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Extrarrenal effects of diuretic drugs: A basis for
the design of new ion transport inhibitors

R. Garay
INSERM UZ/CNRS UA 318. Hopital Necker. Paris (France).

.Introduction

Diuretic drugs are able to decrease renal Na* reab-
sorption by inhibiting one or more Na™ transport ca-
rriers in different segments of the nephron (fig. 1 and
ref. 1). Furosemide and bumetanide provoke natriu-
resis by inhibition of a [Na™, K*, Cl7]-cotransport
system in the luminal side of the Henle’s loop. Ami-
loride inhibits a Na* channel located apically in dis-
~tal tubular cells. Xipamide appears to inhibit
HCO73 -dependent Na* reabsorption all along the
nephron. Spironolactone antagonizes the aldostero-
ne-induced synthesis of a Na™-transport protein (via
its active metabolite, canrenone) in distal and collec-
ting tubules. The injection of ouabain directly into
the renal artery inhibits basolateral Na™ reabsorption
which is catalyzed by the [Na*, K*]-pump. Acetazo-
lamide acts like a carbonic anhydrase inhibitor in
proximal tubular cells, thus decreasing net NaHCO;
reabsorption. The mechanism of action of thiazide
drugs is unclear.

Besides the kidney, all other organs have cells with
Na™ transport systems sensitive to diuretic drugs. This
explain (at least in part) the extra-renal actions of diu-
retic drugs '. Molecular studies of the renal and extra-
renal actions of diuretic drugs have strongly contribu-
ted to our knowledge of membrane ion transport. In
particular, the study of membrane ion transport was
greatly facilitated by the discovery of potent and qui-
te specific inhibitory drugs. Indeed, the first genera-
tion of transport inhibitors was readily discovered be-
cause these compounds were therapeutic agents ac-
ting on basic transport mechanisms, like the renal
Na™ transport systems (the diuretics described in figu-
re 1) or the myocardial [Na™, K¥]-pump (the cardiac
glycosides). - )

Erythrocites and other cell systems were used for
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screening large numbers of diuretics and other com-
pounds on ion transport systems. This has recently
enriched the spectrum of transport systems able to be
studied by using transport inhibitors. In particular, we
have now potent (and more or less specific) inhibitors
for the {K™, Cl_]—cotransPort system, the [Na™: H¥]
exchanger, the [Na™: Ca**] exchanger and other ion
transport systems (see below). These new compounds
are actually 'submitted to pharmacological and thera-
peutical studies (looking for immunosupresive or ino-
tropic activity or by an action against brain edema or
other disorders of ion metabolism).

Pharmacological studies with the new ion transport
inhibitors need to take into account the fact that ion
transport systms have isoenzymes with different drug
sensitivity (as already demonstrated for the cardiocyte
[Na™, K*}-pump, which is more sensitive to ouabain
than that of kidney cells). Therefore, the relative affi-
nities of compounds for different ion transport sys-
tems may be an important feature to consider in
structure design, particularly for the tissue specificity
of the therapeutic agents.

Use of Human Red Blood Cells
for Pharmacological Studies
of lon Transport

The human red blood cell is one of the best models
for screening drugs on ion transport mechanisms be-
cause: (i) generally speaking, the .ion transport sys-
tems (or isoenzymes) of human erythrocytes are phar-
macologically similar to those of other cells, (ii) the
screening of compounds is more rapid (and precise)
in erythrocytes than in most in-vivo or ex-vivo assays
(for instance in the field of diuretic drugs), (iii) the
compounds can be tested in a human cell overco-
ming hazardous pharmacological extrapolations from
animal data, (iv) red cells can be easily obtained in
great amounts and free from other contaminating
cells, (v) human erythrocytes have only one internal
compartment for ions, i.e., the rate of ion exchange
between cells and environment can be equated to the
ion movements across the plasma membrane, (vi)
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Fig. 1.—Interaction of diuretic and related compounds with Na™*
and K* transport systems in the kidney and in human red cells.

cell ion content can be controlled allowing the mea-

surement of ion fluxes under steady-state and initial’

rate conditions and (vii) correlations with chemical or
physical properties of the cell membrane are facilita-
ted by the great amount of information accumulated
in the past decades concerning structural and functio-
nal properties of the red cell membrane.

It is important to note that some ion transport sys-
tems of epithelial or excitable cells are lacking in hu-
man red cell membranes and that the existing trans-
port mechanisms catalyze much more important flu:
xes in other cells (with one exception, the anion ca-
rrier; see later). The human red blood cell appears
therefore to be a useful but incomplete model for ion
transport studies.

lon Transport Inhibitors

Generally speaking, the transport inhibitors can be
divided into three groups:

1. Drugs acting at anion-translocating sites, like
furosemide and other organic acids.

2. Drugs acting at cation-translocating sites, like
amiloride and other organic bases.

3. Drugs acting at non-translocating (regulatory)
sites, like ouabain and other cardiac glycosides.

Drugs acting at anion-translocating sites

The classical representatives of drugs acting at

anion-translocating sites are loop diuretics of the sul--

famoylbenzoic acid family (furosemide, bumetanide
and piretanide) and those of the (aryloxy)acetic acid
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family (ethacrynic acid, indacrinone). The common
characteristic of these loop diuretics is to be carboxy-
lic acids. Their mechanism of action involves a com-
petition of the R-COO™ group with chloride for a com-
mon anionic-receptor site on different CI~ transport
systems ®. Three of these CI™ transport systems exist
in human erythrocytes:

1. The [Na*, K*, Cl7]-cotransport system (for re-
view see ref. 3), which shares similar properties with
the cotransport system catalyzing luminal Na* reab-
sorption in the Henle’s loop. Indeed good correla-
tions were found between saliuretic activity of lopp
diuretics and inhibition of [Na*, K*, CI7]-
cotransport system in erythrocytes.

2. The [CI7/HCOj;] exchange or anion car-
rier* >, Loop diuretics are able to inhibit this trans-
port system with 1Cso of 107% M>. For bumetanide
{but not for furosemide or ethacrynic acid), these are
2-3 orders of magnitude higher concentrations than
those required to inhibit the [Na*, K*, CI7]-
cotransport system. Therefore, bumetanide is a more
selective cotransport inhibitor than furosemide.

The classical inhibitors of the anion carrier are the
disulfonic stilbenes DIDS and SITS (ICsq of 1077,
107 M). Their mechanism of action involves a cova-
lent binding with the amino group of a lysine (sulfo-
namide formation). However, this lysine does not ap-
pear to be implicated in transport itself® and in the
inhibition by diuretics furosemid and ethacrynic acid.

Whether the inhibition of the anion carrier is corre-
lated with a pharmacological action is still unclear.
On the other hand, Kimelberg and Bourke et al. have
found that astrocyte swelling (a major cell phenome-
na in cytotoxic brain edema) involves a coupled
chloride and cation transport, through a SITS-
sensitive, anion-exchange system, associated with
the transfer of an osmotic equivalent of water”. In
addition, loop diuretics, including furosemide and et-
hacrynic acid, are useful agents for the treatment of
brain edema (see 5 for references). Finally, we recen-
tly found that new anti-brain edema agents, which
are devoid of both diuretic activity and inhibitory abi-
lity against the [Na™*, K*, Cl™]-cotransport system ha-
ve higher inhibitory activity against the anion carrier
than loop diuretics °. We supposed that the link bet-
ween these observations was the ability of anti-brain
edema agents (and loop diuretics) to inhibit net
NaCOj influx through the astrocyte anion carrier>.
However, recent results suggest that HCOj3™ ions may
stimulate more than one pathway for net Na™ uptake
in astrocytes (P. Hannaert, personal communication).
Further investiation is required in order to clarify the
pharmacological implications of the anion carrier in-
hibition.

3. The [K™, Cl7]-cotransport system®. This is a
third ion transport system sensitive to loop diuretics
(although at concentrations higher than 1073 M,



ref. 8). We have recently found a new family of com-

pounds, [(Dihydroindenyl)oxylalkanoic acids, which
are the first potent inhibitors of the [K*, CI7]-
cotransport system without side effects on the [Na*,
K*, Cl7]-cotransport system. By using the leading
compound of this series, namely DIOA, we have
clearly demonstrated the existence of the [K*, Cl7]-
cotransport system in human red blood cells®. The
physiological role of this transport system is to cataly-
ze a regulatory volume decrease (RVD) in swollen
red cells®. ‘

DIOA is now being introduced for studying the
[K*, Cl™)-cotransport system in hematological disea-
ses. It appears that the [K*, Cl™]-cotransport system
can be: (i) secondarily hyperactivated in stomacyto-
sis® and primarily increased in sickle and CC
cells '913. The secondarily hyperactivation helps the
red cells to counterbalance the increase in cell volu-
me. Conversely, the abnormal activation in sickle
(and CC) cells seems to be responsible for the next
KCI extrusion and sickle cell dehydration. Interestin-
gly, DIOA inhibited the abnormal sickle cell K* loss
and specifically reduced sickle cell density upon sti-
mulation of the net outward (K™, Cl~]-cotransport by
low pH, hypoosmolarity, and NEM (n-ethylmale-
imide). Therefore, DIOA may open a new therapeu-
tic approach of sickle cell disease by inhibition of

- cell dehydration which favors HbS polymerization
and reduces red cell deformability.

Drugs acting at cation-translocating sites

Amiloride is one main representative of this group
of transport inhibitors (see figure 2). This compound

has a guanidine group which is positively charged at

physiological pH and can interact with the Na™ sites
of epithelial Na* ‘channels, [Na*:H"] exchange and
some other Na™ carriers.

In these last years several amiloride analogues ha-
ve been synthesized in order to increase potency
and/or selectivity against the different Na™ car-
riers '* 1>. Figure 2 shows that, generally speaking
aromatic residues in N5 increase the inhibitory poten-
cy against [Na*:H*| exchange and aromatic residues
in the guanidine group increase inhibitory activity
against [Na*:Ca®*] exchange.

The recent discovery of [Na™:H*] exchange in hu-
man red cells '® now allows to test different amifori-
de-analogues in this cell model. -

Among the other compounds acting at cation trans-
locating sites we may mention ion (K*, Na* and
Ca?™) channel blockers like quinidine, a classical in-
hibitor of Ca®*-sensitive K*-channels. However, it is
important to note that quinidine may also non-speci-
fically interact with other (non-translocating) sites of
different ion carriers.

We have recently screened several compounds on
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Fig. 2.—Amiloride analogs: Structural requirements for inhibition
of [Na*:Ca®*] or [Na*:H™] exchangers. -

the erythrocyte [Na™:Mg?*] exchanger'”. The gui-
ding strategy was based on the screening of organic
bases potentially active at the Na™ site of the trans-
porter. We have found three families of active com-
pounds: cinchona alkaloids, amiloride and tricyclic
antidepressant drugs. The members of the latter series
(particularly imipramine) seem more_specific inhibi-
tors of the [Na":Mg**] exchanger'’.

Drugs acting at non-translocating
(regulatory) sites

Cardiac glycosides, the most potent and selective
inhibitors of the Na™, K*-pump,.are representative of
drugs acting at regulatory sites.

Pharmacological studies of digitalis” drugs were
mainly carried out in heart cell membranes (with the
remarkable exception of the pump — inhibitory abili-
ty of ouabain, originally found in human red cells '®).
These studies have identified several intéracting
groups or domains in both the cardiac glycoside mo-
lecule and the external aspect of the Na*, K*-pump
19,20 'Figyre 3 shows a model for ouabain where: (i)
a pump-region DY binds the lactone ring by means of
a dipolar interaction and (ii) a pump-domain DX inte-
racts through hydrogen bonds with the -OH in Cy4
and with the -OH of the glycoside residue. It is im-
portant to note that the hydrophobic reaction of the
cyclopentanoperhydrophenantrene ring (not shown
in figure 3) plays a principal role in the complex for--
mation of steroid molecules?'. The digitalis-site
seems to be close to the ionophoric pore through
which K ions enter into the pump molecule. The
model assumes that ouabain-binding inhibits the con-
secutive opening and closing of this pore that takes
place during a pump-cycle (figure 3).
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Fig. 3.—A model for the interaction of canrenone at the digitalis

receptor site. The regulatory ouabain-site is close to the ionophoric

pore for external K*. During a pump cycle, a conformational tran-

sition modifies the distance between domains DY and DX. Canre-

none only binds to DY and thus antagonizes ouabain-binding wit-

hout affecting the conformational transition linked to cation trans-
location.

The human red cell has been used for the study of
potential antagonists of endogeneous “ouabain-like”
factors (EOLF). Interest in these compounds was rai-
sed by the finding that EOLF were increased in some
forms of primary hypertension 2. Therefore, we pos-
tulated that drugs “protecting” the vascular wall
against pump-inhibition are of potential interest as a
new approach to the treatment of high blood pres-
sure?>. Canrenone, an antihypertensive drug (see
structure in figure 3), exhibited some of the properties
requ1red for drugs acting through this mecha-
nism 23 24,

Canrenone is the active metabolite of spironolacto-
ne. Its action mechanism was supposed to involve a
competition with aldosterone for a common cytosolic
receptor in distal and collecting tubules of the nep-
hron. However, in addition to this mechanism canre-
none is able to act like a partial agonist at the digitalis
receptor site:

1. Under basal conditions, canrenone slightly in-
hibits Na*, K*-pump activity. An effect which can
explain the previous observation that canrenone ad-
ministration potentlates the inotropic and pressor ef-
fects of digitalis drugs

2. If the pump is blocked by high doses of oua-
bain, canrenone is able to restimulate it. This effect is
likely correlated with the ability of canrenone to pro-
tect against digitalis-induced cardiac toxicity 2’

In the model of figure 3, canrenone is able to bind
to domain DY but not to domain DX. Therefore it
antagonizes ouabain binding without hampering the
consecutive opening and closing of the K* pore.
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It is not clear for the moment if chronic administra-
tion of canrenone to subjects with primary hyperten-
sion may induce a lowering of blood pressure by an-
tagonism with EOLF at the vascular wall. Indeed,
rats with reduced renal mass (under excess Na* inta-
ke), canrenone is able to partially antagonize in vivo
the secondary effects of EOLF on cell Na*-handling
and blood pressure?*. However, chronic treatment
with canrenone potentiated (instead of decreasing)
the acute pressor effect of ouabain in essential hyper-
tensive patients 2°. Further investigation is required in
order to clarify whether canrenone may antagonize
EOLF in vivo.

Conclusion

The use of some therapeutic agents (like furosemi-
de, amiloride and ouabain) have contributed enor-
mously to the knowledge of membrane ion transport
mechanisms. The assay.of compounds on such trans-
port systems (particularly in human red cells) is now
permitting the development of potent and quite spe-
cific transport inhibitors. These new compounds are
actually studied at the pharmacological level. This
could lead in the near future to the discovery of new
therapeutical agents, active in disorders of ion meta-
bolism.
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