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Abstract

Lesch—Nyhan disease (LND) is an ultra-rare X-linked inborn error of metabolism caused by complete or partial deficiency
of hypoxanthine-guanine phosphoribosyltransferase (HPRT), a key enzyme in the purine salvage pathway. This defect
leads to uric acid overproduction and a broad spectrum of neurological and behavioral manifestations, whose severity
depends on the degree of residual enzymatic activity. Although emerging evidence implicates HPRT deficiency in wide-
spread cellular dysfunctions, particularly within midbrain dopaminergic neurons, the molecular mechanisms underlying
the neurobehavioral phenotype of HPRT deficiency remain poorly understood and are not adequately explained by purine
metabolism dysfunctions alone. Although proteomics represents a powerful approach for elucidating molecular alterations
underlying disease, it has so far found only limited application in LND research. To address this gap, we provide here
the first proteomic study combined with clinical biochemistry data and pro-inflammatory cytokines profiling of plasma
samples from 29 HPRT deficient individuals (21 with classic LND and 8 with Lesch—Nyhan variants — LNV). We suggest
that plasma proteomics might be a potential tool in LND for monitoring disease progression and therapeutic response,
potentially paving the way for targeted treatment strategies that extend beyond the purine salvage pathway to address the
currently unmet clinical needs of LND patients.
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Introduction

Lesch—Nyhan disease (LND; OMIM 308000) is a X-linked
recessive disorder associated with a defective hypoxanthine-
guanine phosphoribosyltransferase (HPRT, EC 2.4.2.8)
activity caused by pathogenic variants in the HPRT! gene.
The disorder is rare, with a variable reported incidence
across different populations and geographic regions ranging
from 1 in 235,000 to 1 in 500,000 live births globally (Tor-
res 2019). HPRT is a critical enzyme in the purine salvage
pathway (Micheli et al. 2020; Camici et al. 2023; Javed et
al. 2024) whose deficient activity (complete or partial) leads
to the accumulation of purine metabolites, mainly uric acid
(UA) and hypoxanthine (HYP), in blood, urine, and cere-
brospinal fluid (Torres and Puig 2007).

HPRT deficiency causes a multisystemic disorder char-
acterized by hyperuricemia and hyperuricosuria, associated
with a complex array of neurological and behavioral pat-
terns, including dystonia, choreoathetosis, cognitive impair-
ment, and a peculiar self-injurious behavior (SIB) that
evolves over time and depends on the severity of the enzy-
matic defect (Fu et al. 2014; Micheli et al. 2020; Camici
et al. 2023). Affected individuals are typically normal at
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birth but begin to exhibit clinical symptoms within the first
years of life. Based on residual HPRT enzyme activity and
the presence or absence of specific neurological features,
three major clinical phenotypes have been defined (Fu et
al. 2015). The classical LND phenotype (residual enzyme
activity 0—1.5%) is associated with severe motor and cog-
nitive impairment (100% and 95% of prevalence, respec-
tively) and SIB (100% of prevalence). Partial phenotypes,
or Lesch—Nyhan variants (LNV), encompass two milder
forms: HPRT-related neurologic dysfunction (HND, resid-
ual enzyme activity 1.5-8.5%), characterized by motor
impairment and neurocognitive abnormalities (91% and
67% of prevalence, respectively) and without SIB; and
HPRT-related hyperuricemia (HRH, residual activity >8%)
in which neurological symptoms are absent or minimal
(Christie et al. 1982; Jinnah et al. 2010).

Diagnosis relies on both clinical and laboratory data. In
newborns, hyperuricemia and hyperuricosuria, either iso-
lated or with psyco-motor delay, warrant enzymatic testing
in erythrocytes or fibroblasts, followed by genetic testing
(Torres and Puig 2007).

Despite significant advances in elucidating the genetic
and biochemical basis of LND, the precise molecular
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mechanisms underlying its neurological and neurobehav-
ioral manifestations remain poorly understood (Javed et al.
2024) and are not adequately explained by purine metabo-
lism dysfunction alone. Multiple lines of evidence suggest
that dysfunction of dopaminergic signaling, mitochondrial
impairment, and disrupted protein homeostasis contribute to
the pathogenesis of HPRT deficiency. In vivo clinical studies
have shown that the neurological manifestations are linked
to dysfunction of basal ganglia dopamine systems (Jinnah et
al. 2006), whereas ex vivo analyses of post-mortem human
brain tissue and in vivo studies in HPRT-deficient mouse
models have revealed reduced tyrosine hydroxylase expres-
sion without neuronal loss, indicating an aberrant dopa-
minergic phenotype (Géttle et al. 2014). More recently, in
vitro studies using patient-derived neural stem cells have
demonstrated that HPRT deficiency disrupts mitochondrial
function and protein homeostasis, further implicating these
pathways in abnormal neural development (Dinasarapu
et al. 2022). Dysfunction of midbrain dopaminergic (DA)
neurons is believed to be a key contributor to the neurobe-
havioral manifestations of LND, involving abnormalities in
both DA neuron development and function. In vivo studies
in HPRT-deficient mouse models have demonstrated altered
gene expression in dopaminergic regions of the brain (Song
and Friedmann 2007) and developmental abnormalities in
midbrain DA neuron proliferation, migration, and organiza-
tion (Witteveen et al. 2022). Complementary in vitro and
ex vivo investigations using HPRT-deficient neuronal and
neural stem cell models have shown dysregulation of tran-
scription factors critical for dopaminergic differentiation
(Ceballos-Picot et al. 2009; Cristini et al. 2010; Guibinga
et al. 2010; Sutcliffe et al. 2021). and deficits in neurite
outgrowth, supporting a neurodevelopmental origin of DA
dysfunction. Furthermore, since neurological symptoms
are refractory to current UA-lowering treatments, a deeper
understanding of LND pathophysiology (Torres and Puig
2015; Torres 2019) and associated biochemical and pro-
teomic alterations could help the identification of novel
potential therapeutic targets extending beyond the purine
salvage pathway.

In this context, proteomic approaches offer a promis-
ing avenue to uncover disease-related molecular signa-
tures. Proteomics, enabling the identification of significant
changes in protein abundance, post-translational modifica-
tions, and protein-protein interaction networks, can provide
systems-level insights into disease biology (Aebersold and
Mann 2016). In rare diseases, where limited sample avail-
ability is a significant challenge, proteomics can thus maxi-
mize data yield from minimal sample volumes (Braconi et
al. 2021, 2025). In the case of LND, the proteomic char-
acterization of patient-derived samples, such as plasma or
serum, could provide valuable information about systemic

changes in protein expression and signalling pathways asso-
ciated with the disease. Plasma, in particular, represents an
accessible and informative matrix for proteomics-based bio-
marker discovery owing to its capacity to reflect both local
and systemic physiological alterations (Braconi et al. 2021,
2025). However, current research into LND has largely
focused on UA and purine-related metabolites (Ceballos-
Picot et al. 2015; Madeo et al. 2019) whereas there has been
very limited interest into the proteomic characterization of
LND patients’ biofluids.

To address this gap, in this study we present a comprehen-
sive biochemical and proteomic analysis of plasma samples
from 29 HPRT deficient individuals (21 with classic LND
and 8 with LNV). By integrating proteomic profiling with
conventional biochemical analyses, we aim to provide novel
insights into the systemic molecular changes associated
with LND, identifying dysregulated proteins and biological
pathways that may underlie the complex neurobehavioral
manifestations of LND. Furthermore, we aim to explore
the potential of plasma proteomics as a tool for monitor-
ing disease progression and therapeutic response. Our find-
ings may advance the understanding of LND and pave the
way for the development of targeted treatment strategies to
address the currently unmet clinical needs of patients with
this devastating disorder.

Materials and Methods
Subjects and Samples

All LND subjects participating in this study were diagnosed
according to currently accepted criteria (Jinnah et al. 2006,
2010). Because HPRT deficiency is inherited as an X-linked
recessive disorder, all cases were males. Blood from LND
male subjects was drawn by venipuncture and sent to our
laboratory for diagnostic purposes and, after informed con-
sent and in accordance with the declaration of Helsinki,
agreed to donate their blood samples for this study. The
study received approval from the Local Ethics Committee.
Samples were collected in fasting conditions in clean tubes
containing heparin as anticoagulant. After centrifugation,
blood cells were used fresh for the evaluation of enzyme
activities, and plasma samples were separated and kept
frozen at —80 °C until analysis. According to biochemical
diagnosis (residual HPRT enzymatic activity) and clinical
symptoms observed at the time of sampling, subjects were
dived into two groups: 21 classic LND and 8 LNV. Plasma
samples from age-, ethnicity-, and sex-matched male sub-
jects with normal HPRT enzyme activity were selected and
used as controls for cytokines evaluation. For 2D-PAGE
analysis, a commercially available pooled healthy human
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male plasma was used as a control. Demographics and clini-
cally relevant information on patients selected for the study
are schematically reported in Table 1.

Clinical Biochemistry

Purine metabolites (UA, HYP and xanthine (XAN) in plasma
extracts were measured by HPLC-UV as described previ-
ously (Jacomelli et al. 2019). To produce acidic extracts, 0.6
N perchloric acid was added to plasma (1:1) and mix thor-
oughly. The samples were centrifuged at maximum speed
for 5 min and the supernatants were transferred into clean
tubes and were brought to neutrality by 3.5 M potassium
carbonate. Samples were centrifuged at maximum speed for
5 min just before HPLC analysis.

Biochemical characterization also included HPRT and
GPRT activity in erythrocyte lysates, when available (Jaco-
melli et al. 2019). Red cells were washed twice with iso-
tonic NaCl (155 mM). Cell-free lysates were obtained from
washed erythrocytes by water dilution (1:5) and freezing—
thawing and then centrifuged at maximum speed for 10 min
and the supernatants were transferred into clean tubes. Assay
mixtures for H/GPRT contained 55 mM Tris buffer pH 7.4,
5.5 mM MgCl,, 1 mM phosphoribosyl-1-pyrophosphate,

Table 1 Clinical biochemistry of LND (21) and LNV (8) individuals
and healthy controls (20)

Marker Healthy (N=20) LND (N=21)* LNV (N=8)* p value”
AU (uM)

Median 275.8 437.6 322.7 0.0484%

25-75% 200.8-363.7 2345-620.1  223-7168  0.6425°
>0.9999¢

HYP (uM)

Median 2.36 61.68 91.65 <0.0001°

25-75% 1.08-4.33 40.99-127.80 71.91-132.10 <0.0001°
>0.9999¢

XAN (uM)

Median 0.525 104.7 65.85 <0.0001°

25-75% 0.38-0.95 3597-190.5  6.163-178.7 0.0007°
>0.9999¢

HPRT (nmol/h/mgHb)

Median 107.1 0 0.03 <0.0001*

25-75% 91.25-133.7 0-0 0.002-16.50 0.0029°
0.6232°

GPRT (nmol/h/mgHb)

Median 117.5 0 0.07 <0.0001°

25-75% 50.03-142.3 0.00-0.00 0-0.29 0.0404°
0.7372°

Descriptive statistics (median and interquartile range) are reported for
plasma metabolites (UA, HYP, XAN) and enzyme activities (HPRT,
GPRT) in healthy age-matched controls, LND, and LNV subjects.
Comparisons among groups were performed using the Kruskal-Wal-
lis test followed by Dunn’s correction for multiple comparisons

*p-values: *healthy vs. LND, healthy vs. LNV, °LND vs. LNV. Sta-
tistically significant p-values (<0.05) are reported in bold. *About
71% (15 out of 21) of the LND subjects and 38% (3 out of 8) of the
LNV subjects were under UA-lowering therapy with allopurinol
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0.3 mM of-methylen-ADP, 0.6 mM either HYP, or gua-
nine and 200 pl of cell homogenate in a final volume of 200
ul; sample were incubated at 37 °C for 20 min. Reactions
were stopped by one volume of 0.6 N perchloric acid; after
centrifugation (12,000 x g for 2 min) clear supernatants
were brought to neutrality by 3.5 M potassium carbonate.
Samples were centrifuged at maximum speed for 5 min just
before HPLC analysis. Hemoglobin (Hb) quantification was
used for data normalization.

The HPLC apparatus consisted of a Beckman System
Gold Modulel125S, with amod.168 Nouveau diode array
detector. Phenomenex Luna C18 columns (3 pum particle
size, 75x4.6 mm) equipped with guard columns (Phe-
nomenex Security guard 4 X3 mm) were used. The HPLC
analyses were performed by gradient elution using 10 mM
potassium phosphate, pH 5.5, and methanol as eluant, at
room temperature, with 1 ml/min flow rate, and absorbance
monitoring at 260 and 280 nm. Peak identities were con-
firmed by retention time, coelution with added internal stan-
dards, 260/280 nm absorbance ratios, and UV/vis spectra.
Quantification was based on concentration/peak area linear
plots developed injecting solutions with known concentra-
tions of each pure compound.

Cytokines Quantification

Assessment of plasma concentrations of IL-1f, IL-6, IL-18,
IL-33 and TNF-a was performed via commercially avail-
able multiplex bead-based immunoassay kits (EMD Milli-
pore Corporation) as per the manufacturer’s protocols. The
detection range was 0.49-2,000 pg/ml for IL-1p, 0.18-750
pg/ml for IL-6, 0.43-1750 for TNF-a, 19.5-20000.5 for
IL-33 and 4.9-5000 for IL-18. Quantification of analytes
was obtained using spline curve-fitting methods generated
with appropriate standards (Braconi et al. 2022).

2D-PAGE and Image Analysis

50 pg of proteins/sample were submitted to 2D-PAGE and
silver ammoniacal staining as described previously (Loren-
zetti et al. 2015; Braconi et al. 2016). Digitalized images
were obtained with ImageS-canner Il and analyzed by
ImageMaster software (GE HealthcareBioSciences). The
increasing/decreasing index (fold-change) was calculated
as the ratio of spot% relative volume between gel maps; for
multiple spots identified as different molecular species of a
same protein, the total % relative volume was used for cal-
culations. Protein spot identification was carried out by gel
matching with the master gel of human plasma retrieved by
http://world-2dpage.expasy.org/swiss-2dpage.
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Statistical and Bioinformatics Analysis

The experiments were carried out in triplicate. Results
were processed through GraphPad 8.0. Normal distribution
was analyzed with D’Agostino-Pearson or Shapiro Wilk
test depending on sample size, and descriptive statistics
were obtained for each analyzed dataset. Non-parametric
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Fig. 2 Age-related distribution of plasma cytokines TNF-a and IL-18
in LND. Violin plots show the distribution and median levels (pg/mL)
of TNF-a and IL-18 in LND children (<14 years) and LND adults

variance (Kruskal-Wallis) of the median and non-paramet-
ric post hoc (Dunn’s) tests were used due to the non-normal
distribution of any variable in any group. For 2D-PAGE
data, statistically significant thresholds of 2.0 and 0.5 for
fold-change values in protein relative abundance ratios
calculated as LND/control were set to highlight over-rep-
resented and under-represented proteins, respectively. Gene
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(> 14 years). Statistical significance was determined with Two-tailed
Mann-Whitney test
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Ontology (GO) enrichment analysis was performed using
STRING web service (https://string-db.org/) with the diffe
rentially expressed proteins revealed by proteomic analy-
sis used as input. Significantly enriched pathways were
retrieved by searching against KEGG and REACTOME
databases (Szklarczyk et al. 2023).

Results and Discussion
Clinical Biochemistry

We assessed several pathologically relevant biochemical
markers in the plasma of 21 LND, 8 LNV, and 20 healthy,
age-matched controls (Tables 1 and 1S). About 71% (15 out
of 21) of the LND subjects and 38% (3 out of 8) of the LNV
subjects were under UA-lowering therapy with allopurinol.
The tested markers included: levels of UA, HYP and XAN,
and the activity of HPRT and GPRT enzymes. As expected,
statistically significant higher plasma levels of HYP and
XAN were found in LND and LNV compared to controls
(Table 1).

Inflammation Markers
Growing evidence suggests that inflammatory cytokines

play a pivotal role in neurogenesis, and high levels of
pro-inflammatory cytokines have been associated with

( CTR
‘ A2MG .
| CERI—>
| =
gs ces =
THRB
‘ BG__ HEmO ALBUi @E
AN A — d’ FIBA
AAC GL ik
| Q i ©) @EANT : k2
<> VDB : >
FWQ%-@ T T —
| id s
A2GD i
| 280G §
‘ o
[ CORcFA, ———A1AG!
o E——
S_TQTHY coaa
APE A
AVBPO
|
| SAVP O
i CRP
APAT
RETB O
TTHY
&= =
APCZQ HBB —

Fig.3 Comparative proteomics. Silver stained 2D maps of a represen-
tative LND plasma sample (right) and healthy control plasma (left).
The quali-quantitative analysis carried out allowed the identification
of differently expressed proteins, which are indicated with their abbre-
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alterations in cognitive and learning processes in various
neuropsychiatric disorders, such as depression, and neuro-
degenerative diseases, including Alzheimer’s disease and
Parkinson’s disease (Borsini et al. 2015).

To investigate the potential involvement of inflammation
in LND, we assessed plasma levels of five pro-inflamma-
tory cytokines - IL-1B, TNF- a, IL-6, IL-18, and IL-33 - in
our samples. We found statistically significant higher levels
of IL-1pB, IL-6, TNF-a and IL 18 (but not IL-33) in LND
and LNV samples compared to healthy controls (Fig. 1 and
Table 25).

Notably, none of the analyzed inflammatory markers
showed statistically significant differences between patients
with the classic LND phenotype (characterized by profound
neurological impairment including SIB) and those with
LNV phenotype (typically associated with milder or even
absent neurological symptoms and no SIB). This suggests
that the current binary classification into LND and LNV
may be too broad to capture subtle, yet potentially meaning-
ful, biological differences among patients. A more granular
phenotypic stratification, possibly integrating biochemical
indicators, including residual HPRT enzyme activity and
baseline UA levels (prior to hypouricemic therapy), together
with quantitative neurological assessments based on stan-
dardized clinical scales, may provide greater discriminatory
power.

We then performed correlation analyses to assess whether
the levels of inflammatory biomarkers were influenced by
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viated names and described in Table 2. Relative abundance of protein
spots is reported in Fig. 3. Only representative images from a triplicate
set are shown
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patients’ age or biochemical parameters. We found statis-
tically significant inverse correlations between patients’
age and both IL-18 (p=—0.700, p<0.0001) and TNF-a
(p=—0.560, p=0.002).

To further investigate the role of patients’ age on these two
inflammatory markers, we performed a direct comparison of
TNF- a and IL-18 levels between healthy and LND subjects
grouped by age (children<14 years and LND adults> 14
years), as reported in Fig. 2. The decrease of IL-18 levels
in both LND and healthy adults indicates that the observed
decline may reflect a normal physiological age-related trend
rather than a disease-specific effect, consistent with previ-
ous findings (Kleiner et al. 2013). In contrast, TNF-a levels
appeared to decrease with age only within our LND patient
cohort, potentially reflecting progressive disease-related
alterations in inflammatory regulation over time.

The potential impact of long-term UA—lowering therapy
on inflammatory cytokine levels was also assessed; how-
ever, no statistically significant differences were observed
for any of the analysed markers (Fig. 1S).

Furthermore, our data suggest that an inflammatory
milieu may appear very early in LND. Nearly 60% of our
plasma samples were from individuals younger than 14
years, and elevated cytokine levels persisted across all the
stages of psychological, cognitive, and motor development.

Cytokines are integral to the structural and functional
maturation of the central nervous system. Emerging evi-
dence shows that pro- and anti-inflammatory mediators
modulate the neurogenic niche by influencing the prolifera-
tion and differentiation of neuronal progenitor cells, thereby
shaping neurodevelopmental trajectories (Stolp 2013; Bor-
sini et al. 2015). In the context of LND, early and sustained
cytokine dysregulation could therefore have profound
implications for brain development and contribute to the
neurobehavioral phenotype observed in these patients.

Comparative Proteomics

A small subset of eight LND samples (characterized by
elevated levels of UA, HYP and XAN and null HPRT activ-
ity) was thus selected for a comparative proteomics analysis
against a commercially available pool of healthy plasma.
Samples were also matched in terms of age, ethnicity, and
sex (males). All LND samples were under treatment with
allopurinol. We employed a classical two-dimensional
gel electrophoresis workflow without depletion of abun-
dant proteins to preserve the native proteome composi-
tion, thereby generating an “unbiased snapshot” of each
sample. An average of 613 +£92 spots were resolved in each
proteomic map, and about 220 spots were identified per
map, corresponding to 57 different proteins. Quantitative
comparative analysis between LND and control samples

revealed similar expressions patterns for a set of proteins,
including: apolipoprotein A-I (APOA1), apolipoprotein
C-III (APOC3), apolipoprotein D (APOD), the alpha sub-
unit of the hemoglobin (HBA), histidine-rich glycoprotein
(HGR), several species and subunits of immunoglobulins
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Fig. 4 Heat map of differentially expressed proteins in LND plasma
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Fig. 5 Gene Ontology (GO) enrichment analysis of differentially
expressed plasma proteins in LND patients. A Top-ranked molecu-
lar function categories and B biological process categories identified

(IGHA, IGHG, OGHM, IGLC, IGSA, IGSG, IGSM), the
gamma chain of fibrinogen (FIBG), serotransferrin (TRFE)
and alpha-1-antitrypsin (A1AT). Conversely, all the remain-
ing identified proteins showed a statistically significant dif-
ferential expression in LND sample(s) relative to controls.
These differentially expressed proteins are annotated in Fig.
3 and schematically reported with their main features in
Table 2. A detailed presentation relative abundance changes
is provided in Fig. 4; Table 2.

We next applied Gene Ontology (GO) enrichment
analysis to the subset of proteins that were differentially
expressed in at least three of the eight LND samples. Figure

@ Springer

through GO enrichment analysis. Enrichment significance was calcu-
lated based on adjusted p-values (FDR <0.05)

5 shows the top five GO terms for both molecular function
and biological process categories, with “Complement com-
ponent Clq complex binding” (signal 1.64, FDR 0.00019)
and “acute-phase response” (signal 3.58, FDR 9.72E-10)
emerging as the highest-ranking terms, respectively.
Consistent with acute-phase response activation,
the abundance of several positive acute-phase proteins
was markedly increased in LND plasma, most notably
alpha-2-macroglobulin, C-reactive protein, alpha-2-anti-
plasmin, and complement C1s subcomponent (Table 2; Fig.
3). The abundance of classic negative acute-phase proteins
such as alpha-2-HS-glycoprotein, apolipoprotein A-IV, and
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clusterin was significantly downregulated (Table 2; Fig. 3).
Together, these findings corroborate the presence of a sus-
tained, systemic inflammatory status in LND and highlight
perturbations in lipid transport and coagulation pathways as
additional, potential hallmarks of LND (see Fig. 5).

Haptoglobin (HPT), one of the major acute-phase pro-
teins, was found as under-represented in LND subjects
(with a statistically significant lower abundance in four out
of the eight LND subjects analyzed here) (Table 2). This
protein acts as an antioxidant (binding heme) and is also
supposed to play a modulatory and protective role on auto-
immune inflammation of the CNS (Galicia et al. 2009) and
on the integrity of the nigro-striatal dopaminergic system
(Costa-Mallen et al. 2008). Its depletion in LND plasma
may therefore reflect, or even contribute to, ongoing neuro-
degenerative processes. Notably, reduced HPT levels have
also been documented in the plasma of Parkinson’s disease
(PD) patients, a disorder that shares pathological and clini-
cal overlaps with LND (Zhao et al. 2010).

The increased levels of C1 s subcomponent (Cls) (five
out of eight LND subjects), C-FAB (three out of eight LND
subjects) and Complement C4-A (two out of eight LND
subjects) further supports the activation of the complement
system as a contributor to disease progression (Table 2).
These findings mirror what observed in proteomic profil-
ing of hyperuricemic patients (Wu and You 2023) and likely
arises from inflammasome activation in response to urate
crystal deposition (Wu and You 2023).

Finally, we sought to identify overlaps between the pro-
teomic profile of LND and those reported in other dopa-
mine-related disorders. LND has long been associated with
dysfunction of dopamine neurons of the basal ganglia, and
strong evidence supports the hypothesis of the develop-
mental origin of such alterations (Witteveen et al. 2022).
The dopaminergic system is a complex and powerful neu-
rotransmitter system in the brain. It plays an important
regulatory role in motivation, reward, cognition, and motor
control. So far, four main dopaminergic pathways have
been identified (nigrostriatal, mesolimbic, mesocortical,
and tuberoinfundibular) each of which regulates different
physiological functions, and imbalances in each pathway
are closely related with a variety of diseases such as Par-
kinson’s disease (PD), schizophrenia (SZ), and autism spec-
trum disorder (ASD) (Cai et al. 2021; Chen et al. 2024).
Over the past decade, proteome techniques were success-
fully applied to a range of biological samples in the search
of biomarkers (with prognostic and diagnostic value) and
treatment targets for these DA-related pathologies. To this
aim, serum and plasma biospecimens attracted researcher’s
attention due to easy accessibility and rapid protein changes
in response to disease pathogenesis (Davalieva et al. 2016;
Szoko et al. 2017; Dixit et al. 2019). To explore overlap

with these disorders, we compared our proteomic data with
those reported for three different non-monogenic and non-
metabolic diseases affecting different DA pathways, namely
PD, ASD and SZ, and partially sharing symptoms with
LND. Remarkably, several acute-phase proteins that were
altered in our LND samples, such as alpha-2-macroglobu-
lin, apolipoprotein A-IV, clusterin, alpha-2-HS-glycopro-
tein, haptoglobin, prothrombin, and retinol-binding protein
4, transthyretin, serum amyloid P-component, complement
factor B and AMBP protein (Table 2) have been reported
as dysregulated in PD, SZ, and ASD. This convergence not
only reinforces the link between systemic inflammation
and dopaminergic dysfunction, but also highlights a shared
proteomic signature that may underlie common pathogenic
mechanisms across both monogenic and dopamine-related
diseases.

Conclusions

In this study, we present a preliminary and exploratory
proteomic characterization of plasma samples from eight
LND individuals, acknowledging that the small cohort
size reflects the ultra-rare nature of the disorder (approxi-
mately 1:380 000 (Torres 2019). While the limited sample
number and methodological constraints preclude definitive
conclusions, our combined biochemical and proteomic data
provide preliminary evidence of a systemic inflammatory
signature in LND, a feature that has not been systematically
characterized so far.

To explain these observations, we tentatively propose
two non-mutually exclusive mechanisms. First, high UA
levels might trigger activation of the NLRP3 inflammasome
analogously to what observed in gouty arthritis, where the
uptake of monosodium urate crystals deposited in joints by
macrophages leads to caspase-1-mediated maturation and
release of IL-1f, IL-18, and downstream cytokines (IL-6,
TNF-q, IL-33), sustaining and propagating systemic inflam-
mation (Liu et al. 2015). It is tempting to speculate that a
similar mechanism may exist in LND. In line with this pos-
sibility, despite standard UA- lowering therapy, our LND
cohort exhibited higher plasma UA than controls (Table 1),
which could contribute to persistent inflammasome activa-
tion and the elevated cytokine profile observed. Second, the
xanthine oxidase (XO) form of xanthine oxidoreductase
may exacerbate oxidative stress: XO-catalyzed oxidation
of HYP and XAN to UA generates reactive oxygen species
(ROS) as by-products, further promoting inflammatory sig-
naling in LND (Ives et al. 2015; Monteiro et al. 2025). Sim-
ilar mechanisms have been documented in inflammatory
bowel disease (Petrillo et al. 2024) and respiratory virus
infections (Pratomo et al. 2021), where an hyperactivation

@ Springer
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of the NLRP3 inflammasome was correlated with increased
XO expression and activity, and support the inhibition of
XO as a potential therapeutic target (Pratomo et al. 2021;
Petrillo et al. 2024). Although both allopurinol and febuxo-
stat are effective UA-lowering agents, their mechanisms of
XO inhibition differ substantially, leading to distinct down-
stream biological effects. Allopurinol, a purine analog, acts
as a competitive substrate inhibitor that binds to the active
site of XO and is converted into oxypurinol; in contrast,
febuxostat is a non-purine selective inhibitor that stabilizes
the enzyme in an inactive conformation resulting in greater
suppression of ROS production compared to allopurinol.
Accordingly, febuxostat has shown superior suppression of
NLRP3-dependent IL-1f release compared to allopurinol in
vitro (Monteiro et al. 2025). This supports the notion that
the mechanism of inhibition has a central role in the anti-
inflammatory capacity of XOR inhibition therapy. As the
majority of patients were receiving UA-lowering therapy
(allopurinol), treatment status may have partially influenced
the observed biochemical and cytokine profiles. This fac-
tor should be carefully controlled in future investigations
to more accurately delineate disease-specific molecular
alterations.

Animal models also support a pro-inflammatory, pro-
oxidative role for HYP (Biasibetti et al. 2017; Biasibetti-
Brendler et al. 2018). If HYP is administered directly into
rat striatum, it activates NF-xB, increases cytokines (IL-6
and TNF-a included), and perturbs antioxidant defenses
(ROS, superoxide dismutase, catalase and glutathione per-
oxidase activity) (Biasibetti et al. 2017) and neuroenergetic
parameters (Biasibetti-Brendler et al. 2018).

Although inflammation and oxidative imbalance may
theoretically contribute to the neurological manifesta-
tions of LND, the present findings do not allow any causal
interpretation regarding the relationship between molecu-
lar changes and neurological severity. Larger, longitudinal
studies integrating clinical neurological assessment with
molecular profiling will be essential to explore this potential
link.

In summary, our findings offer preliminary, hypothesis-
generating insights into possible inflammatory and oxida-
tive processes associated with HPRT deficiency and provide
an initial proteomic framework for understanding its molec-
ular basis. Given the exploratory design, modest sample
size, and reliance on 2D-PAGE rather than LC-MS/MS pro-
teomics, the detected protein changes should be interpreted
as associative rather than causative trends, likely represent-
ing downstream consequences of the metabolic and cellu-
lar effects of HPRT deficiency. These results are therefore
hypothesis-generating and highlight potential molecular
pathways that warrant further examination. Future stud-
ies involving larger, possibly multi-centre cohorts, and
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functional validation experiments will be critical to con-
firm these associations and to clarify whether modulation of
inflammatory pathways could, in the long term, represent a
therapeutic avenue in LND.
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