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Abstract

Screening of compounds comprising an 8-substituted guanine revealed that 8-aminoguanosine
and 8-aminoguanine cause diuresis/natriuresis/glucosuria yet decrease potassium excretion.
Subsequent investigations demonstrated that 8-aminoguanosine’s effects are mediated by its
metabolite 8-aminoguanine. The mechanism by which 8-aminoguanine causes diuresis/natriuresis/
glucosuria involves inhibition of purine nucleoside phosphorylase (PNPase), which increases
renal interstitial inosine levels. Additional evidence suggests that inosine, via indirect or direct
adenosine Ayp receptor activation, increases renal medullary blood flow which enhances renal
excretory function. Likely, 8-aminoguanine has pleiotropic actions that also alter renal excretory
function. Indeed, the antikaliuretic effects of 8-aminoguanine are independent of PNPase
inhibition. 8-Aminoguanine is an endogenous molecule; nitrosative stress leads to production

of biomolecules containing 8-nitroguanine moieties. Degradation of these biomolecules releases
8-nitroguanosine and 8-nitro-2’-deoxyguanosine which are converted to 8-aminoguanine. Also,
guanosine and guanine per se may contribute to 8-aminoguanine formation. 8-Aminoinosine,
8-aminohypoxanthine and 8-aminoxanthine likewise induce diuresis/natriuresis/glucosuria, yet do
not reduce potassium excretion. Thus, there are several pharmacologically active 8-aminopurines
with nuanced effects on renal excretory function. Chronic treatment with 8-aminoguanine
attenuates hypertension in deoxycorticosterone/salt rats, prevents strokes and increases lifespan in
Dahl SS rats on a high salt diet and attenuates the metabolic syndrome in rats; 8-aminoguanosine
retards progression of pulmonary hypertension in rats and anemia and organ damage in sickle

cell mice. 8-Aminoguanine reverses age-associated lower urinary tract dysfunction and retinal
degeneration. 8-Aminopurines represent a new class of agents (and potentially endogenous
factors) that have beneficial effects on the cardiovascular system and kidneys and may “turn

back the clock” in age-associated diseases.
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Introduction.

In 1929, Drury and Szent-Gyorgi published their findings on the cardiovascular effects

of adenosinel. This benchmark article initiated a >90 year-long multinational research

effort to elucidate the pharmacological actions of adenosine, an effort that has led to the
discovery of mechanisms of adenosine formation, metabolism, receptors, transporters, signal
transduction pathways and preclinical and clinical pharmacology?. This trove of knowledge
has culminated in adenosinergic drugs for nuclear stress testing3, conversion of paroxysmal
supraventricular tachycardia3 and treatment of Parkinson’s disease?, with many additional
clinical targets in development3 including immune checkpoint inhibition for cancer therapy®.

Guanosine has a chemical structure and an evolutionary history similar to that of

adenosine, suggesting that guanosine, like adenosine, may have been co-opted by evolution
for cellular signaling. If so, guanosine, like adenosine, may hold promise for clinical
applications. However, unlike adenosine pharmacology, the pharmacology of guanosine

has received limited attention. These considerations motivated our research program on
guanosine pharmacology. Another motivation for investigating guanosine pharmacology
was the evidence that the guanine moiety in some biomolecules can be chemically

modified to yield a family of 8-substituted guanine and guanosine derivatives. In this
regard, reactive nitrogen species (RNS), such as peroxynitrite (ONOO™), promote nitration
of (i.e, introduction of -NO5 into) endogenous molecules. Moreover, reactive oxygen
species (ROS), such as superoxide anion (O5:7), foster hydroxylation of (i.e., insertion

of -OH into) biomolecules. Importantly, the 8-position of guanine moieties within
biomolecules is particularly prone to nitration®-® and hydroxylation’-?, and subsequent
degradation of nitrated and hydroxylated biomolecules such as RNA, DNA and guanine
nucleotides theoretically could release 8-nitroguanosine, 8-nitro-2’-deoxyguanosine, 8-
hydroxyguanosine and 8-hydroxy-2’-deoxyguanosine (see Figure 1 for structures of relevant
8-substituted purines). Hypothetically, 8-nitro groups could be enzymatically reduced

to generate 8-aminoguanosine and 8-amino-2’-deoxyguanosine, and conceivably purine
nucleoside phosphorylase (PNPase) might metabolize any of these aforementioned
compounds to yield 8-hydroxyguanine, 8-nitroguanine or 8-aminoguaninel®. (Note: PNPase
should not be confused with polynucleotide phosphorylasel (PNPT1), an enzyme that is
sometimes referred to as PNPase and is involved in mRNA degradation.) In support of these
concepts, investigators have reported the presence in tissues or urine of 8-nitroguanosine?,
8-aminoguanosinel2, 8-hydroxyguanosinel3, 8-nitroguanine®, 8-hydroxyguaninel* and 8-
hydroxy-2’-deoxyguanosinel®.

8-Aminoguanosine and 8-Aminoguanine Affect Renal Excretory Function.

Despite the likelihood that a family of naturally occurring 8-substituted guanosine and
guanine derivatives exist in vivo, until recently little to nothing was known concerning
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the pharmacology of these potentially endogenous compounds. Hence, we were motivated
to examine in rats the acute effects of intravenous administration of 8-nitroguanosine,
8-nitroguanine, 8-hydroxyguanosine, 8-hydroxyguanine, 8-hydroxy-2’-deoxyguanosine, 8-
aminoguanosine and 8-aminoguanine (and for comparison vehicle, guanosine, guanine and
amiloride) on the cardiovascular and renal systemsZ6.

Unlike other 8-substituted purines tested, we noted that 8-aminoguanosine and 8-
aminoguanine triggered large increases in urine volume (~ 4-fold) and sodium (~ 20-fold)
and glucose (~ 12-fold) excretion yet decreased potassium excretion (~ —70%). These effects
were similar in magnitude to those of a matched dose of amiloride, with the exception that
amiloride did not significantly alter glucose excretion. Our findings support the conclusion
that these two 8-aminopurines may be useful drugs or endogenous factors that regulate renal
function.

8-Aminoguanosine’s Action on Renal Function is Mediated by 8-

Aminoguanine.

Decades prior to our investigation of the renal effects of 8-substituted purines, Osborne
and Barton had shown that 8-aminoguanosine is metabolized to 8-aminoguanine by
PNPasel0. Thus, we tested whether 8-aminoguanosine’s effects on renal excretory
function are due to its conversion to 8-aminoguaninel’. In support of this concept, we
observed that intravenous 8-aminoguanosine and 8-aminoguanine caused similar increases
in renal interstitial levels of 8-aminoguanine, yet neither compound increased renal
interstitial levels of 8-aminoguanosine. When infused directly into the left renal artery,
8-aminoguanine elicited diuresis/natriuresis/glucosuria by the ipsilateral kidney, with little
effect on the contralateral kidney. By contrast, intrarenal infusions of 8-aminoguanosine
did not elicit diuresis/natriuresis/glucosuria in either the ipsilateral or contralateral kidney;
however, 8-aminoguanosine did reduce potassium excretion in the ipsilateral kidney. These
findings support the conclusion that the diuretic, natriuretic and glucosuric effects of
8-aminoguanosine are mediated by its systemic metabolism to 8-aminoguanine. Although
8-aminoguanosine does have direct antikaliuretic effects, likely even this response is
mediated mostly by 8-aminoguanine since systemic administration of 8-aminoguanosine
induces antikaliuresis despite the fact that renal interstitial levels of 8-aminoguanosine do
not increase and urine levels only briefly increase yet rapidly return to near basal levels.

8-Aminoguanine’s Mechanism of Action (MOA).

The studies described above left unanswered a key question: What is 8-aminoguanine’s
MOA on renal excretory function? Hence, we endeavored to explore in depth 8-
aminoguanine’s MOA.

To test whether the effects of 8-aminoguanine on renal excretory function could be
attributed to “macro” hemodynamic changes, we examined the acute effects of intravenous
injections of 8-aminoguanine on blood pressure, heart rate, total renal blood flow (RBF)
and glomerular filtration rate (GFR)16:17; acutely 8-aminoguanine did not alter blood
pressure or heart rate yet slightly decreased total RBF and modestly decreased GFR. The
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effects on total RBF and GFR are consistent with activation of tubuloglomerular feedback
due to increased delivery of NaCl to the macula densal8. We also tested the effects of
8-aminoguanine on plasma aldosterone and observed that 8-aminoguanine did not alter
aldosterone levelsl’.

Because 8-aminoguanine has structural commonalities with inhibitors of the epithelial
sodium channel (ENaC) and Na*/H* exchangers, as well as with antagonists of the
adenosine A; receptorl®, we explored whether 8-aminoguanine’s MOA involves inhibition
of these molecular targets. To test whether 8-aminoguanine inhibits ENaC, we examined

the effects of 8-aminoguanine on amiloride-sensitive short-circuit currents in immortalized
mouse collecting duct cells1%; 8-aminoguanine did not alter amiloride-sensitive short-circuit
currents. To test whether 8-aminoguanine blocks Na*/H* exchangers, we examined the
effects of 8-aminoguanine on the intracellular pH of human proximal tubular epithelial
cells!®; 8-aminoguanine did not alter intracellular pH of proximal tubular epithelial cells. To
test whether 8-aminoguanine’s MOA involves antagonism of A; receptors, we tested in vivo
whether a diuretic/natriuretic dose of 8-aminoguanine blocks activation of A receptors by
the selective A; agonist 2-chloro-N6-cyclopentyladenosinel?; 8-aminoguanine did not block
A receptors.

Since 8-aminoguanine suppresses potassium excretion, we hypothesized that 8-
aminoguanine might block the renal outer medullary potassium channel (ROMK, aka
Kirl.1). To test this, ROMK mRNA was injected into oocytes and ROMK potassium
currents were measured in the absence and presence of a ROMK inhibitor; 8-aminoguanine
did not attenuate ROMK currents (unpublished data).

Rac1 activates mineralocorticoid receptors independent of aldosterone2%-22 and some
guanosine analogues inhibit Rac123. Thus, we examined the effects of 8-aminoguanine

on Racl activity in mouse collecting duct cells. Racl activity was somewhat reduced by
high concentrations of 8-aminoguanine, but the reduction was modest (decreased by only ~
259%)19.

Because 8-aminoguanine has been reported to be a PNPase inhibitor, we performed a kinetic
analysis of the effects of 8-aminoguanine on human recombinant PNPase using inosine as

a substrate while measuring hypoxanthine as product. These experiments confirmed that
8-aminoguanine is an inhibitor of PNPase (Ki, 2.8 pmol/L)24. Consistent with this finding,
we observed that a natriuretic dose of 8-aminoguanine increased and decreased, respectively,
urinary excretion of inosine and hypoxanthinel®.

Next, we compared in rats the renal effects of intravenous doses of 9-deazaguanine
(synthetic PNPase inhibitor) versus 8-aminoguanine (using doses that should have

provided similar inhibition of PNPase by the two inhibitors)1%, 8-Aminoguanine and
9-deazaguanine similarly increased urine volume and sodium and glucose excretion yet

only 8-aminoguanine reduced potassium excretion. However, intravenous administration of
Nsc23766, a Racl inhibitor, decreased potassium excretion to a level similar to that achieved
by 8-aminoguanine; however, Nsc23766 did not increase urine volume or sodium or glucose
excretionl®,
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Together, the above findings indicate that the MOA of 8-aminoguanine on urine volume
and sodium and glucose excretion cannot be attributed to changes in blood pressure, heart
rate, total RBF, GFR, aldosterone release or inhibition of ENaC, Na*/H* exchangers, A;
receptors or ROMK. However, these results do support the conclusion that the diuretic/
natriuretic/glucosuric effects of 8-aminoguanine are mediated by inhibition of PNPase.
Although we have some evidence that inhibition of Racl participates in the antikaliuresis
induced by 8-aminoguanine, circumspection is advised since 8-aminoguanine only mildly
inhibits Racl; more research is required to clarify how 8-aminoguanine reduces potassium
excretion.

The MOA of 8-aminoguanine’s effects on urine volume and sodium and glucose excretion
were further explored by combining studies using intravenous 8-aminoguanine, intrarenal
artery infusions of PNPase substrates (inosine and guanosine), renal microdialysis,
ultra-performance liquid chromatography-tandem mass spectrometry (UPMC-MS/MS) for
measurement of purines, selective adenosine-receptor ligands, adenosine receptor knockout
rats, laser doppler blood flow analysis, cultured renal microvascular smooth muscle cells,
HEK?293 cells expressing A,g receptors and homogeneous time-resolved fluorescence assay
for adenylyl cyclase activity2®.

We confirmed that intravenous 8-aminoguanine caused diuresis, natriuresis, glucosuria and
antikaliuresis (Figure 2) and that these effects were associated with large increases in

renal cortical and medullary interstitial levels of the PNPase substrate inosine (Figure 2).
Intravenous 8-aminoguanine also increased renal cortical and medullary interstitial levels
of the PNPase substrate guanosine; however, the increases in inosine were larger than the
increases in guanosineZ®. Moreover, we observed that intrarenal infusions of inosine, but
not guanosine, caused diuresis, natriuresis and glucosuria, but not antikaliuresis2®. We also
established that an effective dose of 8-aminoguanine increased renal interstitial levels of
inosine as much as an effective dose of exogenous inosine; this supports the concept that
inosine mediates the renal excretory effects of 8-aminoguanine. Together, these findings
suggest that inosine mediates, at least in part, the effects of 8-aminoguanine on urine volume
and sodium and glucose excretion; however, the effects of 8-aminoguanine on potassium
excretion are independent of inosine.

There is evidence that inosine can activate adenosine receptors?6-33, Therefore, we examined
the effects of 8-aminoguanine on renal excretory function in rats in which either adenosine
A1, Axp or Ay receptors were knocked out. 8-Aminoguanine caused diuresis, natriuresis
and glucosuria in Aj and Apa knockout rats yet 8-aminoguanine was ineffective in Asg
knockout rats2°. Likewise, inosine’s effects on urine volume and sodium and glucose
excretion were eliminated in A,g knockout rats?®, and intrarenal infusions of BAY 60-6583
(an A,p agonist) triggered diuresis, natriuresis and glucosuria®®. These results support

the conclusion that an inosine/A,g receptor pathway mediates in part the effects of 8-
aminoguanine on urine volume and sodium and glucose excretion.

The literature regarding inosine’s effects on adenosine receptors is inconsistent26:28-32.34
and the concept that inosine activates adenosine receptors is controversial. Therefore,
we examined this issue further in HEK293 cells expressing A,g receptors. Here, inosine
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activated adenylyl cyclase (as assessed by measuring 3°,5’-cCAMP using a highly sensitive
homogeneous time-resolved fluorescence assay), a response that was blocked by the Aog
antagonist MRS 175425, Moreover, in renal microvascular smooth muscle cells, both 8-
aminoguanine and an alternative PNPase inhibitor, forodesine, increased extracellular levels
of inosine and 3’,5’-cAMP25; the effects of 8-aminoguanine and forodesine on 3’,5’-CAMP
were absent in renal microvascular smooth muscle cells obtained from A,g knockout rats2®.
It appears that inosine can activate the A,g receptor/adenylyl cyclase axis, particularly in
renovascular smooth muscle cells; however, whether this effect is direct or indirect requires
further investigation.

Renal microvascular smooth muscle cells regulate medullary blood flow (MBF), and even
modest increases in MBF can promote large increases in renal excretory function39-37,

The mechanism by which increases in MBF increase renal excretory function remains
controversial; however, the prevailing hypothesis is that increases in MBF elevate renal
interstitial hydrostatic pressure within the encapsulated kidney which activates mechanisms
in the proximal tubule that inhibit reabsorption by proximal tubular epithelial cells38. This
suggests that 8-aminoguanine might increase renal excretory function in part via activating
A, receptors leading to increases in MBF. In support of this hypothesis, we observed

that 8-aminoguanine and BAY 60-6583 increased MBF and that the MBF response to
8-aminoguanine was abolished by an A,g, but not an A,a, receptor antagonist2°. The fact
that 8-aminoguanine does not increase total RBF yet increases MBF suggests redistribution
of blood flow to the renal medulla. Our hypothesis is congruent with previous reports

that: 1) activation of A, receptors in the renal medulla increases sodium excretion by
augmenting MBF39; 2) in the kidney, A,g receptors are predominantly expressed in the
renal vasculature?%: and 3) A, receptors are the A, receptor subtype that mediates renal
vasodilation#1:42,

MBEF affects sodium excretion, and glucose and sodium transport in proximal tubules

are coupled by SGLT243; however, whether MBF affects glucose excretion remains an

open question. Moreover, Aog receptors in the renal inner medullary collecting duct
epithelium increase chloride excretion; this is mediated by cystic fibrosis transmembrane
conductance regulator chloride channels**. In addition, A,g receptors activate vacuolar
ATPase-dependent proton secretion in renal medullary type A intercalated cells*®. Together,
the evidence suggests that increases in MBF may account for some, but not all, of the

renal excretory effects of 8-aminoguanine. Other effects of Ayg receptors or pleiotropic
actions of 8-aminoguanine that directly affect renal tubular transport may be involved in
8-aminoguanine’s MOA.

In summary (see Figure 3), we propose that, at least in part, 8-aminoguanine induces
diuresis, natriuresis and glucosuria by inhibiting PNPase which increases renal interstitial
levels of inosine which, via Apg receptor activation, increases renal excretory function,
perhaps in part by increasing MBF (a process which is known to inhibit transport in the
proximal tubule). However, we remain open to the possibility that other signaling pathways
in the proximal tubules or other nephron segments contribute to the pharmacology of this
8-aminopurine.
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8-Aminoguanine is an Endogenous Compound.

Utilizing UPLC-MS/MS, we detected 8-aminoguanine in the urine of 27 out of 30 Sprague-
Dawley rats and 10 out of 10 Dahl salt-sensitive (Dahl SS) rats*6. Using renal microdialysis
to sample the renal interstitial compartment, we detected 8-aminoguanine in the renal
microdialysate of 20 out of 30 Sprague-Dawley rats and 10 out of 10 Dahl SS rats*®.

In Sprague-Dawley rats, the urine concentrations of 8-aminoguanine ranged from less

than the detection limit to 1.3 pmol/L (mean of 0.2 umol/L); and in Dahl SS rats, the

urine concentrations of 8-aminoguanine ranged from 0.6 to 2.5 pmol/L (mean of 1.3
umol/L; P<0.00001, Dahl SS vs. Sprague-Dawley). In many rats, particularly Dahl SS,
urine concentrations of 8-aminoguanine were near the Ki of 8-aminoguanine for inhibiting
PNPase, which has been variably estimated as between 0.210 and 2.824 umol/L. These data
support the conclusion that 8-aminoguanine is an endogenous compound that exists in some
animals at biologically active levels.

Pathways of 8-Aminoguanine Biosynthesis.

Since 8-nitroguanosine is naturally occurring®®, we considered that 8-aminoguanine

may arise from two biosynthetic pathways*8: pathway 1, 8-nitroguanosine—8-
aminoguanosine—8-aminoguanine; and pathway 2, 8-nitroguanosine—8-nitroguanine—8-
aminoguanine. In support of the existence of both pathways, we observed that in
Sprague-Dawley rats 8-nitroguanosine infusions elevated kidney levels of 8-nitroguanine,
8-aminoguanosine and 8-aminoguanine and that infusions of 8-nitroguanine increased 8-
aminoguanine levels*6. We also found that recombinant PNPase converted 8-nitroguanosine
to 8-nitroguanine and 8-aminoguanosine to 8-aminoguanine8, findings supporting the view
that both pathways are feasible. Moreover, we observed that the PNPase inhibitor forodesine
decreased the metabolism of 8-nitroguanosine by pathway 2and shunted metabolism of
8-nitroguanosine to 8-aminoguanosine (pathway 1)*. Infusions of 8-nitroguanosine also
increased kidney levels of 8-nitroguanine, 8-aminoguanosine and 8-aminoguanine in Dahl
rats*®. These results suggest that in both Sprague-Dawley and Dahl rats both pathways 1
and 2mediate, at least in part, the in vivo production of 8-aminoguanine. In vivo, both
8-nitroguanosine and 8-nitroguanine are reduced to 8-aminoguanosine and 8-aminoguanine,
respectively. The reductase(s) responsible for reducing 8-nitropurines to 8-aminopurines in
vivo is (are) unknown. Nonetheless, Chen et al. have reported that 8-nitroguanine, in free
form or in DNA, is reduced by lipoyl dehydrogenase’ and by hemin and hemoproteins*8,
thus further supporting plausibility for pathways 1and 2.

RNS (e.g., peroxynitrite) mediate nitration of guanosine in RNA and guanine nucleotides.
Itis likely, therefore, that subsequent release of 8-nitroguanosine from these nitrated
biomolecules is a major source of 8-nitroguanosine® that feeds into both pathways 1

and 2. In addition, free guanosine can undergo peroxynitrite-induced nitration to produce
8-nitroguanosine®. Moreover, free guanine may undergo nitration to yield 8-nitroguanine
which can enter pathway 2to produce 8-aminoguanine. It is also conceivable that 8-
nitro-2’-deoxyguanosine contributes to 8-aminoguanine production — although we have not
yet studied this possibility. In this regard, nitration of 2’-deoxyguanosine in DNA (followed
by degradation of DNA) or nitration of free 2’-deoxyguanosine (or its nucleotides followed
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by degradation) would give rise to 8-nitro-2’-deoxyguanosine. This substrate likely would
be converted to 8-aminoguanine via pathways similar to that described for 8-nitroguanosine.
The most likely biochemical pathways generating 8-aminoguanine are summarized in Figure
4. Since both pathways 1and 2 utilize PNPase and since 8-aminoguanine is a PNPase
inhibitor, this biochemical system has a “built-in” negative feedback mechanism that would
prevent over-production of 8-aminoguanine in a given biophase (Figure 4).

We also determined that the higher renal levels of 8-aminoguanine in Dahl rats were not
caused by changes in pathways 1 and 2. Rather, these differences were due to greater levels
of endogenous 8-nitroguanosine in Dahl rats#6. This conclusion is consistent with evidence
that Dahl rats likely have elevated levels of peroxynitrite*9-52 and that a peroxynitrite donor
increases kidney levels of 8-aminoguanine*®.

Evidence for a Family of Bioactive 8-Aminopurines.

8-Aminoinosine is similar in structure to 8-aminoguanosine, and 8-aminohypoxanthine

is similar in structure to 8-aminoguanine. Therefore, we considered that 8-aminoinosine
and 8-aminohypoxanthine, like 8-aminoguanine, may affect renal function. In support

of this concept, studies by us and others show that 8-aminoinosine24°3 and 8-
aminohypoxanthine2454, like 8-aminoguanine24:55, inhibit PNPase; however, the Ki for
8-aminoinosine and 8-aminohypoxanthine against PNPase is approximately 10-fold higher
than the corresponding Ki for 8-aminoguanine24. 8-Aminoinosine per se is a competitive
substrate?4, yet is also converted in vivo to 8-aminohypoxanthine, which is a competitive
inhibitor of PNPase. Thus, 8-aminoinosine inhibits PNPase not only directly, but also
indirectly via its conversion to 8-aminohypoxanthine. When administered at equal doses to
intact rats, 8-aminoinosine and 8-aminohypoxanthine decrease the urinary ratios of guanine-
to-guanosine and hypoxanthine-to-inosine, thus confirming PNPase inhibition in vivo?4.
Moreover, 8-aminoinosine and 8-aminohypoxanthine, like 8-aminoguanine, cause diuresis,
natriuresis and glucosuria?4. In some respects, however, the effects of 8-aminoinosine and
8-aminohypoxanthine on renal excretory function differ from those of 8-aminoguanine.
For example, the glucosuric effects of 8-aminohypoxanthine and 8-aminoinosine are

less than those of 8-aminoguanine?4, and 8-aminoinosine and 8-aminohypoxanthine do

not reduce potassium excretion?4. Since administration of 8-aminoinosine increases 8-
aminohypoxanthine excretion, part of the effects of 8-aminoinosine on renal function are
likely mediated by its conversion to 8-aminohypoxanthineZ4. We also have observed that
8-aminohypoxanthine is metabolized by xanthine oxidase to 8-aminoxanthine2* and that 8-
aminoxanthine exerts diuretic, natriuretic and glucosuric effects (unpublished observations).
These findings suggest that some of the effects of 8-aminohypoxanthine on renal excretory
function are mediated via its conversion to 8-aminoxanthine.

There is evidence that 8-aminoinosine, like 8-aminoguanosine and 8-aminoguanine, is an
endogenous 8-aminopurine. Using ultra-performance liquid chromatography-tandem mass
spectrometry, we monitored in urine the mass transition of 8-aminoinosine’s precursor ion
(284 m/z) to its primary product ion (152 m/z) and observed a chromatographic peak with
the identical retention time as authentic 8-aminoinosine?4. Whether 8-aminohypoxanthine
and 8-aminoxanthine are also endogenous 8-aminopurines is at this writing unknown.
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Also, we have not yet characterized the effects of 8-aminoxanthine on PNPase. Figure 5
illustrates the five compounds that may comprise an endogenous family of biologically
active 8-aminopurines and shows their interconversions. We hypothesize that all of these
compounds share the core MOA of inhibiting PNPase; nonetheless, we leave open the
possibility that each 8-aminopurine has unique pharmacological features.

8-Aminoguanine Attenuates Deoxycorticosterone Acetate-Salt (DOCA-salt)

Hypertension in Rats.

Since at least some 8-aminopurines are formed in vivo, it is possible that 8-aminopurines are
endogenous natriuretic factors that modulate sodium excretion and arterial blood pressure.
Moreover, the natriuretic actions of 8-aminopurines suggest that these compounds may have
utility for treating salt-induced hypertension. To test this concept, we instrumented rats for
continuous measurement of arterial blood pressure using radiotelemetry. After obtaining
baseline blood pressure data for 2 weeks, we treated rats orally with either 8-aminoguanine
or 8-aminoguanosine (5 mg/kg/day) for approximately 2 weeks and then induced DOCA-
salt hypertension (unilateral nephrectomy + 1% saline as drinking water + subcutaneous
DOCA). Before induction of DOCA-salt hypertension, neither 8-aminoguanosine nor 8-
aminoguanine altered baseline blood pressurel8. However, both 8-aminopurines attenuated
the long-term (49 days) increase in blood pressure induced by DOCA-salt administration’8.
These results indicate that 8-aminopurines may be useful antihypertensive drugs and could
conceivably contribute to blood pressure regulation.

8-Aminoguanine Prevents Strokes and Extends Lifespan in Dahl Salt-

Sensitive Rats.

We also investigated, using radiotelemetry monitoring of arterial blood pressure, the
chronic effects of oral 8-aminoguanine (10 mg/kg/day) in another model of salt-induced
hypertension, namely the Dahl SS rat. On a low salt diet (0.3%), chronic treatment with
8-aminoguanine did not affect blood pressure. However, when placed on a high salt diet
(8%), blood pressure increased more slowly in Dahl SS rats receiving 8-aminoguanine
versus untreated Dahl SS rats®6. Also, in 8-aminoguanine-treated Dahl SS rats, strokes were
not observed and the median survival time on an 8% salt diet was >50% longer compared to
the survival time in untreated Dahl SS rats, all of which apparently died of strokes®®.

8-Aminoguanine and the Metabolic Syndrome.

The metabolic syndrome consists of a grouping of medical conditions that include
hypertension, obesity, dyslipidemia and insulin resistance®’. In developed countries, the
metabolic syndrome is a major health challenge due to its complications that include
cardiovascular diseases®8, kidney diseases®®, stroke>® and pulmonary hypertension®0.
Therefore, we were motivated to investigate the utility of 8-aminoguanine in two rodent
models of the metabolic syndrome, namely obese ZSF161 and ZDSD%6 rats (see Tofovic
and Jackson62 and Peterson and coworkers®3 for descriptions of obese ZSF1 and ZDSD rats,
respectively).

Hypertension. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jackson et al.

Page 10

In order to evaluate whether 8-aminopurines reduce the severity of the metabolic
syndrome, 36-week old male, hypertensive, diabetic, obese ZSF1 rats were treated for

8 weeks with either tap water or tap water containing 8-aminoguanosine (20 mg/kg/
day)81. Here we used 8-aminoguanosine because this prodrug is much more soluble in
water than is 8-aminoguanine and therefore provides a more reliable treatment at this
higher dose. Compared to their lean littermates, obese animals had reduced ratios of
inosine-to-hypoxanthine concentrations in urine and increased levels of xanthine in urine,
suggesting increased PNPase and xanthine oxidase activity, respectively. In obese ZSF1
rats, 8 weeks of treatment with 8-aminoguanosine elevated urine levels of inosine and
guanosine and markedly reduced urine levels of vasculotoxic and pro-oxidant hypoxanthine/
xanthine/guanine, strongly indicating effective inhibition of PNPase. This rebalancing of
the purine metabolism was associated with improved glucose homeostasis (i.e., reduced
HbA1c, polyuria and glycosuria), decreased elevated systemic blood pressure, reduced
kidney damage (i.e., reduced albuminuria) and reversal of right ventricle (RV) hypertrophy
and diastolic dysfunction.

Obese ZSF1 rats have a malfunctioning leptin receptor system. Because this biochemical
defect is rare in humans, obese ZSF1 rats might not model accurately the metabolic
syndrome in humans. Therefore, we also examined the effects of 8-aminopurines in Zucker
Diabetic-Sprague Dawley (ZDSD) rats®6, a model of the metabolic syndrome that has a
functioning leptin pathway. Here we prepared ZDSD rats for radiotelemetry measurements
of arterial blood pressure; and after 1 week of baseline measurements, we randomized
animals to either normal drinking water or 8-aminoguanine (10 mg/kg/day) in drinking
water. After approximately 2 weeks, rats were provided 1% salt in the drinking water, and
after 4 weeks this treatment was augmented with a diabetogenic diet for another 4 weeks.
8-Aminoguanine significantly reduced arterial blood pressure, particularly when salt intake
was increased, an effect that was sustained even on a diabetogenic diet. At the end of the
study, rats were placed in metabolic cages; it was noted that 8-aminoguanine decreased
both water intake and urine output. Also, 8-aminoguanine significantly reduced glycosylated
hemoglobin and improved kidney and heart histopathology.

8-Aminoguanosine and Angioprolifertive Pulmonary Arterial Hypertension.

In obese ZSF1 rats, 8-aminoguanosine reduced RV peak systolic pressure, RV end-diastolic
pressure and RV tau, findings that suggest a beneficial effect of this 8-aminopurine on the
pulmonary circulation. To test this concept, we studied the effects of 8-aminoguanosine

on progression of angioproliferative pulmonary arterial hypertension in female rats®4.
Female rats were injected with Sugen 5416 (a vascular endothelial growth factor receptor
antagonist, 20 mg/kg, s.c.) and exposed to hypoxia for 3 weeks. Sugen 5416 combined
with hypoxia is known to induce severe angioproliferative pulmonary hypertension®®.
Animals were returned to normoxia for 3 weeks before hemodynamic and histopathological
analyses were conducted (SuHx group). On Day 14, a subset of SuHXx rats begin to

receive 8-aminoguanosine (20 mg/kg/day in drinking water). Control animals were injected
with vehicle and received tap water. A single dose of Sugen 5416 and exposure to

hypoxia produced severe pulmonary arterial hypertension, occluded pulmonary vessels,
plexiform lesions and necrotizing arteritis. 8-Aminoguanosine decreased RV peak systolic
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pressure, end-diastolic pressure and hypertrophy and improved RV contractility. Notably, 8-
aminoguanosine also reduced the number of occlusive and plexiform lesions and prevented
development of necrotizing arteritis.

8-Aminoguanosine and Sickle Cell Disease.

PNPase converts guanosine to guanine, inosine to hypoxanthine and deoxyguanosine

to guanine®®. In turn, guanine is metabolized to xanthine by guanase®’. Thus,

PNPase diminishes guanosine and inosine levels, which have well documented anti-
inflammatory68-70, anti-ischemic’%-73 and anti-thrombotic’4-76 effects, while generating
large amounts of downstream hypoxanthine and xanthine, which are pro-oxidant and
vasculotoxic’’. Red blood cells (RBCs) are rich in PNPase®, and patients with sickle

cell disease (SCD) have increased PNPase release/activity, accelerated guanosine/inosine
metabolism and increased production of vasculotoxic hypoxanthine/xanthine’’. Based on
this information, we hypothesized that PNPase plays a pathogenic role in SCD by promoting
RBC sickling, hemolytic angioproliferation, cell aggregation and end organ damage. The
corollary of this hypothesis is that PNPase inhibition may confer beneficial effects in SCD.

To test our hypothesis, we investigated the safety and efficacy of intermediate-term (8
weeks) and long-term (20 weeks) treatment of Townes sickle mice (SS) and their non-
sickling controls (AA) with 8-aminoguanosine (60 mg/kg/day administered ad /ibitumin
the drinking water)”8. We obtained metabolic cage measurements with blood and urine
collection at multiple intervals. Urine samples were analyzed for purines by UPLC-MS/MS.

8-Aminoguanosine was well tolerated by AA and SS mice with no signs of toxicity. In

both AA and SS mice, 8-aminoguanosine treatment resulted in a 40- to 50-fold increase

in urinary 8-aminoguanine concentrations. Treatment of SS mice with 8-aminoguanosine
reduced urinary levels of hypoxanthine and increased the inosine-to-hypoxanthine ratio in
urine. Moreover, 8-aminoguanosine increased urine levels of guanosine, reduced urine levels
of guanine and increased the guanosine-to-guanine ratio in urine. These findings indicated
efficacious inhibition of PNPase in mice treated with 8-aminoguanosine.

Notably, treatment of SS mice with 8-aminoguanosine for 8 weeks significantly reduced
hemoglobinuria and albuminuria, attenuated both left and right ventricular hypertrophy,
reduced hepatomegaly and improved RV contractility. Also, 8-aminoguanosine tended

to reduce lung weights and splenomegaly in SS mice. Treatment of SS mice with
8-aminoguanosine for 20 weeks significantly inhibited age-related reductions in both
hemoglobin and hematocrit levels, attenuated hemoglobinuria and albuminuria and
significantly reduced splenomegaly and hepatomegaly. Semi-quantitative histopathological
analysis revealed reduced ischemic and fibrotic injury and reduced iron deposition in the
spleen and liver of SS mice treated with 8-aminoguanosine. Taken together, our findings in
SS mice indicate that 8-aminoguanosine has potential as a safe, effective and inexpensive
treatment for SCD.
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8-Aminoguanine and Aging.

The primary focus of this review relates to the effects of 8-aminopurines on the
cardiovascular and renal systems; however, we have observed beneficial effects of these
unique compounds that extend beyond these systems. We discuss these findings here
because the anti-aging mechanisms engaged by 8-aminopurines in other organ systems
likely apply to the cardiovascular and renal systems as well.

There is growing evidence that 8-aminopurines may have anti-aging/reverse aging actions
that hold promise for restoring organ form and function. Here, we focus on emerging data
supporting the hypothesis that 8-aminopurines may be useful for reversing age-associated
diseases of the lower urinary tract (LUT) as well as age-related retinal degeneration. Both of
these conditions are life altering in the elderly.

8-Aminoguanine may be geroprotective, with respect to the LUT, by redirecting

purine metabolism in the bladder away from uro-damaging and ROS-generating
hypoxanthine/xanthine’® and favoring instead the accumulation of uro-protective inosine
and guanosine?8:80-82 T test this hypothesis, we assessed LUT function and structure in
aged (>25 months) male and female Fischer 344 rats randomized to oral treatment with
8-aminoguanine (5 mg/kg/day; in drinking water) or vehicle for 6 weeks83. The LUT of
aged rats exhibited multiple abnormalities including tactile insensitivity, vascular remodeling
within the bladder, reduced collagen fiber tortuosity in the bladder, increased bladder
stiffness, abnormal bladder smooth muscle cell morphology, swelling and degeneration

of mitochondria in both smooth (bladder and urethra) and striated (external urethral
sphincter) muscle cells and increased levels of uro-damaging purine metabolites in the
LUTS8384 Treatment of aged rats with 8-aminoguanine restored all evaluated histological,
ultrastructural and physiological abnormalities toward that of a younger state83.84, Because
PNPase inhibition blocks metabolism of inosine to hypoxanthine and guanosine to guanine,
likely the uro-protective effects of 8-aminoguanine are mediated by increased bladder levels
of uro-protective inosine and guanosine and reductions in uro-damaging hypoxanthine and
xanthine. These findings demonstrate that 8-aminoguanine has translational potential for
treating age-associated LUT dysfunctions and resultant syndromes in humans.

Reduced visual acuity due to retinal thinning is another common age-related morbidity that,
like LUT dysfunction, greatly compromises quality of life in the elderly8>. With increasing
human lifespans, development of an oral drug that delays or reverses age-related vision
decline is a major unmet medical need. Our discovery that 8-aminoguanine restores the aged
bladder to a more youthful state motivated us to evaluate whether 8-aminoguanine can also
reverse age-related retinal degeneration.

As with the bladder, the Fischer 344 rat is a classic model for investigating age-related
retinal degeneration. In this regard, aged Fisher 344 rats exhibit thinning of the whole
retina with reduced visual function. Accordingly, we studied the effects of chronic oral
treatment with 8-aminoguanine (5 mg/kg/day in drinking water) in aged F344 rats6.
Treatment with 8-aminoguanine was initiated at 22 months of age and continued for 8

or 17 weeks. Electroretinography (ERG) and optical coherence tomography (OCT) studies
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were conducted at baseline and at 7 or 16 weeks into treatment, and retinae were removed
at 8 or 17 weeks of treatment for UPLC-MS/MS analyses, RNA-seq, immunoblots and
immunohistochemistry.

Compared to untreated rats, at 8 weeks into treatment aged F344 rats had thicker retinae
and higher numbers of nuclei in both the outer nuclear layer and retinal ganglion

cell (RGC) layer suggesting preserved photoreceptor and RGC cells. Moreover, the
8-aminoguanine-treated aged rats had improved rod and cone functions as evidenced

by higher scotopic and photopic ERG responses. Also, treatment with 8-aminoguanine

led to thicker outer segments, higher rhodopsin levels and more PNA+ cone cells,
suggesting restored rod homeostasis and more cone cells. The retinal bioavailablity of
8-aminoguanine was evidenced by the purine metabolome analysis showing increased
8-aminoguanine concentrations in the retinae of 8-aminoguanine-treated rats. Compared
to controls, biomarkers of tissue oxidative damage (i.e., malondialdehyde and 8-
hydroxydeoxyguanosine) in retinae were significantly reduced in aged rats treated with
8-aminoguanine. 8-Aminoguanine also significantly decreased retinal CD68+, IBA1+
microglia/macrophages. RNA-seq and transcriptome analyses revealed reduced expression
of proinflammatory genes in microglia. Importantly, treatment of aged rats with 8-
aminoguanine for 17 weeks (now 26 months of age) preserved all retinal layers with
considerable ERG responses compared to controls that showed severe retinal deterioration
with no ERG responses.

Safety and Toxicity.

One concern regarding chronic administration of 8-aminopurines is adverse effects related to
over-suppression of the purine salvage pathway. The metabolism of inosine, deoxyinosine,
guanosine and deoxyguanosine by PNPase produces hypoxanthine and guanine that can

be converted to inosine monophosphate and guanosine monophosphate by hypoxanthine-
guanine phosphoribosyltransferase®. Guanosine monophosphate can be phosphorylated to
yield GTP and inosine monophosphate can be converted to AMP and then phosphorylated
to yield ATP®®. Thus, severe inhibition of PNPase by 8-aminopurines would be expected to
impair this purine salvage mechanism.

Another concern regarding chronic administration of 8-aminopurines is T-cell depletion6®.
T-cell depletion by PNPase deficiency is likely due to the accumulation of deoxyguanosine,
which is normally degraded to guanine by PNPase®. Excessive accumulation of
deoxyguanosine results in an excessive level of deoxyguanosine triphosphate, which inhibits
ribonucleotide reductase resulting in depletion of deoxynucleoside triphosphates and thus
impairment of DNA synthesis, particularly in T-cells®8.

Although complete PNPase deficiency due to inactivating mutations in both PNPase alleles
results in immunodeficiency, neurological disorders and autoimmune diseases®®, fortunately
partial inhibition of PNPase does not — heterozygotic parents of homozygotic offspring are
normal despite significantly lower PNPase activity56. Indeed, it is estimated that only 8 to
11% of normal PNPase activity is required for near-normal immunity8’, and only 1.5% of
normal PNPase activity — as measured in RBCs - is required for survival®8. This provides
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for a safe therapeutic window in which 8-aminopurines can be dosed to attenuate, but not
eliminate, PNPase activity. This conclusion is supported by our observations that in Dahl
SS rats on an 8% salt diet, chronic treatment with 8-aminoguanosine or 8-aminoguanine
(10 mg/kg/day for 40 days) did not cause detectable drug related histopathology in the

liver, kidneys, heart, brain, aorta or adrenal gland (unpublished findings). The fact that
naturally occurring 8-aminopurines are much less potent (UM potency) than other synthetic
PNPase inhibitors (e.g., forodesine; pM to nM potency) may be a desirable feature of
8-aminopurines in that the therapeutic objective here is to moderately suppress PNPase
activity, rather than abolish such activity. For chronic administration of PNPase inhibitors to
treat diseases discussed herein, safety is paramount.

Unknowns and Future Directions.

Research related to 8-aminopurines for cardiovascular and renal diseases and diseases of
aging is in its infancy. There are many questions, opportunities and details yet to be
addressed, and discoveries yet to be made. Clearly, 8-aminoguanine is unique among the
8-aminopurines in that 8-aminoguanine markedly suppresses potassium excretion, while
other 8-aminopurines do not. This effect of 8-aminoguanine is not due to inhibition of
PNPase, a conclusion suggesting that this particularly 8-aminopurine has pharmacological
actions yet to be elucidated.

As noted herein, evidence strongly suggests that 8-aminoguanosine and 8-aminoguanine
are endogenous 8-aminopurines — particularly in Dahl SS rats. Although there is some
evidence that 8-aminoinosine is also produced in vivo, additional studies are required to
confirm this and to determine whether 8-aminohypoxanthine and 8-aminoxanthine too are
endogenous 8-aminopurines. If 8-aminopurines are a family of endogenous factors, this
raises the important question as to whether these potentially endogenous PNPase inhibitors
play (patho)physiological roles.

We have recently described two pathways for the biosynthesis of 8-aminoguanine?5; it is
conceivable - perhaps even likely - that gut microorganisms also produce 8-aminopurines
via these pathways. Given the increasing awareness that a healthy cardiovascular system is
dependent on chemical processes within gut microorganisms8, we believe that the role

of the gut microbiota in the production of 8-aminopurines is a research area ripe for
exploration.

There is also an increasing awareness that systemic inflammation drives hypertension and
cardiovascular and renal diseases?. As mentioned, inhibition of PNPase selectively reduces
T-cell number due to accumulation of deoxyguanosine. These realizations motivate the
question: What is the role of the anti-inflammatory effects of 8-aminopurines in vascular
biology?

Concluding Remarks.

8-Aminopurines have potential as a novel class of drugs for treatment of systemic
hypertension, pulmonary hypertension, strokes, renal disorders, sickle cell disease and
age-related degeneration of the lower urinary tract and retinae (Figure 6). Likely, at least
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me 8-aminopurines are endogenous factors that are produced by specific biochemical

pathways and may play important roles in (patho)physiology. The mechanism of action of
8-aminopurines entails in part inhibition of PNPase leading to the accumulation of tissue
protective purines, such as inosine and guanosine, and reduction in the levels of tissue
damaging purines, such as hypoxanthine and xanthine. Hopefully, this line of research will
translate into effective treatments for diseases that affect the majority of humankind.
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Figure 1: Chemical structures of selected 8-substituted purines.
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Figure 2: Effects of 8-aminoguanine on renal excretory function and renal cortical and
medullary microdialysate levels of inosine.

Timed collections of urine from the ureter and renal cortical and medullary microdialysates
were obtained from anesthetized rats from 0-30 min (Period 1), 40-70 min (Period 2)

and 85-115 min (Period 3) into the protocol. Rats received an intravenous injection of
8-aminoguanine (33.5 umoles/kg) immediately after Period 1. Urine volumes (A), excretion
rates of sodium (B), glucose (C) and potassium (D) and cortical (E) and medullary (F)
concentrations of inosine were determined. Values are means and SEMs for the indicated
sample size (n). For data points without error bars, the error bars are shorter than the

size of the symbol. ANOVA, analysis of variance; *£<0.05 vs Period 1. Reproduced from

Hypertension 2023;80:981-994 (Open Access).
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> Inhibition of Renal PNPase

l

> Increased Renal Interstitial Levels of Inosine

l

> Activation of A,; Receptors

» Increased Renal Medullary Blood Flow

l

» Increased Renal Excretory Function

Figure 3: Possible mechanism by which 8-aminoguaine increases the excretion of urine, sodium
and glucose.
At least in part, 8-aminoguanine induces diuresis, natriuresis and glucosuria by inhibiting

PNPase which increases renal interstitial levels of inosine which, via Ayg receptor
activation, increases renal excretory function, perhaps in part by increasing medullary blood
flow. However, it is likely that other signaling pathways contribute to the pharmacology of
8-aminoguanine specifically and 8-aminopurines in general.
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Increased in Dahl SS Rats
Guanine Moieties in Biomolecules
(e.g., RNA, Guanine Nucleotides, Guanosine)

l Nitration at 8 position (nitrosative stress caused by RNS)

1 Degradation
Pathway 2

8-Nitroguanosine*

Pathway 1 l EEUtEigies PNPase

8-Aminoguanosine

PNPase l
Nitration

4=m 8-Nitroguanine 4@ Guanine
l Reductases

Biological Activity

*Nitration of guanine moieties in DNA or in 2’-deoxyguanosine or its nucleotides would give rise to 8-nitro-2’-deoxyguanosine,

which may be processed down pathway 1 (to 8-amino-2’-deoxyguanosine and then to 8-aminoguanine)
or pathway 2 (to 8-nitroguanine and then to 8-aminoguanine).

Figure 4: Biochemical pathways for 8-aminoguanine production in vivo.
Nitrosative stress (which is increased in Dahl SS Rats) caused by reactive nitrogen

species (RNS; e.g., peroxynitrite) results in nitration at position 8 of guanine moieties in
biomolecules such as RNA, guanine nucleotides and guanosine. Degradation of RNA and
guanine nucleotides leads to the formation of 8-nitroguanosine and nitration of guanosine
directly generates 8-nitroguanosine. 8-Nitroguanosine can be converted to 8-aminoguanine
via Pathway 1 (reduction to 8-aminoguanosine followed by purine nucleoside phosphorylase
(PNPase)-mediated phosphorolysis to 8-aminoguanine) or Pathway 2 (PNPase-mediated
phosphorolysis to 8-nitroguanine followed by reduction to 8-aminoguaine). In addition,
“free” guanine may undergo direct nitration to produce 8-nitroguanine that enters Pathway 2.
Moreover, nitration of guanine moieties in DNA or in 2’-deoxyguanosine or its nucleotides
would produce 8-nitro-2’-deoxyguanosine (after degradation of DNA or 2’-deoxyguanosine
nucleotides; yet directly from 2’-deoxyguanosine), which may be processed by Pathway

1 or 2to 8-aminoguanine. The critical involvement of PNPase activity for completion of
both Pathway 1 and 2 provides an effective mechanism (solid dark lines denoting feedback
inhibition) for preventing over-production of 8-aminoguanine in any given biophase.
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A Possible Family of Endogenous Biologically

Active 8-Aminopurines
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Figure 5: 8-Aminopurines may comprise a family of endogenous and biologically active agents.
8-Aminoguanosine, 8-aminoguanine, 8-aminoinosine, 8-aminohypoxanthine and 8-

aminoxanthine cause diuresis, natriuresis and glucosuria. 8-Aminoguanosine and 8-
aminoguanine also cause antikaliuresis. 8-Aminoguanosine and 8-aminoinosine are
metabolized to 8-aminoguanine and 8-aminohypoxanthine, respectively, by purine
nucleotide phosphorylase (PNPase), and 8-aminochypoxanthine is converted to 8-
aminoxanthine by xanthine oxidase (XO). Thus far, 8-aminoguanosine, 8-aminoguanine and
8-aminoinosine have been detected in vivo.
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CLINICAL RELEVANCE

By Rebalancing the Purine Metabolome
(plus other pleiotropic effects) 8-Aminopurines

May Be Useful for Treating and Reversing Multiple Diseases.

t Inosine/Guanosine
Cardiovascular/Renal Systems (Pleiotropic Effects)

Systemic and Pulmonary Hypertension
Metabolic Syndrome
Premature CV Death

Sickle Cell Disease
Renal Diseases
Strokes

And Beyond!!
Age-Associated Bladder Diseases
Age-Associated Macular Degeneration

Figure 6: Clinical relevance of the 8-aminopurine hypothesis.
Our studies indicate that 8-aminopurines (particularly 8-aminoguanosine and 8-

aminoguanine) may be useful for treating diseases of the cardiovascular and renal systems as
well as diseases associated with aging. Although the diuretic, natriuretic and glucosuric
effects of 8-aminoguanine have been linked to inosine, it is likely that increases in
“protective purines” (such as inosine and guanosine) and decreases in “damaging purines”
(such as hypoxanthine and xanthine) also participate in the beneficial actions of this

novel class of agents (i.e., 8-aminopurines “rebalance the purine metabolome™). Yet to be
discovered pleiotropic effects of 8-aminopurines may also contribute to the mechanism of
action of this drug class.
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