in sequence toMDR3 [1].
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3. Physiological and Pathophysiological
Roles of ABCB4

The function of biliary phospholipid secretion is to protect
the membranes of cells facing the biliary tree against bile
salts. Biliary phospholipids also play a key role in solubilizing
cholesterol.The complexation of bile salts with phospholipids
and cholesterol into mixed micelles strongly reduces the
cytotoxic detergent effect of bile salts. The concentration of
bile salts as monomers and simple micelles is responsible for
the potentially damaging effects on membrane bilayers [11].
The hepatocyte plasma membrane is functionally divided
into an apical region adjacent to the bile canalicular lumen
and a basolateral region in contact with sinusoidal blood.
The major structural phospholipids in the outer leaflet of
canalicular membranes are phosphatidylcholine (PC) and
sphingomyelin (SM) [12]. In bile, however, the predominant
(∼95%) phospholipid is PC, while SM is present only in trace
amounts [13].

Mouse Abcb4, formerly known as Mdr2, is the homolog
of human ABCB4. In 1993, Smit et al. generated the mice
with homozygous disruption of the Abcb4 gene, which suffer
from liver disease characterized by severe necrotic damage
of hepatocytes, strong portal inflammation, and proliferation
and destruction of the canalicular and small bile ductular
tracts [14]. Spontaneous gallstone formation is also a feature
of the phenotype of Abcb4 knockout mice [15]. These Abcb4
knockout mice show almost complete absence of PC from
their bile, although their bile salt secretion is normal in these
mice, suggesting that Abcb4 is required for the secretion
of phospholipids into bile [14]. In addition, the cholesterol
secretion is strongly suppressed in these mice [14].

Elferink et al. have investigated the relationships among
the biliary secretion of bile salt, phospholipids, and choles-
terol using Abcb4 knockout mice [16, 17]. In wild-type
mice (+/+), the biliary phospholipid secretion increases with
increasing bile salt secretion, and a curvilinear relationship
between phospholipid and bile salt secretion is observed [16].
InAbcb4homozygous (−/−)mice, the phospholipid secretion
is negligible at all bile salt output rates [16]. The bile in wild-
type (+/+) mice contains almost exclusively PC with a small
amount of phosphatidylethanolamine (PE), but no SM can
be detected [17]. The cholesterol secretion does not differ
between wild-type (+/+) and Abcb4 heterozygous (+/−)
mice, although the phospholipid secretion rate in Abcb4
(+/−)mice is 30–50% lower than that inwild-type (+/+)mice
[16]. In Abcb4 (−/−) mice, the biliary secretion of cholesterol
was very low [16]. However, the cholesterol secretion in
Abcb4 (−/−) mice is completely restored by infusion of a
sufficiently hydrophobic bile salt, taurodeoxycholate, to allow
solubilization of cholesterol in the absence of phospholipids
[17]. Mixed micelles of bile salts and phospholipids have a
much higher capacity to take up cholesterol than simple bile
salt micelles [18], and the cholesterol secretion in the absence
of phospholipids depends on the cholesterol-solubilizing
capacity of the secreted bile salts [17]. These results provide
the first evidence that the biliary cholesterol secretion is at
least partially independent of ABCB4.

Human ABCB4 mutations result in a wide spectrum
of phenotypes, ranging from progressive familial intrahep-
atic cholestasis type 3 (PFIC3) to adult cholestatic liver
disorders [19]. PFIC3 is characterized by high 𝛾-glutamyl
transpeptidase and early onset of persistent cholestasis that
progresses to cirrhosis and liver failure before adulthood [20,
21]. In many cases of PFIC3, liver transplantation is the only
therapy. The biliary phospholipid level in PFIC3 patient is
dramatically decreased despite the presence of bile acids [20].
This cholestasis may be caused by the toxicity of detergent
bile salts that are not associated with phospholipids, leading
to bile canaliculus and biliary epithelium injuries. ABCB4
defect is also involved in intrahepatic cholestasis of pregnancy
(ICP), low-phospholipid-associated cholelithiasis (LPAC),
and primary biliary cirrhosis [4, 22]. ICP is a reversible
form of cholestasis in the third trimester of pregnancy and
rapidly ameliorated after childbearing. LPAC is characterized
by intrahepatic hyperechoic foci, intrahepatic sludge, or
microlithiasis [23]. The absence of biliary phospholipids
may lead to the destabilization of micelles and promote the
lithogenicity of bile with the crystallization of cholesterol.The
association between cholangiocarcinoma, a rare malignant
tumor of the biliary tract, and ABCB4 mutations has been
recently reported [24]. Chronic biliary inflammation may
increase cholangiocyte turnover, leading to the growth of
altered cholangiocytes and increased susceptibility to cholan-
giocarcinoma.

Besides ABCB4, several ABC transporters expressed on
the canalicular membranes of hepatocytes are involved in
the secretion of lipids and thus in canalicular bile formation
(Figure 3). ABCB11, also called bile salt export pump, is
implicated in most of the bile salt transport from hepatocytes
into the bile canalicular lumen [25]. PFIC2 is caused by
mutations in ABCB11 [25]. Patients with PFIC2 usually suffer
from severe cholestasis and severe pruritus, with markedly
elevated serum bile acids and normal serum 𝛾-glutamyl-
transferase activity.

ABCG5 and ABCG8 are responsible for the secretion
of biliary cholesterol [26, 27]. ABCG5 and ABCG8 form a
heterodimer in the endoplasmic reticulum, which is required
for their movement into the Golgi and onto the apical mem-
branes [28]. Disruption of theAbcg5 andAbcg8 genes in mice
strongly decreases the biliary cholesterol secretion but results
in modest nonsignificant reductions in the biliary phos-
pholipid levels [27]. On the other hand, Abcg5 and Abcg8
independent routes at least partially contribute to the biliary
secretion of cholesterol [29]. The expression of the human
ABCG5 and ABCG8 transgenes does not increase biliary
cholesterol in Abcb4 knockout mice, suggesting that ABCG5
and ABCG8 require ABCB4 for the secretion of cholesterol
into bile [30]. The mixed bile salt/phospholipid micelles
generated by ABCB11 and ABCB4 are probably essential for
the cholesterol secretion mediated by ABCG5/ABCG8.

Abcb4 protein is also expressed in mouse macrophages.
Bone marrow transplantation replaces all bone marrow-
derived cells. Pennings et al. have created mice specifically
lacking Abcb4 in bone marrow-derived cells, including
macrophages, by bone marrow transplantation in LDLr
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Figure 3: Formation of mixedmicelles of bile salts, phospholipids, and cholesterol in bile canaliculus. ABCB11 mediates the efflux of bile salts
into bile.The bile salt monomers are essential for the phospholipid effluxmediated by ABCB4. In the presence of mixed bile salt/phospholipid
micelles, ABCG5/ABCG8 heterodimer mediates the efflux of cholesterol.
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Figure 4: Phospholipid substrates for ABCB4. (a) C
6
-NBD-PC, (b) PC, (c) PE, and (d) SM.

knockout mice [31]. Abcb4 deficiency in bone marrow-
derived cells leads not only to lower serum cholesterol levels
but also to an increase in the atherosclerotic lesion size, sug-
gesting an important atheroprotective function of bone mar-
row-derivedAbcb4 [31].However, there is no difference in the
cholesterol or phospholipid efflux to HDL or apolipoprotein
A-I between Abcb4 (+/+) and Abcb4 (−/−) macrophages
[31].

4. ABCB4-Mediated Efflux of
Fluorescence-Labeled Phospholipids

Ruetz and Gros have shown that the expression of mouse
Abcb4 in secretory vesicles from the yeast mutant sec6-4
enhances the translocation of a fluorescence-labeled short-
chain PC analog, C

6
-NBD-PC (Figure 4), from the outer to

the inner leaflet of the vesicle bilayer, suggesting the function
of Abcb4 as a phospholipid translocase [32]. Dithionite, a
membrane-impermeant anion, has been used to reduce only

C
6
-NBD-PC molecules on the outer leaflet, but not inner

leaflet, of the bilayer to their nonfluorescent derivatives.
Increased Abcb4-mediated translocation of C

6
-NBD-PC is

strictly dependent on ATP and Mg2+ and abrogated by the
ATPase inhibitor, vanadate, and the ABCB1 modulator, vera-
pamil [32]. Addition of the bile salt taurocholate results in an
enhancement of Abcb4-mediated PC translocation activity
in the secretory vesicles, suggesting that the stimulation of
Abcb4 activity is provoked by the formation of intravesicular
aggregates or mixed micelles of taurocholate and C

6
-NBD-

PC [33].
Van Helvoort et al. have made the stable transfectants

of pig kidney epithelial LLC-PK1 cells expressing human
ABCB4, which is localized in the apical membranes [34].
C
6
-NBD-diacylglycerol is efficiently converted by cells to

the homologous C
6
-NBD-PC and C

6
-NBD-PE, while C

6
-

NBD-ceramide yields the corresponding SM (C
6
-NBD-

SM). The newly synthesized C
6
-NBD-PC, but not C

6
-NBD-

PE or C
6
-NBD-SM, is exclusively secreted to the apical
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Figure 5: Inhibitors of ABCB4: (a) cyclosporine A, (b) valspodar, (c) verapamil, (d) vinblastine, (e) paclitaxel, and (f) itraconazole.

albumin-containing medium of ABCB4-expressing LLC-
PK1 cells [34]. The energy depletion markedly reduces the
apical release of C

6
-NBD-PC mediated by ABCB4 [34].

Cyclosporine A, valspodar, verapamil, vinblastine, and pacli-
taxel (Figure 5), but not digoxin, decrease the rate of C

6
-

NBD-PC secretion by ABCB4-expressing LLC-PK1 cells [35].
On the other hand, ABCB1-expressing cells secrete C

6
-NBD-

PC and C
6
-NBD-PE, but not C

6
-NBD-SM, to the apical

albumin-containing medium [34]. Nevertheless, ABCB1 has
quite low, if any, ability to mediate the secretion of endoge-
nous long-chain phospholipids into bile. Indeed, Abcb4
knockout mice do not secrete any phospholipids into bile,
despite the substantial expression of Abcb1a and Abcb1b on
the canalicular membranes of hepatocytes.

ABCB4 is expressed inwell-differentiated human hepato-
blastomaHepG2 cells and distributed to the pseudocanaliculi
formed between adjacent cells. The functional activity of
ABCB4 has been estimated by the transport of C

6
-NBD-PC

into the pseudocanaliculi ofHepG2 cells [36]. Additionally, in
collagen sandwich cultured rat hepatocytes, the fluorescence-
labeled PC is secreted into the bile canaliculi [37].

5. ABCB4-Mediated Efflux of
Endogenous Phospholipids

The above-mentioned studies have assessed the function of
ABCB4 by using C

6
-NBD-PC as a substrate. However, C

6
-

NBD-PC is structurally different from the endogenous phos-
pholipids in cells, and its bulky fluorescent probe probably
affects the recognition by the transporters. Actually, ABCB1
is not involved in the biliary phospholipid secretion but can
transport C

6
-NBD-PC molecules. Hence, to further clarify

the function of ABCB4, we have established HEK293 cells
stably expressing ABCB1 or ABCB4 and have quantified
the efflux of endogenous phospholipids from cells by using
enzymatic assays [38]. There is no significant difference in
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the phospholipid efflux into the medium among the host
HEK293 cells, ABCB1-expressing cells, and ABCB4-expres-
sing cells [38]. However, the phospholipid efflux from
ABCB4-expressing cells is remarkably enhanced by the addi-
tion of taurocholate, while the phospholipid efflux from
ABCB1-expressing cells is not affected by taurocholate [38].
The phospholipid efflux mediated by ABCB4 is increased
with increasing concentrations of taurocholate and shows
concentration dependence from 0.2mM to 1mM tauro-
cholate [38]. The critical micelle concentration of tauro-
cholate is estimated to be 2.5mM in the medium by light
scattering measurements, and thus, below 2.5mM, tauro-
cholate molecules are present as monomers [38]. Based on
these results, the monomer forms of bile salts most likely
function, at least initially, in supporting theABCB4-mediated
phospholipid efflux. The majority of bile salts are conjugated
in the liver to glycine or taurine, which increases their polar
surface. The phospholipid efflux from ABCB4-expressing
cells increases in the order of taurocholate > glycocholate >
cholate [38], which is inversely correlated with the bile salt
hydrophobicity index, from the least to the most hydropho-
bic: taurocholate (0) < glycocholate (+0.07) < cholate (+0.13)
[39]. ABCB4-K435M and ABCB4-K1075M, Walker A lysine
mutants in NBFs, do not mediate the phospholipid efflux in
the presence of taurocholate, suggesting that ATP hydrolysis
is essential for the ABCB4-mediated efflux [38]. Verapamil
also completely blocks the taurocholate-dependent efflux of
phospholipids from ABCB4-expressing cells, suggesting that
ABCB1 and ABCB4 have quite similar substrate binding
domains [38]. Mass spectrometry has revealed that ABCB4-
expressing cells preferentially secrete PC (16:0-16:1 PC, 16:0–
18:2 PC, 16:0–18:1 PC, and 18:0–18:2 PC) rather than SM
(16:0–18:1 SM) in the presence of taurocholate [38].Moreover,
we have developed enzyme-based fluorometric methods
for quantifying PC, PE, and SM, which are simple, rapid,
and sensitive and have high throughput [40, 41], and have
demonstrated that the addition of taurocholate significantly
increases the efflux of PC, PE, and SM from ABCB4-expres-
sing cells, although the enhancement of PE or SM efflux by
taurocholate was less marked than that of PC efflux [42].
Notably, apolipoprotein A-I or HDL cannot stimulate the
ABCB4-mediated phospholipid efflux, despite their ability to
accept phospholipids from ABCA1-expressing cells [31, 43],
whereas taurocholate also promotes the phospholipid efflux
mediated by ABCA1 [43].

Gautherot et al. have recently identified two point muta-
tions of the ABCB4 N-terminal domain, T34M and R47G, in
patients with LPAC or ICP [44].The PC secretion activities of
both mutants in HEK293 cells are low compared with that of
wild-type ABCB4 [44]. In the N-terminal domain of ABCB4,
Thr34, Thr44, and Ser49 are phosphorylatable [44]. The
T34Mmutation directly abolishes the phosphorylation, while
the R47Gmutation indirectly impairs the phosphorylation of
Thr44 or Ser49 [44]. The ABCB4-mediated secretion of PC
is enhanced by the activation of protein kinase A or C and
decreased by the inhibition of these kinases [44].

Itraconazole, an antifungal agent (Figure 5), is known
to cause drug-induced cholestasis (DIC). Yoshikado et al.
have demonstrated that, in itraconazole-treated rats, biliary

phospholipids, rather than bile salts, are drastically decreased
and that the ABCB4-mediated efflux of [14C]PC from LLC-
PK1 cells is reduced in the presence of itraconazole [45].

6. ABCB4-Mediated Efflux of Drugs

Initially, it was thought that ABCB4 is responsible for export-
ing various drugs due to its high homology with ABCB1
(Figure 2). However, Schinkel et al. have shown that ABCB4-
expressing BRO human melanoma cells exhibit no resistance
against a range of drugs including vincristine, colchicine,
etoposide, daunorubicin, doxorubicin, actinomycin D, and
gramicidinD [5]. Kino et al. have reported that the expression
of ABCB4 in yeast confers resistance to aureobasidin A, an
antifungal cyclic depsipeptide antibiotic, which is overcome
by vinblastine, verapamil, and cyclosporine A [46]. The
treatment of ovarian cancer cells with ABCB4 siRNA induces
minor reduction in the paclitaxel resistance [47]. Smith
et al. have reported that polarized monolayers of ABCB4-
expressing LLC-PK1 cells show an increased directional
transport of several ABCB1 substrates, such as digoxin, pacli-
taxel, daunorubicin, vinblastine, and ivermectin, and that the
transport rate of these drugs, except for paclitaxel, is lower
in ABCB4-expressing cells than in ABCB1-expressing cells
[35]. Furthermore, ABCB4-dependent transport of digoxin
is inhibited by ABCB1 reversal agents, cyclosporine A, val-
spodar, and verapamil [35]. Recently, we have demonstrated
that the expression of ABCB1 or ABCB4 in HEK293 cells
decreases the accumulation of rhodamine 123 and rhodamine
6G and that these reductions are more marked in ABCB1-
expressing cells than in ABCB4-expressing cells [42]. The
accumulation of BODIPY-verapamil in HEK293 cells is
strikingly reduced by ABCB1 expression but is not altered
by ABCB4 expression, indicating that BODIPY-verapamil is
not a transport substrate of ABCB4 but an inhibitor of the
ABCB4-mediated phospholipid efflux [42]. These findings
suggest that ABCB4 cannot cause multidrug resistance due
to the low rates of ABCB4-mediated export of drugs com-
pared with ABCB1-mediated export. The nonphospholipid
substrates may have lower affinities for ABCB4 than ABCB1
and/or compete with membrane PC for binding to ABCB4.

Furthermore, we have shown that the addition of tau-
rocholate has no effect on the ABCB4-mediated efflux of
rhodamine 123 and rhodamine 6G, which may be attributed
to the sufficient solubility of these substrates in the aqueous
medium [42].

7. ATP Hydrolysis by ABCB4

NBFs of all ABC transporters show extensive identity of
amino acid sequence and conserved motifs, including the
WalkerA,Walker B, and signaturemotif (Figure 1) [48]. It has
been assumed that the conformational changes at NBFs as a
consequence of ATP binding and/or hydrolysis are transmit-
ted to TMHs, leading to a high-affinity to low-affinity switch
at the substrate-binding site. ATP binds at the interface of the
two NBFs, which induces the formation of a closed dimer.

Smith et al. have confirmed the specific MgATP binding
and the vanadate-dependent, 𝑁-ethylmaleimide-sensitive
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nucleotide trapping activity of ABCB4, using the radiolabeled
photoaffinity ATP analog [𝛼-32P]8-azido-ATP and insect
Sf9 cell membranes overexpressing ABCB4 [35]. Vanadate
replaces inorganic phosphate bound to ABCB4 and inhibits
ATP-hydrolysis, which results in the formation of a complex
between ADP and ABCB4 that cannot be dissolved by
high MgATP concentrations. The nucleotide trapping by
ABCB4 in the presence of vanadate is nearly abolished by
EDTA, paclitaxel, vinblastine, verapamil, cyclosporine A, and
valspodar, whereas the nucleotide trapping by ABCB1 is
greatly stimulated by verapamil [35].

More recently, Ishigami et al. have constructed the chi-
mera protein containing TMHs of ABCB1 and NBFs of
ABCB4 and have analyzed the features of human ABCB4
NBFs [49]. Similar to ABCB1, the chimera protein confers the
resistance against vinblastine and paclitaxel and mediates the
calcein AM efflux but not the phospholipid efflux in the pre-
sence of taurocholate [49]. In the presence of vanadate, vera-
pamil strongly enhances the ADP trapping of ABCB4 NBFs
in the chimera protein as well as that of ABCB1 NBFs
[49]. The ATPase activity of the purified chimera protein is
stimulated by vinblastine and verapamil. However, the drug-
stimulated ATPase activity of the purified chimera protein is
much lower than that of purified ABCB1 [49].

8. Subcellular Localization of ABCB4

Fibrates are ligands for peroxisome proliferator-activated
receptor 𝛼. In HepG2 cells, the treatment with bezafibrate
has no effect on the levels of ABCB4 protein but induces
the redistribution of ABCB4 into pseudocanaliculi between
cells [36]. Ghonem et al. have recently reported that fenofi-
brate upregulates ABCB4 mRNA and protein expression
in primary cultured human hepatocytes [37]. Receptor for
activated C-kinase 1 (RACK1) is a 36 kDa cytosolic protein
and can bind to various signaling molecules. ABCB4 protein,
exogenously expressed in HeLa cells using the recombinant
adenoviruses, is located dominantly on the plasma mem-
brane and only a minor portion is observed intracellularly
[50]. Downregulation of RACK1 expression by siRNA results
in the localization of ABCB4 in the cytosolic compartment,
suggesting that RACK1 is involved in the trafficking of
ABCB4 from the Golgi to the plasma membrane [50].

The mutation I541F, located in the first NBF of ABCB4,
has been described in a homozygous patient with PFIC3 [19].
ABCB4 is localized at the pseudocanalicular membrane in
HepG2 cells or at the apical surface in MDCK cells, whereas
the I541Fmutant is retained intracellularly [19]. After shifting
cells to 27∘C, the intracellular traffic of this mutant is restored
[19]. In addition, cyclosporine A allows a significant amount
of the I541F mutant protein to reach the pseudocanalicular
membrane in HepG2 cells [51]. The S320F variant is linked
with the development of cholestatic disorders including ICP,
LPAC, DIC, and PFIC3, and the A953D mutation is found
in heterozygosity with the S320F mutant [52]. The transient
expression of the S320F or A953Dmutant is low at the plasma
membranes in HEK293 cells, but cyclosporine A improved
the plasma membrane localization of both mutants [52].
Two mutations, G68H and D459H, have been identified in

children with PFIC3 and result in the retention of ABCB4 in
endoplasmic reticulum in MDCK cells [53].

Lipid rafts are small (10–200 nm) plasma membrane
domains containing high levels of sphingolipids, mainly SM,
and cholesterol, which are characterized physicochemically
by tight packing and reduced fluidity leading to a liquid-
ordered phase surrounded by the bulk liquid-disordered
membranes [54–56]. Recently, we have investigated the
relationships between the functions of ABCB4 and lipid
rafts [42]. To isolate the lipid rafts, we have used Triton X-
100 insolubility assay and OptiPrep gradient centrifugation
method [57, 58]. In mouse canalicular membranes, Abcb4
is exclusively localized to the nonraft membranes [42]. Like-
wise, in ABCB4-expressingHEK293 cells, ABCB4 is predom-
inantly distributed into the nonraft membranes [42]. ABCB4
expression leads to significant increases in the contents of PC,
PE, and SM in nonraftmembranes and to further enrichment
of SM and cholesterol in raft membranes [42]. The ABCB4-
stimulated efflux of PC, PE, and SM in the presence of tauro-
cholate is completely abolished by BODIPY-verapamil, which
partitions hardly into the raft membranes [42]. Collectively,
these results have indicated that the taurocholate-stimulated
phospholipid efflux ismediated exclusively byABCB4 located
in the nonraft membranes.

9. Molecular Model for ABCB4-Mediated
Flopping and Efflux

ABCB1 and ABCB4 are 86% similar in terms of amino acid
sequence (Figure 2). The crystal structures of ligand-bound
mouse Abcb1a and ADP-bound sav1866, a bacterial homolog
of ABCB1, have been published [59, 60]. The nucleotide-free
but ligand-bound ABCB1 structure represents the inward-
facing conformation, which is formed from two bundles of
six TMHs and two separated NBFs [60]. The inward-facing
structure has a large internal pocket open to both the cytosol
and the inner leaflet and does not allow substrate access from
the outermembrane leaflet or the extracellular space. Binding
and/or hydrolysis of ATP have been thought to trigger a
conformational switch opening the binding pocket to the
outer leaflet and external aqueous environment and to reduce
the affinity for the ligand [61]. AfterATPhydrolysis and disso-
ciation of the ligand, the TMHs reset to the inward-facing
conformation.

On the basis of the information inferred from the crystal
structures and experimental evidence, we propose the fol-
lowing model for the molecular mechanism of the ABCB4-
mediated flopping and efflux (Figure 6). (I) As a first step, a
substrate, mainly PC, enters the binding pocket of ABCB4
from the inner leaflet of nonraft membrane through the
gaps between TMHs. Following the conformational change
induced by ATP binding/hydrolysis, (II-A) in the absence
of bile salts, a phospholipid molecule laterally diffuses from
the binding pocket of ABCB4 to the outer leaflet of the
membrane through the gaps between TMHs; (II-B) in the
presence of bile salts, a phospholipidmolecule is picked up by
bile salt monomers, and then a mixed bile salt/phospholipid
micelle is formed in the extracellular space; and (II-C) a
nonphospholipid substrate with sufficient aqueous solubility
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Figure 6: Model of molecular mechanism of ABCB4-mediated transport. (I) A substrate, mainly PC, enters the binding pocket of ABCB4
from the inner leaflet through the gaps between TMHs. (II) Binding and/or hydrolysis of ATP trigger a conformational change opening the
binding pocket to the outer leaflet and the extracellular space. (II-A) In the absence of bile salts, a PC molecule laterally diffuses from the
binding pocket of ABCB4 to the outer leaflet through the gaps between TMHs, which represents a floppase function of ABCB4. (II-B) In
the presence of bile salts, a PC molecule is taken up from the binding pocket of ABCB4 by bile salt monomers, which represents an exporter
function of ABCB4, and then a mixed bile salt/PC micelle is formed in the extracellular space. (II-C) A substrate with sufficient aqueous
solubility directly diffuses from the binding pocket into the extracellular space regardless of the presence or absence of bile salts. (III) After
dissociation of the substrate and ADP molecules, ABCB4 reset to the inward-facing state.

diffuses directly into the extracellular space regardless of the
presence or absence of bile salts. Thus, we speculate that
ABCB4has a dual role as a floppase or as an exporter, depend-
ing on the presence of bile salts and on the aqueous solubility
of the substrate.

ABCB4 has been predicted to be a floppase that translo-
cates phospholipids from the inner leaflet to the outer leaflet
of the canalicular membrane [32, 34, 62–65] or to be a trans-
porter that moves phospholipids to be directly extracted by
bile salts [33, 38]. However, the floppase activity of ABCB4 for
long-chain PC has not been directly observed, although the
ABCB4-mediated translocation of fluorescent-labeled short-
chain PC analog (C

6
-NBD-PC) in yeast secretory vesicles [32,

33] and the release of C
6
-NBD-PC from ABCB4-expressing

epithelial cells into the apical albumin-containing medium
[34, 35] have been demonstrated previously. Meanwhile,
Crawford et al. have observed abundant unilamellar vesicles
in the bile canaliculi ofAbcb4 (+/+)mice but notAbcb4 (−/−)
mice and proposed that the biliary phospholipids are secreted
as vesicles, which are formed by the ABCB4-mediated trans-
location of PC to the outer leaflet of the canalicular mem-
brane and subsequently by the destabilization of the mem-
brane by bile salts [63]. In contrast, Oude Elferink and Paul-
usuma have suggested that the biliary PC excretion takes
place by the translocation followed by exposition of the PC
molecule by ABCB4, which subsequently allows the extrac-
tion by bile salt micelles [4].

We consider that taurocholate monomers can access to
the substrate-binding pocket of ABCB4 owing to their small
size and take up phospholipid molecules directly from the
binding pocket. The association of taurocholate monomers
with a phospholipid molecule should reduce the activation
energy required to move a phospholipid from the binding
pocket of ABCB4 to the aqueous environment. It is also pos-
sible that taurocholate monomers directly interact with the
amino acids lining on the binding pocket of ABCB4 and help
the release of a phospholipid molecule because the hydro-
philic bile salt, taurocholate, can induce the ABCB4-med-
iated secretion of phospholipids more efficiently than the
hydrophobic bile salt, cholate.

10. Future Directions

In this review, we summarize current knowledge of the mole-
cular properties ofABCB4 and its physiological relevance and
discuss possible mechanism for the phospholipid effluxmed-
iated by ABCB4. Clearly, further studies are required to eluci-
date the molecular mechanism. At present, it is largely
unknown how taurocholate molecules support the phospho-
lipid secretion mediated by ABCB4 or why ABCB4 is highly
specific for PC, unlike ABCB1. Nonetheless, the lipid trans-
port mechanism of ABCB4 may be less complex than
the mechanisms of other ABC lipid transporters, such as
ABCA1, ABCA3, ABCA12, ABCG1, and ABCG5/ABCG8.
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Accordingly, investigations into the molecular function of
ABCB4will also help to clarify themechanisms of other ABC
lipid transporters.

Abbreviations
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DIC: Drug-induced cholestasis
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SM: Sphingomyelin
TMH: Transmembrane helix.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was supported in part by a grant from Takeda Sci-
ence Foundation.

References

[1] A. M. van der Bliek, P. M. Bliek, C. Schneider et al., “Sequence
of mdr3 cDNA encoding a human P-glycoprotein,” Gene, vol.
71, no. 2, pp. 401–411, 1988.

[2] C. R. Lincke, J. J. M. Smit, T. van der Velde-Koerts, and P. Borst,
“Structure of the human MDR3 gene and physical mapping of
the human MDR locus,” Journal of Biological Chemistry, vol.
266, no. 8, pp. 5303–5310, 1991.

[3] M.M.Gottesman, T. Fojo, and S. E. Bates, “Multidrug resistance
in cancer: role of ATP-dependent transporters,”Nature Reviews
Cancer, vol. 2, no. 1, pp. 48–58, 2002.

[4] R. P. J. Oude Elferink andC. C. Paulusma, “Function and patho-
physiological importance of ABCB4 (MDR3 P-glycoprotein),”
Pflugers Archiv European Journal of Physiology, vol. 453, no. 5,
pp. 601–610, 2007.

[5] A.H. Schinkel,M. E.M. Roelofs, and P. Borst, “Characterization
of the human MDR3 P-glycoprotein and its recognition by P-
glycoprotein-specific monoclonal antibodies,” Cancer Research,
vol. 51, no. 10, pp. 2628–2635, 1991.

[6] R. L. Juliano and V. Ling, “A surface glycoprotein modulating
drug permeability in Chinese hamster ovary cell mutants,” Bio-
chimica et Biophysica Acta, vol. 455, no. 1, pp. 152–162, 1976.

[7] I. B. Roninson, J. E. Chin,K.Choi et al., “Isolation of humanmdr
DNA sequences amplified inmultidrug-resistant KB carcinoma
cells,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 83, no. 12, pp. 4538–4542, 1986.

[8] K. Ueda, M. M. Cornwell, M. M. Gottesman et al., “The mdrl
gene, responsible for multidrug-resistance, codes for P-glyco-
protein,” Biochemical and Biophysical Research Communica-
tions, vol. 141, no. 3, pp. 956–962, 1986.

[9] K. Ueda, C. Cardarelli, M. M. Gottesman, and T. Pastan,
“Expression of a full-length cDNA for the human ’MDR1’ gene
confers resistance to colchicine, doxorubicin, and vinblastine,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 84, no. 9, pp. 3004–3008, 1987.

[10] A. M. van der Bliek, F. Baas, T. Ten Houte de Lange, P. M. Kooi-
man, T. van der Velde-Koerts, and P. Borst, “The human mdr3
gene encodes a novel P-glycoprotein homologue and gives rise
to alternatively splicedmRNAs in liver,”TheEMBO Journal, vol.
6, no. 11, pp. 3325–3331, 1987.

[11] A. Moschetta, G. P. VanBerge-Henegouwen, P. Portincasa, G.
Palasciano, A. K. Groen, and K. J. van Erpecum, “Sphingomye-
lin exhibits greatly enhanced protection compared with egg
yolk phosphatidylcholine against detergent bile salts,” Journal
of Lipid Research, vol. 41, no. 6, pp. 916–924, 2000.

[12] J. A. Higgins and W. H. Evans, “Transverse organization of
phospholipids across the bilayer of plasma-membrane subfrac-
tions of rat hepatocytes,” Biochemical Journal, vol. 174, no. 2, pp.
563–567, 1978.

[13] D.Alvaro, A. Cantafora, A. F. Attili et al., “Follicular cysts, odon-
togenic keratocysts, and gorlin-goltz syndrome: some clinico-
pathologic aspects,” Comparative Biochemistry and Physiology
B: Biochemistry, vol. 83, no. 3, pp. 551–554, 1986.

[14] J. J. M. Smit, A. H. Schinkel, R. P. J. Oude Elferink et al., “Homo-
zygous disruption of the murine mdr2 P-glycoprotein gene
leads to a complete absence of phospholipid from bile and to
liver disease,” Cell, vol. 75, no. 3, pp. 451–462, 1993.

[15] F. Lammert, D. Q.-H. Wang, S. Hillebrandt et al., “Spontaneous
cholecysto- andhepatolithiasis inMdr2-/-mice: amodel for low
phospholipid-associated cholelithiasis,” Hepatology, vol. 39, no.
1, pp. 117–128, 2004.

[16] R. P. J. Oude Elferink, R.Ottenhoff,M. vanWijland, J. J.M. Smit,
A. H. Schinkel, and A. K. Groen, “Regulation of biliary lipid
secretion bymdr2 P-glycoprotein in themouse,” Journal of Clin-
ical Investigation, vol. 95, no. 1, pp. 31–38, 1995.

[17] R. P. J. Oude Elferink, R. Ottenhoff, M. van Wijland, C. M.
G. Frijters, C. van Nieuwkerk, and A. K. Groen, “Uncoupling
of biliary phospholipid and cholesterol secretion in mice with
reduced expression of mdr2 P-glycoprotein,” Journal of Lipid
Research, vol. 37, no. 5, pp. 1065–1075, 1996.

[18] M. C. Carey and D. M. Small, “The physical chemistry of
cholesterol solubility in bile. Relationship to gallstone formation
and dissolution inman,” Journal of Clinical Investigation, vol. 61,
no. 4, pp. 998–1026, 1978.

[19] E. Jacquemin, J. M. DeVree, D. Cresteil et al., “The wide spec-
trum of multidrug resistance 3 deficiency: from neonatal chol-
estasis to cirrhosis of adulthood,” Gastroenterology, vol. 120, no.
6, pp. 1448–1458, 2001.

[20] J. Deleuze, E. Jacquemin, C. Dubuisson et al., “Defect of multi-
drug-resistance 3 gene expression in a subtype of progressive
familial intrahepatic cholestasis,” Hepatology, vol. 23, no. 4, pp.
904–908, 1996.

[21] J. M. L. de Vree, E. Jacquemin, E. Sturm et al., “Mutations in the
MDR3 gene cause progressive familial intrahepatic cholestasis,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 95, no. 1, pp. 282–287, 1998.

[22] J. Lucena, J. I. Herrero, J. Quiroga et al., “A multidrug resistance
3 genemutation causing cholelithiasis, cholestasis of pregnancy,
and adulthood biliary cirrhosis,” Gastroenterology, vol. 124, no.
4, pp. 1037–1042, 2003.



10 BioMed Research International

[23] O. Rosmorduc, B. Hermelin, P. Boelle, R. Parc, J. Taboury, and
R. Poupon, “ABCB4 gene mutation-associated cholelithiasis in
adults,” Gastroenterology, vol. 125, no. 2, pp. 452–459, 2003.

[24] D. Tougeron, G. Fotsing, V. Barbu, andM. Beauchant, “ABCB4/
MDR3 gene mutations and cholangiocarcinomas,” Journal of
Hepatology, vol. 57, no. 2, pp. 467–468, 2012.

[25] M. Arrese and M. Ananthanarayanan, “The bile salt export
pump: molecular properties, function and regulation,” Pflugers
Archiv European Journal of Physiology, vol. 449, no. 2, pp. 123–
131, 2004.

[26] L. Yu, J. Li-Hawkins, R. E. Hammer et al., “Overexpression of
ABCG5 and ABCG8 promotes biliary cholesterol secretion and
reduces fractional absorption of dietary cholesterol,” Journal of
Clinical Investigation, vol. 110, no. 5, pp. 671–680, 2002.

[27] L. Yu, R. E. Hammer, J. Li-Hawkins et al., “Disruption of Abcg5
andAbcg8 inmice reveals their crucial role in biliary cholesterol
secretion,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 99, no. 25, pp. 16237–16242, 2002.

[28] D. M. Small, “Role of ABC transporters in secretion of choles-
terol from liver into bile,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 100, no. 1, pp. 4–6,
2003.
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Butylidenephthalide (Bdph, 30∼300 𝜇M), a constituent of Ligusticum chuanxiong Hort., significantly enhanced tension in isolated
guinea-pig trachea. In this study, we investigate the mechanism(s) of Bdph-induced contraction in the tissue. Isolated trachea
was bathed in 5mL of Krebs solution containing indomethacin (3𝜇M), and its tension changes were isometrically recorded.
Cromakalim (3 𝜇M), an ATP-dependent K+ channel opener, significantly antagonized the Bdph-induced enhancement of baseline
tension. Bdph (300 𝜇M) also significantly antagonized cromakalim-induced relaxation. Bdph (300𝜇M) did not significantly
influence the antagonistic effects of glibenclamide (GBC, 1𝜇M) and tetraethylammonium (TEA, 8mM) against the cromakalim-
induced relaxation. However, Bdph (300𝜇M) and 4-aminopiridine (4-AP, 5mM), a blocker of K

𝑣
1 family of K+ channels, in

combination significantly rightward shifted the log concentration-relaxation curve of cromakalim. The antagonistic effect of the
combination almost equals the sum of the individual effects of Bdph and 4-AP, suggesting that the antagonistic mechanism of Bdph
may be similar to that of 4-AP. All calcium channel blockers influenced neither the baseline tension nor antagonistic effect of Bdph
against cromakalim. In conclusion, Bdph may be similar to 4-AP, a blocker of K

𝑣
1 family of K+ channels, to enhance the baseline

tension of guinea-pig trachea.

1. Introduction

The rhizomes of Ligusticum chuanxiong Hort. (previously
named L. wallichii Franch.) and Angelica sinensisDiels. (Api-
aceae) have been used by the Chinese for several thousand
years. In ancient medical literature, such as Shen-Nung-Pen-
Tsao-Ching, the rhizome of L. chuanxiong Hort. was delin-
eated to prevent and restore stroke-induced dyskinesia.
We reported that butylidenephthalide (Bdph), a neutral
oil constituent of the rhizome, inhibited cyclooxygenase to
have antiplatelet effects [1]. Other investigators reported that
shimotsu-to, a prescription of traditional Chinese medicine
(TCM), had antiproliferative effects in primary cultures of
mouse aorta smooth muscle cells [2], mainly due to Cni-
dium rhizome-derived phthalides, such as senkyunolide,
ligustilide, and Bdph [3]. Both antiplatelet and antiprolifer-
ative effects of these crude drugs benefit to prevent stroke.

To recover from stroke-induced dyskinesia the damaged
nerve cells need to be repaired mainly by themselves. The
vasodilating effects of Bdph [4–6] improve the circulation
and may partially benefit this restoration. Recently, Bdph
was reported to provide neuroprotection by reducing the
release of various proinflammatory molecules from activated
microglia [7]. It is also reported tomaintain stem cell pluripo-
tency by activating the Jak2/Stat3 pathway and increasing the
efficiency of induced pluripotent stem cells generation [8].
These results highlight the ability for these crude drugs to
aid in the recovery from dyskinesia. Interestingly, Bdph was
also reported to inhibit growth of malignant brain tumor [9],
lung adenocarcinoma [10], and glioblastomas [11] with a high
therapeutic ratio [12].

Bdph (50∼250𝜇M) was reported to noncompetitively
inhibit ACh-, KCl-, and BaCl

2
-induced contractions in

guinea-pig ileum [13]. Bdph (30∼300 𝜇M) was also reported
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Figure 1: The chemical structure of butylidenephthalide (Bdph,
mol. wt. 188.23).

to noncompetitively inhibit phenylephrine- andKCl-induced
contractions in rat aortic rings [6]. However, in preliminary
test, we found that Bdph (30∼300 𝜇M) failed to, except at
very high concentrations (600∼1000 𝜇M), inhibit histamine
(10 𝜇M)-induced contraction in isolated guinea-pig trachea.
More surprisingly, we found that Bdph (30∼300 𝜇M) alone
can significantly induce enhancement of baseline tension in
the tissue. Therefore we are interested in investigating the
mechanism(s) of Bdph-induced contraction in the tissue.

2. Methods and Materials

2.1. Drugs and Animals. Bdph was synthesized and yielded
a light yellow oily substance according to the previously
described method [14]. Its purity (99.8%) was analyzed by
using high performance liquid chromatography and the
structure is shown in Figure 1 [15]. 4-Aminopiridine (4-AP),
atropine sulfate, 𝛼-chymotrypsin, diltiazem, glibenclamide
(GBC), histamine diphosphate, indomethacin, nicardipine,
nifedipine (Nif), pyrilamine maleate, tetraethylammonium
bromide (TEA), and verapamil (Vrp) were purchased from
Sigma-Aldrich, St. Louis, MO. U.S.A. Papaverine was pur-
chased from Narcotics Bureau, Taipei, Taiwan. Cromakalim,
methysergide, and FPL 557121 were gifts from SmithKline
Beecham Pharmaceutical, U.K., Sandoz, Swiss, and Fisons,
U.K., respectively.

Male Hartley guinea-pigs (250∼400 g) were obtained
from the Animal Center of the National Science Council
(Taipei, Taiwan). The animals were housed in ordinary cages
at 22 ± 1∘C with a humidity of 50%∼60% under a constant
12/12-h light/dark cycle and provided with food and water ad
libitum. Under a protocol approved by the Animal Care and
Use Committee of Taipei Medical University, the following in
vitro experiments were performed.

2.2. Tracheal Preparation. The guinea-pigs were sacrificed
by cervical dislocation after anesthesia, and their tracheas
were removed. Each trachea was cut into six segments. Each
segment consisted of three cartilage rings. All segments
were cut open opposite the trachealis. The segments were
randomized to minimize regional variability. Each segment
was tied at one end to a holder via silk sutures, placed in 5mL
of Krebs solution containing indomethacin (3𝜇M) through-
out the entire experiment, bubbled with a 95% O

2
and 5%

CO
2
mixture at 37∘C, and attached by the other end to a

force displacement transducer (Grass FT03) for the isometric

recording of tension changes on a polygraph (Gould RS3200).
The composition of the Krebs solution was (mM): NaCl
120, KCl 4.7, MgSO

4
0.5, KH

2
PO
4
1.2, CaCl

2
2.5, NaHCO

3

25, and dextrose 11.0. The tissues were suspended under an
initial tension of 1.5 g and allowed to equilibrate for 1 h with
washing at 15-min intervals. After equilibration, the following
experiments were performed.

2.3. Bdph Enhanced Baseline Tension but Relaxed Precon-
traction at High Concentrations. Bdph (30∼1000𝜇M) or its
vehicle (0.03∼1% ethyl alcohol) was cumulatively added to
examine the tension change of baseline. After the histamine
(10 𝜇M)-induced precontraction reached steady state, Bdph
(30∼1000 𝜇M) or its vehicle was cumulatively added to the
organ bath. At the end of experiment, papaverine (0.1mM)
was added to maximally relax the tissue and to standardize
the relaxation (100%).The log concentration-response curves
of Bdph for both baseline tension and relaxation were
constructed.

2.4. Cromakalim Antagonized Bdph-Induced Enhancement of
Baseline Tension. In order to examine the possible transmit-
ter(s) or mediators which may enhance the tracheal baseline
tension, some pharmacological agents, such as 1𝜇M atropine
(a cholinergic antagonist), 1 𝜇M FPL 55712 (a leukotriene
receptor antagonist) [16], 1∼10 𝜇M pyrilamine (a histamine
receptor antagonist), 1𝜇M methysergide (a serotonin recep-
tor antagonist), and 2 u/mL 𝛼-chymotrypsin (a neuropepti-
dase), were added 30min prior to the cumulative addition of
Bdph (30∼300 𝜇M). However, 1∼3 𝜇M cromakalim (an ATP-
sensitive K+ channel opener) was pretreated for only 10min
which was enough to reach equilibration [17].

2.5. Bdph Also Antagonized Cromakalim-Induced Relaxation.
After preincubation of Bdph (30∼300 𝜇M) or its vehicle
for 20min, histamine (10∼30 𝜇M) was added to reach a
half-maximal contraction and then cumulatively added cro-
makalim (0.1∼10 𝜇M). At the end of experiment, papaverine
(0.1mM) was added to maximally relax the tissue and to
standardize the relaxation (100%). The log concentration-
response curves of cromakalim in the absence and presence
of Bdph were constructed.

2.6. Interaction between Bdph and Other K+ Channel Blockers
to Antagonize Cromakalim-Induced Relaxation. After prein-
cubation of Bdph (100 or 300 𝜇M) and other K+ channel
blockers, such as GBC (1 𝜇M), TEA (8mM), and 4-AP
(5mM) alone or combination for 20min, histamine (10∼
30 𝜇M) was added to reach a half-maximal contraction, and
then cromakalim (0.1∼10 𝜇M) was cumulatively added. At
the end of experiment, papaverine (0.1mM) was added to
maximally relax the tissue and to standardize the relax-
ation (100%). The log concentration-response curves of cro-
makalim in the absence andpresence of drug(s), such as Bdph
and other K+ channel blockers, alone or combination, were
constructed.

2.7. Interaction between Bdph and Other Ca2+ Channel Block-
ers to Antagonize Cromakalim-Induced Relaxation. First,
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Figure 2: Typical tracing of baseline tension change induced by
cumulative butylidenephthalide (Bdph, lower panel) compared to its
vehicle (0.03∼1% ethyl alcohol, upper panel) in isolated guinea-pig
trachea. The vertical line indicates tension change.

Vrp, Nif, diltiazem, nicardipine, or their vehicles were cumu-
latively added to examine the tension change of baseline in
the isolated trachea. Second, after preincubation of Bdph
(300 𝜇M) or its vehicle for 20min, histamine (10∼30 𝜇M)
was added to reach a half-maximal contraction, and then
Vrp (0.01∼10 𝜇M) or Nif (0.001∼1 𝜇M) was cumulatively
added. At the end of experiment, papaverine (0.1mM) was
added to maximally relax the tissue and to standardize the
relaxation (100%). The log concentration-response curves
of Vrp and Nif in the absence and presence of Bdph were
constructed. Third, after preincubation of Bdph (300 𝜇M),
Vrp (1 𝜇M), and Nif (0.1 𝜇M) alone or combination for
20min, histamine (10∼30 𝜇M) was added to reach a half-
maximal contraction, and then cromakalim (0.1∼10 𝜇M) was
cumulatively added. At the end of experiment, papaverine
(0.1mM) was added to maximally relax the tissue and to
standardize the relaxation (100%). The log concentration-
response curves of cromakalim in the absence and presence
of drugs, such as Bdph, Vrp, and Nif, alone or combination
were constructed.

2.8. Statistical Analysis. The tracheal contraction was
expressed as percentage of maximal contraction (100%), with
some exceptions expressed as tension. However, the tracheal
relaxation was expressed as percentage of maximal relaxation
induced by papaverine (100%) at the end of experiment. All
values are expressed as mean ± SEM, 𝑛 is the number of
experiment. Student’s unpaired t-test was used for statistical
analysis between test and control with 𝑃 values < 0.05 being
regarded as significant.

3. Results

3.1. Effects of Bdph on Baseline andHistamine-Induced Precon-
traction. The effect of Bdph (30∼1000 𝜇M), compared to its
vehicle, on the baseline tension in isolated guinea-pig trachea
is shown in Figures 2 and 3(b). Bdph (30∼300 𝜇M) did not
significantly relax the histamine (10 𝜇M)-induced precon-
traction, except at higher concentrations of 600∼1000𝜇M
in the tissue (Figure 3(a)). In contrast, Bdph (30∼300 𝜇M)
significantly enhanced its baseline tension (Figure 3(b)).

3.2. Cromakalim Antagonized Bdph-Induced Enhancement
of Baseline Tension. Atropine (1 𝜇M), FPL 55712 (1 𝜇M),

100

Vehicle
Bdph

80

60

40

20

0
−5 −4 −3

Log[concentration] (M)

(n = 6)

Re
la

xa
tio

n 
(%

) ∗∗
∗∗∗

(a)

Vehicle
Bdph

−5 −4 −3
−200

1000

800

600

400

200

0

Log[concentration] (M)

Te
ns

io
n 

(m
g) ∗

∗

∗

(n = 6)

(b)

Figure 3: Log concentration relaxant (a) and contractile (b)
response curves of butylidenephthalide (Bdph) in isolated guinea-
pig trachea. The relaxant and contractile effects of cumulative
Bdph (30∼1000𝜇M) on histamine (10 𝜇M)-induced precontraction
and on baseline tension were performed as method described,
respectively. All values are shown as mean ± SEM, and 𝑛 is the
number of experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001
compared to its vehicle.

pyrilamine (1 and 10 𝜇M), methysergide (1 𝜇M), or 𝛼-
chymotrypsin (2 u/mL) did not significantly influence the
Bdph-induced enhancement of baseline tension (Figure 4).
However, cromakalim (3 𝜇M) significantly antagonized the
Bdph-induced enhancement of baseline tension (Figure 5).

3.3. Bdph Also Antagonized Cromakalim-Induced Relaxation.
Bdph (300 𝜇M) significantly antagonized cromakalim-
induced relaxation (Figure 6).

3.4. Interaction between Bdph and Other K+ Channel Block-
ers to Antagonize Cromakalim-Induced Relaxation. Bdph at
concentrations of 100𝜇M and 300 𝜇M did not significantly
influence the antagonistic effects of GBC (1 𝜇M) against the
cromakalim-induced relaxation (Figure 7). Bdph (300 𝜇M)
never influenced the antagonistic effects of TEA at 8mM
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Figure 4: Inhibitory effects of atropine, FPL 55712, or pyrilamine 1 𝜇M (a), as well as pyrilamine 10 𝜇M or methysergide (b) and 𝛼-
chymotrypsin (c) on cumulative butylidenephthalide- (Bdph-) induced contraction of baseline tension in isolated guinea-pig trachea. All
values are shown as mean ± SEM, and 𝑛 is the number of experiments. There is no significant difference between test and respective control.
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Figure 5: Inhibitory effect of cromakalim on cumulative butyli-
denephthalide (Bdph)-induced contraction of baseline tension in
isolated guinea-pig trachea. All values are shown as mean ± SEM,
and 𝑛 is the number of experiments. ∗𝑃 < 0.05 compared to its
vehicle.

(Figure 8(a)). However, Bdph (300 𝜇M) and 4-AP (5mM)
in combination significantly antagonized the cromakalim-
induced relaxation, compared to the individual effects on
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Figure 6: Inhibitory effect of butylidenephthalide (Bdph) on cumu-
lative cromakalim-induced relaxant response to histamine-induced
precontraction in isolated guinea-pig trachea. All values are shown
as mean ± SEM, and 𝑛 is the number of experiments. ∗𝑃 < 0.05
compared to its vehicle.

the relaxation, and rightward shifted the log concentration-
response curve of cromakalim. The antagonistic effect of the
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Figure 7: Influences of glibenclamide (GBC) to the antagonistic
effects of butylidenephthalide (Bdph) 100 𝜇M (a) and 300 𝜇M (b)
on cumulative cromakalim-induced relaxant response to histamine-
induced precontraction in isolated guinea-pig trachea. All values
are shown as mean ± SEM, and 𝑛 is the number of experiments.
∗

𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared to its vehicle.

combination is almost equal to the sum of individual effects
(Figure 8(b)).

3.5. Interaction between Bdph and Other Ca2+ Channel
Blockers to Antagonize Cromakalim-Induced Relaxation. All
Ca2+ channel blockers used did not enhance or reduce the
baseline tension of the isolated guinea-pig trachea (data not
shown). Bdph did not influence the relaxant effects of Vrp
(Figure 9(a)) and Nif (Figure 9(b)) on the histamine-induced
precontraction. Vrp (1 𝜇M) and Nif (0.1 𝜇M) also did not
influence the antagonistic effect of Bdph (300 𝜇M) against the
cromakalim-induced relaxation (Figure 10).
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Figure 8: Influences of tetraethylamine (TEA, (a)) and 4-
aminopyridine (4-AP, (b)) to the antagonistic effect of butyli-
denephthalide (Bdph) on cumulative cromakalim-induced relaxant
response to histamine-induced precontraction in isolated guinea-
pig trachea. All values are shown as mean ± SEM, and 𝑛 is the
number of experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001
compared to its vehicle.

4. Discussion

Thepresent results suggest that the enhancement of basal ten-
sion by Bdph is unrelated to the release of cholinergic trans-
mitter, leukotrienes, histamine, serotonin, and neuropeptides
[18]. It is also unrelated to the release of prostaglandins, as
the experiment was conducted throughout in the presence of
indomethacin. However, the enhancement was antagonized
by cromakalim (3 𝜇M), an ATP-sensitive K+ channel opener
[17], which may increase outflux of K+ and hyperpolarize
the membrane of tracheal smooth muscle cells and cause
relaxation. Furthermore, Bdph (300 𝜇M) also antagonized
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Figure 9: Antagonistic effects of butylidenephthalide (Bdph)
on cumulative verapamil-induced (a) and nifedipine-induced (b)
relaxant response to histamine-induced precontraction in isolated
guinea-pig trachea. All values are shown asmean± SEM, and 𝑛 is the
number of experiments. There is no significant difference between
test and respective control.

and rightward shifted the log concentration-relaxation curve
of cromakalim on histamine-induced precontraction in the
isolated guinea-pig trachea (Figure 6). Thus, Bdph may be
a kind of K+ channels blockers, which have been reviewed
to have a potential clinical use for Alzheimer disease [19].
Indeed, Bdph have been reported to reverse the deficits of
inhibitory avoidance performance and improve memory in
rats [20]. GBC (1 𝜇M), a specific ATP-sensitive K+ channel
blocker [17], effectively antagonized and rightward shifted the
curve of cromakalim. Bdph neither at 100 𝜇M nor at 300 𝜇M
influenced the antagonistic effect of GBC. Also, Bdph at
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Figure 10: Influences of verapamil (Vrp) and nifedipine (Nif) to
the antagonistic effect of butylidenephthalide (Bdph) on cumulative
cromakalim-induced relaxant response to histamine-induced pre-
contraction in isolated guinea-pig trachea. All values are shown as
mean ± SEM, and 𝑛 is the number of experiments. ∗𝑃 < 0.05 and
∗∗

𝑃 < 0.01 compared to its vehicle.

300 𝜇Mdid not affect the antagonistic effect of TEA (8mM), a
nonselective big (BKca) and intermediate (IKca) conductance
Ca2+-activated K+ channels blocker [21]. However, Bdph at
300 𝜇Msignificantly enhanced the antagonistic effect of 4-AP
(5mM) and rightward shifted the curve in the combination.
The antagonistic effect of the combination was almost the
sum of individual effects (Figure 8(b)). This result strongly
suggests that the mechanism of Bdph may be similar to that
of 4-AP to antagonize cromakalim. The mechanism of Bdph
was unrelated to Ca2+-dependent K+ channels, as all Ca2+
channel blockers did not influence the antagonistic effect of
Bdph against cromakalim.

Episodic ataxia type 2 (EA2) is a form of hereditary
neurological disorder caused by cerebellar malfunction and
is characterized by interictal ataxia and frequent attacks of
dyskinesia, vertigo, and imbalance [22]. Recently, 4-AP was
reported to treat EA2 [23, 24]. The targets of 4-AP are
Kv1 family of K+ channels, possibly the Kv1.5 subtype [25].
Further investigation is needed to determine whether Bdph
is useful in treating EA2.

In conclusion, Bdph (30∼300 𝜇M) concentration-
dependently evoked an enhancement of baseline tension
in isolated guinea-pig trachea. The enhancement was
antagonized by cromakalim, and Bdph (300 𝜇M) also
antagonized cromakalim-induced relaxation. Furthermore,
Bdph (300 𝜇M) and 4-AP (5mM) in combination rightward
shifted the log concentration-response curve of cromakalim
and significantly antagonized the cromakalim-induced
relaxation. The antagonistic effect of the combination is
almost equal to the sum of individual effects. Therefore,
Bdph may be similar to 4-AP, a blocker of Kv1 family of
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K+ channels, to enhance the baseline tension of guinea-pig
trachea.
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The objectives of the present study were to investigate the role of K–Cl cotransporter 3 (KCC3) in the regulation of cellular invasion
and the clinicopathological significance of its expression in esophageal squamous cell carcinoma (ESCC). Immunohistochemical
analysis performed on 70 primary tumor samples obtained from ESCC patients showed that KCC3 was primarily found in the
cytoplasm of carcinoma cells. Although the expression of KCC3 in the main tumor (MT) was related to several clinicopathological
features, such as the pT and pN categories, it had no prognostic impact. KCC3 expression scores were compared between the MT
and cancer nest (CN), and the survival rate of patients with a CN > MT score was lower than that of patients with a CN ≤ MT
score. In addition, the survival rate of patients in whom KCC3 was expressed in the invasive front of tumor was lower than that of
the patients without it. Furthermore, multivariate analysis demonstrated that the expression of KCC3 in the invasive front was one
of the most important independent prognostic factors. The depletion of KCC3 using siRNAs inhibited cell migration and invasion
in human ESCC cell lines. These results suggest that the expression of KCC3 in ESCCmay affect cellular invasion and be related to
a worse prognosis in patients with ESCC.

1. Introduction

The K–Cl cotransporter (KCC) mediates the coupled move-
ment of K+ and Cl− ions across the plasma membrane and
is involved in the regulation of cell volume, transepithelial
ion transport, and maintenance of intracellular Cl− concen-
trations ([Cl−]i) [1, 2]. Four isoforms of the KCC have been
identified and are termedKCC1, KCC2, KCC3, andKCC4 [3].
The four KCC isoforms share a common protein structure
with 12 transmembrane regions in a central hydrophobic
domain, together with hydrophilic N- and C-termini that
may be cytoplasmic [4]. Although the expression of KCC1

is reportedly ubiquitous [5], that of KCC2 is restricted to
neurons in the central nervous system [6]. KCC3 is expressed
in the muscle, brain, lung, heart, and kidney [7], and KCC4
transcripts are themost abundant in the heart and kidney [4].

Several recent studies described the important roles of
KCC in cancer development, tumor invasion, and possibly
metastasis [8–11]. KCC3 was found to be important for
cell-cycle progression, migration, and invasion in cervical
carcinoma, ovarian cancer, breast cancer, and glioma [8, 9, 12,
13]. In addition, the overexpression of KCC3 downregulated
the formation of the E-cadherin/𝛽-catenin complex, and
the subsequent upregulation of KCl cotransport activity was
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shown to benefit cancer cells in the epithelial-mesenchymal
transition (EMT) [8]. However, the roles of KCC3 in the
invasion of esophageal squamous cell carcinoma (ESCC)
cells remain uncertain. Furthermore, the clinicopathological
meaning of the expression of KCC3 in human ESCCs has not
yet been evaluated.

The objectives of the present study were to investigate the
roles of KCC3 in the cell migration and invasion of ESCC.
Furthermore, we analyzed the expression of KCC3 in human
ESCC samples and determined its relationships with the
clinicopathological features and prognosis of ESCC patients.
Our results revealed the important role of KCC3 in the tumor
progression of ESCC.

2. Materials and Methods

2.1. Patients and Primary Tissue Samples. ESCC tumor sam-
ples were obtained from 70 patients with histologically
proven primary ESCC who underwent esophagectomy
(potentially curative R0 resection) at Kyoto Prefectural Uni-
versity ofMedicine (Kyoto, Japan) between 1998 and 2007 and
were analyzed retrospectively.These samples were embedded
in paraffin 24 h after being fixed in formalin. Patient eligi-
bility criteria included not having developed synchronous
tumors or multiple metachronous tumors and not having
received preoperative chemotherapy or radiation therapy.
We excluded patients with noncuratively resected tumors or
nonconsecutive data. All patients gave their written informed
consent for inclusion in this study. Relevant clinicopatho-
logical and survival data were obtained from the hospital
database. Staging was principally based on the seventh TNM
staging system [14].

2.2. Immunohistochemistry. Paraffin sections (3 𝜇m thick) of
tumor tissue were subjected to immunohistochemical
staining for KCC3 using the avidin-biotin-peroxidase
method. Briefly, paraffin sections were dewaxed in xylene
and hydrated through a graded series of alcohols. Antigen
retrieval was performed by heating the samples in Dako
REAL Target Retrieval Solution (Glostrup, Denmark)
for 40min at 95∘C. Endogenous peroxidase activity was
quenched by incubating the sections for 30min in 0.3%
H
2
O
2
. Sections were incubated for one hour at room

temperature with the following antibody: the KCC3 antibody
(HPA034563; Atlas Antibodies AB, Stockholm, Sweden).
The avidin-biotin-peroxidase complex system (Vectastain
ABC Elite kit; Vector Laboratories, Burlingame, CA, USA)
was used for color development with diaminobenzidine
tetrahydrochloride. Sections were counterstained with
hematoxylin. These sections were then dehydrated through
a graded series of alcohols, cleared in xylene, and mounted.
Control sections of known positive ESCC were included
in each antibody run, and negative control sections were
produced by omitting the primary antibody.

Immunohistochemical samples stained with KCC3 were
graded semiquantitatively by considering both the staining
intensity and percentage of positive tumor cells using an
immunoreactive score (IRS) [15]. Staining intensity was
scored as 0 (no staining), 1 (weak staining), 2 (moderate

staining), or 3 (strong staining). The proportion of positive
tumor cells was scored from 0 to 1.0.The score of each sample
was calculated as the maximum multiplied product of the
intensity and proportion scores (0 to 3.0).

2.3. Cell Culture. The human ESCC cell lines TE5 and TE9
were obtained from the Cell Resource Center for Biomedical
Research at the Institute of Development, Aging, and Cancer
(Tohoku University, Sendai, Japan) [16]. These cells were
grown in RPMI-1640medium (Nacalai Tesque, Kyoto, Japan)
supplemented with 100U/mL of penicillin, 100 𝜇g/mL of
streptomycin, and 10% fetal bovine serum (FBS). Cells were
cultured in flasks or dishes in a humidified incubator at 37∘C
under 5% CO

2
in air.

2.4. Small Interfering RNA (siRNA) Transfection. Cells were
transfected with 10 nmol/L KCC3 siRNA (Stealth RNAi
siRNA #HSS HSS115159, HSS190762, HSS190763; Invitrogen,
Carlsbad, CA) using the Lipofectamine RNAiMAX reagent
(Invitrogen), according to the manufacturer’s instructions.
The medium containing siRNA was replaced with fresh
medium after 24 h.We used three independent KCC3 siRNAs
to exclude off target effects. The control siRNA provided
(Stealth RNAi siRNANegative Control; Invitrogen) was used
as a negative control.

2.5. Real-Time Reverse Transcription-Polymerase Chain Reac-
tion (RT-PCR). Total RNAwas extracted using an RNeasy kit
(Qiagen, Valencia, CA).Messenger RNA (mRNA) expression
wasmeasured by quantitative real-timePCR (7300Real-Time
PCR System; Applied Biosystems, Foster City, CA) with Taq-
Man Gene Expression Assays (Applied Biosystems), accord-
ing to the manufacturer’s instructions. Expression levels were
measured for the following gene: KCC3 (Hs00994548 m1)
(Applied Biosystems). Expression was normalized for the
KCC3 gene to the housekeeping gene beta-actin (ACTB,
Hs01060665 g1; Applied Biosystems). Assays were performed
in duplicate.

2.6. Analysis of Cell Migration and Invasion. The migration
assay was conducted using a Cell Culture Insert with a
pore size of 8 𝜇m (BD Biosciences, Bedford, MA). Biocoat
Matrigel (BD Biosciences) was used to evaluate cell invasion
potential. Briefly, cells (1.5 × 105 cells per well) were seeded
in the upper chamber in serum-free medium 24 h after
siRNA transfection. The lower chamber contained medium
with 10% FBS. The chambers were incubated for 48 h at
37∘C in 5% CO

2
, and nonmigrated or noninvaded cells were

then removed from the upper side of the membrane by
scrubbing with cotton swabs. Migrated or invaded cells were
fixed on the membrane and stained with Diff-Quick staining
reagents (Sysmex, Kobe, Japan). The migrated or invaded
cells on the lower side of the membrane were counted in
four independent fields of view at 100x magnification of each
insert. Each assay was performed in triplicate.

2.7. Statistical Analysis. Statistical analysis was carried out
using Fisher’s exact test to investigate correlations between
clinicopathological parameters and KCC3 expression.
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Survival curves were constructed using the Kaplan-Meier
method, and differences in survival were examined using the
log-rank test. Multivariate analysis of the factors influencing
survival was performed using the Cox proportional hazard
model. Multiple comparisons were carried out using
Dunnett’s test after one-way ANOVA. Differences were
considered significant when the associated 𝑃 value was less
than 0.05. All analyses were performed using statistical
software (JMP, version 10; SAS Institute Inc., Cary, NC,
USA). Correlation analyses were performed by creating Fit
𝑌 by𝑋 plots using JMP.

3. Results

3.1. KCC3 Protein Expression inHuman ESCCs. An immuno-
histochemical investigationwith the KCC3 antibody revealed
the expression of KCC3 in the parabasal cell layer of normal
esophageal mucosa (Figure 1(a)). We examined the expres-
sion of KCC3 in 70 primary tumor samples of human ESCC
based on their immunohistochemical reactivity. The KCC3
protein was mostly expressed in the cytoplasm of carcinoma
cells (Figure 1(b)). The KCC3 score in the main tumor (MT)
varied widely between the tumors. The minimum KCC3
score was 0 while the maximum KCC3 score was 2.4 in MT
(median = 0.725; mean ± standard error of themean (SEM) =
0.780 ± 0.072). Regarding the expression of KCC3 inMT, we
divided ESCC patients into 2 groups using the median stain-
ing score: a low grade KCC3 expression group with staining
scores ≤0.725, 𝑛 = 35, and a high grade KCC3 expression
group with staining scores >0.725, 𝑛 = 35. Figures 1(c) and
1(d) show the representative histopathological findings of low
or high KCC3 expression samples. Correlations between the
expression of KCC3 in MT and various clinicopathological
parameters were analyzed (Table 1). We found correlations
between the expression of KCC3 in MT and location of the
primary tumor, the pT or pN category (Table 1).

We then focused on the expression of KCC3 in the cancer
nest (CN) of ESCC (Figure 1(e)) and analyzed the KCC3
score in CN. The minimum KCC3 score was 0, and the
maximum KCC3 score was 2.6 in CN (median = 1.000;
mean ± SEM = 1.087 ± 0.096). The KCC3 score in CN was
positively correlated with the KCC3 score in MT (𝑅2 =
0.3388, 𝑃 < 0.0001) (Figure 2). Regarding the expression
of KCC3 in CN, we divided ESCC patients into 2 groups
using themedian staining score, a low gradeKCC3 expression
group with staining scores ≤1.000, 𝑛 = 36, and a high grade
KCC3 expression group with staining scores >1.000, 𝑛 = 34,
and compared their clinicopathological features (Table 1). A
correlation was found between the expression of KCC3 in
CN and location of the primary tumor (Table 2). Regarding
the comparison of KCC3 scores between MT and CN in
each sample, we divided ESCC patients into 2 groups, CN
> MT, 𝑛 = 39, and CN ≤ MT, 𝑛 = 31, and compared
their clinicopathological features (Table 1). A correlation was
not found between the comparison of KCC3 scores and
clinicopathological features (Table 1).

Furthermore, we analyzed the localization of KCC3
expression in tumors. In 48 cases, the expression of KCC3
was found in the invasive front of the tumor (Figure 1(f)).

Regarding the expression of KCC3 in the invasive front
of the tumor, we divided ESCC patients into 2 groups,
negative (𝑛 = 22) and positive (𝑛 = 48), and compared
their clinicopathological features (Table 2). A correlation was
found between the expression of KCC3 in the invasive front
and the MT score, CN score, or their comparison (CN/MT)
(Table 2).No correlationwas found between the expression of
KCC3 in the invasive front and any other clinicopathological
parameter (Table 2).

3.2. Prognostic Impact of KCC3 Protein Expression for Patients
with ESCC. We determined the prognostic impact of the
expression of KCC3 for patients with ESCC. Regarding the
expression of KCC3 in MT, no significant difference was
observed in the 5-year survival rate between patients with
the high grade expression of KCC3 and those with the low
grade expression of KCC3 in MT (Figure 3(a)). Similarly, no
significant differences were observed in the 5-year survival
rate between patients with the high grade expression of KCC3
and those with the low grade expression of KCC3 in CN
(Figure 3(b)). Regarding comparisons of KCC3 score, the 5-
year survival rate of the patients with CN >MT (55.5%) was
lower than that of patientswithCN≤MT(76.7%) (𝑃 = 0.133)
(Figure 3(c)). The 5-year survival rate of the patients with
KCC3 expression in the invasive front (57.1%) was lower than
that of the patients without it (81.8%), although there was no
statistical difference (𝑃 = 0.089) (Figure 3(d)). Interestingly,
when patients were divided into 2 groups, CN > MT and
invasive front positive, 𝑛 = 31, and others, 𝑛 = 39, the 5-
year survival rate of patients withCN>MTand invasive front
positive (46.1%) was significantly lower than that of other
patients (79.0%) (𝑃 = 0.022) (Figure 3(e)).

Furthermore, we assessed which of the 13 variables stud-
ied (age, gender, location of the primary tumor, histological
type, tumor size, lymphatic invasion, venous invasion, pT
and pN category, KCC3 score in MT, KCC3 score in CN
and CN/MT, and KCC3 expression in the invasive front)
influenced survival following curative resection of esophageal
cancer. Univariate analysis of survival after esophagectomy
revealed that lymphatic invasion, venous invasion, and the
pT and pN categories were found to be significant prognostic
factors (𝑃 = 0.017, 0.017, 0.002, and 0.003, resp.) (Table 3).
Multivariate analysis with variables whose 𝑃 values were less
than 0.100 in univariate analysis demonstrated that lymphatic
invasion, pT and pN category, and KCC3 expression in inva-
sive front were independent prognostic factors (𝑃 = 0.044,
0.015, 0.011, and 0.001, resp.) (Table 4). KCC3 expression
in invasive front was the strongest prognostic factor of all
clinicopathological features. These findings suggest that the
expression of KCC3might be a valuable prognostic factor for
patients with ESCC.

3.3. KCC3 Controlled Cell Migration and Invasion in ESCC
Cells. We conducted knockdown experiments with KCC3
siRNA in ESCC cells and analyzed the effects of KCC3
knockdown on cell migration and invasion. We used three
independent KCC3 siRNAs to exclude off target effects. All
three KCC3 siRNAs effectively reduced KCC3 mRNA levels
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(a) (b)

(c) (d)

(e) (f)

Figure 1: KCC3 protein expression in human esophageal squamous cell carcinoma (ESCC). (a) Immunohistochemical staining of
noncancerous esophageal epithelia with the KCC3 antibody. Magnification: ×200. (b) Immunohistochemical staining of primary human
ESCC samples with the KCC3 antibody. Magnification: ×400. (c) Immunohistochemical staining of primary human ESCC samples with the
low grade expression of KCC3 in the main tumor (MT). Magnification: ×200. (d) Immunohistochemical staining of primary human ESCC
samples with the high grade expression of KCC3 in themain tumor (MT).Magnification:×200. (e) Immunohistochemical staining of primary
human ESCC samples with the high grade expression of KCC3 in the cancer nest (CN). Magnification: ×200. (f) Immunohistochemical
staining of primary human ESCC samples that expressed KCC3 in the invasive front of the tumor. Magnification: ×40.

in both TE5 and TE9 cells (Figure 4(a)). In TE5 cells, all
three KCC3 siRNAs significantly inhibited cell migration and
invasion (Figure 4(b)). In TE9 cell, downregulation of KCC3
inhibited cell migration and invasion, too (Figure 4(c)).
These results suggest that KCC3 plays an important role in
regulating cell migration and invasion in ESCC cells.

4. Discussion

Recent studies have shown that ion channels and transporters
play crucial roles in cellular functions, and their roles have

been studied in cancer cells [17, 18]. Various types of ion chan-
nels, such as voltage-gated K+ channels, voltage-gated HERG
channels, Ca

2

+ channels, and transient receptor potential
channels, have been found to be expressed in gastrointestinal
cancer cells and tissues and to regulate tumor behavior [19–
22]. Regulators of intracellular pH such as anion exchanger,
sodium-hydrogen exchanger, and carbonic anhydrases also
related to tumor development of gastrointestinal cancer cells
[23–25]. Furthermore, several reports have indicated that
Cl− channels/transporters, such as Cl− channels, chloride
intracellular channel (CLIC), KCC, and NKCC, play crucial
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Figure 2: A correlation analysis of the relationship between the KCC3 score in main tumor (MT) and KCC3 score in the cancer nest (CN)
was performed by producing Fit 𝑌 by 𝑋 plots. The KCC3 score in CN was positively correlated with the KCC3 score in MT (𝑅2 = 0.3388,
𝑃 < 0.0001).

Table 1: Relationships between the clinicopathological features of esophageal cancer and expression of KCC3 in the main tumor or cancer
nest.

Variable
MT

𝑃 value
CN

𝑃 value
CN/MT

𝑃 valueLow High Low High CN ≤MT CN >MT
(𝑛 = 35) (𝑛 = 35) (𝑛 = 36) (𝑛 = 34) (𝑛 = 31) (𝑛 = 39)

Age
<60 years 11 11 1.000 11 11 1.000 6 16 0.071
≥60 years 24 24 25 23 25 23

Gender
Male 30 29 1.000 30 29 1.000 25 34 0.520
Female 5 6 6 5 6 5

Location of the primary tumor
Ut-Mt 18 29 0.0101∗ 19 28 0.0112∗ 21 26 1.000
Lt-Ae 17 6 17 6 10 13

Histological type
Well/moderately differentiated SCC 22 27 0.297 26 23 0.796 22 27 1.000
Poorly differentiated SCC 13 8 10 11 9 12

Tumor size
<50mm 22 27 0.2968 24 25 0.6069 24 25 0.2967
≥50mm 13 8 12 9 7 14

Lymphatic invasion
Negative 15 18 0.6324 20 13 0.1606 18 15 0.1482
Positive 20 17 16 21 13 24

Venous invasion
Negative 19 21 0.8094 20 20 0.8133 18 22 1.000
Positive 16 14 16 14 13 17

pT
pT1 10 23 0.0037∗ 14 19 0.2309 18 15 0.1482
pT2-3 25 12 22 15 13 24

pN
pN0 11 22 0.0160∗ 15 18 0.473 16 17 0.631
pN1-3 24 13 21 16 15 22

MT:main tumor; CN: cancer nest; Ut: upper thoracic esophagus; Mt: middle thoracic esophagus; Lt: lower thoracic esophagus; Ae: abdominal esophagus; SCC:
squamous cell carcinoma; pT: pathological T stage; pN: pathological N stage.
∗
𝑃 < 0.05: Fisher’s exact test.
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Figure 3: Survival curve of patients after curative resection for esophageal squamous cell carcinoma (ESCC) according to the expression of
KCC3. (a) Patients were classified into two groups: low grade expression of KCC3 (𝑛 = 35) and high grade expression of KCC3 (𝑛 = 35) in
the main tumor (MT). (b) Patients were classified into two groups: the low grade expression of KCC3 (𝑛 = 36) and high grade expression
of KCC3 (𝑛 = 34) in the cancer nest (CN). (c) Patients were classified into two groups based on comparisons of the KCC3 score: CC ≤MT
(𝑛 = 31) and CN >MT (𝑛 = 39) in the cancer nest (CN). (d) Patients were classified into two groups based on the expression of KCC3 in the
invasive front of the tumor: negative (𝑛 = 22) and positive (𝑛 = 48). (e) Patients were classified into two groups: patients with CN >MT and
invasive front positive (𝑛 = 31) and others (𝑛 = 39). ∗𝑃 < 0.05: log-rank test.
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Figure 4: Continued.
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Figure 4: KCC3 controlled the cell migration and invasion of esophageal squamous cell carcinoma (ESCC) cells. (a) KCC3 siRNA effectively
reduced KCC3 mRNA levels in both TE5 and TE9 cells. Three independent KCC3 siRNAs were investigated to exclude off target effects. (b)
The downregulation of KCC3 significantly inhibited cell migration and invasion in TE5 cells. Cell migration and invasion were determined
by the Boyden chamber assay. Mean ± SEM; 𝑛 = 3. ∗𝑃 < 0.05: Dunnett’s test (ANOVA: migration; 𝑃 < 0.0001, invasion; 𝑃 < 0.0001). (c)
The downregulation of KCC3 inhibited cell migration and invasion in TE9 cells. Cell migration and invasion were determined by the Boyden
chamber assay. Mean ± SEM; 𝑛 = 3. ∗𝑃 < 0.05: Dunnett’s test (ANOVA: migration; 𝑃 < 0.0001, invasion; 𝑃 = 0.0210).

roles in the tumorigenesis of colorectal, gastric, cervical,
breast, lung, and prostate cancer cells [17, 18, 26]. We have
also focused on and investigated transepithelial Cl− transport
in various types of cancer cells [11, 27–29].

In the present study, we investigated the KCC3 expression
in ESCC and determined its relationships with clinicopatho-
logical features and prognosis. To the best of our knowledge,
this is the first report examining KCC3 expression in human
ESCC tissue. Our results showed that KCC3 expression in
MT related to several clinicopathological features, such as the
pT and pN categories. However, the expression of KCC3 in
MT itself did not have a prognostic impact. Although these

results may not be persuasive because of the limitation of a
small sample size, they showed that KCC3 was expressed in
MT of ESCC from an early stage. Regarding the expression
of KCC in cancer tissue, previous studies demonstrated that
KCC3 was abundant in cervical carcinoma and CN invaded
deeply into stromal tissues whereas KCC4 was abundant
in metastatic cervical and ovarian cancer tissues [8, 10].
Furthermore, both the progression-free and overall survival
rates of patients with the high grade expression of KCC4were
significantly poorer than those of patients with the low grade
expression of KCC4 in cervical cancer [10], which suggested
a relationship between the expression pattern of KCC and
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Table 2: Relationships between the clinicopathological features of
esophageal cancer and expression of KCC3 in the invasive front of
the tumor.

Variable
Invasive front

𝑃 valueNegative Positive
(𝑛 = 22) (𝑛 = 48)

Age
<60 years 6 16 0.783
≥60 years 16 32

Gender
Male 21 38 0.154
Female 1 10

Location of the primary tumor
Ut-Mt 12 35 0.172
Lt-Ae 10 13

Histological type
Well/moderately differentiated SCC 15 34 1.000
Poorly differentiated SCC 7 14

Tumor size
<50mm 14 35 0.575
≥50mm 8 13

Lymphatic invasion
Negative 10 23 1.000
Positive 12 25

Venous invasion
Negative 13 27 1.000
Positive 9 21

pT
pT1 8 25 0.3035
pT2-3 14 23

pN
pN0 8 25 0.3035
pN1-3 14 23

MT
Low 20 15

<0.0001∗
High 2 33

CN
Low 19 17

<0.0001∗
High 3 31

CN/MT
CN ≤MT 14 17 0.0385∗
CN >MT 8 31

Ut: upper thoracic esophagus; Mt: middle thoracic esophagus; Lt: lower tho-
racic esophagus; Ae: abdominal esophagus; SCC: squamous cell carcinoma;
pT: pathological T stage; pN: pathological N stage; MT: main tumor; CN:
cancer nest.
∗
𝑃 < 0.05: Fisher’s exact test.

clinical outcome. Therefore, we focused on the distribution
of KCC3 in tumors and analyzed its expression in CN or the
invasive front of the tumor. Although the expression of KCC3
in CN itself had no prognostic impact, the 5-year survival
rate of patients with a CN > MT score was slightly lower
than that of patients with a CN ≤ MT score. Furthermore,

Table 3: Five-year survival rate of patients with esophageal cancer
according to various clinicopathological parameters.

Variables 5-year survival
rate (%) 𝑃 value

Age
<60 years 53.13 0.1179
≥60 years 72.2

Gender
Male 65.35 0.8597
Female 68.57

Location of the primary tumor
Ut-Mt 73.63 0.0564
Lt-Ae 50.82

Histological type
Well/moderately differentiated SCC 71.94 0.2301
Poorly differentiated SCC 53.43

Tumor size
<50mm 68.68 0.2809
≥50mm 59.52

Lymphatic invasion
Negative 78.4 0.0168∗
Positive 54.78

Venous invasion
Negative 78.18 0.0169∗
Positive 48.7

pT
pT1 82.22 0.0024∗
pT2-3 50.68

pN
pN0 82.72 0.0029∗
pN1-3 49.68

MT
Low 68.21 0.7838
High 60.56

CN
Low 70.48 0.4151
High 59.25

CN/MT
CN ≤MT 76.74 0.1329
CN >MT 55.48

Invasive front
Negative 81.82 0.0887
Positive 57.07

Ut: upper thoracic esophagus; Mt: middle thoracic esophagus; Lt: lower tho-
racic esophagus; Ae: abdominal esophagus; SCC: squamous cell carcinoma;
pT: pathological T stage; pN: pathological N stage; MT: main tumor; CN:
cancer nest.
∗
𝑃 < 0.05: log-rank test.

the 5-year survival rate of patients in whom KCC3 was
expressed in the invasive front was lower than that of
patients without it, and multivariate analysis revealed that
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Table 4: Prognostic factors of esophageal cancer according to multivariate analysis.

Variables Risk ratio 95% CI 𝑃 value
Location of the primary tumor

Ut-Mt Ref. 0.861452–2.20629 0.1813
Lt-Ae 1.37267

Lymphatic invasion
Negative Ref. 1.012886–2.725895 0.0437∗
Positive 1.605417

Venous invasion
Negative Ref. 0.954510–2.395284 0.08
Positive 1.483897

pT
pT1 Ref. 1.122531–3.250204 0.0146∗
pT2-3 1.834223

pN
pN0 Ref. 1.152392–3.450263 0.0110∗
pN1-3 1.911249

Invasive front
Negative Ref. 1.357757–4.524146 0.0014∗
Positive 2.332559

Ut: upper thoracic esophagus;Mt:middle thoracic esophagus; Lt: lower thoracic esophagus;Ae: abdominal esophagus; pT: pathological T stage; pN: pathological
N stage; Ref.: referent.
∗
𝑃 < 0.05: Cox’s proportional hazards model; 95% CI: 95% confidence interval.

the expression of KCC3 in the invasive front was the strongest
prognostic factor of all clinicopathological features. These
results suggest the role of KCC3 in cancer invasion as well as
the importance of its distribution in tumors as a prognostic
predictor. We have previously identified several prognostic
biomarkers in human ESCC, such as Ki-67, antiphosphohis-
tone H3, p21, and E2F5 [30–33].The expressions of these cell-
cycle related proteins were mainly analyzed in MT. On the
other hand, we focused on the distribution of KCC3 in the
present study and showed its prognostic impact via cellular
invasion.

Recent studies have indicated the importance of KCC
in the cell migration and invasion of glioma, cervical, ovar-
ian, and breast cancer cells [8–10, 12, 13]. Regarding the
mechanism by which KCC regulates tumor invasion, KCC3
was previously shown to downregulate the formation of the
E-cadherin/𝛽-catenin complex in order to promote EMT,
which is important for cervical cancer cell invasiveness [8].
In addition, a previous study reported that themotor protein-
dependent membrane trafficking of KCC4 was important for
cancer cell invasion [10]. Our in vitro study also demonstrated
the important roles of KCC3 in cell migration and invasion in
ESCC cells. One possiblemechanismbywhichKCC regulates
the malignant behavior of cancer cells may be through the
regulation of [Cl−]i [11, 13]. Recent studies have shown that
[Cl−]i is a critical signalmediator for the regulation of various
cellular functions [34–36]. For instance, we showed that
[Cl−]i could act as an important signal to control the gene
expression of the epithelial Na+ channel via a tyrosine kinase
in renal epithelial A6 cells [36]. We also previously reported
that [Cl−]i controlled cell-cycle progression in gastric and

prostate cancer cells [27–29, 37, 38]. Shen et al. showed that
an alteration in the [Cl−]i concentration affected the activity
of the retinoblastoma protein and cdc2 kinase, two key cell-
cycle regulators that control progression from the G

1
into the

S phase and from the G
2
into the M phase, respectively [13].

We considered KCC to be one of the important transporters
that regulates [Cl−]i in the steady state and previously showed
that the blockage of KCC decreased [Cl−]i in breast cancer
cells [11]. Although this mechanism should be verified in
more detail in further studies, these findings suggest that
the changes induced in [Cl−]i by KCC3 may be a critically
important messenger that regulates cellular invasiveness in
ESCC cells.

In summary, we found that KCC3 played a role in the
cell migration and invasion of ESCC cells. An immunohisto-
chemical analysis revealed that the expression of KCC3 in the
invasive front of tumors was the strongest prognostic factor
in patients with ESCC. A deeper understanding of the role
of KCC3 may lead to its use as a crucial biomarker of tumor
progression and/or a new therapeutic target for ESCC.
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MK-2206 is an inhibitor of Akt activation. It has been investigated as an anticancer drug in clinical trials assessing the potential
of pAkt targeting therapy. The purpose of this study was to identify conditions that increase the sensitivity of cancer cells to MK-
2206. We found that the treatment of cancer cells with a high concentration of salinomycin (Sal) reduced total Akt protein levels
but increased activated Akt levels. When cancer cells were cotreated with MK-2206 and Sal, both pAkt and total Akt levels were
reduced. Using microscopic observation, an assessment of cleaved PARP, FACS analysis of pre-G1 region, and Hoechst staining,
we found that Sal increased apoptosis of MK-2206-treated cancer cells. These results suggest that cotreatment with MK-2206 and
Sal sensitizes cancer cells via reduction of both pAkt and total Akt. Furthermore, cotreatment of cancer cells with Sal and MK-
2206 reduced pp70S6K, pmTOR, and pPDK1 levels. In addition, Sal-induced activation of GSK3𝛽, TSC2, and 4EBP1 was abolished
by MK-2206 cotreatment. These results suggest that cotreatment using MK-2206 and Sal could be used as a therapeutic method
to sensitize cancer cells through targeting of the PI3K/Akt/mTOR pathway. Our findings may contribute to the development of
MK-2206-based sensitization therapies for cancer patients.

1. Introduction

MK-2206, an oral small molecule and allosteric Akt inhibitor,
binds to the Akt protein through a site located in the
pleckstrin-homology domain. The binding of MK-2206
induces a conformational change of Akt that prevents its
localization to the plasma membrane, thus inhibiting its sub-
sequent activation [1–5]. MK-2206 is a first-in-class highly
selective inhibitor of all Akt isoforms, which is active in
several human cancer models through a number of possible
mechanisms, including the induction of autophagy and
apoptosis in glioma cells [1–5]. As an anticancer agent, MK-
2206 is being tested in adult tumors [6–12] and in a spectrum
of pediatric tumors [13] both in vitro and in vivo. The effect
of MK-2206 against glioma cells has been confirmed in vitro
[14]. In addition, a recent clinical trial investigated the use
of MK-2206 in patients with advanced solid tumors [15]. A
more complete understanding of the mechanisms governing
MK-2206 sensitization is required to facilitate its therapeutic

use in patients with cancer. Identifying the mechanism(s)
underlying cell sensitization toMK-2206 would be an impor-
tant step in the development of new treatment methods for
pharmacological cancer.

Salinomycin (Sal) was originally used to eliminate bac-
teria, fungi, and parasites [16, 17]. More recently, this drug
has been exploited to inhibit the growth of tumor stem cells
and chemoresistant cancer cells [18–20]. Sal also functions
as an efflux pump p-glycoprotein (P-gp) inhibitor [21, 22]
and is considered to be a potential anticancer drug for can-
cer chemoprevention. Sal, a polyether ionophore antibiotic
isolated from Streptomyces albus, has been shown to kill
cancer stem cells in different types of human cancers [23].The
ionophore involves variousmechanisms, including inhibition
of ABC transporters and oxidative phosphorylation [23]. In
addition, Sal can overcome radiation resistance via inhibition
of the Wnt/beta-catenin signaling pathway [23]. Sal can
promote both cytoplasmic and mitochondrial potassium
efflux and stimulate the differentiation of cancer stem cells
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[23]. Additionally, Sal sensitizes cancer cells to doxorubicin,
etoposide, radiation, and antimitotic drugs [22, 24, 25].
Various Sal-sensitization mechanisms for cancer have also
been investigated [26–28].

In the present study, we investigated whether cotreat-
ment of Sal would sensitize cancer cells to MK-2206. We
further analyzed whether the cotreatment influenced the
activation status or levels of various signaling proteins of the
PI3K/Akt/mTOR pathway.

2. Materials and Methods

2.1. Reagents. Sal was purchased from Sigma-Aldrich (St.
Louis, MO). MK-2206 was supplied by Selleckchem (Hous-
ton, TX). LY294002 was supplied by Calbiochem (Bellerica,
MA).

2.2. Antibodies. Antibodies against Akt, phosphorylated Akt,
PI3K, phosphorylated PDK1, phosphorylated TSC2, phos-
phorylated GSK3𝛽, phosphorylated p70S6K, phosphorylated
4EBP1, mTOR, PTEN, FOXO1, PCNA, and cleaved poly ADP
ribose polymerase (C-PARP) were from Cell Signaling Tech-
nology (Danvers, MA). Antibodies against glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), survivin, CDK4, and
pRb were from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies against phosphorylated mTOR and phosphory-
lated PTEN were from Abcam (Cambridge, UK). Antibody
against Cyclin D1 was from Biosource (Camarillo, CA).

2.3. Cell Culturing. Hs578T breast cancer cells were obtained
from the Korean Cell Line Bank (Seoul, South Korea) and
were previously used [22, 24–27, 29]. Human oral squamous
carcinoma KB cell line was previously described [26, 30].
All cell lines were cultured in RPMI 1640 containing 10%
fetal bovine serum, 100U/mL penicillin, and 100 𝜇g/mL
streptomycin (WelGENE, Daegu, South Korea).

2.4. Western Blot Analysis. Total cellular proteins were
extracted using a previously described trichloroacetic acid
(TCA) method [22, 24–27]. Briefly, cells grown in 60mm
dishes were washed three times with 5mL PBS. Next, 500𝜇L
of 20% trichloroacetic acid (TCA) was added to each plate.
The cells were then dislodged by scraping and were trans-
ferred to Eppendorf tubes. Proteins were pelleted by centrifu-
gation for 5min at 3000 rpm and resuspended in 1M Tris-
HCl (pH 8.0) buffer. The total protein concentrations were
estimated. The proteins were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
subjected to Western blot analysis as previously described
[22, 24–27].

2.5. Fluorescence-Activated Cell Sorting (FACS) Analysis.
FACS analysis was performed as previously described [22,
24–27]. Cells were grown in 60mm dishes and treated with
the indicated drugs for the prescribed times. The cells were
then dislodged by trypsin and pelleted by centrifugation.The
pelleted cells were washed thoroughly with PBS, suspended
in 75% ethanol for at least 1 h at 4∘C, washed again with PBS,

and resuspended in a cold propidium iodide (PI) staining
solution (100 𝜇g/mL RNase A and 50 𝜇g/mL PI in PBS) for
40min at 37∘C. The stained cells were analyzed for relative
DNA content using a FACSCalibur flow cytometry system
(BD Bioscience, Franklin Lakes, NJ). We performed more
than two independent tests.

2.6. Hoechst Staining. The tests were used to identify nuclear
disruption, an indicator of apoptosis. Briefly, cells in 6-well
plates were treated with the indicated drugs and incubated
for 24 h, 48 h, or 72 h at 37∘C. Cells were then incubated
with 9.4 𝜇M Hoechst 33258 (Sigma-Aldrich, St. Louis, MO)
for 30min in the dark at 37∘C before image acquisition.
The medium was removed, and the cells were washed twice
with PBS. Stained cells were subsequently examined using an
inverted fluorescence microscope. We performed more than
two independent tests.

3. Results

3.1. Higher Concentration of Sal Reduced Both pAkt and
Total Akt in MK-2206-Treated Cells. The potential for Sal
to sensitize MK-2206-treated Hs578T breast cancer cells has
been investigated. As shown in Figure 1(a), Akt activation
was increased by Sal, while increasing concentrations of Sal
induced a reduction in total Akt protein levels. In contrast,
increasing concentrations of MK-2206 did not reduce total
Akt protein levels, but it reducedpAkt levels (Figure 1(a)).The
effect of MK-2206 and Sal cotreatment on pAkt and total Akt
was then tested in Hs578T breast cancer cells. As shown in
Figure 1(b), cotreatment with Sal andMK-2206 reduced both
Sal-induced pAkt and total Akt protein levels, suggesting that
combining MK-2206 and Sal treatments may reduce both
pAkt and total Akt levels.

Dose and time dependence of the cotreatment effect on
both pAkt and total Akt levels were further analyzed. As
described in Figure 1(c), a low dose of MK-2206 can induce
the reduction of both pAkt and total Akt levels in Sal-
treated cells. Furthermore, the effect observed after 48 h of
cotreatment was similar to the effect observed after 24 h of
cotreatment (Figure 1(d)). C-PARP productionwas increased
by MK-2206 and Sal cotreatment (Figure 1(d)), suggesting
that the sensitization involved apoptosis. A reduction of pRb
levels by the cotreatment was also observed, suggesting that
the sensitization involved other cell cycle-related proteins.
Collectively, our results indicated that Sal treatment can
increase the sensitivity of cancer cells to MK-2206 by reduc-
ing total Akt protein levels.

3.2. Cotreatment with Sal and MK-2206 Increased Apoptosis.
Cotreatment with Sal andMK-2206 increased pre-G1 regions
in a dose-dependent manner (Figure 2), suggesting that the
cotreatment with Sal led to an increase in the apoptosis of
MK-2206-treated cells. In order to test whether the sensitiza-
tion effect of the cotreatment was time dependent, we tested
the time dependency of C-PARP production. As shown in
Figure 3(a), when compared to the single treatments with
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Figure 1: High concentration of Sal reduced pAkt and total Akt levels in MK-2206-treated cells. (a) Hs578T cell extracts were collected at
24 h after treatment with 0.1𝜇M Sal (Sal-0.1), 5𝜇M Sal (Sal-5), 0.2𝜇M MK-2206 (MK-0.2), 0.5𝜇M MK-2206 (MK-0.5), or DMSO (Con).
(b) Hs578T cell extracts were collected at 24 h after treatment with 0.5𝜇M MK-2206 (MK), 5𝜇M Sal (Sal), 0.5𝜇M MK-2206 with 5 𝜇M Sal
(MK + Sal), or DMSO (Con). (c) Hs578T cell extracts were collected at 24 h after treatment with 5𝜇M Sal (Sal), 0.2𝜇MMK-2206 (MK-0.2),
0.5 𝜇MMK-2206 (MK-0.5), 1𝜇MMK-2206 (MK-1), 5𝜇M Sal with 0.2𝜇MMK-2206 (Sal + MK-0.2), 5𝜇M Sal with 0.5𝜇MMK-2206 (Sal +
MK-0.5), 5𝜇M Sal with 1 𝜇M MK-2206 (Sal + MK-1), or DMSO (Con). (d) Hs578T cell extracts were collected at 48 h after treatment with
1 𝜇MMK-2206 (MK), 5𝜇MSal (Sal), 1𝜇MMK-2206 with 5𝜇MSal (MK+ Sal), or DMSO (Con).The cells were used forWestern blot analyses
using antibodies against pAkt, Akt, C-PARP, pRb, and GAPDH.
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Figure 2: Cotreatment with MK-2206 and Sal increased pre-G1 regions in a dose-dependent manner. Hs578T cells were grown on 60mm
diameter dishes and treated with 0.2𝜇M MK-2206 (MK-0.2), 0.5𝜇M MK-2206 (MK-0.5), 1𝜇M MK-2206 (MK-1), 5𝜇M Sal (Sal), 0.2𝜇M
MK-2206 with 5𝜇M Sal (MK-0.2 + Sal), 0.5𝜇M MK-2206 with 5 𝜇M Sal (MK-0.5 +Sal), 1𝜇M MK-2206 with 5𝜇M Sal (MK-1 + Sal), or
DMSO (Con). After 72 h, FACS analysis was performed as described in “Materials and Methods.”
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Figure 3: Cotreatment with MK-2206 and Sal increased apoptosis in a time-dependent manner. (a) Hs578T cell extracts were collected at
24 h or 48 h after treatment with 0.5 𝜇MMK-2206 (MK), 5𝜇M Sal (Sal), 0.5𝜇MMK-2206 with 5 𝜇M Sal (MK + Sal), or DMSO (Con). The
cells were used forWestern blot analyses using antibodies against C-PARP and GAPDH. (b–d) Hs578T cells were grown on 6-well plates and
treated with 0.2 𝜇MMK-2206 (MK-0.2), 0.5𝜇MMK-2206 (MK-0.5), 1𝜇MMK-2206 (MK-1), 5𝜇MSal (Sal), 0.2𝜇MMK-2206 with 5 𝜇MSal
(MK-0.2 + Sal), 0.5 𝜇M MK-2206 with 5 𝜇M Sal (MK-0.5 + Sal), 1𝜇M MK-2206 with 5 𝜇M Sal (MK-1 + Sal), or DMSO (Con). After 24 h,
48 h, or 72 h, all cells were then stained with Hoechst as described in “Materials and Methods.”The stained cells were subsequently examined
using an inverted fluorescence microscope with a 32x objective lens.

MK-2206 or Sal, C-PARP production increased in a time-
dependent manner when the cancer cells were cotreated with
MK-2206 and Sal. To confirm these results, we performed
Hoechst staining, which revealed marked morphological
changes in cotreated cancer cells, consistent with apoptosis
such as condensation of chromatin and nuclear fragmenta-
tion (Figures 3(b)–3(d)). Collectively, the data indicated that
cotreatment with Sal increased the apoptosis of MK-2206-
treated cancer cells in a dose- and time-dependent fashion.

3.3. Cotreatment with MK-2206 Reduced Sal-Activated
GSk3𝛽, TSC2, and 4EBP1. We further analyzed whether the
cotreatment influenced the activation status or levels of the
signaling proteins that function upstream and downstream
of the Akt pathway. In this study, the major proteins of the
PI3K/Akt/mTOR pathway, mTOR, p70S6K, PDK1, PI3K,
GSK3𝛽, TSC2, 4EBP1, and PTEN were tested [26, 31, 32].
MK-2206 single treatment did not affect pmTOR, pPDK1,
PI3K, mTOR, and PTEN levels but reduced both pp70S6K
and pPTEN (Figures 4(a) and 4(b)). Phospho-mTOR,
pp70S6K, pPDK1, PI3K, pPTEN, and PTEN levels were
further reduced in cancer cells cotreated with Sal and
MK-2206, when compared to cancer cells treated with either
MK-2206 or Sal alone (Figures 4(a) and 4(b)). Interestingly,

as previously observed for pAkt (Figure 1(a)), the high
concentration of Sal also increased pGSK3𝛽, pTSC2, and
p4EBP1 (Figure 4(c)). This effect of Sal was reduced or
abolished by MK-2206 cotreatment (Figure 4(c)), suggesting
that the activation of the PI3K/Akt/mTOR signaling pathway
can be effectively reduced by MK-2206 cotreatment. Similar
results were observed in the presence of high concentration
of MK-2206 (Figure 4(d)). In conclusion, the cotreatment
sensitization mechanism involved an effective reduction of
various activated proteins belonging to the PI3K/Akt/mTOR
pathway.

Since the PI3K/Akt/mTOR pathway is involved in prolif-
eration and survival signals [26, 31, 32], we also testedwhether
the level of cell cycle- and proliferation-related proteins
(FOXO1, CDK4, Cyclin D1, PCNA, and pRb) was reduced.
MK-2206 single treatment did not affect these proteins
(Figures 4(a) and 4(b)), whereas Sal treatment induced a
reduction in most of them (Figures 4(a) and 4(b)). Cotreat-
ment with Sal and MK-2206 had similar effects as Sal single
treatment on cell cycle- and proliferation-related proteins
(Figures 4(a) and 4(b)). It suggests that Sal cotreatment
induced the reduction of cell cycle- and proliferation-related
proteins in MK-2206-treated cells. In case of survivin, MK-
2206 single treatment reduced protein levels in a manner
similar to Sal single treatment (Figure 4(b)).
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Figure 4: Cotreatment with MK-2206 reduced the levels of p70S6K, mTOR, and PDK1 activated forms and reduced Sal-activated GSk3𝛽,
TSC2, and 4EBP1. (a–c) Hs578T cell extracts were collected at 24 h after treatment with 0.5𝜇M MK-2206, 5𝜇M Sal (Sal), 0.5𝜇M MK-
2206 with 5 𝜇M Sal (MK + Sal), or DMSO (Con). The cells were used for Western blot analyses using antibodies against phosphorylated
mTOR, mTOR, phosphorylated p70S6K, phosphorylated PDK1, phosphorylated GSK3𝛽, phosphorylated TSC2, phosphorylated 4EBP1,
phosphorylated PTEN, PTEN, PI3K, FOXO1, Survivin, Cyclin D1, CDK4, PCNA, pRb, and GAPDH. (d) Hs578T cell extracts were collected
at 24 h after treatment with 1 𝜇MMK-2206, 5 𝜇M Sal (Sal), 1𝜇MMK-2206 with 5 𝜇M Sal (MK-1 + Sal), or DMSO (Con). The cells were used
forWestern blot analyses using antibodies against phosphorylated mTOR, phosphorylated p70S6K, phosphorylated GSK3𝛽, phosphorylated
TSC2, phosphorylated 4EBP1, Cyclin D1, pRb, and GAPDH.

Other cell lines were tested to assess whether a similar
sensitization mechanism could be observed. KB cell line
presented an increase in C-PARP production when cotreated
with MK-2206 and Sal (Figure 5(a)). As observed in Hs578T
cells, pTSC2, pGSK3𝛽, pAkt, and total Akt proteins were
also reduced in KB cells cotreated with Sal and MK-2206
(Figure 5(a)), suggesting that Sal and MK-2206 cotreatment
sensitization mechanism is also conserved in KB cancer cell
line. However, future studies are warranted to determine
whether this sensitization effect is observed in other cancer
cell types.

3.4. Cotreatment with LY294002 Reduced Sal-Activated
GSk3𝛽, TSC2, and 4EBP1. Since MK-2206 is known to be an
Akt inhibitor [1–5], we tested whether another Akt inhibitor
LY294002 [26, 31, 32] also had similar effects. As shown
in Figure 5(b), LY294002 and Sal cotreatment increased
C-PARP production, suggesting that the cotreatment with
LY294002 sensitized Sal-treated cells. In addition, as with
MK-2206 cotreatment, the sensitization mechanism induced
by LY294002 cotreatment involved the reduction of pAkt,
total Akt, pGSK3𝛽, pTSC2, and p4EBP1 (Figures 4(a)–4(c)
versus Figure 5(b)). LY294002 single treatment reduced pRb
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Figure 5: Sal and MK-2206 cotreatment sensitization mechanism is also conserved in KB cancer cell line. (a) KB cell extracts were collected
at 24 h after treatment with 0.5 𝜇MMK-2206, 5 𝜇M Sal (Sal), 0.5𝜇MMK-2206 with 5 𝜇M Sal (MK + Sal), or DMSO (Con). (b) Cotreatment
with LY294002 reduced Sal-activated GSk3𝛽, TSC2, and 4EBP1. Hs578T cell extracts were collected at 24 h after treatment with 5𝜇M Sal
(Sal), 20𝜇M LY294002, 5𝜇M Sal with 20 𝜇M LY294002 (Sal + LY), or DMSO (Con). The cells were used for Western blot analyses using
antibodies against C-PARP, phosphorylated TSC2, phosphorylated GSK3𝛽, phosphorylated Akt, Akt, phosphorylated 4EBP1, Survivin, pRb,
and GAPDH.

levels (Figure 5(b)), whereas MK-2206 single treatment did
not (Figures 4(a) and 4(c)), suggesting that MK-2206 is a
more specific Akt inhibitor than LY294002. Collectively, our
results indicated that the sensitization mechanism observed
when Sal is combined with MK-2206 can be observed when
combined with other Akt inhibitors.

4. Discussion

MK-2206 is a recently developed drug that targets Akt
activation [1–5]. In this study, we attempted to identify ways
to sensitize MK-2206-treated cells or ways to overcome
MK-2206-resistance in cancer cells. We hypothesized that
MK-2206-treated cancer cells can be sensitized if total Akt
protein levels are reduced. We determined that both total
Akt and pAkt levels could be reduced by Sal and MK-
2206 cotreatment. We also demonstrated that a relatively low
dose of MK-2206 is enough to reduce both pAkt and total
Akt levels in Sal and MK-2206 cotreated cancer cells. This
finding suggests that MK-2206 toxicity can be reduced by
combining the treatment with Sal in future clinical trials.
Sensitization of cancer cells to various anticancer drugs and
radiation by cotreatments with Sal has been demonstrated
[22, 24, 25]. However, the sensitization of cancer cells to
a specific molecular-targeting drug using Sal has yet to be
determined. To the best of our knowledge, our work is the
first report of the sensitization of MK-2206-treated cells by
Sal cotreatment. This suggests that Sal may also be useful in
combination with various specific molecule-targeting drugs.

Furthermore, Sal was shown to reduce total Akt protein
levels. In conclusion, high concentrations of Sal can be
used to reduce total Akt levels or prevent the generation
of its activated form, pAkt. Further studies are warranted
to understand the mechanism(s) by which Sal reduces total
Akt protein levels. These future studies include measuring
Akt mRNA levels, Akt protein stability, and Akt protein
translation.The signaling pathways involved in the reduction
of total Akt levels by Sal should also be investigated. Since Sal
has been shown to sensitize resistant cancer cells or cancer
stem cells, cotreatments using MK-2206 and Sal could also
be applied to these cell types.

We further analyzed the activation status or levels of
the PI3K/mTOR/Akt pathway signaling proteins. Sal reduced
pmTOR, pp70S6K, pPDK1, PI3K, pPTEN, and PTEN protein
levels in MK-2206-treated cells. Interestingly, we found that
high concentration of Sal increased pAkt, pGSK3𝛽, pTSC2,
and p4EBP1. The increased activation of these proteins by
Sal was reduced by MK-2206 cotreatment, suggesting that
various Sal-activated PI3K/Akt/mTOR pathway proteins are
effectively reduced by MK-2206 cotreatment. In addition,
Sal treatment reduced levels of proliferation- and survival-
related proteins such as FOXO1, CDK4, Cyclin D1, PCNA,
and pRb in MK-2206-treated cells. Therefore, cotreatment
with Sal and MK-2206 allows the reduction of two types of
protein families: reduction of Sal-activated proteins by MK-
2206 and reduction of cell cycle- and proliferation-related
proteins by Sal.

Our data indicated that cotreatment-induced sensitiza-
tion mechanism involves apoptosis, since an increase in
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C-PARP production and pre-G1 region was detected and
confirmed by Hoechst staining. The apoptotic effect of the
cotreatment was observed for a long period of time after
cotreatment, suggesting that the initial treatment could be
effective for long periods of time. It also suggests that the
number of cotreatments could be reduced when used in
clinical trials. The cotreatment with MK-2206 and Sal sen-
sitized two different cancer cell lines, Hs578T breast cancer
and KB oral squamous cancer cell lines, suggesting that the
sensitization mechanism of the cotreatment is generally con-
served in different cancer cell lines. However, future studies
are warranted to determine whether this sensitization effect
is observed in other cancer cell types. LY294002, another
Akt inhibitor [26, 31, 32], was also found to reduce total Akt
protein as well as activatedAkt, pGSK3𝛽, pTSC2, and p4EBP1
in Sal-treated cells. The fact that the sensitization effect is
observed when combining Sal with either LY294002 or MK-
2206 suggests that this effect may be conserved among Akt
inhibitors. These results suggest that various Akt inhibitors
could be combined with Sal for sensitization.

In summary, our results could help determine the poten-
tial clinical use of Sal for MK-2206-treated cancer patients.
The present study also enhances our understanding of Sal-
sensitizationmechanisms.Our findingsmay contribute to the
development of MK-2206-based therapies for patients.
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The aim of the present study was to determine the efficacy of a hypotonic treatment for peritoneal dissemination from gastric
cancer cells using an in vivo model. We firstly evaluated the toxicity of a peritoneal injection of distilled water (DW) (2mL for 3
days) inmice.Macroscopic andmicroscopic examinations revealed that the peritoneal injection of DWdid not severely damage the
abdominal organs of thesemice.MKN45 gastric cancer cells preincubated withNaCl buffer orDW for 20minutes in vitrowere then
intraperitoneally injected into nude mice, and the development of dissemination nodules was analyzed. The total number, weight,
and volume of the dissemination nodules were significantly decreased by the DW preincubation. We then determined whether
the peritoneal injection of DW inhibited the establishment of peritoneal dissemination. After a peritoneal injection of MKN45
cells into nude mice, NaCl buffer or DW was injected into the abdominal cavity for 3 days. The total volume of dissemination
nodules was significantly lower in DW-injected mice than in NaCl-injected mice. In conclusion, we demonstrated the safeness of a
peritoneal injection of DW. Furthermore, the development of dissemination nodules from gastric cancer cells was prevented by a
preincubation with or peritoneal injection of DW.

1. Introduction

Gastric cancer is a leading cause of cancer-related deaths
worldwide, and peritoneal dissemination is the most com-
mon form of recurrence in patients with gastric cancer [1, 2].
Peritoneal metastasis is associated with a poor prognosis and,
therefore, themanagement of dissemination in the peritoneal
cavity is important in the treatment of gastric cancer [3, 4].
However, there is currently no effective treatment for peri-
toneal dissemination from gastric cancer. On the other hand,
the roles of ion andwater channels/transporters have recently
been examined in cancer cells, and cellular physiological
approaches are expected as novel therapeutic strategies [5–9].

The regulation of extracellular osmolality is a promising
method, with previous studies demonstrating the cytocidal
effects of hypotonic treatments on cancer cells [10–12]. We
recently examined changes in the cellular morphology and
volume of gastric cancer cells subjected to hypotonic shock
using several unique methods and apparatus, such as a
differential interference contrast microscope connected to
a high-speed digital video camera and a high-resolution
flow cytometer [13]. Our findings confirmed the cytocidal
effects of hypotonic shock on gastric cancer cells in vitro
[13]. However, the effects of hypotonic treatments on the
development of peritoneal dissemination from gastric cancer
and their safeness in vivo have not yet been fully evaluated.
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In the present study, we determined, using an in vivo
model, the toxicity and therapeutic effects of a peritoneal
injection of distilled water (DW) for the treatment of
peritoneal dissemination from gastric cancer. We showed
that the peritoneal injection of DW was not toxic to mice.
Furthermore, the development of dissemination nodules
from gastric cancer cells was prevented by a preincubation
with or peritoneal injection of DW.These results support the
efficacies of peritoneal lavage with DW during surgery and
the peritoneal injection of DW against dissemination from
gastric cancer.

2. Materials and Methods

2.1. Cell Culture and Materials. The poorly differentiated
human gastric adenocarcinoma cell line MKN45 was used in
the present study. Cells were grown in plastic culture flasks
(Corning Incorporated, NY, USA) and maintained in RPMI-
1640 medium (Nacalai Tesque, Kyoto, Japan) supplemented
with 10% fetal bovine serum (FBS), 100U/mL of penicillin,
and 100 𝜇g/mL of streptomycin. The flasks were kept in a
humidified incubator at 37∘C under 5.0% CO

2
in air.

The 140mM isotonic NaCl solution (NaCl buffer) con-
tained 140mM NaCl, 5.0mM KCl, 1.0mM CaCl

2
, 1.0mM

MgCl
2
, 5.0mM glucose, and 10mMHEPES.

2.2. In Vivo Experiments. Four-week-old female BALB/c
mice were used to evaluate the toxicity of the peritoneal
injection of DW. Four-week-old female BALB/c nude mice
were used as the peritoneal dissemination model and were
purchased from SHIMIZU Laboratory Supplies Co., Ltd.
(Kyoto, Japan) and maintained under pathogen-free bar-
rier conditions. Mice were provided with sterile food and
water and housed in cages. Ambient light was controlled to
provide regular 12 h light-dark cycles. All animal protocols
were approved by the institutional guidelines of the Kyoto
Prefectural University of Medicine, Kyoto, Japan.

To evaluate the toxicity of the peritoneal injection of DW,
2mL of NaCl buffer or DW was injected into the abdominal
cavities of 4-week-old female BALB/c mice (𝑛 = 3, each
group) for 3 days (Figure 1(a)). The volume of buffer was
decided, referring to the circulating blood volume of mouse.
At a defined time point of 1 week after the start of the
peritoneal injections, all mice were sacrificed, and intra-
abdominal findings were investigated. Abdominal organs,
including the small intestine, peritoneum, and liver, were
fixed in 10% formaldehyde in PBS, paraffin embedded, and
stained with hematoxylin and eosin.

To examine the establishment of peritoneal dissemination
fromgastric cancer cells exposed to hypotonic shock,MKN45
cells grown in culture flasks were detached and centrifuged.
A total of 1.0 × 106 pelleted cells were then suspended in
5mL DW or isotonic NaCl buffer as a control, and each
cell was incubated for 20min. The incubation time was
decided, referring to our previous report [13]. Thereafter,
the suspension was centrifuged, and pelleted cells were
suspended in 0.3mL PBS and then intraperitoneally injected
into 4-week-old female nude mice (𝑛 = 5, each group)

(Figure 2(a)). All mice were sacrificed at a defined time point
of 2 weeks after the intraperitoneal injection of MKN45 cells,
and the degree of peritoneal dissemination was evaluated
macroscopically. Tumorsmore than 0.5mm in diameter were
resected and counted, and the weights of the resected tumors
were measured. Tumor diameters were measured with a
caliper and tumor volumes were calculated using the formula
[14]:

Tumor volume = length × width2 × 0.5. (1)

To examine the efficacy of the peritoneal injection of DW
on the establishment of peritoneal dissemination, MKN45
cells grown in culture flasks were detached and centrifuged. A
total of 1.0 × 106 pelleted cells were suspended in 0.3mL PBS
and then intraperitoneally injected into 4-week-old female
nude mice (𝑛 = 6, each group) on day 1. Two milliliters of
NaCl buffer or DW was injected into the abdominal cavities
of nudemice fromday 2 to day 4 (for 3 days) (Figure 3(a)). All
mice were sacrificed at a defined time point of 2 weeks after
the intraperitoneal injection of MKN45 cells, and the degree
of peritoneal dissemination was evaluated macroscopically.
Tumors more than 0.5mm in diameter were resected and
counted, and their weights and volumes were analyzed.

2.3. Statistical Analysis. Statistical analysis was carried out
using Student’s t-test. Differences were considered significant
when the 𝑃 value was <0.05. Statistical analyses were per-
formed using JMP ver. 5 from SAS in Cary, NC, USA.

3. Results

3.1. Evaluation of the Toxicity of the Peritoneal Injection of
DW. To determine the toxicity of the peritoneal injection of
DW in vivo, 2mL of NaCl buffer or DW was injected into
the abdominal cavities of 4-week-old female BALB/c mice
for 3 days (Figure 1(a)). All mice in both groups were alive
(𝑛 = 3, each group), and no abnormal findings were detected
following the peritoneal injections. All mice were sacrificed
1 week after the start of the peritoneal injections and intra-
abdominal findings were investigated. No significant differ-
ences were observed in the macroscopic findings of abdom-
inal organs, including the gastrointestinal tract, liver, and
peritoneum, between the NaCl andDWgroups (Figure 1(b)).
The microscopic findings of the small intestine, peritoneum,
and liver revealed no histological damage or inflammation by
DW injection or NaCl injection (Figure 1(c)). These results
suggested that the peritoneal injection of DW for 3 days did
not cause severe toxicity in mice.

3.2. Inhibition of Establishment of Peritoneal Dissemination
after Preincubation of Gastric Cancer Cells with DW. We
previously reported the cytocidal effects of hypotonic shock
induced by DW on MKN45 cells [13]. To examine these
effects in an in vivomodel, MKN45 cells incubated with NaCl
buffer or DW for 20 minutes in vitro were intraperitoneally
injected into nude mice, and the development of dissemina-
tion nodules was analyzed (Figure 2(a)). Many dissemination
nodules were established 2 weeks after the intraperitoneal
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Figure 1: Evaluation of the toxicity of the peritoneal injection of DW. (a) Twomilliliters of NaCl buffer orDWwas injected into the abdominal
cavities of 4-week-old female BALB/c mice for 3 days. At a defined time point of 1 week after the start of the peritoneal injections, all mice
were sacrificed, and intra-abdominal findings were investigated. 𝑛 = 3. (b) No significant differences were observed in the representative
macroscopic findings of abdominal organs, including the gastrointestinal tract, liver, and peritoneum, between the NaCl and DW groups. (c)
No significant differences were observed in the representative histopathological findings of the small intestine, peritoneum, or liver between
the NaCl and DW groups. Magnification: 100x. DW: distilled water.
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Figure 2: Inhibition of the establishment of peritoneal dissemination after the preincubation of gastric cancer cells with DW. (a) A total of
1.0×10

6 pelletedMKN45 cells were suspended in 5mLNaCl buffer or DW, and each cell was incubated for 20min.Thereafter, the suspension
was centrifuged, and pelleted cells were suspended in 0.3mL PBS and then intraperitoneally injected into 4-week-old female nude mice. At a
defined time point of 2 weeks after the intraperitoneal injection of cells, all mice were sacrificed, and the degree of peritoneal dissemination
was evaluated macroscopically. 𝑛 = 5. (b) Representative macroscopic findings of the abdominal cavity. Many dissemination nodules were
established in NaCl preincubated mice, whereas very few tumors were observed in DW preincubated mice. Arrows indicate dissemination
nodules. (c)The total number, weight, and volume of dissemination nodules were significantly decreased by the preincubation with DW.The
results are presented as the mean ± SEM (𝑛 = 5) ∗P < 0.05. (d) Box plots of dissemination nodules in both groups. The weight and volume of
each dissemination nodule were markedly lower in the DW group than in the NaCl group. ∗P < 0.05. DW: distilled water.

injection of MKN45 cells preincubated with NaCl, whereas
very few tumors were observed inmice injected withMKN45
cells preincubated with DW (Figure 2(b)). Data from 5 mice
for each group were analyzed (Figure 2(c)).The total number
of dissemination nodules was significantly decreased by the
DW treatment (NaCl group: 8.8 ± 1.4; DW group: 1.2 ±
0.8; mean ± standard error of the mean (SEM)). The total
weight and volume of dissemination nodules were markedly
lower in the DW group (5.8 ± 2.7mg, 9.1 ± 5.2mm3) than

in the NaCl group (433.0 ± 93.5mg, 544.1 ± 151.9mm3).
Each dissemination nodule in both groups was analyzed
(Figure 2(d)). A total of 44 dissemination nodules were
detected in the NaCl group. The weights of these nodules in
the NaCl group ranged from 7.2 to 193.8mg (median: 37.8mg;
mean ± SEM: 49.2 ± 6.6mg), and their volumes ranged from
9.4 to 295.3mm3 (median: 38.0mm3; mean ± SEM: 61.8 ±
9.9mm3). On the other hand, only 6 dissemination nodules
were detected in the DW group.The weights of these nodules
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Figure 3: Inhibition of the establishment of peritoneal dissemination by the peritoneal injection of DW. (a) A total of 1.0 × 106 pelleted
MKN45 cells were suspended in 0.3mL PBS and then intraperitoneally injected into 4-week-old female nude mice on day 1. Two milliliters
of NaCl buffer or DW was then injected into the abdominal cavities of nude mice from day 2 to day 4 (for 3 days). At a defined time point
of 2 weeks after the intraperitoneal injection of cells, all mice were sacrificed, and the degree of peritoneal dissemination was evaluated
macroscopically. 𝑛 = 6. (b) Representative macroscopic findings of the abdominal cavities of all mice. Many dissemination nodules were
established in all 6 mice injected with NaCl, whereas several nodules were only found in 3 mice injected with DW. Arrows indicate
dissemination nodules. (c)The total number, weight, and volume of dissemination nodules in both groups.The total volume of dissemination
nodules was significantly lower in the DW group than in the NaCl group.The results are presented as the mean ± SEM (𝑛 = 6) ∗P < 0.05. (d)
Box plots of dissemination nodules in both groups. No significant differences were observed in the weight or volume of each dissemination
nodule in the two groups. ∗P < 0.05. DW: distilled water.
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in the DWgroup ranged from 2.9 to 15.6mg (median: 5.2mg;
mean ± SEM: 7.8±2.5mg), and their volumes ranged from2.3
to 15.8mm3 (median: 5.5mm3; mean± SEM: 7.6 ± 2.4mm3).
The weight and volume of each dissemination nodule were
markedly lower in the DW group than in the NaCl group.
These results suggest that the preincubation of gastric cancer
cells with DW may markedly inhibit the development of
dissemination nodules in nude mice.

3.3. Inhibition of Establishment of Peritoneal Dissemination
by the Peritoneal Injection of DW. We examined whether
the peritoneal injection of DW inhibited the establishment
of peritoneal dissemination. MKN45 cells were intraperi-
toneally injected into nude mice on day 1, and 2mL of NaCl
buffer or DW was injected into the abdominal cavities of
nude mice from day 2 to day 4 (for 3 days) (𝑛 = 6 in
each group). The development of dissemination nodules was
analyzed 2 weeks after the cancer cell injection (Figure 3(a)).
As shown in Figure 3(b), many dissemination nodules were
established in all 6 mice injected with NaCl buffer, whereas
several nodules were found in only 3 mice injected with DW.
The total number of dissemination nodules was 50% less
with the peritoneal injection of DW than with that of NaCl
(NaCl group: 10.3 ± 1.2; DW group: 5.0 ± 2.5; 𝑃 = 0.081)
(Figure 3(c)). The total weight of dissemination nodules was
slightly less in the DW group (114.8 ± 67.2mg) than in the
NaCl group (423.2 ± 128.6mg) (𝑃 = 0.059) (Figure 3(c)).
The total volume of dissemination nodules was significantly
lower in the DW group (123.8 ± 80.0mm3) than in the NaCl
group (504.7 ± 150.2mm3) (Figure 3(c)). We then analyzed
each dissemination nodule in both groups (Figure 3(d)). A
total of 62 dissemination nodules were detected in the NaCl
group.Theweights of these nodules in theNaCl group ranged
from 1.9 to 235.9mg (median: 13.6mg; mean ± SEM: 41.0 ±
7.5mg), and their volumes ranged from 0.8 to 445.5mm3
(median: 8.8mm3; mean ± SEM: 48.8 ± 11.1mm3). Thirty-
one dissemination nodules were detected in the DW group.
The weights of these nodules ranged from 0.5 to 205.3mg
(median: 9.1mg; mean± SEM: 22.2 ± 7.0mg), and their
volumes ranged from 0.8 to 405.0mm3 (median: 5.0mm3;
mean± SEM: 25.4 ± 13.0mm3). No significant differences
were observed in the weight or volume of each dissemination
nodule between the two groups (Figure 3(d)). These results
suggested the restrictive efficacy of the peritoneal injection
of DW in the initial stage of the establishment of peritoneal
dissemination from gastric cancer.

4. Discussion

Although recent advances in surgical techniques, adjuvant
therapy, chemoradiotherapy, and molecular targeted therapy
have improved the prognosis of patients with gastric cancer,
the long-term outcomes of these patients remain poor, espe-
cially for those with advanced disease. Peritoneal dissemina-
tion is themost frequently observed pattern ofmetastasis and
recurrence in gastric cancer patients [3, 4]. Although limited
success with treatment methods, such as intraperitoneal
chemotherapy, has been reported [15, 16], novel strategies

for the treatment of peritoneal dissemination from gastric
cancer need to be developed to achieve better results. An
improvement in the treatment of peritoneal dissemination
from gastric cancer depends on a deeper understanding
of the molecular mechanisms regulating tumorigenesis and
progression of the disease.

Peritoneal dissemination is considered to be caused by
free peritoneal cancer cells exfoliated from serosally invasive
tumors, and previous studies have reported the cytocidal
effects of hypotonic stress on cancer cells [10–12]. We
previously investigated changes in the cellular morphology
and volume of gastric cancer cells subjected to hypotonic
shock using several unique methods and apparatus [13].
Video recordings using a high-speed digital camera demon-
strated that hypotonic shock with DW induced swelling
and then rupture in MKN28, MKN45, and Kato-III cells.
Measurements of cell volume changes using a high-resolution
flow cytometer indicated that severe hypotonicity with DW
increased the number of broken fragments of these gastric
cancer cells within 5min. Furthermore, we reincubated these
cells after they had been exposed to DW and found that
the decrease observed in the number of cells in each of the
three gastric cancer cell lines depended on the time for which
they had been exposed to DW. Similar findings have been
reported in esophageal and pancreatic cancer cells [17, 18].
These results suggest that hypotonic shock could be applied
for the treatment of dissemination from gastric cancer by
using a peritoneal injection of hypotonic solution. However,
to the best of our knowledge, the toxicity of a peritoneal
injection of hypotonic solution in vivo has not yet been
examined in detail. In the present study, we analyzed both
macroscopic and microscopic findings and found that the
peritoneal injection of DW (2mL, for 3 days) did not cause
severe toxicity in mice. Regarding effects on noncancerous
normal cells, we previously showed that severe hypotonic
shock also induced cell rupture in human fibroblast WI38
cells [18]. However, the pathological findings of the present
study revealed that the effect of hypotonic shock did not
appear in the single layer peritoneal cells.

Exfoliated cancer cells were detected in the abdominal
cavity following the resection of gastric cancer, and several
studies have shown that peritoneal lavage fluid cytology is
a significant independent prognostic factor in gastric cancer
patients [19–21]. Exfoliated cancer cells from the primary
tumor may be viable and tumorigenic; therefore, effective
peritoneal lavage is clinically important at the time of the
initial surgery. Peritoneal lavage with DW has been per-
formed during surgery for various cancers. Lin et al. reported
that peritoneal lavage with DW improved the survival rate
of patients with spontaneously ruptured hepatocellular car-
cinoma [10]. Huguet and Keeling described the optimal
method for peritoneal lavage with DW during colorectal
cancer surgery [11], and Mercill et al. found that exposure
to distilled water reduced the number of surviving gastric
cells [12]. In the present study, we intraperitoneally injected
gastric cancer cells preincubated with DW into nude mice
and analyzed the development of dissemination nodules in
order to determine the efficacy of peritoneal lavage with DW
during surgery. Our results showed that the total number,
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weight, and volume of dissemination nodules were signif-
icantly decreased by the DW preincubation. Furthermore,
the weight and volume of each dissemination nodule were
markedly lower in the DWpretreated group than in the NaCl
pretreated group. These results suggested that peritoneal
lavage with DW during surgery for gastric cancer may be
effective at disrupting exfoliated cancer cells and preventing
the development of dissemination nodules.

We also determined the efficacy of the peritoneal injec-
tion of DW for inhibiting the development of peritoneal
dissemination nodules in vivo as a future treatment for
patients with peritoneal dissemination from gastric cancer.
Our results showed that the total volume of dissemination
nodules was significantly lower in DW-injected mice than
in NaCl-injected mice. These results confirmed the efficacy
of the peritoneal injection of DW for preventing peritoneal
dissemination from gastric cancer. However, its inhibitory
effects appeared to be weaker than those observed in the
DW preincubation model, as described above. One reason
may be the increase in osmolarity by the DW injection due
to the contamination of existing intraperitoneal secretions
and many types of cells. We previously reported that very
severe hypotonicity was needed to disrupt gastric cancer cells
into fragments [13], and, therefore, we investigated only DW
condition for in vivo model instead of different solutions
containing different concentration of solute in the present
study. We previously showed that the osmolarity of the fluid
collected after peritoneal lavage with DW during surgery for
gastric cancer was approximately 50mosmol/kgH

2
O due to

the contamination of disrupted cells [13]. To keep the intra-
abdominal osmolality as low as possible, the maximal dose
of DW needed to be administered to mice. Therefore, we
decided to inject 2mL of buffer, referring to the circulating
blood volume of mouse in the present study. The persistent
perfusion of the abdominal cavity with DW may overcome
this phenomenon and become an effective technique in
clinical practice; however, it is difficult to establish an in vivo
experimental model with mice.

Our results revealed that no significant differences
in the weight and volume of each dissemination nodule
existed between the DW-injected and NaCl-injected groups,
whereas a prominent inhibitory effect was found in the
DW preincubated model. These results suggested that the
peritoneal injection of DW may not have enough effect
for already established dissemination, whereas the cytocidal
effects of hypotonic shock were sufficient for isolated single
cells. Therefore, the hypotonic solutions used in peritoneal
injections should be modified to enhance their inhibitory
effects. The roles of ion and water channels/transporters
have recently been reported in cancer cells [5–9] and are
expected to become novel therapeutic targets. Various types
of transporters have been found in gastric cancer, and we
previously investigated the roles of Cl− channels/transporters
[22–25]. We showed that a treatment with 5-nitro-2-(3-
phenylpropylamino) benzoic acid (NPPB), a Cl− channel
blocker, increased cell volume by inhibiting regulatory vol-
ume decrease (RVD) and enhanced the cytocidal effects
of the hypotonic solution in MKN45 cells [13]. RVD was
shown to occur after hypotonicity-induced cellular swelling

and has been attributed to the activation of ion channels
and transporters, which cause K+, Cl−, and H

2
O effluxes,

ultimately leading to cell shrinkage [26, 27]. Similar phenom-
ena have been reported in esophageal and pancreatic cancer
cells [17, 18]. We could not use NPPB, which blocks multiple
types of chloride channels, in the present study because of
its neurotoxicity in vivo. However, the development of a
more specific chloride ion channel blocker or novel siRNA
delivery system in vivo will make it possible to enhance the
effects of the peritoneal injection of DW in the treatment of
dissemination from gastric cancer. Furthermore, a hypotonic
intraperitoneal cisplatin treatment with DW at the time of
gastric resection was tolerated well by patients with gastric
cancer [28], which suggested that the intraperitoneal DW
injection may increase the uptake of anticancer drugs and
enhances antitumor effects. Our results together with previ-
ous findings show the importance and possible application
of these cellular physiological approaches for patients with
dissemination from gastric cancer.

In conclusion, we demonstrated the safeness of a peri-
toneal injection of DW in an in vivo model. Our results
indicated that the development of dissemination nodules in
vivo was prevented by the preincubation of gastric cancer
cells with DW or peritoneal injection of DW. A deeper
understanding of the underlyingmolecular mechanismsmay
lead to the application of this cellular physiological approach,
such as the regulation of osmolality, as a novel therapeutic
strategy for dissemination from gastric cancer.
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Sodium-dependent Cl−/HCO
3

− exchanger acts as a chloride (Cl−) efflux in lymphocytes. Its functional characterization had been
described when Cl− efflux was measured upon substituting extracellular sodium (Na+) by N-methyl-D-glucamine (NMDG). For
Na+ and Cl− substitution, we have used D-mannitol or NMDG. Thymocytes of male Wistar rats aged 7–9 weeks were used and
intracellular Cl− was measured by spectrofluorimetry using MQAE dye in bicarbonate buffers. Chloride efflux was measured in a
Cl−-free buffer (Cl− substituted with isethionate acid) and in Na+ and Cl−-free buffer with D-mannitol or with NMDG. The data
have shown that Cl− efflux is mediated in the absence of Na+ in a solution containing D-mannitol and is inhibited by H

2

DIDS.
Mathematical modelling has shown that Cl− efflux mathematical model parameters (relative membrane permeability, relative rate
of exchanger transition, and exchanger efficacy) were the same in control and in the medium in which Na+ had been substituted
by D-mannitol. The net Cl− efflux was completely blocked in the NMDG buffer. The same blockage of Cl− efflux was caused by
H
2

DIDS. The study results allow concluding that Na+ is not required for Cl− efflux via Cl−/HCO
3

− exchanger. NMDG in buffers
cannot be used for substituting Na+ because NMDG inhibits the exchanger.

1. Introduction

Lymphocyte intracellular chloride ([Cl−]
𝑖

) is regulated by the
relative activities of plasma membrane chloride (Cl−) influx
and Cl− efflux pathways [1]. Literature data show that rat
thymocytes (thymic lymphocytes) possessNa-dependent and
Na-independent Cl−/HCO

3

− exchangers ([1, 2]; Figure 1).
So far, two classes of Cl−/HCO

3

− exchangers have been
described in mammalian cells. The first—the band 3 family
of Cl−/HCO

3

− exchanger (AE1, AE2, and AE3 isoforms)—is
Na-independent [3]. It acts as a Cl− influx mechanism (the
intracellular HCO

3

− exchanger for extracellular Cl−) [4, 5].
The second exchanger has been identified as a Na-dependent
Cl−/HCO

3

− exchanger acting as a Cl− efflux mechanism
[1, 2, 4]. The description of functional characterization of

Na-dependent Cl−/HCO
3

− exchangers in lymphocytes has
been limited when evaluating fluorimetric intracellular pH
change measurements [2]. Later, the same method was used
while repeatedly evaluating fluorimetric [Cl−]

𝑖

data [1] in the
way the Na-dependent Cl−/HCO

3

− exchanger was described
after cell Cl− efflux had been measured upon substituting
extracellular Na+ by N-methyl-D-glucamine (NMDG).

In the present study, we examined Cl− efflux by using the
fluorimetric Cl− dye N(ethoxycarbonylmethyl)-6-methoxy-
quinolinium bromide (MQAE) to determine rat thymocyte
[Cl−]
𝑖

changes during acute exposure to Cl−-free media. For
Na+ and Cl− substitution, we used D-mannitol or NMDG.
We show that Cl− efflux is mediated in the absence of Na+ in
a solution containing D-mannitol and is totally inhibited by
H
2

DIDS.
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Figure 1: Schematic representation of a thymocyte contained in
chloride-free and either sodium containing or sodium-freemedium
and pathways andmechanisms of chloride fluxes. Only the pathways
and mechanisms of the main concern considered relevant for the
present investigation are depicted here.The continuous arrows sym-
bolize the controlled ion flux and the broken one, the uncontrolled
flux (leakage), of the ions from the cell. Chloride fluxes (and its
efflux) are believed to depend on sodium presence in the medium,
that is, on the exchangers of both types (Na+-dependent and Na+-
independent) depicted on both sides of the cell. No contribution
of the sodium-dependent exchanger to chloride efflux from rat
thymocytes could be observed in this investigation.

2. Material and Methods

Thymocytes were isolated from the glandula thymus of
male Wistar rats aged 7–9 weeks. Experiments were per-
formed in compliance with the relevant laws and institu-
tional guidelines. The permissions of the State Food and
Veterinary Service of Lithuania to use experimental animals
for research were obtained (25/07/2013). All bicarbonate-
containing buffers were preequilibrated with 5% CO

2

, 20%
O
2

, and 75% N
2

and were kept at 37∘C. The composition of
buffers is as follows: a standard 100% Cl− buffer (solution
1), a Cl−-free buffer (solution 2), a Na+- and Cl−-free buffer
with D-mannitol (solution 3), and Na+- and Cl−-free buffer
containing N-methyl-D-glucamine (solution 4) (Table 1).
[Cl−]
𝑖

was measured by the spectrofluorimetric method
using MQAE dye as described [1]. Chloride efflux in control
thymocytes was measured (𝑛 = 8) in a buffer in which Cl−
had been substituted with isethionate acid (solution 2), in
a Na+- and Cl−-free buffer containing D-mannitol (𝑛 = 8;
solution 3), in thymocytes pretreated with 125 𝜇M H

2

DIDS
in a Na+- and Cl−-free buffer containing D-mannitol (𝑛 =
4) and in a buffer containing NMDG (𝑛 = 4; solution
4). The buffer isotonicity was calculated according to NaCl
equivalents [6]. Fluorescence measurements were performed
with a Perkin Elmer 50B spectrofluorometer (excitation
wavelength 352 nm and emission wavelength 450 nm). [Cl−]

𝑖

was calculated by using a procedure as described [1, 7].
MQAE, H

2

DIDS, and all other chemicals were purchased
from Sigma, Sigma-Aldrich, Fluka, AppliChem, BioEKSMA.

For modelling and model fitting, standard software was
used. The models are based on the scheme presented in

Figure 1. The systems of simple differential equations were
solved with Maple. Data processing was carried out using
Microsoft Excel [8].

3. Results

3.1. General Considerations, Supposed Relationships, and
Modeling. The [Cl−]

𝑖

level of thymocytes after their acute
exposure to different buffers shows no statistically significant
difference (𝑃 > 0.05): 22.6 ± 2.7mM in solution 2 (see
Table 1), 22.1 ± 3.2 in the same solution pretreated with
H
2

DIDS, 21.0 ± 2.9 in solution 3, 21.5 ± 2.4 in the same
solution pretreated with H

2

DIDS, and 19.7 ± 1.3mM with
NMDG (solution 4). In the presence of Cl− and HCO

3

− in
thymocytes, acute exposure of the cells to an isotonic Cl−-free
solution and Na+- and Cl−-free solutions with a D-mannitol
substitute resulted in a rapid decline of [Cl−]

𝑖

.
The current understanding of the mechanisms of Cl−

efflux from thymocytes is presented in the scheme depicted in
Figure 1. The efflux from the cells in which the activity of the
exchanger is inhibited has to be assigned to a noncontrollable
leakage of chloride anions through themembrane.The rate of
the leakage (𝐹leak), presumably, can be expressed as follows:

𝐹leak = −𝛼𝑦, (1)

where 𝛼 is relative permeability of cellular membrane and 𝑦
is transmembrane difference of Cl− concentration or just Cl−
concentration in the cytoplasm (if the medium is Cl−-free).
The solution of the above equation is

𝑦 = 𝑦
0

exp (−𝛼𝑡) , (2)

𝑦
0

being initial Cl− concentration in the cytoplasm. The
model is depicted in Figure 2.

Experimental data of cytoplasmic Cl− concentrations in
the absence of Cl−/HCO

3

− exchange inhibition (Figure 2)
suggest the decline to proceed with the relative rate different
from constant. At the beginning it is slow, then fast, and
slow again, keeping in mind that the observed decline in Cl−
concentration results from both noncontrollable Cl− leakage
via the cellularmembrane and its efflux via the exchanger.The
total efflux rate can be presented as follows [8]:

d𝑦
d𝑡
= −𝛼𝑦 − 𝐴

𝜆𝜇

𝜆 − 𝜇
(exp (−𝜇𝑡) − exp (−𝜆𝑡)) , (3)

where 𝐴 symbolizes the efficacy of the exchanger and 𝜆 and
𝜇 stand for relative rates of rise and decline of its activity, the
parameters𝜆 and𝜇 being interchangeable.The solution of the
above equation is

𝑦 = 𝑦
0

exp (−𝛼𝑡) − 𝐴 exp (−𝛼𝑡) 𝜆𝜇

× (
(𝜇 − 𝛼) exp (− (𝜆 − 𝛼) 𝑡)
(𝜆 − 𝛼) (𝜇 − 𝛼) (𝜆 − 𝜇)

−
(𝜆 − 𝛼) exp (− (𝜇 − 𝛼) 𝑡) + (𝜆 − 𝜇)
(𝜆 − 𝛼) (𝜇 − 𝛼) (𝜆 − 𝜇)

) .

(4)
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Table 1: Solution compositions (mM).

Ingredient Solution 1
(100% Cl−)

Solution 2
(Cl−-free)

Solution 3
(Cl−- and Na+-free
with D-mannitol)

Solution 4
(Cl−- and Na+-free

with NMDG)
Glucose 5 5 5 5
HEPES 5 5 5 5
MgSO4 0.8 0.8 0.8 0.8
NaH2PO4 1 1 0 0
KH2PO4 0 0 1 1
Ca acetate 1.8 1.8 0 0
NaCl 96 0 0 0
Na isethionate 16.4 117.3 0 0
D-mannitol 0 0 185 0
KCl 5.3 0 0 0
N-methyl-D-glucamine 0 0 0 185
K gluconate 0 0 4.3 0
KHCO3 0 5.3 0 4.3
NaHCO3 22 16.7 0 0
Choline HCO3 0 0 22 22

Table 2: Conditions of the experiments and model parameters estimated by fitting (2) and (4) to experimental data.

Parameter Notation
Estimate

Na+-containing
medium (solution 2)

Na+-free medium
(solution 3)

Initial chloride concentration in cytoplasm, mM 𝑦cytoplasm 22.6 21.0
Relative membrane permeability, s−1 𝛼 0.000533 0.000774
A rate constant of the exchanger transition, s−1 𝜆 0.000547 0.00547
Another rate constant of the exchanger transition, s−1 𝜇 0.0169 0.0169
Exchanger efficacy, mM 𝐴 12.1 12.2
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Figure 2: Chloride efflux from thymocytes (treated either with H
2

DIDS (𝑛 = 4) or with NMDG (𝑛 = 4)) into chloride-free, bicarbonate-
containing, and either sodium-containing or sodium-free medium. The smooth curves correspond to model (2) (noncontrollable chloride
efflux) or model (4) (taking into account the contribution of the exchanger) with the parameter values presented in Table 2.The controls were
Na isethionate (a) and D-mannitol (b). The data (zigzagged lines) are representative of 𝑛 = 8 (a) and 𝑛 = 8 experiments (b).
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3.2. Comparison of Models and Experimental Data. The data
together with the models are presented in Figure 2. The
models seem quite acceptable suggesting the plausibility
of the initial assumptions; together with the parameters
contained in Table 2 they are discussed in detail in the next
section.

4. Discussion

It is commonly accepted that in rat thymocytes the intra-
cellular Cl− level is regulated by Na-independent and Na-
dependent Cl−/HCO

3

− exchangers and Na-K-2Cl cotrans-
porter [1, 2]. Two classes of Cl−/HCO

3

− exchangers related
to [Cl−]

𝑖

level regulation were identified in mammalian
cells: band 3 family (AE1, AE2, and AE3) was found to
be Na-independent [3]. It normally acts as a Cl− influx
mechanism [2, 9]. Lymphocytes express the AE2 isoform
which shows a lower affinity for DIDS than does AE1 [4,
9, 10]. The Cl−/HCO

3

− exchanger, which was described
as a Na-dependent Cl−/HCO

3

− one, acts as a Cl− efflux
mechanism in experiments of external Cl− removal [2, 11].
TheNa-dependent Cl−/HCO

3

− exchanger in thymocytes was
described when it was evaluated by measuring intracellular
pH changes [2]. Later, this exchanger was evaluated by
measuring [Cl−]

𝑖

in the experimental conditions identical
to those reported earlier [1]. Evidence for the existence of
a Na-dependent Cl−/HCO

3

− exchanger comes from studies
examining the effects of DIDS and Na+ removal on net Cl−
efflux, in which Na+ and Cl− were substituted by NMDG.
Such experimental data show that the net Cl− efflux is com-
pletely blocked by the acute removal of Na+ from the external
medium, and this fact led to the conclusion that Cl−/HCO

3

−

exchange was due to a Na-dependent mechanism.The nature
of the “blockade” mechanism is not clear, nor has the Na-
dependent Cl−/HCO

3

− exchanger been isolated and cloned
to date.

The study was undertaken to examine the Na+ involved
in Cl− efflux from rat thymocytes, using another Cl− and
Na+ substitute D-mannitol. Examination of the Cl− efflux
pathway was performed by acutely exposing cells to Na-Cl−-
free media and determining changes in the [Cl−]

𝑖

level. The
basal [Cl−]

𝑖

level in the study of thymocytes was similar to
[Cl−]
𝑖

levels as found by others for different cell types such as
rat thymocytes [1], vascular smooth muscle cells [7, 12], and
astrocytes [13].

In the presence of Cl− and HCO
3

− in the thymocytes,
acute exposure of the cells to an isotonic Cl−-free solution
andCl−- andNa+-free solutions with aD-mannitol substitute
resulted in a rapid decline of [Cl−]

𝑖

. The parameters of
the mathematical model (relative membrane permeability,
relative rate of exchanger transition, and exchanger efficacy)
show that Cl− efflux in a bicarbonate buffer in which Cl− is
substituted with Na isethionate is the same as in the Na+-Cl−-
free buffer in which these ions are substituted isotonically
with D-mannitol.

We stress that the buffer for experiments examining Na-
dependent Cl− efflux where Na+ and Cl− are substituted
by NMDG cannot be used for evaluating Cl− efflux. The
NMDG properties listed below should be estimated while

investigating a Na-dependent Cl−/HCO
3

− exchanger. The
use of NMDG to substitute monovalent cations requires
pH adjustment [14–16]. Following the reconstitution with
deionised water, the pH of 185mM of the NMDG solution
was 11.4 due to the alkaline properties ofNMDG (itsmolecule
contains a charged methylamine head group responsible for
alkalinity), asNMDGhas the ionisation equilibrium constant
𝐾
𝑏

= 3.98 ⋅ 10
−5 [17]. Adjustment of the pH of its solution

requires large quantities of acids: 125 mM of H
2

SO
4

has to be
added to adjust the pH of the solution to 7.3. The osmolarity
of the solutionwas 6.2 atm before pH adjustment and 17.4 atm
after it (own calculation).

Historically, NMDGhas been used for several decades for
the substitution of monovalent cations, assuming that it does
not cross the cell membrane. However, today our knowledge
of NMDG permeability through ion channels has undergone
essential changes. NMDG permeation has been reported in
ion channels such as ATP-gated P2X [18], epithelial Ca2+
channel ECaC [19], glutamate receptor [20], mechanosen-
sitive channels [21], and mutant Na+ channels [22]. Some
transient receptor potential family cation channels display
partial permeability to NMDG [23]. In the absence of K+,
significant NMDG currents were recorded in human kidney
cells expressing Kv3.1/Kv3.2b and Kv1.5 R487Y/V channels.
Inward currents were much stronger because of the blockade
of the outward currents by intracellular Mg2+, resulting in
a strong inward rectification [16]. NMDG rapidly blocks
Ca2+-activated K+ channels from the inside of the membrane
[24]. Extracellular NMDG causes a partial block of outward
currents in the TRPC3 member of the transient receptor
potential family cation channels [25], and the intracellular
NMDG modifies the properties of the Ca2+ L-type channel
in guinea pig cardiac myocytes by increasing the overall
duration of the Ca-dependent slow action potential 6-fold at
0mV [26]. NMDG increases the intracellular Ca2+ and K+ in
Ehrlich Lettre ascite cells, changing the intracellular pH [27].

When using NMDG for Na+ substitution, the solution
hypertonicity, alkaline features of the substitute, and an addi-
tional high concentration of anions appearing after buffer
adjustment with acids could change the functioning of the
exchanger. AE2 studies have also shown that it is capable
of transporting a number of different anions working in
a number of different modes of exchange such as Cl−/Cl−
and sulfate/chloride [28]. Band 3 protein may also be able
to exchange Cl−/OH− [29]; besides, it has been shown to
transport sulphate [30, 31] and phosphate anions [32].

The study data show that there is no Cl− efflux from
thymocytes in a bicarbonate buffer in which Na+ and Cl−
are substituted by NMDG. However, Cl− efflux through
Cl−/HCO

3

− exchanger occurs when the neutral substitute D-
mannitol is used instead of NMDG. This means that extra-
cellular Na+ is not required for Cl− efflux in rat thymocytes.
This could be in agreement with studies indicating that in
experimental conditions of external Cl− removal the AE2
antiporter can be reversed; that is, it works at both sides of
a lymphocyte membrane [4, 33]. Pretreatment of cells with
DIDS before exposure to a Cl−-free solution inhibited the
decline in [Cl−]

𝑖

, suggesting that the Cl−/HCO
3

− exchange
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Figure 3: The summarized results of the Cl− efflux study.

mechanism is responsible for Cl− efflux in these cells. The
stilbene compound (DIDS, SITS) binding site is located on
the outer surface of the membrane rather than buried within
the pocket formed by the tertiary complex of the protein
[34, 35]. No contribution of Na dependence of Cl−/HCO

3

−

exchanger has been observed in the study. The main data of
the study are summarized in Figure 3.

Hence, it follows that the presence or absence of Na+
in the extracellular medium is not relevant for Cl− efflux
from thymocytes, implying that Cl− efflux in experimental
conditions is related to Cl−/HCO

3

− exchanger (band 3) in
thymocytes. Sodium substitution with NMDG leads to an
inhibition of the Cl−/HCO

3

− exchanger. The higher estimate
of noncontrolled leakage (𝛼, see Table 2) suggests an incom-
plete inhibition at the NMDG concentration used in the
study.

5. Conclusions

Themain results of this work can be summarized as follows:

(i) Na+ is not required for Cl− efflux via Cl−/HCO
3

−

exchanger from rat thymocytes;
(ii) noNa-dependent Cl−/HCO

3

− exchanger is present in
rat thymocytes;

(iii) NMDG leads to exchanger inhibition.
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Curcumin is a lipophilic molecule with an active ingredient in the herbal remedy and dietary spice turmeric. It is used by different
folks for treatment of many diseases. Recent studies have discussed poor bioavailability of curcumin because of poor absorption,
rapid metabolism, and rapid systemic elimination. Nanotechnology is an emerging field that is potentially changing the way we
can treat diseases through drug delivery with curcumin. The recent investigations established several approaches to improve the
bioavailability, to increase the plasma concentration, and to enhance the cellular permeability processes of curcumin. Several
types of nanoparticles have been found to be suitable for the encapsulation or loading of curcumin to improve its therapeutic
effects in different diseases. Nanoparticles such as liposomes, polymeric nanoparticles, micelles, nanogels, niosomes, cyclodextrins,
dendrimers, silvers, and solid lipids are emerging as one of the useful alternatives that have been shown to deliver therapeutic
concentrations of curcumin. This review shows that curcumin’s therapeutic effects may increase to some extent in the presence
of nanotechnology. The presented board of evidence focuses on the valuable special effects of curcumin on different diseases and
candidates it for future clinical studies in the realm of these diseases.

1. Introduction

Curcumin, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hepta-
dien-3,5-dione, is a lipophilic molecule that rapidly per-
meates cell membrane [1]. Typical extract of Curcuma
longa L. contains the structures I to III: (I) diferuloyl-
methane/curcumin (curcumin I, 75%), (II) demethoxycur-
cumin (curcumin II, 20%), and (III) bisdemethoxycurcumin
(curcumin III, 5%) [2, 3] (Figure 1). Curcumin is an active
ingredient in the herbal remedy and dietary spice turmeric
[4]. It has a long history of administration by different folks of
China, India, and Iran for the treatment ofmanydiseases such
as diabetes, liver diseases, rheumatoid diseases, atheroscle-
rosis, infectious diseases, cancers, and digestive disorders
such as indigestion, dyspepsia, flatulence, and gastric and
duodenal ulcers [5, 6]. Many researchers have worked on
curcumin due to its various therapeutic effects on different
diseases. Shortly, curcumin has received attentionmostly due

to its antioxidant, anti-inflammatory, antitumoral, apoptosis-
inducing, and antiangiogenesis effects, which were reported
in many investigations. It acts on multiple targets in cel-
lular pathways making this agent able to perform multiple
actions [7]. The simple molecular structure along with the
relative density of functional groups in curcumin provides
researchers with an outstanding target for structure-activity
relationship and lead optimization studies. The structural
analogues of curcumin have been reported to enhance the
rate of absorption with a peak plasma half-life [8–10]. Recent
investigations have considered curcumin a lead compound
for designing new chemotherapeutic agents for treatment of
cancers including colon cancers [11], prostate cancers [12],
and other conditions with indication of chemotherapy [13,
14].

Curcumin is remarkably well tolerated, but its bioavail-
ability is poor. It does not appear to be toxic to animals
[15] or humans [16], even at high doses. Recent studies have
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Figure 1: Curcumin I, II, and III (curcumin, demethoxycurcumin, and bisdemethyoxycurcumin) and curcumin keto-enol tautomers.

discussed poor bioavailability of curcumin because of poor
absorption, rapid metabolism, and rapid systemic elimina-
tion [17, 18]; however, comprehensive pharmacokinetic data
are still missing. In a study done by Yang et al. [19], they
reported 1% bioavailability for oral administration of cur-
cumin in rats. On the elimination of curcumin, an investiga-
tion in rat model demonstrated that after oral administration
of 1 g/kg of curcumin, more than 75% was excreted in feces
and negligible amount of curcumin was detected in urine
[20]. Additionally, FDA has declared curcumin as “generally
safe.” Although curcumin showed a wide variety of useful
pharmacological effects and has been found to be quite safe in
both animals and humans, there are some studies concerning

its toxicity [21]. In spite of these advantages, curcumin has
poor water solubility; as a consequence, it reveals solubility-
limited bioavailability, which makes it a class II drug in
the biopharmaceutics classification system [22]. Additionally,
due to its rapid intestinal and hepatic metabolism, about 60%
to 70% of an oral dose of curcumin gets eliminated by the
feces [23].

As mentioned above, curcumin has been proven to be
effective in treatment of different diseases with low toxicity
to human and animals. It is extremely safe upon oral admin-
istration even at very high doses; however, it is limited due
to its poor bioavailability, stability, low solubility, and rapid
degradation and metabolism. Overcoming these problems
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has been the main goal of many studies over the past three
decades. Since curcumin was demonstrated to have poor
bioavailability and selectivity [17, 24], numerous analogues
of this material have been introduced and tested in order to
evaluate their activities against known biological targets and
to also improve their bioavailability, selectivity, and stability
[25–28]. In addition, several approaches were introduced to
improve the bioavailability, to increase the plasma concentra-
tion, and to enhance the cellular permeability and resistance
to metabolic processes of curcumin. Using nanoparticles
for targeting drug delivery appeared to provide curcumin
with longer circulation, better permeability, and stronger
resistance to metabolic processes.

2. Nanotechnology Approaches for Curcumin

Nanotechnology is increasingly considered to be the technol-
ogy of the future. Among the wide applications of nanotech-
nology is the use of nanoparticles for enhancing the bioavail-
ability and the solubility of lipophilic compounds such as cur-
cumin in drug delivery systems.Therefore, applying nanopar-
ticles gained immense popularity in the last decade due to
their potential to improve the therapeutic effects of the encap-
sulated drugs by protecting drugs from enzymatic degrada-
tion, providing their controlled release and prolonged blood
circulation, changing their pharmacokinetics, decreasing
their toxicity, and limiting their nonspecific uptake [29]. Over
a period of time, numerous emphases have been given to
develop the biodistribution of natural curcumin, but it is only
just recently that the application of the field of nanotech-
nology has considerably enhanced its therapeutic effects.
Nanoparticles such as liposomes, polymeric nanoparticles,
micelles, nanogels, niosomes, cyclodextrins, dendrimers, sil-
vers, and solid lipids are emerging as one of the useful
alternatives that have been shown to deliver therapeutic con-
centrations of curcumin. The use of the above nanoparticle
has improved main problems of curcumin such as low solu-
bility, instability, poor bioavailability, and rapid metabolism
in cancers, wound healing, Alzheimer’s disease, epilepticus,
ischemia diseases, inflammatory diseases, and so on (Table 1).

3. Liposomes

Liposomes are synthetic vesicles with globular character that
can be produced from natural phospholipids [82]. They are
self-assembling closed colloidal constructions composed of
lipid bilayers, and they have a spherical shape in which
an outer lipid bilayer surrounds a central aqueous space
[83]. The liposome diameter varies from 25 nm to 2.5mm
(Table 1). They are stated to act as immunological adjuvants
and drug carriers. Liposomes can encapsulate drugs with
widely varying solubility or lipophilicity, entrapped either
in the aqueous core of the phospholipid bilayer or at the
bilayer interface [84]. Moreover, they are able to deliver
drugs into cells by fusion or endocytosis, and practically
any drug, irrespective of its solubility, can be entrapped into
liposomes (Figure 2). In this regard, to enhance the solubility
of curcumin, Rahman et al. [30] prepared 𝛽-cyclodextrin-
curcumin inclusion complexes that entrapped both native

curcumin and the complexes separately into liposomes. All
curcumin-containing formulations were effective in inhibit-
ing cell proliferation in in vitro cell culture. In another study,
Shi et al. [31] developed a water-soluble liposomal curcumin
to examine curcumin’s preventive effects on lung fibrosis via
intravenous administration in mice by using enzyme-linked
immunosorbent assay method (ELISA). Results showed that
liposomal curcumin can effectively diminish radiation pneu-
monitis and fibrosis of lung and sensitize LL/2 cells to
irradiation. These data suggest that the systemic administra-
tion of liposomal curcumin with enhanced solubility is safe
and deserves to be investigated for further clinical applica-
tion.

Some studies showed that the drugs encapsulated in
liposomes are expected to be transported without rapid
degradation and result in minimum side effects and show
more signs of stability in the recipients. In this regard,
to assess curcumin tissue distribution, Matabudul et al.
[32] questioned whether different durations of intravenous
infusions of Lipocurc can alter curcumin metabolism and its
tissue distribution and whether treating necropsied tissues of
Beagle dogs with phosphoric acid prior to measuring cur-
cumin and its metabolite (tetrahydrocurcumin) can stabilize
the compounds allowing for accurate analytical measure-
ments. Results demonstrated that the addition of liposomes
may inhibit or saturate a putative reductase enzyme that
converts curcumin to tetrahydrocurcumin and stabilizes the
levels of curcumin. Tetrahydrocurcumin in some tissues
(lung, spleen, and liver), but not all the examined tissues
(lung, spleen, liver, pancreas, kidney, and urinary bladder),
raised issues of tissue-specific curcumin and tetrahydrocur-
cumin stability via a transporter-dependent mechanism that
elevated tissue concentrations of curcumin. Additionally,
to obtain better understanding of curcumin interaction
mechanisms with lipid membranes and improve the stability
of curcumin, Karewicz et al. [33] banded curcumin to
egg yolk phosphatidylcholine, dihexadecyl phosphate and
cholesterol, then in order to determine curcumin binding
constant to liposomes they used absorption and fluorescence
techniques. The egg yolk phosphatidylcholine/dihexadecyl
phosphate/cholesterol liposomal bilayer curcumin stabilized
the system proportionally to its content, while the egg yolk
phosphatidylcholine/dihexadecyl phosphate system destabi-
lized upon drug loading. The three-component lipid compo-
sition of the liposome seems to be themost promising system
for curcumin delivery. Furthermore, an interaction of free
and liposomal curcumin with egg yolk phosphatidylcholine
and mixed monolayers was also studied by using Langmuir
balance measurements. Condensing effects of curcumin on
egg yolk phosphatidylcholine and egg yolk phosphatidyl-
choline/dihexadecyl phosphate monolayers and loosening
influence on egg yolk phosphatidylcholine/dihexadecyl phos-
phate/cholesterol ones were observed. It was also demon-
strated that curcumin-loaded egg yolk phosphatidylcholine
liposomes are more stable upon interaction with the model
lipid membrane than the unloaded ones. In another study,
Chen et al. [85] reported the effects of different lipo-
somal formulations on curcumin stability in phosphate
buffered saline, human blood, plasma, and culture medium.
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Figure 2: A schematic figure of how curcumin is located in liposomes and enters into cells. Curcumin is encapsulated inside the liposomal
container and covalently bound to liposome, so it is protected from destruction on the way to the target. The liposome membrane is
usually made of phospholipids, which constitute biological membranes and can deliver curcumin into cells by two different ways: fusion
and endocytosis.

Liposomal curcumin showed a higher stability than free
curcumin in phosphate buffered saline (PBS). Liposomal
and free curcumin showed similar stability in human
blood plasma and culture medium. In addition, results
on the toxicity of concanavalin-A showed that dimyris-
toylphosphatidylcholine and dimyristoylphosphatidylglyc-
erol were toxic on lymphoblastoid cell lines. However, addi-
tion of cholesterol to the lipids at dimyristoylphosphatidyl-
choline/dimyristoylphosphatidylglycerol/cholesterol almost
completely eliminated the lipid toxicity to these cells. Liposo-
mal curcumin had similar or even stronger inhibitory effects
on concanavalin-A-stimulated human lymphocyte, spleno-
cyte, and lymphoblastoid cell proliferation. They concluded
that liposomal curcumin may be useful for intravenous
administration to improve the bioavailability and efficacy,
facilitating the in vivo studies that could ultimately lead to
clinical application of curcumin.

In addition, liposomal curcumin’s potential was evaluated
against cancer models of osteosarcoma and breast cancer
by Dhule et al. [34] with curcumin-loaded 𝛾-cyclodextrin
liposomal nanoparticles. The results showed promising anti-
cancer potential of liposomal curcumin both in vitro and
in vivo against osteosarcoma and breast cancer cell lines
via the caspase cascade that leads to apoptotic cell death.

The efficiency of the liposomal curcumin nanoparticles was
also confirmed by using a xenograft osteosarcoma model
in vivo. Li et al. [9] encapsulated curcumin in a liposo-
mal delivery system for intravenous administration. They
also showed the liposome-encapsulated curcumin effects
on proliferation, apoptosis, signaling, and angiogenesis by
using human pancreatic carcinoma cells in vitro and in vivo.
Liposome-encapsulated curcumin suppressed pancreatic car-
cinoma growth in murine xenograft models and inhibited
tumor angiogenesis in vivo. It also downregulated the NF-
𝜅B pathway, suppressed growth, and induced apoptosis of
human pancreatic cells in vitro and showed antitumor and
antiangiogenesis effects in vivo [35, 36]. Chen et al. [37]
studied in vitro skin permeation and in vivo antineoplastic
effects of curcumin by using liposomes as the transdermal
drug-delivery system. Curcumin-loaded liposomes exhibited
ability to inhibit the growth of melanoma cells. A con-
siderable effect on antimelanoma action was detected with
curcumin-loaded liposomes. These results, similar to the
results of other studies, suggest that liposomes would be a
hopeful delivery service for curcumin in cancer management
[30, 86, 87]. These data indicate a significant liposomal
curcumin potential as delivery vehicles for the treatment of
different cancers (Table 1).
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Rogers et al. [38] also administered liposomes contain-
ing curcumin to target delivery to renal tubular epithelial
and antigen-presenting cells in mice renal ischemia model.
Liposomal curcumin significantly improved serum crea-
tinine, reduced histological injury and cellular apoptosis,
and lowered toll-like receptor-4, heat shock protein-70, and
tumor necrosis factor alpha (TNF-𝛼) mRNA expression, and
it also decreased neutrophil infiltration and inflammatory
interleukins expression. In this regard, Basnet et al. [39]
developed vaginal administration of liposomal curcumin.
Liposomal curcumin was found to be twofold to sixfold more
potent than corresponding free curcumin. Results showed
that liposomal delivery systems enhance anti-inflammatory
properties of curcumin. Also, evaluation of liposomal cur-
cumin cytochrome P450 inhibition was conducted by Mach
et al. [88] in liver tissues. Results demonstrated that there
is low potential for CYP450 mediated drug interactions at
physiologic serum concentrations of liposomal curcumin.
It will not interact with other chemotherapy agents that
are metabolized and/or eliminated via the primary drug
metabolizing cytochrome P450 pathways [88].

The therapeutic efficacies of novel liposomal delivery
systems based on artemisinin or artemisinin-based combi-
nation therapy with curcumin have been investigated and
reported by Isacchi et al. [89].They reported that artemisinin
alone began to decrease parasitaemia levels only 7 days
after the start of the treatment, and it appears to have a
fluctuant trend in blood concentration which is reflected
in the antimalarial effectiveness. By contrast, treatments
with artemisinin loaded with liposomal delivery systems
appeared to have an immediate antimalarial effect which
cured all malaria-infected mice within the same postinocu-
lation period of time. In particular, artemisinin loaded with
liposomal curcumin seems to give the most pronounced
and statistically significant therapeutic effect in this murine
model of malaria. The enhanced permanency in blood
of artemisinin loaded with liposomal curcumin suggests
application of these nanosystems as suitable passive targeted
carriers for parasitic infections [89]. This strong effect of
formulation is added up to the mechanism of action of
artemisinin which acts in the erythrocyte cycle stage of
human host as a blood schizonticide. Agarwal et al. [90] also
assessed the acute effects of liposome-entrapped curcumin on
increasing current electroshock seizures, pentylenetetrazole-
induced seizures, and status epilepticus in mice. Liposome-
entrapped curcumin demonstrated significant increase in
seizure threshold current and latency to myoclonic and
generalized seizures increasing current electroshock and
pentylenetetrazole-induced seizures, respectively. It also
increased the latency to the onset and decreased the duration
of seizures during status epilepticus. Therefore, liposomal-
entrapped curcumin can possess anticonvulsant activity
against status epilepticus in mice (Table 1).

To put it briefly, the above data suggest that the admin-
istration of liposomal curcumin has numerous beneficial
effects which could lead to required clinical applications.
These better outcomes take place by means of enhanced
solubility, more safety and minimum side effects, more
signs of stability in the blood, increased bioavailability and

efficacy, owning a potential role as delivery vehicles for the
treatment of different cancers, potent anti-inflammatory and
antimalaria response, and, finally, anticonvulsant activity.

4. Micelles

A typical micelle is a surfactant molecule aggregate dispersed
in a liquid colloid. It is a nanosized vesicular membrane
which becomes soluble in water by gathering the hydrophilic
heads outside in contact with the solvent and hydrophobic
tails inside, which is known as emulsification. Micelles are
lipid molecules that arrange themselves in a spherical form
in aqueous solutions with a very narrow range from 10
to 100 nm in size, which makes them more stable toward
dilution in biological fluids [84]. The shape or morphology
of micelles is from amphiphilic block copolymers such as
spherical, rodlike, and starlike, as well as vesicles (Table
1). The self-assembly of amphiphilic block copolymer is a
reversible process, and the shape varies with the copolymers’
composition and length ratio [91]. The functional properties
ofmicelles are based on amphiphilic block copolymers, which
come together to form a nanosized core/shell structure in
aqueous media. The hydrophobic core area hands out as
a pool for hydrophobic drugs, while the hydrophilic shell
area stabilizes the hydrophobic core and makes the polymers
water soluble. Polymeric micelles can serve as transporters of
water-insoluble drugs such as curcumin, which can augment
the drug’s efficiency by targeting definite cells or organs;
therefore, fewer drugs accumulate in healthy tissues and
their toxicity reduces, and occasionally higher doses can be
administered [92]. In this regard, to overcome the poor water
solubility of curcumin, Liu et al. [93] prepared curcumin-
loaded biodegradable self-assembled polymeric micelles by
solid dispersion method, which was simple and easy to
scale up. Release profile showed a significant difference
between rapid release of free curcumin and much slower
and sustained release of curcumin-loaded micelles. In addi-
tion, the preparation of curcumin-loaded micelles based
on amphiphilic Pluronic/polycaprolactone block copolymer
was investigated by Raveendran et al. [40], which proved
to be efficient in enhancing curcumin’s aqueous solubility.
Some other studies also deliberated on highly surface-active
compounds such as poloxamers or Pluronic that can self-
assemble into spherical micelle. In vitro results showed
that spherical curcumin-loaded mixed micelles might serve
as a potential nanocarrier to improve the solubility and
biological activity of curcumin [94–96]. In another study,
the aqueous solubility of the curcumin was increased by
encapsulation within the micelles [97]. Solubilization was
directly related to the compatibility between the solubilizate
and polycaprolactone as determined by the Flory-Huggins
interaction parameter. Molecular modeling study suggested
that curcumin tended to interact with polycaprolactone
serving as a core embraced by polyethylene glycol as a shell.
In addition, Yu et al. [41] showed the structure of modified
𝜀-polylysine micelles and their application in improving
cellular antioxidant activity of curcuminoids. Results of their
investigation revealed that modified 𝜀-polylysine micelles
were able to encapsulate curcuminoids and improve their
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water solubility and cellular antioxidative activity compared
with free curcuminoids. They suggested that these micelles
may be used as new biopolymermicelles for delivering poorly
soluble drugs such as curcumin. Another study synthesized
curcumin in sodium dodecyl sulfate and cetyltrimethylam-
monium bromide micelles to overcome the poor water
solubility of curcumin and demonstrated antioxidative effects
of curcumin analogues against the free-radical-induced per-
oxidation of linoleic acid in these micelles [98, 99]. Kinetic
analysis of the antioxidation processes demonstrated that
these compounds exhibited extraordinarily higher antioxida-
tive activity in micelles due to their solubility being higher
than free curcumin [98].

Drug release frommicelles is governed by different issues
including micelle stability, the rate of copolymer biodegrada-
tion, and drug diffusion. By the way, Sahu et al. [100] reported
the potential of the two most common Pluronic triblock
copolymer micelles, Pluronic F127 and F68, for curcumin
encapsulation efficiency and stability. Pluronic F127 showed
better encapsulation efficiency and good stability for long-
term storage than Pluronic F68. Atomic force microscopy
(AFM) study revealed that the drug-encapsulatedmicelles are
spherical in shape with diameters below 100 nm. Pluronic-
encapsulated curcumin demonstrated slower and sustained
release of curcumin from the micelles and considerable
anticancer activity in comparison with free curcumin in vitro
cytotoxicity study. In addition, Podaralla et al. [42] reported
a natural protein core-based polymeric micelle and demon-
strated its application for the delivery of hydrophobic anti-
cancer drugs, specifically curcumin. They synthesized novel
biodegradable micelles by conjugatingmethoxy polyethylene
glycol and zein, a biodegradable hydrophobic plant protein
which can be found in Maize, and then encapsulating with
curcumin. Polyethylene glycol zein micelles sustained the
curcumin release up to 24 hrs in vitro and significantly
enhanced its aqueous solubility and stability with the 3-
fold reduction in IC50 value of curcumin. So, since the
curcumin is finely protected from possible inactivation by
their micellar surroundings, its retention and bioavailability
can be enhanced (Table 1).

Aiming to modify the pharmacokinetics of curcumin,
Song et al. [43] synthesized a poly(D,L-lactide-co-glycolide)-
b-poly(ethylene glycol)-b-poly(D,L-lactide-co-glycolide)
(PLGA-PEG-PLGA) with micelles. PLGA-PEG-PLGA
micelles provided higher area under the concentration
curve (AUC) and enhanced residence time, clearance, and
distribution half-life in comparison with curcumin solution.
The prolongation of half-life, enhanced residence time, and
decreased total clearance indicated that curcumin-loaded
micelles could prolong acting time of curcumin in vivo.These
results may be related to the curcumin location within the
micelles and increased viscosity of copolymer solution at the
body temperature. The variation of AUC indicated that the
curcumin-loaded micelles provided higher bioavailability
than curcumin solution, and the biodistribution study
showed that the micelles had decreased drug uptake by
liver and spleen and enhanced drug distribution in lung
and brain. These results suggested that PLGA-PEG-PLGA
micelles would be a potential carrier for curcumin. In

addition, Ma et al. [94] demonstrated the pharmacokinetics
of both solubilized curcumin and its polymeric micellar
formulation in rats by using a simple, rapid, and reliable
HPLC method. They concluded that encapsulation of
curcumin in the polymeric micellar formulation led to
increase in curcumin’s half-life and distribution volume.

In addition, curcumin-micelles can be affected by physic-
ochemical characteristics, concentration, and location within
the micelles. The polymeric micelles have a prolonged cir-
culation time due to their small size and hydrophilic shell
that reduce the drug uptake by the mononuclear phagocyte
system [101]. Leung et al. [44] reported that encapsulated
curcumin in cationic micelles suppresses alkaline hydrolysis
that was studied in three types of micelles composed of
the cationic surfactants cetyltrimethylammonium bromide
(CTAB) and dodecyltrimethylammonium bromide (DTAB)
and the anionic surfactant sodium dodecyl sulfate (SDS).
Curcumin underwent rapid degradation in the SDS micellar
solution by alkaline hydrolysis at pH of 13, while it was
significantly suppressed with a yield of suppression close
to 90% in the presence of either CTAB or DTAB micelles.
Results from fluorescence spectroscopic studies revealed that
curcumin is dissociated from the SDSmicelles to the aqueous
phase at this pH while curcumin remains encapsulated
in CTAB and DTAB micelles at pH 13. The absence of
encapsulation and stabilization in the SDS micellar solution
resulted in rapid hydrolysis of curcumin. Some other studies
showed other curcumin-loaded micelles properties. Wang
et al. [102] introduced the sensitive fluorometric method
for the determination of curcumin using the enhancement
of mixed micelle. This method had the advantages of high
sensitivity, selectivity, and stability. The fluorescence of cur-
cumin was greatly enhanced by mixed micelle of sodium
dodecylbenzenesulfonate and cetyltrimethylammoniumbro-
mide (SDBS-CTAB). This study indicated that fluorescence
quantum yield of curcumin in SDBS-CTAB micelle was
about 55-fold larger than that of aqueous solution con-
taining 1.0% ethanol, which was in agreement with their
fluorescence intensity ratio. As a result, curcumin can be
used as a fluorophore in fluorescence polarization anisotropy
measurement to determine the criticalmicellar concentration
of surfactant and to study the interaction between them.
In addition, Adhikary et al. [45] performed femtosecond
fluorescence upconversion experiments on the naturally
occurringmedicinal pigment, curcumin, in anionic, cationic,
and neutral micelles. These micelles were composed of SDS,
dodecyltrimethylammonium bromide (DTAB), and Triton
X-100. They revealed the curcumin’s excited-state kinetics in
micelles with fast (3–8 ps) and slow (50–80 ps) components.
While deuteration of curcumin had a negligible effect on
the fast component, the slow component exhibited a pro-
nounced isotope impact of approximately 1.6, which indi-
cates thatmicelle-captured curcumin undergoes excited-state
intramolecular hydrogen atom transfer. Moreover, Began
et al. [46] had attached curcumin to phosphatidylcholine
micelles followed by fluorescence measurements. Curcumin
in aqueous solution did not inhibit dioxygenation of fatty
acids by lipoxygenase 1, but it inhibited the oxidation of
fatty acids when bound to phosphatidylcholine micelles.



8 BioMed Research International

Results demonstrated that 8.6 𝜇M of curcumin bound to the
phosphatidylcholine micelles is required for 50% inhibition
of linoleic acid peroxidation. Lineweaver-Burk plot analysis
had indicated that curcumin is a competitive inhibitor of
lipoxygenase 1 with Ki of 1.7 𝜇M for linoleic acid and 4.3 𝜇M
for arachidonic acid, respectively. By using spectroscopic
measurement, they revealed that the inhibition of lipoxyge-
nase 1 activity by curcumin can be due to binding to active
center iron and curcumin after binding to the phosphatidyl-
choline micelles acts as an inhibitor of lipoxygenase 1. In a
recent investigation, the critical micelle concentration of the
amphiphilic polymer was determined by using fluorescent
probe. Outcomes indicated that Pluronic/polycaprolactone
micelles may be a promising candidate for curcumin delivery
to cancer cells of colorectal adenocarcinoma [40]. In another
pharmacokinetic study, curcumin micelles demonstrated
higher concentration and longer retention time in plasma
and tumor sites, so they had stronger inhibitory effects on
proliferation, migration, invasion, and tube formation of
carcinoma cells than free curcumin; for example, curcumin
micelles were shown to be more effective, presumably due
to higher concentration in inhibiting tumor growth and
prolonged survival in both subcutaneous and pulmonary
metastatic tumor models [103].

Investigating the influence of micelles on cytotoxicity
of curcumin, specifically in cancer therapy, in vitro study
by Raveendran et al. [40] showed that Pluronic/polycapro-
lactonemicelles could be a promising candidate for curcumin
delivery to cancer cells regarding the cytotoxicity and cellular
uptake of the curcumin-loaded micelles in colorectal
adenocarcinoma cells. An investigation by Wang et al. [104]
revealed that the encapsulated curcuminmaintains its potent
antitumor effects; however, curcumin-loaded micelles were
more effective in inhibiting tumor growth and spontaneous
pulmonary metastasis in subcutaneous 4T1 breast tumor
model and prolonged survival of tumor-bearingmice. Immu-
nofluorescent and immunohistochemical studies also
showed that tumors of curcumin-loaded micelle-treated
mice had more apoptotic cells, fewer microvessels, and fewer
proliferation-positive cells [104]. In addition, Yang et al.
[19] had conjugated methoxypolyethylene glycol-polylactic
acid (mPEG-PLA) micelle to multiple curcumin mole-
cules; the cytotoxicity study results showed that the effect of
IC50 of mPEG-PLA-Tris-curcumin on human hepatocellular
carcinoma cells was similar to unmodified curcumin.The cel-
lular uptake study demonstrated that these carriers could suc-
cessfully transport the drug to the cytoplasm of hepatic cells.
Micelles containing multiple drug molecules were an effi-
cient means to increase loading and intracellular delivery
of low-potency curcumin [19]. Moreover, Mohanty et al.
[105] reported that curcumin encapsulated in methoxy
poly(ethylene glycol)/poly-epsilon-caprolactone diblock
copolymeric (MePEG/PCL) micelle, by varying the cop-
olymer ratio (40 : 60MePEG/PCL ratio was selected due to
its high encapsulation), had increased bioavailability due to
intensified uptake, 2.95 times more, with comparative cyto-
toxic effects by induction of apoptosis in contrast with
unmodified curcumin at equimolar concentrations. Over-
all, these data obviously showed the commitment of a

micellar system for efficient solubilization, stabilization, and
controlled delivery of the hydrophobic drug, such as cur-
cumin, for cancer therapy.

Concisely, curcumin-loadedmicelles can boost the drug’s
efficiency by targeting definite cells and result in less drug
accumulation in healthy tissues and reduction of toxicity.
Curcumin’s aqueous solubility and much slower and sus-
tained release of drug caused by curcumin-loaded micelles
also get in use in several conditions. The retention and
bioavailability of curcumin could be elevated since the cur-
cumin is protected from possible inactivation by its micellar
surroundings. Locating the curcumin in the micelles can also
enhance half-life and residence time and decrease total clear-
ance leading to prolongation of acting time of curcumin.
Curcumin micelles can be influenced by physicochemical
features including their size and electrical charges, concentra-
tion, and location within the micelles. These data obviously
showed the commitment of a micellar system for efficient
solubilization, stabilization, and controlled delivery of the
hydrophobic drug, such as curcumin, for cancer therapy
(Table 1).

5. Niosomes

Niosomes aremicroscopic lamellar constructions of nonionic
surfactant of alkyl or dialkyl polyglycerol ether category with
cholesterol that were first introduced in the 70s [106, 107].
Niosomes can provide a container for drug molecules with
a wide range of solubilities due to presence of hydrophilic,
amphiphilic, and lipophilic moieties in the constitution
(Table 1).They behave similar to liposomes in vivo and can be
used as an effective alternative to liposomal drug carriers, and
those properties depend on the composition of the bilayer as
well as the method of their production [108]. Surfactant type,
encapsulated drug nature, storage temperature, detergents,
and use of membrane spanning lipids can affect niosomes
stability [107]. Niosomes are also planned for use in a number
of potential therapeutic applications, such as anticancer and
anti-infective drug targeting agents [84]. They can improve
the therapeutic indices of drugs by restricting their action
on the target cells. They also improve oral bioavailability of
poorly absorbed drugs such as curcumin to design the novel
drug delivery system and increase the skin penetration of
drugs [47]. In this regard, in an in vitro study which was
performed using albino rat skin, proniosomes of curcumin
were prepared by encapsulation of the drug in a mixture
of Span 80, cholesterol, and diethyl ether to investigate
transdermal drug delivery system [109].The planned systems
distinguished between size, drug entrapment, repose angle,
hydration rate, and vesicular stability under different storage
settings. Results showed that proniosomes are very stable and
promising prolonged delivery systems for curcumin [109].
Mandal et al. [48] also designed a comparative study with
different microenvironments for photophysical properties
of curcumin inside niosomes by means of steady state,
time resolved fluorescence spectroscopy, and dynamic light
scattering techniques. Outcomes showed that more rigid
and confined microenvironments of niosomes improve the
steady state fluorescence intensity alongwith the fluorescence
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lifetime of curcumin. The data indicated that niosomes are a
good tool for delivery system to suppress the level of degrada-
tion of curcumin [48]. In another study, by Rungphanichkul
et al., curcuminoid niosomes were developed with a series
of nonionic surfactants to enhance skin permeation of cur-
cuminoids. [49]. Results were evaluated based on entrapment
efficiency and in vitro penetration of curcuminoids via snake
skin. Niosomes drastically enhanced permeation of curcum-
inoids compared with a vehicle solution of curcuminoids
[49]. The fluxes of curcumin, desmethoxycurcumin, and
bisdesmethoxycurcumin also were consistent with the quali-
fied hydrophobicity of curcumin, desmethoxycurcumin, and
bisdesmethoxycurcumin, respectively. Data indicated that
curcuminoids can be fruitfully prepared as niosomes, and
such formulations have superior properties for transdermal
drug delivery system [49].

Briefly, niosomes can be a potential delivery system for
curcumin in order to suppress the degradation of this agent
and increase its life time. It has also been demonstrated that
niosomes boost the permeation of curcumin through skin
(Table 1).

6. Cyclodextrins

Cyclodextrins (Cds) are a family of complexes prepared from
sugar molecules bound together in cyclic oligosaccharides
[110]. They are created from starch by using enzymatic
switch. Cds are cyclic oligomers of glucose that can form
water-soluble inclusion complexes with small molecules and
portions of large complexes [111]. They are exceptional
molecules with pseudoamphiphilic construction, which are
used industrially in pharmaceutical requirements [84]. Cds
are also used in agriculture and in environmental engineering
in food, drug delivery systems, and chemical industries [110].
They have an interior hydrophobic surface which can provide
a place for residence of poorly water-soluble molecules, while
the external hydrophilic area makes its solubility possible in
the aqueous setting with high stability (Table 1).

To improve the water solubility and the hydrolytic stabil-
ity of curcumin, Tønnesen et al. [50] prepared cyclodextrin-
curcumin complexes by using HPLC and UV/VIS scan-
ning spectrophotometer techniques [50] (Figure 3). Results
showed that the hydrolytic stability of curcumin was sturdily
improved by the complex, and also the photodecomposition
rate was enhanced in organic solvents compared to the free
curcumin. As a result, the cavity size and charge of cyclodex-
trin side-chains influenced the stability and degradation rate
of curcumin [50]. In addition, other investigations on the
solubility, phase distribution, and hydrolytic and photochem-
ical stability of curcumin showed that curcumin derivatives
weremore stable towards hydrolytic degradation in cyclodex-
trin solutions than free curcumin [51]. The photochemical
studies illustrated that curcumin is universally more stable
than its other derivatives. Solubility and phase-distribution
studies showed that curcuminoids with side groups on the
phenyl moiety have higher affinity for the hydroxypropyl-
𝛾-cyclodextrin (HP-𝛾-CD) than the cyclodextrins. The rad-
ical scavenging investigations confirmed that curcumin is
more active than its curcuminoids derivatives, and the

free phenolic hydroxyl group may possibly be necessary
for the scavenging properties [51]. In another study, to
increase the solubility of curcumin, Darandale and Vavia [52]
employed cyclodextrin-based nanosponges; they formulated
the complex of curcumin with 𝛽-cyclodextrin nanosponge
obtained with dimethyl carbonate as a cross-linker. The
loaded nanosponges have shown more solubilization effi-
ciency compared to free curcumin and 𝛽-cyclodextrin com-
plex. The characterization of curcumin nanosponge complex
confirmed the interactions of curcumin with nanosponges.
Moreover, in vitro drug release of curcumin was controlled
over a prolonged time period, and the complex was non-
hemolytic [52]. Therefore, it seems that CDs are permitting
vehicles that can be used for oral delivery to develop the
bioavailability of insoluble drugs bymolecular dispersion and
degradation protection and for intravenous delivery to supply
as solubilizers for multifaceted hydrophobic drugs without
altering their pharmacokinetic properties [84].

Yadav et al. [53] developed a new cyclodextrin com-
plex of curcumin to increase solubility of curcumin and
studied its anti-inflammatory and antiproliferative effects.
They showed that cyclodextrin-curcumin complex was more
active than free curcumin in inhibiting the inflammatory
transcription factor, such as nuclear factor kappa-b (NF-𝜅B).
In addition, it suppressed cyclin D1 as a cell proliferation
marker, matrix metallopeptidase 9 (MMP-9) as an invasion
marker in metastasis, and vascular endothelial growth factor
(VEGF) as an angiogenesis marker. Cyclodextrin-curcumin
complex was alsomore active in inducing the death receptors
and apoptosis of leukemic cells as well as other cancer cell
lines.These suggest that cyclodextrin-curcumin complex has
superior characteristics compared to free curcumin for cell
uptake and antiproliferative and anti-inflammatory effects
[53]. Yadav et al. [54] have also planned curcumin complexes
by common methods to evaluate the anti-inflammatory
effects of cyclodextrin-curcumin complex for the treatment
of inflammatory bowel disease (IBD) in an animal rat model.
In vivo results showed that curcumin has higher affinity for
hydroxypropyl-𝛽-cyclodextrin than other cyclodextrins. In
addition, hydroxypropyl-𝛽-cyclodextrin-curcumin complex
proved to be a powerful antiangiogenesis complex. In vivo
data also confirmed that the scale of colitis was appreciably
attenuated by cyclodextrin-curcumin. In summary, cyclodex-
trin complex was shown to be valuable in the therapeutic
approaches for IBD patients being a nontoxic natural dietary
yield [54].

Additionally, Cds can augment bioavailability of insoluble
drugs such as curcumin by rising drug solubility and dissolu-
tion [84]. They also amplify the permeability of hydrophobic
agents by making them accessible at the surface of the mem-
brane’s biological barrier. A 𝛽-cyclodextrin-encapsulated
curcumin drug delivery systemwas developed by Yallapu and
colleagues in order to get better curcumin hydrophilic and
drug delivery characteristics [55]. Encapsulated-curcumin
efficiency was shown to be improved through increasing
the ratio of curcumin to cyclodextrin. Then, an optimized
cyclodextrin-curcumin complex was assessed for intracellu-
lar uptake and anticancer effects. Cell proliferation and clono-
genic examinations showed that 𝛽-cyclodextrin-curcumin
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Figure 3: A schematic figure of curcumin connection to the cyclodextrin nanoparticles.

self-assembly augmented curcumin delivery and improved
its therapeutic efficacy in prostate cancer cells [55]. More-
over, curcumin-loaded 𝛾-cyclodextrin liposomal nanoparti-
cles as delivery vehicles were also explored by Dhule et al.
[34] and evaluated against cancer models. The resulting 2-
hydroxypropyl-𝛾-cyclodextrin/curcumin-liposome complex
showed promising anticancer potential both in vitro and in
vivo against osteosarcoma and breast cancer. Liposomal cur-
cumin initiated the caspase cascade that led to apoptotic
cell death in vitro. In addition, the efficiency of the lipo-
somal curcumin formulation was confirmed in vivo by
using a xenograft osteosarcoma model. Data showed that
curcumin-loaded 𝛾-cyclodextrin liposomes indicated con-
siderable potential as delivery vehicles for cancer cure [34].
Rahman et al. [30] prepared 𝛽-cyclodextrin-curcumin com-
plexes, as a hydrophilic curcumin. They entrapped both

native curcumin as a hydrophobic agent and the complexes
separately into liposomes and then assessed them for their
cytotoxicity in cancerous cell lines. The aqueous solubility
of 𝛽-cyclodextrin-curcumin complexes enhanced noticeably,
and successful entrapment of complexes into prepared lipo-
somes was also achieved. The median effective dose for all
curcumin formulations was found to be in a low range for
both lung and colon cancer cell lines [30]. Outcomes guar-
anteed that 𝛽-cyclodextrin-curcumin complexes of weakly
water-soluble drugs such as curcumin can be tricked within
biocompatible vesicles such as liposomes, and this does not
prevent their anticancer effects [30]. In another study, a
novel curcumin analogue (difluorinated curcumin; CDF) and
CDF-𝛽-cyclodextrin-curcumin complex were synthesized to
enhance anticancer effects against pancreatic cancer [56].
Results showed that CDF-𝛽-cyclodextrin was found to lower
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IC50 value by half when tested against multiple cancer
cell lines. Following intravenous administration of CDF-𝛽-
cyclodextrin, it was specially accumulated in pancreatic tissue
10 times higher than in serum. As a result, novel curcumin
analogue CDF outstanding gathering in pancreas tissue led
to its persuasive anticancer effects against pancreatic cancer
cells. So, synthesis of such CDF-𝛽-cyclodextrin self-assembly
is a successful approach to improve its bioavailability and
tissue distribution. Further evaluations on CDF delivery in
clinical settings for treatment of human malignancies were
suggested by these authors [56]. Moreover, a novel poly(𝛽-
cyclodextrin)-curcumin self-assembly was approached to
improve curcumin’s delivery to prostate cancer cells by
Yallapu et al. [112]. Intracellular uptake of the self-assembly
was evaluated by means of flow cytometry and immunoflu-
orescence microscopy. The therapeutic values were estab-
lished by cell proliferation and colony formation tests on
prostate cancer cells. Results recommended that the poly(𝛽-
cyclodextrin)-curcumin formulation could be a valuable
system for developing curcumin delivery and its therapeu-
tic effectiveness in prostate cancer [112]. Additionally, in
order to improve solubility and drug delivery of curcumin,
Lomedasht et al. [113] exploited a 𝛽-cyclodextrin-curcumin
inclusion complex and evaluated its cytotoxic effects by
MTT assay in vitro. Breast cancer cells were treated with
equal concentration of 𝛽-cyclodextrin-curcumin and free
curcumin. Then, telomerase gene expression was compared
by real-time PCR in two groups. In vitro results showed
that 𝛽-cyclodextrin-curcumin increased curcumin delivery
in breast cancer cells [113]. Telomerase gene expression was
lower in 𝛽-cyclodextrin-curcumin-treated cells than free
curcumin-treated cells. As a result, 𝛽-cyclodextrin-curcumin
complex wasmore effectual than free curcumin in telomerase
expression inhibition. Rocks et al. [114] have used cyclodex-
trins as an excipient permitting a significant enhancement
of curcumin solubility and bioavailability. Then, complex’s
effects were evaluated in cell cultures as well as in vivo,
in an orthotopic lung tumor mouse model. Cell prolifer-
ation in the presence of curcumin-cyclodextrin complex
was decreased while apoptosis rates were increased in lung
epithelial tumor cells in vitro. For in vivo experiments,
cells were grafted into lungs of C57Bl/6 mice treated by
an oral administration of a nonsoluble form of curcumin,
Cds alone, or curcumin-CD complexes, combined with or
not combined with gemcitabine [114]. In addition, the size
of orthotopically implanted lung tumors was noticeably
reduced by curcumin complex administration in compar-
ison with nonsolubilized curcumin. Moreover, curcumin-
cyclodextrin complex potentiated the gemcitabine-mediated
antitumor effects. Results underlined a prospective preser-
vative effect of curcumin with gemcitabine, thus providing
a proficient remedial alternative for anti-lung cancer treat-
ment [114]. Moreover, for noninvasive imaging, encapsu-
lated 4-[3,5-bis(2-chlorobenzylidene-4-oxo-piperidine-1-yl)-
4-oxo-2-butenoic-acid] (CLEFMA) was developed by using
hydroxypropyl 𝛽-cyclodextrin [115]. CLEFMA possessed
more persuasive antiproliferative effects in lung adenocar-
cinoma without any impact on normal lung fibroblasts. It
seems that CLEFMA liposomes retained the antiproliferative

effectiveness of free CLEFMA while sustaining its nontoxic
character in normal lung fibroblasts. In addition, tumor
volume extensively reduced after treatment with CLEFMA,
to 94% in rat xenograft tumors. Outcomes revealed the
usefulness of liposomes to supply as a carrier for CLEFMA,
and this study was the first to exhibit the efficacy of novel
curcuminoid CLEFMA in a preclinical model [115].

To sum up, these collected data show that Cds help
increase the hydrolytic stability of curcumin, photodecompo-
sition rate, protection against decomposition, bioavailability,
and molecular dispersion compared to the free curcumin
without altering their pharmacokinetic characteristics (Table
1). These data also confirm that cyclodextrin-curcumin com-
plex has a priority against free curcumin in cell uptake,
antiproliferative and anti-inflammatory effects by suppres-
sion of cyclin D1, MMP-9, and VEGF, and induction of death
receptors and apoptosis.

7. Dendrimers

Dendrimers are a group of greatly branched globular poly-
mers which are created with structural control rivaling
traditional biomolecules. They were introduced in the mid-
1980s and are referred to as synthetic proteins. Dendrimers
are a series of polymeric architectures with different chem-
ical and surface-related properties. They have much more
accurately controlled structures, with a globular shape and
a single molecular weight rather than a distribution of
molecular weights in comparison with the traditional lin-
ear polymers [116]. A number of properties put together
dendrimers’ exceptional nanostructures with the interior-
surface architecture or generations (Table 1). The dendrimer
structure, consisting of a core, branched interiors, and
numerous surface functional groups, serves as a platform to
which additional substrates can be added to this spherical
molecule in a highly controlled manner. This nanospace
represents an isolated environment, thus decreasing toxicity
associated with the payload. The well-defined organization,
dense spherical form, size, monodispersity, and controllable
“surface” functionalities of dendrimers make them brilliant
applicants for assessment as drug delivery services [117].
In addition, the biocompatibility silhouette of dendrimers
donates to their effectiveness in molecular imaging. This
biocompatibility can be increased via functionalization with
smallmolecules. Increased biocompatibility is also associated
with lower generation branch cells with anionic or neutral
groups compared to similar branch cells of higher generations
which have cationic surface groups.

To test whether dendrimer curcumin displays both cyto-
toxicity and water solubility, Debnath et al. [57] generated
dendrimer curcumin conjugate, a water-soluble and effective
cytotoxic agent against breast cancer cell lines. In vitro results
showed that dendrimer curcumin conjugate dissolved in
waterwas significantlymore effective in inducing cytotoxicity
against SKBr3 and BT549 human breast cancer cells and
effectively induced cellular apoptosis measured by caspase-
3 activation. In another study, the interaction of curcumin
dendrimers with cancer cells, serum proteins, and human red
blood cells was studied by Yallapu et al. [58]. They assessed
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dendrimers’ potential application for in vivo preclinical and
clinical studies. Protein interaction studies were conducted
using particle size analysis, zeta potential, and western blot
techniques. To evaluate its acute toxicity and hemocompati-
bility, curcumin-dendrimer was incubated with human red
blood cells. In addition, the cellular uptake of curcumin-
dendrimer was assessed by using curcumin levels in can-
cer cells using ultraviolet-visible spectrophotometry. Results
showed a remarkable capacity of the dendrimer curcumin
nanoformulation to bind to plasma protein. However, no sig-
nificant changes were observed in the zeta potential and the
extensive hemolysis of the dendrimer curcumin formulation.
Results showed that the positively charged amino surface
groups cause destabilize the cell membrane and cell lysis.This
type of lytic effect on erythrocytosis is extremely dangerous
when administered in vivo. Therefore, polyethylene glycol
conjugation of dendrimer formulations may be required to
decrease this activity [118, 119].

Cao et al. [59] investigated the interactions between
polyamidoamine-C (a dendrimers) and curcumin by using
fluorescence spectroscopy andmolecularmodelingmethods.
Results showed that the polyamidoamine-C12 25% formation
together with curcumin induced the fluorescence quenching
of polyamidoamine-C12 25%. Curcumin entered the inter-
face of polyamidoamine-C12 25% with mainly five classes
of binding sites by hydrophobic bonds, hydrogen bonds,
and van der Waals forces interactions. The larger values
of binding constants indicated that polyamidoamine-C12
25% holds the curcumin strongly. Furthermore, in another
study, polyamidoamine encapsulated curcumin inhibited
telomerase activity in human breast cancer cell line [60].
These researchers also used telomerase repeat amplification
protocol (TRAP) assay and determined relative telomerase
activity (%RTA). In vitro results demonstrated that den-
drimers have no cytotoxicity in human breast cancer cell
line. Also, polyamidoamine encapsulating curcumin con-
centration increased while %RTA decreased. These results
suggested that polyamidoamine encapsulating curcumin had
a dose-dependent cytotoxicity effect on breast cancer cell line
through downregulation and inactivation of telomerase and
inducing apoptosis by enhancing curcumin uptake by cells
(Table 1). So, polyamidoamine can be considered as a fine
carrier especially for hydrophobic agents.

The stability of curcumin and its antitumor properties
were improved by using dendrosomal nanoparticles in vitro
and in vivo by our team’s work [61–63, 120]. The made den-
drosomal nanoparticle-curcumin is a neutral, amphipathic,
and biodegradable nanomaterial with variable monomers
suitable for inert cell drug porters. It is a new type of bio-
compatible polymeric particle taken from plant fatty acids
which keeps curcumin size at 80 nm (Table 1). Acute and
chronic toxicity of dendrosomal nanoparticle-curcumin was
investigated in mice. Our results shed new light on den-
drosomal nanoparticle-curcumin’s potential biocompatibility
for in vitro and in vivo biological systems. In addition,
the protective and the therapeutic effects of dendrosomal
nanoparticle-curcumin were assessed on an animal model
of breast cancer through apoptosis, proliferation, and
angiogenesis pathways. In our study, dendrosomal

nanoparticle-curcumin significantly suppressed proliferation
of human andmouse carcinoma cells. In vitro results showed
not only that dendrosomes have significantly increased the
uptake of curcumin but also that dendrosomal nanoparticle-
curcumin inhibited the growth of cancer cells rather than
normal ones by inducing apoptosis. In toxicity profile,
based on hematological, blood chemical, and histological
examinations, minimal hepatic and renal toxicity were
seen with high dendrosomal nanoparticle-curcumin doses.
In addition, in vivo results showed that tumor incidence,
weight, and size were significantly declined in dendrosomal
nanoparticle-curcumin-treated group. Dendrosomal nano-
particle-curcumin also induced the expression of proapop-
totic Bax protein and reduced antiapoptotic Bcl-2 protein
expression relative to the control group. Moreover, prolife-
rative and angiogenic markers were lowered in dendrosomal
nanoparticle-curcumin-treated animals.These findings point
to the features of the polymeric carrier as a promising drug-
delivery system for cancer therapy. In another study, we also
evaluated the antiproliferative and anticarcinogenic effects
of dendrosomal nanoparticle-curcumin in rat colon cancer.
Our results demonstrated the potential anticancer effects
of dendrosomal nanoparticle-curcumin in a typical animal
model of colon cancer. The results provide evidence that
nanoparticle-curcumin exerts significant chemoprotective
and chemotherapeutic effects on colon cancer through inhi-
bition of cell proliferation and apoptosis induction [61, 63].
These tunable properties make dendrimers more attractive
agents for biomedical applications compared to other nano-
vectors such as micelles, liposomes, or emulsion droplets
(Table 1). Therefore, they are being preferred as carriers
which are the foundation for new types of anticancer entities.
Although the application of dendrimers as drug-delivery
instruments has been advertised as a major area of their
potential application, this part has really been little studied
[121].

So, mentioned studies suggest that dendrimer curcumin
conjugate in water was significantly more effective in induc-
ing cytotoxicity through downregulation and inactivation of
telomerase activity and in inducing apoptosis by induction of
the expression of proapoptotic Bax protein and reduction of
antiapoptotic Bcl-2 protein expression since curcuminuptake
enhances.

8. Nanogels

Nanogels are self-possessed of cross-linked three-dimen-
sional polymer chain networks which are created through
covalent linkages and can be customized to gel networks
with biocompatible and degradable properties. The porosity
among these cross-linked networks not only provides a
perfect reservoir for loading drugs but also keeps them from
environmental degradation [58]. The swelling of nanogels in
an aqueous setting is controlled by using the polymer chem-
ical structure, cross-linking degree, and the polyelectrolyte
gel’s charge density and/or by pH value, ionic strength, and
chemical nature of low molecular mass (Table 1). Further-
more, nanogels can be chemically modified to incorporate



BioMed Research International 13

various ligands for targeted drug delivery, triggered drug
release, or preparation of composite materials [122].

Nanogels are developed as carriers for drug delivery and
can be planned to spontaneously absorb biologically active
molecules via creation of salt bonds, hydrogen bonds, or
hydrophobic interactions that can enhance oral and brain
bioavailability of low-molecular-weight drugs and biomacro-
molecules [122]. An important criterion for a nanogel carrier
with widespread biomedical abilities is to have good stability
in biological fluids, which would prohibit aggregation. In this
regard, Gonçalves et al. (2012) applied a self-assembled dex-
trin nanogel as curcumin delivery system by using dynamic
light scattering andfluorescencemeasurements.They showed
that the stability and loading efficiency of curcumin-loaded
nanogel depend on the nanogel/curcumin ratio. The in vitro
release profile in HeLa cell cultures indicated that dextrin
nanogel may act as a suitable carrier for the controlled release
of curcumin [123]. Various nanogel properties can be attained
by altering the chemical functional groups, cross-linking den-
sity, and surface-active and stimuli-responsive elements [58].
Nanogels demonstrate excellent potential for systemic drug
delivery that should have a few common features including
a smaller particle size (10–200 nm), biodegradability and/or
biocompatibility, prolonged half-life, high stability, higher
amount of drug loading and/or entrapment, and molecules
protection from immune system [58]. Mangalathillam et al.
(2011) loaded curcumin into chitin nanogels and analyzed it
by dynamic light scattering (DLS), scanning electron micro-
scope (SEM), and Fourier transform infrared spectroscopy
(FTIR). Then, the nanogel’s cytotoxicity was analyzed on
human dermal fibroblast and human melanoma cells. The
curcumin-chitin nanogels showed higher release at acidic
pH compared to neutral pH. The in vitro results showed
that curcumin-chitin nanogels have had a specific toxic-
ity on melanoma cells in a concentration range of 0.1–
1.0mg/mL, but less toxicity towards normal cells [64]. The
confocal analysis confirmed the high uptake of curcumin-
chitin nanogels by human melanoma cells. In addition, it
was indicated that curcumin-chitin nanogels at the higher
concentration of the cytotoxic range may show comparable
apoptosis in comparison with free curcumin. The curcumin-
chitin nanogels also showed a 4-fold increase in steady
state transdermal flux of curcumin in comparison with free
curcumin. The histopathology studies showed loosening of
the horny layer of the epidermis, facilitating penetration
with no observed signs of inflammation in the group treated
with curcumin-chitin nanogels [64]. These results suggested
the formulated curcumin-chitin nanogels’ explicit advantage
for the treatment of melanoma by effective transdermal
penetration.

Drug release from nanogels’ networks depends on the
interaction of hydrophobic and hydrogen complication
and/or coordination of drug molecules with the polymer
chain networks. Preclinical studies suggest that nanogels can
be used for the efficient delivery of biopharmaceuticals in cells
as well as for increasing drug delivery across cellular barriers
[124]. Wu et al. [125] designed a class of water-dispersible
hybrid nanogels for intracellular delivery of hydrophobic
curcumin. They synthesized hybrid nanogels by coating

the Ag/Au bimetallic nanoparticles with a hydrophobic
polystyrene gel layer as internal shell and a subsequent thin
hydrophilic nonlinear poly(ethylene glycol-) based gel layer
as external shell. The Ag/Au core nanoparticles not only
emitted well-built fluorescence for imaging and monitoring
at the cellular level but also exhibited burly absorption in the
near-infrared region for photothermal conversion and signif-
icantly improved the therapeutic efficacy. Furthermore, while
the internal polystyrene gel layer was introduced to provide
strong hydrophobic interactionswith curcumin for high drug
loading yields, the external nontoxic and thermoresponsive
poly(ethylene glycol) analog gel layer was designed to trigger
the release of the preloaded curcumin by either variation
of surrounding temperature or exogenous irradiation with
near-infrared light. These results suggest that such designed
multifunctional hybrid nanogels are properly suited for in
vivo and clinical trials by promising natural medicine of
curcumin to the forefront of therapeutic agents for cancers
and other diseases. In addition, hyaluronic acid- (HA-) based
nanogel-drug conjugates with enhanced anticancer activity
were designed by Wei et al. for the targeting of CD44-
positive and drug-resistant tumors [65]. These authors syn-
thesized nanogel-drug conjugates based on membranotropic
cholesteryl-HA for efficient targeting and suppression of
drug-resistant tumors. This class of tumors expresses CD44
receptors, cellular glycoproteins which bind to HA. These
nanogel conjugates have significantly increased the bioavail-
ability of poorly soluble drugs such as curcumin. In this study,
the small nanogel particles with a hydrophobic core and
high drug loads were formed after ultrasonication [65].These
nanogel particles demonstrated a sustained drug release
following the hydrolysis of biodegradable ester linkage.
Importantly, cholesteryl-HA-drug nanogels demonstrated a
2–7 times higher cytotoxicity in CD44-expressing drug-
resistant human breast and pancreatic adenocarcinoma cells
[65]. These nanogels were efficiently internalized via CD44
receptor-mediated endocytosis and simultaneous interaction
with the cancer cellmembrane [65]. Anchoring by cholesterol
moieties in cellular membrane caused more efficient drug
accumulation in cancer cells. The cholesteryl-HA nanogels
were able to penetrate multicellular cancer spheroids and
exhibited a higher cytotoxic effect in the system modeling
tumor environment than both HA-drug conjugates and free
drugs [65].

Overall, the proposed design of nanogel-drug conjugates
can allow significantly enhancing drug bioavailability, sta-
bility, loading efficiency, effective transdermal penetration,
cancer cell targeting, and treatment efficacy against drug-
resistant cancer cells and multicellular spheroids (Table 1).

9. Chitosans

Chitosan is a linear polysaccharide composed of randomly
disseminated deacetylated and acetylated units. It is made
commercially by deacetylation of chitin, which is the struc-
tural component of crustaceans’ exoskeleton and fungi cell
walls. Unlike other biodegradable polymers, chitosan is the
only one exhibiting a cationic character due to its primary
amino groups that responsible for various effects in drug
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delivery systems [126]. It displays particular properties, for
example, solubility in various media, polyoxysalt creation,
polyelectrolyte behavior, metal chelations, and structural
uniqueness (Table 1). One study showed that the fluorescence
intensity of curcumin can be greatly improved in the presence
of chitosan by bovine and human serum albumin [104]. The
method has been profitably used for the determination of
human serum albumin in real samples. Data analysis recom-
mended that the highly enhanced fluorescence of curcumin
resulted from synergic effects of favorable hydrophobic
microenvironment provided by bovine serum albumin and
chitosan and efficient intermolecular energy transfer between
bovine serum albumin and curcumin. Bovine serum albumin
may bind to chitosan through hydrogen bonds, which causes
the protein conformation to switch from 𝛽-fold to 𝛼-helix.
Curcumin can combine with bovine serum albumin from 𝛽-
fold to 𝛼-helix and can also combine with the bovine serum
albumin-chitosan complex via its center carbonyl carbon.
Therefore, chitosan plays a key role in promoting the energy
transfer process by shortening the distance between bovine
serum albumin and curcumin [104].

Polycaprolactone nanocarriers decorated with amucoad-
hesive polysaccharide chitosan containing curcumin were
also developed [127]. In order to optimize the preparation
conditions, these nanocarriers were prepared by the nano-
precipitation method by using different molar masses and
concentrations of chitosan and triblock surfactant polox-
amer. Chitosan-coated nanocarriers revealed positive surface
charge and a mean particle radius ranging between 114
and 125 nm, confirming the decoration of the nanocarriers
with the mucoadhesive polymer, through hydrogen bonds
between ether and amino groups, from poloxamer and
chitosan, respectively. Dynamic light scattering studies have
shown monodisperse nanocarriers. Furthermore, colloidal
systems showed mean drug content about 460 lg/mL and
encapsulation efficiency higher than 99%. In summary, these
nanocarriers showed a vast ability to interact with mucin,
also indicating their suitability formucoadhesive applications
when coated with chitosan [127].

On the other hand, curcumin-phytosome-loaded chi-
tosan microspheres were developed by combining polymer-
and lipid-based delivery systems to improve the bioavailabil-
ity and prolong the retention time of curcumin [66]. These
complexes were produced by encapsulating curcumin phy-
tosomes in chitosan microspheres using ionotropic gelation.
Differential scanning calorimetry and FUTI spectroscopy
revealed that the integrity of the phytosomes was pro-
tected within the polymeric matrix of the microspheres.
In vitro release rate of curcumin from the curcumin-
phytosome-loaded chitosan microspheres was slower than
curcumin-loaded chitosan microspheres. Pharmacokinetic
studies showed an increase in curcumin absorption in
curcumin-phytosome-loaded chitosan microspheres com-
pared with curcumin phytosomes and curcumin-loaded
chitosan microspheres. Moreover, half-life of curcumin in
oral administration of curcumin-phytosome-loaded chitosan
microspheres was longer than the two other ones. These
results indicated that the novel curcumin-phytosome-loaded
chitosan microspheres combined system has the advantages

of both the chitosanmicrospheres and the phytosomes, which
had better effects of promoting oral absorption and prolong-
ing retention time of curcumin than single curcumin phyto-
somes or curcumin-loaded chitosanmicrospheres.Therefore,
the phytosome chitosan microspheres may be used as a
sustained delivery system for lipophilic compounds with
poorwater solubility and loworal bioavailability [66]. A study
showed that curcumin bound to chitosan nanoparticles was
not rapidly degraded in comparison to free curcumin, and
the uptake of curcumin-loaded chitosan NPs by mouse’s red
blood cells (RBC) was much better than free curcumin [67].
Oral delivery of curcumin-loaded chitosan NPs improved
the bioavailability of curcumin both in plasma and in RBC.
Like chloroquine, conjugated curcumin inhibited parasite
lysate induced heme polymerization in vitro in a dose
dependentmanner, and it had a lower IC50 value than chloro-
quine. Additionally, feeding of curcumin-loaded chitosan
NPs caused a higher survival in mice infected with a lethal
strain of Plasmodium yoelii. Therefore, binding of curcumin
to chitosan NPs improves its chemical stability and bioavail-
ability. In vitro data also suggest that this complex can inhibit
hemozoin synthesis which is lethal for the parasite [67].

In another study, chitosan showed promising features as
auxiliary agent in drug delivery (e.g., slimming, wound dress-
ing, and tissue engineering). An in situ injectable nanocom-
posite hydrogel curcumin was effectively developed for use
as a treatment in the dermal wound repair process [68]. In
vitro release studies disclosed that the encapsulated nanocur-
cumin was slowly released from the N,O-carboxymethyl
chitosan/oxidized alginate hydrogel with the controllable
diffusion behavior. Additionally, in vivo wound healing
studies revealed that application of nanocurcumin/N,O-
carboxymethyl chitosan/oxidized alginate hydrogel could
significantly improve the reepithelialization of epidermis and
collagen deposition on rat dorsal wounds. DNA, protein,
and hydroxyproline content in wound tissue indicated that
making a combination by using nanocurcumin and N,O-
carboxymethyl chitosan/oxidized alginate hydrogel could
significantly accelerate the process of wound healing. So,
results suggested that the developed nanocurcumin/N,O-
carboxymethyl chitosan/oxidized alginate hydrogel as a
promising wound dressing might have potential application
in the wound healing [68].

Water-soluble nanocarriers of curcumin were synthe-
sized, characterized, and applied as a stable detoxifying
agent for arsenic poisoning [69]. The therapeutic efficacy of
encapsulated curcumin nanocarriers was investigated against
arsenic-induced toxicity in an animal model. In this regard,
sodium arsenite and encapsulated curcumin were orally
administered to male Wistar rats for 4 weeks. Arsenic dra-
matically declined blood d-aminolevulinic acid dehydratase
activity and glutathione and increased blood reactive oxygen
species. These alterations were accompanied by increases
in hepatic total ROS, oxidized glutathione, and thiobar-
bituric acid-reactive substance levels. By contrast, hepatic
glutathione, superoxide dismutase, and catalase activities
were considerably declined after arsenic exposure, indicative
of oxidative stress. Brain amines levels such as dopamine,
norepinephrine, and 5-hydroxytryptamine also showed
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considerable changes after arsenic exposure. Coadministra-
tion of encapsulated curcumin nanocarriers provided
obvious favorable effects on the adverse changes in oxidative
stress parameters induced by arsenic.The results revealed that
encapsulated curcumin nanocarriers have better antioxid-
ant and chelating potential compared to free curcumin.
Therefore, the significant neurochemical and immunohisto-
chemical protection afforded by encapsulated curcumin nan-
ocarriers shows their neuroprotective effectiveness [69].
Chitosan also explains fungistatic, haemostatic, and anti-
tumor effects [70]. In this regard stable vesicles for efficient
curcumin encapsulation, delivery, and controlled release
have been obtained by coating of liposomes with thin layer
of newly synthesized chitosan derivatives [71]. Some spe-
cial derivatives of chitosan were studied such as the cationic,
hydrophobic, and cationic-hydrophobic derivatives. Zeta
potential data proved effectual coating of liposomes with
all these derivatives. In this regard, the liposomes coated
with cationic-hydrophobic chitosan derivatives were the
main promising curcumin carriers. They can easily enter
cell membrane and release curcumin in a controlled
approach, and the biological investigations showed that such
organizations are nontoxic for normal murine fibroblasts
while toxic for murine melanoma tumors [71].

In a recent study, Pluronic F127 was used to enhance the
solubility of curcumin in the alginate-chitosan NPs [128].
Atomic force and scanning electron microscopic analysis
demonstrated that the particles were almost spherical in
shape (100 ± 20 nm). Fourier transform infrared analysis
showed impending interactions among the components in
the composite NPs. Furthermore, encapsulated curcumin
efficiency confirmed considerable increase over alginate-
chitosan NPs without Pluronic. Cytotoxicity assay explained
that composite NPs at a concentration of 500𝜇g/mL were
nontoxic for HeLa cells. Moreover, cellular internalization
of curcumin-loaded complex was confirmed by green flu-
orescence inside the HeLa cells [128]. Curcumin-loaded
biodegradable thermoresponsive chitosan-g-poly copoly-
mericNPswere prepared by using ionic cross-linkingmethod
[129]. The results showed that these NPs were nontoxic to
different cancerous cell lines, whereas the curcumin loaded
with NPs showed a specific toxicity for the abovementioned
cell lines. Additionally, these results were further approved
by flow cytometry analysis which proved increased apoptosis
on these cell lines in a concentration-dependent manner.
Furthermore, the blood compatibility assay showed the pos-
sibility of an IV injection with this formulation. Preliminary
study provided clear evidence for the thermal targeting
of curcumin by being loaded with novel thermosensitive
chitosan-g-PNIPAAm NPs, and efficacies were achieved in
cancer therapy. These results indicated that thermorespon-
sive chitosan-g-poly copolymeric NPs can be a potential
nanocarrier for curcumin drug delivery [129]. Novel cationic
poly(butyl) cyanoacrylate (PBCA) NPs coated with chitosan
were synthesized with curcumin. The transmission electron
microscopy showed the spherical shape of prepared NPs
along with the particle size. Curcumin NPs demonstrated
more therapeutic efficacy than free curcumin against a
panel of human hepatocellular cancer cell lines. Encapsulated

curcumin with PBCA NPs caused a profound change in
the pharmacokinetics of the drug. The elimination half-
life of curcumin was increased 52-fold in loaded form with
PBCA NPs, and ultimately its clearance was also decreased
2.5-fold. Additionally, the higher plasma concentration of
curcumin for curcumin-PBCA NPs might be a result of the
NPs size and chitosan coating to keep drug in the blood
circulation for a more extended period. Besides, the mean
residence time of curcumin-PBCA NPs was longer than
free curcumin. These results might be due to accumulation
of NPs in endoplasmic reticulum system of organs and
sustained release of the drug from them. Furthermore, the
carriers’ properties, for instance, shape, size, charge, and
hydrophilicity, can prolong the retention of them in the
blood circulation. There was also a substantial increase in
the distribution volume (51-fold) that was quite unexpected.
Obviously, it was possible that the larger micellar carri-
ers were sequestered by the reticuloendothelial system or
other tissues and truly led to improved distribution volume
[130]. Additionally, treatment with curcumin NPs resulted
in reduced tumor size and visible blanching of tumors
[131].

So far, curcumin-loaded chitosan NPs improve the
bioavailability and prolong the retention time of curcumin
due to accumulation of NPs in endoplasmic reticulum system
and the carriers’ features such as shape, size, charge, and
hydrophilicity (Table 1). Gathered data also propose that this
complex can be lethal for the parasite because of hemozoin
synthesis inhibition. Some in vivo experiments also resulted
in better wound healing after application of curcumin-loaded
chitosan NP polymers by means of better reepithelialization
of epidermis and collagen deposition. This complex could
also be administered in order to detoxify arsenic through
better antioxidant and chelating potential. These compounds
gained some achievements in cancer therapy as well.

10. Gold Nanoparticles

Metal nanoparticles have been known since very old times,
and gold nanoparticles (AuNPs) with optical and electro-
chemical uniqueness have proven to be a potent appara-
tus in nanomedicinal requests [132]. They have also been
largely used in immunochemistry, immunohistochemistry,
and immunoblotting for electron microscopy. They are often
generated in various shapes [132], and their properties are
strongly dependent on the conditions in which they are pre-
pared. Moreover, the stability of AuNPs and their capability
to combine with biomolecules are their other outstanding
properties. AuNPs are studied broadly as imperative drug
delivery vectors due to some of their characteristic aspects,
such as low cytotoxicity, tunable surface features, and stability
in in vivo conditions, and can be easily synthesized and
functionalized (Table 1). They can also act as drug pool for
small drugmolecules, proteins, DNA, or RNAwith improved
long life in the blood circulation. Rajesh et al. [133] used
polyvinyl pyrrolidone (PVP) as a proven drug carrier to
curcumin conjugation with AuNPs to enhance solubility of
curcumin. Results showed a superior assurance for such
conjugates as therapeutic-curcumin-imaging materials in
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biomedical field [134]. Kumar et al. (2012) also prepared
the chitosan-curcumin nanocapsules with AuNPs via solvent
evaporation method. Scanning electron microscopy and
transmission electron microscopy were done to describe
the drug entrapped nanocapsules. The average diameter of
AuNPs was found to be in the range of 18–20 nm, and
the nanocapsules were found to be in the range of 200–
250 nm. Furthermore, the Fourier transform infrared analysis
revealed no possible interactions among the constituents
with the chitosan nanoparticles. The drug release studies
revealed that curcumin encapsulated chitosan with AuNPs
was controlled and steadied when compared with curcumin
encapsulated chitosan nanoparticles. Use of in vitro drug
release in various kinetic equations indicated a matrix model
with uniform distribution of curcumin in the nanocapsules
[135]. Additionally, the tunability of AuNPs allows for com-
plete control of surface properties for targeting and sustained
release of the bioactive molecules [136].

In a study by Singh et al. [72] curcumin was bound on the
surface of AuNPs in order to increase the bioavailability of
it. The AuNPs were synthesized by direct decline of HAuCl4
by curcumin in aqueous part. Curcumin acted as both a
reducing and capping agent and a stabilizing gold sol for
many months. Furthermore, these curcumin-capped AuNPs
showed an excellent antioxidant activity which was estab-
lished by 2,2-diphenyl-l-picrylhydrazyl radical test. Conse-
quently, the practical surface of AuNPs with curcumin may
suggest a new way of use of curcumin towards possible drug
delivery and therapeutics [72]. In another study, effect of
curcumin-conjugated-AuNPs was investigated on peripheral
blood lymphocytes [137]. The treated lymphocytes showed
typical characteristics of apoptosis which included chromatin
condensation and membrane blebbing and occurrence of
apoptotic bodies. Results revealed that these conjugated
nanoparticles may be used as drugs in nontoxic range
[137]. In order to target cancer at a single cell level, gold-
citrate nanoparticles were also synthesized with diameters
of 13 nm [73]. AuNPs were coated with sodium citrate.
Outcomes revealed that cancerous cells were more prone
to absorb nanomaterials coated with citrate than normal
somatic cells. Moreover, the damage was reversible with
AuNPs and the normal dermal fibroblast cells were able to
regenerate stress fibers which were lost during exposure.
However, cancer cells were unable to recover from the dam-
age inflicted by Au/citrate nanoparticle exposure [73]. Manju
and Sreenivasan [136] also formulated a simple method for
the fabrication of water-soluble curcumin conjugated AuNPs
to target various cancer cell lines. Curcumin conjugated
to hyaluronic acid to get a water-soluble compound. They
were made AuNPs by diminishing chloroauric acid using
hyaluronic acid-curcumin, which played dual roles of a
reducing and a stabilizing agent and subsequently anchored
folate conjugated PEG. Their interaction with various can-
cer cell lines was followed by flow cytometry and confo-
cal microscopy. Blood-materials interactions studies proved
that the nanoparticles are extremely hemocompatible. Flow
cytometry and confocal microscopy results demonstrated
considerable cellular uptake and internalization of the par-
ticles by various cancer cells [136].

In conclusion, curcumin conjugated AuNPs exhibited
more cytotoxicity compared to free curcumin (Table 1).
AuNPs also cause targeting and sustained release of curcumin
and an excellent antioxidant activity.

11. Silvers

Silver has usually been utilized as an incredibly efficientmate-
rial for antimicrobial utility [138]. In small concentrations, it
is safe for human cells but lethal for the majority of bacteria
and viruses [139]. With development of nanotechnology,
it has become the metal of choice in restricting microbial
growth and expansion in a variety of nanoparticle-related
requests [138]. Silver nanoparticles are identified for their
brilliant optoelectronic properties originated from surface
plasmon resonance. They can be used in optoelectronics,
biological labeling, and biological and chemical sensing
(Table 1). They have shown excellent antimicrobial activity
compared to other available silver antimicrobial agents.

Sodium carboxylmethyl cellulose silver nanocomposite
films were attempted for antibacterial applications, so, to
improve their applicability, novel film-silver nanoparticle-
curcumin complexes have been developed [74]. These films
were described by FTIR,UV-visible, X-ray diffraction (XRD),
thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), and TEM techniques. The structured
silver nanoparticles had a typical particle size of 15 nm. Cur-
cumin loading into sodium carboxylmethyl cellulose silver
nanocomposite films was achieved by diffusion mechanism.
The UV analysis showed superior encapsulation of curcumin
in the films with higher sodium carboxylmethyl cellulose
content. Additionally, it was surveyed that the presence of
silver nanoparticles in the films improved the encapsulation
of curcumin demonstrating an interaction between them.
Moreover, results showed that the sodium carboxylmethyl
cellulose films produced with silver nanoparticles have a
synergistic effect in the antimicrobial activity against E.
coli. Furthermore, curcumin loaded with sodium carboxyl-
methyl cellulose silver nanocomposite films extended consid-
erable inhibition of E. coli growth compared with the silver
nanoparticles and curcumin alone film. Therefore, the study
obviously supplied novel antimicrobial films which were
potentially helpful in preventing/treating infections [74]. In
another study, novel hydrogel-silver nanoparticle-curcumin
composites have been built up to increase its applicability.
These were first synthesized by polymerizing acrylamide in
the presence of polyvinyl sulfonic acid sodium salt and a
trifunctional cross-linker (2,4,6-triallyloxy 1,3,5-triazine) by
using redox initiating system. Silver nanoparticles were then
produced throughout the hydrogel networks by using in situ
method incorporating the silver ions and following drop
with sodium borohydride. Curcumin loading into hydrogel-
silver nanoparticles complex was earned by diffusion mech-
anism. An attractive arrangement of silver nanoparticles
(shining sun ball in range 5 nm) with apparent smaller grown
nanoparticles (1 nm) was detected. A comparative antimicro-
bial study was performed for hydrogel-silver nanocomposites
and hydrogel-silver nanoparticle-curcumin composites. The
results indicated that hydrogel-AgNPs-curcumin composites
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have exhibited greater reduction of E. coli growth com-
pared with Ag NPs loaded hydrogels. The current work
demonstrated that combining hydrogel, nanotechnology, and
curcumin is promising for developing novel antimicrobial
agents with potential applications in dressing of various
types of skin wounds. The entrapped silver nanoparticles
and curcumin molecules showed sustained release which
advises enormous prolonged therapeutic values [74]. In
addition, silver nanoparticles could protect cells against HIV-
1 infection and help with the wound healing process and also
have essential function as an anti-inflammation, an antiviral,
and an anticancer agent [75]. So, the combination of silver
nanoparticles and curcumin, besides prolonged therapeutic
outcomes and sustained release, has several other useful
effects such as anti-inflammatory, anti-infection, anticancer,
and wound healing (Table 1).

12. Solid Lipids

Solid lipid nanoparticles (SLNs) are one of the novel potential
colloidal carrier systems as alternative materials to poly-
mers for parenteral nutrition. SLNs have typically spherical
and submicron colloidal carriers (50 to 1000 nm) and are
composed of physiologically tolerated lipid components with
solid shape at room temperature (Table 1).They are one of the
most fashionable advances to develop the oral bioavailability
of poorly water-soluble drugs [76]. Advantages of SLNs are
high and improved drug content, ease of scaling up and
sterilizing, better control over release kinetics of encap-
sulated compounds, enhanced bioavailability of entrapped
bioactive compounds, chemical protection of incorporated
compounds, much easier manufacturing than biopolymeric
nanoparticles, conventional emulsion manufacturing meth-
ods, and applicability and very high long-term stability
application versatility [76].

Kakkar et al. [77] loaded curcumin into SLNs to improve
its oral bioavailability. Curcumin-SLNs with an average par-
ticle size of 134.6 nm and a total drug content of <92% were
produced by using a microemulsification technique. In vivo
pharmacokinetics was performed after oral administration
of curcumin-SLNs by using a validated LC-MS/MS method
in rat’s plasma. Results revealed significant improvement
in bioavailability times after administration of curcumin-
SLNs with respect to curcumin-solid lipid. Data confirmed
that enhanced and reliable bioavailability will help in estab-
lishing its therapeutic impacts [77]. Furthermore, Kakkar
et al. [78] incorporated curcumin into SLNs to achieve a
significant bioavailability of curcumin. Then, the plasma and
brain cryosections were observed for fluorescence under
fluorescent/confocal microscope. Biodistribution study was
also performed using 99m Tc-labeled curcumin-SLNs and
curcumin-solid lipid in mice after oral and intravenous
administration. Presence of yellow fluorescent particles in
plasma and brain indicated effective delivery of curcumin-
SLNs across the gut wall and the blood brain barrier.
Blood AU coral value for curcumin-SLNs was 8.135 times
greater than curcumin-solid lipid, confirming a prolonged
circulation of the former.The ratio of bloodAUC intravenous
curcumin-SLN/curcumin-solid lipid in blood was ≤1 while

the ratio in brain promisingly indicates 30 times higher pref-
erential distribution of curcumin-SLNs into brain confirming
their direct delivery [78].

Dadhaniya et al. (2011) examined the adverse effects of
a new solid lipid curcumin particle in rats. Administration
of the conjugated curcumin showed no toxicologically sig-
nificant treatment-related changes in the clinical parame-
ters including behavioral observations, ophthalmic exami-
nations, body weights and weight gains, food consumption,
and organ weights or the paraclinical parameters including
hematology, serum chemistry, and urinalysis. In addition,
terminal necropsy revealed no treatment-related gross or
histopathology findings [140]. Expansion of SLNs is one of
the promising fields of lipid nanotechnology with several
potential applications in drug delivery system and clinical
medicine and research. The experimental paradigm of cere-
bral ischemia in rats by curcumin-SLNs was prepared; there
was an improvement of 90% in cognition and 52% inhibition
of acetylcholinesterase versus cerebral ischemic and neuro-
logical scoring, which improved by 79% [78]. Levels of super-
oxide dismutase, catalase, glutathione, and mitochondrial
complex enzyme activities were also significantly increased,
while lipid peroxidation, nitrite, and acetylcholinesterase lev-
els decreased after curcumin-SLNs administration. Gamma-
scintigraphic studies showed 16.4 and 30 times improvement
in brain bioavailability upon oral and intravenous admin-
istration of curcumin-SLNs versus curcumin-silver. Results
indicated the protective role of curcumin-SLNs against cere-
bral ischemic insult suggesting that it is packaged suitably
for improved brain delivery [78]. Moreover, simultaneous
curcumin treatment during the induction of neurotoxicity
by aluminum was reported by Kakkar and Kaur (2011).
They prepared solid lipid nanoparticles of curcumin with
enhanced bioavailability and examined its therapeutic effects
in alleviating behavioral, biochemical, and histochemical
changes in mice. Adverse effects of aluminum were com-
pletely reversed by oral administration of curcumin-SLNs.
Treatment with free curcumin showed <15% recovery in
membrane lipids and 22% recovery in acetylcholinesterase
with respect to aluminum treated group. Histopathology of
the brain sections of curcumin-SLNs treated groups also indi-
cated significant improvement [141]. This study emphasized
the potential of curcumin-SLNs for treatment of Alzheimer’s
disease; though, the therapeutic potential of curcumin in
terms of reversing the neuronal damage, once induced, is
limited due to its compromised bioavailability [141].

Yadav et al. (2009) also developed a novel formulation
approach for treating experimental colitis in the rat model
by a colon-specific delivery approach. Solid lipid micropar-
ticles of curcumin were prepared with palmitic acid, stearic
acid, and soya lecithin, with an optimized percentage of
poloxamer 188. Then, the colonic delivery system of solid
lipid microparticles formulations of curcumin was further
investigated for their antiangiogenic and anti-inflammatory
activities by using chick embryo and rat colitis models. Data
showed that solid lipid microparticles of curcumin proved to
be a potent angioinhibitory compound in the chorioallantoic
membrane assay. Rats treated with curcumin and its solid
lipid microparticle complex showed a faster weight gain
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compared with dextran sulfate solution control rats. The
increase in whole colon length appeared to be signifi-
cantly greater in solid lipid microparticle-treated rats when
compared with free curcumin and control rats. Moreover,
decreased mast cell numbers was observed in the colon
mucosa of curcumin-solid lipid microparticle treated rats.
The degree of colitis caused by administration of dextran sul-
fate solution was significantly attenuated by colonic delivery
of curcumin-solid lipid microparticles [79]. Being a nontoxic
natural dietary product, it seems that curcumin can be useful
in the therapeutic strategy for inflammatory bowel disease
patients. Wang et al. (2012) aimed to formulate curcumin-
SLNs to improve its therapeutic efficacy in an ovalbumin-
induced allergic rat model of asthma. in vitro tests were
performed in order to check Physiochemical properties of
curcumin-SLNs and its release experiments. The pharma-
cokinetics in tissue distribution and the therapeutic effects
were studied in mice. X-ray diffraction analysis revealed
the amorphous nature of the encapsulated curcumin. The
curcumin concentrations in plasma suspension were consid-
erably superior to free curcumin, and all the tissue concen-
trations of curcumin increased after curcumin-SLNs admin-
istration, especially in lung and liver. In addition, curcumin-
SLNs efficiently suppressed airway hyperresponsiveness and
inflammatory cell infiltration. It also inhibited the expression
of T-helper-2-type cytokinesin bronchoalveolar lavage fluid
significantly compared to free curcumin. These observations
imply that curcumin-SLNs can be a promising candidate for
asthma therapy [80]. In another study, transferrin-mediated
SLNs were prepared to increase photostability and anticancer
activity of curcumin against breast cancer cells in vitro [81].
Microplate analysis and flow cytometry techniques were used
for cytotoxicity and apoptosis studies.The physical character-
ization showed the suitability of preparation method. Trans-
mission electron microscopy and X-ray diffraction studies
revealed the spherical nature and entrapment of curcumin
in amorphous form, respectively. Annexin V-FITC/PI double
staining, DNA analysis, and reducedmitochondrial potential
confirmed the occurrence of apoptosis. The flow cytometric
studies disclosed that the anticancer activity of curcumin
is enhanced with transferrin-mediated SLNs compared to
free curcumin, and apoptosis is the mechanism underlying
the cytotoxicity (Table 1). Results indicated the potential of
transferrin-mediated SLNs in enhancing the anticancer effect
of curcumin in breast cancer cells in vitro [81].

13. Conclusion and Future Perspectives

The use of nanotechnology in medicine and more purposely
drug delivery is set to spread quickly. Currently, many
substances are under investigation for drug delivery andmore
specifically for cancer therapy. Fascinatingly, pharmaceutical
sciences are using nanoparticles to reduce toxicity and side
effects of drugs. Moreover nanoparticles augment solubility
and stability of some substances like curcumin. It is now clear
that further development of traditional natural compounds
with chemopreventive and chemotherapeutic potential such
as curcumin will be dictated by the advanced drug delivery

systems.Nanotechnology is assumed to be a fundamental set-
ting in drug delivery system and human therapeutics. How-
ever, considerable challenges remain in driving this field into
clinically practical therapies. Curcumin, an excellent repre-
sentative derived from traditional natural compounds, has
been proven to be effectual in long-term application and
preclinical trials. There is no doubt that advance of novel
delivery systems of curcumin with better therapeutic effects
will be vital for future improvement of curcumin as a thera-
peutic agent.Thus, it is an enormous implication to overcome
the current limitations of curcumin. It seems that only by
multidisciplinary collaboration we can bring these promis-
ing traditional natural compounds to the forefront of ther-
apeutic agents for different diseases. Therefore, the promise
of nanotechnology-based medicine may become a reality
with sufficient efforts and further researches. Human trials
need to be conducted to establish curcumin’s effectiveness in
clinical applications as an improved therapeutic modality for
treatment of different diseases.
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Sodium-coupled bicarbonate absorption from renal proximal tubules (PTs) plays a pivotal role in the maintenance of systemic
acid/base balance. Indeed, mutations in the Na+-HCO3

− cotransporter NBCe1, which mediates a majority of bicarbonate exit from
PTs, cause severe proximal renal tubular acidosis associated with ocular and other extrarenal abnormalities. Sodium transport in
PTs also plays an important role in the regulation of blood pressure. For example, PT transport stimulation by insulin may be
involved in the pathogenesis of hypertension associated with insulin resistance. Type 1 angiotensin (Ang) II receptors in PT are
critical for blood pressure homeostasis. Paradoxically, the effects of Ang II on PT transport are known to be biphasic. Unlike in
other species, however, Ang II is recently shown to dose-dependently stimulate human PT transport via nitric oxide/cGMP/ERK
pathway, whichmay represent a novel therapeutic target in human hypertension. In this paper, we will review the physiological and
pathophysiological roles of PT transport.

1. Introduction

Renal proximal tubules (PTs) reabsorb approximately 80%
of the filtered bicarbonate from glomerulus, thereby playing
a pivotal role in the maintenance of systemic acid-base
balance [1]. This process is mostly dependent on Na+, which
is composed of the luminal Na+/H+ exchanger and the
basolateral Na+-HCO

3

− cotransporter [1]. Although distal
nephron segments are also involved in the systemic acid/base
regulation, acid-base transporters in these segments often
cannot completely compensate for defects in bicarbonate
absorption from PTs. Indeed, mutations in the Na+-HCO

3

−

cotransporterNBCe1, whichmediates amajority of bicarbon-
ate exit from the basolateral membrane of PTs, are known
to cause a severe type of proximal renal tubular acidosis
associated with ocular and other extrarenal manifestations
[2].

On the other hand, PTs reabsorb approximately 65% of
the filtered NaCl, thereby also contributing to the regulation
of plasma volume and blood pressure. For example, hyperten-
sion is frequently associated with metabolic syndrome, and

insulin-mediated stimulation of PT transport may play a role
in this association [3, 4]. In addition, angiotensin (Ang) II is
pivotal in the regulation of blood pressure, and stimulation
of PT transport may play a critical role in Ang II-mediated
hypertension [5, 6]. In this review, we will focus on the roles
of PT transport in the maintenance of acid-base homeostasis
as well as the regulation of blood pressure.

2. Roles of PT Transport in Acid/Base Balance

In PTs, the luminal Na+/H+ exchanger type 3 (NHE3)
together with the basolateral Na+-HCO

3

− cotransporter
NBCe1 is thought to mediate a majority of sodium-coupled
bicarbonate absorption from this segment [1, 7]. Although the
basolateral membrane of PTs contains Na+-dependent and
Na+-independent Cl−/HCO

3

− exchangers [7], these trans-
porters cannot effectively compensate for the loss of NBCe1
function. By contrast, the loss of NHE3 function may be at
least partially compensated by the other luminal transporters
such as NHE8 [8].
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In 1983 Boron and Boulpaep identified the functional
existence of electrogenic Na+-coupled HCO

3

− transport
activity in the basolateral membrane of isolated salamander
PTs [9]. Subsequently, Kondo and Frömter revealed that
this electrogenic Na+-HCO

3

− cotransport activity is robust
in S1 and S2 segments but almost absent in S3 segment of
isolated rabbit PTs [10]. Yoshitomi and colleagues initially
reported that the Na+-HCO

3

− cotransporter in rat PTs in
vivo functions with 1Na+ to 3HCO

3

− stoichiometry [11]. On
the other hand, Seki and colleagues revealed that the Na+-
HCO
3

− cotransporter in isolated rabbit PTs functions with
1Na+ to 2HCO

3

− stoichiometry [12]. Later, Müller-Berger
and colleagues found that the Na+-HCO

3

− cotransporter in
isolated rabbit PTs can change its transport stoichiometry
depending on the incubation conditions [13]. Interestingly,
NBCe1 expressed in Xenopus oocytes can also change its
transport stoichiometry depending on changes in cytosolic
Ca2+ concentrations [14]. Consistent with these data, Gross
and colleagues reported that stoichiometry of NBCe1 is cell-
type specific [15].

In 1997 Romero and colleagues succeeded in the first
molecular cloning of NBCe1 from salamander kidney [16].
Among the three major variants, NBCe1A is transcribed
from the alternative promoter in exon 1 and abundantly
expressed in the basolateral membrane of PTs, representing
the major bicarbonate exit pathway in this nephron segment
[1]. Another variant NBCe1B is transcribed from the dom-
inant promoter in exon 1 and differs from NBCe1A only at
the N-terminus [17]. NBCe1B is first cloned from pancreas
but is now known to be expressed in a variety of tissues
such as intestinal tracts, ocular tissues, and brain [18–20].
On the other hand, NBCe1C is predominantly expressed
in brain and differs from NBCe1B only at the C-terminus
[21]. Consistent with the indispensable role of NBCe1 in
acid/base homeostasis, Igarashi and colleagues found that
inactivating mutations in NBCe1 cause a severe type of prox-
imal renal tubular acidosis (pRTA) associated with ocular
abnormalities [2]. Until now 12 different homozygous muta-
tions have been found in pRTA patients [22]. These patients
invariably presented with ocular abnormalities such as band
keratopathy, cataract, and glaucoma, suggesting that NBCe1
function is essential for the maintenance of homeostasis in
ocular tissues. Indeed, NBCe1 is found to be abundantly
expressed in several human ocular tissues such as corneal
endothelium, lens epithelium, and trabecular meshwork cells
[20].

NBCe1 in brain may also play several physiological roles
[23]. Indeed, Suzuki and colleagues revealed that defective
membrane expression ofNBCe1Bmay causemigrainewith or
without hemiplegia [24]. NBCe1B activity in astrocytes may
be indispensable for the regulation of synaptic pHandneuron
excitability.

Two types of NBCe1-deficient mice, NBCe1-KO mice
[25] and W516X-knockin mice [26], present with very
severe acidemia due to pRTA and die within 30 days.
Functional analysis using isolated PTs fromW516X-knockin
mice confirmed that the normal NBCe1 activity is essential
for bicarbonate absorption from this nephron segment [26].

Alkali therapy significantly prolonged the survival ofW516X-
knockin mice. Detailed analysis of ocular tissues in these
mice revealed that NBCe1 plays a critical role in the main-
tenance of corneal transparency also in mice [26].

Unlike NBCe1-deficient mice, NHE3-KO mice present
with only mild acidemia [27]. Although NHE8 seems
to partially compensate for the loss of NHE3 function,
NHE3/NHE3-double KO mice also present with relatively
mild acidemia [8]. So far, mutations in NHE3 or NHE8 have
not been found in human pRTA patients.

3. Roles of Hyperinsulinemia in Hypertension
Associated with Metabolic Syndrome

Certain risk factors such as abdominal adiposity, glucose
intolerance, dyslipidemia, and hypertension tend to cluster
within individuals. Insulin resistance with obesity is thought
to be a key factor for this association, which is now termed
as metabolic syndrome [28]. Several different mechanisms
such as activation of renin-angiotensin-aldosterone system
(RAAS), enhancement of sympathetic nervous system, or
hyperinsulinemia may be involved in the occurrence of
hypertension associated with insulin resistance [29, 30].
Among these factors, hyperinsulinemia-induced hyperten-
sion seems to be an attractive hypothesis in view of the anti-
natriuretic action of insulin [3, 4]. Indeed, insulin is known to
stimulate sodiumabsorption from several nephron segments.
For example, insulin may stimulate sodium absorption
from distal convoluted tubules by phosphorylating the Na+-
Cl− cotransporter NCC through the with-no-lysine kinase
4 (WNK4)/STE20/SPS1-related proline-alanine-rich kinase
(SPAK) pathway [31]. In cortical collecting duct (CCD)
cells insulin is thought to stimulate sodium absorption by
activating the activity of epithelial Na+ channel ENaC [32–
34], though a recent study failed to confirm the stimulatory
effect of insulin on the ENaC activity in isolated mammalian
CCD [35]. In PTs, insulin enhances sodium absorption
by stimulating the luminal NHE3, the basolateral Na+/K+-
ATPase, and the basolateral NBCe1 [36–39].

Insulin can relax vascular tones through the phos-
phatidylinositol 3 kinase (PI3K)/Akt-dependent nitric oxide
(NO) production, and simple hyperinsulinemia may not
necessarily induce hypertension [40]. Notably, however, the
vasodilator action of insulin is reported to be attenuated
in insulin resistance [41, 42]. Therefore, hyperinsulinemia
can be an important factor in hypertension associated with
metabolic syndrome, if the stimulatory effects of insulin on
renal sodium absorption are preserved even in the systemic
insulin resistance.

In support of this hypothesis, recent studies have clarified
that defects in insulin signaling at the level of insulin receptor
substrate (IRS) proteins are frequently associatedwith human
insulin resistant states, resulting in the occurrence of cell-type
specific insulin resistance [43, 44]. The two major substrates
IRS1 and IRS2 may mediate distinct pathways in insulin
signaling, and they are not functionally interchangeable
in many insulin-sensitive tissues [43–45]. Importantly, in
adipocytes of human subjects with noninsulin-dependent
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diabetes mellitus the expression of IRS1 protein is found to
bemarkedly reduced, accompaniedwith the severe reduction
of insulin-mediated glucose uptake [46]. By contrast, the
reduction of IRS2 expression seems to be a key factor in
several forms of insulin resistance in liver [47].

To clarify the relative importance of IRS1 and IRS2 in
the stimulatory effect of insulin on PT transport, Zheng
and colleagues compared the effects of insulin on sodium-
coupled bicarbonate absorption in isolated PTs from IRS1-
KO and IRS2-KOmice.They found that the PI3 K-dependent
stimulatory effect of insulin on PT transport was preserved
in IRS1-KO mice but markedly attenuated in IRS2-KO mice.
Furthermore, insulin-induced Akt phosphorylation was also
preserved in IRS1-KO mice but not in IRS-2 KO mice [48].
These results indicate that IRS2 is the main substrate that
mediates the stimulatory effects of insulin on PT trans-
port. Importantly, insulin can induce antinatriuresis even
in insulin resistant rats and humans [49, 50]. Moreover,
PT sodium transport seems to be enhanced in insulin
resistant humans [51, 52], suggesting that the stimulatory
effect of insulin on PT transport may be preserved in
common forms of insulin resistance. Consistent with this
view, a recent study showed that the expression of IRS2
as well as insulin-mediated Akt phosphorylation in renal
tubules is preserved in Zucker fatty rats that show marked
insulin resistance due to defective leptin signaling [53]. In
liver, hyperinsulinemia is known to suppress the expression
of IRS2, thereby attenuating the insulin signaling in liver
[47, 54]. Future studies are required to determine whether
the IRS2-dependent stimulatory insulin signaling in PTs is
preserved in common forms of insulin resistance.

Interestingly, the IRS1-dependent insulin signaling in
glomeruli seems to be attenuated in insulin resistance [53].
Because insulin signaling may be required not only for the
nitric oxide (NO) production by glomerular endothelium
but also for the preservation of normal podocyte functions
[53, 55], insulin resistance in glomeruli may promote the
occurrence and progression of diabetic nephropathy. In
fact, the treatment with insulin sensitizers thiazolidinediones
(TZDs) can protect podocyte from injury independently of
glycemic control [56]. However, TZDs, especially when used
with insulin, may induce edema formation as a side effect,
probably by stimulating sodium absorption from PT and/or
distal tubules [57, 58]. Unfortunately, this side effect may
offset the beneficial effects of TZDs on the insulin signaling
in glomeruli.

4. Effects of Ang II on PT Transport

There are two major Ang II receptors (AT), AT
1
and AT

2
.

AT
1
receptors are further subdivided into AT

1A and AT
1B

in rodents [59]. While AT
1
may be the main receptors that

mediate the effects of Ang II on blood pressure, AT
2
may be

also partially involved in blood pressure regulation [60]. Ang
II can regulate blood pressure via AT

1
receptors in both renal

and extrarenal tissues. To clarify the relative importance of
these receptors in blood pressure homeostasis, Coffman and
colleagues performed kidney cross-transplantation between

wild-type and AT
1A-KO mice [5, 6]. They found that renal

and extrarenal AT
1A receptors almost equally contribute

to the maintenance of baseline blood pressure. However,
renal AT

1A receptors are indispensable for the occurrence of
Ang II-induced hypertension and cardiac hypertrophy. They
further showed that specific deletion of AT

1A receptors from
PTs alone is sufficient to lower blood pressure and provides
substantial protection against Ang II-induced hypertension
[61].These results indicate that the stimulatory effect ofAng II
on PT sodium transport is quite important in blood pressure
regulation.

Paradoxically, however, the effects of Ang II on PT
transport are biphasic: transport is stimulated by picomolar
to nanomolar concentrations of Ang II, while it is inhibited
by nanomolar to micromolar concentrations of Ang II [62,
63]. The effects of Ang II on NHE3, Na+/K+ ATPase, and
NBCe1 in PTs are all known to be biphasic [64–67]. Notably,
intrarenal concentrations of Ang II are much higher than
those in plasma [68]. Accordingly, the inhibitory effect of
Ang II on PT transport could have some physiological
significance.

Controversial data have been reported as to the receptor
subtype(s) responsible for the biphasic effects of Ang II on
PT transport [69, 70]. However, Horita and colleagues, by
analyzing the NBCe1 activity in isolated PTs, found that the
biphasic effects of Ang II added to bath perfusate were lost
in AT

1A-KO mice [71]. Instead, very high concentrations of
Ang II added to bath perfusate induced a slight stimulation
of NBCe1 activity, which was probably mediated by AT

1B
[71, 72]. Zheng and colleagues, by analyzing the bicarbonate
absorption rates from isolated PTs, also found that the
biphasic effects of Ang II added to luminal perfusate were lost
in AT
1A-KOmice [73].These results clearly indicate that both

luminal and basolateral AT
1A receptors mediate the biphasic

effects of Ang II on PT transport.
Regarding the signaling pathways, the activation of PKC

and/or the decrease in intracellular cAMP concentrations,
which may ultimately result in ERK activation, are thought
to mediate the stimulatory effect of Ang II [67, 72, 74].
On the other hand, the activation of phospholipase A

2

(PLA
2
)/arachidonic acid/5,6-epoxyeicosatrienoic acid (EET)

pathway and/or theNO/cGMPpathway is thought tomediate
the inhibitory effect of Ang II [67, 72, 75]. Consistent with
this view, Li and colleagues found that the biphasic effects of
Ang II were lost and all the concentrations of Ang II induced
a similar stimulation of NBCe1 activity in isolated PTs from
cytosolic PLA

2
-KO mice [72].

While the biphasic effects of Ang II on PT transport have
been reported in rats, mice, and rabbits [62, 63, 65, 66, 71, 73],
little has been known about the effects of Ang II on humanPT
transport. To clarify this issue, Shirai and colleagues recently
examined the effects ofAng II in isolated humanPTs obtained
from nephrectomy surgery for renal carcinoma [76]. Surpris-
ingly, they found that Ang II, unlike that in the other species,
induced a dose-dependent, profound stimulation of human
PT transport via AT

1
-dependent ERK activation. In wild-

type mice, the inhibitory effect of Ang II was dependent on
the NO/cGMP/cGMP-dependent kinase II (cGKII) pathway.
In cGKII-KOmice, the inhibitory effect of Ang II was lost but
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Figure 1: Ang II signaling in mouse and human PTs. In mouse PTs, low concentrations of Ang II induce transport stimulation via either PKC
activation or decrease in intracellular cAMP resulting in ERK activation, while high concentrations of Ang II induce transport inhibition via
NO/cGMP/cGKII pathway. In human PTs, by contrast, Ang II induces dose-dependent transport stimulation via NO/cGMP/ERK pathway.

the NO/cGMP pathway failed to induce the ERK-dependent
NBCe1 activation. By sharp contrast, in human PTs, the
NO/cGMP pathway mediated the stimulatory effect of Ang
II via cGKII-independent ERK activation. Thus, as shown
in Figure 1, the contrasting responses to NO/cGMP pathway
seem to be largely responsible for the different modes of
PT transport regulation by Ang II in humans and the other
species.

At present the molecular mechanisms underlying the
species differences in PT response to NO/cGMP pathway
remain unknown. However, previous studies suggest that
such species differences may indeed exist. For example, NO
is generally thought to work as inhibitory on PT transport
in rodents [77, 78]. Furthermore, salt loading into rodents is
known to enhance renal NO synthesis, which may facilitate
sodium excretion and preservation of normal blood pressure
[79, 80]. In human subjects, however, salt loading fails to
induce an adaptive increase in renal NO synthesis [81, 82].
Thus, the role of NO/cGMP in adaptive natriuretic response
to salt loading is clearly established in rodents but not in
human subjects. Taken together with these considerations,
the study by Shirai and colleagues [76] suggests that the unop-
posed, marked stimulation of PT transport by high intrarenal
concentrations of Ang II may play an important role in
the pathogenesis of human hypertension. Furthermore, the
human-specific stimulatory effect of NO/cGMP pathway on
PT transport may represent a novel therapeutic target in
hypertension.

5. Conclusion

In this paper, we reviewed the physiological and patho-
physiological roles of PT transport. Sodium-coupled bicar-
bonate absorption from PTs plays a critical role in the
systemic acid/base balance. Indeed, inactivating mutations

in NBCe1 cause severe pRTA associated with ocular and
other extrarenal abnormalities. Sodium transport in PTs may
also play an important role in blood pressure regulation. In
particular, the stimulatory effect of insulin on PT transport
may be involved in the pathogenesis of hypertension asso-
ciated with metabolic syndrome. Unlike in other species,
Ang II dose-dependently stimulates human PT transport
via NO/cGMP/ERK pathway, which may represent a novel
therapeutic target in human hypertension.
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3, pp. 295–297, 1977.

[63] V. L. Schuster, J. P. Kokko, and H. R. Jacobson, “Angiotensin
II directly stimulates sodium transport in rabbit proximal
convoluted tubules,”The Journal of Clinical Investigation, vol. 73,
no. 2, pp. 507–515, 1984.

[64] A. A. Banday and M. F. Lokhandwala, “Loss of biphasic effect
on Na/K-ATPase activity by angiotensin II involves defective
angiotensin type 1 receptor-nitric oxide signaling,” Hyperten-
sion, vol. 52, no. 6, pp. 1099–1105, 2008.

[65] S. Coppola and E. Frömter, “An electrophysiological study
of angiotensin II regulation of Na-HCO

3
cotransport and K

conductance in renal proximal tubules. I. Effect of picomolar
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Epithelial Cl− secretion plays important roles in water secretion preventing bacterial/viral infection and regulation of body fluid.
We previously suggested that quercetin would be a useful compound for maintaining epithelial Cl− secretion at a moderate
level irrespective of cAMP-induced stimulation. However, we need a compound that stimulates epithelial Cl− secretion even
under cAMP-stimulated conditions, since in some cases epithelial Cl− secretion is not large enough even under cAMP-stimulated
conditions. We demonstrated that quercetin and myricetin, flavonoids, stimulated epithelial Cl− secretion under basal conditions
in epithelial A6 cells. We used forskolin, which activates adenylyl cyclase increasing cytosolic cAMP concentrations, to study the
effects of quercetin and myricetin on cAMP-stimulated epithelial Cl− secretion. In the presence of forskolin, quercetin diminished
epithelial Cl− secretion to a level similar to that with quercetin alone without forskolin. Conversely, myricetin further stimulated
epithelial Cl− secretion even under forskolin-stimulated conditions. This suggests that the action of myricetin is via a cAMP-
independent pathway.Therefore, myricetinmay be a potentially useful compound to increase epithelial Cl− secretion under cAMP-
stimulated conditions. In conclusion, myricetin would be a useful compound for prevention from bacterial/viral infection even
under conditions that the amount of water secretion driven by cAMP-stimulated epithelial Cl− secretion is insufficient.

1. Introduction

Water secretion across epithelial tissues contributes to pre-
vention of our body from bacterial/viral infection and reg-
ulation of body fluid content. The water secretion across
epithelial tissues is driven by epithelial Cl− secretion [1–
3]. The epithelial Cl− secretion consists of two steps: (1)
the Cl−-entry step across the basolateral membrane via Cl−
transporter participating in Cl− uptake into the intracellular
space such as Na+-K+-2Cl− cotransporter (NKCC) and (2)
the Cl−-releasing step across the apical membrane via Cl−
channels such as cystic fibrosis transmembrane conductance

regulator (CFTR) Cl− channel at the apical membrane [4,
5]. The continuous Cl− secretion requires stimulation of
Cl− uptake transporter such as NKCC [6, 7]. Flavonoids
and flavonoid-like compounds have various actions in cell
function [8, 9]. Our previous studies have reported that a
flavonoid, quercetin, elevates epithelial Cl− secretion under
basal conditions, but decreases it under cAMP-stimulated
conditions [10] by modifying activity of NKCC [3]. These
reports suggest that quercetin regulates the activity of NKCC
leading epithelial Cl− secretion to a moderate level irre-
spective of cAMP-induced stimulation and that quercetin
would be a useful compound to achieve a moderate level
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Figure 1: Structures of quercetin and myricetin.

of epithelial Cl− secretion. However, in some cases, cAMP-
induced stimulation is not large enough to maintain an
adequate level of epithelial Cl− secretion. Myricetin has been
reported to demonstrate promotive and protective effects
on intestinal tight junctional barriers of epithelia and it has
antiviral function [11–13]. Therefore, it would be important
to identify a useful compound with stimulatory actions
on epithelial Cl− secretion even under cAMP-stimulated
conditions. Our study examines the effects of quercetin and
myricetin on Cl− secretion in the absence and presence of
cAMP-stimulation of renal A6 cells.

2. Materials and Methods

2.1. Chemicals and Materials. We obtained forskolin, benza-
mil, NPPB (5-nitro-2-(3-phenylpropylamino)benzoic acid),
quercetin, myricetin, and dimethyl sulfoxide (DMSO) from
Sigma-Aldrich (St. Louis, MO, USA) and epithelial A6 cells
from American Type Culture Collection (ATCC). Forskolin,
benzamil, NPPB, bumetanide, quercetin, and myricetin were
dissolved in DMSO.We applied forskolin of 10 𝜇M, benzamil
of 10 𝜇M, NPPB of 100 𝜇M, bumetanide of 100 𝜇M, quercetin
of 100 𝜇M, and myricetin of 100 𝜇M to the bath solution
as the final concentration. The concentrations of forskolin,
quercetin and myricetin used in the present study were
determined from the observations obtained in previous
reports [7, 10]. The structures of quercetin and myricetin are
shown in Figure 1.

2.2. Cell Culture. Renal epithelial A6 cells derived from
Xenopus laevis were obtained from American Type Culture
Collection (Rockville, MD, USA) at passage 68. We cultured
A6 cells (passages 73–84) on plastic flasks at 27∘C in a humid-
ified incubator with 1.0% CO

2

in air in a culture medium
containing 75% (vol/vol) NCTC-109, 15% (vol/vol) distilled
water and 10% (vol/vol) fetal bovine serum. Then, we seeded
cells onto permeable tissue culture-treated Transwell filter
cups (Costar, Cambridge, MA, USA) for electrophysiological
measurements at a density of 5 × 104 cells/well for 11–15 days.

2.3. Measurement of Transepithelial Conductance (Gt). We
transferred monolayers of A6 cells subcultured on tissue
culture-treated Transwell filter cups to a modified Ussing
chamber (Jim’s Instrument, Iowa City, IA, USA) designed to
hold the filter cup and continuously measured transepithelial
potential difference (PD) by a high-impedance millivolt-
meter (VCC-600, Physiologic Instrument, San Diego, CA,

USA) [7]. We applied a pulse of 1 𝜇A constant current
every 10 s for 0.5 s to the A6 monolayer under open-circuit
conditions. This enabled us to calculate the transepithelial
conductance (Gt) from the change in the PD (ΔPD) caused
by the 1 𝜇A constant-current pulse using Ohm’s law (Gt =
1 𝜇A/ΔPDmV). We applied 100 𝜇M NPPB (a nonselective
Cl− channel blocker [3, 14, 15]) to the apical solution for
detection of NPPB-sensitive conductance. We measured an
NPPB-sensitive conductance by calculating the difference
between the Gt just before and 30 minutes after application
of 100𝜇M NPPB. This difference of Gt represents an NPPB-
sensitive conductance. In the present study, we use theNPPB-
sensitive conductance as the apical Cl− conductance. The
NPPB-sensitive conductance indicates the apical Cl− channel
conductance, since the apical Cl− conductance is much
smaller than the basolateral Cl− conductance [16]. Further,
apical application of 100 𝜇MNPPB diminishes the apical Cl−
conductance but not the basolateral Cl− conductance [7, 16].
Bumetanide has been shown to have no effects on the NPPB-
sensitive conductance [7]. These observations [7, 16] indicate
that theNPPB-sensitive conductance can be used as the apical
Cl− conductance.

2.4. Measurement of Short-Circuit Current (Isc). As reported
previously [7, 16], we measured a short-circuit current (Isc)
in A6 cells. The Isc measured directly by clamping the PD
to 0mV was identical to the calculated current as Gt⋅PD
(equivalent current); namely, the monolayer had a linear
current-voltage relationship. In the present study, we show
an equivalent current (Gt⋅PD) as Isc. A positive current
represents a net flow of anions from the basolateral solution
to the apical one [7].

2.5. Solutions. The solution used in the present study con-
tained 120mMNaCl, 3.5mMKCl, 1mMCaCl

2

, 1 mMMgCl
2

,
5mM glucose, and 10mMHEPES with pH 7.4.

2.6. Temperature. All experiments shown in the present
study were performed at 24-25∘C.

2.7. Data Presentation. Values of Isc and Gt are shown as the
mean, and the error bar indicates SEM. ANOVAwas used for
statistical analysis, and 𝑃 < 0.05 was considered significant.

3. Results

3.1. Effects of Quercetin and Myricetin on Isc under Basal
Conditions. A6 cells can exhibit Cl− secretion and Na+
absorption [7, 17–22]. Since the purpose of the present study
was to examine transport properties of Cl− secretion, we
added benzamil (10 𝜇M) to the apical solution to block Na+
absorption via epithelial Na+ channel (ENaC) in A6 cells
(Figure 2). We used 10 𝜇M benzamil, because it has been
demonstrated to completely block ENaC activity [18, 23,
24]. DMSO (a solvent control for quercetin and myricetin
(Figure 1)) applied to both apical and basolateral solutions
had no effect on Isc (closed triangles as in Figure 2(a)),
and 100 𝜇M NPPB applied to the apical solution abolished
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Figure 2: Effects of quercetin and myricetin on Isc under basal (a) and forskolin-stimulated conditions (b). (a) Benzamil (BNZ, a blocker of
epithelial Na+ channel: ENaC; 10 𝜇M) was applied to the apical solution at −10min. DMSO (dimethyl sulfoxide; a solvent for forskolin; 0.1%
as the final concentration in Iscmeasuring solutions) was added to both apical and basolateral solutions at 0min (open circles, closed squares,
and closed triangles). Quercetin (100𝜇M; open circles), myricetin (100𝜇M; closed squares), or DMSO (a solvent for quercetin andmyricetin;
0.1%; closed triangles) was applied to both apical and basolateral solutions at 60min. NPPB (a nonspecific blocker of Cl− channels; 100 𝜇M)
was applied to the apical solution at 120min (open circles, closed squares, and closed triangles). 𝑛 = 5 for DMSO, 𝑛 = 6 for quercetin, and
𝑛 = 7 for myricetin. (b) Benzamil (BNZ, 10𝜇M) was applied to the apical solution at −10min. Forskolin (10 𝜇M) was added to both apical
and basolateral solutions at 0min (open circles, closed squares, and closed triangles). Quercetin (100𝜇M; open circles), myricetin (100𝜇M;
closed squares), or DMSO (a solvent for quercetin and myricetin; 0.1%; closed triangles) was applied to both apical and basolateral solutions
at 60min. NPPB (100 𝜇M) was applied to the apical solution at 120min (open circles, closed squares and closed triangles). 𝑛 = 6 for DMSO,
𝑛 = 5 for quercetin, and 𝑛 = 8 for myricetin. The values marked with ∗ (open circles and closed squares) are significantly larger than DMSO
(closed triangles; 𝑃 < 0.05). The values marked with # (closed squares) are significantly smaller than DMSO (closed triangles; 𝑃 < 0.05).

the benzamil-insensitive Isc (i.e., the residual Isc after appli-
cation of benzamil was abolished) (Figure 2(a)). Quercetin
significantly stimulated Isc (open circles as in Figure 2(a)),
and NPPB abolished the quercetin-stimulated Isc (open
circles as in Figure 2(a)) suggesting that quercetin stimulated
a Cl−-dependent Isc. Myricetin also elevated Isc (closed
squares as in Figure 2(a)), and the myricetin-elevated Isc
was sensitive to NPPB (closed squares as in Figure 2(a)).
Quercetin or myricetin showed no effects on Isc in A6 cells
pretreated with NPPB (data not shown). These observations
indicate that quercetin and myricetin stimulate the Cl−
secretion.

3.2. Effects of Quercetin and Myricetin on Isc under Forskolin-
Stimulated Conditions. In order to examine the effects of
quercetin and myricetin in the presence of elevated cAMP
levels, we used forskolin to activate adenylyl cyclase to
increase cellular cAMP. As shown in Figure 2(a) (closed
triangles), DMSO, a solvent control for forskolin, had no
effect on Isc. Though, forskolin stimulated Isc (open circles,
closed squares, and closed triangles in Figure 2(b)), but not
in the presence of NPPB (data not shown), suggesting that
forskolin stimulated an NPPB-sensitive Isc. Under forskolin-
stimulated conditions, DMSO (a solvent control for quercetin
and myricetin) had no effect on Isc (closed triangles as in
Figure 2(b)). However, in the presence of forskolin, quercetin

significantly diminished Isc (open circles as in Figure 2(b))
unlike that observed during basal conditions (open circles as
in Figure 2(a)). On the other hand, myricetin significantly
stimulated Isc (closed squares as in Figure 2(b)) in the
presence of forskolin similar to that under basal conditions
(closed squares as in Figure 2(a)). Further, we applied
bumetanide (a blocker of NKCC) to study the Isc observed
in the present study. Application of bumetanide (100 𝜇M)
almost completely diminished the Isc irrespective of the pres-
ence of forskolin, quercetin, or myricetin without any effects
on Gt: the Isc in the presence of bumetanide was reduced
to ∼0.2 𝜇A/cm2 irrespective of the presence of forskolin,
quercetin, or myricetin. Further, the presence of bumetanide
did not significantly influence effects of forskolin, quercetin,
ormyricetin onGt (data not shown).Thus, these observations
indicate that the Isc observed in the present study is mediated
by NKCC irrespective of the presence of forskolin, quercetin,
or myricetin.

3.3. NPPB-Sensitive Isc under Basal and Forskolin-Stimulated
Conditions. In Figure 3, we show the NPPB-sensitive Isc
under various experimental and control conditions in the
absence and presence of forskolin-stimulated Isc as shown
in Figure 2. Under basal conditions, quercetin increased the
NPPB-sensitive Isc ( ∗

𝑃

< 0.001 compared with DMSO
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Figure 3: NPPB-sensitive Isc.TheNPPB-sensitive Isc wasmeasured
as the difference of Isc just before and 30min after addition of
100𝜇M NPPB to the apical solution. 𝑛 = 5 for DMSO, 𝑛 = 6
for quercetin, and 𝑛 = 7 for myricetin without forskolin ((−)
FK). 𝑛 = 6 for DMSO, 𝑛 = 5 for quercetin, and 𝑛 = 8 for
myricetin with forskolin ((+) FK). Under basal conditions ((−) FK),
the values of quercetin-stimulated Isc (∗) and myricetin-stimulated
NPPB-sensitive Isc (∗∗) were significantly larger than the NPPB-
sensitive Isc with DMSO alone (solvent control; 𝑃 < 0.001). The
value of IscwithDMSOalone under forskolin-stimulated conditions
(DMSO marked with § in (+) FK) was significantly larger than
that with DMSO alone under basal conditions (DMSO in (−) FK;
𝑃 < 0.001). Under forskolin-stimulated conditions ((+) FK), the
value of quercetin-stimulated Isc (Quercetin in (+) FK marked with
#) was significantly smaller than that with DMSO alone (DMSO in
(+) FK; 𝑃 < 0.001). On the one hand, under forskolin-stimulated
conditions ((+) FK), the value of myricetin-stimulated Isc (##) was
significantly larger than that with DMSO alone (DMSO in (+) FK;
𝑃 < 0.001). The value of quercetin-stimulated Isc was identical
irrespective of forskolin stimulation (Quercetin in (−) FK versus
Quercetin in (+) FK; NS, no significant difference), while the value
of myricetin-stimulated Isc under forskolin-stimulated conditions
(Myricetin in (+) FK) was significantly larger than that under basal
condition (Myricetin in (−) FK; 𝑃 < 0.001).

as in Figure 3) and myricetin also increased the NPPB-
sensitive Isc ( ∗∗

𝑃

< 0.001 compared with DMSO as in
Figure 3). Quercetin and myricetin had similar effects on
the NPPB-sensitive Isc under basal conditions ((−) FK, Fig-
ure 3), although the quercetin-stimulated NPPB-sensitive Isc
(0.90±0.03 𝜇A/cm2) was slightly smaller than the myricetin-
stimulated one (1.18 ± 0.12 𝜇A/cm2; 𝑃 < 0.05). The NPPB-
sensitive Isc in forskolin-treated cells (DMSO in (+) FK,
Figure 3) was significantly larger than that in DMSO in
the absence of forskolin ((−) FK; §

𝑃

< 0.001 compared
with DMSO in (−) FK, Figure 3), indicating that forskolin
increased theNPPB-sensitive Isc.Under forskolin-stimulated
conditions ((+) FK, Figure 3), the NPPB-sensitive Isc in
quercetin-treated cells was significantly smaller than that in
DMSO-treated cells ( #

𝑃

< 0.001 compared with DMSO
in (+) FK, Figure 3), indicating that quercetin decreased
the forskolin-stimulated NPPB-sensitive Isc. Contrasting
the quercetin results, under forskolin-stimulated conditions

((+) FK, Figure 3), the NPPB-sensitive Isc in myricetin-
treated cells was significantly larger than that in DMSO-
treated cells ( ##

𝑃

< 0.001 compared with DMSO in (+) FK,
Figure 3), indicating that myricetin increased the forskolin-
stimulated NPPB-sensitive Isc. Thus, myricetin induced an
NPPB-sensitive Isc at the same level irrespective of prior
forskolin stimulation of Isc (1.10 ± 0.12 𝜇A/cm2 in the
presence of forskolin, 1.16 ± 0.12 𝜇A/cm2 in the absence
of forskolin; no significant difference). Therefore, myricetin
had a synergistic effect on forskolin-activated Cl− secretion.
Under forskolin-stimulated conditions, quercetin did not
stimulate, but rather diminished the NPPB-sensitive Isc
(Quercetin versus DMSO in (+) FK, Figure 3; #

𝑃

< 0.001)
identical to that under basal conditions (Quercetin in (−) FK,
Figure 3; no significant difference (NS) between Quercetin
in (−) FK and (+) FK, Figure 3). In other words, forskolin
had no effects on the NPPB-sensitive Isc in the presence of
quercetin (compare Quercetin in (+) FK with Quercetin in
(−) FK, Figure 4; NS); that is, quercetin abolished the action
of forskolin on the NPPB-sensitive Isc.

3.4. NPPB-Sensitive Conductance under Basal and Forskolin-
Stimulated Conditions. Figure 4 shows the NPPB-sensitive
conductance obtained by application of NPPB (100 𝜇M)
to the apical solution as described in the method. Under
basal conditions, quercetin increased the NPPB-sensitive
conductance ( ∗

𝑃

< 0.001 compared with DMSO in (−)
FK, Figure 4) and myricetin also increased the NPPB-
sensitive Gt ( ∗∗

𝑃

< 0.001 compared with DMSO in (−) FK,
Figure 4). However, the quercetin-stimulatedNPPB-sensitive
conductance (37.00 ± 2.69 𝜇S/cm2) was slightly smaller than
that stimulated by myricetin (53.00 ± 4.73 𝜇S/cm2; 𝑃 < 0.05,
Figure 4). The NPPB-sensitive conductance in forskolin-
treated cells (DMSO in (+) FK, Figure 4) was much larger
than that in DMSO in the absence of forskolin ((−) FK;
§
𝑃

< 0.005 compared with DMSO in (−) FK, Figure 4),
meaning that forskolin increased the NPPB-sensitive
conductance. Under forskolin-stimulated conditions ((+)
FK, Figure 4), the NPPB-sensitive conductance in quercetin-
treated cells was slightly but significantly larger than that in
DMSO-treated cells ( #

𝑃

< 0.05 compared with DMSO in
(+) FK, Figure 4), indicating that quercetin increased the
forskolin-stimulated NPPB-sensitive conductance. Under
forskolin-stimulated conditions ((+) FK, Figure 4), the
NPPB-sensitive conductance in myricetin-treated cells was
much larger than that in DMSO-treated cells ( ##

𝑃

< 0.001

compared with DMSO in (+) FK, Figure 4), indicating that
myricetin increased the forskolin-stimulated NPPB-sensitive
conductance. Thus, unlike the NPPB-sensitive Isc under
the forskolin-stimulated conditions, both quercetin and
myricetin increased the NPPB-sensitive conductance under
the forskolin-stimulated conditions ( #P < 0.05 and ##P <
0.001 compared with DMSO in (+) FK, Figure 4), although
myricetin had much larger effects on the NPPB-sensitive
conductance than quercetin (275.83 ± 15.72 𝜇S/cm2 in
the presence of myricetin versus 130.50 ± 10.01 𝜇S/cm2 in
the presence of quercetin under forskolin-stimulated
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Figure 4: NPPB-sensitive conductance. The NPPB-sensitive con-
ductance was measured as the difference of Isc just before and
30min after addition of 100 𝜇M NPPB to the apical solution. 𝑛 =
4 for DMSO, 𝑛 = 7 for quercetin, and 𝑛 = 11 for myricetin
without forskolin ((−) FK). 𝑛 = 11 for DMSO, 𝑛 = 7 for quercetin,
and 𝑛 = 10 for myricetin with forskolin ((+) FK). Under basal
conditions ((−) FK), the values of quercetin-stimulated conductance
(∗) and myricetin-stimulated NPPB-sensitive conductance (∗∗)
were significantly larger than the NPPB-sensitive conductance with
DMSO alone (solvent control; 𝑃 < 0.001). The value of Isc
with DMSO alone under forskolin-stimulated conditions (DMSO
marked with § in (+) FK) was significantly larger than that with
DMSO alone under basal conditions (DMSO in (−) FK; 𝑃 <
0.005). Under forskolin-stimulated conditions ((+) FK), the value
of quercetin-stimulated Isc (Quercetin in (+) FK marked with #)
was slightly but significantly larger than that with DMSO alone
(DMSO in (+) FK; 𝑃 < 0.05). Further, under forskolin-stimulated
conditions ((+) FK), the value of myricetin-stimulated Isc (##) was
significantly larger than that with DMSO alone (DMSO in (+) FK;
𝑃 < 0.001). The quercetin-stimulated NPPB-sensitive conductance
under forskolin-stimulated conditions (Quercetin in (+) FK) was
significantly larger than that under basal condition (Quercetin in
(−) FK; 𝑃 < 0.001). The myricetin-stimulated NPPB-sensitive
conductance under forskolin-stimulated conditions (Myricetin in
(+) FK) was significantly larger than that under basal condition
(Myricetin in (−) FK; 𝑃 < 0.001).

conditions; 𝑃 < 0.001). Further, interestingly the NPPB-
sensitive Isc in the presence of quercetin was not affected
by application of forskolin (compare Quercetin in (−)
FK with Quercetin in (+) FK as in Figure 3; NS), but the
NPPB-sensitive conductance in the presence of quercetin
was much larger under forskolin-stimulated condition than
that under basal conditions (compare Quercetin in (−) FK
with Quercetin in (+) FK as in Figure 4; 𝑃 < 0.001) like
myricetin (see Myricetin in (−) FK with Myricetin in (+) FK
as in Figure 4; 𝑃 < 0.001). In other words, forskolin increased
the NPPB-sensitive conductance in the quercetin-treated
cells (compare Quercetin in (+) FK with Quercetin in (−)
FK as in Figure 4; 𝑃 < 0.001); nevertheless, forskolin had
no effects on the NPPB-sensitive Isc in the quercetin-treated
cells (compare Quercetin in (+) FK with Quercetin in (−) FK
as in Figure 3; NS).

4. Discussion

Epithelial Cl− secretion plays an important role in prevention
from bacterial/viral infection through washout of bacteria
and viruses located on the surface of apical membrane
using water covering the surface of apical membrane pro-
duced by Cl−-secretion-generated osmotic gradient across
the epithelial cells and also controls body fluid content by
regulating water contents [2, 4, 7, 25–30]. The present study
indicates that quercetin is useful for moderate stimulation
of epithelial Cl− secretion irrespective of cAMP stimulation
and that myricetin can be applied in cases requiring further
stimulation of epithelial Cl− secretionwith insufficient cAMP
stimulation. Various types of flavonoids have been reported
to modulate epithelial Cl− secretion [9, 31–35]. For exam-
ple, genistein stimulates jejunal Cl− secretion via estrogen
receptor-mediated pathways [31, 32]. Chao and Hamilton [9]
have reported that genistein stimulates jejunal Cl− secretion
via phosphodiesterase modulation. Further, Fischer and Illek
[34] have indicated that trimethoxyflavone, aryl hydrocarbon
receptor ligand, activates CFTR Cl− channel stimulating Cl−
secretion in lung epithelial cells. Quercetin is also reported to
have stimulatory action on Cl− secretion in sinonasal epithe-
lium [35]. Niisato et al. [7] have also reported that flavonoids,
genistein, daidzein, and apigenin, stimulate epithelial Cl−
secretion.

Althoughmolecular mechanisms of flavonoids’ action on
epithelial Cl− secretion are still unclear, we have a consensus
that flavonoids stimulate epithelial Cl− secretion via activa-
tion of the CFTRCl− channel playing a role in a Cl−-releasing
step across the apical membrane and/or Cl− transporter
playing a role in aCl− uptake step across the basolateralmem-
brane [6, 7]. Continuous activation of Cl− uptake transporter
such asNKCC is required to continuously stimulate epithelial
Cl− secretion [6, 7]. This continuous activation of Cl− uptake
transporter such as NKCC is one of the most important
targets from a therapeutic viewpoint for continuous stim-
ulation of epithelial Cl− secretion. The present study and
our previous report [3] suggest that quercetin continuously
increases activity of NKCC by stimulating translocation of
NKCC activating factors to the basolateral membrane from
intracellular store sites.

There is little mechanistic information on the effects
of flavonoids on the function of NKCC during cAMP-
dependent Cl− secretion, although many researchers have
reported the stimulatory action of flavonoids on epithelial
Cl− secretion [9, 31–37] and the inhibitory action of cAMP-
activatedCl− secretion [38].Wewere surprised that quercetin
reduced the forskolin-stimulated Isc, but myricetin tremen-
dously increased the forskolin-stimulated Isc. As mentioned
above, the epithelial Cl− secretion (the NPPB-sensitive Isc)
consists of two steps: (1) the Cl−-entry step across the
basolateral membrane via Cl− transporter participating in
Cl− uptake into the intracellular space such as Na+-K+-2Cl−
cotransporter (NKCC) and (2) the Cl−-releasing step across
the apical membrane via Cl− channels such as cystic fibrosis
transmembrane conductance regulator (CFTR) Cl− channel
at the apical membrane [4].Therefore, the stimulatory action
of myricetin on the NPPB-sensitive Isc could be explained
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by effects of myricetin on the NPPB-sensitive conductance;
that is, we suggest thatmyricetinwould increase the epithelial
Cl− secretion by activating the CFTR Cl− channel at the
apical membrane acting as the Cl−-releasing step. How-
ever, the inhibitory action of quercetin on the forskolin-
stimulated Isc could not be explained by effects of quercetin
on the apical NPPB-sensitive conductance, since quercetin
increased the NPPB-sensitive conductance (in other words,
quercetin activated the Cl−-releasing step via CFTR Cl−
channel; see Figure 4). Namely, if the inhibitory action of
quercetin on the forskolin-stimulated Isc is explained by
effects of quercetin on the NPPB-sensitive conductance (the
Cl−-releasing step), quercetin should diminish the NPPB-
sensitive conductance. Therefore, we should consider other
possibilities regarding the inhibitory action of quercetin on
the forskolin-stimulated Isc. There are, at least, two possible
sites of action that quercetin might have on the cAMP-
dependent Cl− secretory process and that is either by down
regulating the Na+-K+-2Cl− cotransporter and/or the Na+,
K+-ATPase. Similar to our data, Schuier et al. [39] have
reported that quercetin, morin, and luteolin, all administered
at 100 𝜇M, reduce forskolin-stimulated Isc of T84 colonic
epithelial cells. These authors have offered no explanation for
the action of these flavonoids. However, Collins et al. [33]
have demonstrated that the flavone, naringenin, added prior
to forskolin, reduces the forskolin-activated Isc of human
and rat colons. They have surmised that since that action of
naringenin is upstream of the activation of CFTR, naringenin
inhibits NKCC. Alternatively, the action of quercetin on
the forskolin-stimulated Isc might be by downregulating the
Na+, K+-ATPase. Indeed, Mezesova et al. [40] have reported
that treatment with quercetin (20mg ⋅ kg−1 ⋅ day−1) in both
normotensive and hypertensive rats produces impairment in
the affinity of Na+ binding site of the Na+, K+-ATPase like the
inhibitory action onCa2+-ATPase [41, 42].On the other hand,
myricetin showed no inhibitory action but stimulatory action
on Isc, suggesting that myricetin would not inhibit NKCC or
produce impairment in the affinity of Na+ binding site of the
Na+, K+-ATPase unlike quercetin. Further work is necessary
to resolve this complex role of quercetin in cAMP-dependent
Cl− secretion.

Although it has been reported that flavonoids includ-
ing myricetin and quercetin have various action on cell
function [3, 10, 31–33, 43–51], the present study clearly
indicates that myricetin has stimulatory action on cAMP-
activated Cl− secretion unlike quercetin. From our knowl-
edge, the present study is the first report showing a flavonoid
with stimulatory action on cAMP-activated epithelial Cl−
secretion. Thus, using these compounds it could be pos-
sible to treat patients with disorders in water secretion
across epithelial tissues by regulating epithelial Cl− secretion
to ideal levels depending on pathophysiological states of
patient.
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