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ABSTRACT
Red blood cells (RBCs) contain the highest purine nucleoside phosphorylase (PNP) level per cell volume, yet the role of PNP in 
the pathogenesis of sickle cell disease (SCD) is incompletely understood, highlighting an important gap in our knowledge of the 
disease. Previously, we reported increased PNP release by RBCs and accelerated purine nucleoside metabolism with increased 
production of pro-oxidant, pro-inflammatory and vasculotoxic byproducts in children with SCD and animal models of hemolytic 
injury. Thus, we hypothesized that PNP inhibition would reduce hemolysis and attenuate end-organ damage in SCD. In adult 
patients with SCD (n = 63), plasma PNP levels were markedly elevated compared to controls (n = 27; p < 0.001) and correlated 
positively with LDH (r = 0.6032, p < 0.0001) and negatively with haemoglobin (r = −0.4523, p = 0.0002). SCD mice also showed 
accelerated purine metabolism compared to controls. Treatment with the PNP inhibitor 8-aminoguanosine (8-AG) increased 
inosine and guanosine and reduced downstream vasculotoxic byproducts hypoxanthine (p = 0.036), xanthine (p = 0.004) and 
guanine (p = 0.047), indicating efficient PNP inhibition. 8-AG treatment rebalanced the purine metabolome in SCD mice to 
favour protective over harmful purine metabolites without negatively affecting haematological parameters. This was associated 
with reduced hemolysis and decreased splenomegaly, hepatomegaly, and hepatic and renal injury. This study suggests that PNP 
is an important erythrocytic damage-associated molecular pattern molecule involved in the complex pathophysiology of SCD 
and proposes PNP inhibitors as a new therapeutic option for SCD and other hemolytic diseases.

1   |   Introduction

Sickle cell disease (SCD) is an inherited, severely disabling dis-
ease affecting millions of people globally [1, 2] and is caused 
by a missense mutation in the HBB gene encoding the β-globin 
subunit of haemoglobin [3–5]. The mutated haemoglobin in 
SCD (HbS) is less soluble and is prone to polymerisation upon 
deoxygenation leading to the deformation of red blood cells 

(RBCs) into rigid crescents or sickle cells that are prone to in-
tra- and extravascular hemolysis. RBC alterations and hemolysis 
lead to a proinflammatory state that causes hyper-adhesion of 
blood cells. Combined, these pathogenic mechanisms result in 
vaso-occlusion, ischemic/reperfusion injury, endothelial dys-
function, and oxidative damage [6–8]. Common multi-organ 
complications in SCD include recurrent pain episodes, anaemia, 
splenomegaly, liver and kidney dysfunction, and pulmonary 
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hypertension [6, 7]. Acute and chronic organ damage has a pro-
found effect on the quality of life and longevity of individuals 
with SCD.

Intravascular hemolysis releases erythrocyte damage-
associated molecular patterns (eDAMPs) that enhance oxida-
tive vascular injury, inflammation and blood cell aggregation 
[7, 9]. In this regard, RBCs contain high micromolar amounts 
of ATP (a major source of adenosine production) [10, 11], as well 
as large amounts of adenosine deaminase (ADA) and purine nu-
cleoside phosphorylase (PNP), two enzymes involved in purine 
nucleoside catabolism [12–15]. We hypothesize that ATP, ADA 
and PNP may comprise a critically important set of eDAMPs re-
leased by damaged RBCs in patients with SCD (see Graphical 
Overview). In support of the eDAMP hypothesis, studies show 
that recurrent hemolysis increases intravascular ATP [16, 17], 
which is rapidly degraded to adenosine [10, 11]. Adenosine is 
efficiently taken up by RBCs or converted to inosine by ADA, 
thus releasing ammonium (NH4), which can trigger a cascade of 
inflammatory reactions [18]. Previously, we reported increased 
systemic PNP and ADA activities in children with SCD and an-
imals exposed to hemolytic insult [13–15]. PNP converts inosine 
to pro-oxidative hypoxanthine leading to endothelial dysfunc-
tion [19], and xanthine oxidase (XO) converts hypoxanthine to 
xanthine with the generation of peroxide and superoxide [20]. 
PNP also catalyses the conversion of guanosine to guanine, and 
guanine deaminase (guanase, GDA) catalyses the hydrolytic 
deamination of guanine [21], resulting in the production of vas-
culotoxic xanthine [22] and pro-inflammatory NH4. Notably, 
inosine and guanosine have well-documented antioxidant 
[23–26], anti-ischemic [27–30], anti-inflammatory [24, 31, 32], 
antiplatelet/antithrombotic [33, 34] and antinociceptive effects 
[35–38] that could be protective and beneficial in SCD. The 
increased PNP activity and accelerated purine nucleoside me-
tabolism may abolish the protective effects of inosine and gua-
nosine, whereas PNP inhibition may potentiate their beneficial 
effects in SCD [39]. Also relevant to SCD, in a murine model of 
chronic pain [40], the PNP inhibitor forodesine potentiates the 
antinociceptive effects of inosine [36]. Together, these findings 
corroborate our hypothesis that in SCD, the systemic actions of 
PNP and ADA are increased, which eventually results in accel-
erated purine nucleoside metabolism with subsequent depletion 
of tissue-protective purines and simultaneous accumulation of 
tissue-damaging purines.

The above considerations motivate our hypothesis that modu-
lating purine metabolism by inhibiting PNP activity would alter 
purine metabolism balance towards protective and away from 
harmful purines and thereby prevent or ameliorate organ dam-
age in SCD [39]. For the first time, we demonstrate here that 
inhibition of PNP by 8-aminoguanosine (8-AG) restores the pu-
rine metabolism balance in SCD, resulting in reduced hemolysis 
and end-organ damage in SCD mice. Thus, PNP inhibition could 
potentially be a new therapeutic strategy in SCD and other he-
molytic diseases.

2   |   Methods

For a detailed description of the materials and methods, see 
Appendix S1.

2.1   |   Human Plasma Samples

We obtained banked citrated plasma samples collected from 
patients with SCD (n = 63) during steady state, as well as race, 
age and sex-matched HbAA controls (n = 27) enrolled in a prior 
clinical trial (NCT02946905). All participants were of African 
descent. Among the patients with SCD, 38 had severe disease 
(HbSS and HbS/β0 thalassaemia) and 25 ‘mild’ disease (HbSC 
and HbS/β+ thalassaemia). See Appendix S1 for details of the 
clinical parameters of the participants. The patients' clinical lab-
oratory data were obtained at the time of their clinic visit. The 
frozen plasma samples were then batch tested for PNP by ELISA 
according to the manufacturer's protocol.

2.2   |   Mice

Humanised transgenic Townes AA mice (Hbatm1(HBA)Tow  
Hbbtm3(HBG1,HBB)Tow) and SS mice (Hbatm1(HBA)Tow 
Hbbtm2(HBG1,HBB*)Tow) have been previously described [40–42]. 
Six to seven-week-old male AA and SS mice were obtained 
from Jackson Laboratory, and the University of Pittsburgh 
Animal Care and Use Committee (IACUC) approved the ani-
mal use protocol. At 10 weeks of age, the AA and SS mice were 
randomised to receive 8-AG (80 mg/kg/day) in drinking water 
(AA+8-AG group, n = 9 and SS + 8-AG group, n = 11) or had 
ad libitum access to tap water (AA group, n = 9 and SS group, 
n = 11) for 20 weeks. An additional subset of 10-week-old male 
SS mice was treated with 8-AG (60 mg/kg/day) in drinking 
water (SS + 8-AG group n = 11) or consumed tap water (SS group, 
n = 11) for 8 weeks.

2.3   |   Metabolic Cage Studies

2.3.1   |   Urine Collection

At predetermined time intervals, animals were placed in a 
metabolic cage and allowed to acclimatise for at least 16 h, and 
urine samples were collected over 24 h. Urine samples were cen-
trifuged at 10,000 g for 10 min at 4°C, sediments discarded and 
supernatants stored at −80°C until analysis.

2.3.2   |   Blood Collection

Blood samples were collected retro-orbitally at given time points 
from each mouse under isoflurane anaesthesia using a heparin-
ized microcapillary tube or terminally by syringe via cardiac 
puncture. Blood samples were transferred to an EDTA tube 
and immediately analysed using the HEMAVET HV950 auto-
analyser (Drew Scientific, Plantation, FL). The remaining blood 
was centrifuged at 2500 g for 10 min at 4°C and, separated RBC 
pellets and plasma were stored at −80°C until analysis.

2.4   |   Urinary Metabolome

To determine 8-AG metabolism and to investigate the effects 
of PNP inhibition on purine metabolome, urine samples were 
analysed for urinary adenosine, inosine, guanosine, guanine, 
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hypoxanthine, xanthine, 8-AG, and 8-aminoguanine using 
ultra-high-performance liquid chromatography–tandem mass 
spectrometry (UPLC-MS/MS), as previously described [43].

2.5   |   Biochemical Analysis

Plasma haemoglobin and AST, urinary haemoglobin, creat-
inine and albumin, and liver iron content were determined 
using colorimetric assays or ELISA kits according to manu-
facturers' protocols. The kits and reagents used are listed in 
Table S1.

2.6   |   Closed Chest Right Ventricle Catheterization 
and Transthoracic Echocardiography of the Left 
Ventricle

Closed chest catheterization for in  vivo right ventricle (RV) 
pressure measurements was performed at the University of 
Pittsburgh Vascular Medicine Institute (VMI) Small Animal 
Hemodynamic Core Lab, based on a previously documented 
protocol [44, 45] and as described in Appendix  S1. Non-
invasive transthoracic echocardiography of the left ventri-
cle (LV) was performed at the University of Pittsburgh VMI 
Echocardiography Core using the Vevo 3100 ultrasound ma-
chine (FUJIFILM Visual Sonics, Toronto, Canada) as previ-
ously described [41, 46]. Focus was on the left heart, as the 
non-invasive echo of the right ventricle has a limited vi-
sual window and inconsistent reproducibility (details are in 
Appendix S1).

2.7   |   Tissue Processing and Histopathology

At the end of each treatment period, the mice were euthanized, 
and the organs were immediately removed and processed as 
follows The organs were weighed and bisected or divided into 
two groups—one was snap-frozen in liquid nitrogen for bio-
chemical tests and the other was fixed in 10% formalin and 
embedded in paraffin for histology. Paraffin blocks were pre-
pared and four-micrometre serial tissue sections from the 
liver, spleen and right lung were deparaffinised and stained 
with haematoxylin and eosin (H&E). Lung sections were also 
stained with pentachrome, and liver and spleen sections for 
trichrome and Prussian blue. The entire slide sections were 
scanned, digitised and analysed using the Aperio ScanScope 
XT system (Aperio Inc., Vista, CA) and Aperio Image Scope 
software.

2.8   |   Statistical Analysis

Data were analysed using GraphPad Prism for Windows v.10.4.0 
(Boston, MA) and NCSS 2022 statistical software (East Kaysville, 
UT). The results are presented as mean ± SEM and compared 
using student's T-tests for unpaired data and two-factor ANOVA 
for four groups with post hoc analyses. Spearman Rho test for 
non-parametric data was used for correlations. p < 0.05 was con-
sidered statistically significant.

3   |   Results

3.1   |   Plasma Levels of PNP Are Markedly Elevated 
and Correlate With Markers of Hemolysis in 
Patients With SCD

Plasma PNP levels were markedly elevated in the patients com-
pared to controls (SCD: 2772 ± 362 vs. CON: 1310 ± 188.1 pg/
mL, p = 0.001, Figure  1A) and those with severe dis-
ease had higher PNP levels (Severe: 3558 ± 570.9 vs. Mild: 
1681 ± 240.9 pg/mL, p = 0.003, Figure  1B) and LDH levels 
(Severe: 373 ± 21.0 U/L vs. Mild: 249.6 ± 14.0 U/L, p < 0.0001, 
Figure 1C) than those with mild disease. The PNP levels in the 
patients with SCD correlated positively with LDH (r = 0.6032, 
p < 0.0001, Figure  1D) and platelet counts (r = 0.2543, 
p = 0.0461, Figure  1F), and negatively with haemoglobin 
(r = −0.4523, p = 0.0002, Figure  1E). Plasma PNP levels also 
positively correlated with % reticulocytes (Figure 1G), ferritin 
(Figure 1H), total bilirubin (Figure 1I) and AST (Figure 1J). 
As expected, the correlations were generally stronger in the 
patients with severe disease (Table S3).

3.2   |   Townes AA and SS Mice Efficiently Convert 
8-AG to 8-Aminoguanine

First, we examined whether Townes mice efficiently metab-
olise 8-AG (a pro-drug) to 8-aminoguanine, an endogenous 
purine metabolite and a potent PNP inhibitor [47]. After 8 and 
20 weeks of 8-AG treatment (Figure 2, top and bottom panel, 
respectively), the SS mice had very negligible urinary concen-
trations of 8-AG, albeit higher in the treated SS mice than the 
untreated group, p < 0.001 (Figure 2A,C). The SS mice treated 
with 8-AG for 8 or 20 weeks had 40–50-fold higher urinary 
concentration of the active PNP inhibitor 8-aminoguanine, 
while the urinary levels of 8-aminoguanine remained low 
in the untreated SS mice, p < 0.001 (Figure 2B,D). This indi-
cates efficient conversion of the pro-drug and weak PNP in-
hibitor 8-AG to the potent PNP inhibitor 8-aminoguanine in 
30-week-old Townes SS mice even at an advanced stage of 
disease (Figure  2C,D). Notably, in naïve mice (animals not 
receiving oral 8-AG), no endogenous 8-AG was measurable, 
whereas endogenous 8-aminoguanine was detectable in the 
urine, confirming our previous findings that 8-aminoguanine 
is an endogenous metabolite [48].

3.3   |   8-AG Inhibits PNP Activity, Rebalances 
Dysregulated Purine Metabolism, and Has No 
Adverse Haematological Effects in SS MICE

Analysis of the urinary purine metabolome revealed dysregu-
lated purine metabolism in SS mice compared to age-matched 
AA controls (Figure 3). The 30-week-old SS mice had reduced 
urinary adenosine (genotype effect p = 0.002) and lower ad-
enosine/inosine ratio (p = 0.001; Figure  3A,E, respectively) 
and increased inosine (p = 0.021), hypoxanthine (p = 0.012) 
and xanthine levels (p = 0.017; Figure  3B–D, respectively), 
collectively suggesting accelerated purine metabolism and 
increased activity of ADA, PNP and XO [13–15]. The higher 
urinary hypoxanthine levels along with increased guanine 
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levels (p = 0.001, Figure  3I) are also indicative of increased 
PNP activity as previously reported in SCD patients [13] and 
in accordance with the elevated plasma PNP levels in pa-
tients from the current study (Figure  1). The 20-week treat-
ment with 8-AG reduced hypoxanthine (p = 0.036, Figure 3C) 
and guanine (p = 0.047, Figure 3I) and increased the inosine/
hypoxanthine ratio (p = 0.048, Figure  3F) and guanosine/
guanine ratio (p = 0.001, Figure  3J), suggesting an efficient 
inhibition of PNP by 8-AG in SCD mice (see Figure S1C,G,I,J). 
Furthermore, 8-AG treatment did not alter xanthine levels in 
the treated SS mice (Figure S1D), suggesting no effects of PNP 
inhibition on XO activity, but reduced the hypoxanthine/xan-
thine ratio (p = 0.004, Figure  3G), most likely as an indirect 
effect of 8-AG due to reduced hypoxanthine and subsequently 
reduced downstream production of xanthine.

Complete deficiency of PNP (a very rare, inherited disorder) 
leads to severe combined immunodeficiency, lymphopenia, 
autoimmune hemolytic anaemia and thrombocytopenia in hu-
mans [49]. Thus, we monitored mice blood counts at 0, 10, and 
20 weeks of treatment (Figure  4 and Figure  S2). As expected, 
compared to untreated AA mice, the untreated SS mice had 

higher total white blood cell (WBC, Figure  4A), lymphocyte 
(Figure 4B), neutrophil (Figure 4C), monocyte (Figure 4D), and 
eosinophil (Figure 4E) counts. Notably, 8-AG treatment did not 
significantly reduce the circulating levels of immune cells in 
both AA and SS mice.

3.4   |   8-AG Reduces Hemolysis and Increases 
Platelet Counts in SS Mice

To further investigate the impact of 8-AG treatment, we anal-
ysed serial RBC parameters in both Townes AA and SS mice 
during the 20-week treatment with 8-AG versus control animals 
consuming tap water (n = 9–11 per group). As expected, because 
of chronic hemolysis, the SS mice were anaemic throughout 
the study period compared to the AA mice (Figure 4F–H and 
Figure S2). However, whereas the untreated SS mice had wors-
ening anaemia, the progression of anaemia halted at around the 
10th week of treatment in the 8-AG-treated SS mice suggesting 
reduced hemolysis. To confirm reduction of hemolysis with 
8-AG treatment, we analysed mouse plasma samples for free 
haemoglobin and AST and urine for free haemoglobin levels 

FIGURE 1    |    Plasma purine nucleoside phosphorylase (PNP) levels in human controls and adults with SCD and their associations with markers of 
hemolysis. (A) Plasma PNP levels were markedly elevated in adults with SCD as compared to healthy controls; (B) Adults with severe SCD had sig-
nificantly elevated plasma PNP levels as compared to those with mild disease and healthy controls; (C) Plasma LDH was higher in the patients with 
severe SCD than in those with mild SCD; (D) Plasma PNP levels significantly correlated with plasma LDH levels; (E) PNP levels were negatively cor-
related with haemoglobin; Plasma PNP levels were positively correlated with platelet counts (F), % reticulocytes (G), ferritin (H), total bilirubin (I), 
and plasma AST (J). Controls (CON): HbAA (n = 27), all SCD (n = 63) composed of mild and severe (SEV) SCD groups; Mild SCD (n = 25): HbSC and 
HbSB+; Severe SCD (n = 38): HbSS and HbSB0. PNP, Purine Nucleoside Phosphorylase; LDH, Lactate Dehydrogenase; AST, Aspartate Transferase; 
*p < 0.05, **p < 0.01; ***p < 0.001; Mann–Whitney U test (A and B); Kruskal–Wallis test (C); Spearman Rho correlation test (D—J).
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(Figure 4J–L). Plasma free haemoglobin was reduced following 
20 weeks of 8-AG treatment in the SS mice (Figure 4J). Levels 
of both plasma AST and urinary haemoglobin in the SS mice 
treated for 8 and 20 weeks were lower than in untreated SS mice 
(Figure  4K,L), however, the results did not reach statistical 
significance.

Compared to AA controls, SS naïve mice had reduced platelet 
counts. 8-AG had no effect on platelet counts in AA mice, but 
importantly led to a transient increase in platelet counts in SS 
mice at 10 weeks (treatment p = 0.005; time ×treatment interac-
tion p = 0.032; Figure 4I).

3.5   |   8-AG Improves Right Ventricular (RV) 
Function, Reduces RV Hypertrophy and Does 
Not Impact Left Ventricular (LV) Function 
and Structure

Humans with SCD have high rates of hemolysis and are at 
risk of pulmonary hypertension (PH) [50]. SCD mice also de-
velop PH and RV dysfunction [51]. Thus, we investigated the 
effect of 8-AG treatment on RV hemodynamics, measured by 

closed-chest RV catheterization (Figure 5A–L), and on echocar-
diographic parameters of LV dysfunction (Figure S4) in subsets 
of Townes AA and SS mice treated with 8-AG and control ani-
mals (n = 7–10 per group). Compared to AA controls, non-treated 
SS mice did exhibit RV dysfunction in terms of contractile func-
tion (Figure 5E,F) and RV hypertrophy (Figure 5J,K). Following 
20-week treatment, 8-AG tended to improve RV contractility in 
both AA and SS mice as evidenced by increased RV pressure 
rate of rise (dP/dt; p = 0.019; Figure 5D), a tendency towards in-
creased contractility index (p = 0.061; Figure 5E), and a reduc-
tion in the systolic ejection period (p = 0.020; Figure 5G). In both 
AA and SS mice, 8-AG improved RV relaxation as evidenced by 
increased −dP/dt (p = 0.049, Figure  5H) and a tendency to re-
duce RV Tau in 8-AG treated animals (p = 0.059; Figure 5I). Most 
importantly, both short- and long-term treatments with 8-AG 
reduced RV hypertrophy (Figure 5L). Histopathological analy-
sis of lung tissue from control and treated AA and SS mice re-
vealed mild to moderate pathology with scattered mononuclear 
infiltrates, emphysema, perivascular edema and dilated and 
congested/clogged small-size pulmonary arteries, and no signs 
of haemorrhages and infarcts in untreated SS mice (Figure S3). 
8-AG treatment did not modify these mild/moderate histopatho-
logical alterations.

FIGURE 2    |    Townes AA and SS mice efficiently convert 8-aminoguanosine (8-AG) to 8-aminoguanine. (A) After 8 weeks of treatment, untreated 
Townes SS mice had non-detectable levels of urinary 8-AG, while the 8-AG-treated SS mice had very low urinary concentration of 8-AG. (B) Eight 
weeks of treatment with 8-AG yielded a 40–50-fold increase of urinary 8-aminoguanine (the active PNP inhibitor form) in the treated SS mice, while 
levels of the endogenous 8-aminoguanine remained low in the untreated SS mice. (C) Long-term (20 weeks) treatment with 8-AG yielded only a small 
increase of urinary 8-AG in SS mice; and (D) a 40-fold increase of the active inhibitor, 8-aminoguanine, in both treated Townes AA and SS. Townes 
SS mice (SS), Townes AA mice (AA), and Townes SS mice with 8-AG treatment (SS + 8AG), Townes AA mice with 8-AG treatment (AA+8AG). 
*p < 0.05, ***p < 0.001, unpaired t-test (A and B), one-way ANOVA (C and D), n = 7–12 per group.
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Non-invasive echocardiography revealed LV hypertrophy and 
dilated cardiomyopathy with preserved ejection fraction in SS 
mice compared to AA controls, and 20-week treatment with 
8-AG did not affect LV function (Figure S4).

3.6   |   8-AG Attenuates Kidney Injury in SS Mice

SCD-related kidney disease occurs in 50% of patients, is an 
independent risk factor for premature death [52, 53], and is 
characterised by both glomerular and tubular damage [54]. 
In SS mice, 8-AG significantly attenuated urinary N-acetyl-
beta-D-glucosaminidase (NAG) activity (Figure  6D) and glu-
tathione urinary excretion (Figure 6F) and, to a lesser degree, 
urinary kidney injury molecute-1 (KIM-1, Figure  6C), sug-
gesting reduced tubular damage, and decreased albuminuria 
(Figure 6A,B), which is indicative of reduced glomerular dam-
age. In SS mice, the progression of disease was associated with 

increased 8-hydroxydeoxyguanosine (8-OHdG) levels (Time: 
p = 0.001, Figure 6E), a marker of oxidative stress, and a time-
related reduction in erythrocytic glutathione, which should 
be expected to contribute to increased oxidative stress (Time: 
p = 0.001, Figure 6G). However, treatment with 8-AG did not af-
fect levels of 8-OHdG or erythrocytic glutathione.

3.7   |   8-AG Reduces Hepatomegaly, Liver Injury 
and Splenomegaly in SS Mice

In patients with SCD, the prevalence of liver disease ranges 
from 10% to 30% at autopsy and is associated with increased 
mortality [55, 56]. As expected, compared to the 30-week-old 
Townes AA controls, the untreated SS mice had remarkably 
larger livers (Liver: AA = 2230 ± 73 vs. SS = 2886 ± 81 mg, 
p = 0.001; Liver Index: AA = 57 ± 1 vs. SS = 83 ± 2 mg/g b.w. 
p < 0.001). Compared to control AA mice (Figure  7B,F), SS 

FIGURE 3    |    Purine urinary metabolome in Townes AA and SS mice. Urinary adenosine (A) was lower in control SS mice compared with the un-
treated AA mice and 20-week treatment with 8-AG did not affect urinary adenosine levels. Urinary inosine (B), the catabolic product of ADA activity, 
was higher and the adenosine/inosine ratio (E) was lower in untreated SS mice compared with untreated AA mice suggesting increased ADA activity 
in SS mice; 8-AG treatment did not affect urinary adenosine or inosine levels confirming that 8-AG does not inhibit ADA. The urinary levels of the 
direct products of PNP activity, hypoxanthine (C) and guanine (I) were higher in the untreated SS mice than in AA controls, and notably, 8-AG treat-
ment reduced these levels, increased inosine/hypoxanthine ratio (F), guanosine (H) levels and guanosine/guanine ratio (J). This suggests efficient 
PNP inhibition by 8-AG. Furthermore, urinary xanthine levels (D) and the hypoxanthine-xanthine ratio (G) were reduced in the 8-AG-treated SS 
mice suggesting a reduction in XO activity. This indicates an indirect effect of 8-AG due to reduced hypoxanthine and subsequently reduced down-
stream production of xanthine. Arrows indicate the direction of the metabolic reaction. Purine nucleoside phosphorylase (PNP), adenosine deami-
nase (ADA), ribose-1-phosphate (Rib-1P); Townes SS mice (SS), Townes AA mice (AA), Townes SS mice with 20 weeks of 8-AG (SS + 8AG), Townes 
AA mice with 20 weeks of 8-AG (AA+8AG), two factor ANOVA (2F-ANOVA); n = 7–12 per group.
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mice had ischemic and necrotic areas with infiltrating inflam-
matory cells (Figure 7C). The central veins and sinusoids were 
congested with sickled RBCs (Figure 7E,G,I) and surrounded 
by inflammatory cells and pericellular (Figures  7E,I) and 

perivascular (Figure  7J) fibrotic changes. Furthermore, SS 
mice exhibited remarkable iron deposition in central and mid-
hepatic areas (Figure  7M), mainly around central veins and 
nearby sinusoids (Figure 7N). Both 8- and 20-week treatment 

FIGURE 4    |     Legend on next page.
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FIGURE 4    |    Haematological parameters and markers of hemolysis in Townes SS and AA mice treated with or without 8-AG. (A–E): Total white 
blood cell counts and differentials in Townes AA and SS mice treated with or without 8-AG for 20 weeks. The untreated SS mice had higher total 
WBC (A), absolute lymphocyte (B), absolute neutrophil (C), absolute monocyte (D) and absolute eosinophil (E) counts than the untreated AA mice. 
8-AG treatment had no adverse effect on the circulating levels of these immune cells. (F–L):RBC parameters, platelet count and markers of hemolysis 
in Townes AA and SS mice treated with or without 8-AG. After 20 weeks, the untreated mice had declining RBC (F), haemoglobin (G) and haema-
tocrit (H) compared to the untreated AA mice. After the initial 10 weeks of treatment, 8-AG slowed down the anaemia progression, but this effect 
was lost after 20 weeks. (I): Townes SS mice had lower platelet counts that were increased by 8-AG treatment . (J): Untreated SS mice had higher free 
plasma haemoglobin than the AA mice, and 8-AG treatment reduced plasma haemoglobin in SS mice; (K, L): Effect of short- (8 weeks) and long-term 
(20 weeks) treatments with 8-AG on the markers of hemolysis in SS mice. 8-AG treatment tended to reduce plasma AST levels (K) and hemoglobin-
uria (L) in the SS mice at both 8 and 20 weeks. Townes SS mice (SS), Townes AA mice (AA), Townes SS mice with 8-AG (SS + 8AG), Townes AA mice 
with 8-AG (AA+8AG). White blood cells (WBC), red blood cells (RBC), *p < 0.05, ***p < 0.001, ****p < 0.0001, not significant (NS), (A–E) One-way 
ANOVA; (F–L) 2 factor ANOVA (2F-ANOVA), n = 8–11 per group.

FIGURE 5    |    Right ventricular pressures and function in Townes AA and SS mice measured by closed-chest catheterization. Following 20 weeks 
of treatment with or without 8-AG, both Townes AA and SS mice underwent closed-chest RV catheterization. (A–C): RV peak systolic pressure, RV 
end-diastolic pressure and RV Min P were not different among groups; (D) 8-AG significantly increased the RV pressure rate of rise (+dP/dt) in both 
AA and SS mice; (E) The genotype had no effect on the RV contractility index, but treatment tended to improve contractility; (F) The RV contrac-
tion time was higher in SS mice compared to AA controls; (G) The RV systolic ejection period was reduced significantly with 8-AG treatment; (H) 
8-AG significantly increased the RV pressure rate of decline (−dP/dt) in both AA and SS mice; (I) RV tau, a marker of relaxation, was not affected by 
genotype but showed a trend towards reduction with 8-AG treatment; SS mice had RV hypertrophy (J) with increased Fulton Index (RV/LV + S) (K); 
There was remarkable reduction of the RV hypertrophy in the SS mice following short (8 weeks) and long (20 weeks) term treatments with 8-AG (L). 
Townes SS mice (SS), Townes AA mice (AA), Townes SS mice with 8 or 20 weeks of 8-AG (SS + 8AG), Townes AA mice with 8 or 20 weeks of 8-AG 
(AA+8AG), 2- factor ANOVA (2F-ANOVA). (n = 7–10 per group).
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FIGURE 6    |    Markers of renal damage in Townes SS mice treated with or without 8-AG. In SS mice, 8-AG tended to reduce albuminuria (A, B) and 
urinary KIM-1 (C); 8-AG treatment significantly attenuated urinary NAG activity (D) and glutathione urinary excretion (F). There was a time-related 
reduction in erythrocytic glutathione in (G). The changes in markers of renal damage are suggestive of both reduced tubular and glomerular injury 
by 8-AG in SS mice. Townes SS mice (SS), Townes SS mice with 8 or 20 weeks of 8-AG (SS + 8AG), 2 factor ANOVA (2F-ANOVA). (n = 7–10 per group).

FIGURE 7    |    Hepatomegaly, liver injury and splenomegaly in Townes AA and SS mice treated with or without 8-AG. The SS mice had hepatomeg-
aly compared to the AA mice and the 8-AG treatment reduced the liver weight (A). Compared to AA controls (B, F), SS mice exhibited ischemic and 
necrotic areas with infiltration by inflammatory cells (oval circles and black arrows for inflammatory cells), (C) and hepatocellular damage (G) and 
pericellular, perisinusoidal and perivascular fibrosis (E, I, J); 8-AG treatment tended to attenuate ischemic/necrotic injury (D), hepatocellular dam-
age (H) and perivascular fibrosis (K). Remarkable iron deposition was seen in SS mice in central and mid hepatic areas (M), mainly around central 
veins and nearby sinusoids (N) and 8-AG tended to reduce iron deposition (L). Both 8- and 20-week 8-AG treatment reduced splenomegaly (O). (B–D 
and F–H) Haematoxylin and eosin; (E, I–K) Trichrome; M and N: Prussian blue staining. Scale bars: 300 μm (B–D, N), 60 μm (J, K) and 200 μm (E–I). 
Townes SS mice (SS), Townes SS mice treated with 20 weeks of 8-AG (SS + 8AG), 2 factor ANOVA (2F-ANOVA). (n = 7–10 per group).
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with 8-AG significantly reduced hepatomegaly (treatment ef-
fect, p = 0.001 Figure 7A), tended to reduce ischemic/necrotic 
damage (Figure  7D), central veins and sinusoids congestion 
and liver iron content (Figure  7H,L, respectively) and peri-
vascular fibrosis (Figure  7K). Townes SS mice had massive 
splenomegaly (Spleen AA = 165 ± 13 vs. SS = 1813 ± 144 mg; 
p < 001; Spleen index: AA = 4 ± 0.3 vs. SS = 51 ± 32 mg/g b.w., 
p = 0.0001). Histopathological changes included vascular con-
gestion and loss of the splenic architecture in SS mice, and 
iron deposition in both AA and SS mice (Figure S5). Notably, 
both 8- and 20-week 8-AG treatment reduced splenomegaly in 
SS mice (p = 0.021, Figure 7O).

4   |   Discussion

PNP is a key enzyme in purine metabolism, and purine metab-
olism plays an important role in RBC physiology and pathology 
[11, 57, 58], yet its role in SCD and other hemolytic diseases is 
unknown. The notion that, per cell volume, RBCs have the 
highest level of PNP [12, 59], suggests that under hemolytic con-
ditions PNP may be an unrecognised important eDAMP. Here, 
we show for the first time that in adults with SCD, PNP levels 
are higher than in their age- and race-matched HbAA controls; 
these levels are associated negatively with anaemia, and posi-
tively with LDH and other hemolytic parameters. Similarly, we 
demonstrate that PNP activity is higher in humanised SS mice 
compared to AA controls and show that, in SS mice, 8-AG at-
tenuates hemolysis. Notably, 8-AG improves SS RBC deform-
ability and sickling, which may explain reduced hemolysis in 
Townes SS mice [60]. These findings are consistent with our 
initial report of increased PNP activity and accelerated purine 
metabolism in paediatric SCD patients and animals exposed 
to a hemolytic insult [12–15]. PNP is a ubiquitous and largely 
intracellular enzyme that is present not only in RBCs but also 
in neighbouring endothelial cells and platelets, three key cells 
involved in the complex pathobiology of SCD. Thus, PNP may 
be implicated in multiple pathologies that are relevant to SCD, 
including RBC sickling, hemolysis, hemolytic angioproliferative 
injury and cell aggregation [39]. These considerations motivated 
us to test the hypothesis that PNP inhibition may be beneficial 
in SCD.

The increased erythrocytic PNP release into the bloodstream 
and extravascular compartment may have two important conse-
quences pertinent to the complex pathophysiology of SCD [15]. 
First, the accelerated guanosine/inosine metabolism by abun-
dantly present extracellular PNP would reduce the antioxidative 
[23–26], anti-ischemic [27–30], anti-inflammatory [24, 31, 32], 
antiplatelet/antithrombotic [33, 34] and anti-nociceptive effects 
[35–38] of guanosine/inosine, which are all highly desirable in 
SCD. Second, increased PNP activity (largely on its own, but 
also in concert with ADA and GDA) would result in overpro-
duction and accumulation of vasculotoxic hypoxanthine and 
xanthine [22] that cause oxidative stress-induced endothe-
lial dysfunction [19, 22], have pro-inflammatory effects, and 
are involved in blood cell aggregation, ischemia/reperfusion 
injury [61] and chronic pain. This would further exacerbate 
the existing inflammatory and oxidative injury and thereby 
worsen organ damage in SCD. Our study found that inhib-
iting PNP with 8-AG reduced the production of xanthine and 

hypoxanthine, the vasculotoxic substrates of XO. Thus, 8-AG 
has an upstream target in the purine metabolic pathway that 
could efficiently prevent the production of xanthines. Notably, 
elevated intravascular XO causes vasculotoxicity in hemolytic 
anemia, and its inhibition by febuxostat—an XO inhibitor and 
anti-gout drug—reduces hemolysis and vascular injury in SCD 
mice [62].

This study confirms that 8-AG is an endogenous purine me-
tabolite that is rapidly converted to 8-aminoguanine (an ac-
tive PNP inhibitor) and demonstrates that in 30-week-old SS 
mice at an advanced stage of disease, conversion of 8-AG to 
8-aminoguanine is not altered. The increased urinary inosine 
and guanosine levels in 8-AG treated SS mice are in agreement 
with a previous report of a 3–4 fold increase in the half-life of 
inosine and guanosine by 8-AG [63], which would be expected 
to increase their SCD-protective effects. Indeed, in this study, 
long-term oral treatment of SS mice with 8-AG not only elevated 
inosine and guanosine levels but also reduced the downstream 
production of the vasculotoxic hypoxanthine and xanthine [19]. 
This rebalancing of the purine metabolome resulted in reduced 
end-organ damage. Treatment of SS mice with 8-AG reduced 
hemolysis as evidenced by reduced plasma Hb, AST and hemo-
globinuria. Also, 8-AG treatment attenuated hepatomegaly, liver 
damage, splenomegaly and kidney damage, reduced RV hyper-
trophy and tended to improve RV systolic/diastolic function in 
Townes SS mice.

Another noteworthy finding is that in SS mice, long-term treat-
ment with 8-AG led to a transient increase in the platelet count 
(Figure 4I). This effect was most likely attributable to reduced 
splenic sequestration of platelets splenomegaly and hyper-
splenism improve with decreased hemolysis, and possibly from 
reduced platelet aggregation with other blood cells that accom-
panies vaso-occlusion during sickle cell crises. This deserves 
further investigation.

A complete lack of PNP activity results in severe immunode-
ficiency syndrome (SIDS) [64] but it is important to note that 
heterozygotic parents of PNP-deficient patients with only 20%–
30% of normal PNP activity are healthy [65]; and, as shown pre-
viously [66], only 8%–11% PNP activity is required for normal 
neurological and immune function. Thus, it is rational to predict 
that partial inhibition with a moderately potent PNP inhibitor 
such as 8-AG would be safe in SCD. Indeed, long-term inhibition 
of PNP in this study did not cause adverse haematological ef-
fects. This is in agreement with recent long-term studies in sev-
eral rat disease models treated with 8-AG or 8-aminoguanine 
for up to 20 weeks, showing the safety of partial PNP inhibition 
[48, 67–69].

The findings that the levels and metabolic activity of PNP are 
markedly enhanced in SCD and correlate well with hemolysis 
suggest that PNP should be considered as a promising therapeu-
tic target in SCD. In this regard, monitoring PNP activity and 
purine metabolite levels could serve as a novel biomarker of 
therapeutic response and offer a precision medicine approach 
in SCD. Monitoring PNP levels could be useful to identify SCD 
patients who would benefit most from the treatment and tailor 
the posology of a PNP inhibitor to PNP levels and/or activity, as 
well as the purine plasma levels of the patient [39].
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Our study has several limitations. While Townes mice are an 
excellent preclinical SCD model, the beneficial effect of 8-AG 
on splenomegaly would not be expected in patients with the 
severe subtypes of SCD as these individuals usually undergo 
autosplenectomy before adulthood due to recurrent splenic in-
farctions. In addition, when extrapolating data from SCD ani-
mals to humans, it should be noted that human RBCs are the 
richest source of PNP, whereas considerably lower erythrocytic 
PNP levels are present in mice and rats [12, 70]. Whether Townes 
SS mice have lower or similar erythrocytic PNP levels to patients 
with SCD needs to be investigated.

In conclusion, we found that inhibition of PNP by 8-AG has mul-
tipronged beneficial effects in SCD. Our findings should prompt 
further investigation of the mechanisms and beneficial effects of 
PNP inhibition in SCD.

Author Contributions

L.L.-I. performed experiments, analysed the data and edited the man-
uscript, S.M.M. performed experiments, E.K.J. interpreted the data 
and critically reviewed the manuscript, E.M.N. and S.P.T. developed 
the ideas, designed the study, interpreted the data, and edited the 
manuscript.

Acknowledgements

The authors thank the staff of the University of Pittsburgh Vascular 
Medicine Institute (VMI)–funded Small Animal Hemodynamic Core 
for the hemodynamic studies and the Pittsburgh Center for Kidney 
Research (# U54DK137329) for partly funding the metabolomic 
studies.

Funding

This study was supported in part by an award from The Precision 
Medicine Institute in partnership with PittSciVelo from the University 
of Pittsburgh (SPT, EMN, EKJ), P3HVB award in Haemostasis and 
Vascular Biology, funded by the University of Pittsburgh Vascular 
Medicine Institute, Vitalant and The Hemophilia Center of Western 
Pennsylvania (SPT, EMN) and an American Society of Hematology 
Inclusion Pathway (HIP) Fellow Award (AEA).

Ethics Statement

We obtained deidentified banked citrated plasma samples and labora-
tory parameters collected from patients with SCD (n = 63) during steady 
state as well as race, age, and sex-matched HbAA controls (n = 27) en-
rolled in a prior clinical trial (NCT02946905).

Consent

All participants gave consent.

Conflicts of Interest

E.K.J. and S.P.T. are co-inventors on US # 11,103,526, B2 patent cover-
ing the use of PNP inhibitors in SCD, angioproliferative vasculopathy, 
and pulmonary hypertension. E.M.N. is an advisory board/consultant 
for Novo Nordisk, Novartis and Chiesi.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

1. Collaborators GBDSCD, “Global, Regional, and National Prevalence 
and Mortality Burden of Sickle Cell Disease, 2000–2021: A Systematic 
Analysis From the Global Burden of Disease Study 2021,” Lancet Hae-
matology 10, no. 8 (2023): e585–e599.

2. F. B. Piel, A. P. Patil, R. E. Howes, et al., “Global Distribution of the 
Sickle Cell Gene and Geographical Confirmation of the Malaria Hy-
pothesis,” Nature Communications 1 (2010): 104.

3. G. M. Brittenham, A. N. Schechter, and C. T. Noguchi, “Hemoglobin 
S Polymerization: Primary Determinant of the Hemolytic and Clinical 
Severity of the Sickling Syndromes,” Blood 65, no. 1 (1985): 183–189.

4. V. M. Ingram, “A Specific Chemical Difference Between the Globins 
of Normal Human and Sickle-Cell Anaemia Haemoglobin,” Nature 178, 
no. 4537 (1956): 792–794.

5. L. Pauling, H. A. Itano, S. J. Singer, and I. C. Wells, “Sickle Cell Ane-
mia a Molecular Disease,” Science 110, no. 2865 (1949): 543–548.

6. M. H. Steinberg, “Pathophysiology of Sickle Cell Disease,” Baillière's 
Clinical Haematology 11, no. 1 (1998): 163–184.

7. P. Sundd, M. T. Gladwin, and E. M. Novelli, “Pathophysiology of 
Sickle Cell Disease,” Annual Review of Pathology 14 (2019): 263–292.

8. D. S. Darbari, V. A. Sheehan, and S. K. Ballas, “The Vaso-Occlusive 
Pain Crisis in Sickle Cell Disease: Definition, Pathophysiology, and Man-
agement,” European Journal of Haematology 105, no. 3 (2020): 237–246.

9. M. Nouraie, J. S. Lee, Y. Zhang, et al., “The Relationship Between the 
Severity of Hemolysis, Clinical Manifestations and Risk of Death in 415 
Patients With Sickle Cell Anemia in the US and Europe,” Haematolog-
ica 98, no. 3 (2013): 464–472.

10. T. J. McMahon, C. C. Darrow, B. A. Hoehn, and H. Zhu, “Generation 
and Export of Red Blood Cell ATP in Health and Disease,” Frontiers in 
Physiology 12 (2021): 754638.

11. W. Dudzinska, A. J. Hlynczak, E. Skotnicka, and M. Suska, “The 
Purine Metabolism of Human Erythrocytes,” Biochemistry (Mosc) 71, 
no. 5 (2006): 467–475.

12. A. Bzowska, E. Kulikowska, and D. Shugar, “Purine Nucleoside 
Phosphorylases: Properties, Functions, and Clinical Aspects,” Pharma-
cology & Therapeutics 88, no. 3 (2000): 349–425.

13. V. P. Bilan, F. Schneider, E. M. Novelli, et al., “Experimental Intra-
vascular Hemolysis Induces Hemodynamic and Pathological Pulmo-
nary Hypertension: Association With Accelerated Purine Metabolism,” 
Pulmonary Circulation 8, no. 3 (2018): 2045894018791557.

14. S. P. Tofovic, V. P. Bilan, O. Rafikova, F. Schneider, E. M. Novelli, and 
E. K. Jackson, “Dimethyl Sulfoxide Induces Hemolysis and Pulmonary 
Hypertension,” Pril (Makedon Akad Nauk Umet Odd Med Nauki) 43, no. 
3 (2022): 5–20.

15. S. P. Tofovic, E. K. Jackson, and O. Rafikova, “Adenosine Deaminase-
Adenosine Pathway in Hemolysis-Associated Pulmonary Hyperten-
sion,” Medical Hypotheses 72, no. 6 (2009): 713–719.

16. R. S. Sprague and M. L. Ellsworth, “Erythrocyte-Derived ATP and 
Perfusion Distribution: Role of Intracellular and Intercellular Commu-
nication,” Microcirculation 19, no. 5 (2012): 430–439.

17. M. W. Gorman, E. O. Feigl, and C. W. Buffington, “Human Plasma 
ATP Concentration,” Clinical Chemistry 53, no. 2 (2007): 318–325.

18. M. K. Hostetter and G. M. Johnson, “The Erythrocyte as Instigator 
of Inflammation. Generation of Amidated C3 by Erythrocyte Adenosine 
Deaminase,” Journal of Clinical Investigation 84, no. 2 (1989): 665–671.

19. Y. J. Kim, H. M. Ryu, J. Y. Choi, et al., “Hypoxanthine Causes Endo-
thelial Dysfunction Through Oxidative Stress-Induced Apoptosis,” Bio-
chemical and Biophysical Research Communications 482, no. 4 (2017): 
821–827.



12 of 13 Journal of Cellular and Molecular Medicine, 2025

20. E. Nagababu and J. M. Rifkind, “Reaction of Hydrogen Peroxide 
With Ferrylhemoglobin: Superoxide Production and Heme Degrada-
tion,” Biochemistry 39, no. 40 (2000): 12503–12511.

21. J. R. Fernandez, E. S. Sweet, W. J. Welsh, and B. L. Firestein, “Iden-
tification of Small Molecule Compounds With Higher Binding Affinity 
to Guanine Deaminase (Cypin) Than Guanine,” Bioorganic & Medicinal 
Chemistry 18, no. 18 (2010): 6748–6755.

22. R. Mudgal and S. Singh, “Xanthine Oxidoreductase in the Patho-
genesis of Endothelial Dysfunction: An Update,” Current Hypertension 
Reviews 20, no. 1 (2024): 10–22.

23. M. S. Basile, P. Bramanti, and E. Mazzon, “Inosine in Neurodegen-
erative Diseases: From the Bench to the Bedside,” Molecules 27 (2022): 
27(14).

24. B. Bellaver, D. G. Souza, L. D. Bobermin, C. A. Goncalves, D. O. 
Souza, and A. Quincozes-Santos, “Guanosine Inhibits LPS-Induced 
Pro-Inflammatory Response and Oxidative Stress in Hippocampal As-
trocytes Through the Heme Oxygenase-1 Pathway,” Purinergic Signal 
11, no. 4 (2015): 571–580.

25. T. Dal-Cim, S. Molz, J. Egea, et  al., “Guanosine Protects Human 
Neuroblastoma SH-SY5Y Cells Against Mitochondrial Oxidative Stress 
by Inducing Heme Oxigenase-1 via PI3K/Akt/GSK-3beta Pathway,” 
Neurochemistry International 61, no. 3 (2012): 397–404.

26. S. V. Gudkov, I. N. Shtarkman, V. S. Smirnova, A. V. Chernikov, and 
V. I. Bruskov, “Guanosine and Inosine Display Antioxidant Activity, 
Protect DNA In  Vitro From Oxidative Damage Induced by Reactive 
Oxygen Species, and Serve as Radioprotectors in Mice,” Radiation Re-
search 165, no. 5 (2006): 538–545.

27. B. J. Connell, P. Di Iorio, I. Sayeed, et  al., “Guanosine Protects 
Against Reperfusion Injury in Rat Brains After Ischemic Stroke,” Jour-
nal of Neuroscience Research 91, no. 2 (2013): 262–272.

28. J. F. Dowdall, D. C. Winter, and D. J. Bouchier-Hayes, “Inosine Mod-
ulates Gut Barrier Dysfunction and End Organ Damage in a Model of 
Ischemia-Reperfusion Injury,” Journal of Surgical Research 108, no. 1 
(2002): 61–68.

29. H. Shen, G. J. Chen, B. K. Harvey, P. C. Bickford, and Y. Wang, “Ino-
sine Reduces Ischemic Brain Injury in Rats,” Stroke 36, no. 3 (2005): 
654–659.

30. G. Szabo, N. Stumpf, T. Radovits, et  al., “Effects of Inosine on 
Reperfusion Injury After Heart Transplantation,” European Journal of 
Cardio-Thoracic Surgery 30, no. 1 (2006): 96–102.

31. G. Hasko, D. G. Kuhel, Z. H. Nemeth, et al., “Inosine Inhibits In-
flammatory Cytokine Production by a Posttranscriptional Mechanism 
and Protects Against Endotoxin-Induced Shock,” Journal of Immunol-
ogy 164, no. 2 (2000): 1013–1019.

32. L. Liaudet, J. G. Mabley, P. Pacher, et al., “Inosine Exerts a Broad 
Range of Antiinflammatory Effects in a Murine Model of Acute Lung 
Injury,” Annals of Surgery 235, no. 4 (2002): 568–578.

33. F. Fuentes, M. Alarcon, L. Badimon, et al., “Guanosine Exerts Anti-
platelet and Antithrombotic Properties Through an Adenosine-Related 
cAMP-PKA Signaling,” International Journal of Cardiology 248 (2017): 
294–300.

34. G. Hsiao, K. H. Lin, Y. Chang, et  al., “Protective Mechanisms 
of Inosine in Platelet Activation and Cerebral Ischemic Damage,” 
Arteriosclerosis, Thrombosis, and Vascular Biology 25, no. 9 (2005): 
1998–2004.

35. F. P. Nascimento, S. M. Figueredo, R. Marcon, et al., “Inosine Re-
duces Pain-Related Behavior in Mice: Involvement of Adenosine A1 
and A2A Receptor Subtypes and Protein Kinase C Pathways,” Jour-
nal of Pharmacology and Experimental Therapeutics 334, no. 2 (2010): 
590–598.

36. F. P. Nascimento, S. J. Macedo-Junior, F. A. Pamplona, et al., “Ade-
nosine A1 Receptor-Dependent Antinociception Induced by Inosine in 

Mice: Pharmacological, Genetic and Biochemical Aspects,” Molecular 
Neurobiology 51, no. 3 (2015): 1368–1378.

37. A. P. Schmidt, A. E. Bohmer, C. Schallenberger, et al., “Mechanisms 
Involved in the Antinociception Induced by Systemic Administration of 
Guanosine in Mice,” British Journal of Pharmacology 159, no. 6 (2010): 
1247–1263.

38. A. P. Schmidt, L. Paniz, C. Schallenberger, et al., “Guanosine Pre-
vents Thermal Hyperalgesia in a Rat Model of Peripheral Mononeurop-
athy,” Journal of Pain 11, no. 2 (2010): 131–141.

39. S. P. Tofovic, “Purine Nucleoside Phosphorylase: A New Pharma-
cological Target in Sickle Cell Disease and Hemolytic Vasculopathy,” 
Medical Hypotheses 173 (2023): 111045.

40. J. Lei, B. Benson, H. Tran, S. F. Ofori-Acquah, and K. Gupta, “Com-
parative Analysis of Pain Behaviours in Humanized Mouse Models of 
Sickle Cell Anemia,” PLoS One 11, no. 8 (2016): e0160608.

41. J. Alvarez-Argote, T. A. Dlugi, T. Sundararajan, et al., “Pathophys-
iological Characterization of the Townes Mouse Model for Sickle Cell 
Disease,” Translational Research 254 (2023): 77–91.

42. M. Trucas, S. Burattini, S. Porcu, et al., “Multi-Organ Morphological 
Findings in a Humanized Murine Model of Sickle Cell Trait,” Interna-
tional Journal of Molecular Sciences 24, no. 13 (2023): 10452.

43. E. K. Jackson, G. D. Kitsios, M. Y. Lu, et al., “Suppressed Renopro-
tective Purines in COVID-19 Patients With Acute Kidney Injury,” Scien-
tific Reports 12, no. 1 (2022): 17353.

44. K. P. Potoka, K. C. Wood, J. J. Baust, et al., “Nitric Oxide-Independent 
Soluble Guanylate Cyclase Activation Improves Vascular Function and 
Cardiac Remodeling in Sickle Cell Disease,” American Journal of Respi-
ratory Cell and Molecular Biology 58, no. 5 (2018): 636–647.

45. J. Hu, M. Sharifi-Sanjani, and S. P. Tofovic, “Nitrite Prevents Right 
Ventricular Failure and Remodeling Induced by Pulmonary Artery 
Banding,” Journal of Cardiovascular Pharmacology 69, no. 2 (2017): 
93–100.

46. C. Rutledge, G. Cater, B. McMahon, et  al., “Commercial 
4-Dimensional Echocardiography for Murine Heart Volumetric Evalu-
ation After Myocardial Infarction,” Cardiovascular Ultrasound 18, no. 
1 (2020): 9.

47. E. K. Jackson and Z. Mi, “8-Aminoguanosine Exerts Diuretic, Natri-
uretic, and Glucosuric Activity via Conversion to 8-Aminoguanine, Yet 
Has Direct Antikaliuretic Effects,” Journal of Pharmacology and Exper-
imental Therapeutics 363, no. 3 (2017): 358–366.

48. E. K. Jackson, D. G. Gillespie, Z. Mi, L. A. Birder, and S. P. Tofovic, 
“8-Aminoguanine and Its Actions in the Metabolic Syndrome,” Scien-
tific Reports 14, no. 1 (2024): 22652.

49. S. M. Habib Dzulkarnain, I. F. Hashim, Z. T. Zainudeen, et al., “Pu-
rine Nucleoside Phosphorylase Deficient Severe Combined Immunode-
ficiencies: A Case Report and Systematic Review (1975–2022),” Journal 
of Clinical Immunology 43, no. 7 (2023): 1623–1639.

50. C. R. Morris, G. J. Kato, M. Poljakovic, et al., “Dysregulated Argi-
nine Metabolism, Hemolysis-Associated Pulmonary Hypertension, and 
Mortality in Sickle Cell Disease,” Journal of the American Medical Asso-
ciation 294, no. 1 (2005): 81–90.

51. E. M. Novelli, L. Little-Ihrig, H. E. Knupp, et  al., “Vascular 
TSP1-CD47 Signaling Promotes Sickle Cell-Associated Arterial Vas-
culopathy and Pulmonary Hypertension in Mice,” American Journal 
of Physiology. Lung Cellular and Molecular Physiology 316, no. 6 (2019): 
L1150–l1164.

52. O. S. Platt, D. J. Brambilla, W. F. Rosse, et al., “Mortality in Sickle 
Cell Disease. Life Expectancy and Risk Factors for Early Death,” New 
England Journal of Medicine 330, no. 23 (1994): 1639–1644.

53. S. L. Saraf, X. Zhang, T. Kanias, et al., “Haemoglobinuria Is Associ-
ated With Chronic Kidney Disease and Its Progression in Patients With 



13 of 13Journal of Cellular and Molecular Medicine, 2025

Sickle Cell Anaemia,” British Journal of Haematology 164, no. 5 (2014): 
729–739.

54. P. Amarapurkar, L. Roberts, J. Navarrete, and F. El Rassi, “Sickle 
Cell Disease and Kidney,” Advances in Chronic Kidney Disease 29, no. 
2 (2022): 141–148.e1.

55. J. J. Feld, G. J. Kato, C. Koh, et al., “Liver Injury Is Associated With 
Mortality in Sickle Cell Disease,” Alimentary Pharmacology & Thera-
peutics 42, no. 7 (2015): 912–921.

56. M. Omata, C. S. Johnson, M. Tong, and D. Tatter, “Pathological 
Spectrum of Liver Diseases in Sickle Cell Disease,” Digestive Diseases 
and Sciences 31, no. 3 (1986): 247–256.

57. P. A. Berman and L. Human, “Regulation of 5-Phosphoribosyl 
1-Pyrophosphate and of Hypoxanthine Uptake and Release in Human 
Erythrocytes by Oxypurine Cycling,” Journal of Biological Chemistry 
265, no. 12 (1990): 6562–6568.

58. I. H. Fox, D. A. Dotten, P. J. Marchant, and S. Lacroix, “Acquired 
Increases of Human Erythrocyte Purine Enzymes,” Metabolism 25, no. 
5 (1976): 571–582.

59. K. C. Agarwal, R. P. Agarwal, J. D. Stoeckler, and R. E. Parks, Jr., 
“Purine Nucleoside Phosphorylase. Microheterogeneity and Compari-
son of Kinetic Behavior of the Enzyme From Several Tissues and Spe-
cies,” Biochemistry 14, no. 1 (1975): 79–84.

60. A. E. Alagbe, L. Little-Ihrig, B. J. Philips, et al., “Inhibition of Purine 
Nucleoside Phosphorylase Is a Promising Anti-Sickling Approach for 
Sickle Cell Disease,” Blood 144 (2024): 3861–3862.

61. A. S. Abd-Elfattah, M. E. Jessen, J. Lekven, N. E. Doherty, 3rd, L. A. 
Brunsting, and A. S. Wechsler, “Myocardial Reperfusion Injury. Role 
of Myocardial Hypoxanthine and Xanthine in Free Radical-Mediated 
Reperfusion Injury,” Circulation 78, no. 5 Pt 2 (1988): III224–III235.

62. H. M. Schmidt, K. C. Wood, S. E. Lewis, et al., “Xanthine Oxidase 
Drives Hemolysis and Vascular Malfunction in Sickle Cell Disease,” 
Arteriosclerosis, Thrombosis, and Vascular Biology 41, no. 2 (2021): 
769–782.

63. R. B. Gilbertsen and M. K. Dong, “Dipyridamole and 
8-Aminoguanosine Inhibition of Nucleoside Metabolism in Rat Blood 
In Vitro,” Advances in Experimental Medicine and Biology 195 (1986): 
575–582.

64. J. W. Stoop, B. J. Zegers, G. F. Hendrickx, et  al., “Purine Nucleo-
side Phosphorylase Deficiency Associated With Selective Cellular Im-
munodeficiency,” New England Journal of Medicine 296, no. 12 (1977): 
651–655.

65. Y. Sasaki, M. Iseki, S. Yamaguchi, et al., “Direct Evidence of Auto-
somal Recessive Inheritance of Arg24 to Termination Codon in Purine 
Nucleoside Phosphorylase Gene in a Family With a Severe Combined 
Immunodeficiency Patient,” Human Genetics 103, no. 1 (1998): 81–85.

66. E. Grunebaum, N. Campbell, M. Leon-Ponte, X. Xu, and H. Chap-
delaine, “Partial Purine Nucleoside Phosphorylase Deficiency Helps 
Determine Minimal Activity Required for Immune and Neurological 
Development,” Frontiers in Immunology 11 (2020): 1257.

67. L. A. Birder, A. Wolf-Johnston, A. J. Wein, et al., “Purine Nucleoside 
Phosphorylase Inhibition Ameliorates Age-Associated Lower Urinary 
Tract Dysfunctions,” JCI Insight 5, no. 20 (2020): e140109.

68. S. P. H. Tofovic, J. Milosevic, and E. K. Jackson, “Inhibition of Pu-
rine Nucleoside Phosphorylase Retards the Progression of Angioprolif-
erative Pulmonary Hypertension in Female Rats,” American Journal of 
Respiratory and Critical Care Medicine 197 (2018): A2883.

69. S. P. H. Tofovic and E. K. Jackson, “Purine Nucleoside Phosphory-
lase Inhibition Attenuates the Metabolic Syndrome and Associated Pul-
monary Hypertension and Right Ventricular Dysfunction,” American 
Journal of Respiratory and Critical Care Medicine 199 (2019): A4197.

70. J. D. Stoeckler, “Purine Nucleoside Phosphorylase: A Target for Che-
motherapy,” in Developments in Cancer Chemotherapy, ed. R. J. Glazer 
(CRC Press, 1984), 35–60.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Appendix S1: jcmm70996-sup-0001-
AppendixS1.docx. 


	Purine Nucleoside Phosphorylase Inhibition Rebalances Purine Metabolism and Attenuates Organ Damage in Sickle Cell Mice
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Human Plasma Samples
	2.2   |   Mice
	2.3   |   Metabolic Cage Studies
	2.3.1   |   Urine Collection
	2.3.2   |   Blood Collection

	2.4   |   Urinary Metabolome
	2.5   |   Biochemical Analysis
	2.6   |   Closed Chest Right Ventricle Catheterization and Transthoracic Echocardiography of the Left Ventricle
	2.7   |   Tissue Processing and Histopathology
	2.8   |   Statistical Analysis

	3   |   Results
	3.1   |   Plasma Levels of PNP Are Markedly Elevated and Correlate With Markers of Hemolysis in Patients With SCD
	3.2   |   Townes AA and SS Mice Efficiently Convert 8-AG to 8-Aminoguanine
	3.3   |   8-AG Inhibits PNP Activity, Rebalances Dysregulated Purine Metabolism, and Has No Adverse Haematological Effects in SS MICE
	3.4   |   8-AG Reduces Hemolysis and Increases Platelet Counts in SS Mice
	3.5   |   8-AG Improves Right Ventricular (RV) Function, Reduces RV Hypertrophy and Does Not Impact Left Ventricular (LV) Function and Structure
	3.6   |   8-AG Attenuates Kidney Injury in SS Mice
	3.7   |   8-AG Reduces Hepatomegaly, Liver Injury and Splenomegaly in SS Mice

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Funding
	Ethics Statement
	Consent
	Conflicts of Interest
	Data Availability Statement
	References


