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Abstract
Background and Objective  Previously, we developed a pharmacokinetic-pharmacodynamic model of allopurinol, oxypurinol, 
and biomarkers, hypoxanthine, xanthine, and uric acid, in neonates with hypoxic-ischemic encephalopathy, in which high 
initial biomarker levels were observed suggesting an impact of hypoxia. However, the full pharmacodynamics could not 
be elucidated in our previous study. The current study included additional data from the ALBINO study (NCT03162653) 
placebo group, aiming to characterize the dynamics of hypoxanthine, xanthine, and uric acid in neonates with hypoxic-
ischemic encephalopathy.
Methods  Neonates from the ALBINO study who received allopurinol or placebo mannitol were included. An extended 
population pharmacokinetic-pharmacodynamic model was developed based on the mechanism of purine metabolism, where 
synthesis, salvage, and degradation via xanthine oxidoreductase pathways were described. The initial level of the biomark-
ers was a combination of endogenous turnover and high disease-related amounts. Model development was accomplished by 
nonlinear mixed-effects modeling (NONMEM®, version 7.5).
Results  In total, 20 neonates treated with allopurinol and 17 neonates treated with mannitol were included in this analysis. 
Endogenous synthesis of the biomarkers reduced with 0.43% per hour because of precursor exhaustion. Hypoxanthine was 
readily salvaged or degraded to xanthine with rate constants of 0.5 1/h (95% confidence interval 0.33–0.77) and 0.2 1/h (95% 
confidence interval 0.09–0.31), respectively. A greater salvage was found in the allopurinol treatment group consistent with 
its mechanism of action. High hypoxia-induced initial levels of biomarkers were quantified, and were 1.2-fold to 2.9-fold 
higher in neonates with moderate-to-severe hypoxic-ischemic encephalopathy compared with those with mild hypoxic-
ischemic encephalopathy. Half-maximal xanthine oxidoreductase inhibition was achieved with a combined allopurinol 
and oxypurinol concentration of 0.68 mg/L (95% confidence interval 0.48–0.92), suggesting full xanthine oxidoreductase 
inhibition during the period studied.
Conclusions  This extended pharmacokinetic-pharmacodynamic model provided an adequate description of the complex 
hypoxanthine, xanthine, and uric acid metabolism in neonates with hypoxic-ischemic encephalopathy, suggesting a posi-
tive allopurinol effect on these biomarkers. The impact of hypoxia on their dynamics was characterized, underlining higher 
hypoxia-related initial exposure with a more severe hypoxic-ischemic encephalopathy status.
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1  Introduction

Perinatal asphyxia due to a hypoxic-ischemic event is a major 
cause of mortality and neurodevelopmental disability in 
neonates. One profound complication of perinatal asphyxia 
is global cerebral injury, known as hypoxic-ischemic 

encephalopathy (HIE) [1]. The pathophysiology of HIE, as 
a consequence of energy failure, involves a series of adap-
tations in purine metabolism, including interconversions 
of upstream purine nucleotides and nucleosides and their 
degradations to hypoxanthine, xanthine, and eventually to 
uric acid [2].

In hypoxia, the production of adenosine triphosphate is 
hindered by a lack of oxygen, which accelerates the break-
down of adenosine monophosphate (AMP) to maintain 
energy levels [3]. Adenosine monophosphate enters the 
purine degradation pathway forming purine nucleotides 
and nucleosides, leading to formation of the purine base 
hypoxanthine, which oxidizes to xanthine and eventually 
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Key Points 

Positive pharmacological effect of allopurinol in neo-
nates with hypoxic-ischemic encephalopathy was sup-
ported by sufficient xanthine oxidoreductase inhibition 
and a high fraction of hypoxanthine salvage.

The impact of hypoxia on hypoxanthine, xanthine, and 
uric acid dynamics was characterized in the model. Syn-
thesis of the hypoxanthine and xanthine reduced because 
of precursor exhaustion.

Higher hypoxia-related initial hypoxanthine and xanthine 
values with a more severe hypoxic-ischemic encepha-
lopathy status was found.

pathophysiological effects of hypoxia on hypoxanthine, xan-
thine, and uric acid dynamics have not been thoroughly studied.

Previously, we described the effect of allopurinol and 
oxypurinol on hypoxanthine, xanthine, and uric acid in neo-
nates with HIE using a population PK-PD approach [16]. In 
that study, high initial hypoxanthine, xanthine, and uric acid 
levels were observed, possibly as a result of hypoxia [16]. 
However, the full pathophysiological dynamics of hypoxan-
thine, xanthine, and uric acid due to natural recovery could 
not be elucidated in our previous study, as the model was 
based on data from asphyxiated neonates receiving allopuri-
nol intervention only. In the current study, additional hypox-
anthine, xanthine, and uric acid data from the ALBINO pla-
cebo group, receiving mannitol instead of allopurinol, was 
included [10]. To comprehend the possible interpretation 
of hypoxanthine, xanthine, and uric acid levels in neonates 
with HIE and to delineate the effect of allopurinol treat-
ment, this study aimed to further characterize the metabo-
lism of purine bases hypoxanthine, xanthine, and uric acid 
in neonates with HIE using a semi-mechanistic population 
modeling approach.

2 � Methods

2.1 � Clinical Trial and Population

The ALBINO study is an ongoing, double-blind, placebo-
controlled, randomized phase III trial [10]. Neonates receive 
either intravenous allopurinol or the placebo mannitol. As a 
standard of care, neonates classified as moderate-to-severe 
HIE undergo TH. The PK-PD sub-study was conducted in four 
centers (University Medical Centre Utrecht and Amsterdam 
UMC location VUMC in The Netherlands, and University 
Hospital Tuebingen and Cnopf Children’s Hospital Nuremberg 
in Germany) involved in the ALBINO study and was approved 
by all relevant national and institutional medical ethics com-
mittees (NL57237.041.16; EudraCT 2016-000222-19).

In this analysis, neonates from the ALBINO PK-PD sub-
study receiving allopurinol (verum) and mannitol (placebo) 
were included. An initial dose of 20 mg/kg of allopurinol or 
placebo was given within 45 minutes after birth, following 
a second dose of 10 mg/kg in TH-treated neonates with a 
12-h interval. Allopurinol and oxypurinol plasma concen-
trations were measured in patients allocated to the verum 
group, and mannitol plasma concentrations were measured 
in patents allocated to the placebo group. Hypoxanthine, 
xanthine, and uric acid plasma levels were measured in 
both studied groups. The blood sampling schedule and 
bioanalysis method were described in previously published 

to uric acid via xanthine oxidoreductase (XOR) [2]. Under 
normal conditions, the majority of hypoxanthine is reutilized 
through the salvage pathway [4, 5]. While in hypoxia, the 
rate of salvage and degradation decreases because of energy 
deficiency, which results in hypoxanthine accumulation [6]. 
During the reoxygenation–reperfusion stage following resus-
citation, hypoxanthine substantially oxidizes to xanthine and 
uric acid. Of note, in the presence of a high oxygen supple-
mentation, specific proteases prompt the switch from xan-
thine dehydrogenase to xanthine oxidase, which uses oxygen 
as a substrate causing the surge of free radicals that will 
cause brain injury in neonates [7].

Despite therapeutic hypothermia (TH) as a standard treat-
ment for moderate-to-severe HIE, the improvement in the 
neurological outcome of neonates with HIE remains unsat-
isfactory [8]. Allopurinol, a XOR inhibitor that reduces the 
production of free radicals, has been introduced as a poten-
tial neuroprotective intervention in HIE [9]. The ALBINO 
study, a blinded randomized placebo-controlled parallel-
group trial, is currently investigating the effect of postnatal 
allopurinol treatment, along with TH and standard of care, 
on the incidence of death and severe neurodevelopmental 
impairment in neonates with HIE [10].

Hypoxanthine, xanthine, and uric acid are downstream prod-
ucts of purine metabolism, and their potential roles as biomark-
ers have been underlined [2]. Hypoxanthine and uric acid, of 
which the former is a direct product of the hypoxic-ischemic 
event, and the latter is the end metabolite of purine metabo-
lism, have been suggested as biochemical markers informing 
the stage of HIE [6, 12–15]. In addition, as substrates of XOR, 
hypoxanthine, xanthine, and uric acid have been applied as 
pharmacodynamic (PD) markers for several XOR inhibitors 
[11]. However, the pharmacokinetic (PK)-PD effects and the 
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studies related to the ALBINO study [16, 17]. Data sharing 
and flow hereby secured the blinding process throughout 
this analysis. To further ensure this, we have reported by 
median and interquartile range in the event of a non-normal 
distribution.

2.2 � Model Development

This semi-mechanistic model is an extension of our pre-
vious model describing the pharmacokinetics/pharmaco-
dynamics of allopurinol, oxypurinol, hypoxanthine, xan-
thine, and uric acid in neonates with HIE who received 
allopurinol. In our previous study, the pharmacokinetics of 
allopurinol and oxypurinol was described by two sequential 
one-compartment models with an autoinhibition effect on 
allopurinol metabolism by oxypurinol. The pharmacody-
namics was described by a turnover model of hypoxanthine 
to xanthine and subsequently to uric acid assuming full 
conversions between each compound. As this model was 
established only based on data from allopurinol-treated neo-
nates, it was not possible to distinguish between treatment 
and disease-related effects. As a starting point, the previ-
ously developed model was fitted to the updated dataset. 
Subsequently, disease-related mechanisms were included 
in the model.

In the refined model, the framework of our previous PK 
model was used and the PD model was expanded based on 
the mechanism of purine metabolism [2, 16]. In addition to 
the degradation of hypoxanthine to xanthine and xanthine to 
uric acid via XOR, the salvage pathway was included as an 
additional clearance of hypoxanthine. Furthermore, the syn-
thesis of hypoxanthine and xanthine from the de novo syn-
thesis pathway and potential AMP breakdown were included.

As defined in our previous model, the effect of allopurinol 
and oxypurinol concentrations on XOR inhibition (EFF) was 
described by an Emax function with a fixed maximal effect 
of 1 assuming full inhibition at high concentrations (Eq. 1):

The initial levels of hypoxanthine, xanthine, and uric acid 
were a combination of endogenous turnover (EBASEn) and 
high initial hypoxia-related amounts (InitnD) (Eq. 2):

The mass balances describing the synthesis of hypoxan-
thine and xanthine, the degradation of hypoxanthine to xan-
thine and to uric acid, the salvage of hypoxanthine, and the 
effect of allopurinol and oxpurinol on XOR inhibition are 
summarized in Eqs. 3–5:

(1)EFF =
Emax ∗

(

Concentration allopurinol + Concentration oxypurinol

)

IC50 +
(

Conconcentration allopurinol + Concentration oxypurinol

) .

(2)A
n(0) = EBASE

n
+ Init

nD
.

In which kin4, k45, and k40 are the rate of hypoxanthine 
synthesis, degradation to xanthine, and salvage, respectively. 
kin5 and k56 are the rate of xanthine synthesis and degrada-
tion to uric acid, respectively. k60 is the elimination rate of 
uric acid. EFF is the effect of allopurinol and oxypurinol on 
XOR inhibition.

The modeling process was performed using a nonlin-
ear mixed-effects modeling program (NONMEM, version 
7.5; Icon Development Solutions, Whitesboro, NY, USA) 
aided by Perl-speaks-NONMEM (PsN, version 4.9) [18, 
19]. Model fit was computed using the first-order condi-
tional estimation with interaction method with interaction 
between interindividual variability (IIV) and residual error 
components. Individual Bayesian estimates were obtained 
using the POSTHOC option. Interindividual variability in 
the parameters was estimated using an exponential model. 
Residual variability was estimated for all substrates using a 
proportional error model. Pirana (version 2.9.9) was used 
for run management [20]. R (version 4.0) was used for the 
graphical model evaluation.

2.3 � Covariate Analysis

Factors reflecting disease status, including TH, Thompson 
score (T-score), lactate dehydrogenase (LDH), alanine ami-
notransferase (ALT) were plotted against individual vari-
ability in disease-related initial hypoxanthine, xanthine, and 
uric acid levels. The T-score is clinically indicated for HIE 

severity classification and for assessing the need for TH 
[21]. In the ALBINO study, implementing TH was guided 
by a T-score defined at 2–6 hours after birth together with 
amplitude-integrated electroencephalography monitoring. 
Lactate dehydrogenase and ALT are parameters character-
izing cell necrosis and tissue damage in neonates [22, 23]. 
As TH might alter systematic perfusion, the influence of 
TH for variability in rate-specific parameters were evaluated 
[24]. Therapeutic hypothermia was evaluated as a binary 
covariate, and LDH and ALT were evaluated as continuous 

(3)

dA(hypoxanthine)

dt
=

dA(4)

dt
= k

in4 − k45 ∗ A(4) ∗ EFF − k40 ∗ A(4),

(4)

dA(xanthine)

dt
=

dA(5)

dt
= k

in5 + k45 ∗ A(4) ∗ EFF − k56 ∗ A(5) ∗ EFF,

(5)

dA(uric acid)

dt
=

dA(6)

dt
= k

56
∗ A(5) ∗ EFF − k60 ∗ A(6).
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covariates. The T-score was tested as a continuous covari-
ate and a binary covariate using a cut-off value of 8, as a 
T-score above 8 irrespective of amplitude-integrated electro-
encephalography was defined as moderate-to-severe HIE in 
the ALBINO study [10]. Covariate-parameter relationships 
that showed a visual trend in graphical assessment were 
introduced in the base model and tested for significance.

2.4 � Model Evaluation

Model adequacy was evaluated using statistical and graphi-
cal methods as well as physiological plausibility. The objec-
tive function value (OFV), equal to minus 2 times the log 
likelihood, was used as an indicator of goodness of fit. When 
comparing the goodness of fit between nested models, a 
decrease in OFV of > 3.84 corresponding to a p-value of < 
0.05 was considered statistically significant, which follows 
a chi-square distribution with an additional one degree of 
freedom. Goodness-of-fit plots and a visual predictive check 
were performed for the model evaluation [25]. Parameter 
precision and the 95% confidence interval were assessed 
with sampling importance resampling [26].

3 � Results

3.1 � Patient Characteristics

In total, 20 neonates who received allopurinol and 17 neo-
nates who received mannitol were included, and 97 allopu-
rinol, 97 oxypurinol, 165 hypoxanthine, 159 xanthine, and 
171 uric acid observations were analyzed, respectively. The 

observed concentration–time data of hypoxanthine, xan-
thine, and uric acid are shown in Fig. 1. Overall, 26 neonates 
were classified as moderate-to-severe HIE and underwent 
TH treatment. Details on the dataset and patient character-
istics are summarized in Table 1.

3.2 � Model Development

The model described by Eqs. 1–5 was applied to the data 
but overpredicted the endogenous baseline of hypoxanthine 
and xanthine. As can be observed in Fig. 1, steady-state con-
centrations of hypoxanthine and xanthine were not reached 
within the observation period, while the model predicted the 
steady state being reached. Hypoxanthine and xanthine are 
products of purine nucleotides and nucleosides, which are 
highly dynamic under a hypoxic status owing to a substan-
tial AMP breakdown [27]. In hypoxic animals, a dramatic 
increase in purine precursors (including purine nucleotides 
such as inosine monophosphate, guanosine monophosphate, 
and purine nucleosides such as inosine and guanosine) fol-
lowing a rapid decline has been identified [28, 29]. There-
fore, the influence of dynamic purine precursors on the syn-
thesis of hypoxanthine and xanthine was investigated.

An empirical compartment was added to the model, rep-
resenting pooled precursors in purine metabolism. As no 
measurement was available for the precursors, the initial 
amount in compartment was assumed to be 1, and all rel-
evant rate process were therefore, relative to the rate at time 
0. At equilibrium, the turnover of precursors compartment 
composed of a zero-order synthesis rate constant (kin3) and 
a first-order elimination rate constant (k30) as described in 
Eq. 6.

Fig. 1   Observed concentration–time profiles
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This equation could be further simplified given that the 
initial amount of precursors is dominated by the hypoxic 
state, and is extensively higher than the physiological steady-
state ( kin3

k30
 )  [30]. Therefore, kin3 was omitted resulting in a 

net first-order decline in total amount over time during the 
observation period as shown in Eq. 7:

To describe the impact of upstream precursor exhaustion 
on downstream hypoxanthine and xanthine synthesis, kin4 
and kin5 were further regulated by the amount in the pooled 
precursors compartment [A(3)] as described in Eqs. 8–9:

(6)
dA(precursors)

dt
=

dA(3)

dt
= kin3 − k30 ∗ A(3).

(7)
dA(precursors)

dt
=

dA(3)

dt
= −k30 ∗ A(3).

(8)
dA(hypoxanthine)

dt
=

dA(4)

dt

= k
in4 ∗ A(3) − k45 ∗ A(4) ∗ EFF − k40 ∗ A(4),

Incorporating the precursors effect in the model improved 
the description of hypoxanthine and xanthine endogenous 
turnover. Estimated k30 was 0.0043 1/h, implying that the 
production of hypoxanthine and xanthine was reduced 
by 0.43% per hour because of precursor exhaustion after 
hypoxia.

The final structure of the model is depicted in Fig. 2. 
All PK and PD parameters were estimated simultaneously, 
and the final estimates with corresponding 95% confidence 
intervals are shown in Table 2. In the final model, PK 
parameters were comparable to our previous estimations. 
Allopurinol clearance and volume of distribution was 0.74 
L/h and 2.8 L, respectively. Oxypurinol clearance and vol-
ume of distribution relative to a formation fraction were 
0.3 L/h and 10.39 L, respectively. The auto-inhibition of 

(9)

dA(xanthine)

dt
=

dA(5)

dt

= k
in5

∗ A(3) + k
45

∗ A(4) ∗ EFF − k
56

∗ A(5) ∗ EFF.

Table 1   Data and patient 
demographics

HIE hypoxic-ischemic encephalopathy, IQR interquartile range, SD standard deviation

Allopurinol group
(N = 20)

Mannitol group
(N = 17)

Overall
(N = 37)

Observation, n
Allopurinol 97 – 97
Oxypurinol 97 – 97
Hypoxanthine 92 73 165
Xanthine 86 73 159
Uric acid 94 77 171
Birthweight, g
Mean (SD) 3490 (582) 3420 (455) 3460 (521)
Height, cm
Mean (SD) 50.8 (4.09) 51.7 (3.20) 51.2 (3.67)
Sex, n (%)
Female 11 (55.0%) 12 (70.6%) 23 (62.2%)
Male 9 (45.0%) 5 (29.4%) 14 (37.8%)
Gestational age, weeks
Mean (SD) 39.2 (1.79) 39.5 (1.50) 39.3 (1.65)
Hypothermia, n (%)
Yes (moderate-to-severe HIE) 13 (65.0%) 13 (76.5%) 26 (70.3%)
No (mild HIE) 7 (35.0%) 4 (23.5%) 11 (29.7%)
Thompson score at 2–6 hours
Median [IQR] 6.50 [5.00–10.0] 10.5 [5.00–13.8] 7.50 [5.00–11.0]
Lactate dehydrogenase at 24 hours, U/L
Median [IQR] 1130 [718–1890] 912 [539–1210] 996 [705–1510]
Alanine aminotransferase at 24 hours, U/L
Median [IQR] 48.0 [24.3–83.5] 29.0 [17.5–45.5] 37.0 [19.0–62.8]
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allopurinol-oxypurinol metabolism achieved a half-maximal 
effect under an oxypurinol concentration of 2.96 mg/L.

In the final PD model, the estimated baseline produc-
tion of hypoxanthine (kin4) and xanthine (kin5) was 0.49 
mg/L*h and 0.66 mg/L*h, respectively. Hypoxanthine was 
readily salvaged or degraded to xanthine with rate constants 
of 0.5 1/h and 0.2 1/h, respectively. In the allopurinol and 
the mannitol group, the salvage pathway accounted for 75% 
and 68% of total hypoxanthine clearance, respectively. High 
disease-related initial level of hypoxanthine (Init4D), xan-
thine (Init5D), and uric acid (Init6D) was estimated (0.45 
mg/L, 0.59 mg/L and 37.98 mg/L, respectively). The effect 
of drug treatment on XOR inhibition was described, where 
the half-maximal XOR inhibition (IC50) was achieved with 
a combined allopurinol and oxypurinol concentration of 
0.68 mg/L. This IC50 was below all observed concentrations 
within 72 hours post-dose.

3.3 � Covariate Analysis and Correlations

High IIVs in the disease-related initial level of hypoxan-
thine (Init4D), xanthine (Init5D), and uric acid (Init6D) were 

found. A trend towards higher disease-related hypoxanthine, 
xanthine, and uric acid estimates with a more severe HIE 
status, indicated by T-score or TH, was seen in the graphi-
cal analysis (Fig. 1 of the ESM). Furthermore, patients with 
very high LDH (> 2500 U/L) and ALT (> 100 U/L) values, 
suggesting more serious organ damage, demonstrated higher 
disease-related hypoxanthine and xanthine values (Fig. 2 
of the ESM). The T-score and TH were therefore tested as 
binary covariates on Init4D, Init5D, and Init6D.

Adding TH as a binary covariate on Init4D and Init5D sig-
nificantly improved the model goodness of fit with a OFV 
drop of 5.05 units, and reduced IIV in Init4D and Init5D by 
more than 35%. Neonates with moderate-to-severe HIE (thus 
treated with TH) had 2.9-fold and 1.2-fold higher Init4D and 
Init5D than neonates with mild HIE, respectively. Init6D 
was not significantly different between the TH and non-TH 
group. A correlation of 1 between IIV in Init4D and Init5D 
was estimated, which resulted in a 20-unit drop in OFV. To 
reduce model complexity, the same ETA distribution was 
assigned for IIV in Init4D and in Init5D with a scaling fac-
tor of 0.66 estimated for the latter. The correlation between 
either IIV Init4D or IIV Init5D and IIV Init6D was below 0.35; 

Fig. 2   Final model structure. Gray shades, pharmacokinetic model of 
allopurinol and oxypurinol with an autoinhibition effect on allopu-
rinol metabolism by oxypurinol. Red broken line, xanthine oxidase 
inhibition by allopurinol and oxypurinol (EFF). Blue broken line, the 
impact of purine nucleotides and nucleoside level on the generation 
of hypoxanthine and xanthine. EBASE4 hypoxanthine baseline value, 
EBASE5 xanthine baseline value, EBASE6 uric acid baseline value, 

Init4D disease-related hypoxanthine initial value, Init5D disease-
related xanthine initial value, Init6D disease-related uric acid initial 
value, k30 precursors clearance, k40 hypoxanthine salvage clearance, 
k45 hypoxanthine to xanthine clearance, k56 xanthine to uric acid 
clearance, k60 uric acid clearance, kin4 hypoxanthine synthesis rate, 
kin5 xanthine synthesis rate,  HXA hypoxanthine,  XA xanthine, UA 
uric acid, XOR xanthine oxidoreductase.



1551Semi-mechanistic Modeling of Hypoxanthine, Xanthine, and Uric Acid Metabolism in Asphyxiated Neonates

therefore, it was not included in the final model. As hypox-
anthine and xanthine are derived from purine nucleotides 
inosine monophosphate and guanosine monophosphate, 
respectively, the strong correlation between IIV in Init4D 
and Init5D might indicate an impact of the hypoxic event.

3.4 � Model Evaluation

The final model provided an adequate description for the 
data from both the allopurinol and mannitol groups. No sub-
stantial trend or bias was observed in the observed versus 

Table 2   Final parameter estimates

CI confidence interval, EBASE(4) hypoxanthine baseline value, EBASE(5) xanthine baseline value, EBASE(6) uric acid baseline value, fm forma-
tion fraction, IC50 half-maximal inhibitory concentration, IIV interindividual variability, Init4D disease-related hypoxanthine initial value, Init5D 
disease-related xanthine initial value, Init6D disease-related uric acid initial value, k30 precursors clearance, k40 hypoxanthine salvage clearance, 
k45 hypoxanthine to xanthine clearance, k56 xanthine to uric acid clearance, k60 uric acid clearance, kin4 hypoxanthine synthesis rate, kin5 xanthine 
synthesis rate, PD pharmacodynamic, PK pharmacokinetic
a EBASE(4) = kin4

k40+k45

b EBASE(5) = kin5+(k45∗EBASE(4))

k56

c EBASE(6) = k56∗EBASE(5)

k60d Correlation of 1 was found between IIV in Init4D and Init5D. Therefore, the same ETA distribution was used. A scaling factor of 0.66 was esti-
mated for IIV Init5D

Parameter Unit Estimate 95% CI IIV (%) 95% CI

PK model
Allopurinol (CMT1) CL1 L/h 0.74 0.52–1.07 61 46–76

V1 L 2.8 2.38–3.28 21 13–27
Oxypurinol (CMT2) CL2/fm L/h 0.3 0.23–0.38 42 31–55

V2/fm L 10.39 8.83–12.42 31 22–40
Auto-inhibition IC50 auto mg/L 2.96 1.77–4.61 – –
PD model
XO inhibition (EFF) IC50 mg/L 0.68 0.48–0.92 – –
Precursors (CMT3) k30 1/h 0.0043 0.0025–0.0061 – –
Hypoxanthine (CMT4) kin4 mg/L*h 0.49 0.32–0.74 – –

EBASE(4)a mg/L 0.7a – – –
Init4D mg/L 0.45 0.23–0.71 170 124–217
k45 1/h 0.2 0.09–0.31 –
k40 1/h 0.5 0.33–0.77 48 35–62

Xanthine (CMT5) kin5 mg/L*h 0.66 0.47–0.86 – –
EBASE(5)b mg/L 0.3b – – –
Init5D mg/L 0.59 0.33–0.85 112d –
k56 1/h 2.65 1.9–3.48 35 26–45

Uric acid (CMT6) EBASE(6)c mg/L 25c – – –
Init6D mg/L 37.98 30.57–45.1 37 27–48
k60 1/h 0.032 0.026–0.039 34 27–43

Effect of disease severity Moderate-severe HIE—Init4D – 2.9 1.59–4.35 – –
Moderate-severe HIE—Init5D – 1.2 0.69–2.04 – –

Residual variability
Allopurinol Proportional error % 29 24–36 – –

Additive error mg/L 0.05 FIX – –
Oxypurinol Additive error mg/L 0.55 0.46–0.66 – –
Hypoxanthine Proportional error % 53 45–63 – –
Xanthine % 35 30–41 – –
Uric acid % 14 12–17 – –
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population-predicted and individual-predicted concentration 
plots as well as the conditional weighted residual versus 
population-predicted concentration and time plots (Fig. 3). 
In the visual predictive check, no considerable misspecifica-
tion was observed (Fig. 4).

4 � Discussion

The metabolism of the purine bases hypoxanthine, xanthine, 
and uric acid in neonates with HIE was adequately described 
by this PK-PD model and the effect of allopurinol and oxy-
purinol on XOR inhibition was quantified. In this model, 
the degradation of hypoxanthine to xanthine and uric acid, 
the salvage of hypoxanthine, and the impact of precursor 
exhaustion on the synthesis of hypoxanthine and xanthine 
were implemented. Moreover, hypoxia-induced initial levels 
of hypoxanthine, xanthine, and uric acid were quantified, 
and were found to be higher in neonates classified as mod-
erate-to-severe HIE cases compared with mild HIE cases.

The developed model was an extension of our published 
model based on neonates with HIE treated with allopuri-
nol [16]. In the current study, data from neonates with HIE 
administered allopurinol and mannitol were analyzed, which 
allowed quantification of both disease-related and treatment-
related PD effects. The pharmacokinetics of allopurinol and 
oxypurinol followed our previous study in neonates with 
HIE [16]. The redefined IC50 value of 0.68 mg/L for a com-
bined allopurinol and oxypurinol concentration was slightly 
higher than our previous estimate of 0.36 mg/L [16]. Never-
theless, our previous statement that sufficient XOR inhibi-
tion was achieved with the dosing regimen applied in the 
ALBINO study should not be attenuated, as IC50 of 0.68 
mg/L was still below all available observations in the first 72 
hours of age. The low IC50 value confirmed that allopurinol 
and oxypurinol provided almost a full XOR inhibition during 
> 24 hours post-dose.

The effect of allopurinol on XOR inhibition can be further 
supported by the distinct xanthine concentration–time pro-
file observed in the allopurinol and mannitol group, where 

Fig. 3   Goodness of fit. hr hours
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a surge in the xanthine level was seen in the allopurinol 
group only (Fig. 1). However, the two groups showed simi-
lar hypoxanthine and uric acid concentration–time profiles, 
which contrasted with the expectation of XOR inhibition 
(Fig. 1). This inconsistency was likely specific to asphyxi-
ated neonates given the presence of disease-driven, high ini-
tial purine base levels. The rapid decline in the hypoxanthine 
level followed our previous assumption that the observed 
concentration profile represented the elimination of hypoxia-
induced hypoxanthine, and masked the accumulation of 
hypoxanthine attributable to enzyme inhibition [31]. For 
uric acid, it was expected that XOR inhibition by allopurinol 
would lead to a faster drop in uric acid concentration; how-
ever, a similar clearance was observed in both the allopuri-
nol and placebo groups. Uric acid is the end product of the 
complicated purine metabolism, therefore, the observations 
in the relatively short study period may mainly reflect the 
excretion of excessive uric acid driven by hypoxia.

Under normal conditions, it is estimated that 90% of 
hypoxanthine generated is salvaged rather than degraded or 

excreted [2]. During hypoxia, salvaging is hindered because 
of energy deficiency and oxygen deprivation [4, 5]. In this 
analysis, the salvage pathway accounted for 68% of total 
hypoxanthine clearance in neonates, suggesting a conse-
quence of extreme accumulation of hypoxanthine in HIE. 
However, in neonates given allopurinol, hypoxanthine sal-
vage enhanced to 75%, showing the advantage of allopu-
rinol in HIE. The greater salvage is known to result in the 
accumulation of adenosine, which is a central nervous sys-
tem neuromodulator that provides additional neuroprotec-
tion [32]. Therefore, the higher hypoxanthine salvage in the 
allopurinol treatment group as identified in this study might 
strengthen the beneficial role of allopurinol in improving 
neurological outcomes in neonates with HIE.

The high initial levels of hypoxanthine, xanthine, and 
uric acid estimated revealed an impact of hypoxia. Using 
hypoxanthine and uric acid levels as biomarkers for HIE 
severity prediction has been highlighted in several studies 
[6, 12–15]. In this study, neonates with moderate-to-severe 
HIE exhibited 2.9-fold and 1.2-fold, respectively higher 

Fig. 3   (continued)
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disease-related initial hypoxanthine and xanthine levels 
compared with neonates with mild HIE. In addition, higher 
disease-related initial hypoxanthine, xanthine, and uric 
acid estimates in neonates with a Thompson score ≥ 8 and 
with very high LDH and ALT values were demonstrated 
in graphical analyses (Figs. 1, 2 of the Electronic Supple-
mentary Material [ESM]). A 100% correlation was found 
between IIV in disease-related hypoxanthine and xanthine 
levels. This strong correlation followed the pathophysiol-
ogy of hypoxia, as an AMP breakdown increases levels of 
purine nucleotides inosine monophosphate and guanosine 
monophosphate and results in high hypoxanthine and xan-
thine exposures, respectively.

To improve the description of hypoxanthine and xanthine 
endogenous turnover, an empirical precursor compartment 
was added in our model and a net decrease in precursor 
amount was assumed. The decrease in precursor amount 
subsequently reduced the synthesis of hypoxanthine and 
xanthine by 0.43% per hour and improved the model good-
ness of fit. Previous studies in vitro and in vivo found a 

rapid decline in purine nucleotides and nucleosides follow-
ing a hypoxic event, which supports our hypothesis [28, 29]. 
Although xanthine concentrations after 24 hours post-dose 
were not fully captured, the decreasing hypoxanthine and 
xanthine synthesis identified in our model underlined the 
effect of precursor exhaustion on the dynamics of hypoxan-
thine and xanthine in neonates with HIE.

Investigating the impact of TH on drug clearance and 
potential biomarker dynamics has been a topic of interest. 
It is known that TH decreases heart rate and cardiac out-
put. Consequently, this reduces kidney and liver perfusion 
[24]. In addition, TH protracts enzymatic reactions, which 
further reduces free radical production [33]. Unfortunately, 
the effect of TH cannot be distinguished from the sever-
ity of hypoxia in our study because the neonates classified 
as moderate-to-severe HIE all underwent TH treatment. 
Neonates experiencing more severe HIE often experience 
more hypoxia, leading to more attenuated organ function; 
therefore, the impact of TH on PK-PD parameters could not 
be elucidated. In the study of Róka et al., factors reflecting 

Fig. 3   (continued)
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cell necrosis and tissue damage including ALT, LDH, and 
uric acid were lower in neonates with moderate-to-severe 
HIE treated with TH compared with neonates receiving 
no TH treatment, supporting the advantage of TH in HIE 
[13]. In the study of Deferm et al., mannitol clearance in 

TH-treated patients decreased by 60%, indicating an alter-
nation in the glomerular filtration rate [17]. However, the 
study was based on data from the ALBINO placebo cohort; 
therefore, interpreting the result could be confounded by 
disease severity.

Fig. 4   Visual predictive checks. HIE hypoxic-ischemic encephalopathy, hrs hours
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5 � Conclusions

This extended PK-PD model provided an adequate descrip-
tion of the complex hypoxanthine, xanthine, and uric acid 
metabolism in asphyxiated neonates treated with allopurinol. 
A low IC50 on XOR inhibition and a high fraction of hypox-
anthine salvage were quantified, indicating a positive phar-
macological effect of allopurinol treatment. The impact of 
hypoxia on hypoxanthine, xanthine, and uric acid dynamics 
was characterized in the model, suggesting higher hypoxia-
related initial hypoxanthine and xanthine values with a more 
severe HIE status and a declining rate of hypoxanthine and 
xanthine synthesis as a consequence of exhausting purine 
precursors. The developed model provides new insights into 
the evaluation of the efficacy of allopurinol and the investi-
gation of suitable biomarker in neonates with HIE.
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