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8-Aminoguanine Induces Diuresis, Natriuresis, and Glucosuria by
Inhibiting Purine Nucleoside Phosphorylase and Reduces Potassium
Excretion by Inhibiting Rac1

Edwin K. Jackson, PhD; Zaichuan Mi, BM; Thomas R. Kleyman, MD; Dongmei Cheng, MD

Background—8-Aminoguanosine and 8-aminoguanine are K'-sparing natriuretics that increase glucose excretion. Most effects of
8-aminoguanosine are due to its metabolism to 8-aminoguanine. However, the mechanism by which 8-aminoguanine affects renal
function is unknown and is the focus of this investigation.

Methods and Results—Because 8-aminoguanine has structural similarities with inhibitors of the epithelial sodium channel (ENaC),
Na®"/H" exchangers, and adenosine A; receptors, we examined the effects of 8-aminoguanine on ENaC activity in mouse collecting
duct cells, on intracellular pH of human proximal tubular epithelial cells, on responses to a selective A;-receptor agonist in vivo, and
on renal excretory function in Aj-receptor knockout rats. These experiments showed that 8-aminoguanine did not block ENaC,
Na‘/H" exchangers, or A; receptors. Because Racl enhances activity of mineralocorticoid receptors and some guanosine
analogues inhibit Rac1, we examined the effects of 8-aminoguanine on Rac1 activity in mouse collecting duct cells. Rac1 activity
was significantly inhibited by 8-aminoguanine. Because in vitro 8-aminoguanine is a purine nucleoside phosphorylase (PNPase)
inhibitor, we examined the effects of a natriuretic dose of 8-aminoguanine on urinary excretion of PNPase substrates and products.
8-Aminoguanine increased and decreased, respectively, urinary excretion of PNPase substrates and products. Next we compared
in rats the renal effects of intravenous doses of 9-deazaguanine (PNPase inhibitor) versus 8-aminoguanine. 8-Aminoguanine and 9-
deazaguanine induced similar increases in urinary Na” and glucose excretion, yet only 8-aminoguanine reduced K excretion.
Nsc23766 (Rac1 inhibitor) mimicked the effects of 8-aminoguanine on K" excretion.

Conclusions—8-Aminoguanine increases Na* and glucose excretion by blocking PNPase and decreases K* excretion by inhibiting
Rac1. (/ Am Heart Assoc. 2018;7:e010085. DOI: 10.1161/JAHA.118.010085.)
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G uanine moieties are susceptible to modification in the 8
position by reactive nitrogen species such as peroxyni-
trite or reactive oxygen species such as superoxide anion.
These reactions ultimately yield a set of endogenous 8-
substituted guanosine and guanine compounds'* that
include 8-nitroguanosine,® 8-hydroxyguanosine,® 8-nitrogua-
nine,’ 8-hydroxyguanine,” 8-hydroxy-2’-deoxyguanosine,® 8-
aminoguanosine,” and 8-aminoguanine.'®
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Until recently, there was no information about the effects
of these naturally occurring 8-substituted guanosine and
guanine compounds on the cardiovascular system and
kidneys. To address this knowledge gap, we investigated
the effects of these compounds in rat kidneys in vivo and
discovered that 8-aminoguanosine and 8-aminoguanine
induce diuresis, natriuresis, and glucosuria, yet reduce
potassium excretion.'" In addition, we observed that chronic
oral treatment of rats with 8-aminoguanosine and 8-
aminoguanine attenuate the development of deoxycorticos-
terone/salt-induced hypertension. '’

Because both 8-aminoguanosine and 8-aminoguanine
have similar effects on renal excretory function and 8-
aminoguanosine is metabolized to 8-aminoguanine by purine
nucleoside phosphorylase (PNPase),'® we hypothesized that
the renal actions of 8-aminoguanosine are not direct but
instead are mediated by 8-aminoguanine. That is to say, our
concept was that 8-aminoguanosine is an 8-aminoguanine
“pro-drug.” Indeed, our most recent results confirm that the
diuretic, natriuretic, and glucosuric effects of 8-
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Clinical Perspective

What Is New?

The present study identifies inhibition of purine nucleoside
phosphorylase as the mechanism by which 8-aminoguanine
induces diuresis, natriuresis, and glucosuria.
» The present study also identifies inhibition of Rac1 as the
mechanism by which 8-aminoguanine decreases K* excretion.
* 8-Aminoguanosine, a prodrug that is converted to 8-
aminoguanine in vivo, is an even more potent direct Rac1
inhibitor compared with 8-aminoguanine.

What Are the Clinical Implications?

* 8-Aminoguanine and its prodrug 8-aminoguanosine possess
a unique combination of pharmacological activities and
therefore represent a novel class of potentially useful and
naturally occurring cardiovascular drugs.

* 8-Aminoguanine and its prodrug 8-aminoguanosine could be
benefical in cardiovascular and renal diseases because they
are diuretics, natriuretics, and glucosuric agents that
increase levels of protective purines (eg, inosine and
guanosine), decrease levels of harmful purines (eg, hypox-
anthine), while blocking the effects of Rac1 (mediates many
adverse effects on the cardiovascular system and kidneys).

aminoguanosine are attributable to its conversion to 8-
aminoguanine.'? Surprisingly, however, 8-aminoguanosine,
like 8-aminoguanine, has direct effects to reduce potassium
excretion.'?

Having established that 8-aminoguanine has pharmacological
activity on the kidneys to increase sodium and glucose excretion
while reducing potassium excretion, our next objective was to
explore the mechanism of action by which 8-aminoguanine
induces these effects. Inasmuch as inhibition of the epithelial
sodium channel (ENaC),"® Na*/H" exchangers,'* ¢ and adeno-
sine A; receptors'’ can increase sodium excretion and 8-
aminoguanine has structural similarities to known inhibitors of
these proteins, we assessed whether the renal effects of
8-aminoguanine could be explained in part by inhibition of ENaC,
Na"/H" exchangers, or adenosine A; receptors. Because Rac1
enhances activity of mineralocorticoid receptors'®'® and some
guanosine analogues inhibit Rac1,?’ we also examined the
effects of 8-aminoguanine on Rac1 activity. Finally, because
in vitro 8-aminoguanine is a PNPase inhibitor,21 we investigated
the possibility that inhibition of PNPase mediates some of the
effects of 8-aminoguanine on renal excretory function.

Methods

For raw data and for additional information on analytic
methods or study materials, please contact the corresponding
author.

Animals

The University of Pittsburgh Institutional Animal Care and Use
Committee approved all procedures, and this investigation
conforms to National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

Assessment of Role of A,-Receptor Antagonism
as a Possible Explanation for the Renal Excretory
Effects of 8-Aminoguanine In Vivo

First, we examined whether 8-aminoguanine blocks A;
receptors in vivo. Adult male Sprague-Dawley rats (Charles
River Laboratories, Wilmington, MA) were anesthetized with
Inactin (90 mg/kg IP), and body temperature was monitored
with a rectal temperature probe and maintained at 37°C with
a temperature-controlled and heated surgical table and heat
lamp. A polyethylene-240 cannula was placed in the trachea
to facilitate respiration, and a polyethylene-50 cannula was
placed in the jugular vein for administration of test agents and
for infusion of 0.9% saline (50 pL/min) to maintain hemody-
namic stability. Next, a polyethylene-50 cannula was inserted
into the carotid artery for measurement of mean arterial blood
pressure (MABP) and heart rate (HR) using a pressure
transducer (Micro-Med, Inc; Louisville, KY) connected to a
blood pressure analyzer (Micro-Med, Inc). Also, a 1-mm
transit-time flow probe was placed on the left renal artery for
measurement of renal blood flow (RBF) using a Transonic
T402 transit-time flowmeter (Transonic Systems Inc; Ithaca,
NY), and the left ureter was cannulated with polyethylene-50
tubing for collection of urine. Hemodynamic variables were
recorded using the PowerlLab data acquisition system and
LabChart software (ADInstruments, Colorado Springs, CO).

Following the surgical procedures, rats were administered
an intravenous bolus of either 8-aminoguanine (33.5 umoles/
kg) or vehicle and allowed to stabilize for 30 minutes. The
dose of 8-aminoguanine was selected on the basis of our
previous findings that 33.5 umoles/kg of 8-aminoguanine
induces diuresis and natriuresis in rats."' MABP, HR, and RBF
were recorded during four 15-minute experimental periods.
During the first 15-minute period, only the vehicle (saline) for
2-chloro-N°-cyclopentyladenosine (CCPA; Tocris, Minneapolis,
MN) was infused. During the second, third, and fourth
experiment periods, CCPA was infused at 0.06, 0.2, and
0.6 pg/kg per minute, respectively. CCPA is a highly selective
A-receptor agonist.??

As an additional test of whether 8-aminoguanine alters
renal excretory function by blocking A; receptors, we
examined the effects of 8-aminoguanine on renal excretory
function in a novel strain of knockout rats, that is, the A;-
receptor knockout rat on a Dahl salt-sensitive background.
We recently developed this colony of rats and have described
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these animals in detail.?® Adult wild-type and A;-knockout rats
were anesthetized with Inactin (90 mg/kg IP) and instru-
mented as described above. After a 1-hour stabilization
period, urine was collected for 30 minutes (period 1: 0—
30 minutes into the protocol). Next, rats received an intra-
venous bolus of 8-aminoguanine (33.5 pmoles/kg). Ten
minutes after the test agents were administered, urine was
collected for 30 minutes (period 2: 40—-70 minutes into the
protocol) and 15 minutes later urine was collected again for
30 minutes (period 3: 85—115 minutes into the protocol).
Sodium and potassium in urine was measured by flame
photometry (Model IL-943; Instrumentations Laboratory Inc,
Lexington, MA) and glucose in urine was measured by a
glucose colorimetric assay kit (Cayman Chemical).

Effects of 8-Aminoguanine on ENaC Activity

These experiments were conducted in immortalized mouse
cortical collecting duct cells, which were originally a gift from Dr
Alain Vandewalle (INSERM, Paris, France). Cells were cultured
on permeable membrane supports and mounted in modified
Costar Ussing chambers, which were continuously short-
circuited by a voltage clamp amplifier (Physiologic Instruments,
San Diego, CA) as previously described by Butterworth and
coworkers.?* The bathing solution was Ringer's with the
following composition: 120 mmol/L of NaCl, 25 mmol/L of
NaHCOj;, 3.3 mmol/L of KH,PO,4, 0.8 mmol/L of K,HPOy,
1.2 mmol/L of MgCl,, 1.2 mmol/L of CaCl,, and 10 mmol/L
of glucose. Ussing chambers were gassed with 95% 0, /5% CO,
at 37°C and maintained at pH 7.4. Short-circuit currents (lsc)
were measured before and after adding increasing concentra-
tions of 8-aminoguanine (5 minutes at each concentration) to
the apical side of the permeable membrane support. At the end
of each experiment, amiloride (10 pumol/L) was added to the
apical cell surface and lg; was measured. Amiloride and 8-
aminoguanine were added to the apical, rather than basolat-
eral, cell surface because ENaC is an apical sodium channel.?®
The effects of 8-aminoguanine on |, were normalized to the
amiloride-sensitive |y, for each culture well.

Effects of 8-Aminoguanine on Na*/H" Exchange
Activity

To determine whether 8-aminoguanine inhibits Na'/H"
exchangers, we examined the ability of 8-aminoguanine to
cause intracellular acidification. Ethylisopropyl amiloride (EIPA),
a well-characterized inhibitor of Na*/H" exchangers,Z(’ served
as a positive control. Human renal proximal tubule epithelial
cells (Lonza, Walkersville, MD) were cultured in REBM (Lonza)
supplemented with REGM™ SingleQuots™(Lonza) and 10% fetal
bovine serum at 37°C with 5% CO,. One day before the
experiment, 1.0x 10° cells were plated in 0.5 mL of growth

media per well in 24-well plates. On the day of the experiment,
the cells were loaded with 10 pmol/L SNARF-5F (Molecular
Probes, Eugene, OR) in serum-free medium for 30 minutes at
37°C. The cells were washed briefly after loading and main-
tained in working buffer (133 mmol/L of NaCl, 4.5 mmol/L of
KCI, 1.5 mmol/L of CaCl,, 6 mmol/L of glucose, and
10 mmol/L of HEPES, pH 7.3). The dual 642/572 nm fluores-
cence emission after excitation at 514 nm was recorded on
Victor 2 Microplate Reader (Perkin Elmer; Waltham, MA). The
cells were then treated with 8-aminoguanine (100 umol/L) or
EIPA (25 pmol/L) for 10 minutes at 37°C. The 642/572 nm
fluorescence emission was recorded again. To quantitatively
convert changes in SNARF-5F 642/572 ratio to changes in
intracellular pH, in situ calibrations were performed to calibrate
the SNARF-5F dye in the cells. The 642/572 nm fluorescence
emission ratios were recorded from SNARF-5F-loaded cells
exposed to the H'/K" exchanger nigericin (10 pug/mL) in
solutions of high K" (150 mmol/L of KCI, 1 mmol/L of MgCl,,
and 20 mmol/L of HEPES) with 8 different extracellular pH
values (6.33, 6.66, 7.00, 7.33, 7.66, 8.00, 8.33, and 8.66). The
pH values in the cells before and after treatment were calculated
using the equation in the SNARF-5F manual.

Effects of 8-Aminoguanine on Rac1 Activity

The Rac1 activity assay was based on the concept of
measuring the ratio of GTP-bound Rac1 to total Rac1 following
treatment with a Rac1 activator in the presence and absence
of 8-aminoguanine and, for comparison, its prodrug 8-
aminoguanosine. In this regard, immortalized mouse cortical
collecting duct cells were cultured in modified DM medium
(DMEM:Ham’s Fq,, 1:1 vol/vol; 60 nmol/L sodium selenite;
5 pg/mL transferrin; 2 mmol/L glutamine; 50 nmol/L dex-
amethasone; 1 nmol/L triiodothyronine; 10 ng/mL epidermal
growth factor; 5 pg/mL insulin; 20 mmol/L p-glucose; 2%
fetal bovine serum; and 20 mmol/L Hepes, pH 7.4) at 37°C in
5% CO,/95% air. Cells were seeded on 75-cm? flasks and
grown until 60% confluent. Cells were then serum starved for
24 hours followed by pretreatment with 30 pmol/L of 8-
aminoguanine, 8-aminoguanosine, or vehicle for 1 hour at
37°C in 5% CO,/95% air. The Rho/Rac/Cdc42 Activator |
(catalogue # CNO4; Cytoskeleton, Denver, CO) was subse-
quently added to the cells at 1 pg/mL and incubated for
3 hours at 37°C in 5% CO,/95% air. The Rho/Rac/Cdc42
Activator | enters cells and activates Rac1 by deamidating
glutamine-61 of Rac1 in the Switch Il region.?”"?® This
modification, which converts glutamine-61 to glutamate,
blocks GTPase activity of Rac1, thus resulting in constitutively
active Rac1.?’ The biological activity of Rac1 protein was
analyzed using pull-down assays (Thermo Scientific, Rockford, IL).
Cells were washed with Tris-buffered saline and lysed for
5 minutes in 1 mL of lysis buffer containing Tris-HCI
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(25 mmol/L, pH 7.2), NaCl (150 mmol/L), MgCl, (5 mmol/L),
1% NP-40, 5% glycerol, and protease inhibitor cocktail. Cell
lysates were clarified by centrifugation at 16 000g for
15 minutes. Fifteen microliters of the supernatant was
analyzed for total Rac1, and 700 pL of supernatant was
incubated for 1 hour at 4°C with GST-human Pak1-PBD
(20 pg) immobilized on glutathione resin. The beads were
washed 3 times with lysis buffer, and eluted with 50 pL of
sample buffer, and 25 pL of the eluant was analyzed for active
Rac1. The levels of total Rac1 and GTP-bound Rac1 were
analyzed by SDS-PAGE and western blotting with anti-Rac1
antibody. Densitometry analysis was performed, and the level
of GTP-Rac1 was normalized against the total amount of Rac1
present in the cell lysate.

Effects of 8-Aminoguanine on Urinary Purines

Adult male Sprague-Dawley rats were anesthetized with
Inactin (90 mg/kg IP) and instrumented similar to the method
described above. After a 1-hour stabilization period, urine was
collected for 30 minutes (period 1: 0-30 minutes into the
protocol). Next, rats received an intravenous bolus of either
vehicle (0.9% saline containing 0.03 N HCI) or 8-aminogua-
nine (33.5 umoles/kg). Each group of rats (n=7) received only
1 treatment. Ten minutes after the test agents were
administered urine was collected for 30 minutes (period 2:
40-70 minutes into the protocol), and 15 minutes later urine
was collected again for 30 minutes (period 3: 85—115 min-
utes into the protocol). Urinary levels of guanosine, guanine,
inosine, and hypoxanthine were measured by ultra-perfor-
mance liquid chromatography—tandem mass spectrometry as
described below.

Ultra-Performance Liquid Chromatography—
Tandem Mass Spectrometry Assay for Urinary
Purines

Purines in urine were measured by ultra-performance liquid
chromatography—tandem mass spectrometry using selected
reaction monitoring as previously described®® but with
modifications. Urine samples were diluted 1 to 30 with water,
and heavy isotope internal standards were added to each
sample. Purines were separated by reversed-phase ultra-
performance liquid chromatography (Waters UPLC BEH C18
column, 1.7 um beads; 2.1x150 mm; Milford, MA) and
quantified by selected reaction monitoring using a triple
quadrupole mass spectrometer (TSQ Quantum-Ultra; Thermo-
Fisher Scientific, San Jose, CA) with a heated electrospray
ionization source. The mobile phase was a linear gradient flow
rate (300 pL/min) of 1% acetic acid in water (pH, 3; mobile
phase A) and 100% methanol (mobile phase B), and was
delivered with a Waters Acquity ultra-performance liquid

chromatographic system. The gradient (A/B) settings were:
from 0 to 2 minutes, 99.6%/0.4%; from 2 to 3 minutes, to
98.0%/2.0%; from 3 to 4 minutes, to 85.0%/15.0%; from 4 to
6.5 minutes, to 99.6%/0.4%. The instrument parameters
were: sample tray temperature, 10°C; column temperature,
50°C; ion spray voltage, 4.0 kV; ion transfer tube tempera-
ture, 350°C; source vaporization temperature, 320°C; Q2 CID
gas, argon at 1.5 mTorr; sheath gas, nitrogen at 60 psi;
auxiliary gas, nitrogen at 35 psi; Q1/Q3 width, 0.7 /0.7 units
full-width half-maximum; scan width, 0.6 units; scan time,
0.01 seconds. The following 8 transitions (selected reaction
monitoring) were obtained: guanosine (284—152 m/z,
retention time [RT]=3.10 minutes); '3C;o,'°Ns-guanosine
(299—162 m/z, RT=3.10 minutes); guanine (152—135 m/z,
RT=1.56 minutes); 13C2,15N—guanine (155—->138 m/z, RT
1.56 minutes); inosine (269—137 m/z, RT=3.10 minutes);
®N,-inosine (273— 141 m/z, RT=3.10 minutes); hypoxan-
thine (137—119 m/z, RT=1.86 minutes); '*Cs-hypoxanthine
(142—>124 m/z,RT=1.86 minutes).

Comparison of the Renal Effects of 8-
Aminoguanine, 9-Deazaguanine, and Nsc23766

Adult male Sprague-Dawley rats were anesthetized with
Inactin (90 mg/kg IP) and instrumented similar to the method
described above, with the exception that mesenteric blood
flow was also measured with a transit-time flow probe. After a
1-hour stabilization period, urine was collected for 30 minutes
(period 1: 0-30 minutes into the protocol). Next, rats
received an intravenous bolus of either vehicle (0.9% saline
containing 0.03 N HCI), 8-aminoguanine (33.5 pmoles/kg), 9-
deazaguanine (67 pumoles/kg), or Nsc23766 (9.4 umoles/
kg). Like 8-aminoguanine, 9-deazaguanine is a potent inhibitor
of PNPase. Nsc23766, on the other hand, is a selective
inhibitor of Rac1. Although there are no within-study head-to-
head comparisons of potency between 8-aminoguanine and 9-
deazaguanine, 9-deazaguanine has a reported half maximal
inhibitory concentration against PNPase of 2.3 pmol/L%";
whereas 8-aminoguanine has a reported K; against PNPase of
0.8 umoI/L.21 Therefore, in the current study, we selected a
dose of 9-deazaguanine that was twice as large as that for a
natriuretic dose of 8-aminoguanine. The dose of Nsc23766
was selected on the basis of the studies in rats by Hummler
et al®? who showed that 5 mg/kg (9.4 pmoles/kg) exerted a
number of effects in rats consistent with inhibition of Rac1.
Also, in preliminary studies we observed that higher doses of
Nsc23766 caused unacceptable hypotension in rats; that is,
9.4 umoles/kg was the highest tolerated dose. Each group of
rats (n=6) received only 1 treatment. Ten minutes after the
test agents were administered, urine was collected for
30 minutes (period 2: 30—70 minutes into protocol). Sodium
and potassium in urine were measured by flame photometry
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(Model 1L-943; Instrumentations Laboratory Inc, Lexington,
MA) and glucose in urine was measured by a glucose
colorimetric assay kit (Cayman Chemical).

Statistical Analysis

Experiments with A; knockout and wild-type animals were
performed in both male and female rats and responses
were not sex dependent, so other in vivo experiments were
conducted in male rats. Animals were randomly assigned to
experimental groups by block randomization. 8-Aminoguanine
and 9-deazaguanine increase urine volume so blinding was
not possible. Data were analyzed statistically using a 1-factor
or 2-factor ANOVA with or without repeated measures, as
appropriate, or by unpaired, 2-tailed Student t test. Post hoc
comparisons were performed using the Fisher least significant
difference (LSD) test if, and only if, the overall effects in the
ANOVA were significant. Statistical tests were conducted
using the NCSS 2004 software (Number Cruncher Statistical
Systems; Kaysville, UT).

Results

Assessment of A;-Receptor Blocking Activity of
8-Aminoguanine In Vivo

A -receptor antagonists are K*-sparing natriuretics,'” and the
chemical structure of 8-aminoguanine has features reminiscent
of selective A;-receptor blockers; for example, both 8-amino-
guanine and some A;-receptor blockers have a xanthine scaffold
(Figure 1). Therefore, we entertained the hypothesis that some of
the effects of 8-aminoguanine are mediated by antagonism of A4
receptors. To test this, CCPA was infused intravenously in rats

treated or not with a diuretic /natriuretic dose (33.5 pumoles/kg,
intravenous injection) of 8-aminoguanine.'”'? In control rats,
CCPA induced dose-dependent reductions in MABP, HR, and RBF
(Figure 2), effects that are known to be due to activation of A,
receptors; for example, such responses to CCPA are absentin A;-
receptor knockout rats.?* Notably, 8-aminoguanine did not
significantly alter the effects of CCPA on MABP, HR, or RBF.
These data suggest that 8-aminoguanine does not induce its
renal excretory effects via blockade of A; receptors.

In the experiments with CCPA, we were unable to quantify
the effects of CCPA on renal excretory function because of
profound hypotension induced by this agonist. Therefore, to
further test the hypothesis that 8-aminoguanine affects renal
function via antagonism of A; receptors, we examined the
effects of 8-aminoguanine on urine volume and sodium,
potassium, and glucose excretion in wild-type versus A;-
receptor knockout rats. As shown in Figure 3, 8-aminogua-
nine significantly and similarly increased urine volume, sodium
excretion, and glucose excretion in wild-type versus A;-
receptor knockout rats. Also, 8-aminoguanine significantly
and similarly reduced potassium excretion in wild-type versus
A,-receptor knockout rats (Figure 3).

Effects of 8-Aminoguanine on ENaC Activity

Molecular entities like 8-aminoguanine exist in an equilibrium
of multiple tautomeric forms that differ by the position of a
proton. As shown in Figure 4, one tautomer of 8-aminogua-
nine has structural features similar to amiloride, and another
tautomer has structural features similar to triamterene. Also,
like amiloride and triamterene,’® 8-aminoguanine is a K'-
sparing diuretic. These considerations suggest the hypothesis
that 8-aminoguanine exerts diuretic/natriuretic effects via

N N

PPV

8-Cyclopentyl-1,3-dipropylxanthine

LT

8-Aminoguanine

Figure 1. Comparison of the chemical structures of the selective A, receptor antagonist 8-cyclopentyl-
1,3-dipropylxanthine and 8-aminoguanine. Both 8-cyclopentyl-1,3-dipropylxanthine and 8-aminoguanine are
K*-sparing diuretics/natriuretics and share a xanthine scaffold, thus motivating the hypothesis that 8-
aminoguanine might be inducing its renal excretory effects by blocking A, receptors.
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Figure 2. A diuretic/natriuretic dose of 8-aminoguanine does not block A; adenosine receptors in vivo.
Figure illustrates the dose-dependent effects of intravenous infusions of 2-chloro-N®-cyclopentyladenosine
(CCPA), a highly selective and potent A;-receptor agonist, on mean arterial blood pressure (MABP; A), heart
rate (HR; B), and renal blood flow (RBF; C) in anesthetized rats. Some rats were pretreated with a diuretic/
natriuretic dose of 8-aminoguanine (33.5 umoles/kg, intravenous injection; n=3), whereas others receive
only the vehicle for 8-aminoguanine (control; n=3). Baseline MABP (mm Hg), HR (beats/min), and RBF (mL/
min) were 13343, 391+11 and 10.740.6, respectively, in the control group and 128+£8, 362422 and
11.441.6, respectively, in the 8-aminoguanine-treated group. Two-factor ANOVA (treatment and time
period were factors; interaction term included in model) indicated that CCPA induced a significant
(P<0.0001) reduction in MABP, HR, and RBF. However, the interaction between the control group and 8-
aminoguanine-treated group was not significant for any of the variables, thus indicating no involvement of
A, receptors in the renal excretory effects of 8-aminoguanine. Values are means+SEM.

inhibition of ENaC, which is the molecular target for amiloride
and triamterene.'® However, over a large concentration range
(0.1-100 pmol/L), 8-aminoguanine had no detectable effect
on amiloride-sensitive short-circuit current in mouse cortical
collecting duct cells (Figure 5A). This was not due to
inadequate concentrations of 8-aminoguanine because a
diuretic/natriuretic dose of 8-aminoguanine provides renal
cortical microdialysate levels of ~10 pumol/L and urinary
levels of 8-aminoguanine of ~100 umol/L,'? thus indicating
that the pharmacological levels of 8-aminoguanine in vivo are in
the vicinity of 10 to 100 pmol/L. Also, these negative results
were not due to inadequate amiloride-sensitive short circuit
current in our preparation because 96+0.4% of the baseline
short-circuit current was inhibited by amiloride. Thus, the
negative results with regard to inhibition of ENaC eliminate the

possibility that 8-aminoguanine induces its renal effects via
inhibition of ENaC.

Effects of 8-Aminoguanine on Na*/H" Exchange
Activity

Some amiloride derivatives, for example EIPA, inhibit Na“/H"
exchangers.% Therefore, we also investigated whether 8-
aminoguanine has inhibitory activity against Na"/H" exchang-
ers. In this regard, we measured intracellular pH changes
using 642 /572-nm fluorescence emission after excitation at
514 nm in SNARF-5F-loaded human renal proximal tubule
epithelial cells following the addition of either EIPA (positive
control; 25 pmol/L) or 8-aminoguanine (100 pumol/L). As
expected, EIPA caused a significant intracellular acidification,
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Figure 3. 8-Aminoguanine has similar effects in wild-type and A;-receptor knockout rats. Bar graphs
show the effects of 8-aminoguanine (33.5 pmoles/kg, intravenous injection) on urine volume (A), sodium
excretion (B), potassium excretion (C), and glucose excretion (D) in wild-type (n=6) vs A;-receptor knockout
rats (n=3). Two-factor ANOVA (treatment and time period were factors; interaction term included in model)
indicated that 8-aminoguanine significantly increased urine volume (P=0.0236), sodium excretion
(P=0.0032), and glucose excretion (P=0.0006) and significantly decreased potassium excretion
(P=0.0010). However, the interaction between wild-type and A;-receptor knockout rats was not significant
for any of the variables, thus indicating no involvement of A, receptors in the renal excretory effects of 8-

aminoguanine. Values are means+SEM.

whereas 8-aminoguanine did not (Figure 5B). These findings
rule out the involvement of Na‘/H" exchangers in the
diuretic/natriuretic effects of 8-aminoguanine.

Effects of 8-Aminoguanine on Rac1 Activity

Rac1 is known to activate mineralocorticoid receptors,'®'?

and some guanine derivatives, such as 8-hydroxy-2-deoxy-
guanosine, inhibit Rac1.%° Therefore, it is conceivable that 8-
aminoguanine exerts effects on renal function via inhibition of
Rac1. To test this hypothesis, we investigated whether 8-

aminoguanine (30 pmol/L) can inhibit Rac1 activation in
mouse cortical collecting duct cells. These experiments were
conducted in collecting duct cells, rather than in vivo, because
our hypothesis was that inhibition of Rac1 activation in the
collecting duct was mediating some of the effects of 8-
aminoguanine. Rac1 was activated using the reagent Rho/
Rac/Cdc42 Activator |, and activation of Rac1 was assessed
by the ratio of GTP-bound Rac1 to total Rac1. A concentration
of 8-aminoguanine that is 3-fold less than the urinary
concentration of 8-aminoguanine achieved after a diuretic/
natriuretic dose of 8-aminoguanine significantly (P=0.0241)
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Figure 4. Comparison of the chemical structures of different tautomeric forms 8- aminoguanine vs
amiloride and triamterene. The K'-sparing diuretics/natriuretics amiloride and triamterene have structural
features in common with 8-aminoguanine. In this regard, the red bonds and atoms indicate structural
identity, the functional groups highlighted in green are bioisosteres, and the structural features highlighted
in purple are the same but in reverse orientation. These considerations motivated the hypothesis that 8-
aminoguanine might be inducing its renal excretory effects by inhibiting ENaC (which is the mechanism by
which amiloride and triamterene induce diuresis/natriuresis) or inhibiting Na*/H" exchangers (which is an

effect of some amiloride derivatives).

inhibited Rac1 activation by ~28% (Figure 5C). This finding
leaves open the possibility that 8-aminoguanine affects renal
excretory function via inhibition of Rac1. This possibility was
further evaluated in vivo (see below).

Effects of 8-Aminoguanine on Urinary Purines

8-Aminoguanine is known to inhibit PNPase,?' and this could
be a part of the mechanism by which 8-aminoguanine alters
renal excretory function. However, whether a diuretic/natri-
uretic dose of 8-aminoguanine is sufficient to block endoge-
nous PNPase in vivo is unknown. Here, we examined the
effects of a diuretic/natriuretic dose of 8-aminoguanine
(33.5 umoles/kg, intravenous injection) on the urinary
excretion rate of the 2 primary PNPase substrates, inosine
and guanosine, and the 2 primary products of PNPase,
hypoxanthine and guanine. Urine was collected during 3
periods: period 1, from 0 to 30 minutes; period 2, from 40 to
70 minutes; and period 3: from 85 to 115 minutes. The
vehicle of either 8-aminoguanine or 8-aminoguanine was
injected immediately after period 1. As shown in Figure 6A

and 6B, intravenous injection of the vehicle for 8-aminogua-
nine (control group) did not alter the urinary excretion of
inosine or hypoxanthine during periods 2 and 3 compared to
the baseline period 1. Similarly, vehicle injection did not alter
the urinary excretion of guanosine (Figure 7A) or guanine
(Figure 7B). In contrast, intravenous injection of a diuretic/
natriuretic dose of 8-aminoguanine caused a time-dependent
increase in the urinary excretion of inosine (Figure 6C). In this
regard, the urinary excretion of inosine increased by =~6-fold
during period 2 and by = 11-fold during period 3, compared
with the baseline period 1. Correspondingly, 8-aminoguanine
decreased the urinary excretion of hypoxanthine by greater
than 80% during periods 2 and 3 compared with period 1
(Figure 6D). Although not statistically significant, 8-amino-
guanine tended to increase the urinary excretion of guanosine
(Figure 7C). Notably, 8-aminoguanine strongly suppressed the
urinary excretion of guanine by ~84% and 89% during periods
2 and 3, respectively, compared with period 1 (Figure 7D).
Together, these results indicate that a diuretic/natriuretic
dose of 8-aminoguanine blocks in vivo the PNPase-mediated
reactions: inosine—hypoxanthine and guanosine— guanine.

DOI: 10.1161/JAHA.118.010085

Journal of the American Heart Association 8

HDOYVHASHY TVYNIDIYO



8-Aminoguanine on Renal Excretory Function Jackson et al

120 (n=5)
90+
60+
30+

[8-Aminoguanine] (uM)

Amiloride-Sensitive Short Circuit Current
(Normalized to Control)

(9]

Active Rac1
(% of Control)

0 T r ]
0.01 01 1 10 100

:E. 1-Factor ANOVA: P=0.0070
k-
E
8
£
£
£
% (n=6-7)
5 *
5 T T
<
{ &
< &
&
6.\\(\
¥

(n=12)
T P=0.0241
(]
'bé\o
o
&
&
?6‘

<

Figure 5. Concentrations of 8-aminoguanine associated with diuresis/natriuresis do not block ENaC or
Na“/H" exchangers, but do inhibit Rac1. A illustrates the lack of effect of 8-aminoguanine (0.1-100 pmol/
L) on amiloride-sensitive short-circuit current in mouse collecting duct cells. The control amiloride-sensitive
short-circuit current was 63+5 pA/cm?. In B, 8-aminoguanine (100 umol/L) does not alter intracellular pH
in human renal proximal tubule epithelial cells, indicating that 8-aminoguanine does not inhibit Na“/H"
exchangers. Ethylisopropyl amiloride (EIPA; 25 pmol/L), well-known inhibitor of Na*/H" exchangers, was
employed as a positive control. In these experiments the baseline intracellular pH was 7.4+0.1. In the 1-
factor ANOVA, treatment group was the factor, and (*) indicates P<0.05 compared to Control.
C demonstrates that 8-aminoguanine (30 umol/L) inhibits Rac1 activity in mouse collecting duct cells.
Control active Rac1 (ratio of GTP-bound Rac1 to total Rac1) was 2.5+0.7. P-value in C is from unpaired, 2-
tailed Student ¢ test. Values are means+SEM; however, in A the error bars reside within the symbols.

This finding leaves open the possibility that 8-aminoguanine
affects renal excretory function via inhibition of PNPase. This
possibility was further evaluated in vivo (see below).

Comparison of the Renal Effects of 8-
Aminoguanine, 9-Deazaguanine, and Nsc23766

The results summarized above rule out the involvement of
ENaC, Na"/H" exchangers, and adenosine A; receptors as
mediators of the renal excretory effects of 8-aminoguanine,
yet suggest but do not prove that 8-aminoguanine may alter
renal excretory function via inhibiting PNPase and/or Rac1.
To test this, we compared the renal excretory effects of
9-deazaguanine (selective PNPase inhibitor), Nsc23766
(selective Rac1 inhibitor), and 8-aminoguanine (endogenous

K*-sparing diuretic/natriuretic that increases urinary glucose
excretion). The doses of 8-aminoguanine and 9-deazaguanine
were carefully selected to approximate equal levels of PNPase
inhibition,?"®" and the dose of Nsc23766 was selected based
on previous reports that the selected dose inhibits Rac1
in vivo.*? Importantly, both 8-aminoguanine and 9-deazagua-
nine similarly increased urine volume (Figure 8A), Na* excre-
tion (Figure 8B), and glucose excretion (Figure 8C). However,
8-aminoguanine, but not 9-deazaguanine, suppressed K*
excretion (Figure 8D). Nsc23766 did not affect urine volume
(Figure 8A), Na* excretion (Figure 8B), or glucose excretion
(Figure 8C). However, Nsc23766 mimicked the suppressive
effects of 8-aminoguanine on K excretion (Figure 8D). 8-
Aminoguanine, 9-deazaguanine, and Nsc23766 had little to no
effect on MABP, HR, RBF, or mesenteric blood flow (Figure 9A
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Figure 6. A diuretic/natriuretic dose of 8-aminoguanine inhibits the metabolism of inosine to
hypoxanthine in vivo. Urine was collected during 3 experimental periods: period 1 (P1, from 0 to
30 minutes); Period 2 (P2, from 40 to 70 minutes); and period 3 (P3, from 85 to 115 minutes). Either 8-
aminoguanine (AG; 33.5 umoles/kg, a dose that induces diuresis/natriuresis; n=7) or its vehicle (V; n=7)
was injected intravenously immediately after period 1. Vehicle did not affect the urinary excretion rate of
inosine (A) or hypoxanthine (B). In contrast, 8-aminoguanine increased the urinary excretion of inosine (C)
while suppressing the urinary excretion of hypoxanthine (D). This indicates that a diuretic/natriuretic dose
of 8-aminoguanine inhibits the PNPase-mediated reaction: inosine—hypoxanthine. For the 1-factor
ANOVAs, time period was the factor, and (*) indicates P<0.05 compared to period 1 (P1). Values are

means=+SEM.

through 9D). These results corroborate the hypothesis that
the effects of 8-aminoguanine to increase urine volume, Na*
excretion, and glucose excretion are mediated by inhibition of
PNPase, whereas the effects of 8-aminoguanine on K*
excretion are due to inhibition of Racl. We attempted
experiments in which both Nsc23766 and 9-deazaguanine
were administered to rats; however, we observed that the
combination of these 2 agents caused severe hypotension so
we did not pursue this approach further.

Effects of 8-Aminoguanosine on Rac1 Activity

Recently, we reported that the effects of 8-aminoguanosine
on urine volume, Na* excretion, and glucose excretion are not
direct but rather are due to the metabolism of 8-aminogua-
nosine to 8—aminoguanine.12 Surprisingly, however, the
antikaluretic effects of 8-aminoguanosine did not require its
conversion to 8-aminoguanine.'? Because the effects of 8-

aminoguanine on K" excretion are attributable to inhibition of
Rac1 and 8-aminoguanosine has direct effects on K™ excre-
tion, we hypothesized that 8-aminoguanosine must also be a
direct Rac1 inhibitor. To test this, we examined the effects of
30 pumol/L of 8-aminoguanosine on Rac1 activity in mouse
cortical collecting duct cells using the same method as
described for 8-aminoguanine. As shown in Figure 10A and
10B, 8-aminoguanosine directly and profoundly (>73%) inhib-
ited Rac1 activity.

Discussion

Previously, we reported that 8-aminoguanine is a K*-sparing
diuretic/natriuretic that, unlike most diuretics, increases
urinary glucose excretion.'’ The goal of the present study
was to provide mechanistic understanding regarding how 8-
aminoguanine induces its renal excretory effects. In this regard,
we considered 5 non—mutually exclusive possibilities, that is,
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Figure 7. A diuretic/natriuretic dose of 8-aminoguanine inhibits the metabolism of guanosine to guanine
in vivo. Urine was collected during 3 experimental periods: period 1 (P1, from 0 to 30 minutes); period 2
(P2, from 40 to 70 minutes); and period 3 (P3, from 85 to 115 minutes). Either 8-aminoguanine (AG;
33.5 umoles/kg, a dose that induces diuresis/natriuresis; n=7) or its vehicle (V; n=7) was injected
intravenously immediately after period 1. Vehicle did not affect the urinary excretion rate of guanosine (A)
or guanine (B). In contrast, 8-aminoguanine tended to increase the urinary excretion of guanosine (C) while
significantly suppressing the urinary excretion of guanine (D). This indicates that a diuretic/natriuretic dose
of 8-aminoguanine inhibits the PNPase-mediated reaction: guanosine— guanine. For the 1-factor ANOVA,
time period was the factor, and (*) indicates P<0.05 compared to period 1. Values are means+SEM.

inhibition of (1) A, receptors, (2) ENaC, (3) Na*/H" exchangers,
(4) Rac1, or (5) PNPase. Our results clearly exclude inhibition of
A, receptors, ENaC, and Na'/H" exchangers. However, our
findings strongly support the conclusion that 8-aminoguanine
induces diuresis, natriuresis, and glucosuria by inhibiting
PNPase, yet reduces K" excretion by a separate mechanism,
that is, inhibition of Rac1, a small G-protein.

The evidence that 8-aminoguanine induces diuresis, natri-
uresis, and glucosuria by inhibiting PNPase is based on 3
considerations. First, as previously published, in vitro 8-
aminoguanine is a potent PNPase inhibitor. Second, as shown
in the present study, in vivo a dose of 8-aminoguanine that
influences renal excretory function also profoundly increases
the urinary excretion of the PNPase substrate inosine (and to a
lesser extent guanosine) and markedly decreases the urinary
excretion of the PNPase products hypoxanthine and guanine.
The 8-aminoguanine—induced increase in the urinary ratio of
inosine to hypoxanthine and guanosine to guanine is precisely

what would be expected of a drug that blocks PNPase. If the
dose of 8-aminoguanine that causes renal effects had not
influenced PNPase-mediated reactions in vivo, this would have
ruled out involvement of PNPase. Conversely, the fact that 8-
aminoguanine’s renal excretory effects are concurrent with
in vivo evidence of PNPase inhibition is consistent with the
hypothesis that inhibition of PNPase mediates at least some of
the renal excretory effects of 8-aminoguanine.

It is possible, however, that the association between 8-
aminoguanine’s effects on renal excretory function and
PNPase inhibition is fortuitous; that is, the 2 events may be
associated but mechanistically unrelated. To explore this
possibility, we designed and conducted an experiment to
compare the renal excretory effects of 8-aminoguanine with
the synthetic PNPase inhibitor 9-deazaguanine. Our logic was
that if 8-aminoguanine induces renal effects via inhibition of
PNPase, then an effective dose of another known PNPase
inhibitor should mimic the renal actions of 8-aminoguanine.

DOI: 10.1161/JAHA.118.010085

Journal of the American Heart Association 1

HDYVHASHY TVNIDIYO



8-Aminoguanine on Renal Excretory Function Jackson et al

500

>

400+

£
5 .S
° £ 300
-8
Q X 2001
: Ll
= 2
> 8
0.
Period P1,P2 P1‘P2 P1‘P2
Treatment v AG NSC
C
400+
[
9 .
et —
o = 300+
(=) J
o O 200
0N 5
82 400
=
o
oL N =
Period P1,P2 P1‘P2 P14P2 P14P2
Treatment \' AG DG NSC

W
o
s

*

Ly
=
*

Sodium Excretion
(umoles/30 min)
N
o

AT IRNEVARE:

Period P1,P2 | P1,P2 | P1,P2 | P1,P2
A A A A

Treatment \' AG DG NSC

D

c 60+

o

8 E

% o 407

We

Ew / *

5 2 /

‘B © 201 %

nw £ /

g3 al’

o 7

o 0. N|7

Period P1,P2 P1‘P2 P1,P2 P14P2

Treatment Vv AG DG NSC

Figure 8. The diuretic (A), natriuretic (B), and glucosuric (C) effects of 8-aminoguanine are mimicked by
inhibition of PNPase, whereas the antikaluretic (D) effects of 8-aminoguanine are mimicked by inhibition of
Rac1. Urine was collected during 2 experimental periods: period 1 (P1, from 0 to 30 minutes) and period 2
(P2, from 40 to 70 minutes). Either 8-aminoguanine (AG; 33.5 pumoles/kg; n=6) or its vehicle (V; n=6) or 9-
deazaguanine (DG, 67 pumoles/kg; PNPase inhibitor; n=6) or Nsc23766 (NSC, 9.4 umoles/kg; Ract
inhibitor; n=6) was injected intravenously immediately after period 1. Two-factor ANOVA (treatment and
time period were factors; interaction term included in model) indicated a significant interaction between
treatment group and period (P=0.0005, 0.0455, 0.0194, and 0.0148 for urine volume, sodium excretion,
glucose excretion, and potassium excretion, respectively), indicating that some treatments affected the
corresponding variable and others did not. *P<0.05 compared to period 1. Values are means+SEM.

Indeed, our results show that 8-aminoguanine and 9-
deazaguanine produce nearly identical effects on urine
volume, Na* excretion, and glucose excretion. These findings
strongly support the conclusion that inhibition of PNPase is
the primary mechanism by which 8-aminoguanine influences
renal excretory function. This conclusion is further supported
by our recent report that 8-aminoguanosine increases urine
volume, Na" excretion, and glucose excretion via its conver-
sion to 8-aminoguanine.'? This would be expected if our
hypothesis regarding PNPase is correct because 8-aminogua-
nosine is a weak PNPase inhibitor, whereas 8-aminoguanine is
a potent PNPase inhibitor.?"

Although the evidence supporting the conclusion that 8-
aminoguanine induces renal excretory effects via inhibition of
PNPase is robust, exactly how PNPase inhibition induces

diuresis/natriuresis/glucosuiais unknown and requires further
experimentation to clarify. Our working hypothesis is that
changes in kidney levels of PNPase substrates and products,
particularly in the renal medulla, mediate the diuretic, natri-
uretic, and glucosuric effects of PNPase inhibition. Notably, 8-
aminoguanine profoundly reduces the urinary excretion of
hypoxanthine. In the kidney, hypoxanthine, in collaboration
with xanthine oxidase, produces reactive oxygen species
such as superoxide anion,®* and superoxide anion decreases
renal medullary blood flow and thereby suppresses Na®
excretion.®*° Indeed, the combination of hypoxanthine
and xanthine oxidase decreases urine volume via a mecha-
nism involving reactive oxygen species.®® Therefore, the
profound reduction in hypoxanthine production that occurs
when PNPase is inhibited by 8-aminoguanine could
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Figure 9. The test compounds 8-aminoguanine, 9-deazaguanine, and Nsc23766 had little to no effect on
mean arterial blood pressure (MABP, A), heart rate (HR, B), renal blood flow (RBF, C), or mesenteric blood
flow (MBF, D). Urine was collected during 2 experimental periods: period 1 (P1, from 0 to 30 minutes) and
period 2 (P2, from 40 to 70 minutes). Either 8-aminoguanine (AG; 33.5 pmoles/kg) or its vehicle (V) or 9-
deazaguanine (DG, 67 pumoles/kg; PNPase inhibitor) or Nsc23766 (NSC, 9.4 pumoles/kg; Rac1 inhibitor)
was injected intravenously immediately after period 1. Although Nsc23766 significantly increased heart
rate and 8-aminoguanine and 9-deazaguanine significantly reduced renal blood flow, these effects were
minor and would not explain the renal excretory effects of these compounds. *P<0.05 compared to period

1 (P1). Values are meansSEM.

contribute to the renal excretory effects of PNPase
inhibitors such as 8-aminoguanine.

In addition to decreasing the production of hypoxanthine,
PNPase inhibition also increases renal levels of inosine and
guanosine. Recent studies show that inosine can directly
activate adenosine A, receptors,®® and our previously
published work demonstrates that guanosine increases extra-
cellular levels of adenosine by inhibiting the disposition of
extracellular adenosine.®”~*° Although adenosine per se is not
considered a good substrate for mammalian PNPase,*' we
have evidence (manuscript in preparation) that when PNPase is
not in competition with adenosine deaminase for metabolism
of adenosine, mammalian PNPase can metabolize adenosine to
adenine. Therefore, it is conceivable that in the renal medulla,
PNPase is an important determinant of extracellular levels of
adenosine. Because adenosine increases renal medullary

blood flow via A, adenosine receptors and consequently
increases Na* excretion,*”*® we postulate that A, adenosine
receptors mediate in part the diuretic, natriuretic, and gluco-
suric effects of PNPase inhibition.

It should be noted that there are several reports demon-
strating renoprotective effects of exogenous inosine** % and
guanosine.”® Because PNPase inhibition increases urinary
levels and therefore, presumably, kidney levels of inosine and
guanosine, PNPase inhibition may have utility as a renopro-
tective diuretic.

Inhibition of PNPase with 9-deazaguanine increases urine
volume, Na* excretion, and glucose excretion; yet, unlike 8-
aminoguanine, 9-deazaguanine has no effect on K* excretion.
This result implies that the antikaliuretic effects of 8-
aminoguanine are not mediated by inhibition of PNPase. Also,
our previous studies show that 8-aminoguanine does not
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Figure 10. 8-Aminoguanosine is a potent Rac1 inhibitor. (A) An
image of the western blot of proteins extracted from mouse
collecting duct cells that were probed for GTP-bound Rac1 and
total Racl1. The ratio of GTP-bound Rac1 to total Rac1 (by
densitometry) was employed as a measure of active Rac1. Active
Rac1 in the 8-aminoguanosine-treated cells was express as a
percentage of the active Rac1 in control cells (B). Control active
Rac1 (ratio of GTP-bound Rac1 to total Rac1) was 5.1£0.6. These
results demonstrate that 8-aminoguanosine (30 pmol/L) inhibits
Rac1 activity more so than does 8-aminoguaine (compare with
Figure 5C). P-value in B is from unpaired, 2-tailed Student ¢ test.
Values are means+SEM.

reduce aldosterone levels,'? thus eliminating this mechanism
as a possible explanation of the antikaliuretic effects of 8-
aminoguanine. Landmark studies by Shibata and colleagues
demonstrate that Rac1 activates mineralocorticoid recep-
tors,'®'? and studies by Huh et al?® show that some guanine
derivatives, such as 8-hydroxy-2-deoxyguanosine, inhibit Rac1.
The work of Shibata et al and Huh et al motivated our
hypothesis that 8-aminoguanine decreases K* excretion by
inhibiting Rac1. Three observations lend credence to this
concept. First, inhibition of Rac1 with the selective Rac1
inhibitor Nsc23766 mimics the antikaliuretic effects of 8-
aminoguanine. Second, 8-aminoguanine decreases active Rac1
(ie, GTP-bound Rac1) in collecting duct cells. Third, the present
findings show that 8-aminoguanosine is a more potent Rac1

inhibitor compared with 8-aminoguanine. Our previous work
demonstrates that 8-aminoguanosine’s effects on urine vol-
ume, Na® excretion, and glucose excretion are due to its
conversion to 8—aminoguanine‘2; that is, 8-aminoguanosine is a
prodrug. However, 8-aminoguanosine has potent antikaliuretic
effects independent of 8-aminoguanine, '? a finding apparently
at odds with the prodrug concept. The conclusion that 8-
aminoguanine’s antikaliuretic effects are mediated by inhibi-
tion of Rac 1 along with the observation that 8-aminoguanosine
is a more potent Rac 1 inhibitor than 8-aminoguanine provides a
clear explanation for why 8-aminoguanosine is a prodrug with
regard to urine volume, Na" excretion, and glucose excretion,
yet is a direct antikaliuretic agent. With respect to inhibiting
PNPase, 8-aminoguanine is more potent than 8-aminoguano-
sine; yet with respect to inhibiting Rac1, 8-aminoguanosine is
more potent than 8-aminoguanine.

Notably, Nsc23766 decreased K’ excretion but did not
increase Na' excretion. The presumed mechanism by which
Nsc23766 decreases K* excretion is via inhibition of Rac1-
mediated activation of the mineralocorticoid receptor. How-
ever, inhibition of mineralocorticoid-receptor signaling would
be expected also to increase Na" excretion. One explanation
for the lack of effect of Nsc23766 on Na* excretion is that the
dose of Nsc23766 used in this study was simply not high
enough to cause natriuresis. In this regard, we attempted to
use higher doses of this compound; however, higher doses
caused dramatic decreases in MABP. Because hypotension
obscures natriuretic responses, we did not pursue this line of
investigation further. Another possible explanation for the
reduced K" excretion with no change in Na* excretion is that
although Rac1 inhibition decreases K" excretion by reducing
mineralocorticoid-receptor signaling, Rac1 inhibition engages
additional mechanisms that offset any potential increases in
Na" excretion.

It is important to point out that the Ussing chamber
experiments were designed to determine whether 8-amino-
guanine directly inhibits ENaC. Therefore, we did not add a
Rac1 activator to this preparation because in the presence of
a Rac1 activator, any changes in ENaC activity could have
been due to either direct inhibition of ENaC by 8-aminogua-
nine or via inhibition of Rac1 leading to reduced mineralo-
corticoid receptor-induced expression of ENaC.

The fact that 8-aminoguanosine and 8-aminoguanine are
diuretics, natriuretics, and glucosuric agents and inhibit Rac1
implies that these drugs may be particularly effective in
preventing cardiovascular and renal diseases for 3 reasons.
First, the diuretic and natriuretic effects of these compounds
would provide antihypertensive activity, as previously
reported by us in rats with deoxycorticosterone/salt-induced
hypertension.'’ Second, the glucosuric effects of these
compounds would reduce the risk of type 2 diabetes
mellitus. Indeed, in unpublished studies, we have observed
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that chronic treatment (10 weeks) of ZDSD rats, a model of
the metabolic syndrome, with 8-aminoguanine lowered
hemoglobin A;; levels from 11.3% to 8.4%. Third, there is a
growing body of evidence that inhibiting Rac1 protects the
cardiovascular system. For example, Rac1 inhibition (1)
reduces vascular endothelium dysfunction®®; (2) inhibits
migration of stem cell antigen-1 stem/progenitor cells,
which may reduce neointima formation®; (3) decreases
cardiac fibroblast migration, proliferation, and extracellular
matrix production, which may protect against cardiac
fibrosis®®; (4) reduces store overload—induced calcium
release and protects against ventricular arrhythmia®’; and
(5) inhibits the activation of some subtypes of NADPH
oxidases.’® We have also observed protective effects of 8-
aminoguanosine/8-aminoguanine in models of pulmonary
hypertension and reduced stroke and increased life span of
Dahl SS rats on a high-salt diet (unpublished observations).

In the present study, we did not investigate whether the
mechanism of action of 8-aminoguanine involves inhibition of
the sodium/glucose cotransporter 2. However, it is unlikely
that the effects of 8-aminoguanine are attributable to
sodium/glucose cotransporter 2 inhibition because in the
presence of sodium/glucose cotransporter 2 inhibitors, ~50%

of the filtered load of glucose is excreted in the urine, whereas
in the presence of 8-aminoguanine only 1% to 2% of the
filtered load of glucose is excreted in the urine. Moreover, 8-
aminoguanine has no structural similarity whatsoever to any
of the known sodium/glucose cotransporter 2 inhibitors.

Perspectives

8-Aminoguanine, and its prodrug 8-aminoguanosine, are
naturally occurring purines that have diuretic, natriuretic,
glucosuric, antikaliuretic, and antihypertensive activity. Thus,
either 8-aminoguanine or 8-aminoguanosine might be effec-
tive in reducing the burden of hypertension and cardiovascular
and renal diseases. However, before these agents can be
further considered for development, it is critically important to
understand the mechanisms underlying their effects. The
present study provides evidence that 8-aminoguanine exerts
its diuretic, natriuretic, and glucosuric effects by inhibiting
PNPase, yet decreases K’ excretion by inhibiting Ract
(Figure 11). Thus, 8-aminoguanine and its prodrug 8-amino-
guanosine possess a unique combination of pharmacological
effects and therefore represent a novel class of potentially
useful cardiovascular drugs.

8-AMINOGUANINE HAS A DUAL

MECHANISM OF ACTION.

8-Aminoguanine

PNPase Inhibition

Changes in
Kidney é ??
Purine
Levels Diuresis
Natriuresis
Glucosuria

Racl Inhibition
Inhibition of
P, ?é Mineralocorticoid
a Receptor
Function

Antikaliuresis

Figure 11. 8-Aminoguanine has a dual mechanism of action. The present findings support the view that
8-aminoguanine engages 2 mechanism: inhibition of PNPase and inhibition of Rac1. Inhibition of PNPase
mediates the effects of 8-aminoguanine on urine volume and sodium and glucose excretion, whereas
inhibition of Rac1 causes antikaliuresis. The mechanisms by which PNPase and Rac1 inhibition affect renal
excretory function are currently unknown. However, since inhibition of PNPase increases renal levels of
some purines (eg, inosine, guanosine, and perhaps adenosine) and decreases kidney levels of other purines
(eg, hypoxanthine and guanine), it is likely that alterations in the renal concentrations of purines mediate in
part the effects of 8-aminoguanine on urine volume and sodium and glucose excretion. Also, since inhibition
of Rac1 reduces mineralocorticoid signaling, it is possible that this effect mediates in part the ability of 8-

aminoguanine to reduce potassium excretion.
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