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Physiological role and regulation of the Na+/H+
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Abstract: In mammalian eukaryotic cells, the Na+/H+ exchanger is a family of membrane proteins that regulates ions
fluxes across membranes. Plasma membrane isoforms of this protein extrude 1 intracellular proton in exchange for 1 ex-
tracellular sodium. The family of Na+/H+ exchangers (NHEs) consists of 9 known isoforms, NHE1–NHE9. The NHE1
isoform was the first discovered, is the best characterized, and exists on the plasma membrane of all mammalian cells. It
contains an N-terminal 500 amino acid membrane domain that transports ions, plus a 315 amino acid C-terminal, the in-
tracellular regulatory domain. The Na+/H+ exchanger is regulated by both post-translational modifications including pro-
tein kinase-mediated phosphorylation, plus by a number of regulatory-binding proteins including phosphatidylinositol-4,5-
bisphosphate, calcineurin homologous protein, ezrin, radixin and moesin, calmodulin, carbonic anhydrase II, and tescalcin.
The Na+/H+ exchanger is involved in a variety of complex physiological and pathological events that include regulation
of intracellular pH, cell movement, heart disease, and cancer. This review summarizes recent advances in the understand-
ing of the physiological role and regulation of this protein.
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Résumé : Dans les cellules eucaryotes des mammifères, l’échangeur Na+/H+ est une famille de protéines membranaires
qui régule les flux ioniques à travers les membranes. Les isoformes de cette protéine sur la membrane plasmique expulsent
un proton intracellulaire en échange de sodium extracellulaire. La famille d’échangeurs Na+/H+ (NHE) est composée de
neuf isoformes connues, NHE1–NHE9. La première a avoir été découverte, NHE1, est la mieux caractérisée et est présente
sur la membrane plasmique de toutes les cellules de mammifères. Elle contient un domaine membranaire de 500 acides
aminés en position N-terminale qui transporte les ions et un domaine régulateur intracellulaire de 315 acides aminés en po-
sition C-terminale. L’échangeur Na+/H+ est régulé par des modifications post-translationnelles, y compris la phosphoryla-
tion véhiculée par les protéines kinases, et par plusieurs protéines de liaison régulatrices telles que le phosphatidylinositol-
4,5-biphosphate, la protéine homologue de la calcineurine, l’ezrine, la radixine et la moesine, la calmoduline, l’anhydrase
carbonique II et la tescalcine. L’échangeur Na+/H+ participe à divers événements pathologiques et physiologiques com-
plexes, comme la régulation du pH intracellulaire, le mouvement des cellules, la maladie cardiaque et le cancer. La pré-
sente synthèse résume les récentes avancées dans la compréhension du rôle physiologique et de la régulation de cette
protéine.

Mots clés : échangeur Na+/H+, régulation du pH, protéines membranaires, phosphorylation, ischémie, hypertrophie car-
diaque.

[Traduit par la Rédaction]

Introduction

Intracellular pH in mammalian cells
Intracellular pH (pHi) is finely controlled in mammalian

cells as many basic systems depend on it. Proteins require a
specific pH for optimal functioning, normal and pathological
gene expression is regulated by pHi, and ion concentrations
are affected since many channels and pumps are involved in

H+ transport and are affected by pHi (Ives and Rector 1984;
Lagarde and Pouyssegur 1986; Putney and Barber 2004). To
regulate pHi mammalian cells express a number of proteins
at their plasma membrane that transport H+ and HCO3

– into
and out of the cell (Puceat 1999). Important participants in
the precise system of pHi regulation include the Na+/H+ ex-
changer (NHE) family of proteins and various bicarbonate
transporters and exchangers.

Proton efflux is a major factor in pHi maintenance as nor-
mal cellular metabolism generates an intracellular acid load.
NHE proteins are activated by acidic cellular conditions to
catalyze the electroneutral exchange of 1 extracellular so-
dium ion for 1 intracellular proton and as such, constitute a
key component in the protection against cellular acidosis.
This exchange process is dependent on extracellular Na+
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and ATP, although the protein does not directly consume
metabolic energy (Aharonovitz et al. 2000; Orlowski and
Grinstein 2004). The family of NHE proteins includes 9 iso-
forms, each with unique tissue and cellular distribution, in-
hibitor sensitivities, regulatory elements, and ensuing
physiological roles. NHE1, the first isoform identified, is
distinct in that it is ubiquitously expressed in all mammalian
cells and plays a housekeeping role.

The Na+/H+ exchanger family

NHE1
As early as 1982, Pouyssegur et al. had identified a

‘‘Na+/H+ exchange system’’ that played an important role in
regulation of pHi and had a major influence on growth fac-
tor action (Pouyssegur et al. 1982). Further studies identified
biochemical characteristics of this system, for example, the
addition of external Na+ to a cell caused the release of inter-
nal H+ with a 1:1 stoichiometry. The exchange of sodium
and protons was also amiloride sensitive, and this exchange
system existed on the plasma membrane of cells (Paris and
Pouyssegur 1983). In 1984, Pouyssegur and his group devel-
oped an H+-suicide technique that allowed them to select for
a cell line deficient in Na+/H+ exchange activity. This
proved to be a useful model for identifying the actual roles
of this exchanger (Pouyssegur et al. 1984).

In 1989, Sardet et al. cloned the first Na+/H+ exchanger
isoform, NHE1, and based on the cDNA sequence, the
amino acid sequence was predicted (Sardet et al. 1989).
Since the initial cloning of NHE1, many studies have looked
at protein expression and localization, mechanistic and regu-
latory features, and physiological roles for the protein.
NHE1 is ubiquitously expressed in all mammalian cells and
is considered the ‘‘housekeeping’’ isoform. After its initial
discovery, NHE1 was also identified as the predominant sar-
colemmal isoform expressed in the myocardium (Fliegel et
al. 1991), although as stated above, its expression is not lim-
ited to the myocardium. In addition to the protein being ex-
pressed ubiquitously in mammalian cells, NHE1 cellular
localization also varies depending on the cell type. For fi-
broblasts in which NHE1 is involved in migration and an-
choring, the protein is predominantly localized in
lamellipodia (Denker and Barber 2002; Denker et al. 2000).
NHE1 is distributed to the basolateral membrane of epithe-
lial cells (Biemesderfer et al. 1992; Orlowski and Grinstein
2004) and within myocardial tissue it is concentrated in the
intercalated disks and along the transverse tubular system
(Petrecca et al. 1999).

NHE1 is the isoform most sensitive to amiloride and its
derivatives (Masereel et al. 2003). Amiloride was the first
drug identified as an NHE inhibitor although it does have
an inhibitory effect on various other channels and exchang-
ers. Amiloride is thought to bind to the external Na+ binding
site since inhibitory potency is reduced in high Na+ concen-
trations (Masereel et al. 2003). There have since been a
number of drugs developed that are more selective for
NHE1 including the benzoylguanidine inhibitors. This group
of inhibitors includes HOE694, cariporide, and eniporide;
the latter 2 have been studied in the clinical setting (Theroux
et al. 2000; Zeymer et al. 2001).

The physiological roles of NHE1 have been thoroughly
studied, and have proven to be diverse. The most basic role
of NHE1 is in pHi and cell volume control, but these factors
can have wide ranging implications on numerous cellular
processes. NHE1 is involved in normal processes such as
cell proliferation, growth, migration, and apoptosis and
pathological processes such as cancer cell invasion and heart
failure (Harguindey et al. 2005; Karmazyn et al. 2005).

NHE2–NHE9
Rat NHE2 was first identified as having an amino acid

sequence that shared 42% identity with NHE1 (Wang et al.
1993), but since that discovery, in depth studies on the hu-
man protein have provided us with a more thorough under-
standing of this isoform (Malakooti et al. 1999). NHE2 is an
apical membrane protein that is expressed in the epithelial
tissue of the intestinal tract and kidney, skeletal muscle, and
the testis (Malakooti et al. 1999). Within the digestive tract,
NHE2 is quite prominent with strong expression in the jeju-
num, ileum, and colon (Bookstein et al. 1997). Specific ex-
pression in renal tissue has been localized to the cortical
thick ascending limbs, distal convoluted tubules, connecting
tubules, and the macula densa cells (Chambrey et al. 1998;
Peti-Peterdi et al. 2000). This isoform has similar inhibition
constants for both amiloride and nonamiloride compounds as
that observed for NHE1 (Yu et al. 1993). NHE2 is expressed
in the parietal cells of the gastric epithelium, and the Nhe2–/–

mouse shows that although NHE2 is not required for acid
secretion by these cells, it is essential for their long-term vi-
ability (Schultheis et al. 1998). Overall, NHE2 appears to be
involved in several secretory processes.

The Na+/H+ exchanger isoforms 3 and 4 were both identi-
fied in 1992 and were found to have 39% and 42% amino
acid identity to NHE1, respectively (Orlowski et al. 1992).
Furthermore, both NHE3 and NHE4 were identified as hav-
ing significant levels of expression in the kidney and gastro-
intestinal tract. In the gastrointestinal tract, NHE3 has higher
expression in the intestine, whereas NHE4 appears to be lo-
calized predominantly in the stomach. In renal tissue, NHE3
has been identified as an apical membrane protein in the
proximal tubule and thick ascending limb (Amemiya et al.
1995), whereas the NHE4 isoform has basolateral epithelial
distribution and is found specifically in the inner medulla of
the kidney (Bookstein et al. 1997; Pizzonia et al. 1998).
More recently, both isoforms have also been identified in
the submandibular gland in rats, with NHE3 having apical
expression in duct cells and NHE4 having basolateral ex-
pression in acinar and ducts cells (Oehlke et al. 2006). Both
NHE3 and NHE4 are relatively resistant to amiloride and
nonamiloride inhibitors (Brant et al. 1995; Yu et al. 1993).
NHE4 requires hyperosmolarity for activation (Bookstein et
al. 1994; Bookstein et al. 1996). Mouse knockout models of
NHE3 and NHE4 show that NHE3 is the major absorptive
Na+/H+ exchanger in the kidney and intestine, whereas
NHE4 is involved in regulating normal levels of gastric
acid secretion (Gawenis et al. 2005; Nakamura et al. 1999).

Studies on NHE5 have revealed that its expression is re-
stricted to the brain in both rats and humans. Sequence anal-
ysis demonstrated that NHE5 has 39% amino acid identity
to NHE1, but also 53% identity to NHE3. In addition to
having similar primary structure to NHE3, NHE5 also has
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similar inhibitor sensitivities to NHE3 (Attaphitaya et al.
1999; Baird et al. 1999). Overall, NHE5’s restricted expres-
sion in the brain suggests a specialized role for the isoform,
but as of yet no physiological role has been elucidated.

NHE isoforms 6–9 are unique in that they are localized to
the membranes of the Golgi and post-Golgi endocytic com-
partments, whereas NHE1–5 are localized on the plasma
membrane of cells. Primarily, NHE6 is expressed in the early
recycling endosomes, NHE7 in the trans-Golgi network,
NHE8 in the mid- to trans-Golgi, and NHE9 in the late recy-
cling endosomes, although there is some overlap in distribu-
tion. It is likely that these NHE isoforms contribute to pH
maintenance of these intracellular organelles (Nakamura et
al. 2004).

Structural features of the Na+/H+ exchanger
The human NHE1 cDNA predicts an 815 amino acid pro-

tein. The first 500 residues are predicted to be transmem-
brane (TM)-spanning segments and the remaining 315
residues are thought to constitute an intracellular regulatory
domain (Sardet et al. 1989). Using cysteine-accessibility
analysis, Wakabayashi et al. (2000) confirmed a 12TM-
spanning N-terminal domain that differed from the initial
Kyte–Doolittle model that had been predicted using hydro-
pathy analysis (Kyte and Doolittle 1982; Wakabayashi et al.
2000). Whereas, the Kyte–Doolittle model predicted 12
transmembrane regions, Wakabayashi’s model also predicted
1 extracellular and 2 intracellular membrane-associated
loops, and more conclusively identified the amino acids in
each TM-spanning region (Fig. 1). The only region of the
protein that has had its structure defined has been TM-IV.
Based on high-resolution nuclear magnetic resonance
(NMR) analysis, this essential TM-spanning segment is
structured, but not as a traditional a-helix. TM-IV is pre-
dicted to start with a series of b-turns, followed by an ex-
tended region, and ends as a helix (Slepkov et al. 2005).

Further analysis of the membrane domain has also identi-
fied it as being the region responsible for NHE1 quaternary
structure. NHE1 forms isoform-specific homodimers in vivo,
although the individual dimer subunits do function inde-
pendently of each other (Fafournoux et al. 1994; Fliegel et
al. 1993).

Circular dichroism (CD) has been a useful tool in prelimi-
nary analysis of the C-terminal tail structure. The C-terminal
315 amino acids of human NHE1 were expressed in Escher-
ichia coli and purified. They were found to be approxi-
mately 35% a-helix, 16% b-turn, and 49% random coil
(Gebreselassie et al. 1998). Based on CD analysis of differ-
ent protein fragments, the membrane proximal region was
predicted as more compact and structured, possibly aiding
in interaction with the membrane. The more distal region
was flexible and unstructured, possibly allowing for struc-
tural changes associated with phosphorylation and protein
interactions (Gebreselassie et al. 1998; Li et al. 2003).

The complete structure of NHE1 has not been solved by
high-resolution crystallography or NMR analysis, but the
structure of the E. coli Na+/H+ antiporter NhaA has recently
been published. Hunte et al. (2005) describes NhaA as hav-
ing a unique fold consisting of 2 dense transmembrane do-
mains that show weak sequence homology but prove to be

related structurally. The domains form periplasmic and cyto-
plasmic funnels that are not continuous in their structures,
but do point towards each other. They suggest that a confor-
mational change may open 1 tunnel to the other highlighting
a possible mechanism (Hunte et al. 2005). The eukaryotic
NHEs share little homology to the prokaryotic Na+/H+ anti-
porters, but they exchange sodium for protons and are regu-
lated by pH, so the essential features of NhaA structure and
function may also apply to mammalian NHE1.

Regulation of the NHE1 by cofactors and
binding proteins

The C-terminal tail of the NHE1 has been shown to
comprise the regulatory domain of the Na+/H+ exchanger
(Wakabayashi et al. 1992). The regulatory role the cyto-
plasmic domain plays is greatly influenced by its involve-
ment with a number of binding proteins (Fig. 1) that may
act to alter the configuration of the tail and its association
with the membrane domain, as well as acting to convey
cellular messages to the exchanger.

Phosphatidylinositol 4,5-bisphosphate
Phosphatidylinositol 4,5-bisphosphate (PIP2) is a signal-

ing phospholipid in eukaryotic plasma membranes. PIP2 can
also be converted to a number of other signaling molecules
including inositol 1,4,5-triphosphate (IP3) and diacylgly-
cerol, both of which are important 2nd messengers. The level
of cellular PIP2 is directly affected by the amount of avail-
able ATP since PIP2 concentrations are dynamic and de-
pendent on the activity of kinases and phosphatases (Suh
and Hille 2005). It has been well documented that NHE1,
although not directly consuming ATP, is affected by cellular
ATP depletion (Goss et al. 1994). There are several pieces
of evidence that suggest that the NHEs ATP dependence is
due to an association with PIP2, the first being PIP2 plasma-
lemmal reduction being concurrent with ATP depletion
(Aharonovitz et al. 2000). Additionally, NHE1 has 2 poten-
tial PIP2 binding sites, amino acids 513–520 and 556–564,
and mutation of these sites reduces the Na+/H+ exchange ca-
pability. Finally, PIP2 can bind the C-terminal tail of NHE1
in vitro (Aharonovitz et al. 2000). On the whole, PIP2 is an
essential factor in pHi regulation by NHE1 although it is yet
to be determined in vivo whether this is via a direct or indi-
rect interaction.

Calcineurin homologous protein 1
Calcineurin homologous protein 1 (CHP1) was originally

identified as an NHE1-binding protein by screening an ex-
pression library with the C-terminal domain of NHE1 (Lin
and Barber 1996). It was later determined that CHP1 inter-
acted with a hydrophobic cluster of residues between amino
acids 510–530 of the NHE1 cytoplasmic domain, a region
proximal to the membrane domain (Pang et al. 2001). The
association between NHE1 and CHP1 has been proposed to
be an essential interaction, as NHE1 or CHP1 mutants that
impede binding result in a dramatic loss of Na+/H+ exchange
activity. Characterization of the CHP1–NHE1 association
suggests that it is a Ca2+-dependent, high-affinity interac-
tion that occurs at the plasma membrane (Pang et al.
2004). CHP1 possess 4 EF-hand motifs, which are very
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common calcium binding motifs, although it appears as
though only EF3 and EF4 actually coordinate Ca2+. Muta-
tion of either EF3 or EF4 reduces NHE1 pHi sensitivity,
and mutation of both results in poor interaction with
NHE1. Additionally, NHE1 levels dictate the amount of
endogenous CHP1 produced, and appear to be the main
factor in recruitment of the protein to the plasma mem-
brane (Pang et al. 2004).

CHP2, an isoform that has 61% amino acid identity to
CHP1, has also been shown to interact with NHE1 (Pang et
al. 2002). This protein is expressed at high levels in tumor
cells and the association of CHP2 with NHE1 protects cells
from serum deprivation-induced death by increasing pHi. It
is proposed that the CHP2–NHE1 association maintains the
malignant state of transformed cells (Pang et al. 2002).

Ezrin, radixin, and moesin protein family
The cytoskeleton of a cell is essential for maintaining cell

shape and establishing the mechanical and chemical proper-
ties of the plasma membrane. Ezrin, radixin, and moesin
(ERM) proteins form important links between the actin fila-
ments that form the structural basis of the cytoskeleton and

integral proteins that are situated within the plasma mem-
brane (Vaheri et al. 1997). The NHE1 C-terminal tail con-
tains 2 ERM protein binding motifs of acidic residues
within amino acids 553–564 that mediate a direct interaction
between the proteins (Denker et al. 2000). This interaction is
pivotal in determining the role that NHE1 plays in a number
of important cellular events such as cell migration, forma-
tion of signaling complexes, and resistance to apoptosis
(Denker and Barber 2002; Denker et al. 2000; Wu et al.
2004). When NHE1 and ERM physically associate, the pro-
survival kinase, Akt, is activated and thus apoptosis is
stalled. Additionally, association of NHE1 with ERM directs
NHE1 localization in the lamellapodia of migrating cells. If
this interaction is disrupted, NHE1 is not properly localized
and cells develop an irregular shape and poor motility.

Calmodulin
Calcium is an important 2nd messenger in the cell that

communicates its message by associating with proteins and
altering their functional state. Calmodulin (CaM) is a Ca2+-
binding protein that plays a major role in regulating NHE1
function in response to Ca2+ signaling. CaM binds Ca2+ and

Fig. 1. Topology of the NHE1 isoform of the Na+/H+ exchanger and its regulatory elements. EL1–EL6, extracellular loops 1–6; IL1–IL5,
intracellular loops 1–5; EEDEDDD, amino acids glutamic acid (E) and aspartic acid (D). Regulatory elements and their approximate loca-
tion of binding are indicated: CaM, calmodulin; CHP, calcineurin homologous protein; ERM, ezrin/radixin/moesin proteins; CAII, carbonic
anhydrase isoform II; PIP2, phosphatidylinositol bisphosphate. Putative protein kinases suggested to phosphorylate the Na+/H+ exchanger
are indicated: ERK1/2, p90rsk, NIK, p160ROCK, p38. Topology was adapted from (Wakabayashi et al. 2000).

1084 Can. J. Physiol. Pharmacol. Vol. 84, 2006

# 2006 NRC Canada



then binds to NHE1 at 2 sites in the cytoplasmic tail: resi-
dues 636–656 constitute a high affinity site and residues
657–700 a low affinity site (Bertrand et al. 1994). The high
affinity CaM binding site appears to interact with another
region of NHE1 in the absence of CaM and Ca2+ in an auto-
inhibitory manner. Residues Leu639, Lys651, and Tyr652 are
particularly important in the interaction (Wakabayashi et al.
1997). When CaM and Ca2+ are present, they bind to the
high affinity site thereby blocking the autoinhibitory interac-
tion and activating the NHE (Bertrand et al. 1994). Addi-
tionally, there are 7 conserved acidic amino acids,
753EEDEDDD759, in the distal region of the C-terminal tail
that play a role in CaM binding (Li et al. 2004). CaM does
not directly bind to this region of the tail but mutation of the
sequence results in decreased NHE1 activity following an
acid load and reduced CaM binding. It is possible that these
residues are important for maintaining a proper conforma-
tion of the cytosolic tail that is required for CaM binding.

Carbonic anhydrase II
Carbonic anhydrase II (CAII) is an enzyme that catalyzes

the production of HCO3
– and H+ from the hydration of CO2.

CAII associates with NHE1 in vivo via interaction at resi-
dues 790–802 of the C-terminal tail with Ser796 and Asp797

forming part of the binding site (Li et al. 2006). Association
of these 2 proteins increases NHE1 activity and is dependent
on the phosphorylation state of the NHE1 (Li et al. 2002). It
appears as though a region upstream of the CAII binding
site, when dephosphorylated, interferes with CAII binding
(Li et al. 2006). The association of CAII with NHE1 may
result in more efficient removal of protons that are produced
by CAII activity.

Tescalcin
Tescalcin is a Ca2+-binding protein that is structurally ho-

mologous to CHP. The protein has been shown to interact
with the C-terminal tail of NHE1 in vivo in a Ca2+-dependent
manner at a site distinct from CaM (Li et al. 2003; Mailander
et al. 2001). This association has an inhibitory effect on
NHE1 activity.

Post-translational regulation and
modification

Glycosylation
Sequence analysis of NHE1 predicts 2 potential glycosy-

lation sites in the N-terminal domain (Sardet et al. 1989).
Subsequently, carbohydrate digestion and site-directed muta-
genesis confirmed the existence and location of these modi-
fications (Counillon et al. 1994; Haworth et al. 1993). An
N-linked glycosylation site was found at Asn75 in the first
extracellular loop in the N-terminal domain in addition to
O-linked glycosylation sites. When separated by SDS–
PAGE, 2 forms of NHE1 are consistently observed: a cell
surface, 110-kDa protein that contains N- and O-linked oli-
gosaccharides, and an 85-kDa protein that is likely intra-
cellular and contains only the N-linked, high-mannose
oligosaccharide. Although the carbohydrate moieties exist
in vivo they are not required for ion transport (Haworth et
al. 1993).

NHE1 phosphorylation and regulatory protein kinases
Phosphorylation was identified as an NHE1 regulatory

mechanism when Sardet et al. (1990) confirmed that the
protein was phosphorylated in response to treatment with
thrombin, epidermal growth factor (EGF), phorbol esters, or
serum, in a time course concurrent with increased NHE1 ac-
tivity. The importance of phosphorylation was further rein-
forced when tryptic mapping of the exchanger identified
that a common pattern of phosphorylation and pHi alkalin-
ization occurred after treatment of cells with thrombin and
okadaic acid, a Ser/Thr protein phosphatase 1 and 2A (PP1
and PP2A) inhibitor (Sardet et al. 1991). The results from
these studies suggested that some unknown kinases, acti-
vated by growth factors, phosphorylated the NHE1 on serine
and (or) threonine residues to mediate Na+/H+ exchange ac-
tivation. Using deletion analysis, Wakabayashi et al. (1994)
localized the major sites of in vivo phosphorylation to the
residues 636–815 of the cytoplasmic tail and confirmed the
importance of this regulatory mechanism when they found
that with its removal, 50% of the stimulatory effect induced
by growth factors was lost. It has been postulated that the
mechanism by which phosphorylation alters the activation
state of NHE1 is by inducing a conformational change in
the cytoplasmic tail and thereby altering the association of
the tail with the H+ sensor of the NHE transmembrane do-
main (Wakabayashi et al. 1992).

Since identifying NHE1 as a phosphoprotein, there has
been considerable interest in isolating the kinases responsi-
ble as well as the pathways connecting the extracellular sig-
nals to the final event. Since phorbol esters were identified
as a stimulator of NHE1 activity and inducer of NHE1 phos-
phorylation (Sardet et al. 1990), the possibility of protein
kinase C (PKC) being an NHE1 kinase was investigated. In
vitro assays confirmed that PKC did not phosphorylate the
last 178 residues of NHE1, nor did PKA, but Ca2+/
calmodulin-dependent protein kinase II (CaM kinase II) did.
Analysis of the NHE1 amino acid sequence revealed 3 CaM
kinase II consensus sequences, suggesting the possibility
that phosphorylation by CaM kinase II may also occur in
vivo (Fliegel et al. 1992). This was the first study that iden-
tified a kinase that directly acted on NHE1.

The mitogen-activated protein kinases (MAPK)
extracellular-regulated kinases 1 and 2 (ERK1/2) have also
been implicated in growth factor NHE1 activation. When in-
hibiting the ERK signaling cascade, a 50%–60% reduction
in growth factor-induced NHE1 stimulation was observed in
Chinese hamster fibroblast cells, which agrees with the ef-
fect observed when removing the NHE1 phosphorylated
region (Bianchini et al. 1997). Fast protein liquid chroma-
tography (FPLC) isolated 4 fractions from rabbit skeletal
muscle that were able to phosphorylate the NHE1 C-termi-
nus, and when antibodies were used to immunoprecipitate
MAPK from the extracts, 3 of these 4 fractions lost this abil-
ity (Wang et al. 1997a). This identified the 3 fractions as
containing MAPKs involved in direct phosphorylation of
NHE1 in vitro. Additionally, a downstream target of the
ERK1/2 kinases, ribosomal protein S6 kinase (p90RSK), was
found to be activated in vascular smooth muscle cells of rats
after Ang II treatment, which resulted in increased NHE1
activity (Phan et al. 1997; Takahashi et al. 1997). It was
later established that p90RSK was a serum-stimulated kinase
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that directly phosphorylated NHE1 at Ser703 in vivo (Taka-
hashi et al. 1999). This confirmed that the ERK1/2 kinases
and their downstream target p90RSK as being major players
in growth factor-stimulated NHE1 activation. Further in vi-
tro work also identified the resides Ser693, Ser766, Ser770,
Thr779, and Ser785 as also being phosphorylated by ERK2,
but the importance of these residues must be confirmed in
vivo (Liu et al. 2004).

A number of other kinases have been implicated in
NHE1 phosphorylation including p38, which is also a
MAPK, p160ROCK, and the Nck-interacting kinase (NIK)
(Fig. 1). Evidence for p38 in regulation of NHE1 by phos-
phorylation is inconsistent. Ang II treatment of rat vascular
smooth muscle cells results in rapid activation of p38, re-
sulting in NHE1 inhibition while providing a stimulatory
signal to the exchanger via activation of ERK1/2 (Kusuhara
et al. 1998). In contrast, the opposite effect was found in
studying cytokine withdrawal in mouse b-cells. In this
case activation of NHE1 via p38 induced intracellular alka-
linization and triggered apoptosis, possibly through phos-
phorylation of NHE1 at Thr718, Ser723, Ser726, and Ser729

(human sequence) (Khaled et al. 2001). The difference in
results is likely due to activation of different pathways in
different cell types, suggesting a further level of complex-
ity in kinase and NHE1 activation whereby the same pro-
teins can provide different effects depending on the cell
type.

The kinase p160ROCK is a downstream target of the
GTPase RhoA, which has been shown to stimulate NHE1
activity (Hooley et al. 1996). RhoA activation of NHE1 is
mediated by p160ROCK, likely via a direct phosphorylation
of NHE1. When amino acids 636–815 of NHE1 are re-
moved, the effect of p160ROCK is blocked (Tominaga et
al. 1998). NIK also activates NHE1 via phosphorylation at
a site distal to residue 638, but to mediate its effect it must
also bind NHE1 at the residues 538–638 of the cytoplasmic
tail (Yan et al. 2001).

For phosphorylation to be considered a plausible mode of
regulation for NHE1 activity, a system must also be in place
for removing the phosphate group from the protein. A role
for the phosphatase protein phosphatase 1 (PP1) has been
confirmed (Misik et al. 2005). PPI was found to bind to
NHE1 in vivo and reduce its basal level of Na+/H+ exchange
activity. Additionally, inhibition of PPI by expression of in-
hibitor 2 (I2) elevated NHE1 proton efflux rates. These re-
sults suggest that PPI is involved in NHE1 regulation
through its role in dephosphorylation of the protein. Another
phosphatase that has been shown to dephosphorylate the
NHE1 is protein phosphatase 2A (PP2A). PP2A was re-
cently shown to dephosphorylate NHE1 in vitro (Misik et
al. 2005; Snabaitis et al. 2006). In response to adenosine A1
receptor agonists, PP2A colocalized with NHE1 in adult rat
ventricular myocytes. PP2A activity was also necessary for
the inhibitory effect of adenosine A1 on a1-adrenoceptor-
mediated increase in NHE1 phosphorylation (Snabaitis et al.
2006). It was suggested that PP2Ac-mediated NHE1 dephos-
phorylation is a signaling regulatory pathway downstream of
the inhibitory adenosine A1 receptor (Snabaitis et al. 2006).
Prevention of dephosphorylation has also been shown to
maintain NHE1 in an active state. The ligand 14-3-3 binds
NHE1 at Ser703 after the residue has been phosphorylated

by p90RSK as a result of serum stimulation and limits de-
phosphorylation (Lehoux et al. 2001).

Growth factors and hormonal control of NHE
activity

It was determined many years ago that growth factors and
hormones stimulate NHE activity, but it required much work
to elucidate the mode by which this occurred. Various bind-
ing proteins and protein kinases have been identified that in-
teract directly and indirectly with the exchanger (see above),
but identifying how they integrate into the pathways of reg-
ulation has been complex. Some of the growth factors and
hormones that have been shown to activate NHE1 include
thrombin, serum, epidermal growth factor, insulin, angioten-
sin II, and lysophosphatidic acid (Bianchini et al. 1997;
Phan et al. 1997; Sardet et al. 1990; Snabaitis et al. 2000;
Tominaga et al. 1998). Thrombin activates the NHE1 via
phosphorylation-dependent and -independent mechanisms
(Sardet et al. 1990; Wakabayashi et al. 1994). Thrombin is
a serine protease that interacts with the protease-activated
receptor-1 (PAR-1) with high affinity (Sabri et al. 2000). In-
teraction of thrombin with its receptor initiates a cascade
that activates ERK1/2 via Raf-1 activation of MAP-ERK
kinase 1 (MEK1) resulting in NHE1 phosphorylation and ac-
tivation (Bianchini et al. 1991; Sardet et al. 1991). Addition-
ally, in rat ventricular myocytes, thrombin activates NHE1
by means of a PKC-mediated mechanism, although PKC
does not directly phosphorylate the exchanger (Fliegel et al.
1992; Yasutake et al. 1996).

Activation of NHE1 by serum involves a similar pathway
as thrombin activation, but an interesting feature of this
mechanism has been identified. The ERK1/2-activated
p90RSK has been shown to phosphorylate NHE1 at Ser703

(Takahashi et al. 1999) as stated above, but in doing so, it
also forms a 14-3-3 ligand binding site (Lehoux et al.
2001). When 14-3-3 binds to the phospho-Ser703, it limits
dephosphorylation of this residue and as a result, participates
in serum-mediated NHE1 activation. Like serum, EGF acti-
vation of NHE1 appears to be similar to that of thrombin
and results in NHE1 phosphorylation (Sardet et al. 1991).
However, Maly et al. challenge the involvement of the
MAPK pathway in EGF-mediated NHE1 activation (Maly
et al. 2002). Their study only implicated PKCa in EGF-
mediated NHE1 activation in mouse NIH3T3 cells. They
suggest that that lack of MAPK involvement may be unique
to their cell system. The hormone insulin activates NHE1
via a ERK1/2 MAPK pathway in addition to a PKC pathway
(Bianchini et al. 1997; Sauvage et al. 2000). In human eryth-
rocytes, insulin activates phosphatidylinositol 3-kinase,
which in turn activates PKCz, and ultimately activates
NHE1 (Sauvage et al. 2000).

Angiotensin II is a potent vasoconstrictor that plays an
important role in determining blood pressure as well as stim-
ulating ion fluxes, protein phosphorylation, contractility,
gene expression, and cell growth. It acts via its interaction
with AT1 receptor, a G-protein-coupled receptor (Schmitz
and Berk 1997). In rat vascular smooth muscle cells
(VSMC), Ang II stimulates NHE1-mediated pHi alkaliniza-
tion via p90RSK-direct phosphorylation of NHE1 (Phan et al.
1997; Takahashi et al. 1997). The p90RSK kinase is activated
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via a MEK1?ERK1/2 pathway and is Ca2+-dependent,
although not PKC-dependent. Ang II-mediated NHE1 acti-
vation is also dependent on p38 activation in some tissues.
p38 is activated by Ang II in rat VSMC but it is suggested
to negatively regulate ERK1/2 and NHE1 (in contrast to
stimulatory effects in b-cells (Khaled et al. 2001)). Ang II
signaling may therefore activate opposing pathways, and
therefore must stimulate NHE1 through a balance of these
pathways depending on the tissue type (Kusuhara et al.
1998). In this regard, in isolated adult rat ventricular myo-
cytes, Ang II has complicated opposing effects on NHE1 ac-
tivity. Ang II acts positively to stimulate NHE1 through AT1
receptor subtypes but also exerts a negative opposing action
through AT2 receptor subtypes (Gunasegaram et al. 1999). In
addition, Ang II exerts a positive inotropic effect on the my-
ocardium, which is abrogated by NHE inhibition (Cingolani
et al. 2006). Figure 2 illustrates some putative pathways of
angiotensin stimulation of NHE1 activity.

Lysophosphatidic acid (LPA) is an anionic, bioactive
phospholipid that mediates its signaling by associating with
the G-protein-coupled receptors, LPA receptor subtypes 1–4
(LPA1–4) (Kooijman et al. 2005). Association with the LPA
receptors results in a variety of cellular responses including
survival and proliferation, migration, and tumor-cell invasion
(Gardell et al. 2006). LPA is able to activate NHE1 by stim-
ulation of Ga13 and activation of both the RhoA and Cdc42
pathways (Hooley et al. 1996). Activation of the RhoA path-
way results in p160ROCK activation, leading to NHE1 stim-
ulation possibly by direct phosphorylation (Tominaga et al.
1998). Activation of the Cdc42 pathway mediates ERK1/2
activation leading to NHE1 stimulation (Hooley et al. 1996;
Wallert et al. 2005).

Other stimulatory mechanisms
Sustained intracellular acidosis treatment of neonatal rat

ventricular myocytes results in a significant increase in
NHE1 activity (Haworth et al. 2003). Sustained intracellular
acidosis was achieved by subjecting the cells to an NH4Cl-
induced acid load and then washing out the NH4Cl with
Na+-free buffer. If the cells were incubated in the Na+-free
buffer for a prolonged period of time, the low pHi was
maintained. To rescue the cells from the acid load, Na+

was reintroduced. To confirm that this mode of stimulation
was not unique to the neonatal rat ventricular myocytes,
the authors of this study also looked at the effect on adult
ventricular myocytes and the monkey COS-7 non-myocyte
cell line. They found that there were no differences from
what they observed in the neonatal rat ventricular myocytes
(Haworth et al. 2003).

To investigate the role that kinases played in the sustained
intracellular acidosis method of NHE1 stimulation, the au-
thors tested the ability of neonatal rat ventricular myocytes
cell extracts to phosphorylate an NHE1-GST fusion protein
(Haworth et al. 2003). The fusion protein contained the last
178 amino acids of the NHE1 C-terminal tail. They found
that the cell extracts contained significant NHE1 kinase ac-
tivity resulting in increased NHE1 phosphorylation. Further
analysis demonstrated that this method of stimulation acti-
vated ERK1/2 and p90RSK kinases with a timeline corre-
sponding to NHE1 activation. Additionally, inhibition of the
ERK1/2 upstream effector MEK1 with PD98059 or U0126,

2 MEK1/2 inhibitors, prevented the stimulatory effect of
sustained intracellular acidosis. Based on the results of this
study, sustained intracellular acidosis initiates a signaling
cascade that activates ERK1/2 and p90RSK kinases and pro-
motes NHE1 phosphorylation, ultimately activating Na+/H+

exchange.
Cellular osmotic challenge also activates the NHE

(Grinstein et al. 1992). Osmotic stimulation activates a
number of MAP kinases, although this occurs in parallel
to NHE1 stimulation rather than being the mechanism of
NHE1 osmotic activation, which occurs through a
phosphorylation-independent mechanism (Gillis et al.
2001). The site that appears to mediate the osmotic stimu-
lation of NHE1 exists between the end of the membrane-
associated domain and residue 566 of the tail (Bianchini et
al. 1995). This region of the protein is involved in associa-
tions with the cellular cytoskeletal network, suggesting the
possibility that shrinkage associated with cellular osmotic
stress may affect the NHE1 association with the cytoskele-
ton and therefore alter some yet elucidated regulatory
mechanism (Denker et al. 2000).

Other mechanisms that stimulate NHE1 include H2O2 in
rat cardiomyocytes (Wei et al. 2001) and, more recently,
zinc in colonocytes (Azriel-Tamir et al. 2004). H2O2 causes
activation of ERK1/2 kinases, in addition to causing an
increase in NHE1 phosphorylation and activation, which
may contribute to contractile dysfunction during ischemia-
reperfusion injury (Snabaitis et al. 2002). The mechanism
by which Zn activates NHE1 occurs with the initial binding
of Zn to an extracellular zinc-sensing receptor, which trig-
gers the release of Ca2+ that subsequently activates ERK1/2
via the IP3 pathway.

The NHE in health and disease

Physiological roles
A number of studies have used knock out or inhibition of

NHE1 to determine its physiological role. Early studies ex-
amined the role of NHE1 in Chinese hamster lung fibro-
blasts cells (CCL39) by examining cell growth of cells
deficient in NHE1 (Pouyssegur et al. 1984). In the absence
of Na+/H+ exchange activity, cells lacked the ability to
grow at neutral or acidic pH. To examine the role of NHE1
in intact mice, 2 NHE1 null mice have been studied. Cox et
al. (1997) studied a spontaneous mutation that gave rise to
an NHE1-null phenotype, whereas Bell et al. (1999) exam-
ined a traditional knockout. In both cases, Nhe1–/– mice ex-
perienced a decreased rate of postnatal growth and exhibited
ataxia and epileptic-like seizures (Bell et al. 1999; Cox et al.
1997). The role NHE1 plays in cell cycle progression may
be the basis for its involvement in cell growth and prolifera-
tion. An NHE1-dependent transient increase in pHi promotes
the G2/M transition allowing for S phase to occur in a
timely manner (Putney and Barber 2003). In the absence of
Na+/H+ exchange, the onset of S phase is delayed and mito-
sis is stalled. Additionally, NHE1 has been shown to regu-
late the expression of a number of genes involved in cell
cycle progression via its control of pHi (Putney and Barber
2004).

NHE1 is also involved in cell differentiation. Treat-
ment of cells with an NHE1 inhibitor prevents retinoic
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acid-induced differentiation (Wang et al. 1997b). The in-
volvement of NHE1 in cell growth, proliferation, and dif-
ferentiation implicates the protein as being an important
player in normal developmental processes.

Anchoring of NHE1 to the cytoskeleton via interactions
with the ERM family of proteins also links NHE1 to a role
in maintenance of cytoskeletal structure, focal adhesion, and
cell migration. NHE1-deficient cells have impaired cell ad-
hesion and cells that express NHE1 but that are unable to
interact with the ERM proteins have reduced actin stress fi-
ber organization, irregular cell shape, and impaired migra-
tion (Denker and Barber 2002; Denker et al. 2000;
Tominaga and Barber 1998).

NHE1 is also thought to be involved in apoptosis,
although its role seems to differ depending on the cells

tested. In mouse b-cells during trophic factor withdrawal,
which triggers pHi dysregulation and apoptosis, NHE1 is ac-
tivated, leading to cellular alkalinization and progression of
apoptosis (Khaled et al. 2001). In contrast, NHE1 has also
been shown to activate the prosurvival kinase, Akt, in re-
sponse to apoptotic stress. Further, in breast cancer cells
and leukemic cells, inhibition of NHE1 induces apoptosis,
although since these are cancer cells, the signaling pathway
may not represent a typical mechanism in healthy cells
(Reshkin et al. 2003; Rich et al. 2000; Wu et al. 2004).

Heart disease
NHE1 is the predominant isoform present on the cardio-

myocyte sarcolemma, which suggests a significant role for
the protein in myocardial acid control (Fliegel et al. 1991).

Fig. 2. Hypothetical model for receptor-mediated activation of the NHE1 isoform of the Na+/H+ exchanger (NHE). Angiotensin II stimu-
lates NHE1 activation via p90RSK-mediated phosphorylation of the exchanger. A Ca2+-dependent process though PKC does not directly
phosphorylate NHE1 (Phan et al. 1997; Takahashi et al. 1997). Ang II binds to the GPCR AT1 and initiates intracellular signaling via the Gq

protein (Schmitz and Berk 1997). This signaling cascade involves Src?Shc?Grb2?Sos?Ras-GTP, and leads to activation of PKC and
ERK1/2 MAP kinases. AT1 receptor activates signaling that is both Gq dependent and Gq independent (Rajagopal et al. 2005; Zhai et al.
2005). The Gq-independent pathway appears to involve increased cardiac hypertrophy in transgenic mice through a mechanism that acti-
vated the Src/Ras/ERK pathway. The Gq-dependent pathway activates PLC that leads to the generation of the 2nd messengers DAG and IP3.
IP3 Binds the IP3 receptor on the ER causing the release of ER Ca2+ stores into the cytoplasm. The Ca2+ signaling activates PKC and other
Ca2+-binding proteins (CaM and CHP). Ang II, Angiotensin II; AT1, angiotensin receptor subtype 1; CaM, calmodulin; CHP, calcineurin
homologous protein; DAG, diacyglycerol; ERK, externally regulated kinase; Gq, small G-protein subtype q; IP3, inositol triphosphate; IP3R,
IP3 receptor; MEK, MAP-ERK kinase; NHE1, Na+/H+ exchanger isoform I; PIP2, phosphatidylinositol-4,5-bisphosphate; PLC, phospholi-
pase C; PKC, protein kinase C; p90RSK, ribosomal protein kS6 kinase.
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In fact, NHE1 was found to be responsible for approxi-
mately 50% of proton efflux in isolated perfused ferret
hearts and as such it is considered to play a critical role in
maintaining pHi homeostasis and contractility (Grace et al.
1993). Although NHE1 has a major role in normal cardiac
function, it has also been implicated as contributing to sev-
eral pathological states.

During ischemia and reperfusion in the myocardium, Na+/H+

exchange activity contributes to overall cell damage making it
a valuable target for pharmacological intervention. During is-
chemia, anaerobic glycolysis occurs resulting in the produc-
tion of protons, which serve to activate NHE1. Activated
NHE1 exchanges the H+

i for Na+
e leading to a rapid accumula-

tion of sodium in the cell (Allen and Xiao 2003; Avkiran 2001;
Lazdunski et al. 1985). The high sodium concentration drives
the increase in Ca2+ via reversal of the Na+/Ca2+ exchanger.
The ultimate result of this process is that the buildup of
Ca2+ in the cells triggers various pathways leading to cell
death. A huge body of evidence suggests that inhibition of
NHE1 during ischemia and reperfusion protects the myo-
cardium from calcium overload (Avkiran and Marber
2002). In various animal models, NHE1 inhibition by drugs
such as cariporide, amiloride, and EMD 85131 have pro-
ven to be cardioprotective (Gumina et al. 1998; Karmazyn
1988; Scholz et al. 1995). Activation of NHE1 regulatory
pathways has also been suggested to be important in
NHE1-mediated damage to the myocardium. We initially
showed that ischemia and reperfusion activate many NHE1
regulatory kinases (Moor et al. 2001). Recently, it has also
been demonstrated that inhibition of p90RSK activity in the
myocardium reduces cardiomyocyte apoptosis in intact
hearts subjected to ischemia reperfusion. This may be
mediated through reduced activation of NHE1 (Maekawa
et al. 2006).

However, clinical trials have not been as promising. The
GUARd During Ischemia Against Necrosis (GUARDIAN)
study, which covered a wide range of clinical situations
with a total of 11 590 patients, found that cariporide demon-
strated no overall significant benefit (Theroux et al. 2000).
Any benefit observed was limited to the subset of patients
who underwent coronary artery bypass graft (CABG) sur-
gery (Avkiran and Marber 2002). These patients received
cariporide prior to the onset of ischemia and reperfusion oc-
curred in a timely manner.A much smaller trial (n = 100 pa-
tients) found that cariporide had the potential to attenuate
reperfusion injury when it was administered prior to reperfu-
sion, thereby improving recovery after myocardial infarction
(Rupprecht et al. 2000).

The Evaluation of the Safety and Cardioprotective effects
of eniporide in the Acute Myocardial Infarction (ESCAMI)
study also looked at the effect of NHE1 inhibition on myo-
cardial infarction. Like the GUARDIAN study they found
that eniporide did not demonstrate any significant improve-
ments on clinical outcome (Zeymer et al. 2001). The lack
of benefit may have been due to the administration of the
drug only during the reperfusion therapy (Avkiran and
Marber 2002). More recently, the Na+/H+ EXchange inhibi-
tion to Prevent coronary Events in acute cardiac conDI-
TIONs (EXPEDITION) study, also looked at the effects of
cariporide. It found that although it reduced myocardial
infarction owing to coronary artery bypass graft surgery-

induced ischemia, it increased mortality rates overall owing
to an increase in cerebrovascular side effects (Karmazyn et
al. 2005; Mentzer 2003). Based on the outcome of the ani-
mal model studies and clinical trials, it is clear that NHE1
is an important pharmacological target but that more re-
search is necessary for success at the clinical level.

NHE1 activity has also been shown to be involved in the
development of cardiac hypertrophy. Hypertrophy is the en-
largement of an organ because of the growth of individual
cells rather than an increase in the total number of cells.
Following myocardial injury, the heart compensates for its
loss of functional cells by initiating a hypertrophic response,
but this can be a maladaptive response and is one of the
components that underlies eventual heart failure (Cingolani
et al. 2003).

A number of factors that initiate hypertrophic response
have also been shown to be involved in activating Na+/H+

exchange activity or are dependent upon it. For example, al-
tered mechanical load activates NHE1 and is thought to be
an early step in hypertrophic initiation. When mechanical
stress occurs in the presence of an NHE1 inhibitor, the hy-
pertrophic signaling cascade is inhibited (Yamazaki et al.
1998). Also, stimulation with endothelin-I or via the a1A-
adrenoreceptor activates NHE1 activity by initiating a sig-
naling cascade that results in ERK1/2 and p90RSK activation,
in addition to activating hypertrophy (Avkiran and Haworth
2003; Knowlton et al. 1993; Snabaitis et al. 2000; Sugden
2003). Supporting a role for NHE1 in cardiac hypertrophy
are the findings that in guanylyl cyclase-A receptor knock-
out mice, NHE1 activity was enhanced as was cardiac hy-
pertrophy (Kilic et al. 2005). Finally, in several models, it
was shown directly that NHE1 inhibition prevents cardiac
hypertrophy. This was demonstrated in vivo in rats subjected
to myocardial infarction (Kusumoto et al. 2001; Yoshida and
Karmazyn 2000), in mice with guanylyl cyclase-A receptor
knock out (Kilic et al. 2005), and in vitro in isolated cardio-
myocytes (Karmazyn et al. 2003). Though numerous animal
models have shown NHE1 inhibition to be effective in pre-
venting hypertrophy, it is still necessary to establish whether
this form of therapy can be beneficial clinically (Karmazyn
et al. 2005).

Cancer
NHE1 is activated in response to a number of mitogenic

factors and its activity mediates such processes as cell
growth, proliferation, and migration, aberrations of which
are characteristic of malignant cells. A key feature of trans-
formed cells is that they have an alkalinized pHi relative to
nontransformed cells, and it has been suggested that this dis-
turbance in pH homeostasis corresponds to an increasing
cancerous state (Harguindey et al. 2005). In fact, it has
been demonstrated that NHE1 is involved in the altered pHi
of malignant cells, and that NHE1-dependent alkalinization
plays a pivotal role in the development of a transformed
phenotype, whereas inhibition of the exchanger prevents it
(McLean et al. 2000; Reshkin et al. 2000b; Rich et al.
2000).

In addition to establishing an alkaline cellular state,
NHE1 has also been implicated as a key player in breast
cancer cell invasion. In healthy cells, serum stimulates
NHE1 activity, but in breast cancer cells, a conflicting situa-

Malo and Fliegel 1089

# 2006 NRC Canada



tion occurs in which serum deprivation activates NHE1 to
induce cell motility and invasion (Reshkin et al. 2000a). Cy-
toskeletal changes that result in the formation of pseudopo-
dia in invasive tumor cells are NHE1-dependent and are
prevented via NHE1 inhibition (Lagana et al. 2000). The
signaling cascade that initiates the NHE1-mediated cytoske-
letal rearrangement involves RhoA phosphorylation and in-
hibition by PKA, which stops p160ROCK activation. This
prevents p38-mediated inhibition of NHE1, ultimately re-
sulting in NHE1 activation and subsequent invasiveness
(Cardone et al. 2005; Paradiso et al. 2004).

In accordance with NHE1 being identified as having a
role in tumorigenicity, it has garnered some attention as a
possible treatment target. Inhibition of NHE1 prevented pHi
alkalinization and resulted in an increase in apoptosis in leu-
kemic cells with more than 90% of the cancer cells killed
(Rich et al. 2000). Paclitaxel, a chemotherapy agent used
for leukemia and lymphoma, has been shown to activate a
pathway involving PKA and p38 inhibition of NHE1, also
leading to cancer cell apoptosis (Reshkin et al. 2003). Inter-
estingly, this study also showed that if NHE1 was specifi-
cally inhibited simultaneously with paclitaxel treatment, the
amount of the drug required for apoptosis to be achieved
was significantly reduced. These 2 examples highlight the
role NHE1 plays in cancer cell tumorigenicity in addition to
its potential in the future of cancer treatment.

Future studies
A great deal has been learned about NHE; however, a

great deal is still to be discovered. Many areas can be ex-
plored. Whereas a tremendous potential was shown in ani-
mal studies to improve treatment of heart disease with NHE
inhibitors, only limited success was shown in clinical stud-
ies, partially owing to the discovery of side effects. Would
more potent or more specific inhibitors be an improvement
for clinical use? This is not yet known. Can NHE inhibition
be useful in other clinical scenarios such as breast cancer?
This has not yet been well studied. Also, whereas regulation
of NHE1 is partially understood, the exact amino acids in-
volved in phosphorylation and regulation of the protein are
not entirely elucidated and may vary from 1 tissue to an-
other. Their role in elevation of NHE activity in the disease
state still remains to be defined. In addition, whereas great
strides have been made in understanding the structure of the
prokaryotic NHE, many details of how the eukaryotic NHE
functions are not yet clear. So, whereas a great deal of
knowledge has been accumulated, much has yet to be
learned.

Acknowledgements
L.F. is supported by a Scientist award from the Alberta

Heritage Foundation for Medical Research. M.E.M. is sup-
ported by the CIHR strategic training initiative in membrane
proteins and cardiovascular disease. Research by L.F. on the
Na+/H+ exchanger is supported by the CIHR.

References
Aharonovitz, O., Zaun, H.C., Balla, T., York, J.D., Orlowski, J.,

and Grinstein, S. 2000. Intracellular pH regulation by Na(+)/
H(+) exchange requires phosphatidylinositol 4,5-bisphosphate. J.

Cell Biol. 150: 213–224. doi:10.1083/jcb.150.1.213.
PMID:10893269.

Allen, D.G., and Xiao, X.H. 2003. Role of the cardiac Na+/H+

exchanger during ischemia and reperfusion. Cardiovasc. Res. 57:
934–941. doi:10.1016/S0008-6363(02)00836-2. PMID:12650871.

Amemiya, M., Loffing, J., Lotscher, M., Kaissling, B., Alpern, R.J.,
and Moe, O.W. 1995. Expression of NHE-3 in the apical mem-
brane of rat renal proximal tubule and thick ascending limb.
Kidney Int. 48: 1206–1215. PMID:8569082.

Attaphitaya, S., Park, K., and Melvin, J.E. 1999. Molecular cloning
and functional expression of a rat Na+/H+ exchanger (NHE5)
highly expressed in brain. J. Biol. Chem. 274: 4383–4388.
doi:10.1074/jbc.274.7.4383. PMID:9933642.

Avkiran, M. 2001. Protection of the ischaemic myocardium by
Na+/H+ exchange inhibitors: potential mechanisms of action. Ba-
sic Res. Cardiol. 96: 306–311. doi:10.1007/s003950170037.
PMID:11518185.

Avkiran, M., and Haworth, R.S. 2003. Regulatory effects of G
protein-coupled receptors on cardiac sarcolemmal Na+/H+ ex-
changer activity: signaling and significance. Cardiovasc. Res. 57:
942–952. doi:10.1016/S0008-6363(02)00782-4. PMID:12650872.

Avkiran, M., and Marber, M.S. 2002. Na(+)/H(+) exchange inhibi-
tors for cardioprotective therapy: progress, problems and pro-
spects. J. Am. Coll. Cardiol. 39: 747–753. doi:10.1016/S0735-
1097(02)01693-5. PMID:11869836.

Azriel-Tamir, H., Sharir, H., Schwartz, B., and Hershfinkel, M.
2004. Extracellular zinc triggers ERK-dependent activation of
Na+/H+ exchange in colonocytes mediated by the zinc-sensing
receptor. J. Biol. Chem. 279: 51804–51816. doi:10.1074/jbc.
M406581200. PMID:15355987.

Baird, N.R., Orlowski, J., Szabo, E.Z., Zaun, H.C., Schultheis, P.J.,
Menon, A.G., and Shull, G.E. 1999. Molecular cloning, genomic
organization, and functional expression of Na+/H+ exchanger
isoform 5 (NHE5) from human brain. J. Biol. Chem. 274:
4377–4382. doi:10.1074/jbc.274.7.4377. PMID:9933641.

Bell, S.M., Schreiner, C.M., Schultheis, P.J., Miller, M.L., Evans,
R.L., Vorhees, C.V., Shull, G.E., and Scott, W.J. 1999. Targeted
disruption of the murine Nhe1 locus induces ataxia, growth re-
tardation, and seizures. Am. J. Physiol. 276: C788–C795.
PMID:10199808.

Bertrand, B., Wakabayashi, S., Ikeda, T., Pouyssegur, J., and Shi-
gekawa, M. 1994. The Na+/H+ exchanger isoform 1 (NHE1) is
a novel member of the calmodulin-binding proteins. J. Biol.
Chem. 269: 13703–13709. PMID:8175806.

Bianchini, L., L’Allemain, G., and Pouyssegur, J. 1997. The p42/44
mitogen-activated protein kinase cascade determinant in mediat-
ing activation of the Na+/H+ exchanger (NHE1 isoform) in re-
sponse to growth factors. J. Biol. Chem. 272: 271–279.
PMID:8995258.

Bianchini, L., Kapus, A., Lukacs, G., Wasan, S., Wakabayashi, S.,
Pouyssegur, J., et al. 1995. Responsiveness of mutants of NHE1
isoform of Na+/H+ antiport to osmotic stress. Am. J. Physiol.
269: C998–C1007. PMID:7485471.

Bianchini, L., Woodside, M., Sardet, C., Pouyssegur, J., Takai, A.,
and Grinstein, S. 1991. Okadaic acid, a phosphatase inhibitor,
induces activation and phosphorylation of the Na+/H+ antiport.
J. Biol. Chem. 266: 15406–15413. PMID:1651331.

Biemesderfer, D., Reilly, R.F., Exner, M., Igarashi, P., and Aron-
son, P.S. 1992. Immunocytochemical characterization of Na+-H+

exchanger isoform NHE-1 in rabbit kidney. Am. J. Physiol. 263:
F833–F840. PMID:1279986.

Bookstein, C., Musch, M.W., DePaoli, A., Xie, Y., Rabenau, K.,
Villereal, M., Rao, M.C., and Chang, E.B. 1996. Characteriza-
tion of the rat Na+/H+ exchanger isoform NHE4 and localization

1090 Can. J. Physiol. Pharmacol. Vol. 84, 2006

# 2006 NRC Canada



in rat hippocampus. Am. J. Physiol. 271: C1629–C1638.
PMID:8944646.

Bookstein, C., Musch, M.W., DePaoli, A., Xie, Y., Villereal, M.,
Rao, M.C.R., and Chang, E.B. 1994. A unique sodium-hydrogen
exchange isoform (NHE-4) of the inner medulla of the rat kid-
ney is induced by hyperosmolarity. J. Biol. Chem. 269:
29704–29709. PMID:7961960.

Bookstein, C., Xie, Y., Rabenau, K., Musch, M.W., McSwine,
R.L., Rao, M.C., and Chang, E.B. 1997. Tissue distribution of
Na+/H+ exchanger isoforms NHE2 and NHE4 in rat intestine
and kidney. Am. J. Physiol. 273: C1496–C1505.
PMID:9374634.

Brant, S.R., Yun, C.H.C., Donowitz, M., and Tse, C.M. 1995.
Cloning, tissue distribution, and functional analysis of the hu-
man Na+/H+ exchanger isoform, NHE3. Am. J. Physiol. 269:
C198–C206. PMID:7631746.

Cardone, R.A., Bagorda, A., Bellizzi, A., Busco, G., Guerra, L.,
Paradiso, A., et al. 2005. Protein kinase A gating of a
pseudopodial-located RhoA/ROCK/p38/NHE1 signal module
regulates invasion in breast cancer cell lines. Mol. Biol. Cell, 16:
3117–3127. doi:10.1091/mbc.E04-10-0945. PMID:15843433.

Chambrey, R., Warnock, D.G., Podevin, R.A., Bruneval, P., Man-
det, C., Belair, M.F., Bariety, J., and Paillard, M. 1998. Immu-
nolocalization of the Na+/H+ exchanger isoform NHE2 in rat
kidney. Am. J. Physiol. 275: F379–F386. PMID:9729510.

Cingolani, H.E., Perez, N.G., Ennis, I.L., and Camilion de Hurtado,
M. 2003. Na+/H+ exchanger activation by myocardial stretch. In
The Na+/H+ exchanger, from molecular to its role in disease.
Edited by M. Karmazyn, M. Avkiran, and L. Fliegel, Kluwer
Academic Publishers, Boston/Dordrecht/London. pp. 109–122.

Cingolani, H.E., Villa-Abrille, M.C., Cornelli, M., Nolly, A., Ennis,
I.L., Garciarena, C., et al. 2006. The positive inotropic effect of
angiotensin II: role of endothelin-1 and reactive oxygen species.
Hypertension, 47: 727–734. doi:10.1161/01.HYP.0000208302.
62399.68. PMID:16505203.

Counillon, L., Pouysségur, J., and Reithmeier, R.A.F. 1994. The
Na+/H+ exchanger NHE-1 possesses N- and O-linked glycosyla-
tion restricted to the first N-terminal extracellular domain. Bio-
chemistry, 33: 10463–10469. doi:10.1021/bi00200a030.
PMID:8068684.

Cox, G.A., Lutz, C.M., Yang, C.-L., Biemesderfer, D., Bronson,
R.T., Fu, A., et al. 1997. Sodium/hydrogen exchanger gene de-
fect in slow-wave epilepsy mice. Cell, 91: 139–148. doi:10.
1016/S0092-8674(01)80016-7. PMID:9335342.

Denker, S.P., and Barber, D.L. 2002. Cell migration requires both
ion translocation and cytoskeletal anchoring by the Na-H ex-
changer NHE1. J. Cell Biol. 159: 1087–1096. doi:10.1083/jcb.
200208050. PMID:12486114.

Denker, S.P., Huang, D.C., Orlowski, J., Furthmayr, H., and Bar-
ber, D.L. 2000. Direct binding of the Na-H exchanger NHE1 to
ERM proteins regulates the cortical cytoskeleton and cell shape
independently of H+ translocation. Mol. Cell, 8: 1425–1436
PMID:11163215..

Fafournoux, P., Noel, J., and Pouysségur, J. 1994. Evidence
that Na/H exchanger isoforms NHE1 and NHE3 exist as
stable dimers in membranes with a high degree of specifi-
city for homodimers. J. Biol. Chem. 269: 2589–2596.
PMID:8300588.

Fliegel, L., Haworth, R.S., and Dyck, J.R.B. 1993. Characterization
of the placental brush border membrane Na+/H+ exchanger:
Identification of thiol-dependent transitions in apparent molecu-
lar size. Biochem. J. 289: 101–107. PMID:8380978.

Fliegel, L., Sardet, C., Pouysségur, J., and Barr, A. 1991. Identifi-
cation of the protein and cDNA of the cardiac Na+/H+ exchan-

ger. FEBS Lett. 279: 25–29. doi:10.1016/0014-5793(91)80241-
T. PMID:1704856.

Fliegel, L., Walsh, M.P., Singh, D., Wong, C., and Barr, A. 1992.
Phosphorylation of the carboxyl-terminal domain of the Na+/H+

exchanger by Ca2+/calmodulin-dependent protein kinase II. Bio-
chem. J. 282: 139–145. PMID:1311552.

Gardell, S.E., Dubin, A.E., and Chum, J. 2006. Emerging medicinal
roles for lysophosphatidic acid. Trends Mol. Med. 12: 65–75.
doi:10.1016/j.molmed.2005.12.001. PMID:16406843.

Gawenis, L.R., Greeb, J.M., Prasad, V., Grisham, C., Sanford, L.P.,
Doetschman, T., et al. 2005. Impaired gastric acid secretion in
mice with a targeted disruption of the NHE4 Na+/H+ exchanger.
J. Biol. Chem. 280: 12781–12789. PMID:15684419.

Gebreselassie, D., Rajarathnam, K., and Fliegel, L. 1998. Expres-
sion, purification, and characterization of the carboxyl-terminal
region of the Na+/H+ exchanger. Biochem. Cell Biol. 76:
837–842. doi:10.1139/bcb-76-5-837. PMID:10353718.

Gillis, D., Shrode, L.D., Krump, E., Howard, C.M., Rubie, E.A.,
Tibbles, L.A., Woodgett, J., and Grinstein, S. 2001. Osmotic
stimulation of the Na+/H+ exchanger NHE1: relationship to the
activation of three MAPK pathways. J. Membr. Biol. 181:
205–214. PMID:11420607.

Goss, G.G., Woodside, M., Wakabayashi, S., Pouyssegur, J., Wad-
dell, T., Downey, G.P., and Grinstein, S. 1994. ATP dependence
of NHE-1, the ubiquitous isoform of the Na+/H+ antiporter. Ana-
lysis of phosphorylation and subcellular localization. J. Biol.
Chem. 269: 8741–8748. PMID:8132605.

Grace, A.A., Kirschenlohr, H.K., Metcalfe, J.C., Smith, G.A.,
Weissberg, P.L., Cragoe, E.J., and Vanderberg, J.I. 1993. Regu-
lation of intracellular pH in the perfused heart by external
HCO3 and Na+-H+ exchange. Am. J. Physiol. 265: H289–H298.
PMID:8393626.

Grinstein, S., Woodside, M., Sardet, C., Pouyssegur, J., and Rotin,
D. 1992. Activation of the Na+/H+ antiporter during cell volume
regulation. Evidence for a phosphorylation-independent mechan-
ism. J. Biol. Chem. 33: 23823–23828.

Gumina, R.J., Mizumura, T., Beier, N., Schelling, P., Schultz, J.J.,
and Gross, G.J. 1998. A new sodium/hydrogen exchange inhibi-
tor, EMD 85131, limits infarct size in dogs when administered
before or after coronary artery occlusion. J. Pharmacol. Exp.
Ther. 286: 175–183. PMID:9655858.

Gunasegaram, S., Haworth, R.S., Hearse, D.J., and Avkiran, M.
1999. Regulation of sarcolemmal Na(+)/H(+) exchanger activity
by angiotensin II in adult rat ventricular myocytes: opposing ac-
tions via AT(1) versus AT(2) receptors. Circ. Res. 85: 919–930.
PMID:10559139.

Harguindey, S., Orive, G., Luis Pedraz, J., Paradiso, A., and Re-
shkin, S.J. 2005. The role of pH dynamics and the Na+/H+ anti-
porter in the etiopathogenesis and treatment of cancer. Two
faces of the same coin–one single nature. Biochim. Biophys.
Acta, 1756: 1–24. PMID:16099110.

Haworth, R.S., Frohlich, O., and Fliegel, L. 1993. Multiple carbo-
hydrate moieties on the Na+/H+ exchanger. Biochem. J. 289:
637–640. PMID:8382044.

Haworth, R.S., McCann, C., Snabaitis, A.K., Roberts, N.A., and
Avkiran, M. 2003. Stimulation of the plasma membrane Na+/H+

exchanger NHE1 by sustained intracellular acidosis. Evidence
for a novel mechanism mediated by the ERK pathway. J. Biol.
Chem. 278: 31676–31684. doi:10.1074/jbc.M304400200.
PMID:12791686.

Hooley, R., Yu, C.Y., Symons, M., and Barber, D.L. 1996. G
alpha 13 stimulates Na+-H+ exchange through distinct Cdc42-
dependent and RhoA-dependent pathways. J. Biol. Chem. 271:
6152–6158. PMID:8626403.

Malo and Fliegel 1091

# 2006 NRC Canada



Hunte, C., Screpanti, E., Venturi, M., Rimon, A., Padan, E., and
Michel, H. 2005. Structure of a Na+/H+ antiporter and insights
into mechanism of action and regulation by pH. Nature
(London), 435: 1197–1202. doi:10.1038/nature03692.
PMID:15988517.

Ives, H.E., and Rector, F.C., Jr. 1984. Proton transport and cell
function. J. Clin. Invest. 73: 285–290. PMID:6321552.

Karmazyn, M. 1988. Amiloride enhances post ischemic recovery:
possible role of Na+/H+ exchange. Am. J. Physiol. 255:
H608–H615. PMID:2843057.

Karmazyn, M., Liu, Q., Gan, X.T., Brix, B.J., and Fliegel, L. 2003.
Aldosterone increases NHE-1 expression and induces NHE-1-
dependent hypertrophy in neonatal rat ventricular myocytes. Hy-
pertension, 42: 1171–1176. doi:10.1161/01.HYP.0000102863.
23854.0B. PMID:14610099.

Karmazyn, M., Sawyer, M., and Fliegel, L. 2005. The Na(+)/H(+)
exchanger: a target for cardiac therapeutic intervention. Curr.
Drug Targets Cardiovasc. Haematol. Disord. 5: 323–335.
doi:10.2174/1568006054553417. PMID:16101565.

Khaled, A.R., Moor, A.N., Li, A., Kim, K., Ferris, D.K.,
Muegge, K., et al. 2001. Trophic factor withdrawal:
p38 mitogen-activated protein kinase activates NHE1,
which induces intracellular alkalinization. Mol. Cell. Biol.
21: 7545–7557. doi:10.1128/MCB.21.22.7545-7557.2001.
PMID:11604491.

Kilic, A., Velic, A., De Windt, L.J., Fabritz, L., Voss, M., Mitko,
D., et al. 2005. Enhanced activity of the myocardial Na+/H+ ex-
changer NHE-1 contributes to cardiac remodeling in atrial na-
triuretic peptide receptor-deficient mice. Circulation, 112:
2307–2317. doi:10.1161/CIRCULATIONAHA.105.542209.
PMID:16216978.

Knowlton, K.U., Michel, M.C., Itani, M., Shubeita, H.E., Ishihara,
K., Brown, J.H., and Chien, K.R. 1993. The alpha 1A-adrenergic
receptor subtype mediates biochemical, molecular, and morpho-
logic features of cultured myocardial cell hypertrophy. J. Biol.
Chem. 268: 15374–15380. PMID:8393439.

Kooijman, E.E., Carter, K.M., van Laar, E.G., Chupin, V., Burger,
K.N.J., and de Kruijff, B. 2005. What makes the bioactive lipids
phosphatidic acid and lysophosphatidic acid so special? Bio-
chemistry, 44: 17007–17015. doi:10.1021/bi0518794.
PMID:16363814.

Kusuhara, M., Takahashi, E., Peterson, T.E., Abe, J., Ishida, M.,
Han, J., Ulevitch, R., and Berk, B.C. 1998. p38 kinase is a nega-
tive regulator of angiotensin II signal transduction in vascular
smooth muscle cells. Effects on Na+/H+ exchange and ERK1/2.
Circ. Res. 83: 824–831. PMID:9776729.

Kusumoto, K., Haist, J.V., and Karmazyn, M. 2001. Na(+)/H(+)
exchange inhibition reduces hypertrophy and heart failure after
myocardial infarction in rats. Am. J. Physiol Heart Circ. Physiol.
280: H738–H745. PMID:11158973.

Kyte, J., and Doolittle, R.F. 1982. A simple method for display-
ing the hydropathic character of a protein. J. Mol. Biol. 157:
105–132. doi:10.1016/0022-2836(82)90515-0. PMID:7108955.

Lagana, A., Vadnais, J., Le, P.U., Nguyen, T.N., Laprade, R., Nabi,
I.R., and Noel, J. 2000. Regulation of the formation of tumor
cell pseudopodia by the Na(+)/H(+) exchanger NHE1. J. Cell
Sci. 113: 3649–3662. PMID:11017880.

Lagarde, A.E., and Pouyssegur, J.M. 1986. The Na: H antiport in
cancer. Cancer Biochem. Biophys. 9: 1–14. PMID:3028604.

Lazdunski, M., Frelin, C., and Vigne, P. 1985. The sodium/
hydrogen exchange system in cardiac cells. Its biochemical
and pharmacological properties and its role in regulating
internal concentrations of sodium and internal pH. J. Mol.
Cell. Cardiol. 17: 1029–1042. PMID:3001319.

Lehoux, S., Abe, J., Florian, J.A., and Berk, B.C. 2001. 14–3–3
Binding to Na+/H+ exchanger isoform-1 is associated with
serum-dependent activation of Na+/H+ exchange. J. Biol.
Chem. 276: 15794–15800. doi:10.1074/jbc.M100410200.
PMID:11279064.

Li, X., Alvarez, B., Casey, J.R., Reithmeier, R.A., and Fliegel, L.
2002. Carbonic anhydrase II binds to and enhances activity of
the Na+/H+ exchanger. J. Biol. Chem. 277: 36085–36091.
doi:10.1074/jbc.M111952200. PMID:12138085.

Li, X., Ding, J., Liu, Y., Brix, B.J., and Fliegel, L. 2004. Func-
tional analysis of acidic amino acids in the cytosolic tail of the
Na+/H+ exchanger. Biochemistry, 43: 16477–16486. doi:10.
1021/bi048538v. PMID:15610042.

Li, X., Liu, Y., Alvarez, B.V., Casey, J.R., and Fliegel, L. 2006. A
novel carbonic anhydrase II binding site regulates NHE1 activ-
ity. Biochemistry, 45: 2414–2424. doi:10.1021/bi051132d.
PMID:16475831.

Li, X., Liu, Y., Kay, C.M., Muller-Esterl, W., and Fliegel, L. 2003.
The Na(+)/H(+) exchanger cytoplasmic tail: Structure, function,
and interactions with tescalcin. Biochemistry, 42: 7448–7456.
doi:10.1021/bi027143d. PMID:12809501.

Lin, X., and Barber, D.L. 1996. A calcineurin homologous protein
inhibits GTPase-stimulated Na-H exchange. Proc. Natl. Acad.
Sci. U.S.A. 93: 12631–12636. doi:10.1073/pnas.93.22.12631.
PMID:8901634.

Liu, H., Stupak, J., Zheng, J., Keller, B.O., Brix, B.J., Fliegel, L.,
and Li, L. 2004. Open tubular immobilized metal ion affinity
chromatography combined with MALDI M.S. and M.S./M.S.
for identification of protein phosphorylation sites. Anal. Chem.
76: 4223–4232. doi:10.1021/ac035231d. PMID:15253667.

Maekawa, N., Abe, J., Shishido, T., Itoh, S., Ding, B.,
Sharma, V.K., et al. 2006. Inhibiting p90 ribosomal S6 ki-
nase prevents (Na+)-H+ exchanger-mediated cardiac
ischemia-reperfusion injury. Circulation, 113: 2516–2523. doi:10.
1161/CIRCULATIONAHA.105.563486. PMID:16717153.

Mailander, J., Muller-Esterl, W., and Dedio, J. 2001. Human homo-
log of mouse tescalcin associates with Na(+)/H(+) exchanger
type-1. FEBS Lett. 507: 331–335. PMID:11696366.

Malakooti, J., Dahdal, R.Y., Schmidt, L., Layden, T.J., Dudeja,
P.K., and Ramaswamy, K. 1999. Molecular cloning, tissue dis-
tribution, and functinal expression of the human Na+/H+ exchan-
ger NHE2. Am. J. Physiol. 277: G383–G390. PMID:10444453.

Maly, K., Strese, K., Kampfer, S., Ueberall, F., Baier, G., Ghaffari-
Tabrizi, N., Grunicke, H.H., and Leitges, M. 2002. Critical role
of protein kinase C alpha and calcium in growth factor induced
activation of the Na(+)/H(+) exchanger NHE1. FEBS Lett. 521:
205–210. doi:10.1016/S0014-5793(02)02867-3. PMID:12067706.

Masereel, B., Pochet, L., and Laeckmann, D. 2003. An overview of
inhibitors of Na(+)/H(+) exchanger. Eur. J. Med. Chem. 38:
547–554. doi:10.1016/S0223-5234(03)00100-4. PMID:12832126.

McLean, L.A., Roscoe, J., Jorgensen, N.K., Gorin, F.A., and Cala,
P.M. 2000. Malignant gliomas display altered pH regulation by
NHE1 compared with nontransformed astrocytes. Am. J. Phy-
siol. Cell Physiol. 278: C676–C688. PMID:10751317.

Mentzer, R.M., Jr. 2003. Effects of Na+/H+ exchanger inhibition by
cariporide on death and nonfatal myocardial infarction in pa-
tients undergoing coronary artery bypass graft srugery: the Ex-
pedition Study. Circulation, 108: 326–8.

Misik, A.J., Perreault, K., Holmes, C.F.B., and Fliegel, L. 2005.
Protein phosphatase regulation of Na+/H+ exchanger isoform
I. Biochemistry, 44: 5842–5852. doi:10.1021/bi047659s.
PMID:15823043.

Moor, A.N., Gan, X.T., Karmazyn, M., and Fliegel, L. 2001. Pro-
tein kinase mediated regulation of the Na+/H+ exchanger isoform

1092 Can. J. Physiol. Pharmacol. Vol. 84, 2006

# 2006 NRC Canada



1 (NHE1) in ischemic and ischemic-reperfused rat heart. J. Biol.
Chem. 27: 16113–16122.

Nakamura, S., Amlal, H., Schultheis, P.J., Galla, J.H., Shull, G.E.,
and Soleimani, M. 1999. HCO-3 reabsorption in renal collecting
duct of NHE-3-deficient mouse: a compensatory response. Am.
J. Physiol. 276: F914–F921. PMID:10362780.

Nakamura, N., Tanaka, S., Teko, Y., Mitsui, K., and Kanazawa, H.
2004. Four Na+/H+ exchanger isoforms are distributed to golgi
and post-golgi compartments and are involved in organelle pH
regulation. J. Biol. Chem. 280: 1561–1572. doi:10.1074/jbc.
M410041200. PMID:15522866.

Oehlke, O., Sprysch, P., Rickmann, M., and Roussa, E. 2006. Na+/
H+ exchanger isoforms are differentially regulated in rat sub-
mandibular gland during acid/base disturbances in vivo. Cell
Tissue Res. 323: 253–262. doi:10.1007/s00441-005-0055-6.
PMID:16158325.

Orlowski, J., and Grinstein, S. 2004. Diversity of the mammalian
sodium/proton exchanger SLC9 gene family. Pflugers Arch. 447:
549–565. doi:10.1007/s00424-003-1110-3. PMID:12845533.

Orlowski, J., Kandasamy, R.A., and Shull, G.E. 1992. Molecular
cloning of putative members of the Na+/H+ exchanger gene fa-
mily. J. Biol. Chem. 267: 9331–9339. PMID:1577762.

Pang, T., Mori, H., Shigekawa, M., and Wakabayashi, S. 2004.
Role of calcineurin B homologous protein in pH regulation by
the Na+/H+ exchanger 1: Tightly bound Ca2+ ions as important
structural elements. Biochemistry, 43: 3268–3236. doi:10.1074/
jbc.M100296200. PMID:11350981.

Pang, T., Su, X., Wakabayashi, S., and Shigekawa, M. 2001. Calci-
neurin homologous protein as an essential cofactor for Na+/H+

exchangers. J. Biol. Chem. 276: 17367–17372. doi:10.1074/jbc.
M100296200. PMID:11350981.

Pang, T., Wakabayashi, S., and Shigekawa, M. 2002. Expression of
calcineurin B homologous protein 2 protects serum deprivation-
induced cell death by serum-independent activation of Na+/H+

exchanger. J. Biol. Chem. 277: 43771–43777. doi:10.1074/jbc.
M208313200. PMID:12226101.

Paradiso, A., Cardone, R.A., Bellizzi, A., Bagorda, A., Guerra, L.,
Tommasino, M., Casavola, V., and Reshkin, S.J. 2004. The Na+-
H+ exchanger-1 induces cytoskeletal changes involving recipro-
cal RhoA and Rac1 signaling, resulting in motility and invasion
in MDA-MB-435 cells. Breast Cancer Res. 6: R616–R628.
doi:10.1186/bcr922. PMID:15535843.

Paris, S., and Pouyssegur, J. 1983. Biochemical characterization
of the amiloride-sensitive Na+/H+ antiport in Chinese hamster
lung fibroblasts. J. Biol. Chem. 258: 3503–3508.
PMID:6300047.

Peti-Peterdi, J., Chambrey, R., Bebok, Z., Biemesderfer, D., St
John, P.L., Abrahamson, D.R., Warnock, D.G., and Bell, P.D.
2000. Macula densa Na(+)/H(+) exchange activities mediated
by apical NHE2 and basolateral NHE4 isoforms. Am. J. Physiol.
Renal Physiol. 278: F452–F463. PMID:10710550.

Petrecca, K., Atanasiu, R., Grinstein, S., Orlowski, J., and Shrier,
A. 1999. Subcellular localization of the Na+/H+ exchanger
NHE1 in rat myocardium. Am. J. Physiol. 276: H709–H717.
PMID:9950874.

Phan, V.N., Kusuhara, M., Lucchesi, P.A., and Berk, B.C. 1997. A
90kD Na+/H+ exchanger kinase has increased activity in sponta-
neously hypertensive rat vascular smooth muscle cells. Hyper-
tension, 29: 1265–1272. PMID:9180627.

Pizzonia, J.H., Biemesderfer, D., Abu-Alfa, A.K., Wu, M.S., Exner,
M., Isenring, P., Igarashi, P., and Aronson, P.S. 1998. Immuno-
chemical characterization of Na+/H+ exchanger isoform NHE4.
Am. J. Physiol. 275: F510–F517. PMID:9755122.

Pouyssegur, J., Chambard, J.C., Franchi, A., Paris, S., and van Ob-

berghen-Schilling, E. 1982. Growth factor activation of an
amiloride-sensitive Na+/H+ exchange system in quiescent fibro-
blasts: coupling to ribosomal protein S6 phosphorylation. Proc.
Natl. Acad. Sci. U.S.A. 79: 3935–3939. doi:10.1073/pnas.79.13.
3935. PMID:6287453.

Pouyssegur, J., Sardet, C., Franchi, A., L’Allemain, G., and Paris,
S. 1984. A specific mutation abolishing Na+/H+ antiport activity
in hamster fibroblasts precludes growth at neutral and acidic pH.
Proc. Natl. Acad. Sci. U.S.A. 81: 4833–4837. doi:10.1073/pnas.
81.15.4833. PMID:6087349.

Puceat, M. 1999. pHi regulatory ion transporters: an update on
structure, regulation and cell function. Cell. Mol. Life Sci. 55:
1216–1229. PMID:10487204.

Putney, L.K., and Barber, D.L. 2003. Na-H exchange-dependent in-
crease in intracellular pH times G2/M entry and transition. J.
Biol. Chem. 278: 44645–44649. doi:10.1074/jbc.M308099200.
PMID:12947095.

Putney, L.K., and Barber, D.L. 2004. Expression profile of genes
regulated by activity of the Na-H exchanger NHE1. BMC Geno-
mics, 5: 46–59. doi:10.1186/1471-2164-5-46. PMID:15257760.

Rajagopal, K., Lefkowitz, R.J., and Rockman, H.A. 2005. When 7
transmembrane receptors are not G protein-coupled receptors. J.
Clin. Invest. 115: 2971–2974. doi:10.1172/JCI26950.
PMID:16276410.

Reshkin, S.J., Bellizzi, A., Albarani, V., Guerra, L., Tommasino,
M., Paradiso, A., and Casavola, V. 2000a. Phosphoinositide 3-
kinase is involved in the tumor-specific activation of human
breast cancer cell Na(+)/H(+) exchange, motility, and invasion
induced by serum deprivation. J. Biol. Chem. 275: 5361–5369.
doi:10.1074/jbc.275.8.5361. PMID:10681510.

Reshkin, S.J., Bellizzi, A., Caldeira, S., Albarani, V., Malanchi, I.,
Poignee, M., et al. 2000b. Na+/H+ exchanger-dependent intra-
cellular alkalinization is an early event in malignant transforma-
tion and plays an essential role in the development of
subsequent transformation-associated phenotypes. FASEB J. 14:
2185–2197. doi:10.1096/fj.00-0029com. PMID:11053239.

Reshkin, S.J., Bellizzi, A., Cardone, R.A., Tommasino, M., Ca-
savola, V., and Paradiso, A. 2003. Paclitaxel induces apopto-
sis via protein kinase A- and p38 mitogen-activated protein-
dependent inhibition of the Na+/H+ exchanger (NHE) NHE
isoform 1 in human breast cancer cells. Clin. Cancer Res. 9:
2366–2373. PMID:12796407.

Rich, I.N., Worthington-White, D., Garden, O.A., and Musk, P.
2000. Apoptosis of leukemic cells accompanies reduction in in-
tracellular pH after targeted inhibition of the Na(+)/H(+) ex-
changer. Blood, 95: 1427–1434. PMID:10666221.

Rupprecht, H.J., vom Dahl, J., Terres, W., Seyfarth, K.M., Ri-
chardt, G., Schultheibeta, H.P., et al. 2000. Cardioprotective ef-
fects of the Na(+)/H(+) exchange inhibitor cariporide in patients
with acute anterior myocardial infarction undergoing direct
PTCA. Circulation, 101: 2902–2908. PMID:10869261.

Sabri, A., Muske, G., Zhang, H., Darrow, A., Andrade-Gordon, P.,
and Steinberg, S.F. 2000. Signaling properties and functions of
tow distinct cardiomyocyte protease-activated receptors. Circ.
Res. 86: 1054–1061. PMID:2154036.

Sardet, C., Counillon, L., Franchi, A., and Pouyssegur, J. 1990.
Growth factors induce phosphorylation of the Na+/H+ antipor-
ter, glycoprotein of 110 kD. Science (Washington, D.C.), 247:
723–726. PMID:2154036.

Sardet, C., Fafournoux, P., and Pouyssegur, J. 1991. Alpha-throm-
bin, epidermal growth factor, and okadaic acid activate the Na+/
H+ exchanger, NHE-1, by phosphorylating a set of common
sites. J. Biol. Chem. 266: 19166–19171. PMID:1655777.

Sardet, C., Franchi, A., and Pouysségur, J. 1989. Molecular clon-

Malo and Fliegel 1093

# 2006 NRC Canada



ing, primary structure, and expression of the human growth
factor-activatable Na+/H+ antiporter. Cell, 56: 271–280. doi:10.
1016/0092-8674(89)90901-X. PMID:2536298.

Sauvage, M., Maziere, P., Fathallah, H., and Giraud, F. 2000. Insu-
lin stimulates NHE1 activity by sequential activation of phos-
phatidylinositol 3-kinase and protein kinase C zeta in human
erythrocytes. Eur. J. Biochem. 267: 955–962. doi:10.1046/j.
1432-1327.2000.01084.x. PMID:10672002.

Schmitz, U., and Berk, B.C. 1997. Angiotensin II signal transduc-
tion: stimulation of multiple mitogen-activated protein kinase
pathways. Trends Endocrinol. Metab. 8: 261–266.

Scholz, W., Albus, U., Counillon, L., Gogelein, H., Lang, H.J.,
Linz, W., Weichert, A., and Scholkens, B.A. 1995. Protective
effects of HOE642, a selective sodium-hydrogen exchange sub-
type 1 inhibitor, on cardiac ischaemia and reperfusion. Cardio-
vasc. Res. 29: 260–268. doi:10.1016/0008-6363(96)88579-8.
PMID:7736504.

Schultheis, P.J., Clarke, L.L., Meneton, P., Harline, M., Boivin,
G.P., Stemmermann, G., et al. 1998. Targeted disruption of the
murine Na+/H+ exchanger isoform 2 gene causes reduced viabi-
lity of gastric cells and loss of net acid secretion. J. Clin. Invest.
101: 1243–1253. PMID:9502765.

Slepkov, E.R., Rainey, J.K., Li, X., Liu, Y., Cheng, F.J., Lindhout,
D.A., Sykes, B.D., and Fliegel, L. 2005. Structural and func-
tional characterization of transmembrane segment IV of the
NHE1 isoform of the Na+/H+ exchanger. J. Biol. Chem. 280:
17863–17872. PMID:15677483.

Snabaitis, A.K., D’Mello, R., Dashnyam, S., and Avkiran, M. 2006.
A novel role for protein phosphatase 2A in receptor-mediated
regulation of the cardiac sarcolemmal Na+/H+ exchanger NHE1.
J. Biol. Chem. In press. doi:10.1074/jbc.M600268200.
PMID:16707501.

Snabaitis, A.K., Hearse, D.J., and Avkiran, M. 2002. Regulation of
sarcolemmal Na(+)/H(+) exchange by hydrogen peroxide in
adult rat ventricular myocytes. Cardiovasc. Res. 53: 470–480.
doi:10.1016/S0008-6363(01)00464-3. PMID:11827698.

Snabaitis, A.K., Yokoyama, H., and Avkiran, M. 2000. Roles of
mitogen-activated protein kinases and protein kinase C in a1A-
adrenoreceptor-mediated stimulation of the sarcolemmal Na+-H+

exchanger. Circ. Res. 86: 214–220. PMID:10666418.
Sugden, P.H. 2003. An overview of endothelin signaling in the car-

diac myocyte. J. Mol. Cell. Cardiol. 35: 871–886. doi:10.1016/
S0022-2828(03)00153-6. PMID:12878473.

Suh, B.C., and Hille, B. 2005. Regulation of ion channels by phos-
phatidylinositol 4,5-bisphosphate. Curr. Opin. Neurobiol. 15:
370–378. doi:10.1016/j.conb.2005.05.005. PMID:15922587.

Takahashi, E., Abe, J., and Berk, B.C. 1997. Angiotensin II stimu-
lates p90rsk in vascular smooth muscle cells: apotential Na+/H+

exchanger kinase. Circ. Res. 29: 1265–1272.
Takahashi, E., Abe, J.-I., Gallis, B., Aebersold, R., Spring, D.J.,

Krebs, E.G., and Berk, B.C. 1999. p90rsk is a serum-stimulated
Na+/H+ exchanger isoform-1 kinase. Regulatory phosphorylation
of serine 703 of Na+/H+ exchanger isoform-1. J. Biol.
Chem. 274: 20206–20214. doi:10.1074/jbc.274.29.20206.
PMID:10400637.

Theroux, P., Chaitman, B.R., Danchin, N., Erhardt, L., Meinertz, T.,
Schroeder, J.S., et al. 2000. Inhibition of the sodium-hydrogen
exchanger with cariporide to prevent myocardial infarction in
high-risk ischemic situations. Main results of the GUARDIAN
trial. Guard during ischemia against necrosis (GUARDIAN) in-
vestigators. Circulation, 102: 3032–3038. PMID:11120691.

Tominaga, T., and Barber, D.L. 1998. Na-H exchange acts down-
stream of RhoA to regulate integrin-induced cell adhesion and
spreading. Mol. Biol. Cell, 9: 2287–2303. PMID:9693382.

Tominaga, T., Ishizaki, T., Narumiya, S., and Barber, D.L. 1998.
p160ROCK mediates RhoA activation of Na-H exchange.
EMBO J. 17: 4712–4722. doi:10.1093/emboj/17.16.4712.
PMID:9707430.

Vaheri, A., Carpen, O., Heiska, L., Helander, T.S., Jaaskelainen, J.,
Majander-Nordenswan, P., et al. 1997. The ezrin protein family:
membrane-cytoskeleton interactions and disease associations.
Curr. Opin. Cell Biol. 9: 659–666. doi:10.1016/S0955-0674(97)
80119-6. PMID:9330869.

Wakabayashi, S., Fafournoux, P., Sardet, C., and Pouyssegur, J.
1992. The Na+/H+ antiporter cytoplasmic domain mediates
growth factor signals and controls ‘‘H(+)-sensing’’. Proc. Natl.
Acad. Sci. U.S.A. 89: 2424–2428. doi:10.1073/pnas.89.6.2424.
PMID:1372444.

Wakabayashi, S., Bertrand, B., Shigekawa, M., Fafournoux, P., and
Pouyssegur, J. 1994. Growth factor activation and ‘‘H+-sensing’’
of the Na+/H+ exchanger isoform 1 (NHE1). J. Biol. Chem. 269:
5583–5588. PMID:8119893.

Wakabayashi, S., Ikeda, T., Iwamoto, T., Pouyssegur, J., and Shi-
gekawa, M. 1997. Calmodulin-binding autoinhibitory domain
controls ‘‘pH-Sensing’’ in the Na+/H+ exchanger NHE1 through
sequence specific interaction. Biochemistry, 36: 12854–12861.
doi:10.1021/bi9715472. PMID:9335543.

Wakabayashi, S., Pang, T., Su, X., and Shigekawa, M. 2000. A no-
vel topology model of the human Na+/H+ exchanger isoform 1.
J. Biol. Chem. 275: 7942–7949. doi:10.1074/jbc.275.11.7942.
PMID:10713111.

Wallert, M.A., Thronson, H.L., Korpi, N.L., Olmschenk, S.M.,
McCoy, A.C., Funfar, M.R., and Provost, J.J. 2005. Two G-
protein coupled receptors activation Na+/H+ exchanger isoform
1 in Chinese hamster lung fibroblasts through an ERK-dependent
pathway. Cell. Signal. 17: 231–242. doi:10.1016/j.cellsig.2004.
07.004. PMID:15494214.

Wang, H., Silva, N.L.C.L., Lucchesi, P.A., Haworth, R., Wang, K.,
Michalak, M., Pelech, S., and Fliegel, L. 1997a. Phosphoryla-
tion and regulation of the Na+/H+ exchanger through mitogen-
activated protein kinase. Biochemistry, 36: 9151–9158. doi:10.
1021/bi970802f. PMID:9230047.

Wang, H., Singh, D., and Fliegel, L. 1997b. The Na+/H+ exchan-
ger potentiates growth and retinoic acid induced differentiation
of P19 embryonal carcinoma cells. J. Biol. Chem. 272:
26545–26549. doi:10.1074/jbc.272.42.26545. PMID:9334233.

Wang, Z., Orlowski, J., and Shull, G.E. 1993. Primary structure
and functional expression of a novel gastrointestinal isoform of
the rat Na/H exchanger. J. Biol. Chem. 268: 11925–11928.
PMID:7685026.

Wei, S., Rothstein, E.C., Fliegel, L., Dell’Italia, L.J., and Lucchesi,
P.A. 2001. Differential MAP kinase activation and Na(+)/H(+)
exchanger phosphorylation by H(2)O(2) in rat cardiac myocytes.
Am. J. Physiol. Cell Physiol. 281: C1542–C1550.
PMID:11600417.

Wu, K.L., Khan, S., Lakhe-Reddy, S., Jarad, G., Mukherjee, A.,
Obejero-Paz, C.A., et al. 2004. The NHE1 Na+/H+ exchanger re-
cruits ezrin/radixin/moesin proteins to regulate Akt-dependent
cell survival. J. Biol. Chem. 279: 26280–26286. doi:10.1074/
jbc.M400814200. PMID:15096511.

Yamazaki, T., Komuro, I., and Yazaki, Y. 1998. Signalling path-
ways for cardiac hypertrophy. Cell Signal. 10: 693–698. doi:10.
1016/S0898-6568(98)00036-9. PMID:9884020.

Yan, W., Nehrke, K., Choi, J., and Barber, D.L. 2001. The Nck-
interacting kinase (NIK) phosphorylates the Na+-H+ exchanger
NHE1 and regulates NHE1 activation by platelet-derived
growth factor. J. Biol. Chem. 276: 31349–31356. doi:10.1074/
jbc.M102679200. PMID:11369779.

1094 Can. J. Physiol. Pharmacol. Vol. 84, 2006

# 2006 NRC Canada



Yasutake, M., Haworth, R.S., King, A., and Avkiran, M. 1996.
Thrombin activates the sarcolemmal Na+-H+ exchanger. Circ.
Res. 79: 705–715. PMID:8831494.

Yoshida, H., and Karmazyn, M. 2000. Na(+)/H(+) exchange inhibi-
tion attenuates hypertrophy and heart failure in 1-week postin-
farction rat myocardium. Am. J. Physiol. Heart Circ. Physiol.
278: H300–H304. PMID:10644613.

Yu, F.H., Shull, G.E., and Orlowski, J. 1993. Functional properties
of the rat Na/H exchanger NHE-2 isoform expressed in Na/H
exchanger-deficient Chinese hamster ovary cells. J. Biol. Chem.
268: 25536–25541. PMID:8244989.

Zeymer, U., Suryapranata, H., Monassier, J.P., Opolski, G., Davies,

J., Rasmanis, G., et al. 2001. The Na(+)/H(+) exchange inhibitor
eniporide as an adjunct to early reperfusion therapy for acute
myocardial infarction. Results of the evaluation of the safety
and cardioprotective effects of eniporide in acute myocardial in-
farction (ESCAMI) trial. J. Am. Coll. Cardiol. 38: E1644–1650.
doi:10.1016/S0735-1097(01)01608-4. PMID:11704395.

Zhai, P., Yamamoto, M., Galeotti, J., Liu, J., Masurekar, M.,
Thaisz, J., et al. 2005. Cardiac-specific overexpression of AT1
receptor mutant lacking G alpha q/G alpha i coupling causes hy-
pertrophy and bradycardia in transgenic mice. J. Clin. Invest.
115: 3045–3056. doi:10.1172/JCI25330. PMID:16276415.

Malo and Fliegel 1095

# 2006 NRC Canada


