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SUMMARY
A fibroblast mutant cell line devoid of Na�/H� exchange was
used to stably express cDNAs encoding the NHE1 , NHE2, and
NHE3 Na�/H� antiporters. Pharmacological studies using amilor-
ide and two of its 5-N-substituted derivatives, 5-N-dimethyl ami-
bride and 5-N-(methyl-propyl)amiloride (MPA), demonstrate that
the NHE1 isoform is the ubiquitously expressed amiloride-sen-

sitive Na�/H� antiporter (K, of 0.08 zM for MPA), whereas the
NHE2 and NHE3 isoforms exhibit a lower affinity for these

inhibitors (K of 0.5 �tM and 1 0 �M, respectively, for MPA) and are
therefore likely to be members of the epithelial Na�/W exchan-
ger’s family.

In addition, we have used this system to test a new Na�/W
exchanger inhibitor possessing anti-ischemic properties on myo-
cardial cells [(3-methylsulphonyl-4-piperidinobenzoyl) guanidine
methanesulphonate]. This compound inhibits competitively
NHE1 (K, of 0.1 6 zM) with a much greater affinity than NHE2 and
NHE3 (K, of 5 pM and 650 pM, respectively) and therefore appears
to be much more discriminative between these two classes of
antiporter isoforms than the amilonde-related molecules. These
results suggest an explanation for the observed difference of
physiological effects between amiloride and H0E694, and den-
tify this new inhibitor as a useful tool for studies of Na�/W
exchange.

The Na7H� exchanger NHE1 is a ubiquitously expressed

transmembrane protein that catalyzes the nonelectrogenic ex-

change of intracellular protons for external sodium with a

stoichiometry of one to one and acts, therefore, as one of the

main systems of intracellular pH regulation (for review, see

Ref. 1). As a mediator of Na� and W transport, it also plays a

major role in the maintenance of the whole organism homeo-

stasis since it has been reported to be involved in both in

transepithelial sodium transport, bicarbonate reabsorbtion, and

regulation of intracellular volume (for review, see Ref. 2).

Because of these above-mentioned physiological roles, the Na7

H� antiporter has been hypothesized to exert an important

contribution in physiopathological processes such as essential

hypertension (3) and postischemic cell death (4).

As with many other Na� transports, Na7H� exchange is

blocked by the guanidinium monovalent cation, with an appar-

ent K, of about 30 mM, which is very close to the affinity of the

antiporter for Na� (5). Since hydrated Na� and guanidium ions
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occupy the same volume, guanidinium ions that are not trans-

ported by the antiporter are hypothesized to block exchange by

competition at the external Na� transport site. Among the

numerous substituted guanidinium molecules that have been

tested for their ability to block Na�/H� exchange, the diuretic

compound amiloride (6) and its 5-amino-substituted derivatives

are at present the most useful and potent inhibitors of the

antiporter (7). Despite the relatively low affinity of amiloride

and its analogs for the exchanger (they inhibit the antiporter

in the micromolar range, and can bind to many other proteins

[8]), these competitive inhibitors have been useful pharmaco-

logical tools in that they have allowed the characterization of

distinct Na7H� antiporter isoforms.

In addition to the ubiquitously expressed amiloride-sensitive

and growth factor-activatable Na7H� exchanger, apically ex-

pressed isoforms of antiporter exhibiting a decreased affinity

for amiloride and its 5-amino-substituted derivatives have been

pharmacologically characterized in epithelia (cultured porcine

[9] and opossum kidney cells [10], rabbit ileal villus [11], arid

rat colon [12]), whereas a totally amiloride-insensitive exchai1

ger has been described in cultured hippocampal neurones (13).

These antiporters have been hypothesized to be involved in

specialized functions, such as sodium transepithelial transport
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in intestine and kidney, urine acidification coupled to bicarbon-

ate reabsorhtion (for review see Ref. 14), as well as the main-

tenance of a dynamic proton equilibrium across the plasma

membrane of hippocampal neurones (13).

Although the use of defined inhibitors has been very useful

for the characterization of different Na7H� exchanger iso-

tbrms, several important questions remain to be answered.

First, ICr,,, ofamiloride for Na7W exchange had given differing
results in respect to the cell systems in which it had been

investigated (e.g., 27 �sM in apical membranes of rat colon [12]

and 425 � in rat colonic brush-border vesicles [15]). There-

fore, it was possible to hypothesize that there were distinct

amiloride-resistant isoforms expressed in different epithelial

cell types, hut this remained to be proven. Second, no structural
information concerning these putative isoforms was available.

The cloning of cDNA coding for the amiloride-sensitive Na7

H� antiporter ( 16) provided the means to answer these ques-

tions. Its use as a probe to screen cDNA libraries prepared from

epithelial tissues of kidney and gastrointestinal tract allowed

the cloning of three distinct Na�/H� isoforms termed NHE2

( 16a, 16b), NHE3 (17, 18), and NHE4 (17). We have used a

fibroblast cell line lacking Na7H� exchange activity (19) to

express the cDNAs coding for the NHE1, NHE2, and NHE3

isofornis and determine their pharmacological profiles. In this

article, we present the evidence that these cDNAs encode

functional Na7H� antiporters exhibiting very distinct phar-

macological profiles that are reminiscent of those that had been

determined in epithelial cells. In addition, we have tested a new
anti-ischeniic guanidinium derivative that appears to be more

discriminative for the different isoforms than the amiloride-

related compounds.

Material and Methods

Cell culture. Chinese hamster fibroblast cells (CCL39 cell line), the

(‘(‘L39-derived PSI2O variant (19), and PS12O cells transfected with

cI)NAs coding for the different Na�/H� exchanger isoforms were

maintained in I)ulbecco’s modified Eagle’s medium supplemented with

7#{149}5(�fetal calf serum, penicillin (50 units/ml), and streptomycin (50

�ig/ml) in a humidified athmosphere of 5% CO� and 95% air at 37CC.

Expression of Na�/W antiporters. The coding regions of the
NHE1 and NHE2 cDNAs were ligated into the cloning site of the

l)E(1� niammalian expression vector (20).

P�12() cells were transfected using the calcium phosphate precipi-

t.ation method (21). Positive transfectants were selected by their ability

to stirvive a 1-hr long intracellular acidification induced by NH4� acid

loading. As described elsewhere (16), this procedure kills 100% of the

control untransfected population but allows survival ofcells expressing

Na’ /W exchange activity. The procedure was repeated twice a week

until stable antiporter activity was observed. Pharmacological experi-
ments were performed on cell populations obtained by pooling the acid-

resistant colonies. This method of selection allowed the isolation of

cell l)�Pt1latiOi1S expressing NHE1, NHE2, and NHE3 isoforms with
similar levels of Na�/H� exchange activity (the observed differences

did not exceed 3-fold).

22Na� uptake studies. Amiloride, DMA, and MPA were solubilized
in dimethyl sulfoxide and diluted in the uptake medium at the appro-

priate concentrationsjust before use. Care was taken to avoid dimethyl
suifoxide cellular toxicity by diluting stock solutions at least 100 times

in the aqueous uptake medium. H0E694 was dissolved in sterile dis-
tilled water and diluted as mentioned above. Stability of the inhibitors

was checked periodically by measurement of the previously determined

K, for the NHE1 isoform expressed by the Chinese hamster fibroblast

C( ‘L39 cell line.

Cells were grown to confluency in 24-well plates and incubated for

60 mm at 37’C in a medium containing 50 mM NH4C1 and buffered at

pH 7.0 with 15 mM 4-morpholinepropanesulfonic acid. Cells were then

washed twice in less than 15 sec with 120 mM choline chloride medium

buffered at pH 7.4 with 15 mM 4-(2-hydroxyethyl)-1-piperazineeth-

anesulfonic acid-Tris and loaded with the uptake medium containing

0.2 �Ci of carrier-free 22Na7ml (Amersham), 1 mM ouabain, 1 mM

MgC12, 2 mM CaC12, and 120 mM choline chloride, and buffered at pH

7.4 with 15 mM 4-(2-hydroxyethyl)- 1-piperazineethanesulfonic acid-

Tris. In these conditions, 22Na� uptake was shown to be linear for more

than 6 mm; therefore, all the dose-response curves for amiloride and

derivatives were measured in uptake experiments of 6 mm duration. In

experiments involving competition with nonradioactive external so-

dium, uptake time was reduced to 30 sec to ensure initial rate conditions

(Fig. 2).

R1�

R2/

1

10

NH2

HN

NH2

Fig. 1. The chemical structure of amiloride, 5-N-dim#{233}thylamiloride, 5-N-
(methyl-propyl) amiloride, and H0E694 (3-methylsulfonyl-4-piperidino-
benzoyl) guanidine methanesulfonate.
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Fig. 2. Dose-response curves for inhibition
of initial rates of amiloride-sensitive 22Na�
uptake. As described in Materials and
Methods, increased concentrations of ami-
bride, DMA, MPA, and H0E694 were as-

sayed to inhibit initial rates of 22 Na� influx
mediated by the NHE1 . NHE2. and NHE3
isoforms expressed in antiporter-deficient
Psi 20 fibroblasts.
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TABLE 1

K, values for amiloride, DMA, MPA, and HOE694 as determined by
dose-dependent inhibition of amiloride-sensitive �Na� uptake
mediated by NHE1, NHE2, and NHE3 isoforms

Am�or(de DMA MPA H0E694

(SM) (SM) (SM) (NM)

NHE1 3 0.1 0.08 0.16
NHE2 3 0.7 0.5 5
NHE3 100 11 10 650

Influx of 22Na�’ was stopped by rinsing the cell monolayer four times

with phosphate-buffered saline at 0�. Cells were solubilized in 0.1 N

NaOH and radioactivity was assayed by liquid scintillation spectroin-

etry. Amiloride-sensitive 22Na� influx was determined as the difference

between the initial rates of 22 Na� uptake measured iii the absence

and in the presence of 500 MM of MPA.

Results

Inhibition of the NilE! isoform by H0E694. As shown
in Fig. 1, H0E694 is a substituted benzoyl guanidine that

exhibits a similar structure to amiloride. The guanidiniuin
group acts as the sodium competitor, while the substituted

aromatic ring enhances its afuinitv fir the Na�/H� exchanger.

Therefore, it was tempting to hypothesize that this compound

would have a similar mechanism of action as 5-amino-.substi-

tuted derivatives of amiloride. 22Na� uptake experiments in(li-

cate that the apparent affinity of the NHEI isoform fir Na� is

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


1044 Counillon et a!.

decreased by H0E694, whereas Vmax �5 not significantly modi-

fled by this inhibitor (data not shown). These results indicate

that this compound likely behaves as a competitor for sodium

at the NHE1 external transport site, as shown previously for

amiloride and its 5-amino-substituted derivatives on the NHE1

isoform.

Compared effects of H0E694 and amiloride series

inhibitors on NHE1, NHE2, and NHE3. We assayed in-

creasing concentrations of amiloride, DMA, MPA, and H0E694

for their ability to inhibit initial rates of amiloride-sensitive

22Na� uptake in antiporter-deficient PS12O cells transfected

with the exchanger isoforms. The obtained dose-response

curves (Fig. 2) provide the following information.

First, amiloride, DMA, and MPA inhibit the transfected

NHE1 isoform with the same K, value as those obtained pre-

viously (7, 22). This result confirms that this cDNA encodes

the ubiquitously expressed amiloride-sensitive Na7H� exchan-

ger. The transfected NHE2 exhibits a similar affinity for ami-

bride, but a about 10-fold lower affinity for DMA and MPA

when compared with NHE1. These results suggest that a sim-

ilar amiloride binding site topology is shared by NHE1 and

NHE2, whereas the region of these proteins binding the 5-N

substituents of this inhibitor are different. To a greater extent,

the NHE3 isoform displays a lower sensitivity for amiloride, as

well as for its N-substituted derivatives (about a 100-fold

difference for MPA between NHE1 and NHE3). We can de-

duce, therefore, that these recently cloned cDNAs may encode

members of the amiloride-resistant Na7H� exchanger family

which had been discovered initially in epithelial cells.

Second, for each expressed antiporter, the 5-amino-substi-

tuted amiloride derivatives MPA and DMA appear to be more

potent inhibitors than amiloride itself. The finding that the

order of potency of these compounds remains the same for

every isoform indicates that their mechanism of interaction

with the different antiporters remains unchanged, despite the

observed changes of affinity. More interestingly, H0E694,

which behaves as a true amiloride 5-N derivative in respect to

the NHE1 isoform, is a much less potent inhibitor of both

NHE2 and NHE3 than amiloride. Moreover, the affinity of

this compound is very low for the putative epithelial isoforms

when compared with NHE1 (more than a 4000-fold difference

between NHE1 and NHE3). This result indicates that although

H0E694 shares the same mechanism of competitive inhibition

with amiloride, it may not be in contact with exactly the same

amino acid residues as amiloride and its derivatives within the

NHE2 and NHE3 isoforms.

Discussion

The above-mentioned results provide important information

both on the characterization of the recently cloned Na7H�

antiporter isoforms, and on the features of a new kind of Na7

W exchange inhibitor.
The molecular cloning of cDNAs coding for Na�/H� exchan-

ger isoforms and their subsequent expression in antiporter-

deficient cells has allowed the pharmacological characterization

of the encoded antiporters as “amiloride-resistant” isoforms

(Table 1). Based on the low affinity for amiloride and its

derivatives, we strongly suggest that these antiporters are the

previously described epithelial Na7H� exchangers. This hy-

pothesis is reinforced by the kidney and gastrointestinal tract

distribution of mRNA encoding these two isoform mRNAs

(16a, 16b, 17) as well as their apical targeting when the corre-

sponding cDNAs are expressed in epithelial cells.1 2

The benzoylguanidine derivative H0E694 was originally de-

signed to be a potent NHE1 blocker possessing anti-ischemic

properties on heart cells. It had been hypothesized previously

that as a major mechanism of internal pH regulation in acidified

anoxic myocardial cells, Na7H� exchange (NHE1 isoform)

would greatly enhance sodium ion entry, thereby triggering

increased adenosine triphosphate consumption by the Na�/

K�ATPase, a well as a massive Ca2� entry via the Na�/Ca2�

exchanger (4). These two events would result in both cell

damage and myocardial arrhythmias during reperfusion.

Hence, any potent NHE1 blocker would have beneficial effects

on these direct consequences of myocardial infarction (23).

H0E694 indeed exhibits all these features and can strongly

reduce the arrhythmia frequency as well as cell damage on

isolated rat hearts that have undergone partial coronary liga-

tion (24). This compound is. therefore, a promising candidate

for clinical application. Amiloride 5-N-substituted derivatives,

possess similar antiarythmic properties (23), but also exhibit

side effects in vivo, such as a negative chronotropic effect (25),

which is not observed upon H0E694 administration. Further

evidence indicating that these two classes of compound have a

different mode of action on the whole body is the absence of

diuretic effects for H0E694, whereas amiloride is clinically

used as a diuretic drug (26). A possible explanation for these

differences could come, at least in part, from the results re-

ported in this paper. We have shown that H0E694 has a similar

pharmacological profile of Na�/H� exchanger inhibition as that

demonstrated by 5-N-substituted derivatives of amiloride in

respect to the NHE1 isoform, which is expressed in the heart,

whereas epithelial NHE isoforms are much less sensitive to

this inhibitor than to amiloride-related molecules. It is, there-

fore, very likely that in vivo H0E694 can specifically inhibit

the heart NHE1 isoform, whereas the epithelial Na7H� ex-

changers remain free of inhibition.

More fundamentally, the highly discriminative potency of

this compound makes it a very powerful tool for the investiga-

tion and characterization of presently unidentified Na�/H�

isoforms. In addition it provides a means to specifically antag-

onize the NHE1 isoform in most cells, permitting the use of

NHE3, a H0E694-resistant isoform, as a new selective marker

in gene transfer.
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