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Time-resolved urinary proteomics
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Abstract

Background Neonatal hypoxic-ischemic encephalopathy (HIE) triggers systemic oxidative stress and redox
imbalance, contributing to multi-organ injury. Urine is a noninvasive matrix for longitudinal profiling of molecular
responses, yet time-resolved proteomic studies in HIE are limited.

Methods We performed longitudinal SWATH-MS proteomic profiling of urine from term neonates with moderate-
to-severe HIE treated with therapeutic hypothermia (n=16) and non-asphyxiated controls (n=19) at six time points
during the first eight days of life. Proteins identified in >80% of samples were quantified, and differential abundance,
temporal clustering, pathway enrichment, and upstream regulatory networks were analyzed.

Results Approximately 1,000 proteins were quantified per sample. A total of 438 proteins were differentially
abundant, with most changes transient and ten persistent. Early HIE urine showed marked elevation of hemoglobin
subunits and sequential induction of haptoglobin and hemopexin, indicating staged heme scavenging and oxidative
stress responses. Pathway enrichment revealed inhibition of neutrophil-associated innate immunity and activation of
heme detoxification, lipoprotein remodeling, and PPAR signaling. Temporal clustering demonstrated stage-specific
proteomic transitions, with partial normalization toward controls by days 6-8. Ingenuity Pathway Analysis identified
six upstream regulators: Interleukin-1 alpha (IL1TA), Tumor Necrosis Factor (TNF), ETS Homologous Factor (EHF),
Peroxisome Proliferator-Activated Receptor Delta (PPARD), Thioredoxin-Interacting Protein (TXNIP), and Solute Carrier
Family 2 Member 3 (SLC2A3), coordinating inflammation, redox control, and metabolic adaptation.

Conclusions We identified transient and sustained proteomic shifts that trace coordinated changes in oxidative
stress, heme metabolism, and metabolic adaptation, alongside key regulators such as IL1A, TNF, EHF, PPARD, and
TXNIP. The progression from early injury-related divergence to partial recovery by day 8 highlights the dynamic nature
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of post-insult remodeling. These findings support urinary proteomics as a robust, non-invasive tool for probing HIE
pathophysiology and point to promising biomarker and pathway candidates for future studies.
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Inflammation

Introduction

Hypoxic-ischemic encephalopathy (HIE) is a major cause
of neonatal brain injury and long-term neurodevelop-
mental disability [1, 2]. Beyond neuronal cell death, peri-
natal hypoxia-ischemia induces systemic oxidative stress
through mitochondrial dysfunction, and generation of
reactive oxygen species (ROS), overwhelming endoge-
nous antioxidant, and detoxification mechanisms [3]. The
resulting redox imbalance contributes to cellular injury in
multiple organs and plays a key role in the pathophysiol-
ogy of HIE [4]. Understanding the temporal dynamics of
oxidative stress-related molecular responses may there-
fore inform the development of prognostic biomarkers
and adjunctive therapeutic strategies.

Urine offers a uniquely non-invasive and clinically fea-
sible matrix for longitudinal molecular profiling in neo-
nates. Unlike blood or cerebrospinal fluid, repeated urine
sampling poses minimal risk and can capture systemic
responses to perinatal stress, including renal excretion
of proteins linked to oxidative stress, ROS detoxification,
immune modulation, and metabolic remodeling [5-8].
Previous studies have explored individual urinary bio-
markers of kidney injury or inflammation, such as NGAL,
KIM-1, or interleukin-18 [9], but proteome-wide analyses
capturing time-resolved redox-related molecular signa-
tures remain limited.

High-resolution, data-independent acquisition pro-
teomics such as Sequential Windowed Acquisition of all
Theoretical fragment ions (SWATH-MS) enables quan-
titative profiling of hundreds to thousands of proteins
in complex biofluids, providing a systems-level view of
molecular pathways perturbed during disease. Applying
this approach to neonatal urine allows identification of
proteins reflecting oxidative stress, heme handling, and
metabolic regulation over the acute and subacute phases
of HIE, which may remain undetectable using targeted or
single-timepoint analyses.

In the present study, we performed longitudinal
SWATH-MS proteomic profiling of urine from term
neonates with HIE treated with therapeutic hypothermia
and from non-asphyxiated term controls, sampled at six
time points during the first eight days of life. We aimed
to (1) characterize persistent and transient alterations in
urinary proteins, (2) identify temporal trajectories of pro-
teome perturbations, and (3) infer upstream regulatory
networks underlying these dynamic molecular responses.
By linking urinary proteomic changes to redox-sensitive
pathways, this study provides novel insights into the

systemic biology of neonatal HIE and highlights potential
non-invasive markers for monitoring disease progression
and recovery.

Materials and methods

Study groups

This single-center, prospective study was conducted in
the Neonatal Intensive Care Unit (NICU) at the Institute
of Pediatrics, Jagiellonian University Medical College,
Cracow, Poland. Two cohorts of infants were consecu-
tively and concurrently enrolled between April 2021 and
July 2023:

1) Newborns with a gestational age (GA) > 35 0/7
weeks who presented with moderate to severe
hypoxic-ischemic encephalopathy (HIE), classified
according to the Sarnat and Sarnat criteria, and
qualified for therapeutic hypothermia. The inclusion
criteria for the initiation of therapeutic hypothermia
followed the protocol described by Shankaran et al.
[10]. Whole-body cooling (to 33.5 °C) was initiated
within 6 h after birth, maintained for 72 h, and
followed by gradual rewarming over 6 h.

2) Term infants (GA > 37 0/7 weeks) with mild
postnatal adaptation problems, such as transient
tachypnea of the newborn, admitted to the NICU
within the first 24 hours of life.

Written informed consent was obtained from the par-
ents or legal guardians prior to enrollment. Exclusion
criteria for both cohorts were as follows: (1) major con-
genital anomalies of the heart or kidneys, or any struc-
tural abnormalities detected on cranial ultrasound upon
admission; (2) multiple gestation; and (3) clinical suspi-
cion of metabolic or genetic disorders. Demographic,
perinatal, and clinical data, including details of the hos-
pitalization course, were collected prospectively for all
enrolled infants.

Urine sampling and preparation, SWATH-MS quantitative
proteomics, and data analysis

Urine sampling and preparation, SWATH-MS mea-
surements and mass spectrometry data analysis was
described in detail elsewhere [11, 12]. Briefly, urine sam-
ples for proteomic analysis were collected on days of life
(DOL) 1, 2, 3, 4, 6, and 8. Samples were obtained non-
invasively using sterile cotton balls placed in disposable
diapers; urine was aspirated with a sterile syringe and
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transferred to sterile tubes. When urine was collected
for clinical purposes using a sterile urine bag, an aliquot
was taken for analysis. Samples contaminated with stool
were discarded and recollected. Immediately after collec-
tion, urine samples were concentrated by centrifugation
(10 min, 2600 x g, 4 °C; Vivaspin Turbo 4, 3 kDa MW CO,
Sartorius, Germany) and stored at -80 °C until analysis.
Undepleted urine samples were digested into peptides
using the filter-aided sample preparation (FASP) proto-
col [13]. Samples (5 pg) were analyzed with TripleTOF
6600 + mass spectrometer (Sciex, Framingham, MA)
operating in SWATH acquisition mode in the microflow
chromatography regime, separated using a non-linear
acetonitrile gradient. For SWATH acquisition, the spec-
tra were collected in full scan mode (400-1250 Da), fol-
lowed by one hundred SWATH MS/MS scans using a
variable precursor isolation window approach, with m/z
windows ranging from 6 to 90 Da. Acquired SWATH
data were analyzed using project-specific spectral library
in Spectronaut 19 (Biognosys, Schlieren, Switzerland).
Data were filtered with 1% FDR at the peptide and pro-
tein level, while quantitation and interference correction
were made at the MS2 level. The protein quantities were
calculated by averaging the respective peptide intensities,
while the latter were obtained as mean precursor quanti-
ties. To create a robust and reliable quantitative dataset,
we selected only those proteins that were identified in
at least 80% of the samples by at least two unique pep-
tides and performed a missing value imputation using a
global imputation strategy where the missing values were
imputed on the basis of random sampling from a distri-
bution of low-abundance signals taken throughout the
entire experiment. The estimated significant absolute
fold change cutoff was set at 2.0 to ensure the power of
the statistical analysis. Data were normalized by global
regression strategy, while statistical testing for differen-
tial protein abundance was performed using t-tests with
multiple testing correction after Storey [14]. Functional
grouping and pathway annotations were performed using
ClueGO [15] under the Cytoscape 3.7.2 environment [16]
with the use of PINE software [17]. The DP_GP_cluster
repository  (https://github.com/PrincetonUniversity/D
P_GP_cluster), which is based on the Dirichlet process
and Gaussian processes and is used for profile grouping
[18], was utilized in the data clustering and visualiza-
tion process. The script was adapted to the specifics of
the analyzed dataset and executed in an environment
compliant with the repository authors’ requirements
(Python version 2.7). The alpha parameter, which con-
trols the model’s tendency to create new clusters, was set
to 0.5. Interpretation and selection of clusters for further
detailed analysis was intended to identify proteins whose
temporal changes were driving the observed convergence
of expression profiles between the two examined cohorts
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at corresponding time points. An additional criterion for
cluster selection was the number of proteins within each
cluster that exhibited a high number of statistically sig-
nificant changes (cut-off mean value of 2.0). Clusters con-
sidered less relevant for explaining the major temporal
changes in urinary protein composition in the neonatal
HIE group either did not exhibit similarity to the patterns
observed in the correlation matrix or were character-
ized by a smaller number of proteins showing statisti-
cally significant differences in concentration during the
observation period. Finally, we performed the analysis of
the quantitative proteomic data using Ingenuity Pathway
Analysis (Qiagen, Hilden, Germany) [19] using the set
experimentally identified urine proteins in our SWATH
dataset as reference proteome. A global heatmap was
generated in Python (Pandas for data processing; Sea-
born and Matplotlib for visualization), displaying each
patient as an individual sample column and proteins as
rows. Categories were indicated by bracket grouping
without averaging or aggregation. The mass spectrom-
etry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE [20] partner
repository with the dataset identifier PXD071111.

Statistical analysis

Qualitative variables were analyzed using Fisher’s exact
test, whereas continuous variables were compared with
the Wilcoxon rank-sum test. Statistical significance was
defined as a two-sided o level <0.05. All statistical pro-
cedures were performed using JMP® software, version
17.1.0 (JMP Statistical Discovery).

Results

The studied groups did not differ in terms of gestational
age, birth weight, sex, or mode of delivery. Infants in the
HIE group were significantly more often their mothers’
first children and had significantly lower Apgar scores,
pH, base excess, and lactate levels in the first postnatal
measurements. Analysis of the hospital course showed
that they required parenteral nutrition for a significantly
longer period (Table 1). Among the children with HIE,
5 (31.25%) had moderate and 11 (68.75%) had severe
HIE. Before initiation of therapeutic hypothermia, these
infants were assessed using the Thompson score, with a
mean of 6.23 (+£2.92) points. At the end of hospitaliza-
tion, infants in the HIE group were assessed using the
Test of Infant Motor Performance: 14 (87.5%) were clas-
sified as having average performance, while two (12.5%)
were classified as having low-average performance.

On average, SWATH-MS analysis allowed the iden-
tification of approximately 1,000 proteins in each unde-
pleted urine sample between both study cohorts and at
all time points collected (Fig. 1A). As expected, urinary
protein concentrations showed pronounced differences
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Table 1 Demographic and hospitalization data of the study cohorts
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Gestational age (weeks, mean (+SD))

Control group (n=19)

HIE group (n=16)

p value and test used

38.53 (1.39) 38.69 (1.62) 0.75687
Birth weight (g, mean (£SD)) 3397 (555) 3426 (445) 0.8643"
Gender (# F/# total (% of F)) 7/19 (36.84) 5/16(31.25) 0.7284°
Pregnancy (median [Q1; Q3]) 21,41 101,11 0.0138%
Delivery (median [Q1; Q3]) 21[1;3] 1[1;1] 0.0153%"
Cesarean section/vaginal delivery 11/8 9/7 0.9220
1st min. Apgar score; median [Q1; Q3] 91[7;10] 4[2,6] <0.0001"
5th min. Apgar score; median [Q1; Q3] 10 [8;10] 7 [5:8] <0.0001"
10th min. Apgar score; median [Q1; Q3] 10 [9;10] 7178 <0.0001"
pH - arterial blood gases at 1 h of age, median [Q1; Q3] 7.28 [7.204:7.35] 7.01[6.9075:7.06] <0.0001"
BE - arterial blood gases at 1 h of age, mmol/I; median [Q1; Q3] -5.1 [-5.3;-3.4] -17.5[-19.525;-14.625] <0.0001"
Lactate (blood) at 1 h of age, mmol/l; median [Q1; Q3] 3.275[2.9425; 4.495] 9[4.7,11.44] <0.0001"
Early-onset sepsis (n, (%)) 1(5.26) 0 (0.00) 035187
Passive oxygen therapy (days, median [Q1; Q3]) 01[0;1] 01[0;2] 0.6989"
CPAP/NIV (days, median [Q1; Q3]) 1[0:4] 2 [0:4] 0.2942
Mechanical ventilation (days, median [Q1; Q3]) 0[0;01 01[0;4.5] 0.0879%
Duration of parenteral nutrition (days, median [Q1; Q3]) 2.51[1;3.25] 6 [6;8] <0.0001%
Acute kidney injury, n (%) 0(0.0) 0(0.0) -

T two sided t test; ” - Pearson chi square test; " - Wilcoxon test

between groups, particularly during the first four days of
observation. However, from day 6 onwards, the number
of differentially abundant proteins decreased significantly
by approximately two-fold compared to the initial obser-
vation phase (Fig. 1B). During the study period, 438 pro-
teins were identified as differentially regulated, with the
majority exhibiting significant alterations at a single time
point. Notably, only ten proteins remained significantly
altered throughout the entire study timeframe (Fig. 1C).
Among the proteins most markedly altered in the HIE
group compared to controls were hemoglobin, apolipo-
proteins, collagens, glycolytic enzymes, and members of
the S1I00A protein family (Fig. 1D). Details of SWATH-
MS-based urinary proteome quantitation are collected in
Supplementary Tables S1-S6.

For the initial functional pathway analysis, we included
only proteins that were significantly regulated at a mini-
mum of three out of six time points (>50%), thereby
focusing on key and persistent urinary proteome altera-
tions throughout the observation period. This analysis
revealed an expected inhibition of innate immune sys-
tem functions, associated with neutrophil activity, as
inferred from protein abundance patterns. In contrast,
activated pathways included those related to heme scav-
enging from plasma, lipoprotein assembly, and remodel-
ing (primarily involving triglyceride- and HDL-associated
particles) as well as peroxisome proliferator-activated
receptor (PPAR) signaling (Fig. 2).

Considering the distinct quantitative profiles of the
regulated proteins between the groups during the obser-
vation period, we performed a detailed analysis of the
dynamics of time-resolved proteome perturbations. The

correlation matrix of all SWATH-MS measured samples
demonstrated that during the first four days, differences
between the HIE and control groups were more pro-
nounced, while intra-group similarities among HIE new-
borns were highest. These similarities diminished from
day 6 onwards, with the urinary proteome composition
of the HIE group progressively converging toward that of
controls (Fig. 3A). To identify proteins underlying these
changes, we conducted a cluster analysis of their quanti-
tative trajectories, classifying the 438 regulated proteins
into 26 clusters (Suppl. Fig. S1, Suppl. Tab. S7). From
these, six clusters exhibiting temporal patterns consis-
tent with the correlation matrix (quantitative changes
on days 6 and 8) were selected for further examination
(Fig. 3B). The proteins within these clusters were func-
tionally linked to most of the processes indicated by
pathway analysis (Suppl. Fig. S2-S4). Moreover, based on
the obtained clusters, the time-resolved interactions of
hemoglobin and proteins responsible for its plasma turn-
over can be deciphered. Hemoglobin chains were mark-
edly upregulated in urine samples from newborns with
HIE, remaining elevated until day 6. This trend was asso-
ciated with changes in hemoglobin-binding haptoglobin
(HP), as hemoglobin levels normalized in a timely-man-
ner after HP induction. Additionally, hemoglobin turn-
over seems to be further supported by hemopexin (HPX)
prior to HP upregulation, with HPX showing a nearly
three-fold increase from days 2 to 4, potentially consti-
tuting a protective mechanism against free heme toxicity
(Suppl. Fig. S2, Suppl. Tab. S7). Supplementary Table S5
presents a global heatmap summarizing the quantifica-
tion data for all included patients.
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Upstream regulators and integrated molecular networks

Finally, we applied Ingenuity Pathway Analysis (IPA,
Qiagen) to identify key upstream regulators underlying
the differences observed in urinary proteomes of HIE
neonates. A unique feature of IPA is its ability to predict
upstream regulators based on the measured differential
abundance of downstream proteins, thereby enabling the
construction of regulatory networks contextualizing the
experimental proteomic findings (Fig. 4A). This analysis
identified six upstream regulators that were significantly
and repeatedly modulated throughout the study period:
interleukin-1 alpha (IL1A), tumor necrosis factor (TNF),
ETS homologous factor (EHF), peroxisome proliferator-
activated receptor delta (PPARD), thioredoxin-interact-
ing protein (TXNIP), and solute carrier family 2 member
3 (SLC2A3) (Fig. 4B). Their regulation was temporally
variable and interdependent. For example, the pro-
inflammatory cytokines IL1A and TNF were predicted
to be inhibited during the first four days, coinciding with

the repression of EHF activity. However, EHF showed
activation by the eighth day. Similarly, SLC2A3 (GLUT3)
showed a temporal shift from inhibition to activation.
PPARD and TXNIP emerged as functionally related
upstream regulators (Fig. 4B). Importantly, multiple pro-
teins from which the activity of the upstream regulators
was inferred were localized within the six clusters whose
quantitative trajectories mirrored the major proteome
dynamics identified by SWATH-MS (Fig. 3B).

Discussion

In this longitudinal study, we characterized dynamic
alterations in the urinary proteome of term neonates with
HIE treated with therapeutic hypothermia and compared
them to term non-asphyxiated controls across the first
eight days of life. Obtained findings demonstrate that the
urinary proteome exhibits highly dynamic, injury-related
molecular alterations, particularly during the first four
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postnatal days, with a partial convergence toward control
profiles by days 6 and 8.

Our results indicate that neonatal urine is a sensitive,
non-invasive window into systemic oxidative stress,
heme turnover, and redox-regulated pathways triggered
by perinatal hypoxia-ischemia.

Early post-hypoxic phase - multifaceted proteome
perturbation with prominent heme turnover and oxidative
stress signatures

The pronounced proteomic divergence between HIE
and control newborns during the first four days of life
is consistent with the acute pathophysiological cascade
triggered by perinatal hypoxia-ischemia. The identifica-
tion of more than 400 differentially abundant proteins,
yet only a small subset with persistent alterations, indi-
cates that the urinary proteome in HIE is dominated by
rapid, injury-driven fluctuations rather than stable long-
term changes. This pattern parallels prior observations
of highly dynamic systemic metabolic, inflammatory, and
oxidative responses during and shortly after therapeutic
hypothermia [21].

Among the earliest and most striking alterations was
the increased urinary excretion of hemoglobin subunits
and related proteins. Hemoglobinuria in this context may
reflect hemolysis, tissue breakdown, renal tubular stress,
or transient changes in glomerular permeability associ-
ated with perinatal asphyxia [22, 23]. The elevated hemo-
globin subunits, together with the sequential induction of

haptoglobin (HP) and hemopexin (HPX), point to early
activation of heme-scavenging and detoxification path-
ways. Free hemoglobin and heme are potent pro-oxidants
[24] capable of generating reactive oxygen species and
exacerbating tissue injury. The temporal pattern observed
- HPX induction preceding subsequent HP upregula-
tion - suggests a staged protective response to buffer free
heme toxicity. HPX, with its high-affinity heme binding,
provides immediate neutralization of circulating heme,
whereas HP induction may support longer-term clear-
ance of hemoglobin complexes [25]. Persistence of these
changes into the early postnatal period underscores the
sustained oxidative challenge following HIE. These find-
ings further suggest that urinary HP and HPX may repre-
sent noninvasive biomarkers of systemic heme turnover
and oxidative stress dynamics in affected newborns.
Interestingly, Zhu et al., in their iTRAQ proteomic serum
analysis, found a significant upregulation of haptoglobin
in blood samples from neonates with HIE and identified
haptoglobin as a promising marker of HIE [26].
Additional differentially abundant proteins, includ-
ing apolipoproteins, collagens, glycolytic enzymes, and
S100A family members, highlight broad systemic per-
turbations involving lipid metabolism, extracellular
matrix remodeling, energy homeostasis, and inflamma-
tion. Their integration within the time-resolved clus-
ters and pathway networks supports the interpretation
that these changes reflect coordinated responses to
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hypoxia-induced oxidative stress rather than isolated
molecular events.

Functional pathway changes and inferred biology

Pathway enrichment of proteins significantly altered
at > 3 time points revealed early inhibition of neutro-
phil-associated innate immune functions, accompa-
nied by activation of heme detoxification, lipoprotein
assembly and remodeling, and peroxisome proliferator-
activated receptor (PPAR) signaling. Suppression of neu-
trophil-related pathways in the acute phase may reflect
a transient compensatory response aimed at limiting
inflammation-driven oxidative damage - a phenomenon
described in patients with ischemic stroke as an adaptive
mechanism to mitigate secondary injury [27]. Notably,
early downregulation of neutrophil pathways is also con-
sistent with the well-documented immunosuppression
observed in critically ill patients [28], who often exhibit
reduced neutrophil recruitment and functional exhaus-
tion during severe systemic stress. Activation of PPAR
pathways, particularly PPARD, is consistent with shifts
in lipid oxidation, mitochondrial regulation, and meta-
bolic reprogramming, all of which are central to cellular
resilience under hypoxic and oxidative stress [29, 30]. The
observed modulation of lipoprotein remodeling, includ-
ing pathways associated with HDL and triglyceride-rich
particles, aligns with emerging evidence that lipid trans-
port and lipoprotein-associated antioxidants play impor-
tant roles in neonatal stress physiology [31]. Collectively,
these pathway-level changes indicate that urinary pro-
teomics captures not only redox disturbances but also
the coordinated interplay between metabolic adaptation,
immune modulation, and oxidative damage mitigation
following hypoxic-ischemic injury.

Temporal clustering reveals stage-specific proteomic
transitions

Trajectory-based clustering of the 438 regulated pro-
teins identified six clusters whose quantitative patterns
closely mirrored the temporal shift observed in the cor-
relation matrix-marked divergence between HIE and
control infants during days 1-4, followed by partial con-
vergence on days 6-8. Proteins within these clusters were
functionally linked to the major pathways highlighted
by enrichment analysis, indicating that the urinary pro-
teome captures coordinated, stage-specific biological
responses rather than isolated fluctuations in individual
proteins. The progressive alignment of proteomic pro-
files with controls after day 6 may reflect partial systemic
recovery, attenuation of early oxidative and inflamma-
tory disturbances, or reduced renal elimination of injury-
associated proteins as homeostasis is gradually restored.
Notably, this temporal pattern aligns with the expected
clinical trajectory in cooled neonates, in whom the most
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pronounced metabolic, inflammatory, and oxidative
stress processes occur within the first 72 h, followed by
stabilization during the rewarming and early recovery
phases [32-34].

Upstream regulators and integrated molecular networks
Ingenuity Pathway Analysis identified six upstream reg-
ulators: IL1A, TNF, EHF, PPARD, TXNIP, and SLC2A3,
whose predicted activity patterns closely paralleled the
major temporal trajectories of the urinary proteome.
Among these, EHF is known as a key epithelial transcrip-
tion factor involved in cytokine-driven inflammatory
responses, epithelial integrity, and wound repair [35]. Its
expression is regulated by pro-inflammatory cytokines,
including IL1A and TNE, through NF-«xB-dependent
signaling [36] Experimental studies have shown that
EHF depletion impairs cytokine production required for
neutrophil recruitment and delays epithelial restitution,
underscoring its importance for coordinated inflamma-
tory and repair processes [35]. Although EHF biology has
been explored primarily in pulmonary and gastrointes-
tinal epithelia [37] systemic inflammatory crosstalk fol-
lowing neonatal hypoxic-ischemic injury could plausibly
modulate its activity in extra-cerebral tissues.

In the present study, predicted early inhibition of IL1A
and TNF was accompanied by parallel repression of
EHF during the first four days, aligning with a transient
dampening of cytokine-driven epithelial and immune
responses under acute oxidative stress. By day 8, EHF was
predicted to shift toward activation, potentially reflecting
partial restoration of cytokine signaling and re-engage-
ment of epithelial repair pathways. This temporal pattern
supports the broader concept that urinary proteomics
captures systemic inflammatory and redox-regulated
adaptations extending beyond the central nervous system
in neonatal HIE.

PPARD and TXNIP displayed tightly synchronized
predicted activities during the early postnatal period,
suggesting coordinated regulation of redox and meta-
bolic pathways. PPARD is increasingly recognized as a
central modulator of neuroinflammation and cellular
resilience in ischemic and traumatic neural injury [38].
Experimental studies indicate that PPARD activation
can attenuate neuronal apoptosis and oxidative dam-
age, in part through transcriptional programs intersect-
ing with TXNIP-mediated redox control [39]. TXNIP
itself serves as a critical regulator of oxidative stress and
inflammasome activation, acting both as an inhibitor of
thioredoxin and an amplifier of ROS-dependent injury
[40]. Their synchronous behavior in our dataset there-
fore points to an interplay between PPARD signaling and
TXNIP-linked oxidative pathways during the systemic
response to hypoxic-ischemic injury.
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SLC2A3 (GLUTS3), a high-affinity neuronal glucose
transporter [41], also demonstrated a transition from
predicted inhibition to activation, potentially reflecting
metabolic reprogramming in response to evolving energy
and redox demands during recovery.

Collectively, these upstream regulators delineate a
dynamic molecular network linking inflammatory modu-
lation, oxidative stress regulation, and metabolic adapta-
tion throughout the post-injury period in neonatal HIE.
Integration of cluster analysis with upstream regulator
analysis validated the most relevant temporal changes
in the urinary proteome relative to predicted alterations
in upstream regulator activity and revealed that proteins
involved in modulation of this activity exhibited the larg-
est changes in urinary concentration over the observa-
tion period.

Clinical and translational implications

Our findings highlight the promise of urinary proteomics
as a noninvasive approach for monitoring oxidative
stress-linked systemic responses in neonates with HIE.
Proteins associated with heme detoxification, redox reg-
ulation, and metabolic adaptation emerge as potential
biomarkers for early injury identification, longitudinal
disease monitoring, and risk stratification. Importantly,
the time-resolved trajectories described here pro-
vide a framework for defining stage-specific biomarker
windows, which may outperform single-timepoint
measurements and support more precise clinical deci-
sion-making. Beyond biomarker discovery, these results
advance understanding of the systemic molecular adapta-
tions to neonatal HIE and may guide the development of
targeted neuroprotective or anti-oxidative interventions.

Limitations

This study has several limitations. Most notably, the
absence of a non-cooled HIE control group precludes dis-
tinguishing proteomic changes attributable to hypoxic-
ischemic injury from those influenced by therapeutic
hypothermia. However, at present, therapeutic hypother-
mia remains the standard of care for infants with mod-
erate to severe perinatal asphyxia. The absence of a
non-cooled HIE control group precludes direct disentan-
glement of proteomic changes driven by hypoxic-isch-
emic injury itself from those modulated by therapeutic
hypothermia. As a result, causal attribution of specific
proteomic trajectories to injury versus treatment effects
is limited, and the identified signatures should be inter-
preted as reflecting the combined biological response to
HIE under current standard-of-care conditions. More-
over, although disease severity is a key determinant of
outcome in hypoxic-ischemic encephalopathy, the cur-
rent study was underpowered to assess severity-specific
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proteomic patterns. Future studies with larger, severity-
balanced cohorts will be required to disentangle shared
versus severity-dependent molecular responses. Addi-
tionally, urinary proteomic signatures reflect systemic
and renal physiology and cannot be assumed to directly
mirror cerebral injury mechanisms without complemen-
tary tissue or circulating biomarker data. The modest
sample size further limits generalizability, underscoring
the need for validation in larger, independent cohorts and
integration with clinical outcomes such as MRI injury
scores or long-term neurodevelopment. Despite these
constraints, the temporal consistency and biological
plausibility of the identified pathways support the robust-
ness of our findings.

Conclusions

In conclusion, by integrating quantitative SWATH-MS
profiling with temporal clustering and upstream regula-
tor modeling, this study delivers a systems-level view of
the molecular responses to neonatal hypoxic-ischemic
injury. Our analysis fulfilled the study aims by identify-
ing both transient and persistent proteomic alterations,
revealing coordinated trajectories of oxidative stress,
heme turnover, and metabolic remodeling, and uncov-
ering a set of regulators, including IL1A, TNF, EHF,
PPARD, and TXNIP, that shape these responses over
time. The shift from early, injury-driven proteome diver-
gence to partial normalization by day 8 underscores the
dynamic interplay between injury progression and recov-
ery. Together, these findings position urinary proteomics
as a powerful, non-invasive approach for elucidating
complex pathophysiological processes in HIE and high-
light promising candidate biomarkers and pathways for
future mechanistic and translational research.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/540348-026-00222-7.

Supplementary Material 1.
Supplementary Material 2.
Supplementary Material 3.
Supplementary Material 4.
Supplementary Material 5.
Supplementary Material 6.

Supplementary Material 7.

Acknowledgements

The authors would like to thank the NICU staff, especially Nurse Alicja Kaczor,
for their assistance in collecting urine samples. We also thank Joanna Berska
and Jolanta Bugajska from the Department of Clinical Biochemistry for their
support in handling the urine samples.


https://doi.org/10.1186/s40348-026-00222-7
https://doi.org/10.1186/s40348-026-00222-7

Zasada et al. Molecular and Cellular Pediatrics (2026) 13:10

Authors’ contributions

Conceptualization: M.Z, M.S,, PK;; data curation: M.Z, M.S,, Nt., WP, AK, MO,

formal analysis: M.Z., M.S.; funding acquisition: PK, M.Z,, M.S,; investigation:

M.Z, MS, N, WP, AK, M.O.; methodology: M.S., PK,; project administration:
M.Z., PK.; supervision: PK;; visualization: M.S., M.Z,; writing — original draft: M.Z,,

M.S,; writing - review and editing: M.Z, M.S, Nt, WP, AK, M.O,, PK.

Funding

The present study was supported by the National Science Centre, Poland
(grant number: 2020/37/B/NZ5/01099). The study’s design, data gathering,
analysis, and reporting were conducted independently of the funder. This
research was carried out with the use of research infrastructure cofinanced

by the Smart Growth Operational Programme POIR 4.2 project no.
POIR.04.02.00-00-D023/20.

Data availability
All the data analyzed during this study are included in this article. Further
inquiries can be directed to the corresponding author.

Declarations

Competing interests
The authors declare no competing interests.

Author details

'Department of Pediatrics, Jagiellonian University Medical College,
University Children’s Hospital, Wielicka 265 Street, Krakow 30- 663, Poland
’Department of Pharmacology, Faculty of Medicine, Jagiellonian
University Medical College, Grzegdrzecka 16 Street, Krakow

31-531, Poland

*Proteomics Laboratory, Centre for the Development of Therapies for
Civilization and Age- Related Diseases CDT-CARD, Jagiellonian University
Medical College, Skawiriska 8 Street, Krakow 31- 066, Poland
“Department of Pharmaceutical Technology and Biopharmaceutics,
Faculty of Pharmacy, Jagiellonian University Medical College, Medyczna 9
Street, Krakow 30-688, Poland

Received: 9 December 2025 / Accepted: 16 February 2026
Published online: 04 March 2026

References

1.

Qin X, Cheng J, Zhong Y, Mahgoub OK; Akter F, Fan Y, Aldughaim M, Xie Q,
QinL, Gu L, Jian Z, Xiong X, Liu R (2019) Mechanism and Treatment Related
to Oxidative Stress in Neonatal Hypoxic-Ischemic Encephalopathy. Front Mol
Neurosci 12:88. https://doi.org/10.3389/fnmol.2019.00088PMID: 31031592;
PMCID: PMC6470360

Dixon BJ, Reis C, Ho WM, Tang J, Zhang JH (2015) Neuroprotective Strategies
after Neonatal Hypoxic Ischemic Encephalopathy. Int J Mol Sci 16(9):22368-
22401. https://doi.org/10.3390/ijms160922368PMID: 26389893; PMCID:
PMC4613313

Yang M, Wang K, Liu B, Shen'Y, Liu G (2025) Hypoxic-Ischemic Encephalopa-
thy: Pathogenesis and Promising Therapies. Mol Neurobiol 62(2):2105-2122.
https://doi.org/10.1007/512035-024-04398-9. Epub 2024 Jul 29. Erratum in:
Mol Neurobiol. 2025;62(2):2123. doi: 10.1007/512035-024-04441-9. PMID:
39073530

Nuriez A, Benavente |, Blanco D, Boix H, Cabanas F, Chaffanel M, Fernandez-
Colomer B, Ferndndez-Lorenzo JR, Loureiro B, Moral MT, Pavén A, Tofé I, Val-
verde E, Vento M (2018) co-investigadores del ensayo clinico. Estrés oxidativo
en la asfixia perinatal y la encefalopatfa hipdxico-isquémica [Oxidative stress
in perinatal asphyxia and hypoxic-ischaemic encephalopathy]. An Pediatr
(Engl Ed) 88(4):228.e1-228.e9. Spanish. https://doi.org/10.1016/j.anpedi.2017.
05.005. Epub 2017 Jun 23. PMID: 28648366

Perrone S, Laschi E, Buonocore G (2020) Oxidative stress biomarkers in the
perinatal period: Diagnostic and prognostic value. Semin Fetal Neonatal Med
25(2):101087. https://doi.org/10.1016/j,5iny.2020.101087Epub 2020 Jan 23.
PMID: 32008959

Kuligowski J, Torres-Cuevas |, Quintas G, Rook D, van Goudoever JB, Cubells E,
Asensi M, Lliso I, Nufiez A, Vento M, Escobar J (2014) Assessment of oxidative
damage to proteins and DNA in urine of newborn infants by a validated

20.

21.

22.

Page 10 of 11

UPLC-MS/MS approach. PLoS ONE 9(4):e93703. https://doi.org/10.1371/journ
al.pone.0093703PMID: 24695409; PMCID: PMC3973548

Gurtoo S, Karthikkeyan G, Behera SK, Kotimoole CN, Najar MA, Modi PK, Ks

S, Pinto SM, Ab A (2024) A comparative proteomic analysis for non-invasive
early prediction of hypoxic-ischemic injury in asphyxiated neonates. Pro-
teomics Clin Appl 18(2):22200054. https://doi.org/10.1002/prca.202200054.
Epub 2023 Oct 3. PMID: 37787895

Gurtoo S, Kotimoole CN, Sahana KS, Arun AB (2024) Identification of Novel
Biomarkers Using Serum and Urinary Proteomics for Early Detection of
Hypoxic Ischemic Encephalopathy. Indian J Clin Biochem 39(4):506-518. htt
ps://doi.org/10.1007/512291-023-01143-2Epub 2023 Jul 25. PMID: 39346713;
PMCID: PMC11436606

AhnYH, Lee J, Chun J, Jun YH, Sung TJ (2020) Urine biomarkers for monitoring
acute kidney injury in premature infants. Kidney Res Clin Pract 39(3):284-294.
https://doi.org/10.23876/j.krcp.20.039PMID: 32839353; PMCID: PMC7530367
Shankaran S, Laptook AR, Ehrenkranz RA, Tyson JE, McDonald SA, Donovan
EF, Fanaroff AA, Poole WK, Wright LL, Higgins RD, Finer NN, Carlo WA, Duara

S, Oh W, Cotten CM, Stevenson DK, Stoll BJ, Lemons JA, Guillet R, Jobe AH
(2005) National Institute of Child Health and Human Development Neonatal
Research Network. Whole-body hypothermia for neonates with hypoxic-
ischemic encephalopathy. N Engl J Med. ;353(15):1574-84. https://doi.org/10.
1056/NEJMcps050929. PMID: 16221780

Zasada M, Suski M, Olszewska M, Kowalik A, tapiriska N, Pogoda W, Kwinta P
(2025) Uncovering Urinary Proteome Differences in Very Preterm Infants with
and without Preterm Brain Injury. J Proteome Res 24(10):5139-5147. https:/
/doi.org/10.1021/acs.jproteome.5c00392Epub 2025 Sep 9. PMID: 40924950;
PMCID: PMC12501990

Zasada M, Suski M, tapiriska N, Pogoda W, Kowalik A, Olszewska M, Kwinta

P Preterm functional outcomes are reflected in early postnatal proteome
changes. Pediatr Res 2025 Jul 17. https://doi.org/10.1038/541390-025-0422
7-2. Epub ahead of print. PMID: 40676261.

Widniewski JR, Zougman A, Nagaraj N, Mann M (2009) Universal sample
preparation method for proteome analysis. Nat Methods 6(5):359-362. https:
//doi.org/10.1038/nmeth.1322Epub 2009 Apr 19. PMID: 19377485

Storey JD (2002) A direct approach to false discovery rates. J Royal Stat Soci-
ety: Ser B (Statistical Methodology) 64(3):479-498

Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, Fridman
WH, Pagés F, Trajanoski Z, Galon J (2009) ClueGO: a Cytoscape plug-in to deci-
pher functionally grouped gene ontology and pathway annotation networks.
Bioinformatics 25(8):1091-1093. https://doi.org/10.1093/bioinformatics/btp1
01Epub 2009 Feb 23. PMID: 19237447; PMCID: PMC2666812

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T (2003) Cytoscape: a software environment for
integrated models of biomolecular interaction networks. Genome Res
13(11):2498-2504. https://doi.org/10.1101/gr.1239303PMID: 14597658;
PMCID: PMC403769

Sundararaman N, Go J, Robinson AE, Mato JM, Lu SC, Van Eyk JE, Venkatraman
V (2020) PINE: An Automation Tool to Extract and Visualize Protein-Centric
Functional Networks. J Am Soc Mass Spectrom 31(7):1410-1421. https.//d
0i.0rg/10.1021/jasms.0c00032Epub 2020 Jun 11. PMID: 32463229; PMCID:
PMC10362945

McDowell IC, Manandhar D, Vockley CM, Schmid AK, Reddy TE, Engelhardt BE
(2018) Clustering gene expression time series data using an infinite Gaussian
process mixture model. PLoS Comput Biol 14(1):e1005896. https://doi.org/10.
1371/journal.pcbi.1005896PMID: 29337990; PMCID: PMC5786324

Krdmer A, Green J, Pollard J Jr, Tugendreich S (2014) Causal analysis
approaches in Ingenuity Pathway Analysis. Bioinformatics 30(4):523-530.
https://doi.org/10.1093/bioinformatics/btt703Epub 2013 Dec 13. PMID:
24336805; PMCID: PM(C3928520

Perez-Riverol Y, Bandla C, Kundu DJ, Kamatchinathan S, Bai J, Hewapathirana
S, John NS, Prakash A, Walzer M, Wang S, Vizcaino JA (2025) The PRIDE data-
base at 20 years: 2025 update. Nucleic Acids Res 53(D1):D543-D553. https://d
0i.0rg/10.1093/nar/gkae 101 1PMID: 39494541; PMCID: PMC11701690
Chavez-Valdez R, Miller S, Spahic H, Vaidya D, Parkinson C, Dietrick B, Brooks S,
Gerner GJ, Tekes A, Graham EM, Northington FJ, Everett AD (2021) Therapeu-
tic Hypothermia Modulates the Relationships Between Indicators of Severity
of Neonatal Hypoxic Ischemic Encephalopathy and Serum Biomarkers. Front
Neurol 12:748150 PMID: 34795631; PMCID: PM(C8593186

Kozlova E, Sherstyukova E, Sergunova V, Grechko A, Kuzovlev A, Lyapunova

S, Inozemtsev V, Kozlov A, Chernysh A (2023) Atomic Force Microscopy

and High-Resolution Spectrophotometry for Study of Anoxemia and


https://doi.org/10.3389/fnmol.2019.00088
https://doi.org/10.3390/ijms160922368
https://doi.org/10.1007/s12035-024-04398-9
https://doi.org/10.1007/s12035-024-04398-9
https://doi.org/10.1016/j.anpedi.2017.05.005
https://doi.org/10.1016/j.anpedi.2017.05.005
https://doi.org/10.1016/j.siny.2020.101087
https://doi.org/10.1371/journal.pone.0093703
https://doi.org/10.1371/journal.pone.0093703
https://doi.org/10.1002/prca.202200054
https://doi.org/10.1007/s12291-023-01143-2
https://doi.org/10.1007/s12291-023-01143-2
https://doi.org/10.23876/j.krcp.20.039
https://doi.org/10.23876/j.krcp.20.039
https://doi.org/10.1056/NEJMcps050929
https://doi.org/10.1056/NEJMcps050929
https://doi.org/10.1021/acs.jproteome.5c00392
https://doi.org/10.1021/acs.jproteome.5c00392
https://doi.org/10.1038/s41390-025-04227-2
https://doi.org/10.1038/s41390-025-04227-2
https://doi.org/10.1038/nmeth.1322
https://doi.org/10.1038/nmeth.1322
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1021/jasms.0c00032
https://doi.org/10.1021/jasms.0c00032
https://doi.org/10.1371/journal.pcbi.1005896
https://doi.org/10.1371/journal.pcbi.1005896
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1093/nar/gkae1011
https://doi.org/10.1093/nar/gkae1011

Zasada et al. Molecular and Cellular Pediatrics

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

(2026) 13:10

Normoxemia in Model Experiment In Vitro. Int J Mol Sci 24(13):11043. https://
doi.org/10.3390/ijms241311043PMID: 37446221; PMCID: PMC10341442

Karlo J, Bhat BV, Koner BC, Adhisivam B (2014) Evaluation of renal function in
term babies with perinatal asphyxia. Indian J Pediatr 81(3):243-247. https.//d
0i.0rg/10.1007/512098-013-1068-xEpub 2013 Jun 8. PMID: 23749415

Jeney V, Balla J, Yachie A, Varga Z, Vercellotti GM, Eaton JW, Balla G (2002) Pro-
oxidant and cytotoxic effects of circulating heme. Blood 100(3):879-87. https
;//doi.org/10.1182/blood.v100.3.879. PMID: 12130498

Schaer DJ, Vinchi F, Ingoglia G, Tolosano E, Buehler PW (2014) Haptoglobin,
hemopexin, and related defense pathways-basic science, clinical perspec-
tives, and drug development. Front Physiol 5:415. https://doi.org/10.3389/fph
ys.2014.00415PMID: 25389409; PMCID: PMC4211382

ZhuY,YunY, Jin M, Li G, Li H, Miao P, Ding X, Feng X, Xu L, Sun B (2020) Identi-
fication of novel biomarkers for neonatal hypoxic-ischemic encephalopathy
using iITRAQ. Ital J Pediatr 46(1):67. https://doi.org/10.1186/513052-020-0082
2-7PMID: 32448169; PMCID: PMC7245890

Santos Samary C, Pelosi P, Leme Silva P, Rieken Macedo Rocco P (2016) Immu-
nomodulation after ischemic stroke: potential mechanisms and implications
for therapy. Crit Care 20(1):391. https://doi.org/10.1186/513054-016-1573-1.
Erratum in: Crit Care. 2017;21(1):256. doi: 10.1186/513054-017-1834-7. PMID:
27923376; PMCID: PMC5141640

Leliefeld PH, Wessels CM, Leenen LP, Koenderman L, Pillay J (2016) The role
of neutrophils in immune dysfunction during severe inflammation. Crit Care
20:73. https://doi.org/10.1186/513054-016-1250-4PMID: 27005275; PMCID:
PMC4804478

Magadum A, Engel FB (2018) PPARB/6: Linking Metabolism to Regenera-
tion. Int J Mol Sci 19(7):2013. https://doi.org/10.3390/ijms19072013PMID:
29996502; PMCID: PMC6073704

Kleiner S, Nguyen-Tran V, Baré O, Huang X, Spiegelman B, Wu Z (2009)
PPAR{delta} agonism activates fatty acid oxidation via PGC-1{alpha} but

does not increase mitochondrial gene expression and function. J Biol Chem
284(28):18624-18633. https://doi.org/10.1074/jbc.M109.008797Epub 2009
May 12. PMID: 19435887; PMCID: PMC2707195

Perrone S, Tataranno ML, Beretta V, Buonocore G, Gitto E (2024) Oxidative
Stress in Fetuses and Newborns. Antioxid (Basel) 13(10):1157. https://doi.org/
10.3390/antiox13101157PMID: 39456411; PMCID: PMC11505219

Debuf MJ, Carkeek K, Piersigilli F (2021) A Metabolomic Approach in Search
of Neurobiomarkers of Perinatal Asphyxia: A Review of the Current Literature.
Front Pediatr 9:674585. https://doi.org/10.3389/fped.2021.674585PMID:
34249811; PMCID: PM(8267248

Saito J, Shibasaki J, Yamamoto K, Fujita M, Toyoshima K (2024) Predictive value
of serum interleukin-6 for neonatal encephalopathy outcomes. J Neonatal
Perinatal Med. ;17(6):770-778. https://doi.org/10.3233/NPM-230224. PMID:
39365327

34.

35.

36.

37.

38.

39.

40.

41.

Page 11 of 11

Joy R, Pournami F, Bethou A, Bhat VB, Bobby Z (2013) Effect of therapeutic
hypothermia on oxidative stress and outcome in term neonates with perina-
tal asphyxia: a randomized controlled trial. J Trop Pediatr 59(1):17-22. https.//
doi.org/10.1093/tropej/fms036Epub 2012 Aug 20. PMID: 22907998

Fossum SL, Mutolo MJ, Tugores A, Ghosh S, Randell SH, Jones LC, Leir SH,
Harris A (2017) Ets homologous factor (EHF) has critical roles in epithelial
dysfunction in airway disease. J Biol Chem 292(26):10938-10949. https://d
0i.0rg/10.1074/jbc.M117.775304Epub 2017 May 1. PMID: 28461336; PMCID:
PMC5491778

Wu J, Duan R, Cao H, Field D, Newnham CM, Koehler DR, Zamel N, Pritchard
MA, Hertzog P, Post M, Tanswell AK, Hu J (2008) Regulation of epithelium-
specific Ets-like factors ESE-1 and ESE-3 in airway epithelial cells: potential
roles in airway inflammation. Cell Res 18(6):649-663. https://doi.org/10.1038/
cr.2008.57PMID: 18475289; PMCID: PM(C4494831

Reehorst CM, Nightingale R, Luk IY, Jenkins L, Koentgen F, Williams DS,
Darido C, Tan F, Anderton H, Chopin M, Schoffer K, Eissmann MF, Buchert M,
Mouradov D, Sieber OM, Ernst M, Dhillon AS, Mariadason JM (2021) EHF is
essential for epidermal and colonic epithelial homeostasis, and suppresses
Apc-initiated colonic tumorigenesis. Development 148(12):dev199542. https:
//doi.org/10.1242/dev.199542Epub 2021 Jun 28. PMID: 34180969
Strosznajder AK, Wojtowicz S, Jezyna MJ, Sun GY, Strosznajder JB (2021)
Recent Insights on the Role of PPAR-B/& in Neuroinflammation and Neu-
rodegeneration, and Its Potential Target for Therapy. Neuromolecular Med
23(1):86-98. https://doi.org/10.1007/512017-020-08629-9Epub 2020 Nov 18.
PMID: 33210212; PMCID: PMC7929960

Gamdzyk M, Doycheva DM, Malaguit J, Enkhjargal B, Tang J, Zhang JH

(2018) Role of PPAR-B/6/miR-17/TXNIP pathway in neuronal apoptosis after
neonatal hypoxic-ischemic injury in rats. Neuropharmacology 140:150-161.
https://doi.org/10.1016/j.neuropharm.2018.08.003Epub 2018 Aug 4. PMID:
30086290; PMCID: PMC6223650

Choi EH, Park SJ (2023) TXNIP: A key protein in the cellular stress response
pathway and a potential therapeutic target. Exp Mol Med 55(7):1348-1356. h
ttps://doi.org/10.1038/512276-023-01019-8Epub 2023 Jul 3. PMID: 37394581,
PMCID: PMC10393958

Zhang S, Zuo W, Guo XF, He WB, Chen NH (2014) Cerebral glucose trans-
porter: the possible therapeutic target for ischemic stroke. Neurochem Int
70:22-29. https://doi.org/10.1016/j.neuint.2014.03.007Epub 2014 Mar 19.
PMID: 24657444

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.3390/ijms241311043
https://doi.org/10.3390/ijms241311043
https://doi.org/10.1007/s12098-013-1068-x
https://doi.org/10.1007/s12098-013-1068-x
https://doi.org/10.1182/blood.v100.3.879
https://doi.org/10.1182/blood.v100.3.879
https://doi.org/10.3389/fphys.2014.00415
https://doi.org/10.3389/fphys.2014.00415
https://doi.org/10.1186/s13052-020-00822-7
https://doi.org/10.1186/s13052-020-00822-7
https://doi.org/10.1186/s13054-016-1573-1
https://doi.org/10.1186/s13054-016-1250-4
https://doi.org/10.3390/ijms19072013
https://doi.org/10.1074/jbc.M109.008797
https://doi.org/10.3390/antiox13101157
https://doi.org/10.3390/antiox13101157
https://doi.org/10.3389/fped.2021.674585
https://doi.org/10.3233/NPM-230224
https://doi.org/10.1093/tropej/fms036
https://doi.org/10.1093/tropej/fms036
https://doi.org/10.1074/jbc.M117.775304
https://doi.org/10.1074/jbc.M117.775304
https://doi.org/10.1038/cr.2008.57
https://doi.org/10.1038/cr.2008.57
https://doi.org/10.1242/dev.199542
https://doi.org/10.1242/dev.199542
https://doi.org/10.1007/s12017-020-08629-9
https://doi.org/10.1016/j.neuropharm.2018.08.003
https://doi.org/10.1016/j.neuropharm.2018.08.003
https://doi.org/10.1038/s12276-023-01019-8
https://doi.org/10.1038/s12276-023-01019-8
https://doi.org/10.1016/j.neuint.2014.03.007

	﻿Time-resolved urinary proteomics reveals heme-associated oxidative stress responses in neonatal hypoxic-ischaemic encephalopathy
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study groups
	﻿Urine sampling and preparation, SWATH-MS quantitative proteomics, and data analysis
	﻿Statistical analysis

	﻿Results
	﻿Upstream regulators and integrated molecular networks

	﻿Discussion
	﻿Early post-hypoxic phase - multifaceted proteome perturbation with prominent heme turnover and oxidative stress signatures
	﻿Functional pathway changes and inferred biology
	﻿Temporal clustering reveals stage-specific proteomic transitions



