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Abstract

Diuretics effectively relieve clinical symptoms and
signs in patients with heart failure; however, diuretic resis-
tance and intolerance and diuretic-induced potassium
imbalances diminish the efficacy and safety of conven-
tional diuretics. A, receptor antagonists prevent the abili-
ty of endogenous adenosine to enhance renal epithelial
transport. A, receptor blockers also uncouple proximal
tubular reabsorption from tubuloglomerular feedback.
Preclinical and clinical studies demonstrate that in ani-
mals and humans with and without left ventricular dys-
function, A, receptor antagonists enhance sodium, but
not potassium, excretion, increase glomerular filtration
rate and attenuate the decline in glomerular filtration
induced by loop diuretics. A, receptor antagonists also
lessen acute renal failure induced by nephrotoxins, and

adenosine receptor antagonists that block both A, and
A, receptors may emerge as an important new class of
“renal friendly” diuretics.

Introduction: the need for new diuretics
Role of diuretics in heart failure

Left ventricular dysfunction is an increasingly preva-
lent clinical condition (1) and the primary goals of treat-
ment of heart failure are to relieve symptoms and prolong
survival. Of the drugs currently available for heart failure,
diuretics are therapeutically superior in their efficacy in
relieving clinical symptoms and signs (2). When adminis-
tered either i.v. or p.o., diuretics result in a substantial
decrease in the elevated pulmonary vascular pressures.
Moreover, diuretics reduce symptoms of breathlessness
and signs of peripheral edema in patients with congestive
heart failure in direct proportion to the degree of diuresis.
In a very recent meta-analysis of randomized controlled
trials, Faris et al. (3) report that diuretics in heart failure
not only reduce the risk of worsening disease and
improve exercise capacity, but also reduce the risk of
death. In short, in many patients, diuretics substantially
improve the patient’s quality of life, economic capacity
and survival. Not only do diuretics afford significant clini-
cal improvements, diuretics are the most cost-effective
treatment of any single drug class currently available for
the treatment of patients with congestive heart failure.
Thus, diuretic therapy is firmly established as the princi-
ple therapeutic modality for the treatment of edema, con-
gestion and fluid overload in patients with heart failure (2).
Indeed, nearly all heart failure patients will ultimately
require diuretic therapy. Unfortunately, as heart failure
progresses, diuretic resistance and intolerance becomes
a major limiting factor to successful diuretic therapy in
patients with severe heart failure (2, 4).

Diuretic resistance

Diuretic resistance is the inability of diuretics to suffi-
ciently resolve edema because of adaptations that coun-
teract the effectiveness of diuretics (5). In this regard,
recent experimental work has revealed several ways
in which kidneys adjust to chronic diuretic treatment.
First, nephron segments “downstream” from the main
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site-of-action of the diuretic compensate by increasing
their ability to reabsorb sodium (5). Second, depletion of
extracellular fluid volume triggers the release of circulat-
ing and local factors that increase sodium reabsorption
(5). Third, the renal tubules undergo structural and func-
tional changes that reduce their ability to excrete sodium
and respond to diuretics (5). All of these adaptations
increase the rate of sodium reabsorption and blunt the
effectiveness of diuretic therapy. Experimental results
indicate that addition of a second drug may act synergis-
tically because the second diuretic inhibits the processes
limiting the effectiveness of the first diuretic (6). Based on
an appreciation of the mechanisms of diuretic resistance,
new treatment modalities can be designed to block spe-
cific adaptive processes and improve overall diuretic
effectiveness.

Diuretic intolerance

Poor renal function is an independent risk factor for
mortality in patients with heart failure (7). In this regard,
mortality risk approximately doubles when glomerular
filtration rate (GFR) declines by one half (7). Patients hos-
pitalized for heart failure are at high risk of worsening
renal function (8), and patients with left ventricular dys-
function are sensitive to the adverse renal effects of
diuretics (9). Angiotensin converting enzyme inhibitors

Table I: Characteristics of human adenosine receptors.
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also may augment diuretic intolerance in the setting of
congestive heart failure (10). Studies by Krumholz et al.
(8) demonstrate that worsening renal function is associat-
ed with a prolonged duration of hospitalization, higher in-
hospital costs and an increased risk of in-hospital mortal-
ity. Importantly, in advanced heart failure, intravenous
diuretic therapy sufficient to cause a weight loss of 2 kg
or more is associated with worsening renal function in
21% of patients. In such patients, duration of hospitaliza-
tion is increased from a median of 9-17 days and mortal-
ity is increased (relative risk = 5.2) (8). Clearly diuretics
that improve rather than diminish renal function are badly
needed. For reasons described below, selective A, recep-
tors antagonists are being developed to overcome diuret-
ic resistance and intolerance in patients with heart failure.

Renal pharmacology of A, receptors
Subtypes of adenosine receptors

There are 4 distinct subtypes of adenosine receptors,
A, A, Ay and A, All of the adenosine receptor sub-
types belong to the superfamily of G-protein coupled
receptors and have 7 putative transmembrane spanning
domains (for review see 11). Although the focus of
this review is the A, receptor, for comparison, Table |
summarizes the structure, genes, signal transduction

A, Receptor A,, Receptor A, Receptor A, Receptor

Receptor structure

Heptahelical G-protein coupled Heptahelical G-protein coupled  Heptahelical G-protein coupled  Heptahelical G-protein coupled
receptor receptor receptor receptor

412 amino acids
Mass = 44.7 kDa

326 amino acids
Mass = 36.5 kDa

Gene structure
Gene location is 1932.1
1 intron in gene

Gene location is 22q11.2
1 intron in gene

Signal transduction mechanisms

Signals via Signals via
G, G, G,, G, p21rs
tAC tAC

LPLC

TK*

1Ca?*

Selective agonists

CPA CGS-21680
CCPA DPMA
Selective antagonists

DPCPX SCH-58261
BG-9719 ZM-241385

332 amino acids
Mass = 36.3 kDa

Gene location is 17p11.2
1 intron in gene

318 amino acids
Mass = 36.2 kDa

Gene locations is 1p13.3
1 intron in gene

Signals via Signals via

G, G, G, G,

tAC LAC

1PLC 1PLC
No selective IB-MECA
agonists CL-IB-MECA

MRS-1191

MRS-1754 MRS-1220

AC, adenylyl cyclase; PLC, phospholipase C, K*, potassium channels; Ca?*, calcium channels; CPA, Né-cyclopentyladenosine; CCPA,
2-chloro-N®-cyclopentyladenosine; CGS-21680, 2-[p-(carboxyethyl)phenylethylamino]-5’-N-ethylcarboxamidoadenosine; DPMA, N-[2-
(3,5-dimethoxyphenyl)-2-(2-methylphenyl)ethyl]ladenosine; IB-MECA, 1-[6-[[3-iodophenyl)methyllamino]-9 H-purin-9-yl]-1-deoxy-N-
methyl-B-D-ribofuranuronamide; CL-IB-MECA, 1-[2-chloro-6-[[3-iodophenyl)methyl]amino]-9H-purin-9-yl]-1-deoxy-N-methyl-B-p-ribofura-
nuronamide; DPCPX, 1,3-dipropyl-8-cyclopentylxanthine; BG-9719, (S)-1,3-dipropyl-8-[2-(5,6-epoxynorbornyl)xanthine; SCH-58261,
5-amino-7-(2-phenylethyl)-2-(2-furyl)pyrazolo[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidine; ZM-241385, 4-(2-[7-amino-2-(2-furyl)[1,2,4]-triazolo-
[2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol; MRS-1754, N-(4-cyanophenyl)-2-[4-(2,6-dioxo-1,3-dipropyl-2,3,6,7-tetrahydro-1H-purin-8-
yl)-phenoxy] acetamide; MRS-1191, 1,4-dihydro-2-methyl-6-phenyl-4-(pheynlethylnyl)-3,5-pyridinedicarboxylic acid, 3-ethyl 5-(phenyl-
methyl) ester; MRS 1220, N-[9-chloro-2-(2-furanyl)[1,2,4]triazolo[1,5-c]quinazolin-5-yl]benzeneacetamide; 1, increases; |, decreases.
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Table II: Adenosine A, receptor expression in the kidney.
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Citation Technique Species Renal tissue Findings
Freissmuth et al., 1987 (12) Receptor binding using Rabbit Cortical glomeruli and Detection of A, receptor
HPIA microvessels binding
Weber et al., 1998 (13) Autoradiography using Guinea pig Renal medulla Detection of A, receptor
PIA binding
Weaver and Reppert 1992 (14) In situ hybridization Rat Kidney Detection of A, receptor
mRNA in collecting ducts
and juxtaglomerular
apparatus
Toya et al., 1993 (15) Receptor-binding using Human Glomeruli Detection of A, receptor
CCPA binding
Yamaguchi et al., 1995 (16) RT-PCR Rat Micro-dissected nephron Detection of A, receptor
segments mRNA in glomeruli,
collecting duct, thick
ascending limb and
proximal tubules
Kreisberg et al., 1997 (17) RT-PCR Rat Micro-dissected outer Detection of A, receptor
medullary descending mRNA
vasa recta
Gould et al., 1997 (18) Receptor binding using Rat Kidney membranes Detection of A, receptor
DPCPX and CGS-21680 binding
Northern blots Kidney Detection of A, receptor
mRNA
Smith et al., 1999 (19) Ligand binding using Rat Kidney membranes Detection of A, receptor
DPCPX binding
Autoradiography using Kidney Detection of A, receptor
DPCPX binding in inner
medullary collecting ducts
Northern blots Kidney Detection of A, receptor
mRNA
Halimi et al., 1999 (20) RT-PCR Rat Kidney Detection of A, receptor
mRNA
Zou et al., 1999 (21) Western blotting Rat Kidney cortical and Detection of A, receptors
medullary membranes
Smith et al., 2000 (22) Autoradiography using Rat Kidney Detection of A, receptor
DPCPX binding in glomeruli and
medulla
Smith et al., 2001 (23) Immunocytochemistry Rat Kidney Detection of A, receptors
in afferent arterioles,
mesangial cells, proximal
tubules and collecting
ducts
Jackson et al., 2002 (24) Western blotting Rat Isolated preglomerular Detection of A, receptors

microvessels

mechanisms, selective agonists and selective antago-
nists for all 4 adenosine receptor subtypes.

Distribution of A, receptors within the kidney

Using a variety of techniques including radioligand
binding, RT-PCR, Northern blotting, Western blotting,
autoradiography, immunocytochemistry and in situ
hybridization, investigators report the detection of A,
receptor mRNA, protein and binding in the kidneys from
rats, rabbits, guinea pigs and humans (Table Il). In the
kidneys, A, receptors are strongly expressed in the pre-
glomerular microcirculation (24), glomeruli (12, 15, 22),

juxtaglomerular apparatus (14) and collecting tubules (14,
16, 19, 23). Surprisingly, it is difficult to detect A, recep-
tors in the proximal tubule, a major site of action of adeno-
sine on renal epithelial transport (see below). However,
RT-PCR detects A, receptor mRNA expression in the
proximal tubule, thick ascending limb (16) and the outer
medullary descending vasa recta (17).

Role in the regulation of preglomerular
vascular resistance

A, receptor stimulation causes vasoconstriction in
both superficial and deep nephrons (25), and most of the
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increase in vascular resistance mediated by A, receptors
is in the preglomerular microvessels (26-28); however,
vasoconstriction of the outer medullary descending vasa
recta contributes to the decrease in blood flow of deeper
nephrons (29). Importantly, A, receptor-mediated pre-
glomerular vasoconstriction is modulated by nitric oxide
and angiotensin Il. Nitric oxide reduces A, receptor-medi-
ated preglomerular vasoconstriction (30), and angio-
tensin Il enhances A, receptor-mediated preglomerular
vasoconstriction (31-37). It is important to note that in
heart failure, nitric oxide-mediated renal vasodilation is
impaired (38), the renin-angiotensin system is activated
(39) and circulating levels of adenosine are increased
(40). Moreover, oxidative stress is increased in heart fail-
ure (41), and oxidative stress increases renal adenosine
levels by activating 5’-nucleotidase (42). Therefore, in
heart failure, the A, receptor may importantly contribute to
renal vascular resistance, and this is in part the rationale
for using A, receptor antagonists as “renal friendly” diuret-
ics in heart failure patients.

Role in tubuloglomerular feedback

When single nephron glomerular filtration rate
(SNGFR) is greater than the reabsorptive capacity of the
proximal tubule, the concentration of NaCl bathing the
macula densa increases and the macula densa releases
a chemical signal to the afferent arteriole of that nephron
causing the afferent arteriole to constrict. Constriction of
the afferent arteriole decreases glomerular capillary pres-
sure, single nephron blood flow and SNGFR, thus com-
pleting a negative feedback mechanism termed tubu-
loglomerular feedback (TGF).

Osswald and coworkers propose (43, 44) that TGF is
mediated as follows: increased NaCl deliver to the macu-
la densa — accelerated NaCl reabsorption by the macu-
la densa - enhanced energy utilization and ATP break-
down in the macula densa - augmented rate of
adenosine production from AMP in the macula densa -
diffusion of adenosine from the macula densa to the near-
by afferent arteriole - afferent arteriolar vasoconstriction
mediated by A, receptor activation.

In support of the aforementioned hypothesis, studies
show that increasing renal energy demand by the kidney
increases adenosine, while diminishing ATP, levels in the
kidney (43). Moreover, hypertonic saline stimulates
adenosine release from mouse thick ascending limbs
(45), and a high sodium diet increases renal interstitial
levels of adenosine by approximately 18-fold (46) and
increases total tissue adenosine levels in the renal cortex
and medulla by approximately 2-fold (21). The hypothesis
that adenosine mediates TGF is supported further by the
observations that nonselective adenosine receptor antag-
onists, such as theophylline (43) (Fig. 1) and DPSPX (47)
(Fig. 1), as well as selective A, receptor antagonists, such
as DPCPX (48) (Fig. 1) and FK-838 (49) (Fig. 1), block
TGF, as does exogenous adenosine deaminase, the
enzyme that metabolizes adenosine to inosine (43). The
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reduction in renal blood flow induced by intrarenal infu-
sions of hypertonic saline, a model of TGF, is blocked by
adenosine receptor antagonists (34, 50, 51). Also, inhibi-
tion of adenosine transport with dipyridamole or inhibition
of adenosine deaminase with erythro-9-(2-hydroxy-3-
nonyl)adenine augments TGF (52), and intraluminal (47)
or peritubular (48) infusions of selective A, agonists
decrease glomerular hydrostatic pressure. Finally, recent
studies demonstrate that TGF responses are completely
absent in mice lacking A, receptors (53, 54).

An alternative, but not mutually exclusive, hypothesis
to explain the mechanism of TGF posits that enhanced
transport of NaCl in the macula densa causes depolar-
ization of the basolateral membrane of the macula densa
cell leading to release of ATP through an ATP channel
(55). This alternative hypothesis further proposes that
ATP is metabolized extracellularly to adenosine by the
sequential actions of ecto-ATPase, ecto-ADPase and
ecto-5'-nucleotidase and that adenosine then mediates
TGF via A, receptors (55). Indeed, studies by Nishiyama
and colleagues demonstrate that renal interstitial levels of
ATP change as predicted by this hypothesis (56), and
studies by Thomson and coworkers demonstrate that
ecto-5'-nucleotidase is essential for a full TGF response
(57). Regardless of how the macula densa generates
extracellular adenosine, it is primarily the A, receptor that
ultimately mediates the majority of TGF response, a con-
clusion with important implications for the use of A, recep-
tor antagonists as diuretic/natriuretic agents (see below).

Role in the regulation of tubular transport

A, receptors augment transport in proximal tubular
epithelial cells. For example, in cultured OK cells which
have a proximal phenotype, activation of A, receptors
enhanced both Na*-glucose symport and Na*-phosphate
symport (58), and in microperfused proximal convoluted
tubules stimulation of A, receptors increased basolateral
Na*-3HCO,- symport (59). KW-3902 (Fig. 1), an A, recep-
tor selective antagonist, decreased sodium-dependent
phosphate transport in renal proximal tubular cells via
increasing cyclic AMP (60, 61).

Numerous in vivo studies describe the effects of
adenosine receptor agonists on renal excretory function.
In this regard, i.v. infusions of either nonselective or
selective A, agonists decreased urine volume and sodi-
um excretion (62-67). For example, in humans, i.v. infu-
sions of adenosine reduced the renal excretion of sodi-
um, lithium, phosphate, uric acid, chloride and urea (68).
In animals, infusions of nonselective A, receptor agonists
either into the renal artery or in the suprarenal aorta usu-
ally (26, 31, 69-73) reduced sodium excretion and urine
volume. The rat is an exception since infusions of adeno-
sine or selective A, receptor agonists increased rather
than decreased sodium excretion and urine volume (74-
76). This is probably because in the rat renal levels of
adenosine saturate renal epithelial A, receptors so that
administration of exogenous adenosine receptor agonists
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cannot further increase epithelial transport.

Diuretic/natriuretic effects of A, receptor antagonists

Preclinical studies in animals without left
ventricular dysfunction

Selective blockade of renal A, receptors rapidly (with-
in min) and markedly (3- to 10-fold) increases urinary
sodium excretion in normal animals without significantly
altering potassium excretion, systemic hemodynamics or
renal blood flow. Most studies do not detect a change in
GFR induced by selective blockade of renal A, receptors
in normal animals; however, Wilcox and coworkers
reported a significant increase in GFR induced by CVT-
124 (BG-9719) (Fig. 1) (77). Treatment of rats with either
DPCPX (78,79) or 8-(dicyclopropylmethyl)-1,3-dipropyl-
xanthine (80), both highly selective A, receptor antago-
nists, increased sodium, but not potassium, excretion.
DPCPX and FK-453 (Fig. 1), structurally dissimilar and
highly potent and selective A, antagonists, stimulated
sodium, but not potassium, excretion and increased urine
volume in rats (81). Importantly, the diuretic/natriuretic
effects of DPCPX versus FK-453 are of a similar magni-
tude when these agents were administered at doses that

Fig. 1.

cause an equivalent degree of blockade of A, receptors
(81). Moreover, FR-113452, the enantiomer of FK-453
which has little affinity for A, receptors, did not change
sodium excretion or urine volume (81) when administered
at a dose matching a diuretic/natriuretic dose of FK-453
(81). The head-to-head comparison of DPCPX, FK-435
and FR-113452 virtually clinches the conclusion that A,
receptor blockade increases sodium excretion and urine
volume (81). In addition, Gellai et al. (82) report that CVT-
124 (BG-9719) (Fig. 1), one of the most selective and
potent A, receptor antagonists yet discovered, caused
diuresis and natriuresis, without affecting potassium
excretion, in conscious rats. The maximum diuretic/natri-
uretic effect of CVT-124 was twice that of hydrochloroth-
iazide, and CVT-124 augmented the diuretic/natriuretic
response to furosemide, yet did not potentiate
furosemide-induced potassium excretion. CVT-124 also
increased sodium but not potassium, excretion and urine
volume in sodium-loaded animals (83), and racemic 1,3-
dipropyl-8-[2-(5,6-epoxynorbornyl)] xanthine, like CVT-
124, was also diuretic/natriuretic (84). A second genera-
tion molecule, BG-9928 (Fig. 1), has similar pharma-
cologic properties to CVT-124 (BG-9719), but has
increased affinity for A, receptors, and is orally available,
more stable and more soluble (85). The binding affinity
(K) for the human A, receptor is 7.4 nM. The compound
is orally active, with a dose of 0.3 mg/kg p.o. achieving full
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natriuretic response in rats and with i.v. doses as low as
0.03 mg/kg showing activity in nonhuman primates. The
renal protective effects of BG-9928 are demonstrated by
coadministration with the loop diuretic furosemide. In rats,
administration of BG-9928 effectively attenuated the
reductions in GFR that usually occur with the administra-
tion of furosemide. In dogs, direct intrarenal infusions of
KW-3902, another potent and selective A, receptor antag-
onist, increased urine flow and sodium, but not potassium
excretion (86).

Clinical studies in humans without left ventricular
dysfunction

The effects of selective A, receptor antagonists in
humans are similar to the effects of this class of drugs in
animals. Balakrishnan et al. (87) report that in healthy,
male subjects oral administration of FK-453 slightly
increased GFR, did not change blood pressure or renal
blood flow, did not alter the excretion of glucose or amino
acids, but caused a marked increase in urine flow rate,
osmolar clearance and absolute and fractional excretions
of sodium, phosphate, bicarbonate, chloride, magnesium
and uric acid.

In patients with essential hypertension, FK-453
caused a 3-fold increase in sodium excretion within 1 h of
administration without affecting renal blood flow or GFR
(88). The increase in sodium excretion induced by
FK-453 was accompanied by increases in the fractional
excretion of lithium, phosphate and uric acid and by an
enhanced urinary excretion of calcium and magnesium.
In hypertensive patients, FK-453 decreased arterial blood
pressure, but not until several hours after administration
of FK-453 when the natriuresis was complete. With sus-
tained administration, blood pressure returned to normal.

In patients with mild to moderate renal impairment,
FK-453 did not alter arterial blood pressure, renal blood
flow or GFR, but significantly increased urine volume,
osmolar clearance and absolute and fractional excretion
of sodium, phosphate, bicarbonate, lithium, uric acid,
magnesium and chloride (89).

Studies in healthy subjects with single oral capsules
of BG-9928 in doses ranging over 1800-fold indicate that
the pharmacokinetic and pharmacodynamic properties of
BG-9928 are consistent with once a day dosing (90). In
this regard, a dose-response is observed for natriuresis,
whereas in healthy subjects BG-9928 did not affect potas-
sium excretion, creatinine clearance, heart rate, blood
pressure or ECG. Single oral doses of BG-9928 are gen-
erally safe and well tolerated. Phase Il studies are under-
way with this compound.

Preclinical studies in animals with
left ventricular dysfunction

As described above, there is a significant medical
need for diuretic/natriuretic drugs that do not reduce renal
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function in patients with left ventricular dysfunction. It is
conceivable that A, receptor antagonists might be useful
in this regard; however, until recently, very little was
known regarding the effects of A, antagonism on the kid-
neys and cardiovascular system in the setting of left ven-
tricular dysfunction. In a recent publication, we report the
effects of A, receptor antagonism with BG-9719 on heart
performance and renal hemodynamics and excretory
function in aged, lean SHHF/Mcc-fa®® rats (91). Lean
SHHF/Mcc-fa® rats spontaneously develop dilated car-
diomyopathy and cardiac hypertrophy is observable as
early as 3 months of age and is fully developed by 6
months of age (92, 93). Lean male SHHF/Mcc-fa®® expire
of congestive heart failure at between 15 and 18 months
of age, and the occurrence of heart failure is associated
with increased arterial blood pressure (92, 93) in a range
similar to that observed in the spontaneously hyperten-
sive rat.

Furosemide is a loop diuretic that is frequently used
chronically and in high doses in patients with congestive
heart failure. An inappropriately high dietary salt ingestion
is also commonly observed in heart failure patients and
importantly contributes to diuretic resistance (6).
Moreover, a high NaCl intake markedly increases renal
adenosine levels (21, 46), a phenomenon that could influ-
ence the diuretic/natriuretic efficacy of A, antagonists.
Accordingly, in our study, we describe the effects of BG-
9719 in 13-month-old SHHF/Mcc-fa rats pretreated 72,
48 and 24 h before the experiments with a high dose of
furosemide and provided with 1% NaCl as drinking water
to mimic the clinical situation of an inappropriate dietary
salt intake in the presence of a loop diuretic.

Our study indicates that in SHHF/Mcc-fa®® rats pre-
treated as described above, acute administration of either
BG-9719 or furosemide dramatically (> 10-fold) increases
urinary sodium excretion. Even more noteworthy are the
observations that BG-9719 enhanced renal blood flow
and GFR, but did not affect fractional potassium excre-
tion, whereas furosemide reduced renal blood flow and
GFR and enhanced the fractional excretion of potassium.
Although neither BG-9719 nor furosemide altered after-
load or left ventricular systolic function, furosemide but
not BG-9719, significantly reduced both preload and left
ventricular diastolic performance. These results indicate
that A, receptor antagonists may have unique pharmaco-
logical properties in left ventricular dysfunction to
enhance renal blood flow and GFR while preserving left
ventricular diastolic function. This is in stark contrast to
the effects of furosemide which decreased renal blood
flow and GFR and compromised left ventricular diastolic
performance.

Lucas et al. report the effects of 0.1 mg/kg BG-9719
(94) and 1 mg/kg BG-9719 (95) on systemic hemody-
namics and indices of renal function in pigs with pacing-
induced congestive heart failure. In pigs paced for
3 weeks at 240 beats/min, 0.1 mg/kg BG-9719 increased
urine output by 2-fold and sodium excretion by 3-fold;
whereas, 1 mg/kg BG-9719 increased urine output by
6-fold and sodium excretion by 10-fold. Both doses of
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BG-9719 markedly increased creatinine clearance and 1
mg/kg BG-9719 reduced pulmonary vascular resistance
by 38%. Thus, as in SHHF/Mcc-fa rats, these studies in
pacing-induced congestive heart failure in pigs indicate
that the diuresis/natriuresis associated with A, receptor
blockade is associated with an improvement in renal
function.

Clinical studies in humans with
left ventricular dysfunction

Gottlieb and coworkers (96) report that in a small
group of patients with congestive heart failure, a single
dose of BG-9719 increased sodium excretion rate
approximately 5-fold without significantly altering renal
blood flow or GFR, whereas furosemide markedly
reduced GFR from 84 to 63 ml/min/1.73 m2. In a larger
group of heart failure patients, Gottlieb et al. (97) found
that BG-9719 alone caused an increase in urine output
and sodium excretion and improved GFR. Furosemide
administration resulted in a reduction in GFR. BG-9719
plus furosemide blocked the furosemide-induced decline
in GFR and had an additive effect on sodium excretion,
when compared to furosemide alone.

Sites and mechanisms of diuretic/natriuretic action

In epithelial cells with a proximal tubular phenotype,
activation of A, receptors enhanced apical Na*-glucose
symport and Na*-phosphate symport (58), and in microp-
erfused proximal convoluted tubules stimulation of A,
receptors increased basolateral Na*-3HCO,- symport
(59). Blockade of endogenous adenosine/A, receptor
interactions would therefore be expected to inhibit reab-
sorption in the proximal tubule. In support of this conclu-
sion, A, receptor antagonists increase lithium and phos-
phate clearances (87, 89), findings that strongly support
the proximal tubule as the dominant diuretic site of action
of A, receptor antagonists.

The ability of A, receptor antagonists to inhibit trans-
port in the proximal tubule is most likely due to reversal of
G, protein-mediated inhibition of adenylyl cyclase. The
evidence for this conclusion is: 1) A, receptors are cou-
pled to G, proteins and inhibit adenylyl cyclase (11); 2)
cyclic AMP inhibits apical H*-Na* antiport and basolateral
Na*-3HCO,- symport in the proximal tubule (98); 3) the
diuretic/natriuretic effects of A, receptor antagonists are
abolished in animals pretreated with pertussis toxin (99),
a toxin that ADP ribosylates and inactivates G, proteins.

Although the proximal tubule is a major diuretic site of
action of A, receptor antagonists, A, receptors are more
highly expressed in the collecting duct compared with the
proximal tubule (16, 23). Indeed, our work demonstrates
(24) that A, receptors are much more highly expressed in
the renal medulla —the site of the medullary collecting
duct— compared with the renal cortex —the site of the
proximal tubule. This relatively rich expression of A,
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receptors in the collecting duct suggests that A, receptor
antagonists may exert a diuretic action at this site as well
as in the proximal tubule. In support of this hypothesis, A,
receptor antagonists do not increase potassium excretion
despite the fact that sodium excretion is increased. Since
all classes of diuretics that act proximal to the collecting
duct increase potassium excretion (100), the fact that A,
receptor antagonists do not increase potassium excre-
tion, combined with the high level of expression of A,
receptors in the collecting duct (16, 23), suggests that the
collecting duct is a secondary site of action of A, receptor
antagonists. However, the biochemical mechanisms by
which A, receptor antagonists inhibit transport in the col-
lecting duct and prevent the expected enhanced potassi-
um excretion are presently unclear.

The afferent arteriole represents yet a third diuretic
site of action. Normally, blockade of reabsorption in the
proximal tubule triggers a TGF response due to increased
delivery of NaCl to the macula densa (101). Activation of
TGF decreases GFR and renal blood flow and thereby
reduces the excretory function of the kidneys. Since
adenosine mediates TGF by activating A, receptors in the
preglomerular microcirculation (see above), blockade of
A, receptors would prevent TGF-induced reductions in
sodium excretion. Indeed, Wilcox et al. (77) report that
CVT-124 (BG-9719) uncoupled proximal tubular reab-
sorption from SNGFR, and our recent studies demon-
strated that the preglomerular microcirculation was rela-
tively enriched in A, receptors (24). As mentioned earlier,
the ability of A, receptor antagonists to block TGF in part
explains the “renal friendly” pharmacology of this class of
diuretics.

Renal indications for A, receptor antagonists
Congestive heart failure

Diuretics contribute importantly to the health and well-
being of patients with congestive heart failure (see
above). However, diuretic resistance and diuretic intoler-
ance limit the benefits of currently available diuretic drugs
(see above). By providing an alternative mechanism of
action, A, receptor antagonists when combined with loop
or thiazide diuretics, may diminish diuretic resistance
without enhancing potassium loss. Equally important, by
blocking A, receptors in the preglomerular microcircula-
tion, A, receptor antagonists may improve GFR and
prevent reductions in GFR frequently caused by loop
diuretics.

Radiocontrast media-induced nephropathy

Administration of radiocontrast media often induces a
decrease in GFR that can cause in susceptible patients
acute renal failure (ARF) (102-104). This phenomenon is
most likely mediated by activation of TGF secondary to
increased delivery of NaCl to the macula densa. Since A,
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receptors mediate TGF (see above), A, receptor antago-
nists may be useful to prevent radiocontrast media-
induced nephropathy.

In support of this conclusion, Arend et al. (105) and
Deray et al. (106) reported that theophylline, an adeno-
sine receptor antagonist, inhibited radiocontrast-induced
decreases in GFR in dogs, and Erley et al. (107), Katholi
et al. (108) and Huber et al. (109) reported that theo-
phylline attenuated radiocontrast-induced changes in
GFR in patients. Studies by Erley et al. (110, 111), Yao et
al. (112) and Oldroyd et al. (113) demonstrate that selec-
tive blockade of A, receptors with either DPCPX or KW-
3902 prevented radiocontrast-induced reductions GFR in
rat kidneys. In dogs KW-3902 prevented radiocontrast-
induced reductions in GFR (114, 115).

Acute renal failure

Endogenous adenosine/A, receptor interactions may
contribute to acute renal failure (ARF). In this regard, the
nonselective antagonists aminophylline (116), theo-
phylline (117) and 8-phenyl theophylline (118) and sever-
al highly A, receptor selective antagonists such as
DPCPX (119, 120), 8-(dicyclopropylmethyl)-1,3-dipropy-
Ixanthine (80), FK-453 (121, 122) and KW-3902 (123)
reduced glycerol-induced ARF. Aminophylline (124),
DPCPX (125), FK-453 (122) and KW-3902 (123, 126)
inhibited cisplatin-induced ARF. FK-453 (122) and KW-
3902 (127) reduced gentamicin-induced ARF. KW-3902
blocked the accumulation of gentamicin in proximal
tubules (128) and KW-3902 (129) attenuated cephalori-
dine-induced nephrotoxicity. Theophylline (130-134) and
KW-3902 (135) attenuated ischemia/hypoxia-induced
ARF. DPCPX (136) and KW-3902 (137) attenuated some-
what endotoxin-induced ARF.

Type 2 diabetes

Both loop and thiazide diuretics worsen glycemic con-
trol (100). A, receptor antagonists may improve glucose
uptake in skeletal muscle (138, 139) and A,; receptor
antagonists may reduce hepatic glucose production
(140). Therefore, A, receptor antagonists with A, recep-
tor blocking activity may provide a unique diuretic class
that increases sodium excretion while improving glucose
control. In this regard, we report (141) the effects of long-
term administration (6 months) of an orally active dual
A, A, receptor antagonist (BG-9928; Fig. 1) in an animal
system (ZSF1 rats) designed to model the complex
pathology that characterizes, with increasing frequency,
the modern cardiac patient. The ZSF1 rat is a model of
the metabolic syndrome that expresses obesity, hyper-
tension, type 2 diabetes, dyslipidemia, dilated cardiomy-
opathy and severe nephropathy. After 6 months of admin-
istration, BG-9928 (10 mg/kg/day) reduced urinary
glucose excretion and attenuated worsening of the oral
glucose tolerance test and improves fasting plasma glu-
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cose and insulin levels. Moreover, BG-9928 blocked the
age-related increase in plasma triglycerides and signifi-
cantly reduced focal segmental glomerulosclerosis and
cardiac vasculitis/inflammation, degenerative ischemic
changes and necrosis. Thus, in dilated cardiomyopathy
complicated by the metabolic syndrome and renal dis-
ease, chronic dual A, A, receptor blockade improves
type 2 diabetes, lowers plasma triglycerides and attenu-
ates renal and cardiac histopathology.

Conclusions

A, receptor antagonists are a new class of “renal
friendly” diuretics that work by blocking A, receptors in the
proximal tubule, collecting duct and preglomerular micro-
circulation. These drugs may enhance traditional diuretic
therapy in patients with congestive heart failure by over-
coming diuretic resistance, by increasing GFR and by
preventing loop diuretic-induced decreases in GFR.
Pretreatment of patients with A, receptor antagonists may
also reduce the risk of radiocontrast media-induced
nephropathy and may attenuate the decline in renal func-
tion induced by a number of nephrotoxic drugs. Finally,
dual A, A, receptors may be a unique class of diuretics
that have a favorable effect on glucose and triglyercide
levels.
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