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First published August 20, 2013; doi:10.1152/ajpregu.00345.2013.—Over 26,000
manuscripts have been published dealing with endothelins since their discovery 25
years ago. These peptides, and particularly endothelin-1 (ET-1), are expressed by,
bind to, and act on virtually every cell type in the body, influencing multiple
biological functions. Among these actions, the effects of ET-1 on arterial pressure
and volume homeostasis have been most extensively studied. While ET-1 modu-
lates arterial pressure through regulation of multiple organ systems, the peptide’s
actions in the kidney in general, and the collecting duct in particular, are of unique
importance. The collecting duct produces large amounts of ET-1 that bind in an
autocrine manner to endothelin A and B receptors, causing inhibition of Na� and
water reabsorption; absence of collecting duct ET-1 or its receptors is associated
with marked salt-sensitive hypertension. Collecting duct ET-1 production is stim-
ulated by Na� and water loading through local mechanisms that include sensing of
salt and other solute delivery as well as shear stress. Thus the collecting duct ET-1
system exists, at least in part, to detect alterations in, and maintain homeostasis for,
extracellular fluid volume. Derangements in collecting duct ET-1 production may
contribute to the pathogenesis of genetic hypertension. Blockade of endothelin
receptors causes fluid retention due, in large part, to inhibition of the action of ET-1
in the collecting duct; this side effect has substantially limited the clinical utility of
this class of drugs. Herein, the biology of the collecting duct ET-1 system is reviewed,
with particular emphasis on key issues and questions that need addressing.
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IN HONOR of Ernest H. Starling, this review encompasses part of
the 2013 Ernest Starling Lectureship of the American Physio-
logical Society Water and Electrolyte Section and so it is
appropriate at the outset to acknowledge how Dr. Starling, who
embarked on his career in physiology 125 years ago, influ-
enced physiology research to the extent that we continue to
honor his memory. A short introduction does not begin to do
justice to his accomplishments; however, hopefully these brief
comments will be illustrative of his influence on all of us who
pursue physiology research. Dr. Starling was a renaissance
man of physiology, making key discoveries with regard to the
heart, vasculature, lymphatics, endocrine system, gut, and kidney.
With respect to the latter, together with his colleagues, he
pioneered the isolated kidney and demonstrated that glomeruli
form a filtrate largely devoid of protein and described pro-
cesses of tubule cell secretion (urea) and reabsorption (water,
chloride, glucose, and bicarbonate). He introduced the concept
of circulating hormones and suggested that these could control
renal excretion of specific electrolytes. On a more personal
level, three aspects of his character struck me that were noted

in a 7-page obituary in the British Medical Journal written in
1927 (57a). The first was that, while he was very interested in
clinical medicine, he was “determined to try the rougher path
and become demonstrator in physiology” despite the fact that
“the [financial] rewards of this office were minute”! Second,
although “he had not a natural gift of oratory,” he excelled at
teaching research, extending help and encouragement “pro-
vided [the student] was a serious inquirer after truth.” Third, he
had “extraordinary mental alertness and boyish enthusiasm;
like Peter Pan, he refused to grow old.” Thus, on multiple
levels, it is important and timely to acknowledge Dr. Starling;
he remains an inspiration to make a difference, through both
research and teaching, and to remain passionate.

Introduction to the Collecting Duct Endothelin System

The collecting duct (CD) endothelin (ET) system was ini-
tially described almost 25 years ago; it is now apparent that this
system is an important physiological regulator of renal Na�

and water transport and arterial pressure (50). The CD pro-
duces and binds more ET than possibly any other cell type in
the body. CD ET production is increased by Na� and/or water
loading, leading to autocrine inhibition of CD Na� and water
reabsorption, thereby facilitating maintenance of volume ho-
meostasis. In addition, CD-derived ET may exert paracrine
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effects on neighboring cells. Derangements of CD ET produc-
tion may contribute to the pathogenesis of hypertension,
whereas blockade of ET action in the CD by ET receptor
antagonists is likely important in their propensity to cause fluid
retention. This review focuses exclusively on the CD ET
system in the control of volume homeostasis and blood pres-
sure; however, it should be noted the ET is involved in the
control of multiple systems that affect Na� and water balance
(for a detailed review of such regulation, see Ref. 50).

Overview of Endothelin Biochemistry

The ET gene family consists of three 21-amino acid pep-
tides: ET-1, ET-2, and ET-3. This review focuses on ET-1; it
is the most abundant ET isoform and its biology has been most
extensively studied. ET-1 synthesis is largely controlled at the
transcription level (110); ET-1 mRNA has a short half-life
(�15 min) due to a destabilizing AUUUA sequence in the
3=-untranslated region; this brief mRNA half-life is reflected in
the very tight association between ET-1 mRNA and protein
levels (Fig. 1). ET-1 mRNA encodes a prepropeptide that
undergoes removal of a short signal sequence by furin and
other enzymes, followed by dibasic-pair-specific endopepti-

dase cleavage to yield the 38 amino acid Big ET-1 (58, 111).
Big ET-1 is converted to ET-1 primarily by three ET-convert-
ing enzymes with varying subcellular localizations, including
the plasma membrane (15, 97). ET-1 is substantially degraded
by neutral endopeptidases that are abundantly expressed in the
kidney (15, 98). Secreted ET-1 primarily acts in an autocrine or
paracrine manner; tissue concentrations are much higher than
those in plasma.

Two receptors mediate the biological actions of ET: ETA
and ETB. One or both of these receptors are found on virtually
every cell type in the body. ETA binds ET-1 � ET-2 �� ET-3
(34), whereas ETB binds all ET isoforms with equal affinity (2,
74). ETB, possibly by virtue of targeting to lysosomes, can
function as a clearance receptor (8). Initial descriptions of ETA
and ETB suggested they had opposite biological effects, i.e.,
ETA mediated vasoconstriction, proliferation, and fibrosis,
while ETB did the opposite. However, it is now apparent that
these receptors also can have similar and even interacting
effects, the latter potentially through heterodimerization (20).
A key feature of ET-1 binding is its very tight and prolonged
association with its receptors (even after endocytosis), leading
to long-lasting effects (13).
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Regulation of Collecting Duct ET Production

ET-1 was originally described as an endothelium-derived
factor. However, it is evident that ET-1 is made by almost all
cell types and that the renal inner medulla likely has more ET-1
than any other region in the body (41). Ultimately, it was
discovered that all regions of the CD produce relatively large
amounts of ET-1 (43). Within the CD, the inner medullary CD
(IMCD) produces the greatest amount of ET-1, followed by the
outer medullary CD and then the cortical CD (CCD). Whereas
intercalated cell ET-1 production has not been directly studied,
it is likely that most CD ET-1 derives from principal cells (49).
CD cells predominantly release ET-1 on the basolateral side
(46, 92).

Under physiological conditions, CD ET-1 production is
regulated by factors associated with extracellular fluid volume
(ECFV) status. Water and/or Na� loading in humans and/or
experimental animals increases urinary ET-1 (1, 14, 35, 37, 39,

47, 56, 59, 73, 76, 108, 115), renal medullary ET-1 mRNA (1,
21), and acutely isolated CD ET-1 production (55). Mice with
CD ET-1 knockout (KO) have markedly reduced urinary ET-1
excretion in response to salt loading (1). The mechanisms by
which ECFV expansion augments CD ET-1 are now being
uncovered. First, it is evident that circulating hormones, insofar
as has been determined, do not account for this relationship.
Vasopressin and atrial natriuretic peptide do not substantially
affect CD ET-1 production, at least in vitro (44, 60, 93).
Aldosterone increases CD ET-1 synthesis, an effect that is
mediated by disrupter of telomeric silencing alternative splice
variant (Dot1a)-Af9-induced histone hypomethylation and de-
repression of ET-1 gene expression (116) (Fig. 2); clearly,
aldosterone cannot account for volume expansion induction of
CD ET-1 production. Another possibility is medullary Na�

concentration; increased interstitial tonicity augments thick
ascending limb ET-1 production (32). However, the data on
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Fig. 2. Model of ET-1 synthesis and actions in the cortical collecting duct. Increased tubule fluid Na� delivery increases intracellular Na� concentration via the
epithelial Na� channel (ENaC), leading to mitochondrial Na�/Ca2� exchange (NCX), activating calmodulin (CaM), calcineurin (Cn), and protein kinase C
(PKC), which lead to transactivation of the ET-1 promoter via Ca2�-dependent nuclear factor of activated T cells (NFATc) and Jun/fos. ET-1 is secreted primarily
basolaterally where it can activate ETA and ETB receptors in an autocrine manner. Activation of ETB leads to increased protein kinse C (PKC) activity, increased
Src tyrosine kinase, and increased mitogen-activated protein kinase (MAPK) activities, which inhibits epithelial Na� channel (ENaC). ETB also activates �1Pix,
which ultimately causes endocytosis of ENaC. In addition, ETB stimulates nitric oxide synthase 1 (NOS1), increasing NO which inhibits ENaC activity. ETA
may also inhibit CD Na� transport, but the signaling mechanisms are unknown. Finally, aldosterone can stimulate ET-1 production by repressing disrupter of
telomeric silencing alternative splice variant (Dot1a), reducing interaction with AF9, and derepressing ET-1 gene transcription. Please note that the model is
drawn from studies using disparate cell types under different experimental conditions, hence this should be viewed as a conceptual overview.
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this in CD are conflicting, showing that, at least in vitro,
increasing media NaCl concentration increases (60, 93, 112) or
decreases (47, 77, 93) CD ET-1 synthesis. Furthermore, in-
creases in interstitial tonicity cannot explain how both Na� and
water loading increase CD ET-1 production. Nephron flow
increases during Na� and/or water loading; recent studies point
to nephron flow as an important regulator of CD ET-1 produc-
tion (Figs. 2 and 3). Laminar flow increased ET-1 mRNA
content in a CD cell line (mpkCCDcl4) at shear stresses
between 2 and 10 dyn/cm2; i.e., at flows comparable to those
observed in vivo (55). The flow response was dependent on
intracellular and extracellular Ca2�, phospholipase C (PLC),
and protein kinase C (PKC). A subsequent study (67) found
that increasing perfusate NaCl concentration increased the
ET-1 flow response in mpkCCDcl4 cells and that this effect
was due to Na� but not Cl� or osmolality. The ET-1 flow
response was dependent on the epithelial Na� channel (ENaC),
being inhibited by amiloride or benzamil and stimulated by
aldosterone. Blockade of mitochondrial, but not plasma mem-
brane, Na�/Ca2� exchangers (NCX) abolished the ET-1 flow

response. Taken together, these findings suggest that during
ECFV expansion, increased CD Na� delivery augments CD ET-1
synthesis via ENaC-mediated Na� entry, mitochondrial NCX
activity, and activation of PLC and PKC. One problem with this
scenario is that it does not explain how water loading stimulates
CD ET-1 synthesis wherein CD Na� delivery may not necessarily
be increased. To address this, mouse IMCD3 cells were studied
(unpublished data; M. Pandit and D. Kohan). Interestingly, flow
markedly increased IMCD3 ET-1 mRNA content, but this re-
sponse was not ENaC dependent. Furthermore, increasing perfus-
ate solute concentration, regardless of the solute used, greatly
increased the IMCD3 ET-1 flow response (but in the absence of
flow, did not affect ET-1 production). Thus ET-1 production in
the CCD and IMCD may be differentially regulated by flow, with
Na� delivery and uptake being the prime determinants of CCD
ET-1 production, whereas IMCD ET-1 synthesis is controlled by
a combination of water and solute delivery.

The intracellular signaling pathways through which CD
ET-1 synthesis is regulated are complex and may depend, as
discussed above, on the region of the CD studied. Studies using
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primary rat IMCD cultures point to the central importance of
Ca2�-regulated signaling pathways, including intracellular
Ca2�, calmodulin, calmodulin kinase, and calcineurin (79)
(Figs. 2 and 3). Rat ET-1 promoter-reporter analysis revealed
a calmodulin-sensitive region between 0.56 and 1.9 kb 5= to the
transcription start site in IMCD but not endothelial cells (79).
Two consensus nuclear factor of activated T-cells (NFAT)
binding sites were identified at �1263 and �1563 5= to the
transcriptional start site which, upon mobility shift analysis,
revealed that ET-1263 bound NFATc1 while ET-1563 bound
NFATc3 (80). Site-directed mutagenesis of either the ET-1263
or ET-1563 sites prevented NFAT binding and reduced ET-1
promoter activity. Finally, PKC is also important in modulation
of IMCD ET-1 production and promoter activity (82). Thus
Ca2�, calmodulin, calmodulin kinase, calcineurin, and Ca2�-
dependent NFAT regulate CD ET-1 transcription; how these
pathways relate to the ET-1 flow response and whether differ-
ences exist between regions of the CD remains to be fully
determined.

Expression and Regulation of Collecting Duct ET Receptors

Numerous studies involving multiple species and techniques
consistently demonstrate that the CD is the major renal site of ET
receptor expression (16, 101, 103, 113). As for ET-1 production,
the highest binding of ET-1 is in IMCD, followed by OMCD and
CCD (88). ETB is the major ET receptor isoform expressed by the
CD in experimental animals and humans (3, 12, 40, 51, 88, 90,
102). Although more difficult to demonstrate, CD also express
ETA (11, 18, 45, 65, 102, 113). Most recently, ETA immunore-
activity was detected in the basal infoldings of the CD, with the
strongest staining in the IMCD (109). While not extensively
studied, CD cells appear to bind ET-1 predominantly on the
basolateral side (46); since, as described above, ET-1 is predom-
inantly secreted basolaterally, the potential for autocrine regula-
tion of CD function is apparent.

Relatively little is known about regulation of CD ET recep-
tor expression. Vasopressin (AVP) reduces cultured rat CCD
and IMCD ETB-dependent ET-1 binding (87, 105). Similarly,
angiotensin II decreases ETA and ETB expression in rat IMCD
cells (104). Notably, IMCD ETB expression is decreased in
animal models of congestive heart failure (22, 106), and this
downregulation is prevented by angiotensin receptor blockade
(106). Thus the possibility exists that AVP and angiotensin II
reduce IMCD ET receptor expression to mitigate the natriuretic
effects of the ET system (see discussion in Collecting Duct ET
Regulation of Na� Transport).

Collecting Duct ET Regulation of Na� Transport

Initial studies found that ET-1 inhibits Na�-K�-ATPase
activity in rabbit IMCD (114); however, all subsequent work
has focused on ET-1 regulation of ENaC. Exogenous ET-1 has
consistently been demonstrated to potently inhibit ENaC-de-
pendent Na� reabsorption in isolated CCD or CD cell lines
(10, 23, 29, 52, 94) (Fig. 2). Most importantly, CD-specific
deletion of ET-1 increases systolic blood pressure (BP) by �15
mmHg during normal Na� intake and by �35 mmHg during
high Na� intake (1). The CD ET-1 KO mice had excessive
weight gain and reduced urinary Na� excretion. All of these
effects of CD ET-1 KO mice were reduced by amiloride. In
addition, CD ET-1 KO mice had impaired elevations in Na�

excretion in response to controlled increases in renal perfusion
pressure (76). Thus CD-derived ET-1 functions as an autocrine
inhibitor of CD Na� reabsorption. Why have an autocrine
system in the CD that reduces Na� reabsorption? One possi-
bility is that CD ET-1, at least with respect to Na� transport, is
important in maintaining normal ECFV status. As discussed
earlier, Na� loading causes increased CD luminal flow and
Na� delivery. If unopposed, this could lead to increased CD
Na� reabsorption; nephron fluid flow increases ENaC open
probability (Po) in the CCD and can augment CD Na� reab-
sorption (75). Thus, by the mechanisms described above
wherein ENaC-mediated Na� uptake increases CD ET-1 pro-
duction, it may be that the CD ET-1 system exists, at least in
part, to sense an increase in CD Na� delivery and mitigate
against the inherent tendency of ENaC to enhance CD Na�

reabsorption. In this regard, it is likely that ET-1 works in
concert with other locally derived factors to reduce ENaC
activity during salt loading; for example, salt loading increases
the activation of P2Y2 receptors in the CD, which in turn
inhibits ENaC activity (69).

Studies in cultured cells and in isolated CCD implicate ETB
in mediating ET-1 inhibition of CD Na� transport (9, 10, 23)
(Fig. 2). Mice with CD-specific ETB KO have an �8 mmHg
elevation in systolic BP on a normal Na� diet and an �20
mmHg increase in systolic BP during high-salt intake associ-
ated with an impaired natriuresis (25). Notably, the degree of
hypertension in CD ETB KO mice was about one-half that
observed in CD ET-1 KO mice, suggesting that CD ETB
receptors do not fully account for all the antihypertensive
effects of CD-derived ET-1. The data on ETA-mediated inhi-
bition of CD Na� transport is more complex. Studies in
isolated split-open CCD did not report an effect of ETA on
ENaC activity (9, 10). Similarly, mice with CD-specific ETA
KO did not have altered BP or urinary Na� excretion (28).
However, mice with combined CD-specific ETA and ETB KO
had systolic BP on normal and high-Na� diet that were greater,
and urinary Na� excretion that was lower, than those seen with
CD ETB KO alone and were similar to those observed in CD
ET-1 KO mice (76). While interpretation of gene targeting
studies is complicated by possible compensatory mechanisms,
one possibility is that CD ETA and ETB receptors interact in
some as yet undefined manner. In this regard, a recent study
found that ET-1 inhibition of transepithelial Na� flux in iso-
lated perfused CCD was abolished by either ETA or ETB
blockade, suggesting that both ET receptor isoforms may affect
CD Na� transport (54). In addition, nephron-wide knockout of
ETA receptors caused mild fluid volume retention, although
the precise cell type(s) responsible was not identified (84). As
will be discussed, these considerations about the biological
actions of ET receptors in the CD have taken on clinical rel-
evance.

Several signaling pathways are involved in ET-1 modulation
of CD Na� transport (Fig. 2). First, Src and mitogen-activated
protein (MAPK) kinases have been implicated. ETB-mediated
inhibition of ENaC Po is Src kinase dependent as demonstrated
in cultured cells and isolated rat CCD (10, 29). In addition,
ETB activates MAPK in the CD (91) and blockade of MAPK
abolishes ET-1 inhibition of ENaC in the CCD (10). Second,
nitric oxide (NO) is likely involved. ET-1 increases NO syn-
thase-1 (NOS1) expression and NO production in cultured
IMCD cells (81, 85). CD ET-1 KO mice have reduced urinary
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nitrate/nitrite excretion and lower inner medullary NOS1 and
NOS3 activities, while systemic NOS inhibition has a mark-
edly blunted hypertensive effect in these mice (76). A recent
study found that CD-specific KO of NOS1 caused a hyperten-
sive and Na�-retaining phenotype virtually identical to that
observed in CD ET-1 KO mice (38). Since NO has been
reported to reduce Na� flux in CCD (66) and ENaC Po in CD
cells (31), these data strongly suggest that NO mediates, at
least partly, ET-1 effects on ENaC. Third, ET-1 activates
�1-Pix, which interacts with 14–3-3� to impair interaction
with Nedd4–1, leading to increased endocytosis and degrada-
tion of ENaC (68). Finally, although ET-1 can increase CD
PGE2 production (48, 114), in vivo studies do not support a
role for cyclooxygenase metabolites in mediating the natri-
uretic effect of ET-1 in the CD (27).

Collecting Duct ET-1 Regulation of Water Transport

ET-1 dose-dependently inhibits AVP-stimulated osmotic
water permeability in rat CCD and IMCD in vitro (17, 62, 64,
94) (Fig. 3). CD ET-1 KO mice have impaired excretion of an
acute water load associated with enhanced sensitivity to exog-
enous and endogenous AVP (24). ET-1 inhibition of AVP-
stimulated CD water transport is likely due, in large part, to
reduced adenylyl cyclase-dependent cAMP accumulation and
is independent of phosphodiesterase activity (17, 48, 60, 62,
64, 88, 94, 95). Anti-ET-1 antibodies increased AVP-stimu-
lated cAMP accumulation by IMCD cells, suggesting that
ET-1 is an autocrine inhibitor of AVP action (46). Similarly,
IMCD from CD ET-1 KO mice have increased AVP-stimu-
lated cAMP accumulation (24). These effects of ET-1 are
likely mediated by ETB since ET-1, ET-3, and S6c (the latter
two are relatively ETB-specific agonists) were equipotent in
inhibiting AVP-induced cAMP accumulation in IMCD, while
ETA blockade was without effect (17, 48, 107).

The inhibitory effect of ET-1 on AVP-dependent cAMP
accumulation and water transport in the IMCD is mediated
through Gi (48, 62) and PKC (48, 62, 95, 96, 107) (Fig. 3). In
addition, Ca2� is likely of central importance. ET-1 causes an
initial rapid rise, followed by a sustained elevation, in CD
intracellular Ca2� concentration ([Ca2�]i) (52, 60, 63). While
the data are somewhat conflicting, the bulk of evidence sup-
ports the notion that ET-1 causes a biphasic increase in [Ca2�]i

wherein the initial transient peak is mainly caused by release of
Ca2� from cell stores while the sustained rise is primarily due
to Ca2� entry via dihydropyridine-sensitive channels (50, 52,
62, 63). The initial rapid rise in [Ca2�]i may be the major Ca2�

component involved in ET-1 modulation of cAMP since in-
creased [Ca2�]i inhibits AVP-stimulated adenylyl cyclase ac-
tivity in rat IMCD through PLC-mediated activation of PKC
(89). In contrast, dihydropyridine treatment did not alter AVP-
stimulated cAMP accumulation in rat CCD, OMCD, or IMCD
(95, 96). Finally, cyclooxygenase blockade did not affect ET-1
inhibition of AVP-stimulated cAMP accumulation in rat CCD,
OMCD, or IMCD (48, 95, 96), whereas neither NOS inhibition
nor NO donors altered ET-1 inhibition of AVP-stimulated
cAMP content in IMCD suspensions (81).

Collecting Duct ET-1 as a Paracrine Factor

Collecting duct-derived ET-1 could potentially affect neigh-
boring blood vessels or tubules; however, direct evidence for

this is lacking. An interesting finding in the CD ET-1 KO mice
was that plasma renin activity and aldosterone levels were not
suppressed as would be anticipated (given that the hyperten-
sion and Na� retention are due, at least in part, to increased CD
Na� reabsorption) (1, 26). Angiotensin or mineralocorticoid
receptor antagonism normalized BP in CD ET-1 KO mice
during normal Na� intake and partly corrected the hyperten-
sion during high Na� intake, suggesting that relative overac-
tivity of the renin-angiotensin-aldosterone axis may be of
pathogenic importance in this mouse model. Since ET-1 po-
tently inhibits juxtaglomerular renin production (19, 53, 61, 71,
72, 86), and since the CCD and connecting segment are
anatomically adjacent to the juxtaglomerular apparatus and
afferent arteriole (70, 99), it is tempting to speculate that
CD-derived ET-1 has the potential to modulate systemic renin.
Studies are needed to address this interesting possibility.

Collecting Duct ET-1 and Genetic Hypertension

Although relatively little is known, the available evidence
suggests that CD ET-1 production may be reduced in genetic
models of hypertension. Acutely isolated or cultured IMCD
released less ET-1 from hypertensive SHR compared with
normotensive Wistar-Kyoto (WKY) rats, while spontanteously
hypertensive (SHR) rats had less ET-1 in the inner medulla
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Fig. 4. Integrated role of collecting duct ET-1 in control of renal Na� and water
transport during salt loading. A salt load increases extracellular fluid volume
(ECFV) and tends to increase arterial pressure, leading to increases in renal
blood flow (RBF) and renal interstitial hydrostatic pressure (RIHP), with
resultant activation of signaling pathways that reduce Na� and water reab-
sorption proximal to the CD and increase CD Na� and water delivery. If
unopposed, increased CD Na� delivery would increase CD Na� reabsorption;
however, this is mitigated by flow and Na� delivery-induced increases in CD
ET-1, which inhibits CD Na� and water transport, facilitating a natriuresis and
diuresis.
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compared with WKY rats (30, 36, 42). In addition, medullary
ET-1 content is reduced in the renal papilla from Prague
hypertensive rats compared with normotensive controls (100),
whereas medullary ET-1 levels are lower in Dahl S compared
with Dahl R rats (78). Dietary salt intake increased urinary
ET-1 excretion in salt-resistant, but not salt-sensitive, hyper-
tensive subjects (33), whereas reduced urinary ET-1 excretion
has been reported in patients with essential hypertension (33,
37, 117). Given that all of the human studies have involved
small cohort sizes and it is not possible to know the degree to
which CD ET-1 contributes to urinary ET-1 in humans, any
inferences from these studies must be drawn with caution. In
addition, if renal injury is present, urinary ET-1 will be ele-
vated (occurs in virtually every form of renal injury due to
cytokine/inflammatory mediator stimulation of renal ET-1 pro-
duction), hence ideally patients should be evaluated before
clinically apparent renal disease is present. Ultimately, the
question arises that, even if CD ET-1 is suppressed in genetic
hypertension, is this a cause or effect of the hypertension?
Clearly, additional studies in this area involving both animal
models and larger patient cohorts are needed.

ET-1 and ET Receptor Antagonist-Induced Fluid Retention

Endothelin-1 has a multitude of physiological and patho-
physiological affects. In particular, overactivity of the ET-1
system has been implicated in the pathogenesis of a wide
variety of diseases, including arterial hypertension, pulmonary
artery hypertension, atherosclerosis, myocardial infarction,
cancer, chronic proteinuric kidney disease, and others (7).
Most studies in experimental models indicate that ETA is the
primary mediator of the pathological effects of ET-1, including
cell proliferation, hypertrophy, fibrosis, increased vascular re-
sistance, insulin resistance, inflammation, and others (6). Large
clinical trials have been conducted using ETA antagonists in
congestive heart failure, arterial hypertension, and diabetic
kidney disease; however, these trials have failed to demon-
strate a clear benefit of ETA antagonism (5). A major factor
limiting the clinical utility of ETA blockers is their propensity
to cause fluid retention; this was the reason for discontinuing a
Phase III trial in patients with diabetic nephropathy (ASCEND)
(57). Given that ETB mediates ET-1 inhibition of Na� reab-
sorption throughout the nephron (49), it is predictable that ETB
blockade might promote fluid retention. Such ETB blockade
may have occurred in some of the above trials due to the use
of ET blockers at doses that were not ETA selective. However,
trials using highly ETA-selective antagonists still demon-
strated significant fluid retention (5).

Several possibilities for the etiology of ETA antagonist-
induced fluid retention exist, including reduced cardiac con-
tractility, systemic vasodilation, and renal fluid retention (83).
To dissect out these possible mechanisms, mice were generated
with site-specific deletion of ETA in cardiomyocytes, smooth
muscle, the entire nephron, or the CD (83). After 2 wk of
ambrisentan or atrasentan (relatively ETA-selective antago-
nists), wild-type mice and mice with cardiomyocyte ETA
knockout retained more fluid than vehicle-treated mice. Mice
with smooth muscle ETA knockout had reduced fluid retention
in response to either ETA antagonist, while mice with nephron
or CD duct ETA KO were completely protected against ETA
blocker-induced fluid retention. Thus it appears that, at least in

mice, blockade of CD ETA is a major cause of ETA antago-
nist-induced fluid retention. These findings may have relevance
to humans, suggesting that diuretics that either target the CD or
that act proximal to the CD but can overwhelm enhanced CD
fluid reabsorption would be a rational choice to prevent and
treat ETA blocker-induced fluid retention. However, as dis-
cussed earlier, additional studies are needed to define the
cellular mechanisms by which ETA modulates CD Na� and
water transport.

Perspective and Significance

This review has examined the role of the CD ET system in
the control of renal function and BP (Fig. 4). The CD produces
and binds more ET-1 than any other region/cell type in the
body. Collecting duct ET-1 production is stimulated by Na�

and/or water loading, leading to autocrine inhibition of CD
Na� and water reabsorption, and control of BP. This system
likely exists, at least in part, to mitigate luminal flow-induced
increases in CD Na� and water reabsorption. Deficiency of CD
ET-1 may contribute to the pathogenesis of genetic hyperten-
sion. Antagonism of ETA receptors causes fluid retention that
is likely substantially due to blockade of ET-1 action in the
CD; this side effect has limited the clinical utility of these
agents. Further studies on CD ET-1 and its receptors are
needed to shed light on the control of renal Na� and water
handling in health and disease; it is hoped that this will lead to
improved strategies for treating a variety of diseases with ET
receptor antagonists.
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